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Abstract

Background: Forest litter decomposition is a major component of the global carbon (C) budget, and is greatly affected by
the atmospheric nitrogen (N) deposition observed globally. However, the effects of N addition on forest litter
decomposition, in ecosystems receiving increasingly higher levels of ambient N deposition, are poorly understood.

Methodology/Principal Findings: We conducted a two-year field experiment in five forests along the western edge of the
Sichuan Basin in China, where atmospheric N deposition was up to 82-114 kg N ha™' in the study sites. Four levels of N
treatments were applied: (1) control (no N added), (2) low-N (50 kg N ha™' year™), (3) medium-N (150 kg N ha™' year™), and
(4) high-N (300 kg N ha™' year™"), N additions ranging from 40% to 370% of ambient N deposition. The decomposition
processes of ten types of forest litters were then studied. Nitrogen additions significantly decreased the decomposition
rates of six types of forest litters. N additions decreased forest litter decomposition, and the mass of residual litter was
closely correlated to residual lignin during the decomposition process over the study period. The inhibitory effect of N
addition on litter decomposition can be primarily explained by the inhibition of lignin decomposition by exogenous
inorganic N. The overall decomposition rate of ten investigated substrates exhibited a significant negative linear
relationship with initial tissue C/N and lignin/N, and significant positive relationships with initial tissue K and N
concentrations; these relationships exhibited linear and logarithmic curves, respectively.

Conclusions/Significance: This study suggests that the expected progressive increases in N deposition may have a
potential important impact on forest litter decomposition in the study area in the presence of high levels of ambient N
deposition.
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Introduction decomposition [9-12]. Several chemical, biological, and biochem-
ical hypotheses have been proposed to attempt explain the
underlying mechanisms of chronic N deposition on litter
decomposition, but was not well understood [7,13-18].

A meta-analysis study indicated that the ambient N deposition
level, N addition rate, and litter quality are the most important
factors determining how litter decomposition responds to N
additions [19]. Although anthropogenic inputs of N are estimated
to have doubled the amount of active N entering the global
terrestrial environment annually, the spatial distribution of N
deposition is very uneven [2]. In general, relatively undisturbed
areas are currently receiving relatively low inputs of anthro-
pogenically fixed N via atmospheric deposition. Conversely, in

Combustion of fossil fuels, nitrogen (N) fertilizer use, cultivation
of Ny-fixing crops, and other human activities have substantially
altered the global N cycle and greatly accelerated the formation
and deposition of reactive forms of N [1,2]. Alteration of the N
cycle has also greatly affected the cycle of carbon (C) on a global
scale [3]. In many N addition studies conducted in forest
ecosystems, plant growth (C fixation) nearly always responds
positively [4], whereas the effect of N addition on litter
decomposition (C release) varies considerably [5]. Several studies
have reported significantly lower rates of litter decomposition in
the presence of N additions [6-9]. However, many others have
reported either no significant change [10] or a stimulation of
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highly developed areas, inputs of fixed N may actually be several
times higher than in preindustrial times [20]. Furthermore, it has
been predicted that over the next few decades, the greatest
increments in anthropogenic N deposition will occur in areas that
currently witness high ambient N deposition rates [2].

However, most N addition studies have been conducted in
forest ecosystems with relative low ambient N deposition rates
[19]. The effects of N addition on forest litter decomposition, in
ecosystems receiving increasingly higher levels of ambient N
deposition each year, are poorly understood. Southern China is
one of the regions experiencing the most intensive N deposition
activity [21-25], and significant increase in N deposition 1is
expected to occur over the next few decades [26]. To evaluate the
effect of N deposition on forest litter decomposition on the western
edge of the Sichuan Basin (one of the most important industrial-
agricultural economic regions in China), we performed experi-
mental N additions in five different forests in this area over a two-
year period. We tested the hypothesis: even under high ambient N
deposition rates, experimental (anthropogenic) N addition would
have a significant negative effect on forest litter decomposition
because of potential inhibition effects of exogenous inorganic N on
lignin decay.

Materials and Methods

Site Description

The study was conducted in five different forest sites, in Sichuan
Province, China, near the western edge of the Sichuan Basin; the
sites were named according to their respective dominant tree
species (Table 1). This area experiences a moist subtropical
highland climate [27]. Two of the sites were located in Yucheng
County, the sites were approximately 500 m apart. The remaining
three sites were located within an area of 1 km? in Hongya
County, 30 km away from Yucheng County. The Plewblastus
amurus (PA) site has been used for conducting studies on carbon
sequestration [28] and soil respiration [29] under N addition
experiments, and on N distribution and cycling through hydro-
logical processes [30]. All the three research sites in this study are
owned by Sichuan Agricultural University. The field studies did
not involve endangered or protected species and no specific
permits were required for the described field studies.

