

  agronomy-12-02657




agronomy-12-02657







Agronomy 2022, 12(11), 2657; doi:10.3390/agronomy12112657




Article



The Impact of Polymer on the Productivity and Photosynthesis of Soybean under Different Water Levels



Lucas Felisberto Pereira 1, Walter Quadros Ribeiro Júnior 2,*, Maria Lucrecia Gerosa Ramos 3,*, Guilherme Filgueiras Soares 3, Cristiane Andréa de Lima Guimarães 3, Sebastião Pedro da Silva Neto 2[image: Orcid], Onno Muller 4[image: Orcid], Christina Cleo Vinson 3, André Ferreira Pereira 2 and Thomas Christopher Rhys Williams 5





1



Federal Institute Goiano, Faculty of Agronomy, Campus of Posse-Fazenda Vereda do Canto, Posse 73900-000, GO, Brazil






2



Brazilian Agricultural Research Corporation, EMBRAPA Cerrados, Rodovia BR 020, Planaltina 73310-970, DF, Brazil






3



Faculty of Agronomy and Veterinary Medicine, University of Brasília, Campus Darcy Ribeiro ICC Sul, Brasília 70910-900, DF, Brazil






4



Institute for Bio-and Geosciences, IBG-2: Plant Sciences, Forschungszentrum Jülich GmbH, 52425 Jülich, Germany






5



Department of Botany, Institute of Biological Science, University of Brasilia, Brasília 70297-400, DF, Brazil









*



Correspondence: walter.quadros@embrapa.br (W.Q.R.J.); lucrecia@unb.br (M.L.G.R.)







Academic Editors: Lorena Parra and Pedro V. Mauri



Received: 12 September 2022 / Accepted: 11 October 2022 / Published: 27 October 2022



Abstract

:

In order to practice sustainable and resource-efficient agriculture, the use of new technologies such as water-retaining polymers is essential. The objective of this study was to evaluate the effect of a polymer incorporated into the soil on gas exchange and yield under different water regimes (WR) in three soybean cultivars. The experiment was conducted at Embrapa Cerrados under field conditions in 2016 and 2017, using three different cultivars (BRS 5980IPRO, NA 5909RG and BRS 7280RR). Soybean cultivars were submitted to four water regimes (representing 30%, 50%, 83% and 100% of evapotranspiration replacement, namely WR1, WR2, WR3 and WR4). No beneficial results were observed in 2016 with Polymer. Most of the reductions in photosynthesis and transpiration by adding the polymer can be attributed to stomatal control, but such reductions did not influence productivity. In 2017, the yield was higher using Polymer in WR4 and WR3 by 40 to 20%, depending on the cultivar. Under severe stress (WR2 and WR1), reduced gas exchange was obtained with Polymer, but the yield was not reduced. These results indicate that Polymer contributed to the prolongation of photosynthetic activity during the reproductive phase of soybean and may represent a potential strategy for increasing yield under moderate drought stress.
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1. Introduction


Soybean occupies over 28 million ha of the Brazilian national territory and contributes 3.4% to the national gross domestic product (GDP) [1]. However, spreading its cultivation in the Brazilian Cerrado has brought some challenges, principally those associated with climate inconstancy [2]. In Brazil, although soybean is grown during the rainy season, abiotic stresses such as drought may affect any of the phenological phases of the crop, resulting in impacts on physiology and plant development [3]. Moreover, the frequency and severity of drought events in this region are predicted to increase over the next years, according to Cunha et al. [4], reinforcing the importance of understanding how key crop species respond to this stress and developing strategies for mitigation the impacts of water deficit.



Lack of water affects cell expansion and plant growth [5]. Moreover, water deficit also leads to stomatal closure [6], thereby affecting photoassimilate production and resulting in perturbations to source/sink relations, as well as reducing transpiration and the capacity of the plant to dissipate excess energy. Drought may also influence the total duration of the crop cycle, shortening its vegetative and reproductive phases, thereby reducing the time available for photosynthate accumulation and transporting to the developing embryos and directly affecting productivity [7]. In cases where drought lasts for a long period, its effects may become irreversible, resulting in lower plant growth and decreased yield [8,9].



One alternative to minimize plant water stress is using superabsorbent polymers. Oladosu et al. [10], in a recent review, indicated that water stored by superabsorbent polymer slowly returns water to the soil close to roots. Moreover, polymers increased water content in dry areas, increasing water use efficiency and irrigation intervals, consequently reducing production costs. The incorporation of superabsorbent polymers into the soil represents a potential strategy for ameliorating drought stress, already being used in perennial crops to facilitate their proper establishment [11,12], and there is also potential for their use with annual crops. However, perennial crops usually have lower relative growth rates than annual crops, which must necessarily complete their cycle in a period of months [12,13]. Thus, annual crops may demand more water over a shorter period, requiring greater efficiency to absorb water, and in this sense, water-retaining polymers could potentially avoid losses and supply water at times of greatest demand, especially under water stress. Therefore, to evaluate the potential of such polymers for soybean, an investigation of the impacts of their addition to the soil on photosynthesis in field conditions under different degrees of drought stress and over several years is required.



The objective of this study was to evaluate the effect of a polymer incorporated into the soil on gas exchange and yield under different water regimes in three soybean cultivars. It was hypothesized that the addition of polymer would permit the maintenance of photosynthesis and growth under reduced water availability and result in improved yield.




2. Materials and Methods


2.1. Experimental Design and Water Levels


The experiments were conducted under field conditions at the Brazilian Agricultural Research Corporation (Embrapa Cerrados), in Planaltina (15°35′30″ S, 47°42′30″ W), Brazil, between July and November 2016 and 2017, a period of extremely low precipitation, ideal for the evaluation of experiments under water deficit. The region has an average annual rainfall of 1500 mm ± 500 mm and the climate of the region is Aw, according to the Köppen classification [14]. Temperature and precipitation in the experimental area during the years 2016 and 2017 are presented in Figure 1. The soil is classified as typical Oxisol [15]. Before the installation of the experiment, soil analysis were performed at depths of 0–20 cm and 20–40 cm (Table 1), because the toxicity of aluminiumis normally is corrected by liming, where roots are expected to be found due to aluminum correction which were similar in both depths.



The experimental design in 2016 and 2017 was in randomized blocks with three replications in a split-plot scheme. The plots were composed of soybean cultivars (BRS 5980IPRO, NA 5909RG and BRS 7280RR), and the subplots were four different water regimes (WR). The line spacing was 50 cm and the planting density was 25 plants per linear meter. Each plot consisted of two central lines, eliminating 1.5 m of edge.



Irrigation of all cultivars was uniform for about 35 days after emergence (DAE) in 2016 and 2017. During the uniform irrigation phase (14 June to 14 July 2016 and 27 July to 27 August 2017) approximately 134 mm of water was supplied. After this period, the line source methodology was adopted [16], with the modification by using a 20 m wide irrigation bar (IrrigaBrasil model 36/42), connected to a self-propelled TurboMaq 75/GB, with adjustable speed according to the water level to be applied. This irrigation system uses overlapping sprinklers with different flows to create decreasing water levels from the central area to the end of the bar (Figure 2).



Along the bar, four levels of irrigation were delimited, representing the different WRs. The accumulated level of water applied over the 110 days of the crop cycle in 2016 from the outermost to the innermost sprinklers was 157 mm (16 m), 263 mm (13 m), 432 mm (10 m) and 630 mm (4 m), referred to as WR1, WR2, WR3 and WR4, respectively, and over the 118 days of the crop cycle in 2017 was 167 mm (16 m), 237 mm (13 m), 341 mm (10 m) and 534 mm (4 m), also referred to as WR1, WR2, WR3 and WR4, respectively (Figure 2). The numbers in brackets indicate the distance of the plots in relation to the center of the irrigation bar. Irrigation was performed on average every five days, depending on evapotranspiration and climate data, and the highest water level was applied according to the monitoring program for the replacement of evapotranspiration of the crop [17]. The effects of the application of a superabsorbent polymer were tested in 2016 and 2017. This polymer is an artificial compound similar to anionic particles of acrylamide and potassium acrylates, an inert compound that can store water in its matrix, becoming a gel. It is able to store up to four hundred times its weight in deionized water in its matrix and 150 times its weight in water when it is in the soil. It has an apparent density of 0.85, specific weight of 1.10 g cm−3 and pH of 8.1. When dry, it has the appearance of a white powder and when hydrated it is a gel. It has a cation exchange capacity (CEC) of 4.6 meq. g−1, lifetime after application of 5 years and has no toxicity under normal conditions of use. It can be applied to the soil by placing close to the seeds during planting fertilization.



