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Abstract

:

The influence of the quantities and ratios of dissolved organic carbon (DOC) and dissolved nitrogen (DN) generated by different chemical quality classes of organic residues on soil microbial processes in the decomposition process is not well understood. If the DOC-to-DN ratio (hereafter, ratio) of the substrate is close to that of the microbial C-to-N ratio, then the DOC-and-DN stoichiometry of the substrate is balanced, resulting in enhanced microbial processing, i.e., carbon use efficiency (CUE). Uncertainty exists about the influence of DN and the DOC-to-DN ratio on CUE, particularly in high-quality class (high nitrogen) residue-treated soils. A long-term field experiment was used to explore the effect of the annual application of residues of different quality classes on decomposition processes, focusing on the effects of DOC, DN, and the ratio on the microbial metabolic quotient (qCO2), which is the inverse of CUE. DOC and DN were extracted from soils during the 13th year of the experiment. Soils treated with high-quality class groundnut residue (high-nitrogen) had higher DN (5.4 ± 2.6 mg N kg−1) and a lower ratio (6.8 ± 2.6) than those treated with medium-quality (medium-nitrogen) tamarind (3.0 ± 0.6 and 10.7 ± 2.2, respectively). The positive influence of DN on qCO2 (R2 = 0.49 *) in groundnut-treated soil suggested that the high bioavailability of DN reduced CUE due to imbalanced DOC-and-DN stoichiometry. This contradicted earlier published findings on high-nitrogen residues which had balanced DOC-and-DN stoichiometry. The positive influence of the ratio on qCO2 under the tamarind-treated soil (R2 = 0.60 *) indicated that its balanced DOC-and-DN stoichiometry enhanced CUE. High-quality class organic residues can result in either higher or lower CUE than their lower-quality class counterparts depending on whether the resulting DOC-and-DN stoichiometry is balanced or imbalanced.
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1. Introduction


The influence of the chemical quality classes of organic residues, the quantities of dissolved organic carbon (DOC) and dissolved nitrogen (DN), on soil microbial processes in the decomposition process is complex and not yet well understood. In this paper, we employ data from a long-term experiment to clarify these relationships.



Dissolved organic matter (DOM) is categorized as labile soil organic matter (SOM) [1]. DOM production in soils is a result of decomposition of plant litter and turnover of native SOM [2,3,4]. Dissolved organic C (DOC) and N (DON) are components of DOM which have been widely studied for their functions in soils [5,6,7]. In many studies, dissolved organic N is replaced by dissolved N (DN), which is the combination of dissolved organic and inorganic N [7,8,9].



DOC and DON (or DN) have been shown to be utilized by microbes [5,10], indicating their biological function. DOC and DN are shown to be incorporated into microbial biomass during earlier stages of decomposition. For instance, Zhang et al. [4] observed this phenomenon 7 days after the incorporation of litter of Chinese fir (Cunninghamia lanceolate (Lamb.) Hook.), while Cotrufo et al. [3] observed similar trends 28 weeks after incorporation of bluestem grass (Andropogon gerardii) litter in a 3-year decomposition period. A study focused on DON (amino acids, peptides, and urea) found it to be incorporated into microbial biomass at 7 days after application [6].



Because microbes need to maintain their own internal stoichiometric balance or homeostasis of the C and N nutrients, the contents of DOC and DN in soils and their interaction influence their microbial uptake. The DOC-and-DN stoichiometry exerts control over the microbial uptake. Microbial stoichiometric homeostasis means that microbes maintain their chemical composition close to constant in the face of variations in the chemical composition of their resources (substrates) [11]. Thus, the C and N nutrients in microbes are maintained at constant as indicated by their C-to-N ratio despite the changes in the C-to-N ratio of the substrates. Considering DOC and DN as the microbial substrates in soils, their C-to-N ratio relative to that of microbes indicates whether they have balanced or imbalanced stoichiometry. The balanced DOC-and-DN stoichiometry of substrates implies that the DOC-to-DN ratios of substrates are close to the C-to-N ratios of microbes [9,12]. In contrast, the imbalanced DOC-and-DN stoichiometry implies that the DOC-to-DN ratios of substrates are either substantially lower or higher than the C-to-N ratios of microbial biomass [9,12]. Balanced DOC-and-DN stoichiometry enhances microbial C use efficiency (CUE) in contrast to the imbalanced DOC-and-DN stoichiometry [7]. The microbial CUE, which reflects microbial growth relative to microbial respiration, influences the processing of SOM [11]. The CUE exerts a positive influence on the generation of microbial products in the form of microbial metabolites and necromass [13]. Such microbial products can support the formation of the stable SOM pool, notably in fine particles (silt and clay) [3,14]. The application of organic residues to improve soil fertility affects the stoichiometry of the microbial substrate in soils. Therefore, the chemical composition or quality of organic residues is an important factor regulating decomposition [15] and plays a role in controlling the stoichiometry of DOC and DN substrates in soils.



Chemical composition parameters used for characterization of organic residues into different quality classes for the purpose of soil fertility management, particularly N release, were originally identified as N, lignin and polyphenols [16]. Later studies emphasizing SOM build-up have identified cellulose as another quality parameter to classify organic residues [17,18]. Based on these studies, organic residues are classified into a spectrum of low- to high-quality classes. These quality classes are mainly based on their low to high N contents but their composition of carbonaceous compounds, i.e., lignin and cellulose, which are resistant and labile C, respectively, are also taken into account. For example, a low-N but high-lignin residue and its low-N but high-cellulose counterpart are variants of low-quality residues. The chemical quality of organic residues has been shown to influence DOC and DN quantities and DOC structural characteristics [8]. High-quality residues (high N, low lignocellulose index (LCI)) decompose more rapidly [8,19] and provide higher quantities of labile DOC and DN than their low-quality counterparts (low N, high LCI) in the early stage of decomposition [8,20]. The N-rich plant-derived residues, such as alfalfa [8] and sugarcane mill mud [7], had higher DN and lower DOC-to-DN ratios than their N-poor counterparts. The balanced DOC-and-DN stoichiometry in soils under N-rich sugarcane mill mud [7] and under tall grass prairie and mesic grassland from multiple locations [12] has been shown to have higher microbial CUE or a lower microbial metabolic quotient (qCO2) than soils under lower-N residues/unfertilized grassland vegetation. The qCO2, defined as microbial respiration per unit of microbial biomass, is used as a proxy for CUE [21] as they have been found to be negatively correlated to each other [7,22]. It should be highlighted that only a restricted number of studies have utilized incubation experiments to explore the influence of DON or DN, and their interaction with DOC, on microbial processes as regulated by contrasting organic residue quality [7,23].



