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Abstract

:

Nutrient-rich organic wastes and soil ameliorants can benefit crop performance and soil health but can also prevent crop nutrient sufficiency or increase greenhouse gas emissions. We hypothesised that nitrogen (N)-rich agricultural waste (poultry litter) amended with sorbents (bentonite clay or biochar) or compost (high C/N ratio) attenuates the concentration of inorganic nitrogen (N) in soil and reduces emissions of nitrous oxide (N2O). We tested this hypothesis with a field experiment conducted on a commercial sugarcane farm, using in vitro incubations. Treatments received 160 kg N ha−1, either from mineral fertiliser or poultry litter, with additional N (2–60 kg N ha−1) supplied by the sorbents and compost. Crop yield was similar in all N treatments, indicating N sufficiency, with the poultry litter + biochar treatment statistically matching the yield of the no-N control. Confirming our hypothesis, mineral N fertiliser resulted in the highest concentrations of soil inorganic N, followed by poultry litter and the amended poultry formulations. Reflecting the soil inorganic N concentrations, the average N2O emission factors ranked as per the following: mineral fertiliser 8.02% > poultry litter 6.77% > poultry litter + compost 6.75% > poultry litter + bentonite 5.5% > poultry litter + biochar 3.4%. All emission factors exceeded the IPCC Tier 1 default for managed soils (1%) and the Australian Government default for sugarcane soil (1.25%). Our findings reinforce concerns that current default emissions factors underestimate N2O emissions. The laboratory incubations broadly matched the field N2O emissions, indicating that in vitro testing is a cost-effective first step to guide the blending of organic wastes in a way that ensures N sufficiency for crops but minimises N losses. We conclude that suitable sorbent-waste formulations that attenuate N release will advance N efficiency and the circular nutrient economy.






Keywords:


circular nutrient economy; sustainable agriculture; poultry litter; greenhouse gas; nitrous oxide; organic fertiliser; sorbents; compost; biochar; clay












1. Introduction


Sugarcane, a giant perennial C4 grass, is one of the fastest growing terrestrial plants and a major global commodity [1]. Sugarcane plays a key role in the tropical bioeconomy, supplying fuel and biomaterials. However, a limitation to sustainable sugarcane production is its N footprint. Globally, only 50% of N fertiliser is used by sugarcane crops, with as little as 10–30% in main producer countries [2]. Nitrogen losses from sugarcane soils occur via leaching and run-off [3,4], ammonia volatilisation [5] and nitrous oxide (N2O) emissions [6,7,8,9,10,11].



Nitrous oxide losses from agricultural soils are in the global spotlight, as they dominate the estimated 7.3 Tg N2O-N of annual anthropogenic emissions [12]. It is estimated that 40% of human induced N2O emissions originate from manures, mineral fertilisers and crop residues [13]. Emissions of N2O accelerated significantly between 1998 and 2016, demonstrating that the current IPCC Tier 1 Emissions Factor underestimates N2O emissions, with recent evidence that exponential increases of N2O emissions occurs with increased N fertiliser use [14,15].



A second limitation to sustainable sugarcane production is soil deterioration, with a loss of physical, chemical and biological integrity. In mechanised high production systems, such as Australian sugarcane production, yields are stagnant or declining [16]. The need to improve soil health motivates some sugarcane growers to apply carbon-rich agricultural wastes, including crop residues, compost, and livestock manures [17]. However, there has been limited evaluation of the carbon (C) and N dynamics of these practices and the effects on N2O emissions remain uncertain.



The anticipated benefits of N-rich wastes include reducing fertiliser costs, lowering the environmental footprint inherent in mineral fertiliser production [18], recycling agricultural wastes [19,20], and boosting soil organic C [21]. While manures are considered as valuable nutrient sources [22], their substitution for mineral fertilisers does not necessarily entail environmental benefits when N losses are taken into consideration. Manure application can result in substantial N2O emissions that are driven by accelerated microbial transformations [23,24,25,26,27]. We hypothesise that N losses can be improved by blending or co-applying manures with sorbents (e.g., clays, biochar) or with less nutrient dense materials (e.g., high C/N composts) because adsorption and immobilisation of inorganic N (ammonium, nitrate) is fostered by an increased cation exchange capacity (CEC), the presence of labile carbon and the permeability of these materials [28,29]. Laboratory experimentation shows that blending manures (cattle, pig, poultry) and sorbents (vermiculite, bentonite) decreases N2O emissions by two-thirds compared to unamended manure [30] and reduces the fluxes of free ammonium as sorbents enable the exchangeable binding of this N cation [31]. A meta-analysis confirmed that biochar added to organic or mineral fertiliser reduced the N2O emissions on average by 54%, although the mechanisms remain unclear [32]. Blending municipal green waste compost with a high C/N ratio and feedlot manure decreased the N2O emissions by 64%, likely due to N immobilisation and a slowed decomposition rate [33]. Overall, these studies confirm that formulating N-rich materials with sorbents and/or low nutrient compost can improve N efficiency and reduce the N2O footprint.



While the knowledge base for N2O emissions from soils treated with mineral fertiliser is growing, the limited research on alternative N supplies prevents rigorous comparisons. We performed both a field experiment at a commercial sugarcane farm and in vitro incubations to advance the mechanistic understanding of N relations. Poultry litter was chosen for its high N content and availability in Australian sugarcane regions. Hypothesising that smaller extractable N pools translate to improved nitrogen use efficiency (NUE) through reduced gaseous losses, we amended poultry litter with sorbents (bentonite, biochar) or compost to (i) quantify N2O emissions from soil receiving different N sources and amendments, and (ii) compare emissions in a field setting and in vitro incubation.




