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Abstract

:

Field pea (Pisum sativum L.) is one of the most important pulse crops, and is widely grown in North China. To exploit potential pea varieties suitable for growing in spring planting areas, a set National Regional Trials of Spring Pea Genotype was carried out under irrigated and rainfed environments across seven locations. Grain yield and agronomic traits of fourteen pea cultivars were evaluated. Analysis of variance indicated that the effect of genotype, environments and genotypes × environments interaction was significant (p < 0.01). Results of GGE biplot analysis showed that the first and second principal components accounted for 77.5% and 14.5%, respectively. Genotypes accounted for just 14.7% of the variation in seed yield, while environments accounted for 39.9%, and genotypes × environments interaction accounted for 45.5% of the variation. Investigating the polygon view led to the identification of five superior genotypes and five productivity environments. Superior genotypes and key environments for grain yield were determined using a general linear model. The significant genotypes × environments interaction effects indicated the inconsistent performance of genotypes across the tested environments. Among the tested genotypes, significant differences were observed for grain yield and yield-related traits. The semi-leafless pea variety Longwan 10 was observed the highest yield (3308 kg/ha) over seven locations. Dingwan 12, Dingwan 13, Tongwan 5, Kewan 7 showed higher, stable grain yield than the overall mean of genotypes and check variety Zhongwan 6. The most representative and productivity regions for grain yield of field pea were Yondeng, Qitai, Liaoyang, Dingxi and Tangshan. These findings represent a comprehensive analysis of yield and stability of spring pea varieties and growing locations, which may be useful for national and international pea improvement programs.
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1. Introduction


Pea (Pisum sativum L.), a cool-season legume crop grown in more than 85 countries, is the second-most-important grain legume in the world [1]. Pea seed is highly nutritious, and approximately half the world’s production is fed to livestock while the remaining portion is used for human food, primarily in developing counties. Pea also plays an important role in crop rotation as a plant that interrupts the frequent succession of cereals [2]. Due to its short growing season and the ability of N2 fixation, it has been accepted as one of the valuable crops of organic farming [3].



In China, dry pea is one of the most important pulse crops, which has been produced for a long time in high-altitude marginal lands and low-input areas by smallholder farmers. Pea has good potential in new food applications due to its moderate protein concentration and slowly digestible starch [4]. A major new use for dry pea is the Chinese vermicelli, which utilizes pea starch. China has favorable agroecological conditions for the cultivation of peas for seeds, especially in northwest China, including Gansu, Xingjiang, Hebei, Ningxia and Inner Mongolia, which are the dominant regions for planting spring peas, with sowing in late March to early May and harvesting in early August [5]. Field pea breeding in China started in the 1960s, with the objective of improving productivity through the generation of high yielding varieties with tolerance/resistance to different production constraints and suitable for different agro-ecologies of the country [6].



Current demand of field pea is high, but the productivity is very low and unstable. In 2020, China’s total acreage was about 935,517 hectares with production volume of 1,440,627 t [7]. However, the average yield of 1587 kg per hectare is very low as compared to its potential and yield obtained in many developed countries, which may be attributed to the non-adoption of improved varieties. Other factors like the non-usage of recommended agronomic practices, application of improper fertilizer doses, diseases and harvesting losses also play an important role in yield reduction. In addition, environmental factors such as temperature, rainfall, soil type and moisture also affect pea yield. By far, genotype by environment interaction is the most difficult factor to increase yield of field pea in China, due to diverse agro-climatic zones and the high sensitivity of field pea to various environmental factors.



Genotypes (G) × environments (E) interaction (GEI) refers to differential responses of genotypes across diverse environments [8]. Most agronomically and economically important traits, such as grain yield, are quantitative in nature and routinely exhibit GEI [9]. Detecting GEI effects on yield and other agronomically important traits is one of the most important components for multi-environment yield trials (MEYT) [10]. To be widely accepted, a new crop variety must show good performance across multi-environments before registration and release. The estimation of G, E and GEI ensures valid recommendations of suitable varieties able to overcome the pressure due to variable occurring conditions [11]. The determination of GEI factors helps geneticists in their breeding programs to shift the selection toward varieties suited for wide environments. For analysis of MEYT, additive main effects and multiplicative interactions (AMMI), as well as genotype plus genotype environment interaction (GGE) biplots, have been developed to study GEI effects [12]. However, the GGE biplot model provided an excellent graphical presentation for breeders, visualizing various aspects of genotype and genotype × environment in different biplots, not only showing the stability of genotype but also discrimination strength of recognition in given environments [13].



