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Abstract:



The litter decomposition process is closely correlated with nutrient cycling and the maintenance of soil fertility in the forest ecosystem. In particular, the intense environmental concern about atmospheric nitrogen (N) deposition requires a better understanding of its influence on the litter decomposition process. This study examines the responses of single-species litter and litter mixture decomposition processes to N addition in Chinese pine (Pinus tabulaeformis Carr.) ecosystems. Chinese pine litter, Mongolian oak (Quercus mongolica Fisch. ex Ledeb.) litter, and a pine–oak mixture were selected from a plantation and a natural forest of Chinese pine. Four N addition treatments, i.e., control (N0: 0 kg N ha−1·year−1), low-N (N1: 50 kg N ha−1·year−1), medium-N (N2: 100 kg N ha−1·year−1), and high-N (N3: 150 kg N ha−1·year−1), were applied starting May 2010. In the plantation, N addition significantly stimulated the decomposition of the Chinese pine litter. In the natural forest, N addition had variable effects on the decomposition of single-species litter and the litter mixture. A stimulatory effect of the high-N treatment on the Chinese pine litter decomposition could be attributed to a decrease in the substrate C:N ratio. However, an opposite effect was found for the Mongolian oak litter decomposition. The stimulating effect of N addition on the Chinese pine litter may offset the suppressive effect on the Mongolian oak litter, resulting in a neutral effect on the litter mixture. These results suggest that the different responses in decomposition of single-species litter and the litter mixture to N addition are mainly attributed to litter chemical composition. Further investigations are required to characterize the effect of long-term high-level N addition on the litter decomposition as N deposition is likely to increase rapidly in the region where this study was conducted.
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1. Introduction


The combustion of fossil fuels, nitrogen (N) fertilizer use, and other human activities have doubled the amount of terrestrial N inputs on the global scale [1] and substantially altered the N cycle [2]. Global production of reactive N increased from ~15 Tg N·year−1 in 1860 to 187 Tg N·year−1 in 2005 and is expected to increase by between 50% and 100% by 2030 relative to 2000 [3]. China hasbecome the third largest area of atmospheric N deposition following the northeastern United States and Europe [4]. Over the last decades production of reactive N in China increased from 14 Tg N·year−1 in 1961 to 68 Tg N·year−1 in 2000 and is predicted to reach 105 Tg N·year−1 in 2030 as a result of human activities [5].



Atmospheric N deposition has been a major source of anthropogenic N in various ecosystems. At present, elevated N deposition is becoming a prevailing problem affecting nearly every aspect of the function and composition of forest ecosystems [6]. Litter decomposition is an important process in the forest ecosystem. The litter decomposition process and its rate are vital in regulating the formation of soil organic matter and the release of nutrients for plants and microorganisms [7]. Moreover, the amount of carbon (C) returned to the atmosphere as carbon dioxide (CO2) from decomposed litter may account for 10%–30% of total soil CO2 flux, which is important for forest C budgets [8]. In the context of increasing N deposition, there is an interest in understanding the effects of N inputs on the litter decomposition process, particularly with respect to its potential effects on C and N cycles [9].



Litter decomposition is generally regulated by a number of biotic (e.g., litter quality and decomposing organisms) and abiotic factors (e.g., macro- and micro-climate, soil properties) [10]. This process is also thought to be constrained by soil N availability [11]. N addition accelerates the soil N mineralization rate, and is likely to increase soil N availability [12]. However, results concerning the effect of N addition on the litter decomposition rate are variable. Several studies have demonstrated significantly lower decay rates in response to N addition [13,14,15], while others have shown either no significant change [16,17] or stimulation of decay rates [18,19]. A meta-analysis concluded that the response of litter decomposition to N addition is tied to N addition rates, site-specific ambient N-deposition level, experimental design (e.g., fertilizer type, experiment duration, litterbag mesh size), and litter quality [20].



There is growing evidence that considerable variations in the litter decomposition rate exist between single-species litters and litter mixtures [21,22,23]. In a forest ecosystem, the decay rates and nutrient dynamics of a litter mixture might be substantially different from those of individual species, hence the occurrence of a synergistic or antagonistic effect, which depends on the chemical interactions of individual litter types in the litter mixture [24]. The review by Gartner and Cardon [25] concluded that the synergistic and antagonistic effects were observed in 50% and 20% of all litter mixtures, respectively. It has been reported that nutrients released from rapidly decaying litter could accelerate the decomposition of the other litter in the litter mixture, leading to a synergistic effect [26]. Conversely, the release of recalcitrant compounds during the decay of one litter acting as inhibitors of the decomposition of the mixture would induce an antagonistic effect [27].



