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ABSTRACT

Both litter composition and site environment are

important factors influencing litter decomposition,

but their relative roles in driving spatial variation in

litter decomposition among wetlands remain un-

clear. The responses of mass loss and nutrient

dynamics to site environment and litter source

were investigated in Carex brevicuspis leaves from

the Dongting Lake wetlands, China, using recip-

rocal transplants of litterbags. Litters originating

from lower elevation (24–25 m; flooded for 180–

200 days every year) and higher elevation (27–

28 m; flooded for 60–90 days every year) sites were

incubated simultaneously at lower and higher sites

at three locations for 1 year. The remaining litter

mass, N, P, and lignin contents were analyzed

during decomposition. Initial N and P contents

were richer in litters from lower sites than those

from higher ones. The decomposition rate was

higher for the litters originating from lower sites

(0.0030 day-1) than those from higher ones

(0.0025 day-1) and higher at lower sites

(0.0031 day-1) than at higher sites (0.0024 day-1).

Litters from lower sites displayed greater N and P

mineralization than those from higher sites,

whereas only P dynamics were affected by site

elevation. The variation in litter decomposition rate

among the different litter source groups was twice

that among the different site elevation groups.

These data indicate that, in wetlands ecosystems,

litter composition plays a more important role in

the speed of litter decomposition than site envi-

ronment (here represented by site elevation).

Key words: litter decomposition; Carex brevicuspis;

Dongting Lake; wetlands; elevation; reciprocal.

INTRODUCTION

Litter decomposition, a fundamental process of an

ecosystem function, is essential to ecosystem car-

bon and nutrient cycling (Schlesinger 1996). This

process is determined by the relationships between

litter characteristics (for example, nutrient and

lignin content and C/N ratio), site environment

(climatic and soil conditions), and decomposers
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(microbes and invertebrates) (Vivanco and Austin

2008). Litter with higher nutrient and lower lignin

contents usually decays more quickly and more

easily (Fonseca and others 2013).

To discover the general mechanisms of the

decomposition process and model the fluxes of C

and nutrients under various conditions, it is nec-

essary to compare litter composition and environ-

mental effects and determine the common drivers

of decomposition across environmental gradients

(Hobbie and others 2006; Brovkin and others

2012). Recently, an increasing number of recipro-

cal and intersite decomposition experiments have

been carried out at various scales (Prescott 2010).

At the regional and global scales, most experiments

have shown that litter decomposition is more

sensitive to environmental conditions (especially

climate), explaining over 51% of variation in

decomposition (Zhou and others 2008; Cusack and

others 2009). No consistent result has been pro-

duced at the local scale (Hobbie and others 2006;

Makkonen and others 2012). Wang and others

(2014) suggested that litter composition in tem-

perate forests plays a primary role in variation in

decomposition rates (accounting for 57.8% of

variations) with environment being a secondary

factor. In contrast, Hobbie and Gough (2004)

demonstrated a stronger effect of site over litter

characteristics in an Alaskan tundra ecosystem.

Clearly, these processes are specific for individual

ecosystems, mostly because of the variation of both

litter qualities and environment. But currently

there are not adequate data to explain why litter

qualities are a stronger determinant of decomposi-

tion rates in some cases, while in others site char-

acteristics are dominant (Rejmánková and Sirová

2006).

Wetland ecosystems cover only 4–9% of the

global area, but store about 37% of terrestrial car-

bon (Roehm 2005). In these ecosystems, water

conditions, as the key controller of carbon decom-

position, often vary across the elevation gradient,

with lower elevation sites displaying more flooding

and wetter soil (Roehm 2005; Deng and others

2013). In addition, other soil conditions (for

example, redox potential and fertility) and litter

characteristics also change along this gradient (Ni-

castro and others 2012). Numerous studies have

reported the spatial variations of litter dynamics

within and between wetland ecosystems owing to

the elevation gradient; faster litter decomposition is

often found at lower sites due to higher soil mois-

ture and longer flooding periods stimulating

leaching, fragmentation, and activities of microbes

(Harner and others 2009; Tiegs and others 2009).

However, studies that separate the effects of litter

and site characteristics are rare. Moreover, the lack

of information on site environments impedes our

understanding of how the elevation gradient con-

trols litter decomposition according to litter and site

qualities (Nicastro and others 2012).

