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Recovery of biobased fertilizers derived from manure to replace synthetic fertilizers is considered a key strategy to close the nutrients loop for a more sustainable agricultural system. This study evaluated the nitrogen (N) fertilizer value of five biobased fertilizers [i.e., raw pig manure (PM), digestate (DIG), the liquid fraction of digestate (LFD), evaporator concentrate (EVA) and ammonia water (AW)] recovered from an integrated anaerobic digestion–centrifugation–evaporation process. The shoot and root growth of maize (Zea mays L.) under biobased fertilization was compared with the application of synthetic mineral N fertilizer, i.e., calcium ammonium nitrate (CAN). The non-invasive technologies, i.e., minirhizotron and unmanned aerial vehicle (UAV) based spectrum sensing, were integrated with the classic plant and soil sampling to enhance the in-season monitoring of the crop and soil status. Results showed no significant difference in the canopy status, biomass yield or crop N uptake under biobased fertilization as compared to CAN, except a lower crop N uptake in DIG treatment. The total root length detected by minirhizotron revealed a higher early-stage N availability at the rooting zone under biobased fertilization as compared to CAN, probably due to the liquid form of N supplied by biobased fertilizers showing higher mobility in soil under dry conditions than the solid form of CAN. Given a high soil N supply (averagely 70–232 kg ha−1) in the latter growing season of this study, the higher N availability in the early growing season seemed to promote a luxury N uptake in maize plants, resulting in significantly (p < 0.05) higher N concentrations in the harvested biomass of PM, LFD and AW than that in the no-N fertilized control. Therefore, the biobased fertilizers, i.e., PM, LFD, EVA and AW have a high potential as substitutes for synthetic mineral N fertilizers, with additional value in providing easier accessible N for crops during dry seasons, especially under global warming which is supposed to cause more frequent drought all over the world.
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1 INTRODUCTION
Nitrogen (N) is generally considered the main nutrient limiting plant growth. The global consumption of N fertilizers in agriculture has increased more than ninefold during the last six decades and reached 107.7 million tonnes per year by 2019 (FAO, 2021). However, the production of synthetic N fertilizers, mainly through the Haber-Bosch process, is highly fossil fuel-dependent (Gilland, 2014), accounting for 1%–2% of the global energy consumption (Schrock, 2006) and nearly 1.0% of global greenhouse gas emissions (Wang et al., 2021). This highlighted the recovery of biobased fertilizers from animal manure processing, with the aim to substitute synthetic N fertilizers, as an important strategy to reconnecting animal husbandry and crop production, thus closing the nutrient loops and contributing to a more sustainable agricultural system (Sigurnjak 2017; Vaneeckhaute et al., 2014). Anaerobic digestion is widely used in manure processing for production of clean energy (biogas) and mitigation of pollution from livestock industry (Yao et al., 2020). The generated organic residue, so-called digestate (DIG), can be used as a good substitute for synthetic fertilizers itself (Möller and Müller, 2012), or be further processed into liquid fraction of digestate (LFD), evaporator concentrate (EVA), ammonium nitrate (AN), ammonium sulphate (AS) and/or ammonia water (AW), using innovative technologies such as N-stripping, evaporation, membrane filtration, etc. (Sigurnjak et al., 2019; Vondra et al., 2019; Brienza et al., 2021). Different combination of technologies in the manure processing could result in various nutrient compositions in the biobased fertilizers, which in turn affects the nutrient availability and agronomic performance after soil application. For example, the higher proportion of readily available N (mineral N/total N ratio) and the lower ratio of carbon (C) over N of DIG and LFD as compared to raw manure would make them better substitutes for synthetic fertilizers (Sigurnjak et al., 2017; Reuland et al., 2021). However, there is still doubt if additional processing of these products could further increase the agronomic value, due to the limited knowledge of the performance of innovative products like EVA and AW.
The agronomic performance of fertilizers is usually evaluated by one-time measurement of the crop biomass or grain yields at harvest, without considering the effect on the in-season dynamics of the crop development. However, unlike the fully plant-available N supplied by synthetic mineral N fertilizers, biobased fertilizers also provide part of N in organic form, which could be available only after N mineralization. Therefore, the N release pattern of biobased fertilizers may have a remarkable effect on crop growth at different growing stages (Mandal et al., 2007; Geng et al., 2019). To comprehensively evaluate the fertilizer value, it is essential to closely monitor crop growth over the growing season. Handheld chlorophyll meter sensors have been used to measure N plant status in the field. However, this is still time-consuming for large-scale applications. Alternatively, remote sensing seems to be a promising technology for large-scale field monitoring (Machwitz et al., 2021) providing information on vegetation responses to, e.g., different fertilization regimes in a timely manner. In this study, the unmanned aerial vehicle (UAV) based multispectral sensors were used to assess plant N and aboveground biomass after the six leaf-collar growth stage (V6) of maize, as previously described by (Saberioon et al., 2014; Pôças et al., 2015). Based on the leaf reflectance of visible light, several vegetation indices (VIs) can be calculated and used as indicators for the N status of the crop, such as visual atmospheric resistance index (VARI), normalized green-red difference index (NGRDI), triangular greenness index (TGI) and green leaf index (GLI). The ability of these VIs to detect and discriminate the N-related changes in leaf reflectance (Hunt et al., 2005; Adão et al., 2017) would present an important advantage over the conventional soil- and plant-based testing to evaluate the agronomic performance of the biobased fertilizers.
