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Abstract
Aims As an important contributor to carbon (C) flux in
the global C cycle, fine root litter in forests has the
potential to be affected by the elevated nitrogen (N)
deposition observed globally. However, the direct ef-
fects (on current fine root decomposition) and indirect
effects (on root quality and subsequent decomposition)
of N deposition on fine root decomposition are poorly
understood.
Methods We conducted a 5-year field experiment in a
Pleioblastus amarus bamboo forest in southwestern
China. In the first 3 years of the experiment, N-treated
sites (0, 50, 150, and 300 kg N ha−1 year−1, respectively)
and fine roots under two N regimes (0 and
150 kg N ha−1 year−1; 0 N-Root/+N-Root, respectively)
were prepared. Next, these two fine root treatments were
applied to a 2-year decomposition experiment in the N-
treated sites under continuous N treatment.

Results Nitrogen additions increased fine root density,
concentrations of N, P, and lignin in fine roots, and
concentrations of TOC, TN, NH4

+-N and NO3
−-N in

the soil, and decreased the soil pH. The decomposition
constant k decreased under N addition treatments, and
the decomposition rate of + N-Root was lower than that
of 0 N-Root, suggesting that both the direct and indirect
effects of N additions on fine root decomposition rates
were negative. Both N addition and root substrate
changes led to an increase in the residual lignin content
during decomposition. Nitrogen additions significantly
decreased the loss of C, N, P, K, Ca and Mg during
decomposition.
Conclusions The changes in the soil environment and
increased root lignin concentration as a result of N
additions may be the mechanism underlying the nega-
tive direct and indirect effects observed. Elevated fine
root biomass input and slower degradation rates may be
a potential mechanism explaining the increase in soil
TOC and TN under N treatment.

Keywords Nitrogen deposition . Root decomposition .

Litter substrate . Lignin . Bamboo

Introduction

Over the last two centuries, food and energy production,
as well as other human activities, have substantially
increased anthropogenic reactive nitrogen (N) production
and deposition (Vitousek et al. 1997; Galloway et al.
2004; Denman et al. 2007), and are currently estimated
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to add more than 200 Tg yr−1 of N to terrestrial and
aquatic ecosystems worldwide (Galloway et al. 2008).
The amount of atmospheric N deposition is expected to
increase over the next century, in view of continuing
global development and industrialization (Dentener
et al. 2006). The largest increases are forecast to occur
in East and South Asia (Reay et al. 2008; Liu et al. 2013).
In the 2000s, the average N deposition over China was
21.1 kg N ha−1 year−1 (Liu et al. 2013). Evidence indi-
cates that increasing N deposition significantly impacts
the properties of many terrestrial and aquatic ecosystems
(NRC 1996; Vitousek et al. 1997; Aber et al. 1998;
Matson et al. 2002; Rabalais 2002; Baron et al. 2013).
In the context of global changes that involve global
warming and increasing atmospheric carbon dioxide
(CO2) concentrations, one of the major scientific issues
regarding elevated atmospheric N deposition is to under-
stand how it alters carbon (C) cycling and storage.

As an important component of the global C budget,
forest litter decomposition regulates the transfer of C
and nutrients to the soil, and is greatly affected by the
elevated N deposition observed globally (Knorr et al.
2005). Nitrogen additions have shown variable effects
on forest leaf litter decomposition, including decreases
(Magill andAber 1998; Fang et al. 2007; Hobbie, 2008),
increases (Hobbie and Vitousek 2000; Ludovici and
Kress 2006; Kaspari et al. 2008), or no effects on de-
composition rates (Hobbie and Vitousek 2000). The
response of litter decomposition to N additions is pri-
marily controlled by the N addition rate, the background
atmospheric deposition of N, and litter substrate quality
(Knorr et al. 2005). It should be noted that most studies
regarding the response of forest litter decomposition to
N additions focused on aboveground litter (Berg and
Matzner 1997; Knorr et al. 2005; Hobbie 2008; Song
et al. 2013). To our knowledge, the effects of N addi-
tions on the decomposition of forest fine root litter have
received less attention.

Fine roots (< 2 mm in diameter) are important struc-
tural and functional components of forest ecosystems
(Fitter 2002). Fine roots play an important role in net
primary production (NPP) in terrestrial ecosystems (Gill
and Jackson 2000). Assuming conservatively that fine
roots turn over once per year, they represent 33 % of
terrestrial annual NPP (Jackson et al. 1997). The fluxes
of C and N through fine root turnover may exceed the
proportion of aboveground fluxes of these nutrients
(Nadelhoffer and Raich 1992). Despite the challenges
of estimating the rates of root decomposition, there

exists an increasing corpus of literature on fine root
decomposition in many forest ecosystems (Silver and
Miya 2001; Lin et al. 2011; Sun et al. 2013). However,
none of these studies were conducted under N addition
treatments. Root turnover often plays a crucial role in
undergroundC sequestration and nutrient cycling, and is
closely related to many ecosystem processes and prop-
erties such as soil respiration (Mo et al. 2007; Cleveland
and Townsend 2006; Jia et al. 2010; Tu et al. 2013a),
above ground litter decomposition (Hobbie 2008; Song
et al. 2013), soil enzyme activities (Carreiro et al. 2000;
Keeler et al. 2009), soil chemistry (Ring et al. 2011), and
soil detrital food webs (Gan et al. 2013), all of which are
significantly affected by N deposition. Therefore, N
deposition seems certain to have an impact on root
turnover processes.

