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Abstract: Rice straw is an abundant resource, but its use as a sandy soil amendment does not increase
soil organic matter (SOM) accumulation. Our study aimed to determine the altered decomposition
processes that result from mixing rice straw (RS) (low N, high cellulose) with groundnut stover
(GN) (high N) relative to applying these residues singly to a sandy soil to identify the mechanisms
underlying decomposition of the mixed residues. A microcosm experiment using the litter bag
technique showed synergistic, nonadditive effects (observed < predicted values) of residue mass
remaining (31.1% < 40.3% initial) that were concomitant with chemical constituent loss, including C
(cellulose, lignin) and N. The nonadditive effects of soil microbiological parameters in response to
the applied residues were synergistic (observed > predicted values) for microbial biomass C (MBC)
(92.1 > 58.4 mg C kg−1 soil) and antagonistic (observed < predicted values) for microbial metabolic
quotient (i.e., the inverse of microbial C use efficiency (CUE)) (0.03 < 0.06 mmol CO2-C • mmol
MBC−1 • hr−1) and N mineralization (14.8 < 16.0 mg N kg−1 soil). In the early stage of decomposition
(0–14 days), mixed residues increased MBC relative to the single residues, while they decreased
N mineralization relative to single GN (p ≤ 0.05). These results indicate an increase in microbial
substrate CUE and N use efficiency (NUE) in the mixed residues relative to the single residues. This
increased efficiency provides a basis for the synthesis of microbial products that contribute to the
formation of the stable SOM pool. The SOM stabilization could bring about the SOM accumulation
that is lacking under the single-RS application.

Keywords: C and N use efficiencies; microbial activity; microbial biomass; Northeast Thailand;
residue chemical composition; soil organic matter; soil respiration; Ultisol

1. Introduction

Degraded tropical sandy soils have low fertility, which can be partly attributed to
their low soil organic matter (SOM) or soil organic carbon (SOC) content. Land-use
change from forest to agriculture has accelerated loss of SOM due to burning of vegetation
in land clearing and plowing, which increase the rate of SOM decomposition [1]. The
addition of organic residues to degraded soil can improve soil properties by increasing
SOC accumulation [2]. However, the effectiveness of organic residues in restoring SOC
depends on their biochemical composition or quality [2,3], which is the primary controller
of their decomposition [3,4]. The chemical composition parameters of organic residues that
profoundly influence their decomposition include cellulose (CL), nitrogen (N), polyphenols
(PP), and lignin (L) [3,4]. Various carbonaceous (C) compounds, constituents of these
residues, are classified as labile or resistant based on their decomposability. These two
different types of C compounds differ in the extent to which they can restore soil fertility
and have profound implications for SOC accumulation and stabilization [2]. In addition
to C, the N compound constituents of organic residues interact with C and influence
decomposition and SOM accumulation [5]. In the current model of SOC accumulation
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resulting from plant litter decomposition, a more significant role in SOC stabilization is
assigned to the labile constituents of litters than their recalcitrant counterparts. These
labile constituents undergo microbial-mediated decomposition during the early stage of
decomposition, which produces microbial products that are stabilized in the soil matrix,
while the recalcitrant constituents that are mainly decomposed in the later stage produce
particulate organic matter that is physically transferred into the soil matrix [6,7].

Rice straw (RS) is a residue that is available in large quantities (50–60 million tons year−1)
in agricultural systems in Thailand [8]. Unfortunately, the use of rice straw as a soil
amendment does not promote SOC accumulation because it has high CL but low N and
L, resulting in rapid decomposition that leads to C loss as CO2 [3,9]. In addition, the
dissolved organic carbon (DOC) produced by decomposing RS is easily leached from
topsoil because of its low molecular weight, which further limits SOC accumulation [10].
Moreover, because RS has low N content, it does not improve soil N status. Groundnut
stover (GN) is also available to some farming systems in Thailand and is a high-quality
residue (high N, low L, and PP) that not only enhances soil N status but also results in high
SOC accumulation due to interactions between L and PP with N [3].

Mixing RS with GN would likely change the pattern of decomposition and lead to
higher SOC accumulation than what would result from RS alone. In an experiment in
Northeast Thailand, Keawpradit et al. [11] found that mixing RS with GN stover at a ratio
of 1:1 (w/w) produced significantly higher SOM than a mixture that contained a lower
proportion of groundnut stover (1:0.5 w/w). Moreover, a 1:1 mixture of RS with GN not only
decreased the amount of mineral N but also slowed the release of N into the soil relative
to GN alone [12]. The decrease in N release was associated with N immobilization in the
microbial biomass in the mixture. There are also studies in various global ecosystems that
have shown the positive effects of litter mixtures on SOC accumulation and N conservation.
A recent study on tree–shrub agroforestry systems in Bangladesh found that higher plant
diversity brought about higher SOC and soil N than lower diversity counterparts [13]. A
meta-analysis study showed that plant mixtures globally enhanced SOC accumulation
compared with their monoculture counterparts [14]. Another study on the decomposition
of litter mixtures of grass (Stipa baicalensis) and legumes (Melissitus ruthenica) in a natural
meadow steppe ecosystem in Mongolia showed that legumes significantly promoted the
decomposition of the grass component in the litter mixture. The legume had a greater
initial N concentration than the grass, which promoted the increase in N availability in the
mixture compared with the grass litter decomposition alone [15]. Similarly, Redin et al. [16]
found in subtropical agroecosystems an increased availability of N when stems (low N)
and leaves (high N) of representative agricultural crops (main and cover crops) were mixed
relative to when they were decomposed singly due to increased microbial N immobilization
and decreased soil N mineralization. The use of a mixture of labile and N-rich shoots and
recalcitrant roots of green manure species, vetch (Vicia sativa) and oats (Avena sativa), has
been found to lead to higher C and N contents in microaggregates than applying shoots
and roots alone. The higher soil C and N accumulation was attributed to decreases in C loss
through respiration despite increases in microbial enzyme activities [17]. Despite this body
of research, the mechanisms of microbial decomposition underlying SOC accumulation
and soil N conservation in an RS and GN mixture have not been elucidated.

