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Abstract
Aims This study investigated the effects of changes in
litter quantity and quality on litter decomposition, soil
respiration, and soil organic carbon (SOC) in subtropical
forests.
Methods The experiment had a nested factorial design
with three factors: (1) successional stage with three
levels (early, mid and mature), (2) litter type with two
levels (Schima superba Gardn. et Champ. and Ormosia
pinnata (Lour.) Merr.), and (3) litter addition with five
levels (0, 218, 436, 654 and 873 g·m−2·yr−1,
respectively).
Results In all forests, an increase in litter input increased
litter decomposition, litter carbon (C) loss and soil res-
piration but did not alter SOC content after 2.5 years.
The increases in litter decomposition, litter C loss, and
soil respiration in response to increased litter input were
greater with the lower quality Schima superba litter than
with the higher quality Ormosia pinnata litter. Litter
quality did not affect SOC content at any of the three
forest sites. The responses of litter decomposition and

soil respiration to increasing litter input differed depend-
ing on forest successional stage.
Conclusions In subtropical forests, increases in litter
production under climate change may accelerate C cy-
cling. Net soil C storage in subtropical forests, however,
may not change over short time scales in response to
increased litter input.

Keywords Increased litter input . Litter quality . Litter
decomposition . Soil respiration . Soil organic C .
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Introduction

Litter quantity and quality in forests are likely to change
as a consequence of climate change. Many studies have
shown that litter quantity and quality are altered by
elevated atmospheric carbon dioxide (CO2) concentra-
tion (Norby et al. 2005; Liu et al. 2005; Hickler et al.
2008; Clark et al. 2010; Ellsworth et al. 2012), changes
in rainfall distribution patterns and rising temperature
(Martínez-Vilalta et al.; 2012; Doughty et al.; 2014;
Raich et al. 2006; Zhou et al. 2013). Because litter
represents a major pathway for C cycling between veg-
etation and soil in forest ecosystems, changes in above-
ground litter quantity and quality could have important
consequences for C cycling.

Relatively short-term experiments have shown that
both rising atmospheric CO2 concentrations andwarming
increase net primary production (Norby et al. 2005; Liu
et al. 2005; Hickler et al. 2008; Clark et al. 2010;

Plant Soil (2015) 392:139–153
DOI 10.1007/s11104-015-2450-4

Responsible Editor: Kees Jan van Groenigen.

X. Fang : L. Zhao :G. Zhou :W. Huang : J. Liu (*)
Key Laboratory of Vegetation Restoration and Management
of Degraded Ecosystems, South China Botanical Garden,
Chinese Academy of Sciences, Xingke Road 723, Tianhe
District, Guangzhou 510650, China
e-mail: ljxiu@scbg.ac.cn

X. Fang
Graduate University of Chinese Academy of Sciences,
Beijing 100049, China



Ellsworth et al. 2012), which in turn may increase soil C
stocks via enhanced litter inputs. Over longer time scales,
however, the effects of elevated CO2 on belowground C
cycling are less clear; some research suggests that elevat-
ed CO2 will increase soil C content (Jastrow et al. 2005)
but other research indicates no significant change (Lichter
et al. 2005; Hoosbeek and Scarascia-Mugnozza 2009).
Elevated CO2 may also alter the concentrations of nitro-
gen (N) and phosphorus (P) concentrations in litter
(Norby et al. 2001; King et al. 2005; Liu et al. 2013).
Because soil microbes preferentially utilize high quality
litter, Sylvia et al. (1998) hypothesized that increased
inputs of litter with higher C/N under elevated CO2

may decrease the litter decomposition rate. Several stud-
ies have shown, however, that small reductions in litter N
under elevated CO2 will have little effect on litter mass
loss and C storage (Booker et al. 2005; Liu et al. 2009).
Overall, these studies suggest that changes in litter quality
combined with increasing litter inputs in the context of
climate change could result in potential changes in C
cycling. Most of these studies have been conducted in
temperate ecosystems, and the possible effects of changes
in litter inputs caused by climate change on belowground
C cycling in subtropical forests are less known.

