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Abstract: Studying carbon and nitrogen stocks in different types of larch forest ecosystems is of great
significance for assessing the carbon sink capacity and nitrogen level in larch forests. To evaluate the
effects of the differences of forest type on the carbon and nitrogen stock capacity of the larch forest
ecosystem, we selected three typical types of larch forest ecosystems in the northern part of Daxing’an
Mountains, which were the Rhododendron simsii-Larix gmelinii forest (RL), Ledum palustre-Larix gmelinii
forest (LL) and Sphagnum-Bryum-Ledum palustre-Larix gmelinii forest (SLL), to determine the carbon
and nitrogen stocks in the vegetation (trees and understories), litter and soil. Results showed that
there were significant differences in carbon and nitrogen stocks among the three types of larch forest
ecosystems, showing a sequence of SLL (288.01 Mg-ha~! and 25.19 Mg-ha™!) > LL (176.52 Mg-ha~!
and 14.85 Mg-ha™!) > RL (153.93 Mg-ha~! and 10.00 Mg-ha™!) (P < 0.05). The largest proportions of
carbon and nitrogen stocks were found in soils, accounting for 83.20%, 72.89% and 64.61% of carbon
stocks and 98.61%, 97.58% and 96.00% of nitrogen stocks in the SLL, LL and RL, respectively. Also, it
was found that significant differences among the three types of larch forest ecosystems in terms of soil
carbon and nitrogen stocks (SLL > LL > RL) (P < 0.05) were the primary reasons for the differences in
the ecosystem carbon and nitrogen stocks. More than 79% of soil carbon and 51% of soil nitrogen at a
depth of 0-100 cm were stored in the upper 50 cm of the soil pool. In the vegetation layer, due to
the similar tree biomass carbon and nitrogen stocks, there were no significant differences in carbon
and nitrogen stocks among the three types of larch forest ecosystems. The litter carbon stock in the
SLL was significantly higher than that in the LL and RL (P < 0.05), but no significant differences
in nitrogen stock were found among them (P > 0.05). These findings suggest that different forest
types with the same tree layer and different understory vegetation can greatly affect the carbon and
nitrogen stock capacity of the forest ecosystem. This indicates that understory vegetation may have
significant effects on the carbon and nitrogen stocks in soil and litter, which highlights the need to
consider the effects of understory in future research into the carbon and nitrogen stock capacity of
forest ecosystems.
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1. Introduction

Forest is a large carbon and nitrogen pool in terrestrial ecosystems [1,2], playing an important
role in regulating the global stock, distribution and cycling of carbon and nitrogen [3-5]. The accurate
estimation of carbon and nitrogen stocks in forest ecosystem is key to assessing the potential of forest
carbon sinks, assessing forest functions in reducing the atmospheric carbon and nitrogen oxides,
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and coping with climate change [6,7]. However, carbon and nitrogen stocks in forest ecosystem are
significantly affected by the forest type, land use, climate and forest management [8-10]. The forest type
is a particularly vital factor for ecosystem carbon and nitrogen stocks in areas with the same climate [11].
The forest type can change the species composition, community structure, and productivity of the forest
ecosystem, and these changes may have a significant effect on forest ecosystem carbon and nitrogen
stocks and distribution features [12,13]. In boreal forest ecosystems, previous studies have shown the
high uncertainty of carbon stocks [14], suggesting that the effect of forest type on carbon and nitrogen
stocks in forest ecosystems is critical. The boreal forest is extremely sensitive to climate change [15],
as it is the world’s second-largest forest biome and has a large amount of carbon stocks [16]. Some
studies have shown that the carbon sink capacity of boreal forests has been weakening due to the effect
of human and natural disturbances [17,18]. Thus, research on the effect of forest type on the accurate
estimation of forest ecosystem carbon and nitrogen stocks in boreal forest is important in the context of
continuing global warming.

While previous studies have examined the carbon and nitrogen stocks and distribution in different
forest types [5,19,20], these studies have mainly focused on forest ecosystems dominated by different
tree components [21,22] to explore how and to what extent the species mixtures and specific tree
species may impact forest carbon and nitrogen stocks [19]. Few researchers have examined differences
in forests that differ predominantly with respect to the tree layer and understory vegetation. Although
the understory vegetation contributes little to ecosystem carbon and nitrogen stocks due to the lower
biomass, it is highly possible that understory vegetation plays vital roles in regulating carbon and
nitrogen in the forest ecosystem, especially for soil [23]. Understory variation may result in the input of
different organic matters from litter and roots, causing differences in soil temperature and moisture, soil
microbial richness and composition, and soil property and nutrient levels. Meanwhile, while previous
studies on carbon and nitrogen in the forest ecosystems also have shown significant differences in soil
nutrients, soil property, soil greenhouse gas emission and vegetation biomass [24-27], the effect of
these forest types on forest ecosystem carbon and nitrogen stocks remains unclear.

The present study aimed at the typical Larix gmelinii (Rupr.) Rupr. forest in the north of Daxing’an
Mountains. Three types of typical larch forest ecosystems, all characterized by the same tree layer and
different understory vegetation [27], namely the Sphagnum-Bryum-Ledum palustre-Larix gmelinii forest
(SLL), Rhododendron dauricum-Larix gmelinii forest (RL) and Ledum palustre-Larix gmelinii forest (LL),
were studied to compare their carbon and nitrogen stocks and distribution in each forest ecosystem.
Our results explore the effect of forest types on the carbon and nitrogen in larch forests and are expected
to provide a new method for accurately estimating carbon and nitrogen stocks.

2. Materials and Methods

2.1. Study Area

Field measurements were conducted in the Heilongjiang Mohe Forest Ecosystem Research Station
in the Daxing’an Mountains in northeast China 122°07’-122°27" E, 53°22’-53°30" N (Figure 1), which is
a permafrost region. The study site is characterized by a typical cold temperate continental monsoon
climate [25]. The average annual air temperature is —4.9 °C and the annual average precipitation is
350-500 mm, with 60%—-70% falling from June to August. Snow pack lasts more than half the year
(from October to April). The frost-free period is 80-90 days throughout the year. The soil in the study
area is predominantly brown coniferous forest soil, interspersed with meadow soil and marsh soil
in Chinese soil classification [28]. The soil pH is 4.4-5.4. The soil organic carbon and total nitrogen
average content are 21.50-62.38 g-kg~! and 3.00-5.01 g-kg~!, respectively [29].
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Figure 1. Representation of the study site. RL: Rhododendron simsii-Larix gmelinii forest, LL: Ledum
palustre-Larix gmelinii forest and SLL: Sphagnum-Bryum-Ledum palustre-Larix gmelinii forest.

