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Abstract Coarse woody debris (CWD) is generally con-
sidered as dead woody materials in various stages of
decomposition, including sound and rotting logs, snags,
and large branches. CWD is an important functional and
structural component of forested ecosystems and plays an
important role in nutrient cycling, long-term carbon
storage, tree regeneration, and maintenance of heteroge-
neous environmental and biological diversity. However,
the definition and classification of CWD have been the
subject of a long debate in forest ecology. CWD has not
been precisely defined. Recently, with the rapid develop-
ment of landscape ecology in CWD, the USDA Forest
Service and the Long Term Ecological Research (LTER)
have provided a standardized definition and classification
for CWD, which makes data comparison in landscape scale
possible. Important characteristics of their definition
include: (1) a minimum diameter (or an equivalent cross-
section) of CWD >10 cm at the widest point (the woody
debris with a diameter from 1 to 10 cm should be defined as
fine woody debris, and the rest is litterfall); and (2) sound
and rotting logs, snags, stumps, and large branches (located
above the soil), and coarse root debris (larger than 1 cm in
diameter). This classification has greatly facilitated CWD
studies. Therefore, it has been widely applied in some
countries (particularly in North America). However, this
classification has long been a source of confusion for forest
ecologists in China. Furthermore, different definitions and
criteria are still adopted in individual studies, which makes
the interpretation and generalization of their work difficult.
This article reviewed recent progress in classifying CWD,
with an emphasis on introducing the classification system
of the USDA Forest Service and the LTER. It is expected
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that this review will help facilitate the development of
standardized definition and classification suitable to forest
ecosystems in China.
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1 Introduction

Coarse woody debris (CWD) is an important functional
and structural component of forested ecosystems; an
important unit comprising food net structure and spatial
structure of forested ecosystems; an important carrier and
tache connecting nutrient cycling, carbon storage, and
community regeneration of forested ecosystems; and an
important habitat for organism survival. Therefore, field
biologists, ecologists, mycologists, forestry researchers,
and fuel specialists keep a close watch on CWD [1-6].

CWD has received much attention since Harmon et al.
[1] published one review on CWD. It is now an important
component in studying globe carbon source—sink and
biological diversity conservation [4-6]. Most studies on
CWD in the past decades mainly focused on its ecological
functions and dynamics. Its main ecological functions are
as follows: (1) forestry productivity: this includes the ac-
cumulation of organic matter in the soil, construction of
habitats for decomposer organisms, maintenance of mois-
ture through dry periods, provision of refuge for ectomy-
corrhizal roots and their associated soil organism, provision
of a site for asymbiotic or associative nitrogen-fixing
bacteria, and representation of a capital pool of nutrients
and carbon storage [1,4,6—13]; (2) maintenance of biolog-
ical diversity: CWD can provide seedbeds for forest
regeneration and can maintain the diversity of small mam-
mals, arthropods, nonvascular plants, and fungi [4,14-22];
and (3) geomorphology: CWD can enhance slope stability
and increase soil surface stability to prevent erosion and to
control storm surface runoff [2,4,23,24].

Studies on the dynamics of CWD mainly include the
following: (1) input characteristics and distribution patterns



[25-50]; (2) decomposition, respiration, and nutrient dy-
namics [6,8—13,51-64]; (3) the relationship between input
characteristics and disturbance patterns [44,49,50,65-71];
and (4) the management of CWD [44,49,50,72,73]. In ad-
dition, with further developments in this area, study methods
on CWD have also been gradually improved [5,74-79].

Most studies have been conducted in temperate forests in
North America and North Europe, and a few of them have
been conducted in tropical forests [10,16]. However, much
less information is available in subtropical zones. Although
CWD has been studied for more than 20 years, the
definition is not clear. Nonetheless, researchers have accu-
mulated a great amount of data, have published many pa-
pers, and have established a series of study methods. CWD
was first studied in China in the early 1990s; except for
some concerned reviews about CWD [3,80-83], so far,
there has been a very limited amount of studies and most of
them concern dark coniferous forests [12,58], broad-leaved
and Korean pine mixed forests [37,38], Korean pine-
deciduous mixed forests [39], and Abies fargesii forests
[33] in temperate forests. Studies on tropical and sub-
tropical forests were only limited to humid evergreen
broad-leaved forests in southwest China [35], monsoon
evergreen broad-leaved forests [36], and the Castanopsis
eyrie forest of Wuyi mountain [34].

