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A B S T R A C T

Background: Forest soils in tropical and subtropical areas store a significant amount of carbon. Recent frameworks
to assess soil organic matter (SOM) dynamics under evolving global conditions suggest that dividing bulk SOM
into particulate and mineral-associated organic matter (POM vs. MAOM) is a promising method for identifying
how SOM contributes to reducing global warming. Soil macrofauna, earthworms, and millipedes have been found
to play an important role in facilitating SOM processes. However, how these two co-existing macrofaunae impact
the litter decomposition process and directly impact the formation of POM and MAOM remains unclear.
Methods: Here, we set up a microcosm experiment, which consisted of 20 microcosms with four treatments:
earthworm and litter addition (E), millipedes and litter addition (M), earthworm, millipedes, and litter addition
(EþM), and control (only litter addition) in five replicates. The soil and litter were sterilized prior to beginning the
incubation experiment to remove any existing microbes. After incubating the samples for 42 days, the litter
properties (mass, C, and N contents), soil physicochemical properties, as well as the C and N contents, and POM
and MAOM 13C abundance in the 0–5 and 5–10 cm soil layers were measured. Finally, the relative influences of
soil physicochemical and microbial properties on the distribution of C and N in the soil fractions were analyzed.
Results: The litter mass, C, and N associated with all four treatments significantly decreased after incubation,
especially under treatment EþM (litter mass: �58.8%, litter C: �57.0%, litter N: �75.1%, respectively), while
earthworm biomass significantly decreased under treatment E. Earthworm or millipede addition alone showed no
significant effects on the organic carbon (OC) and total nitrogen (TN) content in the POM fraction, but joint
addition of both significantly increased OC and TN regardless of soil depth. Importantly, all three macrofauna
treatments increased the OC and TN content and decreased the 13C abundance in the MAOM fraction. More than
65% of the total variations in the distribution of OC and TN throughout the two fractions can be explained by a
combination of soil physicochemical and microbial properties. Changes in the OC distribution in the 0–5 cm soil
layer are likely due to a decrease in soil pH and an increase in arbuscular mycorrhizal fungi (AMF), while those in
the 5–10 cm layer are probably caused by increases in soil exchangeable Ca and Mg, in addition to fungi and
gram-negative (GN) bacteria. The observed TN distribution changes in the 0–5 cm soil likely resulted from a
decrease in soil pH and increases in AMF, GN, and gram-negative (GP) bacteria, while TN distribution changes in
the 5–10 cm soil could be explained by increases in exchangeable Mg and GN bacteria.
Conclusions: The results indicate that the coexistence of earthworms and millipedes can accelerate the litter
decomposition process and store more C in the MAOM fractions. This novel finding helps to unlock the processes
by which complex SOM systems serve as C sinks in tropical forests and addresses the importance of soil mac-
rofauna in maintaining C-neutral atmospheric conditions under global climate change.
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1. Introduction

Soils comprise the largest carbon pool in the terrestrial biosphere. As
such, its ability to fix CO2 is an essential consideration given the concern
over global climate change and the initiative to counteract warming
conditions (Bradford et al., 2016; Jackson et al., 2017). However, due to
an incomplete understanding of soil organic matter (SOM) stabilization
and destabilization mechanisms, as well as its functional complexity,
numerous uncertainties exist in the global model that is used to predict
SOM fate under changing environments (Rossel et al., 2019; Lehmann
et al., 2020; Chen et al., 2021; Chandel et al., 2023). Recent research
suggests that dividing bulk SOM into a mineral-associated organic matter
(MAOM) fraction and a particulate organic matter (POM) fraction en-
ables SOM dynamics to be accurately demonstrated, as POM and MAOM
can be better linked to the litter decomposition process and the associ-
ated soil carbon (C) transformation processes (Cotrufo et al., 2019;
Lavallee et al., 2020; Gill et al., 2021; Li et al., 2023). The POM fraction is
predominantly comprised of partly decomposed lightweight plant frag-
ments, while the MAOM fraction consists primarily of those that are
protected through their association with minerals (Lavallee et al., 2020).
Importantly, the different turnover rates of POM and MAOM may
significantly affect SOM dynamics, yet most current microbial models
employed for simulating SOM cycling do not consider these differences
(Angst et al., 2023; Chandel et al., 2023). Therefore, understanding POM
and MAOM behavior during litter decomposition is critical for assessing
and predicting SOM dynamics (Lyu et al., 2023).

