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ABSTRACT

Deadwood, a vital component of forest ecosystems, constitutes a quintessential carbon res-
ervoir that must be disclosed under the United Nations Framework Convention on Climate
Change. This reservoir, comprising fallen logs, snags, and stumps, markedly affects carbon
dynamics over decades. In this study, deadwood carbon stocks were quantified using data
from 2674 sites in Japan surveyed between 2011 and 2015 via the National Forest Soil
Carbon Inventory, and the deadwood carbon attributes in the country were explored.
Deadwood were surveyed using the line intersect method for fallen logs and the belt tran-
sect method for stumps and snags. In Japan, the deadwood carbon stock (measured in t-C/
ha) was quantified at 7.5+9.74 (mean+SD), with fallen logs at 3.26+4.43, stumps at
245+5.69, and snags at 1.80+5.27, with significant differences detected among these
stocks (p<.001). Considering deadwood carbon accumulation in Japan, planted forests
exhibited a significantly larger (p <.001) deadwood carbon stock than natural forests.
Moreover, planted forests exhibited a higher proportion of fallen logs than snags and
stumps, indicating the effects associated with logs left on forest floors after thinning. Based
on these findings, deadwood carbon stocks have the potential to bolster the validation and
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refinement of computational models used in carbon accounting.

Introduction

Deadwood, comprising fallen logs, snags, and stumps
[1,2], plays a pivotal role in forest ecosystems, retain-
ing accumulated carbon over extended periods due
to its gradual decomposition [3-5]. Given the deceler-
ated carbon reduction rate of deadwood, which takes
several decades to halve [6-10], the deadwood car-
bon store has a substantial influence on long-term
forest carbon cycling. Furthermore, microbial and fun-
gal decomposition leads to nutrient release that sig-
nificantly contributes to forest nutrient cycling [11,12].
Moreover, the presence of deadwood fosters habitat
diversity [13-16] and promotes biodiversity in forest
ecosystems [17].

Deadwood is a crucial component of forest car-
bon pools, and its quantification becomes a vital
means to understand the impact on the overall car-
bon balance of forests and their response to climate
change. The Food and Agriculture Organization of
the United Nations (FAO) [18] states that deadwood

constitutes approximately 10% of overall forest car-
bon stocks, although divergent proportions are evi-
dent across ecosystems. In Malaysian tropical
forests, deadwood comprises over 50% of above-
ground carbon in harvested forests [19], and in
North American forests of the Pacific Northwest, it
constitutes around 20% of total biomass [2].
Similarly, Puerto Rico’s deadwood and litter com-
bine for a 20% carbon stock [20]. Collectively, these
findings indicate the pivotal role of deadwood in
carbon stocks across diverse forest settings.
Notably, deadwood carbon stocks exhibit sub-
stantial variability compared with other carbon res-
ervoirs. The FAO has reported a global mean
carbon stock of 9.7 t-C/ha for deadwood [1],
although climate-driven fluctuations have been
observed, ranging from 3.1 t-C/ha in boreal tundra
woodland climates to 64.4 t-C/ha in subtropical
desert climates [1]. Japan is predominantly charac-
terized by warm-humid or humid-continental
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climates, which have average carbon stocks of 13.2
t-C/ha (range: 0.2-43.8 t-C/ha) and 23.0 t-C/ha
(range: 1.6-150.0 t-C/ha), respectively [21]. In
Chinese forests, snags, fallen logs, and litter col-
lectively average 5.59 t-C/ha [22], whereas
Canada’s deadwood density is 31-78 t-C/ha [23].
These variations highlight the heterogeneity of
deadwood carbon stocks even within similar tem-
perate climatic contexts.

The quantity of carbon stocks in deadwood is
intricately influenced by various factors inherent in
forest processes. These factors encompass the inci-
dence of deadwood in forests, rates of decompos-
ition, and the dynamics of removal. For example,
Lutz et al.’s study [24] underscores the crucial role
of large-diameter trees in the formation of snag
and deadwood biomass, elucidating factors contri-
buting to carbon stock in deadwood. Similarly,
Aryal et al. [25] provide insights into the decom-
position rates of fine wood in tropical successional
forests, offering implications for ecosystem carbon
stock. Deadwood plays a significant role in ecosys-
tems, impacting carbon stock and decomposition
throughout the ecosystem [8,26]. Therefore, an
accurate assessment of current carbon stock levels
in deadwood necessitates considering both input
(incidence of deadwood) and output (decompos-
ition and of deadwood) variables.
Furthermore, deadwood carbon stocks are subject
to influences from both natural and anthropogenic
factors, regardless of whether the forest is in a nat-
ural state or under managed planting.

In forest ecosystems, the primary natural factors
leading to substantial deadwood generation
include forest fires, pest infestations, and severe
weather events. Forest fires alone contribute an
annual deforestation extent of approximately 67
million ha, equating to 1.7% of global forest cover
[27]. Furthermore, estimations indicate that pest
invasions and weather-induced damage affect
approximately 141.6 million ha, accounting for 5%
of the total forested area worldwide [27]. Due to
variations in data pertaining to forest disturbances,
direct comparisons of affected regions are chal-
lenging. Nevertheless, an analysis spanning six dis-
tinct global regions revealed the divergent drivers
behind forest disturbances [27]. With forest fires
excluded, pests emerge as the most pronounced
natural influencer across nearly all regions,
whereas weather-related disasters prevail as the
principal factor in Asia. Multiple reports have high-
lighted the contributions of these natural factors
to deadwood formation and the ensuing carbon

removal

stocks. For instance, in the subalpine forests of the
United States, standing live trees store an average
of 104 t-C/ha, whereas snag carbon stocks
decrease to 53 t-C/ha due to forest fires [28].
Similarly, in Canada, the occurrence of deadwood
has been widely linked to pest infestations [29,30].
In the Gulf of Mexico, hurricanes have resulted in
substantial deadwood accumulation, approximat-
ing 37.9-43.9 Tg C, as indicated by field measure-
ments and Landsat data analysis of tree mortality
rates [31]. These accounts collectively highlight the
significant roles played by distinct natural factors
in shaping deadwood occurrence.

