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Abstract: Litterfall is an important part of the process of nutrient circulation and energy flow in
forest ecosystems. Mountain forests are strongly eroded by running water in that the surface soil is
thinner, and the terrain is complex and diverse. They are more sensitive to climate change, which
will affect the ecological processes and carbon sink functions of forest ecosystems. Taking Lushan
Mountain as an example, we studied the dynamic characteristics of litterfall components, seasonal
changes in carbon input and the influencing factors of typical forest communities in the subtropics.
The results showed that the total annual average litterfall components of evergreen broad-leaved
forest (EBF) > artificial coniferous forest (ACF) > deciduous broad-leaved forest (DBF) > renew young
forest (RYF), and that leaf litterfall is the first productivity in the litterfall components, and the
peak of litterfall is mainly concentrated in spring and autumn, showing a single- or double-peaked
change pattern. There was a linear relationship between the components of litterfall in the four
forest communities and the stand factor, but the correlation degree R2 was small. Overall, the results
showed that the total amount of litterfall in the four forest communities was affected by canopy
density and stand density. Light, temperature and water at different altitudes had different effects on
the amount of litterfall, with excessive temperatures at lower altitudes likely to limit forest growth
and development under adequate light and water, and the opposite was true at higher altitudes. The
results of Pearson correlation analysis showed that EBF and DBF were negatively correlated with
rainfall, that ACF and RYF were negatively correlated with temperature and rainfall, and that wind
speed was positively correlated. The average annual carbon input size of the four forest communities
was EBF > ACF > RYF > DBF, which may be related to environmental conditions and vegetation
types, and the seasonal differences were arranged in order of spring > autumn > summer > winter. It
can be seen that, considering performance under future climate change, EBF is more conducive to
nutrient input and has good soil fertility maintenance ability.

Keywords: litterfall composition; meteorological factors; stand factors; carbon

1. Introduction

In the context of global change, characterized by climate warming and changes in pre-
cipitation patterns, climate change leads to ecosystem imbalance. Additionally, mountain
ecosystems, which are more sensitive to global change and more difficult to restore than
other ecosystems, with high topographic complexity and stronger erosion by flowing water,
are important factors in regulating the effects of climate change on vegetation [1].

Litterfall is a basic process of carbon cycle and nutrient return in forest ecosystems,
and is a major component of global forest productivity [2]. The quantity and composition
of forest litterfall directly affect the nutrient status of the forest land, which is of great
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significance for maintaining the nutrient balance of the forest [3]. Quantifying litterfall
production is therefore an essential step in assessing productivity and evaluating phenology,
carbon dynamics, biogeochemical cycles, and the ability of forests to recover from natural
and anthropogenic disturbances [4]. In addition, the amount of litterfall is affected by
forest type [5,6], tree species composition [7], stand structure [8], and terrain factors [4],
etc. The annual production of litterfall also depends on environmental conditions, such
as temperature, rainfall, wind and humidity levels [9–11]. As an important source of soil
nutrients, litterfall acts as an input and output system of organic matter and humus, playing
a key role in improving ecosystem productivity and carbon sequestration potential [12].
Due to the huge heterogeneity of different forest ecosystems, the high variability of nutrient
cycling, the complexity of mountain ecosystem topography and the sensitivity to climate
change, there are large uncertainties in the estimation of carbon content and its changes
in different forest communities. Additionally, forest litterfall is not a single component,
mainly including fallen leaves, fallen branches, bark, reproductive organs and residues
(leaves, branches, fruit litter debris, animal manure, bud scales, etc.). Therefore, stratified
research on montane forest litter and the assessment of carbon components and their input
dynamics have important impacts on forest carbon pools and global climate change, and
also provide a scientific reference for the accurate evaluation of subtropical montane forest
soil fertility.

Lushan Mountain has experienced different degrees of human disturbance in history
in that the original vegetation has been destroyed, and it has been reduced to various
secondary forests, etc. Additionally, the composition and structure of tree species tend
to be complex [13]. Evergreen broad-leaved forest and deciduous broad-leaved forest are
the main natural secondary forests in Lushan Mountain, with strong natural regeneration
abilities and relatively stable communities. At the same time, in order to meet the needs
of rapid social and economic development for timber production, Cryptomeria japonica
plantations (L. f.) D. Don and Pinus taiwanensis Hayata are cut down. These typical artificial
coniferous forests in Lushan Mountain, which play an important role in ecological func-
tions such as water connotation and atmospheric environment purification, are amongst
the main afforestation species with high ecological and economic values [14]. However,
a large number of artificial forests have led to soil fertility decline and tree productivity
decline, which has posed serious challenges to soil fertility maintenance and forest man-
agement. Natural disturbance and regenerated young forests can adjust the structure of
forest ecosystems, improve the quality of forest land, and enhance the water conservation
capacity of forest land. It has become a community of concern in the transformation of
artificial coniferous forests in Lushan Mountain in recent years. Therefore, the purpose of
this study is to quantify the yield and carbon production of each component of litterfall in
these typical forest communities, evaluate the dynamic changes of carbon input in the four
forest communities, and analyze the key factors affecting the dynamic changes of litterfall
component yield. These devlopments will enchance ourunderstanding the changing rules
and differences in forest productivity under the background of climate change, improve
the theoretical basis for vegetation restoration and the sustainable management of Lushan
Mountain, and are of great significance to the carbon balance of the ecosystem and the
improvement of the ecological environment.