Compared to shoots, plant roots exhibit large plasticity to the changes in nutrient availability (Yu et al., 2014) by modifying root growth (Olmo et al., 2016) or root physiological traits (Kou et al., 2015; Robles-Aguilar et al., 2019). When soil N supply is limited, the length of primary, seminal, and nodal roots is increased to explore a larger soil volume and thus increase the spatial N availability (Tian et al., 2006). Therefore, fertilizer additions may induce dramatic changes not only in the soil characteristics but also in the root development. The change in root dynamics and soil properties strongly impact the growth of the shoot (Dieter Jeschke and Hartung, 2000; Peng et al., 2010). However, in situ observation of roots is usually achieved by a destructive sampling of the whole plant and requires heavy labor work for continuously monitoring. Alternatively, the minirhizotrons (fine root observation tubes) and specialized camera equipment have been widely used as a non-destructive visualization technique, allowing the dynamic study of root traits at particular locations in the soil profile (Liedgens and Richner 2001; Zeng et al., 2008; Vamerali et al., 2012; Postic et al., 2019).
The main goal of this study was to evaluate the N fertilizer value of the different biobased fertilizers at field-scale application, with particular emphasis on the novel ones (i.e., EVA and AW) obtained from the evaporation-based nutrient recovery system. Comprehensive monitoring during the growing season of a single-year field trial was achieved by integrating non-invasive techniques, i.e., UAV-based spectrum sensing and minirhizotron with classical soil-plant sampling. We hypothesized that 1) the biobased fertilizers recovered from manure have a high potential to replace the synthetic mineral N fertilizer with no significant impact on the crop growth and biomass yield; 2) the non-invasive techniques reflect high sensitivity on the canopy and root response to in-season N availability, especially during the early growing stages.
2 MATERIALS AND METHODS
2.1 Biobased fertilizers collection and analyses
The biobased fertilizers were obtained from a biogas plant (Waterleau NewEnergy) located in Ieper, Belgium (50°51N, 2°53E). The biogas plant has a yearly capacity of treating 12,000 m3 of biowaste, consisting of 45% pig manure (PM) and 55% other biological waste streams (grain waste, potato waste, glycerin and sludge from industrial wastewater treatment). Briefly, the feedstock is mixed and heated to 40°C before the 30-day anaerobic digestion, followed by a 10-day post-digestion. Next, the generated digestate (DIG) is hygienized (1 h 70°C) and separated by a decanter centrifuge. The resulting liquid fraction of digestate (LFD) goes into a biological aerobic water treatment for a small removal of chemical oxygen demand (COD). In the next step (evaporator), NH3 is transferred to the gas phase and condenses with 1.5% of the water vapor (process water) to form an N-rich ammonia water (AW), while the remaining non-volatile nutrients are concentrated into an evaporator concentrate (EVA) representing 14% of the fed volume. The remaining water vapor is circulated to the aerobic treatment process and mixed with the LFD.
Three sub-samples were taken from the tested biobased fertilizers (PM, DIG, LFD, EVA and AW) and stored in the fridge at 4°C for characterization. Dry matter (DM) content was determined as the residual weight after 24 h drying at 105°C (VITO, 2021). Organic matter content (OM) was measured as mass loss after incineration of the samples for 4 h at 550°C in a muffle furnace. Electrical conductivity (EC) and pH were determined using an Orion-520A (United States) conductivity electrode and pH meter. Total organic C (TOC) was calculated as the difference between total and inorganic carbon determined using a CN analyzer (Skalar Analytical BV, Netherlands). Total N (TN) was determined using Kjeldahl destruction, while NH4+-N and NO3−-N were analyzed from 5 g subsamples extracted by 50 ml 1 M KCl using a continuous flow auto-analyzer (Chemlab System 4, Skalar, Netherlands). After a closed microwave (CEM MARS 5, Belgium) digestion using 13% HNO3, concentrations of total P, K, and S were analyzed using inductively coupled plasma optical emission spectrometry (ICP-OES) (Varian Vista MPX, United States). The characteristics are presented in Table 1.
TABLE 1 | Characterization of bio-based products (n = 3) on fresh weight (FW) basis.
