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Abstract: Several studies have focused on fine roots characteristics because they provide a major
pathway for nutrient cycling and energy flow in forest ecosystems. However, few studies have
evaluated changes in fine root characteristics according to their diameter. Pinus massoniana forests
are the main vegetative component in the Three Gorges Reservoir area and play an important role
in providing forest resources and ecological services. Pinus massoniana fine roots were sorted into
0-0.5, 0.5-1, and 1-2 mm diameter classes, and their fine root standing biomass (FRB), necromass,
annual production and decomposition rates were determined and correlated with soil characteristics.
These fine roots in three diameter classes significantly differed in their initial carbon (C), C/N
ratio, FRB, necromass, annual C and N production and decomposition rate. The production and
decomposition of these different diameter classes varied significantly with soil variables including soil
temperature, moisture, calcium and ammonium concentration but the strength of these interactions
varied dependent on diameter class. The very fine roots had a faster decomposition ratio than larger
fine roots due to the lower N content, higher C/N ratio and higher sensitivity to soil environmental
factors. These results clearly indicate heterogeneity among fine roots of different diameters, and these
variations should be taken into account when studying fine root characteristics and their role in the
C cycle.

Keywords: Pinus massoniana; fine root; size class; root decomposition rate; The Three Gorges
Reservoir Area

1. Introduction

Forests are an important component of the global terrestrial ecosystem and play a key role in
the carbon (C) cycle. They store approximately 80% of all terrestrial aboveground C and over 70%
of all soil organic C [1-3]. Furthermore, within a root system, the roots of forest trees, especially fine
roots (i.e., <2 mm in diameter), are a vital source of soil C [4-6] because of their shorter life span and
higher metabolic activity than those of coarse roots [7-9]. Although fine roots constitute a very small
proportion (<5%) of the total standing root biomass in many terrestrial ecosystems [10], it is estimated
that fine root turnover represents up to 33% of total net primary production in most ecosystems [11].
Thus, fine root dynamics are widely recognized for essential understanding of their role as C stores
and sources of soil litter input in terrestrial ecosystems.
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Fine root decomposition provides a major pathway for nutrient cycling and energy flow in forest
ecosystems [12,13]. Research shows that, compared to aboveground leaf litter, belowground fine
roots are continuously growing, dying, and decomposing, which contributes to increase soil organic
matter content, especially in deep soil, and provides a major route for ecosystem C and nutrient
input [14,15]. Studies have also shown that 30-80% of forest soil organic C is derived from the
turnover and decomposition of fine root biomass [13,16,17], and it is generally accepted that fine roots
are components within the overall root system sensitive to rooting environmental variations [18,19].
For example, fine root responses to changes in soil moisture are diameter dependent [20] and the
morphological characteristics and biomass of very fine roots (diameter < 0.5 mm) are affected differently
by changes in soil warming [21] and soil Ca content [22]. It has been demonstrated that root life span
is also affected by soil properties [23,24]. Considerable related research has been published on the
biomass and traits of fine roots, especially very fine roots, in response to environmental characteristic
and soil nutrient status in forest fields.

Most published literature is on the characteristics of fine roots in diameter class <2 mm in forests
across different species, stand ages, and geo-graphic regions [16,25,26]. However, fine roots in diameter
class <2 mm alone are not indicative of the functional potential of the fine root system because
this system is composed of individual roots with heterogeneous physiological and morphological
traits [27,28]. For example, Noguchi et al. [29] considered that very fine roots were crucial in studies of
spruce stands growing on a shallow permafrost table because the higher biomass was allocated to very
fine roots. Moreover, morphological characteristics and physiological functions differ significantly
among fine roots of different sizes, and roots of different diameter classes showed significant differences
in their respiration rates as root respiration rate decreased with root diameter increase [30]. In most tree
species, mounting evidence shows that fine roots <2 mm diameter can be divided into smaller diameter
classes, due to their wide range of variability in root functions, according to root diameter size class or
root branching order [9,31-33]. Hence, the traditional category of fine roots as a single root diameter
class of <2 mm might be inherently arbitrary for predicting variation in root characteristics [9,30,34,35].
In addition, given the difficult nature of long-term studies of root production and decomposition
dynamics, it is especially unclear how these patterns will vary among diameter classes. Studying the
characteristics of fine roots is challenging, because roots are hidden below the soil surface [36], and
studies considering the underground root system are scarcer than those considering aboveground
vegetation and its contribution to terrestrial C cycling. However, in the context of global environmental
changes, variations in fine root production would affect forest soil nutrients, thereby affecting the
patterns and processes of C allocation in the ecosystems [37-39]. Therefore, to better understand
below-ground C cycling, we must evaluate the dynamics of fine roots in relation to their traits.