A long-term field experiment is required to understand the legacy effects of contrasting quality organic residues on soil organic carbon (SOC) accumulation via temporal changes in DOC and DN quantities and their interaction and functions in situ. This need was met by a unique long-term field experiment (13 years) on a tropical sandy soil. An earlier study based on this experiment demonstrated that applying N-rich groundnut stover (GN) stimulated microbial respiration (CO2-C evolution), leading to high qCO2 or low microbial CUE as compared to medium-N tamarind leaf/petiole litter (TM), as well as N-poor rice straw (RS) and dipterocarp leaf litter (DP) across a decomposition period of one year [19]. The low CUE in soils under N-rich GN residue that were found in this study [19] contradict the results reported in earlier studies of high CUE under an N-rich amendment, sugarcane mill mud [7] or an N-rich soil of grassland vegetation [12]. These contradictory results raise questions as to whether and how high DN availability under N-rich residues plays a role in soil microbial processes.



The results of the long-term experiment showed higher SOC accumulation in soils treated with higher-N TM followed by GN than in soils treated with the lower-N DP and RS [19]. The same experiment also found higher amounts of microbially synthesized products of carbohydrates and polysaccharides in the SOC composition of bulk soils treated with higher-N GN and TM than in soil treated with RS [18]. These findings highlighted the role of residue-derived N in boosting microbial activities and growth. However, the role of DN and its interaction with DOC remain uncertain and require further investigation.



This study aimed to investigate how different quality classes of organic residues along with their chemical quality parameters impact the quantities as well as the C-to-N ratios of DOC and DN generated in successive stages of decomposition. We also aimed to investigate the influence of the resulting DOC and DN along with their DOC-to-DN ratio on microbial processes including microbial respiration, microbial biomass, and microbial CUE. In order to achieve the stated objectives, the following hypotheses were tested (1) during the early stages of decomposition, DN generated by medium- to high-quality classes of residues (medium to high N), such as TM and GN, respectively, would be higher and the DOC-to-DN ratio would be lower than in the lower-quality classes counterparts (such as N-poor RS and DP); (2) the elevated quantity of DN and a low DOC-to-DN ratio in N-rich GN would enhance microbial processes, but decrease microbial CUE, in contrast to medium-N TM and low-N RS and DP.




2. Materials and Methods


2.1. Framework of Data Used


In this research, the DOM samples studied were immediately extracted from fresh soil samples which had been collected during May 2007–April 2008 from a long-term field experiment initiated in 1995 during the 13th year of the experiment. This experiment was undertaken to study the potential of chemically contrasting organic residues to restore SOC in a degraded tropical coarse-textured soil. Details of study site and soil characteristics (Section 2.2), and treatments and experimental design (Section 2.3) were provided in Vityakon et al. [24] and Puttaso et al. [19]. There were two categories of data: (1) newly generated data on the quantitative analysis of DOC and DN concentrations with respective calculations of DOC-to-DN ratios (Section 2.4), and (2) published data consisting of initial chemical composition of organic residues (residue chemical quality) applied [19] (Table 1), microbial parameters including microbial respiration (CO2-C), microbial biomass C and N (MBC and MBN) and the microbial metabolic quotient (qCO2) [19] (Table 2). Both newly generated and published data originated from soil samples collected during the 13th year of the long-term field experiment. We employed the two sets of data to find the relationships of DN and DOC with microbial processes as intended to advance the knowledge on the role of the former in controlling microbial processing. Measurements of CO2-C evolution were performed by employing the alkaline trap method [25]. Microbial biomass C and N were determined by the chloroform fumigation–extraction technique [26]. The metabolic quotient qCO2 was calculated by dividing CO2-C (mg C kg−1 day−1) by MBC (mg C kg−1 soil) [27] following Puttaso et al. [19]. The CO2-C and qCO2 (the inverse of CUE) were higher under the high-quality class GN than the lower-quality class residues (TM, DP, and RS) during the earlier stages of decomposition (week 2–8). As decomposition continued to the mid stage (week 8), CO2-C and qCO2 under the medium-quality class residue TM decreased below all other residues. During the late stage (week 52), most microbial parameters decreased to low values relative to the earlier stages, except MBC during the late stage compared to the mid stage under all residue classes (Table 2).




2.2. Study Site and Soil


The study site was located in the research station of the Office of Agriculture and Co-operatives at Tha Phra subdistrict, Khon Kaen province, Northeast Thailand (16°20′ N; 102°49′ E). The region has distinct wet (April–September) and dry (October–March) periods [17], with a total precipitation of 874 mm and 262 mm and a mean temperature of 28 °C and 24.5 °C in wet and dry periods, respectively. The study site had a predominantly sandy soil (Khorat series (Typic Kandiustult)) with proportions of 93.4% sand, 4.5% silt, and 2.1% clay [24,28]. Initial soil properties were pH of 5.5, SOM 0.36%, total N 0.02%, Bray II P 47.2 mg kg−1, exchangeable K 0.077 cmol kg−1, and CEC 3.53 cmol kg−1 [24].




