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Abstract:



The contribution of coarse woody debris (CWD) to forest carbon (C) and nitrogen (N) dynamics is poorly quantified. This study quantified total C and N content in CWD and estimated the decomposition rates of CWD at different decay stages in a 70-year-old naturally regenerated Korean red pine forest (Pinus densiflora S. et Z.). The N concentration in CWD varied among species and decay classes (from 0.15% to 0.82%), and exhibited a decreasing pattern in C:N ratios with increasing decay class. Total CWD amounts of 4.84 Mg C ha−1, dominated by pine logs (45.4%) and decay class III (40.0%), contained total N of 20.48 kg N ha−1, which was approximately nine times the N input from annual tree mortality. In addition, this study demonstrated that the decay constant rate k was 0.2497 for needle litter, whereas k values were 0.0438, 0.0693, 0.1054, and 0.1947 for red pine CWD of decay class I, II, III, and IV, respectively. The decay rates were significantly related to wood density, N concentration, and C:N ratio across the decay classes of CWD. The results suggest that the C:N ratio of CWD is a key factor affecting its decomposition.
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1. Introduction


Coarse woody debris (CWD) and fine litter are critical components in forest carbon (C) and nitrogen (N) cycles [1,2]. CWD has been intensively examined because of its important role in forest C cycling [3,4,5]. However, CWD has been less studied in comparison to the contribution of fine litter to N and other nutrient cycles [6,7,8,9]. Global CWD contains approximately 36–72 Pg C, which may affect the total global forest C stock [10,11]. The CWD quantity and distribution is influenced by tree mortality and decomposition rate, which vary with climate, site characteristics, tree species, age, and disturbance dynamics [1,2,3,4,12,13,14,15].



Korean red pine (Pinus densiflora Sieb. et Zucc.) forests occupy the largest percentage of forested areas, 42.6% of the total forest stock, in South Korea [16]. The amount of CWD and its decomposition in pine forests are of interest because of the transient increase in CWD stock resulting from management practices such as thinning [17], from increased self-thinning and tree mortality in unmanaged mature forests [15], and from disease and infestation like severe pine wilt disease in the East Asian region [18,19,20,21]. In middle-aged or mature Korean red pine forests, intensive silvicultural practices might be required to enhance C sequestration and nutrient-use efficiency. Although previous studies in mature Korean red pine forests have quantified total ecosystem C and N pools, and they relate to CWD [22], variation in C and N concentration in CWD among different decay classes has not been addressed.



CWD generally contains a relatively low N concentration compared to that in fine leaf litter; however, CWD stores nutrients on a long-term basis owing to its slow decomposition [2]. Recent studies on the factors affecting C and N fluxes from CWD during the decomposition process have increased the accuracy in quantifying C and nutrient content of CWD [4,23,24]. Nonetheless, much uncertainty remains concerning the large variation in CWD in terms of C and N content across sizes, species, and decay classes during long-term decomposition processes. Among the factors affecting C and N content, decay class has been considered better measure to define the stages of decay of CWD. However, uncertainties in determining CWD decay class often occur because decay classes are assigned in the field based on tactile and visual criteria [4].



The physical and chemical properties of CWD, such as species-specific wood density and nutrient concentrations, according to decay classes might reflect the decay stage of CWD as it transitions between decay classes [4,25,26]. In addition, the C:N ratio might provide traceable information about decomposition rates of CWD at different decomposition stages because N concentration in CWD typically increases over time, in contrast to the little difference in C concentration [2,23,25,26,27]. In fact, the C:N ratio is one of the most important controlling factors that account for the variance in the decay rates of fine litter [8,9,28]. Further, it is an indicator of the elemental composition of organisms and ecosystems [29]. However, only a few studies have reported the C:N ratio of CWD in an effort to understand decomposition processes for CWD [25,26,30,31]. Moreover, to the best of our knowledge, no study on the comparison of decomposition rates of CWD at different decomposition stages has been reported.



