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Abstract: Bamboo and wood-mixed forests are management models that remarkably enhance the
balance and productivity of bamboo ecosystems. However, the effects of this model on soil nutrients
and enzyme activities remain largely unknown. This study compared the soil organic carbon, nitro-
gen, phosphorus, and enzyme activity, along with the characteristics of fine roots in pure Moso
bamboo plantations (CK) and those mixed with Liriodendron chinense (ML), Sassafras tzumu (MS),
Cunninghamia lanceolata (MC), and Pseudolarix amabilis (MP). The results showed that mixed forests
improve carbon pools in 0—40 cm soil layers, increasing the total organic C(TOC), free particulate
organic C (fPOC), occluded particulate organic C (0POC), hot-water-extractable organic C (DOC),
and mineral-associated organic C (MOC). They also increase soil total N, total P, available N, avail-
able P, NHs*-N, NOs™-N, inorganic P, organic P, and microbial biomass N. Bacterial and fungal
abundances, along with enzyme activities (urease, acid phosphatase, polyphenol oxidase, peroxi-
dase, and (-glucosidase), also improved. MP and MS were the most effective. Moreover, MS and
MP supported a higher biomass and length of fine root and increased the nitrogen and phosphorus
uptake of Moso bamboo. In conclusion, Sassafras tzumu and Pseudolarix amabilis are optimal for
mixed planting, offering substantial benefits to soil nutrient dynamics and preventing soil quality
decline in Moso bamboo forests, thereby supporting better nutrient cycling and carbon sequestra-
tion. This research offers insights into enhancing soil quality through diversified Moso bamboo for-
estry.

Keywords: Moso bamboo; indigenous tree species; mixed forest; soil organic C

1. Introduction

Bamboo is a perennial herbaceous plant found primarily in tropical, subtropical, and
warm temperate regions [1]. It is known as the “second largest forest in the world”. Moso
bamboo, the most prevalent bamboo species in China, occupies approximately 4.43 mil-
lion ha [2]. It exhibits a unique growth pattern, reaching full height within 2-3 months
and expanding by 30-100 cm daily during peak growth periods [3,4]. Moso bamboo offers
several benefits, including a short rotation period and high biomass productivity [5],
which make it valuable in the food, furniture, and construction industries. It is also rec-
ognized as a crucial plant for carbon sequestration [6] and provides substantial social,
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economic, and ecological benefits [5]. Over recent decades, the Moso bamboo forest area
in subtropical China has been increasing at an annual rate of approximately 3%. With the
expansion of the area, the problems associated with the unsustainable management of
Moso bamboo forests have become increasingly prominent.

Currently, Moso bamboo forests are mainly managed using intensive forest manage-
ment practices, such as fertilization, deep plowing, and the removal of understory vege-
tation [7]. While these methods enhance the growth of Moso bamboo and yield remarka-
ble economic benefits, they also negatively affect the soil [8]. The application of phospho-
rus fertilizer in intensive management reduces the effective inter-root phosphorus con-
tent, even though it increases phosphorus levels in the bulk soil [9]. Moreover, intensive
management leads to a considerable reduction in soil pH as well as decreases in arbuscu-
lar mycorrhizal fungi biomass—measured in neutral lipid fatty acids—and total glomalin-
related soil protein content, heightening the risk of soil erosion and organic carbon deple-
tion [8]. Intense harvesting and fertilization practices also diminish carbon stocks in the
soil layers [10]. Soil microbial communities are less diverse under intensive management
practices compared to conventional methods [11], potentially reducing the abundance of
Crearchaeota, which are crucial for NHs* oxidation and consequently affect nitrification
processes and NO: emissions from the soil [12]. Additionally, prolonged intensive man-
agement is associated with reduced rhizome and internode lengths in bamboo seedlings
in some species [13]. Given these detrimental effects, restoring soil quality in Moso bam-
boo forests has become essential.

Bamboo and wood-mixed planting promotes the establishment of multi-storey for-
ests, which helps to enhance the ecological function of single-storey forests [14,15]. Studies
have shown that bamboo-tree mixtures can increase the total aboveground biomass, in-
cluding arborous (tree and Moso bamboo) biomass [16]; enhance litterfall biomass per unit
area; improve fungal community structure [17]; and boost the abundance of arbuscular
mycorrhizal fungi (AMF) in the soil [18]. The mixing ratio of Moso bamboo to broadleaf
trees impacts the physical and chemical properties of the soil, indirectly influencing the
soil bacterial community [19]. Current studies show a clear difference between Moso bam-
boo forest soils and Moso bamboo mixed-forest soils.

