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Abstract Woody debris (WD) is an important compo-
nent of forest C budgets, both as a C reservoir and
source of CO2 to the atmosphere. We used an infrared
gas analyzer and closed dynamic chamber to measure
CO2 efflux from downed coarse WD (CWD; diame-
ter‡7.5 cm) and fine WD (FWD; 7.5 cm>diame-
ter‡2 cm) to assess respiration in a selectively logged
forest and a maturing forest (control site) in the north-
eastern USA. We developed two linear regression
models to predict WD respiration: one based on WD
temperature, moisture, and size (R2=0.57), and the
other on decay class and air temperature (R2=0.32).
WD respiration (0.28±0.09 Mg C ha�1 year�1) con-
tributed only �2% of total ecosystem respiration
(12.3±0.7 Mg C ha�1 year�1, 1999–2003), but net
C flux from CWD accounted for up to 30% of net

ecosystem exchange in the maturing forest. C flux from
CWD on the logged site increased modestly, from
0.61±0.29 Mg C ha�1 year�1 prior to logging to
0.77±0.23 Mg C ha�1 year�1 after logging, reflecting
increased CWD stocks. FWD biomass and associated
respiration flux were �7 times and �5 times greater,
respectively, in the logged site than the control site. The
net C flux associated with CWD, including inputs and
respiratory outputs, was 0.35±0.19 Mg C ha�1 year�1

(net C sink) in the control site and �0.30±0.30 Mg
C ha�1 year�1 (net C source) in the logged site. We infer
that accumulation of WD may represent a small net C
sink in maturing northern hardwood forests. Distur-
bance, such as selective logging, can enlarge the WD
pool, increasing the net C flux from the WD pool to the
atmosphere and potentially causing it to become a net C
source.
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Introduction

The mid-latitude forests of North America may account
for an important part of the terrestrial C sequestration
thought to be largely responsible for the global ‘‘missing
C sink’’ (Ciais et al. 1995; Fan et al. 1998; Curtis et al.
2002). Forest re-growth is a major driver for this C
uptake, implying that forest management could be part
of a strategy for mitigating anthropogenic emissions of
CO2 to the atmosphere (Houghton et al. 1999; Casper-
sen et al. 2000). Woody debris (WD) is often overlooked
or roughly estimated in forest C budgets despite its role
as a long-lived forest C pool; in temperate forests, it has
been found to account for roughly 18% of total eco-
system C (Pregizter and Euskirchen 2004). Accurately
estimating the fluxes into and out of WD may thus be
important for assessing the current and long-term C
balance of forest ecosystems.
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Most studies estimate WD turnover by measuring
mass and density loss, from which total removal rates
(including fragmentation, leaching, and respiration)
may be inferred. These loss rates describe the ecolog-
ical role of WD in forest nutrient cycling and as
wildlife habitat but cannot be used to assess C
dynamics because they overstate the transfer of C to
the atmosphere (Harmon and Hua 1991; Mattson
et al. 1987; Yin 1999). Moreover, these methods rely
on chronosequences and therefore, cannot produce
quantitative relationships between WD respiration
rates and the driving variables (e.g., temperature,
moisture, species, etc.). The ability to model WD res-
piration is needed to predict the response of WD
dynamics to environmental changes caused by chang-
ing land use or climate.

Accurate WD respiration measurements are chal-
lenging because the decomposer communities may be
highly sensitive to changes in temperature or wood
moisture (Rayner and Boddy 1988), or other distur-
bance. Soda lime traps have been used for in situ mea-
surements to avoid physically disturbing WD during the
measurements process (e.g., Marra and Edmonds 1994;
Progar et al. 2000). However, the traps are well known
to underestimate respiration rates because the rate of
CO2 diffusion out of the WD decreases as the CO2

concentration within the chamber increases (Ewel et al.
1987; Raich et al. 1990). Moreover, the soda lime
method measures efflux only at the WD surface though
decomposability of wood varies over the cross-section of
a log (Harmon et al. 1986).

An alternative method is the direct measurement of
coarse WD (CWD) respiration in a closed dynamic
chamber using an infrared gas analyzer (IRGA;
Chambers et al. 2001; Wang et al. 2002). The IRGA
method provides precise respiration measurements
from the entire cross-section of the WD but involves
cutting a sample and removing it from its environ-
ment, with potential artifacts due to disturbance and
to CO2 outgassing from void spaces exposed by cut-
ting. Chambers et al. (2001) showed that allowing
samples to equilibrate for approximately 3 h controlled
such outgassing artifacts while minimizing changes in
sample temperature, wood moisture, and decomposer
populations. Changes in the surface area to volume
ratio of the sample caused by cutting may potentially
induce changes in respiration rates that we investigated
in this study.