Planting fertilization was 300 kg ha−1 of formulated 02-20-15 applied as maintenance fertilization. In the plots with polymer addition, 30 kg ha−1 was applied in both 2016 and 2017 in the sowing furrow and the same plots were used for polymer treatment in both years. Soybean seeds were inoculated with Bradyrhizobium japonicum (1 × 109 CFU g−1 inoculant) at 200 g per 50 kg seeds in both years.




2.2. Plant Analysis


In 2016, the evaluations were performed at 75 DAE, when the crop approached phase R5.5 (Figure 1). In 2017, evaluations were carried out at 52, 62 and 76 DAE, when the crop was in the R3, R5.1 and R5.5 phases, respectively. The gas exchange variables: photosynthesis (A), stomatal conductance (gs) and transpiration rate (E) were estimated in soybean cultivars from 9:00 to 13:00 h (solar time), under 1200 µmol photon m−2 s−1 irradiance and an external CO2 (Ca) concentration of 400 µmol mol−1 air. The Effective Quantum Efficiency of Photosystem II (ϕPSII) [18,19] was calculated using the formula: ϕPSII = (Fm′ − Fs′)/Fm′ and Electron Transport Ratio (ETR) [19] was calculated using the formula: ETR = ϕPSII × DFF × (0.84) × (0.5), where DFF is the Photon Flow Density, or the amount of light absorbed (μm photons m−2 s−1) [20]. All measurements in both years were made using a portable open flow gas exchange system (LI-6400XT; LI-COR Inc., Lincoln, NE, USA). Yield was evaluated by harvesting four linear meters of the planted area in 2016 and 2017, disregarding 1.5 m from the ends of each harvested plot. The harvested grains were weighed and, after their humidity was corrected to 13%, the yield was measured.



To evaluate the influence of the polymer, the analysis of groups of experiments was performed, and thus, for each group (Control and Polymer), the response variables were evaluated. Each experimental year (2016 and 2017) was analyzed separately. In addition, the influence of WR on the Control and Polymer treatments and the response of each cultivar were tested separately.




2.3. Statistical Analysis


The data obtained were submitted to the Shapiro–Wilk normality test. Furthermore, Hartley’s F test (QMres1/QMres ≤ 7) was performed, to verify that all variables of the two groups could be compared. Data were subjected to analysis of variance (ANOVA), and means were compared using the Tukey test at 5% probability. The sources of variation were cultivars (plots), WR (subplots) and phenological phases within each group of experiments with and without polymer.





3. Results


3.1. Effect of Water Regime and Polymer Supply on Photosynthetic Parameters (Year 1—2016)


Decreased supply of water, from optimal irrigation (WR4) to stress (WR3-WR1), led to reductions in photosynthesis (A), stomatal conductance (gs) and transpiration (E) both in the presence and absence of polymer (Table 2). In WR4, photosynthesis (A) decreased by 11–18% in control plants and 39–52% in polymer-treated plants compared to WR3. Under WR1 and WR2, decreases in A were even greater, reaching up to 88%. Stomatal conductance was also affected with reductions of 26 to 41% in control and 48 to 64% in polymer-treated plants at WR3. In WR1 decreases of photosynthesis reached 82% in control and 85% in polymer-treated plants. Decreases in E were similar to those in gs, at 16 to 29% in control and 39 to 55% in polymer-treated plants under WR3 and 72% in control and 77% in polymer-treated plants under the lowest water regimes. In absolute values, the Fv/Fm also decreased from 0.79–0.82 under WR4 to between 0.71 and 0.76 under WR1.



In 2016, the addition of polymer generally had a negative effect on gas exchange, the extent of which depended on the water regime (Table 2). Under the greatest level of irrigation (WR4), polymer treatment led to a reduction in A in one of the cultivars (BRS 7280RR, 15.5% reduction); however, under WR3, reductions were 40, 52 and 37% for BRS 5980IPRO, NA 5909RG and BRS 7280RR, respectively (Table 2). For WR2, polymer treatment reduced A by 31% in BRS 7280RR, while under WR1, no significant differences were detected (Table 2). The impacts of polymer on gs and E were even clearer, with reductions for all cultivars under all water regimes (Figure 3). Impacts on fluorescence parameters were modest, with a small increase in Fv/Fm in the presence of polymer for BRS 5980IPRO in WR1 and WR2. Fv′/Fm′ was also slightly greater with polymer for all soybean cultivars at WR3 (Table 2).




3.2. The Effects of Polymer Addition on Photosynthetic Parameters (Year 2—2017)


Given the negative effects of polymer on photosynthetic parameters in R5.5 in 2016, the experiment was repeated in 2017 on the same experimental site, and analyses were performed in R3, R5.1 and R5.5. In 2017, there were significant differences between control and polymer treatments for A, E and gs in all three soybean cultivars that depended both on the WR and phenological phases (Table 3). Under WR4, the greatest level of irrigation, the presence of polymer in the soil increased A by 16, 31 and 23% for BRS 5980IPRO, NA 5909RG and BRS 7280RR cultivars, respectively, during the R5.5 phase (Table 3). For E, increments of 10, 26 and 14% occurred for the cultivars BRS 5980IPRO, NA 5909RG and BRS 7280RR, respectively, under polymer treatment, while no significant effects on gs were detected (Table 3). While ϕPSII was unaffected for NA5909RG in all phenological phases, the addition of polymer increased this parameter for BRS 5980IPRO and BRS 7280RR cultivars (Table 4). The presence of polymer increased ETR at R3 and R5.5 for all cultivars and also at R5.1 for BRS7280RR (Table 4). A positive effect of polymer on ϕPSII also occurred at more than one stage for both BRS 5980IPRO and BRS7280.



The same general trend occurred under WR3 with greater A and E for all cultivars in R5.5 in the presence of the polymer (Table 3). However, under this reduced level of irrigation, the polymer negatively affected gs with reductions in phase R3 of 25, 14 and 35%, and in R5.1 of 37, 12 and 30% for cultivars BRS 5980IPRO, NA 5909RG and BRS 7280RR, respectively (Table 3). This negative effect was not detected in phase R5.5 (Table 3). Indeed, while gs decreased from R3 to R5.5 for all cultivars in the absence of polymer, in the presence of polymer, this parameter remained constant (Table 3).



The level of water applied in WR1 and WR2 (167 and 237 mm, respectively) was insufficient to maintain photosynthetic and transpiration rates (Table 3) as large decreases were observed at later developmental stages (R5.1 and R5.5) both in relation to WR3 and WR4 and in relation to R3. Under these conditions, the addition of polymer generally had a negative effect on A, E and gs (Table 3; Figure 4, Figure 5 and Figure 6). For example, under WR2 in phases R3, R5.1 and R5.5, photosynthesis was higher in control plants compared to polymer-treated plants for cultivars BRS 5980IPRO and BRS 7280RR, while for NA5090RG in R3 and R5.5, the control was similar to the polymer treatment (Table 3). Similarly, for gs and E, the control treatment presented statistically greater averages for all developmental phases, ranging from 13 to 54% and 13 to 50%, for gs and E, respectively (Figure 4, Figure 5 and Figure 6). Again, for the lowest level of water availability (WR1) A, E and gs were all higher in control plants of all cultivars at R5.5 when compared to polymer treatment (Table 3; Figure 4, Figure 5 and Figure 6).



The responses of ϕPSII and ETR generally mirrored those of gas exchange parameters. In WR4, both of these parameters increased in the presence of polymer; polymer resulted in increased ETR at developmental phases R3 and R.5 for all cultivars and was also increased at R5 in BRS 7280RR. Small but significant increases in ϕPSII were detected in all phenological phases for BRS 7280RR and BRS 5980IPRO, but not in NA 5909RG. In WR2, the presence of polymer resulted in significant decreases in ϕPSII in cultivars NA 5909RG and BRS 7280RR in all phenological phases compared to control (Table 4), while ETR was lower in the polymer treatment in all soybean cultivars.