Plantations are an important component of global forest resources, and forest management
therefore plays a key role in global C dynamics. The Three Gorges Reservoir Area of the Yangtze River
is located in subtropical China and has been greatly affected by the Three Gorges Project, in which
many plantations of indigenous tree species have been established to provide timber and enhance
biodiversity and ecosystem services. Pinus massoniana forests play an important role in providing forest
resources and ecological services and are the main vegetative component with the largest distribution
area in the Three Gorges Reservoir area [40]. Therefore, studying the dynamics of the fine roots of
P. massoniana provides an opportunity to better understand patterns of root ecological processes.

At present, there are numerous studies concerning the leaf litter decomposition rate of
P. massoniana forests of different ages [40,41] while there are few studies considering fine roots with
different diameters in the Three Gorges Reservoir Area. In this study, we quantified the dynamics of
fine roots within three different diameter classes (0-0.5 mm; 0.5-1 mm; and 1-2 mm) [42,43], which are
thought to play a key role in accurately predicting underground C storage and nutrient cycling in the
P. massoniana forests of the Three Gorges Reservoir Area. Our objectives were to determine: (1) whether
standing biomass, annual production, and decomposition rates differed among fine roots with different
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diameter classes; and (2) whether such differences were similarly or differentially affected by different
soil factors including soil temperature and moisture as well as aspects of soil fertility.

2. Materials and Methods

2.1. Study Site

The study area was located at the Jiulingtou Forest Farm (30°59' N, 110°47’ E) in Zigui County,
Hubei Province, China (Figure 1). The values of annual mean temperature and annual rainfall were
determined from 2010 to 2011 in Zigui County, Hubei Province, China. Annual mean temperature
was approximately 16.9 °C and annual rainfall ranged from 1000 to 1250 mm, primarily from April
to September. The monospecific plantations of P. massoniana, which is the most commonly used
indigenous species for reforestation in this area, were aerially seeded in the 1970s and those grown
on Haplic Luvisol soil were selected for this study [44]. Six plots (each 20 x 20 m) were randomly
delineated for sampling at an elevation of 1225 m above sea level, in an area >1 ha. The study area was
relatively steep, with a northwest slope of 34°, average diameter at breast height (DBH; tree diameter
at 1.30 m) of 20.4 cm, average tree height of 12.4 m and tree density of 1688 hm~2. The average DBH of
understory shrubs, such as Lespedeza bicolor Turcz., Pyracantha fortuneana (Maxim.), and Litsea pungens
Hemsl., was 5.00 cm and average height was 5.60 m. Herbs in the study area were mainly Woodwardia
japonica L.£f., Carex tristachya Thunb., Aster ageratoides Turcz., and Parathelypteris nipponica (Franchet and
Savatier) Ching.
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Figure 1. Location of the study area. The study area, located at the Jiulingtou Forest Farm (30°59' N,
110°47" E), is indicated by a triangle and Zigui City is marked in green. The blue line represents the
Yangtze River flowing through the Three Gorges Reservoir Area, which is the region surrounded by
the red line.

2.2. Determination of Fine Root Standing Biomass (FRB) and Necromass

The six plots were divided into 24 subplots (10 x 10 m) and the fine roots within each subplot
were randomly sampled every two months, from May 2014 to March 2015 (no samples were collected
in January as the Jiulingtou Forest Farm was closed due to low temperatures). These soil cores were
collected using the soil-coring method (18 cm height x 10 cm diameter steel bucket type soil auger
with a T-handle). One hundred and twenty soil cores (24 subplots x 5 replicates per subplot) were
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collected during each sampling period from 0 to 20 cm depth using soil sampler with 20 cm length sign.
The distance between cores within each subplot was more than 2 m. Core samples were transferred to
a cool box, transported to the laboratory, and kept at 4 °C until processed (no more than one week).

