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Abstract

Coarse woody debris (CWD) in the boreal ecosystem has been hypothesized to play an important nutritional role following
stand-replacing disturbances such as fire or harvest. Sites with shallow soil over bedrock, or those with coarse-textured soils, can
be especially susceptible to overstory removal because low carbon and nutrient pools may limit stand productivity in subsequent
rotations. On these site types, CWD can provide essential nutrition to the developing second growth stand, prior to internal cy-
cling processes stabilizing at crown closure (15 years to 20 years after stand initiation) through slow and steady decomposition.
The current study sites were established in 1994 and in 2008 (14 years following harvesting) and were approaching crown clo-
sure. The experimental harvest areas were designed to document carbon loss and nutrient fluxes after the application of four
levels of biomass removal from mature black spruce forested stands in northwestern Ontario, Canada. Two soil types (fresh,
loamy : dry, sandy), with stand replicates (blocks), were selected to test whether residual CWD represents a source or sink for
nutrients, and if the decay pattern varied depending on soil type. Measurement/sampling of CWD was done immediately after
the harvest treatments were applied, and again in year 4 and year 14. The biomass removal treatment with the greatest carbon
loss and fastest CWD decay rate had the highest initial mass of CWD, indicating possible synergistic decay dynamics. Nitrogen
concentration in the CWD continued to increase from the initial measurements to year 14 (from 900 ppm to 2400 ppm), but was
largely a function of increasing carbon loss. When converted to N content in CWD (kg ha™), however, nitrogen exhibited an
initial upward trend (i.e., immobilization) through years 1to 4 (from 50 kg ha™ up to 80 kg ha™) and a subsequent release in
years 5 to 14 (from 80 kg ha*down to 27 kg ha™). This trend was more apparent on the dry, sandy sites where N content peaked
at almost 100 kg ha™ at year 4, but then reduced to 26 kg ha™ by year 14. We compared the average loss of N from CWD in
years 4 to 14 (5.3 kg ha™yr?) to the total soil inorganic N pool (based on a fresh K,SO, extraction), and found that the N loss
from CWD represented a substantive portion (80%) of the available N pool, particularly on the dry, sandy sites. After an initial
peak in year 4, black spruce foliar N decreased significantly (p<.0001) through to year 10 but began to rebound by year 15. This
increase, presumably, was in part the result of the documented release of N from CWD. These results suggest that CWD, alt-
hough a small contributor to the total N pool, makes a substantial contribution to the relatively small available N pool, especially
on dry, sandy soils. The trend of initial N immobilization and subsequent release shows CWD may also serve to buffer the initial
leaching of nutrients from the site following harvesting and provide an available source of N to the regenerating stand prior to
crown closure.
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plant uptake demand. CWD has often been described as a
“buffer” against nutrient losses following site disturbance
(Graham and Cromack 1982, Lang 1984, Tenhagen et al.
1996, Krankina et al. 1999). Laiho and Prescott (2004) re-
ported declining C/nutrient ratios and increased nutrient con-
tent of wood during early phases of decay, suggesting CWD
plays an active role in maintaining site quality. Following the
flush of more rapidly decomposing components (i.e., leaves,
small branches, roots), commonly referred to as the assart
effect (Romell 1957, Titus et al. 2006), CWD could provide
essential nutrition to the emerging stand until crown closure
when other cycling processes (e.g., litterfall, throughfall,
stemflow) once again enable self-sufficiency.

Observed contributions of CWD are roughly 4% to 6%
of plant uptake (Hart 1999) and less than 5% of total N re-
leased from aboveground litter (Arthur and Fahey 1989, Lai-
ho and Prescott 1999). While CWD has been dismissed as a
non-significant contributor to total N cycling (Laiho and
Prescott 2004), the timing of N immobilization and subse-
quent release by CWD has not been related to forest stand
requirements following stand disturbance and initiation.
Krankina et al. (1999) and others (Hafner et al. 2005, Butler
et al. 2007) point to the broad range of nutrient and carbon
pool estimates in the literature as evidence that further re-
search is required to fully understand nutrient dynamics. This
will be particularly critical should forest biomass be increas-
ingly utilized as a renewable energy source in the coming
decades.