Plant-soil feedbacks play a decisive role in determin-
ing whether tropical and subtropical forest soils act as
sources or sinks of atmospheric CO2 (Sayer 2006). In
general, greater litter input is expected to increase C
sequestration in soil. However, reports on the effects of
increased litter input on soil C storage have been incon-
sistent because the relationships among net primary
production, increased litter production, and net soil C
storage are complex (Sayer 2006; Crow et al. 2009). For
example, CO2 fluxes often increase disproportionately
with litter addition, suggesting that increased C inputs
may accelerate decomposition of extant soil C via prim-
ing effects (Kuzyakov et al. 2000; Fontaine et al. 2004;
Schaefer et al. 2009; Chemidlin Prévost-Bouré et al.
2010; Sayer et al. 2011), and ultimately lead to net losses
of soil C. Although priming may mineralize some recal-
citrant soil C, some of the increased C input may move
into stabilized pools of soil C (Hyvönen et al. 2007;
Hoosbeek et al. 2007) and result in a net soil C storage
(Crow et al. 2009). In Costa Rica, Leff et al. (2012)
found that litter addition increased both soil respiration
and total C pools, and that priming did not occur; the
lack of priming was attributed to low soil fertility.
However, results from other tropical rain forests sug-
gested that soil C content does not change with elevated

litter input (Wood and Lawrence 2008; Vincent et al.
2010; Sayer et al. 2012).

Many tropical and subtropical forests grow on highly
weathered soils that contain low levels of P and many
other nutrients (Vitousek and Sanford 1986; Kaspari et al.
2008; Huang et al. 2013). Nutrient availability in the
surface soils may also affect C cycling (Prescott et al.
1993; Hobbie and Vitousek 2000; Cleveland and
Townsend 2006). Based on the results of a fertilization
experiment with combinations of N, P, K, or
micronutrients in a lowland forest in Panama, Kaspari
et al. (2008) proposed that deficiencies in multiple nutri-
ents limited litter decomposition in a tropical forest.
Cleveland et al. (2006) showed that although nutrient
availability in the surface soil may not affect litter mass
loss during decomposition in nutrient-poor ecosystems,
nutrient availability may ultimately regulate CO2 losses
(and hence C storage) by limiting microbial mineraliza-
tion of dissolved organic carbon (DOC) leached from the
litter layer. Other studies showed that the priming effect
was limited by nutrient availability in the surface soil,
which also could influence soil C storage (Fontaine et al.
2004; Nottingham et al. 2012). The wide range of soil age
and weathering status could also result in differences in
nutrient availability among tropical forest types (Walker
and Syers 1976; Hedin et al. 2003; Huang et al. 2013).
Therefore, variations in litter input may have different
effects on litter decomposition, soil respiration and hence
soil C storage in different types of subtropical forest.

We conducted a litter-manipulation experiment to
examine the effects of changes in litter production and
changes in litter quality on litter decomposition, soil
respiration and SOC in three subtropical forests in
southern China. We hypothesized that: (1) An increase
in litter addition would accelerate litter decomposition,
soil respiration, and reduce C storage; (2) These re-
sponses to litter input would be greater with high quality
than with low quality litter; and (3) The variations in
litter decomposition, soil respiration, and SOC in re-
sponse to litter input would be related to nutrient avail-
ability in the surface soil.

Materials and methods

Study sites

This study was conducted in three subtropical forests: a
monsoon evergreen broadleaved forest (BF), a mixed
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pine and broadleaved forest (MF), and a plantation
forest (PF). The BF and MF are located at the
Dinghushan Biosphere Reserve (23°09′ N-23°11′ N,
112°30′ E-112°33′ E, DBR) in southern China, ca.
90 km west of Guangzhou city. DBR covers an area of
1155 ha and was accepted as the first National Natural
Reserve in China in 1956 (Zhou et al. 2006). The MF
and BF represent the middle and climax vegetation in
this area, respectively. The PF, which represents an early
stage of succession, is located at the South China
Botanical Garden in Guangzhou City (23°10′ N,
113°21′ E). All sites are characterized by a typical
subtropical monsoon humid climate. Annual precipita-
tion is ca. 1700 mm, and >80 % of the rain falls in the
wet season (April–September). Annual mean relative
humidity and temperature are ca. 78 % and 21.7 °C.
The bedrock of all three forest types is sandstone and
shale. Soils are all highly weathered and classified in the
ultisol group according to the USDA soil classification
system (Buol et al. 2003). Site characteristics of the
three forest types are listed in Table 1. Soil organic C
and nutrient content vary with forest type. Soil organic
C content is higher in the BF than MF and PF. Soil total
N is the highest in the BF, intermediate in the MF, and
lowest in the PF. Soil P concentration is much lower in
the PF than in the BF and the MF. Additionally, soil
water content is highest in the BF, intermediate in the
MF, and lowest in the PF.

