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ABSTRACT 

Wheat is a major staple food worldwide. Its cultural and economic importance is mainly 

highlighted in the Mediterranean region, among other regions of the world. However, wheat 

production is frequently challenged by environmental factors such as interannual variability 

in precipitation and temperatures, which translates in further shortage in water and nutrients 

availability. These environmental events are expected to worsen even more in the near future. 

Therefore, tailoring wheat cultivars that are simultaneously climate-resilient and high yielding 

under Mediterranean growing conditions is becoming a main focus of breeders and 

researchers. To this end, the main objective of the present dissertation was to identify 

ideotypic characteristics of wheat cultivars grown under different Mediterranean conditions 

through the implementation of diverse phenotyping approaches, targeting the aboveground 

biomass using remote and proximate sensing techniques, and the belowground biomass using 

shovelomics and soil coring techniques. These phenotypical platforms were further combined 

with stable isotopes as physiological traits assessing water and nitrogen status in different 

plant tissues and soil profile, as well as crop growth traits, mainly phenology, biomass and 

plant height, and yield components to assess potential traits to breed for in the selected 

idiotypic traits. Overall, phenology had a clear role in drought adaptation under the 

Mediterranean conditions, under wet seasons phenological durations were longer in high 

yielding genotypes, whereas under dry seasons, shorter days to anthesis followed by longer 

grain filing period were the characteristics shown by high yielding genotypes. Furthermore, 

predictive models integrated water status indicators (carbon isotope composition (d13C) and 

canopy temperature depression (CTD)) as main explicative variables to grain yield, followed 

by root traits and nitrogen status. The best yielding genotypes were associated with shorter 

days to heading, better water status mainly through lower d13C and higher CTD, and higher 

nitrogen status as demonstrated through higher growth traits (plant height and biomass), 

delayed senescence (higher stay green status), but also to deeper root development as shown 

by lower d18O and d2H, thinner roots and root biomass distribution across soil profile. These 

traits altogether provided the needs in water ad nutrient sources for plant growth, and 

translated to higher growth, longer grain filling, better photosynthesis activities and therefore 



higher productivity. Furthermore, depending on water availability (irrigation vs rainfed), roots 

traits in the upper soil demonstrated a plastic response to their targeted environment. When 

support irrigation is supplied, the best yielding genotypes exhibited a dual root development 

with a shallower root angle and thin roots that explore the superficially and in deeper soil 

sections for water and nutrients capturing. In contrast, under rainfed conditions, a deep 

rooting is observed with steeper root angle, and thinner roots with are thinner with 

tendencies to extract water from deeper soil levels. Moreover, oxygen (d18O) and hydrogen 

(d2H) isotope analyses of different plant tissues demonstrated similar fractionation pattern 

associated with evaporative processes in water tissues, whereas in the organic matter of the 

plant tissues, variations in d18O were driven by evaporation, and variations in d2H values in 

tissues were associated with plant trophism. Chapters along this work highlighted the 

advantages and the limitations of shoot and root phenotyping techniques and proposed the 

stable isotopes as potential phenotyping traits to consider in breeding programs under 

Mediterranean conditions. 
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LIST OF ABBREVIATIONS 

 

  

d13C: carbon isotope composi1on  

d2H: hydrogen isotope composi1on 

d15N: nitrogen isotope composi1on 

d18O: oxygen isotope composi1on 

Amax: photosynthe1c rate 

Bush: root network bushiness  

CCI: chlorophyll/carotenoid index 

CCiTUB: centres cien1fics i tecnològics de 

la universitat de barcelona 

Ci: sub-stomatal CO2 

CIELab: interna1onal commission on 

illumina1on lightness a* b* 

CIELuv: interna1onal commission on 

illumina1on lightness u* v* 

ConvA: convex area:  

CT: canopy temperature 

CTD: canopy temperature depression 

DM: dry maNer 

DTA: days to anthesis 

DTB: days to boo1ng 

DTE: days to elonga1on 

DTH: days to heading 

DTT: days to 1llering 

ED: ear density 

ETR: photosynthe1c electron transport 

rate 

EVI: enhanced vegeta1on index 

FIJI: fiji is just imageJ 

Fv’/Fm’: intrinsic efficiency of photosystem 

II 

GN: grain number 

GNY: grain nitrogen yield 

GY: grain yield 

GA: green area 

GGA: greener area 

gs: stomatal conductance 

HI: harvest index 

HSI: hue-satura1on-intensity 

HTPPs: high throughput phenotyping 

pla[orms 

LASSO: least absolute shrinkage and 

selec1on operator 

Ldist: network length distribu1on:  

ILP: irrigated normal plan1ng 

INIA: Ins1tuto Nacional de Inves1gación y 

Tecnología Agraria y Alimentaria 

INP: irrigated late plan1ng 

IR: infrared 

IRMS: infrared mass spectrometer 

ITACyL: ins1tuto técnico y agrario de 

cas1lla y león 

MaxR: maximum number of roots:  

MedR: median number of roots:  

N1: 50% of the recommended N 

fer1liza1on dose 

N2: the recommended N fer1liza1on dose 
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N3: 30% above the recommended N 

fer1liza1on dose 

NBI: nitrogen balance index 

Ndepth: network depth 

NDVI:  normalized  difference  vegeta1on 

index 

NIRS: near infrared spectrometers 

NP: normal plan1ng 

Nleaf:  nitrogen  concentra1on  in  the  flag 

leaf 

Nlen: network length 

Ngrain: nitrogen concentra1on in grains 

Nsurf: network surface area 

Nvol: network volume 

NwA: network area 

NWDR: network width to depth ra1o 

Nwidth: network width 

PCA: principal component analysis 

PH: plant height 

PhiPS2:  quantum  efficiencies  of 

photosynthe1c electron transport through 

photosystem II 

PRIm: modified photochemical reflectance 

index 

RA: root angle 

Rccomp:  number  of  connected 

components 

RDW: root dry weight  

RGB: red-green-blue 

RF: random forest 

RH: air rela1ve humidity 

RLN: rainfed normal plan1ng and low 

nitrogen fer1liza1on 

RNP: rainfed normal plan1ng and 

recommended nitrogen fer1liza1on 

Rwidth: average root width 

SRL: specific root length 

TCARI/OSAVI: transformed chlorophyll 

absorp1on reflectance index/op1mized 

soil adjusted vegeta1on index 

TGW: thousand grain weight 

TKW: thousand kernel weight 

Tr: transpora1on 

UAV: unmanned aerial vehicle 

VIs: vegeta1on indices 

VIF: variance infla1on factor 

VPD: vapor pressure deficit 

WBI: water balance index 
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GENERAL INTRODUCTION 

In the course of the 21st century, it is common knowledge that the Mediterranean region is 

prone to climate change events and its impacts on crop produc=on. Ensuring a wheat-based 

food balance depends highly on wheat produc=on and its interannual variability (Zampieri et 

al., 2020), par=cularly in the Mediterranean basin, where high seasonal varia=ons, reduced 

precipita=on and increased temperatures are common clima=c events (IPCC, 2014). Global 

warming incrementa=on is expected to widen the gap in regional changes in mean climate, 

mainly in temperature, soil moisture and precipita=on (Figure 1), and subsequently, these 

environmental factors not only would increase water demand for plants but can also decrease 

yield performance in grains (Bindi and Olesen, 2011). Recent studies have reported that 

between 5% to 20% of yield losses in wheat crop were observed for every 1 ºC rise in 

temperature (Innes et al., 2015; Lobell et al., 2008; Mondal et al., 2013; Telfer et al., 2018; 

Ullah et al., 2019). Therewith, adop=ng an integra=ve approach that takes into considera=on 

the choice of climate-resilient wheat cul=vars under the influence of diverse abio=c stresses, 

crop management prac=ces, and the implementa=on of phenotyping plaZorms for early 

assessment of events affec=ng crop growth, can not only mi=gate the impact of climate events 

on produc=vity and yield losses, but also secure and maintain higher grain yield produc=ons 

in wheat cul=vars.  
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Figure 1. Projected changes of annual maximum daily maximum temperature, annual mean 
total column soil moisture and annual maximum 1-day precipita:on at global warming levels 
of 1.5°C, 2°C, 3°C, and 4°C rela:ve to 1850–1900. Map taken from the AR6 Synthesis Report 
(IPCC 2023). 
 

Indeed, several breeding programs were launched in the late 19th century in Italy focusing 

mainly on bread wheat cul=vars improvement. These programs targeted dwarfing, day length 

insensi=vity and high yield poten=al, among other traits, and succeeded in releasing mul=ple 

varie=es that were popular across and beyond the Mediterranean region. Years later, further 

breeding programs ini=a=ves were dedicated to durum wheat cul=vars improvement due to 

the high demand for pasta that the world has shown (Mar_nez-Moreno et al., 2020), but also 

because of the high adapta=on of durum wheat to heat and drought condi=ons even under 

poor soils (Royo, 2005). Currently, wheat is cul=vated in most parts of the world due to its 



General	introduction	

 7 

cultural and economic importance (Figure 2), with Europe holding the second posi=on in 

wheat produc=on worldwide, with a share that amounts to 33.3%, with Spain among other 

countries, being a main producer to wheat crop (FAOSTAT, 2021). 

 

 
Figure 2. Average produc:on quan::es of wheat worldwide during 2021. Map taken from 
(FAOSTAT, 2021) 
 

In addi=on to the choice of cul=var, crop management prac=ces are essen=al to achieve the 

yield poten=al of the cul=var in ques=on. For many decades, versa=le choices of field prac=ces 

were recommended especially under the Mediterranean region, those prac=ces include 

among others, irriga=on, sowing =me, rota=on, =llage, nitrogen fer=liza=on (Incer= and 

O’Leary, 1990; Kirkegaard and Lilley, 2007). Unfortunately, the environmental effects driven 

by climate change consequences restrict the availability of mainly water and nutrients (e.g. 

nitrogen), which stresses the need to address water and nitrogen shortages through recurring 

to alterna=ves that are amenable to s=ll ensure high yielding poten=al in wheat instead of 

increasing water and N fer=liza=on supplying. To this end, observing and understanding the 

cul=vars responsiveness to their growth condi=ons, may provide new insights towards 

tailoring climate-resilient genotypes capable of achieving higher grain yield poten=al with the 
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least possible resources, using aboveground and belowground phenotyping plaZorms for crop 

monitoring and yield predic=on purposes.  

Aboveground (canopy) phenotyping 

High throughput phenotyping plaZorms (HTPPs) have been widely used in the recent decades 

to assess different crop traits using sensors which nature ranges from conven=onal red-green-

blue (RGB) imaging, to thermal and spectroradiometer sensors (Gracia-Romero et al., 2019; 

Kefauver et al., 2015, 2017; Rezzouk et al., 2020). The techniques lying behind HTPPs are 

known for their rapid, cost-effec=ve and a non-invasive nature during measurement, and can 

be implemented from ground plaZorms (proximate sensing) to aerial and satellite plaZorms 

(remote sensing) (Araus et al., 2022; Araus and Cairns, 2014). The first category (i.e proximate 

sensing) consists of hand-held devices equipped with sensors that determine the reflectance 

specific to the assessed trait in wheat genotypes grown under Mediterranean condi=ons 

(Figure 3). For instance, the Greenseeker (Trimble, Sunnyvale, CA, USA) is a device usually 

deployed to determine the Normalized Difference Vegeta=on Index (NDVI) using VIS (660 nm) 

and NIR (780 nm) wavelengths on targeted canopy. NDVI has been ojen used as an indicator 

to green canopy biomass (Christopher et al., 2014; Fischer et al., 1998; Kipp et al., 2014; Lopes 

and Reynolds, 2012); Dualex (Dualex, Force-A, Orsay, France) or SPAD (Minolta SPAD-502, 

Spectrum Technologies Inc., Plainfield, IL, USA) are portable leaf-clip devices which operate 

on the leaf level to assess chlorophyll (SPAD and Dualex) and other pigment contents indices 

such as anthocyanin, flavonoids and NBI (Dualex) (Cerovic et al., 2012; Goulas et al., 2004; Lin 

et al., 2015); the infrared thermometer (PhotoTempTM MXSTM TD Raytek®, California; USA) 

is another frequently used device to es=mate instantly canopy temperature and infer crop 

water status (Amani et al., 1996; Blum et al., 1982; Gracia-Romero et al., 2019; Nielsen and 

Halvorson, 1991; Rezzouk et al., 2020; Yousfi et al., 2016).  
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Figure 3. Examples of proximate and remote sensing tools to plant phenotyping. 

On a larger scale, the second category (remote sensing) relies on the implementa=on of HTPPs 

from aerial plaZorms via the use of unmanned aerial vehicles (UAV), usually mounted with 

cameras equipped with near-infrared spectroscopy and spectral reflectance sensors (RGB, 

thermal, mul=spectral or hyperspectral sensors) for plant canopies (Gracia-Romero et al., 

2019; Kefauver et al., 2017; Skendži et al., 2023). These HTPPs are ojen used for fast screening 

of larger popula=ons in an affordable and non-invasive manner, and therefore suitable not 

only for medium size field trials, but also larger field crops dedicated to breeding purposes 

(Figure 3). Besides UAVs, implementa=on of satellites-based sensors for special screening and 

crop monitoring has been well documented in the recent decades (Belgiu et al., 2023; Segarra 

et al., 2020). 

Belowground (Root) phenotyping 

Differently from remote sensing high throughput phenotyping plaZorms (HTPPs). Root 

phenotyping techniques are viewed as average to low throughput because of the high cost 

and the low effec=veness of the plaZorms implemented, the laborious nature of root 

excava=on and the low accuracy of the derived traits. Nevertheless, root phenotyping is 

becoming more necessary than before to understand roots responsiveness to a target 

environment, with the aim to iden=fy root traits that can poten=ally enable plants to have 

Greenseeker

IR Thermometer
Multispectral Tetracam

FLIR Tau 640

Lumix GX7

• Canopy greenness
• Light efficiency
• Water status
• Senescence
• Pigments

Remote	sensing	techniques

Ground platform Aerial platform
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bener access to soil water and nutrients and provide higher yielding under the Mediterranean 

growth condi=ons (Araus et al., 2022; Atkinson et al., 2019). To this end, Shovelomics and soil 

coring are common root phenotyping techniques, among others, that are used together to 

study directly roots root crown architecture characteris=cs (shovelomics) and distribu=on (soil 

coring) in wheat genotypes when grown under Mediterranean field condi=ons (Atkinson et 

al., 2019; Bucksch et al., 2014; Ober et al., 2021; York et al., 2018a, 2018b). 

The study of root system characteris=cs in the upper layer of soil (ca. 0-20 cm) is referred to 

as “shovelomics” (Figure 4). This technique targets the study of the architecture, distribu=on 

and morphology of root systems and their contribu=on to plants produc=vity (Lynch, 1995). 

To this end, the “shovelomics” approach relies on the use of a “shovel” to excavate root system 

from the first 20 cm of the upper soil layer, clean the roots from soil carefully using buckets 

filled with water, then digitalize them in situ for later imagery use (Bucksch et al., 2014; 

Fradgley et al., 2020; Rezzouk et al., 2022; Wasson et al., 2016). Shovelomics derived traits 

reveal per=nent informa=on on root morphology such as root diameter (Price et al., 2002) 

root specific length (Eissenstat, 1991), root angle and the number of crown roots (Rezzouk et 

al., 2022; York et al., 2018a, 2018b). Understanding how these morphological traits integrate 

in an overall root system to respond to given condi=ons (Wasaya et al., 2018), and which root 

traits are involved in determining the level of root plas=city (Malamy, 2005), facilitate 

targe=ng specific root traits that may be amenable to consider in breeding programs with the 

aim to achieve higher produc=vity (Lynch, 1995). 

Besides root characteris=cs in the topsoil layer, root distribu=on and intensity are ojen 

assessed using soil coring, as this technique provides an accurate measurement to not only 

root length and mass and their rela=onship with water and nutrient uptake, but also moisture 

content and the subsequent root water uptake (Pask et al., 2012; Reynolds et al., 2012). Soil 

coring is usually carried out either by using a hand corer, or by a tractor-mounted hydraulic 

soil corer. In both cases, the inserted corer cylinders are pushed downwards the soil to reach 

the desired depth then laid out for observa=on and soil moisture and root samplings. The 

sampling can be tedious in the sense that in the extracted cores, soil is manually washed away 

to isolate roots. Ajerwards, roots are dyed and scanned for further traits extrac=on, and their 

subsequent root dry weight is assessed (Figure 4).  Roo=ng depth can be influenced by several 

environmental factors such as soil type and limita=ons (Tennant and Hall, 2001), reduced 
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rainfall season and the subsequent incomplete werng of the soil profile (Henderson, 1991; 

Tennant, 1976), or agronomic crop management techniques such as delayed sowing 

(Barraclough and Leigh, 1984; Incer= and O’Leary, 1990) and nitrogen fer=liza=on (Incer= and 

O’Leary, 1990). Iden=fying roots distribu=on along the soil profile provides a bener 

understanding to the poten=al soil zone from which roots uptake soil and nutrients, and the 

implica=ons of roots func=onality for crop produc=vity (Kirkegaard and Lilley, 2007). 

 
Figure 4. Shovelomics and soil coring approaches to root phenotyping 

 

Given the laborious and =me ineffec=veness of the above-men=oned techniques, imagery 

processing has been a frequent complemen=ng phenotyping technique to root phenotyping 

for a quicker assessment of the desired root traits (Araus et al., 2022; Chen et al., 2017). A 

broad spectrum of root phenotyping sojwares has been developed to assess roots traits from 

both 2D and 3D representa=ons, ranging from manual to semi-automated and automated 

programs (Araus et al., 2022; Clark et al., 2011; Iyer-Pascuzzi et al., 2010). 

Stable isotope ComposiFons 

Stable isotopes have been ojen used as physiological traits to study plants response to their 

environment. The assessment of carbon and nitrogen isotope composi=ons in plant =ssues, 

mainly the flag leaf and mature grains in wheat crop, provides an es=ma=on to nitrogen and 

water status in genotypes, while the assessment of oxygen and hydrogen isotope 
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composi=ons facilitates informa=on on the water source extracted by plants when measured 

in the stem basis, and roots func=onality across the soil profile when measured in different 

soil sec=ons/depths.  

Carbon isotope composi:on 

Craig in 1954 was the first to suggest the presence of a d13C depleted process in leaves as a 

response to environmental effects (Craig, 1954). Park and coworker in 1960 later introduced 

a d13C frac=ona=ng model anributed to carbon isotope composi=on and relying on three 

fundamentals: CO2 diffusion, photosynthesis and secondary metabolism (Park and Epstein, 

1960). And only two decades later, O’ Leary (1981) and Farquhar and coworkers (1982) 

proposed a more detailed d13C model that can be used in crop ecophysiology. Naturally, plants 

priori=ze the assimila=on of lighter carbon isotope 12C over the heavy isotope 13C, which is 

more abundant in the air (Farquhar et al., 1982; O’Leary, 1981). Thus, the deple=on in d13C 

observed plant =ssue is the consequence of different frac=ona=on processes occurring during 

transpira=on (CO2 diffusion) and photosynthesis (CO2 fixa=on), especially in C3 plants studies 

where CO2 concentra=ons limit photosynthesis (Beerling and Woodward, 1995; Park and 

Epstein, 1960; Polley et al., 1993). Depending on the environmental and genotypic effects, 

important differences in d13C can be found in dis=nct plant =ssues informing on the integrated 

d13C isotopic signal during the assessed development stage (Araus et al., 1992; Condon et al., 

1992). Under drought condi=ons, d13C are considered as an excellent indicator to plant water 

status and the effec=ve use of water in crops (Blum, 2009). Its =me-integra=ve character 

throughout the crop growth cycle offers an overall es=ma=on to the water status the plant 

has undergone, especially when measured during the last stage of development, such as 

mature grains in wheat. Furthermore, the nature of d13C frac=ona=on processes which 

integrates transpira=on and photosynthesis not only reflects plants evapotranspira=on 

processes, but also allows a bener understanding to grain yield performance in wheat 

genotypes. Several studies reported the strong correla=ons between d13C and stomatal 

conductance (Barbour, 2007; Farquhar et al., 1982) and grain yield (Araus et al., 2013; Chairi 

et al., 2018; Rezzouk et al., 2020). 
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Nitrogen isotope composi:on 

 For decades, d15N was used as a nitrogen tracer in applied fer=liza=on (Bremner, 1965; 

Hoering, 1955). And years later, more studies were introduced on the u=lity of d15N to 

determine nitrogen source in plants (fixa=on, organic or chemical) (Kohl et al., 1973; Shearer 

and Kohl, 1978). d15N Frac=ona=on processes involved in plant =ssues are associated mainly 

with NO3
- and NH4

+ assimila=on, nitrogen transporta=on upwards plant =ssues, and nitrogen 

metabolism occurring in the cytoplasm. Interpreta=ons of d15N values can be some=mes 

confusing given that (i) the atmospheric N2 which is used as a reference to calculate nitrogen 

isotope composi=on reflects a d15NAir = 0‰, therefore isotopic analysis must be carried out 

with cau=on to avoid possible contamina=on source; and (ii), several factors can present low 

d15N values that are close to the atmospheric reference N2, for instance d15N associated with 

NO3
- ranges from 0.3‰ to 3‰,  d15N of chemical fer=lizers are around 0‰, and d15N in crops 

with N2 fixa=on frac=ona=on process oscillate between -0.4‰ and 4.1‰ (Kohl and Shearer, 

1980; Mateo et al., 2004; Wada and Hanori, 1978). Regardless, d15N is s=ll a relevant indicator 

to nitrogen source when plants are fer=lized with organic maner, which is known for its high 

d15N values (up to 15‰). Or as reliable nitrogen status indicator when plants are supplied with 

chemical fer=lizers and grown under well-watered condi=ons. in fact, d15N increases were 

associated with higher produc=on in wheat genotypes under op=mal growth condi=ons with 

supplied N fer=liza=on and irriga=on (Rezzouk et al., 2022; Sanchez-Bragado et al., 2017; 

Yousfi et al., 2009).  

Oxygen and hydrogen isotope composi:ons 

Oxygen (d18O) and hydrogen (d2H) isotope composi=on studies started with the analysis of 

those elements in con=nental and marine waters (Dansgaard, 1964), before oxygen and 

hydrogen were introduced in plant ecophysiology. Gonfian=ni and coworkers were pioneers 

to demonstrate that leaf water was enriched in heavy isotopes during transpira=on 

(Gonfian=ni et al., 1965). And since then, several studies were carried out highligh=ng the 

importance of d18O and d2H in different disciplines, paleoclima=c reconstruc=on from tree 

rings, ecophysiology of plant water loss, plant breeding for an improved water status, and the 

iden=fica=on of the origin of plant =ssue (Barbour, 2007; Epstein et al., 1977).  
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Soil and metabolic water evapora=ve processes are the main factors affec=ng d18O, whereas 

evapora=ve but especially photosynthesis processes, are the major factors determining d2H. 

Previous studies reported that most oxygen that was incorporated by plant during 

photosynthesis originated from the water source, likewise, water source is the only source of 

organic hydrogen in plants (DeNiro and Epstein, 1979; Mateo et al., 2004); albeit the isotopic 

signature of water source can vary considerably depending on precipita=on and/or irriga=on, 

or in a minimal importance through the temporal evapora=on that occurs from the soil surface 

before root water uptake. Besides the water source, the water isotopic signatures of different 

plant =ssues (e.g. leaves, ears or grains) vary from the stem isotopic signature as a 

consequence of post-photosynthe=c processes such as stomatal diffusion, the Peclet number 

and its influence on transpira=on, the leaf blade layer which comprises both stomatal diffusion 

and stomatal pores effects, and the propor=onal depression of water vapor by the heavier 

H2
18O molecules (Barbour et al., 2004; Farquhar and Lloyd, 1993; Ogée et al., 2007). In the 

organic maner of plant =ssues, d18O and d2H signatures are rather different. d18O isotopic 

signature is enriched in leaves, ears and grains above the stem water signature as a result of 

a complete exchange with water before fixa=on in organic compounds (Helliker and Ehleringer, 

2002). In the case of hydrogen, the resulted isotopic signature is the mixture of the remarkedly 

depleted d2H values as a result of photosynthesis processes, and the enriched d2H origina=ng 

from the transported water. Depends on plant trophism, autotrophic organs (such as leaves 

and ears) can show highly depleted d2H signature, whereas in heterotrophic organs (e.g. 

grains), d2H signatures are rather enriched (Estep and Hoering, 1981; Yakir and DeNiro, 1990). 

In summary, this present disserta=on focused on the implementa=on of integra=ve 

approaches to evaluate the performance of wheat genotypes grown under different 

Mediterranean condi=ons (Figure 5). These approaches consisted in a first step in the 

assessment of aboveground traits using vegeta=ve indices (HTPPs) to predict grain yield 

(Rezzouk et al., 2020) and define ideotypes from European elite bread wheat cul=vars under 

Mediterranean condi=ons (Rezzouk et al., 2023; submined), and in a second step in the 

assessment of combined above and belowground traits together with physiological traits, 

mainly phenology, stable isotope composi=ons and photosynthesis, for further ideotypic 

implica=ons in durum wheat cul=vars grown under different Mediterranean condi=ons 

(Rezzouk et al., 2022; Rezzouk et al., 2023 “submined”). 
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Figure 5. Physiological and morphological traits that can poten:ally explain crop 

responsiveness to its target environment and contribute to yield predic:on in wheat genotypes 

grown under Mediterranean condi:ons. 
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OBJECTIVES 

The main objec/ve of the present disserta/on aims to iden/fy ideotypic characteris/cs of 

Wheat genotypes with be;er climate-resilience and higher yielding when grown under 

different Mediterranean climate and growth condi/ons. To this end, an integra/ve 

phenotyping approach was implemented targe/ng canopy growth using remote sensing 

techniques, root architecture and distribu/on through root phenotyping techniques, and yield 

components together with the assessment of water and nitrogen status in different plant 

/ssues, using mainly carbon and nitrogen isotope composi/ons in flag leaves and grains, and 

oxygen and hydrogen isotope composi/ons in stem water and soil profile.  A further 

mechanis/c objec/ve was to assess the performance of hydrogen and oxygen isotope 

composi/ons (δ2H and δ18O) in different plant /ssues and under different rela/ve humidity 

condi/ons, and to track the loading and unloading of water and sugar compounds from source 

to sink /ssues. 

Specific aims 

• The first chapter aimed to identify ideotypic traits conferring the adaption of high-yielding 

European bread wheat cultivars (Triticum aestivum L.) to the Mediterranean conditions. 

To this end, phenology, water and nitrogen status were assessed to identify traits 

contributing to high yielding performance in European wheat cultivars under 

Mediterranean conditions. This study has been submitted to Field Crop Research. 

• The focus of the second chapter was to compare the performance of spring and facultative 

bread wheat genotypes (Triticum aestivum L.) under different growing temperatures and 

vernalization needs. Different physiological traits were assessed using vegetation indices 

and stable isotopes, and further combined with phenology, crop growth and yield 

components. Lastly, grain yield was predicted using all the assessed traits. This study has 

been published in Plant Science. 

• The third chapter proposed ideotypic characteristics of durum wheat (Triticum turgidum L. 

subsp. durum (Desf) Husn.) associated with higher yield under different water and 

temperature regimes were studied under Mediterranean conditions. Different 

phenotyping approaches were combined from plants aboveground and belowground 

traits to identify ideotypic characteristics associated with a better genotypic performance 
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in durum wheat grown in Spain. This work has been published in Agricultural Water 

Management. 

• The fourth chapter focused on identifying root traits determining durum wheat 

performance under Mediterranean conditions. Root phenotyping assessment was carried 

out together with the use of stable isotopes to assess nitrogen status, water status and 

water of the stem, precipitation and irrigation, and water of different soil depths). Those 

traits were combined with growth traits, yield components and grain yield. This work has 

been submitted to Science of The Total Environment. 

• The fifth chapter focused on the performance of hydrogen and oxygen isotope 

compositions (δ2H and δ18O) across the water and the organic matter of different plant 

tissues and under different vapor pressure deficit levels (high vs low VPDs). The main 

objective was to trace the loading and unloading of water and sugar compounds from 

source to sink tissues. This work has not been yet submitted.
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REPORT OF THE THESIS DIRECTORS 

Integrative Crop Ecophysiology Group 

https://integrativecropecophysiology.com 

Plant Physiology Section, Department of Evolutionary Biology, Ecology and 

Environmental Sciences, Faculty of Biology, University of Barcelona, Diagonal 643, 

08028, Barcelona, Spain. 

 

Dr. José Luis Araus Ortega and Dra. Maria Dolors Serret Molins, as supervisors of the thesis 

enOtled: “Root traits and stable isotopes as phenotyping approaches to enhance wheat 

adapta>on to Mediterranean condi>ons”, that has developed the doctoral student FaOma 

Zahra Rezzouk, 

INFORM about the impact and parOcipaOon of the doctoral student in each of the papers 

included in the memory of the Doctoral Thesis. 

Chapter 1. The arOcle enOtled “Assessing performance of European elite bread wheat culOvars 

under Mediterranean condiOons: ideotypic implicaOons” has been submiZed to Field crop 

Research in 2022 with an impact factor of 6.145, which corresponds to the first decile within 

the Science Area: Agricultural and Biological Sciences: Agronomy and Crop Science. In this 

study, Phenology and stable isotopes were used as phenotyping traits to idenOfy ideotypic 

traits of high-yielding European wheat culOvars conferring adapOon to actual Mediterranean 

condiOons. The main findings are the need to raOonalize N ferOlizaOon supply within the 

region, the interacOve effect of season (wet vs dry) on phenological adjustment in selected 

high yielding European bread wheat genotypes, including genotypes bred for northern and 

central Europe condiOons, as potenOal material for geneOc increase under the Mediterranean 

condiOons. FaOma Zahra Rezzouk conducted the stable isotope analyses, processed the 

collected data and she was responsible for the drac wriOng. 

Chapter 2. The arOcle enOtled “Remote sensing techniques and stable isotopes as 

phenotyping tools to assess wheat yield performance: effects of growing temperature and 
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vernalizaOon” published in Plant Science in 2020 with an impact factor of 4.729 in 2020, is a 

journal placed within the first decile of the Science Area: Agricultural and Biological Sciences: 

Plant Science. To date, this work has accumulated 20 citaOons (Google Scholar, revised in June 

2023). This study compared grain yield performance under opOmum condiOons and high 

temperature condiOons, using an integrated phenotyping approach of high throughput 

phenotyping plagorms (HTPPs), including remote sensing together with stable isotopes and 

nitrogen concentraOon as physiological phenotyping techniques. Overall, each phenotyping 

approach proved its efficiency at detecOng genotypic differences in a set of 38 wheat bread 

wheat culOvars, with the best GY predicOon achieved by the combinaOon of remote sensing 

and stable isotopes. The study proposes also, the facultaOve genotypes as potenOal plant 

material with key traits that are best adapted to drought condiOons. Herein, FaOma Zahra 

Rezzouk processed and analysed the remote sensing data collected from the field, analysed 

the stables isotopes, gathered and processed all data and she was responsible for wriOng the 

drac. 

Chapter 3. The arOcle enOtled “Durum wheat ideotypes in Mediterranean environments 

differing in water and temperature condiOons” published in Agricultural Water Management 

in 2022 with an impact factor of 6.611 in 2022, is a journal placed within the first decile of the 

Science Area: Agricultural and Biological Sciences: Agronomy and Crop Science. To date, this 

work has accumulated 11 citaOons (Google Scholar, revised in June 2023). This work suggested 

specific ideotypes to different scenarios of the Mediterranean environment. Therefore, 

phenology, growth traits, water status, photosyntheOc capacity and root characterisOcs in the 

topsoil were assessed to evaluate the performance of grain yield in durum wheat culOvars. 

FaOma Zahra Rezzouk had an acOve role in field measurements, processed image data 

collected from shovelomics, analysed the stables isotopes, processed all data and she was 

responsible for wriOng the drac. 

Chapter 4. The arOcle enOtled “Root traits determining durum wheat performance under 

Mediterranean condiOons” has been submiZed to Science of The Total Environment in 2023 

with an impact factor of 10.754, which is a journal placed within the first decile of the Science 

Area: Environmental Science: Environmental Engineering. This work focused on evaluaOng 

yield performance in durum wheat culOvars through the assessment of aerial and root traits. 

Aerial assessment provided informaOon on water and nitrogen status together with crop 



Report	of	the	thesis	directors	

 25 

growth traits, whereas root phenotyping covered the morphological characterisOcs of roots 

in the topsoil, roots distribuOon across soil secOons to up to one meter, as well as root 

funcOoning through the assessment of oxygen and hydrogen isotope composiOons in the stem 

water, water sources (irrigaOon and precipitaOon) and soil water. FaOma Zahra Rezzouk had 

an acOve role in field measurements, analysed root traits and processed the corresponding 

image data, conducted stables isotope analyses and she was responsible for wriOng the drac. 

Chapter 5. The arOcle enOtled “δ2H and δ18O assessment of transpiraOve and photosyntheOc 

performance in wheat under different humidity condiOons” is a drac in preparaOon. The main 

objecOves of this work were to study the factors responsible for hydrogen and oxygen isotope 

composiOons (δ2H and δ18O) fracOonaOon paZerns in the water as well as organic maZer of 

plant Ossues, and which affect the load and unload of nutrients from source to sink organs. To 

respond to these objecOves, a drought tolerant and high yielding durum wheat culOvar “Sula” 

was evaluated under contrasOng and controlled VPD condiOons, and a dual isotope labelling 

method was applied to trace oxygen and hydrogen isotope composiOons (δ2H and δ18O) across 

plant Ossues. FaOma Zahra Rezzouk parOcipated in stables isotope analyses, curated and 

processed all data and she was responsible for wriOng the drac. 

It should be noted that Engineer FaOma Zahra Rezzouk, since she arrived in Barcelona, has 

integrated perfectly into our team. She has collaborated autonomously in the realizaOon of all 

the experiments of her doctoral thesis parOcipaOng in their design, data collecOon, chemical 

analysis, staOsOcal treatment, preparaOon of tables and figures, discussion of results and 

wriOng of publicaOons. The doctoral student has shown a great capacity for work, both in the 

laboratory and field. As a result of these years of work, she has reached a high level of maturity 

and knowledge on the subject, in addiOon to having demonstrated an iniOaOve and capacity 

for work. As a result, she published and co-authored the following publicaOons: 

Publica>ons: 

§ Rezzouk, F.Z., Shahid, M.A., Elouafi, I.A., Zhou, B., Araus, J.L., Serret, M.D., 2020. 

Agronomic performance of irrigated quinoa in desert areas: Comparing different 

approaches for early assessment of salinity stress. Agric. Water Manag. 240, 1–15. 

hZps://doi.org/10.1016/j.agwat.2020.106205 
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§ Rezzouk, F.Z., Shahid, M.A., Elouafi, I.A., Zhou, B., Araus, J.L., Serret, M.D., 2020. 

Agronomical and analyOcal trait data assessed in a set of quinoa genotypes growing in 

the UAE under different irrigaOon salinity condiOons. Data Br. 31, 1–11. 

hZps://doi.org/10.1016/j.dib.2020.105758 

§ Rezzouk, F.Z., Gracia-Romero, A., Kefauver, S.C., Nieto-Taladriz, M.T., Dolores, M., 

Araus, J.L., 2022. Dataset of above and below ground traits assessed in Durum wheat 

culOvars grown under Mediterranean environments differing in water and 

temperature condiOons. Data Br. 40, 1–6. hZps://doi.org/10.1016/j.dib.2021.107754 

§ de Lima, V.J., Gracia-romero, A., Rezzouk, F.Z., Diez-fraile, M.C., Araus-Gonzalez, I., 

Henrique Kamphorst, S., Teixeira do Amaral Júnior, A., Kefauver, S.C., Aparicio, N., 

Araus, J.L., 2021. ComparaOve performance of high-yielding european wheat culOvars 

under contrasOng mediterranean condiOons. Front. Plant Sci. 12, 1–19. 

hZps://doi.org/10.3389/fpls.2021.687622 

§ Araus, J.L., Rezzouk, F.Z., Thushar, S., Shahid, M., Elouafi, I.A., Bort, J., Serret, M.D., 

2021. Effect of irrigaOon salinity and ecotype on the growth, physiological indicators 

and seed yield and quality of Salicornia europaea. Plant Sci. 304, 1–13. 

hZps://doi.org/10.1016/j.plantsci.2021.110819 

§ Araus, J.L., Kefauver, S.C., Vergara-Díaz, O., Gracia-Romero, A., Rezzouk, F.Z., Segarra, 

J., Buchaillot, M.L., Chang-Espino, M., VaZer, T., Sanchez-Bragado, R., Fernandez-

Gallego, J.A., Serret, M.D., Bort, J., 2022. Crop phenotyping in a context of global 

change: What to measure and how to do it. J. Integr. Plant Biol. 64, 592–618. 

hZps://doi.org/10.1111/jipb.13191 

§ Kamphorst, S.H., Amaral Júnior, A.T. do, Vergara-diaz, O., Gracia-romero, A., Fernandez-

gallego, J.A., Chang-espino, M.C., Buchaillot, M.L., Rezzouk, F.Z., de Lima, V.J., Serret, 

M.D., Araus, J.L., 2022. Heterosis and reciprocal effects for physiological and 

morphological traits of popcorn plants under different water condiOons. Agric. WATER 

Manag. 261, 1–14. hZps://doi.org/10.1016/j.agwat.2021.107371 

§ Caldelas, C., Rezzouk, F.Z., Aparicio-GuOérrez, N., Araus, J.L, 2023. InteracOon of 

genotype, water availability, and nitrogen ferOlizaOon on the mineral content of wheat 

grain. Food Chem. 404, 1–9. hZps://doi.org/10.1016/j.foodchem.2022.134565 

§ Marsnez-Peña, R., Rezzouk, F. Z., Díez-Fraile, M. D. C., Nieto-Taladriz, M. T., Araus, J. 

L., Aparicio, N., Vicente, R, 2023. Genotype-by-Environment InteracOon for Grain Yield 
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and Quality Traits in Durum Wheat: IdenOficaOon of Ideotypes Adapted to the Spanish 

Region of CasOle and León. Available at SSRN 4422030. 

§ Araus, J.L., Rezzouk, F.Z., Sanchez-Bragado, R., Aparicio-GuOérrez, N., Serret, M.D., 

2023. Phenotyping genotypic performance under mulOstress condiOons: 

Mediterranean wheat as a case study. Field Crop Research (Under review). 

§ Gracia-Romero, A., VaZer, T., Kefauver, S.C., Rezzouk, F.Z., Segarra, J., Nieto-Taladriz, 

M.T., Aparicio, N., Araus, J.L., 2023. Defining durum wheat ideotypes adapted to 

Mediterranean environments through remote sensing traits. Plant Phenomics 

(SubmiZed). 

§ Hamdane, Y., Segarra, J., Buchaillot, M.L., Rezzouk, F.Z., Gracia-Romero, A., VaZer, T., 

Benfredj, N., Arslan, R.H., Aparicio GuOérrez, N., Torró, I., Araus, J.L., Kefauver, S.C., 

2023. Using ground and UAV vegetaOon indexes for the selecOon of fungal resistant 

bread wheat varieOes. Drones (accepted). 

§ Baslam, M., Takamatsu, T., Aycan, M., Fakhet, D., Rezzouk, F.Z., Gakière, B., Araus, J.L., 

Aranjuelo, I., Mitsui, T., 2023. FuncOonal traits of field-droughted contrasOng rice 

genotypes reveal mulOple independent genomic adaptaOons and metabolic responses. 

Environmental and Experimental Botany (SubmiZed). 

§ Araus, J.L., Gascón, M., Ros-Sabé, E., Piqué, R., Rezzouk, F.Z., Aguilera, M., Voltas, J., 

Terradas, X., Palomo, A., Ferrio, J.P., Antolín, F., 2023. Isotope and morphometrical 

evidence reveal the technological package associated with agriculture adopOon in 

Western Europe. Nature Plants (SubmiZed). 

Internships: 

§ 05/2023-07/2023. Recipient of the grant Marie Skłodowska-Curie AcOons 

(MSCA)/Research and InnovaOon Staff Exchange (RISE) (H2020-MSCA-RISE-2019)- GA-

872602, as an exchange researcher in the university of Barcelona to process data and 

write a drac arOcle paper on a Peanuts experiment previously conducted under 

drought condiOons in Auburn university (AU), Alabama, USA. In collaboraOon with the 

IntegraOve Crop Ecophysiology Group of the University of Barcelona (UB). 

§ 07/2022-09/2022. Recipient of the grant Marie Skłodowska-Curie AcOons 

(MSCA)/Research and InnovaOon Staff Exchange (RISE) (H2020-MSCA-RISE-2019)- GA-

872602, as an exchange researcher in the university of Barcelona to conduct an 
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experiment on Peanuts under drought condiOons in Auburn university (AU), Alabama, 

USA. In collaboraOon with the IntegraOve Crop Ecophysiology Group of the University 

of Barcelona (UB). 

§ 11/2020-11/2023. Recipient of a Research FI-AGAUR fellowship to develop PhD thesis 

Otled: “Shovelomics and stable isotopic composiOon as phenotyping approaches to 

enhance drought stress resistance in Wheat genotypes” within the IntegraOve Crop 

Ecophysiology Group. 

Trainings, courses and workshops: 

§ 10/2019. Course on the Spanish language cerOficate with level A2, under the Otle: 

“Cursos de de lengua catalana, Básic 1”. Organized by the University of Barcelona. 

§ 01/2020. Workshop on “WriOng effecOve research manuscripts”, organized by the 

Department of EvoluOve Biology, Ecology and Environmental Sciences of the University 

of Barcelona, Barcelona, Spain. 

§ 01/2020. Course “StaOsOcal tools for plant phenomic data analysis”, organized by 

IAMZ-CIHEAM with the collaboraOon of the European Plant Phenotyping Network 

(EPPN2020), Zaragoza, Spain. 

§ 07/2021. Virtual course ““Diseño de experimentos y uso de modelos mixtos en R”, 

Organized by by the Department of EvoluOve Biology, Ecology and Environmental 

Sciences of the University of Barcelona, Barcelona, Spain. 

§ 02/2021-02/2023. AESA cerOfied Drone Pilot: “A1/A3 Open Sub-Category” & AESA 

cerOfied Drone Pilot: “STS Standard Scenarios”, organized by AEROCAMARAS, 

Barcelona, Spain. 

Communica>ons in symposiums and conferences 

§ IV Simposio Español De Fisiologia Y Mejora De Cereales 2021. “d18O and d2H isotope 

labelling as a tracking method to assess evaporaOve and photosyntheOc wheat 

performance” (Oral presentaOon). December 16th and 17th, 2021 (Pamplona, Spain). 

§ III Simposio Español De Fisiologia Y Mejora De Cereales 2020. “Durum wheat ideotypes 

to Spanish environments differing in water and temperature condiOons” (Virtual Oral 

presentaOon). September 1st, 2nd and 3rd, 2020 (Pamplona, Spain). 
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§ II Simposio Español De Fisiologia Y Mejora De Cereales 2019. “Remote sensing 

techniques and stable isotopes as phenotyping tools to assess wheat yield 

performance: effects of growing temperature and vernalizaOon needs” (Oral 

presentaOon). September 6th and 7th, 2019 (Cordoba, Spain). 

§ EvoluOon Of Mediterranean Agriculture (AGYA). “Wheat phenotyping: combining 

phenotyping techniques (HTPPs) and isotopic signature for an enhanced yield 

predicOon”. (Oral PresentaOon & Poster). November 22th and 23th, 2018 (Barcelona, 

Spain).      

§ III Jornada De Joves InvesOgadors De L’IdRA. “Phenotyping under drought stress” (Oral 

presentaOon). May 24th, 2018. hZp://www.ub.edu/ubtv/video/phenotyping-under-

drought-stress-faOma-zahra-rezzouk-i-adrian-graciaromero. 

§ KAAB InternaOonal Symposium 2018. “Remote sensing techniques and stable isotopes 

as phenotyping tools to assess wheat yield performance: effect of growing 

temperature and vernalizaOon needs”.  (Oral presentaOon). September 27th, 2018 

(Niigata/Japan). 

 

To cerOfy this for corresponding purposes, 
 
 
 
 
 

Dr. José Luis Araus Ortega                         Dr. Maria Dolors Serret 
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Highlights  

• Recommended N topdressing levels place wheat fertilization in the saturation zone. 

• Genotypic yield performance is associated with higher grain number rather than weight. 

• Crop duration and phenology are key to adapting genotypes to Mediterranean conditions. 

• Regardless of the season, the best genotypes exhibit better water status (lower d13C). 

• Some northern European wheat cultivars are well adapted to Mediterranean conditions. 

Abstract  

1. CONTEXT OR PROBLEM 

Identifying traits conferring high yield in target environments has become a main concern of wheat 

breeders. This is particularly relevant for the current Mediterranean conditions as well as for the 

expected scenarios driven by climate change for central and northern Europe.  

2. OBJECTIVE OR RESEARCH QUESTION  

The objective of this study was to identify ideotypic traits conferring adaption of high-yielding 

European wheat cultivars to actual Mediterranean conditions.  
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3. METHODS   

Twelve elite winter wheat cultivars from different European (northern, central and southern) 

regions were grown under Mediterranean continental conditions across three consecutive crop 

seasons and three different topdressing nitrogen fertilization levels. Phenology was assessed 

throughout the crop cycle. At maturity, grain yield (GY), grain number and thousand grain weight 

were determined. Further, carbon (d13C) and nitrogen (d15N) stable isotope compositions and 

nitrogen concentration were analyzed in mature grains as proxies for water and nitrogen status, 

respectively.  

4. RESULTS  

The nitrogen fertilization effect was minor for GY compared with the season and genotypic effects. 

Concerning genotypic performance, the effect of phenology varied across seasons, with longer crop 

durations being associated with higher GY under the wettest season (2017-2018), no effect under 

mildly wet conditions (2019-2020) and being negatively associated with GY under dry conditions 

(2018-2019). Furthermore, the relative duration of each phenological stage had an effect on 

genotypic performance, particularly during the dry season (2018-2019). Moreover, regardless of the 

season considered, the highest-yielding genotypes were associated with better water status (lower 

d13C). Under wet season conditions, northern European genotypes had 6% higher yields, whereas in 

the dry season, southern European genotypes had 2% higher yields.  

5. CONCLUSIONS 

The differences in GY among the top wheat cultivars originating from different European regions 

were fairly minor across the seasons and across the N fertilization levels recommended in the 

region. 

6. IMPLICATIONS OR SIGNIFICANCE 

The study suggests that selection for the high-yielding conditions of central and northern Europe 

also delivers genetic increases under Mediterranean water stress conditions. 

Keywords: drought, nitrogen fertilization, phenology, stable isotopes, wheat. 
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1. Introduction 

While wheat remains the main staple crop globally, with Europe’s 33.2% production share making 

it the second largest producer (FAOSTAT, 2022), wheat production must overcome the challenges 

imposed by climate change. In particular, wheat production in southern Europe has been 

conditioned with high temperatures and decreased rainfall, whereas in central and northern 

Europe, temperature and variability in water conditions are evolving to resemble current 

Mediterranean conditions (Bindi and Olesen, 2011). 

The mechanisms that may contribute to higher yield and/or more stable wheat yields include 

matching crop development with environmental conditions, which is known as phenological 

adjustment (Hyles et al., 2020; Rezzouk et al., 2022). The second aspect to consider is that crop yield 

depends on the availability of resources (i.e. water and nutrients, in addition to the accumulated 

radiation) captured by the crop during its cycle (Araus et al., 2008). For instance, in the case of water, 

the amount captured is known as effective use of water (Blum 2009), and is key in determining yield 

(Araus et al., 2008; Blum, 2009). Thus, providing that resources are always available for the crop (i.e. 

optimal agronomic conditions), the longer the crop remains active, the more resources will be 

captured, and the greater the levels of crop photosynthesis, and so the resulting grain yield will be 

higher. This is the case of the wheats in the UK where genetic advance has correlated with 

constitutive stay green condition, which means the crop keeping active longer during grain filling 

(Carmo-Silva et al., 2017; Voss-Fels et al., 2019). By contrast, and even in the absence of water stress, 

yield potential under Mediterranean conditions is lower because of the higher temperatures, which 

reduces crop duration while increasing respiratory losses (Chowdhury and Wardlaw, 1978; Wardlaw 

et al., 1980). Moreover, a longer crop duration may be usually considered a negative trait under 

Mediterranean conditions because of the seasonally progressive increase in temperature and the 

decrease in precipitation, which may cause drought stress during the last part of the crop cycle (i.e. 

the reproductive period). This “terminal” drought may therefore compromise the setting and 

further filling of grains or, depending on the severity of the stress, it may even accelerate crop 

senescence and thus shorten grain filling (Senapati and Semenov, 2020). In this sense, adaptive stay 

green, which is understood as the crop’s ability to withstand stress conditions, may be considered a 

positive trait under Mediterranean conditions (Christopher et al., 2016; Fischer, 2011; Padovan et 

al., 2020). Nevertheless, this trait must be viewed with caution and not confounded with a 

constitutively longer crop duration, which may account for the reports of a negative association of 

long phenology with grain yield in wheat under Mediterranean conditions (Chairi et al., 2020). In 



 36 

fact, phenological adjustment has been regarded as a trait with prospects of achieving genetic 

adaptation and enhancing genetic yield potential in the wheat varieties grown in Europe (Senapati 

and Semenov, 2020), and securing adaptation to Mediterranean conditions in particular. However, 

while the duration of the crop cycle of cultivars grown under Mediterranean conditions has 

decreased throughout the past century as a result of breeding (Collins and Chenu, 2021; Long et al., 

2022; Loss and Siddique, 1994), the duration of grain filling has remained unchanged (Araus et al., 

2002) or has even increased (Foulkes et al., 2011; Miralles and Slafer, 2007; Reynolds et al., 2009, 

2012). Thus, under Mediterranean conditions, an extended grain filling period provides plants with 

longer duration to intercept radiation, carry out photosynthetic activities and translocate 

assimilates from tissues into grains (Soriano et al., 2018). Because flowering is the most sensitive 

phenological stage in the wheat lifecycle, a suitable flowering time is vital to achieve an optimum 

biomass/grain set balance (Flohr et al., 2017; Kamran et al., 2014). In southern Europe, wheat 

cultivars usually undergo early anthesis to avoid drought conditions (Shavrukov et al., 2017), 

whereas in northern and central Europe, inducing flowering in winter engenders exposure to frost, 

damaging reproductive organs and reducing light interception, all of which constrain yield. 

Therefore, a late flowering behavior has been preferred with the aim of securing higher yields 

through maximizing biomass production during pre-anthesis (Senapati and Semenov, 2020). 

Nevertheless, while other traits may be also involved in wheat performance under Mediterranean 

conditions, particularly in terms of capture of resources (water and nitrogen) by the plant (Sadras 

and Lawson, 2011, 2013; Kitonyo et al., 2017), phenology is still a key component. 

Under Mediterranean conditions, the role of phenological adjustment in crop yield is to ensure an 

adequate (well balanced) capture of resources - basically water and secondly nutrients - throughout 

the crop cycle. In terms of water availability, carbon isotope composition (δ13C) in plant dry matter 

has been proven in wheat as a proxy indicator of water use efficiency (WUE), which is understood 

as the ratio of grain yield to transpiration (Farquhar et al., 1989). More relevant to this study, δ13C 

even informs about grain yield per unit of evapotranspiration (French and Schultz, 1984), with higher 

(less negative) δ13C indicating a higher water use efficiency (Farquhar et al., 1989). However, since 

water use efficiency and the effective (or efficient) use of water are not independent traits, but to 

a large extent inversely proportional to one another, δ13C has been associated negatively with the 

effective use of water (Araus et al., 2003, 2008; Blum, 2009) and therefore δ13C behaves as an 

indicator of water used by the plant and then of crop water status. Moreover, since genotypic and 

environmentally driven variability in grain yield depend more on the water available and its effective 
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use rather than on the water use efficiency (Blum, 2009), usually the δ13C of mature grains (or other 

plant parts developed during the last period of the crop cycle) correlates negatively with grain yield 

across environments and even (except for very harsh environments), also negatively across 

genotypes within a given environment. Negative genotypic relationships have been reported not 

only in wheat (Condon et al., 1987; Araus et al., 2003) but also in other C3 cereals (Voltas et al., 

1999). In favor of the capacity of δ13C as indicator of water status and thus yield, a lower δ13C 

together with indicators of higher transpiration, such as higher stomatal conductance (Condon et 

al., 1987) or a lower canopy temperature (Lopes and Reynolds, 2010), have been correlated with a 

more efficient root system (Lopes and Reynolds, 2010).  

Nitrogen is usually the main nutrient that limits yield, with nitrogen availability and further 

assimilation by the plants being the main factors to consider. Since the green revolution, application 

of nitrogen fertilizer in crop management practices has been a frequent method to optimize wheat 

green biomass and therefore achieve higher yields. In fact, post green revolution wheat cultivars 

have been bred to maximize yield potential under well-watered and nitrogen-fertilized growing 

conditions. However, little emphasis has been given to the interplay between water availability and 

nitrogen uptake under winter-rainfall environments such as the Mediterranean, where water 

frequently becomes a limiting factor for wheat growth and yield (Sadras et al., 2016). Moreover, this 

limitation is increasing due to climate change (Basso et al., 2012), which in turn impacts plant 

nitrogen uptake and a variety’s specific response to nitrogen fertilization (Sadras et al., 2016). In 

terms of indicators of nitrogen metabolism, and alongside the nitrogen accumulated by the plant, 

nitrogen isotope composition (δ15N) in plant tissues has also been proposed (Yousfi et al., 2012). 

The δ15N also works as a tracer of the characteristics of the nitrogen source used by plants. Indeed, 

while plants growing with chemical fertilizers exhibit lower δ15N than plants subjected to organic 

fertilizers or to soil mineral N (with exceptions, e.g. rotation or intercropping legumes) as the main 

source of nitrogen, the relative amount of chemical fertilizer applied may therefore affect the 

nitrogen isotope signature of the plant (Serret el al., 2008). Moreover, both the δ15N and N contents 

in tissues are tracers of the available sources of N fertilizer, and they are also affected by stresses 

such as salinity and drought (Yousfi et al., 2012, 2013). In summary, analyzing d13C and d15N 

alongside N content in plant tissues throughout the lifecycle has been widely documented in the 

literature as a proxy for crop water and nitrogen status and to inform about the integrative effect 

of the environmental conditions on resource availability and the plant’s demands (Cossani and 
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Sadras, 2021; Ferrio et al., 2007; Yousfi et al., 2012). In the case of wheat, mature grains are the 

most suitable plant part to analyze (Araus et al., 2013).  

Identifying elite European wheat cultivars that maintain relatively high grain yield under 

Mediterranean conditions may lead the way to a better understanding of the ideotypic 

characteristics of wheat cultivars that combine high yield potential together with resilience to the 

current Mediterranean conditions and the environmental scenarios expected in central and 

northern Europe over the coming decades. Moreover, tailoring management practices that consider 

the interplay between water conditions, nitrogen fertilization and variety is necessary to reduce the 

yield gap and achieve better yield responses to the current climatic challenges in the Mediterranean 

basin. The general objectives of this study were to assess which traits contribute towards European 

wheats with high performance under Mediterranean conditions. Specific objectives were to identify 

traits related to phenology, water status and nitrogen metabolism. To achieve this, the present 

study compared the performance of twelve high-yielding winter wheat cultivars of different 

European (south, central and north-western) provenances grown under different levels of nitrogen 

fertilizer topdressing (following the usual recommended doses for the region), and three 

consecutive crop seasons with fluctuating climatic conditions, under the Mediterranean continental 

conditions of the Castilla y León region (northern part of Spain). In addition to grain yield, the main 

agronomic yield components, and grain N accumulation, crop phenology and the δ13C and δ15N in 

mature grains were assessed. This study has been performed in the framework of the European 

research network ECOFE (European Consortium for Open Field Experimentation), which investigates 

wheat performance in a genotype x environment x management context, with the aim to narrow 

yield gaps in different European environments and provide more resilient cultivars alongside 

affordable management practices. 

2. Materials and methods 

2.1. Plant material and field experiments 

Field trials were carried out during three consecutive crop seasons (2017-2018, 2018-2019 and 

2019-2020) at the experimental station of Zamadueñas, Valladolid (41° 39´ 8´´ N and 4° 43`24`` W, 

690 m.a.s.l.) of the Agro-technological Institute of Castilla y León (ITACyL) in Valladolid (Spain). 

Twelve European winter bread wheat genotypes (Triticum aestivum L.) were selected from three 

main European regions (north, central and south), based on their high-yielding performance 

(Supplemental Table 1). Three different levels of nitrogen fertilization were tested during the three 
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seasons: 50% of the recommended topdressing nitrogen fertilization dose used in the region (N1), 

the recommended topdressing dose (N2) and 30% above the recommended topdressing dose (N3) 

(Fertiberia, 2022). N fertilization was applied as three dressings totaling around 64 kg ha-1 in the N1 

treatment, 104 kg ha-1 in N2, and 129-130 kg ha-1 in N3 (Supplemental Table 2). During the first and 

third crop seasons (2017-2018 and 2019-2020), wheat was preceded by annual fallow, and by lentils 

during the 2018-2019 season. Field soil had a silt-loam texture, and a constant pH of 8.5 during the 

three crop seasons, with total organic matter and nitrogen contents (down to 30 cm in depth) prior 

to sowing of 1.10% (2017-2018), 2.45% (2018-2019), and 1.17% (2019-2020) and 0.139% (2017-

2018), 0.065% (2018-2019), and 0.067% (2019-2020), respectively. The initial mineral N (NO3 plus 

NH4) content for the upper 30 cm of soil prior to planting in the 2018-2019 season was 65.1 kg ha-1. 

In addition, total nitrogen and mineral N contents for the upper 20 cm of soil from the fields used 

on (2018-2019) and (2019-2020) were analyzed on September 1st 2022. The (2017-2018) site was 

not analyzed due to the presence of a summer (maize) crop (Supplemental Table 2).    

The experimental design was a split plot with the main plots (nitrogen levels and blocks) arranged 

as a randomized complete block design, and varieties as subplots. Within each block and nitrogen 

level, varieties were randomized with three replicates in elemental plots of 12 m long and 1.5 m 

wide. The sowing rate was 450 seeds m-2, planted in seven rows that were 21 cm apart. 

Phytosanitary treatments were applied all years for all trials following the recommended practices 

in the region. For the three seasons and trials, genotypes were grown under rainfed conditions. The 

soil water contents accumulated in the whole (1 m) profile by the end of September 2017 and 2018 

were 121 mm and 119 mm, respectively. During the first season (2017-2018), sowing took place on 

November 2nd 2017, and the season was characterized by a moderate average temperature of 7.7 

°C and a total accumulated precipitation of 454 mm during the crop cycle. For the second crop 

season (2018-2019), sowing was delayed until November 29th 2018 because of a rainfall shortage, 

with an average temperature of 8.5 °C and an accumulated precipitation of 188 mm. Moreover, the 

second crop season exhibited higher potential evapotranspiration than the other two crop seasons. 

During the third crop season (2019-2020), sowing took place on October 28th 2019, with an average 

temperature of 9.3 °C and a total accumulated precipitation of 533 mm. Patterns of daily 

precipitation and the average, minimum and maximum temperatures and potential 

evapotranspiration during the three crop seasons are displayed in Figure 1. 
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Figure 1. Distribution of monthly accumulated 
precipitation, mean temperature (average, minimum and 
maximum) and mean evapotranspiration during the 
growing period covering the crop seasons (2017-2018), 
(2018-2019) and (2019-2020). On the X axis, ticks indicate 
the middle of the month during each crop season. 
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2.2. Agronomic traits 

Phenological stage dates were recorded in Zadoks units (Zadoks et al., 1974) for each plot when 50% 

of plants reached a given stage. The studied phenological stages were days from planting to tillering 

(DTT), Zadoks 20-29; days from planting to stem elongation (DTE), Zadoks 30; days from planting to 

booting (DTB), Zadoks 45; days from planting to heading (DTH), Zadoks 55; days from planting to 

anthesis (DTA), Zadoks 65; and days from planting to mid grain filling (MGF), Zadoks 75. In addition, 

duration in days from consecutive stages was also calculated. Then at maturity each plot was 

machine harvested and grain yield (GY) was determined after an adjustment to a 10% moisture 

level. Thousand kernel weight (TKW) was determined after harvest for each plot in a subsample of 

seeds. Grain number (GN), expressed as the number of grains per square meter, was inferred from 

GY and TKW values. In addition, grain nitrogen yield (GNY) was calculated as the product of GY by 

the grain N concentration (see next section). 

2.3. Stable isotope composition and elemental analysis 

During the three crop seasons, and for each individual plot, samples of mature grains obtained at 

harvest were oven dried at 60 °C for a minimum of 48 h and reduced to a fine powder. For each 

subsequent sample, approximately 1 mg was enclosed in tin capsules, and processed using an 

elemental analyzer (Flash 1112 EA; Thermo- Finnigan, Schwerte, Germany) coupled with a Delta V 

Advantage isotope ratio mass spectrometer (Delta V Advantage IRMS; ThermoFisher Scientific Inc., 

Waltham, Massachusetts, USA) at the Scientific and Technical facilities of the University of 

Barcelona. Different secondary standards were used for carbon (IAEA−CH7, UCGEMA K, UCGEMA 

CH and fructose) and nitrogen (IAEA-600, IAEA-N1, UCGEMA-K, UCGEMA-CH, and UCGEMA) isotope 

analyses. Nitrogen concentrations in grains were expressed in percentages (%), and carbon and 

nitrogen isotope compositions in parts per thousand (‰), with an analytical precision (standard 

deviation) of 0.2‰ for both δ13C and δ15N, and following Eq. (1): 

δ13C/ δ15N (‰) = [Rsample /Rstandard − 1] × 1000                                 (1) 

Where Rstandard is the molar abundance ratio of the secondary standard calibrated against the 

primary standard Pee Dee Belemnite (PDB) for carbon isotope composition (δ13C), and N2 from air 

for nitrogen isotope composition (δ15N) (Farquhar et al., 1989). 
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2.4. Statistical analysis 

The open-source software RStudio 1.2.5 (R Foundation for Statistical Computing, Vienna, Austria) 

was used to run analyses of variance (ANOVA) using mixed models to test the effects of nitrogen, 

genotype, and their interactions in each crop season and combined seasons, for all dependent 

variables (grain yield, phenology, agronomic yield components, N concentration, and stable 

isotopes), where model selection was based on the smallest standard Akaike’s Information Criterion 

(AIC) (Akaike, 1974) (Supplemental Table 3). The same software (RStudio 1.2.5) was used to (i) reveal 

differences within seasons, nitrogen levels and genotypes following the post-hoc Tukey-b test; (ii) 

to determine Pearson correlations between grain yield and the rest of the parameters; and (iii) to 

analyze the studied traits in a reduced bi-dimensional platform using principal component (PCA) and 

genotype plus genotype by environment (GGE) biplot analyses. META-R 6.0 software (Alvarado et 

al., 2020) was deployed to assess genetic correlations between traits for the applied treatments and 

to analyze data in a bi-dimensional platform using genotypic correlations. SPSS software (IBM SPSS 

Statistics 25, Inc., Chicago, IL; USA) was used to predict grain yield by implementing stepwise 

multiple regression models, where a multicollinearity level was controlled by setting the maximum 

variance inflation factor (VIF) to 10. GY predictive models were developed by using the least 

absolute shrinkage and selection operator (LASSO) regression. Data were randomly separated into 

two sets: 80% as a training set 20% as a test set. Optimal lambda (λ) obtained using a 10-fold cross 

validation repeated 10 times on the training set. To define the predictive ability of the predictive 

models, the coefficient of determination (R2
Trainingset) was determined as the optimim determination 

coefficient using the training set, together with root mean square error (RMSETrain) and the shrinkage 

penalty (λ) of the training set to determine the models’ accuracy. Graphs were created using Sigma-

plot 10.0 (Systat Software Inc, California; USA).  

3. Results  

3.1. Effect of crop season, N fertilization and genotypes on grain yield, yield components and 

phenology 

During the first crop season (2017-2018), N fertilization had a significant albeit minor effect (<10% 

differences) on grain yield (GY), grain number (GN), and days to tillering (DTT), and a somewhat 

higher effect (ca. 20% differences for grain nitrogen yield (GNY)) and no effect on thousand grain 

weight (TKW) or the rest of phenological stages except for days to tillering (DTT). The GY achieved 

under the recommended topdressing dose (N2) was the highest, and under the 50% recommended 
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topdressing dose (N1) was the lowest (Table 1). The genotypic effect was highly significant on GY, 

GNY, GN, TKW, and all phenological stages except for DTT. The interaction between N fertilization 

and genotypic effect was only significant for days to anthesis (DTA) (Table 1). KWS Siskin exhibited 

the highest GY, GNY and GN, with intermediate days to stem elongation (DTE), days to booting 

(DTB), days to anthesis (DTH), DTA and mid grain filling (MGF) (Supplemental Table 4), as well as 

intermediate durations from stem elongation to booting (DTE-DTB), to heading (DTE-DTH) and to 

anthesis (DTE-DTA), and from anthesis to mid grain filling (DTA-MGF), although there were shorter 

durations from booting to heading (DTB-DTH) and heading to anthesis (DTH-DTA), and a longer 

duration of stem elongation to mid grain filling (DTE-MGF) duration (Supplemental Table 5).  

The second crop season (2018-2019) was characterized by reduced rainfall and higher temperatures 

and evapotranspiration compared with the other two seasons. N fertilization only slightly increased 

TKW, with no effect on GY, GNY, GN or dates of any of the phenological stages (Table 1). The 

genotypic effect was significant for GY, GNY, GN, TKW and dates of phenological stages. The 

interaction of N fertilization and genotype was only significant for DTE (Table 1). Soberbio exhibited 

the highest GY and GNY among the set of genotypes, together with high GN and intermediate TKW, 

slightly shorter DTE and DTB, and earlier reproductive stages (shorter DTH, DTA and MGF) including 

shorter DTE-DTB and DTH-DTA. KWS Siskin was the second genotype in terms of GY, GNY and GN, 

whereas it exhibited lower TKW, delayed DTT, longer DTE-DTB and DTH-DTA durations and earlier 

DTE, DTH, DTA and MGF dates across the set of genotypes (Supplemental Tables 4, 5).  

During the third crop season (2019-2020), N fertilization affected GNY and GN only, with both GN 

and GNY being slightly (2% and 10%, respectively) higher under N3 compared with N1 (Table 1). The 

genotypic effect was highly significant for GY, GNY, GN, TKW and all phenological dates. There was 

no interaction effect of N fertilization by genotype (Table 1). Similar, to the previous crop season, 

KWS Siskin and Soberbio exhibited the highest GY and GNY but shared this ranking with Bennington 

and Henrik, while GN was the highest in KWS Siskin, followed by Bennington and Henrik, and lower 

in Soberbio. Dates for most of the phenological stages were intermediate to late, and the durations 

of phenological stages were longer to intermediate in Bennington, Henrik and KWS Siskin, and in 

general earlier/shorter for Soberbio compared with the whole set of genotypes (Supplemental 

Tables 4, 5).  