The present study aimed to quantify the amount and distribution of C and N stocks in CWD accurately and to understand the CWD decay process better according to decay classes in a naturally regenerated Korean red pine forest. The objectives were (i) to investigate the variations in CWD properties, such as wood moisture content, wood density, and C and N concentrations according to decay classes and species; (ii) to estimate the decay rates of CWD at different decay classes for red pine and deciduous species; and (iii) to examine the relationships between the decay rates and the CWD properties to evaluate the hypothesis that the C:N ratio will be an indicator for the estimation of decomposition rates. In addition, decay rates and properties of red pine needle litter were investigated to clarify the contribution of CWD to ecosystem C and N processes in comparison with red pine needle litter.




2. Materials and Methods


2.1. Study Forest


This study was conducted in a 65- to 75-year-old Korean red pine forest located in the Gwangneung Experimental Forest (37°47′01″ N, 127°10′37″ E, 410–440 m above sea level) near Seoul, South Korea. This study site represented a mature Korean red pine forest that naturally regenerated following a clearcut in 1912. The pine forest understory consisted of broadleaved tree species dominated by oak (Quercus species). The forest soils consisted of silt-loams underlain by bedrock of granite gneiss. The forest floor consisted of approximately 5–10 cm of litter and mull humus layer, and all study plots had a southwestern aspect. Six 20 m × 20 m plots were established in September 2006. Stand density and basal area were 675 trees ha−1 and 40.3 m2 ha−1 for red pine, and 613 trees ha−1 and 4.4 m2 ha−1 for understory deciduous species (Table S1), respectively. Characteristic understory species were Q. mongolica (Fich.), Q. variabilis (Blum.), Carpinus laxiflora (Sieb. et Zucc.), C. cordata (Blum.), Styrax obassia (Sieb. et Zucc.), Acer pseudosieboldianum, and Fraxinus rhynchophylla (Hanc.). The mean annual air temperature and precipitation at the study site from 2006 to 2014 were 11.4 °C and 1504 mm, respectively (Korea Meteorological Administration). The majority of precipitation (70%) occurred between June and August. Further details about the site are provided in a previous study conducted at this study site [22].




2.2. Tree Morality, CWD Volume and Mass


The annual tree mortality was estimated by dead tree tallies via tree census in the six 20 m × 20 m permanent plots from 2006 to 2014 (Table S1) and biomass regression equations for red pine and oak species [22]. To estimate total CWD volume and mass within the six permanent plots, we used a fixed area plot sampling method [32] in January 2007, April 2008, and February 2009. All pieces of CWD with a base diameter greater than 5 cm at the break point were tagged and their species, type (stump, snag, and downed dead wood), diameters (base, middle, and top), and length were recorded in the field. The decay class was also classified into five different levels (I–V) according to a CWD decay classification system [33], which was modified from the original criteria [34,35]. The classification system classifies CWD by the presence or physical condition of the bark, as well as by the degree of twig retention, structural integrity, and root penetration. The initial total volume of logs and stumps, estimated in 2007, was calculated using Newton’s formula [32], which required length and diameter measurements at the base, middle, and top positions of the CWD:


V = L × (Ab + 4Am + At)/6



(1)




where V is volume, L is length, and Ab, Am, and At are the areas of the base, middle, and top of the logs and stumps, respectively. The initial volume of snags was calculated using the following formula [36]:


V = BA × H × 0.5



(2)




where V is volume, BA is the basal area, and H is the height of snags. To determine the wood density of CWD, cross-sections (for those greater than 10-cm thickness) from one side at the end of each CWD were sampled from the same tagged CWD in every year. In the laboratory, the diameter of each sample was measured at three points (maximum and minimum diameter at the two ends and that in the middle) using digital calipers in order to determine the volume of each sample. The wood density of CWD was calculated by dividing the oven-dry weight by the volume of the sample before oven-drying. In addition, the moisture content of CWD was calculated from the weight measured right after sampling the cross-section from fields and that after oven-drying. The wood density of CWD was used to convert CWD volume into total CWD mass.