The BF has not been disturbed for more than
400 years (Wang and Ma 1982; Zhou et al. 2006) and
is located in the core area of the reserve. As the climax

vegetation of this area, the BF has a complex species
composition. The upper canopy is dominated by a small
number of individuals, including Castanopsis chinensis
Hance, Schima superba Chardn. & Champ.,
Cryptocarya chinensis (Hance) Hemsl., Cryptocarya
concinna Hance, Machilus chinensis (Champ. Ex
Benth.) Hemsl., and Syzygium rehderianum Merr. &
Perry (Wang and Ma 1982). The MF, which is ca.
80 years old, is located between the core area and the
periphery of the DBR. The upper canopy is dominated
byPinus massonianaLamb, Schima superbaChardn. &
Champ., Castanopsis chinensis Hance, and
Craibiodendron kwangtungense S. Y. Hu. Pinus
massoniana accounts for ca. 35 % of the biomass of
the MF community. The PF was planted in 1980s with a
pure stand of Schima superba (S. superba) and a pure
stand of Acacia mangium (A. mangium). Mean annual
leaf litter production was 386, 589, and 482 g m2 for the
PF, MF, and BF, respectively (Zhou et al. 2007).

Experimental design

Naturally senesced leaf litter (S. superba and Ormosia
pinnata (O. pinnata) was collected and used for this
experiment. O. pinnata is an N2 fixer, while
S. superba is not. Leaf litter of S. superba (47.3 % C,
1.3 % N, 0.05 % P, 0.06 % potassium, 0.88 % calcium)
and O. pinnata (49.4 % C, 2.6 % N, 0.1 % P, 0.07 %
potassium, 0.63 % calcium) was oven-dried for 48 h at
70 °C. In July 2010, we prepared 900 PVC cylinders,
with 10.8 cm inner diameter and 10.0 cm high. The
experiment had a nested factorial design with three
factors: (1) successional stage with three levels (BF,
MF, and PF), (2) litter type with two levels (low and
high quality, i.e., S. superba and O. pinnata), and (3)
litter addition rate with five levels (0, 2, 4, 6 and 8 g per
cylinder; the highest rate represented 225, 150, and
180% of the annual litter input in early, mid, and mature
forests, respectively). This resulted in 30 treatment com-
binations with 30 replicates per combination (30 repli-
cates × 5 levels of litter addition × 2 litter types × 3 forest
types = 900 PVC cylinders). Forest floor materials were
removed before the experiment was begun, and all
cylinders were sunk into the soil with 5 cm of the
cylinder above the ground and 5 cm below the ground.
Then, appropriate quantities of each litter species were
added to the PVC cylinders in a random manner. Three
hundred cylinders were placed within a 30×30m plot in
the BF and in a similar plot in the MF. The study site in

Table 1 Site characteristics of the three forest types

Characteristic Forest type

PF MF BF

Age (year) 30 80 400

Mean annual temperature (°C) 21.8 22.2a 21.7a

Annual precipitation (mm) 1760 1680a 1700a

Soil pH 4.00 3.81a 3.65a

Soil family Ultisol Ultisol Ultisol

Soil water content (%) 15.84 22.95 26.28

Soil organic C content (g kg−1) 37.91 35.55 42.59

Soil nitrogen content (g kg−1) 1.59 2.52 2.94

Soil phosphorus content (g kg−1) 0.13 0.32 0.30

Soils were collected to 5 cm depth
a Source: Huang et al. (2013)
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the PF was divided into two subplots; S. superba litter
was added at the pure S. superba stand, and O. pinnata
litter was added at the pure A. mangium stand. The
distance between the two subplots was <200 m. To
prevent other kinds of litter falling into the cylinders
but to expose the litter to the natural environment and
most organisms, we covered each cylinder with a 2-mm-
mesh Dacron cloth; we used fine wire to fasten the cloth
to the cylinders. Although the mesh would prevent
passage of some larger soil fauna (earthworms, isopods,
ants, ect.), large soil organisms and fine roots could
access the decomposing litter through the bottom of
the PVC cylinders. The experimental setup was com-
pleted in September 2010.

Litter decomposition sampling

The litter decomposition experiment lasted for ca.
2.5 years in all forests. At ca. 0.5, 1.0, and 1.5 years
after the start of the experiment, we sampled six repli-
cate cylinders for each combination of litter addition rate
(excluding the rate of 0 g/cylinder), litter type, and forest
type, giving a total of 144 litter samples (3 forest types ×
2 litter types × 4 litter addition rates × 6 replicates).
Litter was not collected after 1.5 years because, in most
treatments, > 80 % of the litter had already decomposed
at that time and the remaining litter was too difficult to
collect. Tweezers were used to collect all litter (>2 mm
in either length or width) in the designated cylinders,
litter samples were then transported to laboratory,
washed softly and quickly (same treatment with the
same washing standard) to remove foreign materials,
weighed for mass loss after drying for 48 h at 70 °C,
and then finely ground for C concentration analysis. C
concentrations in the initial litter and in the litter collect-
ed from cylinders were determined with Walkley-
Black’s wet digestion method (Nelson and Sommers
1982).

