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A B S T R A C T   

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. Therefore, the focus of this study was to uncover the 
response of root and shoot traits in durum wheat to different Mediterranean growing conditions and how they 
relate to better growth and yield performance. For this purpose, crop performance was evaluated 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, PH, and the Normalised Difference Vegetation Index, NDVI), together with physi-
ological indicators of water (carbon isotope composition, δ13C, and canopy temperature depression, CTD) and 
nitrogen (nitrogen isotope composition, δ15N, 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 determined by comparing the oxygen (δ18O) and hydrogen (δ2H) isotope compo-
sitions 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 from 
deeper soil sections. Our study also highlights the limitation of shovelomics and soil coring as phenotyping 
approaches and proposes the δ18O of stem water as a promising functional phenotypic approach.   

1. Introduction 

Durum wheat is a major crop in the Mediterranean basin, encom-
passing more than 50 % of the total wheat growing area (Guzmán 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; Xynias et al., 2020). Mediterranean climatic conditions are 
known for their high annual variability with fluctuating precipitation 
and temperatures (Hoffmann et al., 2018). Moreover, climatic pro-
jections forecast that a warmer and drier climate across the Mediterra-
nean will increase the risk of yield loss in durum wheat (Ceglar et al., 
2021; Ferrise et al., 2011). In addition, nitrogen availability is also a 
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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 charac-
teristics 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 cur-
rent 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). 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., 2009). Although phenotyping 
for root traits remains a real challenge given its laborious, destructive 
and costly nature, several techniques that seek to unveil root charac-
teristics in the field 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 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, (Box, Ram-
seur, 1993; Hodgkinson et al., 2017; Kätterer et al., 1993; Kirkegaard 
and Lilley, 2007; Wasson et al., 2014). Thus, root architecture and 
growth characteristics such as root depth, angle, density, diameter and 
specific length have been studied to explain the mechanisms that facil-
itate drought stress tolerance, and that allow the capture of nutrients 
and water from the soil and therefore 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). Nevertheless, adding pheno-
typing information such as root functionality at the soil depth of water 
extraction may provide a more comprehensive view of how roots 
contribute to crop adaptation. In this sense, hydrogen (δ2H) and oxygen 
(δ18O) isotope compositions in stem water have been reported to 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 Gold-
smith, 2018; de Deurwaerder et al., 2020; Schreel and Steppe, 2020; 
Treydte et al., 2014; Wang et al., 2010; Zhao et al., 2016). Nevertheless, 
the use of stem water δ2H and δ18O as tracers of the water source must be 
interpreted with caution, particularly in the case of δ2H, in which var-
iations between the stem water and the water source have been reported 
(Barbeta et al., 2022; Chen et al., 2020). Because the functioning of the 
roots determines the overall performance of the crop (Lopes and Rey-
nolds, 2010; Pinto and Reynolds, 2015), assessing traits that inform 
about the water and nutrient status of the crop may further improve our 
mechanistic understanding of the key root traits while facilitating more 
efficient phenotyping. In terms of nutrient status, a crop capable of 
assimilating more nitrogen should translate to a higher grain nitrogen 

yield (GNY), while also increasing the nitrogen content of the leaves 
(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 
(δ15N) of the plant tissues (Choi et al., 2003; Wassenaar, 1995). 
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 was 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 (δ13C) (Farquhar et al., 1989; Farquhar and Richards, 
1984) 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 δ13C 
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 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). 

