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Forest types control the contribution of litter and roots
to labile and persistent soil organic carbon

Dasheng Sun - Xueli Qiu - Jiayin Feng - Jingyi Ru -
Jian Song - Shigiang Wan

Received: 16 February 2024 / Accepted: 30 September 2024 / Published online: 23 October 2024

© The Author(s) 2024

Abstract Forest ecosystems contain a substantial
terrestrial reservoir of soil organic carbon (SOC).
Here, a “Detritus Input and Removal Treatments”
experiment was conducted to explore the effects of
litter and roots on soil labile, persistent, and total
organic C (TOC) pools in the coniferous, broad-
leaved, and coniferous-broad-leaved mixed forests
(CF, BF, and CBF, respectively) in the subtropi-
cal and warm temperate transition zone in Henan
province, eastern China. After 2-3 years of detritus
manipulations, neither litter addition nor root exclu-
sion affected soil temperature or moisture. In con-
trast, litter removal increased soil temperature but
decreased soil moisture, regardless of forest types.
Litter addition marginally decreased labile OC and
TOC contents in the BF but not in the CF and CBF.
Litter removal reduced labile OC and TOC contents
in the CF and BF and persistent OC contents in the
CF only. Root exclusion decreased labile OC con-
tents in the CBF only, but reduced persistent OC and
TOC contents in the CF and CBF. Structural equation
models suggested that litter but not root manipulation
altered SOC pools via changing soil temperature and
moisture in the BF, whereas the effects of litter and
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root manipulation on SOC pools were not related to
the changes in soil temperature and moisture in the
CF and CBF. Our results suggest that the impact of
litter and roots on SOC pools depends on forest types,
which may indicate differential responses of SOC
storage among forests under global change scenarios.
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Introduction

Forest ecosystems have the largest terrestrial reser-
voir of soil organic carbon (SOC) and can exert great
influence on maintaining the balance of atmospheric
carbon dioxide (CO,) concentrations (Jackson et al.
2017). Previous studies have reported that forest types
play an important role in SOC storage (Angst et al.
2019; Castafieda-Goémez et al. 2023). Forest types
are important determinants of soil microclimates, lit-
terfall production, root dynamics, and the quality of
plant detritus (Pandey et al. 2007; Wang et al. 2008;
Xu et al. 2013; Chen et al. 2014; An et al. 2017).
These biotic and abiotic factors strongly influence
C availability and microbial activities, consequently
controlling SOC sequestration (Sokol & Bradford
2019; Sokol et al. 2019). A better understanding of
how forest types affect SOC sequestration could help
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to predict the storage of SOC under global change
scenarios.

Plant organic C inputs to soil, through above-
ground litter and root detritus and exudates, are the
dominant sources of forest SOC pools (Juhos et al.
2021; Sayer et al. 2021; Feng et al. 2022). Growing
evidence suggests that plant roots contribute more
effectively to SOC sequestration than litter (Rasse
et al. 2005; Jackson et al. 2017; Sokol & Bradford
2019). Several mechanisms are proposed to explain
such differences. First, belowground roots typically
supply much more C than aboveground litter (Rasse
et al. 2005). Second, root contains 2—3 times higher
concentrations of chemically complex compounds,
such as lignin and tannins, than litter; therefore root-
derived C has a longer mean residue time (Xia et al.
2015). Third, rhizosphere, as a microbial hotspot,
can accelerate SOC formation that is driven by soil
microbes (Sokol & Bradford 2019). Finally, root
exudates and detritus can immediately be physically
protected by their interactions with soil minerals and
aggregates (Rillig et al. 2015; Jackson et al. 2017).
Although these advantages of root-derived C in SOC
sequestration over litter-derived C, whether the con-
tribution of litter and roots to SOC pools follows the
similar pattern under different forest types remains
largely unknown.

Soil temperature and moisture can affect SOC
pools through changing the activities of microorgan-
isms and faunas. The alterations of detrital input can
influence soil temperature and moisture (Xu et al.
2013), which, consequently, affects CO, emissions
and SOC pools. Weintraub et al. (2013) found that
in a lowland wet tropical forest, C-cycling enzyme
activities were associated with soil moisture during
litter manipulation. This indicates that soil moisture
regulates microbial activities that largely control SOC
turnover. Fekete et al. (2014) found that the effect of
soil moisture on CO, emissions was weakened but
that of soil temperature was promoted in a Central-
European deciduous forest when the roots were
excluded, implying differential effects of soil temper-
ature and moisture on SOC sequestration. To the best
of our knowledge, it remains unclear how soil tem-
perature and moisture differentially affect SOC pools
among forest types.

