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Abstract The properties of woody debris (WD) vary
across different forests under various soil conditions.
Owing to the relatively shallow and low amounts of soils
on karst terrains, it is necessary to determine the WD
carbon inventory of karst forests. In this study, we recorded
WD with a basal diameter for standing snags and the large-
end diameter for fallen logs of > 1 cm. The carbon density
of WD in a secondary karst mixed evergreen and deciduous
broad-leaved forest that had been clear-cut 55 years ago in
southwestern China were inventoried in a 2 ha plot. Woody
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debris carbon density calculated using specific gravity and
carbon concentration was 4.07 Mg C ha™'. Woody debris
with diameters > 10 cm (coarse WD) constituted 53.8% of
total carbon storage whereas WD < 10 cm in diameters
(fine WD) accounted for more pieces of WD (89.9%).
Lithocarpus confinis contributed the most WD carbon
(26.5%). Intermediate decayed WD was relatively more
abundant, but WD with final decay contributed the least to
the total pieces of WD (6.7%). The contribution of WD to
carbon storage of karst forest was low compared to other
forests worldwide. Significant positive correlations were
found between WD carbon and biodiversity (R2 = 0.035,
p < 0.01) and elevation (R? = 0.047, p < 0.01) and nega-
tive correlations was found in outcrop coverage
(R2 = 0.034, p < 0.01). Further studies are needed to elu-
cidate the ecological functions of WD to better understand
their roles in maintaining biodiversity, enhancing produc-
tivity, and controlling vegetation degradation in karst forest
ecosystems.

Keywords Secondary forest - Fine woody debris - Coarse
woody debris - Dead wood - Karst - Subtropical China

1 Introduction

Senescence and death of trees during forest successions
produce a large amount of woody residues referred to as
woody debris (WD). It includes all forms of dead woody
material above- and below-ground, and is an important
component of the structure and function of forest ecosys-
tems (Harmon et al. 1986; Harmon and Sexton 1996).
Woody debris is mainly divided into coarse woody debris
(CWD) and fine woody debris (FWD). The former is the
main part of WD with pieces > 10 cm diameter at the large
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end and > 1.0 m in length, and is usually composed of
snags, fallen logs, stumps, and large branches (Harmon
et al. 1986; Harmon and Sexton 1996; Woodall and Nagel
2006). The latter has smaller pieces between 1 and 10 cm
in diameter and consists mainly of suspended and downed
twigs (Harmon and Sexton 1996). Many studies have
indicated that, in general, dead wood is a key element in
protecting and enhancing soil organic matter and nutrients,
conserving water and soils (Harmon et al. 1986, 1994;
Baldock and Nelson 1999), maintaining the biodiversity by
providing habitats for small mammals, invertebrates and
microbes, and refuge for plants and fungi (Kruys and
Jonsson 1999; Martikainen et al. 1999), and facilitating
biogeochemical processes by storing carbon and nitrogen
(Crawford et al. 1997; Delaney et al. 1998; Carmona et al.
2002; Woodall and Liknes 2008).

Carbon in forest ecosystems is a key contributor to the
global carbon budget (Dixon et al. 1994; Pan et al. 2011).
In general, dead wood contributes a small amount (only
8%) to the forest carbon storage, but with 36% increment
of sink in dead wood carbon storage over the last two
decades, it has contributed more than 10% of the total
carbon sink in the world’s forests (Pan et al. 2011) and as
much as 20% in old-growth forests (Delaney et al. 1998).
Patterns, processes and management of carbon in WD
should, therefore, be given more attention in regional and
global research of biogeochemical cycles. However, many
studies have found that the composition and storage of WD
and their contribution to ecosystem function varies greatly
across different landscapes, depending on forest types,
stand stages, climate conditions, regional topography, and
disturbance regimes (Sturtevant et al. 1997; Carmona et al.
2002; Webster and Jenkins 2005; Woodall and Liknes
2008; Zeng et al. 2014). The carbon storage of WD also
varies across different forest carbon pools (Muller and Liu
1991; Delaney et al. 1998; Baker et al. 2007; Weedon et al.
2009). Zonal forests in boreal, temperate, and tropical
climate zones have frequently been studied for their pat-
terns and dynamics of WD, but such studies have rarely
been conducted in azonal forests, such as the ones growing
on karst terrains (Liu et al. 2013).

