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Abstract

:

Significant crop losses are due to plant-parasitic nematodes. Nematicides are expensive and potentially toxic to men, the environment, and plants. This study evaluated the hidden phytotoxicity effects of nematicides in soybeans. Two soybean cultivars (8473RSF and M7198IPRO) were evaluated with five nematicide treatments (biological, cadusaphos, abamectin, fluensulfone, and an untreated control) for changes in chlorophylls, biometrics, and spectral (TGI visible spectral index captured with a smartphone camera) variables to determine and anticipate the identification of plant stresses. Evaluations occurred 33, 47, and 66 days after sowing (DAS). The a/b chlorophyll proportion was greatest for M7198IPRO and cadusaphos. The chlorophyll variables did not present significant interactions or differences at 47 DAS, indicating that possible nematicide effects were transient and should be evaluated earlier than 33 DAS. Leaf area, leaf mass, and shoot mass were smaller for 8473RSF and outstanding for abamectin and fluensulfone. The response of the spectral index did not present significant interaction among the factors; however, at 33 and 47 DAS, the index was low for 8473RSF and lowest for cadusaphos only at 33 DAS. The correlations between the spectral index and other variables were significant and moderate for soybean total leaf area. Although no apparent phytotoxicity symptoms caused by nematicides were observed, the visible vegetation index generated using a smartphone camera can still improve crop management solutions.
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1. Introduction


Soybean is the leading agricultural commodity in Brazil due to its strategic value and multiple uses. Brazil is the top soybean producer in the world, with a cropping area of 44.1 million hectares and a grain production of 154.6 million tons [1]. This high production results from combined factors such as genetically improved cultivars and proper crop management associated with modern technologies. However, even using the best cultivars and cropping techniques during crop cultivation, agricultural production is constantly subjected to stresses that reduce crop performance and yield.



One of the leading causes of yield reduction is the occurrence of diseases in plants, either of edaphoclimatic or biological origin. Plant diseases caused by edaphoclimatic conditions—or abiotic diseases—are those that are not caused by microorganisms and are fundamentally due to nutritional disturbances (excesses or deficiencies), phytotoxicity caused by chemical products, insolation, and soil pH, temperature, moisture, and salinity extremes [2,3]. In contrast, biological or biotic diseases are caused by plant-pathogenic microorganisms [4,5,6].



Among the microorganisms that cause plant diseases are the nematodes, or phytonematodes, belonging to the phylum Nematoda [7]. More than 4100 nematode species are described as plant parasites [8], and new species are frequently reported. The occurrence, prevalence, and extension of damage caused by a plant-parasitic nematode are related to its initial population, susceptibility of the plant host, crop management practices, soil characteristics, and climate conditions [9,10]. However, early identification of an epidemic onset is a decisive factor in reducing the damage caused by phytonematodes, allowing the planning and execution of management measures.



Among the most damaging and destructive phytonematodes are the genus Meloidogyne (root-knot nematodes), whose crop losses are estimated at 5% worldwide [11] but easily cause greater losses under favorable conditions. More than 5500 plant species in all regions of the world host the 98 species of this genus, and the economic threshold of some of the Meloidogyne species can be as low as 1 egg per 100 cm3 of soil [12,13,14]. General symptoms of infection by root-knot nematode include deformation of host plant roots, stunting, leaf chlorosis (physiological alterations), early defoliation, severe reduction in production, and early death [15,16].



Control methods used for phytonematode management include eliminating crop residues, soil fallow and turning, balanced mineral nutrition, antagonist plants, biological control, organic fertilization, solarization, biofumigation, induction of plant resistance, exclusion, and seed biopriming [17,18,19,20,21]. In addition, planting resistant cultivars, crop rotation, and chemical control (nematicides) are frequently used to manage the phytonematodes. However, nematicides can be expensive, potentially toxic, and cause considerable environmental impacts.



Nematicide application can be via seed treatment [22], in the sowing furrow [23,24], or by leaf spraying [25,26], and its results are variable, suggesting that the application mode can affect plant physiology too. This plant’s physiological reaction can be due to the reduction in the phytonematode population or the phytotoxic effects caused by the nematicide, which is not always perceptible to the bare eye.



Phytotoxicity occurrence is an important aspect of nematicide application [27,28,29,30,31]. The evaluation of phytotoxicity occurrence and intensity is usually based on visual scales and damage caused [32]. This method can lead to “false negatives” when a plant is stressed but shows no apparent visual symptoms.



The detection of stressed plants can be improved by using images composed of separable electromagnetic spectrum bands. The spectral bands can be arithmetically combined to calculate spectral vegetation indexes (SVI). These indexes can express early alterations in the physiological and morphological parameters of the analyzed vegetation [33] and separate the foliage from other targets on the ground surface.