C, N, and P are the main soil nutrients and key indicators for evaluating nutrient
levels and effectiveness [20]. Soil microorganisms play a functional role in ecosystem nu-
trient cycling; are highly dynamic; and are associated with soil C, N, and P cycling [21].
The growth environment of soil microorganisms can be affected by changes in root secre-
tions and chemical composition due to changes in vegetation type, which can affect their
biomass and soil enzyme activities [22]. The enzymatic activity of the soil is one of the
most sensitive indicators of the nutrient content and fertility of the soil [23]. Catalase, 3-
glucosidase, sucrase, and polyphenol oxidase are associated with the C cycle. They are
involved in lignin degradation, humus formation, sucrose hydrolysis, and cellulose catab-
olism, respectively. Meanwhile, urease and phosphatase are associated with the N cycle
and organophosphorus hydrolysis, respectively [9]. Wang et al. [24] reported a remarka-
ble correlation between soil organic carbon (SOC) and total nitrogen (TN) and both soil
microbial communities and enzyme activities. Fine roots contribute remarkably to carbon
inputs and regulate microbial communities and enzyme activities in the soil [24]. Moreo-
ver, fine root morphology is closely related to below-ground resources. Nutrient-poor
soils result in long, fine roots and great, fine root biomass [25]. The amount of nutrient
uptake by fine roots can also reflect the soil nutrient status. Therefore, understanding the
association between soil microorganisms, fine roots, and the soil environment can help
select mixed tree species to improve soil quality in Moso bamboo forests. However, the
effects of Moso bamboo mixed systems on the storage of soil C, N, and P; soil microorgan-
isms; and enzymatic activities of fine roots have rarely been studied.

This study investigated the soil properties and fine root characteristics of Moso bam-
boo forests with different mixed species. We hypothesized that: (1) differences in mixed
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tree species alter soil chemical properties and affect soil microbial and enzymatic activi-
ties; and (2) these changes are reflected in the fine roots of Moso bamboo, such as altera-
tions in fine root biomass and nutrient uptake. The objectives of this study were as follows:
(1) to study the effects of mixed cultivation of different native tree species with Moso bam-
boo on soil C, N, and P cycling and to elucidate the mechanisms and drivers of mixing
that affect soil microorganisms and enzymes; and (2) to explore the effects of mixing on
the root growth and nutrient uptake of Moso bamboo and to analyze the environmental
factors that are closely related to root indicators. The findings of this study are expected
to enhance our understanding of the effects of mixed cultivation on forest soils and pro-
vide a rationale for improving the soil environment of Moso bamboo ecosystems.

2. Materials and Methods
2.1. Site Description

The experimental site was located in Anji County, Huzhou City, Zhejiang Province,
China (30°23'-30°53" N, 119°14'-119°53' E) at 200-500 m altitude. The region has an aver-
age annual temperature of 17.7 °C, an average rainfall of 1300 mm, approximately 1943 h
of sunshine per year, a frost-free period of 226-246 d, and a mid-latitude subtropical mon-
soon climate. Soils in the area are ferric luvisols and come from granitic rock (Figure 1).

Figure 1. Overview of the study site: pure stands of Moso bamboo (CK), mixed stands of Moso
bamboo and Liriodendron chinense (ML), mixed stands of Moso bamboo and Sassafras zumu (MS),
mixed stands of moso bamboo and Cunninghamia lanceolata (MC), and mixed stands of Moso bam-
boo and Pseudolarix amabilis (MP).

2.2. Experimental Design and Soil and Fine Root Sampling

In July 2018, based on site similarities, we selected five forest stands, i.e., Moso bam-
boo plantation (CK), Moso bamboo-Liriodendron chinese plantation (ML), Moso bamboo—
Sassafras tzumu plantation (MS), Moso bamboo-Cunninghamia lanceolata plantation (MC),
and Moso bamboo-Pseudolarix amabilis plantation (MP), with similar elevations, soil types,
slopes, and characteristics. Five 20 x 20 m sample plots were established for each stand
selection. Five representative Moso bamboo samples were selected from each standard
sample plot based on the average plant height and diameter at breast height. Fine roots in
0-20 cm of soil were collected with a root auger in a north-south direction along the lateral
roots at a distance of about 0.5 m from the base. They were then transported to the labor-
atory in sterile plastic bags for freezing and preservation. Soil samples were collected from
25 sample plots at two depths, i.e., 0-20 cm and 20-40 cm, using the five-point sampling
method. The samples were mixed to form composite samples from each stratum, sealed
in sterile plastic bags, and transferred to the laboratory on ice. The samples were thor-
oughly mixed and passed through a 2.0 mm sieve. A portion of the sieved sample was
stored at —80 °C for DNA extraction.
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The remainder was divided into two portions. One of these was air-dried and used
for the determination of total P (TP), organic P (OP), inorganic P (IP), available P (AP),
total organic C (TOC), free particulate organic C (fPOC), occluded particulate organic
C(oPOC), mineral-associated organic C (MOC), available N (AN), and total N (TN). An-
other copy was stored at 4 °C for enzyme activities, microbial biomass C (MBC) microbial
biomass N (MBN), hot-water-extractable organic C (DOC), water-soluble organic N
(WSON), NH4*-N, and NOs-N content under field moisture.

