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Abstract

:

Nutrient storage in the forest floor is regulated through litter decomposition and nutrient cycling. Stoichiometry of nutrients can provide characterization of the forest floor. To quantify nutrient storage in the forest floor and to determine stoichiometry among different forest types, available data on nutrients were meta-analyzed. The data on nutrients—nitrogen, phosphorus, potassium, calcium, and magnesium—were collected from published reports and original data on Japanese forests. The relationship between nutrient storage and forest floor mass was also examined. Japanese cypress and cedar plantations had small N and P storage in the forest floor with high C:N and C:P ratios, whereas subalpine conifers had large N and P storage in the forest floor with low C:N and C:P ratios; cedar plantations showed large Ca-specific storage in the forest floor. The stoichiometry of the forest floor varied between different forest types, namely C:N:P ratios were 942:19:1 for cedar and cypress plantations, 625:19:1 for broad-leaved forests, and 412:13:1 for subalpine conifers and fir plantations. N storage was closely correlated; however, P and other mineral storages were weakly correlated with the forest floor mass. Nutrient storage and stoichiometry can provide a better perspective for the management of forest ecosystem.
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1. Introduction


The forest floor developed over mineral soils includes organic residues—such as leaves, branches, bark, and stems—in various stages of decomposition. Forest floor organic matter forms an important carbon pool within the forest ecosystem since it makes up the organic humus layers, such as the L (Oi), F (Oe), and H (Oa) layers, and fine woody debris. The Inter-Governmental Panel on Climate Change defined this carbon pool as a “litter”, separating it from soil and deadwood in the generalized category for dead organic matter [1]. Since then, there has been a large amount of data summarized on “litter” carbon stock in the recent decades [2,3,4]. Apart from providing this vital carbon pool for forest ecosystems, the forest floor serves as critical habitats and food sources for soil fauna and microbes, which play vital roles in litter decomposition [5]. The thickness and density of the forest floor affect the abundance and diversity of soil fauna [6,7]. Conversely, the forest floor quality, i.e., its nutrient contents and energy sources, further affects the activities of decomposers [8]. For nutrient cycling in forest ecosystems, the forest floor functions as a nutrient reservoir and chemical buffering layer against acid deposition [9,10,11]. Although it plays such a pivotal role in ecosystem functioning, nutrient storage within the forest floor is given much less attention in research than that of litter decomposition.



Numerous studies have been conducted on litter decomposition processes that have revealed changes in litter decomposition rate following nutrient release and/or nutrient immobilization [12,13,14,15]. The litter bag method is widely used to track the time course of nutrient dynamics within litter during the early stages of decomposition. However, the method has limitations in the later decomposition stages [16,17], meaning that the litter bag study does not provide accurate and suitable information on the storage of nutrients in the forest floor. Because the forest floor comprises a mixture of organic materials going through both early and late decomposition, the stratification of organic layers can enable the accurate estimation of nutrient storage in thick humus forms—moder and mor humus [18,19]; however, the subdivision is not applicable for the mull humus form. Root development in the F and H layers also affect nutrient dynamics in the forest floor [20]. Although nutrient storage in the forest floor may provide a snapshot of nutrient cycling in the ecosystem, this labile nutrient pool is important for soil fertility and soil food web. Thus, compiling data on nutrient storage in the overall forest floor of different forest types in Japan could enable further research for evaluating the importance of the forest floor as a nutrient reservoir and its chemical buffering capacity for the ecosystem.



The stoichiometry of the forest floor is a good indicator of the conditions of decomposing organic materials. Fresh fallen litter shows a large variation in nutrient contents and carbon-to-nutrient ratios among tree species gradually converge at a particular range by progressing decomposition and humification [2,21,22]. Since a large divergence in stoichiometry exists between fresh litter and soil [23], the stoichiometry of the forest floor, which serves as an intermediary body between them, may assist in understanding the decomposition processes and element dynamics at the soil surface boundary. In Canada, long-term litterbag experiments using 10 tree species were conducted over a six-year period [24]. The results showed a convergence in litter stoichiometry of the carbon-to-nitrogen (C:N), carbon-to-phosphorus (C:P), and nitrogen-to-phosphorus (N:P) ratios to 30, 450, and 16, respectively, which is equivalent to a C:N:P ratio of 450:16:1, based on P content. Ma et al. [25] studied the C:P:N ratio variations in decomposed forest floor litter at different successional stages in eastern China and found that C:N:P varied with successional vegetation stages, ranging from 377:26.5:1 to 782:57:1. Tree species and climate conditions were noted to affect the stoichiometry of the forest floor. Because Japan has a wide variety of forest types and climate conditions even in small archipelagic nations [26,27], evaluating the range of forest floor stoichiometry will be valuable to understand litter quality in various forest conditions.