Karst is a highly special landscape shaped by rainfall
and groundwater acting on carbonate bedrocks, mainly
limestone and dolomite. It is widely distributed in about
12% of the land area in the world, with the largest con-
tinuously distributed area of about 0.51 million km? in
southwestern China (Jiang et al. 2014). Vegetation in the
karst regions of southwestern China mainly consists of
mixed evergreen and deciduous broad-leaved forest as
primary forest type, and shrubland, tussock, and grassland
as degraded vegetation, which is significantly different
from the zonal non-karst vegetation of evergreen broad-
leaved forests in subtropical China (ECVC 1980).

Extensive outcrops of carbonate rocks, shallow soils, and
water leakage lead to low growth rate, low productivity,
and high vulnerability of forest responding to environ-
mental changes and human disturbances in this region (Zhu
et al. 1995; Ni et al. 2015). The above-ground (Zhu et al.
1995; Liu et al. 2009, 2013) and belowground biomass (Tu
and Yang 1995; Luo et al. 2010; Ni et al. 2015) of karst
forests have already been found to be significantly lower
than those of non-karst forests. However, the lack of WD
survey has made estimates of the carbon budget of karst
forests incomplete and inaccurate.

In addition, due to the high heterogeneity of karst rock-
soil landscape, soils in the karst region are shallow (com-
monly 10-60 cm) and erosional both on the land surface and
under the ground (Yang et al. 2014). The amount of soil on
karst terrains, therefore, tends to be low. Woody debris can
retain more water and nutrients for forest growth and also
offer the benefit of preventing soil erosion (Gale 2000). It
takes 4000—8500 years to form just 1 cm of soil on karst land
(Wangetal. 1999). Biological residues such as WD and litter
are important raw materials that contribute directly to and
also accelerate soil formation (Scheu and Schulz 1996;
Samonil et al. 2010). Therefore, studies of WD in karst for-
ests are ecologically and geologically significant.

To assess the accumulation of WD, volume, necromass,
and carbon of WD in a subtropical karst forest were fully
inventoried. We used a typical mixed-evergreen and decid-
uous broad-leaved forest that was growing in the plateau-
surface type of karst terrain in central Guizhou province of
southwestern China as an example. This study aims (1) to
provide a relatively accurate WD background data on karst
forest, (2) to determine which types and proportions of
coarse and fine WD affect its carbon density, and (3) to
quantify WD spatial patterns and factors potentially influ-
encing them. Our findings provide useful information on
managing and restoring degraded karst forests.

2 Materials and methods
2.1 Study site

This study was conducted at the Tianlongshan permanent
plot (105°45'50"E, 26°14'45”"N and 1402-1512 m) of the
Puding Karst Ecosystem Research Station in Puding
county, central Guizhou province, southwestern China
(Fig. 1a). The karst terrain in the study area has a plateau-
surface type of karst morphology (Fig. 1b), which is one of
the eight karst morphological types in southwestern China
(Wang et al. 2013). This terrain is in a transitional area of
north-subtropical and mid-subtropical humid monsoon
climates. According to local meteorological records (Pud-
ing weather station, http://www.nmic.cn) from 1961 to
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Fig. 1 Location of the study site on the background of the karst landscape (a), the typical morphology of the study area (b), and the pattern of

woody debris in karst forest (c)

2008, the mean annual temperature is 15.1 °C, with mean
January and July temperatures of 5.4 and 22.9 °C,
respectively. The mean annual sunshine duration is 1177 h,
which is relatively unfavorable to the growth of evergreen
plants. The mean annual precipitation is 1367 mm, of
which more than 70% falls between May and September.

The plot size was 2 ha (200 m x 100 m) and lied in a
horizontally projected area in the middle hillside, facing
south. The soil is black limestone soil (Rendzina in the
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Food and Agriculture Organization soil classification
scheme) with a depth of 10-80 cm and pH of 6.6-6.8. The
mean coverage of rock outcrops is 44.7 + 25.8%
(mean =+ standard deviation based on visual estimates of
200 quadrats) with the highest one being 98%. The average
slope is 31.0 &= 14.0°. The forest is a secondary mixed
evergreen and deciduous broad-leaved forest recovered
after clear-cutting in 1958, with light grazing by cows at
the early stages. Cutting and grazing were both forbidden
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later by the local government. This forest is reasonably
well protected compared with other secondary forests
nearby, likely because a temple is located on the top of the
hill.