The GGE biplot methodology has been used to evaluate test environments in cowpea [14], grass pea [15], fava bean [16], chickpea [17], mung bean [18,19], dry beans [20], dry peas [21,22], lentils [23] and other pulses. The objective of this study was to assess the grain yield performance and agronomic traits of local pea genotypes improved by different province research institutes under multiple environments, in order to further exploit high yield potential elite pea varieties with tolerance to biotic and abiotic stresses, and which are widely suitable for planting in spring sowing areas in China.




2. Materials and Methods


2.1. Genotypes, Testing Location, and Experimental Design


Material for the studies covered fourteen pea cultivars, which were bred and released by pea breeders from nine public research institutions. Twelve are normal leaf type and two are semi-leafless type pea. The source and some main quality traits of these pea varieties are presented in Table 1.



The locations of MEYT include Yondeng, Qitai, Liaoyang, Dingxi, Tangshan, Langfang and Maerkang, among which Yondeng, Qitai, and Langfang are in irrigated agricultural areas; and Liaoyang, Dingxi, Tangshan and Maerkang are in rain-fed agricultural area. For the seven locations, long-term average total precipitation varied from 201 mm to 717 mm per year, with 26.9–74.5% of the yearly precipitation occurring during the pea growing season. Long-term average annual temperature of the locations was 16.4 °C, with yearly average temperatures ranging from 5.5 °C to 12.0 °C. The daily minimum temperatures in spring varied from −4 °C to −11 °C, and the daily maximum temperatures in summer varied from 22 °C to 28 °C between locations. Additional information on soil type, biotic or crop management factors and climatic characteristics of experimental locations are presented in Table 2.



Fourteen field pea genotypes, together with standard check, were evaluated during the main cropping season for two years (2020 to 2021) in seven locations, and each environment and year were treated as a single environment. During each year, the experiment with genotypes was carried out in a randomized complete block design (RCBD) with three replications. The plot size was 2 × 5 m (10 m2), with six rows and spacing 40 cm between rows and 5 cm between plants being maintained. Diammonium phosphate (46% P, 18% N) fertilizer and urea (46% N) were applied at rates of 150 kg/ha and 75 kg/ha, respectively. Weeds were controlled periodically by hand weeding, irrigation was performed in E1, E2 and E6 location at the seedling and flowering stage, and other management practices like pest or disease-control was done as required. Pea is most often sown in mid-March. The harvest took place in late July and early August.




2.2. Data Collection and Analysis


Data on grain yield and yield-related traits were collected on plot and plant basis from each plot, respectively. Branches per plant (BP) and date of maturity (DM) were taken when each plot attained 50% flowering and 90% of the pod’s physiological maturity, respectively, and days were calculated beginning from the date of sowing. Data for plant height (PH), seeds per plant (SPP), grain weight per plant (GWP) and seeds per pod (SPD) were collected on the basis of five sample plants which were randomly taken from each plot, and the average of five sample plants was used for analysis. Hundred seed weight (HSW) and grain yield of plot (GYP) were measured on clean, dried seed and the measured grain yield value has converted to kilogram per hectare for analysis. Statistical analysis was carried out by SPSS for Windows version 26.0 (IBM Corporation, New York, NY, USA). Standard statistical techniques were used, and the data were subjected to analysis of variance (ANOVA) using the Fisher’s least significant difference (LSD) method to test the significance difference between means. To compare the differences among the genotype means, the significant data were further analyzed statistically using a Least Significant Difference (LSD) test at p < 0.05 and p < 0.01 probability level. A two-way fixed effect model was fitted to determine the magnitude of the main effects of variation and their interaction on seeds yield. To perform GGE biplot analysis, least square means from each environment were analyzed using the GGE BiplotGUI package from the statistical software R.