In a review, Laiho and Prescott (2004) pose two hy-
potheses with respect to the role of CWD in forest productiv-
ity. Specifically, that 1) on sites where nutrients, especially N
or P, limit plant growth, CWD accumulation may reduce
primary productivity through immobilization of those nutri-
ents by decomposers, and 2) on dry sites, where lack of
moisture limits plant and microbe growth, CWD may in-
crease primary productivity and enhance element cycling by
improving moisture retention. On such sites, CWD may also
be important for the retention and accumulation of soil or-
ganic matter. The current study was designed to address the
amount or form of nutrients sequestered within and provided
by the CWD.

Using established experiments with a history of perti-
nent data supplemented by additional measurements, our
goal is to clarify the role of CWD in these forest types and
identify the potential effects of increased utilization for bio-
fibre and bio-energy on these ecosystems. Another important
aspect to consider is the timeframe when CWD might con-
tribute to site nutrition in terms of the ecological rotation of
forested stands. The stands examined in this project have
been tracked for 14 years post-harvest and are now ap-
proaching the critical period of time between stand establish-
ment and canopy closure. Because this monitoring effort
includes repeated measures of CWD nutrient levels, it is pos-
sible to quantify the change in both biomass and nutrient
retention throughout the timeframe.

Our specific research questions related to Laiho and
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Prescott’s (2004) over-arching hypotheses were the following:

1. What is the temporal pattern of mass loss in CWD, and
does this differ depending on soil type (loam versus
sand)?

2. How do CWD-C pools compare to total soil C reserves,
and does this vary depending on soil type and level of
biomass removal?

3. How do nitrogen concentration and content change in
CWD over time since disturbance, and how does this
compare to inorganic N soil pools?

4. Does the pattern of CWD nitrogen retention/release
correspond to the temporal patterns in planted black
spruce foliar nutrition?

Materials and Methods

Study location

For this study, four sites were selected that represented two
soil types and site quality classes (good—fresh, coarse loamy
tills; poor—dry, sandy outwashes). The fresh, coarse loamy
sites are situated approximately 60 km north of Thunder Bay,
Ontario, Canada (latitude: 49°07'N, longitude: 89°41'W), and
represent well-drained, fresh (moisture regime 2) sites domi-
nated by black spruce (Picea mariana L.) and jack pine
(Pinus banksiana Lamb.), with a scattered occurrence of trem-
bling aspen (Populus tremuloides Michx.). These sites are
shallow (<20 cm) morainal tills overtopping granitic bedrock
(Dystric Brunisols—Can. Soil Classification Working Group
2006).

The two dry, sandy sites are located north of Geraldton,
Ontario, Canada (latitude: 50°42'N, longitude: 86°24'W). Both
sites are representative of sandy outwash soils dominated by
black spruce and jack pine, and have well-developed Humo-
ferric podzolic profiles (Can. Soil Classification Working
Group 2006). One site is a deep, fine-to-medium sand that is
rapidly drained and has a moderately dry moisture regime
(MR: 1), while the second site is very rapidly drained and
represents a slightly drier (MR: 0), medium-coarse sandy site.

Experimental design

The study was designed as a 2 x 4 Randomized Complete
Block Design (RCBD), with two soil types, as described
above, and four levels of biomass removal, with two site repli-
cates (blocks) within each site type. These removal treatments
were carried out during the winter of 1994 and included: stem
only (SO) —delimbed at the stump; full-tree chipping (CH)—
chipped debris returned to the harvest plot; full-tree (FT)—
delimbed at the roadside; and full-tree + blading (FT+B) —
complete removal of vegetation and forest floor. Each of the
four sites included three plot replicates (30 x 30 m) of each of
the four biomass removal treatments (12 plots per site, with
48 plots in total), each one separated by 20 m buffers. On each
treatment plot, two 4 m? slash plots were established immedi-
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ately after harvest (June 1994) in the center of two randomly
selected plot quadrants. The slash on each sub-plot was sort-
ed by component (bole, branches, bark, cones, twigs, nee-
dles), weighed and sub-samples collected for dry weight and
nutrient analysis. Slash was then returned to the plot accord-
ing to the original distribution. Sampling was conducted im-
mediately after the biomass removal treatment (June 1994),
at year 4 (June 1998), and year 14 (June 2008). Slash load-
ings and their associated nutrient pools were calculated for
each biomass removal level x site combination for the period
immediately following harvest, 4 and 14 years after harvest
(summer 2008). At each sampling period, representative sub-
samples of CWD (i.e., collection of branches covering the
range of diameters and discs cut from stems > 7 cm in diam-
eter) remaining from slash plots was removed and analyzed
for total carbon and nitrogen. In total, 96 slash plots were
tracked through the 14-year period.

