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Abstract Post-fire coarse woody debris can repre-
sent a valuable nutrient reservoir for a regenerating
ecosystem, helping to prevent soil fertility losses after
a wildfire. However, there is scarce information on its
effect on soil nutrient cycling and availability. We
established three study sites along an altitudinal
gradient in a burnt pine forest (SE Spain). At each
site. we determined: (1) decomposition rates and
nutrient dynamics in charred logs left on the ground,
2 and 4 years after the fire, and (2) available nutrients
in the soil and in the microbial fraction below charred
logs and in bare soil areas. Despite the relatively slow
decay rates in this Mediterranean climate (ca. 10 % of
dry weight lost after 4 years), N and P were progres-
sively released by logs, accounting for ca. 40 and 65 %
of the initial content respectively after 4 years. This
implies that the total aboveground biomass of the
burnt forest released around 20 kg ha™' of N and
2 kg ha™' of P during this period. The presence of post
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fire coarse woody debris consistently increased soil
organic matter by around 18 %, total C and N by 42
and 26 %, respectively, dissolved organic C and N by
47 %, available inorganic P by 68 %, and microbial
biomass and nitrogen by some 36 and 48 %, respec-
tively. By contrast, soil bulk density decreased by ca.
18 % under logs compared to bare areas. Thus, the
fire-killed wood was useful in the recovery of soil
fertility and nutrient availability. Leaving the post-fire
woody debris on site can enhance the biogeochemical
sustainability, microbiological processes and soil
ecological functioning. The detrimental effect of
post-fire salvage logging on soil fertility should be
therefore considered when making management
decisions.

Keywords Carbon sequestration - Salvage logging -
Silvicultural treatments - Wildfire - Wood decay -
Wood nutrient release

Introduction

Wildfires constitute a radical perturbation for the
nutrient cycle of an ecosystem, leading to an imme-
diate nutrient mobilization from organic pools (Page-
Dumroese and Jurgensen 2006; Trabaud 1994; Whe-
lan 1995). Vegetation, litter, and the soil organic layer
are consumed to greater or lesser degrees by fire, and
their nutrients are either released to the atmosphere in
smoke or deposited on the soil as ash (DeBano and
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Conrad 1978; Iglesias et al. 1997; Johnson et al. 2005;
Neary et al. 1999; Raison 1979; Yang et al. 2003).
Consequently, increases in soil nutrients can appear
over the short term (Gray and Dighton 2009; Johnson
and Curtis 2001; Marcos et al. 2009). Nonetheless,
nutrient enrichment is most often ephemeral, and does
not usually persist more than several months after the
fire (Certini 2005; Iglesias et al. 1997; Wan et al. 2001;
Yang et al. 2003), as deposited nutrients can be lost by
leaching and erosion (DeBano and Conrad 1978;
Fernandez et al. 2007; Shakesby 2011; Thomas et al.
1999). In addition, the loss of soil organic matter and
disruption of organic cements in severe wildfires
contribute to nutrient impoverishment by minimizing
soil exchangeable capacity and stability (Certini 2005;
DeBano et al. 1998). Soil nutrient availability is,
however, crucial for the recovery of vegetation after a
wildfire. Furthermore, the existence of a nutrient
reservoir in the ecosystem is key to ensure the
sustainability of the plant community, especially
during the first stages of succession (Augusto et al.
2000, 2008; Jurgensen et al. 1997; Merino et al. 2005,
2003).

Dead wood progressively releases nutrients through
decomposition (Brown et al. 1996; Ganjegunte et al.
2004; Palviainen et al. 2010a, b; Wei et al. 1997) at
rates that depend on climatic conditions, species, and
substrate (Harmon et al. 1986; Zhou et al. 2007). The
nutrients released could be retained by the soil,
becoming available for microorganisms and develop-
ing vegetation (Brais et al. 2005; Grove 2003;
Jurgensen et al. 1997). The effect of decomposing
wood on soil would also vary according to soil
properties and nutrient status (Klinka et al. 1995;
Thiffault et al. 2006). In particular, nutrient storage
and contributions of dead wood are especially impor-
tant in Mediterranean pine forests, which are fre-
quently located on poor soils and with great nutrient
demands (Costa-Tenorio et al. 1998; Sardans et al.
2005). Coarse woody debris has also been considered
an important structural and functional element for
many forest ecosystems (Harmon et al. 1986; Lambert
et al. 1980; Spies et al. 1988) and has been defined as a
“hot spot” that increases spatial heterogeneity (Hafner
et al. 2005; Hafner and Groffman 2005) and wildlife
diversity (Castro et al. 2010a; Hutto 2006; Lindenma-
yer and Noss 2006). Woody material also has been
reported to encourage microbial diversity and the
abundance of ectomycorrhizal fungi, which are used
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as primary indicators of a healthy forest soil (Graham
et al. 1994). Moreover, the organic substrates and
nutrients contained in wood promote the activity of
decomposer microorganisms (Marafidon-Jiménez et al.
2011), with the consequent enhancement of the
nutrient cycling. In addition, logs and other woody
debris can mitigate erosion (Fox 2011; Kim et al.
2008; Shakesby et al. 1996; Thomas et al. 2000),
which is the main cause of nutrient loss in rain events
following intense wildfires (Fernandez et al. 2007;
Thomas et al. 1999).

