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Variations in soil aggregates and soil organic carbon (SOC) in response to land-
use change are important to understanding the carbon cycle in forest
ecosystems. However, few studies investigated the effect of forest type on
aggregate stability, SOC content, and particulate organic carbon (POC) content.
Therefore, we collected soil and fine root samples in two natural forests (Pinus
massoniana and Quercus variabilis) and a planted forest (Cunninghamia
lanceolata) in a warm temperate—subtropical climate transition zone to
analyze the effect of forest type on aggregate stability, SOC content, and
POC content. The results showed that the mean weight diameter (MWD) of
the soil aggregates was significantly higher in Quercus variabilis and Pinus
massoniana forests (62% and 21%, respectively) than in the Cunninghamia
lanceolata forest due to higher mycelial length density, mycelial infection
rate, and glomalin content. Similarly, the SOC and POC contents were
significantly higher in Quercus variabilis and Pinus massoniana forests than
in the Cunninghamia lanceolata forest (p < 0.05). The dominant size fraction of
aggregate was highly correlated with the carbon fraction content. The SOC and
POC contents and fungal traits (mycelial length density, mycelial infection rate,
and glomalin content) were significantly positively correlated with the MWD.
These results indicated that natural forests had higher aggregate stability than
planted forests due to higher SOC content and more favorable fungal traits in
the warm temperate—subtropical climate transition zone.
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Introduction

Soil aggregates are critical components of soil and a key
indicator to evaluating soil quality and carbon sequestration
potential (An et al., 2010; Chen et al.,, 2017). Soils primarily
comprise macroaggregates (0.25-2 mm), which reduce water
runoff and limit oxygen diffusion (Bonifacio et al., 2006;
Bouajila and Gallali, 2010; Huang et al, 2010), and
microaggregates (<250 um), which bind soil organic carbon
(SOC) and prevent its removal by erosion. Aggregate stability
affects these functions and is influenced by abiotic factors
(e.g., texture) (Peng et al., 2017; He et al., 2020; Zhang et al.,
2019), their
interactions (Yang et al, 2009; Feng et al., 2020). Despite

vegetation, microbial communities, and
the complex formation mechanism of aggregates, plant roots
and their mycelia have a crucial influence on the stability of
soil aggregates. Thus, the vegetation type affects soil aggregate
stability and carbon sequestration through plant roots and
mycelia in forest soils. Therefore, understanding the effect of
plant roots and mycelial growth on soil aggregates is crucial to
shed light on soil’s carbon sequestration potential.

Since more than 90% of soil carbon (C) is contained in soil
aggregates, the formation and disruption of soil aggregates
control the turnover rate of SOC (Jastrow et al., 2007). Various
physical, chemical, and biological factors can contribute to the
formation and stability of soil aggregates, such as fine roots
(Merino-Martin et al., 2020) and fungal hyphae (Morris et al.,
2019). Numerous studies have demonstrated a strong
relationship between glomalin-related soil proteins (GRSPs)
and soil aggregate stability (Qin et al., 2017; Holdtko et al.,
20205 Li et al., 2020). Specifically, plants have many fine roots
that produce root exudates to promote the formation of
aggregates because macromolecular mucopolysaccharides
produced by plant root exudates strongly adhere to soil
particles. Similarly, microorganisms stimulate the formation
of hyphae, and the cementation of microbial metabolites
promotes the formation of aggregates. Fine roots, SOC, and
mycorrhizal fungi are involved in the formation of soil
aggregates, influencing soil C stability. However, the land-
use type affects these factors (Merino-Martin et al., 2020),
thereby influencing soil aggregates and C stability.