The effects of N deposition on litter decomposition
can be divided into direct and indirect effects (Berg and
Matzner 1997). Direct effects involve the decomposi-
tion of existing litter, while indirect effects involve the
substrate quality of fresh litter and its subsequent de-
composition. Numerous studies have conducted N ad-
dition experiments in different ecosystems to investigate
the direct effects of N deposition on plant litter decom-
position (Magill and Aber 1998; Fang et al. 2007;
Hobbie, 2008; Tu et al. 2014a). Atmospheric N deposi-
tion is a long-term and continuous process, with sub-
stantial effects on substrate chemistry. For example,
many studies have found that N deposition or N addition
affects the concentrations of N, P, S, Ca, K, C, lignin and
tannins in aboveground litter (Pregitzer and Burton
1992; Berg and Matzner 1997; Huttunen et al. 2009;
Nikula et al. 2010); a similar phenomenon also occurs in
fine roots (Helmisaari et al. 2009; Tu et al. 2011; Wang
et al. 2012). Changes in substrate quality resulting from
N additions are similar to those resulting from natural
variation among litter types (Berg and Matzner 1997).
Decomposition rates may increase if N additions in-
crease low-molecular compounds (such as amino acids)
in litter, while if N addition increase recalcitrant com-
pounds such as lignin, decomposition rates of litters
may be inhibited. However, Berg and Matzner (1997)
hypothesized that increases in tissue N as a result of
long-term N additions may increase decomposition rate
in early stages, and retard lignin degradation and thus
mass loss in later stages. At a global scale, root chemis-
try is the dominant factor controlling decomposition
rates (Silver and Miya 2001; Zhang et al. 2008). Fur-
thermore, substrate quality is one of the most important
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factors determining how litter decomposition responds
to N additions (Knorr et al. 2005). Therefore, changes in
fine root substrate quality caused by N deposition are
bound to affect subsequent decomposition indirectly. It
is probable that these indirect effects are more pro-
nounced in regions with high N deposition rates relative
to regions with low N deposition rates; however, this
aspect has not been studied in detail.

In terms of spatial variability, the greatest increments
in N deposition are predicted to occur in areas that
currently experience high N deposition rates (Galloway
et al. 2004). At present, southern China is experiencing
rates of N deposition that are well above the global
average (Jia et al. 2010; Hu et al. 2007; Zhao et al.
2009; Fang et al. 2011; Liu et al. 2013). In previous
studies, we measured atmospheric N deposition in the
region encompassing the western edge of the Sichuan
Basin (southern China), over a 3 year period. The results
of those studies indicated that wet deposition is the
dominant N flux of N deposition in this region, ranged
up to 95 kg N ha−1 year−1 (Xu et al. 2013 ; Tu et al.
2013b), which is considerably higher than the mean N
deposition across China (15.75 kg N ha−1 year−1, Liu
e t a l . 2 0 1 3 ) , S o u t h e a s t C h i n a ( 3 0 . 4 9 –
37.37 kg N ha−1 year−1, Cui et al. 2014), and is also
significantly higher than the mean reported across 50
forest ecosystems in China (16.6 kg N ha−1 year−1, Fang
et al. 2011). To our knowledge, the N deposition rate in
this region is likely on the highest level in the world,
because this region borders one of the most important
industrial-agricultural economic regions of China, with
very highly annual precipitation (colloquially referred to
as the “rainy zone of western China”). Furthermore,
over the next few decades, the largest increases in N
deposition in the world are projected to occur in south-
ern China (Reay et al. 2008). This part of China is one of
the major cultivation and distribution centers for bam-
boo (FAO 2010; SFAPRC 2010). Bamboo forests are
one of the most important forest types in China (FAO
2010), contributing to about 10 % of the C stocks in the
live biomass of Chinese forests (Chen et al. 2009). As
such, bamboo forests play an important role in regional
and global C cycles. In our previous studies, we con-
ducted several N addition experiments in bamboo for-
ests, with the finding that short-term exogenous N input
continued to significantly affect the processes of soil
respiration (Tu et al. 2013a), aboveground litter decom-
position (Tu et al. 2014a), and C sequestration (Tu et al.
2011).

To evaluate the responses of fine root decomposition
to elevated atmospheric N deposition, we conducted N
addition treatments in a subtropical bamboo
(Pleioblastus amarus) plantation over the course of
3 years. We tested the hypotheses that: (1) N additions
inhibit fine root decomposition as a consequence of the
potentially inhibitory effects of exogenous inorganic N
on lignin decay (Berg and Laskowski 2006) (i.e. the
direct effect of N deposition on root decomposition is
negative); and (2) N additions may change the substrate
quality such as increased N concentrations in fine roots,
and N additions may stimulate consequent root decom-
position in the early stages and inhibit the degradation in
the later stages.