We used the IRGA method to measure respiration
rates from downed CWD (7.5 cm £ diameter) and fine
WD (FWD; 2 cm £ diameter<7.5 cm) at Harvard
Forest (Petersham, Mass.) in a selectively logged stand
and an adjacent maturing stand that served as a con-
trol. Our objectives were: (1) to investigate the driving
variables of WD respiration and create a model to
predict WD respiration rates, (2) to evaluate the
importance of WD to the C budget at Harvard Forest,
and (3) to assess the effect of selective logging on the C
flux from WD.

Materials and methods

Site description

The study was conducted within the Prospect Hill Tract
of Harvard Forest (380-ha control site) and the adjacent
Simmes Trust land (43 ha) in Petersham, Massachusetts
(42�32¢N, 72�11¢W, elevation 340 m). The control site is
within the principal footprint of the Harvard Forest
long-term eddy covariance tower (Goulden et al. 1996;
Barford et al. 2001), whereas the Simmes tract lies
southeast of the tower, a wind direction rarely sampled
at the tower. The two sites are separated by a small dirt
road and were similar in composition and stature in
1999 (Table 1). The Simmes tract was selectively logged
from February 2001 to November 2001, reducing
aboveground biomass, basal area, and stem density
(Table 1). Removal volumes for saw timber and fire-
wood were 15.6 and 27.3 m3 ha�1, respectively. The
total amount of wood removed was typical for harvests
in the Quabbin Reservoir region (44.7 m3 ha�1) where
Harvard Forest is located (Kittredge et al. 2003).

WD respiration rate measurements

CWD sampling was stratified by site (Prospect Hill and
the Simmes tract), taxonomic group (oak, maple, birch,
conifer), decay class, and diameter (2 cm £ diame-
ter<7.5 cm, 7.5 cm £ diameter<25 cm, 25 cm £ diam-
eter). Decay state was categorized using a five-class
system based on visual and physical characteristics fol-
lowing Harmon and Sexton (1996; cf. Rice et al. 2004).
The most decayed classes (IV and V) were scarce at the
logged site, and thus were combined to ensure a suffi-
cient sample size. We tagged 500 pieces of downed CWD
of the two larger diameter classes at each site. FWD,
2 cm £ diameter<7.5 cm, could not be identified by
taxonomic group and was stratified by decay class and
site only.

Sampling for respiration measurements was con-
ducted in four seasons: summer (12 July–8 October
2002), fall (9 November–2 December 2002), winter
(12 January–19 January 2003), and spring (18 April–5
May 2003). Three replicate pieces of CWD per subcat-
egory were randomly chosen from the tagged pool, ex-
cept where infeasible. Samples of downed CWD‡25 cm
diameter were rare. Replicates for fall sampling were
reduced in some subcategories due to early snowfall, and
snow cover in January impeded the location of WD,
reducing sampling to six random samples from each site.
Summer 2002 sampling showed no significant differences
between respiration rates, wood density and wood
moisture for decay classes I and II, so these were com-
bined into one category for subsequent sampling.

A chainsaw was used to cut a cross-sectional disk,
10 cm thick, from downed CWD. If a tagged piece of
downed CWD could not be relocated, the nearest
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downed CWD of the same subcategory replaced it.
Samples were allowed to equilibrate with the atmo-
sphere for 3 h before measurement, following Chambers
et al. (2001). Respiration rates for a subset of samples
were measured immediately after cutting and followed in
time to 10 h after cutting; after 3 h, respiration rate
decreased very slowly, 1.2±0.6% per hour, indicating
adequate equilibration (Electronic Supplementary
Material, S1).

Depending on the diameter of the sample disk, it was
measured in either a 22.65-l bucket or a 5.9-l round
plastic container to minimize the turnover time of
headspace air. Samples with diameter>30 cm were split
into halves or quarters with a machete to fit them in the
large chamber. Analysis of pilot data did not show a
significant effect of surface area to volume ratio of
samples disks on measured respiration rates (Electronic
Supplementary Material, S2). Samples were placed on a
wire rack at the bottom of the chamber to allow air
circulation around them. Plexiglass lids fitted with sili-
con O-rings were custom-made for the chambers and
sealed with 10-kg weights. Leak tests conducted by
blowing CO2 around the sealed lid showed no significant
rise (<1 p.p.m.) in CO2 concentration in an empty
chamber. The chambers were connected to a Li-Cor
(Lincoln, Neb.) LI-6252 CO2 analyzer fitted with an
external in-line pump to circulate sample air through the
closed loop at 1 l min�1. Sample air was drawn from the
top of the chamber and returned through a 1/4-inch
brass tube extending below the wire rack at the bottom
of the chamber. CO2 concentration was measured every
5 s for either 5 min (in the small chamber) or 8 min (in
the large chamber) as illustrated in Fig. 1. Prior to
measurement, sample temperature was measured using a
K-type thermocouple probe placed in a hole drilled in
the sample, and air temperature was measured using a
similar thermocouple in ambient air.

