Optimizing soybean productivity through inoculation and nitrogen management in northern temperate regions
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Abstract
Soybean (Glycine max (L.) Merr.) production in the United Kingdom remains limited due to low and inconsistent domestic yields, resulting in a strong reliance on imports exceeding three million tonnes annually. However, recent climatic shifts, including warmer temperatures and altered precipitation patterns, are creating opportunities for successful soybean cultivation within the UK, with potential to reduce dependence on external supply. Field experiments were conducted at The Steading Field, Royal Agricultural University, UK, during the 2022 and 2023 growing seasons to evaluate the response of soybean (cv. Maya) to inoculation (LegumeFix, 750 g per 200 kg seed) and nitrogen fertilisation (60 kg ha-1). The experiment was arranged in a randomised complete block design with three replicates. Nitrogen fertilisation alone significantly increased plant height, dry matter accumulation, seeds per pod, 1000 seed weight, oil content, and grain yield compared with inoculation. In contrast, inoculation alone significantly enhanced root nodulation, indicating that excess nitrogen may suppress biological nitrogen fixation. The combined application of inoculation and nitrogen fertilisation significantly increased yield and yield components compared with either treatment applied individually. Although nitrogen fertiliser alone and the combined treatment produced the highest yield and revenue, economic analysis showed that inoculation alone delivered the highest return on investment. These findings indicate that while integrated nitrogen management improves soybean productivity under northern temperate conditions, the high cost of nitrogen inputs limit economic efficiency. 
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Background 
Soybean (Glycine max L.), a leguminous crop native to East Asia and a member of the Fabacea family, is widely cultivated for its edible beans, oil and protein-rich by products such as soy meal (Modgil et al., 2021). As a legume, soybean establishes symbiotic associations with Rhizobium bacteria, particularly Bradyrhizobium japonicum and B. elkanii, which form root nodules and enable biological nitrogen fixation (BNF).  Through this process, soybean can obtain up to half of its nitrogen requirements from atmospheric sources (Collino et al., 2015; Kaschuk et al., 2016). However, Bradyrhizobium populations are typically low in soils where soybeans have not recently been cultivated (Hungria et al., 2017), and their efficiency is constrained by low soil temperatures (Zhang et al., 2003; Pannecoucque et al., 2022) which is typical in UK soils. To overcome these limitations, soybean seeds are commonly inoculated with Bradyrhizobium strains prior planting, thereby enhancing nodulation and nitrogen fixation efficiency (Halwani et al., 2021; Omari et al., 2022).
The application of mineral fertiliser helps improve crop yield but is associated with negative impacts on soil microbial communities and human health, primarily through ground water pollution and shifts in soil acidity and alkalinity (Bai et al., 2020; Dincă et al., 2022). Consequently, many researchers are seeking strategies to sustain crop productivity while reducing reliance on synthetic nitrogen inputs (Serafin-Andrzejewska et al., 2024; Bailey-Serres et al., 2019). Soybean crops are of particular interest because as a legume, it can establish symbiotic associations with Bradyrhizobium species to meet its nitrogen requirements without the need for synthetic nitrogen fertiliser (Hungria et al., 2017). Therefore, incorporating soybean into crop rotations can reduce dependence on synthetic fertilisers, contribute to sustainable farming systems (Toleikienė et al., 2019) and enhance soil fertility (Rubiales & Mikic, 2015).
Soybean has also been reported to fix up to 337 kg N ha-1 through BNF (Salvagiotti et al., 2008). However, BNF decreases with increasing mineral nitrogen applications (Ciampitti & Salvagiotti, 2018; Saturno et al., 2017). Studies have shown that inoculated soybean crops can yield up to 200 kg ha-1 more than those receiving nitrogen fertiliser alone (Albareda et al., 2009; Pannecoucque et al., 2022). In addition, Księżak et al., (2022) found that combination of inoculant and nitrogen fertilisation at the rate of 30 or 60 kg N ha-1 increased soybean yield with about 17% and protein content with 14% than the control, but Serafin-Andrzejewska et al., (2024) observed improved synergetic effects when inoculant was combined with 30 kg N ha-1.  Other research indicates that mineral nitrogen applied during early crop development can alleviate transient nitrogen deficiency, particularly when cotyledon reserves are depleted and nodulation has not yet been established (Salvagiotti et al., 2008; Menza et al., 2017).
The effects of inoculation and nitrogen fertiliser application on soybean growth, seed yield, dry matter accumulation, protein content and oil concentration have been widely documented (Maluk et al., 2023; Księżak et al., 2022; Menza et al., 2017; Ortez et al., 2018; Albareda et al., 2009). However, evidence regarding their combined applications remains inconsistent. Some studies report benefits, whilst others highlight improvement with inoculation alone. Salvagoitti et al.,  (2008) estimated that soybean requires approximately 80 kg N per Mg of seed, supplied through BNF and soil N (Ciampitti & Salvagiotti, 2017), making fertilisation unnecessary for well nodulated crops, while Mourtzinis et al., (2018) found yield responses to nitrogen fertiliser to be inconsistent, and Kaschuk et al., (2016) reported no yield increase when soybean was treated with nitrogen fertiliser.  However, Prusiński et al., (2020) and Głowacka et al., (2023) reported positive responses to 30 kg N ha-1 combined with inoculation or  60 kg ha-1 nitrogen when applied alone. 
Despite extensive global research, relatively few studies have examined soybean inoculation in Europe, and even fewer in the United Kingdom (Kühling et al., 2017; Maluk et al., 2023). Evidence suggest that inoculation is generally beneficial, increasing grain yield and  biomass compared to uninoculated crops (Albareda et al., 2009; Omari et al., 2022; Pannecoucque et al., 2022; Schweiger et al., 2012). However, results from combined inoculation and nitrogen fertiliser remain inconsistent (Prusiński et al., 2020;   Głowacka et al., 2020), highlighting the need for further evaluation under current crop production practices in the UK. This study aims to assess soybean productivity in response to inoculation, with or without nitrogen fertilisation, and evaluate the economic implications of these treatments under UK conditions.
Materials and Methods
Sites Description Two years of field experiments were conducted during 2022 and 2023 cropping seasons at the Steading field, Royal Agricultural University, Cirencester, United Kingdom (510 42’ 33.6’’ N1059’ 40.7’’ W). The experimental sites were previously cultivated with wheat and barley in 2022 and 2023 respectively. The soils exhibited relatively high clay content with 36% silt proportion which classified them as clay in texture. The soil was slightly alkaline, while the organic matter and total nitrogen were in moderate forms. Extractable phosphorus concentrations were also within the medium range (Table 1). 
Table 1: Soil characteristics (0-20cm) before planting for 2022 and 2023 cropping seasons.
	
