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a b s t r a c t
Decaying wood provides essential habitats for forest biota, and its CO2 return to the atmosphere is comparable to that from fossil-fuel combustion. Decomposition rates for wood debris (WD) from three tree
species were measured by CO2 release in a subtropical forest over two years. Wood temperature and
moisture were measured along with CO2, and each WD piece (n = 320) was characterized by its initial
weight, density, volume, surface area, and decay class. For individual pieces of WD in each wood-species
and decay-class group, predictions of release rates based on temperature and moisture together had R2
values ranging from 0.25 to 0.57, predictions based on moisture alone had R2 values ranging from 0.16
to 0.35, and R2 values from 0.07 to 0.35 were seen in temperature-only predictions. Wood density and
surface area were negatively related to CO2 release rates (R2 = 0.10 and 0.04 respectively, over all groups).
We also used daily meteorological measurements to predict WD temperature and moisture. Average air
temperatures predicted WD temperatures with R2 values above 0.7 over 35 days, but total rainfall was a
very weak predictor of WD moisture over any interval. We used temperature – decay relationships to
estimate annual total CO2 release from WD groups, and found that their average exponential decomposition rate (K) was 0.09 year1. Based on density loss, most WD in the studied forest would be in the late
stage of decay, in contrast to some previous studies. Our results support previous studies on the importance of environmental factors in determining WD decomposition, but with only half of the variation
explained, we are challenged to explain the rest. Aggressive interactions are common among WD decomposers, and previous work with simpliﬁed microbial communities suggests that high diversity leads to
slower decomposition. Uncertain predictions for WD decomposition rates, and their global C- cycle implications, will persist until interactions of WD microbial communities are better understood.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
Wood debris (WD) is an important component of forest
ecosystems, because it inﬂuences nutrient cycling, humus formation, carbon storage, ﬁre frequency and water cycles. It also serves
as habitat for both heterotrophic and autotrophic organisms (Brais
et al., 2006; Harmon et al., 1986; Hart, 1999; Nalder and Wein,
1999; Paletto et al., 2012; Rayner and Boddy, 1988; Woodall and
Liknes, 2008). However, the dynamics of WD decomposition
remain poorly understood (Harmon et al., 1986; Scheller and
Mladenoff, 2002; Yatskov et al., 2003).
The global WD carbon pool has been estimated as 73 petagrams
(Pg, 1015 g; Pan et al., 2011). Decomposition of WD has been
measured in many regions and median exponential decay rates
(K; year1) range from 0.024 in boreal to 0.167 in tropical humid
forests (e.g., Bond-Lamberty et al., 2003; Gough et al., 2007; Liu
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et al., 2006; Tang et al., 2008; Wang et al., 2002; Wu et al.,
2010). Globally, wood decomposition represents a large return of
CO2 to the atmosphere, variously estimated as 2.1–11 Pg C year1
(Harmon et al., 1993), 6 Pg C year1 (Matthews, 1997), 7.7–9.5 Pg C
year1 (Harmon et al., 2001) and 8.6 Pg C year1 (Luyssaert et al.,
2007). The return of CO2 by wood decomposition is thus similar
in magnitude to that from current global fossil-fuel combustion
(9.5 Pg C year1 in 2011; Le Quéré et al., 2012). An improved
understanding of WD decomposition is essential to assess the role
of WD in C sequestration by forest ecosystems (Pregitzer and
Euskirchen, 2004; Van Miegroet et al., 2007).
For these reasons, factors inﬂuencing WD decay are of interest.
Tree species and functional traits are important (Weedon et al.,
2009), as are environmental factors including temperature and
wood-moisture content (Boddy, 1983; Bond-Lamberty et al., 2003;
Jomura et al., 2008; Liu et al., 2006; Remsburg and Turner, 2006).
Most detailed studies to date have used CO2 release to estimate
wood decomposition rates (e.g., Boddy et al., 1989; Bond-Lamberty
et al., 2003; Chambers et al., 2000, 2001; Hérault et al., 2010; Jomura
et al., 2008; Liu et al., 2006; Mackensen and Bauhus, 2003; Progar
et al., 2000; Yoneda, 1980), but overall suggest that environmental
factors explain 50% or less of observed variations.
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Several studies have linked fungal community structure to WD
decomposition rates (e.g., Boddy et al., 1989, Boddy, 2000, 2001;
Heilmann-Clausen and Boddy, 2005; Progar et al., 2000; Rayner
and Boddy, 1988; Worrall et al., 1997). This is important, because
lignin in wood cell walls represents a challenging substrate, and
is mostly decomposed by fungal exo-enzymes (Kirk and Farrell,
1987). Early WD decay appears limited by fungal colonization; limited to fungi already present in living wood (Parﬁtt et al., 2010), the
arrival of airborne fungal spores (Vasiliauskas et al., 2005), fauna
delivering spores (Persson et al., 2011), and hyphal in-growth from
nearby fungi (Boddy, 2001; Carpenter et al., 1988; Jönsson et al.,
2008; Watkinson et al., 2006). Intermediate WD generally decays
more rapidly, with late stages again becoming limited by the
exhaustion of materials most beneﬁcial to microbes (e.g., Harmon
et al., 1986). At all stages, fungal activity may be limited by aggressive interactions among fungi (e.g., Boddy, 2000; de Boer et al.,
2010; Heilmann-Clausen and Boddy, 2005). For these reasons,
exponential models used for leaf decay have been seen as inappropriate for wood (Harmon et al., 1986; Zell et al., 2009). Instead,
time spent in deﬁned decay classes has been used to deﬁne WD
decomposition (Aakala, 2010; Kruys et al., 2002; Ranius et al.,
2003; Vanderwel et al., 2006).
This study was conducted at Ailao Mountain, which preserves
the largest area of undisturbed subtropical forest in China, and
has a substantial pool of WD (74.9 Mg ha1; Yang et al., 2008).
We measured environmental factors and WD decay by CO2 release
rates to investigate variations through time. We examined decay
rates of three dominant tree species, Lithocarpus chintungensis
(LC), Lithocarpus xylocarpus (LX) and Schima noronhae (SN), six
times during two years. Three decay classes were deﬁned for each
of these species, yielding nine groups. The objectives of our study
were: (1) to quantify WD decay rates and their variability, (2) to
identity environmental and other variables linked with WD decay,
and (3) to explore decay-rate variability unrelated to those factors.

2. Materials and methods
2.1. Site description
This study was conducted in a subtropical moist forest located
at Xujiaba in the Ailao Mountains National Nature Reserve, SW
China. The study site was at an elevation of 2476 m, about 2 km
north of the Ailao Field Station for Forest Ecosystem Studies
(24°320 N, 101°010 E), administered by Xishuangbanna Tropical
Botanical Garden of the Chinese Academy of Sciences. The site receives 1840 mm annual average precipitation. The climate is monsoonal with distinct cool/dry (November–April) and warm/wet
(May–October) seasons (Zhang, 1983). Annual mean air temperature is 11.3 °C with monthly means ranging from 5.4 to 23.5 °C.