3. Results and Discussion


3.1. Analysis of Variance of Grain Yield


The combined analysis of variance for grain yield of fourteen field pea genotypes over seven locations across two years showed that there were significant differences for grain yield among locations, pea genotypes and GEI (Table 3) The result showed that field pea grain yield was significantly (p < 0.01) affected by environments (locations and years), genotype and GEI. The significance of GEI indicated that grain yield and yield-related traits of the genotypes was not consistent in different experimental environments, and the impact of environment on yield potential of the genotypes was also different. The additive main effects and multiplicative interactions (AMMI) model was used to partition the GEI of grain yield of field pea. The results showed that genotypes accounted for just 14.7% of the variation in seed yield, whereas environments accounted for 39.9% (37.1% and 2.8% for locations and years, respectively) and GEI accounted for 45.5% (18.1%, 1.4% and 26.0% for G × L, G × Y and G × L × Y) of the variation (Table 3). The finding indicated that field pea grain yield was significantly affected by GEI, followed by the changes in the environment and genotypic effect. The effect of different environment on pea grain yield was significantly different, indicating that different environment had a great difference on pea grain yield. Pea is often described as a species adapted to a wide type of environmental conditions [24]. Many studies have showed a significant influence of environment and GEI on phenotypic performance of resistance to pea weevil [21], dry matter and seed yield [22] and other agronomically important traits [25]. GEI effects are very significant for pea variety improvement to identify adaptation targets and test locations. When GEI are due to variations in predictable factors, pea breeders can choose either to develop specific genotypes for selected environments or broadly adapted genotypes that perform well under variable conditions [26]. However, when GEI results from unpredictable sources, breeders need to develop stable genotypes that perform reasonably well under a range of environmental conditions.




3.2. Mean Performance of Different Genotypes and Environment


Average grain yields of individual location were calculated for each year and across years (Table 4). There was no significant difference in pea grain yield between irrigated and rain-fed conditions. Under irrigated condition, the yields ranged from 774 kg/ha in E6 to 5444 kg/ha in E1, with the regional average of 2543 kg/ha. Under rain-fed conditions, the yields ranged from 758 kg/ha in E7 to 5485 kg/ha in E3, with a regional average of 2389 kg/ha. However, site variation was observed in the individual years, and across years, the ranges of grain yield and yield-related traits were generally wider. In rain-fed conditions, the average yields in 2020 ranged from 1029 kg/ha in E7 to 3335 kg/ha in E3, with the regional average (across four sites) of 2279 kg/ha. The yield advantage of the highest yield environment E1 was 24.5% higher than the average yield of the environment. Environments E2 and E3 were the second- and the third-highest yielding environments, with mean grain yields of 2933 kg/ha and 2899 kg/ha, respectively.



The mean grain yield of field pea genotypes across seven environments ranged from 1619 kg/ha for G14 to 3308 kg/ha for G1, with an environmental average of 2455 kg/ha (Table 4). Among the tested genotypes, the semi-leafless pea variety G1 was recorded the highest yield (5484 kg/ha) at E3 in 2021, and the average grain yield of 3308kg/ha showed a 44.1% yield advantage over the check genotypes G10 (2295 kg/ha). Generally, the semi-leafless genotypes had a higher seed yield than normal-leafed ones, as the semi-leafless trait allows for penetration of sunlight to the lower canopy and mechanical support to prevent lodging [27]. Four varieties – G2 (2866 kg/ha), G3 (2832 kg/ha), G4 (2710 kg/ha) and G5 (2723 kg/ha) – had statistically significantly higher grain yield than other genotypes and standard check variety G10, and there were no significant yield differences between them at experimental locations. The grain yield of most improved varieties was statistically higher than that of standard control varieties. The differences observed between improved varieties may be due to genetic variation. This is consistent with the results of genetic differences in grain yield between varieties reported by Bocianowski et al. [2].



Among the tested environments, the most representative and discriminating regions for grain yield of field pea were E1, E2, E3, E4 and E5. The reason of low yields in E7 location was the high altitude (2620 m) and high amount of rainfall (110 mm) in August, which caused late maturity and strong lodging of pea cultivars. Rainfall amounts and distribution were very favorable during pea growth seasons in the locations E3, E4, E5 (375.6 mm; 203.7 mm; and 164.8 mm). In reality, favorable and high-yield environments are not necessarily due to natural climate or soil factors. Optimal management at research stations, including abundant fertilization, accurate field preparation, timely sowing and harvesting, precision irrigation and effective control of weeds, pests and diseases, are also important aspects for better yield and production of pea. Such differences in yield may also imply remarkable GEI between these environments. These findings represent a comprehensive analysis of yield and stability of spring pea variety and growing environment, which may be useful for national and international pea improvement programs.