2.3. Decomposition of CWD and Needle Litter


To determine mass loss rates of CWD of decay class I–IV over 2 years from January 2007 to February 2009, all CWD logs for pine and deciduous species in the six plots were used. In addition, to determine the mass loss rates of needle litter using a litter bag incubation method, fresh pine needle litter was collected at each site in October 2006. The litter decay rates determined by the litterbag method could be affected by hindering the activities of soil fauna on litter decay [37]. We assumed that a mesh size of 1 mm2 would be optimal for taking faunal activity into account and reducing loss of fragmented particles from the bags. A total of 180 litterbags (6 plots × 5 replicates × 6 retrieval times) made of 30 cm × 30 cm polypropylene fabric containing 10 g of litter were placed on the forest floor and collected every 3 or 6 months over 2 years [38]. The decay constant rate (k) values of the CWD and needle litter were calculated using a single exponential decay model:


k = −ln (Mt/M0)/t



(3)




where M0 is the initial mass of CWD or needle litter, Mt is the mass of CWD or needle litter in year, and t is the year. The M0 and Mt of CWD were calculated by multiplying the initial volume of CWD logs measured in 2007 by the wood density of the cross-sections sampled from the same CWD logs at 2007, 2008, and 2009, respectively.




2.4. Carbon and N Concentrations


We measured C and N concentrations in CWD logs in different decay classes for pine and deciduous (oak) species as a representative dominant canopy and understory tree species, respectively. For the determination of CWD, we used log samples of approximately 10 cm in diameter for each decay class of red pine and oak (n = 6), except for two snag samples of decay class I of red pine, owing to the lack of log samples. The C and N concentrations in oak species were used for a few unclassified deciduous CWD samples because oak species comprised most of the deciduous CWD. The samples were carefully brushed to remove soil before oven-drying at 65 °C. The dried samples were ground by mills, and the C and N concentrations were determined using a macro elemental analyzer (vario MACRO, CN elementar Analysensysteme GmbH, Langenselbold, Germany). The total C and N contents in the CWD were estimated by multiplying the C and N concentrations for a given decay class by the respective CWD mass. In addition, we used the fine litter production data measured from 2007 to 2009 at this same study site to compare the measurements of CWD to those of fine litter. Fine litter consisted of needles, broadleaves, branches (and twigs) with a base diameter smaller than 5 cm, barks, and miscellaneous parts (e.g., cones and very fine fragments) (Tables S2 and S3, See notes in Figure S1 for methodological details).




2.5. Statistical Analysis


The spatial variability in the fine litter components and CWD examined during the study was assessed using the coefficient of variation (CV), which is calculated by dividing the standard deviation by the mean of the six plots. A one-way analysis of variance (ANOVA) was used to test for the effects of decay class on moisture, woody density, C and N concentrations, and the C:N ratio of CWD for red pine and deciduous species. Tukey’s honest significant different (HSD) tests were used to analyze significant differences in the variables among CWD decay classes and among fine litter components. We tested the relationships between the estimated k value and variables using Pearson’s correlation coefficient, and then linear regressions were used to describe the relationships between the k values and variables, including wood density, N concentration, and C:N ratio. The significance level was set at P = 0.05, and all statistical analyses were performed using version 12.2 of the JMP Pro software (SAS Institute Inc., Cary, NC, USA) [39].





3. Results


3.1. Tree Mortality and CWD Input


Annual tree mortality (Mg ha−1 year−1) ranged from 0 to 5.75 over the eight-year span, 2007–2014, with a mean mortality of 1.18 for red pine and 0.24 for deciduous species (Figure 1a). The mortalities accounted for 0.76% and 1.10% of aboveground biomass for red pine and deciduous species, respectively, with the highest tree mortality occurring in 2007. New standing dead trees were not observed in 2009 and 2010, but they were observed for both red pine and deciduous trees from 2012 to 2014. Annual tree mortality was not correlated with annual mean temperature or precipitation (Pearson’s correlations, P > 0.05). There were no significant relationships among the inter-annual variation of other biotic factors (e.g., basal area, biomass, and biomass increment).


Figure 1. Inter-annual variation in (a) tree mortality for red pine and deciduous trees and (b) annual mean air temperature and precipitation from 2007 to 2014 in a naturally regenerated Korean red pine forest. The dotted lines in (a) denote the mean of the annual inputs. The values represent mean ± one standard error (n = 6).
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3.2. Carbon and N Concentrations


There were significant differences in moisture content and wood density of CWD for pine species among decay classes (ANOVA, P < 0.001, Figure 2a,c). A significant difference was not observed in moisture content of deciduous CWD (Figure 2b), but there was a significant difference in wood density among decay classes (Figure 2d, Table S4). The CWD moisture content had a positive relationship with decay class (Figure 2a,b), whereas wood density had a negative relationship with decay class (Figure 2c,d). The moisture content of CWD was correlated with wood density across all data (R = −0.39, P < 0.001). There was no significant effect of species or size on either moisture content or wood density.


