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Abstract
Forest ecosystem carbon (C) storage primarily includes vegetation layers C storage, litter C storage, and soil C storage.
The precise assessment of forest ecosystem C storage is a major concern that has drawn widespread attention in global
climate change worldwide. This study explored the C storage of different layers of the forest ecosystem and the nutrient
enrichment capacity of the vegetation layer to the soil in the Castanopsis eyeri natural forest ecosystem (CEF) present in
the northeastern Hunan province, central China. The direct field measurements were used for the estimations. Results
illustrate that trunk biomass distribution was 48.42% and 62.32% in younger and over-mature trees, respectively. The
combined biomass of the understory shrub, herb, and litter layers was 10.46 t·hm−2, accounting for only 2.72% of the
total forest biomass. On average, C content increased with the tree age increment. The C content of tree, shrub, and herb
layers was 45.68%, 43.08%, and 35.76%, respectively. Litter C content was higher in the undecomposed litter (44.07
%). Soil C content continually decreased as the soil depth increased, and almost half of soil C was stored in the upper
soil layer. Total C stored in CEF was 329.70 t·hm−2 and it follows the order: tree layer > soil layer > litter layer > shrub
layer > herb layer, with C storage distribution of 51.07%, 47.80%, 0.78%, 0.25%, and 0.10%, respectively.
Macronutrient enrichment capacity from vegetation layers to soil was highest in the herb layer and lowest in the tree
layer, whereas no consistent patterns were observed for trace elements. This study will help understand the production
mechanism and ecological process of the C. eyeri natural forest ecosystem and provide the basics for future research on
climate mitigation, nutrient cycling, and energy exchange in developing and utilizing sub-tropical vegetation.
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Introduction

As a dominant part of the terrestrial ecosystems, forests are
essential for the earth’s biosphere. They play a unique role in
soil and water conservation, thus maintaining the regional and
local environment, mitigating the greenhouse effect, and reg-
ulating carbon (C) balance (Farooq et al. 2021a). Therefore,
they are the basis for the survival and development of various
living materials on earth (Farooq et al. 2019a).

Biomass production is the most basic quantitative feature
reflecting the state and nature of the forest ecosystem (Farooq
et al. 2019b). It is also used to assess the forest C budget; thus,
this critical parameter can comprehensively reflect the envi-
ronmental quality of a forest ecosystem. As an integral part of
the terrestrial ecosystem, forests are the most economical C
absorbers by storing billions of tons of C (Bello et al. 2015).
Forests also fix atmospheric carbon dioxide (CO2) in the form
of organic matter into plants and soil through photosynthesis,
reducing the accumulation of greenhouse gases for a certain
period (Schimel et al. 2015; Shakoor et al. 2020; Shakoor et al.
2021a, b, c). The increase or decrease in forest C storage may
impact the change of CO2 concentration in the atmosphere
(Kirby and Potvin 2007; Seidl et al. 2014; Sperry et al.
2019). The amount of annual C stored in the forest ecosystem
fixed C accounts for more than two-thirds of the total C stored
in terrestrial ecosystems (Fang et al. 2001). Over 73% of glob-
al soil C pools and 86% of global vegetationC pools are stored
in various forest ecosystems (Dixon et al. 1994). Therefore,
the research on forest ecosystem C storage and its C sink
function has become a hot spot in international research.

Implementation of the International Biological Program
(IBP) opened the prelude to study the C storage in global
forest ecosystems. Subsequently, many developed countries
such as Sweden (Eriksson 1991), Brazil (Schroeder and Ladd
1991), Canada (Kurz and Apps 1993), the USA (Heath and
Birdsey 1993), Germany (Burschel et al. 1993), Finland
(Karjalainen et al. 1995), and Russia (Alexeyev and Birdsey
1998) begun to spring upon their forest C storage research on
a national scale by conducting in-depth and detailed research
on the C storage of forest ecosystems, and have made signif-
icant progress. However, the research on C storage of different
forest ecosystems in China started relatively late compared to
the west and European countries (Fang et al. 2018; Lu et al.
2018; Sun and Liu 2020). In general, on a large scale, it began
in the late 1990s. With the rapid development of China in the
twenty-first century, the impact of global climate change on
the structure and function of China’s terrestrial vegetation has
attracted a lot of attention, and the research on the C dynamics
of China’s forest vegetation has been accelerated.

Nutrient cycling and distribution are the basic functions of
the forest ecosystem (Merino et al. 2005; Farooq et al. 2018;
Farooq et al. 2019c; Rashid et al. 2020). It occurs between
different vegetative and soil layers. Nutrient cycling drives

energy flow through material circulation, directly affecting
the productivity of the forest ecosystem and sustainable devel-
opment. The absorption and exchange of nutrient elements in
the soil by forest vegetative layers is the dynamic function of
nutrient accumulation and enrichment capacity in the forest
ecosystems, forming the law of biological nutrient circulation
(Farooq et al. 2021b). This nutrient enrichment can change
species richness, composition, and canopy spread, affecting
forest ecosystem productivity (Gathumbi et al. 2005; Simkin
et al. 2016; Buajan et al. 2016; Midolo et al. 2019; Farooq
et al. 2020; Farooq et al. 2021c). Moreover, the tight coupling
between inorganic and organic fluxes can increase the poten-
tial for indirect effects of changing biodiversity on ecosystem
processes that may escalate or dampen the effects of global
nutrient enrichment over time (Tilman et al. 2014; Hobbie
2015; Wu et al. 2017; Rashid et al. 2020).