Microbial decomposition is the process by which microbial decomposers use substrates
to obtain energy (catabolism) and build up their mass (anabolism). The efficiency of
microbial decomposers in using substrates is termed substrate use efficiency (SUE) and is a
measure of the amount of ATP released through catabolism compared with the anabolic
production of biomolecules [6]. A high SUE indicates that microbial decomposers have a
higher rate of anabolic processing than catabolic processing, and vice versa for low SUE.
The SUE is controlled by various factors pertaining to the substrate and the physiological
state of the microorganisms, while the controlling factors of the substrates are associated
with the chemical composition and stoichiometry of the chemical composition. With
particular attention to C and N nutrients, microbial C (CUE) and N (NUE) use efficiencies
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are the fractions of C or N in substrates that are lost relative to those incorporated into the
microbial biomass [18,19]. In other words, the CUE indicates the amount of C incorporated
into the microbial biomass used for biomass production. Microbial CUE is represented
by the ratio of C in microbial respiration to that assimilated as microbial biomass, which
is termed microbial metabolic quotient (qCO2) [20]. qCO2 was originally used to study
microbial C requirements for the maintenance of its eco-physiological status [21,22], but
was later used to study the metabolic status of forest soils with different vegetation types
(e.g., simple Fagus vs. simple Picea vs. mixed Fagus–Quercus) [23]. The different chemical
qualities of the different vegetation types were reflected in qCO2, which indicated that the
mixed vegetation forest soil had lower qCO2 than the simple forest soils [23], meaning that
mixed vegetation soil had a higher rate of anabolic metabolism than simple vegetation
soils. Generally, qCO2 is negatively correlated with microbial CUE [20], indicating that
qCO2 represents the inefficiency of microbial biomass [24]. High qCO2 values have been
used as a proxy for low microbial CUE, since more substrate C loss in microbial respiration
results in less substrate C available for microbial biomass [25].

Similar to CUE, NUE indicates the physiological function of microorganisms [26].
Microbial NUE is represented by the ratio of the mineralized N per unit of soil microbial
biomass N, which is termed microbial N metabolic quotient (qN) [27]. qN is influenced by
microbial biomass and its elemental stoichiometry [28]. Limited N conditions commonly
found in terrestrial ecosystems drive the elemental stoichiometry of heterotrophs in de-
composing organic materials to meet their physiological requirements [29,30]. Microbial
stoichiometry plays a critical role in soil N cycling in various terrestrial ecosystems on a
global scale [28], and the metabolic quotients of C (qCO2) and N (qN) have been used as
effective indicators of microbial resource use efficiency in the chronosequence of turfgrass
and native pines [27]. Increases in CUE and NUE (i.e., reduced qCO2 and qN) were found
in old turfgrass systems relative to their younger counterparts, indicating that the former
had a greater capacity to conserve soil C and N compared with the latter systems [27].
Thus, we hypothesized that microbial SUE during residue decomposition is altered when
RS and GN residues are mixed as compared with when they decompose alone.

Decomposition of mixed plant residues produces nonadditive effects, which describe
the decomposition of plant residue mixtures that can be faster or slower than the average
decomposition rate of single-component species [31]. Nonadditive effects can be divided
into two types: the synergistic effect describes the decomposition of plant residue mixtures
that are faster, while the antagonistic effects indicate slower decomposition relative to the
average decomposition rates of the single-component species [31]. Several studies on the
mixing of residues have found both types of nonadditive effects. Bonanomi et al. [32]
reported synergistic-type nonadditive effects in studying the decomposition of a mixture
between plant residues (Hedera helix and Quercus ilex) with high quality (high N con-
centration) with cellulose strips (high CL) and wood sticks (high L). Nitrogen transfer
mechanisms were found to control these synergistic nonadditive effects, indicated by N
transfer from the high-quality (H. helix and Q. ilex) to the low-quality residues (cellulose
strips and wood sticks), leading to faster decomposition (synergistic effect) of the mixed
residues than the cellulose strips and wood sticks alone. Similarly, Mao and Zeng [33] stud-
ied the decomposition dynamics and nutrient release of mixed tree and crop residues in
temperate agroforestry systems and found that increasing the proportion of crop residues
with high N concentrations (soybean leaves) resulted in a synergistic effect due to N trans-
fer. However, antagonistic effects in a mixture were found to be due to inhibited microbial
growth and activities [34], which were largely associated with the presence of recalcitrant
compounds, such as resistant substance–protein complexes [35]. We further hypothesized
that the N transfer process took place when N-rich GN was mixed with N-poor RS, which
altered the decomposition of the RS + GN mixture relative to each residue alone. The
objectives of our study were to determine the altered decomposition processes resulting
from the mixing of RS (low N, high CL) with GN stover (high N) as compared with the
decomposition of these residues when applied singly and to identify the mechanisms
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underlying altered decomposition of the mixed residues relative to the single residues that
affect SOC accumulation.