More than 60% of the plant biomass is returned to soils via the litter
decomposition process. Moreover, the litter decomposition process con-
tributes to one of the largest C fluxes in terrestrial ecosystems and
strongly affects soil C sequestration (Wardle et al., 2004; Craig et al.,
2022). Although litter decomposition processes are largely co-controlled
by soil fauna and microorganisms, fewer empirical studies have been
conducted on the former than the latter (Gonz€alez and Seastedt, 2001;
Bradford et al., 2002; Snyder and Hendrix, 2008; Liang et al., 2017;
Potapov et al., 2022). This research gap is problematic, as soil fauna
functions particularly that of typical macrofauna (i.e., earthworms and
millipedes), can not be neglected when building a global C model
(Bradford et al., 2002; Chandel et al., 2023). Earthworms and millipedes
are typical soil macrofauna in forest ecosystems and these organisms
have similar body sizes and feeding habits (Potapov et al., 2021). Milli-
pedes and epigeic/anecic earthworms mainly feed on litter—they each
demonstrate unique behavior that impacts the soil processes differently
(Potapov et al., 2022). Specifically, millipedes generally reside on the
soil's surface, while earthworms inhabit the surface and middle/lower
subsoil layer (Seeber et al., 2006). Moreover, the structure and nutrient
content of their faeces differ due to earthworms and millipedes digesting
plant residues in dissimilar quantities. Millipede fecal pellets usually
contain more organic matter than earthworm casts and may lead to a
bottom-up effect on soil microorganisms (Scheu and Schaefer, 1998; Joly
et al., 2018). Given the functional and behavioral differences between
millipedes and earthworms, it is reasonable to suspect that they have
different and unique impacts on C and N distribution in the POM and
MAOM fractions.

While previous studies have investigated the regulating effects of soil
macrofauna on the litter decomposition process and soil carbon seques-
tration, few have made or evaluated the direct link between the litter
decomposition process and C and N distribution in POM and MAOM
fractions (Tian et al., 1995; Gergocs and Hufnagel, 2016; Sauvadet et al.,
2016; Angst et al., 2023). For example, numerous studies have been
conducted investigating earthworm-microbe interactions and the effects
of earthworms on plant growth, soil C biogeochemical cycling, and soil
structure, making earthworms among the most prolifically investigated
macrofauna (Edwards et al., 2013; Pant et al., 2017; Vidal et al., 2023).
Recent studies conducted using lab incubational experiments showed
that earthworms can convert labile plant C compounds into stabilized C
pools by increasing its microbial necromass content, without altering the
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bulk soil C contents. These results further elucidated the central role of
earthworms in forming and stabilizing microbial necromass during litter
decomposition (Angst et al., 2019, 2022). However, how earthworm
interaction with other soil macrofauna (e.g., millipedes) affects C and N
distribution during litter decomposition has seldom been directly
investigated (El-Wakeil, 2015; Macias et al., 2019). In theory, the C and N
content in POM may increase in response to macrofauna crushing large
litter debris into smaller particles during the first stage of the litter
decomposition process (Gill et al., 2021; Craig et al., 2022). In addition,
bioturbation may alter the soil microenvironment and mineral proper-
ties, e.g., Fe, Ca, Mg, and Al contents, and further affect SOM cycling
(Arrazola-Vasquez et al., 2022; Vidal et al., 2023). In essence, experi-
ments designed to clarify the relationship between different soil macro-
fauna species and C and N distribution in soil fractions should be
conducted.