2. Materials and Methods
2.1. Research Area

This experiment was carried out in Lushan National Nature Reserve, Jiujiang City,
Jiangxi Province, China (Figure 1) (115◦52′–116◦06′ E, 29◦25′–29◦41′ N), about 25 km
long from north to south, and about 10 km wide from east to west, with a total area of
3.05 × 104 hm2 and an altitude of 25–1474 m [15]. Affected by the East Asian monsoon
circulation, it presents the characteristics of a subtropical monsoon climate, with rain and
heat at the same time. The annual average temperature of Lushan Mountain is 11.9 ◦C, and
the annual average precipitation is 2009 mm, which is concentrated in a period from April
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to September [16]. The Mountain is shrouded in clouds and fog all year round, and the
annual foggy days number as many as 188 days. The rainfall in the atmosphere causes
the water vapor content to increase, and the relative humidity reaches as high as 100%.
Affected by the effects of rivers, lakes and mountains, the uplift of the terrain strengthened
the rainfall on Lushan Mountain, and the humid climate gave birth to the local dense EBF
and coniferous forest [17]. The soil layer is barren, the soil is rocky, and the soil types
are various, including mountainous yellow soil, yellow brown soil, brown soil, and red
soil [18].
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Figure 1. Location of the study area. The black triangles represent the locations of the 9 sample plots,
and the black arrows point to the various plots (Plots 01–09); the red circle represents the standard
meteorological observation station at an altitude of 210 m; the blue five-pointed star represents the
comprehensive observation tower at an altitude of 1082 m.

2.2. Experimental Design and Sample Collection

In this study, 9 fixed monitoring plots were arranged according to the altitude gradient
(Figure 1), 6 points were randomly selected in the DBF plot, and a litterfall basket 1 m from
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the ground was placed, respectively, for a total of 6 plots. For the remaining 8 plots, 4 small
quadrats with an area of 1 m × 1 m were set up according to the diagonal of the plot, and
a litterfall basket was placed 1 m from the ground, for a total of 38 litterfall baskets. All
basket collection nets were nylon nets with a pore size of 0.5 mm.

The litterfall collection time runs from the beginning of March 2021 to the end of
February 2022, a period of one year and a total of 12 collections. The litterfall in the basket
was collected around the end of each month, and the litterfall was brought back to the labo-
ratory. In order to understand the contribution of the typical forest community on Lushan
to litterfall, we considered three components: leaf litterfall, branch litterfall (including bark),
and other litterfall (reproductive organs and debris). The samples were sealed in envelopes
and placed in an oven (Hangzhou Lubo Instrument Co., LTD., Model SG-700, Hangzhou,
China) and dried at 65 ◦C for more than 48 hours so that we could weigh the samples to
determine dry matter weight. These samples were ground in a grinder (Yongkang Hong-
sun Electromechanical Co., Ltd., Ling Sheng crusher, Yongkang, China), passed through a
60-mesh sieve, and stored in self-sealing bags for plant nutrient determination. Organic car-
bon was determined using the potassium dichromate volumetric–external heating method.
The annual input of litterfall nutrients is calculated as follows:

LN =
12

∑
i=1

3

∑
j=1

LijNij/1000

In the formula, Lij is the litterfall production (kg/ha) of the j component in the i month;
Nij is the nutrient content (g/kg) of the j component in the i month.

Plot investigation: measure and record the species, tree height and DBH of the trees
in the plot with a diameter at breast height (DBH) ≥3 cm. Canopy density was calculated
by the canopy projected area method, and tree height was measured by a range finder. At
the same time, the relative coordinates of each tree in the sample plot were recorded, and
the stand structure index was calculated accordingly. Stand density refers to the density
of trees, i.e., the number of trees per unit area. The determination of the number of trees
can be directly measured by a standard ruler per tree. The basic situation of each place is
shown in Table 1.

Table 1. Lushan Mountain ecological station fixed monitoring sample site information.

Plot Community
Types Sample Size Altitude

(m) Slope Slope
Gradient

Slope
Position Main Species

01
Evergreen

broad-leaved
forest

30 m × 40 m 229 W 24 Base of slope

Lithocarpus glaber (Thunb.)
Nakai; Loropetalum

chinense (R. Br.) Oliver;
Castanopsis sclerophylla

(Lindl.) Schott.;
Cinnamomum Camphora

(L.) Presl.

02

Evergreen
deciduous

broad-leaved
forest

30 m × 40 m 319 NW 28 Base of slope

Lithocarpus glaber (Thunb.)
Nakai;

Clerodendrum cyrtophyllum
Turcz.; Castanopsis eyrei

(Champ. ex Benth.) Tutch.;
Alangium chinense;

Liquidambar formosana
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Table 1. Cont.