Soil respiration measurements

Soil respiration was measured in six undisturbed repli-
cate cylinders for each treatment combination. The
Dacron cloth that covered each cylinder was removed
from the collar prior to all measurements and was
returned once the measurements were completed. Soil
respiration was measured in the collar of each replicate
cylinder when the experiment began and every 3months
thereafter using a Li-Cor 6400 infrared gas analyzer (Li-

COR, Inc., Lincoln, Nebraska, USA) connected to a Li-
Cor 6400-09 soil respiration chamber (Li-COR, Inc.,
Lincoln, Nebraska, USA). At each sampling date, soil
respiration was measured five times for each cylinder,
and the five values were averaged to give one value per
cylinder and per date. All the measurements were made
between 8:30 am and 12:00 pm local time on sunny
days. The ambient CO2 concentration was automatically
determined for each site.

Soil sampling and measurements

Soil samples were collected by removing the 5 cm of
soil within the designated cylinders. Six replicates of
soil samples were collected for each treatment combi-
nation at 0.5, 1.0, 1.5, 2.0, and 2.5 years after the start of
the experiment. For the first three soil collection dates,
we used cylinders from which the litter had just been
removed as described earlier. For the fourth and fifth
collection dates, we carefully removed all of the litter
before collecting the soil samples. After soil samples
were passed through a 2-mm sieve and visible plant
material was removed, each soil sample was divided
into two parts. One part was stored at 4 °C and used
for determination of soil water content and soil micro-
bial biomass carbon (SMBC). The other part was air-
dried and used for determination of SOC content.

SOC was determined by the Walkley-Black’s wet
digestion method (Nelson and Sommers 1982). SMBC
was determined by subjecting fresh soil samples to the
chloroform fumigation-extraction method (Brookes
et al. 1985; Martens 1995). Briefly, for each sample,
soil microbial biomass was measured as the difference
in 0.5 M K2SO4 extractable C between fumigated and
unfumigated samples. Organic C in the extracts was
measured with a TOC analyzer (TOC-5050A;
Shimadzu Corporation, Kyoto, Japan), and SMBC was
calculated as the difference in extractable C multiplied
by the conversion factor of 0.45 (Brookes et al. 1985;
Martens 1995). The unfumigated samples were used to
estimate background DOC values.

Data analysis

SAS software (Statistical Analysis System, version 9.2,
SAS Institute, Inc.) was used for all statistical analysis.
Data were transformed to meet the assumptions of nor-
mality and homogeneity of variances when necessary.
Litter mass loss and litter C loss were expressed as ratios
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of the initial oven-dry weight and initial C weight,
respectively (Mo et al. 2006; Fang et al. 2007).
Because samples were collected and analyzed continu-
ously throughout the study, repeated ANOVAs with
Tukey’s HSD test were used to estimate the effects of
changes in litter input on litter decomposition, litter C
loss, soil respiration, SMBC, soil DOC, SOC and soil
water content. Statistical significance was determined at
P <0.05 unless otherwise stated.

Results

Litter decomposition

Litter mass loss differed depending on the quantity of
litter added, litter type, and forest type (Fig. 1; Table 2).
The temporal patterns of litter decomposition were gen-
erally similar regardless of litter quantity, litter type, or
forest type. Decomposition was faster during the first
year than during the second year (Fig. 1). More than
70 % of total litter was lost within 1.5 years. Averaged
across litter type and forest type, repeated ANOVAwith
Tukey’s HSD test showed that increasing the quantity of
litter added significantly accelerated litter mass loss
(P<0.001) and litter C loss (Fig. 1; Tables 2 and 3).
Although N and P contents were lower in the undecom-
posed S. superba litter than in the undecomposed
O. pinnata litter, litter decomposition rates and litter C
loss rates were higher (P<0.01) for S. superba litter than
for O. pinnata litter (Fig. 1; Tables 2 and 3).

