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Abstract Litter decomposition is a critical process

for the maintenance of terrestrial ecosystems.

Although large quantities of organic matter and

nutrients are supplied by branch litter, its decompo-

sition has received little attention. In this study, we

focused on Quercus mongolica, one of the most

common temperate deciduous woody species in the

Northern Hemisphere, to investigate the age-related

decomposition rate of branches. Branches of different

age classes (2, 4, 7, 10, and 13 years), downed after a

summer windstorm, were collected, and mass loss was

measured over 24 months using the litterbag method.

Litterbag samples were retrieved every 4 months and

analyzed for dry weight, carbon (C), nitrogen (N),

lignin, and cellulose concentration, and also two litter

quality indices (C/N and lignin/N) were calculated.

Mass loss by decomposition was significantly faster in

2-year-old branches (34.78 %) than in 13-year-old

branches (25.71 %). Branch decomposition showed a

negative relationship with the initial C concentration,

C/N, and lignin/N, but a positive relationship with the

initial lignin and N concentrations. The decomposition

rate differed significantly between different branch

age classes and initial litter qualities and was strongly

influenced by the initial N concentration and C/N.

Overall, the results showed that total N and C/N might

be the key factors in the decomposition of Q.

mongolica woody materials, and they could be used

as predictive indices of branch decomposition in

future studies.

Keywords Branch age � Wood decomposition �
Chemical composition �Nitrogen and lignin �Quercus
mongolica

Introduction

Wood species are a major fraction of net primary

production and biomass and, thus, are considered a

nutrient reservoir and important component of the

carbon (C) pool in forest ecosystems (Harmon et al.

1986; Bargali 1996; Chen et al. 2005). Wood debris on

the forest floor increases habitat diversity and

enhances seedling survival and growth (Abbott and

Crossley 1982; Freedman et al. 1996; Ganjegunte et al.

2004). In addition, woody litter decomposition con-

siderably influences carbon dynamics in forest ecosys-

tems (Upadhyay and Singh 1985; Yatskov et al. 2003).

Therefore, more information is needed on woody litter

decomposition in order to better understand the basic

functions of forest ecosystems and make better forest

management decisions (Tuomi et al. 2011).
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Although the amount of branch litter, which is fine

woody debris typically\10 cm in diameter, is much

smaller than that of foliar litter (Laiho et al. 2003), the

former may be of great importance regarding C

cycling and storage in forest ecosystems (Vávřová

et al. 2009). Bray and Gorham (1964) suggested that

branch litter comprises approximately 30 % of total

litterfall in temperate forests and acts as a long-term

nutrient reservoir that releases nutrients slowly and

influences nutrient dynamics (Harmon et al. 1986).

Despite the importance of branch litter, little is known

about the decomposition dynamics of this material

(Fasth et al. 2011), whereas no information is available

on the relationship between branch age and decom-

position rate. Litter chemical composition, defined as

substrate quality, debris type and size, and litter age

(Harmon et al. 1986) are considered highly important

factors in the determination of decomposition rates

(Ganjegunte et al. 2004; Ge et al. 2013). Lignin is an

abundant component of litter that reduces the decom-

position rate of woody debris (Upadhyay and Singh

1985; Ganjegunte et al. 2004; Fioretto et al. 2005;

Garrett et al. 2010). Total nitrogen (N), C/N, and

lignin/N are considered good factors for predicting the

decomposition rate of litter (Melillo et al. 1982; Berg

and Ekbohm 1991; Bargali 1996).

The Mongolian oak (Quercus mongolica Fischer ex

Ledebour), which is mainly distributed in Korea,

North China, Northeast China, Japan, and parts of

Russia (Zhang 2000), is the dominant plant species in

the temperate deciduous forests of the cool temperate

forest zone of Korea (Yim 1977; Yim and Baik 1985).

Additionally, Quercus species (Fagaceae), including

Q. mongolica, are the most common woody plants in

the Northern Hemisphere (Manos et al. 1999). There-

fore, it is very important to understand the ecological

functions within theQ. mongolica forests of Northeast

Asia. Previous studies have investigated the decom-

position of Quercus litter (Abbott and Crossley 1982;

Upadhyay and Singh 1985; Mun 2004; Li et al. 2009;

Osono et al. 2014); however, little is known about the

pattern of age-related changes in nutrient concentra-

tion and the decomposition rate of branch litter.