2. Materials and Methods
2.1. Soil and Plant Residues

The studied soil was a coarse-textured Khorat (isohyperthermic Typic Oxyaquic
Kandiustults) [36], an Ultisol, collected at a depth of 0–20 cm from the Fruit Tree Research
Section of Khon Kaen University, Thailand (16◦27′52′′ N; 102◦48′17′′ E). The soil was
air-dried and passed through a 2 mm sieve. The initial properties of the Khorat soil
were as follows: sand, 79.9%; silt, 17.6%; clay, 2.5% [37]; bulk density, 1.47 g cm−3; pH
(soil/H2O = 1:2.5) 5.2; cation exchange capacity (CEC), 3.5 cmolc kg−1; organic C, 4.9 g kg−1;
total N, 0.3 g kg−1; and extractable cations (mg kg−1), 156.2 for K+, 66.2 for Na+, 19.8 for
Ca2+, and 30.8 for Mg2+.

Two types of locally available plant residues, rice straw (Oryza sativa) (RS) and ground-
nut stover (Arachis hypogaea) (GN), were assessed for their soil amendment values in their
single and mixed forms. Rice straw was procured from cultivated fields of a nearby farm,
while GN depodded aerial and root parts were collected from experimental fields. Both
residues were of different quality or chemical composition; RS (low N, high C/N ratio)
was classified as low quality, while GN (high N and low C/N ratio) was high quality
(Table 1). The RS and GN residues were air-dried and cut into pieces 1 cm in length, and
the leaves of GN were processed into 1 × 1 cm pieces. To prepare the residue mixture,
the two residues were mixed in equal proportions by weight (RS/GN = 1:1 w/w). The
chemical compositions of the single and mixed residues are listed in Table 1.

Table 1. Initial chemical characteristics of plant residues.

Residues 1
Chemical Composition of Plant Residues 2

C N ADF g kg−1 L CL C/N L/N CL/N L/CL

RS 323.4 4.0 514.7 36.7 449.7 81.8 9.2 113.8 0.1
GN 347.5 17.5 546.7 108.7 408.0 19.9 6.2 23.3 0.3

RS + GN 341.6 14.3 532.3 76.7 427.0 24.0 5.4 29.9 0.2
1 RS = rice straw; GN = groundnut stover. 2 C, carbon; N, nitrogen; ADF, acid detergent fiber; L, lignin; CL, cellulose.

2.2. Incubation Experiment

A microcosm incubation experiment was set up in the dark in the laboratory with
an average temperature of 30 ◦C. There were four treatments: (1) unamended soil (CT),
(2) soil amended with RS alone (RS), (3) soil amended with GN alone (GN), and (4) soil
amended with mixed RS/GN (1:1 w/w) (RS + GN). These treatments were arranged in a
randomized complete block design with three replicates. An experimental unit consisted of
a 1 L jar (approximately 11 cm in diameter and 13 cm in height) containing 500 g (air-dried
weight) soil in a 3.5 cm thick soil layer measured from the bottom of the jar. Air-dried soil
contained in each jar was rewetted to a moisture content of 12.5% (w/w), equivalent to
70% of the water holding capacity of the soil. The units were preincubated for 7 d before
residue treatment. The moisture was maintained throughout the experiment, including the
preincubation period, by weighing the experimental units and adding distilled water to a
specified precalculated weight.

The litter bag technique was used to study the residue decomposition. Residue
materials were placed into 7 cm × 7 cm polyethylene litter bags (2 mm mesh) at a rate of
3.32 g kg−1 soil dry weight. This rate was equivalent to 10 Mg ha−1 based on the average
amounts of RS and GN residues remaining after harvest in the fields and a plow soil depth
of 20 cm. After the 7-day preincubation, the litter bag was buried in the soil in the jar at
1.5 cm soil depth from the soil surface. Nondestructive soil sampling was performed. Soil
sampling and litter bag retrieval were conducted before litter bag burial (time 0) and 3, 7,
14, 28, and 56 days after burial or after residue incorporation (DAI). Litter remaining in
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the litter bag was removed from the bag, and soil materials were removed using a brush.
The remaining cleaned litter was oven-dried at 60 ◦C until the weight did not change to
determine the remaining dry mass.

2.3. Analyses of Soil and Plant Residues

Soil particle size distribution was determined using the pipette method, and the bulk
density was determined using the core method [38]. Soil cation exchange capacity (CEC)
was determined with 1 M NH4OAc extraction at pH 7 [39], and the NH4

+ concentration
was determined using the micro-Kjeldahl method to calculate the CEC. Soil organic C was
determined by Walkley and Black wet digestion method, and total N by micro-Kjeldahl
method. Soil exchangeable basic cations (Ca2+, Mg2+, K+, and Na+) were extracted by
ammonium saturation using the 1 M NH4OAc extraction method at pH 7.0 [39]. The
levels of Ca2+, Mg2+, K+, and Na+ were determined in the soil extract using a flame atomic
absorption spectrophotometer (Flame AAS novAA® 350, Analytik Jena, Jena, Germany)
for Ca2+ and Mg2+ (in atomic absorption mode) and for K+ and Na+ (in flame photometry
mode). Soil respiration was determined using the alkaline trap method [40]. Evolved
CO2 was trapped in a small glass bottle (4 cm diameter and 6.5 cm height) containing 1 M
NaOH solution, which was placed in the microcosms and left for 24 h. Carbon dioxide
was determined by back titration with 0.5 M HCl after carbonate precipitation with excess
0.5 M BaCl2 [40]. Microbial biomass C (MBC) and N (MBN) were determined in fresh soil
samples using the chloroform fumigation–extraction method [41]. The soil was fumigated
with ethanol-free chloroform for 24 h at room temperature in a desiccator. Fumigated and
unfumigated samples (20 g) were extracted with 100 mL 0.5 M K2SO4 for MBC and 1 M KCl
for MBN. The MBC was determined after soil oxidation with K2Cr2O7 and calculated as the
difference in values between the fumigated and unfumigated samples using a kEC factor of
0.33 [42]. The MBN was determined by ninhydrin-reactive N method and calculated as the
difference in values between the fumigated and unfumigated samples using a kEN factor
of 3.1 [41]. Soil mineral N (ammonium, NH4