Evergreen broad-leaved forests, as one of the most com-
plex, productive, and most affluent biodiversity types in the
sub-tropical regions of China, play an exceedingly important
role in protecting the environment, maintaining the global
carbon cycle, and sustaining human development (Farooq
et al. 2021a). Castanopsis eyeri natural forest (CEF) is the
most typical vegetation present in the sub-tropical zone of
China (Hu et al. 2009). It has an important value for the forest
ecosystem by providing services such as biomass mainte-
nance, soil erosion control, biodiversity protection, water con-
servation, and local climate regulation (Ren et al. 2010).
Researching evergreen broad-leaved forests have important
economic, social, and ecological benefits. Due to the long-
term development and utilization of the land, mountain forests
have been repeatedly felled and destroyed, and environmental
conditions have changed. Natural vegetation has also pro-
duced reverse succession. Therefore, the natural evergreen
broad-leaved forests are rare. Only a few stands of CEF are
preserved in the deep mountain or scenic reserve, reflecting
the original appearance of this vegetation type in the north-
eastern Hunan Province.

Since the beginning of China’s forestry development
program in the 1990s, different researchers have succes-
sively studied various aspects of different natural broad-
leaf species in different parts of China regarding root
growth, population structure, and size effect on productiv-
ity (Yi-ming et al. 1996; Yang et al. 2014) and hydrolog-
ical benefits of natural forests (Linghao et al. 1998;
Jianhui 2008); however, being an important specie of
China sub-tropical ecosystem, the studies regarding the
C dynamics and nutrient enrichment capacity of C. eyeri
forest ecosystem is scare in the global data, leaving a
significant research gap. Although these studies are ben-
eficial, less attention has been given to understory flora,
litterfall, and soil C. Therefore, the C dynamics and nu-
trient enrichment capacity for C. eyeri sub-tropical forest
ecosystem as a whole should be studied.
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This study aimed to explore the (i) C content and contribu-
tions of C storage of different vegetative layers, litter layer,
and soil layer at different depth profiles and (ii) nutrient en-
richment capacity of vegetative layers to the soil in C. eyeri
natural forest ecosystem (CEF) in the sub-tropical zone of
central China. This study has a significant value for the scien-
tific community because accurately estimating the C budgets
of the sub-tropical forest ecosystem is imperative for under-
standing forests’ role in global warming and supporting
decision-making processes in forest management.

Materials and methods

Study area and stand characteristics

The study was conducted in Lutou forest research center, Jiayi
Town, Pingjiang County, Yueyang city, Hunan province, cen-
tral China. The geographical coordinates are E113°51′52″
~113°58′24″, N 28°31′17″~28°38′00″ (Figure 1). The total
area of the research center is 4762 hm2. The soil type was
Lateritic red soil. The overall topography of the station is high
in the south and low in the north. The apex point is at 777 m
above sea level. The study area is located in the mid sub-
tropical climate zone with four distinct seasons, sufficient sun-
shine, and abundant rainfall. The mean annual temperature
(MAT) is 17.07°C, and the mean annual precipitation
(MAP) is 1312 mm, with an average humidity (AH) of 82%.

In Lutou forest farm, C eyeri natural forest (60 years old) is
the largest research station. It is mainly distributed on moun-
tain slopes with an average slope gradient of 20–25°. Overall,
the forest is neat, and the canopy is undulating. No artificial
water channels were present in the stand, and the irrigation
was natural because of the abundant rainfall. The shrub layer
inc ludes I lex formosana , Rhododendron simsi i ,
Toxicodendron vernicifluum, Daphniphyllum oldhami,
Lindera aggregate, Cyclobalanopsis glauca, Myrica rubra,

Eurya tetragonoclada, Symplocos sumuntia, Eurya muricat,
and Dendropanax dentiger.

Vegetation layer and litter sampling

In the natural broadleaf CEF, different aged and diameter
classes of trees were present. Height, diameter at breast height
(DBH), and crown width of all the trees were measured. All
the trees with a height of above 5 m were categorized as the
main tree layer. According to age and diameter, we catego-
rized the main tree layer into five classes, including DC1, 8-
cm DBH, 10–15 years old; DC2, 16-cm DBH, 15–25years
old; DC3, 24-cm DBH, 25–35 years old; DC4, 32-cm DBH,
34–45 years old; and DC5, 48-cm DBH, 45–60 years old.
Three 30×30 m plots were set up for the tree layer for each
diameter class. Based on the average height and DBH, six
trees per diameter were selected, and biomass was determined
by destructive sampling and developing a growth model
(Table 1). The sample trees were felled, and the stem,
branches, leaves, dead leaves, dead branches were collected
(Farooq et al. 2019b).

The underground part was harvested using the full harvest
method. The roots were divided into coarse roots (d >10 cm, d
represents diameter), large roots (5 cm < d < 10 cm), medium
roots (2 cm < d < 5 cm), small roots (1 cm < d < 5 cm), and
fine roots (d < 1 cm), respectively. A combination of manual
and mechanical excavation methods was used for root sam-
pling. The small and fine collected roots were cleaned prop-
erly with distilled water to remove the soil and quickly dried
with filter papers. The fresh weight of tree organs (stem, bark,
branches, leaves, dead branches, and leaves and roots) was
measured immediately in the field.

All the trees with less than 3-m height were categorized as
shrub layers, and characteristics such as the number of indi-
viduals, height, DBH, and coverage were recorded. Five 5×5
m plots were set up for the shrub layer. Fresh samples of the
shrubs were sampled according to the three parts (i.e., leaves,

Fig. 1 Location and climatic conditions of the study area, Pinjiang country, Yueyang city, Hunan Province, China
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branches, and roots). Five quadrats of 1×1 m each were set up
for herb layer and litterfall collection. Samples of herb layers
are divided into the aboveground part and underground part.
Litter was collected and divided into the undecomposed layer,
semi-decomposed layer, and residue.

Representative samples (500~1000 g) of all organs were
obtained for dry weight measurement in the lab. Dry weight
was determined after oven-drying at 8°C until constant weight
in the lab. The dried samples were crushed and passed through
a 100-mesh sieve, and the sieved sample was stored in an
aluminum box for chemical analysis.