Larch (Larix gmelinii) forest is the top community of the forest ecosystem in the Daxing’an Mountains
area. The flower bud opening period of Larix gmelinii occurs in early May, and the leaf spreading
period begins in mid-May. The complete discoloration of leaves occurs after mid- September, and
leaves fall in October [30]. The understory vegetation is mainly dominated by Rhododendron dauricum
L.Authority, Ledum palustre L.Authority and Vaccinium vitis-idaea L.Authority [31]. Furthermore, there
are several different types of larch forest ecosystems due to the special forest structure and the effect
of environmental factors [27]. These forests are characterized by the same tree layer of larch but
different understory species, such as the Sphagnum-Bryum-Ledum palustre-Larix gmelinii forest (SLL),
Rhododendron dauricum-Larix gmelinii forest (RL) and Ledum palustre-Larix gmelinii forest (LL).

2.2. Plot Design

In July 2018, three typical larch forest ecosystems—RL, LL and SLL—were selected based on the
preliminary survey. Five 20 m X 20 m plots were located randomly within each forest type (Figure 1).
For each plot, the diameters at breast height (DBH) for all trees were measured, and only those with a
DBH > 5 cm were recorded in terms of their DBH and tree height. Three 5 m x 5 m subplots of shrubs,
three 1 m X 1 m subplots of herbs and three 0.5 m x 0.5 m subplots of litter were established randomly
within each sampling plot. The forest type, stand age, stand density, elevation, slope and understory
species composition of all 15 plots in the three typical larch forest ecosystems were recorded (Table 1).
Meanwhile, the species, height and coverage of each shrub and herb were measured and recorded in
each subplot (Table 2).

Table 1. Stand characteristics of the three typical larch forest ecosystems in the Daxing’an Mountains
forest region. DBH: diameter at breast height.

Forest Type RL LL SLL
Stand age 75-90 75-90 75-90
Elevation (m) 324 326 332
Slope/® 3 4 2
Stand density (trees-ha™1) 1266 + 126 1300 + 100 1117 £ 126
Mean tree Height(m) 17.23 +1.54 16.78 +1.94 17.47 + 1.60

Mean DBH (cm) 13.78 £2.12 13.14 £ 2.61 14.06 +2.23
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Table 2. The characteristics of the main understory in the three types of larch forest ecosystems.

Understory Species

Forest Type Composition Mean Height (cm) Coverage (%)
Rhododendron dauricum L. 157.56 + 13.03 80
RL Vaccinium uliginosum L. 32.32+5.14 30
Ledum palustre L. 43.23 £ 6.36 20
Vaccinium vitis-idaea L. 18.29 +£3.22 10
Ledum palustre L. 56.10 + 8.55 70
Vaccinium uliginosum L. 28.97 +4.32 20
LL Pyrola incarnate H. Andr. 13.24 + 3.84 40
Vaccinium vitis-idaea L. 17.52 +£2.01 50
Fragaria orientalis Losinsk. 13.45 + 4.50 10
Sphagnum palustre L. 1.56 +0.33 60
Bryum L. 0.62+ 0.15 40
Ledum palustre L. 48.58 £5.97 70
SLL Vaccinium macrocarpon L. 21.02 £ 5.41 20
Vaccinium uliginosum L. 35.74 +4.11 50
Pyrola incarnata H. Andr. 14.08 + 2.36 10
Vaccinium vitis-idaea L. 1543 +2.71 30
Fragaria orientalis Losinsk. 12.17 +1.58 5

2.3. Vegetation and Litter Biomass

On the basis of the DBH measurements of the sampling plots, the tree biomass was quantified by
species-specific allometric biomass equations [32] (Table 3). The stems, branches, foliage and roots
were collected from three standard woods in each plot. The stems were sampled from the base, DBH
and tip of the trunk. The branches were sampled in proportion from the rough branches and the twigs.
The leaves were sampled from the upper, middle and lower layers of the canopy in equal proportions.
The roots were sampled in proportion from the rough roots and the small roots [33]. All collected
samples were brought back to the laboratory and dried at 65 °C to achieve a constant weight [34].

Table 3. Individual biomass regression model of larch forest.

Components Regression Equation R?
Root Wg = exp (—3.8091) xD (2599 0.82
Stem Ws = exp (—2.8231) xD (2578%) 0.95

Branch Wp = exp (—4.0360) xD (22300) 0.78
Foliage WL = exp (—4.3762) xD (1.9638) 0.80
Whole tree W =Wg +Wg +Wp + W 0.96

In the regression equation, D stands for DBH.

The understory vegetation (shrub and herb) biomass in each subplot was estimated using full
excavation methods [34], and a total of 45 subplot samples was collected for the assessment of
understory vegetation carbon and nitrogen stocks. Shrubs were harvested and separated into leaves,
branches and roots; herbs were harvested and separated into their aboveground and belowground
components. The understory vegetation samples were transported to the laboratory and dried at 65 °C
to a constant weight for biomass.

The litter was harvested and separated into an under-decomposed layer and semi-decomposed
layer [13]. All the litter and twigs (< 2 cm diameter) in each quadrat were collected and brought to the
laboratory to be oven-dried at 65 °C to a constant weight.
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2.4. Soil Sampling

In each sample plot, three soil profiles were selected randomly, and the surface litter of each point
was cleared. Soil profiles were dug to a depth of 100 cm and samples were collected from a succession
of ten depth levels: 0-10 cm, 10-20 cm, 20-30 cm, 20-30 cm, 3040 cm, 40-50 cm, 50-60 cm, 60-70 cm,
70-80 cm, 80-90 cm and 90-100 cm. Soil samples from the same depth layer in the same plot were
mixed in equal proportions, and the mixtures were air-dried at room temperature (25 °C). The mixtures
were then smashed and passed through a 2 mm mesh sieve to remove coarse roots and other debris
from the samples. The soil bulk density (g-cm~3) of each layer was measured using a soil bulk sampler
with a 5.0 cm diameter and 5.0 cm high stainless-steel cutting ring.