Basing the approach on traits that inform about crop growth and 
water and nitrogen status, and combining those with a wide range of 
root traits may prove a rigorous way to define ideotypes adapted to 
Mediterranean conditions and to develop prediction-models amenable 
for crop management and breeding. Therefore, the objective of this 
study was to uncover the response of root traits in durum wheat to 
different Mediterranean growing conditions and how they relate to plant 
growth, crop stay green, yield performance and the impact of water and 
nitrogen resource use throughout the crop cycle. Different methodolo-
gies 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. Thus, the 
rationale is that a more efficient root system will translate to better crop 
water status (higher CTD and lower δ13C) and nitrogen status (higher 
GNY, δ15N and leaf N), greater growth (taller plants) and more stay 
green (higher NDVI), and as a result, higher yield. Twelve trials, with 
contrasting water (rainfed vs irrigated), temperature (normal vs late 
planting) and nitrogen (low versus recommended N fertilisation) con-
ditions 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 experi-
mental 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 de-
cades. Genotype selection was based on the grain yields achieved during 
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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 (Madrid) 
and Coria del Rio (Seville), under different growing conditions: irrigated 
normal planting (INIA, Coria del Rio); irrigated normal planting, irri-
gated late planting and rainfed normal planting conditions (INIA, Ara-
njuez); 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 
2018–2019), 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 envi-
ronments. 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 in 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), 

Table 1 
Effects of crop season (2017-2018; 2018-2019; 2019-2020; 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 
TxG 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 
TxG 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 
TxG < 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 
TxG < 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 
SxT < 0.001 < 0.001 < 0.001 ns ns < 0.050 < 0.001 < 0.050 
SxG < 0.010 ns ns ns ns < 0.050 ns ns 
TxG < 0.050 ns ns ns ns ns ns ns 
SxTxG 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. 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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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 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, spring irrigation was applied 
to the irrigated trials (INP and ILP). Each received a total of 109.8 mm 
divided over eight applications during 2017–2018, 152.7 mm divided 
over thirteen applications during 2018–2019, 66.0 mm divided over 
four applications during 2019–2020, and 71.0 mm divided over nine 
applications 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 in-
formation 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 Fig. 1. 

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. After-
wards, 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) was determined after harvest for each plot in a 
subsample of seeds and the harvest index (HI) was determined at 
physiological maturity as grain yield divided by the aboveground 
biomass. 

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, HiSys-
tems GmbH, Moomerland, Germany). During 2019–2020, CT was 
assessed at ground level using a portable infrared thermometer (Pho-
toTempTM MXSTM TD Raytek®, California; USA). In all cases, mea-
surements 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, http://www.agisoft.com) and pro-
cessed to produce ortho-mosaic images (Bendig et al., 2014). Thirdly, 
plots were cropped and aerial CT analysed using the MosaicTool soft-
ware 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 func-
tion in FIJI (Kefauver et al., 2017) to determine aerial CT. Afterwards, 
canopy temperature depression (CTD) for each plot, trial and crop sea-
son was calculated as the difference between the maximum air tem-
perature of the day and the canopy temperature CT measured during the 
same day as follows:  

CTD = Tair – CT                                                                             (1)  

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 Uni-
versity; 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 

Fig. 1. Distribution of monthly water input (accumulated precipitation, accu-
mulated 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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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 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 so-
lution and kept under dark conditions overnight (Pask et al., 2012). The 
next day, the dyed roots were carefully dried, scanned (EPSON Perfec-
tion 1260, EPSON America Inc., Chicago, USA), and then oven dried at 
60 ◦C for 48 h to determine the root dry weight of each soil section 
(RDW0–25 cm, RDW25–50 cm, RDW50–75 cm and RDW75–100 cm). The scan-
ned 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 ana-
lysed 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 concen-
trations (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 pre-
cision (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)  

2.6. Oxygen and hydrogen stable isotope composition 

Post anthesis, samples of the stem base (approximately 6–7 cm 
length) were harvested during two crop seasons (2019–2020 and 
2020–2021), 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 (CVD) 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 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 com-
positions 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). Moreover, CVD was performed at 
relatively low temperature (120 ◦C) to preclude the possible presence of 
a high level of organic contamination (Millar et al., 2018). 