In the 1990s, to compare CWD in regional and
landscape scales, the USDA Forest Service and the Long
Term Ecological Research (LTER) have provided a
standardized definition and classification of CWD [5,75].
For example, the diameter that was intensively argued has
been redefined (the diameter standard was adjusted from
>2.5 to >10 cm). But the definition in China is still
different. Most Chinese ecologists are still using the old
standard (>2.5 cm) [3,14,33-40,58,80—83], which makes
their results hard to interpret and to generalize. In addition,
methods on CWD classification adopted by different re-
searchers are different. Meanwhile, an exact classification
system has not been established, and knowledge on CWD
classification is still poor in China.

In this paper, we reviewed recent CWD studies, with
particular interest on the classification and definition of
CWD, aiming to propose a standard definition and classi-
fication system and to promote studies on CWD in China.

2 Definition of CWD

Coarse woody debris is defined in the literature in many
ways. Researchers usually define CWD based on their own
study purposes [4]. Therefore, there is no precise and
universal definition for it, which seriously hinders com-
parisons among results suggested by different studies [5].

Harmon et al. [1] first defined CWD as dead woody
materials with a diameter of >2.5 cm. Some other re-
searchers adjusted the sizes for their own studies during
those periods, but such adjustments were not universally
accepted. Muller and Liu [84] defined CWD as dead
woody materials with a diameter of >20 cm. A criterion
(diameter >5 cm) was used by Santiago [16] in the study of
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the relationship between CWD and the settlement of tree
seedlings in Hawaii forests. However, Shawn et al. [67]
used another standard (diameter >9.5 cm) when they
studied tree gap disturbance and CWD dynamics in Maine,
USA. In general, size criteria have not been universally
established.

With further study in this area, researchers have
recognized that the diameter of CWD is an important
factor that is related to ecological functions, such as the
formation of geomorphology characteristics [2,4,23—
26,32] and the maintenance of biodiversity quantity [1—
5]. Meanwhile, the diameter of CWD is also related to its
decay process, such as decomposition time [1,4-6,51,85—
90] and nutrition content [8-13,51-63]. Besides, the
diameter size of CWD is related to the density and quantity
of the sample [5,76-79]. For example, many contents of
samples with no significant correlations with study pur-
poses appear when the standard is too low, which is more
significant when the Fixed Area Plot Sampling Method and
the Line Intercept Method are used. On the other hand,
underestimation occurs when the standard is too high,
particularly in studies on biomass and volume [5,30,31,75].

With the development of landscape ecology and with
further study on the ecological function of CWD, the
USDA Forest Service and the LTER have unified many
study methods, including CWD, to compare large-scale
study results, to unify all study contents, and to establish
databases. To avoid confusion on the definitions of CWD,
diameter size was redefined. CWD is defined as dead
woody debris (DWD) with a diameter (usually at the widest
point) of >10 cm and a length of >1 m. At the same time,
DWD with 1 cm<diameter<10 cm is defined as fine woody
debris (FWD) [5,75]. Since the diameter has been
redefined, most studies have accepted and used this
standard to distinguish CWD from FWD [6,10,26—
28,30,31,71]. However, some studies followed such stan-
dard (diameter >7.5 cm), but these studies have mainly
focused on the investigation of forestry fuel [44]. To unify
the criterion used in ecological studies, Harmon et al. [1]
suggested that the samples with diameters higher than
7.5 ¢cm but <10 cm in forestry fuel studies should be
included in CWD [5]. In general, the majority of ecological
studies have accepted the new standard, except for a few
that follow other criteria [16,18,67].

