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c Departamento de Ciencias Agroforestales, E.T.S.I., Universidad de Huelva, Huelva, Spain

A R T I C L E  I N F O

Dataset link:  Agronomic, phenology, and 
disease data from rainfed field pea trials in 
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A B S T R A C T

Context: Improving adaptation of field pea (Pisum sativum L.) to Mediterranean rainfed systems requires 
considering the combined effects of climate factors and key biotic constraints, including parasitic weeds like 
broomrape (Oc) and foliar diseases such as powdery mildew and Ascochyta blight. However, the combination of 
these stresses remain insufficiently understood.
Objectives: To quantify and compare the performance, stability, and response to stresses of novel pea breeding 
lines; to identify agronomic and climatic predictors of yield; and to guide pea breeding for adaptation to Med
iterranean rainfed systems.
Methods: In this study, nine advanced pea breeding lines developed under the IAS-CSIC breeding programme 
were compared with five commercial cultivars in multi-environment trials across three seasons. Agronomic, 
phenological, and disease-related traits were assessed and analysed using Genotype×Environment (G×E) and 
multivariate approaches to address yield stability and to inform selection under biotic and abiotic stresses.
Results: Among the biotic constraints, Oc had the strongest negative impact on grain yield. Higher levels of Oc 
parasitism were favoured by spring rainfall and high temperatures, thereby altering crop–environment in
teractions. IAS-CSIC breeding lines showed superior resistance to Oc, with approximately 50% fewer Oc shoots 
per plant than commercial cultivars. Consequently, they achieved higher yields in Oc-infested environments 
(1742 vs 743 kg ha⁻¹). They also showed higher yields in Oc-free environments (3435 vs 2803 kg ha–1), high
lighting consistent productivity and successful adaptation to Mediterranean rainfed systems. In Oc-free envi
ronments, abiotic-stress indices indicated that several breeding lines showed better yield maintenance than 
commercial cultivars under drier, hotter spring conditions. Rainfall showed beneficial or detrimental impacts on 
yield depending on the presence or absence of Oc. Several agronomic traits (i.e., plant height, crop appearance, 
lodging, and thermal time during pod filling) were consistent predictors of yield. The impact of powdery mildew 
on yield was limited under the studied conditions with several lines showing complete resistance. Multi-trait 
selection enabled the identification of breeding lines combining improved Oc resistance with yield stability 
and no trade-offs in agronomic traits or in response to other biotic stresses, particularly Cartujano, Chicana, and 
Pepapea.
Conclusions and significance: Altogether, our results provide practical recommendations for growers in the 
Mediterranean region and methodological guidance for breeders. These findings illustrate the utility of 
combining resistance introgression, multi-trait selection, and trait-informed modelling as complementary stra
tegies. This integrative framework may also support genetic improvement for adaptation to environments 
distinct from the original breeding context and exposed to diverse, and novel stresses.
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1. Introduction

Grain legumes are multifunctional annual crops with widely 
acknowledged importance for agriculture and the environment, notably 
by improving soil fertility (Sinclair and Vadez, 2012; Stagnari et al., 
2017). Although legumes were previously well established in European 
agriculture, their cultivation has progressively decreased. In fact, other 
crops that have adapted more readily to technological progress and are 
more profitable for farmers in the short term have often replaced le
gumes in crop rotations (Magrini et al., 2016). At the same time, demand 
for protein crops in the animal-feed sector is increasing, but domestic 
production is insufficient to meet it (van Loon et al., 2023). Today the 
leading crop in the feed industry is soybean (Glycine max (L.) Merr.), but 
field peas (Pisum sativum L.) also have great potential for feed use. 
Manufacturers are increasingly willing to include higher proportions of 
pea in their feed formulations, but this will depend on a stable supply. 
Although peas have long been cultivated in Europe, their cultivation is 
now recovering rapidly after decades of decline. In the 2022–2023 
season, field pea represented 23% of the total acreage devoted to grain 
and forage legumes in Europe (i.e., 2.9 out of 12.7 Mha) according to 
FAO (2025). In Spain, 171,259 ha of peas for dry seed production were 
grown in 2022–2023, making field pea the largest legume crop by 
cultivated area (Ministerio de Agricultura, Pesca y Alimentación, 2023). 
Nevertheless, despite this marked increase, field pea cultivation remains 
far below current demand, forcing large imports to satisfy the industrial 
requirements. Therefore, field pea acreage is likely to continue 
increasing in coming years to meet market needs demand and growing 
societal interest in the environmental benefits of legume cultivation.

The Mediterranean region is characterised by rainy and mild winters, 
with dry and warm springs, which favours the autumn sowing of spring- 
type pea cultivars to benefit from winter rainfall and avoid terminal 
drought and heat in late spring (Flores et al., 2012; Rubiales et al., 
2009). The predicted impacts of global warming in the Mediterranean 
region are particularly severe, involving wider year-to-year variation in 
rainfall and temperature patterns, with extreme and prolonged droughts 
and heat waves (Urdiales-Flores et al., 2023). This raises the question of 
whether the breeding sector is ready to provide farmers with 
well-adapted cultivars that meet agronomic and market needs. In this 
context, substantial breeding effort is needed to improve field pea 
adaptation to Mediterranean rainfed farming systems and their associ
ated biotic and abiotic stresses (Annicchiarico et al., 2017; Rubiales 
et al., 2021, 2023). Moreover, specific local constraints must be 
addressed to ensure broad adaptation and high productivity. The major 
abiotic stresses constraining pea production worldwide are drought 
(Bagheri et al., 2023) and heat stress during flowering and pod filling 
(Tafesse et al., 2021; Devi et al., 2023). Accordingly, improving toler
ance to these stresses remains a key priority in field pea breeding pro
grammes, particularly for Mediterranean environments (Annicchiarico 
et al., 2025). In these systems, major biotic constraints affecting pea 
include foliar fungal diseases such as rust (Uromyces pisi (Pers.) de Bary), 
Ascochyta blight (Didymella pinodes (Berk. & A. Bloxam) Petr.; Ascochyta 
pisi Lib.; Didymella pinodella (L.K. Jones) Q. Chen & L. Cai), and powdery 
mildew (Erysiphe pisi (DC.) St-Amans; Erysiphe trifolii Grev.), as well as 
pests such as the pea aphid (Acyrthosiphon pisum (Harris)) and pea 
weevils (Sitona lineatus (L.) and Bruchus pisorum (L.)). In addition, 
parasitic weeds such as broomrape (Oc, Orobanche crenata Forsk.,) 
constitute a key constraint in the region (Rubiales et al., 2009, 2019). 
Effective breeding to address these constraints requires a better under
standing of the biology and genetic diversity of the causal agents and 
their interactions with the plant.

Within the breeding programme conducted at IAS-CSIC in Córdoba 
(South Spain), long-term efforts have focused on incorporating resis
tance to Oc, powdery mildew and Ascochyta blight into field pea 
breeding lines. For this purpose, resistant accessions, elite cultivars and 
locally adapted breeding lines were used as parental material. Repeated 
rounds of intra- and interspecific hybridisation were carried out to 

combine the desired traits into early breeding lines. The resulting trait 
combinations were subsequently selected and fixed through stringent 
selection schemes under Mediterranean rainfed conditions (Fondevilla 
et al., 2017; Rubiales et al., 2009, 2021). The resulting homogeneous 
advanced lines enabled a detailed assessment of adaptation to Medi
terranean rainfed conditions, responses to stress, and yield potential.

It is important to acknowledge the limitations commonly associated 
with trials conducted in local breeding programmes (e.g., unbalanced 
designs or contrasting climatic conditions between growing seasons). 
Consequently, the genotypic differences are often obscured by complex 
Genotype×Environment (G×E) interactions (Kang et al., 2020). To 
disentangle this complexity, linear mixed-effects models (LMMs) can be 
used to partition phenotypic variation into fixed- and random-effect 
components. When genotypes are treated as random effects, LMMs 
provide the random-effects matrix required to derive genotype pre
dictions as best linear unbiased predictors (BLUPs) (Henderson, 1975; 
Searle et al., 2006). These BLUPs are characterised by shrinkage, which 
pulls estimates towards the mean and can improve predictive accuracy 
(Robinson, 1991).

We hypothesised that field pea lines bred and selected under Medi
terranean rainfed conditions would show improved adaptation and 
productivity in Oc-infested environments compared with widely grown 
commercial cultivars developed in other regions for broad adaptation. 
We further hypothesised that Oc pressure would interact with seasonal 
climatic variability to shape crop performance. To test these hypotheses, 
our objectives were to partition genetic (G), environmental (E), and G×E 
sources of variation across trials; to quantify the performance and cross- 
environment stability of advanced lines and commercial cultivars across 
Oc-free and Oc-infested environments; to assess the ability of genotypes 
to maintain yield under abiotic stress in Oc-free environments; and to 
identify agronomic traits and climatic variables that contribute to the 
prediction of grain yield to inform selection within an integrated multi- 
trait framework.