PLOS ONE | www.plosone.org

Table 2. Initial chemistry of the investigated litter substrates.

Litter Lignin Cellulose

substrate C(gkg™') N(gkg") Plgkg") K(gkg') Ca(gkg’) Mg(gkg') (gkg') (gkg™) C/N N/P Lignin/N
Lv_BD 374=*2 13.10£0.03 1.06%+0.01 3.66+0.13 2.23*+0.05 14.13%0.12 111x2 245*2 29*0 123+0.0 8.5*0.2
Lv_BL 440=*7 9.11+0.10 0.27%£0.01 7.15%0.25 0.58*+0.01 1.90£0.09 337*4 241*9 481 33.7x0.5 37.0%15
Lv_EG 452+6 12.06+0.25 0.65*+0.03 4.64+0.24 0.35*0.09 1.75%0.02 211%2 152+6 37+1 18.6*x1.1 175*04
Lv_NA 456+13 22.28*+044 1.75*£0.03 3.75*0.11 2.28+0.34  25.28+0.99 2005 236*+8 20*0 127*£08 9.0£0.3
Lv_PA 389+6 3.88£0.10  0.35*0.01 2.75%0.12 1.15£0.15  2.68*0.10 208+10 135£5 100£1 11.2£0.0 53.8*3.5
St_NA 514=*5 1.94+0.15 0.23+0.01 2.10*+0.04 0.88%+0.01 5.39+0.75 184+8 265*+0 265*+0 8.4*0.1 108+5.2
St_PA 465*6 5.19£0.05 0.11*0.01 3.61x0.11 0.17+0.02  0.16*0.02 190£12 212+12 90*+0 46.7+3.0 36.6*2.0
Tg_EG 468+7 2.47+0.05 0.23+0.02 1.22+0.09 0.21+0.02 0.86+0.15 243*4 201=10 189%3 10.7£03 984*42
Tg_NA 493+4 1.57£0.03 1.11£0.15 1.66+0.08 0.59+0.01 6.13+0.12 225*11 1151 1151 3.8%0.1 127+6.5
Tg_PA 482*6 3.53+0.03 0.18%0.01 3.84%+0.20 0.04*0.00 0.35%+0.03 180+2 324=*6 137x2 194+x14 51.0%0.1
Values are expressed as mean =* s.d. (n=9).

Lv_BD, Lv_BL, Lv_EG, Lv_NA and Lv_PA indicate leaf litter at the BD, BL, EG, NA and PA sites, respectively; St_NA and St_PA indicate sheath litter at the NA and PA sites,
respectively; Tg_EG, Tg_NA and Tg_PA indicate twig litter at the EG, NA and PA sites, respectively.

doi:10.1371/journal.pone.0088752.t002

A 40 m x40 m plot was established at each site in October 2007
and subdivided into twelve sub-plots, measuring 3 mx3 m each,
at about 5 m intervals. The twelve sub-plots were randomly
allocated to four treatments: control (no N added), low-N (50 kg N
ha ' year ), medium-N (150 kg N ha 'year '), and high-N
(300 kg N ha ' year '), with three replicates for each treatment.
Ammonium nitrate (NH4NOj3) was used as the N source and was
applied monthly from November 2007 through October 2008.

Nitrogen Deposition Assays

Atmospheric N deposition in the Yucheng and Hongya counties
was measured in the open clearings adjacent to the BLL and NA
sites, respectively. Continuous 10-min precipitation intensity data
was recorded using a Vantage Pro Weather Station (Davis Inc.,
Hayward CA, USA). In addition, event precipitation samples were
collected, using six trough collectors with an area of 0.2 m* each,
from January 1, 2008 to December 31, 2010. The collectors,
installed on supports 1 m above the ground, were constructed
using PVC pipes (I m long and 200 mm in diameter); these were
connected via flexible tubes to 40-L plastic canisters. Each
collector was covered by a 1-mm nylon mesh (cleaned regularly)
to prevent plant debris, insects and other materials from entering
the collectors. Precipitation samples were collected after each
event (or next morning for events by day ending after 09:00 pm

Table 3. Mean annual precipitation (mm) and wet N
deposition rates (kg N ha™' year™) in Yucheng and Hongya
counties, Sichuan Province, China.