The amount of nutrient storage that the forest floor can provide is greatly affected by its mass. The accumulation of this forest floor mass varies depending on site condition factors, such as soil, topography, and forest management; this is even so in a monoculture plantation [28,29,30]. Using the variation of the forest floor mass, carbon concentration and storage in the forest floor have been determined by the regression with dry weight of the forest floor mass adjusted by the ash content [31]. Similarly, it may be possible to develop regression equations to estimate the nutrient storage within the forest floor. Because nutrient concentrations in fresh litter varies with tree species [32], correlations may differ based on predominant tree species in a particular forest.



The aims of this study were to: (1) summarize dry weight mass and nutrient storage in the forest floor of different forest types in Japan, (2) analyze stoichiometry of organic materials in the forest floor to evaluate their quality, and (3) examine regression equations between forest floor mass and nutrient storage in the forest floor. To achieve the study aims, a meta-analysis was performed using existing data collected from scientific papers and project reports, as well as data based on the author’s original research conducted in Japan.




2. Materials and Methods


Data on dry weight, as well as carbon and nutrient storage of the forest floor organic layer, were obtained from the existing research articles and project reports. This literature review included both English and Japanese manuscripts, and the data from the literature was combined with original data of the author to undertake the meta-analysis. Some of the data were used for compiling forest soil carbon stock in varying forests in Japan [33]. Nutrient mass within the forest floor was calculated by using the forest floor dry weight multiplied by the total concentration of nutrients: nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg). Analytical methods and equipment varied between the different researchers and their respective studies. When the studied report did not provide the amount of carbon storage of the forest floor, a conversion equation was used in its place [31]. Data for all nutrients was not available for every study; therefore, the sample size for each nutrient varied among forest types.



Data were grouped based on predominant forest types, plantation, or natural and semi natural forests. The predominant forests are shown in Table 1. Plantation forestry mainly consists of Japanese cedar (Cryptomeria japonica, 44% of the total plantation area) and Japanese cypress (Chamaecyparis obtusa, 25%). Well-drained and productive moist hills and mountain slopes in Japanese forests are largely occupied by these two species [34]. Japanese red pine (Pinus densiflora) is a representative planted and naturally established species on xeric ridges. Japanese black pine (Pinus thunbergia) is often seen planted on coastal sandy soils [35,36]. Subalpine coniferous forests are often develop on podzolic soil with thick organic layers [37,38]. Japanese larch (Larix kaempferi) and Todo fir (Abies sachalinensis) plantations are mostly distributed in cool northern prefectures [39,40]. Subalpine coniferous forests include cypress and fir old-growth natural forests. For broad-leaved deciduous forests, Japanese beech (Fagus crenata) covers cool temperate areas, whereas oak (Quercus spp.) widely occurs in cool and warm temperate forests [27]. Castanopsis spp. are evergreen broad-leaved species found in warm southern parts of Japan [41]. Because of the limited number of available nutrient data on broad-leaved forests, the broad-leaved species were grouped into deciduous and evergreen forests. The groups based on forest types included those with more than 10 stands and those older than 20 years. Distribution maps of sample size in a prefecture are shown in Figure 1 and Table S1. The data on Todo fir were collected only from the Hokkaido prefecture, North Island.



Most of the group data on nutrient storage were not normally distributed and had positive skewness. Hence, the medians and quartiles were used for the representative values. The nonparametric Steel–Dwass test was performed for multiple comparisons of all pairs of the forest types. For comparing nutrient concentrations among forest types, Turkey–Kramer test was used because of normal distributions of the data. The linear regression between the dry weight of forest floor mass and the nutrient storage was conducted by using logarithm transformation. Statistical analysis was conducted using JMP software (SAS Institute Inc., Cary, NC, USA).