Materials and methods

Site description

The study was carried out in Liujiang, Sichuan, China
(29°42′ N, 103°14′ E), at an elevation of about
600 m a.s.l.; this area experiences an elevation-
modified humid subtropical climate. The annual mean
relative humidity is 86 %, and the monthly mean tem-
perature ranges from 6.6 °C in January to 25.7 °C in
July. The mean annual precipitation (1980–2000 re-
cords) is 1490 mm. The annual atmospheric wet N
deposition was 95 kg N ha−1 year−1 in the study site
during the period from 2008 to 2010 (Tu et al. 2014a).
Even under the background of such high level of N
deposition rates, N addition still stimulated plant growth
in this site, i.e. the plants’ growth in this site is N limited
in the present state. The annual frost-free period ranges
from 352 to 360 days. The study site (10 ha) was
converted from cropland to a P. amarus plantation in
2000 as part of the National Project of Converting
Farmland to Forests (NPCFF). This project has
spearheaded the planting of P. amarus, a major bamboo
species in the NPCFF, over a large area in this region.
The mean density of the study stand was 52, 200 stems
ha−1 in November 2007; and the mean diameter at breast
height was 2.3 cm, with a canopy density of about 0.9.
The soil at the site is classified as a Lithic Dystrudepts
according to USDA Soil Taxonomy, derived from pur-
ple sandstone and shale, with a depth of about 100 cm
and a pH around 4.6 (0–20 cm soil horizon, H2O ex-
traction). In November 2007, the aboveground dry bio-
mass was 25.4 kgm−2, and the surface organic layer was
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generally about 1 cm thick. There are very little shrubs
or herbs in the understories of the stands studied. Addi-
tional details on soil properties in this area were present-
ed in Tu et al. (2011).

In October 2007, a root decomposition plot (40 m×
40 m) and six root collection plots (10 m×10 m) were
established in the P. amarus plantation site. In the root
decomposition plot, 12 sub-plots (3 m×3 m) were
established and randomly located throughout the plot,
with a minimum of 5 m was between sub-plots. The
sub-plots were randomly allocated to four treatments:
c o n t r o l ( CK , n o N add e d ) , l ow -N (LN ,
5 0 kg N h a − 1 y e a r − 1 ) , m e d i um -N (MN ,
150 kg N ha− 1 yea r− 1 ) , and h igh -N (HN,
300 kg N ha−1 year−1), with three replicates for each
treatment. The six root collection plots received two
treatments (three plots each treatment): 0 N (no N
added) and + N (150 kg N ha−1 year−1). Fertilizer
additions ammonium nitrate (NH4NO3) occurred
monthly in 12 equal applications beginning in Novem-
ber 2007. During each application, the fertilizer was
weighed, dissolved in 1 L of water, and applied to each
plot using a portable sprayer. The control plot received
1 L water without fertilizer. Addition of N to root
collection plots lasted 3 years (November 2007 to Oc-
tober 2010); and N addition in root decomposition plot
lasted 5 years (November 2007 to November 2012).

After 3 years of N additions (October 2010),
P. amarus roots (which tend to be <2 mm in diameter
in this species) were collected from the top 20 cm of the
soil in all six root collection plots (three 0 N plots and
three + N plots). All the roots were quickly washed in
tap water and then in deionized water to remove adhered
soil particles, after which they were air-dried for several
days at room temperature to constant weight. Fine roots
(<2 mm in diameter) were cut into pieces about 5 cm
long. The fine roots derived from 0 N and + N plots are
referred to as 0 N-Root and + N-Root, respectively,
hereafter. For both treatments, fine root sub-samples
were assessed to determine the initial water content
and chemical properties (lignin, C, N, P, Ca, and Mg
concentrations). Simultaneously, the fine root density
was determined by collecting soil samples using a soil
corer (8 cm in diameter and 20 cm deep). Ten cores were
randomly collected from each root collection plot to
yield one composite sample. Roots were weighed after
separation by washing and sieving to a size of 2 mm,
dried at 65 °C for 48 h, and then weighed (Powers et al.
2005).

Fine root decomposition

The decomposition experiment was conducted in the 12
aforementioned subplots of the root decomposition plot
under four levels of N addition treatments. Fine root
decomposition was measured using the standard litter-
bag technique (Falconer et al. 1933). Briefly, a known
amount of air-dried fine roots (5.00 g) was placed into a
litter bag (10×10 cm), constructed from 100 μm nylon
mesh. The bags were sewn closed, after which the bags
were connected together, in groups of six, about 0.5 m
away from each other, with a piece of nylon string.
These six bags comprised three replicate bags for each
of the two root treatments. Altogether, 288 bags were
prepared for each root treatment. Litterbags were placed
in the root decomposition plots in late November, 2010.
This was accomplished by creating an incision in the
soil at an angle of 45° to a depth of 10 cmwhere the bags
were buried. Eight groups of litterbags were placed in
each plot (96 groups in total).