2. Materials and Methods


2.1. Field Experiment


The field experiment was conducted on a commercial sugarcane farm at Maroochy River, south-east Queensland, Australia (26°34′ S, 153°00′ E). The field has been cultivated with sugarcane for ~80 years. The soil is a sandy light clay classified as Oxyaquic Hydrosol (Australian soil classification, [34]) and Gleysol (World Reference Base for Soil Resources, [35]). The subtropical climate has a mean daily maximum to minimum temperature of 31.1 to 19.8 °C in summer and 27.3 to 12.9 °C in winter, and a mean annual rainfall of 1467 mm (Bureau of Meteorology; Site 040861).




2.2. Poultry Litter and Amendments


Spent poultry litter consisting of faeces, feathers and eucalypt sawdust was obtained from a production shed that holds 60,000 broilers (located near Gatton, south-east Queensland). Poultry litter was collected soon after the birds were removed from the shed and was stored for eight weeks in light-impermeable containers which were kept at a temperature of 4 °C in order to maintain chemical properties [36]. Sodium bentonite was sourced from a mine near Miles, Australia (AMCOL Australia, North Geelong, Australia). Biochar was produced from greenwaste residues comprising shredded wood, sugarcane harvest and cardboard at heating temperatures between 400 and 600 °C and was stored in light-impermeable containers at room temperature until use. Compost was derived from public local green waste bins and stored exposed outdoors for 18 months.




2.3. Soil Analyses


Soil texture was analysed using a hydrometer [37]: ASTM 152H (John Morris Scientific, Willoughby, NSW, Australia). Soil bulk density was determined separately for rows and inter-rows at a depth of 10 cm using the core method [38]. Soil pH (H2O) and EC were quantified using Australian standard methods 4A1 and 3A1, respectively [39] using a commercially-available probe (TPS WP-81, Brendale, QLD, Australia).



CEC was quantified with unbuffered salt extraction [40]. Soil carbon (C) and N contents were determined by combustion [39], phosphorus (P) and potassium (K) contents with inductively coupled plasma optical emission spectrometry (ICP-OES) using a Perkin-Elmer instrument (DV4300, OH, USA. Concentrations of ammonium (NH4+) and nitrate (NO3−) were quantified using 1 M KCl extraction (1:2 soil:solution ratio) and colorimetric analyses [41,42] using a spectrophotometer (Powerwave XS, Bio-Tek, Winooski, VT, USA). Microbial biomass N was determined via chloroform fumigation-extraction [43]. Physical and chemical properties of soil, manure and amendments are presented in Supplementary Tables S1 and S2.




2.4. Experimental Design


The experiment was conducted over 280 days, from 17 December 2014 to 23 September 2015, during a 6th ratoon sugarcane cycle. The row spacing was 1.65 m and the soil surface was covered by a sugarcane trash blanket obtained from the previous harvest, with a dry weight equivalent to 14 t ha−1. Six treatments, replicated three times, were placed using a randomised block design in sections of the field that had received no fertiliser or other nutrient inputs in the year preceding the experiment. Treatments were C = control no N (no N input), UA (urea); PL (poultry litter); PL + BE (poultry litter + bentonite), PL + BC (poultry litter + biochar), PL + CO (poultry litter + compost).



Each experimental plot was 6.6 m wide and covered four sugarcane rows. All the plots were 5 m long, except for those plots receiving urea which were 10 m long. Buffer strips between treatment plots were 5 m long in order to minimise contamination between the treatments. Application rates of mineral N fertiliser and poultry litter were equivalent to 160 kg N ha−1 following fertiliser guidelines for the region [44]. The biochar and compost treatments received an additional 37 and 60 kg N ha−1, because both materials contain N that is often in a less plant-available form.



The application rate of amendments was equivalent to 5 tons ha−1 on a dry weight basis. Amendments were thoroughly mixed with the manure before being applied to soil. In previous research, manure-sorbent blends were incubated for over a week to maximise the contact of N ions and sorbent [45,46]. Here, treatments were applied within 1 h of mixing so that we could determine if rapidly assembled treatments are effective at the field-scale. Urea, poultry litter and poultry litter blends were applied in 10 × 10 cm deep trenches dug into one side of the shoulder of sugarcane rows and covered first with soil and then with sugarcane trash. Where treatments supplied insufficient P and K, the nutrients were added as a mineral fertiliser to meet the recommended application rates of 40 kg P and 100 kg K ha−1 [44]. Air temperature and humidity were logged every 30 min by a weather station situated in the experimental field (ICT International, Armidale, Australia) and daily rainfall data were obtained from a nearby public weather station (Dunethin Rock, within 400 m of the field).




2.5. Sampling and Analysis of Greenhouse Gases


Fluxes of N2O, carbon dioxide (CO2) and methane (CH4) were quantified manually using static chambers over 275 days from the start of the experiment. The collection system consisted of square metallic chamber bases covering an area of 0.25 m2 and cubic chamber tops holding a total volume of 140 L. Two chamber bases were installed in each plot close to the centre, one in the shoulder of the cane row on the site that received the treatment, and one in the inter-rows. The bases were inserted into the soil at a depth of about 5 cm. Junctures between the chamber bases and tops were sealed with air-tight door seals. The chamber tops were equipped with vent tubes which were connected to valves. Twenty-eight mL of gas were collected by connecting a syringe to the valve and transferring the gas samples into pre-evacuated Exetainer vials (Labco Limited, Lampeter, UK). Gas sampling was performed between 9:00 a.m. and 12:00 p.m. to obtain the best representation of daily mean fluxes as recommended by previous research in sugarcane fields [7,47]. Initial quantification of greenhouse gas accumulation in the chambers revealed a linear increase for at least two hours. The duration of the chamber closure ranged between 60 and 90 min. Sampling frequency followed rainfall events and gradually decreased from twice a week in the first eight weeks to once every three weeks in the last two months of the experiment. Gas samples were analysed using a gas chromatograph equipped with a flame ionization detector and an electron capture detector (GC-2010, Shimadzu, Kyoto, Japan). Daily greenhouse gas fluxes were estimated by multiplying hourly fluxes with 24. Cumulative emissions were calculated using trapezoidal integration between sampling events, as described by Allen et al. [7]. Emission factors (EF) were calculated using the IPCC [48] Tier 1 method with the cumulative N2O emissions from the fertilised plots as treatments and the cumulative N2O emissions from unfertilised plots as a control with Equation (1):