The new definition includes not only the characteristics
of diameter and length, but also category, function, and
decomposition dynamics. Forest CWD mainly includes
fallen wood (or logs), snags, and large branches. In addi-
tion, stumps above the ground and roots under the ground
are also involved because their biomass is almost >20% of
those in the whole dead wood, and they play an important
role in improving soil structure, maintaining nutrient
cycling of the forest, and providing living space for soil
organisms [4—6]. Other standards [i.e. coarse root debris
(CRD) and small root fragment (SRF)] were used for the
measurement of root diameter under the ground [5]. The
critical value distinguishing them from each other is 1 cm
(i.e. the diameter of CRD is >1 cm and that of SRF is
<1 cm). Although the CRD belongs to CWD, its value is
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always detected by regression equations because of op-
eration difficulties [6].

Based on the study criterion used by the USDA Forest
Service and the LTER [5,75], combined with the morpho-
logical characteristics, category, function, and decomposi-
tion dynamics of CWD, we define it as dead woody
materials in various stages of decomposition, including
sound and rotting logs, snags, stumps, and large branches,
with a minimum diameter (or an equivalent cross-section)
of 210 cm at the widest point and a length of >1 m (stumps,
diameter >10 cm and length <1 m; CRD, diameter >1 cm).
They are the structural and functional unit of the forestry
ecosystem, and they play an important role in nutrient cy-
cling, long-term carbon storage, tree regeneration, and
maintenance of heterogeneous environmental and biolog-
ical diversity in forested ecosystems.

3 Classification of CWD

Forest succession, disturbance history, land-use history,
and habitat heterogeneity in forestry can all be reflected by
the distribution patterns of CWD of different sizes, and the
concentrations of carbon, nitrogen, and biomass in differ-
ent decay classes [1,4,9,16,23,24,27,30,69]. CWD there-
fore can be regarded as an index reflecting community
history [2,4,6].

Researchers have attempted to relate CWD character-
istics to community succession, forest composition, biolog-
ical diversity, nutrient cycling, and forest management
[4,6,9,23,24,30,36,51,53,66]. Currie and Jadelhoffer [6]
compared CWD in natural deciduous forests with that in
coniferous plantations. The results showed that almost all
classes of CWD and FWD existed in deciduous forests, and
the majority of biomass and nitrogen content accumulated
in CWD at an early decomposition stage. However, the
majority of biomass in coniferous plantations accumulated
in the lowest size class [6]. In temperate forests, Carmona
et al. [30] found that there were much more biomass in
new-logging and old forests than that in early- and middle-
succession stages. Furthermore, carbon storage of CWD in
the late succession stage is ten times that in the early stage
[30]. It is clear that CWD characteristics and CWD distri-
bution patterns are related to community succession, struc-
tural composition, land-use history, and disturbance history
[1,2,5,6,23,24].

Characteristics of CWD, such as the distribution pattern
of diameter classes, distribution of decay classes, and
CWD position in the community, reflect forest succession
history, land use, and forest management. Therefore, the
characteristics of CWD are useful in indicating forest
history, and CWD classification provides the basis for
further study.

3.1 Classification of position and size

The classification of position and size originated from the
classification of DWD. DWD was first classified according

to its obvious characteristics, including its size and its
position in the community. Some studies classified the
DWD based on the resorting time of water in the body
(such as 1-10 and 100 h) [5]. At last, this classification was
combined with diameter-based classification systems for
convenient operation. Actually, ecologists are most inter-
ested in the classification on position and size. Based on the
state and position in the community, CWD mainly includes
logs (or down wood), snags, stumps, large branches, twigs,
and suspended twigs on living trees [4,5]. However, with
further understanding that DWD is related to other
community components, this kind of classification cannot
meet study requirements anymore.

DWD classification based on position and size can
identify different DWD and also establish a collective
framework for a classification system, so that further clas-
sification can be operated. The classification on size is
mainly based on diameter. The standard previously estab-
lished by Harmon and Sexton [5] is, at present, widely used
and has been regarded as the LTER’s universal standard
[75]. According to this standard, CWD is defined as dead
woody materials with a diameter of >10 cm, FWD as
woody debris of 10 cm>diameter>1 cm, and litterfall as
materials with a diameter of <1 cm (the details are men-
tioned in CWD’s definition). This classification, hereafter
called first-grade classification, is flexible and can be
further classified according to different study purposes.