+-N, and nitrate; NO3
−-N) was extracted from

10 g fresh soil samples with 50 mL 2 M KCl, and an aliquot was analyzed for NH4
+-N

colorimetrically using a flow injection analyzer (FIAstar® 5000, Foss, Höganäs, Sweden).
Nitrate-N was determined with the cadmium reduction method [43] using a UV–VIS
spectrophotometer (Agilent® 5061-3387, Agilent Technologies, Waldbronn, Germany).

For residue analysis, subsamples of 0.5–1.0 g ground residue materials were dry-
ashed at 550 ◦C for 6 h [44] to determine the ash content, which signifies the mineral
or inorganic matter. The weight of the ash was subtracted from the litter dry weight to
obtain an ash-free dry weight that reflected a condition free of mineral contamination.
Analyses of the chemical composition of plant residues included the following: total C
and N in plant residues by dry combustion at 950 ◦C using a TOC/TNb analyzer (multi
N/C® 2100S, Analytik Jena, Jena, Germany); lignin, cellulose, and acid detergent fiber
(ADF) or lignocellulose were extracted with an acid detergent using a Fibretherm analyzer
(Fibretherm FT12, Königswinter, Germany), followed by their measurement using the
sequential digestion of fiber method [45].

2.4. Calculations and Statistical Analysis

Soil respiration (i.e., evolved CO2-C) was computed with Equation (1) [40]:

CO2-C = (B − V) NE (1)

where B is the volume (mL) of acid (HCl) used to titrate the alkali (NaOH) of the blank
(no soil and residue), V is the volume (mL) of acid used to titrate the soil sample, N is the
normality of acid (HCl), and E is the equivalent weight of CO2-C.

The microbial metabolic quotient (qCO2) was calculated using Equation (2) [20]:

qCO2 = CO2-C/MBC (2)



Agronomy 2021, 11, 1030 6 of 18

where CO2-C (mmol C kg−1 soil h−1) is the soil respiration and MBC (mmol C kg−1 soil) is
the microbial biomass C.

The microbial N metabolic quotient (qN) was calculated using Equation (3) [27]:

qN = Min N/MBN (3)

where Min N (mg N kg−1 soil) is the soil mineral N (NH4
+-N + NO3

−-N) and MBN
(mg N kg−1 soil) is the microbial biomass N.

The predicted values of the different parameters of the decomposing plant residues
included the remaining ash-free dry weight (AFDW), remaining C, remaining N, ADF, L,
and CL, while those for the soil parameters included CO2 evolution, MBC, soil mineral
N, MBN, qCO2, and qN. The predicted values of these residue and soil parameters were
calculated from the measured changes in these parameters for each component of the single
residues. Calculations of “predicted” changes used Equation (4):

Rp (predicted value) = (RA + RB + . . . Rn)/N (4)

where R is the remaining quantity of mass or remaining chemical constituents of the residue
or soil response, RA is the value of residue A, RB is the value of residue B, and N is the
number of residue types in the mixture.

To determine the nonadditive effects, the dynamics of plant residue decomposition
presented by “measured” or “observed value” in the mixtures were related to the “predicted
value” employing regression equations. The nonadditive effects of the soil parameters
were determined using a paired t-test between the observed and predicted values.

A two-way analysis of variance under a randomized complete block design in a facto-
rial arrangement was conducted to determine the effects of different plant residues, day
after residue incorporation (time), and their interactions on soil parameters, including CO2
evolution, MBC, soil mineral N, MBN, qCO2, and qN, as well as on plant residue parame-
ters, which included remaining ash-free dry weight (AFDW), remaining C, remaining N,
ADF, L, and CL. Mean comparisons between residue treatments and time were assessed by
the least significant difference (LSD) and standard error of the mean. All statistical analyses
were performed using the Statistix version 10.0 software (Analytical Software, Tallahassee,
FL, USA 2013). Statistical significance was set at p ≤ 0.05.

3. Results
3.1. Decomposition Dynamics of Single versus Mixed Residues

During the first 14 d after residue incorporation (0–14 DAI), all residues showed a
rapid decline in mass, and the mass remaining was lower at the end of this stage than
at the beginning (Figure 1a) (p ≤ 0.05). During the initial early stage (0–7 DAI), only the
mixed (RS + GN) treatment showed a significant decline from day 3 to day 7, indicating
enhanced decomposition in the mixed residues relative to the single residues. At the end of
this stage, RS had the highest remaining mass (70.6% of the initial remaining weight), while
GN showed the lowest remaining mass (52.2%) and the mixed residue was intermediate
(56.5%). Mixing RS with GN enhanced the decomposition of RS at the end of the first
14 DAI period. The initial rapid mass losses in all residue treatments were accompanied
by the loss of C and N (% initial) (Figure 1b,c). The N loss was particularly significant
in the mixed treatment during periods 3–7 (DAI) (p ≤ 0.05). The remaining N in mixed
residues was intermediate between the single residues, in which GN had the lowest and
RS the highest remaining N in the periods from 14 DAI onwards. The trend of a higher %
remaining N in the mixed residues relative to GN alone indicated that the mixed residues
deterred N loss compared with the single-GN application. The ADF (% initial) content,
which represents lignocellulose, increased in GN relative to the initial content (day 0)
during 3–7 DAI (p ≤ 0.05). However, that of RS and the mixed residues remained relatively
unchanged during this period (Figure 1d). As decomposition continued during 7–14 DAI,
ADF significantly decreased in all treatments (p ≤ 0.05); at the end of the first 14 DAI, ADF
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was lower in the mixed-residue treatment than in the single-residue treatments. The mixed
residues tended to lower the ADF content below that of the single residues, especially
when compared with GN.

