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Abstract: Decomposition of plant roots and their related fungal mutualists is a fundamental process
of ecosystem material cycles. Despite the fact that fine roots are the dominant source of soil organic
carbon (SOC) storage, our understanding of the functional traits controlling fine root decomposition
is still far from clear. In the present study, the decomposition of fine roots among four arbuscular
mycorrhizal (AM) and six ectomycorrhizal (EM) species was studied in a temperate forest after
570 days of exposure. Our results showed that fine roots among AM species decomposed faster
than EM species. Our findings further suggested that initial aluminum (Al) and manganese (Mn)
concentrations were the best predictors for decomposition of fine roots among the traits that we
measured. Initial cellulose concentration, carbon:nitrogen ratio (C:N), and lignin:N ratio were closely
related to decomposition among AM species. In contrast, among EM species, initial phosphorus (P),
calcium (Ca), and non–structural carbohydrate (NSC) concentrations were the best predictors of fine
root decomposition. The initial concentrations of Na, Fe, NSC, cellulose, and hemicellulose were
useful predictors of fine root decomposition across the 10 studied tree species.
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1. Introduction

Litter decomposition in terrestrial ecosystems is an important part of material cycling
and nutrient balance [1]. Up to present, more than 5000 articles have been published on
plant litter decomposition (Institute of Scientific Information Network) [2]. However, the
vast majority of research focuses on the decomposition of leaf litter in the aboveground
parts, and there are few studies on the decomposition of fine roots (generally refers to the
fine roots of diameter ≤ 2 mm) in the underground part [3,4]. Compared with seasonal
litter that occurs on the ground, the death and decomposition of fine roots occurs at any
time throughout the year, and thus it most probably represents the function of continuously
inputting nutrients to the soil. The carbon (C) transported to the soil through fine root
decomposition is probably 4–5 times that of aboveground litter decomposition each year in
temperate forests [5]. The organic compounds imported from root exudates into rhizosphere
soil accounted for 5%–21% of photosynthates [6]. In temperate forests, organic carbon input
to the soil from below-ground litter formed by fine root turnover accounted for 14%–87%
of the total input, which was 18%–58% greater than the contribution from above–ground
litter decomposition [7]. The direct carbon input from fine root decomposition accounted
for 30%–60% of the total carbon input to soil [8]. More and more studies have shown that
the decomposition of fine roots was the main way for C and nutrients returnning from
plant tissues to the soil [9]. In addition, through the decomposition of fine roots, part of the
carbon is released into the atmosphere, and a large amount of organic carbon is converted
into stable humus and stored in the soil, becoming the main source of soil organic carbon
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pool [10]. Fine root decomposition is of great significance for improving the accuracy
of global C dynamic models, promoting soil carbon sink function, and predicting future
climate change [11]. Therefore, it is extremely important to study the factors that regulate
the decomposition of fine roots.

Root substrate, environmental factors, and decomposers triangularly regulated the
process of fine root decomposition [12]. Some studies reported that root substrate was the
dominant factor regulating fine root decomposition [13,14], which includes N, P, cellulose,
and lignin concentrations, and lignin:N ratios. Other studies showed that non–structural
carbohydrate and lignin concentrations were the dominant factors controlling fine root
decomposition [15,16]. Thus, there is still large uncertainty concerning the functional traits
predicting fine root decomposition.

In addition, the mycorrhizal type of tree species is mostly expected to be an important
factor regulating root quality and thus decomposition rates. Ninety percent of tree roots in
forest ecosystems can form mycorrhiza, which can be classified as arbuscular mycorrhiza
(AM) or ectomycorrhizal (EM) [17,18]. The fungal mycelium of the endophytic mycorrhiza
penetrates into the root cells and propagates within the cells. Two typical structures
of vesicule and arbuscule are generated in plant root cells. Ectomycorrhiza is a fungal
mycelium that penetrates between cortical cells to form a mycelium network (Hartig’s net).
At the same time, mycelial sheath is formed on the root surface. The external morphology
and histological structure of the AM are obviously different from that of the EM. These
differences can change the chemical composition of the root system. Decomposition of
plant roots and their associated fungal symbionts is a major process in ecosystem carbon
and nutrient cycling [19–23]. Some studies had reported that arbuscular mycorrhizal and
ectomycorrhizal fungi could promote the decomposition of litter or organic matter [24,25],
but other studies had obtained the opposite results [26,27]. It has also been shown that EM
fungal infection largely inhibited litter decomposition, and AM fungal infection promoted
litter decomposition [28–30]. The litter of ectomycorrhizal species usually had higher C:N
ratio and higher concentration of secondary compounds that inhibited decomposition than
that of endophytic species [31,32]. Therefore, there was insufficient research on the different
of mycorrhizal types and root decomposition, and also the respective factors regulating
root decomposition of AM species and EM species. More experimental evidence is clearly
needed for verifying these patterns between AM and EM species.

To sum up, the existing studies lacked sufficient understanding of the factors regu-
lating fine root decomposition in forests. In this study, we used four AM species and six
EM species in a temperate forest in Northeast China. These ten tree species were selected
for our experment design, not only based on the criteria of relative abundance, but also of
distinct root substrate in C:N ratio, lignin, and other initial chemical composition character-
istics. Therefore, we made hypothesis 1 that different mycorrhizal types could regulate the
decomposition of fine roots. Hypothesis 2 was that the initial chemical composition was
the dominant factor regulating the decomposition of fine roots. Our overall objective for
this research is to study the factors regulating fine root decomposition in temperate forests.

2. Materials and Methods
2.1. Site Description

The experimental site was located in Laoshan Artificial Forest Experimental Station
(127◦29′–127◦44′ E, 45◦14′–45◦29′ N) of Maoershan Experimental Forest Farm of Northeast
Forestry University. Maoershan area belongs to the temperate zone, with hot and humid sum-
mers and cold and dry winters. Annual precipitation was approximately 723 mm, and mean
annual temperature was 2.8 ◦C. During the experiment, the average monthly temperatures
during the day and night were 20.6 ◦C and 8.7 ◦C in May 2021, 29.8 ◦C and 21.2 ◦C in July
2021, 12.5 ◦C and–0.5 ◦C in October 2021, and 19.9 ◦C and 7.3 ◦C in May 2022. The zonal soil
was mainly dark brown soil. The average forest cover was 95%. The main forest types were
Populus L., Betula platyphylla, Acer mono, Quercus mongolica, Ulmus pumila L., and coniferous
plantation dominated by Pinus koraiensis, Larix gmelinii, and Pinus sylvestris var. mongolica. The
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10 tree species in our experiment are all from Laoshan Artificial Forest Experimental Station of
Maoershan Experimental Forest Farm of Northeast Forestry University.

2.2. Experimental Design

In this experiment, the litterbags method was used to study the decomposition of fine
roots of 10 common tree species in a temperate forest in Northeast China. The selected tree
species included 4 AM tree species (Acer mono, Juglans mandshurica, Fraxinus mandshurica,
Phellodendron amurense) and 6 EM species (Pinus koraiensis, Larix gmelinii, Betula platyphylla,
Quercus mongolica, Tilia amurensis, Ulmus davidiana var. Japonica). The average height of the
plantation was 13.40 ± 0.55 m and diameter at breast height was 9.94 ± 0.86 cm at the time
of root sampling. Our fine root decomposition experiment was carried out in secondary
forest plots.

