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Abstract

:

The literature suggests that nitrogen (N) fertilization increases yield in soybean. This study aimed to investigate the effects of N fertilization on: (i) The performance of soybean, and (ii) the weed flora. A two-year field experiment was carried out in Agrinio, Western Greece. The experiment was set up in a randomized complete block design, with four organic fertilizer treatments and six replications. The four treatments included 0 kg N ha−1 (N0/unfertilized control) and the application of 80 kg N ha−1, 100 kg N ha−1, and 120 kg N ha−1. The application of 120 N kg ha−1 resulted in the most notable increment of plant height (22.6–24%), biomass (10–13%), LAI values (14–17%), and yield (10–12%) compared to the N0. Compared to the N0, total weed biomass was increased by 26–32%, 34–49%, and 55–57% in N80, N100, and N120, respectively. The values of the H (Shannon), Dmg (Margalef), and J (Pielou) indices were unaffected by the fertilization, hence they did not affect weed biodiversity. CRI (crop resistance index), on the contrary, was negatively affected by N fertilization and was significantly reduced. Overall, our results indicate that the application of 80 kg N ha−1 is more efficient, can effectively improve the soybean performance, and enhance its yield.
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1. Introduction


Soybean [Glycine max (L.) Merr.] is one of the most important grain crops worldwide [1], with multiple uses ranging from biofuel production to human consumption [2,3]. Due to its high nutritional value (360 kg of protein per metric ton of soybean seed), soybean global consumption and demand is constantly growing [4]. Aside from its high nutritional value, the importance of soybean lies behind its ability to grow on low-N soils [5]. This is possible due to the process known as biological nitrogen fixation (BNF). Throughout this process, rhizobacteria of the Rhizobium genus colonize the surface of the roots and form nodules. Within these nodules, the bacteria convert the atmospheric N (N2) to ammonia (NH3) or related nitrogenous compounds, which can be assimilated by the plants [6,7,8]. N fixation is amplified during R3–R5 and is significantly reduced during the R5–R7 growth stages of soybean [9]. This reduction can result to N deficiency during seed filling and consequently to lower seed yield.



Inoculation with beneficial microorganisms could balance these fluctuations in N availability. These microorganisms are usually rhizobacteria [10]. Soybean inoculation with Bradyrhizobium spp. is considered as a novel biotechnological tool that improves the yield and the sustainability of the crop [11]. However, according to estimations by Leggett et al. [12], inoculation of soybean with Bradyrhizobium japonicum increases yield only by 1.67% in conventional cropping systems. In 2013, Ray et al. [13] predicted that a global food shortage was expected by 2050, thus the need to significantly increase the yield of crops such as soybean is evident. An agronomic practice that could ensure nitrogen availability for soybean and, thus, greater yields is the application of optimized N fertilization [14,15]. Even though it is widely accepted that N fertilization does not particularly benefit legumes [16], several studies have suggested that it can increase the yield in soybean [17,18]. Furthermore, according to Salvagiotti et al. [19], N fixation can meet only 50–60% of the soybeans’ N demand. However, Khaledian et al. [20] reported that although N fertilization enhanced soybean performance, fertilization rates between 25 and 100 kg ha−1 might have a negative impact on the number of nodules, and therefore N fixation. Tamagno et al. [21] expressed the same concern in their study. As a result, an important research query is whether N fertilizers can moderate N limitations in favor of achieving greater seed yield values without compromising the N fixation capacity of the crop [22].



Fertilization is not the sole factor that affects soybean yield. Weeds pose a major threat to soybean. It has been estimated that weed infestation can reduce soybean global production up to 37% [23]. Weed competition is crucial during the vegetative growth stages V2 and V4 and can result in yield losses up to 10%, a quite unacceptable yield reduction from an economic perspective [24,25,26,27]. In addition, the presence of weeds during harvest reduces the seed quality and hinders the process [28]. Studies have demonstrated that N fertilization enhances the presence of weeds in the field. For instance, Sweeney et al. [29] reported that N fertilization increased weed biomass. Kakabouki et al. [30] observed a significant increase in total weed density and biomass under the application of either organic or inorganic fertilization.



Weed indices can facilitate the assessment of weed-induced yield losses. For this assessment, weed flora composition, weed density, and weed competition should be considered [31]. Indices such as the crop resistance index (CRI) [32] can be used for this evaluation. The CRI is a ratio of the crop and weed biomass and represents the crops’ ability to withstand competition for nutrients [33]. Weed flora composition and the competition amongst weed species can be evaluated by the H-Shannon–Weiner diversity index [34], the (J) Pielou index [35], and the Margalef diversity index (Dmg) [36]. These indices are used as a measure of diversity in ecology and can describe the biodiversity status of the weed flora. Recent studies have highlighted the importance of introducing such indices into integrated weed management [37,38].



