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Abstract

Background: Old-growth forests are irreplaceable with respect to climate change mitigation and have considerable
carbon (Q) sink potential in soils. However, the relationship between the soil organic carbon (SOC) turnover rate
and forest development is poorly understood, which hinders our ability to assess the C sequestration capacity of
soil in old-growth forests.

Methods: In this study, we evaluated the SOC turnover rate by calculating the isotopic enrichment factor 8
(defined as the slope of the regression between '*C natural abundance and log-transformed C concentrations)
along 0-30 cm soil profiles in three successional forests in subtropical China. A lower S (steeper slope) is associated
with a higher turnover rate. The three forests were a 60-year-old P. massoniana forest (PF), a 100-year-old coniferous
and broadleaved mixed forest (MF), and a 400-year-old monsoon evergreen broadleaved forest (BF). We also
analyzed the soil physicochemical properties in these forests to examine the dynamics of SOC turnover during
forest succession and the main regulators.

Results: The 3 value for the upper 30-cm soils in the BF was significantly (p < 0.05) higher than that in the PF, in
addition to the SOC stock, although there were nonsignificant differences between the BF and MF. The 3 value was
significantly (p < 0.05) positively correlated with the soil recalcitrance index, total nitrogen, and available nitrogen
contents but was significantly (p < 0.01) negatively correlated with soil pH.

Conclusions: Our results demonstrate that SOC has lower turnover rates in old-growth forests, accompanied by
higher soil chemical recalcitrance, nitrogen status, and lower soil pH. This finding helps to elucidate the mechanism
underlying C sequestration in old-growth forest soils, and emphasizes the important value of old-growth forests
among global C sinks.
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Background

Old-growth forests are considered the climax ecosystems
(Clements 1916), and the age threshold varies from 100
to 500years for different forest biomes (Jarvis 1989;
Goulden etal. 2011; Liu et al. 2014). Increasing evidence
shows that old-growth forests can continue to accumu-
late carbon (C) in soils (Zhou et al. 2006a; Luyssaert
et al. 2008), contrary to the longstanding view that they
are C neutral (Odum 1969; Jarvis 1989). However, the
mechanism of the soil C sink in old-growth forests re-
mains uncertain. Plant C input and the soil organic car-
bon (SOC) turnover rate are commonly considered two
key factors in determining the C sequestration capacity
of soil (Paul 2016; Nyawira et al. 2017). The relationship
between litter inputs and soil C storage has been well
examined in forest C cycle studies (Huang et al. 2011;
Tefs & Gleixner 2012; Zhou et al. 2019), whereas the
SOC turnover rate has become the dominant uncer-
tainty in the C sequestration capacity of forest soils.
Therefore, accurately quantifying the soil C turnover
rate and its relationship with forest development is cru-
cial to understanding the mechanisms of soil C sinks
and predicting future C budget dynamics in the world’s
forests.

A recent study revealed that old-growth forest soils
have higher organic C inputs than young forest soils,
which was caused by the higher proportion of products
transferred to the soil during the decomposition of high-
quality litter in old-growth forests (Xiong et al. 2020a).
Considering the emerging view that high-quality litter
inputs more easily form stable soil organic matter
through microbial assimilation and mineral protection
(Cotrufo et al. 2013; Xu et al. 2014), whether SOC has a
longer residence time in older forests becomes an intri-
guing question. Forest succession is the coevolution of
above- and belowground systems. A rich body of literature
demonstrates changes in the microclimate (Sanchez-Reyes
et al. 2020), tree composition and stand structure (Gray
et al. 2016), plant productivity (Goulden et al. 2011), soil
microbial diversity and function (Ren et al. 2019), soil nu-
trient availability (Lu et al. 2015), and soil physicochemical
properties (Li et al. 2013) following forest succession.
These variables inevitably exert direct and indirect im-
pacts on the biogeochemical cycling of C in the soil, ac-
companied with the alteration of input and output
processes (Sokolowska et al. 2020). It remains unclear,
however, how the variables affect the turnover rate of
SOC along forest succession.