In September 2020, the invidual sampling tree of each species was first determined.
The morphological and structural characteristics of fine roots vary among species. To ensure
species identity, we harvested only roots that could be traced back to the stems of each
target individual. In the experimental plots, we randomly selected 10 target tree species.
Following the trunk to the taproot, we next used a shovel to excavate the soil between the
litter layer and the soil depth of 15 cm within a range of 2 m from the main root of the
targeted trees. After identifying the fine roots of the target species, we carefully separated
the roots from the clods, keeping the fine roots as intact as possible. After removing the
soil on the surface of the root system, it was transported back to the laboratory. Separation
of fine roots from the soil could damage the original rhizosphere environment, including
rhizosphere microorganisms, which might not truly reflect the decomposition of fine
roots. We used a vernier caliper to indentify the fine root samples which were less than
2 mm in diameter. All fine root samples were dried in a constant temperature oven at
60 ◦C to a constant mass. We weighed 3 g of fine root samples and placed them in a
nylon mesh bag with a length and width of 15 cm (aperture of 0.2 mm), yielding a total
of 10 bags × 4 harvests × 4 plots (n = 4) = 160 bags. Four 20 m × 20 m plots of secondary
forest were randomly selected in October 2020. Four repetitive quadrats were arranged in
each plot, and each root litterbag for each species was buried in a 10–centimeter–deep soil
layer in each quadrate. The distance between each plot was more than 200 m. We marked
the exact spot where the bags were buried so we could take root samples. We retrieved
litterbags in May, July, and October 2021 and May 2022.

2.3. Data Collection and Root Quality Determination

Fine root samples were milled for chemical composition analysis. The concentrations
of NSC in initial samples of fine roots were measured by the high–temperature concentrated
sulfuric acid–anthracene method, The contents of copper (Cu), zinc (Zn), sodium (Na),
potassium (K), magnesium (Mg), iron (Fe), phosphorus (P), S, Al, Ca, Mn, and other nutrient
elements in the initial fine root samples were determined by the iterative closest point (ICP)
method. Concentrations of lignin, cellulose, and hemicellulose were measured using Filter
Bag Technology (ANKOM 2000i). The total C and N contents of the initial samples of fine
roots were determined by elemental analyzer (MACRO cube). Root samples were regularly
returned to the laboratory, cleaned, and packed in envelopes. We first dried samples in an
oven at 60 ◦C to a constant mass, and then weighed them in order to obtain the weight of
the decomposed dry matter.

2.4. Data Processing and Analysis

Root decomposition was calculated by root mass residue rate, that is, the proportion of
root dry mass in the initial dry mass at each harvest time. Root decomposition rate constant
(k) was calculated by a negative exponential decay model:

X = e−kt (1)
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where X is the mass residue rate (%) at the decomposition time t (unit: annual), and k is
the annual decomposition rate constant. The relationship between k and initial chemical
components was analyzed by linear regression with Origin 2021 software. Figures were
drawn with Origin 2021 software. All statistical analyses were conducted using SPSS
22 software. An independent–sample t-test was used to analyze significant difference
between AM and EM. Differences in initial composition between species were obtained by
one–way ANOVA. Pearson’s correlation coefficients were used to examine the bivariate
correlations between functional traits. We examined species and mycorrhizal interactions
using two–way ANOVA. A mixed linear model was used to explain the effects of initial
chemical elements on the decay constants of 10 species at different plots.

3. Results
3.1. Initial Chemical Composition of Fine Roots

There were large differences in initial chemical characteristics in fine roots of the studied
10 tree species. There were significant effects among different litter species on almost all initial
root chemical composition (p < 0.001, Table 1). Quercus mongolica had the highest initial C:N
ratio and the lowest initial P concentration. The initial Al concentration and initial C:N ratio of
the Phellodendron amurense were the lowest. The initial P concentration and NSC concentration
of Pinus koraiensis were the highest, and initial Ca concentration was the lowest. We found
that the initial Ca concentration was the highest in Juglans mandshurica. In addition, there were
significant differences in initial C:N ratio, cellulose, lignin, and lignin:N ratio among different
mycorrhizal types, but with no significant differences in other initial chemical components
(Table 1). The initial concentrations of Ca, P, K, NSC, and hemicellulose in AM species were
generally higher than those in EM species. In contrast, the initial Al concentration, lignin, and
cellulose in fine roots of EM species were higher than that of AM species. The C:N ratio and
lignin:N ratio of EM species were almost twice that of AM species (p < 0.05).

3.2. Decomposition Rate of Fine Roots on Different Mycorrhizal Species

Among the 10 studied temperate tree species, the percentage of mass remaining showed
a decreasing trend in 570 days. During the whole experimental period, we found significant
difference in the percentage of remaining fine roots between AM and EM species (p < 0.01).
Decomposition rates of EM species were significantly slower than those of AM species.
The average decomposition constants of AM species and EM species were 0.70 and 0.37,
respectively (Figure 1). Our results proved that there were significant differences between AM
and EM species in decomposition rates of fine roots (p < 0.05). AM species decomposed faster
than EM species. During the period of decomposition, the fastest decomposing species was
Phellodendron amurense, which decomposed 73% by the end of the experiment. The slowest
decomposing tree species was the Larix gmelinii, which decomposed by 31% in the end of
the experiment (Figure 1). The interaction between species and mycorrhizal types had a
significant effect on the decomposition rate of fine roots (p = 0.002) (Table 2).
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Table 1. Differences in initial chemical elements under the same mycorrhizal type and significance of differences in initial chemical elements between AM and EM
species. (4 arbuscular mycorrhizal (AM) species represent the means of 4 AM species, and 6 ectomycorrhizal (EM) species represent the means of ectomycorrhizal
species (means with SE, n = 3). We used independent–sample t-tests, Duncan’s test, homogeneity tests, and descriptive statistics to compose the table. Lowercase
letters represent the significance of mycorrhizal types and uppercase letters represent significant differences between species.