The dominant species in the forest are Platycarya
strobilacea, Lithocarpus confinis, Itea yunnanensis,
Machilus cavaleriei and Carpinus pubescens (Botanical
nomenclature is based on Chen (1982-2004).) with a mean
height of 5 m (3—-12 m), whereas Pittosporum brevicalyx,
Lindera communis and Celtis sinensis are found in the tree
layer (about 3—10 m in height). The shrub layer, which is
1-3 m in height, is dominated by Illex corallina, Rhamnella
franguloides, Stachyurus obovatus, Rhamnus heterophylla
and Zanthoxylum ovalifolium. Lianas are dominated by
Rosa cymosa. The herb layer is generally dominated by
Arthraxon prionodes, Senecio scandens and Woodwardia
unigemmata. According to a previous study, the biomass of
this plot is 158.1 Mg ha~' with above- and belowground
biomasses of 137.7 and 20.3 Mg ha™', respectively. The
necromass of the litter was 7.4 Mg ha™! (Liu et al. 2016).

2.2 Woody debris inventory

The plot was divided into 200 contiguous 10 m x 10 m
quadrats as the basic unit of vegetation survey. All plots
have been established and censused following the plot
protocols of the Centre for Tropical Forest Science (CTES)
(Condit 1998). In the summer of 2012, all woody plants
with > 1 cm diameter at breast height (DBH) were
recorded. Plant species were identified (Chen 1982-2004),
and relative coordinates of each individual to the lower left
corner of the quadrat, DBH, height, crown width, as well as
elevation and outcrop percentage were recorded.

Two kinds of WD were classified according to the angle
between the stem and the ground, i.e., fallen logs and
branches with angle < 45° and standing snags and very
few stumps (formed by natural disturbances such as storms
and thunders) with angle > 45°. In the summer of 2013, all
WD longer than 0.5 m with basal diameter > 1 cm for
standing snags and large-end diameter > 1 cm for fallen
logs were inventoried. Meanwhile, the diameters of large
(D;) and small (Dy) ends of fallen logs, DBH (D) of snags,
length or height, relative coordinates, and decay classes of
WD were also recorded. Coarse and fine WD were sepa-
rated according to their large-end diameter or DBH. The
former was > 10 cm and the latter was between 1 and
10 cm (Harmon and Sexton 1996). The species of WD
were identified as much as possible based on the barks,
leaves, and living trees nearby, except for a few kinds of
dead woods with advanced decomposition. In total, 32
species forming WD belonging to 29 genera and 18 fam-
ilies were identified. All WD were divided into five
diameter classes according to D; or D based on Sturges’

formula (Sturges 1926): class 1 < 2.5, class 2 = 2.5-5.0,
class 3 = 5.0-7.5, class 4 = 7.5-10.0 and class 5 > 10 cm.
The five decay classes described previously, namely
incipient decay (I), intermediate decays (II, IIT and IV), and
final decay (V), were also used (Sollins 1982; Spies et al.
1988).

2.3 Statistical analysis

The volumes of fallen logs (V,e) and standing snags
Vsnags) (m3) were calculated using Smalian’s formula
(Eq. 1) and Huber’s formula (Eq. 2) (Figueiredo Filho
et al. 2000), respectively:

Viees = m * 1 * (D} + D})/8 (1)
Vinags = 7% 1+ D* /4 (2)

where D, is the diameter of the large end of fallen logs, Dy
is the diameter of the small end of fallen logs, D is the
DBH of snags, and [ is the length or height of snags. Note
that in Huber’s formula, DBH was used instead of diameter
at mid-height.

We sampled WD of four dominant species in the tree
layer with five decay classes (n = 60), measured the vol-
ume of each WD using the drainage method which uses the
displacement of water due to a submerged object to
determine the density of the object, and then oven-dried it
to constant mass at 105 °C. The wood specific gravity (p,
gm™) of each dominant species with different decay
classes was calculated using Eq. 3:

p = G/Vsample (3)

where G and V. correspond to dry mass (g) and vol-
ume (m’) of sampled WD, respectively. The specific
gravity of other species with different decay classes was
calculated using the mean specific gravity of four dominant
species corresponding to each decay class (Table 1).