3.3. The Influence of Water Regime and Polymer on Physiological Parameters across Different Phenological Phases (Year 2—2017)


In 2017, the use of polymer not only impacted physiological parameters when comparing the same phenological phase but also affected how these parameters changed from R3 to R5.5 (Table 3 and Table 4). Photosynthesis was affected by the different phenological phases in the WR4 treatment in control plants for all cultivars, with a decrease in R5.5 compared to the earlier phases (Table 3; Figure 7). Interestingly, no such decrease was observed in the polymer-treated plants. The same pattern of a lack of a decrease in R5.5 in the presence of the polymer was also observed for gs (Table 3). Transpiration rate, on the other hand, responded differently, as it was greater in R5.5 compared to the other phenological phases for both the control and polymer treatments as well as being greater in the polymer treatment compared to the control during phase R5.5 (Table 3; Figure 7). It is worth noting that despite the alterations in gas exchange, alterations were not observed in fluorescence parameters between the phenological phases in WR4 for either control or polymer-treated plants.



Similar to WR4, in WR3, photosynthesis decreased in R5.5 compared to R3 and R5.1, while no decreases occurred for the polymer treatment, suggesting that the polymer also aids in maintaining photosynthesis during different developmental phases under conditions of moderate water stress (Figure 7). Polymer treatment led to similar gs in all phenological phases and an increased transpiration in R5.5 compared to the other two phases, which was not observed in the controls (Table 3). Fluorescence parameters were little affected by phenological phases with only minor decreases in BRS 5980IPRO for WR3 in R5.5, and no effect of the polymer was observed.



Different from that observed for WR3 and WR4, in WR1 and WR2, the presence of the polymer did not reduce the impact of the phenological phase on the photosynthetic gas exchange parameters (Figure 7). Indeed, for all cultivars, A, gs and E tended to decrease to a greater extent from R3 to R5.5 in polymer-treated plants compared to control. Despite these changes in gas exchange, no significant differences were detected in ϕPSII and ETR between phenological phases under WR2 or WR1 (Table 4).




3.4. The Impact of Polymer and Water Regime on Soybean Productivity (Years 1 and 2)


In 2016, lower water regime led to decreased productivity for all cultivars, with WR1 and WR2 being particularly affected compared to WR3 and WR4. All cultivars (BRS 5980IPRO, NA 5909RG and BRS 7280RR) had a productivity, under WR1 and WR2, of 558 and 1350 kg ha−1, 522 and 1474 kg ha−1 and 423 and 1425 kg ha−1, respectively, in the control and 485 and 1279 kg ha−1, 560 and 1524 kg ha−1 and 602 and 1501 kg ha−1 in the polymer treatment (Figure 8). In WR3 and WR4, the most irrigated levels, the productivity for the such cultivars was 2452 and 2754 kg ha−1, 2329 and 2974 kg ha−1 and 2596 and 3454 kg ha−1, respectively, for control and 2152 and 2782 kg ha−1, 2449 and 2727 kg ha−1 and 3077 and 3392 kg ha−1, respectively, for polymer treatment (Figure 8). However, in 2016, addition of polymer had no effect on productivity under any of the water regimes.



In 2017, as in 2016, decreased water regime led to reduced productivity; all three cultivars (BRS 5980IPRO, NA 5909RG and BRS 7280RR) had a productivity, respectively, of WR1 and WR2, 725 and 1598 kg ha−1, 816 and 1574 kg ha−1 and 809 and 1630 kg ha−1 for control and 690 and 1421 kg ha−1, 1111 and 1695 kg ha−1 and 859 and 2019 kg ha−1 (Figure 8). In WR3 and WR4, the most irrigated levels, the productivity for the such cultivars was 2044 and 2255 kg ha−1, 2214 and 2252 kg ha−1 and 2130 and 2281 kg ha−1, respectively, for control and 3393 and 3882 kg ha−1, 2777 and 3911 kg ha−1 and 3394 and 3822 kg ha−1, respectively, for polymer treatment (Figure 8).



The presence of polymer resulted in increased productivity under WR3 and WR4 only in the 2017 (Figure 8). Specifically, the addition of polymer led to increases of 42, 42 and 40% in WR4 and 39, 20 and 37% in WR3 for the BRS 5980IPRO, NA 5909RG and BRS 7280RR, respectively. However, under WR2 and WR1, there was no effect of polymer on productivity. Comparing the two years, productivity under WR1 and WR2 was similar; however, productivity under WR3 and WR4 was generally greater in 2016 when comparing the control treatments. This was particularly clear for BRS 7280RR, where productivity under control conditions in 2016, WR4 was close to that under polymer treatment in 2017.





4. Discussion


Addition of absorbent polymers to the soil can increase soil field capacity [21,22]. Following treatment with polymer irrigation may, therefore, increase soil water availability and retention, which in turn will favor maintenance of transpiration, operation of the photosynthetic electron transport chain and carbon fixation via photosynthesis, ultimately permitting increased productivity. However, experiments involving polymers in crops of agronomic interest are typically carried out in a greenhouse, with tight control of environmental factors [21]. Field studies are, therefore, of great value when assessing new technologies that can impact plant physiology as variables, such as soil type, crop management and climatic conditions, which may vary between years, can alter their effectiveness [23]. This is particularly the case when the technology is currently little used, as is the case for polymers in annual crops such as soybean. Here, we aimed to determine the effects of water retaining polymer on physiological parameters and productivity of three soybean cultivars during two growing seasons [24]. As anticipated, decreased water availability led to reductions in photosynthetic gas exchange (A, gs and E) for all cultivars during 2016. However, in 2016, application of water absorbent polymer also led to reduced photosynthetic gas exchange; this effect was mainly limited to reductions in E and gs under WR4, WR2 and WR1, but under WR3 polymer treatment, also resulted in large decreases in A (37–52%).



The reductions in net photosynthesis in the presence of polymer, appear to result from stomatal closure, as shown by reductions in gs, rather than damage to the photosynthetic apparatus as the effects of polymer on Fv/Fm and Fv′/Fm′ were limited [25]. Stomatal closure caused by polymer can potentially be explained by the water absorbed by it being sequestered, and hence, not effectively available for uptake by the plants.



Despite causing stomatal closure, application of polymer in 2016 did have a positive effect on Fv/Fm and Fv′/Fm′. Under WR1 and WR2, Fv/Fm was slightly greater for BRS 5980IPRO in the presence of polymer, suggesting some capacity to alleviate photoinhibition under conditions of water deficit [26], though in a manner that depends on the cultivar.



The WR3 that has intermediate stress revealed the minimum level of water reduction at which the polymer was able to attenuate this negative effect, since all cultivars showed a reduction in Fv’/Fm’ in the control from this stress level (Table 2). The most drastic levels could not be mitigated. The most intriguing issue is that photosynthetic rates were drastically reduced with polymer treatment, and according to Rehman et al. [27], such reductions in photosynthetic rates may not be due to damage to photosynthetic machinery but rather to stomatal closure.



Given the generally negative effects of polymer on gas exchange in R5.5 during 2016, and the fact that impacts of polymer may alter over time a second experiment spanning additional phenological phases was carried out in 2017 [28]. While decreasing water regime also led to reductions in gas exchange the effects of polymer in 2017 were different to those observed in 2016. Under WR4 and WR3, polymer generally increased A and E during R5.5. Stomatal conductance was unaffected by polymer in WR4, but was decreased during R3 and R5.1, though not during R5.5. In soybean, grain filling occurs during the R5 phase, during which period source–sink relationships can have a significant impact on productivity [29,30]. Specifically, productivity is likely to be maximized when the source is able to meet the demand of drain organs for photoassimilates, and stress factors such as drought that interfere with this relationship are likely to reduce productivity [29]. On the other hand, regulating water loss through stomatal closure can help to maintain productivity when the crop is under water stress conditions [31]. Soybean can begin production of abscisic acid following 7 days of moderate water stress [32], and when transported to the shoot, this hormone induces responses that include stomatal closure and consequent reduced gas exchange, reallocation of reserves, alterations in plant architecture and accumulation of compatible solutes [33,34]. Hence, in 2017 although 35% less water was applied in WR3 compared to WR4 the addition of the polymer to the soil appears to have led to partial stomatal closure in the plants from the polymer-treated plots during R3 and R5 (Table 3) and allowed maintenance of plant hydration during peak grain filling, thereby leading to increased photosynthesis at R5.5 (Figure 7). In WR4, though stomatal closure was not apparent during the earlier reproductive phases, the presence of polymer again appears to have permitted greater photosynthesis during R5.5. As discussed below, these increases in photosynthesis in the presence of polymer were associated with increased yield.