Mycorrhiza Type AM Specie AM Specie AM Specie AM Specie EM Specie EM Specie EM Specie EM Specie EM Specie EM Specie AM Species EM Species

Root type Phellodendron
amurense

Juglans
mandshurica

Fraxinus
mandshurica Acer mono Pinus koraiensis Larix

gmelinii
Betula

platyphylla

Ulmus
davidiana var.

japonica

Tilia
amurensis

Quercus
mongolica 4 AM specles 6 EM specles

P 1.23(0.06)aC 1.00(0.05)bD 1.25(0.06)aC 0.88(0.04)cE 1.79(0.09)aA 0.75(0.04)cF 0.83(0.04)cEF 1.48(0.07)bB 0.60(0.03)dG 0.50(0.03)dG 1.09(0.05) 0.99(0.05)
K 1.13(0.06)aA 0.48(0.02)cD 1.18(0.06)aA 0.69(0.03)bC 0.64(0.03)bC 0.31(0.02)deEF 0.27(0.01)eF 1.07(0.05)aB 0.44(0.02)cD 0.36(0.02)dE 0.87(0.04) 0.52(0.03)
Ca 9.06(0.45)cC 12.53(0.63)aA 7.54(0.38)dD 10.58(0.53)bB 4.83(0.24)dE 7.52(0.38)cD 9.12(0.46)abC 8.84(0.44)bC 9.30(0.47)abC 9.67(0.48)aC 9.93(0.50) 8.21(0.41)
Al 1.16(0.06)dF 1.47(0.07)cE 1.72(0.09)bD 2.17(0.11)aC 1.35(0.07) dE 2.53(0.13)bB 1.66(0.08)cD 1.72(0.09)cD 3.56(0.18)aA 1.31(0.07)dEF 1.63(0.08) 2.02(0.10)
Fe 0.95(0.05)cG 1.32(0.07)bDE 1.24(0.06)bEF 1.75(0.09)aC 1.15(0.06)dF 2.06(0.10)bB 1.43(0.07)cD 1.44(0.07)cD 2.72(0.14)aA 0.82(0.04)eG 1.32(0.07) 1.60(0.08)
Mg 1.33(0.07)bcCDE 1.23(0.06)cE 1.85(0.09)aA 1.45(0.07)bC 1.25(0.06)dDE 0.98(0.05)eF 0.99(0.05)eF 1.65(0.08)bB 1.96(0.10)aA 1.37(0.07)cCD 1.47(0.07) 1.37(0.07)
Mn 0.10(0.01)dF 0.12(0.01)cDE 0.17(0.01)aA 0.15(0.01)bB 0.10(0.01)cF 0.09(0.00)dG 0.12(0.01)bE 0.14(0.01)aBC 0.13(0.01)aCD 0.10(0.00)cdFG 0.14(0.01) 0.11(0.01)
Na 0.48(0.02)cDE 0.64(0.03)bB 0.70(0.04)aA 0.49(0.02)cD 0.41(0.02)dF 0.43(0.02)cdEF 0.47(0.02)bcDE 0.50(0.02)bD 0.54(0.03)aC 0.42(0.02)dF 0.58(0.03) 0.46(0.02)
S 0.14(0.01)aA 0.09(0.00)cC 0.13(0.01)aB 0.09(0.00)cC 0.09(0.00)aC 0.07(0.00)bD 0.08(0.00)bD 0.07(0.00)bD 0.07(0.00)bD 0.06(0.00)cE 0.11(0.01)a 0.07(0.00)b

Zn 0.07(0.00)cE 0.08(0.00)bC 0.10(0.00)aB 0.04(0.00)dFG 0.04(0.00)cF 0.03(0.00)eH 0.12(0.01)aA 0.08(0.00)bD 0.03(0.00)dG 0.02(0.00)eH 0.07(0.00) 0.05(0.00)
NSC (mg/g) 58.56(1.70)bD 81.33(0.99)aB 63.65(1.88)bC 42.56(1.03)cG 86.70(0.11)aA 51.26(0.69)bEF 49.71(1.46)bcEF 47.62(0.66)cF 52.28(0.20)bE 48.97(1.37)bcEF 61.53(1.40) 56.09(0.75)
Lignin (%) 23.27(0.30)bE 15.05(0.96)cF 22.83(0.11)bE 27.11(0.11)aCD 25.25(0.24)cDE 31.62(0.87)bB 26.15(1.56)cCD 28.14(0.44)cC 35.26(0.79)aA 27.89(0.72)cC 22.07(0.37)b 29.05(0.77)a

Cellulose (%) 16.67(1.12)bcC 14.85(0.00)cC 17.22(0.24)bC 21.08(0.04)aB 21.62(0.12)abAB 23.37(0.04)abAB 20.64(0.52)bB 22.53(0.67)abAB 22.17(0.22)abAB 24.31(2.04)aA 17.46(0.35)b 22.44(0.60)a
Hemicellulose (%) 18.94(2.02)aB 10.6(0.56)cE 14.92(0.24)abC 11.67(0.20)bcDE 6.95(0.04)eF 6.51(0.05)eF 11.35(0.00)cE 25.68(0.27)aA 10.02(0.06)dE 13.76(0.56)bCD 14.03(0.76) 12.38(0.16)

C:N 21.60(1.08)bG 26.28(1.31)bFG 26.91(1.35)bFG 38.06(1.90)aDE 52.36(2.62)cdC 59.26(2.96)bcBC 43.65(2.18)dD 31.83(1.59)eEF 65.53(3.28)abAB 71.29(3.56)aA 28.21(1.41)b 53.99(2.70)a
Lignin:N 10.53(0.53)bcE 8.50(0.43)cE 13.12(0.66)bE 22.4(1.12)aD 27.45(1.37)cC 39.53(1.98)bB 24.21(1.21)cdCD 20.84(1.04)dD 49.66(2.48)aA 39.84(1.99)bB 13.64(0.69)b 33.59(1.68)a
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Figure 1. Initial mass remaining in different mycorrhiza types of 4 arbuscular mycorrhizal (AM)
species (a) and 6 ectomycorrhizal (EM) species (b) within litterbags, during 570 days of decomposition.
Error bars represent mean ± SE. Decay constants (k-value, means with SE) between AM and EM
species are shown in (c).

Table 2. Results of two–way ANOVAs on the effects of tree species, mycorrhiza types, and their
interactions on decay rates of fine roots in 570 days. D.f., degrees of freedom.

Source of Variation
Decay Period (Days)

210 270 360 570

Species <0.001 <0.001 <0.001 <0.001
Mycorrhiza 0.072 0.093 0.029 0.020

Species ×Mycorrhiza 0.002 0.002 0.002 0.002

3.3. Relationship between Fine Roots Decomposition Rates and Initial Chemical Composition

k–values were significantly and negatively correlated with initial concentrations of
Al (r2 = 0.871), Mn (r2 = 0.862), Fe (r2 = 0.659), Mg (r2 = 0.361), cellulose (r2 = 0.379), C:N
ratio (r2 = 0.657), and lignin:N ratio (r2 = 0.494) in AM species (Figure 2). k–values were
positively correlated with initial hemicellulose (r2 = 0.369).

Initial P (r2 = 0.949), S (r2 = 0.580), and NSC (r2 = 0.476) concentrations were significantly
and positively correlated with the k–values of EM species (Figure 2). The experimental results
showed that the k–values were consistent with the trend of the initial concentrations of P, S,
and NSC. That is, the higher initial concentrations of P, S, and NSC, the faster decomposition
of EM species. In contrast, the initial Ca concentration (r2 = 0.459), C:N ratio (r2 = 0.441), and
lignin:N ratio (r2 = 0.438) were significantly and negatively correlated with the k–values. As
shown by data, initial P concentration showed the tightest (positive) correlation with EM
species decomposition rates among all of the traits measured (Figure 2). The decomposition
rate among all studied species has a very significant correlation with the initial concentrations
of Na, Fe, NSC, cellulose, and hemicellulose (Table 3).
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Table 3. Linear mixed models (LMMs) used to explain the effects of initial chemical elements on the
decay constants of 10 species at different plots.

