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Abstract

Background and aims Soil warming from global cli-
mate change could increase decomposition of fine
woody debris (FWD), but debris size and quality may
mitigate this effect. The goal of this study was to inves-
tigate the effect of soil warming on decomposition of fine
woody debris of differing size and quality.

Methods We placed FWD of two size classes (220 cm
and 4x40 cm) and four species (Acer saccharum,
Betula lenta, Quercus rubra and Tsuga canadensis) in
a soil warming and ambient area at Harvard Forest in
central Massachusetts. We collected the debris from
each area over two years and measured mass loss and
lignin concentration.

Results Warming increased mass loss for all species
and size classes (by as much as 30%), but larger debris
and debris with higher initial lignin content decom-
posed slower than smaller debris and debris with lower
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initial lignin content. Lignin degradation did not follow
the same trends as mass loss. Lignin loss from the most
lignin-rich species, T. canadensis, was the highest
despite the fact that it lost mass the slowest.
Conclusions Our results suggest that soil warming will
increase decomposition of FWD in temperate forests. It is
imperative that future models and policy efforts account
for this potential shift in the carbon storage pool.

Keywords Woody debris - Lignin - Decomposition -
Soil warming - Climate change

Introduction

The stability of the fine woody debris (FWD)
carbon pool is at risk from global climate change.
Currently, under undisturbed conditions, woody
debris decomposition contributes minimally to total
stand respiration in temperate New England forests
(Liu et al. 2006), however this could change with
global climate change as warmer temperatures
have been shown to increase decomposition in
temperate forests (Moore et al. 1999; Mackensen
et al. 2003). In addition, insect-driven tree mortal-
ity may increase the size of the FWD pool (Orwig
and Foster 1998), making carbon storage in this
pool even more valuable. The magnitude of a
change in decomposition due to warmer temper-
atures may be mitigated by quality, as determined
by the biochemical complexity of the debris (Aber
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and Melillo 2001), and the size of FWD, as both have
been shown to slow decomposition. While some stud-
ies have investigated the effect of debris quality and
size on decomposition of FWD (Vaviova et al. 2009;
Fasth et al. 2011; Tuomi et al. 2011), few have simul-
taneously examined how these factors will interact with
warming in an experimental field setting. As a result, it
is not clear how much warming will speed decomposi-
tion from this carbon pool or what factors could mitigate
this mass loss.

Debris quality is important to our understanding of
FWD decomposition (Cornelissen 1996; Vaviova et
al. 2009; Yang et al. 2010). Characterized from the
microbe’s perspective, litter quality is defined by the
accessibility of carbon molecules (Couteaux et al.
1995). Plant materials with more labile carbon are
easier to break down and therefore are considered
higher quality, while materials with more recalcitrant
carbon are considered lower quality (Aber and Melillo
2001; Chapin et al. 2002). Complex carbon molecules
such as lignins decrease debris quality and therefore
can slow decomposition, while nitrogen increases
quality and therefore can increase decomposition
(Swift et al. 1979). These variables vary predictability
between species and as a result, species are often used
as a surrogate for litter quality. Although some studies
have found a difference in species decomposition rates
(Fasth et al. 2011) and others have connected those
differences to lignin concentration (Tuomi et al. 2011),
still others found an effect of species only in later
stages of decomposition (Liu et al. 2006). As a result,
it is imperative that we complete field experiments to
see if species and lignin concentration can be used as
predictors of fine woody debris decomposition under a
warming scenario.

Debris size is another factor with potential effects on
decomposition. Aside from obvious differences in mass,
and therefore time to complete decomposition, size can
act as a buffer to extreme temperature and moisture
changes, as larger debris will be able to maintain higher
moisture levels longer. Larger debris may also reduce
access to decomposers through a low surface to volume
ratio and a lower rate of gas and water exchange per unit
volume (Mackensen et al. 2003). Indeed, several studies
on FWD have found an inverse relationship between
debris diameter and decomposition down to 3 c¢m in
diameter (Tuomi et al. 2011) and less (Muller-Using
and Bartsch 2009). Vaviova et al. (2009) attributed this
relationship to higher amounts of labile, soluble
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components in smaller debris, making it easier to decom-
pose. The interaction of quality and debris size may be
more complex though, as Fasth et al. (2011) found that
certain species with decay resistant heartwood had an
inverted size effect (decomposition rate increased with
size). Erickson et al. (1985) found a similar relationship
between debris size and decomposition in logging resi-
dues under 12 cm diameter. However, they attributed the
increase in decomposition with debris size to debris
moisture rather than quality, as the smaller debris had a
lower moisture content in the dry season potentially slow-
ing decomposition. In light of these many studies, debris
size could be a correlate for moisture content, debris
quality or microbial access. As each of these factors could
interact with warming, it is important that they are taken
into account when considering decomposition under fu-
ture environmental conditions.