One group of bags was collected from each plot at 3-
month intervals for 2 years. Nine litterbags were col-
lected for each N treatment and root type on each
collection trip. The bags were air-dried and then cut
open on all sides. Adherent soil and other extraneous
materials were gently removed using a fine brush. The
samples were then dried at 65 °C for 48 h, after which
their dry weights were recorded. Root samples for initial
and residual chemistry analysis were ground in a Wiley
mill with a 1 mm mesh screen.

Chemical analyses

Lignin concentrations (mg g−1) in the litter were deter-
mined using the acid detergent fiber (ADF) method
(Rowland and Roberts 1994). Carbon concentrations
(mg g−1) in the litter were measured using the dry
combustion method (Nelson and Sommers 1982). The
total N concentration (mg g−1) in the litter was deter-
mined through acid digestion. Briefly, a 200-mg sample
was digested in 5 ml of 1.84 g ml−1 (18.4M) H2SO4 and
then distilled using a UDK 142 automatic distillation
unit (VELP, Milan, Italy). For the determination of P in
the litter, samples were subjected to triple-acid digestion
(nitric, perchloric, and sulfuric acid, 5:1:1, v/v/v) (Jack-
son 1958). Total P (mg g−1) was determined colorimet-
rically in digested samples using the ammonium
molybdate/stannous chloride method (Olsen and
Sommers 1982). The concentrations of K, Ca, and Mg
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(mg g−1) in the litter were analyzed using an atomic
absorption spectrophotometer (TAS-986, PGENERAL,
Beijing, China) following perchloric acid-nitric acid
(HClO4-HNO3) digestion (Jones and Case 1990). Their
concentrations were expressed per unit of oven dried
sample (65 °C).

In June, 2012, five cores (2 cm in diameter and 20 cm
deep) were collected from each N addition experimental
plot. For each plot, composite samples were prepared
through gentle mixing, and visible roots were removed
using tweezers. Next, the soil samples were homoge-
nized, passed through a 2 mm sieve, and stored at 4 °C
until analysis (within 1 week). Soil pH was measured
with a glass electrode in a 1:2 mixture (w/w) of soil and
water. Soil TOC (mg g−1) was measured by the dichro-
mate digestion method (Kalembasa and Jenkinson
1973). Total N concentration (mg g−1) in the soil was
determined through acid digestion, using the Kjeldahl
method (Grimshaw et al. 1989). A 5-g sample was
digested in 5 ml of 1.84 g ml−1 H2SO4 and a 1.0-g
mixture of potassium sulfate (K2SO4), copper sulfate
(CuSO4), and selenium powder (100:10:1, w/w/w), and
then distilled using a UDK 142 automatic distillation
unit (VELP, Milano, Italy). Available ammonium-N and
nitrate-N (mg g−1) was extracted with 2 M KCl solution
and their concentrations were measured by colorimetry.

Data analyses

All statistical analyses were conducted using SPSS 15.0
for Windows (SPSS Inc. Chicago, USA). The percent-
age remaining (R) of mass, lignin and elements (C, N, P,
K, Ca and Mg) for each period (Xi) was determined and
compared to the initial values (X0) using the formula:
%R=(Xi / X0)×100. The residual substrate mass, as a
proportion of the initial mass, was plotted against time,
using a single-exponent decomposition model, X=e–kt

(Olson 1963), where X is the fraction of initial mass
remaining at time t (year), and k (year−1) is the decom-
position constant. The relationship between residual
lignin and residual mass was measured using linear
regression. Data from the two treatments of roots were
pooled, yielding a sample size of 192 (two types roots×
4 N treatments×8 sampling times×3 replicate plots) for
this aspect of the analysis.

To determine the effects of N additions on litter
decomposition, repeated measures ANOVAs (RM-
ANOVA) (N addition as main effect and time as within
subject factor) were conducted to examine the

percentages of residual mass, lignin, and elements, as
well as trends in lignin concentrations, among the dif-
ferent N addition treatments. When Mauchly’s test of
sphericity was not assumed, the data was adjusted by
Greenhouse-Geisser method. To investigate N addition
and root substrate type effects on root litter decomposi-
tion, the k value and final residual amounts of mass,
lignin and elements were compared among root treat-
ments and N treatments using two-way ANOVA.

Statistical differences in root density and root chem-
ical properties (concentrations of C, N, P, K, Ca, Mg and
lignin) between 0 N-Root and + N-Root were tested
using a t-test. A one-way ANOVA was applied with
Fisher’s LSD test for testing significant differences
among treatments with respect to soil pH, TOC, TN,
NH4

+- N and NO3
−- N.

Results

Effect of N additions on root chemistry

Following three consecutive years of N additions, sig-
nificant changes in fine root chemistry were observed
(Table 1). Nitrogen additions significantly decreased
fine root C concentrations, but increased N and P con-
centrations. Although the mean lignin concentration
was 7 % higher in HN than that in CK, this was not
statistically significant.