Since dead wood and coarse woody debris have
been demonstrated to represent an important nutrient
pool in living forests (e.g., Alriksson and Eriksson
1998; Clark et al. 2002; Ganjegunte et al. 2004; Idol
et al. 2001; Merino et al. 2003), different degrees of
forest management (e.g., clear cutting, logging, etc.)
can strongly affect the ecosystem nutrient budget
(Augusto et al. 2000, 2008; Johnson et al. 2005;
Merino et al. 2005). Nutrient losses associated with
wildfires depend mainly on the type of vegetation and
fire intensity (Brais et al. 2000; Neary et al. 1999;
Page-Dumroese and Jurgensen 2006). Wildfires usu-
ally remove the nutrient rich crown material and
understory, as well as the organic layer from the forest
floor, but most of the large woody material remains in
the ecosystem (Johnson et al. 2005; Tinker and Knight
2000; Wei et al. 1997). Thus, a great amount of dead
biomass can persist in the standing fire-killed trees
even after an intense wildfire, and can represent a
potential nutrient reservoir for the regeneration of the
ecosystem (Harmon et al. 1986; Page-Dumroese and
Jurgensen 2006; Zhou et al. 2007). In fact, charred logs
after a forest fire may still have a high nutrient
concentration (Wei et al. 1997), since charring is
usually limited to the bark or the outer superficial
wood layer (Stocks et al. 2004). Thus, the nutrient
stock in partially charred logs might be comparable to
that reported for unburnt dead wood. Despite the
potential relevance of this nutrient source as fire-killed
wood decay, information regarding the decomposition
and nutrient dynamics of coarse woody debris in
Mediterranean areas is completely lacking (Rock et al.
2008; but see Brown et al. 1996), and is also very
limited in the case of post-fire woody debris (Grove
et al. 2009; Shorohova et al. 2008; Wei et al. 1997).
Moreover, the effect of partially charred wood on the
soil nutrient availability after a wildfire has not been
specifically studied.
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In this study, we seek to analyse the role of post-fire
coarse woody debris on the soil nutrient availability
and stocks in a Mediterranean pine forest after a
wildfire. We investigate nutrient release by wood
during decomposition and its effect on soil fertility.
This was done across an altitudinal gradient that varies
in climatic conditions and pine species, with the
potential to affect the decay rates and the nutrient
dynamics between fire-killed wood and soil. We
hypothesise that the presence of charred wood over
the forest floor will increase soil nutrient availability
as the wood decomposes. Similarly, we predict that the
presence of microorganisms will be also higher in the
presence of charred wood. As a result, the post-fire
coarse woody debris would enhance soil fertility and
nutrient mobilization in the ecosystem. Thus, the main
objectives of this study are to: (1) estimate the rate of
nutrient release by fire-killed pine wood during the
first 4 years of decomposition in a Mediterranean
mountain ecosystem across an altitudinal gradient; (2)
assess the effect that post-fire coarse woody debris left
over the ground exerts on the soil nutrient concentra-
tions and stocks; and (3) determine their effect on the
microbial biomass and nutrients, as well as on the
distribution of nutrients among the soil and microbial
pools. The final goal is to help clarify the potential
effect of post-fire coarse woody debris on soil fertility
and nutrient cycling.

Materials and methods
Study area and experimental design

The study site is located in the Sierra Nevada Natural
and National Parks (SE Spain; UTM: 456070;
4089811), where in September 2005 the Lanjarén
wildfire burned ca. 1,300 ha of reforested pine forest
between 35 and 45 years old. It was a high-intensity
crown fire that consumed all the leaves, twigs and litter
and charred the bark of the trunks. No trees survived
inside the study area. The climate is Mediterranean,
with rainfall concentrated in spring and autumn,
alternating with hot, dry summers. Mean annual
precipitation is 470 £ 50 mm, with summer precipi-
tation (June, July and August pooled) of 17 &= 4 mm
(1988-2008; climatic data from a meteorological
station at 1,465 m a.s.l.). Snow falls during winter,
usually persisting from November to March above

2,000 m a.s.. The mean annual temperature is
12.3 £ 0.4 °C at 1,652 m a.s.l. (State Meteorological
Agency, period 1994-2008. Ministry of Environment)
and 7.8 £ 0.7 °C at 2,300 m a.s.l. (data from mete-
orological station, period 2008-2010). Current vege-
tation is composed mainly of grass and forbs with a
cover of approximately 70 % (Castro et al. 2010b).

The fire-killed pine stands occupy an altitudinal
gradient from ca. 1,300 to 2,000 m a.s.l. Across this
gradient, we established 3 study sites of ca. 3 ha each
located at 1,477, 1,698, and 2,053 m a.s.l. (sites 1-3,
respectively). The sites were homogeneous in terms of
fire intensity (high), slope (25-35 %), situation
(southwest exposure), bedrock (micaschists) and soil
characteristics (Table 1). The dominant pine species at
each site changed according to climatic conditions
(Table 2). Tree density was determined by counting
the number of individuals in 36 squares of 25 x 25 m
randomly distributed in each site. Diameter at the
breast height (d.b.h.) and the height of the trees were
measured in 360 and 150 individuals, respectively,
randomly chosen per site (Table 2).

Between January and March 2006 (4-6 months
after the wildfire), the Forest Service felled the trees
using manually operated chainsaws, the main
branches were lopped off, and all wood was left in
situ on the ground. Logs and branches diffusely
covered approximately 45 % of the surface at ground
level (Castro et al. 2011). Afterwards (March 2006), at
each site, we randomly established 50 sampling points
where we placed logs to monitor wood decomposition
and nutrient dynamics. Each sampling point contained
5 logs, cut by a chainsaw to a standardized length of
75 cm and spread over an area ca. 1 x 1 m (thus 250
logs per site; “experimental logs”, hereafter). Each
experimental log at a sampling point came from a
different tree and from a randomized location along
the tree trunk. Thus, they constitute a representative
sample of the log characteristics in the study sites in
terms of diameter and sectional origin along the trunk.

Wood sampling

Initial wood nutrient concentration and stocks
During the tree felling by the Forest Service (March
2006), a disc of 6-8 cm thick was sawed (with a

chainsaw) from 50 logs randomly chosen per site and
taken to the laboratory. These discs (“initial discs”,

@ Springer
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Table 1 Main soil characteristics of the upper 10 cm soil layer in bare areas without fire-killed wood

Soil parameter Site
1 2 3
Bulk density (g cm ™) 1.25 + 0.06 1.34 £ 0.07 1.15 + 0.06
Soil texture Sandy loam Sandy loam Sandy loam
Sand (%) 594 +£24 589 +£32 69.0 £ 0.1
Coarse loam (%) 10.6 = 0.8 11.9 £ 0.7 9.7+ 04
Fine loam (%) 152 £ 0.7 16.7 £ 1.3 125 £ 04
Clay (%) 148 £ 0.9 125 +£ 1.5 88 £0.3
CEC (cmol™* kg™! soil) 5.592 £+ 0.256 5.313 4+ 0.306 4.633 + 0313

The bulk density refers to the soil fraction <2 mm. The soil texture was determined by the standard pipette method after Robinson-
Ko6hn or Andreasen (Pansu and Gautheyrou 2006). The cation exchange capacity (CEC) of the soil was determined by saturation with
Na™ cations and their displacement and by atomic absorption (Pansu and Gautheyrou 2006)