In this study, variations in decomposition rate

and nutrient dynamics according to elevation were

investigated in Carex brevicuspis leaf litter collected

from the wetlands surrounding Dongting Lake, the

second largest freshwater lake in China. As a

perennial rhizomatous sedge, C. brevicuspis covers

239.5 km2 of the wetland, accounting for 9.12% of

the total lake area. Carex brevicuspis is usually dis-

tributed adjacent to a body of water and extends to

the embankment, along a mild slope of 5�–10�
(Deng and others 2013), which provides an ideal

elevation gradient for this investigation. Here, we

tested the following hypotheses. First, we predicted

that litter from lower sites would decay faster than

that from higher sites. Second, we expected that

litter would decay faster at lower sites than at

higher sites. Third, we suspected that litter quality

would be more important than site environment in

controlling litter decomposition.

METHODS

Study Site

Our study site is located in Dongting Lake wetland.

Dongting Lake (28�30¢–30�20¢N, 111�40¢–
113�10¢E), the second largest freshwater lake in

China, is located in northern Hunan Province. It

lies in a basin to the south of the Yangtze River and

is connected to the Yangtze by distributary chan-

nels. The wetlands are characterized by large sea-

sonal fluctuations in water levels (up to 15 m);

they are flooded from June to October and exposed

from November to the following May. The mean

annual temperature is 16.8�C, with hot summers

(from June to August, 27.3�C) and cold winters

(from December to February, 5.8�C). Annual pre-
cipitation is 1382 mm, with more than 60%

occurring during April to August. The main emer-

gent macrophytes at the site are Phalaris arundi-

nacea, Polygonum hydropiper, C. brevicuspis, and

Miscanthus sacchariflorus.

Experimental Setup

A reciprocal transplant design was used to assess the

influence of site environment and litter character-

istics on decomposition dynamics (Prescott 2010).

Three locations, Xiaoxihu (29�27¢38¢¢N,
112�47¢26¢¢E), Dingzidi (29�25¢48¢¢N, 112�56¢27¢¢E),
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and Junshan (29�22¢34¢¢N, 112�59¢40¢¢E), all domi-

nated by C. brevicuspis, were selected. The experi-

ment had two fully orthogonal factors: (1) site

elevation with two levels: low (24–25 m above sea

level, flooded for several months) and high (27–

28 m above sea level, flooded for several days); and

(2) litter source with two levels, representing C.

brevicuspis leaves collected from the low or high sites.

At each location, three sites were selected at each

elevation, 50 m apart from each other. Newly

senescent C. brevicuspis brown leaf litter was col-

lected as standing dead litter from both elevations

in March 2014. After collection, all litter was air-

dried for 48 h to achieve a constant mass and cut

into approximately 10-cm-long pieces prior to lit-

terbag construction. Weighed litter samples (5 g)

were placed into a 10 9 15 cm mesh nylon bag.

The bag mesh size was 1 mm, which is sufficient to

prevent macroinvertebrates from passing through

while allowing for colonization of microbial

organisms and litter fragment loss into the water

(Langhans and others 2008).

In March 18, 2014, litterbags originating from

both elevations were buried to 5 cm deep in the soil

of each site at both elevations (total 18 bags per

site 9 18 sites = 324 bags). The litterbags were

fastened with iron wire to prevent them being

washed away by flood waters. Both litters from

lower and higher sites were incubated simultane-

ously at the lower and higher elevation sites.

Meanwhile, fresh soil samples were collected at a

depth of 10 cm at each site and taken to the labo-

ratory for measurements of moisture, bulk density,

as well as soil organic C, N, and P contents. Vivanco

and Austin (2008) also chose this depth for fresh

soil sampling (10 cm) because decomposition

might be affected by the soil both above and under

the litter (Shilenkova and Tiunov 2013).

Three bags for each litter source and each site

were randomly sampled at days 30, 255, and 360

after incubation. Sampling was not carried out

during days 30–255 when the lower sites were

flooded and could not be accessed. Another 36

samples (3 replicates 9 2 litter sources 9 2 eleva-

tions 9 3 sites) were sampled to measure initial

litter characteristics. After collection, litter samples

were hand-washed gently with deionized water

until the water ran clear. Then samples were oven-

dried to a constant weight for a week at 60�C to

measure the remaining dry mass (with 0.01 g

accuracy).

The litter samples were ground to powder and

passed through a 0.5-mm mesh screen to analyze

litter components. Organic C content was analyzed

using the H2SO4–K2Cr2O7 heat method; N and P

contents were measured using Kjeldahl digestion

followed by colorimetric analysis, and cellulose and

lignin contents were measured using H2SO4

hydrolysis (Graça and others 2005). Each fresh soil

sample was divided into two sections; one section

was used to test moisture and the other was air-

dried in the shade and sieved through a 60-mesh

screen to analyze the other soil components.