To determine if the original 4 m? slash plots were rep-
resentative of the overall slash loadings for each biomass
removal treatment x site combination, additional transects
were measured in 2008 (48 in total). Transects were 10 m in
length and 2 m wide and were situated diagonally within one
quadrant that had an existing slash plot. Log diameters and
lengths were recorded and converted to mass using density.
Density was determined by classifying each log into decay
classes similar to Maser et al. (1979), Sollins (1982) and
Naesset (1999): 1] Recently dead tree, bark intact, 2] bark
mostly intact, wood of outer layers (sapwood) of the log has
started to soften due to rot, 3] bark sloughing or absent, soft
outer layers of log and are easily removed with a knife,
heartwood mostly sound, 4] bark detached, wood soft, no
solid core, 5] Fragmented, no structural integrity. Average
densities for each decay class were determined through vol-
ume displacement of subsampled logs. Overall, the plots did
appear to be representative when compared to the transects,
with a percentage difference of 2.6%. There was a tendency,
however, for underestimates in the SO treatments due to the
clumpy nature of the slash distribution.

Field sampling of soil for the determination of mineral-
izable N (anaerobic incubation) and inorganic N (fresh ex-
traction) occurred in the summer of 2008 (year 14). One for-
est humus (O harizon) and one upper mineral soil sample (0
to 20 cm) were randomly taken from each treatment plot.
Samples were air dried; organic samples were hand ground,
removing cones and branch fragments > 2 cm in diameter;
mineral samples were sieved (2 mm) to remove coarse frag-
ments. Soil carbon and nitrogen pools, by horizon, were cal-
culated as horizon depth (cm) x elemental concentrations
(mg -kg™) x fine fraction bulk density (g x cm™), and then
converted to a per-hectare basis. Bulk density measurements
were done as part of the ongoing monitoring of these Long-
Term Soil Productivity (LTSP) trials.

Foliar sampling was conducted repeatedly (years 4, 8,
10, 15) on nine randomly selected planted black spruce seed-
lings on each of the four study sites and 12 treatment plots
per site (432 seedlings x 4 sampling periods). Current foliage
was clipped from 10 branches (bulked into 1 sample per tree)
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located in the upper one-third of the crown at the end of August
in each of the sampling years. Samples were processed/
analyzed in the lab following the procedures described below
for the CWD samples. The initial samples were obtained from
nine trees at the time of felling.

Analysis

Solid wood samples were dried at 50°C until they reached a
stabilized dry weight. Each wood cookie was separated into
bark, sound and unsound components. Samples were then
ground into 2g portions using a Thomas Scientific Wiley Mini-
Mill (Model 3383-L10), with a 0.85 mm sieve (20 mesh). Total
carbon, nitrogen and sulfur were analyzed using a combustion
technique with a LECO CNS-2000 (LECO Corporation, St.
Joseph, MI). Al, B, Ca, K, Mg, Mn, Na, P, S and Zn analysis
was completed with a Varian Vista Pro inductively coupled
argon plasma spectrometer (ICAP/ICP) AES (Varian Inc.) fol-
lowing a 10% HNO; acid digestion (adapted from Miller 1998).

Mineralizable nitrogen was determined using an anaero-
bic incubation procedure to measure the potential of the soil,
collected in 2008, to provide available nitrogen. Ten grams of
the air-dried mineral sample or 5 grams of the organic sample
were added to 50 mL of deionized water and placed in an incu-
bator for 14 days at 30°C (following the procedures outlined by
Powers (1980)). Following incubation, 4 M KCI solution was
added to the samples, which, when combined with the deion-
ized water, yielded a 2 M extraction solution (Binkley et al.
1990). Samples were then agitated for one hour at 180 rpm,
filtered, and analyzed for ammonium using a Technicon Instru-
ments AutoAnalyzer Il (Pulse Instrumentation (1992) Ltd.,
Saskatoon, SK) (Kalra and Maynard 1991). In addition, inor-
ganic nitrogen (NH, + NO3) was measured to obtain a point-in-
time (Timey,) reading of available N, and was similarly ob-
tained using 2 M KCI extraction on fresh soil, following Kalra
and Maynard (1991).