The wet weight of a sample was measured immedi-
ately after it was removed from the measurement
chamber. The wood volume of the sample was measured
within 3 weeks by water displacement (Næsset 1999),
and the thickness and diameter of each sample were
measured to calculate the bulk volume. The sample was
then oven-dried at 105�C to constant weight. Wood
density was calculated from dry weight and measured

wood volume, and bulk density from dry weight and
bulk volume. Wood moisture was calculated gravimet-
rically (g H2O g�1 oven-dry wood).

Respiration rates [in lg C g�1C s�1, or equivalently,
decay rates (k) in year�1] were calculated from the rate
of CO2 increase in the chamber headspace air in the last
3 min of measurement (after the air was mixed well),
accounting for the chamber volume, the dry weight of
the sample, air temperature at the chamber, and pressure
obtained from the nearby Fisher Meteorological Sta-
tion. The rate of CO2 accumulation was determined by
regressing CO2 concentration against time (Fig. 1). We
carefully checked each WD respiration measurement to
assess the possibility that CO2 accumulation in the
chamber could limit diffusion rates, but rarely saw this
effect, even for the fast respiring samples. For the sam-
ples that did exhibit decreases in respiration rates (typ-
ically in the last 10–15 s of the measurement), we found
that the inclusion or omission of the deviating data
points did not greatly affect the slope of the regression
line. Regressions with correlation coefficients <0.90
were discarded for a total rejection rate of 5%. Ex-
tremely low respiration rates (<1 p.p.m. min�1 rise in
CO2) were retained, even with low correlation, because
of inherently high variability at low rates (�8% total
data exempted from rejection).

Table 1 Site characteristics
(mean±SE) for Prospect Hill
and the Simmes tract pre- and
post-logging

aThis was determined using
species-specific allometric
equations applied to survey
data from permanent plots in
the sites

Site characteristic Prospect Hill (1999, control) Simmes tract

1999, Pre-logging 2002, Post-logging

Stand age (year) 60–80 60–80 No change
Aboveground biomass
(Mg C ha�1)a

106.1±5.7 84.1±10.5 58.8±6.8

Tree density (trees ha�1) 653.5±40.5 632.6±35.8 463.3±44.6
Basal area (m2 ha�1) 34.2±1.9 27.4±2.7 19.9±1.9
Common tree species Quercus rubrum,

Acer rubra,
Tsuga canadensis

Quercus rubrum,
Acer rubra,
Tsuga canadensis,
Fagus grandifolia

No change
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Fig. 1 Time series of CO2 concentration in closed dynamic
chamber containing a coarse woody debris (CWD) sample disk.
Respiration rates were estimated using least-squares linear regres-
sion of CO2 concentration versus time for the last 3 min of the
measurement
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Decay rate constants (year�1) on an annual basis
were estimated for downed CWD and FWD using linear
regression models for each of three decay classes
(Table 2). The models were created by regressing log-
transformed respiration rates (lg C g�1C s�1) against
air temperature. Annual average respiration rate was
predicted using the mean annual temperature at Pros-
pect Hill, 7.88�C, during the period 1992–2003 (Munger
and Wofsy 2004). In this estimation, the predicted res-
piration rates were corrected for bias associated with the
log-transform (see Eq. 1). Density loss rates for logs off
the ground have been found to be 40% lower than those
for logs on the ground (Erickson et al. 1985; Mattson
et al. 1987), so we roughly estimated decay rate con-
stants for standing CWD by reducing values by 40%
from downed CWD.

WD biomass and C flux measurements

CWD volume was measured through surveys at both
sites in 1999 and 2003, with an additional post-logging
survey in the Simmes tract in 2001. Surveys accounted
for all downed CWD and standing CWD (snags and
stumps), ‡7.5 cm diameter, in permanent plots
(radius=10 m, n=27 plots for 1999, n=15 plots for
2003) at Prospect Hill and eight permanent plots

(radius=10 m in 1999, enlarged to 15 m for 2001, 2003)
at the Simmes tract. Stumps were defined as rooted,
standing CWD <1.33 m tall. Volume of logs, log snags,
and stumps (m3) at each site were calculated using vol-
ume formulas from Harmon and Sexton (1996). Vol-
umes for a few standing dead trees that were largely
intact (retaining most branches) were calculated using
species-specific allometric equations (Barford et al.
2001). The biomass of CWD (Mg C ha�1) was calcu-
lated by multiplying CWD volume (m3 ha�1) and bulk
density (kg dry wood m�3) by subcategory (Table 3).
We estimated C content to be 50% of the dry wood
based on C content reported by Currie and Nadelhoffer
(2002) for multiple species and decay classes at Harvard
Forest.