Tropical and subtropical forests comprise 56% of earth's forested area
and are vital for soil biodiversity and providing C storage to combat
global warming (Andreas, 2020; Dong et al., 2023). Themacrofauna (i.e.,
earthworms and millipedes) in these forest ecosystems generally
constitute most of the total soil animal biomass and substantially
contribute to soil food-web functioning (Bar-On et al., 2018). Never-
theless, the direct effects of soil macrofauna on C and N distribution in
tropical and subtropical forests are still poorly understood (Gongalsky,
2021). Herein, sterilized litter and soils were used in a 42-day soil
macrofauna incubational experiment that was designed to test whether
macrofauna can affect the C and N distribution in POM and MAOM
fraction. We hypothesized that the presence of soil earthworms or mil-
lipedes would transform the litter-derived C and N into POM and MAOM
fractions. However, their effects on litter decomposition and trans-
formation would be more pronounced under combined addition than
sole addition. Our research objectives were to (I) investigate the effects of
adding macrofauna (earthworms, millipedes, or both) to sterilized soil on
litter properties and C and N distributions in POM and MAOM fractions;
and (II) determine the relative influence of soil physicochemical factors
and microbial properties on the C and N distributions in two fractions in
the presence of macrofauna.

2. Materials and methods

2.1. Materials preparation and experimental set-up

This study was performed in the South China Botanical Garden,
Chinese Academy of Sciences (23�130 N, 113�280 E). The area exhibits a
monsoon climate, with a mean annual temperature and a mean annual
precipitation of 23 �C and 1,761 mm, respectively. A common species of
earthworm (Eisenia fetida) and millipede (Spirobolus walkeri) were
selected as the macrofauna for this investigation (Potapov et al., 2022;
Liu et al., 2023). Both macrofauna are soil detritivores that live below the
litter layer and feed on partially decomposed leaf litter. Utilized soils
were collected in the garden. The soil is classified as Red Soil, according
to the Chinese Soil Classification system, and is characterized by the
following properties: pH ¼ 5.0, moisture ¼ 10%, total carbon (TC)
~14.9 g⋅kg�1, and total nitrogen (TN) ¼ 0.94 g⋅kg�1. All soil samples
were passed through a 2-mm screen to remove visible roots, litter, and
rocks. The partially decomposed Juglans regia leaves were collected and
mixed, washed in tap water, autoclaved, and then dried in a 60 �C oven.
The litter total C and N concentrations were 330.5 and 19.5 g⋅kg�1,
respectively.

Prior to being added to the experimental microcosms, all collected
macrofauna were incubated for �10 days in an incubational box to
ensure they adapted to the lab environment and remained at ontogenetic
stages. 20 microcosms were built and situated in the laboratory. The
microcosms were then randomly selected to be treated with one of the
four potential treatments: earthworm and litter (E), millipedes and litter
(M), earthworm, millipedes, and litter (EþM), and the control (only
litter), such that each treatment was replicated in five microcosms
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(Fig. 1). The PVC column (25 cm depth and 15 cm diameter) was dug on
the tab, and the soil, litter, and macrofauna were placed in an orderly
fashion. The soil was packed to a depth of ~12 cm. To ensure enough
living space for the soil macrofauna, 6 earthworms were used for treat-
ment E, 3 millipedes for treatment M, and 6 earthworms þ 3 millipedes
for treatment EþM. All fresh soils were sterilized to kill existing microbes
in an autoclave pot at 126 �C and 0.142 MPa for 40 min. Thus, the direct
effects of soil microbes on litter decomposition were primarily elimi-
nated, enabling the experiment to provide direct evidence regarding how
soil macrofauna influences C and N distribution in different SOM frac-
tions. The microcosm experiment was executed for 42 days under lab
temperatures and humidity. To avoid the organic matter being repeat-
edly recycled, we stopped the experiment when we did not see any big
litter fraction in the EþM hole. More detailed information related to the
materials and experimental set-up can be found in Liu et al. (2023).