3.3. GGE-Biplot Analysis for Adaptation and Yield Stability


GGE biplot technique is one of the appropriate methods for investigating the genotype environment interaction of the multi-environment grain yield trial data [28]. Results of biplot analysis showed that the first and second principal components accounted for 77.5% and 14.5%, respectively, and in total 91.9% of grain yield variance (Figure 1). The which-won-where/what pattern is one of the most attractive features of the GGE biplot, which graphically addresses the crossover GE, mega-environment differentiation, and more specifically, adaptation [29]. It also facilitates the identification of superior genotypes and the testing environment for planting such genotypes. According to the biplot shown in Figure 1, the corner genotypes that are the most responsive ones can be visually determined. These corner genotypes were G1, G8, G13, G14 and G11. Ranking the cultivars based on the ideal genotype introduced the genotype G1 as the best genotype. The seven locations are grouped into two major groups, indicating the existence of two mega-environments for spring pea in North China. One group includes E1, E2, E3, E4, E6 and E7, with genotype G1 as the most favorable, while the other group involves E5 with genotype G8 as the most favorable. Results obtained from ranking the environments based on the ideal environment introduced the locations E1, E2, E3 and E4 as the most stable environments for grain yield. Therefore, these four locations should be considered as the most suitable environments for selecting widely cultivated pea genotypes. In fact, the performance of a good pea variety consists of mean yield and adaptation and yield stability. In present research, the observation and analysis of GEI in multi-environment yield trials is very important for the evaluation, selection and recommendation of pea cultivars.



Yield is the most important and complex trait in crops. It reflects the interaction of the environment with all growth and development processes that occur throughout the life cycle [30]. Yield performances consist of mean grain yield and stability concepts [31]. Stability analysis is an important and efficient tool for plant breeders and agronomists. It helps to identify and select the most stable, high-performing genotypes that are best suitable under a given set of environmental conditions. Compared to the conventional procedures of yield stability analysis, the GGE biplot analysis integrates some features from all of them, such as a visual interpretation of the GE interaction [32]. The mean yield and stability effects of the genotypes were examined by defining an average tester coordinate (ATC) (Figure 2). Genotype G1 had the highest average yield, and G14 had the lowest. The stability of each genotype is explored by its projection onto the ATC vertical axis. Genotypes G1, G2, G3, G6, G7 and G9 were the most stable, while genotypes G11, G14 and G13 were the least stable. However, considering both mean yield and stability performance, genotypes G1 to G2, G3, G4 and G5 could be regarded as the most favorable. In the face of a changing climate, yield stability is becoming increasingly important for farmers and breeders [33]. Estimates for stability have derived from an analysis of GEI, and the significant GEI have resulted from changes in the magnitude of differences between genotypes in different environments.




3.4. Performance of Main Agronomic Traits and Correlation Analysis


Crop yield is directly and multiply determined by yield-component traits or agronomic traits [34]. To analyze the performance of yield and agronomic traits in pea is useful for selecting excellent varieties. Mean performances of main agronomic traits of 14 spring pea varieties were represented in Table 5. There were significant differences in agronomic traits of different pea varieties. Based on the result, DM varied from 79 d to 93 d, with a mean of 85 d. The longest DM was recorded for G2 and G3 (91.4 d), while the earliest varieties to mature were G8 (80.6 d) and G10 (80.7 d). However, the best semi-leafless pea variety G1 was 6.1 days later than dwarf variety G10. PH is an important agronomic character of pea varieties. The PH ranged from 37 cm to 110 cm, with a mean of 67.5 cm. SPP from 8.4 to 49.0 with a mean of 24.4, BP from 1.0 to 1.6 with a mean of 1.3, HSW from 19.5 g to 24.8 g with a mean of 22.3 g and GWP from 1.8 g to 9.5 g with a mean of 5.2 g. The combined analysis of variance for seven agronomic characters showed that there was significant difference in DM, PH, SPP, SPD, BP, HSW, GWP and GYP across locations, indicating that the environment and genotypes factors were mainly attributed to the variation. The difference of grain yield and seven agronomic traits might have come from genetic variation among the tested varieties. These findings are in agreement with other reports [35]. Compared to check genotype G10 and other genotypes, G1 was an ideal genotype with high grain yield and excellent agronomic traits (Figure 3).