As the current understanding of soil C cycle processes is
mainly based on first-order kinetics (Manzoni & Porporato
2009), the soil C turnover rate is commonly defined as the
ratio of the C flux (heterotrophic respiration, Ry;) to the C
pool (SOC storage) (Chen et al. 2013). Accurate estimation
of Ry in situ is challenging, which impedes related studies
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on SOC turnover. The alternative approach is to collect
field soils for laboratory incubation (Vesterdal et al. 2012; Li
et al. 2018), but it is difficult to reproduce the real scenarios
in the field (Feng et al. 2016). The *C natural abundance
(653C) is an elegant tracer to evaluate the SOC turnover
rate in situ, as the changes in 8"3C with soil depth could re-
veal some important information on soil C turnover not
evident based on elemental concentration analysis alone
(Garten 2006; Diochon & Kellman 2008). Soil §C values
generally tend to increase with depth in well-drained and
undisturbed soils, concomitant with decreasing C concen-
trations (Balesdent et al. 1993; Wang et al. 2017). The slope
of the linear regression (5) between the log-transformed C
concentration and §"°C value in the soil profile has been
proposed as a proxy for the SOC turnover rate in a number
of studies (Acton et al. 2013; Gautam et al. 2017; Wang
et al. 2018a).

In this study, we investigated the changes in C concen-
trations and 6"C values along soil profiles (0-30 cm) in
an undisturbed old-growth forest and its two succes-
sional forests of natural restoration in subtropical China,
which allowed us to examine the effects of forest succes-
sion on SOC turnover rates under the same regional cli-
mate. The three successional forests were a P.
massoniana forest (PF; ~ 60 years old), coniferous and
broadleaved mixed forest (MF; ~100years old) and
monsoon evergreen broadleaved forest (BF; >400 years
old). The SOC accumulation rate increased in the order
of PF < MF < BF (Huang et al. 2011), although soil res-
piration was shown to increase with forest succession at
the same site (Yan et al. 2009). However, how the SOC
turnover rate changes with forest succession remains un-
clear. We hypothesized that the SOC turnover rate de-
clines with forest succession, as the specific Ry (the
amount of respired-C produced per unit microbial bio-
mass C) decreases with the progressive maturity of the
three forests (Huang et al. 2016).

Methods

Study sites

The present study was conducted at the Dinghushan
Biosphere Reserve (23°09°'217-23°11'30" N, 112°30°
397-112°33'41" E) in Guangdong Province, China
(Fig. 1). The reserve covers an area of 1155 ha with ele-
vations ranging from 14 to 1000 m. The region is char-
acterized by a typical subtropical monsoon climate. The
mean annual temperature is 22.3°C, with a mean
monthly temperature of 13.9 °C in January and 28.9 °C in
August. The mean annual precipitation is approximately
1927 mm, of which nearly 80% falls in the hot-humid
season (from April to September). The mean annual
evaporation and relative humidity are 1115mm and
78%, respectively. The bedrocks are sandstone and shale
belonging to the Devonian Period, and clay minerals are
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Fig. 1 The map of the study area and forest sites. PF, P. massoniana forest; MF, coniferous and broadleaved mixed forest; BF, monsoon evergreen

mainly kaolinite and halloysite. Soils are classified in the
Ultisol order and Udult suborder according to the USDA
soil classification system (Buol et al. 2003).

There are three types of natural forest communities in
this reserve: PF (~ 60 years old), MF (~ 100 years old)
and BF (> 400 years old). The BF is the climax commu-
nity in this climatic region, and the PF and MF represent
its early- and mid-successional stages, respectively. The
dominant species in the BF included Aporusa yunnanen-
sis, Blastus cochinchinensis, Castanopsis chinensis, Cryp-
tocarya chinensis, Gironniera subaequalis and Schima
superba. The PF was dominated by P. massoniana. In
the MF, the dominant species included Castanopsis chi-
nensis, Schima superba and P. massoniana; the biomass
of P. massoniana continuously declined naturally, and
the stand structure gradually converged to the BF.

