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Abstract: The present study provides a deeper insight on variations of microbial abundance and
community composition concerning specific environmental parameters related to deadwood decay,
focusing on a mesocosm experiment conducted with deadwood samples from black pine of different
decay classes. The chemical properties and microbial communities of deadwood changed over
time. The total carbon percentage remained constant in the first stage of decomposition, showing a
significant increase in the last decay class. The percentage of total nitrogen and the abundances of
nifH harbouring bacteria significantly increased as decomposition advanced, suggesting N wood-
enrichment by microbial N immobilization and/or N2-fixation. The pH slightly decreased during
decomposition and significantly correlated with fungal abundance. CO2 production was higher
in the last decay class 5 and positively correlated with bacterial abundance. Production of CH4

was registered in one sample of decay class 3, which correlates with the highest abundance of
methanogenic archaea that probably belonged to Methanobrevibacter genus. N2O consumption
increased along decomposition progress, indicating a complete reduction of nitrate compounds to
N2 via denitrification, as proved by the highest nosZ gene copy number in decay class 5. Conversely,
our results highlighted a low involvement of nitrifying communities in deadwood decomposition.

Keywords: logs; decay classes; microbial diversity; microbial abundance; functional microbial groups

1. Introduction

Lying deadwood—the dead trees and debris on the forest floor—is a natural and
fundamental structural and functional component of forest ecosystems. It influences
biological, physical, and chemical processes [1], and plays a key role in biodiversity and
soil fertility maintenance [2,3]. Indeed, lying deadwood provides important habitats and
nourishment for several saproxylic species [4], being an essential substrate for numerous
insects and fungi [5].

Deadwood decay level is a key variable affecting deadwood-inhabiting fungi, bryophyte
presence and diversity, and the dynamics of carbon release and sequestration. Some studies
highlighted that the richness of saproxylic species is highest in the first two decay classes of
conifers and in the third decay class of broadleaves [6,7]. According to the deadwood clas-
sification system adopted in many national forest inventories (NFIs), five decay classes [8]
were considered in this study: recently dead, weakly decayed, medium decayed, very de-
cayed, and almost decomposed. This classification system also corresponds to the five-class
system used in the Italian National Forest Inventory [9].

Deadwood biomass is one of the five terrestrial carbon (C) pools—together with
above-ground and below-ground biomass, soil, and litter—that are relevant for estimation
of C stocks and changes under the United Nation Framework Convention on Climate
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Change (UNFCCC) and Kyoto Protocol [10]. During its decomposition, it undergoes
significant transformations, thus being fundamental in C and nitrogen (N) redistribution
to soil and atmosphere [11,12].

In traditional forest management—focused on the maximisation of timber produc-
tion in time and space—standing dead tree and lying deadwood are removed during the
silvicultural interventions because the accumulation of deadwood is considered a poten-
tial risk for forest fires and pollution [13], a potential source of pests and diseases [14],
and an obstacle to recreational activities [15]. Conversely, in biodiversity-oriented forest
management one of the aims is to reduce differences in deadwood volume between man-
aged and natural forests, while in close-to-nature forest management deadwood is even
considered a key functional and structural component of forests supporting habitats and
species diversity [2,16].

Deadwood is a habitat for many specialised organisms, including microbes, inverte-
brates, bryophytes, lichens, and vascular plants [17]. Wood-inhabiting fungi and bacteria
are the key decay agents, and from their perspective, deadwood represents both a habi-
tat and a resource [18]. Saprophytic fungi, in particular Basidiomycota, produce arrays
of extracellular enzymes and actively contribute to breaking down cellulose, hemicellu-
lose, and lignin, supplying themselves with substrates for their growth [19]. Bacteria
also have crucial decay abilities, but less attention has been paid to their specific roles in
wood decay [20–24].

Fungi and bacteria may develop intricate relationships of synergic, antagonistic,
and/or neutral nature [25], influencing wood decay rates and community functions [18].
Bacteria may benefit from products released by the fungal decomposition processes [20,26]
and, on the other side, may provide N, iron, and growth factors to stimulate fungal growth
and accelerate the rate of wood decay [27–29]. Both fungal and bacterial decay abilities
are shaped by environmental conditions and biotic interactions [25] and the microbial
community composition and function change as decomposition progresses [18].

Microorganisms play crucial roles in maintaining the equilibrium between organic mat-
ter decomposition, C sequestration, and greenhouse gas (GHG) exchanges from soil to atmo-
sphere in forests [30]. The complex interactions between microbial decomposition activities
and the atmosphere may therefore constrain or amplify climate change processes [30].

However, there is a poor understanding of the relationships between microbial diver-
sity and deadwood decomposition at present. Thus, obtained information on microbial
species or functional groups involved in decaying processes is of paramount importance
for the prediction of the responses of forests to climate change [31], and new data are
needed to help in elucidating the processes regulating GHG fluxes from deadwood.

The cultivation-independent molecular methods, generally including the direct ex-
traction of total microbial DNA, have been the most common approaches to determine
microbial diversity in various environments [32]. Among these, the polymerase chain
reaction-denaturing gradient gel electrophoresis (PCR-DGGE) fingerprinting has already
been used to provide indications on the relative changes in deadwood and litter microbial
community composition as decomposition progressed [33–37]. The best approach to iden-
tify and quantify specific microbial groups and/or enzymes related to processes of the C
and N cycles is to use real time PCR of marker genes of the respective microbial groups
(e.g., 16S rDNA genes) or that encodes the process-related enzymes [38–40].

In this study we applied PCR-DGGE and real-time PCR to provide new insights into
the changes in composition and function of the decomposer microbial communities in
response to wood decay. Furthermore, we tested the hypothesis that microbial communities’
abundance and composition are related to substrate quality (total C and N contents, C/N
ratio) and potential GHG fluxes (carbon dioxide, CO2; methane, CH4; nitrous oxide, N2O)
at different stages of natural decay. To do so, a mesocosm experiment was set up with
deadwood samples of different decay classes collected from black pine logs in a temperate
forest ecosystem. We explored microbial communities (fungi, bacteria, and archaea) and
specific functional communities linked to C and N cycles. Several marker genes were
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used, including the 16S rRNA genes of methanogens archaea and CH4-utilising bacteria
(methanotrophs), in the C cycle. We quantified the genes: nifH (encoding dinitrogenase);
amoA (encoding ammonia monooxygenase); nirK (encoding copper nitrite reductase); and
nosZ (encoding nitrous oxide reductase), as suitable indicators to estimate N2-fixation,
nitrification, and denitrification potential, in the N cycle.