2.2. Litter and soil sampling and analysis

After 42 days of incubation, the litter on the soil's surface was care-
fully collected using tweezers and oven-dried to a constant weight.
Subsequently, litter samples were ground to powder in preparation for
the C and N analyses. Next, the earthworms andmillipedes in the 0–5 and
5–10 cm soil layers were collected using the hand-collection method, and
the total macrofauna mass of each treatment was weighed and recorded.
Prior to being weighed, the macrofauna collected from each hole were
wiped with a brush to remove the soil and litter on the macrofaunal body.
In addition, the earthworms' and millipedes' faeces products were care-
fully collected with a spoon immediately after the macrofauna were
removed. Notably, no earthworm faeces were observed in the EþMholes,
as most of it had been eaten bymillipedes. Finally, the soil in the hole was
mixed and stored in the cold room until it was analyzed. In total, 40 soil
samples (4 treatments � 5 replicates � 2 soil layers), 20 litter samples (4
treatments � 5 replicates), and 15 samples of macrofauna faeces (3
treatments � 5 replicates) were collected for analysis.

The soil suspension pH (1:2.5, soil/water) was measured with a pH
meter. Soil moisture was measured using fresh soil that was oven-dried at
105 �C. The total carbon (TC) and nitrogen (TN) of litter and soil were
determined using a C–N analyzer with isotope probes (Analytik-Jena
multiN/C 3100; Germany). Soil microbial biomass carbon (MBC) and
nitrogen (MBN) were determined with extracts from fresh soil using 0.5
mol⋅L�1 K2SO4. Furthermore, MBC and MBN were determined with a
Multi N/C 21,005 (Analytik-Jena AG). The biomass of fungi, bacteria, GP
Fig. 1. Diagram of the experim
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bacteria, GN bacteria, and Actinomycetes (Act) was indicated by the
phospholipid fatty acids (PLFAs), which were extracted from freeze-dried
soil and analyzed using a gas chromatograph (Agilent 6850, MIDI V.6.2;
Agilent USA; Grayston et al., 2004). The concentrations of soil available
Fe (AvFe) and Al (AvAl) and exchangeable Ca (ExCa) and Mg (ExMg)
were measured via extracts created from 10 g of dried soil and 25 ml of
0.5 mol⋅L�1 BaCl2. The elements were further measured with an induc-
tively coupled plasma optical emission spectrometer (Thermo Electron
Corporation, USA). More details associated with these processes can be
found in Liu et al. (2023).

2.3. Physical fractions

The bulk soil was divided into POM and MAOM fractions using a wet-
sieving method (Lavallee et al., 2020; Niu et al., 2022). Soil fraction with
particles ranging in size from 0 to 53 μm was defined as MAOM, while
that with particle sizes from 53 to 2,000 μm was defined as POM. The
division was accomplished using the following procedure (Lavallee et al.,
2020): First, ~20 g of air-dried soil was weighed in a 250 ml jar. To
overcome hydrophobicity and ensure the soil being completely
dispersed, each soil sample was sprayed with water. Next, 200 ml of
dilute sodium hexametaphosphate solution (0.5%) and ~4 g beads were
added to the jar, after which the jar was shaken for 18 h at room tem-
perature. Then, the dispersed soil was sieved several times using distilled
water and a 53 μm screen. The POM was the fraction left on the screen
while the MAOM was the fraction through the screen. All POM and
MAOM samples were oven-dried to constant weight. After weighing the
mass, the fractional samples were ground and analyzed for the concen-
trations of OC and TN. Furthermore, the natural abundance of stable C
isotopes in the POM and MAOM fractions were measured (GC Agilent
6890, Thermo Finnigan Delta plusXP) to better quantify the amount of
litter-derived C that enters the two fractions (Mendez-Millen et al.,
2014).

