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Abstract: Coarse woody debris (CWD) is an essential component in defining the structure and
function of forest ecosystems. Long-term dynamics of CWD characteristics not only affect the release
rates of chemical elements from CWD, but also the species diversity of inhabiting plants, animals,
insects, and microorganisms as well as the overall health of ecosystems. However, few quantitative
studies have been done on the long-term dynamics of CWD characteristics in forest ecosystems in
China. In this study, we conducted nine tree censuses between 1996 and 2016 at the Huoditang
Experimental Forest in the Qinling Mountains of China. We quantified forest biomass including CWD
and CWD characteristics such as decay states and diameter classes during this period and correlated
with stand, site, and climatic variables. The forest biomass was dominated by live tree biomass
(88%); followed by CWD mass (6%–10%). Understory biomass contributed only a small portion
(1%–4%) of the overall biomass. Significant differences in average annual increment of CWD mass
were found among forest stands of different species (p < 0.0001). Forest biomass, stand age, forest
type, aspect, slope, stand density, annual average temperature, and precipitation were all significantly
correlated with CWD mass (p < 0.05), with forest type exhibiting the strongest correlation (r2 = 0.8256).
Over time, the annual mass of different CWD characteristics increased linearly from 1996–2016 across
all forest types. Our study revealed that forest biomass, including CWD characteristics, varied by
forest type. Stand and site characteristics (forest biomass, forest type, aspect, slope and stand density)
along with temperature and precipitation played a major role in the dynamics of CWD in the studied
forest ecosystems.

Keywords: coarse woody debris; biomass; forest management; redundancy analysis; characteristics
dynamics; Qinling Mountains

1. Introduction

Coarse woody debris (CWD) is often removed from the forest floor with the intention of avoiding
forest health issues such as insect and pest infestations, and to reduce flammable material with respect
to forest fires [1]. However, CWD is critical in enhancing forest productivity [2], promoting forest
restoration and natural regeneration after harvesting, and maintaining the stability and balance of
forest biodiversity [3–5]. Thus, ecologists are paying increasing attention to the ecological functions
of CWD in the forest ecosystem and its implications for forest management [6]. CWD has a high
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ecological relevance and contributes significantly to critical ecological processes in carbon pools [7,8],
biodiversity [9–12], and geomorphological stability [13].

Forest biomass is the foundation of research into many forestry and ecology problems, and is also a
basic quantity character of the forest ecological system. Long-term monitoring of the dynamics of forest
biomass can acquire accurate data that is vital for forest management, monitoring, and evaluation,
and is also crucial for the terrestrial carbon cycle. As an indispensably important constituent of forest
biomass, CWD is particularly under studied [14] and field observations are needed to support terrestrial
carbon cycle modelling efforts [15]. CWD may be accounted for 20% of total carbon in primary (that is,
old growth) [16] and secondary [17] forests. A key component in describing forest carbon dynamics
is the change in CWD mass through time. The long-term dynamics of CWD may be reflected in the
diversity of wood (for example, species, size, and stage of decay) and site attributes (for example,
climate) across the study region [18]. Meanwhile, the analysis of the relationship between CWD mass
and forest biomass is also significant. In the past two decades, CWD dynamics have been intensively
studied in various forest ecosystems around the world where studies have focused on the stocks,
dynamics of decomposition, and nutrient content of CWD [19–23]. However, few quantitative studies
have been done on the long-term dynamics of the CWD mass in forest ecosystems [24,25], especially
on the long-term dynamics of CWD characteristics (i.e., CWD composition including log, snag and
stump, decay classes, and diameter classes). The precise understanding of CWD characteristics is
the basis of CWD research, and is beneficial for revealing the relationship between the structure and
function of CWD. The long-term dynamics of CWD characteristics not only affect the release rates
of chemical elements from the CWD, but also influence the diversity of attached vegetation, insects,
and microorganisms in CWD. Important insights into CWD dynamics have been gained by linking
stand assessments to CWD characteristics, which are recognized to be a reflection of the past and
present stand features to some extent [26,27].

The amount of CWD in an ecosystem is the balance of tree mortality and the decomposition.
CWD input can be generated under situations of mortality resulting from competition among
trees, natural death of the forest at the old stage, natural interferences (wind, rain, snow, fire,
lightning, insect, debris flow, invasion of fungi, etc.), and human disturbances (e.g., thinning and final
harvesting) [28–30]. The decomposition of CWD is caused by respiration, leaching, and fragmentation.
Overall, the characteristics of CWD are a complex process, which depend on many factors (natural
interferences, human disturbances, stand and site characteristics, and environmental conditions)
derived from CWD input and decomposition. Unfortunately, the effects of most of these factors (forest
biomass, stand age, forest type, altitude, aspect, slope, stand density, annual average temperature, and
precipitation) are known only qualitatively, or from laboratory tests [31] as it is difficult to evaluate
the effects of these factors on CWD characteristics due to the combined effect of multiple causes,
which were studied short-term, fragmentary, and scattered in the past. Therefore, the long-term
monitoring can acquire the multiple effect factors on CWD characteristics, which is necessary to reveal
the reasons for the accumulation of CWD.

In China, the Qinling Mountains are an important climate boundary between subtropical and
warm temperate zones where the typical vegetation of both climate zones assembles together with
a high biodiversity [32]. However, in recent decades, the Huoditang Forest Region in the Qinling
Mountains has been constantly affected by extreme weather (strong winds), insects and diseases
(Dendroctonus armandi), resulting in increases in the quantity of CWD of the main species Pinus armandi
(P. armandi) and Quercus aliena var. acuteserrata (Q. aliena var. acuteserrata).

In this study, we established permanent plots (P. armandi, Q. aliena var. acuteserrata forests, and mixed
forests of the two species) to study CWD dynamics from a long-term project (1996–2016) at the Qinling
National Forest Ecosystem Research Station (QNFERS). The objectives of this study were to: (1) compare
the dynamics of forest biomass in the three forest types over a 20-year-period, and discuss the relationship
between CWD mass and forest biomass; (2) quantify the dynamics of CWD characteristics in detail;
and (3) assess the influence of stand, site, and climatic factors on the size and character of the CWD pool.