Soil sampling

For soil samples collection, nine sampling points were set up
according to the “S” shape. The established sample plots were
divided into first layer (0~15 cm), second layer (15 ~30 cm),
third layer (30~45 cm), fourth layer (45~60 cm), and fifth
layer (below 60 cm). The soil samples were obtained with a
steel soil auger (3.5-cm diameter). Three soil replicates per
soil depth were collected. After collection, soil samples were
appropriately cleaned, and roots/stones were sorted out. Field
moist soils were air-dried at room temperature and sieved
through a 2-mm mesh to remove stones, roots, and plant res-
idues. Three composite samples per soil depth were prepared
for the chemical analysis. At the same time, a 200 cm3 stan-
dard ring knife was used to select three points to take the
undisturbed soil to determine the bulk density and moisture
content of different layers of soil.

Laboratory chemical analysis

For nutrients analysis, mixed composite samples from all the
tree’s diameter classes were used. All the plant tissue samples
were grounded and pass through a 100 mm mesh before

chemical analyses. The total phosphorus (P) was determined
by the molybdenum antimony colorimetric method. The total
amount of potassium (K), calcium (Ca), magnesium (Mg),
ferric (Fe), manganese (Mn), cooper (Cu), zinc (Zn), lead
(Pb), cadmium (Cd), nickel (Ni), and cobalt (Co) were deter-
mined with an atomic absorption spectrophotometer (model
HP3510, Puxi Instrument, Beijing, China). A mixture of
HClO4-HNO3 solution was used, and samples were digested
in the mix to quantify P and K concentrations (Jones Jr and
Case 1990). For determining nitrogen (N) and C content, gas
chromatographically after dry combustion (Carlo Erba
Analyser 1500) was used. Soil bulk density was measured
by the ring knife method; soil moisture content was measured
by the 105±2°C drying method.

Calculation of vegetation layer and soil C storage

Different methods (both direct and indirect) are being used for
estimating C dynamics worldwide. We used the direct de-
structive method. C storages for each organ in the tree, shrub,
herb, and litter layers were calculated by multiplying the re-
spective component biomass to C ratio. The conversion coef-
ficient of different components is based on the actual measure-
ment of the organic carbon value of the samples. The C ratio
for the vegetation layer was 0.5, commonly used in the world
(Fang et al. 2001; Pan et al. 2004). In this study, the thickness
of the soil layer of CEF is about 75cm; therefore, the estima-
tion of soil C in this paper is limited to the depth of 75cm,
excluding surface litter. The below-mentioned formula was
used for soil C storage estimation.

Sd ¼ ∑
t

i
DiCiHi

Among them, Sd represents the soil C storage per unit area
in the depth of soil layer i (t·hm−2), Di represents the bulk
density of the ith soil layer (t·m

−3), Ci represents the C content
of the ith soil layer (%), and Hi represents the thickness of the
ith soil layer (m).

Statistical analyses

All measurements are reported as mean ± SE. One-way
Analysis of variance (ANOVA) was used to determine wheth-
er studied parameters differ significantly among different
layers of the natural forest ecosystem and different DBH and
age classes using the SPSS Statistical Package (SPSS 17.0,
SPSS Inc., IL, USA). Means that exhibited significant differ-
ences were compared using Tukey’s test at a 5% level of
significance. Trees of different diameter classes were present
in the CEF; therefore, we determined biomass for the tree
layer by distributing trees in five categories based on DBH,
and then the overall biomass of the tree layer was calculated.

Table 1 Regression analysis of relative growth model of Castanopsis
eyeri natural forest

W=a×(D2H)b W=a×Db

a b R2 a b R2

Leaves 0.004 0.926 0.94 0.005 2.471 0.98

Branches 0.010 0.954 0.91 0.014 2.553 0.95

Bark 0.005 0.947 0.92 0.007 2.537 0.96

Stem 0.016 1.081 0.94 0.022 2.887 0.98

Coarse root 0.006 0.972 0.91 0.008 2.609 0.95

Large root 0.003 0.969 0.95 0.005 2.582 0.98

Medium root 0.004 0.900 0.93 0.005 2.405 0.97

Small root 0.002 0.962 0.92 0.003 2.476 0.96

Fine root 0.001 0.988 0.95 0.001 2.611 0.97
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Regression analysis of C. eyeri natural forest ecosystem’s
relative growth model is shown in (Table 1). Below-
mentioned equations were used to estimate nutrient accumu-
lation and nutrient enrichment capacity.

Nutrient accumulation ¼ nutrient content

dry matter mass

Enrichment capacity ¼ nutrient content

Corresponding soil nutrient content

Results

Biomass accumulation and distribution

Data in Figure 2 and table S1 shows that the trunk biomass
distribution percentage was 48.42% in the small-diameter
class, while 62.32% in the highest diameter class. The bio-
mass proportions of each organ of each age group (diameter
class) in the CEF ecosystemwere as follows: trunk > branches
> thick roots > bark > large roots > leaves > middle roots >
small roots > fine roots. Generally, trunk biomass production
increased, and other above-and below0ground components
biomass production decreased as the stem diameter increased.

In the shrub layer, 11 species were present. Among shrub
layer species, R. simsii, E. tetragonoclada, and I. formosana
have significantly higher biomass production than all other
shrub species (P= 0.037). Total shrub layer biomass produc-
tion was in the order of branches > roots > leaves (Table 2). In
the herb layer, four species were present. Among herb layer
species,D. nigra produced the highest biomass, predominant-
ly in the belowground portion. Total herb layer biomass pro-
duction was higher in the belowground portion (Table 2). In
the litter layer, no significant difference was observed between
residues litter and semi-decomposed litter (P= 0.084);

however, both were significantly different from undecom-
posed litter biomass (P < 0.05) (Figure 3). Overall, in tree
layer, shrub layer, herb layer, and litter layer, biomass produc-
tion was 373.86 t·hm–2 (97.3 %), 1.93 t·hm–2 (0.51 %), 0.87 t·
hm–2 (0.23 %), and 7.66 t·hm−2 (1.99 %), respectively
(Table S2).