Table 2 Pre-fire forest characteristics at the experimental sites

Forest parameter Site

1

2 3

Pre-fire dominant specie Pinus pinaster Aiton

Tree density (ind. ha™!) 1,480 £ 50
Diameter at 1.30 m (cm) 133 £ 0.2
Tree height (m) 6.3 £ 0.1
Wood biomass (kg ha_') 55,273

Pinus nigra Arnold Pinus sylvestris Linneo

1,060 £+ 70 1,050 £ 40
145 £02 10.8 £ 0.2
6.6 + 0.1 6.2+ 0.1
47,715 26,166

Wood biomass per hectare was estimated using the means of the tree dimensional variables (tree density, d.b.h and tree height) in
each site and the species specific equations developed by Montero et al. (2006) and implemented by the INIA in the calculation tool

cubiFOR (CeseFor, http://cubifor.cesefor.com/)

hereafter) are considered a representative sample of
the initial characteristics of the fire-killed wood, since
they were collected ca. 6 months (mostly winter) after
the fire and showed no signs of decomposition. The
remaining bark was removed and initial wood discs
were oven dried at 70 °C to constant weight to
determine the dry weight. Once they were dried, the
disc dimensions were measured and the volume of
each initial disc was calculated. The average disc
diameter at each site ranged from 12.1 to 13.3 cm
(“Appendix” section). A sample of sawdust (<1 mm)
was extracted from each initial disc for chemical
analysis. Sawdust samples were taken from the whole
section of the disc to maintain proportions of hard-
wood and softwood in the log, the composition being
considered representative of the whole. For this, we
used an adapted mechanical saw with no lubricant to
avoid contamination. All this allowed us to estimate
the initial dry weight and nutrient content remaining of
subsequent decayed wood discs by means of a
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regression equation established with the morphomet-
ric variables of the initial wood discs (“Appendix”
section).

Initial nutrient stocks in wood were estimated from
data of nutrient concentration and the aboveground
dry biomass per area unit. Wood biomass was
estimated using the means of the tree dimensional
variables (tree density, d.b.h and tree height) in each
site and the species specific equations developed by
Montero et al. (2006) and implemented by the INIA in
the calculation tool cubiFOR (CeseFor, url:
http://cubifor.cesefor.com/). The fraction of needles
and twigs <2 cm were not considered, since these
fractions were consumed during the wildfire (Table 2;
Castro et al. 2010b).

Decomposition and time courses of nutrients in wood

A random subsample of 20 of the initially tagged
experimental logs was harvested from each site (one
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per sampling point) after 2 years (June 2008) and
4 years (June 2010). At these decomposition stages,
some charred wood pieces were colonized by different
species of insects (mostly termites and Coleoptera;
author’s personal observation) and woody decay fungi
(determined by their fruiting bodies as Pholiota
highlandensis (Peck) Smith. or Pholiota carbonaria).
Discs of 6-8 cm thick were taken from the longitu-
dinal middle of each experimental log to standardize
the possible effect of the distance to the log ends on
decomposition and nutrient concentrations. Repeated
sampling of discs from the same logs taken in 2006
was not possible, due to the need to standardize the
possible effect of the distance to the log ends.
Following the same procedure as with the initial discs
in 2006, the remaining bark of the wood discs was
removed and their dry weight and volume was
determined. The diameter of the sampled discs in
2008 and 2010 fell within the range of initial discs
(“Appendix” section). As before, a sample of sawdust
(<1 mm) was also taken from each wood disc for
chemical analysis.

Soil sampling

We sampled soils associated with the logs sampled in
2008 and 2010. Two soil samples were collected per
sampling point: one from soil under the harvested log
and another from a nearby area of bare soil (no woody
debris) (n = 20 sampling points x 2 positions x 3
sites x 2 years = 240 soil samples in total). For each
soil sample, 3—4 soil pits were extracted using a gouge
auger (2.5 cm diameter) to 10 cm depth, and homog-
enised to compound a single soil sample. Samples
were immediately sieved at 2 mm and stored to 4 °C.
Within 24 h of soil sampling, three subsamples of 15,
15,and 7.5 g of soil were extracted for 1 h in agitation
with 75 ml of 2 M KCI, 0.5 M K,SO,4, and 0.5 M
NaHCOs, respectively, and filtered through a What-
man GF-D filter. A 30 g subsample was oven dried at
105 °C for 48 h for gravimetric determination of
water content by the difference between fresh and dry
weight, and stored for further analyses. Another
subsample was fumigated with CHCl; for 24 h in
vacuum to release the nutrients from the microbial
biomass (fumigation-extraction method; Jenkinson
and Powlson 1976), after which the soil was extracted
with 0.5 M K,SO,4 and 0.5 M NaHCO; and filtered as
above. Fumigated and nonfumigated extracts were

frozen at —20 °C until analysed (Schinner et al. 1995).
In 2010, the bulk density of the upper 10 cm of the soil
layer was calculated from the dry weight of the soil
fraction <2 mm and the volume occupied by this
fraction. For each soil pit, this volume was calculated
as the difference between the volume of the gouge
auger to a depth of 10 cm and the volume of the water
displaced by the fraction >2 mm.

Chemical analyses

Carbon and nitrogen concentrations of the sawdust
samples were determined using the combustion
furnace technique at 850 °C (Leco TruSpec autoana-
lyzer, St. Joseph, MI, USA), and phosphorus was
analysed using the molybdovanadate method (Asso-
ciation of Official Analytical Chemists (AOAC) 1975)
with a Perkin Elmer 2400 spectrophotometer (Wal-
tham, MA, USA). The sawdust was dried at 105 °C by
a thermogravimetric analyser (Leco TGA 701), and
nutrient concentrations referred to the corresponding
dry weight.