Forests 2017, 8, 403 3 of 22

2. Materials and Methods

2.1. Study Area

Our study was conducted at the Huoditang Experimental Forest of Northwest A&F University in
the Qinling Mountains, Shaanxi Province, China, which covers an area of 2037 ha. The altitude
is 800–2500 m above sea level, the geographic coordinates are 33◦18′–33◦28′ N in latitude and
108◦21′–108◦39′ E in longitude. The annual average temperature is 10.50 ◦C, the mean annual
precipitation is 1000 mm, the frost-free period is 170 days, and the climate is warm temperate.
The abrupt and broken topography consists mainly of granite and gneiss. The mean soil depth
is 45 cm. The soil units are cambisols, umbrisols, and podzols.

The study area underwent intensive selective logging in the 1960s and 1970s; however, since
then there have been no significant anthropogenic disturbances, except for lacquer tree tapping
and occasional illegal tree felling. Since the natural forest protection project was initiated in 1998,
anthropogenic disturbance of any kind has been absent in the region. In this study, the investigated
forests were natural secondary forests, all 40 years old in 1996. The P. armandi forest was dominated by
P. armandi (80% of trees), with a forest canopy density of 65%. The mean stand height and diameter
at breast height (DBH, measured at 1.3 m above ground level) were 14 m and 21 cm, respectively.
In the shrub layer, height varied from 25 cm to 410 cm and the percent cover was 28%. The major
shrubs species present were Euonymus phellomanus (E. phellomanus), Symplocos paniculata (S. paniculata),
Spiraea wilsonii, Litsea tsinlingensis (L. tsinlingensis) and Schisandra sphenanthera (S. sphenanthera), together
with herbs, e.g., Carex leucochlora (C. leucochlora), Lysimachia christinae, Rubia cordifolia, Houttuynia cordata,
Pinellia ternata (P. ternata), Sedum aizoon (S. aizoon), and ferns. The average height of the herbs was
28 cm and the percent cover was 35%. The Q. aliena var. acuteserrata forest was dominated by Q. aliena
var. acuteserrata (85% of trees), with a forest canopy density of 75%. The mean stand height and
DBH were 12 m and 18 cm, respectively. In the shrub layer, height varied from 45 cm to 650 cm
and the percent cover was 25%. The major shrubs species present were Lonicera hispida (L. hispida),
Sinarundinaria nitida (S. nitida), S. paniculata, Lespedeza buergeri and Rubus pungens (R. pungens), together
with herbs, e.g., Spodiopogon sibiricus (S. sibiricus), Epimedium brevicornu (E. brevicornu), Daphne tangutica
(D. tangutica), Urtica fissa, Paris quadrifolia, and Pteridophyta. The average height of the herbs was 35 cm
and the percent cover was 30%. The mixed forest was dominated by Q. aliena var. acuteserrata (40% of
trees) and P. armandi (50% of trees), with a forest canopy density of 70%. The mean stand height and
DBH were 14 m and 20 cm, respectively. In the shrub layer, height varied from 35 cm to 520 cm and
the percent cover was 32%. The major shrubs species present were L. hispida, S. nitida, S. paniculata,
L. tsinlingensis, R. pungens, E. phellomanus and S. sphenanthera, together with herbs, e.g., S. sibiricus,
E. brevicornu, D. tangutica, C. leucochlora, P. ternata, S. aizoon, and ferns. The average height of the herbs
was 42 cm and the percent cover was 35%.

2.2. Field Sampling

In the summer of 1996, we selected P. armandi, Q. aliena var. acuteserrata forests and a mixed forest
of Q. aliena var. acuteserrata and P. armandi for our permanent plots, and randomly established six
sample plots with an area of 60 m × 60 m in each of the forest types (Figure 1, Table 1). To reduce
disturbance, these sample plots were protected by an enclosure. Each sample plot was located at
least 50 m from the forest edge and was separated from other plots by a buffer strip of at least
100 m. We assumed that the annual average precipitation was the same in these sample plots in a
year. The annual average temperature and precipitation during 1996–2016 are shown in Figure 2,
which were measured from a HMP45C weather station (Vaisala, Helsinki, Finland) located 1612 m
above sea level in this region (33◦20′16” N and 108◦26′45” E). We also assumed a standard lapse rate
of 0.7 ◦C in this forest area, and estimated the annual average temperatures in these sample plots.
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Figure 1. Location of the plots for P. armandi, Q. aliena var. acuteserrata forests and a mixed forest of
Q. aliena var. acuteserrata and P. armandi on the Huoditang Experimental Forest Farm in the Qinling
Mountains (China). T = Weather station; R = Plots in Q. aliena var. acuteserrata forest; H = Plots in P.
armandi forest; M = Plots in mixed forest of Q. aliena var. acuteserrata and P. armandi; YS = Pinus
tabulaeformis forest; HLHJL = Mixed forest of Q. aliena var. acuteserrata and Betula albo-sinensis;
QQ = Picea wilsonii forest; LYS = Larix principis-rupprechtii forest; SHHJL = Mixed forest of P. armandi
and B. albo-sinensis; HH = B. albo-sinensis forest; HSS = P. armandi forest; LS = Picea asperata forest;
RCL = Q. aliena var. acuteserrata forest; and SLHJL = Mixed forest of Q. aliena var. acuteserrata and
P. armandi.
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Table 1. Plot characteristics in the main types of forests in the Huoditang Experimental Forest Farm in the Qinling Mountains (China).