Plot Community
Types Sample Size Altitude

(m) Slope Slope
Gradient

Slope
Position Main Species

03

Evergreen
deciduous

broad-leaved
forest

30 m × 40 m 330 S 29 Base of slope

Photinia beauverdiana C. K.
Schneid.; Loropetalum

chinense (R. Br.) Oliver;
Camellia oleifera Abel.;

Styrax japonicus Sieb. et
Zucc.; Alniphyllum fortunei

(Hemsl.) Makino

04

Retrofitting
regeneration

community of
Cryptomeria

japonica (L. f.)
D. Don

(2012 years)

30 m × 30 m 1084 SW 27 Slope crest

Cryptomeria japonica (L. f.)
D. Don; Indocalamus

tessellatus (Munro) Keng f.;
Lindera reflexa Hemsl.;

Symplocos stellaris Brand

05

Pure forest of
Cryptomeria

japonica (L. f.)
D. Don

30 m × 30 m 1080 SW 30 Slope crest Cryptomeria japonica (L. f.)
D. Don

06 Pure forest of
P. taiwanensis 30 m × 30 m 1076 SW 35 Slope crest P. taiwanensis

07

Retrofitting
regeneration

community of
P. taiwanensis
(2012 years)

30 m × 30 m 1075 SW 20 Slope crest

P. taiwanensis; Koelreuteria
paniculata Laxm.;

Pterostyrax corymbosus
Sieb. et Zucc.; Quercus

glandulifera Bl.

08 Pure forest of
P. taiwanensis 30 m × 30 m 972 W 45 Slope crest P. taiwanensis

09
Deciduous

broad-leaved
forest

200 m × 300 m 990–1200 N 50 Slope crest

Cerasus serrulata (Lindl.) G.
Don ex London; Sorbus

folgneri (Schneid.) Rehd.;
Cornus kousa subsp.

chinensis (Osborn) Q. Y.
Xiang; Corylopsis sinensis

Hemsl.; Lindera reflexa
Hemsl.

Meteorological data collection is based on the altitude of the sample site, using
two fixed meteorological observation stations (Figure 1). The meteorological data col-
lection for sample sites 1, 2 and 3 is based on a standard meteorological observation station
at an altitude of 210 m. The meteorological observation instrument is a CR1000x data
collector (BEIJING TECHNO SOLUTIONS LIMITED), which is approximately 0.8 km away
from sample sites 1, 2 and 3 and is at the same low altitude. The meteorological data of
sample plots 4–9 are based on an integrated observation tower, established at an altitude of
1082 m on Mount Lushan for dynamic observation of forest microclimate gradient changes
and atmospheric environment-related indicators. The tower uses a CR1000x data collector
(BEIJING TECHNO SOLUTIONS LIMITED) to collect meteorological data. The tower is at
the same altitude as sample plots 4–9 in this study and is approximately 0.5 km away from
sample plots 4–7, 0.8 km away from sample plot 8 and 4.3 km away from sample plot 9.
The monitoring instrument automatically samples once per minute, and the data logger
takes the average value in a period of 1 h and then calculates the daily average temperature,
daily maximum temperature, daily minimum temperature, daily total precipitation, daily
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maximum precipitation, daily average wind speed, daily maximum wind speed and daily
relative humidity.

2.3. Statistical Analyses

All data analyses in this paper were analyzed in the SPSS 21.0 software, which was
developed by Norman H. Nie, C. Hadlai (Tex) Hull and Dale H. Bent. at Stanford Uni-
versity (IBM/SPSS, Chicago, IL, USA).The Shapiro–Wilk test was used to test the normal
distribution of monthly litterfall and carbon content. One-way analysis of variance was
used to analyze the total monthly litterfall and litterfall of each component of four forest
community types on Lushan Mountain. The meteorological factors at two altitudes were
tested by t test. Pearson correlation analysis was used to analyze the relationship between
meteorological data, the total amount of litterfall and the content of each component in
four forest community types. Multiple linear regression analysis was performed on the
total amount of litterfall and the content of each component at the two altitudes and the
corresponding altitude meteorological factors, and the main meteorological factors that
significantly affected the litterfall amount and its components were selected. Multiple
linear regression analysis was performed on the annual yield of litterfall components in
different communities and stand factors, and the influence of altitude factors (different
meteorological factors) on annual litterfall components was compared by multiple linear
regression analysis. One-way ANOVA was used to analyze the differences in carbon pro-
duction and carbon input in different seasons and forest communities. Our graphics were
done in origin 2019 and R studio 3.0.2.

3. Results
3.1. Monthly Dynamics and Composition of Total Litterfall in Four Forest Community Types

The litterfall of four forest communities on Lushan Mountain was continuously
counted for one year (Table 2). The total annual litterfall production of the four for-
est community types was significantly different, and the size was in the order of EBF
(3.90 ± 0.47 t/ha) > ACF (2.98± 0.47 t/ha) > DBF (2.92± 0.38 t/ha) > RYF (2.56 ± 0.27 t/ha)
(p < 0.05). The fallen leaves of the four communities were the first production component
of litterfall, accounting for 63%–68% of the total litterfall production, followed by fallen
branches (17%–20%) and other litterfall (15%–18%).

Table 2. Annual yield and proportion of total litterfall and its components in four forest community
types.