To determine association between grain yield and agronomic traits, we calculated the coefficient of correlation. Estimate the simple correlation coefficient among eight main agronomic traits of fourteen pea genotypes are presented in Table 6. In present research, at phenotypic level, a significantly positive association of GYP observed with SPP (r = 0.981) and GWP (r = 0.956). Significantly positive correlations were also observed between SPP and GWP (r = 0.932), DM and PH (r = 0.864). The non-significant but positive correlation of GYP was recorded with DM (r = 0.128), PH (r = 0.177), BP (r = 0.01) and HSW (r = 0.009). These findings are similar to the results of other researchers [36]. Thus, these characters emerged as the most vital component traits, and are associated positively with grain yield. The value of genotypic and phenotypic variation suggests that there is good scope for yield improvement through selection for SPP, GWP, DM and PH. However, a significant negative correlation was found between PH and HSW (r = −0.301), which are similar to other reports [36].





4. Conclusions


We evaluated the stability and yield potential of pea genotypes based on combined ANOVA and GGE biplot analysis. GEI has a key effect on crop variety development by complicating the release of varieties across challenging environments. Analysis of variance for every location and combined over seven locations showed significant differences among genotypes, environments and GEI for grain yield, as well as most of the yield-related traits of spring pea. The significant GEI effects indicated the inconsistent performance of genotypes across the tested environments. Different genotypes have had different genetic potentials. Among the tested genotypes, G1, G2, G3, G4, G5, G6, G7 and G8 had mean grain yield above the overall mean grain yield of genotypes. Overall, the semi-leafless pea variety G1 was the best genotype, with an average grain yield of 3308 kg/ha, followed by G2 (2866 kg/ha), G3 (2832 kg/ha), G4 (2710 kg/ha) and G5 (2723 kg/ha), which were significantly higher than other genotypes and standard check variety G10. It is suggested that G1 should be used as the standard check genotype for dry field pea breeding in the future. The most representative and productivity environments were identified for spring pea-producing areas in North China, including E1, E2, E3, E4 and E5, with G1 as the highest average yield and most suitable genotype. It was worthwhile to mention that the G1 variety had the highest grain yield under the E1 location. Therefore, it is recommended to use elite genotype G1 for the wider cultivation in North China and similar areas. These findings represent a comprehensive analysis of yield and stability of spring pea variety and growing locations, which may be useful for national and international pea improvement programs.
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Figure 1. Polygon views of the GGE-biplot based on symmetrical scaling for the “Which Won Where/What” pattern for 14 spring pea genotypes and seven locations from 2020 to 2021. The data were not transformed (Transform = 0), not scaled (Scaling = 0) and were environment-centered (Centering = 2). See Table 1 and Table 2 for genotypes and environments legends, respectively. Green and blue numbers stand for genotypes and environments, respectively. 
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Figure 2. The “mean vs. stability” view of the GGE biplot based on a G × E yield data of fourteen pea genotypes evaluated at seven environments from 2020 to 2021. The data were not transformed (Transform = 0), not scaled (Scaling = 0), and were environment-centered (Centering = 2). The biplot was based on cultivar focused singular value partitioning (SVP = 2), and is therefore appropriate for visualizing the similarities among genotypes. See Table 1 and Table 2 for genotypes and environments legends, respectively. Green and blue numbers stand for genotypes and environments, respectively. 
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Figure 3. The characteristic of individual plant and population of pea variety ((a,b) for G1 and (c,d) for G10) in the field at E1 location in 2021. G1 = Semi-leafless pea variety Longwan 10; G10 = Check variety Zhongwan 6. 
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Table 1. Main qualitative traits and original of fourteen pea genotypes.
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	Gen. Code
	Genotypes
	Original
	Flower Color
	Seed Color
	Seed Type
	Leaf Type
	Plant Type