The frost-free period is about 200 days. The accumulated degreedays above 10 °C are 3,420; similar to the warm temperate zone
(Liu, 1993). Surface soils (0–10 cm) of the area are Alﬁsols with
pH of 4.2 (water). The surface organic layer is of 3–7 cm deep
(Liu et al., 2002). The study site is a broad-leaved evergreen forest,
dominated by Lithocarpus chintungensis, Rhododendron leptothrium,
Vaccinium ducluoxii, Lithocarpus xylocarpus, Castanopsis wattii, Schima noronhae, Hartia sinensis, and Manglietia insignsis (Wu et al.,
1983). Strong winds and occasional heavy snowfall contribute to
large WD pools (74.9 Mg ha1; Yang et al., 2008).
2.2. Sample preparation
At our site, most wood debris (WD) came from Lithocarpus chintungensis, (LC), Lithocarpus xylocarpus (LX), or Schima noronhae
(SN), so we limited the study to those three species. In June
2010, a total of 320 WD pieces were cut to ﬁt the ﬁeld respiration
chamber (20  30 cm), permanently labeled, weighed and measured for size and decay class as described below. They were
placed on the forest ﬂoor within a 60  3 m belt transect following
an elevation contour. The pieces of WD were originally collected
from the forest within 500 m of the belt transect.
We assigned each piece to one of three decay classes; DKC1 = a
knife could not penetrate, DKC2 = knife could slightly penetrate
with appreciable resistance, DKC3 = knife could deeply penetrate
with little resistance (Lambert et al., 1980). We selected WD pieces
to achieve similar sample numbers for each species and DKC. The
length and diameter at three points were measured for each piece.
The diameters were averaged and volumes were calculated as cylinders. Each piece was weighed with a GLL portable electronic balance and its moisture content measured with an Extech MO210
moisture meter. Calibration of this meter is described in the supplemental material. The moisture meter readings corresponded
closely with gravimetric measurements made before (R2 = 0.83)
and after (R2 = 0.79) the study. All references to WD moisture in
this study refer to unadjusted moisture-meter readings. A carbon
to dry weight ratio of 0.5 was used throughout, based on earlier
analyses of WD in this forest (Yang, 2007). The physical properties
of the WD pieces are presented in Table 1. Temperature and moisture contents of the WD pieces at each sampling period are presented in Table 2.
2.3. WD CO2 release-rate measurements
Individual CO2 release rates were measured in the ﬁeld in a
closed, ventilated chamber (10 L) connected to an infrared gas analyzer (Licor 820, Lincoln, Nebraska, USA). After initial stabilization,
linear CO2 concentration-increase rates were logged for at least
5 min. These measurements were made six times from September
2010 to June 2012 (total > 1800 measurements). Pieces remained

Table 1
Physical properties of the sampled wood-debris pieces for different species and decay classes at Ailaoshan, Yunnan, China. Carbon content is half of the dry weight, based on wood
debris having 50% carbon. SE = standard error.
Species

Decay class

Number of samples

Radius (cm)

Length (cm)

Density (g cm3)

Carbon content (g)

Mean

SE

Mean

SE

Mean

SE

Mean

SE

Lithocarpus chintungensis

1
2
3

39
53
31

3.2
3.1
3.5

0.06
0.06
0.09

20.9
22.2
22.4

0.32
0.40
0.38

0.54
0.46
0.36

0.011
0.009
0.012

174.9
146.7
158.1

7.9
4.9
7.3

Lithocarpus xylocarpus

1
2
3

37
35
28

3.4
3.1
3.0

0.07
0.09
0.10

22.4
22.2
21.2

0.35
0.37
0.44

0.59
0.46
0.42

0.008
0.012
0.010

231.4
151.4
138.5

12.9
9.1
8.2

Schima noronhae

1
2
3

37
29
31

3.0
2.6
3.0

0.06
0.07
0.08

22.0
21.1
21.2

0.43
0.50
0.397

0.51
0.46
0.37

0.013
0.012
0.010

132.5
110.6
135.3

6.0
8.7
9.98
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Table 2
Moisture and temperature measurements of the wood-debris pieces at Ailao Mountain, Yunnan, China. Three wood species in three decay classes (DKC) were examined. The dates
of these measurements correspond to those of CO2 release rates. Values are means, with standard deviations in parentheses. LC = Lithocarpus chintungensis, LX = Lithocarpus
xylocarpus, SN = Schima noronhae.
Species

LC
LC
LC
LX
LX
LX
SN
SN
SN

DKC

1
2
3
1
2
3
1
2
3

Moisture

Temperature

2010/9/25

2011/2/24

2011/5/22

2011/10/1

2012/3/3

2012/6/12

2010/9/25

2011/2/24

2011/5/22

2011/10/1

2012/3/3

2012/6/12

45.1
54.3
51.5
51.1
53.2
54.0
52.4
51.9
52.2

12.1
12.9
13.7
14.0
14.8
14.5
14.8
14.3
15.0

49.3
54.5
56.3
53.0
55.4
55.4
56.3
54.7
56.7

43.7
45.6
47.6
45.0
48.3
50.1
45.5
47.2
47.7

23.3
28.0
25.4
22.2
30.9
24.9
25.5
26.7
27.3

46.9
49.3
51.2
48.1
49.9
52.8
48.2
52.7
51.0

11.6
11.8
11.7
12.2
12.0
10.9
11.5
12.2
11.3

8.1
8.2
8.1
8.1
8.2
8.2
8.1
8.2
8.1

10.7
10.6
10.7
10.6
10.7
10.6
10.7
10.6
10.6

13.8
12.9
13.1
13.5
13.0
13.4
13.1
13.6
13.1

9.0
7.5
8.7
8.5
7.8
8.8
8.2
8.3
8.4

15.8
15.9
15.6
15.9
15.7
16.0
15.9
15.6
15.8

(10.1)
(3.3)
(7.1)
(5.5)
(4.1)
(4.3)
(4.3)
(7.1)
(4.5)

(3.5)
(2.3)
(2.2)
(1.4)
(1.5)
(1.2)
(2.0)
(1.8)
(1.5)

(9.6)
(5.1)
(4.3)
(5.9)
(4.1)
(5.4)
(3.8)
(5.6)
(3.3)

(6.2)
(6.5)
(6.8)
(6.4)
(5.1)
(4.7)
(6.0)
(4.9)
(4.5)

(10.7)
(11.6)
(12.6)
(9.3)
(13.2)
(13.8)
(11.4)
(13.8)
(12.8)

in the ﬁeld for CO2 measurements (within 5 m) and were handled
carefully to limit fragmentation. Temperature and moisture were
measured for each WD sample at each sampling time. The WD
CO2 release rates (RWD, lmol C g1 h1) were calculated using
the following equation:

RWD ¼

1000  DCO2  PðV  V s Þ
24  RðT s þ 273Þ  wC

ð1Þ

where 4CO2 represents CO2 concentration changes (ppm/day), P is
the internal pressure (kPa), V is the volume of the system (10.08 L,
including the chamber volume and tubing volume), Vs is the volume
of the WD piece (L), R is the gas constant (8.314 LkPaK1 mol1), Ts
is the wood temperature (°C), and WC is the carbon weight of each
piece (g; half of its dry weight).