The values for δ18O and δ2H of the precipitation water throughout 
the successive seasons (Supplemental Fig. 2) were derived from the 
monthly predicted values of Valladolid city (few km from the 
Zamadueñas station) as provided by the “Centro de Estudios y 
Experimentación de Obras Públicas (CEDEX)” Centro de Estudios y 
Experimentación de Obras Públicas CEDEX (2022), in collaboration 
with the Spanish “Agencia Estatal de Meteorología” (https://www.cede 
x.es/centros-laboratorios/centro-estudios-tecnicas-aplicadas-ceta/line 
as-actividad/diseno-metodologia-muestreo-analisis). In addition, δ18O 
and δ2H of 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. 

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 (RF) 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 
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(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 1). 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 inter-
action 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, ear density and PH, as opposed 
to the RLN conditions where GY overall decreased on average by 35 %. 
Under ILP and RNP, genotypes showed similar performance in combined 
seasons (29 % GY decrease compared to INP). 

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 1). GY, yield components and crop growth traits 
showed a similar trend in separate seasons as the four seasons were 
combined, with GY performing the best under INP, and the worst under 
RLN. The second worst condition was RNP. Differences between irri-
gation and rainfed trials in grain yield and most of the other traits were 
maximal during the driest (2018–2019) of the four seasons. 

3.2. Season, growth conditions and genotypic effects on crop nitrogen 
status 

To assess crop nitrogen status, the grain nitrogen yield (GNY), 

Fig. 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. 
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nitrogen concentration (N) and nitrogen isotope composition (δ15N) in 
leaves and grains were evaluated across seasons and trials (Table 2). 
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 tripe 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. δ15Nleaf and δ15Ngrain were higher under irri-
gated trials (INP and ILP), and lower under rainfed trials (RNP and RLN). 

In separate seasons, the trial effect was significant for GNY and 
δ15Ngrain during the four seasons, for Ngrain during 2017–2018, 
2018–2019 and 2019–2020, for Nleaf during 2018–2019, for δ15Ngrain 
during 2017–2018 and for 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 2). 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. During 2018–2019, Nleaf, 
δ15Nleaf and δ15Ngrain were the highest under irrigated conditions (INP). 
During 2019–2020, δ15Ngrain was the highest under INP, and lower 
under ILP and RLN. During 2020–2021, δ15Ngrain was higher under INP 
and RNP than under ILP, whereas the opposite occurred for δ15Nleaf. 

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 2). 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 for 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. 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 considered together, the effects 
of season, trial, genotype and the interaction season x trial were sig-
nificant for most shovelomics-derived traits (Supplemental Table 3). 
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). 

In separate seasons, trial and genotypic effects were significant on 
most root traits during all seasons, except for 2019–2020, where sig-
nificance was associated mostly with trial effect. 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 INP compared with RNP. 
As for RLN, RDW0–20 and Nwidth, root angle spread (RA) and NWDR 
were higher. During 2018–2019, most root traits were higher under INP. 
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. 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). 

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 3; Fig. 3). The genotypic effect was absent 
when combining all seasons and in separate seasons. 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 3). However, the effects 
of trial and the interactions were significant on RDW only (Table 3). 
RDW was higher under normal planting (INP, RNP and RLN) than at ILP 
(Fig. 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) (Table 3). The fourth soil section 
(75–100 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, 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, whereas the effect of trial was significant on 
RDW only and during 2019–2020 (Fig. 2; Table 3). 

3.5. Oxygen and hydrogen isotope composition of the soil, plant-stem 
water and water input 

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 2). In addition, 
the oxygen (δ18Osoil) and hydrogen (δ2Hsoil) isotope compositions were 
assessed in different soil sections for the last two seasons (Table 3, 
Fig. 3), and in the water inputs (precipitation and irrigation) input 
(Supplemental Fig. 2) were assessed. 

The δ18O and δ2H of precipitation (δ18Oprecipitation and δ2Hprecipitation) 
increased from January throughout the crop seasons. Predicted values of 
δ18Oprecipitation and δ2Hprecipitation during May, were around − 4.7 ‰ and 
− 28.8 ‰ for δ18O and δ2H, respectively (Supplemental Fig. 2). The 
isotopic values of the irrigation water during 2020–2021 for late May 
were − 4.5 ‰ and − 35.0 ‰ for δ18O, respectively. 

