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Abstract

:

Drained cultivated peatlands have been an essential agricultural resource for many years. To slow and reduce the degradation of these soils, which increases with drainage, the use of plant-based amendments (straw, wood chips, and biochar) has been proposed. Literature on the effects of such amendments in cultivated peatlands is scarce, and questions have been raised regarding the impact of this practice on nutrient cycling, particularly nitrogen (N) dynamics. By means of a six-month incubation experiment, this study assessed the effects of four plant-based amendments (biochar, a forest mix, willow, and miscanthus) on the release kinetics of water-soluble N pools (mineral and organic) in two histosols of differing degrees of decomposition (Haplosaprist and Haplohemist). The amendment rate was set at 15 Mg ha−1 on a dry weight basis. The N release kinetics were significantly impacted by soil type and amendment. Miscanthus and willow were the amendments that most reduced the release of soluble organic N (SON) and mineral N (minN). The addition of plant-based amendments reduced the total amount of released N pools during the incubation (cumulative N pools) by 50.3 to 355.2 mg kg−1, depending on the soil type, the N pool, and the type of amendment. A significant relationship was found between microbial biomass N, urease activity, and the cumulative N at the end of the incubation. The results showed that the input of plant-based amendments in cultivated peatland decreases N release, which could have a beneficial impact by decreasing N leaching; however, it could also restrict crop growth. Further research is needed to fully assess the impact of such amendments used in cultivated peatlands on N and on C fluxes at the soil–plant and soil–atmosphere interfaces to determine if they constitute a long-term solution for more sustainable agriculture.






Keywords:


cultivated peatland; long-term incubation; mineralization kinetics; miscanthus; willow; biochar; microbial biomass; mineral N; soluble organic N












1. Introduction


Peatlands, which are classified as histosols [1], are an essential part of the terrestrial ecosystems and play an important role in climate regulation, as they have the capacity to store atmospheric carbon when in their natural state [2]. They also contribute to the ecosystem by retaining water and cycling nutrients, in addition to their use for food production [3]. When used for agricultural purposes, peatlands need to be drained to meet the oxygen requirements of plants [2,4]. This practice has been implemented in multiple regions in previous years: in the Everglades (FL, USA) [5,6]; in eastern Canada [7]; and in many European and Asian countries [3]. Although drained peatland seems to be an ideal substrate for intensive agriculture, principally for high-value crops, drainage has been found to initiate soil degradation processes. Subsidence, soil erosion, and soil organic matter mineralization in drained peatlands are estimated to causes losses of 1.0 to 7.9 cm of soil per year [5,8,9,10,11,12,13]. This degradation also has a significant impact on organic matter quality and nutrient cycling, as shown by Morris & Gilbert [14] and Snyder [15]. The mineralization rate of soil organic matter in cultivated peatland is dependent on many factors, including the depth and density of the drainage system, the hydraulic properties of the soil, the water regime, climate and land use, and the stage of peat decomposition [16,17,18]. More intensive drainage leads to more oxidizing conditions in the soil [16,19]. To reduce carbon dioxide (CO2) losses, different solutions have been proposed, ranging from paludiculture to wet extensive pasture, and to complete rewetting to a natural state [20]. Other conservation practices may also help reduce the negative environmental impacts of using peatlands for agricultural purposes, such as reducing tillage [21,22], cultivating cover crops [23], or raising the water table [24,25], which reduces the mineralization of organic matter [26,27,28].



Using plant-based amendments, such as miscanthus straw or willow chips, in cultivated peatlands could also extend their useful life for vegetable crop production [7]. However, the addition of amendments such as straw has produced mixed results for sequestration and C cycling [29]. Adding exogenous material has been shown to lead to a priming effect, which can either increase or decrease decomposition in cultivated peatlands (−14.8‰ to 14.9‰ of δ13C after the addition of fresh organic matter) [2]. Biochar, another plant-based amendment, has been studied extensively for mineral soil [30]. Research into the influence of this amendment on soil fertility suggests that biochar may contribute to N sequestration [31,32]. The mechanisms underlying this N sequestration include adsorption of NH3 or organic N onto the negatively charged sites of the biochar, and increased immobilization of N due to the labile C contained in the biochar [33]. N immobilization can be seen as positive, preventing N from leaching into the environment, or negative, if crops’ requirements are not met or if the N is immobilized for a long period of time.



While carbon cycling in natural and cultivated peatlands has been widely studied [34,35], nutrient cycles, particularly those of P and N, are less documented. Hanlon et al. [36] studied the mineralization of N in the Everglades under fully aerobic and partially flooded conditions and found that flooded soils leached less total N than drained soils (217 to 509 kg ha−1yr−1 for the drained soils vs. 168 to 345 kg ha−1yr−1 for the flooded soils), and that drained soils lost N predominantly in nitrate form (67%), while flooded soils lost only 3% of their N in nitrate form. Duguet [37] examined N mineralization in Quebec’s histosols and found that an average of 250 kg ha−1 of mineral N was released per year. Uncertainties remain about the impact of conservation practices such as the addition of plant-based amendments to peatlands for both short- and long-term cultivation because no extensive studies have been performed to quantify the effect of plant-based amendments on the N cycle. Beneficial (reduction in N loss), as well as the harmful consequences (impact on plant growth) of this conservation practice, need to be investigated.