[image: Table 1]2.2 Field trial set-up and sampling
The experimental field trial is located at the experimental farm of Ghent University in Oosterzele (Belgium). The soil at surface layer (0–30 cm) had 55% of sand, 6% of clay and 39% of silt, and is classified as sandy-loam (USDA texture triangle). Subsamples of soil before fertilization were collected and air-dried for chemical characterization. The pH-H2O and EC1:5 were determined from 10 g air-dried soil extracted by 50 ml deionized water after 16 h equilibrium, using an Orion-520A (United States) pH and conductivity electrode meter. The determination of OM, TC, TN, mineral N in soil samples followed the same method as in Section 2.1. The characteristics of the tested soil are: pH-H2O = 6.91; EC1:5 = 88 μS cm−1; OM = 3.25%; TC = 1.41%; TN = 0.15%; NH4+-N = 7.8 kg ha−1; NO3−-N = 26.0 kg ha−1 on a fresh weight basis.
The field was divided into 28 plots (6 m × 9 m each), which allowed quadruplicate assessment of 7 treatments following the principle of a completely randomized block design. The N treatments included the abovementioned five biobased fertilizers, a no-N fertilized control (CON) and a synthetic reference using calcium ammonium nitrate (CAN). All the fertilizers were applied at a rate of 105 kg of total N ha−1 (according to the advice from the Belgian soil service). The application rates of total P and total K were compensated by triple superphosphate (TSP, 46% P2O5) and potassium chloride (60% KCl) to the highest supplies as 65 kg P2O5 ha−1 and 252 kg K2O ha−1 provided by EVA treatments. The fertilizers were applied to the field on 12th May and immediately incorporated into the soil to avoid N loss via emission. Silage maize (Z. mays L.) was sowed on 13th May and harvested on 22nd September. The daily average air temperature and precipitation were presented in (Supplementary Figure S1A). The monthly average air temperature and accumulated precipitation during the growing season as well as of the past 20 years were presented in Table 2.
TABLE 2 | The average temperature and precipitation during the maize growing season of 2020 and 2000–2019.
[image: Table 2]Soil samples from each plot were collected from 0–30, 30–60 to 60–90 cm depth at four time-points (T1 = 8 May 2020, T2 = 9 July 2020, T3 = 18 August 2020 and T4 = 22 September 2020, referring to before fertilization, V6, grain filling stage and at harvest, respectively). At T3, five maize plants were randomly harvested from the two central rows of each plot to determine the fresh and dry biomass as well as N concentration in the shoots. These results were used to estimate the biomass yield and N uptake of the whole plot based on the counted density (approximately 80,000 plant ha−1). By T4, all the maize plants in the two central rows of each plot were harvested, and the fresh weight (FW) was determined individually for each plot. The harvested plants were dried at 65°C in a forced-draft oven until dry weights (DW) were constant. Subsamples were taken from the dried materials of each plot and ground to pass through a 2-mm mesh. Total N was measured for each sub-sample using a CN analyzer (Skalar Analytical BV, Netherlands).
2.3 Canopy monitoring with unmanned aerial vehicle based remote sensing
Drone images were taken by a UAV DJI Matrice 100 equipped with an RGB camera (DJI Zenmuse Z3) at the height of 10 m and at three different time points (T2, T3 and T4 as in Section 2.2). The obtained UAV images have a resolution of 72 pixels per inch (PPI). Alignment and geo-referencing of the different UAV images were done with the Pix4D software, and the generated orthophotos were then exported and loaded into the R-software (R Core Team, 2018) for further processing.
Based on the geo-coordinates of the 28 experimental plots, polygons were drawn to retrieve spectral information (red band (670 nm), green band (560 nm) and blue band (480 nm)) from the individual plots. In the next step, the average RGB values were converted to three VIs: the NGRDI (normalized green red difference index) based on the red and green band spectral reflectance and as calculated by Eq. 1; the triangular greenness index (TGI) and the green leaf index (GLI) based on the red, green and blue band spectral reflectance (Eqs 2, 3).
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2.4 Underground root scan with minirhizotron camera
After sowing, one PVC tube with a diameter of 6.35 and 120 cm in length was buried at 84 cm depth under an angle of 45° in each plot for root scan analysis. Images of the roots (with a resolution of 102 PPI) were taken by a CID MS 600-002-1005 camera (Sol Franc, Spain) at four different depths (D1 = 0–21 cm, D2 = 21–42 cm, D3 = 42–63 cm, D4 = 63–84 cm) and 3 different time points (T2, T3 and T4). The different root images were analyzed with an in-house developed Python script that can count the number of pixels in the image which are roots. At first, the RGB images are transferred to the HSV color space to appropriately distinguish roots from the soil, and several algorithms are then used to remove small objects and ensure that roots are continuous. The total root length was calculated as Eq. 4:
[image: image]
where the image resolution is 102 PPI and the conversion factor from inch to meter is 0.0254.