Land use influences soil aggregates via binding agents in
soils, such as soil organic matter and fungal hyphae (Zeng
et al., 2018). For instance, a study in Costa Rica showed that
SOC, soil total phosphorus, and cation exchange capacity were
the main drivers of soil aggregated stability on a large scale.
However, the fine root traits, especially root biomass and root
length density, had the largest influence on soil aggregate
stability at the community level (Bissonnais et al., 2018).
Similarly, differences in the SOC content between planted
and natural forests were observed and attributed to differences
in the root system. A meta-analysis showed that the fine root
biomass and fine root production were 36.5% and 36% higher,
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respectively, in natural forests than in planted forests (Cai
et al., 2019). In contrast, Merino-Martin et al. (2020) found
that soil aggregate stability was primarily associated with
differences in the soil microbial community between
natural and planted artificial forests (Merino-Martin et al.,
2020). In addition, arbuscular mycorrhizal fungi (AMF)
associated with plant roots appear to act as long-term soil
binding agents that release stable glycoprotein (glomalin),
which can bind soil particles to form aggregates (Wright
and Upadhyaya, 1996; Dou et al, 2019), influencing soil
structure (Zhang et al., 2019; Bai et al., 2020). These results
demonstrated that multiple factors, such as forest type or
land-use type, contributed to soil aggregate formation and
stabilization. The dynamics of soil aggregates in different
forests affect the SOC content due to different binding
agents. Therefore, it is critical to investigate the stability
and influencing factors of soil aggregates in different forest
types and their association with C stability to understand
global C cycles. However, knowledge gaps exist on how the
interactions between soil aggregates and binding agents (e.g.,
roots and fungal hyphae) influence soil C stability.

Forests in climate transition zones are crucial to the
global carbon balance and the response to ongoing climate
change; they are also sensitive to global climate change.

Therefore, we selected three forest types (Pinus
massoniana  Lamb.,  Quercus wvariabilis Bl, and
Cunninghamia lanceolata (Lamb.) Hook in a warm

temperate and subtropical climate transition zone to
explore the effects of forest type on soil aggregation and
SOC fractions. The following two hypotheses were tested: 1)
soil aggregation is higher in natural forest soil than planted
forest soil due to more abundant fungal hyphae and 2)
natural forest soil captures more C than planted forest soil.

Materials and methods
Site description and experimental design

A natural coniferous forest, natural broadleaved forest,
and planted Chinese fir forest were the study sites in the Xian
Mountain region (32°06'N, 114°01'E, 204 m a.s.l.) of the
Nanwan Forest Service, Xinyang, Henan, China. The area
has a subtropical monsoon climate, with an annual average
temperature of 15.2°C and average precipitation of 1,063 mm.
The forest soil is classified as a Haplic Luvisol (FAO
classification). The dominant forest types in this area are
Bl,
Cunninghamia lanceolata (Lamb.) Hook. Therefore, we

Quercus variabilis Pinus massoniana Lamb, and
selected two natural forest areas (Quercus variabilis forest
(QF) and Pinus massoniana forest (PF)) and one planted
forest area (Cunninghamia lanceolata forest (CF)) with

three replications as the experimental sites. Other tree
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species in the QF are Liquidambar formosana Hance, Acer
mono Maxim, and Lindera glauca (Sieb. et Zucc.) Bl. Other
tree species in the PF are Quercus acutissima Carruth, Lindera
glauca (Sieb. et Zucc.) B, and Vitex negundo L. Deforestation
in this area before the 1960s significantly reduced forest
resources. Subsequently, the local government carried out
afforestation and closed hillsides to facilitate it, increasing
the area of planted and natural secondary forests. The trees
have similar ages and are currently 60 years old. Each forest
site was larger than 100 x 100 m* and was surrounded by a
100-m buffer zone.

Soil sampling

The three forest types (QF, PF, and CF) were sampled in
July 2019. The stands had similar slope aspects, elevations,
and soil types. Forest types with similar slope aspects were
selected randomly. Each forest type was divided into three
sample plots, with ten sampling points each. In total, 10 soil
cores (0-10 cm depth) were collected with a soil auger (5 cm
diameter) at each plot and were combined into one sample
for analyzing soil chemical properties. We collected another
10 samples with similar methods to analyze the root traits.
Undisturbed soil samples were obtained at each forest site
using bulk soil sampling for aggregate separation. The
samples were placed in a plastic box and transported to
the laboratory. We collected a total of 27 soil samples
(three forests x three replicates x three types of soil
samples) to analyze the chemical properties, fine root
traits, and soil aggregates. All fresh samples were placed
into a cooler with an ice bag and sent to the laboratory as
soon as possible for analysis.