EF = (N2O-Ntreatment − N2O-Ncontrol)/total N application × 100



(1)




where N2O-N treatment refers to the cumulative N2O emissions from fertilised plots, and N2O-N control refers to the cumulative N2O emissions from unfertilised control plots.




2.6. Soil Sampling and Analysis


At each of the 34 sampling events, two separate soil samples of 10 cm depth were taken from each plot, from the side of the row shoulder that was subjected to treatment and from the inter-row. Within 48 h of collection, a sub-sample of each soil sample was extracted with 1 M KCl and extracts were frozen at −80 °C until analysis of extractable ammonium and nitrate (NH4+, NO3–), and microbial biomass N (see methods above) could be undertaken. Another set of sub-samples was used to determine the gravimetric soil moisture by drying the samples at 60 °C for four days.




2.7. Sugarcane Biomass


The two inner rows of the experimental plots were harvested by hand at the end of the experiment on 23 September 2015. A total of 10 m of sugarcane (2 × 5 m) were cut close to the ground at each plot. Immediately after cutting, the total fresh biomass of the harvested plants was weighed in batches using a tripod balance in the field.




2.8. Laboratory Experiment


To evaluate if laboratory incubation can provide an indication of the N2O emissions in the field, we used the same materials and soil in a 2-week incubation experiment with continuous automated greenhouse gas analysis. Fresh soil was collected from the top 10 cm of an unfertilised area in the sugarcane field. A urea treatment was omitted in order to allow four replicates per organic source and amendments. Fresh spent poultry litter was collected from the same poultry business that supplied litter for the field experiment, and the same amendments were used as for the field experiment.



Each experimental unit included a 668 g mass of field moist soil (508 g dry soil) with added poultry litter or pre-mixed poultry litter + amendment. The treatments were mixed for 1 h prior to commencing the experiment to match the field procedure. Soil in the no-N control was also mixed to match the disturbance of the other treatments. Manure and amendments were applied at the same rates as in the field experiment, with corresponding application rates of 0.25 g N per kg dry soil for poultry litter and 7.73 g per kg dry soil for the amendments. The treated soils were placed into cylindrical glass vessels (surface area 78.5 cm2, height 25 cm) and were compacted by hand in order to reproduce the soil bulk density of sugarcane rows (1.00 g cm−3). The filling height of the soil was 10 cm to match the incorporation depth of the field experiment. Vessels were sealed to be air-tight with a rubber ring and a fitted plastic lid. The water-filled pore space (WFPS) of soil was adjusted to 60% (gravimetric soil moisture: 0.31 g water g−1 soil) and maintained throughout the experiment by compensating for evaporation with regular additions of deionised water shortly after gas sampling events. However, water loss was minimal (around 0.5% of the total soil water in each experimental unit) as the experimental system was sealed. This moisture content was aimed to match the field conditions as closely as possible, which averaged 56% WFPS for the duration of the experiment. The ambient temperature was kept constant at 25 °C throughout the experiment.



N2O fluxes and other greenhouse gases were quantified using an automated system [45]. Briefly, a mass flow controller creates a vacuum by which ambient air is moved first into a mixing drum to correct for potential deviations from mean gas background concentrations, and then moves through the vessels that are connected to the drum. After passing through the vessels, the gas is drawn to an N2O analyser (N2O1A-23e-EP, Los Gatos, San Jose, CA, USA) and CO2/CH4 analyser (GGA-30r-EP, Los Gatos, San Jose, CA, USA). Both instruments logged gas concentrations continually at 20 s intervals. One sweep cycle lasted for 10 min with a flow rate of 3 L min−1. After each gas sampling event, the system was cleaned by sweeping ambient air through an empty vessel for 10 min. The headspace gas of each vessel was sampled every 10.5 h. Between sampling events, the vessels were sealed by closing the inlet and outlet valves. After two weeks of experimentation, N2O emissions returned to background levels and the experiment was terminated.




2.9. Data Analyses


Statistical analyses were performed using ‘R’ version 3.3.1 [49]. Differences between treatments were analysed using one-way ANOVA and Fisher’s LSD post-hoc test at p < 0.05. Data were log-transformed with the natural logarithm where residuals were not normally distributed.





3. Results


3.1. Field Experiment


3.1.1. Sugarcane Yield


Harvested sugarcane biomass (fresh weight from 10 m row length per replicate) was significantly (p < 0.05) lower in the no-N control (79.5 ± 4.4 kg) and similar to the poultry litter + biochar treatment (101.5 ± 22 kg). All N receiving treatments had a statistically similar yield (129.3 ± 13.8 kg (urea), 125.6 ± 15.4 kg (poultry litter), 120.4 ± 17.5 kg (poultry litter + bentonite), 107.5 ± 9.3 kg (poultry litter + compost) and (see above) the poultry litter + biochar treatment (Figure 1).