The L content (% initial) in all residue treatments increased and was higher than
the initial relative content during the first 14 DAI (Figure 1e). The increase in L in the
mixed treatment (RS + GN) peaked at 7 DAI, while in the single residues, it peaked at
14 DAI (Figure 1e). Cellulose (% initial) in GN increased and peaked during 0–7 DAI,
while that of single-RS and mixed (RS + GN) treatments did not change during this period
(Figure 1f). However, during 7–14 DAI, CL decreased in all residue treatments (p ≤ 0.05),
and at the end of the early stage (14 DAI), CL was lower in the mixed residues than in the
single-RS treatment.

During the later period of decomposition (14–56 DAI), mass losses in all residue
treatments were not as rapid as those measured in the earlier period (0–14 DAI). During
14–28 DAI, only the mixed residues showed a significant decrease in mass, indicating
enhanced decomposition relative to both single-residue treatments alone. At 28 DAI, the
remaining mass in the mixed residues (46%) was lower than that in RS (66.5%) (p ≤ 0.05),
indicating that through mixing, RS decomposition was significantly enhanced (Figure 1a).
After 28 DAI, the mass continued to decline to 56 DAI in all treatments (p ≤ 0.05). At 56
DAI, the mixed residues had the lowest remaining mass, while single RS had the highest,
further indicating that the enhanced decomposition of RS was due to its mixing with GN.
The gradual mass losses in all residue treatments in the later period (14–56 DAI) were
accompanied by the loss of C and N (% initial) (p ≤ 0.05), except for N in the single-RS
treatment (Figure 1b,c). The ADF during the later stage (14–56 DAI) decreased only in
the single-residue (GN and RS) treatments (p ≤ 0.05) (Figure 1d). Lignin (% initial) in
the mixed treatment decreased during 14–28 DAI (p ≤ 0.05) and was lowest at 28 DAI
(Figure 1e). After 28 DAI, the L contents of the single residues (GN and RS) decreased
(p≤ 0.05), while the mixture did not; however, the L content of the mixed-residue treatment
remained lowest. The relative CL content during the later period (14–56 DAI) in all residue
treatments was stable except for RS, which showed a decrease in CL during 28–56 DAI
(p ≤ 0.05) (Figure 1f).

3.2. Dynamics of Soil Microbiological Processes with the Application of Single versus
Mixed Residues

The mixed treatment (RS + GN) had a higher cumulative CO2-C evolution than RS
(p ≤ 0.05) during the entire decomposition period. In contrast, the mixed treatment had a
lower cumulative CO2-C evolution than GN during 3–7 DAI (p ≤ 0.05) (Figure 2a). During
the later period (14–56 DAI), the mixed treatment had the highest cumulative CO2-C
evolution (p ≤ 0.05). Microbial biomass C and N, as well as mineral N, of all treatments
peaked at 14 DAI, after which they steadily decreased. The mixed treatment had the
highest MBC during 3–7 DAI and later at 28 DAI (p ≤ 0.05) (Figure 2b). In contrast, RS
had the lowest MBC in most decomposition periods except at 7 and 56 DAI. Additionally,
GN showed the highest MBC at 14 DAI (p ≤ 0.05). The MBN of the mixed treatment
was intermediate between GN (higher MBN than the mixed treatment) and RS (lower
MBN than the mixed treatment) during the entire decomposition period, except at 14 and
56 DAI, which was comparable to both GN and RS (Figure 2d). Therefore, the mixed
treatment decreased MBN below that of the single-GN treatment but increased it over that
of the single-RS treatment. Soil mineral N in the mixed treatment showed intermediate
values between GN and RS; it was lower than GN but higher than RS during the entire
decomposition period except 28 DAI, in which it had the lowest mineral N (Figure 2c).
In addition, the mixed treatment had a lower soil mineral N than GN during 14–56 DAI
(p ≤ 0.05). In contrast, the mixed treatment had a higher mineral N than RS at 14 DAI
(p ≤ 0.05). Moreover, during 28–56 DAI, the mixed treatment had lower soil mineral N
than the unamended treatment (CT).
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Figure 1. Dynamics of plant residue decomposition in litter bags at different days after residue incorporation (DAI): (a) 
remaining ash-free dry weight (% initial), (b) remaining carbon, (c) remaining nitrogen, (d) remaining acid detergent fiber, 
(e) remaining lignin, and (f) remaining cellulose. The inset table accompanying each figure shows comparisons of the plant 
residue treatments and each time interval, where lowercase letters indicate comparisons among treatments and uppercase 
letters denote comparisons among sampling dates. Different letters are significantly different (p ≤ 0.05) as determined by 