While polymer led to increased photosynthesis and transpiration at R5.5 in WR3 and WR4, this was not the case during WR2 and WR1, where it led to reduced A, gs and E. The reductions in A, gs and E detected in plants treated with polymer under WR2 agree with the decreases we detected in ϕPSII and ETR in this WR, suggesting potential damage to the photosynthetic machinery (Table 3 and Table 4). On the other hand, in WR1, the opposite pattern was observed with polymer-treated plants, showing higher values for ϕPSII and ETR; thus, the reductions in A under very low irrigation can be attributed to the expressive reduction in gs in R5.5 and stomatal closure (Table 3 and Table 4).



Measurement of physiological parameters over three phenological phases allowed us to observe the effect of polymer on these parameters over time. For both WR4 and WR3, in control plants, A and gs were reduced in R5.5 relative to the other phenological phases. Interestingly, no such decrease was observed in the polymer-treated plants, suggesting that its presence helps to maintain higher photosynthetic rates and perhaps postpone senescence that may occur due to water deficit [35,36]. The water that was retained by the polymer in WR4 and WR3 may permit plants to maintain their stomata open during the later stages of the growth cycle, and hence, maintain higher rates of transpiration and photosynthesis [21,37,38]. However, it is possible that water absorbed by the polymer will not necessarily always be made available to the roots of soybean plants. This appears to have occurred under WR1 and WR2 as the presence of the polymer accentuated the reduction of gs in two of the cultivars (BRS 5980IPRO and NA 5909RG), while BRS 7280RR was not affected (Table 3) and such reductions were at least partly responsible for the negative impacts on photosynthetic metabolism.



Differences between species and genotypes in the decrease in productivity due to water stress created by water gradients, with or without polymer-treat plants that mitigate the water deficit in the Cerrado of Central Brazil have been documented [39,40,41]. Overall, to reduce the stress, the presence of polymer in the soil impacted physiological parameters in different ways and to different extents, depending on the WR and the year of planting.



In 2016, despite the reductions in gas exchange parameters in the presence of polymer, there were no differences in productivity between these treatments under any of the water regimes (Figure 8). This is somewhat unanticipated, as the R5.5 developmental stage represents the peak of grain filling [42], where maximum demand for photoassimilates occurs, and hence, reductions in photosynthesis during this phase would be expected to impact productivity. However, it is worth noting that net photosynthesis was actually less affected by polymer than either gs or E in 2016, perhaps explaining why productivity was not affected.



On the other hand, in 2017, the increases in photosynthetic parameters in the presence of the polymer under WR4 and WR3, and the capacity of the polymer to maintain physiological parameters throughout plant development were also associated with increased productivity with increases of up to 40% that may result from the greater presence of water in the soil available for absorption (Figure 8). Specifically, the addition of polymer led to increases of 42, 42 and 40% in WR4 and 39, 20 and 37% in WR3 for the BRS 5980IPRO, NA 5909RG and BRS 7280RR cultivars, respectively, suggesting that maintenance of photosynthesis throughout the reproductive cycle can increase productivity under field conditions. Importantly, while under WR2 and WR1 polymer treatment in 2017 reduced physiological parameters, productivity, though lower than under WR3 and WR4, was not affected by the presence of polymer (Figure 8). The number of pods, grain size and grain weight are all harmed by periods of drought [43,44,45]. Restrictions in the water supply that occur during the reproductive period of the crop may slow ovary expansion and, eventually, productivity due to reduced photoassimilate supply [46]. Reductions in CO2 assimilation that occur when the crop is under severe water deficit may also be a result of the cumulative effect of water deficit, resulting in photooxidative damage to photosynthesis-related proteins [47,48]. While a number of studies have reported a positive impact of water-retaining polymers [20], very few have demonstrated increased yield under field conditions. The positive and negative effect of the addition of water-retaining polymers depends on the physicochemical properties of the soil and the severity of the water deficit [49]. Nonetheless, polymer fertilization has been suggested as an important practice for the maintenance of appropriate soil water levels such that under situations of short and moderately intense drought, physiological processes remain functional [49]. This assessment broadly agrees with our results from 2017; polymer addition was beneficial under WR3 both in terms of physiological parameters and yield, while under 55% (WR2) and 70% (WR1) reductions in applied water, yield was unaffected and physiological parameters reduced in the presence of the polymer.



Overall, these results suggest that polymer could be used to maximize the positive impacts of irrigation, but that application over multiple years may be required to see benefits in annual crops. Though irrigation of soybean is not common in Brazil, this crop may be subjected to periods of drought during its growth cycle [50,51], and under a situation of moderate water deficit similar to WR3 polymer, the application may be advantageous. Since under severe drought conditions, the use of polymer did not lead to increases in photosynthetic parameters nor in yield, its use is likely to be more beneficial under moderate stress conditions only.




5. Conclusions


In general, water stress affected the physiological parameters and productivity, and therefore, there were consistent responses to irrigation. In the first year of application, under severe stress, the polymer negatively affected photosynthesis; however, productivity was not affected. In the second year of polymer application, positive effects on gas exchange and mainly on productivity occurred at intermediate and high water levels in all soybean cultivars and phenological phases. Therefore, polymer is not recommended for severe water stress. Due to differences obtained in the two years of evaluation, more years of research will be necessary to obtain a conclusive result about the addition of polymer in soils under water stress.







Author Contributions


Conceptualization: W.Q.R.J., M.L.G.R., L.F.P., C.A.d.L.G. and O.M.; Methodology: L.F.P., G.F.S., C.A.d.L.G., W.Q.R.J., O.M. and A.F.P.; Investigation: L.F.P., G.F.S., W.Q.R.J., T.C.R.W., C.C.V., A.F.P. and S.P.d.S.N.; Formal analysis: W.Q.R.J., L.F.P., G.F.S., C.A.d.L.G., M.L.G.R., C.C.V., A.F.P., S.P.d.S.N. and T.C.R.W.; Writing—original draft: L.F.P., W.Q.R.J., M.L.G.R., C.C.V., T.C.R.W. and C.C.V. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


All soybean cultivars used in this manuscript are released on the market in Brazil registered with the Ministry of Agriculture: https://sistemas.agricultura.gov.br/snpc/cultivarweb/cultivares_registradas.php (accessed on 6 September 2022).




Acknowledgments


We acknowledge the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) for the scientific productivity fellowships granted to Maria Lucrecia G. Ramos and Thomas C. R. Williams. Furthermore, we acknowledge the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior for the Post-Doctoral fellowships granted to Christina C. Vinson.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



IPEA—Instituto de Pesquisa Econômica Aplicada; IBGE—Instituto Brasileiro de Geografia e Estatística. Relatório Econômico; IPEA: Brasília, Brazil; IBGE: Rio de Janeiro, Brazil, 2021. [Google Scholar]

	



Cattelan, A.J.; Dall’Agnol, A. The rapid soybean growth in Brazil. Oilseeds Fats Crops Lipids 2018, 25, D102. [Google Scholar] [CrossRef]

	



Sarto, M.V.M.; Sarto, J.R.W.; Rampim, L.; Rosset, J.S.; Bassegio, D.; Costa, P.F.; Inagaki, A.M. Wheat phenology and yield under drought: A review. Aust. J. Crop Res. 2017, 11, 941–946. [Google Scholar] [CrossRef]

	



Cunha, A.P.M.A.; Zeri, M.; Leal, K.D.; Costa, L.; Cuartas, L.A.; Marengo, J.A.; Tomasella, J.; Vieira, R.M.; Barbosa, A.A.; Cunningham, C.; et al. Extreme drought events over Brazil from 2011 to 2019. Atmosphere 2019, 10, 642. [Google Scholar] [CrossRef]

	



Muller, B.; Pantin, F.; Génard, M.; Turc, O.; Freixes, S.; Piques, M.; Gibon, Y. Water deficits uncouple growth from photosynthesis, increase C content, and modify the relationships between C and growth in sink organs. J. Exp. Bot. 2011, 62, 1715–1729. [Google Scholar] [CrossRef]

	



Oliveira, G.L.P. The geopolitics of Brazilian soybeans. J. Peasant Stud. 2016, 46, 348–372. [Google Scholar] [CrossRef]

	



Board, J.E.; Kahlon, C.S. Soybean yield formation: What controls it and whatcan be improved? In Soybean Physiology and Bio-chemistry; El-Shemy, H.A., Ed.; InTech: London, UK, 2011; pp. 1–36. [Google Scholar]

	