2.4. Statistical analysis

The dataset included four soil physicochemical properties, eight soil
microbial properties, four litter properties, and three macrofaunal
properties. Before performing the analysis, the data set was tested using
the “Bartlett. Test” and “Q-Q plot” functions in the “Car” package, which
confirmed that the data met the analysis of variance (ANOVA) homo-
geneity and normality assumption. Two-way ANOVA and one-way
ental microcosm in the lab.
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ANOVAwere performed to test the effects of treatments and depth on the
litter variables, soil physicochemical properties, and microbial proper-
ties. In addition, one-way ANOVA, followed by the Tukey HSD test, was
performed to test the differences of these indicators among treatments in
the 0–5 and 5–10 cm soil layers. It should be noted that one-way ANOVA
was used to compare the differences of three macrofaunal properties
among treatments. Variation partitioning analysis was conducted to
show the relative influences of soil physicochemical properties and mi-
crobial properties on the C and N distribution in the POM and MAOM
fractions. Redundancy analysis (RDA) and hierarchical partitioning
analysis were further employed to indicate the specific explanation
(represented as %) using the “Vegan” and “rdacca.hp” packages (Lai
et al., 2022). A Pearson correlation coefficient was used to show the
correlation between the soil physicochemical and microbial variables.

3. Results

3.1. Soil physicochemical properties

Soil ExCa, ExMg, AvAl, AvFe, POM-mass, and MAOM-mass were
significantly affected by the macrofauna treatments, yet only ExCa,
ExMg, and MAOM-mass were significantly affected by soil depth
(Table S1). Specifically, when compared to the control, ExCa was
significantly lower with the E and EþM treatments in the 0–5 and 5–10
cm soil layers, while AvAl was significantly lower with the EþM treat-
ment (Table S2). Moreover, ExMg was significantly higher with the M
and EþM treatments in the 0–5 cm and under E and EþM treatments in
the 5–10 cm soil (Table S2). The POM-mass (13.14~14.18 g) was
significantly higher than MAOM-mass (5.54~7.60 g) regardless of
treatments and soil depths, and the MAOM-mass significantly increased
from 6.0 � 0.1 g (Control) to 6.7 � 0.2 g (E and M treatments), and from
6.0 � 0.1 g (Control) to 6.8 � 0.1 g (EþM treatment) in the 0–5 cm soil
depth (Table S2).
3.2. The C and N concentrations in the litter, macrofauna faeces, and POM
and MAOM fractions

As compared with the control, litter mass under the E, M, and EþM
treatments was significantly reduced by an average of 0.50, 1.94, and
7.10 g (p＜0.001), respectively (Fig. 2a). Litter C significantly decreased
by 57.0% under EþM treatment, while litter N significantly decreased by
48.6%, 53.5%, and 75.1% under the E, M, and EþM treatments,
respectively (Fig. 2b and c). Only the earthworm biomass under the E
treatment significantly decreased after incubation (from 5.34 to 2.79 g)
(Fig. S1a). The total C and N concentrations in macrofauna faeces under
the M treatment were significantly higher than that under E and EþM
treatments. The OC, TN, and 13C concentrations in the POM and MAOM
fractions were significantly affected by the macrofauna treatments, while
only POM-TN was affected by soil depth (Fig. 2). The E and EþM
Fig. 2. Effects of earthworms (E), millipedes (M), and both (EþM) addition on litte
control and macrofauna addition treatment (n ¼ 5). The symbol *** indicates the sign
proportion relative to the control.
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treatments significantly increased the POM-TN in the 0–5 cm soil and
MAOM-OC in the 0–5 and 5–10 cm soil layers, but decreased POM-13C in
the 0–5 cm soil layer (Fig. 3a–d, e). Regardless of soil depth, the EþM
treatment significantly increased POM-OC and all macrofauna treat-
ments increased MAOM-TN (Fig. 3b and c). In addition, adding macro-
fauna significantly decreased MAOM-13C in the 0–5 cm soil, but the
decreasing effects were only significant under M and EþM treatments
(Fig. 3f). Moreover, the percent POM-TN (27.7%~41.6%) and POM-OC
(31.4%~45.9%) were always lower than the percent MAOM-TN and
MAOM-OC regardless of macrofauna treatments and soil depth, whereas
the POM-C/N values were always higher than the MAOM-C/N values
(Fig. S2).
3.3. Dominant controls on the distribution of C and N in soil fractions

