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• We analysed site-related GHG ﬂuxes in
two Mediterranean pine forests after
thinning.
• Soil moisture content and organic
matter availability affected CO2
emission patterns.
• Short-term CO2 emissions increased
after disturbance induced by logging
operations.
• Small gaps created with selective
thinning increased CH4 uptake.
• Low N2O emissions were found in both
sites and were not affected by thinning.
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a b s t r a c t
In Mediterranean ecosystems an increasing demand for in situ trace gas exchange data is emerging to enhance
the adaptation and mitigation strategies under forest degradation. Field-chamber green-house gas ﬂuxes and
site characteristics were analysed in two Mediterranean peri-urban pine forests showing degradation symptoms.
We examined the effect of different thinning interventions on soil CO2, CH4 and N2O ﬂuxes, addressing the
relationships with the environmental variables and C and N contents along forest ﬂoor-soil layers.
Soil temperature resulted as the main driving variable for CO2 efﬂux and CH4 uptake. Soil moisture content and
organic matter availability affected CO2 emission patterns in the two sites. N2O ﬂuxes showed a positive correlation with soil moisture under wetter climatic conditions only. GHG ﬂuxes showed signiﬁcant correlations with C
and N content of both forest ﬂoor and mineral soil, especially in the deepest layers, suggesting that it should be
considered, together with environmental variables when accounting GHG ﬂuxes in degraded forests.
Short-term effects of thinning on CO2 emissions were dependent on disturbance induced by logging operations
and organic matter inputs. After thinning CH4 uptake increased signiﬁcantly under selective treatment, independently from speciﬁc site-induced effects. N2O ﬂuxes were characterized by low emissions in both sites and were
not affected by treatments. Soil CO2 efﬂux was the largest component of global warming potential (GWP) from
both sites (11,553 kg ha−1 y−1 on average). Although it has a large global warming potential, N2O contribution
to GWP was about 131 kg CO2eq ha−1 y−1. The contribution of CH4-CO2 equivalent to total GWP showed a
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clear and signiﬁcant CH4 sink behaviour under selective treatment (36 kg ha−1 y−1 on average). However, in the
short-term both thinning approaches produced a weak effect on total GWP.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Pine species have been largely used for land restoration in the Mediterranean basin since the late nineteenth century. The traditional strategy for reforesting degraded lands was to plant fast-growing pioneer
species, usually pines (Gil and Prada, 1993), to facilitate the introduction
(either artiﬁcial or natural) of late-successional broadleaves able to
reach a higher biodiversity and more resilient and resistant ecosystems
(Barbéro et al., 1998; Pausas et al., 2004).
Nowadays, the most of these pine stands are concluding their rule of
pioneers' species and the lack of timely silvicultural interventions negatively affected stands adaptability to natural processes (i.e., secondary
successions). Moreover, these stands often present mechanical stability
problems (Cantiani and Chiavetta, 2015; Marchi et al., 2017). From the
National Forest Inventory, 31% of Italian pine forests in the Mediterranean zone show degradation symptoms with many dead, fallen and/
or damaged trees for a total of 462,568 ha.
The lack of silvicultural interventions can affect the annual C sequestration rate due to a decrease in canopy cover and regeneration (Flint
and Richards, 1994), reducing the potential sink capacity of these forests. In most cases these pine stands, densely overgrown with large
deadwood, have become a potential source of greenhouse gases
(GHGs) through decomposition of remaining plant material and soil
carbon and altering the balance between gross photosynthesis and respiration (Law et al., 2004; Misson et al., 2005).
A major source of carbon and organic matter available for decomposition is represented by plant litter, with leaf litter accounting for
22% to 81% of total litter annual production and contributing up to
N70% of the annual N input via litter fall (Bauer et al., 2000). Litter
decomposition is an important source of CO 2 to the atmosphere;
mineralization of the annual litter fall contributes to approximately
half of the CO2 output from the soil, and the average global annual
CO2 ﬂux from the soil is estimated to be about 98 Pg C (BondLamberty and Thomson, 2010), an amount comparable to that of
global gross primary production.
Soil is a predominant component of C cycle, storing two-three
times more C than the atmosphere. The signiﬁcant role of soil in
the global C balance depends on its potential to store C in pools
with a slow turnover. Only small fractions of new C inputs into
soils will become long-term SOC, whereas the largest fraction will
be respired back to the atmosphere. Furthermore, soils have been reported to be a key factor for the overall response of the terrestrial
biosphere to global change.
How thinning affects soil–atmospheric ﬂuxes of GHGs is poorly
understood. Contrasting results have been reported on soil CO2 efﬂuxes under different forest management practices (Zerva and
Mencuccini, 2005). Determining how restoration thinning changes
soil C ﬂuxes is necessary to understand potential feedbacks between
forest management activities and climate warming (Fang et al.,
2016a, 2016b). Besides CO2, thinning can have a signiﬁcant effect
also on methane (CH4) and nitrous oxide (N 2O) ﬂuxes by altering
the environmental factors related to these ﬂuxes, such as soil temperature, soil water content, decomposition of organic matter
(Hendrickson et al., 1989), availability of substrate (Sahrawat and
Keeney, 1986; Skiba and Smith, 2000), soil N dynamics (Smolander
et al., 1998). Most studies assessing the impact of environmental variables and disturbances on pools and GHG ﬂuxes from forest soil
have been conducted in boreal or temperate forests and have mainly
focused on CO2, so few data are available for CH4 and N2O. Although
the absolute quantities of CH4 and N2O emitted are small compared

with those of CO2 , their importance depend on their larger global
warming potential (GWP) that is respectively 34 and 298 times
greater than CO2 over a 100 year period (Myhre et al., 2013).
Enhanced N deposition due to increased human activity can directly promote N2O emission by increasing inorganic N availability
for microbial processes (Meng et al., 2011). Regions with elevated
atmospheric N-deposition due to anthropogenic activity showed
increased N2O emissions (Butterbach-Bahl et al., 2002). However, inorganic N availability may not increase in response to increasing N
deposition due to plant uptake and microbial immobilization
(Edith et al., 2014). Atmospheric N deposition can be particularly
important in peri-urban areas that are receiving contributions of N
compounds from both urban and agricultural activities (GarcíaGomez et al., 2016). It is also hypothesized that increased N
deposition will result in increased N 2 O emissions in combination
with reduced soil CH4 oxidation and CO2 emissions (ButterbachBahl et al., 2002; Ambus and Robertson, 2006).
Forest soils have also been identiﬁed as a signiﬁcant sink for atmospheric CH4, and it is estimated that CH4 uptake of soils activities represent 3–9% of the global atmospheric CH4 sinks (Prather et al., 1995).
Well aerated forest soils seem to play a major role in this context
(Papen et al., 2001). Uncertainty is associated, however, with global
soil CH4 consumption because of the few data available from
Mediterranean-type ecosystems (Castaldi and Fierro, 2005), increasing
the need for in situ trace gas exchange data (Butterbach-Bahl and
Kiese, 2005; Rosenkranz et al., 2006). In this region warm and dry condition in summer and moderate precipitation in winter, might create
favourable conditions for CH4 oxidation throughout the year, making
this area suitable for studying CH4 ﬂuxes dependence on meteorological
parameters (Savi et al., 2016). To our knowledge, no studies in the Mediterranean basin have examined the effect of thinning practices on
GHGs ﬂuxes and their relationships with environmental factors and organic matter pools in litter and soil.
The main objectives of this study were: i) to quantify the short-term
effect of different thinning treatments on soil CO2, CH4 and N2O ﬂuxes
and ii) to investigate how soil temperature, soil moisture, C and N content
in forest ﬂoor and soil inﬂuenced the GHGs production during and after
the different thinning treatments applied. We hypothesized that thinning
disturbance would signiﬁcantly inﬂuence soil GHG ﬂuxes due to modiﬁcation of environmental factors, and that the response of CO2, CH4 and
N2O to the disturbance may differ, driven by site-speciﬁc induced effects.
2. Materials and methods
2.1. Study sites
The study sites are located in the peri-urban forests of Monte Morello (43° 51′ N–11° 51′ E, Italy) and Xanthi (41° 09′ N–24° 54′ E,
Greece). Their main characteristics are shown in Table 1.
Monte Morello forest has been planted during 1910–1980 years on
degraded soils affected by overgrazing, with the aim to restore the forest
cover. The stands are characterized by a dominant crop layer of P. nigra
and P. brutia and minor presence of Cupressus sempervirens and Quercus
cerris. The understory layer is mainly occupied by Cupressus arizonica
(with many decaying trees) and agamic regeneration of Mediterranean
shade-tolerant broadleaves species such as Fraxinus ornus and Acer
campetris. These stands show clear degradation symptoms with many
dead, fallen and/or damaged trees, due to the absence of proper silvicultural practices. Deadwood is very widespread, reaching about
75.1 m3 ha−1 divided in 80% of lying deadwood, 18% of standing dead
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Table 1
Site characteristics. Climate: annual average precipitation and temperatures, Palmer
drought severity index (PDSI) and Standardised Precipitation–Evapotranspiration Index
(SPEI) for the period considered, gridded on a 0.5 × 0.5° network. Vegetation type is “Plantations of site-native species”, mainly conifers (see text for species details).
Monte Morello (IT)
Climate (1980–2014; CRU dataset)
Min – mean – max T (°C)
9.3–13.3–17.9
Precipitation (mm)
876
PDSI; SPEI
−0.53; −0.04
Stand characteristics (pre-thinning)
Vegetation type
EEA-EFTs code: 6.14.1
Stand age (years)
55–65
Mean tree density (tree
980
ha−1)
62.9
Basal area (m2 ha−1)
Mean height (m)
17.1
Soil characterization (pre-thinning)
Soil type
Calcaric cambisols and cambic
calcisols
pH – carbonates (%)
8.1–8.2
Sand (%) – clay (%)
38.4–27.1
Thinning rate
Traditional (% of biomass)
Selective (% of biomass)