Forest type also significantly (P<0.01) affected
litter mass loss and litter C loss in the following
order: MF>BF>PF (Fig. 1; Table 2). In the BF,
increasing the litter input resulted in significantly
greater (P<0.05) litter mass loss and litter C loss;
averaged across both types of litter, litter mass loss
and litter C loss rates tended to increase as the
quantity of litter added increased (Fig 1; Table 3).
In the MF and PF, litter mass loss and litter C loss
for both litter types also tended to increase with the
quantity of litter added but the effect was not statis-
tically significant (P>0.05; Fig 1; Table 3). In addi-
tion, litter mass loss and litter C loss were signifi-
cantly greater (P<0.05) for S. superba litter than for
O. pinnata litter in the BF and MF and were slightly
but not significantly greater for S. superba litter than
for O.pinnata in the MF.

Soil respiration

Soil respiration rates of all samples in the three forest
types showed a similar seasonal pattern (Fig. 2), with
higher rates in the warm-wet seasons and lower rates in
the cool-dry ones. Overall, repeated ANOVA showed
that increasing the quantity of litter added resulted in
significantly higher (P<0.0001) respiration throughout
the study period (Fig. 2; Table 2). Litter type also
significantly affected soil respiration (Table 2). Soil
respiration was significantly higher for S. superb litter
than for O. pinnata in the BF (P<0.05) and MF
(P<0.001), but the opposite was true in the PF
(P<0.0001).

Annual soil respiration rates were significantly influ-
enced by forest type, and were lowest in the BF
(2.07 μmol CO2 m−2 s−1), intermediate in the MF
(2.76 μmol CO2 m−2 s−1), and highest in the PF
(3.15 μmol CO2 m

−2 s−1). In all forest types, an increase
in litter input led to significantly higher (P<0.001) soil
respiration for both litter types (Fig. 2). Averaged across
both litter types and compared to the 0 g of litter treat-
ment, addition of 8 g of litter significantly increased
(P<0.001) the annual average soil respiration by 33.8,
18.4, and 11.6 % in the PF, MF, and BF, respectively.
Compared to the 0 g of litter treatment, addition of 8 g of
S. superba litter increased annual average soil respira-
tion by 41.5, 25.5, and 7.5 % in the PF, MF, and BF,
respectively. Compared to the 0 g of litter treatment,
addition of 8 g of O. pinnata litter increased annual
averaged soil respiration by 27.7, 18.4, and 16.8 % in
PF, MF, and BF, respectively.

Soil organic C, SMBC, and DOC

SOC content was measured periodically during the ex-
periment. An overall statistical analysis showed that
SOC was not significantly affected by the quantity of
litter added during the whole experimental period
(Fig 3; Table 2). The quantity of litter added also did
not affect DOC, soil water content, and soil temperature
in any of the forests (Tables 2 and 3). However, repeated
ANOVAs with Tukey’s HSD tests showed that SMBC
significantly increased (P<0.05) as the quantity of litter
added increased for both litter types in the PF and for
O. pinnata litter in the BF (Fig. 4). In theMF, SMBC for
both litter types tended to increase with the quantity of
litter added but the effect was not significant.
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Although forest type did not significantly affect SOC
content, forest type did affect SMBC (Table 2), which
was obviously higher in the BF than in the MF or PF
(Fig. 4). Soil DOC content was also affected by forest
type (Table 2) and was higher in the BF and PF than in
the MF (Table 3). There were also no obvious effects of
litter quantity on SOC at two species levels in three
forests (Fig. 3). Litter quality also did not significantly
influence SOC and DOC in all forests (Fig. 3 and
Table 3).

Soil temperature and water content

Averaged across litter type and forest type the litter
quantity of litter added did not significantly affects soil
water content or soil temperature. Annual soil water
content was highest in the BF (26.4 %), intermediate
in the MF (23.2 %), and lowest in the PF (15.5 %;
P<0.0001). Soil temperature was significantly higher
(P<0.0001) in the PF (21.2 °C) than in theMF (20.5 °C)
or BF (20.2 °C). Litter type also did not affect soil water
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Fig. 1 Litter mass loss as affected by the quantity of litter added
and litter type in three forest types, including monsoon evergreen
broadleaved forest (BF), mixed pine and broadleaved forest (MF),

and plantation forest (PF). Values are means ± SD (n=6). * and **
indicate significant differences at 5 and 1 % among litter addition
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content or temperature in the BF and MF. In the PF,
however, soil temperature was significantly higher
(P<0.0001) in the A. mangium stand (21.8 °C) than in
the S. superba stand (20.7 °C), and soil water content
was significantly lower (P<0.001) in the pure
A. mangium stand (13.0 %) than in S. superba stand
(20.7 %).