The SVI can indicate physiological processes, vegetation vigor, and unhealthy vegetation under stressful conditions [34,35,36,37,38,39,40,41]. The use of visible RGB (visible red-green-blue spectral bands) indexes, such as the triangular greenness index (TGI) [42,43], amplifies the range of sensors for plant monitoring, including smartphone cameras [44] and apps [45] as tools for crop monitoring and management.



Spectral vegetation indices can monitor the efficacy of phytonematode control through the symptoms observed on shoots and identify underlying phytotoxicity (not visible to the bare eye) caused by applied nematicides. Such early identification of stress in soybeans—caused by the root-knot nematode or its chemical treatment—might help control this pest and improve the chances of successful management [20,46,47,48]. Therefore, this study evaluated the correlation between the chemical and biological control of phytonematodes and the possible occurrence and intensity of underlying phytotoxicity through chlorophyll contents and biometric parameters (leaf area and biomass). Furthermore, this study intended to anticipate the detection of such stress through a visible vegetation spectral index using a smartphone in soybean varieties.




2. Materials and Methods


2.1. Experimental Area and Soybean Cultivars


The experiment was performed in a greenhouse covered with clear LDPE (low-density polyethylene) and sides protected with an anti-aphid screen at the Universidade Federal de Uberlândia, in Uberlândia, Brazil, located at 18°53.00’ S, 48°15.25’ W, at 938 m above sea level. No thermic or moisture control was present in the greenhouse. The region’s climate is Aw (tropical with a dry winter and a rainy summer) [49,50].



Two soybean cultivars were evaluated: 8473 RSF (BRASMAX®), susceptible to M. incognita, and M7198 IPRO (MONSOY®), resistant to M. incognita. Four seeds were sown after applying nematicide treatments per pot (4 L capacity, with four 1 cm diameter holes in the bottom) in December 2018. Seven days after sowing, the seedlings were thinned to two per pot. The average air temperature varied between 27 and 28 °C, and maximum daily temperatures were below 32 °C during the experiment (weatherspark.com, accessed on 2 April 2019).




2.2. Planting Substrate and Fertilization


The substrate used for growing soybeans was subsoil and sand (1:1 volume), homogenized, and sieved through a 0.4 cm mesh. Texture analysis of the substrate indicated 847, 8, and 145 g kg−1 of sand, silt, and clay, respectively. Approximately 4 kg of the substrate were used to fill each pot lined with filter paper (250 g m2). Nematological analysis of the substrate did not indicate the presence of plant-parasitic nematodes.



Ten days before sowing, fertilization equivalent to 500 kg ha−1 of 20-5-15 N-P-K (20% of N, 5% of P2O5, 15% of K2O) and 1100 kg ha−1 dolomitic lime were mixed with the substrate, filled in the pots, and watered until saturation. Five days before sowing and every 15 days after sowing, 30 mL of a nutrient solution containing macro and micronutrients (N, P, K, Ca, Mg, S: 15, 1, 6, 5, 2, and 2 mmol L−1, respectively; B, Cu, Fe, Mn, Mo, Zn: 46, 0.3, 90, 12.6, 0.1, and 1.3 μmol L−1, respectively) [51] were added to the pots. The pots were maintained over plates to retain excess solution and were watered daily, conserving moisture but not soaking them.



The necessary plant care regarding nutrition and watering was provided. Insects and weeds in the substrate were mechanically controlled. No significant soybean plant disease was detected during the plant cycle, and no bactericide or fungicide was applied. Therefore, any detectable alteration in plant variables (e.g., leaf chlorophyll contents, plant biometrics, spectral responses) should be caused by the only source of variation in the present study, the nematicide treatments.




2.3. Nematicide Treatments


Nematicide treatments included a neutral control (with no nematicide application), a biological control agent, and three chemical products. The description, application mode, and recommended dose for each treatment are listed in Table 1.



In-furrow treatments were applied using a backpack sprayer pressured with CO2 (0.2 MPa) 0.5 m above the pots, with flat jet nozzles model Magnojet BD 02 in each treatment.



The experimental design was randomized blocks as a 2 × 5 factorial, with two soybean cultivars [8473 RSF (Brasmax, Cambé, PR, Brazil) and M7198 IPRO (Monsoy, São Paulo, SP, Brazil)] and four nematicide treatments [control, biological (Rizoflora, Viçosa, MG, Brazil), cadusaphos (FMC, Campinas, SP, Brazil), abamectin (Syngenta, São Paulo, SP, Brazil), and fluensulfone (Adama, Londrina, PR, Brazil)] and an untreated control with 12 replications.