2.5. Carbon and Nitrogen Content Analysis and Stock Calculation

The dried biological and soil samples of each component were ground and screened with a 2.5 mm
metal sieve. The nitrogen contents in the vegetation, litter and soil samples were determined on
aliquots of 1.0 g of samples using the semi-micro-Kjeldahl method [35]. The carbon contents in the
vegetation, litter and soil samples were measured by the dichromate oxidation method [36].

We determined the carbon and nitrogen stocks (i.e., carbon and nitrogen in biomass per unit of
land) in the vegetation and litter biomass by multiplying carbon and nitrogen contents with biomass
amount (dry weight per unit of land) [8]. The soil carbon and nitrogen stocks were calculated as
follows [34]:

C(N)Ssoil = Y SOC(TN)i x BDi x Di x 10 x (1 —nj) 1)

n
i=1

where CSsoil and NSsoil denote the carbon and nitrogen stocks of the soil (Mg-ha™!), respectively;
i represents the 0-10 cm, 10-20 cm, 20-30 cm, 20-0 cm, 30—40 cm, 40-50 cm, 50-60 cm, 60-70 cm,
70-80 cm, 80-90 cm and 90100 cm soil layers; BDi is the soil bulk density of layer i (g-cm~3); SOCi
and TNi represent the soil carbon and nitrogen contents of layer i (g-kg™!), respectively; Di is the soil
thickness of layer i (cm); and ni is the volumetric percentage of the coarse soil fraction (i.e., >2 mm) of
layer i.

2.6. Environmental Factors

The environmental factors, including the leaf area index (LAI), air temperature, relative humidity
above the surface of 1.5 m, vapor pressure deficit (VPD), soil temperature at 10 cm below the surface
and soil water content (SWC) in the three types of larch forest ecosystems were measured in July
2018. For environmental factors, LAI, soil temperature and SWC were measured using LAI-2200,
a 6300-needle soil thermometer and Time Domain Reflectometer (TDR) soil moisture measuring
instruments, respectively. Air temperature and relative humidity were measured using TES-1360A
handheld digital thermo-hygrometers. Values for the saturated VPD were calculated based on the
measured air temperature and relative humidity using the equation of Bolton [37]. These environmental
values were measured hourly from 8:00 am to 6:00 pm; then, the average of each type was taken as the
environmental index for this type of larch forest.

2.7. Statistical Analysis

One-way analysis of variance (ANOVA) with was followed up with a Least Significant Difference
(LSD) test was used to analyze the differences in carbon and nitrogen stocks among the different
components of the forest ecosystems. Duncan’s post hoc test was used to perform the multiple
comparisons. The correlations between the ecosystem carbon and nitrogen stocks and the environmental
factors obtained from the measurement in our study were determined by Pearson’s test. Statistical
significance was set at P < 0.05 or 0.01. All analyses were performed using Microsoft Excel 2010 and
SPSS 19.0 for Windows.
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3. Results
3.1. Carbon and Nitrogen Stocks of the Larch Forest

3.1.1. Vegetation Layer

The tree biomass carbon and nitrogen stocks in the RL were higher than those in the SLL and
LL, but the differences were not significant (P > 0.05) (Table 4). Among the tree components, stems
showed the highest carbon and nitrogen stocks in the RL, which were 63.12% and 37.49%, respectively,
compared with the carbon and nitrogen stocks in the LL and SLL, which were 62.23% and 38.64%, and
62.51% and 37.41%, respectively (Table 5). The carbon and nitrogen stocks in shrub were the highest in
the RL, then in the LL, followed by the SLL (P < 0.05). In the shrub layer of the three types of larch forest
ecosystems, most of the carbon and nitrogen was stored in the roots (> 50%). Carbon and nitrogen
stocks in herbs showed significant differences among the three types of larch forest ecosystems, with
SLL > LL > RL (P < 0.05). Meanwhile, the carbon and nitrogen stocks in the aboveground components
in the herbs were significantly higher than those in the belowground component in all the three types
of larch forest ecosystems (P < 0.05).

Table 4. Carbon and nitrogen stocks in the vegetation layer.

Carbon Stock (Mg-ha™1) Nitrogen Stock (kg-ha~1)

Component
RL LL SLL RL LL SLL
Tree Layer
Foliage 151+024Da 138+032Da 137+024Da 3798 +6.53Ca 35.57 +7.94 Ca 3291 +5.11Ca
Branches 364+070Ca 333+092Ca 334+064Ca 5452+10.09Ba  47.09 + 8.87 Ba 48.74 £ 9.67 Ba
Stems 29.61+728Aa 2602+886Aa 2686+6.78Aa 86.27+17.56 Aa  80.00 £20.63 Aa  79.00 + 18.27 Aa
Roots 1215+ 286Ba  11.09+349Ba 11.40+257Ba 5133 +1236Ba 4436 +840Ba  50.50 + 12.13 Ba
Subtotal 4691 +9.86a 41.81+1213a 4297+9.15a  230.09+42.04a 207.02+4344a 211.16+4152a
Shrub Layer
Foliage 042 +0.07Ca  046+0.07Ca 024+0.04Cb  14.01+1.68 Ca 11.15 + 1.44 Bb 528 +1.28 Cc
Stems 158 +0.36Ba  0.97+0.22Bb  0.56 + 0.11 Bc 23.01 +4.74 Ba 13.70 + 3.70 Bb 8.23 +2.13 Bc
Roots 283 +0.52Aa 1.75+046Ab 0.81+0.13Ac 4361+414Aa  33.82+9.06 Ab 14.36 £ 2.71 Ac
Subtotal 4.82 +0.88a 3.18+0.73Db 1.60 +0.25¢ 80.63 +8.96 a 58.66 +13.06 b 27.87 +5.73 ¢
Herb Layer
Aboveground 0.14 +0.03 Ac  022+0.06 Ab 044 +0.10 Aa 3.82+0.78 Ab 5.29 + 1.57 Ab 14.74 £ 2.61 Aa
Belowground 0.07 £0.02Bb  0.11£0.03Ba  0.05+ 0.01 Bc 1.84 + 0.38 Ba 2.43 + 0.66 Ba 1.10 + 0.14 Bb
Subtotal 0.21+£0.05¢ 0.33+0.08b 049 +0.08a 5.66+1.12c 772+219b 15.84 £ 2.65a
Total 51.94+10.79a 4532+1294a 45.06+943a 31638+52.12a 27340+58.69a  258.87 +50.59 a

The data are presented as mean + standard deviation. Different capital letters represent significant differences
among different components in each layer, and different lowercase letters represent significant differences among
forest types (P < 0.05).