In this study, we aimed to determine the decompo-

sition rates of newly downed branches of different age

classes (2, 4, 7, 10, and 13 years) collected in Q.

mongolica-dominated temperate deciduous forests.

We hypothesized that the initial chemical quality and

branch age affected the decomposition rate of

branches, and that the initial chemical quality and

decomposition rate would decrease with branch age.

To test these hypotheses, we examined the relation-

ships between branch age and chemical composition,

decomposition rate, and nutrient dynamics over a

decomposition period of 24 months.

Materials and methods

Study site

In the present study, we performed a decomposition

experiment in a Q. mongolica forest at Mt. Jumbong

(38�0203500N, 128�2504000E; peak elevation 1424 m

above sea level), a Long Term Ecological Research

site in the southern part of the Seorak National Park.

Q. mongolica accounts for 46.3 % (6787 km2) of

the total deciduous broad-leaved forest area

(14,663 km2) in South Korea (Yang 2001). In

1982, Mt. Jumbong and Mt. Seorak were the first

sites in Korea that designated biosphere reserves by

the UNESCO’s Man and the Biosphere (MAB)

project. The Jumbong Long Term Ecological

Research site includes three permanent plots

(100 m 9 100 m each) that are individually domi-

nated by Q. mongolica, Abies holophylla, and Pinus

densiflora. Each permanent plot is divided into 25

subplots (20 m 9 20 m each).

This study was performed in the Q. mongolica-

dominated permanent plot, in which Q. mongolica is

usually mixed with Q. serrata and Fraxinus rhyn-

chophylla in the tree layer; Acer pseudosieboldianum,

Rhododendron schlippenbachii, Symplocos chinensis,

F. rhynchophylla, Lindera obtusiloba, Lespedeza

maximowiczii, and Magnolia sieboldii in the sub-tree

layer and shrub layer; and Syneilesis palmata, Sasa

borealis, L. maximowiczii, and Carex siderosticta in

the herb layer (Yim and Baik 1985). The coverage of

the tree layer is 80–90 %, that of the shrub layer is

40–55 %, and that of the herb layer is 40–80 %.

From 1980 to 2010, the average annual temperature

at the Inje meteorological station (14.6 km from the

study site, elevation 200 m above sea level) was

10.7 �C, and the annual precipitation was 1170 mm.

During summer (June through August), the average

monthly temperature was 20.0–23.3 �C, and the

monthly precipitation was 118–307 mm. During win-

ter (December through February), the average
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monthly temperature was -2.0 to -5.2 �C, and the

monthly precipitation was 18–21 mm.

In September 2011, four soil sample cores were

collected at random from the 0–20-cm layer in the Q.

mongolica-dominated permanent plot and ignited in a

muffle furnace at 550 �C for 12 h. The pH was

measured using a Corning 345 digital pH meter

(Corning Inc., Corning, NY, USA). Calcium (Ca),

phosphorus (P), potassium (K), and magnesium (Mg)

concentrations were determined with a JY-ULTIMA-

2 inductively coupled plasma spectrometer (Jobin–

Yvon, Longjumeau, France). The soil at the study site

had a high clay content, slight acidity, and low soil

organic matter content, and contained 687 mg kg-1

Ca, 146 mg kg-1 P, 1499 mg kg-1 K, and

2686 mg kg-1 Mg (Table 1).

Experimental design

A class interval of three years was chosen to determine

the differences between the decomposition rates of 2-

to 13-year-old branches over a decomposition period

of 24 months. One-year-old branches were excluded,

since they did not conclude a full growing season. In

September 2011, samples of 2-, 4-, 7-, 10-, and

13-year-old branches were collected from the south-

facing slopes of Q. mongolica-dominated forest adja-

cent to the permanent plot and obtained from newly

downed Q. mongolica specimens (diameter at breast

height[30 cm), with no signs of decay, immediately

after a summer windstorm (Bargali 1996). Branch age

was determined by counting the internodes from the

tip of each branch (Li et al. 2009) and measuring the

diameter of each branch with a micrometer. The

branches were cut into 4-cm-long pieces and dried at

60 �C to a constant mass. Dried woody samples (10 g

each) were placed into 10 cm 9 10 cm litterbags

made of polyvinyl chloride-coated fiberglass (mesh

size 2 mm) along with an aluminum identification tag.