23.9
36.4

Xanthi (GR)
8.5–13.3–18.0
526
−0.73; −0.12

50–60
2626
38.8
10.3

Cambisols
5.6–6.2
60.0–17.5

31.5
49.3

trees and 2% of stumps (De Meo et al., 2017). The soils present a loam or
clay loam texture, they are rich in carbonates and show a moderately alkaline pH. The climate is typically Mediterranean, with a dry summer in
which July and August are the driest months.
Xanthi forest is a part of Xanhti–Gerakas–Kimerion public forest. The
elevation ranges from 100 up to 630 m. The planting activities began in
1936 and took place periodically up to 2007, even though most of them
were made till 1973. In the reforestations P. brutia was mainly planted.
P. maritima, P. pinea, Cupressus spp. and P. nigra, as well as some broadleaves like Robinia pseudoacakia have also been used. In many areas
there is an understory of broadleaves (Quercus spp., Carpinus orientalis
etc.). The amount of deadwood is about eight times less than that measured in the Monte Morello peri-urban forest (9.21 m3 ha−1) especially
because the lying deadwood is regularly collected by households for domestic use or by the Forest Service to prevent forest ﬁres (De Meo et al.,
2017). The soils present a sandy clay and sandy clay loam texture and
showed a moderately acidic pH. The climate is typically Mediterranean,
with a dry summer period longer than Monte Morello site and in which
July and August are the driest months.
2.2. Thinning treatments
Thinning interventions took place in September 2016 and were
based on three silvicultural options (in triplicate): traditional thinning,
selective thinning and absence of intervention (control).
In Monte Morello forest the traditional silvicultural treatment was a
medium-heavy intensity ‘thinning from below’, which removed most of
the dominated trees including also some co-dominant one. With the selective thinning, the best 100 trees per ha were selected according to
vigour and stability (“positive selection”) and their growth and development were actively promoted by removing competitors in the dominant layer (Marchi et al., 2017). According to our main purpose, the
selective thinning promotes the growth and development of trees
(groups of 2–3 trees in some cases) characterized by the best H/D
(high/diameter ratio) and a large and symmetric crown which can guarantee the highest stand stability and C accumulation rates in the
medium- to long-term run. Native broadleaves trees (Quercus spp.)
with these characteristics were favoured. Moreover, considering that
species planted in our stand are very light demanding, all the suppressed and sub-dominant trees were removed with the aim to avoid
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a consequent deadwood increasing, although these trees don't affect
the growth of the selected ones and usually may not be removed in
the conventional selective thinning. During the selective thinning the
understory trees where coppiced with the release of one shoot per
stool. This operation aimed at increasing the carbon sequestration of understory layer, avoiding a strong re-shooting at the same time.
In Xanthi forest, the traditional silvicultural treatment was a
medium-heavy intensity thinning which removed mainly dead, bad
formed, damaged and intermediate - suppressed trees of the overstory.
Thinning of broadleaves was also made in order to have a uniform distribution of broadleaves in the understory. In the selective silvicultural
treatment, both intense cuttings of overstory pines for the release of
broadleaved trees and innovative thinning of the understory, were performed. In the overstorey, bad formed trees were primarily removed increasing cutting intensity over dense areas with broadleaves, while the
best formed trees were retained. The intense thinning of the understory
resembles “positive selection” thinning, where competitors of the best
broadleaved trees were removed.
At the IT site the whole felled trees were brought to the landing site
by skidding and logging operations lasted 3 months. At the GR site, the
cut trees were separated in trunks and branches and only the trunks
were moved to the nearest forest roads. Moreover, logging operations
lasted only 1 month.
In both study sites, the selective thinning approach resulted to be
more intense compared to the traditional one above all over denser
areas with a broadleaves understory (Table 1).

2.3. Sampling design
In each site, nine demonstration areas each of about 1.5 ha
representing three replicates for each silvicultural option, have been
randomly selected. Within each demonstration area two monitoring
plots (circular ﬁxed-area of 531 m2) has been established, for a total of
36 sampling points in the two sites.
One collar (30 cm in diameter) was randomly positioned and
inserted in the soil in each plot, at least 5 cm depth, for a total of 18 collars per site. The exact height above ground was recorded for following
calculation of exact chambers volume. After thinning operations, collars
were replaced on the ground and left on site till the end of the study. The
position of the collars before thinning was approximately found according to wooden stakes ﬁxed and georeferenced at the centre of the plots
also because only the small logging residues (e.g. twigs) were left on the
soil surface where the collars were previously positioned.
Gas sampling was performed biweekly or once per month, depending on weather and personnel availability, and adjusting sampling dates and frequency to include speciﬁc events such as
thinning operations. All measurements were taken between 9.30
and 14.30 to minimise changes in soil CO2 efﬂuxes associated with
diurnal cycles (Davidson et al., 1998). Moreover, considering the
time both for gas sampling events and for moving from one plot to
another, the experimental design based on 18 sampling points was
considered reasonable and satisfactory, since in this way the three
different treatments were measured simultaneously and then repeated for the three replicates.
Two litter sampling were randomly performed within each plot near
to the collar for gas sampling (for a total of 36 sampling points for each
site). From the same position, soil samples were collected at depth of
0–10 and 10–30 cm within each plot. The post-thinning soil sampling
was carried out 1 year after the previous one (corresponding to the
pre-thinning sampling) to avoid a strong seasonal variability in microclimatic conditions (i.e. summer vs. autumn-winter) inﬂuencing mineralization processes and rates. The 1 year observation period between
pre and post thinning soil sampling followed the contemporary forest
ﬂoor sampling, which needs a whole growing season for a complete
quantiﬁcation of the fresh L horizon.
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2.4. Measurements of soil gas ﬂuxes
Gas sampling was performed in all treatment replicates within two
13 m radius plots for each replicate (for a total of 18 plots), biweekly
or once per month.
The closed chamber method described in Adviento-Borbe et al.
(2013) was used for measuring soil CO2, CH4 and N2O ﬂuxes, having
i) the advantage to measure simultaneously the three most important
GHGs (CO2, N2O and CH4) and ii) a high precision and detection limits,
compared for example to eddy covariance measurements taken near
the boundary between thinned and unthinned forest sectors with relatively small size (Wilkinson et al., 2016).
During each gas sampling event, chambers were closed for 30 min
with four gas sampling (at 0, 10, 20 and 30 min). Headspace gas samples
was collected with air-tight 30 mL propylene syringes and was immediately pressurized into pre-evacuated 12 mL glass Exetainer® vials
(Labco Ltd., Buckinghamshire, UK). The gas samples were analysed
within 4 weeks of collection.
GHG concentrations were analysed using a GC-2014 gas chromatograph (Shimadzu Scientiﬁc) with a thermal conductivity detector
(TCD) for CO2, 63Ni electron capture detector (ECD) for N2O and
ﬂame ionization detector (FID) for CH4. Chamber gas concentrations
were converted to mass per volume units using the Ideal Gas Law and
measured chamber air temperatures and volumes. Fluxes of CO2, N2O
and CH4 were calculated using the slope of linear regression of gas concentration versus chamber closure time and the enclosed soil surface
area. Fluxes were set to zero if the change in gas concentration during
chamber enclosure fell below the minimum detection limit determined
for the GC, and ﬂux values will be rejected (i.e. treated as missing data) if
they passed the detection test but had a R2 b 0.75.
Estimates of cumulative CO2, CH4 and N2O emissions and global
warming potential (GWP) for each ﬁeld replicate in the 6 months
after thinning was obtained by summing daily ﬂuxes over time. For
predicting GHG ﬂuxes on non-measurement days, an integration over
time by linear interpolation was used, considering the difference between two measurement events divided by the number of days between the two (Adviento-Borbe et al., 2010). Further, CH4 and N2O
ﬂuxes were expressed in g C-CO2 eq m−2, using the climate warming
factor on 100-year horizon equal to 34 and 298 for CH4 and N2O, respectively (Myhre et al., 2013).
2.5. Measurement of environmental factors
Simultaneously with each GHG ﬂux measurement, soil temperature
and volumetric soil water content were measured, every time a measurement of soil trace gas efﬂux was performed.
Soil temperature was measured with a probe (HI 9043 Hand Held
Thermometer) at a depth of 5 cm. In an adjacent position, soil sampling
was performed to measure soil moisture. Soil moisture of ﬁeld samples
was determined afterwards in laboratory by measuring fresh and dry
weight after incubation at 105 °C for 24 h, and the water loss expressed
as a per cent of oven-dry weight. Soil samples were collected next to
each collar.