Table 5. Carbon and nitrogen distributions in the vegetation layer.

Carbon Proportion (%)

Nitrogen Proportion (%)

Component
RL LL SLL RL LL SLL
Tree Layer
Foliage 3.22 3.30 3.19 16.51 17.18 15.59
Branches 7.76 7.95 7.77 23.70 22.75 23.08
Stems 63.12 62.23 62.51 37.49 38.64 3741
Roots 25.90 26.52 26.53 22.30 2143 23.92
Subtotal 100.00 100.00 100.00 100.00 100.00 100.00
Shrub Layer
Foliage 8.71 14.47 14.90 17.38 19.00 18.95
Stems 32.78 30.50 34.78 28.54 23.35 29.53
Roots 58.51 55.03 50.32 54.08 57.65 51.52
Subtotal 100.00 100.00 100.00 100.00 100.00 100.00
Herb Layer
Aboveground 66.67 66.67 89.80 67.49 68.52 93.06
Belowground 33.33 33.33 10.20 32.51 31.48 6.94
Subtotal 100.00 100.00 100.00 100.00 100.00 100.00
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3.1.2. Litter Layer

As shown in Table 6, the litter carbon stock in the SLL was significantly greater than that in
the LL and RL (P < 0.05), but there was no significant difference between the LL and RL (P > 0.05).
The litter nitrogen stock in the SLL was also greater than that in the LL and RL, but there were no
significant differences among the three types of larch forest ecosystems (P > 0.05). For litters, the
carbon and nitrogen stocks in the semi-decomposed layer were significantly higher than those in
under-decomposed layer in all three types of larch forest ecosystems (P < 0.05) (Table 7).

Table 6. Carbon and nitrogen stocks in the litter layer.

Carbon Stock (Mg-ha1)
RL LL

Nitrogen Stock (kg-ha=1)
SLL RL LL

Component

SLL

Under-decomposed  0.98 + 0.23 Bb 1.02 +0.19 Bb 1.41 +0.29 Ba 2853 +790Ba  29.15+5.02Ba 3592 +7.27Ba
Semi-decomposed 154 +033Ab  152+029Ab  1.92+0.13Aa 49.66 +1042Aa 56.86+8.81 Aa 59.04 +8.08 Aa
Total 2.53 +£0.56 b 254+ 048b 333+041a 7819 £17.97 a 86.01 £13.24 a 94.96 + 14.00 a

The data are presented as mean + standard deviation. Different capital letters represent significant differences
among different components, and different lowercase letters represent significant differences among forest types

(P < 0.05).
Table 7. Carbon and nitrogen distributions in the litter layer.
Component Carbon Proportion (%) Nitrogen Proportion (%)
RL LL SLL RL LL SLL
Under-decomposed 38.74 40.16 42.34 36.49 33.89 37.83
Semi-decomposed 61.26 59.84 57.66 63.51 66.11 62.17
Total 100.00 100.00 100.00 100.00 100.00 100.00

3.1.3. Soil Layer

Significant differences in the soil carbon and nitrogen stocks among three types of larch forest
ecosystems were found, showing the pattern SLL > LL > RL (P < 0.05) (Table 8). In the three types of
larch forest ecosystems, the soil carbon and nitrogen stocks showed decreased trends along with the
increase of soil depth. The soil carbon and nitrogen stocks were mainly concentrated in upper soil of
0-50 cm depth, occupying 79.27%-80.10% and 51.56%—61.40% of total carbon and nitrogen stocks of
1 m depth soil (Table 9).

Table 8. Carbon and nitrogen stocks in the soil layer.

Carbon Stock (Mg-ha™1) Nitrogen Stock (Mg-ha™1)

Layer (cm)
RL LL SLL RL LL SLL
0-10 3854 +593 Ac  52.54+7.07Ab  94.99 +11.87 Aa 2.19 +0.28 Ac 3.06 £ 043 Ab  7.04+0.78 Aa
10-20 1709 +1.92Bb  20.82 +2.99 Bb 39.92 +5.83 Ba 1.44 +0.22Bb 1.91 + 0.49 Bb 5.16 + 0.63 Ba
20-30 10.05+1.31Cc  15.07 £2.89 Cb 24.34 +3.78 Ca 0.93 +0.18 Cc 1.85+023Bb  3.20+0.38 Ca
30-40 7.91 + 0.80 Db 9.57 +2.15Db 12.03 + 1.81 Da 073+0.15CDb  1.11+025Ca 1.33+0.20Da
40-50 5.26 + 0.55 Eb 4.80 + 0.50 Eb 13.09+232Da  0.69+0.12CDb  091+024Cb 1.35+0.33Da
50-60 443 +0.71 Eb 498 +0.73 Eb 12.61 + 1.22 Da 0.84+0.19CDb 094+027Cb  1.63+0.25Da
60-70 4.38 + 0.54 Eb 4.83 +0.35Eb 11.89 + 1.78 Da 0.63 + 0.14 Dc 1.03+0.18Cb  1.34+0.19 Da
70-80 3.80 + 0.50 Eb 476 +0.16 Eb 12.14 £ 1.79 Da 0.67 +0.12 CDb 146 £+ 023Ba  1.36 +0.29 Da
80-90 4.05+0.40 Ec 5.74 + 0.65 Eb 10.01 + 0.99 Da 0.70+0.07CDb  1.18+025Ca 1.36=+0.26Da
90-100 3.95 + 0.41 Ec 5.56 + 0.71 Eb 8.61 £ 1.20 Da 0.78 + 0.12CDb 1.03+0.15Ca  1.08 +0.20 Da
Total 99.46 +1028c  128.66 +11.56b  239.63 + 27.64 a 9.61+£0.85¢ 1449 +£1.33Db 2484 +2.64a

The data are presented as mean + standard deviation. Different capital letters represent significant differences
among different layers in soil, and different lowercase letters represent significant differences among forest types
(P <0.05).
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Table 9. Carbon and nitrogen distributions in the soil layer.