2. Materials and methods

2.1. Plant material and experimental design

Nine advanced field pea breeding lines developed within the IAS- 
CSIC breeding programme were evaluated in multi-environment trials 
(Table 1). All lines had undergone more than seven generations of 
selfing and selection and were protected under the Plant Variety Pro
tection status granted by the Spanish Office of Plant Variety Registration 
(OEVV). In addition, the five most popular commercial cultivars 

Table 1 
Breeding lines and check cultivars included in the study.

Name Genetic background

Breeding 
lines

Antojo 3064 // Messire / Pf660 / Ballet

Cartujano
Ps624 / Messire / Cartouche // 3066 / Ps624 / 
Messire

Chicana Ps624 / Messire / Baccara // Chicarrón

Chiruco
Ps624 / Messire / Baccara / Chicarrón // B99–100 / 
Messire / Pf660 / Ballet / Ps624 / Messire / Baccara / 
Babieca

Forana
Franklin / Ps624 / Messire / B99–100 / Messire / 
Pf660 / Ballet // Viriato

Jarana 3066 // Ps624 / Messire
Pepapea 3062 // Messire / Pf660 / Ballet
Pichita 3066 // Ps624 / Messire
Tirana Lifter // Messire / Pf660 / Baccara

​ ​ ​
​ ​ Country of origin

Check 
cultivars

Astronaute Germany
Chicarrón Spain
Enduro France
Kayanne France
Messire France
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available to farmers were included in the study as check cultivars due to 
their high yield potential and good adaptation to regional growing 
conditions.

Each genotype was sown in a 1 m2 plot consisting of three parallel 
rows (spaced 35 cm apart and 1 m long) that served as experimental 
units for all trials. The 14 genotypes were arranged in a randomised 
complete block design (RCBD) with plots laid out in a grid and separated 
by 0.5 m. A sowing density of 45 seeds per plot was used. In each field, 
three independent blocks were arranged, each containing the same set of 
genotypes. Trials were conducted in two contrasting sets of field sites 
within the same experimental farm at Córdoba (Spain). These sets 
differed in their natural Oc infestation status: one comprised fields with 
high natural soil infestation (Oc-infested), whereas the other comprised 
fields free of infestation (Oc-free). Accordingly, Oc infestation status was 
treated as a predefined field condition, whereas foliar diseases were not 
imposed as controlled experimental factors, and their severities varied 
with seasonal disease pressure. This trial design was implemented across 
three growing seasons: 2021–2022 (with two distinct sowing dates), 
2022–2023, and 2023–2024 (Table 2). All sowings took place in 
November or December (in accordance with standard local practices for 
cool-season legume cultivation), and were carried out under strictly 
rainfed conditions. Pendimethalin 45% was applied pre-emergence in 
all environments, and subsequent weed control was performed manu
ally. In each growing season, a combination of deltamethrin 2.5% 
+ fenpyroximate 5% was applied during early pod filling to control 
aphids and red mite pests.

2.2. Agronomic and phenological assessments

Throughout the crop cycle, flowering onset, pod-filling onset and 
plot senescence were recorded twice weekly by visual assessment. 
Senescence was defined as the date when the entire plot canopy (vege
tative biomass and pods) had naturally dried down. Thermal time 
accumulation was calculated by combining these phenological assess
ments with regional weather data (‘Red de Información Agroclimática 
de Andalucía’ database, Instituto de Investigación y Formación Agraria 
y Pesquera). The daily degree-day increment (DD) was computed from 
daily maximum and minimum air temperatures as 

DD = (Tmax + Tmin)/2 – Tbase,                                                         

where Tmax and Tmin are the daily maximum and minimum air tem
peratures, respectively, and Tbase is the base temperature; when (Tmax 
+ Tmin)/2 was below Tbase, DD was set to 0. Growing degree days 
(GDD) were then obtained by summing daily DD values from the start to 
the end of a specific phenological window. A base temperature of Tbase 
= 2.9◦C was used following Olivier and Annandale (1998) and Bour
geois et al. (2000). Flowering GDD (thermal accumulation from sowing to 
flowering onset) was used as the main indicator of phenological earli
ness in this study.

Crop Appearance was defined as a subjective trait established through 
discussions with participating farmers regarding the crop type they 
would visually select (Rubiales et al., 2021). It was evaluated on a 1–5 
scale, integrating visual traits considered desirable by growers (e.g., 

erect growth habit, high vegetative density, high pod number per plant, 
and absence of chlorosis). Lodging was scored from 1 (completely erect 
plants) to 10 (fully lodged plants). Plot height was measured once at the 
beginning of pod filling as the maximum vertical canopy height (dis
tance from soil surface to canopy top) within each plot. Foliar disease 
severities (Powdery mildew DS and Ascochyta blight DS) were assessed 
before senescence as the percentage of symptomatic plant biomass. In 
Oc-infested environments, Oc infection level was assessed at harvest by 
counting emerged Oc shoots within each plot and normalising by the 
number of pea plants to obtain the Number of broomrapes/plant. Total dry 
biomass was recorded at harvest by weighing the whole aboveground 
biomass of each plot after natural drying in the field, following complete 
plant senescence. After threshing, seed weight was also recorded, 
allowing the calculation of harvest index (HI) as the ratio of dry seed 
weight to total dry biomass, and grain yield (GY) as the dry seed yield 
extrapolated to kg ha–1.

2.3. Statistical analysis

Statistical analyses were conducted to compare genotype perfor
mance across environments and to quantify how agronomic traits, cli
matic variables and biotic constraints were associated with yield within 
each Oc infestation condition. In this study, an environment was defined 
as a unique combination of season, sowing date where applicable, and 
field condition (Oc infestation status). Accordingly, eight environments 
were considered (Table 2). All analyses were performed in R version 
4.3.3 (R Core Team, 2024). For the percentage data (i.e., DS variables), 
an arcsine square-root transformation was applied, and statistical ana
lyses were performed on the transformed data.

2.3.1. Variance analyses
A combined analysis of variance was performed using the R package 

‘metan’ version 1.19.0 (Olivoto and Lúcio, 2020) with all effects treated 
as random (random-effects ANOVA) to estimate the variance compo
nents for the main sources of variation and to detect G×E interactions. 
The data from all environments were subjected to the Shapiro-Wilk test 
for normality and Bartlett’s test for homogeneity of variances.

2.3.2. Trait-specific genotype performance and stability
The weighted average of absolute scores from the singular value 

decomposition of the G×E interaction matrix of BLUPs (WAASB) was 
calculated using ‘metan’ version 1.19.0 (Olivoto and Lúcio, 2020) as a 
measure of stability for each agronomic trait across environments 
(Olivoto et al., 2019). Lower WAASB values indicate greater stability, 
whereas higher values indicate stronger G×E-driven variation. To 
visualise the relationship between WAASB the genotype performance for 
each trait, Trait×WAASB biplots were used.

2.3.3. Multi-trait genotype–ideotype distance index (MGIDI)
The MGIDI was computed using ‘metan’ version 1.19.0 (Olivoto and 

Lúcio, 2020) following the methodology of Olivoto and Nardino (2021)
in four steps: trait rescaling, factor analysis, ideotype design, and 
calculation of the MGIDI index. To prioritise traits most closely 

Table 2 
Summary of the environments analysed, defined by a combination of cropping season/sowing date and field condition.

Sown Season O. crenata (Oc) infestation status Soil Type Soil pH Average 
Tmax (◦C)

Average 
Tmin (◦C)

Rainfall 
(mm)

CJ-NOV21 08 Nov. 2021–2022 Oc-infested Luvisol 7.6 – 7.7 18.4 5.6 326
SJ-NOV21 08 Nov. 2021–2022 Oc-free Luvisol 7.5 – 7.6 18.5 5.7 326
CJ-DIC21 08 Dec. 2021–2022 Oc-infested Luvisol 7.6 – 7.7 18.9 6.2 316
SJ-DIC21 09 Dec. 2021–2022 Oc-free Luvisol 7.5 – 7.6 18.9 6.3 316
CJ-22 28 Nov. 2022–2023 Oc-infested Luvisol 7.6 – 7.7 18.5 5.7 304
SJ-22 30 Nov. 2022–2023 Oc-free Luvisol 7.5 – 7.6 19.0 6.2 304
CJ-23 22 Nov. 2023–2024 Oc-infested Luvisol 7.6 – 7.7 18.5 7.1 451
SJ-23 23 Nov. 2023–2024 Oc-free Luvisol 7.5 – 7.6 19.1 7.5 461
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associated with productivity, trait weights were derived from the 
Pearson correlation coefficient between each trait and GY. The ideotype 
was defined by assigning desirable target values to each trait, with 
0 representing the least desirable expression and 100 the most desirable: 
GY, HI, Plot height, and Appearance were assigned higher target values, 
whereas DS variables, Number of broomrapes/plant, Flowering GDD and 
Lodging were given lower values.