Litter mass loss and k value of root decomposition

A single-exponent decomposition model generated a
good fit for plotting the fraction of initial mass remain-
ing in each root litter substrate and treatment as a func-
tion of time (P<0.001) (Fig. 1a). Following 2 years of
decomposition, the mass losses of 0 N-Root and + N-
Root ranged from 54 to 69 %, and 53 to 64 %, respec-
tively. Nitrogen additions significantly inhibited mass
loss for both root treatments (P<0.001). Both N addi-
tions and root substrate type effects significantly affect-
ed the k value and final residual mass content after
2 years of decomposition (Fig. 2a and b). The k value
decreased with increases in N additions until the MN
treatment; furthermore, the decomposition rate of + N-
Root was significantly lower than that of 0 N-Root. The
T50% and T95% values increased, respectively, by 0.2–
0.5 years and 0.9–2.1 years for 0 N-Root, and by 0.2–
0.4 year and 0.8–1.8 years for + N-Root (Table 2).
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Lignin dynamics during root decomposition

The dynamics of residual lignin was similar to those for
residual mass i.e., N additions significantly decreased
residual lignin content (Fig. 1b). The results of the two-
way ANOVA indicated that N additions and root sub-
strate type contributed significantly to increasing the
residual lignin content after 2 years of decomposition
(Fig. 2c). The lignin concentrations in root litter in-
creased in the first 6 months, and decreased quickly in
the 12 subsequent months (Fig. 1c). Lignin concentra-
tions in both root treatments, across all the N treatments,
generally stabilized at this point, decreasing very slowly
in the remaining 6 months of the experiment. Further,
there was a significant, positive, linear relationship be-
tween residual lignin and residual mass, based on the
means of all root and N treatments (Fig. 3).

Elements dynamics during root decomposition

All the six elements assessed in this study exhibited
significantly temporal patterns (Figs. 4 and 5). Three
distinct patterns were observed during root decomposi-
tion. First, residual C in both root treatments decreased
with time (Fig. 4a). Second, residual mass of N, P, Ca
and Mg exhibited a loss pattern characterized by a rapid
initial mass decrease followed by a more gradual de-
crease (Figs. 4b, c and 5b, c). More than 40 % of N and
P, more than 60 % of Ca and more than 50% ofMg was
lost in the four initial months of decomposition. Subse-
quently, they were released very slowly into the envi-
ronment through the rest of the study period. Finally, K
exhibited a unique pattern in that its concentration de-
creased rapidly initially, and then decreased slowly in
the intermediate stages of decomposition. Towards the
end of the process, it began to accumulate in the litter
(Fig. 5a). RM-ANOVA tests indicated that N additions
significantly affected residual C and N in both 0 N-Root
and + N-Root, and also affected residual Ca and Mg in

0 N-Root. A two-way ANOVA of the residual amounts
of all six elements indicated that N additions significant-
ly decreased the losses of all these elements, while, the
proportions of these elements remaining, after decom-
position for 2 years, were significantly different between
0 N-Root and + N-Root (Fig. 2d, e, f, g, h and i). The
results of two-way ANOVA tests on absolute concen-
trations of elements after 2 years of decomposition
showed that N addition affected P, K, Ca and Mg con-
centrations, and root type only affected final K and Mg
concentrations (Fig. 6).

Root density and soil properties under N addition
treatments

After 3 years of N addit ions at the rate of
150 kg N ha−1 year−1, fine root density was increased
by 273 g m−2 (P<0.001; Fig. 7a). The soil pH value
decreased with the increase of the amount of N addition,
with CK and LN being significant from HN (Fig. 7b).
Soil TOC increased under N addition treatments, with
TOC concentrations in LN and HN being significantly
higher than in CK (Fig. 7c). For total N and NH4

+-N, N
additions had a significant effect only in the HN treat-
ment (Fig. 7d and e). The concentration of NO3

−-N
increased by 23 to 90 % in the N treatments, relative
to the control, with MN and HN having significantly
higher values than the CK and LN treatments (Fig. 7f).

Discussion

Confirming our first hypothesis, N additions significant-
ly decreased the fine root decomposition rate. In general,
the main factors affecting the decomposition rate vary
according to the phase of decomposition (Berg and
McClaugherty 2008). The degradation of soluble and
low-molecular-weight compounds dominates the early
stages of litter decomposition. Next, hemicelluloses and

Table 1 Initial chemistry of the two types of fine roots in P. amarus (mg g−1)