3. Results


3.1. Dry Mass and Nutrient Storage in Predominant Forest Type


Among coniferous forest types, minimum accumulation of forest floor mass occurred in cypress plantations (6.6 Mg ha−1), followed by cedar plantations (9.3 Mg ha−1; Figure 2A, Table S2). Cypress and cedar were significantly different from the other forest types, except evergreen broad-leaved forests. The largest mass was represented by subalpine coniferous forests (37.0 Mg ha−1), and fir natural forests (32.5 Mg ha−1) next. Other coniferous forests ranged from 12.1 to 14.5 Mg ha−1 were mostly no significant difference. As for broad-leaved forests, deciduous forests (12.2 Mg ha−1) had relatively larger forest floor mass than evergreen forests (9.2 Mg ha−1), despite of insignificance.



Nitrogen storage in the forest floor showed significant variation among forest types (Figure 2B, Table S3). Among coniferous forests, subalpine coniferous forests and fir plantations had significantly larger N storage, at 533 and 261 kg ha−1, respectively. Cedar and cypress plantations and evergreen broad-leaved forest showed significantly lower N storage, ranging from 89 to 123 kg ha−1. Phosphorus storages were significantly small in cypress (3.10 kg ha−1) and cedar (5.66 kg ha−1) plantations and large in subalpine coniferous forests (35.6 kg ha−1) (Figure 2C, Table S4). Evergreen and deciduous broad-leaved forests also had small P storages (6.55 kg ha−1 and 8.75 kg ha−1, respectively).



Regarding mineral stocks, K storage was the lowest (10.9 kg ha−1) in cypress and deciduous broad-leaved forests (Figure 3A, Table S5). Cedar plantations also showed small K storage in the forest floor. Compared to cedar, cypress, and deciduous broad-leaved forests, significantly higher K storages occurred in subalpine coniferous forests (51.6 kg ha−1) and fir plantations (35.7 kg ha−1). Calcium storage was significantly higher (147 kg ha−1) in cedar than in cypress plantations (57.3 kg ha−1) (Figure 3B, Table S6). The highest occurred in the subalpine coniferous forest (233 kg ha−1). Evergreen broad-leaved forests had significantly higher Ca storage than deciduous broad-leaved forests. The range of Mg storage in the forest floor was narrow and no significant differences were found among the forest types (Figure 3C, Table S7).




3.2. Total Nutrient Concentrations in the Forest Floor


Table 2 shows the nutrient concentrations of each forest type. The N concentration in the forest floor of broad-leaved forests was significantly higher than that of coniferous forests. The range of P concentration was large; the low values (about 0.55 g kg−1) occurred in cedar and cypress plantations, while high values (about 1.1 g kg−1) were observed in fir plantations and subalpine coniferous forests. Broad-leaved forests showed intermediate P concentrations. Ca concentrations in cedar plantations and evergreen broad-leaved forests were almost twice as high as the other forest types. No significant differences were detected in K and Mg concentrations of the forest floor among forest types.




3.3. Stoichiometry of Carbon and Nutrients in the Forest Floor


C:N ratios were significantly high in the cedar and cypress plantations—49.8 and 47.2, respectively (Figure 4A, Table S8). The C:N ratio of other coniferous forests ranged from 32.4 to 40.7. The lowest C:N ratio occurred in the deciduous broad-leaved forests (28.2). For C:P ratio, cedar and cypress plantations again showed significantly high values—957 and 914, respectively (Figure 4B, Table S9). The lowest C:P ratio occurred in the fir plantations (394). The N:P ratios of cedar and cypress plantation and broad-leaved forests were significantly higher than that of fir plantations (Figure 4C, Table S10). Fir plantations, pine forests, and subalpine coniferous forests had low N:P ratios with no significant differences. Based on P concentration, C:N:P ratios were 943:19.5:1 for cedar and cypress plantations, 625:19.3:1 for broad-leaved forests (deciduous and evergreen), and 412:13.0:1 for subalpine coniferous forests and fir plantations, on average.



Having the lowest C:Ca (34.8) was considered a special characteristic of cedar plantations. This was significant when compared with the C:Ca ratio of other forest types, which ranged from 59.9 to 72.6 (Table S11). No significant difference among forest types was found for C:Mg ratios, that is, from 267 to 444 (Table S12). Carbon-to-potassium (C:K) ratios were significantly lower in fir plantations (233) than in the cedar plantations (510) (Table S13).




