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Abstract: Litter decomposition plays a critical role in regulating biogeochemical cycles in terrestrial
ecosystems and is profoundly impacted by increasing atmospheric nitrogen (N) deposition.
Here, a N manipulation experiment was conducted to explore the effects of N additions (0 kg
N ha−1 yr−1, 20 kg N ha−1 yr−1 and 40 kg N ha−1 yr−1) on decay rates and nutrients release of
two contrasting species, the evergreen and nutrient-poor Michelia wilsonii and the deciduous and
nutrient-rich Camptotheca acuminata, using a litterbag approach at the western edge of the Sichuan
Basin of China. The decay rate and the mineralization of N and phosphorus (P) was faster in
nutrient-rich C. acuminata litter than in nutrient-poor M. wilsonii litter, regardless of N regimes.
N additions tended to decrease the decay constant (k value) in M. wilsonii litter, but had no effect
on C. acuminata litter. N additions had no significant effects on carbon (C) release of both litter
types. N additions showed negative effects on N and P release of M. wilsonii litter, particularly in
the late decomposition stage. Moreover, for C. acuminata litter, N additions did not affect N release,
but retarded P release in the late stage. N additions did not affect the C:N ratio in both litter types.
However, N additions—especially high-N addition treatments—tended to reduce C:P and N:P ratios
in both species. The effect of N addition on N and P remaining was stronger in M. wilsonii litter
than in C. acuminata litter. The results of this study indicate that N additions retarded the nutrients
release of two foliar litters. Thus, rising N deposition might favor the retention of N and P via litter
decomposition in this specific area experiencing significant N deposition.
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1. Introduction

The decomposition of plant litter is a key determinant of carbon (C) and nutrient cycling in terrestrial
ecosystems. It is a primary source of energy and nutrients for complex detritus-based food webs and
constitutes an important ecosystem service by recycling nutrients, renewing soil fertility, and carbon
sequestration [1]. Studies have demonstrated that litter decomposition is controlled by both internal
chemical components and external environmental conditions (e.g., climate and soil decomposers) [2].
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Reactive nitrogen (N) deposition has increased dramatically over the last several decades in tropical
areas [3–5]. Elevated N deposition consequently increases soil N availability [6], which could further
have complex and profound influences on litter decomposition in subtropical forests.

Nitrogen deposition, as a global change driver, has great potential to affect plant litter
decomposition in terrestrial ecosystems [7]. It has been reported that N additions cause positive,
negative, or neutral effects on litter decomposition [8–10]. The effect of N input on decomposition
is regulated by substrate quality, N addition rates, and ambient N deposition [4,6]. In N-deficient
ecosystems, N addition generally stimulates the decomposition by increasing soil N availability or
reducing the C:N litter ratios [11]. However, in N-sufficient sites, the added N often shows an inhibitory
or neutral effect on litter decomposition and nutrients mineralization due to the saturation of soil
N availability and the suppression of enzymic synthesis [12–16]. The response of litter decomposition
to environmental changes may largely depend on the litter’s initial nutrient conditions [17,18].
As far as we know, nutrient-rich litter generally decays faster relative to nutrient-poor litter [19,20].
Regarding N additions, the effect of added N on litter decomposition and nutrient release generally
varies among litter types and decomposition stages. A previous meta-analysis also indicated that
N additions stimulated the decomposition rate of high-nutrient litter, but inhibited the decomposition
of low-nutrient litter [4]. Additionally, the impact of N additions is positive in the initial phase,
but negative in the late stage [7,21]. As a result, it is important to investigate N deposition responses of
different-quality litters coexisting in an ecosystem using a N manipulation experiment, particularly in
high-N-deposition subtropical forest ecosystems.