The objective of this study was, therefore, to use a 6-month aerobic incubation to evaluate N release from two contrasting histosols amended with four distinct plant-based materials. We hypothesized that (1) the release of mineral N (minN) is more importantly reduced under the plant-based amendment compared to the soluble organic N (SON), (2) that the release reduction intensity will attenuate with time for both pools, and that (3) the woody plant-base amendments have the strongest impact on the N release pools.




2. Materials and Methods


2.1. Soils


Two histosols of different degrees of decomposition were used in this study. The first, classified as a well-decomposed Haplosaprist [1], was collected from a field in southwestern Quebec, Canada (45°10′04″ N, 73°40′34″ W) that has cultivated lettuce and onion in rotation for the past 50 years and is fertilized with approximately 18 kg ha−1 of phosphorus and 108 kg ha−1 of N per year. The second, classified as a moderately decomposed Haplohemist [1], was collected from another field in southwestern Quebec, Canada (45°08′12″ N, 73°29′22″ W). This soil was drained in 2010 and has been used as an experimental site since then. No fertilizer was applied to either site in the year before sampling.



The soils were sampled in October 2019 at a depth of 25 cm using a typical auger. The samples were dried at 60 °C for 24 h and were then hand crushed but not sieved. The initial composition of both soils is presented in Table 1.



The Haplosaprist was characterized by a higher bulk density, pH, EC and total Al, Fe contents. The Haplohemist was characterized by a higher C, C:N ratio and P content. The soils were initially characterized following standard procedures [38]. At the end of the incubation period, microbial biomass N was measured following the fumigation-extraction method of Voroney et al. [39]. Urease activity was measured following the method of Kandeler and Gerber [40]. The method comprises incubation of soil with a buffered urease solution, extraction of ammonium in KCl and HCl, followed by colorimetric ammonium determination via a modified indophenol reaction. More precisely, five grams of soil was placed in 100 mL Erlenmeyer flasks and wetted with 2.5 mL 0.72 M urea solution and 20 mL borate buffer at pH 10.0. Incubation, filtration, and colorimetric determinations were then carried out as described above, with 30 mL 1 MKC1 to 0.01 MHC1 added at the end of incubation. Urease is the enzyme that hydrolyzes urea and is considered to be a good proxy of N mineralization [41].




2.2. Amendments


Four plant-based amendments were used in this study: (1) Miscanthus (Miscanthus x giganteus); (2) willow (Salix myabeana); (3) a forest mix sampled on the edge of ditches next to the roads in farms collaborating in this project, with the predominant species being Acer negundo; and (4) BiocharFX from Airex Energy Inc., (Bécancour, Canada) which is the product of the pyrolysis at 350 °C of sawmill conifer residues. The miscanthus, willow and forest mix amendments were all chopped to obtain an approximate particle size of 5 to 10 cm (Figure 1).



Willow and miscanthus were chosen as amendments because of their potential for on-site biomass production, while the forest mix is a readily available material. Biochar, known for its multiple benefits [42], was chosen for comparative purposes.



The properties of the four amendments were characterized following standard procedures and are presented in Table 2.



Total C and N were measured by dry combustion, as described by Rutherford et al. [43] and Skjemstad and Baldock [44]. A LECO 828 instrument was used to combust the material gradually, and the resulting gas was transferred to a thermal conductivity cell to identify N and a non-dispersive infrared cell to detect C. The fiber composition (hemicellulose, cellulose and lignin) of the amendments was characterized with an Ankom 200/220 fiber analyzer (Ankom Technology Corp., Macedon, NY, USA) according to the AFNOR standard XPU44-162 (AFNOR, 2005) [45] and the extraction method of Robin [46].




2.3. Experimental Design


A total of 30 samples were analyzed: 2 soil types (Haplosaprist and Haplohemist) and 5 treatments (miscanthus, willow, forest mix, biochar, and control without amendment), repeated 3 times. The soil (80 g of air-dried soil) and amendments (1.92 g of dried amendment) were gently mixed together in Büchner funnel-like containers using a small spoon. The soil/amendment mixtures were maintained close to a water content of 0.60 kg kg−1 throughout the experiment. All samples were incubated in a room at 25 °C and 90% atmospheric humidity. The amendment rate chosen was 24 g kg−1 (eq. equivalent to 15 t ha−1) on a dry weight basis. This rate was chosen based on the results of Dessureault-Rompré et al. [7], who observed in an in situ decomposition experiment that this rate would be sufficient to compensate for annual carbon loss in a moderately degraded cultivated peatland. The experimental units were randomized.