Necromass of fallen logs (W,,,, g) was calculated using
Eq. 4:

Wlog‘v =p* Vlogs (4)

Necromass of standing snags (W, ) was calculated
using species-specific biomass models (Liu et al.
2009, 2013) applied to living woody plants.

The 60 samples of WD mentioned above for specific
gravity measurements were further used to measure the
organic carbon concentration (p,., g kg™") of the four
dominant species (Table 1) using the Degtjareff method
(Walkley and Black 1934). Carbon storage of WD (C, g C)
was finally calculated using Eq. 5:

C=p.«W (3)
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Table 1 Specific gravity and carbon density of woody debris of four dominant tree species in a secondary karst evergreen and deciduous broad-

leaved mixed forest of central Guizhou province, southwestern China

Decay class I II I v v N
Specific gravity (g cm™>) Platycarya strobilacea 0.70 £ 0.01 0.64 £ 0.01 0.58 £0.02 0.53 £0.03 048 £ 0.03 15
Lithocarpus confinis 0.75 £ 0.03 0.68 £ 0.03 0.62 £0.03 0.57 £0.04 051 £0.04 15
Itea yunnanensis 047 £ 0.02 043 £0.02 039 +0.01 036 +0.01 0.32+001 15
Machilus cavaleriei 0.54 £0.02 049 £0.02 045 +0.02 041 £0.02 037 +£0.02 15
Mean 0.62 £0.11 0.56 £0.10 0.51 £0.09 0.46 £ 0.09 0.42 +0.08 60
Organic carbon content (% dry mass) Platycarya strobilacea 48.9 £+ 0.46 47.7 +£045 459 £ 043 448 £042 440+ 041 15
Lithocarpus confinis 50.1 £ 0.53 489 +0.52 47.0+0.50 459 +£049 451 +048 15
Itea yunnanensis 443 +£1.08 432 £ 105 41.6+1.01 404 +0.62 399 +097 15
Machilus cavaleriei 464 £ 043 453 £042 435+£040 42.6+£039 41.7+039 15
Mean 474 £234 463 £228 445+£220 434 +£223 427 +2.11 60

Mean =+ standard deviation; N sample size

where W corresponds t0 Wi,es or Wi,..,, and p. is the
organic carbon concentration.

Four environmental factors were considered to analyze
the correlation between WD carbon and environmental
factors. Biomass and diversity index of each quadrat were
considered biotic factors, and the coverage of outcrop and
elevation of each quadrat were regarded as topographical
factors. Biomass of living trees in each quadrat was cal-
culated by species-specific biomass models (Liu et al.
2016). The diversity index was measured by calculating the
Shannon—Wiener index:

- Z[() <o) o

where n; is the number of individuals of each species
(species i) and N is the total amount of individuals for the
quadrat. Linear regressions were used to quantify the cor-
relation between WD carbon and environmental factors.
All calculations in this paper were conducted using the R
statistical language (R Development Core Team).

3 Results
3.1 Necromass and carbon storage

Carbon storage of WD varied greatly from 0.35 to
538.93 kg C among the 200 quadrats. The necromass of all
WD was 8.96 Mg ha™' (Table 2), equivalent to only 6.5%
of the above-ground biomass and 5.7% of the total forest
biomass. Carbon density of WD was only 4.07 Mg C ha™'
based on the measured organic carbon concentrations
(Table 1).

Coarse WD comprised only 11% of total WD, but it had
higher volume, necromass and carbon density than fine

@ Springer

WD. Carbon stored in CWD accounted for 53.8% of total
WD carbon (Table 2). Logs had more pieces and stored
more carbon (82.8%) than snags (Table 2).

The WD was mostly come from small trees and shrubs
(Fig. 1c). There were 32 species of WD, 19 of them were
deciduous species and the rest were evergreen species.
Woody debris was mostly accumulated by major canopy
tree species. L. confinis contributed to 26.5% of total car-
bon stored in WD, followed by P. strobilacea (19.4%), L.
yunnanensis (13.5%), C. pubescens (8.4%), and M. cava-
leriei (7.9%). Other tree, shrub and liana species only had
24.3% of WD carbon.