2.4. Interpolating WD CO2 release-rates for non-measurement times
Temperature and moisture of WD vary at time scales shorter
than our CO2 measurements. Daily records of air temperature
(AT) and rainfall (PPT) were available from a station within 2 km
of the WD transect. Based on those records and WD temperature
and moisture measured in the six CO2 sampling periods, we used
linear regressions to predict daily WD temperature and moisture
throughout the study. For each wood species and decay class, we
regressed AT averaged over different preceding periods against
group-average WD temperature, and selected precedent periods
with the highest R2 values. We followed the same procedure in
regressing PPT sums over different preceding periods against WD
group moisture contents. Based on daily predictions of WD temperature and moisture, our goal was to develop more accurate estimates of WD CO2 release rates through time than would result
from simple interpolations of measurements during the six CO2
sampling periods. We found that daily WD moisture could not be
predicted well from precedent PPT, so we regressed WD CO2 only
against WD temperature for each wood species and DKC.
Daily predictions of WD CO2 were accumulated over time,
yielding weight loss and (assuming that WD volume does not
change) density loss. As we also measured densities of decay classes for each wood species, we could estimate time spent in each
decay class. For DKC3, the constant-wood-volume assumption is
not accurate because of bark loss and WD fragmentation (LWJ
and DAS, pers. obs.), inﬂating the time that WD spends in that
class. On the other hand, CO2 release rates from wood very late
in DKC3 may differ from those we measured for the relatively intact DKC3 pieces here. We also compared these estimates (driven
by daily air temperature) to the CO2 release rates from each group,
simply averaged over the six sampling periods.

(5.8)
(7.0)
(7.1)
(5.6)
(6.0)
(6.6)
(6.8)
(4.5)
(7.1)

(1.4)
(1.6)
(1.5)
(1.3)
(1.7)
(1.7)
(1.7)
(1.8)
(1.6)

(0.5)
(0.5)
(0.5)
(0.3)
(0.4)
(0.6)
(0.4)
(0.4)
(0.4)

(0.2)
(0.3)
(0.2)
(0.3)
(0.3)
(0.3)
(0.3)
(0.4)
(0.3)

(2.2)
(2.4)
(2.4)
(2.3)
(2.3)
(2.1)
(2.2)
(2.2)
(2.3)

(2.4)
(1.8)
(2.5)
(2.5)
(2.1)
(2.2)
(2.2)
(2.0)
(2.2)

(0.9)
(0.8)
(0.7)
(0.8)
(0.9)
(0.9)
(0.9)
(0.7)
(0.8)

2.5. Estimating exponential decay rates ‘‘K’’ and Q10
Wood CO2 loss was converted to weight loss based on 50%
carbon. From the WD weights determined initially, we calculated
fractional weight loss on an annual basis. Exponential decay rates
K are the natural logarithms of the annual fractional weight losses.
Wood CO2 losses (and thus, K values were determined separately
from averaging the six rates, and from temperature interpolations.
The rate increase of any process under a 10 °C temperature increase is referred to as Q10, with a doubled rate corresponding to
Q10 of 2. We solved the WD-group temperature models at 5 and
15 °C to obtain the Q10 values presented in Table S1.
2.6. Statistical analyses
The statistical analyses used R software (Version 2.13.2, R
Development Core Team, 2011). To develop models for predicting
WD CO2 release rates, ANCOVA was used to evaluate effects of
wood species, DKC, moisture and WD temperature. The mixed effect model in package lme4 (Bates et al., 2011) was used to relate
WD decomposition rates to water content and temperature; with
species, decay class, temperature, water content, and interactions
assigned as ﬁxed effects, and WD sample measurements of temperature, water content and their combinations treated as random
effects. Natural-logarithm transformation of RWD was used to
achieve homoscedasticity. The effects were added to the model
individually, with the ﬁnal model selection based on the lowest
Akaike’s Information Criterion (Burnham and Anderson, 2002).
3. Results
3.1. Environmental drivers of wood decomposition
Monthly average temperatures and rainfall totals are shown in
Fig. 1. This site has a monsoon climate with co-varying temperature and rainfall. However, annual rainfall patterns are more variable than those of temperature, and seasonal temperatures
increase earlier than rainfall does.
Although they were all located together, WD demonstrated
individual variability in temperature and moisture (Table 2). The
highest temperature variability was observed in October 2011
and the lowest in June 2011. Moisture variability was highest in
February 2012 and lowest in February 2011. Much more rainfall
preceded the October 2011 than the June 2012 sampling (Fig. 1),
yet WD moisture contents were similar during those two sampling
periods. The relatively high WD moisture measured in 2011 June
was surprising, given the small amount of rainfall preceding that
CO2 sampling period.
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Fig. 1. Monthly average temperatures (lines) and total rainfall (bars) at Ailao Mountain, China during this study. The 6 WD CO2 sampling times are shown by vertical dropped
lines.

3.2. Seasonal patterns and average rates of wood decay
In this study, there were three wood species and three decay
classes. The CO2 release rates of these nine groups on each sampling date were summarized as box and whisker plots (Fig. 2).
Strong seasonal patterns were apparent, with the lowest CO2 release rates in dry/cool seasons and the highest rates early in
warm/wet seasons. Lower rates were seen later in warm/wet seasons, despite high measured temperature and moisture in WD
(Table. 2). In DKC1, the wood species with the largest seasonal variability was LC, while for DKC3, LX was the most variable. Rates for
DKC3 of LX were higher than those of its earlier decay classes,
while for both LC and SN, rates were highest in DKC2 (Fig. 2).
Decay rates of WD can be estimated by averaging measured CO2
release rates, assuming that all values should be equally weighted.
Daily meteorological data available for this site offered another approach. Measured moisture content or temperature of wood pieces
can be related to earlier patterns of rainfall or AT. Based on relationships with measured CO2 release rates, such daily data lead
to alternate estimates for the nine WD groups. We had 116 days
of daily temperature and rainfall data before the ﬁrst CO2 sampling. We compared average air temperature over the this entire
period, and successively shorter antecedent periods, to measured
temperatures of each group of WD at each CO2 sampling time.
For rain we compared the total amounts to the measured WD
moisture of each group. We found weak relationships between
previous rainfall over any period and wood moisture content (data
not shown). However, previous daily AT predicted measured wood
temperatures with R2 values above 0.7 (Table 3). Even though all
available previous intervals were examined, the temperature of
WD of 10 cm diameter on the forest ﬂoor was best predicted by
averaged daily air temperature over 34–35 days. While all of the
precedent-T-driven models had high R2, they still under- or overpredicted wood temperature by as much as 2 °C (Supplementary
Fig. 4).
For WD groups, average wood-temperature values were regressed against measured CO2 release rates (Table 4). We used
these relationships to predict CO2 release rates through time from
each wood group. The models for WD groups having the lowest
and highest R2 were presented along with their measured values
in Supplementary Fig. 4 as examples. Even though WD temperature was always predicted well from AT (Table 3), WD CO2 release
rates were over-predicted during the months of September and
October (open circles in Fig. 3; Supplementary Fig. 4). As WD temperature and moisture remained high in the months of September
and October (Table 2), environmental factors could not explain