2.4. Evaluations


Each pot was photographed at 33 (beginning of flowering) and 47 (end of flowering) days after sowing, during a clear day (no clouds), between 10 and 13 h inside the greenhouse covered with LDPE. An easily accessible digital camera was used from a Samsung GT-I8552B® (RGB camera with 8 MP resolution) smartphone, which was positioned at 1.2 m above the planting media level and fixed horizontally flat over the soybean plant canopies.



The histogram of the images in RGB was equalized using the program Photoshop LightRoom® v.5.7. Equalized images were used for the composition of the images based on the TGI vegetation spectral index using the program ENVI® v.5.5. The TGI images of the soybean shoots were classified into five distinct colors using the program Quant® [52], which also allows the quantification of the image relative areas (cm2) according to the resulting colors. Lemes et al. [53] reported the image treatment procedures demonstrated in Figure 1.



Chlorophylls a and b were estimated on the same day the pictures were taken. Measurements were performed in duplicate in the middle leaflet of a trifolium of the middle third of the plant, in each of the two plants, in four chlorophyll measurements per experimental unit (pot). A digital chlorophyll meter (ClorofiLOG, model CFL1030—Falker) was used, and its reading is considered Falker’s Chlorophyll Index (FCI)—this unit indirectly determines the chlorophyll concentration by the intensity of the green color of the leaves [54]. The FCI values of a and b chlorophyll of the two plants were converted into their respective averages and added to obtain total chlorophyll (a + b) or divided to generate the chlorophyll proportion (a/b).



The total leaf area (cm2) of the two plants in each pot was determined with a digital leaf area meter (LI-3100C, Li-Cor Bioscience®, Lincoln, NE, USA) 66 days after sowing (February 2019). The leaves and the remaining parts of the shoots of the plants in each pot were dried in a forced air oven at 68 °C for 96 h to determine leaf and total shoot dry matter.



Correlations between the variables evaluated were computed to determine if there was a linear relationship between them [55].




2.5. Statistical Analysis


Boxplot graphs of the residues identified extreme values (outliers) in the data for each variable [56]. The boxplot graphs were generated in the SPSS Statistics® v. 20 software. The same software was used to confirm the basic assumptions for the analysis of variance (normality of residue distribution by Kolmogorov-Smirnov and homogeneity of variances by Levene, both at p > 0.01) and Pearson’s correlation coefficients between variables. To avoid errors associated with the computation and interpretation of Pearson’s correlation, it is fundamental that the data be normally distributed with no outliers (extreme values) [57].



After confirming the assumptions, the analysis of variance (F test) was performed. When significant differences were observed among treatments, Tukey’s test or t-test (LSD) comparisons were made at 0.05 significance. These analyses were performed using the SISVAR® statistical program. Sigma Plot® v.12 software generated the graphs.





3. Results


3.1. Analysis of Variance


Significant interactions (p < 0.05) were found between nematicide treatments and soybean cultivars for chlorophylls a, b, and total (a + b) at 33 days after sowing (Table 2). The biometric variables leaf area, leaf mass, and shoot mass presented significant differences (p < 0.05) between the factors ‘cultivar’ and ‘nematicides’. The spectral response of soybean shoots obtained by the TGI index did not present significant interactions between the factors; however, differences were observed between cultivars (p < 0.01) in both periods evaluated (33 and 47 days after sowing) and among the nematicides only at 33 days after sowing (p < 0.05).




3.2. Falker Chlorophyll Index


Chlorophylls a, b, and a + b of cultivar 8473 RSF, at 33 days after sowing, presented lower FCI compared to the control in the treatment with the nematicide Cadusaphos (p < 0.05) (Table 3). None of the nematicide treatments affected the chlorophyll evaluations (p > 0.05) of cultivar M7198 IPRO.



Falker’s chlorophyll index in the control treatment (no nematicides) indicated similar amounts of chlorophylls a and total (a + b) (p > 0.05) between both soybean cultivars; however, FCI also indicated 10.13% more chlorophyll b in this treatment (no nematicides) for cultivar 8473 RSF. In addition, for this cultivar, greater indices for chlorophyll b and total (a + b) were observed for the biological (14.37 and 5.64%, respectively) and abamectin (9.03 and 5.03%, respectively) treatments than for M7198 IPRO. Nematicide treatment with fluensulfone affected only chlorophyll a (p < 0.05) index, and FCI was smaller (3.88%) for cultivar 8473 RSF than for cultivar M7198 IPRO.



Treatment with the nematicide cadusaphos negatively affected the cultivar with no resistance against phytonematodes (8473 RSF), reducing total chlorophyll (a + b) by up to 4.8% compared to the cultivar with resistance against these pathogens (M7198 IPRO).



No significant correlation (p > 0.05) was observed for the proportion of chlorophylls a/b at 33 days after sowing but differed for the factors ‘cultivar’ and ‘nematicides’ (p < 0.05). The proportion of chlorophylls a, b, and (a/b) between the soybean cultivars was greater for M7198 IPRO (3.01) than for 8473 RSF (2.85). This proportion (a/b) was greater for the treatment with cadusaphos (3.08), which was 6.17% greater than all other treatments (average: 2.89) (Figure 2).