Accordingly, the objective of this study was to
investigate how SOC pools and soil temperature and
moisture respond to litter and root manipulations
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with varying forest types. To do this, we chose an
experimental site that had adjacent coniferous, broad-
leaved, and coniferous-broad-leaved mixed forests
(CF, BF, and CBF), then the “Detritus Input and
Removal Treatments” (DIRT) experiments were per-
formed in each forest. We analyzed labile and persis-
tent OC, and TOC contents, and soil temperature and
moisture after 2-3 years of detritus manipulations.

Methods
Site description

The DIRT experiment is located at the Mountain Xian
(32°06°N, 114°01’E, and 204 m a.s.l.) of Nanwan
Forest Service, Xinyang, Henan, China. The climate
in this region belongs to subtropical and warm tem-
perate transition zone, with mean annual precipitation
(1951-2014) and temperature being 1063 mm and
15.2 °C, respectively. The experimental site has three
forest types, that is, a coniferous forest (CF), a broad-
leaved forest (BF), and a coniferous-broad-leaved
mixed forest (CBF). The CF is dominated by Pinus
massoniana Lamb., the BF by Quercus acutissima
Carruth., and the CBF by both P. massoniana and Q.
acutissima. The forest floor is approximately 4.6, 5.5
and 4.8 cm for CF, BF and CBF, respectively. The
average amounts of litterfall of the CF, BF, and CBF
was 546.97, 1642.38 and 707.92 ¢ m™> y~!, respec-
tively. The foliar C-to-nitrogen (N) ratio is 63.88 for
P. massoniana and 45.64 for Q. acutissima. The soil
at the experimental site is classified as a Haplic Luvi-
sols (FAO classification). The pH is 4.20, 4.49, and
4.21 for the CF, BF, and CBF soil, respectively.

Experimental design and measurements

For each forest type, the DIRT experiment was
established in September 2015 and was laid out as a
randomized block design. It included six treatments:
control (C), litter addition (LA), litter removal
(LR), root exclusion (RE), root exclusion plus lit-
ter addition (RELA), and root exclusion plus litter
removal (RELR). Each treatment had four replicate
plots and the area of each plot was 4 m? (2 mx2 m)
with a 2-m buffer zone between adjacent plots
(Fig. 1). The plots were intentionally placed
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Fig. 1 A photo of the

plots in the broad-leaved
forests (a). A plot that was
trenched to a depth of 0.5 m
for installing 100-mesh
nylon cloth (b). The con-
struction of experimental
plots (c). Routine measure-
ment with a portable device

()

between trees, that is, there were no trees grow-
ing in the plots, as shown in Fig. 1. We designed
small plots so as to protect the roots from damage
because of the trenching manipulation and focus on
soil responses. Similar plots were also used in other
DIRT experiments (Huang & Spohn 2015; Guo
et al. 2021; Castafieda-Gémez et al. 2023). There-
fore, 72 plots were included: three forest types X six
treatments X four replicates. For the LR and RELR
treatments, litter on the forest floor was manually
removed every month. The resulting litter was then
added to the corresponding LA and RELA plots.
For the RE, RELA, and RELR treatments, the plots
were trenched to a depth of 0.5 m and insulated with
100-mesh nylon cloth to prevent roots from enter-
ing the plots (Fig. 1b), as depicted in previous stud-
ies (Feng et al. 2009a, 2009b; Zhang et al. 2023).
We cannot exclude the possibility that very few
roots may enter the plots from below 0.5 m depth.
However, the amounts must be very small, given
that most of the tree roots distribute in the 0-0.5 m
soil layer. This is particularly true for the fine roots
that are strongly associated with SOC sequestration
(Xia et al. 2015). Therefore, the very few roots that
entered the plots can barely affect the results. The
plots without litter and root manipulations were pre-
pared as the controls.