2. Materials and Methods
2.1. Experimental Design and Deadwood Sampling

The mesocosms consisted of deadwood cores of different decay classes placed into
a 1 L Erlenmeyer flask closed with a silicone gas-tight cap and incubated at controlled
moisture and temperature (see Section 2.2). The deadwood cores were collected from
black pine (Pinus nigra J.F. Arnold) lying deadwood on April 2018, by using a battery
drill (20.4 V) with a modified bit to provide a cylindrical core of 3 cm diameter. The
deadwood cores were extracted from the middle of the log piece with the drill bit towards
the ground, immediately placed in a sterile plastic bag, and then transported to laboratory
for mesocosms set up.

A total of 20 deadwood cores were collected, in 18 circular fixed-area plots (13 m ra-
dius; 531 m2) randomly located in the study area where field measurements for deadwood
assessment and dendrometric data were realized [41]. Lying deadwood was subjectively
selected in the different plots and distributed among five decay classes (four deadwood
cores within each decay class) in accordance with a 5-decay class system [5,42]. The five
decay classes were assigned by two technicians, working together, using a visual classifi-
cation system considering the main visual characteristics of deadwood (Table S1) [8,43].
The selection of black pine lying deadwood was carried out in the Pratomagno massif,
a mountain area that borders the Apennine ridge located in the north-east of the Tus-
cany region in Italy (43◦27′ N; 9◦11′ E). The average elevation is of 1150 m a.s.l., with a
south-west exposure and 40% average slope. The geological substrate is characterized by
quartz-feldspar sandstones alternated by siltstones and argillites [44]. Soils are generally
moderately deep and very rich in organic matter in topsoil “A” horizon (average content
6.8%) [45]. The forest is spread over the temperate continental sub-Mediterranean biocli-
matic zone [46] and is dominated by 57 years-old black pines plantations—Calabrian pine
(Pinus brutia Ten. subsp. brutia) and Austrian black pine (Pinus nigra J.F. Arnold) [45]. The
average annual temperature is 10.5 ◦C with maximum temperatures registered in July and
minimum temperatures in January. The average annual precipitation amount is 997 mm
with a maximum peak in autumn and minimum precipitation in June [44].

2.2. GHG Potential Production from Deadwood

The potential production of GHGs (CO2, N2O, CH4) was estimated by measuring for
48 h the gas produced by each deadwood core within the mesocosm, as described by [33].

Briefly, the day after collection, each deadwood core was weighed and put into a 1 L
Erlenmeyer flask closed with a silicone gas-tight cap and incubated at 20 ◦C. To keep the
internal moisture constant during the test, a plastic tube containing 3 mL of water was
added within each flask. Gas production was measured at the beginning of the experiment
and after 6, 9, 24, and 48 h. At each incubation time, 25 mL headspace gas samples were
collected with an air-tight 30 mL propylene syringe and immediately pressurized into a
pre-evacuated 12 mL glass Exetainer® vials (Labco Ltd., Buckinghamshire, UK) with a
septa screw cap (Labco Ltd., Buckinghamshire, UK). Concentrations of CO2, N2O, and CH4
were analysed using a GC-2014 gas chromatograph (Shimadzu Corporation, Kyoto, Japan)
with a thermal conductivity detector (TCD) for CO2, a 63Ni electron capture detector (EDC)
for N2O, and a flame ionization detector (FID) for CH4. The difference between blank and
samples was always higher than the instrumental detection limit [33]. Gas concentrations
were converted to mass per volume units using the Ideal Gas Law and measuring air
temperatures and volumes, then expressed in mg g−1 considering the headspace of each
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flask and the weight of each deadwood sample. The cumulative curve was calculated for
each gas by summing the concentrations at each incubation time.

2.3. Physical and Chemical Properties

Moisture was determined immediately after the GHG production assay by measuring
fresh weight and dry weight after incubation at 50 ◦C for 48 h.

The dry deadwood cores were firstly coarsely ground in a cutting mill (Retsch SM 100,
Haan, Germany), at rotor speed of 1500 rpm min−1, until a final fineness of 0.5 mm.
Deadwood pH was determined using a digital calibrated pH meter (Hanna-pH211, Padova,
Italy) on aqueous extract after shaking 1 g of dried deadwood coarse sawdust in 10 mL of
distilled water for 120 min and left to decant for 30 min. Successively, deadwood samples
were homogenized with a cutting mill (Retsch SM 100), at rotor speed of 1500 rpm min−1,
until a final fineness of 0.25 mm. Ten to twenty milligrams of deadwood fine sawdust was
weighed into Ag-foil capsules and the % of total N (TN) and total C (TC) was measured by
dry combustion on a Thermo Flash 2000 NC soil analyser (Fisher Scientific, Waltham, MA,
USA) equipped with a thermal conductivity detector.

2.4. DNA Extraction and DGGE Analysis

The genomic DNA was extracted from 0.20 g of each deadwood coarse sawdust by
using the FAST DNA SPIN kit for soil (Biomedicals, Santa Ana, CA, USA) according to the
manufacturer’s guidelines. DNA was eluted in sterile water and its integrity was verified
by agarose gel electrophoresis (0.8% w/v).

DGGE analysis was performed to estimate the diversity and genetic structure of
fungal, bacterial, and actinobacterial communities by using specific primer pairs for the
V7–V8 region of fungal 18S rRNA gene (EF390—GCFR1; [47]), the V6–V8 region of bacterial
16S rRNA gene (GC986f—UNI1401r; [48]), and the V2–V3 region of actinobacterial 16S
rRNA gene (F243 –R513GC; [49]). Amplification and DGGE procedures were carried out as
previously described [33]. Evaluation of band migration distance and intensity within each
lane of the DGGEs was performed using Gel Compare II software v. 4.6 (Applied Maths,
Saint-Martens-Latem, Belgium). The number of bands and their relative abundance were
used as a proxy of dominant taxon richness [50] and diversity (Shannon index) within each
DGGE profile [51].

2.5. Real-Time PCR

Real-time PCR was carried out in a MJ Research PTC-200TM Chromo4 thermocycler
(Bio-Rad Laboratories, Hertfordshire, UK) as described by [34]. The primer pairs used for
the various microbial groups and functional genes were reported in Table S2. All samples
were run in triplicate and negative control and standard curve were run in each plate. Data
outputs were released by Opticon Monitor software (version 2.03 MJ Research).