2.3.4. Correlation analysis of agronomic traits, biotic constraints and 
climatic variables

Pearson correlations were used to describe associations between 
agronomic traits, biotic constraints recorded in the trials, and climatic 
variables. Daily weather data were obtained from the ‘Red de 
Información Agroclimática de Andalucía’ database (Instituto de Inves
tigación y Formación Agraria y Pesquera) and summarised at two tem
poral scales: crop-cycle metrics, calculated over the full crop cycle from 
sowing to plot senescence; and stage-specific metrics, calculated over 
three phenological windows. These stages were “Flowering” (from 
sowing to flowering onset), “Flower–pod” (from flowering onset to 
pod-filling onset) and “Pod-filling” (from pod-filling onset to senes
cence). Rainfall and GDD variables were computed at both temporal 
scales. Relative humidity variables (Hmin and Hmax) were summarised 
only at the crop-cycle scale, whereas air temperature variables (Tmin 
and Tmax) were summarised only at the stage-specific scale. In addition, 
heat-extreme indices were computed as the number of consecutive days 
with Tmax > 25◦C during Flower–pod (Flower–pod_NDT>25) and with 
Tmax > 30◦C during Pod-filling (Pod-filling_NDT>30). Correlation 
matrices were visualised with the R package ‘ggcorrplot’ version 0.1.4.1 
(Kassambara, 2025), with p < 0.05 as the significance threshold.

2.3.5. Abiotic stress-tolerance indices for GY under contrasting seasonal 
conditions

To characterise genotype performance under contrasting abiotic 
conditions, a set of widely used stress-tolerance indices was computed 
from GY data. Two Oc-free environments were selected based on their 
marked contrast in mean GY and post-flowering seasonal weather pat
terns (Supplementary Figure S1). SJ-NOV21 was treated as the reference 
favourable environment (Yp), whereas SJ-22 was treated as the stress- 
prone environment (Ys).

For each genotype i, Ypi and Ysi correspond to the environment- 
specific BLUP of GY in SJ-NOV21 and SJ-22, respectively. Stress in
tensity (SI) was calculated as 

SI = 1 −

(
Ys
Yp

)

,

where Ys and Yp are the mean GY across genotypes in the stress-prone 
and favourable environments, respectively.

Based on the contrasting yield data, the following indices were 
computed for each genotype (Fernandez, 1992; Rosielle and Hamblin, 
1981; Fischer and Maurer, 1978; Gavuzzi et al., 1997; Schneider et al., 
1997): 

• Mean productivity (MP) = Ypi+Ysi
2

• Geometric mean productivity (GMP) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Ypi⋅Ysi

√

• Harmonic mean (HARM) = 2⋅(Ypi⋅Ysi)
Ypi+Ysi

• Yield index (YI) = Ysi
Ys

• Stress susceptibility index (SSI) = 1− (Ysi/Ypi)
SI

• Tolerance (TOL) = Ypi − Ysi

• Stress tolerance index (STI) = Ypi⋅Ysi

Yp
2

Higher values of MP, GMP, HARM, YI and STI indicated better per
formance across environments and/or under the stress-prone environ
ment, and were assigned better (lower) ranks. Lower SSI and TOL values 

indicated a lower GY penalty in the stress-prone relative to the favour
able environment and were also assigned better (lower) ranks. An 
overall rank (RankMean) was obtained as the arithmetic mean of ranks 
across indices.

2.3.6. Stepwise multiple linear regression modelling (SMLR) of GY using 
agronomic traits and climatic variables

To evaluate the influence of agronomic traits and climatic variables 
on GY across all genotypes and environments included in the study, an 
SMLR analysis was conducted using standardised variables (multi- 
environment z-scores). The general form of the model was 

Y = X⋅β + ε,

where Y is the response vector representing GY for n observations, X is 
the n × k matrix of predictor variables, β is the vector of regression 
coefficients, and ε is the vector of residuals.

The analysis was performed using the ‘stepAIC’ function from the R 
package ‘MASS’ version 7.3-65 (Venables and Ripley, 2002). To allow 
bidirectional variable selection, the ‘stepAIC’ function was configured 
with direction = "both", enabling both addition and removal of pre
dictors (Venables and Ripley, 2002; Burdett and Wellen, 2022).

3. Results

3.1. Partitioning of phenotypic variance across environments

The analysis of key agronomic traits revealed distinct contributions 
of G, E, and G×E components to phenotypic variance (Fig. 1, Supple
mentary table S1). According to the random-effects ANOVA, their 
relative contributions differed across traits and environments. Envi
ronmental effects contributed strongly to the variance of traits such as 
Flowering GDD (54% of total phenotypic variance), Lodging (53%), and 
Ascochyta blight arcsin-DS (46%). For these traits, the relative contri
bution of variance components was similar in Oc-infested and Oc-free 
environments. However, this pattern was not observed for other traits. 
For Powdery mildew arcsin-DS, the environmental variance component 
increased from 10% in Oc-free to 46% in Oc-infested environments. For 
GY, the environmental variance component decreased from 52% in Oc- 
free to 12% in Oc-infested environments. For HI, the environmental 
variance component was 32% in Oc-free environments but non- 
significant in Oc-infested environments. For Appearance, the environ
mental contribution decreased from 28% in Oc-free to 13% in Oc- 
infested environments. Notably, Powdery mildew arcsin-DS showed the 
strongest genetic contribution across environments, especially under Oc- 
free conditions (74%). In Oc-infested trials, residual variance not 
explained by G, E, or G×E was relatively high for all traits, particularly 
for Appearance. The within-environment Block effect was also tested, but 
it did not contribute significantly to the variance for any trait 
(Supplementary tables S1, S2 and S3).

3.2. Genotypic performance and stability analysis for GY

Genotype performance within environments was predicted through 
BLUPs. Results for GY (shown in Table 3) were two- to four-fold higher 
in Oc-free than Oc-infested environments, with mean values of 3209 and 
1385 kg ha–1, respectively. An exception was 2022–2023, when Oc-free 
yields exceeded Oc-infested yields only by 231 kg ha–1 on average. All 
breeding lines outperformed the check cultivars under Oc-infested 
environmemts, although some did not do so in Oc-free environments (e. 
g., Pepapea and Tirana). The best-performing check cultivars were 
Kayanne and Messire. Among breeding lines, Antojo and Chicana 
showed the highest mean yields (3977 and 3967 kg ha⁻¹ in Oc-free en
vironments, and 2243 and 1858 kg ha–1 in Oc-infested environments, 
respectively). Cartujano achieved a yield of 1961 kg ha–1 under Oc- 
infested conditions, although its performance in Oc-free environments 
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was closer to the overall mean.
GY stability was assessed at the genotype level using WAASB, which 

summarises the contribution of each genotype to the G×E interaction 
across environments. The GY×WAASB biplot shown in Fig. 2 illustrates 
the relationship between WAASB values and genotypic mean BLUPs for 
GY. Under Oc-free conditions, the breeding lines Chicana, Jarana, 
Chiruco, and Cartujano showed low WAASB along with high GY values 
(quadrant IV). Genotypes with high mean GY but poor cross- 
environment stability (quadrant II) included the breeding lines Antojo 
and Forana. The check cultivars Astronaute, Chicarrón and Enduro 
showed stable but only moderate GY (quadrant III). Notably, most 
breeding lines (i.e., Cartujano, Chicana, Pepapea, Jarana, Forana and 
Chiruco) fell within quadrant IV for Oc-infested environments.

The GY×WAASB biplot also differentiated environments according 
to their mean GY BLUPs and WAASB (Fig. 2). Among the Oc-free envi
ronments, SJ-DIC21 and SJ-23 showed the highest WAASB values. SJ-22 

had the lowest WAASB but also showed the lowest mean yield. In Oc- 
infested conditions, WAASB values were high across all environments. 
Among them, CJ-22 showed the highest mean yield.

3.3. Resistance to Oc and performance under contrasting sowing dates

For the Number of broomrapes/plant, the Trait×WAASB biplot (Fig. 3) 
also revealed consistent patterns. All pea breeding lines clustered in 
quadrant III, combining low Oc infection (ranging from 1.55 broom
rapes/plant in Jarana to 0.72 in Cartujano) with low WAASB values. 
Among the check cultivars, Kayanne showed the lowest Oc infection 
(1.50 broomrapes/plant), whereas Messire showed the highest (3.11). 
Overall, check cultivars showed higher WAASB scores in the Oc-infested 
environments.