Field sample collection

In October 2015, soil samples of 0—-30 cm were collected
from eight random plots (10 m x 10 m) in each forest. In
each plot, ten soil cores were randomly collected at three
depths (0-10, 10-20, and 20—30 cm) and then pooled by

depth. Each soil sample was divided into two parts: one
part was sieved through a 2-mm mesh while plant mate-
rials were removed, and stored at 4 °C for the determin-
ation of soil microbial biomass carbon (MBC) and other
chemical analyses; and the other part was air-dried for
the fractionation of water-stable aggregates.

Water-stable aggregates

Soil aggregates were divided into four aggregate size clas-
ses: large macroaggregates (> 2000 um), small macroaggre-
gates (250-2000 pm), microaggregates (53—250 um), and
silt & clay particles (<53 pm). Aggregate separation was
performed by a wet sieving approach adapted from Six
et al. (1998).

The stability of the soil aggregate structure was
expressed as the mean weight diameter (MWD) of all ag-
gregate size fractions, and the parameter was calculated
with the following equation (Kemper & Rosenau 1986):

MWD =Y " %w, (1)

where ¥; is the mean diameter of each size fraction, w; is
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the proportion of the total sample weight of the corre-
sponding size fraction, and # is the number of all size
fractions.

Laboratory analyses
The air-dried soil samples were measured for pH by a
pH meter (PH510, Alalis, Shanghai, China) using a 1: 2.5
soil-water suspension. The soil water content (SWC)
was measured by oven-drying 15g of fresh soil sample
at 105 °C for 24 h. Soil MBC was determined by subject-
ing fresh soil samples to the chloroform fumigation-
extraction method (Vance et al. 1987). Soil readily oxi-
dized organic carbon (ROC) was measured by 333 mM
KMnO, oxidation-colorimetry (Blair et al. 1995). Soil
available nitrogen (AN) was analyzed by alkali-diffusion
method (Liu et al. 1996). The subsamples were analyzed
for total organic C and total nitrogen (TN) contents and
for C isotopic compositions by an isotope ratio mass
spectrometer (IsoPrime 100, IsoPrime, Manchester, UK)
connected to an elemental analyzer (Vario isotope cube,
Elementar, Hanau, Germany). There was no treatment
to remove inorganic C before elemental and isotopic
analysis in the present study, since the soils were highly
acidic (Table 2) and the inorganic C contents were
negligible.

The C isotope ratio (**C/**C) was expressed in & nota-
tion (in %o units):

§= (Rs—a"’—1> x 1000 (2)
std

where R, is the *C/**C ratio of the sample and Ry is
the '3C/"C ratio of the Vienna Pee Dee Belemnite
standard (Coplen et al. 2006). Analysis of internal la-
boratory standards ensured that the precision of the
measurements was +0.1%o for 63C.

Recalcitrance index
In the present study, we defined the ‘recalcitrance index’
(RI) of soil organic matter as follows:

RI(%) = (1-%) % 100 (3)

Soil bulk density and SOC stock

Soil bulk density (BD) was determined in parallel with
field sampling. Undisturbed soil cores were taken from
three random plots at three depths (0-10, 10-20, and
20-30cm) in each forest using a stainless steel corer
(5.65 cm in diameter, 4 cm in depth). All soil cores were
oven-dried at 105°C to a constant weight. Soil bulk
density was calculated as the ratio of total dry weight to
total soil volume.
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SOC stock is the product of SOC concentration, layer
thickness, and bulk density (Post et al. 2001). The SOC
stock can be calculated as follows:

SOC stock = SOC concentration X H x D (4)

where H and D are the soil layer thickness (cm) and bulk
density (g-cm™?), respectively.