Discussion

Effects of changes in litter input on litter decomposition

In a litter manipulation experiment, Sayer (2006)
showed that litter addition elicited increases in litter
decomposition in the early stages, although not always

Table 2 Significance of main effects and their interaction on litter decomposition, litter carbon (C) loss, soil respiration, soil organic carbon
(SOC), and dissolved organic carbon (DOC)

Main effect or interaction Dependent variable

Mass loss Litter C loss Soil respiration SOC DOC

Quantity of litter added (LQ) F3=7.23
*** F3=4.92

** F4=20.03
**** F4=0.07 F4=0.14

Litter type (LT) F1=7.75
** F1=8.50

** F1=26.35
**** F1=2.88 F1=2.75

Forest type (FT) F2=6.21
** F2=11.29

**** F2=199.51
**** F2=1.43 F2=37.02

***

LQ×LT F7=4.25
*** F7=3.35

** F9=13.38
**** F9=1.17 F9=1.5

LT×FT F5=4.32
*** F5=6.44

**** F5=170.13
**** F5=8.84

** F5=18.27
***

LQ×FT F11=3.44
*** F11=3.65

**** F14=37.87
**** F14=0.35 F14=5.24

***

LQ×LT×FT F5=2.09
** F5=2.20

** F5=34.85
**** F5=1.83 F5=3.08

***

The F values, degrees of freedom and their level of significance are shown. * P<0.05, ** P<0.01 *** P<0.001, **** P<0.0001

Table 3 Litter C loss (% of initial) and dissolved organic carbon
(DOC, mg kg−1) as affected by the quantity of litter added and
litter type (Schima superba, Ormosia pinnata) in three forest

types, including monsoon evergreen broadleaved forest (BF),
mixed pine and broadleaved forest (MF), and plantation forest
(PF)

Forest/parameter Litter type The quantity of litter added

0 g 2 g 4 g 6 g 8 g

BF

Litter C loss SS 61.92±16.40b 72.29±13.99ab 72.49±14.55ab 80.46±11.57a

OP 53.91±17.71b 60.56±22.04ab 70.14±19.62a 69.26±21.32ab

DOC SS 146.1±86.7 142.1±89.6 140.8±87.6 146.5±82.5 139.8±94.9

OP 182.4±126.4 196.6±127.5 180.0±118.9 191.8±130.5 190.1±120.2

MF

Litter C loss SS 68.65±20.19 77.41±16.17 78.05±10.09 78.69±14.24

OP 69.08±20.66 72.03±22.28 75.69±20.28 76.34±20.60

DOC SS 80.5±64.2 78.6±51.7 77.9±62.2 82.1±72.0 74.1±66.7

OP 96.0±63.1 101.5±69.8 96.4±67.8 99.0±65.5 99.5±62.8

PF

Litter C loss SS 54.35±30.43 59.45±29.35 63.74±30.40 70.64±30.56A

OP 46.75±29.09 55.81±26.50 53.51±27.29 53.66±25.05B

DOC SS 134.9±106.6 154.9±116.7 148.2±110.0 163.0±130.4 154.6±118.1

OP 176.2±127.2 181.4±124.6 197.2±138.0 188.3±132.6 173.6±118.3

Different superscript letters indicate significant differences between quantities of litter added (lowercase letters) and litter type (uppercase
letters) (P<0.05). Values are temporal averages ± SD

Schima superba (SS), Ormosia pinnata (OP)
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significant. Our result also showed that increased litter
input resulted in increased litter mass loss and litter C
loss. This result is also consistent with Ostertag et al.
(2003), who found that the large input of litter following
a hurricane accelerated decomposition. That increases in
litter input enhance decomposition might be explained
in part by the nutrients in the litter. Tropical forests are
often limited by P and other nutrients (Vitousek and
Sanford 1986; Kaspari et al. 2008; Huang et al. 2013).
Higher litter addition corresponded to greater inputs of
labile C components and available nutrients (Wood et al.
2009; Liu et al. 2009), which could stimulate microbial

activity and thus increases the decomposition rate
(Sayer 2006). We found that increases in litter input
led to increased SMBC content in our experiment,
which suggests that an increase in litter input resulted
in increased microbial activity and thus in higher rates of
decomposition. Soil respiration was enhanced by in-
creased litter input in all forests, also indicating that
microbial activity may increase in response to greater
inputs of labile C components and nutrients.