When comparing genotypic yields in Oc-infested and Oc-free envi
ronments (Fig. 4A), breeding lines Cartujano and Pepapea exhibited the 

Fig. 1. Relative contribution of genetic (G), environmental (E), and G×E interaction components to the total variance of the traits evaluated in this study. The 
proportional contribution of each component is represented by the height of the corresponding coloured segment within each stacked bar. Results are shown for Oc- 
free environments, Oc-infested environments, and the combined dataset (third bar, shown in transparency). The trait Number of broomrapes/plant is displayed only for 
Oc-infested environments.

Table 3 
Summary of GY values estimated as BLUPs across all tested environments for breeding lines and check cultivars.

Oc-infested environments Oc-free environments
Genotype 
Mean SE

Genotype
CJ- 
NOV21

CJ- 
DIC21

CJ- 
22

CJ- 
23 Mean

SJ- 
NOV21

SJ- 
DIC21

SJ- 
22

SJ- 
23 Mean

Breeding 
lines

Antojo ​ 2871 2401 2828 871 2243 ​ 5461 5273 3252 1922 3977 ​ 3110 308
Cartujano ​ 1462 1722 2536 2124 1961 ​ 4712 3534 2384 2874 3376 ​ 2668 208
Chicana ​ 1263 1565 2865 1740 1858 ​ 5392 4484 2773 3291 3967 ​ 2913 284
Chiruco ​ 1696 1236 2766 1118 1704 ​ 5233 3927 2875 2321 3589 ​ 2646 275
Forana ​ 1191 2078 2325 1208 1700 ​ 5679 4804 2419 2040 3736 ​ 2718 322
Jarana ​ 1490 1274 2635 1902 1825 ​ 5775 3515 2506 2953 3687 ​ 2756 281
Pepapea ​ 2449 1652 2071 945 1779 ​ 5207 3504 2374 1581 3166 ​ 2473 263
Pichita ​ 1427 811 1817 1130 1296 ​ 3638 2216 1935 2616 2601 ​ 1949 178
Tirana ​ 1228 739 1737 1527 1308 ​ 3925 2528 2177 2649 2820 ​ 2064 197
Mean ​ 1675 1479 2398 1396 1742 ​ 5003 3754 2522 2464 3435 ​ 2589 ​

​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​

Check 
cultivars

Astronaute ​ 415 523 1649 352 735 ​ 4353 3105 2014 1854 2831 ​ 1783 277
Chicarrón ​ 450 612 1579 431 768 ​ 5055 2678 1730 1645 2777 ​ 1772 302
Enduro ​ 309 185 731 148 343 ​ 3104 2107 1213 1147 1893 ​ 1118 205
Kayanne ​ 654 1213 1627 770 1066 ​ 4951 3547 2277 2744 3380 ​ 2223 292
Messire ​ 647 731 1446 390 803 ​ 4373 3808 1921 2427 3132 ​ 1968 292
Mean ​ 495 653 1406 418 743 ​ 4367 3049 1831 1964 2803 ​ 1773 ​

Environment Mean ​ 1254 1196 2044 1047 1385 ​ 4776 3502 2275 2285 3209 ​ ​ ​
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lowest GY penalties (–42% and –44%, respectively). In contrast, other 
high-GY lines (i.e., Chicana, Chiruco, Forana, Jarana) experienced mean 
losses of about 53%. Among the check cultivars, Astronaute, Chicarrón, 
Messire and Enduro showed severe mean yield reductions of –73%. 
Although Kayanne showed fewer broomrapes per plant than other 

checks, it still experienced substantial GY losses under Oc infestation 
(–68%) (Fig. 4A). Furthermore, a positive association between the 
Number of broomrapes/plant and the magnitude of GY penalty under Oc 
infestation was observed (Fig. 4B).

We also compared GY performance under early sowing (8 
November) and late sowing (8–9 December) in the 2021–2022 season. 
Number of broomrapes/plant showed a mean increase of about 70% in 
early compared with late sowing (Fig. 3). Accordingly, the majority of 
check cultivars showed higher GY in the late sowing, based on both the 
mean and median across genotypes (Table 3, Fig. 5). In contrast, 
breeding lines showed a less consistent pattern with a lower mean but a 
higher median under late sowing, reflecting heterogeneous responses 
among genotypes (Table 3, Fig. 5).

3.4. Integrating agronomic trait stability and multivariate selection

Additional agronomic traits were analysed using the same WAASB- 
based approach applied to GY (Supplementary figures S2–S8), thereby 
providing genotype-specific stability profiles for each trait. For HI, 
Cartujano, Forana, Chiruco and Chicana showed values of about 40% 
with low WAASB. For Ascochyta blight DS, Pepapea showed the highest 
severity (33.5%), whereas Pichita, Chicarrón, Tirana and Enduro 
showed the lowest values (10.5–12.8%). For Plot height, the highest 
WAASB values were observed at both extremes of the continuous 
phenotypic distribution, including the tallest genotypes (Pichita and 
Tirana, >75 cm) and the shortest genotypes (Messire, Chiruco and 
Chicana, 55–62 cm). The lowest Lodging scores were recorded for Tirana 
(4.4 out of 10), Jarana (4.8), and Enduro (4.9).

To integrate yield performance with the other assessed traits, the 
MGIDI was computed, with trait weights derived from pairwise Pearson 
correlations with GY (Fig. 6). Within the MGIDI calculation, Flowering 
GDD, Plot height, Appearance and Ascochyta blight arcsin-DS loaded onto 
factor FA1 (Table 4), indicating a shared pattern of variation across 
genotypes. The second factor (FA2) included Powdery mildew arcsin-DS, 
Number of broomrapes/plant, GY and HI, forming a co-variation cluster 
more closely associated with yield. Together, FA1 and FA2 explained 
79% of the total variance. Genotypes were ranked by MGIDI, which 
represented the distance of each genotype from the ideotype (Fig. 7). 
Applying a 30% selection threshold, Cartujano, Chicana, Pepapea, and 

Fig. 2. GY×WAASB biplots under different Oc infestation conditions. The GY values shown correspond to the mean BLUPs of each genotype or environment, whereas 
WAASB represents the instability index. The grey lines defining quadrants I–IV are set at the overall means of GY and WAASB. Environments are shown as green 
circles, breeding lines as orange dots, and check cultivars as blue squares.

Fig. 3. Trait×WAASB biplot for Number of broomrapes/plant under Oc infesta
tion. The values shown for Number of broomrapes/plant correspond to the mean 
BLUPs of each genotype or environment, whereas WAASB represents the 
instability index. The grey lines defining quadrants I–IV are set at the overall 
means of Number of broomrapes/plant and WAASB. Environments are shown as 
green circles, breeding lines as orange dots, and check cultivars as blue squares.
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Fig. 4. Genotype-specific GY penalties in Oc-infested versus Oc-free environments. Breeding lines are shown as orange points and check cultivars as blue squares. (A) 
For each genotype, mean BLUPs for GY under Oc infection are expressed as a percentage of the corresponding mean BLUPs for GY under Oc-free conditions and 
plotted along the horizontal axis according to the mean BLUPs for Number of broomrapes/plant in Oc-infested environments. The length of the vertical grey arrows 
represents the magnitude of the GY penalty between Oc-free (arrow origin) and Oc-infested (arrowhead) conditions. The horizontal dashed grey line is set at 50% 
relative GY. (B) The magnitude of the relative GY penalty for each genotype is plotted against the mean BLUPs for Number of broomrapes/plant in Oc-infested en
vironments. A linear regression between the two variables is also shown.
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Kayanne were selected for their proximity to the ideotype. The four 
selected genotypes showed a mean reduction of 50 ◦C⋅d to flowering 
compared with the full set of genotypes, representing a 7.77% increase 
in reproductive earliness. For the remaining FA1 traits, the direction of 
change in the selected genotypes was opposite to that defined by the 
ideotype (Table 4, columns g and f). Plot height decreased by about 1 cm 
on average, Lodging increased slightly by 0.12 on the 1–10 scale, 
Appearance also declined modestly (–4.58%) and susceptibility to 
Ascochyta blight increased by 6.79% arcsin-DS. For the traits grouped 
under FA2, the selected genotypes showed 14.9% and 10.4% increases 
in GY and HI respectively. Both traits were strongly correlated 
(r = 0.81). Additionally, the Number of broomrapes/plant decreased by 
25% in the selected genotypes; this trait was negatively correlated with 
GY (r = –0.64). Powdery mildew arcsin-DS decreased only slightly 
(–0.15%).