2.5 Data analyses
The N use efficiency (NUE) of the synthetic or biobased fertilizers was calculated from the rate of applied N being taken up in the maize crop at harvest (T4), taking into account the N uptake in the control treatment:
[image: image]
Mineral N balance was calculated by considering the soil mineral N (SMN) levels, the initial mineral N applied by fertilizer (prior to any mineralization) and crop N uptake at each sampling moment (T2, T3 and T4), as Eq. 6:
[image: image]
Statistical analyses were performed using SPSS statistical software (version 27.0; SPSS Inc., Chicago, IL, United States). The field observations were first subjected to the Shapiro–Wilk test to check the normality, whereas homogeneity was tested with the Levene test. In the case of a normal distribution (biomass yields, N uptake, SMN, mineral N balance), one-way ANOVA was used to determine their differences between different sampling moments (T2, T3 and T4) and the effect of the applied fertilizers at each sampling moment. When significant differences (p < 0.05) between means were observed, additional post hoc assessment was performed using Fisher’s Least Significant Difference (LSD). For the VIs (i.e., NGRDI, TGI, GLI) and the total root length (TRL), the normality of residuals and the homogeneity of variance were not statistically supported; therefore, the independent-samples Kruskal-Wallis analysis was used, followed by a Dunn post hoc test for multiple comparisons. Additionally, the coefficient of variation was calculated from the ratio of the standard deviation to the mean of each parameter to show the extent of variability among the replicate plots within each treatment. Pearson’s correlations between the observations were determined with data from different sampling moments.
3 RESULTS
3.1 Aboveground biomass yield and N uptake of maize plants
The fresh and dry biomass yields determined at grain filling stages (T3) showed no significant difference among treatments (Figures 1A,B). From T3 to T4, a significant (p < 0.001, data not shown) decrease in FW and the N concentration (% DW) of the aboveground biomass, but a non-significant increase in DW was observed in all the treatments. By T4, the DW yields in PM (16.4 ± 1.1 t ha−1) and LFD (17.0 ± 2.3 t ha−1) were significantly higher than those in CON (13.6 ± 0.5 t ha−1), DIG (13.7 ± 1.0 t ha−1), EVA (14.2 ± 1.3 t ha−1) and AW (13.3 ± 2.1 t ha−1), but not significantly different compared to the synthetic reference, i.e., CAN (15.1 ± 1.1 t ha−1) (Figure 1B). The N concentration (% DW) of maize shoots was also significantly higher in PM, LFD and AW than in CON at T3 and T4 (Figure 1C). Similar to the trend for biomass yield, the LFD treatment resulted in the highest mean value in crop N uptake (200 ± 37 kg ha−1), significantly higher than CON (135 ± 5 kg ha−1), DIG (140 ± 19 kg ha−1), EVA (155 ± 14 kg ha−1) and AW (159 ± 31 kg ha−1) but insignificantly compared to CAN (172 ± 8 kg ha−1) and PM (182 ± 10 kg ha−1) (Figure 1D).
[image: Figure 1]FIGURE 1 | The values of mean ± standard deviation (n = 4) for (A) fresh weight (FW), (B) dry weight (DW), (C) the N concentration (% DW) and (D) the N uptake (kg ha−1) of maize crop at sampling moments T3 (18 August 2020) and T4 (22 September 2020). The lowercase and uppercase letters refer to the statistical difference between treatments at T3 and T4, respectively, using one-way ANOVA and Fisher’s Least Significant Difference (LSD) post-hoc pairwise comparisons at a 5% level. CON, no-N control; CAN, calcium ammonium nitrate; PM, pig manure; DIG, digestate; LFD, liquid fraction of digestate; EVA, evaporator concentrate; AW, ammonia water.
3.2 Dynamics of vegetation indices obtained from unmanned aerial vehicle-based spectrum sensing
Figure 2 presented the distribution of experimental plots (A) and the detected NGRDI value (B) at T2, indicating an uneven germination and growth of maize plant across the experimental treatments and replicates. Over the three sampling moments (T2, T3 and T4), no significant difference in the detected VIs (NGRDI, TGI, GLI) was observed between treatments (Figure 3). However, the mean values of all the three VIs detected at T2 were lower in CON treatment (no N applied) than in the fertilized treatments (Figure 3A). From T2 to T3, the value of NGRDI increased significantly in CON, CAN and PM treatments (Figure 3A), while significant increases of TGI and GLI were only observed in the CON treatment (Figures 3B,C). The values of the VIs increased significantly from T3 to T4 in all treatments except the NGRDI values in CON, EVA and AW treatments.
[image: Figure 2]FIGURE 2 | Field maps for the distribution of experimental treatments and replicates (A) and the detected NGRDI value at T2 (B).
[image: Figure 3]FIGURE 3 | Values of NGRDI (A), TGI (B) and GLI (C) observed at sampling moments T2 (9 July 2020), T3 (18 August 2020) and T4 (22 September 2020). The lowercase letters refer to the statistical difference between observations at T2, T3 and T4 under each treatment, analyzed using independent-samples Kruskal-Wallis test followed by a Dunn post-hoc pairwise comparisons at a 5% level. CON, no-N control; CAN, calcium ammonium nitrate; PM, pig manure; DIG, digestate; LFD = liquid fraction of digestate, EVA, evaporator concentrate; AW, ammonia water.