Previous research on single-species litter decomposition reported strong correlations between its decomposition rate and litter chemical composition, and especially initial N concentration and the ratios C:N, lignin:N [28,29]. Chinese pine (Pinus tabulaeformis) is a geographically widely distributed native tree species in Northern China, occurring at latitudes between 31°13′ N and 43°33′ N and at longitudes between 103°20′ E and 124°45′ E [30], and covering an estimated total area of 228.1 × 104 ha [31]. In Northern China, Chinese pine grows in mixed stands with Mongolian oak (Quercus mongolica). Chinese pine and Mongolian oak show distinct differences in the litter chemical composition, and these differences may drive interactions in the litter mixture. Despite many studies dealing with the process of litter decomposition and evaluating the differences between single-species litter and litter mixtures [32,33,34], studies investigating specific responses of single-species litter and litter mixture decomposition to N addition are still scarce [35,36,37] and the underlying mechanisms are not yet well understood.



This study is based on an in situ N addition experiment aimed at assessing the effect of N addition on the decomposition of the Chinese pine litter in a plantation. We also examined the responses in the decomposition of single-species litter (Chinese pine, Mongolian oak) and a pine–oak mixture to N addition in a natural forest of Chinese pine. Accordingly, we hypothesized that: (1) all litter types decompose faster in the natural forest than the Chinese pine litter in the plantation; (2) Chinese pine litter decomposes more slowly alone than in a mixture with Mongolian oak litter with a relatively higher concentration of nutrients[37]; and (3) N addition accelerates the decomposition of single-species litter and litter mixture in both plantations and natural forests.




2. Materials and Methods


2.1. Study Area


The litter decomposition experiment was conducted at the Taiyue Mountain Ecosystem Research Station located in Shanxi Province, in northern China (36°18′ N, 111°45′ E, 1560 m a.s.l). The region has a warm-temperate semi-arid continental monsoon-affected climate. Mean annual precipitation is 548 mm with a mean relative humidity of 65%. The distribution of precipitation over the year is relatively uneven. The wet season lasts from July to September and accounts for more than 60% of the annual precipitation. The mean annual temperature is 9.9 °C. The highest monthly average temperature of 22.4 °C is observed in July while the lowest monthly average temperature of −4.6 °C occurs in January. The soil is a furnace black forest soil.



The vegetation cover at the study site represents a warm-temperate, deciduous, broad-leaved forest zone. The forest canopy mainly comprises Pinus tabulaeformis, Quercus mongolica, and Populus davidiana. The understory consists mainly of Ostryopsis davidiana Decaisne, Lespedeza bicolor Turcz., Hippophae rhamnoides L., Corylus mandshurica Maxim., Swida bretchneideri, and Rosa xanthina Lindl. The mean height of the understory is 2.2 m with a mean diameter at breast height (DBH) of 2.0 cm. Common herbs are Carex tristachya and various species of the family Cyperaceae [38].




2.2. Experimental Design


Twelve 20 × 20 m plots were set up in a plantation and in a natural forest of Chinese pine in May 2009. The plantation and natural forest are located about 5 km apart. The plantation was managed by selective logging in the 1980s while the natural forest was protected from human impacts after the establishment of “a new China” in 1949. The litter layer in the natural forest is thicker than that in the plantation. All the plots were laid out randomly and each plot is surrounded by a 10m wide buffer strip. Species of all live and dead trees with diameter at breast height (DBH) greater than 1 cm were tagged and identified in each plot. The DBH, tree height, and crown dimension of each tree were measured and recorded. The characteristics of each plot are shown in Table 1.



Table 1. Stand characteristics of four N addition treatment plots in the plantation and natural forests of Chinese pine.