When considering the three years together, the crop season (year) effect was significant on GY, GNY, 

GN, TKW, and all the assessed phenological stages (Table 1). The N fertilization effect was only 
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significant on GY, GNY and GN, but not on TKW or phenology, while the genotypic effect was highly 

significant on all assessed traits except DTT. In a similar manner, the year by N fertilization 

interaction effect was relevant for GY, GNY, GN and TKW alone, whereas the year by genotype 

interaction effect was highly significant on all traits except for DTT. The three-way interaction effect 

was significant for DTA only (Table 1). The (2017-2018) and (2019-2020) crop seasons had higher 

yields (8.4 Mg ha-1 and 7.9 Mg ha-1 on average, respectively) than the (2018-2019) crop season, 

where GY was reduced by more than three-fold (2.5 Mg ha-1). The (2018-2019) crop season also 

exhibited lower GNY and GN (less than a half) and TKW (slightly more than 20%) than the other two 

seasons. Regarding phenological stages, DTT and DTE were the longest during the first crop season 

(2017-2018), intermediate during the second (2018-2019) and shorter during last (2019-2020). 

However, DTB, DTH, DTA and MGF were the longest during the first season (2017-2018), 

intermediate during the third (2019-2020) and the shortest during the second (2018-2019) (Table 

1). N fertilization slightly increased GY, GNY and GN from N1 to N2 (between 5-10% depending on 

the traits), with no further effect under N3 (Table 1). Among all tested genotypes, KWS Siskin 

exhibited the highest GY, GNY and GN, but a low TKW and intermediate phenological stages and 

durations (particularly DTB-DTH and DTH-DTA), followed by Henrik and Soberbio with high GY and 

TKW, and intermediate GNY and GN. In terms of phenology, Henrik has shown intermediate dates 

to phenological stages and DTB-DTH duration, although a shorter DTH-DTA duration, whereas 

Soberbio had shorter dates to phenological stages, but intermediate (DTB-DTH) to longer (DTH-DTA) 

phenology durations (Supplemental Tables 4, 5). 
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Table 1. Effect of crop season (year), N fertilization, genotype and their interaction on grain yield (GY), grain nitrogen yield (GNY), grain number (GN), thousand kernel weight (TKW), and days from 
planting to different phenological stages: tillering “DTT”, stem elongation “DTE”, booting “DTB”, heading “DTH”, anthesis “DTA”, mid grain filling “MGF”. Numbers in parentheses refer to the Zadoks 
scale (Zadoks et al., 1974).  

   GY  
(Mg ha-1) 

GNY  
(Mg ha-1) 

GN  
(m-2) 

TKW  
(g) 

DTT 
(20-29) (d) 

DTE (30) 
(d) 

DTB (45) 
(d) 

DTH (55) 
(d) 

DTA (65) 
(d) 

MGF (75) 
(d) 

20
17

-2
01

8 

 N1 7.41c±0.14 0.14b±0.00 21245.9b±562.3 35.21a±0.80 114.1a±0.8 137.4a±1.1 196.9a±1.0 203.0a±1.0 210.7a±0.7 227.3a±0.8 
 N2 8.35a±0.15 0.17a±0.00 24153.6a±424.6 34.78a±0.48 111.4b±0.5 139.0a±1.0 196.9a±0.9 203.3a±0.9 211.6a±0.9 227.4a±0.8 
 N3 8.09b±0.18 0.17a±0.01 23426.8a±598.1 34.89a±0.62 113.4a±0.6 137.7a±1.0 196.8a±0.9 203.3a±0.9 211.4a±0.6 227.6a±0.8 
 ANOVA           
 N fertilization <0.001 <0.001 <0.001 ns <0.050 ns ns ns ns ns 
 Genotype <0.001 <0.010 <0.001 <0.001 ns <0.001 <0.001 <0.001 <0.001 <0.001 
 N*G ns ns ns ns ns ns ns ns <0.050 ns 

20
18

-2
01

9  

 N1 2.39a±0.11 0.07a±0.00 9231.7a±519.7 27.0b±0.96 97.0a±1.0 126.2a±1.1 161.8a±0.7 168.8a±0.6 171.9a±0.5 192.4a±0.2 
 N2 2.46a±0.14 0.06a±0.00 8945.4a±506.9 28.3ab±0.94 98.3a±0.9 126.3a±1.1 161.9a±0.8 169.2a±0.7 172.3a±0.4 192.6a±0.3 
 N3 2.72a±0.12 0.07a±0.00 9506.3a±535.7 29.6a±0.95 98.8a±1.0 125.7a±1.2 161.6a±0.9 168.8a±0.7 172.0a±0.5 192.8a±0.2 
 ANOVA           
 N fertilization ns ns ns <0.010 ns ns ns ns ns ns 
 Genotype <0.001 <0.001 <0.001 <0.001 <0.010 <0.001 <0.001 <0.001 <0.001 <0.001 
 N*G ns  ns ns ns ns <0.001 ns ns ns ns 

20
19

-2
02

0  

 N1 8.33a±0.25 0.14b±0.01 22687.4b±585.2 36.7a±0.96 - 116.4a±1.1 180.7a±1.3 189.3a±1.5 197.8a±0.9 - 
 N2 8.36a±0.21 0.15b±0.00 22717.7b±546.4 36.9a±0.87 - 115.9a±1.1 180.7a±1.3 189.1a±1.4 197.9a±1.0 - 
 N3 8.51a±0.20 0.16a±0.00 23774.7a±473.8 35.8a±1.27 - 115.6a±1.0 180.8a±1.4 189.4a±1.5 198.1a±1.0 - 
 ANOVA           
 N fertilization ns <0.050 <0.050 ns - ns ns ns ns - 
 Genotype <0.001 <0.050 <0.001 <0.001 - <0.001 <0.001 <0.001 <0.001 - 
 N*G ns ns ns ns - ns ns ns ns - 

             

Co
m

bi
ne

d 
se

as
on

s  

Year 
2017-2018 7.94b±0.10 0.16a±0.00 22913.6a±347.3 34.96b±0.30 113.0a±0.4 137.7a±0.6 196.9a±0.5 203.0a±0.5 211.2a±0.4 227.4a±0.5 
2018-2019 2.52c±0.07 0.07b±0.00 9230.6b±306.4 28.28c±0.42 97.9b±0.6 126.0b±0.7 161.8c±0.4 168.9c±0.4 172.1c±0.3 192.6b±0.1 
2019-2020 8.40a±0.13 0.15a±0.00 23059.9a±318.6 36.48a±0.31 - 116.0c±0.6 180.7b±0.8 189.3b±0.8 197.9b±0.5 - 

Nitrogen 
N1 6.04b±0.27 0.11b±0.00 17721.7b±665.9 32.97a±0.54 105.3a±1.2 126.7a±1.0 179.8a±1.5 186.8a±1.5 193.4a±1.6 212.3a±1.5 
N2 6.46a±0.28 0.13a±0.01 18787.9a±728.2 33.32a±0.49 104.9a±1.1 126.9a±1.1 179.8a±1.5 187.2a±1.5 193.9a±1.6 212.4a±1.5 
N3 6.38a±0.28 0.13a±0.01 18726.8a±735.6 33.44a±0.43 106.1a±1.0 126.3a±1.1 179.7a±1.5 187.2a±1.5 193.8a±1.6 212.5a±1.5 

 ANOVA           
 Year (Y) <0.010 <0.050 <0.010 <0.010 <0.010 <0.010 <0.010 <0.001 <0.001 <0.001 
 N fertilization  <0.001 <0.050 <0.010 ns ns ns ns ns ns ns 
 Genotype (G) <0.001 ns <0.001 <0.001 <0.001 ns <0.001 <0.001 <0.001 <0.001 
 Y*N <0.001 <0.010 <0.001 <0.010 <0.010 ns ns ns ns ns 
 Y*G <0.001 ns <0.001 <0.001 <0.001 ns <0.001 <0.001 <0.001 <0.001 
 N*G ns ns ns ns ns ns ns ns ns ns 
 Y*N*G ns ns ns ns <0.010 <0.010 <0.010 <0.001 <0.001 <0.001 

Values are means ± standard error of 12 bread wheat genotypes with three replicates. Levels of significance for the ANOVA: P<0.050, P<0.010 and P<0.001. Within each year, means exhibiting different letters are significantly different 
(P<0.05) according the post-hoc test (Tukey-b) on independent samples. 
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3.2.  Effect of crop season, N fertilization and genotype on stable isotope composition and the N 

concentration of grains 

In the first crop season (2017-2018), the N concentration increased slightly (around 10%) under N3 

relative to N1, as did the nitrogen (d15N) and carbon (d13C) isotope compositions of mature grains (Table 

2). The genotypic effect was significant on N, d13C and d15N. The N fertilization and genotype interaction 

effect was only significant on d15N (Table 2). Comparing all varieties, Soberbio had the lowest d13C and 

the highest d15N, whereas KWS Siskin had an intermediate d13C, and slightly higher d15N and lower N 

concentration compared with the other varieties (Supplemental Table 6).  

During the second crop season (2018-2019), the N fertilization effect was significant on d15N only. The 

interaction between N fertilization and genotype was significant for N concentration only (Table 2). 

Moreover, the genotypic effect was absent for most traits except for d13C (Table 2), with KWS Siskin 

and Soberbio being among the genotypes that exhibited the lowest d13C (Supplemental Table 6). 

During the third crop season (2019-2020), the N fertilization effect was not significant on any analytical 

trait (Table 2). As for the genotypic effect, significant differences were found for N concentration and 

d13C. No interaction effect was found between N fertilization and genotype (Table 2). Similarly to 

previous crop seasons, Soberbio exhibited the lowest d13C and N concentration, followed by KWS Siskin 

(Supplemental Table 6). 

Across all crop seasons, the effect of the year was significant on N concentration, d15N and d13C. An N 

fertilization effect was absent for all traits, and the genotypic effect was significant on N concentration 

and d13C alone (Table 3). The grain N concentration was highest during the second season (2018-2019), 

intermediate during the first season (2017-2018), and lowest during the third season (2019-2020). The 

d15N was higher during the first (2017-2018) and third (2019-2020) crop seasons than during the second 

crop season (2018-2019), while d13C was highest during the second season (2018-2019), intermediate 

during the third season (2019-2020), and lowest during the first season (2017-2018). Nevertheless, 

values for the three traits were far more different during the second season than the other two seasons. 

Regarding the interactions effect, the year by N fertilization interaction was significant for all traits 

except for d13C, while the year by genotype interaction was only significant for d13C, and the N 

fertilization by genotype interaction was only significant for grain N concentration. Concerning the 

three-way interaction year by N fertilization and genotype, significance only existed for d15N (Table 2). 

Furthermore, when combining the three seasons, Soberbio had the lowest d13C with low grain N 

concentration, followed by KWS Siskin with low d13C and N concentration, and Henrik with the lowest 

N concentration but an intermediate d13C (Supplemental Table 6).  
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Table 2. Effect of crop season (year), N fertilization, genotype and their interaction 
on the total nitrogen concentration (N) and the stable nitrogen (δ15N) and carbon 
(δ13C) isotope compositions in mature kernels of twelve bread wheat cultivars.  

       N (%)   d15N (‰)  d13C (‰) 

20
17

-2
01

8 

 N1 1.9b±0.0 2.7b±0.1 -27.1b±0.1 
 N2 2.0a±0.1 2.6b±0.1 -27.0ab±0.1 
 N3 2.1a±0.1 3.0a±0.1 -26.9a±0.1 
 ANOVA    
 N fertilization <0.001 <0.001 <0.010 
 Genotype <0.001 <0.050 <0.001 
 N*G ns <0.010 ns 

20
18

-2
01

9 

 N1 2.8a±0.1 1.7a±0.1 -21.9a±0.1 
 N2 2.7a±0.1 1.4ab±0.1 -22.0a±0.1 
 N3 2.6a±0.1 1.2b±0.1 -22.0a±0.1 
 ANOVA    
 N fertilization ns <0.001 ns 
 Genotype ns ns <0.001 
 N*G <0.050 ns ns 

20
19

- 2
02

0  

 N1 1.7b±0.1 2.6a±0.1 -26.6a±0.1 
 N2 1.8ab±0.1 2.6a±0.1 -26.5a±0.1 
 N3 1.9a±0.1 2.6a±0.1 -26.5a±0.1 
 ANOVA    
 N fertilization ns ns ns 
 Genotype <0.010 ns <0.001 
 N*G ns ns ns 

      

Co
m

bi
ne

d 
se

as
on

s  

Year 
2017-2018 2.0b±0.0 2.8a±0.0 -27.0c±0.0 
2018-2019 2.7a±0.1 1.5b±0.1 -21.9a±0.1 
2019-2020 1.8c±0.1 2.6a±0.0 -26.5b±0.0 

Nitrogen 
N1 2.2a±0.1 2.3a±0.1 -25.0a±0.3 
N2 2.2a±0.1 2.2a±0.1 -25.2a±0.2 
N3 2.2a±0.0 2.3a±0.1 -25.1a±0.2 

 ANOVA    
 Year (Y) <0.050 <0.010 <0.001 
 N fertilization ns ns ns 
 Genotype (G) <0.001 ns <0.001 
 Y*N <0.010 <0.001 ns 
 Y*G ns ns <0.050 
 N*G <0.050 ns ns 
 Y*N*G ns <0.050 ns 

Values are means ± standard error of 12 bread wheat genotypes with three replicates. Levels of 
significance for the ANOVA: P<0.050, P<0.010 and P<0.001. Within each year, means exhibiting 
different letters are significantly different (P<0.050) according the post-hoc test (Tukey-b) on 
independent samples. 

 

3.3. Relationships among agronomic and analytical traits 

When combining the three seasons, high and positive phenotypic correlations were found for GY with 

GNY, GN and TKW, for GNY with GN and TKW, and for GN with TKW (Table 3). Moreover, correlations 

of all agronomic traits with the dates of most of the phenological stages and d15N were positive, and 

with N concentration and d13C, negative. Moreover, correlations of dates of phenological stages with 

GY were progressively stronger in the later phenological stages. In fact, the differences in DTE-MGF 

among genotypes (Supplemental Table 5) were smaller in the wetter years (8 days in 2017-2018; 8 

days in 2019-2020) and the Pearson correlations between GY and phenology stages were not 

significant. In the dry year, genotypic differences in phenology were greater (16 days in 2018-2019), 

and the correlations between GY and phenological stages were negative, indicating that late-flowering 

genotypes were more affected by the drought (Table 3). Thus, the high positive correlations between 
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phenological stages and GY (and GNY, GN TGW) observed when the three seasons were combined are 

mainly driven by the differences in phenology among years, particularly the precocity observed in the 

second season (the dry year and with lowest GY). Similar results were observed for the genetic 

correlation coefficients (Supplemental Table 7). 
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Table 3. Pearson correlation coefficients of linear regressions between agronomic traits (grain yield (GY), grain nitrogen yield (GNY), grain number (GN) and thousand kernel weight (TKW), and days from planting to different phenological 
stages (tillering “DTT”, elongation “DTE”, booting “DTB”, heading “DTH”, anthesis “DTA”, mid grain filling “MGF”), grain nitrogen concentration (N) and grain carbon (δ13C) and nitrogen (δ15N) isotope compositions. Correlations were 
calculated using individual plot values and combining all three N fertilization treatments. 

  Combined seasons 2017-2018 2018-2019 2019-2020 
  GY GNY GN TKW GY GNY GN TKW GY GNY GN TKW GY GNY GN TKW 

Agronomic 
traits 

GY 1 - - - 1 - - - 1 - - - 1 - - - 
GNY 0.914** 1 - - 0.568** 1 - - 0.874** 1 - - 0.664** 1 - - 

 GN 0.962** 0.913** 1 - 0.798** 0.529** 1 - 0.875** 0.809** 1 - 0.829** 0.716** 1 - 
 TKW 0.686** 0.543** 0.477** 1 ns ns -0.572** 1 ns -0.233* -0.592** 1 0.454** ns ns 1 
Phenology DTT 0.221** 0.273** 0.223** 0.146* -0.267** -0.232* ns ns ns ns ns ns - - ns - 

DTE ns ns ns ns ns -0.199* ns ns -0.339** -0.336** -0.500** 0.462** ns ns ns ns 
DTB 0.724** 0.691** 0.708** 0.549** ns ns ns ns -0.341** -0.361** -0.503** 0.448** ns ns ns ns 
DTH 0.741** 0.707** 0.728** 0.552** 0.284** ns ns ns -0.398** -0.422** -0.582** 0.538** ns ns ns -0.250** 
DTA 0.830** 0.777** 0.806** 0.617** 0.356** ns ns 0.220* -0.345** -0.338** -0.526** 0.484** ns ns ns ns 
MGF 0.908** 0.791** 0.824** 0.689** ns ns ns ns -0.239* -0.241* -0.353** 0.332** - - ns - 

Isotopes N -0.689** -0.439** -0.670** -0.591** ns 0.698** ns ns -0.209* 0.307** ns ns ns ns ns -0.369** 
d15N 0.686** 0.672** 0.681** 0.504** ns ns ns ns ns ns ns ns ns ns ns ns 
d13C -0.923** -0.815** -0.893** -0.663** -0.285** ns -0.317** ns -0.303** ns -0.325** ns -0.255* -0.249* ns -0.245* 

ns, not significant; *, P < 0.05; **, P < 0.01.
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Relationships were further analyzed within each season. During (2017-2018) GY was positively 

correlated with DTH and DTA, and negatively correlated with DTT and d13C. During (2018-2019), GY 

correlated positively with GNY and GY, but not with TKW, while. In addition, GY, was negatively 

correlated with the dates of most of the phenological stages, N concentration and d13C of grains 

(Supplemental Fig. 1). During (2019-2020), GY exhibited positive correlations against GNY, GN and TKW, 

a negative correlation with d13C, and no correlation with phenology. 

Genetic correlations of GY with the studied traits were assessed (Supplemental Table 7). GY correlated 

positively with GNY and GN within each season. Regarding phenology, negative correlations with GY 

were mainly found during (2018-2019). In grain analytical traits, N concentration and d13C had negative 

relationships with GY across seasons, as well as under combined N fertilization treatments during 

(2017-2018) and (2019-2020). d15N correlated negatively with GY only in (2017-2018) when the three 

N levels were combined. 

In addition, correlations between the duration of the different phenological stages, calculated as the 

duration from one stage to the next (rather than as the number of days from planting), with GY, GNY, 

GN, TKW, and stable isotopes were assessed (Supplemental Table 8). When combining the three crop 

seasons and N fertilization levels, the duration of most of the phenological stages correlated positively 

with GY, GNY, GN, TKW, and d15N, and negatively with N concentration and d13C, with the strongest 

correlations usually achieved with the stem elongation to anthesis (DTE-DTA) duration. When 

considering each season separately, only the (2017-2018) and (2018-2019) crop seasons showed 

significant positive correlations of GY with the durations of DTE-DTA and anthesis to mid grain filling 

(DTA-MGF).  

 

3.4. Predictive regression models and principal component analyses 

Multi-linear stepwise regression models were constructed to assess the main contributors to GY 

(Supplemental Table 9). Phenology and grain analytical traits were considered as independent 

variables, whereas the agronomic components were not included. The strongest regression models 

were achieved when combining the three crop seasons. The coefficient R2
adjusted, which represents the 

part of variability explained by the predictors, accounted for 88.9%, with d13C, DTE and DTA as the 

main explanatory traits of GY across the whole set of genotypes and replicates. Within each season 

the R2
Adjusted was significant but much lower than with the three seasons combined. In this case, later 

anthesis (higher DTA) followed by an earlier tillering (smaller DTT) and a lower d13C were the traits 

chosen for the wettest season (2017-2018), whereas an earlier heading (lower DTH) followed by a 

lower d13C were chosen for the dry season (2018-2019). During the mildly wet season (2019-2020), 
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only a lower d13C was chosen by the model. To delve further into genotypic specificity, the same 

regression model was fitted across the combined three crop seasons but for cultivars separated by 

their provenance (northern, central and southern Europe). In all scenarios, water status (with a lower 

d13C as indicator) was the primary explanatory trait for yield performance, followed by phenology 

(specifically lower DTE in northern and central European genotypes and shorter DTH for southern 

European genotypes). To avoid overfitting problems in our database, a LASSO regression analysis was 

performed and is presented in (Supplemental Table 10); the R2
adjusted obtained for each case and using 

all variables were similar to the Stepwise regression analysis. Further, to simplify the predictive LASSO 

models, we selected the most relevant variables based on the stepwise results. Indeed, using d13C and 

DTH/DTA only as explicative variables slightly improve the predictive ability of the LASSO models for 

GY. In fact, the shrinkage penalty (λ) in each model was mostly null, which explains the similarities 

between LASSO and stepwise regression models, despite the presence of high correlations between 

the explicative variables.   

For each crop season and combined N fertilization treatments, a phenotypic analysis of principal 

components (PCA) was performed. The first two components explained 52.6%, 62.1% and 58.9% of 

the variability during the (2017-2018), (2018-2019) and (2019-2020) seasons, respectively (Figure 2A, 

B, C). Further, a genotypic PCA, which removes the spatial variability, was also performed. In this case, 

the first two components accounted for 89.9%, 97.8% and 96.4% of the three consecutive seasons, 

respectively (Figure 2D, E, F). In the phenotypic PCA and during the wet seasons (2017-2018 and 2019-

2020), vectors indicating phenology (the duration from planting of different phenological stages) were 

placed perpendicularly to GY, indicating an absent relationship between phenology and GY during 

these seasons, as opposed to the dry season (2018-2019), where phenology vectors were placed on 

the opposite side of GY, which indicated their negative relationship. However, in the genotypic PCA, 

phenological stages were placed in the same direction as GY during (2017-2018), and particularly in 

the case of DTH and DTA, in the opposite direction to GY during (2018-2019), and perpendicular to GY 

during (2019-2020). These results suggest that in a wet season (as typified by 2017-2018), longer crop 

seasons were associated with better yield performance, whereas in the case of the dry season (2018-

2019), a shorter cycle was related to higher yield. Finally, for the (2019-2020) season, which is 

characterized by somewhat less wet conditions during the reproductive stage than the first season, 

the situation was in between (i.e. no clear relationship between phenology and GY). Regarding grain 

analytical traits, and in both the phenotypic and genotypic PCAs, d13C was placed opposite to GY in all 

crop seasons, whereas N concentration was positioned opposite to GY during the wet crop seasons 

(2017-2018 and 2019-2020), and in the same direction as GY during the dry season (2018-2019). 
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Figure 2. Principal component analysis (PCA) of 12 high-yielding European cultivars of winter 
wheat grown under Mediterranean continental conditions during each of the three 
consecutive crop seasons (2017-2018; 2018-2019 and 2019-2020), and under three different 
topdressing nitrogen fertilizer applications (50% of the recommended N fertilization dose 
“N1”, the recommended N fertilization dose “N2”, and 30% above the recommended N 
fertilization dose “N3”). The upper three PCAs were generated on the basis of phenotypic 
correlations, whereas the lower three PCAs were generated using genotypic correlations. The 
variables included in the analysis are grain yield (GY), grain nitrogen yield (GNY), grain 
number (GN), thousand kernel weight (TKW), days from planting to elongation (DTE), days 
from planting to booting (DTB), days from planting to heading (DTH), and days from planting 
to anthesis (DTA), and the stable carbon (δ13C) and nitrogen (δ15N) compositions and nitrogen 
concentration (N) of mature grains.  

 

Finally, genotypes were categorized based on their provenance (northern, central and southern 

Europe) to evaluate their performance under nine different environments, understood as the 

combination of three crop seasons by three N fertilization levels. Northern European genotypes had 

a 6% higher yield than central and southern genotypes under wet conditions (2017-2018 and 2019-

2020), whereas under dry conditions (2018-2019) southern European cultivars yielded the highest, 

with a 2% increase in GY (Supplemental Table 11).  

Phenotypic yield performance (Figure 3A) was the lowest during the second season (2018-2019), 

disregarding provenance, with higher d13C, higher grain N concentration and lower TKW, and shorter 

phenology (except for DTE). Southern varieties, namely Soberbio and Chambo, performed better 

under drier conditions (2018-2019) compared to the rest of the genotypes. However, under wet 
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conditions (2017-2018 and 2019-2020), northern genotypes (KWS Siskin and Bennington) had better 

GY than the other genotypes (Figure 3B). In addition, we applied a Finlay Wilkinson approach 

(Supplemental Fig. 2), which assembles genotype behaviour into three categories based on their 

adaptability to the studied environments and these were presented as the combination of crop 

seasons and N fertilization levels. These categories were: (I), least stable genotypes, (II) moderately 

stable genotypes and (III) resilient high-yielding genotypes. 

 

Figure 3. (A) Principal component analysis of 12 high-yielding cultivars of winter wheat 
originating from different European regions (central, northern, southern), grown under 
Mediterranean continental conditions and nine different environments. The variables 
included in the analysis are grain yield (GY), grain nitrogen yield (GNY), grain number (GN), 
thousand kernel weight (TKW), days from planting to elongation (DTE), days from planting to 
booting (DTB), days from planting to heading (DTH), and days from planting to anthesis (DTA), 
stable carbon (δ13C) and nitrogen (δ15N) compositions and nitrogen concentration (N) of 
mature grains. (B) The spatial distribution of genotypes with regards to nine environments is 
displayed in a GGE biplot. For both graphs, each of the nine environment is the specific 
combination of three consecutive crop seasons (2017-2018; 2018-2019 and 2019-2020) and 
three different topdressing nitrogen fertilization levels (N1, N2 and N2),  

 

4. Discussion 

4.1. Environmental, N management and genotypic effects on yield performance 

The use of N fertilization as a basic dressing before sowing, and particularly after sowing as split 

applications in the form of top dressing, has been a common strategy to ensure vigorous plants with 

optimal yields, including under rainfed systems (López-Bellido et al., 2005). In our study, doubling the 

total amount of N applied via the top dressing (from N1 to N3) only had a significant, albeit minor, 

positive effect (8%) on GY during the (2017-2018) crop season, which was not only a wet season with 

abundant rainfall, but also exhibited moderate temperatures throughout the crop cycle, which 
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together with an earlier planting, resulted in a longer crop cycle than during the two following seasons. 

This small increase in GY was associated with concomitant increases in GN, since no differences in 

TKW occurred in response to N fertilization. By contrast, GNY increased 22% from N1 to N3, as a 

combined result of small increases in GY and grain N concentration. The increase in the grain N 

concentration was a consequence of an excess concentration of N fertilizer because TKW did not 

change in response to N fertilization (Supplemental Table 2). The effect of N top dressing on GY during 

the dry (2018-2019) and mildly wet (2019-2020) seasons did not reach significance. Besides that, 

under the mildly wet conditions of the last season, GNY increased by 17% following N fertilization. In 

accordance with the above results, the interaction of N fertilization with crop season was highly 

significant for GY and the other yield components (GNY, GN, TKW). Our study supports the fact that 

the recommended level of N fertilization (N2) for the Mediterranean continental region of the rainfed 

wheat regions of central/northern Spain (Fertiberia, 2022; Sativum, 2022) fully covers crop needs, not 

only in dry seasons but also under wet conditions, and places the crop in the saturation response zone 

for this nutrient, whereas N1 was probably the best N fertilization option in terms of economic and 

environmental benefits. In accordance with this saturation pattern, the increase in N top dressing had 

some effect on increasing the grain N concentration under the wet conditions of the first and third 

seasons. Increasing N top dressing as a way to improve grain protein concentration in the grains is a 

well-known practice in spite of the fact that it is not usually economically sound (i.e. grain-quality 

premium), and it has a negative environmental effect (Medio Ambiente, 2020). Moreover, during the 

dry season of (2018-2019) the effect of N top dressing fertilization was even null in terms of grain 

protein content which indicates a rapid N-uptake saturation (Lassaletta et al., 2021; Zhang et al., 

2021). In fact, the lower d15N of the grains from the dry (2018-2019) crop season compared with the 

other two seasons agrees with a saturation pattern due to an excess of chemical nitrogen fertilizer 

(Choi et al., 2003; Serret el al. 2008; Yousfi et al., 2012, 2013).  

Environmental variability in Western Europe (Spain among other countries) has been reported to 

explain around 31-51% of yield variability in wheat (Ray et al., 2015). In rainfed Mediterranean 

systems, temperature and particularly seasonal precipitation patterns are the main factors explaining 

the environmental variability in GY (Páscoa et al., 2017; Ray et al., 2015) which will increase as a 

consequence of climate change (Yang et al., 2019). Under the rainfed conditions of our study, the 

season effect was the most dominant with GY decreasing three-fold during the dry season (2018-2019) 

and average GNY being halved during the same season, compared with the two wet seasons (2017-

2018 and 2019-2020). The poor water status recorded during (2018-2019) was also indicated by the 

seasonal average d13C being the highest among the three seasons (Table 2), and in accordance with 

values reported for severe drought stress in wheat under Mediterranean conditions (Araus et al., 
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2003, 2013; del Pozo et al., 2016; Rezzouk et al., 2022). Moreover, the grain N concentration was 

around 40% higher during the dry season (2018-2019) compared with the other two seasons due to a 

concentration effect caused, at least in part, by the lower TKW (Li et al., 2011; Triboi et al., 2006).  

The genotypic effect was the second most prevalent factor after crop season. Moreover, interactions 

of genotype by season on the three traits were also significant, meaning a different genotypic 

performance depending on the season. Previous reports have stated that when grown in their natural 

agrosystems, the highest yield potential was attained by north-western European cultivars, followed 

by central European and finally south-western cultivars (Senapati and Semenov, 2020). The GY of 

slightly above 8 Mg ha-1 that was achieved in our study during the two wet seasons is in line with 

potential yields reported in the continental Mediterranean conditions of Spain (Rezzouk et al., 2020). 

However, our study shows that when grown under Mediterranean conditions, the impact of genotypic 

provenance was evident on GY in each season but strongly affected by seasonal conditions. Thus, 

during the two wet seasons northern European cultivars (in particular KWS Siskin and Bennington) 

exhibited the highest GY, whereas cultivars from central (RGT Reform and Henrik) and southern 

(Chambo and Soberbio) Europe exhibited yields around 5-10 % lower. An opposite trend was observed 

during the dry season (2018-2019), where the southern cultivar Soberbio yielded the highest, followed 

by the northern cultivar KWS Siskin and the central cultivar Henrik, both exhibiting yields around 5% 

lower. Therefore, even if agronomic adaptation was evidenced in our results, differences across the 

top yielders of each region were rather modest, no matter the growing conditions. Moreover, 

although all tested genotypes were selected based on their high yield potentials within a given 

country, the range of variability within genotypic categories of the same provenance was larger (even 

among genotypes bred for Mediterranean conditions) than the differences in GY across the highest 

yielding cultivars of each region. Therefore, the study shows that there exists winter wheat germplasm 

from northern and even central Europe that is quite well adapted to Mediterranean continental 

conditions, even for the severe dry seasons. Our results stress the need to emphasize the role of 

phenological adjustment (Hyles et al., 2020) and water status (Rezzouk et al., 2022) as crucial 

genotypic traits to optimize adaptation to current Mediterranean conditions and eventually cope with 

changing conditions in western Europe as a result of climate change. In fact, Senapati and Semenov 

(2020) concluded that a large genetic yield gap still exists in European wheat, with heat and drought 

tolerance around flowering, optimal canopy structure and phenology, improved root water uptake 

and reduced leaf senescence being identified as key traits for improvement. This perception by 

breeders is probably the basis for the existence of high-yielding cultivars from northern and central 

Europe that already have a high performance under Mediterranean conditions.  
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4.2. Defining genotypic ideotypes for Mediterranean conditions: phenology and water status 

In wheat, three major crop phases are emphasized as contributors to the final grain yield to varying 

degrees: (i) vegetative phase, considered from emergence to floral initiation; (ii) reproductive phase, 

extending from floral initiation to anthesis; and (iii) grain filling stage (Fischer, 2016). Whereas the two 

first phases mostly determine GN (grains m-2), grain filling affects TKW. Nevertheless, regardless of the 

seasonal conditions, the highest yielding genotypes were characterized by higher GN, while the effect 

of TKW was minor, and depending on the environmental conditions of the season, not necessarily in 

a positive sense, which has been widely reported (Slafer et al., 2013). GN is the result of two 

subordinated agronomic components (ear number and grains per ear) that are determined by 

phenological stages encompassing planting to anthesis (Sadras and Slafer, 2012; Slafer et al., 2014). 

In our study, delayed DTH and DTA during the wettest season (2017-2018) were related to higher GY, 

and GNY (Table 3; Fig. 2A, D). A positive relationship to GY was also observed for the duration of 

different phenological stages, particularly from the beginning of stem elongation to heading (DTE-

DTH) and anthesis (DTE-DTA) (Supplemental Table 7). Moreover, GY correlated with GN but not with 

TKW (Table 3). In fact, an extended period prior to anthesis supports higher biomass production, 

including higher numbers of grains per square meter, and subsequently higher yield production 

(González et al., 2011; Miralles and Slafer, 2007). In the case of northern genotypes from the UK, 

higher yields have also been associated with a constitutive stay green condition, which means 

extended grain filling (Carmo-Silva et al., 2017).  

In the case of the mildly wet season (2019-2020), the rainfall that occurred during April and May, 

which is a key time period covering heading to the middle of grain filling, was lower than for the (2017-

2018) crop season, whereas evapotranspiration was higher. Together these caused a certain degree 

of terminal stress, which in turn was supported by the fact that the d13C of mature grains was higher 

(less negative) in (2018-2019) than in (2017-2018). This would explain the lack of correlations between 

GY and phenological stages, calculated either as days from planting (Table 3; Fig. 2C, F) or as intervals 

between two consecutive phases (Supplemental Table 7). Nonetheless, the GY achieved in (2019-

2020) was higher than the other two seasons. In fact, GY was positively correlated with both GN and 

TKW, which means a balance between the different phenological phases may also have been involved.  

The dry season (2018-2019) negatively impacted crop duration and subsequently the final GY. Unlike 

the (2017-2018) season, phenology assessed as the crop duration from planting to the different 

phenological stages was negatively correlated with GY (Table 3, Fig. B, E), which agrees with the fact 

that phenological escape from increasing crop temperature conditions is a key strategy to deal with 

severe water stress under Mediterranean conditions (Loss and Siddique, 1994; Araus et al., 2002). 
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During (2018-2019), crop phenology was the shortest for all genotypes, but a positive phenotypic 

relationship between specific durations of the reproductive phases with GY, as well as with GN and 

TKW was found across genotypes (Supplemental Table 7). In fact, increased duration of the stem 

elongation to heading and/or anthesis period in wheat has been reported to increase assimilate 

partitioning to the ears and secure greater numbers of fertile florets per ear (González et al., 2011; 

Miralles et al., 2000), while extending photosynthesis activities for later reallocation of the pre-stored 

assimilates from source to sink tissues (Senapati and Semenov, 2020; Soriano et al., 2018). Moreover, 

the positive relationships of a longer grain filling duration with GY suggests the presence of the stay 

green condition as a positive trait (Christopher et al., 2008).  

Overall, genotypic performance under dry conditions implies a rebalanced duration of phenological 

stages, with a long duration of grain filling relative to the total crop duration being associated with 

better performance (Araus et al., 2002). In support of that, the duration from planting to the beginning 

of stem elongation was negatively correlated with GY, whereas the duration of the late phenological 

stages correlated positively with GY when the three seasons were combined was mainly driven by the 

differences in phenology among years, particularly the precocity observed in the second season (the 

dry year and with lowest GY). Furthermore, while genotypes from northern and central Europe 

exhibited longer crop durations compared to southern European genotypes for the three seasons, the 

durations of the late phenological stages were longer in southern genotypes, particularly Soberbio 

and Chambo (Supplemental Table 5). Therefore, earlier anthesis is one common strategy to escape 

drought during flowering and secure high grain yield under Mediterranean conditions (Senapati and 

Semenov, 2020), but increasing the relative importance of reproductive stages with regards to the 

total crop duration (and eventually presenting the stay green condition) may also explain the better 

performance of southern genotypes relative to the northern and central genotypes during the dry 

season (Supplemental Table 11). In contrast, during the two wet seasons the somewhat higher yield 

of northern and central European genotypes (Supplemental Table 11) seemed to be related to their 

longer duration, particularly of the tillering phase, which may contribute towards a higher spike 

density and then higher grain yield (Elhani et al., 2007; Moragues et al., 2006). 

Water availability is the main constraint to crop growth and production in the Mediterranean region, 

but also a key limiting factor across Europe where it may account for a genetic yield gap of at least 30-

50% under rainfed conditions (Senapati and Semenov, 2020). The d13C of grains was negatively 

correlated with GY across the three seasons combined and within each season (Table 3, Fig. 2), 

indicating that genotypes that kept their stomata more open (Condon et al., 1987) and eventually 

used more water (Araus et al., 2003), were the most productive (Araus et al., 2008). This agrees with 

the fact that effective use of water rather than water use efficiency is the trait to consider (Blum 2009). 
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Indeed, the genotypic effect was significant within each of the three seasons, both for GY and d13C 

(Table 2). Overall, despite climate variability across the three studied seasons, some of the northern 

and southern European cultivars with their higher yields have demonstrated more favorable water 

status across their lifecycle (lower d13C in grains) than the central European genotypes. Thus, the 

southern cultivar Soberbio exhibited the lowest d13C during the two wet seasons followed by Chambo 

during (2019-2020), while the northern European cultivar KWS Siskin ranked first during the dry 

season (2018-2019) (Supplemental Table 6).  As an indicator of water status, the d13C in grains has 

contributed frequently to prediction models as an explanatory trait for grain yield performance in 

wheat grown under water-limited environments (Cossani and Sadras, 2021; Ferrio et al., 2007; 

Rezzouk et al., 2020). Following the same trend in the current study, GY stepwise and LASSO models 

have determined that the d13C in grains is a primary explanatory (and negative) variable that 

contributes to GY (Supplemental Table 9; Supplemental Table 10). These results suggest that water 

availability remains among the main environmental factors that determine interannual variability in 

yield performance under Mediterranean conditions.  

 

4.3     Conclusion 

There is a clear interplay between environmental factors (basically water status), phenology and yield 

performance when dealing with winter wheat grown in the Mediterranean. However, N fertilization 

needs to be finely tuned; while it remains a key management practice to maximize grain yield, and 

eventually grain quality, its application must be rationalized in the context of the environmental 

conditions and most importantly water availability. Northern and southern European genotypes may 

possess candidate traits that give further insights into the strategies that crop breeders use to adapt 

wheat to drought, whether it is by manipulating the relative duration of the different phenological 

stages or considering the expected prevalence of wet or dry seasons. Thus, for wet scenarios, a longer 

stem elongation to anthesis phase may be an approach, while under dry seasons, drought escape 

(early anthesis) together with a longer reproductive phase, as in the case of southern genotypes, may 

be the alternative phenological characteristic.  

In terms of specific genotypes, Soberbio and Chambo from southern Europe, along with KWS Siskin 

from northern Europe and Henrik from central Europe were the cultivars best adapted to dry 

conditions, being the most resilient and high-yielding genotypes of the set. In the case of southern 

genotypes, the shortening in crop duration was balanced by a more extended duration of the 

reproductive stage; particularly from heading to grain filling, to secure an optimized final yield. Under 

wetter conditions however, northern European genotypes, mainly Bennington and KWS Siskin, were 

the best adapted. Nevertheless, the differences in grain yield among the top winter wheat cultivars 
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originating from different regions were rather minor, regardless of the season, which supports the 

fact that breeding for the high-yielding conditions of central and northern Europe delivers good 

genotypic performance under Mediterranean conditions. 
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Supplemental tables 

Supplemental Table 1. List of the elite European winter wheat genotypes (Triticum aestivum L.) used in the study, selected for their high yield 
and grain performance. 

Genotype Region Country Recommended by 
Bennington* Northern  United Kingdom Elsoms Seeds 
JB Diego Northern  Ireland National University of Ireland, Galway 
Julius Northern  Sweden Swedish University of Agricultural Sciences 
KWS Lili* Northern  Ireland Teagasc-Agriculture and Food Development Authority 
KWS Siskin Northern  United Kingdom Rothamsted Research 
Benchmark Central Germany Hannover University 
CH-Nara Central Switzerland Agroscope 
Henrik Central Belgium Ghent University-Flanders Research Institute for Agriculture, Fisheries and Food-ILVO 
Hondia Central Poland Institute of Soil Science and Plant Cultivation-State Research Institute 
RGT reform Central Germany Hohenheim University 
Bologna Southern  Italy University of Bologna 
Chambo Southern  Spain Institute of Agrifood Research and Technology-IRTA 
Soberbio Southern  Spain Instituto Técnico y Agrario de Castilla y León -ITACyL 

*KWS Lili was replaced by Bennington during the last two crop seasons (2018-2019 and 2019-2020). 

 

 

Supplemental Table 2. Nitrogen fertilization supply in different treatments (N1, N2 and N3), as basic dressing using N-P-K, and top dressing supplied 
using calcium ammonium nitrate (CAN) as a first amendment, and nitrosyl sulfuric acid (NSA) as a second amendment, as used throughout the three 
crop seasons (2017-2018; 2018-2019; 2019-2020). Information on soil texture, previous crops, organic matter, total nitrogen content and available 
mineral N in soil before sowing and soil water content are also displayed. 

   2017-2018 2018-2019 2019-2020 
   Date kg ha-1 UN Date kg ha-1 UN Date kg ha-1 UN 

Basic dressing 
N1 8-15-15 30/10/17 300 24.0 16/11/18 300 24.0 22/10/19 300 24.0 
N2 8-15-15 30/10/17 300 24.0 16/11/18 300 24.0 22/10/19 300 24.0 
N3 8-15-15 30/10/17 300 24.0 16/11/18 300 24.0 22/10/19 300 24.0 

1st Top dressing 
N1 CAN 27% 8/2/18 150 40.5 28/2/19 75 20.3 14/1/20 75 20.3 
N2 CAN 27% 8/2/18 150 40.5 28/2/19 150 40.5 14/1/20 150 40.5 
N3 CAN 27% 8/2/18 150 40.5 28/2/19 200 54.0 14/1/20 200 54.0 

2nd Top dressing 
N1 NSA 26%  -  -  - 12/4/19 75 19.5 12/3/20 75 19.5 
N2 NSA 26% 26/3/18 150 39.0 12/4/19 150 39.0 12/3/20 150 39.0 
N3 NSA 26% 26/3/18  240  62.4 12/4/19 200 52.0 12/3/20 200 52.0 

Total N 
N1 

UN (kg ha-1) 
                                 64.5                                         63.8                                         63.8 

N2                                103.5                                       103.5                                       103.5 
N3                                126.9                                       130.0                                       130.0 

      
Soil texture   Silk-loam Silk-loam Silk-loam 
Previous year’s crop   Fallow Rainfed lentils Fallow 
Organic mattera  % 1.10 2.45 1.17 
Mineral N (NO3- + NH4+) before sowinga  Kg ha-1 - 65.1  - 
Total N before sowinga  % 0.139 0.065 0.067 
Soil water content (end of September)b  mm 121 119 - 
Current situation (September 1st, 2022)    
Mineral N (NO3- + NH4+) contentc  Kg ha-1 - 157.6 98.8 
Total Nc  % - 0.123 0.112 

UN = Kg N ha-1; a measured for the upper 30 cm of soil depth; NH4+ represented only about 2% of total mineral N content ; b measured for the whole (ca. 100 cm) profile; c 
availability measured for the upper 20 cm of soil depth; analyses were carried out in soil samples on September 1st 2022, from the experimental fields that were used for 
the study during 2018-2019 and 2019-2020 crop seasons; NH4+ represented about 5% of total mineral N content. For both fields, the previous year’s crop was rainfed 
wheat. The (2017-2018) site was not analyzed due to the presence of a summer (maize) crop.    
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Supplemental Table 3. Comparison of mixed models tested for each dependent variable during the combined and separate crop seasons. 
Model selection was based on the smallest value of the standard Akaike Information Criterion (AIC) (Akaike, 1974). 

Crop season Models df AIC Selection 

2017-2018 

GY ~ N fertilization*Genotype + (1|Block) 38 185.50 Yes 

GY ~ N fertilization*Genotype + (N fertilization|Block) 43 190.70 No 

GY ~ N fertilization*Genotype + (1|Block) + (N fertilization|Block) 44 192.70 No 

2018-2019 

GY ~ N fertilization*Genotype + (1|Block) 38 258.25 No 

GY ~ N fertilization*Genotype + (N fertilization|Block) 43 251.23 Yes 

GY ~ N fertilization*Genotype + (1|Block) + (N fertilization|Block) 44 253.23 No 

2019-2020 

GY ~ N fertilization*Genotype + (1|Block) 38 281.73 No 

GY ~ N fertilization*Genotype + (N fertilization|Block) 43 280.56 Yes 

GY ~ N fertilization*Genotype + (1|Block) + (N fertilization|Block) 44 282.56 No 

Combined 

seasons 

GY ~ Year*N fertilization*Genotype + (1|Block) 110 784.25 No 

GY ~ Year*N fertilization*Genotype + (Year|Block) 115 742.31 Yes 

GY ~ Year*N fertilization*Genotype + (N fertilization|Block) 115 784.22 No 

GY ~ Year*N fertilization*Genotype + (1|Block) + (Year|Block) 116 744.31 No 

GY ~ Year*N fertilization*Genotype + (1|Block) + (N fertilization|Block) 116 786.22 No 

GY ~ Year*N fertilization*Genotype + (1|Block) + (Year|Block) + (N fertilization|Block) 122 745.45 No 

For each crop season and the combined seasons, the selected model was applied to the rest of dependent variables. 
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Supplemental Table 4. Average grain yield (GY), grain nitrogen yield (GNY), grain number (GN), thousand kernel weight (TKW), and number of days from planting to different phenological stages 
(tillering “DTT”, elongation “DTE”, booting “DTB”, heading “DTH”, anthesis “DTA”, mid grain filling “MGF”), where the numbers in parentheses refer to the Zadoks et al. (1974) scale, of the twelve 
European bread wheat varieties grown under different N treatments (N1, N2, N3) and during different crop seasons (2017-2018; 2018-2019; 2019-2020). For each crop season, the upper, middle 
and lower subsets of genotypes refer to cultivars released in northern, central and southern Europe. Within each subset and season, varieties were ranked based on their grain yield performance 
(GY).  

Crop 
season 

Variety GY  
(Mg ha-1) 

GNY 
 (Mg ha-1) 

GN  
(m-2) 

TKW  
(g) 

DTT 
(20-29) (d) 

DTE (30) 
(d) 

DTB (45) 
(d) 

DTH (55) 
(d) 

DTA (65) 
(d) 

MGF (75) 
(d) 

            

20
17

- 2
01

8 

KWS Siskin 9.09a±0.21 0.17a±0.01 28351.5a±1030,2 32.25ef±0.79 111.7a±0.9 138.8abc±2.1 198.7cd±0.3 203.6bc±0.4 211.3bc±0.7 228.3ab±0.9 
JB Diego 8.64ab±0.18 0.16abc±0.01 25564.1b±532,7 33.88de±0.73 111.6a±1.2 139.3abc±1.8 199.8bc±0.3 206.6a±0.5 213.8ab±1.0 229.6ab±1.0 
KWS Lilli 7.81cde±0.20 0.14bc±0.01 25132.0b±983,9 31.25f±0.49 113.8a±1.9 142.7a±2.1 200.3abc±0.4 207.6a±0.3 214.3ab±0.8 231.6a±0.4 
Julius 7.66de±0.21 0.15abc±0.01 20961.0de±800,5 36.73bc±0.77 112.8a±1.3 142.2ab±1.9 201.8a±0.7 208.0a±0.4 215.1a±0.8 232.7a±0.7 
RGT Reform 8.67ab±0.21 0.17ab±0.01 24058.4bc±2745.3 36.38bcd±0.54 113.2a±1.2 135.4abc±1.7 201.0ab±0.5 207.3a±0.4 214.0ab±0.8 229.4ab±1.4 
Benchmark 8.42b±0.14 0.14abc±0.01 24354.9bc±2760.3 34.22cde±0.64 115.3a±1.1 137.7abc±1.8 200.0bc±0.3 206.2ab±0.7 213.0ab±1.0 229.1ab±1.2 
Henrik 8.34bc±0.19 0.14c±0.01 21944.0cd±2484.6 37.93ab±0.43 112.7a±0.4 138.8abc±1.8 200.0bc±0.5 206.0ab±0.7 214.1ab±0.8 228.9ab±0.7 
Hondia 7.47e±0.23 0.15abc±0.01 19018.2ef±672.6 39.36a±0.43 114.3a±1.5 138.3abc±2.1 199.8bc±0.3 205.6ab±0.5 213.4ab±0.7 230.0ab±1.6 
CH-Nara 6.41f±0.17 0.15abc±0.01 18087.4f±2063.8 35.43bcd±0.34 112.8a±1.4 139.9abc±2.2 197.8d±0.3 201.9c±0.2 207.0de±0.0 225.7bc±0.8 
Chambo 8.13bcd ±0.34 0.15abc±0.01 22228.7cd±2671.7 36.68bc±0.59 112.1a±1.7 132.1c±0.7 185.6f±0.5 191.6ab±0.7 205.1e±1.0 220.4d±0.5 
Soberbio 8.09bcd±0.22 0.16abc±0.01 22913.0bcd±2618.1 35.24cd±0.37 112.8a±1.6 134.9abc±1.8 189.2e±0.3 198.2d±1.6 209.0cd±1.4 220.9d±0.7 
Bologna by SIS 6.61f±0.13 0.15abc±0.01 21917.0 d±460.6 30.18f±0.39 112.7a±1.4 134.3bc±1.6 188.7e±0.4 194.0e±0.0 204.6e±1.0 222.6cd±0.9 

20
18

- 2
01
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KWS Siskin 2.94ab±0.21 0.07abc±0.01 11372.5ab±1585.9 26.40c±0.93 100.3a±1.9 124.1c±2.2 162.7ab±0.8 168.3c±0.5 173.0ab±0.4 193.3ab±0.4 
Bennington 2.35abcd±0.22 0.06abc±0.01 7720.9bcde±681.3 30.63abc±1.54 99.3a±1.9 127.8bc±1.2 163.4a±0.8 170.1bc±0.8 172.6ab±0.4 193.2ab±0.3 
Julius 2.18bcd±0.23 0.06abc±0.01 7423.7cde±1072.2 29.60abc±0.95 96.0ab±2.0 130.0ab±1.0 165.2a±0.3 172.4ab±0.6 174.8a±0.4 193.6ab±0.4 
JB Diego 2.17bcd±0.15 0.06abc±0.01 7342.6de±635.3 30.06abc±0.87 100.0a±1.5 132.3a±0.4 165.0a±0.4 171.5ab±0.6 173.6ab±0.6 194.0a±0.0 
Henrik 2.92ab±0.27 0.07abc±0.01 9025.8bcde±839.7 32.54a±0.78 95.3ab±2.2 127.3bc±0.7 164.7a±0.5 171.6ab±0.4 173.3ab±0.5 193.1ab±0.3 
CH-Nara 2.55abcd±0.26 0.07abc±0.01 9876.5abcde ±1008.4 26.20c±0.97 98.3ab±1.8 124.6c±2.1 159.4bc±1.0 165.8d±0.3 171.8b±0.5 192.0bc±0.6 
RGT Reform 2.33abcd±0.26 0.06abc±0.01 8457.1bcde±1209.6 28.52abc±1.24 99.0a±1.5 133.0a±0.0 165.2a±0.5 173.7a±0.5 174.3a±0.4 193.2ab±0.4 
Benchmark 2.00cd±0.16 0.05bc±0.01 7896.9bcde±952.1 26.80c±1.66 98.3ab±1.8 131.0ab±0.0 164.4a±0.5 171.6ab±0.6 173.1ab±0.5 193.1ab±0.3 
Hondia 1.92d±0.17 0.04c±0.01 6393.5e±1075.4 31.95ab±1.40 98.7ab±1.7 130.4ab±1.4 164.0a±1.3 172.7ab±1.0 174.3a±0.7 193.1ab±0.3 
Soberbio 3.15a±0.19 0.08a±0.01 11254.6abc±600.9 28.01abc±0.71 97.3ab±2.1 118.6d±1.0 156.5cd±1.6 164.7de±0.7 168.4c±0.7 190.9c±0.4 
Chambo 2.88abc±0.19 0.07abc±0.01 10485.4abcd±700.3 27.57bc±0.84 101.0a±1.5 118.9d±1.7 155.2d±0.9 163.3ef±0.5 168.6c±0.6 190.7c±0.3 
Bologna by SIS 2.79abcd±0.14 0.07ab±0.01 13239.2a±454.5 21.07d±0.64 90.9b±0.9 114.6e±0.9 155.1d±1.1 161.8f±0.3 167.0c±0.4 190.8c±0.2 

20
19

- 2
02

0 

           
Bennington 9.58a±0.25 0.16ab±0.01 25727.1ab±799.1 37.33bc±0.63 - 117.9abc±1.5 185.3ab±0.7 194.6a±0.3 201.2a±0.2 - 
KWS Siskin 9.13a±0.29 0.16ab±0.01 26299.0a±817.1 34.85cd±1.00 - 113.0cde±0.8 181.8c±1.0 190.1ab±0.9 201.2a±0.2 - 
JB Diego 8.82ab±0.21 0.15ab±0.01 24046.0abc±788.1 36.84bc±0.61 - 122.2a±1.7 184.9ab±0.6 194.6a±0.3 201.2a±0.2 - 
Julius 7.40cd±0.24 0.14ab±0.01 19755.0 de±752.1 37.59bc±0.62 - 122.7a±1.1 186.2ab±0.7 194.6a±0.5 201.2a±0.2 - 
Henrik 9.53a±0.33 0.17a±0.01 25254.3ab±910.4 37.81bc±0.70 - 119.9ab±1.6 186.2ab±0.7 194.3a±0.5 201.2a±0.2 - 
Benchmark 8.88ab±0.18 0.15ab±0.01 25378.5ab±844.5 35.18cd±0.86 - 118.0abc±1.5 184.9ab±0.6 193.0a±1.0 201.2a±0.2 - 
RGT Reform 8.12bc±0.31 0.15ab±0.01 22052.7cd±1034.1 37.03bc±0.72 - 122.7a±1.3 185.3ab±0.7 194.3a±0.5 201.2a±0.2 - 
Hondia 7.98bc±0.14 0.14ab±0.01 21469.9cde±511.0 37.30bc±0.74 - 115.2bcd±1.3 187.1a±0.6 194.8a±0.3 201.2a±0.2 - 
CH-Nara 6.31e±0.23 0.14ab±0.01 19146.0e±721.6 33.00de±0.48 - 112.8cde±1.4 184.0bc±0.0 189.7ab±0.7 200.6a±0.7 - 
Soberbio 9.46a±0.33 0.16ab±0.01 23023.5bc±766.1 41.09a±0.54 - 107.9e±1.1 168.4d±0.9 175.6c±1.2 188.4b±0.3 - 
Chambo 8.63ab±0.42 0.15ab±0.01 22268.6cd±1017.2 38.69ab±0.55 - 109.4de±0.9 164.7e±0.7 170.9c±0.9 188.0b±0.0 - 
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Bologna by SIS 6.95de±0.29 0.14ab±0.01 22298.5cd±685.6 31.12e±0.63 - 110.3de±0.8 170.0d±0.0 184.7b±4.2 188.0b±0.0 - 
Co

m
bi

ne
d 

se
as
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s  

           
KWS Siskin 7.09a±0.58 0.14a±0.01 22416.7a±1555.0 31.30d±0.86 - 126.0b±2.3 181.7c±2.8 187.7c±2.8 195.8bc±3.1 - 
JB Diego 6.44b±0.60 0.12ab±0.01 18984.2b±1633.8 33.40bc±0.68 - 131.6a±1.6 183.2bc±2.7 190.7ab±2.8 196.0bc±3.2 - 
Julius 5.79de±0.50 0.12ab±0.01 16387.2cd±1255.0 34.58ab±0.83 - 131.9a±1.7 184.3a±2.9 192.3a±2.8 197.8a±3.2 - 
Henrik 6.73ab±0.59 0.13ab±0.01 18618.2b±1466.4 36.05a±0.61 - 128.6ab±1.7 182.8bc±2.8 189.8bc±2.7 195.3c±3.2 - 
Benchmark 6.23bcd±0.63 0.12b±0.01 19012.2b±1657.7 31.93cd±0.97 - 129.2ab±1.7 182.4c±2.8 189.4bc±2.7 195.0c±3.2 - 
RGT Reform 6.18bcd±0.59 0.13ab±0.01 17963.7bc±1486.8 33.62bc±0.90 - 130.4a±1.3 183.1bc±2.8 191.0ab±2.6 195.5bc±3.1 - 
Hondia 5.84cde±0.54 0.12b±0.010 15982.3d±1329.2 36.10a±0.81 - 128.3ab±2.1 184.2ab±2.8 191.6ab±2.6 197.0ab±3.1 - 
CH-Nara 4.99f±0.38 0.12ab±0.01 15611.6d±940.5 31.38d±0.84 - 125.5b±2.4 180.4d±3 185.0d±2.8 192.2d±2.9 - 
Soberbio 6.70ab±0.56 0.13ab±0.01 18915.7b±1161.2 34.51ab±1.08 - 120.4c±2.3 170.8e±2.6 179.1e±2.7 187.9e±3.2 - 
Chambo 6.39bc±0.55 0.12ab±0.01 18177.5bc±1224.0 33.95bc±1.01 - 120.0c±1.9 168.0f±2.4 174.8f±2.3 186.4f±2.8 - 
Bologna by SIS 5.39ef±0.38 0.12ab±0.01 19151.6b±864.3 27.39e±0.93 - 120.2c±2.1 171.3e±2.6 179.1e±2.9 186.5f±2.9 - 

 Each genotypic value is the mean ± standard error of the three replicates, and three N fertilization levels per season (seasonal values) and for the set of three consecutive seasons (overall genotypic values). Within each year, 
means exhibiting different letters are significantly different (P < 0.05) according the post-hoc test (Tukey-
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Supplemental Table 5. Average days from planting to the beginning of stem elongation (DTE), phenological durations from stem elongation 
to booting (DTE-DTB), stem elongation to heading (DTE-DTH), stem elongation to anthesis (DTE-DTA), stem elongation to mid grain filling 
(DTE-MGF), and phenological durations from booting to heading (DTB-DTH), heading to anthesis (DTH-DTA) and anthesis to mid grain filling 
(DTA-MGF), of the twelve European bread wheat varieties grown under different N treatments (N1, N2, N3) and during different crop 
seasons (2017-2018; 2018-2019; 2019-2020). For each crop season, the upper, middle and lower subsets of genotypes refer to cultivars 
released in northern, central and southern Europe. Within each subset and season, varieties were ranked based on their grain yield 
performance (GY). 

Crop 
season Variety DTE-DTB DTE-DTH DTE-DTA DTE-MGF DTB-DTH DTH-DTA DTA-MGF 

         

20
17

- 2
01

8 

KWS Siskin 59.9ab±2.2 64.8ab±2.2 72.5ab±2.3 89.6a±2.1 4.9bc±0.4 7.7bcd±0.8 17.2ab±1.1 
JB Diego 60.5ab±1.8 67.3ab±2.2 74.5ab±2.7 90.3a±1.9 6.8abc±0.4 7.3cd±0.7 15.8ab±1.3 
KWS Lilli 57.7ab±2.1 64.9ab±2.2 71.7ab±2.5 88.9a±2.1 7.3ab±0.3 6.8d±0.8 17.3ab±1.0 
Julius 59.7ab±2.1 65.9ab±1.9 73.0ab±2.0 90.6a±1.7 6.3abc±0.4 7.2cd±0.5 17.6ab±1.2 
RGT Reform 65.6a±1.7 71.9a±1.7 78.6a±1.8 94.0a±2.3 6.4abc±0.4 6.7d±0.8 15.5ab±1.6 
Benchmark 62.4ab±1.7 68.6ab±2.0 75.4ab±2.0 91.5a±1.5 6.3abc±0.6 6.8d±0.7 16.2ab±1.6 
Henrik 61.3ab±1.7 67.3ab±1.8 75.4ab±1.7 90.2a±2.2 6.0bc±0.5 8.2bcd±0.6 14.8ab±1.1 
Hondia 61.5ab±2.1 67.3ab±2.2 75.2ab±2.6 91.7a±2.0 5.8bc±0.5 7.9bcd±0.8 16.6ab±1.9 
CH-Nara 57.9ab±2.3 62.0b±2.2 67.2b±2.2 85.8a±2.7 4.2c±0.3 5.2d±0.2 18.7a±0.8 
Chambo 53.5b±0.7 59.5b±0.7 73.0ab±1.0 88.4a±0.9 6.0bc±0.4 13.6a±1.4 15.4ab±1.3 
Soberbio 54.4b±1.8 63.4ab±2.8 74.2ab±2.6 86.0a±2.0 9.0a±1.7 10.8ab±0.5 11.9b±1.2 
Bologna by SIS 54.4b±1.7 59.7b±1.6 70.3ab±1.4 88.3a±1.8 5.4bc±0.4 10.6abc±1.0 18.0ab±1.1 

20
18
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KWS Siskin 38.6ab±2.4 44.3abc±2.5 48.9abc±2.2 69.3bc±2.3 5.7a±0.9 4.7ab±0.6 20.4bcd±0.5 
Bennington 35.9abc±1.3 42.4abc±1.0 44.8bcde±1.1 65.5cde±1.1 6.5a±0.6 2.5cd±0.5 20.7bcd±0.3 
Julius 35.2abc±1.0 42.5abc±0.6 44.8bcde±0.9 63.6cde±1.1 7.4a±0.6 2.4cd±0.5 18.8d±0.5 
JB Diego 32.7 bc±0.6 39.2c±0.7 41.3e±0.7 61.7de±0.4 6.5a±0.7 2.2cd±0.2 20.5bcd±0.6 
Henrik 37.4abc±0.9 44.3abc±0.9 46.0bcde±1.0 65.8cde±0.8 6.9a±0.6 1.8d±0.5 19.8d±0.4 
CH-Nara 34.9abc±1.9 41.3bc±2.1 47.3abcd±2.1 67.5bcd±2.5 6.4a±0.9 6.0a±0.4 20.3bcd±0.7 
RGT Reform 32.3c±0.5 40.7bc±0.5 41.4e±0.4 60.3e±0.4 8.5a±0.5 0.7d±0.3 18.9d±0.5 
Benchmark 33.5bc±0.5 40.6bc±0.6 42.2de±0.5 62.2de±0.3 7.2a±0.6 1.6d±0.4 20.0cd±0.4 
Hondia 33.6bc±0.5 42.3abc±0.7 43.9cde±0.9 62.7de±1.3 8.7a±0.6 1.7d±0.5 18.8d±0.6 
Soberbio 37.9abc±1.6 46.2ab±1.2 49.9ab±1.0 72.4ab±1.1 8.3a±1.2 3.8bc±0.6 22.5ab±0.6 
Chambo 36.4abc±1.3 44.5abc±1.3 49.7ab±1.2 71.8ab±1.5 8.2a±0.7 5.3ab±0.4 22.2abc±0.5 
Bologna by SIS 40.6a±1.2 47.3a±0.7 52.5a±1.0 76.3a±1.0 6.7a±1.1 5.3ab±0.6 23.8a±0.5 

20
19

- 2
02
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Bennington 67.5ab±1.7 76.7ab±1.7 83.4abc±1.6 102.2abc±1.5 9.3ab±0.8 6.7bc±0.3 - 
KWS Siskin 68.8ab±1.2 77.2ab±1.2 88.3a±0.8 107.0a±0.8 8.4ab±1.4 11.bc±0.8 - 
JB Diego 62.7bcd±1.7 72.4ab±1.8 79.0c±1.7 97.8c±1.7 9.7ab±0.6 6.7bc±0.3 - 
Julius 63.6bcd±1.4 71.9ab±1.2 78.6c±1.1 97.4c±1.1 8.4ab±0.7 6.7bc±0.5 - 
Henrik 66.4abc±1.4 74.5ab±1.6 81.4bc±1.7 100.2bc±1.6 8.2ab±0.6 6.9bc±0.5 - 
Benchmark 66.9abc±1.8 75.0ab±2.0 83.3abc±1.6 102.0abc±1.5 8.2ab±1.0 8.3bc±1.0 - 
RGT Reform 62.7bcd±1.3 71.7ab±1.5 78.6c±1.3 97.4c±1.3 9.0ab±0.7 6.9bc±0.5 - 
Hondia 71.9a±1.4 79.6a±1.3 86.0ab±1.3 104.8ab±1.3 7.7b±0.7 6.5bc±0.3 - 
CH-Nara 71.3a±1.4 76.9ab±1.7 87.8a±2.0 107.3a±1.4 5.7b±0.7 10.9b±0.8 - 
Soberbio 60.6cde±1.4 67.7bc±1.6 80.6bc±1.3 101.2bc±1.1 7.2b±0.5 12.9ab±1.1 - 
Chambo 55.3e±1.1 61.5c±1.2 78.6c±0.9 99.6bc±0.9 6.3b±0.3 17.2a±0.9 - 
Bologna by SIS 59.7de±0.8 74.4ab±4.5 77.7c±0.8 98.7c±0.8 14.7a±4.2 3.4c±4.2 - 

Co
m

bi
ne

d 
se

as
on

s  

        
KWS Siskin 55.8a±2.7 62.1a±2.9 69.9a±3.3 - 6.3ab±0.7 7.9bc±0.7 - 
JB Diego 52.0a±2.8 59.6a±3.0 64.9a±3.5 - 7.7ab±0.5 5.4c±0.6 - 
Julius 52.8a±2.6 60.1a±2.6 65.5a±3.0 - 7.3ab±0.4 5.4c±0.5 - 
Henrik 55.0a±2.6 62.0a±2.7 67.6a±3.1 - 7.0ab±0.4 5.6c±0.7 - 
Benchmark 54.3a±3.0 61.4a±3.1 66.9a±3.6 - 7.2ab±0.5 5.6c±0.7 - 
RGT Reform 53.5a±3.0 61.5a±3.0 66.2a±3.5 - 8.0ab±0.4 4.8c±0.7 - 
Hondia 55.7a±3.3 63.0a±3.2 68.4a±3.6 - 7.4ab±0.4 5.4c±0.6 - 
CH-Nara 54.7a±3.1 60.1a±3.1 67.4a±3.5 - 5.4b±0.5 7.4bc±0.6 - 
Soberbio 51.0a±2.1 59.1a±2.2 68.2a±2.8 - 8.2ab±0.8 9.2ab±0.9 - 
Chambo 48.4a±1.8 55.2a±1.6 67.1a±2.5 - 6.8ab±0.4 12.0a±1.2 - 
Bologna by SIS 51.6a±1.8 60.5a±2.7 66.8a±2.2 - 8.9a±1.7 6.4bc±1.6 - 

Each genotypic value is the mean ± standard error of the three replicates, and three N fertilization levels per season (seasonal values) and for the set of three 
consecutive seasons (overall genotypic values). Within each year, means exhibiting different letters are significantly different (P < 0.05) according the post-hoc 
test (Tukey-b). 
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Supplemental Table 6. Average grain nitrogen concentration (N), and the stable 
nitrogen (δ15N) and carbon (δ13C) isotope compositions in mature grains of twelve 
European bread wheat varieties grown under different nitrogen treatments (N1, 
N2, N3) and during different crop seasons (2017-2018; 2018-2019; 2019-2020) 
considered separately and in combination. For each crop season, the upper, middle 
and lower subsets of genotypes refer to cultivars released in northern, central and 
southern Europe. Within each subset and season, varieties were ranked based on 
water status performance (δ13C).  