3.5. Abiotic stress tolerance screening in Oc-free environments

Stress-tolerance indices were computed from GY in two Oc-free en
vironments with contrasting seasonal conditions (Table 2). Total rainfall 
was broadly comparable between SJ-NOV21 (Yp) and SJ-22 (Ys), but its 
temporal distribution differed markedly (Supplementary figure S1). In 
particular, the SJ-22 post-flowering period (defined by median flower
ing and senescence dates at the environment level) was characterised by 
markedly reduced rainfall (15.4 mm vs 189.6 mm in SJ-NOV21) and 
higher maximum temperatures (mean Tmax 26.7◦C vs 20.5◦C), with a 
substantial increase in the frequency of hot days (e.g., 37 vs 10 days with 
Tmax >25◦C; 7 vs 0 days > 30◦C). The resulting stress intensity was SI 
= 0.52.

Across genotypes, indices that captured performance in both envi
ronments (MP, GMP, HARM and STI) pointed to lines with high yield 
potential independently of the abiotic stress level (Table 5). Antojo 
showed the highest Ys and accordingly high MP, GMP, HARM and STI 

values. Chiruco and Chicana also showed Ys values above the stress- 
prone environment mean (YI > 1) together with SSI < 1, which trans
lated into low RankMean values. At group level, the check cultivars 
showed lower Ys values than the breeding lines, with generally higher 
RankMean values. Within the breeding lines, the indices distinguished 
contrasting response profiles (Table 5). Jarana and Forana expressed 
high Yp, but showed larger absolute GY penalties under the stress-prone 
environment (higher TOL) and higher stress susceptibility (SSI ≥ 1). 
Tirana combined lower Yp with lower relative susceptibility (SSI < 1) 
and a smaller relative GY penalty between environments. In contrast, 
Chicarrón combined low Ys with high susceptibility (high SSI) and large 
yield losses (high TOL).

3.6. Predictive modelling of GY based on agronomic traits and climatic 
variables

To identify predictors of GY, we built SMLR models integrating key 
agronomic traits, biotic stress and climatic variables. The three growing 
seasons included in this study represented contrasting rainfall and 
temperature patterns. The 2021–2022 season was near average, with 
typical winter rainfall. The 2022–2023 season was notably warmer and 
drier, which led to shortened phenological cycles. The 2023–2024 sea
son had more typical rainfall and milder temperatures (Supplementary 
figure S1).

We examined Pearson correlations among crop-cycle and stage- 
specific climatic variables separately for Oc-free and Oc-infested envi
ronments (Fig. 8) and fitted independent SMLR models. The model for 
Oc-free environments showed high predictive performance (R2 =

0.8546; adjusted R2 = 0.8140) (Table 6). Among climatic predictors, 
Rainfall showed a negative regression coefficient for GY. Hmin had a 
positive coefficient despite a small negative pairwise correlation with 
GY (r = –0.33). Flower–pod Tmin and Pod-filling GDD also showed posi
tive coefficients, while Flower–pod GDD had a negative coefficient. 

Fig. 5. Distribution of mean BLUPs for GY in check cultivars and breeding lines under Oc-infested conditions at two different sowing dates in the 2021–2022 growing 
season. The median is represented by the thick black line within each box, and the mean by the coloured diamond.
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Among agronomic traits, Plot height and Lodging retained positive and 
significant effects consistent with their positive pairwise correlations 
with GY.

The model built for Oc-infested environments exhibited statistically 
significant predictive performance, although it was slightly lower than 
that for Oc-free environments (R2 = 0.7997; adjusted R2 = 0.7437) 
(Table 7). For this model, the Number of broomrapes/plant had a negative 
regression coefficient for GY, with a pairwise correlation of r = –0.66. 
Among climatic variables, Hmax, Pod-filling GDD and Pod- 
filling_NDT> 30 showed positive regression coefficients in this model. 
Rainfall also had a positive regression coefficient despite a small 

negative pairwise correlation with GY (r = –0.30). By contrast, Pod- 
filling Tmax showed a negative coefficient for GY. The SMLR model for 
Oc-infested environments retained positive coefficients for agronomic 
traits including Appearance, Lodging, Plot height, and Ascochyta blight DS.

4. Discussion

Although a number of commercial field pea cultivars are available to 
growers in Mediterranean countries, the genetic backgrounds of most 
cultivars reflect breeding origins outside the Mediterranean region 
(Martin-Sanz et al., 2011). Developing local breeding programmes for 

Fig. 6. Pearson correlation coefficients among the assessed traits. Correlations were computed using the BLUPs obtained for each trait. Non-significant correlations 
(p > 0.05) are marked with a cross.

Table 4 
Summary of the performance of genotypes selected by MGIDI (Selectionindex = 30%) compared to the full genotype pool for the agronomic traits evaluated.

Trait Factor a Xo b Xs c SD d SD% e Target direction f Goal g

Flowering GDD FA1 643.00 593.00 − 50.00 − 7.77 Decrease Achieved
Plot height FA1 68.90 67.90 − 0.97 − 1.41 Increase Not achieved
Lodging FA1 5.68 5.80 0.12 2.11 Decrease Not achieved
Appearance FA1 2.45 2.34 − 0.11 − 4.58 Increase Not achieved
Ascochyta blight arcsin-DS FA1 24.70 26.40 1.68 6.79 Decrease Not achieved
Powdery mildew arcsin-DS FA2 62.00 61.90 − 0.09 − 0.15 Decrease Achieved
Number of broomrapes/plant FA2 0.77 0.57 − 0.19 − 25.00 Decrease Achieved
GY FA2 2297.00 2536.00 239.00 10.40 Increase Achieved
HI FA2 0.33 0.38 0.05 14.90 Increase Achieved

a Variation factor to which the trait is assigned in the principal component analysis implicit in the MGIDI method.
b Overall mean value for the trait in the genotype pool.
c Mean value of the trait within the subset of selected genotypes.
d Gain or loss for each trait in the selected subset relative to the complete genotype pool (in the original units).
e Scaled gain or loss for each trait in the selected subset relative to the complete genotype pool (in percentage ratio)
f Target direction for trait change.
g Trait optimisation outcome. ‘Achieved’ when the observed change follows the target direction; ‘Not achieved’ when it opposes it.
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specific agroclimatic contexts is essential for producing better-adapted 
cultivars. Breeding within target environments promotes the accumu
lation of favourable alleles through selection pressures imposed by 
specific local conditions (Annicchiarico and Iannucci, 2008).

The results of the multi-environment study presented here highlight 
this point, and Oc provides a clear example. In our study, this root- 
parasitic plant was the main constraint on field pea cultivation, as 
widely reported for the Mediterranean region (Rubiales, 2018, 2023). 

Oc infestation directly reduced grain yield and altered crop phenology. 
Furthermore, it also affected performance indirectly by changing how 
agronomic traits, and other stresses influenced yield. Genotypes that 
were more resistant to Oc also showed smaller yield penalties between 
Oc-infested and Oc-free environments. Within the Oc-infested environ
ments, CJ-22 proved particularly informative for discriminating yield 
under parasite pressure. Compared with the check cultivars, our 
breeding lines showed more stable yield responses under infestation and 

Fig. 7. Ranking of breeding lines and check cultivars based on the MGIDI, expressed as the distance from the ideotype. The selection threshold (red circumference) is 
set at 30% of the genotype pool, and the red points within this threshold represent genotypes selected as closest to the ideotype. The ideotype is represented by the 
outer grey circle.

Table 5 
Stress-tolerance indices for GY across a potential vs stress-prone environments.