decomposed (i.e., unrecognizable) plants parts (Kavvadias et al., 2001;
Hoosbeek and Scarascia-Mugnozza, 2009). Mineral soil will be removed
after successive sieving (10–5 and 2 mm mesh stainless steel sieves).
The subsamples of each fraction were then ground in a Willey mill to
pass a 500 μm mesh stainless steel sieve before being analysed.
Nitrogen and carbon contents of homogenized samples from each
forest ﬂoor fraction were measured by dry combustion on a Thermo
Flash 2000 NC soil analyzer (Fisher Scientiﬁc, Waltham, MA, USA). To
this aim, 10 to 20 mg samples were weighed into Sn capsules and % of
N and C was measured by thermal conductivity detector.
The soil samples were air dried and sieved through a 2-mm mesh.
For C and N quantitative analysis and C chemical fractionation, soil
sub-samples were grinded and homogenized to 0.5 mm. Total organic
C (TOC) and total N (TN) contents in the bulk soil were measured by
dry combustion on a Thermo Flash 2000 CN soil analyzer. To this aim,
20 to 40 mg soil were weighed into Ag-foil capsules and pre-treated
with 10% HCl until complete removal of carbonates.
Further, undisturbed soil samples were collected for soil bulk density
(BD) measurement, to calculate soil organic C stock for each depth. To
this aim, undisturbed 100 cm3 soil cores were collected from each pit
with a hammer-driven liner sampler (Eijkelkamp, The Netherlands).
The samples were dried at 105 °C until constant weight and the BD calculated by the ratio between the dry weight and the soil core volume
(Blake and Hartge, 1986).
2.7. Statistical analysis
The effect of thinning on GHG ﬂuxes was evaluated during and 3–6 months after thinning operations, with the aim to investigate the
short-term effect. Differences in gas ﬂuxes among treatments were
analysed using a one-way analysis of variance (ANOVA). The Bonferroni
method was used for multiple comparison correction of the signiﬁcance
levels. Data were tested for normal distribution by applying the
Kolmogorov–Smirnov test and Barlett test for the homogeneity of variance. When the normality test failed, the non-parametric Kruskal–
Wallis test for analysis of variance by ranks and the Wilcoxon-MannWhitney (W) non-parametric test for independent samples were performed. We also used a one-way ‘repeated measurements’ ANOVA to
determine differences in gas ﬂuxes at each measurement date, considering the treatment applied as source of variation and using the individual measurements as replicates.
Multiple linear regression model (MLRM) assuming the residuals
were independent and normally distributed (0, σ2), model analysis of
variance and linear correlations were performed to evaluate the effects
of environmental variables as well as C and N pools in forest ﬂoor and
soil on GHG emissions following thinning. Variance inﬂation factor
(VIF) analysis was applied to explored the co-linearity among explanatory variables.
Since CH4 ﬂuxes were always found negative, for correlation and regression analyses we transformed all data as absolute values (positive),
considering CH4 uptake as variable.
Data analysis was carried out using the free software environment R
(R Development R Core Team, 2014. http://cran.r-project.org/).

2.6. Measurements of C and N pools in forest ﬂoor and soil
3. Results
Samples of organic layer were obtained by pressing a 625 cm2 steel
sheet sampling frame (10 cm deep) into the forest ﬂoor and collecting
all organic material above the mineral soil (Kavvadias et al., 2001).
The samples were transported to the laboratory, dried and then fractionated by hand sorting and sieving (b2 mm). In each of these samples
the horizons L, F and H will be separated and carefully placed in plastic
bags. The L horizon is composed of fresh or slightly discoloured, with no
or weak breaking up, material. The F horizon is composed of medium to
strongly fragmented material with many mycelia and thin roots and the
H horizon is a humiﬁed amorphous material, containing highly

3.1. Effect of thinning on C and N pools
3.1.1. Forest ﬂoor
Before thinning, principal component analysis of the forest ﬂoor horizon patterns [using total mass, C and N stock (kg m−2) as variables]
featured a clear and distinct grouping among L, F and H horizons in
both sites (Fig. 1), with 97.8 and 95.8% of the common variance explained by the two principal components at the Italian (IT) and Greek
(GR) sites, respectively.
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Fig. 1. Scatter plots of weighting coefﬁcients for PC1 and PC2 of the forest ﬂoor horizons (L, F and H) calculated considering total mass, C and N stock (kg m−2). Different letters in the box
plots show signiﬁcant differences in total mass (kg m−2) among horizons, according to the pairwise comparisons between group levels with corrections for multiple testing.

At the IT site F was the mostly thick horizon, with the greatest
amount of total mass, C and N stock (Table 2). The multiple comparison
showed signiﬁcant differences between F vs. L and F vs. H (P b 0.001),
while no signiﬁcant difference was found between L vs. H (Fig. 1). The
deeper horizons F and H were signiﬁcantly different only in the total
mass amount (P b 0.05). At the GR site all the three horizons resulted
signiﬁcantly different (Fig. 1).
Comparing the two sites, the total mass accumulated in the forest
ﬂoor as well as C and N stock (kg m−2) was greater in IT than in GR, especially in the deeper horizons F and H (P N 0.001).
Overall, thinning produced a slightly signiﬁcant increase in C and N
stocks according to the site-speciﬁc forest ﬂoor patterns (P b 0.05), in
the F and H horizons at the IT site and in the L horizon at the GR site
(Table 2).
Quantifying the effect of thinning based on parameters normalized with respect to control, a common increase of C stock was
found especially in the upper L (GR) and F (IT) horizons (Fig. 2).
Comparing the two treatments, at IT site there was a reduction in C
stock under selective thinning especially in the L horizon. On the
other hand, at GR site selective thinning produced an increase in C
stock especially in the F horizon. Similar trend was found for N

stock, except for H horizon that was characterized by the same thinning effect at both sites (Fig. 2).
3.1.2. Mineral soil
As in the forest ﬂoor, C stock in the mineral soil layer was greater (P b
0.001) in IT than GR at both 0–10 (6.4 ± 1.4 vs. 3.3 ± 0.6 kg m−2) and
10–30 (5.6 ± 1.4 vs. 1.8 ± 0.2 kg m−2) cm depths (Table 3). N stock was
signiﬁcantly greater (P b 0.001) in the Italian site only in the deep layer,
while very similar amounts were recorded at 0–10 cm depth
(~0.44 kg m−2).
The C stock variability from upper to deep layer showed a similar
pattern in both sites, although its decrease was signiﬁcant only at the
GR site. On the other hand, N stock increased at the IT site and decreased
at GR (P b 0.001).
The effect of thinning based on parameters normalized with respect
to control appeared clearer under selective treatment, inducing a general increase of C and N stock (kg m−2) in the deeper layer at both
sites, although C stock was greater in GR and N in IT (Fig. 3). The selective thinning increased soil C and N stock also in comparison with the
traditional one, although at the IT site it was not signiﬁcant. On the
other hand, at the GR site thinning produced a signiﬁcant increase of C

Table 2
Pre- and post-thinning total mass, C and N content (mean ± standard deviation, g m−2) of the forest ﬂoor at the control (C) and thinning plots (T – traditional, S – selective). Signiﬁcant
differences among horizons (3 replicates for each treatment) were indicated by different letters in brackets ordered in sequence for each parameter (Total mass, C stock, N stock) according
to the pairwise comparisons between group levels (Tukey HSD test with Bonferroni correction for multiple comparisons, P b 0.05). Similarly, signiﬁcant differences after thinning among
treatments were indicated by different letters.
Total mass

C stock

N stock

Site

FF horizons

Treat

Before

After

Before

After

Before

After

Italy (IT)

L (b,b,b)

C
T
S
C
T
S
C
T
S
C
T
S
C
T
S
C
T
S

319 ± 200
395 ± 298
398 ± 147
1587 ± 667
1500 ± 787
1606 ± 237
657 ± 114
494 ± 97
519 ± 168
186 ± 25
212 ± 50
165 ± 31
100 ± 18
97 ± 19
90 ± 25
132 ± 15
125 ± 9
129 ± 9

322 ± 208
610 ± 356
431 ± 220
1422(b) ± 372
2190(a) ± 694
1927(ab) ± 300
958(b) ± 375
1285(a) ± 388
1126(ab) ± 97
1.6(b) ± 0.1
2.2(a) ± 0.2
2.2(a) ± 0.3
84 ± 30
98 ± 24
99 ± 18
139 ± 6
143 ± 5
133 ± 6