Crop 
season 

Variety d13C (‰) d15N (‰) N (%) 

20
17

- 2
01

8 

    
JB Diego -27.3cd±0.1 2.6ab±0.2 2.0cd±0.1 
KWS Siskin -27.1cd±0.1 2.5b±0.2 1.9cd±0.2 
KWS Lilli -26.9bc±0.2 2.8ab±0.1 1.8cd±0.1 
Julius -26.5a±0.1 2.8ab±0.2 2.0bcd±0.2 
Benchmark -27.3cd±0.1 2.7ab±0.2 1.9cd±0.1 
RGT Reform -27.2cd±0.1 2.8ab±0.2 2.0bc±0.1 
Henrik -27.1c±0.2 2.8ab±0.2 1.8d±0.1 
Hondia -26.7ab±0.1 2.8ab±0.2 2.1bc±0.1 
CH-Nara -26.6a±0.1 2.8ab±0.2 2.4a±0.1 
Soberbio -27.4d±0.2 3.0a±0.1 2.0bc±0.1 
Bologna by SIS -27.1cd±0.2 3.1a±0.2 2.2ab±0.1 
Chambo -27.1cd±0.1 3.0ab±0.2 1.9cd±0.1 

20
18

-2
01

9  

    
KWS Siskin -22.4b±0.2 1.5a±0.2 2.5a±0.2 
Bennington -22.2b±0.3 1.5a±0.2 2.6a±0.2 
Julius -21.8ab±0.2 1.7a±0.2 2.8a±0.2 
JB Diego -21.8ab±0.2 1.7a±0.2 2.7a±0.1 
Henrik -22.1b±0.2 1.4a±0.3 2.5a±0.2 
Benchmark -22.1b±0.3 1.5a±0.2 2.6a±0.2 
RGT Reform -21.9ab±0.2 1.5a±0.2 2.8a±0.1 
Hondia -21.7ab±0.3 1.4a±0.3 2.5a±0.2 
CH-Nara -21.3a±0.2 1.7a±0.2 2.9a±0.1 
Soberbio -22.2b±0.2 1.5a±0.2 2.7a±0.2 
Bologna by SIS -22.2b±0.2 1.2a±0.2 2.8a±0.2 
Chambo -21.9ab±0.2 1.0a±0.2 2.6a±0.2 

20
19

-2
02

0  

    
Bennigton -26.8bcd±0.1 2.5a±0.1 1.7b±0.1 
JB Diego -26.8bcd±0.2 2.6a±0.2 1.7b±0.1 
KWS Siskin -26.5abcd±0.1 2.6a±0.2 1.9ab±0.2 
Julius -26.2ab±0.2 2.7a±0.2 1.9ab±0.2 
Benchmark -26.4abcd±0.2 2.7a±0.2 1.7b±0.1 
RGT Reform -26.4abc±0.1 2.7a±0.2 1.9ab±0.1 
Hondia -26.3abc±0.2 2.5a±0.2 1.8ab±0.2 
Henrik -26.3abc±0.2 2.6a±0.2 1.8ab±0.1 
CH-Nara -26.0a±0.2 2.6a±0.2 2.2a±0.2 
Soberbio -27.0d±0.1 2.6a±0.1 1.7b±0.1 
Chambo -26.9cd±0.2 2.4a±0.1 1.7b±0.1 
Bologna by SIS -26.7bcd±0.2 2.6a±0.1 2.0ab±0.2 

Co
m

bi
ne

d 
se

as
on

s 

    
KWS Siskin -25.2de±0.4 2.2a±0.1 2.1bcd±0.0 
JB Diego -25.2cde±0.5 2.3a±0.1 2.2bcd±0.0 
Julius -24.8ab±0.4 2.3a±0.1 2.2bcd±0.1 
Benchmark -25.2cde±0.4 2.3a±0.1 2.0bcd±0.0 
RGT Reform -25.1bcd±0.4 2.3a±0.1 2.3ab±0.0 
Henrik -25.1bcd±0.4 2.3a±0.1 2.0d±0.0 
Hondia -24.9abc±0.4 2.1a±0.1 2.1bcd±0.0 
CH-Nara -24.5a±0.4 2.3a±0.1 2.5a±0.0 
Soberbio -25.5e±0.4 2.3a±0.1 2.2bcd±0.0 
Bologna by SIS -25.3de±0.4 2.3a±0.1 2.3abc±0.0 
Chambo -25.2cde±0.4 2.1a±0.1 2.0cd±0.0 
KWS Siskin -25.2de±0.4 2.2a±0.1 2.1bcd±0.0 

Each genotypic value is the mean ± standard error of the three replications, and three N 
fertilization levels per season (seasonal values) and for the set of three consecutive seasons 
(overall genotypic values). Within each year, means exhibiting different letters are 
significantly different (P < 0.05) according the post-hoc test (Tukey-b). 
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Supplemental Table 7. Genetic correlation coefficients of grain yield (GY) between grain nitrogen yield (GNY), grain number (GN), thousand kernel weight (TKW), days from planting and different 

phenological stages (tillering “DTT”, elongation “DTE”, booting “DTB”, heading “DTH”, anthesis “DTA”, mid grain filling “MGF”), grain nitrogen concentration (N), and carbon (δ13C) and nitrogen (δ15N) 

isotope compositions measured in mature grains.  

  Combined 
seasons 2017-2018 2018-2019 2019-2020 2017-2018 2018-2019 2019-2020 

  N1+N2+N3 N1+N2+N3 N1 N2 N3 N1 N2 N3 N1 N2 N3 

Yield 
components 

GNY 0.999*** 0.696* 0.991*** 0.999*** ns ns - - 0.837*** 0.923*** 0.999*** 0.999*** 0.977*** 
GN - 0.783** 0.817*** 0.842*** 0.847*** 0.766** 0.751** 0.698* 0.902*** 0.620* 0.854*** 0.890*** 0.838*** 
TKW ns ns ns ns 0.663* ns ns ns -0.627* ns ns 0.740** ns 

Phenology DTT 0.580* - ns - - ns - - -0.999*** -0.670* - - - 
DTE ns ns -0.921*** ns ns ns ns -0.758** -0.999*** -0.999*** ns ns ns 
DTB ns ns -0.775** ns ns ns ns -0.999*** ns -0.927*** ns ns ns 
DTH 0.591* ns -0.808*** ns ns ns ns -0.999*** -0.590* -0.945*** ns ns ns 
DTA 0.630* ns -0.802*** ns ns 0.589* ns -0.999*** -0.680* -0.855*** - ns - 
MGF 0.577* ns -0.791** - ns ns ns -0.999*** ns -0.999*** - - - 

Isotopes N -0.981*** -0.912*** ns -0.999*** -0.745** -0.685* -0.999*** - ns ns - -0.999*** -0.895*** 
d15N - -0.999*** - - -0.999*** ns ns - - ns - - ns 
d13C -0.883*** -0.658* ns -0.645* -0.825*** ns -0.747** -0.957*** -0.660* - -0.642* -0.722** -0.877*** 

The missing correlations were not calculated because of their low heritability. ns, not significant; *, P < 0.05; **, P < 0.01; ***, P<0.001.
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Supplemental Table 8. Pearson correlations between grain yield (GY), grain nitrogen yield (GNY), grain number (GN), 
thousand kernel weight (TKW), grain nitrogen concentration (N), and nitrogen (d15N) and carbon (d13C) isotope compositions 
of mature grains, and days from planting to the beginning of stem elongation (DTE), phenological durations from stem 
elongation to booting (DTE-DTB), to heading (DTE-DTH), to anthesis (DTE-DTA), to mid grain filling (DTE-MGF), and 
phenological durations from booting to heading (DTB-DTH), heading to anthesis (DTH-DTA) and anthesis to mid grain filling 
(DTA-MGF). Correlations were calculated using plot information and the three N fertilization treatments, during combined 
and separated crop seasons. 

  DTE DTE-DTB DTE-DTH DTE-DTA DTE-MGF DTB-DTH DTH-DTA DTA-MGF 

All 
seasons 

GY ns 0.859** 0.838** 0.888** 0.860** ns 0.553** - 
GNY ns 0.581** 0.550** 0.597** 0.573** ns 0.414** - 
GN ns 0.829** 0.813** 0.854** 0.830** ns 0.509** - 
TKW  ns 0.604** 0.580** 0.622** 0.583** ns 0.414** - 

2017-
2018 

GY ns 0.273** 0.345** 0.343** 0.233* 0.280** ns -0.229* 
GNY ns ns ns ns ns ns ns ns 
GN ns ns 0.221* 0.203* ns 0.253* ns ns 
TKW  ns ns ns ns ns ns ns ns 

2018-
2019 

GY -0.339** ns ns 0.268** 0.320** ns 0.324** 0.308** 
GNY -0.310** ns ns 0.213* 0.276** ns 0.364** 0.306** 
GN -0.500** 0.239* 0.229* 0.385* 0.473** ns 0.445** 0.478** 
TKW  0.462** -0.242* -0.209* -0.355** -0.435** ns -0.415** -0.438** 

2019-
2020 

GY ns ns ns ns - ns ns - 
GNY ns ns ns ns - ns ns - 
GN ns ns ns 0.201* ns ns ns - 
TKW  ns -0.243* -0.366** ns - -0.257** 0.316** - 

ns, not significant; *, P < 0.05; **, P < 0.01; ***, P<0.001. 

 

 

Supplemental Table 9. Multi-linear regression (stepwise) of grain yield (GY) as the dependent variable, and days from 
planting of different phenological stages (DTT, DTE, DTH, DTA, MGF), together with the stable carbon and nitrogen 
isotope compositions (δ13C and δ15N), and nitrogen concentration (N) of mature grains as independent variables. For 
each equation, the fitted model was significant (P<0.001) with (1.2 <Durbin-Watson< 2) and collinearity was within 
the acceptable range (VIF<10). R2adjusted displays the reliability of the fitted regression line to the data in use. 

Crop season Region Equation R2Adjusted 

Combined 
seasons 

All GY= -15.955 – 0.632*d13C – 0.258*DTE + 0.353*DTA 0.889 
   
Northern Europe GY= 21.381 – 1.064*d13C – 0.199*DTE + 0.110*N  0.943 
Central Europe GY= -15.672 – 0.927*d13C – 0.168*DTE  0.867 
Southern Europe GY= -12.712 – 1.149*d13C – 0.265*DTH – 0.143*DTE 0.886 

    
2017-2018 All GY= -20.751+0.380*DTA – 0.297*DTT – 0.287*d13C  0.275 

    
2018-2019 All GY= 6.438 – 0.381*DTH – 0.280*d13C 0.221 

    
2019-2020 All GY= -10.763 – 0.255*d13C 0.055 

Regressions were generated using individual plot values of the 12 tested genotypes. 
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Supplemental Table 10. Grain yield prediction using the LASSO regression model using in a first step phenological stages (DTE, DTH, DTA), 
grain carbon and nitrogen stable isotopes (δ13C and δ15N), and grain nitrogen concentration (N) as the explicative variables, and in a second 
step combinations of the most relevant variables as explicative variables.  

Crop 
season 

Region 
LASSO 

Parameters All variables Selected variables 

    DTE+δ13C DTH+δ13C DTA+δ13C DTE+DTH+δ13C DTE+DTA+δ13C 
         

Combines 
seasons 

All 
R2Adjusted 0.868 0.861 0.851 0.85 0.862 0.871 
RMSE 1.022 1.047 1.196 1.091 1.04 1.049 
λ 0.0020 0.011 0.051 0.011 0.0273 0.051 

        

North 
R2Adjusted 0.943 0.943 0.941 0.939 0.943 0.936 
RMSE 0.760 0.733 0.772 0.779 0.734 0.819 
λ 0.0009 0.026 0.012 0.012 0.026 0.026 

        

Central 
R2Adjusted 0.881 0.862 0.851 0.85 0.873 0.874 
RMSE 0.996 1.056 1.099 1.103 1.024 1.010 
λ 0.0009 0.011 0.051 0.011 0.109 0.109 

        

South 
R2Adjusted 0.873 0.870 0.866 0.858 0.859 0.877 
RMSE 1.001 0.993 1.014 1.038 1.055 0.971 
λ 0.0002 0.010 0.010 0.104 0.022 0.104 

         
 

All 
R2Adjusted 0.299 0.161 0.323 0.316 0.33 0.308 

2017-2018 RMSE 0.871 0.953 0.855 0.858 0.847 0.860 
 λ 0.0006 0.108 0.016 0.038 0.016 0.081 
         
 

All 
R2Adjusted 0.273 0.315 0.341 0.315 0.321 0.302 

2018-2019 RMSE 0.673 0.659 0.641 0.663 0.651 0.662 
 λ 0.0004 0.023 0.027 0.050 0.012 0.109 
         
 

All 
R2Adjusted 0.244 0.295 0.272 0.297 0.275 0.297 

2019-2020 RMSE 1.316 1.182 1.193 1.187 1.196 1.187 
 λ 0.0006 0.092 0.427 0.198 0.198 0.198 

R2Adjusted, coefficient of determination; RMSE, root mean square error; λ, amount of shrinkage.  

 

 

 

Supplemental Table 11. Average grain yield of twelve European bread wheat varieties, separated by provenance (Northern, 
Central and Southern Europe), under combined nitrogen treatments (N1, N2, N3) and during different crop seasons (2017-2018; 
2018-2019; 2019-2020) considered separately and in combination.  

Crop season 
Mean GY (Mg ha-1) 

Northern European Central European Southern European 

Wet seasons 

2017-2018 8.30a±0.12 7.85ab±0.15 7.57b±0.20 

2019-2020 8.73a±0.18 8.16a±0.20 8.35a±0.29 

2017-2018 and 2019-2020 8.52a±0.12 8.02b±0.13 7.97b±0.18 

Dry season 2018-2019 2.40b±0.12 2.35b±0.12 2.94a±0.11 

Combined seasons 2017-2018; 2018-2019; 2019-2020 6.57a±0.29 6.10b±0.25 6.25ab±0.30 

Each genotypic value is the mean ± standard error of the three replications, and three N fertilization levels per season (seasonal values) and for the 
set of three consecutive seasons (overall genotypic values). Within each year, means exhibiting different letters are significantly different (P < 0.05) 
according the post-hoc test (Tukey-b).  
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Supplemental figures: 

 

 

Supplemental Figure 1. Relationships between grain yield (GY) and grain nitrogen content (Grain N) of 
the twelve European bread wheat genotypes during each crop season (2017-2018; 2018-2019; 2019-
2020) and sorted by N fertilization (N1, N2, N3). Each point represents a replicate (i.e. plot value) for a 
given cultivar and growing condition. 
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Supplemental Figure 2. Linear regressions of the relationship between the genotypic 
mean of grain yield (GY) of eleven bread wheat genotypes in nine environments (each 
one being a specific combination of crop season and growing conditions), and the 
mean grain yield across the whole set of genotypes tested in each environment. Letters 
on the horizontal axis of the figure refer to the descending values of the environmental 
means of the 11 bread wheat genotypes: a, 30% above the recommended topdressing 
nitrogen dose (N3) during 2019–2020; b, the recommended topdressing nitrogen dose 
(N2) during 2017–2018; c, N2 fertilization during the crop season (2019-2020); d, N3 
fertilization during 2017-2018; e, 50% of the recommended topdressing nitrogen dose 
(N1) during 2019-2020; f, N1 fertilization during 2017-2018; g, N3 fertilization during 
2018-2019; h, N2 fertilization during 2018-2019; i, N1 fertilization during 2018-2019. 
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A B S T R A C T

This study compares distinct phenotypic approaches to assess wheat performance under different growing
temperatures and vernalization needs. A set of 38 (winter and facultative) wheat cultivars were planted in
Valladolid (Spain) under irrigation and two contrasting planting dates: normal (late autumn), and late (late
winter). The late plating trial exhibited a 1.5 °C increase in average crop temperature. Measurements with
different remote sensing techniques were performed at heading and grain filling, as well as carbon isotope
composition (δ13C) and nitrogen content analysis. Multispectral and RGB vegetation indices and canopy tem-
perature related better to grain yield (GY) across the whole set of genotypes in the normal compared with the
late planting, with indices (such as the RGB indices Hue, a* and the spectral indices NDVI, EVI and CCI)
measured at grain filling performing the best. Aerially assessed remote sensing indices only performed better
than ground-acquired ones at heading. Nitrogen content and δ13C correlated with GY at both planting dates.
Correlations within winter and facultative genotypes were much weaker, particularly in the facultative subset.
For both planting dates, the best GY prediction models were achieved when combining remote sensing indices
with δ13C and nitrogen of mature grains. Implications for phenotyping in the context of increasing temperatures
are further discussed.

1. Introduction

Climate change is a prevalent concern that is already threatening
food production and will even more so in the future, especially when
addressing Mediterranean semi-arid climate regions [1–3]. Providing
breeding and management practices are unchanged, annual rates of
crop increase are more likely to decline as a response to drought periods
and, even more importantly, to increases in temperature, including the
frequency and strength of heat waves [4,5]. Therefore, efforts have to
be harnessed into developing improved varieties that can be adapted to
these rising challenges.

Wheat varieties have proven great adaptability to different agro-
climatic regions [6]. Vernalization and photoperiod needs divide wheat
genotypes into winter cultivars and spring (facultative) cultivars. The
first category is usually sown in autumn or early winter [7,8], during
which an exposure to low temperature (i.e. vernalization) is required in
order to promote flowering. On the other hand, spring or facultative
varieties do not require vernalization for flowering and thus, they can
be more adapted to higher temperatures [8] and therefore they are
more amenable for spring cultivation [7]. Besides the effect on floral
induction, temperature also affects crop growth. High temperature ac-
celerates the crop cycle and decreases the amount of accumulated
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photosynthesis, and the sinks (ear density and size in case of wheat),
which subsequently reduces the final yield [9–11].

In recent years, the perception that crop phenotyping is a bottleneck
that hinders breeding advances, has been widely recognized [12].
Presently, high throughput phenotyping platforms (HTPPs), placed at
ground level or from the air (usually using unmanned aerial vehicles)
have been developed to collect and handle accurately and in a non-
invasive and fast way the large magnitude of information usually
needed to properly phenotype crops in field conditions [13,14]. The
main category of phenotyping techniques that may include HTPPs are
categorized into remote (proximal) sensing and imaging. The most
commonly deployed techniques deal with the use of spectro-
radiometrical and thermal sensors or imagers, together with an in-
creasing use of conventional Red-Green-Blue (RGB) cameras
[12,15,16]. The spectroradiometers measure different wavelength
bands, within visible and near infrared regions of the spectrum, which
allow the formulation of a wide range of vegetation indices informing
on biomass [17,18], leaf area index [19,20], pigment content [21–23],
nitrogen content [24,25], photosynthetic efficiency [26] and water
status [26,27]. The thermal sensors and imagers measure the far in-
frared region of the spectrum informs on the plant canopy temperature
and therefore of its water status [28,29]. Another category of remote
sensing approaches is that derived from RGB images [12,30], with a
wide range of vegetation indices being derived from different space
colors which characterize the conventional images. It has been reported
that frequently RGB indices work better than spectral indices in asses-
sing differences in leaf color or green canopy area associated with
genotypic performance, in optimal agronomical conditions as well as
under different abiotic and biotic stress conditions [18,31]. Laboratory-
category traits (i.e. analytical traits), may be also deployed for HTPPs
[12]. When Mediterranean conditions are targeted, carbon and, to a
lesser extent, nitrogen stable isotope compositions (or alternatively
expressed as discrimination from the substrate) may be used as phe-
notyping tools, informing on the water regime and nitrogen metabolism
conditions, respectively [32–34]. Several studies have highlighted the
synergistic effect, in terms of quality of plant characterization, when
combining spectroscopy performance with the biophysical information
provided through stable isotope composition [35,36].

The efficient use of the HTPPs, including the most adequate traits to
measure, may be affected by the growing conditions. In that sense, as
indicated above, one of the main environmental variables associated
with climate change is temperature. The present study compares the
performance of different phenotyping approaches under “current”
temperature conditions (provided by a normal planting date) and high
temperature conditions (provided by a late planting). Therefore, the
heat stress conditions tested implies a constant higher temperature,
besides a higher probability of experiencing a heat wave during the last
part of the crop cycle. Another aspect related with increase in tem-
perature is the potential altering effects on the pattern of flowering,
associated with the lack of vernalization induction. To that end, we
have concluded in the wheat panel winter (i.e. requiring vernalization)
and facultative (less dependent on vernalization) semi-dwarf wheat
cultivars. Different remote sensing techniques were implemented from
ground and aerial levels, combined with the analyses of the stable
carbon and nitrogen isotope composition of the flag leaves and mature
grains.

2. Materials & methods

A set of 36 post green revolution (i.e. semidwarf) bread wheat
commercial cultivars (Triticum aestivum L.) were evaluated altogether
with other 2 durum wheat cultivars (Triticum turgidum L. ssp. durum
(Desf.) Husn.) (Table 1). In order to assess vernalization effects on final
production and yield components, cultivars were separated into winter
(27) and facultative genotypes (11). Field trials were carried out in the
Experimental Station of Zamadueñas (41° 39´ 8´´ N and 4° 43`24`` W,

690m.a.s.l.); of the Instituto Técnico y Agrario de Castilla y León
(ITACyL) in Valladolid (Spain) (Fig. 1). Temperature effects were in-
vestigated through implementing trials under contrasting planting
dates: a normal planting (December 2nd, 2016), followed by a late
planting (February 10th, 2017). The late planting trial (and specifically
the facultative cultivars) caught up with the development of the fa-
cultative and winter genotypes of the normal planted trial around 90
days after sowing, corresponding to the heading-anthesis stages. Pat-
terns of precipitation, temperature (average, minimum and maximum)
and photoperiod throughout the crop season are displayed in Fig. 2.
Accumulated precipitation from planting to maturity during the crop
cycle were 129mm and 89mm, for the normal and late planting re-
spectively. In order to restrict environmental stress factors to tem-
perature, both trials were grown under support irrigation, supplied with
periodical sprinkler irrigation totaling 60mm during normal planting,
and 140mm during late planting. Fertilizers were applied as re-
commended; it consisted for both trials in 300 kg ha−1 of basic dressing

Table 1
List of the 38 wheat varieties used in the study, with their provenance, register
number and sorted by their attitude (winter and facultative): 36 were bread
wheats (Triticum aestivum L), while the other two were durum wheats (Triticum
turgidum L. ssp. durum (Desf.) Husn.). For each cultivar the register number is
specific to the country where the cultivar was registered. Information can be
accessed through the variety finder web of the Community Plant Variety Office
(CPVO): https://cpvo.europa.eu/en/cpvo-variety-finder.

Genotype Nature Attitude Provenance (seed
company)

Spanish register
number

ATOMO bread Facultative LG SEEDS 20090316
BISANZIO bread Facultative AGRAR 20151856
CREDIT durum Facultative PRO.SE.ME 20101512
GALERA bread Facultative LG SEEDS 20001714
TOGANO bread Facultative ROLLY 20042601
VALBONA bread Facultative PRO.SE.ME 20061701
MIMMO durum Facultative PRO.SE.ME 20101513
ENEAS bread Facultative DAFISA 20090257
08THES1262 bread Facultative BATLLE 20114988
ARTHUNICK bread Facultative LG SEEDS 20021627
ALHAMBRA bread Facultative LG SEEDS 20122397
ALBERTUS bread Winter PRO.SE.ME 20130238
ALGORITMO bread Winter RGT 20160437
BOLOGNA bread Winter BATLLE 20152157
DOLLY bread Winter ROLLY 20101741
FORCALLI bread Winter KWS 1006401
INGENIO bread Winter AGRUSA 20062285
GHAYTA bread Winter AGRUSA 20122320
MECANO bread Winter AGRUSA 20100121
REBELDE bread Winter BATLLE 20132043
RIMBAUD bread Winter BATLLE 1023863-
TRIBAT bread Winter BATLLE 20120245
CHAMBO bread Winter LG SEEDS 20110170
COMPLICE bread Winter MARISA 20160212
COSMIC bread Winter AGRUSA 4048820
IPPON bread Winter FLORIMON

DESPREZ
20151563

NEMO bread Winter AGRUSA 20143383
OREGRAIN bread Winter FLORIMON

DESPREZ
20120181

PR22R58 bread Winter PROVASE 20041719
SOBERBIO bread Winter CAUSSADE 20151744
SOISSON bread Winter AGRUSA 199850256
MH1307 bread Winter KWS Advanced

breeding line
MH1341 bread Winter KWS Advanced

breeding line
MH1411 bread Winter KWS Advanced

breeding line
MH1444 bread Winter KWS Advanced

breeding line
CRACKLIN bread Winter LG SEEDS 19990012
MARCOPOLO bread Winter RGT 20132034
SEPTIMA bread Winter AGRAR 20093-
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in the form of 8-15-15 (N-P-K) before seeding, ensued with a twofold
partitioning of 300 kg ha−1 of Nitrosylsulphuric acid (NSA, 27%) as top
dressing during stem elongation and booting stages. Phytosanitary
control included the spraying of herbicides (Axial and Amadeus, Syn-
genta), fungicide (Karate Zeon, Syngenta) and pesticide (Prosaro, Bayer)
at the recommended rates during booting (late planting) and heading
(normal planting) stages. For both trials, the experimental design was
fully randomized with three replications (individual plots) per geno-
type, totaling for each trial 114 plots (81 and 33 plots per winter and
facultative genotypes, respectively). Plots were 6m long and 1.5m
wide, with 7 rows sown 20 cm apart (totaling 9 m2 per plot). During
early grain filling flag leaves were sampled, and by physiological ma-
turity number of spikes per square meter was evaluated together with
grain number per spike and thousand grain weight, for genotypes in
normal planting, and only number of spikes per square meter in late

planting. For both trials, maturity was reached the second half of June.
Then, plots were harvested mechanically on July 20th, 2017 for both
trials and yield assessed.

2.1. Ground and aerial remote sensing

Plots were evaluated at ground level using a Red-Green-Blue (RGB)
camera, an infrared thermometer and a spectro-radiometer. Aerial
images were obtained during the same visits as ground data using an
Unmanned Aerial Vehicle (UAV) (Drone Mikrokopter OktoXL 6S12,
Moormerland, Germany), controlled manually and flying at an altitude
of 50m, carrying a digital RGB camera just before solar noon in the first
flight, and thermal and multispectral cameras within one hour of solar
noon in the second flight. For normal planting, the range of heading
dates for the whole set of genotypes was about 10 days, while in the late

Fig. 1. Map of the location (red point) and the satellite image of the experimental station of Zamadueñas (ITACyL), Valladolid, Spain (A). RGB ortho-mosaics of the
normal planting (B) and the late planting (C) trials during late heading. The shift in plot placement of normal planting was due to a problem during planting (for
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 2. Weekly precipitation, temperature (average, minimum and maximum) and photoperiod during the growing period covering both planting trials.
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planting the range was larger (around 30 days) due to the delay in the
reproductive stage experienced by the winter genotypes. During the
first date of measurements (middle-May), the whole set of genotypes for
the normal planting and the subset of facultative genotypes for the late
planting were at late heading. During the second visit (second week
June), the whole set of genotypes for the normal planting and the subset
of facultative genotypes for the late planting were in the second half of
grain filling.

2.1.1. Canopy temperature
Measurements of canopy temperature (CT) at ground level were

carried out during both visits using an infrared (IR) thermometer
(PhotoTemp™ MXS™TD Raytek®, California; USA), pointed towards
plants leaves at a distance of 80 cm approximately, while having the
sun towards the rear. For aerial thermal images, a FLIR Tau2 640 was
used (FLIR Systems, Nashua, NH, USA) with a VOx uncooled micro-
bolometer, equipped with a TEAX Thermal Capture model (TeAx
Tecnology, Wilnsdorf; Germany) for recording thermal frames of full
resolution (640×520 pixels at 20 frames per second).

2.1.2. RGB images
RGB images (one per plot) were taken from ground holding a Sony

ILCE-QX1 (Sony Europe Limited, Brooklands; United Kingdom), digital
camera of 20.1 megapixel resolution, equipped with
23.2mm×15.4mm sensor size (type CMOS Exmor HD) and using
16mm focal lens and an exposure time of 1/60 s. Images were captured
zenithally at 80 cm above the plant canopy, focusing near the center of
each plot, and then saved in JPEG format for later analysis. The ground
sample distance (GSD) of the images captured was 0.021 cm/pixel, and
the area captured in the image corresponded to 0.89m2. For aerial data
assessment, the RGB used camera was a Lumix GX7 (Panasonic, Osaka;
Japan), a digital mirrorless camera of 16.0 megapixel resolution with
an image sensor size of 17.3×13.0mm (type Live MOS), using a
20mm focal lens with an exposure time of 1/8000 s. The GSD of the
aerial images for a flight at 50m altitude was 0.941 cm/pixel, and the
area captured in the image corresponded to 1404.55m2. In practical
consideration, mirrorless cameras provide equal imaging capacities for
agricultural applications than traditional cameras in a more compact
and lightweight body, which promote their flexible application in the
field or mounted on a UAV.

2.1.3. Multispectral information
The normalized difference vegetation index (NDVI) was measured

at ground (NDVI.g) on individual plots using a GreenSeeker (Trimble,
Sunnyvale, CA, USA), a hand held spectroradiometer with active self-
illuminated sensor in red (660 ± 10 nm) and near infrared
(780 ± 15 nm) wavelengths [37]. The NDVI was measured by skim-
ming the sensor across each plot, at a constant height of 60 cm while
maintaining a perpendicular position from above the canopy [38]. At
this distance the active sensor emits a radiation strip of 61 cm long and
1.5 thick.

Multispectral aerial images were acquired using a Tetracam micro-
MCA (Tetracam Inc., Chatsworth, CA; USA). The Tetracam camera con-
sists of eleven independent image sensors and optics each, using con-
figurable filters of center wavelengths and full-width half-maximum
bands with: 450 ± 40, 550 ± 10, 570 ± 10, 670 ± 10, 700 ± 10,
720 ± 10, 780 ± 10, 840 ± 10, 860 ± 10, 900 ± 20 and
950 ± 40 nm. In addition, the camera possesses one sensor dedicated to
calibration (Incident Light Sensor, ILS), which provides band-by-band
reflectance calibration in real-time, correcting the 11 bands to reduce
atmospheric effects to at-sensor reflectance. The multispectral camera is
equipped with rolling shutter sensors system, and captures 15.6mega-
pixels of image data that are transferred to twelve separate flash memory
cards [17]. Every UAV flight included between 20–30 image capture
moments, each consisting of the 12 images representing the 11 spectral
bands and ILS of the sensor, which recorded data every 5 s.

2.1.4. Image processing
Pre-processing was required for multispectral and thermal images.

Multispectral images were spatially aligned and radiometrically cali-
brated using PixelWrench 0.2 version 1.2.2.2 (Tetracam, Chatsworth,
CA, USA) and exported as TIFF files. Whereas thermal frames were
stacked to raw 16-bit TIFF format (temperature values expressed in
Kelvin x 10000) using the ThermoViewer software (v1.3.13) by TEAX
(TeAx Technology, Wilnsdorf, Germany). Therewith, RGB, thermal and
multispectral images were 3D-reconstructed using Agisoft Photoscan
Pro (Agisoft LLC, St. Petersburg, Russia, www.agisoft.com) [39]. This
later overlaps up to 30 images (with at least 80% overlap) and removes
UAV flight effects to produce accurate ortho-mosaics. Afterwards, re-
gions of interest (plots) were cropped and processed using the Mo-
saicTool software (Prof. Shawn C. Kefauver, https://
integrativecropecophysiology.com/software-development/mosaictool/
, https://gitlab.com/sckefauver/MosaicTool/, University of Barcelona,
Barcelona, Spain) integrated as a plugin for the open source image
analysis platform FIJI (Fiji is Just ImageJ; http://fiji.sc/Fiji) [40].

Extracted RGB vegetation indices collected from both ground and
aerial platforms were obtained using an updated version of the original
Breedpix 2.0 software [41], which is a tool for fast calculation of pic-
tures-based vegetation indices (Pic-VIs), adapted to JAVA8 and in-
tegrated as MosaicTool plugin within FIJI [40]. RGB indices are related
to different color properties and based either on the average color of the
entire image on the proportion of green pixels over the total number of
pixels in the full image. CIELab and CIELuv color space models were
defined by the CIE (Commission Internationale de l’Eclairage; the In-
ternational Commission on Illumination) as the simultaneous contrast
of green with red colors (CIELab), and yellow with blue colors (CIELuv)
[42]. Both models operate similarly albeit on separate spectrums, and
include lightness component (L*), a* and b* dimensions for CIELab, and
u* and v* coordinates for CIELuv. The indices a* and u* represent the
green to red spectrum, where red is linked to positive values and green
to negative ones; whereas b* and v* express the blue to yellow spec-
trum, where yellowish pixels are related to positive values and con-
versely, bluish pixels to negative ones. HSI color space, referring to the
components Hue, Saturation and Intensity. This color space model de-
scribes saturation as the pure (chroma) concentration when diluted
with white color, and intensity as the achromatic measurement of the
reflected light. Regarding Hue, it is described as the chroma traversing
the visible spectrum in the form of an angle between 0° and 360°, where
0° and 360° are decrypted into red, 60° into yellow, 120° into green and
180° into cyan. Derived from the Hue, the indices Green Area (GA) and
Greener Area (GGA) were described as the fraction area presented by
green pixels in the image, and which Hue ranges from 60° to 180° (GA)
and from 80° to 180° (GGA). While GA gives a broader perception to
canopy greenness, GGA excludes yellowish green pixels [31,41]. The
current study was limited to the parameters (Hue, a*, b*, GA and GGA),
as the best performed RGB indices.

Multispectral indices were formulated using a custom FIJI macro
code built into the MosaicTool software (University of Barcelona,
Spain). The macro operates through measuring the mean value of the
plot image of each band to calculate the following indices: Normalized
Difference Vegetation Index (NDVI), Enhanced Vegetation Index (EVI),
Photochemical Reflectance Index (PRIm), Chlorophyll/Carotenoid
Index (CCI), Transformed Chlorophyll Absorption Index (TCARI), and
the TCARI/OSAVI index ratio. Likewise, aerial CT was acquired using a
custom batch processing macro function in FIJI that converts 16-bit
images (in Kelvin x 10000) to 32-bit images (in Celsius) [40]. Further
information regarding the selected RGB and multispectral indices is
summarized in Table 2. These indices represent a selection of the classic
reference indices, the most relevant, enhanced, optimized, and trans-
formed index variations and the best capacity of our Tetracam multi-
spectral sensor to measure different traits separately.
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2.2. Carbon and nitrogen stable isotope composition

Flag leaves, sampled during grain filling (coinciding with the second
measuring data), and mature grains, collected at harvest, were dried at
60 °C for a minimum of 48 h finely ground using a grinder machine
(Mixer Mill MM 400; Retsch GmbH, Haan; Germany), and then weighed
in tin capsules (approximately 1mg) for further analysis of the carbon
and nitrogen stable isotope signatures and the total nitrogen and carbon
contents. Stable isotope values were expressed in composition (δ) units,
as the deviation of the isotopic composition of the material from the
standard. Thus, the carbon and nitrogen isotopic compositions (δ13C
and δ15N) were expressed as:

δ13C or δ15N (‰) = [(Rsample/Rstandard) − 1] × 1000

Where the 13C/12C and 15N/14N ratios of the sample are notated as δ13C
and δ15N and expressed in ‰, whereas Rstandard is the molar abundance
ratio of the secondary standard calibrated against the primary standard
Pee Dee Belemnite (δ13C) and N2 from air (δ15N) [43]. Different sec-
ondary standards were used for carbon (IAEA−CH7, IAEA−CH6 and
IAEA-600, and USGS 40) and nitrogen (IAEA-600, N1, N2, NO3, UREA
and Acetanilide) isotope analyses. Analytical precision of the δ13C and
δ15N analyses were 0.1‰ and 0.3‰, respectively. Total carbon and
nitrogen contents in flag leaves and grains were expressed as the per-
centage (%) of total carbon and nitrogen on dry matter basis. Isotopes
and elemental analyses were performed employing an elemental ana-
lyzer operating in a continuous flow mode with a mass spectrometer
(Delta C IRMS; ThermoFinnigan, Bremen; Germany), at the Scientific
and Technical facilities of the University of Barcelona (Centres Cientí-
fics i Tecnològics de la Universitat de Barcelona (CCiTUB)).

2.3. Statistical analysis

Analysis of variance (ANOVA) was performed using SPSS 20 (IBM
SPSS Statistics 20, Inc., Chicago, IL; USA), to test the effects of planting
date (normal vs late planting), genotypes attitude (winter vs faculta-
tive) and genotypic differences per subset (winter or facultative) and
within each subset, for all parameters evaluated. The same analysis of
variance was run also using days to heading (DTH) as a covariable to
remove the effect of phenology. A bivariate Pearson correlation was
used operating with the same statistical package SPSS 20 to evaluate
relationships between all analytical traits and GY. Yield prediction was
assessed by implementing stepwise multiple regression models within
each treatment, where a multicollinearity level was controlled by set-
ting a maximum variance inflation factor (VIF) at 10. Graphs were
created using the softwares SigmaPlot 10.0 (Systat Software Inc,
California; USA) and the open source software R and RStudio 1.0.44 (R
Foundation for Statistical Computing, Vienna, Austria).

3. Results

3.1. Effect of planting date and genotype attitude on yield and agronomical
components

Effects of planting date (P < 0.001) and genotype attitude
(P < 0.05) on grain yield (GY) were significant (Table 3). Means of GY
and the number of spikes per square meter (spikes m−2), as well as days
to heading were greater in the normal planting compared to late
planting regardless of the genotypic attitude (winter or facultative).
Winter cultivars exhibited higher GY, spikes m-2, grains spike-1 and
days to heading and lower thousand grain weight (TGW) and grain
weight spike-1 than the facultative genotypes in the normal planting.
However, in late planting, days to heading was the only trait where
genotypic attitude had a significant effect, with facultative cultivars
reaching heading in average three weeks earlier than winter cultivars.
Moreover, heading in the winter cultivars was not synchronized. For a
given cultivar, the culms did not extrude the ears simultaneously but
rather extended in time. Interaction between planting date and geno-
typic attitude was significant for GY and days to heading. In normal
planting genotypic differences were also significant for GY and TGW
within each subset of cultivars (winter and facultative), and with grain
weight spike−1 and spikes m−2 in winter cultivars. In late planting,
genotypic differences were found for GY in winter cultivars, and for
spikes m−2 within facultative ones (Supplemental Table 1).

3.2. Effect of planting date and genotypes attitude on RGB and multispectral
indices

Remote sensing techniques were implemented during two con-
secutive visits (coinciding roughly with late heading and the second
half of the grain filling). During heading, all the aerial RGB indices
along with the multispectral NDVI.g were affected by planting date
(Table 4). RGB vegetation indices were significantly lower in normal
planting compared to late planting except for the Hue.a and GGA.a,
while NDVI.g exhibited an opposite behavior. Among these indices
solely the Hue.a, GA.a and NDVI.g were affected by genotypic attitude
and its interaction with planting date. Furthermore, and within normal
planting, b*.a, GA.a and GGA.a and the multispectral index TCARIOS-
AVI.a were higher across facultative genotypes than within winter ones.
However, the RGB and multispectral indices assessed at ground level
failed to separate between genotypic attitudes (Table 4). In late
planting, no significant effect was revealed between winter and fa-
cultative genotypes except for the RGB index a*.a and NDVI.g (Table 4),
while ground RGB indices and aerial multispectral indices were not
assessed. In normal planting, genotypic differences within both subsets
(winter and facultative) were shown for the RGB index Hue.g, and for
most aerially assessed RGB indices (except a*.a), while genotypic

Table 2
Indices derived from RGB and multispectral visible and near infrared bands.

Function Index Equation Reference

Greenness Green Area (GA) 60° <Hue< 180° [41]
Greener Area (GGA) 80° <Hue< 180° [41]

Enhanced Vegetation Index (EVI) 2.5 x ((RNIR - RRed) / (RNIR + 6 x RRed − 7.5 x RB + 1)) [71]
Normalized Difference Vegetation Index (NDVI) (RNIR − RRed) / (RNIR + RRed) [58]
Optimized Soil-Adjusted Vegetation Index (OSAVI) (R780 − R670) / (R780+R670+0.16) [72]

Photosynthetic Activity Photochemical Reflectance Index (PRI)* (R550 − R570) / (R550 + R570) [73]
Chlorophyll/Carotenoid index (CCI) (R550 − R670) / (R550 + R670) [21]

Leaf pigments Transformed Chlorophyll Absorption Index (TCARI) 3 x (R700 − R670) − 0.2 x (R700 − R550) x (R700x/ R670) [74]
Index Ratio (TCARIOSAVI) TCARI / OSAVI [74]

* For the PRI index, R550 is used instead of the R531 proposed by Gamon et al. [73], given the limitation in specific wavelengths of the multispectral camera used
[75,76].
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differences within the winter set of genotypes also existed for NDVI.g,
the RGB indices a*.g, b*.g, GGA.g and a*.a. In late planting, solely
NDVI.g within facultative cultivars exhibited genotypic differences,
while no genotypic effects were found for other indices within the
subsets of winter and facultative genotypes (Supplemental Table 2).

The grain filling stage (assessed during the second visit) revealed
significant planting date and genotypic attitude effects for almost all
RGB and multispectral indices derived from both ground and aerial
platforms, whereas the interaction effect between these factors was
only significant for some RGB indices (Hue.g, a*.g, GGA.g and GA.a).
Regardless of being acquired at ground or from the aerial platform,
multispectral indices PRIm and NDVI and RGB indices GA and GGA
increased significantly in late planting compared to normal planting.
Moreover, and in both planting dates, RGB and multispectral vegetation
indices recorded significantly higher values in winter genotypes com-
pared to facultative ones (Table 4). At the normal planting and within
both subsets of cultivars, genotypic differences existed for the multi-
spectral index (EVI.a), while genotypic differences for the RGB indices
b*.g and the GGA.a were found only across the winter subset. In late
planting, genotypic differences were significant within both winter and
facultative genotypes regarding RGB and multispectral indices (Hue.g,
a*.g, b*.g and NDVI.g), while GA.g and GGA.g were only significant
within facultative genotypes (Supplemental Table 2).

3.3. Effect of planting date and genotypes attitude on water regime and
nitrogen status parameters

In both heading and grain filling canopy temperature (CT) assessed
from ground (i.e. at single plot level) was affected significantly by
planting date and genotypic attitude, while interaction for these factors
occurred during grain filling only. Significant differences between
genotypic attitudes were well evident in normal planting during
heading and in the late planting during grain filling, where facultative
genotypes exhibited higher CT.g than winter ones. Likewise, CT.a was
significantly higher in facultative genotypes than winter ones in both
phenological stages when measured in normal planting date (Table 5).
Moreover, significant genotypic differences were shown within fa-
cultative genotypes at heading in both planting dates, but were not
evidenced during grain filling (Supplemental Table 3).

Nitrogen content (N) and carbon isotope composition (δ13C) of flag
leaves and grains, together with nitrogen isotopic composition (δ15N) of

flag leaves were significantly affected by planting date and genotypic
attitude, while carbon content in grains was only affected by planting
date. A significant interaction between planting date and genotypes
attitude was found only for Ngrain and δ13Cleaf (Table 5). In both flag
leaves and grains, N and δ13C were higher in normal planting compared
with late planting. Furthermore, winter genotypes exhibited higher
Nleaf and lower δ13Cleaf, Ngrain and δ13Cgrain than facultative genotypes
in normal planting, and higher Nleaf and δ13Cleaf in late planting. In
normal planting genotypic differences were shown for Ngrain within
both subsets (winter and facultative), and for δ13Cleaf and δ15Nleaf and
δ15Ngrain only within facultative cultivars. In late planting, genotypic
differences were only found for δ13Cleaf, δ13Cgrain and Ngrain within
winter genotypes (Supplemental Table 3).

3.4. Effect of phenology on grain yield and phenotypical traits

For grain yield, agronomical components and all the phenotypical
traits assayed, ANOVA was also run using days to heading as a cov-
ariate, to remove the effect of phenology. In this context, planting date
did not have a significant effect on GY and number of spikes m−2.
Moreover, phenology significantly affected GY, number of spikes m−2,
the traits informing on water status (CT and heading and grain filling,
and δ13C of the flag leaf and mature grains) and most of the remote
sensing vegetation indices. Nevertheless, the effect of genotype attitude
(winter versus facultative) was still significant for GY, number of spikes
m−2, δ13Cleaf and δ13Cgrain and N content of the grain, as well as most of
the RGB vegetation indices measured during grain filling.

3.5. Performance of yield components assessing GY within planting dates
and genotypic attitudes

Correlation coefficients of the linear regressions of GY against days
to heading and agronomical yield components using genotypic means
are presented (Table 6). In the case of normal planting, days to heading
correlated positively and thousand grain weight negatively against GY
only when combining both categories of genotypes. In the late planting,
GY related negatively to days to heading and positively to spikes m-2
(the only yield component measured) across both set of genotypes.

Table 3
Effect of planting date and genotype attitude on wheat grain yield (kg ha−1), days to heading, grain dry weigh per spike, number of grains per spike, thousand grain
weigh (TGW), and number of spikes per area. Range of genotypic values for yield within each category (winter versus facultative) of cultivars are shown in
parenthesis.

Yield (kg ha−1) Genotypic Yield (kg ha−1) Days to heading Grain weight spike−1 (g) Grains spike−1 TGW (g) Nº spikes m−2

Normal planting

All 8161 ± 115 (5694–9893) 149 ± 1 1.75 ± 0.03 43.11 ± 0.62 40.90 ± 0.58 607 ± 10
Winter 8498a ± 104 (7344–9893) 152a ± 1 1.71b ± 0.03 43.96a ± 0.69 39.01b ± 0.55 622a ± 11
Facultative 7296b ± 251 (5694–9212) 143b ± 1 1.90a ± 0.1 40.94 b ± 1.22 45.76a ± 1.06 568 b ± 22

Late planting

All 4894 ± 110 (2770–5961) 104 ± 2 – – – 476 ± 10
Winter 4806a ± 142 (2770–5961) 109a ± 1 – – – 482a ± 12
Facultative 5095a ± 156 (4330–5907) 90b ± 1 – – – 461a ± 18

ANOVA

PD <0.001 – < 0.001 – – – <0.001
A <0.05 – < 0.001 – – – < 0.05
PD x A <0.001 – < 0.001 – – – 0.617

Values are means ± standard error of the whole set (38) of genotypes and the winter (27) and facultative (11) subsets of genotypes. Levels of signification for the
ANOVA: P < 0.01 and P < 0.001. PD, Planting date; A, Attitude. Within each planting date, means exhibiting different letters are significantly different (P < 0.05)
by t-student on independent samples.

F.Z. Rezzouk, et al. Plant Science 295 (2020) 110281

6



Ta
bl
e
4

Eff
ec
to

fw
he
at

pl
an
tin

g
da
te
s
(n
or
m
al

vs
la
te
),
an
d
pl
ac
em

en
t
of

th
e
se
ns
or
s
(a
er
ia
lv

s
gr
ou

nd
)
on

RG
B
an
d
m
ul
tis
pe
ct
ra
li
nd

ic
es

as
se
ss
ed

in
di
ffe

re
nt

ph
en
ol
og
ic
al

st
ag
es

(H
ea
di
ng

vs
gr
ai
n
fil
lin

g)
.

R
G
B
In
di
ce
s

H
ue
.g

a*
.g

b*
.g

G
A
.g

G
G
A
.g

H
ue
.a

a*
.a

H
ea
di
ng

N
or

m
al

pl
an

tin
g

A
ll

10
8
±

1
−
12

.6
±

0.
3

15
.2

±
0.
3

0.
88

±
0.
01

0.
75

±
0.
01

14
0
±

3
−
7.
1
±

0.
1

W
in
te
r

10
7a

±
1

−
12

.5
a
±

0.
3

15
.2

a
±

0.
4

0.
88

a
±

0.
01

0.
75

a
±

0.
01

14
5a

±
3

−
6.
9a

±
0.
1

Fa
cu
lta

tiv
e

11
0a

±
1

−
13

.1
a
±

0.
5

15
.1

a
±

0.
4

0.
88

a
±

0.
01

0.
75

a
±

0.
02

12
7b

±
4

−
7.
7b

±
0.
2

La
te

pl
an

tin
g

A
ll

–
–

–
–

–
93

±
2

−
10

.1
±

0.
2

W
in
te
r

–
–

–
–

–
93

a
±

2
−
10

.4
b
±

0.
2

Fa
cu
lta

tiv
e

–
–

–
–

–
91

2a
±

2
−
9.
4a

±
0.
2

A
N
O
V
A

PD
–

–
–

–
–

<
0.
00

1
<

0.
00

1
A

–
–

–
–

–
<

0.
05

0.
23

8
PD

x
A

–
–

–
–

–
<

0.
05

<
0.
00

1

G
ra
in

fil
lin

g
N
or

m
al

pl
an

tin
g

A
ll

85
.2

±
1.
8

−
8.
1
±

0.
1

14
.9

±
0.
3

0.
79

±
0.
02

0.
51

±
0.
02

61
.2

±
1.
6

−
6.
7
±

0.
5

W
in
te
r

90
.3

a
±

1.
9

−
8.
4b

±
0.
1

14
.3

b
±

0.
4

0.
84

a
±

0.
01

0.
57

a
±

0.
02

65
.4

a
±

1.
8

−
8.
1b

±
0.
5

Fa
cu
lta

tiv
e

71
.7

b
±

2.
9

−
7.
4a

±
0.
3

16
.7

a
±

0.
6

0.
68

b
±

0.
05

0.
33

b
±

0.
05

50
.1

b
±

2.
4

−
3.
1a

±
1.
1

La
te

pl
an

tin
g

A
ll

92
.7

±
1.
3

−
9.
8
±

0.
2

15
.3

±
0.
4

0.
94

±
0.
01

0.
78

±
0.
02

84
.5

±
1.
5

−
14

.8
±

0.
5

W
in
te
r

95
.4

a
±

1.
2

−
9.
9b

±
0.
2

14
.7

b
±

0.
4

0.
95

a
±

0.
01

0.
85

a
±

0.
02

92
.5

a
±

1.
1

−
17

.2
b
±

0.
3

Fa
cu
lta

tiv
e

86
.5

b
±

2.
7

−
9.
6a

±
0.
3

16
.5

a
±

0.
5

0.
91

b
±

0.
01

0.
61

b
±

0.
05

66
.5

b
±

2.
1

−
9.
4a

±
0.
7

A
N
O
V
A

PD
<

0.
00

1
<

0.
00

1
0.
18

8
<

0.
00

1
<

0.
00

1
<

0.
00

1
<

0.
00

1
A

<
0.
00

1
<

0.
01

<
0.
01

<
0.
00

1
<

0.
00

1
<

0.
00

1
<

0.
00

1
PD

x
A

<
0.
01

<
0.
01

0.
05

1
0.
97

8
<

0.
00

1
0.
05

5
0.
28

5

(c
on

tin
ue

d
on

ne
xt

pa
ge
)

F.Z. Rezzouk, et al. Plant Science 295 (2020) 110281

7



Ta
bl
e
4
(c
on

tin
ue

d)

R
G
B
In
di
ce
s

M
ul
ti
sp
ec
tr
al
in
di
ce
s

b*
.a

G
A
.a

G
G
A
.a

N
D
VI
.g

N
D
VI
.a

EV
I.a

PR
Im

.a
CC

I.a
TC

A
RI
O
SA

VI
.a

H
ea
di
ng

N
or

m
al

pl
an

tin
g

7.
7
±

0.
3

0.
76

±
0.
02

0.
74

±
0.
02

0.
71

±
0.
01

0.
82

±
0.
01

0.
98

±
0.
01

0.
20

±
0.
01

0.
28

±
0.
01

0.
21

±
0.
01

7.
1b

±
0.
3

0.
73

b
±

0.
02

0.
71

b
±

0.
02

0.
71

a
±

0.
01

0.
82

a
±

0.
01

0.
98

a
±

0.
01

0.
21

a
±

0.
01

0.
28

a
±

0.
01

0.
21

b
±

0.
01

9.
1a

±
0.
5

0.
83

a
±

0.
02

0.
81

a
±

0.
02

0.
71

a
±

0.
01

0.
81

a
±

0.
01

0.
99

a
±

0.
01

0.
21

a
±

0.
01

0.
29

a
±

0.
01

0.
22

a
±

0.
01

La
te

pl
an

tin
g

16
.4

±
0.
5

0.
95

±
0.
01

0.
72

±
0.
03

0.
76

±
0.
01

–
–

–
–

–
16

.9
a
±

0.
7

0.
95

a
±

0.
01

0.
73

a
±

0.
03

0.
77

a
±

0.
01

–
–

–
–

–
15

.3
a
±

0.
7

0.
95

a
±

0.
01

0.
71

a
±

0.
05

0.
72

b
±

0.
01

–
–

–
–

–

A
N
O
V
A <

0.
00

1
<

0.
00

1
<

0.
00

1
<

0.
00

1
–

–
–

–
–

0.
70

2
<

0.
05

0.
39

2
<

0.
00

1
–

–
–

–
–

<
0.
05

<
0.
05

0.
19

7
<

0.
00

1
–

–
–

–
–

G
ra
in

fil
lin

g
N
or

m
al

pl
an

tin
g

25
.3

±
0.
4

0.
53

±
0.
03

0.
27

±
0.
02

0.
56

±
0.
01

0.
79

±
0.
01

0.
88

±
0.
01

0.
14

±
0.
01

0.
28

±
0.
01

0.
28

±
0.
01

24
.5

a
±

0.
4

0.
60

a
±

0.
03

0.
33

a
±

0.
02

0.
59

a
±

0.
01

0.
81

a
±

0.
01

0.
88

a
±

0.
01

0.
15

a
±

0.
01

0.
29

a
±

0.
01

0.
26

b
±

0.
01

27
.4

b
±

0.
5

0.
33

b
±

0.
05

0.
13

b
±

0.
03

0.
47

b
±

0.
02

0.
74

b
±

0.
02

0.
82

b
±

0.
02

0.
13

b
±

0.
01

0.
24

b
±

0.
02

0.
35

a
±

0.
02

La
te

pl
an

tin
g

25
.3

±
0.
3

0.
84

±
0.
02

0.
63

±
0.
02

0.
69

±
0.
01

0.
81

±
0.
01

0.
67

±
0.
01

0.
17

±
0.
01

0.
31

±
0.
01

0.
28

±
0.
01

25
.1

b
±

0.
4

0.
91

a
±

0.
01

0.
76

a
±

0.
02

0.
73

a
±

0.
01

0.
82

a
±

0.
01

0.
68

a
±

0.
01

0.
17

a
±

0.
01

0.
31

a
±

0.
01

0.
26

b
±

0.
01

26
a
±

1
0.
66

b
±

0.
04

0.
33

b
±

0.
03

0.
61

b
±

0.
01

0.
76

b
±

0.
01

0.
65

a
±

0.
02

0.
15

b
±

0.
01

0.
28

b
±

0.
01

0.
33

a
±

0.
02

A
N
O
V
A 0.

75
0

<
0.
00

1
<

0.
00

1
<

0.
00

1
0.
07

7
<

0.
00

1
<

0.
00

1
<

0.
01

0.
58

3
<

0.
00

1
<

0.
00

1
<

0.
00

1
<

0.
00

1
<

0.
00

1
<

0.
00

1
<

0.
00

1
<

0.
00

1
<

0.
00

1
0.
45

7
<

0.
00

1
0.
68

2
0.
28

6
0.
92

8
0.
24

9
0.
86

2
0.
67

6
0.
63

0

Va
lu
es

ar
e
m
ea
ns

±
st
an
da
rd

er
ro
r
of

th
e
w
ho

le
se
t
(3
8)

of
ge
no

ty
pe
s
an
d
th
e
w
in
te
r
(2
7)

an
d
fa
cu
lta

tiv
e
(1
1)

su
bs
et
s
of

ge
no

ty
pe
s.
Le
ve
ls
of

si
gn

ifi
ca
tio

n
fo
r
th
e
A
N
O
VA

:P
<

0.
05

,P
<

0.
01

an
d
P
<

0.
00

1.
PD

,
Pl
an
tin

g
da
te
;A

,A
tt
itu

de
.W

ith
in

ea
ch

pl
an
tin

g
da
te
,m

ea
ns

ex
hi
bi
tin

g
di
ffe

re
nt

le
tt
er
s
ar
e
si
gn

ifi
ca
nt
ly

di
ffe

re
nt

(P
<

0.
05

)
by

t-s
tu
de
nt

on
in
de
pe
nd

en
t
sa
m
pl
es
.S

ub
-in

di
ce
s:
g,

gr
ou

nd
;a

,a
er
ia
l.

F.Z. Rezzouk, et al. Plant Science 295 (2020) 110281

8



3.6. Performance of RGB and multispectral indices assessing GY within
planting dates and genotypic attitude

In the normal planting, during heading and using genotypic means
(Table 7), all aerially assessed RGB vegetation indices together with the
multispectral TCARIOSAVI.a correlated with GY across both subsets of
genotypes, while the ground-assessed RGB indices and the rest of
multispectral indices did not correlate. As per genotypic attitude, the
RGB indices a*.a, GA.a and GGA.a correlated within winter genotypes,
while the Hue.a and multispectral indices EVI.a and TCARIOSAVI.a
correlated with GY within facultative ones. In the late planting how-
ever, only the RGB parameters a*.a and b*.a correlated against GY; in
this case across all genotypes as well as within winter genotypes.

During grain filling, for normal planting, all RGB and multispectral
indices assessed at ground and aerially were significantly correlated
against GY across both subsets of genotypes combined (Table 7). Re-
garding genotypic attitude however, only the RGB index a*.a and the
multispectral EVI.a correlated with GY within facultative genotypes,
and no correlation existed within winter ones. In the late planting, only
the RGB indices b*.g and a*.a, together with multispectral indices EVI.a
and CCI.a correlated with GY across both categories of genotypes as
well as (except for b*.g) within winter genotypes only. No other ve-
getation index correlated with GY within the winter and facultative
subsets of genotypes.

3.7. Performance of canopy temperature, stable isotope signatures and N
content assessing GY within planting dates and genotypes attitude

In the normal planting (and except for ground-assessed CT at
heading), CT correlated negatively with GY across the whole set of
genotypes in the normal planting. In the late planting negative corre-
lations were achieved only at heading and this index also correlated
negatively with GY within the winter subset of genotypes. No other
correlation between CT and GY within each of the two subsets of
genotypes were recorded (Table 8).

δ13C of grains correlated negatively with GY across the whole set of
genotypes and replicates in both planting dates (Fig. 3). Significant
correlations using genotypic means were also recorded across the whole
set of genotypes as well as within the facultative subset of genotypes in
the normal planting and within winter genotypes in the late planting
(Table 8). In flag leaves however, the negative correlations of δ13C
against GY were only reported in the late planting across all genotypesTa
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Table 6
Correlation coefficients of the linear regressions of wheat grain yield (GY)
against days to heading, grain dry weight per spike (Grain weight spike−1),
number of grains per spike (grains spike−1), thousand grains weight (TGW),
number of spikes per grown area (spikes m-2), per planting date.

Days to
heading

Grain
weight
spike−1

Grains
spike−1

TGW Nº spikes m−2

Normal planting

All 0.435** −0.285 ns 0.130ns −0.407* 0.276ns
Winter −0.163 ns 0.260ns −0.010ns 0.266ns −0.203ns
Facultative 0.264ns −0.592ns −0.070ns −0.605 ns 0.564ns

Late planting

All −0.430** – – – 0.386*
Winter −0.636** – – – 0.429*
Facultative 0.076ns – – – 0.472ns

Correlation values were calculated across the whole (All) set (38) of genotypes
or within the winter (27) and facultative (11) subsets of genotypes. (each
genotypic value being the mean of three plots). Level of significance: ns, non-
significant; *, p < 0.05; **, p < 0.01.
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as well as within winter genotypes. Nitrogen content of the flag leaf
correlated positively with GY across the whole set of genotypes and
replicates in both the normal and the late plantings (Fig. 4A), while
nitrogen content in grains correlated negatively with GY (Fig. 4B).
However phenotypic correlation (i.e. across the genotype means) be-
tween leaf N and GY was only significant at normal planting when both

subgroups of genotypes were considered together, while no correlations
existed for late planting or within each of the subsets of genotypes
(Table 8). N content of kernels correlated negatively with GY across the
means of the whole set of genotypes at both the normal and late
plantings as well as within the winter subset. Total carbon content and
the δ15N of the flag leaf and grains did not correlate with GY in any
case.

Correlations of CT against δ13C and nitrogen content of the flag leaf
and the mature grains were also investigated in both planting dates
(Supplemental Table 6). In normal planting and disregarding the pla-
cement of the sensor, CT measured at heading related negatively
against N of the flag leaf and positively with N content of grains, as well
as with the δ13C of flag leaf and grains. These correlations in the late
planting were weaker, though.

Relationships between δ15N and nitrogen content of the flag leaf
against ground and aerial remote sensing (RGB, thermal and multi-
spectral) indices were also displayed (Supplemental Tables 7 and 8).
For both δ15N and N content, correlations were stronger with remote
sensing traits measured in normal rather than in late planting, parti-
cularly when measured during grain filling.

3.8. Performance of remote sensing techniques and stable isotopes on GY
phenotyping

To evaluate the best GY predictors among all remote sensing (RGB,
thermal and multispectral) indices and analytical (N content and iso-
topic parameters) values, multilinear stepwise regression models were
tested for both planting dates, and using the genotypic means for GY as
well as for all the phenotypic traits evaluated (Table 9). Three different
categories of phenotyping models were tested: 1) only including remote
sensing indices; 2) only including stable isotope signatures and N
content and 3) combining the two previous categories. In general, and
for each of these three categories of phenotyping characteristics, models
explained better genotypic variability in GY in the normal compared
with the late planting within each phenotyping category. Also, models
using stable isotopes and nitrogen content alone predicted GY perfor-
mance more efficiently than these using remote sensing indices alone;
nevertheless, the best predictions were attained when both categories of
traits were combined (Table 9).

Table 8
Correlations of ground-assessed (CT.g), and aerially assessed (CT.a) canopy temperature during heading and grain filling, carbon and nitrogen contents, carbon and
nitrogen isotopic composition δ13C and δ15N in sampled flag leaves during grain filling and dry matter of mature grains, against GY within planting dates (Normal vs
Late).

Canopy temperature Isotopic composition

Heading Grain filling Maturity

CT.g CT.a CT.g CT.a δ13Cleaf δ15Nleaf Cleaf Nleaf δ13Cgrain δ15Ngrain Cgrain Ngrain

Normal planting

All −0.198ns −0.505** −0.475** −0.452** −0.128ns 0.273ns −0.161ns 0.498** −0.553** 0.106ns −0.040ns −0.624**
Winter 0.307ns −0.222 −0.274ns −0.250ns 0.083ns 0.078ns −0.098ns 0.057ns −0.188ns −0.089ns −0.106ns −0.404*
Facultative −0.523ns −0.606 −0.520ns −0.393ns −0.242ns 0.017ns −0.240ns 0.347ns −0.755* 0.088ns 0.079ns −0.536ns

Late planting

All −0.357* – 0.150ns – −0.617** −0.219ns −0.053ns −0.254ns −0.591** 0.238ns 0.239ns −0.575**
Winter −0.583** – 0.139ns – −0.692** −0.160ns −0.166ns −0.330ns −0.706** 0.357ns 0.215ns −0.665**
Facultative 0.109ns – −0.161ns – −0.381ns −0.152ns 0.382ns 0.370ns 0.037ns −0.325ns 0.071ns −0.287ns

Correlation values were calculated across the whole (All) set (38) of genotypes or within the winter (27) and facultative (11) subsets of genotypes (each genotypic
value being the mean of three plots). Abbreviations for subscripts are a (aerial) and g (ground). Levels of significance: ns, non-significant; *, P<0.05; **, P< 0.01.
Sub-indices: g, ground; a, aerial.

Fig. 3. Relationship between grain yield (GY) and carbon isotope composition
(δ13C) of mature grains, sorted by wheat genotype attitude (winter vs faculta-
tive), in both normal planting date (A) and late planting date (B). Each point
represents a replication (i.e. plot value) for a given cultivar and growing con-
dition.
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4. Discussion

4.1. Effect of planting date and the genotype attitude on wheat performance

Sowing date is regarded as a key factor to adjust wheat growth cycle
to the climate conditions prevailing in a site [1]. Late planting is an
experimental approach frequently used to evaluate the effect of in-
creased temperature in crop performance [44–46]. The interfering ef-
fects of factors other than temperature affecting the growth and de-
velopment pattern of the crop may be excluded. In our experimental
setup, differences in photoperiod were rather minor: one hour (corre-
sponding to 10.39 h and 11.39 h, for the dates for normal and late
planting, respectively), from a total annual variation of about 6 h at the
latitude of Zamadueñas station). Moreover, both trials were exposed to
a pattern of increasing daylength after seedling emergence (considering
the days elapsed between sowing and emergence in the normal plan-
ting).The current study intended to evaluate the behavior of wheat
cultivars planted in different dates in relation with the performance of
phenotyping techniques, altogether with the interaction of planting
temperature (i.e. planting date) with genotyping characteristics de-
termining flowering induction by low temperature (i.e. winter versus
facultative behavior).

Even after removing the effect of phenology (using heading time as
a covariate), winter cultivars were still significantly different than fa-
cultative cultivars for GY, number of spikes m−2, δ13Cleaf and δ13Cgrain
and N content of the grain, as well as most of the RGB vegetation in-
dices measured during grain filling. A decrease in GY is expected in the
late planting as a result of higher temperatures which, not only shorten
the duration of the crop cycle, but also increase respiration (dark re-
spiration and photorespiration) rates and may eventually expose plants
to heat stress during late growth stages [47,48]. Our results suggest that
differences in yield between the two genotypic types were (at least in
part) established prior grain filling. One factor involved may be the
longer phenology (date of heading) of the winter phenotypes which has
been reported before [10,49]. Moreover, it has been reported that

Fig. 4. Relationship between grain yield (GY) and nitrogen content (N) of flag
leaves (A) and mature grains (B), sorted by genotypes attitude (winter vs fa-
cultative) in normal planting date. Each point represents a replication (i.e. plot
value) for a given cultivar and growing condition.