2.3. Treatments and Experimental Design


There were five treatments: (1) control (CT; no input of organic residue), (2) rice (Oryza sativa L.) straw (RS), (3) groundnut (Arachis hypogaea L.) stover (GN), (4) dipterocarp (Dipterocarpus tuberculatus Roxb.) leaf litter (DP), and (5) tamarind (Tamarindus indica L.) leaf + petiole litter (TM). The details on initial chemical quality of these organic residues are provided in Table 1, and more details on residue preparation and determination of chemical quality of organic residues are described in Puttaso et al. [19]. The experimental design was a randomized complete block (RCB) with three replications or blocks in the 4 × 4 m size of each plot. The residues were incorporated annually into the soil at approximately 15 cm depth at the rate 10 Mg dry matter ha−1 year−1 in early May. Weeds were controlled manually by lightly hoeing once a month during the rainy season and once every two months during the dry season.




2.4. Soil Collection, and Extraction and Analysis for DOC and DN


The DOC and DN (including both dissolved inorganic and organic N) concentrations were measured from freshly harvested soil. Soil samples were collected at 0–15 cm depth in two replications per plot using a bucket auger [28]. The soil sampling was conducted at weeks 0, 2, 8 and 52 following subsequent decomposition stages of contrasting organic residues before and after organic residue incorporation. In order to have DOM samples from the complete 1-year decomposition cycle, samples from weeks 0 and 52 were selected. The selection of samples from weeks 2 and 8 was based on the previous observation of the surges in DOC quantities and were related to early and mid stages of decomposition [28]. These fresh soil samples were brought to the laboratory for DOM extraction. The extraction of DOM was performed at the ratio of soil:water extractant of 1:5 (w/v) [28] using 20 g of field moist soil samples shaken with 100 mL of deionized water for 30 min. All extracts were frozen in freezers at −20 °C until analysis. Before analysis, the extracts were thawed. The process of freeze/thaw of DOM samples similar to that used in this study was not expected to have substantial effect on both bulk quantities and quality of DOC as revealed by Cook et al. [29]. Furthermore, this approach has no effect on DOC loss via flocculation as observed by Bowering et al. [30]. For dissolved organic N, it was found that the concentrations did not significantly decrease after freezing/thawing [31]. The thawed samples were filtered through 0.45 µm membrane filters (cellulose acetate; Sartorius, Göttingen, Germany). After filtration, the extractants were acidified to a pH < 2 by adding 2 M HCl and purging with pure oxygen gas for 3 min per sample to remove present inorganic C. The purging with oxygen gas converted inorganic C to dissolved CO2, which was driven off. After removal of inorganic carbon by sparging (gas flushing), DOC as non-purgeable organic C (NPOC) and DN as NPDN were simultaneously analyzed immediately with oxidative high-temperature combustion (800 °C) using a TOC/TNb analyzer (Multi N/C 2100s, Analytik Jena, Jena, Germany) equipped with a non-dispersive infrared (NDIR) detector for C and a chemical luminescence detector (CLD) for N. The purging of inorganic C from DOM samples by oxygen gas during the NPOC technique did not produce substantial change in DOM as proved by the published results of a previous study [32] (Table S1).




2.5. Statistical Analysis


Testing of the effects of organic residue chemical quality classes (Q), decomposition time (T), and their interactions (Q × T) on DOC and DN concentrations as well as respective DOC-to-DN ratios were performed under the RCB design using the generalized linear mixed model (GLIMMIX). Type III tests of significance with Kenward–Roger estimation of degrees of freedom were used to assess the main and interactive effects of Q and T. Least square estimates of means comparisons were performed using the Tukey–Kramer method. All data were tested for normality using the Shapiro–Wilk test. Those that did not meet the normal distribution were log transformed (natural log) before statistical analyses. Mean values (n = 3) of DN quantities and DOC-to-DN ratios were presented in a bar chart with standard errors of the means (SEM), unless the SEM was not available (NA) as in the cases of DN and the corresponding DOC-to-DN ratio of the control, where n = 1 due to inadequate amount of extracts for analysis in two out of three replications. Pearson correlation analysis was conducted to study linear relationships between initial chemical characteristics of plant residues and DOC, DN, as well as the respective DOC-to-DN ratios at different decomposition stages. These statistical analyses were conducted using SAS software version 9.0401M7 (SAS OnDemand for Academics, SAS Institute Inc, Cary, NC, USA). Regression analysis (linear and non-linear) was conducted to study the relationships of DOC, DN, as well as the respective DOC-to-DN ratios with microbial processes parameters. These included microbial respiration (CO2-C), microbial biomass C, microbial biomass N, and the microbial metabolic quotient (qCO2) of each decomposition stage as well as the entire decomposition period. The regression analysis was performed in the Sigmaplot 11.0 graphic software (Systat Software Inc., San Jose, CA, USA). Statistical significance was taken at p ≤ 0.05.





3. Results


3.1. Organic Residue Quality Influences Production of DOM and the DOC-to-DN Ratio during Different Stages of Decomposition


The chemical quality classes of organic residues (Q) and the length of time after their incorporation (T) shaped the contents of DOC, DN, and the respective DOC-to-DN ratio (p < 0.05). However, the interactive effects of chemical quality of organic residues and decomposition time (Q × T) did not influence the DOC production (p > 0.05) but had a strong influence on DN and DOC-to-DN ratio (p < 0.001) (Table 3). Because the DOC content was not affected by Q × T interaction, only the main effects of Q and T are considered as follows. Generally, the treatments receiving organic residues produced higher contents of DOC than CT (Figure 1a) with the average contents ranging between 21.2 ± 6.7 and 33.1 ± 10.0 mg C kg−1. Regarding effects of decomposition time on DOC, week 0 (before residue incorporation) showed a higher DOC concentration than the other decomposition stages; however, it was significantly higher than the early (week 2 after residue incorporation) and late (week 52) stages (Figure 1b).



