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moth disturbance
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"Department of Biological Sciences, Rutgers University, Newark, New Jersey, USA, >Department of Earth and Environmental
Sciences, Rutgers University, Newark, New Jersey, USA, 3USDA Forest Service, Northern Research Station, Silas Little
Experimental Forest, New Lisbon, New Jersey, USA

Abstract Although snags and coarse woody debris are a small component of ecosystem respiration,
disturbances can significantly increase the mass and respiration from these carbon (C) pools. The objectives
of this study were to (1) measure respiration rates of snags and coarse woody debris throughout the year in
a forest previously defoliated by gypsy moths, (2) develop models for dead stem respiration rates, (3)
model stand-level respiration rates of dead stems using forest inventory and analysis data sets and
environmental variables predisturbance and postdisturbance, and (4) compare total dead stem respiration
rates with total ecosystem respiration and net ecosystem exchange. Respiration rates were measured on
selected Pinus and Quercus snags and coarse woody debris each month for 1 year in a northeastern U.S.
temperate forest. Multiple linear regression using environmental and biometric variables including wood
temperature, diameter, density, species, and decay class was used to model respiration rates of dead
stems. The mass of snags and coarse woody debris increased more than fivefold after disturbance and
respiration rates increased more than threefold. The contribution of dead stems to total ecosystem
respiration more than tripled from 0.85% to almost 3% and respiration from dead stems alone was
approximately equal to the net ecosystem exchange of the forest in 2011 (fourth year postdisturbance).
This study highlights the importance of dead stem C pools and fluxes particularly during disturbance
and recovery cycles. With climate change increasing the ranges of many forest pests and pathogens, these
data become particularly important for accurately modeling future C cycling.

1. Introduction

Following mortality, trees no longer sequester carbon (C), but continue to provide long-term C storage as
dead standing trees (snags) and fallen logs (coarse woody debris). Snags and coarse woody debris (or
collectively dead stems) also provide habitat for organisms [Harmon et al., 1986], substrate for seedlings
[McGee and Birmingham, 1997], and a storage reservoir for water and nutrients [Forrester et al., 2012;
Schowalter, 1992]. In forests across the United States, the Pacific Northwest generally contains the largest
stocks of C in coarse woody debris [Spies et al., 1988; Woodall et al., 2008], with stocks in forested
ecosystems generally increasing with increasing latitude [Woodall et al., 2008]. Respiration from snags and
coarse woody debiris is generally a small component (<5%) of total ecosystem respiration compared with
autotrophic respiration and respiration from soils [Gough et al., 2007; Liu et al., 2006; Tang et al., 2008].
However, because many temperate forest ecosystems are modest sinks [Goodale et al., 2002; Pan et al.,
2011], respiration from coarse woody debris becomes comparatively more important [Forrester et al., 2012;
Gough et al., 2007; Liu et al., 2006; Valentini et al., 2000], and thus, increased respiration from snags and
coarse woody debris could reduce the strength of the C sink in many forests.

In addition to background tree mortality that results from competitive exclusion, lightning strikes, disease
and windthrow, larger-scale disturbances including insect attacks, intense storms, and fire can greatly
increase the mass of snags and coarse woody debris in forests [Franklin et al., 1987; Hicke et al., 2012;
Vanderwel et al., 2013]. For example, Bond-Lamberty et al. [2003] found that more recently burned stands in
boreal black spruce forests generally had significantly more coarse woody debris stocks than stands that
had been burned 70 or more years ago. In tropical dry forests, Harmon et al. [1995] found that forests
experiencing hurricanes had 1.6 times more coarse woody debris than undisturbed forests and forests
experiencing fire had almost 4 times higher coarse woody debris amounts. Large-scale insect disturbances
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have the potential to shift forests from C sinks to sources [Clark et al., 2010; Kurz et al., 2008; Medvigy et al., 2012].
Likewise, climate change may increase the frequency of disturbances [Dale et al., 2001] such as fire [Flannigan
et al., 2000, 1998] and severe storms [Walsh and Pittock, 1998] and may increase the range and frequency of tree
pests and pathogens [Ayres and Lombardero, 2000; Wilf and Labandeira, 1999]. Therefore, it is important to
determine the effects of disturbance on snags and coarse woody debris mass as well as their respiration rates in
order to more fully understand the effects of disturbance on forest C balance.

Both native and nonnative insects can affect large areas of forests [Dale et al., 2001; Hicke et al., 2012; Logan
et al., 2003] and have exerted economic damage in excess of 1 billion dollars [Aukema et al., 2011]. Likewise,
forests impacted by insects can become more vulnerable to catastrophic fires, because they weaken and kill
trees, increasing fuel loads and decreasing canopy cover which causes higher solar radiation on the forest
floor [Clark et al., 2012; McCullough et al., 1998]. Increasing temperatures are also increasing the ranges of
native and invasive insects that are strongly affected by minimum winter temperatures including mountain
pine beetle (Dendroctonus ponderosae Hopkins) [Carroll et al., 2003], southern pine beetle (Dendroctonus
frontalis Zimmerman) [Ungerer et al., 1999], and hemlock wooly adelgid (Adelges tsugae Annand) [Dukes et al.,
2009; Orwig et al., 2002] in North America, and the pine processionary moth (Thaumetopoea pityocampa
Denis and Schiffermiiller) in Europe [Battisti et al., 2005]. For forest insect pests such as gypsy moth (Lymantria
dispar L) whose life cycles are not severely impacted by minimum winter temperatures, predicting the effects
of climate change on distribution and forest impact becomes more complex. Williams and Liebhold [1995]
showed that an interaction between temperature and precipitation was important in predicting the forested
area defoliated by gypsy moths as were early spring temperatures which caused moths to hatch before trees
leafed out. Likewise, increasing atmospheric CO, concentrations require foliar feeders to ingest more leaf
tissue to meet their nitrogen demand because leaves typically have higher C:N ratios in a high CO,
environment [Currano et al., 2008]. All of these environmental effects have the potential to increase the
forested area currently affected by insect disturbance.