Table 9
Multi-linear regression (stepwise) of grain yield (GY) as dependent variable, and the remote sensing traits (canopy RGB, multispectral vegetation indices and canopy
temperature) measured from ground and aerial platforms and combined to carbon and nitrogen isotope composition (δ13C and δ15N) as independent variables.
R2
adjusted, adjusted determination coefficient; RMSE, Root Mean Square Error; P-value, linear regression model significance.

Grain yield predictions R2
adjusted RMSE P-value

Heading Normal planting

All parameters Y=597.5 – 2421.4 %Ngrain – 18738.6 TCARIOSAVI.a + 5764.7 EVI.a + 747.8 δ13Cleaf – 1218.7
δ13Cgrain

0.731 492.7 <0.001

Remote sensing Y=1697.2+41.9 Hue.a + 262.2 b*.g 0.449 704.3 <0.001

Late planting

All parameters Y=−9614.1 – 559.1 δ13Cleaf – 1702.1 %Ngrain + 308.9 a*.a + 7133.4 NDVI.g 0.648 466.1 <0.001
Remote sensing Y=8887.9+396.8 a*.a 0.329 643.7 <0.001

Grain filling Normal planting

All parameters Y=2934.1 – 2942.2 %Ngrain + 29594.9 NDVI.a – 61017.9 PRIm.a – 673.9 δ15Ngrain 0.694 524.9 <0.001
Remote sensing Y=4118.2+14465.4 CCI.a 0.331 776.3 <0.001

Late planting

All parameters Y=−24815.4 – 617.7 δ13Cleaf – 1812.9 %Ngrain – 109.6 b*.a + 417.2 %Cgrain 0.654 462.4 <0.001
Remote sensing Y=8154.9+333.6a*.a 0.205 700.7 <0.001

Stable isotopes+nitrogen Normal planting

Isotopes Y=−19.1 – 2389.2 %Ngrain + 961.1 %Nleaf + 860.3 δ13Cleaf – 1309.8 δ13Cgrain 0.689 529.6 <0.001

Late planting

Isotopes Y=−9787.1 – 649.7 δ13Cleaf – 1770.1 %Ngrain 0.529 539.4 <0.001
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winter cultivars are more tolerant to low temperature than the fa-
cultative ones [7,8]. The negative effect of a late planting on GY was
related with a shorter crop duration, which basically caused a decrease
in spikes m-2, particularly in the winter genotypes, given their poor
flowering. By contrast, facultative cultivars, apart from not having the
vernalization requirements to flowering [7,8,50], they express genes
that confer heat tolerance [51–53]. The expected rise in temperature
associated with climate change [4,5] will make on the long term winter
genotypes more vulnerable than facultative ones, highlighting hence
the potential adaptive ability of facultative genotypes that can secure
better productivity under Mediterranean conditions. The increase in the
atmospheric level of CO2 is not expected to play any differential effect
between both categories of genotypes, besides to alleviate the negative
effects of heat on the photosynthetic activity.

In the normal planting the δ13C of both the flag leaf and grains of
the winter genotypes were slightly more negative than that of faculta-
tive genotypes, indicating better water status experienced by the winter
genotypes in spite their somewhat larger crop cycle [54,55]. In agree-
ment with that, days to heading was positively correlated with GY
across the whole (winter plus facultative) set of genotypes. By contrast,
in the late planting, facultative genotypes exhibited a more negative
leaf δ13C than the winter genotypes, and days to heading were nega-
tively correlated with GY across the whole set of genotypes as well as
within winter genotypes. These results indicate that for a late planting,
even if under well irrigated conditions shown by the very low δ13C
values of both the flag leaf and the grains (even more negative than for
the normal planting), escaping attitude, in terms of reaching fast the
reproductive stage, is paramount under Mediterranean conditions as
growing temperature increases [55,56].

4.2. RGB and multispectral indices and wheat performance

Among RGB indices, GA, GGA, a* and Hue, altogether with multi-
spectral-derived indices NDVI, EVI, PRIm and TCARIOSAVI, are con-
sidered as efficient indicators of canopy growth and green vegetation
[17]. In the present study, and regardless of data of measurement, these
indices correlated in general better with GY in the normal planting
compared with the late planting trial. In fact, late planting, by short-
ening crop cycle, is probably diminishing genotypic differences in ca-
nopy biomass and greenness, as well as in ground covering and thus
yield. All these aspects may limit the performance of vegetation indices
assessing genotypic differences in GY. Different explanations may be
argued, as for instance the faster development and shorter crop dura-
tion in late planting, which moreover to limiting canopy growth may
blur genotypic differences in canopy size as well as in stay green.

Generally, RGB and multispectral vegetation indices correlated
better against GY during grain filling than at heading. Comparable re-
sults have been reported previously regarding durum wheat [27,41,57],
the explanation being these indices, when assessed during grain filling,
may catch differences across genotypes in terms of maintaining the
photosynthetic capacity of the canopy for longer, which is known as
stay green [58]. Besides that, grain filling is at a later stage than
heading, and closer to maturity and harvest, therefore more re-
presenting the final GY.

Concerning stay green, in the case of CCI, this index reflects the
chlorophyll/carotenoid ratio in the canopy, with senescence increasing
this ratio. The negative correlation obtained in the late planting, not
only across the whole set of genotypes, but also across the winter
genotypes, can be explained by the fact the canopy of the winter gen-
otypes remains greener for longer because reproductive stage is delayed
(and irregular), and consequently the canopy senescence too. The more
the senescence is delayed the poorer the reproductive stage is and
consequently GY will be lower. On the contrary in the normal planting,
stay green during grain filling is a positive trait in terms of increasing
GY, particularly when water conditions are adequate such in our trials
submitted to support irrigation.

Recent reports on barley [26] and maize [17,31] concluded for RGB
indices that when assessed from ground they performed as well as as-
sessed aerially. Nevertheless, different factors may explain the poor
performance of ground images at heading. For each index differences
across the whole set and the subsets of winter and facultative genotypes
were similar regardless of being assessed at ground or from an UAV.
Nevertheless, the absolute values varied between both ground and
aerial acquired indices (Table 4). Ground and aerial measurements
were held at the same time (though for ground measures the assessment
period was considerably longer than these assessed aerially). Differ-
ences in environmental variables possibly affecting the images can be
involved. Thus, while measurements during grain filling were per-
formed on a sunny day, measurements during heading took place in a
day of alternating sun and clouds. Therefore, sudden and/or transient
changes in light conditions may affect the ground measurements. On
the other hand, the potential effects of Bidirectional Reflectance Dis-
tribution Function (BRDF) were minimized by capturing ground and
UAV images at approximately the same time of day and within 2 h of
solar noon. Moreover, at least for the measurements during heading the
conditions were partially cloudy which could minimize BRDF effects
with diffuse light. The main advantage of ground assessment is that
images resolution is higher compared to that of aerial images. In the
case of the RGB images, the number of pixels per plot decreases dras-
tically when images are acquired aerially. Nevertheless, aerial images
provide full coverage of the entire plots at the same time, while ground
assessed RGB images capture only approximately 35% plot area cov-
erage based on ground sample distance calculations (data not shown).
In the case of the NDVI measured with the hand spectroradiometer,
again only a section of the plot is captured. Besides that, heading is not
the optimal period to assess GY differences with RGB indices, particu-
larly given the fact green biomass is larger at this stage than at grain
filling. Thus, ground-acquired indices may be more saturated (excess of
green because of very dense canopies) and then it is more complicated
to assess differences among the genotypes.

4.3. Canopy temperature and wheat performance

Water stress conditions can be detected through measuring CT,
where stressed plants reveal higher CT compared to unstressed ones and
in fact, negative correlations between CT and GY are expected [59,60].
In our study, even if trials were irrigated, significant negative correla-
tions were found for the normal planting trial from both platforms.
Similarly to the vegetation indices, at heading CT measured from the
aerial platform correlated stronger against GY than those measured
from ground level, whereas similar phenotypic correlations against GY
were found during grain filling. In any case the potential advantage of
an aerial platform relies in the fact that CT from the entire plots are
measured simultaneously, which is not the case when temperature is
assessed at ground level in individual plots. Soil but specially en-
vironmental conditions (air temperature, wind, sun brightness) may
fluctuate from plot to plot throughout the sampling [12]. Moreover,
whilst aerial images capture the entire plot canopy, the ground based
ones cover only 40% to 50% of each plot’s canopy [42].

In our study, a higher CT was coupled not only with a lower yield
but also with lower leaf nitrogen content and higher δ13C values.
Comparable relationships have been reported before in wheat under
Mediterranean conditions, by combining different water and nitrogen
fertilization regimes [27]. The positive correlation of CT with carbon
isotopic composition is coherent with the fact a higher δ13C has been
associated with a poorer water status [55]. In the same sense, a poorer
water status assessed through high CT, may also negatively affect N
accumulation in the plant [27,57,61].

However, CT may be affected by genotype attitude in a way it does
not inform on the water status of the crop. The delay in the extrusion of
the spikes, together with a larger leaf biomass of the winter genotypes is
related with their lower CT during heading and grain filling compared
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to the facultative ones in both plantings. In fact, leaves transpire more
than the non-laminar parts (stems, ears) of the plant, and therefore the
CT is strongly affected by phenology [62]. This should agree with the
lower CT observed in the winter compared with facultative subset
during grain filling at late panting. Interestingly, for the late planting
δ13C of the flag leaf was higher (less negative) in the winter compared
with the facultative group, suggesting poorer water status in the winter
cultivars, and no differences in δ13C of mature grains were found be-
tween both groups (winter and facultative). These results in carbon
isotope signature further support differences in CT between winter and
facultative are not due to differential water status [55] but to phe-
nology (ear emergence).

4.4. Stable isotopes, N content and wheat performance

δ13C is an efficient and accurate estimator of the effect of water
status on stomatal conductance and thus photosynthesis and yield
[43,63,64]. Correlations of GY with δ13C of mature grains were nega-
tive and significant in both planting dates, with correlation coefficients
usually larger than for remote sensing data against GY. For the late
planting δ13C flag leaf was also negatively correlated with GY. In fact,
under Mediterranean field conditions and except for very severe
stressed environments, the correlations between δ13C and GY are ne-
gative, which means that genotypes more productive are keeping sto-
mata more open [33,55].

For both the normal and the late planting, the flag leaf of the winter
genotypes exhibited higher δ15N values than the facultative genotypes.
While the nitrogen chemical fertilizer used possesses δ15N values near
0‰, naturally available nitrogen in the soil exhibits values δ15N clearly
higher [65,66]. Therefore, and regardless the planting date, the higher
δ15N values of the winter genotypes may be related with their larger
biomass compared with the facultative genotypes, which make the
former more demanding of nitrogen sources other than that provided
by the chemical fertilizer. In fact, leaf δ15N was positively related with
the RGB (GA, GGA) and multispectral (NDVI, EVI) indices most suited
as indicators of green biomass, while it correlated negatively with CT.
However, δ15N did not correlate with GY in any case even if entered as
a trait in most of the stepwise models explaining GY.

Nitrogen content of flag leaves in the normal planting was positively
correlated with GY, while in mature grains, and for both planting dates,
nitrogen content was negatively correlated to GY. In fact, we found a
positive correlation between leaf nitrogen against canopy greenness
measured as NDVI, GA or GGA measured during grain filling. This
agrees with previous results [67] and suggests a higher N content in flag
leaves is an indicator for stay-green and thereby for greater yield.
Moreover, and for both planting dates, N content in leaves was higher
in winter compared with facultative genotypes, which agrees with the
delayed phenology of the former in terms of reproductive period. By
contrast the negative correlation of nitrogen concentration in grains
against GY is just a consequence of a concentration effect related with
lower yield [68,69]. In this sense, for the normal panting nitrogen
concentration of grains was lower in the winter compared with the
facultative genotypes.

4.5. Phenotyping approaches and grain yield prediction

Vegetation indices, both multispectral and RGB-derived, proved
their efficiency in the normal planting at detecting genotypic variability
in GY. Moreover, for late planting even if the stepwise models were less
strong than for the normal planting, they still explained a relevant
portion of genotypic variability in GY, and again with models using
indices assessed at heading working better than those using indices
measured at grain filling. These results illustrate the potential ad-
vantage of using a combination of selection indices to explain genotypic
differences in GY rather than just a single index [17,31]. Furthermore,
total nitrogen content and carbon isotopic composition of flag leaves

and mature grains proved to be appropriate phenotypical proxies for
determining genotypic performance throughout the crop cycle and re-
gardless of the planting date. These traits provide a time-integrated
information of the crop performance in terms of water status in the case
of δ13C [55], stay green in case of leaf nitrogen [70] or sink size as for
the nitrogen content in grains [69]. Therefore, these analytical vari-
ables, contribute to a better understanding of the physiological differ-
ences existing between genotypes attitudes or and their adaptation to
different growing conditions. Moreover, by adding these analytical
variables the strength of the stepwise models based in remote sensing
indices strongly improved regardless of the planting date and stage
when remote sensing traits were acquired.

5. Conclusions

This study highlights the importance for wheat phenotyping per-
formance of growing temperature, genotype attitude, trait category,
phenological stage when evaluated, and even platform placement. In a
normal planting the different remote sensing indices and regardless
their nature (RGB or multispectral) performed quite similarly assessing
yield. Later evaluation (i.e. at grain filling) performed clearly better
than the earlier one (at heading) even if combined (e.g. stepwise)
models may palliate such limitation. Concerning placement of the re-
mote sensing sensors (at ground versus aerial) vegetation indices and
CT evaluated aerially worked much better than from ground at heading
but quite similarly at grain filling. At least on what concerns the RGB
cameras potential minor differences between the images captured at the
ground level and from the UAV may be due to differences in camera
model and sensor (micro 4/3 size LiveMOS Panasonic GX7 vs CMOS
Exmor size APS-C Sony QX1 in our study). However, camera compar-
isons made to the XRite ColorChecker Passport showed correlations
r> 0.94 for RGB values for both cameras under natural sunlight con-
ditions (data not shown). Therefore, as indicated above other factors
like sunlight conditions or the representativeness of the plot area as-
sessed at ground may be involved in the poor performance of ground-
acquired indices at heading.

With regard to genotype attitude, no clear pattern emerged; in some
cases, remote sensing indices correlated better with GY within winter
genotypes and in others the opposite. Late plating conditions strongly
decreased the performance of remote sensing approaches for assessing
yield. By contrast analytical traits such as δ13C as well as N content of
mature kernels correlated quite similarly against GY regardless planting
time and genotype attitude. Taken together these results indicate that
for Mediterranean conditions while remote sensing techniques may lose
efficiency as phenotyping traits due to miscellaneous factors, analytical
traits, such as δ13C and %N, of kernels are less affected. Moreover, the
performance of remote sensing approaches (RGB, multispectral and
thermal) aiming to track genotypic differences in grain yield in wheat,
can be clearly improved when combined with δ13C or N of mature
kernels. However, the intrinsic limitation of these analytical traits is
that they are assessed at maturity, which prevent their use to predict
yield before the crop cycle ends. Using hyperspectral remote sensing to
improve (in some cases) the ability of single indices to assess traits, or
even to use the entire spectrum, in an empirical way, may represent
other alternatives. The decreasing cost of hyperspectral imagers, to-
gether the improving capacity of data processing may pave the way for
adopting these approaches [15].
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A B S T R A C T   

Ideotypic characteristics of durum wheat associated with higher yield under different water and temperature 
regimes were studied under Mediterranean conditions. Six semi-dwarf cultivars with contrasting agronomic 
performance were grown during two consecutive years under winter-planted rainfed and winter-planted support- 
irrigation conditions and a late-planting trial under support irrigation, at the INIA station of Colmenar de Oreja 
(Madrid). Different traits were assessed to inform on: water status, root performance, phenology, photosynthetic 
capacity, crop growth, grain yield and agronomic yield components. Under support irrigation and normal 
planting, genotypes with higher grain yield exhibited better water status (lower δ13C and canopy temperature), 
assimilation of more superficial water (higher δ18O), earlier heading and greater plant height and ear density. 
Under water-limited conditions (rainfed), the best genotypes also exhibited better water status (lower δ13C) and 
earlier heading, but higher specific root length with extraction of water from deeper soil layers (lower δ18O), 
more efficient N metabolism (higher δ15N and NBI) and consequently stronger growth (plant height and NDVI), 
and greater ear density and thousand grain weight. Under warmer conditions (late planting), the best genotypes 
also exhibited better water status (lower δ13C) and greater plant height and photoprotective mechanisms (higher 
flavonoid content and lower chlorophyll content). However, the strong differences in drought between 
consecutive years determined other specific ideotypic traits within each of the three growing conditions and the 
particular year. Our study suggests specific ideotypes when breeding durum wheat under different agronomic 
scenarios, but also stresses that interannual variation in water conditions, typical of Mediterranean conditions, 
should be taken into account.   

1. Introduction 

Durum wheat is one of the major crops grown in the Mediterranean 
basin in terms of social importance and extent of cultivated area (Food 
and Agriculture Organization, 2019a). However, durum wheat pro-
duction is usually conditioned by climate factors, particularly water 
availability and elevated temperatures (Araus et al., 2003; Loss and 
Siddique, 1994; Sabella et al., 2020; Xynias et al., 2020; Zampieri et al., 
2020). To date, breeding programs have been mostly focused on 

selecting genotypes based on grain yield, along with traits that include 
phenology and tolerance to local or regional pests and diseases. As a 
result, declining genetic advance has been reported in different regions 
of the Mediterranean basin (Chairi et al., 2018), and particularly when 
cultivars are confronted with weather variability (Kahiluoto et al., 
2019). To deal with these circumstances, farmers are more and more 
directed towards tactical management, which relies on flexibility in 
sowing time and choice of cultivar (Hunt et al., 2019), monitoring of 
crops to adjust fertilizer application (basically nitrogen supply) and 

Abbreviations: CT, canopy temperature; DTH, days to heading; HI, harvest index; INP, irrigated normal planting; ILP, irrigated late planting; NBI, nitrogen balance 
index; NDVI, normalized difference vegetation index; PH, plant height; RA, root angle; RNP, rainfed normal planting; SRL, specific root length; GNY, total grain 
nitrogen yield; TGW, thousand grain weight; δ13C, stable carbon isotope composition of mature grains; δ15N, stable nitrogen isotope composition of mature grains; 
δ18O, stable oxygen isotope composition of the water in the stem base. 
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control the impact of biotic stresses, and wherever possible, providing 
support irrigation (Food and Agriculture Organization, 2019b; Mihai-
lescu and Soares, 2020). The variability in growing conditions, together 
with the trends presented by ongoing climate change, call for the 
development and use of wheat cultivars that can adapt efficiently to the 
available water and withstand increased temperatures, while main-
taining a relatively high yield. Therefore, there is a need for tailored 
breeding in terms of developing cultivars suitable to different growing 
conditions in the Mediterranean. Integrating phenotyping approaches 
within breeding strategies can pave the way to create more productive 
and resilient cultivars that are well adapted to specific 
agro-environments (Li et al., 2018). 

Increasing emphasis has been given to field crop phenotyping where 
different remote sensing approaches are deployed, due to their high 
throughput and non-invasive nature, to assess crop growth, potential 
photosynthetic capacity or even water status (Araus and Cairns, 2014; 
Araus et al., 2018). Eventually the combination of remote sensing 
assessment with specific laboratory approaches such as stable carbon 
isotope signatures may improve the predictive capacity of the pheno-
typing process (Gracia-Romero et al., 2019; Kefauver et al., 2017; 
Rezzouk et al., 2020). Nevertheless, a critical hurdle for phenotyping 
approaches is the limited access to the belowground part of the plant 
under field conditions. Root phenotyping may be key when seeking to 
improve productivity and stability under conditions like those present in 
Mediterranean agro-environments where water availability limits, to a 
greater or lesser extent, yield and its stability (Li et al., 2019; Maccaferri 
et al., 2016). In fact, under elevated temperatures and water deficit, 
roots are reported to be more responsive in terms of growth than the 
aboveground parts of the plant, which may subsequently affect water 
uptake, plant growth and yield (Petr, 1991; Pinto and Reynolds, 2015). 

Technologies developed for root phenotyping have been mainly 
applied to plants growing in containers under controlled conditions, 
making the subsequent translation of results to the real (i.e. field con-
dition) often difficult (Atkinson et al., 2019). Under field conditions, the 
throughput of root phenotyping practices is still low to medium. 
Nevertheless, even if it is not feasible to screen the progeny of large 
breeding panels, these techniques may still serve to thoroughly char-
acterize potential parents to inform strategic crosses and in general 
terms to define ideotypes for specific growing conditions (Maccaferri 
et al., 2011, 2016). 

Root crown phenotyping, commonly known as “shovelomics” is a 
phenotyping technique to directly assess root properties. This technique 
was first developed for maize (Trachsel et al., 2011) and further applied 
to other crops, including wheat (Maccaferri et al., 2016; York et al., 
2018b; York et al., 2018b). The approach consists of exploring the upper 
15–30 cm of the rhizosphere via manual digging and root excavation to 
assess the properties of the roots (Wasson et al., 2020; York et al., 
2018a). Root angle, among other root traits, was reported to be useful 
for improving plant productivity under drought conditions, and can 
contribute to breeding advances (Wasaya et al., 2018). In barley, for 
instance, wild genotypes exhibited a more vertical angular spread that 
allowed them to obtain water from deeper levels, therefore favouring 
survival (Bengough et al., 2004; Reynolds et al., 2007). A similar trend 
was observed in wheat genotypes grown under rainfed conditions, 
where deeper roots with higher root density at depth and lower root 
densities at the surface were related to higher grain yield (Passioura, 
1982; Wasaya et al., 2018). Soil coring is another approach that aims to 
overcome some of the main limitations inherent to shovelomics, 
enabling exploration of the root system at deeper soil levels (Wasson 
et al., 2020; York et al., 2018b). However, this approach is substantially 
lower in throughput and much more costly than shovelomics. Other 
potential approaches to phenotype root architecture and/or functioning 
in the field were well documented, such as electrical resistance tomog-
raphy (Srayeddin and Doussan, 2009), the use of electromagnetic 
inductance (Whalley et al., 2017) or ground penetrating radar (Liu et al., 
2016, 2017) have been reported, but again the levels of throughput, cost 

and/or precision are limitations. 
Given the difficult nature of their direct assessment, root traits may 

be approached indirectly, using above-ground phenotyping as an alter-
native (Araus and Cairns, 2014; Wasaya et al., 2018; Tracy et al., 2020). 
For example, a widely considered parameter that reflects the roots’ ac-
cess to water resources is canopy temperature (CT). A study in wheat 
conducted under field conditions examined the phenotypic relationship 
between CT, soil moisture and the root dry weight in different soil 
profiles, and concluded that CT can serve as an indicator of a genotype’s 
ability to maintain transpiration via the extraction of water from deeper 
soil profiles (Lopes and Reynolds, 2010). Further, in drought stressed 
environments and where water access is limited, transpiration and the 
subsequent canopy cooling effect can be supported by deeper roots (Li 
et al., 2019; Lopes and Reynolds, 2010). Enhanced photosynthesis due 
to an increase in stomatal conductance, provision of better access to 
water resources, and associated with genetic advance, are well docu-
mented in wheat (Roche, 2015; Li et al., 2019). 

Stable isotope composition may also prove to be efficient for 
measuring root activities in an indirect manner. Under Mediterranean 
conditions (Araus et al., 2003, 2013), as well as in arid conditions under 
irrigation (Lopes and Reynolds, 2010), higher yielding wheat genotypes 
were associated with low carbon isotope composition (δ13C) or high 
isotope discrimination from the surrounding CO2 atmosphere (Δ13C) by 
the maturing grains. In fact, the Δ13C of plant tissues informs on the 
intercellular to atmospheric ratio of CO2 (Ci/Ca) within the plant (Far-
quhar et al., 1989), with stomatal conductance usually being the main 
factor determining Ci/Ca. Another approach for assessing root function 
is analysis of the stable water composition in plant water. Thus, oxygen 
isotope composition (δ18O), when analysed in water from the base of the 
wheat stem (Kale Çelik et al., 2018; Millar et al., 2018; Sanchez-Bragado 
et al., 2019) as well as woody plants (West et al., 2006), has been pro-
posed as a tracing method to assess the depth of soil from which the 
water has been extracted. In the case of plant nutrients like nitrogen, 
besides reflecting its source, the stable nitrogen isotope composition 
(δ15N) in dry matter broadly informs about the effect of water status on 
nitrogen metabolism (Araus et al., 2013; Yousfi et al., 2009, 2012, 2013; 
Zhang et al., 2013). 

Altogether, these approaches can contribute to a more efficient phe-
notyping, not only when supported by further simulation modelling 
(Condon, 2020), but even to empirically define the ideotype most suited 
for a particular growing condition. Therefore, the present study combines 
different phenotyping approaches (aboveground and belowground) to 
identify the ideotypic characteristics associated with a better genotypic 
performance in durum wheat under Mediterranean growing conditions in 
Spain, that vary in water availability and temperature. This range of 
conditions was achieved through winter planting under rainfed condi-
tions and support irrigation and a late planting under support irrigation, 
and evaluating these conditions during two consecutive years. 

2. Materials and methods 

2.1. Plant material, field experiments and growth conditions 

Field trials were located at the experimental station of Colmenar de 
Oreja-Aranjuez, Madrid (40◦04 ́N. 3◦31 ́W. 590 m a.s.l.), which belongs 
to the Spanish “Instituto Nacional de Investigación y Tecnología Agraria 
y Alimentaria” (INIA), and were undertaken during the 2017–2018 and 
2018–2019 crop seasons. Trials were established in a complete block 
design with three replicates. Each plot consisted of seven rows planted 
20 cm apart and a seed rate of 250 seeds m− 2, representing an area of 7 
× 1.5 m2. For each of the two crop seasons, a normal (winter) planting 
under either rainfed conditions or support irrigation, and a late planting 
under support irrigation, were assessed. Hereafter, trials will be referred 
to as INP for irrigated normal planting, ILP for irrigated late planting, 
and RNP for rainfed normal planting. 

In each trial, a set of 24 post green revolution commercial durum 
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wheat (Triticum turgidum L. subsp. durum (Desf) Husn.) cultivars were 
grown, from which six cultivars were selected with contrasting agro-
nomic performance (i.e. high versus low yield). Selection of these cul-
tivars was according to yield data from the previous crop season, 
together with the two crop seasons included in this study, which were 
evaluated at the INIA station stated above, as well as at a second INIA 
station located in Coria del Rio (Seville) under irrigated normal planting 
conditions (Data in brief Table 1). Information about the provenance of 
the six selected genotypes is presented in (Table 1), together with their 
comparative agronomic performance (grain yield) across twelve distinct 
environments, understood as the specific combination of crop season, 
growing condition and location. Grain yield in these environments 
ranged between slightly more than one Mg ha− 1 to seven Mg ha− 1. 
Details about these twelve environments are included in the legend of  
Fig. 1, and their average grain yield is presented decreasingly in 
alphabetical order within the abscises of the same figure. 

During the first season (2017–2018), INP and RNP trials were sown 
on November 28th (normal planting), and the ILP trial on February 26th 
(late planting). The normal planting season was characterized by an 
average temperature of 10.8 ◦C, and an accumulated precipitation of 
326 mm for a total duration from planting to physiological maturity of 
28 weeks. In contrast, the late planting season was shortened by about 
13 weeks, recording an average temperature of 15.4 ◦C and accumu-
lated rainfall of 228 mm. Fertilizers and phytosanitary treatments were 
supplied in all trials as recommended (Data in brief Table 2). Regarding 
the irrigation calendar, sprinklers were used on the INP trial with a total 
of 140 mm of water partitioned across three dates (60 mm on April 25th, 
70 mm on May 7th and 10 mm on May 17th), and on the ILP trial with 
220 mm of water was partitioned across four dates (60 mm on April 
25th, 70 mm on May 7th, 60 mm on May 17th and 30 mm on June 19th) 
(Fig. 2A). The second crop season (2018–2019) was drier and relatively 
warmer compared to the previous one. Winter planting, for both the INP 
and RNP trials, took place on November 29th, 2018. The normal 
planting season recorded an average temperature of 11.4 ◦C and an 
accumulated precipitation of 110 mm, with the total duration from 
planting to physiological maturity being 26 weeks. In contrast, the late 
planting shortened the crop duration by 13 weeks, had an average 
temperature of 16.7 ◦C, and an accumulated precipitation of only 
78 mm. Similar to the previous season, fertilizers and phytosanitary 
treatments were supplied as recommended (Data in brief Table 2). For 
irrigation, sprinklers were used for periodic watering of the INP trial 
(60 mm on February 7th and February 28th then 80 mm on March 22nd, 
April 1st, April 16th, May 9th and May 16th), totalling 520 mm; and on 
the ILP trial with 60 mm on February 28th, 30 mm on March 10th, 
60 mm on March 22nd, April 1st and April 16th, 80 mm on May 9th, 
May 16th and May 24th, 90 mm on June 6th, and another 80 mm on 
June 17th, totalling 680 mm (Fig. 2B). As detailed below, different 
measurements were performed at anthesis, whereas samplings for 
further analyses were taken at anthesis and physiological maturity. For 
both seasons, trials were machine harvested during the first half of July. 

2.2. Leaf pigments 

The content of different leaf pigments per area basis was assessed at 
anthesis using a portable leaf-clip sensor (Dualex, Force-A, Orsay, 

France), which operates with a red reference beam at 650 nm and a UV 
light at 375 nm (Cerovic et al., 2012). This sensor produces relative 
measures of chlorophyll (a + b), flavonoid and anthocyanin contents, 
and calculates the nitrogen balance index (NBI), which is the ratio of 
chlorophyll/flavonoids related to the nitrogen and carbon allocation. It 
is a nitrogen plant status indicator that is directly correlated with ni-
trogen mass content and therefore to the availability of N, and it is less 
sensitive to the variations in leaf age and leaf thickness than the chlo-
rophylls (Cerovic et al., 2012). For each plot, measurements were car-
ried out on the adaxial side of flag leaves of five random plants, selected 
from the central rows of each plot. 

Table 1 
List of the six durum wheat varieties compared for yield performance during the study, with year of release, country of origin and available information on provenance 
and/or pedigree.  

Variety Selection Year of release Country Pedigree/Provenance 

Vitron High yield  1987 France TURCHIA-77/3/JORI-69(SIB)/(SIB)ANHINGA//(SIB)FLAMINGO 
Claudio High yield  1999 Italy (Sel. Cimmyt × Durango) × (IS193B × Grazia) 
Core High yield  2009 Spain Eurogen, PROSEME seeds 
Pedroso Low yield  1992 Spain Batlle seeds 
Solea Low yield  2005 Spain Monsanto Agriculture Spain. 
Olivadur Low yield  2013 Spain RAGT 2 N SAS seeds  

Fig. 1. Linear regressions of the relationship between the genotypic mean of 
grain yield (GY) of the six selected durum wheat genotypes in twelve envi-
ronments (each one being a specific combination of year, site and growing 
conditions) and the mean grain yield across the whole set of genotypes tested in 
each environment. Letters in the horizontal axis of the figure refer to the values 
of the environmental means of the 24 durum wheat genotypes: a, support 
irrigation and normal planting in Colmenar de Oreja (Madrid) during the 
2017–2018 crop season; b, rainfed and normal planting in Coria del Rio (Sev-
illa) during 2016–2017; c, rainfed and normal planting in Coria del Rio during 
2017–2018; d, support irrigation and normal planting in Colmenar de Oreja 
during 2016–2017; e, support irrigation and normal planting in Colmenar de 
Oreja during 2018–2019; f, support irrigation and late planting in Colmenar de 
Oreja during 2018–2019; g, rainfed and normal planting in Coria del Rio during 
2018–2019; h, support irrigation and late planting in Colmenar de Oreja during 
2016–2017; i, support irrigation and late planting in Colmenar de Oreja during 
2017–2018; j, rainfed and normal planting in Colmenar de Oreja during 
2017–2018; k, rainfed and normal planting in Colmenar de Oreja during 
2016–2017; l, rainfed and normal planting in Colmenar de Oreja during 
2018–2019. Even when annual variation in rainfall and evapotranspirtive de-
mand significantly affected the pattern, the highest yields were recorded in the 
support irrigation and normal planting of Colmentar de Oreja, together with 
that of Coria del Rio, which in spite to be theoretically a rainfed site it gets 
water through the water table of Gualdalquivir river, while the lowest yields 
were recorded in the rainfed normal planting of Colmenar de Oreja. 
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2.3. Canopy temperature 

Canopy temperature (CT) was assessed using a portable infrared (IR) 
thermometer (PhotoTempTM MXSTM TD Raytek®, California; USA). 
The IR sensor was placed at a distance of 80 cm from the canopy, 
pointing the laser beam towards plant leaves with the sun towards the 
rear (Gracia-Romero et al., 2019). 

2.4. Normalized difference vegetation index 

The pattern of crop growth was estimated in real-time through a 
multispectral agronomic index known as the normalized difference 
vegetation index (NDVI). This index, based on the contrasting reflec-
tance of the canopy within the visible and near infrared regions of the 
spectrum, is used to assess agronomic traits related to the density of 
green in the canopy, such as crop emergence/vigour, total biomass or 
the level of senescence/stay green during the last part of the crop cycle. 
NDVI measurements were performed using a GreenSeeker sensor 
(Trimble, Sunnyvale, CA, USA). This portable spectroradiometer oper-
ates through an active optical sensor in the red (660 ± 10 nm) and near 
infrared (NIR, 780 ± 15 nm) wavelengths (Crain et al., 2012). NDVI 
values were obtained by skimming the active sensor perpendicularly 
across the canopy of each selected plot at a constant height of 60 cm 
(Gracia-Romero et al., 2019). The acquired values are the average NDVI 
across all plants, defined as: 

NDVI = (RNIR − Rred)/(RNIR+Rred) (1)  

2.5. Root image analysis 

Five random plants were dug manually from the first 15 cm of soil of 
each selected plot, and the roots were washed carefully using a hose, 
then digitized in situ using a Sony ILCE-QX1 camera (Sony Europe 
Limited, Brooklands; United Kingdom). The digital camera has a 20.1 
megapixel resolution, is equipped with a 23.2 mm × 15.4 mm sensor 
(type CMOS Exmor HD) and uses a 16 mm focal lens, and an exposure 
time of 1/60 s. The RGB images were captured zenithally at 60 cm 
above the roots alongside a scale reference, then saved in Tiff format for 
later analysis. Root angle (RA) was measured directly using a geometric 
protractor. Root RGB images were further analyzed using GiaRoots 
(General Image Analysis of Roots, Georgia Tech Research Corporation 
and Duke University; USA), which is an open-source software for the 
automated analysis of root architecture (Galkovskyi et al., 2012). Image 
processing was carried out using the adaptive image thresholding pro-
cessing option, where around 200 images were computed per trial. The 
measured traits and the corresponding definition have been detailed 
previously in Galkovskyi et al. (2012). Briefly, GiaRoot detects pixels of 
the thresholded root image to estimate different root traits including: (i) 
crown root related parameters such as average root width (Width), 
number of connected components (CComp), and the maximum (MaxR) 
and median (MedR) number of roots; (ii) root system dimensions such 
as root network depth (Ndepth), root network length (Nlen), and root 
network width (Nwidth); (iii) root density through network area 
(NwA), network surface area (Nsurf), and network volume (Nvol); and 
(iv) root angle via network convex area (ConvA). In addition, relative 
traits presented as ratios were determined, such as: the ratio of network 
length to the network volume (specific root length (SRL)); the ratio of 
the maximum root number to the median root number (Network 
bushiness (Bush)); the total network area divided by the network 
convex area (Network solidity); the lower 2/3 of the root network depth 
(length distribution (Ldist)); and the ratio of the network width to the 
network depth (network width to depth ratio (NWDR)). 

2.6. Agronomic traits 

Days to heading (DTH) were determined for the first crop season Ta
bl
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(2017–2018) only, for each plot, and when approximately 50% of ears 
had emerged. Plant height (PH) was determined at anthesis; a ruler was 
placed zenithally in the central rows of each selected plot, and values 
were taken by observing the whole canopy and averaging the distance 
from the ground to the overall tip of the ears, excluding the awns. At 
maturity, ear density (ears m− 2) was determined by counting the ear 
density in a 1 m length of a central row. Grain number per ear (GN) and 
thousand grain weight (TGW) were assessed using a subset of ten 
representative plants from the central rows of each plot. Harvest index 
(HI), which is the ratio of grain weight to total aboveground biomass, 
was calculated from the same sampled plants. 

2.7. Stable carbon and nitrogen isotope composition and total nitrogen 
content in dry matter 

From each selected plot, samples of flag leaves taken at anthesis of 
the second crop season and mature grains collected at harvest from the 
two crop seasons were dried at 60 ◦C for a minimum of 48 h and pul-
verized to a fine powder, from which 1 mg was enclosed in tin capsules, 
and analyzed using an elemental analyser (Flash 1112 EA; Thermo-
Finnigan, Schwerte, Germany) coupled with an isotope ratio mass 
spectrometer (Delta C IRMS, ThermoFinnigan), operating in continuous 
flow mode at the Scientific and Technical facilities of the University of 
Barcelona. Different secondary standards were used for carbon 
(IAEA− CH7, IAEA− CH6 and IAEA-600, and USGS 40) and nitrogen 
(IAEA-600, N1, N2, NO3, urea and acetanilide) isotope analyses. Ni-
trogen content in leaves and grains were expressed in percentages (%), 
and the corresponding isotope compositions in parts per thousand (‰), 
with an analytical precision (standard deviation) of 0.1‰ for δ13C and 
0.3‰ for δ15N and following the Eq. (2): 

δ13C
/

δ15N(‰) =
[(

Rsample
/

Rstandard
)
− 1

]
× 1000 (2)  

where Rstandard is the molar abundance ratio of the secondary standard 

calibrated against the primary standard Pee Dee Belemnite in the case of 
carbon (δ13C) and N2 from air in the case of nitrogen (δ15N) (Farquhar 
et al., 1989). 

2.8. Stable oxygen isotope composition of stem water 

At anthesis, samples of the stem base (approximately 6–7 cm length) 
were harvested from five random plants (main stems) of each selected 
plot, sealed immediately in analytical tubes and frozen at − 80 ◦C until 
water distillation could be undertaken. Water analysis was performed at 
the Department of Crop and Forest Sciences, Universitat de Lleida 
(Spain), using a cryogenic vacuum distillation line (Dawson and Ehler-
inger, 1993). Sample tubes were placed in a heated silicone oil bath 
(120 ◦C), and connected with Ultra-TorrTM unions (Swagelok Com-
pany, Solon, OH, USA) to a vacuum system (~10 − 2 mbar), in series, 
with U-shaped collector tubes cooled with liquid N2. Ninety minutes 
after commencing extraction, the extracted xylem water was transferred 
into 2 ml vials and stored at 4 ◦C until analysis. Oxygen isotope 
composition (δ18O) of water was determined by isotope-ratio infrared 
spectroscopy using a Picarro L2120-I isotopic water analyser coupled to 
an A0211 high-precision vaporizer (Picarro Inc., Sunnyvale, CA, USA). 
Analytical precision for δ18O was 0.10‰, and the occurrence of con-
taminants was tested using Picarro’s ChemCorrect post-processing 
software and corrected, when necessary, following Martín-Gómez 
et al. (2015). 

2.9. Statistical analysis 

Analysis of variance (ANOVA) was performed using SPSS 25 (IBM 
SPSS Statistics 25, Inc., Chicago, IL; USA), to test the effects of year (crop 
season), trial, genotype and their interaction on all traits evaluated, and 
followed with Tukey-b tests to reveal differences within trials. A bivar-
iate Pearson correlation was executed using the same statistical package 
to reveal relationships between grain yield and the assessed parameters. 
Principal component analyses were carried out with the open-source 
software, RStudio 1.2.5 (R Foundation for Statistical Computing, 
Vienna, Austria), to analyze all traits in a reduced bi-dimensional plat-
form. Graphs were created using Sigma-plot 10.0 (Systat Software Inc, 
California; USA). 

3. Results 

3.1. Effects of planting date, water supply and season on grain yield, 
agronomic components, biomass and phenology 

During the first season (2017–2018), GY was halved under irrigated 
late planting (ILP) and rainfed normal planting (RNP) compared to 
irrigated normal planting (INP). Under warmer conditions of ILP, har-
vest index (HI), thousand grain weight (TGW), grain number per ear 
(GN), ear density, total grain nitrogen yield (GNY) and plant height (PH) 
were decreased compared to the INP trial, with a significantly shortened 
days to heading (DTH) interval (Table 2). Similarly, under water-limited 
conditions (RNP), HI, TGW, GN, ear density, GNY and PH were lower 
compared to INP. In addition, NDVI was smaller under RNP than INP 
and even ILP. Genotypes exhibited significant differences in GY and all 
the other measured parameters included in the table (Table 2). Trial by 
genotype interaction was significant for all the traits except for GY, TGW 
and NDVI. 

During the second season (2018–2019), GY and ear density in ILP 
were similar, but HI and TGW were higher, and ear density, GNY and PH 
were lower compared to INP. The rest of the traits were not significantly 
different. In contrast, under RNP, GY decreased threefold compared to 
the irrigated trials (INP, ILP). HI, GN, ear density, GNY, PH and NDVI 
were also lower in RNP than in the INP and ILP trials, while TGW 
increased in RNP compared to the other two trials. Genotypic differences 
were significant for GY, HI, TGW, GN, ear density and GNY (Table 2). 

Fig. 2. Bimonthly accumulated precipitation, irrigation applied and average 
temperature recorded during the 2017–2018 and 2018–2019 seasons. 
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The genotype by trial interaction was only significant for GY, TGW and 
GNY. 

Considering the trial, crop season and genotype effects, the three- 
way ANOVA revealed that all the traits (GY, HI, TGW, GN, ear den-
sity, GNY, PH and NDVI) included in Table 3 showed significant effects 
for the three factors (Data in brief Table 3). Interactions were also sig-
nificant for most of the traits, except PH and NDVI. Moreover, values for 
all the traits, except for PH and NDVI, were higher in the first season 
than the second season (Table 2). 

3.2. Effects of planting date, water supply and season on stable isotope 
compositions, nitrogen content and canopy temperature 

During the first season (2017–2018), grain nitrogen content (Ngrain) 
and carbon isotope composition (δ13Cgrain) were higher, and grain ni-
trogen isotope composition (δ15Ngrain) was lower in ILP compared with 
INP. However, the oxygen isotope composition of the shoot water 
(δ18Oshoot water) exhibited similar values in ILP to INP. Under RNP, 
canopy temperature (CT), δ13Cgrain, δ18Oshoot water and Ngrain were 
higher, and δ15Ngrain lower, compared to INP. Genotype differences were 
shown in all measured traits except for CT, where values were not 

available for the ILP trial (Table 3). The genotype by trial interaction 
was only significant for δ18Oshoot water. 

In the second season (2018–2019), CT and the nitrogen isotope 
composition of the leaf (δ15Nleaf) were significantly lower in ILP than INP, 
while the δ18Oshoot water and the carbon isotope composition of the leaf 
(δ13Cleaf) were significantly higher in ILP, compared with INP. In contrast, 
under RNP conditions, CT, Ngrain, δ18Oshoot water, δ13Cleaf and δ13Cgrain were 
greater, and the δ15Nleaf and δ15Ngrain lower than in the INP trial. Genotypes 
were not significantly different across all measured traits (Table 3). The 
genotype by trial interaction was only significant for δ15Nleaf. 

The three-way ANOVA (season, trial and genotype) showed a sig-
nificant trial effect for all the traits included in Table 3 (Data in brief  
Table 4). A genotype effect was also significant for all the traits, except 
for CT, while season had a significant effect for all the traits except CT 
and the δ15Ngrain (Data in brief Table 4). The interaction between season 
and trial was significant for all the traits, while almost all the other in-
teractions were absent. Except for the ILP trials, the δ13Cgrain was lower 
(i.e. more negative) in the first season than the second season. In the case 
of δ18O, and except for RNP, values were higher (less negative) in the 
first season. 

Table 3 
Effect of planting date, water supply, and genotypes on nitrogen content (N) and stable isotope composition of carbon (δ13C) and nitrogen (δ15N) of the flag leaf and the 
mature grains, the oxygen isotope composition (δ18O) of water in the shoot base, and the canopy temperature (CT) assessed at anthesis, in six wheat genotypes during 
two successive crop seasons (2017–2018) and (2018–2019).    

Stable isotope composition þ Canopy temperature   

δ18Oshoot water (‰) Nleaf (%) δ15Nleaf (‰) δ13Cleaf (‰) Ngrain (%) δ15Ngrain (‰) δ13Cgrain (‰) CTanthesis (ºC) 

2017–2018 Irrigated (INP) -4.25b ± 0.07 – – – 2.51b ± 0.06 3.26a ± 0.15 -26.26c ± 0.10 29.70b ± 0.36 
Late (ILP) -4.19b ± 0.05 – – – 2.82a ± 0.06 0.93b ± 0.26 -25.69b ± 0.11 – 
Rainfed (RNP) -3.81a ± 0.08 – – – 2.87a ± 0.03 1.26b ± 0.14 -24.45a ± 0.07 33.89a ± 0.39 
ANOVA         
Environment <0.001 – – – <0.001 <0.001 <0.001 <0.001 
Genotypes <0.001 – – – <0.050 <0.050 <0.010 ns 
Interaction <0.001 – – – ns ns ns ns           

2018–2019 Irrigated (INP) -5.11c ± 0.06 3.90a ± 0.15 3.10a ± 0.16 -28.26c ± 0.23 2.56b ± 0.07 2.99a ± 0.08 -25.81b ± 0.07 28.83b ± 0.41 
Late (ILP) -4.55b ± 0.09 4.09a ± 0.06 2.45b ± 0.18 -27.45b ± 0.11 2.40b ± 0.04 2.49a ± 0.14 -25.98b ± 0.08 25.36c ± 0.27 
Rainfed (RNP) -3.52a ± 0.13 3.86a ± 0.06 -0.09c ± 0.16 -25.40a ± 0.12 2.97a ± 0.05 -0.05b ± 0.12 -23.01a ± 0.08 35.38a ± 0.27 
ANOVA         
Environment <0.001 ns <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Genotypes ns ns ns ns ns ns ns ns 
Interaction ns <0.050 ns ns ns ns ns ns 

Values are means ± standard error of six genotypes with three replicates. Levels of significance for the ANOVA: P < 0.05, P < 0.01 and P < 0.001. Within each 
treatment, means exhibiting different letters a, b and c, are significantly different (P < 0.05) by the post-hoc test (Tukey-b) on independent samples. 

Table 4 
Effect of planting date, water supply and genotype on leaf chlorophyll, flavonoid and anthocyanin, and the nitrogen balance index (NBI) in six wheat genotypes during 
two successive crop seasons (2017–2018) and (2018–2019).    

Leaf pigments (arbitrary units)   

Chlorophyll Flavonoid Anthocyanin NBI 

2017–2018 Irrigated (INP) 49.90b ± 0.81 1.32b ± 0.02 0.135b ± 0.002 38.28a ± 0.73 
Late (ILP) 51.82a ± 0.51 1.34ab ± 0.02 0.125c ± 0.001 38.94a ± 0.80 
Rainfed (RNP) 45.94c ± 0.81 1.39a ± 0.02 0.149a ± 0.004 33.49b ± 0.76 
ANOVA     
Trials <0.001 <0.050 <0.001 < 0.010 
Genotypes <0.001 <0.001 ns < 0.010 
Interaction ns ns ns ns       

2018–2019 Irrigated (INP) 41.26a ± 0.66 1.500b ± 0.023 0.035a ± 0.002 27.76a ± 0.56 
Late (ILP) 43.24a ± 0.78 1.481b ± 0.034 0.037a ± 0.004 29.63a ± 0.94 
Rainfed (RNP) 45.43a ± 1.03 1.662a ± 0.015 0.031a ± 0.003 27.21a ± 0.59 
ANOVA     
Trials ns <0.001 ns <0.050 
Genotypes ns <0.001 ns <0.050 
Interaction ns <0.010 ns ns 

Values are means ± standard error of six genotypes with three replicates. Levels of significance for the ANOVA: P < 0.05, P < 0.01 and P < 0.001. Within each 
treatment, means exhibiting different letters a, b and c, are significantly different (P < 0.05) according to the post-hoc test (Tukey-b) on independent samples. 
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3.3. Effects of planting date, water supply and season on leaf pigments 

The effect of trial was significant during the first season (2017–2018) 
for all leaf pigments, whereas the genotypic effect was present for 
chlorophylls, flavonoids and NBI. The chlorophyll and flavonoid con-
tents were higher in ILP than in INP, while the anthocyanin content was 
lower in ILP than in INP, and NBI was not significantly different. 
However, the flavonoid and anthocyanin values under RNP conditions 
were higher, and chlorophylls and NBI lower than in INP (Table 4). 
There was no genotype by trial interaction for any of the traits included 
in the table. 

In the second season (2018–2019), however, significant effects of 
trials and genotypes were shown for flavonoids and NBI alone. In fact, no 
significant differences were shown between the ILP and INP trials for the 
measured traits, while under RNP, only the flavonoid content was higher 
than in the rest of trials (Table 4). No interaction between genotype and 
trial existed. 

The three-way ANOVA (trial, genotype and season) for the pigment 
traits included in Table 4 exhibited significant year effects for all the traits 
(Data in brief Table 4). Trial and genotype effects were also significant for 
all the traits. Interactions were only significant for season by trial. 

3.4. Effects of planting date, water supply and season on root traits 

To investigate root characteristics, the genotypic and trial effect and 
their interaction were analyzed in traits derived from the RGB images from 
the shovelomics study (Table 5). In the first season (2017–2018), trial and 
genotype effects were only significant for the root network surface (Nsurf), 
root network volume (Nvol) and specific root length (SRL). In addition, the 
effect of trials was also observed for root width, root connected components 
(CComp), maximum roots (MaxR) and root network length (Nlen), while a 
genotypic effect was shown for root network area (NwA). Root CComp, 
MaxR, Nlen, NwA and Nsurf traits were lower in the ILP than in the INP 
trial; in contrast, root width, Nvol and SRL did not exhibit any differences 
between ILP and INP. Root width, CComp, Nlen, NwA and Nsurf were lower 
under RNP than in INP conditions; oppositely, MaxR and SRL were higher 
in the RNP than in the INP trial (Table 6). There was no interaction between 
trial and genotypes for any of the traits. 

During the second season (2018–2019), the effect of trial was signifi-
cant across all root traits, except for root angle (RA) and the NWDR ratio, 
while genotypic effects were significant for width, CComp, MedR, Ndepth, 
SRL and NWDR. The interaction exhibited significant differences only for 
CComp, Ndepth, ConvA and SRL. CComp, Ndepth, NwA, Nsurf, Nvol, 
Network solidity and Ldist were lower, and MaxR, MedR, Nwidth, ConvA, 
Bush and SRL were higher in the ILP than in the INP trial. However, all traits 
were lower in RNP than in the INP trial, except for CComp, Bush, Network 
solidity, SRL and Ldist, which showed no differences (Table 5). 

The three-way ANOVA (trial, genotype and season) for root traits 
exhibited significant year and trial effects for almost all the traits (Data in 
brief Table 5), while genotype effects were significant for less than half of 
the traits (width, CComp, Ndepth, Nvol, SRL and NWDR). The interaction 
between year and trial was significant for most traits, except for MedR, 
NwA, Nsurf, Nvol and NWDR. However, the two-way interaction between 
year and genotype was significant for Nlen, NwA, Nsurf, Nvol, ConvA and 
Ldist only, and between trial and genotype was significant for Ndepth and 
NWDR only, whereas the three-way interaction (year, trial and genotype) 
was only significant for CComp, Ndepth and RA. 

3.5. Relationships between grain yield, and agronomic, physiological and 
root traits 

Relationships between GY and yield components, stable isotopes, CT 
and leaf pigments in the three growing conditions combined and sepa-
rated, are presented in Table 6. Most traits exhibited significant corre-
lations against GY when combining all trials within each crop season. 

During the first season, ear density, GNY and PH were positively 

correlated with GY within each growing condition (INP, ILP and RNP). 
Under irrigated conditions (INP and ILP), higher HI, TGW and lower 
δ13Cgrain and DTH were correlated with an increased GY. Higher 
δ18Oshoot water values correlated positively with GY under INP. The NDVI 
and NBI correlated negatively and flavonoids positively with GY under 
ILP, whereas under RNP the NDVI correlated positively with GY. 

During the second crop season, HI and GNY correlated positively 
with GY within each of the three growing conditions. In addition, TGW, 
ear density, PH, δ18Oshoot water and flavonoid correlated positively, and 
Ngrain negatively with GY under INP. GN correlated positively, and ni-
trogen content (Nleaf and Ngrain) negatively with GY under ILP. However, 
under RNP the GN, PH, and NDVI correlated positively and the carbon 
isotope compositions (δ13Cleaf and δ13Cgrain) negatively with GY. 

The correlations of root traits with GY were studied for each crop 
season and the three different growing conditions (Data in brief 
Table 6). During the first season (2017–2018), positive correlations were 
exhibited only for a few traits (CComp, Nvol and network solidity) and 
when combining all growing conditions. Therefore, no correlations were 
found within any of the growing conditions. In the second season 
(2018–2019), most root traits (except MedR, Nwidth, RA and NWDR) 
were correlated significantly with GY when combining all three growing 
conditions. Within each growing condition, no correlations existed, 
except for a positive correlation of CComp with GY in the INP trial, and a 
negative correlation of Ndepth with GY under ILP (Data in brief Table 6). 

Principal Component Analysis (PCA) was performed for each 
growing condition and season individually (Fig. 3). For the six different 
environments tested (the three growing conditions and the two seasons), 
GY was placed opposite to δ13C and the δ15N of grains and more or less 
close to TGW and ear density. DTH, which was only measured in the first 
season, was also placed more or less opposite to GY in the three growing 
conditions. Except for the INP in the first season, where RA was placed 
opposite to GY and very close to δ13C of grains, in the other five trials it 
was placed rather perpendicular to GY. SLR was placed on the same side 
as GY in the INP and RNP trials of both seasons and in ILP of the second 
season. Regarding the ILP of the first season, SLR was placed opposite to 
GY but the eigenvector for SLR was very short. The δ18Oshoot water was 
placed close to GY in the INP trials of both seasons, whereas in the ILP 
trial it was placed clearly opposite to the GY in the first season and rather 
perpendicular to the GY in the second season. In the case of the RNP 
trial, δ18Oshoot water was placed rather perpendicular to GY in the first 
season and opposite to GY in the second season. PH was placed close to 
GY in the four normal planting trials (INP and RNP of both seasons), but 
it was perpendicular to the two late planting trials. Other traits such as 
flavonoids, or the δ15N of the grains were placed either on the same side 
as, opposite to or perpendicular to GY, depending on the specific envi-
ronmental conditions. The set of traits used in the PCA clearly separated 
the two categories of genotypes for the three growing conditions in the 
first year as well as for the INP in the second year, while for ILP and RNP 
in the second year, the separation was somewhat less evident. 

PCA was also undertaken per agronomic condition (RNP, INP and 
ILP), which meant combining the two consecutive years for each agro-
nomic condition, and only considering the traits in common measured 
during the two years (Data in brief Fig. 1). Under INP conditions, higher 
GY was related to a higher δ18Oshoot water, together with a higher HI and 
TGW and more open (i.e. higher) RA, as well as lower (more negative) 
δ13Cgrains, PH and flavonoid content, whereas the other traits were less 
important or not associated. Under RNP conditions, GY was positively 
related with δ18Oshoot water, NBI, δ15Ngrains, SRL and somehow HI and RA, 
whereas δ18Oshoot water, δ13Cgrains, CT and flavonoids, where the other 
traits were weakly or not related. In the case of ILP, GY was closely (and 
positively) associated with HI, and negatively associated with δ13Cgrains, 
and to a lesser extent with Ngrain and the biomass (NDVI) at anthesis. 
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Table 5 
Effect of crop season (2017–2018 vs 218–2019), trials (INP, ILP, RNP) and genotypes on root characteristics.    

Width 
(cm) 

CComp MaxR MedR Ndepth 
(cm) 

Nlen (cm) Nwidth 
(cm) 

NwA Nsurf 
(cm2) 

Nvol 
(cm3) 

ConvA 
(cm2) 

RAprotractor Bush Ldist Network 
Solidity 

NWDR SRL 
(cm¡2) 

2017–2018 INP 0.061a 

± 0.001 
2.55a 

± 0.16 
16.7ab 

± 1.0 
9.5a 

± 0.8 
6.1a ± 0.3 114.3a 

± 10.3 
6.22a 

± 0.37 
5.77a 

± 0.55 
21.78a 

± 2.09 
0.40a 

± 0.04 
31.37a 

± 2.62 
92.28a 

± 5.34 
2.00a 

± 0.11 
0.88a 

± 0.09 
0.18a ± 0.01 1.08a 

± 0.07 
297.1b 

± 10.4 
ILP 0.064a 

± 0.001 
1.32b 

± 0.07 
13.8b 

± 0.9 
7.8a 

± 0.6 
5.4a ± 0.3 82.6b 

± 6.8 
5.86a 

± 0.29 
4.36ab 

± 0.32 
16.27b 

± 1.21 
0.31a 

± 0.02 
24.55a 

± 1.65 
84.94a 

± 4.31 
1.98a 

± 0.12 
0.84a 

± 0.10 
0.18a ± 0.01 1.14a 

± 0.06 
267.7b 

± 10.2 
RNP 0.053b 

± 0.001 
1.77b 

± 0.11 
17.6a 

± 0.9 
8.5a 

± 0.5 
6.2a ± 0.3 109.4ab 

± 9.8 
6.51a 

± 0.25 
4.91b 

± 0.42 
18.23ab 

± 1.60 
0.29a 

± 0.03 
30.92a 

± 2.41 
87.75a 

± 3.42 
2.29a 

± 0.08 
0.72a 

± 0.06 
0.16a ± 0.00 1.09a 

± 0.03 
389.9a 

± 17.42 
ANOVA                  
Environment <0.001 <0.001 <0.050 ns ns <0.050 ns ns <0.050 <0.050 ns ns ns ns ns ns <0.001 
Genotypes ns ns ns ns ns ns ns <0.050 <0.050 <0.050 ns ns ns ns ns ns <0.050 
Interaction ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns                    

2018–2019 INP 0.061a 

± 0.001 
1.99b 

± 0.14 
16.3a 

± 0.8 
8.9a 

± 0.4 
6.4b ± 0.2 105.3a 

± 7.0 
6.35b 

± 0.31 
5.30a 

± 0.35 
19.74a 

± 1.3 
0.35a 

± 0.03 
31.72b 

± 2.25 
85.81a 

± 4.85 
1.89b 

± 0.06 
0.71a 

± 0.04 
0.17a ± 0.01 1.03a 

± 0.04 
301.5b 

± 0.1 
ILP 0.046b 

± 0.001 
5.95a 

± 0.37 
12.8b 

± 0.5 
6.1b 

± 0.3 
9.0a ± 0.3 113.8a 

± 6.9 
7.96a 

± 0.35 
4.48b 

± 0.26 
26.42b 

± 0.97 
0.23b 

± 0.01 
51.22a 

± 3.73 
83.69a 

± 4.74 
2.30a 

± 0.10 
0.13b 

± 0.01 
0.09b ± 0.00 0.93a 

± 0.04 
504.8a 

± 13.7 
RNP 0.063a 

± 0.001 
2.24b 

± 0.10 
12.6b 

± 0.5 
6.8b 

± 0.2 
5.4c ± 0.2 68.3b 

± 3.5 
4.97c 

± 0.17 
3.60c 

± 0.15 
13.23c 

± 0.58 
0.24b 

± 0.01 
20.93c 

± 0.99 
73.31a 

± 3.85 
1.95b 

± 0.06 
0.66a 

± 0.04 
0.18a ± 0.01 0.96a 

± 0.04 
288.6b 

± 9.9 
ANOVA                  
Environment <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 ns <0.001 <0.001 <0.001 ns <0.001 
Genotypes <0.010 <0.050 ns <0.050 <0.050 ns ns ns ns ns ns ns ns ns ns <0.050 <0.001 
Interaction ns <0.001 ns ns <0.001 ns ns ns ns ns <0.050 ns ns ns ns ns <0.050 

Values are means ± standard error of six genotypes with 3 replicates. Levels of significance for the ANOVA: P < 0.05, P < 0.01 and P < 0.001. Within each crop season (2017–2018 vs 2018–2019), means exhibiting 
different letters a, b and c, are significantly different (P < 0.05) according to the Student t-test on independent samples. Width, average root width. CComp, number of connected components. MaxR, maximum number of 
roots. MedR, median number of roots. Ndepth, network depth. Nlen, network length. Nwidth, network width. NwA, network area. Nsurf, network surface area. Nvol, network volume. ConvA, convex area. Bush, bushiness. 
SRL, specific root length. Ldist, network length distribution. NWDR, network width to depth ratio. RAprotactor, root angle measured with a protractor. INP, Irrigated normal planting. ILP, Irrigated late planting. RNP, 
Rainfed normal planting. For each year, and within each treatment, means exhibiting different letters are significantly different (P < 0.05) according to the post-hoc test (Tukey-b) on independent samples. 
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4. Discussion 

4.1. Effect of growing conditions on grain yield, agronomic components 
and physiological traits 

Grain yield is defined as the product of biomass and harvest index 
and is determined by the agronomic yield components of ear density, 
number of grains per ear and thousand grain weight (Donald and 
Hamblin, 1976). Depending on the severity and timing of stress during 
the crop cycle, all of the above agronomic traits may be affected to a 
greater or lesser degree (Garcia del Moral et al., 2003; Giunta et al., 
1993; Shpiler and Blum, 1990). In our study, the reduction in all agro-
nomic traits, as in the case of rainfed versus irrigated conditions, was in 
agreement with these reports. Furthermore, interannual variability in 
environmental conditions was also evident, with the second crop season 
(2018–2019) being drier than the first one (2017–2018), as a conse-
quence of much lower rainfall and higher temperatures (Fig. 2). As a 
result, grain yield was lower in the second (2018–2019) compared to the 
first season (2017–2018), particularly under rainfed conditions (RNP) 
but also under support irrigation (INP). Moreover, during the first sea-
son, the lower GY in the RNP compared with INP was associated with a 
major decrease in ear density as well as rather minor decreases in grain 
number per ear and TGW, which were the two agronomic yield com-
ponents determined later in the crop cycle (Table 2). However, in the 
much drier conditions of the second season, ear density and GN in 
particular (which decreased by nearly 60%) were strongly affected 
under RNP compared with INP, while TGW was higher under RNP 
compared with INP, probably due to the strong decrease in sink capacity 
caused by the reduction in the number of grains per ear (Chairi et al., 
2020; Slafer et al., 2005). 

Increases in temperature also affected GY and its agronomic com-
ponents negatively, through a shorter crop duration including grain 

filling, accelerated leaf senescence and eventually a poorer grain set 
(Garcia del Moral et al., 2003; Royo et al., 2000). In our study, late 
planting during the first season affected TGW and grains per ear nega-
tively compared with the normal planting under support irrigation. 
However, under the drier conditions of the second season, the affected 
agronomic yield component was ear density, which is determined before 
TGW and grains per ear. Such results are in agreement with previous 
studies reporting the negative effect of late planting on GY and yield 
components in wheat grown under Mediterranean conditions (Joshi 
et al., 2016; Ma et al., 2018; Rezzouk et al., 2020). Moreover, exposure 
to high temperatures around anthesis induces pollen sterility, which 
reduces grain size and final yield in wheat (Wheeler et al., 1996). While 
this may have been the case in the RNP trials, late planting genotypes 
were grown under supplied irrigation and exhibited a canopy temper-
ature below 30 ◦C (Table 3), which negates any relevance for heat 
decreasing the number of grains per ear. 

Plant height reaches its maximum around anthesis. Provided that all 
genotypes have similar height in the absence of stress, this trait may be 
considered an indicator on how drought or shorter growth period 
associated with warmer temperatures may affect growth (Blum and 
Sullivan, 1997; De Vita et al., 2007). Thus, the late planting trials 
exhibited smaller plants than the normal planting trial under support 
irrigation, in accordance with a shorter crop duration. However, ILP 
produced taller plants than RNP, presumably as a consequence of the 
better water status in the former due to the support irrigation (Table 2). 
Here, PH was positively associated with high GY across the normal 
planting trials of the two seasons, regardless of whether they were under 
support irrigation or rainfed conditions (Table 6), but in the case of late 
planting, PH only correlated during the first season. 

Canopy temperature and carbon isotope composition are physio-
logical traits that are proposed as instantaneous (CT) and integrative 
(δ13C) indicators for assessing crop water status (Araus et al., 2003; 

Table 6 
Correlation coefficients of the significant linear regressions between grain yield (GY) and days to heading (DTH), harvest index (HI), thousand grain weight (TGW), ear 
density, grain number per ear (GN), total grain nitrogen yield (GNY), plant height (PH), the normalized difference vegetation index (NDVI) at anthesis, root angle (RA), 
oxygen isotope composition in shoot water (δ18Oshoot water), nitrogen content in the flag leaf (Nleaf) and grain (Ngrain), carbon and nitrogen stable isotope compositions 
in the flag leaf (δ15Nleaf and δ13Cgrain) and grain (δ15Ngrain and δ13Cgrain), canopy temperature (CT) at anthesis, and leaf pigments (chlorophyll, flavonoids, antho-
cyanins, and NBI). Assessed traits were evaluated under three growing conditions, combined (All growing conditions) and separated (INP, RNP, ILP), during two 
consecutive crop seasons (2017–2018 and 2018–2019) and using individual plot values.    