Sample Plots
Litter Horizons

Soil Type Latitude and Longitude Altitude (m) Aspect Slope Stand Density
(Trees·ha−1)Oi Oe Oa

Q. aliena var.
acuteserrata 1# 51% 23% 26% mountain brown earth 33◦20′55” N 108◦23′54” E 1597 318◦ 32◦ 1183

Q. aliena var.
acuteserrata 2# 54% 21% 25% dark brown earth 33◦19′20” N 108◦25′48” E 1641 14◦ 28◦ 1482

Q. aliena var.
acuteserrata 3# 52% 25% 23% mountain brown earth 33◦20′49” N 108◦25′58” E 1620 277◦ 26◦ 1232

Q. aliena var.
acuteserrata 4# 56% 21% 23% mountain brown earth 33◦19′10” N 108◦28′48” E 1640 260◦ 23◦ 1024

Q. aliena var.
acuteserrata 5# 53% 20% 27% dark brown earth 33◦20′08” N 108◦28′12” E 1671 240◦ 30◦ 1086

Q. aliena var.
acuteserrata 6# 52% 25% 23% mountain brown earth 33◦20′42” N 108◦29′21” E 1534 218◦ 18◦ 1584

P. armandi 1# 58% 31% 11% mountain brown earth 33◦19′26” N 108◦27′10” E 1410 288◦ 34◦ 1628
P. armandi 2# 61% 28% 11% mountain brown earth 33◦19′30” N 108◦27′54” E 1460 198◦ 32◦ 1486
P. armandi 3# 61% 25% 14% mountain brown earth 33◦22′54” N 108◦28′02” E 1483 245◦ 27◦ 1712
P. armandi 4# 57% 28% 15% mountain brown earth 33◦23′10” N 108◦28′10” E 1532 194◦ 22◦ 1426
P. armandi 5# 62% 24% 14% mountain brown earth 33◦21′10” N 108◦32′39” E 1540 243◦ 29◦ 1267
P. armandi 6# 60% 23% 17% dark brown earth 33◦22′01” N 108◦32′19” E 1983 245◦ 15◦ 1834

Mixed forest 1# 54% 18% 28% dark brown earth 33◦22′24” N 108◦27′10” E 1580 257◦ 22◦ 1354
Mixed forest 2# 48% 26% 26% mountain brown earth 33◦19′01” N 108◦30′24” E 1481 204◦ 24◦ 1288
Mixed forest 3# 50% 24% 26% mountain brown earth 33◦20′10” N 108◦30′42” E 1424 255◦ 32◦ 1078
Mixed forest 4# 52% 23% 25% mountain brown earth 33◦21′05” N 108◦24′48” E 1582 73◦ 26◦ 1041
Mixed forest 5# 46% 22% 32% dark brown earth 33◦21′20” N 108◦26′50” E 1798 182◦ 31◦ 1121
Mixed forest 6# 48% 24% 28% dark brown earth 33◦23′18” N 108◦25′40” E 1627 202◦ 21◦ 1311
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Figure 2. The variation in the mean annual temperature and total precipitation in the Huoditang forest
region from 1996–2016. The data were sourced from the unpublished Qinling long-term ecological
monitoring database.

We used the USDA Forest Service and Long Term Ecological Research (LTER) definition of CWD
(diameter ≥10 cm at the widest point) [33]. CWD was categorized into logs, snags, and stumps as
per Reference [34]: downed or leaning deadwood (>45◦ from vertical) with a minimum diameter
≥10 cm at the widest point and length ≥1 m was defined as a log; deadwood ≤45◦ from vertical
with a diameter at the widest point ≥10 cm was defined as a snag; and deadwood ≤45◦ from vertical
with a height ≤1 m and diameter ≥10 cm at the widest point was defined as a stump. Each piece of
CWD was assigned to one of five decay classes on the basis of discrepancies in internal and external
tissue characteristics (Table 2) [27]. The numbers 1–5 represent different decomposition stages where
1 represents the initial stage and 5 represents the final stage. In our study, CWD characteristics
were CWD composition, decay classes, and diameter classes. CWD composition included log, snag,
and stump; CWD decay classes were assigned from one to five; and CWD diameter classes contained
four kinds (10–20 cm, 20–30 cm, 30–40 cm, and >40 cm).

The first forest survey to determine live and CWD mass was conducted in July of 1996. Eight more
forest censuses were conducted in July of 1998, 2001, 2003, 2006, 2009, 2011, 2014, and 2016, giving a
total of nine censuses during this 20-year study.
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Table 2. Coarse woody debris (CWD) characteristics of different decay classes in a forest system.

Type Characteristics
Decay Class

I II III IV V

Snags

Leaves Present Absent Absent Absent

As logsBark Tight Loose Partly present Absent
Crown, branch, and twig All present Only branches present Only large branch stub present Absent

Bole Recently dead Standing, firm Standing, decayed Heavily decayed, soft,
and block structure

Indirect measure Cambium still fresh, died
less than 1 year

Cambium decayed, knife blade
penetrates a few millimeters

Knife blade penetrates less
than 2 cm

Knife blade penetrates
2–5 cm

Knife blade penetrates all
the way

Logs

Structure integrity Sound Sapwood slightly rotting,
heartwood sound

Sapwood missing, heartwood
mostly sound Heartwood decayed Soft

Leaves Present Absent Absent Absent Absent
Branches All twig present Larger twig present Larger branches present Branch stubs present Absent

Bark Present Present Often present Often absent Absent
Bole shape Round Round Round Round to oval Oval to flat

Wood consistency Solid Solid Semisolid Partly soft Fragmented to powdery
Color of wood Original color Original color Original color to faded Original color to faded Heavily faded

Position of log on ground Elevated on support point Elevated on support point Near or on ground All of log on ground All of log on ground
Invaded by roots No No Sapwood area Throughout Throughout

Indirect measure Cambium still fresh, died
less than 1 year

Cambium decayed, knife blade
penetrates a few millimeters

Knife blade penetrates less
than 2 cm

Knife blade penetrates
2–5 cm

Knife blade penetrates all
the way

Stumps Indirect measure Cambium still fresh, died
less than 1 year

Cambium decayed, knife blade
penetrates a few millimeters

Knife blade penetrates less
than 2 cm

Knife blade penetrates
2–5 cm

Knife blade penetrates all
the way
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2.3. Calculation of Forest Biomass

Forest biomass includes the mass of living trees, shrubs, herbs, litter, and CWD. The species and
DBH of all living trees in each plot were documented in each census to estimate the biomass, which
was calculated using a regression model developed in a previous study in this region (Table 3) [35].
To reduce disturbance, based on a plot investigation, we selected five 2 m × 2 m shrub, and 1 m
× 1 m nested herbal subplots outside the plot in each census to estimate the biomass of the shrubs,
herbs, and litter. These subplots were not repeated each census, and new subplots were selected each
time. The aboveground biomass of the shrubs, herbs, and litter was quantified by harvesting, and the
belowground biomass of the shrubs and herbs was quantified by digging [19].