3.3 Development of maize root as monitored by minirhizotron technique
The observed TRL by the minirhizotron technique showed high variations among replicates (Figure 4), with a coefficient of variation from 15% up to 170%. For all the treatments, TRLs were higher in the topsoil layers (0–42 cm) than in deeper soil (42–84 cm), with averagely 35% of TRL detected at 0–21 cm and 30% at 21–42 cm depth. The average values of TRL in the surface soil (0–21 cm) were highest in CON and CAN treatments over the growing season, which were significantly higher than PM (at T3 and T4), DIG (at T3) and AW treatments (at T2, T3 and T4). However, these significant differences disappeared in deeper soil layers (21–84 cm). Over the growing season, all treatments revealed increases of the TRLs at 0–84 cm depth, especially in DIG, EVA and AW treatments from T2 to T3, which averagely increased by 346%, 194%, and 125%, respectively. However, due to the relatively high deviation, no significance (p > 0.05) could be detected between sampling moments.
[image: Figure 4]FIGURE 4 | Total root length (TRL, mean ± standard deviation, m, n = 4) at different soil depth (0–21, 21–42, 42–63, 63–84 cm) observed at sampling moments (A) T2 (9 July 2020), (B) T3 (18 August 2020) and (C) T4 (22 September 2020). The lowercase letters refer to the statistical difference of TRL at 0–21 cm depth between treatments using independent-samples Kruskal-Wallis test followed by a Dunn post-hoc pairwise comparisons at a 5% level. no significant difference was observed at 21–42, 42–63, or 63–84 cm depth. CON, no-N control; CAN, calcium ammonium nitrate; PM, pig manure; DIG, digestate; LFD, liquid fraction of digestate; EVA, evaporator concentrate; AW, ammonia water.
3.4 Dynamics of soil mineral N levels
The soil sampling and measurements before fertilization (T1) showed no significant difference among treatments in the soil mineral N (SMN) levels at all three depths (Figure 5A). From T1 to T2, increases of SMN (by 18–78 kg ha−1) were observed in all treatments at 0–30 cm and also in the fertilized treatments at 30–60 cm (by 4–28 kg ha−1) (Figures 5A,B), but significant difference between treatments was only observed at the surface soil (0–30 cm). Consequently, by T2, the SMN levels at 0–60 cm were significantly higher in CAN (162 ± 28 kg ha−1) and LFD (133 ± 45 kg ha−1) than in CON (65 ± 21 kg ha−1), but no significance was observed when comparing PM, DIG, EVA and AW treatments with CON treatment. From T2 to T3, the SMN levels at 0–30 cm decreased by 2–50 kg ha−1, while at 60–90 cm, they increased by 4–38 kg ha−1 (Figures 5B,C). By harvest (T4), the application of DIG (59 ± 14 kg ha−1), EVA (64 ± 7 kg ha−1) and AW (62 ± 9 kg ha−1) resulted in significantly higher SMN at 0–30 cm compared to CON (43 ± 11 kg ha−1) (Figure 5D). While at deeper soil (30–60 cm), significantly higher SMN was only observed in EVA (38 ± 17 kg ha−1) compared to CON (18 ± 5 kg ha−1) (Figure 5D). No significant difference was observed among treatments in the SMN at 60–90 cm depth.
[image: Figure 5]FIGURE 5 | Soil mineral N (SMN, mean ± standard deviation, kg ha−1, n = 4) at different soil depths (0–30, 30–60, 60–90 cm) observed at sampling moments (A) T1 (8 May 2020), (B) T2 (9 July 2020), (C) T3 (18 August 2020) and (D) T4 (22 September 2020). The lowercase and uppercase letters refer to the statistical difference of SMN between treatments at 0–30 and 30–60 cm depth, respectively, using one-way ANOVA and Fisher’s Least Significant Difference (LSD) post-hoc pairwise comparisons at a 5% level. no significant difference was observed at 60–90 cm depth. CON, no-N control; CAN, calcium ammonium nitrate; PM, pig manure; DIG, digestate; LFD, liquid fraction of digestate; EVA, evaporator concentrate; AW, ammonia water.
Table 3 revealed that treatment using EVA had a significantly positive mineral N balance (as opposed to zero, which indicates equilibrium) while AW treatment resulted in a significantly negative balance at T2. For T3 and T4, all the treatments showed a positive mineral N balance, with EVA having significantly higher values than CON, CAN, DIG and AW treatments. For fertilized treatments, NUE was calculated at T4, being the highest in LFD (62% ± 35%) and the lowest in DIG (4% ± 18%). No significant difference was observed when comparing the NUE of biobased treatments with CAN (35% ± 8%).
TABLE 3 | The terms of the mineral N balance (mean ± standard deviation, kg ha−1, n = 4) at sampling moments T1 (8 May 2020), T2 (9 July 2020), T3 (18 August 2020) and T4 (22 September 2020) and the nitrogen use efficiency (NUE, mean ± standard deviation, n = 4) at T4.