Genotype
Yp a (kg) 
SJ-NOV21

Ys a (kg) 
SJ-22 MP b GMP b HARM b YI b SSI b TOL b STI b RankMean c

Jarana ​ 5775 2506 ​ 4141 3804 3495 1.10 1.08 3270 0.43 ​ 6
Forana ​ 5679 2419 ​ 4049 3707 3393 1.06 1.10 3260 0.43 ​ 7
Antojo ​ 5461 3252 ​ 4356 4214 4076 1.43 0.77 2209 0.60 ​ 2
Chicana ​ 5392 2773 ​ 4083 3867 3663 1.22 0.93 2619 0.51 ​ 4
Chiruco ​ 5233 2875 ​ 4054 3879 3711 1.26 0.86 2357 0.55 ​ 3
Pepapea ​ 5207 2374 ​ 3790 3515 3261 1.04 1.04 2833 0.46 ​ 7
Chicarron ​ 5055 1730 ​ 3392 2957 2577 0.76 1.26 3325 0.34 ​ 12
Kayanne ​ 4951 2277 ​ 3614 3357 3119 1.00 1.03 2674 0.46 ​ 8
Cartujano ​ 4712 2384 ​ 3548 3352 3166 1.05 0.94 2329 0.51 ​ 7
Messire ​ 4373 1921 ​ 3147 2898 2669 0.84 1.07 2452 0.44 ​ 11
Astronaute ​ 4353 2014 ​ 3183 2961 2754 0.89 1.03 2339 0.46 ​ 9
Tirana ​ 3925 2177 ​ 3051 2923 2801 0.96 0.85 1749 0.55 ​ 8
Pichita ​ 3638 1935 ​ 2786 2653 2526 0.85 0.89 1703 0.53 ​ 9
Enduro ​ 3104 1213 ​ 2159 1941 1745 0.53 1.16 1891 0.39 ​ 13
Mean ​ 4776 2275 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​

a Yp and Ys denote BLUPs of GY in the potential (SJ-NOV21) and stress-prone (SJ-22) broomrape-free environments, respectively. Genotypes are ordered by Yp 
value.

b Stress-tolerance indices. Higher values indicate better performance for MP, GMP, HARM, YI and STI, whereas lower values indicate better performance for SSI and 
TOL.

c RankMean is the mean of genotype ranks across indices; lower values indicate a more favourable overall profile
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appeared less affected by variation in parasite pressure across 
environments.

Various mechanisms of resistance to Oc have been reported in pea 
wild relatives and landraces (Pérez-de-Luque et al., 2005) and some 
genetic markers and maps are already available (Valderrama et al., 
2004; Fondevilla et al., 2010; Delvento et al., 2023; Wohor et al., 2025). 
However, these traits typically show complex quantitative inheritance, 
and even the more resistant sources provide only partial protection. The 

first breeding lines with high levels of resistance to Oc infection were 
developed in Andalucía in the early 2000s (Rubiales et al., 2009, 2021) 
and were further improved in subsequent years (Rubiales et al., 2021). 
Several of the resulting lines are protected by OEVV but have not yet 
been commercialised. The breeding lines evaluated in this study carry 
genetic contributions from Ps624 (IFPI 2348) and/or Pf660 (IFPI 3260). 
Ps624 is a P. sativum landrace with high levels of incomplete resistance, 

Fig. 8. Pairwise Pearson correlation heatmap of agronomic traits, biotic constraints and climatic variables in Oc-free and Oc-infested environments. Correlations 
were computed using the BLUPs obtained for each variable. Non-significant correlations (p > 0.05) are marked with a cross.

Table 6 
Coefficients and adjustment quality indexes of the step-wise regression model 
designed for GY prediction in Oc-free environments.

Coefficient
Estimate 
a SE b t Pr (>| t |) c

(Intercept) 3209.45 72.75 44.117 < 2e− 16 ***
Rainfall − 7402.33 2966.44 − 2.495 0.01650 *
Hmin 4322.82 1756.04 2.462 0.01792 *
Pod-filling GDD 1825.25 724.11 2.521 0.01550 *
Lodging 1146.07 433.19 2.646 0.01134 *
Flowering GDD 894.04 691.63 1.293 0.20303 ​
Pod-filling Tmin 857.93 585.57 1.465 0.15016 ​
Appearance 788.35 317.03 2.487 0.01686 *
Flower-pod GDD − 452.16 128.11 − 3.529 0.00101 **
Pod- 

filling_NDT> 30
− 400.41 242.80 − 1.649 0.10641 ​

Flower-pod Tmin 374.35 138.63 2.700 0.00987 **
Ascochyta blight 

DS
348.00 155.42 2.239 0.03038 *

Plot height 324.81 148.37 2.189 0.03406 *
​
Residual standard error: 544.4 on 43 degrees of freedom
Multiple R2: 0.8546
Adjusted R2: 0.8140
F-statistic: 21.06 on 12 and 43 DF, p-value: 3.429e− 14

a Estimated effect of the predictor variable on the GY (change on GY in 
original units by variation of 1-SD of the predictor)

b Standard Error of the estimated coefficient.
c Significance level: 0.001(***), 0.01(**), 0.05(*), 0.1(.), 1()

Table 7 
Coefficients and adjustment quality indexes of the step-wise regression model 
designed for GY prediction in Oc-infested environments.

Coefficient
Estimate 
a SE b t Pr (>| t |) c

(Intercept) 1385.04 50.90 27.214 < 2e− 16 ***
Hmax 1242.41 256.39 4.846 1.67e− 5 ***
Rainfall 724.50 247.88 2.923 0.00551 **
Pod- 

filling_NDT>30
523.94 156.49 3.348 0.00170 **

Lodging 491.20 221.42 2.218 0.03186 *
Pod-filling Tmax − 480.42 219.01 − 2.194 0.03372 *
GDD − 401.34 195.61 − 2.052 0.04632 *
Appearance 398.23 163.55 2.435 0.01912 *
Pod-filling GDD 299.43 109.49 2.735 0.00903 **
Number of 

broomrapes/ 
plant

− 292.16 86.63 − 3.372 0.00159 **

Ascochyta blight DS 213.12 93.00 2.292 0.02688 *
Plot height 165.61 82.44 2.009 0.05087 .
Flower- 

pod_NDT> 25 134.33 100.68 1.334 0.18917 ​

​
Residual standard error: 380.9 on 43 degrees of freedom
Multiple R2: 0.7997
Adjusted R2: 0.7437
F-statistic: 14.30 on 12 and 43 DF, p-value: 2.458e− 11

a Estimated effect of the predictor variable on the GY (change on GY in 
original units by variation of 1-SD of the predictor)

b Standard Error of the estimated coefficient.
c Significance level: 0.001(***), 0.01(**), 0.05(*), 0.1(.), 1()
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mainly through reduced Oc establishment (Castillejo et al., 2004; Die 
et al., 2009; Rubiales et al., 2005). Meanwhile, Pf660 is a wild P. fulvum 
accession that also provides high incomplete resistance to Oc (Rubiales 
et al., 2021).

In the absence of commercially available cultivars with sufficient 
levels of resistance or tolerance to Oc, scheduling strategies such as late- 
winter sowings are recommended in southern Spain to partially escape 
Oc infection (Fernández-Aparicio et al., 2011; Joel et al., 2007; Rubiales 
et al., 2003). The breeding material now available enables us to 
re-evaluate recommendations of this kind. According to our findings, 
late sowing remains a useful strategy for reducing Oc infection in sus
ceptible genotypes, such as the check cultivars. However, the more 
resistant breeding lines still achieved higher yields when sown one 
month earlier, despite being exposed to greater infection levels than 
under late sowing. This suggests that these genotypes may combine Oc 
resistance with some degree of tolerance, contributing to sustain pod 
filling under infestation. Consistent evidence comes from the trials 
conducted by Perea-Torres et al. (2021) in the same geographical region, 
that reported significantly lower yields for these breeding lines when 
they were sown late in February. Importantly, phenological earliness 
was associated with higher GY under both Oc-free and Oc-infested 
conditions in our study, suggesting that the advantage of early flowering 
is not solely due to temporal escape from Oc. The performance of our 
breeding lines suggests that genetic resistance and tolerance traits can 
reduce growers’ reliance on scheduling strategies by providing 
well-performing materials with diverse cycle lengths.

The influence of climatic factors on Oc aggressiveness is well estab
lished in the literature (Arjona-Berral et al., 1987). In line with this, we 
observed marked inter-seasonal differences in Oc infection levels and a 
strong contribution of the environmental component to variation in this 
trait. In our dataset, Rainfall was a strong explanatory factor for GY, 
although it was also strongly correlated with Oc infestation level, as 
previously reported (Pérez-de-Luque et al., 2004; 2016). More specif
ically, our results suggest that the effect of rainfall depended on crop 
stage. Rainfall during the vegetative phase was associated with lower 
GY, whereas rainfall during pod filling showed the opposite effect. This 
apparent inconsistency may reflect the ability of our breeding lines to 
maintain good performance under high Oc pressure, likely through 
nutrient-allocation dynamics (Arnaud et al., 1999). Likewise, higher 
temperatures were associated with increased GY but also promoted Oc 
infection, leading to a complex mixed effect on yield under Oc infesta
tion. It is widely recognised that improving heat tolerance is a key 
breeding target for field pea adaptation to warm agrosystems, and for 
broadening the cultivation window (Devi et al., 2023). In view of our 
results, heat tolerance may gain additional value in Mediterranean en
vironments for its contribution to crop resilience under Oc infestation.