For absolute quantification, the standard curves were created using plasmids con-
taining target gene fragments amplified from reference strains or environmental samples
(Table S2). The target gene PCR products were purified using PureLinkTMQuick PCR Purifi-
cation kit (Invitrogen-Life Technologies, Carlsbad, CA, USA) and cloned using the pGEM-T
Easy Vector System (Promega, Madison, WI, USA) according to the manufacturer’s in-
structions. Approximately four clones from each target gene were randomly chosen and
sequenced (BMR Genomics, Padova, Italy). The web-based BLAST tool available at the
NCBI website (http://www.ncbi.nlm.nih.gov; accessed on 15 December 2020) was used
to check specificity. Plasmid DNA was extracted using the QIAprep®Spin Miniprep kit
(Qiagen, Hilden, Germany) and plasmid concentrations were determined by spectropho-
tometry using a BioPhotometer (Eppendorf, Hamburg, Germany). Standard curves were
freshly prepared with 10-fold dilutions ranging from 3 × 108 to 3 × 102 gene copies µL−1.
The abundance of microorganisms in deadwood samples was expressed as gene copy
number per gram of deadwood dry weight.

http://www.ncbi.nlm.nih.gov
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16S rRNA gene fragments obtained from DNA extracted from deadwood core num-
ber 12 (the one showing high CH4 production) using methanogenic archaea primer set
(Table S2) were also cloned. Twenty clones were randomly chosen and sequenced (BMR
Genomics). The nucleotide sequences were aligned with each other using ClustaX 2.0.11
software and close related nucleotide sequences were determined comparing against all
sequences stored in the GenBank database using the BLAST tool. Given the complete
identity of the obtained sequences, only one sequence was deposited in the GenBank
database under accession number MW412770.

2.6. Statistical Analyses

To assess the significant differences in relation to the decay class in deadwood physico-
chemical properties, GHG cumulative emissions and microbial richness, and Shannon
index, data were analysed by one-way analysis of variance (ANOVA) followed by Fisher
least-significant difference (LSD) post-hoc test (p < 0.05) using Statistica 7 software (StatSoft,
Palo Alto, CA, USA). The normality and the variance homogeneity of the data were tested
prior to ANOVA.

Pearson correlation analysis was performed among deadwood physico-chemical
properties (TC, TN, C/N, moisture, and pH), maximum values of GHGs (CO2, CH4, and
N2O) production, and total abundance of microbial groups by PAST3_21 software [52].

The banding patterns of each DGGE extracted as band-intensity matching tables
were normalised by calculating the relative intensity of each band (ratio of the inten-
sity of each band divided by the sum of the intensities of all bands in the same lane)
and imported into PAST3_21 for multivariate statistical analysis. Non-metric multidi-
mensional scaling (nMDS) was used to visualize differences of each DGGE profile in a
two-dimensional space. One-way analysis of similarity (ANOSIM) and permutational
analysis of variance (PERMANOVA) followed by pairwise comparisons were conducted to
determine the extent of differences in microbial communities among decay classes. nMDS,
ANOSIM, and PERMANOVA were performed using the Bray–Curtis distance measure and
9999 permutational tests; the accuracy of the nMDS plots was determined by calculating a
2D stress value.

Finally, the correlations between the fungal, bacterial and actinobacterial communities,
deadwood properties, and CO2 flux were determined by CCA performed with PAST3_21.
DGGE bands were used as “species” data (filled symbols), while deadwood chemical
properties (TN, TC, C/N, and pH) and CO2 flux as “environmental” variables (vectors);
the statistical significance was assessed using 999 permutational tests.

3. Results
3.1. Chemical Characterisation of Deadwood Samples

The results of moisture, TN and TC contents, C/N ratio, and pH were averaged accord-
ing to the different decay classes and are reported in Table 1. The middle decay classes 2
and 3 showed the statistically significant lowest and highest values of relative moisture
percentages, respectively. No significant differences were observed in the remaining classes.

The TN values significantly increased from decay class 1 to decay class 5 (Table 1),
following an exponential trend (R2 = 0.93). The middle decay classes (from 2 to 4) did not
show statistically significant differences in TN content, whereas samples of the early decay
class 1 and the late decay class 5 showed the significant lowest (0.18%) and highest (0.55%)
values, respectively.

The TC percentage did not show a clear trend with the progression of deadwood
decay. In the first three decay classes, the percentage of TC showed a stable trend setting
on values of about 48%. A slight but not significant increase was observed in decay class 4,
while the significant highest value was registered in decay class 5 (Table 1). Conversely,
the C/N ratio followed a linear downward trend (R2 = 0.99) from averaged 281.3 of decay
class 1 to 102.7 of decay class 5.
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The pH showed the highest values in the two early decay classes and the lowest values
in the middle and late decay classes, respectively. Nevertheless, non-significant differences
were found among decay classes (Table 1).

3.2. GHG Potential Production from Deadwood

Cumulative values of CO2 potential production significantly increased over the ad-
vancement of deadwood decay, reaching the maximum from deadwood cores of the last
decay class 5 (Figure 1a; Table S3). This increase followed a linear trend (R2 = 0.99) from
decay class 1 to decay class 5, except for the decay class 2, which showed a drastic drop in
CO2 production.
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Figure 1. Maximum values of CO2 (a); CH4 (b); and N2O (c) production from the black pine
deadwood cores of the different decay classes. Error bars are the standard errors of four replicates.
Different letters indicate significant differences at p < 0.05 among means.

The analysis of CH4 and N2O fluxes showed trends of both production and con-
sumption, although no significant differences were observed among decay classes. The
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average values of CH4 potential production were low for decay classes 1, 2, and 4. De-
cay class 5 showed a negative averaged value (Figure 1b). Decay class 3 showed the
highest value of CH4 potential production, which is mainly due to a deadwood core (the
number 12; Figure S1; Table S3) showing a production value (6.3 × 10−4 mg CH4 g−1)
about 145 times higher than the averaged CH4 potential production of all the other dead-
wood cores (4.3 × 10−6 mg CH4 g−1).

The N2O potential production showed negative values in almost all deadwood cores,
indicating mainly consumption of N2O rather than production (Figure S2; Table S3). An
exception was found in a deadwood core of decay class 3 (the number 9), which showed
N2O production (1.5 × 10−4 mg N2O g−1). The N2O consumption showed an increasing
trend from decay class 1 to decay class 5. However, all differences were not statistically
significant (Figure 1c).

3.3. Structural Diversity of Deadwood Microbial Communities

Differences in the number and intensity of bands and band position along the DGGE
profiles were revealed, depending on the decay class (Table 2, Figure S3). Overall, bacteria
showed higher values of both richness and Shannon index compared to fungi. In both
these microbial groups, the significant highest values of the two indices were found in the
late decay class 5.

Actinobacteria showed decreasing values of richness and Shannon index from decay
class 1 to decay class 5 (Table 2).