3.1.2. Environmental Variables and Mineral Soil Nitrogen


During the period of the experiment, the total precipitation was 1292 mm and soil moisture generally increased to between 35% and 40% after rainfall events (Figure 2a). Soil temperature peaked during the summer months at 30 °C, declining to a minimum of 14.5 °C in winter.



The concentrations of mineral (i.e., inorganic) N in the inter-row soil were negligible compared to row soil (Figure 2b). The highest single NH4+ concentration (809 mg N kg−1 soil) was detected in the poultry litter treatment 5 days after commencing the experiment. In all treatments, NH4+ concentrations peaked during the first month and declined by the end of the second month (Figure 2b). The highest single NO3− concentration (47 mg N kg−1 soil) was detected in the urea treatment after 33 days (Figure 2c). Nitrate concentrations peaked after 21–28 days in all treatments and decreased within 45 days for PL treatments and within 130 days for the urea treatment.



In the first 130 days of the field experiment, NH4+ concentrations were significantly (p < 0.05) higher in the urea treatment than in all other treatments (Table 1). The average soil NH4+ concentrations over the first 130 days in soils of poultry litter (PL) and PL + bentonite treatments were significantly (p < 0.05) higher than in PL + biochar and PL + compost treatments. The average soil NO3− concentrations were the highest in the urea treatment, followed by the PL treatment (Table 1). The addition of amendments bentonite and biochar significantly (p < 0.05) reduced soil NO3− concentrations in the PL addition (Table 1).




3.1.3. Greenhouse Gas Emissions


Nitrous oxide (N2O) fluxes ranged from −0.01 to 0.23 mg N2O-N m−2 h−1 in inter-rows (data not shown), and −0.02 to 17.05 mg N2O-N m−2 h−1 in rows (Figure 3a). Emissions of N2O peaked during weeks 2 to 5 and returned to the background level within two months for PL treatments and within four months for the urea treatment (Figure 3a).



Methane (CH4) fluxes were neutral (~0 mg CH4-C m−2 h−1) in rows and inter-rows, with slightly elevated emissions in the first three months from the rows of all treatments receiving PL (Figure 3b). CH4 fluxes from inter-rows ranged from −0.03 mg to 0.63 CH4-C m−2 h−1 in PL + compost and PL, respectively (data not shown). CH4 fluxes from rows ranged from −0.04 to 1.29 mg CH4-C m−2 h−1 in the no-N control and PL + bentonite, respectively.



Carbon dioxide (CO2) row emissions ranged from 27 to 832 mg CO2-C m−2 h−1 in the no-N control and PL + compost, respectively. The highest CO2 fluxes occurred in the first two months of the experiment (Figure 3c). CO2 fluxes in inter-rows ranged from 1.28 to 425 mg CO2-C m−2 h−1 without treatment-specific differences (data not shown).




3.1.4. Cumulative N2O Emissions and Emission Factors


Cumulative N2O emissions (kg N2O-N ha−1) over the 10-month crop cycle ranked 0.84 (no-N control), 7.48 (PL + biochar), 9.74 (PL + bentonite), 11.67 (PL), 13.67 (urea) and 15.65 (PL + compost) (Figure 4, Table 2). Emissions were calculated using both row and inter-row data, factoring-in a 66% row/33% inter-row weighting ratio based on the geometric relationships observed in the field. Cumulative N2O emissions from the no-N control were significantly lower than all N treatments, which were statistically similar.



Emission factors expressed N2O emissions relative to the N application to soil (% of applied N emitted as N2O). Treatments ranked urea (8.02%), PL (6.77%), PL + compost (6.75%). PL + bentonite (5.50%) and PL + biochar (3.36%) (Table 2).





3.2. Laboratory Experiment


The incubation experiment aimed to test if the emissions potential for N2O could be estimated by mixing the field soil with poultry litter and amendments for a cost-effective pre-screening analysis of blends of wastes and amendments prior to field testing. In vitro testing of poultry litter treatments over 17 days exhibited a broadly similar trend in terms of cumulative N2O emissions as the field experiment (Figure 5). In line with the field experiment, the total N2O emissions from laboratory incubation were significantly lower in the no-N control (<0.01 mg N2O-N kg−1). The treatments that received poultry litter as a fertiliser had similar emissions, except for the PL + compost treatment which had significantly higher N2O emissions (PL 0.40 mg N2O-N kg-1; PL + bentonite 0.43 mg N2O-N kg−1; PL + biochar 0.33 mg N2O-N kg−1; PL + compost 1.16 mg N2O-N kg−1; Figure 5, Table 3). Emission trends for each treatment in the laboratory experiment correlated well with those from the field study (Figure 6). Carbon dioxide and methane were quantified in the field and in vitro incubations. Cumulative CO2 and CH4 data are reported in Table 4.





4. Discussion


4.1. Emissions of N2O and Other Greenhouse Gases from the Field Experiment


The detected emission factors (EF) for N2O exceeded the default EF of 1% for fertilised soils [48], and 1.25% for sugarcane soils in Australia (Department of Environment, 2014). EFs of 3.4 to 8.0 in our study mostly exceeded the average EF of 3.87 ± 1.16% calculated for sugarcane soils globally [6]. They were also in the upper range, or higher, than EF of 0.04% to 6.7% from sugarcane fields fertilised with mineral N and managed with green cane harvesting [7,10,11,50,51,52], but were below the EF of 21% from Australian acid sulphate soil [8]. Taken together, our study corroborates the risk of N2O emissions from current sugarcane production systems. It supports calls for a revision of default EF from sugarcane soil and the need for ongoing efforts to improve N efficiency of sugarcane production.