The effect of season was only significant for water δ2Hsoil, whereas 
the effects of soil section and trials were significant for both δ18Osoil and 
δ2Hsoil (Table 3). Also, the season x soil section interaction was signifi-
cant for δ2Hsoil, and the trial x soil section interaction was significant for 
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. In separate seasons, the effects of trial and soil section were 
significant for δ18Osoil and δ2Hsoil during 2019–2020, whereas during 
2020–2021, the trial effect was only significant for δ2Hsoil, and the effect 
of soil section was significant for δ18Osoil and δ2Hsoil (Table 3). Although 
δ18Osoil and δ2Hsoil values in both irrigation trials (INP and ILP) were 
rather similar and steady across the soil sections, decreases in both 
δ18Osoil and δ2Hsoil across the upper soil sections were steeper under 
rainfed conditions (RNP, RLP), and they further decreased through the 
deeper sections in the case of RNP (Fig. 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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Table 2 
Effects of crop season (2017-2018; 2018-2019; 2019-2020; 2020-2021), trial (INP, ILP, RNP, RLN), and durum wheat genotypes on nitrogen status traits (grain ni-
trogen 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 xG 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 

TxG 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 - - 

TxG 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 
TxG < 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 

SxT < 0.001 - < 0.050 - < 0.001 < 0.001 - < 0.001 ns ns 
SxG ns - ns - ns ns - < 0.010 ns ns 
TxG ns - ns - ns ns - ns ns ns 
SxTxG < 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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In stem water, when combining both seasons, only the effect of trial 
was significant on δ18Ostem and δ2Hstem (Table 2). Thus, the treatment 
with the lowest values was INP, followed by both ILP and RNP, while 
RLN exhibited the highest values. Likewise, in separate seasons, only the 
trial effect was significant for 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 com-
bined and separated seasons and trials (Supplemental Tables 2 and 3). 
When combining all cases (seasons and trials), GY was positively 

Table 3 
Effects of crop season (2018–2019; 2019–2020; 2020–2021), trial (INP, ILP, RNP, RLN), genotypes and soil section (0–25 cm; 20–50 cm; 50–75 cm; 75–100 cm) on 
root dry weight (RDW), root area (Arearoots) the Area/RDW ratio; and on soil water oxygen (δ18Osoil) and hydrogen (δ 2Hsoil) stable isotope compositions.   

Genotype effect Soil section effect   

Cores Soil water  Cores Soil water 

Season  RDW Arearoots Area/RDW δ18Osoil δ2Hsoil  RDW Arearoots Area/RDW δ18Osoil δ2Hsoil 

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 
TxG ns ns ns ns ns TxSect < 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 
TxG ns ns ns ns ns TxSect 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 
SxT ns ns ns ns ns SxT < 0.050 ns ns ns ns 
SxG ns < 0.010 ns ns ns SxSect < 0.001 < 0.001 < 0.001 ns < 0.001 
TxG ns ns ns ns ns TxSect < 0.001 ns ns < 0.001 < 0.010 
SxTxG ns ns ns ns ns SxTxSect < 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. 

Fig. 3. Average values of soil water oxygen (δ18O) and hydrogen (δ2H) 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 (δ18O) and hydrogen (δ2H) stable isotope 
compositions sampled in irrigation water and precipitation during soil sampling. 
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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, 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 and CTD, and negatively with Ngrain, δ15Nleaf, 
15Ngrain δ13Cleaf and δ13Cgrain under RLN and RNP (Supplemental 
Table 5). In separate seasons, similar correlation trends were observed of 
GY, crop growth traits and water status in each season, mainly during 
2017–2018 and 2018–2019. In addition, GY correlated with nitrogen 
status traits mainly under 2018–2019 for combined trials, as well as 
within RNP (Supplemental Table 5). 