Figure 2. Moisture content and wood density of coarse woody debris (CWD) logs according to decay class for (a,c) red pine and (b,d) deciduous species in a naturally regenerated Korean red pine forest in 2007. The box plots present the median, 95% confidence interval, and minimum and maximum values. A different letter indicates significant differences among decay classes within species (Tukey’s HSD, P < 0.05). (See supplementary Table S4 for the number of samples and values).
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C concentration of CWD statistically differed (ANOVA, P < 0.0001) among decay classes of CWD for pine species. Specifically, C concentration in decay class I was higher than those in other decay classes for pines, whereas it did not differ among decay classes for deciduous species (Figure 3a). The C concentration in CWD for pine and deciduous (oak) species ranged from 48.8 to 51.3% and 48.5 to 50.9%, respectively (Table S4). Concomitantly, the N concentration in red pine CWD was associated with decay class (ANOVA, P < 0.001, Figure 3b). The N concentration increased with increasing decay classes for the red pine CWD. Specifically, N concentration for decay class III and IV (0.68% and 0.82%, respectively) were much higher in deciduous species than in red pine (0.24% and 0.42%, respectively) (Table S4).


Figure 3. Variations in (a) C and (b) N concentrations, (c) C:N ratio of coarse woody debris (CWD) logs according to decay classes I–IV for red pine (green triangles) and deciduous (yellow circles) species, and (d) C:N ratio of fine litter components (open squares) in a naturally regenerated Korean red pine forest in 2007. The values represent the mean ± one standard error (n = 6 for CWD, n = 18 for fine litter). Different capital or small letters indicate significant differences (a–c) among decay classes within a species and (d) among the fine litter components (Tukey’s HSD, P < 0.05). (See supplementary Tables S3 and S4 for the values).
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The C:N ratios varied among CWDs of different decay classes for both species (ANOVA, P < 0.001, Figure 3c), and the C:N ratios varied among the fine litter components (ANOVA, P < 0.001, Figure 3d, Tables S2 and S3). The mean C:N ratio (195.3) was higher for CWD than for fine litter (92.1, Tukey’s HSD, P < 0.001). The C:N ratios ranged from 73.2 to 343.6 for CWD, whereas the ratios ranged from 43.2 to 178.2 for the fine litter. This clearly indicates a decreasing pattern of the C:N ratio with increases in decay class (Figure 3c). The C:N ratio for broadleaves (43.2 ± 0.9) was the lowest among all the fine litter components in fall, whereas that for deciduous CWD in decay class IV (73.2) was the lowest among the CWDs studied (Tukey’s HSD, P < 0.001, Tables S3 and S4). There was no significant difference in the C:N ratio between red pine and deciduous species within the same decay class (Figure 3c).




3.3. Distribution, C and N Contents of CWD


The total number of pieces of CWD was 546 pieces ha−1. The number, diameter, volume, and distributions of CWD according to the type (stump, snag, and log) and decay class (I–IV) for each species have been provided in Table 1 and Figure S2. The pine CWD of logs comprised the largest proportion (54.2%) of the total CWD volume, whereas the deciduous CWD of all types comprised only 5.2%, although they accounted for 29.8% of the total CWD pieces (Table 1). The pine CWD of decay class II and III comprised the proportion of 24.0% and 58.1% of the total CWD volume, respectively (Table 1). The coefficient of variation (CV) was 30.5% for CWD at the six plots and was much greater than those of fine litter, which were 4.1% for needles, 11.7% for broadleaves, 7.3% for branches, 5.1% for barks, and 4.8% for miscellaneous parts.



Table 1. The number, mean diameter, volume, and percentile distributions of coarse woody debris (CWD) according to the species, type, and decay class in a naturally regenerated Korean red pine forest in 2007. The numbers represent the mean ± one standard error (n = 6).