In Japan, the amount of deadwood generated
due to natural causes is limited. Nonetheless, wea-
ther-induced disasters, such typhoons and severe
storms, contribute to deadwood occurrence. For
example, the Ise Bay Typhoon in 1959 generated
33 t-C/ha of deadwood in Japan [31]. Although
comprehensive nationwide data on deadwood
occurrence is lacking, insights can be inferred from
the area affected by weather disasters, i.e. 4670 ha
between 2010 and 2020, which represents 0.2% of
Japan’s total forest area [32]. Similarly, the fire-
impacted forest area in Japan is 449 ha, constitut-
ing a mere 0.02% of the total forest area [33].
Furthermore, the impact of pest infestations on
deadwood occurrence in Japanese forests appears
minimal. Pine wilt disease, for instance, affects a
timber volume of 298,000m?, representing only
1.5% of pine timber in plantation forests [34].
Analogously, oak decline stands at 192,000 m?,
representing just 0.1% of the total broadleaf forest
area [34]. With cedar and cypress forests constitut-
ing approximately 70% of Japan’s planted forest
area [35], the influence of insect infestations within
pine and oak forests remains limited. Therefore,
deadwood generation in Japan is primarily attrib-
uted to non-natural factors.

The main causes of substantial deadwood occur-
rence in forests are anthropogenic factors, chiefly
silvicultural activities. Timber operations yield fallen
logs and stumps, accounting for approximately
20% of aboveground biomass [36]. Particularly in
Japan, where around 50% of planted forests have
attained harvest maturity, ongoing logging activ-
ities ensure a steady supply of stumps for a defined
period. Planted forests in Japan undergo regular
silvicultural interventions to promote tree growth,
thereby intensifying the likelihood of deadwood
generation from fallen logs and stumps. On a glo-
bal scale, approximately 7% (294 million ha) of for-
ested expanse comprises planted forests [37].



Japan is one of several countries with substantial
forest coverage, ranking third after Germany and
Sweden, and features a notable prevalence of
planted forests [37]. In countries with high planted
forest ratios, the output of fallen logs and stumps
resulting from silvicultural actions can significantly
influence carbon sequestration dynamics.

The substantial output of deadwood from forests
is shaped by a combination of factors encompass-
ing its removal from the forest domain and subse-
quent decomposition. Harvest intervals, forest
residue management [38,39], and utilization as an
energy resource all contribute to deadwood output.
Sweden and Finland exemplify active removal of
fallen logs and stumps from forests for use as
energy resources. In Japan, the introduction of the
Feed-in Tariff system for renewable energy in 2012
bolstered wood biomass utilization from thinning
and forest residues. This trend indicates a progres-
sion toward reliance on domestic wood resources,
as evidenced by the domestic production of wood
chips surpassing imports in 2014, with domestic
production in 2021 (9.350 million m* vs. 5.394 mil-
lion m? in imports) accounting for 63% of the total.

Efforts to preserve biodiversity may impede
deadwood removal from forests. In Sweden, forest
regulations mandate the maintenance of biodiver-
sity, stipulating the retention of a specified tree
qguota within the forest setting. This conservation
directive could also conceivably impact deadwood
quantities [40].

Despite the inherent challenge in measuring
deadwood carbon stocks, forests represent pivotal
global carbon reservoirs that are vital for compre-
hending sustainable forest management, ecosys-
tem interplay, and climate dynamics. Therefore, this
study aims to accurately estimate forest-wide car-
bon stocks through deadwood carbon quantifica-
tion. Deadwood is one of the five carbon pools
defined by the United Nations Framework
Convention on Climate Change [21]. Japan, bound
by obligations under the Kyoto Protocol and the
Paris Agreement, engages in forest carbon seques-
tration reporting, estimating carbon stocks in soil,
litter, and deadwood through the CENTURY-Jfos
process model. The model-derived calculations
require improvement and validation, including on-
site surveys. In response, the National Forest Soil
Carbon Inventory (NFSCI) conducts comprehensive
national-level investigations into soil, litter, and
deadwood carbon stocks within Japanese forests.
The initial NFSCI phase (2006-2010) covered 2462
sampling sites over a five-year period. Although
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prior studies have reported on carbon stocks in
fallen logs [41], carbon stocks in snags and stumps
have not been reported. Leveraging NFSCI data
from 2674 sampling sites (2011-2015), individual
carbon stocks in fallen logs, snags, and tree stumps
were calculated in the current study, with the aim
of revealing differences in carbon sequestration
between managed plantations and natural forests.
Additionally, the environmental factors influencing
carbon retention in deadwood were analyzed.

Materials and methods
Study site and survey plot

The scope of this investigation encompassed
Japan’s forests, excluding zones designated for
agricultural and residential use. The country’s total
forest area spans approximately 25.08 million ha,
constituting roughly two-thirds of its entire land
area. Within this, natural forests extend over
approximately 14.79 million ha, equivalent to
around 60% of the overall forest area, whereas arti-
ficial forests comprise approximately 10.29 million
ha, accounting for approximately 40% of the total
forest area. Coniferous trees dominate the forest
ecosystems, comprising 50% of trees, with broad-
leaf trees constituting 44% (Forestry Agency,
National Forest Inventory of Japan, 3rd phase).
Among coniferous trees, species such as Japanese
cedar (Cryptomeria japonica), Japanese cypress
(Chamaecyparis obtusa), and pine trees (Pinus spp.)
collectively occupy approximately 90% of the total
forest area, whereas representative broadleaf spe-
cies include oak (Quercus spp.) and beech (Fagus
spp.) (Forestry Agency, National Forest Inventory
of Japan, 3rd phase). According to the Koppen cli-
mate classification, Japan’s climate is categorized
as either warm-temperate-humid or humid-con-
tinental. The mean annual temperature ranges
from 4.8 to 22.3°C across prefectures from north
to south, and average annual precipitation varies
from 1251 to 2386 mm (Mesh Climate Data of
Japan 2010; statistical period: 1981-2010).