Though the FWD pool is only 2% of total forest
carbon storage (Currie and Nadelhoffer 2002; Bradford
et al. 2010), storage in this pool is very stable (Mattson
et al. 1987). In addition, the size of this pool can be
increased by extreme weather events (Fasth et al. 2011)
or insect invasion (Orwig and Foster 1998) that result in
branch fall and tree mortality. If decomposition of FWD
is increased by warming, significant amounts of addi-
tional carbon may be released into the atmosphere. Such
a pulse of additional carbon entering the atmosphere has
consequences for the larger global carbon cycle.

In this study, we examined the effect of soil warm-
ing on woody debris decomposition as a function of
debris quality and size. We hypothesized that decom-
position would increase in response to warming, but
that debris quality would influence decomposition,
with higher lignin debris decomposing slower under
ambient and warmed conditions. We also predicted
that smaller debris would decompose faster than larger
debris, under both warming and ambient conditions.

Materials and methods
Site information

Barre Woods is located in the Harvard Forest Research
Station in Central Massachusetts (Melillo et al. 2010).
The stand is an even-aged, mixed-hardwood forest
dominated by Quercus rubra with lesser components
of Acer saccharum, Betula lenta and Tsuga canadensis
occurring on Gloucester stony loam soil. Historical
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documents suggest that in earlier years it was pasture-
land which was growing back naturally with a single
strong hurricane disturbance in 1938. The climate in this
region is cool, temperate and humid, with a mean annual
air temperate of 8.5°C (—6°C in winter and 20°C in the
summer). Annual precipitation is 108 cm, distributed
evenly throughout the year.

Soil warming treatment

In the Summer of 2001, 5.47 km of heating cables
were buried at a depth of 10 cm, 20 cm apart across a
30%30 m area. A 30x30 m ambient area was delin-
eated approximately 5 ft from the warming area. Base-
line measurements of soil moisture and temperature
were taken in 2002 showing no difference between the
two areas (Melillo et al. 2010). Cables were not buried
in the ambient area, because previous research found
no temperature, moisture or soil respiration differences
between the areas with no cables and those with cables
that had never been turned on (Melillo et al. 2002).
The power was then turned on in the Spring of 2003.
Areas are controlled automatically to keep a 5°C
differential between the ambient and warming areas at
10 cm depth.

Moisture level was measured using Time Domain
Reflectometer probes set at 5 cm below the soil sur-
face. In 2007, moisture data were collected every 6 h.
From 2008 onward, moisture data were collected ev-
ery hour. Soil moisture was on average 6% higher in
the ambient area over the heated area for all of the
years that our debris was decomposing (unpublished
results).

Data collection
Initial survey of fine woody debris

In the Fall of 2007, we conducted an initial survey for
fine woody debris to assess the distribution of debris
size and decay class. Due to the small size of the
debris and the mix of trees present, we did not deter-
mine species. Each treatment area was separated into
10x 10 m areas. Within each smaller area, we used the
line-intercept method starting from the center of each
area in a random direction to collect information on
woody detritus (coarse and fine). The line-intercept
method is a good approach to accurately quantify
FWD over large areas (Brown 1971) and has been

successfully used in Harvard Forest woody debris
studies in the past (Currie and Nadelhoffer 2002).
Decay class was split into 3 groups based on the work
of Currie and Nadelhoffer (2002): sound (no evidence
of decay), intermediate (missing some bark, density is
soft to the touch, wood is missing) and rotten (wood is
rotten the whole way through).