B value

Enrichments in §"°C values with increasing depths in
well-drained undisturbed soils concomitant with de-
creasing C concentrations have been broadly reported
(Balesdent et al. 1993; Acton et al. 2013). The vertical
changes in 6'C along soil profiles have been proven to
be related to soil C turnover (Powers & Schlesinger
2002). The slope of a linear regression relating soil §">C
to the log-transformed C concentration was used to de-
scribe the SOC turnover rate at different spatial scales
(Gautam et al. 2017; Wang et al. 2018a):

83C =plog(C) +b (5)

The slope of the regression (f5) is a proxy of the SOC
turnover rate; a lower /3 (steeper slope) is associated with
a higher turnover rate, and b is a constant.

Data analyses

All statistical analyses were conducted with SPSS statis-
tical software (SPSS Statistics 20, IBM Corp.). Data were
tested for homogeneity of variances and normal distribu-
tion before applying analysis of variance. One-way
ANOVA was conducted to examine the differences in
8"3C, SOC, ROC, RI, MBC, TN, AN, C/N, SWC, pH,
MWD, and BD of the upper 30-cm among different for-
ests or different depths of same forest. Tukey’s multiple
comparison test was further conducted to separate dif-
ferences among means. Ordinary least squares regres-
sion was used to examine the relationships between the
S value and soil properties. Statistical significance was
determined at p < 0.05 unless otherwise stated.

Results

SOC concentration and 6'>C

Both the SOC concentration and soil §"°C value showed
significant differences among forests and soil depths
(p<0.05; Table 1). The SOC concentration at each
depth in the BF was similar to that in the MF (p > 0.05)
but was significantly higher than that in the PF (p < 0.05;
Table 1). The SOC concentrations significantly de-
creased with depth in all three forests (p < 0.05; Table 1).
The soil §*3C value at each depth was lowest in the BF,
and there was no significant difference between the PF
and MF (p>0.05; Table 1). Contrary to the SOC
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Table 1 Concentrations and isotope abundance (6"3C) of soil
organic carbon (SOQ) in the upper 30 cm depth of different
forests

Forest Depth (cm) SOC (g-kg™") 6"3C (%o0)

PF 0-10 18.56 + 0.84% ~25.10 + 0.20%
10-20 763 + 054 —2246 + 035"°
20-30 537 + 039 2138+ 028"

MF 0-10 2936 + 2,53 —2577 £ 027%°
10-20 1462 + 0.82"° —22.94 + 024"
20-30 882 +0.13% —2200 + 059*

BF 0-10 2843 + 094" 2731 +0.17%°
10-20 1589 + 0.56"° —2593 + 034%
20-30 10.56 + 052 —2504 +035%

Values are the mean + standard error (n = 8). PF P. massoniana forest; MF
coniferous and broadleaved mixed forest; BF monsoon evergreen broadleaved
forest. Different lowercase letters indicate significant differences among three
depths in the same forest (p < 0.05). Different capital letters indicate significant
differences among three forest types of the same depth (p < 0.05)
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concentration, the soil §**C values significantly increased
with depth in each forest (p < 0.05; Table 1).

SOC stock and 8 value

As shown in Fig. 2, the SOC stock of the upper 30-cm
was lowest in the PF, and there was no significant differ-
ence between the MF and BF (p > 0.05). The estimated
value increased in the order of PF (- 7.04 +0.48) < MF
(- 6.66 £0.42) < BF (-5.22 £0.41), and the value in the
BF was significantly higher than that in the PF (p < 0.05;
Fig. 2).

Soil properties

Significant differences were detected among different
forests for most soil physicochemical properties (p <
0.05; Table 2). The SOC concentration, ROC, RI, MBC,
TN, SWC, and MWD were lowest in the PF, and there
were no significant differences between the PF and MF
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Fig. 2 Soil organic carbon (SOC) stocks and 3 values in the upper 30-cm of soils in different forests. PF, P. massoniana forest; MF, coniferous and
broadleaved mixed forest; BF, monsoon evergreen broadleaved forest. Different lowercase letters indicate significant differences among different
forests (p < 0.05). The error bars indicate standard errors of the mean (n=8)
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Table 2 Soil properties of the upper 30-cm in different forests