3.4. Relationship between the Dry Weight of the Forest Floor and Nutrient Storage


Nutrient storage in the forest floor was significantly correlated with its dry weight for all elements (p < 0.001). However, the coefficient of determination (R2) varied with the different elements and forest types (Table A1). The relationships in cedar plantations and those in deciduous broad-leaved forests are shown in Figure 5 and Figure 6, respectively, as examples. The storage of N was most closely correlated with the dry weight of the forest floor mass in most forest types: the R2 of N ranged from 0.697 (evergreen broad-leaved forests) to 0.924 (pine forests). However, except for N, nutrient storage was weakly correlated with forest floor mass in most of elements. Particularly, the variation of the R2 was large in P, ranging from 0.443 (cedar) to 0.903 (pine). In coniferous plantations and forests, the storages of mineral elements had moderate correlations with their forest floor mass, approximately 0.6–0.7 in the R2, irrespective of elements and forest types. Low R2 occurred in broad-leaved forests particularly for Ca and Mg, which ranged from 0.102 to 0.381.





4. Discussion


4.1. Forest Floor Mass


Nutrient storage is calculated by multiplying the forest floor nutrient concentration by its dry weight. Factors that play a role in developing forest floor mass should be discussed, especially for cedar and cypress plantations. According to the well-applied litter bag method, the decomposition rate of cedar and cypress leaf litter is not high when compared with other representative tree species in Japan [13,16]. In cypress plantations, it has often been suggested that the rapid physical fragmentation of cypress leaf litter progresses in the earliest stage of decomposition. Fresh fallen cypress leaves were fragmented quickly—within half a year from the litter fall season—into small leaflets, which are more susceptible to erosion or migration into mineral soil [42,43,44]. Hence, twigs and small branches most commonly remained on the forest floor. It has been emphasized that the forest floor is generally sparsely distributed in cypress plantations with a partly uncovered surface soil [42,45,46,47], which might explain the small mass of its forest floor.



In cedar plantations, soil macro fauna, such as earthworms and soil crustaceans, are abundant [48,49]. A higher population of soil fauna is reported in cedar plantations compared to cypress plantations [16,48,50]. These faunal activities seem to be responsible for the rapid decomposition of cedar litter. Mesofauna was also likely to contribute to cedar litter decomposition. Kaneko et al. [16] found that oribatid mites invade the inside of the cedar needle litter to ingest it, creating a hollow within leaves that could be detached from rachis in early decomposition stages. Consequently, rachis, petioles, twigs, and cones most commonly remained on the forest floor, likewise cypress plantations. Fallen branches were also scattered as bundles of foliage in cedar plantations [16]. Although the forest floor consisted of a mixture of organic materials going through both early and late decomposition stages, in cedar and cypress plantations, easily decomposable litter parts disappeared quickly, with recalcitrant woody organic materials dominating the forest floor, which is consistent with our findings that cedar and cypress forest floors had high C:N and C:P ratios.



The forest floor of old-growth natural cypress forests developed a thick mass at 44.8 Mg ha−1 (Table S2), which was different from their plantations. The large forest floor mass was supposed to resulted from specific site conditions, such as dense understory dwarf bamboo and slow litter decomposition in cool climate regions [51,52]. Besides cool climate conditions, such large amounts of the forest floor in old-growth forests may be responsible for a long steady-state period for accumulating organic matter in forest floor without disturbances and harvesting. Similarly, the forest floor mass in natural fir forests (32.5 Mg ha−1) is larger than those in fir plantations (14.5 Mg ha−1) in Hokkaido prefecture.




4.2. Nutrient Storage of Nitrogen and Phosphorus


The lowest and second-lowest N storage occurred in cypress and cedar plantations at 89 and 111 kg ha−1, respectively. Phosphorus storage was also low in these forest floors, at 3.10 kg ha−1 for cypress and 5.66 kg ha−1 for cedar plantations. Furthermore, high C:N and C:P ratios within these forest floors suggest that net N and P mineralization does not progress during organic matter decomposition. These findings suggest that the forest floor, in situ, rarely functions as an available nutrient reservoir in the ecosystem. In addition, it is known that cedar litter has high N-fixing activity levels during decomposition [53] but that the high C:N ratio and low N storage suggest that N fixation contributes little toward N storage. Fragmented litter that physically migrated to the A horizon, as discussed above, may then serve as available N and P to vegetations.