Crop season (2017–2018) Crop season (2018–2019)   

All growing conditions INP ILP RNP All growing conditions INP ILP RNP 

Yield components DTH 0.354** -0.534* -0.475* ns – – – – 
HI 0.543** 0.498* 0.679** ns 0.639** 0.473* 0.754** 0.856** 
TGW 0.810** 0.519* 0.690** ns ns 0.686** ns ns 
GN 0.329* ns ns ns 0.817** ns 0.881** 0.863** 
Ear density 0.583** 0.589* 0.599** 0.544* 0.579** 0.582** ns ns 
GNY 0.966** 0.847** 0.923** 0.956** 0.979** 0.849** 0.948** 0.969** 
PH 0.865** 0.696** 0.533* 0.525* 0.784** 0.561* ns 0.531* 
NDVI 0.478** ns -0.546* 0.491* 0.909** ns ns 0.691**           

Nitrogen content & 
Stable isotope 
composition 

δ18Oshoot water -0.276* 0.614** ns ns -0.661** 0.593* ns ns 
Nleaf – – – – ns ns -0.510* ns 
δ15Nleaf – – – – 0.801** ns ns ns 
δ13Cleaf – – – – -0.750** ns ns -0.637** 
Ngrain -0.668** ns ns ns -0.768** -0.516** -0.659** ns 
δ15Ngrain 0.719** ns ns ns 0.819** ns ns ns 
δ13Cgrain -0.730** -0.540* -0.691** ns -0.882** ns ns -0.493*           

Canopy 
temperature 

CT -0.759** ns – ns -0.793** ns ns ns           

Leaf pigments Chlorophyll ns ns ns ns -0.355** ns ns ns 
Flavonoid ns ns 0.512* ns -0.540** 0.558* ns ns 
Anthocyanin ns ns ns ns ns ns ns ns 
NBI ns ns -0.569* ns ns ns ns ns 

INP, Irrigated Normal Planting; RNP, Rainfed Normal Planting; ILP, Irrigated Late planting. ns, P > 0.05; 
* P < 0.05 
** P < 0.001. 
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Araus and Cairns, 2014; Blum, 2009; Lopes and Reynolds, 2010). The 
negative relationships of GY with CT (Rezzouk et al., 2020; Thapa et al., 
2018; Yousfi et al., 2016; Zhou et al., 2016), and δ13C (Araus et al., 2003; 
Rezzouk et al., 2020; Whalley et al., 2008) across trials (Table 6), sup-
port these traits as indicators of water regime during crucial phenolog-
ical stages (e.g. CT measured at anthesis) and during the complete 
growth cycle (e.g. δ13C in mature grains). In fact, a lower CT has been 
associated with higher transpiration (Blum, 2009), while a more nega-
tive δ13C, particularly in mature grains, indicates that the water input 
received by the crop is greater (Araus et al., 2003), and in fact it is 
usually the consequence of a higher stomatal conductance (Condon, 
2020; Roche, 2015) associated with a better water status. In agreement 
with this, the δ13C of grains was clearly more negative under support 
irrigation than under rainfed conditions in both seasons (Table 2). In 
addition, under the drier conditions of the second season, δ13C values of 
both INP and RNP were higher (less negative), and differences in the 
δ13C of grains between the support irrigation and the rainfed trials were 
also higher compared to the first season. The CT at anthesis was also 
clearly higher under rainfed than support irrigation conditions, partic-
ularly during the second season. Late planting trials, even when exposed 
to warmer temperatures and therefore to higher water demand than the 
normal planting, exhibited values of grain δ13C and CT much closer to 
INP than RNP, due to the irrigation regime. Crop water status not only 
depends on the water inputs (amount of irrigation and/or precipitation) 
and outputs (evapotranspirative demand). Water uptake from the soil 

may also be involved in the differences in water status across trials. In 
our study, when the data from all trials were combined, δ18Oshoot water 
correlated positively with δ13C (r = 0.588, p < 0.01) and CT (r = 0.639, 
p < 0.01). δ18Oshoot water has been proposed as indicator of how deep in 
the soil the roots extract water, with lower δ18Oshoot water values indi-
cating greater depth of water extraction (Kale Çelik et al., 2018; Millar 
et al., 2018; Sanchez-Bragado et al., 2019). Therefore, the above cor-
relations suggest that the greater the depth of water extraction from the 
soil (lower δ18Oshoot water), the better the water status (lower δ13C and 
CT) of the plant. 

On the other hand, the negative relationships between GY and δ13C in 
mature grains within at least half of the six trials assayed (the combina-
tion of the three growing conditions and the two seasons) (Table 6), as 
well as the opposite placement of GY and δ13C in all six PCAs (Fig. 3), 
suggest that the best genotypes in all tested environments were these 
exhibiting better water status and thus higher stomatal conductance. 
These results also support the fact that even when trials were conducted 
under good agronomic conditions (provided through supplemental irri-
gation and a good rainy season), and consequently rather high yields, 
water may still limit productivity. This was the case in the support irri-
gation normal planting during the first season, which attained yields close 
to 7 Mg ha− 1 (Araus et al., 2008; Roche, 2015), but even in the rainfed 
normal planting of the second season, which was the driest of the six trials 
(an average yield of 1.3 Mg ha− 1), there was a significant negative cor-
relation between GY and δ13C. These results are in line with the fact that 

Fig. 3. Principal component analysis (PCA) of 6 genotypes of durum wheat grown during two consecutive crop seasons (2017–2018 and 2018–2019), and different 
water regimes and planting dates: A normal (winter) planting under support irrigation conditions during the first (INP (2017–2018) and second (INP (2018–2019)) 
season; a late planting under support irrigation conditions in the first (ILP (2017–2018)) and second (ILP (2018–2019)) seasons; a normal (winter) planting under 
rainfed conditions in the first (RNP (2017–2018)) and second (RNP (2018–2019)) crop season. The variables included in the analysis are grain yield (GY), days to 
heading (DTH), grain number (GN), ear density (ears), plant height (PH), the normalized difference vegetation index (NDVI) at anthesis, nitrogen content in flag 
leaves and mature grains (Nleaf and Ngrain), nitrogen isotope composition in flag leaves and mature grains (δ15Nleaf and δ15Ngrain), carbon isotope composition in flag 
leaves and mature grains (δ13Cleaf and δ13Cgrain), oxygen isotope composition in stem water (δ18Oshoot water), canopy temperature (CT) at anthesis, chlorophyll content 
(Chl), flavonoids (Flav) and the nitrogen balance index (NBI) of the flag leaf, root angle (RA) and specific root length (SRL). 
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the effective use of water (Blum, 2009) makes the difference in terms of 
productivity under drought conditions (Araus et al., 2008; Roche, 2015). 

Root architecture is another criterion that has been widely empha-
sized in the literature regarding the crucial role that roots play in water 
and nutrient uptake (Loss and Siddique, 1994; Rogers and Benfey, 
2015). Although information on a direct relationship between grain 
yield and root growth angle is scarce, several studies have proven the 
contribution of deeper root growth in providing better water status, and 
thus higher grain yield in wheat genotypes grown in water-limited 
and/or elevated temperature environments (Bai et al., 2019; Condon, 
2020; Pinto and Reynolds, 2015; Rogers and Benfey, 2015). In our study, 
but only for the second season (which was much drier), root angle 
spread (assessed through the ConvA parameter) was higher in the two 
trials under support irrigation than in the rainfed trial (Table 5). A 
similar pattern (but without reaching statistical significance) was 
observed for the RA measured with a protractor (Fig. 3). Higher RA 
indicates a shallower root system, probably associated with the irriga-
tion regime imposed, while in the case of rainfed conditions, plants were 
more dependent on roots that explored deeper in the soil profile. 
However, in the case of the first season there was no clear pattern related 
to the different growing conditions. 

Concerning the late planting under support irrigation, these condi-
tions produced quite a different root system pattern compared to the 
normal planting, depending on the crop season. During the dry condi-
tions of the second year, plants of the ILP trial exhibited more superficial 
roots (higher CComp), resulting in a wider root convex hull (higher 
ConvA), a wider root network width (higher Nwidth), and thinner roots 
(lower root width and higher SRL), when compared to the INP and the 
RNP trials (Table 5). However, during the first season all these root traits 
exhibited an opposite pattern under ILP compared to the two normal 
planting trials. In fact, during the first season, roots were thinner (lower 
width and higher SRL), and root number (CComp) was reduced in the 
rainfed trial (RNP) compared to the two trials under support irrigation. 
The trend of thinner roots in response to water deficit agrees with re-
ports for durum wheat under controlled (lysimetric) conditions (Elazab 
et al., 2012, 2016) and for bread wheat under field conditions (Peng 
et al., 2019). However, unlike the findings of these studies, the SRL 
during the second season of our study was higher and root width lower 
under ILP in comparison to both the severe water conditions of the RNP 
trial and also INP conditions (Table 5). These root traits may contribute 
to a more efficient uptake of water and nutrients under the high irri-
gation regime of the ILP during the second season, where water and 
nutrients are already accessible in the upper soil layer. It is worth 
mentioning than the ILP of the second season received a huge amount of 
irrigation (Fig. 2) and exhibited a yield comparable to that of the irri-
gated trial in the normal planting. These different patterns of response 
across seasons, and irrespective of the agronomic growing conditions 
(irrigation and planting time), illustrate the strong plasticity of the root 
system in response to the water regime. 

4.2. Phenology: a keystone of Mediterranean ideotypes 

Phenology, and particularly heading and anthesis dates, plays a 
major role in the adaptation of cereals to Mediterranean environments. 
Phenology has been progressively shortened through breeding for 
adaptation to Mediterranean conditions (Loss and Siddique, 1994; De 
Vita et al., 2007). In addition, an earlier anthesis usually contributes 
indirectly to an extended grain filling period (Van Oosterom and Ace-
vedo, 1992; Araus et al., 2002). In our study, shorter DTH measured 
during the first crop season (2017–2018) was correlated with increased 
GY in genotypes grown in the support irrigation trials (INP and ILP) of 
the two growing conditions (Table 5) and was further supported by the 
different placement of the two sets of genotypes in the PCA biplots 
corresponding to the 2017–2018 season (Fig. 3). 

However, the future ability to exploit such phenotypic adjustment 
using varieties with shorter crop durations has limits (Araus et al., 2002; 

Chairi et al., 2018; Prieto et al., 2020). Therefore other ideotypic traits 
need to be identified. In that sense, the direct role of phenology was 
subsequently removed by assessing the PCA within each agronomic 
condition with only the traits that were common across the two years, 
thus excluding DTH (Data in brief Fig. 1). In this case and for the three 
conditions, a low δ13Cgrain was a positive trait, meaning that plants that 
maintained more open stomata were the most productive. A better ni-
trogen assimilation capacity (higher NBI under INP and RNP, together 
with higher δ15Ngrain under RNP) and a lower accumulation of photo-
protective pigments (Flavonoids) in both the INP and RNP seem to be 
good ideotype indicators. The importance of other traits changed 
depending on the agronomic conditions (e.g. root traits), or even shifted 
from positive to negative when compared between INP and RNP, such as 
for δ18Oshoot water. In that particular case, the results suggested that the 
capacity for water capture in the upper soil layers under irrigation 
conditions, or deeper soil layers under rainfed, are positive traits. The 
specific traits associated with a better genotypic performance within 
each of the six growing conditions tested are discussed below. 

4.3. Genotypic ideotypes under support irrigation and normal planting 
date 

Under the relatively good growing conditions provided by normal 
planting under support irrigation (INP), the most productive genotypes 
exhibited better water status (lower δ13Cgrain), more superficial water 
extracted (higher δ18Oshoot water), enhanced growth (higher NDVI and 
PH at anthesis), and higher values in the agronomic yield components 
(ear density and TGW) and HI, in addition to phenological adjustment 
(through shorter days to heading) (Fig. 3). However, compared to the 
first crop season (2017–2018), drought conditions were more evident 
during the second season (2018–2019), resulting in an increase in pro-
tective pigments (flavonoids) being associated with a better genotypic 
performance. Increases in protective pigments such as flavonoids and 
anthocyanins in response to drought stress are well documented in 
wheat (Ma et al., 2014; Naderi et al., 2020). Meanwhile, RA was posi-
tioned opposite from GY during the first season (Fig. 3), meaning that 
the best genotypes were those that maintained shallow roots, while in 
the much drier conditions of the second season the trend changed, with 
GY and RA placed perpendicular to each other. While this suggests a lack 
of a clear role concerning RA during the second season, these results may 
be also understood as the root system being shaped to not only extract 
shallow water, but to also capturing water that percolates from the 
upper part of the soil profile via development of deeper roots. Elazab 
et al. (2016) reported in a study with durum wheat grown under lysi-
metric conditions and a rain shelter that better genotypic performance 
under water deficit conditions was associated with an increase in SRL 
(assessed as the ratio of root length to dry biomass). Thus SLR was 
positively correlated with shoot biomass across genotypes under mod-
erate water stress, but absent under full irrigation (provided by main-
taining container water capacity at 100%). In our study, even the 
support irrigation (INP and ILP) trials were exposed to some degree of 
water stress under field conditions, which agrees with the fact that in 
five of the six PCAs (Fig. 3) the relationship between SRL and GY was 
linear and negative, meaning that thinner roots is a rather positive 
genotypic trait regardless of the growing conditions. 

4.4. Genotypic performance under rainfed conditions 

Under the moderate water-limited conditions of the rainfed trial 
during the first crop season, greater GY was achieved in genotypes 
exhibiting a better capacity for nitrogen assimilation (higher NBI and 
δ15Ngrain), deeper water extraction (lower δ18Oshoot water), better water 
status (lower δ13C and CT), thinner roots (high SRL), deeper root growth 
(lower RA), phenotypical adjustment (lower DTH) and higher flavonoid 
content (Fig. 3). However, during the severe water stress experienced 
during the second season, the best genotypes, besides exhibiting again a 
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better water status (lower δ13C), showed no clear pattern in terms of root 
angle or the soil profile location of extracted water (δ18Oshoot water), the 
nitrogen status (NBI and δ15Ngrain), or the accumulation of flavonoids. In 
any case, for both years the best genotypes exhibited greater growth 
(higher PH) and biomass (higher NDVI) at anthesis, together with higher 
yield components, particularly higher TGW in the first crop season and 
higher grain number per ear in the second crop season. Our results agree 
with previous studies emphasizing the pivotal role of deep root devel-
opment (Condon, 2020; Lopes and Reynolds, 2010; Rogers and Benfey, 
2015; Wasaya et al., 2018), but particularly under the moderate water 
stress conditions of the rainfed crop during the first season. Thus, when 
grown under water-limited conditions, the most productive genotypes 
adjusted their root development into narrow root angle spreads (low RA 
and ConvA) for better access to water resources in deeper soil sections. 

4.5. Genotype performance under elevated temperatures 

The most productive genotypes under ILP conditions were associated 
with better water status (lower δ13C). Nevertheless, the relative importance 
of agronomic yield components, root characteristics and protection pig-
ments varied depending on the crop season, as did other factors such as 
green biomass (Fig. 3). During the first season, the best genotypes exhibited 
lower green biomass (lower NDVI) and higher flavonoid content at 
anthesis, probably associated with a lower leaf biomass. However, they also 
demonstrated higher ear density and TGW, along with extraction of more 
superficial water due to the higher δ18Oshoot water, while RA played no clear 
role. During the second season, the best genotypes exhibited more biomass 
at anthesis, lower flavonoid content and larger grain number per ear, but 
had lower ear density. RA was positioned somewhat perpendicular to GY, 
particularly in the first season (Fig. 3), which did not support root angle (at 
least measured with the shovelomics approach) as a trait conferring 
genotypic adaptation. However, despite the fact that rRA had no clear 
involvement, the apparent extraction of deeper water (lower, more 

negative, δ18Oshoot water) was placed on the same side as GY (Fig. 3). In a 
study performed under conditions comparable to our late planting trial, 
genotypes with cooler canopies were reported as having deep root devel-
opment, which was inferred from the higher root density in the 30–60 cm 
soil layer, and resulted in better agronomic performance (Pinto and Rey-
nolds, 2015). Moreover, it is possible that plants invest their resources into 
simultaneous development of shallow roots and deep roots to catch su-
perficial moisture and moisture retained deep in the soil profile, respec-
tively, as it has been proposed in a recent study on root traits contributing to 
higher yields in wheat (Bai et al., 2019). 

4.6. Conclusions 

Increased water deficit and temperature remain major challenges for 
sustainable production of wheat under Mediterranean conditions. Here 
we have studied the agronomic, phenological and physiological char-
acteristics associated with ideotypic performance of durum wheat ge-
notypes under different Mediterranean environment conditions. A trait 
that was clearly associated with genotypic performance was phenolog-
ical adaptation, with genotypes that reached heading earlier being the 
best performers, regardless of the growing conditions considered. This 
was the case for all of the six different scenarios studied, across which 
occurred a nearly seven-fold difference in grain yield. In addition, 
physiological traits such as the carbon isotope composition (δ13C) of 
mature grains, and to a lesser extent the oxygen isotope composition 
(δ18O) of the shoot water and the canopy temperature at anthesis, were 
key traits for characterizing water status and crop adaptation to the 
different growing conditions, including assessment of genotypic per-
formance. Root angle and specific root length, as assessed through the 
shovelomics approach, may give some further insights, particularly 
when characterizing the specific water regime imposed on the trials 
(rainfall alone or combined with irrigation). In any case, our study 
proves that beyond some traits (earlier reproductive stage, lower grain 

Fig. 4. A summary of potential traits contributing to the development of wheat ideotypes under different growing conditions: INP, Normal planting under irrigated 
conditions. RNP, Normal planting under rainfed conditions. ILP, Late planting under support irrigation conditions. ED, ear density; HI, harvest index; PH, plant 
height; RA, root angle; SRL, specific root length. 
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δ13C) associated with better genotypic performance under a wide range 
of Mediterranean conditions, other shoot and root traits are correlated 
with specific genotypic performance under a given growing condition 
(Fig. 4) and specific season. In this sense, rainfed and even standard 
support irrigation conditions are strongly affected by annual variability 
in precipitation and temperature, which makes it necessary to tailor the 
ideotype concept to the specific conditions of each environment 
(referred to as the particular combination of agronomic conditions and 
season). For this reason, introducing versatile and efficient root phe-
notyping techniques may contribute towards a deeper understanding of 
ideotype requirements within each particular environment. Neverthe-
less, further work is needed to improve high-throughput field pheno-
typing protocols to assess root performance. 
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Highlights 

• Water availability is the main environmental factor limiting durum wheat yield 

• Durum wheat root architecture shows high plasticity under Mediterranean conditions 

• Under rainfed conditions, higher yields are associated with deeper roots 

• Under irrigation, higher yielding crops combined shallow and deep roots 

• δ18O of stem water is a promising phenotypic trait informing about soil water uptake 

Abstract  

Crop performance is very dependent on roots because they determine the capture of water 

and nutrients, and the crop’s subsequent growth and productivity. Durum wheat is a major 

crop in the Mediterranean region, where water and nitrogen availability limit its productivity. 

Determining the combination of root characteristics related to an efficient acquisition of 

resources, alongside canopy traits that illustrate the effective use of these resources, may 

allow improvements in the adaptation of durum wheat to different Mediterranean conditions. 

This study evaluated crop performance in a set of modern durum wheat cultivars grown 

during four consecutive seasons and under contrasting water regimes, temperatures and 

nitrogen supplies, totalling 12 different growing conditions. Grain yield, biomass, other crop-

growth traits (plant height, the Normalised Difference Vegetation Index), together with 

physiological indicators of water (carbon isotope composition, d13C, and canopy temperature 

depression, CTD) and nitrogen (nitrogen isotope composition, d15N, and grain nitrogen yield, 

GNY) status were assessed. In addition, root architecture and distribution were measured 

using shovelomics and soil coring, and the provenance of the water captured by roots was 
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determined by comparing the oxygen (d18O) and hydrogen (d2H) isotope compositions of 

water at the base of the stem with water in different soil sections. Water and nitrogen status 

indicators combined with shovelomic traits allowed development of yield-prediction models. 

While higher yields were associated in most cases with better water status, root architecture 

was very responsive to different growing conditions. Overall, genotypes better adapted to 

rainfed conditions exhibited roots favouring deeper water extraction, whereas under support 

irrigation, the root system enabled water extraction from the topsoil as well as from deeper 

soil sections. Our study highlights the limitation of shovelomics and soil coring as phenotyping 

approaches and proposes the d18O and d2H of stem water as a promising functional 

phenotypic approach.  

Keywords: Soil coring, shovelomics, stable isotopes, canopy temperature. 

Abbreviations: 

d2H, hydrogen isotope composition. d13C, carbon isotope composition. d15N, nitrogen isotope 

composition. d18O, oxygen isotope composition. Bush, root network bushiness. ConvA, root 

network convex area. CTD, canopy temperature depression. GNY, grain nitrogen yield. GY, 

grain yield. NDVI, normalised difference vegetation index. HI, harvest index. ILP, irrigated late 

planting. INP, irrigated normal planting. Ldist, root length distribution. MaxR, maximum root 

number. MedR, median root number. Ndepth, root network length. Nlen, root network length. 

Ngrain, nitrogen content in grains. Nleaf, nitrogen content in leaf. Nsurf, root network surface 

area. Nvol, root network volume. NwA, root network area. NWDR, root network width to 

depth ratio. Nwidth, root network width. RA, root angle. Rccomp, root number of connected 

components. RDW, root dry weight. RF, random forest. RNP, rainfed normal planting. RLN, 

rainfed normal planting and low nitrogen. Rwidth, root width. PH, plant height. SRL, specific 

root length. TKW, thousand kernel weight.  

1. Introduction 

Durum wheat is a major crop in the Mediterranean basin, encompassing more than 50% of 

the total wheat growing area (Guzman et al., 2016). It is grown mainly under rainfed 

conditions and used in the production of various staple food in the Mediterranean region 

(Dainelli et al., 2022; Xinias et al., 2020). Mediterranean climatic conditions are known for 
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their high annual variability with fluctuating precipitation and temperatures (Hoffmann et al., 

2018). Moreover, climatic projections forecast that a warmer and drier climate across the 

Mediterranean will increase the risk of yield loss in durum wheat (Celgar et al., 2011; Ferrise 

et al., 2011). In addition, nitrogen availability is also a major factor limiting yield in many 

Mediterranean areas (Cossani et al., 2010; Savin et al., 2019). With food demands continuing 

to grow amid population increase, wheat breeders and producers are thus challenged by and 

expected to overcome these climatic limitations and secure higher production with fewer 

resources.  

 Crop growth and its subsequent yield depend on the effective acquisition of resources from 

the soil, namely water and nutrients. While the crucial role of the root system in determining 

crop performance is evident, studying roots under field conditions has been limited by the 

lack of precise high-throughput phenotypic approaches (Vadez, 2014; Wasson et al., 2014). 

Nevertheless, the root system may provide further understanding about plant coping 

mechanisms during growth under the drought, high temperature and/or low fertility 

conditions encountered by Mediterranean agriculture. Therefore, deepening our 

understanding of how root architecture and function respond to a wide range of growing 

conditions is necessary to provide insights into root characteristics suitable for tailoring higher 

yielding cultivars with better adaptation to Mediterranean conditions, and to design more 

efficient crop management practices. Despite the evident limitations of the current methods 

for root phenotyping in the field, combining even low throughput methodologies may still 

provide comprehensive information on root traits when aiming to characterise ideotypes and 

the effect of crop management conditions.  

The wheat root system is characterised by seminal roots that stem from the seed, and nodal 

or adventitious roots that initiate after germination (Chochois et al., 2015; Maccaferri et al., 

2016). Seminal roots are the first to penetrate soil layers to provide anchorage and stability, 

establish root system architecture and remain functional for the entire crop growth cycle 

(Pinto and Reynolds, 2015). Nodal roots are known for harvesting late season precipitation 

and acquiring nutrients from the topsoil (Chochois et al., 2015; Wasaya et al., 2018). 

Throughout the crop growth cycle, both seminal and nodal roots spread in the soil in 

horizontal and vertical directions, giving rise to a fibrous system that reaches its optimum 

growth by anthesis (Barraclough and Weir, 1988; Fageria and Moreira, 2011; Foulkes et al., 
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2009). Although phenotyping for root traits remains a real challenge given its laborious, 

destructive and costly nature, several techniques that seek to unveil root characteristics in 

the field have been developed and are in use, such as shovelomics and soil coring (Araus et 

al., 2022; Bucksch et al., 2014; Lynch, 1995, 2013; Ober et al., 2021; Trachsel et al., 2013; 

Wasson et al., 2014; York et al., 2018a, 2018b). The former is an approach that studies roots 

in the upper soil layer (ca. 0-20 cm) and defines root crown architecture characteristics 

(Bucksch et al., 2014; Fradgley et al., 2020; Rezzouk et al., 2022; Wasson et al., 2016). The 

latter targets root distribution throughout the soil profile, and changes in root traits focussed 

on length and density (Box Jnr and Ramseur, 1993; Hodgkinson et al., 2017; Kätterer et al., 

1993; Kirkegaard and Lilley, 2007; Wasson et al., 2014). These techniques inform about the 

architecture and structure of root systems and are usually coupled with imagery for quicker 

and more efficient root trait assessment (Araus et al., 2022; Bai et al., 2019; Chen et al., 2017; 

Wasson et al., 2016). Thus, root characteristics such as root depth, angle, density, diameter 

and specific length have been studied to explain the mechanisms that facilitate drought stress 

tolerance, and that allow the capture of nutrients and water from the soil and contribute to 

higher grain yield (Foulkes et al., 2009; He et al., 2022; Narayanan et al., 2014; Rezzouk et al., 

2022; York et al., 2018a;2018b).  

While assessing root architecture and its growth through the soil profile is relevant in terms 

of phenotyping, adding information such as root functionality at the soil depth from which 

water is extracted, may provide a more comprehensive view on how roots contribute to crop 

adaptation. In this sense, d2H and d18O in stem water have been proposed as tracers to 

determine the movement of soil moisture and evapotranspiration in plants (Zimmermann et 

al., 1966). Previous studies in other crops have shown that d18O and d2H from the stem water 

reflect the isotopic signature of the water source (e.g. precipitation and/or irrigation) 

together with the depth in the soil profile from which the water is captured by the roots (Berry 

et al., 2019; Dawson and Goldsmith, 2018; de Deurwaerder et al., 2020; Schreel and Steppe, 

2020; Treydte et al., 2014; Wang et al., 2010; Zhao et al., 2016). More recent studies on durum 

wheat also support the use of d18O and d2H from stem water as a tracer for root water uptake 

(Kale Çelik et al., 2018; Sanchez-Bragado et al., 2019; Rezzouk et al., 2022).  
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As the functioning of the roots determines the overall performance of the crop (Lopes and 

Reynolds, 2020; Pinto and Reynolds, 2015), assessing traits that inform about the water and 

nutrient status of the crop may further improve our mechanistic understanding of key root 

traits while facilitating more efficient phenotyping. In terms of nitrogen status, a crop capable 

of assimilating more nitrogen should translate to a higher grain nitrogen yield, while also 

affecting the nitrogen content of the leaves and grains (Chairi et al., 2020; Haberle et al., 2008; 

Rezzouk et al., 2020; 2022; Slafer et al., 1990), as well as the stable nitrogen isotope 

composition (d15N) of the plant tissues (Choi et al., 2003; Wassenaar, 1995). Thus, the d15N of 

plant tissues not only works as a tracer of the nitrogen source used by the crop, but also of 

the water conditions experienced by the crop. Whereas chemical nitrogen fertilisers are 

characterised by low d15N values, nitrogen derived from nitrification of organic matter 

present in the soil exhibits far higher d15N (Araus et al. 2013; Serret et al. 2009). On the other 

hand, d15N use increases as growing conditions improve and productivity increases (Rezzouk 

et al., 2022; Sanchez-Bragado et al., 2017; Yousfi et al., 2009).  

Regarding water status, canopy temperature depression (CTD) is a relevant parameter that is 

used to quantify crop water status, which is related to root performance under field 

conditions (Lopes and Reynolds, 2010). CTD has been reported to be positively correlated 

with photosynthetic traits such as stomatal conductance and leaf water potential (Wasaya et 

al., 2018), as well as grain yield (Fischer et al. 1998; Chairi et al., 2020; Wasaya et al., 2018). 

On the other hand, the stable isotope composition (d13C) (Farquhar and Richards, 1984; 

Farquhar et al., 1989) when analysed in plant tissues such as mature grains, it has been 

frequently used in wheat as a time-integrative indicator of the water used by plants (Araus et 

al., 2003; 2008), which is also known as the effective use of water (Blum, 2009). In fact, for 

wheat, the lower the d13C values of plant tissues, the better the water status of the crop and 

the higher the grain yield achieved (Araus et al. 2003, 2013).  

Finally, a better water and nutrient status will translate to a higher crop growth and stay green 

(Christopher et al., 2016; Fischer, 2011; Padovan et al., 2020; Rezzouk et al., 2020; Spano et 

al., 2003). Canopy height at anthesis/grain filling (Blum and Sullivan, 1997; de Vita et al., 2010), 

together with the green canopy biomass inferred through remote sensing vegetation indices 
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such as the Normalised Difference Vegetation Index (NDVI) may also be useful as indicators 

(Christopher et al., 2014; Fischer et al., 1998; Kipp et al., 2014; Lopes and Reynolds, 2012). 

Combining traits that inform about the growth and water and nitrogen status of the crop, 

together with a wide range of root traits, may prove a solid approach to define ideotypes 

adapted to Mediterranean conditions and to develop prediction-models amenable for crop 

management and breeding. Therefore, the objective of this study is to uncover the response 

of root traits in durum wheat to different Mediterranean growing conditions and how they 

relate to better yield performance. To achieve this, different methodologies examining root 

architecture in the topsoil (shovelomics) as well as at depth (soil coring) were deployed 

alongside a functional approach (isotope signature of the stem water) under field conditions. 

Twelve trials, with contrasting water (rainfed vs irrigated), temperature (normal vs late 

planting) and nitrogen (low versus recommended N fertilisation) conditions, were carried out 

through four consecutive crop seasons under the continental Mediterranean conditions of 

Valladolid, Spain. A set of modern durum wheat cultivars with contrasting yield performance 

were evaluated. In conjunction with grain yield and the above-mentioned indicators of crop 

growth and water and nitrogen status, shovelomics was carried out for all genotypes and trials, 

and soil coring as well as measurements of the stable isotopic signature of the stem and soil 

water were undertaken in a subset of seasons.  

2. Materials and Methods 

2.1 Plant material, field experiment and growth conditions 

Field trials were carried out over four consecutive crop seasons (2017-2018, 2018-2019, 2019-

2020 and 2020-2021) at the experimental station of Zamadueñas of the Agro-technological 

Institute of Castilla y León (ITACyL), Valladolid, Spain (41° 39´ 8´´ N and 4° 43`24`` W, 690 

m.a.s.l.). For each season, six to eight semi-dwarf durum wheat (Triticum turgidum L. subsp. 

durum (Desf) Husn.) post green revolution cultivars were selected according to grain yield 

data from a panel of 24 modern durum wheat cultivars grown in Spain during the last five 

decades. Genotype selection was based on the grain yields achieved during different seasons 

at the ITACyL station stated above, and at the Spanish stations of INIA “Instituto Nacional de 

Investigación y Tecnología Agraria y Alimentaria” located in Colmenar de Oreja-Aranjuez 
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(Madrid) and Coria del Rio (Seville), under different growing conditions: irrigated normal 

planting (INIA, Coria del Rio); irrigated normal planting, irrigated late planting and rainfed 

normal planting conditions (INIA, Aranjuez); and irrigated normal planting, rainfed normal 

planting and rainfed normal planting and low nitrogen trials (ITACyL, Valladolid). Briefly, for 

the first two seasons of this study (2017-2018 and 2018-2919), six genotypes out of twenty-

four were selected from yield data obtained at the INIA stations (Aranjuez and Coria del Rio) 

during the seasons 2016-2017, 2017-2018 and 2018-2019, totalling twelve growth conditions 

(i.e. environments). During the third season of this study (2019-2020), eight genotypes were 

selected from yield data collected at the INIA stations (Aranjuez and Coria del Rio) and ITACyL 

station (Valladolid) from the season 2018-2019, totalling eight environments. In the fourth 

season (2020-2021), six genotypes were selected from yield data obtained at the INIA station 

(Aranjuez) from the seasons 2017-2018 and 2018-2019, and the ITACyL station (Valladolid) 

from the seasons 2017-2018, 2018-2019 and 2019-2020, totalling sixteen environments. 

Information of the chosen genotypes in each season and their provenances is provided in 

Supplemental Table 1, as well as elsewhere (Chairi et al., 2018; Rezzouk et al., 2022). In fact, 

for each of the trials of this study, the tested cultivars were grown within the panel of 24 

genotypes, designed in a complete block design with three replicates. In all seasons and for 

each trial, cultivars were sown in six rows, 0.25 m apart plots, and planting density consisted 

of 250 seeds per m2. Plot size was 1.5 m x 7 m during 2017-2018, 1.5 m x 9 m during 2018-

2019, and 1.5 m x 10 m during 2019-2020 and 2020-2021. The following growing conditions 

were tested: support irrigation normal planting (INP), support irrigation late planting (ILP), 

rainfed normal planting and low nitrogen (RLN), and rainfed normal planting (RNP) (Table 1). 

Each season consisted of three different growing conditions: INP, RNP and RLN during the 

seasons 2017-2018 and 2018-2019; INP, ILP and RLN during 2019-2020; and INP, ILP and RNP 

during 2020-2021; totalling twelve tested environments. During the first two seasons (2017-

2018 and 2018-2019), all trials (INP, RLN and RNP) received 300 kg ha-1 of 8-15-15 as basic-

dressing, and afterwards the INP and RNP trials received 150 kg ha-1 of calcium ammonium 

nitrate (NAC 27%) as a first top-dressing during tillering, and another 150 kg ha-1 of nitrosyl 

sulfuric acid (NSA 26%) as a second top-dressing during jointing. During the second two 

seasons (2019-2020 and 2020-2021), the INP, ILP and RNP trials were supplied with 300 kg 

ha-1 of 8-15-15 as basic dressing, and afterwards the INP and RNP trials received 150 kg ha-1 

of calcium ammonium nitrate (NAC 27%) during tillering as top-dressing, and ILP received the 
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same top-dressing fertilisation during the 2019-2020 season (Table 1). In terms of 

phytosanitary treatment, pests, diseases and weeds were treated as recommended by the 

farmers of the region. Soil was xerofluvent with a sandy loam texture and alkaline pH. 

Regarding the water regimen, the irrigated trials (INP and ILP) received a total of 109.8 mm, 

fractionated eight times during 2017-2018, 152.7 mm, fractionated thirteen times during 

2018-2019, 66.0 mm fractionated four times during 2019-2020, and 71.0 mm fractionated 

nine times during 2020-2021. The accumulated precipitation for normal planting trials (INP, 

RLN and RNP) totalled 443.8 mm, 124.7 mm, 348,5 mm and 186-5 mm during the four 

consecutive seasons, respectively. For the ILP, accumulated precipitation was 217.9 mm and 

94.2 mm during 2019-2020 and 2020-2021, respectively. Further information on the 

fertilisation calendar, water input, sowing and harvest dates are detailed in Table 1 while 

climate conditions for each crop season are presented in Figure 1.  
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Table 1. Nitrogen fertilization and water inputs as occurred throughout the four crop seasons (2017-2018; 2018-2019; 2019-2020; 2020-2021) in 
different trials (INP, ILP, RLN, RNP). Nitrogen was supplied as a basic dressing using N-P-K, and a top dressing supplied as calcium ammonium nitrate 
(CAN) as a first amendment, and nitrosyl sulfuric acid (NSA) as a second amendment. Accumulated precipitation and accumulated effective 
precipitation were obtained from the Spanish meteorological platform SIAR (Servicio de Informacion Agroclimática para el Regadio, www.siar.es), 
and presented as the accumulated precipitation from sowing to physiological maturity. INP, irrigated normal planting; ILP, irrigated late planting; RLN, 
rainfed normal planting and low nitrogen; RNP, rainfed normal planting. 
 

  
Crop season 

 2017-2018 2018-2019 2019-2020 2020-2021 
 

 
 

Date 
kg 

ha-1 UN Date kg ha-1 UN Date kg ha-1 UN Date kg ha-1 UN 

Basic 
dressing 

INP 

8-15-15 

11/12/17 300 24 11/16/18 300 24 11/06/19 300 24 10/29/20 300 24 
ILP - - - - - - 02/12/20 300 24 02/15/21 300 24 
RLN 11/22/17 300 24 11/16/18 300 24 - - - - - - 
RNP 11/22/17 300 24 11/16/18 300 24 11/06/19 300 24 10/29/20 300 24 

1st top 
dressing 

INP 

NAC 27% 

02/20/18 150 40.5 02/28/19 150 40.5 02/12/20 150 40.5 02/16/21 150 40.5 
ILP 04/17/18 150 40.5 04/22/19 150 40.5 04/22/20 150 40.5 - - - 
RLN - - - - - - - - - - - - 
RNP 02/20/18 150 40.5 02/28/19 150 40.5 02/12/20 150 40.5 02/16/21 150 40.5 

2nd top 
dressing 

INP 

NSA 26% 

04/17/18 150 39 04/12/19 150 39 - - - - - - 
ILP 05/07/18 150 39 05/16/19 150 39 - - - - - - 
RLN - - - - - - - - - - - - 
RNP 04/17/18 150 39 04/12/19 150 39 - - - - - - 

Total N 

INP    103.5   103.5   64.5   64.5 
ILP    103.5   103.5   64.5   64.5 
RLN    24   24   0   0 
RNP    103.5   103.5   64.5   64.5 

      

Water 
input 

Irrigation  109.8 mm 152.7 mm 66.0 mm 71.0 mm 
Fractionation 8-fold 13-fold 4-fold 9-fold 
Accumulated 
precipitation 

INP 443.8 mm 124.7 mm 348.5 mm 186.5 mm 
ILP - - 217.9 mm 94.2 mm 

Acc. Effective 
Precipitation 

INP 210.1 mm 44.6 mm 153.8 mm 52.2 mm 
ILP - - 99.8 mm 28.2 mm 

      
Previous 
crop 

Normal planting Fallow Barley Peas 
Fallow 

Late planting - - Vetch 

Sowing 
Normal planting 11/23/2017 (INP, RLN) 

11/13/2017 (RNP) 
12/03/2018 11/18/2019 11/19/2020 

Late planting - - 02/13/2020 02/18/2021 

Harvest 
Normal planting 07/20/2018 07/03/2019 07/16/2020 07/16/2023 (RNP) 

07/21/2021 (INP) 
Late planting - - 07/23/2020 07/23/2021 
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Figure 1. Distribution of monthly water input (accumulated precipitation, 
accumulated effective precipitation and irrigation and evapotranspiration), and 
mean temperature (average, minimum and maximum) during the growing period 
covering the crop seasons (2017-2018), (2018-2019) and (2019-2020). Climatic 
conditions were obtained from the Agro-climatic Information System for Irrigation 
(Sistema de Información Agroclimática para el Regadío, SIAR) 
(http://eportal.magrama.gob.es/websiar/); Ministry of Agriculture, Food and 
Environment, Government of Spain and the European Agricultural Fund for Rural 
Development.  
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2.2 Agronomic and crop growth traits 

At anthesis, plant height (PH) was determined across the whole plot using a ruler, and the 

NDVI was measured using a potable ground sensor (GreenSeeker, Trimble, Sunnyvale, CA, 

USA), following the protocol described previously in Rezzouk et al. (2020). At maturity, plant 

density (plants m-2) and ear density (ears m-2) were determined by counting the number of 

plants and ears in a 1 m length of a central row. Afterwards, each plot was machine harvested 

and grain yield (GY) was determined after an adjustment to a 10% moisture level. Total 

biomass was measured for each plot in a subset of 10 plants. Then, thousand kernel weight 

(TKW) and harvest index (HI) were calculated. 

2.3 Canopy temperature depression  

Measurements of canopy temperature (CT) were assessed during the seasons 2017-2018, 

2018-2019 and 2020-2021 from an aerial platform using a thermal camera (FLIR Tau2 640, 

FLIR Systems, Nashua, NH, USA) with a VOx uncooled microbolometer equipped with a TeAx 

Thermal Capture 2.0 (TeAx Technology, Wilnsdorf, Germany), and mounted on an unmanned 

aerial vehicle (6S12 XL oktokopter, HiSystems GmbH, Moomerland, Germany). During 2019-

2020, CT was assessed at ground level using a portable infrared thermometer (PhotoTempTM 

MXSTM TD Raytek®, California; USA). In all cases, measurements took place between solar 

noon and early afternoon. Initially, the thermal frames were stacked to raw 16-bit TIFF format 

images (temperature values expressed in Kelvin x 10000) using ThermoViewer software 

(v1.3.13) by TEAX (TeAx Technology, Wilnsdorf, Germany). Secondly, images were 3D-

reconstructed using Agisoft Photoscan Pro (Agisoft LLC, St. Petersburg, Russia, 

www.agisoft.com) and processed to produce ortho-mosaic images (Bendig et al., 2014). 

Thirdly, plots were cropped and aerial CT analysed using the MosaicTool software integrated 

as a plugin for the open source image analysis platform FIJI (Fiji is Just ImageJ; 

http://fiji.sc/Fiji), then converted to 32-bit temperatures in Celsius using a custom batch 

processing macro function in FIJI (Kefauver et al., 2017) to determine aerial CT. Afterwards, 

canopy temperature depression (CTD) for each plot, trial and crop season was calculated as 

the difference between the maximum air temperature of the day and the canopy 

temperature CT measured during the same day as follows:  

CTD = Tair – CT                          (1) 
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2.4 Shovelomics, soil coring and image processing 

For all trials and crop seasons, five random plants were dug manually from the upper 20 cm 

of soil layer in each plot between anthesis and mid-grain filling. Afterwards, roots of individual 

plants were washed carefully using a hose, digitised in situ using a Sony ILCE-QX1 camera 

(Sony Europe Limited, Brooklands; United Kingdom), and the resulting RGB images were 

processed using GiaRoots software (General Image Analysis of Roots, Georgia Tech Research 

Corporation and Duke University; USA) as described in Galkovskyi et al. (2012). Assessed traits 

were crown root-related parameters as follows: the number of connected components 

(Rccomp); the maximum (MaxR) and median (MedR) number of roots; root system 

dimensions such as average root width (Rwidth), root network depth (Ndepth), root network 

length (Nlen) and root network width (Nwidth); the root density by measuring the network 

area (NwA), the network surface area (Nsurf) and network volume (Nvol); and the root angle 

via the network convex area (ConvA). In addition, relative traits presented as ratios such as 

the ratio of network length to the network volume (specific root length (SRL)), the ratio of the 

maximum root number to the median root number (Network bushiness (Bush)), the total 

network area divided by the network convex area (Network solidity), the lower 2/3 of the root 

network depth (length distribution (Ldist)), and the ratio of the network width to the network 

depth (network width to depth ratio (NWDR)) were also calculated. Root angle (RA) was 

measured manually using a protractor. Root samples were oven dried afterwards at 60 °C for 

72 h, and root dry weight (RDW0-20) was determined. 

Soil coring was carried out at around mid-grain filling in the INP trial during 2018-2019, 2019-

2020 and 2020-2021, in the ILP trial during 2019-2020 and 2020-2021, and in the RLN and 

RNP trials during 2019-2020 and 2020-2021, respectively. Cores of 100 cm depth were 

extracted from the centre of each plot using a hydraulic soil corer, then divided into four soil 

sections (0-25 cm; 20-50 cm; 50-75 cm and 75-100 cm). Approximately 800 g of soil cores 

were weighed, and from these roots were manually isolated by washing away the soil using 

tweezers and sieves of different diameters. Once isolated, the roots were saved in a 50% 

ethanol. The isolation process took a few months and therefore the sampled cores and roots 

were kept at low temperatures (-8 °C) temperature at all times. To scan the roots, a 0.1% 

methyl violet solution was prepared to dye them for greater contrast. Initially, a 1 g of methyl 

violet powder was diluted in 100 ml of 100% ethanol, and then a 1 ml of the concentrated 
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solution was diluted a second time in 9 ml of 100% ethanol, with the resulting 10 ml solution 

being further diluted by adding 90 ml of distilled water to give a 0.1 % methyl violet solution. 

Roots were placed in petri dishes, submerged in the methyl violet solution and kept under 

dark conditions overnight (Pask et al., 2012). The next day, the dyed roots were carefully dried, 

scanned (EPSON Perfection 1260, EPSON America Inc., Chicago, USA), and then oven dried at 

60 °C for 48 hours to determine the root dry weight of each soil section (RDW0-25cm, RDW25-

50cm, RDW50-75cm and RDW75-100cm). The scanned root images of different soil sections were 

analysed using the open-source image analysis platform FIJI (Fiji is Just ImageJ; 

http://fiji.sc/Fiji), to determine root area (AreaRoots) and the coefficient Area/RDW. 

2.5 Carbon and nitrogen stable isotope composition and nitrogen content 

Analyses were performed in mature grains from all the plots, trials and seasons of the study, 

and in flag leaves sampled at anthesis during the 2018-2019, 2019-2020 and 2020-2021 

seasons.  Leaves and grains were dried at 60 °C for a minimum of 48 h and reduced to a fine 

powder, from which approximately 1 mg was enclosed in tin capsules and analysed using an 

elemental analyser (Flash 1112 EA; Thermo- Finnigan, Schwerte, Germany) coupled with an 

isotope ratio mass spectrometer (Delta C IRMS, ThermoFinnigan) operating in continuous 

flow mode, at the Scientific and Technical facilities of the University of Barcelona. Different 

secondary standards were used for carbon (IAEA−CH7, IAEA−CH6 and IAEA-600, and USGS 40) 

and nitrogen (IAEA-600, N1, N2, NO3, urea and acetanilide) isotope analyses. The nitrogen 

concentrations (N) in leaves and grains were expressed in percentages (%), and carbon (δ13C) 

and nitrogen (δ15N) isotope compositions in parts per thousand (‰). The δ13C and δ15N results 

permitted an analytical precision (standard deviation) of 0.1‰ and 0.3‰, respectively, and 

were determined following Eq. (2): 

δ13C or δ15N (‰) = [Rsample/Rstandard − 1] × 1000         (2) 

 Where Rstandard is the molar abundance ratio of the secondary standard calibrated against the 

primary standard Pee Dee Belemnite in the case of carbon (δ13C) and N2 from air in the case 

of nitrogen (δ15N) (Farquhar et al., 1989). 

Grain nitrogen yield (GNY) was then calculated as: 

GNY (Mg ha−1) = (N concentration in grains x GY)/100                                                                (3) 
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2.6 Oxygen and hydrogen stable isotope composition 

Post anthesis, samples of the stem base (approximately 6–7 cm length) were harvested from 

five random plants (main stems) of each selected plot, sealed immediately in analytical tubes 

and frozen at −80 °C. Similarly, samples from different soil sections of the cores collected 

during grain filling (see Section 2.4) were sealed immediately in analytical tubes and kept at -

80 °C. The frozen stems and soil samples were sent for water extraction at the Department of 

Crop and Forest Sciences, University of Lleida (Spain). Briefly, the first phase (water extraction) 

was performed using a cryogenic vacuum distillation line (Dawson and Ehleringer, 1993). 

Sample tubes were placed in a heated silicone oil bath (120 ◦C), and connected with Ultra-

TorrTM unions (Swagelok Company, Solon, OH, USA) to a vacuum system (~10 −2 mbar), in 

series, with U-shaped collector tubes cooled with liquid N2. Ninety minutes after commencing 

extraction, the extracted soil water and xylem water in stems was transferred into 2 ml vials 

and stored at 4 °C until analysis. Afterwards, the oxygen (δ18O) and hydrogen (δ2H) stable 

isotope compositions of stem water were determined at the Scientific Facilities of University 

of Lleida (Spain), and the δ18O and δ2H of the water soil sections were measured at the 

Scientific Facilities of the University of Barcelona (Spain). Analyses in both facilities were 

carried out by isotope-ratio infrared spectroscopy using a Picarro L2120-I isotopic water 

analyser coupled to an A0211 high-precision vaporiser (Picarro Inc., Sunnyvale, CA, USA). The 

analytical precision for δ18O and δ2H was 0.10‰, and the occurrence of contaminants was 

tested using Picarro’s ChemCorrect post-processing software and corrected, when necessary, 

following Martín-Gómez et al. (2015). 

The values for δ18O and δ2H of the precipitation water throughout the successive seasons 

(Supplemental Figure 2) were derived from the monthly values of Valladolid city (a few km 

from the Zamadueñas station) as provided by the “Centro de Estudios y Experimentación de 

Obras Públicas (CEDEX)” (CEDEX, 2022), in collaboration with the Spanish “Agencia Estatal de 

Meteorología” (https://www.cedex.es/centros-laboratorios/centro-estudios-tecnicas-

aplicadas-ceta/lineas-actividad/diseno-metodologia-muestreo-analisis). In addition, the δ18O 

and δ2H of the precipitation and irrigation water at Zamadueñas Station were collected during 

anthesis/grain filling for the 2018-2019 (only precipitation) and 2020-2021 (precipitation and 

irrigation) seasons, and analysed as above at the facilities of the University of Barcelona. 
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2.7 Statistical analyses  

Analyses of variance (ANOVA) were performed to test the effect of crop seasons, trials, 

genotypes and soil sections on the studied traits using SPSS software (IBM SPSS Statistics 25, 

Inc., Chicago, IL; USA). The same software was used (i) to reveal differences within trials and 

soil sections following the post-hoc Tukey-b test, (ii) to determine Pearson correlations 

between GY and the rest of the studied traits, and (iii) to perform a stepwise multi-regression 

analysis with GY as the dependent trait. In addition, Random Forest multi-regression analysis 

was performed to predict GY under different trials, and to measure the importance of 

variables introduced by each fitted model using RStudio 1.2.5 (R Foundation for Statistical 

Computing, Vienna, Austria). For this, the database was randomly split into a training set (80%) 

and a test set (20%). For each trial, the model was trained using a resampling in the form of 

10 times repeated 10-fold cross-validation, with the final selected models exhibiting the 

optimum determination coefficient (R2
train) with the lowest root mean square error (RMSEtrain). 

To evaluate the models’ predictive ability on the test set, the R2
test and RMSEtest were shown 

as the Pearson correlation between the tested and the predicted values and the 

corresponding root mean square error, respectively. Principal component analyses (PCA) 

were carried out to analyse all the trait categories (including crop growth) in a reduced bi-

dimensional platform for each trial using RStudio 1.2.5. Graphs were created using Sigma-plot 

10.0 (Systat Software Inc, California; USA).  

3. Results 

3.1 Season, growth conditions and genotypic effects on crop growth and yield  

When the four crop seasons of the study were combined, the effects of season and trial were 

highly significant on GY, yield components (plant and ear densities, TKW and HI) and crop 

growth (PH, NDVI and biomass) traits. However, the genotypic effect was only significant for 

GY and PH (Table 2). The interaction season x trial was significant for all traits except for TKW 

and plant density, whereas the interaction year x genotype was significant for GY and ear 

density alone, and the interaction trial x genotype was only significant for GY. The effect of 

the triple interaction season x trial x genotype was absent on the studied traits. Genotypes 

across seasons performed best under INP conditions, exhibiting the highest GY, biomass, HI, 
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ear density and PH, as opposed to the RLN conditions where GY overall decreased on average 

by 35%. In addition, RLN generally exhibited lower biomass and HI, lower plant and ear 

densities, and reduced PH and NDVI compared to INP. Under ILP and RNP, genotypes showed 

similar performance in combined seasons (29% GY decrease compared to INP), with similar 

ear density and PH, albeit higher NDVI under ILP compared to RNP.  

In separate seasons, the trial effect was significant on all traits in each season. However, the 

genotypic effect was significant only for HI, TKW, plant and ear densities and PH during 2017-

2018; for HI and ear number during 2018-2019; for GY, PH and NDVI during 2019-2020; and 

for GY, TKW, and PH during 2020-2021. The interaction trial x genotype was absent for any of 

the traits studied during 2017-2018, significant only for biomass during 2018-2019, significant 

for GY, PH and NDVI during 2019-2020, and significant for GY and PH during 2020-2021 (Table 

2). GY, yield components and crop growth traits showed a similar trend in separate seasons 

as the four seasons combined, with GY performing the best under INP, and the worst under 

RLN with decreases of 20%, 65% and 28% compared to INP during the 2017-2018, 2018-2019 

and 2019-2020 seasons, respectively. The second worst condition was RNP, where, compared 

to INP, GY decreased 5%, 62% and 28% during 2017-2018, 2018-2019 and 2020-2021, 

respectively. In the case of ILP, GY decreased 35% and 24% during 2019-2020 and 2020-2021, 

respectively. Differences between irrigation and rainfed trials in grain yield and most of the 

other traits were maximal during the driest (2018-2019) of the four seasons.  
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Table 2. Effects of crop season (2018; 2019; 2020; 2021), trial (INP, ILP, RNP, RLN), and durum wheat genotypes on yield components. ANOVA 
was tested for trials and genotypes in each crop season and across combined crop seasons. 

Crop 
season Trial 

GY 
(Mg ha-1) 

Biomass 
(Mg ha-1) HI TKW (g) 

Plants 
(m-2) 

Ears 
(m-2) 

PH 
(cm) NDVI 

2017-2018 INP 6.16a±0.26 13.94a±0.62 0.441a±0.011 48.15a±1.44 170.4a±7.0 351.1a±15.1 100.4a±1.3 0.73a±0.01 
 RNP 5.85ab±0.17 12.89a±0.33 0.455a±0.010 47.63a±1.13 178.9a±9.9 328.4a±11.7 99.4a±1.2 0.67a±0.01 
 RLN 4.93b±0.38 10.88b±0.75 0.451a±0.014 49.36a±1.26 142.0b±7.4 325.3a±17.4 90.3b±1.9 0.61b±0.02 
 Trial (T) <0.050 <0.010 ns ns <0.010 ns <0.001 <0.001 
 Genotype (G) ns ns <0.001 <0.001 <0.050 <0.010 <0.001 ns 
 T*G ns ns ns ns ns ns ns ns 
2018-2019 INP 7.88a±0.24 15.41a±0.70 0.403a±0.010 46.11a±1.85 208.9a±12.9 417.6a±19.5 86.88a±1.24 0.49a±0.02 
 RNP 2.96b±0.14 7.15b±0.35 0.294b±0.015 40.93a±10.13 182.2a±7.2 305.6b±15.9 68.99b±1.38 0.43b±0.02 
 RLN 2.76b±0.17 7.04b±0.52 0.297b±0.014 31.38a±1.65 188.7a±14.3 397.3b±23.0 67.06b±2.13 - 
 Trial (T) <0.001 <0.001 <0.001 ns ns <0.001 <0.001 <0.050 
 Genotype (G) ns ns <0.010 ns ns <0.010 ns ns 
 T*G ns <0.010 ns ns ns ns ns ns 
2019-2020 INP 8.36a±0.18 - - - - - 104.8a±1.3 0.75a±0.01 
 ILP 5.43c±0.16 - - - - - 100.2b±1.5 0.67b±0.01 
 RLN 6.04b±0.30 - - - - - 100.3b±0.9 0.58c±0.02 
 Trial (T) <0.001 - - - - - <0.001 <0.001 
 Genotype (G) <0.001 - - - - - <0.001 <0.001 
 T*G <0.010 - - - - - <0.001 <0.001 
2020-2021 INP 6.31a±0.14 - - 52.02a±0.90 171.1a±7.8 321.2a±13.4 92.28a±1.12 0.68b±0.02 
 ILP 4.82b±0.11 - - 48.98b±1.14 185.7a±5.1 309.4a±7.6 77.03c±0.90 0.74a±0.01 
 RNP 4.52b±0.17 - - 42.39c±0.95 171.8a±4.5 308.5a±7.5 87.94b±0.98 0.61c±0.01 
 Trial (T) <0.001 - - <0.001 ns ns <0.001 <0.001 
 Genotype (G) <0.001 - - <0.001 ns ns <0.050 ns 
 T*G <0.001 - - ns ns ns <0.010 ns 
All seasons INP 7.26a±0.15 14.17a±0.48 0.42a±0.01 48.76a±0.90 183.5a±6.1 364.0a±10.9 96.77a±0.10 0.67b±0.01 
 ILP 5.17b±0.11 - - 48.98a±1.14 185.7a±5.1 309.4b±7.6 90.60b±2.03 0.70a±0.01 
 RLN 4.75c±0.25 9.02b±0.57 0.38b±0.02 40.63a±1.84 164.7a±8.8 315.8b±12.3 87.65c±2.01 0.59c±0.01 
 RNP 5.19b±0.19 10.02b±0.54 0.37b±0.02 43.65a±3.43 177.6a±4.4 320.1b±7.2 90.68b±1.59 0.60c±0.01 
 Season (S) <0.001 <0.001 <0.001 ns ns ns <0.001 <0.001 
 Trial (T) <0.001 <0.001 <0.050 ns ns <0.010 <0.001 <0.001 
 Genotype (G) <0.010 ns ns ns ns ns <0.010 ns 
 S*T <0.001 <0.001 <0.001 ns ns <0.050 <0.001 <0.050 
 S*G <0.010 ns ns ns ns <0.050 ns ns 
 T*G <0.050 ns ns ns ns ns ns ns 
 S*T*G ns ns ns ns ns ns ns ns 

Values are means of the selected genotypes in each season with 3 replicates. Levels of significance for the ANOVA: P < 0.05, P < 0.01 and P < 0.001. Means exhibiting different 
letters a, b Values are means of the selected genotypes in each season with three replicates. Levels of significance for the ANOVA: P < 0.05, P < 0.01 and P < 0.001. Means 
exhibiting different letters a, b and c, are significantly different (P < 0.05) according to Student’s t-test on independent samples, within each crop season and across combined 
seasons. GY, grain yield; HI, harvest index; TKW, thousand kernel weight; PH, plant height; NDVI, nitrogen difference vegetation index; CTD, canopy temperature depression; INP, 
irrigated normal planting. ILP, irrigated late planting. RNP, rainfed normal planting. RLN, rainfed low nitrogen. S, crop season. T, trial. G, genotype. 
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3.2 Season, growth conditions and genotypic effects on crop nitrogen status 

To assess crop nitrogen status, the grain nitrogen yield (GNY), nitrogen concentration (N) and 

nitrogen isotope composition (δ15N) in leaves and grains were evaluated across seasons and 

trials (Table 3). When combining seasons, the effects of season and trial were significant on 

all traits, whereas the effect of genotype was significant on GNY alone. The interaction year x 

trial was significant for GNY, Ngrain and δ15Ngrain, while the triple interaction year x trial x 

genotype was only significant for GNY. Overall, GNY was the highest under INP and lower 

under ILP, RNP and RLN. Ngrain was the highest under RNP and similar (albeit lower) under INP, 

ILP and RLN. δ15Nleaf and δ15Ngrain were higher under irrigated trials (INP and ILP), and lower 

under rainfed trials (RNP and RLN).  

 In separate seasons, the trial effect was significant on GNY and δ15Ngrain during the four 

seasons, on Ngrain during 2017-2018, 2018-2019 and 2019-2020, on Nleaf during 2018-2019, on 

δ15Ngrain during 2017-2018 and on δ15Nleaf during 2018-2019 and 2020-2021. The genotypic 

effect was significant on GNY during 2018-2019, and on GNY and Ngrain during 2020-2021. The 

trial x genotype interaction was significant for GNY during 2020-2021 alone (Table 3). Except 

for the first season (2017-2018), GNY was higher under INP than in the other treatments, with 

differences being again maximal during the driest season (2018-2019). Moreover, during 

2017-2018, δ15Ngrain was higher under RNP and lower under INP and RLN, while Ngrain was 

higher under RLN, intermediate under RNP and lower under INP. During 2018-2019, Nleaf, 

δ15Nleaf and δ15Ngrain were the highest and Ngrain the lowest under irrigated conditions (INP). 

During the third season (2019-2020), δ15Ngrain was the highest under INP, and lower under ILP 

and RLN, whereas Ngrain was the highest under irrigated conditions (INP followed by ILP), and 

lower under RLN. During 2020-2021, δ15Ngrain was higher under INP and RNP than under ILP, 

whereas the opposite occurred for δ15Nleaf. 
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Table 3. Effects of crop season (2018; 2019; 2020; 2021), trial (INP, ILP, RNP, RLN), and durum wheat genotypes on nitrogen status traits (grain nitrogen yield (GNY), leaf and grain nitrogen concentrations 
(Nleaf and Ngrain), nitrogen isotope compositions (δ15Nleaf and δ15Ngrain)), and water status parameters (canopy temperature depression (CTD), carbon isotope compositions (δ13Cleaf and δ13Cgrain)) measured in 
the dry matter of leaves at anthesis and grains at maturity, and oxygen (δ18O) and hydrogen (δ2H) isotope compositions in the water of the stem base at anthesis. ANOVA was tested for trials and genotypes 
in each crop season and across combined crop seasons. 

  Nitrogen status Water status 
Season 

Trial GNY 
(Mg ha-1) 

Nleaf  
(%) 

Ngrain 

 (%) 
δ15Nleaf  

(‰) 
δ15Ngrain  

(‰) 
CTD 
(ºC) 

δ13Cleaf 

 (‰) 
δ13Cgrain 

 (‰) 
ẟ18Ostem  

(‰) 
ẟ2Hstem 

 (‰) 
2017-2018 INP 0.123ab±0.007 - 1.9b±0.0 - 2.2b±0.1 0.51a±0.37 - -26.6a±0.1 -6.1±0.2 -57.3±1.0 

RNP 0.130a±0.006 - 2.2a±0.1 - 3.5a±0.3 1.19a±0.51 - -26.5a±0.1 -5.4±0.4 -58.5±2.0 
RLN 0.101b±0.010 - 2.0ab±0.1 - 2.3b±0.2 -1.25b±0.41 - -26.5a±0.1 -4.2±0.7 -53.5±2.5 
Trial (T) <0.050 - <0.050 - <0.001 <0.010 - ns - - 
Genotype (G) ns - ns - ns ns - <0.010 - - 
T*G ns - ns - ns ns - ns - - 

2018-2019 INP 0.173a±0.007 4.1a±0.1 2.2b±0.1 3.0a±0.1 2.5a±0.1 -2.71a±0.71 -28.3b±0.1 -25.4c±0.2 -6.5c±0.2 -55.2b±0.8 
RNP 0.086b±0.004 4.1a±0.3 3.0a±0.1 0.6c±0.1 1.2b±0.1 -13.40b±1.02 -26.3a±0.2 -22.6b±0.3 -5.2b±0.2 -57.1b±1.1 
RLN 0.071c±0.002 3.5b±0.1 2.7a±0.1 1.7b±0.2 2.3a±0.2 -14.36b±0.92 -26.0a±0.2 -22.4a±0.2 -3.7a±0.3 -51.9a±1.0 
Trial (T) <0.001 <0.050 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Genotype (G) <0.010 ns ns ns ns ns <0.010 <0.050 ns ns 
T*G ns ns ns ns ns ns ns ns ns ns 

2019-2020 INP 0.196a±0.006 - 2.3a±0.0 1.7a±0.2 2.5a±0.1 -2.05b±0.25 -29.0b±0.2 -26.6b±0.1 - - 
ILP 0.122b±0.005 - 2.2ab±0.1 - 2.0b±0.1 0.05a±0.28 - -26.4ab±0.1 - - 
RLN 0.127b±0.007 - 2.1b±0.1 2.1a±0.3 2.0b±0.1 -1.68b±0.31 -28.4a±0.2 -26.3a±0.1 - - 
Trial (T) <0.001 - <0.050 ns <0.001 <0.001 <0.001 <0.050 - - 
Genotype (G) ns - <0.010 <0.050 ns <0.010 <0.001 <0.050 - - 
T*G ns - ns ns ns ns ns <0.010 - - 

2020-2021 INP 0.124a±0.003 - 2.0a±0.1 3.4b±0.2 3.5a±0.1 -0.88b±0.62 -28.3a±0.4 -26.5b±0.1 -5.8a±0.2 -52.5a±0.9 
ILP 0.100b±0.005 - 2.1a±0.1 4.9a±0.2 3.0b±0.1 2.33ab±0.66 -28.0a±0.2 -26.2b±0.2 -5.8a±0.2 -53.0a±1.1 
RNP 0.097b±0.004 - 2.2a±0.1 2.7c±0.1 3.4a±0.1 2.87a±1.61 -27.4a±0.1 -25.0a±0.1 -6.7a±0.1 -60.0b±0.7 
Trial (T) <0.001 - ns <0.001 <0.001 <0.050 ns <0.001 ns <0.050 
Gen (G) <0.010 - <0.001 ns ns ns ns <0.010 ns ns 
T*G <0.050 - ns ns ns ns ns ns ns ns 

All seasons INP 0.157a±0.005 - 2.1b±0.1 2.6b±0.1 2.7a±0.1 -1.34b±0.28 -28.6b±0.2 -26.3b±0.1 -6.2b±0.1 -54.3a±0.6 
ILP 0.112b±0.004 - 2.2b±0.0 4.9a±0.2 2.4ab±0.1 1.03a±0.37 -28.0b±0.2 -26.3b±0.1 -5.8b±0.2 -53.0a±1.1 
RNP 0.105b±0.004 - 2.4a±0.1 1.7c±0.2 2.2b±0.2 -5.36d±0.83 -26.9a±0.1 -25.2a±0.2 -5.9b±0.2 -58.6b±0.7 
RLN 0.102b±0.005 - 2.2b±0.1 1.9c±0.2 2.2b±0.1 -3.08c±1.08 -27.2a±0.2 -25.2a±0.2 -3.9a±0.3 -52.3a±1.0 
Season (S) <0.001 - <0.001 - <0.001 <0.001 - <0.001 ns ns 
Trial (T) <0.001 - <0.001 - <0.010 <0.001 - <0.001 <0.001 <0.001 
Genotype (G) <0.050 - ns - ns ns - ns ns ns 
S*T <0.001 - <0.050 - <0.001 <0.001 - <0.001 ns ns 
S*G ns - ns - ns ns - <0.010 ns ns 
T*G ns - ns - ns ns - ns ns ns 
S*T*G <0.050 - ns - ns ns - ns ns ns 

Values are means of the selected genotypes in each season with the replicates. Levels of significance for the ANOVA: P < 0.05, P < 0.01 and P < 0.001. Means exhibiting different letters a, b and c, are significantly 
different (P < 0.05) according to Student’s t-test on independent samples, within each crop season and across combined seasons. INP, irrigated normal planting. ILP, irrigated late planting. RNP, rainfed normal 
planting. RLN, rainfed low nitrogen. S, crop season. T, trial. G, genotype. Values of ẟ18Ostem and ẟ2Hstem during 2017-2018 are given for one replicate only. 
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3.3 Season, growth conditions and genotypic effects on crop water status 

Crop water status was evaluated through carbon isotope composition (δ13C) in leaves and 

grains, and canopy temperature depression (CTD) (Table 3). When combining all seasons, the 

effects of season and trial and the interaction season x trial were significant on CTD and 

δ13Cgrain. The genotypic effect was not significant for δ13Cgrain and CTD, whereas only the 

season x genotype interaction was significant for δ13Cgrain. The effect of the triple interaction 

was not significant on the assessed traits. Overall, CTD was the highest and δ13Cgrain the lowest 

under irrigated conditions (INP and ILP), as opposed to rainfed conditions (RNP and RLN), 

where CTD was the lowest and δ13Cgrain the highest.  