Soil cores were washed with tap water on a 0.5 mm pore sieve to remove small particles of soil
and impurities, and roots were manually separated using tweezers. Dead and living fine roots were
assessed based on their colour, lustre, smell, elasticity, toughness, and shape [45]. To determine FRB, all
P. massoniana roots in diameter class <2 mm were sorted into three different diameter classes (<0.5 mm,
0.5-1 mm, and 1-2 mm) and oven-dried at 70 °C for 48 h before being weighed. The average values of
FRB and necromass were obtained from the five replicates per subplot.

2.3. Fine Root Decomposition Experiment

Fresh roots were collected at 0-10 cm depth in a P. massoniana plantation in March 2014. Living
fine roots of P. massoniana were divided into three different diameter classes (0-0.5 mm, 0.5-1 mm, and
1-2 mm) and then air-dried to a constant weight [46]. The litter bag method was used to determine
decomposing litter samples [47].

In the in situ fine root decomposition experiment, each litterbag (litterbag size: 100 mm x 100 mm
and 0.1 mm-mesh polyethylene bag) was filled with precisely 1 g of air-dried fine roots. A subset of
sample material was also retained for analyses to determine initial litter chemistry. In May 2014, the
fine roots collected in the plantation were buried in the top soil (0-10 cm depth) of each of the six plots
within the study site. Nine of the root litterbags (a total of 270 litter bags) were randomly collected
from each plot at 69, 136, 169, 245, and 368 day after incubation, from May 2014 to March 2015. Once in
the laboratory, the roots were taken from the bags using tweezers, carefully cleaned to remove soil
particles, and oven-dried at 50 °C for 48 h before being weighed [48]. Samples were ground in a mill
to pass through a 0.25 mm sieve before chemical analysis. In addition, soil surface temperature and
moisture were measured in the six plots, simultaneously and at 1 h intervals, every day during the
decomposition period using WatchDog 2000-series weather stations (Spectrum Technologies, Plainfield,
IL, USA).

2.4. Chemical Analysis of Litter and Soil Samples

Soil samples were collected from 0 to 20 cm depth when root samples were collected in the same
20 x 20 m plots, taken to the laboratory, washed and sieved (2 mm) to remove impurities, and air-dried
before chemical analysis. Subsamples of root litter and soil were analysed for: (1) organic C, using
the dichromate oxidation method [49]; (2) soil nitrogen (N), using the Kjeldahl method (NH;*-N
and NO3;™-N concentrations using a flow injection analyser) [50]; (3) total calcium (Ca) and total
phosphorus (P), using inductively coupled plasma mass spectrometry (ICP-MS) analysis (IRIS Intrepid
II XSP system; Thermo Electric Co., West Chester, PA, USA); (4) soil pH, using an electrode-equipped
pH meter (M229 Lab pH Meter); and (5) total and available potassium (K) and available P, using the
standard protocol of the State Forestry Administration [51].

2.5. Date Analyses

A single exponential curve for the constant potential mass lost was fitted using the model:
In(X/Xo = —kt) 1)

where X is the mass remaining at time ¢ (i.e., 69, 136, 169, 245, and 368 day after incubation), X is the
initial mass value, and k is the decomposition coefficient [52]. Fine root production was calculated
according to:

P=Biy_y1+Mip_n+D,D=M x D, (2)

where P is the production, B is the average annual biomass value of living fine roots, B;;_;; is the
change in living FRB between each sampling interval, M,_4; is the change in dead FRB between
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each sampling interval, D is the annual decomposition mass of fine roots, M is the average annual
necromass value of fine roots, and D, is the annual decomposition rate of fine roots [53,54].
Remaining nutrients in fine roots were calculated as:

CiW; x 100%/CoWy 3)

where W) is the root initial dry weight, W; is the root dry weight at time ¢ (i.e., 69, 136, 169, 245,
and 368 day after incubation), Cy is the fine root initial nutrient concentration, and C; is the fine root
nutrient concentration at time ¢ (i.e., 69, 136, 169, 245, and 368 day after incubation).