High demand and land limitations force us to emphasize the increasing soybean yield per unit area [5,39]. Although research is being conducted regarding the improvement in BNF [5], N fertilization seems to be a sufficient temporary solution. However, the interaction between fertilization, weed flora, and crop performance is complex. The objective of this study was to evaluate the effects of three different nitrogen fertilization rates on: (i) Weed presence on soybean fields and (ii) soybean yield and performance. In order to perform this evaluation, all of the aforementioned indices were utilized within the context of this evaluation.




2. Materials and Methods


2.1. Study Area


A field experiment was conducted in 2018 (first year), and then repeated in 2019 (second year), in Agrinio, Western Greece (38°35′18″ Ν, 21°25′40″ Ε). The soil properties of the experimental field are presented in Table 1. The mean temperature and total precipitation recorded during the experiment are presented in Figure 1. Even though maize (Zea mays L.) has been cultivated ever since 2015, soybean has also been regularly cultivated in this field, so the seeds were not inoculated [40].



The literature regarding the effects of herbicide application on the nodulation of soybean is not conclusive. Even though nodulation seems unaffected by the application of herbicides, several studies have reported that they reduced the number or size of soybean nodules [41,42,43,44]. One of the aims of the present study was to evaluate the interaction between fertilization, weed flora, and nodulation. Concurrently, the literature regarding the interplay between the nodulation of the cultivar used in our study (PR92B63) and post- or pre-emergence herbicide application is inadequate, thus chemical weed management was avoided in the present study. Instead, three weeks prior to the sowing (each year), the stale seed bed technique was applied to the field. Three light irrigations were performed (once per week) in order to stimulate weed emergence. The emerged weed flora was controlled by moldboard ploughing during the seedbed preparation. The ploughing was carried out at a 25 cm depth on 27 April and 28 April in 2018 and 2019, respectively. Seeds of the PR92B63 cultivar were sown by hand on 4 May and 6 May for the first and second experimental year, respectively. The sowing rate was 300,000 seeds ha−1 and the row spacing was 38 cm (8 rows per plot). The experiment was set in a randomized complete block design (RCBD) with four treatments and six replications. In each treatment, different rates of N fertilization were broadcasted (following the ploughing) in a single application, according to the recommendations of the Soybean Nutrient Management guidelines by the University of Minnesota [45]. The applied inorganic fertilizer’s trademark is NUTRIPLUS (N–P–K: 21–0–0) by Phytothreptiki S.A. (Ano Liosia, Attika, Greece). The treatments consisted of N0 (0 kg N ha−1/control), N80 (80 kg N ha−1 were applied), N100 (100 kg N ha−1 were applied), and N120 (120 kg N ha−1 were applied). Each plot was 3 m wide and 4 m long. Depending on the precipitation, irrigation was performed with a drip system every 8–10 days (when necessary), which provided 400 mm of water to the crop over the growing season [46,47]. The crop was harvested by hand on 17 September 2018 and 15 September 2019 when the seeds reached full maturity (seed moisture was approximately at 13%).




2.2. Measurements


For the estimation of leaf area index (LAI) values, a Sun-Scan Delta-T device (Delta-T Devices Ltd., Cambridge, UK) was used at 50 days after sowing (DAS) (R1 growth stage). On the day of the LAI measurement, one row was randomly selected in each plot and hand weeded. On these rows (weed-free rows), five LAI measurements per plot were taken at the height of the crop. Twenty days following the LAI measurement (70 DAS), 10 plant samples per plot were collected from the weed-free rows in order to record the number of nodules per plant. Plant sampling was performed with shovels in order to keep the root system of the plants intact [48]. The roots were then separated from the rest of the plant, washed with water, and the number of nodules was recorded. The height, biomass, and yield of soybean were measured on the day of harvest. The selection of plant-samples for the assessment of the plant height and biomass and the yield was conducted by randomly placing six 50 cm × 50 cm (0.25 m2) quadrats in each plot. The quadrats were placed on the remaining rows (the weed-free rows were excluded). The soybean plants within the quadrats were clipped at ground level. Once the samples were gathered, the seeds were extracted and weighed, the height of the plants was recorded, and then the samples were dried for 72 h at 80 °C in order to measure the dry weight of the above-ground plant tissues.