The FCI for the chlorophylls a, b, a + b, and a/b did not present significant interaction (p > 0.05) between the factors ‘cultivar’ and ‘nematicide’ or significant differences (p > 0.05) between the levels in each factor (Table 2) at 47 days after sowing. The average FCI of the cultivars 8473 RSF and M7198 IPRO were: 25.41 and 24.92 (chlorophyll a), 7.47 and 7.26 (chlorophyll b), 32.88 and 32.18 (chlorophylls a + b), and 3.41 and 3.45 (chlorophylls a/b), respectively.




3.3. Leaf Area, Mass, and Shoot Mass


The leaf area of soybeans differed (p < 0.01) between the cultivars analyzed and among the levels of the factor ‘nematicide’ (p < 0.05) at 66 days after sowing (Table 2). The leaf area of cultivar 8473 RSF (1265 cm2) was 23.2% smaller than that of cultivar M7198 IPRO (1646 cm2). The leaf area of each nematicide treatment is shown in Figure 3. The biological nematicide (1375 cm2) treatment differed from the treatments with nematicides abamectin (1470 cm2) and fluensulfone (1520 cm2), which are 6.46 and 9.54% smaller, respectively.



Similar to what was observed with leaf area at 66 days after sowing, dry leaf matter (g) also differed between the cultivars (p < 0.01), with cultivar 8473 BRS presenting 14.61% less dry matter than M7198 IPRO, which was 5.67 and 6.64 g per plant, respectively. Leaf dry matter for the nematicide treatments is shown in Figure 4. Treatments with cadusaphos, abamectin, and fluensulfone were similar (average: 6.33 g) and 8.21% greater than the treatment with the biological nematicide (5.82 g).



Shoot dry matter at 66 days after sowing (g) also differed between the cultivars (p < 0.01), with cultivar 8473 BRS presenting 9.53% less dry matter than M7198 IPRO, which was 15.00 and 16.58 g per plant, respectively. Shoot dry matter for nematicide treatments is presented in Figure 5.



The absolute control (no nematicides) and the biological one presented similar shoot dry matter (average: 15.09 g); the chemical treatments (cadusaphos, abamectin, and fluensulfone) were also similar to each other (average: 16.26 g). The greatest difference was observed between the biological control (14.91 g) and fluensulfone (16.65 g), corresponding to 9.91% more shoot dry matter in the plants treated with this nematicide.




3.4. Vegetation Spectral Indexes


The interaction between the factors ‘cultivar’ and ‘nematicides’ was not significant (p > 0.05) for the response of the spectral index TGI at 33 days after sowing. The TGI distinction of the canopy area of the 8473 RSF soybean cultivar (90.69 cm2) was 12.64% lower than the TGI area observed for the M7198 IPRO soybean cultivar (102.15 cm2). The values observed for the index TGI (cm2) within the factor ‘nematicide’ at 33 days after sowing are presented in Figure 6. Among the nematicide treatments, the soybean shoot area distinguished by TGI for cadusaphos (86.12 cm2) was 13.01% lower than the other treatments (average: 99.00 cm2).



At 47 days after sowing, the spectral response obtained with the index TGI presented significant differences only between the two soybean cultivars. Cultivar 8473 RSF (150.54 cm2) was 27.58% smaller than M7198 IPRO (207.88 cm2).




3.5. Correlations


Pearson’s correlation coefficient (r) expresses how much of an association of quantitative variables can be described by a linear function. This correlation is computed through the relationship between the two variables’ grouped variance (covariance) and the product of their respective standard deviations.



To increase the precision of the computation and the interpretation of Pearson’s correlation, it is important that the data be normally distributed (Kolmogorov-Smirnov’s statistics, Table 2) and that outliers (extreme values) be removed [58]. The coefficients of correlation between all pairs of variables evaluated in this study are presented in Table 4.



Falker’s chlorophyll index for the chlorophylls a, b, and a + b, estimated at 47 days after sowing, presented a significant Pearson’s r coefficient (p < 0.05) with the leaf area at 66 days after sowing, a negative correlation; however, this was a weak correlation, according to the proposal of Callegari-Jacques [59]. Leaf area also correlated (p < 0.01) with leaf and shoot dry matter, and these correlations were strong and positive (0.6 < r < 0.9).