After removing all the visible roots and stones, the soil was
passed through a 2-mm sieve. The sample was divided into
two subsamples. One subsample was air-dried and passed
through a 0.25-mm mesh to measure the chemical
composition of the soil, and the other subsamples were
kept at 4°C for analysis of the microbial biomass carbon
(MBC), microbial biomass nitrogen (MBN), and microbial
biomass phosphorus (MBP) contents.

Analysis of soil properties

SOC and total nitrogen (TN) were measured using a
Max CNS
Analysensysteme GmbH, Hanau, Germany). The available
phosphorus (AP) was extracted with 0.5 M of NaHCO; and
analyzed using an ultraviolet (UV) spectrophotometer (UV-

Vario elemental analyzer (Elementar

1900, Daojin, Japan). The soil pH was determined using a
pH meter (Sartorius PT-21, Shanghai, China) and using a
soil-water ratio of 1:2.5. The MBC, MBN, and MBP contents
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were obtained by chloroform fumigation and extraction
(Joergensen and Mueller, 1996). The MBC and MBN
contents were determined using a C analyzer (Vario TOC,
German Elementar Company, Hanau, Germany). The total
(T-GRSP)
extractable glomalin-related soil proteins (EE-GRSP) in

glomalin-related soil proteins and easily
the soil were extracted and measured as described by
Wright and Upadhyaya (1996). A UV spectrophotometer
was used to determine the MBP and GRSP contents. The
details of the GRSP assay were described by Chen et al.

(2019).

Root sampling and root trait
measurements

We carefully washed the soil cores with tap water in a
basin to separate the fine roots of the plants. All living roots
visible to the naked eye were collected with tweezers. Roots
less than 2 mm in diameter were defined as fine roots. We
of the
morphological measurements. We weighed them and

randomly selected a subsample roots for
placed them on the scanner without overlap. The roots
were scanned using a flatbed scanner (Cannon LiDE 220)
at a resolution of 600 dpi (Pierret et al., 2013), followed by
oven-drying at 60°C and weighing. The root images (600 dpi)
were analyzed with the open-source software IJ_Rhizo
(Pierret et al., 2013, http://www.plant-image-analysis.org).
The total root length and mean root diameter (MD) were
measured with the same software. The specific root length
was defined as the ratio between the total root length and dry
weight. The total root weight density (RWD) was defined as
the ratio between the total dry weight of the root and the
volume of the soil from which the roots were extracted. The
root length density (RLD) was defined as the total root length

divided by the volume.

Soil aggregate separation

The aggregates were separated by wet sieving because the
stability index of soil aggregates obtained by wet sieving is more
reproducible than that obtained by dry sieving (Ma et al., 2020).
In this study, the soil aggregates were divided into five size classes
(0.053-8 mm). Briefly, we immersed the air-dried soil in
deionized water for 10 min and placed it in the aggregate
analyzer (DM200-1ll, China). We sieved the soil sample using
sieves with meshes of 4, 2, 1, 0.25, and 0.053 mm and shook the
sieves 50 times (3 cm amplitude). After sieving and drying (oven-
drying at 60°C for 48 h), the aggregates were separated into five
size classes (4-8, 2-4, 1-2, 0.25-1, and 0.053-0.25 mm). The
particles in the 2-8 mm size class were defined as large
macroaggregates, those in the 0.25-2 mm size class were small
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macroaggregates, and those in the 0.053-0.25 mm size class were
microaggregates.

Soil aggregate stability was determined using the mean
weight diameter (MWD) (Bissonnais et al., 2018) as follows:

MWD = iw,-X,-,

i=1

where w; is the proportion of soil aggregates in the corresponding
size class, n is the number of size classes, and X; is the mean
diameter of the i size class (mm).

Soil organic matter fractionation

Soil particulate organic matter (POM) was separated
using size fractionation and the method described by
Cambardella and Elliott (1992). We used an electronic
balance to weigh 20g (<2 mm of air-dried soil), which
was placed into a conical flask. We added 100 ml of 5g
L' sodium hexametaphosphate solution to the conical
flask and shook it manually for 10 min, followed by
shaking on a reciprocal shaker (180 rpm) for 18 h. The
dispersed soil sample was passed through 250-um and 53-
um sieves, and the remaining material in the sieve was rinsed
thoroughly with distilled water. The organic matter with the
soil that remained on the 250-um mesh was defined as coarse
particulate organic matter (c-POM), and the material on the
53-pum mesh was the fine particulate organic matter (f-POM).
The remaining material (<53 pm) was defined as the soil with
mineral-associated organic matter (MAOM) and mineral-
associated organic nitrogen (MAON). It was rinsed
thoroughly with distilled water to remove the dispersion
solution. These fractions were then placed in a 60°C
drying oven for 48 h and weighed. The C and N contents
in the c-POM, f-POM, MAOM, and MAON were determined

by an elemental analyzer (Vario EL III, Elementa, Germany).