	
Forest Type

	
Nitrogen Treatment

	
Forest Age (year)

	
Density (Trees per Hectare)

	
Mean Diameter at Breast Height (cm)

	
Mean Tree Height (m)

	
Slope (Degree)

	
Elevation (m)






	
Plantation

	
Control

	
60

	
858

	
17.8

	
13.1

	
19

	
1589




	
Low-N

	
60

	
725

	
21.2

	
13.8

	
15

	
1589




	
Medium-N

	
60

	
692

	
20.2

	
11.6

	
19

	
1589




	
High-N

	
60

	
658

	
20.5

	
12.4

	
18

	
1589




	
Natural forest

	
Control

	
75

	
1267

	
23.9

	
17.7

	
24

	
1680




	
Low-N

	
75

	
1567

	
20.6

	
17.8

	
21

	
1680




	
Medium-N

	
75

	
1208

	
23.5

	
17.4

	
25

	
1680




	
High-N

	
75

	
1225

	
23.4

	
19.0

	
23

	
1680












Twenty soil samples were collected in each plot from the top soil (0–20 cm) in August 2009. All samples in each plot were combined to one sample and sieved using a 2 mm mesh net to remove coarse fragments and then air-dried to analyze pH and nutrient contents. Soil pH value was measured using a glass electrode and a 1:2 soil-to-water ratio. Total N was analyzed using Kjeldahl’s digestion with a salicylic acid modification [39], while available phosphorus (P) and potassium (K) were analyzed using the NaOH method [40]. Soil organic carbon was measured following the method described by Kalembasa and Jenkinson [41]. The soil properties are presented in Table 2.



Table 2. Mineral soil properties (0–20 cm) of four N addition treatment plots in the plantation and natural forests of Chinese pine (Mean ± SE, n = 3).







	
Forest Type

	
Nitrogen Treatment

	
Soil Bulk Density (g/cm3)

	
Soil pH

	
Total Nitrogen(g/kg)

	
Soil Organic Carbon (g/kg)

	
C/N Ratio






	
Plantation

	
Control

	
1.3 ± 0.1 a

	
7.4 ± 0.2 a

	
1.0 ± 0.1 a

	
22.9 ± 3.7 a

	
22.5 ± 0.6 a




	
Low-N

	
1.2 ± 0.1 a

	
7.5 ± 0.1 a

	
1.0 ± 0.1 a

	
22.0 ± 3.4 a

	
22.5 ± 0.4 a




	
Medium-N

	
1.3 ± 0.1 a

	
7.7 ± 0.2 a

	
1.0 ± 0.1 a

	
22.4 ± 3.2 a

	
22.6 ± 0.5 a




	
High-N

	
1.3± 0.1 a

	
7.7 ± 0.1 a

	
1.0 ± 0.1 a

	
23.4 ± 3.8 a

	
22.7 ± 0.5 a




	
Natural forest

	
Control

	
0.9 ± 0.0 b

	
7.1 ± 0.3 b

	
2.1 ± 0.3 b

	
45.3 ±5.9 b

	
22.1 ± 1.1 a




	
Low-N

	
1.0 ± 0.0 b

	
7.1 ± 0.2 b

	
2.0 ± 0.3 b

	
44.0 ± 6.1 b

	
21.8 ± 1.0 a




	
Medium-N

	
1.1 ± 0.1 b

	
7.2 ± 0.2 b

	
2.0 ± 0.3 b

	
44.1 ±5.8 b

	
22.0 ± 1.1 a




	
High-N

	
1.1 ± 0.1 b

	
7.3 ± 0.2 b

	
2.1 ± 0.3 b

	
46.1 ± 5.7 b

	
22.2 ± 1.1 a








Different letters in the same column represent a significant difference between forest types at the same N addition treatment. The significance level was set at α = 0.05.










With a local N deposition of 21.2 kg N ha−1·year−1 [38], four treatments (each treatment with three replicates) with N addition were investigated in the plots: control (N0: 0 kg N ha−1·year−1), low-N (N1: 50 kg N ha−1·year−1), medium-N (N2: 100 kg N ha−1·year−1), and high-N (N3: 150 kg N ha−1·year−1). In each plot urea (CO(NH2)2) was weighed and mixed with 20 liters of water, and sprayed using a portable sprayer onto the forest floor repeatedly at the end of each month from May to October every year. The N0 plot received only 20 liters of water without N addition. The first N addition treatment was carried out on 30 May 2010.