148 ± 93
179 ± 136
184 ± 23
569 ± 240
543 ± 316
641 ± 92
168 ± 17
134 ± 36
156 ± 75
61 ± 8
79 ± 23
48 ± 11
18 ± 6
16 ± 5
17 ± 9
31 ± 4
26 ± 3
30 ± 3

135 ± 86
258 ± 150
175 ± 93
544(b) ± 169
862(a) ± 334
729(ab) ± 92
246 ± 100
338 ± 81
329 ± 58
65(b) ± 11
114(a) ± 13
117(a) ± 25
25 ± 8
29 ± 10
33 ± 10
33 ± 2
30 ± 2
31 ± 3

2.5 ± 1.8
3.2 ± 2.2
3.0 ± 0.5
15.4 ± 6.5
15.4 ± 9.7
17.9 ± 1.6
7.4 ± 0.9
6.2 ± 1.5
7.3 ± 2.8
2.4 ± 0.4
2.7 ± 0.7
2.1 ± 0.5
1.1 ± 0.4
0.8 ± 0.6
1.0 ± 0.3
1.1 ± 0.4
1.2 ± 0.3
1.2 ± 0.1

2 ± 0.8
4.1 ± 0.9
2.7 ± 1.1
12.0 ± 4.4
16.0 ± 7.3
13.3 ± 2.4
10.8 ± 4.1
14.0 ± 4.8
12.5 ± 0.9
2.0(b) ± 0.2
2.7(a) ± 0.3
2.9(a) ± 0.4
0.8 ± 0.3
0.9 ± 0.2
1.1 ± 0.2
1.3 ± 0.1
1.5 ± 0.1
1.6 ± 0.1

F (a,a,a)

H (b,b,b)

Greece (GR)

L (a,a,a)

F (b,b,b)

H (c,b,b)
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Fig. 2. Percentage of carbon and nitrogen stock (kg C and N m−2) in the forest ﬂoor horizons (L, F and H) under thinning (traditional – T and selective – S) normalized with respect to
control (C).

stock in the upper soil layer both under selective and traditional
treatments (P b 0.01) and in the deeper layer under the selective one
(P b 0.05).
3.2. Effect of thinning on soil gas ﬂuxes
3.2.1. CO2 efﬂuxes
The effect of thinning in the short-term did not produced signiﬁcant
differences between the two sites, although the absolute values of CO2
efﬂuxes were higher in IT. Indeed, considering CO2 efﬂuxes normalized
with respect to control, the different values found between the two sites
were not signiﬁcant both 3 and 6 months after thinning. On the other
hand, comparison based on seasonal variability showed a contrasting
pattern between sites with higher CO2 efﬂuxes at the IT site during autumn 2016 (only at control plots: 27237.3 vs. 11,968.6 g CO2C ha−1 d−1, P b 0.001) and at the GR site during spring 2017 (26,134.6
vs. 36,588.3 g CO2-C ha−1 d−1, P b 0.001).
At the IT site, during thinning operations signiﬁcant peaks (P b 0.05)
were recorded for both traditional and selective treatments (Fig. 4).

After thinning, similar CO2 efﬂuxes were found for all treatments especially during winter (3 months after). During spring (6 months after) an
increasing trend following temperature increase appeared, with slightly
higher CO2 efﬂuxes under both thinning treatments and control.
On the other hand, at the GR site the effect of thinning was not signiﬁcant (Fig. 4) and CO2 efﬂuxes showed the same increasing trend related to temperature increase during spring.
3.2.2. CH4 and N2O ﬂuxes
Both sites showed CH4 uptake, highlighting a similar pattern with
CH4 ﬂuxes ranging from −0.2 to −15 g CH4-C ha−1 d−1 (Fig. 5). Overall,
both during and after thinning no signiﬁcant difference in CH4 uptake
between sites was found, although at the IT site the lowest peaks
were observed. In both sites, during thinning intervention no signiﬁcant
difference was found among treatments, while after thinning the most
signiﬁcant short-term effect (P b 0.05) appeared in the ﬁrst 3 months
with increased uptake under selective treatment in both sites (1.8 and
2.4 time higher than control in IT and GR, respectively). In the second
3 months after thinning the CH4 uptake ratio between selective and

Table 3
Pre- and post-thinning C and N content (mean ± standard deviation, ton ha−1) of the mineral soil at the control (C) and thinning plots (T – traditional, S – selective).
C stock

N stock

Site

Soil depth (cm)

Treat

Before

After

Before

After

Italy (IT)

0–10

C
T
S
C
T
S
C
T
S
C
T
S

55.0 ± 4.2
71.0 ± 9.6
64.9 ± 21.9
54.5 ± 6.0
48.5 ± 4.1
64.9 ± 23.5
33.0 ± 4.3
36.4 ± 8.1
29.3 ± 5.1
18.2 ± 3.2
17.6 ± 3.3
17.9 ± 2.3

81.7 ± 22.4
78.8 ± 13.4
82.1 ± 22.1
87.0 ± 19.9
72.7 ± 9.0
93.3 ± 19.3
32.4 ± 2.8
47.7 ± 2.0
46.5 ± 2.8
20.4 ± 1.6
22.9 ± 2.3
28.4 ± 2.7

3.9 ± 0.4
4.6 ± 0.1
4.6 ± 1.4
5.6 ± 0.3
5.6 ± 0.6
6.2 ± 1.7
4.8 ± 0.5
4.2 ± 0.7
4.1 ± 0.3
2.6 ± 0.5
2.7 ± 0.3
2.5 ± 0.5

5.6 ± 0.8
4.6 ± 0.1
4.8 ± 1.1
6.8 ± 1.4
6.6 ± 0.3
8.0 ± 1.7
5.6 ± 0.8
4.9 ± 0.2
6.3 ± 0.4
3.1 ± 0.2
3.3 ± 0.3
3.3 ± 0.3

10–30

Greece (GR)

0–10

10–30
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Fig. 3. Percentage of carbon and nitrogen stock (kg C and N m−2) in the mineral soil layers (0–10 and 10–30 cm depths) under thinning (traditional – T and selective – S) normalized with
respect to control (C).

control decreased to 1.3 and 1.6 time in IT and GR, respectively. Independently of the site effect, CH4 uptake was signiﬁcantly higher under
selective treatment compared to that measured both under traditional
and control, both 3 and 6 months after thinning (P b 0.05).
N2O ﬂuxes were characterized by very low emissions in both sites
and under the different treatment applied (Fig. 6). Overall, in the Italian
site N2O ﬂuxes were higher than those measured at the GR site (P b
0.001) independently of the treatment applied. At the GR site N2O ﬂuxes
trend was very ﬂat and close to zero, while at the IT site N2O peaks were
found during the period of thinning interventions, although both in
thinned and control plots.

3.3. Dependence of gas ﬂuxes on soil temperature and moisture
Comparing similar seasonal periods, no signiﬁcant differences were
observed on 5 cm depth soil temperature between sites (4.1 ± 1.8
and 3.7 ± 1.4 °C during winter and 11.2 ± 3.1 and 11.3 ± 3.0 °C during
spring in It and GR, respectively). On the other hand soil moisture (%)
showed signiﬁcant differences (P b 0.001), with higher values at the IT
site especially in the winter season (43.9 ± 12.5 and 12.5 ± 7.8 during
winter and 26.6 ± 7.2 and 13.5 ± 4.2 during spring in It and GR,
respectively).
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Fig. 4. Soil carbon dioxide (CO2) efﬂux and soil temperature from the control (C) and
thinned plots (traditional – T and selective – S). The vertical bars indicate the standard
error of the mean.
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Fig. 5. Soil methane (CH4) ﬂux and soil temperature from the control (C) and thinned plots
(traditional – T and selective – S). Symbols as in Fig. 4.
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signiﬁcant interaction between the two variables on CO2 efﬂux (P =
0.06) that it became signiﬁcant in spring (P = 0.03).
CH4 uptake was positively correlated with soil temperature (P b
0.001) and negatively with soil moisture (P b 0.05). On the other
hand, N2O ﬂuxes were not signiﬁcant correlated to soil temperature
but showed a weak linear correlation with soil moisture (P b 0.05). No
signiﬁcant inﬂuence of the interaction between the two environmental
variables on CH4 uptake and N2O ﬂuxes was found.
Based on site speciﬁc effects of environmental variables on GHG
ﬂuxes, soil temperature showed positive correlations with CO2 efﬂuxes
and CH4 uptake at both sites, as expected. Another common pattern was
the negative inﬂuence of soil moisture on CH4 uptake (P b 0.01). On the
other hand, N2O ﬂuxes under wetter climatic conditions (IT) showed a
positive correlation with soil moisture (P b 0.05). Under drier climatic
conditions (GR) soil moisture did not have any signiﬁcant inﬂuence
on N2O ﬂuxes while soil temperature produced a weak positive correlation (P b 0.05), that increased during spring (P b 0.05).
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3.4. Gas ﬂuxes and C-N pools relationships