The nMDS ordinations of each DGGE showed profiles of decay class 1 clearly sep-
arated from those of the other decay classes (Figure 2). Fungal communities showed
profiles of the early decay classes 1 and 2 distinctly grouped on the left side of the nMDS
plot (Figure 2a). Replicates of decay classes from 3 to 5 exhibited a slight overlapping
and showed a broad grouping positioned in the middle and on the right side of the
y-axis. The stress value > 0.3 provides a weakly reliable representation of fungal similar-
ity/dissimilarity in the nMDS graphical representation; thus, DGGE profiles were further
analysed by multivariate analysis (see below).

Table 1. Average values of moisture, total C (TC) and total N (TN) contents, C/N ratio, and pH of the black pine deadwood
cores from the different decay classes. Moisture, TC, and TN contents were calculated as percentage of the total dry mass of
deadwood. Standard errors in parentheses. Different letters in a column indicate significant differences at p < 0.05 (LSD test)
among means.

Moisture (%) TN (%) TC (%) C/N Ratio pH

Class 1 52.2 (2.5) ab 0.18 (0.02) c 48.5 (0.4) b 281.3 (28.7) a 4.5 (0.3)
Class 2 41.7 (4.7) b 0.21 (0.03) bc 48.3 (0.8) b 240.0 (32.9) ab 4.6 (0.3)
Class 3 63.3 (3.0) a 0.27 (0.03) bc 48.4 (1.0) b 184.8 (19.9) bc 4.0 (0.1)
Class 4 54.6 (3.4) ab 0.31 (0.01) b 49.1 (0.5) b 158.0 (6.3) cd 4.1 (0.1)
Class 5 51.5 (10.6) ab 0.55 (0.08) a 52.2 (1.3) a 102.7 (18.7) d 4.0 (0.1)

Table 2. Average Richness and Shannon index calculated on 18S rDNA-DGGE band profiles from fungal community and
on 16S rDNA-DGGE band profiles from bacterial and actinobacterial communities in decaying black pine deadwood, on the
basis of decay class. Standard error in parentheses. Different letters in a column indicate significant differences at p < 0.05
(LSD test) among means.

Fungi (18S-DGGE) Bacteria (16S-DGGE) Actinobacteria (16S-DGGE)

Richness Shannon Richness Shannon Richness Shannon

Class 1 18.8 (1.3) b 2.86 (0.07) abc 15.0 (1.5) c 2.63 (0.12) c 11.0 (2.2) ab 2.29 (0.24) ab
Class 2 15.5 (0.9) b 2.67 (0.07) c 24.0 (2.9) b 3.09 (0.11) b 13.0 (2.0) a 2.51 (0.16) a
Class 3 18.5 (1.2) b 2.84 (0.07) bc 21.3 (0.8) b 2.99 (0.03) b 14.5 (0.6) a 2.66 (0.05) a
Class 4 22.8 (1.0) a 3.05 (0.05) a 26.0 (1.3) ab 3.17 (0.05) ab 6.8 (0.5) c 1.89 (0.07) b
Class 5 22.3 (1.2) a 3.01 (0.06) ab 29.8 (0.9) a 3.34 (0.03) a 7.5 (0.5) bc 2.00 (0.06) b

F 7.0 5.7 11.5 11.6 5.9 5.8
p ** ** *** *** ** **

** p < 0.01; *** p < 0.001.
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The bacterial nMDS ordination (Figure 2b) showed three distinct groups: the first
comprising profiles of decay class 1, the second those of decay class 2, and the third
those of decay classes 3, 4, and 5. The DGGE profiles of the intermediate and late stages
of decomposition (decay classes 3–5) exhibited a high similarity (symbols are close); on
the contrary, the DGGE profiles of the earlier stage (decay class 1) exhibited the greatest
inter-specific variation (large distance among symbols).

Three broad groups could be highlighted in the actinobacterial nMDS graphical
representation (Figure 2c). The profiles of decay class 1 formed a loose group on the left
side of the y-axis; in the middle, it is possible to distinguish a group comprising the profiles
of decay classes 2 and 3; on the right side of the plot were distinctly grouped profiles of
decay classes 4 and 5. As for bacteria, the DGGE profiles of early (decay class 1) and late
(decay classes 4 and 5) stages of decomposition showed the highest and lowest inter-specific
variation, respectively.

Both bacterial and actinobacterial stress values (0.21 and 0.20, respectively) reflected a
good representation of the observed distance among DGGE profiles.

Overall, the outcomes of ANOSIM and PERMANOVA global tests (Table S4) indi-
cated a significant effect of decomposition stages on microbial community compositions
(p < 0.001). The R values of the ANOSIM global test ranged from 0.54 to 0.66, confirming
the consideration evinced by nMDS ordinations since, as a rule of thumb, 0.5 < R < 0.75
was read as separate but overlapping communities [53]. Pairwise comparisons reinforced
the nMDS remarks. Regarding fungal communities (Table S5a), the DGGE profiles of decay
classes 1 and 2 were significantly different from each other and those of the other decay
classes. DGGE profiles of class 3 were significantly different from those of decay class 5 but
not from decay class 4. No significant differences were found between DGGE profiles of
decay class 4 and those of decay class 5.

Bacterial communities showed statistically significant differences in DGGE profiles
among each decay class (Table S5b). The lowest separation occurred between decay
classes 3 and 5 and between decay classes 4 and 5 (R = 0.56 and 0.32, respectively). Acti-
nobacterial communities showed significant differences among each decay class except
between decay class 2 and decay class 3 and between decay class 4 and decay class 5
(Table S5c).

3.4. Quantification of Deadwood Microbial Communities

The state of decomposition differently affected the size of the different microbial
groups inhabiting deadwood. Fungal 18S rRNA gene copies per gram of dry deadwood
did not significantly differ between decay classes (Table 3). Bacteria were more abundant
than fungi in each decay class. The number of bacterial 16S rRNA gene copies number
significantly increased as the decomposition progressed, reaching the maximum value in
decay class 5 (Table 3). A similar trend was observed for actinobacteria, although they
showed nearly 10-fold lower values than bacteria (Table 3). In each of these three microbial
groups, decay class 2 showed the lowest 16S rRNA gene copies number.