One hundred twenty litterbags were prepared and four

forest floor plots were selected randomly to place

litterbags. Four plots (10 m 9 10 m each) were

arranged in a transect and spaced 50–100 m apart in

the Q. mongolica-dominated forest. We selected plots

with similar slope and elevation in order to minimize

the impact of other environmental factors. In each plot,

30 litterbags (six litterbags per branch age class) were

placed on the forest floor surface in December 2011.

The sampling of litterbags occurred six times every

four months over a decomposition period of

24 months. At each sampling, 20 litterbags (four

litterbags per branch age class) were randomly

retrieved from the four plots (five litterbags per plot)

for analysis.

Mass loss measurements

Litterbags retrieved from the experimental site were

transported to the laboratory and kept at -20 �C until

further processing. Soil or roots that penetrated into

the litterbags were carefully removed, and wood

samples were dried at 60 �C to a constant mass.

The remaining mass was determined as the per-

centage of retrieved dry mass to initial mass prior to

decomposition. The decomposition coefficient k was

calculated by non-linear regression based on the single

exponential decomposition model as follows (Olson

1963):

Xt ¼ Xoe
�kt;

where Xt is the mass at time t and Xo is the initial mass.

Litter half-life (t0.5), which is the time necessary to

reach 50 %mass loss, was estimated as follows (Olson

1963):

Table 1 Physical and chemical properties of soil at Mt. Jumbong, Seorak National Park, Korea, in September 2011

SOM (%) pH Soil texture Mineral nutrient content (mg kg-1 soil)

Sand (%) Silt (%) Clay (%) Ca P K Mg

Mean 11.9 4.6 27.8 19.4 52.8 686.8 146.2 1498.9 2685.8

SD (±) 1.2 0.04 71.4 21.3 135.8 395.8

Mean, average value of four soil samples

SD standard deviation, SOM soil organic matter, Ca calcium, P phosphorus, K potassium, Mg magnesium
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t0:5 ¼ � lnð0:5Þ=ðkÞ ¼ 0:693=k:

Chemical analysis

The dried wood samples were pulverized using a

Wiley mill (Thomas Scientific, Swedesboro, NJ,

USA) with a 0.1-mm mesh. Subsequently, 0.5 g

pulverized samples were used for determining

organic C, total N, lignin, cellulose, and ash

contents. The concentration of organic C was

measured using the dichromate wet oxidation

method as described by Nelson and Sommers

(1996). Total N was determined by the Kjeldahl

method (Bremner 1996) using a Tecator digestion

system (FOSS, Hillerod, Denmark) and a Kjeltec

8100 distillation apparatus (FOSS). Lignin and

cellulose were determined using the acid detergent

fiber method as described by Rowland and Roberts

(1994). Ash content was determined by ignition at

550 �C for 4 h.

Statistical analysis

One-way analysis of variance (ANOVA), followed

by Duncan’s new multiple range test, was used to

identify significant differences (p\ 0.05) in the

initial chemical concentrations among the branch

age classes. Correlation analysis was performed to

identify relationships among branch age class, initial

chemical components (C, N, lignin, cellulose, C/N,

and lignin/N), and mass loss. Regression slopes of

changes in chemical components and mass loss in

relation to branch age class were determined.

Intercepts (a) and slopes (b) of regression equations

were calculated for the linear relationship using

least-squares regression, and the slope of N dynam-

ics was named N concentration increase rate (NCIR;

Berg et al. 1997). All statistical analyses were

conducted using SPSS 17.0 (IBM SPSS Inc.,

Chicago, IL, USA). Additionally, we used non-

metric multidimensional scaling (NMDS) to exam-

ine the relationships between decomposing branches

of different age classes and initial litter quality using

meta-multidimensional scaling and envfit functions

in the Vegan library of R 2.15.3 (R Development

Core Team; http://cran.r-project.org).