Survey plots were derived from the Forest
Ecosystem Diversity Basic Survey (FEDBS; previously
the Forest Resource Monitoring Survey) conducted
by the Forestry Agency. These plots were set up at
4 x 4km grid intervals to cover the entire forested
area of Japan, with each intersection representing a
forested area. Within the scope of the NFSCI, one-
fifth of these plots were selected for analysis. This
study leveraged data from 2674 plots surveyed dur-
ing the 2nd NFSCI phase (2011-2015) (Figure 1).
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Figure 1. Distribution of survey sites (solid circles) in Japan. Green indicates forested areas determined by JAXA (Japan
Aerospace Exploration Agency)’s ALOS (Advanced Land Observing Satellite).

Table 1. Survey methods by deadwood composition.

Size measurement

Diameter on line

Diameter

Diameter above ground level
Height above ground level (top)
Height below ground level (bottom)

Method Definition
Fallen logs Line-intersect Diameter > 5cm length
Excluding roots > 1.5 m
Stumps Belt transect Diameter > 5cm length
Excluding roots < 1.5 m
Snags Belt transect Diameter > 5cm

Height above ground level > 1.5 m

Diameter at breast height
Height

Within each grid point, a circular area of
1000 m? was demarcated by drawing straight lines
approximately 17.8 m in length in the north-south
and east-west directions from the grid site’s cen-
ter. Subsequently, surveys were conducted to
assess deadwood intersecting these lines (Table 1
and Figure 2). Deadwood was categorized into
coniferous trees, broadleaf trees, unidentified large
stumps, and bamboo. Additionally, the degree of
decomposition was determined based on dead-
wood appearance, and the diameter of the inter-
secting sections was measured.

Classification of dead wood

In this study, dead trees were categorized into
three groups: fallen
Dimensions

logs, stumps, and snags.
and decay stages were also

determined, as they are essential for accurately
gauging the volume of deadwood in a forest area.
The study was conducted using two different
methods, which are described in detail below.

Measurement of fallen logs

Fallen logs were surveyed using the line intersect
method [42-44] based on the Intergovernmental
Panel on Climate Change Good Practice Guidance
for Land Use, Land-Use Change, and Forestry frame-
work. For logs that intersected east-west and
north—south lines, diameters were measured along
these lines. Inclusion criteria for analysis were as fol-
lows: logs with a diameter exceeding 5cm, devoid
of roots due to felling or breakage, a length sur-
passing 1.5m, and exhibiting exposed roots
coupled with a length (excluding roots) greater



Line intersect method

%

Measurement
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Belt transect method

Measurement

» On the main line

A 4

[oaannooy ]

17.8m

Fallen logs
Figure 2. Design of a sampling plot.

Table 2. Wood density in each decay class of deadwood.

Stumps

Snags

Wood density (g cm™)

Decay class Conifer® Broadleaved® Unidentified®< Bamboo?
0 0.347 0.495 0.421 0.22

1 0.347 0.495 0.421 0.21

2 0.278 0.399 0.339 0.16
3 0.206 0.303 0.255

4 0.148 0.207 0.178

5 0.112 0.112 0.112

2These values were determined from data from [45] and [6].
PAppearance of dead wood: 0, No decay, branches, twigs, and leaves remain; 1, Slightly decayed, only cambium decayed, branches and twigs
remain; 2, Most bark and branches present, some parts of wood are softened by decay; 3, Moderately decayed, all parts of dead wood are soft-
ened by decay, Some bark is gone in conifer species, moss has sometimes adhered; 4, Some parts of wood are gone, initial form is recognizable,
brown rot is observed in conifer species; 5, Wood collapsed, >50% of wood is gone, some parts of wood are buried in soil, some bark remains in

broadleaved species.

“If the species of the dead wood could not be determined as conifer or broadleaved, it was classified as “Unidentified.”
9Decay classes of bamboo — Three levels from 0 to 2, based on the appearance of dead culm: 0, Culm separated from ground surface; 1, Culm in
contact with ground surface, culm is still hard; 2, Culm is soft, culm is destroyed easily by stepping on it.

than 1.5m. The carbon stocks of fallen logs were
calculated by multiplying wood density (as detailed
in Table 2) with the corresponding carbon stocks
contingent on the extent of decomposition. The fol-
lowing equations were used to determine the dead

wood carbon stock of fallen logs (1) (kg/m?):

CDW¢ = CDWg + CDW¢ + CDWgy + CDWi3
+ CDW¢4 + CDWes
CDWfd =V x Myg x CC x 10_4,

_ mxE(Dx 107"

Vi =

where

8 X (Lps + Lew)

(M

CDW;4 (kg/m?) is the dead wood carbon stock of
fallen logs for each species category (including
undetermined) and decay class.

V¢ (m>/ha) is the wood volume of fallen logs.

D (mm) is the diameter of fallen logs.

L,s (m) indicates the horizontal length of the

north—south line.

Leyw (M) is the horizontal length of the east-west

line.

d is the decay class of dead wood, with six lev-

els from 0 to 5.

M.y (g/cm®) is the wood density classified
according to decay classes (0-5) for each species
category (Table 2).

CC (g/kg) is the carbon concentration; the car-
bon concentration of dead logs was set at 500 g/kg
regardless of species or decay level.