A significant correlation was found between the spectral index TGI at 33 days after sowing with the chlorophyll b, total (a + b), and proportion (a/b) of this period, and with leaf area (cm2) and dry leaf and shoot matter (g) at 66 days after sowing. All significant correlations with TGI at 33 days after sowing and the variables at 66 days after sowing were positive, weak, or moderate [59]. The index TGI, at 47 days after sowing, presented a significant correlation (p < 0.05), negative and weak, with chlorophyll a and the total (a + b) of that period. Significant correlations (p < 0.01), positive and moderate (0.3 < r < 0.6), were detected between leaf area (cm2) and dry matter (g) of leaves and shoots at 66 days after sowing (Figure 7).





4. Discussion


Chlorophyll contents reflect physiological aspects of a plant, such as its nitrogen content, photosynthetic rate, and potential yield; in this study, chlorophyll content was estimated due to its direct relation to the occurrence of natural or anthropogenic stresses [60,61,62]. The results consistently demonstrated that nematicide treatments did not affect the contents of chlorophyll a, b, and total (a + b) for either cultivar at 33 days after sowing or presented any effect at 47 days after sowing. These results show that if nematicide treatment affects soybean chlorophylls a, b, and total (a + b), such an effect should be evaluated earlier in the soybean development cycle.



Despite several reports of phytotoxicity levels with nematicide application [30,63,64,65,66], no reports of cadusaphos phytotoxicity in soybeans were found in the literature reviewed, even when the seedlings were evaluated 20 days after emergence [67]. In the present study, results obtained with FCI for chlorophylls a, b, and total (a + b) were lower (p < 0.01) for cadusaphos treatment in cultivar 8473 RSF compared to all other nematicide treatments and to cultivar M7198 IPRO. However, the proportion of chlorophyll a/b at 33 days after sowing for that treatment was greater than any other nematicide. This situation, associated with low total chlorophyll (a + b) indices, is similar to what is observed in plants directly exposed to sunlight (low total chlorophyll and high proportion a/b) [68,69]. According to Fritschi and Ray [70], the proportion of chlorophyll a/b has potential implications for management decisions, such as sowing density and distance between rows, whenever any condition or management alters this chlorophyll relation.



Similarly, at 47 days after sowing, no significant differences were observed for the chlorophyll proportion (a/b) estimates between any of the factors evaluated. This result indicates that any significant change that might occur in soybean chlorophylls observed at earlier stages is transient and less aggressive. As the plants grow, their eventual phytotoxic effects tend to dilute and become similar to the control (with no nematicide application). Therefore, the study of the potential phytotoxic effects of nematicides applied to soybeans should be performed at earlier stages of plant development, before 33 days after sowing.



The beneficial effects of nematicide application on biomass production by the crops, generally, are a consequence of the reduction in phytonematode populations in the soil or in the root system [23,24,71]. Studies in the absence of the phytonematode generally do not promote any additional effect on biomass production, and yield gains, whenever reported, are due to the cultivar effect [72,73]. However, positive biomass effects of chemical control were observed in the present study, with no artificial inoculation or any phytoparasitic nematode in the substrate.



Biometric evaluations of soybean leaf area, dry leaf, and shoot matter at 66 days after sowing did not indicate any phytotoxicity symptoms (yellowing, necrosis, leaf curling), similar to what was observed by Nunes et al. [74], Oriani [73], Santos [24], and Baggio [74], even when the nematode was present in the soil/substrate. In the present study, evaluations of leaf and shoot dry matter indicated that the chemical control, especially with abamectin and fluensulfone, increased the values of those variables compared to the treatments with a biological nematicide (P. chlamydosporia) and the untreated control.



The results found by Zambiazzi et al. [65] demonstrated that the presence of the nematicide abamectin negatively affected soybean shoot dry matter at the R1 (begin flowering) phenological stage; however, such a negative effect of the nematicide treatment could have been a consequence of an indirect effect on plant nodulation. Inoculation with diazotrophic bacteria (artificial nodulation) was not carried out in any of the treatments of the present study; therefore, it was not considered a source of variation for the shoot dry matter.



However, Silva et al. [17], evaluating the effects of soybean seed treatments 28 days after emergence, found that the treatment with abamectin positively affected plant height, shoot dry matter, and root volume compared to the control (with no seed treatment). Studies with other crops, such as papaya (Carica papaya L.) [75] and tomato (Solanum lycopersicum L.) [76], did not report the phytotoxic effects of abamectin treatment as a strategy for nematode control.



It was not expected that the biological control agent, P. chlamydosporia, would contribute directly to the production of soybean biomass since its development is not adequate in the plant’s rhizosphere [77]. Such expectation was confirmed by the biometric results (leaf area, dry matter of leaves, and shoots), which were similar to the control (with no nematicide application).