C content of different layers of CEF ecosystem

In main tree layer, average C content was 43.54 %, 43.95 %,
45.15 %, 44.87%, and 47.05% in PD1, PD2, PD3, PD4, and
PD5, respectively. As expected, it increased as the tree diam-
eter increased. However, interestingly, C content in PD1 and
PD2 was not significantly different, same as PD3 and PD4
were not significantly different. Among tree components, C
content was higher in the trunk and lowered in roots. Overall,
the average C content of the tree layer was 45.68 % (Table 3).

In the shrub layer, the average C content of branches,
leaves, and roots was 42.82%, 44.80%, and 41.74%.
Overall, the C content of the shrub layer was 43.08%
(Table 3). After measuring the C content of all the herb species
present in the CEF stand, the C content of the aboveground
and the belowground portion was 38.37% and 32.80%, re-
spectively. Overall, the average C content of the herb layer
was 35.76% (Table 3). Soil C content percentage significantly
decreased as the soil depth increased (P= 0.05), and it was
4.9%, 2.9%, 1.8%, 1.5%, and 0.7% from topmost (0–15 cm)
to bottommost layer (60+ cm). (Figure 4), whereas litter C
content was also significantly differed (P= 0.047) among litter
types and it was in order of undecomposed (44.07%) > semi-
decomposed (36.74%) > residues (22.83%) (Figure 4).

C storage in different layers of CEF ecosystem

Higher C storage was observed in aboveground components
in tree and shrub layers, whereas in the herb layer, it was
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Fig. 2 Comparing different
diameter classes and age groups
of Castanopsis eyeri in biomass
distribution percentage among
different tree organ. (DC1, 8-cm
DBH, 10–15 years old; DC2, 16-
cm DBH, 15–25years old; DC3,
24-cm DBH, 25–35 years old;
DC4, 32-cm DBH, 34–45 years
old; DC5, 48-cm DBH, 45–60
years old)
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higher in the belowground portion. C storage in the litter layer
was in the order of semi-decomposed > undecomposed >
residues litter; however, it did not vary significantly in unde-
composed, and semi-decomposed litter; still, both were sig-
nificantly different to C storage of residues (Table 4). In soil,
C storage decreased significantly as the soil depth increased (p
= 0.02). Almost half of soil C was stored in the upper soil layer
(0–15 cm) (Table 5). Overall, the C storage in the CEF stand
was 329.70 t·hm−2 (Figure 5). In terms of statistical differ-
ences (p < 0.05), in CEF ecosystem C storage distribution
was in order of tree layer = soil layer > litter layer > shrub
layer > herb layer, with C storage distribution of 51.07%,
47.80%, 0.78%, 0.25%, and 0.10%, respectively.

Soil and litterfall nutrient status of CEF ecosystem

Usually, the litterfall biomass and decomposition is the prima-
ry source of soil nutrient status; therefore, we only mentioned

litterfall, soil micronutrients, and trace elements concentra-
tions. Undecomposed litter has higher N, P, and K concentra-
tions; whereas in semi-decomposed litter and residue, no sig-
nificant difference was observed. Moreover, Ca and Mg were
enriched in resides (Table 6). Apart from Mn and Cd, no
significant differences were observed for trace elements
among undecomposed, semi-decomposed, and residues litter.
Mn and Cd concentrations were in order of residues > semi-
decomposed > decomposed litter (Table 6).

Soil N and K concentrations showed significant differ-
ences among different soil layers (P= 0.04), whereas P
was not significantly different (P= 0.08). Generally, soil N,
P, and K concentrations decreased as the soil depth in-
creased. Although with a soil depth effect, no consistent
patterns were observed for soil Ca and Mg; however, soil
Ca and Mg concentrations were enriched in 30-–45-cm soil
layer (Table 7). Talking about soil trace elements, Pb con-
centrations were significantly different among different soil
layers. For other micronutrients, differences were either non-
significant or small. Overall, trace element concentrations
decreased all the soil depth increased (Table 7). N and Ca
were the highly accumulated elements among macronutri-
ents, followed by K, Mg, and P, respectively. Mn and Cu
were highly accumulated among trace elements, followed by
Pb, Zn, Ni, Co, and Cd, respectively (Figure 6, Table S3).

Nutrient enrichment capacity

The herb layer has the highest nutrient enrichment capacity
among all the macronutrients, while the tree layer has the
lowest. Enrichment capacity of different macronutrients was
in order of Ca > N > Mg > P > K, with the values of 9.88%,
9.64%, 5.23%, 3.24%, and 2.01%, respectively (Figure 7,
Table S4). Cu enrichment capacity was higher among the

Table 2 The shrub layer and herb
layer biomass production and
distribution percentage of natural
Castanopsis eyeri forest
ecosystem (kg·hm−2)

Shrub species Branches Leaves Root Total (%)