	              Values

	Chemical characteristics
	2022
	2023

	
pH 1:2.5 (water ratio)
	
7.9
	
7.8

	Extractable phosphorus (mg/l)
	12.6
	13.2

	Organic matter (%)
	4.5
	4.3

	Total nitrogen (%)
	0.45
	0.47

	Organic carbon (%)

	2.7
	2.4

	Physical composition (%)
	
	

	Sand
	21
	22

	Silt
	36
	36

	Clay
	43
	42

	Textural class
	Clay
	Clay


Royal Agricultural University laboratory.
Experimental Design
The experiment was a 2 x 2 factorial established using a randomised complete block design (RCBD) with three replicates, covering a total area of 288m2 in each year. Each replicate had four plots (24m2 each) which comprised the following treatment combinations: (i) uninoculated, unfertilised (−I −N), (ii) inoculated, fertilised (+I +N), (iii) inoculated, unfertilised (+I −N), and (iv) uninoculated, fertilised (−I +N). 
Soybean Variety Choice
An early maturing soybean variety (Maya) bred by Prograin, Canada was selected for this study due to  its yield potential, tolerance to abiotic stress, adaption to cold climatic conditions, and suitability for human consumption (https://prograin.ca/ca/en/).
Inoculation Procedure and Nitrogen Fertiliser Application
Seeds were inoculated with a commercial peat-based inoculant (LegumeFix), produced by Legume Technology Ltd UK. The inoculant contained 5 x 109 colony forming units per gram of Bradyrhizobium. Seed were inoculated with 750 g inoculant per 200 kg seed prior to sowing, according to manufacturer’s recommendations. The inoculant can be stored for up to 24 months without affecting its quality (https://legumetechnology.co.uk/products/legumefix/). Before inoculation, 2L of non-chlorinated water was added per tonne of seed to moisten the seed surface and enhance adhesion of inoculant. The appropriate quantity of inoculant was then applied to the pre-moistened seeds and mixed thoroughly to ensure uniform coating. The treated seeds were planted immediately after inoculation to maintain rhizobia viability and nodulation potential. In treatments receiving nitrogen fertiliser, 30 kg N ha-1 was applied as starter, while additional 30 kg N ha-1 top dressed at six weeks after planting. The mineral fertiliser used was Granular fertiliser, sourced from Yara UK and contained 27% nitrogen and 30% Sulphur trioxide
Data Collection
Growth and physiological traits were assessed at specific growth stages described by Fehr et al., (1971). Plant height and leaf number were recorded weekly from five randomly selected plants per plot. Height was measured from ground level to the apical tip, while fully expanded leaves were counted within a 1 m2 quadrat. Chlorophyll index was measured every 14 days using CCN 200 Plus meter on the three uppermost fully expanded leaves of five plants per plot and recorded as SPAD units as a measure of leaf greenness. Branch number was assessed at 14-days intervals by counting primary branches on five plants. Flowers were assessed at R1 and R2, and pods from R3 to R6, using the same sampling approach. Root nodulation was evaluated at R3 by carefully uprooting five plants per plot, washing root and manually counting nodules. Seed per pod were examined at R8 from thirty pods sampled from ten plants per plot. Dry matter percentage was calculated from above ground biomass after oven drying at 650C to constant weight. After harvest, thousand seed weight was measured from 1000 cleaned seeds per plot and adjusted to 13% moisture following International Seed Testing Association procedures. Grain yield was determined from the net plot area, adjusted to 13%, and expressed in tonnes per hectare. Seed oil content was quantified by Soxhlet extraction following AOAC International methods, and protein was using the Kjeldahl method with nitrogen converted to crude protein using 6.25 correction factor described by Krul, (2019).
Economic analysis
An economic analysis was undertaken to assess the profitability of inoculation and nitrogen fertiliser treatments.  To address this, an economic assessment was conducted using the 10-year average soybean market price (Figure 1) as a benchmark to examine the net return the, and return on investment (ROI) across the treatments to determine the most economically viable option under the experimental conditions (Table 2).
	Production Input Costs