Mycorrhizal colonization and total hyphae
length

We calculated the mycorrhizal colonization as the root tips
per root length under an anatomical microscope and estimated
the mycorrhizal infection rate (MIR) of each seedling by
the
200 randomly selected root tips.

We used the membrane filter technique (Wick et al., 2007)
and measured the total length of the fungal hyphae under a UV

calculating number of mycorrhizal root tips in

irradiation microscope (Olympus BX61; Olympus Co., Tokyo,
Japan) with 9,200 magnification. The details of measuring the
hyphal length have been described by Chen et al. (2019) and
Bloem et al. (1995).
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Statistical analysis

The differences in the soil abiotic and biotic factors and the
soil aggregates between the forest types were determined by a
one-way ANOVA test with Duncan’s post hoc multiple
comparisons. Pearson’s correlation coefficient was used to
assess the correlation between the soil abiotic and biotic
factors standardized by the Z-score using R 4.1.1 software. We
used Akaike’s Information Criterion (AIC) to select the optimum
multiple linear regression model describing the relationship
between the binding agents and the MWD. The multiple
regression analyses were performed using the “glmulti”

function in R.

Results

Effects of forest type on soil and fine root
factors

The three forest types exhibited significant differences in
the soil parameters (SOC, TN, AP, pH, MBC, MBN, and
MBP), fine root traits (root C, root N, RWD, and MD),
and fungal traits (T-GRSP, EE-GRSP, mycelial length
density, and MIR) (Table 1). SOC was significantly higher
in the QF and PF than in the CF (p < 0.05). Similarly, the TN
content was significantly higher in the QF than in the CF,
whereas no difference was found in the TN content between
the PF and CF. In contrast, the soil AP content of the CF was
significantly higher than that of the QF and PF (p < 0.05). Soil
pH significantly differed between the three forest types, with
mean pH values ranging from 3.8 in the PF soil to 6.08 in the
CF soil. The proportions of MBC and MBN were significantly
different between the three forest types. The MBC and MBN
contents were significantly higher in the QF and CF than in
the PF (p < 0.05).

The root C and N contents of the QF were significantly
higher than those of the CF and PF (p < 0.05). The RWD did not
differ significantly between the three forests. The RLD of the QF
was higher than that of the CF, but the MD of the CF was
significantly higher than that of the QF and PF (p < 0.05).
Additionally, the forest type influenced the fungal traits. The
mycelial length density and MIR of the QF and PF were higher
than those of the CF (p < 0.05). Moreover, the proportions of the
T-GRSP and EE-GRSP in the QF soil were significantly higher
than that of the CF soil (p < 0.05).

Soil aggregate distribution and mean
weight diameter

The soil aggregate distribution significantly differed

between the three types of forests (Figure 1). The
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TABLE 1 Soil and fine tree root properties and fungal traits at three forest sites (mean +* SE).