In mid-August of 2017 and 2018, soil temperature
at the depth of 10 cm was measured using a thermo-
couple probe (Li-8100-201) attached to the Li-8100
(LI-COR, Lincoln, USA). Volumetric soil water con-
tent (0-10 cm) was measured by using a portable
Time Domain Reflectometer equipment (Soil mois-
ture equipment Corp., Santa Barbara, CA, USA).
Thereafter, two soil cores (10 cm in depth) were ran-
domly sampled in each plot with a soil auger (10 cm
in diameter). The two soil cores were mixed together,
sieved with a 2-mm mesh to remove the roots and
stones. Soil labile OC was then extracted by using
two-step acid hydrolysis method (Zhou et al. 2012).
Labile OC pools 1 and 2 in the extracts and SOC
in the residues was determined with TOC analyzer
(Vario MACRO CUBE, Elementar Inc., Hanau, Ger-
many). The labile OC pools 1 and 2 were summed up
as total labile C pools; SOC in the residues were con-
sidered as persistent OC. Soil TOC were calculated as
the sum of labile and persistent OC pools.

Statistical analyses
A three-way analysis of variance (ANOVA) was

performed to test the effects of forest types, and lit-
ter and root manipulations on soil temperature and
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moisture, and the contents of labile and persistent
OC, and TOC. The analyses were conducted using
PASW Statistics 18 (SPSS Inc., Armonk, NY,
USA). When no significant interactions between
forest types, and litter and root manipulations were
observed, the data were pooled according to the
corresponding treatments. Then the significance
was tested by using Duncan’s Multiple Range Test
or Student’s t-test. Structural equation models
(SEMs) were performed to test how litter and root
manipulations altered SOC pools among forests
using AMOS 21.0 (SPSS Inc., Armonk, NY, USA).

Results
Changes in soil temperature and moisture

There were no significant interactions between for-
est types, and litter and root manipulations on soil
temperature and moisture (Table 1; P> 0.05). The
BF soils had the highest temperature and the low-
est moisture, while the CBF soils had the lowest
temperature and intermediate moisture (Fig. 2a, d;
P <0.05). Litter removal decreased soil moisture
(Fig. 2b, e; P <0.05) but had no effects on soil tem-
perature. Litter addition and root exclusion did not
affect soil moisture and temperature (Fig. 2b, c, e,

f).

Changes in SOC pools

Labile and persistent OC and TOC contents were
greater in the CF and CBF soils than in the BF soils
(Table 1; Fig. 3; Prye<0.001). The litter addi-
tion treatment demonstrated decreased labile OC
and TOC contents in the BF soils but not in the CF
and CBF soils (Fig. 3a, c). The litter removal treat-
ment demonstrated reduced soil labile OC contents
in the CF and BF but not in the CBF soils (Fig. 3a;
P <0.05), however, the interactions between for-
est types and litter manipulation were not observed
(Table 1; Proreqt  tier> 0-05). The interactive effects
between forest types and litter manipulation on
persistent OC and TOC contents were significant
(Table 1; Prypeq x titter < 0-01). Litter removal treatment
caused reductions in persistent OC contents in the CF
but not in the BF and CBF soils (Fig. 3b), whereas it
decreased TOC contents in the CF and BF but not in
the CBF soils (Fig. 3c).

Significant interactive effects between forest types
and root exclusion were observed on labile OC and
TOC contents (Table 1; Fig. 3a, c). Root exclusion
treatment decreased labile OC contents in the CBF
but not in the CF and BF s0ils (Pgypeq x root <0-05). It
decreased TOC contents in the CF and CBF but not
in the BF 50ils (Pgypeqt x root <0-01). In contrast, root
exclusion treatment decreased persistent OC contents,
regardless of forest types (P, =0.001). Compared
with root exclusion alone, both litter and root exclu-
sion had no significant effects on SOC pools in the
CBF but caused declines in labile and persistent OC,

Table 1 Three-way analysis of variance for soil temperature (ST), soil moisture (SM), labile OC, persistent OC, and total organic
carbon (TOC) as affected by forest types, and litter and root manipulations

Sources of variation  df ST SM Labile OC Persistent OC TOC
F P F P F P F P F P

Forest 2 281.80 <0.001 57.10 <0.001 26.45 <0.001 30.26 <0.001 46.63 <0.001
Litter 2 5.90 0.005 5.76 0.005 15.63 <0.001 5.52 0.007 14.71 <0.001
Root 1 0.95 0334 1.59 0.212 10.47 0.002 11.22 0.001 19.28 <0.001
Forest X Litter 4 1.97 0.112 1.16 0339 1.52 0.209 4.60 0.003 5.33 0.001
Forest x Root 2 0.67 0.516 1.65 0.202 3.88 0.027 275 0.073 542 0.007
Litter X Root 2 1.00 0.373  0.02 0983 0.12 0.891 1.57 0.218 1.09 0.345
Forest x Litter X Root 4 0.23 0922 1.04 0397 1.39 0251 044 0.778 0.94 0.447
Error 54