5

15

GHG ﬂuxes showed signiﬁcant correlations with C and N stock
(kg m−2) of both forest ﬂoor and mineral soil (Fig. 8). Regarding the forest ﬂoor, all GHG ﬂuxes were positively correlated with total mass, C
and N stock of the deepest H horizon. The intermediate F horizon
showed signiﬁcant correlations between CO2 efﬂuxes and total mass
and C stock and between N2O ﬂuxes and N stock (Fig. 8).
Regarding mineral soil, all GHG ﬂuxes showed signiﬁcant correlations with C stock at both soil depths (Fig. 8), while N stock was positively correlated with CO2, CH4 and N2O only at the deepest soil layer
(10–30 cm).
Applying a multilinear model after testing each parameter separately due to the collinearity, CO2 efﬂuxes were likewise related with
total mass, C and N stock (~R2 = 0.43, P b 0.001) while for mineral
soil the highest relation was found with 10–30 cm depth (R2 = 0.42, P
b 0.001). CH4 uptake showed a similar trend but with lower relationships than CO2 (~R2 = 0.30 and 0.33 with P b 0.01 for forest ﬂoor and
mineral soil, respectively). N2O ﬂuxes showed the highest relationships
with N content of forest ﬂoor (R2 = 0.50, P b 0.001) and with both soil
depths (~R2 = 0.31, P b 0.01).
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Fig. 6. Soil nitrous oxide (N2O) ﬂux and soil temperature from the control (C) and thinned
plots (traditional – T and selective – S). Symbols as in Fig. 4.

The short-term effect of thinning was not signiﬁcant neither on soil
temperature nor on soil moisture, indeed the values recorded within
the thinned plots were very similar in comparison with those of control
plot in both sites.
Soil temperature resulted the main driving variables for CO2 efﬂux,
explaining 58% and 72% of the variability for GR and IT, respectively
(Fig. 7). After applying the analysis of covariance (ANCOVA), the t-test
P-value b 0.001 suggested that the population regression lines for sites
IT and GR have unequal intercepts. So there was a signiﬁcant difference
between the CO2 emissions of the two sites, after adjusting for the effect
of the variable soil temperature. Moreover, the test for the interaction
(Tsoil:Site) has a P-value = 0.0005, which indicates that different
slope is reasonable. Including soil moisture with soil temperature in a
multiple linear model did not improve the goodness-of-ﬁt and nor produced a signiﬁcant interaction between the two variables on CO2 efﬂux.
During winter CO2 efﬂux was positive correlated with soil moisture
(P b 0.001) and the multiple linear model produced a slight but not

3.5. Contribution of trace gas emissions to global warming potential
The short-term effect of thinning based on comparing the same seasonal periods produced in winter a larger GWP at the IT than GR site
(5591.8 vs. 3441.5 kg CO2eq ha−1 period−1; P b 0.05, Wilcoxon rank
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Fig. 7. The exponential relationships between soil CO2 efﬂux and soil temperature at both sites.
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Fig. 8. Correlation coefﬁcients between soil GHG ﬂuxes and total mass, carbon and
nitrogen pools (kg TM, C and N m−2) of forest ﬂoor horizons (L, F and H) and mineral
soil layers (0–10 and 10–30 cm depths). Only signiﬁcant values are shown.

non-parametric test). On the contrary, in spring GR showed slightly
larger GWP values that become signiﬁcant considering only May
(946,496.3 vs. 1,419,927.1 kg CO2eq ha−1 period−1 with P b 0.05 at IT
and GR site, respectively).
Soil CO2 efﬂux was the largest ﬂux to the atmosphere from both
sites, accounting during the ﬁrst 6 months after thinning for almost all
of the GWP with 14,022 and 9083 kg ha−1 y−1 at IT and GR sites, respectively (Table 4). Although its large global warming potential (298 times
greater than CO2), N2O contribution to GWP was about 187 and
74 kg ha−1 y−1 at IT and GR sites, respectively.
Both sites resulted as CH4 sink, despite that the reduction of GWP by
CH4 uptake was just about 42 and 29 kg ha−1 y−1 at IT and GR sites,
respectively.
In the short-term GWP was larger under traditional treatment in
both sites, although no signiﬁcant differences were found. For the ﬁrst
3 months after thinning, there was an increase of about 7% and 15%
compared to the control at IT and GR sites, respectively. After
6 months, this increase still remained and showed an opposite trend
(12% and 4% at IT and GR sites, respectively).
Overall, in the short-term thinning produced a weak effect on total
GWP with a slightly increase under traditional treatment (8%) and a
negligible reduction (4%) under selective one.
4. Discussion
4.1. GHG emissions spatial variability and main drivers
In our study, climatic conditions and organic inputs featured distinct
GHG ﬂuxes trends between sites, discriminating for geographical location, mainly driven by a higher soil moisture content and forest ﬂoor accumulation at the IT site. The amount of C and N available in an
ecosystem may determine soil GHG ﬂuxes (Janssens et al., 2001;
Selmants et al., 2008). We found signiﬁcant correlations between GHG
ﬂuxes and C and N stock (kg m−2) of both forest ﬂoor (F and H fractions) and mineral soil. In the upper L horizon of forest ﬂoor no
Table 4
Global warming potential (mean ± standard deviation) expressed as CO2 eq (kg ha−1) for
the ﬁrst 6 months after thinning.
Site