N deposition has risen significantly in China in the last several decades [22]. Increasing N
deposition may be favorable to C sequestration in subtropical forests [23]. Atmospheric wet N
deposition on the western edge of the Sichuan Basin (known as the “rainy zone of west China”)
is much higher than the mean value across China, as a result of rich rainfall and reactive N [24].
Previous studies have indicated that extremely high N additions (100 and 150 kg N ha−1 yr−1)
constrained the litter decomposition rate in subtropical forests [25–27]. However, the effect of
N deposition on foliage decomposition and nutrients mineralization may vary between litter types
(nutrient-rich vs. nutrient-poor) or decomposition stages (early vs. late). To examine the aforementioned
scientific hypothesis, a field experiment was conducted to examine the effect of simulated N deposition
on mass loss and C, N, and phosphorus (P) release, as well as the stoichiometric dynamics of two
contrasting broad-leaved litter types. Michelia wilsonii is an evergreen tree species, but Camptotheca
acuminata is a deciduous tree species. There were significant differences in litter matrix between the
two tree species. Initial N and P concentrations were lower in the M. wilsonii litter relative to those of
the C. acuminata litter. Conversely, lignin, cellulose, C:N, C:P, and lignin:N were significantly higher in
the M. wilsonii litter versus the C. acuminata litter [28]. The main objectives of this study were to: (i)
examine the effect of N additions on the decay rate as well as the C, N, and P release of two litters; and
(ii) determine if the N-induced effect varied between two contrasting litter types.

2. Materials and Methods

2.1. Site Description and Experimental Design

The study was conducted in the Dujiangyan Experimental Forest of the Sichuan Agricultural
University, Southwestern China (31◦01’–31◦04’ N, 103◦37’–103◦43’ E, 896−1320 m a.s.l.). This forest is
characterized by a canopy composed of M. wilsonii and C. acuminata. Mean annual precipitation is
1243 mm. Mean annual temperature is 15.2 ◦C, with a minimum in January (−1.4 ◦C) and maximum
in July (31.6 ◦C). The soil type is classified as Ferralsol with old alluvial yellow loam, according to
the FAO (Food and Agriculture Organization of the United Nations) classification system. The basic
topsoil properties (0−20 cm) are as follows: organic C 15.76 g kg−1, total N 1.92 g kg−1, total P 0.32 g
kg−1, and pH 5.73.
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Experimental plots were established in November 2015, according to the ambient atmospheric
wet N deposition (36.2 kg N ha−1yr−1) in the study site [29]. Three N addition levels of 10 × 10 m in
triplicates were established for this experiment: control (Control: 0 kg N ha−1 yr−1), low-N addition
(LN: 20 kg N ha−1 yr−1) and high-N addition (HN: 40 kg N ha−1 yr−1). Both LN and HN treatments
roughly simulate the scenarios that wet N deposition would be increased by about 50% and 100%,
respectively. Ammonium nitrate (NH4NO3) solution was applied monthly in 12 equal applications
from December 2015 to December 2016. There were no significant differences in soil temperature or
moisture under different N addition treatments [28].

2.2. Litter Bag Experiment

Both M. wilsonii and C. acuminata were chosen in this study because they are the two dominant tree
species in this site. In addition, they represent two contrasting litter types (evergreen and rich-nutrient
vs. deciduous and low-nutrient) in subtropical areas. We collected fresh litter from the forest
stand adjacent to the N manipulation site in late October 2015. Air-dried material of approximately
15.00 ± 0.01 g of two species was placed into 20 × 25 cm nylon mesh bags with a 1.0 mm mesh on the
surface and 0.055 mm mesh on the bottom. Duplicate litter bags were placed on the surface in the
respective treatment section in early January 2016. Meanwhile, two litterbags of each species were
retrieved from each plot for determination of initial chemical properties, and were harvested after 46,
105, 164, 284 and 351 days from each plot. Soil particles and other extraneous materials were removed
from the harvested litters, and the cleaned samples were then oven-dried (85 ◦C for 48 h) to constant
mass and the mass remaining was weighed.