All data were statistically analysed using SPSS 22.0 software (SPSS Inc., Chicago, IL, USA). All data
were subjected to one-way analysis of variance (ANOVA) and comparisons among means were made
using the Duncan multiple analysis test calculated at p < 0.05 and p < 0.01. Pearson’s correlation
coefficients were calculated between fine root production or fine root decomposition rates and soil
properties (temperature, moisture, total N, NH;"-N, NO3 ~-N, and total Ca) or roots’ initial properties.
The statistical significance levels were set at p < 0.05 and p < 0.01. Significant differences are identified
with a, b, ¢, and d (p < 0.05) or A, B, C, and D (p < 0.01). Significant correlations are indicated by
*(p <0.05) or ** (p < 0.01).

3. Results

3.1. Belowground Environment and Soil Chemical Properties

Soil annual average temperature and moisture are shown in Figure 2. The soil was weakly acidic
and its total N, P, and K concentrations were 1.05, 0.20, and 0.25 g-kg !, respectively. During the
monitoring period, soil temperature ranged from 3.82 °C to 18.58 °C and moisture from 6.57% to
12.85%. Soil moisture increased from June to September 2014, when the highest value was recorded,
decreasing sharply from September 2014 to January 2015. Soil temperature increased from March to
August 2014, when the highest temperature was recorded, and then rapidly decreased until January
and February 2015.
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Figure 2. Changes in soil temperature and moisture at 10 cm depth. Soil temperature (°C) and moisture
(%) at 0-10 cm depth, from March 2014 to March 2015, are shown. The bars represent soil temperature
and the lines soil moisture.

3.2. Fine Root Biomass, Necromass and Annual Production

The accumulation of total fine root total biomass (FRB plus necromass) down to 20 cm in mineral
soil in the P. massoniana plantation was 164 g-m~2, including 119 g:m~2 from FRB and 45 g-m 2 from
necromass (Figure 3). The highest FRB was observed in 1-2 mm roots, which was about twice that
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of roots in diameter class <0.5 mm. The annual production of the three classes of P. massoniana fine
roots down to 20 cm in mineral soil ranged from 16.8 g'-m~2-a~! to0 28.03 g'-m~2-a~!. The production
of roots in diameter class 1-2 mm was the highest (45.81% of total production) whereas that of roots in
diameter class <0.5 mm was the lowest (27.46% of total production).
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Figure 3. Root biomass and necromass (a); and annual production (b) of the three classes of Pinus
massoniana fine roots. Bars with solid and dashed lines in (a) represent the necromass and fine root
biomass (FRB), respectively, of roots within the 0-0.5, 0.5-1, and 1-2 mm diameter classes. The annual
production of fine roots from the three diameter classes is indicated in (b). Values are means =+ standard
error (n =5).

Total FRB, necromass, and annual production increased with root diameter and differed
significantly among the three classes of roots (p < 0.05) (Figure 3). In addition, there were significant
differences between the total FRB of roots in diameter classes <0.5 mm and 0.5-1 mm (p < 0.05), and
the necromass of roots in diameter class <0.5 mm roots was significantly different from that of 0.5 to 1
and 1 to 2 mm (p < 0.05).

3.3. The Initial C and N Content and Annual C and N Production in Fine Roots

Carbon concentration, annual C production, and C/N ratio in roots showed a clear increasing
trend with increasing root diameter, while N concentration decreased (Table 1). The total annual C
and N production in fine roots down to 20 cm in mineral soil was 27.5 g'm~2-a~! and 0.61 g-m~2-a~ !,
respectively. The highest annual production of C and N was obtained in 1-2 mm roots, which
represented 46.84% and 40.98% of total fine root C and N production, respectively. The minimum
annual C production was observed in roots in diameter class <0.5 mm (25.42%) while the minimum

annual N production was observed in roots in diameter class 0.5-1 mm (27.87%).

Table 1. Initial carbon (C) and (N) concentration and production (mean value + standard error) in fine

roots (n = 5).
Size Classes C Concentration N Concentration C/N Ratio Annual C Production  Annual N Production
(g-kg™) (g-kg™h (grm~2.a71) (g'm~2.a71)
0-0.5 mm 42.72 £0.39 A 1.17 £0.02a 36.66 £ 0.39 A 6.99 +£ 0.38 A 0.19 £ 0.02 A
0.5-1 mm 45.04 £0.12B 1.00 £ 0.01b 45.04 £ 0.57 B 7.63 +0.07 A 0.17 £ 0.01 A
1-2 mm 4595 +0.16 B 0.90 £ 0.03 ¢ 51.06 £154C 12.88 = 0.16 B 0.25 +0.04 B

C Carbon. Significant differences are identified with a, b, ¢, and d (p < 0.05) or A, B, C, and D (p < 0.01) based on the
analysis of variance.