2.4. Incubation, Leaching Procedure and Leachate Analyses


The samples were incubated for a total of 26 weeks. The leaching method was adapted from that of Stanford & Smith [47] by using Buchner funnels instead of leaching tubes. The soil samples were leached at time 0 (T0), and then every 2 weeks from week 2 (T2) to week 14 (T14), and every 4 weeks from week 14 to week 26 (T26). Two hundred mL of a solution of 0.01 M CaCl2 was used for the leaching procedure. The leachates were filtered through No. 42 Whatman filters, divided into two 50 mL flasks and frozen until analysis.



The leachates were analyzed for total dissolved organic carbon, total soluble nitrogen (TSN), mineral forms of nitrogen (NH4+ + NO3−), and total phosphorus and orthophosphate. This paper focuses on the mineral nitrogen and TSN data. The TSN pool includes a pool of mineral N (minN) and a pool of soluble organic N (SON); these pools have been found to be quantitatively comparable in mineral soils [48] and in cultivated peatlands [49]. The present study investigated both pools in order to gain insights into N cycling and investigate whether the plant-based amendment had a more pronounced impact on one or the other of these N pools. More details on carbon and phosphorus analysis are provided in Marmier [50]. NH4+ and NO3− concentrations were quantified with a Flow Injection Analysis System Quikchem 8500 Series 2 system (Lachat Instruments), using Quikchem methods 10-107-06-2-B and 12-107-04-1-F, respectively. NH4+ and NO3− were not considered separately; they were summed up and referred to as the mineral N pool. TSN in the leachates was measured using the same system with prior persulfate oxidation, according to the procedure described by Qualls [51]. Soluble organic N (SON) was calculated by subtracting NO3− and NH4+ from TSN. SON corresponds to particles smaller than 2.5 μm (pore diameter of No. 42 Whatman paper).




2.5. Data Analysis


All data analyses (regression, statistical analysis, data visualization) were performed using the RStudio ggplot and emmeans packages (RStudio Team, 2020) [52].




2.6. Kinetic Model


The amounts of minN (NH4+ + NO3−), TSN, and SON released into the solution with time were modeled with two equations, a first-order and a zero + first-order model, that were demonstrated to be effective in the work of Dessureault-Rompré et al. [53]. In the present study, the zero + first-order model was determined to be the best kinetic model, based on statistical criteria such as the root mean square error and the pseudo R2, and is as follows (Equation (1)):


  M  ( t )  =  M 1  · ( 1 − exp  (  −  k 1  · t  )  +  k 2  · t  



(1)




where M(t) is the amount of N released at time t, M1 is a depleting first-order pool (labile N pool), k1 is the release rate constant of M1, and k2 is the rate constant of a non-depleting zero-order pool (stable N pool in which N is released at a constant rate).




2.7. Statistical Analysis—ANOVA


The tolerance level for statistical analysis was determined to be at p = 0.05. A two-way analysis of variance (ANOVA), with factors defined as soil type and amendment, was performed on the whole dataset on parameters extracted from the cumulative release kinetic curves. The normality of residues and the homogeneity of the variance were checked with a Shapiro–Wilk test and a Levene test. Outliers were identified by looking at the distribution of the residues and removed if judged to be inadequate in the data set. Statistical analysis was performed on the estimated means with Tukey adjustment. Tukey’s post hoc test was systematically conducted to assess the statistical differences between the different treatments and the control. In the result tables, stars were used to describe levels of significance: 1 star (*) when 0.01 < p < 0.05, 2 stars (**) when 0.001 < p < 0.01, and 3 stars (***) when p < 0.001. Statistics analyses were performed on the kinetic parameters and on the cumulative data at the end of the incubation (T26 for time 26 week).





3. Results


3.1. Release Curves and Kinetic Parameters


In both histosols and over the entire incubation period, the release of TSN and minN, was considerably impacted by the amendments applied (Figure 2). The cumulative curves were reduced under all amendments and the released quantities decreased over time for each treatment; this effect was observed with increasing strength in the following order: biochar < forest mix < willow = miscanthus (Figure 2).



The kinetic parameters (Table 3) were extracted from each of the cumulative release curves. For TSN, in both soils, M1, the labile N pool, decreased systematically from the control ≥ biochar > forest mix > willow ≥ miscanthus.



For the Haplosaprist (more decomposed histosol), the M1 parameter estimates differed from the control by −37% for biochar, −48% for the forest mix, −70% for willow, and −76% for miscanthus. The M1 mineralization rate, k1, was not affected by the amendments. The stable N pool, k2, was significantly lower in the forest mix, miscanthus, and willow treatments compared to the control, with the reduction in the pool size ranging from −50% to −55%. For the Haplohemist (less decomposed histosol), the differences in the M1 estimates observed in relation to the control were −19% for biochar, −41% for the forest mix, −82% for willow, and −80% for miscanthus. In this soil, k1 was significantly higher in the miscanthus- and willow-amended treatments, while k2 was not significantly influenced by the amendments (Table 3).