Following the sowing, the experimental field was inspected weekly in order to keep track of the different weed species. Throughout the experiment, the major weed species that were recorded included goosefoot (Chenopodium album L.), red-root amaranth (Amaranthus retroflexus L.), cockspur (Echinochloa crus-galli (L.) Beauv.), and black nightshade (Solanum nigrum L.). On the day of the harvest, once the soybean plants were collected, the number of weeds within the quadrats was recorded and thus the weed density of each plot was estimated. These weeds were then collected and dried for 72 h at 80 °C. During this process, the root system of the weeds was disposed. Once the samples were completely dried, their biomass were recorded. These data (number of different weed species, weed density, weed biomass, and soybean biomass) were utilized for the assessment of the weed presence, biodiversity, and competitiveness according to the equations of Table 2.




2.3. Statistical Analysis


All data were subjected to the Shapiro–Wilk normality test. The STATISTICA 11 (Stat Soft, Tulsa, OK, USA) logistic package was used for the analysis of variance (ANOVA). The ANOVA used a mixed model, with years and replications as random effects and N fertilization as the fixed effect. Data that did not follow normal distribution were subjected to the Kruskal–Wallis test for non-parametric one-way ANOVA. The effects of N fertilization on soybean growth traits and on the weed flora were tested at a p = 0.05 significance level. Significant differences amongst the treatments were determined using Fisher’s least significant difference test (LSD) at the 5% level of probability (p < 0.05). Simple regression analysis was carried out at the p = 0.05 significance level to estimate the correlation levels between the studied variables.





3. Results


3.1. Soybean Growth Traits and Yield


The results of the two-year field experiment indicate that N fertilization positively affected both the growth traits and the yield of soybean as it significantly increased the plant height, the leaf area index (LAI) values, the dry weight of the above-ground plant tissues, and the seed yield per ha. In contrast, the number of nodules was not affected by fertilization (Table 3).



The application of 120 kg N ha−1 (N120) resulted in the most noteworthy enhancement of the soybeans’ performance and yield. Plant height in N120 was increased by 24% during 2018 and by 22.6% during 2019 compared to the control (Table 2). Even though N80 and N100 increased (on average) plant height by 8 and 16.5%, respectively, the differences between N80 and the control during 2018 and between N100 and N120 during 2019 were statistically insignificant. Notably, the average plant height in all of the treatments was greater during the second experimental year. The N120 treatment also resulted in the greatest LAI values during both years (Table 2). In particular, LAI was increased by 17 and 14% during 2018 and 2019, respectively. Although N80 and N100 increased the LAI values compared to the control, the differences between them were not statistically significant. Additionally, the differences in above-ground plant biomass between the N80 and N100 treatments were also insignificant for both years (Table 2). Nevertheless, when compared to the control, N80 and N100 increased the above-ground biomass by 4–10%. The greatest biomass increment was reported in N120 for both years (by 11% during 2018 and 13% during 2019). Regarding the yield, a positive correlation was observed between the fertilization rates and the seed yield. Even though the yield increased with higher N fertilization rates, the differences between the control and N80, between the N80 and the N100, and between the N100 and N120 were statistically insignificant (Table 2). Overall, N120 led to the highest yield as it was increased by 8 and 10% during 2018 and 2019, respectively.




3.2. Weed Flora and Weed Indices


Weed flora observations revealed that the weed density was not significantly affected by fertilization. The total density of the weeds was measured at 11–14 weeds per m2 during both 2018 and 2019. Similarly, the number of different weed species per m2 was also unaffected by fertilization (Table 4). Regarding the total weed biomass in each treatment, measurements during both years revealed that the differences between the N0 and the N80 treatments were statistically insignificant (Table 4). Similarly to the biomass accumulation of soybeans, N120 reported the highest total weed biomass. In particular, N120 increased the weed biomass by 55% during 2018 and by 58% during 2019 (compared to the control). However, the differences between N80, N100, and N120 were not significant. Out of the four indices used in the present study to evaluate the effect of N fertilization on weeds, the H index, the Dmg index, and the J index did not note any statistically significant differences amongst treatments (Table 5). The values of the CRI decreased as the fertilization rate increased. The application of N80 decreased the CRI values by 16% during 2018 and by 18% during 2019. The differences between N0 and N80, and between N100 and N120, were statistically insignificant. The most notable decrease in the CRI values was reported in N120 where they were almost halved (Table 5). In addition, the average density (plants per m2) and biomass (g m−2) per weed species is presented in Table 6. Amongst the weed species observed in the field, A. retroflexus reported the most notable and significant fertilization induced biomass accumulation.