Soil warming decomposition experiment

In the Fall of 2007, live saplings of 4 species were cut
to serve as experimental fine woody debris: Acer
saccharum, Betula lenta, Quercus rubra and Tsuga
canadensis. These four species were chosen due to
their forest abundance and difference in quality. From
the survey earlier in the Summer, it was determined
that the majority of downed woody debris within the
site was less than 5 cm in diameter. Since Harmon and
Sexton (1996) recommend having the length ten times
longer than the diameter, as the radial colonization rate
by decomposers is 10% of the longitudinal rate, we cut
the fresh wood into two size classes keeping the ratio
of diameter to length constant: 2 cm diameter by
20 cm long and 4 cm diameter by 40 cm long. Due
to the size of the saplings available in the forest, pieces
of wood were cut from the bole at approximately 1-2 ft
from the ground for the 4 cm diameter pieces and from
branches for the 2 cm diameter pieces. We cut an addi-
tional 2.54 cm piece of debris from each tree to do an
initial analysis of moisture and used a subset of those
pieces for lignin analysis. Debris was left with bark still
intact to accurately represent what we observed from our
initial survey of woody debris. We weighed the debris
and placed it in debris bags with a 5 mm mesh to allow
decomposers access. Two pieces of debris (one of each
size) from the same species were put into individual
bags. The bags were then anchored under the leaf litter
in subplots within each treatment area.

We divided each 30%30 m treatment area into nine
10x10 m subplots. Within each of the nine subplots
two 1x1 m mini-plots were randomly located and
served as the locations for this experiment. The exper-
iment was set up in the Fall of 2007. In the two
subsequent Falls, we removed 18 debris bags per
species from each treatment area for a total of 288
pieces of woody debris (4 species * 2 size classes * 2
treatment areas * 9 subplots * 2 mini-plots=288).
From the collected debris we determined mass loss
and moisture content.
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To evaluate mass loss we measured debris before
and after being put in the field. Since the woody debris
was placed out as fresh wood, moisture concentration
was calculated by weighing the wet 2.54 cm subsam-
ples, drying them in an oven at 70°C until the weight
did not change (approximately 48 h) and then weigh-
ing them again. Debris moisture was on average
between 28-48% moisture, with 7. canandensis having
the greatest moisture and B. /enta having the least. Due
to the amount of debris needed for this study and the
desire to have the same time of death, we chose to create
our own debris from fresh saplings. If decomposition
was increased due to the fresh debris having higher
moisture or more labile constituents than typical FWD,
it would become apparent when comparing the decay
constants from this study to other studies that used dried
and downed FWD (see discussion).

Using mass loss we calculated the decay constants
for each species and size under warming and ambient
conditions using the following single exponential
model which assumes that decomposition rate is pro-
portional to the amount of mass left (Olson 1963):

k = (InMO — InMt) /¢

Where k is the decay constant, M is mass at time t, M
is mass at time 0. To look at estimated time to decompose
95% (to.95) of matter we used the equation:

to.95 = —111(005)/1(

Lignin analysis

Lignin was analyzed from samples ground to 1 mm
using a Thomas Model 4 Wiley Mill and thoroughly
mixed. All samples from each year of decomposition
(year 1 and 2) were analyzed for lignin, but a subsam-
ple of 10 samples per treatment, per size class were
used for initial lignin concentration (year 0). Lignin
was analyzed using the acetyl bromide method (devel-
oped from Johnson et al. 1961), using species-specific
wood standards of known lignin concentration
(obtained from Rock River Laboratory, Watertown
WI). There are many methods for studying lignin,
each with varying ease and flexibility. A study by
Fukushima and Hatfield (2004) found that the acetyl
bromide method was able to detect the greatest
amount of lignin in their small wood forage samples
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compared to Klason lignin, acid detergent, acid insol-
uble lignin, or permanganate lignin procedures. Briefly,
20 mg of dried cell-wall extracted sample was
combined with 1 ml of 25% acetyl bromide in
glacial acetic acid in Teflon-topped tubes. The
tubes were capped and placed in a water bath at
50°C for 2 h. The samples were then cooled on ice.
We then added 2 ml 2 M NaOH, 2.4 ml acetic acid
and 0.35 0.5 M hydroxylamine hydrochloride to the
samples. Glacial acetic acid was then added to bring the
volume up to 10 ml. Sample UV absorption was mea-
sured against a blank using a spectrophotometer (HP
8452A Diode Array Spectrophotometer) at 280 nm.