For minN, in the Haplosaprist (more decomposed histosol), the difference in the M1 parameter estimates between the control and the amended soils was not significant for biochar, but was −51% for the forest mix, −60% for willow, and −79% for miscanthus. As opposed to the findings for the k1 estimate for TSN, k1 for the minN data was significantly reduced in the amended treatments: −58% for biochar, −52% for the forest mix, −65% for miscanthus, and −80% for willow. Finally, k2 was significantly lower in all amended treatments: −39% for biochar, −64% for the forest mix, −68% for miscanthus, and −79% for willow (Table 3). In the Haplohemist (less decomposed histosol), the M1 parameter estimates also decreased in the amended treatments: −30% for the forest mix, −81% for miscanthus, and −79% for willow. The results obtained for k1 were significant only for the miscanthus-amended treatment, where k1 increased by 134% compared to the control treatment. Finally, for k2, the forest mix, miscanthus, and willow amendments decreased this estimated pool size by 64%, 61%, and 62%, respectively (Table 3).




3.2. Cumulative Data at the End of the Incubation


Cumulative data can be used to compare the N pools (measured TSN and minN and calculated SON) recovered in the leachates during the 26 weeks incubation (Table 4). In the Haplosaprist (more decomposed histosol), the reduction in the cumulative TSN released ranged from −13% to −65%, with miscanthus and willow having the greatest impact. Similarly, the reduction in cumulative MinN recovered in the leachates ranged from −25% to −73%, with the intensity of the release reduction increasing from biochar to the forest mix to willow to miscanthus. For SON, the reductions observed for the forest mix, miscanthus, and willow treatments were not significant. In the Haplohemist (less decomposed histosol), the reduction in the cumulative TSN released ranged from −18% to −72%, with miscanthus and willow having the greatest impact. Similarly, the reduction in the cumulative minN recovered in the leachates ranged from −17% to −74%, with the impact increasing from biochar to the forest mix to willow and miscanthus. Finally, cumulative SON was reduced by 54% in the miscanthus-amended treatment and by 65% in the willow-amended treatment.




3.3. Microbial Biomass N and Enzymatic Activity


Microbial biomass N and urease activity were measured in the soil samples at the end of the incubation period. Biochar amendment did not significantly influence either the microbial biomass N or the urease activity. The addition of amendments to the Haplosaprist increased microbial biomass N significantly compared to the control: forest mix +82%, willow +230%, and miscanthus +90% (Figure 3A). The addition of amendments to the Haplohemist also increased microbial biomass N significantly: forest mix +36% (p < 0.1), miscanthus +109%, and willow +180%. A similar trend was observed for urease activity (Figure 3B). For the Haplosaprist, the addition of plant-based amendments significantly increased urease activity compared to the control: forest mix +59%, willow +60%, and miscanthus +77%. For the Haplohemist, the addition of soil amendments did increase urease activity, but the increases were not significant: forest mix +41%, miscanthus +39%, and willow +60%. Overall, urease activity was lower in the Haplohemist (less decomposed soil) than in the Haplosaprist (more decomposed soil).



A significant linear relationship was observed between cumulative leached TSN, minN, SON, and the microbial biomass N content (Figure 4).



The variability observed in the measured and calculated N pools was explained by close to 50% by the microbial N content, which increased as the N pools released in the leachate decreased. The same behavior was observed with the urease activity (Figure 5) which shows an increase in activity with decreasing N pools recovery in the leachate. The urease activity was highly related to the cumulative amount of N pools, with R2 varying between 47% and 82% depending on N pool and soil type.




3.4. MinN:TSN Ratios as Influenced by Soil Type and Amendment


Overall, the average minN:TSN ratios for the Haplohemist and the Haplosaprist soils, respectively, were as follows: control, 69% and 70%; biochar, 70% and 70%; forest mix, 66% and 70%; miscanthus, 53% and 64%; and willow, 62% and 71%. However, neither the effect of treatment nor the soil type was significant (Figure 6), and the data showed temporal variability (Figure 7).





4. Discussion


4.1. Plant-Based Amendment Impact on N Pools Release


N pools (minN and SON) release was generally higher under the Haplosaprist (more decomposed histosol) compared to the Haplohemist (less decomposed histosol). The C:N ratio of the Haplosaprist was indeed lower than the C:N ratio of the Haplohemist, which might lead to a higher mineralization potential of this soil. Furthermore, polyphenols and tannins content of the peat soil could also be a controlling factor for N mineralization, as they have been shown to control microbial activity in peat soils [54]. Although not measured in the present study, it has been shown that the polyphenol and tannin content of highly decomposed peat can be up to eight to fifty times lower than in less decomposed peat soil [55].