Further, Pearson correlations between GY and root traits were 
evaluated combining all seasons and trials (Supplemental Tables 4 and 
5)). Thus, most shovelomic traits were correlated positively with GY, 
whereas in soil coring-derived traits, RDW50–75 cm were correlated 
negatively, and RDW75–100 cm positively with GY. The Arearoots of all soil 
sections were 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 6), 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. 

In separate seasons and combined trials (Supplemental Table 7), GY 
correlations were mostly shown with shovelomic-derived traits during 
2018–2019 and 2020–2021. In separate seasons and separate trials, 
positive correlations were shown during 2018–2019 between GY and 
root crown, density, dimension, root angle and Ldist under INP; and 
with density and dimensions under RLN and RNP. During 2019–2020, 
GY was correlated positively with root crown, density, dimension and 
root angle under RLN; and with RA and NWDR under ILP. 

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 of 
δ2Hstem with GY) of both rainfed and support irrigation normal planting 
trials (Fig. 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 negatively with the δ15N of mature grains from the rainfed trials, as 
well as combining both categories (rainfed and support irrigation) 
(Fig. 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/RDW50–75 cm. 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 root angle RA were correlated positively with δ18Ostem 
and δ2Hstem, while the ratios Ldist and SRL0–20 cm, were correlated 
negatively. Under rainfed conditions the relationships between root 
characteristics and δ18Ostem and δ2Hstem were scarcer, the shovelomics 
Ldist ratio was corelated negatively with δ2Hstem. However, unlike the 
support irrigation trials, Arearoots 50–75 cm was negatively correlated with 
δ18Ostem (Supplemental Table 8). 

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 4), and under separated seasons and trials 
(Supplemental Table 10). Given their direct relationship to 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 

Fig. 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 rep-
resents 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.   
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negative traits, and Nlen as a positive trait; under ILP, 39.7 % 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 4). Similar results were achieved when per-
forming analysis using Random Forest (RF) models (Supplemental 
Table 9). 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 4). 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 explicative var-
iables, and Nlen, Ldist and δ2Hstem as positive explanatory variables in 
the stepwise model (Supplemental Table 8). Similar traits were intro-
duced in the RF model as well (Supplemental Table 11). 

Additionally, principal components analyses were carried out to 
assess further relationships between all studied traits in a bi-dimensional 
platform for each growing condition across seasons (Fig. 5) and in 
separate seasons (Supplemental Fig. 1). Across seasons, the two prin-
cipal 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 (Fig. 5). 

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. Under ILP, the explained variabil-
ities 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 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 2020–2021, and oppositely to GY during 
2017–2018 and 2018–2019, together with δ18Ostem and δ2Hstem. 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 Fig. 2). 

4. Discussion 

4.1. Environmental and genotypic effects on crop growth and yield 
performance 

The field experiments included in this study covered a broad envi-
ronmental range of effects on durum wheat growth and yield perfor-
mance. The comparative effects of season, trial and genotypes were 
assessed through the percentage of the sum of squares (SS) on GY. Ta
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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 yields 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 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 physio-
logical parameters, but also for most of the root traits studied, which 
make them amenable characterisation during yield performance studies 
under different crop management conditions or for a given growth 
conditions across seasons. Moreover, since most of the root character-
istics 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, root function, and their 
effect on crop productivity, as well as the availability of water and nu-
trients in the soil (Chen et al., 2017). Root architecture is also charac-
terised by a wide phenotypic plasticity (Clark et al., 2011; Hodge, 2009; 
Malamy, 2005). Therefore, it is advisable to study the contribution of 

root traits under different settings, including environmental growing 
conditions such as combinations of managements methods across sea-
sons (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, alongside 
traits reporting on the water and nitrogen status of the crop, root 
characteristics (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 PCA, while for the fourth setting, 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. The rather variable perfor-
mance of the prediction models was related to the range of GY vari-
ability, which was the highest in the driest season and the lowest in the 
wet season. This illustrates the need for a wide range of values in the 
data set to develop strong GY prediction models 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 % and 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 