Statistical analysis

We analyzed the effects of warming, debris species
and debris size on (1) mass loss and (2) change in
lignin concentration using a series of 3-way ANOVAs
with treatment, species and size as our main effects.
Each year was analyzed separately. A Levine’s test
failed to find homogeneous variances in many of our
data sets and typical transformations did not correct
for this. As a result, we rank-transformed all of our
data before running the 3-way ANOVA. Rank trans-
formations have been found to be a useful statistical
tool that bridge non-parametric and parametric tests
when other transformations do not correct violated
assumptions of the ANOVA test (Conover and
Iman 1981). As we found that size interacted with
both temperature and species in our year 1 mass
loss data, we broke this data into the two size
classes and ran two-way ANOVAs to look more
specifically at the effect of size and temperature
within each size class. We analyzed our data using
SPSS (GradPack v 17.0).

Results
Initial survey

Total FWD biomass in the initial survey was approx-
imately 2.45 kg/m? and 1.63 kg/m” in the ambient and
soil-warming areas respectively. We found no differ-
ence between the two areas for debris size class or
decay class. In addition, there was no difference in tree
mortality since the experiment started (personal corre-
spondence with Jacqueline Mohan, Spring 2008). In
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both sites, over 95% of the woody debris was under
5 cm in diameter and the total number of woody debris
sampled was equitable (109 pieces of debris in the
ambient area and 108 pieces in the soil warming
area). The decay classes for both sites were also
very similar, with sound wood being the most
prevalent followed by the intermediate decay class
and then rotten wood.

Soil warming decomposition experiment
Mass loss

Even though soil moisture was higher in the ambi-
ent area (unpublished results), mass loss for all
debris was greatest under warming (Fig. 1). In year
1, size interacted with both temperature and species
to significantly influence mass loss (Table 1a;
Fig. 1). In the smaller debris class, temperature
and species both independently influenced mass
loss (Table 2a), with B. lenta decomposing the
fastest, losing 25% of its mass. The other species
were also strongly affected by temperature, increas-
ing mass loss by approximately 10% with warming.

In the larger debris class, only temperature had a
significant effect on mass loss (Table 2b).

In year 2, only the main effects of temperature,
species and size significantly affected mass loss
(Table 1b; Fig. 1). Warming appeared to increase mass
loss across all species and the smaller debris decom-
posed the fastest. In general 7. canadensis decom-
posed slower than the other 3 species, followed by
Q. rubra, B. lenta and A. saccharum.

In contrast to decomposition, debris moisture did not
differ by treatment in either year. All debris moisture
was within the range of 24% and 47% in year 1 and 31%
and 55% in year 2.

Decay constants

Similar to our findings for mass loss, we found that the
smaller debris and debris with a lower initial lignin
content had the higher decay constants under the
warming treatment (Table 3a, Fig. 2). Warming short-
ened the estimated number of years until 95% of the
sample was decayed across all species and size classes,
reducing the mean residence time by approximately
30-50% (Table 3b).

Fig. 1 Percent mass 100% 100% -
remaining of small debris 3 9% 90% |
(20 cm lengthx2 cm < sou 80%
diameter; squares) and large E’ 70% 70% 1
debris (40 cm lengthx4 cm £ 60w - 0% -
diameter; triangles) of four E Sk So%
species: Acer saccharum, & a0% 0%
Betula lenta, Quercus rubra B ) son |
and Tsuga canadensis over -4
two years of decomposition = 22:: Acer saccharum il Betula lenta
under either the ambient L 10% 1
(black) or the soil warming 0% T 0% +
(gray) treatment (n=18 ! : . 2
pieces of debris per size and —— —
species in each treatment).
Standard error bars are too 3? 9. \ 20% 1
small to see in most cases = %1 \ o \'
£ 70% 70% -
5 60% - \- 60% -
E so% - so% o
oY 40% - 40%
3 30% - 30% -
S 20% Quercus rubra 20% - Tsuga canadensis
10% 10% -
0%
1 2 1 2
Years Years
—&-Small Ambient = Large Ambient

~#—Small Soil Warming

== Large Soil Warming
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Table 1 Summary of 3-way ANOVAs of woody debris mass
loss, for small debris (20 cm lengthx2 cm diameter) and large
debris (40 cm lengthx4 cm diameter) across four species: Acer
saccharum, Betula lenta, Quercus rubra and Tsuga canadensis
after a) one and b) two years under either the ambient or the soil
warming treatment (n=18 pieces of debris per size and species
in each treatment)