Layer (cm) Carbon Proportion (%) Nitrogen Proportion (%)
RL LL SLL RL LL SLL
0-10 38.75 40.83 39.64 22.81 21.13 28.33
10-20 17.18 16.18 16.66 15.00 13.19 20.76
20-30 10.10 11.71 10.16 9.69 12.78 12.88
30-40 7.95 7.44 5.02 7.60 7.67 5.35
40-50 5.29 3.73 5.46 7.19 6.28 5.43
50-60 4.45 3.87 5.26 8.75 6.49 6.56
60-70 4.40 3.75 4.96 6.56 7.11 5.39
70-80 3.82 3.70 5.07 6.98 10.08 5.47
8090 4.08 4.46 4.18 7.29 8.15 5.47
90-100 3.98 4.32 3.59 8.13 7.11 4.35
Total 100.00 100.00 100.00 100.00 100.00 100.00

3.1.4. Ecosystem

Ecosystem carbon and nitrogen stocks were highest in the SLL, then in the LL, and lowest in
the RL (P < 0.05) (Table 10). Soil was the largest carbon and nitrogen contributor to the ecosystem,
contributing 83.20%, 72.89% and 64.61% of carbon stock and 98.61%, 97.58% and 96.00% of nitrogen
stock in the SLL, LL and RL, respectively (Table 11). The carbon and nitrogen stocks of vegetation
biomass in the three types of larch forest ecosystems accounted for 33.74% and 3.20% in the RL, 25.67%
and 1.82% in the LL, and 15.64% and 1.03% in the SLL, respectively. The litter contributed a very small

portion of carbon and nitrogen in all the three types of larch forest ecosystems (carbon < 2%; nitrogen
< 10/0).

Table 10. Ecosystem carbon and nitrogen stocks in the three types of larch forest ecosystems.

Component Carbon Stock (Mg-ha~1) Nitrogen Stock (Mg-ha1)
RL LL SLL RL LL SLL
Vegetation 51.94 +10.79 Ba 45.32 +12.94 Ba 45.06 + 9.43 Ba 0.32 £ 0.05 Ba 0.27 + 0.06 Ba 0.26 + 0.05 Ba
Litter 2.53 +0.56 Cb 2.54 +0.48 Cb 3.33 +0.41Ca 0.08 £ 0.02 Ca 0.09 £ 0.01 Ca 0.09 £0.01 Ca
Soil 99.46 + 10.28 Ac  128.66 + 11.56 Ab  239.63 +£27.64 Aa  9.61 + 0.85 Ac 1449 +1.33 Ab  24.84 £2.64 Aa
Total 153.93 +10.11 ¢ 176.52 + 15.88 b 288.01 +£16.25a 10.00 £ 0.92 ¢ 14.85+1.40b 2519+270a

The data are presented as mean + standard deviation. Different capital letters represent significant differences

among different components, and different lowercase letters represent significant differences among forest types
(P < 0.05).

Table 11. Ecosystem carbon and nitrogen distributions in the three types of larch forest ecosystems.

Component Carbon Proportion (%) Nitrogen Proportion (%)
RL LL SLL RL LL SLL
Vegetation 33.74 25.67 15.64 3.20 1.82 1.03
Litter 1.64 1.44 1.16 0.80 0.61 0.36
Soil 64.61 72.89 83.20 96.00 97.58 98.61
Total 100.00 100.00 100.00 100.00 100.00 100.00

3.2. Effects of the Environmental Factors on the Ecosystem Carbon and Nitrogen Stocks of the Larch Forest

The environmental factors were significantly different in the three types of larch forest ecosystems
(P <0.05) (Table 12). LAls in the RL and LL were significantly higher than that in the SLL.
Air temperature, VPD and soil temperature were the highest in the RL, then in the LL, followed by the

SLL (P < 0.05). In contrast, the SWC and the relative humidity of the SLL were higher than those in the
LL and RL (P < 0.05).
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Table 12. Mean values of environmental factors of the three types of larch forest.

Air Soil
LAI Relative VPD o
Forest Types (m?m-2) Tem]zerature Humidity (%) (kPa) Tem[zerature SWC (%)
(@) Q)
RL 185+0.07a 2595+0.13a 6049+058c 1.32+0.02a 9.77+0.10a 9.87+1.80c
LL 1.87+0.05a 2325+0.16b  6577+153b  0.98+0.05b 8.56 +0.23 b 16.04 +1.25b
SLL 1.60+0.02b  21.56 +0.69 ¢ 7090 +1.85a  0.75+0.06 ¢ 796 £0.15¢ 2480 £1.69 a

Different letters in the same index means different levels of significance (P < 0.05); SWC is soil water content, LAl is
leaf area index, and VPD is vapor pressure deficit.

The correlation analysis showed that the ecosystem carbon and nitrogen stocks were positively
correlated with relative humidity and SWC (Table 13, P < 0.01) in the larch forest ecosystem, whereas
LAl air temperature, VPD and soil temperature were negatively correlated with the carbon and
nitrogen stocks (Table 13, P < 0.01). In general, the environmental factors had great influences on the
ecosystem carbon and nitrogen stocks in the larch forest.

Table 13. Correlation matrix of the ecosystem carbon and nitrogen stocks and environmental factors in
the larch forest.

Environment Nitrogen Air Relative Soil
Factors Stock LAI Temperature ~ Humidity VPD Temperature Swc
Carbon stock 0.89 ** —-0.86 ** —0.85 ** 0.88 ** —-0.87 ** —-0.79 ** 0.91 **
Nitrogen stock 1 —0.70 ** —0.84 ** 0.85 ** —0.86 ** —0.85 ** 0.87 **

* Significant at the 0.05 level; ** Significant at the 0.01 level. SWC is soil water content, LAl is leaf area index, VPD is
vapor pressure deficit.

4. Discussion
4.1. Ecosystem Carbon and Nitrogen Stocks in Different Types of Larch Forest

4.1.1. Vegetation Layer

The carbon and nitrogen stocks in vegetation biomass are important contributors to those in the
forest ecosystem [34]. In the vegetation layer, the tree biomass was the main contributor to carbon and
nitrogen stocks in three types of larch forest ecosystems, with more than 72% of carbon and 90% of
nitrogen being stored in tree biomass. This result is similar to the findings by Yang et al. [34], who
found that the tree biomass carbon stock accounted for more than 98.77% of the vegetation biomass
carbon stock. However, there were no significant differences in the tree biomass carbon and nitrogen
stocks among the three types of larch forest ecosystems, which may be explained by the similar tree
species, species stand density, age (Table 1), carbon and nitrogen contents and tree biomass (Table A1)
(P > 0.05). In the tree layer, more than 60% of carbon was stored in the stems, which is mainly the
result of the higher biomass in steam (Table A1). Our results showed more than 64% of the biomass
was in the form of steam, which was consistent with previous studies [13,24]. However, due to the
lowest nitrogen content being in steam, the nitrogen stock in steam only contributed 37.41%-38.64% in
the tree layer (Table 5).