Fig. 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) com-
bined, 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, sta-
ble 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).   
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and/or δ13Cgrain) 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 δ13C have been 
used as time instantaneous (CTD) and integrative (δ13C) 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 δ13C 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 about 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 
was also informing about better water status (lower δ13C 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 (Nlen and 
Ldist) in the upper soil (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, δ18O and δ2H of the stem water, which in principle 
inform about the soil depth from which water is extracted (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 RLN, a 
better nitrogen status (higher δ15N) was also included in the model. 
These results again stress that the variability in precipitation/evapo-
transpiration 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 conditions-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 con-
ditions. 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 with 
steeper roots) across the soil profile represents a more efficient alter-
native. Such a dichotomy in the root system associated with the 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 (greater Rccomp) 
in the case of RLN, and a greater network length distribution (larger 
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 Medi-
terranean 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). 
The PCA added further information on the traits involved in crop 

performance within a 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 shal-
lower 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 
(greater 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 pre-
vented roots from properly exploring the soil profile. Higher root density 
together with thinner roots are considered positive root traits contrib-
uting 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 a stronger growth or a 
better water or nitrogen status, but to some extent a 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, at least in fact, 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 greater growth in general 
(higher PH and/or NDVI) and better water status (lower δ13C and/or 
higher CTD), together with steeper root angle (lower RA). The associa-
tion between deep rooting and a more vertical and greater seminal root 
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 greater root density (greater 
Nsurf, Rccomp and Ldist) in the topsoil for the driest season. Overall, 
these results evidence a dual (shallow and deeper) soil system. 

Under ILP, the best yielding genotypes again exhibited stronger plant 
growth (higher PH), and better water status (lower δ13C and/or higher 
CTD), but also better nitrogen (higher δ15N) status, together with more 
superficial rooting, as shown by wider angle spread (higher RA), but also 
access in 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, rooting is an obvious adap-
tation to late planting under irrigation conditions, ensuring that access 

F.Z. Rezzouk et al.                                                                                                                                                                                                                              



Agricultural Water Management 288 (2023) 108487

14

to water at deeper soil profiles may be of value. Setting 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., 2018b), 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 
stronger growth (higher NDVI and/or PH) and better water status (lower 
δ13C 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 δ18O and δ2H of the stem water. In addition, the stepwise analysis 
also supported more vertical growth (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 status 
(lower δ13C and/or higher CTD) and with better nitrogen status (higher 
δ15Ngrain). The higher δ15N associated with high yielding genotypes may 
be the due to a direct physiological effect on the nitrogen metabolism 
associated with a 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 δ15N close to 0 ‰) but also derives 
nitrogen from nitrification of the organic matter already present in the 
soil (which has markedly higher δ15N). Moreover, the best yielding ge-
notypes 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) re-
ported for maize that genotypes form shallow roots when grown under 
well nitrogen fertilised environments, 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 methodo-
logical 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 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 has been re-
ported 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 
all the agronomic conditions combined. 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 length density and positively correlated 
with the specific root length. 

Except for the severe dry season (2018–2019), our results suggest 
that regardless of the observed effects of growing conditions (water 
regimen and planting date) and seasons affect 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 functioning. 

The negative correlation of δ18Ostem and δ2Hstem with GY of both 
rainfed and support irrigation normal planting trials suggests that ge-
notypes that are capable of exploring water and related resources (e.g. 
nitrogen) deeper in soil profiles are the most productive. 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 
used for decades in plant ecology and physiology as an approach to 
studying soil-plant water movements in woody and herbaceous plants 
(Barbour, 2007; Zhang et al., 2017; Hirl et al., 2019). 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’s location 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). However, 
in recent years these methods have been challenged, claiming that fac-
tors such as the cryogenic method applied in the stem water extraction 
(Chen et al., 2020) and the temperature of water extraction (Millar et al., 
2018) cause source-stem isotopic offsets, while the soil’s moisture con-
ditions may also cause offsets, particularly as the soil became drier 
(Barbeta et al., 2020). However, these offsets were more evident for δ2H, 
while in the case of δ18O, various studies have reported differences be-
tween the isotopic signal of the stem (δ18Ostem) and the water source 
(δ18Osource) ranging from insignificant to almost nothing (Barbeta et al., 
2020; Chen et al., 2020; de Deurwaerder et al., 2020). 