Significant test results (P <0.05) are given in bold
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Fig. 2 Soil temperature (a, b, ¢) and moisture (d, ef) as
affected by forest types (a, d), and litter (b, e) and root (c, f)
manipulation (n=48 for a, b, and d, and e; n=72 for ¢ and f).
Different lower letters indicate significance at P <0.05 among
forest types and litter manipulations (Duncan’s Multiple Range
Test) and between root manipulations (Student’s t-test); ns,
not significant. CF, coniferous forest; BF, broad-leaved for-

and TOC contents in the CF and labile OC contents
in the BF.

Multivariate effects on SOC pools among forests

The SEMs showed that litter and root manipula-
tions explained a significant proportion of the vari-
ance in the contents of labile and persistent OC con-
tents, with their effects varying among forest types
(Fig. 4). The changes in labile and persistent OC
contents because of litter and root manipulations
were not related to changes in soil temperature and
moisture in the CF and CBF (Fig. 4a, c). Although
root exclusion increased soil moisture in the CF, but
moisture-induced changes in labile and persistent OC
contents were not evident (Fig. 4a). Litter but not root
manipulation had indirect effects on labile and persis-
tent OC contents via altering soil moisture in the BF
(Fig. 4b). Moreover, litter manipulation can alter soil

est; CBF, coniferous-broad-leaved mixed forest; NorL, normal
annual aboveground litter inputs; LA, litter addition; LR, lit-
ter removal; R, the presence of roots; RE, root exclusion. Box
plots show the mean (square), median (horizontal line), 25 and
75% quartile (rectangle), 1.5 Xinterquartile range (whiskers),
and outliers (isolated points)

moisture directly or indirectly through changing soil
temperature.

Discussion

Forest dependence of SOC responses to litter and
root C inputs

Litter C inputs have been considered as an important
contributor to the fractions and contents of SOM in
forests (Fekete et al. 2014; Wu et al. 2018; Zhang
et al. 2023). However, in the present study a marginal
decrease in labile OC and TOC contents was observed
because of litter addition in the BF soils. Similar
changes were also reported in a BF that was domi-
nated by northern red oak and paper birch (Pisani
et al. 2016). However, such decreases in SOC because
of litter addition were not found in the CF and CBF.
This could be partly attributed to the differences of
quality and quantity of litter among forest types. The
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Fig. 3 Contents of labile (a), persistent (b), and total (c) soil
organic C as affected by forest types, and litter and root manip-
ulation (n=38). Different lower letters indicate significance at
P <0.05 between litter and root manipulations within each for-
est type; ns, not significant. C control. LA litter addition, LR
litter removal, RE root exclusion, RELA root exclusion plus lit-
ter addition, RELR root exclusion plus litter removal, CF conif-
erous forest, BF broad-leaved forest, CBF coniferous-broad-
leaved mixed forest. Box plots show the mean (square), median
(horizontal line), 25 and 75% quartile (rectangle), 1.5 X inter-
quartile range (whiskers), and outliers (isolated points)

BF soils received more and higher-quality (lower C:N
ratio) litter than the CF and CBF soils. Therefore,
litter addition in the BF could potentially stimulate
microbial activity and consequently increase SOM
decomposition because of priming effect (Crow et al.
2009; Karhu et al. 2016). This could also be attrib-
uted to the duration of our study. Here, the amount of
SOC and its fractions were analyzed after 2-3 years
of litter manipulations. Perhaps, such short-term
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litter addition was not sufficient to induce significant
changes in SOC pools in the CF and CBF. For exam-
ple, after two years of litter addition, SOC contents
were not altered in a subtropical coniferous forest
(Wu et al. 2018).