Data (nutrient concentrations and content) were analyzed
as a repeated measures ANOVA, with site type and biomass
removal treatment as main (fixed) factors, and sampling time
was treated as a repeated measure in the GLM, using SPSS
(ver. 17). Post hoc analysis was performed using the Student-
Neuman-Kuels (SNK) multiple range test, with the critical lev-
el for significance set at 0.05.

Decay rate was calculated using a standard CWD expo-
nential decay model (Harmon et al. 1986, Laiho and Prescott
2004, Tobin et al. 2007) and is expressed as:

Yi=Yoe™ [1]

Where Y, is the initial quantity of the material (mass or densi-
ty), Y is the quantity remaining at time t, and k is the decay
constant. Linear transformation of the equation to express k
from the equation is as follows:

(< (In¥,—InY) [2]
t
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Decay constants were then computed for the different sam-
pling periods (years 0, 4, and 14, as well as an average con-
stant).

Results

CWD mass and carbon loss

Initial CWD slash loadings for the SO, CH and FT treat-
ments were in the range of 13-23 Mg ha™*, with significantly
higher values on the loam sites for the FT and FT+B treat-
ments (Figure 1). After 14 years, the CW remaining was less
than 4 Mg ha™, dropping on average nearly 10 Mg ha™
across the treatments. There was no significant difference in
the amount of material lost between the SO, CH and FT
treatments at time 0 (p=0.952), year 4 (p=0.323) or year 14
(p=0.193). The FT+B treatment, as expected, had little to no
CWD after the treatment was applied.

Average CWD mass decreased on both soil types over
the 14-year time period, with CWD mass on the loamy sites
decreasing from 15.0 to 4.7 Mg ha® and CWD mass on
sandy sites decreasing from 13.1 to 3.0 Mg ha™, with the rate
of decrease similar across treatments (Figure 1). We did not
detect any difference in average CWD mass loss between
soil types at year 0 (p=0.363), year 4 (p=0.950) or year 14
(p=0.258).

1 50 | +— sand ] . CH

Table 1. Decay constants (k) by soil type for the various sam-

pling periods, derived from Equation 2.

Decay period Sand Loam
(year) (decay k) (k)
Oto4 0.05 0.12
41014 0.13 0.10
Oto 14 0.10 0.11
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2
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Figure 1. Average CWD mass loss, by harvet treatment and
soil type, for three measurement periods over a 14-year
sampling period. Vertical bars represent standard errors.

It is worth noting, however, that the CWD decay con-
stants from year 0 to 4 were lower on sandy soils (k=0.05)
than on the loamy sites (k=0.12) (Table 1). From years 4 to
14, the decay rate for CWD on loamy sites remained rela-
tively constant (k=0.10), while CWD on sandy sites decayed
at a much faster rate (k=0.13) during this phase of decompo-
sition compared to the first four years, suggesting a
“decompositional delay” on the dry, sandy sites.

Comparison of CWD-C pools to total soil C reserves

In both soil types and all harvest treatments, there was great-
er carbon content in the soil (mineral 0-20 cm and organic)
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compared to CWD in year 14 (Figure 2). Total C reserves
(CWD-C + soil C) averaged 56.8 (sand) and 83.6 Mg ha™
(loam) 14 years after treatments were imposed. Total C in
CWD at 14 years after harvest was <8% of total C reserves
for both soil types, with the majority of C contained in the O
horizon (nearly 70%), with the exception of the severe FT+B
treatment.
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Figure 2. Carbon content in CWD (CWD-C) and organic
(ORG-C) and mineral (MIN-C) soil pools, by harvest treat-
ment and soil type, 14 years after harvest. Vertical bars rep-
resent standard errors.

Nitrogen concentration, content and pools

Overall, nitrogen concentration in CWD increased through
time from 900 ppm to over 2400 ppm (nearly a threefold in-
crease) regardless of removal treatment or soil type (Figure
3). Initial N concentrations in CWD were similar at year 0 for
all treatments, with the exception of the FT+B, but were sig-
nificantly higher (p<0.001) on the sandy sites (2091 ppm,
ranging from 1814 (SO) to 2593 ppm (CH)) compared to
CWD on the loam sites (850 ppm, ranging from 743 (FT+B)
to 933 ppm (SO)) at year 4. Although the N concentration
remained higher in year 14 on the sandy sites, (2728 vs. 2163
ppm) they were not significantly different from the loamy
sites for any of the treatments, due to the high variability asso-
ciated with the highly decomposed CWD (majority (65%) of
CWD was at least decay class 4).