Measurement of stumps and snags

Stumps and snags were measured using the belt
transect method. Measurements were conducted
within a 1 m range on both east-west and north-
south lines, targeting stumps and snags present in
this designated area. Diameters and heights were
measured, species were identified, and decompos-
ition stages were determined. Stumps were
delineated by a diameter >5cm and standing
height <1.5m from the ground, and if fallen,
stumps with root lengths >1.5m were excluded.
Snags comprised specimens with diameter >5cm
at breast height and height >1.5m from the
ground. Aboveground biomass was derived from
diameter and height values, integrated into the
following formula. Additionally, belowground bio-
mass was estimated using diameter data, with this
data added to aboveground biomass to obtain
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total biomass. Carbon stocks were subsequently
determined by multiplying total biomass by wood
density and carbon stock values specific to each
species and decomposition stage.

The formulas used for dead wood carbon stock
of stumps and snags calculation were as follows
(2) (kg/m?):

CDWss = CDWigo + CDW sy 4+ CDWosy + CDWiii3
+ CDW 54 4+ CDWis

CDWsg = Vs X Mgy x CC % 10_6,

v :(V51+~~-+V5i+-~+V5m)+(VD1+~~~+VDj+~~+VDn)
5 2 x (Lns+Lew) '
(2)

where

CDW,,y (kg/m?) is the dead wood carbon stock of
stumps and snags for each species category
(including undetermined) and decay class.

d is the decay class of dead wood, with six
levels from O to 5.

V., (cm?/m?) is the wood volume of stumps and
snags.

Vs; (cm?) is volume of the ith stump.

m is the total number of stumps measured at
the relevant grid point.

Voj (cm?) is the volume of the jth snag.

n is the total number of snags measured at the
relevant grid point.

L,s (m) indicates the horizontal length of the
north-south line.

Ley, (M) is the horizontal length of the east-west
line.

M.y (g/cm®) is the wood density classified
according to decay classes (0-5) for each species
category (Table 2).

CC (g/kg) is the carbon concentration; the car-
bon concentration of dead logs was set at 500 g/
kg regardless of species or decay level.

Statistical analysis

Mapping the distribution of survey sites involved
importing data from the NFSCI, representing 2674
sites, into QGIS 3.18. The data utilized for the descrip-
tion of the green forested area in the illustration origi-
nates from the Global PALSAR Mosaic and Forest/
Non-forest Map (1 km resolution version) developed
by the Japan Aerospace Exploration Agency (JAXA)
Earth Observation Research Center (EORC) [46].
Statistical analysis of deadwood carbon stocks was
performed using R version 43.2 to calculate the
mean, median, and standard deviation. Additionally,
histograms were generated using the hist function.
Deadwood was classified as fallen logs, stumps, and
snags, and differences in their carbon stocks were

tested for significance using the Tukey-Kramer
method (TukeyHSD function). The impact of forest
management on carbon stocks was evaluated by cat-
egorizing the growing environment into planted and
natural forests, with differences tested through
Welch's t-test (t.test function). The carbon stocks in
fallen logs, stumps, and snags in both forest types
were also subjected to the same analytical approach.

Environmental factors affecting deadwood
carbon stocks

The environmental factors impacting deadwood
carbon stocks were estimated using a general lin-
ear model. The dependent variable was the dead-
wood carbon stocks (fallen logs, stumps, and
snags) per grid point, obtained through on-site
surveys conducted during the 2nd NFSCI. Given
the non-normal distribution of the carbon stocks
histogram, a logarithmic transformation was
applied. Notably, carbon quantities lower than 0.1
t-C/ha were recorded as 0, necessitating a logarith-
mic transformation using the formula log10 (ori-
ginal data + 0.1). This resulted in an approximately
normal distribution in the histogram. The mean
and standard deviation for log-transformed values
were —0.279 and 0.424, respectively.

Nine independent variables, hypothesized to
influence deadwood carbon stocks, were selected
based on the literature and experience (Table 3).
Meteorological factors, including temperature, ele-
vation, and precipitation, were extracted from
mesh climate values for each grid point, based on
their latitude and longitude [47]. These data were
sourced from statistical records covering the
period 1981 to 2010, providing annual and
monthly temperature and precipitation values at
1km mesh intervals. Elevation data, structured
with 250 m spacing within each mesh (1km?),
included maximum, minimum, and mean values,
incorporating terrain attributes, such as elevation,
maximum slope, direction, and valley density.

Aboveground attributes, including dominant
tree species, ownership classification, forest type,
and forestry operation, were analyzed using data
from FEDBS phase 2 (2004-2008) and phase 3
(2009-2013). The congruence of grid sites between
this survey and FEDBS enabled deadwood analysis
using aboveground biomass data. Therefore,
FEDBS definitions were used. Dominant tree spe-
cies were visually determined and recorded for
one or two major species comprising the canopy.
Forest types were classified into planted forests,



natural forests, and others. The ‘others’ category
included clear-cut areas, undeveloped woodlands,
and bamboo groves. Natural forests refer to forests
with standing trees other than planted forests.
Planted forests were defined by the presence of
standing trees established through planting or
seeding, with the proportion of standing trees of
the target species for such planting/seeding being
50% or higher. Forestry operation was recorded if
clear-cutting, multilayered thinning, selective thin-
ning, or intermediate thinning had been con-
ducted within the past 10years (the total period of
the 2nd and 3rd phases of the FEDBS).

Of 2674 survey sites, 2255 sites were used for
analysis, excluding the “Not Available” data. Data
on more than 400 sites were missing due to survey
inaccessibility, survey incompleteness, and dead-
wood carbon stock calculation failure.

As some of the independent variables were quali-
tative in nature, they were converted into dummy
variables for numerical representation, focusing on
four variables: dominant tree species, ownership
classification, forest type, and forestry operation
(Table 3). To mitigate multicollinearity, a reference
category, with a designated value of 0, was selected
for each variable: “conifer” for dominant tree species,
“national forest” for ownership classification, “natural
forest” for forest type, and “no forestry operation his-
tory” for forestry operation, indicating no clear-cut-
ting, multilayered thinning, selective thinning, or
intermediate thinning within the past 10years.
Standardized values were used for quantitative varia-
bles (Mean annual temperature [MAT], Digital eleva-
tion model; [DEM], precipitation, volume, and forest
age) to ensure compatibility for analysis.