The objectives of this study were to (1) measure respiration rates from snags and coarse woody debris from
individuals of Quercus and Pinus spp. throughout the year in an Atlantic coastal plain forest, (2) develop
multiple linear regression models that estimate stand-level respiration rates of snags and coarse woody
debris using meteorological and biometric parameters, (3) model respiration rates before and after a major
gypsy moth defoliation using snag and coarse woody debris mass estimates from forest inventory and
analysis (FIA)-type plots, and (4) compare daily and annual respiration from snags and coarse woody debris
with total ecosystem respiration and net ecosystem exchange estimated by eddy covariance before and after
defoliation. This is one of the first studies to estimate the effect of gypsy moth disturbance on dead stem
respiration, and the findings will allow for more accurate predictions of C losses from snags and coarse woody
debris respiration which will improve C cycling and ecosystem demographic (BIOME-BGC, ED2, etc.) models.
This becomes especially important in light of climate change because models based on eddy covariance can
only predict future C balance if stand structure and composition do not change significantly. Therefore, in
order to include stand structural and compositional changes into models, characteristics of individual pools
and fluxes need to be ascertained [Chambers et al., 2001; Tang et al., 2008]. Likewise, determining which
meteorological variables most strongly affect the respiration of snags and coarse woody debris will allow for
better predictions of how climate change will affect the long-term C storage pool of dead stems [Chambers
et al., 2001]. This becomes especially important as climate change and disturbance cycles interact to affect
both the pools and fluxes of C from snags and coarse woody debris.

2. Materials and Methods
2.1. Site Description

This study was conducted at the Rutgers University Pinelands Field Station United States Forest Service (USFS)
Silas Little Experimental Forest; 39°54'56.27"N, 74°35'44.00"W) which is located in the Pinelands National
Reserve in southern New Jersey. The site is a naturally regenerated, oak-dominated forest containing mainly
chestnut oak (Quercus prinus L.), black oak (Quercus velutina Lamb.), scarlet oak (Quercus coccinea Muenchh.),
white oak (Quercus alba L.), and post oak (Quercus stellata Wangenh.) with less abundant but codominant
shortleaf pine (Pinus echinata Mill.) and pitch pine (Pinus rigida Mill.). The understory is comprised mainly of
ericaceous shrubs including blueberry (Vaccinium sp.) and huckleberry (Gaylussacia sp.) as well as scattered
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sedges, ferns, mosses, and lichens. The climate is cool temperate with an average summer temperature of 22.7°C
and average winter temperature of 1.3°C. Precipitation is evenly distributed throughout the year and averages
about 1120 mm annually [Clark et al., 2012]. Soils are excessively well drained and comprised of >94% sand
with low nutrient and water-holding capacity. Moisture content in the upper soil layer (0-30 cm) averaged
around 8.6% during the study period and, over a longer time scale, ranges between 3% during summer
droughts and approximately 11% at field capacity [Schdfer, 2011]. On a landscape scale, gypsy moths defoliated
about 20% of upland forests in the New Jersey Pinelands in 2007 [Clark et al., 2010]. From May to July 2007, the
study site was completely defoliated by gypsy moths (Lymantria dispar L.). During the second part of the 2007
growing season, individuals leafed out again replacing about 50% of typical stand leaf area. The stand was
partially defoliated again in 2008 resulting in a loss of stand leaf area of about 25% compared to typical values.
Overall, this gypsy moth disturbance caused about 27% mortality of the overstory oak trees [Schdfer, 2011].

2.2. Stand Inventories

Snags and coarse woody debris were measured in an extensive network of FIA-type plots 4 times over a 7 year
period. Sixteen FIA-type plots are located in the study area on a 1 km? grid and are arranged at regular intervals
in a 4 x 4 arrangement. These plots were sampled twice before the gypsy moth disturbance (in 2004 and 2006)
and twice after the disturbance (in 2009 and 2011). In 2006, coarse woody debris were not measured in this
4 x 4 grid but were instead measured in eight plots that were located approximately 1 km outside of the interior
grid. Each FIA-type plot contained four 168 m? subplots, one center plot, and three plots located 36.6 m from
the center point at azimuthal directions 0°, 120°, and 240°. Sampling protocols for FIA data sets can be found at
http://fia.fs.fed.us. All snags larger than 12.7 cm in each subplot were measured including height, diameter at
breast height, species, and decay class based on FIA protocol (http:/fia.fs.fed.us/library/field-guides-methods-
proc/). Briefly, decay classes for snags are defined as follows: (1) all branches and bark present with intact
sapwood, (2) few limbs and variable amounts of bark with sapwood decaying but hardwood sound at the base,
(3) only limb stubs and variable amounts of bark with sapwood and heartwood decaying at the base, (4) few or
no limbs, variable amounts of bark and sapwood and heartwood in advanced decay, and (5) no limbs present,
less than 20% bark, no sapwood and decaying heartwood [O'Connell et al., 2013]. Mass and surface area of
snags in each subplot were calculated using allometric equations for P. rigida and Quercus spp. from Whittaker
and Woodwell [1968] using our measured wood densities (see section 2.4) and densities of live individuals to
adjust snag mass.

Estimates of coarse woody debris size and abundance were also made for each FIA-type subplot, by measuring
pieces of coarse woody debris crossing three 7.3 m long radial transects at azimuthal directions 30°, 150°, and
270° A log is considered coarse woody debris if it measures larger than 7.6 cm in diameter and 0.9 m in length
and is at an angle larger than 45° from vertical (any angle smaller than that is considered a snag). For each log
crossing a transect, the small-end diameter, large-end diameter, transect diameter, length, species (if discernible)
or genus, and decay class were recorded. Decay classes for coarse woody debris are defined in the FIA protocol as
follows: (1) sound, freshly fallen logs with no rot, (2) sapwood partially soft but cannot be pulled apart, (3)
sapwood can be pulled apart or is absent but heartwood is sound, (4) heartwood is decayed, and (5) piece no
longer has a defined shape [OConnell et al., 2013]. Mass and surface area of coarse woody debris in each subplot
were calculated based on line intersect sampling equations [DeVries, 1973; Waddell, 2002] as follows:
T _ Xindiv

Xplot = Zz lindiv

m

where xpot is the variable of interest (mass or surface area) per unit area, L is the total length of measured
transects in the plot, xi,qiv is the variable of interest (mass or surface area) for each individual crossing a
transect, and li,giy is the length of that individual. Individual surface area was calculated using the average of
small- and large-end diameters and did not include the surface area of the end faces. To calculate the mass of
individuals, coarse woody debris volume was calculated based on small- and large-end diameters then
multiplied by wood density. Wood densities from the respiration sample measurements (see section 2.4)
were used to estimate densities of the various decay classes (Table 1).