From the dried subsample, soil organic matter
(SOM) content was determined by incineration at
550 °C with a thermobalance (Leco TGA 701) to
constant weight (Sparks 1996), whereas total C (C,)
and N (N, were determined by combustion at 850 °C
(Leco TruSpec autoanalyzer). Total inorganic C (TIC)
was measured by acidification with HCIO4 in a
coulometer (UIC CM-5014, Joliet, IL, USA). The
TIC showed mere trace concentrations for these acidic
soils (0.0034 £ 0.0012 % at site 1 and non detectible
at sites 2 and 3), so that C,,; can be considered as
organic C. The soil pH was determined in 2008
samples by stirring and settling in distilled water with
a pHmeter (Crison micropH-2001, Barcelona, Spain),
according to the international standard ISO 10390
(1994) (Pansu and Gautheyrou 2006). Ammonium
(NH,4 ") and nitrate (NO5 ™) were determined from KCl
extracts by the Kjeldahl method (Bremner and Keeney
1965) with a Buchi distillation unit B-324 and a
Metrohm SM Titrino 702 titrator. From K,SO,
extracts (fumigated and nonfumigated), we deter-
mined the dissolved organic C (DOC) and dissolved
organic N (DON) with a Shimadzu TOC-V CSH
analyser (Kyoto, Japan). Microbial C and N (Cicr0
and Npicro, respectively) were determined from the
differences in DOC and DON between fumigated and
nonfumigated subsamples. Available inorganic P
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(Pinorg) was determined in nonfumigated NaHCO;
extracts by the Olsen method (Watanabe and Olsen
1965). Microbial P (Pic0) Was measured as the
difference in P between the fumigated and nonfumi-
gated extracts. Concentration values in the microbial
fraction were corrected for extraction efficiency using
K. values of 0.45, 0.40 and 0.40 for C ;cro Nmicro and
Phicro, respectively (Sparling and West 1988). For
simplicity, we refer to the soil variables SOM, C,,
Niot NH; " and NO3 ™, Piyore, DON and DOC as “soil
fractions” and to the microbial variables C,icro» Nmicro
and P as “microbial fractions”, hereafter. All
fractions were referred to the corresponding dry
weight of the soil.

Data analysis

The percentage of the initial wood weight remaining in
the field following the decay process was calculated
using the weight of each wood disc in 2008 and 2010
and the estimation of the initial weight for each disc
(“Appendix” section). No relationship was found
between diameter and initial wood density. Thus, the
initial dry weight of the discs depended only on their
volume. Furthermore, the initial disc weight better fit
the volume of the disc using a linear regression model
with no intercept, so this model was used to estimate
the initial dry weight of the wood discs collected in
2008 and 2010 (“Appendix” section). The fragmen-
tation of logs has a delay time of at least 25 years
(Harmon et al. 1986) so external changes in log
volume (bark fragmentation was not considered in this
study) was deemed negligible at these initial stages of
decay. Thus, the volume of each disc (V,;) sampled
after 2 (2008) and 4 years (2010) was used to estimate
the initial dry weight from the regression equations.
Differences in wood weight between sites over time
could not be analysed with a repeated measures
ANOVA, since wood discs could not be sampled
following a repeated sampling procedure for method-
ological reasons (see experimental design). Thus, the
sampling year was considered as an independent
factor in the statistical analyses. The diameter of the
log (and hence size) may influence the decomposition
both directly and indirectly (Grove et al. 2009;
Mackensen and Bauhus 2003; Shorohova et al.
2008). In addition, due to the experimental design
constraints related to the unfeasibility to get replicated
altitudinal sites, differences among sites cannot be
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unambiguously ascribed to differences related to
altitude. Thus, the effect of decomposition time on
the percentage of initial wood weight remaining was
analysed at each site using an ANCOVA, with year as
the independent factor and the diameter of each wood
disc as a covariate. The initial sampling year (2006)
was not considered in the analyses of the percentage of
weight loss, since it was considered to be initially zero.
For each wood disc, the estimated proportion of the
initial dry weight remaining and nutrient concentra-
tion over the study period were used to calculate the
nutrient content per kg of the initial wood remaining
over time. Similarly as before, changes in nutrient
concentrations, C/N ratio and nutrient content over
time were analysed for each site with ANCOV As, with
year as the independent factor and the diameter as a
covariate. For C content, we used a generalized linear
model with normal distribution and logarithmic link
function.

The effect of year, site, and position (under logs or
in bare areas) on soil nutrient and microbial fractions
were analysed with factorial ANOVAs when the
transformed data satisfied linearity assumptions. For
variables that did not fulfil linearity assumptions, we
used generalized linear models (GLMs) with a normal
distribution and logarithmic link function (P icro,
NH,4*, NO3™, Cumicro> Nmicros C/Nmicro). Stocks per
square meter of soil under logs and in bare areas were
calculated for the soil sampling of 2010 from the bulk
density of each soil sample and its corresponding
nutrient and microbial fractions. Then, the effect of
site and position on the soil nutrient pool was similarly
analysed with two ways factorial ANOVAs or GLMs.

Data were transformed when required to improve
normality and homoscedasticity (Quinn and Keough
2009). Statistical analyses were made with JMP 7.0
software (SAS Institute). Throughout the paper, mean
values are followed by +1SE.

Results
Initial wood nutrients and stocks

Initial wood density varied significantly among sites,
being 0.73 £ 0.27 g cm ™2 at site 1, 0.70 &+ 0.32 at
site 2, and 0.68 £ 0.40 at site 3 (“Appendix” section).
The initial N concentration in wood was also different
among sites (P = 0.0004, one way ANOVA), being
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lower at site 1 (0.163 + 0.004 %) than at sites 2 and 3
(0.187 £ 0.005 and 0.189 % 0.005 %, respectively).
The mean initial P wood concentration was
99.66 + 2.85 mg kg~ (all sites pooled) and did not
differ among sites (P = 0.2011, one way ANOVA).

Post-fire wood biomass at the study sites was
estimated at 43,052 £ 8,720 kg ha™! (three sites
pooled, Table 2; Castro et al. 2010b), of which 66 %
approx. was aboveground and 34 % approx. corre-
sponded to belowground biomass. This implies an
initial stock of 49.6 £ 7 kg ha™' of N and
2.8 4+ 0.5 kg ha~'of P.

Decomposition and time courses of nutrients
in wood

The estimated percentage of the initial wood weight
decreased mostly during the first 2 years of decay
(Fig. 1), but not from the second to fourth year of decay
(P >0.05 at all study sites, one way ANCOVAs;
Fig. 1). The percentage of wood weight lost overall was
9 % after 2 years and 10 % after 4 years (cumulative
values, Fig. 1). This pattern did not differ among sites
(Fig. 1) and the diameter had a significant effect only on
dry weight losses at site 2 (F' = 4.54, P = 0.0420, one
way ANCOVA; negative correlation).