Moisture was determined after drying the samples

at 105�C for 48 h and then calculated as ([W - D]/

W) 9 100%, whereW is the soil fresh weight and D

is the soil dry weight (Chen and others 2015). Bulk

density was calculated based on moisture. Analyses

of organic C and N content for soil were carried out

in accordance with those for litter. Soil P content

was analyzed using the sodium hydroxide digestion

method (Deng and others 2013).

Data Analysis and Statistics

The decomposition rate (k) was calculated using

the following equation:

�kt ¼ ln Wt=W0ð Þ;

where W0 is the initial litter mass and Wt the mass

remaining at time t (days) (Olson 1963). The

remaining mass was calculated as the percentage of

the initial mass, and the litter components (N, P,

and lignin) remaining as the litter mass 9 litter

component contents.

Differences in soil properties at initial testing

between the lower and higher sites were analyzed

using Student’s t tests. Remaining mass and litter

components were compared by four-way analysis

of variance (ANOVA), with time, litter source, site

elevation, and location as the main factors (Re-

jmánková and Sirová 2006). Within each litter

source, the response variables were compared

using three-way ANOVA with time, litter source,

and site elevation as the main factors. Values were

natural log-transformed to homogenize variation

among groups. All statistical analyses were per-

formed using the statistical software SPSS 21.

RESULTS

Soil Properties

The results of the t test showed that the soil prop-

erties differed between the two site elevations

(Table 1). Compared with leaf litter from the lower

sites, that from the higher sites was lower in soil

moisture, organic C, N, and P contents and higher

in bulk density (P < 0.05; Table 1). These results

demonstrate that the lower sites promoted litter
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decomposition to a greater degree than the higher

ones.

Initial Litter Properties

The results of the t test also showed that initial litter

properties differed between the two sources (Ta-

ble 1). Compared with litter from the lower sites,

that from higher sites was lower in N and P and had

higher ratios of C/N and lignin/N (P < 0.05; Ta-

ble 1). These results demonstrate that decomposi-

tion potential was higher in litter from lower sites

than from higher sites.

Litter Decomposition

All the litter decayed quickly during the whole

incubation period (Figure 1). At the end of the

experiment, the proportions of remaining mass at

the lower and higher sites were 29.36 and 38.00%

for litter from lower sites and 37.88 and 42.32% for

litter from higher sites, respectively (Figure 1). The

litter decomposition rates were quickest in litter

from lower sites at lower sites and slowest in litter

from higher sites at higher sites (Table 2).

All the litters had released N and P at the end of

the incubation (Figure 1). Remaining P decreased

more rapidly than remaining N. The release of N

from leaf litters was significantly higher at the

lower elevation sites (P < 0.01; Figure 1). N and P

decreased more quickly in litter from the lower

sites than in litter from the higher sites (Figure 1).

However, lignin degradation was affected by nei-

ther litter source nor site elevation (P > 0.05;

Figure 1).

The ANOVA results showed that remaining litter

mass was affected by both litter source and site

elevation (P < 0.01; Table 3). Significant interac-

tions (P < 0.01; Table 3) between litter source and

site elevation indicated that these two factors

jointly affected decomposition. Comparing the F

values shows that the factor litter source had a

greater influence on litter decomposition than site

elevation (Table 3).