According to the First Mediterranean Assessment Report published 
by MedECC, climate projections for the Mediterranean Basin consis
tently indicate continued warming and drying. They also point to an 
increasing frequency of droughts and extreme events such as heat 
waves. These trends have direct implications for rainfed agriculture by 
increasing the risk of yield losses (Ali et al., 2022; Mrabet et al., 2020). 
These climatic projections should remain a central focus of field pea 
breeding, which should prioritise adaptation to prolonged drought ep
isodes (Bagheri et al., 2023) and to high temperatures during repro
ductive development (Devi et al., 2023).

The three growing seasons covered by this study captured a repre
sentative range of climatic profiles typical of Mediterranean rainfed 
conditions (Mrabet et al., 2020). Nevertheless, one limitation of the 
present study is that all field sites were located within the same exper
imental farm. As a consequence, beyond the difference in natural Oc 
infestation between field sites, the experimental environments do not 
represent additional variation in soil conditions (Atlin et al., 2000). An 
additional limitation is the 1 m2 plot size, which increases the relative 
contribution of border rows and may introduce some interplot inter
ference. Indeed, modest biases have been reported associated with this 

experimental limitation in crop variety trials, including field peas 
(Talbot et al., 1995; Wang et al., 2013). Genotype responses may 
therefore show some variation under other farm contexts and plot scales 
not represented here, although the present results still remain infor
mative for Mediterranean rainfed systems.

Within this context, the abiotic stress-tolerance analysis provides a 
useful approach to explore genotype responses under drier and hotter 
springs. As no consistent differences in the biotic stress pressures were 
observed between the contrasting environments (SJ-NOV21 vs SJ-22), 
performance differences can therefore be mainly attributed to abiotic 
variation (e.g., rainfall patterns, thermal conditions). Within this 
contrast, Chicana and Chiruco combined comparatively high yield in the 
stress-prone environment with favourable stress-tolerance index values. 
This is consistent with their favourable positioning in the GY×WAASB 
biplot and suggests that both genotypes are not only productive but also 
able to maintain performance under late-season drought and heat stress. 
Notably, Antojo illustrates that the abiotic stress-tolerance and the 
GY×WAASB analyses capture different dimensions of adaptation: 
despite its favourable abiotic stress-tolerance index, Antojo showed a 
lower yield stability across the broader set of Oc-free environments 
(according to WAASB). Overall, most breeding lines exhibited better 
yield maintenance than the commercial check cultivars under stress- 
prone conditions, indicating improved adaptation to abiotic stresses. 
Nevertheless, these interpretations should remain cautious, as the 
comparison was based on a single seasonal contrast between two envi
ronments rather than on controlled stress treatments.

The SMLR approach allowed us to capture the combined effects of 
climatic variables and agronomic traits on GY. This arises from the 
ability of the SMLR methodology to handle hierarchical, unbalanced 
datasets with multiple G×E interactions, which are common in agro
climatic studies (Madden and Ojiambo, 2024). For some climatic pre
dictors, the sign of the regression coefficient differed from that of the 
corresponding pairwise correlation with GY, which can be explained by 
the strong collinearity among several of these variables. This was 
particularly evident for Hmin in Oc-free environments, as its regression 
coefficient became positive once covariation with rainfall variables was 
accounted for. A similar collinearity pattern may explain the positive 
coefficient of Rainfall in Oc-infested environments, despite its negative 
pairwise correlation with GY.

Analysing Oc-infested and Oc-free environments separately also 
allowed us to distinguish between regression coefficients shared across 
models and those specific to infestation status. Predictor variables 
common to both SMLR models include agronomic traits such as Lodging, 
Plot height, and Appearance. Annicchiarico and Iannucci (2008) reached 
similar conclusions, reporting that harvest index and plant height were 
more informative than yield itself at early breeding stages. For Lodging, 
its positive correlation with GY likely reflects the effect of increasing pod 
load towards maturity, which may be specially pronounced in the 
high-HI genotypes included in this study. Lodging has received consid
erable attention since the first afila-type pea cultivars were developed. 
This trait is largely under major-gene control and confers a more erect 
growth habit, thereby improving suitability for mechanised harvest 
(Pesic et al., 2013). Because nearly all genotypes in the studied panel 
were afila-type, with Messire as the only exception, genetic effects on 
Lodging were likely limited in this study. This interpretation is further 
supported by the analysis of variance. Much of the remaining variation 
in Lodging can therefore be attributed to environmental drivers, with 
rainfall during pod filling emerging as the most important. However, a 
meaningful genotypic component remained, potentially reflecting dif
ferences in other architectural traits or in stem lignin content (Banniza 
et al., 2005).

Among the coefficients retained specifically in the Oc-free model, 
climatic drivers of GY showed a stage-dependent pattern mainly linked 
to the reproductive period. Within this model, the negative effect of 
Flower–pod GDD suggests that a greater thermal accumulation during the 
flowering stage may have constrained pollen viability or fertilisation. 
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Nevertheless, the effects of high temperature were more evident in the 
accumulated thermal time than in the extreme heat events, as no vari
ables related to heat extremes were retained in the final equation. 
Meanwhile, the positive contribution of Flower–pod Tmin to the model 
suggest that cooler conditions during this stage limited pod set.

By contrast, the SMLR model for Oc-infested environments retained a 
broader and more complex combination of temperature-related pre
dictors, including accumulated thermal time, maximum temperatures 
and extreme heat events. In addition, the Oc-infested model exhibited a 
lower predictive performance compared with the Oc-free one. Taken 
together, these results support the hypothesis that Oc disrupts the un
derlying relationships between crop performance and environmental 
factors.

Ascochyta blight is caused by a fungal complex involving up to four 
ascomycete species, with D. pinodes being the most widespread (Khan 
et al., 2013). This soil- and seed-borne disease is favoured by wet mi
croclimates and mild temperatures during winter and spring. Pycni
diospores are dispersed from infected biomass by splashing rain or dew 
droplets, and the disease therefore progresses upwards to the apex under 
conducive conditions (Roger and Tivoli, 1996). Good resistance levels 
governed by quantitative resistance loci have been reported in wild 
relatives of peas (Fondevilla et al., 2007, 2008), but most commercial 
cultivars range from moderately to highly susceptible. In our study, 
Ascochyta blight DS was positively correlated with GY and HI, and proved 
to be a relevant predictor of GY. This association was also evident in 
SJ-NOV21, which combined the highest GY observed in our study with 
the highest mean Ascochyta blight severity. This agrees with previous 
reports that early sowings are associated with greater Ascochyta blight 
pressure (Khan et al., 2013). Our results may indicate that certain cli
matic conditions simultaneously favour pod filling and fungal devel
opment in Mediterranean rainfed systems (e.g., higher Hmin, rainfall 
during pod filling and delayed canopy drying).

This co-variation may apply to the late-stage Ascochyta blight in
fections observed here in adult plants. However, early infections at the 
seedling stage often led to different outcomes, including detrimental 
effects on development and yield (Moussart et al., 1998; Roger et al., 
1999). A dedicated study targeting seedling-stage infection under 
comparable Mediterranean rainfed conditions would therefore com
plement our findings. In addition, the genotypes tested in this study also 
tended to prioritise nutrients allocation to seeds over vegetative growth 
(as reflected in their high HI). This limits their ability to develop sec
ondary shoots and hinders their capacity to recover (Tivoli and Banniza, 
2007), which may explain why high-HI genotypes also showed higher 
disease severity. These findings highlight the need to distinguish genetic 
resistance from recovery mechanisms, so that each trait can be evaluated 
and targeted separately in breeding. Although Ascochyta blight did not 
have a detrimental effect on yield under the conditions of this study, it 
remains a breeding priority due to its effects on seed quality (Tivoli 
et al., 1996).

Pea powdery mildew is caused by the ascomycete fungi E. pisi and 
E. trifolii. Infection, mycelial growth, and ascospore release are favoured 
by cool, mildly humid nights and hot, dry days (Fondevilla and Rubiales, 
2012). Monogenic sources of resistance to powdery mildew (based so far 
on er1, er2 and Er3 major resistance genes) offer near-complete resis
tance and are already available for breeding purposes (Devi et al., 2022). 
Powdery mildew infection was observed in all environments considered 
in this study, but it showed no significant effects on yield. The most 
resistant genotypes in our panel carry the Er3 gene, introgressed from 
the wild accession Pf660 (Fondevilla et al., 2007, 2011; Rubiales et al., 
2021). Pepapea also carries the more widespread er1 gene. Combining 
all available powdery mildew resistance genes within the same genetic 
background would improve the durability of resistance in commercial 
cultivars (Banyal et al., 2022; Devi et al., 2022). For efficient gene 
pyramiding, developing robust molecular markers and further investi
gating the genetic basis of the resistance mechanisms (Pheirim et al., 
2022) are essential tasks.