Despite the fact that the C and N variations observed in all the soil
layers in POM and MAOM fractions were driven by soil physicochemical
andmicrobial properties, when compared, soil microbial properties more
strongly affected the variations in the 0–5 cm soil and had less impact in
the 5–10 cm soil (Fig. 4, Fig. S3). RDA further indicated that soil pH and
AMF significantly affect the OC distributions in the 0–5 cm soil layer and
explained 20.2% and 25.9% of the total variations, respectively (Fig. 5a
and b). In the 5–10 cm soil layer, soil ExMg, ExCa, GN bacteria, and fungi
were the significant factors, explaining 41.6%, 17.4%, 15.7%, and 23.7%
of the total variation, respectively (Fig. 5c and d). For the TN distribution,
soil pH, AMF, GN bacteria, and GP bacteria were the most significant
variables in the 0–5 cm soil, contributing 20.3%, 20.1%, 15.5%, and
15.2% to the total variation, respectively (Fig. 6a and b). In the 5–10 cm
soil layer, soil ExMg and GN bacteria explained 23.3% and 17.4% of the
total variation, respectively (Fig. 6c and d). In the 5–10 cm soil layer, soil
pH and AMF consistently had significant positive correlations with OC
and TN in the POM and MAOM fractions in the 0–5 cm soil layer, while
the positive correlations with soil ExMg, ExCa, and fungi were also
observed (Fig. S5). Similarly, the positive correlations of OC and TN in
soil fractions with pH, AMF, GN bacteria, and GP bacteria were observed
in the 0–5 cm soil and with ExMg and GN bacteria in the 5–10 cm
(Fig. S5).

4. Discussion

4.1. Impacts of earthworms on the C and N distribution in the POM and
MAOM fractions

Previous studies have shown that across the globe, earthworms serve
as physical ecosystem engineers that can, directly and indirectly, reduce
three times the amount of litter mass than other plots devoid of earth-
worms in forest ecosystems (Angst et al., 2019; Huang et al., 2020). In
contrast to the previous results and our hypothesis, results obtained
herein showed no significant decrease in litter mass or litter C amount in
r mass loss and carbon (C) and nitrogen (N). Values are the difference between
ificant difference at p � 0.001, while the number on the bar shows the changed



Fig. 3. Effects of earthworms (E), millipedes (M), and both (EþM) addition on the distributions of organic carbon (OC) and total nitrogen (TN) and 13C values in
particulate organic matter (POM) and mineral-associated organic matter (MAOM). Values are presented as mean values and stand errors (n ¼ 5). Different letters
denote significant differences revealed by the Tukey test among treatments in the 0–5 and 5–10 cm soil layers. Two-way ANOVA results for the OC and TN as affected
by macro-decomposers (treatment, T), depth (D), and their interactions (T � D) were attached (F values; Symbol *** indicated the significant effect at p � 0.001).
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samples where earthworms were present but depicted a significant
decrease in litter N amount (Fig. 2). Potential explanations for this
inconsistency include: 1) Different studies use varying pretreatment
methods for leaf litter. Many previous studies cut the leaf litter into small
fragments or used leaf powder prior to incubating, which enables the
earthworms to feed on the litter more easily (Yang et al., 2020; Vidal
et al., 2023). Herein, intact leaf litter was used to simulate natural con-
ditions better. The degree of litter fragmentation after incubation
decreased as follows: EþM > M > Control. 2) Experimental duration is
likely the second factor, as leaf litter does not decompose within a short
period. In addition, the significant decrease in litter N may have resulted
from earthworms tending to prefer the litter components with relatively
high N contents (e.g., carbohydrates, proteins, and other smaller
non-structural ones) (Hendriksen, 1990; Edwards et al., 2013; Cotrufo
et al., 2015).
5