Considering temporal patterns of DN production, DN concentrations were significantly higher in GN treatment than RS, DP, and TM since before residue incorporation (weeks 0) through to the early (week 2) and mid stages (week 8 after residue incorporation) (Figure 2a). Over the entire decomposition period, average DN concentrations were higher under GN (5.4 ± 1.3 mg N kg−1) than the other residue treatments, i.e., RS (2.5 ± 0.6 mg N kg−1), DP (2.2 ± 0.3 mg N kg−1), and TM (3.0 ± 0.6 mg N kg−1). It is notable that GN was the only treatment revealing the temporal pattern of continuous decreases in DN. The decreases were significant from weeks 0 to 8 (mid stage of decomposition) and towards week 52 (late stage), in which DN concentration was significantly lower than all other preceding weeks (Figure 2a). Dissolved N concentrations of RS, DP, and TM significantly decreased to the lowest level during the early stage (weeks 0 to 2). However, in contrast to GN, they sharply increased after the early (week 2) until mid (week 8) stages. The increase in DN was significant under TM and the untreated controls. After the mid stage, the DN concentrations of all residues, except GN, did not significantly change until the end of the late stage (Figure 2a). The higher relative decreases in DN concentrations in week 2 (% week 0) among the residues from week 0 to week 2 were in the decreasing order of RS (70) > TM (64) > DP (51) > GN (20). During week 2 to week 8, the higher relative increases in DN (% week 2) were found in lower-N residues in the decreasing order of TM (138) > RS (79) > DP (43) soils. In contrast, during this period of weeks 2 to 8, the high-N GN showed a decreasing trend, which was 29% lower DN in week 8 than week 2.



The interaction of organic residue quality and their decomposition time had strong effects on the DOC-to-DN ratios (Table 3). During the early stage (weeks 0 and 2), GN had lower DOC-to-DN ratios (6.5 ± 1.8 and 4.0 ± 1.6, respectively) than CT (14.6 ± 2.5, 13.5 ± NA), RS (10.0 ± 2.0 and 15.4 ± 1.7), DP (11.4 ± 3.9 and 22.0 ± 4.2), and TM (11.1 ± 3.3 and 16.7 ± 2.9). However, the lower ratio under GN than the other treatments was significant only in the early stage (week 2), while in week 0 it was significant relative to CT only (Figure 2b).



During the mid stage (week 8), the two lower DOC-to-DN ratios were found under TM (9.1 ± 2.5) and GN (10.2 ± 0.9), while the higher values were found under DP (17.5 ± 4.9) and RS (17.4 ± 1.2) (Figure 2b). The higher relative increases in DOC-to-DN ratios under various residue treatments during week 2 (% week 0) were in the decreasing order of DP (92) > RS (55) > TM (50) > GN (−38). During weeks 2 to 8, the relative increases in the DOC-to-DN ratios (% week 2) were in the increasing order of GN (154) > RS (13) > DP (−21) > TM (−46). Over the entire decomposition time, average DOC-to-DN ratios were lower in high- and medium-N GN (6.8 ± 1.3) and TM (10.7 ± 2.2) than the low-N RS (12.1 ± 2.7) and DP (14.1± 3.6).




3.2. Relationships of DOM with Chemical Composition of Organic Residues and Soil Microbial Parameters at Various Decomposition Stages


Dissolved organic C concentrations only exhibited a significant negative relationship with residue cellulose in week 52 (r = −0.641 *) (Table 4). Dissolved N concentrations were positively correlated with residue N contents in weeks 2 (r = 0.728 **) and 8 (r = 0.762 **) after residue application, but negatively correlated with the C-to-N ratio (r = −0.751 ** and −0.778 **, in weeks 2 and 8, respectively) (Table 4). The negative correlations of DN with residue cellulose (r = −0.610 *) and the lignin-to-N ratio (r = −0.647 *) were found during week 8. The DOC-to-DN ratios were negatively correlated to residue N concentrations during weeks 2 (r = −0.655 *) and 8 (r = −0.586 *). The DOC-to-DN ratio during week 2 was positively correlated to the C-to-N (r = 0.728 **) and lignin-to-N (r = 0.662 *) ratios of the organic residues. The positive correlation of the DOC-to-DN ratio with residue cellulose (r = 0.652 *) was found during week 8 after organic residue application (Table 4).



Dissolved organic C did not influence any soil microbial parameter throughout the decomposition stages (data not shown). However, DN did have a moderate to strong positive influence on soil microbial parameters during the early decomposition stage (week 2 after organic residue application). DN concentrations pooled from different treatments showed positive relationships with microbial respiration (CO2-C evolution) (R2 = 0.569, p = 0.015) (Figure 3a), microbial biomass N (MBN) (R2 = 0.683, p = 0.003) (Figure 3b), and the microbial metabolic quotient (qCO2) (R2 = 0.547, p = 0.019) (Figure 3c). As decomposition continued to the mid (week 8) and late (week 52) stages, concentrations of DN showed a weak influence on microbial parameters (data not shown). Regarding the DOC-to-DN ratio, the significant influence was also found in the early stage in the form of negative influence on qCO2 (R2 = 0.375, p = 0.026) (Figure 4).




3.3. The Influence of DOM Produced by Each Chemical Quality Class (Residue) on Soil Microbial Processing


No influence of DOC was found under each chemical quality class or residue treatment (data not shown). However, DN and DOC-to-DN ratios of various residues showed significant medium to strong influences on soil microbial parameters, indicating C loss (CO2-C) and retention (qCO2 the inverse of CUE) in soil systems (Figure 5). These include a positive influence of DN on CO2-C under GN (R2 = 0.479, p = 0.039) and a negative influence under TM (R2 = 0.508, p = 0.031) (Figure 5a). A positive influence of DN on qCO2 was exhibited by GN (R2 = 0.486, p = 0.037), whereas negative influences were found under DP (R2 = 0.532, p = 0.026) and TM (R2 = 0.438, p = 0.052) (Figure 5b). The DOC-to-DN ratio significantly influenced various soil microbial parameters as follows. It had positive influences on CO2-C evolution under RS (R2 = 0.499, p = 0.033) and TM (R2 = 0.585, p = 0.016) (Figure 5c). Furthermore, the DOC-to-DN ratios had strong positive influences on qCO2 under RS (R2 = 0.736, p = 0.003), DP (R2 = 0.719, p = 0.004) and TM (R2 = 0.601, p = 0.014) (Figure 5d).