	Input
	Rate Used 
	Unit Price 
	Calculation
	Cost (£ ha-1)
	Notes

	Seed
	140 kg ha-1
	£0.34529 per kg
	140 x 0.34529
	£48.34
	Same price used for 2022 and 2023

	Nitrogen fertiliser
	60 kg N ha-1
	£0.90 per kg
	60 x 0.90
	£54.00
	Same price used for both years

	Inoculant
	525 g for 140 kg seed
	£17.00 per 750 g 
	Proportional cost
	£11.88
	Same price used for both years

	Economic Evaluation Equations

	Parameter
	Formula
	
	
	
	

	Cost (£ ha-1)
	Seed cost + Nitrogen cost 
	

	Revenue (£ ha-1)
	Yield (t ha-1) x Sale price (£ t-1)
	
	

	Net return (£ ha-1)
	Revenue - Cost
	
	
	
	

	ROI (%)
	(Net return ÷ Cost) x 100
	
	


Figure 1: Average prices for soybeans worldwide from 2014 to 2023 (in nominal U.S. dollars per metric tonne) adapted from https://www.statista.com/statistics/675817/average-prices-soybeans-worldwide/

Table 2: Economic Analysis of Soybean Production

Statistical analysis
Data were subjected to analysis of variance (ANOVA) using GenStat (24th Edition, VSN International Ltd., Hemel Hempstead, U.K.). The experiment was arranged in a randomised complete block design (RCBD) with a factorial treatment structure consisting of inoculation and nitrogen fertiliser, evaluated across two years. Inoculation, nitrogen fertiliser, and year were treated as fixed effects, while blocks were treated as random effects, and all possible interactions were included in the model. When the ANOVA indicated significant effects (P ≤ 0.05), treatment means were separated using Tukey’s honestly significant difference (HSD) test at the 5% probability level.
Weather conditions
Meteorological data was collected at the Royal Agricultural University (RAU) meteorological station and was used to compare the 2022 and 2023 cropping seasons with the 10-year mean (Figure 2). Data was collected from January to December to capture pre and post-sowing conditions. Rainfall in 2022 was generally lower than in 2023 and the 10-year average, except in February, May, June, and November. Soybean sown in 2022 received more rainfall during early growth (May - June), whereas those planted in 2023 experienced more rainfall during the vegetative and reproductive stages. Annual precipitation showed that 2022 rainfall (671.9 mm) was below the 10-year mean (859.1 mm), while 2023 recorded the highest rainfall (1,057.5 mm). These differences influenced soil moisture, crop establishment, and yield. Temperature patterns (Figure 2) showed that both 2022 and 2023 were warmer than the 10-year mean (11.4 °C). In 2022, the highest temperatures occurred in May (14.4 °C), July (18.7 °C), and August (19.5 °C). In contrast, 2023 record high temperatures in June (18.2 °C), September (17.5 °C), and October (14.5 °C). However, the mean annual temperature was slightly higher in 2023 (12.2 °C) than in 2022 (11.8 °C). 


Figure 2: The total precipitation and temperature for year 2022 and 2023 cropping seasons, and 10-year mean
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Effect of inoculation and nitrogen fertilisation on soybean vegetative growth

Significant interactions among inoculation, nitrogen fertilisation, and year were observed in most vegetative traits (Table 3). Inoculation x nitrogen interaction was significant for plant height, number of leaves, green area index (GAI), number of stems, and root nodulation. Also, inoculation x year interactions were significant for plant height, GAI, number of stems, and root nodulation, but not for number of leaves. Nitrogen x year interactions were significant for plant height, GAI, number of stems, and root nodulation, but not for number of leaves. The three-way interaction was significant for plant height, number of leaves, GAI, and root nodulation, while number of stems was not significant. Across treatment combinations, the highest values for plant height, number of leaves, green area index, number of stems, and root nodulation were recorded under the combined inoculation and nitrogen fertilisation treatment, while the lowest values were observed in the uninoculated and unfertilised treatment. Across main effects, inoculation increased plant height, number of leaves, GAI, number of stems, and root nodulation, while nitrogen fertilisation increased all measured traits, and traits differed between years, with higher values in 2023 than in 2022.