In 2001, we measured FWD (2 cm £ diame-
ter<7.5 cm) by the line-intersect method (Brown 1974;
Van Wagner 1968). We measured all pieces
(2 cm £ diameter<7.5 cm) that crossed twenty-six 10-m
segments from two transect lines at Prospect Hill and
four transect lines at the Simmes tract for a total of
260 m of transect at each site. The biomass of FWD (Mg
C ha�1) was calculated by multiplying FWD volume
(m3 ha�1) and wood density (kg dry wood m�3) by de-
cay class.

C flux (Mg C ha�1 year�1) was calculated by multi-
plying biomass (Mg C ha�1) and annual decay rate
constants (year�1) by decay class. Decay rate constants
to describe the entire CWD and FWD pools at each site
were calculated by dividing the annual C fluxes by the
total biomass. Average lifetimes of CWD and FWD
were estimated by dividing the biomass by the C flux.

Continuous field measurements of environmental
variables

To monitor site differences in temperature and moisture,
air temperature and relative humidity were measured
continuously at both sites from 16 May 2004 to 17
October 2004 using an YSI (Yellow Springs, Ohio)
44032 Precision Thermistor and a Vaisala (Woburn,
Mass.) 50Y Humiter. Both were housed inside an aspi-
rated Met One (Grant Pass, Oreg.) 076B-4 enclosure to
minimize radiative biases, and placed 10–15 m apart and
1.5 m off the ground (two per site). The eddy covariance
tower provided long-term continuous measurements of
air temperature and relative humidity for Prospect Hill
that correlated well with these measurements (air tem-
perature, r=0.95; relative humidity, r=0.88).

In situ temperature was measured for three pieces of
downed CWD at each site, one from each decay class
(I/II, III, IV/V). Three YSI thermistors hermetically
sealed inside 1-cm-diameter stainless steel tubes were
inserted into holes drilled into the center of each CWD
sample. Temperature and relative humidity measure-
ments were recorded every minute, then averaged and
stored every 30 min, using a Campbell Scientific (Logan,
Utah) CR10X datalogger and AM16/32 multiplexer.

Table 2 Woody debris (WD) respiration modelsa. RSE Residual
SE

Variable Coefficient
estimate

SE P-value Partial
R2

RSE

Model 1b 0.391
Intercept �33.466 0.047 <0.001
ln (M) 1.060 0.057 <0.001 0.21
Ts 0.096 0.002 <0.001 0.33
Size 0.725 0.051 <0.001 0.04
Model 2c 0.484
Intercept �28.672 0.066 <0.001
Ta 0.078 0.003 <0.001 0.22
DIII 0.422 0.058 0.002 0.09d

DIV 0.976 0.059 <0.001 0.09

aPooled coarse WD (CWD) and fine WD (FWD) data from both
sites were used. Respiration rates were log transformed, so pre-
dicted rates must be back-transformed correctly (using Eq. 1). For
example, the natural log of the respiration rate predicted by model
2 for a decay-class-III (DIII) log and an air temperature (Ta)
of 281.03 K is �28:672þ ð281:03� 0:078Þ þ 0:422 ¼ �5:293.
The correctly back-transformed respiration rate is: expð�6:3270þ
0:4842=2Þ ¼ 0:0020lgC g�1C s�1
bThe dependent variable is WD respiration rate (lg C g�1C s�1),
and the independent variables are as follows: wood moisture (M; g
H2O g dry wood�1), sample temperature (Ts; K), and size class
(Size)(CWD, S=0; FWD, S=1). R2=0.57 and the RSE is 0.391 on
381 df
cThe dependent variable is WD respiration (lg C g�1C s�1), and
the independent variables are as follows: Ta(K), DIII=1, and D IV/
V (DIV) =1. R2=0.32 and RSE=0.484 on 394 df
dThe partial R2 is for D as a categorical rather than continuous
parameter in the model so that 9% of the variance in WD respi-
ration rates is explained by all D categories together
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Statistical analyses