2.3. Respiration and Stem Temperature Measurements

Point estimates of respiration rates on dead stems were measured with an infrared gas analyzer (IRGA; LI-
6400XT; LI-COR Inc., Lincoln Nebraska, USA) with the soil CO, flux chamber attached (LI-6400-09). This
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Table 1. Biometric Information for Snags and Coarse Woody Debris Measured for Monthly Respiration®

Species Orientation Decay Class N  Diameter (cm) Length/Height (m)  Sapwood Density (g cm73) Heartwood Density (g cm73)
Q. prinus coarse woody debris 2 4 14.5 (2.2) 8.5 (2.3) 0.39 (0.008) 0.51 (0.008)
3 3 17.7 (1.2) 6.8 (1.2) 0.24 (0.02) 0.49 (0.02)
snag 2 4 21.5(2.3) 11.2 (2.3) 0.2 (0.01) 0.57 (0.02)
3 2 23.2 (4.0) 11.7 (0.8) 0.2 (0.03) 0.45 (0.02)
Q. velutina coarse woody 2 2 19.8 (0.3) 6.3 (1.5) 0.3 (0.03) 0.51 (0.01)
debris 3 4 16.3 (1.0) 9.7 (0.6) 0.2 (0.01) 0.4 (0.01)
snag 2 4 23.1 (2.7) 154 (1.3) 0.35 (0.02) 0.57 (0.02)
3 2 21.2 (3.0) 11.3 (2.0) 0.18 (0.06) 0.52 (0.01)
Pinus spp. coarse woody 1 1 33.0 19.4 0.45
debris 2 2 253 (7.7) 10.8 (1.1) 0.42 (0.01)
snag 1 1 36.0 18.8 0.46
2 2 28.8 (6.6) 13.9 (4.0) 0.44 (0.03)

@Mean and standard error in parentheses; N, number of individuals in each category; diameter measured at the location of the respiration collar.

method was used because it allows for in situ, repeated measurements on individuals without
destructive sampling which was not feasible for snags in particular. In order to attach the CO, flux
chamber to dead stems, a piece of PVC pipe (collar), approximately 11.5cm in diameter and 5.5cm tall,
was glued to each individual. Thirty-one snags and coarse woody debris were chosen for respiration
measurements that were larger than 12 cm in diameter so that they would accommodate the respiration
collars. Arcs were cut on one end of the collars so they would fit tightly to snags and coarse woody
debris. To attach the collars to the individuals, waterproof glue was applied to the rim, and the collars
were either strapped to the snags until the glue dried or placed on coarse woody debris. Collars were
attached to areas with bark, if present. A silicone sealant was then applied to the inner and outer rim of
the collars and also to any gaps or cracks in the bark or wood to prevent leakage points between the
bark and the collar. We focused on three species (Q. prinus, Q. velutina, and P. rigida) which comprise
about 80% of total basal area in this upland forest. The remaining basal area is comprised of other oak
species whose dead wood respiration rates were modeled from an average Q. prinus and Q. velutina
model. We chose snags and coarse woody debris ranging from decay class 1 to decay class 3 [O’Connell
et al., 2013] as these classes represent at least 70% of the dead wood in the forest following disturbance.
Table 1 presents data for each measured individual.

The first round of respiration point measurements was performed in August 2012 and repeated monthly for 1
year. The IRGA was zeroed before each round of measurements. To begin, the IRGA chamber was placed on
the PVC collar with a piece of foam inserted between the collar and the flux chamber to prevent CO, leakage.
This system draws down the CO, concentration in the chamber, then records CO, accumulation in the
chamber from the respiration occurring within each dead stem. The rate of CO, accumulation in the chamber
is negatively correlated with the CO, concentration in the chamber, therefore an average respiration rate was
calculated using this relationship and the average CO, concentration in the chamber. Three drawdown cycles
for each individual were performed during each monthly measurement period and averaged. Concurrently
with respiration measurements, a temperature probe attached to the LI-COR 6400 system was inserted into
predrilled holes about 5 cm deep into the snags or coarse woody debris. After respiration measurements
were made, a chisel was used to remove a wood sample from each individual for determination of wood
density and moisture content. These samples were placed in plastic zip-top bags until further laboratory
analysis was performed.

Stem temperatures measured during each round of respiration measurements were plotted versus respiration
for each individual and an exponential function was fitted to the data (Sigmaplot; Systat Software Inc., Chicago,
IL, USA). These exponential equations were then used to calculate Q;q values. In order to determine if Q¢ values
differed significantly between Pinus spp. and Quercus spp., snags and coarse woody debris, and decay classes,
an analysis of variance (ANOVA) was performed in R version 2.5.1 (The R Foundation for Statistical Computing;
http://ww.R-project.org). ANOVAs were also performed in R to determine if respiration rates differed between
Pinus spp. and Quercus spp., snags and coarse woody debris, and between different decay classes within
each species. A repeated measure design was employed where “subject within month” was used as an
error term in each model.
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To estimate continuous, half-hourly stem temperatures in order to model dead stem respiration,
individuals of Q. prinus (three snags and three coarse woody debris), Q. velutina (six snags and four coarse
woody debris), and Pinus spp. (one snag and one coarse woody debris) were fitted with copper constantan
thermocouples that were made in the lab and inserted into 2 cm long hypodermic needles. Holes were
drilled into each snag or coarse woody debris individual, and the thermocouples were inserted and
connected to a CR3000 data logger and AM 16/32B multiplexer (Campbell Scientific Inc., Logan, UT, USA)
which collected data every 30 s and averaged data every 30 min. These data were used to predict
temperatures of snags and coarse woody debris for Pinus spp. and Quercus spp. using air temperature,
orientation (snag or coarse woody debris), and decay class (for Quercus spp.) as explanatory variables

(R version 2.5.1). Air temperatures were collected using a Vaisala HMP45C sensor (Campbell Scientific Inc.)
located about 17.5 m aboveground and connected to a data logger (CR23X or CR1000, Campbell Scientific
Inc.) which collected data every 10s and averaged data every 30 min throughout the study period.
Lagging air temperature data by 30 min intervals did not increase the r? value of the relationship with
stem temperature, so nonlagged data were used. Because only one Pinus spp. snag and coarse woody
debris was available for measurement in the immediate vicinity of the data logger, differences between
decay classes were not included in the model estimating stem temperature from air temperature
(adjusted r* = 0.96, residual SE = 1.7). For Quercus spp. coarse woody debris, Q. velutina and Q. prinus were
combined, and a decay class term was included in the model (adjusted r*=0.94, overall SE=2.13). For
Quercus snags, a species distinction was included in the model as well as a term to differentiate decay
classes (adjusted r*=0.96, overall SE=1.93). A model for snag stem temperature with Quercus spp.
combined was also included to predict stem temperatures for Quercus spp. (Q. alba, Q. coccinea, etc.) not
being measured in this study (adjusted r? =0.94, residual SE=2.03).