[image: Table 3]3.5 Correlations between canopy and ground level indicators
Pearson’s correlations were calculated between the canopy and ground level indicators by considering all the measurements at the three sampling moments, T2, T3 and T4 (Figure 6). The TRLs at T2, T3 and T4 showed a significantly positive correlation with the FW (r = 0.378–0.510, p < 0.05) and DW (r = 0.392–0.497, p < 0.05) observed at T3. However, when correlated to the FW and DW observed at T4, the coefficient became negative, and the significance disappeared. There is a lack of significance between the correlations of FW or DW with the VIs at any sampling moment. Instead, significant and positive correlations were observed among the crop N concentration at T4 and SMN at T2 (r = 0.584, p < 0.01) the TGI (r = 0.405, p < 0.05) and GLI (r = 0.394, p < 0.05) at T3, while significant and negative correlations were observed between the crop N concentration at T4 and GLI (r = −0.442, p < 0.01) at T4The TRLs always showed a negative correlation with SMN, but no significance (p > 0.05) was observed at any sampling moment.
[image: Figure 6]FIGURE 6 | Pearson’s correlations between observations combing the three sampling moments T2 (9 July 2020), T3 (18 August 2020) and T4 (22 September 2020). *p < 0.05, **p < 0.01, ***p < 0.001. FW, fresh weight (t ha−1) of the harvested biomass; DW, dry weight (t ha−1) of the harvested biomass; N concentration, crop N concentration (% DW) in the harvested biomass; N uptake, crop N uptake (kg ha−1) in the harvested biomass; SMN, the total soil mineral N content (kg ha−1) at 0–90 cm soil depth; NGRDI, normalized green-red difference index; TGI, triangular greenness index; GLI, greenness leaf index; TRL, the total root length (m) at 0–84 cm soil depth.
4 DISCUSSION
4.1 Potential benefit of liquid biobased fertilizers during an early-season drought
Under warm, moist conditions, maize seeds will germinate and emerge within 4–6 days after sowing (Nleya et al., 2016). However, during the germination stage (May 2020) of this field experiment, the precipitation (6.80 mm) was only 10% of the average precipitation (68.94 mm) in May observed over the last 20 years (2000–2019, Table 2). This low precipitation and the associated low soil water content (averagely 11% at 0–30 cm soil depth) resulted in delayed and heterogeneous germination in all the treatments (Figure 2B), which could have led to the high variations in the detected biomass (coefficient of variation up to 44%, Figure 1A,B) and total root length (TRL) over the whole growing season (coefficient of variation from 15% to 170%, Figure 4). Furthermore, very low soil moisture must also have inhibited soil microbial activities resulting in reduced N mineralization from soil organic matter (SOM) (Mohammed et al., 2013). In the meantime, the N losses through denitrification and leaching were assumed to be negligible (0 < 10 kg ha−1 estimated from calculations using the Daisy model, results shown in Supplementary Figure S1B). This was confirmed by the equilibrium of the mineral N balance in CON treatment (no N applied, 22 ± 28 kg ha−1) at T2 (Table 3). Therefore, the significant increase in mineral N of EVA treatment (74 ± 46 kg ha−1) could be mainly attributed to the mineralization of organic N from this product. While in AW treatment, the significant loss (−6 ± 46 kg ha−1) of mineral N probably resulted from significant NH3 volatilization shortly after application due to the high pH (10.8) of this product.
In CON treatment (no N applied), since the SOM decomposition was the only N source for maize plants, the root system had to search for N by developing more fine roots before reaching deeper soil (Jackson and Bloom 1990; Robinson et al., 1994; Liu et al., 2009), which resulted in higher detected TRL in CON treatment as compared to other treatments, especially in topsoil (0–42 cm) (Figures 4A,B). For the CAN treatment which supplied N in solid form (granules), the low soil moisture at the early stage probably limited the mobility of the applied N towards the rooting zone. This means though a significantly higher SMN than CON was reached at 0–30 cm (Figure 5B), the largest part of it probably remained in the soil layer where it was applied (0–15 cm), thus reducing the N availability for maize plants. In contrast, plant-available N in the biobased fertilizers was applied in liquid form, it could be more easily filtered through soil particles (Möller and Müller 2012) and move towards deeper soil to satisfy the demand of plants at the early growth stages. Consequently, TRLs in biobased treatments were lower than in CON and CAN treatments (Figures 4A,B). However, higher TRLs achieved at the early stage most likely led to a higher biomass accumulation during the vegetative stage, as revealed by the significantly positive correlation between TRLs at T2 and T3 with the FW and DW at T3 (r = 0.378–0.510, p < 0.05, Figure 6).
Given that by V6 the root system of maize is well-developed and distributed in the soil (Nleya et al., 2016), the notable increases of TRLs from T2 to T3 under DIG, EVA and AW treatments (Figures 4A,B) suggested that the maize plants in those plots might not reach the V6 stage by T2, meaning a delayed growth of maize plant under the application of DIG, EVA and AW. However, this delay cannot be fully explained by the N availability at the early stage, as no significant correlation was observed between the TRL and SMN by then. It should be emphasized that the dynamics of root length during the growing season were monitored from one single pre-set PVC tube in each plot, which only detected the roots growing through a limited contact area between the minirhizotron and the soil. Possibilities of under-or over-estimation on the TRL may arise from insufficient soil-minirhizotron contact (allowing for preferential root growth in gaps), tracking of roots along vertical or angled minirhizotrons, or alterations in the immediate environment of the minirhizotron (Wiesler and Horst 1994; Liedgens and Richner 2001).