Initial Chemical Parameters d.f. p

Ca 32 0.384
Na 32 0.000 ***
Fe 32 0.007 **

NSC 32 0.023 *
C:N 32 0.400

Cellulose 32 0.000 ***
Hemicellulose 32 0.000 ***

Signif. codes: 0 ‘***’, 0.01 ‘**’, 0.05 ‘*’. R2 = 0.839 (R2 represents the correlation of the initial element on the
decay constants).
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Figure 2. (a–l) Regression relationship between decay constants (k–value) and initial aluminum (Al),
manganese (Mn), iron (Fe), magnesium (Mg), carbon:nitrogen ratio (C:N) ratio, phosphorus (P),
calcium (Ca), non–structural carbohydrate (NSC), and sulphur (S) concentrations in 4 AM and 6 EM
species. The linear relationship between the initial element and AM species is shown by the red line.
The linear relationship between the initial element and the EM species is shown by the blue line. The
r in the subfigures represents the correlation coefficient and p stands for correlation significant on
layer 0.1, 0.01, 0.001 and 0.0001.
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4. Discussion
4.1. Factors Controlling Fine Root Decomposition Rates

Understanding fine root decomposition might improve our predictions of under-
ground processes and terrestrial biosphere models [33,34]. In this study, there were
significant differences in the decomposition rate of fine roots between species. C–and
nutrient–related traits had substantial contributions to predicting decomposition of fine
roots (Table 3), which was consistent with the recent studies in which substrate chem-
istry was the leading factor of root decomposition [35–37]. Our data showed that the
initial concentrations of Na, Fe, NSC, cellulose, and hemicellulose were the main factors
regulating decomposition of fine roots. Cellulose and hemicellulose were one of the C
components in root which are abundant and difficult to decompose. How fast it degrades
controls the whole process of root decomposition [38]. In addition, microorganisms used
the energy substance NSC in roots to influence decomposition. Therefore, NSC affected the
decomposition rate of fine roots [39].

4.2. Effects of Different Mycorrhizal Types on Decomposition

Mycorrhizal types were critical factors in predicting litter quality and decomposition.
AM and EM fungi inhibited or hindered the decomposition of fine roots by altering their
physical structure and chemical properties [40,41]. AM and EM species had huge differences
in morphological structure and chemical properties (such as nutrient acquisition methods,
mycelial turnover rate, and so on), and differences in the chemical properties of AM and
EM litter led to diverse decomposition rates. EM species rely on their own carrion or fast–
growing mycelia to release a large number of enzymes or organic acids to affect fine root
decomposition [42,43]. Studies have shown that, by competing for the same nutrient resources,
mycorrhizal fungi affect the activity of saprophytes and indirectly regulate the decomposition
rate of litters [44]. There were significant differences in nutrient utilization characteristics
between AM and EM fungi [45]. Our experimental data showed that there were significant
differences in the decomposition rates of different mycorrhizal types of roots. Compared with
EM litters, many AM litters usually had lower initial C:N ratio, lignin:N ratio, and higher
decomposition rates, which is in line with published studies [46,47].

Our experimental data interestingly showed that, when the AM and EM species were
not distinguished, initial chemical components had no significant effect on the k–values
of fine roots (Table 3). However, when they were distinguished, these initial chemical
components had a significant effect on the k–values (Figure 2), which was further demon-
strated in that mycorrhizal types had a significant effect on decomposition of fine roots. In
addition, mycorrhizal fungal hyphae could combine with metals to limit their migration
to the aboveground plant parts, achieving the purpose of protecting plants from metal
poisoning [48], especially the complexation with the element Mn. Variation in Mn concen-
tration played a key role in regulating manganese peroxidase activity, which effected litter
decomposition of refractory components [49,50]. There was a negative correlation between
Mn concentration and easily extractable glomalin in the rhizosphere soil, which was closely
related to the ability of the easily extractable glomalin to adsorb, complex, and chelate Mn
ions [51]. Compared with EM species, the cell walls of AM mycelia and spores were rich in
chitin, wall acids, and globomycin, which could adsorb, complex, precipitate, and strand a
large number of metals [52,53]. There was no correlation between initial Mn concentration
and any element in AM species (Table 4). Lignin is one of the components that make up
the cell wall of woody plants. Lignin had a complex network structure that allowed a
small number of microorganisms to produce the enzymes necessary to decompose it [54,55].
Lignin–degrading compounds are attacked by specific microorganisms. The aromatic
structure is opened by multiple degradation [56–58]. Decomposition rate was controlled by
lignin through physical method interfered with decay of other cell wall sections, as well as
through its resistanced to enzymatic attack. There was a negative linear correlation between
decomposition constant (k–values) of fine roots and initial C:N ratio (Figure 2), that is, the
decomposition of fine roots was slower with increasing initial C:N ratio. In our experiment,
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initial C:N ratio was an important indicator reflecting the substrates quality of fine roots.
As the initial C:N ratio increases, the quality of the substrates became lower. In addition,
C:N ratio was positively correlated with Al and Fe. The k–value had a higher correlation
with the initial Al concentration. That is to say, initial Fe and Al concentration and C:N ratio
affected the decomposition of fine roots. Initial Al concentration is the main regulator of
fine root decomposition (Table 4). Our experiment also had shortcomings. Root separation
from the soil could disrupt the original soil environment, which could affect the decompo-
sition process. In the present study, initial Ca concentration significantly correlated with
k–values of EM species, which was consistent with the general conclusion that initial Ca
concentration was believed to limit root decomposition at the global scale [43,59]. EM fungi
were able to form mycorrhizal sheaths and wrapped around root tips to form mycelium.
EM species contained large amounts of organic acids, especially oxalates, which helped
to obtain certain nutrients, such as Ca. The secretion of oxalate enabled Ca fixation in
calcium oxalate crystals, which could prevent grazing in fungal–eating animals [33,60,61].
Therefore, decomposition of fine root in EM species had a strong relationship with initial
Ca concentration. It not only provided the necessary nutrients for microbial growth, but
could also be utilized by heterotrophic bacteria and fungi to form oxalate [62,63]. Therefore,
initial Ca concentration has an effect on the decomposition rate of fine roots in EM species.
In addition, there was a significant negative correlation between Ca and NSC. Ca and NSC
may jointly regulate fine root decomposition in EM species (Table 5).



Forests 2023, 14, 372 10 of 13

Table 4. Analysis of Pearson correlation coefficient between elements of AM species.