2.4. Wood Density and Relative Water Content

Wood samples from each individual after each respiration measurement were returned to the lab and their
fresh mass (M¢) immediately measured. The fresh volume (V5) of each sample was then estimated using a water
displacement method taking care to note the mass before water began filling void space in samples. Samples
were then placed in a drying oven at 70°C for at least 48 h, and dry mass (M) was measured. Density of the
wood samples (D; g cm~3) was calculated as follows:

=V, )

For Pinus spp., wood samples were assumed to be from sapwood due to their relatively deep sapwood. To
determine if Quercus spp. wood samples were comprised of sapwood or heartwood, wood density data were
combined in each species/decay class category for snags and coarse woody debris. Frequency distributions
of wood density data were analyzed, and the bimodal distribution in the data was used to identify the
sapwood: heartwood boundary (Table 1). Relative water content (RWGC; %) was also calculated which
represents the proportion of sample void space that is water-filled as follows [Domec and Gartner, 2002]:

Mg — My
RWC = — x 100 3
V-V, ®
where V is the volume of cell wall material in the sample calculated as dry mass (M,) divided by the density of
cell wall material (1.53 gcm ™) [Siau, 1984] which is relatively constant across species [Gartner et al., 2004].

2.5. Modeling Stand-Level Respiration From Snags and Coarse Woody Debris

Multiple linear regression models of respiration (umol CO; effux M2 rface area S ) for snags or coarse woody
debris were developed using the “regsubsets” function (Lumley and Miller. leaps: regression subset selection.
R package version 2.7). This function compares models containing all possible combinations of variables in a
full model and ranks them based on a given criteria (adjusted r?, Akaike information criterion, etc.).
Respiration rates were log-transformed prior to analysis to linearize relationships with explanatory variables.
Explanatory variables included genus or species, decay class, stem diameter, wood density, relative water
content, and stem temperature. Both genus/species and decay class were included individually as well as their
interaction with biometric and meteorological variables. Since coarse woody debris of Quercus spp. were
generally not distinguished to the species level in FIA data sets, only distinctions to the genus level were included.
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Table 2. Wood Density for Each Species/Decay Class For snags, models having distinctions either to
: -3 . .
Wood Density (gcm ~) the genus or species level were included
Species Decay Class  Snags ~ Coarse Woody Debris because snags were generally identified to the
_ species level in FIA data sets. Respiration rates of

Pinus spp. ; g‘:z g'zg snags and coarse woody debris were modeled

3 Ot26 0j26 separately ancj best models were selected based

4 0.17 0.17 on adjusted r* values.
R ; (())?9 g'i: For both snags and coarse woody debiris, six

3 0.33 0.37 models with the highest adjusted r* were

4 0.27 0.30 chosen for further analyses. To distinguish
Q. velutina 1 053 051 between these models, cross validation was

§ g";: g':; performed using the Data Analysis and

4 0'30 0'27 Graphics (DAAG) package [Maindonald and
Quercus spp. 1 0.52 0.53 Braun, 2007] (R package version 0.95. http://

2 0.42 0.43 www.stats.uwo.ca/DAAG). This procedure

3 0.34 0.33 splits the overall data set into a training set and

4 029 0.29 a testing set, uses the “training” observations

@Bolded numbers were estimated from samples; nonbolded and the specified model to calculate the beta

numbers were calculated from modeled data. parameters and then predicts respiration of the

“testing” observations. Predicted values are
compared with the testing observations to determine how well each model performed. This procedure was
repeated 10 times with different, randomly selected training and testing observations from the data set and an
overall residual mean square error (RMSE) term was calculated. The model with the lowest RMSE was chosen.

The developed models for snags and coarse woody debris were then used to estimate respiration rates
(MOl CO, M2 rface area S ) for each individual dead stem recorded during the FIA sampling years (2004,
2006, 2009, and 2011). Respiration rates were assumed to be zero if measured air temperatures were below
freezing [Bond-Lamberty et al., 2003; Forrester et al., 2012]. To estimate respiration rates of Q. alba, Q.
coccinea, and Q. stellata snags, a model derived from both Q. prinus and Q. velutina respiration data was
used. Respiration rates of dead stems in decay class 4 were also not directly measured in this study and
individuals in this decay class accounted for about 20% of coarse woody debris and 7% of snags. For snags
and coarse woody debris in decay classes not directly measured in this study, the equation developed for
the closest decay class was used with a wood density adjustment made. Wood densities of decay classes
not directly measured in this study were estimated as follows: For Pinus spp., a sigmoidal function was
fitted to the data of wood density versus decay class for Pinus sylvestris L. presented in Harmon et al. [2000].
The maximum of this sigmoidal function was adjusted slightly because our Pinus spp. in decay classes 1 and
2 had higher wood densities than Pinus sylvestris, and then this equation was used to estimate wood
densities for Pinus spp. snags and coarse woody debris in decay classes 3 and 4. For Q. prinus and Q. velutina
snags and coarse woody debris, exponential decay functions were fitted to the measured wood density
data for decay classes 2 and 3. In order to anchor the exponential curve on both ends, wood densities of
living Q. prinus and Q. velutina individuals were also included (as decay class 0) and individuals in decay
class 5 were assumed to have a wood density of 0.25 (as estimated by MacMillan [1981] for Q. alba decay
class 5). For all other Quercus spp., the average wood density of Q. prinus and Q. velutina in each decay class
was used. Table 2 presents wood densities used to model respiration rates for all individuals. Coarse woody
debris in decay class 5 were not included in the analysis, since they no longer have an identifiable structure.
For 2011, about 8% of coarse woody debris individuals were in decay class 5.