Treatment

CO2

N2O-CO2 eq

CH4-CO2 eq

Total

IT

Control
Traditional
Selective
Control
Traditional
Selective

13,267 ± 1175
14,910 ± 4172
13,890 ± 2439
9343 ± 1381
9693 ± 1868
8214 ± 1022

208.8 ± 11.7
140.7 ± 20.0
212.5 ± 29.7
58.7 ± 71.4
107.8 ± 24.1
55.7 ± 10.4

−38.6 ± 9.5
−27.3 ± 4.5
−59.3 ± 8.3
−20.6 ± 2.3
−24.6 ± 4.2
−41.1 ± 9.0

13,437 ± 1165
15,023 ± 4184
14,043 ± 2414
9381 ± 1450
9776 ± 1844
8229 ± 1019

GR
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signiﬁcant correlations were found, according to the slow decomposition rate in Mediterranean conifer ecosystems where net mineralization
appeared to be conﬁned to the lower part of the forest ﬂoor (Escudero
et al., 1987).
Accumulation of litter and nutrients in Mediterranean environments
could increase in moisture-limited forests due to a much slower litter
decomposition rate (Kavvadias et al., 2001). Consequently, the higher
forest ﬂoor accumulation at the IT site, characterized by a higher soil
moisture content, was likely more related to the stands structure characteristics and the higher degree of forest degradation processes increasing the input of plant material above the soil surface, than to a
limitation of decomposition rates. The higher CO2 efﬂuxes observed
during autumn-winter period at the IT site was thus related to both
larger forest ﬂoor and soil moisture, likely increasing the heterotrophic
component of soil respiration (Rey et al., 2002; Sullivan et al., 2008). Differently, under drier conditions (GR), the increase of CO2 efﬂuxes was
limited to rainy events during late-spring, which possibly stimulated
decomposition, mineralization and CO2 emission, as is common in regions with Mediterranean climate especially after summer drought periods because of lack of precipitation (Jarvis et al., 2007).
Soil moisture content is found to be positively related to soil CO2 ﬂux
(Fang et al., 2016a, 2016b), until reaching a soil water-ﬁlled pore space
(WFPS) of about 60% (Xu and Qi, 2001; Rey et al., 2002). Both sites were
below this threshold, showing prevalent oxidative conditions throughout the year, making both sites net CH4 sinks, which is usually found in
Mediterranean ecosystems (Nicolini et al., 2013; Savi et al., 2016).
Differently, N2O ﬂuxes considerably varied with forest typology and
they were characterized by a strong temporal variability and were generally directed upward (Nicolini et al., 2013). At our study sites N2O
ﬂuxes were characterized by very low emissions independently from
the treatment applied. Overall, at the IT site N2O ﬂuxes were higher
than those found in GR, especially for the peaks measured during
autumn-early winter period when soil moisture was signiﬁcantly
higher than at the GR site. In addition, the signiﬁcantly larger N stock
in forest ﬂoor and soil triggered N2O emissions at the IT site. There is evidence that autotrophic nitriﬁcation may proceed under short-term O2
limitation (Bollmann and Conrad, 1998; Wrage et al., 2001) supplying
NO3 for denitriﬁcation in the process of nitriﬁer-denitriﬁcation, which
was facilitated also by a faster diffusion in the gas-ﬁlled pore spaces of
the coarser soil (McNicol and Silver, 2014; Mazza et al., 2017) and the
presence of sufﬁcient organic matter (Umarov, 1990). Indeed, N2O
was highly correlated with N stock in the F horizon, which stored the
largest amount. Studies on litter decomposition with litterbags (Berg
and Ekbolm, 1983; McClaugherty et al., 1985) have shown that fresh litter is a net N immobilizer for 1 ± 3 years, whereas F horizon has been
reported to be a N source (Federer, 1983; Boone, 1992).
4.2. Short-term effects of thinning
Previous studies on soil-derived CO2 efﬂux in forest ecosystems have
shown contrasting responses to thinning, reporting both increases and
decreases in soil respiration (Selig and Seiler, 2004; Tang et al., 2005;
Selmants et al., 2008; Sullivan et al., 2008). Logging-induced soil compaction can substantially modify the set of gases released and their
rates of exchange with the atmosphere (Cambi et al., 2015). Compaction
of the soil by heavy equipment decreases the soil macroporosity and
causes reduction in air diffusion and water inﬁltration rates (Cambi
et al., 2015), increasing the soil water content. Nevertheless, the compaction level can produce a highly variable response in the CO2 efﬂuxes
as found by Hartmann et al. (2014) in a loamy soil covered by a
European beech and Norway spruce forest. They found that unlike
with severe compaction, moderate compaction increased CO2 emissions, possibly because of enhanced microbial mineralization of freshly
exposed organic matter with a still sufﬁcient oxygen supply.
In our study, at the IT site CO2 emissions peaks were observed only
during thinning interventions. Felled trees were brought to the landing
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site by skidding without using machineries within measurements plots
due to the steep slopes. This operation most likely caused a light soil
compaction and an increasing mineralization rate of freshly exposed organic matter and detrital material as litter and dying tree roots, which
are easily decomposed. On the other hand, at the GR site thinning
intervention lasted about only 1 month, so its short-term effect on
soil-derived CO2 efﬂux was not able to induce signiﬁcant emission
peaks as at the IT site. The lack of changes of CH4 and N2O during thinning suggested that critical levels of soil permeability were never
reached, even at IT site where logging operations lasted longer than at
GR site. Indeed, soil temperature and moisture were not signiﬁcantly affected, conﬁrming the light impact of treatments applied.
After thinning operations, no signiﬁcant changes on soil CO2 efﬂuxes
in the short term were observed at both sites. However, an increase of
forest ﬂoor mass and C inputs was found between thinned and
unthinned plots, indicating larger organic C substrates available for heterotrophic respiration. At the same time, removing some individual
trees, thinning reduced the photosynthetic leaf area and living roots
(Sampson et al., 2007), thus reducing the autotrophic contribution to
soil respiration. These changes, together with the lack of signiﬁcant effects of thinning on total CO2 efﬂux, suggested a new balance between
heterotrophic and autotrophic respiration. We hypothesized that a reduction in autotrophic respiration balanced out an increase of heterotrophic component in the short term, as also observed by Sullivan
et al. (2008) and Olajuyigbe et al. (2012).
Therefore, we hypothesized an altered balance between autotrophic
and heterotrophic respiration components (Olajuyigbe et al., 2012;
Wilkinson et al., 2016), inﬂuencing GHG exchange with the atmosphere
(Castro et al., 2000; Zerva and Mencuccini, 2005; Sullivan et al., 2008;
Mojeremane et al., 2012; Sundqvist et al., 2014).
Moreover, even slightly soil temperature increases affected CH4 uptake after selective thinning. In fact, this treatment removed about 40.4%
of basal area (10.2% more than the traditional one) and opened small
gaps (of about 100 m2 around the selected trees, while under traditional
thinning they were negligible) that increased soil C and N stock, as also
found in other studies (Muscolo et al., 2007; Settineri et al., 2018). The
coupled effect of enhancing microbial mineralization of freshly exposed
organic matter and gap size effect on microclimate and soil properties
might have increased the CH4 sink.
The effects of forest management practices on soil N2O ﬂuxes are
still less known and few studies on this topic are available. Increased
nitriﬁcation after clear-felling was found in a Sitka spruce forest of
Northern England (Dutch and Ineson, 1990) and in a Norway spruce
stand of Finland (Smolander et al., 1998). In another Sitka spruce
plantation on peaty gley soil, in N.E. England the short-term effect
of clearfelling on soil N 2O was not so clear since the two stands
prior to clearfelling exhibited different patterns in soil N2 O ﬂuxes
(Zerva and Mencuccini, 2005). An increase of N2O ﬂuxes was found
after understory removal in forest plantations in China (Li et al.,
2010). In a 100-year-old Norway spruce stand in Germany clearcut and selective cutting were compared. After reaching the highest
N2O emission in the second year after clear-cutting, N2O emissions
gradually declined to pre-harvest levels in the sixth year
(Gundersen et al., 2012). In two Atlantic temperate forest sites located in Nova Scotia, Canada, clear-cutting was inconsistent for
N2O during the sampling period (Lavoie et al., 2013). Soil compaction for forest harvesting caused a considerable increase of N 2 O
emissions up to 40 times the uncompacted ones (Teepe et al., 2004).
Even if N2O ﬂuxes magnitude is usually low in unfertilized forest
ecosystems, there are several factors that warrant investigation of
changes: i) the almost 300-times higher GWP of N2O than CO2, ii) an increase of N deposition across Europe (Galloway et al., 2008; De Vries
et al., 2011), iii) the lack of data and the highly uncertain national
estimates (Butterbach-Bahl et al., 2013), iv) the absence of clear and
effective mitigation strategies, v) the vicinity of urban areas, including
airport, in our speciﬁc case.

Our study showed no signiﬁcant short-term effect of thinning on
N2O ﬂuxes, which were close to 0 and seemed affected more on seasonal changes related to N uptake. The light impact of interventions
was therefore lower a threshold able to change soil physical characteristics, which may have a stronger impact on nitriﬁcation/denitriﬁcation
processes.
4.3. Global warming potential
The largest contribution to GWP was ascribable to CO2 emissions at
both sites as also found in other studies (Zerva and Mencuccini, 2005).
Signiﬁcant changes in soil-derived GWP related to CH4 and N2O ﬂuxes
contribution were found only after site preparation practices as N fertilization and drainage (Mojeremane et al., 2012).
The short-term impact of thinning on GWP was negligible both 3
and 6 months after, so measurements over longer time periods are required to have more consistent results on this trend, taking into account
also the annual seasonal variability. On the other hand, the contribution
of CH4-CO2 equivalent to total GWP showed a clear and signiﬁcant CH4
sink behaviour under selective treatment, with a CH4 uptake higher of
about 43 and 35% after 3 and 6 months, respectively, compared to no
thinning.
5. Conclusions and perspectives
Soil moisture content and organic matter inputs led to speciﬁc sitelevel patterns in GHG ﬂuxes. The signiﬁcant correlations found between
GHG ﬂuxes and C and N pools in both forest ﬂoor and mineral soil conﬁrm a primary role of physical and chemical processes occurring at the
soil surface level. This suggests that C and N pools should be considered,
together with environmental variables as soil temperature and moisture, for accounting GHG ﬂuxes in degraded forests.
Overall, the short-term increase of CO2 emissions was related to the
timing of logging operations and an increase of C and N inputs. After
thinning, the effect on CO2 disappeared shortly, whereas the CH4 sink
behaviour of both sites was increased, especially under selective
treatment.
Analysing the short-term effects of thinning allows to investigate
how rapid changes in site conditions can inﬂuence GHG ﬂuxes, but measurements over several years are required to take into account the annual seasonal variability and the long-term responses of gas ﬂuxes to
thinning-induced variability in environmental variables and C and N
pools. Evaluating the coupled effect of short and long-term impact of
management practices on GHG balance may be useful to calibrate speciﬁc and appropriate management options of forest ecosystem growing
in climate sensitive regions and under degradation processes. Moreover, the GHG balance of thinning interventions can be completed
after accounting the increase in net primary productivity (NPP) due to
the photosynthetic uptake by trees typically stimulated by thinning
practices, especially the selective treatment.
Acknowledgements
This research was funded by LIFE project FoResMit “Recovery of degraded coniferous Forests for environmental sustainability Restoration
and climate change Mitigation” (LIFE14 CCM/IT/000905).
References
Adviento-Borbe, M.A., Kaye, J.P., Bruns, M.A., McDaniel, M.D., McCoy, M., Harkcom, S.,
2010. Soil greenhouse gas and ammonia emissions in long-term maize-based
cropping systems. Soil Sci. Soc. Am. J. 74 (5), 1623–1634.
Adviento-Borbe, M.A., Pittelkow, C.M., Anders, M., van Kessel, C., Hill, J.E., McClung, A.M.,
Six, J., Linquist, B.A., 2013. Optimal fertilizer nitrogen rates and yield-scaled global
warming potential in drill seeded rice. J. Environ. Qual. 42, 1623–1634.
Ambus, P., Robertson, G.P., 2006. The effect of increased N deposition on nitrous oxide,
methane and carbon dioxide ﬂuxes from unmanaged forest and grassland communities in Michigan. Biogeochemistry 79, 315–337.