Table 3. The regression model of biomass and height in P. armandi and Q. aliena var. acuteserrata forests
in the Huoditang Experimental Forest Farm in the Qinling Mountains (China).

Forest Types Contents Regression Equation Correlation
Coefficient

Reliability of 95% of
the Estimated Accuracy

Q. aliena var.
acuteserrata

Stem lnWS = 0.99253 ln
(

D2H
)
− 3.78818 0.99763 94.24

Bark lnWBA = 0.75632 ln
(

D2H
)
− 3.92450 0.99708 95.37

Branch lnWB = 3.49934 lnD− 6.50726 0.96524 84.27
Leaf lnWL = 2.29344 lnD− 4.88581 0.97832 84.45
Root lnWR = 2.76435 lnD− 4.20817 0.99106 89.15

Height 1
H = 8.01921

D2.59222 + 0.05263 0.78814 95.60

P. armandi

Stem ln WS = 1.02363 ln
(

D2H
)
− 4.49970 0.99802 97.09

Bark lnWBA = 0.88417 ln
(

D2H
)
− 5.38472 0.99698 96.73

Branch lnWB = 2.57551 lnD− 4.08452 0.98656 90.60
Leaf lnWL = 2.75687 lnD− 5.75891 0.98004 81.56
Root lnWR = 0.97120 ln

(
D2H

)
− 5.26301 0.97927 92.13

Height 1
H = 1.34537

D1.70800 + 0.07143 0.88076 98.52

D = DBH (cm); H = Height of tree (m); WS = Dry weight of stem (kg); WBA = Dry weight of bark (kg); WB = Dry
weight of branch (kg); WL = Dry weight of leaf (kg); WR = Dry weight of roots (kg).

Tree species, compositions, decomposition stages, length, DBH, and the basal and distal ends
of diameter for each piece of CWD in each plot were all reinvestigated each census. The shifts in
CWD between CWD compositions, diameters, and decay classes were also documented each census,
which would be expected to occur over the course of twenty years (i.e., snags became logs, CWD
moved from decay class 2 to decay class 3, etc.). Prior to calculating CWD mass, the CWD density
and volume were calculated. These CWD were allowed to decay naturally, and according to the
investigation of the CWD in each plot from each census, CWD samples were all collected in August
2016. A total of 100 CWD samples were collected to calculate the density of the CWD (Dsample, Table 4),
which included two species at five decay classes and four diameter classes (10–20 cm, 20–30 cm,
30–40 cm, and >40 cm). It should be noted that one assumption of this study was that density was
constant throughout a log, snag, or stump. When the dead woods were lower decay classes, the stem
and bark of the CWD was cut into disks approximately 2 cm thick using a handsaw. For more advanced
decay classes, the CWD samples were simply transferred onto aluminum plates. The samples were
immediately sealed in plastic bags, transported to the laboratory, and the sample volume (Vsample) was
determined gravimetrically by water displacement. The CWD samples were then dried to a constant
weight at 70 ◦C. The Dsample was estimated as the ratio of dry mass to Vsample.

We regarded the volume of each piece of log, snag, or stump as VCWD. As each log or stump can
be considered as a cylinder, we consequently used Smalian’s formula to produce a volume estimate
through the length and cross-sectional areas at the basal and distal ends of the cylinder [36]:

VCWD = L

[
π(D1/2)2 + π(D2/2)2

2

]
(1)
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where VCWD (m3) is the volume of the piece of log or stump; L (m) is the length of the piece of
log or stump; D1 (m) is the diameter at the basal end; and D2 (m) is the diameter at the distal end.
It should be noted that this formula tends to slightly overestimate volume due to the natural taper
of the material [37]. For snags, we inserted the height and diameter of each relevant sample into a
species-specific wood volume equation (Table 3) [35].

Table 4. Mean densities of CWD at five decay classes and four diameter classes in Q. aliena var.
acuteserrata and P. armandi (g·cm−3).

Tree Species Decay Classes
Diameter Classes

10–20 cm 20–30 cm 30–40 cm >40 cm

Q. aliena var.
acuteserrata

1 0.64 (0.04, n = 3) 0.66 (0.03, n = 3) 0.67 (0.03, n = 3) 0.70 (0.05, n = 2)
2 0.55 (0.03, n = 3) 0.56 (0.03, n = 3) 0.58 (0.04, n = 3) 0.60 (0.04, n = 3)
3 0.41 (0.04, n = 2) 0.42 (0.04, n = 3) 0.44 (0.03, n = 3) 0.45 (0.03, n = 2)
4 0.30 (0.02, n = 3) 0.33 (0.03, n = 3) 0.35 (0.03, n = 3) 0.32 (0.03, n = 2)
5 0.20 (0.02, n = 2) 0.23 (0.02, n = 2) 0.22 (0.02, n = 2) 0.20 (0.02, n = 2)

P. armandi

1 0.35 (0.03, n = 3) 0.36 (0.03, n = 3) 0.37 (0.03, n = 3) 0.38 (0.04, n = 2)
2 0.30 (0.02, n = 2) 0.30 (0.03, n = 2) 0.32 (0.03, n = 2) 0.32 (0.03, n = 3)
3 0.25 (0.02, n = 3) 0.26 (0.02, n = 2) 0.26 (0.02, n = 3) 0.27 (0.02, n = 2)
4 0.21 (0.02, n = 2) 0.22 (0.02, n = 3) 0.23 (0.02, n = 2) 0.23 (0.02, n = 2)
5 0.17 (0.01, n = 3) 0.19 (0.02, n = 2) 0.17 (0.02, n = 2) 0.17 (0.01, n = 2)

Note: The standard errors of the mean are provided in parentheses, and n = the numbers of CWD samples.

Finally, the CWD mass (Mg·ha−1) for each plot in each census was calculated as the product of
Dsample and VCWD, correspondingly, e.g., we assumed that there were 5 pieces of CWD at mixed forest
3# in 2006 (1 for P. armandi at 1 decay class and 20–30 cm, 2 for Q. aliena var. acuteserrata at 2 decay
class and 10–20 cm, 1 for P. armandi at 3 decay class and 10–20 cm, and 1 for Q. aliena var. acuteserrata at
4 decay class and 20–30 cm); thus we can get each CWD density from Table 4.