Results

Initial chemical composition

The diameter and initial chemical composition of Q.

mongolica branches at different age classes are

presented in Table 2. The mean diameter of 2-, 4-,

7-, 10-, and 13-year-old Q. mongolica branches were

3.63, 5.43, 6.75, 10.28, and 14.45 mm, respectively.

Total C concentration was the lowest in 2-year-old

branches (44.2 % of dry mass), but did not differ

significantly between age classes (44.2–44.7 % of dry

mass). Total N concentration decreased with branch

age and ranged between 0.27 % of dry mass in 10- and

13-year-old branches and 0.44 % of dry mass in

2-year-old branches. Lignin concentration was the

highest in 2-year-old branches (23.5 % of dry mass)

and decreased with branch age, ranging between

18.3 % in 13-year-old branches and 19.8 % in 4-year-

old branches. Cellulose concentration increased with

branch age and ranged between 34.0 % of dry mass in

2-year-old branches and 45.2 % of dry mass in

13-year-old branches. Ash content decreased with

branch age and ranged between 0.75 % of dry mass in

10- and 13-year-old branches and 1.80 % of dry mass

in 2-year-old branches. C/N and lignin/N showed

linear relationships with branch age. C/N was the

lowest in 2-year-old branches (101.3) and the highest

in 13-year-old branches (168.3), whereas lignin/N was

the lowest in 2-year-old branches (58.8) and the

highest in 10-year-old branches (72.9) (Fig. 1).

Mass loss and decomposition rates

After 24 months of decomposition, the mass of 2-year-

old branches reduced by 34.8 % of the initial mass, of

4-year-old branches by 29.6 % of the initial mass, of

7-year-old branches by 29.2 % of the initial mass, of

10-year-old branches by 28.2 %of the initial mass, and

of 13-year-old branches by 25.7 % of the initial mass

(Fig. 2). Mass loss decreased with branch age during

the decomposition period (R2 = 0.816, p\ 0.05;

Fig. 3). Decomposition rates decreased with branch

age, and the decomposition coefficients k ranged

between 0.159 in 2-year-old branches and 0.217 in

13-year-old branches (Table 3; Fig. 3). Litter half-life

ranged between 3.2 years in 2-year-old branches and

4.4 years in 13-year-old branches (Table 3).
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Table 2 Initial chemical composition of Quercus mongolica branches in different age classes (2, 4, 7, 10, and 13 years)

Branch age class (years)

2 4 7 10 13

Diameter (mm) 3.63 ± 1.14 5.43 ± 1.85 6.75 ± 2.52 10.28 ± 3.27 14.45 ± 3.87

Carbon (%) 44.2 ± 0.3a 44.6 ± 0.1b 44.5 ± 0.1b 44.5 ± 0.2b 44.7 ± 0.0b

Nitrogen (%) 0.44 ± 0.02a 0.34 ± 0.01b 0.30 ± 0.01c 0.27 ± 0.01d 0.27 ± 0.00d

Lignin (%) 23.5 ± 2.1a 19.8 ± 0.3b 19.1 ± 0.7b 19.7 ± 0.1b 18.3 ± 0.8b

Cellulose (%) 34.0 ± 2.9a 42.0 ± 0.4ab 43.3 ± 0.1ab 46.8 ± 0.0b 45.2 ± 1.1c

Ash (%) 1.80 ± 0.67a 0.90 ± 0.20b 1.15 ± 0.19b 0.75 ± 0.41b 0.75 ± 0.10b

Carbon/nitrogen 101.3 ± 5.1a 130.2 ± 3.2b 148.3 ± 2.1c 165.2 ± 1.0d 168.3 ± 4.4d

Lignin/nitrogen 58.8 ± 5.1a 57.7 ± 0.8a 63.6 ± 2.5b 72.9 ± 2.7c 68.8 ± 2.8c

Values are means (n = 4) and ±SD

Different lowercase letters in the same row indicate differences at p\ 0.001 (Duncan’s new multiple range test)

Fig. 1 Relationships

between initial a carbon/

nitrogen (C/N) and b lignin/

nitrogen (lignin/N) and

different age classes (2, 4, 7,

10, and 13 years) of

Quercus mongolica

branches (n = 5)

Fig. 2 Changes in mass of Quercus mongolica branches in

different age classes (2, 4, 7, 10, and 13 years) during a

decomposition period of 24 months. Bars indicate SD (n = 4)

Fig. 3 Relationship between mass loss and different age

classes (2, 4, 7, 10, and 13 years) of Quercus mongolica

branches during a decomposition period of 24 months (n = 5).