Many studies have reported that decomposition rates
are positively correlated with litter quality (Prescott et al.
1993; Hobbie and Vitousek 2000). In our experiment,
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however, the higher quality O. pinnata litter when com-
pared to the lower quality litter S. superba did not
significantly increase litter decomposition rates. This is
probably because soil N availability is not a limiting
factor in these forests and, especially in the BF (Mo et al.
2006). In addition, decomposer communities are often
adapted to degrade the type of leaf litter that they en-
counter most often, which typically comes from the
plant species growing above them (Ayres et al. 2009;

Strickland et al.; 2009). This results in litter
decomposing more rapidly in its ‘home’ environment
than in an ‘away’ environment (Hunt et al.; 1988), that
had been called the ‘home-field advantage’ (Gholz
et al.; 2000). Unlike S. superba, O. pinnata does not
grow in the three forests used in our study, and the soil
microorganisms in these forests therefore have been less
well adapted to metabolizing O.pinnata litter than
S.superba litter. S. superba litter also contains more
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calcium than O. pinnata litter, and a higher content of
calcium could enhance decomposition in this area
(Waring 2012).

Nutrient availability in the surface soil may also
affect litter decomposition (Prescott et al. 1993;
Hobbie and Vitousek 2000; Cleveland and Townsend
2006). Kaspari et al. (2008) proposed that multiple
nutrients limited litter decomposition in a tropical forest.
At our study site, the BF is in a late stage of succession,
and the nutrient availability in surface soil is higher in

the BF than in the other two forests (Mo et al. 2006;
Fang et al. 2009). The higher nutrient availability may
help explain why the rate of decomposition was highest
in the BF, because higher nutrient availability in the BF
may stimulate soil microbial productivity and multiple
enzyme activities to decompose organic matter (Allison
and Vitousek 2005; Kaspari et al. 2008). In addition, our
results indicated that soil water content significantly
increases from early to late successional forests.
Increased water availability should promote soil
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microbial processes such as litter decomposition and
nutrient mineralization (Niklaus et al. 1998; Cusack
et al. 2009). These results suggest that nutrient and water
availability in the surface soil may help explain why the
increase in litter input enhanced litter decomposition
more in the BF than in the MF and PF.

Effects of changes in litter input on soil respiration

According to previous research, an increased in litter
input leads to an increased labile organic matter in the
surface soil, which enhances microbial activity and gen-
erally increases soil respiration (Cleveland et al. 2007;
Liu et al. 2009; Crow et al. 2009; Chemidlin Prévost-
Bouré et al. 2010; Sayer et al. 2011; Leff et al. 2012).
Consistent with these earlier results and with our hy-
pothesis, our study showed that soil respiration signifi-
cantly increased as litter input increased regardless of
litter type or forest type (Fig. 2). The increase in soil
respiration with an increase in litter input might be at
least partially explained by the associated increases in
SMBC and decomposition rates. Ngao et al. (2012)
found that aboveground organic residue was the main
contributor to soil CO2 efflux in a tropical Eucalyptus
forest. The litter layer is thought to greatly affect soil
CO2 efflux in tropical climates because of high decom-
position rates in that layer (Aerts 1997; Couteaux et al.
1995). Previous studies have noted that increases in
litter inputs may cause priming (Kuzyakov et al.
2000), which could accelerate the decomposition of
older organic matter and result in increases in soil res-
piration (Fontaine et al. 2004; Sayer et al. 2011). Thus,
the increase in soil respiration with an increase in litter
input in our study may also be explained by priming
effects (Fontaine et al. 2007; Sayer et al. 2007, 2011;
Schaefer et al. 2009).

In the BF and MF, soil respiration rates were higher
with S. superba litter than with O.pinnata litter. These
higher respiration rates are likely associated with the
more rapid decomposition of S. superba litter than
O. pinnata litter in these two forests (Aerts 1997;
Couteaux et al. 1995; Ngao et al. 2012). In the PF,
however, soil respiration rates were higher in the
A. mangium stand with O. pinnata litter input than in
the S. superba stand with S. superba litter input.
Relative to the 0 g-litter treatment, addition of 8 g of
litter to the cylinders increased the annual average soil
respiration by 41.5 % in the stand treated with
O. pinnata litter but only by 27.7 % in the stand treated

with S. superba litter. The higher soil respiration with
input ofO. pinnata litter at the PF could be explained by
the higher background soil respiration in the
A. mangium stand than in the S. superba stand. This
result is also consistent with our findings that addition of
8 g of litter per cylinder at the PF increased annual
SMBC by 48.3 % in the S. superba stand but only
28.4% in the A. mangium stand. Overall, soil respiration
was increased more by an increase in the input of
S. superba litter than O. pinnata litter.