Forest type PIF QF CF F-value
Soil SOC (g/kg) 28.56 £ 0.35B 3265 £ 1.16 A 24.57 £ 0.96 C 13.67*
TN (g/kg) 1.79 £ 0.02 B 2.19 £0.10 A 152 +0.12 B 12.62**
C/N 1594 £ 0.21 A 1494 £ 0.13 A 16.27 £ 0.95 A NS
AP (mg/kg) 7.16 £ 0.57 B 560 £ 0.72 B 1524 + 0.86 A 50.72***
pH 3.80 £ 0.02C 4.12 £ 0.07 B 6.08 £ 0.06 A 519.13%%*
MBC (mg/kg) 5297 + 146 B 133.16 + 23.98 A 103.89 + 4.47A 8.27*
MBN (mg/kg) 22.77 £ 1.08 B 36.05 £ 3.12 A 39.58 £ 2.80 A 12.53**
MBP (mg/kg) 3.46 £ 1.06 A 512+ 043 A 0.60 + 0.10 B 11.93**
Root RWD (g/cm®) 1.36 £ 0.08 A 1.16 £ 0.20 A 1.10 £ 043 A NS
RLD (mm/cm’) 20.64 + 3.88 B 3268 £ 234 A 17.38 £ 2.83 B 6.83*
MD (mm) 0.67 + 0.06 B 0.53 £ 0.04 B 1.02 £ 0.14 A 7.68*
N (g/kg) 599 +£0.72C 10.82 + 0.70 A 887 £0.18 B 33.36%%*
C (g/kg) 41842 £ 6.10 B 44837 +9.64 A 400.67 + 292 B 12.56**
Fungal trait T-GRSP (mg/g) 2.65+0.18 A 2.68 £ 0.31 A 1.06 £ 0.06 B 19.92**
EE-GRSP (m/g) 0.85 + 0.08 AB 0.92 £ 0.05 A 0.60 = 0.10 B 4.4*
Mycelial length density (m/g) 6.60 + 0.75 B 871+ 031 A 235+022C 44.51%*
Mycorrhizal infection rate (%) 5233 £590 A 64.00 £ 551 A 1533 + 233 B 27.45°*
Different uppercase letters indicate significant differences (p < 0.05) between the different forest types.
F-values with bold face indicated that the effect was statistically significant.
1 <0.053mm B 0.053-0.25mm B 0.25-1mm
B 1-2mm Bl 2-4mm Bl 4-8mm
100% 2.4
224 a
80% 2.0
=
K 1.84
=3
E 60% A T 1.6 b
=
=3 e -
; a4 C
5, 40% o =124
2
& 1.04
<
20% o 0.8
0.6
0% 0.4
QF PF CF
FIGURE 1
Particle size composition of different forest types. Note: lowercase letters indicate a significant difference in the MWD between different forest
types. Different blue gradient indicate the number of aggregates with different particle sizes.

proportion of macroaggregates accounted for more than 50%
of the aggregates in all three forests. The highest proportion of
aggregates with 4-8 mm size occurred in the QF, whereas the
lowest was observed in the CF (p < 0.05). These proportions
were 186% and 86% higher in the QF and PF, respectively,
than in the CF. In contrast, the proportion of 0.053-1 mm
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aggregates was significantly higher (22% higher) in the CF
than in the QF (p < 0.05). Furthermore, the soil aggregate
stability index (MWD) had a range of 1.09-2.08 mm; it was
significantly lower in the CF soil (p < 0.05), whereas the
highest MWD value occurred in the QF soil (90.8% higher
than in the CF).
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FIGURE 2

Pearson'’s correlation coefficients between biological, abiotic
factors, and mean weight diameter (MWD). MAOM: mineral-
associated organic matter; MAON: mineral-associated organic
nitrogen; EE-GRSP: easily extractable glomalin-related soil
proteins. MLD: mycelial length density; MIR: mycorrhizal infection
rate. T-GRSP: total glomalin-related soil proteins. f-PON: fine
particulate organic nitrogen; SOC: soil organic carbon; TN: soil
total nitrogen; c-POM: coarse particulate organic matter; c-PON:
coarse particulate organic nitrogen; root-C: carbon content in the
fine roots; f-POM: fine particulate organic matter; RLD: root length
density; MBP: microbial biomass phosphorus; RWD: total root
weight density; MBN: microbial biomass nitrogen; root-N:
nitrogen content in the fine roots; MBC: microbial biomass
carbon; C/N: the ratio of carbon and nitrogen; MD: mean root
diameter; and AP: available phosphorus. The asterisks indicate
significant correlations. Blue represents a positive correlation, and
red represents a negative correlation.