Modeled respiration rates were scaled to daily C efflux (g C d™ by multiplying respiration rates by the surface
area of each individual snag or coarse woody debris piece, multiplying by the molecular weight of C, then
integrating half-hourly estimates to an entire day. The sum of respiration from snags and coarse woody debris in
each subplot was calculated and divided by the area of the subplot to yield respiration rates per unit ground
area (g Cm~2d™"). Then, subplot respiration rates were averaged within each FIA-type plot, and total respiration
rates for snags and coarse woody debris in each of the 16 FIA-type plots within the stand were averaged to
estimate mean stand-level respiration rates. Error propagation in the modeled respiration rates was calculated
as the sum of percent error in the carbon pool data (SE/mean) and percent error in the respiration model
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Table 3. Parameters for Calculating Ecosystem Respiration Using Equation (4)

a b n % Model SE

Growing Season

2004 1.383 (0.068) 0.076 (0.003) 1705 0432 2.533

2006 1.154 (0.032) 0.075 (0.001) 3348 0.457 1.854

2009 1.208 (0.037) 0.081 (0.002) 3668 0.493 2172

2011 1.404 (0.047) 0.072 (0.002) 3680 0.397 2.702
Dormant Season

2004 0.838 (0.059) 0.101 (0.004) 1705 0.408 2.585

2006 0.858 (0.027) 0.091 (0.002) 3348 0.500 1.781

2009 0.778 (0.028) 0.107 (0.002) 3668 0.565 2.011

2011 0.853 (0.035) 0.101 (0.002) 3680 0.480 2510

@Mean and standard error of estimates in parentheses; n, number of observations used to develop equation; and all
models were significant at P < 0.001.

(calculated as model RMSE/the range of respiration input data). This overall percent error was then multiplied
by daily and yearly respiration means to calculate an overall standard error term [Taylor, 1997].

2.6. Ecosystem Respiration and Net Ecosystem Exchange of CO,

Net ecosystem exchange of CO, (NEE) was estimated using a closed-path eddy covariance system consisting
of a 3-D sonic anemometer (Model 81000V, R. M. Young, Inc., Traverse City, MI, USA) mounted about 4 m
above the canopy, a closed-path infrared gas analyzer (IRGA; LI-7000, LI-COR Inc., Lincoln, NE, USA), a 0.4 cm
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Figure 1. Monthly respiration rates (umol CO, m—2 surface area 571; mean and standard error) for (a) snags and (b) coarse
woody debris.
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Table 4. Best Fit Equations to Calculate Respiration Rates of Snags and Coarse Woody Debris®

Species Type Decay Class Equation Adjusted r RMSE
Pinus spp. Snag 1 log(RESP) = —0.72 + 0.064*DIA — 2.99*DENS + 0.026*TEMP 0.56 0.085
Pinus spp. Snag 2 log(RESP) = —0.14 +0.0041*DIA — 0.96*DENS +0.017*TEMP

Q. prinus Snag 2 log(RESP)=0.11+0.0041*DIA — 0.96*DENS + 0.017*TEMP

Q. prinus Snag 3 log(RESP)=0.73 — 0.056*DIA + 1.07*DENS + 0.0068*TEMP

Q. velutina Snag 2 log(RESP) = 0.34 + 0.0041*DIA — 0.96*DENS +0.017*TEMP

Q. velutina Snag 3 log(RESP) = 0.45 — 0.056*DIA + 1.07*DENS + 0.0068*TEMP

Quercus spp. Snag 2 log(RESP) =0.053 + 0.0013 *DIA — 0.46*DENS + 0.017*TEMP 0.52 0.090
Quercus spp. Snag 3 log(RESP)=1.00 — 0.046*DIA — 0.46*DENS + 0.0094*TEMP

Pinus spp. Coarse woody debris 1 log(RESP) = —1.16 + 0.032*DIA — 0.86*DENS + 0.044*TEMP 0.62 0.085
Pinus spp. Coarse woody debris 2 log(RESP) =0.35 + 0.032*DIA — 3.56*DENS + 0.023*TEMP

Quercus spp. Coarse woody debris 2 log(RESP) =1.48 — 0.016*DIA — 3.56*DENS + 0.023*TEMP

Quercus spp. Coarse woody debris 3 log(RESP) =0.45 — 0.016*DIA — 1.75*DENS + 0.034*TEMP

@RESP (umol CO, m—2 TR ERE 571), respiration rate; DIA (cm), diameter of snag or coarse woody debris; DENS (g cm73), wood density; and TEMP (°C),
stem temperature.

ID Teflon-coated tube and an air pump, and a laptop PC [Clark et al., 2010, 2012]. The IRGA was calibrated for
CO, every 2-10days using CO, tanks traceable to primary standards. Flux data were rejected at a friction
velocity (u*) < 0.2ms ™', when measurable precipitation occurred, or when instrument malfunction occurred.
The flux associated with the change in storage of CO, in the air column beneath the inlet was estimated using
a profile system with inlets at 0.2, 2, 5, 10, 15, and 20 m height or 2 m height in the dormant season. Flux data
are available at www.ornl.public.gov/ameriflux. Ecosystem respiration (Reco) Was calculated using continuous
half-hourly air (growing season) or soil (dormant season) temperature data and the following equation:

*,
Reco = a x 0 temP (4)

which was developed using nighttime temperature and net ecosystem exchange of CO, measurements
(Table 3). Growing season was defined as the leaf-on period for overstory oaks (15 May to 31 October for this site).
Half-hourly values were then gap-
filled using equation (4), summed to
a daily and annual values, and
compared with respiration rates of
snags and coarse woody debris. Error
terms for daily and annual NEE¢ and
Reco Were calculated as the maximum
difference between mean values and
d ‘ Snags values calculated using + 1 standard
100 [ error of the a or b coefficients in
equation (4) (see Table 3).
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Figure 2. Respiration rates (umol CO» M2 curface area S ; NOte the log scale) followed a similar seasonal pattern,
versus stem temperature (°C) of (a) snags of Pinus spp. (circles), Q. prinus (triangles),  with highest rates in the summer and
and Q. velutina (diamonds). Equations were fitted to individuals in decay class 1 lowest rates in the winter (Figure 1).
(open symbols; y = 1.86 *1.06™; ?=0.59), decay class 2 (gray symbols; y=0.61 *
1.07%; *=0.24), and decay class 3 (black symbols; y=0.5 *1.05%; *=0.21) and
(b) coarse woody debris. Equations were fitted to individuals in decay class 1
(y=0.40 *1.10%; r* = 0.81), decay class 2 (y=0.71 * 1.05%; > = 0.18), and decay woody debris (p < 0.001), while for
class 3 (y=0.67 *1.07; *=0.32). Quercus spp., snags and coarse
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For Pinus spp., snags had significantly
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a woody debris had similar
respiration rates (p =0.24). Pinus
10 ¢ A ¢ 0 and Quercus spp. had similar
respiration rates both for snags
(p=0.07) and coarse woody
% debris (p=0.92). Pinus spp. in
tr decay class 1 had higher
Snags respiration rates than Pinus spp.
‘ in decay class 2 (p =0.02 for snags
and 0.001 for coarse woody
debris). For Quercus spp., snags in
i E decay class 2 had significantly
3 higher respiration rates than
{ b snags in decay class 3 (p=0.002),
t