Statistical analyses were carried out using the Insightful
(Seattle, Wash.) S-Plus 6.1 statistical software package.
Ninety-five percent confidence intervals for CWD and
FWD biomass or C flux were estimated using bootstraps
with replacement of biomass or C flux on each plot and
each 10-m transect section, respectively. Relationships
between respiration rates and driving variables were
evaluated using linear regressions ANOVA, with statis-
tical significance determined at the P<0.05 level. Res-
piration rates were log transformed to meet the
homoscedasticity and normality assumptions of linear
regressions and ANOVA. Tukey–Kramer multiple
comparison tests were used for pairwise comparisons of
respiration rates to follow up on significant main effects
determined by ANOVA. All downed CWD and FWD
data were combined to create two multiple linear
regression models of respiration rates, one yielding the
best fit possible and the other including only parameters
most readily available in typical ecological studies.

Results and discussion

Driving variables of WD respiration rates

Air temperature and log-transformed wood moisture
together accounted for the largest proportion of the
variance in respiration rates (54%), suggesting that these
were the most important driving variables controlling
respiration rates. While moisture and temperature ap-
pear to be of comparable importance in general, the
wide range of these variables in our study (0.10–6.80 g
H2O g�1 dry wood for moisture and �10 to +33�C for
temperature) showed that the influence of one variable
could outweigh the other at extreme values. For exam-
ple, downed CWD respiration rates were 2 orders of
magnitude higher in summer than in winter because
respiration was inhibited at very low temperatures,
regardless of wood moisture.

Respiration rates were correlated with air tempera-
ture (r=0.47), sample temperature at time of measure-
ment (r=0.43), bulk density (r=0.39), and wood
moisture (log transformed, r=0.46). The relationships

between respiration rates and the individual variables of
air temperature and wood moisture are shown in Fig. 2.
Differences in respiration rates by decay class were sig-
nificant for pooled CWD and FWD data (F(378)=20.0,
P<0.001]. Decay class was also a good proxy for both
bulk density [F(328)=85.1, P<0.001] and log-trans-
formed wood moisture [F(431)=43.2, P<0.001], reflect-
ing the strong covariance of log-transformed wood
moisture and bulk density (R2=0.46). Wood density and
bulk density by taxonomic group and decay class are
presented in Table 3.

We expected respiration rates for downed birch and
maple to be higher than for oak and conifer due to wood
physiology and biochemistry (Edmonds et al. 1986;
Harmon et al. 1986; Rayner and Boddy 1988; Schow-
alter 1992), but this difference was observed only for
pieces in more advanced states of decay. Respiration
rates were significantly higher for birch compared to oak
and conifer, and for maple compared to oak for decay
class III CWD [F(90)=8.28, P<0.001]. Also, maple res-
piration rates were significantly higher than oak for
decay class IV/V CWD [F(74)=3.26, P=0.03]. The
physical state of a piece of CWD reflects how much
decomposition has occurred, and the lack of statistically
significant differences in respiration rates among less
decayed CWD may be an artifact of categorizing by
physical decay state. Relatively decay resistant oak and
conifer CWD would not reach advanced stages of
decomposition unless microbes capable of breaking
down lignin and tolerating extractives had successfully
colonized the wood. In contrast, decay class I/II CWD
are in the early stages of decomposition so not much
microbial colonization has occurred, and labile C and
nutrients are still relatively abundant in the wood
regardless of genus. Though decay class categorization
may mask taxonomic group effects on respiration rates,
it is an important tool for estimating C flux from WD on
an area basis because it is a good predictor of respiration
rates and easy to measure in the field.

The use of multiple regression analysis to control for
the effects of wood moisture and air temperature on
respiration rates revealed that CWD respired more
slowly than FWD (P<0.001), but there was no effect of
diameter for pieces >7.5 cm diameter. This result differs
from other studies showing negative correlation of

Table 3 Mean (SE) bulk density (g dry wood cm�1) and wood density (g dry wood cm�1). For abbreviations, see Table 2

DI DII DIII DIV

Bulk density
(g cm�3)

Wood density
(g cm�3)

Bulk density
(g cm�3)

Wood density
(g cm�3)

Bulk density
(g cm�3)

Wood density
(g cm�3)

Bulk density
(g cm�3)

Wood density
(g cm�3)