Fine root N contents were not significantly different among the three classes (p > 0.05), and
showed a narrow range (0.9-1.17 g-kg~!). Moreover, the C/N ratio, annual C and N production of
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fine roots were significantly higher in 1-2 mm roots than those of roots in diameter classes < 0.5 mm
and 0.5-1 mm (p < 0.01). Initial C concentration and C/N ratio of roots in diameter class < 0.5 mm
were significantly smaller than those of roots in diameter class 0.5-1 mm (p < 0.01).

3.4. Remaining Fine Root Mass after Decomposition Experiment

In the decomposition experiment, all P. massoniana fine roots showed a rapid decomposition rate
during the first 136 day of incubation time (Table 2), and there was a significant difference among the
different root classes (p < 0.05). All fine root decomposition rates decreased with time of incubation
increasing, after 136 day of incubation time, the mass loss of roots in diameter classes <0.5 mm,
0.5-1 mm and 1-2 mm was approximately 26.00%, 21.67%, and 18.67%, respectively. After 368 day of
incubation time, the initial mass of roots in diameter classes <0.5 mm, 0.5-1 mm and 1-2 mm decreased
by nearly 34.00%, 28.00%, and 25.72%, respectively. Fine root annual decomposition rate decreased
with increasing root diameter to values of 0.52 a~1031a!, and 0.31 a1, for diameter classes <0.5 mm,
0.5-1 mm and 1-2 mm fine root, respectively. However, decomposition rates of roots in diameter
classes <0.5 mm and 0.5-1 mm gradually decreased with increasing incubation time (368 day), while
decomposition rate of 1-2 mm roots gradually increased and then decreased.

Table 2. Fine root mass of Pinus massoniana remaining after the decomposition experiments (mean
value + standard error; n =9).

Incubation Time (Days)

0-0.5 mm

0.5-1 mm

1-2 mm

Mass Remaining (%)

Mass Remaining (%)

Mass Remaining (%)

69 day 85.5+0.01a 89.8 +0.01b 91.1 £0.02 ¢
136 day 743 +0.02a 784 +0.01b 81.1 £0.02 ¢
169 day 715+ 0.02a 75,5 £0.01 a 75.6 £0.02a
245 day 69.1 £0.02a 732 £0.01 a 76.2 £0.01a
368 day 66.2 +0.01 a 72.8 £0.01 a 744 +0.03a
k (a’l) 0.52 £0.02a 0.31 £0.01b 0.31 +£0.01b
Significant differences are identified with a, b, ¢, and d (p < 0.05) or A, B, C, and D (p < 0.01) based on the analysis

of variance.

3.5. Changes in C and N Concentrations in Fine Roots during Decomposition

Carbon concentrations in P. massoniana fine roots decreased with incubation time (Figure 4).
Approximately 40.12%, 33.52%, and 32.92% of the initial C concentration in roots in diameter classes
<0.5 mm, 0.5-1 mm and 1-2 mm, respectively, was lost after 368 day of incubation. On the other hand,
N concentration of roots in diameter class <0.5 mm roots decreased by 20.83% and 0.5-1 mm roots
decreased by 3.86% during the decomposition process while N concentration in 1-2 mm roots increased.
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Figure 4. Changes in carbon (C) (a) and nitrogen (N) (b) concentrations in fine roots during
decomposition. The three lines with circles, triangles, and diamonds represent the changes in C
and N concentrations in fine roots with 0-0.5, 0.5-1, and 1-2 mm diameter, respectively, during the
decomposition experiment. Values are means + standard error (n = 9).
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3.6. Relationships between Fine Root Indicators and Soil Characteristics