2.3. Leaf Litter Collection, Decomposition, and Chemical Analysis


In October 2009, leaf litters of Chinese pine were collected in the plantation plots. In the natural forest, Chinese pine and Mongolian oak are the main tree species and litter from both species was collected in those plots. The samples were taken to the laboratory at the Research Station and air-dried for six months in the laboratory. Subsamples of the air-dried samples were oven-dried at 65 °C to a constant weight to determine the water content of the air-dried samples and then milled to determine the initial litter chemistry (five replications). The total C and N concentration were determined with a Sumigraph NC-80 high-sensitivity CN analyzer (Shimadzu, Japan). The concentration of P was determined using a modified Kjeldahl method. Total K, calcium (Ca), and magnesium (Mg) were analyzed by atomic emission spectrometry (ICP Plasma 40, Perkin Elmer, UK) [42].



The litterbag method was used to determine the rate of leaf litter decomposition. The leaves of each species were mixed to obtain a uniform mixture before filling the mesh bags. Litterbags were made of 20 × 20 cm polyvinyl. The upper net of each litterbag had a 2 mm mesh, while the lower one had a 1 mm mesh. In the plantation, each litterbag was filled with 10.0 g of single air-dried leaf litter of Chinese pine. In the natural forest, there were three kinds of leaf litters: (1) 10.0 g of single air-dried Chinese pine litter; (2) 10.0 g of single air-dried Mongolian oak litter; (3) 10.0 g of equally mixed Chinese pine (5.0 g) and Mongolian oak (5.0 g) litter. Each kind of leaf litter had 30 litterbags in each plot in the plantation and natural forest. On 29 May 2010, a total of 360 litterbags (Chinese pine) in the plantation and 1080 litterbags (360 Chinese pine, 360 Mongolian oak, 360 litter mixture) in the natural forest were placed on the soil surface in 12 plots.



Three litterbags for each leaf litter were retrieved from each N treatment plot after 3, 6, 12, and 15 months. After each sampling, the litter was removed from litterbags and cleaned of roots and adhering soil particles by gentle brushing. Leaf residues were oven-dried at 65 °C for 48 h and weighed. The oven-dried litter was milled for chemical analysis in each sampling.




2.4. Data and Statistical Analysis


The remaining dry weight of the plant litter in each retrieved litterbag was expressed as a percentage of the initial dry weight of the litter in each litterbag. The first-order exponential decay model [43] of the form Xt/X0 = e−kt was fitted to the decomposition data, where Xt is the oven-dry weight remaining at time t, X0 is the initial oven-dry weight, and k is the annual decomposition rate constant (year−1).



Nutrient release via litter decomposition was expressed as a percentage of initial nutrient content, which was calculated by determining the nutrient content at each sampling divided by the initial nutrient content [44]: E = [(Mt × Ct)/(M0 × C0)] × 100% where E is nutrient release (%); Mt is the oven-dry mass at time t; Ct is the nutrient concentration at time t; M0 is the initial oven-dry mass (g); and C0 is the initial nutrient concentration (mg·g−1).



Data were checked for deviations from normality and homogeneity of variance before analysis. A two-way analysis of variance (ANOVA) with Fisher’s Least significant difference test was performed to test the effects of N addition treatments and sampling date on the decomposition rate (values of Xt/X0) and the nutrient release [45]. One-way ANOVA was used to test differences in the litter mass remaining, k values, and nutrient release between plantation and the natural forest and among the four N treatments for each sampling date. The analyses were performed using SPSS 15.0 for Windows (SPSS Inc., Chicago, IL, USA).





3. Results


3.1. Soil Properties and Initial Litter Chemical Composition


An analysis of the soil properties of the top mineral soil (0–20cm) revealed significant differences between the soils in the plantation and in the natural forest for all parameters except the C/N ratio (Table 2). Soil total N and soil organic carbon were significantly higher, while soil bulk density and soil pH were significantly lower in the natural forest relative to the plantation (p < 0.05).



The initial leaf litter chemical composition of the single-species litter and litter mixture was also significantly different (Table 3). Mongolian oak litter had the highest N, K, Ca, Mg, N/P ratio, and the lowest C and C/N ratio compared with the other three leaf litters. Chinese pine in the plantation had the lowest N, K, Ca, Mg, N/P ratio, and the highest C and C/N ratio. These differences were all significant (p < 0.05).



Table 3. Initial chemical composition of single-species litter and litter mixture in the plantation and natural forests of Chinese pine (Mean ± SE, n = 5).