Litter removal reduced soil labile OC and TOC
contents in the CF and BF soils; it also reduced
persistent OC contents in the CF soils (Fig. 3). It is
likely that litter removal led to a direct reduction in
C sources and nutrient availability (Huang & Spohn
2015), thereby limiting microbial activity and C turn-
over (Men et al. 2023). However, the decrease in C
and nutrient availability as a result of litter removal
cannot explain the changes in SOC pools in the CBF.
Considering the differences in the forest stands, we
would expect intermediate responses of SOC pools
to litter removal in the CBF relative to the CF and
BF. Unexpectedly, litter removal had no effects on
SOC in the CBF. This may be attributed to the lowest
soil temperature in the CBF (Fig. 2a), which slowed
down the turnover of SOC by microbes, thereby fail-
ing to cause significant reductions in SOC in the litter
removal plots.

Plant roots can remarkably contribute to SOC stor-
age through secreting organic compounds and root
sloughing (Feng et al. 2022; Zhang et al. 2023). In
the present study, root exclusion suppressed labile
and persistent OC, and TOC contents in the CBF, and
persistent OC and TOC contents in the CF (Fig. 3).
This may result from the absence of root-derived C
inputs (Zhang et al. 2023). Previous studies suggested
that roots are more effective contributors to SOC than
litter (Rasse et al. 2005; Jackson et al. 2017; Sokol
& Bradford 2019). However, we found that the rela-
tive contribution of litter and roots to SOC pools was
inconsistent among forest types. SOC sequestration
in the BF was primarily controlled by litter, but that
in the CBF by roots and in the CF by litter and roots
(Fig. 4). Here, we cannot entirely explain such differ-
ences. Maybe this resulted from the combined effects
of microbial activities, the quality and quantity of lit-
ter and root, and complex interactions between input
C and soil minerals and inhabitants. Interestingly,
soil microclimates, particularly soil moisture, medi-
ated C sequestration in the BF but not in the CF and
CBF. A possible explanation is that soil moisture is
a limiting factor in SOC formation in the BF, since
the BF soil had the highest temperature but the lowest
moisture. A lower soil moisture decelerated microbial
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R2=028 R2=032 R2=043 R2=024 R2=037 R2=0.21

Chi-square = 3.79 (P =0.15); DF = 2;
GFI = 0.98; RMSEA = 0.14 (P = 0.18);
CFl = 0.96; CMINDF = 1.90

Fig. 4 Structural equation models showing indirect and direct
effects of litter and root manipulation on labile and persistent
soil organic C for coniferous (a), broad-leaved (b), and conif-
erous-broad-leaved mixed (c¢) forests. Red and blue arrows
indicate significant positive and negative relationships, respec-
tively. Dashed arrows indicate nonsignificant relationships.

transformation of SOC and made microbial activities
more sensitive to its further decline as a result of litter
removal.

The responses of soil temperature and moisture
to forest types, and litter and root manipulations

Previous studies suggested that forest types play
an important role in affecting soil temperature and
moisture (Borken & Beese 2005; Wang et al. 2008;
Chen et al. 2014). In the present study, soil moisture
was lower but soil temperature was higher in the BF
than that in the CF and CBF (Fig. 2a, d). This can be
explained by the following reasons: (1) the BF had the
thickest forest floor. On the one hand, this could cause
a greater heat preservation effect of the forest floor,
and thus explained why its soil temperature was the
greatest among the forests. Higher temperature may
lead to more water loss through evaporation. On the
other hand, the thicker forest floor may prevent rain-
water penetrating into the mineral soils to a greater
degree, that is, more rainwater may be lost through
surface runoff in the BF; (2) the loss of soil moisture
may also be the greatest in the BF through transpi-
ration, given that a Q. variabilis dominated decidu-
ous broad-leaved forest had greater transpiration than

Chi-square = 0.51 (P =0.78); DF = 2;
GFI = 0.99; RMSEA = 0.001 (P = 0.80);
CFI = 1.00; CMINDF = 0.26

Chi-square =2.33 (P=0.31); DF = 2;
GFI =0.98; RMSEA = 0.06 (P = 0.35);
CFl =0.99; CMINDF =1.17

Arrow width corresponds to absolute values of standardized
path coefficients that are adjacent to the arrows and indicative
of the effect size of the relationships (¥*P <0.05, **P<0.01,
#k#P <(0.001). R>-values denote the amount of variance
explained by the model for labile and persistent OC. ST soil
temperature, SM soil moisture

a P. orientalis dominated coniferous forest (Liu et al.
2016).