Table 3 show that production of roots in diameter classes <0.5 mm and 0.5-1 mm was significantly
correlated with soil Ca status (r = 0.810, p < 0.01; ¥ = 0.855, p < 0.01, respectively). Production of roots
in diameter class <0.5 mm was also significantly correlated with soil temperature (r = 0.572, p < 0.05).
Decomposition rates in all fine root classes were positively correlated with soil temperature (r = 0.617,
p <0.05; r=0.815, p < 0.01; and r = 0.968, p < 0.01, respectively, decomposition rates vary from warmer
periods to colder periods in a year) and initial N (r = 0.717, p < 0.05; r = 0.227, p < 0.05; and r = 0.439,
p < 0.05 for roots in diameter classes <0.5 mm, 0.5-1 mm and 1-2 mm, respectively), and significantly
and negatively correlated with soil Ca status (r = —0.585, p < 0.05; r = —0.720, p < 0.05; and r = —0.835,
p < 0.01 for roots in diameter classes < 0.5 mm, 0.5-1 mm and 1-2 mm,, respectively) and initial C/N
ratio (r = —0.901, p < 0.01; r = —0.886, p < 0.01; and r = —0.927, p < 0.01 for roots in diameter classes
<0.5 mm, 0.5-1 mm and 1-2 mm, respectively).

Table 3. Correlation analysis between production or decomposition coefficient (k) of fine roots and soil
characteristics (1 = 9).

Size Fine Root Fine Root Initial Indicators Soil Indicators

Classes ~ Characteristic C N C/N  Moisture Temp. TotalN NO;—-N NH4*-N  Total Ca
0-05  Production 0213 0416  0.119 0168  0572* 0051 0004  0810* 0.810 **
mm K —0687* 0717* —0701* 0206  0617* 0241 0438 —0585*  —0585*
051  Production 0337  —0290 0321 0227 0258 0267 0207 0.855 ** 0.855 **
mm K _0669* 0227 —0786* 0356 0815 0032 0497 —0720*  —0.720*
1-2 Production 0326 0417 0232 0.339 0.186 0.111 0353 0.054 0.054
mm K —0671* 0439* —0727* 0.738*  0968*  —0015  0556*  —0.835*  —0.835*

NOj3 ™ N: nitrate nitrogen, NH;*-N: ammonium nitrogen, Ca: calcium, k: decomposition coefficient. Significant
correlations are indicated by * (p < 0.05) or ** (p < 0.01), based on Pearson’s correlation analysis.

4. Discussion

4.1. Fine Roots Biomass and Production in Different Diameter Classes

The FRB and necromass increased with increasing root diameter. Furthermore, production of
1-2 mm roots was significantly higher than that of roots in diameter classes <0.5 mm and 0.5-1 mm,
suggesting that the biomass and production of 1-2 mm roots made the largest contribution to total fine
root production and biomass. This pattern was similar to that found by Wang et al. [40] and supported
the results of Finér et al. [55] and Ostonen et al. [56]. In our P. massoniana stands in the Three Gorges
Reservoir area, the mean total live fine root biomass and production were lower than other values
reported for Scots pine [42]. Fine root production can vary owing to differences in climate and forest
types, as production and turnover rates increase gradually from boreal to tropical forests [18].

Fine root N and C production showed different patterns among the three classes of P. massoniana
fine roots. The study results, combined with the findings of Guo et al. [31], suggest that larger dimeter
roots are more important in C storage, and small diameter roots have higher N concentrations. The root
system is a crucial trait for plants, as it largely determines how efficiently water and nutrients will be
extracted from the soil [27]. In our study, fine root N concentrations of very fine roots were higher than
those of larger roots and C/N ratios of very fine roots were significantly lower than those of larger
roots. However, if only one type of root parameter is applied, as in previous studies of very fine roots,
changes in the root plasticity of species-specific traits cannot be explained.

4.2. The Decomposition Rate and C, N Dynamics of Fine Roots in Decomposition Experiment

We assessed whether diameter-related morphological and soil chemical properties affect the
decomposition pattern of P. massoniana fine roots (<0.5 mm, 0.5-1 mm and 1-2 mm) in the Three Gorges
Reservoir area. The decomposition constant value (k year!) of roots in diameter classes <0.5 mm,
0.5-1 mm and 1-2 mm after 368 days was 0.52, 0.31 and 0.31, respectively, suggesting that k fell within
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a range of its global median value. The values in our study were lower than the k value (0.61) of
P. massoniana fine roots in diameter classes <2 mm alone [57].