Mass loss

Source of variation Df F )4

a) Year |

Temperature 1 45.36 <0.0001
Species 3 5.10 0.002
Size 1 67.27 <0.0001
Temperature x Species 3 1.73 0.16
Temperature x Size 1 5.72 0.02
Species x Size 3 5.61 0.001
Species x Size x Temperature 3 2.15 0.09
Error 272

Total 288

b) Year 2

Temperature 1 55.57 <0.0001
Species 3 35.55 <0.0001
Size 1 74.15 <0.0001
Temperature x Species 3 0.36 0.78
Temperature x Size 1 0.00 0.99
Species x Size 3 0.46 0.71
Species x Size x Temperature 3 0.65 0.58
Error 272

Total 288

All data was rank transformed before analysis

Lignin analysis

Temperature had a significant effect on lignin concen-
tration after two years of decomposition, showing an
increase in lignin concentration under the warming treat-
ment (Tables 4c and 5 year 2). Meanwhile, species had a
significant effect on lignin concentration throughout the
experiment (Table 4), but concentration did not remain
consistently higher in the same species (Table 5). For
example, in year 0, T canadensis debris of both size
classes had the highest lignin concentration, but by year
2 it had lost the greatest amount of lignin. In the smaller
debris, all of the other species increased in lignin con-
centration. Meanwhile in the larger size class, lignin
concentration diverged by year 2, with A. saccharum
increasing in lignin concentration and B. lenta and Q.
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rubra staying close to initial levels (Table 5b). Lignin
concentration was significantly higher in the larger size
class debris before decomposition and after two years
(Table 4a and c).

Total lignin content demonstrated a different trend
from concentration, as after two years it consistently
decreased in all species and treatments (Table 6). The
larger T canadensis debris, which started with the
highest lignin content, lost the greatest amount of
lignin over the two years of decomposition when
compared to the other species and the smaller debris
(Table 6b).

Discussion

We found a large effect of warming, species, and size on
decomposition. Combining our initial survey of downed
FWD with the experimental warming data suggests that
warming could increase decomposition from the FWD
pool in our study area between 211 and 456 C g/m” over
the first two years of decomposition. The calculation
assumes a 50% carbon content in the initial debris
(Pettersen 1984). This range was dependent on species

Table 2 Summary of 2-way ANOVAs of woody debris mass
loss for a) small debris (20 cm lengthx2 c¢cm diameter) and b)
large debris (40 cm length>x4 cm diameter) across four species:
Acer saccharum, Betula lenta, Quercus rubra and Tsuga cana-
densis after one year under either the ambient or the soil warm-
ing treatment (n=18 pieces of debris per size and species in each
treatment)

Mass loss

Source of variation df F )4

a) Small

Temperature 1 49.40 <0.0001
Species 3 12.56 <0.0001
Temperature x Species 3 291 0.04
Error 136

Total 144
b) Large

Temperature 1 8.15 0.005
Species 3 0.10 0.96
Temperature x Species 3 1.23 0.30
Error 136

Total 144

All data was rank transformed before analysis



Plant Soil (2012) 356:405-417 411

Table 3 Decomposition patterns ] ] ] ]

for fine woody debris showing a) Species Ambient Soil warming

mean decay constants (year'') and

b) estimated years to decompose Large Small Large Small

95% of debris for small debris

(20 cm lengthx2 cm diameter) a) Decay constants

and large debris (40 cm lengthx Acer saccharum 0.20 (0.03) 0.30 (0.04) 0.27 (0.04) 0.45 (0.07)

4 cm diameter) across four Betula lenta 0.18 (0.02) 0.25 (0.03) 0.22 (0.02) 0.36 (0.04)

species: Acer saccharum, Betula

lenta, Quercus rubra and Tsuga Quercus rubra 0.14 (0.02) 0.22 (0.03) 0.21 (0.02) 0.29 (0.03)

canadensis and under either the Tsuga canadensis 0.10 (0.02) 0.14 (0.02) 0.16 (0.03) 0.22 (0.02)

ambient or the soil warming treat- ) pgtimated years to decompose 95% of debris.

ment (n=18 pieces of debris per

size and species in each treatment) Acer saccharum 18.(2) 1 @) 13 8()
Betula lenta 19 (2) 14 (1) 14 (1) 9 (1)
Quercus rubra 26 (3) 16 (2) 16 (1) 11 (1)