In terms of nitrogen content, the CWD on both soil
types displayed immobilization for the first four years (sand: -
12.7 kg ha* yr' ; loam: -2.4 kg ha® yr), with subsequent
release from years 4 to 14 (sand: 7.1 kg ha™ yr ; loam: 3.4 kg
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Figure 3. Changes in nitrogen concentration in CWD by
harvest treatment and soil type, for three sampling times,
over a 14-year sampling period. Vertical bars represent the
standard errors. Note: No samples were available for chem-
ical analysis for the FT+B treatment on the sandy sites.

ha™ yr') (Figure 4). Because plants take up inorganic N
(NH; and NOs), we also compared the CWD contribution
[i.e. release of N (kg ha™* yr)] to the plant-available N pools
at year 14 (Figure 5). On sandy sites, annual CWD N release
(7.6 kg ha™ yr') was comparable to the inorganic N pool,
but both were significantly lower than the potentially availa-
ble (mineralizable N) N pool. On the loamy sites, both the
inorganic N and mineralizable N pools were significantly
larger than the N released from CWD (3.6 kg ha™ yr™).
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Figure 4. Changes in N content in CWD, by soil type, over
a 14-year period following harvest. Vertical bars represent
the standard errors.

Temporal patterns in foliar N

In terms of planted tree (Picea mariana—black spruce) re-
sponse, Figure 6 illustrates the temporal pattern in foliar N
concentration during the first 15 years following harvest.
For both soil types, a significant peak in foliar N occurred at
year 4, presumably resulting from a soil assart flush (i.e.,
increased soil mineralization following harvesting and rapid
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Figure 5. Average annual CWD nitrogen release compared to
plant-available N pools by soil type, 14 years after harvest.
Vertical bars represent the standard errors. Lowercase letters
denote significant (p<.05) differences between the N pool
estimates based on the SNK post hoc test.
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Figure 6. Temporal patterns in planted black spruce foliar N
(current foliage only) for the various harvest treatment and
soil type combinations. Vertical bars represent the standard
errors. Lowercase letters denote significant (p<.05) differ-
ences between treatments. Capital letters denote significant
differences between sampling times.
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decompositiion of fine logging residues—foliage and twigs).
At this point in time, the seedlings established on the FT+B
treatments had significantly lower (p<.0001) foliar N con-
centration than the other 3 treatments on both soil types.
After this peak, foliar N decreased significantly
(p<.0001) through to year 10, but began to rebound by year
15, particularly on the loam sites. This increase presumably
was, in part, the result of the documented release of N from
CWD from year 8 to 14 (Figure 4). On the sandy sites, foliar
N on the FT+B treatment remained significantly lower
(p<.0001) where little to no CWD had been retained.

Discussion

The exponential decay pattern of CWD among biomass re-
moval treatments was similar to the patterns of CWD decay
described by, for example, Harmon et al. (1986) and Tobin
et al. (2007). When separated by soil type, however, the
CWD on the sandy sites exhibited a distinct increase in de-
cay rate after year 4, which more closely follows a three-
stage decay function, described by Yatskov et al. (2003): 1)
an initial slow phase, 2) a rapid phase, and 3) an extended
period of moderately slow decay. This difference in decay
rate pattern across soil types could be a reflection of mois-
ture retention differences between the dry, freely draining
sand versus the fresh loam soil types. CWD must achieve an
adequate moisture content to promote microbial coloniza-
tion (Harmon et al. 2000), and this may be delayed on the
rapidly drained sandy soils compared to the moderately
drained loamy soils.

Carbon pools in CWD have often been oversimplified
in past assessments of carbon stores (Krankina et al. 2001),
largely due to the significant variation of CWD inputs over
forest succession. Many models simply apply a relative pro-
portion to live biomass, but CWD does not parallel live bio-
mass carbon storage patterns. The contribution of CWD in
our study to total carbon reserves after 14 years (<8%) was
comparable to other coniferous systems (Harmon et al.
1986), but relatively low compared with many other forest
types (Shorohova and Shorohov 2001). Complete removal
of all CWD, as in the FT+B treatment, may create a carbon
deficit that could have a detrimental effect on long-term soil
carbon stores and ecosystem energetics and therefore should
be monitored over the longer term.