	G1
	Longwan 10
	CRI-GAAS
	White
	Yellow
	Round
	SL
	SL



	G2
	Dingwan 12
	DAAS
	Purple
	Dun
	Dimpled
	NL
	LV



	G3
	Dingwan 13
	DAAS
	White
	Yellow
	Round
	NL
	LV



	G4
	Tongwan 5
	HLCI-SAU
	White
	Yellow
	Round
	SL
	SL



	G5
	Kewan 7
	ICR-LAAS
	White
	Green
	Angled
	NL
	SD



	G6
	Chuangwan 1
	CRI-SAAS
	Purple
	Dun
	Dimpled
	NL
	LV



	G7
	Kewan 9
	ICR-LAAS
	White
	Green
	Wrinkled
	NL
	SD



	G8
	Tanwan 1
	TAAS
	White
	Green
	Round
	SL
	SD



	G9
	Chengwan 2
	CRI-SAAS
	White
	Brown
	Ellipse
	NL
	LV



	G10
	Zhongwan 6
	IAS-CAAS
	White
	Green
	Dimpled
	NL
	SD



	G11
	Yunwan 68
	FCRI-YAAS
	White
	Green
	Round
	NL
	SD



	G12
	Zhongqin 3
	ICS-CAAS
	White
	Green
	Dimpled
	NL
	SD



	G13
	Zhongqin 2
	ICS-CAAS
	White
	Green
	Dimpled
	NL
	SD



	G14
	Longwan 11
	CRI-GAAS
	White
	Green
	Angled
	NL
	SD







Gen. code = Genotype code; CRI-GAAS = Crop Research Institute, Gansu Academy of Agricultural Sciences; CRI-SAAS = Crop Research Institute of Sichuan Academy of Agricultural Sciences; DAAS = Dingxi Academy of Agricultural Sciences; FCRI-YAAS = Institute of Food Crops, Yunnan Academy of Agricultural Sciences; HLCI-SAU = High Latitude Crops Institute, Shanxi Agricultural University; IAS-CAAS = Institute of Animal Sciences, Chinese Academy of Agricultural Sciences; ICR-LAAS = Institute of Crop Research, Liaoning Academy of Agricultural Sciences; ICS-CAAS = Institute of Crop Sciences, Chinese Academy of Agricultural Sciences; TAAS = Tangshan Academy of Agricultural Sciences; SL = Semi-leafless; NL = Normal leaflets; SD = Semi dwarf; LV = Long vine.
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Table 2. Locational and climatic characteristics of experimental locations, soil types, agricultural climatic zone and growing conditions during the pea growing season.
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	Location Code
	E1
	E2
	E3
	E4
	E5
	E6
	E7





	Latitude (N)
	36°43′
	43°59′
	41°16′
	35°34′
	39°45′
	39°17′
	31°54′



	Longitude (E)
	103°38′
	89°34′
	123°10′
	104°37′
	118°17′
	116°43′
	102°13′



	Altitude (m)
	2173
	799
	27
	1905
	26
	20
	2629



	AP (mm)
	319
	201
	717
	383
	590
	514
	667



	Season of growth
	March–July
	March–July
	March–July
	March–July
	February–June
	February–June
	April–August



	TPPGS (mm)
	170
	108.5
	375.6
	203.7
	164.8
	138.3
	497.1



	TPPGS/AP (%)
	53.3
	54.0
	52.4
	53.2
	27.9
	26.9
	74.5



	AAT (°C)
	5.9
	5.5
	9.0
	7.1
	12.0
	11.9
	8.6



	MMATSP (°C)
	9.0
	2.0
	2.0
	6.0
	7.0
	7.0
	5.0



	MMITSP (°C)
	−4.0
	−11.0
	−9.0
	−7.0
	−6.0
	−4.0
	−9.0



	MMATSU (°C)
	26.0
	23.0
	25.0
	22.0
	27.0
	28.0
	20.0



	MMITSU (°C)
	12.0
	12.0
	13.0
	9.0
	14.0
	15.0
	7.0



	Soil types
	Castanozems
	Castanozems
	Brown earths
	YCLS
	Brown earths
	Brown earths
	YCLS



	ACZC
	NASR
	NASR
	HHHP
	NASR
	HHHP
	HHHP
	HLC



	conditions
	Irrigated
	Irrigated
	Rain-fed
	Rain-fed
	Rain-fed
	Irrigated
	Rain-fed