	
Forest Type

	
Leaf Litters

	
Total C (mg·g−1)

	
Total N (mg·g−1)

	
Total P (mg·g−1)

	
Total K (mg·g−1)

	
Total Ca (mg·g−1)

	
Total Mg (mg·g−1)

	
C/N Ratio

	
N/P Ratio






	
Plantation

	
Chinese pine

	
425.8 ± 6.5 a

	
5.4 ± 0.3 a

	
1.3 ± 0.6 a

	
2.6 ± 0.1 a

	
7.0 ± 0.3 a

	
2.0 ± 0.1 a

	
79.1 ± 5.5 a

	
5.8 ± 1.8 a




	
Natural forest

	
Mongolian oak

	
314.2 ± 4.5 b

	
8.1 ± 0.3 b

	
0.7 ± 0.1 b

	
4.1 ± 0.2 b

	
21.8 ± 0.6 b

	
3.3 ± 0.1 b

	
38.7 ± 1.9 b

	
13.2 ± 2.4 a




	
Pine–oak

	
367.9 ± 5.0 b

	
7.5 ± 0.5 b

	
1.0 ± 0.4 a

	
3.8 ± 0.3 bc

	
14.5 ± 0.7 c

	
2.7 ± 0.1 c

	
49.34 ± 3.3 b

	
10.4 ± 3.5 a




	
Chinese pine

	
413.6 ± 5.2 a

	
5.9 ± 0.2 a

	
1.1 ± 0.5 a

	
3.3 ± 0.1 c

	
9.3 ± 0.3 d

	
2.2 ± 0.0 a

	
70.4 ± 2.1 a

	
8.0 ± 3.3 a








Different letters in the same column represent a significant difference between leaf litters at the 0.05 level.











3.2. Patterns of Leaf Litter Decomposition with Ambient N Deposition


The patterns of leaf litter decomposition in the control plots reflect the natural process with ambient N deposition. At the end of the study period, there was no significant difference between the observed mass remaining (41.1% ± 0.2%) of litter mixture and the expected value (38.3% ± 0.3%), which was calculated as the sum of the individual litter's mass remaining and weighted by its proportion in the mixture. However, when considering the mass remaining of individual litter types decomposing alone or in the mixture, the interactions between the litter types became apparent (Figure 1). Mongolian oak litter decomposed at slower rates in the mixture than alone. In contrast, Chinese pine litter decomposed more slowly alone than in the mixture.


Figure 1. Percentages of remaining mass (%) for each leaf litter. (a) Mongolian oak litter in the natural forest; (b) Chinese pine litter in the natural forest; and (c) Chinese pine litter in either plantation or natural forest. Error bars represent the standard errors of the means (n = 3). Asterisk indicates significant difference at p < 0.05.
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There was no significant difference between the plantation and natural forest in the remaining mass of Chinese pine litter at any sampling (p > 0.05). When averaged over the entire study period, Mongolian oak litter showed the most rapid decomposition rate (k = 0.84) when compared with the litter mixture (k = 0.59) and the Chinese pine litter in either plantation (k = 0.49) or natural forest (k = 0.52) (Table 4).



Table 4. Litter decomposition rate (k-value) calculated using the first-order exponential decay model (Xt/X0 = e −kt) and correlation coefficient (R2) for single-species litter and litter mixture under the four N addition treatments.