10

Respiration rate (tmol m2s™)
o

while coarse woody debris in
decay class 2 had significantly
H lower respiration rates than
Coarse woody debris coarse woody debris in decay
0.2 0.3 0.4 0.5 0.6 class 3 (p=0.03).
Wood density (g cm™)

Models for dead stem respiration

Figure 3. Average spring/summer respiration rates (umol CO, m 2 surface area 571; rates tended to explain a greater

note the log scale) versus average wood density (g cm™) for (a) snags of Pinus spp.  @mount of variation and had
(circles), Q. prinus (triangles), and Q. velutina (diamonds). Equations were fitted to smaller RMSE when snags and
individuals in decay class 2 (gray symbols; 11.05 * 0.016; =041)and decaydlass3  coarse woody debris were
(black symbols; y=0.19 * 69.23%; r*=0.19) and (b) coarse woody debris. Equations
were fitted to individuals in decay class 2 (y=311*9.04 x 107%”=096) and decay
class 3 (y=11.22 % 0.07% =0.1 8). Error bars for wood density represent the stan-
dard error around the 12 monthly measurements, and error bars for respiration between Q. prinus and Q. velutina
represent the error around seven spring and summer respiration measurements. for snags yielded a better fitting

model than when Q. prinus and Q.
velutina were combined. For snags, the best fit multiple linear regression model included the following
explanatory variables (listed in order of importance in the model): stem temperature, decay class*stem
diameter, stem diameter, wood density, decay class*wood density, decay class*stem temperature, species,
species*decay class, and decay class (Table 4). For coarse woody debris, the best fit multiple linear regression
model included the following explanatory variables in order of importance: stem temperature, genus,
genus*stem diameter, stem diameter, stem temperature*decay class, decay class, wood density*decay class,
and wood density (Table 4).

considered separately.
Additionally, distinguishing

Respiration rates significantly increased with the temperature of stems for both Pinus spp. and Quercus spp. of
all decay classes (Figure 2). Because the temperature*decay class interaction was significant in the best fit
respiration models, equations for temperature versus respiration were fitted by decay class (Figure 2). For snags,
individuals in decay class 2 showed the largest increase in respiration for a given increase in temperature,
followed by individuals in decay class 1, and then by individuals in decay class 3 (Figure 2a). For coarse woody
debris, individuals in decay class 1 showed the largest increase in respiration for a given increase in
temperature, followed by individuals in decay class 3, then by individuals in decay class 2 (Figure 2b). However,
calculated Q¢ values did not vary significantly between snags and coarse woody debris (p =0.86), between
Pinus and Quercus spp. (p = 0.78) or between decay classes (p=0.57) and had an overall average (and SE) for all
individuals of 2.36 + 0.23. Yearly growing season ecosystem respiration Q¢ values were about 2.14 +0.04 and
also did not differ significantly from Q;q of snags and coarse woody debris (p =0.88).

Snags had wood densities that ranged from 0.25 gcm ™3 to 0.6 g cm > although Pinus spp. exhibited
relatively small variation and averaged around 0.5g cm ™3 (Table 1 and Figure 3a). Coarse woody debris
exhibited smaller variation in wood density ranging from 0.28 gcm ™ to 0.55 g cm™> with Pinus spp.
showing similarly small variation and averaging around 0.45 gcm™2 (Table 1 and Figure 3b). Again, since
the interaction between decay class*wood density was significant in the best fit respiration models,
equations for respiration versus wood density were fitted by decay class (except for decay class 1 which
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Table 5. Stand-Level Estimates of Snag and Coarse Woody Debris Mass®

Predefoliation Postdefoliation
2004 2006 2009 2011
Pinus spp.

Coarse woody debris (Mg haq) 0.14 (0.1) 0.06 (0.04) 0.18 (0.1) 0.05 (0.04)
Snag (Mgha™ ") 0.14 (0.1) 0 0.08 (0.08) 0.08 (0.08)
Quercus spp.

Coarse woody debris (Mg ha_1) 1.5 (0.4) 0.76 (0.4) 1.7 (0.5) 2.2 (0.4)
Snag (Mgha ") 1.5 (0.6) 1.0 (03) 6.5 (1.8) 112 (22)
Total
Coarse woody debris (Mg ha_1) 1.6 (0.4) 0.82 (0.4) 1.9 (0.5) 2.3(0.4)
Snag (Mgha ") 1.6 (0.6) 1.0 (0.3) 6.8 (1.9) 113 (22)
Overall total (Mg ha71) 3.3 (0.9) 1.8 (0.3) 8.5 (2.0) 13.6 (2.4)

¥Mean and standard error in parentheses; N=16.

only contains a single individual; Figure 3). For both snags and coarse woody debiris, individuals in decay
class 2 exhibited a significant negative relationship between respiration rate and wood density, while
individuals in decay class 3 exhibited a much weaker relationship than decay class 2 with snags exhibiting a
slightly positive relationship (Figure 3a) and coarse woody debris exhibiting a slightly negative relationship
(Figure 3b). The relative water content of either snags or coarse woody debris did not explain any of the
variation in measured respiration rates and was not a significant variable in the best fit respiration models
(data not shown). Snags tended to have relative water contents below 0.4, while the relative water contents
of the measured coarse woody debris individuals varied from about 0.1 to 1.0. Likewise for coarse woody
debris, Pinus spp. and Quercus spp. in all decay classes showed a similar degree of variability in relative
water content.
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Figure 4. Yearly courses of (a) average daily air temperature (°C), (b) stand-level daily ecosystem respiration (mean + standard