Numbers near each black circle indicate branch age
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Changes in litter chemical composition

during decomposition

In decomposing branches, C concentration showed a

similar pattern with mass loss (Fig. 4a), whereas N

concentration increased by immobilization (Fig. 4b).

Significant immobilization of N occurred during the

summer, due to high humidity and air temperature.

Total N concentration showed a different increase rate

(as determined by the regression slope) in different

branch age classes during decomposition (Fig. 4b).

The increase in total N concentration was positively

correlated with branch age (Fig. 5a); thus, it was the

fastest in the 13-year-old branches. The amount of

remaining cellulose decreased after a year, whereas

the amount of remaining lignin remained

stable throughout the decomposition period (Fig. 4c,

d). Both C/N and lignin/N showed similar patterns and

gradually decreased during the decomposition period

(Fig. 4e, f). The decrease rate of C/N and lignin/N was

the slowest in 2-year-old branches and the fastest in

the 13-year-old branches; therefore, it showed a

significant negative relationship with branch age

(Fig. 5b, c).

Decomposition rate and litter qualities

The rate of branch decomposition decreased with

branch age and was positively correlated with the

initial total N and lignin concentrations. However, the

initial C and cellulose concentrations and the initial

C/N and lignin/N were negatively correlated with the

rate of litter decomposition (Fig. 6). The 2-year-old

branches had the highest lignin and N concentrations

and showed the most rapid decomposition rate

(Table 2; Fig. 2). Additionally, branch diameter, sur-

face area, and volume were significantly positively

correlated with branch age, but did not show any

significant relationship with mass loss (Table 4).

NMDS analysis showed that each branch age class

was clearly distinguished by differences in mass loss,

which was more strongly correlated with total N and

C/N than the other litter qualities (Fig. 7). Total N

showed a strong positive correlation with mass loss in

each branch age class during the decomposition

period, whereas C/N showed a strong negative corre-

lation with mass loss (Fig. 6). Moreover, lignin/N had

a less explanatory power for the decomposition rate

than lignin (Figs. 6, 7).

Discussion

Variation in chemical composition in relation

to branch age

Our study showed that N, cellulose, and lignin

concentrations as well as C/N and lignin/N differed

significantly among the branch age classes. Tree

branches are composed of tissues of different ages;

therefore, the nutrient contents are not evenly dis-

tributed and are lower in older tissues (Li et al. 2009).

In general, N concentration is high in the actively

growing parts of the trees and low in the structural

parts that are not actively growing. Our results showed

that N decreased significantly with branch age (Li

et al. 2009), whereas cellulose concentration increased

with branch age (Ona et al. 1997; Ohshima et al.

2005).

Lignin concentration was high in 2-year-old

branches of Q. mongolica, and it decreased with

branch age. Bao et al. (2001) and Ona et al. (1997)

reported that young wood has a higher lignin concen-

tration than mature wood, and that lignin concentra-

tion naturally decreases with age and the increasing

mature wood volume. In this study, lignin concentra-

tion in different age classes was significantly posi-

tively correlated with N concentration (R2 = 0.957,

Table 3 Decomposition coefficient k and half-life (50 % decomposition) of Quercus mongolica branches in different age classes (2,

4, 7, 10, and 13 years) after a decomposition period of 24 months

Parameters Branch age class (years)

2 4 7 10 13

Decomposition coefficient k 0.217 0.179 0.179 0.171 0.159

Half-life (years) 3.2 3.9 3.9 4.1 4.4

Half-life was calculated as described by Olson (1963)
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p\ 0.001), whereas the lowest lignin/N was found in

2-year-old branches (Fig. 1b). Li et al. (2009) found

that C concentration was independent of age in 1- to

4-year-old Q. aquifolioides branches. However, they

found that N concentration significantly decreased,

whereas C/N significantly increased with branch age,

results that were in agreement with those obtained in

this study (Table 2; Fig. 1a).