Effects of forest type on soil organic
carbon/nitrogen fractions

The SOC content ranged from 25.09 to 32.65gkg™" at
depths of 0-10 cm. The QF and PF had the highest SOC
content; it was significantly higher (32.88% and 16.24%,
respectively) than in the CF soil. The TN contents
(1.28-2.37 gkg™') showed a similar trend as the SOC in the
three forests (Table 1). Similarly, the c-POM content
(5.51-14.33 gkg™') was significantly higher in the QF than
in the PF and CF (Figure 1). The c-PON content exhibited the
same pattern in the three forests (Figure 1). In contrast, the
MAOM and MAON contents showed no significant
differences between the three forests (Figure 1). The
highest MBC and MBN contents occurred in the QF,
followed by the CF and the PF. The soil MBP ranged from
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0.60 to 5.12 gkg™" and was significantly lower in the CF soil
than in the PF and QF soils.

Effects of soil factors on soil aggregate
stability and organic carbon content

Positive correlations were observed between the MWD and soil
particulate organic carbon (POC) fraction for all forest types
(Figure 2). Furthermore, the MWD was also correlated with the
fungal traits. SOC and POM (c-POM, f-POM) contents were
significantly positively correlated with mycelial length density,
MIR, and N availability (p < 0.05), whereas no significant
correlation was found between the MAOM content and the soil
factors (Figure 2). The results of the multiple regression analyses are
shown in Supplementary Figure S1. The best fit model was MWD =
1+c-POM (AICc = 16.54, weight = 38.70%), demonstrating that
c-POM was the most important factor affecting MWD (>80%). The
pH and fungal traits had importance values of 24% and 15%,
respectively, whereas the root trait had less importance
(approximately 10%). SOC and MBC had equal importance.

Discussion
The effect of forest type on soil aggregates

The highest MWD occurred in the natural forest (Quercus
variabilis and Pinus massoniana forests) because the soil had more
aggregate binding agents, especially for the fungal traits, SOC, and
POM. This result is consistent with the first hypothesis. The soil in
these three forests was dominated by macroaggregates (0.25-8 mm
aggregates >50%), and the stability of the soil aggregates (MWD)
was in the range of 1.09-2.08 mm. These results were consistent
with those of a previous study (Lu et al., 2012; Lan et al., 2022). The
ANOVA results revealed significant differences (p < 0.05) in the
macroaggregates (4-8 mm) between the natural forest and the
Table SI). The higher
proportions of macroaggregates in the natural forest may be

planted forest (Figure 1; Supplementary

attributed to the fungal nutrient preference. Copiotrophs are
more abundant in macroaggregates, whereas oligotrophs are
more abundant in microaggregates (Trivedi et al, 2017). The
species diversity is higher in a secondary forest than in a
planted forest, resulting in higher diversity of organic matter in
the soil (Dou et al., 2019). The MBP content was significantly
higher in the natural forest than in the planted forest. The
phosphorus absorption strategy of microorganisms may be one
reason for the difference between the fungal hyphae in the natural
and planted forests because there was a significant correlation
between the MBP content and fungal hyphae. Soil phosphorus is a
relatively stable substance. Fungi obtain nutrients from more active
unstable organic matter rather than from clay minerals with higher
phosphorus content (Keyes et al., 2022). Organic matter, such as
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litter and fine root exudates, provides nutrients for copiotroph
microorganisms. Additionally, the fungal traits, including the
T-GRSP content, EE-GRSP content, mycelial length density,
and MIR, were important factors affecting the stability of
aggregates (Yuan et al,, 2022). Microaggregates are formed first,
and GRSP microaggregates
macroaggregates (Bavel, 1950; Zhang et al, 2019). Natural

and hyphae cluster into
forests have more abundant organic matter than planted
forests; therefore, the values of the fungal traits were
significantly higher in natural secondary forests than in planted
forests (Xie et al, 2013), resulting in higher contents of
macroaggregates in natural secondary forests.

Aggregate stability is also related to soil fragmentation
(Zhang et al.,, 2021; Spohn and Giani, 2010). The higher MD
in the CF might have disrupted the macroaggregates and affected
aggregate stability, although a positive effect of tree roots on
aggregate formation was found in previous research (Li et al.,
2020). In addition, the pH had a high importance value in
predicting the MWD (Fig. S1) but did not directly affect
aggregate stability. The pH was significantly negatively
correlated with the fungal traits, including mycelial length
density, MIR, and the T-GRSP and EE-GRSP contents,
indirectly affecting aggregate stability. In summary, the fungal
traits and SOC were important parameters predicting the MWD
in different forest types. These findings suggest that SOC and
fungal traits have a larger influence than other soil properties
based on different thresholds of the aggregate stability,
i.e, MWD, in a tropical-warm temperate transition zone.