While cumulative emissions and EF from soil fertilised with urea or poultry litter (with or without amendments) were statistically similar due to considerable plot level variation, we observed a trend of lower inorganic N concentrations and accompanying lower N2O emissions with sorbent-amended poultry litter. Biochar and bentonite most strongly reduced the soil concentration of extractable inorganic N. Testing these sorbents in the laboratory, we confirmed that both effectively sorb NH4+ [30,31]. In the present study, sorbents were mixed with the N source immediately prior to application to the soil, which may explain why our findings differ from previous studies where pre-incubation resulted in over ~50% greater NH4+ sorption (e.g., [46,53]). Because water and solutes diffuse slowly in bentonite [54], and possibly biochar, pre-incubating sorbents with N-rich materials could attenuate the early release of inorganic N. For the development of next-generation fertilisers based on organic wastes and sorbents, pre-incubation should therefore be considered. The precise mechanisms underlying any observed N2O emission reductions are not clear-cut. It is possible that they are linked to NH4+ sorption and subsequent suppression of gaseous species production. Both biochar and bentonite exhibit permanent net negative charges (CEC). While their relatively alkaline pH (Supplementary Table S2) could partially limit their capacity for NH4+ sorption as more NH3 is volatilised at a high pH, previous work has shown these materials to be effective NH4+ sorbers [30]. Yet, why increased NH4+ sorption necessitates decreased N2O emission has not been conclusively established. In previous work, Venterea et al. [55] provided compelling evidence for a twinned chemical/microbiological-mediated mechanism driving lower N2O production in high CEC materials as sorbed NH4+ facilitated efficient microbial transformation of nitrite to nitrate. More detailed surface investigations and genomic analysis are needed to verify this process.



Adding compost to poultry litter increased N2O emissions, likely due to the additional C and N supplied with the compost stimulating soil microbial activity [56]. The concentrations of soil inorganic N were significantly higher in the urea treatment than in poultry litter treatments, and nitrate concentrations remained elevated for longer with urea. Nitrate is a precursor for N2O in the denitrification pathway, but our study did not examine the precise mechanisms of N2O production. Both nitrification and denitrification pathways produce N2O, and we found significant correlations between N2O emission and the levels of both ammonium and nitrate. Indeed, previous reports indicate that nitrification and denitrification pathways generate N2O from poultry manures applied to soil [25,57,58,59].



Optimising future crop systems will require not only the minimisation of N2O emissions, but also methane and carbon dioxide to create a low greenhouse gas footprint while maximising C sequestration into soil. We detected methane emissions of <20 kg ha−1 y−1, which are comparable with previous reports from Australian sugarcane soils [8,60]. Poultry litter treatments had higher methane emissions than that of the urea treatment, similar to findings by Sistani et al. [61]. In the context of global warming potential, these CH4 emissions represent ~0.5% of the mean N2O emissions on a CO2-e basis. Such comparatively low CH4 production is expected for free-draining soils that receive carbon inputs [62], as anaerobic conditions are unlikely to develop.



Carbon dioxide emissions from all treatments were higher in our study than at comparable sites [8,50], likely due to the addition of sugarcane trash to the soil. However, CO2 emissions are not included in the GHG footprint because manures are considered biogenic materials and as such form part of the short-term carbon cycle under IPCC reporting [48]. Nonetheless, CO2 emissions are a useful indicator of biological activity. The comparatively high CO2 emissions observed in our study are likely due to the combined application of N and C at the start of the wet summer season. Warm temperatures and high rainfall during the initial two months enable high microbial activity which also stimulates the breakdown of organic matter that in turn releases nutrients for crop growth [63].




4.2. Can Field Level Emissions Be Predicted with Laboratory Incubations?


The laboratory experiment showed overall similar trends in cumulative N2O emissions as the field experiment with lowest to highest emissions spanning the no-N control to poultry litter + compost, but with varying relative emissions indicative of different environmental conditions of the two systems. While biochar and compost showed the same trend in cumulative N2O emissions in both the field and laboratory experiments as the lowest and highest emitters, respectively, bentonite resulted in an 8% increase in N2O emissions in the laboratory but a 16% decrease in emissions in the field. This difference between the two experimental systems in response to bentonite addition may be explained by the high swelling capacity of bentonite. In the laboratory, constant swelling of bentonite led to decreased gas exchange and oxygen deficiency in soil microsites, as soil moisture was held constant at 60% WFPS and conducive to denitrification [64]. The difference in N2O emissions may also be attributed to the somewhat stronger homogenization of the material in the laboratory experiment, which could have accelerated the migration of diffusing ammonium ions.



A noticeable difference between the field and in vitro experiments was that poultry litter + compost had highest N2O emissions in both, with field emissions being one third higher than unamended poultry litter while in vitro emissions exceeded the unamended poultry litter nearly 3-fold. An explanation could be that poultry litter contained substantial amounts of ammonium and compost contained nitrate, and with a constant water content of 60% WFPS in the in vitro incubation, simultaneous nitrification and denitrification could have occurred, generating N2O from both pathways. In contrast, more variable water relations in field soils would have limited N2O emissions. A further explanation is that, in the field, microbes consumed N2O diffusing across the soil layer that covered the poultry litter + compost. Such microbial N2O consumption on the route from the source of production at depth to the soil surface was demonstrated at a fine-scale resolution with microelectrodes in marine sediment [65]. In line with Felber et al. [66], we found that absolute N2O emissions from in vitro incubation did not fully match those quantified in the field, but that they gauge the relative effects of blended nutrient-rich organic materials (Figure 6).