Forest Types
Component

Leaves
/t·ha−1

Branches
/t·ha−1

Others
/t·ha−1

Total
/t·ha−1

EBF 2.45 ± 0.41 a
(63.00%)

0.78 ± 0.15 a
(20.00%)

0.67 ± 0.12 a
(17.00%)

3.90 ± 0.47 a
(100.00%)

DBF 1.88 ± 0.32 c
(64.00%)

0.51 ± 0.09 c
(18.00%)

0.53 ± 0.12 b
(18.00%)

2.92 ± 0.38 b
(100.00%)

ACF 2.03 ± 0.37 b
(68.00%)

0.51 ± 0.17 c
(17.00%)

0.43 ± 0.09 c
(15.00%)

2.98 ± 0.47 b
(100.00%)

RYF 1.74 ± 0.22 d
(68.00%)

0.45 ± 0.09 b
(18.00%)

0.37 ± 0.08 d
(15.00%)

2.56 ± 0.27 c
(100.00%)

Note: The number in the first row of each cell in the table is the annual yield of each component of litters
(mean ± standard deviation), and the number in parentheses is the percentage of this component in the total
annual litters. Different lowercase letters indicated significant differences in the components of the four community
types in the same column (p < 0.05). EBF: evergreen broad-leaved forest; DBF: deciduous broad-leaved forest;
ACF: artificial coniferous forest; RYF: renew young forest.

We noticed that all the forest communities in Figure 2 made significant contributions to
litterfall production, and the change trend of the total amount of litterfall in each community
was basically consistent with that of fallen leaves (Figure 2a,b). Among them, the leaves
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of EBF, ACF and RYF showed a bimodal pattern, with the highest peak in spring and the
second peak in autumn (October); on the contrary, the DBF had the highest peak in autumn,
and the second peak was in early spring in March (Figure 2b). It can be seen from Figure 2c
that the highest peak of fallen branches in the EBF occurred in January (0.14 ± 0.01 t/ha),
that the second peak was in autumn (October), and both appeared in autumn. The highest
peaks of EBF and DBF appeared in spring in April and May, and the second peak was in
August (0.11 ± 0.01 t/ha, 0.07 ± 0.01 t/ha). October was the highest peak month for ACF
and RYF, and May was the second peak month.
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Figure 2. Monthly dynamic in total litterfall production and components in four forest community
types (mean ± standard deviation). (a) represents the monthly dynamics of total litterfall production,
(b) represents the monthly dynamics of leaf litterfall production, (c) represents the monthly dynamics
of branch litterfall production, and (d) represents the monthly dynamics of other litterfall production.

3.2. Relationship between Litterfall Production and Stand Factors

The results of the correlation analysis (Table 3) showed that the annual litterfall
production in EBF was significantly negatively correlated with average stand density and
average tree height, and the amount of fallen leaves was extremely significantly negatively
correlated with the average stand density and average tree height (p < 0.01). Additionally,
the stand variable was closely related to the amount of fallen branches and reproductive
organ litterfall was the average diameter at breast height, which was related to the amount
of fallen branches (negative correlation) and the amount of fallen flowers and fruits (positive
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correlation) (p < 0.01). The amount of leaf drop in DBF was significantly correlated with
canopy density (positive) and average diameter at breast height (negative) (p < 0.05), and
the amount of fallen branches was highly significantly negatively correlated with average
diameter at breast height and average tree height (p < 0.01), and the amount of flower
and fruit drop was highly significantly positively correlated with average tree height
(p < 0.01). The annual litterfall production of each component in the ACF and RYF was
significantly negatively correlated with the canopy density, the annual production of the
ACF was negatively and significantly correlated with the average stand density and the
RYF (negatively correlated), while the production of the reproductive organs was not
significantly correlated with the stand structural parameters (p > 0.05).

Table 3. Multiple linear regression models of litterfall production and its components with stand
factors for four forest communities.

Forest Types Component (y) Regression Equation R2 F p

EBF

Total Y = −0.02 MSD − 3.72
Ht + 152.62 0.087 25.49 0.012

Leaves Y = −0.02 MSD − 3.91
Ht + 140.89 0.127 5.033 0.001

Branches Y = −0.68 DBH + 17.644 0.160 6.625 0.000

Others Y = 0.69 DBH − 5.92 0.140 5.648 0.000

DBF

Total Y = 38.83 CD − 20.10
DBH + 217.77 0.155 3.065 0.022

Leaves Y = 29.94 CD − 16.86
DBH + 165.46 0.140 2.716 0.037

Branches Y = −5.77 DBH − 2.17
Ht + 85.24 0.281 6.537 0.000

Others Y = 1.56 Ht − 32.93 0.262 5.962 0.000

ACF

Total Y = −26.78 CD − 0.01
MSD + 79.60 0.232 10.507 0.000

Leaves Y = −22.19 CD − 0.01
MSD − 1.55 Ht + 75.87 0.288 14.024 0.000

Branches Y = −6.31 CD − 0.01
MSD + 0.45 Ht − 3.44 0.138 5.554 0.000

RYF

Total
Y = −64.95 CD + 0.01
MSD − 1.71 DBH
+ 38.69

0.157 4.244 0.003

Leaves
Y = −51.53 CD + 0.01
MSD − 1.70 DBH
+ 38.69

0.220 6.414 0.000

Branches Y = −9.80 CD + 3.69 0.120 2.153 0.050
Note: Y: litterfall production; MSD: mean stand density; CD: canopy density; Ht: average tree height; DBH:
average stem diameter.