In separate seasons, the trial effect was significant on CTD, δ13Cleaf and δ13Cgrain in all seasons, 

except for δ13Cgrain during 2017-2018, and δ13Cleaf during 2020-2021. The genotypic effect was 

significant for δ13Cgrain during all seasons, δ13Cleaf during 2018-2019 and 2019-2020, and CTD 

during 2019-2020, while the trial x genotype interaction effect was absent, except for δ13Cgrain 

during 2019-2020. CTD was higher under INP and RNP and lower under RLN during 2017-2018; 

during 2018-2019, CTD was higher, and δ13Cleaf and δ13Cgrain lower under irrigated (INP) 

compared with rainfed conditions. During 2019-2020, CTD was higher under ILP than under 

INP and RLN, whereas δ13Cleaf and δ13Cgrain were the lowest under irrigated conditions (INP 

and ILP), and the highest under RLN. During 2020-2021, both CTD and δ13Cgrain were lower 

under irrigated conditions (INP and ILP) compared with RNP.  

3.4 Season, growth conditions and genotype and soil section effects on root characteristics  

The structure of the upper part of the root system was assessed through shovelomics. When 

all seasons were considered together, the effects of season, trial, genotype and the 

interaction season x trial were significant for most shovelomics-derived traits (Table 4). Under 

irrigated conditions (INP and ILP), RDW0-20 and root ratios (Bush, Ldist, NWDR and SRL) were 

lower, and root crown traits (Rccomp, MaxR and MedR), root dimension traits (Rwidth, 

Ndepth and Nwidth), root density traits (NwA, Nsurf, Nvol) and root angle (ConvA) were 

higher than under rainfed conditions (RNP and RLN). Concerning the root ratios, their values 

were the highest under RLN conditions.  
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In separate seasons, trial and genotypic effects were significant on most root traits during all 

seasons, except for 2019-2020, where significance was associated mostly with trial effect. The 

trial x genotype interaction was significant mostly during the first two seasons (2017-2018 

and 20018-2019). During 2017-2018, Rccomp and SRL were higher, and root density (RDW0-

20, Nwidth, NwA, Nsurf and Nvol) and dimensions (Rwidth, Ndepth and Nlen), root angle (RA 

and ConvA) and NWDR were lower under irrigated conditions (INP) compared with rainfed 

conditions (RNP). As for RLN, RDW0-20 and Nwidth, root angle spread (RA) and NWDR were 

higher, with a generally reduced root density, dimension and SRL. During 2018-2019, most 

root traits were higher under irrigated conditions (INP), except for Rccomp, which was the 

lowest under INP compared to rainfed trials (RNP and RLN). Comparing rainfed conditions, 

root density and dimension were higher under RNP than RLN, whereas Rccomp was higher 

under RLN than under RNP. During 2019-2020, root number, density, dimension and root 

angle traits were the highest under ILP conditions, and lower under INP and RLN, except for 

RDW0-20, which was the second highest under RNP and low under INP. During the fourth 

season (2020-2021), root number, root density and dimension, root angle (mainly ConvA) and 

all root ratios were higher under irrigated conditions (ILP and INP) compared with rainfed 

conditions (RNP).  
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Table 4. Effects of crop season (2018; 2019; 2020; 2021), trial (INP, ILP, RNP, RLN), and durum wheat genotypes on root characteristics. ANOVA was tested for trials and genotypes in each crop 
season and across combined crop seasons. 

  
RDW0-20 

(g .plant-1) 

Root crown Root dimensions Root density Root angle Ratios 

Season Trial Rccomp MaxR MedR Rwidth 
(cm) 

Ndepth 
(cm) 

Nlen 
(cm) 

Nwidth 
(cm) NwA Nsurf 

(cm2) 
Nvol 
(cm3) 

ConvA 
(cm2) 

RA 

(º) Bush Ldist Network 
Solidity NWDR SRL 

(cm-2) 
2017-2018 INP 1.02b 2.77a 21.86a 10.91a 0.03b 6.44ab 135.8b 5.71b 3.96b 14.62b 0.15b 28.22b 66.71b 2.27a 1.15a 0.14a 0.96b 949.2a 

RNP 2.42a 1.13b 21.75a 10.32a 0.05a 7.01a 161.5a 7.51a 5.80a 22.00a 0.30a 40.54a 90.91a 2.30a 1.17a 0.15a 1.12ab 577.4c 
RLN 2.03a 1.12b 20.26a 9.40a 0.04c 6.22b 124.1ab 6.76a 4.04b 15.03b 0.17b 31.50b 84.07a 2.48a 1.37a 0.13a 1.15a 744.0b 
Trial (T) <0.001 <0.001 ns ns <0.001 <0.050 <0.050 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 ns ns ns <0.050 <0.001 
Genotype (G) ns ns ns ns ns <0.001 <0.050 <0.001 <0.010 <0.010 <0.001 <0.001 <0.010 ns <0.010 <0.001 <0.001 ns 
T*G ns ns ns ns ns ns ns ns <0.050 ns <0.010 <0.050 ns ns ns ns ns ns 

2018-2019 INP 0.67a 1.21c 22.78a 11.63a 0.05a 9.18a 197.9a 7.95a 8.31a 31.09a 0.47a 55.13a 71.65a 2.13a 0.70a 0.16a 0.90a 437.4a 
RNP 0.72a 2.90b 17.64b 8.66b 0.05a 7.63b 126.9b 6.63b 5.39b 19.86b 0.30b 37.44b 71.07a 2.14a 0.46b 0.15a 0.91a 441.1a 
RLN 0.60a 4.13a 13.56c 6.56c 0.05a 7.26b 90.9c 6.33b 3.89c 14.15c 0.21c 33.66b 71.34a 2.27a 0.66a 0.12b 0.90a 467.5a 
Trial (T) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 ns ns <0.001 <0.001 ns <0.001 
Genotype (G) ns ns ns <0.050 <0.050 ns ns <0.050 <0.050 <0.050 <0.010 <0.050 <0.001 ns ns ns ns <0.050 
T*G ns ns ns <0.050 ns <0.050 ns ns <0.050 <0.050 <0.050 <0.050 ns ns ns ns ns ns 

2019-2020 INP 0.43c 3.84a 19.43b 9.81b 0.03a 7.41b 131.3b 6.99b 3.82b 13.94b 0.13a 40.87b 75.86ab 2.15a 0.81a 0.10a 0.98a 1019.6a 
ILP 0.67a 3.88a 25.81a 13.08a 0.03a 8.80a 209.7a 8.60a 6.01a 21.99a 0.21a 60.04a 81.01a 2.03a 0.79a 0.10a 1.00a 1022.7a 
RLN 0.55b 3.14a 18.80b 10.19b 0.03a 7.54b 135.8b 6.86b 4.04b 14.42b 0.25a 41.67b 70.61b 2.01a 0.87a 0.14a 0.97a 1024.0a 
Trial (T) <0.001 <0.050 <0.001 <0.001 ns <0.001 <0.001 <0.010 <0.001 <0.001 ns <0.001 <0.010 ns ns ns ns ns 
Genotype (G) <0.010 <0.050 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
T*G ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

2020-2021 INP 1.07a 7.20a 16.73a 8.42a 0.06a 9.97a 174.4a 9.10a 8.73a 34.14a 0.73a 69.78a 71.58b 2.09a 0.69a 0.13b 0.96a 256.9a 
ILP 1.06a 6.03ab 15.90a 8.75a 0.07a 10.72a 177.6a 7.13b 9.38a 36.80a 0.84a 57.73b 65.91c 1.95a 0.61a 0.17a 0.72a 229.6a 
RNP 0.69b 3.78b 4.88b 2.88b 0.01b 1.87b 35.9b 2.12c 1.63b 6.26b 0.13b 12.11c 79.08a 0.64b 0.33b 0.04c 0.35b 94.4b 
Trial (T) <0.001 <0.050 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Genotype (G) ns <0.050 ns ns ns ns <0.010 ns <0.010 <0.010 <0.050 <0.050 <0.050 ns ns ns ns ns 
T*G ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

All seasons INP 0.77c 3.76b 20.14a 10.16b 0.04a 8.19b 157.7b 7.40a 6.02b 22.72b 0.35b 47.91b 71.85b 2.16ab 0.83ab 0.13a 0.95ab 693.0b 
ILP 0.92bc 4.79a 20.28a 10.37a 0.05a 9.77a 186.7a 8.23a 7.09a 26.70a 0.43a 60.49a 73.93b 2.09b 0.53c 0.12a 0.88b 640.9b 
RNP 1.28a 2.60c 14.49c 7.17d 0.04c 5.44d 106.0c 5.34c 4.21c 15.81c 0.24c 29.67d 79.95a 1.67c 0.63bc 0.11a 0.78c 363.0c 
RLN 1.01b 2.83c 17.67b 8.87c 0.04b 7.06c 118.9c 6.67b 4.00c 14.52c 0.22c 36.25c 74.87b 2.23a 0.96a 0.13a 1.00a 773.0a 
Season (S) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 ns ns <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Trial (T) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.010 <0.001 <0.001 
Genotype (G) ns <0.001 <0.050 <0.050 <0.050 <0.001 <0.001 <0.001 <0.001 <0.001 <0.050 <0.001 ns ns ns ns <0.001 ns 
S*T <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 ns ns <0.010 <0.010 <0.001 
S*G ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns <0.050 ns ns 
T*G ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
S*T*G ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

Values are means of the selected genotypes in each season with three replicates. Levels of significance for the ANOVA: P < 0.05, P < 0.01 and P < 0.001. Means exhibiting different letters a, b and c, are significantly different (P < 0.05) according to 
Student’s t-test on independent samples, within each crop season and across combined seasons. Rwidth, average root width. Rccomp, number of connected components. MaxR, maximum number of roots. MedR, median number of roots. Ndepth, 
network depth. Nlen, network length. Nwidth, network width. NwA, network area. Nsurf, network surface area. Nvol, network volume. ConvA, convex area. Bush, bushiness. SRL, specific root length. Ldist, network length distribution. NWDR, network 
width to depth ratio. RA, root angle measured with a protractor. INP, irrigated normal planting. ILP, irrigated late planting. RNP, rainfed normal planting. RLN, rainfed low nitrogen. S, crop season. T, trial. G, genotype. 
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Distribution of the root system across the soil profile was assessed through soil coring during 

the last three seasons and under different growing conditions (Table 5; Figure 2). The 

genotypic effect was absent when combining all seasons and in separate seasons, therefore, 

the effects of season, trial, soil section and their interactions were evaluated alternatively on 

soil cores and water traits. When combining all seasons and treatments, the effects of season, 

soil section and the season x soil section interaction were significant on the three traits (RDW, 

Arearoots and Area/RDW) assessed (Table 5). However, the effects of trial and the interactions 

season x trial, season x soil section and season x trial x soil section were significant on RDW 

only (Table 5). RDW was higher under normal planting (INP, RNP and RLN) than at ILP (Figure 

2). Across seasons, the first soil section (0-25 cm) exhibited the highest RDW and AreaRoots and 

the lowest Area/RDW, followed by the third soil section (50-75 cm), then the second soil 

section (20-50 cm) with average RDW, an AreaRoots similar to the third section, but a lower 

Area/RDW (Table 5). The fourth soil section (70-100 cm) exhibited the lowest RDW and 

AreaRoots, and the highest Area/RDW.  

RDW, Arearoots and Area/RDW in separate seasons varied across soil sections in a rather 

similar manner as they did when combining seasons. Thus, in separate seasons, the effect of 

soil section was significant on RDW, Arearoots and Area/RDW during 2018-2019 and 2019-2020, 

and on RDW and Area/RDW during 2020-2021 (Figure 2; Table 5), whereas the effect of trial 

was significant on RDW during 2019-2020 (Table 5). 
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Table 5. Effects of crop season (2018-2019; 2019-2020; 2020-2021), trial (INP, ILP, RNP, RLN), genotypes and soil section (0-25cm; 20-50cm; 
50-75cm; 75-100cm) on root dry weight (RDW), root area (AreaRoots) the Area/RDW ratio; and on soil water oxygen (d18Osoil) and hydrogen 
(d 2Hsoil) stable isotope compositions. 

 Genotype effect Soil section effect 
  Cores Soil water  Cores Soil water 
Season  RDW AreaRoots Area/RDW d18Osoil d 2Hsoil  RDW AreaRoots Area/RDW d18Osoil d 2Hsoil 

2018-2019 Genotype (G) ns ns ns - - Section (Sect) <0.001 <0.001 <0.001 - - 
2019-2020 Trial (T) ns ns ns <0.001 <0.001 Trial (T) <0.010 ns ns <0.001 <0.001 

Genotype (G) ns ns ns ns ns Section (Sect) <0.001 <0.001 <0.010 <0.001 <0.001 
T*G ns ns ns ns ns T*Sect <0.010 ns ns ns ns 

2020-2021 Trial (T) ns ns ns ns <0.050 Trial (T) ns ns ns ns <0.050 
Genotype (G) ns ns ns ns ns Section (Sect) <0.001 ns <0.001 <0.001 <0.010 
T*G ns ns ns ns ns T*Sect ns ns ns <0.001 <0.050 

All seasons INP 95.4 484.2 45.5a -6.4a -54.4bc 0-25 210.4a 559.9a 20.6c -5.5a -48.7a 
ILP 98.2 577.4 72.2a -6.2b -52.0b 25-50 67.3c 545.0b 55.6b -6.1b -53.7b 
RNP 118.9 625.2 107.1 -6.4b -56.6c 50-75 92.9b 535.2b 31.9bc -6.3b -54.3b 
RLN 126.6 512.9 27.8 -4.6a -43.4a 75-100 36.3d 494.8c 151.7a -6.5b -54.6b 
Season (S) <0.050 <0.001 <0.010 ns ns Season (S) <0.001 <0.001 <0.001 ns <0.001 
Trial (T) ns ns ns <0.001 <0.001 Trial (T) <0.010 ns ns <0.001 <0.001 
Genotype (G) ns ns ns ns ns Section (Sect) <0.001 <0.001 <0.001 <0.001 <0.001 
S*T ns ns ns ns ns S*T <0.050 ns ns ns ns 
S*G ns <0.010 ns ns ns S*Sect <0.001 <0.001 <0.001 ns <0.001 
T*G ns ns ns ns ns T*Sect <0.001 ns ns <0.001 <0.010 
S*T*G ns ns ns ns ns S*T*Sect <0.010 ns ns ns ns 

Values are means of the selected genotypes in each season with three replicates. Levels of significance for the ANOVA: P < 0.05, P < 0.01 and P < 0.001. Means exhibiting 
different letters a, b and c, are significantly different (P < 0.05) according to Student’s t-test on independent samples, within each crop season and across combined seasons. 
INP, irrigated normal planting. ILP, irrigated late planting. RNP, rainfed normal planting. RLN, rainfed low nitrogen. S, crop season. T, trial. G, genotype. Sect, soil section. Trials 
tested were INP during 2018-2019; INP, ILP and RLN during 2019-2020; and INP, ILP and RNP during 2020-2021. 
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Figure 2. Average root dry weight (RDW), root area (AreaRoots) and the Area/RDW ratio of selected wheat 
genotypes grown during different crop seasons (2018-2019; 2019-2020 and 2020-2021) and in trials (INP; ILP; 
RLN; RNP). Means exhibiting different letters are significantly different (P < 0.05) (Tukey-b test) on independent 
samples for each crop season and within each treatment. 

3.5 Oxygen and hydrogen isotope composition of the soil, plant-stem water and water inputs 

To understand from which soil depth the plants extracted water, the oxygen (δ18O) and 

hydrogen (δ2H) isotope compositions were evaluated in stem water during 2018-2019 and 

2020-2021 (Table 3). In addition, the oxygen (δ18Osoil) and hydrogen (δ2Hsoil) isotope 

compositions were assessed in different soil sections for the last two seasons (Table 5, Figure 

3), in the water inputs (precipitation and irrigation) (Supplemental Figure 2).  

The δ18O and δ2H of precipitation (δ18Oprecipitation and δ2Hprecipitation) increased from January 

throughout the crop seasons. Predicted values of δ18Oprecipitation and δ2Hprecipitation during May, 

the month when the isotopic signatures in the stem base were analysed, were around -4.7 ‰ 
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and -28.8 ‰ for δ18O and δ2H, respectively (Supplemental Figure 2). The isotopic values of 

the irrigation water during 2020-2021 for late May were -4.5 ‰ and -35 ‰ for δ18O, 

respectively. 

The effect of season was only significant on water δ2Hsoil, whereas the effects of soil section 

and trials were significant on both δ18Osoil and δ2Hsoil (Table 5). Also, the season x soil section 

interaction was significant on δ2Hsoil, and the trial x soil section interaction was significant on 

δ18Osoil and δ2Hsoil. Across both seasons, δ18Osoil and δ2Hsoil were the highest in the first soil 

section (0-25 cm), and similar in the rest of the soil sections (25-50 cm; 50-75 cm; 75-100 cm). 

In separate seasons, the effects of trial and soil section were significant on δ18Osoil and δ2Hsoil 

during 2019-2020, whereas during 2020-2021, the trial effect was only significant on δ2Hsoil, 

and the effect of soil section was significant on δ18Osoil and δ2Hsoil (Table 5). Although the 

δ18Osoil and δ2Hsoil values in both irrigation trials (INP and ILP) were rather similar and steady 

across the soil sections, with just a decrease in the δ2Hsoil values in the upper soil section 

(which was less evident in the ILP), decreases in both δ18Osoil and δ2Hsoil across the upper soil 

sections were steeper under rainfed conditions (RNP and RLP), in addition, δ18Osoil and δ2Hsoil 

further decreased through the deeper sections in the case of RNP (Figure 3). On the other 

hand, the δ18Osoil and δ2Hsoil values of RLN (2019-2020) were higher than those of RNP and 

both irrigation trials (INP, ILP). 
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Figure 3. Average values of soil water oxygen (d18O) and hydrogen (d2H) stable isotope compositions sampled in 
different soil sections (0-25 cm; 20-50 cm; 50-75 cm and 75-100 cm), during the crop seasons 2019-2020 and 
2020-2021. Means exhibiting different letters are significantly different (P < 0.05) (Tukey-b test) on independent 
samples for each crop season and within each treatment. The baselines represent the mean values of oxygen 
(d18O) and hydrogen (d2H) stable isotope compositions sampled in irrigation water and precipitation during soil 
sampling. 
 

In stem water, when combining both seasons, only the effect of trial was significant on 

δ18Ostem and δ2Hstem (Table 3). Thus, the treatment with the lowest (i.e. most negative) values 

was INP, followed by both ILP and RNP, while rainfed conditions under low nitrogen (RLN) 

exhibited the highest values. Likewise, in separate seasons, only the trial effect was significant 

on δ18Ostem and δ2Hstem during 2018-2019, and on δ2Hstem during 2020-2021.  

3.6 Relationships between grain yield and the studied traits 

Pearson correlations of GY against agronomic and crop growth traits, and nitrogen and water 

status indicators were determined under combined and separated seasons and trials 

(Supplemental Tables 2 and 3). When combining all cases (seasons and trials), GY was 

positively correlated with all agronomic yield components and crop growth traits, together 

with CTD, and δ15Ngrain, and negatively correlated with Ngrain and most of the of stable isotopes 

(δ15Nleaf, δ13Cleaf and δ13Cgrain, and δ18Ostem). Across all seasons and for irrigated trials, biomass, 

plant and ear densities and PH, and Ngrain were positively correlated with GY, whereas δ15Nleaf, 
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δ18Ostem and δ2Hstem were correlated negatively with GY under INP, and only PH was positively 

correlated with GY under ILP. For the rainfed trials across all seasons, GY was correlated 

positively with most agronomic traits (except for plant density) and CTD, and negatively with 

Ngrain, δ15Nleaf, 15Ngrain δ13Cleaf and δ13Cgrain under RLN. Likewise, GY correlated positively with 

biomass, HI, PH and NDVI, CTD and 15Nleaf, and negatively with Ngrain, δ13Cleaf, δ13Cgrain, 18Ostem 

and δ2Hstem under RNP (Supplemental table 3). In separate seasons, similar correlation trends 

were observed of GY crop growth traits and water status in each season, for the trials 

combined and separated, during 2017-2018 and 2018-2019. In addition, GY correlated with 

nitrogen status traits mainly under 2018-2019 for the combined trials, as well as within RNP 

(Supplemental Table 3).  

Further, Pearson correlations of GY against root traits were evaluated combining all seasons 

and trials (Supplemental Tables 4 and 5). Thus, most shovelomic traits correlated positively 

with GY, whereas in soil coring-derived traits, RDW50-75cm correlated negatively, and RDW75-

100cm positively with GY. The AreaRoots of all soil sections correlated negatively with GY, while 

the ratio Area/RDW correlated negatively with GY in three soil sections (0-25 cm, 25-50 cm 

and 75-100 cm), and positively in the 50-75 cm soil section. In separate trials and combined 

seasons (Supplemental Table 4), GY correlations were negative with RDW0-20, Rwidth and 

network solidity under INP; positive with MaxR, MedR, Nwidth, RA, NWDR and SRL, and 

negative with Rwidth and Ldist under ILP; positive under MaxR, MedR, Nlen, Nwidth, ConvA 

and SRL, and negative with Rwidth under RLN; and positive with RDW0-20, RA and Ldist, and 

negative with Rccomp under RNP. Soil coring-derived traits were correlated under irrigated 

conditions only; under INP, GY correlated negatively with RDW50-75cm, AreaRoots of all soil 

sections and Area/RDW in all soil sections but 50-75 cm, and negatively with AreaRoots at 70-

100 cm under ILP. 

In separate seasons and combined trials (Supplemental Table 5), GY correlations were mostly 

shown with shovelomics-derived traits during 2018-2019 and 2020-2021. In separate seasons 

and separate trials, positive correlations of GY were shown with root crown, density, 

dimension, root angle and Ldist under INP during 2018-2019; and with density and 

dimensions under RLN and RNP during the same season. During 2019-2020, GY correlated 

positively with root crown, density, dimension and root angle under RLN; and with RA and 

NWDR under ILP. 
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3.7 Relationships of δ18Ostem and δ2Hstem with water and nitrogen status and root traits 

Besides the correlation of δ18Ostem with GY (and to a lesser extent δ2Hstem with GY) of both 

rainfed and support irrigation normal planting trials (Figure 4), δ18Ostem was also negatively 

correlated with the CTD of the rainfed trials, as well as with both categories (normal planting 

rainfed and irrigation) of the combined trials. Moreover, δ18Ostem was positively correlated 

with δ13C of mature grains from the rainfed trials, and also negatively correlated with the δ15N 

of mature grains from the rainfed trials, as well as combining both categories (rainfed and 

support irrigation) (Figure 4). Furthermore, in the case of the two support-irrigation 

categories of trials (INP and ILP), δ18Ostem was positively correlated with the total digital (i.e. 

pixel) root area of the two deeper (50-100 cm) core sections, and negatively correlated with 

the Area/RDW50-75cm. δ2Hstem followed the same pattern but in general the relationships were 

weaker. δ18Ostem and δ12Hstem were also correlated with some shovelomic traits, but in this 

case only in the INP trial. Thus, the root-dimensional trait Rwidth together with the RA 

correlated positively with δ18Ostem and δ12Hstem, while the ratios Ldist and SRL0-20cm correlated 

negatively. Under rainfed conditions the relationships between root characteristics and 

δ18Ostem and δ2Hstem were scarcer, the shovelomics Ldist ratio correlated negatively with 

δ12Hstem. However, unlike the support irrigation trials, AreaRoots 50-75cm was negatively 

correlated with δ18Ostem (Supplemental Table 6). 
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Figure 4. Relationship between the oxygen isotope composition of the water in the base of the stem (δ18Ostem) 
and the carbon isotope composition (δ13C) of mature grains (A), the canopy temperature depression (CTD) 
measured during grain filling (B), grain yield (GY) (C) and the nitrogen isotope composition (δ15N) of mature grains 
(D). Each symbol represents an individual plot value of a rainfed (open symbols) or a support irrigation (filled 
symbols) trial, under normal planting (INP and RNP, respectively) from the 2018-2019 and 2020-2021 growing 
seasons.  

 

3.8 GY-prediction models  

Multilinear regression analyses were carried out to evaluate the contribution of nitrogen and 

water status traits, together with root traits to explain GY performance across seasons and 

under combined and separated trials (Table 6), and under separated seasons and trials 

(Supplemental Table 7). Given their direct relation with GY, all the agronomic yield 

components and growth traits were excluded from the prediction models. When combining 

all seasons and trials, regression models explained 47.6 % of GY variability with δ13Cgrain and 

RDW0-20 as negative explicative variables, and MaxR and δ15Ngrain as positive explicative 

variables. Across seasons and under INP, 44.6 % of GY variability was explained using RDW0-

20 , RA0-20 and network solidity as negative traits, and Nlen as a positive trait; under ILP, 39.7 % 
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of GY was explained with RA0-20 and CTD as positive traits; under RLN, 66.3 % of GY variability 

was explained using δ13Cgrain as a negative trait, and Rccomp and δ15Ngrain as positive traits; 

and finally under RNP, 77.4 % of GY variability was explained using δ13Cgrain as a negative trait 

and Ldist as a positive trait (Table 6). Similar results were achieved when performing analysis 

using Random Forest (RF) models (also excluding all agronomic yield components and growth 

traits), with R2
train being 47.8 % when combining all seasons and trials, 22.5 % under INP, 52.2 % 

under RLN, and 69.6 % under RNP, but only 0.2 % under ILP (Table 8). Furthermore, similar 

explanatory traits were given by the RF regression model to the stepwise model when 

combining all seasons and trials, and in combined seasons and separate trials (Table 7). When 

separating seasons and combining trials, GY performance was explained as the best during 

2018-2019 (R2
stepwise = 90.8 %; R2

RF = 82.9 %), by introducing δ13Cgrain, δ18Ostem and Nwidth as 

negative explanatory variables, and Nlen, Ldist and δ2Hstem as positive explanatory variables 

in the stepwise model (Supplemental Table 8). Similar traits were introduced in the RF model 

as well (Supplemental Table 8). 
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Table 6. Multi-linear regression (stepwise) of grain yield (GY) as the dependent variable, and canopy temperature depression 
(CTD), stable carbon and nitrogen isotope compositions (δ13C and δ15N) and nitrogen concentration (N) of mature grains, and 
shovelomic root traits as independent variables. For each stepwise equation, the fitted model was significant (P<0.001) with (1.2 
<Durbin-Watson< 2) and collinearity was within the acceptable range (VIF<10). R2 displays the reliability of the fitted regression 
line to the data used in the stepwise regression (R2

stepwise), and random forest regression (R2
Train and R2

Test). Standard error of the 
dependent variable was given for the stepwise regression as (SE), and for random forest regression as RMSE of the training set 
(RMSETrain) and the test set (RMSETest). 

 Stepwise Random Forest 
Model Equation R2 SE R2Train RMSETrain R2Test RMSETest 
All GY= -13.065 – 0.57*d13Cgrain – 0.29*RDW0-20 + 0.25*MaxR + 0.16*d15Ngrain 0.476 1.3 0.478 1.8 0.590 1.3 
        
INP GY= 11.85 – 0.69*RDW0-20 + 0.34*Nlen – 0.26* RA – 0.23*Network solidity 0.446 1.0 0.225 1.3 0.344 1.3 
ILP GY= 2.03 + 0.69*RA + 0.26*CTD  0.397 0.6 0.020 0.6 0.340 0.6 
RLN GY= -23.78 – 1.02*d13Cgrain + 0.48*Rccomp + 0.21*d15Ngrain 0.663 1.1 0.522 1.7 0.820 1.0 
RNP GY= -10.63 – 0.76*d13Cgrain + 0.22*Ldist  0.774 0.7 0.696 0.5 0.727 0.9 

Regressions were generated using individual plots of the selected genotypes across all crop seasons. To generate stepwise and 
random forest regression models, 234 plots were used for All, 78 plots for INP, 42 plots for ILP, 60 plots for RLN and 54 plots for 
RNP. 
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Table 7. List of the top 20 explanatory variables for grain yield (GY) ranked by importance in each Random Forest model. 
Ranking is expressed as a percentage (%). Orange coloured cells show the variables that were introduced by the stepwise 
regression models as explanatory variables, and the green coloured cells highlight CTD ranking as the main explicit parameter 
to temperature. 

Random Forest ranking (%) 
 
Trait All Trait INP Trait ILP Trait RLN Trait RNP 
d13Cgrain 100.0 RDW0-20 100.0 RA 100 d13Cgrain 100.0 d13Cgrain 100.0 
CTD 49.1 Ldist 16.3 NWDR 88.3 CTD 89.1 CTD 98.2 
Ngrain 18.9 Ngrain 13.2 Nwidth 87.0 SRL 43.4 Rccomp 69.4 
SRL 9.4 SRL 9.9 Rwidth 85.1 Rwidth 37.2 d15Ngrain 35.7 
RDW0-20 6.3 CTD 9.0 MaxR 72.3 MedR 25.2 Ldist 12.8 
Nlen 5.6 Network solidity 8.8 SRL 60.7 Rccomp 18.2 Ngrain 7.4 
MedR 5.2 d15Ngrain 8.2 Nvol 54.4 MaxR 13.8 SRL 6.1 
MaxR 5.1 RA 8.0 Ngrain 52.9 RA 13.7 RA 5.5 
Ldist 4.3 Nlen 7.7 MedR 49.0 Nlen 13.0 RDW0-20 4.7 
Bush 4.2 MedR 6.7 Network solidity 35.2 Ngrain 11.6 NWDR 4.1 
Rccomp 4.1 Rwidth 6.4 ConvA 34.4 RDW0-20 11.5 MaxR 3.8 
NWDR 4.0 NWDR 6.1 RDW0-20 31.5 Ndepth 10.2 Nwidth 3.4 
ConvA 3.4 MaxR 5.4 Nlen 30.5 d15Ngrain 8.8 Nlen 3.3 
Rwidth 3.4 Nvol 4.4 Ndepth 30.3 NwA 8.3 Rwidth 3.0 
d15Ngrain 3.1 NwA 4.0 Ldist 26.7 NWDR 7.6 MedR 2.7 
Ndepth 1.9 Nwidth 3.9 d15Ngrain 25.4 Nsurf 5.5 Ndepth 2.4 
Nwidth 1.8 ConvA 3.6 NwA 19.6 Nvol 3.3 NwA 2.3 
NwA 1.8 Ndepth 3.4 Bush 14.9 Ldist 2.2 ConvA 2.2 
Nsurf 1.3 Nsurf 2.8 d13Cgrain 11.7 ConvA 2.1 Nsurf 1.8 
Nvol 1.0 d13Cgrain 1.8 CTD 4.70 Network solidity 1.7 Network solidity 1.1 

Introduced variables were: GY, grain yield. CTD, canopy temperature depression. Ngrain, nitrogen concentration in grains. d13Cgrain, 
carbon isotope composition in grains. d15Ngrain, nitrogen isotope composition in grains. RDW0-20, root dry weight in the first 0-20 
cm soil layer. Rwidth, average root width. Rccomp, number of connected components. MaxR, maximum number of roots. MedR, 
median number of roots. Ndepth, network depth. Nlen, network length. Nwidth, network width. NwA, network area. Nsurf, 
network surface area. Nvol, network volume. ConvA, convex area. Bush, bushiness. SRL, specific root length. Ldist, network 
length distribution. NWDR, network width to depth ratio. RA, root angle. Models were generated by combining all trials and 
seasons (All), and across seasons for INP (irrigated normal planting). ILP (irrigated late planting), RNP (rainfed normal planting) 
and RLN (rainfed low nitrogen).  
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Additionally, principal components analyses were carried out to assess further relationships 

between all studied traits (GY, growth parameters, together with nitrogen status, water status 

and selected root traits), in a bi-dimensional platform for each growing condition across 

seasons (Figure 5) and in separate seasons (Supplemental Figure 1). Across seasons, the two 

principal components explained 53.5 % of the variability under INP, with Ngrain, RA, Rccomp 

and SRL traits positioned in the same direction as GY, and RDW, δ15Ngrain and Rwidth in the 

opposite direction from GY. In a similar manner, 60.8 % of the variability was explained under 

ILP, with Ngrain, PH, Rccomp, RA and SRL positioned in the same direction as GY, and δ13Cgrain, 

δ15Ngrain and Rwidth in the opposite direction. Regarding the two rainfed conditions, the 

results were very similar. Thus, under RLN, 69.4 % of the variability was explained, with PH, 

CTD, SRL and Rccomp traits placed in the same direction as GY, and Ngrain, δ13Cgrain, δ15Ngrain 

and Rwidth in the opposite direction. Under RNP, 69.3% of the variability was explained, with 

PH, NDVI, δ15Ngrain, CTD, RA and RDW placed in the same direction with GY, and δ13Cgrain, 

Rccomp, Ngrain and Rwidth in the opposite direction to GY (Figure 5).  
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Figure 5. Principal component analysis (PCA) of the selected wheat cultivars grown during four consecutive crop 
seasons (2017-2018; 2018-2019; 2019-2020 and 2020-2021) combined, and under different treatments (INP, ILP, 
RLN and RNP). The variables included in the analysis are grain yield, plant height, NDVI, canopy temperature 
depression (CTD), nitrogen concentration (Ngrain) of grain dry matter, stable carbon (δ13Cgrain) and nitrogen 
(δ15Ngrain) compositions of grain dry matter, oxygen (δ18Ostem) and hydrogen (δ2Hstem) isotope compositions of the 
stem water, and selected root traits: root dry weight in the 0-20 cm soil layer (RDW0-20), average root width 
(Rwidth), number of connected components in the root crown (Rccomp), specific root length (SRL0-20), and root 
angle measured with a protractor (Root angle). 
 

In separate seasons, the variability explained under INP trials ranged from 39.1% (2019-2020) 

to 52.8% (2017-2018), with CTD and RDW0-20 being positive traits with GY during the three 

consecutive seasons (2017-208; 2018-2019 and 2019-2020), δ18Ostem and δ2Hstem being 

negative traits during 2018-2019 and 2020-2021, and δ13Cgrain being a negative trait in all 

seasons. RA however, was placed positively relative to GY during the humid season (2017-

2018), and negatively relative to GY in the rest of the seasons (2018-2019; 2019-2020 and 

2020-2021). Under ILP, the explained variabilities were 45.5% during 2019-2020 and 48.8% 

during 2020-2021, with RDW0-20, Rccomp and δ15Ngrain being positive traits, and δ13Cgrain being 

a negative trait relative to GY during both seasons, RA being a positive trait relative to GY 
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under 2019-2020, and δ18Ostem and δ2Hstem being negative traits relative to GY during 2020-

2021. Under RLN, the explained variabilities were 55.3 %, 49.9% and 51.3% during 2017-2018, 

2018-2019 and 2020-2021, respectively. For the three seasons, CTD, RDW0-20, δ15Ngrain were 

positive traits relative to GY, and δ13Cgrain was a negative trait to GY. Moreover, RA was placed 

in the same direction as GY during 2017-2018 and 2020-2021, and opposite to GY with 

δ18Ostem and δ2Hstem during 2018-2019. Under RNP, variabilities of 50.3%, 48.5% and 41.3% 

were explained during 2017-2018, 2018-2019 and 2019-2020, respectively. For each of the 

three seasons, Rwidth, PH and NDVI were positive traits relative to GY, and RDW0-20, RA and 

δ13Cgrain were negative traits to GY. δ18Ostem and δ2Hstem were negative traits during 2018-2019, 

as were RA and SRL during 2018-17-2018 and 2018-2019 (Supplemental Figure 1).  

4. Discussion 

4.1 Environmental and genotypic effects on crop growth and yield performance 

The field experiments included in this study covered a broad environmental range of effects 

on durum wheat growth and yield performance. The comparative effect of season, trial and 

genotypes were assessed through the percentage of the sum of squares (SS) on GY. Season 

(SSseason= 13.70% of SSmodel) and crop management (SStrial = 48.7% of SSmodel) were major 

factors in the study and accounted for a wide range of grain yield under different 

Mediterranean scenarios. By contrast, the genotypic effect, even if significant, was minor on 

GY (SSgenotype = 2.97% of SSmodel), which agrees with previous studies highlighting the reduced 

genotypic variation in durum wheat compared with bread wheat (Asins and Carbonell, 1989; 

Martínez-Moreno et al., 2020). Similarly, the genotypic effect was significant, albeit minor, on 

water and nitrogen status and most shovelomics-derived traits, and was absent from soil-

coring root traits. The lack of genotypic differences for the soil coring root traits in our study 

was likely due to different factors, which may offset minor differences related to genotypic 

variability (Hodgkinson et al., 2017; Wasson et al., 2014). Among these factors was the low 

accuracy or the relatively high error inherent in the methodology for root assessment, but 

also because of the strong plasticity of roots in response to specific growing conditions (Bai 

et al., 2019; Paez-Garcia et al., 2015; Wasaya et al., 2018). Furthermore, the season and trial 

effects were highly significant, not only for the growth, water and nitrogen physiological 

parameters, but also for most of the root traits studied, which make them amenable for 
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characterisation during yield-performance studies under different crop management 

conditions or for given growth conditions across seasons. Moreover, since most of the root 

characteristics studied have shown genotypic differences, they were amenable for defining 

wheat ideotypes under specific management practices and seasons. 

4.2 GY-prediction models and root traits 

The importance of traits that inform about root architecture mostly relies on the interplay 

between root distribution and root function and their effects on crop productivity, as well as 

the availability of water and nutrients in the soil (Chen et al., 2017). Root architecture is also 

characterised by a wide phenotypic plasticity (Clark et al., 2011; Hodge, 2009; Malamy, 2005). 

In this sense, root architecture associated with good agronomic performance often depends 

on the target environment and agronomic conditions (Wasaya et al., 2018). Therefore, it is 

advisable to study the contribution of root traits under different settings, including different 

environmental growing conditions such as combinations of management methods across 

seasons (i) and within a season (ii), as well as in a given crop management condition across 

seasons (iii) and within a season (iv). We addressed these factors through GY-prediction 

models that included water and nitrogen status traits and shovelomics derived root traits 

(Boudiar et al., 2021; Manschadi et al., 2010; Nehe et al., 2021; Thoday-Kennedy et al., 2022).  

For the first three scenarios we ran stepwise and random forest (RF) models, complemented 

with principal component analysis, while for the fourth setup, given the limited size of the 

data set, RF was not run. Some season-specific models also included stable oxygen and 

hydrogen signatures of the stem water. Similarly, the PCA analyses included crop growth traits, 

while these traits were omitted in the multilinear stepwise and RF analyses. 

The strength of the predicting models was good overall. When combining all seasons and 

agronomic conditions, stepwise and RF models explained nearly 50% of the variability in GY. 

Within each season, prediction models that combined all the growing conditions were highly 

variable in their performance, explaining from around 20% variability in GY in the wettest 

season (2017-2018) to 90% in the driest season (2018-2019). The rather variable performance 

of the prediction models was related to the GY variability, which was the highest in the driest 

season (where GY was about three-fold different in trials’ average values) and the lowest 
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(around 20% difference) in the wet season. This illustrates the need for a wide range of values 

in the data set to develop strong GY prediction models, particularly when combining very 

diverse agronomic conditions, including different irrigation, fertilisation and planting date 

designs (Barraclough et al., 1989; Chapman et al., 2012; Hernandez-Ochoa et al., 2019). By 

contrast, models for each growing condition alone, across seasons, were more stable, 

explaining between 40-80% of the variability in GY, particularly when using stepwise models. 

4.3 Crop performance and root traits across agronomic conditions 

When combining all seasons and growth conditions, GY prediction provided by stepwise and 

RF models integrated water status traits (CTD and/or d13Cgrain) as primary explicative variables, 

which indicates that water status was the main driver of GY variability when considering the 

overall effect of season x growth conditions. CTD and d13C have been used as time 

instantaneous (CTD) and integrative (d13C) indicators of the effect of water stress on yield 

(Araus and Cairns, 2014). Cooler canopies, as shown by higher CTD values, have been linked 

to deeper roots (Lopes and Reynolds, 2010; Reynolds et al., 2007; Wasaya et al., 2018), and 

higher CTD and lower d13C values are often related to higher grain yield performance in wheat 

genotypes (Araus et al., 2003; 2008; Blum, 2009; Chairi et al., 2020; Farquhar et al., 1989; 

Rezzouk et al., 2020, 2022). Crown root traits informing on root density (RDW0-20) and number 

(MaxR) in the upper part of the soil (Fradgley et al., 2020; He et al., 2022; York et al., 2018a) 

were the second most relevant variables to integrate into the GY prediction model.  

When considering seasons separately but combining all the growing conditions assayed in a 

season, the main trait introduced by the model also informed about better water status 

(lower d13C or higher CTD). This agrees with water conditions being the main factor affecting 

wheat productivity across Mediterranean environments (Araus et al. 2014; Rezzouk et al. 

2022). In addition, for the most robust model, which corresponded to the driest season (2018-

2019), root traits informing about deep rooting tendencies such as greater root length in the 

upper soil (Nlen and Ldist) (Armengaud, 2009; Clark et al., 2011; He et al., 2022; Iyer-Pascuzzi 

et al., 2010) and root system spread such as a lower Nwidth (Clark et al., 2011; Iyer-Pascuzzi 

et al., 2010) were also involved. Moreover, the oxygen (δ18O) and hydrogen (δ2H) isotopic 

compositions of the stem water, which in principle inform about the depth that water is 
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extracted from the soil (Kale Çelik et al., 2018; Sanchez-Bragado et al., 2019; Rezzouk et al., 

2022) were also included.  

4.4 Crop performance within agronomic conditions 

Except for support irrigation and normal planting conditions, the specific models for each 

growing condition throughout the four seasons also included better water status (lower δ13C 

or higher CTD) as the first chosen trait in the models for rainfed conditions. In the case of 

rainfed low nitrogen fertilisation conditions, better nitrogen status (higher δ15N) was also 

included in the model. These results again stress that the variability in 

precipitation/evapotranspiration is an important factor affecting wheat productivity under 

Mediterranean conditions, particularly (but not only) under rainfed conditions (Araus and 

Slafer, 2011; Rezzouk et al., 2022). Besides that, all four growth condition-specific models 

included shovelomic-assessed root traits. In the case of support irrigation conditions, root 

angle spread had a clear role, with steeper roots (lower RA) being fundamental during INP, 

while shallower roots (higher RA) were involved in the ILP conditions. Moreover, lower root 

mass dry weight (lower RDW0-20 and Network solidity) but a greater root length (greater Nlen) 

in the topsoil were introduced into the INP model. The shallow root system of ILP is coherent 

with the fact that Mediterranean conditions are characterised by a progressive decrease in 

precipitation together with an increase in evapotranspiration during late spring, which makes 

irrigation the main source of water. In the case of INP, a root system that is more evenly 

distributed (keeping greater root length in the topsoil alongside steeper roots) across the soil 

profile represents a more efficient alternative. Such a dichotomy in the root system 

associated with planting date has been reported before (Bai et al., 2019; Rezzouk et al., 2022).  

The rainfed conditions included a denser root system in the topsoil as a positive trait; 

specifically, a greater root ramification (higher Rccomp) in the case of RLN, and a higher 

network length distribution (higher Ldist) under RNP. This root architecture may contribute 

to a more efficient capture of effective water by the crop, particularly under low and erratic 

precipitation conditions. A developed root system in the topsoil has been reported to be an 

adaptation strategy to tackle Mediterranean conditions (Condon, 2020; Passioura, 1983; 

Rezzouk et al., 2022). Nevertheless, this conclusion does not preclude the presence of a well-

developed root architecture down the soil profile (Barraclough et al., 1989). 
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The PCA added further information on the traits involved in crop performance within given 

agronomic conditions across seasons. Under RNP conditions, the best yielding genotypes 

were associated with stronger aerial growth (higher PH and NDVI), better water (higher CTD 

and lower δ13C) and nitrogen status (higher δ15N), together with shallower root angle (higher 

RA), and related to this a somewhat greater root density (higher RDW0-20 but lower Rccomp) 

in the topsoil. Under RLN, crops with higher GY were associated again with stronger aerial 

growth (higher PH) together with a better water status (higher CTD and lower δ13C), while the 

root system was characterised by thinner roots (higher SRL and lower Rwidth) in the topsoil. 

However, root angle and root density were not involved, suggesting that the lack of nitrogen 

prevented roots from properly exploring the soil profile. Higher root density together with 

thinner roots are considered positive root traits contributing to water and nutrient uptake 

(Kong et al., 2014; Paez-Garcia et al., 2015; Robbins and Dinneny, 2015; Sun et al., 2015; Tian 

et al., 2014). Under INP, GY was not clearly associated with higher growth or better water or 

nitrogen status, but with root characteristics such as shallower root angle (higher RA but close 

to the centroid of the PCA), lower root density (lower RDW0-20 and Rccomp) and thinner roots 

(higher SRL and lower Rwidth) in the topsoil. Under ILP, highly productive crops were again 

not clearly associated with greater growth, but exhibited better water status (lower δ13C), 

shallower root angle (higher RA) and thinner roots (higher SRL and lower Rwidth). The lack of 

a clear association of grain yield with growth and green biomass under irrigation conditions 

may be due to the saturation of NDVI above values of 0.5 (Aparicio et al., 2000; Cabrera-

Bosquet et al., 2011) and a minor effect of moderate/mild heat stress on plant height. 

However, rainfed conditions, and to a lesser extent the lack of N fertilisation, placed NDVI 

values in a linear relationship with green biomass and grain yield (Marti et al. 2007; Cabrera-

Bosquet et al. 2011). Moreover, plant height has proven to be a good indicator of the effect 

of severe water stress on crop growth and yield (Khaliq et al. 2004; Akram et al., 2008). 

4.5 Genotypic performance within a given agronomic condition and season 

In order to explore genotypic performance, PCA and multilinear stepwise analyses were run 

for each of the trials and seasons. This included for some seasons the isotope signatures of 

the stem water as additional traits. Concerning PCA, when evaluating INP in separate seasons, 

high yielding genotypes exhibited higher growth in general (higher PH and/or NDVI) and 

better water status (lower δ13C and/or higher CTD), together with steeper root angle (lower 
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RA). The association between deep rooting and a greater seminal root that grown vertically 

in wheat was reported previously in high yielding cultivars (Bai et al., 2019; Wasaya et al., 

2018). In addition, in the two seasons where stem water was analysed, both δ18O and δ2H 

were positioned opposite to GY, suggesting the most productive genotypes extracted water 

deeper from the soil profile (Martín-Gómez et al., 2015; Rezzouk et al., 2022; Wang et al., 

2010). These results support the concept that deeper root systems may confer genotypic 

adaptation under the mild to moderate water stress conditions experienced under support 

irrigation (Hodge, 2009; Li et al., 2019; Malamy, 2005; Vadez, 2014). Moreover, the stepwise 

analysis for 2018-2019 also supports a higher root density (higher Nsurf, Rccomp and Ldist) in 

the topsoil for the driest season. Overall, these results evidence a dual (shallow and at depth) 

soil system. 

Under ILP, the best yielding genotypes again exhibited stronger plant growth (higher PH) and 

better water status (lower d13C and/or higher CTD), but also better nitrogen status (higher 

d15N), together with more superficial rooting, as shown by wider angle spread (higher RA), 

but also access at depth of water as shown by thinner roots (higher SRL and lower Rwidth) 

and deeper water uptake (lower δ18O and δ2H of stem water). These results suggest that even 

if shallow, deep rooting is an obvious adaptation to late planting under irrigation conditions, 

ensuring that access to water at deeper soil profiles may be of value. Promoting canopy 

cooling mechanisms such as deep rooting and superficial root growth, is a common response 

of wheat plants as a coping mechanism to elevated temperatures when under irrigation 

conditions (Pinto and Reynolds, 2015; Rezzouk et al., 2022). In addition, a better nitrogen 

status can reflect a greater stay green status in genotypes, which maintain greener canopies 

through an active photosynthesis rate (Joshi et al., 2007; York et al., 2018), and it promotes 

the development of deeper roots in wheat genotypes under drought stress (Christopher et 

al., 2008).  

Under RNP, high yielding genotypes were correlated positively with higher levels of growth 

(higher NDVI and/or PH) and better water status (lower d13C and higher CTD). Moreover, the 

best yielding genotypes also exhibited less superficial root growth with lower root density 

(lower RDW0-20), together with steeper root angle growth (lower RA) and lower d18O and d2H 

of the stem water. In addition, the stepwise analysis also supported more vertical growth 
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(greater Ndepth), at least for the driest season (2018-2019). A root system prioritising deeper 

roots may be able to take advantage of strong but scarce rainfall and optimise the capture of 

water at depth (Wasson et al., 2012).  

 Likewise, genotypes with the highest yield under RLN conditions were also associated with 

higher crop growth and better water (lower d13C and/or higher CTD) and better nitrogen 

status (higher d15Ngrain). The higher d15N associated with high yielding genotypes may be the 

due to a direct physiological effect on nitrogen metabolism associated with better water 

status (Yousfi et al. 2009, 2012) or because of a higher soil nitrogen uptake by the plant 

(Rezzouk et al., 2022; Sanchez-Bragado et al., 2017; Serret et al., 2008; Yousfi et al., 2009) or 

both. In the last case, the crop not only uses nitrogen derived from chemical fertilisers (with 

a d15N close to 0 ‰) but also derives nitrogen from nitrification of the organic matter already 

present in the soil (which has markedly higher d15N). Moreover, the best yielding genotypes 

under RLN exhibited somewhat higher crown root density (higher RDW0-20 and/or higher 

Rccomp) together with steeper root angle (lower RA). A higher root density (higher MedR) 

and weight (higher RDW) in topsoil was also evidenced through stepwise analysis, at least 

during the 2019-2020 season. A dual root system comprising shallow roots and others at 

depth may allow the plant to take advantage of low precipitation as well as a lack of nitrogen, 

optimising the capture of resources (water and nitrogen) at different depths in the soil 

(Wasson et al., 2012) and therefore increasing the effective use of water (Blum 2009) and 

mineral resources. In that sense, Trachsel et al. (2013) reported for maize that genotypes form 

shallow roots when grown under well fertilised environments (ample nitrogen), and steeper 

roots that grow at depth when under low nitrogen fertilisation conditions.  

4.6 Exploring root architecture at depth: soil coring traits and δ18O and δ2H of stem water as 

phenotyping traits 

The high plasticity of the root system may explain why the pattern of root traits conferring 

adaptation may differ among growing conditions and seasons. The shovelomics approach has 

proven its value in our study in formulating GY-prediction models. However, an implicit 

limitation of shovelomics is that, besides crown root informing traits, this methodological 

approach does not allow a clear inference of the root architecture throughout the soil profile. 

This is why soil core-derived traits have been used as an extension to root studies at given soil 
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depths, with root length density (total root length per unit soil volume) as the main 

determined trait (Chen et al., 2017; Elazab et al., 2012; Foulkes et al., 2009; York et al., 2018b). 

A higher root length density at soil depth have been reported to improve the capture of 

belowground resources under drought stress in wheat (Foulkes et al., 2009; Manschadi et al., 

2006; Reynolds et al., 2007). However, a larger root system is not necessarily related to higher 

aerial biomass and yield. Thus, our study showed that core traits such as RDW, Arearoots and 

Area/RDW for the different soil sections were negatively correlated with GY across seasons, 

under INP, as well as combining all the agronomic conditions together. In this sense, Elazab 

et al. (2016) working with durum wheat in lysimeters concluded that under water stress, 

aerial biomass was negatively correlated with root dry biomass, root length and root weight 

density and positively correlated with the specific root length.  

Except for the severe dry season of 2018-2019, our results suggest that regardless of the 

observed effects of growing conditions (water regimen and planting date) and seasons 

affecting total RDW across soil sections, and that root biomass decreases at depth, the 

Arearoots as an indicator of root functionality remained rather constant across the one metre 

depth soil profile studied. This was achieved by roots becoming progressively thinner (lower 

Area/RDW) as they moved down through the soil profile. In fact, thinner roots or roots with 

higher specific root length have been reported as possessing positive traits in terms of wheat 

performance, not only under lysimeter setups (Elazab et al. 2012, 2016) but also under field 

conditions (Barraclough et al., 1989; Corneo et al., 2016; Peng et al., 2019; Rezzouk et al., 

2022). In addition, the constancy in Arearoots across soil sections supports the possible 

existence of a dual root system for all the growing conditions, with the presence of a shallow 

and deep rooting system (Bai et al., 2019; Rezzouk et al., 2022). However, soil coring, 

particularly under field conditions, is by no means a high throughput methodology, and is 

prone to errors associated with separating the fine roots from the soil. Moreover, root 

architecture does not necessarily directly inform about root functioning. This is why our study 

also evaluated the δ18O and δ2H of the stem base water as a phenotyping alternative to assess 

root function.  

The negative correlations of δ18Ostem and δ2Hstem with the GY of both rainfed and support 

irrigation normal planting trials (INP and RNP) suggest that the most productive genotypes 

are those that are capable of exploring water and related resources (e.g. nitrogen) deeper in 
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soil profiles. This was further supported by the correlations of δ18Ostem with CTD (negative), 

δ13C (positive) and δ15N (negative), particularly under RNP conditions. In fact, the isotope 

signatures of δ18O and δ2H in stem water have been proposed (particularly, but not exclusively, 

in ecology studies with woody plants) as indicators of the soil depth from which water is 

extracted by roots (Barbour, 2007; Lin and Sternberg, 1993; Sanchez-Bragado et al. 2019; 

Wang et al., 2010). The rationality of the approach is simple overall, with the δ18O and δ2H of 

the soil water increasing in response to the effect of evaporation, while the deeper the water 

in the soil the less exposed it is to evaporation (Barbour, 2007; DeNiro and Epstein, 1979; 

Mateo et al., 2004). On the other hand, the approach assumes that no evaporation (thus 

isotopic fractionation) occurs once the water is captured and further transported by the root 

xylem (Cernusak et al., 2016; Dawson and Ehleringer, 1993). The poorer performance of 

δ2Hstem compared with δ18Ostem (weaker correlations with GY and related traits) may be due 

to the fact that the former is much more affected than the latter by fractionation processes 

and exchanges with atoms of the plant tissue (Sanchez-Bragado et al. 2019). On the other 

hand, despite the δ18O and δ2H of the source water (precipitation and irrigation) possibly 

differing substantially due to climatic factors such as temperature, this was not the case for 

the precipitation and irrigation water during May, which was the month when stem water 

was sampled. 

Under INP, the negative relationship of the Area/RDW ratio at 50-70 cm with the δ18O and 

δ2H of the stem water supports the idea that thinner roots in deeper soil sections are the 

most functional at extracting water. In the same way, the shovelomic trait informing about 

root thickness (Rwidth) was also negatively correlated with δ18O and δ2H. In addition, RA was 

also positively correlated with δ18O and δ2H, which supports the concept that the steeper the 

roots, the greater the depth of water extraction. Under RNP conditions, AreaRoots 50-75cm was 

negatively correlated with δ18Ostem, suggesting that roots captured water from deeper soil 

sections. In addition, the shovelomic indicator of tendency to higher root density at depth 

(Ldist) was negatively correlated with the isotope composition of stem water, which also 

suggests deeper water extraction under rainfed conditions. In fact, within rainfed conditions, 

the isotope composition of the soil water clearly decreased with soil depth. The contrasting 

pattern of relationships between δ2Hstem and δ18Ostem, with shovelomic and core root traits 

may be due to the fact that the δ18Osoil and δ2Hsoil followed a different pattern. In the support 
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irrigation trials, δ18Osoil and δ2Hsoil remained rather stable across the soil profile, while under 

rainfed conditions a clear gradient towards lower values was found. The pattern of δ18Osoil 

and δ2Hsoil throughout the soil profile further supports the dual pattern of the root system 

under support irrigation conditions, while under rainfed conditions, root architecture 

optimises water extraction at depth.  

5. Conclusion 

The four crop management settings combined with the four consecutive seasons included in 

this study covered a wide range of grain yields scenarios within the Mediterranean region. 

However, in all cases higher GY was associated with higher levels of growth (higher PH) and 

larger green biomass that was maintained longer during grain filling (higher NDVI). Moreover, 

in almost all cases, greater crop growth was positively associated with a more effective use of 

resources, particularly water, as inferred from the higher transpiration (higher CTD) and 

stomatal conductance (lower δ13C), and to a lesser extent the better nitrogen status, as 

concluded from the higher nitrogen accumulation (higher GNY and Nleaf concentration) 

associated with a greater demand for nitrogen from the soil (higher δ15N). This study 

highlights the highly plastic nature of wheat root architecture when adapting to different 

Mediterranean conditions. Thus, for given crop management conditions such as rainfed and 

normal planting, root architecture traits (e.g. root angle) chosen by the models varied 

between the individual-season models and the model integrating the four seasons. 

Nevertheless, a broader view was achieved through the shovelomic studies, with RNP 

conditions inducing deeper root systems, INP presenting a more dual root system (superficial 

as well as deeper), while ILP and even RLN exhibited more superficial root systems. 

Nevertheless, our study also highlights the limitation of shovelomics. Thus, soil coring 

suggests that a constancy in root area is achieved by crops throughout the agricultural soil 

profile, except for severe drought conditions. However, soil coring is not high throughput 

enough as a phenotyping approach, and similar to shovelomics, the information derived on 

root architecture is not necessarily linked to root functioning. On the other hand, the δ18O 

and δ2H of the stem water appears as a potential functional phenotyping approach to select 

crops that are better adapted to Mediterranean conditions, and even though this approach 

may be affected by the dynamic pattern (i.e. timing) of precipitation/irrigation and sampling 

time points, the negative relationship of δ18O, δ2H to GY suggests that the most productive 
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crops take water up from deeper soil sections, which makes this approach relatively high 

throughput for selecting more efficient root systems. This is particularly evident for the 

rainfed trials, where a clear gradient from a less to a more negative stable isotope 

composition of soil water was established across soil depths. In the case of support irrigation 

trials, the gradient was less obvious, which implies that extracting water from deeper soil 

sections is not necessarily the issue. 
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Supplemental Tables and Figures 
 

 
Supplemental Table 1. List of the twelve selected durum wheat varieties with contrasting yield performance (high vs low) during the study, with 
year of release, country of origin and available information on provenance and/or pedigree. 

Variety Yield 
performance 

Crop season Year of 
release 

Country Pedigree/Provenance 
2017-2018 2018-2019 2019-2020 2020-2021 

Athorix High yield - - - X 2011 - Limagrain Europe 
Avispa High yield - - - X 2003 Spain Limagrain-CIMMYT 
Claudio High yield X X X - 1999 Italy (Sel. Cimmyt × Durango) × (IS193B × Grazia) 
Core High yield X X X - 2009 Spain Eurogen. PROSEME seeds 
Haristide Low yield - - X X - - - 
Olivadur Low yield X X X - 2013 Spain RAGT 2N SAS seeds 
Pedroso Low yield X X X X 1992 Spain Batlle seeds 
Regallo High yield - - - X 1990 Italy Diputación General de Aragón CIMMYT 
Sculpture Low yield - - X - 2011 - - 
Simeto Low yield - - - X 1988 Spain RUFF/FLAMINGO//MEXICALI-75/3/SHEARWATER 
Solea Low yield X X X - 2005 Spain Monsanto Agriculture Spain. 
Vitron High yield X X X - 1983 France TURCHIA-77/3/JORI-69(SIB)/(SIB)ANHINGA//(SIB)FLAMINGO 

A subset of six varieties was used during 2017-2018, 2018-2019 and 2020-2021; and a subset of eight varieties were used during 2019-2020. 
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Supplemental Table 2. Pearson correlations of grain yield (GY) with agronomic traits 
(Biomass; HI; TKW; Plants m-2; Ears -2; PH and NDVI), canopy temperature depression 
(CTD), nitrogen concentration in the flag leaf (Nleaf) and grain (Ngrain), carbon and 
nitrogen stable isotopes measured in the dry matter of the flag leaf (d15Nleaf DM and 
d13Cleaf DM) and grains ((d15Ngrain DM and d13Cgrain DM), and oxygen and hydrogen stable 
isotopes measured in stem water (d18Ostem water and d2Hstem water). Correlations were 
given when combining all seasons and trials, and across seasons per trial. 

  Combined 
seasons and trials 

Across seasons 
  INP ILP RLN RNP 

Agronomical 
traits 

Biomass 0.901** 0.552** - 0.929** 0.950** 
HI 0.598** ns - 0.724** 0.780** 
TKW 0.209** ns ns 0.645** ns 
Plants m-2 0.166* 0.446** ns ns ns 
Ears-2 0.499** 0.523** ns 0.585** ns 
PH 0.648** 0.231* 0.435** 0.735** 0.860** 
NDVI 0.403** ns ns 0.626** 0.845** 

Canopy 
temperature 

CTD 0.434** ns ns 0.690** 0.663** 

Nitrogen 
concentration 

Nleaf ns ns ns ns ns 
Ngrain -0.299** 0.355** ns -0.426** -0.600** 

Stable isotopes 

d15Nleaf -0.418** -0.478** ns -0.792** 0.700** 
d15Ngrain 0.210** ns ns 0.099 0.635** 
d13Cleaf -0.622** ns ns -0.844** -0.734** 
d13Cgrain -0.631** ns ns -0.726** -0.863** 
d18Ostem -0.544** -0.556** ns ns -0.658** 
d2Hstem ns -0.419* ns ns -0.356* 

Level of significance: ns, not significant; *, P < 0.05; **, P < 0.01 
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Supplemental Table 3. Pearson correlations between grain yield (GY) against agronomic traits (Biomass; HI; TKW; Nº plants; Nº ears; PH and NDVI), canopy temperature 
depression (CTD), nitrogen content in the flag leaf (Nleaf) and grain (Ngrain), carbon and nitrogen stable isotopes measured in the dry matter of the flag leaf (d15Nleaf DM and 
d13Cleaf DM) and grain ((d15Ngrain DM and d13Cgrain DM), and oxygen and hydrogen stable isotopes measured in stem water (d18Ostem water and d2Hstem water). Correlations were given 
for each season separated (2017-2018; 2018-2019; 2019-2020; 2020-2021), for trials combined and separated. 
  Combined trials 2017-2018 2018-2019 2019-2020 2020-2021 

  2017- 
2018 

2018- 
2019 

2019- 
2020 

2020- 
2021 

INP RLN RNP INP RLN RNP ILP INP RLN ILP INP RNP 

Agronomical 
traits 

Biomass 0.902** 0.895** - - 0.852** 0.943** 0.701** ns 0.784** 0.784** - - - - - - 
HI 0.326* 0.694** - - ns ns ns ns 0.620** ns - - - - - - 
TKW ns ns - ns ns ns ns 0.581* 0.663** ns - - - ns -0.542* -0.566* 
Plant density 0.492** ns - ns 0.488* 0.547* ns ns ns ns - - - ns ns -0.475* 
Ear density 0.737** 0.561** - ns 0.734** 0.826** 0.630** ns ns ns - - - ns ns ns 
PH 0.574** 0.870** 0.273* 0.405** 0.511* ns 0.696** 0.516* 0.820** 0.557* ns ns ns ns ns ns 
NDVI 0.686** 0.392* 0.650** 0.307* 0.558* 0.630** 0.741** ns - ns ns ns 0.800** ns ns 0.532* 

Canopy 
temperature CTD 0.502** 0.783** ns ns ns 0.595** ns ns ns ns ns ns 0.528** ns ns ns 

Nitrogen 
content 

Nleaf DM - ns - - - - - ns ns ns - - - - - - 
Ngrain DM ns -0.641** ns ns ns ns ns ns -0.891** -0.476* ns ns ns ns -0.596** ns 

Stable isotopes 

d15Nleaf DM - 0.704** -0.500** ns - - - ns ns 0.607** - ns -0.478* ns ns ns 
d15Ngrain DM ns 0.391** 0.407** ns ns 0.530* ns ns ns 0.630** ns ns ns ns ns ns 
d13Cleaf DM - -0.870** - ns - - - ns -0.844** -0.868** - - - ns 0.551* ns 
d13Cgrain DM -0.332* -0.877** -0.364** -0.585** ns -0.549* ns -0.531* -0.799** -0.554* ns ns -0.537** ns ns ns 
d18Ostem water ns -0.684** - ns ns ns ns -0.557* ns -0.480* - - - ns ns ns 
d2Hstem water ns ns - 0.333* ns ns ns ns ns ns - - - ns ns ns 

Level of significance: ns, not significant; *, P < 0.05; **, P < 0.01 
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Supplemental Table 4. Pearson correlations between grain yield (GY) and shovelomic traits 
measured in the 0-20cm soil depth, and core traits measured in different soil sections (0-25cm; 20-
50cm; 50-75cm; 75-100cm). Correlations were given when combining all seasons and trials, and 
across seasons per trial. 

   Combined 
seasons and trials 

Across seasons 
   INP ILP RLN RNP 

Shovelomics 
traits 

Root 
crown 

RDW0-20cm ns -0.562** ns ns 0.552** 
Rccomp ns ns ns ns -0.279* 
MaxR 0.320** ns 0.448** 0.504** ns 
MedR 0.305** ns 0.408** 0.536** ns 

Root 
dimensions 

Rwidth ns -0.254* -0.378* -0.634** ns 
Ndepth 0.185** ns ns ns ns 
Nlen 0.302** ns ns 0.512** ns 

Root 
density 

Nwidth 0.249** ns 0.418** 0.274* ns 
NwA 0.167* ns ns ns ns 
Nsurf 0.162* ns ns ns ns 
Nvol ns ns ns ns ns 

Root angle ConvA 0.257** ns ns 0.337** ns 
RA ns ns 0.604** ns 0.508** 

Ratios 

Bush ns ns ns ns ns 
Ldist 0.147* ns ns ns 0.587** 
Network Solidity ns -0.279* -0.397* ns ns 
NWDR 0.144* ns 0.451** ns ns 
SRL 0.325** ns 0.397* 0.625** ns 

Cores traits 

RDW 

RDW0-25cm ns ns ns ns ns 
RDW25-50cm ns ns ns ns ns 
RDW50-75cm -0.420** -0.509** ns ns ns 
RDW75-100cm 0.268* ns ns ns ns 

AreaRoot 

AreaRoots 0-25cm -0.509** -0.449** ns ns ns 
AreaRoots 25-50cm -0.560** -0.543** ns ns ns 
AreaRoots 50-75cm -0.517** -0.428** ns ns ns 
AreaRoots 75-100cm -0.566** -0.369** -0.410* ns ns 

Area/RDW 

Area/RDW0-25cm -0.449** -0.555** ns ns ns 
Area/RDW25-50cm -0.349** -0.630** ns ns ns 
Area/RDW50-75cm 0.246* ns ns ns ns 
Area/RDW75-100cm -0.350** -0.417** ns ns ns 

Level of significance: ns, not significant; *, P < 0.05; **, P < 0.01. Root traits were AreaRoots 0-25cm, 
AreaRoots 25-50cm, AreaRoots 50-75cm, AreaRoots 75-100cm representing root area from soil cores in the 0-25 
cm, 25-50 cm, 50-75 cm and 75-100 cm soil layers, respectively. MaxR, maximum number of roots. 
Bush, bushiness. ConvA, convex area. Ldist, network length distribution. MedR, median number of 
roots. Ndepth, network depth. Nlen, network length. Nsurf, network surface area. Nvol, network 
volume. Nwidth, network width. NwA, network area. NWDR, network width to depth ratio. SRL, 
specific root length. RA, root angle. RDW0-20, RDW0-25, RDW25-50, RDW50-75 and RDW75-100 are root 
dry weight in 0-20 cm, 0-25 cm, 25-50 cm, 50-75 cm and 75-100 cm soil layers, respectively. Rwidth, 
average root width. Rccomp, number of connected components. 
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Supplemental Table 5. Pearson correlations between grain yield (GY) and shovelomic traits measured in the 0-20cm soil depth, and core traits measured in different soil sections (0-25cm; 
20-50cm; 50-75cm; 75-100cm). Correlations were given for each season separated (2017-2018; 2018-2019; 2019-2020; 2020-2021), for trials combined and separated. 