Based on first-grade classification, CWD can be further
classified into logs, snags, stumps, large branches, and
CRD, according to its position and length in the commu-
nity (Fig. 1). This kind of classification is called second-
grade classification. To distinguish it from logs, snags was
defined as woody debris with a gradient (departure from
vertical direction) of <45°, a diameter at the widest point of
not <10 cm, and a length of >1 m. The ones with gradients
of >45° belong to logs [5]. Similar to other characteristics
of snags, stumps is defined as those with a length of <1 m
[5,6]. The classification of FWD is shown in Fig. 1.

The new classification of CWD is operable and
applicable, and it allows further classification. We can
distinguish CWD from FWD by first-grade classification,
and we can then further classify them by second-grade
classification to meet various purposes, especially when the
ecological function of CWD is of interest.

3.2 Classification of decay classes

Since the advanced studies on CWD began, besides the
survey and analysis on the current biomass of CWD and its
causes [23-42], researchers have paid great attention to the
dynamics and related ecological functions of CWD, partic-
ularly to the relationship between decomposing dynamics
and nutrient cycling in the community [6,13,51-63], such
as the relationship between the nitrogen release of CWD
and the mineralization of nitrogen in the soil. With in-
creasing attention on global change, the relationship be-
tween CWD respiration and carbon cycling has been the
core of CWD studies [6,59-63].



Fig. 1 Classification of woody
debris based on position and
size (index from reference 5)
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FWD (1 cm < Diameter < 10 cm)
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: Snags(<45°)
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: Large branch

: Coarse root debris (> 1 cm)

F : Small root fragment (<1 cm)
G : Attached to live tree
H: Suspended attached to snag

I : Downed detached from snag or log

In studies on forest CWD, size classification describes
the distribution patterns of CWD with various sizes and
states, upon which we can deduct spatial and temporal
pattern and its input history of CWD [1,5,17]. To explore
the relationship between CWD dynamic and community
structure, community dynamics, and even ecological func-
tions of CWD, such as nutrient cycling and respiration in
the context of global change, it is obvious that further
classification of CWD is required [5,6].

The distribution patterns of CWD are different in various
types of forests and through various degrees of disturbance.
The distribution pattern can basically reflect forest succes-
sion dynamics [1,2,4,5]. Particularly, the age distribution
pattern of CWD can reflect not only the history of
community, but also the function of the ecosystem, such
as productivity, nutrient cycling, capability for carbon stor-
age, and community regeneration [1,4,5,9,51,63]. The age
of CWD here means the whole period from its appearance
to disappearance, including each state at various decom-
position stages [4]. For instance, if CWD of the same age
are dominant in a forest, it indicates that this community
was heavily disturbed during that period or underwent
heavy competition on a large scale (usually occurring in
plantations of the same ages), while the disturbance and
competition that occurred before or after that period were
relatively light [6,24,26,31,32,63]. Additionally, in the late
period of succession, there are more old (in the late stages
of decomposition) CWD, which characterizes the acceler-
ation of nutrient cycling, the release of nutrition resorted in
CWD, and the deceleration of mineralization of nitrogen in
the soil [9,51,52,54,61,63].

Thus, the age distribution pattern of CWD can better
characterize all kinds of community functions. However,

because the age of the CWD cannot be exactly determined,
researchers detect age based on various states of decom-
position (i.e. the age of CWD will be higher in the
advanced period of decomposition and vice versa)
[5,17,42,53,54,63]. Therefore, like the age distribution
pattern, the pattern with different states of decomposition
can also characterize forest history and its ecological
functions, particularly nutrient cycling. The classification
of CWD decay classes can be performed retrospectively in
relation to the classification system with five grades of log
decay, as suggested by Maser et al. [17], Sollins [86], and
Spies et al. [87] (Table 1). Such five-class system is widely
accepted, used, and referred to by most of the researchers.

This classification system concerns the characteristics of
logs, which can be easily observed and identified in the
field as classification marks (the present state of barks and
branches, and the tight degree of boles). Researchers first
established the index system and then confirmed the decay
classes based on related characteristics. Since the classifi-
cation system of decay classes published by Maser et al.
[17] and Sollins [86], the system has been amended and
improved by different researchers according to their study
purposes. For instance, based on the system of Sollins [86]
and Spies et al. [87], Carmona et al. [30] established a more
convenient classification system (Table 1) to which the
indexes of leaves and bole shapes were added.