	Factors
	Plant height (cm)
	No. of leaves
	Green area index (GAI)
	No. of stem
	Root nodules

	Inoculant
	
	
	
	
	

	+ I
	50.36
	19.85
	3.04
	6.55
	44.35

	– I
	42.83
	16.33
	2.70
	5.15
	27.22

	P-values
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001

	Nitrogen fertiliser
	
	
	
	
	

	+ N
	50.70
	20.22
	3.14
	6.58
	40.77

	– N
	42.49
	15.97
	2.59
	5.11
	30.80

	P-values
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001

	
	
	
	
	
	

	Years
	
	
	
	
	

	2022
	40.53
	19.77
	2.21
	4.93
	32.07

	2023
	52.66
	16.42
	3.52
	6.76
	39.50

	P-values
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001

	
	
	
	
	
	

	I x N interactions
	
	
	
	
	

	+ I + N
	52.90c
	21.20c
	3.32a
	6.90a
	46.17d

	+ I – N
	47.82b
	18.50b
	2.76a
	6.20a
	42.53c

	– I + N
	48.49b
	19.23b
	2.96a
	6.26a
	35.37b

	– I – N
	37.16a
	13.43a
	2.43a
	4.03a
	19.07a

	P-values
	<0.001
	<0.001
	0.683
	0.753
	<0.001

	
	
	
	
	
	

	Year related interactions
	
	
	
	
	

	I x year
	<0.001
	0.157
	0.017
	<0.001
	<0.001

	N x year
	<0.001
	0.264
	<0.001
	<0.001
	<0.001

	I x N x year
	<0.001
	<0.001
	0.011
	0.100
	0.007


Table 3: Effects of Rhizobium inoculation and nitrogen fertilisation on vegetative growth parameters and root nodulation of soybean, with values representing means across growth stages V3 to R6 in 2022 and 2023 cropping season.
Means followed by different letters within a column are significantly different at P ≤ 0.05 according to Tukey’s honestly significant difference (HSD) test. P-values indicate the significance of main effects and interactions.
Effect of inoculation and nitrogen fertilisation on reproductive traits of soybean
Flower number per plant differed significantly with inoculation, nitrogen fertilisation, year and their interactions at most sampling stages (Table 4). For number of flowers per plant, the inoculation x nitrogen interaction was significant at 70 and 84 DAS, but not at 77 and 91 DAS. Also, inoculation x year interactions were significant at 70, 84, and 91 DAS, while nitrogen x year interactions were significant at 84 and 91 DAS only. The three-way interaction among inoculation, nitrogen fertilisation, and year was significant at 70, 77, and 91 DAS, but not at 84 DAS. In addition, inoculation x nitrogen interaction significantly influenced pods production at 84, 91, and 98 DAS, but not at 105 DAS. Also, inoculation x year interactions were significant at 84 and 98 DAS, while nitrogen x year interactions were significant at 84, 91, and 98 DAS, and the three-way interaction was significant at 84 and 105 DAS, but not at 91 and 98 DAS. Pod length was not affected by inoculation x nitrogen interaction at 84 DAS, but was significant at 91, 98, and 105 DAS, while inoculation x year interactions were significant at all sampling dates. Nitrogen x year interactions were significant at 91, 98, and 105 DAS, but not at 84 DAS, but the three-way interaction among inoculation, nitrogen fertilisation, and year was significant at all sampling dates. Across main effects, inoculation and nitrogen fertilisation increased number of flowers per plant, number of pods per plant, and pod length at all sampling dates, and year effects were significant for most sampling dates, with no effect observed for pod number and pod length at 84 DAS, and for flower number at 77 DAS. 

	
	Number of flower/plant
	Number of pod/plant
	Pod length (cm)

	Factors/Days after sowing (DAS)
	70
	77
	84
	91
	84
	91
	98
	105
	84
	91
	98
	105

	Inoculant
	
	
	
	
	
	
	
	
	
	
	
	

	+ I
	27.65
	41.53
	40.83
	33.60
	15.83
	20.73
	36.25
	45.03
	1.75
	3.47
	4.34
	5.53

	– I
	22.82
	30.67
	33.13
	25.62
	12.87
	15.98
	29.23
	37.28
	1.44
	2.81
	3.35
	4.46

	P-values
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001

	Nitrogen Fertiliser
	
	
	
	
	
	
	
	
	
	
	
	

	+ N
	28.45
	36.55
	41.85
	34.77
	15.90
	21.67
	36.30
	45.30
	1.59
	3.56
	4.36
	5.58

	– N
	22.02
	35.65
	32.12
	24.45
	12.80
	15.05
	29.18
	37.02
	1.61
	2.72
	3.34
	4.42

	P-values
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001

	Years
	
	
	
	
	
	
	
	
	
	
	
	

	2022
	23.62
	36.55
	21.72
	14.82
	14.87
	20.27
	30.07
	35.50
	1.59
	2.08
	2.56
	3.63

	2023
	26.85
	35.65
	52.25
	44.40
	13.83
	16.45
	35.42
	46.82
	1.61
	4.21
	5.13
	6.36

	P-values
	<0.001
	0.008
	<0.001
	<0.001
	0.841
	<0.001
	<0.001
	<0.001
	0.275
	<0.001
	<0.001
	<0.001

	
	
	
	
	
	
	
	
	
	
	
	
	

	I x N interactions
	
	
	
	
	
	
	
	
	
	
	
	

	+ I + N
	30.17d
	44.93a
	45.00d
	38.37a
	16.73c
	23.63d
	38.50c
	48.93a
	1.85a
	4.02d
	4.79c
	5.96c