Figure 1. Dynamics of plant residue decomposition in litter bags at different days after residue incorporation (DAI):
(a) remaining ash-free dry weight (% initial), (b) remaining carbon, (c) remaining nitrogen, (d) remaining acid detergent fiber,
(e) remaining lignin, and (f) remaining cellulose. The inset table accompanying each figure shows comparisons of the plant
residue treatments and each time interval, where lowercase letters indicate comparisons among treatments and uppercase
letters denote comparisons among sampling dates. Different letters are significantly different (p ≤ 0.05) as determined by
the least significant difference test (LSD). Vertical bars represent standard error of the means (n = 3). Asterisks represent
significant difference among treatments (* significant at p ≤ 0.05).
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Figure 2. Dynamics of soil microbiological parameters at various days after residue incorporation (DAI) that were affected
by different plant residue treatments: (a) cumulative carbon dioxide-C evolution, (b) microbial biomass C, (c) mineral
N, and (d) microbial biomass N. The inset table accompanying each panel shows the comparisons of the plant residue
treatments and each time interval, where lowercase letters denote comparisons among treatments and uppercase letters
denote comparisons among the sampling DAI. Different letters are significantly different (p ≤ 0.05), as determined by
the least significant difference test (LSD). Vertical bars represent standard errors of the means (n = 3). Asterisks represent
significant difference among treatments (* significant at p ≤ 0.05; ** significant at p ≤ 0.01; *** p ≤ 0.001).

3.3. Dynamics of Microbial Metabolic and Microbial N Quotients under Single versus
Mixed Residues

Microbial CUE and NUE are the inverse of the microbial metabolic (qCO2) and micro-
bial N (qN) quotients. Each of these parameters is the ratio of the respective nutrients (C or
N) lost from the microbial decomposition subsystem to that retained within the microbial
biomass subsystem. During the first 14 DAI of decomposition, the mixed treatment reduced
qCO2 below that of the single residues, particularly GN (p ≤ 0.05) (Figure 3a). The mixed
treatment also showed a reduced qN below that of the single residues, particularly with RS
during the initial period (3 DAI) (p ≤ 0.05) (Figure 3b). After the first 14 DAI, the qCO2 and
qN of the mixed treatment did not differ from the single residues (p ≥ 0.05).

3.4. Nonadditive Effects of Mixed-Residue Decomposition Processes

The bivariate relationship between the predicted and observed values showed that
nonadditive effects of mass loss were synergistic (Figure 4a), indicating that the mixed
residues enhanced mass loss relative to the single residues. Similarly, the loss of residue
chemical constituents showed the occurrence of nonadditive synergistic effects, which
occurred more frequently than the additive or antagonistic nonadditive effects for C, N,
ADF, L, and CL loss (Figure 4b–f).
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(AFDW), (b) remaining carbon (C), (c) remaining nitrogen (N), (d) remaining acid detergent fiber (ADF), (e) remaining
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The occurrence of the nonadditive effects of the soil microbiological parameters in
the mixed (RS + GN) treatment is depicted in Figure 5. Differences between the observed
and predicted values indicated the nonadditive effects in the mixed-residue treatment. The
predicted values higher than observed values indicated antagonistic nonadditive effects,
while the observed values higher than predicted values indicated synergistic nonadditive
effects. Most soil microbiological parameters showed significant nonadditive effects during
3–14 DAI (Figure 5a–f), except for the cumulative CO2 evolution, which had a significant
synergistic nonadditive effect in the decomposition period after 14 DAI (Figure 5a). Sig-
nificant synergistic effects were found in MBC (Figure 5b), while antagonistic effects were
found in mineral N (Figure 5d) and qCO2 (Figure 5c) during 3–14 DAI.
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Figure 5. Comparison of observed values (filled bars) of the soil microbiological properties of the mixed treatments with
predicted values (open bars) days after residue incorporation (DAI): (a) cumulative carbon dioxide-C evolution, (b) microbial
biomass C, (c) microbial metabolic quotient (qCO2), (d) mineral N, (e) microbial biomass N, and (f) microbial N quotient
(qN). Observed and predicted values differ significantly at p ≤ 0.05 (*) and p ≤ 0.01 (**) using the paired t-test.

4. Discussion
4.1. Decomposition of the Mixed Residues Is Altered as Compared with Single Residues due to
Enhanced Availability of C and N in the Mixed Residues

Residue decomposition can be divided into early (0–14 DAI) and late (14–56 DAI)
stages based on temporal changes in residue decomposition parameters, including remain-
ing mass, C, N, CL, and lignocellulose (ADF), as well as soil microbiological parameters,
including mineral N and MBN. The residue parameters showed a general pattern of rapid
decrease 0–14 DAI, followed by a stable or slower decrease during 14–56 DAI. The soil
parameters showed increased content that reached a peak at 14 DAI, followed by a more
stable content (mineral N) or a sharp decrease (MBN) from 14 DAI onwards.

Mixed residues of low-quality RS and high-quality GN in equal mass showed altered
decomposition, which was mainly due to enhanced decomposition of the RS component
(Figure 1a). This finding was shown by the synergistic nonadditive effect of remaining
biomass (AFDW) (Figure 4a). This AFDW synergistic nonadditive effect was accompanied
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by those of C and N, indicating that mixed residues enhanced decomposition relative to
single residues through enhanced C and N decomposition. The enhanced decomposition
was more pronounced in the RS component than in its GN counterpart in the mixed-
residue treatment (Figure 1a–c). In addition, synergistic nonadditive effects were observed
in the CL and ADF (lignocellulose) constituents of the residues during early stages of
decomposition. The greater losses of C, N, CL, and ADF (L + CL) components in the mixed
residues resulted in a higher mass loss in the mixed residue relative to the low-quality
single RS. The occurrence of nonadditive effects partly supported our first hypothesis
that the decomposition process was altered in the mixed residues relative to the single
residues. Moreover, our results showed that the loss of C and N from the mixed residues
during the early stage was predominantly due to labile compounds such as CL- and N-
bearing compounds, such as proteins, further shown by a positive correlation between
the remaining mass of mixed residues and the relative CL (r = 0.980, p ≤ 0.001) and N
(r = 0.976, p ≤ 0.001) content, respectively (data not shown).