The OC and TN contents in POM and MAOM fractions increased with
earthworm addition regardless of soil depth, but the impacts were only
significant in MAOM fractions (Fig. 3). On one hand, POM predominantly
originates from leaf litter; thus, the dynamics of C and N in POM usually
depend on the input of structural compounds with relatively high C:N
ratios (Cotrufo et al., 2015; Lavallee et al., 2020). The small changes in
litter mass may be the main reason of significant increases in C and N
were not observed in the POM fraction. On the other hand, MAOM is
predominantly created from microbial processes and consists of
numerous microbial products (e.g., microbial polysaccharides, muramic
acid, and other amino sugars). In this sense, earthworms might use the
leaching materials to favor the MAOM formation. The changes in litter
mass and C and N contents also support this explanation. Additionally,
these results support the previous opinion, which indicates earthworm
activity can facilitate the shift from a POM to an MAOM-dominated soil



Fig. 4. Variation partitioning analyses for the distri-
bution of organic carbon (OC) and total nitrogen (TN)
in POM and MAOM fractions. The total variation was
further partitioned into the following fractions: pure
impact of eight soil physicochemical properties (X1),
including soil pH, moisture, total carbon (TC), total
nitrogen (TN), available Fe (AvFe), available Al
(AvAl), exchangeable Ca (ExCa), exchangeable Mg
(ExMg); pure effect of eight soil microbial properties
(X2), including microbial biomass carbon (MBC), mi-
crobial biomass nitrogen (MBN), fungi PLFAs, GN, GP,
AMF, Act, and F:B ratios (Fungi:Bacteria); and com-
bined effects of soil physicochemical and microbial
properties (X3).

Fig. 5. Relationships of organic carbon in POM and MAOM fractions with soil property variables and soil microbial properties at different soil depths based on RDA.
Red arrows denote OC distribution in two fractions, while blue arrows represent soil property variables. While *, **, and *** indicate significant effects of these
variables at p � 0.1, 0.05, and 0.01, respectively, the values show the relative importance of each variable.
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Fig. 6. Relationships of total nitrogen in POM and MAOM fractions with soil property variables and soil microbial properties at different soil depths based on RDA. See
notes in Fig. 5.
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system (Le-Mer et al., 2021; Vidal et al., 2023). In other words, the
presence of earthworms can increase SOM stability. Moreover, we sus-
pect that earthworms can directly facilitate C and N transformation
process even under conditions where no litter is input conditions because
of earthworm feed on fine soils (Blouin et al., 2013; Pelosi et al., 2014).

4.2. Impact of the millipedes and earthworms on the C and N distribution
in the fractions

Results from this study demonstrated that adding millipedes
decreased the litter mass, as well as litter C and N concentrations, which
is consistent with our hypothesis. Moreover, adding millipedes (M) was
more effective at decreasing the aforementioned variables than earth-
worms (E), but less effective than adding earthworms and millipedes
(EþM). This phenomenon may reflect the relative importance of earth-
worms and millipedes at different stages during litter decomposition
(Frouz et al., 2004; �Spaldo�nov�a and Frouz, 2014; Yang et al., 2020). At
the early stage, millipedes may have a stronger impact than earthworms,
as millipedes can directly break down both intact leaf and fragment litter,
while millipede faeces can better support earthworms and microbes as
time progresses. The fact that the highest values of TC and TNwere found
in the macrofaunal faeces supports this explanation (Fig. S1b). Conse-
quently, the TN and OC significantly increased under the M and EþM
treatments. In addition, all macrofaunal treatments decreased the 13C
abundance and the 13C abundance in the MAOM fraction was generally
lower than that in the POM fraction, indicating that more litter C entered
into MAOM fractions because of the lower 13C values of litters relative to
the soils (Rochette et al., 1999; Mendez-Millen et al., 2014).