	
Species

	
CWD Type or Decay Class

	
Number (Pieces ha−1)

	
Number Distribution (%)

	
Mean Diameter (cm)

	
Volume (m3 ha−1)

	
Volume Distribution (%)






	
Red pine

	
Stump

	
33 ± 12

	
6.1

	
9.79 ± 0.62

	
2.08 ± 0.99

	
10.1




	
Snag

	
146 ± 70

	
26.7

	
9.13 ± 0.59

	
6.25 ± 2.74

	
30.5




	
Log

	
204 ± 69

	
37.4

	
9.56 ± 0.47

	
11.11 ± 3.96

	
54.2




	
Deciduous species

	
Stump

	
46 ± 22

	
8.4

	
6.47 ± 0.45

	
0.30 ± 0.14

	
1.5




	
Snag

	
4 ± 4

	
0.8

	
6.00

	
0.06 ± 0.06

	
0.3




	
Log

	
113± 31

	
20.6

	
5.91 ± 0.33

	
0.70 ± 0.21

	
3.4




	
Red pine

	
I

	
21 ± 10

	
3.8

	
8.67 ± 1.71

	
0.97 ± 0.82

	
4.7




	
II

	
125 ± 26

	
22.9

	
8.22 ± 0.85

	
4.91 ± 2.13

	
24.0




	
III

	
208 ± 17

	
38.2

	
9.75 ± 0.31

	
11.9 ± 1.57

	
58.1




	
IV

	
29 ± 16

	
5.3

	
10.33 ± 0.42

	
1.64 ± 1.18

	
8.0




	
Deciduous species

	
I

	
4 ± 4

	
0.8

	
6.00

	
0.05 ± 0.05

	
0.3




	
II

	
58 ± 17

	
10.7

	
6.03 ± 0.36

	
0.41 ± 0.12

	
2.0




	
III

	
88 ± 13

	
16.0

	
5.97 ± 0.17

	
0.53 ± 0.09

	
2.6




	
IV

	
13 ± 9

	
2.3

	
6.00 ± 0.58

	
0.07 ± 0.06

	
0.4




	
Total

	

	
546 ± 34

	
100

	
7.80 ± 0.19

	
20.50 ± 2.55

	
100










The C and N content from annual tree mortality rate were 0.72 ± 0.21 Mg C ha−1 and 2.28 ± 0.01 kg N ha−1 (Table 2). Mean total CWD mass was 9.29 Mg ha−1 and 0.34 Mg ha−1 for red pine and deciduous species, respectively, in years 2007–2009 (Table 2). The total CWD mass accounted for 5.7% of live aboveground mass 167.5 Mg ha−1 in 2006 (Table S1). The total mass of CWD contained 4.84 Mg C ha−1 and 20.48 kg N ha−1 (Table 2). Red pine CWD of decay class I to III comprised the majority (93.8%) of total C content. The red pine CWD of decay class III contributed to 39.7% and 44.0% of total C and N content, respectively.



Table 2. Mean biomass, and C and N content from fine litterfall and coarse woody debris (CWD) in a naturally regenerated Korean red pine forest in years 2007–2009. The numbers represent the mean ± one standard error (n = 6) and the numbers in parentheses are the percentage of the components relative to the total biomass, and C and N content.







	

	
Fractions, Species or Decay Class

	
Mass (Mg ha−1)

	
C Content (Mg C ha−1)

	
N Content (kg N ha−1)






	
Fine litterfall (year−1) 1

	
Needle

	
3.35 ± 0.14 (45.8)

	
1.78 ± 0.07 (46.7)

	
32.49 ± 1.27 (49.5)




	
Broad leaf

	
0.82 ± 0.10 (11.2)

	
0.40 ± 0.05 (10.5)

	
10.30 ± 1.19 (15.7)




	
Branch

	
1.31 ± 0.10 (17.9)

	
0.69 ± 0.05 (18.1)

	
10.83 ± 0.82 (16.5)




	
Bark

	
0.76 ± 0.06 (10.4)

	
0.39 ± 0.02 (10.2)

	
2.18 ± 0.12 (3.3)




	
Miscellaneous parts 4

	
1.08 ± 0.05 (14.85)

	
0.55 ± 0.03 (14.4)

	
9.84 ± 0.43 (15.0)