Standard error is in parenthesis Tsuga canadensis 41 (6) 29 (5) 25 (4) 15 (1)

in both tables

and size of debris present, with smaller, higher quality
debris contributing a greater amount. This response is
large when compared to the effect of warming on other
carbon pools. Melillo et al. (2002) found that emissions
from soil and roots was 944 gC/m? over 10 years of
warming, with the first 6 years having the highest con-
tribution. The difference in response between FWD and
soil may be due to the relative amounts of labile carbon
available in each. Though soil holds more carbon in
temperate forests, a large proportion is stored in the
recalcitrant pool (Gaudinski et al. 2000), while FWD
has more labile carbon available. This suggests that even
carbon entering soil from FWD, may not be tied into
long term storage, but rather be part of the labile pool
which again will be respired into the atmosphere. Fur-
ther research into the recalcitrant nature of this carbon
entering the soil pool from FWD is warranted.

Initial survey of fine woody debris

We found 2.45 kg/m? and 1.63 kg/m*> FWD in the
ambient and soil-warming areas respectively. These
amounts are slightly higher than in other forest (Lang
et al. 1981; McCarthy and Bailey 1994). Currie and
Nadelhoffer (2002) found 0.73 kg/m” in a different
mixed oak forest at Harvard forest and Onega and
Eickmeier (1991) found 0.94 kg/m” in a Tennessee
maple forest. This suggests that the build-up of woody
debris on the forest floor is dependent on both location
and forest type, making it challenging to devise larger
estimations regarding carbon emissions without know-
ing the debris biomass of a given forest stand. As a
result, our predicted emissions within the first two

years from the FWD pool may represent an upper
end for Eastern US forests.

Soil warming decomposition experiment

In general, warming significantly increased decompo-
sition of FWD in our study, while species and size
appeared to dictate the magnitude of this response. For
example, warming shortened the estimated time to
95% mass loss for the more recalcitrant 7. canadensis
debris of the larger size class by 16 years, while
shortening the mean residence time for the other 3
species by only 5-10 years. This demonstrates that
although temperature increases woody debris decom-
position, substrate accessibility or quality can dictate
the level of the response.

As expected, decomposition was much faster for
smaller debris than larger debris under both warming
and ambient conditions. Though there are many pro-
posed reasons in the coarse woody debris literature as
to why size might influence decomposition, many of
those may not pertain to the FWD in our study. For
example, Laitho and Prescott (2004) suggested that
larger debris could buffer from extreme climate shifts,
while Harmon et al. (1986) suggested that quality will
be reduced in larger sizes resulting in slower decay in
larger debris. In the case of our study, the 2 cm differ-
ence between the diameters of the small and large
debris were likely too small to buffer against climate
shifts or cause major shifts in quality. Most likely
the surface:volume ratio of the debris determined
the slower decomposition rates of the larger debris
(Mackensen et al. 2003).
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«Fig. 2 Exponential decay curves for small (20 cm lengthx2 ¢cm
diameter) and large debris (40 cm lengthx4 cm diameter) of
four species: Acer saccharum, Betula lenta, Quercus rubra and
Tsuga canadensis under either the ambient (black) or the soil
warming (gray) treatment (n=18 pieces of debris per size and
species in each treatment). Data from the first two years of
decomposition was used to predict the following ten years.
Standard error bars are too small to see in most cases

Our research, in conjunction with others (Tritton
1980; Mattson et al. 1987; Vavtova et al. 2009), sup-
ports the prediction that debris size will influence

Table 4 Summary of a 3-way ANOVA of woody debris lignin
concentration for small debris (20 cm lengthx2 cm diameter)
and large debris (40 cm lengthx4 cm diameter) across four
species: Acer saccharum, Betula lenta, Quercus rubra and
Tsuga canadensis under either the ambient or the soil warming
treatment

Source of variation df F P

a) Year 0

Species 3 15.32 <0.0001
Size 1 4.60 0.035
Species x Size 3 1.13 0.34
Error 72

Total 80

b) Year 1

Temperature 1 2.94 0.09
Species 3 35.46 <0.0001
Size 1 0.003 0.95
Temperature x Species 3 1.86 0.14
Temperature x Size 1 0.001 0.98
Species x Size 3 0.59 0.62
Species x Size x Temperature 3 0.04 0.99
Error 272