2.4. Statistical Analyses

The effects of stand age, forest type, CWD composition, decay class, and diameter class on
the CWD mass were tested, and the interactions between these effect factors were also tested using
two-way ANOVA with SAS 8.0 software (SAS inc. Carey, NC, USA). If there were significant effects,
Duncan’s t-test was used for mean separation. In our study, ∆CWD is the average annual increment of
CWD mass, which conveys the dynamics of CWD mass over twenty years. ∆CWD implies the net
change from one CWD census to the next, and would therefore include CWD input and decomposition.

Additionally, to identify the effects of the factors (forest biomass, stand age, forest type, altitude,
aspect, slope, stand density, annual average temperature, and precipitation) on the CWD compositions,
decay classes, and diameter classes in the different plots, redundancy analysis (RDA) was performed
and visualized by the vegan R package 3.3.3. We transformed the aspect data to four directional
categories, as follows: North (315◦–45◦), East (45◦–135◦), South (135◦–225◦), West (225◦–315◦).
The transformed aspect data was applied to perform the RDA. The functions of envfit (999 random
permutations) were used to test the significant correlations among the effect factors and CWD
compositions, decay and diameter classes. For all analyses, the variability of the mean value was the
standard error of the mean (SEM), and statistical significance was determined at p = 0.05.

3. Results

3.1. Dynamics of the Forest Biomass

There was a significant difference in forest biomass across the three forest types and nine
censuses (p = 0.0108), ranging from (mean ± SEM) 122.82 ± 7.68 Mg·ha−1 (P. armandi forest in
1996) to 336.69 ± 12.88 Mg·ha−1 (Q. aliena var. acuteserrata forest in 2016, Figure 3). The average
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forest biomass in the Q. aliena var. acuteserrata forest (259.24 ± 9.75 Mg·ha−1) was significantly higher
than that in the P. armandi (174.38 ± 8.64 Mg·ha−1) and mixed forests (188.50 ± 7.88 Mg·ha−1) from
1996–2016 (p = 0.0186). Over time, the forest biomass increased linearly from 1996 to 2016 in all forest
types. The average annual biomass increment in the Q. aliena var. acuteserrata forest (7.82 ± 1.03
Mg·ha−1·year−1) was significantly higher than that in the P. armandi (5.06 ± 0.82 Mg·ha−1·year−1) and
mixed forests (5.15 ± 0.91 Mg·ha−1·year−1, p = 0.0215). The forest biomass was dominated by live tree
biomass, occupying greater than 88%; followed by CWD mass comprising of 6%–10%. In contrast,
the understory biomass contribution to total forest biomass (1%–4%) was relatively small. The average
understory biomass in the mixed forest (5.24± 0.75 Mg·ha−1) was slightly but insignificantly higher than
that in the Q. aliena var. acuteserrata (5.19 ± 1.04 Mg·ha−1) and P. armandi forests (5.08 ± 0.87 Mg·ha−1)
from 1996–2016 (p = 0.9312). The average CWD mass in the P. armandi forest (16.78 ± 6.46 Mg·ha−1)
was significantly higher than that in the Q. aliena var. acuteserrata (14.50 ± 5.80 Mg·ha−1) and mixed
forests (12.20 ± 4.25 Mg·ha−1) from 1996–2016 (p = 0.0188). Over time, the CWD mass also increased
linearly from 1996–2016 in all forest types. The effect of forest type on the ∆CWD reached a highly
significant level (p < 0.0001), and the ∆CWD in the P. armandi forest (1.02 ± 0.31 Mg·ha−1·year−1) was
significantly higher than that in the Q. aliena var. acuteserrata (0.84 ± 0.24 Mg·ha−1·year−1) and mixed
forests (0.62 ± 0.21 Mg·ha−1·year−1).
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Figure 3. Forest biomass (the living trees, shrubs, herbs, litter and CWD) at the nine tree censuses
during 1996–2016 for the three forest types in the Huoditang Experimental Forest Farm in the Qinling
Mountains (China). The error bars represent the standard error of the mean, and are based on the plot
as the experimental unit (n = 6).

3.2. Mass Characteristics of Coarse Woody Debris (CWD)

There was no significant difference in CWD mass among decay class, diameter class and
composition (p > 0.05). The logs were the most common CWD component in the Q. aliena var.
acuteserrata forest, followed by snags (Figure 4). However, logs and snags occupied about the same
proportion of mass in the P. armandi and mixed forests. Over time, the masses of the logs, snags,
and stumps all increased significantly from 1996–2016 in all forest types (p = 0.0214). In the Q. aliena
var. acuteserrata forest (0.59 ± 0.11 Mg·ha−1·year−1) and P. armandi forest (0.50 ± 0.09 Mg·ha−1·year−1),
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the average annual mass increment of logs was significantly higher (p = 0.0102) than the other CWD
compositions. Meanwhile in the mixed forest, the mass increment of snags (0.33± 0.05 Mg·ha−1·year−1)
was significantly higher (p = 0.0312). For all forest types, the mass increment of stumps was the lowest
(p = 0.0121).
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1996–2016 for the three forest types in the Huoditang Experimental Forest Farm in the Qinling
Mountains (China). The error bars represent the standard error of the mean, and are based on the plot
as the experimental unit (n = 6).

In terms of CWD diameter, only the P. armandi forest had representation in the largest diameter
class (>40 cm, Figure 5). The Q. aliena var. acuteserrata forest had the highest average CWD mass in
the 20–30 cm class (5.57 ± 1.89 Mg·ha−1, p = 0.0254); P. armandi forest in the 10–20 cm (6.76 ± 2.18
Mg·ha−1) and 20–30 cm (6.24 ± 2.01 Mg·ha−1) classes (p = 0.0311); and mixed forests (7.19 ± 2.09
Mg·ha−1) in the smallest class (10–20 cm, p = 0.0218). Over time, the CWD masses of the different
diameter classes all increased significantly from 1996–2016 in all forest types (p = 0.0184). The ∆CWD
was significantly higher in the 10–20 cm class in the P. armandi (0.37 ± 0.05 Mg·ha−1·year−1) and mixed
forests (0.37± 0.04 Mg·ha−1·year−1) (p = 0.0268), while it was significantly lower in the 30–40 cm class in
the mixed forest (0.05 ± 0.008 Mg·ha−1·year−1) (p = 0.0281), except for the >40 cm class in the P. armandi
forest (0.03 ± 0.006 Mg·ha−1·year−1).