Birch 0.48 (0.02) 0.53 (0.02) 0.39 (0.02) 0.47 (0.02) 0.31 (0.02) 0.35 (0.02) 0.24 (0.02) 0.33 (0.02)
Maple 0.47 (0.02) 0.58 (0.04) 0.38 (0.02) 0.45 (0.02) 0.28 (0.02) 0.36 (0.02) 0.18 (0.02) 0.26 (0.02)
Oak 0.50 (0.04) 0.51 (0.03) 0.48 (0.02) 0.55 (0.01) 0.40 (0.02) 0.48 (0.02) 0.28 (0.04) 0.34 (0.03)
Conifer 0.40 (0.04) 0.44 (0.02) 0.33 (0.02) 0.36 (0.02) 0.24 (0.02) 0.29 (0.02) 0.20 (0.02) 0.28 (0.01)
Hardwood 0.48 (0.02) 0.53 (0.02) 0.43 (0.01) 0.50 (0.01) 0.33 (0.01) 0.40 (0.01) 0.24 (0.01) 0.31 (0.01)
All species 0.47 (0.02) 0.52 (0.01) 0.41 (0.01) 0.47 (0.01) 0.31 (0.01) 0.38 (0.01) 0.23 (0.01) 0.30 (0.01)
FWD 0.62 (0.05) 0.47 (0.02) 0.44 (0.02) 0.34 (0.01)
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CWD diameter and decay rate (Abbott and Crossley
1982; Edmonds et al. 1986; Harmon et al. 1995; Yoneda
1985). However, another study in a northern hardwood
forest also did not detect a diameter effect for diameters
of up to 16 cm (Foster and Lang 1982). CWD in
northern hardwood forests is much smaller in diameter
than CWD in the Pacific Northwest and the tropics
where diameter effects were observed. Evidently, the
dependence of decay dynamics on CWD diameter is not
great enough in northern hardwood forests to signifi-
cantly affect respiration rates.

Models to predict WD respiration rates and decay rate
constants

The regression model providing the best fit for our WD
respiration data included log-transformed wood mois-
ture, sample temperature, and size class (CWD vs.
FWD; R2=0.57) is given in Table 2 (model 1). Not-
withstanding the enormous range and variability of the
respiration rates, this simple equation in model 1 ex-
plains almost 60% of the observed variance in log-
transformed respiration rates. Unfortunately, wood
moisture and sample temperature are often not available
in WD data. We therefore also developed a model
equation using air temperature and decay class only
(R2=0.32; Table 2, model 2).

In order to derive mean rates of respiration [E(R)] for
a population of CWD, the following formulas should be
used to back-transform the predicted respiration rates:

EðRÞ ¼ expðlþ r2=2Þ; ð1Þ
VarðRÞ ¼ expð2lÞ½expð2r2Þ � expðr2Þ�: ð2Þ

Where R is respiration rate (in lg C g�1C s�1), E(R)
is the expected value of R, Var(R) is the variance of R, l
is the predicted value from the log-transform regression
equation, and r is the residual SE of the log-transform
regression of our observations as given in Table 2 (see
Gut 1995).

We derived annual decay rate constants for each
decay class by averaging respiration rates over the year.
We disaggregated the data by decay class and used
model 2 to predict average annual respiration rates. This
caused us to lose some predictive power because this
model does not include the wood moisture parameter
and thus, explains 21–30% of the large variance (e.g.,
0.00014–0.0395 lg C g�1C s�1 during the summer in
Prospect Hill) in respiration rates (Table 4). We used
this model because wood moisture is so variable within
and between pieces of WD that we could not estimate
annual average wood moisture values to predict respi-
ration rates. Using decay class as a proxy for wood
moisture, we estimated decay rate constants for decay
classes I/II (combined), III, and IV/V (combined) of
0.06±0.02, 0.10±0.03, and 0.14±0.07 year�1, respec-
tively.

The overall annual decay rate constants for downed
WD, weighted by total C flux and biomass for each
decay class at each site, were comparable with published
rates (e.g., Mattson et al. 1987; Sollins et al. 1987;
Schowalter 1992; Arthur et al. 1993; Stone et al. 1998).
The annual downed CWD decay rates constants were
0.09±0.04 year�1 in Prospect Hill and 0.08±0.04
year�1 in the Simmes tract, corresponding to mean
downed CWD lifetimes of approximately 11 years in
Prospect Hill and 13 years in the Simmes tract. The
annual decay rate constants for FWD estimated by total
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Fig. 2 a WD respiration rate
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C flux and biomass were 0.09±0.04 year�1 in Prospect
Hill and 0.07±0.02 year�1 in the Simmes tract, corre-
sponding to mean lifetimes of approximately 11 years in
Prospect Hill and 14 years in the Simmes tract. Despite
the regression analyses that suggest FWD respires at
higher rates than CWD, the estimated mean lifetimes of
FWD and CWD appear similar, reflecting the decay
class distributions at the sites. The overall decay rate
constants given above pertain only to oxidation of WD,
and therefore are lower than total decomposition loss
rates that also include fragmentation and leaching los-
ses.