Root Traits k–Value Al Ca Fe K Mg Mn Na P S Zn Lignin Hemicellulose Cellulose NSC C:N Lignin:N

k–value 1
Al −0.933 1
Ca 0.106 0.047 1
Fe −0.812 0.942 0.374 1
K 0.168 −0.296 −0.962 * −0.587 1

Mg −0.601 0.367 −0.818 0.047 0.643 1
Mn −0.928 0.756 −0.414 0.538 0.154 0.848 1
Na −0.343 −0.003 −0.146 −0.104 0.036 0.525 0.533 1
P 0.431 −0.652 −0.759 −0.867 0.863 0.456 −0.065 0.315 1
S 0.470 −0.591 −0.825 −0.814 0.945 0.403 −0.143 0.003 0.943 1

Zn 0.123 −0.472 −0.407 −0.615 0.423 0.473 0.193 0.842 0.755 0.494 1
Lignin −0.362 0.517 −0.551 0.331 0.460 0.413 0.351 −0.543 −0.050 0.228 −0.524 1

Hemicellulose 0.607 −0.615 −0.702 −0.780 0.864 0.170 −0.356 −0.306 0.806 0.949 0.224 0.329 1
Cellulose −0.615 0.812 −0.189 0.719 0.032 0.268 0.461 −0.501 −0.476 −0.235 −0.722 0.892 −0.125 1

NSC 0.363 −0.578 0.359 −0.456 −0.271 −0.242 −0.271 0.656 0.246 −0.050 0.694 −0.976 * −0.199 −0.944 1
C:N −0.811 0.965 * 0.229 0.980 * −0.441 0.123 0.557 −0.216 −0.803 −0.695 −0.676 0.512 −0.640 0.843 −0.622 1

Lignin:N −0.703 0.887 −0.095 0.814 −0.086 0.259 0.522 −0.420 −0.571 −0.363 −0.716 0.817 −0.272 0.988 * −0.883 0.913 1

* Correlation significant on layer 0.05 (double-tailed). This is shown in bold in the table.

Table 5. Analysis of Pearson correlation coefficient between elements of EM species.

Root Traits k–Value Al Ca Fe K Mg Mn Na P S Zn Lignin Hemicellulose Cellulose NSC C:N Lignin:N

k–value 1
Al −0.326 1
Ca −0.678 0.258 1
Fe −0.210 0.982 ** 0.166 1
K 0.716 −0.207 −0.169 −0.156 1

Mg 0.101 0.503 0.330 0.424 0.465 1
Mn 0.292 0.254 0.464 0.282 0.576 0.675 1
Na −0.020 0.691 0.545 0.695 0.257 0.736 0.868 * 1
P 0.974 ** −0.441 −0.745 −0.324 0.720 −0.034 0.136 −0.198 1
S 0.761 −0.221 −0.781 −0.084 0.103 −0.309 −0.066 −0.202 0.717 1

Zn 0.294 −0.279 0.183 −0.154 0.145 −0.281 0.507 0.259 0.225 0.366 1
Lignin −0.487 0.952 ** 0.381 0.890 * −0.191 0.551 0.179 0.616 −0.563 −0.483 −0.458 1

Hemicellulose 0.223 −0.246 0.457 −0.246 0.762 0.418 0.719 0.402 0.217 −0.364 0.368 −0.150 1
Cellulose −0.543 −0.018 0.255 −0.152 −0.037 0.115 −0.392 −0.295 −0.404 −0.795 −0.735 0.281 0.115 1

NSC 0.690 −0.288 −0.920 ** −0.238 0.135 −0.138 −0.359 −0.469 0.700 0.795 −0.212 −0.417 −0.459 −0.320 1
C:N −0.664 0.309 0.124 0.159 −0.664 0.096 −0.558 −0.224 −0.653 −0.411 −0.788 0.445 −0.602 0.553 0.010 1

Lignin:N −0.662 0.713 0.265 0.585 −0.532 0.369 −0.251 0.197 −0.704 −0.485 −0.742 0.814 * −0.485 0.467 −0.184 0.880 * 1

** Correlation significant on layer 0.01 (double–tailed) and * correlation significant on layer 0.05 (double–tailed) in bold font.
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5. Conclusions

Our experimental data suggested that the initial concentrations of Na, Fe, NSC, cellu-
lose, and hemicellulose were the best predictors of fine root decomposition. In addition,
our research showed that roots of AM species decompose faster than those of EM species.
The initial chemical composition controlling decomposition was also different between AM
and EM species. Our findings further suggested that initial Al and Mn concentrations were
the best predictors for decomposition of fine roots among the traits that we measured in
AM species. Initial cellulose, C:N ratio, and lignin:N ratio were the next–best predictors
for decomposition of AM species. In EM species, initial P concentration was the best
predictor for decomposition of fine root. Initial concentrations of Ca and NSC were the
next–best predictors for decomposition of fine roots in EM species. The novelty of the
results of this study is important for both improving predictions of the forest carbon cycle
and understanding plant–soil feedback.

Author Contributions: R.Z. and T.S. conceived and designed the experiments; R.Z., Y.Z. and
W.G. performed the experiments; R.Z. analyzed data; R.Z., W.G., Y.Z., H.Z. and F.L. contributed
reagents/materials/analysis tools; R.Z. wrote the manuscript; Z.M. and T.S. reviewed and edited the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by [National Natural Science Foundation of China], grant
numbers [32022054 and 32192432]. This research was funded by [Instrument Developing Project of
CAS], grant number [YJKYYQ20190079]. This research was funded by [Youth Innovation Promotion
Association of CAS], grant number [2019198]. This research was funded by [State Key Program of
china], grant numbers [2020YFA0608100 and 2022YFD2201300].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. John, B.; Pandey, H.; Tripathi, R. Decomposition of fine roots of Pinus kesiya and turnover of organic matter, N and P of coarse

and fine pine roots and herbaceous roots and rhizomes in subtropical pine forest stands of different ages. Biol. Fertil. Soils 2002,
35, 238–246.

2. Hobbie, S.E.; Eddy, W.C.; Buyarski, C.R.; Adair, E.C.; Ogdahl, M.L.; Weisenhorn, P. Response of decomposing litter and its
microbial community to multiple forms of nitrogen enrichment. Ecol. Monogr. 2012, 82, 389–405. [CrossRef]

3. Sun, T.; Dong, L.; Wang, Z.; Lü, X.; Mao, Z. Effects of long–term nitrogen deposition on fine root decomposition and its
extracellular enzyme activities in temperate forests. Soil Biol. Biochem. 2016, 93, 50–59. [CrossRef]

4. Liu, C.; Xiang, W.; Lei, P.; Deng, X.; Tian, D.; Fang, X.; Peng, C. Standing fine root mass and production in four Chinese subtropical
forests along a succession and species diversity gradient. Plant Soil 2014, 376, 445–459. [CrossRef]

5. Song, S.; Gu, J.C.; Quan, X.K.; Guo, D.L.; Wang, Z.Q. Fine-root Decomposition of Fraxinus Mandschurica and Larix gmelinii
Plantations. Chin. J. Plant Ecol. 2008, 32, 1227–1237.