Mass loss and nutrient dynamics in different

branch age classes

Our data showed that mass loss decreased with the

increasing branch age class, and that changes in the

chemical composition varied individually during

decomposition. Nitrogen concentration increased in

all branch age classes, except for 2-year-old branches,

lignin remained stable, and cellulose fluctuated with

season and started to decrease after a decomposition

period of 21 months. Many studies have focused on

leaf litter because of its high importance in forest

ecosystems (Berg and McClaugherty 2008). The

annual input of branch litter accounts for a substantial

percentage of the total annual litter production and

plays an important role in the dynamics of temperate

forests (Harmon et al. 1986). Litter production from

branches accounts for approximately 12–22 % of total

litterfall in temperate Quercus forests (Bray and

Fig. 4 Changes in remaining a carbon (C), b nitrogen (N),

c lignin, d cellulose, e carbon/nitrogen (C/N), and f lignin/

nitrogen (lignin/N) of Quercus mongolica branches in different

age classes (2, 4, 7, 10, and 13 years) during a decomposition

period of 24 months (n = 4)
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Fig. 5 Relationships between a total nitrogen (N), b carbon/nitrogen (C/N), and c lignin/nitrogen (lignin/N) increase rate and different
age classes (2, 4, 7, 10, and 13 years) of Quercus mongolica branches during a decomposition period of 24 months (n = 5)

Fig. 6 Relationships

between mass loss of

Quercus mongolica

branches in different age

classes (2, 4, 7, 10, and

13 years) and initial litter

quality parameters (carbon

[C], nitrogen [N], lignin, and

cellulose concentrations,

carbon/nitrogen [C/N], and

lignin/nitrogen [lignin/N])

during a decomposition

period of 24 months

(n = 5). Numbers near each

black circle indicate branch

age
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Gorham 1964; Gosz et al. 1972; Mun 2004; Shin et al.

2011). Nevertheless, only a few studies have examined

decomposition in relation to branch age rather than

branch thickness (Upadhyay and Singh 1985; Mun

2004; Li et al. 2009).

In this study, the decomposition coefficient k of Q.

mongolica was 0.159–0.217 across the branch age

classes (Table 3), which was slower than the decom-

position rate reported in other studies (Abbott and

Crossley 1982; Upadhyay and Singh 1985; Mun

2004). Abbott and Crossley (1982) used Quercus

prinus branches of 1, 1–3, and 3–5 cm in diameter and

found k values of 0.0377–0.1644; Upadhyay and

Singh (1985) used Q. leucotrichophora and Q. lanug-

inose branches of 4.4–5.4 cm in diameter and found

k values of 0.334–0.475; and Mun (2004) used Q.

acutissima branches of \1, 1–2, and 3–4 cm in

diameter and found k values of 0.294, 0.195, and

0.215, respectively. In general, litter decomposition

rates are controlled by interacting physical, chemical,

and biotic factors (Vávřová et al. 2009). Climate

determines the decomposition rates at a regional scale

and sets the general limits of decomposition by

limiting the activities of decomposition organisms

(Heneghan et al. 1999). Previous studies have shown

that decomposition varies between species and is

affected by physical and regional factors (Abbott and

Crossley 1982; Upadhyay and Singh 1985; Mun

2004). The decomposition rate in the present study

was lower than that in other studies because of the

relatively low mean annual temperature and precipi-

tation. The decomposition rate in our study was

partially similar to that obtained by Mun (2004) under

similar regional and climatic conditions in a temperate

deciduous forest; however, no significant relationship

was reported between the decomposition rate and

branch diameter.

Colonization time by microbes increases with the

increasing size of woody litter (Tuomi et al. 2011). In

the present study, branch diameter, surface area, and

volume were significantly positively correlated with

branch age, and the decomposition of younger

branches was faster than that of older branches.