3.3. Relationships between Litterfall Production and Meteorological Factors

The results of Pearson correlation analysis (Figure 3) showed that the climate variables
most closely related to monthly litterfall production varied among different communities.
Both the leaf litterfall in the EBF and RYF were negatively correlated with air temperature
(average, minimum) and monthly maximum precipitation, and extremely significantly
positively correlated with wind speed (average, maximum) and relative humidity, with
maximum wind speed showing a strong positive correlation with RYF (R = 0.67). Leaf litter-
fall in DBF was only negatively affected by rainfall, whereas ACF was negatively correlated
with temperature and rainfall, and positively correlated with wind speed. Temperature
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and rainfall influenced and were negatively correlated with the annual production of
branch litterfall in these four communities, while wind speed showed a positive correlation.
EBF and DBF showed positive correlations between reproductive organ abscission and
temperature, with rainfall showing a strong positive correlation in DBF(R = 0.67), and both
ACF and RYF were positively influenced by wind speed.
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Figure 3. Correlation analysis of litterfall production and components with meteorological factors in
four forest community types (a–d). (a): evergreen broad-leaved forest; (b): deciduous broad-leaved
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the correlation coefficient, and the numbers with “×” indicate there is no significant correlation.
MMT: average temperature; MMaT: maximum temperature; MMiT: minimum temperature; P: total
precipitation; Pmax: maximum precipitation; V: average wind speed; Vmax: maximum wind speed;
RH: relative humidity. Leaves: leaf litterfall; Twigs: twig litterfall; Others: other litterfall.

The results of the t test showed that, in addition to total precipitation and maxi-
mum precipitation, there were only six meteorological factors at low altitudes in the
study area from 2021 to 2022 that were significantly different from those at high altitude
(p < 0.05) (Figure 4).

Linear regression analysis (Table 4) showed that the annual total production of litterfall
at low altitudes and other litterfall (reproductive organs and debris) was significantly
affected by air temperature (average, minimum), wind speed (average, maximum) and
relative humidity (p < 0.01). Five variables explained 64.3% of the variation in total litterfall
production (F = 33.25), and 22.9% of the variation in other litterfall (F = 6.31). In addition,
the annual total litterfall at high altitudes was also negatively affected by rainfall (F = 25.49,
p < 0.001), although other litterfall was not affected by air temperature (p > 0.05). Low
altitude leaf litterfall was significantly positively correlated with minimum temperature,
maximum precipitation, average wind speed, and relative humidity (p < 0.001), and 67.8%
of the variation could be used to explain these four variables (F = 38.57), while high altitude
leaf litterfall was highly significantly negatively correlated with minimum temperature,
precipitation and average wind speed. There was a very significant negative correlation
between the amount of branch litterfall at low altitudes and the minimum temperature
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(F = 19.61, p < 0.001), but a very significant positive correlation at high altitudes (F = 18.56,
p < 0.001).
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Table 4. Regression analysis of litterfall production and its components with meteorological factors
at different altitudes.

Component (y) Regression Equation R2 F p

Low altitude

Total Y = −15.29 MMT + 17.27 MMiT + 107.43 V
− 46.74 Vmax + 5.61 RH − 479.06 0.643 33.25 0.000 ***

Leaves
Y = −13.846 MMT + 14.74 MMiT − 0.10 P
+ 0.49 Pmax + 89.21 V −29.29 Vmax + 5.13 RH
− 509.17

0.678 38.57 0.000 ***

Branches Y = −1.20 MMaT + 0.88 MMiT + 0.05 P − 0.29 Pmax
+ 10 V − 11.17 Vmax + 62.19 0.510 19.61 0.000 ***

Others Y = −1.70 MMT + 1.70 MMiT + 8.44 V − 6.33 Vmax
+ 0.57 RH − 33.48 0.229 6.31 0.000 ***

High altitude

Total Y = 1.6 MMaT − 1.62 MMiT − 0.02 P − 10.47 V
+ 3.53 Vmax + 1.34 RH − 117.47 0.386 25.49 0.000 ***

Leaves Y = 2.34 MMaT − 11.75 V + 3.04 Vmax + 0.80 RH
− 67.28 0.383 25.11 0.000 ***

Branches Y = 1.28 MMT − 0.78 MMaT − 0.76 MMiT + 3.44 V
− 0.54 Vmax + 0.34 RH − 30.91 0.311 18.56 0.000 ***

Others Y = 0.12 Pmax + 2.16 V − 1.03 Vmax + 0.21 RH
− 19.34 0.323 19.54 0.000 ***

Note: MMT: average temperature; MMaT: maximum temperature; MMiT: minimum temperature; P: total
precipitation; Pmax: maximum precipitation; V: average wind speed; Vmax: maximum wind speed; RH: relative
humidity. *** means p < 0.001.

3.4. Carbon Production

As shown in Table 5, the annual average carbon content of total litterfall in differ-
ent forest communities on Lushan was highly significant (p < 0.001), showing that ACF
480.71 ± 42.00 g/kg) > RYF (476.25 ± 28.98 g/kg) > DBF (461.87 ± 49.65 g/kg) > EBF
(445.36 ± 44.67 g/kg). Whereas the carbon content of the four types of forests did not
differ significantly between different seasons (p > 0.05), the carbon content of leaf litterfall
differed highly significantly between different seasons (p < 0.01), with seasonal variations
showing winter > spring > autumn > summer (Table 6). However, the carbon content of
both branch litterfall and other litterfall did not vary significantly among different seasons
(p > 0.05), but there were significant differences among different forest types (p < 0.01). The
average annual carbon content of branch litterfall (483.43 ± 62.25 g/kg) and other litterfall
(478.99 ± 48.32 g/kg) were the highest in ACF (Table 5).