Year Yucheng Hongya
wet N wet N
Precipitation deposition Precipitation deposition
2008 1666+18 97+7 1758+10 827
2009 1922+22 93+8 1984+6 114*+9
2010 2286*+19 93+7 1724*15 90+8
Mean  1958%20 94+6 1822+19 95+8

Values are expressed as mean * s.d. (n=6).
doi:10.1371/journal.pone.0088752.t003
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local time) for the measurement of dissolved N concentrations.
The sample collectors were rinsed with deionized water following
each collection. All samples were collected in Nalgene polyethyl-
ene bottles that had been pre-washed with 5% HCI and rinsed
thoroughly with deionized water. Samples were transported on ice,
filtered through polycarbonate membranes (0.45 um, Whatman
Corp., Pittsburgh, UAS), and stored at —20°C until analysis. Total
dissolved N was measured using a total C & N analyzer (TOC-
Veprsrna.1, Shimadzu Inc., Kyoto, Japan); NHy" was deter-
mined by colorimetry using Nessler’s reagent [31]; NOs was
measured by colorimetry using a UV-1102 spectrophotometer
(Tianmei Inc., Beijing, China) at 220 and 275 nm [31]. Organic N
was calculated by the difference between total N and the sum of
NH,"-N and NO; -N.
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Figure 1. Percentages of substrate mass remaining in each of
the different N treatments. Error bars represent the standard
deviations of the means (n=3). Lv_BD, Lv_BL, Lv_EG, Lv_NA and Lv_PA
indicate leaf litter at the BD, BL, EG, NA and PA sites, respectively; St_NA
and St_PA indicate sheath litter at the NA and PA sites, respectively;
Tg_EG, Tg_NA and Tg_PA indicate twig litter at the EG, NA and PA sites,
respectively. Asterisks (*) indicate significant difference between the
control and at least one N treatment (o= 0.05). Two distinct stages were
observed for most of the litter substrates (initial rapid decomposition
rate followed by a slower rate) separated by dashed lines.
doi:10.1371/journal.pone.0088752.9001
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Experimental Treatments

Freshly fallen litter (Table 2) was collected on nylon mesh
screens and sorted into one to three litter fraction(s): leaves,
sheaths, and twigs, during June 2007 at each site. Next, each mesh
litter bag (20 cm %20 cm, 1 mm mesh size) was filled with 10.00 g
of air-dried litter for each fraction, sewn shut, and placed on the
litter layer surface in their own forest. Decomposing litter in the
bags was collected at 2- to 4-month intervals for 2 years (for 1 year
except for the BL site) for each litter fraction from each plot. The
litter materials were air-dried, removed from the litterbags, and
gently separated adhering extraneous materials. Samples were
then oven dried at 65°C for 48 h and weighed. Individual samples
were ground using a Wiley mill with a 1-mm mesh screen and
stored in paper bags for subsequent analyses.

Chemical Analyses

Lignin concentrations were determined using the acid detergent
fiber (ADF) method [32]. Briefly, ADF was prepared by refluxing
1.0-g of air-dried sample in acidified cetyltrimethyl ammonium
bromide (CG'TAB) solution using a raw fiber extractor (FIWE,
VELP, Milan, Italy). Suspensions were filtered through a Gooch-
type crucible (40-50 um, VELP, Milan, Italy) rinsed three times
with boiling water, and then rinsed twice with cold acetone, to
yield colorless and transparent suspensions. The residual materials
were acidified with 72% (w/v) sulfuric acid (HySOy) for 3 h. The
cellulose concentration was determined based on mass loss
following this acidification of the ADF. Reaction residues were
again filtered through a Gooch-type crucible (40-50 um, VELP,
Milan, Italy) and rinsed with boiling water, until the suspensions
were colorless and transparent. They were then dried to a constant
mass in an oven (130°C) and their weights recorded as ;. The
lignin concentration was calculated as the difference between W)
and the residual mass (/%) of the filtrate after ignition in a muffle
at 550°C for 2 h (i.e., W~ ;). Total N concentration in the litter
was determined through acid digestion, using the Kjeldahl method
[33]. Briefly, a 200-mg sample was digested in 5> mL of 1.84 g mL~
' (184 M L") HySO, and then distilled using a UDK 142
automatic distillation unit (VELP, Milan, Italy). For the determi-
nation of P, samples were subjected to triple-acid digestion (nitric,
perchloric, and sulphuric acid, 5:1:1, v/v/v) [34]. Total P was
determined colorimentrically in digested samples using the
ammonium molybdate/stannous chloride method [35]. The
concentrations of K, Ca, and Mg were analyzed using an atomic
absorption spectrophotometer (TAS-986, PGENERAL, Beijing,
China) following perchloric acid-nitric acid (HClO4,-HNOs)
digestion [36]. Their concentrations were expressed per unit of
oven dried sample (65°C).

Statistical Analyses

The residual substrate mass, as a proportion of the initial mass,
was plotted against time, using a single-exponent decomposition
model, X= ¢ [37], where X is the fraction of initial mass remaining
at time ¢ and £ is the decomposition constant. To investigate the
effects of N addition on decomposition, we compared £ among
treatments using a one-way analysis of variance (ANOVA) for each
substrate (SPSS v15, SPSS Inc. Chicago, USA). The relationships
among initial chemical parameters and the &-values were fitted using
linear and nonlinear regression models.