Correlation of variables

The correlation between explanatory variables was
determined using the pairs panels function in the

Table 3. List of explanatory variables, databases and data.
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psych package [48]. As the number of explanatory
variables increased, the risk of overfitting also
increased, potentially inflating the apparent good-
ness of fit. Therefore, in cases where highly corre-
lated pairs of explanatory variables were identified,
it was necessary to exclude one of the variables to
mitigate this concern. Furthermore, to discern the
presence of multicollinearity among explanatory
variables, the variance inflation factor (VIF) was cal-
culated, using the VIF function in the car package
[49], following the method outlined by Zuur [50].

Model selection

An analysis was conducted to elucidate the factors
influencing carbon stocks in deadwood, and the
optimal model was determined. Due to the large
number of variables, a stepwise selection process
facilitated by the stepAlC function in the MASS
package [51] was adopted, making it easier to
determine a model incorporating interaction terms
[52]. Among the variables, data points with a value
of 0 were excluded for volume, age, precipitation,
and DEM. Logarithmic transformations were
applied to continuous variables such as age, DEM,
precipitation, and volume. Furthermore, all quanti-
tative variables were standardized. The inclusion of
interaction terms is based on the assumption that
certain variables may exhibit synergistic effects on
environmental factors. To incorporate interaction
terms into the model, the product of explanatory
variables was included alongside individual
variables.

In the model selection process, the Akaike
Information Criterion (AIC) was computed for all
possible combinations of the nine explanatory vari-
ables. The model with the lowest AIC among the
calculated models was considered the most effect-
ive for explaining the factors influencing dead-
wood carbon stocks.

Variable Details Database Data

MAT Mean annual temperature (°C) Mesh? Continuous®
DEM Digital elevation model (m) Mesh Continuous®
Precipitation Mean annual precipitation (mm) Mesh Continuous®
Volume Plot total forest volume (m>/ha) Diversityb Continuous®
Preferred tree species Principal tree species in terms of percentage of volume Diversity Qualitative?

(conifers (0)/broad (1)/bamboo and others (1))

Forest age Forest age on forest register Diversity Continuous®
Ownership classification National forest (0)/private forest (1) Diversity Qualitative®
Forest type Natural forest (0)/planted forest (1)/other (1) Diversity Qualita'(ived
Forestry operation Existence (1)/non-existence (0) Diversity Qualitative®

“Mesh Climate Data of Japan 2010 (Statistical period 1981-2010).
PForest Ecosystem Diversity Basic Survey — 2nd (2004-2008).
Forest Ecosystem Diversity Basic Survey — 3rd (2009-2013).
‘Continuous variables were standardized.

dQualitative variables were converted to dummy variables by assigning reference categories. The reference category was set to 0 and the dummy

variable to 1.
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Results
Deadwood carbon stocks in Japan

The NFSCI conducted surveys across 2674 forest
sites in Japan between 2011 and 2015. For the
analysis, data from 2255 of these sites were used.
Carbon content per unit area at the surveyed sites
ranged from 0 to 97.3 t-C/ha, with mean *stan-
dard deviation (SD) and median values of
7.50+£9.74 and 4.17 t-C/ha, respectively (Table 4).
Of the 2255 analyzed sites, 420 had carbon stocks
below 0.1 t-C/ha, and 105 exhibited 0 t-C/ha (23%
of total sites). Consequently, the carbon stocks
histogram had a left-skewed distribution.

Deadwood carbon stocks in Japan by
composition

Deadwood was categorized into fallen logs,
stumps, and snags, and their mean carbon stocks
were compared. Carbon stocks were 3.26 +4.43 t-
C/ha for fallen logs, 2.45+5.69 t-C/ha for stumps,
and 1.80+5.27 t-C/ha for snags (Table 4). Multiple
comparisons via the Tukey-Kramer method indi-
cated that carbon stocks in fallen logs were signifi-
cantly larger than those in stumps,
carbon stocks in snags were significantly smaller
than those in stumps (p <.001).

whereas

Deadwood carbon stocks in Japanese planted
and natural forests

Forest management effects compared
between planted and natural forest environments
(Table 4). Carbon stocks in these forests were com-
pared based on forest-type classifications in the
2nd and 3rd phases of the FEDBS, with stocks in

planted forests (9.0£10.42 t-C/ha) found to be

were

Table 4. All (planted, natural, and other), planted, and
natural forest deadwood carbon stocks in Japan, and
their respective carbon stocks by composition (t-C/ha).

Mean+SD  Median Range Number of plots

All (Planted, natural and other) forest

Dead wood 7.50+£9.74 417 0-97.30 2255
Fallen logs  3.26 +4.43 1.75 0-47.88 2254
Stumps 2.45+5.69 0.15 0-86.66 2252
Snags 1.80£5.27 0.00 0-67.39 2252

Planted forest

Dead wood 9.00+£10.43 536 0-97.30 1075
Fallen logs  3.73+4.80 2.09 0-47.88 1075
Stumps 3.89+£7.28 1.12 0-86.66 1075
Snags 1.37+3.89 0.00 0-53.22 1075

Natural forest

Dead wood 6.21+8.93 3.17 0-94.62 1087
Fallen logs  2.90 +4.09 1.50 0-43.86 1087
Stumps 1124313 0.00 0-27.35 1085
Snags 220+6.30 0.00 0-67.39 1085

SD: standard deviation.

significantly greater (p <.001) than those in natural
forests (6.2 +£8.90 t-C/ha).