Forest PF MF BF

SOC (gkg™ ") 1052 + 039° 1882 + 1.09° 1829 + 061°
ROC (gkg™ ") 329 +0.14° 537 + 041° 483 + 025

RI (%) 71.06 + 045° 7262 +122°° 7510+ 051°
MBC (mgkg™") 14240 +773° 24773 +2740° 23694 + 22.74°
TN (gkg™") 0.83 + 0.02° 134 + 006° 148 + 005°
AN (mgkg™") 6580 + 383° 13207 + 464> 15403 + 555°
N 1187 +023° 1328 +023° 12,05 + 0.11°
SWC (%) 15.86 + 0.52° 24.06 + 0.97° 2510 + 0.58°
pH 405 + 001° 395 + 003° 391 + 002°
MWD (mm) 17296 £ 1902° 32130+ 1779 25639 + 22.52°
BD (gcm™3) 145 + 0,06 123 +003° 121 +004°

Values are the mean + standard error (n = 8; for the BD, n=3). PF P.
massoniana forest; MF coniferous and broadleaved mixed forest; BF monsoon
evergreen broadleaved forest; SOC soil organic carbon; ROC readily oxidized
organic carbon; Rl recalcitrance index; MBC microbial biomass carbon; TN total
nitrogen; AN available nitrogen; C/N the ratio of carbon to nitrogen; SWC soil
water content; MWD mean weight diameter of soil aggregates; BD bulk
density. Different lowercase letters indicate significant differences among
different forests (p < 0.05)

(p>0.05; Table 2). Soil AN significantly increased in the
order of PF < MF < BF (p < 0.05; Table 2). The C/N ratio
of soil was highest in the MF, and there was no signifi-
cant difference between the PF and BF (p > 0.05; Table
2). The soil pH and BD in the BF were similar to those
in the MF (p>0.05) but were significantly lower than
those in the PF (p < 0.05; Table 2).

The relationships between the 8 value and soil properties
The results of regression analyses showed that the f
value of soil profile was positively correlated with RI
(R*=0.38, p <0.01; Fig. 3a), TN (R*>=0.27, p < 0.05; Fig.
3b), and AN (R*=0.26, p <0.05; Fig. 3c) but negatively
correlated with pH (R*=0.34, p<0.01; Fig. 3d). How-
ever, the relationships between the f value and SOC,
MBC, C/N, MWD and SWC were not significant (p >
0.05; Figs. 3e—i).

Discussion

SOC storage and turnover following forest succession
Forest age is an important factor affecting SOC storage
(Marin-Spiotta & Sharma 2013). Our results revealed
that the surface (0-30cm) SOC stock in the 100-year-
old MF reached the level of the primary forest, whereas
the SOC stock in the 60-year-old PF was still at a low
level. However, this result does not mean that forest soil
C stocks will peak within 100 years. Increasing evidence
has confirmed that old-growth forests can continue to
accumulate C in soils for centuries or longer (Zhou et al.
2006a; Luyssaert et al. 2008), even as net primary prod-
uctivity declines (Xiong et al. 2020a). It is worth noting
that the mechanisms underlying SOC accumulation in
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old-growth forests are distinct from those in young for-
ests (Zhou et al. 2006b). In early-successional forests,
the increase in the soil C pool mainly results from the
continuous increase in biomass, and the gained C is con-
centrated in the topsoil layer (Xiong et al. 2020a). As the
forest matures, SOC accumulation turns to the deeper
soil layers, owing to the low C/N ratio of litter and rhi-
zospheric material, and the moist soil environment. The
former facilitates a high proportion of organic C yield
input to the soil during decomposition, and the latter
contributes to the migration of organic C along the
whole soil profile (Tefs & Gleixner 2012; Xiong et al.
2020a).