Results

Nitrogen Deposition
The average annual precipitation in Yucheng and Hongya was
1958 and 1822 mm, respectively, from 2008 to 2010. The mean
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indicate leaf litter at the BD, BL, EG, NA and PA sites, respectively; St_NA and St_PA indicate sheath litter at the NA and PA sites, respectively; Tg_EG,
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doi:10.1371/journal.pone.0088752.9002
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Figure 3. Relationships between the of initial chemical properties of substrates and their annual decomposition rates (k). Lv_BD,
Lv_BL, Lv_EG, Lv_NA and Lv_PA indicate leaf litter at the BD, BL, EG, NA and PA sites, respectively; St_NA and St_PA indicate sheath litter at the NA
and PA sites, respectively; Tg_EG, Tg_NA and Tg_PA indicate twig litter at the EG, NA and PA sites, respectively. Error bars represent the standard
deviations of the means (n=3).

doi:10.1371/journal.pone.0088752.9003
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respectively. Error bars represent the standard deviations of the means
(n=3). Asterisks (*) indicates significant differences between the control
and at least one N treatment (o=0.05).

doi:10.1371/journal.pone.0088752.g004

wet N deposition in Yucheng and Hongya was 94 and 95 kg N ha™
! year !, respectively, during the same period (Table 3).

Litter Mass Loss and k value

The single-exponent decomposition model was a good fit for
plotting the fraction of initial mass remaining in each litter
substrate and treatment as a function of time (P<<0.001) (Fig. 1).
Two evident stages of decomposition were observed with respect
to most of the litter substrates investigated, namely, a rapid rate of
decomposition early, followed by a slower rate in later stages. After
two years of decomposition, the mass losses of leaves, sheaths and
twigs ranged from 76% to 91% (mass loss of leaf litter at BL was
49%-69% in one year), 71% to 99%, and 54% to 81%,
respectively. Nitrogen addition significantly decreased the £-values
of six of the ten substrates (four leaf litters and two twig litters), but
had no significant effect on the k-values of the other four substrates

(Fig. 2).

PLOS ONE | www.plosone.org
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The relationships of A-values to initial C/N and to lignin/N
were assessed using several models, including linear, exponential
and logarithmic models. We found significant negative linear
relationships of A-values to initial C/N, and to Lignin/N, but
significant positive linear relationships between £-values and initial
K concentration, positive logarithmic relationships between £-
values and initial N concentration (Fig. 3).

Lignin and Nitrogen

Similar to the mass loss, decomposition of lignin was depressed
by N addition in later stages of the same substrates as their k-value
affected by N addition (Fig. 4). Nitrogen addition had no
significant effect on the amount of lignin remaining of the other
four substrates. Further, there were significant positive linear
relationships between mass remaining and lignin remaining, for all
of the ten substrates (P<0.01, R*>0.39) (Fig. 5).

Nitrogen dynamics differed among substrates (Fig. 6). Six
substrates (Lv_PA, St_NA, St_PA, Tg EG, Tg NA and Tg_PA)
with initial N' concentrations lower than 5.5 ¢ N kg ™' exhibited a
net immobilization of N during the early stages of decomposition.
On the other hand, net N mobilization occurred at the initiation of
decomposition of the other four substrates with initial N
concentrations ranging from 9-22 g kg™'. In general, all of the
substrates released N in the later stage of decomposition. During
this stage, N addition significantly increased the amount of residual
N in the six substrates but had no effect on residual N in the other
four substrates.

Discussion

Atmospheric Nitrogen Deposition

High rates of wet N deposition were observed at the investigated
sites (82-114 kg N ha ' year ', mean of 95 kg N ha ' year ),
which is significantly higher than the average N deposition rate
across China (15.8 kg N ha™' year ' [38]) and the average N
deposition rate that was reported across 50 forest sites in China
(16.6 kg N ha ' year ' [24]). In addition, this is exponentially
higher than the N deposition rates observed in the US (3.0 kg N
ha ! year ' [39]) and Europe (6.8 kg N ha ' year ' [39]). To our
knowledge, the N deposition rates observed in our study are
among the highest reported worldwide [40]. There are several
possible reasons for this phenomenon. First, the Sichuan Basin is
one of the most economically important industrial-agricultural
regions in southwestern China. Rapid development in this region
has resulted in significant increases in the emission of reactive N
forms over the last few decades. Second, reactive N released from
across Sichuan Basin and from the municipality of Chongqing
(located near the eastern edge of the basin) may have been
transported specifically to the western edge of the basin by
monsoonal winds. Orographic lift contributes significantly to high
precipitation rates (1500-2000 mm annually) in the elevated
western side of the Sichuan Basin (known as the “rainy zone” of
western China [27]).