4. Discussion


The results of the present study revealed that the agronomic traits of soybean (height, LAI, biomass) were positively affected by the application of N fertilization (Table 3). A fertilization-induced increase in plant height has also been reported by Zhang et al. [48] in a pot experiment regarding soybean. In their experiment, they provided 0.1–0.7 additional g of N per kg of pot soil and observed an increment of 18–35% in plant height. Nevertheless, as pot experiments provide controlled conditions and exclude the potential competition for resources among plants (e.g., between the crop and the weeds), any further comparison between our results and the results of Zhang et al. [48] could be misleading. In another study by Popović et al. [49], the application of 150 kg N ha−1 in the form of calcium ammonium nitrate increased soybean plant height by 11%. In contrast to these findings, our results suggest that 120 kg N ha−1 increases plant height by 22–24%. It should be noted though that the experiment of Popović et al. [49] was performed under arid conditions. As drought stress is known to inhibit soybean plant growth [50], perhaps the arid conditions were responsible for the deviation in our results. Overall, the positive correlation between N fertilization and plant height was anticipated as the literature suggests that N may regulate stem elongation either via a N-signaling pathway or due to its accumulation on the shoot apical meristem [51].



Aside from plant height, augmented LAI values were also anticipated, as several studies have suggested that N fertilization increases the values of this index. According to Prahraj [52], application of 30 kg N ha−1 during the early flowering stage significantly increased the LAI values in soybean. Caliskan et al. [53] stated in 2008 that the application of 120 kg N ha−1 increased the LAI values by 10–20%, similar to our findings. The findings of Kakabouki et al. [54] are also in agreement with our results, as they reported that application of 120 kg N ha−1 in soybean cultivated under conventional tillage system increased LAI values by 11–16%. After all, N is fundamental for cell elongation and cell multiplication [55]. Perhaps the increased N accumulation due to fertilization in the leaves of the plants catalyzed these biological processes and resulted in wider leaves and thus better canopy and increased LAI values. Notably, according to Tagliapietra et al. [56], optimum LAI values at the R1 growth stage in soybean should range between 3.6 and 4.5 in order to achieve the full yield potential. Even though LAI values were significantly higher in our study, this contrast between our findings and the findings of Tagliapietra et al. [56] could be attributed to increased N availability, different soybean cultivars, or to environmental factors (the study of Tagliapietra et al. was conducted under subtropical conditions).



In the same study by Kakabouki et al. [54], N fertilization also increased the plant biomass. In particular, the application of 120 kg N ha−1 increased plant biomass by 12%, which was similar to our results. This augmented plant biomass can be attributed to a surplus of photosynthates. According to Salvagiotti et al. [19], there is a negative exponential relationship between N fertilization and N fixation in soybean. Concurrently, it has been estimated that BNF requires 6–7 g C g−1 N while the assimilation of mineral N requires 4 g C g−1 N [21]. Therefore, as the fertilization rate rises, the plants’ C requirements (in the form of photosynthates) are reduced, and the resulting photosynthate surplus could potentially be directed to biomass accumulation. This hypothesis would justify the positive correlation between fertilization and plant biomass noted in the present study (Table 7). Overall, enhanced leaf N concentration is believed to stimulate photosynthesis as N is essential for the synthesis of Rubisco and chlorophylls [57,58]. The correlation between the high N accumulation in the leaves and the increased photosynthetic rate of soybean can also be interpretated as a response to changes in the source/sink ratio of the plant. Photosynthetic rates are believed to be affected by the source/sink ratio of the plant [59,60]. The source, though, in the source/sink ratio is determined by the LAI [61]. Therefore, the aforementioned proposed interaction between N and the LAI could result in increased photosynthetic rates and thus in increased plant biomass.