) -1 ) o -2 —1 .
error;,gCm  ground aread ), (€) daily dead stem respiration (mean + standard error; g Cm’ “ yround aread ), and (d) daily
respiration of coarse woody debris (black lines; mean + standard error; g C m~2 ground area d ') and snags (gray lines;
mean + standard error; g C m—2 ground area d71) during 2 years before the forest was defoliated by gypsy moths (2004
and 2006) and 2 years after defoliation (2009 and 2011).
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Table 6. Yearly Net Ecosystem Exchange and Respiration From Snags, Coarse Woody Debris, and Ecosystem®

Predefoliation Postdefoliation
2004 2006 2009 2011
Net ecosystem exchange (NEE; g C m2 yF’)b
—181 (26) —140 (23) —9 (25) —49 (21)
Respiration (g C m—2 yF’)
Snags 4.5 (1.9) 3.5(1.2) 15.4 (4.9) 29.2(7.1)
Coarse woody debris 13.4 (3.6) 4.1 (2.0) 14.3 (3.9) 16.9 (3.7)
Total dead stems 17.8 (5.5) 7.6 (3.2) 29.7 (8.6) 46.2 (10.8)
Ecosystem 1590 (78) 1390 (35) 1520 (41) 1650 (51)
Ratio (%)
Dead stem/Ecosystem 1.1 (0.39) 0.55 (0.25) 2.0 (0.63) 2.8 (0.74)
Dead stem/NEE 9.8 (4.4) 54(3.2) 330 (1010) 94 (62)

#Mean and standard error in parentheses.
Negative values represent carbon uptake by the ecosystem, positive values represent carbon flux to the atmosphere.

3.2. Stand-Level Pools of Snags and Coarse Woody Debris and Scaling of Respiration Rates

In general, mass of Pinus spp. snags and coarse woody debris were not significantly affected by the gypsy
moth defoliation that occurred in 2007 and 2008 and averaged 0.09 Mg ha™" across the four measurement
periods (Table 5). Before gypsy moth defoliation, the mass of Quercus spp. snags and coarse woody debris
was around 13 times larger than Pinus spp., and following defoliation, it was around 50 times larger (Table 5).
Before gypsy moth defoliation, Quercus spp. total dead stem mass was similarly distributed between snags
and coarse woody debris, but after defoliation, there was about 3 times greater mass as snags than coarse
woody debris (Table 5). Overall, total dead stem mass increased from around 2.5 Mgha™' before defoliation
to around 11 Mg ha™" after defoliation (Table 5).

Before gypsy moth defoliation, respiration fluxes from dead stem pools were about 0.1g C m~2d~" during
the summers of 2004 and 2006 (Figure 4). Daily summer respiration rates from dead stems increased by almost
100% in 2009 compared to predefoliation levels, and then increased by an additional 25% in 2011 (Figure 4).
However, total daily ecosystem respiration rates remained relatively constant both before and after gypsy moth
defoliation averaging about 10g C m~2d™" during the summer (Figure 4). In terms of yearly respiration
rates, 2004 and 2006 had average respiration rates from snags and coarse woody debris of approximately
13g Cm™2yr~' (Table 6). In 2009, 2 years following gypsy moth defoliation, dead stem respiration rates
had approximately doubled with snags and coarse woody debris contributing approximately equal
amounts (Table 6). Between 2009 and 2011, yearly respiration rates from dead stems increased by about
50% which was attributed mostly to a doubling of the respiration from snags, although respiration from
coarse woody debris also increased by about 18% (Table 6). Total ecosystem respiration increased by about
6% in 2009 and 2011 compared to predefoliation values and net ecosystem uptake of C (NEE) was only 5%
of predefoliation values in 2009 and 30% of predefoliation values in 2011 (Table 6). The contribution of
dead stem respiration to total ecosystem respiration was about 2.4 times higher in 2011 (about 2.8%)
compared to predefoliation values of about 0.8% (Table 6). However, when compared to net ecosystem C
uptake, dead stem respiration was approximately 3 times greater than NEE in 2009 and approximately
equal to NEE in 2011 (Table 6).

4, Discussion

Following defoliation of an oak-dominated forest by gypsy moths, mass of snags and coarse woody debris
increased more than fivefold from around 2.5 Mgha™" to about 13.6 Mg ha™". Likewise, the proportion of
dead stem mass to live stem mass in this forest increased from about 3% before defoliation to more than 18%
following disturbance. Annual respiration rates from snags and coarse woody debris were over 3.5 times
larger than predefoliation levels and averaged 46 g C m~2 yr_1 approximately 4 years postdisturbance in
2011. This respiration rate from snags and coarse woody debris is approximately equal to the net uptake of C
into the ecosystem for that year. Likewise, because pools of snags and coarse woody debris in this forest were
over 5 times larger after defoliation, this suggests that there is a lag in the release of CO, after disturbance
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and that disturbance effects will continue to impact ecosystem respiration and net ecosystem production
well into the future. A simple calculation of postdefoliation C pools divided by respiration rate suggests that
this forest will still contain dead stems 18 years postdefoliation, which is longer than the 5 to 10 year return
interval of gypsy moth in many forests [Allstadt et al., 2013]. In terms of partitioning between snags and
coarse woody debiris, in the predefoliation period (2004-2006) about 30% of snags fell in a 2 year period
based on information from the FIA data set. From 2006 to 2009, only 5% of snags fell, largely due to the influx
of new snags caused by the defoliation. From 2009 to 2011, about 10% of snags fell, increasing the coarse
woody debris pool relative to the snag pool. Therefore, the coarse woody debris pool will continue to
increase in this forest, postdefoliation, with the snag fall rate likely increasing with time since disturbance.