Effect of Nitrogen Addition on Litter Decomposition
Confirming our hypothesis, experimental N additions had a
significant effect on forest litter decomposition, even under high
ambient N deposition rates. In a meta-analysis of previous studies,
Knorr et al. [19] reported that ambient N deposition and N
fertilization rates were the key factors affecting litter decomposi-
tion. In this meta-analysis, the N fertilization rate generally ranged
from 26 to 600 kg N ha ' year ', but ambient N deposition rates
only ranged from <1 to 19kg N ha ' year '. The authors
hypothesized that N additions had no significant effect on litter
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Figure 5. Relationships between residual lignin and substrate mass after a period of decomposition. Lv_BD, Lv_BL, Lv_EG, Lv_NA and
Lv_PA indicate leaf litter at the BD, BL, EG, NA and PA sites, respectively; St_NA and St_PA indicate sheath litter at the NA and PA sites, respectively;
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(n=3).
doi:10.1371/journal.pone.0088752.g005

decomposition in areas subject to chronically high levels of
ambient N deposition. This is in stark contrast to the results
reported in our study, where the decomposition rates of the six
substrates were decreased significantly by N additions, particularly
in the later stages of decomposition. These six substrates
comprised four leaf litters and two twig litters. Leaf litter
comprised the majority of above-ground litter input in these five
ecosystems [41]; in our study, N additions inhibited the
decomposition of most leaf litter substrates. Therefore, although
atmospheric N deposition ranged from 82 to as much as 114 kg N
ha ' year ', N additions of 40% to 370% of this amount still had
significant effects on forest litter decomposition.

Inhibitory effects of N addition on lignin decomposition were
observed in all the six substrates, whose mass losses were inhibited
by N addition. In the later stages of litter decomposition, the
relative concentration of lignin increased in the six substrates,
which consistent with the hypothesis that exogenous inorganic N
suppressed litter decomposition through inhibiting lignin decay.
The residual mass of substrate was closely related to the amount of
residual lignin, which suggests that lignin may have a critical role
in influencing litter mass loss. Nitrogen addition suppressed the
decomposition of lignin in later stages, which in turn slowed the
rate of mass loss. Many previous studies reported that exogenous
morganic N inhibits the decomposition of lignin [6,14,15], and
then the mass loss of litter [6-8]. The inhibitory effects of N
addition on lignin decomposition in the present study can be
interpreted as N addition reduced lignolytic enzyme production
and decomposer efficiency. In a previous study at the same sites,
we reported that N additions significantly depressed the activities
of polyphenol oxidase and peroxidase (the main lignin-decompos-
ing enzymes) in the surface soil horizon (0-20 cm) [42]. Keyser
et al. [43] found that white rot fungi were unable to synthesize
lignin-decomposing enzymes when ammonia and amino acids
accumulated. In the later stages of litter decomposition, fungal
communities are limited by high lignin and N concentrations [43],
resulting in a greater accumulation of humus in the surface layer of
the forest soil [6], especially in forests with high-lignin litter [44].

The decomposition rate (k-value) was closely related to the
initial chemical properties of the litter substrates. The k-value
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exhibited a significantly negative linear relationship with initial C/
N and lignin/N, and significantly positive linear and logarithmic
relationships with initial tissue K and N concentrations, respec-
tively. This is in agreement with a recent meta-analysis that
reported that litter quality parameters, such as the C/N ratio,
control litter decomposition rates [45]. Several studies have
reported that climate is the major factor affecting litter decom-
position on a global scale [46,47]. However, other studies have
indicated that litter substrate quality, such as C/N, lignin/N, and
total nutrient content, are the dominant factors controlling litter
decomposition rates, even at the global scale [18,45,48]. Thus,
litter substrate quality is one of the best predictors of A-values
within a particular climatic region [46]. However, the implications
of the positive logarithmic relationship between A-values and K
content remain unclear.

In general, nutrient dynamics in decomposing litter are
controlled by stoichiometric constraints [47,49,50]. Parton et al.
[47] conducted a 10-year study of litter decomposition in 21 sites
located over seven biomes, with the finding that net N release from
litter was driven primarily by the initial tissue N concentration.
They also reported that net N release occurred only when the
average C/N ratio of the litter was less than 40. On the other
hand, based on a 6-year study of litter decomposition in several
biomes in Canada, Moore et al. [49] reported a C/N threshold of
55 for net N release. Our study paralleled this conclusion, based
on analysis of the decomposition rates of the different litter
substrates (leaves, sheaths, twigs) in the five investigated subtrop-
ical. The C/N ratios of four of the substrates (leaf litter at the BD,
BL, EG and NA sites) were lower than 50, while, the C/N ratios of
the other six substrates were greater than 90. Therefore, we
inferred that net N release occurred at the initiation of
decomposition of the four substrates with relatively low C/N
ratios, and continued until the end of the study period. On the
contrary, net N immobilization occurred at the initiation of
decomposition of the other, high-C/N substrates. This echoes the
findings of our previous study in two subtropical bamboo forests,
where we reported that the patterns and dynamics of N, P, K, Ca
and Mg contents, and their residual contents after litter
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Figure 6. Percentage of nitrogen remaining in each substrate in
different N treatments. Lv_BD, Lv_BL, Lv_EG, Lv_NA and Lv_PA
indicate leaf litter at the BD, BL, EG, NA and PA sites, respectively; St_NA
and St_PA indicate sheath litter at the NA and PA sites, respectively;
Tg_EG, Tg_NA and Tg_PA indicate twig litter at the EG, NA and PA sites,
respectively. Error bars represent the standard deviations of the means
(n=3). Asterisks (*) indicates significant difference between the control
and at least one N treatment (o=0.05).