On the contrary, in subalpine and cool temperate plantations of larch and fir, large amounts of N and P were stored in the forest floor, which was probably due to the slow litter decomposition taking place in the cool climate. Among broad-leaved forests, beech forests distributed in cool regions also stored large N amounts (450 kg ha−1) in the forest floor (Table S3). Moreover, C:N and C:P ratios were low in these forest floor. Thus, the forest floor could function as an actual nutrient pool for these ecosystems, despite slow decomposition of litter. The observation that fine roots systems were developed in the F and H layers [18,19] indicates the tight relationships between tree growth and forest floor nutrient in the ecosystems. These findings inspire fragile ecosystem of subalpine forests, such that if the site conditions were changed—through climate change and forest disturbances like harvesting and typhoon damage—the nutrient pool will be directly disturbed and would then release large amounts of N and P from the forest floor. Recovery from the disturbances may then require time to again form the necessary thick forest floor.




4.3. Mineral Storage in the Forest Floor


It is a special characteristic of cedar plantations that a considerably high amount of Ca can be stored even within the thin forest floor. The total Ca concentration was significantly higher in the forest floor of cedar plantations. Several studies reported that exchangeable Ca in the A horizon was higher in cedar plantations than in other forest types [49,54,55,56]. The abundance of faunal decomposers, such as soil crustaceans and earthworms, seemed to be related to Ca richness in the forest floor [48,49]. The Ca concentrations in the fresh fallen cedar leaves were relatively higher among the tree species in Japan, averaging at 17.9 mg g−1 [32]. Harada et al. [57] reported that the Ca concentration of the bark of Japanese cedar was considerably higher at 9.5–23.1 mg g−1, when compared to its other parts. Considering the high C:N ratio in the forest floor, the high Ca storage in the forest floor may partly be responsible for the recalcitrant bark of cedar trees.



High Ca storage of the forest floor is likely to play a large buffering capacity for acid deposition. Baba et al. [55] observed that a large amount of exchangeable Ca was leaching from the cedar forest floor, which alleviated the Ca loss by proton load. Takahashi [58] demonstrated that the Ca present in needle litters became water soluble when the decomposing needles became black, suggesting that an increase in the water solubility contributes to Ca mobility from the litter to A horizon. However, such Ca behavior does not contribute Ca accumulation in the forest floors. Further studies are still needed to understand how high Ca concentration and storage develop in the forest floor of cedar plantations.



Significantly high K and P storage were found in subalpine and cool temperate coniferous forests. It was reviewed that the strong correlation between P and K concentrations observed in the fungal component of symbiotic ectomycorrhizal and arbuscular mycorrhizal fungi suggests that P transport to plants was accompanied by K ion [59]. K is a typical ion that is quickly released from fresh litter in initial decomposition stages [60]. However, it might be caught by fungal hyphae developed in the F layers of forest floors [19,61], resulting in large K storage in the forest floor of cool ecosystems. Additionally, some mushrooms are known to act as a K accumulator in forest floors [62,63,64]. Both K and P storage may be partly controlled by fungal activity in thick forest floors. Mg storage in the forest floors did not clearly show any special tendency among the forest types despite the small numbers of samples. On the basis of this, Mg may have little biological interaction with decomposers in the forest floor.




4.4. Stoichiometry


The interquartile ranges (IQRs) of C:N, C:P, and N:P ratios among the forest types were narrow when compared with those of nutrient storage elements themselves (Tables S8–S10). Although data were collected from varying prefectures with varying site conditions, the stoichiometry of the forest floor ranged within narrow ratios depending on the specific forest type. Cedar and cypress plantations showed high C:N, C:P, and N:P ratios, with broad-leaved forest types showing low C:N and C:P ratios and a high N:P ratio. The forest floor in subalpine and fir plantations had low C:N, C:P, and N:P ratios.