Our results showed the enrichment of soil §'*C with
depth in all three forests, concomitant with decreasing C
concentrations (Table 1). This result is consistent with
earlier observations in well-drained forest soils (Powers
& Schlesinger 2002; Acton et al. 2013; Wang et al
2018a). The increasing trend in 8°C with soil depth
might be attributed to two main processes: mixing of
different C sources and soil C decomposition (Diochon
& Kellman 2008; Acton et al. 2013). The Suess effect de-
scribes the isotopic depletion of atmospheric CO, as a
result of the combustion of *C-depleted fossil fuels and
biomass burning (Friedli et al. 1986), which could have
caused the increasing trend in 6C with soil depth
(more '*C-enriched older SOC in the deep and more
13C—depleted recent SOC at the surface) (Diochon &
Kellman 2008). However, Torn et al. (2002) showed that
the C isotopic signatures of a modern soil profile (col-
lected in 1997) are similar to its 100-year-old archive soil
(collected sometime between 1895 and 1903) from the
same site, indicating that the change of soil §'C with
depth is not due to the isotopic depletion of atmospheric
CO,. A few studies proposed that roots are generally
more '*C-enriched than leaves or branches from the
same plant, and so the soil §'°C value at the surface may
be lower than that in the deeper soil (Powers & Schle-
singer 2002). However, we did not find significant differ-
ences in 6"°C values between roots and above-ground
litter at the present site by 10 years of observation
(Xiong et al. 2020b). The existing evidence implies that
the contribution of the mixing of different C sources to
the vertical 8"°C enrichment along soil profiles should
be small in the present study.

The relationship between f value and SOC turnover
rate has been tested in a number of studies (Gautam
et al. 2017; Wang et al. 2018a; Xiong et al. 2020b), as a
lower S value implies a higher turnover rate. The results
showed that the f value ranged from —7.04 to - 5.22 in
the present study (Fig. 2), which is in accordance with
the measurements in Brazilian tropical forests (Telles
et al. 2003) but lower than other observations at similar
latitudes (Chiang et al. 2004; Chen et al. 2005; Richards



Xiong et al. Forest Ecosystems (2021) 8:58 Page 7 of 11
P
2
y = 0.3397x - 30.969 a y =2.3097x - 9.0571 b y=0.0171x - 8.2662 c
4 R2=038,p=0002,n=24 ° R2=027,p=0012,n=24° R2=026,p=0016,n=24°
L] L] L] L] L] L]
% (X ] * L] .. *
> 6 o o b . [ ) %
«Q
L] ° ° L] *
_ . . < (]
8 : L )
-10 ' ‘ : : ‘ : : ‘ ‘
66 68 70 72 74 76 78 04 06 08 10 12 14 16 18 20 40 60 80 100 120 140 160 180 200
» RI (%) TN (g kg™ AN (mg kg™1)
. d p>0.05,n=24 e p>0.05,n=24 . f
-4 0 . .
L] L] L] L] L] L]
() L] ° ° L]
= o o . .
g 6 o o ‘ A . .ooo .
@ . 04 o ® .
8 « * o * hd . . °
y = -9.6206x + 31.926 * °* e °
R2=0.34, p = 0.005, n = 24
-10 - ' ' - - - ‘ ‘ : ‘ :
37 38 39 40 4.1 42 5 10 20 25 0 100 200 300 400
, pH SocC (g kg ! MBC (mg kg™1)
g _ h i
. p>0.05n=24 e Pp>005n=24 p>005n=24 o
) L) o o . . . R
g ‘ - o ° [ ] .. L] * L] L] °
g 6 . . . . . . i . . . 0
Q L] Y . Y L] . Y . L]
8 ° . 3 ® ° % 3 % .0
. L4 . . o o
-10 .
10 1 12 13 14 15 0 1 2 3 4 5 10 15 20 25 30
CIN MWD (mm) SWC (%)
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et al. 2007), the discrepancy probably was attributed to
the deeper soils (0-100cm) considered in the above
studies.