In addition, the plant-based amendment influence on N release was similar among soil types; a clear response to the addition of plant-based amendments was observed in this study, and this response did not attenuate over time (hypothesis 2 refuted). For the majority of the measured parameters related to N dynamics, miscanthus and willow were the amendments that most reduced the amount of N recovered in the leachate. Although the impact of the forest mix amendment was often significant, it was weaker than that of the other plant-based amendments (hypothesis 3 refuted). The results for the biochar-amended histosols were generally very close to those of the control treatment. Although the chemical properties of the two woody amendments used in this study (forest mix and willow) were similar (Table 2), willow had a greater effect on the parameters studied. Overall, the effect of willow on the parameters studied more closely resembled that of miscanthus than that of the forest mix. Although the plant-based amendments used in this study were characterized, a more detailed analysis of the chemical composition of the organic matter in the forest mix might have provided a better understanding of the results obtained. Organic amendments consist of a continuum of molecules, which can be qualified as rapidly (e.g., easily soluble sugars, amino acids, and nucleic acids), moderately (e.g., hemicellulose and cellulose), and slowly (e.g., lignin) degradable organic pools [56], and the prominence of one or another pool or molecules could have better explained the difference observed between willow and forest mix. For example, a study by Cao et al. [57] showed that the response of microbial N immobilization to organic-C addition is better explained by the chemical quality of organic-C (e.g., soluble C compounds vs. tannins) than by the C:N ratio.




4.2. Soil N Sink and Microbial Immobilization under Plant-Based Amendement


The results of this study showed a significant inverse relationship between the cumulated amount of N pools recovered in the leachates after 26 week of incubation and the microbial biomass N measured at the end of the incubation period. This indicates that at least some N immobilization occurred in the microbial biomass in the amended soils. However, the observed decrease in the N pools recovered in the leachates was greater than the decrease in the microbial biomass N, indicating that other processes, such as abiotic N immobilization (for example, sorption of NH4+ on the negative charges of the soil) or atmospheric loss, were involved. Immobilization by the microbial biomass was greater in the miscanthus- and willow-amended soils, followed by the forest mix and, to a lesser extent, biochar. Reichel et al. [56] used wheat straw, spruce sawdust (comparable to the forest mix used in this study), and pure lignin as soil amendments. Their results showed that wheat straw immobilized more N than spruce sawdust and that the lignin amendment did not cause N immobilization. In the present study, biochar did not differ significantly from the control treatment in terms of N release kinetics, which is in line with the study of Xie et al. [58], who reported that biochar at 10 Mg ha−1 did not significantly change the mineralization of inorganic and organic N. According to Plante and Parton [59], microbial N immobilization can be expected to increase with increasing size and C:N ratio of the rapidly degradable fraction of organic matter, which is usually broken down by zymogenous microorganisms within a few days [60]. Then, C and N released by the dead but previously fast-growing microbial biomass serve as additional substrates for microbes that grow more slowly on more complex organic compounds, such as cellulose, hemicellulose, and lignin [61]. Finally, more specialized organisms, such as white-rot fungi, are needed to degrade lignified structures [62].



The reduced recovery of minN and SON in the leachates from the amended histosols in the present study could be attributable to abiotic processes. Although lesser known, these processes may play an important role in soil N immobilization [63,64,65] and are considered to represent a long-term N sink [66]. Crop residues with highly recalcitrant organic compounds have been found to facilitate the incorporation of inorganic N into soil organic matter through abiotic reactions [67]. For example, the condensation reaction of NH3 with activated phenol or quinone rings [68], the reaction between NO2 and phenolic compounds to form organically bound N [69], and the reduction of NO3 to NO2 and the subsequent reaction of the latter with dissolved organic matter to form dissolved organic N [70] are all possible mechanisms involved [71]. Biotic and abiotic processes of N immobilization thus play different roles in providing available N. In the present study, it is likely that both mechanisms occurred to some degree and that the dominance of one mechanism over the other may have varied temporally during the incubation period. Urease activity increased significantly in the amended histosols (forest mix ≤ willow < miscanthus) in the present study. Urease enzymes hydrolyze urea into NH3 and CO2 [72], which can increase soil pH and N loss to the atmosphere through NH3 volatilization or N immobilization through a condensation reaction. Increased urease activity has been observed with organic fertilizers such as compost, sewage sludge, and straw mulch [73,74,75], which corresponds to the findings of the present study. Another study, however, reported decreased urease activity in amended soils [76].