reduced decay rates at those times. Additional CO2 release-rate
measurements on a subset of the WD in 2012 September showed
similar decreases (data not shown).
The R2 values in Table 4 indicated that modeled wood temperature could explain between 38% and 78% of the CO2 variation for
WD groups. These models were relatively strong for all LX groups
but not for any SN group. For LC, predictions varied among decay
classes. The temperature-only model had higher R2 than the moisture-only model for LC decay class 1 and 2, for all LX decay classes,
but not for any SN decay classes (Supplementary Tables 1–3). For
the other WD groups, the moisture-only model made better predictions than the temperature-only model.
3.3. Decay rates and decay-class transitions
We developed a simple model for decay-class transitions, based
on WD density loss entirely driven by CO2 release. It thus ignored
fragmentation and loss of soluble material from wood. For all
groups, CO2 release modeled from temperature was faster than
averages of the six measurement periods, and therefore decay
times were shorter (by 1/3 overall; Table 5). Wood density decreased little during DKC1 and DKC2 in this study, so times spent
in those DKC would apparently be short (0.6–4.8 years). For all
groups, the longest times would be spent in DKC3 (8–20 years).
The total decay times for WD (11–21 years) in this climate
(11.3 °C average temperature) corresponded to exponential decay
rates from 0.07 to 0.14 year1, which bracketed the median of 83
published reports of WD decay rate (K) in subtropical forests
(0.12 year1; Schaefer and M.E. Harmon, unpublished data).
3.4. Decay of individual WD pieces
Measured CO2 release rates from individual WD pieces varied
over more than three orders of magnitude (0.002–5.99 lmol CO2
h1 per g of WD carbon). By ANCOVA, these rates were signiﬁcantly
related to WD species, DKC, moisture, temperature, density, and
interactions between species and DKC, moisture and T, moisture
and density, and species, DKC and moisture (Table 6). We also
compared WD volumes and surface areas to CO2 release rates,
and found much weaker relationships (data not shown).
As WD T and moisture are generally regarded as the strongest
factors controlling decay (see Section 1), we examined them
individually and then together. The variation explained by
temperature alone was 0.353 or less (Supplementary Table 1).
The Q10 of WD decomposition had previously been estimated as
2.4 (Chambers et al., 2000) and 2.5 (Mackensen et al., 2003). Most
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Fig. 2. Carbon dioxide release rates for (A) Decay class 1 (DKC1), (B) DKC2 and (C) DKC3 wood during this Ailao Mountain study. Median values are lines within the boxes, box
limits are 25 and 75 percentiles, whiskers are 10 and 90 percentiles, and more extreme values are shown as points. Different shadings are used for Lithocarpus chintungensis
(LC), Lithocarpus xylocarpus (LX), and Schima noronhae (SN) wood. The CO2 sampling days are indicated.

of our derived Q10 values were surprisingly high (from 2.0 to 8.2;
Table S1). However, we stress that our R2 values were low, and that
temperature and moisture co-vary in this forest. This co-variation
confounded temperature and moisture effects and artiﬁcially
inﬂated Q10. In this study, SN appeared slightly less sensitive to
temperature than LC or LX.
The moisture-only models showed a maximum R2 of 0.353 as
well, but in a WD group that did not have the strongest temperature model (compare Supplementary Tables 1 and 2). Other WD
groups having strong temperature relationships also showed
relationships for moisture. Species LC, DKC2 and DKC3 deviated
most strongly from this pattern. We also examined CO2 release

rates regressed against temperature and moisture together; those
R2 values ranged from 0.25 to 0.57 (Supplementary Table 3).
4. Discussion
4.1. Environmental factors
Decay of WD is an important transfer of CO2 from forests to the
atmosphere. In this study we investigated CO2 release rates from
WD of LC, LX and SN, and their responses to environmental factors
in a subtropical forest. Temperature and moisture are known to
strongly inﬂuence decay rates of WD (e.g., Bond-Lamberty et al.,
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Table 3
Predicted WD-group temperatures from earlier measured air temperatures at
Ailaoshan, Yunnan, China. LC = Lithocarpus chintungensis, LX = Lithocarpus xylocarpus,
SN = Schima noronhae. DKC 1, 2, 3 refers to the three decay classes. The best ﬁts to air
temperature averaged for different precedent periods are shown, with the lowest and
highest R2 values in bold.
Group

Precedent days

Slope

Intercept

R2

LC DKC1
LC DKC2
LC DKC3
LX DKC1
LX DKC2
LX DKC3
SN DKC1
SN DKC2
SN DKC3

35
34
35
35
34
35
34
34
35

0.66
0.80
0.65
0.71
0.72
0.64
0.70
0.71
0.66

3.29
1.55
3.22
2.63
2.26
3.33
2.58
2.53
3.00

0.79
0.81
0.83
0.84
0.84
0.72
0.79
0.86
0.78

Table 4
Regressions of (LN) measured group CO2 release rates against measured temperatures
of the wood groups at Ailaoshan, Yunnan, China, with lowest and highest R2 values in
bold. LC = Lithocarpus chintungensis, LX = Lithocarpus xylocarpus, SN = Schima noronhae. DKC 1, 2, 3 refers to the three decay classes. The natural log transformation was
used because temperature responses were not linear. The model form is LN
(CO2) = slope  T (°C) + intercept, CO2 units lmoles per g WD carbon per day.
Group

Slope

Intercept

R2

LC DKC1
LC DKC2
LC DKC3
LX DKC1
LX DKC2
LX DKC3
SN DKC1
SN DKC2
SN DKC3

0.20
0.13
0.20
0.25
0.19
0.25
0.15
0.16
0.14

0.02
1.1
0.29
0.89
0.2
0.12
0.43
0.71
0.75

0.59
0.38
0.71
0.76
0.73
0.78
0.48
0.44
0.49

2003; Liu et al., 2006). In this study, increasing CO2 release rates
versus temperature (Fig. S1), and moisture (Fig. S2) showed substantial variability; both of these patterns were consistent with results of previous studies (Bond-Lamberty et al., 2003; Chambers
et al., 2000, 2001; Hérault et al., 2010; Jomura et al., 2008; Liu
et al., 2006; Mackensen and Bauhus, 2003; Progar et al., 2000).
Despite successful calibrations, some uncertainty remains in WD
moisture as measured here. While we did not observe strong differences in WD moisture contents (Table 2), the possibility remains
that fungal communities can inﬂuence that among pieces (Boddy

et al., 1989). While the WD pieces were handled carefully, some
degree of fragmentation may be unavoidable, especially for the
more fragile, late-decay WD. Those would have reduced our measured CO2 release rates to the extent that it came from lost, fragmented portions.
Observed climate patterns at Ailao Mountain (Fig. 1) were qualitatively compared to WD CO2 release rates (Fig. 2). Although conditions were both warm and wet during the ﬁrst and fourth
samplings, CO2 release rates then were relatively low. Lowest
CO2 release rates always occurred during the cool/dry season. High
rates were seen in the sixth and third samplings, despite the fact
that there had been little rain before the latter. Low CO2 releases
late in the warm/wet season at Ailao Mountain reduced the predictive power of our temperature- and moisture-based models. There
were also interactions between wood species and DKC and these
environmental factors.