The MGIDI approach was useful for identifying genotypes with 
balanced agronomic profiles by integrating performance, stability and 
responses to stress (Olivoto and Nardino, 2021). Our results indicate 
Cartujano, Chicana and Pepapea as closest to the ideotype, with 
Kayanne ranking highest among the check cultivars. The three breeding 
lines combined good Oc resistance with stable yields of about 1900 and 
3500 kg ha–1 under Oc-infested and Oc-free conditions, respectively. 
These genotypes share contributions from Ps624 and Messire in their 
pedigrees. Across the other assessed traits, the selected genotypes 
generally showed values close to the panel mean, while still out
performing the check cultivars in most cases. The main unfavourable 
shift in the selected subset was a moderate increase in Ascochyta blight 
susceptibility. Although this did not translate into a yield penalty, it 
remains relevant from a breeding perspective and should be addressed 
in future breeding efforts. Genotypes not selected under the MGIDI 
threshold may still be valuable for specific breeding targets. Tirana and 
Pichita showed lower stability in Oc-free environments but may be 
useful as breeding material, combining strong resistance to Ascochyta 
blight with stable yields in Oc-infested environments (about 
1300 kg ha–1, therefore outperforming all check cultivars). Forana, 
Antojo and Pepapea are valuable sources of powdery mildew resistance 
for breeding programmes. Likewise, the erect growth habit of lines such 
as Tirana and Jarana could also contribute to improve appearance and 
suitability for mechanised harvest in new breeding material.

5. Conclusions

The results of this study illustrate how major biotic stresses interact 
with local abiotic conditions to shape field pea performance in Medi
terranean environments. Our study confirms that O. crenata is a major 
constraint on field pea cultivation in the region, as it directly reduced 
yield and altered how local abiotic conditions influenced performance, 
especially during pod filling. In this context, spring rainfall and high 
temperatures can favour the development of Oc. Compared with the 
check cultivars, the advanced breeding lines developed showed greater 
resistance to Oc, resulting in higher yields and smaller yield penalties 
under Oc infestation. The abiotic stress-tolerance analysis in this study 
showed that some genotypes maintained relatively high yields under the 
drier and hotter seasonal conditions. Altogether, these results suggest 
that selection of this breeding material under Mediterranean rainfed 
conditions improved yield robustness against the combined pressures of 
biotic stress and terminal drought. More broadly, this reinforces the 
value of selection within target environments for achieving adaptation 
to multiple stresses. Overall, the field pea lines developed within the 
IAS-CSIC breeding programme represent a clear improvement in adap
tation to rainfed Mediterranean conditions, as reflected in their superior 
yield relative to the check cultivars.

This study also supports early sowing in resistant lines, as it led to 
higher yields despite greater Oc pressure. While early sowing tended to 
increase late-season Ascochyta blight severity, the disease did not 
reduce yield under the conditions of this study. Some breeding lines also 
showed moderate resistance to Ascochyta blight, making them poten
tially useful in breeding for this trait. However, further work is war
ranted to clarify the relationship between Ascochyta blight severity and 
yield in genotypes with high harvest index. Powdery mildew was 
observed in susceptible genotypes across environments, but it had no 
significant effect on yield under the conditions of this study. In addition, 
powdery mildew resistance in several of the breeding lines supports the 
successful introgression of the Er3 gene from a wild Pisum relative.

Beyond practical recommendations for growers, these results also 
guide future breeding efforts in Mediterranean environments and 
further highlight the value of landraces and wild Pisum spp. as sources of 
adaptive and stress-resistance traits.
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Pérez-de-Luque, A., Jorrín-Novo, J.I., Cubero, J.I., Rubiales, D., 2005. Orobanche crenata 
resistance and avoidance in pea (Pisum spp.) operate at different developmental 
stages of the parasite. Weed Res. 45 (5), 379–387. https://doi.org/10.1111/j.1365- 
3180.2005.00464.x.
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poorest appearance; 5 = best appearance). The score integrates visual traits such us 
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of chlorosis.
arcsin-DS: Disease severity values (%) for the corresponding disease, transformed using 

the arcsine square-root method to stabilise variance prior to statistical analysis.
BLUPs (Best linear unbaised predictors): Predictors derived from linear mixed models 

modelling. In this study, they were used to predict genotype performance for a given 
trait after adjusting for environmental and other model effects.

Check cultivars: Commercial cultivar included in the field trial as a reference genotype for 
comparison with the breeding lines.

E, G, G×E: Relative contribution to total trait variance of environmental effects (E), ge
netic effects (G), and Genotype×Environment interaction (G×E).

Flowering: Phenological stage extending from sowing date to flowering onset within the 
plot.

Flower–pod: Phenological transition period from flowering onset to pod-filling onset.
GDD (growing degree days): Thermal accumulation calculated over a specific phenolog

ical window.
GY (grain yield): Dry seed yield extrapolated to kg ha–1.
HI (harvest index): Ratio of dry grain yield to total dry biomass of the plot, expressed as a 

percentage.
Hmax / Hmin: Maximum and minimum relative humidity values summarised over the 

whole crop cycle.
IAS-CSIC: Institute for Sustainable Agriculture (IAS) of the Spanish National Research 

Council (CSIC). Research centre responsible for the development of the breeding lines 
tested in this study.

LMMs (Linear mixed models): Statistical models that account for both fixed and random 
effects. In this study, they were used to estimate or predict genotype performance 
across environments.

Lodging: Degree of stem leaning, scored on a 1–10 scale, from completely erect (1) to fully 
lodged (10).

MGIDI (multi-trait genotype–ideotype distance index): Multivariate index used to rank 

genotypes according to their distance from an ideotype that optimises yield and 
selected agronomic traits.

NDT>X: Number of consecutive days during which maximum temperature (Tmax) ex
ceeds a threshold value X◦C within a specific crop stage (in this study, X = 25 ◦C for 
Flower–pod and X = 30 ◦C for Pod-filling).

Oc: Orobanche crenata Forsk., a parasitic weed causing severe yield reductions in pea crops 
in the Mediterranean Basin.

Oc-free: Experimental environments without natural Orobanche crenata infestation.
Oc-infested: Experimental environments with natural Orobanche crenata infestation.
Plot height: Maximum vertical canopy height (cm), measured within each plot at the 

beginning of pod filling.
Pod-filling: Phenological stage extending from pod-filling onset to plot senescence.
Rainfall: Accumulated precipitation (mm) over the crop cycle or a specific phenological 

window, within an experimental environment.
SMLR (stepwise multiple linear regression): Regression approach used to identify key 

climatic, agronomic and stress-related predictors of yield. In this study, variables were 
iteratively added to or removed from the model according to their contribution to the 
Akaike information criterion (AIC).

Tmax, Tmin: Mean daily maximum and minimum air temperatures summarised for a 
specific phenological window, within an experimental environment.

WAASB: Weighted average of absolute scores from the singular value decomposition of 
the G×E interaction matrix of BLUPs. Stability index derived from the singular value 
decomposition of the BLUPs-based G×E interaction matrix. Lower WAASB values 
indicate greater stability across environments.

Yp: Grain yield of a given genotype in the favourable reference environment (SJ-NOV21 in 
this study) used to compute abiotic stress-tolerance indices.

Ys: Grain yield of a given genotype in the stress-prone reference environment (SJ-22 in this 
study) used to compute abiotic stress-tolerance indices.

M.A. Jiménez-Vaquero et al.                                                                                                                                                                                                                 Field Crops Research 344 (2026) 110512 

16 


	Field pea breeding for integrated adaptation to biotic and abiotic stresses in Mediterranean rainfed agrosystems
	1 Introduction
	2 Materials and methods
	2.1 Plant material and experimental design
	2.2 Agronomic and phenological assessments
	2.3 Statistical analysis
	2.3.1 Variance analyses
	2.3.2 Trait-specific genotype performance and stability
	2.3.3 Multi-trait genotype–ideotype distance index (MGIDI)
	2.3.4 Correlation analysis of agronomic traits, biotic constraints and climatic variables
	2.3.5 Abiotic stress-tolerance indices for GY under contrasting seasonal conditions
	2.3.6 Stepwise multiple linear regression modelling (SMLR) of GY using agronomic traits and climatic variables


	3 Results
	3.1 Partitioning of phenotypic variance across environments
	3.2 Genotypic performance and stability analysis for GY
	3.3 Resistance to Oc and performance under contrasting sowing dates
	3.4 Integrating agronomic trait stability and multivariate selection
	3.5 Abiotic stress tolerance screening in Oc-free environments
	3.6 Predictive modelling of GY based on agronomic traits and climatic variables

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Funding
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	Data availability
	References