A mechanism underlying the observed synergistic nonadditive effects was shown
by Bonanomi et al. [32], who found significantly accelerated decay rates (i.e., synergistic
interaction) for N-poor substrates (cellulose strips) when paired with N-rich leaf litter
(Quercus ilex and Hedera helix). They reported significant N transfer from the N-rich leaf
litter to an N-poor substrate through fungal mycelia, which explained the consequent
increase in the mass loss rate of the N-poor material. Thus, increases in N content in
the residue mixture enhanced its decomposition. Talbot and Treseder [46] found in the
model plant system Arabidopsis thaliana that litter N had a positive effect on total mass
loss because it increased the loss of lignin, N, and soluble C. Not only did N transfer take
place in mixtures, but also C transfer occurred. Both C and N transfers were proposed
to occur through amino acids via fungal mycelia in a mixture of maize and pine needles,
in which N content was enhanced by the addition of N fertilizers [47]. Our results are
confirmed by other published results that indicate that C and N transfers affect mixed-
residue decomposition, which also support our second hypothesis that N and C transfers
are mechanisms that occur when CL-rich but N-poor RS is mixed with N-rich GN, which
alters the decomposition of the mixture when compared with the decomposition of each of
these residues alone.

During the early stage of decomposition, the loss of labile compounds was more rapid
in the mixed-residue treatment than in the single-residue treatments, causing an increase
in recalcitrant L content at an earlier time in the mixed-residue (7 DAI) treatment than
in the single-residue (14 DAI) treatments. This is evidence of the altered or enhanced
decomposition of labile constituents in the mixed residues relative to the single residues.
The rapid and early decrease in relative L content also indicated faster L degradation in soils
treated with mixed residues than the single-residue treatments. In the late stage, recalcitrant
compound (L) continued to be lost and was more pronounced with the mixed residues than
the single residues. The enhanced loss of L in the mixed residues in both the early and later
stages of decomposition was due to the higher supply of labile C and N compounds that
were used more by microbes in the mixed residues than in the single residues. Both labile
CL and N were found to have positive effects on L loss in the Arabidopsis thaliana study [46].
Another study by De Marco et al. [48] also reported increased L decomposition of a mixture
of N-rich litter (Q. ilex) with CL-rich but N-poor Phillyrea angustifolia litter relative to that of
the single residues. The increased L decomposition included the contribution of readily
decomposable C compounds from the C-rich litter, which increased the availability of
energetic substrates for ligninolytic fungi.

4.2. Use of qCO2 and qN as Indicators of Microbial SUE, Which Is the Main Process That Alters
Decomposition of Mixed Residues as Compared with Single Residues

Our results showed that mixed-residue soil amendment resulted in lower qCO2, or
in other words, higher CUE, than the single residues (Figure 3a), and led to significant
antagonistic nonadditive effects of qCO2 throughout the early stage of decomposition
(Figure 5c). The higher CUE in the mixed residues was due to higher C conservation in
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microbial biomass (MBC) (Figure 2b) and lower C loss as CO2 (Figure 2a) than in the single
GN, which further affected the antagonistic nonadditive effects of qCO2. Mixing GN with
RS significantly reduced the release of CO2-C relative to GN alone during the first 7 d of
decomposition (Figure 2a). This corresponded to the higher MBC in the mixed residues
than in the single-GN-residue treatment (Figure 2b). Carbon in the mixed residues was
conserved in the microbial biomass, leading to dramatically increased CUE relative to
the single GN (Figure 3a). The conservation of C in the microbial biomass in the mixed
treatment manifested in the synergistic nonadditive effects of MBC during the early stage of
decomposition (Figure 5b). However, the loss of C in the form of CO2 was not significantly
altered, as shown by the absence of nonadditive effects of CO2-C evolution (Figure 5a). The
increase in C conservation in the microbial biomass or the increase in MBC that resulted in
high CUE in the mixed-residue treatment was likely due to the transfer of C in microbially
transformed compounds, notably amino acids and amino sugars [47,49]. The significantly
higher microbial CUE in the mixed residues during the early stage of decomposition
was only significant when compared with GN, but not RS. These results suggest that the
chemical composition of litter changes when residues are mixed, compared with their
singular composition. Relative to GN, the mixed residues had lower L (76.7 g kg−1 in the
mixed residues vs. 108.7 g kg−1 in GN) but higher CL (427 g kg−1 in the mixed residues
vs. 408 g kg−1 in GN). These differences in L and CL contents between the mixed and
single-GN residues led to a lower ratio of L/CL in the mixed treatment (0.18) than in
the GN (0.27) treatment. Indeed, the mixed residues had higher available C substrates
in the form of a labile compound (CL) but lower recalcitrant L than GN. Conversely, the
mixed and GN residues had higher L but lower CL than RS when compared with that
between the mixed and RS residues alone. The mixed residues had a chemical composition
with less available labile C but higher recalcitrant C than single RS, which did not bring
about significant enhancement of CUE in the mixed-residue treatment relative to the
single-RS-residue treatment.