R. simsii 234.9 ± 12.6 a 67.9 ± 5.3 a 108.5 ± 7.5 a 411.5 ± 34.6 a 21.3
I. formosana 171.7 ± 5.3 b 42.5 ± 3.3 b 80.6 ± 6.3 b 294.2 ± 12.6 c 15.2
D. oldhami 72.5 ± 1.3 c 25.2 ± 2.8 c 32.4 ± 2.3 c 130.2 ± 9.5 d 6.7
T. vernicifluum 46.5 ± 4.3 e 13.2 ± 2.6 d 32.3 ± 2.7 c 92.9 ± 7.6 d 4.7
Quercus glauca 198.8 ± 16.3 b 48.8 ± 4.7 b 94.2 ± 11.3 ab 341.9 ± 14.9 b 17.7
E. tetragonoclada 49.5 ± 4.3 e 24.5 ± 3.2 c 32.4 ± 5.3 c 106.6 ± 5.8 d 5.5
S. sumuntia 35.7 ± 5.6 f 14.5 ± 1.3 d 21.3 ± 4.3 d 71.8 ± 4.9 e 3.6
L. aggregata 59.4 ± 5.3 d 15.4 ± 2.3 d 29.8 ± 3.8 c 104.7 ± 6.8 d 5.4
E. muricata 52.9 ± 7.3 d 23.8 ± 2.6 c 27.3 ± 3.1 c 104.1 ± 9.4 d 5.4
D. dentiger 24.5 ± 2.4 g 9.61 ± 2.1 e 11.5 ± 0.9 d 45.7 ± 3.5 f 2.3
M. rubra 53.6 ± 3.8 d 12.5 ± 3.2 d 27.2 ± 2.9 cd 93.4 ± 6.8 d 4.8
Total 1064.7 320.4 541.5 1926.7 100
Herb species AGB BGB – Total (%)
D. nigra 76.8 ± 6.5 b 307.8 ± 12.3 a – 384.6 ± 19.3 a 44.2
O. japonica 42.3 ± 4.6 c 147.3 ± 12.6 b – 189.7 ± 14.7 b 21.5
Carex 123.1 ± 18.3 a 58.7 ± 5.3 c – 182.6 ± 12.6 b 20.8
S. bubble 89.2 ± 9.3 b 21.2 ± 4.3 d – 110.4 ± 9.3 c 12.4
Total 332.3 535.6 – 867.7 100

Fig. 3 The litterfall layer biomass of residues litter, undecomposed litter,
and semi-decomposed litter of naturalCastanopsis eyeri forest ecosystem
(kg·hm−2)
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trace elements in the tree layer, whereas Zn, Mn, and Cd
enrichment capacity were higher in the shrub layer. Pb, Ni,
and Co enrichment capacity were higher in the herb layer.
Enrichment capacity of different macronutrients was in order
of Mn > Cu > Pb > Zn > Co > Ni > Cd, with the values of
12.38%, 9.10%, 2.96%, 1.06%, 0.79%, 0.72%, and 0.21%,
respectively (Figure 7, Table S4).

Discussion

Forest biomass distribution in different layers of CEF
ecosystem

Forest biomass is the primary data for studying the structure
and function of the forest ecosystem (Njana et al. 2016). The
existing biomass of CEF was 384.32 t·hm−2, with the distri-
bution order: tree layer > litter layer > shrub layer > herb layer.

The total biomass of the main tree layer was 373.86 t·hm−2,
which accounts for 97.28% of the total biomass of CEF;
hence, it is understood that the forest biomass is mainly con-
centrated in the arbor layer. The tree trunk dominates, and its
biomass accounts for 60.37% of the total forest biomass. With
the forest age increment, biomass accumulation in the trunk
will be more obvious (Taylor et al. 2009). The distribution
pattern was similar to other tree species and conforms to the
biomass distribution law of timber species (Reich et al. 2014;
Poorter et al. 2015). There was a positive relationship between
the trunk biomass and the increasing diameter class. Among
the belowground components of trees, medium roots (2 cm <
d < 5 cm) have higher biomass than other root classes. Apart
from the trunk and large roots, the biomass production of other
aboveground and belowground components decreased as the
age of trees increased. Reduction in the branches, leaves, and
small roots biomass of individual trees with age increment can
be understood by the fact that is decreasing growing space

Table 3 Carbon content (%) of tree components of different vegetation layers of C. eyeri natural forest. Values are Mean ± SE

Trunk Bark Branches Leaves Root Average

Tree layer
(Diameter class)

8cm 44.03 ± 0.51 bc 44.15 ± 0.76 c 45.32 ± 0.87 a 42.67 ± 0.67 c 41.54 ± 0.59 c 43.54 ± 1.26 c

16cm 43.44 ±1.43 c 44.61 ± 0.13 c 46.03 ± 0.19 a 43.21 ± 0.59 cb 42.55 ± 0.36 bc 43.95 ± 0.99 c

24cm 44.80 ±1.47 b 45.99 ± 0.85 b 46.68 ± 0.32 ab 44.33 ± 0.46 b 43.95 ± 0.54 b 45.15 ± 1.89 b

32m 45.10 ±1.18 b 46.22 ± 1.92 ab 44.42 ± 0.55 b 44.63 ± 1.05 b 44.02 ± 0.70 a 44.87 ± 1.42 b

48cm 47.90 ± 0.30 a 48.52 ± 0.73 a 46.20 ± 0.78 a 47.57 ± 0.75 a 45.06 ± 0.43 a 47.05 ± 1.96 a

Average 47.98 ± 1.52 46.5 ± 1.64 45.73 ± 1.96 44.84 ± 1.05 43.36 ± 1.36 45.68 ± 1.42