4.2. Measured and modeled WD decay
For all groups, WD T was best represented by AT averaged over
34 or 35 days. Larger WD could be affected by previous AT over
longer periods because of its greater heat capacity and soil contact
area. Wood-moisture predictions based on antecedent rainfall totals were poor, perhaps because these WD were in direct contact
with soil. Moisture content of soil responds to throughfall-water
redistribution, soil hydraulic processes and root-water uptake at
small spatial scales, and all such factors were absent from our
model. Although responses of CO2 release rates to WD moisture
were strong, our ability to predict WD moisture from rainfall was
not. This may have implications for predictions of WD decay in response to climate change. Due to the exponential response of WD
decay to temperature, even small temperature increases would increase WD CO2 release rates in aggregate. We also note that at
higher temperatures, the range of variation also increases
(Fig. S1). Even at higher temperature, there would continue to be
WD pieces decaying slowly, and ecological implications of that remain unknown.
Predictions of WD CO2 release rates from measured temperature varied widely among groups (Table 4). Predictions for LX, were
consistently strong for the 3 decay classes, for SN all were weaker,
and those for LC were variable. All WD pieces were in the same
surface-soil transect under very similar environmental conditions.
We estimated annual C loss as CO2 from each WD group with these
models, and also by averaging the six measurements through time.

Fig. 3. Modeled CO2 release rates compared to corresponding measured values for wood-debris groups (three wood species each with three decay classes) at Ailao Mountain,
China. Models are based on previous daily air temperatures and average CO2 release rates of the wood-debris group (see text). Open circles are September/October
measurements, and ﬁlled circles represent all other measurements.
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Table 5
Annual C loss as CO2 from 9 species and DKC groups caused a loss of wood density. This loss was expressed as time spent in each decay class (DKC), and the time required for total
decay. The wood species are Lithocarpus chintungensis (LC), Lithocarpus xylocarpus (LX), and Schima noronhae (SN). Annual C loss is (A) daily air T–> daily wood T–> daily CO2 loss,
summed per year, and (B) average CO2 loss for each group during the 6 CO2 measurement periods. Parts A and B also include K, the exponential decay constant, calculated as
K = LN(1-fraction of C lost per year).
LC1

LC2

LC3

LX1

LX2

LX3

SN1

SN2

SN3

175
0.538

147
0.453

158
0.377

231
0.580

151
0.461

138
0.445

133
0.465

111
0.447

135
0.435

A. Based on T model
C loss (g year1)
Decay rate (K year1)
Fraction C lost (year1)
Frac. loss for 1–>2 and 2–>3
Years in DKC
Total years to decay

13.3
0.079
0.076
0.158
2.1

13.4
0.097
0.092
0.169
1.8

15.8
0.105
0.100

14.8
0.066
0.064
0.205
3.2

13.6
0.094
0.090
0.036
0.4

18.2
0.140
0.131

8.3
0.064
0.062
0.038
0.6

10.1
0.095
0.091
0.028
0.3

9.4
0.073
0.070

B. Based on average meas. rates
C loss (g year1)
Decay rate (K year1)
Fraction C lost (year1)
Frac. loss for 1–>2 and 2–>3
Years in DKC
Total years to decay

9.7
0.057
0.056
0.158
2.8

11.1
0.080
0.076
0.169
2.2

10.3
0.068
0.065

9.9
0.044
0.043
0.205
4.8

9.0
0.062
0.059
0.036
0.6

6.1
0.048
0.046
0.038
0.8

7.8
0.077
0.070
0.028
0.4

Wood properties
Avg. piece C (g)
Avg. piece density (g L1)

10.0
13.9

15.3
20.3

Table 6
Ailao Mountain WD decay ANCOVA based on CO2 release rates with wood species and
decay classes as factors and with WD temperature, moisture, and density as
covariates. The CO2 release rates were LN-transformed. Signiﬁcance levels:

P < 0.001; P < 0.01, P < 0.05.

Species
DKC
Moisture
Temperature
Density
SpeciesDKC
SpeciesMoisture
DKCMoisture
SpeciesTemperature
MoistureTemperature
MoistureDensity
SpeciesDKCMoisture
Residuals

DF

SS

F

P

2
2
1
1
1
4
2
2
2
1
1
4
1806

9.56
47.76
867.01
83.08
3.49
10.95
2.83
0.71
3.20
5.89
3.66
21.60
1334.62

6.47
32.32
1173.23
112.42
4.73
3.71
1.92
0.4806
2.17
7.98
4.95
7.31

0.0016
<0.001
<0.001
<0.001
0.0299
0.0052
0.1472
0.6185
0.1149
0.0048
0.0262
<0.001

The modeled C losses were about 1/3 higher than the average
losses. Our WD samples retained their general structure and some
bark into DKC3, although some DKC3 samples were quite fragile.
We suggest that WD decay-class transitions here are primarily
driven by density loss. With carbon representing a constant fraction of weight, time spent in each decay class was controlled by
accumulated CO2–C release. Little WD density was lost in DKC1
and DKC2, so we suggest that those decay-class transitions were
relatively rapid; from 0.3 to 4.8 years. Our estimates of time spent
in DKC3 ranged from 7.6 to 20 years, but that would be reduced by
late-stage WD fragmentation. Our CO2 measurements showed that
some of our WD groups decayed slowly compared to WD in other
subtropical forests. However, temperature at our site was comparatively low, because of high elevation, which appeared to be more
important than the relatively small sizes of WD we studied.
If WD persists longest in DKC3, it follows that the largest WD
pools would be in this decay class. We are not aware of previous
studies suggesting this, even though it could be readily tested,
and is important for forest biota depending on WD. Earlier modeling studies suggested that WD in intermediate decay classes dominate forest pools (e.g., Aakala, 2010; Kruys et al., 2002; Russell
et al., 2013; Vanderwel et al., 2006; Woodall et al., 2012). Those seven modeling studies divided WD into more than three decay classes, so our observations are not strictly comparable.