doi:10.1371/journal.pone.0088752.9006

decomposition, were primarily determined by initial substrate

quality [41].

References

1. Vitousek PM, Aber JD, Howarth RW, Likens GE, Matson PA, et al. (1997)
Human alteration of the global nitrogen cycle: Sources and consequences. Ecol
Appl 7: 737-750.

2. Galloway JN, Dentener EJ, Capone DG, Boyer EW, Howarth RW, et al. (2004)
Nitrogen cycles: past, present, and future. Biogeochemistry 70: 153-226.

3. Gruber N, Galloway JN (2008) An earth-system perspective of the global
nitrogen cycle. Nature 451: 293-296.

4. Hogberg P (2007) Nitrogen impacts on forest carbon. Nature 447: 781-782.

5. Hobbie SE (2005) Contrasting effects of substrate and fertilizer nitrogen on the
early stages of litter decomposition. Ecosystems 8: 644-656.

6. Magill AH, Aber JD (1998) Long-term effects of experimental nitrogen additions
on foliar litter decay and humus formation in forest ecosystems. Plant Soil 203:
301-311.

7. Carreiro MM, Sinsabaugh RL, Repert DA, Parkhurst DF (2000) Microbial
enzyme shifts explain litter decay responses to simulated nitrogen deposition.
Ecology 81: 2359-2365.

8. Hobbie SE (2008) Nitrogen effects on decomposition: a five-year experiment in
cight temperate sites. Ecology 89: 2633-2644.

PLOS ONE | www.plosone.org

Nitrogen Addition Affects Litter Decomposition

Potential Effects of Nitrogen Deposition on Carbon
Status

Litter decomposition is the first step in soil organic matter
formation and plays a key role in the flux of COy from the soil to
the atmosphere [51], as well as in nutrient cycling and productivity
in most terrestrial ecosystems [52]. Our findings in the current
study indicated that the response of litter decomposition to N
addition was generally negative at all five sites. However, total
ecosystem G storage and C cycling depend on the balance between
decomposition and production, they both can change under the
projected increases in N deposition. Our observations have found
that nitrogen additions for two years enhanced carbon sequestra-
tion in a bamboo forest (PA site) through the stimulation of plant
growth [28]. Aboveground litter production in this forest was
increased by N additions, as a consequence of increased plant
biomass [53]. The increased litter input and the inhibitory effect of
external N on litter decomposition were expected to increase the
soil C pool in the PA stand [28]. However, the indirect effects
(such as on litter quality and subsequent litter decomposition) of N
additions may be compensatory. For example, at these sites, we
found that N addition significantly increased N concentrations in
leaf litter [52]. A similar phenomenon has been reported in other
studies as well [38,54]. Therefore, the indirect effects of N addition
on leaf litter quality will likely manifest as an increase in the
decomposition rate in the early stages [5].

Opverall, the present study suggests that the mean N deposition
rate along the western edge of the Sichuan Basin is higher than the
mean N deposition in mainland China [25]. Despite the high rates
of ambient N deposition, N additions decreased forest litter
decomposition by inhibiting the decomposition of lignin. This
study suggests that the increase in N deposition rates may have a
potentially significant impact on the C cycle of forest ecosystems,
assuming that ambient N deposition continues to increase as
predicted. However, the results from this two-year experiment
cannot necessarily be extrapolated to predict the long-term status
of litter decomposition or even C cycles in such ecosystems. More
long-term fixed sample site studies among different biomes are
needed in the future to supplement our understanding regarding N
deposition on global C cycle.

Author Contributions

Conceived and designed the experiments: LHT TXH JZ HLH. Performed
the experiments: LHT HLH GC YP YLX YT. Analyzed the data: LHT
HLH TXH XWL LL YT. Contributed reagents/materials/analysis tools:
LHT HLH TXH JZ HLH LL YT. Wrote the paper: LHT HLH TXH JZ
HLH XWL LL YT.

9. Hobbie SE, Eddy WC, Buyarski CR, Adair EC, Ogdahl ML, et al. (2012)
Response of decomposing litter and its microbial community to multiple forms of
nitrogen enrichment. Ecol Monogr 82: 389-405.