In addition, absolute quantification of CH4-producing/-consuming microbial groups
and functional genes linked to N-cycle was performed. The abundance of archaeal
methanogens in deadwood was very low, of the order of 104–105 16S rRNA gene copies per
gram of dry deadwood (Table 3). The highest values were observed in decay classes 3 and 5.
The replicates of decay class 3 showed a high internal variation, thus there were no statisti-
cally significant differences in the averaged values compared to the other decay classes. By
inspecting the abundance of methanogens of each deadwood core, the sample with the high-
est number of archaeal 16S rRNA gene copies per gram of dry deadwood corresponds to the
core with the highest CH4 production (core number 12; Figure S1). Sequencing of cloned
PCR products from this deadwood core revealed the greatest nucleotide-sequence identity
with Methanobrevibacter sp. (99.4% similarity to GenBank accession number AB026926
isolated from the gut of the termite Hodotermopsis sjoestedti).
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Figure 2. nMDS ordination plots of fungal 18S rDNA gene (a); bacterial 16S rDNA gene (b); and
actinobacterial 16S rDNA gene (c) obtained by PCR-DGGE of extracted DNA from the black pine
deadwood cores of the different decay classes.

The quantification of CH4-consuming bacteria showed that methanotroph type I
(group including the genera Methylomonas and Methylobacter) dominated the early de-
cay class 1 (Table 3). In contrast, the methanotroph type II (group including the genera
Methylosinus and Methylocystis) resulted as significantly more abundant in decay class 5
than in the less degraded classes (Table 3).

Overall, functional genes involved in processes of the N-cycle (N2-fixation, nitrifi-
cation, and denitrification) showed the highest values by a significant amount in decay
class 5, which is generally 10-fold higher than other decay classes (Table 3). The abundance
of the nif H gene varies from a minimum of 1.66 × 108 gene copies gr−1 dry deadwood
of decay class 2 to a maximum of 4.18 × 109 gene copies gr−1 dry deadwood of decay
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class 5. In each decay class, the archaeal amoA gene was more abundant than its bacterial
counterpart (Table 3). In both ammonia-oxidising groups, the lowest values were found
in decay class 2 and the highest values in decay class 5. The abundances of the two genes
involved in the denitrification pathway, nirK and nosZ genes, did not differ much from one
another in each decay class, reaching the maximum values in decay class 5 (Table 3).

Table 3. Real time PCR results for quantification of the various microbial groups in DNA extracted from the black pine
deadwood cores of the different decay classes. Values are means with standard error in parentheses. Different letters in a
row indicate significant difference at p < 0.05 (LSD test).

Microbial Group
(Target Gene) n. Copies gr−1 Deadwood

Class 1 Class 2 Class 3 Class 4 Class 5

Fungi (18S rRNA) 9.7 × 108 (8.7 × 108) 7.9 × 107 (2.2 × 107) 2.9 × 108 (1.7 × 108) 2.7 × 108 (1.4 × 108) 3.7 × 108 (2.6 × 108)
Bacteria (16S rRNA) 5.4 × 109 (1.6 × 109) b 5.4 × 108 (1.5 × 108) b 2.4 × 109 (3.7 × 108) b 2.6 × 109 (5.5 × 108) b 3.0 × 1010 (5.9 × 109) a

Actinobacteria (16S rRNA) 9.3 × 107 (3.3 × 107) b 7.8 × 107 (3.3 × 107) b 1.3 × 108 (3.6 × 107) b 2.0 × 108 (4.8 × 107) b 3.9 × 109 (6.7 × 108) a
Methanogens (16S rRNA) 1.6 × 105 (3.4 × 104) b 5.8 × 104 (9.0 × 103) b 4.7 × 105 (3.5 × 105) ab 4.2 × 104 (6.9 × 103) b 6.5 × 105 (9.1 × 104) a

Methanotrophs type I (16S rRNA) 1.1 × 109 (4.5 × 108) a 3.9 × 107 (1.9 × 107) b 3.5 × 107 (7.2 × 106) b 2.4 × 107 (1.0 × 107) b 6.5 × 107 (1.1 × 107) b
Methanotrophs type II (16S rRNA) 2.6 × 106 (2.1 × 106) b 2.9 × 106 (1.6 × 106) b 1.2 × 107 (6.5 × 106) b 4.5 × 106 (1.8 × 106) b 8.6 × 107 (4.9 × 107) a

Diazothrophs (nifH) 5.2 × 108 (2.9 × 108) b 1.7 × 108 (7.0 × 107) b 3.2 × 108 (1.3 × 108) b 3.3 × 108 (2.1 × 108) b 4.2 × 109 (1.2 × 109) a
Nitrifiers archaea (amoA) 5.8 × 105 (1.5 × 105) b 2.9 × 105 (2.8 × 104) b 5.6 × 105 (1.2 × 105) b 4.5 × 105 (5.9 × 104) b 4.7 × 106 (7.0 × 105) a
Nitrifiers bacteria (amoA) 3.8 × 105 (1.2 × 105) b 6.4 × 104 (1.9 × 104) b 2.1 × 105 (1.7 × 104) b 1.8 × 105 (4.6 × 104) b 2.0 × 106 (3.0 × 105) a

Denitrifiers (nirK) 2.5 × 107 (1.8 × 107) b 4.8 × 106 (3.5 × 106) b 7.7 × 106 (2.7 × 106) b 7.9 × 106 (1.3 × 106) b 1.6 × 108 (7.2 × 107) a
Denitrifiers (nosZ) 1.2 × 107 (4.7 × 106) b 4.6 × 106 (1.5 × 106) b 1.1 × 107 (4.1 × 106) b 1.4 × 107 (3.8 × 106) b 2.2 × 108 (3.3 × 107) a

3.5. Correlation Analysis

Significant (p < 0.05) Pearson’s correlation coefficients between deadwood chemical
characteristics, GHG fluxes, and abundances of inhabiting microbial groups were reported
in Table 4. Fungi were negatively correlated to pH. Bacteria and actinobacteria were posi-
tively correlated to TN, TC, and CO2 fluxes from deadwood and negatively correlated to
C/N. The archaeal methanogens were positively correlated to CH4 fluxes. Methanotrophs
were positively correlated to pH (type I) and TN and TC (type II), whereas both types
were correlated to C/N but in different directions (Table 4). The abundances of ammonia
oxidisers were positively correlated to TC and TN and negatively to C/N. The diazotrophic
bacteria were positively correlated to TN and TC. Finally, denitrifying bacteria-harbouring
nirK gene were correlated only to TC content, whereas those harbouring the nosZ gene
were positively correlated to TN and TC content and negatively to C/N.

Table 4. Pearson’s correlation matrix of deadwood chemical parameters (TN, TC, C/N, and pH), maximum values of GHGs
(CO2, CH4, and N2O) production, and the microbial group abundances measures in deadwood cores from the different
decay classes. Only significant Pearson correlation coefficients (r-values) are reported.