7.6
11.2
11.4
0.090
0.082
12.2
17.6

14.4
15.3
6.7
0.052
0.050
20.1
21.3

4.3. Variability in WD decomposition rates
From more than 1800 measurements of CO2 release from 320
WD samples, we found support for earlier studies suggesting that
half or less of the variation could be explained by environmental
factors (Boddy et al., 1989; Bond-Lamberty et al., 2003; Chambers
et al., 2000, 2001; Hérault et al., 2010; Jomura et al., 2007, 2008;
Liu et al., 2006; Mackensen and Bauhus, 2003; Progar et al.,
2000; Wang et al., 2002; Wu et al., 2010; Yoneda, 1980; Zell
et al., 2009).
For individual WD pieces, several factors (wood species, decay
class, moisture and temperature) were statistically signiﬁcant
predictors of CO2 release rates (Table 6). Temperature and moisture positively co-varied at our site (Fig. 1), so the variance explained by T and moisture together (R2 from 0.246 to 0.567,
Supplementary Table 3) was not much improved over models
based on temperature (R2 from 0.072 to 0.353, Supplementary
Table 1) or moisture (R2 from 0.164 to 0.353, Supplementary
Table 2) alone. Predictive values of temperature and moisture together might be higher in summer-dry forest climates. In this
study, relationships between WD CO2 release rates and temperature were exponential (Supplementary Table 1), and they were
linear with respect to WD moisture (Supplementary Table 2).
For both, individual WD pieces had substantial variation unexplained by environmental factors. That variation had three distinct components. First, individual WD pieces of the same
species and decay classes showed 4-to-18-fold differences in
average CO2 release rates under the same ﬁeld conditions
(Table 5; Supplementary Fig. 3). Community interactions among
fungal decomposers may transcend environmental factors.
Aggressive interactions among WD microbes are common (e.g.,
Boddy, 2000; de Boer et al., 2010; Folman et al., 2008; Foster
and Bell, 2012; Heilmann-Clausen and Boddy, 2005; Moita
et al., 2005; Susi et al., 2011; Verma et al., 2007). Laboratory incubations indicate that the initial heterotrophic community, composed of common and early successional fungal species may
inﬂuence respiration rates (Progar et al., 2000). Artiﬁcial fungal
communities constructed in WD suggest that species richness is
negatively related to CO2 release rates (Fukami et al., 2010; Peay
et al., 2013; Toljander et al., 2006), but see variable results from
Lindner et al. (2011). Studies of fungal sporocarps on natural
WD also suggest that higher diversity is linked to slower decay
(Schmit, 2005). It would be interesting to apply techniques of
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modern microbial genetics to studies of WD decay with natural
fungal communities.
Some WD decay studies place pieces in close proximity (e.g.,
Cornelissen et al., 2012). That approach could alter outcomes of
fungal-community interactions because of hyphal in-growth from
nearby fungi (Watkinson et al., 2006). Random wood-falls cause
WD in forests to be widely dispersed, and their natural fungal communities may be more diverse than those developing in plots
where WD pieces are artiﬁcially closely arrayed. We suggest that
adjacent WD pieces may develop similar fungal communities because of hyphal ingrowth, and that such communities may respond
more consistently to environmental-factor variations.
The second aspect of variability was related to WD decay late
in the warm/wet season. Seasonal slowing in both years
(Supplementary Fig. 5) was apparently unrelated to environmental
factors. We hypothesize that fungal growth early in the warm/wet
season led to more aggressive interactions later. Seasonal allocations of resources of wood-decomposing fungi towards decomposition enzymes or chemical aggression also remain to be explored.
The third aspect of variability derived from the fact that some
WD pieces were consistent within their wood species and DKC
group (whether slow, intermediate or fast), while others were
much more variable through time. To assess this we used logarithmic response ratios (Supplementary Fig. 3). High piece-wise variability through time is distinct from the other two patterns
described above. This further challenges our ability to predict
WD decay rates at various spatial scales.
5. Conclusions
Throughout ecology, studies of variability are rare compared to
those on mean effects (Benedetti-Cecchi, 2003). This is also the
case in WD-decay studies, where regression relationships between
apparent causal factors and decay rates are the typical focus.
However, variability in WD decay has different aspects. This limits
our ability to predict responses to climatic changes such as temperature, and presumably to other environmental factors following
land-use changes. In forests, different ecological functions of WD
(biogeochemical, habitat, nurse logs, etc.) occur throughout the decay process, but they may vary qualitatively and quantitatively
among decay classes. Pieces of WD decaying at different rates
spend different lengths of times in early, middle, and late decay
classes, and ecological consequences of such patterns have yet to
be addressed. Finally, in all forests, we are challenged to explore
whether fungal-decomposer community interactions can explain
the high variability of WD decay.
Acknowledgements
We gratefully acknowledge ﬁnancial support from the
Asia-Paciﬁc Network for Global Change Research (ARCP 200918MY), the National Science Foundation of China (30970535 and
41271278), the Chinese Academy of Sciences 135 program
(XTBG-T01), and the Xishuangbanna Tropical Botanical Garden.
Yiping Zhang provided Ailao Mountain meteorological data, Rhett
Harrison and anonymous reviewers provided valuable comments,
and Wenzheng Yang provided essential help in the ﬁeld, as he always does.
Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.foreco.2013.09.
013.

References
Aakala, T., 2010. Coarse woody debris in late-successional Picea abies forests in
northern Europe: variability in quantities and models of decay class dynamics.
Forest Ecol. Manage. 260, 770–779.
Bates, D., Maechler, M., Bolker, B., 2011. Lme4: Mixed-Effects Models. Version
0.999375-42. http://r-forge.r-project.org/projects/lme4/.
Benedetti-Cecchi, L., 2003. The importance of the variance around the mean effect
size of ecological processes. Ecology 84 (9), 2335–2346.
Boddy, L., 1983. Carbon-dioxide release from decomposing wood - effect of water
content and temperature. Soil Biol. Biochem. 15 (5), 501–510.
Boddy, L., 2000. Interspeciﬁc combative interactions between wood-decaying
basidiomycetes. FEMS Microbiol. Ecol. 31, 185–194.
Boddy, L., 2001. Fungal community ecology and wood decomposition processes in
angiosperms: from standing tree to complete decay of coarse woody debris.
Ecol. Bull. 49, 43–56.
Boddy, L., Owens, E.M., Chapela, I.H., 1989. Small-scale variation in decay rate
within logs one year after felling: effect of fungal community structure and
moisture content. FEMS Microbiol. Ecol. 62, 173–184.
Bond-Lamberty, B., Wang, C.K., Gower, S.T., 2003. Annual carbon ﬂux from woody
debris for a boreal black spruce ﬁre chronosequence. J Geophys Res 108 (D3),
8220.
Brais, S., Paré, D., Lierman, C., 2006. Tree bole mineralization rates of four species of
the Canadian eastern boreal forest: Implications for nutrient dynamics
following stand-replacing disturbances. Can. J. Forest Res. 36, 2331–2340.
Burnham, K.P., Anderson, D.R., 2002. Model selection and multimodel inference. A
practical information-theoretic approach, second ed. Springer-Verlag, New
York.
Carpenter, S.E., Harmon, M.E., Ingham, E.R., Kelsey, R.G., Lattin, J.D., Schowalter, T.D.,
1988. Early patterns of heterotroph activity in conifer logs. Proc. Royal. Soc.
Edinburgh B 94, 33–43.
Chambers, J.Q., Higuchi, N., Schimel, J.P., Ferreira, L.V., Melack, J.M., 2000.
Decomposition and carbon cycling of dead trees in tropical forests of the
central Amazon. Oecologia 122, 380–388.
Chambers, J.Q., Schimel, J.P., Nobre, A.D., 2001. Respiration from coarse wood litter
in central Amazon forests. Biogeochemistry 52, 115–131.
Cornelissen, L.H.C., 2012. Controls on coarse wood decay in temperate tree species:
birth of the LOGLIFE experiment. Ambio 41, 231–245.
de Boer, W., Folman, L.B., Gunnewiek, P.J., Svensson, T., Bastviken, D., Oberg, G., del
Rio, J.C., Boddy, L., 2010. Mechanism of antibacterial activity of the white-rot
fungus Hypholoma fasciculare colonizing wood. Can. J. Microbiol. 56 (5), 380–
388.
Folman, L.B., Klein Gunnewiek, P.J.A., Boddy, L., de Boer, W., 2008. Impact of whiterot fungi on numbers and community composition of bacteria colonizing beech
wood from forest soil. FEMS Microbiol. Ecol. 63, 181–191.
Foster, K.R., Bell, T., 2012. Competition, not cooperation, dominates interactions
among culturable microbial species. Curr. Biol. 22, 1–6.
Fukami, T., 2010. Assembly history dictates ecosystem functioning: evidence from
wood decomposer communities. Ecol. Lett. 13, 675–684.
Gough, C.M., Vogel, C.S., Kazanski, C., Nagel, L., Flower, C.E., Curtis, P.S., 2007. Coarse
woody debris and the carbon balance of a north temperate forest. Forest Ecol.
Manage. 244, 60–67.
Harmon, M.E., Brown, S., Gower, S.T., 1993. Consequences of tree mortality to
the global carbon cycle. In: Vinson, T.S., Kolchugina, T.P. (Eds.), Carbon
Cycling in Boreal and Subarctic Ecosystems, Biospheric Response and
Feedbacks to Global Climate Change. Symposium Proceedings. USEPA,
Corvallis, OR, pp. 167–176.
Harmon, M.E., Franklin, J.F., Swanson, F.J., Sollins, P., Gregory, S.V., Lattin, J.D.,
Anderson, N.H., Cline, S.P., Aumen, N.G., Sedell, J.R., Lienkaemper, G.W., Cromack
Jr., K., Cummins, K.W., 1986. Ecology of coarse woody debris in temperate
ecosystems. Adv. Ecol. Res. 15, 133–302.
Harmon, M.H., Krankina, O.N., Yatskov, M., Matthews, E., 2001. Predicting broadscale carbon stores of woody detritus from plot-level data. In: Lal, R., Kimble,
J.M., Follett, R.F., Stewart, B.A. (Eds.), Assessment Methods for Soil Carbon. Lewis
Publishers, Boca Raton, FL, pp. 533–552.
Hart, S.C., 1999. Nitrogen transformations in downed logs boles and mineral soil of
an old-growth forest. Ecology 80, 1385–1394.
Heilmann-Clausen, J., Boddy, L., 2005. Inhibition and stimulation effects in
communities of wood decay fungi: exudates from colonized wood inﬂuence
growth by other species. Microb. Ecol. 49, 399–406.
Hérault, B., Beauchêne, J., Muller, F., Wagner, F., Baraloto, C., Blanc, L., Martin, J.-M.,
2010. Modeling decay rates of dead wood in a neotropical forest. Oecologia 164,
243–251.
Jomura, M., Kominami, Y., Dannoura, M., Kanazawa, Y., 2008. Spatial variation in
respiration from coarse woody debris in a temperate secondary broad-leaved
forest in Japan. Forest Ecol. Manage. 255, 149–155.
Jomura, M., Kominami, Y., Tamai, K., Miyama, T., Goto, Y., Dannoura, M., Kanazawa,
Y., 2007. The carbon budget of coarse woody debris in a temperate broad-leaved
secondary forest in Japan. Tellus 59B, 211–222.
Jönsson, M.T., Edman, M., Jonsson, B.G., 2008. Colonization and extinction patterns
of wood-decaying fungi in a boreal old-growth Picea abies forest. J. Ecol. 96,
1065–1075.
Kirk, T.K., Farrell, R.L., 1987. Enzymatic ‘‘combustion’’: the microbial degradation of
lignin. Ann. Rev. Microbiol. 41, 465–505.