Besides the typical classification system with five grades
of log decay, there are other classification systems such as
the one with three grades, developed by Stewart and
Burrows [88], whose contents are as follows: (1) intact
structure (slightly decayed logs can support their own
weight); (2) incompact structure (sapwood is decomposed,
but heartwood is sound); and (3) advanced period of decay
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(both the sapwood and the heartwood have decomposed).
Besides, the main contents of the three-class system devel-
oped by Lee et al. [26] and Pedlar et al. [71] are as follows:
(1) >75% of the cambium is still sound, and most of the
barks are present; (2) 25-75% of the cambium has
softened, and some barks have disappeared, but structural
integrity is still intact; and (3) >75% of the cambium has
softened, most barks have disappeared, and structural
integrity is absent. Although different characteristics are
used in these two different three-grade classification sys-
tems, the degree of log decay can be basically reflected.
The three-class classification is helpful in studying current
loads of biomass and the dynamics of CWD, but it is not
precise enough to study the ecological functions of age
distribution pattern and nutrient cycling.

Table 1 Classification system of CWD in forest ecosystems

Compared with the five-grade and the three-grade clas-
sification systems, there is a four-grade classification sys-
tem, which was used by Shawn et al. [67] in studying CWD
dynamics after forest gap disturbance. This classification is
similar to the five-grade classification system, in which the
last two grades of the five grades are united. In addition,
there is another classification system on log decay similar
to that provided by Master et al. [17]. Such a system uses
the quantity of plants, microorganisms, insects, epiphytes,
and lichens living on logs as indexes in classifying log
decay classes. This kind of classification is scientific and
substantial to some degree, but it lacks maneuverability in
the field. Thus, its potential for applications is low.

Obviously, different kinds of classification systems are
established by adjusting those provided by Maser et al.

Types Characteristics Decay classes
1 2 3 4 5
Snags (#) Leaves Present Absent Absent Absent As logs
() Bark Tight Loose Partly present Absent
() Crown, All present Only branches present Only large branch stubs Absent
branches, present
and twigs
(') Bole Recently dead Standing, firm Standing, decayed Heavily decayed,
soft-and-block
structure
(m) Indirect Cambium still Cambium decayed, knife blade =~ Knife blade penetrates ~ Knife blade Knife blade
measure fresh, died penetrates a few millimeters <2 cm penetrates penetrates
<l year 2-5 cm all the way
Logs  Structural Sound Sapwood slightly rotting, heart-  Sapwood missing, Heartwood Soft
integrity wood sound heartwood mostly sound decayed
(#) Leaves Present Absent Absent Absent Absent
(A) Branches All twigs present Larger twigs present Larger branches Branch stubs Absent
present present
(#) Bark Present Present Often present Often absent Absent
(#) Bole shape Round Round Round Round to oval ~ Oval to flat
Wood Solid Solid Semisolid Partly soft Fragmented,
consistency powdery
() Color of Original color Original color Original color to faded  Original color to Heavily
wood faded faded
(') Portion of  Elevated on Elevated on support point Near or on ground All of log on All of log on
log on ground support point ground ground
Invaded by No No Sapwood area Throughout Throughout
roots
(o0) Vegetation No Little vegetation growing Few shrubs, seedlings,  Shrubs, mosses,
growing and mosses and trees
(m) Indirect Cambium still Cambium decayed, knife blade  Knife blade penetrates  Knife blade Knife blade
measure fresh, died penetrates a few millimeters <2 cm penetrates penetrates
<1 year 2-5 cm all the way
Stumps (m) Indirect Cambium still Cambium decayed, knife blade  Knife blade penetrates  Knife blade
measure fresh, died penetrates a few millimeters <2 cm penetrates
<1 year 2-5 cm

(#) Index from Carmona et al. [30]; (0) index from Maser et al. [17]; (') index from Spetich et al. [91]; (A) index from Sollins [86]; (m) index
from Rouvinen et al. [66].