The ratios of C:N, C:P, and N:P of fresh fallen litter are generally in the range of 100 and more, 1000 and more, and between 30 and 50, respectively. They are decreasing gradually by mineralizing C sources [23]. The high C:N and C:P ratios of the forest floor under cedar and cypress plantations suggests that the forest floor consists of relatively young organic materials, i.e., only passing through a short time after senescence. For estimating the decomposition rate of the forest floor organic matter, the residence time of the forest floor can be calculated using annual litterfall data [9,20]. According to a review by Saito [65], total litterfall including branches averaged 5.15 Mg ha−1 in cedar plantations and 4.41 Mg ha−1 in cypress plantations. Therefore, the mean residence time of the forest floor (forest floor mass/litterfall) of cedar plantations, and cypress plantations are 1.81 and 1.52 years, respectively. When compared with subalpine coniferous forests—having 4.28 Mg ha−1 of annual litterfall [65]—the residence time at the forest floor is much longer (8.72 years) than that of cedar, cypress, and broad-leaved forests. The residence time indicates nutrient availability as well. Lang [66] reported that the mean residence time of the forest floor can be used as a P recycling indicator, with turnover rates of the forest floor increasing with accompanying increasing total P stocks in the soil systems of European beech forests. Long residence times in subalpine coniferous forests suggest that the forest floor provides available P and probably N with slow rates.



As for the N:P ratio, fungal biomass and physiology may regulate N and P dynamics, which are both affected by temperature regime. Reich and Oleksyn [67] found that leaf N and P concentrations and N:P ratios decreased with decreasing mean annual temperature. Li et al. [68] also showed that soil microbial N and P concentrations increased, while microbial N:P ratios decreased with decreasing temperature regime. Such effects of temperature on fungal activities would be obvious in moder and mull humus forms in subalpine and cool temperate forests due to high fungal biomass in the F layer [19,61].



Because the land in Japan is widely influenced by volcanic materials, the andic properties of soil often have high P adsorption capacities that act as inhibitors of P availability [69,70]. Higher N:P ratios in the forest floor of cedar and cypress plantations might be affected by the interaction of mineral soils with andic properties because of soil contamination in the thin forest floor.




4.5. Correlation between Dry Weight of the Forest Floor and Nutrient Storage


It was expected that positive correlations between dry weight and nutrient storage in the forest floors existed because the nutrient storage was calculated using the parameter of dry weight. However, the correlations were usually weak for most of the elements, except for N (Table A1). Furthermore, the correlations between dry weight and nutrient concentration in the forest floors were weak (data are not shown; R2 are 0.000 to 0.268). N dynamics in the forest floor would be closely reflected by C mineralization processes by decomposers, but the nutrient concentration in the forest floor seems to be affected by factors other than forest type and leaf litter decomposition. Geochemical factors, such as mineral associations of P as is discussed above, might influence the P concentration in the forest floors [71,72]. Vogt et al. [20] reported that input of organic matter from fine-roots developed in the forest floor is a crucial factor, decreasing the mean residence time and nutrient turnover rate of forest floor in fir forests of USA. Such mechanisms may occur in our dataset; the subalpine coniferous forests showed relatively weak correlation with low R2 for all elements. Since deciduous and evergreen broad-leaved forest groups are composed of various tree species, lower R2 values are unavoidable. Organic acid production in the thick organic layer and nitrate formation through nitrification may militate decrease in cations in the forest floor [73,74]. Other factors were also pointed out for forest floor nutrient conditions: soil fertility [75], forest age [76], and understory vegetation [77]. Furthermore, external environmental factors affect nutrient condition of the forest floor. Acid deposition accelerated the leaching of exchangeable cations [10,78,79]. Thus, accurate estimation of nutrient storage in the forest floor from the dry weight of forest floor mass is not recommended except for N, due to the effects of variation of nutrient concentration by various reasons.





5. Conclusions


A meta-analysis was applied to data for obtaining information on nutrient storage and stoichiometric ratios of the forest floors of predominant forest types in Japan. In cedar and cypress plantations established in fertile sites, the forest floor stored low N and P with high C:N and C:P ratios, suggesting that the forest floor plays only a minor role as a nutrient reservoir. Subalpine coniferous forests and fir plantations in cool climates had large N and P storage with low C:N and C:P ratios in the forest floor, which indicates that nutrient resource and availability are largely dependent on the forest floor despite of slow organic matter decomposition. Japanese cedar plantations are characterized by having large Ca storage in a relatively thin forest floor layer, suggesting a high chemical buffering capacity for acid depositions. Stoichiometry is a useful tool for estimating the quality of the forest floor. The difference in the stoichiometry seems to be reflected by the processes of litter decomposition and the composition of decomposing organic materials in the forest floor. Nitrogen storage was closely related to the dry weight of the forest floor, but P and mineral element storage were not. Because the forest floor is a labile pool of nutrients against forest management and climate conditions, the knowledge of the storage size and stoichiometry of nutrients in the forest floor can provide a better perspective for tree species selection in plantation forestry, ecosystem management, and climate change impact. Lastly, the statistical values in this study may be biased due to the maldistribution of sample positions and imbalances in sample size. Systematic sampling can improve the grasp of the whole aspect of forest floor quality and quantity of Japan.
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Table A1. Parameters and the coefficient of determination (R2) for regression lines between elements/nutrients within and dry weight of the forest floor (FF) using the following equation: Log10 (element, kg ha−1) = a + b Log10 (FF, Mg ha−1).