The composition of partially charred wood varied
over time at all study sites for all elements analysed

100 4 |—>¢site 1
- —O— Site 2
S 984 ™ |- = -Site 3
:‘g . .
‘s 954
=
E' 93 1
(=]
£
= ]
= 90
&
r 88
85 T T T
2006 2008 2010

Fig. 1 Time course of the wood dry weight remaining after
4 years of decomposition under field conditions. Dry weight is
expressed as a percentage of the initial dry weight of the wood
discs. Initial dry weight was estimated with regression equations
constructed with the volume and dry weight of initial discs
collected in 2006

(Table 3). Overall, the wood N and P concentrations
and content decreased as wood decayed (Fig. 2). In the
case of N, concentrations changed slightly after the
first 2 years of decay, but then sharply fell after
4 years (ca. 35 % of the initial concentration, Fig. 2a).
Nonetheless, net N losses were detected even after the
first 2 years of decay when expressed as N content per
mass unit of the initial wood remaining, reaching ca.
10 and 40 % of the of the initial N content lost after 2
and 4 years, respectively (Fig. 2d). The decrease in
the P concentration and content was evident from the
beginning of decay, with losses of ca. 40 and 65 % of
the initial content after 2 and 4 years, respectively
(Fig. 2b, e). By contrast, the C concentration increased
sharply after four years, despite an initial decrease
during the first 2 years (Fig. 2c). The C content of the
remaining wood, however, showed the same pattern as
the estimated wood weight remaining, with significant
C losses only during the first 2 years (Table 3;
Fig. 2f). As a result, the wood C/N ratio increased
very slightly or did not vary significantly in the first
period but rose sharply afterwards (Table 3; Fig. 3).
The diameter of the log also affected the wood N and C
contents or concentrations, but had overall a weak
effect compared to year (Table 3).

Effect of post-fire coarse woody debris on soil
and microbial fractions

Overall, the presence of partially charred wood
increased most of the soil and microbial fractions.
Soil organic matter (SOM), total C and N (C,,, and
Niop), dissolved organic C and N (DOC and DON),
available inorganic P (Pjn.), microbial biomass
(Chnicro)s microbial nitrogen (Nyicro) and the soil C/N
ratio (C/N,.;) were higher in soil samples under logs
than in bare areas (Table 4; Fig. 4). This happened at
all sites and either after 2 and 4 years, with no
interactions with these factors (Table 4). Exceptions
to this were the interactions between position and year
emerged in DON and Pj,,, although values remained
higher under logs in both years (Table 4). The pH was
also slightly more basic under logs, although in this
case the pattern varied across sites (Table 4; Fig. 4).
By contrast, bulk density was lower under logs
(Table 4; Fig. 4). However, the presence of wood
significantly affected neither the inorganic forms of N
(NH4* and NO57), nor microbial P (Ppcro) nor the
C/N ratio in microorganisms (C/Nyico) (Table 4).
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Table 3 Results of the ANCOVA and GLM tests on wood nutrient concentrations and contents

Source Site Nutrient concentration Nutrient content
C N P C/N C N P d.f.

Year 1 56.28%* 20,527k 22,72 23.77%* 24.68%** 38.69%* 32.05%* 2

2 30.307%* 54.47%%* 41.06+** 52.80%* 25,58k 7737 52,07

3 35.62%%* 53.46%* 46.42%** 51.60%** 43.32%:%* 59.69%:* 52.68%**
Diameter 1 0.18 1.39 1.36 1.42 18.43##* 0.96 0.29 1

2 1.60 11.43%* 1.03 10,71 3.42 4.89* 0.36

3 2.63 0.19 0.91 0.04 0.57 0.87 2.71
Year*Diameter 1 0.68 5.38%* 0.16 5.53%:* 14,13 1.33 0.50 2

2 1.56 1.31 2.61 1.39 5.92 1.49 2.09

3 1.18 3.63* 0.6 4.00%* 1.52 8.69: 1.33

Values of the F statistic are presented. F' values in bold indicate significant differences (P < 0.05)

d.f. degrees of freedom
*0.01 < P < 0.05; **0.001 <P < 0.01; ***+P < 0.001
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Fig. 2 Time courses of the nutrient and carbon concentrations
and contents remaining in the fire-killed wood. a—c refer to the
nutrient and carbon concentrations; and panels d—f refer to
nutrient and carbon remaining per kg of the initial charred wood.

Nonetheless, when soil and microbial fractions were
expressed as content per kg of soil, no significant
differences were found between positions under logs
and in bare areas for any of these variables (P > 0.05,
two way ANOVAs or GLMs, Table 5) due to the
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Nutrient and carbon remaining were calculated for each wood
disc with the proportion of the initial dry weight remaining and
its nutrient concentrations

lower bulk density under logs. Some soil fractions
(SOM, Cyoi, Nioi» NH, T, DOC and DON), Nipicro and
C/Npicro also differed over the years in which they
were sampled (Table 4), all being higher in 2010 than
in 2008 with the exception of Nyicro (Fig. 5).
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Fig. 3 Time courses of the C/N ratio of fire-killed wood after
4 years of decomposition under field conditions

Discussion

Despite the relatively slow decay rates of pine wood in
a Mediterranean climate (ca. 10 % of the initial wood
weight was lost after 4 years) nutrients were progres-
sively released from wood over the first 4 years of
decay. Most of the soil and microbial fractions were
radically affected by the presence of post-fire coarse
woody debris scattered over the ground, with consis-
tent increases in areas under partially charred logs.
Moreover, these effects became noticeable after
2 years of wood decomposition regardless the site
and pine wood species. The presence of logs also
altered C and N cycling by modifying the distribution
of limiting nutrients between the soil and microor-
ganisms. Altogether, these results constitute clear
evidence of the critical biogeochemical role of post-
fire coarse woody debris and support the contention
that the remaining wood after a wildfire represents an
important component of the ecosystem, as it enhances
nutrient cycling and ecosystem functioning.

Decomposition and time courses of nutrients
in wood

The results show that the partially charred wood still
had a high concentration of N (ca. 0.18 %) and P (ca.
100 ppm), with similar or even higher values than the
reported for unburnt wood (Alriksson and Eriksson
1998; Augusto et al. 2008; Merino et al. 2005;
Palviainen et al. 2010a, b). Fire usually volatilizes
nutrients contained in the bark and small fractions of
the tree, whereas even in intense stand-replacing fires,
the chemical composition of the large wood fractions

Table 4 Results of the ANOVA and GLM tests on soil and microbial fractions

C/Nmicro PH Psoil d.f.