The shifts in CWD mass between decay classes were different at the nine tree censuses during
1996–2016 for the three forest types; most of the shifts moved to decay class 1, and few to decay
class 5 (Table 5). The Q. aliena var. acuteserrata forest had the highest average CWD mass in decay
classes 1, 2 and 3 (p = 0.0252, Figure 6), and there was no significant difference among decay classes
1, 2 and 3 (p = 0.1231). P. armandi (7.64 ± 2.42 Mg·ha−1) and mixed forests (4.55 ± 2.12 Mg·ha−1)
all had the highest average CWD mass in decay class 1 (p = 0.0315). All of the forest types had
the lowest average CWD mass in decay class 5 (p = 0.0151). Over time, the CWD masses of the
different decay classes all increased significantly from 1996–2016 in all forest types (p = 0.0288). In the
Q. aliena var. acuteserrata forest, the ∆CWD was significantly the highest for decay class 1 (0.21 ± 0.06
Mg·ha−1·year−1) and decay class 2 (0.20 ± 0.04 Mg·ha−1·year−1, p = 0.0294), while in the P. armandi
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(0.45 ± 0.11 Mg·ha−1·year−1) and mixed forests (0.33 ± 0.08 Mg·ha−1·year−1), it was significantly the
highest for decay class 1 (p = 0.0213). In all forest types, that was significantly the lowest for decay
class 5 (p = 0.0152).
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Table 5. The shifts in CWD mass (Mg·ha−1) between decay classes at the nine tree censuses during 1996–2016 for the three forest types in the Huoditang Experimental
Forest Farm in the Qinling Mountains (China).

Forest Types Shifts between
Decay Classes

Year

1998 2001 2003 2006 2009 2011 2014 2016

Q. aliena var.
acuteserrata

0–1 1.57 (0.52) 1.75 (1.34) 0.42 (0.66) 0.53 (0.83) 0.84 (1.15) 0.19 (0.47) 0.33 (0.80) 0.46 (0.70)
1–2 0.39 (0.60) 0.66 (0.84) 1.53 (1.03) 0.40 (0.98) 1.25 (0.92) 0 0.60 (0.75) 0.66 (0.98)
2–3 0 0.23 (0.57) 0.74 (0.60) 1.10 (1.08) 0.51 (0.90) 0.96 (1.17) 1.10 (0.91) 0
3–4 0 0 0.45 (0.50) 0.68 (0.77) 0.37 (0.57) 1.11 (0.58) 0.37 (0.61) 0.99 (0.60)
4–5 0 0 0 0.43 (0.69) 0.19 (0.34) 0.76 (0.84) 0.73 (0.81) 0.42 (0.60)

P. armandi

0–1 3.11 (0.20) 1.22 (0.67) 0.81 (0.90) 1.38 (1.05) 0.66 (0.77) 0.98 (1.69) 0.86 (1.10) 1.12 (0.57)
1–2 0 1.97 (0.83) 1.01 (0.80) 0.21 (0.51) 1.10 (1.01) 0.73 (1.19) 1.34 (0.81) 0.42 (0.66)
2–3 0 0.67 (1.08) 0.78 (0.87) 0.80 (0.70) 0.47 (1.14) 0.69 (0.80) 0.17 (0.40) 0.66 (0.72)
3–4 0 0 0 0.28 (0.68) 0.30 (0.74) 0.25 (0.62) 0.27 (0.50) 0.26 (0.63)
4–5 0 0 0 0 0 0 0.30 (0.73) 0.33 (0.82)

Mixed forest

0–1 1.43 (0.21) 2.04 (0.77) 0.88 (0.68) 1.61 (0.74) 1.03 (0.77) 0 0.30 (0.52) 0.43 (0.64)
1–2 0 0 0.63 (0.98) 1.25 (0.66) 0.65 (0.62) 0.92 (0.74) 0.64 (0.64) 0.81 (0.94)
2–3 0 0 0 0 0.15 (0.36) 0.69 (0.76) 0.69 (0.64) 0.43 (0.60)
3–4 0 0 0 0 0 0.15 (0.37) 0.48 (0.69) 0.61 (0.96)
4–5 0 0 0 0 0 0 0.19 (0.46) 0

Note: The standard errors of the mean are provided in parentheses, and are based on the plot as the experimental unit (n = 6).
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Figure 6. Mass of CWD decay classes at the nine tree censuses during 1996–2016 for the three forest
types in the Huoditang Experimental Forest Farm in the Qinling Mountains (China). The error bars
represent the standard error of the mean, and are based on the plot as the experimental unit (n = 6).