Our results also showed that the S value increased
with the progressive maturity of the three forests, indi-
cating that the SOC turnover rate decreased during for-
est succession. This is consistent with a previous study
that measured soil respiration components by a tren-
ching method in the three forests (Huang et al. 2016).
Although higher soil Ry was measured in the late-
successional forest, this could be mainly caused by
higher C input and SOC stock, whereas the specific Ry
declined with forest succession, and soil microbes be-
came more efficient in conserving C resources with for-
est succession (Huang et al. 2016; Wang et al. 2019).
Our finding is supported by another related study
(Wang et al. 2018b). Based on the data consolidation of
1087 forest plots in eastern China, the researchers re-
ported that the SOC turnover time was positively

correlated with forest age. Reduced SOC turnover, com-
bined with continuous high C input (Xiong et al. 2020a),
sustains the soil C sinks in old-growth forests.

Influences of soil properties on the SOC turnover rate
Our results showed that soil physical and chemical prop-
erties differed in the different forests, but the differences
in most soil properties were slight between the mid- and
late-successional stages (Table 2). Soil properties are
considered to play an important role in regulating the
dynamics of SOC turnover across different scales (Torn
et al. 1997; Xu et al. 2016). In the present study, the cor-
relations between the S value and soil physicochemical
variables were analyzed (Fig. 3), and the results showed
that soil RI, nitrogen status and pH were the main con-
trols that regulated the SOC turnover rates.

Our results showed that the 5 value was positively cor-
related with soil RI (Fig. 3a), which is in accordance with
the conventional opinion that reduced SOC turnover is
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accompanied by enhanced soil chemical recalcitrance
(Sollins et al. 1996). For a long time, the formation of re-
calcitrant components (e.g, humus, lignin, and long
chain n-alkanes) has been considered the major pathway
for SOC stabilization (Derenne & Largeau 2001; Piccolo
2001). According to the concept of ‘selective preserva-
tion’, soil organic matter is composed of both labile and
relatively recalcitrant compounds, the latter being used
by microorganisms only when the former are exhausted
(von Liitzow et al. 2006). Despite recent analytical and
experimental advances demonstrating that intrinsic mo-
lecular characteristics alone do not control SOC stability:
environmental and biological controls act jointly (Kleber
2010; Schmidt et al. 2011), we cannot ignore the chem-
ical nature of organic matter in specific studies. Lavallee
et al. (2019) reported that pyrogenic C decomposition is
controlled by a different mechanism than biogenic C,
and the latter has a shorter residence time. Nisar &
Bendi (2020) conducted a field management experiment
and found that the addition of compost, in addition to
leading to C build-up, improved C stabilization by
imparting recalcitrance to SOC. In the three successional
forests, the proportion of labile constituents in litter in-
creased with forest maturity (Huang et al. 2011), and this
change contributed to the formation of recalcitrant com-
ponents in the soil, which was shown in other studies
(Cotrufo et al. 2013; Xu et al. 2014).

In the present study, we observed that the rates of
SOC turnover decreased with increasing soil nitrogen
status (Figs. 3b—c). This finding is supported by previous
studies in the three successional forests. Based on a
seven-year nitrogen manipulation experiment, Lu et al.
(2013) reported that nitrogen addition increased soil C
accumulation in the upper soils by decreasing dissolved
organic C leaching. Mo et al. (2008) found that high ni-
trogen addition (15gN-m™%year ') could reduce soil
respiration accompanied with a decrease in soil micro-
bial activities. As the forest matures, the soil nitrogen
status increases, and the combination of increasing soil
C storage and decreasing soil respiration leads to a re-
duction in SOC turnover rates. Nitrogen addition has
been found to impede organic matter decomposition
and thus stimulate C sequestration across different eco-
systems (Reay et al. 2008). A meta-analysis by Janssens
et al. (2010) revealed that, averaged over 36 nitrogen ma-
nipulation studies in forest ecosystems, soil Ry declined
by 15% when nitrogen was added. Another meta-
analysis showed that nitrogen fertilization decreased the
soil C turnover rate in agroecosystems (Lu et al. 2011).
The positive coupling relationship between soil C stor-
age and nitrogen storage has also been reported in nu-
merous studies (Batjes 1996; Carter et al. 1997). In the
light of our results and previous studies, we speculate
that the increase in global nitrogen deposition may
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mitigate the rise of atmospheric CO, to some extent by
increasing the retention time of C in soils.