Carbon stocks in fallen logs, stumps, and snhags
in Japanese planted and natural forests

Deadwood (fallen logs, stumps, and snags) carbon
stocks were compared between planted and nat-
ural forests, and significant differences were
detected. For instance, in planted forests, fallen
logs and stumps exhibited elevated carbon stocks
compared with those in natural forests.
Specifically, the carbon stocks of fallen logs were
3.73+£4.80 and 2.90+4.09 t-C/ha in planted and
natural forests, respectively. Similarly, stumps
exhibited carbon stocks of 3.89+7.28 t-C/ha in
planted forests and 1.12+3.14 t-C/ha in natural
forests. Additionally, snag carbon stocks were
1.37+£3.89 and 2.20+£6.30 t-C/ha in planted and
natural forests, respectively (Table 4). These differ-
ences were statistically significant at p <.001.

Analysis of factors influencing deadwood carbon
stocks

A linear model was used to analyze factors impact-
ing deadwood carbon stocks. Among the explana-
tory variables, DEM and MAT, precipitation and
MAT, MAT and ownership classification, forest age
and forest type, and dominant tree species and
forest type showed significant but weak correla-
tions (Figure A1). Subsequent VIF analysis con-
firmed the absence of multicollinearity, with all VIF
values below 3 (Table AT). All nine variables, con-
sidering their inter-relationships, were included in
the regression analysis. Following model evalu-
ation, the optimal model with the lowest AIC value
and the highest R? value was selected. In this
model, five out of the nine variables significantly
influenced carbon stocks (Table A2). Prominent
variables included ownership classification, domin-
ant tree species, forestry operation, volume, and
DEM. The coefficient of determination (multiple R?)
was 0.175, the adjusted coefficient of determin-
ation (adjusted R? was 0.164, and the AIC was
2065. Each selected variable not only has a stand-
alone impact but also exhibits statistically signifi-
cant  interactions  with  other  variables.
Consequently, the main effects of the chosen five
variables are constrained by significant interac-
tions. Overall, these findings reflect the environ-
mental and forest characteristics of Japan.



Discussion

Significant carbon sequestration in planted
forests in Japan

Ugawa [41] had reported higher carbon stocks of 4.2 t-
C/ha for fallen logs compared with our results (3.26 t-
C/ha) (Table 4). This discrepancy can be attributed to
differences in survey methods and measurement tar-
gets between the two studies. The initial NFSCI (2006-
2010) included stumps within the fallen logs category,
whereas the 2nd NFSCI measured stumps and fallen
logs separately. As a result, carbon stocks in fallen logs
during the 2nd NFSCI were lower than in the first
NFSCI. Furthermore, the comprehensive evaluation of
all snags and stumps during the 2nd NFSCI enabled
more precise carbon stock measurements.
Comparisons were drawn between Japan’s dead-
wood carbon stocks, as derived from the NFSCI,
and those of six global regions. Although Japan’s
average deadwood carbon stock value of 7.5 t-C/ha
contrasts with the worldwide average (9.7 t-C/ha)
[1], it is consistent with the Asian average (6.9 t-C/
ha) [1] (Figure 3). Nevertheless, significant regional
disparities were apparent. Over the past two deca-
des, deadwood carbon stocks in managed forests
with thinning history in Japan have ranged from 6.7
t-C/ha for Larix kaempferi to 22.3 t-C/ha for
Cryptomeria japonica [53]. Our 2nd NFSCI outcomes
fall within the range reported by Takahashi [53].
Our comparison of deadwood carbon stocks
between Japan’s planted forests and natural forests
highlighted the higher carbon sequestration cap-
acity of planted forests. There was a marked expan-
sion of planted forest coverage, propelled by forest
policy initiatives implemented since the 1960s [54].
By the 1980s, planted forests spanned 10 million
ha, constituting 40% of Japan’s forested area [54].
The liberalization of timber imports in 1964 led
to a decline in thinning material prices in Japan.
This economic shift rendered thinning material
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sales impractical due to high transportation costs,
which culminated in the practice of leaving dead-
wood in forested areas, known as “abandonment
thinning” [55]. This trend resulted in an increase in
deadwood volume in planted forests due to fallen
logs remaining in forested terrain, in contrast to
natural forests. Consequently, deadwood carbon
stocks in planted forests have increased.

Conversely, countries such as Russia, Brazil,
Canada, and the United States have a much lower
proportion of planted forests, accounting for <10%
of their forested areas [37]. Their predominant focus
is on maintaining substantial acreage of natural for-
ests. Consequently, the quantity of deadwood in
natural forests markedly influences national-level
deadwood volumes. Factors increasing deadwood
volumes within natural forests include tree compe-
tition for essential resources, such as light, water,
and nutrients [56]. Weaker trees, experiencing
slower growth and heightened susceptibility to
mortality, contribute to this dynamic [57]. Notably,
unlike planted forests, deadwood within natural
ecosystems persists within forest boundaries, pre-
serving ecosystem diversity and forest attributes, as
evidenced in numerous studies [14,58,59]. In pri-
meval forests, particularly in the north, a large
amount of deadwood is considered a characteristic
feature.

Collectively, these findings suggest that despite
similar planted-to-natural forest area proportions
in Japan, planted forests accommodate greater
deadwood volumes. This trend is potentially influ-
enced by changes in forest policy and the timber
market.

Impact of forest management on the percentage
of fallen logs, stumps, and snags

The influence of forest management on the distri-
bution of fallen logs, stumps, and snags within

Asia

Oceania

North and central America

South America

Europa

Africa

6 8 10 12 14

Carbon stock ( t-C/ha)

Figure 3. Deadwood carbon stocks in six global regions. Deadwood carbon stocks in Japan and worldwide [1].
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forests warrants examination. In natural Japanese
forests, the proportions of fallen logs, stumps, and
snags were 47%, 18%, and 35%, whereas in
planted forests, they were 41%, 43%, and 15%,
respectively (Figure 4). Comparatively, stumps and
snags exhibited larger and smaller proportions,
respectively, in planted forests than in their nat-
ural counterparts. Notably, the most significant
discrepancy in carbon stocks occurred in stumps,
with a threefold increase in their proportion
observed in planted forests. These findings high-
light the link between forest management inten-
sity and the distribution of fallen logs, stumps,
and snags.