The understory vegetation (shrub and herb layers) is also an important part of the forest ecosystem
and plays an important role in nutrient turnover and cycling [38-40]. While the contribution of
understory vegetation to ecosystem carbon and nitrogen stocks was very small (< 2%), as shown in
Table 10, there were significant differences in understory vegetation carbon and nitrogen stocks among
the three types of larch forest ecosystems. Different understory vegetation with different carbon and
nitrogen stocks can alter the soil microbes [41], soil properties and structure [42] and soil temperature
and water content [43], which may ultimately have a great influence on soil carbon and nitrogen [23].
This result is in agreement with previous studies [23,34]. For example, Ciarkowska et al. [44] found the
predominance of Alpine lady fern or bilberry species in the understory of the Carpathian montane
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spruce forest led to distinct differences in soil chemical characteristics. Similarly, Spuldk et al. [45]
reported that the variants of dominant ground vegetation under the beech stand markedly affected the
litter and soil chemistry. This influence of understory vegetation on litter and soil was also observed in
our study, even though the mechanism and processes by which different understory vegetation affects
ecosystem carbon and nitrogen stocks still need further investigation.

4.1.2. Litter Layer

Litter, as an important link between vegetation and soil for material and energy exchange,
contributes more to the carbon and nitrogen turnover than carbon and nitrogen accumulation [46].
The carbon stock in litter was higher in the SLL than that in the LL and RL (P < 0.05), which mainly
resulted from the higher amount of litter biomass in the SLL (Table A2). Additionally, the amount of
accumulated litter influences the soil carbon contents. These findings are consistent with those of Miao
et al. [47], who found that litter addition increased the soil total carbon, soil microbial biomass carbon
and underground processes. However, no significant difference in litter nitrogen stocks was found
in the three types of larch forest ecosystems (P > 0.05). This result may be due to another finding,
namely that the litter nitrogen content in the SLL was lower than that in the LL and RL. In the three
types of larch forest ecosystems, the semi-decomposed layer held more carbon and nitrogen compared
with under-decomposed layer, resulting from the more abundant biomass in the semi-decomposed
layer than that in the under-decomposed layer (Table A2). Previous researchers also found that more
microbial activity in the semi-decomposed layer results in more carbon and nitrogen stocks in the
semi-decomposed layer [13].

4.1.3. Soil Layer

The soil was the main carbon and nitrogen pool for the three types of larch forest ecosystems.
In our study, soil carbon and nitrogen stocks were significantly different between the three types of
larch forest ecosystems, showing the pattern SLL > LL > RL (P < 0.05). The changes of plant species, soil
properties and the environmental factors in different types of forest ecosystems may have a significant
effect on soil. Litter and fine roots were recognized as the main factors for the accumulation of soil
carbon and nitrogen in previous studies [48,49], because the changes in the quality and quantity of
litter and roots can affect soil organic matter decomposition mechanisms, control soil organic matter
decomposition, and finally influence the stock of soil carbon and nitrogen [39,40,50]. Different forest
types may also result in different inputs of organic matter from litter and roots. In our study, the rate of
litter decomposition from mosses in the SLL showed a slower tendency than that of other shrubs in
boreal forest, leading to more soil carbon and nitrogen accumulation in the SLL. Meanwhile, the humid
and low-temperature environmental conditions in the SLL can affect the activity of soil microorganism,
which in turn affects the decomposition of soil organic matter [8,39,40,51]. This could explain the
higher soil carbon and nitrogen stocks in the SLL.

Similar to the findings of previous studies [52,53], the soil carbon and nitrogen stocks showed
similar vertical distribution characteristics in the three types of larch forest ecosystems, demonstrating
decreased trends with the increase of soil depth, which may be explained by the effects of litter and
vegetation on soil carbon and nitrogen, declining with increasing soil depth [54,55]. As most litter and
fine roots are distributed on the surface soil, the soil carbon and nitrogen stocks accumulate at the
surface soil. In our study, more than 79% of carbon and 51% of nitrogen were stocked in the 0-50 cm
soil layer, while only less than 21% and 49% carbon and nitrogen were stored in the 50-100 cm soil
layer. These findings are consistent with other studies [8,56] which found that the topsoil held more
carbon and nitrogen than the subsoil.

4.1.4. Ecosystem

The ecosystem carbon and nitrogen stocks are mainly determined by the vegetation and the soil
carbon pool [17,18]. However, because of the complex processes of vegetation and soil interactions in
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forest ecosystem [19], previous studies showed significant differences of carbon and nitrogen stocks
among different forest types [9,20]. Our results also showed significant differences in ecosystem carbon
and nitrogen stocks among the three types of larch forest ecosystems, with the highest carbon and
nitrogen stocks in the SLL (288.01 + 16.25 Mg-ha™! and 25.19 + 2.70 Mg-ha~!), which were significantly
higher than those in the LL (176.52 + 15.88 Mg-ha™! and 14.85 + 1.40 Mg-ha™!) and RL (153.93 +
10.11 Mg-ha‘1 and 10.00 + 0.92 Mg-ha‘l) (P < 0.05). In our study, soil was the largest contributor to
ecosystem carbon and nitrogen stocks in the three types of larch forest ecosystems, with 83.20%, 72.89%
and 64.61% of carbon stock and 98.61%, 97.58% and 96.00% of nitrogen stock in the SLL, LL and RL,
respectively. Furthermore, soil was the major reason for the differences in the ecosystem carbon and
nitrogen stocks among the three types of larch forest ecosystems. This result agrees with the findings of
Finér et al. and He et al. [8,57] that soil was the major carbon and nitrogen pool in the forest ecosystem.
Meanwhile, a study on boreal forest carbon stocks also showed that most boreal carbon resides in
its soil [14]. The carbon and nitrogen stocks in vegetation biomass are important contributions to
the carbon and nitrogen stocks in the forest ecosystem [34]. Our study showed that the carbon and
nitrogen stocks in vegetation biomass were the second-largest components in the three types of larch
forest ecosystems. The vegetation biomass carbon stocks in the three types of larch forests ranged
from 45.06 to 51.94 Mg~ha_1, which was a similar finding to Hu et al. [33], who found that the biomass
carbon stock in middle age larch forest was 50.96 Mg-ha~!. In addition, our study showed that litter
contributed less than 2% of the carbon and nitrogen stocks to the ecosystem in the three types of larch
forest ecosystems, resulting from the lower biomass in litter. This result is consistent with previous
studies [34,58], which found that the litter contributed little (about 6%) to ecosystem carbon stocks.