Root type C N P K Ca Mg Lignin

0 N-Root 524±3 4.80±0.22 0.76±0.01 2.48±0.01 0.30±0.01 0.85±0.02 380±35

+N-Root 460±6 5.95±0.05 1.21±0.04 2.41±0.04 0.33±0.01 0.88±0.01 405±26

P value of T test <0.001 <0.001 <0.001 0.23 0.56 0.12 0.13

“Initial” indicates after 3 years of pre-treatment with N but before decomposition studies. Values are expressed as mean ± SE
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cellulose degradation is the dominant activity, and final-
ly, lignin degradation becomes dominant (Berg and
McClaugherty 2008). In our study, two evident stages
of decomposition with different mass loss rates were
observed. In the first 6 months, mass loss ranged from
30 to 50 %, while, very slow decomposition rates were
observed in the following 18 months. A similar phe-
nomenon was observed in fine root decomposition ex-
periments in a subtropical Cunninghamia lanceolata
and Tsoongiodendron odonum mixed forest (Yang
et al. 2004). In our study, lignin was the most important

components of fine roots (about 40 %); the inhibitory
effect of exogenous inorganic N on lignin degradation
may be the main reason for the observed decrease in fine
root decomposition rates. After the first 6 months of
decomposition, the relative concentration of lignin in
fine roots attained approximately 50%, in all treatments.
The residual mass of fine roots was closely related to the
amount of residual lignin; the latter explained 91 % of
the variation in residual mass, which suggests that lignin
may play a critical role in influencing fine root mass
loss. Many previous studies on aboveground litter
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Fig. 1 Percentages of mass (a) and lignin (b) remaining, and
lignin concentrations of decomposing roots of Pleioblastus
amarus (c), in different N treatments for each root type, in a 2-
year (November 2010 to November 2012) root decomposition
experiment. 0 N-Root and + N-Root are fine roots collected in
plots received two N treatments for 3 years (November 2007 to
October 2010): 0 N (no N added) and + N (150 kg N ha−1 year−1),
respectively. CK, LN, MN and HN denote four treatments in the

root decomposition plots: control (0 kg N ha−1 year−1), low nitro-
g e n ( 5 0 k g N h a − 1 y e a r − 1 ) , m e d i um n i t r o g e n
( 1 5 0 k g N h a − 1 y e a r − 1 ) a n d h i g h n i t r o g e n
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The results of repeated measures ANOVAs are shown for each
parameter. * P≤0.05; ** P≤0.01; *** P≤0.001
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decomposition demonstrated that N additions inhibit
lignin decomposition (Magill and Aber 1998; Fog
1988; Berg and Matzner 1997), and consequently, the
loss in litter mass (Magill and Aber 1998; Carreiro et al.
2000; Hobbie, 2008). However, these studies were all
based on leaf litter decomposition, which have much
lower concentrations of lignin than do fine roots
(Ostertag and Hobbie 1999; Gholz et al. 2000). This
trait has often been considered to be one of the key
reasons for the slower degradation rates in root litter
compared to foliage litter (Fujimaki et al. 2008). There-
fore, the mechanisms of the effects of N additions on
root lignin may not be the same as those for leaves.

The following mechanisms may be involved in the
inhibitory effects of exogenous inorganic N on lignin
decay. First, N additions may reduce lignolytic enzyme

production and decomposer efficiency.White-rot organ-
isms (Basidiomycetes) and soft-rot organisms
(Ascomycetes) are two types of aerobic fungi that are
involved in breaking down lignin. The optimum pH
ranges for the growth of Basidiomycetes and Ascomy-
cetes are 4.0–5.0 and 6.0–7.5 respectively (Sinsabaugh
2010). After 4.5 years of N additions, the pH of the
surface soil decreased from 4.46 (CK) to 4.12 (HN) in
this study. Therefore, Basidiomycetes may be the main
lignin-degrading fungal community in this ecosystem.
In general, degradation carried out by Basidiomycetes
tends to proceed to completion, whereas Ascomycetes
are unable to degrade the lignin completely (Keyser
et al. 1978). We may explain the decrease of soil pH
value as the result of the loss of base cations under N
additions (Tu et al. unpublished results). These changes
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in soil pH may have affected lignin-degrading decom-
poser efficiencies and reduced the production of
lignolytic enzymes. In an adjacent bamboo (Bambusa
pervariabilis × Dendrocalamopsis daii) stand (grown
on an identical soil type, about 1 km apart from the stand
in this study), we conducted a 2-year N addition

experiment, revealing that N additions significantly de-
pressed the activities of two important lignin-degrading
enzymes, polyphenol oxidase and peroxidase, in the
surface soil horizon (0–20 cm) (Tu et al. 2014b). Previ-
ous studies reported that Basidiomycetes do not synthe-
size lignin-degrading enzymes in the presence of am-
monium and other low molecular weight N-rich com-
pounds such as amino acids (Keyser et al. 1978). As a
matter of fact, numerous studies have demonstrated that
the inhibitory effects of high N environments on
lignolytic enzyme production are widespread (Berg
and Matzner 1997; Carreiro et al. 2000; Waldrop et al.
2004; Tu et al. 2014b). Second, Berg (1986) hypothe-
sized that lignin decomposition intermediate products
react with inorganic N to form additional compounds
that are resistant to decomposition, during the stages
controlled by lignin degradation. In our study, the higher
N retention by fine roots, under both control and N
addition treatments, observed after 2 years of decompo-
sition, may be explained by the interaction of exogenous
N with residual lignin. Lastly, cellulose in fine roots is
generally shielded from degradation by lignin polymers
(Berg and Laskowski 2006), and thus, the inhibition of
lignin decomposition would also decrease cellulose deg-
radation and mass loss. In our previous studies, we
found that N additions suppressed the degradation of
both lignin and cellulose in several aboveground litter
types in forest ecosystems (Tu et al. 2014a).