4.2 Vegetation indices as indicators for crop stress and growth
The water and N stress that maize plants were experiencing may also reflect in the value of VIs detected by UAV-based remote sensing. For example, the NGRDI is usually used to estimate the vegetation fraction (expressed as the percentage of the reference area covered by the ground projection of the green vegetation; Gitelson et al., 2002; Wan et al., 2018), and it was identified by Yang et al. (2020) as an efficient non-destructive indicator with strong prediction values (R2 = 0.69–0.89) for water use efficiency. In this study, the values (−0.01 to 0.04) of NGRDI by T2 ranged from −0.01 to 0.04, indicating a vegetation fraction at 25%–55%, according to Gitelson et al. (2002). These values were lower than the value (60%–90%) observed by Pôças et al. (2015) under similar conditions (i.e., sowing density, growth stage and weather), probably due to a delayed growth of maize plants under water stress in this study. Looking into different treatments, the lower values of NGRDI, TGI and GLI observed by T2 in CON treatment (no N applied) than in the fertilized treatments (Figures 3A–C) may indicate a delayed growth of maize plants in CON treatment due to a lower N availability. The GLI was reported to be strongly correlated to leaf chlorophyll concentration (Saberioon et al., 2014). However, the N uptake in maize plant before the V6 stage was relatively low (<15%, Geng et al., 2018) which led to undetectable variations in leaf chlorophyll concentration (Hunt et al., 2005) and thus no significant difference in GLI of this study between treatments by T2 (Figure 3C).
The relationship between VIs and canopy status was found to be strongly influenced by the phenological stage of maize plants (Burkart et al., 2018). During the initial stage when the maize leaves did not cover the whole plots, the VI values calculated from UAV images may be influenced by the background such as soil and other disturbances even though methods had been adopted to eliminate the impacts (Meyer and Neto, 2008; Jin et al., 2017; Liu et al., 2017). Therefore, it was suggested to integrate the VI acquired at important growth stages of maize which can reflect more precisely the temporal dynamic changes of growth conditions and achieve the highest precision for yield prediction (Guo et al., 2020). With the rapid accumulation of biomass and N in maize plants from T2 (V6) to T3 (grain filling), the values of the three detected VIs increased in all treatments (Figure 3). The significant increases of NGRDI in CON, CAN, and PM treatments may be attributed to the higher TRLs of maize plants in these treatments (Figure 4), which enabled a higher rate of nutrient uptake and biomass accumulation (Dieter Jeschke and Hartung, 2000; Hong-Bo et al., 2012). Unlike NGRDI, significant increases of TGI and GLI were only observed in the CON treatments (Figures 2B,C), which may suggest a higher sensitivity of NGRDI than TGI and GLI at the early stage before canopy closure. From T3 to T4, accumulation of chlorophyll, xanthophyll and carotenoids pigments in maize leaves resulted in a significant increase in the green light reflectance and a significant decrease in blue light reflectance (Subedi and Ma, 2005) which eventually appeared as significantly increased values of NGRDI, TGI and GLI from T3 to T4 (Figure 3).
4.3 The early-season N availability at root zone resulted in late-season luxury N uptake
By grain filling (T3), biomass accumulation and N uptake in maize plants have reached over 80% of the total amount in the harvested crop. From then onwards, variations in biomass (Figures 1A,B) and crop N concentration (Figures 1C,D) can be attributed mainly to the translocation of non-structural carbohydrates and nutrients from the stem and leaves to the ear (Center et al., 1970; Perry and Compton, 1977; Swank et al., 1982; Koca and Erekul, 2016). In the meantime, the detected N concentration of the maize plants was higher (significantly in PM, LFD, EVA and AW at T3 and in CAN, PM, LFD and AW at T4) in the fertilized treatments than in the CON treatment, indicating a potential for luxury N uptake under fertilization (Nasielski et al., 2019). Moreover, the N concentration in maize plants detected by T4 was significantly correlated to the TGI, and GLI observed at T3 and T4. It is, therefore, reasonable to hypothesize that the sufficient N and water supply during the late season of this field study may have enhanced the “stay-green” effect—the ability of the maize crop to continue taking up N late in the growing season, thus maintaining N concentrations in leaves and a greater photosynthetic capacity (Rajcan and Tollenaar, 1999; Subedi and Ma, 2005). Linking to the significantly positive correlation (r = 0.584, p < 0.01) between the crop N concentration at T4 and the SMN at T2 (Figure 6), it suggested that when the N supply is sufficient, a higher N availability at early growing stages tends to result in luxury N uptake in maize plants. Therefore, the early-stage SMN level could be a good predictor for crop N uptake in late seasons. However, this luxury N uptake does not necessarily result in high biomass yields, as no significant difference in DW was detected in CAN and AW treatments when compared to CON treatment (Figure 1B).