2.3. Extraction and Determination of Soil C, N and P

We used the TOC analyzer (MultiN/C3100, Analytik, Jena, Germany) to determine
TOC, DOC, fPOC, and WSON. Using the method described by Li et al. [26], 30 mL of 1.8
g-cm?® Nal solution was added to 20.0 g of air-dried soil to determine the fPOC, 30 mL of
0.5% sodium hexametaphosphate was used to determine the MOC, and finally, the oPOC
was obtained. The chloroform fumigation extraction method [27] was used to analyze
MBC and MBN. An elemental analyzer (Perkin-Elmer 2400, PerkinElmer, Waltham, MA,
USA) was used to determine total nitrogen. The soil samples were mixed with 2 mol-L-
KCL at a ratio of 1:5, shaken for 1 h, and filtered, and the NHs*-N and NOs-N contents
were determined using the indophenol blue method and the phenolate disulphonic acid
method [28], respectively. The alkaline hydrolysis diffusion method [29] was used for the
determination of soil available nitrogen (AN). The HCIOs+-H250s digestion method and
the aluminum-antimony colorimetric method were used for the determination of TP,
while available P was determined by the Bray method by adding 0.5 mol-mol-L-* NaHCO:s
to the soil sample and then determining AP using a spectrophotometer [30]. The soil IP
content was measured using the sequential P fractionation method described by [31], and
the soil organic P content was the difference between TP and IP.

2.4. Determination of Soil Enzyme Activity and Microbial Abundance Measurements

Polyphenol oxidase activity and peroxidase activity were determined by a microtiter
plate enzyme assay [32] using L-DOPA as a calibrated substrate and a hydrolase assay
using a multifunctional enzyme marker (Spectra Max M5, Molecular Devices, Sunnyvale,
CA, USA). Soil acid phosphatase activity and $-glucosidase activity were determined via
the disodium phenylphosphate method and the nitrophenol colourimetric method, re-
spectively. The urease activity was the mass (mg) of soil NHs-N g~ produced by enzy-
matic degradation with the addition of urea, then incubated for 24 h at 7 °C.

Soil bacterial and fungal abundance were determined using real-time quantitative
fluorescence PCR. The primers used for bacterial gene copy number quantification were
338F (5'-ACTCCTACGGGAGGCAGCAG-3') and 518R (5'-ATTAC-
CGCGGGCTGCTGGG-3'), and the primers used for fungal gene copy number quantifica-
tion were NS1 (5-GTAGTCATATGCITGTCC-3') and Fung (5-CATTC-
CCCGTTACCCGTTG-3"). qPCR amplification was performed using the instrument CFX
96™ (Bio-Rad, Hercules, CA, USA). The qPCR conditions were as follows: pre-denatured
at 94 °C for 2 min; 94 °C for 30 s; 60 °C (bacterial)/55 °C (fungal) for 30 s; and 72 °C for 1
min, with 35 cycles, and the copy number of the target gene was calculated according to
the standard curve.

2.5. Determination of Fine Root Characteristics

The roots obtained were placed on a 0.85 mm sieve and rinsed with tap water before
being treated in an ultrasonic bath for 1 min. Root volume, mean diameter, and total
length were obtained by scanning with a flatbed scanner (Epson Expression) at 400 dpi
after the water had been wiped off. To obtain the dry weight of the root system, the ana-
lyzed roots were dried at 70 °C to a constant weight. The same methods as for the soil
samples were used to determine total nitrogen, phosphorus, and potassium in the root
system. The dry weight of the roots was multiplied by the total nitrogen, phosphorus, and
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potassium content to obtain the root nitrogen, phosphorus, and potassium uptake. Fine
root biomass was calculated as the dry weight of fine roots per area using the method
described by Ni et al. [9].

2.6. Statistical Analysis

All statistics and analyses were performed using SPSS 26.0 (SPSS Inc., Chicago, IL,
USA). Significant differences were calculated for soil properties, soil microbes, soil en-
zymes, and root-related indices using one-way analysis of variance (ANOVA) with the
significance level set at p < 0.05, and multiple comparisons were made using least signifi-
cant difference (LSD). Correlations between indicators were determined using Pearson
correlations, and graphs were generated using Origin Pro (2024).