	
Total

	
7.32 ± 0.27 (100)

	
3.81 ± 0.14 (100)

	
65.65 ± 2.16 (100)




	
Forest floor litter layer 1

	

	
20.18 ± 0.72

	
10.09 ± 0.36

	
280.4 ± 10.1




	
Tree mortality (year−1) 2

	
Red pine

	
1.18 ± 0.38 (83.1)

	
0.60 ± 0.19 (84.7)

	
1.82 ± 0.01 (79.8)




	
Deciduous species

	
0.24 ± 0.04 (16.9)

	
0.12 ± 0.02 (16.7)

	
0.46 ± 0.00 (20.2)




	
Total

	
1.42 ± 0.40 (100)

	
0.72 ± 0.21 (100)

	
2.28 ± 0.01 (100)




	
CWD of red pine

	
I

	
3.05 ± 1.77 (31.7)

	
1.57 ± 0.91 (32.4)

	
4.70 ± 2.72 (22.9)




	
II

	
2.10 ± 0.77 (21.8)

	
1.05 ± 0.38 (21.7)

	
5.06 ± 1.85 (24.7)




	
III

	
3.83 ± 0.82 (39.8)

	
1.92 ± 0.41 (39.7)

	
9.02 ± 1.93 (44.0)




	
IV

	
0.31 ± 0.23 (3.2)

	
0.15 ± 0.11 (3.1)

	
0.96 ± 0.07 (4.7)




	
CWD of deciduous species 3

	
I

	
0.01 ± 0.01 (0.1)

	
0.01 ± 0.01 (0.2)

	
0.02 ± 0.02 (0.1)




	
II

	
0.08 ± 0.02 (0.8)

	
0.07 ± 0.01 (1.4)

	
0.32 ± 0.10 (1.6)




	
III

	
0.08 ± 0.01 (0.8)

	
0.08 ± 0.02 (1.7)

	
0.32 ± 0.07 (1.6)




	
IV

	
0.01 ± 0.01 (0.1)

	
0.00 ± 0.00 (0.0)

	
0.07 ± 0.07 (0.3)




	

	
Total

	
9.63 ± 1.28 (100)

	
4.84 ± 0.64 (100)

	
20.48 ± 2.56 (100)








1 The mass data from Noh et al. (2013), see the supplementary Table S2 for the C and N concentration to estimate the contents; 2 Mean tree mortality from 2007 to 2014 from Figure 1a; 3 We applied the C and N concentration of oak CWD for other deciduous species; 4 Miscellaneous parts include cones, flowers, and very fine fragments.









3.4. Mass Loss Rates of CWD and Needle Litter


The decomposition processes were different between fresh needle litter and CWD of decay class I (Figure 4a,f). The mean mass loss rate (MLR) for 783 days was 43.3% for pine needle litter and 8.6%, 12.9%, 18.4%, and 32.1% for CWD of decay class I, II, III, and IV, respectively (Figure 4). There was no difference in MLR between red pine and deciduous species within the same decay classes (ANOVA, P = 0.324). The MLR for red pine CWD was significantly higher in decay class IV than in decay class I and II (Tukey’s HSD, P = 0.012), whereas there was no significant difference among decay classes for deciduous species. The k value (year−1) of needle litter during the decomposition period was 0.2497 ± 0.0141 (R2 = 0.93), whereas those for red pine CWD of decay class I were 0.0438 ± 0.0426 (R2 = 0.38, Figure 4a). The k values for all red pine and deciduous CWDs were 0.0968 ± 0.0140 and 0.1233 ± 0.0226 (Figure 4e,i), respectively.


Figure 4. Changes in mass loss rate of (a–e) coarse woody debris (CWD) of red pine; (f) fine needle litter; and (g–i) deciduous CWD according to decay class (DC) in a naturally regenerated Korean red pine forest. Box plots present the median, 95% confidence interval, and minimum and maximum values. The decay constant k values and R2 were reported for each decay class (see the “Methods” section for details). The k values with different superscripted letters in (a–d) differed significantly among decay classes for red pine CWD (Tukey’s HSD, P = 0.0117).
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The relationship between the decay rate (k) and CWD wood density was significant (P = 0.006, R2 = 0.87, Figure 5a). In addition, the k value was significantly positively correlated with N concentration (Figure 5b). The N concentrations for red pine and for across both species accounted for 92% and 67%, respectively, of the variation in the decay rates (P < 0.05). However, the k value was not significantly correlated with the C concentration (P = 0.095, R2 = 0.81). On the other hand, the k value was negatively correlated with the C:N ratio (Figure 5c). The C:N ratios for red pine and for across both species accounted for 91% and 89%, respectively, of the variation in the decay rates (P < 0.05).