Total 288

¢) Year 2

Temperature 1 11.79 0.001
Species 3 24.98 <0.0001
Size 1 25.45 <0.0001
Temperature x Species 3 0.93 0.43
Temperature x Size 1 1.91 0.17
Species x Size 3 0.96 0.41
Species x Size x Temperature 3 0.66 0.58
Error 272

Total 288

Samples were measured a) initially and then after b) one and c)
two years of decomposition in the field (n=18 pieces of debris
per size and species in each treatment). All data was rank
transformed before analysis

decomposition under ambient conditions, with smaller
debris decomposing faster than larger debris. Though
our analysis fits the literature well, our decay constant
and the estimated time of 95% mass loss was based on
only 2 years of data. FWD decomposition can be
slowest within the first 2 years (Fasth et al. 2011),
suggesting that our estimated times to 95% mass loss
may underestimate the amount of time it will take for
the debris to decompose. Regardless of the absolute
time to 95% mass loss, our results clearly show that
warming will expedite this process.

In our study, the relationship between mass loss and
initial lignin concentration might erroneously suggest
lignin is slowing decomposition, thereby accounting
for the lignin-rich 7. canadensis decomposing slower
than all other species. However a closer look at lignin
concentration over time shows that lignin in the larger
T. canadensis debris was consumed in higher propor-
tion than in the other species. Perhaps other factors
related to the differing wood structure (Scheffer and
Cowling 1966) were determining the slow decay rate
of T. canadensis or perhaps initial lignin content was
determining long-term decomposition rates by dictating
the community that would initially colonize the debris.

Several studies have found that the microbial com-
munity present determines the type of carbon being
consumed (Worrall et al. 1997; Fukusawa et al. 2011).
While brown-rot fungi will consume cellulose and
hemicellulose over lignin (Preston et al. 1998),
white-rot fungi will decompose all three (Kirk and
Highley 1973; Okino et al. 2008) occasionally con-
suming lignin before other carbon constituents
(Blanchette 1984). Given these previous findings, the
divergent lignin concentrations in our decomposing
debris may suggest that 7. canadensis debris were
colonized by white-rot fungi, while the other wood
species was colonized by brown-rot fungi. This deserves
further study.

Several studies found that both temperature and
moisture availability (through internal wood moisture
content or precipitation) increased decomposition
(Wang et al. 2002; Garrett et al. 2007; Vaviova et al.
2009; Wu et al. 2010). Specifically, moisture levels
below 30% can hinder fungal growth (Kaarik 1974).
After one year of decomposition, we did find that
some of our larger debris moisture content was below
this 30% threshold, however this did not appear to
differ by treatment. By year 2, all of the debris moisture
was above this threshold. Moreover, the soil moisture
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Table 5 Lignin concentration (mg/g) for a) small (20 cm
lengthx2 cm diameter) and b) larger (40 cm lengthx4 cm
diameter) debris from before decomposition (subsamples ana-
lyzed for year 0) through 2 years of decomposition (year 1 and

2) across four species: Acer saccharum, Betula lenta, Quercus
rubra and Tsuga canadensis under either the ambient or the soil
warming treatment (n=18 pieces of debris per size and species
in each treatment)

Species Year 0 Year 1 Year 2

Ambient Soil warming Ambient Soil warming
a) Small debris
Acer saccharum 177 (14.80) 255 (16.30) 242 (10.95) 289 (23.11) 365 (23.97)
Betula lenta 195 (13.14) 232 (13.40) 215 (23.70) 243 (16.38) 305 (20.97)
Quercus rubra 217 (18.79) 165 (11.55) 186 (5.63) 223 (12.54) 233 (10.84)
Tsuga canadensis 279 (19.14) 268 (15.96) 247 (17.91) 219 (11.17) 245 (15.20)
b) Large debris
Acer saccharum 201 (13.63) 260 (11.37) 252 (12.65) 257 (12.65) 261 (14.11)
Betula lenta 232 (13.21) 214 (8.87) 205 (19.09) 230 (16.76) 257 (17.01)
Quercus rubra 205 (9.63) 174 (8.58) 184 (9.41) 199 (13.45) 199 (7.40)
Tsuga canadensis 334 (21.25) 277 (15.41) 265 (23.94) 174 (13.66) 198 (10.67)