3. Results
3.1. Soil C Fractions and Content

The four treatments significantly (Figure 2, p <0.05) affected the content of soil carbon
fractions compared to CK. All four treatments significantly (p < 0.05) increased the con-
tents of TOC, fPOC, oPOC, and DOC in soil layers from both 0-20 cm and 2040 cm com-
pared with CK. In the 0-20 cm soil layer, all four treatments significantly (p < 0.05) in-
creased the mineral-associated organic carbon (MOC) content compared to CK. However,
in the 2040 cm soil layer, MC was unable to increase the soil MOC content compared to
CK. The remaining three treatments significantly (p < 0.05) increased the soil MOC con-
tent. CK, MP, MS, and MC significantly (p < 0.05) increased the MBC content in the 0-20
cm soil layer. Meanwhile, MC had the lowest MBC content in the 2040 cm soil layer. The
MP was optimal for all the carbon fractions in all the soil layers.

The ratio of MBC/TOC was the largest, and the ratio of o)POC/TOC was the smallest
for CK in both soil layers. The values of DOC/TOC were highest for CK in the upper soils
and for ML in the lower soils. The MOC/TOC ratio of MS had the maximum value in both
soil layers. fPOC/TOC had the maximum value in the MC and the minimum value in the
MS.
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Figure 2. Contents and proportions of soil organic carbon pools. (a,c) represent 0-20 cm soil; (b,d)
represent 20—-40 cm soil. Different lowercase letters indicate significant (p <0.05) differences between
treatments. Error bars indicate standard deviations (n = 5).
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3.2. Soil N Fractions and Content

MP, MS, ML, and MC significantly (Figure 3, p < 0.05) increased the contents of total
N, WSON, NH«*-N, and alkaline hydrolysis N in both soil horizons compared to CK. All
four treatments significantly (p < 0.05) increased the NOs™-N content in the 2040 cm soil
layer. However, only MP, MS, and ML significantly (p <0.05) increased NOs™-N content in
the 0-20 c¢m soil layer compared with CK. MC and ML significantly (p < 0.05) reduced the
MBN content in both the 0-20 cm and 2040 cm soil layers, and MP and MS significantly
(p <0.05) increased the MBN content.

In the 0-20 cm soil, MP had the highest WSON/TN, NH+*-N/TN, and NOs-N/TN; CK
had the highest MBN/TN; and AP did not change significantly (Table 1, p < 0.05).
WSON/TN and AN/TN were lowest in MP in the 20-40 cm soil. NHs*-N/TN and NOs—-
N/TN were lowest and WSON/TN, AN/TN, and MBN/TN were highest in CK in the 20-
40 cm soil. In the 0-20 cm soil, NH4-N/TN and NOs-N/TN were highest in MS.
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Figure 3. Effects of different treatments on soil nitrogen pool content in 0-20 cm and 2040 cm soil.
Different lowercase letters indicate significant (p < 0.05) differences between treatments. Error bars
indicate standard deviations (1 = 5).

Table 1. Effects of different treatments on the proportion of soil nitrogen pools.

Land

Uses WSON/TN NH+-N/TN NOs-N/TN AN /TN MBN/TN
0-20 cm
CK 1.815+0.049b 0.058 +0.002d 0.017 +£0.001 d 10.863 +0.446 a 7.941 +0.795 a
MC 1.93+0.102a 0.069+0.004c 0.02+0.001d 10.732 +0.812 a 6.037 £0.387 d
ML  1.883 +0.087 ab 0.076 +0.006 b 0.033 + 0.007 ¢ 10.677 +0.194 a6.372 + 0.503 cd
MS 1.936+0.035a 0.089+0.003a 0.05+0.003b 10.806 +0.154 a 7.096 + 0.194 b
MP 1.965+0.034a 0.088+0.002a 0.059+0.005a 11.035+0.302 a7.325 +0.281 ab
20-40 cm
CK 3.974+0.338 a 0.058 +0.007 ¢ 0.024 +0.003 ¢ 20.237 +1.987 a14.973 +1.821 a
MC  3.215+0.341 bc 0.047 +0.004 d 0.026 +0.002 bc16.513 +0.823 b 8.407 + 0.664 ¢
ML 3.331+0.145b 0.047 +0.003 d 0.027 +0.002 ab16.387 + 0.668 b 8.98 + 0.683 ¢
MS 3.299+0.142b 0.076 +0.005a 0.03+0.001a 16.424 +0.265b10.661 +0.451 b
MP 2.937+0.171 ¢ 0.069 +0.004 b 0.028 +0.001 ab 14.569 + 0.721 ¢9.605 + 0.574 bc