2.3. Chemical Analysis

The oven-dried litter samples were ground and sieved. The sieved samples were used
for chemical analysis. The organic carbon (C), total nitrogen (N), and total phosphorus (P)
concentrations were determined with the methods of dichromate oxidation, Kjeldahl determination
(KDN, Top Ltd., Zhejiang, China) and phosphomolybdenum yellow spectrophotometry (TU-1901,
Puxi Ltd., Beijing, China), respectively.

2.4. Calculations and Statistical Analysis

Decomposition rates were calculated from the remaining dry mass using a single negative
exponential decay model y = e−kt, where y is the fraction of mass remaining at time t, t is the time
elapsed in years and k is the annual decay constant [30]. The remaining amount of elements C, N and P
on each sampling date was determined by multiplying the litter elements’ (C, N and P) concentration
by the litter mass and the litter mass remaining, and comparing it to the initial litter elements’ (C, N
and P) mass. The stoichiometric rates (C:N, C:P and N:P) were calculated on an element mass basis.
Repeated-measure analysis of the variance was used to test the effects of tree species, N additions,
sampling data and their interactions on elements (C, N and P) remaining and stoichiometric ratios.
For a specific date, one-way analysis of variance was used to determine the chemistry addition effect
on the measured parameters. Differences among means were considered significant at the p < 0.05
level. All statistical tests were performed using the Software Statistical Package for the Social Sciences
(SPSS) version 22.0 (IBM SPSS Statistics Inc., Chicago, IL, USA).

3. Results

3.1. Decay Constant

Regardless of N additions, decay constants (k values) markedly differed between species (Figure 1).
C. acuminata litter always decomposed faster than M. wilsonii litter. For M. wilsonii litter, the k values
were significantly lower in the N addition treatments than in the control. However, N additions had
no significant effect on k values of C. acuminata (p > 0.05).
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Figure 1. The decomposition constant (k, year-1) of M. wilsonii and C. acuminata over 1-year 
decomposition under three N treatments. Values are expressed as mean ± SE. Different lowercase 
letters indicate significant differences between N additions for the same species; different capital 
letters denote significant differences between tree species for the same N addition. Control: no N 
addition (0 kg N ha-1 yr-1); HN: high-N addition (40 kg N ha-1 yr-1); LN: low-N addition (20 kg N ha-1 
yr-1). 

3.2. Litter C, N and P Remaining 

The amount of C remaining in both species decreased significantly as decomposition proceeded 
(Table 1; Figure 2a, b). After 168-day fast loss, C loss in M. wilsonii gradually slowed down and 
retained 24%–32% after one year of decomposition. Similarly, C loss of C. acuminata litter occurred 
rapidly and left 11%–17% until the end of the experiment (Figure 2a,b). N treatments had no 
significant effect on litter C loss (p = 0.139, Table 1). 

Figure 1. The decomposition constant (k, year−1) of M. wilsonii and C. acuminata over 1-year
decomposition under three N treatments. Values are expressed as mean ± SE. Different lowercase
letters indicate significant differences between N additions for the same species; different capital letters
denote significant differences between tree species for the same N addition. Control: no N addition
(0 kg N ha−1 yr−1); HN: high-N addition (40 kg N ha−1 yr−1); LN: low-N addition (20 kg N ha−1 yr−1).

3.2. Litter C, N and P Remaining

The amount of C remaining in both species decreased significantly as decomposition proceeded
(Table 1; Figure 2a,b). After 168-day fast loss, C loss in M. wilsonii gradually slowed down and retained
24–32% after one year of decomposition. Similarly, C loss of C. acuminata litter occurred rapidly and
left 11–17% until the end of the experiment (Figure 2a,b). N treatments had no significant effect on
litter C loss (p = 0.139, Table 1).

For M. wilsonii, the remaining N was higher in the N treatment plots than in the control plots
during the late stage, especially after 284 and 351 days (Table 1; Figure 2c,d). By the end of the
experiment, the remaining N for M. wilsonii was 68%, 79% and 106% for the control, LN and HN plots,
respectively (Figure 2c,d). However, N addition did not significantly affect C. acuminata N release.
The remaining N for C. acuminata was 61%, 56% and 70% for the control, LN and HN plots, respectively
(Figure 2c,d). Regardless of N treatments, M. wilsonii N loss rates were significantly slower than those
of C. acuminata after one year of incubation (Table 1; Figure 2c,d). Statistical analysis indicated that
the effect of N addition on the remaining N in litter was dependent on litter type and decomposition
period (Table 1).