6. el Zahar Haichar, F.; Santaella, C.; Heulin, T.; Achouak, W. Root exudates mediated interac tions belowground. Soil Biol. Biochem.
2014, 77, 69–80. [CrossRef]

7. Usman, S.; Singh, S.P.; Rawat, Y.S.; Bargali, S.S. Fine root decomposition and nitrogen min eralisation patterns in Quercus
leucotrichophora and Pinus roxburghii forests in central Himalaya. For. Ecol. Manag. 2000, 131, 191–199. [CrossRef]

8. Santos, F.; Nadelhoffer, K.; Bird, J.A. Rapid fine root C and N mineralization in a northern temperate forest soil. Biogeochemistry
2016, 128, 187–200. [CrossRef]

9. Dornbush, M.E.; Isenhart, T.M.; Raich, J.W. Quantifying fine root decomposition: An alternative to buried litterbags. Ecology 2002,
83, 2985–2990. [CrossRef]

10. Schmidt, M.W.I.; Torn, M.S.; Abiven, S.; Dittmar, T.; Guggenberger, G.; Janssens, I.A.; Kleber, M.; Kögel-Knabner, I.; Lehmann, J.;
Manning, D.A.C.; et al. Persistence of soil organic matter as an ecosystem property. Nature 2011, 478, 49–56. [CrossRef] [PubMed]

11. Silver, W.L.; Miya, R.K. Global patterns in root decomposition: Comparisons of climate and litter quality effects. Oecologia 2001,
129, 407–419. [CrossRef] [PubMed]

12. Powers, J.S.; Montgomery, R.A.; Adair, E.C.; Brearley, F.Q.; DeWalt, S.J.; Castanho, C.T.; Chave, J.; Deinert, E.; Ganzhorn, J.U.;
Gilbert, M.E.; et al. Decomposition in tropical forests: A pan–tropical study of the effects of litter type, litter placement and
mesofaunal exclusion across a precipitation gradient. J. Ecol. 2009, 97, 801–811. [CrossRef]

http://doi.org/10.1890/11-1600.1
http://doi.org/10.1016/j.soilbio.2015.10.023
http://doi.org/10.1007/s11104-013-1998-0
http://doi.org/10.1016/j.soilbio.2014.06.017
http://doi.org/10.1016/S0378-1127(99)00213-3
http://doi.org/10.1007/s10533-016-0202-z
http://doi.org/10.1890/0012-9658(2002)083[2985:QFRDAA]2.0.CO;2
http://doi.org/10.1038/nature10386
http://www.ncbi.nlm.nih.gov/pubmed/21979045
http://doi.org/10.1007/s004420100740
http://www.ncbi.nlm.nih.gov/pubmed/28547196
http://doi.org/10.1111/j.1365-2745.2009.01515.x


Forests 2023, 14, 372 12 of 13

13. Yang, K.; Zhu, J.; Zhang, W.; Zhang, Q.; Lu, D.; Zhang, Y.; Zheng, X.; Xu, S.; Wang, G.G. Litter decomposition and nutrient
release from monospecific and mixed litters: Comparisons of litter quality, fauna and decomposition site effects. J. Ecol. 2022, 110,
1673–1686. [CrossRef]

14. Fujii, S.; Takeda, H. Dominant effects of litter substrate quality on the difference between leaf and root decomposition process
above– and belowground. Soil Biol. Biochem. 2010, 42, 2224–2230. [CrossRef]

15. Sun, T.; Mao, Z.; Han, Y. Slow decomposition of very fine roots and some factors controlling the process: A 4–year experiment in
four temperate tree species. Plant Soil 2013, 372, 445–458. [CrossRef]

16. Sun, T.; Hobbie, S.E.; Berg, B.; Zhang, H.; Wang, Q.; Wang, Z.; Hättenschwiler, S. Contrasting dynamics and trait controls in
first-order root compared with leaf litter decomposition. Proc. Natl. Acad. Sci. USA 2018, 115, 10392–10397. [CrossRef] [PubMed]

17. Van Der Heijden, M.G.A.; Martin, F.M.; Selosse, M.-A.; Sanders, I.R. Mycorrhizal ecology and evolution: The past, the present,
and the future. New Phytol. 2015, 205, 1406–1423. [CrossRef]

18. Brundrett, M.C.; Tedersoo, L. Evolutionary history of mycorrhizal symbioses and global host plant diversity. New Phytol. 2018,
220, 1108–1115. [CrossRef] [PubMed]

19. Phillips, R.P.; Brzostek, E.; Midgley, M.G. The mycorrhizal–associated nutrient economy: A new framework for predicting
carbon–nutrient couplings in temperate forests. New Phytol. 2013, 199, 41–51. [CrossRef]

20. Averill, C.; Turner, B.L.; Finzi, A.C. Mycorrhiza–mediated competition between plants and decomposers drives soil carbon
storage. Nature 2014, 505, 543–545. [CrossRef]

21. Rosling, A.; Midgley, M.G.; Cheeke, T.; Urbina, H.; Fransson, P.; Phillips, R.P. Phosphorus cycling in deciduous forest soil differs
between stands dominated by ecto– and arbuscular mycorrhizal trees. New Phytol. 2016, 209, 1184–1195. [CrossRef] [PubMed]

22. Lin, G.; McCormack, M.L.; Ma, C.; Guo, D. Similar below–ground carbon cycling dynamics but contrasting modes of nitrogen
cycling between arbuscular mycorrhizal and ectomycorrhizal forests. New Phytol. 2017, 213, 1440–1451. [CrossRef]

23. Craig, M.E.; Turner, B.L.; Liang, C.; Clay, K.; Johnson, D.J.; Phillips, R.P. Tree mycorrhizal type predicts within site variability in
the storage and distribution of soil carbon and nitrogen. Glob. Chang. Biol. 2018, 24, 3317–3330. [CrossRef] [PubMed]

24. Brzostek, E.R.; Dragoni, D.; Brown, Z.A.; Phillips, R.P. Mycorrhizal type determines the magnitude and direction of root–induced
changes in decomposition in a temperate forest. New Phytol. 2015, 206, 1274–1282. [CrossRef]

25. Tan, Q.; Si, J.; He, Y.; Yang, Y.; Shen, K.; Xia, T.; Kang, L.; Fang, Z.; Wu, B.; Guo, Y.; et al. Improvement of karst soil nutrients
by arbuscular mycorrhizal fungi through promoting nutrient release from the litter. Int. J. Phytoremediation 2021, 23, 1244–1254.
[CrossRef] [PubMed]

26. Leifheit, E.; Verbruggen, E.; Rillig, M. Arbuscular mycorrhizal fungi reduce decomposition of woody plant litter while increasing
soil aggregation. Soil Biol. Biochem. 2015, 81, 323–328. [CrossRef]

27. Averill, C.; Hawkes, C.V. Ectomycorrhizal fungi slow soil carbon cycling. Ecol. Lett. 2016, 19, 937–947. [CrossRef] [PubMed]
28. Langley, J.A.; Chapman, S.K.; Hungate, B.A. Ectomycorrhizal colonization slows root decomposition: The post–mortem fungal

legacy. Ecol. Lett. 2006, 9, 955–959. [CrossRef] [PubMed]
29. Cheng, L.; Booker, F.L.; Tu, C.; Burkey, K.O.; Zhou, L.; Shew, H.D.; Rufty, T.W.; Hu, S. Arbuscular Mycorrhizal Fungi Increase