Our results showed that the S value was inversely as-
sociated with soil pH (Fig. 3d), indicating that the SOC
turnover rate decreased with increasing soil acidity. This
finding is in line with previous studies in cropland and
grassland (Kemmitt et al. 2006; Leifeld et al. 2013). The
regulation of soil pH on SOC turnover rate may be ex-
plained by the changes in substrate availability and mi-
crobial activity. A low pH could reduce substrate
availability through the combination operation of phys-
ical and chemical protection, such as, decreasing surface
charge density and degree of dissociation, and increasing
co-precipitation with aluminum (Leifeld et al. 2013). Soil
microbial growth is retarded in an acidic environment,
followed by the reduction of soil respiration (Malik et al.
2018). Increased soil acidity could reduce the intrinsic
activity of the microbial community by a number of dir-
ect and indirect routes including: (1) reducing the
amount of substrate entering the soil, (2) inhibiting cer-
tain members of the community (e.g., nitrifiers), and (3)
increasing aluminum in the soil, which induces physio-
logical toxicity (Kemmitt et al. 2006). Our previous stud-
ies are in favor of the above inferences. Wu et al. (2016)
showed that prolonged acid rain facilitated organic C ac-
cumulation in the topsoil, following the inhibition of lit-
ter decomposition, soil microbial biomass, enzyme
activities, and soil respiration. Furthermore, the de-
pressed effect on soil respiration showed an increasing
trend with the progressive acidification in soils (Liang
et al. 2013). On the other hand, the proportion of recal-
citrant components was higher in soils with lower pH,
which also favors the retention and accumulation of or-
ganic C in mineral soils (Wu et al. 2020).

The results of this study showed that soil MBC had no
direct effect on the S value (Fig. 3f), probably because
SOC turnover is not affected by soil microbial biomass
but is governed by microbial community composition
and C use efficiency (Geyer et al. 2016). Unexpectedly,
we did not detect direct evidence for the impact of soil
moisture on the SOC turnover rate (Fig. 3i), whereas it
is widely accepted as a critical regulator of SOC dynamics
(Falloon et al. 2011; Green et al. 2019). Soil water content
has great temporal variability (Hu et al. 2013), and the re-
sults of a single sampling may not be able to present the
true soil moisture status. In the present study, soil MWD
did not show a linear trend with forest development
(Table 2). The formation of soil aggregate structure is con-
trolled by the complex interplay of multiple factors, such
as organic input, microbial activity, and soil chemical
properties (Bronick & Lal 2005; Regelink et al. 2015), and
the relationship between soil aggregates and the SOC
turnover rate needs further exploration. We also recog-
nized the importance of climatic factors in the process of
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SOC turnover; unfortunately, there is a lack of long-term
meteorological data in individual forests. Generally, cli-
matic factors are considered the primary controls in regu-
lating S values (Garten et al. 2000; Acton et al. 2013).
However, in a particular climate area, soil properties may
play a more important role than climatic factors in SOC
turnover dynamics (Doetterl et al. 2015; Wang et al.
2017). Yang et al. (2015) also reported that edaphic rather
than climatic variables were better determinants of §'>C
enrichment from vegetation to soil on the Tibetan
Plateau.

Conclusions

Our results showed that the S value in the upper 30-cm
of soils increased with forest maturity, which was mainly
regulated by the soil recalcitrance index, nitrogen status,
and soil pH. These findings demonstrate that SOC has
lower turnover rates in old-growth forests, which helps
to elucidate the mechanism underlying C sequestration
in old-growth forest soils. The present study emphasizes
the important value of old-growth forests as a global C
sink, and provides guidance in predicting the responses
of forest soil C pools to global change.
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