Stages of stand development

While patterns of CWD N retention, release and a
combination of the two over time have been observed previ-
ously (Fahey 1983, Boulanger and Sirois 2006, Brais et al.
2006), studies showing these N patterns as related to sub-
strate (i.e., soil type) are not available. We found N retention
to be large on the nutrient-limited sandy site, consistent with
Laiho and Prescott’s (2004) hypothesis. However, after year
4, we found net N release from CWD at just slightly lower
annual rates, meaning the initial N immobilization is coun-
tered by subsequent N release. Comparing the timing of this
immobilization and release to the stages of stand develop-
ment (Figure 7), the timing of N immobilization occurs at a
period of low demand, while its release occurs during peak
demand, as the stand nears crown closure. This pattern coin-
cided with a rebound in planted black spruce foliar N con-
centrations between years 10 and 15.

Most studies, when comparing CWD to soil/
aboveground N pools, use total N, and CWD contributions
are 2% to 5% of this total (Sollins et al. 1980, Means et al.
1992, Laiho and Prescott 2004). Our study found similar
percentages when CWD pools were compared to total N
pools. However, when we compared them to the available N
pools, the N release from CWD on the nutrient-poor, sandy
sites was equivalent to the estimates of inorganic N pools
(Figure 5). In contrast, the CWD contribution to the availa-
ble N pool was negligible compared to the large inorganic N
or mineralizable N soil pool on the loamy sites.

Management of CWD is becoming increasingly inte-
gral to biomass harvesting operations, especially in Scandi-
navia (Siitonen 2001, Lilja-Rothsten et al. 2008). North
American researchers have been following suit with long-
term research projects (i.e., LTSP collaborators, etc.) as in-
terest in “unutilized” forest biomass left after harvesting
grows in the search for renewable and sustainable energy
alternatives to traditional fossil fuel consumption. CWD has
already been recognized as an important component of site
structure for biodiversity of flora and fauna (Lonsdale et al.
2008), but comparisons of biomass harvesting intensity and
CWD nutrient/site productivity impacts are few. Many of
these long-term studies are now approaching or are past the
crown closure stage of stand development, and it is impera-
tive that impacts to long-term site productivity are thorough-
ly examined. While CWD nitrogen pools are small com-

Figure 7. Conceptual diagram illus-
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pared to underlying soils, there are two reasons why these
small amounts may be important to plant nutrition: 1) The
timing of retention and release of N in CWD coincides with
stages of nutrient excess and deficit (respectively) and 2) N
released from CWD is in plant-available form (Kuehne et al.
2008), which should have a positive impact on growth in N
limited boreal ecosystems. CWD may also indirectly play an
important role as a storage pool for base cations, as well as
stabilized soil organic matter (Arthur and Fahey 1990).

The limited scope of this study in terms of study sites
(i.e., 2 site replicates for each of the soil types) and CWD
subplots (2) per replicated (3) treatment plot does need to be
recognized, and is reflected in the large standard errors
across treatments and sampling periods. These results, how-
ever, do suggest that on nutrient and/or moisture-limiting
sites, the importance of CWD may be magnified and be-
come a critical factor to maintaining long-term productivity.
Research focusing on these less-productive sites may show
more conclusively the unique role of CWD and better in-
form policy directives for biomass harvesting operations to
ensure continued sustainability.

Conclusions

1. Soil type is a significant factor in determining the dy-
namics of CWD decay and nutrient release. The sandy sites,
which are poorer quality than loamy sites, had a more pro-
nounced response in terms of CWD decay rates and N dy-
namics. Forest management should include monitoring of
CWD abundance based on soil type. Biomass removals be-
yond that of harvests for traditional wood products could
have detrimental effects on soil C and N pools, particularly
on nutrient-poor, sandy sites.

2. Studying active (available) pools of nutrients may pro-
vide a more accurate assessment of the role of CWD in nu-
trient retention and cycling compared to examining the total
pools. In this study, N release from CWD was only 5% of
total N stores, but up to 80% of available N during the criti-
cal growth phase prior to crown closure.

3. The contribution of CWD to site N reserves changes
over time, particularly evident on sandy sites, with an initial
immobilization of N followed by a period of release during
phase 3 (extended period of moderately slow decay). This
release appears to result, in part, in a rebound in tree foliar N
concentrations by year 15.

4. In a managed forest scenario, nutrient retention by
CWD occurs during a period of minimal demand and actual-
ly serves to minimize leaching potential from the site. Con-
versely, nutrient release by CWD release occurs as the stand
approaches crown closure, which is a critical period of max-
imal demand.
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