Woody debris with larger diameters at the large end or
breast height stored more carbon (Fig. 2a). Woody debris
with diameter > 10 cm contributed more than half of the
total carbon compared to the sum of WD at the other four
diameter classes (Fig. 2a). From a decay class point of
view, more carbon was stored (72.5%) in WD with inter-
mediate decay classes II, III, and IV (72.5%), and with the
incipient decay class I (20.7%). The WD with decay class
V only had 6.7% of total WD carbon (Fig. 2b).

3.2 Influential factors

Linear regression analyses showed that there was no sig-
nificant correlation between the carbon of WD and the
biomass of living trees in each quadrat (Fig. 3a). By con-
trast, biodiversity, coverage of outcrop and elevation of
each quadrat was significantly correlated with WD carbon
(Fig. 3b—d). Woody debris was positively correlated with
biodiversity (R*=0.035, p<00l) and elevation
(R* = 0.047, p < 0.01), while WD was negatively corre-
lated with the coverage of outcrop (R* = 0.034, p < 0.01).
Thus, dead wood carbon storage tended to be higher in
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Table 2 Volume, necromass and carbon density of woody debris in a secondary karst evergreen and deciduous broad-leaved mixed forest of

central Guizhou province, southwestern China

WD Component Pieces per ha Volume (m® ha™') Necromass (Mg ha™") Carbon density (Mg C ha™") Sample size
CWD Logs 227 £ 22 11.14 £ 2.85 5.78 £ 1.57 2,62 £0.72 158
snags 108 + 18 6.87 £ 4.24 4.12 +£2.49 1.97 £ 1.21 12
FWD Logs 1286 + 90 5.76 £ 0.59 2.90 £ 0.27 1.30 £ 0.12 199
snags 393 £ 31 1.85 £ 0.25 1.28 £ 0.17 0.60 & 0.08 193
Total - 1851 + 105 16.77 £ 2.51 8.96 £ 1.36 4.07 £ 0.62 200
Mean + 95% confidence interval
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Fig. 2 Carbon density of woody debris by large-end diameter (logs) or diameter at breast height (snags) (a) and decay classes which increases
from [ to V (b) in a secondary karst evergreen and deciduous broad-leaved forest in central Guizhou province, southwestern China

quadrats with higher plant diversity and elevation, but
lower coverage of outcrop.

4 Discussion

The plot-based inventory method adopted in this study is a
widely used standard method in WD survey, which works
well both for snags and logs (Stahl et al. 2001). Using the
same method, the estimation of Liu et al. (2013) showed
that the necromass of WD of a parallel forest nearby was
1.7 Mg ha™", which is only 19% of the present estimation.
It has been suggested that estimates of WD storage can
vary based on the investigation method and sampling size
(Stahl et al. 2001; Chave et al. 2004). The observed dis-
crepancy is probably due to the very small sample size of
only 100 m* used by Liu et al. (2013). The sample plot
method with a large inventory area performed in this study
is likely to yield more accurate data. However, only four
dominant species were sampled and measured for their
wood specific gravity and carbon density of WD. For the
remaining species, an average of values from these four
species was used, which might have led to uncertainties of
carbon density of WD in this forest. The Huber’s formu-
lation was applied to calculate the volume of snags by

using DBH rather than the diameter at mid-height, which
might cause overestimation of the volume.

The WD in the present secondary forest dominated by P.
strobilacea, L. confinis and I. yunnanensis was a result of
comprehensive influences from the forest developmental
stage, which were caused by past selective logging and
more recent natural and anthropogenic interferences.
However, the necromass and carbon density of WD in this
karst forest, both in CWD and FWD, were lower than
global records from boreal coniferous forests (Harmon
et al. 1986; Spies et al. 1988; Sturtevant et al. 1997,
Webster and Jenkins 2005), temperate deciduous broad-
leaved forests (Harmon et al. 1986; Muller and Liu 1991;
Carmona et al. 2002; Muller 2003), to moist tropical
rainforests (Delaney et al. 1998; Chambers et al. 2000;
Baker et al. 2007). Even compared with forests in very dry
or cool habitats (Harmon et al. 1995; Delaney et al. 1998),
the karst forest still had low WD necromass and carbon
density, and a low ratio of necromass to biomass. This is
also true when compared with non-karst forests in the same
bioclimatic zone. The karst forest was found to have lower
WD necromass and carbon density than primary and sec-
ondary evergreen broad-leaved forests in subtropical China
(Table 3). As mentioned above, multiple factors such as
forest type, stand stage, climate condition, regional
topography and disturbance regime is likely to have
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Fig. 3 Linear regression between carbon of woody debris and a biomass of living trees, b Shannon—Wiener index, ¢ coverage of rock outcrops
and d elevation in each quadrat; Dotted line: 95% confidence interval of the mean