3.3. Redundancy Analysis (RDA)

Four different Redundancy Analysis (RDA) analyses were performed. In the first RDA analyses,
effect factors and plot parameters were plotted with no distinction among the CWD compositions,
decay classes, and diameter classes (Figure 7). The first axis (RDA1) accounted for 83% of observed
variation and the second axis (RDA2) for 4%. Except for altitude (p = 0.6589), other factors were all
significantly correlated with CWD mass (p < 0.05), and forest type exhibited the strongest correlation
(r2 = 0.8964). In the second RDA analyses, effect factors and plot parameters (explanatory variables)
and CWD mass in compositions (response variables) were plotted (Figure 8). The first axis (RDA1)
accounted for 72% of the observed variation and the second axis (RDA2) for 13%. Except for altitude
(p = 0.4652), aspect (p = 0.2063), and slope (p = 0.1325), other factors were all significantly correlated
with CWD compositions (p < 0.05), and stand age exhibited the strongest correlation (r2 = 0.8114).
In the third RDA analyses, effect factors and plot parameters (explanatory variables) and CWD mass
in diameter classes (response variables) were plotted (Figure 9). The first axis (RDA1) accounted
for 51% of observed variation and the second axis (RDA2) for 24%. Except for altitude (p = 0.2365),
and slope (p = 0.0895), other factors were all significantly correlated with CWD diameter classes
(p < 0.05), and stand age exhibited the strongest correlation (r2 = 0.8254). In the fourth RDA analyses,
effect factors and plot parameters (explanatory variables) and CWD mass in decay classes (response
variables) were plotted (Figure 10). The first axis (RDA1) accounted for 57% of observed variation
and the second axis (RDA2) for 12%. Except for altitude (p = 0.6425), aspect (p = 0.1867), and slope
(p = 0.0811), other factors were all significantly correlated with CWD decay classes (p < 0.05), and stand
age exhibited the strongest correlation (r2 = 0.7865).
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P = Annual average precipitation.
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Figure 8. Redundancy Analysis (RDA) showing the relationships between the CWD compositions (logs,
snags, and stumps) and effect factors in the different samples on the Huoditang Experimental Forest
Farm in the Qinling Mountains (China). Arrows indicate effect factors: FT = Forest type; FB = Forest
biomass; AS = Aspect; Al = Altitude; SA = Stand age; Sl = Slope; SD = Stand density; T = Annual
average temperature; P = Annual average precipitation. CWD composition names in red indicate the
composition’s vector endpoints.
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and effect factors in the different samples on the Huoditang Experimental Forest Farm in the Qinling
Mountains (China). Arrows indicate effect factors: FT = Forest type; FB = Forest biomass; AS = Aspect;
Al = Altitude; SA = Stand age; Sl = Slope; SD = Stand density; T = Annual average temperature;
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Figure 10. Redundancy Analysis (RDA) showing the relationships between the CWD decay classes
and effect factors in the different samples on the Huoditang Experimental Forest Farm in the Qinling
Mountains (China). Arrows indicate effect factors: FT = Forest type; FB = Forest biomass; AS = Aspect;
Al = Altitude; SA = Stand age; Sl = Slope; SD = Stand density; T = Annual average temperature;
P = Annual average precipitation. CWD decay class names in red indicate the decay stage’s vector
endpoints. The numbers I–V represent different decomposition stages where I represents the initial
stage and V represents the final stage.
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4. Discussion

The average forest biomass of the Q. aliena var. acuteserrata forest was the highest among the three
forest types (Figure 3). The higher biomass stock was due to a higher mean annual accumulation rate,
which may be caused by the higher leaf area index (5.21 in Q. aliena var. acuteserrata forest, 4.25 in mixed
forest and 3.86 in P. armandi forest) and the larger leaf production efficiency (0.82 Mg·ha−1·year−1 in
P. armandi and 3.35 Mg·ha−1·year−1 in Q. aliena var. acuteserrata) [35]. Although the understory biomass
contribution to total forest biomass was small (1%–4%), the understory has previously been shown
to be an important component of the forest ecosystem, and plays an important role in maintaining
the carbon balance between forest ecosystem and atmosphere [38,39]. The understory biomass was
different in the three forest types (Figure 3), which may have been due to environmental heterogeneity
(gap and sunflecks) and differences in biological traits (morphology, structure and function, etc.) of the
understory species in these forests [39,40].

The CWD mass made up the second largest category of biomass after live tree biomass (Figure 3).
If CWD was not included, previous studies have estimated global detritus could be underestimated by
2–16 × 1013 kg where the relative error associated with this value is 2%–10% [41].

The global range in the proportions of CWD mass to forest biomass varies from 10%–40% [42–45].
However, the datum we observed was 6%–10%, which was slightly lower than the lower limit of the
global records. In our study, there was a strong correlation between CWD mass and forest biomass.
This result has been reported in several studies [26,45,46]; however, the dependence of CWD mass on
forest biomass differs between forest types [19]. Moreover, the diameter classes, decomposition stages,
species composition, and the proportion of CWD mass to forest biomass may affect the dependence
of CWD mass on forest biomass [45]. Aakala et al. considered that the influence of the disturbance
history of the stands was also a crucial factor for the dependence of CWD mass on forest biomass [47].

In forest ecosystems, different CWD compositions (i.e., logs, snags, and stumps) can be an
indicator of origin and legacy of CWD [27]. In addition, it can be used to reflect forest management
and stand development history. Yan et al. concluded that a higher proportion of CWD (due to stumps
at a given site) may suggest extensive anthropogenic disturbances in the past such as clear-cutting
or selective logging [27]. In the 1960s and 1970s, intensive selective logging occurred in this area.
Unexpectedly, the stumps did not appear to be an apparent symbol for past selective logging as we
failed to record a high level of mass from the stumps in the three forests (Figure 4). Perhaps after four
or five decades of decomposition, most of the stumps left either constituted an incomplete and loose
structure, giving rise to failure to assess valid volumes, or disappeared.

Our results showed that logs were a principal CWD input source over a period of 20 years
(Figure 4), which was consistent with other studies described in References [13,48,49]. We considered
that the substantial mass in logs in the study area primarily resulted from the local pulses (in summer
of 2015) in mortality, driven by a combination of strong winds, and steep topography. However,
the snags in P. armandi and mixed forests occupied about the same proportion of mass to logs (Figure 4).
The resistance of physiology and biochemistry in the phloem of trees in P. armandi and mixed forests
was decreased, and the reduction of nutrition was accelerated by the attacking of insects and diseases,
which were mainly caused by a recorded infestation of D. armandi.

According to our long-term monitoring, we could obtain the precise values for the shifts in CWD
mass between decay classes (Table 5), which was informative for decomposition dynamics. The shifts
were different in the three forest types; this may be caused by the different decay rates between
P. armandi and Q. aliena var. acuteserrata CWD [19]. In addition, due to the lower decay rate in P.
armandi CWD, more CWD was retained at lower decay classes, and less CWD mass was lost, which
may be a reason for higher CWD mass in the P. armandi forest.

CWD in the three forests had significantly different decomposition stages (Figure 6) and diameter
classes (Figure 5). The latest wind throw events could be propitious to shed light on the origin of the
high mass in the early stage of the decay class, especially in steep topography. Our study showed
that the CWD mass in advanced decomposition classes increased over 20 years (Figure 6), which was
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consistent with Carmona et al. [30] and Motta et al. [50]. Moreover, CWD mass in large diameter classes
also increased during 1996–2016 (Figure 5), which was also reported by others in References [30,48].
Noticeably, the occurrence of large living trees is an essential prerequisite for creating large size CWD,
but these were scarce in the three forests. The removal of large logs after intensive selective logging
may partially explain why CWD with larger sizes (>40 cm) was scarce in our study area.