4.3. N Pools Distribution


The data set created in this study was used to determine which of the N pools (minN or SON) was predominant and if they were influenced by soil type, time, and treatment. Initially, it was thought that N immobilization, whether microbially driven or not, would reduce the recovery of minN in the leachates compared to SON. Interestingly, neither soil amendment nor soil type had a clear influence on the distribution between the two pools (hypothesis 1 refuted), except for a tendency towards a lower minN:TSN ratio for the miscanthus-amended Haplohemist. This specific interaction between the Haplohemist which was rich in carbon with a higher C:N ratio compared to the Haplosaprist and the miscanthus being characterized by the highest C:N ratio and highest hemicellulose content shifted the N pools:TSN ratio toward a higher SON: TSN ratio compared to all other soil X treatment interactions. It was also observed that for the Haplohemist under miscanthus amendment, the k1 parameters for TSN, minN and SON increased, while the k1 for the other treatments remained similar to the control. This does not explain why SON is higher, but it explains that this specific interaction between Haplohemist and miscanthus induced a unique response in the kinetics of N release and in the distribution of N pools. In a shorter-term experiment conducted in pots with a comparable Haplosaprist soil and using KCl soil extracts for N analysis, Bourdon et al. (2021) [49] observed that the distribution between the N pools (minN and SON) was similar across amendments (miscanthus, willow, sorghum, switchgrass, and birch), with 58% minN versus 42% SON. However, the control in that study was characterized by a ratio of 38% minN to 62% SON, the inverse of the ratio in the control used in the present study. This difference between the amended treatments and the control treatment was not observed in the present study, where a steady N pool distribution of one-third SON to two-thirds minN across soil types and treatments was recorded. The different experimental conditions could partly explain this discrepancy. The present study also revealed a temporal variability in the N pool distribution (Figure 7). It was postulated that over the course of the experiment, C- and N-cycling microorganisms worked in pulses in response to substrate availability, and that there was also an alternation between fast- and slow-growing microorganisms, which would explain the temporal changes observed.




4.4. Open Questions and Limitation of the Study


Further research is needed to determine how the present findings would apply to field conditions and how they would influence crop quality and yield. Field experiments using different fertilizer rates and different amendment application times (fall vs. spring) should be explored. The choice of amendment is critical and will ultimately be guided by cost and accessibility. Biochar, for example, is still very expensive to acquire and spread in the field, whereas miscanthus and willow can be grown locally. Further research should also explore how this amendment strategy would influence microbial diversity in the short and long term, and how it could benefit or hinder crop growth due to reduced N availability. Finally, we acknowledge the fact that the long-term leaching experiment used in the present study has its limitations. In some cases, the CaCl2 leaching experiment has shown underestimation of mineralized nitrogen. Mulvaney et al. [77] showed that in the case of one histosol and some other types of soils, the leaching might not allow the full recovery of nitrogen [77], Moreover, an isotopic technique is particularly recognized as the recommended method to obtain estimates of soil N dynamics [78]. Further experiments should therefore include such techniques in the case of plant-based amended histosols.





5. Conclusions


Amending cultivated peatlands with carbon-rich material shows promise as a strategy to promote sustainability, here meaning an increase in the lifetime for vegetable crop production. This study involved a detailed investigation of the N dynamics observed in two types of histosols with plant-based amendments. At the amendment rate used in this study, a substantial reduction in the N pools recovered in the leachates was noted, mainly for the willow and miscanthus amendments, and this was partly attributable to microbial immobilization. The long-term incubation also revealed temporal variations in the distribution of N between the mineral and organic pools, variations that could not be explained by either soil type or amendment. Cultivated peatlands are very fertile, and such immobilization could potentially be environmentally positive, retaining N in the soils and reducing N runoff to other reservoirs such as the aquatic environment, which is known to be especially vulnerable to nutrient loading [79]. However, it remains to be determined if the difference of magnitude between the N recovered in the leachates and the accumulation in the microbial biomass is attributable to N2O losses or if abiotic immobilization is involved to a significant extent.



This study showed that the N release kinetics were significantly impacted by different types of amendments. Among those, Miscanthus and willow-based amendments reduced the most the release kinetic and the cumulative SON and minN. Microbial biomass N and urease activity were significantly related to the N released at the end of the incubation. The results of this study showed that the inputs of plant-based amendments in cultivated peatland decrease the N release in the soil, which could have beneficial impact on N losses to the environment (denitrification, runoff, and leaching) but may be deleterious to crop growth. Amendment timing as well as fertilization strategies should be further studied before generating field recommendations.
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Figure 1. Chopped materials used as soil amendments in this study (from left): (A) forest mix; (B) willow; and (C) miscanthus. 
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Figure 2. Cumulative TSN and minN and their fitting curves. The curves were computed only on measured values (TSN and minN). (A) TSN for the Haplosaprist; (B) TSN for the Haplohemist; (C) MinN for the Haplosaprist; (D) MinN for the Haplohemist; (E) SON for the Haplosaprist; (F) SON for the Haplohemist. 
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Figure 3. (A) Microbial biomass N; (B) Urease activity as a function of soil type and amendment. 
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Figure 4. Cumulative measured TSN (A), minN (B), and calculated SON (C) after 26 weeks of incubation, in relation to microbial N content in the biomass at the end of the incubation for the two soil types. The data obtained on both soil types are combined. Amendments are represented by different colors and forms. The linear relationship is drawn, and the equation is presented at the top of the graph. 
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Figure 5. Cumulative measured TSN (A), minN (B), and SON (C) after 26 weeks of incubation, in relation to urease activity at the end of the incubation period for the two soil types. Amendments are represented by different colors and forms. The linear relationship is drawn, and the equation is presented at the top of the graph. 
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Figure 6. Distribution of the MinN:TSN ratios and SON:TSN pools as a function of soil type and treatment. (B = biochar, M = miscanthus, FM = forest mix, W = willow, C = control). 
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Figure 7. Temporal evolution of the MinN:TSN and SON:TSN ratios as a function of soil type and amendment. Note that SON is calculated as the difference between TSN and MinN, which explains the inverse relationship observed between the two N pools. 
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Table 1. Initial soil properties (dry weight basis).
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	Haplosaprist
	Haplohemist