	Previous crop
	Wheat
	Wheat
	Maize
	Oat
	Maize
	Maize
	Barley







Meteorological data were obtained from the nearest Environment China weather station (http://www.nmc.cn, accessed on 1 May 2022). E1 = Yondeng, Gansu province; E2 = Qitai, Xinjiang province; E3 = Liaoyang, Liaoning province; E4 = Dingxi, Gansu province; E5 = Tangshan, Hebei province; E6 = Langfang, Hebei province; E7 = Maerkang, Sichuan province. AP = Annual precipitation; YCLS = Yellow cultivated loessial soil. TPPGS = Total precipitation during pea growth season; AAT = Annual average temperature; MMATSP = Mean daily maximum temperatures in spring; MMITSP = Mean daily minimum temperatures in spring; MMATSU = Mean daily maximum temperatures in summer; MMITSU = Mean daily minimum temperatures in summer; ACZC = Agricultural Climatic Zoning in China; NASR = Northern arid and semiarid region; HHHP = Huang-Huai-Hai Plain; HLC = High-latitude climates.
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Table 3. Combined analysis of variance for grain yield (kg/ha) of the fourteen pea genotypes over seven locations across two years.
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SV

	
DF

	
MS

	
SS

	
F-Value

	
Total (%) SS

	
G × E (%) SS






	
Genotype (G)

	
13

	
8,245,378 **

	
1,071,899,14

	
56.359

	
14.7

	




	
Location (L)

	
6

	
45,018,490 **

	
2,701,109,40

	
307.709

	
37.1

	




	
Year (Y)

	
1

	
20,370,895 **

	
20,370,895

	
139.238

	
2.8

	




	
G × L

	
78

	
1,686,145 **

	
1,315,193,10

	
11.525

	
18.1

	
39.7




	
G × Y

	
13

	
757,776 **

	
9,851,088

	
5.180

	
1.4

	
3.0




	
G × L × Y

	
84

	
22,566,88 **

	
1,895,617,92

	
15.425

	
26.0

	
57.3




	
G × E (G × L, G × Y, G × L × Y)

	
175

	
1,891,041

	
3,309,322,13

	
12.93

	
45.5

	




	
Error

	
392

	
146,302

	
573,503,84

	




	
Sum

	
587

	
13,389,34

	
7,859,543,23








SV = Source of variation; DF = Degrees of freedom; MS = Mean square; ** = significant at p < 0.01 probability level. Total (%) SS = % of total sums of squares; G × E (%) SS = % of total sums of G × E squares.
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Table 4. Mean grain yield (kg/ha) of fourteen field pea genotypes at seven locations across two years.
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	Gen. Code
	E1
	E2
	E3
	E4
	E5
	E6
	E7
	Gen. Mean
	Check (%)





	G1
	4980 a
	4158 a
	4047 a
	3274 abc
	2949 ef
	1911 c
	1835 a
	3308 a
	44.1



	G2
	4402 ab
	3508 ab
	3210 bc
	3227 a
	2427 f
	2089 ab
	1199 abcd
	2866 b
	24.9



	G3
	4250 ab
	3380 abc
	3185 bc
	3069 ab
	2601 def
	1857 abc
	1479 ab
	2832 b
	23.4



	G4
	4317 ab
	3416 abc
	3030 bc
	2532 abc
	2729 d
	1702 abc
	1244 abc
	2710 bc
	18.1



	G5
	3518 abc
	2761 bcd
	3596 ab
	3032 ab
	3353 b
	1545 bc
	1253 abcd
	2723 bc
	18.6



	G6
	3307 abc
	3577 ab
	2889 bc
	2796 abc
	2703 de
	1645 bc
	1296 abcd
	2602 cd
	13.4



	G7
	3222 abc
	3077 abc
	2988 bc
	3209 ab
	2763 d
	1357 cd
	949 cd
	2509 cde
	9.3



	G8
	2169 abc
	2737 bcd
	2951 bc
	2763 abc
	3324 a
	2239 a
	1123 bcd
	2472 cde
	7.7



	G9
	3037 abc
	2948 bc
	3199 bc
	2389 abc
	2306 g
	1402 cd
	1237 abcd
	2360 ef
	2.8



	G10
	1833 bc
	2652 cde
	2880 bc
	2502 abc
	3066 c
	2199 a
	932 cd
	2295 ef
	-



	G11
	3864 ab
	3045 abc
	2143 d
	2081 bc
	2312 g
	980 de
	1251 abcd
	2239 f
	−2.4



	G12
	1230 abc
	1975 ef
	2542 cd
	2379 abc
	2660 de
	1505 bc
	922 cd
	1888 g
	−17.8