The correlation between the biomass and the seed yield of soybean has been intensively discussed due to the conflicting reports in the literature [62]. Even though several studies have indicated that augmented plant biomass does not improve the yield [63,64,65], others have suggested a positive correlation between these two factors [66,67,68]. Nevertheless, N fertilization-induced increased yields have been reported by numerous researchers [69,70,71,72]. Jadhav et al. [73] and Khaledian et al. [20] stated that N fertilization increased the pods and the seeds per pod. According to Lorenc-Kozik and Pisulewska [74], fertilization rates of 30–60 kg N ha−1 could increase the seed yield by approximately 22–25%. In contrast, Prusiński et al. [75] claimed that the same fertilization rates did not contribute to a significant increase in the yield. The positive correlation between fertilization and yield was also observed in our study (Table 7). As above-mentioned, our findings suggest that the application of N fertilization in soybean results in robust and vigorous plants with higher photosynthetic rates. According to Buttery et al. [76], these increased photosynthetic rates could also justify the improved yield. In the same study, Buttery et al. also proposed that perhaps the leaves of certain soybean cultivars also have a greater photosynthate storage capacity that grants improved seed-filling and thus increased yields. This would explain why the conflicting findings regarding the fertilization of soybean as the response of different cultivars, with different photosynthetic potential and capacities, to N fertilization may vary vastly. Similar to our findings, the literature indicates that N fertilization increases yields of the PR92B63 variety by 7–9% at a rate of 120 kg N ha−1 [54]. Besides the increased photosynthetic rates, fertilization also regulates nutrient competition. According to Saitoh et al. [77], nutrient competition between flowers of the same plant, or between the vegetative organs and the flowers of the plant, is one of the major factors that cause flowers to fall, hence limiting the yield.



The results of the present study also suggest a positive correlation between the yield and the number of nodules per plant (Table 7). In contrast to the literature, N fertilization did not reduce nodulation. Several studies have indicated that mineral N inhibits nodulation and N fixation in soybean [78,79,80]. However, in a study by Abdel-Wahab and Abd-Alla [81], the application of N fertilization significantly increased the number of nodules per plant, but only when much lower fertilization rates (compared to ours) were applied (16–32 kg N ha−1). Moreover, the average number of nodules per plant in their study was significantly higher than in our study (more than 10 times-fold) of 56 DAS. It should be mentioned though that in their study, Abdel-Wahab and Abd-Alla [81] used different soybean cultivars that were inoculated, and applied fertilization to 27 DAS. According to Lofton and Arnall [82], a soybean plant should contain 25–100 nodules. Ιn a study by Căpățână et al. [83], soybean non-inoculated plants of the PR92B63 cultivar indeed contained approximately 22–29 nodules. In contrast, Vlachostergios et al. [46], in a study they conducted in 2021, reported that non-inoculated PR92B63 soybean plants did not form nodules. Nevertheless, it is safe to assume that in our study, soybean plants were not properly nodulated as the control (0N) plants also reported a low number of nodules.



As weeds pose a major threat to the yield [23,27], and fertilization reportedly promotes weed flora [84,85], the fertilization–weed interaction should always be considered when evaluating the effects of different fertilization rates on the productivity of a crop. According to our findings, and in conformity with the literature, weed density and biomass are positively correlated to N fertilization (Table 7). After all, the major weed species reported in our study (A. retroflexus, C. album, S. nigrum, and E. crus-galli) are all considered nitrophilous [86,87,88,89]. Mekdad et al. [90], while investigating the interaction between fertilization and weeds in another legume crop [Peanut (Arachis hypogaea L.)], noticed that providing 100 of additional kg N ha−1 increased the total weed biomass by approximately 40%. Even though in our study the respective weed biomass increment was estimated at approximately 30%, this inconsistency between our findings and the findings of Mekdad et al. [90] could be attributed to the different weed flora. Nevertheless, the results of the present study further validate that N fertilization promotes weed growth. Unsurprisingly, both the weed density and the total weed biomass were dependent on the number of different weed species (Table 7); however, throughout the duration of our study, the effects of fertilization on the number of weed species was insignificant (Table 4).



From an agroecological point of view, weed biodiversity is important for the functions of an ecosystem and thus should not be neglected [85]. Even though weeds compromise the yield, they are an important resource for insects and birds as they are an integral part of an ecosystem’s food web [85,91,92]. Interfering with weed biodiversity may affect these (and many more) taxa as weeds provide food, shelter, and mating sites [93,94]. Moreover, the literature indicates that species diversity could increase yield stability and agricultural sustainability [95,96]. Agricultural practices should focus on reducing the adverse effects of weed competition instead of disturbing the agroecological equilibrium. The aim of our study was to perform an integrated evaluation of N fertilization in soybean and therefore, contemplate the agroecological consequences of fertilization. In order to thoroughly examine this aspect, a simple record of the number of species was not enough. The diversity of weed species can be preferably described by the H (Shannon), Dmg (Margalef), and J (Pielou) indices [37]. These indices describe the richness and evenness of weed species within a community [37]. In contrast to the findings of Pyšek and Lepš [97] and Inouye and Tilman [98] that stated that high rates of N fertilization decreased weed biodiversity, our results suggest that fertilization did not affect the weed species richness. Although the Dmg was negatively affected by fertilization, the values of the index recorded statistically insignificant differences between the treatments, much like the J and H indices (Table 5). This could also be interpretated as low competition amongst these specific weed species.