4. Discussion


4.1. Organic Residues Are the Main Source of DOC


That organic residues are the main source of DOC was revealed by our results obtained from the organic residue-treated soils (Figure 1a). These results corroborate those of De Troyer et al. [2] and Mariano et al. [6]. Although in organic soils, such as mor layer of podzol, native SOM can be an important source of DOM [33], the sandy soil used in our study is intrinsically low in initial SOM (3.6 g kg−1) [24] so this initial SOM did not contribute significantly to the production of DOM.




4.2. Changes in DOC and DN Concentrations in Soils during Decomposition of Applied Contrasting Quality Class of Organic Residues Indicate the Biological Function and the Interaction of DOC and DN


The temporal changes of DOC and DN manifested themselves in dramatic decreases in DOC (Figure 1b) and DN (Figure 2a) during the early stage of decomposition (first 2 weeks after residue incorporation), indicating microbial consumption. These DOC and DN originated from the labile constituents of the residues, i.e., non-structural compounds [8], such as carbohydrates, polysaccharides, amino sugars, and proteins [34] as well as labile structural compounds, such as cellulose [8,28]. The labile DOC as an easily available energy source has prompted microbial respiration and microbial growth [2,3,4]. Our findings also indicate that the easily accessible N components in DN serve as microbial substrates, suggesting the utilization of DN by microbes. This was verified by the positive influence of DN on soil microbial activities (CO2-C evolution), and growth (MBN), and C use efficiency (CUE) (as indicated by the qCO2 index) during the early stage (week 2) (Figure 3). These results align with earlier studies [5,6,7,23]. The consumption of readily available DN by microbes caused decreases in DN during the early decomposition stage in our study, as was shown earlier by Mariano et al. [6], who found rapid microbial use of DON during the early stage (7 days) in soil from sugarcane fields, resulting in high microbial CUE. The higher relative decreases in DN during the early stage of week 2 (as % initial stage of week 0) that was observed under low-quality class residues (lower N), RS followed by TM, and DP, than occurred under high-quality class, N-rich GN, were caused by higher microbial N demands under long-term input of these low-N residues. The finding that DN production was higher in N-rich GN (Figure 2a) is supported by strong positive correlations of the initial residue N with DN and negative correlations of initial residue C-to-N ratio with DN during week 2 (Table 4) which showed that N was less limited than those in RS, DP and TM treated soils [9].



During the early stage of decomposition, DOC and DN interacted with each other exerting their biological function to the soil microbes. The effect on the soil microbes was substantiated by our critical finding of the negative influence of the DOC-to-DN ratio on microbial qCO2—in other words, the positive influence of the ratio on microbial C use efficiency (CUE)—occurring only during the early stage (Figure 4). This suggests that the interaction between DOC and DN plays a role in shaping their availability to microbes, subsequently influencing microbial CUE. Hence, the DOC-to-DN ratio could be an indicator of C [12] and N [35] abundance or limitation for microbes which influence soil microbial CUE [7,35].



A notable rise in DOC concentrations across all residue treatments (Figure 1b), as well as increases in DN in the low-quality class (lower-N) residues, TM, RS and DP (Figure 2a) were found during the mid stage of decomposition (week 8). The increases were primarily due to the generation of stable compound constituents for DOC [8] and DON [23]. Conversely, the production of DOC with labile constituents became less pronounced at this stage, consistent with previous findings [2,23,28]. The increases in the production of ‘stable’ DOC during the later stage of residue decomposition was attributed to lignin degradation [20] associated with the occurrence of microbial secondary compounds [8]. The DOC at the later stage displayed the characteristics of being more stable and microbial derived, than it did in the initial stage [36]. The presence of microbial-derived compounds, such as protein, lipids, polysaccharides, and aromatics in SOM originated from the application of plant-derived DOC is further evidence that DOC underwent microbial processing [13]. Our study on DOC molecular structure from the same DOC samples as those used in the current study has shown that the origin of the polysaccharides in DOC changed from plant- to microbial-derived as decomposition progressed from week 2 to week 8 [37]. Among the lower-quality class (lower-N) residues, TM had the highest and significant DN increase from week 2 to week 8 (Figure 2a), indicating that TM led to the higher production of DN with stable constituents, such as aromatic N compounds, as was shown earlier by [23]. That there is a positive correlation between N contents in the residues and DN concentrations supports these findings (Table 4). Another factor causing the increases in DN during week 8 was the slower decomposition rates, especially under lignin-rich DP and TM [19], which led to the delayed DN release as compared to the high- quality class residue (high-N, lower-lignin) GN. Negative correlations between the ratios of C-to-N and L-to-N of residues at the time of application with DN during this stage (Table 4) support this finding. That TM was second to GN in DN production supports our first hypothesis, implying that these higher-N residues supplied a larger amount of DN to microbes than the lower-N RS and DP.



The lowest level of DOC production across all residues (Figure 1b), which occurred during the late stage (week 52), was due to the degradation of the remaining lignin and lignin-protected cellulose. Lignin and lignin-protected cellulose in the decomposing litters were found to be continuously used during the late stage, although they provided only low amounts of energy [8]. The negative relationship of cellulose with DOC concentrations during the late stage (Table 4) further confirmed that residue cellulose did not enhance DOC production during this stage. Regarding DN, microbes continued to utilize it consistently during the later stage of decomposition (after week 8 until week 52), particularly under the N-rich GN treatment, resulting in a significant decline in DN concentrations (Figure 2a).