DISCUSSION

At the same site elevation, litter from lower sites

decayed faster than that from higher sites, which is

consistent with our first hypothesis. Generally, in a

given environment, decomposition rates are

mainly determined by the litter characteristics. In

the present study, the higher initial N and P con-

tents and the lower ratios of C/N and lignin/N

probably promoted decay in the litter from lower

sites, as observed in a previous work (Pettit and

others 2012). The initial litter nutrients at the lower

sites were higher than those at the higher sites, due

to site environment. The lower sites were charac-

terized by higher soil nutrient levels and more

flooding. A previous study suggested that plants

growing at sites with rich nutrient contents tended

to accumulate more N and P in leaves and, hence,

in litter (Aerts and others 2012). Additionally,

during leaf senescence, nutrient resorption from

Table 1. Soil Properties and Litter Components at Two Elevations

Parameter Low elevation High elevation

Soil property

Moisture (%) 40.8 ± 2.9a 33.8 ± 0.7b

Bulk density (g cm-3) 1.23 ± 0.03b 1.40 ± 0.40a

Organic C (%) 2.1 ± 0.2a 1.5 ± 0.1b

N (%) 0.18 ± 0.02a 0.17 ± 0.01b

P (%) 0.10 ± 0.00a 0.09 ± 0.00b

Litter quality

Organic C (%) 37.61 ± 2.31 37.68 ± 5.90

N (%) 0.944 ± 0.091a 0.782 ± 0.023b

P (%) 0.087 ± 0.007a 0.079 ± 0.006b

Cellulose (%) 12.74 ± 3.34 10.43 ± 3.67

Lignin (%) 26.09 ± 4.75 29.96 ± 5.89

Ratio of C/N (g g-1) 40.16 ± 4.74b 48.01 ± 6.28a

Ratio of C/P (g g-1) 433.85 ± 42.04 482.76 ± 91.50

Ratio of N/P (g g-1) 10.90 ± 1.39 10.00 ± 0.99

Ratio of lignin/N (g g-1) 27.62 ± 4.32b 38.40 ± 8.23a

All values are expressed based on dry mass measurements. Values are means of nine replicates. The differences were compared by t test. Different letters between elevations
indicate significant differences (P < 0.05; t test) for the soil property or litter component.
Values are mean ± SD.
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litter to living tissues was less proficient as a re-

sponse to the longer flooding, so that less nutrients

remained in the falling litter (González and others

2010).

We also observed that litter from the same source

decayed faster at the lower sites than at the higher

sites, which is consistent with our second hypoth-

esis and with the findings of Nicastro and others

(2012). This phenomenon might result from the

conditions at lower sites being more suitable for

quick decomposition, with greater soil moisture,

higher levels of nutrients, and more flooding (Pettit

and others 2012; Zhao and others 2015). At lower

sites, fungal colonization might be promoted as a

result of the higher nutrient uptake capacity and

enzymatic activity (Battle and Golladay 2001). A

positive relationship between microbial activity

and soil moisture was also observed at this study

site in our previous work (Liu and others 2013).

The faster release of N at lower sites suggested that

fungus utilized litter more efficiently, as suggested

by Fonseca and others (2013). Moreover, leaching,

fragmentation, and microbe activity might also be

increased with the increase of flooding duration

(Wallis and Raulings 2011).

The F value for litter source was twice that for

site elevation although both were significant,

indicating that differences in decomposition were

determined more by litter characteristics than site

environment. However, this variation might have

resulted from local variations in the sites and litter

characteristics. In studies covering regional or glo-

bal scales, sites are selected to cover a large latitu-

dinal gradient. For example, in a study by

Makkonen and others (2012), sites covered sub-

arctic, Mediterranean, and moist tropical forests.

Another long-term experiment included a wide

variety of natural and managed ecosystems, con-

sisting of 12 forest types at eight locations across

China (Zhou and others 2008). In these studies, the

environmental conditions were highly different

among sites. Therefore, the processes that occur

within localized microbial communities at the dif-

ferent sites might be influential enough to out-

weigh the litter characteristics, as suggested by

Rejmánková and Sirová (2007). At the local scale,

some studies have reported results that differ from

ours (Manning and others 2008; Cusack and others

2009; Nicastro and others 2012). These studies

concluded that variations resulting from litter

properties were not significant or were much

smaller than variations based on site. In our study,

the sites did differ in terms of flooding duration, soil

moisture, and soil fertility, but these differences

were certainly smaller than they would be across

Figure 1. Dynamics of litter mass and litter components

according to litter source and site elevation. Lower–

lower, lower–higher, higher–lower, and higher–higher

indicate litter originating from the lower site decaying at

the lower and higher sites and litter originating from the

higher site decaying at the lower and higher sites,

respectively. *P < 0.05; **P < 0.01.
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larger regions. Then, if litter quality differed sig-

nificantly among the two elevations, it became the

stronger controller for decomposition, as supported

by Keuskamp and others (2015) and Berger and

others (2015).

Another explanation for the variations observed

in decomposition might relate to constraints

resulting from aspects of the sites or the litter itself.

For decomposition to occur quickly and/or com-

pletely, conditions (such as temperature and

moisture) must surpass certain thresholds (Prescott

2010). In certain ecosystems, such as tundra

ecosystems, where temperature and moisture

constrain decomposition, the litter material is less

important (Vitousek 2004; Rejmánková and Sirová

2007; Bradford and others 2015). In the present

study, though the environmental conditions,

including nutrient contents and water conditions,

differed among elevations, they were unlikely to

have constrained decomposition at either eleva-

tion. This is indicated by the fact that lignin

degradation and P release were not sensitive to site

elevation. With regard to the litter itself, the fact

that N and P were released quickly from all litters

by the end of the incubation period suggested that

the litter satisfied the nutrient demands of fungus

for utilizing litter carbon (Xie and others 2016).