Table A1. Parameters and the coefficient of determination (R2) for regression lines between elements/nutrients within and dry weight of the forest floor (FF) using the following equation: Log10 (element, kg ha−1) = a + b Log10 (FF, Mg ha−1).













	Element
	Forest Type
	a
	b
	R2
	n





	Nitrogen
	Cedar
	0.916
	1.063
	0.803
	98



	
	Cypress
	0.899
	1.083
	0.871
	52



	
	Larch
	1.053
	1.031
	0.893
	16



	
	Pine
	0.941
	1.089
	0.924
	21



	
	Todo fir
	1.038
	1.060
	0.803
	31



	
	Subalpine coniferous
	1.050
	1.045
	0.755
	25



	
	Deciduous
	1.110
	1.048
	0.864
	49



	
	Evergreen
	1.275
	0.839
	0.697
	22



	Phosphorus
	Cedar
	−0.371
	1.054
	0.443
	43



	
	Cypress
	−0.359
	1.003
	0.598
	26



	
	Pine
	−0.047
	0.920
	0.903
	10



	
	Todo fir
	−0.397
	1.337
	0.709
	30



	
	Subalpine coniferous
	0.089
	0.923
	0.535
	18



	
	Deciduous
	0.233
	0.678
	0.547
	30



	
	Evergreen
	−0.454
	1.202
	0.725
	14



	Potassium
	Cedar
	−0.093
	1.107
	0.547
	96



	
	Cypress
	0.124
	1.004
	0.609
	46



	
	Larch
	−0.087
	1.198
	0.682
	16



	
	Pine
	0.343
	0.810
	0.753
	15



	
	Todo fir
	0.277
	0.965
	0.700
	29



	
	Subalpine coniferous
	0.633
	0.680
	0.672
	13



	
	Deciduous
	−0.372
	1.200
	0.348
	33



	
	Evergreen
	0.223
	0.890
	0.581
	16



	Calcium
	Cedar
	1.292
	0.840
	0.646
	96



	
	Cypress
	0.949
	0.836
	0.676
	44



	
	Larch
	0.878
	0.958
	0.613
	16



	
	Pine
	1.134
	0.645
	0.631
	15



	
	Todo fir
	0.063
	1.603
	0.574
	27



	
	Subalpine coniferous
	1.328
	0.668
	0.393
	12



	
	Deciduous
	1.248
	0.522
	0.128
	33



	
	Evergreen
	1.705
	0.397
	0.102
	16



	Magnesium
	Cedar
	−0.003
	1.148
	0.612
	92



	
	Cypress
	0.166
	0.382
	0.567
	41



	
	Larch
	0.353
	0.853
	0.576
	15



	
	Pine
	0.634
	0.567
	0.538
	15



	
	Deciduous
	−0.117
	1.083
	0.381
	32



	
	Evergreen
	0.694
	0.595
	0.209
	16
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Figure 1. Distribution of the sample size of forest floor mass data in the prefecture level in Japan. Nutrient storage data are shown in Table S1. 
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Figure 2. Box and whisker plots of forest floor mass (A), nitrogen (B), and phosphorus (C) storage in the forest floor among Japanese forest types. Subalpine coniferous forests, deciduous broad-leaved forests, and evergreen broad-leaved forests are represented by “subalp”, “decid”, and “evergr” respectively. The box covers the 75th and 25th percentiles. The horizontal line within the box marks the median, and the cross indicates the mean. The length of the whisker is 1.5 times the interquartile range. Outliers are indicated by open circles. Different lowercase letters on the figure denote significant differences between forest types at p < 0.05 based on the Steel–Dwass test. 
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Figure 3. Box and whisker plots of potassium (A), calcium (B), and magnesium (C) storage in the forest floor among Japanese forest types. The definitions of box and whisker are the same as those used in Figure 2. Different lowercase letters on the figure denote significant differences between forest types at p < 0.05 based on the Steel–Dwass test. 