Our study revealed that the forest type exhibited the strongest correlation with CWD
mass (Figure 7). The average CWD mass in the P. armandi forest was the highest, reaching
16.78 ± 6.46 Mg·ha−1. The datum was less than the lower limit of the global range in the CWD mass
of natural coniferous forests which varied from 30 Mg·ha−1 to 200 Mg·ha−1 [41]. However, Li et al.
reported an equivalent amount (15.848 Mg·ha−1) in CWD from the Abies fargesii forest near our study
site [51]; even He et al. (7.706 Mg·ha−1) [52] and Yuan et al. (12.56 Mg·ha−1) [53] showed a lower value
in an adjacent natural forest of P. tabulaeformis. The global range in the CWD mass of broad-leaved
forests varied from 8 Mg·ha−1 to 50 Mg·ha−1 [54]. The data we observed in the Q. aliena var. acuteserrata
forest was the lower limit of the global records, and was lower than that measured in the monsoon
evergreen broad-leaved forest of Dinghushan (17.41 Mg·ha−1–38.54 Mg·ha−1) [25], but was higher than
that examined in the 76-year old Castanopsis eyrei forest in the Wuyi Mountains (7.349 Mg·ha−1) [55].

The P. armandi forest was vulnerable to pests and fungi, especially by D. armandi infestation,
which may be mainly due to the volatiles of P. armandi [56]. The live P. armandi was attacked by
D. armandi, and then died to become snags. This explanation might reveal why the CWD mass
in the P. armandi forest was significantly higher than the other types. Greater ecosystem stability,
resistance to disturbance ability and vigor were likely due to greater biodiversity; the mixed forest was
less vulnerable to diseases and pests, which may explain the lower CWD mass in the mixed forest.
The accumulation in CWD is expected to be dynamically mediated by various CWD production and
decomposition-controlling factors [57]. Overall, the comparatively low CWD mass could be explained
by low rates of ∆CWD. The ∆CWD in the three forests were all lower than that measured in a monsoon
evergreen broad-leaved forest of Dinghushan (1.32 Mg·ha−1·year−1) [25] and in an Abies fargesii forest
close to our study site (1.88 Mg·ha−1·year−1) [51].

Our results showed that aspect and slope were both significantly positively correlated with CWD
mass (Figure 7). In general, most CWD in natural forests are derived from gradual accumulation after
ecosystems suffer severe disturbances (e.g., wind throw) [13]. We considered that the substantial CWD
in our study area may primarily be driven by a combination of strong winds and steep topography.
This explanation was supported by the fact that over 50% of logs were usually observed on mountain
ridges, windward slopes, and abrupt slopes. According to our investigation, we found that most snags
were produced on the south-facing slopes, which was expected to be relative to its shade intolerance.

Stand density was another factor significantly correlated with CWD mass. On the one hand,
higher stand density may produce more intense competition for resources in overcrowding habitats
leading to higher mortality rates. On the other hand, higher stand density may also cause vegetation
to be more susceptible to disturbances. Moreover, our study concluded that the stand age had a
significant effect on CWD mass (Figure 7). Harmon et al. suggested that the CWD mass pattern
paralleled the stand development to show a “U” shape pattern [13]. The decomposition of CWD
was a slow and long-term process, and we assumed that the decay rate was a constant in all the
forest developmental stages. Thus, we considered that the “U” shape pattern was also to be found
in the tree mortality. The same “U” shape pattern was also observed by other studies described in
References [27,58,59].

What should be noted is that the estimated annual average temperatures in these sample plots
may be inaccurate. Although we assumed a standard lapse rate of 0.7 ◦C in this forest area, there were
still error sources when estimating the annual average temperatures in these sample plots. In our
study, the error sources for estimating the annual average temperature mainly included the standard
lapse rate, aspect, and forest microclimate. Thus, the effects of the annual average temperature on the
CWD compositions, decay classes, and diameter classes may have been undervalued.
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Within a suitable temperature and moisture range for the growth of microorganisms, higher
temperature and precipitation may accelerate the decomposition of CWD [60,61], which could
therefore retain less CWD mass. However, drought and rainstorms may produce abundant CWD
mass. Furthermore, a surge in CWD mass may also be suddenly created by serious windstorms.
For instance, in 1986, a catastrophic tornado suddenly produced up to 1000 ha of logs in the Changbai
Mountain [41]. In natural Rhododendron simiarum forests in the Tianbaoyan National Nature Reserve,
with an increase in elevation, the CWD mass displayed an ever-increasing trend [62]. This suggested
that higher elevations might form greater wind speeds and cause higher tree mortality. However, our
study selected a narrow altitude range (1410–1983 m), and wind speed was not significantly different.
Thus, our study considered that altitude was not significantly correlated with CWD mass in these
forests. In addition, methodological difference between studies (e.g., minimum diameter chosen,
whether they exclude or include standing dead trees, etc.) may result in differences in CWD mass
estimations, thus making comparisons difficult. Additionally, plot size, or transect length may also
influence whether the sampling adequately captured the full spatial variations in forest structure [37].

5. Conclusions

Overall, we believe that CWD distribution in the three forests was a result of comprehensive
influences from the forest developmental stage caused by past selective logging, and natural and
anthropogenic interferences. We conducted nine tree censuses between 1996 and 2016 to help us
quantify CWD dynamics over a period of 20 years. The results showed that the long-term monitoring
of the dynamics of forest biomass (including CWD) was beneficial to clarifying the role of CWD in
carbon cycles of forest ecosystems. Meantime, the long-term monitoring can acquire the multiple
effect factors on CWD mass, which was necessary to reveal the reasons for the accumulation of
CWD. In forest ecosystems, characteristics of CWD can be expected to reflect forest stand features
which was also evident in our study. Our study showed that CWD mass made up the second largest
category of biomass after live tree biomass, and occupied 6–10%. Moreover, CWD mass in advanced
decomposition classes and large diameter classes all increased during 1996–2016. Our study provided
precise and detailed dynamics of CWD characteristics, and identified the effect factors on the CWD
characteristics, which are indispensable for development of CWD reasonable strategies in future
forest management.
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