Niinemets, Ü.; García-Plazaola, J.I.; Tosens, T. Photosynthesis during leaf development and ageing. In Terrestrial Photosynthesis in a Changins Environment: A Molecular, Physiological and Ecological Approach; Flexas, J., Loreto, F., Medrano, H., Eds.; Cambridge University Press: Cambridge, UK, 2012; pp. 353–372. [Google Scholar]

	



Feller, U. Drought stress and carbon assimilation in a warming climate: Reversible and irreversible impacts. J. Plant Physiol. 2016, 203, 84–94. [Google Scholar] [CrossRef]

	



Oladosu, Y.; Rafii, M.Y.; Arolu, F.; Chukwu, S.C.; Salisu, M.A.; Fagbohun, I.K.; Muftaudeen, T.K.; Swaray, S.; Haliru, B.S. Superabsorbent Polymer Hydrogels for Sustainable Agriculture: A Review. Horticulturae 2022, 8, 605. [Google Scholar] [CrossRef]

	



Bodner, G.; Nakhforoosh, A.; Kaul, H.P. Management of crop water under drought: A review. Agron. Sustain. Dev. 2015, 35, 401–442. [Google Scholar] [CrossRef]

	



Felippe, D.; Navroski, M.C.; Sampietro, J.A.; Frigotto, T.; Albuquerque, J.A.; Mota, C.S.; Pereira, M.O. Efeito do hidrogel no crescimento de mudas de Eucalyptus benthamii submetidas a diferentes frequências de irrigação. Floresta 2016, 46, 215–225. [Google Scholar] [CrossRef]

	



Jamnická, G.; Ditmarová, Ľ.; Kurjak, D.; Kmeť, J.; Pšidová, E.; Macková, M.; Gömöry, D.; Střelcová, K. The soil hydrogel improved photosynthetic performance of beech seedlings treated under drought. Plant Soil Environ. 2013, 59, 446–451. [Google Scholar] [CrossRef]

	



Alvares, C.A.; Stape, J.L.; Sentelhas, P.C.; Gonçalves, J.L.M.; Sparovek, G. Köppen’s climate classification map for Brazil. Meteorol. Z. 2013, 22, 711–728. [Google Scholar] [CrossRef]

	



Soil Survey Staff. Soil Survey Laboratory Methods Manual. Soil Survey Investigations Report No. 42, Version 5.0; Burt, R., Soil Survey Staff, Eds.; Natural Resources Conservation Service, US Department of Agriculture: Washington, DC, USA, 2014.

	



Hanks, R.J.; Keller, J.; Rasmussen, V.P.; Wilson, G.D. Line source sprinkler for continuous variable irrigation-crop production studies. Soil Sci. Soc. Am. J. 1976, 40, 426–429. [Google Scholar] [CrossRef]

	



EMBRAPA—Empresa Brasileira de Pesquisa Agropecuária. Monitoramento de Irrigação no Cerrado. 2016. Available online: http://hidro.cpac.embrapa.br (accessed on 20 May 2016).

	



Genty, B.; Briantais, J.M.; Baker, N.R. The relationship between the quantum yield of photosynthetic electron transport and quenching of chlorophyll fluorescence. Biochim. Biophys. Aeta 1989, 990, 87–92. [Google Scholar] [CrossRef]

	



Maxwell, K.; Johnson, G.N. Chlorophyll fluorescence: A practical guide. J. Exp. Bot. 2000, 51, 659–668. [Google Scholar] [CrossRef]

	



Baker, N.R. Chlorophyll Fluorescence: A Probe of Photosynthesis In Vivo. Ann. Rev. Plant Biol. 2008, 59, 89–113. [Google Scholar] [CrossRef]

	



Yu, J.Y.; Shi, J.G.; Ma, X.; Dang, P.F.; Yan, Y.L.; Mamedov, A.I.; Shainberg, I.; Levy, G.J. Superabsorbent Polymer Properties and Concentration Effects on Water Retention under drying conditions. Soil Sci. Soc. Am. J. 2017, 81, 889–901. [Google Scholar] [CrossRef]

	



Abdallah, A.M. The effect of hydrogel particle size on water retention properties and availability under water stress. Int. Soil Water Conserv. Res. 2019, 7, 275–285. [Google Scholar] [CrossRef]

	



Malekian, A.; Valizadeh, E.; Dastoori, M.; Samadi, S.; Bayat, V. Soil water retention and maize (Zea mays L.) growth as affected by different amounts of Pumice. Aust. J. Plant Sci. 2012, 6, 450–454. [Google Scholar]

	



Milani, P.; França, D.; Balieiro, A.G.; Faez, R. Polymers and its applications in agriculture. Polímeros 2017, 27, 256–266. [Google Scholar] [CrossRef]

	



Brodribb, T.J.; McAdam, S.A.M. Evolution of the Stomatal Regulation of Plant Water Content. Plant Physiol. 2017, 174, 639–649. [Google Scholar] [CrossRef]

	



Takagi, D.; Ihara, H.; Takumi, S.; Miyake, C. Growth Light Environment Changes the Sensitivity of Photosystem I Photoinhibition Depending on Common Wheat Cultivars. Front. Plant Sci. 2019, 10, 686. [Google Scholar] [CrossRef]

	



Rehman, A.; Ahmad, R.; Safdar, M. Effect of hydrogel on the performance of aerobic rice sown under different techniques. Plant Soil Environ. 2011, 57, 321–325. [Google Scholar] [CrossRef]

	



Tan, Q.; Liu, Y.; Dai, L.; Pan, T. Shortened key growth periods of soybean observed in China under climate change. Sci. Rep. 2021, 11, 8197. [Google Scholar] [CrossRef]

	



Board, J.E.; Tan, Q. Assimilatory capacity effects on soybean yield components and pod number. Crop Sci. 1995, 35, 846–851. [Google Scholar] [CrossRef]

	



Blum, A. Drought resistance, water-use efficiency, and yield potential—Are they compatible, dissonant, or mutually exclusive? Aust. J. Agric. Res. 2005, 56, 1159–1168. [Google Scholar] [CrossRef]

	



Massonnet, C.; Costes, E.; Rambal, S.; Dreyer, E.; Regnard, J.L. Stomatal regulation of photosynthesis in apple leaves: Evidence for different water-use strategies between two cultivars. Ann. Bot. 2007, 100, 1347–1356. [Google Scholar] [CrossRef] [PubMed]

	



Liu, F.; Andersen, M.N.; Jacobsen, S.E.; Jensen, C.R. Stomatal control and water use efficiency of soybean (Glycine max L. Merr.) during progressive soil drying. Environ. Exp. Bot. 2005, 54, 33–40. [Google Scholar] [CrossRef]

	



Asaf, S.; Khan, A.L.; Khan, M.A.; Imrana, Q.M.; Yuna, B.W.; Lee, I.J. Osmoprotective functions conferred to soybean plants via inoculation with Sphingomonas sp. LK11 and exogenous trehalose. Microbiol. Res. 2017, 205, 135–145. [Google Scholar] [CrossRef]

	



Fenta, B.A.; Beebe, S.E.; Kunert, K.J.; Burridge, J.D.; Barlow, K.M.; Lynch, J.P.; Foyer, C.H. Field Phenotyping of Soybean Roots for Drought Stress Tolerance. Agronomy 2014, 4, 418–435. [Google Scholar] [CrossRef]

	



Dong, S.; Jiang, Y.; Dong, Y.; Wang, L.; Wang, W.; Ma, Z.; Yan, C.; Ma, C.; Liu, L. A study on soybean responses to drought stress and rehydration. Saudi J. Biol. Sci. 2019, 26, 2006–2017. [Google Scholar] [CrossRef]

	



Wijewardana, C.; Reddy, K.R.; Bellaloui, N. Soybean seed physiology, quality, and chemical composition under soil moisture stress. Food Chem. 2019, 278, 92–100. [Google Scholar] [CrossRef]

	



Engineer, C.B.; Hashimoto-Sugimoto, M.; Negi, J.; Israelsson-Nordström, M.; Azoulay-Shemer, T.; Rappel, W.J.; Iba, K.; Schroeder, J. CO2 sensing and CO2 regulation of stomatal conductance: Advances and open questions. Trends Plant Sci. 2016, 21, 16–30. [Google Scholar] [CrossRef]

	