Therefore, the exogenous nutrient supply from

sites might be less important for decomposers than

the litter qualities and thus less of a constraint to

decomposition. The insensitivity of P dynamics to

site elevation further supports this conclusion.

Recently, Hu and others (2014) demonstrated

that the elevation and community characteristic of

C. brevicuspis and other plants in Dongting Lake

have changed through wetland succession as a re-

sponse to climate changes and hydropower con-

struction. Our study suggests that litter

characteristics (for example, plant species and

nutrient content) require greater attention when

evaluating the consequences of environmental

changes.

Given that our study was only 1 year, and our

findings are exclusively related to the early stages

of decomposition and cannot predict long-term

decomposition rates, we need to further explore

the response of litter decomposition to site envi-

ronment and litter source in experiments lasting

several years.

CONCLUSIONS

In summary, our experiment provides an initial

insight into the relative importance of several fac-

tors that affect how litter decomposition occurs in

wetlands. Our findings suggest that litter composi-

tion plays a more important role in determining

local variations in the speed of litter decomposition

than site environment, though both were signifi-

cant.
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González E, Muller E, Comı́n FA. 2010. Leaf nutrient concen-

tration as an indicator of Populus and Tamarix response to

flooding. Perspect Plant Ecol 12:257–66.

Graça MA, Bälocher F, Gessner MO, Eds. 2005. Methods to

study litter decomposition: a practical Guide. Amsterdam:

Springer.

Harner MJ, Crenshaw CL, Abelho M, Stursova M, Follstad Shah

JJ, Sinsabaugh RL. 2009. Decomposition of leaf litter from a

native tree and an actinorhizal invasive across riparian habi-

tats. Ecol Appl 19(5):1135–46.

Hobbie SE, Gough L. 2004. Litter decomposition in moist acidic

and non-acidic tundra with different glacial histories.

Oecologia 140:113–24.

Hobbie SH, Reich PB, Oleksyn J, Ogdahl M, Zytkowiak R, Hale

C, Karolewski P. 2006. Tree species effects on decomposition

and forest floor dynamics in a common garden. Ecology

87(9):2288–97.

Hu JY, Xie YH, Li F, Hou ZY. 2014. Characteristics of Carex bre-

vicuspis and its impact factors in Dingzidi, East Dongting Lake.

Chin J Appl Ecol 25(3):745–51.

Keuskamp JA, Hefting MM, Dingemans BJJ, Verhoeven JTA,

Feller IC. 2015. Effects of nutrient enrichment on mangrove

leaf litter decomposition. Sci Total Environ 508:402–10.

Langhans SD, Tiegs SD, Gessner MO, Tockner K. 2008. Leaf-

decomposition heterogeneity across a riverine floodplain

mosaic. Aquat Sci 70:337–46.

Liu YY, Sun QY, Li F, Xie YH. 2013. Soil microbial characteristics

of Dongting Lake wetlands with different typical vegetation

communities. Chin J Ecol 32(5):1233–7.

Makkonen M, Berg MP, Handa IT, Hättenschwiler S, van Rui-

jven J, van Bodegom PM, Aerts R. 2012. Highly consistent

effects of plant litter identity and functional traits on decom-

position across a latitudinal gradient. Ecol Lett 15:1033–41.

Manning P, Saunders M, Bardgett RD, Bonkowski M, Bradford

MA, Ellis RJ, Kandeler E, Marhan S, Tscherko D. 2008. Direct

and indirect effects of nitrogen deposition on litter decompo-

sition. Soil Biol Biochem 40:688–98.

Nicastro A, Onoda Y, Bishop MJ. 2012. Direct and indirect effects

of tidal elevation on eelgrass decomposition. Mar Ecol Prog

Ser 456:53–62.

Olson JS. 1963. Energy storage and the balance of producers and

decomposers in ecological systems. Ecology 44:322–31.

Pettit NE, Davies T, Fellman JB, Grierson PF, Warfe DW, Davies

PM. 2012. Leaf litter chemistry, decomposition and assimila-

tion by macroinvertebrates in two tropical streams. Hydrobi-

ologia 680:63–77.

Prescott CE. 2010. Litter decomposition: what controls it and

how can we alter it to sequester more carbon in forest soils?

Biogeochemistry 101:133–49.
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