When averaged across the forests and root
manipulation, litter removal decreased soil moisture
(Fig. 2e). It is likely that the removal of forest litter
layer bared the mineral soils, thus strengthened mois-
ture evaporation into the air (Fekete et al. 2016). Xu
et al. (2013) found that litter addition increased soil
moisture and dampened fluctuations in soil tempera-
ture. On the contrary, litter addition and root exclu-
sion did not affect soil moisture and temperature in
this study (Fig. 1b, c, e, f). The thickness of litter
layer in the C and RE plots ranged from 2 cm in the
CF to 3 cm in the BF, possibly leading to no extra
increase in the “insulating effects” of doubled litter
on soil temperature and moisture. These results indi-
cates that litter removal but not litter addition or root
exclusion controlled soil microclimate in the subtrop-
ical and warm temperate transition forests.

Implications for C sequestration in the context
of climate change

The BF had lower labile and persistent C and TOC
contents than the CF and CBF, indicating that mon-
oculture of coniferous trees or their mixed-culture
with broad-leaved trees are more favorable for SOC
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sequestration in subtropical and warm temperate
transition regions. Because plant above- and below-
ground C allocation could be altered owing to global
change, the relative contribution of litter and roots to
SOC pools may change under different forests. For
example, elevated CO, and increased precipitation
could facilitate belowground C allocation (Song et al.
2019), thereby improving the contribution of roots to
SOC sequestration in the CF and CBF. In contrast,
more carbon will be allocated to plant aboveground
than belowground tissues under N addition (Song
et al. 2019), indicating that N deposition would help
increase the contribution of litter to SOC sequestra-
tion in the CF, particularly in the BF. Warming is
predicted to have neutral effects on the root-to-shoot
ratios, thus it would strengthen the contribution of lit-
ter to SOC sequestration in the BF and that of roots
in the CBF. However, the effects of detritus manipu-
lations combined with global change drivers on SOC
sequestration require further study.

Conclusions

We found that labile and persistent SOC pools dif-
ferentially respond to litter- and root-derived C inputs
under different forest types. Moreover, plant detritus
influences SOC pools through changing soil tempera-
ture and moisture for the broad-leaved forest but not
for the coniferous and mixed forests. Soil microcli-
mates, coupled with C source and nutrient availabil-
ity, explain the differential responses of SOC pools
to root and litter manipulations among forests. Our
study provides further insight into the understanding
of how litter and roots regulate SOC pools among
coniferous, broad-leaved, and mixed forests, particu-
larly in the context of global change.

Acknowledgements This study was financially sup-
ported by the National Natural Science Foundation of China
(31830012), the Natural Science Foundation of Hebei Province
(C2022201042) and the Collaborative Innovation Center for
Baiyangdian Basin Ecological Protection and Beijing-Tianjin-
Hebei Sustainable Development.

Funding This study was funded by National Natural Science
Foundation of China, 31830012, Shigiang Wan, Natural Sci-
ence Foundation of Hebei Province, C2022201042, Shigiang
Wan, Collaborative Innovation Center for Baiyangdian Basin
Ecological Protection and Beijing-Tianjin-Hebei Sustainable
Development

@ Springer

Data availability Enquiries about data availability should be
directed to the authors.

Declarations

Conflict of interests The authors declare that they have no
competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Com-
mons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License, which permits any non-commercial use, shar-
ing, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence,
and indicate if you modified the licensed material. You do
not have permission under this licence to share adapted mate-
rial derived from this article or parts of it. The images or other
third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the arti-
cle’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by-nc-nd/4.0/.

References

An JY, Park BB, Chun JH, Osawa A (2017) Litterfall produc-
tion and fine root dynamics in cool-temperate forests.
PLoS ONE 12(6):¢0180126

Angst G, Mueller KE, Eissenstat DM, Trumbore S, Freeman
KH, Hobbie SE, Chorover J, Oleksyn J, Reich PB, Muel-
ler CW (2019) Soil organic carbon stability in forests:
distinct effects of tree species identity and traits. Glob
Change Biol 25(4):1529-1546

Borken W, Beese F (2005) Soil respiration in pure and
mixed stands of European beech and Norway spruce
following removal of organic horizons. Can J for Res
35(11):2756-2764

Castafieda-G6omez L, Lajtha K, Bowden R, Mohammed Jauhar
FN, Jia J, Feng X, Simpson MJ (2023) Soil organic mat-
ter molecular composition with long-term detrital altera-
tions is controlled by site-specific forest properties. Glob
Change Biol 29(1):243-259