Table 5. Average annual carbon content of litterfall in different forest communities (g·kg−1).

Forest
Types

Component

Leaves
/g·kg−1

Branches
/g·kg−1

Others
/g·kg−1

Total
/g·kg−1

EBF 448.18 ± 55.51 c
(33.55%)

436.53 ± 47.93 c
(32.68%)

451.11 ± 66.34 b
(33.77 %)

445.36 ± 44.67 c
(100.00%)

DBF 469.72 ± 61.44 b
(33.94%)

475.61 ± 68.70 ab
(34.37%)

438.56 ± 62.03 b
(31.69%)

461.87 ± 49.65 b
(100.00%)

ACF 479.54 ± 64.16 ab
(33.26%)

483.43 ± 62.25 a
(33.53%)

478.99 ± 48.32 a
(33.22%)

480.71 ± 42.00 a
(100.00%)

RYF 492.26 ± 39.39 a
(34.49%)

459.05 ± 47.36 b
(32.16%)

476.14 ± 48.70 a
(33.36%)

476.25 ± 28.98 ab
(100.00%)

Note: The number in the first row of each cell in the table is the annual carbon yield of each component of
litterfall (mean ± standard deviation), and the number in parentheses is the percentage of this component in the
total annual carbon. Different lowercase letters indicated significant differences in the components of the four
community types in the same column (p < 0.05). EBF: evergreen broad-leaved forest; DBF: deciduous broad-leaved
forest; ACF: artificial coniferous forest; RYF: renew young forest.
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Table 6. Carbon content of litterfall compositions in different seasons (g·kg−1).

Season
Component

Leaves
/g·kg−1

Branches
/g·kg−1

Others
/g·kg−1

Total
/g·kg−1

Spring 479.85 ± 61.02 ab
(33.55%)

454.74 ± 48.66 a
(32.68%)

459.11 ± 55.68 a
(33.77%)

464.64 ± 44.93 ab
(100.00%)

Summer 450.75 ± 66.89 c
(33.94%)

469.700 ± 74.74 a
(34.37%)

471.54 ± 52.17 a
(31.69%)

463.85 ± 35.90 ab
(100.00%)

Autumn 464.04 ± 38.82 cb
(33.26%)

453.17 ± 47.23 a
(33.53%)

451.48 ± 40.73 a
(33.22%)

456.26 ± 29.64 b
(100.00%)

Winter 488.23 ± 58.72 a
(34.49%)

474.06 ± 62.92 a
(32.16%)

465.75 ± 80.35 a
(33.36%)

476.22 ± 60.54 a
(100.00%)

Note: The number in the first row of each cell in the table is the seasonal carbon yield of each component of
litterfall (mean ± standard deviation), and the number in parentheses is the percentage of this component in
the total carbon. Different lowercase letters indicated significant differences in the components of the different
seasons in the same column (p < 0.05).

As shown in Tables 7 and 8, the differences in carbon input to litterfall between forest
communities and seasons were highly significant (p < 0.001), with EBF (29.74 ± 21.26 kg/ha)
> ACF (23.93 ± 13.13 kg/ha) > RYF (20.77 ± 12.85 kg/ha) > DBF (11.40 ± 5.84 kg/ha ). In
general, the annual average carbon input from leaf litterfall > branch litterfall > other litter-
fall among different forest communities. The seasonal differences in total and leaf litterfall
carbon input were spring > autumn > winter > summer, with branch litterfall being autumn
> spring > winter > summer, and other litterfall in spring > autumn > summer > winter.

Table 7. Annual average carbon input of different forest community litterfall components (kg·ha−1).

Forest
Types

Component

Leaves
/kg·ha−1

Branches
/kg·ha−1

Others
/kg·ha−1

Total
/kg·ha−1

EBF 18.89 ± 14.62 a
(64.00%)

5.66 ± 2.87 a
(19.00%)

5.19 ± 3.77 a
(17.00%)

29.74 ± 21.26 a
(100.00%)

DBF 7.46 ± 3.48 c
(65.00%)

1.95 ± 1.35 c
(17.00%)

1.99 ± 1.01 c
(18.00%)

11.40 ± 5.84 c
(100.00%)

ACF 16.33 ± 9.34 ab
(68.00%)

4.14 ± 2.16 b
(17.00%)

3.46 ± 1.63 b
(15.00%)

23.93 ± 13.13 b
(100.00%)

RYF 14.33 ± 9.24 b
(69.00%)

3.49 ± 1.76 b
(17.00%)

2.95 ± 1.85 b
(14.00%)

20.77 ± 12.85 b
(100.00%)

Note: The number in the first row of each cell in the table is the annual carbon input yield of each component
of litterfall (mean ± standard deviation), and the number in parentheses is the percentage of this component in
the total annual carbon input. Different lowercase letters indicated significant differences in the components of
the four community types in the same column (p < 0.05). EBF: evergreen broad-leaved forest; DBF: deciduous
broad-leaved forest; ACF: artificial coniferous forest; RYF: renew young forest.

Table 8. Carbon input of litterfall compositions in different seasons (kg·ha−1).