[17], Harmon et al. [85], and Spies et al. [87]. It is notable
that the above classifications focus on the states of log
decay and are different from the new amended CWD defi-
nition. The definition of CWD should include snags,
stumps, and CRD under the ground. But those classifica-
tion systems lack specific decay classes methods.

To promote maneuverability, cover more evaluation
indexes, and practice or include most forests, the chosen
characteristics of CWD must be those that can be identified
easily in the field and with decay classes that can be
obtained by some indirect and simple methods. A new
classification with five grades, developed by Rouvinen et
al. [66], is highly operable and can be widely used. It is
easy to identify different degrees of decay by some simple
tools in the field. The main contents are as follows: (1) the
dead wood dies within 1 year, and the cambium is still fresh
when investigated; (2) the cambium begins to decompose,
and the knife blade penetrates a few millimeters into it;
(3) the knife blade penetrates 2 cm into it; (4) the knife
blade penetrates 2—5 cm into it; and (5) the knife blade
penetrates all the way. This kind of classification makes the
decay-class classification of snags and stumps easier.
Firstly, although the structures of stumps and CRD are
simple, it is hard to determine the accuracy of decay classes
because there is no such index in the systems of Maser et al.
[17], Sollins [86], or Spies et al. [87]. Secondly, the three-
grade classification system is so simple that it is hard to
relate the decay classes of stumps and CRD to ecological
characteristics such as nutrient cycling, although they can
be classified by this system. At the same time, barriers in
comparing the results between the three-grade classifica-
tion and the five-grade classification (mainly referring to
snags) appear. Thirdly, this system is simple and
convenient. The same classification results on the decay
classifications of Maser et al. [17], Sollins [86], and Spies
et al. [87] can be obtained for stumps and CRD and make it
possible to compare different CWD in relative decay
classes, such as decay characteristics and nutritional
content.

3.3 Classification system of CWD

Establishment of the classification system of CWD makes
it possible to compare studies on various kinds of forests
and various contents of CWD and to provide an advanced
platform for further studies on ecological functions and
dynamics characteristics.

Based on previous studies, we initially suggest a
classification system of CWD in this paper for discussion
and reference (Table 1). The process of classifying is as
follows: firstly, distinguish CWD from general dead wood
based on size characteristics (named first-grade classifica-
tion); and, secondly, operate the second-grade classifica-
tion according to position characteristics to distinguish
various CWD contents [1,2,4-6] because of various
patterns and ecological functions in the community. The
first- and second-grade classifications are based on the
definition and classification of CWD according to Harmon
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and Sexton [5] and Harmon et al. [75]. Based on the
second-grade classification, the third-grade classification is
obtained (i.e., the classification of decay classes). Because
the characteristics are different with different CWD,
various classification methods can be used, but the results
must be the same (i.e., various decay classes of relevant
CWD must be equivalent and on the same decay state). The
third-grade classification uses the five-grade decomposi-
tion classification. The grades of log decay classification
are based on the decay index suggested by Maser et al.
[17], Sollins [86], and Carmona et al. [30] (Table 1). The
classification of snags is mainly based on its decay classes
provided by Spetich et al. [91], on the grade system
provided by Rouvinen et al. [66], and on its configuration
characteristics. The classification of stumps is based mainly
on the decay classes developed by Rouvinen et al. [66].
Additionally, we learn from the classification of decay
classes based on the relative sizes of FWD, as suggested by
Currie and Jadelhoffer [6], to classify three grades (perfect,
medium, and decayed) of CRD.

The choice of each index of a classification system must
meet particular principles and include as many CWD char-
acteristics of forest types as possible. Researchers may
choose different indexes based on different forest types.
Table 1 shows the details of the CWD classification system.

4 Conclusion

Because of the important ecological functions of forest
CWD, it has become one of the key aspects in studies on
forest ecosystems. There are many completed and ongoing
studies abroad. To avoid barriers in comparing the results,
most researchers bring their studies into landscape scale or
even to global networks, and unify the definition, classi-
fication system, and study methods of CWD. The study on
forest CWD has just started in China; thus, it is very
important to unify its definitions, classifications, and re-
search methods.
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