4.3. Implications and Recommendations


Results from the field experiment confirmed our hypothesis that mineral fertiliser results in higher concentrations of extractable soil inorganic N and a higher N2O emission factor compared with N-rich manure. Blending manure and sorbents decreased inorganic soil N concentrations and N2O EFs, while achieving a similar yield to a mineral fertiliser. However, the potential for sorbents or compost to immobilise N strongly, and thereby compromise crop yield, has to be considered. Field experiments over several years and across different soil types are needed to expand the knowledge base. Moving forward, research should fine-tune in vitro testing by further identifying where such systems are accurately representing N2O emissions from field experimentation and possible adjustments to optimise alignment (e.g., implementing wetting-drying cycles). In vitro testing could enable rigorous pre-screening of blends prior to field experimentation and commercial use. Once a sufficient empirical knowledge base has been established, process-based models can be added as a predictive tool [67]. Taken together, our study confirms that formulating organic waste-sorbent or compost blends has to strike the right balance between the release of adequate amounts of N in synchrony with crop needs, while preventing the N loss-inducing accumulation of inorganic N. This is illustrated here by biochar which caused the lowest inorganic N concentrations in the field but also resulted in a trend towards lower sugarcane yield.



Previous research emphasised that there remains uncertainty around how N2O emissions are affected by different N-containing materials. Laboratory, glasshouse, and field research showed that sorbents effectively suppress N2O emissions from organic and inorganic fertilisers in systems involving rice [68], grass [30], pasture and alfalfa [55], and sorghum [30]. Importantly, different mechanisms are likely to drive the observed responses. Clays, such as bentonite, suppress N2O emission via NH4+ cation exchange [30,55], whereas biochar-enabled mechanisms likely include electrostatic sorption, pore space retention and immobilisation due to high C:N ratios [28,32].



There is evidence that the effectiveness of sorbents to mitigate N2O emissions improves with an increased sorbent:N ratio and by storing the blends prior to field application to enable maximum immobilization [46,53]. While this may entail higher input costs when implemented at full-scale, it would nonetheless be a useful technology to consider. The inclusion of other sorbents could also be worthwhile. We used bentonite as a widely available, low-cost, and high-CEC sorbent. However, bentonite has shrink-swell properties that may limit its effectiveness in field settings, as evidenced by similar soil ammonium levels occurring in unamended poultry litter. Other high CEC clays, such as vermiculite and zeolites, do not exhibit such responses to soil moisture and might be better choices for decreasing N2O emissions. Indeed, chabazite and clinoptilolite bound ammonium more strongly than biochar and bentonite with sorption capacity of the tested materials ranging from 5.7 to 24.3 mg NH4+ g−1 sorbent [31]. To customise organic waste blends with optimal plant-available N and minimal N losses, the crop’s N preferences and uptake capacity should be considered. In the case of sugarcane, avoiding the accumulation of nitrate but enabling ammonium fluxes to match crop uptake capacity [31] aligns with the crop’s N physiology, while other crops use nitrate more competently [2,69]. Climate and soil conditions, together with the microbial N conversions, have to be considered.



Compost addition to poultry litter did not reduce nitrification in our study. It also did not decrease N2O emissions, as documented by an incubation study where soil amended with blended cattle feedlot manure (C/N 12) and green waste compost (C/N 38) emitted ~3–4 times less N2O than soil receiving only manure [70]. The low C/N ratio of the green waste compost of our study (14.9) is in a range that promotes N mineralisation [33,71], and extractable N levels could have been exacerbated by the additional 60 kg N ha−1 provided by the compost. Future research must consider appropriate compost properties to ensure a reduction of N2O emissions and strategise N inputs, with higher C/N compost a key element in achieving this goal. For example, ammonium levels in poultry litter compost declined from 1.5% of total N in raw compost (C/N 6.3) to 0.02% in 15-month-old mature compost (C/N 18.7) [72].



Overall, how nutrient treatments drive sugarcane yield is an important economic consideration. Yield, in combination with the observed inorganic N dynamics in soil, suggest that organic inputs, compared to mineral N fertiliser, result in a more prolonged N supply. The suppression of high levels of inorganic N, especially nitrate, with sorbent-amended organic materials could conceivably offer an ongoing N supply to future crops. Experimentation over multiple season cycles is needed to test this hypothesis, along with monitoring of N loss pathways to confirm that prolonged N release does not lead to a greater risk of N loss or other undesirable effects.
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Figure 1. Sugarcane biomass per treatment (n = 3) recorded on the final day of the field experiment on 23 September 2015. C no-N control, UA urea (mineral fertiliser), PL poultry litter, PL + BE poultry litter + bentonite, PL + BC poultry litter + biochar, PL + CO poultry litter + compost. Statistical analyses: one-way ANOVA plus Fisher’s LSD post-hoc test. Different letters indicate treatment differences at p < 0.05 level. 
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Figure 2. Environmental variables of the sugarcane field experiment over a 10-month crop cycle (December 2014 to September 2015, i.e., summer to spring). (a) Daily mean air temperatures (°C) and daily rainfall (mm), (b) mean soil NH4+-N concentrations (mg kg−1; n = 3) in sugarcane rows, (c) mean soil NO3−-N concentrations (mg kg−1; n = 3) in sugarcane rows. C control (no-N), UA urea (mineral fertiliser), PL poultry litter, PL + BE poultry litter +bentonite, PL + BC poultry litter + biochar, PL + CO poultry litter + compost. Error bars in (b,c) were omitted for legibility with high variability within treatments. 
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Figure 3. Greenhouse gas fluxes from sugarcane rows at the experimental field site from December 2014 to September 2015. (a) Mean N2O-N fluxes (mg m−2 h−1; n = 3), (b) mean CH4-C fluxes (mg m−2 h−1; n = 3), (c) mean CO2-C fluxes (mg m−2 h−1; n = 3). C no-N control, UA urea (mineral fertiliser), PL poultry litter, PL + BE poultry litter + bentonite, PL + BC poultry litter + biochar, PL + CO poultry litter + compost. 
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Figure 4. Mean cumulative N2O fluxes (kg ha kg−1; n = 3) at the experimental field site from December 2014 to September 2015. C control (no N added), UA urea mineral fertiliser, PL poultry litter, PL + BE poultry litter + bentonite, PL + BC poultry litter + biochar, PL + CO poultry litter + compost. LSD at p < 0.05 is 59.5. 
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Figure 5. Mean cumulative N2O fluxes (± SD; n = 4) with in vitro laboratory incubation (N2O-N kg−1 dry soil). C control (no N added), PL poultry litter, PL + BE poultry litter + bentonite, PL + BC poultry litter + biochar, PL + CO poultry litter + compost. Differences between treatments at p < 0.05 significance are marked by different letters. 
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Figure 6. Comparison between cumulative field N2O emission estimates and in vitro laboratory incubations. Top pane relates to the entire field trial (y axis), while bottom pane compares results from the first 17 days of field and laboratory experimentation. 
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Table 1. Mean concentrations (±SD; n = 75) of soil ammonium (NH4+) and nitrate (NO3−, mg N kg−1) of sugarcane rows of the first 130 days of the field experiment. Statistical analysis was a ‘repeated measures one-way ANOVA with Fisher’s LSD post-hoc test’ after log-transformation of the data. Significant differences between treatments (p < 0.05) are indicated with different letters within columns.
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	Treatment
	NH4+-N (mg kg−1 Soil)
	NO3−-N (mg kg−1 Soil)