TN TC C/N pH CO2 CH4 N2O

CO2 0.76 *** n.s. −0.80 *** −0.62 *** - n.s. n.s.
Fungi n.s. n.s. n.s. −0.48 * n.s. n.s. n.s.

Bacteria 0.82 *** 0.54 * −0.57 ** n.s. 0.60 ** n.s. n.s.
Actinobacteria 0.83 *** 0.57 * −0.61 ** n.s. 0.59 ** n.s. n.s.
Methanogens n.s. n.s. n.s. n.s. n.s. 0.75 * n.s.

Methanotrophs I n.s. n.s. 0.44 * 0.54 * n.s. n.s. n.s.
Methanotrophs II 0.55 * 0.65 ** −0.44 * n.s. n.s. n.s. n.s.

AOB 0.67 ** 0.84 *** −0.52 * n.s. n.s. n.s. n.s.
AOA 0.74 ** 0.77 *** −0.57 *** n.s. n.s. n.s. n.s.
nirK n.s. 0.86 *** n.s. n.s. n.s. n.s. n.s.
nosZ 0.72 ** 0.75 ** −0.56 ** n.s. 0.46 * n.s. n.s.
nifH 0.46 * 0.78 ** n.s. n.s. n.s. n.s. n.s.

* p < 0.05; ** p < 0.01; *** p < 0.001.

The canonical correspondence analysis (CCA) showed the potential connections be-
tween changes in chemical characteristics, CO2 production, and microbial community
composition due to deadwood decay status (Figure 3). The linear species-environment
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correlations along the first two axes accounted for more than 65% of explained variance
and were significant (p < 0.05). A general shift of the microbial communities was observed
from decay classes 1 and 2, on the right side of the CCA plot, to decay classes 4 and 5,
on the left side of the CCA plot, passing through decay class 3, near the axes’ intersec-
tion. The first two decay classes were mainly correlated to the C/N ratio and pH and
presented the highest interspecific variation. On the contrary, the more degraded decay
classes 4 and 5 resulted in being mainly correlated with TN, TC, and CO2 production, and
revealed the highest similarity. The distribution of species scores in the ordination diagram
revealed that actinobacterial and bacterial taxa (light grey and grey dots, respectively)
mainly contributed to separating the early decay classes from the late decay classes.

Figure 3. Canonical correspondence analysis (CCA) ordination diagram of microbial communities
and environmental variables defined by the first and second axes. The percentage of variation in the
data and significance is reported at each axis. The plots were generated by actinobacterial 16S rDNA
gene (light grey dots), bacterial 16S rDNA gene (grey dots), and 18S rDNA gene (dark grey dots)
DGGE banding patterns. Vectors represent deadwood pH; deadwood total C content (TC); deadwood
total N content (TN); deadwood C/N ratio; and CO2 flux from deadwood cores.

4. Discussion
4.1. Chemical Features of Deadwood Decay

In the first three decay classes, the percentage of TC content in deadwood cores
remained constantly around 48%. After that, in late decay class 5, it showed a significant
increase. Other studies conducted on temperate forests in Central Europe reported values
of around 50% for individual tree species and, in particular, for conifers; the percentage
of TC content is estimated to range from 48.0% to 52.1% [54]. Generally, the percentage
of C content of deadwood remains stable during the whole decomposition process [55],
although changes may occur following modifications in size and chemical composition,
including lignin content.

Deadwood represents a significant proportion of forest C stock, accounting for 10–20%
of the total C pool in mature forests [56]. Nevertheless, this C pool is transient because
through the transformations operated by saprotrophic microorganisms, it is mainly released
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into the atmosphere as CO2, and the rest is sequestered in soil or within living biomass [29].
In our laboratory experiment, the CO2 evolution from deadwood significantly increased
in the late decay classes, leading us to assume that the activity of the microorganisms
inhabiting deadwood increased along with decay progression, given the more favourable
growth conditions created by the breakdown of structural biomolecules and the consequent
release of nutrients. Thus, the increment of TC content in the decay class 5 should be due
to C immobilization into microbial biomass because of the intensification of microbial
growth and metabolic processes. According to this hypothesis, we observed bacteria as
significantly more abundant in decay class 5 than in previous decay classes.

In our laboratory experiment, we observed lower CO2 fluxes compared to another
experiment conducted on deadwood cores collected from a comparable black pine forest in
Monte Morello in the Tuscany region [33], although a consistent trend was shown.

Low values of TN content were observed in the early decay class 1, in agreement
with fresh deadwood of most temperate and boreal trees that showed N content ranging
between 0.03% and 0.18% of the dry mass [57]. Successively, the percentage of TN content
experienced a slight and progressive increment till reaching more than twice the initial
values in the decay class 5. Progressive N enhancement is a well-documented phenomenon
in both conifers and broadleaf deadwood [33,34,58,59]. It depends on the synthesis of new
N-rich compounds (i.e., proteins and nucleic acids) in actively growing microorganisms
inhabiting deadwood, soil translocation mediated by ectomycorrhizal hyphae [29], and
bacterial fixation of atmospheric N2 [28].

Since N is often a limiting nutrient for the growth of microorganisms, its accumulation
in deadwood represents a potentially high impact input for the microbial community.
Accordingly, we found deadwood TN content positively and significatively correlated with
CO2 fluxes, indicating its importance as a driver of microbial activity.

As a simple consequence of increasing N concentration, the C/N ratio decreases
during the advance of decomposition. The decrease of C/N ratio is a rough indicator of
organic matter decomposability, supporting the evidence of different decomposition rates
among decay classes, which are constrained by the availability of macronutrients [56].

The pH slightly decreases during decomposition. Wood pH was considered one of
the main factors explaining significant differences in wood-inhabiting fungal community
composition [60] since it is crucial for the functioning of extracellular fungal oxidoreductase.
Generally, coniferous wood shows lower pH values than broadleaf, which may be due
to stronger acidification by brown-rot fungi that prefer this type of wood [61,62]. What’s
more, the study area showed a soil pH similar to the wood pH registered in decay classes
1 and 2 [63], leading us to suppose that soil brown-rot fungi may have early colonized
the deadwood logs, thus contributing to lowering the deadwood pH. Consistently with
our results, Hoppe et al. [64] did not observe an important impact of pH in bacterial
communities of deadwood.

4.2. Microbial Features of Deadwood Decay

Deadwood appeared to be rich in microbial biomass. Fungal abundance showed
a marked decrease in the early stages of decomposition, although not significant. Suc-
cessively, the number of fungi remained quite unchanged. Various studies have shown
that bacterial, fungal, and archaeal density is minimal in fresh wood, increasing as the
decomposition process advances [22,30]. In agreement, bacteria reached the highest value
in decay class 5. On the other hand, bacteria dominated the microbial community in each
decay class, showing counts that were generally one order higher than those of fungi,
contrasting with results obtained by Tláskal et al. [29].