Role of WD in the Harvard Forest C budget

Changes in the CWD pool and CWD respiration ac-
counted for non-trivial portions of net ecosystem ex-
change (NEE). The difference between the tree mortality
rate (inputs to WD) and annual C flux from WD is the
annual net rate of C storage (if positive) or release (if
negative) from WD. Using the mortality rate reported
for Prospect Hill, 0.64 Mg C ha�1 year�1 (Barford et al.
2001; assuming 25% uncertainty in the estimate), we
estimate that the CWD pool is currently increasing,
representing net C storage (a sink) of 0.35±0.19 Mg
C ha�1 year�1, up to 30% of NEE at Prospect Hill
(�2.0±0.4 Mg C ha�1; Barford et al. 2001). This rate is
comparable to the rate of belowground C storage in soils
at Harvard Forest, 0.1–0.3 Mg C ha�1 year�1 (Gaud-
inski et al. 2000). However, the C storage in CWD is
likely to vary annually because CWD inputs through
mortality are episodic (ranging from 0.27 to 1.34 Mg
C ha�1 year�1) in Prospect Hill from 1993 to 2003, while
C losses through respiration are likely more consistent
year to year. This potential for large annual imbalances
in inputs and outputs to the CWD pool makes CWD
dynamics important for overall C balance despite their
small magnitude relative to other fluxes in the ecosys-
tem.

It is easy to overlook the importance of CWD in the
long-term C balance of the site, because WD contributed
only a small percentage of total stand respiration. WD
released an average of 0.28±0.09 Mg C ha�1 year�1 in
Prospect Hill (Table 4) compared to 12.3±0.7 Mg
C ha�1 year�1 total stand respiration (Munger and
Wofsy 2004). WD respiration was also low compared

soil respiration, which was reported at 6.47–7.48 Mg
C ha�1 year�1 in Prospect Hill (Davidson et al. 2002).
However, most of the ecosystem and soil C fluxes reflect
metabolism of short-lived carbohydrates whereas fluxes
to or from CWD represent changes in a long-lived pool
of organic matter.

Effect of selective logging on C flux from WD

Partial canopy removal (�30%) at the logged site did
not have a statistically significant effect on WD respi-
ration rates. Continuous environmental measurements
in both sites from May to October 2004 showed that
CWD temperature was significantly higher (P<0.001)
and relative humidity significantly lower (P<0.001) in
the Simmes tract (Fig. 3). Respiration rates were inher-
ently variable, and the differences in temperature and
moisture may have compensated, so that site differences
in respiration rates per unit biomass were not detectable.

Despite the similar decay rate constants for logged
and unlogged sites, the C flux from WD was higher in
the Simmes tract following logging because of the larger
measured volume of WD at the logged site (Table 5).
The increase in CWD biomass at the Simmes tract was
not statistically significant (P=0.14), but considering the
negligible change in CWD biomass at Prospect Hill
during the same period, the lack of significance was
likely due to the high spatial variability in CWD rather
than no change in the CWD stock (Table 5).

For the period of this study, CWD may be a net C
source in the selectively logged site compared to a net
sink in the control site. Following logging, the estimated
losses from the CWD pool though respiration
(0.77±0.23 Mg C ha�1 year�1) outweighed the
inputs into the CWD through mortality (0.47±0.20
Mg C ha�1 year�1), leading to an estimated net flux of
�0.30±0.30 Mg C ha�1 year�1. The greater C flux from
CWD at the Simmes tract is due not only to greater
CWD biomass, but also a post-logging shift in the
composition of the CWD pool from comparable
amounts of downed and standing CWD to a greater
proportion of downed CWD, which decomposes more
quickly. This increase in C flux was moderated by a
notable shift in CWD biomass towards less decayed
CWD. McGee et al. (1999) reported the same change in
the CWD pool in another selectively logged northern

Table 4 WD decay rate constants and linear regression models relating log-transformed respiration rates (lg C g�1C s�1) and Ta (K) by
Da. For abbreviations, see Table 2

D Intercept Ta R2 RSE df Decay rate constant (year�1)b

I–II �31.695±5.610 0.088±0.019 0.30 1.367 170 0.06±0.02
III �25.157±5.663 0.067±0.018 0.21 1.262 116 0.10±0.03
IV–V �25.840±12.175 0.071±0.042 0.22 0.996 106 0.14±0.07

aMean values±95% confidence interval (CI) are shown. Pooled CWD and FWD data from both sites were used
bDecay rate constants were predicted using the annual mean air temperature (7.88�C) measured by the eddy flux tower at Prospect Hill
from 1992 to 2003. Ninety-five percent CIs for decay rate constants were estimated using bootstraps with replacement of log-transformed
respiration rates. The decay rate constants and 95% CI have been adjusted for the bias associated with the log-transformation (Gut 1995)
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hardwood forest and attributed it to the fragmentation
of more decayed CWD by logging equipment in addition
to new inputs of less decayed CWD.