The three classes of P. massoniana fine roots showed two distinct stages during their decomposition,
a pattern that has been reported in several studies [40,58-60]. Those two stages were rapid
decomposition and mass loss very early and then a transition to relatively slower mass loss in later
decomposition stages. The rapid decomposition rate of fine roots detected in the beginning of the
experiment could be due to fungi and microbes that rapidly degrade labile tissues to access the
relatively high carbohydrate content in root organs at the initial stage of decomposition. The later
stages of decomposition include the degradation of more recalcitrant compounds in fine roots including
lignin, cellulose, and other insoluble residues leading to a decrease in fine root decomposition rates
with incubation time [14]. In addition, the results may also be partially due to the fact that the
bags were placed in the field in April, and the first 6 months of incubation were very warm. Then,
the later months (November to March) were very cold, during which period microbial activity and
decomposition would be very slow regardless of the lability of recalcitrance of the root tissue.

During fine root decomposition, nutrients are released, affecting the soil nutrient content [60].
The C concentrations in all diameter classes of fine roots decreased with incubation time. However,
although N was released from roots in diameter classes <0.5 mm, 0.5-1 mm and 1-2 mm became
N-enriched with incubation time. These patterns were similar to those observed by Goebel et al. [61].

4.3. Soil Factors Influences on Fine Root Traits

Soil temperature had little effect on fine root production, only presenting a significant correlation
with roots in diameter <0.5 mm across a year. However, there was a significantly positive correlation
between fine root decomposition rate and soil temperature, which was, therefore, the major driver
of fine root decomposition, similar to that found in previous studies [57,62-66]. According to
Cusack et al. [62], precipitation-related parameters are strong predictors of litter decomposition in
neotropical forests, and Hobbie et al. [67] also suggested that moister soils could facilitate rapid
mass loss by promoting leaching and microbial activity or a faster colonisation of decomposing
material by microbes. Moreover, Zhang et al. [68] and Violita et al. [69] stated that the decomposition
rate of roots increased with increasing internal Ca concentration in roots. However, in our study,
soil Ca concentration had a negative influence on the decomposition rate of all fine root classes. If
decomposition is higher with higher root Ca content, it implies that microbes are decomposing the
roots to access the Ca. If soil Ca is high, microbes would have no need for the Ca in roots; therefore,
there is less drive to decompose the roots. Thus, the chemical composition of fine roots affects their
decomposition rate. Fine roots with a thinner diameter tend to have a higher initial N concentration,
which is thought to have result in faster decomposition [70-72]. Hishi and Takeda [32] reported that
thinner roots with a lower C/N ratio decomposed faster than thicker roots. In addition, it is well
known that substrates with higher C/N ratios have low amounts of N available to decomposers,
suggesting that the low levels of N released from fine roots might have been influenced by both initial
and residual chemistry [73,74]. Therefore, litter composed mainly of thicker roots will generally have a
high C/N, or a low N concentration, and could lead to faster immobilization of N than could thinner
roots, leading to lower decomposition rates. In our study, we found a relatively high initial C/N in
the 0.5-2 mm roots; hence, it is likely that N availability was a limiting factor for decomposers [75,76].
Consequently, litter from thinner roots of P. massoniana should have decomposed faster than thicker
roots by the end of the experiment because of the different chemical properties prior to decay.

5. Conclusions

In the Pinus massoniana stand in the Three Gorges Reservoir area, tree fine roots varied depending
on different diameter classes, especially very fine roots with a faster decomposition ratio than larger
fine roots. The differences found were mainly due to, first, the effect of soil temperature and moisture
on the production and decomposition rate of fine roots of different diameters, especially soil moisture.
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Second, soil Ca concentration was especially important and slowed the decomposition rates of the
three classes of fine roots. Third, fine root characteristics were important for both decomposition rate
and production, which were also significantly different among classes (e.g., lower C/N ratios resulted
in the slower decomposition of fine roots). These results can help explain differences in important
mechanisms of root decomposition among roots less than 2 mm in diameter and can improve our
understanding of the mechanisms related to soil C fluxes and the quantification of soil C sequestration
in forest ecosystems.
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