10. Hobbie SE, Vitousek PM (2000) Nutrient limitation of decomposition in
Hawaiian forests. Ecology 81: 1867-1877.

11. Vestgarden LS (2001) Carbon and nitrogen turnover in the early stage of Scots
pine (Pinus sylvestris L.) needle litter decomposition: effects of internal and
external nitrogen. Soil Biol Biochem 33: 465-474.

12. Allison SD, LeBauer DS, Ofrecio MR, Reyes R, Ta AM, et al. (2009) Low levels
of nitrogen addition stimulate decomposition by boreal forest fungi. Soil Biol
Biochem 41: 293-302.

13. Berg B (1986) Nutrient release from litter and humus in coniferous forest soils—a
mini review. Scand J For Res 1: 359-369.

14. Fog K (1988) The effect of added nitrogen on the rate of decomposition of
organic matter. Biol Rev 63: 433-462.

15. Berg B, Matzner E (1997) Effect of N deposition on decomposition of plant litter
and soil organic matter in forest systems. Environ Rev 5: 1-25.

16. Agren GI, Bosatta E, Magill AH (2001) Combining theory and experiment to
understand effects of inorganic nitrogen on litter decomposition. Oecologia 128:
94-98.

February 2014 | Volume 9 | Issue 2 | e88752



20.

21.

22.

23.

27.

28.

29.

30.

31.

32.

Sinsabaugh RL (2010) Phenol oxidase, peroxidase and organic matter dynamics
of soil. Soil Biol Biochem 42: 391-404.

. Prescott CE (2010) Litter decomposition: what controls it and how can we alter it

to sequester more carbon in forest soils? Biogeochemistry 101: 133-149.

. Knorr M, Frey SD, Curtis PS (2005) Nitrogen additions and litter

decomposition: A meta-analysis. Ecology 86: 3252-3257.

Dentener F, Drevet J, Lamarque JF, Bey I, Eickhout B, et al. (2006) Nitrogen
and sulfur deposition on regional and global scales: a multimodel evaluation.
Global Biogeochem Cy 20: GB4003, 21pp.

Hu 7Y, Xu CK, Zhou LN, Sun BH, He YQ, et al. (2007) Contribution of
atmospheric nitrogen compounds to N deposition in a broadleaf forest of
southern China. Pedosphere 17: 360-365.

Zhao X, Yan X, Xiong Z, Xie Y, Xing G, et al. (2009) Spatial and temporal
variation of inorganic nitrogen wet deposition to the Yangtze River Delta region,
China. Water Air and Soil Poll 203: 277-289.

Jia G, Chen I (2010) Monthly variations in nitrogen isotopes of ammonium and
nitrate in wet deposition at Guangzhou, south China. Atmos Environ 44: 2309
2315.

. Fang YT, Gundersen P, Vogt RD, Koba K, Chen FS, et al. (2011) Atmospheric

deposition and leaching of nitrogen in Chinese forest ecosystems. J Forest Res
16: 341-350.

. Ti C, Pan J, Xia Y, Yan X (2012) A nitrogen budget of mainland China with

spatial and temporal variation. Biogeochemistry 108: 381-394.

5. Denman KL, Brasseur G, Chidthaisong A, Ciais P, Cox PM, et al. (2007)

Couplings between changes in the climate system and biogeochemistry. In:
Solomon S, Qin D, Manning M, Marquis M, Averyt K, et al. (eds) Climate
Change 2007, The Physical Science Basis. Contribution of Working Group I to
the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge, UK. 499-587.

Zhuang P, Gao X (2002) The concept of the Rainy Zone of West China and its
significance to the biodiversity conservation in China. Biodivers Sci 10: 339-344.
Tu LH, Hu TX, Zhang J, Li RH, Dai HZ, et al. (2011) Simulated nitrogen
deposition stimulates carbon sequestration in a Pleioblastus amarus plantation.
Plant Soil 340: 383-396.

Tu LH, Hu TX, Zhang J, Li XW, Hu HL, et al. (2013) Nitrogen addition
stimulates different components of soil respiration in a subtropical bamboo
ecosystem. Soil Biol Biochem 58: 255-264.

Tu LH, Hu TX, Zhang J, Huang LH, Xiao YL, et al. (2013) Nitrogen
distribution and cycling through water flows in a subtropical bamboo forest
under high level of atmospheric deposition. PLoS ONE, 8: ¢75862.

Krug FJ, Ruzicka J, Hansen EH (1979) Determination of ammonia in low
concentrations with Nessler’s reagent by flow injection analysis. Analyst 104: 47
54.

Rowland AP, Roberts JD (1994) Lignin and cellulose fractionation in
decomposition studies using acid-detergent fiber methods. Commun. Soil Sci
Plan 25: 26-277.