W. Liu et al. / Forest Ecology and Management 310 (2013) 623–631
Kruys, N., Jonsson, B.G., Ståhl, G., 2002. A stage-based matrix model for decay-class
dynamics of woody debris. Ecol. App. 12 (3), 773–781.
Lambert, R.L., Lang, G.E., Reiners, W.A., 1980. Loss of mass and chemical change in
decaying boles of a subalpine ﬁr forest. Ecology 61, 1460–1473.
Le Quéré, C., 2012. The global carbon budget 1959–2011. Earth Syst. Sci. Data Disc.
5, 1107–1157. http://dx.doi.org/10.5194/essdd-5-1107-2012.
Lindner, D.L., Vasaitis, R., Kubartová, A., Allmér, J., Johannesson, H., Banik, M.T.,
Stenlid, J., 2011. Initial fungal colonizer affects mass loss and fungal community
development in Picea abies logs 6 yr after inoculation. Fungal Ecol. 4, 449–460.
Liu, W.H., Bryant, D.M., Hutyra, L.R., Saleska, S.R., Hammond-Pyle, E., Curran, D.,
Wofsy, S.C., 2006. Woody debris contribution to the carbon budget of
selectively logged and maturing mid-latitude forests. Oecologia 148, 108–117.
Liu, W.Y., Fox, J.E.D., Xu, Z.F., 2002. Biomass and nutrient accumulation in montane
evergreen broad-leaved forest (Lithocarpus xylocarpus type) in Ailao Mountains,
SW China. Forest Ecol. Manage. 158, 223–235.
Liu, Y.H., 1993. Study on climate characteristics of evergreen broad-lead forest on
Ailao Mts. Scientia Silvae Sinica 29, 547–552.
Luyssaert, S., 2007. CO2 balance of boreal, temperate, and tropical forests derived
from a global database. Glob. Chang Biol. 13, 2509–2537.
Mackensen, J., Bauhus, J., 2003. Density loss and respiration rates in coarse woody
debris of Pinus radiata, Eucalyptus regnans and Eucalyptus maculate. Soil. Biol.
Biochem. 35, 177–186.
Mackensen, J., Bauhus, J., Webber, E., 2003. Decomposition rates of coarse woody
debris - a review with particular emphasis on Australian tree species. Aust. J.
Bot. 51, 27–37.
Matthews, E., 1997. Global litter production, pools, and turnover times: estimates
from measurement data and regression models. J. Geophys. Res. 102 (D15),
18771–18800.
Moita, C., Feio, S.S., Nunes, L., Curto, J.M., Roseiro, J.C., 2005. Optimisation of physical
factors on the production of active metabolites by Bacillus subtilis 355 against
wood surface contaminant fungi. Int. Biodeterior Biodegradation 55, 261–269.
Nalder, I.A., Wein, R.W., 1999. Long-term forest ﬂoor carbon dynamics after ﬁre in
upland boreal forests of western Canada. Glob. Biochem. Cycle 13, 951–968.
Paletto, A., Ferretti, F., De Meo, I., Cantiani, P., Focacci. M., 2012. Ecological and
Environmental Role of Deadwood in Managed and Unmanaged Forests,
Sustainable Forest Management — Current Research, in Diez, J.J., (Ed.), ISBN:
978-953-51-0621-0, InTech, pp. 219-238. http://www.intechopen.com/
books/sustainable-forest-management-current-research/ecologicalandenvironmental-role-of-deadwood-in-managed-and-unmanaged-forests.
Pan, Y., Birdsey, R.A., Fang, J.Y., Houghton, R., Kauppi, P.E., Kurz, W.A., Phillips, O.L.,
Shvidenoko, A., Lewis, S.L., Canadell, J.G., Ciais, P., Jackson, R.B., Pacala, S.W.,
McGuire, A.D., Piao, S.L., Rautiainen, A., Sitch, S., Hayes, D., 2011. A large and
persistent carbon sink in the world’s forests. Science 333, 988–993.
Parﬁtt, D., Hunt, J., Dockrell, D., Rogers, H.J., Boddy, L., 2010. Do all trees carry the
seeds of their own destruction? PCR reveals numerous wood decay fungi
latently present in sapwood of a wide range of angiosperm trees. Fungal Ecol. 3,
338–346.
Peay, K.G., Dickie, I.A., Wardle, D.A., Bellingham, P.J., Fukami, T., 2013. Rat invasion
of islands alters fungal community structure, but not wood decomposition
rates. Oikos 122, 258–264.
Persson, Y., Ihrmark, K., Stenlid, J., 2011. Do bark beetles facilitate the establishment
of rot fungi in Norway spruce? Fungal Ecol. 4, 262–269.
Pregitzer, K.S., Euskirchen, E.S., 2004. Carbon cycling and storage in world forests:
biome patterns related to forest age. Glob .Chang. Biol. 10, 2052–2077.
Progar, R.A., Schowalter, T.D., Freitag, C.M., Morrell, J.J., 2000. Respiration from
coarse woody debris as affected by moisture and saprotroph functional
diversity in Western Oregon. Oecologia 124, 426–431.
R Development Core Team, 2011. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria, ISBN 3900051-07-0. <http://www.R-project.org/>.
Ranius, T., Kindvalla, O., Kruys, N., Jonsson, B.G., 2003. Modelling dead wood in
Norway spruce stands subject to different management regimes. Forest Ecol.
Manage. 182, 13–29.
Rayner, A.D.M., Boddy, L., 1988. Fungal Decomposition of Wood: its Biology and
Ecology. John Wiley & Sons, Chichester.
Remsburg, A.J., Turner, M.G., 2006. Amount, position, and age of coarse wood
inﬂuence litter decomposition in postﬁre Pinus contorta stands. Can. J. Forest
Res. 36, 2112–2123.