Values represent mean * standard deviation (n = 5). Different lowercase letters indicate significant
(p < 0.05) differences between stands.
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3.3. Soil P Fractions and Content

Compared with CK, the four treatments significantly (Figure 4, p < 0.05) increased
soil total P, available P, and inorganic P contents in the soil layer of 0-20 cm, while in the
soil layer of 20-40 cm, the four treatments not only significantly (p < 0.05) increased soil
total P, available P, and inorganic P contents, but also significantly (p < 0.05) increased
organic P. MC had no significant effect on increasing the soil organic P content in the 0—
20 cm soil layer. The soil total P, available P, inorganic P, and organic P contents were
highest in the MP treatment in both soil horizons.

In both soil layers, all four treatments significantly (p < 0.05) increased the AP/TP and
IP/TP ratios and decreased the OP/TP ratio compared to CK. MP had the highest AP/TP
and IP/TP ratios and the lowest OP/TP in the 0-20 cm soil layer. In the 2040 c¢cm soil, MP
had the highest AP/TP, and MS had the highest IP/TP and the lowest OP/TP.

(®)

600

i
%3
=3
S

=Ll

o

S

S

=
o
—io

B
B
s
i
.-
Phosphorus content (mg-kg™")
g
-
°
o
o
8

>
S
ho

ed¢ b 2
0
TP AP P oP
¢ d
100 ( ) 100 ( )
S
90 ~ 90
2
: :
b <
E c . o a .
80 I € s b b ¢ be
B : . Haim
£ b by ®
a a =4 (s T
20 b b I =20
c = g
5
2
10 = 10
a 5 a
o4 ol e d Cab
o Lmm o L
AP/TP IP/TP OP/TP AP/TP IP/TP OP/TP

Figure 4. Contents and proportions of soil phosphorus pools. (a,c) represent 0-20 cm soil; (b,d) rep-
resent 2040 cm soil. Different lowercase letters indicate significant (p < 0.05) differences between
treatments. Error bars indicate standard deviations (1 = 5).

3.4. Soil Enzyme Activity and Microbial Abundance

MP, MS, ML, and MC increased the abundance of soil bacteria and fungi, soil urease
activity, acid phosphatase activity, and polyphenol oxidase activity compared to CK (Ta-
ble 2). Soil peroxidase activity and [3-glucosidase activity did not change significantly (p <
0.05) under MC treatment compared to CK. This was in contrast with the remaining three
treatments, which increased soil peroxidase activity and -glucosidase activity. Taken to-
gether, the MP provided the greatest enhancement of soil bacterial abundance, fungal
abundance, and soil enzyme activity.
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Table 2. Effects of different forest stands on soil microbial population and enzyme activities.

Land
Uses

Abundance of Abundance of Urease Activit Acid Phosphatase Peroxidase Ac- Polyphenol Oxi- B-glucosidase
Bacteria Fungi y Activity tivity dase Activity Activity
8 1 -1 5 1 ~1

<10 Cs(:};;es g" x10 Cs(zgies 5 pmol g h! pmol g h? pmol g1 h! pmol g1 h! pmol g h!

0-20 cm
CK
MC
ML
MS
MP

20-40 cm
CK
MC
ML
MS
MP

25+0.087d 2.642+0.145e 532.868 £19.202e 19.596+1.269e 52.83+1.007d 5232+0.208d 51.08+3.270d
2.682+0.073¢c 2.998+0.075d 581.288+11.427d 22.462+0.657d 51.754+2.337d 6.138+0.155¢ 49.928+4.273d
2.846+0.047b 3.306+£0.173c 617306 +£13.985¢c 2491+0.864c 57.268+1.625¢c 5.506+0.321d 56.91+2.662 c
2918+0.106 b 5.176 £0.202b 677216 +17.761b 29.562+1.263b 63.682+1.606b 6.944+0.275b 62.092+2.547b
3.04+0.060a 623+0269a 723556+17.620a 33.38+1.649a 70.652+2.134a 7.418+0.260a 67.138+1.972a

1.458 £0.098d 1.528 £0.147 e 454.878 +17.426e 13.396+1.575e 37298 +1.047d 3.328+£0.300d 33.238 +1.665 d
1.686+0.082c 1.874+0.110d 517.298 £13.558d 16.296 +0.472d 36.456+1.467d 4.208+0.130c 32.648 +1.994d
1.842+0.051b 2.158 +£0.123 ¢ 561.056 +15.391c 18.83+0.812c 41.638+1.689c 3.638+0.266d 39.706 +2.589 c
1.89+0.116b 4.012+0.275b 617.834+9.140b 23.242+1.079b 47.872+1.584b 5.094+0.209b 45.932+2.212Db
2.04+0.048a 5.088+0.303a 659.382+10.742a 26.24+0.527a 55.008+1.468a 5.508+0.327a 50.458+1.163 a

Values represent mean + standard deviation (n = 5). Different lowercase letters indicate significant
(p < 0.05) differences between stands.