Season

Component

Leaves
/kg·ha−1

Branches
/kg·ha−1

Others
/kg·ha−1

Total
/kg·ha−1

Spring 21.56 ± 10.73 a
(73.00%)

3.45 ± 1.86 c
(12.00%)

4.59 ± 3.43 a
(15.00%)

29.60 ± 16.02 a
(100.00%)

Summer 7.21 ± 3.80 c
(55.00%)

2.40 ± 1.06 d
(18.00%)

3.51 ± 1.12 b
(27.00%)

13.12 ± 5.98 c
(100.00%)

Autumn 18.74 ± 7.69 a
(66.00%)

5.57 ± 2.71 a
(20.00%)

3.85 ± 1.50 ab
(14.00%)

28.16 ± 11.90 a
(100.00%)
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Table 8. Cont.

Season

Component

Leaves
/kg·ha−1

Branches
/kg·ha−1

Others
/kg·ha−1

Total
/kg·ha−1

Winter 12.19 ± 5.06 b
(63.00%)

4.69 ± 1.71 b
(25.00%)

2.37 ± 1.03 c
(12.00%)

19.25 ± 7.80 b
(100.00%)

Note: The number in the first row of each cell in the table is the seasonal carbon input yield of each component of
litterfall (mean ± standard deviation), and the number in parentheses is the percentage of this component in the
total carbon input. Different lowercase letters indicated significant differences in the components of the different
seasons in the same column (p < 0.05).

4. Discussion
4.1. Changes in the Total Amount of Litterfall and Its Components in the Four Forest Communities

Forest litterfall is a reflection of the primary productivity of forest ecosystems and is
important for the material cycle and energy flow of a forest ecosystem [19]. The annual
litterfall production levels of different forest community types were significantly different
during the study period, at EBF > ACF or DBF > RYF. Additionally, the difference between
ACF and DBF was not significant, which may be related to the insignificant difference in
the amount of branch litterfall between the two communities (Figure 2). The variation
range of the total annual litterfall in the four forest communities is 256.06~390.03 t/hm2,
and the difference in the proportion of each component is leaf litterfall > branch litterfall
> other litterfall. The main factor affecting the annual litterfall output is the amount of
fallen leaves, which is consistent with the proportion order of litterfall components in most
tropical and subtropical forests in China [20,21].

For forests in the central subtropics, the peak of leaf fall production is mostly in spring
and autumn [22,23]. In this study, the dynamics of leaf fall in the two secondary natural
forests on Lushan Mountain were different. The peak of leaf litterfall in the EBF was
in April, while that in the DBF was in October. Compared with DBF, evergreen broad-
leaved tree species will produce a large amount of litterfall during the replacement of new
and old leaves in spring, which provides a material basis for their rapid decomposition
and nutrient return under high temperature and humidity conditions in summer [24].
The reason for the litter peak in autumn in DBF is that as the temperature decreases in
autumn, the trees produce a large amount of physiological leaf fall in order to reduce the
consumption of nutrients and water [25]. The highest peak in leaf drop in ACF and RYF is
before the beginning of the growing season (March), which may be related to the presence
of dominant tree species such as Cryptomeria japonica (L. f.) D. Don and P. taiwanensis in
the community [26]. Both species prefer cool and alpine climates with high relative air
humidity, and these two tree species are distributed at an altitude of about 1000 m. The
warming temperatures and increased precipitation in March have a significant effect on
plant nutrient availability at high altitudes on Lushan [27–29] (Figure 3a), thus increasing
leaf drop.

Most of the branch litterfall occurred in autumn, but there were three peaks in the
change of fallen branch peaks in the EBF during the study period. The reasons that affect
the fall of branches include the phenological period of the tree itself [30], typhoon [31,32]
and precipitation [33], etc. The randomness of branch litterfall and the possible delayed
fall of dead branches may lead to uncertainty in the law of fall. This was also similar to
the litterfall law of Mt. Ailao, SW China studied by Zhou J et al. [34]. Affected by the
littering rhythm of tree species, the increase in reproductive organ litterfall in a period
from April to May was due to factors such as plant growth and flowering and fruiting in
spring [35], In contrast, the highest fruit drop in ACF and RYF occurred in October [36]. In
this study, the second peak month of flower and fruit litterfall in the EBF and DBF was in
August, probably due to the high metabolic rate in summer when the plants are at their
peak growth due to the external temperature [37].
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4.2. Effects of Stand Factors and Terrain Factors on Litterfall Production of the Four
Forest Communities

The amount of forest litterfall is closely related to climate factors, as well as species
composition [38] and stand structure [39,40], with each forest community type also showing
great variation in the same climatic zone. Our research shows (Table 3) that the annual
litterfall production of DBF increases with the increase in canopy closure, while the results of
ACF and RYF indicate the opposite on the contrary, a disparity which is largely dependent
on the relationship between leaf litterfall and canopy density. The increase in canopy
density will significantly reduce understory shrubs [41], resulting in the decrease in litterfall
production. However, the EBF and RYF are negatively correlated with the average stand
density. Smaller stand density trees will receive more light to participate in photosynthesis
and promote plant growth, thus producing more litterfall [42,43]. In contrast, the correlation
between tree diameter and tree height was affected by both individual development and
the external environment, and the amount of branch litterfall itself was uncertain [44].