Silva, P.C.; Ribeiro Junior, W.Q.; Ramos, M.L.G.; Celestino, S.M.C.; Silva, A.D.N.; Casari, R.A.D.C.N.; Santana, C.C.; Lima, C.A.; Williams, T.C.R.; Vinson, C.C. Quinoa for the Brazilian Cerrado: Agronomic Characteristics of Elite Genotypes under Different Water Regimes. Plants 2021, 10, 1591–1608. [Google Scholar] [CrossRef] [PubMed]

	



Jayme-Oliveira, A.; Ribeiro Junior, W.Q.; Ramos, M.L.G.; Ziviani, A.C.; Jakelaitis, A. Amaranth, C. quinoa and millet growth and development under different water regimes in the Brazilian Cerrado. Pesqui. Agropecu. Bras. 2017, 52, 561571. [Google Scholar] [CrossRef]

	



Soares, G.F.; Ribeiro, W.Q., Jr.; Pereira, L.F.; Lima, C.A.; Soares, D.D.S.; Muller, O.; Rascher, U.; Ramos, M.L.G. Characterization of wheat genotypes for drought tolerance and water use efficiency. Sci. Agric. 2021, 78, e20190304. [Google Scholar] [CrossRef]

	



Pereira, L.F.; Ribeiro, W.Q., Jr.; Ramos, M.L.G.; dos Santos, N.Z.; Soares, G.F.; das Chagas Noquelli Casari, R.; Muller, O.; Tavares, C.J.; de Souza Martins, É.; Rascher, U.; et al. Physiological changes in soybean cultivated with soil remineralizer in the Cerrado under variable water regimes. Pesqui. Agropecu. Bras. 2021, 56, e01455. [Google Scholar] [CrossRef]

	



Pejić, B.; Maksimović, L.; Cimpeanu, S.; Bucur, D.; Milić, S.; Ćupina, B. Response of soybean to water stress at specific growth stages. J. Food Agric. Environ. 2011, 9, 280–284. [Google Scholar]

	



Ball, R.A.; Purcell, L.C.; Vories, E.D. Short-season soybean yield compensation in response to population and water regime. Crop Sci. 2000, 40, 1070–1078. [Google Scholar] [CrossRef]

	



Jaleel, C.A.; Manivannan, P.; Wahid, A.; Farooq, M.; Al-Juburi, H.J.; Somasundaram, R.; Panneerselvam, R. Drought Stress in Plants: A Review on Morphological Characteristics and Pigments Composition. Int. J. Agric. Biol. 2009, 11, 100–105. [Google Scholar]

	



Junior, C.P.; Kawakami, J.; Bridi, M.; Müller, M.M.L.; Conte, M.V.D.; Michalovicz, L. Phenological and quantitative plant development changes in soybean cultivars caused by sowing date and their relation to yield. Afr. J. Agric. Res. 2015, 10, 515–523. [Google Scholar]

	



Jumrani, K.; Bhatia, V.S. Impact of combined stress of high temperature and water deficit on growth and seed yield of soybean. Physiol. Mol. Biol. Plants 2018, 24, 37–50. [Google Scholar] [CrossRef] [PubMed]

	



Menezes-Silva, P.E.; Sanglard, L.M.V.P.; Ávila, R.T.; Morais, L.E.; Martins, S.L.C.V.; Nobres, P.; Patreze, C.M.; Ferreira, M.; Araújo, W.L.; Fernie, A.R.; et al. Photosynthetic and metabolic acclimation to repeated drought events play key roles in drought tolerance in coffee. J. Exp. Bot. 2017, 68, 4309–4322. [Google Scholar] [CrossRef]

	



Zadražnik, T.; Moen, A.; Šuštar-Vozlič, J. Chloroplast proteins involved in drought stress response in selected cultivars of common bean (Phaseolus vulgaris L.). 3 Biotech 2019, 9, 331. [Google Scholar] [CrossRef] [PubMed]

	



Abedi-Koupai, J.; Sohrab, F.; Swarbrick, G. Evaluation of hydrogel application on soil water retention characteristics. J. Plant Nutr. 2008, 31, 318–331. [Google Scholar] [CrossRef]

	



Nunes-Nesi, A.; Araújo, W.L.; Obata, T.; Fernie, A. Regulation of the mitochondrial tricarboxylic acid cycle. Curr. Opin. Plant Biol. 2013, 16, 335–343. [Google Scholar] [CrossRef] [PubMed]

	



Cui, Y.; Jiang, S.; Jin, J.; Ning, S.; Feng, P. Quantitative assessment of soybean drought loss sensitivity at different growth stages based on S-shaped damage curve. Agric. Water Manag. 2019, 213, 821–832. [Google Scholar] [CrossRef]








[image: Agronomy 12 02657 g001 550] 





Figure 1. (A) Precipitation, maximum, minimum and average temperatures, rainfall and the sowing, evaluation and harvesting dates of soybean plants in 2016 and (B) 2017. 
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Figure 2. Cumulative irrigation volume applied in soybean crop during the dry season in 2016 (y1) and 2017 (y2). 
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Figure 3. Photosynthesis, (A), stomatal conductance (gs) and transpiration (E) in three soybean cultivars submitted to four water regimes (WR) for three cultivars (BRS 5980IPRO, NA 5909RG and BRS 7280RR) with and without polymer supply (WR1 157 mm, WR2 263 mm, WR3 432 mm and WR4 630 mm) in 2016. Uppercase letters indicate differences between the WR for control (without polymer) and lowercase letters indicate differences between the WR for polymer treatment and “*” indicates significant differences between the treatments with and without polymer supply by Tukey’s test (p < 0.05). 
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Figure 4. Photosynthesis, (A), stomatal conductance (gs) and transpiration (E) under four water regimes (WR) in three phenological stages of soybean with and without polymer supply (WR1 167 mm, WR2 237 mm, WR3 341 mm, WR4 534 mm) for the BRS 5980IPRO cultivar, in 2017. * indicates significant differences between the control and polymer treatments within each WR and phenological phase by Tukey’s test (p < 0.05). 
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Figure 5. Photosynthesis, (A), stomatal conductance (gs) and transpiration (E) under four water regimes (WR) in three phenological stages of soybean with and without polymer supply (WR1 167 mm, WR2 237 mm, WR3 341 mm, WR4 534 mm) for the NA 5909RG cultivar, in 2017. * indicates significant differences between the control and polymer treatments within each WR and phenological phase by Tukey’s test (p < 0.05). 
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Figure 6. Photosynthesis, (A), stomatal conductance (gs) and transpiration (E) under four water regimes (WR) in three phenological stages of soybean with and without polymer supply (WR1 167 mm, WR2 237 mm, WR3 341 mm, WR4 534 mm) for the BRS 7280RR cultivar, in 2017. * indicates significant differences between the control and polymer treatments within each WR and phenological phase by Tukey’s test (p < 0.05). 
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Figure 7. Photosynthesis, (A), stomatal conductance (gs) and transpiration (E) in three soybean cultivars submitted to four water regimes (WR) in three phenological stages of soybean development with and without polymer supply (WR1 167 mm, WR2 237 mm, WR3 341 mm, WR4 534 mm), in 2017. Lowercase letters indicate differences between the WR for each cultivar and * indicates significant differences between the phenological phases within each WR by Tukey’s test (p < 0.05). 
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Figure 8. Productivity (Kg ha−1) in three soybean cultivars submitted to four water regimes WRs. control (triangles) and polymer-treated (circles) in 2016 and 2017. * indicates significant differences between control and polymer-treated plants by Tukey’s test (p < 0.05) (WR1 157 mm, WR2 263 mm, WR3 432 mm and WR4 630 mm in 2016; WR1 167 mm, WR2 237 mm, WR3 341 mm and WR4 534 mm in 2017). 
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Table 1. Soil analysis in the experimental area at depths of 0–20 cm and 20–40 cm.
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Depth

	
pH

	
Ca

	
Mg

	
P

	
K

	
Al

	
OM




	
(cm)

	
(H2O)

	
cmolc dm−3

	
cmolc dm−3

	
mg L−1

	
cmolc dm−3

	
cmolc dm−3

	
(%)






	
0–20

	
5.74

	
2.317

	
1.146

	
9.868

	
118

	
0.069

	
2.246




	
20–40

	
5.62

	
1.51

	
0.931

	
2.725

	
53

	
0.089

	
1.823








OM—organic matter.
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Table 2. Photosynthesis (A), stomatal conductance (gs), transpiration (E), maximum quantum yield of photosystem II (Fv/Fm) and effective quantum yield of photosystem II (Fv′/Fm′) of three cultivars of soybean, with and without added polymer to the soil in 2016.