Chen H, Gurmesa GA, Liu L, Zhang T, Fu S, Liu Z, Dong S,
Ma C, Mo J (2014) Effects of litter manipulation on litter
decomposition in a successional gradients of tropical for-
ests in southern China. PLoS ONE 9(6):e99018

Crow SE, Lajtha K, Bowden RD, Yano Y, Brant JB, Caldwell
BA, Sulzman EW (2009) Increased coniferous needle
inputs accelerate decomposition of soil carbon in an old-
growth forest. For Ecol Manag 258(10):2224-2232

Fekete 1, Kotroczé Z, Varga C, Nagy PT, Varbiré G, Bowden
RD, Téth JA, Lajtha K (2014) Alterations in forest detri-
tus inputs influence soil carbon concentration and soil res-
piration in a Central-European deciduous forest. Soil Biol
Biochem 74:106-114


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Biogeochemistry (2024) 167:1609-1617

1617

Fekete I, Varga C, Biré B, T6th JA, Varbir6 G, Lajtha K, Szab6
G, Kotroczé Z (2016) The effects of litter production and
litter depth on soil microclimate in a central european
deciduous forest. Plant Soil 398(1):291-300

Feng W, Schaefer DA, Li J, Chen J, Feng Z, Zou X (2009a) Soil
mono- and disaccharides and amino acids as influenced by
plant litter and root processes in a subtropical moist forest
of southwest China. Biogeochemistry 92(1):119-128

Feng W, Zou X, Schaefer D (2009b) Above- and belowground
carbon inputs affect seasonal variations of soil microbial
biomass in a subtropical monsoon forest of southwest
China. Soil Biol Biochem 41(5):978-983

Feng J, He K, Zhang Q, Han M, Zhu B (2022) Changes in plant
inputs alter soil carbon and microbial communities in for-
est ecosystems. Glob Change Biol 28(10):3426-3440

Guo X, Luo Z, Sun OJ (2021) Long-term litter type treatments
alter soil carbon composition but not microbial carbon
utilization in a mixed pine-oak forest. Biogeochemistry
152(2):327-343

Huang W, Spohn M (2015) Effects of long-term litter manipu-
lation on soil carbon, nitrogen, and phosphorus in a tem-
perate deciduous forest. Soil Biol Biochem 83:12-18

Jackson RB, Lajtha K, Crow SE, Hugelius G, Kramer MG,
Pifieiro G (2017) The ecology of soil carbon: pools, vul-
nerabilities, and biotic and abiotic controls. Annu Rev
Ecol Evol Syst 48:419-445

Juhos K, Madarasz B, Kotrocz6 Z, Béni A, Makadi M, Fekete 1
(2021) Carbon sequestration of forest soils is reflected by
changes in physicochemical soil indicators — A compre-
hensive discussion of a long-term experiment on a detritus
manipulation. Geoderma 385:114918

Karhu K, Hilasvuori E, Fritze H, Biasi C, Nykénen H, Liski
J, Vanhala P, Heinonsalo J, Pumpanen J (2016) Priming
effect increases with depth in a boreal forest soil. Soil Biol
Biochem 99:104-107

Liu Z, Yu X, Jia G, Jia J, Lou Y, Zhang K (2016) Water use
characteristics of Platycladus orientalis and Quercus vari-
abilis in Beijing mountain area. Scientia Silvae Sinicae
52(09):22-30

Men X, Bao Y, Wu M, Liao C, Cheng X (2023) Soil enzyme
activities responded differently to short-term litter input
manipulation under coniferous and broad-leaved forests in
the subalpine area of Southwest China. For Ecol Manag
546:121360

Pandey R, Sharma G, Tripathi S, Singh A (2007) Litterfall, lit-
ter decomposition and nutrient dynamics in a subtropical
natural oak forest and managed plantation in Northeastern
India. For Ecol Manag 240(1-3):96-104

Pisani O, Lin LH, Lun OQY, Lajtha K, Nadelhoffer KJ, Simp-
son AJ, Simpson MJ (2016) Long-term doubling of lit-
ter inputs accelerates soil organic matter degradation and
reduces soil carbon stocks. Biogeochemistry 127(1):1-14

Rasse DP, Rumpel C, Dignac M-F (2005) Is soil carbon mostly
root carbon? mechanisms for a specific stabilisation. Plant
Soil 269(1):341-356