However, our results showed that there was no

significant relationship between the mass loss and

branch physical factors (Table 4), suggesting that

other factors, such as the chemical composition of

young branches, might be more important for branch

decomposition.

Table 4 Linear regression between mass loss, branch age class, and initial branch physical factors (diameter, surface area, and

volume) during a decomposition period of 24 months (n = 5)

Branch age class Decomposition rate

R2 m p R2 m p

Branch diameter (mm) 0.964 0.952 0.003 0.770 -0.686 0.051

Branch surface area (mm2) 0.930 25.244 0.008 0.709 -0.024 0.073

Branch volume (mm3) 0.889 53.180 0.016 0.651 -0.011 0.099

R2, coefficient of determination; m, slope; p, level of significance

Fig. 7 Non-metric multidimensional scaling (NMDS) ordina-

tion between mass loss of Quercus mongolica branches in

different age classes (2, 4, 7, 10, and 13 years) and initial litter

qualities (ash, nitrogen [N], lignin, and cellulose concentrations,

carbon/nitrogen [C/N], and lignin/nitrogen [lignin/N]) during a

decomposition period of 24 months. Arrow direction indicates

the correlation slope, and arrow length indicates the strength of

the influence of initial litter quality on mass loss (*p\ 0.05)
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Changes in chemical composition during litter

decomposition vary greatly with branch morphology,

site condition, season, and climate (Gosz et al. 1973;

Abbott and Crossley 1982; Mun 2004). Berg and

Matzner (1997) developed a three-stage model (early,

late, and third phases) for explaining the decomposi-

tion dynamics of chemical composition. In this model,

the early phase is regulated by the nutrient level and

readily available C; the late phase is regulated by the

lignin decomposition rate; and the third phase (final

stages) is characterized by a decomposition rate close

to zero. In our study, N increased in all branches age

classes, except for 2-year-old branch (Fig. 4b),

whereas lignin remained stable throughout the decom-

position period (Fig. 4c). The remaining cellulose

fluctuated with season and started to decrease after a

year in the summer (Fig. 4d). This study showed that

mass loss was in the early phase and did not enter the

late phase of decomposition, which is regulated by

lignin decomposition (Berg and Staaf 1980; Berg and

McClaugherty 2008). In the early phase, mass loss in

several plant species may be positively related to the

concentration of major nutrients such as N, P, and

sulfur (Berg and Ekbohm 1991). Water-soluble sub-

stances and non-lignified carbohydrates, including

cellulose, decompose after lignin begins to deteriorate

and regulate mass loss (Berg and McClaugherty

2008). The late phase starts when a net loss of lignin

is observed and, in contrast to the early phase, the

increased N concentration has a decomposition rate-

suppressing effect (Berg 2014).

The increase of N concentration in decaying litter is

known as NCIR and shows a linear increase related to

the mass loss of several foliar litter types (Berg et al.

1997; Berg and McClaugherty 2008). They found the

NCIR ranged between 0.055 and 0.129, and the litter

that contains higher initial N concentration has larger

NCIR. In our study, NCIR ranged between 0.047 and

0.065 (Fig. 5a). However, our results showed that

older branches with lower initial N concentration had

higher NCIR than younger branches with higher N

concentration, although the differences were not

significant (p = 0.130; Fig. 5a). This could be attrib-

uted to the relatively higher immobilization of N in the

older branches than in those with low initial N

concentration. On the other hand, the regression

slopes related to changes in C/N and lignin/N and

mass loss were more significantly correlated with

branch age class (p\ 0.01) than with NCIR. The

slopes in each branch age class showed the opposite

pattern to N relationships, because the indices were

strongly influenced by the increasing N concentration

and mass loss.

Influence of initial branch litter qualities on branch

decomposition

We detected that the decomposition rate was strongly

correlated with N concentration and C/N by branch age

class. The highest lignin and N concentrations were

identified in 2-year-old branches that had the most rapid

decomposition rate. The differences in the decomposi-

tion rate among branch age classes can be attributed to

differences in the initial chemical composition, since

litter quality is an important factor that determines the

rates of C and nutrient turnover from decomposing

organic matter (Swift et al. 1976; Heal et al. 1997;

Ganjegunte et al. 2004). In particular, C/N is accepted as

a general quality index for predicting the decomposition

rate in a wide spectrum of resource types (Heal et al.