Topographic factors can also affect changes in litterfall production, incident solar
radiation and soil water effectiveness, which in turn affect plant phenology [4]. As slope
increases, factors affecting plant growth such as temperature, light and moisture become
important limiting conditions for plant growth [45], with shallow summit soils and lower
water retention capacity [46]. Thus, the production of litterfall on the top of the hill was
lower than that at the bottom of the slope (Table 1, Figure 2). The biological characteristics
of forest dominant species not only affect the amount of litterfall in a stand, but also change
the litterfall mode and the proportion of litterfall organs, resulting in a peak of litterfall in a
specific month (Table 1, Figure 2).

4.3. Effects of Meteorological Factors on Litterfall Production in Four Forest Communities

In this study, it was found that the amount of leaf and branch litterfall in four forest
communities was significantly negatively correlated with maximum rainfall and tempera-
ture (except for DBF) (Figure 3), indicating that the heat and moisture all are the limiting
factors restricting the ecological force of Lushan forest. Water stress often affects the season-
ality of precipitation, and trees under water stress conditions will have a negative impact
on litterfall [47]. EBF produces a peak of branch drop in January, which is an adaptation
strategy for plants to cope with low temperature [48–50]. The DBF has no significant
difference in air temperature, indicating that the slope of the plot is steep (Table 1), that the
forest is evenly heated, and that the temperature meets the growth needs of plants. Strong
wind has a certain physical effect on the litterfall of leaves and branches, and the wind
speed was positively correlated with the litterfall of the three forest communities during
the study period (Figure 3).

Temperature and precipitation will have different effects on litterfall production under
different altitude gradients [51,52]. During the study period, the amount of leaf litterfall in
the low altitude area was negatively correlated with the maximum temperature, and in
high altitude areas (positive correlation), this shows that Lushan Mountain has abundant
annual precipitation which can meet the water requirements of plants during normal
growth. Under the conditions of sufficient light and water, high temperature may restrict
the growth and development of forests at low altitudes [53], and the litterfall production in
high altitude area may be significantly increased after the temperature rises, indicating that
temperature may be an important factor affecting forest productivity on Lushan Mountain.
In addition, the physical effects of wind speed and maximum rainfall have also become the
main factors affecting forest productivity on Lushan Mountain (Figure 3).

4.4. Differences in Carbon Input and Component Characteristics of Litterfall in Four Forest
Communities in Different Seasons

Our study found that the energy distribution patterns of different tree species have
certain similarities (Table 5). The annual average carbon content of leaf litterfall, branch
litterfall and total litterfall of the four forest communities was the highest in the ACF and
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the lowest in the EBF (Table 5). The community structure of plantation forest is single, the
competition between stand species is small, and it is easier for forest canopy to quickly
reach a relatively stable state [54]. For montane forest climates, tall tree species in ACF
(Cryptomeria japonica (L. f.) D. Don) enhance light capture while increasing carbon uptake
and retention in aboveground and belowground components. The seasonal variation of
carbon components in different forest communities is generally shown as winter > spring >
autumn > summer (Table 6). Large amounts of fresh leaf deposition, occurring due to the
mechanical action of strong winds or thunderstorms in spring, may show higher nutrient
concentration levels [55]. The highest carbon content in winter may be related to extreme
weather, such as heavy snowfall in the Lushan area in February, resulting in the production
of fresh litterfall. Despite the limitations of our data, increasing global climate change will
also affect nutrient cycling in mountain forest ecosystems.

Compared with other forest communities, the EBF had a higher average annual carbon
input (Table 7). The total litterfall carbon input of the four forest communities was the
highest in spring, followed by autumn, which may be related to the change trend of litterfall.
EBF has rich species diversity, stable community structure, and general adaptability, while
faster litterfall decomposition and turnover can better input nutrients and maintain soil
fertility [56]. Therefore, protecting the EBF and studying the mechanism of controlling
litterfall changes in other communities are of profound significance for improving the
carbon sink function and for the ecological restoration of the whole forest ecosystem. In
addition, among the nutrients absorbed by forest plants, more than 90% of the nitrogen and
phosphorus and more than 60% of the mineral elements come from the nutrients returned
to the soil by litterfall [57]. As such, the impact of soil nutrients on the nutrient input of
litterfall needs to be further studied.

5. Conclusions

The dynamic change in litterfall production reflects the ecological process of the forest
and the impact of environmental variables on vegetation. The annual litterfall production
of Lushan Mountain is the highest in the EBF in the natural secondary forest, and fallen
leaves are the main productivity. The results show that the natural restoration model is
more conducive to the increase in litterfall productivity, and the ecological restoration
after forest degradation should choose natural restoration for forest management. There
is a linear relationship between stand factor and litter yield, but the correlation degree
R2 is small. Reasonable human management can improve forest structure and function,
improve its resistance and resilience, and accelerate its succession. The yield of litterfall
on the top of the hill is lower than that at the bottom of the slope. In order to reduce
erosion and soil degradation, priority should be given to protecting and maintaining the
top of the slope with a steep slope. Litterfall carbon input in the Lushan area mainly comes
from EBF, strengthening the scientific management of litterfall in this community is of
great significance for maintaining and improving soil carbon pool on Lushan. The annual
litterfall production and annual average carbon input in spring and autumn are higher.
In the context of global change, litterfall production and nutrient input may change with
climate change. The factors affecting the characteristics of forest litterfall are complex and
diverse. It is necessary to deeply study the response of litterfall to climatic factors, and then
grasp the changes of litterfall and the material cycle and energy flow of forest.
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