The biological function of DN and the DOC-to-DN ratio as indicated by their influences on microbial processing appears to be strongest during the early stage of decomposition after which the influence became weaker. The availability of labile substrates during this early stage led to high microbial growth and activities which corroborate the results of Cotrufo et al. [3] which showed that during the early stage the DOM-microbial pathway was in operation. This pathway describes the high bioavailability leading to rapid loss of non-structural compounds of decomposing residue. The loss of non-structural compounds was linearly related to the rate of DOC production. In contrast, during the later stage the labile compounds were mostly exhausted while the recalcitrant compounds were more available which did not lead to a high rate of microbial processing [3].




4.3. Contrasting Chemical Quality Classes of Organic Residues Have Different Influences on Soil Micro-Bial Processing


Among the different residue quality classes, the high-quality N-rich GN produced abundant DN (Figure 2a), leading to its strong positive influence on CO2-C evolution and microbial qCO2 (Figure 5a,b), whereas the lower DN production by TM had a negative influence on microbial CO2-C and qCO2 (Figure 5a,b). Although the N-rich GN produced higher available DN than medium-N TM, this did not translate into higher CUE (as indicated by higher qCO2) under GN than TM. This low CUE under GN indicates that its high DN availability brought about higher microbial CO2-C loss with less C retained in microbial biomass, resulting in high qCO2 (or low CUE) compared with TM. These results support our second hypothesis. Under TM, DN was used by microbes more efficiently than GN. In contrast to GN, the N-poor residue DP had a negative influence of DN on qCO2, following that of medium-N TM (Figure 5b). This implies that CUE increased with increasing DN as was the case under the low-N DP and medium-N TM residues. The DOC-to-DN ratios of medium-N TM and low-N RS and DP residues which had positive influences on CO2-C and qCO2 (Figure 5c,d) indicate the influence on microbial processes of the balanced/imbalanced stoichiometry of DOC and DN under these residues.



Among the different quality class residues during the early stage (week 2), the higher DOC-to-DN ratio under lower-N residues, RS, DP, and TM, (15.4 ± 1.7, 22.0 ± 4.2, and 16.7 ± 2.9, respectively) than that of MBC-to-MBN, i.e., approximately 5–6 [19] showed that there were large disparities between the C-to-N ratios of substrates and microbes, leading to their stoichiometric imbalances of nutrients C and N [7,9,12]. The imbalance/balance of C and N stoichiometry of organic substrates determined their availability for microbes [38]. The stoichiometric imbalances under the lower-N residues led to their having lower qCO2 (higher CUE) than under N-rich GN. GN had no disparity between its DOC-to-DN ratio (4.0 ± 1.6) and the microbial C-to-N ratio, i.e., approximately 4 [19]. Having a large disparity between the elemental stoichiometry of the substrates and microbial biomass was proposed by Manzoni et al. [39,40] and Sinsabaugh et al. [41] to decrease microbial CUE [12]. During the mid stage (week 8), TM replaced GN in having the lowest DOC-to-DN ratio (9.1 ± 2.5) as compared to GN, RS, and DP (10.2 ± 0.9, 17.4 ± 1.2, and 17.5 ± 4.9, respectively). The larger disparity between the aforementioned DOC-to-DN ratios and microbial biomass of the latter three residues, i.e., approximately 3.3, 4.0, and 4.5, respectively, led to their having a higher qCO2 (lower CUE) than TM [19] (Table 2).



Regarding the factor of residue quality, the positive relationships of cellulose and ratios of C-to-N and lignin-to-N with the DOC-to-DN ratio and the negative relationship of N with the DOC-to-DN ratio were found only in the early and mid stages (weeks 2 and 8) (Table 4). This shows that residue cellulose and N are the principal factors which influence the DOC-to-DN ratio in opposite directions. Furthermore, residue N interacted with residue C, especially resistant C compounds (lignin), to influence the DOC-to-DN ratio. This shows that these pertinent chemical quality parameters have a significant influence on DOC-and-DN stoichiometry and their biological function in the earlier stages of decomposition.



The DOC-to-DN ratio indicates whether C or N are deficient or abundant with respect to microbial demands and is an indicator of microbial C or N limitation [12,35]. GN did not significantly influence the DOC-to-DN ratio on any microbial processes, i.e., CO2-C loss and qCO2. GN brought about high availability of DN which lowered the production of DOC due to increased respiration. This can be seen not only in the high CO2-C production under GN [19] (Table 2), but also in other N-rich residues like alfalfa and oats [8,42]. High N availability in the soil environment receiving continuous application of N-rich GN results in C limitation, which stimulates synthesis of hydrolytic enzymes to catalyze C compounds [43]. An earlier study under the same long-term experiment on soil hydrolytic enzymes which catalyze C compounds, i.e., β-glucosidases, showed that GN treated soil had higher activities of this enzyme than the low-N residues, RS and DP [44]. The lower DOC-to-DN ratio of GN (6.8 ± 2.6 average value) than TM (10.7 ± 2.2) corresponded with higher qCO2 (lower microbial CUE) of the former than the latter residues [19] (Table 2). GN, hence, had imbalanced DOC-and-DN stoichiometry in the direction of low DOC but high DN availability, leading to a low DOC-to-DN ratio. The imbalanced DOC-and-DN stoichiometry of microbial substrates implies that microbes must invest their N and energy via the production of degradative extracellular enzymes, and therefore decrease their CUE [12,45]. The imbalanced DOC-and-DN stoichiometry under GN ultimately led to its low CUE which is contradictory to earlier findings under N-rich organic residues, i.e., sugarcane mill mud [7] and N-rich soil under grassland vegetation [12], which had balanced DOC-and-DN stoichiometry. TM had more balanced DOC-and-DN stoichiometry than GN, leading to higher CUE under TM.



Under the imbalanced DOC-and-DN stoichiometry, microbes need to mine SOM for C or N, resulting in an increased priming effect [9]. The application of GN residue has been demonstrated to increase the priming effect as well as total MBC (largely from residue-derived MBC) relative to lower-N RS or the mixture of GN + RS [46]. The phenomenon of increases in the priming effect and total MBC is termed ‘microbial co-metabolism’ [47] which occurs when addition of organic litter to C- or N-limited soils stimulates the increases in SOM mineralization, microbial biomass, DOM and degradative enzymes [48].