The effects of forest type on SOC fractions
Many studies have investigated SOC in different forest types and

found that natural forests (native or secondary forests) had higher
carbon sequestration potential than planted forests (Jin et al., 2014;
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Hua et al, 2022; Jin et al, 2022). Similarly, in this study, the SOC
content was higher in the natural forest (QF and PF) soils than in the
planted forest (CF) soil (Table 1), consistent with the second
hypothesis. Furthermore, we investigated the SOC components,
including c-POM, f-POM, and MAOM, in the three forest types
(Figure 3). The result showed no significant difference in the MAOM
and f-POM contents between the three forest types (Figure 4). In
contrast, the c-POM content was significantly higher in the QF than in
the CF, indicating that c-POM comprised the largest proportion of
SOC in the QF. Studies have shown that the POC content in the soil is
primarily affected by the decomposition of POC and the input of plant
residues (Puget et al, 1998). In multispecies stands, the litter species,
fine root exudates, and other diverse types of organic carbon
supplement the soil (Villarino et al, 2021; Liu et al, 2020). The
positive effects of different kinds of organic matter input on soil
carbon were mainly the result of interspecific competition.
Another reason for the higher SOC in natural forests than in
plantations may be a difference in the carbon content in the fine roots
and microorganism community. We found a significant positive
correlation between the carbon content in the fine roots or fungal
hyphae (mycelial length density, MIR) and each of the SOC, c-POM,
and f-POM contents (Figure 2). It has become increasingly clear that
the amount of SOC inputs from fine roots are significantly larger than
those from aboveground litter inputs (Xia et al,, 2015) because root
litter contains more carbon with a complex structure and is more
difficult to decompose than leaf litter. Therefore, it may contribute
more to POM. The higher root carbon in the natural forests than in
the planted forest suggests that the SOC content was higher in the
natural forests than in the planted forests because of the higher carbon
content in the fine roots. In addition, the microbiome in forest soils is
controlled by the soil environment. Thus, the abundance and activity
of microorganisms determine the pathway of C from early-stage plant
litter residues to persistent SOC (Witzgall et al., 2021). The POC
content in the soil increases when the plant residue input exceeds the
decomposition rate (Midwood et al., 2021). Cunninghamia lanceolata
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forests have less litter than forests with other tree species, such as
Quercus variabilis (Gale et al,, 2000; Sharma and Acharya, 2000;
Leitheit et al, 2014), and have a less favorable environment for
mycelial growth than secondary forests (Huang et al, 2010; Zhang
et al,, 2019; Lan et al,, 2021). Unlike the MBC and MBN content, the
MBP content was significantly correlated with the SOC content and
the fungal hyphae because plants can obtain phosphorus through root
epidermal cells and root hairs and through fungal hyphae (Zhang
et al, 2022). In this study, natural forests had more fungal hyphae
than planted forests, affecting the phosphorus acquisition strategy.
These conditions may have led to more fungal hyphae to supplement
SOC. In summary, the higher mycelial length density and MIR in the
PF resulted in higher c-POM content in the soil, increasing SOC
storage. Our results provide new insights into the potential effects of
fungal indicators and root traits in the forest topsoil on SOC, soil
aggregate stability, and carbon sequestration capacity.

Conclusion

Our study compared the effects of biotic and abiotic indicators of
different forest types on soil carbon composition and aggregate
stability. The results showed significant differences in SOC
content and MWD between the three dominant forest types in
the mountainous regions of China’s warm temperate-subtropical
climate transition zone. The SOC content and MWD were the
highest in the Quercus variabilis forest. The reason for the
significantly higher POC content and MWD in the natural
secondary forest than in the planted forest was that the fungal
traits, including the T-GRSP and EE-GRSP contents, mycelial
length density, and MIR, were significantly higher in the natural
forest than in the planted forest. This study also highlights the crucial
role of arbuscular mycorrhizal fungal hyphae and fine roots in
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increasing aggregate stability (Spohn and Giani, 2010; Zhang and
Xie, 2019; Liu et al., 2020; Witzgall et al,, 2021).
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