The evaluation of soybean shoots with a vegetation spectral index is aimed at using a widely accessible tool (a smartphone camera) and the fast application of RGB images (visible colors) for index composition. Moreover, the use of accessible spectral observations of plants can be successfully used in phenomics and phenotyping studies to accelerate plant breeding programs [78,79,80], for instance. The application of spectral vegetation indexes also allows early separation, in agricultural areas or plant parts, of healthy vegetation from stressed ones [34,36,37,81,82,83], or differences in pigment content [61,84], to support management decision-making processes.



The TGI index was initially validated by analyzing a whole experimental unit’s response through airborne evaluations, satellite (Landsat TM 5), and digital cameras. The development of this index was based on the triangle outlining the spectral plant signature for the wavelengths red (R), green (G), and blue (B) [42,43], and it is very sensitive to leaf chlorophyll content. However, in this study, no strong or consistent significant relationships were observed between chlorophylls estimated by Falker’s index and the TGI index. This inconsistency between the correlations of chlorophyll contents and the TGI index found in the present study and those observed by Hunt et al. [43] could be due to the dimensions evaluated. In the present study, chlorophyll content was estimated at two points in the middle third of each plant, while Hunt et al. [43] established the correlation between chlorophyll and TGI considering the response of soybean shoots in the complete experimental unit (6750 m2).



Correlations between the soybean quantified response (shoots, cm2) and TGI and the other variables were found, similar to the reports by Lemes et al. [53]. In addition to the strong and predictable correlations between chlorophylls and between biometric variables (leaf area and dry biomasses), responses of TGI were moderate and significant with leaf area and dry biomass at 66 days after sowing and, especially, with the TGI evaluations at 47 days after sowing.



A stronger correlation between biometric variables (66 DAS) and TGI at 47 days after sowing indicates that this index can predict biomass production and that the closer the evaluations are (TGI × biometry), the better the estimate precision. This trend can be observed in the dispersion graphs (scatter plot), where biometric responses (leaf area, dry matter of leaves, and shoots) increase with respective increases in quantified responses (cm2) of soybean shoot TGI. Similar results for the interaction between leaf area and TGI were found by Hunt et al. [53].



The quantified (cm2) response of soybean shoots by TGI was smaller for the treatment with cadusaphos at 33 days after sowing than for all others; an opposite response was observed in the same treatment and evaluation period (33 DAS) for the proportion of chlorophylls (a/b). The increase in the chlorophyll proportion a/b is associated with plants in full sunshine [68], with a high proportion of the chlorophylls related to photosystems I and II and a smaller proportion of chlorophylls associated with the light-harvest complex, where most of chlorophyll b is concentrated [70,85,86]. The index TGI generated a single response for the soybean canopy (shoots) and may be mimicking a full sunshine condition for the nematicide cadusaphos, which was not evident on the punctual estimate of chlorophyll (Falker’s chlorophyll index) in the middle third of the plant with a digital chlorophyll meter.



Spectral vegetation indices to evaluate plant responses allow early acquisition of data on plant development, physiology, nutrition, and health status, leading to a proper indication of crop management for situations like early identification of phytotoxicity [34,37,41]. This technique can aid decision-making based on more precise information about crop conditions and improve the success chances of the management strategy implemented, thus reducing yield losses and environmental impacts due to agricultural activity.




5. Conclusions


The observations in the present study presented no visible phytotoxicity in soybeans treated with the studied nematicides, indicating that hidden phytotoxicity might occur without evident symptoms.



Furthermore, cadusaphos led to a 6.17% higher a/b chlorophyll ratio; however, the impact of nematicides on chlorophylls was transient and occurred earlier in the soybean cycle, within 47 days after sowing. The soybean shoot dry mass of the control (no nematicides) and biological treatments were similar (15.09 g) and 7.75% lower than that of the chemical treatments (16.26 g).



Furthermore, moderate and significant correlations between the TGI spectral index and the total leaf area of the soybean plants were found. Integrating the TGI index into crop management practices holds promise for enhancing efficiency, potentially mitigating yield losses, and reducing environmental impacts.
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Figure 1. The sequence of image compositions used to estimate soybean canopy area (cm2) is expressed by the vegetation triangular greenness index (TGI). RGB: red, green, blue. Image source: [53]. 
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Figure 2. Chlorophyll ratio (a/b) at 33 days after soybean sowing. Similar letters positioned above columns indicate similar treatments according to the t-test (LSD) (p < 0.05). Vertical bars indicate the standard error of the respective treatment. 
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Figure 3. Leaf area (cm2) at 66 days after soybean sowing. Similar letters positioned above columns indicate similar treatments according to the t-test (LSD) (p < 0.05). Vertical bars indicate the standard error of the respective treatment. 
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Figure 4. Leaf dry mass (g) at 66 days after soybean sowing. Similar letters positioned above columns indicate similar treatments according to the t-test (LSD) (p < 0.05). Vertical bars indicate the standard error of the respective treatment. 
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Figure 5. Shoot dry mass (g) at 66 days after soybean sowing. Similar letters positioned above columns indicate similar treatments according to the t-test (LSD) (p < 0.05). Vertical bars indicate the standard error of the respective treatment. 
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Figure 6. Canopy color distinction (cm2) is indicated by the triangular greenness index (TGI) and estimated by the Quant® v. 1 software at 33 days after sowing. Similar letters positioned above columns indicate similar treatments according to the t-test (LSD) (p < 0.05). Vertical bars indicate the standard error of the respective treatment. 
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Figure 7. Scatterplot between TGI at 33 (A) and 47 (B) days after sowing and biometric soybean variables at 66 days after sowing. 
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Table 1. Nematicide treatments.
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Treatment