Figure 5. The relationship between the decay constant k and (a) wood density; (b) N concentration; and (c) C:N ratio of fine needle litter (FNL, open triangle) and coarse woody debris of red pine (green triangles) and deciduous species (yellow circles) according to decay classes (DC) I–IV in a naturally regenerated Korean red pine forest. The values represent mean ± one standard error. The solid and dotted lines denote the linear regressions for across both species and for only red pine, respectively.
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4. Discussion


4.1. Variations in N Concentration of CWD


In this Korean red pine forest, N concentrations in CWD differed depending on species and decay classes, in contrast to the little difference in C concentrations (Figure 3). N concentration of deciduous CWD of decay class III and IV contained much higher N concentrations than did those of red pine. Differences in nutrient concentrations in CWD among species have been reported for other forests [2,24,40]. However, no studies have examined N concentrations through decay classes of red pine CWD. Our results showed that the N concentration of CWD increases with increasing decay class, which is consistent with previous studies on decay class and time [13,25]. The increase in N concentration of CWD may not only be driven largely by C loss, but might also be influenced by microbial N fixation, nutrient immobilization, and input into decaying CWD via throughfall, including N deposition through the decay time [2,24]. Additionally, N concentration in fresh CWD of decay class I was lower than that of the fine woody litter (branch) (Figure 3, Table S3), which was consistent with the trends observed in previous studies [24,41]. Conversely, total CWD C inputs estimated using 50.0% C concentration might be slightly underestimated compared to the values based on variation (48.5% to 51.3%), but it did not differ from the actual value because of the non-significant differences within the narrow range of C concentrations. Consequently, the range in N concentrations of CWD among the decay classes and species (0.15% to 0.82%) should be taken into consideration with concurrent decrease in CWD density over time while calculating total N pools in CWD.




4.2. C and N Contents of CWD


In this 70-year-old natural red pine forest, the total amount of CWD of 4.84 Mg C ha−1, which was much greater than 0.5 Mg C ha−1 in a 55-year-old managed Korean red pine forest with basal area of 53.1 m2 ha−1 [17] and the average value of 1.76 Mg C ha−1 for dead wood, which was estimated based on the 5th National Forest Inventory in South Korea [42], and similar to the average value of 8.62 Mg ha−1 of downed CWD for all inventoried US states [3]. In our study sites, the mean annual tree mortality (0.72 Mg C ha−1) was in the range from 0.2 to 0.8 Mg C ha−1 of other temperate forests [43] and the annual C input from the tree mortality was ca. 19% of annual total fine litter input to the forest floor. This proportion fell within the wide range of 3–73% of various-aged northern coniferous forests [2]. When fine branch, bark, and cones are considered as woody debris, annual C input of 2.35 Mg C ha−1 from the fine and coarse woody debris to the forest floor is similar to 2.18 Mg C ha−1 from leaf litter (Table 2). In Korea, there were nationwide outbreaks of pine wood nematode in 2005 and 2013; however, occurrence of pine wilt disease was not explicitly identified in the study site. Therefore, they are assumed to be resulting from processes in forest maturation such as self-thinning and accidental mortality because the forest floor of natural middle-aged or mature stands, not subjected to forest management practices, would have more input from woody detritus owing to tree mortality or self-thinning in high-density stands than those in the other managed stands or plantations [15,44,45]. However, the amount of CWD was less than 12.56 Mg ha−1 in a 55–65-year-old secondary natural forest of Chinese red pine (P. tabulaeformis) [46]. In addition, the 5.7% of the CWD ratio (ratio of dead to live wood mass) was relatively small compared to the range from 2.8% to 126.6% in other pine ecosystems, including stands disturbed by fire or insect damage [12]. In regard to the contribution of CWD to N input in this study site, annual N input from CWD caused by annual tree mortality comprised approximately 11.1% of total N stock in CWD, and comprised less than 3.5% of 65.65 kg N ha−1 year−1 from total fine litterfall, indicating less contribution of CWD to N cycles than fine litter. However, the forests have a potential for the rapid increase in the amount of CWD following tree mortality, because the red pine forests have been widely threatened by severe pine wilt disease across the Eastern Asian countries [20,21].