	+ I – N
	25.13b
	34.33a
	36.67b
	28.83a
	14.93b
	17.83b
	34.00b
	41.13a
	1.51a
	2.93b
	3.90b
	5.10b

	– I + N
	26.73c
	38.13a
	38.70c
	31.17a
	15.07b
	19.70c
	34.10b
	41.67a
	1.66a
	3.11c
	3.93b
	5.20b

	– I – N
	18.90a
	27.00a
	27.56a
	20.07a
	10.67a
	12.27a
	24.37a
	32.90a
	1.38a
	2.51a
	2.77a
	3.73a

	P-values
	0.001
	0.429
	<0.001
	0.074
	<0.001
	<0.001
	<0.001
	0.183
	0.212
	0.002
	<0.001
	<0.001

	
	
	
	
	
	
	
	
	
	
	
	
	

	Year related interactions
	
	
	
	
	
	
	
	
	
	
	
	

	I x year
	0.001
	0.139
	<0.001
	<0.001
	<0.001
	0.714
	<0.001
	0.549
	<0.001
	<0.001
	<0.001
	<0.001

	N x year
	0.372
	0.277
	<0.001
	<0.001
	<0.001
	0.003
	0.006
	0.612
	0.212
	<0.001
	0.003
	<0.001

	I x N x year
	<0.001
	<0.001
	0.052
	0.005
	<0.001
	0.126
	0.690
	0.035
	0.014
	<0.001
	<0.001
	<0.001


Table 4: Effects of Rhizobium inoculation and nitrogen fertilisation on number of flowers, number of pods, and pod length of soybean during the 2022 and 2023 growing seasons
Means followed by different letters within a column are significantly different at P ≤ 0.05 according to Tukey’s honestly significant difference (HSD) test. P-values indicate the significance of main effects and interactions.

Yield components
The combined influence of inoculation and nitrogen fertilisation on soybean yield components and yield for the 2022 and 2023 cropping seasons is presented in Table 5. Inoculant x nitrogen fertilisation interaction had no effect on the number of seeds per pod, dry matter content, 1000 seed weight, and protein content, but significant effects were observed for oil content and grain yield. The highest yield was obtained under the combined treatment, whereas the control produced the lowest value. Oil content followed a similar trend, with the highest values recorded under the combined treatment and the lowest in control. In contrast, inoculant x year interactions were significant for 1000 seed weight and grain yield, while nitrogen x year interactions significantly influenced seed weight, grain yield, and protein content. The three-way interaction was significant for dry matter, 1000 seed weight, oil content, and grain yield, but no significant interaction was observed for number of seeds per pod and protein content. In addition, inoculation alone significantly improved dry matter, 1000 seed weight, oil content, grain yield, and protein content, while nitrogen fertilisation alone significantly enhanced all measured traits except protein content. Year effects were also observed, with higher values recorded in 2023 for dry matter, 1000 seed weight, and grain yield compared with 2022.

















	
	
	

	Factors
	Number of seeds/pods
	Dry Matter (%)
	 1000 seed weight (g)
	Oil content (%)
	Protein (%)
	Yield (tonnes/ha)

	Inoculant
	
	
	
	
	
	

	+ I
	2.80
	19.68
	184.41
	19.66
	33.19
	1.60

	– I
	2.63
	18.24
	171.21
	18.93
	30.63
	1.07

	P-values
	0.053
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001

	Nitrogen Fertiliser
	
	
	
	
	
	

	+ N
	2.86
	19.66
	186.88
	19.88
	32.51
	1.62

	– N
	2.56
	18.25
	168.75
	18.71
	31.31
	1.05

	P-values
	<0.001
	<0.001
	<0.001
	<0.001
	0.060
	<0.001

	Years
	
	
	
	
	
	

	2022
	2.68
	18.83
	168.89
	19.23
	31.91
	1.15

	2023
	2.75
	19.08
	186.73
	19.36
	31.95
	1.52

	P-values
	0.435
	0.017
	<0.001
	0.224
	1.000
	<0.001

	
	
	
	
	
	
	

	I x N Interactions
	
	
	
	
	
	

	+ I + N
	3.00a
	20.40a
	193.50a
	20.13d
	33.94a
	1.85d

	+ I – N
	2.60a
	18.95a
	175.30a
	19.20b
	32.43a
	1.34b

	– I + N
	2.73a
	18.93a
	180.30a
	19.65c
	31.08a
	1.39c

	– I – N
	2.53a
	17.55a
	162.20a
	18.22a
	30.18a
	0.75a

	P-values
	0.243
	0.716
	0.958
	0.032
	0.627
	<0.001

	Year related interactions
	
	
	
	
	
	