	no-N control
	4.98 ± 7.78 d
	0.62 ± 0.83 c



	Mineral (urea) fertiliser
	151 ± 216 a
	7.80 ± 10.10 a



	Poultry litter
	74.0 ± 153 b
	2.15 ± 3.71 b



	Poultry litter + bentonite
	75.2 ± 152 b
	1.63 ± 4.92 c



	Poultry litter + biochar
	14.1 ± 26.9 c
	1.07 ± 2.59 c



	Poultry litter + compost
	17.4 ± 52.8 c
	3.18 ± 8.86 b
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Table 2. Nitrogen application rates, total N2O emissions, and N2O emission factors from the N treatments tested at a commercial sugarcane farm. N2O emissions are mean ± SD of three replicates. Statistical analysis (one-way ANOVA with Fisher’s LSD post-hoc test) was carried out after log-transformation. Differences between treatments at p < 0.05 significance are indicated with different letters.






Table 2. Nitrogen application rates, total N2O emissions, and N2O emission factors from the N treatments tested at a commercial sugarcane farm. N2O emissions are mean ± SD of three replicates. Statistical analysis (one-way ANOVA with Fisher’s LSD post-hoc test) was carried out after log-transformation. Differences between treatments at p < 0.05 significance are indicated with different letters.





	

	
N Applied as

	
N Applied with

	

	

	




	
Treatment

	
Fertiliser or

Poultry Litter

(kg ha−1)

	
Sorbent or Compost

(kg ha−1)

	
Total N

Applied

(kg ha−1)

	
Total N2O-N Emissions

(kg ha−1)

	
Emission

Factor

(% of Applied N)






	
no-N control u

	
n/a

	
n/a

	
0

	
0.84 ± 0.30 b

	
n/a




	
Urea (UA)

	
160

	
n/a

	
160

	
13.67 ± 6.82 a

	
8.02 ± 4.26




	
Poultry litter (PL)

	
160

	
n/a

	
160

	
11.67 ± 6.75 a

	
6.77 ± 4.22




	
PL + bentonite (BE)

	
160

	
1.83

	
162

	
9.74 ± 5.97 a

	
5.50 ± 3.69




	
PL + biochar (BC)

	
160

	
37.6

	
197

	
7.48 ± 3.73 a

	
3.36 ± 1.89




	
PL + compost (CO)

	
160

	
59.6

	
220

	
15.65 ± 10.21 a

	
6.75 ± 4.65
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Table 3. Cumulative N2O fluxes (mean ± SD; n = 4) of the in vitro experiment in the laboratory (per kg of dry soil-poultry litter blend). Statistical analyses: one-way ANOVA with Fisher’s LSD post-hoc test. Differences between treatments at p < 0.05 significance are marked by different letters.
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	Treatment
	Cumulative N2O-N Emissions (mg kg−1)





	Control
	<0.01 ± 0.00 a



	Poultry litter
	0.40 ± 0.10 b



	Poultry litter + bentonite
	0.43 ± 0.10 b



	Poultry litter + biochar
	0.33 ± 0.05 b



	Poultry litter + compost
	1.16 ± 0.21 c
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Table 4. Cumulative CO2-C and CH4-C fluxes (mean ± SD; n = 4) of the in vitro experiment in the laboratory (per kg dry soil-poultry litter blend), with cumulative field emissions shown for comparison. Statistical analyses: one-way ANOVA with Fisher’s LSD post-hoc test. Differences between treatments at p < 0.05 significance are marked by different letters.
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Laboratory Incubation

	
Field Experiment




	
Treatment

	
Cumulative CO2-C Emissions

(mg kg−1)

	
Cumulative CH4-C Emissions

(mg kg−1)

	
Cumulative CO2-C Emissions

(kg ha−1)

	
Cumulative CH4-C Emissions

(kg ha−1)