Effects of changes in litter input on soil organic C
storage

We found that increases in litter input did not signifi-
cantly affect surface SOC content (Table 2; Fig 3). Our
results agree with earlier studies which found that in-
creased litter input caused non-significant or only subtle
effects on surface SOC content (Nadelhoffer et al. 2004;
Hoosbeek and Scarascia-Mugnozza 2009; Crow et al.
2009; Lajtha et al. 2013). Other studies, in contrast,
reported that litter addition either increased or de-
creased SOC pools (Liu et al. 2009; Leff et al. 2012;
Fekete et al. 2014; Fontaine et al. 2007; Schaefer et al.
2009). These discrepancies can be explained by the
complexity of the underlying biological processes and
interactions and also by differences in study duration,
forest type, soil depth, and the quantity and type of
litter added (Yano et al. 2005; Sayer 2006; Liu et al.
2009; Lajtha et al. 2014). Contrary to our expecta-
tions, litter quality did not influence SOC content. In a
microcosm study, Liu et al. (2009) also found that
changes in litter chemistry did not alter SOC concen-
trations. The results of our study suggest that surface
C pools are not very sensitive to changes in leaf litter
inputs over short timescales.

Litter contains a highly soluble fraction that may
rapidly move into soils with rainfall and may be retained
in mineral soils (McDowell and Likens 1988; Cleveland
et al. 2004). Although earlier studies reported that litter
addition increased DOC concentration in mineral soils
(Liu et al. 2009; Leff et al. 2012), we found that DOC
content in the soil was unaffected by litter quantity or
quality in any of the forest types. This lack of effect can
be explained in several ways. First, soil DOC content
varies greatly with season (Cleveland et al. 2004; Crow
et al. 2009), and we may have missed differences in
DOC content because our sampling interval have been
too long. Second, soil DOC content can vary greatly
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with depth and we sampled only the surface soil
(Kalbitz et al. 2005; Lajtha et al. 2005). In a long-term
litter manipulation experiment, Crow et al. (2009)
showed that DOC concentrations in soil solutions col-
lected at 30 cm depth were greater in control plots than
in double litter plots, it was suggested that long-term
priming reduced mineralizeable C, thus reducing DOC
losses from the double litter plots. In this short-term
study, priming was also likely to occur, thus led to
reduced DOC content in the higher litter addition treat-
ments. Because the leaching of DOC from the litter layer
and its retention in the mineral soil is a complex process
(McDowell and Likens 1988; Cleveland et al. 2004;
Kalbitz et al. 2005; Lajtha et al. 2005; Crow et al.
2009), understanding the changes in soil DOC follow-
ing litter enrichment at our study site will require addi-
tional research.

Whether climate change will lead to an increase or
decrease in the soil C pool will depend on the balance
between inputs of above-and belowground litter and
outputs from decomposition (Scholes et al. 1997). In
our study, SOC content did not change with increasing
litter input, suggesting that the increased C input was
balanced by losses to soil respiration/leaching over short
timescales. Although increased litter input may lead to
accelerated decomposition of some stored SOC due to
priming (Fontaine et al. 2004; Sayer et al. 2011), some
of the increased C input may move into stabilized pools
of soil C (Hyvönen et al. 2007; Hoosbeek et al. 2007)
and result in a net soil C storage (Crow et al. 2009).
However, in a 50-year litter manipulation experiment,
Lajtha et al. (2014) found slow rates of C accumulation
in response to litter additions, which was due to the
increases in the light density fraction C pool. These
results suggest that that a better understanding of how
different litter-derived C sources are moved, mineral-
ized, and stabilized in soil in the long-term may provide
insight into how climate change, by altering litter quality
and quantity, affects soil C storage.

In conclusion, we found that an increase in the quan-
tity of litter added to soil resulted in increased rates of
litter decomposition, litter C loss, and soil respiration in
three subtropical forests representing different stages of
succession. The effect was not always significant, but an
increase in litter addition also resulted in higher SMBC
content. Although the S. superba litter contained less N
and P than the O.pinnata litter, the increases in decom-
position, litter C loss, and soil respiration in response to
increases in litter input were greater with S. superba

litter than with O. pinnata litter, perhaps because the
soil microorganisms at our study sites were better
adapted to metabolizing S. superba litter (Gholz et al.
2000). Our results also suggest that the responses of
litter decomposition, soil respiration, and SMBC to
increases in litter input differ among forest successional
stages. When measured 2.5 years after the start of the
experiment, however, SOC content was not affected by
the quantity of litter added regardless of litter type or
forest type. Additional research is needed to determine
whether these findings can be extrapolated to longer
time scales.
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