Confirming our second hypothesis partly, N addi-
tions significantly changed the substrate quality of fine
roots, and N additions inhibited the degradation in the
later stages, while we did not observe increase decom-
position rates in the early stages. We found that the
decomposition rate calculated based on the 2 years pe-
riod of + N-Root was significantly lower than that of
0 N-Root, indicating that substrate changes caused by N
additions were responsible for the reduction in the de-
composition rate. Roots are exposed to a different de-
composition environment than aboveground litters, and
root chemistry appears to be the primary controller of
root decomposition on a global scale, in contrast to leaf
litter decomposition (Silver and Miya 2001). A series of
studies on fine roots suggested that lignin and nutrient
concentrations are the main controllers of root decom-
position (Silver and Miya 2001; Fujii and Takeda 2010;
Sun et al. 2013). Similar to many fertilization experi-
ments (Helmisaari et al. 2009; Wang et al. 2012), we
observed higher concentrations of N and P in the fine
roots after N additions, which may lead to greater

Table 2 T50% and T95% for each N addition treatment and root
substrate type of P. amarus

Root type N addition treatment T50% T95%

0 N-Root CK 1.19±0.02a 5.15±0.08a

LN 1.41±0.05b 6.10±0.21b

MN 1.57±0.07bc 6.80±0.32c

HN 1.67±0.08c 7.22±0.34c

+N-Root CK 1.32±0.03a 5.71±0.15a

LN 1.52±0.04b 6.55±0.19b

MN 1.74±0.06c 7.51±0.28c

HN 1.72±0.11c 7.43±0.46c

The annual decomposition rate, in terms of the k value (not state in
this table but in Fig. 2), was calculated using the model: X=e–kt ,
where X is the fraction of initial mass remaining at time t (year)
(Olson 1963). The time for 50 % of mass loss (T50%) and the time
for 95 % of mass loss (T95%) were calculated as T50%=− ln (1–
0.50) / k and T95%=− ln (1–0.95) / k (Olson 1963). CK, LN, MN
and HN denote control (no N added), low nitrogen
( 5 0 k g N h a − 1 y e a r − 1 ) , m e d i u m n i t r o g e n
( 1 5 0 k g N h a − 1 y e a r − 1 ) a n d h i g h n i t r o g e n
(300 kg N ha−1 year−1 ), respectively. Values are expressed as
mean ± SE. Different letters indicate effect is significant within
each root type (one-Way ANOVA, P<0.05, Fisher’s least signif-
icant difference test)
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decomposition rates as shown by other studies (Silver &
Miya 2001; Zhang et al. 2008; Birouste et al. 2011). Our
data contradict the hypothesis resulting from these two
literature reviews on root litter and leaf litter,
respectively. We may explain this phenomenon as the
result of the following two reasons. First, higher tissueN
may slow down decomposition rates. Berg and Matzner
(1997) hypothesized that increases in tissue N in leaf
litter as a result of long-term N deposition may have two
consequences: an initially rapid decomposition rate,
followed by a significantly slower rate of degradation
in later stages. This hypothesis is based on the fact that
lignin only controls the decomposition rate of leaf litter
in later stages. However, many studies demonstrated a
higher lignin concentration in root litter compared with

leaf litter (Ostertag and Hobbie 1999; Fujii and Takeda
2010; Hobbie et al. 2010). Indeed, the lignin concentra-
tion was very high in fine roots of this bamboo species.
We hypothesize that lignin control the decomposition
rates not only in the later stages, but also in the early
stages of decomposition. We observed that the residual
mass and lignin concentrations were higher in + N-Root
than those in 0 N-Root throughout the entire decompo-
sition period. The higher tissue N concentration may
strengthen the reaction of N and lignin degradation
intermediate products. Second, higher tissue lignin
may inhibit decomposition directly. The increase in
lignin concentration in fine roots (although not statisti-
cally significant) as a result of N additions in the present
study is similar to the results of a fertilization experiment
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conducted in Pinus sylvestris and Picea abies planta-
tions (Berg and Staaf 1980). The inhibitory effect of
exogenous N on lignin degradation has been suggested
to be more prominent in forests characterized by higher-
lignin species (Waldrop et al. 2004). Our study supports
this observation, in that residual lignin masses after
2 years of decomposition were higher in + N-Root than
in 0 N-Root, across all N treatments.