3.5. Fine Root Characteristics

Compared with CK, MS and MP significantly (p < 0.05) increased the biomass, nitro-
gen uptake, and phosphorus uptake of the Moso bamboo roots (Table 3). MC significantly
(p <0.05) decreased the biomass, root length, root volume, phosphorus uptake, and potas-
sium uptake of the Moso bamboo roots. ML decreased the root length. There were no
significant changes in the average diameter, root volume, or potassium uptake of the
Moso bamboo root system under ML, MS, and MP compared to CK.

Table 3. Effects of different forest stands on fine root morphology and nutrient uptake.

Land Root Biomass (g

Phosph Potassi
Average Diam- Root Vol- Nitrogen Up- osphorus  Lotassium

Root L h ke (k ke (k
Uses m-3) oot Length (cm) eter (mm) ume (cm?®) take (kg ha™) Uptake (kg Uptake (kg
ha?) ha?)
CK 11897472+  1339.876 +26.894 0.54992 +0.044 35672+  59.232+1.777 6.334+0.649 57.718 +1.944
1212.803 b a ab 0.204 a bc b a
MC 10013.932 + 1033.38 + 58.327 ¢ 0.5121 + 0.019 b 2.648 £ 0.430 55.704 + 3.547 4.996 + 0.388 49.098 + 2.684
832.825 ¢ b c b

12668.54 + 649.367 1236.21 + 109.806 0.55006 + 3.3688 +  60.934+1.479 6.748 £0.430

M b b 0.020ab 0.190a ab ab 58.32+1470a

Ms  EHI08E 0050716010 D000 008 3IBIE0I (5 614 0834269910353 0 0218 = 1208
523477 ., )

wp MODIEBO5S IATI 141 OIS 00% 342 (oo g 40 00420142 5500 5

Values represent mean * standard deviation (n = 5). Different lowercase letters indicate significant
(p < 0.05) differences between stands.

3.6. Relationship between Soil and Fine Root

Correlation analysis showed that the Moso bamboo root growth was closely related
to changes in soil properties (Figure 5). Root biomass, root nitrogen uptake, and root phos-
phorus uptake were positively correlated with most soil organic carbon fractions, soil mi-
crobial and enzyme indicators, and all soil phosphorus and nitrogen fractions. Root po-
tassium uptake was positively correlated with soil microbial and enzyme activity indica-
tors. Root potassium uptake was more strongly correlated with soil nitrogen- and phos-
phorus-related indicators in the 0-20 cm soil layer. Root potassium uptake was more
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closely associated with soil carbon fraction indicators in the 20-40 cm soil layer. Root vol-
ume was negatively correlated with fPOC.
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Figure 5. Relationship between soil and fine root. Orange and blue colors indicate positive and neg-
ative correlations, and a cross in the box indicates an insignificant correlation.

4. Discussion

4.1. Effects of the Mixed Cultivation of Moso Bamboo with Other Indigenous Tree Species on Soil
C, N, and P

The conversion of Moso bamboo forests to mixed forests significantly (p < 0.05) im-
proved the amounts of stable and unstable carbon in the soil. The increase in tree species
led to an increase in aboveground apoptosis and belowground rooting, all of which are
favorable behaviors for soil carbon pools [33]. The main source of particulate organic car-
bon (POC) is plant material [34]. The increase in belowground fine root biomass was also
a significant contributor to the increase in POC [35]. This is consistent with the increase in
soil fPOC and oPOC content following the introduction of other tree species. The depth
of the plant root system had a significant effect on soil fPOC [36]. This may explain the
increased contribution of fPOC to TOC in the 0-20 cm soil layer in MC. This was the only
shallow-rooted plant among the four mixed species. oPOC can promote long-term carbon
sequestration by reducing microbial decomposition through the dense physical structure
of micromeres [37]. Mixed stands increased oPOC and oPOC/TOC in the soil. This indi-
cated that mixing is an effective means of increasing the carbon sequestration capacity of
Moso bamboo forests. MOC, the carbon fraction with the lowest turnover rate in the soil
[38], is an inorganic-organic complex formed from the end products of organic matter
decomposition by the adsorption of soil silt and clay fractions through strong ligand ex-
change, hydrophobicity, and multivalent cation bridges [39]. The MOC content in the soil
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under all four treatments was higher than that in the pure forest. Among these, MP and
MS had the highest MOC content, and there was a greater MOC contribution to TOC.
They also showed greater carbon sequestration capacity. DOC and MBC are readily avail-
able soil organic carbons, and MBC can be used to characterize SOC turnover and nutrient
cycling [40]. This is an important indicator of the role of soil microorganisms that can be
directly involved in soil biochemical transformation processes [41]. Although the MBC
and DOC contents increased in MP and MS, their MBC/TOC and DOC/TOC ratios were
lower. This indicated that the mixing of Moso bamboo with Sassafras tzumu and Pseudolarix
amabilis slowed down the conversion of stabilized organic matter to reactive organic car-
bon fractions and prolonged the retention time of carbon in the soil.