Fungi are the primary producers of enzymes that attack deadwood structural biopoly-
mers [29]. Thus, fungi promptly intervene in the early stages of decomposition, playing a
crucial role in opening the way in the physically recalcitrant substrate for colonization by
other deadwood-inhabiting microorganisms. Tláskal et al. [29] found that more than 91%
of transcripts of carbohydrate-active-enzymes decomposing biopolymers were of fungal
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origin, whereas only 7% were assigned to bacteria. The actinobacteria phylum has been
commonly found in bacterial communities colonizing deadwood [65] due to their excellent
capabilities in degrading structural biopolymers, such as hemicellulose and cellulose [26].
In addition, they are presumably involved also in lignin degradation [66], although their
role is still unclear. The size of actinobacterial community increased as decomposition
progressed, although remaining one order lower than those of total bacteria. However,
actinobacteria proved to be a noticeable representative group within the bacteria-inhabiting
deadwood, reaching about 11% of the total bacteria in decay class 5. Overall, our results
suggested that the decay processes gradually changed the deadwood logs composition,
creating an environment more hospitable to both fungal and bacterial communities, in
agreement with other authors [67].

We observed an increasing number of bacterial and fungal dominant taxa with the
advancement of wood decay, as indicated by the significant increasing richness and Shannon
index values. Our findings give reason to what was postulated by Gómez-Brandón et al. [68],
that, as decomposition progresses, a higher number of ecological niches for microbial
colonization become available, along with an increase in the wood’s surface area and
nutrient variety. In addition, our results suggested that increased metabolic diversity is
required within bacterial and fungal communities to utilize the substrates that gradually
become available as wood decays. Conversely, the deadwood actinobacterial community
showed significantly lower species diversity in the late decay classes 4 and 5 compared to
early decay classes. Thus, the actinobacterial community revealed a greater involvement in
the degradation of more labile wood structural compounds, as hemicellulose and cellulose,
in the early and intermediate phases of decomposition. Accordingly, Lynd et al. [69]
postulated that actinobacteria are the most common initial colonizers of deadwood, and
together with other pioneer bacterial groups, they contribute to increasing the permeability
and the moisture uptake of wood, thus favouring fungal colonization [65]. Successively, an
increased metabolic specialization was supposed for actinobacteria as an indication that
the ability of lignin breakdown is limitedly spread within this microbial group [21].

The robustness of multivariate analyses results highlighted differences in microbial
community composition of the five decay classes, suggesting the development of a suc-
cession of inhabiting microbial taxa with different metabolic activities, which reflects the
gradual changes occurring in logs chemical properties during natural decay, as postulated
by numerous authors [12,33,34,60,70].

4.3. GHG Emissions and Microbial Functional Groups

The CO2 fluxes from deadwood cores were positively correlated with the increment
in bacterial and actinobacterial 16S rRNA gene copy numbers. Although we are aware
that gas fluxes registered into our lab-closed systems are not fully comparable to natural
processes, this finding reinforces the assumption that the significant increase of bacterial
biomass with increasing decay classes is consistent with the intensification of bacterial
metabolic activities due to the increasing availability of substrates.

Deadwood represents an extensive and dynamic C stock of forest, playing fundamen-
tal roles as both source and sink of C. Its decomposition, together with forest fire, is one
of the major inputs of CO2 release from the earth surface with possible implications for
global temperature increase [61]. In addition, also the potential evolution of CH4 from
deadwood has more considerable relevance in climate changes [71,72]. In a field mesocosm
experiment conducted on black pine, Lagomarsino et al. [37] showed that deadwood was a
substantial source of CO2 and CH4 in the atmosphere.

CH4 production is primarily the result of archaeal-mediated wood material decom-
position [71]. In addition, also brown-rot fungi are identified to produce CH4 under
anaerobic conditions [73]. We revealed the presence of methanogenic archaea in our dead-
wood logs, although they represented a tiny part of the prokaryotic community. The
colonization of living tree tissue by methanogenic archaea was documented as early as
the 1970s [67,74–77]. The highest value of 16S rRNA copy number was registered in a
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deadwood core of decay class 3, accordingly with the highest production of CH4. In
this deadwood core, Methanobrevibacter was supposed to be the hypothetical CH4 pro-
ducer. It is assumed that the evolution of CH4 mainly occurs as the result of symbiotic
interactions between methanogenic archaea and xylophagous insects or wood-inhabiting
protists and fungi [75,78,79]. Fungi cleave wood structural biopolymers and the products
formed are fermented to produce CO2 and H2, which are substrates for the synthesis of
CH4 by methanogenic archaea [75]. Similarly, protists’ endosymbiont methanogens may
convert CO2 produced by protists into CH4 [80]. Methanobrevibacter was a strictly anaerobic
prokaryote generally found to be associated with protists as symbiont or attached to the
gut epithelium of both lower and higher termites [79]. In addition, Methanobrevibacter
was also found in high abundance inside cells of Spirotrichonympha leidyi, a parabasalid
flagellate that lives in termites’ gut [79]. These findings lead us to hypothesize that the CH4
production registered in our deadwood core was due to a symbiont association between
prokaryotes and protists or fungi, whereas we did not find any evidence of termites or
other xylophagous insects.

Except for one deadwood core, the CH4 production showed a decline as decompo-
sition progressed till reaching the highest negative values (CH4 consumption) in decay
class 5. Accordingly, Covey et al. [71] assumed that CH4 emissions were highest in early
decay stages because methanogenesis activity was fuelled by non-structural labile carbon
substrates, and more abundant in early phases. An intensification of CH4 oxidation in the
late stage of decomposition may also be more advantageous for microorganisms than using
recalcitrant structural compounds. In fact, CH4 emitted from decaying wood may serve as
a source of C and energy for aerobic CH4-oxidizing (methanotrophic) bacteria [64,73,81].
We found that the methanotrophic bacteria represented a relatively high portion of the
bacterial community of deadwood. The general increase of the CH4 consumption with
increasing decay class might suggest a relative higher involvement of this microbial group
as decomposition progressed.

Methanotrophic bacteria can utilize also reduced C substrates with no C-C bonds,
such as methanol, a by-product of fungal lignin decomposition [29,73]. Vorob’ev et al. [82]
isolated methylotrophic microorganisms from beech wood blocks incubated on an acid
forest soil surface during wood decay by the white-rot fungus Hypholoma fasciculare.
Mäkipää et al. [83] found methanotrophs as core members of the diazotroph commu-
nity in decaying Norway spruce logs. Therefore, it might be supposed that synergistic
interactions between methanotrophs and fungi occur with the former providing N in return
for methanol produced by the latter [84].