	
Control

	
64.4 ± 35.2 b

	
353.1 ± 37.4 b

	
5321 ± 154 b

	
0.61 ± 0.11 ab




	
Poultry litter

	
563.1 ± 87.6 a

	
853.1 ± 87.9 a

	
7554 ± 743 a

	
2.06 ± 0.96 a




	
Poultry litter + bentonite

	
572.9 ± 67.6 a

	
862.7 ± 65.3 a

	
6664 ± 554 ab

	
2.75 ± 3.12 a




	
Poultry litter + biochar

	
601.9 ± 63.4 a

	
881.6 ± 60.6 a

	
7040 ± 1360 a

	
1.19 ± 1.12 ab




	
Poultry litter + compost

	
646.2 ± 52.3 a

	
921.2 ± 51.6 a

	
7176 ± 1011 a

	
1.56 ± 1.66 ab

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Soil temperature (°C)
Gravimetric soil moisture (%)

NH,*-N (mg kg™)

NO3-N (mg kg™')

50- ] 0
40- (a)
30- - 50
20 - 100
10+ —=—  s0il moisture
0 | : | +| soil terlnperatu:e | L Iilalnfall : 150
600-
‘., e C » PL+BE (b)
5 * UA + PL+BC
400-:” % s PL s PL+CO
®
A
@
2001 ¥ °
e

40-
30-
20~
10-

0-

0-‘&‘:ll".lll- WmEEE 29w sN 8w @

(c)

%

4

m &

Ao
R e
Wt abgeeey Geo g o ¢ & * ‘ o c
1 1 1 1 1 1

b J F M A M J J A S O

month

(Ww) [jejuiey





nav.xhtml


  environments-08-00078


  
    		
      environments-08-00078
    


  




  





media/file2.png
PL PL+8E PL+BC PL+CO

UA

| T T I 1
o o o o o
m w o w

1 1

(wp| Jad By) ssewoiq sauealebng





media/file5.jpg
C  apL4BE
*UA 4+ PL+BC
PM & PL+CO

Tivage 0 v g
M J J A S5 O






media/file3.jpg
Soi

Gravi

NH"“N (mg kg™!)

NOs™N (mg kg™)

50 ]
40 (@
s 50
e 100
10 o p—
ol — soltmpentus___+_ranial -
6001
.. eC 4 PLBE (®)
K “UA + PL+BC
40015, . PL = PL+CO
3

(ww) jejuey





media/file1.jpg
PLsCO

PL+BC

PL

liiit

(wQ} 4ad By) ssewoiq aueosebng





media/file7.jpg
N,O-N (kg ha'!)

>

@

g

ponemm——————

oo
Lovs PO

‘3.“» wer s oo
P

oBAMMMAMLL MAA A 44

J

AAMAAAA MAA A A 4

e C

A

+ UA
. PL

DI
o+ o
¢+ .
A A A
A A A

a PL+BE

4 PL+BC

= PL+CO

FMAMJ J AS O

month






media/file10.png
N,O-N (mg kg™)

204 - g Pl %BE

= PL. e BB
== Pl:#C0
1.9~
d
1.0-
b
b
b






media/file12.png
cumulative kg N,O-N ha™
(over 275 days, field study)

cumulative kg N,O-N ha™
(over 17 days, field study)

257 y=18.112x+3.6063
204 r*=0.8059

P =0.0387 Poultry manure + compost
15~
10~
Poultry manure + bentonite
5+ Poultry manure + biochar

Control
o ; L) L} L) | ) |}
0.0 0.2 0.4 0.6 0.8 1.0

cumulative kg N,O-N ha
(over 17 days, laboratory study)

8 -

y =6.0313x - 29.564
64 r°=0.8312

P = 0.031 1 Poultty manure + cCompost
4-
2-

Poultry manure

0 ‘LCon Poultry manure + bentonite

0.0 0.2 04 0.6 0.8 1.0

cumulative kg N,O-N ha
(over 17 days, laboratory study)





media/file9.jpg
N,O-N (mg kg™)






media/file0.png





media/file8.png
—

N,O-N (kg ha")

=2
4}
]

EEAmEEEE EEE B B B ® B R & m L]

-r
ol o whtts s e o s 0
‘tﬂﬁi“ﬂii e s 0e & o+ o
.wwnum.nn AA AAA A A a

51 . %
" AAMAAAA MMAA A A A A A A A A
4 e‘“ e C a4 PL+BE
] _{‘c e UA 4 PL+BC
N ¢« PL = PL+CO
Wee o 00 000 o o o

D J FMAMJ J A S O
month





media/file11.jpg
cumulative kg N,O-N ha™
(over 275 days, field study)

cumulative kg N;O-N ha™
(over 17 days, field study)

25 »=18.112x+3.6063
20{ #=08059

00 02 04 06 08 10

cumulative kg N,O-N ha™*
(over 17 days, laboratory study)

8

y =6.0313x - 20.564
&

P=0.0311 Pouty manure + compost
a

02 04 06 08 10

cumulative kg N,O-N ha™
(over 17 days, laboratory study)





media/file6.png
20 -

a)

~ N
o P . C « PL +BE
= + LA, + PL+BC
= [ + P & PL+CO
£ .
=
Y
4
= n 'i'*

ﬂ-l&i.h....ll. " B NW BN N N

197 b
Ea i
= i
o -
- 1.0 "y
I i.-' F
=
S 0.5- o N
B W .
I
2

e 2, 2
ﬂ.ﬂ-!dﬂ-l:ﬂ-illi-.r. -Ill & Il & .. ” Il s T 8

1000 -

4

c)
800
, b
S 6004 %

&
* gt
[ | ‘l

100 » i
) zm:n-';, *"iﬁl.! : b
¥ By e, 'K BL LI
1 1 | |

['IIII r 1
o 4 F M A M J J A F O

L