	
Forest Type

	
Leaf Litters

	
Nitrogen Treatment

	
k-Value

	
R2

	
p






	
Plantation

	
Chinese pine

	
Control

	
0.49 ± 0.04 a

	
0.93

	
<0.001




	
Low-N

	
0.59 ± 0.04 c

	
0.94

	
<0.001




	
Medium-N

	
0.56 ± 0.05 bc

	
0.92

	
<0.001




	
High-N

	
0.52 ± 0.04 ab

	
0.91

	
<0.001




	
Natural forest

	
Mongolian oak

	
Control

	
0.84 ± 0.10 a

	
0.86

	
<0.001




	
Low-N

	
0.69 ± 0.10 b

	
0.79

	
<0.001




	
Medium-N

	
0.65 ± 0.10 b

	
0.77

	
<0.001




	
High-N

	
0.58 ± 0.11 c

	
0.67

	
<0.001




	
Pine–oak

	
Control

	
0.59 ± 0.06 a

	
0.87

	
<0.001




	
Low-N

	
0.60 ± 0.07 a

	
0.86

	
<0.001




	
Medium-N

	
0.62 ± 0.07 a

	
0.86

	
<0.001




	
High-N

	
0.57 ± 0.08 a

	
0.81

	
<0.001




	
Chinese pine

	
Control

	
0.52 ± 0.05 a

	
0.89

	
<0.001




	
Low-N

	
0.51 ± 0.05 ab

	
0.90

	
<0.001




	
Medium-N

	
0.54 ± 0.05 ab

	
0.91

	
<0.001




	
High-N

	
0.60 ± 0.05 b

	
0.92

	
<0.001








k values are means ± SE (n = 3). Different lowercase letters indicate a significant difference (p < 0.05) among N addition treatments for each leaf litter.











3.3. Response of Leaf Litter Decomposition to N Addition


Single-species litters and the litter mixture responded differently to N addition (Figure 2). In the plantation, the rate constants (k) for the Chinese pine litter decreased in the order low-N (0.59) > medium-N (0.56) > high-N (0.52) > control (0.49) (Table 4). N addition raised the decomposition rate, and the differences between the control and the low-N as well as medium-N treatments were significant (p < 0.05, Table 4). The effect of N addition on the decomposition rate varied depending on the length of exposure. The one-way ANOVA showed that there were significant differences in the rate constants between the control and high-N treatment after three and six months, and between the control and low-N treatment after 15 months (p < 0.05, Figure 2).


Figure 2. Percentagesof mass remaining (%) in the different N addition treatments for each leaf litter. (a) Chinese pine litter in the plantation; (b) Chinese pine litter in the natural forest; (c) Mongolian oak litter in the natural forest; and (d) Pine-oak litter in the natural forest. Error bars represent the standard errors of the means (n = 3). Asterisk indicates significant difference at least between two treatments at p < 0.05.
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In the natural forest, the effect of N addition varied depending on the litter type, N addition treatment, and the length of exposure (Figure 2). A two-way ANOVA indicated that there was a significant difference in decomposition rates among N addition treatments over the entire study period for all litter types except for the litter mixture. Medium-N and high-N treatments increased the decomposition rate for the Chinese pine litter and the difference between the control and high-N treatment was significant (p < 0.05, Table 4). One-way ANOVA showed that there were significant differences among N addition treatments after six months for the Chinese pine litter. The rate constant (k) of Mongolian oak litter decreased with N addition levels, and the differences among N addition treatments were significant (p < 0.05). One-way ANOVA showed that there was a significant difference in the decomposition rate between the control and high-N treatment after three months (p < 0.05, Figure 1). No significant difference was found among the four N addition treatments in the remaining sampling dates (Figure 2). For the litter mixture, the rate constants (k) decreased in the order medium-N (0.62) > low-N (0.60) > control (0.59) > high-N (0.57). There were no significant differences in the decomposition rate among N addition treatments, although low-N and medium-N treatments accelerated the loss of mass.




3.4. Nutrient Release


N immobilization occurred at the early stage of litter mixture decomposition in the natural forest and Chinese pine litter in both the plantation and natural forest. No such N immobilization was found for the Mongolian oak litter in the control plot (Figure 3). In the plantation, N addition significantly increased N loss for the Chinese pine litter after three months (p < 0.05). In the natural forest, N loss occurred after six months and high-N treatment significantly stimulated N loss for the Chinese pine litter (p < 0.05). N immobilization occurred for N addition treatments at the early stage of decomposition of the Mongolian oak litter. When averaged over the entire study period, N addition significantly restrained N loss (p < 0.05). A similar trend was also found in the litter mixture.


Figure 3. Mean litter nitrogen (N, % of initial) amount with standard error over time in the decomposition of each leaf litter under N addition treatments. (a) Chinese pine litter in the plantation; (b) Chinese pine litter in the natural forest; (c) Mongolian oak litter in the natural forest; and (d) Pine-oak litter in the natural forest.
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For different leaf litters, P, K, and Mg immobilization did not occur throughout the decomposition process either in the control or in the N addition treatments (Figure 4, Figure 5 and Figure 6). When averaged over the entire study period, N addition significantly increased P, K, and Mg losses for the Chinese pine litter in the plantation (p < 0.05). In the natural forest, a stimulating effect of N addition on the P, K, and Mg losses was also observed in the Chinese pine litter. For the Mongolian oak litter, the low-N and medium-N treatments suppressed P loss while the high-N treatment increased it. When averaged over the entire study period, N addition had no significant effect on K and Mg losses. For the litter mixture, only the high-N treatment had a significant stimulating effect on the P, K, and Mg losses.