	I x year
	0.435
	0.558
	<0.001
	0.060
	0.485
	<.001

	N x year
	0.435
	0.926
	<0.001
	0.224
	0.044
	<.001

	I x N x year
	0.435
	0.034
	0.038
	<0.001
	0.081
	<.001


Table 5: Effects of Rhizobium inoculation and nitrogen fertilisation on yield, yield components, and seed quality traits of soybean, with values representing means in 2022 and 2023 cropping seasons
Means followed by different letters within a column are significantly different at P ≤ 0.05 according to Tukey’s honestly significant difference (HSD) test. P-values indicate the significance of main effects and interactions.
Economic analysis of inoculation and nitrogen fertilisation on soybean production
Application of inoculant increased yield from 0.75 t ha⁻¹ in the uninoculated and unfertilised treatment to 1.34, 1.39 and 1.85 t ha⁻¹ in inoculation alone, nitrogen fertilisation alone and their combination, representing increases of 78.67, 85.33 and 146.67%, respectively (Table 6). Inoculation alone increased gross revenue from £258.97 ha⁻¹ to £462.47 ha⁻¹ and increased net return by £191.62 ha⁻¹, with ROI improving from 436% to 668 %. Also, nitrogen alone increased revenue and net return to £479.96 ha⁻¹ and £377.42 ha-1, but reduced ROI to 367%. However, the combined treatments produced the highest revenue (£638.70 ha⁻¹) and net return (£524.48 ha⁻¹), with lower ROI (460) compared to inoculation alone.
Table 6: Economic analysis for year 2022 and 2023 cropping (see table 5 for yield results)
	Factors
	Yield (t/ha)
	Cost (£/ha)
	Revenue (£/ha)
	Net return (£/ha)
	ROI (%)

	I x N Interactions
	
	
	
	
	