4.2. Effect of Environmental Factors on Larch Forest Carbon and Nitrogen Stocks

Many factors can affect the forest ecosystem carbon and nitrogen stocks by affecting the carbon
and nitrogen processes between plants and soil in the forest ecosystem [59]. The temperature and
water have significant effects on vegetation growth and the subsequent litter inputs into soil [60,61].
In our study, the temperatures, including the air temperature and soil temperature, had significant
negative correlations with ecosystem carbon and nitrogen stocks (P < 0.01). This agrees with the study
findings by Koven [51] that an increase in temperature benefited the decomposition of soil organic
matter. This explains why more soil organic matter accumulated in lower-temperature SLL, resulting
in higher soil carbon and nitrogen contents and stocks in the SLL (Table A3, Table 12). Carbon and
nitrogen stocks in soil can largely determine the level of their stocks in the forest ecosystem; thus, the
ecosystem carbon and nitrogen stocks in the SLL were the highest. The relative humidity and SWC
showed positive correlations with the forest ecosystem carbon and nitrogen stocks, which confirmed
the lower decomposition rate of organic matter in humid conditions [62,63]. Additionally, the lower
VPD in SLL in our study means a higher relative humidity, which also benefits the accumulation of
soil carbon and nitrogen. Thus, there was a negatively correlation between VPD and the carbon and
nitrogen stocks in the larch forest ecosystem. LAI also showed a negative correlation with the carbon
and nitrogen stocks in the larch forest ecosystem, because it can affect the forest ecosystem carbon and
nitrogen stocks by influencing the temperature and humidity in the air and the soil [64,65].

4.3. Implications

Some previous studies have shown significant differences in carbon and nitrogen stocks among
different forest ecosystems, and the differences were mostly attributed to the differences in compositions
of tree species [8,20,66]. However, our study showed there was also significant effect of the forest type,
such as larch forests, with the same tree layer and different understory vegetation. The highest carbon
and nitrogen stocks found in the SLL were 1.63 and 1.70 times more than those in the LL and 1.87 and
2.52 times as much as those in the RL, respectively. This result indicates the importance of understory
vegetation as a characteristic classification symbol of forest in the estimation of forest ecosystem carbon
and nitrogen—particularly, for the estimation of carbon and nitrogen stocks in the area of Daxing’an
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Mountains. Furthermore, as there are also other forest types, such as Pinus sylvestris var. mongolica Litv.
forest, Betula platyphylla Suk. forest and Populus davidiana Dode forest, characterized and named by
dominant species and the main understory species [27], by considering the differences of carbon and
nitrogen stocks among the different forest types, our study provides a novel approach to accurately
estimating forest carbon and nitrogen stocks.

5. Conclusions

In this study, we highlighted the effects of forest types on carbon and nitrogen stocks in larch
forests. There were significant differences in carbon and nitrogen stocks among the three types of
larch forest ecosystems. Compared with the vegetation and litter, soil contributed more to carbon and
nitrogen stocks in the forest ecosystem and was the main reason for the variations in the carbon and
nitrogen stocks among the different types of larch forest ecosystems. Our study indicates that forest
types with the same tree layer but different understory vegetation can greatly affect the carbon and
nitrogen stocks of forest ecosystems. This highlights that there is a necessity of considering the carbon
and nitrogen stock capacity of forests with different understory vegetation, which may have significant
effects on the carbon and nitrogen stocks.
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Appendix A
Table Al. Biomass, carbon and nitrogen contents in vegetation layers.
RL LL SLL
Layer Component Biomass Carbon bg;::g:: Biomass Carbon %ﬁ;ﬁgﬁ? Biomass Carbon Nclotlr::iz?
(Mg-ha-1) Content (g-kg™1) (gkg ) (Mg-ha™1) Content (g-kg™1) (gkg ) (Mg-ha™1) Content (g-kg™1) (gkg )
Trees Foliage 2.69 + 0.44 Da 562.80 + 11.40 Aa 14.11 £1.64 Aa 2.49 + 0.61 Da 554.71 +£15.85 Aa 14.40 + 1.82 Aa 245+039%a 55849 +15.07 Aa 1354 £2.13 Aa
Branches 7.49 +1.45Ca 486.03 + 12.47 BCa 7.32 +0.87 Ba 6.80 +1.96 Ca 491.09 + 14.81 Ca 7.05 £ 0.94 Ba 6.84+1.32Ca 489.16 + 11.32 Ba 7.16 +£1.00 Ba
Stems 62.79 + 14.83 Aa 470.60 + 9.64 Ca 1.39£0.19 Ca 55.94 +19.41 Aa 466.47 + 12.09 Ba 146 +£0.21 Ca 57.73 £13.71 Aa  464.08 + 11.08 Ca 1.38 £0.22 Ca
Roofs 24.50 + 5.85 Ba 496.39 + 18.16 Ba 2.10+0.30 Ca 21.81 +7.63 Ba 511.35 + 19.77 Ba 211+£0.31Ca 22.53 + 5.40 Ba 508.43 +20.11 Ba 2.25+0.28 Ca
Subtotal 97.47 +22.55a 87.03 £29.61 a 89.55 £20.82a
Shrubs Foliage 0.94 +£0.14 Ca 445.05 + 28.54 Ab 15.05 +1.13 Aa 0.77 +0.12Cb 595.54 + 43.81 Aa 14.65 + 1.12 Aa 0.44 + 0.09 Cc 54921 +27.79 Aa  12.01 £ 0.69 Ab
Stems 3.75 + 0.66 Ba 418.79 + 23.40 ABa 6.12 + 0.32 Bb 1.82 +0.43 Bb 537.09 + 29.24 Ba 7.52 +0.83 Ca 1.12 £ 0.27 Bc 504.82 + 40.00 Ba 7.34 +0.41Ca
Roofs 7.07 £1.37 Aa 400.62 +24.11 Ba 6.27 + 0.67 Bc 3.35 + 0.60 Ab 514.68 +49.93 Ca 9.95 + 0.96 Ba 1.71 £ 0.31 Ac 474.57 +25.41 Ca 8.43 + 0.67 Bb
Subtotal 1230+ 211a 563 +1.11b 3.07 +£0.61c
Herbs Aboveground 0.33 +£ 0.08 Ac 416.61 + 16.30 Ab 11.67 + 0.92 Aa 0.51 +0.13 Ab 434.80 + 24.82 Aab 10.33 + 1.07 Ab 1.02 £0.13 Aa 452.87 +27.54 Aa  11.43 + 0.46 Aab
Belowground 0.18 + 0.04 Bb 411.96 + 33.58 Aa 10.24 £ 0.94 Ba 0.25 + 0.06 Ba 428.05 + 23.51 Aa 9.66 + 0.46 a 0.11 £ 0.01 Bc 428.52 + 28.05 Aa 9.88 + 0.67 Ba
Subtotal 053 +0.11¢ 0.70 +0.18 b 112+ 0.17a
Total 1103 +24.77 a 93.36 £ 31.52a 93.74 +£20.66 a