   Combined trials 2017-2018 2018-2019 2019-2020 2020-2021 
   2017- 

2018 
2018- 
2019 

2019- 
2020 

2020-
2021 INP RLN RNP INP RLN RNP ILP INP RLN ILP INP RNP 

Sh
ov

el
om

ic
s t

ra
its

 

Root Crown 

RDW0-20 ns ns ns ns ns ns ns ns ns ns ns ns 0.755** ns ns ns 
Rccomp 0.326* -0.760** ns ns ns ns ns 0.563* ns ns ns ns 0.417* ns ns ns 
MaxR ns 0.713** ns 0.431** ns ns ns ns ns ns ns ns 0.642** ns ns ns 
MedR ns 0.615** ns 0.367** ns ns ns ns ns ns ns ns 0.677** ns ns ns 

Root 
dimensions 

Rwidth ns 0.125 ns 0.378** ns ns ns 0.114 ns 0.287 ns ns ns ns ns ns 
Ndepth ns 0.618** ns 0.422** ns ns ns 0.532* ns 0.496* ns ns ns ns ns ns 
Nlen ns 0.771** ns 0.441** ns ns ns ns 0.557* ns ns ns 0.546** ns ns ns 

Root 
density 
 

Nwidth ns 0.609** ns 0.555** ns ns ns ns ns ns ns ns 0.576** ns ns ns 
NwA ns 0.756** ns 0.417** ns ns ns ns 0.560* 0.475* ns ns 0.496* ns ns ns 
Nsurf ns 0.762** ns 0.412** ns ns ns ns 0.575* ns ns ns 0.539** ns ns ns 
Nvol ns 0.734** ns 0.358** ns ns ns ns 0.562* 0.506* ns ns ns ns ns ns 

Root angle ConvA ns 0.706** ns 0.540** ns ns ns 0.566* ns ns ns ns 0.486* ns ns ns 
RA -0.332* ns ns ns -0.501* ns ns ns ns ns 0.560** ns ns ns ns ns 

Ratios 

Bush ns ns ns 0.415** ns ns ns ns ns ns ns ns ns ns ns ns 
Ldist ns 0.363** ns 0.376** ns ns ns 0.642** ns ns ns ns ns ns ns ns 
Network Solidity ns 0.399** ns ns ns ns ns -0.514* ns ns ns ns ns ns ns ns 
NWDR ns ns ns 0.459** ns ns ns ns ns ns 0.428* ns ns ns ns ns 
SRL ns ns ns 0.384** ns ns ns ns ns ns ns ns ns ns ns ns 

Co
re

s t
ra

its
 

RDW 

RDW0-25cm -  ns ns ns - - - ns - - ns ns ns ns ns ns 
RDW25-50cm -  ns ns ns - - - ns - - ns ns ns ns ns ns 
RDW50-75cm -  ns ns ns - - - ns - - ns ns ns ns ns ns 
RDW75-100cm -  ns ns ns - - - ns - - ns ns ns ns 0.492* ns 

AreaRoot 

AreaRoots 0-25cm -  ns ns ns - - - ns - - ns ns ns ns ns ns 
AreaRoots 25-50cm -  ns ns ns - - - ns - - ns ns ns ns ns ns 
AreaRoots 50-75cm -  ns ns ns - - - ns - - ns ns ns ns ns ns 
AreaRoots 75-100cm -  ns ns ns - - - ns - - -0.649* ns ns ns ns ns 

Area/RDW 

AreaRoots/RDW0-25cm -  ns -0.440** ns - - - ns - - ns ns ns ns ns ns 
AreaRoots/RDW25-50cm -  ns ns ns - - - ns - - ns ns ns ns ns ns 
AreaRoots/RDW50-75cm -  ns ns ns - - - ns - - ns ns ns ns ns ns 
AreaRoots/RDW75-100cm -  ns ns ns - - - ns - - ns ns ns ns ns ns 

Level of significance: ns, not significant; *, P < 0.05; **, P < 0.01 
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Supplemental Table 6. Pearson correlations between oxygen (δ18Ostem) and hydrogen (δ2Hstem) isotope 
compositions in stem water, and shovelomic traits measured in the first 20 cm of the upper soil layer, 
and soil cores measured in different soil sections (0-25cm, 20-50cm, 50-75 cm and 75-100 cm). 
Correlations were given across the seasons (2018-2019 and 2020-2021) for INP, and during 2020-2021 
for ILP and RNP. 

   INP ILP RNP 
   δ18Ostem δ2Hstem δ18Ostem δ2Hstem δ18Ostem δ2Hstem 

Sh
ov

el
om

ic
s  t

ra
its

 

Root Crown 

RDW0-20cm 0.271 0.185 -0.316 -0.358 -0.252 -0.251 
Rccomp 0.220 0.108 -0.492* -0.480 -0.082 -0.285 
MaxR -0.203 -0.150 -0.167 -0.187 -0.227 -0.396 
MedR -0.139 -0.131 -0.301 -0.348 -0.237 -0.417 

Root dimension 
Rwidth 0.365* 0.330* -0.136 -0.182 -0.167 -0.318 
Ndepth -0.155 -0.172 -0.341 -0.273 -0.209 -0.363 
Nlen -0.157 -0.154 -0.342 -0.316 -0.251 -0.413 

Root density 

Nwidth 0.035 -0.078 0.006 -0.038 -0.241 -0.396 
NwA 0.006 -0.015 -0.414 -0.407 -0.265 -0.400 
Nsurf 0.050 0.030 -0.396 -0.388 -0.267 -0.401 
Nvol 0.267 0.232 -0.367 -0.378 -0.273 -0.368 

Root angle 
ConvA -0.010 -0.067 -0.407 -0.393 -0.288 -0.415 
RA 0.467** 0.431** 0.034 0.112 0.124 0.264 

Ratios 

Bush -0.070 0.043 0.319 0.320 -0.247 -0.399 
Ldist -0.367* -0.277 0.240 0.331 -0.409 -0.485* 
Network Solidity 0.137 0.216 -0.074 -0.102 -0.172 -0.340 
NWDR 0.136 0.063 0.277 0.197 -0.207 -0.371 
SRL0-20cm -0.401* -0.373* 0.219 0.230 -0.134 -0.335 

Co
re

s t
ra

its
 

RDW 

RDW0-25cm 0.281 0.127 -0.053 -0.066 0.296 0.290 
RDW25-50cm 0.003 -0.041 -0.273 -0.340 0.378 0.261 
RDW50-75cm 0.486** 0.454** 0.348 0.364 -0.055 -0.217 
RDW75-100cm -0.186 -0.082 0.137 0.116 -0.261 -0.160 

AreaRoot 

AreaRoots 0-25cm 0.274 0.249 0.077 0.180 -0.180 -0.254 
AreaRoots 25-50cm 0.299 0.268 0.185 0.092 -0.194 0.018 
AreaRoots 50-75cm 0.336* 0.317 0.508* 0.432 -0.562* -0.247 
AreaRoots 75-100cm 0.406* 0.351* 0.542* 0.420 0.076 0.196 

Area/RDW 

Area/RDW0-25cm 0.216 0.192 0.096 0.132 -0.168 -0.211 
Area/RDW25-50cm 0.309 0.307 0.193 0.247 -0.396 -0.286 
Area/RDW50-75cm -0.499** -0.505** -0.336 -0.356 0.006 0.169 
Area/RDW75-100cm 0.051 0.028 -0.386 -0.633 0.244 0.262 

Level of significance: ns, not significant; *, P < 0.05; **, P < 0.01.  
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Supplemental Table 7. Multi-linear regression (stepwise) of grain yield (GY) as the dependent variable, and canopy temperature depression (CTD), stable 
carbon and nitrogen isotope compositions (δ13C and δ15N) and nitrogen concentration (N) of mature grains, and shovelomic root traits as independent 
variables. For each stepwise equation, the fitted model was significant (P<0.001) with (1.2 <Durbin-Watson< 2) and collinearity was within the acceptable 
range (VIF<10). R2

adjusted displays the reliability of the fitted regression line to the data in use in the stepwise regression, and SE the standard error of the 
dependent variable (GY).  

  Stepwise Random Forest 
 Model Equation R2adjusted SE R2Train RMSETrain R2Test RMSETest 
2017-2018 All GY = -14.08 + 0.46*CTD – 0.26*d13Cgrain 29.0 % 1.1 26.7% 1.4 1.4% 1.0 

INP GY = -0.56 + 0.54*Ngrain 24.5 % 1.0     
RLN GY =5.61 + 0.60*CTD 31.4 % 1.4     
RNP - - -     

2018-2019 
 

All GY = -2.90 – 0.47*d13Cgrain + 0.37*Nlen + 0.10*Ldist + 0.48*d2Hstem  – 0.54*d18Ostem – 0.17*Nwidth 90.8 % 0.8 82.9% 1.1 89.7% 0.8 
INP GY = 2.09 + 0.68*Ldist + 0.46*Rccomp + 0.35*Nsurf  76.3 % 0.5     
RLN GY = 6.11 – 0.89*Ngrain 77.9 % 0.3     
RNP GY = 0.53 + 0.58*d15Ngrain + 0.42*Ndepth 51.5 % 0.4     

2019-2020 
 

All GY = -26.38 + 0.36*d15Ngrain – 0.30*d13Cgrain 23.3 % 1.5 19.8% 2.1 33.7% 1.7 
INP - - -     
ILP GY = 2.47 + 0.56*RA 28.2 % 0.7     
RLN GY = -30.88 + 0.48*RDW0-20 – 0.37*d13Cgrain + 0.30*MedR  73.1 % 0.8     

2020-2021 
 

All GY = -12.87 – 0.59*d13Cgrain 33.0 % 0.8 33.4% 0.6 36.4% 1.0 
INP GY = 8.54 – 0.60*Ngrain 31.5 % 0.5     
ILP - - -     
RNP - - -     

Regressions were generated using individual plots of the selected genotypes for each trial in separated crop seasons. 18 (2018; 2019 and 2021) to 24 (2020) 
plots per trial were used. The dash marks show that no variables were introduced to predict GY using the stepwise regression method. 
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Supplemental Table 8. List of the top 20 explanatory variables for grain yield (GY) ranked by importance in each Random 
Forest model. Ranking is expressed as a percentage (%). Orange coloured cells show the variables that were introduced 
by the stepwise regression models as explanatory variables, and the green coloured cells highlight CTD ranking as the 
main explicit parameter to temperature. 

Random Forest ranking (%) 
 
Trait 2017-2018 Trait 2018-2019 Trait 2019-2020 Trait 2020-2021 
Ngrain 100.0 Rccomp 100.0 Rccomp 100.0 Nwidth 100.0 
CTD 86.2 d13Cleaf 99.4 RA 57.6 d13Cgrain 36.4 
RA 70.8 CTD 69.0 d13Cgrain 48.9 ConvA 29.2 
d13Cgrain 64.3 d18Ostem 50.0 d15Ngrain 48.2 NWDR 27.6 
d15Ngrain 60.8 d13Cgrain 46.1 Ldist 35.3 Network solidity 20.9 
NWDR 38.0 d15Ngrain 36.7 RDW0-20 32.3 Nlen 18.9 
Rccomp 37.9 MaxR 29.1 Nvol 25.6 CTD 15.5 
RDW0-20 32.9 Nlen 28.2 CTD 24.4 Ngrain 14.6 
Nvol 32.2 ConvA 25.8 Nlen 23.6 MaxR 13.7 
Network solidity 31.5 Nsurf 19.0 Ndepth 22.1 SRL 13.5 
Nsurf 27.6 NwA 15.3 NwA 20.5 Ldist 13.2 
Rwidth 26.6 Ndepth 9.9 Rwidth 18.7 Bush 13.0 
SRL 26.2 Nvol 7.5 Ngrain 18.6 NwA 12.7 
Bush 25.6 Ngrain 5.9 NWDR 17.5 Nsurf 12.2 
ConvA 25.5 MedR 5.5 Network solidity 17.1 Ndepth 12.2 
Ndepth 24.7 Nwidth 4.6 SRL 16.7 Nvol 12.0 
NwA 24.5 Ldist 4.5 Nsurf 14.7 RDW0-20 11.3 
Nwidth 23.4 d2Hstem 2.3 ConvA 11.9 Rccomp 10.9 
Ldist 20.4 Network solidity 2.1 MedR 10.4 d15Ngrain 9.3 
MaxR 10.6 Bush 1.7 MaxR 4.6 MedR 7.8 

Introduced variables were GY, grain yield. CTD, canopy temperature depression. Ngrain, nitrogen concentration in grains. 
d13Cleaf, carbon isotope composition in leaves. d13Cgrain, carbon isotope composition in grains. d15Ngrain, nitrogen isotope 
composition in grains. RDW0-20, root dry weight in the first 0-20 cm soil layer. Rwidth, average root width. Rccomp, 
number of connected components. MaxR, maximum number of roots. MedR, median number of roots. Ndepth, 
network depth. Nlen, network length. Nwidth, network width. NwA, network area. Nsurf, network surface area. Nvol, 
network volume. ConvA, convex area. Bush, bushiness. SRL, specific root length. Ldist, network length distribution. 
NWDR, network width to depth ratio. RA, root angle. Models were generated by combining all trials in each season.  
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Supplemental Figure 1. Principal component analysis (PCA) of the selected wheat cultivars grown during four 
consecutive crop seasons (2017-2018; 2018-2019; 2019-2020 and 2020-2021) separated, and under different 
treatments (INP, ILP, RLN and RNP). The variables included in the analysis are grain yield, plant height, NDVI, 
canopy temperature depression (CTD), nitrogen concentration of leaf (Nleaf) and grain dry matter (Ngrain), stable 
carbon (δ13Cleaf, δ13Cgrain) and nitrogen (δ15Ngrain) compositions of leaf and grain dry matter, oxygen (δ18Ostem) and 
hydrogen (δ2Hstem) isotope compositions of the stem water, and selected root traits: root dry weight in 0-20 cm 
soil layer (RDW0-20), average root width (Rwidth), number of connected components in the root crown (Rccomp), 
specific root length (SRL), and root angle measured with a protractor (Root angle). 
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Supplemental Figure 2. Monthly distribution of average predicted oxygen and 
hydrogen isotope compositions (d18O and d2H) throughout the four studied crop 
seasons. The predicted precipitation water isotopes were obtained from “la Red 
de Vigilancia de Isótopos en Precipitación (REVIP), managed by the “Centro de 
Estudios y Experimentación de Obras Públicas (CEDEX)” in collaboration with “la 
Agencia Estatal de Meteorología (AEMET)”. d18O and d2H values in precipitation 
during May of 2019, and d18O and d2H values in irrigation during May 2021 were 
analysed at the Scientific Facilities of the University of Barcelona. 
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Abstract 

It is well known that hydrogen isotope composition (d2H) is strongly affected by the trophic 

nature of the plant part considered. In addition, d2H has been observed to provide 

simultaneous time-integrated records of the photosynthetic and evaporative performance of 

the plant during crop development, through its tight association with carbon (d13C) and 

oxygen (d18O) isotope compositions. To estimate isotopic fractionation during transport and 

assimilates load and unload from source to sink tissues, an experiment was held under 

controlled growing conditions. Ninety-six plants of durum wheat (Triticum aestivum var 

durum) genotype cv. Sula were planted in growth chambers with two levels of humidity 

conditions (40% and 80%). For both growing conditions, half number of plants was submitted 

to irrigation since anthesis using water enriched with hydrogen isotope labeling (δ2H), and by 

mid grain filling, to irrigation using water enriched with oxygen isotope labeling (δ18O). Four 

days later, gas exchange measurements were assessed and wheat stems, flag leaves, 

peduncles, awns, glumes and grains were collected, and isotope compositions of δ18O, d2H, 

d13C and d15N were analysed in dry matter (DM), water soluble fraction (WSF) and plant water 

(WT) from different tissues. For each tissue, high and positive correlations between δ2H and 

δ18O in all WT samples indicated a similar source of variation related to evaporation. However, 

in the case of DM and WSF correlations between δ18O and d2H were poorer, suggesting that 

an additional source of variation might be affecting either δ18O or d2H. In that sense, d2H has 

been associated with not only changes in transpiration, but also with trophism in plant tissues. 

d2H was depleted in the leaves and glumes, whereas the d2H in awns and grains were enriched. 

The depletion of d2H suggested a possible effect of autotrophic metabolism in leaves and 
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glumes, whereas enriched d2H values indicated a heterotrophic metabolism in awns and 

grains. The present study highlighted the effect of relative humidity on wheat transpiration 

and isotopic signature performance in different plant tissues. 

Keywords:  Oxygen and hydrogen exchange, isotope fractionation, relative humidity, wheat 

tissues. 

1. Introduction 

Analysis of stable isotopes have been widely used to study the integrated plant performance 

during last decades for ecological, climatological or physiological or biochemical purposes 

(Barbour et al., 2007; Sternberg 1989; Sternberg et al., 1989).  Carbon stable isotope 

composition  (δ13C) has been widely used not only as time integrated indicator of water use 

efficiency (WUE), understood as the ratio between photosynthesis and transpiration 

(Farquhar and Richards, 1994; Farquhar et al., 1989), but also of the plant water status (Araus 

et al., 2003; Condon et al. 2004), and therefore, when comparing growing water conditions 

or even genotypes, plants exhibiting  a lower (more negative) δ13C are those performing 

better in terms of water conditions, keeping a higher stomatal conductance (gs) which 

translates to a better photosynthesis and productivity, no matter how much WUE decreases.   

Similarly to δ13C, the stable isotope compositions oxygen (δ18O) and hydrogen (δ2H) have 

been observed to provide simultaneous time-integrated records of transpirative and 

photosynthetic performance of the plant during crop development (Sanchez-Bragado et al., 

2019). Both δ18O and δ2H enrichment in leaf plant water is driven by evaporation as a result 

of environment's influence on transpiration and/or by changes in stomatal conductance (gs) 

(Smith and Freeman, 2006; Feakins and Sessions, 2010; Kahmen et al., 2013; Cernusak et al., 

2016). Leaf temperature and gs together with air humidity can have an effect on δ18O and δ2H 

leaf water enrichment model, either directly or indirectly (Flanagan et al., 1991;1993). The 

model links the enrichment of δ18O and δ2H in leaf water above the source of water during 

evaporation to (1) the kinetic fractionation occurring during diffusion via the stomata 

(Farquhar et al., 2007), (2) the Péclet number by its effect on transpiration; (Cuntz et al., 2007), 

(3) the leaf border layer, εk (kinetic fractionation that happens during diffusion and through 

the pores of the stomata in the leaf layer), and (4) ε+ (the heavier H2
18O molecule reduces 
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water vapor pressure proportionally), which is temperature dependent. Moreover, δ2H has 

its own characteristics informing on the photosynthetic metabolism. Thus, the δ2H in organic 

matter can be strongly affected by the plant trophism (photoautotrophic versus 

heterotrophic) of the plant tissues where δ2H is analysed (Yakir, 1992; Farquhar and Lloyd, 

1993; Pande et al., 1994; Sessions et al., 1999; Hayes, 2001; Cernusak et al., 2016; Cormier et 

al., 2018). However, up to now, mechanisms of photosynthetic metabolism that affect 2H 

fractionation and thus δ2H isotope composition in different organic matter pools are poorly 

understood. On photoautotrophic tissues such as the leaves, the δ2H of the leaf plant water 

may be imprinted in sugars and metabolites and thus reflected in the δ2H of the organic 

compounds (Cernusak et al., 2016). The 2H used for reduction of NADP+ to NADPH have been 

observed to have a major impact on the δ2H of organic matter in photosynthetic tissues 

(Hayes, 2001; Yakir and De Niro, 1990). Consequently, the δ2H in plant organic compounds 

may be influenced by the photosynthetic 2H fractionation processes that take place during 

NADPH synthesis in the photosynthetic light reactions (Roden et al., 2000). As a consequence, 

δ2H isotopic signal has been demonstrated to be depleted in autotrophic tissues and enriched 

in heterotrophic tissues (Estep and Hoering, 1981; Yakir and DeNiro, 1990). Depletion occurs 

as a consequence of photosynthesis activities during carbohydrate metabolism in autotrophic 

sites (e.g. leaves), whereas enrichment in heterotrophic tissues (e.g. the growing grains in the 

case of cereals) is the result of different fractionation processes associated with the 

biosynthetic pathway occurring in the Calvin cycle, during which a large proportion of 

hydrogen atoms are transferred from ribulose-1,5-bisphosphate to triose phosphates, the 

NADPH produced via the oxidative pentose phosphate pathway during sugar metabolism, and 

the cellular water (Siegwolf et al., 2022). Therefore, and similarly to δ13C, photosynthesis has 

a significant impact on the δ2H of plant organic matter (Ziegler et al., 1976; Luo et al., 1991; 

Yakir, 1992; Schmidt et al., 2003; Sachse et al., 2012). However, the processes behind the 

impact of photosynthetic metabolism on plant δ2H remain unclear (Sachse et al., 2012) even 

if and these mechanisms appear to be distinct from those that determine δ13C. 

Moreover, similarly to δ18O, the  δ2H in plant water is strongly affected by the isotopic 

signature of the (i) water source in the topsoil, which varies in its turn depending on 

precipitation and/or irrigation water and the temporal evaporation that occurs from the soil 

surface before root water uptake and (ii) environmental effects such as the influence of 
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relative humidity on plant evaporation processes  (Roden and Ehleringer, 1999). Nevertheless, 

no fractionation of δ18O and δ2H has been observed between roots or shoot tissues and the 

water transported in the xylem (Cernusak et al., 2016; Dawson and Ehleringer, 1993). In 

transpiring tissues such as leaves, evaporative processes associated with leaf biochemical 

reactions are involved in organic matter synthesis and transport, and water diffusion through 

the stomata and even the cuticle, as well as other factors such as the length of the pathway 

through the plant exposed to evaporation (e.g. plant height and leaf blade length) which may 

also affect δ18O and δ2H in plant water and in turn the imprint of  δ18O and δ2H in plant organic 

matter  (Helliker and Ehleringer, 2002). In organic matter however, δ18O and δ2H 

demonstrated rather different fractioning patterns during biosynthesis reactions (Sternberg 

1989; Yakir and DeNiro, 1990). The imprinted δ18O in organic compounds is mainly influenced 

by δ18O of the plant water, therefore the isotope effects associated with evaporation and 

water transport to the leaf explain the enrichment in δ18O isotopic signal in organic matter 

above water source isotopic signature (DeNiro and Epstein, 1979; Yakir, 1992). In δ2H of 

organic matter however, fractionation of 2H is not only affected by evaporative effects but 

also as mentioned above by the nature of organ trophism as a consequence of biochemical 

processes between organic compounds and cellular water causing (Ziegler et al., 1976; 

Sternberg et al., 1984; Ziegler, 1989; Yakir and Deniro, 1990; Luo and Sternberg, 1991; Yakir, 

1992).  

Differences between the atmospheric vapor pressure deficit (VPD) and the stomatal cavities 

VPD are the main drivers to changes in intrinsic water movements in plants. Enrichment 

tendencies in δ18O and δ2H signatures was previously reported in leaf water of wheat (Liu et 

al., 2017), and in δ18O of the organic matter in rice (Kaushal and Ghosh, 2018a, 2018b), maize 

(Cabrera-Bosquet et al., 2009) and other C3 plants (Helliker and Ehleringer, 2002) when grown 

under higher VPD conditions. The aim of this study is to assess the potential effect of two 

contrasting growing conditions (40% vs 80% relative humidity levels) on photosynthesis and 

transpiration and how these circumstances affect the δ2H on autotrophic (leaves and glumes), 

mixotrophic (awns) and heterophic (grains) tissues compared with δ13C and δ18O. To this end, 

δ2H and δ18O were labeled in order to zoom in the fractionation effects caused by the 

different growing conditions. The association of the different isotopic signatures with 

physiological parameters such as transpiration and photosynthetic mechanisms may help to 
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explain such effects. We hypothesized that under higher VPD (40% relative humidity), the 

photosynthesis and associated parameters such as ETR (Electron transport rate) might 

decrease, resulting in enriched plant organic δ2H compared plants grown under lower VPD 

(80% relative humidity). This effect should be zoomed under labeling using heavy δ18O and 

δ2H enriched water to label root uptake water in plants. To the best of our knowledge, there 

have been no studies in crop species that have reported on the variation in δ2H within 

different detailed tissues of durum wheat grown under contrasting conditions (with different 

VPD) and therefore, comparison among these three stable lights (δ13C, δ2H and δ18O) as an 

eco-physiological tool. 

2. Materials and methods 

2.1. Experimental setup 

The experiment was conducted under controlled conditions on the Spanish durum wheat 

cultivar “Sula” (Triticum durum Desf. cv. Sula). “Sula” is a modern semi-dwarf post green 

revolution cultivar, commonly cultivated in the Mediterranean region for its drought 

tolerance and higher grain yield (Erice et al., 2019). Ninety-six individual plants from the 

genotype “Sula” were evaluated in two different growth chambers with contrasting and 

constant relative humidity conditions (40% and 80%). Plants were grown in 3-L pots filled with 

sand (one plant per pot). Plants were watered three times a week with Hoagland nutrient 

solution and were grown under controlled conditions in a growth chamber (Conviron E15, 

Controlled Environments Ltd., Winnipeg, Canada). Plants were supplied with illumination 

reaching a photosynthetic photon flux density PPFD of about 400 µM m-2s-1 at plant level 

during the light period (14 h). Plants were grown in a constant RH of 40% or 80% within two 

different growth chambers, with a temperature of 23°C /17°C during the light and dark 

periods, respectively. Plants were subjected to a VPD of 1.03 KPa (considering an average 

temperature of 20ºC), day/night in the 40% RH growth chamber, and 0.09 KPa (considering 

an average temperature of 20ºC), day/night in the 80% RH growth chamber. To trace d18O 

fractionation patterns within the plant from source to sink tissues, oxygen isotope 

composition was labeled with normalized water 180 97% (H2
18O, EURISO-TOP, France and) and 

was applied together with Hoagland solution two weeks after anthesis. Hydrogen isotope 

composition was labeled with Deuterium Oxide 99% (2H2O, EURISO-TOP, France and) and was 
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applied together with Hoagland every irrigation after anthesis. The tracer solutions were 

created to achieve a H2
18O enrichment of36‰ for 18O and 816‰ for 2H. In each growth 

chamber and RH condition, half plants were supplied with heavy d18O and d2H water (labeled), 

whereas the other half kept receiving irrigation using tap water (control). Two weeks after 

anthesis 48 h after finishing the labeling in the case of d18O), stem basis, flag leaves, peduncle, 

glumes, awns and developing grains were collected and prepared for further d18O and d2H 

isotope composition analyses. 

2.2. Agronomic traits 

Shoot fresh matter was sampled during mid grain filling were oven-dried for 72 h at 60 ºC to 

determine soot dry weight (DWshoot). At maturity, biomass, and grain number per ears were 

sampled in individual plants, oven-dried for 72 h at 60 ºC, and grain number per ear (GNear) 

was determined together with the dry weight of biomass (DWbiomass), ear dry weight (DWear) 

and grain dry weight per ear (DWgrain). 

2.3. Photosynthesis and gas exchange 

During mid grain filling, photosynthesis and gas exchange measurements were assessed in 

flag leaves using a LI-6400XT portable gas exchange photosynthesis system (Li-COR, Lincoln, 

NE). Under saturating conditions of PPFD of 1500 mM m-2 s-1 and 20°C, the photosynthetic 

rate (Amax), stomatal conductance (gs), sub-stomatal CO2 (Ci), intrinsic efficiency of 

photosystem II (Fv’/Fm’), quantum efficiencies of photosynthetic electron transport through 

photosystem II (PhiPS2), photosynthetic electron transport rate (ETR), and transpiration (Tr) 

were determined. 

2.4. Chlorophyll content 

Chlorophyll content was assessed by mid grain filling in individual plants using the leaf clip 

sensor SPAD (Minolta SPAD-502, Spectrum Technologies Inc., Plainfield, IL, USA). For each 

measurement, five replicates were taken and averaged to determine chlorophyll content. 
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2.5. Carbon isotope composition analysis 

Under each growing condition (relative humidity level and isotope labeling), sampled plant 

tissues were oven-dried at 60 ◦C for a minimum of 48h, pulverized to a fine powder from 

which approximately 1mg was enclosed in tin capsules. Afterwards, carbon isotope 

composition (δ13CDM) was performed using an elemental analyzer operating in a continuous 

flow mode with a mass spectrometer (Delta C IRMS; ThermoFinnigan, Bremen; Germany), at 

the Scientific and Technical facilities of the University of Barcelona following the Eq. (1): 

δ13CDM (‰) = [Rsample /Rstandard − 1] × 1000                                                                                                            (1) 

Where δ13CDM values are expressed per mil (‰), sample refers to plant material and standard 

to Pee Dee Belemnite (PDB) calcium carbonate (Farquhar et al., 1989). International isotope 

secondary standards of known 13C/12C ratios (IAEA−CH7, IAEA−CH6 and IAEA-600, and USGS 

40) were used with an analytical precision of 0.1‰.  

2.6. Hydrogen isotope composition analyses in dry matter 

Hydrogen isotope composition (d2HDM) was determined in the plant tissue samples (flag 

leaves, peduncle, awn, glume and developing grains) by mid grain filling. Samples were oven 

dried for 72 h under 60 ºC, then reduced to a fine powder. Afterwards, approximately 1 mg 

(oxygen) and 0.15 mg (hydrogen) were weighed in silver capsules, enclosed and kept under 

moisture free conditions using silica-gel in a desiccator, until stable isotope analysis. d2H was 

determined by an online pyrolysis technique using a Thermo-Chemical Elemental Analyzer 

(TC/EA; Thermo Fisher Scientific) coupled with an IRMS (Delta C Finnigan MAT). Results were 

expressed in (‰) using the standards (IAEA CH7 polyethylene foil, 5a- androstane, coumarin, 

and eicosanoic acid methyl ester), in addition to the internal standard (IAEA 601), calibrated 

against Vienna Standard Mean Oceanic Water (VSMOW), with an analytical precision of 0.5‰. 

d2H values were expressed per mil (‰) and determined following Eq. (2): 

δ2HDM (‰) = [Rsample /Rstandard − 1] × 1000                                                                                                      (2) 

Where δ2HDM values are the stable isotope composition of hydrogen. Rsample and Rstandard are 

the isotope ratios of the organic matter of the plant material and the VSMOW standard, 

respectively. In addition, a dual-water equilibration method was performed in order to 
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quantify the fraction of exchangeable H and to determine the δ2H in the nonexchangeable H 

fraction (Schimmelmann et al., 2001; Sauer et al., 2009; Qi and Coplen, 2011). Dry leaf, glumes, 

awns and grains material of the same sample and tissues used in the experiment, plus 

standards, were used for the dual-water equilibration method as explained in Sanchez-

Bragado el al 2019. Then the true δ2Hn values of DM were calculated and the δ2H of DM in 

the flag leaves, awns, glumes and the grains were corrected using the fraction of total 

hydrogen that is exchangeable, obtained within the different equilibration conditions. Thus 

the δ2H of the DM presented in the results is the δ2H of nonexchangeable H of the organics. 

2.7. Oxygen and hydrogen composition in plant water 

To determine water source and movements in plant tissues, samples of the stem base were 

harvested by mid grain filling together with flag leaves, peduncle samples and developing 

grains, and sealed immediately in analytical tubes and frozen at −80 ◦C. Afterwards, water 

was extracted from the sampled plat tissues using a cryogenic vacuum distillation line 

(Dawson and Ehleringer, 1993). Sample tubes were placed in a heated silicone oil bath (120 

◦C), and connected with Ultra-TorrTM unions (Swagelok Company, Solon, OH, USA) to a 

vacuum system (~10 −2 mbar), in series, with U-shaped collector tubes cooled with liquid N2. 

Ninety minutes after commencing extraction, the extracted water in each plant tissue was 

transferred into 2 ml vials and stored at 4 ◦C until analysis. Water tissues oxygen (δ18OWT) and 

hydrogen (δ2HWT) stable isotope compositions were determined by isotope-ratio infrared 

spectroscopy, using a Picarro L2120-I isotopic water analyser, coupled to an A0211 high-

precision vaporizer (Picarro Inc., Sunnyvale, CA, USA) at the scientific facilities of University of 

Lleida. Isotopes were expressed in delta (d) notation (‰) relative to VSMOW (i.e. isotopic 

composition of oxygen, d18O, and hydrogen, d2H. Raw values were calibrated against three 

internal laboratory references [calibrated against IAEA standards VSMOW2, Standard Light 

Antarctic Precipitation2 (SLAP2), and Greenland Ice Sheet Precipitation]. Analytical precisions 

for δ18O and δ2H was 0.05‰ and 0.17‰, respectively, and the occurrence of contaminants 

was tested using Picarro’s ChemCorrect post-processing software and corrected, when 

necessary, following (Martín-Gómez et al., 2015). 
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2.8. Carbon and oxygen water soluble fraction analyses 

For each pulverized sample, a 50 mg was suspended with 1 mL of Milli-Q water in an 

Eppendorf tube (Eppendorf Scientific, Hamburg, Germany) for 20 min under 5 °C; the sample 

was then centrifuged at 12 000 rpm for 5 min under 5 °C. Afterwards, the supernatant 

containing the water-water soluble fraction was pipetted into a new Eppendorf and heated 

at 100 °C for 3 min for proteins denaturation. Samples were centrifuged a second time (12 

000 rpm for 5 min under 5 °C), then around 100 μL of the resulting aliquot was placed in tin 

(δ13C) and silver (δ18O) capsules and dried at 70 °C for 2 h. The water soluble fraction of carbon 

(δ13CWSF) and oxygen (δ18OWSF) isotope compositions was then determined at the Scientific 

Facilities of the University of Barcelona as described in the previous paragraph. 

2.9. Statistical analysis 

Variance analysis (ANOVA) was performed using SPSS 25 (IBM SPSS Statistics 25, Inc., Chicago, 

IL; USA), to assess the effects of relative humidity levels (40% vs 80%) on the assessed 

physiological traits, stable isotopes and yield components, under different isotope labeling 

conditions (control and labeled); Followed with Tukey-b post-hoc tests to reveal differences 

within plant tissues. A bivariate Pearson correlation was carried using the same statistical 

package to assess relationships between stable isotopes and physiological traits, as well as 

the relationships between stable isotopes within the same plant tissues. Graphs were created 

using Sigma-plot 10.0 (Systat Software Inc, California; USA) and the open-source software, 

RStudio 1.2.5 (R Foundation for Statistical Computing, Vienna, Austria). 

3. Results 

3.1 The effect of relative humidity (VPD) on physiological and agronomical parameters 

Physiological traits and agronomic components 

Relative humidity of 40% (high VPD) significantly decreased all photosynthetic traits and shoot 

biomass measured during grain filling, compared with a relative humidity of 80% (low VPD) 

(Table 1). Likewise, by maturity, a decreasing trend was observed in grain number (GN), grain 

dry weight (DWGrain), biomass dry weight (DWBiomass) and ear dry weight (DWEar) under high 

VPD, compared with low VPD. 
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Table 1. Effect of relative humidity (40% vs 80%) on chlorophyll content, sub-stomatal CO2 (Ci), photosynthetic rate (Amax), stomatal 
conductance (gs), intrinsic efficiency of photosystem II (Fv’/Fm’), quantum efficiencies of photosynthetic electron transport through 
photosystem II (PhiPS2), photosynthetic electron transport rate (ETR), transpiration (Tr) and shoot dry weight (DWShoot) during mid grain filling, 
and dry matter of biomass (DWBiomass), ear per plant (DWEar) and grain per ear (DWGrain), and grain number per ear (GN) at maturity. 

 Mid grain filling  Maturity 
 

Chlorophyll Ci 

Amax 

(μmol·CO2·m-

2.s-1) 

gs  

(mmol·H2O·m-

2·s-1) 

Fv’/Fm’ PhiPS2 ETR 
Tr 

(mmol) 

DWShoot 

(g) 

GN (ear-

1) 

DWear 

(g) 

DWgrain 

(g.ear-1) 

DWbiomass 

(g) 

40% 50.26±1.73 175.8±11.5 15.61±0.77 0.12±0.01 0.42±0.02 0.26±0.01 133.5±7.2 2.31±0.13 1.83±0.23 46.00±6.60 3.38±0.39 2.36±0.38 17.16±2.11 

80% 57.00±1.98 203.4±5.3 17.95±0.49 0.17±0.01 0.53±0.01 0.34±0.01 170.7±3.0 3.30±0.17 3.40±0.36 60.00±3.20 4.06±0.27 2.65±0.29 21.50±1.99 

ANOVA <0.001 <0.050 <0.050 <0.010 <0.010 <0.010 <0.010 <0.010 <0.001 ns ns ns ns 

Values shown are the mean ± SE for twenty-four replicates under 40% and 80% of relative humidity, under control and labeled conditions. Level of significance for the ANOVA: 
P<0.001, P<0.010 and P<0.050.
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3.2. Effect of VPD (relative humidity) under stable isotope composition  

Carbon isotope composition in plant organic matter 

Carbon isotope composition (δ13C) was assessed in the dry matter (DM) and water soluble 

fraction (WSF) of different plant tissues (flag leaf, peduncle, glume, awn, grains), and under 

different relative humidity levels (Table 2; Supplemental Table 1). When combining control 

and labeled treatments, δ13C was significantly enriched (higher δ13C values) in all tissues 

under high VPD (Table 2). Nevertheless, considering only the controlled conditions, δ13C in 

WSF was significantly enriched across all plant tissues, whereas under labeled conditions, only 

the peduncle was enriched in δ13C under higher VPD conditions (Supplemental Table 1). 

 

Table 2. Effect of relative humidity (40% vs 80%) on carbon stable isotope 
composition (d13C) of the water soluble fraction of flag leaves, peduncles, 
glumes and awn, and the dry matter of flag leaves and grains. Flag leaves, 
peduncles, glumes and awns were sampled during mid grain filling, and grains 
at maturity. 

 Water soluble fraction Dry matter 
 d13Cflag leaf 

(‰) 

d13CPeduncle 

(‰) 

d13CGlume 

(‰) 

d13CAwn 

(‰) 

d13Cflag leaf 

(‰) 

d13CGrain 

(‰) 

40% -27.1±0.6 -23.9±0.5 -25.9±0.5 -25.8±0.5 -27.8±0.7 -24.3±0.6 

80% -30.1±0.3 -27.6±0.3 -27.8±0.3 -28.2±0.3 -30.2±0.4 -28.7±0.5 

ANOVA <0.010 <0.001 <0.010 <0.001 <0.050 <0.001 

Values shown are the mean ± SE under 40% and 80% of relative humidity. In water soluble 
fraction, twelve replicates were used under control and labeled conditions combined. In dry 
matter, six replicates were used under control conditions only. Level of significance for the 
ANOVA: P<0.001, P<0.010 and P<0.050 

 

Oxygen and hydrogen isotope compositions in plant organic matter 

δ18OWSF (WSF of plant tissues) was enriched in the flag leaf, peduncle, glumes, awns and grains 

under higher VPD and for control conditions (Table 3). Under labeled conditions, a similar 

trend was observed, although only the flag leaf and awns were enriched. Regarding the 

differences among tissues, δ18OWSF was mostly enriched in the flag leaf and the grains, and 

depleted in the glumes, under both VPDs studied under control conditions. For the labeling 

conditions, δ18OWSF was enriched in the peduncle and depleted the rest of tissues (Table 3).  
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Hydrogen isotope composition in the dry matter of plant tissues (δ2HDM) has shown a similar 

enrichment pattern to δ18OWSF and δ13CWSF (Table 3), although δ2HDM enrichment was found 

under high VPD conditions in awns and grains only for control, and in the flag leaf and grains 

for labeled conditions (Table 3). Concerning differences among tissues, δ2HDM was enriched 

in awns and grains and depleted in the flag leaf, glumes and the peduncle, under both VPD 

conditions for the control. For the labelling conditions however, δ2HDM was enriched in the 

peduncle and grains, and depleted in the flag leaf, glumes and awns under high VPD 

conditions, and enriched in the peduncle and depleted in the rest of tissues under low VPD 

conditions (Table 3). 
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Table 3. Effect of relative humidity (40% vs 80%) on oxygen stable isotope composition (d18O) of water soluble fraction, and 
hydrogen stable isotope compositions (d2H) of dry matter, analyzed in flag leaves, peduncles, glumes, awns during mid 
grain filling, and grains at maturity. 

  Water soluble fraction Dry matter 

  d18Oflag leaf 

(‰) 

d18OPeduncle 

(‰) 

d18OGlume 

(‰) 

d18OAwn 

(‰) 

d18OGrain 

(‰) 

d12Hflag leaf 

(‰) 

d12HPeduncle 

(‰) 

d12HGlume 

(‰) 

d12HAwn 

(‰) 

d12HGrain 

(‰) 

Co
nt

ro
l 40% 32.7a±0.5 28.4c±0.2 27.0c±0.4 28.3c±0.2 30.3b±0.4 -95.1c±3.9 -95.2c±2.2 -116.2d±3.1 -62.4b±3.3 -13.1a±3.5 

80% 27.4a±0.3 27.2a±0.3 24.1b±0.6 24.9b±0.3 26.7a±0.1 -113.6c±8.2 -124.8c±3.0 -128.5c±4.2 -77.7b±3.3 -29.0a±2.4 

ANOVA <0.001 <0.050 <0.010 <0.001 <0.001 ns ns ns <0.050 <0.010 

La
be

le
d 

40% 37.5b±1.3 42.2a±1.0 33.6b±1.0 34.8b±0.7 36.0b±1.3 -26.2b±7.42 147.0a±35.5 -14.5b±7.8 7.9b±4.8 166.7a±22.7 

80% 30.6b±0.6 41.1a±0.6 30.5b±0.9 29.9b±0.1 32.9b±0.5 -78.1d±4.7 196.5a±19.2 62.5b±5.3 10.4c±10.9 84.9b±14.0 

ANOVA <0.010 ns ns <0.001 ns <0.001 ns <0.001 ns <0.050 

Values shown are the mean ± SE for six replicates under 40% and 80% of relative humidity, under control and labeled conditions. Level of significance 
for the ANOVA: P<0.001, P<0.010 and P<0.050. Means exhibiting different letters are significantly different (P < 0.05) across plant tissues by the post-
hoc test (Tukey-b) on independent samples
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3.3. Relationships between physiological traits and yield components, with the δ13C and 

δ18OWSF and δ2HDM in different plant fractions and tissues 

Correlations of physiological traits assessed by mid grain filling against the organic matter of 

carbon isotope composition (δ13CWSF) were evaluated by combining water labeling conditions 

in (Table 4). Under combined VPD conditions, δ13CWSF in the flag leaf and grains correlated 

negatively against Amax and gs whereas the δ13CWSF in the peduncle and glume correlated 

negatively against gs. Under high VPD, not many correlations were observed, whereas under 

low VPD, negative correlations were observed between δ13CWSF versus gs, Tr and different 

photochemical (PhiPS2 and ETR) and different photosynthetic/photochemical parameters 

mainly in the flag leaf and in a lesser extent the peduncle and awns. 
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Table 4. Pearson correlations of carbon isotope composition (d13C) in the water soluble fraction during mid grain filling in different plant 
tissues (flag leaf, peduncle, glume, awn, grain), against chlorophyll content, sub-stomatal CO2 (Ci), photosynthetic rate (Amax), stomatal 
conductance (gs), intrinsic efficiency of photosystem two (Fv’/Fm’), quantum efficiencies of photosynthetic electron transport through 
photosystem II (PhiPS2), Photosynthetic electron transport rate (ETR) and transpiration (Tr) during mid grain filling, under different relative 
humidity levels (40% vs 80%), and combining control and labeled conditions.  

 Combined RH 40% 80% 

 d13Cflag leaf d13CPeduncle d13CGlume d13CAwn d13Cflag leaf d13CPeduncle d13CGlume d13CAwn d13Cflag leaf d13CPeduncle d13CGlume d13CAwn 

Clorophyll -0.058ns -0.201ns -0.004ns -0.283ns 0.472ns 0.509ns 0.558ns 0.191ns 0.452ns 0.233ns 0.372ns 0.456ns 

Ci -0.749** -0.832** -0.708** -0.746** -0.357ns -0.407ns -0.463ns -0.262ns -0.769** -0.883** -0.361ns -0.663ns 

Amax -0.477* -0.448ns -0.358ns -0.476* -0.347ns -0.262ns -0.255ns -0.339ns -0.261ns -0.138ns 0.146ns -0.154ns 

gs -0.713** -0.748** -0.590** -0.652** -0.354ns -0.562ns -0.479ns -0.044ns -0.798** -0.734* -0.219ns -0.704* 

Fv'/Fm' -0.304ns -0.413ns -0.290ns -0.432ns 0.560ns 0.660ns 0.609ns 0.316ns -0.597ns -0.438ns -0.125ns -0.582ns 

PhiPS2 -0.152ns -0.226ns -0.070ns -0.282ns 0.476ns 0.583ns 0.518ns 0.245ns -0.699* -0.615ns 0.065ns -0.509ns 

ETR -0.147ns -0.223ns -0.067ns -0.278ns 0.482ns 0.586ns 0.522ns 0.252ns -0.695* -0.612ns 0.069ns -0.506ns 

Tr -0.498* -0.459ns -0.353ns -0.414ns -0.378ns -0.486ns -0.564ns -0.135ns -0.807** -0.760* -0.205ns -0.721* 

DWshoot 0.175ns 0.020ns 0.051ns 0.088ns 0.968** 0.754* 0.701* 0.929** 0.486ns 0.459ns 0.232ns 0.812** 

For each relative humidity level (40% vs 80%), correlations were calculated using twelve replicates by combining control and labeled conditions. Level of significance: ns, 
not significant; **, P<0.01; *, P<0.05
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By combining both VPD levels, and under each water labeling condition, correlations of 

δ18OWSF and δ2HDM were evaluated against physiological traits (Table 5) and yield components 

(Supplemental Table 3). Under control conditions, the flag leaf and particularly the grains were the 

tissues that showed most negative correlations of δ18OWSF against photosynthetic/photochemical 

parameters. In addition, the δ18O of all organs showed a negative correlation against gs. Under labelled 

conditions however, almost no correlations were observed. Similarly to the δ18O, the δ2HDM in the 

grains grown under control conditions, were the organ which showed the most correlations with 

photosynthetic and photochemical parameters. In terms of agronomical traits (Supplemental 

Table 3), no correlations were found between the isotopes (δ18OWSF and δ2HDM) and yield 

components, except for the negative correlation of δ18OWSF in the flag leaf and DW and GN of 

the ear. 
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Table 5. Pearson correlations of oxygen (d18O) and hydrogen (d2H) stable isotope compositions in the organic matter (d12H in dry 
matter, d18O in water soluble fraction), during mid grain filling in different plant tissues (flag leaf, peduncle, glume, awn, grain), 
against chlorophyll content, sub-stomatal CO2 (Ci), photosynthetic rate (Amax), stomatal conductance (gs), intrinsic efficiency of 
photosystem two (Fv’/Fm’), quantum efficiencies of photosynthetic electron transport through photosystem II (PhiPS2), 
Photosynthetic electron transport rate (ETR), transpiration (Tr), and shoot dry weight (DWShoot) during mid grain filling and combining 
humidity levels (40% and 80%). 

  Water soluble fraction Dry matter 

  d18Oflag leaf d18OPeduncle d18OGlume d18OAwn d18OGrain d2Hflag leaf d2HPeduncle d2HGlume d2HAwn d2HGrain 

 Chlorophyll -0.366ns -0.493ns -0.383ns -0.515ns -0.926** -0.666* 0.078ns -0.639* -0.865** -0.694* 

Co
nt

ro
l  

Ci -0.876** -0.800** -0.881** -0.889** 0.082ns -0.469ns -0.345ns -0.317ns -0.536ns 0.404ns 

Amax -0.695* -0.143ns -0.278ns -0.606ns -0.687* -0.290ns -0.246ns -0.625ns -0.508ns -0.768** 

gs -0.913** -0.694* -0.837** -0.830** -0.753** -0.475ns -0.423ns -0.479ns -0.548ns -0.737** 

Fv'/Fm' -0.816** -0.433ns -0.534ns -0.696* -0.724** -0.073ns -0.356ns -0.558ns -0.513ns -0.730** 

PhiPS2 -0.390ns -0.112ns -0.209ns -0.090ns -0.714** -0.024ns -0.042ns -0.711* -0.252ns -0.731** 

ETR -0.386ns -0.112ns -0.206ns -0.089ns -0.714** -0.024ns -0.033ns -0.713* -0.257ns -0.731** 

Tr -0.812** -0.571ns -0.783** -0.651* -0.695* -0.487ns -0.413ns -0.503ns -0.425ns -0.679* 

DWshoot -0.263ns -0.153ns -0.272ns -0.461ns -0.464ns -0.543ns -0.290ns -0.150ns -0.655* -0.414ns 

 Chlorophyll -0.208ns -0.367ns -0.326ns -0.739* 0.075ns -0.503ns 0.095ns 0.461ns -0.356ns -0.153ns 

La
be

le
d 

Ci -0.845** 0.072ns -0.321ns -0.516ns -0.499ns -0.370ns 0.345ns 0.032ns -0.229ns -0.365ns 

Amax -0.029ns 0.434ns 0.171ns 0.184ns -0.311ns -0.084ns 0.044ns 0.228ns 0.144ns -0.543ns 

gs -0.274ns 0.363ns 0.245ns 0.214ns -0.527ns -0.010ns 0.308ns 0.546ns 0.409ns -0.527ns 

Fv'/Fm' -0.291ns 0.110ns -0.564ns -0.303ns -0.321ns -0.685* 0.402ns 0.666ns -0.268ns -0.253ns 

PhiPS2 -0.069ns 0.199ns -0.463ns -0.179ns -0.307ns -0.560ns 0.313ns 0.498ns -0.244ns -0.209ns 

ETR -0.067ns 0.201ns -0.463ns -0.176ns -0.305ns -0.557ns 0.317ns 0.502ns -0.240ns -0.203ns 

Tr 0.185ns 0.633ns 0.438ns 0.512ns -0.517ns 0.522ns 0.212ns -0.396ns 0.528ns -0.530ns 

DWshoot -0.086ns -0.254ns -0.405ns -0.417ns -0.263ns -0.519ns 0.230ns 0.632* -0.342ns -0.283ns 

For each isotope labeling condition (control vs labeled), all correlations were calculated using twelve replicates by combining relative humidity levels (40% and 
80%). Levels of significance: ns, not significant; **, P<0.01; *, P<0.05
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3.4 The effect of relative humidity (VPD) on stable isotope composition of plant water tissues  

Oxygen and hydrogen isotope compositions  

The effect of relative humidity was analysed on oxygen (δ18O) and hydrogen (δ2H) isotope 

compositions in different plant water tissues (Table 6). No significant differences were 

observed in the δ18O of water analysed in the studied tissues under control conditions when 

different VPD were compared, except for the peduncle in which δ18O was enriched under 

higher VPD and depleted under low VPD. Under labelled conditions, δ18O was enriched in 

leaves and grains under high VPD conditions, compared with low VPD conditions. For δ2H of 

plant water, δ2H was enriched in the flag leaf and depleted in the peduncle when VPD was 

increased under control conditions. Under labelled conditions, δ2H was enriched mainly in 

the flag leaf and grains under high VPD conditions.  

Across plant tissues, δ18O and δ2H exhibited similar fractionation patterns, being both 

depleted in water of the stem and peduncle, moderately enriched in grain water, and highly 

enriched in flag leaf water for each humidity studied (Table 6). On the contrary under labelling 

conditions the opposite trend was observed, δ18O and δ2H in the water of the peduncle and 

stem showed the most enriched values, followed by the grain water, being the flag leaf water 

with the most depleted value (Table 6).  
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Table 6. Effect of relative humidity (40% vs 80%) on oxygen and hydrogen stable isotope compositions (d18O and d2H) in 
water extracted and analysed in stem base, peduncle, flag leaves and grains of wheat genotypes during mid grain filling. 

  Water in plant tissues  

  d18OStem 

(‰) 

d18OFlag leaf 

(‰) 

d18OPeduncle 

(‰) 

d18OGrain 

(‰) 

d2HStem 

(‰) 

d2HFlag leaf 

(‰) 

d2HPeduncle 

(‰) 

d2HGrain 

(‰) 
Co

nt
ro

l 40% -5.06c±0.55 3.30a±0.78 -6.29c±0.27 -0.89b±0.58 -38.92c±0.77 22.72a±6.41 -40.12c±1.52 -2.21b±4.36 

80% -4.66c ±0.27 2.82a±0.53 -4.29c±0.32 -0.73b±0.37 -36.57b±1.05 -2.35a±3.37 -33.47b±1.52 -8.40a±2.03 

ANOVA ns ns <0.001 ns ns <0.010 <0.010 ns 

La
be

le
d 40% 34.15a±0.78 19.39c±1.39 32.42a±1.16 26.73b±0.39 796.2a±13.2 298.2c±28.9 773.1a±18.8 683.7b±10.9 

80% 32.87a±0.42 12.89c±0.72 31.02a±0.46 19.04b±0.79 750.0a±8.7 194.9c±13.0 729.5a±7.85 483.3b±22.4 

ANOVA ns <0.050 ns <0.001 <0.050 <0.010 ns <0.001 

Values shown are the mean ± SE for twelve replicates under 40% and 80% of relative humidity, under control and labeled conditions. Level of 
significance for the ANOVA: P<0.001, P<0.010 and P<0.050. Means exhibiting different letters are significantly different (P < 0.05) across plant 
tissues by the post-hoc test (Tukey-b) on independent samples
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3.5. Relationships between the isotopes δ13C, δ18O and δ2H in plant tissues 

Dry matter and water soluble fraction 

To trace similarities between fractionation patterns of the different isotopes, correlations 

between δ13CWSF, δ13CDM, δ18OWSF and δ2HDM in organic matter of tissues were evaluated 

under control and labeled conditions combining humidity levels (Supplemental Table 4). 

Under control conditions, δ13CWSF was significant and positively correlated with δ18OWSF in 

most plant tissues; under labeled conditions however, δ13CWSF of all tissues was mainly 

correlated with the δ18OWSF in the flag leaf. In the case of δ2HDM, the strongest correlation was 

observed between the δ2H in the grains and the δ13CWSF of the grains. In addition, δ2H in the 

grains was strongly correlated with the δ18O of all tissues. δ2H in the awns also showed 

significant correlations against δ18O and δ13C of awns and grains. Correlations between the 

different isotopes under labeled conditions were still present between the δ18O flag leaf and 

δ13C of most plant tissues. With the rest of isotopes under labeled conditions correlations 

were more dispersed and without a clear trend (Supplemental Table 4). In summary, under 

control conditions, δ18OWSF and δ13CWSF were mainly correlated in the flag leaf, peduncle, and 

awn. δ2HDM was only correlated against δ18OWSF in awns (Figure 1). Similarly, under labeled 

conditions, δ13CWSF and δ18OWSF were positively related in the flag leaf alone. However, 

relationship between δ18OWSF and δ2HDM was present in almost all tissues with the exception 

of glumes. 
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Figure 1. Linear regression relationships among carbon (d13C), oxygen (d18O), hydrogen (d2H) stable isotope 
compositions assessed during mid grain filling in the organic matter (water soluble fraction and dry matter) of 
different plant tissues (flag leaf, peduncle, glume, awn), when combining humidity levels (40% and 80%) and 
under separate isotope labeling (control vs labeled). d13Cwsf, carbon isotope composition in the water soluble 
fraction; d13Cdm, carbon isotope composition in the dry matter; d2Hdm, hydrogen isotope composition of the dry 
matter; d18Owsf, oxygen isotope composition in the water soluble fraction. 
 
 

Water in the different tissues 

Correlation between δ18O and δ2H in different water tissues were analysed under different 

humidity and water labeling conditions (Figure 2) in order to trace the physiological source of 

variation of this parameter. Under control conditions, positive linear correlations were shown 

between δ18O and δ2H in the water of the stem, flag leaf, peduncle and grain, under VPD 

conditions separated and combined. A similar trend was observed under labeled conditions. 
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Figure 2. Linear regression relationships between oxygen and hydrogen isotope 
compositions assessed during mid grain filling in water in plant tissues (stem, 
flag leaf, peduncle, grain), under different humidity levels (40% vs 80%) and 
distinct isotope labeling (control vs labeled). 

4. Discussion 

4.1 Relative humidity effect on photosynthesis and agronomical traits 

Exposure to elevated temperatures even under well-watered conditions leads to decreased 

atmospheric relative humidity, increase in air vapor pressure deficit (VPD) and a subsequent 

increase in evaporative demands and transpiration in wheat genotypes. Stomatal 

conductance and photosynthesis rates were often reported to decrease under low relative 

humidity conditions and impact carbon assimilation, affecting therefore crop growth and 

grain yield (Fakhet et al., 2021; Jauregui et al., 2018; Rashid et al., 2018; Xue et al., 2004). The 
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growth chamber experiment under 40% RH simulated higher VPD conditions, which triggered 

higher transpiration rates in plants compared with 80% RH conditions. Despite the constant 

irrigation supplying, water status was lower (higher δ13C) in the assimilates and the dry matter 

of plant tissues under higher VPD conditions compared with lower VPD conditions, regardless 

of water labeling conditions (separated or combined). Likewise, strong correlations were 

shown between most photosynthesis traits (Ci, gs and Tr) and the water status (δ13CWSF) of 

the flag leaf under low VPD and combined VPD conditions. The increase in evaporative 

demands in plants resulted in a reduction in all photosynthetic traits (Amax, gs, Ci, Fv’/Fm’, 

PhiPS2, Tr, ETR) and chlorophyll content during grain filling, and subsequently a decrease in 

biomass growth (low DWshoot and DWbiomass) and grain setting (lower GN, DWear and DWgrain) 

by maturity.  

Furthermore, in our experiment, growth conditions applied in each growth chamber not only 

successfully depicted two contrasting environments with high vs low VPD conditions, but also 

provided a static water source that allowed a better understanding and interpretation to 

water movements and fractionation patterns across plants tissues. The use of heavy water 

labeling highlighted repeatedly significant differences in d18O and d2H isotopic signatures 

associated with VPD conditions, and which were subtle under normal irrigation (control). 

Those differences were mostly marked with d2H in water (stem and grain) and the organic 

matter (flag leaf and glumes) of plant tissues, and with d18O in water plant tissues (flag leaf 

and grain). Even though correlations under labeled treatment were not as efficient as under 

control. The use of isotopically heavy water as a tracing method to oxygen and hydrogen 

water movements in plant species was documented previously (Bachmann et al., 2015; 

Sternberg, 1989). 

4.2. hydrogen and oxygen isotopes in the organic matter across plant tissues 

δ18O and δ2H isotopic signatures in the organic matter of plant tissues have shown distinct 

variation patterns across plant tissues. Under control conditions, δ18OWSF correlated with gs in 

the peduncle, with the evapotranspiration related parameters (Ci, Amax, gs, Fv’/Fm’ and Tr) 

in sink the flag leaf, glume and awn; and all photosynthesis traits except for Ci in grains. These 

results indicate that δ18O fractionation patterns in the organic matter of plant tissues are 

somehow dictated by evapotranspiration processes related with gas exchange mechanisms. 
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In fact, in the case of oxygen, Helliker and Ehleringer in (2002) reported that during CO2 

fixation, most atmospheric oxygen gets exchanged with oxygen incorporated in water 

molecules that are transported through the xylem, which results in an enrichment in the 

isotopic signature of δ18O in newly formed sugars and metabolites (Helliker and Ehleringer, 

2002). Which explains the consistent negative correlations of δ18O against stomatal 

conductance and transpiration, as well as the negative correlation of water δ18OWT against 

water soluble fraction δ18OWSF in peduncle.  

In the case of hydrogen, δ2HDM correlated with chlorophyll in flag leaf, glume, awn and grain, 

and most photosynthesis traits in glumes and grains, moreover, δ18OWSF and δ2HDM were 

mostly correlated in awns. suggesting thus that fractionation patterns in hydrogen involve a 

combination of evapotranspiration processes and photosynthesis mechanisms.  

Furthermore, unlike δ13C and δ2H, δ18O is not strongly affected by photosynthetic rate. 

Thereby assessing δ13C and δ18O in plant tissues separately enables a clearer understanding 

to fractionation patterns related to evaporative events in δ18O of plant tissues (Barbour 2007). 

In this sense, water status (δ13CDM and δ13CWSF in the flag leaf and grain, and δ13CWSF in the 

peduncle) correlated positively against δ18OWSF in all tissues, which indicates further that δ18O 

fractionation processes are driven primarily by evaporative processes. 

On the other hand, no relationships were found between d13Cwsf and d2HDM when assessed in 

the flag leaf, peduncle, glume and awn; likewise, correlations between δ18OWSF and d2HDM 

were absent when assessed in the peduncle and the transpiring tissues such as the flag leaf 

and glumes. In the less transpiring tissues however, d2HDM in awns correlated positively 

against δ18OWSF in the peduncle, awn and grain; and d2HDM in grains correlated positively 

against δ18OWSF in all tissues (flag leaf, peduncle, glume, awn and grain). The variation in 

correlation significance between δ18O and δ2H in the organic matter of transpiring tissues with 

high evaporative sites and non-transpiring tissues suggests the presence of possible plant 

trophism defining δ2H isotopic signature in plant tissues. 

4.3. Hydrogen and oxygen isotopes in plant water tissues 

d18O and d2H have long been used as indicators to water source when assessed in stem water 

(DeNiro and Epstein, 1979; Mateo et al., 2004) and intrinsic water movement across water 
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plant tissues (Barbour, 2007). In this studym oxygen and hydrogen in water tissues (d18O and 

d2H) were strongly and positively correlated against each other, under combined and 

separated VPD conditions, and under control treatment better than under labeled treatment. 

The positive correlations demonstrate the presence of a similar source of variation in 

fractionation patterns shared between d18O and d2H, which is mainly related to evaporation 

processes. 

Moreover, results under different VPD conditions and water labeling have shown that d18O 

and d2H isotopic signatures were similar in the water of the stem and peduncle. These results 

are expected in non-transpiring tissues since no water molecule exchange occurs. By contrast, 

in transpiring tissues, both d18O and d2H were enriched in the water of the flag leaf followed 

by the grain under the control treatment. In fact, transpiration leads to isotopic enrichment 

above the water source in evaporative sites within transpiring tissues (Gonfiatini et al., 1965). 

δ18O and δ2H become enriched on leaf surface during transpiration because of water 

molecules composed of heavy δ18O and δ2H (H2
18O) being slower to evaporate compared with 

H2
16O. Afterwards, the isotopically enriched water in the leaf is transported through the 

phloem to the sink tissues (Cernusak et al., 2016). 

4.4. Hydrogen and oxygen isotope fractionation and plant trophism 

d2H and d18O isotopic signatures in stem water reflect depleted values since the assumption 

is that no fractionation occurs in water movement between roots and the stem basis. From 

the stem onwards, the depleted d2H and d18O undergo distinct processes (i.e. fractionation 

patterns) from source to sink tissues. In fact, d18O fractionation patterns are defined by 

environmental evaporative events only, consequently, an enrichment gradient was observed 

in all sink tissues above the stem. Under higher VPD conditions, d18O enrichment was the 

highest in the tissue with the most active evapotranspiration sites (flag leaf), followed by the 

grain, whereas glumes, awns and peduncles have shown similar d18O enrichment levels. 

Likewise, under lower VPD, d18O was mostly enriched in the flag leaf, peduncle and grains, 

and less enriched in glumes and awns.  

In the case of d2H, fractionation processes are dictated by two main mechanisms, 

evapotranspiration and photosynthetic chemical reactions. The former triggers an 
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enrichment in d2H isotopic signature, while the latter causes depletion in d2H. In this sense, 

evaluating the isotopic signature of d2H in different plant tissues makes more sense since 

trophism enables a clearer understanding to the mechanisms behind hydrogen fractionation. 

In fact, d2H in plant organic matter was depleted in the transpiring autotrophic tissues 

(glumes then the flag leaf) and enriched in heterotrophic tissues (i.e. grains) under control 

and labeled treatments and in each VPD condition. Moreover, positive correlations were 

shown between d18OWSF in all plant tissues and d2HDM in the heterotrophic tissue (grains) 

under control conditions, which indicates that d2H fractionation processes in heterotrophic 

tissues are limited to environmental evapotranspiration only. In contrast, autotrophic tissues 

were more depleted in δ2HDM. Furthermore, δ2HDM depletion was more pronounced in glumes 

than in leaves, which is to be expected giving the xeromorphic anatomy and osmotic 

adjustment of ears which were reported to ensure better water status under drought 

conditions, and consequently, maintain higher photosynthetic activities and greater 

production, compared with the flag leaf (Araus et al., 1993; Tambussi et al., 2005). In the case 

of awns,  δ2HDM values were somewhat between hydrogen isotopic values observed in 

autotrophic and heterotrophic tissues, which suggests that δ2H isotopic signature in awns may 

be regulated by a mixotrophic metabolism. 

5. Conclusion 

The present study demonstrated the efficiency of δ18O and δ2H as phenotyping traits 

physiologically assess wheat performance under water limited conditions. δ18O and δ2H in 

stem water have shown a shared source of variation in fractionation patterns driven mainly 

by environmental evaporative processes, whereas in organic matter, δ18O and δ2H 

fractionation patterns not only were different, but also were related to plant trophism. This 

experiment was a proof of concept to oxygen enrichment process from source to sink tissues, 

and to hydrogen depletion in autotrophic (leaves and glumes) and mixotrophic (awns) tissues, 

enrichment in heterotrophic tissues (grains). 
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Supplemental tables 

 

Supplemental Table 1. Effect of relative humidity (40% vs 80%) on carbon stable 
isotope composition (d13C) of the water soluble fraction of flag leaves, peduncles, 
glumes and awn, and the dry matter of flag leaves and grains. Flag leaves, 
peduncles, glumes and awns were sampled during mid grain filling, and grains at 
maturity. 