Regarding the competition between the weeds and the crop, a simple yet efficient method to evaluate the effect of the weed flora on the yield is the use of the CRI. The CRI, as above-mentioned, describes the ability of the crop to withstand weed competition [32], and is therefore negatively correlated to weed density (Table 7). In our study, CRI values reduced as the fertilization rates increased, implying a negative correlation between these two factors (Table 5). Despite this negative correlation, the CRI values were significantly reduced only in the N120 treatment and not in the N100 (Table 5). Notably, the yield differences between the N120 and the N100 treatments were insignificant (Table 3). It is safe to assume that in the N120 application, a significant portion of the additional 20 kg N ha−1 (compared to N100) was assimilated by the weeds as the resistance of the crop to nutrient competition was reduced, and the yield of soybean as well as its agronomic traits were insignificantly improved. This hypothesis can be further validated by the significantly increased weed biomass recorded in the N120 treatment during 2018 (Table 4). Use of N indices (e.g., nitrogen use efficiency, nitrogen harvest index, etc.) and estimation of the N content of the weeds could provide conclusive results in the future. Based on the results of this study, the application of 120 kg N ha−1 is probably less efficient than the application of 100 kg N ha−1.



The necessity of N fertilization in soybean is a rather controversial topic [98]. According to the literature, the high N demand of soybean cannot be fully met solely by N fixation [19]. Even though research regarding the optimization of N fixation has been conducted over the last decades [5,99], the rising global demand [100] calls for an immediate answer. Our results suggest that N fertilization could be viable solution to this problem. Nevertheless, further research should be conducted in order to maximize the efficiency of N fertilization in soybean (e.g., the use of slow release fertilizers).




5. Conclusions


The application of N fertilization in soybean improved both the performance of the crop and the yield. The height, biomass, LAI values, and the yield of soybean were positively affected by N fertilization. As N fertilization also increased the weed biomass, the CRI values suggest that increased fertilization rates partially promote weed flora. Concurrently, weed flora biodiversity remained unaffected even at the higher fertilization rate (N120). Out of the three fertilization rates that were evaluated in this study, the application of 100 kg N ha−1 seemed to be the most efficient. Further research should be conducted in order to conclusively validate our results, especially regarding the N uptake efficiency of the crop.
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Figure 1. Meteorological data, mean air temperature (°C), and precipitation (mm) during the experimental periods (April–September) for the years 2018–2019. 
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Table 1. Soil properties of the experimental field.
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	Soil Type
	Clay Loam





	Clay
	29.3%



	Silt
	34.9%



	Sand
	35.8%



	pH (1:1 H2O)
	7.38



	Organic matter
	3.11%



	CaCO3
	13.4%



	Total Mineral Nitrogen
	0.156%



	Phosphorus–P Olsen
	178 mg kg−1 soil



	Potassium
	625 mg kg−1 soil
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Table 2. Weed indices.
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	Index Name
	Equation
	References





	    Crop   Resistance   Index    
	   CRI =  (    W n   W contral    )  ∗   (   K contral   K n   )       1     
	[32]



	    H     (  Shannon  )     index    
	   H = −    ∑   i = 1  s   p i ∗   ( ln  (  p i  )  )       2     
	[34]



	    J     (  Pielou  )     index    
	   J =  H  H max         3     
	[35]



	    Margalef   diversity   index    
	   Dmg =    (  S − 1  )    ln  ( N )          4     
	[36]







1 n: Treatment; W: Crop biomass; K: Weed biomass; 2 pi: The proportion of individuals belonging to the ith species; S: The total number of species; 3 H: The number derived from the Shannon diversity index; Hmax: The maximum possible value of H; 4 S: The number of species; N: The total number of individuals in the sample.
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Table 3. Agronomic characteristics of soybean as affected by the different N fertilization rates.
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LAI

	
Height (cm)

	
Plant Biomass

(kg ha−1)

	
Yield

(kg ha−1)

	
Number of Nodules per Plant






	
Year A

	