C/Nsoil

Clot Ntol NH4+ NOS‘ DOC Cmicro DON Nmicro Pinorg Pmicro

SOM

Factor

13.90%**
4.64
1.54
1.27
0.25
0.33
0.69

1.13
21.87%#%*

2.25

01

0.
11,685+

539%  0.84  14.84%0 283 30.94%kr 387
3.07 194855
24.06%%

34.33%%*

18.62%%**

22.30%**

Year
Site

2
1

10,767
23.67%%

54.09%+%

6.13*
0.38
3.52
0.06
0.74
0.15

0.39
32.16%%

5.72

4.75%%
2899

7.29%
3.11
0.75
247
2.26
0.96

3.83* 21.65%**

50.03#%**

191
23.25%%*

4.06*

21.13%%%

8.02%
2.23
0.48
2.07
4.25

8.00%*
0.88
0.65
342
3.04

0.26

34,5955

Position

0.74
0.10
1.09
0.31

1.13

1.90

0.26
3.83
0.28
1.39

3.14
0.22
1.42
091

0.33
2.24
0.45

0.39
1.16
1.08

0.14
2.94
0.51
0.72

Year*Site

4.16*
2.64
0.24

3.93*
0.20
1.63

Year*Position

57

1.

3.48*

Site*Position

4.67*

3.49%

Year*Site*Position

Values of the F statistic are presented. The effects of sampling years (“year”), experimental sites (“site”), position in relation to the charred logs (under or in bare areas; “position”) and their interactions

are shown. F values in bold indicate significant differences (P < 0.05). Soil organic matter (SOM), total carbon (C,y,), total nitrogen (N,), ammonium (NH, "), nitrate (NO5 "), dissolved organic carbon
(DOC), microbial carbon (Cpjcro), dissolved organic nitrogen (DON), microbial nitrogen (Npicro), available inorganic phosphorus (Piyorg), microbial phosphorus (Ppicro), soil C/N ratio (C/Ngoi),

microbial C/N ratio (C/Nyicro), s0il pH (pH), bulk density (pgoir)

d.f. degrees of freedom
*0.01 <P < 0.05;

##% P < 0.001

5

##(0.001 < P < 0.01;

B

@ Springer



528 Biogeochemistry (2013) 112:519-535
2.5
5 0.15 { | I Under logs
A 2.0 013 1 Bare soil
(23 "61 o 5 0.08
2 __r Pz
@ © 0.05
1 0.5 0.03
0 0.0 0.00
Site1 Site 2 Site 3 Site 1 Site 2 Site 3 Site 1 Site 2 Site 3
5.4
4.8 21 78
—~ 42 ' 75
ke)) T 15
_;) 3.6 2 75
E 2 £ 12 S 69
g ?-g = 09 '
I . >
o 6.6
Z 42 = 06
0.6 0.3 6.3
0.0 0.0 6.0
Site1 Site 2 Site 3 Site 1 Site 2 Site 3 Site 1 Site 2 Site 3
400
160 350 1.4
140 1.2
"o 120 7o 300
2 100 2 250 e
2 2 © 08
E g £ 200 o ¢
Q 60 § 150 3 06
o E =Y
Q 40 O 100 0.4
20 50 0.2
0 0 0.0 H
Site1 Site 2 Site 3 Site 1 Site 2 Site 3 Site 1 Site 2 Site 3
12 20
45 18
10 40 16
N < 35 14
2 8 2 30 =z 12
£ 6 g 25 z" 10
> ° 20 (@) 8
o 4 215 6
e » Z 10 4
5 2
0 n n n 0 n n n 0 . 3 .
Site1 Site 2 Site 3 Site 1 Site 2 Site 3 Site 1 Site 2 Site 3
8 I
. 4.0 16
3.5 14
6 30 12
2 s 2 s g 10
)} o < 2
E 4 E 20 z 8
g3 §15 O 6
a2 o 10 4
1 0.5 2
0 0.0 0 U
Site1 Site 2 Site 3 Site 1 Site 2 Site 3 Site 1 Site 2 Site 3

@ Springer




Biogeochemistry (2013) 112:519-535

529

Fig. 4 Effects of the presence of post-fire coarse woody debris
on the soil and microbial fractions, soil pH and bulk density.
Bars represent mean soil pH, bulk density, organic matter
(SOM), soil fractions (Cyo, Niot» C/Nyoii, NH4 T, NO;~, DOC,
DON, and Pj,,s) and microbial fractions (Cpicro» Nmicro»
C/Npicro and Ppyicro) at the three experimental sites and the
two positions: under logs (black bars) and bare soil (grey bars).
Data of different years are pooled, except pH and bulk density,
which are available only for 2008 and 2010, respectively.
Concentration values in the microbial fractions were corrected
for extraction efficiency

remains unaffected (Stocks et al. 2004; Wei et al.
1997). Moreover, there was a strong release of
nutrients contained in the fire-killed wood during the
first 4 years of decomposition. After this period, the
release of N, and particularly of P, from wood was
very high, accounting for ca. 40 and 65 % of the initial
content, respectively. For P, the decrease was constant
over the two sampled periods, whereas slight initial
rises in the N concentration were registered at some
sites after 2 years, followed by a strong decrease.
These patterns were consistent at the three study sites
despite certain differences among them. This may be
related to an initial nutrient immobilization by micro-
organisms colonization of the decomposing wood
(Brown et al. 1996; Laiho and Prescott 2004; Ouro
et al. 2001), and to the fact that these soils are
particularly P limited (mean of 3.54 + 0.33 mg kg ™),
which might explain the relative higher mobilization
of this element from wood (Gray and Dighton 2009;
Jonasson et al. 1996). Thus, the post-fire coarse woody
debris left after a wildfire can still retain a large
amount of nutrients, which can be used to preserve and
restore the ecosystem nutrient capital. Furthermore,
the progressive nutrient release is expected to continue
for years as wood decay proceeds, allowing retention
by the soil and regenerating vegetation.

By contrast, the release of C, the main wood
constituent, occurred fundamentally during the first
sampling period, coupled with wood mass losses.
Consequently, the C/N wood ratio remained initially
constant and sharply increased afterwards. This con-
trasts with the decrease in the C/N ratio as wood
decays reported in most of studies, associated mainly
with a progressive N retention by the wood (Clark
et al. 2002; Ganjegunte et al. 2004; Harmon et al.
1986; Idol et al. 2001; Yang et al. 2010). Nonetheless,
increases in wood C concentration have been reported
in some cases at initial stages of decomposition
(Garrett et al. 2008; Preston et al. 1998; Sandstrom

Table 5 Stocks of soil and microbial fractions in positions located under logs and in bare areas for the upper 10 cm of soil

Prnicro

Niot (g m™2) NH," (gm ) NO; (gm™? DOC Crmicro DON Nimicro

Cior (kg m™?)