Labile C constituents of residues enhanced decomposition, while recalcitrant C in-
hibited decomposition [50]. Our results support this previous finding, as we also found
a positive correlation between CL and the remaining ash-free dry weight of residues
(r = 0.980, p ≤ 0.001) (data not shown). In addition, a lower ratio of L/CL in the mixed
residues relative to GN alone indicated that CL allowed for effective microbial use of L
in the mixed residues than the single GN [46]. The nitrogen constituent of these residues
has been shown to play an important role in increasing CUE [51]. By mixing N-rich GN
with N-poor RS, the mixed residues reduced N limitation relative to the single RS, leading
to the stimulation of microbial use of available C, as shown by the increased MBC and
CO2-C evolution, resulting in higher CUE in the mixed treatment relative to single-RS
treatment. A recent study comparing the decomposition of legume aboveground residues
of Calliandra calothyrsus of medium and high quality based on N contents of 19.9 and
22.5 g kg−1, respectively, showed that the high-quality residue with lower qCO2 indicated
higher CUE than its medium-quality counterpart [52]. Alleviation of the N limitation
by using N-poor residues and mixing them with an N-rich residue can be described by
the ecological stoichiometry theory [19] as creating a stoichiometric imbalance between
residues and decomposer microorganisms [53,54]. In this case, the imbalance in the C
and N nutrients is indicated by the C/N ratio. Under the restored N-sufficient conditions
through the mixing of N-rich GN with N-poor RS, the microbial growth was stimulated
relative to the N-deficient conditions of the single-RS treatment, leading to a decreased
C/N ratio of the mixed residues. It is established knowledge that C is lost at a faster rate
than N, and N is conserved in the microbial biomass [55]. Further, the effects of higher CUE
in the mixed treatment than in the single-residue treatments on the soil matrix indicated
higher production of microbial products leading to higher SOM stabilization in the soil
matrix [6]. Our results also indicate that more SOM accumulation could result from the
application of mixed (RS + GN) residues than that of any one of these residues applied
singly to soils.
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Similar to qCO2, the mixed residues resulted in lower qN (i.e., a higher microbial
NUE (the inverse of qN)) than the single residues in the early stage of decomposition.
However, a significant difference was only observed between the mixed residues and RS in
the initial stage (0–3 DAI) (Figure 3b). The higher NUE in the mixed treatment was due to
decreased mineral N release relative to the single GN (Figure 2c), which was manifested
in the significant antagonistic nonadditive effects of mineral N (Figure 5d). These results
are consistent with those of Redin et al. [16], who showed that increased N availability
from mixing low-N with high-N organic materials led to decreased soil N mineralization.
The microbial NUE in the mixed treatment was only significantly higher than that in RS in
the initial stage of decomposition (0–3 DAI). The change in C and N stoichiometry in the
mixed treatment relative to the single-RS treatment was likely the controlling factor for the
microbial NUE of residues [28–30]. Under RS alone, there was limited N availability, which
was not conducive to microbial N metabolism, as indicated by the low MBN (Figure 2d)
and mineral N in the RS treatment (Figure 2c). The increase in N availability in the
mixed-residue treatment increased N metabolism, as shown by the increased MBN and
significantly increased mineral N relative to the single RS. Thus, there was an N transfer
from the N-rich GN to the N-poor RS when they were in a mixture. N transfer is found in
microbially transformed compounds, for example, amino acids and amino sugars [47,49].
In addition, stoichiometric imbalance was created by mixing residues, as shown by the
C/N ratio, and resulted in a decreased C/N ratio in the mixed residue relative to the
single-RS residue. Our results show that NUE with RS treatment was lower than that in the
mixed residues. These results corroborate those of Mooshammer et al. [19], who showed
that at a low organic resource C/N ratio, microbial NUE rapidly increased, whereas at high
resource C/N ratios, the increase in microbial NUE was less pronounced. In addition, a
recent global meta-analysis of published data from various terrestrial ecosystems, including
grasslands, forests, croplands, and wetlands in temperate and tropical zones with different
soils [28], has shown N limitation, which restricts microbial biomass on a global scale. Thus,
N limitation induces microbes to increase their metabolism to gain N.

5. Conclusions

Our results support the hypothesis that mixing N-poor but CL-rich RS with N-rich
GN altered decomposition compared with the decomposition of the two residues alone, as
shown by the nonadditive effects of residue mass loss concomitant with that of chemical
constituents including C (cellulose, lignin) and N. The altered decomposition processes
were more pronounced during the early stages of decomposition. The mechanisms under-
lying the altered decomposition include increased microbial SUE (or decreased qCO2 and
qN) and increased CUE and NUE under the mixed residues relative to the single residues.
The increased CUE was a result of the increased MBC of the mixed residues relative to
both single residues. The increased NUE of the mixed residue was due to the increased
MBN of the mixed residue relative to the single RS residue and decreased N loss due to N
mineralization relative to the single GN. Mixing GN with RS alleviated soil N limitations
under a single RS and concurrently increased labile C (cellulose) availability relative to the
single GN. These factors enhanced the microbial substrate use efficiency (SUE) for both C
and N nutrients in the mixed residue. The increase in SUE provides a basis for the synthesis
of microbial products that contribute to the formation of the stable SOM pool. The SOM
stabilization could bring about the much-needed SOM accumulation that is lacking under
the single-RS application. Our findings have implications for the balanced use of organic
amendments that contain both C and N to restore SOM, especially in degraded sandy soils.
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