Table 2. Photosynthesis (A), stomatal conductance (gs), transpiration (E), maximum quantum yield of photosystem II (Fv/Fm) and effective quantum yield of photosystem II (Fv′/Fm′) of three cultivars of soybean, with and without added polymer to the soil in 2016.





	
V

	
S

	
BRS 5980IPRO

	
NA 5909RG

	

	
BRS 7280RR

	

	




	

	

	
WR1

	
WR2

	
WR3

	
WR4

	
WR1

	
WR2

	
WR3

	
WR4

	
WR1

	
WR2

	
WR3

	
WR4






	
A

	
C

	
2.09 Ad

	
4.99 Ac

	
15.10 Ab

	
18.52 Aa

	
2.89 Ac

	
6.90 Ac

	
16.83 Ab

	
19.10 Aa

	
3.57 Ac

	
6.68 Ac

	
17.87 Ab

	
21.26 Aa




	

	
P

	
3.2 Ad

	
5.64 Ac

	
9.09 Bb

	
15.65 Aa

	
3.87 Ac

	
4.52 Ac

	
10.65 Bb

	
17.52 Aa

	
3.05 Ac

	
4.53 Bc

	
8.58 Bb

	
17.96 Ba




	
gs

	
C

	
0.114 Ab

	
0.119 Ab

	
0.243 Ab

	
0.366 Aa

	
0.059 Ac

	
0.119 Ac

	
0.251 Ab

	
0.340 Aa

	
0.069 Ad

	
0.085 Ac

	
0.201 Ab

	
0.341 Aa




	

	
P

	
0.043 Bb

	
0.069 Bb

	
0.082 Bb

	
0.196 Ba

	
0.037 Bc

	
0.052 Bc

	
0.123 Bb

	
0.239 Ba

	
0.050 Bd

	
0.054 Bc

	
0.085 Bb

	
0.238 Ba




	
E

	
C

	
2.72 Ac

	
2.84 Abc

	
5.16 Ab

	
6.82 Aa

	
1.82 Ac

	
2.93 Ac

	
5.54 Ab

	
6.61 Aa

	
2.04 Ac

	
2.4 Ac

	
4.86 Ab

	
6.86 Aa




	

	
P

	
1.23 Bc

	
1.88 Bbc

	
2.13 Bb

	
4.21 Ba

	
1.16 Bc

	
1.58 Bc

	
3.07 Bb

	
5.05 Ba

	
1.55 Bc

	
1.65 Bc

	
2.34 Bb

	
5.24 Ba




	
Fv/Fm

	
C

	
0.71 Bb

	
0.73 Bab

	
0.81 Aa

	
0.79 Aa

	
0.73 Ab

	
0.77 Aa

	
0.80 Aa

	
0.79 Aa

	
0.75 Ab

	
0.80 Aab

	
0.82 Aa

	
0.80 Aa




	

	
P

	
0.76 Ab

	
0.80 Aab

	
0.81 Aa

	
0.79 Aa

	
0.74 Ab

	
0.80 Aa

	
0.81 Aa

	
0.81 Aa

	
0.76 Ab

	
0.79 Aab

	
0.82 Aa

	
0.82 Aa




	
Fv′/Fm′

	
C

	
0.44 Ab

	
0.45 Ab

	
0.53 Ba

	
0.52 Aa

	
0.42 Ab

	
0.45 Aab

	
0.44 Bab

	
0.54 Aa

	
0.29 Ab

	
0.45 Aab

	
0.47 Ba

	
0.52 Aa




	

	
P

	
0.46 Ab

	
0.49 Ab

	
0.57 Aa

	
0.57 Aa

	
0.44 Ab

	
0.47 Aab

	
0.53 Aab

	
0.55 Ba

	
0.41 Ab

	
0.44 Aab

	
0.53 Aa

	
0.53 Aa








For each soybean cultivar, uppercase letters compare control (without polymer) and polymer treatment and lowercase letters compare between water regimes by Tukey’s test (p < 0.05). WR1 157 mm, WR2 263 mm, WR3 432 mm, WR4 630 mm. V—variable analyzed; S—Polymer treatments. C (control—withoyt polymer), P (with polymer).
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Table 3. Photosynthesis (A), stomatal conductance (gs) and transpiration (E) in three phenological stages of soybean cultivars for control and polymer treatments, in 2017.
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Cultivar

	
Polymer

	
WR4




	

	

	
A

	
gs

	
E




	

	

	
R3

	
R5.1

	
R5.5

	
R3

	
R5.1

	
R5.5

	
R3

	
R5.1

	
R5.5






	
BRS 5980IPRO

	
Control

	
18.68 Aa

	
17.97 Aa

	
15.64 Bb

	
0.34 Aa

	
0.27 Aa

	
0.26 Ab

	
6.97 Ab

	
6.12 Ab

	
8.58 Ba




	
Polymer

	
18.73 Aa

	
19.58 Aa

	
18.63 Aa

	
0.30 Aa

	
0.25 Aa

	
0.30 Aa

	
6.99 Ab

	
6.18 Ab

	
9.58 Aa




	
NA 5909RG

	
Control

	
20.71 Aa

	
18.56 Aa

	
12.65 Bb

	
0.30 Aa

	
0.28 Aa

	
0.19 Ab

	
6.89 Ab

	
6.77 Ab

	
7.46 Ba




	
Polymer

	
16.88 Aa

	
18.69 Aa

	
18.50 Aa

	
0.23 Aa

	
0.23 Aa

	
0.29 Aa

	
5.91 Ab

	
6.09 Ab

	
10.13 Aa




	
BRS 7280RR

	
Control

	
18.80 Aa

	
18.18 Aa

	
13.84 Bb

	
0.28 Aa

	
0.27 Aa

	
0.22 Ab

	
6.65 Ab

	
6.69 Ab

	
8.44 Ba




	
Polymer

	
18.20 Aa

	
20.70 Aa

	
17.99 Aa

	
0.27 Aa

	
0.24 Aa

	
0.27 Aa

	
6.88 Ab

	
6.46 Ab

	
9.85 Aa




	

	

	
WR3




	

	

	
A

	
gs

	
E




	

	

	
R3

	
R5.1

	
R5.5

	
R3

	
R5.1

	
R5.5

	
R3

	
R5.1

	
R5.5




	
BRS 5980IPRO

	
Control

	
19.82 Aa

	
18.35 Aa

	
15.20 Bb

	
0.35 Aa

	
0.35 Aa

	
0.27 Ab

	
7.15 Aa

	
7.26 Aa

	
8.35 Ba




	
Polymer

	
19.71 Aa

	
19.22 Aa

	
19.26 Aa

	
0.26 Ba

	
0.22 Ba

	
0.31 Aa

	
6.36 Ab

	
5.65 Ab

	
9.93 Aa




	
NA 5909RG

	
Control

	
19.92 Aa

	
17.20 Aa

	
11.30 Bb

	
0.29 Aa

	
0.25 Aa

	
0.18 Ab

	
6.63 Aa

	
6.34 Aa

	
7.21 Ba




	
Polymer

	
18.73 Aa

	
18.26 Aa

	
16.35 Aa

	
0.25 Ba

	
0.22 Ba

	
0.23 Aa

	
6.46 Ab

	
6.10 Ab

	
8.94 Aa




	
BRS 7280RR

	
Control

	
20.64 Aa

	
18.84 Aa

	
14.19 Bb

	
0.31 Aa

	
0.27 Aa

	
0.20 Ab

	
7.37 Aa

	
6.78 Aa

	
8.04 Ba




	
Polymer

	
18.36 Aa

	
18.75 Aa

	
17.02 Aa

	
0.20 Ba

	
0.19 Ba

	
0.25 Aa

	
5.55 Ab

	
5.72 Ab

	
9.44 Aa




	

	

	
WR2




	

	

	
A

	
gs

	
E




	

	