Both litter types showed different patterns in P release throughout the experimental period
(Figure 2e,f; Table 1). The P content of M. wilsonii litter clearly accumulated in the late decomposition
stage (Figure 2e). However, the C. acuminata P content was always released during the decomposition
process (Figure 2f). After one year of decomposition, the P remaining in M. wilsonii litter was
48.2%, 82.7% and 119.4%, in the control, LN and HN plots, respectively. However, the P remaining
in C. acuminata, was only 38.8%, 24.6% and 51.9% in the control, LN and HN plots, respectively.
The ANOVA analysis showed that N treatments, species, decomposition stages and their interactions
all had significant influences on the P remaining (Table 1).
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Table 1. Results of repeated-measure ANOVA showing the effects of sampling dates (T), tree species (S), N treatments (N) and their interactions on element (C, N and
P) remaining and their C:N:P stoichiometry.

C
Remaining

N
Remaining

P
Remaining C:N C:P N:P

F p F p F p F p F p F p

S 45.90 <0.001 52.22 <0.001 68.98 <0.001 173.58 < 0.001 257.68 <0.001 68.21 <0.001
N 2.34 0.139 4.69 0.031 9.04 0.004 1.12 0.359 4.13 0.043 3.29 0.073
T 182.18 <0.001 32.81 <0.001 39.36 <0.001 81.73 < 0.001 55.80 <0.001 8.63 0.004

S × T 3.78 0.027 24.65 <0.001 35.38 <0.001 3.25 0.039 15.38 <0.001 3.32 0.062
N × T 2.13 0.090 6.86 0.006 11.92 0.001 0.77 0.589 6.49 <0.001 4.18 0.030
N × S 0.43 0.659 0.95 0.415 1.21 0.333 2.82 0.099 0.24 0.210 0.20 0.237

N × S × T 1.37 0.266 5.51 0.013 14.36 <0.001 0.83 0.542 5.92 <0.001 8.52 0.003



Forests 2020, 11, 377 6 of 11Forests 2020, 11, x FOR PEER REVIEW 

Figure 2. C, N and P remaining of M. wilsonii and C. acuminata over 1-year decomposition under three 
N treatments. Values are expressed as mean ± SE. * Indicates significant differences among N 
additions. Control: no N addition (0 kg N ha-1 yr-1); HN: high-N addition (40 kg N ha-1 yr-1); LN: low-
N addition (20 kg N ha-1 yr-1). 

For M. wilsonii, the remaining N was higher in the N treatment plots than in the control plots 
during the late stage, especially after 284 and 351 days (Table 1; Figure 2c,d). By the end of the 
experiment, the remaining N for M. wilsonii was 68%, 79% and 106% for the control, LN and HN 
plots, respectively (Figure 2c,d). However, N addition did not significantly affect C. acuminata N 
release. The remaining N for C. acuminata was 61%, 56% and 70% for the control, LN and HN plots, 
respectively (Figure 2c,d). Regardless of N treatments, M. wilsonii N loss rates were significantly 
slower than those of C. acuminata after one year of incubation (Table 1; Figure 2c,d). Statistical analysis 
indicated that the effect of N addition on the remaining N in litter was dependent on litter type and 
decomposition period (Table 1). 

Both litter types showed different patterns in P release throughout the experimental period 
(Figure 2e,f; Table 1). The P content of M. wilsonii litter clearly accumulated in the late decomposition 
stage (Figure 2e). However, the C. acuminata P content was always released during the decomposition 
process (Figure 2f). After one year of decomposition, the P remaining in M. wilsonii litter was 48.2%, 

Figure 2. C, N and P remaining of M. wilsonii and C. acuminata over 1-year decomposition under three
N treatments. Values are expressed as mean ± SE. * Indicates significant differences among N additions.
Control: no N addition (0 kg N ha−1 yr−1); HN: high-N addition (40 kg N ha−1 yr−1); LN: low-N
addition (20 kg N ha−1 yr−1).