Rillig MC, Aguilar-Trigueros CA, Bergmann J, Verbruggen E,
Veresoglou SD, Lehmann A (2015) Plant root and myc-
orrhizal fungal traits for understanding soil aggregation.
New Phytol 205(4):1385-1388

Sayer EJ, Baxendale C, Birkett AJ, Bréchet LM, Castro B,
Kerdraon-Byrne D, Lopez-Sangil L, Rodtassana C (2021)

Altered litter inputs modify carbon and nitrogen storage
in soil organic matter in a lowland tropical forest. Biogeo-
chemistry 156(1):115-130

Sokol NW, Bradford MA (2019) Microbial formation of sta-
ble soil carbon is more efficient from belowground than
aboveground input. Nat Geosci 12(1):46-53

Sokol NW, Kuebbing SE, Karlsen-Ayala E, Bradford MA
(2019) Evidence for the primacy of living root inputs, not
root or shoot litter, in forming soil organic carbon. New
Phytol 221(1):233-246

Song J, Wan S, Piao S, Knapp AK, Classen AT, Vicca S, Ciais
P, Hovenden MJ, Leuzinger S, Beier C, Kardol P, Xia J,
Liu Q, Ru J, Zhou Z, Luo Y, Guo D, Adam Langley J,
Zscheischler J, Dukes JS, Tang J, Chen J, Hofmockel KS,
Kueppers LM, Rustad L, Liu L, Smith MD, Templer PH,
Quinn Thomas R, Norby RJ, Phillips RP, Niu S, Fatichi S,
Wang Y, Shao P, Han H, Wang D, Lei L, Wang J, Li X,
Zhang Q, Li X, Su F, Liu B, Yang F, Ma G, Li G, Liu Y,
Liu Y, Yang Z, Zhang K, Miao Y, Hu M, Yan C, Zhang A,
Zhong M, Hui Y, Li Y, Zheng M (2019) A meta-analysis
of 1,119 manipulative experiments on terrestrial carbon-
cycling responses to global change. Nature Ecol Evol
3(9):1309-1320

Wang Q, Wang S, Huang Y (2008) Comparisons of litterfall,
litter decomposition and nutrient return in a monoculture
Cunninghamia lanceolata and a mixed stand in southern
China. For Ecol Manag 255(3):1210-1218

Weintraub SR, Wieder WR, Cleveland CC, Townsend AR
(2013) Organic matter inputs shift soil enzyme activity
and allocation patterns in a wet tropical forest. Biogeo-
chemistry 114(1):313-326

Wu J, Zhang D, Chen Q, Feng J, Li Q, Yang F, Zhang Q,
Cheng X (2018) Shifts in soil organic carbon dynamics
under detritus input manipulations in a coniferous for-
est ecosystem in subtropical China. Soil Biol Biochem
126:1-10

Xia M, Talhelm AF, Pregitzer KS (2015) Fine roots are the
dominant source of recalcitrant plant litter in sugar
maple-dominated northern hardwood forests. New Phytol
208(3):715-726

Xu S, Liu LL, Sayer EJ (2013) Variability of above-ground lit-
ter inputs alters soil physicochemical and biological pro-
cesses: a meta-analysis of litterfall-manipulation experi-
ments. Biogeosciences 10(11):7423-7433

Zhang Y, Tang Z, You Y, Guo X, Wu C, Liu S, Sun OJ (2023)
Differential effects of forest-floor litter and roots on soil
organic carbon formation in a temperate oak forest. Soil
Biol Biochem 180:109017

Zhou J, Xue K, Xie J, Deng Y, Wu L, Cheng X, Fei S, Deng
S, He Z, Van Nostrand JD, Luo Y (2012) Microbial
mediation of carbon-cycle feedbacks to climate warming.
Nature Clim Change 2(2):106-110

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer



	Forest types control the contribution of litter and roots to labile and persistent soil organic carbon
	Abstract 
	Introduction
	Methods
	Site description

	Experimental design and measurements
	Statistical analyses
	Results
	Changes in soil temperature and moisture

	Changes in SOC pools
	Multivariate effects on SOC pools among forests
	Discussion
	Forest dependence of SOC responses to litter and root C inputs

	The responses of soil temperature and moisture to forest types, and litter and root manipulations
	Implications for C sequestration in the context of climate change
	Conclusions
	Acknowledgements 
	References