G. Mazza et al. / Science of the Total Environment 651 (2019) 713–724
Barbéro, M., Loisel, R., Quézel, P., Richardson, D.M., Romane, F., 1998. Pines of the Mediterranean basin. In: Richardson, D.M. (Ed.), Ecology and Biogeography of Pinus. Cambridge University Press, Cambridge, pp. 153–170.
Bauer, G.A., Persson, H., Persson, T., Mund, M., Hein, M., Kummetz, E., Matteucci, G., van
Oene, H., Scarascia-Mugnozza, G., Schulze, E.D., 2000. Linking plant nutrition and ecosystem processes. In: Schulze, E.D. (Ed.), Carbon and Nitrogen Cycling in European
Forest Ecosystems. Springer Verlag, Heidelberg, pp. 63–95.
Berg, B., Ekbolm, G., 1983. Nitrogen immobilization in decomposing needle litter at variable carbon:nitrogen ratios. Ecology 64, 63–67.
Blake, G.R., Hartge, K.H., 1986. Bulk density. In: Klute, A. (Ed.), Methods of Soil Analysis,
2nd Ed. Part 1—Physical and Mineralogical Methods. Agronomy Monograph 9,
American Society of Agronomy—Soil Science Society of America, Madison,
pp. 363–382.
Bollmann, A., Conrad, R., 1998. Inﬂuence of O2 availability on NO and N2O release by nitriﬁcation and denitriﬁcation in soils. Glob. Chang. Biol. 4, 387–396.
Bond-Lamberty, B., Thomson, A., 2010. Temperature-associated increases in the global
soil respiration record. Nature 464 (7288), 579.
Boone, R.D., 1992. Inﬂuence of sampling date and substrate on nitrogen mineralization:
comparison of laboratory-incubation and buried-bag methods for two Massachusetts
forest soils. Can. J. For. Res. 22, 1895–1900.
Butterbach-Bahl, K., Kiese, R., 2005. Signiﬁcance of forests as sources for N2O and NO. In:
Binkley, D., Menyoilo, O. (Eds.), Tree Species Effects on Soils: Implications for Global
Change. NATO Science Series, Kluwer Academic Publishers, Dordrecht.
Butterbach-Bahl, K., Breuer, L., Gasche, R., Willibald, G., Papen, H., 2002. Exchange of trace
gases between soils and the atmosphere in Scots pine forest ecosystems of the north
eastern German lowlands 1. Fluxes of N2O, NO/NO2 and CH4 at forest sites with different N-deposition. For. Ecol. Manag. 167, 123–134.
Butterbach-Bahl, K., Baggs, E.M., Dannenmann, M., Kiese, R., Zechmeister-Boltenstern, S.,
2013. Nitrous oxide emissions from soils: how well do we understand the processes
and their controls? Philos. Trans. R. Soc. B 368 (1621), 20130122.
Cambi, M., Certini, G., Neri, F., Marchi, E., 2015. The impact of heavy trafﬁc on forest soils: a
review. For. Ecol. Manag. 338, 124–138.
Cantiani, P., Chiavetta, U., 2015. Estimating the mechanical stability of Pinus nigra Arn.
using an alternative approach across several plantations in central Italy. iForest 8,
846–852.
Castaldi, S., Fierro, A., 2005. Soil – atmosphere methane exchange in undisturbed and
burned Mediterranean shrubland of southern Italy. Ecosystems 8, 182–190.
Castro, M.S., Gholz, H.L., Clark, K.L., Steudler, P.A., 2000. Effects of forest harvesting on soil
methane ﬂuxes in Florida slash pine plantations. Can. J. For. Res. 30 (10), 1534–1542.
R Core Team, 2014. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria ([online] URL). http://www.r-project.
org.
Davidson, E.A., Belk, E., Boone, R.D., 1998. Soil water content and temperature as independent or confounded factors controlling soil respiration in temperate mixed hardwood
forest. Glob. Chang. Biol. 4, 217–227.
De Meo, I., Agnelli, E.A., Graziani, A., Kitikidou, K., Lagomarsino, A., Milios, E., Radoglou, K.,
Paletto, A., 2017. Deadwood volume assessment in Calabrian pine (Pinus brutia Ten.)
peri-urban forests: comparison between two sampling methods. J. Sustain. For. 36
(7), 666–686.
De Vries, W., Leip, A., Reinds, G.J., et al., 2011. Geographic variation in terrestrial nitrogen
budgets across Europe. In: Sutton, M.A., Howard, C.M., Erisman, J.W., et al. (Eds.), The
European Nitrogen Assessment. Cambridge University Press.
Dutch, J., Ineson, P., 1990. Denitriﬁcation of an upland forest site. Forestry 63, 363–378.
Edith, B., Wei, L., Shanlong, L., Jianfei, S., Bo, P., Weiwei, D., et al., 2014. Pulse increase of
soil N2O emission in response to N addition in a temperate forest on Mt Changbai,
Northeast China. PLoS One 9 (7), e102765.
Escudero, A., Garrido, M.V., Matias, M.D., 1987. Decay curves of leaf litter from evergreen
and deciduous tree species. Acta Oecol. 8 (22), 81–90.
Fang, H.J., Yu, G.R., Cheng, S.L., Zhu, T.H., Wang, Y.S., Yan, J.H., Cao, M., Zhou, M., 2016a. Effects of multiple environmental factors on CO2 emission and CH4 uptake from oldgrowth forest soils. Biogeosciences 7, 395–407.
Fang, S., Lin, D., Tian, Y., Hong, S., 2016b. Thinning intensity affects soil-atmosphere ﬂuxes
of greenhouse gases and soil nitrogen mineralization in a lowland poplar plantation.
Forest 7, 141.
Federer, C.A., 1983. Nitrogen mineralization and nitriﬁcation: depth variation in four New
England forest soils. Soil Sci. Soc. Am. J. 47, 1008–1014.
Flint, E.P., Richards, J.F., 1994. Trends in carbon content of vegetation in South and Southeast Asia associated with changes in land use. Effects of Land Use Change on Atmospheric CO2 Concentrations: Southeast Asia as a Case Study. Springer-Verlag, New
York, NT USA, pp. 201–300.
Galloway, J.N., Townsend, A.R., Erisman, J.W., Bekunda, M., Cai, Z., Freney, J.R., Martinelli,
L.A., Seitzinger, S.P., Sutton, M.A., 2008. Transformation of the nitrogen cycle: recent
trends, questions and potential solutions. Science 320, 889–892.
García-Gomez, H., Aguillaume, L., Izquieta-Rojano, S., Valino, F., Àvila, A., Elustondo,
D., Santamaría, J.M., Alastuey, A., Calvete-Sogo, H., González-Fernández, I.,
Alonso, R., 2016. Atmospheric pollutants in peri-urban forests of Quercus ilex: evidence of pollution abatement and threats for vegetation. Environ. Sci. Pollut.
Res. 23, 6400–6413.
Gil, L., Prada, M.A., 1993. Los pinos como especies básicas en la restauración forestal en el
medio mediterráneo. Ecología 7, 113–125.
Gundersen, P., Christiansen, J.R., Alberti, G., Brüggemann, N., Castaldi, S., et al., 2012. The
response of methane and nitrous oxide ﬂuxes to forest change in Europe. Biogeosciences 9, 3999–4012.
Hartmann, M., Niklaus, P., Zimmermann, S., Schmutz, S., Kremer, J., Abarenkov, K.,
Lüscher, P., Widmer, F., Frey, B., 2014. Resistance and resilience of the forest soil
microbiome to logging-associated compaction. ISME J. 8, 226–244.