	
Active Ingredient

	
Commercial

Concentration

	
Application

Technology

	
Commercial

Dose

	
Spray Volume

Applied






	
Biological

	
Pochonia chlamydosporia

	
5.2 × 107

spores g−1

	
In-furrow spray

	
3 kg ha−1

	
200 L ha−1




	
Chemical

	
cadusaphos

	
200 g kg−1

	
In-furrow spray

	
4 L ha−1

	
200 L ha−1




	
abamectin

	
500 g L−1

	
Seed treatment

	
1.25 mL kg−1

	
5 mL kg−1




	
fluensulfone

	
480 g L−1

	
In-furrow spray

	
0.5 L ha−1

	
200 L ha−1











 





Table 2. Analysis of variance (F test) and statistics of assumptions of the variables evaluated in soybean cultivars and nematicide treatments.
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	SV
	DF
	Chlor.a1
	Chlor.b1
	Chlor.T1
	Chlor.a/b1
	Chlor.a2
	Chlor.b2
	Chlor.T2
	Chlor.a/b2
	Leaf cm2
	Leaf g
	Shoot g
	TGI 1
	TGI 2





	Soybean (S)
	1
	0.470
	12.235 **
	1.696
	16.622 **
	3.602
	2.728
	3.858
	0.870
	168.475 **
	59.545 **
	32.690 **
	14.918 **
	30.224 **



	Nematicide (N)
	4
	6.021 **
	6.167 **
	7.784 **
	4.105 **
	2.037
	1.874
	2.138
	1.082
	2.517 *
	3.267 *
	5.238 **
	3.320 *
	1.689



	S * N
	4
	6.249 **
	3.295 *
	6.060 **
	0.654
	2.331
	1.511
	2.372
	0.632
	0.981
	0.142
	0.333
	2.219
	0.647



	CV (%)
	
	4.12
	9.33
	4.77
	7.35
	5.64
	9.46
	6.02
	6.76
	11.06
	11.16
	9.61
	16.85
	10.46



	KS
	119
	0.052 +
	0.056 +
	0.062 +
	0.041 +
	0.036 +
	0.035 +
	0.048 +
	0.060 +
	0.056 +
	0.059 +
	0.042 +
	0.087 +
	0.056 +



	L
	119
	2.263
	1.855 +
	2.590
	1.372 +
	0.958 +
	1.607 +
	0.993 +
	1.727 +
	0.860 +
	0.730 +
	0.964 +
	1.580 +
	1.389 +







Chlor.a1: Falker chlorophyll a index at 33 days after soybean sowing; Chlor.b1: Falker chlorophyll b index at 33 days after soybean sowing; Chlor.T1: Falker chlorophyll a + b index at 33 days after soybean sowing; Chlor.a/b1: Falker chlorophyll a/b ratio index at 33 days after soybean sowing; Chlor.a2: Falker chlorophyll a index at 47 days after soybean sowing; Chlor.b2: Falker chlorophyll b index at 47 days after soybean sowing; Chlor.T2: Falker chlorophyll a + b index at 47 days after soybean sowing; Chlor.a/b2: Falker chlorophyll a/b ratio index at 47 days after soybean sowing; Leaf cm2: total soybean leaf area at 66 days after soybean sowing; Leaf g: total soybean dry leaf mass at 66 days after soybean sowing; Shoot g: soybean dry shoot mass at 66 days after soybean sowing. TGI 1: triangular greenness index at 33 days after sowing; TGI 2: triangular greenness index at 47 days after sowing. *: significant differences at 0.05; **: significant differences at 0.01. CV (%): coefficient of variation. KS: Kolmogorov-Smirnov’s statistics for normality of the data residues (p > 0.01). L: Levene’s statistics for homogeneity of the data variances (p > 0.01). +: attendance (p > 0.01) of normality of residues (KS) or homogeneity of variances (L).













 





Table 3. Falker’s chlorophyll indexes at 33 days after soybean sowing. The nematicide treatments were applied at sowing.






Table 3. Falker’s chlorophyll indexes at 33 days after soybean sowing. The nematicide treatments were applied at sowing.