	Bulk density [g cm3]
	0.68
	0.24



	pH
	7.1
	6.5



	Ctotal [g kg−1]
	2.4
	3.9



	Ntotal [g kg−1]
	0.16
	0.17



	C:N ratio
	15
	24



	Ptotal [g kg−1]
	2.25
	5.49



	Altotal [mg kg−1]
	6.60
	1.64



	Fetotal [mg kg−1]
	11.29
	2.23



	EC (µS cm−1)
	1140
	432
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Table 2. Amendment properties (dry weight basis).
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	Miscanthus
	Willow
	Forest Mix
	Biochar †





	C [%]
	45.3
	46.4
	47.5
	72



	N [%]
	0.20
	0.34
	0.31
	0.68



	C:N ratio
	226
	136
	153
	106



	Hemicellulose [%]
	29.8
	10.9
	15.1
	NA



	Cellulose [%]
	23.0
	32.3
	30.9
	NA



	Lignin [%]
	34.8
	35.5
	38.7
	NA



	Lignin:N ratio
	174
	104
	125
	NA







N/A = Not applicable. † For biochar pH value was 8, particle size was >2 mm: 6%, 0.5 to 2 mm: 54% and <1 mm: 40% and electrical conductivity was 850 µS cm−1.
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Table 3. Zero + first-order kinetic model parameters as affected by soil type and amendment for TSN and minN. Data are presented only for the two measured parameters (TSN and minN).
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Type

	
Amendment

	
M1 †

[mg kg−1] ± SE

	
% Diff

	
k1‡

[mg (kg day)−1]

	
% Diff

	
k2 †† [mg (kg day)−1]