Following 3 years of N additions, fine root biomass
in the P. amarus stand increased, similar to what has
been observed in many forest ecosystems (Pregitzer and
Burton 1992; Zogg et al. 1996; Burton et al. 2002; Lee
and Jose 2003; Cleveland and Townsend 2006). Con-
versely, many other studies found that N additions de-
creased forest fine root biomass (Bowden et al. 2004;

Mo et al. 2007; Jourdan et al. 2008). Tateno et al. (2004)
found a significant relationship between soil N avail-
ability and fine root production in temperate forests.
Root biomass generally exhibits a linear relationship
with aboveground plant biomass (Cairns et al. 1997;
Norby et al. 2004), so as NPP increases, plant root
growth increases accordingly. In a previous study at
the same site, we found that NPP (Tu et al. 2011) and
aboveground litterfall (Xiao et al. 2013) increased under
N additions. In general, in forested ecosystems, C dis-
tribution from plants to soil is predominantly accom-
plished through plant roots, particularly fine roots (Van
Groenigen et al. 2006), with C inputs being primarily in
the form of active rhizospheric deposits (Boddy et al.
2007). Thus, all the changes typically associated with
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fine root production, mortality and decomposition may
impact the C pool in forest soils. Increases in fine root
biomass may increase inputs of low-molecular-weight C
compounds to soil, and thus increase the soil C concen-
tration as we observed in this study. Furthermore, we
found N concentration in fine roots increased under N
treatments, it may imply shortened life-span and accel-
erated root turnover (Hendricks et al. 1993). In general,
nutrient retrieval during fine root senescence tends to be
very low (Nambiar and Fife 1991). Aboveground
litterfall and dying fine roots are the primary plant
residue inputs to forest soil (Van Groenigen et al.
2006). We hypothesize that C and nutrient inputs to soil

increase in response to increases in the mass of above-
ground litterfall and speed of turnover of fine roots.
Corroborating this, we found that soil TOC increased
significantly under N addition treatments, although this
increase was small. Additionally, decreases in decom-
position rates, in conjunction with increased lignin ac-
cumulation for aboveground litter (Tu et al. 2014a) and
fine roots under N additions, suggest that the pool of
stable soil organic C in this ecosystem may increase via
these mechanisms.

The atmospheric wet N deposition rate is very high
(95 kg N ha−1 year−1, Tu et al. 2014a) at the study site,
relative to the global average. Ecosystem health may be

CK LN MN HN

C
 c

on
ce

nt
ra

tio
n 

(m
g 

g
)

0

200

400

600
0N-Root
+N-Root 

CK LN MN HN

N
 c

on
ce

nt
ra

tio
n 

(m
g 

g
)

0

2

4

6

8

10

CK LN MN HN

P 
co

nc
en

tra
tio

n 
(m

g 
g

)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

CK LN MN HN

K 
co

nc
en

tra
tio

n 
(m

g 
g

)

0

2

4

6

8

CK LN MN HN

C
a 

co
nc

en
tra

tio
n 

(m
g 

g
)

0.0

0.2

0.4

0.6

0.8

1.0

CK LN MN HN

M
g 

co
nc

en
tra

tio
n 

(m
g 

g
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Nitrogen treatment

(a)

(b)

(c)

(d)

(e)

(f)

a a a a
A

AB B
A

aaaa B
A

B
B

bb
aa AAAA

bbb
a A

B
AA

bbb
a

B
CC

A

abbc
a BCBA

Nitrogen
Substrate
Nitrogen × Substrate

Nitrogen
Substrate
Nitrogen × Substrate

Nitrogen**
Substrate
Nitrogen × Substrate***

Nitrogen***
Substrate
Nitrogen × Substrate

Nitrogen*
Substrate**
Nitrogen × Substrate

Nitrogen*
Substrate***
Nitrogen × Substrate

Fig. 6 Absolute concentrations of C, N, P, K, Ca and Mg in decomposing roots in each treatment after 2 years of decomposition

284 Plant Soil (2015) 389:273–288



significantly threatened when atmospheric N deposition
exceeds 20 kg N ha−1 year−1 (Bobbink et al. 2010).
Therefore, high N deposition may induce a cascade of
negative effects on ecosystems in this region. Surpris-
ingly, several studies revealed that such high N deposi-
tion rates have not yet resulted in any evident negative
consequences for local ecosystems (Tu et al. 2011; Tu
et al. 2013b). This could be attributed to the fact that
these studies are relatively recent and negative effects
may simply have not occurred yet. Open field N depo-
sition through precipitation is main mechanism of reac-
tive N input in this ecosystem (Tu et al. 2013b), but
experimental N additions still stimulated plant growth
during the first 2 years (Tu et al. 2011). It is possible that
soil N availability was low at this site and was insuffi-
cient for the rapid growth rate of the studied bamboo
species (Tu et al. 2013b). Since annual global atmo-
spheric wet N deposition is forecast to increase further
(Reay et al. 2008), local forest ecosystems similar to the
study site can be expected to become N-saturated in the
near future. There remains uncertainty regarding the
long-term effects of chronic N deposition on C cycling
in forest ecosystems in this region.

Overall, our study demonstrated that N additions
decreased the decomposition rate of fine roots through
direct inhibition of lignin degradation and indirect ef-
fects on fine root substrates. Elevated fine root biomass
input and slower degradation rate may be the potential

mechanisms explaining the increase in soil TOC and TN
under N treatments. However, the long term status of C
cycling and storage in this bamboo forest remains un-
certain, given the continuous increases in annual N
deposition. Further long-term studies regarding C cy-
cling under different ambient N deposition rates are
necessary to supplement our knowledge regarding how
forest C processes respond to N deposition.
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