723

Hendrickson, O.Q., Chatarpaul, L., Burgess, D., 1989. Nutrient cycling following whole tree
and conventional harvest in northern mixed forest. Can. J. For. Res. 19, 725–735.
Hoosbeek, M., Scarascia-Mugnozza, G., 2009. Increased litter build up and soil organic
matter stabilization in a poplar plantation after 6 years of atmospheric CO2 enrichment (FACE): ﬁnal results of POP-EuroFACE compared to other forest FACE experiments. Ecosystems 12 (2), 220–239.
Janssens, I.A., Lankreijer, H., Matteucci, G., Kowalski, A.S., Buchmann, N., Epron, D., et al.,
2001. Productivity overshadows temperature in determining soil and ecosystem respiration across European forests. Glob. Chang. Biol. 7 (3), 269–278.
Jarvis, P., Rey, A., Petsikos, C., Wingate, L., Rayment, M., Pereira, J., Banza, J., David, J.,
Miglietta, F., Borghetti, M., Manca, G., Valentini, R., 2007. Drying and wetting of Mediterranean soils stimulates decomposition and carbon dioxide emission: the “Birch effect”. Tree Physiol. 27, 929–940.
Kavvadias, V.A., Alifragis, D., Tsiontsis, A., Brofas, G., Stamatelos, G., 2001. Litterfall, litter
accumulation and litter decomposition rates in four forest ecosystems in northern
Greece. For. Ecol. Manag. 144, 113–127.
Lavoie, M., Kellman, L., Risk, D., 2013. The effects of clear-cutting on soil CO2, CH4, and N2O
ﬂux, storage and concentration in two Atlantic temperate forests in Nova Scotia,
Canada. For. Ecol. Manag. 304, 355–369.
Law, B.E., Turner, D., Campbell, J., Sun, O.J., Van Tuyl, S., Ritts, W.D., Cohen, W.B., 2004. Disturbance and climate effects on carbon stocks and ﬂuxes across western Oregon USA.
Glob. Chang. Biol. 10 (9), 1429–1444.
Li, H., Fu, S., Zhao, H., Xia, H., 2010. Effects of understory removal and N-ﬁxing species
seeding on soil N2O ﬂuxes in four forest plantations in southern China. Soil Sci.
Plant Nutr. 56 (4), 541–551.
Marchi, M., Chiavetta, U., Cantiani, P., 2017. Assessing the mechanical stability of trees in
artiﬁcial plantations of Pinus nigra J. F. Arnold using the LWN tool under different site
indexes. Ann. Silvic. Res. 41, 48–53.
Mazza, G., Agnelli, A.E., Andrenelli, M.C., Lagomarsino, A., 2017. Effects of water content
and N addition on potential greenhouse gas production from two differently textured
soils under laboratory conditions. Arch. Agron. Soil Sci. 64 (5), 654–667.
McClaugherty, C.A., Pastor, J., Aber, J.D., Melillo, J.M., 1985. Forest litter decomposition in
relation to soil nitrogen dynamics and litter quality. Ecology 66, 266–275.
McNicol, G., Silver, W.L., 2014. Separate effects of ﬂooding and anaerobiosis on soil greenhouse gas emissions and redox sensitive biogeochemistry. J. Geophys. Res. Biogeosci.
119, 557–566.
Meng, L., Yang, Y., Luo, Y., et al., 2011. Responses of ecosystem N cycle to N addition: a
meta-analysis. New Phytol. 189 (4), 1040–1050.
Misson, L., Tang, J., Xu, M., McKay, M., Goldstein, A., 2005. Inﬂuences of recovery from
clear-cut, climate variability, and thinning on the carbon balance of a young
ponderosa pine plantation. Agric. For. Meteorol. 130 (3–4), 207–222.
Mojeremane, W., Rees, R., Mencuccini, M., 2012. The effects of site preparation practices
on carbon dioxide, methane and nitrous oxide ﬂuxes from a peaty gley soil. Forestry
85 (1), 1–15.
Muscolo, A., Sidari, M., Mercurio, R., 2007. Inﬂuence of gap size on organic matter decomposition, microbial biomass and nutrient cycle in Calabrian pine (Pinus laricio, Poiret)
stands. For. Ecol. Manag. 242, 412–418.
Myhre, G., Shindell, D., Breon, F.M., Collins, W., Fuglesttvedt, J., Huang, J., Koch, D.,
Lamarque, J.F., Lee, D., Mendoza, B., Nakajima, T., Robock, A., Stephens, G.,
Takemura, T., Zhang, H., 2013. Anthropogenic and natural radiative forcing. In:
Stocker, T.F., et al. (Eds.), Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University Press, Cambridge, pp. 659–740.
Nicolini, G., Castaldi, S., Fratini, G., Valentini, R., 2013. A literature overview of micrometeorological CH4 and N2O ﬂux measurements in terrestrial ecosystems. Atmos. Environ.
81, 311–319.
Olajuyigbe, S., Tobin, B., Saunders, M., Nieuwenhuis, M., 2012. Forest thinning and soil respiration in a Sitka spruce forest in Ireland. Agric. For. Meteorol. 157, 86–95.
Papen, H., Daum, M., Steinkamp, R., Butterbach-Bahl, K., 2001. N2O and CH4-ﬂuxes from
soils of a N-limited and N-fertilized spruce forest ecosystem of the temperate zone.
J. Appl. Bot. 75, 159–163.
Pausas, J.G., Bladé, C., Valdecantos, A., Seva, J.P., Fuentes, D., Alloza, J.A., Vilagrosa, A.,
Bautista, S., Cortina, J., Vallejo, R., 2004. Pines and oaks in the restoration of Mediterranean landscapes of Spain: new perspectives for an old practice – a review. Plant
Ecol. 171 (1–2), 209–220.
Prather, M., Drewent, D., Enhalt, P., Fraser, E., Sanhueza, E., Zhou, X., 1995. Other trace
gases and atmospheric chemistry. In: Houghton, J., Meira-Filho, L.G., Callender, B.A.,
et al. (Eds.), Climate Change 1994. Cambridge Univ. Press, Cambridge, pp. 77–126.
Rey, A., Pegoraro, E., Tedeschi, V., De Parri, I., Jarvis, P.G., Valentini, R., 2002. Annual variation in soil respiration and its components in a coppice oak forest in Central Italy.
Glob. Chang. Biol. 8, 851–866.
Rosenkranz, P., Brüggemann, N., Papen, N., Xu, Z., Seufert, G., Butterbach-Bahl, K., 2006.
N2O, NO and CH4 exchange, and microbial N turnover over a Mediterranean pine forest soil. Biogeosciences 3, 121–133.
Sahrawat, K.L., Keeney, D.R., 1986. Nitrous oxide emissions from soils. Adv. Soil Sci. 4,
103–148.
Sampson, D.A., Janssens, I.A., Curiel Yuste, J., Ceulemans, R., 2007. Basal rates of soil respiration are correlated with photosynthesis in a mixed temperate forest. Glob. Chang.
Biol. 13, 2008–2017.
Savi, F., Di Bene, C., Canfora, L., Mondini, C., Fares, S., 2016. Environmental and biological
controls on CH4 exchange over an evergreen Mediterranean forest. Agric. For.
Meteorol. 226-227, 67–79.
Selig, M., Seiler, J., 2004. Soil CO2 Efﬂux Trends Following the Thinning of a 22-Yearold Loblolly Pine Plantation on the Piedmont of Virginia. General Technical Report SRS-71, Southern Research Station, USDA Forest Service, Asheville, NC,
USA, pp. 469–472.

724

G. Mazza et al. / Science of the Total Environment 651 (2019) 713–724

Selmants, P.C., Hart, S.C., Boyle, S.E., Gehring, C., Hungate, B.A., 2008. Restoration of a
ponderosa pine forest increases soil CO2 efﬂux more than either water or nitrogen
additions. J. Appl. Ecol. 45 (3), 913–920.
Settineri, G., Mallamaci, C., Mitrović, M., Sidari, M., Muscolo, A., 2018. Effects of different
thinning intensities on soil carbon storage in Pinus laricio forest of Apennine South
Italy. Eur. J. For. Res. 137 (2), 131–141.
Skiba, U., Smith, K.A., 2000. The control of nitrous oxide emissions from agricultural and
natural soils. Chemosphere Global Change Sci. 2, 379–386.
Smolander, A., Priha, O., Paavolainen, L., Steer, J., Malkonen, E., 1998. Nitrogen and carbon
transformations before and after clear-cutting in repeatedly N-fertilized and limed
forest soil. Soil Biol. Biochem. 30, 477–490.
Sullivan, B., Kolb, T.E., Hart, S.C., Kaye, J.P., Dore, S., Montes-Helu, M., 2008. Thinning reduces soil carbon dioxide but not methane ﬂux from southwestern USA ponderosa
pine forests. For. Ecol. Manag. 255, 4047–4055.
Sundqvist, E., Vestin, P., Crill, P., Persson, T., Lindroth, A., 2014. Short-term effects of thinning, clear-cutting and stump harvesting on methane exchange in a boreal forest.
Biogeosciences 11, 6095–6105.
Tang, J., Qi, Y., Xu, M., Misson, L., Goldstein, A.H., 2005. Forest thinning and soil respiration
in a ponderosa pine plantation in the Sierra Nevada. Tree Physiol. 25, 57–66.

Teepe, R., Brumme, R., Beese, F., Ludwig, B., 2004. Nitrous oxide emission and methane
consumption following compaction of forest soils. Soil Sci. Soc. Am. J. 68, 605–611.
Umarov, M.M., 1990. Biotic sources of nitrous oxide (N2O) in the context of the global
budget of nitrous oxide. In: Bouwman, A.F. (Ed.), Soils and the Greenhouse Effect.
Wiley, Chichester, pp. 263–268.
Wilkinson, M., Crow, P., Eaton, E.L., Morison, J.I.L., 2016. Effects of management thinning
on CO2 exchange by a plantation oak woodland in south-eastern England. Biogeosciences 13, 2367–2378.
Wrage, N., Velthof, G.L., Van Beusichem, M.L., Oenema, O., 2001. Role of nitriﬁer denitriﬁcation in the production of nitrous oxide. Soil Biol. Biochem. 33, 1723–1732.
Xu, M., Qi, Y., 2001. Soil-surface CO2 efﬂux and its spatial and temporal variations in a
young ponderosa pine plantation in northern California. Glob. Chang. Biol. 7,
667–677.
Zerva, A., Mencuccini, M., 2005. Short-term effects of clearfelling on soil CO2, CH4, and
N2O ﬂuxes in a Sitka spruce plantation. Soil Biol. Biochem. 37, 2025–2036.