Grimshaw HM, Allen SE, Parkinson JA (1989) Nutrient elements. In: Allen SE
(ed.) Chemical Analysis of Ecological Material. Blackwell Scientific, Oxford. 81.

. Jackson ML (1958) Soil chemical analysis. Prantice Hall Inc. Englewood Cliffs,

New Jersey.

. Olsen SR, Sommers LE (1982) Phosphorus. In: Page AL, Miller RH, Keeney

DR (eds.) Methods of soil analysis, Part 2. Agronomy Society of America and
Soil Science Society of America, Madison, WI, 403-430.

PLOS ONE | www.plosone.org

36.

37.

38.

39.

40.

41.

42.

44,

46.

47.

48.

49.

50.

51.

52.

53.

Nitrogen Addition Affects Litter Decomposition

Jones JB, Case VW (1990) Sampling, handling, and analyzing plant tissue
samples. In: Westerman RL (ed.) Soil testing and plant analysis. Soil Science
Society of America, Inc. Madison, WI, 390-428.

Olson JS (1963) Energy storage and the balance of producers and decomposers
in ecological systems. Ecology 44: 322-331.

Liu X, Duan L, Mo J, Du E, Shen J, et al. (2011) Nitrogen deposition and its
ecological impact in China: An overview. Environ Pollut 159: 2251-2264.
Holland EA, Braswell BH, Sulzman J, Lamarque JF (2005) Nitrogen deposition
onto the United States and Western Europe: synthesis of observation and
models. Ecol Appl 15: 38-57.

Xu ZF, Tu LH, Hu TX, Schadler M (2013) Implications of greater than average
increases in nitrogen deposition on the western edge of the Sichuan Basin,
China. Environ Pollut doi:10.1016/j.envpol. 2012.12.031.

Tu LH, Hu HL, Hu TX, Zhang J, Li XW, et al. (2013) Litterfall, litter
decomposition, and nutrient dynamics in two subtropical bamboo forests of
China. Pedosphere in press.

Tu LH, Hu HL, Hu TX, Zhang J, Xiao YL, et al. (2012) Effects of simulated
nitrogen deposition on soil enzyme activities in a Betula luminifera plantation in
Rainy Area of West China. Chin J Appl Ecol 23: 2129-2134, in Chinese.

. Keyser P, Kirk TK, Zeikus IG (1978) Ligninolytic enzyme of Phanerochaete

chrysosporium: Synthesized in the absence of lignin in response to nitrogen
starvation. J Bacteriol 135: 790-797.

Waldrop MP, Zak DR, Sinsabaugh RL, Gallo M, Lauber C (2004) Nitrogen
deposition modifies soil carbon storage through changes in microbial enzymatic
activity. Ecol Appl 14: 1172-1177.

. Cornwell WK, Cornelissen JHC, Amatangelo K, Dorrepaal E, Eviner VT, et al.

(2008) Plant species traits are the predominant control on litter decomposition
rates within biomes worldwide. Ecol Let 11: 1065-1071.

Aerts R (1997) Climate, leaf litter chemistry and leaf litter decomposition in
terrestrial ecosystems: a triangular relationship. Oikos 79: 439-449.

Parton W, Silver WL, Burke IC, Grassens L, Harmon ME, et al. (2007) Global-
scale similarities in nitrogen release patterns during long-term decomposition.
Science 315: 361-364.

Zhang D, Hui D, Luo Y, Zhou G (2008) Rates of litter decomposition in
terrestrial ecosystems: global patterns and controlling factors. J Plant Ecol 1: 85—
93.

Moore TR, Trofymow JA, Prescott CE, Fyles J, Titus BD, et al. (2006) Patterns
of carbon, nitrogen and phosphorus dynamics in decomposing foliar litter in
Canadian forests. Ecosystems 9: 46-62.

Manzoni S, Trofymow JA, Jackson RB, Porporato A (2010) Stoichiometric
controls on carbon, nitrogen, and phosphorus dynamics in decomposing litter.
Ecol Monogr 80: 89-106.

Didham RK (1998) Altered leaf-litter decomposition rates in tropical forest
fragments. Oecologia 116: 397-406.

Swift MJ, Heal OW, Anderson JM (1979) Decomposition in terrestrial
ecosystems. Blackwell Scientific Publications, Oxford.

Xiao YL, Tu LH, Hu TX, Zhang J, Li XW, et al. (2013) Early effects of
simulated nitrogen deposition on annual nutrient input from litterfall in a
Plewobastus amarus plantation in Rainy Area of West China. Acta Ecologica Sinica,

33: 7355-7363, in Chinese.

. Knops JMH, Naeem S, Reich PB (2007) The impact of elevated COo, increased

nitrogen availability and biodiversity on plant tissue quality and decomposition.
Glob Change Biol 13: 1960-1971.

February 2014 | Volume 9 | Issue 2 | e88752