1997). Our results also indicated that branch age classes

differed in the initial chemical composition, and that the

decomposition rate was significantly correlated with

eachparameter of litter quality.Cellulose concentration,

C/N, and lignin/N were significantly negatively corre-

lated with the decomposition rate, whereas total N

concentration was positively correlated. These results

are in agreement with those reported in previous studies

(Harmon et al. 1986; Bargali 1996; Ganjegunte et al.

2004; Yang et al. 2010).

The correlation identified between litter decompo-

sition and lignin concentration was in disagreement

with previous studies, which reported that a relatively

high lignin concentration reduces the rate of decom-

position in early and late stages (Melillo et al. 1982;

Berg and McClaugherty 2008; Garrett et al. 2010).

Particularly, high lignin concentration reduces the rate

of decomposition when associated with high N

concentration, because new and stable complexes are

formed (Berg and Ekbohm 1991; Coûteaux et al.

1995). Nevertheless, in this study, the youngest

branches decomposed faster than the older branches,

despite the relatively high lignin and N concentrations,

suggesting that other chemical properties or parame-

ters have a greater effect on the decomposition rate

than lignin concentration.

We assumed that the initial N concentration and

initial C/N and lignin/N might be more significant
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factors than lignin concentration. It is known that the

relatively high N concentration regulates the early

stages of decomposition by enhancing the growth of

microorganisms that degrade labile compounds and

suppress the formation of lignolytic enzymes (Keyser

et al. 1978). Many studies have reported that N

concentration has the greatest positive effect on the

decomposition rate (Melillo et al. 1982; Berg and

Ekbohm 1991; Berg and McClaugherty 2008).

Fioretto et al. (2005) attributed the different decom-

position rates of Quercus ilex, Myrtus communis, and

Cistus incanus to different initial lignin and N

concentrations. In this study, older branches showed

higher N immobilization than younger branches owing

to differences in the initial N (Figs. 4b, 5a). Therefore,

the higher N immobilization in older branches leads to

low decomposition rates, because of the increased

demand of N by decomposers (Parton et al. 2007) and/

or the formation of nitrous compounds (Berg 1986;

Fog 1988; Dijkstra et al. 2004). In our study, the

relationships between the age-related mass loss in

young branches and initial chemical qualities showed

that mass loss was more strongly related to initial N

and C/N than to lignin or lignin/N, as indicated by

NMDS ordination (Fig. 7). The strong relationships

between the initial qualities (N and C/N) and branch

decomposition were affected by the decomposition

stage. Overall, our study showed that mass loss had a

strong positive relationship with N concentration,

which is usual in the early stage of litter decomposition

(Berg and Staaf 1980; Berg and Ekbohm 1991),

supporting the three-phase model described by Berg

and Matzner (1997).

Conclusions

The present study demonstrated that in Q. mongolica-

dominated temperate deciduous forests, the initial litter

qualities, particularly N and lignin concentrations,

decreased with branch age. Mass loss also decreased

with age, and branch age had significant effects on the

mass loss of branch litter, which was strongly corre-

lated with litter qualities, particularly with N concen-

tration and C/N. Differences in branch decomposition

by age showed that the age of wood materials was an

equally important decomposition factor as wood

physical properties, including size, diameter, and

length, because branch age affects all the physical

characteristics. In our study, the slow decomposition,

low N concentration, and high N immobilization of

branches by age influenced C and N cycling in forest

ecosystems. Branch litter as fine woody debris has a

greater impact on nutrient cycling, because it accounts

for approximately 12–22 % of the total litterfall.

Although this study focused exclusively on Q. mon-

golica and was conducted under specific temporal and

spatial conditions, we suggest that total N and C/N are

key factors in the decomposition of woody materials,

and that they can be used as predictive indices of

branch decomposition in future studies. Further long-

term studies are needed to evaluate the effect of age on

the decomposition of woody materials and the role of

woody debris as a long-term reservoir of C and N in

temperate deciduous forests.
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