	
R3

	
R5.1

	
R5.5

	
R3

	
R5.1

	
R5.5

	
R3

	
R5.1

	
R5.5




	
BRS 5980IPRO

	
Control

	
19.94 Aa

	
16.14 Ab

	
11.29 Ac

	
0.30 Aa

	
0.24 Ab

	
0.18 Ab

	
6.55 Ab

	
5.70 Ac

	
6.94 Aa




	
Polymer

	
15.17 Ba

	
11.50 Bb

	
8.90 Bc

	
0.18 Ba

	
0.12 Bb

	
0.15 Bb

	
5.01 Bb

	
3.55 Bc

	
6.12 Ba




	
NA 5909RG

	
Control

	
15.64 Aa

	
12.39 Ab

	
8.62 Ac

	
0.20 Aa

	
0.16 Ab

	
0.16 Ab

	
5.17 Ab

	
4.76 Ac

	
6.80 Aa




	
Polymer

	
15.36 Aa

	
8.82 Bc

	
9.93 Ab

	
0.17 Ba

	
0.08 Bb

	
0.14 Bb

	
5.05 Bb

	
2.89 Bc

	
5.93 Ba




	
BRS 7280RR

	
Control

	
18.07 Aa

	
14.32 Ab

	
14.53 Ac

	
0.22 Aa

	
0.17 Ab

	
0.22 Ab

	
5.87 Ab

	
4.83 Ac

	
8.70 Aa




	
Polymer

	
16.19 Ba

	
13.94 Bb

	
6.85 Bc

	
0.18 Ba

	
0.14 Bb

	
0.10 Bb

	
5.10 Bb

	
4.55 Bc

	
4.36 Ba




	

	

	
WR1




	

	

	
A

	
gs

	
E




	

	

	
R3

	
R5.1

	
R5.5

	
R3

	
R5.1

	
R5.5

	
R3

	
R5.1

	
R5.5




	
BRS 5980IPRO

	
Control

	
16.0 Aa

	
9.12 Ab

	
8.27 Ab

	
0.21 Aa

	
0.11 Ab

	
0.21 Aa

	
4.98 Ab

	
3.42 Ac

	
7.52 Aa




	
Polymer

	
12.21 Aa

	
9.65 Ab

	
3.68 Bb

	
0.12 Aa

	
0.10 Aab

	
0.07 Bb

	
3.63 Aa

	
3.33 Aa

	
3.10 Ba




	
NA 5909RG

	
Control

	
13.18 Aa

	
6.70 Ab

	
6.78 Ab

	
0.14 Aa

	
0.08 Ab

	
0.15 Aa

	
3.99 Ab

	
2.62 Ac

	
6.15 Aa




	
Polymer

	
11.81 Aa

	
9.09 Ab

	
4.44 Bb

	
0.12 Aa

	
0.08 Aab

	
0.07 Bb

	
3.84 Aa

	
2.68 Aa

	
3.39 Ba




	
BRS 7280RR

	
Control

	
12.98 Aa

	
6.90 Ab

	
10.37 Ab

	
0.14 Aa

	
0.08 Ab

	
0.16 Aa

	
4.14 Ab

	
2.75 Ac

	
6.90 Aa




	
Polymer

	
12.28 Aa

	
12.02 Ab

	
3.63 Bb

	
0.13 Aa

	
0.11 Aab

	
0.07 Bb

	
3.82 Aa

	
4.08 Aa

	
3.26 Ba








Uppercase letters compare within each phenological stage and lowercase letters compare between phenological stage by Tukey’s test (p < 0.05). (WR1 167 mm, WR2 237 mm, WR3 341 mm, WR4 534 mm).
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Table 4. Photosystem II yield (ϕPSII) and electron transport rate (ETR) in three phenological stages of soybean cultivars and control and polymer treatments, in 2017.
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Cultivar

	
Polymer

	
WR4




	

	

	
ϕPSII

	
ETR




	

	

	
R3

	
R5.1

	
R5.5

	
R3

	
R5.1

	
R5.5






	
BRS 5980IPRO

	
Control

	
0.27 Ba

	
0.27 Ba

	
0.25 Aa

	
144.63 Ba

	
142.56 Aa

	
133.21 Ba




	
Polymer

	
0.29 Aa

	
0.29 Aa

	
0.26 Aa

	
152.47 Aa

	
152.47 Aa

	
138.43 Aa




	
NA 5909RG

	
Control

	
0.29 Aa

	
0.29 Aa

	
0.25 Aa

	
146.82 Ba

	
146.82 Aa

	
134.32 Ba




	
Polymer

	
0.29 Aa

	
0.29 Aa

	
0.30 Aa

	
154.25 Aa

	
154.25 Aa

	
157.72 Aa




	
BRS 7280RR

	
Control

	
0.27 Ba

	
0.27 Ba

	
0.25 Ba

	
139.50 Ba

	
139.50 Ba

	
129.38 Ba




	
Polymer

	
0.31 Aa

	
0.31 Aa

	
0.30 Aa

	
165.35 Aa

	
165.35 Aa

	
159.65 Aa




	

	

	
WR3




	

	

	
ϕPSII

	
ETR




	

	

	
R3

	
R5.1

	
R5.5

	
R3

	
R5.1

	
R5.5




	
BRS 5980IPRO

	
Control

	
0.27 Aa

	
0.27 Aa

	
0.22 Ab

	
141.57 Aa

	
141.57 Aa

	
116.96 Aa




	
Polymer

	
0.28 Aa

	
0.28 Aa

	
0.24 Ab

	
145.69 Aa

	
145.69 Aa

	
126.89 Aa




	
NA 5909RG

	
Control

	
0.28 Aa

	
0.28 Aa

	
0.26 Aa

	
148.07 Aa

	
148.07 Aa

	
133.82 Ab




	
Polymer

	
0.30 Aa

	
0.30 Aa

	
0.26 Aa

	
155.25 Aa

	
155.25 Aa

	
137.21 Ab




	
BRS 7280RR

	
Control

	
0.28 Aa

	
0.28 Aa

	
0.31 Aa

	
148.86 Aa

	
148.86 Aa

	
160.48 Aa




	
Polymer

	
0.30 Aa

	
0.30 Aa

	
0.26 Aa

	
156.70 Aa

	
156.70 Aa

	
137.66 Aa




	

	

	
WR2




	

	

	
ϕPSII

	
ETR




	

	

	
R3

	
R5.1

	
R5.5

	
R3

	
R5.1

	
R5.5




	
BRS 5980IPRO

	
Control

	
0.21 Aa

	
0.21 Aa

	
0.17 Aa

	
109.24 Aa

	
109.24 Aa

	
90.55 Aa




	
Polymer

	
0.19 Aa

	
0.19 Aa

	
0.17 Aa

	
97.47 Ba

	
97.47 Ba

	
87.30 Aa




	
NA 5909RG

	
Control

	
0.22 Aa

	
0.22 Aa

	
0.23 Aa

	
117.79 Aa

	
117.79 Aa

	
118.61 Aa




	
Polymer

	
0.20 Ba

	
0.20 Ba

	
0.18 Ba

	
106.26 Ba

	
106.26 Ba

	
92.80 Ba




	
BRS 7280RR

	
Control

	
0.25 Aa

	
0.25 Aa

	
0.26 Aa

	
129.75 Aa

	
132.58 Aa

	
139.12 Aa




	
Polymer

	
0.24 Ba

	
0.24 Ba

	
0.16 Ba

	
126.58 Ba

	
126.58 Ba

	
85.62 Ba




	

	

	
WR1




	

	

	
ϕPSII

	
ETR




	

	

	
R3

	
R5.1

	
R5.5

	
R3

	
R5.1

	
R5.5




	
BRS 5980IPRO

	
Control

	
0.12 Ba

	
0.12 Ba

	
0.12 Aa

	
62.18 Ba

	
62.18 Ba

	
61.63 Aa




	
Polymer

	
0.16 Aa

	
0.16 Aa

	
0.10 Aa

	
86.11 Aa

	
86.11 Aa

	
51.74 Ba




	
NA 5909RG

	
Control

	
0.14 Ba

	
0.14 Ba

	
0.15 Aa

	
75.00 Ba

	
75.00 Ba

	
76.96 Aa




	
Polymer

	
0.16 Aa

	
0.16 Aa

	
0.10 Aa

	
84.95 Aa

	
84.95 Aa

	
53.16 Ba




	
BRS 7280RR

	
Control

	
0.14 Ba

	
0.14 Ba

	
0.18 Aa

	
71.27 Ba

	
71.27 Ba

	
92.46 Aa




	
Polymer

	
0.21 Aa

	
0.21 Aa

	
0.11 Aa

	
109.46 Aa

	
109.46 Aa

	
55.51 Ba








Uppercase letters compare within each phenological stage and lowercase letters compare between phenological stage by Tukey’s test (p < 0.05). (WR 167 mm, WR 237 mm, WR 341 mm, WR 534 mm).
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