For FWD, net C flux is not estimated, because inputs
to the FWD pool were not measured. However, FWD
respiration accounted for C fluxes of 0.45±0.15 Mg
C ha�1 year�1 at the Simmes tract and 0.08±0.04 Mg
C ha�1 year�1 at Prospect Hill, a fivefold difference
between sites (Table 5). This reflects the sevenfold dif-
ference in FWD biomass between sites (Table 5).
Whereas the FWD in Prospect Hill was fairly evenly
divided between decay classes, almost 80% of the FWD
in the Simmes tract was decay class I/II, likely due to
slash piles created from logging. This suggests that slash
piles left at logging sites can greatly influence the size of
the FWD pool and its contribution to whole ecosystem
respiration.

Conclusions

We have presented a simple, uniform methodology for
measuring WD respiration rates and applied this
chamber-based IRGA method to determine rates per
unit biomass in a New England forest. Though highly
variable, WD respiration rates were well predicted by
WD temperature and moisture. We also presented two
simple models for estimating WD respiration rates based
on only air temperature and decay class or using WD
sample moisture, temperature, and size. The resulting
empirical equations should be applicable to mixed
northeastern forests with typical assemblages of north-
ern species.

We showed that both CWD and FWD lifetimes
associated with respiration are moderately long, ranging
from 6 to 16 years, likely much longer than overall
turnover rates that include additional C losses from
fragmentation and leaching. Rates of input and oxida-
tion of WD can significantly affect net C balance in
northeastern forests, even though the associated C fluxes
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Fig. 3 a Half-hourly air temperature and temperature of decay-
class-III downed CWD in Prospect Hill and the Simmes tract
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over the same period. Error bars represent SEs

Table 5 Mean biomass (Mg C ha�1) by D and annual C flux (Mg C ha�1 year�1) (±95% CI) for CWD and FWD at Prospect Hill
(control) and the Simmes tract (selectively logged in 2001). For abbreviations, see Tables 2 and 4

Year Biomass (Mg C ha�1) C flux (Mg C ha�1 year�1)a

DI/II DIII DIV/V Total

Prospect Hill Simmes tract Prospect Hill Simmes tract Prospect Hill Simmes tract Prospect Hill Simmes tract

Downed CWD
1999 0.79±0.46 0.10±0.20 0.98±0.55 1.16±1.05 0.65±0.26 3.32±2.45 0.20±0.06 0.49±0.29
2001 – 6.66±3.14 – 1.06±0.61 – 2.61±1.68 – 0.71±0.23
2003 1.06±0.58 6.27±2.99 0.75±0.32 1.45±0.46 0.81±0.60 2.22±1.53 0.21±0.08 0.68±0.22
Standing CWD
1999 1.59±0.96 1.06±0.84 0.86±0.92 1.27±1.80 0.18±0.09 1.15±0.76 0.07±0.03 0.11±0.06
2001 – 1.91±0.81 – 0.34±0.26 – 0.30±0.33 – 0.06±0.01
2003 0.99±0.60 2.79±1.18 1.25±1.62 0.69±0.50 0.30±0.23 0.30±0.19 0.08±0.06 0.09±0.03
FWD
2001 0.29±0.18 6.10±3.08 0.50±0.29 1.13±0.41 0.25±0.20 0.56±0.22 0.08±0.04 0.45±0.15

aC flux was estimated using biomass from 1999, 2001 and 2003 and downed CWD decay rate constants (see Table 4) from 2002 to 2003
respiration measurements. Standing CWD decay rates were assumed to be 40% lower than downed CWD decay rates
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are small relative to total annual ecosystem respiration.
Fluxes in and out of WD pools represent changes in
long-lived organic matter, and therefore must be com-
pared to net ecosystem C fluxes. Net C fluxes from WD
accounted for up to 30% of NEE in this forest. Selective
logging can potentially change WD from a net C sink to
a net C source to substantially impact NEE. Though
partial canopy removal from selective logging did not
have a detectable effect on WD respiration rates, logging
induced substantial inputs to the WD pool that in-
creased the C flux from the WD pool to the atmosphere.
WD dynamics should thus be included in assessments of
factors that control long-term net C balance, particu-
larly following disturbance.
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