	G13
	1148 c
	1763 f
	2668 cd
	2466 abc
	3020 c
	1606 bc
	1006 cd
	1954 g
	−14.9



	G14
	1531 bc
	2071 def
	1262 e
	1656 c
	2952 c
	910 e
	953 d
	1619 h
	−29.4



	Env. Mean
	3058
	2933
	2899
	2670
	2798
	1639
	1191
	2455
	



	SD
	1542
	960
	1181
	983
	379
	532
	360
	1157
	







Gen. code = Genotypes code; Env. Mean = environmental mean, Gen. mean = genotypic mean. SD = Standard Deviation; SEM = standard error of mean. The same superscript letters in the same row for each pea cultivar means no significant difference (p < 0.01) in grain yield.
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Table 5. Performance of main agronomic traits of fourteen pea genotypes over seven locations across two years.
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	Gen. Code
	DM
	PH
	SPP
	SPD
	BP
	HSW
	GWP
	GYP





	G1
	86.1
	66.8
	32.4
	3.6
	1.1
	22.5
	6.8
	3.27



	G2
	91.4
	102.2
	29.2
	3.3
	1.2
	22.0
	5.5
	2.84



	G3
	91.4
	102.5
	25.9
	3.7
	1.2
	24.1
	5.9
	2.80



	G4
	83.0
	66.6
	27.9
	3.7
	1.3
	21.3
	5.7
	2.68



	G5
	82.3
	64.2
	27.8
	4.3
	1.3
	21.5
	5.8
	2.70



	G6
	86.7
	90.4
	27.3
	3.6
	1.4
	21.0
	6.2
	2.58



	G7
	84.4
	66.1
	25.7
	3.7
	1.3
	20.2
	5.3
	2.48



	G8
	80.6
	49.7
	24.4
	3.3
	1.2
	23.4
	5.6
	2.55



	G9
	88.6
	81.9
	24.6
	3.5
	1.5
	21.0
	5.0
	2.34



	G10
	80.7
	42.0
	21.2
	3.8
	1.4
	23.8
	4.8
	2.27



	G11
	86.1
	65.6
	21.6
	4.1
	1.2
	22.9
	4.7
	2.22



	G12
	83.0
	41.3
	17.4
	4.0
	1.2
	23.9
	3.9
	1.87



	G13
	81.7
	41.7
	17.7
	3.7
	1.2
	24.3
	4.1
	1.93



	G14
	85.7
	64.3
	18.0
	4.2
	1.1
	19.8
	2.9
	1.60



	Range
	79–93
	37–110
	8.4–49.0
	2.3–5.2
	1.0–1.6
	19.5–24.8
	1.8–9.5
	0.90–4.93



	Mean
	85.1
	67.5
	24.4
	3.8
	1.3
	22.3
	5.2
	2.44



	SEM
	3.6
	20.4
	9.1
	0.6
	3.7
	1.5
	1.9
	0.92



	SD
	13.43
	417.25
	83.40
	0.39
	0.02
	2.30
	3.69
	0.84







DM = Days to Maturity (d); PH = Plant High (cm); SPP = Seeds number per plant; SPD = Seeds number per pod; BP = Branches number per plant; HSW = Hundred seeds weight (g); GWP = Grain weight per plant (g); GYP = Grain yield per plot (kg); SD = standard deviation; SEM = standard error of mean.
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Table 6. Estimates of simple correlation coefficients among eight traits in field pea genotypes.
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	DM
	PH
	SPP
	GWP
	SPD
	BP
	HSW
	GYP





	DM
	1
	0.864 **
	0.166
	0.089
	−0.119
	−0.019
	−0.153
	0.128



	PH
	
	1
	0.238 *
	0.172
	−0.152
	0.049
	−0.301 **
	0.177



	SPP
	
	
	1
	0.932 **
	−0.006
	0.033
	−0.136
	0.981 **



	GWP
	
	
	
	1
	0.014
	0.067
	0.024
	0.956 **



	SPD
	
	
	
	
	1
	0.071
	−0.066
	−0.006



	BP
	
	
	
	
	
	1
	−0.118
	0.01



	HSW
	
	
	
	
	
	
	1
	0.009



	GYP
	
	
	
	
	
	
	
	1







** = significant at p < 0.01 probability level, * = significant at p < 0.05 probability level.
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