Shurb layer

R. simsii – – 47.60 ± 2.56 a 46.52 ± 3.62 ab 43.41 ± 2.51 c 46.32 ± 3.26 a

Ilex formosana – – 42.81 ± 3.20 cd 45.79 ± 3.32 b 41.54 ± 3.78 c 42.84 ± 2.28 d

D. oldhami – – 41.23 ± 2.78 d 43.22 ± 3.51 d 41.29 ± 4.78 c 41.64 ± 3.36 e

T. vernicifluum – – 41.62 ± 4.65d 43.95 ± 2.19 d 40.50 ± 1.32 e 41.55 ± 4.26 e

Quercus glauca – – 43.50 ± 3.45 c 44.61 ± 1.86 c 43.05 ± 3.20 c 43.53 ± 3.89 c

E. tetragonoclada – – 41.78 ± 2.52 d 42.63 ± 2.13 e 40.48 ± 2.57c 41.58 ± 3.72 e

S. sumuntia – – 44.38 ± 4.22 d 47.38 ± 4.46 a 45.69 ± 5.72 a 45.36 ± 1.32 b

L. aggregata – – 45.40 ± 4.49 b 46.60 ± 5.34 ab 43.89 ± 4.32 c 45.15 ± 1.89 b

E. muricata – – 43.91 ± 4.35 c 44.05 ± 2.31 c 40.15 ± 1.63 c 42.95 ± 3.46 d

D. dentiger – – 41.19 ± 2.34 d 43.95 ± 4.19 d 35.97 ± 5.42 f 40.45 ± 1.34 f

M. rubra – – 41.52 ± 3.53 d 45.57 ± 2.80 b 44.54 ± 2.23 b 42.94 ± 5.89 d

Average – – 42.82 ± 4.26 d 44.80 ± 3.69 c 41.74 ± 3.35 c 43.08 ± 3.12 c

Herb layer

Aboveground Belowground – – – –

D. nigra 39.30 ± 2.82 a 34.45 ± 1.54 a – – – 35.42 ± 3.55 b

O. japonica 38.23 ± 5.96 a 36.94 ± 4.45 a – – – 37.90 ± 4.23 a

Carex 37.23 ± 1.81 b 22.55 ± 2.63 b – – – 32.51 ± 5.98 c

S. bubble 38.29 ± 3.88 a 36.24 ± 5.24 a – – – 37.51 ± 4.23 a

Average 38.37 ± 3.56 32.80 ± 5.96 – – – 35.76 ± 6.32

Different letters indicate the significant difference between different diameter classes or different species of shrub and herbs at p < 0.05
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with the diameter increment, and canopy spread can intensify the
competition among trees, which could considerably affect the
large branches and small roots biomass (Li et al. 2011; Farooq
et al. 2019b). Comparing the aboveground and belowground
biomass distribution of C. eyeri, it can be seen that, like other
evergreen broad-leaved forests, the belowground biomass ac-
counts for 15–25% of the total biomass of individual trees.

The canopy spread plays a vital role in structuring and
developing the understory flora (Goodman et al. 2014;
Farooq et al. 2020). This natural CEF has a large canopy
closure, which is not conducive to the understory. In the
CEF, the biomass of the shrub layer was only 1.93 t·hm−2,
and mainly concentrated in branches. Furthermore, the bio-
mass distribution of the shrub layer in the aboveground part

was greater than the underground part. The biomass of the
herb layer was only 0.87 t·hm−2. In contrast to the shrub layer,
the biomass of the herb layer is greater in the underground part
than in the aboveground part. Moreover, the litter layer ac-
counts for 1.99% of the total forest biomass, larger than the
sum of the shrub and herb layers. The main reason for this
phenomenon is the large canopy closure of natural
Castanopsis forests and poor light transmittance, which in-
hibits the growth and development of understory vegetation
and the decomposition of litter. This phenomenon is also ob-
served in boreal forests (Strong 2011) and temperate forests
(Mestre et al. 2017), indicating that forest canopy and under-
story cover are strongly related, particularly in more fertile
soils (Majasalmi and Rautiainen 2020).
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Table 4 Mean values of
component carbon storage
(t·hm−2) in different vegetation
layers and litterfall of CEF
ecosystem

Levels Components Biomass % Carbon storage %

Tree layer Trunk 225.70 ± 13.32 60.37 102.04 ± 6.65 60.59

Bark 20.35 ± 2.38 5.44 9.41 ± 2.36 5.59

Branches 40.68 ± 3.69 10.88 18.60 ± 2.78 11.05

Leaves 16.88 ± 2.65 4.51 7.56 ± 1.35 4.49

Aboveground 303.61 ± 16.32 81.21 137.61 ± 9.36 81.72

Root/BG 70.25 ± 9.38 18.79 30.79 ± 3.43 18.28

Shrub layer Branches 1.06 ± 0.12 55.21 0.47 ± 0.15 55.95

Leaves 0.32 ± 0.05 16.67 0.14 ± 0.09 16.67

Root/BG 0.54 ± 0.07 28.12 0.23 ± 0.06 27.38

Herb layer Aboveground 0.33 ± 0.08 b 37.93 0.13 ± 0.08 b 41.94

Belowground 0.54 ± 0.11 s 62.07 0.18 ± 0.06 a 58.06

Litter layer Undecomposed 2.06 ± 0.09 b 26.89 0.92 ± 0.02 a 35.94

Semi-decomposed 2.74 ± 0.07 a 35.77 0.99 ± 0.03 a 38.67

Residues 2.86 ± 0.12 a 37.44 0.65 ± 0.02 b 25.39
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Distribution of C storage in CEF ecosystem

The forest ecosystems with a higher ratio of C content to the
vegetation C content have higher C fluxes of C sink. Based on
the actual measured data, this study shows that the C content
of different organs of C. eyeri of different diameter classes
was between 41.54 and 48.52%. In the small-diameter classes
(8 cm, 16 cm, 24 cm), the order of different organs for C
content was:Cbranch >Cbark >Cstem >Cleaf >Croot. In the larger
diameter classes (32 cm and 48 cm), C content for different
organs was in order of Cbark > Cstem > Cleaves > Cbranches >
Croots. There were also certain differences present in the C
content of different organs within the same diameter class.
Overall, C content increased as the tree age and diameter in-
creased. In the shrub layer, the average C content of shrubs
species varied from 40.45 to 46.32%, and it was higher in
R. simsii, S. sumuntia, and L. aggregata and lowest in
D. dentiger. C content varied from 32.51 to 37.90% in the
herb layer, and it was higher in O. japonica and S. bubble
and lowest in Carex. Overall, in the forest vegetation layer,
the order of C content was Caboveground > Cbelowground. The soil
C content in the vertical direction showed a downward trend
with the increase of soil depth, and it decreased from 4.88
0.51% from surface soil to bottom soil depth. The possible
explanation is that decomposition decreased strongly with soil
depth increment, thus affecting the total C and soil organic C
content (VanDam et al.1997; Olson and Al-Kaisi 2015).