4.3. Decomposition of Fine Litterfall and CWD


In this red pine forest, there are large differences in the decomposition process between needle litter and CWD. Decay rate k at the same study site was 0.2497 for needle litter and 0.0438 for red pine CWD at decay class I (Figure 4a,f), indicating the decomposition rate of fresh needle litter to be nearly six times higher than that of fresh CWD. In general, differences in k values among various litter types are mainly caused by the variance in litter quality, such as tannin, lignin, and nutrient concentrations [8,9]. In addition, we found the decay rate for red pine CWD was faster in decay class IV (k = 0.1947) than in decay class I (k = 0.0438), indicating that CWD with high-wood density and a high C:N ratio decomposed slowly.



In this red pine forest, the CWD k value of 0.0968 at the stand level was within the range of 0.0040–0.1570 from subtropical to boreal pine forests [25,26,47,48,49,50,51]. This relatively high value appears to be reasonable for our temperate pine forest, which had relatively higher mean annual temperature and mean annual precipitation under the Asian monsoon climate. Structural and chemical differences in the quality of CWD, such as wood density and the C:N ratio, could cause larger variations in decomposition rates across all species [4,8]. Therefore, the CWD quality related to plant species traits should be taken into consideration to understand the global patterns of decay rates [10,11]. In fact, we demonstrated that the C:N ratio could be one of the most important controlling factors explaining the decomposition rates across leafy litter and coarse woody litter within a small-scale study site (R2 = 0.89, Figure 5). This result is consistent with the patterns in the previous global-scales studies of fine litter decomposition [8,9]. In addition, our results showed the relationships between the k value and both wood density and C:N ratio are not species specific, while the relationships with N are species specific (Figure 5). Therefore, among species, further research is necessary to clarify the species-specific relationships between C or N concentrations and k value.



Our study also provided the decay class-specific wood density, which was negatively correlated with CWD moisture content because low wood density could enhance the infiltration of moisture into wood structures, and accelerate the decomposition processes [30,52]. Increased moisture content at high decay class can enhance the macrofauna or microbial activity within optimal moisture levels and may contribute to faster decomposition of litter [9], despite increases in chemically recalcitrant structure of tissues, such as lignins and polyphenols over time [25]. The CWD decomposition processes are affected by their position associated with moisture content and microbial factors, such as fungal species composition, biomass, and activity [27,53]. Therefore, further studies on decomposition rate should examine the effect of different types/positions of CWD, such as stumps and snags. Nevertheless, the parameterizations of k values and CWD quality depending on decay classes would be applicable to modeling their stand-level, and hence the complex ecosystem-level, decomposition rates at specific development stages with information on the distribution of CWD at distinct decay phases and various decay classes [54].





5. Conclusions


Our results indicated that the range in N concentration among the decay classes and species for CWD (0.15% to 0.82%) should be considered when total N inputs to the forest floor litter are calculated. In addition, the decay rates across CWD with different decay classes and needle litter were strongly related to their C:N ratio. The class-specific decay rates with parameterizing such factors as wood density and C:N ratio of CWD, will contribute to understanding the stand-level decomposition rates and improving C and N dynamic models of CWD. In this Korean red pine forest, the total CWD amount was 4.84 Mg C ha−1, with various decay classes, as long-term C and nutrient sinks, it contained a total N of 20.48 kg N ha−1, which was approximately nine times the annual tree mortality-induced N input to the forest floor. Despite lower N concentration and slower decay rates of CWD compared to fine litter, CWD contributed to C and N inputs as stabilized pools, especially if tree mortality increases throughout this forest. Because of the lack of data on CWD under temperate monsoon climates in Asian regions, this study will contribute to accurate quantification and modeling of C and N dynamics in pine forest ecosystems.
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