	−I −N 
	0.75
	48.34
	258.97
	210.63
	436

	+I −N 
	1.34
	60.22
	462.47
	402.25
	668

	−I +N 
	1.39
	102.34
	479.96
	377.42
	367

	+I +N 
	1.85
	114.22
	638.70
	524.48
	460


I = Inoculant; N = Nitrogen
Discussion
Influence of inoculation and nitrogen fertilisation on soybean vegetative growth and nodulation across contrasting seasons
This study confirms the critical role of seed inoculation and nitrogen fertilisation in enhancing soybean vegetative growth and nodulation. The positive responses to inoculation aligns  with findings that microbial inoculants improve nutrient uptake, stimulate root development, and promotes biological nitrogen fixation in soybeans (Jabborova et al., 2021; Tu et al., 2021) which might have influenced the increase in root nodules observed. Although the combination of inoculant and nitrogen fertiliser produced the highest number of root nodules in this study, excessive application of nitrogen fertiliser has been reported to reduce soybean nodulation (Salvagiotti et al., 2008). 
The synergistic benefits observed with the combined inoculants and nitrogen fertiliser support earlier evidence that modest nitrogen inputs complement inoculants by supporting early vegetative growth until symbiotic fixation is fully established (Prusiński et al., 2020; Getachew et al., 2020). Similar trends have been reported in Poland and Zimbabwe, where integrated inoculant-nitrogen strategies produced greater biomass and yield (Prusiński et al., 2020 ; Ntambo et al., 2017). These findings suggest that inoculants can reduce reliance on synthetic fertilisers (Albareda et al., 2009; Omari et al., 2022; Pannecoucque et al., 2022), while ensuring early nutrient availability and sustained BNF.
Seasonal effects and their interactions with inoculation and nitrogen fertilisation highlight the influence of environmental conditions on soybean performance. The below-average rainfall in 2022 likely resulted in restrictive water availability (Santini et al 2022; Barrera et al., 2025), which may have constrained canopy expansion and altered leaf dynamics. In contrast, the wetter and warmer 2023 season favoured increased plant height, green area index, and nodulation. These trends are consistent with evidence that rhizobia activity and nitrogen fixation are highly sensitive to soil moisture and temperature (Yeremko et al., 2025). Inoculantion may also buffer soybeans against abiotic stresses such as drought by enhancing water-use efficiency (Savala et al., 2022), explaining the superior performance of inoculated plants under drier conditions. This study demonstrates that inoculation and nitrogen fertilisation consistently enhance soybean growth, but their effectiveness depends on soil fertility and seasonal climatic conditions. These findings align with reports from diverse environments, where inoculant application alone improved yield and nutrient uptake (Pannecoucque et al., 2022), while co-application with moderate nitrogen often maximized growth and yield potential (Prusiński et al., 2020; Getachew et al., 2020). 
Effect of Inoculation and Nitrogen Fertilisation on Soybean Reproductive Growth
The reproductive responses observed in this study emphasized the crucial role of Bradyrhizobium inoculation and nitrogen fertilisation in enhancing soybean flowering, pod set, and pod elongation. The positive effects of inoculant application on flower and pod production are consistent with the central role of Bradyrhizobium spp. in biological nitrogen fixation, which improves plant nitrogen status and supports reproductive development (Ciampitti & Salvagiotti, 2018). Inoculated plants produced more flowers than uninoculated, indicating that improved biological nitrogen fixation enhanced soybean development. Effective symbiosis with Bradyrhizobium has been widely associated with improved flowering and yield formation in soybean (Salvagiotti et al., 2008; Hungria at al., 2006). 
Nitrogen fertilisation also enhanced flower production and pod development, particularly at later growth stages, underscoring its role as a supplementary source of readily available nitrogen to complement symbiotic fixation (Salvagiotti et al., 2008; Menza et al., 2017). The combination of inoculation with nitrogen fertilisation produced the most consistent improvements across all reproductive traits, demonstrating the synergistic relationship between biological and mineral nitrogen sources. Similar synergy has been reported in other studies elsewhere, where starter nitrogen supported early vegetative and reproductive vigour while inoculation sustained nitrogen supply into the reproductive phase (Getachew  et al., 2020). The temporal patterns of flowering and pod set also provide insights into crop reproductive dynamics. Flower numbers peaked between 77 - 84 DAS before declining, a trend typical of soybean due to natural floral abortion under resource limitations. However, the higher peak values and slower decline in combined treatments indicate that improved nitrogen availability extended the effective flowering window and increased the likelihood of flower-to-pod conversion. This advantage translated into more pod numbers and longer pod lengths, which reflected the efficiency of nitrogen-supported reproductive allocation as earlier reported by Albareda et al., (2009) and Prusiński et al., (2020).
Seasonal effects were also observed, with 2023 outperforming 2022 in pod number and length. Wetter conditions in 2023 (Figure 1), combined with higher soil nitrogen (Table 1), likely contributed to improved flower retention and pod development. Adequate soil moisture enhances nutrient uptake and reduces stress-induced flower abortion, thereby improving pod filling (Savala et al., 2022). While drought stress in 2022 may have contributed to flower abscission and shortened pod length (Dong et al., 2024), high temperature during flowering is also known to impair pollen viability in legume crops (Sita et al., 2017). However, maximum daytime air temperature was not recorded at the experimental site; therefore, the potential contribution of short-term heat events cannot be completely excluded. Nevertheless, the increased flower numbers and slower decline in combined treatments suggest that improved nitrogen availability enhanced assimilate supply and reproductive retention (Zhu et al., 2022). 
Influence of inoculation and nitrogen fertilisation on soybean yield and yield components across two cropping seasons
The increase observed in inoculated treatments on some yield components including shoot dry matter and protein content also points toward the sustainability benefits of inoculant use. By enhancing nodulation and contributing to long-term soil nitrogen pools (Albareda et al., 2009; Bashan et al., 2013), inoculants not only reduce the reliance on synthetic fertilisers (Hungria et al., 2015;  Pannecoucque et al., 2022) and support crops against seasonal variability in soil fertility. This aligns with reports across different agroecological zones where inoculants improved reproductive success, seed yield, and grain quality even under variable soil and climate conditions (Hungria et al., 2015; Pannecoucque et al., 2022). These results confirmed that reproductive growth is highly responsive to both inoculation and nitrogen fertilisation, with combined application producing the highest yield output (Księżak et al., 2022). The findings of this study demonstrate that the combined application of Bradyrhizbium inoculation and nitrogen fertilisation significantly enhanced soybean grain yield and oil content compared to the untreated control. The highest yield of 1.85 tha-1 under combined treatment reflects the synergistic effect of improved biological nitrogen fixation and supplemental nitrogen supply, whereas the lowest yield of 0.75 tha-1 under control highlights the limitations of relying solely on available soil nitrogen. This result however disagrees with the findings of Kaschuk et al., (2016), who reported no increase in soybean yield when inoculant and nitrogen fertiliser was applied regardless of rates and application methods, but Głowacka et al., (2023) and Prusiński et al., (2020) reported that combined inoculation and nitrogen fertilisation enhanced soybean performance. Oil content followed a similar trend, with the highest content observed