As discussed above, the results showed that macrofauna significantly
altered the distribution of C and N in the POM and MAOM fractions.
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Moreover, soil physicochemical and microbial properties jointly
explained most of the total variations, yet microbial properties were
more influential in the surface soils, while physicochemical properties
were the more dominant influence in the subsoils. Pearson correlation
and redundancy analyses indicated that soil pH, AMF, ExMg, ExCa, fungi,
GN bacteria, and GP bacteria were important moderators (Figs. 5 and 6,
Figs. S4 and S5). In this study, when values from the two soil depths were
averaged, the presence of earworms, millipedes, and both increased the
pH by 0.16, 0.17, and 0.40 units (Liu et al., 2023), ExCa by 17%, 9%, and
27%, ExMg by 40%, 19%, and 66%, respectively (Table S2). The
increased soil pH may alleviate the negative impacts of soil acidification
on microbial activities (Bahram et al., 2018; Niu et al., 2021). Higher
ExCa and ExMg contents in soil solution can facilitate the accumulation
of C and N in the MAOM fraction by the transformation process of
sorption and desorption (Kleber et al., 2021; Lugato et al., 2021). Our
previous studies also indicated that high concentrations of mineral ele-
ments (i.e., Ca, Mg, and Al) generally favor MAOM formation and found
higher concentrations of Al, Ca, and Fe in the MAOM fraction relative to
in the POM fraction (Niu et al., 2022). In addition, the E, M, and EþM
treatments all remarkably increased AMF by 21%, 22%, and 67%; fungi
by 7%, 30%, and 51%; GP bacteria by 24%, 15%, and 44%; and GN
bacteria 15%, 12%, and 31%, respectively (Niu et al., 2021). The
inconsistent impacts of varying macrofauna on different microbial
functional groups also affect the C and N distribution in the two fractions,
as different microbiomes provide varying functionality. For instance, GP
bacteria would prefer to assimilate recalcitrant C fractions and NO3

�-N
especially under the conditions of low C and NH4NO3 inputs, while AMF
can directly assimilate the intact mobilized oligopeptides in soil solution
(Bajwa and Read, 1985; Verbaendert et al., 2011).
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4.3. Implications and limitations of this research as related to the forest C-
neutral

The current study addressed the importance of the interactive effects
of earthworms and millipedes on the C and N distribution in soil fractions
during litter decomposition. This incubational experiment provided
direct evidence for the key point that the presence of soil macrofauna can
facilitate SOM sequestration and store more C in the MAOM fraction.
This finding is novel and timely because the role of soil macrofauna in
forest C sequestration has not been fully interrogated in the functional C
models (Gongalsky, 2021). Nevertheless, several limitations should be
considered when interpreting these results. First, the impact of soil
macrofauna on litter decomposition is highly dependent on litter quality
(Sauvadet et al., 2016; Vidal et al., 2023). A recent study evaluated the
key role of litter quality in C distribution between POM and MAOM and
further suggested that regardless of low- (high C:N) and high- (low C:N)
quality litter trends to replenish theMAOM-C pools in a subtropical forest
(Lyu et al., 2023). Therefore, the qualitative relationship between litter
quality, soil macrofauna activities, and the formation of POM and MAOM
needs to be reassessed. Second, even though this study addressed the
importance of soil macrofaunal biodiversity and microbes from the
macrofaunal gut, the differences between the earthworm gut and the
millipede gut were not directly identified. Thus, variances in the mi-
crobial community among different macrofauna (also including different
species of earthworm or millipede) and their potential impacts on litter
decomposition remain unclear (Toyota and Kimura, 2000; Huang et al.,
2020; Gongalsky, 2021; Potapov et al., 2022).

5. Conclusion

The results of this study indicate that the presence of macrofauna can
remarkably promote litter decomposition, thereby decreasing litter mass,
and C and N contents, especially under the EþM treatment. As a conse-
quence, the OC and TN contents in the POM and MAOM fractions
significantly increased under the EþM treatment. While the OC and TN
contents in MAOM fractions also significantly increased under the E and
M treatments, the combined impacts of earthworms and millipedes
(EþM) on the distribution of C and N in the two fractions was stronger
than that of earthworms and millipede addition alone. Soil physico-
chemical andmicrobial properties can explainmost of the total variations
of C and N distribution, but microbial properties more heavily impact the
surface soil. The current work highlights the direct relationships between
litter decomposition, soil macrofauna (including microbes from macro-
fauna), and the redistribution of C and N in POM and MAOM fractions,
which will aid the C-neutral atmospheric conditions under global
warming in forest ecosystems.
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