contributed to the magnitude of WD we observed (Sturte-
vant et al. 1997; Carmona et al. 2002; Webster and Jenkins
2005; Woodall and Liknes 2008; Zeng et al. 2014). The
secondary forest, young stand age, very harsh and rocky
habitat and steep slope likely account for the low living
biomass in karst forests (Liu et al. 2009, 2013; Ni et al.
2015) and also the low necromass and carbon density of
dead woods observed in this study.

WD composition in the present karst forest, fallen logs,
followed by snags, were a principal input source of WD,
this finding was consistent with the results from previous
studies (Delaney et al. 1998; Carmona et al. 2002). Gen-
erally, most of the WD in natural forests was derived from
gradual accumulation after severe disturbances (Chen and
Harmon 1992). Thus, we believed that the substantial WD
in the karst forest should primarily result from the most
recent local pulses in mortality, which were driven by a

@ Springer

combination of strong winds, steep topography and thin
soil.

The karst forest had slightly higher carbon (or necro-
mass) stored in CWD than in FWD, which is quite different
from the estimate in the primary evergreen broad-leaved
forest in Ailao Mountains with very high CWD and very
low FWD necromass. However, in a secondary evergreen
forest in the same mountain, CWD carbon was similar to
and FWD carbon was slightly higher than those of karst
forest (Table 3, Yang et al. 2007). In most cases, CWD
snags in subtropical forests including the karst forest were
much higher than logs, but the ratios were quite different.
Ratios of total WD carbon, especially CWD carbon to
AGB was very low in the karst forest (Table 3).

Dead wood carbon tended to be higher in quadrats with
higher plant diversity, higher elevation, but lower coverage
of outcrop. However, there was no relationship between
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WD carbon and living biomass in each quadrat. Previous
studies showed that the amount of WD depended signifi-
cantly on the number of living trees in European beech
forests (Christensen et al. 2005), and WD might also have
both positive and negative effects on living biomass (pro-
ductivity) (Brais et al. 2005). Thus, the relationship
between the amount (necromass or carbon) of WD and
living biomass in karst forests is complex. The specific
karst topography and very deep slope might have been
factors leading to position changes of some dead woods,
which might, in turn, have masked the relationship between
dead woods and living trees. In places with more rocky
outcrops, it is likely that dead woods could not remain on
the rocks, resulting in less WD carbon in quadrats of higher
outcrop coverage. However, increased WD carbon with
elevation should be due to the existence of some large dead
woods at the top of the plot; however, we note that the
positive relationship observed in this study between WD
and elevation is not very robust. Mechanisms behind such
phenomena need to be investigated further.

As mentioned before, dead wood plays key roles in
conserving water and soils, maintaining biodiversity, and
facilitating biogeochemical processes in forests all over the
world. Unfavorable karst habitats have been reported to
result in low biomass in karst forests (Zhu et al. 1995; Ni
et al. 2015; Liu et al. 2016) and thus low carbon storage of
dead woods, which is unsuitable for protecting water, soils
and organisms to sustainably manage karst forests. How-
ever, the existence of karst forests and even shrublands
with low biomass and low WD necromass ensures lower
soil erosion on Kkarst terrains and slows the undesirable
process of rocky desertification.

Compared to virgin forests, the amounts and structures
of WD with artificial interference were decreasing, sec-
ondary karst forests required centuries of non-interference
cycles for development to be close to the state of virgin
forests. However, there were few data for virgin karst
forests. Therefore, a comprehensive understanding of the
natural background of WD in secondary karst forests is
important to better manage the forests and to more effec-
tively protect organisms sheltered by the WD. Features of
WD reported in this study can serve as a preliminary ref-
erence for the management of karst forests around south-
western China. Future researches will focus on succession
progression based on the long-term monitoring of WD in
dedicated permanent sample plots.
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