Position SOM

Site

(gm™)

%)

Pinorg
(gm™) (gm™) (gm™) (gm

(gm™)

(kg m™?)

1.375 £ 0.230  0.469 £+ 0.072  0.069 £ 0.059

13.84 + 1.54 2037 £4.94 0.948 £+ 0.085

0.498 + 0.134  0.132 £ 0.028
15.24 £ 2.07

4.855 £ 0.233  1.706 £ 0.078 106.40 £ 7.00
1.818 £+ 0.134

5.140 £+ 0.277

UL

0.120 £ 0.065
0.207 £+ 0.072

1.192 £ 0.147  2.149 £+ 0.358 0.562 + 0.098
1.339 £ 0.126  3.833 £ 0.558 0.397 £ 0.077

32.60 £+ 6.20

0.354 £ 0.077 0.112 + 0.024

0.610 £ 0.111
0.743 £ 0.141
0.294 £ 0.051

118.94 £ 7.27
11991 £ 5.68

120.95 £+ 7.21

BS
UL

16.62 £ 2.30 34.50 + 5.07
13.53 £ 240 29.67 £ 3.11

8.68 £+ 0.91

0.108 £ 0.022
0.193 £+ 0.031

5.065 £ 0.406 2.176 + 0.119

5.533 £ 0.302
4.194 £+ 0.282
4.403 £+ 0.247

0.391 £ 0.067 0.168 &+ 0.084

2.799 + 0.381
28.28 + 347 0.966 £ 0.080 2.704 £ 0.256 0.564 + 0.110 0.266 + 0.078

1.162 £+ 0.131

1.958 + 0.132
1.995 + 0.152
1.658 £+ 0.149

0.140 + 0.026
0.133 £+ 0.024

126.79 + 8.48

UL
BS

1.810 £ 0.207 0.386 £+ 0.054 0.249 + 0.180

9.85 £ 1.66 2145+ 2.67 0.903 £ 0.090

123.74 £ 10.64  0.561 + 0.123

UL under logs, BS bare soil

Values represent means =+ standard errors
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Fig. 5 Differences in soil and microbial fractions between
sampling years. Different sites and positions (under logs and
bare areas) are pooled. Significant differences among
years are indicated: *0.01 < P < 0.05, **0.001 < P < 0.01,

et al. 2007; Yang et al. 2010). In our case, the
microbial colonization and the associated N retention
may be limited by the relatively low moisture retained
by wood (Brown et al. 1996; Zhou et al. 2007),
provided that the insolation and temperatures are not
ameliorated by the forest canopy. As a result, wood
becomes more recalcitrant as it decomposes, accentu-
ating the N shortage for the decomposer activity (Ouro
etal. 2001; Weedon et al. 2009). In summary, post-fire
coarse woody debris played an important role as a
reservoir of carbon and as well as a source of nutrients
during the initial stages of decomposition, regulating
the nutrient availability and preventing sudden losses
in the regenerating ecosystem.

Effects of post-fire coarse woody debris on soil
and microbial fractions

Overall, most of the soil and microbial fractions were
higher and the pH more basic in areas under charred
logs. This may be associated either to the nutrient
release by partially charred wood (Hafner et al. 2005;
Kuehne et al. 2008; Wei et al. 1997) or to the physical
protection of soil by logs, as logs and branches can
foster a more favourable soil microclimate (Castro
et al. 2011; Smaill et al. 2008; Stoddard et al. 2008)
and prevent nutrient losses through soil erosion and
runoff that would carry away ash deposited after the
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NO3- Pinorg Pmicro

DOC Cmicro DON Nmicro C/Nsoil C/Nmicro

##%P < (0.001. Concentration units are % for SOM, C,, and
Nior, and mg kg’l for the rest of fractions. Concentration values
in the microbial fractions were corrected for extraction
efficiency

wildfire (Fox 2011; Kim et al. 2008; Shakesby et al.
1996; Thomas et al. 2000). Thus, post-fire coarse
woody debris prompted microbial activity and nutrient
cycling, as supported similarly by higher levels of soil
respiration in this treatment (Marafién-Jiménez et al.
2011). An exception was found in the inorganic
fractions of N (NH,* and NO3 ™), which represent the
most available N fractions in the soil. Their fast
mobilization between soil, plants, and microorganisms
is determined by the convergence of several environ-
mental factors (Killham 1994), making it difficult to
detect an effect on them by punctual sampling.
Nonetheless, the low values of NH4Jr under logs
coincide with the highest values of microbial biomass
and N, suggesting a limitation of available N, both by
direct adsorption in SOM and through microbial
immobilization (Hafner et al. 2005; Magill and Aber
2000). Probably as a consequence of this N limitation,
the microbial P also did not increase significantly
under logs and followed a pattern similar to that of the
microbial biomass and N. In addition, most of the N
and C soil fractions tended to increase between the two
sampling years, although proportional, and thus with-
out changes in the soil C/N ratio. This increase could
be associated partly with the progressive nutrient
release from the wood, although other factors such as
interannual differences in the balance between pro-
ductivity and mineralization, in the phenology of
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vegetation, or in short-term shifts in the nutrient
demands of microorganisms and plants might also
determine temporal variations in the soil fractions
(Adair and Burke 2010; Hodge et al. 2000; Jandl et al.
2007).

The presence of fire-killed wood also decreased the
soil bulk density, likely due to the greater proportion of
organic matter. A low bulk density is indicative of soil
quality and fertility, facilitating soil aeration and root
penetration (Schoenholtz et al. 2000). Lower bulk-
density values are also usually associated with higher
organic-matter content, porosity and more structured
soil (Schoenholtz et al. 2000; Merino and Edeso 1999).
On the other hand, this implies that the nutrient stocks
of the soil and microbial fractions in the first 10 cm of
soil did not differ between positions under logs vs. bare
areas. Expressing soil and microbial fractions as stocks
per unit area could therefore lead to an underestimation
of the overall improvement of soil fertility from the
wood. In summary, the presence of wood over the soil
generally increased soil nutrients, microbial fractions,
and SOM, while decreasing bulk density and affecting
the distribution of nutrients between the soil and
microorganisms. The resulting improvement in soil
fertility could enhance primary productivity and
thereby the regeneration of vegetation.