Organic Carbon Decomposition Under Elevated CO2. Science 2012, 337, 1084–1087. [CrossRef] [PubMed]
30. Gross, N.; Liancourt, P.; Catherine, R.; Le Bagousse-Pinguet, Y.; Urcelay, C.; Lavorel, S. Trait–mediated effect of arbuscular

mycorrhiza on the competitive effect and response of a monopolistic species. Funct. Ecol. 2010, 24, 1122–1132. [CrossRef]
31. Midgley, M.G.; Brzostek, E.; Phillips, R.P. Decay rates of leaf litters from arbuscular mycorrhizal trees are more sensitive to soil

effects than litters from ectomycorrhizal trees. J. Ecol. 2015, 103, 1454–1463. [CrossRef]
32. Jacobs, L.M.; Sulman, B.N.; Brzostek, E.R.; Feighery, J.J.; Phillips, R.P. Interactions among decaying leaf litter, root litter and soil

organic matter vary with mycorrhizal type. J. Ecol. 2018, 106, 502–513. [CrossRef]
33. Bardgett, R.D.; Mommer, L.; De Vries, F.T. Going underground: Root traits as drivers of ecosystem processes. Trends Ecol. Evol.

2014, 29, 692–699. [CrossRef]
34. Warren, J.M.; Hanson, P.J.; Iversen, C.M.; Kumar, J.; Walker, A.P.; Wullschleger, S.D. Root structural and functional dynamics in

terrestrial biosphere models–Evaluation and recommendations. New Phytol. 2015, 205, 59–78. [CrossRef]
35. Jiang, L.; Wang, H.; Li, S.; Fu, X.; Dai, X.; Yan, H.; Kou, L. Mycorrhizal and environmental controls over root trait–decomposition

linkage of woody trees. New Phytol. 2021, 229, 284–295. [CrossRef] [PubMed]
36. Cornwell, W.K.; Cornelissen, J.H.C.; Amatangelo, K.; Dorrepaal, E.; Eviner, V.; Godoy, O.; Hobbie, S.; Hoorens, B.; Kurokawa,

H.; Pérez–Harguindeguy, N.; et al. Plant species traits are the predominant control on litter decomposition rates within biomes
worldwide. Ecol. Lett. 2008, 11, 1065–1071. [CrossRef] [PubMed]

37. See, C.R.; Luke McCormack, M.; Hobbie, S.E.; Flores–Moreno, H.; Silver, W.L.; Kennedy, P.G. Global patterns in fine root
decomposition: Climate, chemistry, amycorrhizal association and woodiness. Ecol. Lett. 2019, 22, 946–953. [CrossRef] [PubMed]

38. Melillo, J.M.; Aber, J.D.; Muratore, J.F. Nitrogen and Lignin Control of Hardwood Leaf Litter Decomposition Dynamics. Ecology
1982, 63, 621–626. [CrossRef]

39. Magill, A.H.; John, D.A. Long–term effects of experimental nitrogen additions on foliar litter decay and humus for mation in
forest ecosystems. Plant Soil 1998, 203, 301–311. [CrossRef]

40. Smith, S.W.; Woodin, S.J.; Pakeman, R.J.; Johnson, D.; Wal, R. Root traits predict decomposition across a landscape–scale grazing
experiment. New Phytol. 2014, 203, 851–862. [CrossRef]

http://doi.org/10.1111/1365-2745.13902
http://doi.org/10.1016/j.soilbio.2010.08.022
http://doi.org/10.1007/s11104-013-1755-4
http://doi.org/10.1073/pnas.1716595115
http://www.ncbi.nlm.nih.gov/pubmed/30254167
http://doi.org/10.1111/nph.13288
http://doi.org/10.1111/nph.14976
http://www.ncbi.nlm.nih.gov/pubmed/29355963
http://doi.org/10.1111/nph.12221
http://doi.org/10.1038/nature12901
http://doi.org/10.1111/nph.13720
http://www.ncbi.nlm.nih.gov/pubmed/26510093
http://doi.org/10.1111/nph.14206
http://doi.org/10.1111/gcb.14132
http://www.ncbi.nlm.nih.gov/pubmed/29573504
http://doi.org/10.1111/nph.13303
http://doi.org/10.1080/15226514.2021.1889966
http://www.ncbi.nlm.nih.gov/pubmed/33682536
http://doi.org/10.1016/j.soilbio.2014.12.003
http://doi.org/10.1111/ele.12631
http://www.ncbi.nlm.nih.gov/pubmed/27335203
http://doi.org/10.1111/j.1461-0248.2006.00948.x
http://www.ncbi.nlm.nih.gov/pubmed/16913939
http://doi.org/10.1126/science.1224304
http://www.ncbi.nlm.nih.gov/pubmed/22936776
http://doi.org/10.1111/j.1365-2435.2010.01713.x
http://doi.org/10.1111/1365-2745.12467
http://doi.org/10.1111/1365-2745.12921
http://doi.org/10.1016/j.tree.2014.10.006
http://doi.org/10.1111/nph.13034
http://doi.org/10.1111/nph.16844
http://www.ncbi.nlm.nih.gov/pubmed/32761622
http://doi.org/10.1111/j.1461-0248.2008.01219.x
http://www.ncbi.nlm.nih.gov/pubmed/18627410
http://doi.org/10.1111/ele.13248
http://www.ncbi.nlm.nih.gov/pubmed/30891910
http://doi.org/10.2307/1936780
http://doi.org/10.1023/A:1004367000041
http://doi.org/10.1111/nph.12845


Forests 2023, 14, 372 13 of 13

41. Seyfried, G.S.; Dalling, J.W.; Yang, W.H. Mycorrhizal type effects on leaf litter decomposition depend on litter quality and
environmental context. Biogeochemistry 2021, 155, 21–38. [CrossRef]

42. Nygren, C.M.R.; Edqvist, J.; Elfstrand, M.; Heller, G.; Taylor, A.F.S. Detection of extracellular protease activity in different species
and genera of ectomycorrhizal fungi. Mycorrhiza 2007, 17, 241–248. [CrossRef]

43. Chen, W.; Koide, R.T.; Adams, T.S.; DeForest, J.L.; Cheng, L.; Eissenstat, D.M. Root morphology and mycorrhizal symbioses
together shape nutrient foraging strategies of temperate trees. Proc. Natl. Acad. Sci. USA 2016, 113, 8741–8746. [CrossRef]
[PubMed]

44. Bödeker, I.T.; Lindahl, B.D.; Olson, Å.; Clemmensen, K.E. Mycorrhizal and saprotrophic fungal guilds compete for the same
organic substrates but affect decomposition differently. Funct. Ecol. 2016, 30, 1967–1978. [CrossRef]

45. Zhang, Z.; Xiao, J.; Yuan, Y.; Zhao, C.; Liu, Q.; Yin, H. Mycelium– and root–derived C inputs differ in their impacts on soil organic
C pools and decomposition in forests. Soil Biol. Biochem. 2018, 123, 257–265. [CrossRef]