The total C storage of the natural CEF ecosystem was
329.72 t·hm−2. The C storage of the tree layer was 168.40 t·
hm−2, and the tree trunk occupies absolute superiority for spa-
tial distribution among other components, with the C storage
of 60.59%. Overall, 81% of C was stored in the aboveground
portion. Roxburgh et al. (2006) surveyed the C storage of
forests in New SouthWales, Australia, and the results showed
that the C storage of standing wood, coarse woody debris, and
litter accounted for 82%, 16%, and 2%. In the shrub layer, the
majority of C was stored in the aboveground portion. Malhi
et al. (1999) studied the C storage of terrestrial ecosystems,
and the study revealed that aboveground portions of forest
stems act as a major absorber of CO2.

Trees and understory vegetation assimilate CO2 from the at-
mosphere and store C in plant biomass. In this study, the C
storage of the shrub and herb layers was 0.84 t·hm−2 and 0.31
t·hm−2, respectively. The stored C in the shrub layer was 2.71
times more than the herb layer. It illustrated that in CEF ecosys-
tem, the shrub layer constitutes the main body of the C storage of
the understory vegetation. In forests, shrubs are a small element
of the overall forest C budget, estimated as 2 % of total forest C
(Kimble et al. 2016). Still, shrubs often dominate the early suc-
cessional stages ofmany forest types, particularly following fires.
As a major component of understory vegetation, the optimum
quantity of shrub presence is extremely important for C storage
and forest sustainability (Alías et al. 2015). Interspecific vari-
ances in the litterfall production and decomposition rate describe
the differences in litter C storage (Finzi et al. 1998). Generally,
deciduous tree species have a higher annual litter production than
evergreen coniferous species. In this study, the total C storage of
the litter layer was 2.56 t·hm−2, largely deposited in semi-
decomposed litter compared to undecomposed and residues.
Higher C storages in the semi-decomposed litter are primarily
attributed to the slow decay rate dogged by the chemical com-
position, such as lignin concentrations and soluble carbohydrates
(Paul et al. 2002). Moreover, the decay process of different types
of litter depends on its own characteristics and the microclimatic
conditions of the forest (Gao et al. 2014). In addition, decompos-
ability varies among species (Berg and Meentemeyer 2002).

Table 5 Mean values of soil bulk density (t·m
−3) and soil carbon storage

in different soil depth profiles (t·hm−2) of CEF ecosystem

Soil depths Bulk density Carbon storage %

0~15cm 0.94 ± 0.12 e 68.81 ± 3.56 a 43.66 a

15~30cm 0.96 ± 0.16 d 40.18 ± 5.32 b 25.49 b

30~45cm 0.99 ± 0.15 c 22.87 ± 4.36 c 14.52 c

45~60cm 1.17 ± 0.31 b 15.80 ± 3.26 d 10.02 d

60cm+ 1.31 ± 0.07 a 9.95 ± 5.46 e 6.31 e

Fig. 5 Carbon storage (t·hm–2)
and distribution percentage in
different vegetative layers, litter
layer, and soil layer of
Castanopsis eyeri natural forest
ecosystem
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TheC storage of forest soil of natural CEFwas 157.61 t·hm−2,
and the ratio of C storage of each soil layer was 43.66%, 25.49%,
14.52%, 10.2%, 6.31%, respectively. The C storage in the sur-
face soil layer wasmany folds higher than the soil layer below 60
cm. It showed that C storage in soil is mainly concentrated in the
surface layer of the soil among different forest types (Gao et al.
2014). The spatial distribution of total C storage was tree layer >
soil layer > litter layer > shrub layer > herb layer; it was mainly
concentrated in the tree layer and the soil layer, which collective-
ly accounts for 326.01 t·hm−2, accounting for 98.87% of the total
C storage CEF ecosystem. This is consistent with the results
obtained previously by other investigators (Yang et al. 2010;
Zhou et al. 2010; Dai et al. 2013).

Nutrient enrichment capacity of vegetation layer to
the soil in CEF ecosystem

Generally, different vegetation types have different nutrient
enrichment capacities to the soil. In this study, among all the

macronutrients, the nutrient enrichment capacity was elevated
in the herb layer and least in the tree layer. The enrichment
capacity of different macronutrients was higher for Ca and N
and lowest for P and K. Moreover, no specific patterns were
observed for the trace elements. Shen et al. (2017) also
showed that the three forest communities (mountain rain for-
est, tropical rain forest, and monsoon evergreen broad-leaved
forest) in the Naban River Basin National Nature Reserve
have rich soil nutrient content; however, and P and K enrich-
ment capacity was relatively poor. Generally, the transfer of
elements in the forest ecosystem is caused by the decomposi-
tion of litter. Studies have shown that in the forest ecosystem,
the total N returned to the soil through litter decomposition
every year accounts for 70 to 80% of the total N required for
forest growth, the total P accounts for 65 to 80%, and the total
K is accounting for 30~40% (Gholz et al. 1985). There are
three main modes for this which include (1) leaching-
enrichment-release mode, (2) the enrichment-release mode,
and (3) the direct release mode. Due to different tree species

Table 6 (A) Litterfall macronutrient contents (g·kg−1) and (B) micronutrient contents (mg·kg−1) in Castanopsis eyeri natural forest ecosystem

(A) N P K Ca Mg

Undecomposed 9.22 ± 2.4 a 0.35 ± 0.1 ab 1.61 ± 0.1 a 2.42 ± 0.6 a 0.73 ± 0.2 a

Semi-decomposed 12.13 ± 1.6 b 0.39 ± 0.1 a 0.82 ± 0.2 b 4.92 ± 1.3 b 0.83± 0.2 ab

Residues 12.34 ± 2.5 b 0.32 ± 0.1 b 0.85± 0.1 b 6.42 ± 1.4 c 0.99 ± 0.2 b

Average 11.35 ± 2.6 0.35 ± 0.1 1.35 ± 0.12 4.62 ± 1.9 0.86 ± 0.2

(B) Cu Zn Mn Cd Pb Ni Co

Undecomposed 7.51 ± 1.3 a 31.1 ± 5.9 a 668.3 ± 51.7 a 0.52 ± 0.2 a 32.6 ± 10.5 a 10.31 ± 3.4 a 6.12 ± 2.6 a