Figure 4. Mean litter phosphorus (P, % of initial) amount with standard error over time in the decomposition of each leaf litter under N addition treatments. (a) Chinese pine litter in the plantation; (b) Chinese pine litter in the natural forest; (c) Mongolian oak litter in the natural forest; and (d) Pine-oak litter in the natural forest.
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Figure 5. Mean litter potassium (K, % of initial) amount with standard error over time in the decomposition of each leaf litter under N addition treatments. (a) Chinese pine litter in the plantation; (b) Chinese pine litter in the natural forest; (c) Mongolian oak litter in the natural forest; and (d) Pine-oak litter in the natural forest.
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Figure 6. Mean litter magnesium (Mg, % of initial) amount with standard error over time in the decomposition of each leaf litter under N addition treatments. (a) Chinese pine litter in the plantation; (b) Chinese pine litter in the natural forest; (c) Mongolian oak litter in the natural forest; and (d) Pine-oak litter in the natural forest.
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4. Discussion


4.1. Decomposition of Single-Species Litter


The decomposition rates of single-species litters were in the order of (1) Mongolian oak in the natural forest; (2) Chinese pine in the natural forest; (3) Chinese pine in the plantation. These differences in the decomposition rates between the two stands could be mainly attributed to the species composition. Chinese pine growing with Mongolian oak in the natural forest may use site resources more efficiently in the decomposition process as they have substantially different characteristics such as foliar phenology, crown structure, and root morphology. In addition, the forest floor in the natural forest has a thicker organic layer and thus provides a superior micro-environment for the soil fauna and microbial communities, thereby hastening litter decomposition.



Numerous studies also suggest that the litter decomposition rate was more controlled by the substrate quality of the litter than the species composition in stands with similar climatic conditions [46,47,48]. Mongolian oak litter, with the lowest C:N ratio and highest initial N content, had a faster decomposition rate than the Chinese pine litter in either plantation or natural forest. This suggests that the C:N ratio and initial N content could be the main drivers for litter decomposition. In comparison, initial P content seems a less relevant controlling factor in the present study, although some studies suggested that it is a good indicator of the decomposition rate [49]. Thus, Mongolian oak litter decomposed faster than Chinese pine litter, in spite of its much lower P concentration.




4.2. Decomposition of Litter Mixture


Despite the lack of difference between the observed and expected decomposition rate of the litter mixture as a whole, after separating the individual litter types in the mixture, a positive effect was found when the Chinese pine litter decomposed in the mixture with the Mongolian oak litter. Such a positive effect has also been reported by Lin et al. [37], when the litter of Mongolian pine (Pinus sylvestris var. mongolica) was mixed with two dominant understory species (Setaria viridis and Artemisia scoparia). In contrast, an opposite effect within the same mixture was found for the Mongolian oak litter. It has been reported that the nutrient-rich litter may induce a priming effect on the nutrient-poor litter in the mixture, facilitating faster decomposition of this litter without necessarily retarding the decomposition of the high quality litter [32]. Thus, the positive effect of the Mongolian oak litter on the Chinese pine litter decomposition in the mixture may be explained by microorganisms benefitting from the higher N concentrations of the Mongolian oak litter. Based on the low N concentration and high C:N ratio of the Chinese pine litter (C:N = 70.4), decomposing Chinese pine litter did accumulate N. In the case of the litter mixture, this N may have been transferred from the Mongolian oak litter, which had experienced net losses after 12 months.



Besides nutrient transfer among litter types, there were some other mechanisms that may have contributed to explain the differences in the decomposition of the litter mixture. For instance, heterogeneity in lignin concentration in the mixture may enhance the decomposition of the Chinese pine litter, as was reported previously for the litter mixture with heterogeneity in recalcitrant compounds [50]. Most importantly, individual leaves of mixture litters are typically of different sizes, shapes, and surface structures. Such differences influence the microclimatic conditions for the soil biota and thus affect the decomposition.