	
% Diff






	
TSN

	
Haplosaprist

	
Biochar

	
208.9 ± 22.5 b

	
−37%

***

	
0.072 ± 0.005 ab

	
8%

	
1.03 ± 0.06 a

	
−3%




	
Control

	
330.1 ± 18.4 a

	
0%

	
0.067 ± 0.005 ab

	
0%

	
1.07 ± 0.06 a

	
0%




	
Forest Mix

	
170.8 ± 22.5 b

	
−48%

***

	
0.078 ± 0.006 a

	
16%

	
0.53 ± 0.08 b

	
−50%

***




	
Miscanthus

	
77.9 ± 18.4 bc

	
−76%

***

	
0.058 ± 0.005 b

	
−13%

	
0.48 ± 0.06 b

	
−55%

***




	
Willow

	
100.7 bc

	
−70%

***

	
0.057 ± 0.005 ab

	
−15%

	
0.53 ± 0.06 b

	
−51%

***




	
Haplohemist

	
Biochar

	
300.8 ± 18.4 ab

	
−19%

	
0.030 ± 0.005 b

	
−1%

	
0.51 ± 0.06 a

	
8%




	
Control

	
370.0 ± 18.4 a

	
0%

	
0.031 ± 0.005 b

	
0%

	
0.47 ± 0.08 a

	
0%




	
Forest Mix

	
217.5 ± 18.4 b

	
−41%

***

	
0.047 ± 0.005 b

	
54%

	
0.45 ± 0.06 a

	
−5%




	
Miscanthus

	
72.6 ± 18.4 c

	
−80%

***

	
0.083 ± 0.006 a

	
172%

***

	
0.40 ± 0.06 a

	
−14%




	
Willow

	
65.2 ± 18.4 c

	
−82%

***

	
0.054 ± 0.005 a

	
78%

**

	
0.38 ± 0.06 a

	
−19%




	
minN

	
Haplosaprist

	
Biochar

	
171.6 ± 14.0 a

	
−16%

	
0.033 ± 0.005 b

	
−58%

***

	
0.48 ± 0.04 b

	
−39%

***




	
Control

	
205.0 ± 14.0 a

	
0%

	
0.080 ± 0.007 a

	
0%

	
0.79 ± 0.04 a

	
0%




	
Forest Mix

	
100.4 ± 17.1 b

	
−51%

***

	
0.038 ± 0.007 b

	
−52%

***

	
0.28 ± 0.05 bc

	
−64%

***




	
Miscanthus

	
44.0 ± 14.0 b

	
−79%

***

	
0.028 ± 0.005 b

	
−65%

***

	
0.25 ± 0.04 c

	
−68%

***




	
Willow

	
82.3 ± 17.1 b

	
−60%

***

	
0.016 ± 0.005 b

	
−80%

***

	
0.16 ± 0.05 c

	
−79%

***




	
Haplohemist

	
Biochar

	
198.1 ± 14.0 a

	
3%

	
0.023 ± 0.005 b

	
−25%

	
0.36 ± 0.05 ab

	
−35%




	
Control

	
192.8 ± 14.0 a

	
0%

	
0.031 ± 0.005 b

	
0%

	
0.55 ± 0.04 a

	
0%




	
Forest Mix

	
135.3 ± 14.0 a

	
−30%

	
0.033 ± 0.005 b

	
7%

	
0.20 ± 0.04 b

	
−64%

***




	
Miscanthus

	
35.9 ± 14.0 b

	
−81%

***

	
0.073 ± 0.007 a

	
134%

***

	
0.21 ± 0.04 b

	
−61%

***




	
Willow

	
41.4 ± 14.0 b

	
−79%

***

	
0.034 ± 0.007 b

	
9%

	
0.21 ± 0.04 b

	
−62%

***








SE is the standard error after ANOVA; significance of the difference between the amendments and the control is shown using stars (*** p < 0.001, ** 0.001 < p < 0.01). The color variation inside the % diff cell is always relative to the control of each group. Different letters for cumulative measured N pools indicates significant different at p < 0.05 using Tukey’s Honest Significant Difference. † M1 is a depleting first-order pool (labile N pool), ‡ k1 is the release rate constant of M1, †† k2 is the rate constant of a non-depleting zero-order pool (stable N pool in which N is released at a constant rate).
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Table 4. Cumulative (after 26 weeks of incubation) measured TSN, minN and calculated SON in mg kg−1 with the standard deviation to the mean calculated with three replicates.
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Variable

	
Soil Type

	
Amendment

	
Cumulative T26

[mg kg−1]

	
% Diff






	
TSN

	
Haplosaprist

	
Biochar

	
447.4 ± 94.7 a

	
−13%




	
Control

	
513.3 ± 51.9 ab

	
0%




	
Forest Mix

	
264.2 ± 51.9 bc

	
−41% **




	
Miscanthus

	
158.1 ± 24 c

	
−65% **




	
Willow

	
178 ± 3.2 c

	
−60% **




	
Haplohemist

	
Biochar

	
392.7 ± 41.1 b

	
−18% *




	
Control

	
477 ± 9.8 a

	
0%




	
Forest Mix

	
299.9 ± 53.2 c

	
−37% ***




	
Miscanthus

	
147.6 ± 12.9 d

	
−69% ***




	
Willow

	
133.9 ± 6.4 d

	
−72% ***




	
minN

	
Haplosaprist

	
Biochar

	
259 ± 31.7 ab

	
−25%




	
Control

	
344.4 ± 64.5 a

	
0%




	
Forest Mix

	
152.5 ± 36.6 bc

	
−56% **




	
Miscanthus

	
91.3 ± 26.5 c

	
−73% **




	
Willow

	
110.3 ± 4.8 c

	
−68% **




	
Haplohemist

	
Biochar

	
238.6 ± 3.4 b

	
−17% ***




	
Control

	
288.3 ± 6.2 a

	
0%




	
Forest Mix

	
170.3 ± 17.1 c

	
−41% ***




	
Miscanthus

	
75.1 ± 12.4 d

	
−74% ***




	
Willow

	
78.9 ± 6.1 d

	
−73% ***




	
SON

	
Haplosaprist

	
Biochar

	
193.6 ± 14.3 a

	
13%




	
Control

	
171.2 ± 66.2 a

	
0%




	
Forest Mix

	
116.7 ± 0.9 a

	
−32%




	
Miscanthus

	
67.9 ± 0.8 a

	
−60%




	
Willow

	
71.1 ± 6.1 a

	
−58%




	
Haplohemist

	
Biochar

	
192.7 ± 41.3 a

	
21%




	
Control

	
158.8 ± 15.1 a

	
0%




	
Forest Mix

	
132.0 ± 40.9 ab

	
−17%




	
Miscanthus

	
72.7 ± 8.6 bc

	
−54% **




	
Willow

	
55.0 ± 4.6 c

	
−65% ***








The % diff is in comparison with the control (negative number is a decrease compared to the mean), and Sign is the significance of the difference between the amendments and the control (*** p < 0.001, ** 0.001 < p < 0.01, * 0.01 < p < 0.05). Different letters for cumulative measured N pools indicates significant different at p < 0.05 using Tukey’s Honest Significant Difference.
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