under the combined treatment, indicating that nutrient availability influences not only yield but also seed composition which is not in consonance with the report of Księżak et al., (2022). The absence of significant interaction between inoculation and nitrogen fertilisation for traits such as seeds per pod, dry matter, 1000 seed weight, and protein content suggests that these traits are primarily affected by individual factors rather than their combination. However, grain yield and oil content were responsive to inoculant x nitrogen interactions, demonstrating the cumulative effect of biological and mineral nitrogen on overall productivity. Inoculation x year and nitrogen fertilisation x year interactions further influenced some traits such weight of 1000 seed, yield, and protein content, while the three-way interactions significantly affected dry matter, weight of 1000 seed, oil content, and yield. The significant three-way interactions among inoculation, nitrogen fertilisation, and year at most sampling stages indicate that treatments responses were strongly dependent on seasonal conditions (Omari et al., 2025; Prusiński et al., 2020). For flower number, pod number, and pod length, the combined effects of inoculation and nitrogen fertilsation varied across years and reproductive stages, reflecting differences in environmental factors that influenced nodulation efficiency, nitrogen availability and assimilate allocation (Prusiński et al., 2020; Serafin-Andrzejewska et al., 2023). The significant combinations expressed stronger effects under certain seasonal conditions, whereas these effects were reduced under contrasting environmental conditions.
When evaluated independently, inoculation significantly improved dry matter (Omari et al., 2022), seed weight, oil content, yield, and protein content, supporting its role in enhancing nitrogen fixation and promoting nutrient uptake (Ciampitti & Salvagiotti, 2018;  Riviezzi et al., 2020). Microbial inoculants also contribute to improved root development (Omari et al., 2022), nutrient recycling, and plant resilience to stress, which likely contributed to the observed yield improvements (Bashan et al., 2013; Savala et al., 2022). Nitrogen fertilisation alone increased most measured traits, except for protein content, demonstrating that adequate nitrogen availability is critical for optimizing soybean performance (Salvagiotti et al., 2008; Menza et al., 2017).
The improved result of 2023 season with regards to dry matter, seed weight, and yield compared to 2022 emphasized the influence of favourable environmental conditions on crop productivity. Similar trends of enhanced soybean growth and yield with combined inoculant and moderate nitrogen fertiliser have been reported in various regions, including Poland, Ethiopia, and Zimbabwe, highlighting the consistent benefits of integrating biological and chemical nitrogen sources under favourable conditions (Serafin-Andrzejewska et al., 2024; Księżak et al., 2022; Getachew  et al., 2020; Ntambo et al., 2017). In addition, inoculation alone has been shown to improve soybean yield, nutrient content, and seed quality across diverse agroecological zones (Maluk et al., 2023; Pannecoucque et al., 2022). 
Economic analysis
The combined application of inoculants and nitrogen fertiliser achieved the highest yield (1.85 t ha-1), gross revenue (£638.7 ha⁻¹), net return (£524.48 ha⁻¹), but with a lower ROI (460%) compared to inoculation treatment alone, while the lowest ROI was recorded in uninoculated plus nitrogen treatment.  This indicates that while combined application maximizes yield, the higher input cost of nitrogen fertiliser reduces economic efficiency. Conversely, inoculant application without nitrogen fertiliser produced lower yield (1.34 t ha-1) and net return of £402.25 ha-1 than the combined treatment, though with highest ROI of 668%, suggesting that inoculation alone may be a more cost-effective strategy in the UK. These results are consistent with observations from Zimbabwe and Brazil, where inoculant plus moderate nitrogen fertiliser improved soybean yield, but excessive nitrogen application have been reported not to leading to profitability (Salvagiotti et al., 2008).).
Nitrogen fertiliser application primarily boosted yield and yield components by supplying readily available nitrogen for plant metabolism (Getachew et al., 2020). However, the reduced ROI observed in the combined application support that maximizing absolute yield does not always translate into maximum profitability, while the highest yield, revenue and net return observed in the combination of inoculant and nitrogen treatment suggests that soybean cultivation may benefit from targeted, low-cost biofertilisation strategies rather than high input approaches (Serafin-Andrzejewska et al., 2024), supporting the broader goals of sustainable intensification (Toleikienė et al., 2019; Bailey-Serres et al., 2019; Bais et al., 2023; dos Santos Sousa et al., 2022; Leite et al., 2024). Overall, economic and agronomic analysis demonstrates that microbial inoculants are highly effective in enhancing soybean yield and profitability, both independently and in combination with nitrogen fertilisation. However, the choice of strategy should consider input costs, resource availability and sustainability objectives.
Conclusion
The study demonstrates that Bradyrhizobium inoculation and nitrogen fertilisation significantly improve soybean growth, nodulation, reproductive performance, and yield, with outcomes strongly influenced by seasonal and soil conditions. While the combined application of inoculation and nitrogen fertiliser produced the highest yield (1.85 t ha-1) and revenue (638.70 £ ha-1), this did not translate into superior economic efficiency. In contrast, inoculation alone delivered the highest ROI (668%) which highlighted a clear trade-off between yield maximization and profit optimization.  Inoculation and nitrogen fertilisation individually improved vegetative growth and reproductive development, but nitrogen cost reduced overall ROI. 
This result therefore indicates that, inoculation without mineral nitrogen inputs represents the most economically efficient strategy under the study condition, whereas the combined application is more suitable where yield maximization is the primary objective. The seasonal variability also played a critical role, with the growing season significantly enhanced biomass accumulation, nodulation, and yield compared to 2022. This underscores the importance of environmental conditions in determining the effectiveness of both inoculant and mineral nitrogen inputs. 
From the UK perspective, where soybean cultivation remains limited and input costs are high, these findings suggest that Bradyrhizobium inoculation offers a low-cost and agronomically effective entry point for improving productivity while minimizing reliance on synthetic nitrogen fertilisers. However, the results are based on two growing seasons at a single location, and caution is required in extrapolating broadly across diverse UK environments.
In conclusion, this study highlights that optimizing nitrogen management in soybean systems requires balancing agronomic performance with economic returns. Therefore, future research should focus on identifying optimal reduced nitrogen rates in combination with inoculation across multiple sites and seasons, to define thresholds at which yield grains justify additional input costs under the UK growing conditions.
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Temperature °C




2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	485	392	405	393	394	369	407	583	675	589	Year


Price in nominal USD per metric ton



2022	January	February	March	April	May	June	July	August	September	October	November	December	20.100000000000001	72.2	51.2	18.399999999999999	55.8	33.1	29.8	46.7	55.2	105.9	153.4	30.1	2023	January	February	March	April	May	June	July	August	September	October	November	December	157.30000000000001	8.5	130.4	80.900000000000006	38.700000000000003	22.8	99.6	90.7	74.8	142.80000000000001	131.9	79.099999999999994	10 - year mean (mm)	January	February	March	April	May	June	July	August	September	October	November	December	88.07	69.430000000000007	60.3	47.2	67.3	74.3	52.7	73	50.3	90.1	90.7	95.7	
Precipitation (mm)