3.3. Stoichiometric Dynamic

Regardless of tree species and N treatment, the C:N ratio generally declined as litter decomposition
progressed (Table 1; Figure 3a,b). N additions did not affect litter C:N ratio, but the M. wilsonii C:N
ratio was often higher than the C. acuminata C:N ratio, regardless of the N treatment (Table 1;
Figure 3a,b). The ANOVA analysis showed that the interactions between N additions and tree species
or decomposition stages had no significant impact on the litter C:N ratio (Table 1; Figure 3a,b).
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Figure 3. C, N and P stoichiometric ratios of M. wilsonii and C. acuminata over 1-year decomposition
under three N treatments. Values are expressed as means ± SE. * Indicates significant differences among
N additions. Control: no N addition (0 kg N ha−1 yr−1); HN: high-N addition (40 kg N ha−1 yr−1); LN:
low-N addition (20 kg N ha−1 yr−1).

Irrespective of N treatment, the C:P ratio of M. wilsonii litter remarkably declined during the first
105 days of decomposition but tended to increase after 286 days. N treatments significantly decreased
C:P ratios in 351 days, compared to control plots (Figure 3c). However, the C. acuminata C:P ratio
generally decreased over the one-year decomposition (Figure 3d). The ANOVA analysis showed
that tree species, N additions, sampling dates and their interactions all had a significant impact on
C:P ratio (Table 1).

Regardless of N treatment, the N:P ratios in M. wilsonii were obviously higher than those of
C. acuminata during the one-year incubation (Figure 3e,f). ANOVA results indicated that the effects of
N additions on the N:P ratio were dependent on tree species and sampling interval (Table 1).
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4. Discussion

The results of this study showed significant differences in litter decomposition and nutrient release
between tree species. Generally, litter with high initial nutrient content and low C:N ratio were suggested
to have higher decomposition rates [31]. In our study, nutrient content was higher, but stoichiometric
ratios were lower in C. acuminata litter than in M. wilsonii litter. Consequently, the decomposition rate
of C. acuminata litter was often faster than that of M. wilsonii litter, irrespective of the N regime.

However, N additions had different effects on the decay rate of the two types of litter. N additions
decreased the decomposition rate of M. wilsonii litter, but did not have an effect on C. acuminata litter.
A previous study also reported that extremely high N additions inhibited litter decomposition rate in
subtropical forests [14]. Knorr et al. [4] concluded that ambient N deposition and N addition levels are
two important factors regulating litter decomposition. Litter decomposition may be inhibited when
N addition rates are 2–20 times higher than the ambient N deposition amount. In the present case,
N addition levels were roughly between 0.5 and 1 times higher than the background N deposition.
Our fertilization rate was relatively low compared to other simulated N deposition experiments.
On the other hand, elevated N may increase soil P limitation in a site, and the P effect may override
the N effect [32]. Therefore, litter P content might regulate the decomposition rate in high ambient
N deposition and P-poor ecosystems. Thus, N additions exhibited a greater suppression on P-low
M. wilsonii litter compared to high-P C. acuminata litter.