Bamboo forest mixing was favorable for reactive nitrogen pools, including the con-
tents of WSON, NH4*-N, and NOs~-N. These were significantly (p < 0.05) elevated in both
soil horizons. Meanwhile, the proportion of reactive nitrogen pools to total soil nitrogen
pools increased in the 0-20 cm soil horizon. One potential explanation is that mixing in-
creases the accumulation of plant residues in the soil, thereby enhancing nitrogen miner-
alization [42]. In the 2040 cm soil layer, the WSON/TN ratio decreased. Meanwhile, the
NH4+-N/TN and NOs-N/TN ratios increased substantially under the four treatments. This
may be related to the enhanced mineralization and leaching of soil organic matter by mix-
ing [43,44]. As an indicator of soil nitrogen supply capacity, alkaline-hydrolyzed nitrogen
significantly (p < 0.05) increased under the mixing treatment. Bamboo-wood mixing is an
effective means of improving soil nutrients, with phosphorus being the most limiting nu-
trient in subtropical China [45]. The mixing measure increased soil OP content but de-
creased the OP/TP ratio. The soil inorganic phosphorus content and the ratio to total phos-
phorus also increased substantially. This suggests that mixing promotes the mineraliza-
tion of soil phosphorus-containing organic matter. The study findings showed that there
was a significant increase in total and effective soil phosphorus content in both soil hori-
zons under mixing conditions. This has highlighted the positive effect of mixing on phos-
phorus effectiveness. Bamboo forest mixing has been shown to significantly (p < 0.05) af-
fect soils and can alter soil carbon and nitrogen pools and phosphorus fractions [46,47].
Soil nutrients in mixed Moso bamboo forests were higher than those in pure Moso bam-
boo forests. This significantly (p < 0.05) increased the effectiveness of C, N, and P in the
soil, with considerable potential for carbon sequestration. Moso bamboo mixed with Sas-
safras tzumu and Pseudolarix amabilis had the most successful results and is an effective
means of improving soil degradation in pure Moso bamboo forests.

4.2. Effects of Cultivating Moso Bamboo with Other Indigenous Tree Species on Soil Microbial
Biomass, Abundance, and Enzyme Activity

Soil microorganisms play a crucial role in maintaining soil structure and nutrient cy-
cling, and cultivating Moso bamboo with other tree species can alter the soil microbial
community. It can also change the microbial composition and functional capacity [18,48].
More stable soils have a greater soil microbial diversity [49]. In our study, mixing signifi-
cantly (p < 0.05) increased the abundance of fungi and bacteria in the soil and increased
the contents of effective elements such as NH+*-N, NOs—-N, AP, and AN. Nutrients have
been shown to be one of the main drivers of bacterial and fungal communities [50]. Similar
results were obtained in our study, where the effective nutrient content was highly corre-
lated with fungal and bacterial abundance. Pure stands of Moso bamboo often face con-
straints on effective soil nutrients under intensive management. Mixing can improve the
effectiveness of the microbial substrate, thereby reducing the nutrient constraints on the
growth of soil microorganisms and improving the stand stability.

Soil enzymes play an important role in the maintenance of soil health and nutrient
cycling [23]. They are important indicators of biochemical processes and microbial activ-
ity. Decreases in soil enzyme activities are common during intensive management of
Moso bamboo [9]. The present study showed that C cycle enzyme activities, that is, pe-
roxidase, polyphenol oxidase, and [-glucosidase, significantly (p < 0.05) increased in the
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soil after mixing. A positive correlation between C cycle enzymes and nitrogen content
was previously demonstrated [51], and the same results were obtained in this study. Phos-
phorus limitation due to nitrogen loading affects the soil carbon cycle [52]. Soil microor-
ganisms can reduce phosphorus limitation by allocating excess nitrogen for the produc-
tion of phosphatases [53]. In our study, changes in acid phosphatase activity were highly
consistent with changes in NH4*-N, NOs-N, and WSON content. They were also signifi-
cantly (p <0.05) and positively correlated with the phosphorus fraction content. Increasing
urease activity can promote soil organic nitrogen decomposition [54]. The NH4+*-N and
NOs~-N contents increased with increasing urease activity. Mixing breaks the soil nitrogen
limitation to which pure Moso bamboo forests are susceptible, increasing carbon acquisi-
tion. This is conducive to improving the soil carbon sequestration capacity. The increase
in acid phosphatase and urease activities implied that nitrogen and phosphorus cycling
in the soil was improved by mixing.