	
Soybean

	
Control

	
Biological

	
Cadusaphos

	
Abamectin

	
Fluensulfone






	

	
Chlorophyll a




	
8473 RSF

	
31.22 aA 1

	
31.88 aA

	
29.15 bB

	
32.18 aA

	
30.99 bA




	
M7198 IPRO

	
30.98 aA

	
31.03 aA

	
31.00 aA

	
31.03 bA

	
32.19 aA




	

	
Chlorophyll b




	
8473 RSF

	
11.31 aA

	
11.54 aA

	
9.74 aB

	
11.59 aA

	
10.74 aAB




	
M7198 IPRO

	
10.27 bA

	
10.09 bA

	
9.85 aA

	
10.63 bA

	
10.93 aA




	

	
Chlorophyll a + b




	
8473 RSF

	
42.53 aA

	
43.43 aA

	
38.89 bB

	
43.77 aA

	
41.74 aA




	
M7198 IPRO

	
41.25 aA

	
41.11 bA

	
40.85 aA

	
41.65 bA

	
43.11 aA








1: Averages followed by the same lowercase letters in columns and by capital letters in lines are similar according to Tukey’s test (p < 0.05).













 





Table 4. Pearson’s correlation (r) between the variables studied.
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	Chlor.a1
	Chlor.b1
	Chlor.T1
	Chlor.a/b1
	Chlor.a2
	Chlor.b2
	Chlor.T2
	Chlor.a/b2
	Leaf cm2
	Leaf g
	Shoot g
	TGI 1
	TGI 2





	Chlor.a1
	1
	0.616 **
	0.928 **
	−0.229 *
	−0.108
	0.049
	−0.060
	−0.106
	0.126
	0.134
	0.174
	0.173
	0.064



	Chlor.b1
	
	1
	0.865 **
	−0.835 **
	−0.006
	0.199 *
	0.066
	−0.242 **
	−0.157
	−0.148
	−0.044
	0.228 *
	−0.061



	Chlor.T1
	
	
	1
	−0.541 **
	−0.072
	0.125
	−0.007
	−0.182 *
	0.005
	0.015
	0.090
	0.218 *
	0.012



	Chlor.a/b1
	
	
	
	1
	−0.038
	−0.183 *
	−0.092
	0.183 *
	0.289 **
	0.222 *
	0.105
	−0.191 *
	0.105



	Chlor.a2
	
	
	
	
	1
	0.725 **
	0.970 **
	−0.263 **
	−0.231 *
	−0.174
	−0.111
	0.086
	−0.210 *



	Chlor.b2
	
	
	
	
	
	1
	0.871 **
	−0.823 **
	−0.190 *
	−0.112
	−0.058
	0.212 *
	−0.125



	Chlor.T2
	
	
	
	
	
	
	1
	−0.478 **
	−0.232 *
	−0.163
	−0.100
	0.136
	−0.194 *



	Chlor.a/b2
	
	
	
	
	
	
	
	1
	0.099
	0.014
	0.009
	0.198 *
	0.052



	Leaf cm2
	
	
	
	
	
	
	
	
	1
	0.791 **
	0.719 **
	0.315 **
	0.571 **



	Leaf g
	
	
	
	
	
	
	
	
	
	1
	0.852 **
	0.212 *
	0.355 **



	Shoot g
	
	
	
	
	
	
	
	
	
	
	1
	0.308 *
	0.376 **



	TGI 1
	
	
	
	
	
	
	
	
	
	
	
	1
	0.332 **



	TGI 2
	
	
	
	
	
	
	
	
	
	
	
	
	1







Chlor.a1: Falker’s chlorophyll a index at 33 days after soybean sowing; Chlor.b1: Falker’s chlorophyll b index at 33 days after soybean sowing; Chlor.T1: Falker’s chlorophyll a + b index at 33 days after soybean sowing; Chlor.a/b1: Falker’s chlorophyll a/b ratio index at 33 days after soybean sowing; Chlor.a2: Falker’s chlorophyll a index at 47 days after soybean sowing; Chlor.b2: Falker’s chlorophyll b index at 47 days after soybean sowing; Chlor.T2: Falker’s chlorophyll a + b index at 47 days after soybean sowing; Chlor.a/b2: Falker’s chlorophyll a/b ratio index at 47 days after soybean sowing; Leaf cm2: total soybean leaf area at 66 days after soybean sowing; Leaf g: total soybean dry leaf mass at 66 days after soybean sowing; Shoot g: soybean dry shoot mass at 66 days after soybean sowing. TGI 1: triangular greenness index at 33 days after sowing; TGI 2: triangular greenness index at 47 days after sowing. *: significant Pearson’s correlation at p < 0.05; **: significant Pearson’s correlation at p < 0.01.
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