The medium-N TM had a lower average DOC-to-DN ratio (10.7 ± 2.2) than the low-N RS and DP (12.1 ± 2.7 and 14.1 ± 3.6, respectively), which corresponded to lower qCO2 or higher CUE of the former than the latter residue during the later decomposition stages (weeks 8 and week 52) (Table 2). These results further confirm our second hypothesis. Our results corroborate those pertaining to grassland soils receiving fertilizers from South Africa, the USA and the UK which all showed a negative relationship of the DOC-to-DN ratios and CUE [12]. These findings indicated that the organic C-to-N ratios of substrate relative to that of the microbes or the stoichiometry of the substrates are a key factor influencing C retention in microbial biomass relative to C loss as CO2 or CUE. The DOC-to-DN ratio of sugarcane mill mud (8.3) was found to have more balanced DOC-and-DN stoichiometry and higher CUE than the higher DOC-to-DN ratio sugarcane bagasse (12.1) and sorghum stubble (28.4) as revealed by Fang et al. [7]. Based on these findings, it can be concluded that TM had stoichiometric balance of DOC-and-DN, leading to less N limitation as compared with RS and DP. The use of inorganic fertilizers to supplement the low-N residues is one way to rectify the imbalanced C-and-N stoichiometry of the substrates and hence rectifying N limitation [35].



The balanced DOC-and-DN stoichiometry under TM in our current study corresponded with higher microbial CUE and higher C accumulation in the sandy soil matrix especially in soil microaggregates, than was found under GN, RS, and DP in the same long-term experiment of the same year [18,20]. The SOM accumulation fits the framework of the DOM-microbial pathway of MEMS (microbial efficiency mineral stabilization) proposed by Cotrufo et al. [20]. In contrast to TM, we have demonstrated that repeated application over the long term of the high-N GN resulted in C loss as CO2 which was stimulated by the resulting high DN production bringing about high N bioavailability. This counter mechanism worked against the mechanisms underlying SOC formation associated with microbial synthesis, namely regulatory N effect and SOC stabilization possessed by N-rich GN as proposed by Kunlanit et al. [18] working on the same long-term experiment of the same year.





5. Conclusions


Our results support the hypotheses as they showed that high- and low-quality class residues (high and low N, respectively) brought about imbalanced DOC-and-DN stoichiometry, which led to C and N limitation, respectively, resulting in low microbial CUE. In contrast, medium-quality class residues (medium N and lignin) brought about balanced DOC-and-DN stoichiometry, leading to high microbial CUE.



Our study has produced a novel finding that balanced/imbalanced DOC-and-DN stoichiometry, in addition to the initial chemical quality of the organic residues applied to soil, controls microbial processing. Similar-quality organic residues can result in different microbial processing, e.g., microbial CUE, depending on the resulting balanced/imbalanced DOC-and-DN stoichiometry. Our findings have important implications for soil nutrient management via the application of organic material and inorganic fertilizer. Selection of the appropriate inputs to improve soil quality requires careful consideration of the resulting changes in DOC-and-DN stoichiometry. These modifications can influence microbial processing, such as CUE. In turn, the altered microbial CUE affects SOM accumulation and the availability of C and N in the soil.
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Figure 1. Dissolved organic C (DOC) concentration as influenced by residue quality (treatments) (a), and decomposition time (weeks) (b). Different letters indicate statistically significant differences among mean DOC concentration of treatments (a) and among decomposition stages (weeks after residue application) (b). 
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Figure 2. Temporal changes of (a) dissolved nitrogen (DN), and (b) ratio of dissolved organic C-to-DN (DOC-to-DN) in soils during the 13th year of the experiment at 0–15 cm depth as influenced by different residue treatments and decomposition time. Error bars indicate the standard errors of the means (SEM, n = 3) unless the SEM was not available (NA) as in the cases of DN and the corresponding DOC-to-DN ratio of the control of week 2, where n = 1. The lowercase letters indicate statistically significant differences among treatments within each time interval and the uppercase letters indicate statistically significance of each treatment among the sampling times. 
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Figure 3. Relationships of dissolved N (DN) with (a) CO2-C evolution, (b) microbial biomass N, and (c) the microbial metabolic quotient (qCO2) in soils during the early decomposition stage (week 2 after organic residue incorporation) (n = 13). 
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Figure 4. Relationship between dissolved organic C-to-dissolved N (DOC-to-DN) ratio and the microbial metabolic quotient (qCO2) in soils during the early decomposition stage (week 2 after organic residue incorporation) (n = 13). 
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Figure 5. Relationships of dissolved N (DN) and ratio of dissolved organic C-to-DN (DOC-to-DN) ratio with CO2-C ((a) and (c), respectively), and with qCO2 ((b) and (d), respectively) of each chemical quality class of residue during the entire decomposition period (n = 9). 
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Table 1. Residue chemical composition and quality classes.






Table 1. Residue chemical composition and quality classes.





	
Treat-

Ments 1

	
Initial Organic Residue Quality 2

	
Quality Class




	
Carbon (C)

	
Nitrogen (N)

	
Lignin (L)

	
Cellulose

(CL)

	
C-to-N Ratio

	
L-to-N Ratio

	
LCI 3




	
(g kg−1)






	
RS

	
367

	
5

	
29

	
507

	
78

	
6

	
0.05

	
Low quality (low N but high CL)




	
GN

	
388

	
23

	
68

	
178

	
17

	
3

	
0.28

	
High quality (high N but low L)




	
DP

	
453

	
6

	
175

	
306

	
80

	
31

	
0.37

	
Low quality (low N but high L)




	
TM

	
427

	
14

	
88

	
143

	
32

	
6

	
0.38

	
Medium quality (medium N and L)








1 Treatments: RS = rice straw, GN = groundnut, DP = dipterocarp, and TM = tamarind. 2 Quantitative data were previously published in Puttaso et al. [19]. 3 LCI means the lignocellulose index calculated from [lignin/(lignin + cellulose)] [8].