Mixing Moso bamboo with other tree species is an effective means of improving soil
microorganisms in Moso bamboo forests. This can increase the soil microbial abundance,
the C-cycling and N-cycling enzyme activities, and the soil carbon sequestration potential.
Understanding the relationship between enzyme activities and C, N, and P fractions can
help to determine the effects of mixing on soil microorganisms.

4.3. Root Growth and Nutrient Uptake

Soil resource gradients, stand age, and plant species are important factors that influ-
ence root traits [55,56]. Peng, C [57] found that the root biomass and length density of
Moso bamboo mixed with Cunninghamia lanceolata increased as the proportion of Moso
bamboo increased. This is consistent with the decrease in root biomass, root length, and
root volume of Moso bamboo after mixing with Cunninghamia lanceolata. The adaptive re-
sponse of the root system to soil nutrient availability is related to the trade-offs allocated
to the root structure for resource uptake [58]. In our study, root growth and nutrient up-
take were closely related to soil nutrients. MOC, MBC, and DOC were soil carbon fractions
significantly (p < 0.05) and positively correlated with root biomass. Organic carbon stocks
and mechanisms of chemical stabilization and physical protection in Moso bamboo forests
are primarily driven by root traits [42]. Root-sourced DOC can enter the MOC pool via a
rapid and efficient microbial pathway [59]. Organic matter exudation from dead root for-
mation can bind particles such as microagglomerates into macroscopic agglomerates, in-
creasing soil erosion resistance. Therefore, a higher root biomass represents a higher soil
binding capacity. In this study, MP and MS were the most accurate indicators of root bio-
mass and carbon fraction.

Changes in soil NOs-N and available P are important mechanisms for changes in
root morphology [60]. In this study, there was a positive correlation between nitrogen and
phosphorus uptake by roots and soil nitrogen and phosphorus fractions. Nitrogen and
phosphorus uptake by hairy vetch roots significantly (p < 0.05) increased in MS and MP,
but decreased in MC. Cunninghamia lanceolata, the only shallow-rooted plant in the mixed
forest, may have relatively intense nutrient competition with the Moso bamboo root sys-
tem, resulting in reduced nutrient uptake. Sassafras tzumu and Pseudolarix amabilis are
deep-rooted plants that have spatial complementarity with Moso bamboo in the under-
ground root system. This avoids the occurrence of direct competition for soil nutrients.
Greater root biomass and nutrient uptake were also observed in Moso bamboo when it
was mixed with the deep-rooted plant Choerospondias axillaris. Strong negative correlations
of root biomass and morphology with soil nitrogen fractions and soil enzymes and posi-
tive correlations of root growth parameters with acid phosphatase have been reported for
Moso bamboo [9]. In our study, root growth parameters, especially nitrogen uptake and
phosphorus uptake, showed positive correlations with most of the environmental factors.
This may be because mixing enhances soil nutrients and provides a positive ecosystem-
wide impact. Examining the relationship between environmental factors and root growth
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is conducive to further understanding the mechanisms of plant-environment interactions
and helps us to better understand changes in plant growth status and the environment.

5. Conclusions

Different stand structures significantly influence soil carbon (C), nitrogen (N), and
phosphorus (P) contents, enhancing nutrient effectiveness. This in turn boosts soil micro-
bial abundance and enzyme activity, which affects root growth and nutrient uptake. Soil
microbial abundance is strongly correlated with enzyme activities and environmental fac-
tors, and root growth interacts with these factors in the two soil layers at depths of 0-20
cm and 2040 cm. Among the four mixed species, Moso bamboo combined with Sassafras
tzumu and Pseudolarix amabilis showed improved soil C, N, and P pools, along with en-
hanced microbial abundance and enzyme activities. Mixing also positively impacts the
fine roots of Moso bamboo. Consequently, we recommend Sassafras tzumu and Pseudolarix
amabilis as the preferred species for mixing with Moso bamboo. Further research should
investigate the effects of changed litterfall and root secretions on soil due to mixed forests.
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