Our results also suggest that the litter mixing effect varies depending on the length of exposure. For instance, a positive effect on the Chinese pine litter was only found after six and 12 months, whereas there was no significant difference in the remaining mass between the litter mixture and the Chinese pine litter alone at the end of the study period. A comprehensive explanation is somewhat constrained by our experimental design, but we may speculate that the biotic degradation of organic compounds could be responsible for the time dependence of the litter mixing effect [51]. During the first six and 12 months mainly soluble compounds, cellulose, and amino acids are degraded, which contributed to the significant difference between the litter mixture and the Chinese pine litter in the remaining mass [46]. However, the lignin concentration becomes more important and controls the later stage of litter decomposition, which caused the litter mixing effect to disappear.




4.3. Effect of N Addition on Litter Decomposition


The exogenous N addition significantly stimulated the decomposition of Chinese pine litter in the plantation. This may be attributed to the alleviation of N limitations on soil microbes with the increasing availability of external N for soil microorganisms [45]. The plantation was subject to selective logging in the 1980s. The disturbance was generally caused by the harvesting of dominant trees and the understory. This harvesting practice not only removed nutrients, but also organic matter that is an essential substrate for microbial activity, resulting in high N leaching losses. For instance, the mean soil organic carbon was 22.7 g·kg−1 in the plantation, which was significantly lower than the corresponding 44.9 g·kg−1 in the natural forest. As a result, the site productivity and N availability is low as had been reported previously for the temperate forest [13,30,37]. It has also been suggested that N addition to N-limited forests will initially stimulate microbial activity, but eventually results in a carbon-limited state when microbial demand for N has been satisfied [6]. The long-term effect of N addition on litter decomposition in the plantation thus needs to be further investigated.



The results of nitrogen addition in the natural forest showed a different trend. No positive effects and even some negative effects of N addition on the litter decomposition were found for different litter types. Our results are in agreement with the conclusion made by Fog [52] that N addition generally has either no effect or a negative effect on the litter decomposition in the long term. The reasons for our results may be explained as follows. First, a stimulatory effect of high-N treatment on the Chinese pine litter decomposition could be attributed to a decrease in the substrate C:N ratio. However, an opposite effect was found for the Mongolian oak litter decomposition. The stimulating effect of N addition on the Chinese pine litter may offset the suppressive effect on the Mongolian oak litter, resulting in a neutral effect on the litter mixture.



Second, the N addition effect is likely to be correlated with the stages of litter decomposition. As reported, there are two distinct stages of litter decomposition. The early stage is characterized by a rapid release of labile compounds, such as sugar, protein, and amino acids. Several studies have shown that N addition accelerates this stage of litter decomposition [45,47,53]. However, at later stages, litter decomposition is mainly controlled by lignin dynamics. It is likely that higher N addition inhibits the lignin decomposition either by inhibiting the production of lignolytic enzymes or by reacting with the breakdown products of lignin degradation to form more recalcitrant materials, hence decreasing the litter decomposition rate [33].Third, the demand for N by decomposers may be low relative to supply because of the decreased carbon supply from litter decomposition to the decomposers [54]. An experiment in the same area has shown that N addition significantly decreased the enzyme activities of peroxidase and polyphenol oxidase, resulting in a decline in the amount of soil organic carbon, thus inhibiting the decomposers growth [55].





5. Conclusions


Single-species litter decomposition was mainly controlled by litter quality such as initial N content and the C:N ratio. Chinese pine litter decomposed faster when mixed with the Mongolian oak litter. This suggests that increases in litter decomposition can be expected in a mixed forest of Chinese pine and Mongolian oak, thus enhancing the soil fertility of the natural forest. N addition significantly stimulated the decomposition of Chinese pine litter in the plantation. No positive effects and even some negative effects of N addition on the litter decomposition were found in the decomposed litters of the natural forest. These results suggest that the stimulatory effect of N addition on the decomposition of Chinese pine litter in the plantation accelerates nutrient returns to the soil, thus increasing soil fertility. However, N addition also increases the potential of CO2 emissions to the atmosphere for the Chinese pine litter in the plantation. The negative effects of N addition on the litter decomposition in the natural forest may lead to soil degradation in the long term. N addition may also increase the soil C storage through suppressing the litter decomposition and conserving more stable organic matter in the soil in the natural forest. Meanwhile, with the expected increase in human activities in the coming decades, N deposition is likely to increase rapidly in the region where this study was undertaken. Thus, further investigations are required to characterize the effects of long-term high-level N deposition on the litter decomposition in the studied forest ecosystems.
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