	
Control

	
4.81 a

	
42.83 a

	
3863 a

	
4095 a

	
6.2 a




	
N80

	
5.09 b

	
46.17 ab

	
4021 ab

	
4225 ab

	
5.8 a




	
N100

	
5.21 bc

	
49.33 b

	
4141 bc

	
4327 bc

	
5.5 a




	
N120

	
5.62 c

	
53.17 c

	
4272 c

	
4441 c

	
5.3 a




	
Fertilization (F)

	
**

	
***

	
***

	
**

	
ns




	
Year B

	




	
Control

	
4.84 a

	
44.33 a

	
3754 a

	
4066 a

	
7.5 a




	
N80

	
5.02 ab

	
48.50 b

	
3962 b

	
4208 ab

	
7.0 a




	
N100

	
5.33 bc

	
52.50 c

	
4135 bc

	
4343 bc

	
6.5 a




	
N120

	
5.54 c

	
54.33 c

	
4258 c

	
4462 c

	
6.3 a




	
Fertilization (F)

	
***

	
***

	
**

	
***

	
ns




	
Overall effects

	




	
Fertilization (F)

	
***

	
***

	
***

	
***

	
ns




	
Year (Y)

	
ns

	
**

	
ns

	
ns

	
***




	
F × Y

	
ns

	
ns

	
ns

	
ns

	
ns








F-test ratios from ANOVA. Different letters (a, b, and c) within a column and growing season indicate significant differences according to the LSD test. Significance levels: ** p < 0.01; *** p < 0.001; ns, not significant (p > 0.05).
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Table 4. Weed density, biomass, and number of different weed species as affected by the different N fertilization rates.
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Weed Density

(m−2)

	
Total Weed Biomass

(kg ha−1)

	
Number of Weed

Species






	
Year A




	
Control

	
7.67 a

	
411.7 a

	
4.17 a




	
N80

	
9.50 b

	
470.1 ab

	
3.33 a




	
N100

	
11.01 bc

	
528.3 b

	
4.01 a




	
N120

	
14.03 c

	
605.2 c

	
4.50 a




	
Fertilization (F)

	
**

	
***

	
ns




	
Year B




	
Control

	
9.67 a

	
416.7 a

	
4.33 a




	
N80

	
10.83 a

	
478.3 a

	
4.17 a




	
N100

	
13.04 ab

	
531.7 b

	
4.13 a




	
N120

	
14.33 b

	
615.0 b

	
4.50 a




	
Fertilization (F)

	
***

	
***

	
ns




	
Overall effects




	
Fertilization (F)

	
***

	
***

	
ns




	
Year (Y)

	
ns

	
ns

	
ns




	
(F) × (Y)

	
ns

	
ns

	
ns








F-test ratios from ANOVA. Different letters (a, b, and c) within a column and growing season indicate significant differences according to the LSD test. Significance levels: ** p < 0.01; *** p < 0.001; ns, not significant (p > 0.05).
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Table 5. Weed indices as affected by the different N fertilization rates.
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Crop Resistance

Index (CRI)

	
H (Shannon) Index

	
Dmg (Margalef) Index

	
J (Pielou) Index






	
Year A




	
Control

	
1.00 a

	
1.21 a

	
3.78 a

	
2.05 a




	
N80

	
0.91 a

	
1.14 a

	
4.24 a

	
2.21 a




	
N100

	
0.84 ab

	
1.16 a

	
3.75 a

	
1.98 a




	
N120

	
0.76 b

	
1.30 a

	
3.36 a

	
2.01 a




	
Fertilization (F)

	
**

	
ns

	
ns

	
ns




	
Year B




	
Control

	
1.00 a

	
1.16 a

	
3.72 a

	
1.91 a




	
N80

	
0.91 a

	
1.08 a

	
3.70 a

	
1.84 a




	
N100

	
0.86 ab

	
1.13 a

	
3.70 a

	
1.89 a




	
N120

	
0.77 b

	
1.15 a

	
3.36 a

	
1.78 a




	
Fertilization (F)

	
***

	
ns

	
ns

	
ns




	
Overall effects




	
Fertilization (F)

	
***

	
ns

	
ns

	
ns




	
Year (Y)

	
ns

	
ns

	
ns

	
ns




	
(F) × (Y)

	
ns

	
ns

	
ns

	
ns








F-test ratios from ANOVA. Different letters (a and b) within a column and growing season indicate significant differences according to the LSD test. Significance levels: ** p < 0.01; *** p < 0.001; ns, not significant (p > 0.05).
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Table 6. The average density (plants m−2) and biomass (g m−2) of each major weed species per treatment.
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A. retroflexus