Regardless, application of biobased fertilizers (except DIG) resulted in no significant difference in either biomass (FW, DW) or crop N uptake as compared to CAN treatment, indicating the high potential of these biobased fertilizers as substitutes for synthetic mineral N fertilizers in maize cultivation. Given a certain application rate, luxury N uptake implies reduced N loss and increased NUE (Dawson et al., 2008; Li et al., 2018). By T4, the NUE obtained in PM and LFD treatments were higher than values from literature while for CAN the obtained NUE in this study was lower. For example, in a 2-year field maize experiment (Montanaso Lombardo, Italy) by Cavalli et al. (2014), the NUE of LFD (20%–25%) was lower as compared to that of ammonium sulfate as synthetic reference (68%–82%). Velthof and Rietra (2019) observed a NUE at 30%–39% for incorporated pig slurry, while CAN as synthetic reference reached a NUE of 51%. A 1-year field trial on perennial ryegrass (Lolium perenne L.) by Klop et al. (2012) also showed similar trend, with a NUE 24%–48% for pig slurry and 62%–64% for CAN. So far as we are aware, this is the first time for the two novel products: EVA and AW to be demonstrated at field-scale, thus no literature value is available yet.
4.4 Impact of climate and native soil on the single-year application
The large positive mineral N balance at T3 and T4 for all treatments, including CON (on average 70–232 kg ha−1, Table 3), suggested a main contribution of the N mineralization from SOM in maintaining the high SMN levels and in the meantime satisfying the crop N demand. The native soil N supply from this field trial, calculated as the crop N uptake in CON treatment, was an averagely of 83% (60%–113%) of the crop N uptake in fertilized treatments, which is in line with the reported 80%–85% of soil-derived N by Joris et al. (2020) using 15N labelled technology. The large soil N supply could have met the majority of the crop N demand during the growing season, thus masking the yield contribution of the fertilizers. Over the growing season of this field study, the SMN remained high (on average 61–162 kg ha−1 at 0–60 cm) in all treatments, which was higher than the optimal levels (around 50.4 kg ha−1) for maize cultivation, as suggested by Peng et al. (2013). Although the measured SMN in the topsoil at T2 may not realistically reflect the N availability for roots due to the low precipitation at that moment, it is foreseen that given adequate precipitation in the following months (i.e., August and September 2020 in this study, Table 2), the N remaining in the top layers could become available to maize roots and support the further development of the plants.
Additionally, given heavy precipitation happens during the fallow season, these high levels of SMN postharvest may indicate high risk of nitrate leaching (Supplementary Figure S1B) and thus end up as pollution of the groundwater (Díez et al., 2004; De Notaris et al., 2018). Compared to CON, the application of EVA and AW resulted in significant increase in the postharvest SMN (Table 3), however, no significant difference was observed in other biobased treatments (i.e., PM, DIG, LFD) when compared to either CON or CAN. It suggested that, for nutrient-saturated regions, the substitution of synthetic fertilizers with biobased fertilizers itself may not be sufficient to address the environmental issue of N losses. In such a case, the inclusion of catch crops after harvest of the main crop must be considered to reduce post-harvest N leaching (Constantin et al., 2011; De Notaris et al., 2018; Böldt et al., 2021) and help close the N cycle.
Overall, the results of this study reflected the agronomic performance of biobased fertilizers as compare to synthetic N fertilizer, i.e., CAN within one growing season. However, single-year application may not realistically reflect the fertilizer value of biobased fertilizers in long-term application, as the impact of historical practices (Tiessen et al., 2014; de França et al., 2021) and climate conditions (Hernández et al., 2013) may be more pronounced than the effect of fertilizers during short-term application. Moreover, as compared to synthetic fertilizers, biobased fertilizers might lead to a significant residue effect after repeated application (Hernández et al., 2013; Tewolde et al., 2016; Yan et al., 2020). Further field demonstration on multiple sites and over a long-term period is warranted to reach a more comprehensive and more representative evaluation of these biobased fertilizers.
5 CONCLUSION
The biobased fertilizers (PM, LFD, EVA and AW, except DIG) tested in this study resulted in comparable biomass and N yields as CAN did in the maize cultivation, showing a high potential as substitutes for synthetic mineral N fertilizers. Furthermore, given the dry weather during the early growing season, biobased fertilizers which supply N in liquid form seemed to maintain a higher N availability at the rooting zone than the application of CAN in solid form, as revealed by the early-season TRL detected by minirhizotron. This makes these biobased fertilizers even promising in the light of global warming, which increases the occurrence probability of droughts. Moreover, the higher N availability at the early stage of maize was likely to cause a luxury N uptake at the latter stages. Though the soil N supply in this experimental site was relatively high, which to some extent overlaid the variation induced by the compositional differences among the fertilizers, the observations in this field study, especially combining the non-invasive techniques (i.e., minirhizotron and UAV-based spectrum sensing) in the monitoring of in-season crop N status, contributed to the overall understanding of the agronomic performance of the novel fertilizers recovered from manure processing.
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