46. Lin, G.; Chen, Z.; Zeng, D.-H. Presence of Mycorrhizal Fungal Hyphae Rather than Living Roots Retards Root Litter Decomposi-
tion. Forests 2019, 10, 502. [CrossRef]

47. Wei, L.; Vosátka, M.; Cai, B.; Ding, J.; Lu, C.; Xu, J.; Yan, W.; Li, Y.; Liu, C. The Role of Arbuscular Mycorrhiza Fungi in the
Decomposition of Fresh Residue and Soil Organic Carbon: A Mini-Review. Soil Sci. Soc. Am. J. 2019, 83, 511–517. [CrossRef]

48. Liao, J. Tolerance of mycorrhizal fungi to heavy metals and mechanisms. Soils 2003, 35, 370–377.
49. Whittinghill, K.A.; Currie, W.S.; Zak, D.R.; Burton, A.J.; Pregitzer, K.S. Anthropogenic N Deposition Increases Soil C Storage by

Decreasing the Extent of Litter Decay: Analysis of Field Observations with an Ecosystem Model. Ecosystems 2012, 15, 450–461.
[CrossRef]

50. Li, R.; Tan, W.; Wang, G.; Zhao, X.; Dang, Q.; Yu, H.; Xi, B. Nitrogen addition promotes the transformation of heavy metal
speciation from bioavailable to organic bound by increasing the turnover time of organic matter: An analysis on soil aggregate
level. Environ. Pollut. 2012, 255, 113170. [CrossRef]

51. Chen, L.H.; Liu, X.R.; Li, X.Y.; Liu, Q.; Yang, L.K.; Shu, K.; Lin, T.T. The Effects of Short-Term N Addition on AMF Infection
Characteristics and Mn and Cd Content in Fine Roots of Cunninghamia lanceolata. J. Sichuan Agric. Univ. 2022, 40, 233–242.

52. Jia, X.; Zhao, Y.; He, Y.; Chang, Y. Glomalin related soil protein in the rhizosphere of Robinia pseudoacacia L. seedlings under
higher air temperature combined with Cd-contaminated soil. Eur. J. Soil Sci. 2018, 69, 634–645. [CrossRef]

53. He, Y.-M.; Yang, R.; Lei, G.; Li, B.; Jiang, M.; Yan, K.; Zu, Y.-Q.; Zhan, F.-D.; Li, Y. Arbuscular mycorrhizal fungi reduce cadmium
leaching from polluted soils under simulated heavy rainfall. Environ. Pollut. 2020, 263, 114406. [CrossRef] [PubMed]

54. Wang, M.; Wang, F. Catalytic scissoring of lignin into aryl monomers. Adv. Mater. 2019, 31, 1901866. [CrossRef] [PubMed]
55. Ekielski, A.; Mishra, P.K. Lignin for Bioeconomy: The Present and Future Role of Technical Lignin. Int. J. Mol. Sci. 2020, 22, 63.

[CrossRef]
56. de Gonzalo, G.; Colpa, D.I.; Habib, M.H.; Fraaije, M.W. Bacterial enzymes involved in lignin degradation. J. Biotechnol. 2016, 236,

110–119. [CrossRef]
57. Yu, P.; Maenz, D.D.; McKinnon, J.J.; Racz, V.J.; Christensen, D.A. Release of Ferulic Acid from Oat Hulls by Aspergillus Ferulic

Acid Esterase and Trichoderma Xylanase. J. Agric. Food Chem. 2002, 50, 1625–1630. [CrossRef] [PubMed]
58. Jin, L.; Duniere, L.; Lynch, J.; McAllister, T.; Baah, J.; Wang, Y. Impact of ferulic acid esterase producing lactobacilli and fibrolytic

enzymes on conservation characteristics, aerobic stability and fiber degradability of barley silage. Anim. Feed. Sci. Technol. 2015,
207, 62–74. [CrossRef]

59. Langley, J.A.; Hungate, B.A. Mycorrhizal controls on belowground litter quality. Ecology 2003, 84, 2302–2312. [CrossRef]
60. Korth, K.L.; Doege, S.J.; Park, S.H.; Goggin, F.L.; Wang, Q.; Gomez, S.K.; Nakata, P.A. Medicago truncatula mutants demonstrat

-e the role of plant calcium oxalate crystals as an effective defense against chewing insects. Plant Physiol. 2006, 141, 188–195.
[CrossRef] [PubMed]

61. Mithöfer, A.; Boland, W. Plant Defense Against Herbivores: Chemical Aspects. Annu. Rev. Plant Biol. 2012, 63, 431–450. [CrossRef]
[PubMed]

62. Ander, P.; Eriksson, K.-E. Selective Degradation of Wood Components by White–Rot Fungi. Physiol. Plant. 1977, 41, 239–248.
[CrossRef]

63. Hobbie, S.E.; Oleksyn, J.; Eissenstat, D.M.; Reich, P.B. Fine root decomposition rates do not mirror those of leaf litter among
temperate tree species. Oecologia 2010, 162, 505–513. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s10533-021-00810-x
http://doi.org/10.1007/s00572-006-0100-7
http://doi.org/10.1073/pnas.1601006113
http://www.ncbi.nlm.nih.gov/pubmed/27432986
http://doi.org/10.1111/1365-2435.12677
http://doi.org/10.1016/j.soilbio.2018.05.015
http://doi.org/10.3390/f10060502
http://doi.org/10.2136/sssaj2018.05.0205
http://doi.org/10.1007/s10021-012-9521-7
http://doi.org/10.1016/j.envpol.2019.113170
http://doi.org/10.1111/ejss.12671
http://doi.org/10.1016/j.envpol.2020.114406
http://www.ncbi.nlm.nih.gov/pubmed/32234646
http://doi.org/10.1002/adma.201901866
http://www.ncbi.nlm.nih.gov/pubmed/31821648
http://doi.org/10.3390/ijms22010063
http://doi.org/10.1016/j.jbiotec.2016.08.011
http://doi.org/10.1021/jf010984r
http://www.ncbi.nlm.nih.gov/pubmed/11879047
http://doi.org/10.1016/j.anifeedsci.2015.06.011
http://doi.org/10.1890/02-0282
http://doi.org/10.1104/pp.106.076737
http://www.ncbi.nlm.nih.gov/pubmed/16514014
http://doi.org/10.1146/annurev-arplant-042110-103854
http://www.ncbi.nlm.nih.gov/pubmed/22404468
http://doi.org/10.1111/j.1399-3054.1977.tb04877.x
http://doi.org/10.1007/s00442-009-1479-6
http://www.ncbi.nlm.nih.gov/pubmed/19882174

	Introduction 
	Materials and Methods 
	Site Description 
	Experimental Design 
	Data Collection and Root Quality Determination 
	Data Processing and Analysis 

	Results 
	Initial Chemical Composition of Fine Roots 
	Decomposition Rate of Fine Roots on Different Mycorrhizal Species 
	Relationship between Fine Roots Decomposition Rates and Initial Chemical Composition 

	Discussion 
	Factors Controlling Fine Root Decomposition Rates 
	Effects of Different Mycorrhizal Types on Decomposition 

	Conclusions 
	References