	
C. album

	
S. nigrum

	
E. crus-galli






	

	
Year A




	

	
Density

	
Biomass

	
Density

	
Biomass

	
Density

	
Biomass

	
Density

	
Biomass




	
N0

	
5.33 ± 1.09 a

	
70.50 ± 15.71 a

	
3.50 ± 0.66 a

	
56.73 ± 9.21 a

	
1.33 ± 0.61 a

	
26.57 ± 13.18 a

	
1.67 ± 0.42 a

	
14.47 ± 3.88 a




	
N80

	
6.00 ± 1.17 a

	
103.84 ± 21.54 ab

	
3.50 ± 0.43 a

	
70.16 ± 15.52 a

	
1.67 ± 0.67 a

	
45.22 ± 17.18 a

	
0.67 ± 0.33 a

	
7.78 ± 0.55 a




	
N100

	
6.00 ± 1.22 a

	
106.45 ± 21.86 ab

	
3.33 ± 0.70 a

	
81.86 ± 7.81 a

	
1.50 ± 0.56 a

	
45.03 ± 17.81 a

	
0.83 ± 0.48 a

	
9.47 ± 0.49 a




	
N120

	
6.83 ± 1.66 a

	
138.47 ± 29.62 b

	
2.83 ± 0.95 a

	
83.69 ± 8.21 a

	
2.83 ± 1.05 a

	
60.42 ± 13.16 a

	
1.67 ± 0.67 a

	
17.25 ± 6.25 a




	

	
Year B




	

	
Density

	
Biomass

	
Density

	
Biomass

	
Density

	
Biomass

	
Density

	
Biomass




	
N0

	
5.83 ± 1.38 a

	
83.14 ± 21.44 a

	
2.67 ± 0.21 a

	
38.41 ± 3.35 a

	
1.67 ± 0.56 a

	
36.92 ± 13.28 a

	
1.50 ± 0.67 a

	
15.75 ± 7.33 a




	
N80

	
5.83 ± 1.58 a

	
106.20 ± 25.28 a

	
2.83 ± 0.31 a

	
48.48 ± 3.67 a

	
2.33 ± 1.12 a

	
53.13 ± 2.65 a

	
1.17 ± 0.65 a

	
12.67 ± 7.18 a




	
N100

	
8.17 ± 0.95 a

	
157.23 ± 18.52 a

	
2.00 ± 0.45 a

	
51.90 ± 6.56 a

	
1.33 ± 0.61 a

	
36.92 ± 16.81 a

	
2.00 ± 0.52 a

	
22.58 ± 6.39 a




	
N120

	
10.33 ± 1.43 a

	
175.04 ± 21.79 b

	
2.17 ± 0.17 a

	
54.89 ± 4.57 a

	
1.17 ± 0.65 a

	
47.32 ± 7.14 a

	
1.67 ± 0.76 a

	
17.38 ± 6.03 a








Different letters (a and b) within a column and growing season indicate significant differences according to Fisher’s or Kruskal–Wallis test at a 0.05 significance level.
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Table 7. Correlation matrix between the agronomic characteristics of soybean, the yield, the weed density and biomass, and the weed indices.
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	Yield
	No. of Nodules
	H Index
	Dmg Index
	J Index
	CRI
	Weed

Density
	Total Weed Biomass





	Soybean

biomass
	0.1724 ns
	−0.2962 ns
	0.3182 *
	−0.1560 ns
	0.2661 ns
	−0.5028 ***
	0.1847 ns
	−0.2029 *



	Yield
	
	0.3431 *
	0.1949 ns
	0.0120 ns
	0.1474 ns
	−0.2624 ns
	0.1735 ns
	0.1548 ns



	No. of nodules
	
	
	0.1302 ns
	0.0394 ns
	−0.1276 ns
	0.5030 ***
	−0.0882 ns
	−0.0556 ns



	H index
	
	
	
	−0.6225 ***
	0.9644 ***
	−0.2911 *
	0.2926 *
	0.3315 *



	Dmg index
	
	
	
	
	−0.6780 ***
	0.0739 ns
	0.4854 ***
	0.3588 *



	J index
	
	
	
	
	
	−0.2368 ns
	0.1420 ns
	0.2005 ns



	CRI
	
	
	
	
	
	
	−0.2654 ns
	−0.2546 *



	Weed density
	
	
	
	
	
	
	
	0.7946 ***







Significance levels: * p < 0.05; *** p < 0.001; ns, not significant (p > 0.05).
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