Forest practices, such as thinning and logging,
in Japanese planted forests tend to generate fallen
logs and stumps, engendering higher carbon
stocks within these forested domains. An assess-
ment of fallen logs supplied from 2004 to 2013
(227/2027 grid sites) corroborated this trend.
Specifically, fallen logs from sites with thinning
and clear-cutting histories vyielded significantly
higher (p<.001) carbon stocks, at 0.46 t-C/ha,
compared with 0.31 t-C/ha in sites without such
histories. This discrepancy can be attributed to the
inclusion of felled trees as fallen logs in sites with
a history of thinning or clearing.

Stumps, constituting 21% of trunk dry weight in
Swedish poplar forests [36] and 17% of total tree
biomass in Norway spruce forests in Finland [60],
displayed differing patterns (Figure 4). Using the
data from the NFSCI, we estimated the occurrence
of stumps (270/1982 grid points), including a his-
tory of logging, thinning, intermediate cutting, and
clear-cutting. Carbon input from stumps was 0.49
t-C/ha, whereas carbon accumulation in areas
without such history was significantly lower at 0.21
t-C/ha (p <.001). In Japan, stumps are rarely har-
vested during tree treatments, leading to larger
carbon stocks attributed to stumps remaining after
treatment. Natural forests, however, exhibit stumps
primarily resulting from fallen snags, which have a
limited carbon stock impact due to the lower
probability of snags.

Snags accumulated more carbon in natural for-
ests than in their planted counterparts. This dispar-
ity arises from the managed nature of planted
forests, where trees are felled preemptively accord-
ing to “forest density management charts” [61] for
thinning and growth predictions, limiting the
occurrence of snags. Conversely, snags thrive in
natural forests through natural mortality or fallen
logs, increasing carbon stocks.

A comparative assessment of forest manage-
ment intensity between Japan and Finland
revealed intriguing contrasts. Although both coun-
tries host substantial planted forests, the notable
distinction lies in stump proportions. Japan’s prac-
tice of sparing stumps during forest operations
(due to their unprofitability and the labor-intensive
nature of stump harvesting) contributes to their
higher prevalence in the country, whereas Finland
practices stump harvesting for biomass power
generation and other purposes [62]. Stump
removal reportedly increases bioenergy production
and improves site conditions and disease inci-
dence, although the impact of stump harvesting
on biodiversity is under debate [63].

Forests in the United States and Spain, which
have fewer planted forests, also exhibit significant
stump proportions, akin to Japan [64-66]. This
convergence may be attributed to forestry man-
agement, fostering dead wood accumulation in a
manner similar to natural cycles. In addition, it is
due to stumps not being harvested as energy
resource.

In summary, the degree and method of forest
management play a pivotal role in shaping the dis-
tribution of fallen logs, stumps, and snags, thereby
influencing carbon stocks within forest ecosystems.

Future prospects of deadwood carbon stocks in
Japan

The trajectory of future carbon stocks in Japanese
deadwood remains uncertain. Multiple influences,
including both human activities and natural fac-
tors, and the interactions between these elements
make it difficult to predict future changes
accurately.

The Century Model, as employed by Hashimoto
et al. [67], provides insights into potential future
scenarios. Projections suggest an increase of car-
bon sequestration in deadwood with longer rota-
tion periods. Specifically, longer tree retention
periods, such as 30-, 50-, and 100-year rotations
involving thinning and thinned logs all left on the
forest floor, are anticipated to yield higher dead-
wood carbon accumulation compared with situa-
tions involving thinning and forest floor removal.
Notably, policy orientation toward the retention or
removal of fallen logs post-thinning could also
exert an influence on carbon stocks.

Much of Japan’s forest management is driven
by active encouragement of thinning and reforest-
ation with high-quality seedlings, facilitated by
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Figure 4. Distribution of fallen logs, stumps, and snags by forest management in various countries.

Tree species: Japan: this study. Finland: European red pine or Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies (L.) Karst.). USA: western hem-
lock (Tsuga heterophylla (Raf.) Sarg.) or grand fir (Abies grandis (Dougl. ex D. Don) Lindl.). Spain: French bay gooseberry (Pinus pinaster Ait.). Sweden:
European oak (Quercus robur), Norway spruce (Picea abies (L.) Karst.), birch (Betula pendula Roth, Betula pubescens Ehrhs), poplar (Populus tremula L.).

special measures introduced in 2008. These initia-
tives, aimed at accelerating forest growth and
enhancing carbon stocks, substantiate Japan’s
commitment to forest absorption targets man-
dated by the Paris Agreement (Special Measures
Law for Promotion of Thinning in Forests, 2008).
With a projected annual thinning coverage of
approximately 450,000 ha by 2030 in Japan, it is
foreseeable that an escalation in thinning activities
will increase the carbon stock of stumps. The cur-
rent annual thinning (440,000 ha) and main felling
(77,947 ha) practices in Japan steadily contribute
to stump carbon stock. Moreover, the maturation
of coniferous trees is expected to increase the car-
bon stock of stumps, which will be further
increased by enlarging stump sizes as trees
mature.

The occurrence of deadwood due to natural fac-
tors, such as large-scale insect infestations, as
observed in Europe and North/Central America
[27], and natural disasters, including fires, storms,
and heavy rain, can markedly increase deadwood
abundance. Although Japan’s current supply of
deadwood arising from natural factors is limited,
shifting climatic dynamics could lead to an esca-
lated influx of deadwood due to these phenom-
ena. Furthermore, with rising temperatures,
termites as decomposers may further accelerate
the decomposition of deadwood [68].