Semi-decomposed 7.43 ± 1.9 a 36.3 ± 5.9 b 1292.3 ± 80.5 b 0.92 ± 0.3 b 36.0 ± 14.2 a 9.92 ± 1.6 a 5.52 ± 1.6 a

Residues 7.13 ± 1.6 a 38.8 ± 4.6 b 1743.9 ± 37.9 c 1.12 ± 0.2 b 29.1 ± 12.9 a 9.09 ± 1.4 a 5.32 ± 1.4 a

Average 7.42 ± 1.6 35.6 ± 6.2 1255.6 ± 51.8 0.92 ± 0.3 32.7 ± 12.6 9.72 ± 2.2 5.62 ± 1.8

Values are mean ± SE of three replicates. Different letters exhibit the significant difference among different soil depths at p < 0.05

Table 7 (A) Soil macronutrient contents (g·kg−1) and (B) micronutrient contents (mg·kg−1) in Castanopsis eyeri natural forest ecosystem at different
vertical soil depth profiles

(A) N P K Ca Mg

0–15 cm 2.12 ± 1.7 ab 0.39 ± 0.04 a 5.37 ± 0.5 b 0.37 ± 0.1 ab 0.74 ± 0.1 b

15–30 cm 2.45 ± 1.5 a 0.32 ± 0.03 a 5.44 ± 0.7 a 0.35 ± 0.1 b 0.77 ± 0.2 a

30–45 cm 2.53 ± 2.2 a 0.32 ± 0.06 a 5.59 ± 0.8 a 0.39 ± 0.1 a 0.77 ± 0.2 a

45–60 cm 1.96 ± 1.1 b 0.29 ± 0.05 a 5.38 ± 0.8 b 0.36 ± 0.1 ab 0.73 ± 0.2 b

60+ cm 1.72 ± 1.3 c 0.28 ± 0.05 a 5.44 ± 0.7 a 0.37 ± 0.1 ab 0.75 ± 0.2 ab

Average 2.15 ± 1.4 0.24 ± 0.05 5.44 ± 0.7 0.37 ± 0.1 0.75 ± 0.2

(B) Cu Zn Mn Cd Pb Ni Co

0–15 cm 36.2 ± 13.9 ab 74.1 ± 15.1 a 143.3 ± 30.6 b 20.4 ± 6.1 a 55.41 ± 26.2 a 24.3 ± 3.5 a 18.2 ± 3.6 a

15–30 cm 37.5 ± 15.3 a 74.7 ± 11.7 a 150.8 ± 38.4 a 18.7 ± 6.6 b 49.17 ± 24.1 b 25.2 ± 4.6 a 17.8 ± 3.6 a

30–45 cm 36.8 ± 16.2 a 75.4 ± 11.3 a 149.9 ± 47.3 a 20.1 ± 6.2 a 54.89 ± 26.5 a 24.1 ± 4.2 a 18.2 ± 3.7 a

45–60 cm 35.9 ± 13.6 b 74.0 ± 13.2 a 144.2 ± 37.2 b 19.6 ± 5.1 a 46.59 ± 22.5 c 24.5 ± 5.6 a 17.1 ± 4.4 a

60+ cm 34.1 ± 12.1 c 73.4 ± 14.2 a 139.3 ± 30.5 c 19.9 ± 4.9 a 46.6 ± 17.5 c 25.0 ± 4.8 a 16.1 ± 3.3 b

Average 36.1 ± 13.6 74.2 ± 12.7 145.5 ± 35.9 19.7 ± 5.6 50.53 ±22.7 24.6 ± 4.4 17.5 ± 3.6

Values are mean ± SE of three replicates. Different letters exhibit the significant difference among different soil depths at p < 0.05
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and ecosystems (Vitousek 1984), the litter nutrients show
different fixation and release patterns. For example, dur-
ing Chinese fir plantation litter decomposition, the N and
P elements first decreased and increased. At the same
time, the K element of deciduous leaves and branches
continued to decrease, but this phenomenon was not ob-
vious for woody litter (Berg 2000). Zhao et al. (2006)
studied the litter of Cyclobalanopsis glauca evergreen
broad-leaved forest in Jiande, Zhejiang. They pointed
out that P, Zn, Cu, Ca, N, and Mn accumulate differently
during the decomposition process. Moreover, the decom-
position and nutrient return of forest litter is affected by
vegetation types and human activities. External input also
has an impact on nutrient enrichment capacity.

Concluding remarks

C storage in the tree and soil layers was the highest among all
layers of the forest ecosystem. In contrast, the herb layer has
the lowest C storage, indicating that the tree layer and soil are
the main C storage pools within the forest ecosystem.
Generally, the topmost soil layer has the highest macronutri-
ent and trace elements. Moreover, there was no significant
difference present between the various trace elements among
vertical soil depth profiles. Studying the dynamic changes in
the characteristic of C, nutrient status, and understanding the
in-depth nutrient enrichment mechanism in the sub-tropical
forest ecosystem is of great significance for guiding climate
regulation and production practice. Although this study has
relatively comprehensive results on the natural CEF ecosys-
tem’s productivity, C storage, and nutrient enrichment capac-
ity, the study still has certain conclusions and regional limita-
tions due to the limitations of research time and research con-
ditions. The forest ecosystem is a system that constantly
changes over time, so do the forest C pools. Therefore, future
research should be conducted on a long-term fixed-point and
time series method to accurately predict the important role of
forests in mitigating global warming climate change. With the
advancement of equipment and technology, integrating “3S”
technology should promote remote sensing estimation.
Therefore, in future research, the “3S” technology can im-
prove the estimation accuracy of biomass and C storage of
the natural forest ecosystems and establish predictive models.
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