The data are presented as mean + standard deviation. Different capital letters represent significant differences among different components in each layer, and different lowercase letters
represent significant differences among forest types (P < 0.05).

Table A2. Biomass, carbon and nitrogen contents in litter layers.

RL LL SLL
Component Biomass Carbon Content Nitrogen Biomass Carbon Content Nitrogen Biomass Carbon Content Nitrogen
(Mg-ha™1) (gkg™) Content (g-kg™1) (Mg-ha™1) (gkg™) Content (g-kg™1) (Mg-ha 1) (g'kg™) Content (g-kg™1)
Under-decomposed ~ 1.94 +0.44 Bb ~ 509.38 + 29.22 Aa 14.70 + 1.64 Aa 217+031Bb 46874 +4532Aa  1344+131Bab  290+0.69Ba  486.91 +43.39 Aa 12.49 +1.53 Ab
Semi-decomposed ~ 3.27 +0.56 Ab  469.67 + 21.93 Ba 15.12 + 0.69 Ab 327 +055Ab  463.43 +25.96 Aa 17.41 + 0.88 Aa 416 £ 0.46 Aa  464.84 +24.57 Aa 14.19 + 0.69 Ab
Total 538 +1.00b 527 +0.85b 6.97 £1.08 a

The data are presented as mean + standard deviation. Different capital letters represent significant differences among different components, and different lowercase letters represent
significant differences among forest types (P < 0.05).
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Table A3. Bulk density, carbon and nitrogen contents in soil layers.
RL LL SLL

Layer Bulk Density ~ Carbon Content Nitrogen Bulk Density Carbon Content Nitrogen Bulk Density Carbon Content ljjltrogen

(g-em=3) (g'kg™) Content (g-kg™) (g-em=3) (g'kg™) Content (g-kg™1) (g-em—3) (g'kg™) (g(?lr(l;ﬁ?)t
0-10 cm 0.72 £ 0.03 Cc 66.74 +2.37 Ac 3.86 +0.53 Ac 0.86 + 0.07 Db 85.86 + 9.74 Ab 4.89 £ 0.92 Ab 1.34 £0.11 Ca 97.71 + 14.62 Aa 6.76 + 0.85 Aa
1020 cm 1.58 + 0.10 Bb 14.65 + 1.54 Bc 1.41 +0.28 Bb 1.45+0.10 Cc 20.06 + 4.49 Bb 1.81 + 0.47 Bb 1.72 £ 0.07 BCa 27.75 + 3.61 Ba 3.62 +0.61 Ba
20-30 cm 1.62 +0.12 Bb 8.31 + 1.36 BCc 0.96 +0.19 Cc 1.83 +0.14 ABa 12.23 +2.95Cb 1.51 + 0.34 Bb 1.78 + 0.12 ABab 16.72 +1.71 Ca 222 +0.32Ca
30-40 cm 1.66 + 0.12 Bb 7.37 +£0.48 Ca 0.78 £ 0.13 CDa 1.85+0.12 ABa 7.01 £ 0.37 CDa 0.81 +0.12Ca 1.71 £ 0.12 BCab 8.24 +1.50 CDa 0.92 +£0.22 Da
40-50 cm 1.82 £ 0.09 Aa 4.84 +£0.53 Cb 0.65 + 0.17 CDb 1.87 £ 0.11 Ab 474+ 0.41 Db 0.78 + 0.19 Cab 1.63 + 0.10 BCb 9.68 + 0.36 CDa 0.99 + 0.16 Da
50-60 cm 1.89 £ 0.16 Aa 2.89 +£0.38 Cb 0.60 + 0.10 CDb 1.79 + 0.10 ABab 3.07 £ 0.38 Db 0.59 £ 0.22 Cb 1.68 + 0.16 BCb 8.27 £ 0.52 CDa 1.06 £ 0.12 Da
60-70 cm 1.88 £ 0.09 Aa 3.11+0.25Cb 0.50 + 0.07 CDb 1.74 + 0.08 ABb 3.43 + 0.43 Db 0.74 +0.20 Ca 1.84 + 0.10 ABab 7.95 + 0.69 CDa 0.90 + 0.11 Da
70-80 cm 1.83 +0.12 Aa 2.39 +£0.42 Cc 0.46 + 0.10 CDb 1.74 + 0.10 ABa 3.35+0.39 Db 0.93 +£0.13Ca 1.78 + 0.12 BCa 7.99 + 0.84 CDa 0.90 + 0.18 Da
80-90 cm 1.65 +0.09 Ba 2.90 £ 0.31 Cc 0.51 +0.07 Db 1.70 + 0.09 Ba 3.99 + 0.41 Db 0.82+0.19Ca 1.68 + 0.08 ABa 6.98 + 0.16 Da 0.94 + 0.14 Da
90-100 cm 1.61 +0.16 Ba 2.52 +0.40 Cc 0.63 + 0.13 Ea 1.72 £ 0.05 Ba 3.82 +0.12 Db 0.72+0.13 Ca 1.76 £ 0.11 Aa 591 +0.16 Da 0.74 + 0.07 Da

Mean 1.55+0.04b 16.59 £2.07 ¢ 1.29 £0.08 ¢ 1.58 + 0.06 ab 21.22+1.44b 1.68 +0.15b 1.66 £0.10 a 26.81 +2.65a 235+0.12a

The data are presented as mean + standard deviation. Different capital letters represent significant differences among different layers in soil, and different lowercase letters represent

significant differences among forest types (P < 0.05).
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