In addition, the impact of dead wood being
removed from the forest was discussed. The
Japanese government uses woody biomass as an
energy resource to address climate change and

expand renewable energy sources. Woody
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biomass, including deadwood and forest residues
resulting from logging, is expected to be used for
energy. Increasing the utilization rate of woody
biomass could change the output of deadwood.
Currently, Japan produces approximately 8 million
tons of woody biomass annually, with a 9% utiliza-
tion rate that is projected to rise to about 30% by
2025 [69]. To achieve this goal, effective woody
biomass application is essential. A decrease in
residual deadwood left in the forest could reduce
the carbon fixation capacity within forest ecosys-
tems. Conversely, the use of deadwood beyond
the forest boundary, such as in construction, could
contribute to carbon stocks outside the forest.

In Japan, stumps play a crucial role in prevent-
ing soil erosion [70], a significant concern given
the nation’s high average annual precipitation
(Mesh Climate Data of Japan 2010; statistical
period: 1981-2010), and mountainous terrain
(70%). Indeed, in a country where heavy rainfall
and typhoons pose substantial soil disaster risks,
trees help prevent soil erosion even after they are
cut down and become stumps [70]. This dual func-
tion of stumps as erosion safeguards and carbon
repositories is emphasized in governmental sur-
veys [71]: “absorbing carbon dioxide to contribute
to preventing global warming” is highly desired,
along with the role of “preventing disasters such
as landslides and floods.” Consequently, the
removal of stumps in planted forests is unlikely to
continue to be promoted in Japan.

Conclusion

This study presents a comprehensive assessment
of carbon stocks in Japanese deadwood, spanning
the period 2011-2015, offering insights into
broader forest carbon dynamics. We determined
the carbon stocks of fallen logs, stumps, and snags,
comprising Japan’s dead wood composition,
revealing distinct variations in their carbon con-
tent. Notably, Japanese planted forests emerged as
reservoirs of larger carbon stocks compared with
their natural counterparts. This disparity is attrib-
uted to the abandonment of fallen logs in planted
forests during the study period, increasing carbon
stocks  through  unattended accumulation.
Furthermore, we identified factors that affect dead-
wood carbon stocks, including ownership classifi-
cation, dominant tree species, forestry operations,
volume, and DEM. These findings provide data
that will be useful for implementing the Paris
Agreement and verifying the carbon dynamics of

deadwood pools reported in Japan using a carbon
dynamic model. However, the amount of dead-
wood is expected to vary substantially in the
future owing to changes in wood use and forest
management policies.

In the future, clarification of deadwood carbon
stocks may take on increased importance given the
efforts to achieve carbon neutrality by 2050 and the
growth of the carbon credit market in line with the
Sustainable Development Goals. The outcomes of
the present study can be used to validate and
improve models driving future forest management
strategies and accounting frameworks.
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Figure A1. Correlation coefficients for each pair of the nine explanatory and objective variables.
Variable names are displayed on the diagonal line from the upper left to the lower right of the matrix. The upper right of the matrix graph shows the
correlation coefficients, the lower left a scatter plot, and the center a histogram and probability density.
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Table A1. Selection of explanatory variables using the VIF function.

Variable GVIF? Df° GVIF A (1/(2*Df))

Ownership classification 1.47 1 1.21

Forest age 1.63 1 1.28

MAT 2.53 1 1.59

DEM 1.50 1 1.23

Precipitation 1.73 1 132

Forest type 1.86 2 1.17

Dominant tree species 1.69 2 1.14

Volume 1.40 1 1.18

Forestry operation 1.03 1 1.01

# GVIF: Generalized VIF

b Df : Degree of freedom
Table A2. Environmental factors affecting carbon stocks in deadwood.
Variables Estimate Std.Error t value Pr(>Itl)
(Intercept) —0.143 0.028 —5.174 <0.001 Hork
Ownership classification, Private —0.061 0.022 —2.766 0.006 Hok
MAT_s 0.016 0.021 0.751 0.452
Forest type, Other 0.013 0.055 0.242 0.809
Forest type, Planted 0.009 0.023 0.376 0.707
Dominant tree species, Broad —0.189 0.021 —8.869 <0.001 oAk
Dominant tree species, Others 0.103 0.075 1.368 0.171
Forestry operation, Yes 0.141 0.035 4.019 <0.001 HoHk
Age_slog —0.026 0.019 -1.370 0.171
DEM_slog 0.075 0.021 3.634 <0.001 Hoxx
Precipitation_slog —0.011 0.012 —0.979 0.328
Volume_slog 0.066 0.010 6.624 <0.001 HxK
Ownership classificationPrivate:Age 0.029 0.019 1.547 0.122
Ownership classificationPrivate:DEM —0.038 0.023 —1.674 0.094
MAT: Forest typeOther —0.007 0.048 —0.135 0.892
MAT_s:Forest typePlanted 0.049 0.021 2.269 0.023 *
MAT_s:Dominant tree speciesBroad 0.043 0.020 2125 0.034 *
MAT_s:Dominant tree speciesOther —0.007 0.061 -0.115 0.908
MAT_s:Forestry operationYes —0.079 0.056 —1.407 0.159
MAT_s:DEM_slog 0.030 0.009 3.354 <0.001 Hoxx
MAT_s:Precipitation_slog —0.026 0.009 —2.751 0.006 ok
MAT_s:Volume_slog —0.051 0.012 —4.200 <0.001 ok
Dominant tree speciesBroad:Age_slog 0.041 0.019 2.157 0.031 *
Dominant tree speciesOther:Age_slog —0.073 0.055 —1.347 0.178
Forestry operationYes:DEM_slog —0.063 0.041 —1.524 0.128
Forestry operationYes:Precipitation_slog 0.070 0.047 1.502 0.133
Age_slog:DEM_slog 0.017 0.010 1.771 0.077 .
Age_slog:Precipitation_slog —-0.028 0.010 —2.744 0.006 ok
DEM_slog:Volume_slog —0.032 0.010 -3.203 0.001 HoK
Precipitation_slog:Volume_slog 0.017 0.011 1.491 0.136

Significance codes: ***p <.001; **p <.01; *p < .05.
+s: Standardization.

+slog: After logarithmic transformations, the data were standardized.
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