 





Table 2. Previously published data employed in the present study pertaining to soil microbial characteristics under the annual application of organic residues during the 13th year of the long-term experiment.






Table 2. Previously published data employed in the present study pertaining to soil microbial characteristics under the annual application of organic residues during the 13th year of the long-term experiment.





	
Treat-

Ments 1

	
Variables Pertaining to Soil Microbial Characteristics during Different Decomposition Stages

(Weeks after Residue Application) 2




	
Week 2

	

	
Week 8

	

	
Week 52




	
CO2-C

	
MBC

	
MBN

	
qCO2

	
CO2-C

	
MBC

	
MBN

	
qCO2

	
CO2-C

	
MBC

	
MBN

	
qCO2






	
CT

	
3 ± 0

	
52 ± 7

	
6 ± 1

	
2.82 × 10−4

	

	
4 ± 0

	
48 ± 9

	
6 ± 1

	
1.22 × 10−4

	

	
3 ± 0

	
88 ± 6

	
8 ± 1

	
0.10 × 10−4




	
RS

	
13 ± 0

	
168 ± 20

	
31 ± 1

	
5.02 × 10−4

	

	
9 ± 1

	
100 ± 11

	
26 ± 2

	
1.37 × 10−4

	

	
6 ± 1

	
142 ± 7

	
23 ± 1

	
0.09 × 10−4




	
GN

	
18 ± 0

	
182 ± 29

	
49 ± 4

	
5.92 × 10−4

	

	
13 ± 1

	
106 ± 9

	
32 ± 2

	
1.68 × 10−4

	

	
6 ± 0

	
140 ± 12

	
27 ± 2

	
0.10 × 10−4




	
DP

	
6 ± 0

	
123 ± 6

	
22 ± 2

	
3.29 × 10−4

	

	
9 ± 1

	
93 ± 3

	
22 ± 1

	
1.48 × 10−4

	

	
4 ± 1

	
156 ± 4

	
20 ± 2

	
0.06 × 10−4




	
TM

	
12 ± 0

	
178 ± 21

	
34 ± 2

	
4.30 × 10−4

	

	
8 ± 0

	
130 ± 3

	
20 ± 1

	
0.68 × 10−4

	

	
3 ± 0

	
142 ± 10

	
25 ± 0

	
0.05 × 10−4








1 Treatments: CT = control, RS = rice straw, GN = groundnut, DP = dipterocarp, and TM = tamarind. 2 Mean values (n = 3) for all variables. Data were taken from Puttaso et al. [19]. Abbreviations: CO2-C = microbial respiration (mg C kg−1 day−1), MBC = microbial biomass C (mg C kg−1), MBN = microbial biomass N (mg N kg−1), and qCO2 = the microbial metabolic quotient (mg CO2-C kg−1 MBC h−1).













 





Table 3. Type III test of significance of fixed effects of the GLIMMIX model of residue quality, decomposition time and their interactions on dissolved organic C (DOC), dissolved N (DN) and their DOC-to-DN ratio. All data were log transformed before statistical analysis.
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Parameters

	
DF

	
p-Values and Significance Levels 1




	
DOC

	
DN

	
DOC-to-DN Ratio




	
Pr > F

	
Pr > F

	
Pr > F






	
Residue quality classes (Q) 2

	
4

	
0.0273 *

	
<0.0001 ***

	
<0.0001 ***




	
Decomposition time (T) 3

	
3

	
<0.0001 ***

	
<0.0001 ***

	
<0.0001 ***




	
Q × T

	
12

	
0.0948 ns

	
0.0004 ***

	
0.0007 ***








1 *** p ≤ 0.001; * p ≤ 0.05; ns = non-significant (p > 0.05). 2 Residue quality classes includes five treatments (control (CT), rice straw (RS), groundnut (GN), dipterocarp (DP) and tamarind (TM)). 3 Decomposition time refers to four weeks including weeks 0, 2, 8 and 52.













 





Table 4. Pearson correlation coefficients (r) of the relationships of concentrations of dissolved organic C (DOC), dissolved N (DN) and their ratios of DOC-to-DN with initial chemical composition of the four organic residues during 2, 8, and 52 weeks after residue application (n = 12 for each time interval). All variables were log transformed.
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Soil

Parameters

	
Time (Week)

	
Carbon (C)

	
Nitrogen (N)

	
Lignin

(L)

	
Cellulose

	
C-to-N

Ratio

	
L-to-N

Ratio

	
Lignocellulose Index (LCI)






	
DOC

	
2

	
0.452

	
−0.214

	
0.397

	
−0.002

	
0.267

	
0.462

	
0.252




	
8

	
−0.271

	
0.097

	
−0.198

	
0.050

	
−0.140

	
−0.168

	
−0.081




	
52

	
0.428

	
0.359

	
0.335

	
−0.641 *

	
−0.301

	
−0.018

	
0.530




	
DN

	
2

	
−0.252

	
0.728 **

	
−0.021

	
−0.416

	
−0.751 **

	
−0.563

	
0.236




	
8

	
−0.202

	
0.762 **

	
−0.096

	
−0.610 *

	
−0.778 **

	
−0.647 *

	
0.266




	
52

	
0.367

	
0.151

	
0.279

	
−0.393

	
−0.104

	
0.096

	
0.369




	
DOC-to-DN ratio

	
2

	
0.523

	
−0.655 *

	
0.347

	
0.336

	
0.728 **

	
0.662 *

	
−0.079




	
8

	
−0.129

	
−0.586 *

	
−0.141

	
0.652 *

	
0.563

	
0.356

	
−0.427




	
52

	
−0.075

	
0.312

	
−0.025

	
−0.244

	
−0.317

	
−0.254

	
0.116








*, ** mean significantly different at p ≤ 0.05 and p ≤ 0.01, respectively.
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