Standard error is in parenthesis

was higher in the ambient area than the warming area,
which would lead to the prediction that decomposition
would be higher in the ambient area. This was not the
case, leading us to believe that warming, not moisture,
was driving increased decomposition, but that the effect
of temperature could be greater with increased moisture
conditions. It should be noted that debris moisture can
vary significantly throughout the year, particularly in
response to precipitation events. We only took measures

Table 6 Lignin content in grams for a) small (20 cm length x
2 cm diameter) and b) larger (40 cm lengthx4 cm diameter)
debris from before decomposition (subsamples analyzed for
year 0) through 2 years of decomposition (year 1 and 2) across

of debris moisture once a year when we pulled our
samples from the field. Therefore we must be cautious
when interpreting our findings to not exclude the possi-
bility that debris moisture may have still contributed to
the increased decomposition of the debris in the
soil-warming area.

In our study, we used live tissue at the start of our
experiment rather than dead tissue. This was due to the
desire to have an extensive amount of FWD available

four species: Acer saccharum, Betula lenta, Quercus rubra and
Tsuga canadensis under either the ambient or the soil warming
treatment (n=18 pieces of debris per size and species in each
treatment)

Species Year 0 Year 1 Year 2

Ambient Soil warming Ambient Soil warming
a) Small debris
Acer saccharum 6.71 (0.22) 7.81 (0.64) 7.19 (0.55) 6.25 (0.38) 6.41 (0.72)
Betula lenta 7.22 (0.19) 5.95(0.39) 5.69 (0.60) 5.55(0.42) 5.26 (0.36)
Quercus rubra 8.51 (0.17) 5.85(0.47) 5.85(0.32) 5.73 (0.32) 4.95 (0.23)
Tsuga canadensis 8.85(0.33) 7.22 (0.57) 6.87 (0.59) 5.88 (0.44) 6.16 (0.49)
b) Large debris
Acer saccharum 67.77 (1.94) 71.53 (3.42) 82.13 (5.83) 58.95 (4.42) 51.49 (3.93)
Betula lenta 65.51 (2.31) 61.08 (3.41) 52.24 (4.15) 49.82 (3.54) 51.66 (4.37)
Quercus rubra 78.29 (1.01) 64.56 (4.06) 58.10 (3.25) 47.98 (3.88) 44.90 (2.21)
Tsuga canadensis 94.40 (2.92) 76.22 (5.49) 65.11 (5.82) 38.78 (2.63) 43.48 (2.54)

Standard error is in parenthesis
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to us, while knowing the time since death for all of the
debris to ensure that some debris did not start decom-
posing prior to our experiment. Thus, the FWD in this
study had a higher moisture content and more labile
components (Pettersen 1984) at the start of our exper-
iment than if the branches or trees had died naturally,
dried out and fallen to the ground. Therefore, the rates
of decomposition could be faster in our study than
what would occur in the latter scenario. Interestingly,
our decay constants for the control plot are similar to
other studies that utilized dead tissue (Tritton 1980;
Mattson et al. 1987), suggesting that the use of live
tissue did not bias our decomposition results.

Conclusions

Barford et al. (2001) suggested that prior disturbance
and management of New England forests have made
them ideal for carbon management, but our research
suggests that an increase in temperature may change
the potential for carbon storage in these forests. Our
findings of a 20-30% increase in FWD decomposition
with soil warming matches a study by Melillo et al.
(Melillo et al. 2002) on the effect of warming on the
decomposition of soil organic matter. However in the
Melillo study, the stimulatory effects of warming de-
creased after 6 years. They attributed this to the con-
sumption of a labile soil carbon pool that was not
immediately replenished by detrital inputs. The woody
debris pool however has consistent and regular new
inputs over time, suggesting that there may not be a
leveling off of emissions from this pool as with soil.
These findings are important for future carbon models,
because of the increased speed in which organic matter
will enter the soil carbon pool and the atmosphere.
Overall, our study demonstrates that soil warming will
increase decomposition of FWD in temperate forests.
Although the decay rate may be mitigated by the debris
species and size, the exact mechanisms driving the vari-
ation in woody debris decomposition are still not clear.
More research into the microbial communities and the
type of carbon consumed is required to understand how
warming may interact with debris quality to alter decom-
position patterns. This increase in decomposition due to
warming and the mechanisms that drive them needs to be
included in future climate models (Ostle et al. 2009) as
the temperate forest woody debris carbon pool could shift
from a sink to a source in the next 100 years (Yin 1999).
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