Nutrient release in decomposing litter is positively regulated by total N content or stoichiometric
ratios (e.g., C:N and C:P) [33]. Previous studies reported that N in decomposing litter starts to release
when the C:N ratio of the litter is <40 [21]. The results in our study noted the initial C:N ratio of
M. wilsonii and C. acuminata was 54 and 36, respectively. Net N release of both tree species occurred
during the entire experiment. The rate of N release was greater in N-rich C. acuminata than in N-poor
M. wilsonii. This may be because the M. wilsonii C:N ratio is much higher than that of C. acuminata.
N additions slowed down the net N release in decaying litter. In addition, low-N litter M. wilsonii
could be more easily affected by external N addition relative to high-N litter C. acuminata. Litter N
mineralization may also be mediated by initial litter N content [34]. Simulated N deposition suppressed
the net N release of foliar litter in a natural evergreen broad-leaved forest and in a bamboo forest
with a high background N deposition area [35]. Moreover, the suppression of N addition on litter N
mineralization was stronger in N-poor Liquidambar formosana litter than in N-rich Alnus cremastogyne [36].
This study also found that the effect of N addition on litter N release differed between contrasting litters,
with M. wilsonii being stronger than C. acuminata. It is important to note that N was even immobilized
in the M. wilsonii litter in the HN treatment by the end of the experiment. Net N immobilizations
generally occur as decomposers access N exogenous to the litter and convert it to microbial biomass
or exo-enzymes [37]. In this region, microbes may not meet their basic N requirements. N addition
treatments could, to some extent, provide more external N for biological enrichment, implying that the
N release in decomposing litters may be partly offset by microbial immobilization.

Similar to N release, the P pattern in decomposing litter is primarily regulated by litter C:P
ratios [14,37]. The immobilization of litter P has been seen to occur when the C:P ratio is greater than
700 [38]. The initial C:P ratio for C. acuminata litter was 560. Net P release occurred in C. acuminata
litter under all the N additions throughout the experimental period. However, the initial C:P ratio for
M. wilsonii litter was 1192. As a result, microbes often immobilized more P in the litter. In addition,
HN addition resulted in the net P immobilization or inhibitory effect of litter P in both litter types
by the end of the experimental period. P input is usually minimal in natural ecosystems, therefore,
N additions may, to some extent, strengthen the P limitation of the ecosystems. Litter P could be
rapidly recycled internally during the decomposition processes, which could in turn hinder P release
to the soil [39]. Our study found that N additions tended to favor the accumulation of P. Some studies
have also found an accumulation of P with N deposition [40]. The litter P accumulation induced by
N deposition might attribute to a relative shortage of P associated with the stoichiometric constraint
theory [41], but further supporting evidence is necessary.
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Irrespectively of tree species and N additions, the C:N ratio generally decreased as litter
decomposition progressed. This result is in line with the observations obtained in many other
tree species [42–44]. The C:P and N:P ratios pattern was different between two contrasting tree species
during the decomposition process. This is because the nutrients release pattern differed between
C. acuminata and M. wilsonii during decomposition. In addition, previous studies have also found
that simulated N deposition altered the C, N and P stoichiometry [16,20]. As mentioned above,
litter C release was similar among N addition treatments, but litter P release declined with increasing
N additions. To alleviate the N-induced negative effect on litter P release, the litter P demand will be
increased under N additions [39]. Therefore, N additions, especially under the HN treatment, tended to
decrease C:P ratios in the late period of decomposition. On the other hand, N-inhibited magnitude in
litter P was greater compared to that in litter N during the late period. N additions also tended to
decrease litter N:P stoichiometry in the late period of decomposition.

5. Conclusions

This study investigated the litter decomposition and nutrients release of two contrasting litter types
following gradient N additions in a subtropical forest with high N background. The decay rate and the
mineralization of N and P was faster in nutrient-rich C. acuminata litter than in nutrient-poor M. wilsonii
litter, regardless of N regime. The effect of N addition had negative effects on the decomposition rate as
well as N and P release in M. wilsonii litter during the late decay phase. For C. acuminata, N additions
did not affect N release, but retarded P release in the late stage. Overall, the effect of N addition on
the remaining N and P was stronger in M. wilsonii litter than in C. acuminata litter, probably due to
the elevated C:N and C:P ratios during decomposition. Increasing N deposition may slow down the
nutrient release from decomposing litter in the subtropical forests where significant N deposition
occurs. Additionally, N-induced effects may, to some extent, be dependent on the initial quality and
the decay stage.
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