Biogeochemical implications for management
and ecosystem processes

There is currently intense debate concerning the
appropriate management of fire-killed trees after
forest fires (Beschta et al. 2004; Donato et al. 2006;
Lindenmayer et al. 2004; Mclver and Starr 2001).
Post-fire salvage logging (felling and removing
charred trunks, often combined with the elimination
of the remaining woody debris; Beschta et al. 2004;
Mclver and Starr 2001) is implemented worldwide
(Castro et al. 2010a; Lindenmayer et al. 2004; Mclver
and Starr 2001; Van Nieuwstadt et al. 2001), but recent
studies show that it may impact ecosystem function
and regeneration (Castro et al. 2010b, 2011; Donato
et al. 2006; Lindenmayer and Noss 2006). The felling
and removal of fire-killed trees using ground based
yarding techniques may increase soil erosion and
compaction, reduce nutrient availability, damage the
seedling bank, hamper the regeneration of the plant
community, reduce species richness and diversity, and
ultimately raise net ecosystem CO, emissions

(Beschta et al. 2004; Castro et al. 2011; Donato et al.
2006; Lindenmayer and Noss 2006; Mclver and Starr
2000, 2001; Serrano-Ortiz et al. 2011). However, the
specific role of partially charred wood on the post-fire
soil fertility and nutrient mobilization has not been
assessed to the date.

The present study shows that the post-fire coarse
woody debris has arelevant role for the nutrient cycling
and the recovery of the soil fertility. Aboveground
wood in the burnt forest represented an initial stock of
49.6 £ 7 kg ha 'of Nand 2.8 + 0.5 kg ha~' of P. A
fraction of these stocks were liberated to the system
through decomposition, accounting for ca. 20.2 £ 3.5
kg ha~'of Nand 1.8 & 0.3 kg ha™' of Preleased after
only 4 years. These contributions exceed other poten-
tial nutrient inputs to the ecosystem, like those due to
the atmospheric deposition (ca. 6.3 kg ha™' year ' of
Nand 0.2 kg ha™' year™' of P; Morales-Baquero et al.
2006), or to the N fixation in leguminous roots as
Adenocarpus decorticans (ca. 1 kg ha™' year™" of N;
Moro et al. 1996), which are present in the study sites.
Furthermore, the nutrient release estimations ascend to
30.8 4 5.9 kg ha~'of Nand 2.8 & 0.6 kg ha™' of Pif
we also consider the contributions from the below-
ground biomass (34 % approx. of the total biomass).
Moreover, its effect is long lasting (Smaill et al. 2008),
as the nutrient release is slow and progressive. The
reduction of the soil bulk density also helps to
compensate for the unfavourable effects that soil
compaction can have on soil properties (Merino and
Edeso 1999). On the contrary, the removal of fire-
killed wood, as during salvage logging operations,
would translate as a reduction in soil fertility and hence
in the regeneration capacity of vegetation (Jurgensen
et al. 1997; Lindenmayer et al. 2008; Stoddard et al.
2008). Thus, salvage logging has demonstrated to have
detrimental effects on nutrient cycling and ecosystem
functioning that should be considered when making
management decisions.

Conclusions

The post-fire coarse woody debris after a wildfire still
contains a great amount of nutrients that are released
through decomposition, augmenting soil fertility and
accelerating microbiological processes. Partially
charred logs therefore provide a valuable ecosystem
service, as they enhance the biogeochemical
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sustainability, resilience, and functioning, which are
key ecological properties for regeneration success.
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Appendix: Estimation of the initial dry weight
of the wood discs to calculate the dry weight lost
by the charred wood over time

To estimate the initial dry weight of the discs collected
after two (2008) and four (2010) years of decomposi-
tion, we used a regression model constructed with the
volume and the dry weight of the wood discs initially
collected in 2006. Previously, we checked that diam-
eter had no effect on the initial wood density for any of
the sites (P > 0.05 for all sites), so the diameter did not
have to be included as an independent variable in the
model. Initial wood density differed among sites
(Table 6) despite the absence of differences in the rest
of variables, so aregression model was fitted separately
for each site. Further, the dry weight of a wood disc
must be zero when its volume is zero. For this, the
intercept of the regression line was forced to be zero for
each regression model. Nonetheless, once the models
with intercept were fitted, the Hj that the intercept was
zero was tested in all of them, and the H could not be
rejected in most of the cases. The resulting regression
equations for each site are:

W, = 0.7304172*V, for site 1;
W, = 0.7348488*V,, for site 2;
W, = 0.7237018*V,, for site 3;

where W, and V, are the dry weight and the volume of
the initial wood discs.As the external fragmentation of
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Table 6 Summary of the variables measured in the wood
discs collected in 2006 which were used in the regression
models and results of testing the differences between the
experimental sites

Variable Site 1 Site 2 Site 3 F df P
@, (cm) 028 2 07575
Mean 13.3 12.8 12.1

Range 222 18.7 10.8

Wa (2) 003 2 0.9671
Mean 425.01 397.62 344.13

Range 13904 1861.1 1055.8

Vi (em?) 009 2 09145
Mean 580.7 553.3 497.7

Range 18953 22319 1385.7

pa (glem®) 6.00 2  0.0031
Mean 0.73 0.70*° 0.68°

Range 0.27 0.32 0.40

Different letters indicate significant differences among sites at level
o = 0.05

F statistic of the contrast of the one-way ANOVAs; df degrees of
freedom, P critical probability of the contrast, @, diameter of the discs,
W, dry weight of the wood discs, V,; volume of the wood discs; pgy
density of the wood discs

! Assuming a conical shape for each disc, its volume (V,) in cm® was
calculated as follows: V,; = 1/37rh(R2 + Rr + rz) where 4 is the mean
height of the disc in cm; R and r are, respectively, the maximum and
minimum mean radii of each disc face in cm

the log was negligible over the study period, we can
assume that the volume of the wood discs (V)
remained constant during these initial stages of wood
decomposition. Thus, the volume of the wood discs of
2008 and 2010 (V,) was introduced in the constructed
regression model to estimate their initial dry weight

(Wa).
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