Besides the extraction methods, recent studies have reported that 
growing conditions are also factors to consider when assessing water 
stable isotopes. In fact, in herbaceous plants, δ2Hxylem and δ18Oxylem 
were affected by CVD conditions when grown in clayey soils whereas in 
sandy soils the isotopes were unaffected (Orlowski et al., 2018). In the 
current work, the experimentation site was predominantly sandy (Sup-
plemental Table 2). In accordance with the reliability of the method, 
δ18Ostem not only correlated consistently with CTD, δ13C and GY (Fig. 4) 
but also was within the range of δ18Osource values of the soil profile 
(Fig. 3) and was consistently placed opposite GY within the PCAs for 
each of the two seasons where δ18Ostem was analysed (Supplemental 
Fig. 1). These results agree with and further support the reliability of 
δ18O for tracking the water source (Barbeta et al., 2020, 2022; Chen 
et al., 2020; Rezzouk et al., 2022; Rothfuss and Javaux, 2017). On the 
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other hand, δ2Hstem exhibited a more erratic pattern alongside weaker 
correlations with GY and related traits (Supplemental Table 10). 

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 50–75 cm was nega-
tively correlated with δ18Ostem, suggesting that roots captured water 
from deeper soil sections. In addition, the shovelomic indicator of ten-
dency 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 con-
ditions, the isotope composition of the soil water clearly decreased with 
soil depth. The pattern of δ18Osoil and δ2Hsoil throughout the soil profile 
further supports the dual pattern of the root system under support irri-
gation 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 
yield scenarios within the Mediterranean region. However, in all cases 
higher GY was associated with stronger 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 nitrogen, as concluded 
from the higher nitrogen accumulation (higher GNY and Nleaf concen-
tration) 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, 
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 agri-
cultural soil profile, except for severe drought conditions. However, 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 
appear as a potential phenotyping functional approach to select crops 
that are better adapted to Mediterranean conditions, despite some 
concerns about their applicability, particularly regarding δ2H. In our 
study, the negative relationship of δ18O and δ2H to GY suggests that the 
most productive crops take water up from deeper soil sections, which 
makes this approach relatively high throughput for selecting for 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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Fronzek, S., Ewert, F., Gaiser, T., Kassie, B.T., Paff, K., Rezaei, E.E., Rodríguez, A., 
Semenov, M., Srivastava, A.K., Stratonovitch, P., Tao, F., Chen, Y., Rötter, R.P., 
2018. How does inter-annual variability of attainable yield affect the magnitude of 
yield gaps for wheat and maize? An analysis at ten sites. Agric. Syst. 159, 199–208. 
https://doi.org/10.1016/j.agsy.2017.03.012. 

Iyer-Pascuzzi, A.S., Symonova, O., Mileyko, Y., Hao, Y., Belcher, H., Harer, J., Weitz, J.S., 
Benfey, P.N., 2010. Imaging and analysis platform for automatic phenotyping and 
trait ranking of plant root systems. Plant Physiol. 152, 1148–1157. https://doi.org/ 
10.1104/pp.109.150748. 

Joshi, A.K., Kumari, M., Singh, V.P., Reddy, C.M., Kumar, S., Rane, J., Chand, R., 2007. ). 
Stay green trait: variation, inheritance and its association with spot blotch resistance 
in spring wheat (Triticum aestivum L.). Euphytica 153, 59–71. https://doi.org/ 
10.1007/s10681-006-9235-z. 
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