631

Russell, M.B., Woodall, C.W., Fraver, S., D’Amato, A.W., 2013. Estimates of downed
woody debris decay class transitions for forests across the eastern United
States. Ecol. Modell. 251, 22–31.
Scheller, R.M., Mladenoff, D.J., 2002. Species diversity, composition, and spatial
patterning of understory plants in old-growth and managed northern
hardwood forests. Ecol. Appl. 12, 1329–1343.
Schmit, J.P., 2005. Species richness of tropical wood-inhabiting macrofungi provides
support for species-energy theory. Mycologia 97 (4), 751–761.
Susi, P., Aktuganov, G., Himanen, J., Korpela, T., 2011. Biological control of wood
decay against fungal infection. J. Environ. Manage. 92, 1681–1689.
Tang, J., Bolstad, P.V., Desai, A.R., Martin, J.G., Cook, B.D., Davis, K.J., Carey, E.V., 2008.
Ecosystem respiration and its components in an old-growth forest in the Great
Lakes region of the United States. Agric. Forest Meteorol. 148, 171–185.
Toljander, Y.K., Lindahl, B.D., Holmer, L., Högberg, N.O.S., 2006. Environmental
ﬂuctuations facilitate species co-existence and increase decomposition in
communities of wood decay fungi. Oecologia 148, 625–631.
Van Miegroet, H., Moore, P.T., Tewksbury, C.E., Nicholas, N.S., 2007. Carbon sources
and sinks in high-elevation spruce-ﬁr forests of the Southeastern US. Forest.
Ecol. Manage. 238, 249–260.
Vanderwel, M.C., Malcolm, J.R., Smith, S.M., 2006. An integrated model for snag and
downed woody debris decay class transitions. Forest Ecol. Manage. 234 (1–3),
48–59.
Vasiliauskas, R., Lygis, V., Larsson, K.-H., Stenlid, J., 2005. Airborne fungal
colonisation of coarse woody debris in North temperate Picea abies forest:
impact of season and local spatial scale. Mycol. Res. 109 (4), 487–496.
Verma, M., Brar, S.K., Tyagi, R.D., Surampalli, R.Y., Valéro, J.R., 2007. Antagonistic
fungi, Trichoderma spp.: Panoply of biological control. Biochem. Eng. J. 37, 1–20.
Wang, C.K., Bond-Lamberty, B., Gower, S.T., 2002. Environmental controls on
carbon dioxide ﬂux from black spruce coarse woody debris. Oecologia 132,
374–381.
Watkinson, S., Bebber, D., Darrah, P., Fricker, M., Tlalka, M., Boddy, L., 2006. In: The
role of wood decay fungi in the carbon and nitrogen dynamics of the forest
ﬂoor. Fungi in Biogeochemical Cycles. Cambridge University Press, pp. 151–181.
Weedon, J.T., Cornwell, W.K., Cornelissen, J.H.C., Zanne, A.E., Wirth, C., Coomes, D.A.,
2009. Global meta-analysis of wood decomposition rates: a role for trait
variation among tree species? Ecol. Lett. 12, 45–56.
Woodall, C.W., Liknes, G.C., 2008. Relationships between forest ﬁne and coarse
woody debris carbon stocks across latitudinal gradients in the United States as
an indicator of climate change effects. Ecoll. Indic. 8, 686–690.
Woodall, C.W., Walters, B.F., Westfall, J.A., 2012. Tracking downed dead wood in
forests over time: development of a piece matching algorithm for line intercept
sampling. Forest Ecol. Manage. 277, 196–204.
Worrall, J.J., Anagnost, S.E., Zabel, R.A., 1997. Comparison of wood decay among
diverse lignicolous fungi. Mycologia 89, 199–219.
Wu, J.B., Zhang, X.J., Wang, H.L., Sun, J.W., Guan, D.X., 2010. Respiration of downed
logs in an old-growth temperate forest in north-eastern China. Scand. J. Forest.
Res. 25, 500–506.
Wu, Z.Y., Qu, Z.X., Jiang, H.Q., 1983. Research of Forest Ecosystem on Ailao
Mountains. Yunnan. Yunnan Science and Technology Press, Kunming, China.
Yang, L.P., Liu, W.Y., Ma, W.Z., 2008. Woody debris stocks in different secondary and
primary forests in the subtropical Ailao Mountains, southwest China. Ecol. Res.
23, 805–812.
Yang, L.P., 2007. Biomass, composition and ecological functions of woody debris in
montane moist evergreen broad-leaved forest in Ailao Mountains, SW China.
Ph.D. Dissertation., Xishuangbanna Tropical Botanical Garden, Kunming,
Yunnan, China.
Yatskov, M., Harmon, M.E., Krankina, O.N., 2003. A chronosequence of wood
decomposition in the boreal forests of Russia. Can. J. Forest Res. 33, 1211–1226.
Yoneda, T., 1980. Studies on the rate of decay of wood litter on the forest ﬂoor 3.
Effect of moisture content on CO2 evolution from decaying wood. Jpn. J. Ecol. 30,
55–62.
Zell, J., Kändler, G., Hanewinkel, M., 2009. Predicting constant decay rates of coarse
woody debris—A meta-analysis approach with a mixed model. Ecol. Modell.
220, 904–912.
Zhang, K., 1983. The characteristics of mountain climate in the North of Ailao Mts.
Research of Forest Ecosystem on Ailao Mountains. Yunnan. Yunnan Science and
Technology Press, Kunming, China, pp. 20–29.