  Water soluble fraction Dry matter 
  d13Cflag leaf 

(‰) 
d13CPeduncle 

(‰) 
d13CGlume 

(‰) 
d13CAwn 

(‰) 
d13Cflag leaf 

(‰) 
d13CGrain 

(‰) 

Co
nt

ro
l 40% -26.6±0.8 -23.7±0.8 -25.6±0.8 -25.3±0.6 -27.8±0.7 -24.3±0.6 

80% -30.7±0.4 -28.2±0.4 -28.1±0.5 -28.6±0.3 -30.2±0.4 -28.7±0.5 

ANOVA <0.001 <0.001 <0.050 <0.001 <0.050 <0.001 

La
be

le
d 40% -27.5±0.9 -24.6±0.7 -26.1±0.6 -26.1±0.5 - - 

80% -29.5±0.6 -26.7±0.5 -27.5±0.2 -27.5±0.3 - - 

ANOVA ns <0.050 ns ns - - 

Values shown are the mean ± SE for six replicates under 40% and 80% of relative humidity, under 
control and labeled conditions. Level of significance for the ANOVA: P<0.001, P<0.010 and 
P<0.050 
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Supplemental Table 2. Pearson correlations of carbon isotope composition (d13C) in the organic matter (water soluble fraction, dry matter), 
during mid grain filling in different plant tissues (flag leaf, peduncle, glume, awn, grain), against chlorophyll content, sub-stomatal CO2 (Ci), 
photosynthetic rate (Amax), stomatal conductance (gs), intrinsic efficiency of photosystem two (Fv’/Fm’), quantum efficiencies of photosynthetic 
electron transport through photosystem II (PhiPS2), Photosynthetic electron transport rate (ETR), transpiration (Tr) during mid grain filling, under 
different relative humidity levels (40% vs 80%), and combining control and labeled conditions.  

 40% 80% 
 Water soluble fraction Dry matter Water soluble fraction Dry matter 
 d13Cflag 

leaf d13CPeduncle d13CGlume d13CAwn d13Cflag leaf d13CGrain d13Cflag 

leaf d13CPeduncle d13CGlume d13CAwn d13Cflag 

leaf d13CGrain 
Mid grain filling            
Clorophyll 0.472ns 0.509ns 0.558ns 0.191ns 0.398ns -0.133ns 0.452ns 0.233ns 0.372ns 0.456ns 0.211ns -0.089ns 
Ci -0.357ns -0.407ns -0.463ns -0.262ns 0.642ns 0.962** -0.769** -0.883** -0.361ns -0.663ns -0.954** -0.324ns 
Amax -0.347ns -0.262ns -0.255ns -0.339ns 0.037ns -0.305ns -0.261ns -0.138ns 0.146ns -0.154ns 0.574ns -0.096ns 
gs -0.354ns -0.562ns -0.479ns -0.044ns 0.926ns 0.020ns -0.798** -0.734* -0.219ns -0.704* -0.887* -0.506ns 
Fv'/Fm' 0.560ns 0.660ns 0.609ns 0.316ns -0.587ns -0.607ns -0.597ns -0.438ns -0.125ns -0.582ns 0.234ns 0.080ns 
PhiPS2 0.476ns 0.583ns 0.518ns 0.245ns -0.685ns -0.533ns -0.699* -0.615ns 0.065ns -0.509ns -0.405ns 0.219ns 
ETR 0.482ns 0.586ns 0.522ns 0.252ns -0.680ns -0.535ns -0.695* -0.612ns 0.069ns -0.506ns -0.390ns 0.220ns 
Tr -0.378ns -0.486ns -0.564ns -0.135ns 0.032ns 0.045ns -0.807** -0.760* -0.205ns -0.721* -0.916* -0.184ns 
DWshoot 0.968** 0.754* 0.701* 0.929** 0.274ns -0.235ns 0.486ns 0.459ns 0.232ns 0.812** 0.329ns -0.470ns 
Maturity            
DWBiomass 0.594ns 0.644* 0.676* 0.618ns 0.652ns -0.082ns 0.071ns 0.193ns 0.118ns 0.382ns 0.498ns -0.339s 
DWEar 0.322ns 0.063ns -0.006ns 0.597ns -0.163ns -0.727ns 0.212ns 0.201ns -0.023ns 0.210ns 0.909* 0.581ns 
GNear 0.072ns -0.130ns -0.167ns 0.458ns -0.272ns -0.868* 0.048ns -0.032ns 0.113ns -0.166ns 0.769ns 0.744ns 
DWgrain ear 0.346ns 0.098ns 0.012ns 0.633* -0.157ns -0.763ns 0.285ns 0.177ns 0.357ns 0.196ns 0.706ns 0.257ns 

For each relative humidity level (40% vs 80%), correlations of traits measured during mid grain filling against d13C in water soluble fraction were calculated using twelve 
replicates by combining control and labeled conditions, and against d13C in dry matter using six replicates under control conditions only. Correlations of yield components at 
maturity against d13C in the water soluble fraction and the dry matter were calculated using six replicates only, when combining control and labeled conditions and for each 
relative humidity level. Level of significance: ns, not significant; **, P<0.01; *, P<0.05. 
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Supplemental Table 3. Pearson correlations of oxygen (d18O) and hydrogen (d2H) stable isotope compositions in the organic matter (d12H in dry 
matter, d18O in water soluble fraction), during mid grain filling in different plant tissues (flag leaf, peduncle, glume, awn, grain), against 
chlorophyll content, sub-stomatal CO2 (Ci), photosynthetic rate (Amax), stomatal conductance (Gs), intrinsic efficiency of photosystem two 
(Fv’/Fm’), quantum efficiencies of photosynthetic electron transport through photosystem II (PhiPS2), Photosynthetic electron transport rate 
(ETR), transpiration (Tr) and shoot dry weight (DWShoot) during mid grain filling, and dry matter of biomass (DWBiomass), ear per plant (DWEar) and 
grain per ear (DWGrain), and grain number per ear (GN) at maturity, under different isotope labeling (control and labeled), and combining humidity 
levels (40% and 80%). 

  Water soluble fraction Dry matter 
  d18Oflag leaf d18OPeduncle d18OGlume d18OAwn d18OGrain d2Hflag leaf d2HPeduncle d2HGlume d2HAwn d2HGrain 

 Chlorophyll -0.366ns -0.493ns -0.383ns -0.515ns -0.926** -0.666* 0.078ns -0.639* -0.865** -0.694* 

Co
nt

ro
l  

Ci -0.876** -0.800** -0.881** -0.889** 0.082ns -0.469ns -0.345ns -0.317ns -0.536ns 0.404ns 
Amax -0.695* -0.143ns -0.278ns -0.606ns -0.687* -0.290ns -0.246ns -0.625ns -0.508ns -0.768** 
gs -0.913** -0.694* -0.837** -0.830** -0.753** -0.475ns -0.423ns -0.479ns -0.548ns -0.737** 
Fv'/Fm' -0.816** -0.433ns -0.534ns -0.696* -0.724** -0.073ns -0.356ns -0.558ns -0.513ns -0.730** 
PhiPS2 -0.390ns -0.112ns -0.209ns -0.090ns -0.714** -0.024ns -0.042ns -0.711* -0.252ns -0.731** 
ETR -0.386ns -0.112ns -0.206ns -0.089ns -0.714** -0.024ns -0.033ns -0.713* -0.257ns -0.731** 
Tr -0.812** -0.571ns -0.783** -0.651* -0.695* -0.487ns -0.413ns -0.503ns -0.425ns -0.679* 
DWshoot -0.263ns -0.153ns -0.272ns -0.461ns -0.464ns -0.543ns -0.290ns -0.150ns -0.655* -0.414ns 
DWBiomass -0.297ns -0.002ns -0.366ns -0.346ns -0.523 ns -0.196ns -0.439ns 0.070ns -0.199ns -0.462ns 
DWEar -0.046ns 0.146ns 0.125ns -0.231ns -0.114ns 0.196ns 0.020ns 0.111ns -0.161ns -0.265ns 
GNear -0.242ns 0.048ns -0.028ns -0.291ns -0.149ns 0.166ns 0.109ns 0.063ns -0.079ns -0.365ns 
DWgrain ear 0.133ns 0.212ns 0.107ns 0.005ns 0.061ns 0.383ns 0.308ns 0.391ns 0.189ns -0.195ns 

 Chlorophyll -0.208ns -0.367ns -0.326ns -0.739* 0.075ns -0.503ns 0.095ns 0.461ns -0.356ns -0.153ns 

La
be

le
d 

Ci -0.845** 0.072ns -0.321ns -0.516ns -0.499ns -0.370ns 0.345ns 0.032ns -0.229ns -0.365ns 
Amax -0.029ns 0.434ns 0.171ns 0.184ns -0.311ns -0.084ns 0.044ns 0.228ns 0.144ns -0.543ns 
Gs -0.274ns 0.363ns 0.245ns 0.214ns -0.527ns -0.010ns 0.308ns 0.546ns 0.409ns -0.527ns 
Fv'/Fm' -0.291ns 0.110ns -0.564ns -0.303ns -0.321ns -0.685* 0.402ns 0.666ns -0.268ns -0.253ns 
PhiPS2 -0.069ns 0.199ns -0.463ns -0.179ns -0.307ns -0.560ns 0.313ns 0.498ns -0.244ns -0.209ns 
ETR -0.067ns 0.201ns -0.463ns -0.176ns -0.305ns -0.557ns 0.317ns 0.502ns -0.240ns -0.203ns 
Tr 0.185ns 0.633ns 0.438ns 0.512ns -0.517ns 0.522ns 0.212ns -0.396ns 0.528ns -0.530ns 
DWshoot -0.086ns -0.254ns -0.405ns -0.417ns -0.263ns -0.519ns 0.230ns 0.632* -0.342ns -0.283ns 
DWBiomass 0.419ns 0.058ns -0.225ns -0.066ns -0.145ns 0.296ns 0.002ns 0.153ns -0.082ns 0.070ns 
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DWEar -0.635* -0.398ns -0.369ns -0.567ns -0.120ns -0.539ns 0.110ns 0.454ns -0.390ns -0.360ns 
GNear -0.790** -0.185ns -0.366ns -0.552ns -0.409ns -0.481ns 0.397ns 0.546ns -0.189ns -0.533ns 
DWgrain ear -0.598ns -0.305ns -0.379ns -0.492ns 0.030ns -0.448ns 0.212ns 0.517ns -0.196ns -0.390ns 

For each isotope labeling condition (control vs labeled), correlations of traits measured during mid grain filling against d18O in water soluble fraction and d2H 
in dry matter were calculated using twelve replicates by combining relative humidity levels (40% and 80%); and correlations of yield components at maturity 
against d18O in water soluble fraction and d2H in dry matter were calculated using six replicates only when combining relative humidity levels (40% and 80%). 
Levels of significance: ns, not significant; **, P<0.01; *, P<0.05. 
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Supplemental Table 4. Pearson correlations between carbon (d13C), oxygen (d18O) and hydrogen (d2H) isotope 
compositions in the organic matter (d13C and d2H in dry matter, d13C and d18O in water soluble fraction), in different 
plant tissues (flag leaf, peduncle, glume, awn, grain). Isotopes were assessed during mid grain filling by combining both 
humidity levels (40% and 80%) and under different isotope labeling (control and labeled). 

  Water soluble fraction Dry matter 
  d18Oflag leaf d18Opeduncle d18Oglume d18Oawn d18Ograin d12Hflag leaf d12Hpeduncle d12Hglume d12Hawn d12Hgrain 

Co
nt

ro
l 

d13CWSF.flag leaf  0.945** 0.592ns 0.673* 0.764* 0.658* 0.385ns 0.344ns 0.462ns 0.453ns 0.559ns 
d13CWSF.peduncle  0.948** 0.684* 0.683* 0.830** 0.705* 0.338ns 0.297ns 0.453ns 0.598ns 0.624* 
d13CWSF.glume  0.711* 0.369ns 0.235ns 0.781** 0.401ns 0.118ns 0.334ns 0.060ns 0.470ns 0.247ns 
d13CWSF.awn  0.883** 0.670* 0.626ns 0.746* 0.790** 0.210ns 0.201ns 0.473ns 0.473ns 0.494ns 
d13CDM.flag leaf  0.896** 0.714** 0.628* 0.783** 0.601* 0.252ns 0.226ns 0.354ns 0.646* 0.577* 
d13CDM.grain 0.910** 0.685* 0.830** 0.923** 0.846** 0.521ns 0.339ns 0.321ns 0.670* 0.877** 
d18OWSF.flag leaf 1 0.641* 0.771** 0.892** 0.829** 0.502ns 0.391ns 0.482ns 0.595ns 0.727* 
d18OWSF.peduncle - 1 0.823** 0.691* 0.696* 0.457ns -0.138ns 0.434ns 0.610* 0.770** 
d18OWSF.glume  - - 1 0.711* 0.822** 0.538ns 0.169ns 0.438ns 0.447ns 0.909** 
d18OWSF.awn - - - 1 0.909** 0.621ns 0.291ns 0.266ns 0.751* 0.767** 
d18OWSF.grain  - - - - 1 0.451ns 0.306ns 0.557ns 0.684* 0.792** 
d12HDM.flag leaf  0.502ns 0.457ns 0.538ns 0.621ns 0.451ns 1 0.235ns 0.595ns 0.717* 0.473ns 
d12HDM.peduncle  0.391ns -0.138ns 0.169ns 0.291ns 0.306ns - 1 0.098ns 0.184ns 0.141ns 
d12HDM.glume  0.482ns 0.434ns 0.438ns 0.266ns 0.557ns - - 1 0.600ns 0.305ns 
d12HDM.awn  0.595ns 0.610* 0.447ns 0.751* 0.684* - - - 1 0.480ns 
d12HDM.grain  0.727* 0.770** 0.909** 0.767** 0.792** - - - - 1 

La
be

le
d 

d13CWSF.flag leaf  0.771** -0.004ns 0.117ns 0.547ns 0.505ns 0.375ns 0.016ns -0.383ns 0.340ns 0.417ns 
d13CWSF.peduncle  0.887** 0.005ns 0.428ns 0.732ns 0.590ns 0.572ns -0.198ns -0.553ns 0.562ns 0.665ns 
d13CWSF.glume  0.743** -0.286ns 0.347ns 0.611ns 0.618* 0.337ns -0.365ns -0.296ns 0.520ns 0.676* 
d13CWSF.awn  0.759* 0.103ns 0.144ns 0.538ns 0.356 ns 0.621ns 0.141ns -0.349ns 0.531ns 0.295ns 
d13CDM.flag leaf  - - - - - - - - - - 
d13CDM.grain - - - - - - - - - - 
d18OWSF.flag leaf 1 0.361ns 0.381ns 0.864** 0.439ns 0.747** -0.128ns -0.713* 0.375ns 0.456ns 
d18OWSF.peduncle - 1 -0.305ns 0.160ns -0.308ns 0.587ns 0.681* -0.340ns -0.234ns -0.444ns 
d18OWSF.glume  - - 1 0.669* 0.411ns 0.358ns -0.592ns -0.294ns 0.610* 0.352ns 
d18OWSF.awn - - - 1 0.249ns 0.721* -0.172ns -0.562ns 0.829** 0.297ns 
d18OWSF.grain  - - - - 1 0.274ns -0.588ns -0.350ns 0.279ns 0.824** 
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d12HDM.flag leaf  0.747** 0.587ns 0.358ns 0.721* 0.274ns 1 0.115ns -0.714* 0.500ns 0.397ns 
d12HDM.peduncle  -0.128ns 0.681* -0.592ns -0.172ns -0.588ns - 1 0.249ns -0.046ns -0.697* 
d12HDM.glume  -0.713* -0.340ns -0.294ns -0.562ns -0.350ns - - 1 0.100ns -0.613ns 
d12HDM.awn  0.375ns -0.234ns 0.610* 0.829** 0.279ns - - - 1 0.313ns 
d12HDM.grain  0.456ns -0.444ns 0.352ns 0.297 ns 0.824** - - - - 1 

For each isotope labeling condition (control vs labeled), correlations were calculated using twelve replicates by 
combining relative humidity levels (40% and 80%); Level of significance: ns, not significant; **, P<0.01; *, P<0.05. 

 

 

 

Supplemental Table 5. Pearson correlations between oxygen (d18O) and hydrogen (d2H) isotope compositions in the organic matter (d12H in dry 
matter, d18O in water soluble fraction), against oxygen (d18O) and hydrogen (d2H) stable isotope compositions in the water in plant tissues. 
Isotopes were assessed during mid grain filling in different plant tissues (flag leaf, peduncle, glume, awn, grain), combining humidity levels (40% 
and 80%) and under different isotope labeling (control and labeled). 

  Water soluble fraction Dry matter 
  d18Oflag leaf d18OPeduncle d18OGlume d18OAwn d18OGrain d2Hflag leaf 

d2H 
Peduncle d2HGlume d2HAwn d2HGrain 

Co
nt

ro
l 

d18OWT.Stem H2O -0.333 -0.342 -0.203 -0.567 -0.040 -0.086 0.335 0.085 -0.102 -0.217 
d18O WT.Flag leaf H2O 0.438 0.027 0.218 0.055 0.079 0.020 -0.023 0.135 -0.146 0.036 
d18OWT.Peduncle H2O -0.950** -0.610* -0.478 -0.916** -0.597 -0.097 -0.234 -0.299 -0.778** -0.579 
d18OWT.Grain H2O 0.021 0.042 -0.057 -0.075 0.006 -0.422 -0.358 -0.256 0.065 0.132 
d2HWT.Stem H2O -0.359 -0.239 -0.166 -0.364 0.096 -0.018 0.045 0.018 0.100 -0.023 
d2HWT.Flag leaf H2O 0.980** 0.597* 0.739** 0.820** 0.825** 0.448 0.315 0.575 0.552 0.642* 
d2HWT.Peduncle H2O -0.754* -0.398 -0.214 -0.728* -0.124 0.113 -0.155 0.122 -0.334 -0.209 
d2HWT.Grain H2O 0.315 0.221 0.121 0.336 0.238 -0.231 -0.312 -0.087 0.389 0.347 

La
be

le
d 

d18OWT.Stem H2O 0.327 0.261 -0.383 0.198 -0.250 -0.105 0.193 0.138 -0.175 -0.248 
d18O WT.Flag leaf H2O 0.433 -0.355 0.415 0.155 0.850** 0.005 -0.664* -0.130 0.041 0.664* 
d18OWT.Peduncle H2O 0.330 -0.220 0.288 0.080 0.786** 0.055 -0.643* -0.253 -0.072 0.643* 
d18OWT.Grain H2O 0.794** 0.463 0.405 0.660 0.440 0.771** -0.184 -0.903** 0.059 0.475 
d2HWT.Stem H2O 0.657* 0.006 0.164 0.358 0.672* 0.205 -0.393 -0.264 0.043 0.438 
d2HWT.Flag leaf H2O 0.565 -0.216 0.484 0.324 0.659* 0.057 -0.446 -0.069 0.143 0.358 
d2HWT.Peduncle H2O 0.252 -0.258 0.214 -0.046 0.756** -0.086 -0.607 -0.152 -0.183 0.589 
d2HWT.Grain H2O 0.745** 0.113 0.512 0.612 0.595 0.577 -0.465 -0.844** 0.033 0.598 

For each isotope labeling condition (control vs labeled), correlations were calculated using twelve replicates by combining relative humidity levels 
(40% and 80%); Level of significance: ns, not significant; **, P<0.01; *, P<0.05. 
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Figure 3. Linear regression relationships among hydrogen (d2H) and oxygen (d18O), stable isotope compositions 
assessed during mid grain filling in the organic matter (water soluble fraction and dry matter), and water in plant 
tissues for the flag leaf, peduncle and grain, when combining humidity levels (40% and 80%) and under separate 
isotope labeling (control vs labeled). d2Hdm, hydrogen isotope composition of the dry matter; d2Hwt, hydrogen isotope 
composition in water in plant tissue; d18Owsf, oxygen isotope composition in the water soluble fraction; d18Owt, oxygen 
isotope composition in the water in plant tissue. 
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GENERAL DISCUSSION 

Interannual variability in the Mediterranean region and the accompanied fluctua:ons in 

clima:c events, mainly increased temperatures and reduced rainfall, are expected to increase 

evapotranspira:on demands, accentuate the occurrence and the severity of drought episodes  

and restrict final grain yield in field grown wheat (Araus and Slafer, 2011; Feng et al., 2013). 

Although the need to achieve higher produc:on to maintain the food balance is indisputable, 

the prospects for achieving such objec:ve are less certain. Therefore, releasing new climate-

resilient and high yielding cul:vars tailored with traits for improved adapta:on to drought 

stress and heat is of primary importance (Feng et al., 2013). The present work has 

demonstrated through its chapters the effect of environment (season and management 

prac:ces) and genotypic on different traits associated with growth, phenology, water and 

nitrogen status, root traits and yield performance in wheat under Mediterranean condi:ons. 

To this end, a set of high yielding bread wheat cul:vars (Tri$cum aes$vum L.) selected from 

across Europe were evaluated under normal plan:ng and rainfed condi:ons, different 

nitrogen fer:liza:on levels and for three consecu:ve seasons (Chapter 1), and under normal 

and late plan:ng condi:ons during one season (Chapter 2). Another set, this :me of modern 

durum wheat cul:vars (Tri$cum turgidum L. subsp. durum (Desf) Husn.) cul:vated in Spain 

during the last five decades and with contras:ng yield performance (high vs low) was 

evaluated under different plan:ng dates (normal vs late), water regimes (irrigated vs rainfed) 

and nitrogen fer:liza:ons (low vs recommended N fer:liza:on) across different consecu:ve 

seasons (Chapters 3 and 4). Moreover, the uptake of water resources captured by roots, and 

its further release to sink :ssues, was studied in the drought tolerant cul:var “Sula” grown 

under controlled vapor deficit pressure (VPD) condi:ons (high vs low), through assessing 

hydrogen and oxygen frac:ona:on pa[erns in different plant :ssues, with an overview on the 

trophism nature of some plant :ssues (Chapter 5). 

Yield poten+al under Mediterranean condi+ons 

The recent decades have shown important increases in wheat yields as a response to the 

green revolu:on. However, the tradeoffs of such remarkable success were the dependance 

on the use of fer:liza:on, pes:cides and supplied irriga:on (Lobell et al., 2009). Achieving 

yield poten:al in wheat cul:vars requires unconstrained crop growth condi:ons facilitated by 
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op:mum crop management prac:ces (irriga:on and N fer:liza:on among others), that deals 

with abio:c (e.g. water stress and higher temperatures) and bio:c stresses (e.g. weed, pests 

and diseases). Therefore, a balanced interplay between interannual variability, crop 

management and genotypic effects are paramount to achieve op:mal yield poten:al (Schils 

et al., 2018). Water availability was shown throughout the Chapters 1, 3 and 4 to play a 

determinant role in grain yield (GY) performance. In fact, in elite high yielding bread wheat 

cul:vars, the average rainfed-grown GY was reduced three-folds under the dry crop season 

(2018-2019) compared with the humid crop season (2017-2018), exhibi:ng thus an important 

yield gap of 5.9 Mg ha-1 (Chapter 1). Likewise, when crop management prac:ces and crop 

season were involved, the difference between the highest average GY achieved in durum 

wheat cul:vars under irrigated normal plan:ng trial (INP) during the humid season (2017-

2018) and the rainfed normal plan:ng trial (RNP) for the driest season (2018-2019), accounted 

for 5.7 Mg ha-1 (Chapter 3), and under INP for the mild season (2019-2020) and the rainfed 

normal plan:ng and low N fer:liza:on condi:ons (RLN) for 5.6 Mg ha-1 (Chapter 4). These 

consistent yield gap values that were reported repeatedly across this work’s chapters are clear 

evidence of the necessity to op:mize crop management to approach yield poten:al in wheat, 

par:cularly when crop growth is constrained by the expected, albeit unpredictable, 

interannual variability. Similar results were reported by different researchers on yield gaps in 

cereals including wheat, ranging from 1 Mg ha-1 to 5 Mg ha-1 as a response to crop 

management prac:ces when grown under environments with op:mal clima:c condi:ons, 

and that crop management can narrow down up to 70% of the yield difference and op:mize 

the final grain yield, when applied efficiently (Boogaard et al., 2013; Gobbe[ et al., 2017; 

Hochman et al., 2013; Lobell et al., 2009; Schils et al., 2018; Senapa: and Semenov, 2019; Van 

I[ersum et al., 2013).  

Interannual variability, management prac+ces and genotypic effects on yield performance 

The recent years have known constant fluctua:ons in clima:c events as a response to climate 

change. These events, seen as the interannual variability in rainfalls and temperatures, were 

previously reported to explain around 31-51% of yield variability in Western Europe, Spain 

included (Ray et al., 2015). In this work, the crop season not only was significant on GY and 

most assessed traits (Chapters 1, 3 and 4), but also, water status was the main factor 

explaining GY performance. In fact, the seasonal water status assessed mainly though the 
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carbon isotope composi:on of mature grains (d13Cgrain) was the primary explica:ve variable in 

the predic:ve models of GY in bread wheat genotypes grown under combined seasons (2017-

2018; 2018-2019 and 2019-2020), and European regions (north, central and south) combined 

and separated (Chapter 1), and in durum wheat in genotypes grown under combined seasons 

(2017-2018; 2018-2019; 2019-2020 and 2020-2021), and growing condi:ons (INP, ILP, RNP 

and RLN) combined and separated (Chapter 4). 

As stated above, crop management can op:mize yield produc:on significantly when prac:ced 

adequately. Irriga:on and, to a lesser extent, N fer:liza:on were proven to be efficient 

prac:ces, among others, that are commonly used by farmers in the Mediterranean region. 

When addressing wheat produc:on in the Mediterranean climate, water availability is usually 

the main limi:ng factor to grain yield (Jacobsen et al., 2012). In each crop season of this 

present work, GY was consistently reduced under RNP compared with INP condi:ons, as a 

consequence of poorer water status, shown by d13Cgrain. Moreover, under severe drought 

condi:ons as experienced during the season (2018-2019), GY reduc:on was threefold lesser 

under RNP condi:ons, compared with INP condi:ons (Chapter 3 and 4). The determinant role 

of water status in explaining the variability in GY performance was further demonstrated in 

stepwise and random forest predic:ve models in the four separate crop seasons (2017-2018; 

2018-2019; 2019-2020 and 2020-2021) (Chapter 4), as well as reviewed by different authors 

in similar studies (Araus et al., 2003; Blum, 2009; Jacobsen et al., 2012; Lopes and Reynolds, 

2010).  

Similar to water status, plan:ng date is another crop management strategy that is used to 

op:mize root development (Incer: and O’Leary, 1990; Kirkegaard and Lilley, 2007) and yield 

produc:on (Fischer, 2011; Hunt et al., 2019; Sacks et al., 2010) under field condi:ons. Late 

plan:ng has long been considered as a key methodological approach to assess how crop 

dura:on and yield adjust to future temperature increases expected in the Mediterranean 

region (Jat et al., 2018; Paymard et al., 2018; Sacks et al., 2010). In terms of yield produc:on, 

GY and number of spikes per square meter were decreased under late plan:ng and support 

irriga:on (ILP) condi:ons compared with INP as a consequence of a shortening in crop 

dura:on, increased respira:on losses and transpira:on rates and possible terminal heat stress 

during grain filling in bread wheat genotypes (Chapter 2). The same decreases were observed 
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for durum wheat genotypes in GY, yield components (harvest index, thousand grain weight, 

grain number and grain nitrogen yield) and crop phenological and growth traits (days to 

heading and plant height) during the different seasons inves:gated (Chapters 3 and 4). 

On the other hand, when addressing crop fer:liza:on, despite the major role of N fer:liza:on 

in achieving higher yields in wheat in the recent decades, further increases in the already 

established recommenda:ons of N fer:liza:on input in Spanish fields (Fer:beria, 2022; 

Sa:vum, 2022) has shown a satura:on pa[ern in N input in the rainfed regions of central and 

northern Spain (Chapter 1). In fact, when assessing the effect of three different N top dressing 

doses (50% of the recommended N dose “N1”, recommended N dose “N2” and 30% above 

the recommended N dose “N3”) on yield performance of different high yielding bread wheat 

genotypes grown under three consecu:ve crop seasons (2017-2018, 2018-2019 and 2019-

2020), GY exhibited a minor increase (3 %) under N3 compared with N2, during the humid 

crop season (2017-2018), whereas in the following crop seasons (2018-2019 and 2019-2020), 

there was no effect of N fer:liza:on on GY (Chapter 1). These results suggested that the 

already recommended N fer:liza:on doses in Spanish fields fully cover the crop needs under 

humid and dry seasons (Chapter 1). 

The genotypic effect is another major factor to assess wheat genotypes responses to their 

environment especially when restricted by water and nutrients deficits of the Mediterranean 

climate. Indeed, in European high yielding winter wheat genotypes (Tri$cum aes$vum L.), the 

effect of genotypic effect on GY was the second most prevalent factor aler the crop season, 

albeit strongly affected by seasonal condi:ons (Chapter 1). It appears that under wet (i.e 

humid) crop seasons (2017-2018 and 2019-2020), northern Europe cul:vars yielded the 

highest, whereas central and southern Europe cul:vars yielded 5-10% less (Chapter 1). These 

results were in accordance with Senapa: and Semenov (2020) in their study on the large 

gene:c yield poten:al es:mated for bread wheat in Europe, in which they ranked yield 

poten:al as the highest in northern west Europe, followed by central Europe then southern 

Europe (Senapa: and Semenov, 2020), with the op:mal yield poten:al of bread wheat under 

the rainfed con:nental Mediterranean condi:ons of Spain  being around 8 Mg ha-1 (Chapter 

2). In contrast, under drier seasons, southern Europe cul:vars yielded the highest, followed 

by northern and central Europe cul:vars which GY decreased by around 5% when evaluated 

during the dry season (2018-2019). Moreover, the range of variability was larger in genotypes 



General	discussion	

 241 

from the same provenance than these from different European regions, which suggest the 

presence of a large pool of winter wheat germplasm in northern and central Europe that holds 

poten:al adapta:on traits to the Mediterranean growing condi:ons (Chapter 1). It is 

noteworthy to men:on that under future clima:c condi:ons, as simulated by late plan:ng 

experiments, winter bread wheat cul:vars which require vernaliza:on are much more 

vulnerable under elevated temperatures than faculta:ve wheats in which vernaliza:on needs 

are op:onal (Kamran et al., 2014; Steinfort et al., 2017; Trevaskis et al., 2003), which infers 

another poten:al adjustment abili:es against increased temperatures that faculta:ve wheat 

genotypes may uphold (Chapter 2). Ullah and coworkers (2019) reported that targe:ng 

physiological traits that are associated with drought tolerance in a broad range of gene:c 

variability might increase grain yield by 20-30% above the current high yielding cul:vars 

(Reynolds and Trethowan, 2007). 

Differently than winter bread wheat genotypes, the genotypic variability of durum wheat in 

terms of GY was mediated through phenology (Chapter 3). Albeit genotypic variability of 

durum wheat in terms of GY, water and nitrogen status and shovelomics derived traits were 

minor (Chapter 4). In fact, the narrow genotypic variability in grain yield of durum wheat 

compared with bread wheat cul:vars was previously discussed (Asins and Carbonell, 1989; 

Marnnez-Moreno et al., 2020; Ullah et al., 2019). Explana:ons on the lack of genotypic 

variability in physiological and root traits in durum wheat cul:vars could be the low accuracy 

of the methodology applied in Chapter 4, par:cularly in root traits assessment, or the strong 

plas:city in roots in a targeted environment (Canè et al., 2014; Malamy, 2005; Sadras and 

Lawson, 2011). 

Phenotyping approaches to select for ideotypic traits 

Tailoring wheat ideotypes that are climate resilient under the Mediterranean field condi:ons 

require the implementa:on of efficient phenotyping techniques that can assess traits with 

poten:al ideotypic characteris:cs in a targeted environment. Phenology, leaf canopy, 

photosynthesis, root water uptake and drought tolerant traits such as stay green, have been 

for long targeted as candidate traits to design wheat ideotypes in the Mediterranean region 

(Rybka and Nita, 2015; Semenov et al., 2014; Senapa: and Semenov, 2019; Stratonovitch and 

Semenov, 2015).  
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• Phenology 

When addressing wheat growth, understanding phenology is key for proper management 

prac:ces. Whereas the dura:on extending from emergence :ll flowering :me defines ear 

density and grain size, grain filling affects the thousand kernel weight (Sadras and Slafer, 2012; 

Slafer et al., 2014). In Mediterranean region, an extended grain filling period achieved through 

an early anthesis is olen desirable to achieve higher grain yields under dry condi:ons (Araus 

et al., 2002; van Oosterom and Acevedo, 1992). Under rainfed condi:ons, phenology dura:on 

can be season-specific: during wet seasons, an extended dura:on from stem elonga:on to 

anthesis was associated with high yielding in northern and central European bread wheat 

genotypes; In contrast, during dry seasons, an early anthesis combined with a longer grain 

filling stage, as shown by the southern Europe cul:vars, was the trait best adapted to the 

growing condi:ons and secured an op:mized final yield (Chapter 1). Under irrigated 

condi:ons, and regardless of the plan:ng date (normal or late plan:ng), a shorted days to 

heading was associated with higher yielding in post green revolu:on durum wheat cul:vars 

(Chapter 3). In fact, shortening phenology to escape drought under Mediterranean condi:ons 

has been a common trait selected in breeding programs to achieve higher yields (De Vita et 

al., 2007; Loss and Siddique, 1994).   

• Vegeta:on indices 

In the recent decades, researchers have shiled their focus concerning phenotyping, from 

controlled condi:ons and biochemical traits frequently related with suscep:bly to stress,  

towards op:mizing phenotyping techniques for ideotypic traits in crops grown under field 

condi:ons (Araus et al., 2022; Araus and Cairns, 2014; Chen et al., 2017; Pieruschka and Schurr, 

2019). Currently, a wide range of phenotyping approaches are available for crop ecophysiology 

purposes, mostly of remote sensing nature. For instance, high throughput phenotyping 

plaqorms (HTPPs), either proximate (e.g. at ground level) or remote (from aerial plaqorms 

placed in UAV to drones), with different categories or sensors and imagers, are olen deployed 

for their non-invasive, rapid and efficient implementa:on. The usefulness of these devices 

(par:cularly thermal, mul:spectral and RGB cameras has been evidenced in many studies 

aiming to assess crop growth and  biomass (Christopher et al., 2016; Padovan et al., 2020; 

Spano et al., 2003), photosynthesis (Gitelson and Merzlyak, 1998; Goulas et al., 2004; 
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Haboudane et al., 2002; Hunt et al., 2011; Sims and Gamon, 2003) and water status (Amani 

et al., 1996; Fischer et al., 1998; Jones et al., 2009; Pinto et al., 2017; Rezzouk et al., 2022; 

Thapa et al., 2018), as well as their contribu:on of these traits to higher grain yield. In 

agreement with these findings, in our study the canopy greenness vegeta:on indices, derived 

from RGB (mainly GA, GGA and a*) and mul:spectral images (NDVI, EVI, PRIm and TCARIOSAVI) 

have shown overall strong correla:ons with GY, under INP be[er than under ILP, and during 

grain filling be[er than during heading, probably because the range of variability is larger 

under normal phenology (INP) compared with the accelerated phenology of a late plan:ng 

(ILP), as well as because of the stay green characteris:cs which are expressed later during the 

crop cycle (i.e. grain filling rather than heading). The same indices detected the genotypic 

variability in yield and contributed to GY predic:on models (Chapter 2). In fact, grain filling is 

a cri:cal phenological stage in terms of grain sesng and determining the final grain yield. 

Correla:ons between vegeta:on indices against GY during grain filling can be associated with 

the stay green status of genotypes, where greater stay green maintains photosynthe:c 

ac:vi:es longer. Similar results on the role of stay green in promo:ng higher yields were found 

in previous studies on durum wheat (Casadesùs et al., 2007; Elazab et al., 2015; Yousfi et al., 

2016).  

Canopy temperature depression (CTD) is another poten:ally useful trait that’s olen used as 

an indicator to transpira:on (Blum, 2009), stomatal conductance (Condon, 2020; Roche, 2015) 

and therefore on crop water status (Fischer et al., 1998), eventually root depth (Li et al., 2019; 

Lopes and Reynolds, 2010), and therefore  and grain yield (Chairi et al., 2020a, 2020b; Fischer 

et al., 1998; Lopes and Reynolds, 2010; Wasaya et al., 2018). In this work, ground and aerial 

CTD correlated posi:vely with GY under combined seasons (2017-2018, 2018-2019, 2019-

2020 and 2020-2021) and trials (INP, ILP, RNP, RLN), and separated rainfed trials (RNP and RLN) 

(Chapter 4). 

• Photosynthesis derived indices 

It is well established that increased photosynthesis translates into higher grain produc:on 

under op:mum growth condi:ons. For decades, breeding programs targeted photosynthesis 

related parameters as ideotypic traits for grain yield increase, traits such as the photosynthe:c 

rate and stomatal conductance, but also stay green status were viewed as valuable drought 
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tolerant traits (Rybka and Nita, 2015; Semenov et al., 2014; Senapa: and Semenov, 2019). In 

this work, higher air vapor pressure deficit (VPD) condi:ons clearly decreased the 

photosynthe:c performance in the drought tolerant wheat cul:var “Sula” when grown under 

the controlled condi:ons of higher VPD condi:ons, compared with lower VPD condi:ons 

(Chapter 5). Comparable results were reported in other studies on wheat under VPD 

controlled condi:ons (Fakhet et al., 2021; Jauregui et al., 2018; Rashid et al., 2018; Xue et al., 

2004). On the other hand, stay green status, approached olen through biomass, and the 

mul:spectral index NDVI and chlorophyll content indices (Christopher et al., 2008), allowed 

differen:a:ng between winter and faculta:ve wheat genotypes under late plan:ng 

condi:ons, with GY in faculta:ve genotypes outperforming that of winter genotypes as a 

consequence of more extended reproduc:ve stage (Chapter 2). Overall, a greener canopy 

(higher stay green status) was consistently associated with higher yielding wheat genotypes 

when grown under different Mediterranean field scenarios (Chapters 1, 2, 3 and 4). 

• Root phenotyping derived indices 

Root system architecture upholds valuable characteris:cs that can poten:ally confer be[er 

crop adapta:on to drought. In fact, root growth is olen influenced by environmental events 

and therefore exhibits a broad plas:city as response to the growing condi:on (Malamy, 2005). 

Unveiling root structure, distribu:on and func:onality across soil depths in a target 

environment may pave the way towards designing a high yielding and climate resilient 

cul:vars under Mediterranean condi:ons. In this work, roots plas:city was evidenced through 

root angle (RA) in the topsoil mainly, where in separate seasons, steeper root angle (lower RA) 

was associated with higher GY under irrigated and rainfed trials, separately; by contrast, when 

combining seasons, a shallower root angle spread (higher RA) is rather a posi:ve trait to GY, 

under irrigated and rainfed trials, separately (Chapter 4).  

Regardless, and despite the tedious and low throughput nature of phenotyping techniques 

olen used to assess root characteris:cs, the derived root traits can s:ll inform on root ability 

to access and acquire water and nutrients through root angle and depth (Rezzouk et al., 2022; 

York et al., 2018a, 2018b), soil explora:on poten:al through total root length (Armengaud, 

2009; He et al., 2022) and roots spa:al distribu:on by assessing roots diameter and 

ramifica:on (Eissenstat, 1991; Price et al., 2002). In agreement with this, for the more yielding 
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condi:ons the crown root system assessed through shovelomics exhibited overall an 

enhanced superficial root development with shallower root angle spread (higher RA) across 

seasons and under irrigated condi:ons (INP and ILP), but also thinner roots (higher SRL and 

lower Rwidth), which may allow roots to explore the soil on deeper levels (Chapters 3 and 4). 

The dual root development (superficially and in depth) under irrigated condi:ons was 

reported previously in high yielding wheat cul:vars (Bai et al., 2019; Rezzouk et al., 2022). 

Under rainfed condi:ons, root system exhibited a tendency for deeper roo:ng, as shown by 

the steeper root angle (lower RA) (Chapter 3), the thinner roots (higher SRL and lower Rwidth) 

and the decreased root ramifica:on (lower Rccomp) despite the high root density (higher 

RDW) under RNP condi:ons (Chapter 4). A higher root density combined with thinner roots 

were reported as posi:ve traits to water and nutrients capture (Kong et al., 2014; Paez-Garcia 

et al., 2015; Robbins and Dinneny, 2015). 

Concerning soil coring derived traits, root dry weight (RDW) and root area and area/RDW were 

nega:vely associated with GY under INP condi:ons as well as across all growing condi:ons 

(Chapter 4). Comparable results were previously reported in wheat grown under controlled 

lysimeter condi:ons, where correla:ons between the aerial biomass against root biomass 

(root length and density) were nega:ve, and against specific root length were posi:ve (Elazab 

et al., 2016). Furthermore, in all growing condi:ons, root area remained rather constant 

across the studied soil profile, whereas Area/RDW was progressively lower down to one meter 

soil depth, which supports the presence of thinner roots across soil sec:ons and suggests their 

func:onal role at capturing water from deeper levels (Chapter 4). Thinner roots in depth have 

been previously reported as posi:ve traits to wheat performance under controlled condi:ons 

Elazab et al., 2012; 2016) as well as under field condi:ons (Barraclough et al., 1989; Corneo 

et al., 2016; Peng et al., 2019; Rezzouk et al., 2022). 

• Phenotyping plaqorms limita:ons 

While root traits and shoot phenotyping indices olen offer valuable overview on plant 

physiological traits, it is s:ll important to consider the limita:ons of the implemented 

techniques. The performance of the HTPPs-derived vegeta:on can be mainly affected by 

reaching satura:on level, par:cularly when dealing with dense canopies and/or reproduc:ve 

stages, when green biomass is maximal (Chapter 2). Comparable results reported that 
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enhanced senescence, assessed through chlorophyll and NDVI indices, caused losses in grain 

yield in bread wheat genotypes under high temperatures condi:ons (Cao et al., 2015). 

Compared with techniques dealing with phenotyping crop aerial part, when considering root 

phenotyping, the margin of error increases while to the throughput of the implemented 

techniques decreases. These factors, together with the high plas:city of root system under 

the Mediterranean field condi:ons, may present a lesser inference to root architecture traits 

(Chapters 3 and 4). Nevertheless, combining the informa:on derived from root phenotyping 

techniques and stables isotopes of the water source, even if it’s less cost effec:ve, can s:ll 

provide valuable informa:on to the func:oning and therefore roots distribu:on across soil 

profiles (Chapter 4). 

• Stable isotopes as poten:al ideotypic traits 

Besides vegeta:on and root indices, assessing analy:cal traits through the stable isotope 

approach provides accurate informa:on on water status, and to a lesser extent, nitrogen 

status, and contribute to a greater grain yield predic:on. For instance, the use of carbon 

isotope composi:on (d13C) as an indicator to water status (Araus et al., 2003; Whalley et al., 

2008) and the effec:ve use of water (Blum, 2009) in wheat under the Mediterranean region 

was olen reported. Comparable results integra:ng d13C as a primary explica:ve variable to 

GY variability in wheat grown under Mediterranean condi:ons was evidenced in (Chapters 1, 

2 and 4), as well as a trait nega:vely associated with GY in principle components analyses 

(PCAs) across the different evaluated growing condi:ons in (Chapter 1, 3 and 4).  

Likewise, nitrogen (N) status can be assessed through the analyses of nitrogen concentra:on 

in different plant :ssues, mainly in leaves and grains (Feng et al., 2008; Sanchez-Bragado et 

al., 2014; Yousfi et al., 2012), and to a lesser extent through nitrogen isotope composi:on 

(d15N) (Yousfi et al., 2012). Higher nitrogen concentra:on in leaves (Nleaf) was posi:vely 

correlated against canopy greenness traits (NDVI, GA and GGA) during grain filling, which 

support the role of Nleaf as a physiological stay green indicator (Chapter 2). In mature grains 

however, nitrogen concentra:on (Ngrain) is usually the result of the concentra:on effect of 

nitrogen in grains. Therefore, the lower the Ngrain, the be[er the N par::oning during grain 

filling and the greater the grain yield (Chapters 1, 2, 3 and 4).  
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Oxygen (d18O) and hydrogen (d2H) isotope composi:ons are other phenotypical traits. In that 

case they inform on the source of water extracted by roots and therefore roots func:oning 

(Barbour, 2007; Lin and Sternberg, 1993; Sanchez-Bragado et al., 2019; Wang et al., 2010), but 

also on water movements (d18O and d2H) and photosynthesis metabolism (d2H) across plant 

:ssues (Cernusak et al., 2016; Hayes, 2019; Roden et al., 2000; Sanchez-Bragado et al., 2019). 

In chapter 5, GY correlated nega:vely against d18O and d2H of the stem water under irrigated 

and rainfed normal plan:ng condi:ons (INP and RNP), separated. Similarly, correla:ons 

between d18Ostem water against CTD were nega:ve, and against d13Cgrain and d15Ngrain posi:ve, 

par:cularly under RNP. Moreover, lower d18Ostem water and d2Hstem water were associated with 

steeper root angle (lower RA) and thinner roots in the topsoil (lower Rwidth) as well as across 

soil sec:ons (Area/RDW) under INP condi:ons; likewise, lower d18Ostem water was associated 

with higher root length (Ldist) in the topsoil and root area at 50-75 cm soil depth under RNP 

condi:ons (Chapter 4), sugges:ng therefore the presence of deeper root development 

promo:ng water and nutrients capturing from deeper soil sec:ons under both growing 

condi:ons. These results also support the poten:al use of stem water d18O and d2H isotope 

composi:ons as a phenotyping approach to select for ideotypic traits associated with root 

water uptake in breeding programs, par:cularly under rainfed condi:ons. This conclusion was 

further supported by the posi:oning of d18Ostem water in opposite direc:on from GY in PCA 

analysis under RNP condi:ons (Chapter 3) as well as under the different season-specific 

growing condi:ons (Chapter 4), and in agreement with previous studies highligh:ng the 

usefulness of d18O and d2H at inferring the source of water extracted by roots under field 

condi:ons (Wang et al., 2010). 

Besides the water source, understanding the physiological processes through which the water 

extracted by roots undergoes from source to sink organs is of a paramount importance. To 

this end, d18O and d2H have been used in dual-isotope labeling method as ar:ficially enriched 

tracers (Bachmann et al., 2015; Kagawa, 2020; Sternberg et al., 1989) under different VPD 

condi:ons to approach photosynthe:c and transpira:ve gas exchange and the level of 

photosynthe:c autotrophy (Cernusak et al., 2016; Roden et al., 2000). Therefore, d18O and 

d2H in water :ssues were both enriched with the heavier isotopes (posi:ve values) when 

transported from the stem to the transpiring :ssues (flag leaf and ears). Furthermore, the 

posi:ve rela:onship shown between d18O and d2H in the flag leaf and the grain, under 
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combined and separated VPD condi:ons, and under control treatment be[er than under 

labeled treatment, indicates the presence of a shared frac:ona:on pa[ern in these isotopes 

triggered by evapora:on processes (Chapter 5). Similar findings were documented previously 

on the similar isotopic frac:ona:on of d18O and d2H in water of leaves and grains (Cernusak 

et al., 2016). In non-transpiring :ssues (stem and peduncle), d18O and d2H have shown similar 

values and strong posi:ve correla:ons when assessed in the water of the stem and the 

peduncle (Chapter 5). The similar isotopic signal between the stem and the peduncle further 

supports that frac:ona:on in water :ssues is caused mainly by environmental effects: 

evapora:on in transpiring organs. In plants organic ma[er however, oxygen (d18OWSF) and 

hydrogen (d2HDM) measured in water soluble frac:on and dry ma[er, respec:vely, have shown 

rather dis:nct frac:ona:on pa[erns when assessed in the flag leaf, peduncle, glumes, awns 

and grains. A depleted gradient (less posi:ve values) was observed in d18OWSF of sink organs 

(glumes, awns and grains) compared with the flag leaf, par:cularly under high VPD condi:ons. 

The sink :ssues, being less transpiring than the flag leaf, were less subject to 

evapotranspira:on factors, which explains the depleted gradient observed (Chapter 5). In the 

case of hydrogen, d2HDM was strongly depleted in the flag leaf and glumes, and somehow more 

enriched in grains, followed by awns (Chapter 5). These finding suggest that plant trophism is 

involved in the frac:ona:on processes of d2H in the organic ma[er. In fact, the knowledge 

that d2H frac:ona:on in the dry ma[er is associated mainly with photosynthe:c processes 

such as electron transport within the chloroplast (Luo and Sternberg, 1991; Roden et al., 2000), 

and post-photosynthe:c processes in biosynthesis processes involving NADP reac:ons, 

isomerases, reductases, kinases and carboxylases ac:vi:es (Luo and Sternberg, 1991; Roden 

et al., 2000; Sanchez-Bragado et al., 2019; Yakir, 1992) has been widely documented. 

Furthermore, our study suggests that in addi:on to the flag leaf, glumes can be viewed as 

autotrophic :ssues of the same importance as leaves. The even more depleted values in d2HDM 

signal observed in glumes under both high and low VPD condi:ons, compared with leaves, 

can be explained by the xeromorphic anatomy and osmo:c adjustment of ears to ensure 

be[er water status under drought condi:ons, and consequently, maintain higher 

photosynthe:c ac:vi:es and greater produc:on, compared with the flag leaf (Araus et al., 

1993; Tambussi et al., 2005). As for awns and grains, and only by observing the d2HDM values 

under different VPD condi:ons which were enriched, awns appear to have a mixotrophic to a 



General	discussion	

 249 

heterotrophic metabolism which interferes with d2HDM isotopic signature, while grains show a 

heterotrophic metabolism (Chapter 5). 

Combining ideotypic characteris+cs in wheat genotypes under Mediterranean condi+ons 

The varia:on observed for traits in genotypes as a response to the different environmental 

cues presented as the combina:ons of season x crop management prac:ces, offers an 

opportunity to improve further grain yield, par:cularly under op:mal condi:ons in the 

Mediterranean region (Ullah et al., 2019). Traits associated with op:mal phenology, greener 

status and improved root system that allows water and nutrients capturing under 

Mediterranean environments are olen desirable to design high yielding Mediterranean-

resilient cul:vars (Devasirvatham et al., 2016; Rybka and Nita, 2015). Iden:fying how these 

traits respond to different scenarios within the Mediterranean region would facilitate 

selec:on in target environments in breeding programs. 

• Under op:mized condi:ons 

Irriga:on and nitrogen supply are olen characteris:cs of an op:mized environment under 

the Mediterranean region. Under these op:mal management prac:ces, an extended anthesis 

and maturity periods, together with greener leaves at grain filling, taller plants, higher 

thousand grain weight and op:mal grain size were proposed before as poten:al traits to 

achieve high grain weight and subsequently high grain yield in wheat (Reynolds et al., 2007; 

Reynolds and Trethowan, 2007; Semenov and Stratonovitch, 2013; Ullah et al., 2019). In 

accordance with these studies, a higher growth (taller plants and/or higher NDVI) was 

achieved under INP condi:ons together with higher water status as shown by higher CTD and 

lower d13Cgrain in combined (Chapter 3) and separated seasons (Chapter 4). In addi:on, the 

high yielding genotypes exhibited shorter days to heading (DTH) and higher ear density (ED), 

thousand grain weight (TGW) and harvest index (HI) (Chapter 3). As for the belowground part, 

the best yielding genotypes exhibited a shallow root angle (higher RA) in the topsoil with more 

superficial water extracted (higher d18Ostem) (Chapter 3). However and in Chapter 4, the high 

yielding genotypes have shown shallower root angle (higher RA), with lesser root density 

(lower RDW and Rccomp), albeit thinner roots (higher SRL and lower Rwidth) when evalua:ng 

INP across combined seasons. By contrast, when evalua:ng genotypic performance per 
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season, higher yielding genotypes exhibited steeper root angle (lower RA) in the topsoil with 

deeper water extracted (lower d18Ostem), exhibi:ng therefore a dual root growth (superficially 

and deeper) across the soil profile. In fact, a root system characterized with few axial roots of 

varied angles, with long and dense root hair and responsive lateral roots within the topsoil 

was previously reported as a root ideotype under irrigated systems in arid soils (Schmidt and 

Gaudin, 2017), while the root growth duality (horizontally and ver:cally) has been reported 

under irrigated normal plan:ng condi:ons (Bai et al., 2019). 

• Under high temperatures 

When addressing high growing temperatures condi:ons, phenology becomes the primary key 

for a be[er adapta:on to drought condi:ons. Escaping drought through shorter days to 

flowering is a common strategy adopted by wheat to secure high yields (Devasirvatham et al., 

2016; Shavrukov et al., 2017). In addi:on to phenology, maintaining longer stay green status 

through grain filling allows an extended photosynthesis ac:vi:es, which contributes into 

achieving higher harvest index and higher produc:vity (Semenov et al., 2014; Stratonovitch 

and Semenov, 2015; Ullah et al., 2019). Herein, during the dry season (2018-2019), the highest 

yielding genotypes exhibited shorter days to heading, limited growth (lower NDVI) and higher 

protec:ve pigment content (higher flavonoids), together with higher ear density and TGW. In 

terms of roots, root architecture was somehow shallow, roots were thinner (higher SRL) and 

the water extracted was more superficial (higher d18Ostem) indica:ng that roots were ac:ve 

superficially (Chapter 3). During milder seasons, high yielding was associated with higher 

growth (higher PH and NDVI) and be[er water (higher CTD and lower d13Cgrain) and nitrogen 

status (somehow higher NBI and d15Ngrain) (Chapters 3 and 4), which contributed to higher ED 

and harvest index, and ul:mately higher GY. Furthermore, roots in high yielding genotypes 

exhibited a rather dual root development. root growth was shallow (higher RA), roots were 

thinner (higher SRL and Rwidth) and water extracted was deeper (lower d18Ostem and d2Hstem) 

(Chapters 3 and 4). Pinto and Reynolds (2015) have reported before the associa:on between 

deep roo:ng and cooling canopies under heat stress (Pinto and Reynolds, 2015). Presumably, 

the higher nitrogen status observed under the mild seasons was the consequence of a higher 

stay green status (Joshi et al., 2007; York et al., 2018b), which allowed promo:ng deep roo:ng 

growth to ensure higher water status under elevated temperatures (Christopher et al., 2008).  
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• Under rainfed condi:ons 

The best yielding genotypes under RNP condi:ons exhibited greater nitrogen assimila:on 

(higher NBI and d15Ngrain) and higher flavonoid content (Chapter 3), higher aerial growth (taller 

plants and higher NDVI) and higher water status (higher CTD and lower d13Cgrain) (Chapter 2 

and 3). In terms of phenology, a longer crop dura:on was associated with higher yields under 

humid condi:ons (2017-2018) (Chapter 1). In contrast, under severe drought condi:ons as 

presented by the season (2018-2019), the best yielding genotypes exhibited shorter 

phenological dura:ons, mainly days un:l flowering :me (Chapters 1 and 3). Regarding the 

root system, roots were overall thinner (higher SRL) (Chapter 3) with a shallower development 

(higher RDW and RA) albeit lower root number (lower Rccomp) when evalua:ng the crop 

across combined seasons (Chapter 4). In fact, higher density combined with thinner roots 

were reported before as posi:ve traits to water and nutrients capturing (Kong et al., 2014). 

Moreover, deep roo:ng is olen a valuable trait to improve crops accessibility to water and 

nutrient resources. An ideotypic root system would be a combina:on of a steeper root angle 

and deeper root growth , with thick primary and seminal roots and few lateral roots (Lynch, 

2013; Schmidt and Gaudin, 2017). In agreement with this, in separate seasons, root system 

exhibited consistently lower root biomass (lower RDW), steeper root angle lower (RA), a 

tendency to higher root depth (higher Ndepth) (Chapter 4) together with deeper water 

extracted (lower d18Ostem and d2Hstem) (Chapters 3 and 4), which supports the deep roo:ng 

strategy under rainfed condi:ons.  

• Under rainfed and low N condi:ons 

When grown under rainfed condi:ons and limited nitrogen supply, the highest yielding 

genotypes exhibited overall a higher growth (taller plants), be[er water status (higher CTD 

and lower d13Cgrain) but also higher nitrogen status (higher d15Ngrain). Moreover, the root system 

associated with these best yielding genotypes exhibited somewhat higher root biomass 

(higher RDW and MedR) with deeper water extracted (lower d18Ostem and  d2Hstem), sugges:ng 

therefore a somewhat dual root system which involves shallow and deeper roots, even though 

the roo:ng system is less developed than when under irrigated condi:ons (Chapter 4). 

Furthermore, the observed op:mized nitrogen status in our study can be the consequence of 

a higher nitrogen assimila:on, supported by the deeper roots, capturing water and nutrients , 
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together with an increased uptake of organic nitrogen as an alterna:ve to cover an increased 

plants needs in nitrogen (Sanchez-Bragado et al., 2017; Serret et al., 2008; Yousfi et al., 2012, 

2009).  
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GENERAL CONCLUSIONS 

The interplay between interannual variability, management prac7ces and genotypic effects in 

determining grain yield when dealing with wheat grown under the Mediterranean climate is 

evident. Iden7fying ideotypic traits that hold the poten7al for be@er adapta7on to the 

environmental cues of the Mediterranean is of a paramount importance in order to tailor high 

yielding and climate resilient wheat cul7vars. To achieve this, implemen7ng phenotyping 

techniques that are amenable to assess these traits and poten7ally predict grain yield is 

necessary. 

The Mediterranean region: challenges and poten3ality 

§ Nitrogen fer7liza7on is key management prac7ce to maximize grain yield and grain 

quality. However, its applica7on for field crops, such as wheat, under Mediterranean 

condi7ons must be ra7onalized in the context of the environmental condi7ons and 

most importantly water availability.  

§ Northern and southern European genotypes have shown to possess candidate traits 

that give further insights into the strategies that crop breeders use to adapt wheat to 

drought through manipula7ng the rela7ve dura7on of the different phenological 

stages. 

§ The yield gap among the top winter wheat cul7vars origina7ng from different regions 

was minor when grown under Mediterranean condi7ons, which suggests that 

selec7on for the high-yielding condi7ons of central and northern Europe may deliver 

gene7c increases under Mediterranean water stress condi7ons. 

§ Regarding genotypes aKtude, while winter genotypes were shown vulnerable to 

increased temperatures (i.e., late plan7ng) due to their vernaliza7on needs, faculta7ve 

genotypes have shown comparable performance regardless of the plan7ng date. The 

study stresses the poten7al adap7ve ability of faculta7ve genotypes that can 

contribute to more stable yields under Mediterranean condi7on. 

Ideotypic traits for be8er adapta3on to the Mediterranean climate 

§ Water status in crops is crucial for op7mizing grain yield produc7on under 

Mediterranean condi7ons. The use of stable isotopes (mainly grain carbon “d13Cgrain” 
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and stem water oxygen “d18Ostem” isotope composi7ons) as a phenotyping approach 

to assess water status, together with the assessment of canopy temperature and root 

performance, proved to be efficient to iden7fy the source of water extracted (d18Ostem 

and root traits) and assess yield performance (d13Cgrain and to a lesser extend CTD). 

§ Phenology is a trait directly associated with genotypic performance. Determining an 

op7mal phenological adapta7on is key to achieve high yielding under Mediterranean 

condi7ons. Depending on the prevalence of wet or dry seasons, a longer stem 

elonga7on to anthesis stage may be an approach to adapt to wet seasons. On the 

other hand, a drought escape strategy (early anthesis), combined with a longer 

reproduc7ve phase, may be the alterna7ve for an efficient response to dry seasons. 

§ Vegeta7on indices (VIs) are non-invasive, rapid and cost-effec7ve phenotyping tools to 

assess differences in wheat genotypes performance. These VIs allow the assessment 

of different crucial growth traits mainly the stay green status, which plays a clear role 

in plant produc7vity, stress tolerance and delayed senescence. Overall, VIs performed 

be@er in assessing yield differences under normal plan7ng than late plan7ng, and 

during grain filling than heading. 

§ Root phenotyping techniques under field condi7ons are considered laborious, invasive 

and cost-ineffec7ve. Nevertheless, the implementa7on of such techniques in the 

topsoil (shovelomics) and across the soil profile (soil coring) allows the extrac7on of 

valuable informa7on on roots morphology, distribu7on and func7onality belowground. 

Overall, genotypes under irrigated condi7ons exhibited dual root growth, with steeper 

angle and deeper and thinner root development regardless of the plan7ng date. 

Whereas under rainfed condi7ons, genotypes exhibited deeper albeit less developed 

root growth, with tendencies to grow superficially under low nitrogen condi7ons. 

§ The use of d2H and d18O stable isotopes under contras7ng VPD condi7ons revealed 

valuable informa7on on the oxygen and hydrogen frac7ona7on pa@erns across plant 

7ssues. In plant water, both d2H and d18O shared the same source of varia7on 

(evapora7on processes) and were more enriched in autotrophic than heterotrophic 

7ssues. In organic ma@er, d2H frac7ona7on pa@erns appear to be affected by plant 

trophism. Autotrophic 7ssues (leaves and glumes) get depleted in d2H, whereas 

mixotrophic (awns) and heterotrophic (grains) 7ssues get enriched in d2H.   
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Phenotyping techniques: limita3ons and recommenda3ons 

§ Whereas vegeta7on indices rely on the assessment of spectral reflectance in plants, 

miscellaneous factors can limit the performance of these indices par7cularly around 

flowering 7me, for instance, the sunlight condi7ons, the satura7on level of the sensor 

or the representa7veness of the plot area assessed at ground. Combining VIs with 

analy7cal traits such as δ13C or N concentra7on of mature kernels can improve 

significantly yield assessment, but their implicit limita7on is that these traits are 

evaluated in mature grains.  

§ The intrinsic limita7on of physiological traits such as carbon isotope composi7on and 

Ngrain is that they are assessed at maturity, which prevent their use predict yield before 

the crop cycle ends.  

§ Root phenotyping can be challenging due to the tedious process in extrac7ng roots 

and the high margin of error that comes with, but also because of the inevitable broad 

plas7city of roots to the environment. Combining d18O and d2H of stem water as a 

promising func7onal phenotypic approach to root traits may provide be@er 

understanding to roots responsiveness to their environment and propose candidate 

traits that can contribute to tailoring climate resilient and high yielding cul7vars under 

Mediterranean condi7ons. 
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RESUMEN GENERAL DE LA TESIS 

El trigo es un cul1vo dominante en el mundo. Su importancia cultural y económica se destaca 

principalmente en la región Mediterránea, par1cularmente por lo que se refiere al trigo duro. 

Sin embargo, la producción del trigo está sujeta con frecuencia a diferentes factores 

ambientales tal como la variabilidad interanual de las precipitaciones y las temperaturas, lo 

que se traduce en una escasez de agua. Además, diversos modelos climá1cos pronos1can que 

estos eventos ambientales Van a empeorar más en el futuro cercano, por lo tanto, desarrollar 

nuevos cul1vares de trigo que muestran una adaptación a la sequía y elevadas temperaturas 

y que mantengan rendimientos altos en condiciones de cul1vo Mediterráneas, permanece en 

el foco principal de atención de los mejoradores y fisiólogos vegetales. Con este fin, el obje1vo 

principal de la presente tesis ha sido iden1ficar las caracterís1cas ideoIpicas de los cul1vares 

de trigo harinero y duro crecidos en diferentes condiciones Mediterráneas. Para tal fin, se 

implementó un conjunto de plataformas de feno1pado con el obje1vo de evaluar las 

caracterís1cas de biomasa aérea mediante técnicas de teledetección remota y próxima, y las 

caracterís1cas de raíces empleando técnicas de feno1pado para su extracción de raíces. 

Además, se midieron los isotopos estables en diferentes partes de la planta para evaluar tanto 

el estado hídrico (composición isotópica de carbono) y de nitrógeno (composición isotópica 

de nitrógeno) del cul1vo, como el funcionamiento de las raíces para extraer el agua 

(composiciones isotópicas de oxígeno e hidrogeno). Los parámetros que se deducen de estas 

técnicas de feno1pados se combinaron con aquellos de crecimiento (fenología, biomasa y 

altura de planta) y de los componentes del rendimiento para iden1ficar unas caracterís1cas 

ideo1picas con alta capacidad de adaptarse a los escenarios Mediterráneos que contribuyan 

a desarrollar cul1vares con alto rendimiento y que estén mejor adaptados a los retos 

climá1cos futuros. En general, la fenología tuvo un papel evidente frente a la adaptación 

ambiental, además, dependiendo de la temporada de cul1vo, los geno1pos que rindieron 

mejor mostraron duraciones de fenología más extendidos durante temporadas húmedas, en 

cambio, durante temporadas secas, los geno1pos con el rendimiento más alto mostraron unas 

duraciones de días a floración más cortas, seguidas por una duración de llenado de grano más 

extendida. Además, los modelos de predicción integraron el estado hídrico (a través de la 

composición isotópica de carbono (d13C) y la temperatura del dosel vegetal (CTD)) como el 

factor principal afectando al rendimiento final, seguido por las caracterís1cas de las raíces y el 
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estado de nitrógeno. Los mejores geno1pos mostraron menos días entre la siembra al 

espigado, con un periodo de llenado de granos más largo, y se asociaron a mejores estados 

hídrico (menor d13C y mayor CTD) y nitrogenado (mayor altura de plantas y biomasa), 

asociados a raíces más profundas (menor d18O y d2H), lo que ha contribuido en un mejor 

desarrollo de la parte aérea a través de proporcionar mejor extracción de recursos hídricos y 

de nutrientes. Como consecuencia, estos geno1pos mostraron una senescencia retrasada 

(mejor estado stay green), mayor biomasa aérea y crecimiento y por lo tanto mejores 

componentes de rendimiento y produc1vidad de granos. Además, las caracterís1cas de las 

raíces en la capa superficial del suelo han sido afectadas por el manejo de cul1vos y 

variabilidad estacional, debido a la alta plas1cidad de este órgano, tal como se ha mostrado 

con el ángulo de la raíz. Aún así, se puede concluir que, bajo condiciones de riego, los 

geno1pos con mejor rendimiento mostraron un desarrollo de raíz a la vez superficial y más 

profundo, con raíces más finas para explorar mayor espacio se suelo y extraer agua y 

nutrientes de forma más eficiente. Sin embargo, bajo condiciones de sequía, los geno1pos 

con mejor rendimiento mostraron ángulos radiculares más cerrados, con raíces más finas lo 

que sugiere una tendencia a extraer el agua de secciones de suelo más profundas. Además, el 

análisis de las composiciones isotópicas de oxígeno (d18O) e hidrogeno (d2H) en diferentes 

tejidos de la planta mostraron unos procesos de fraccionamiento parecidos en el agua de 

tejidos, debido a efectos evapora1vos. En cambio, en la materia orgánica de tejidos, estos 

isótopos se comportaron de forma dis1nta. Las variaciones en la firma isotópica del oxígeno 

(d18O) quedaron afectadas por la evaporación, mientras que en la del hidrogeno (d2H), el 

fraccionamiento se asoció al trofismo de la planta. Finalmente, indicar que los diferentes 

capítulos que se exponen en esta Tesis han destacado las capacidades y las limitaciones de las 

técnicas de feno1pado aéreo y de raíces, a la vez que apoyan el empleo de los isótopos 

estables en los programas de mejora de cul1vos en condiciones mediterráneas. 
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