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Figure 4. Box and whisker plots of stoichiometry (C:N (A), C:P (B), and N:P (C) ratios) of the forest floor among Japanese forest types. The definitions of box and whisker are the same as those used in Figure 2. Different lowercase letters on the figure denote significant differences between forest types at p < 0.05 by the Steel–Dwass test. 
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Figure 5. Relationship between nutrient storage (nitrogen (A), phosphorus (B), potassium (C), calcium (D), and magnesium (E)) and dry weight of the forest floor in Japanese cedar plantations. Regression equations are shown in Table A1. 
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Figure 6. Relationship between nutrient storage (nitrogen (A), phosphorus (B), potassium (C), calcium (D), and magnesium (E)) and dry weight of the forest floor in deciduous broad-leaved forests in Japan. Regression equations are shown in Table A1. 
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Table 1. Forest types and their predominant tree species in Japan.
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	Forest Type
	Scientific Names of Predominant Species





	Cedar
	Cryptomeria japonica



	Cypress
	Chamaecyparis obtusa



	Larch
	Larix kaempferi



	Pine
	Pinus densiflora, P. thunbergii



	Todo fir
	Abies sachalinensis



	Subalpine coniferous
	Abies veitchii, A. mariesii, A. sachalinensis, Picea jezoensis var. hondoensis, P. jezoensis, P. glehnii, Tsuga diversifolia



	Deciduous broad-leaved
	Fagus spp., Quercus spp., Betula spp., Acer spp., Alnus spp., Carpinus spp., Pterocarya rhoifolia, Aesculus turbinata, Fraxinus spp.



	Evergreen broad-leaved
	Castanopsis spp., Lithocarpus spp., Quercus acuta, Machilus thunbergii, Cinnamomum camphora, Camellia spp.
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Table 2. Mean and standard deviation (s.d.) of total nutrient concentrations (g kg−1) in the forest floor of predominant forest types.
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Nutrient

	
N

	
P

	
K

	
Ca

	
Mg




	
Forest Type

	
Mean (2)

	
s.d.

	
Mean (2)

	
s.d.

	
Mean

	
s.d.

	
Mean (2)

	
s.d.

	
Mean

	
s.d.






	
Coniferous

	

	

	

	

	

	

	

	

	

	




	
Cedar

	
10.0 d

	
2.86

	
0.542 d

	
0.265

	
1.24

	
0.870

	
13.9 a

	
4.27

	
1.65

	
1.05




	
Cypress

	
10.0 d

	
3.03

	
0.552 cd

	
0.270

	
1.70

	
1.46

	
7.11 b

	
3.72

	
1.37

	
1.11




	
Larch

	
12.5 bcd

	
2.55

	
n.a (1)

	
n.a

	
1.55

	
0.815

	
7.37 b

	
3.34

	
1.64

	
0.64




	
Pine

	
11.1 cd

	
2.67

	
0.770 bcd

	
0.195

	
1.51

	
0.597

	
6.42 b

	
2.53

	
1.84

	
1.58




	
Todo fir

	
13.4 bc

	
1.90

	
1.19 ab

	
0.446

	
1.73

	
0.360

	
7.96 b

	
3.20

	
n.a.

	
n.a.




	
Subalpine coniferous

	
14.0 ab

	
3.46

	
1.09 a

	
0.624

	
1.48

	
0.574

	
7.47 b

	
4.27

	
n.a.

	
n.a.




	
Broad-leaved

	

	

	

	

	

	

	

	

	

	




	
Deciduous

	
15.5 a

	
4.83

	
0.813 bc

	
0.340

	
1.13

	
0.870

	
7.85 b

	
6.53

	
1.33

	
0.888




	
Evergreen

	
13.5 abc

	
4.48

	
0.633 cd

	
0.270

	
1.37

	
0.647

	
13.7 a

	
10.9

	
2.16

	
1.58








(1) n.a.: not analyzed due to small sample size. (2) Values with different letters indicate significant differences between forest types at p < 0.05 based on the Turkey–Kramer test.
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