There is ever increasing evidence about the occurrence of inter-kingdom mutualistic
interactions and their importance as drivers of ecosystem functioning related to nutrient
cycling [85]. Bacteria are thought to play a marginal role in wood decomposition in contrast
to their critical role in N wood-enrichment by N2-fixation [68]. The amount of fixed N2
during deadwood decomposition represents an important source of N entering the soil
environment at the end of the deadwood life cycle [29]. N is a limited resource in wood;
thus, fungi may meet their N requirements for vegetative growth and propagation through
associations with diazotrophs [60,68]. In agreement, Hoppe et al. [64] reported a positive
correlation between the number of fungal fruiting bodies and the diversity of the nifH gene
in Norway spruce and European beech. Conversely, we did not find any significant
correlation between fungi and nifH gene copies number.

The nifH gene copies number significantly increased with decay class, supporting
the hypothesis of the increasing relevance of the role of the diazotrophic community
as decomposition progresses. Using a metatranscriptomic approach in analysing the
microbiome associated with decomposition of European beech, Tláskal et al. [29] found
N2-fixation one of the dominant processes in N-cycling occurring in deadwood, second
only to the process of ammonia incorporation into organic molecules. On the other hand,
the respiratory pathways utilizing nitrate or nitrite reduction (denitrification) appeared
to be considerably less important in deadwood than in soil, while nitrification steps were
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missing. Accordingly, we found the nifH gene the most abundant among the N-cycling
genes quantified, followed by those related to denitrification (nirK and nosZ) and lastly
amoA gene, related to the nitrification process. These findings are in contrast with soils
where nitrification is the most widespread bacterial process within the N cycle [86].

We found a net N2O consumption in all deadwood cores analysed except for one
core of decay class 3. This finding suggests a complete denitrifying activity during our
laboratory measurements. Similar results were obtained by Covey et al. [71]. Denitrifying
bacteria are abundant and widespread in forest soils. Different enzymes (reductases)
are sequentially involved in converting nitrate to N2, passing through N2O [87]. Not
all denitrifiers harbour the complete battery of genes encoding all the denitrification
reductases; some have truncated pathways. We found the highest values of nirK and nosZ
genes copies number in late decay class 5, consistently with the highest values of N2O
consumption. It suggests that the highest abundance and diversity within the bacterial
community could drive denitrification towards complete reduction of nitrate compounds,
lowering N2O.

The amoA gene, the key gene in the nitrification pathway, was only detected at low
levels in both ammonia-oxidizing bacterial and archaeal communities. Ammonia oxidizers
bacteria are also involved in N2O emissions [88]. Little is known about the role of ammonia-
oxidizing microorganisms in deadwood metabolic processes and although further analysis
(such as transcripts detection or enzymatic activity) is required, their low abundance may
suggest a relatively less involvement of this group of prokaryotes in N2O fluxes from
deadwood than denitrifying bacteria.

5. Conclusions

Due to the variety of measurements conducted, our mesocosm experiment provides
significant insight into the microbial community patterns during deadwood decomposition.
Dead black pine logs are proved to be an important habitat for fungi, bacteria, and archaea.
These microbial communities were influenced by the chemical properties of the substrate,
indicating that they are an active component of the wood-colonizing biota. Data obtained
by real time PCR quantification were consistent with other findings attained by using other
approaches such as next-generation sequencing (NGS) or metatranscriptomics, confirming
that various bacterial groups act in wood decomposition. The highest abundance and
microbial species diversity were revealed in the late decay classes with respect to the initial
stages of decomposition. As decomposition progresses, the involvement of bacteria in
wood decay appears to be increasingly crucial. In particular, our results lead to hypothesize
complex adaptation of the bacterial community to changes in deadwood structure and
composition, combining nutritional strategy with potential interaction with fungi.

The increasing number of bacterial and fungal species in the last decay classes ev-
idenced by the present study is an important piece of information in developing forest
strategies for deadwood management during silvicultural operations. In fact, harvesting
operations can remove only logs of the first and second decay classes, while more decom-
posed logs must be left on soil surface because mechanical operations are impossible at
this stage of decomposition. Forest managers must consider this aspect to maintain and
improve biodiversity in managed and semi-natural forests. An amount of 20–50 m3 ha−1

of logs should be preserved, adopting the principles of close-to-nature management. In
the present case, the volume of logs is in this range. Preferably, this amount of deadwood
should be spatially concentrated in a network of islands of senescence (1–2 hectares each)
with an equal distribution by decay classes in each island of senescence.

Data obtained from laboratory measurements of gas fluxes reinforced the assumption
of the strong involvement of deadwood microorganisms in GHG emissions in the forest
ecosystem, adding awareness of the need for proper deadwood management in the context
of climate change. Nevertheless, this aspect must be analysed and evaluated with an
ecosystem service-balancing approach, considering the other important ecosystem services
influenced by the presence of deadwood in the forest.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f12101418/s1, Table S1: Description of visual characteristics used to assign the decay class.
Table S2: Primer pairs used for real time PCR absolute quantification of the different microbial
groups assessed in the five deadwood decay classes. Table S3: Maximum values of CO2, CH4,
and N2O production from black pine deadwood cores under laboratory experiment. Mean values
according to each decay classes are also reported (standard errors in parentheses). Different letters
in a column indicate significant differences at p < 0.05 (LSD test) among means. Table S4: ANOSIM
and PERMANOVA global test based on the Bray–Curtis similarity matrices of 18S- and 16S-rDNA
DGGE, for microbial groups (fungi, bacteria, and actinobacteria) decaying downy birch deadwood.
Table S5: Values of ANOSIM statistic R (upper right side) and PERMANOVA statistic F (lower left
side) from pairwise comparison of the banding profiles of fungal 18S-rDNA DGGE, and bacterial
and actinobacterial 16S-rDNA DGGEs. Figure S1: Maximum values of CH4 production (a) and
archaeal methanogen 16S rDNA gene copies number (b) from each black pine deadwood sample.
Figure S2: Maximum values of N2O production (a) and nirK gene (b) and nosZ gene (c) copies
number (botton) from each black pine deadwood sample. Figure S3: DGGE profiles of fungal 18S
rDNA gene fragments (a), bacterial 16S rDNA gene fragments (b), and actinobacterial 16S rDNA
gene fragments (c). The letter M on the gel images indicates the marker used for normalization
of bands.
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