Predisturbance respiration rates from snags and coarse woody debris were generally lower than rates in
other undisturbed forests including northern hardwood and conifer-dominated forests in the Great Lakes
region [Forrester et al., 2012; Gough et al., 2007; Tang et al., 2008] and New England [Liu et al., 2006],
coniferous forests in the Pacific Northwest [Janisch et al., 2005] and southeastern oak-dominated forests [L/
et al., 2012]. This is likely because the sandy soils of this region limit productivity [Pan et al., 2006] as well as
the coarse woody debris pool compared with other temperate forests growing on more mesic soils.
Likewise, little density-dependent mortality is occurring in this forest, and much of the coarse woody debris
from a previous windthrow disturbance event in 1991 have largely decomposed [Matlack et al., 1993].
However, postdefoliation coarse woody debris respiration rates in this forest were similar to [Forrester et al.,
2012; Janisch et al., 2005; Tang et al., 2008] or larger than [Gough et al., 2007; Liu et al., 2006] respiration rates
measured in other forests. Postdefoliation respiration rates from dead stems were also similar to an oak
forest in the Southeastern U.S., but much lower than oak forests that received either uneven-aged or even-
aged harvest management [Li et al., 2012]. In terms of dead stem C pools, both predisturbance and
postdisturbance levels in this forest were lower than the average for forests in the Northeast [Woodall et al.,
2008] and postdisturbance levels were lower than dry tropical forest stands disturbed by fire or hurricanes
[Harmon et al., 1995]. However, defoliation caused the pool of biomass in snags and coarse woody debris to
increase by more than fivefold which is proportionally higher than the increases caused by either fire
(around threefold increase) or hurricane damage (around 50% increase at the most disturbed site) in a
tropical dry forest [Harmon et al., 1995].

There was a distinct increase in both the pools and respiration rates of snags and coarse woody debris from
2009 to 2011 even though the gypsy moth disturbance occurred in 2007 and 2008. This additional increase is
likely due to widespread drought conditions in 2010 which caused additional mortality of trees that were likely
already weakened by the gypsy moth disturbance. These newly deceased trees had not fallen yet and therefore
significantly increased the pool of snags relative to coarse woody debris in 2011. Additionally, some of the
difference in respiration rates between 2009 and 2011 may be attributed to differing summer temperatures
because daily maximum temperatures in the summer of 2009 averaged 27.6 +0.4°C, and in 2011, averaged
29.9 £ 0.3°C. Therefore, additional environmental factors including drought and heat can have a comparatively
greater effect on respiration rates of forests that have previously experienced a defoliation event compared to
undisturbed forests given the weakened trees and larger dead stem pool.

In modeling respiration from either snags or coarse woody debris, we found that stem temperature, stem
diameter, and wood density were the strongest predictors of respiration rates, with species and decay class
distinctions also important. Stem temperature explained around 35% of the variation in respiration rates
depending on the orientation (coarse woody debris versus snag) or decay class of the individual. Q,¢ values
averaged around 2.36 and were similar to values measured for coarse woody debris in northern temperate
forests in the Great Lakes region [Gough et al., 2007], coarse woody debris from central Amazonia [Chambers
et al., 2000] and those measured for oak snags in Southeastern U.S. forests [Li et al., 2007] but generally lower
than values measured for oak coarse woody debris in Southeastern U.S. forests [Li et al., 2007]. We also found
that diameter of snags and coarse woody debris was a significant predictor of respiration rate with several
other studies finding similar results [Chambers et al., 2000; Jomura et al., 2007; Zell et al., 2009], while others
finding that diameter was not a significant predictor [Gough et al., 2007; Mattson et al., 1987; Russell et al.,
2013]. Given that the surface to volume ratio is larger for smaller diameter stems, larger diameters should
inhibit the access of fungal colonizers as well as the diffusion of oxygen into the individual [Yatskov et al.,
2003; Zell et al., 2009]. Likewise, higher wood density should also limit access of fungi and oxygen diffusion,
and we found that, particularly for decay class 2, individuals with higher wood density values had lower
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respiration rates. Chambers et al. [2000, 2001] also found that wood density strongly affected respiration and
decomposition rates of coarse woody debris.

Interestingly, moisture content of dead stems was not found to be a good predictor of respiration rates. While
some studies have reported that coarse woody debris moisture content was not significantly correlated with
respiration rates [Mackensen and Bauhus, 2003; Tang et al., 2008], the majority found that moisture content
explained a significant amount of the variability in respiration rates [Barker, 2008; Bond-Lamberty et al., 2003;
Chambers et al., 2001; Forrester et al., 2012; Liu et al., 2006; Wang et al., 2002; Zell et al., 2009]. Studies finding a
relationship between respiration rates and moisture content reported a quadratic [Jomura et al., 2008; Zell et al.,
2009] or a threshold response [Bond-Lamberty et al., 2003], where moisture contents generally below the fiber
saturation point limited microbial activity and very high moisture contents limited oxygen diffusion [Barker, 2008].
Our study encompassed coarse woody debris with a wide range of moisture contents and therefore should have
been able to detect a relationship between respiration rates and moisture content. Likewise, snags were generally
found to have much lower moisture contents compared with coarse woody debris, but their respiration rates were
similar (for Quercus spp.) or significantly higher (for Pinus spp.) than that of coarse woody debris. Therefore, the
question remains as to why respiration of dead stems in this forest did not respond to changes in wood moisture
content. One reason could be the sandy soils in this ecosystem having limited water- and nutrient-holding
capacity. Landesman and Dighton [2010] found that soil microbial biomass and community composition were
unaffected by rainfall manipulation treatments in this forest suggesting that decay organisms in this ecosystem
may be adapted to a large range in moisture contents, and therefore, do not respond strongly to it. Likewise,
nitrogen limitation, in particular, may limit decomposition rates in this forest [Mackensen and Bauhus, 2003].

Before disturbance, annual respiration from snags and coarse woody debris was about 0.8% of total
ecosystem respiration. This is lower than reported values of around 1.4% for deciduous forests in the upper
Great Lakes region of the U.S. [Gough et al., 20071, 2% for a temperate forest in the New England region of the
U.S. [Liu et al., 2006], and 3 to 4% respectively for old growth hemlock (Tsuga canadensis (L.) Carriére) and
sugar maple (Acer saccharum Marshall) stands in the Great Lakes region [Tang et al., 2008]. While annual
ecosystem respiration increased by about 6% in the years following the gypsy moth defoliation compared to
predefoliation values, the contribution of dead stem respiration to total ecosystem respiration more than
doubled. Although respiration from dead stems comprised only 2 to 3% of total ecosystem respiration after
defoliation, this is a significant increase considering the relatively low postdisturbance productivity of the
stand. Prior to defoliation, dead stem respiration accounted for only about 7% of net C uptake of this forest,
while 4 years postdisturbance, the forest absorbed about 70% less C, and NEE was approximately equal to the
respiration from dead stems alone. Therefore, although respiration from snags and coarse woody debris
tends to be a relatively small source of C to the atmosphere, disturbances such as defoliation can significantly
alter this C pool as well as its contribution to the overall C balance of the forest.
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