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Abstract: The contribution of litterfall (dead leaves, twigs, etc., fallen to the ground) and forest
floor (organic residues such as leaves, twigs, etc., in various stages of decomposition, on the top of
the mineral soil) is fundamental in both forest ecosystem sustainability and soil greenhouse gases
(GHG) exchange system with the atmosphere. The effect of different thinning treatments (control-no
thinning, traditional-low thinning, selective-intense thinning) on litterfall and forest floor nutrients,
in relation to soil GHG fluxes, is analyzed. After one year of operations, thinning had a significant
seasonal effect on both litterfall and forest floor, and on their nutrient concentrations. The intense
(selective) thinning significantly affected the total litterfall production and conifer fractions, reducing
them by 46% and 48%, respectively, compared with the control (no thinning) sites. In the forest floor,
thinning was able to significantly increase the Fe concentration intraditional thinning by 59%, and Zn
concentration in the intense thinning by 55% (compared with control). Overall, litterfall acted as a
bio-filter of the gasses emitting from the forest floor, acting as a GHG regulator.

Keywords: greenhouse gases; forest sustainability; climate change mitigation

1. Introduction

In a climate change context, forest ecosystems play a key role due to the removal of
anthropogenic CO2 emissions from the atmosphere and their sequestration as carbon [1].
Forest can store carbon in different pools such as living biomass, root system, dead wood,
litter, organic and mineral soil [2–4]. It is estimated that half of the Earth’s terrestrial
carbon is stored in forests and about 70% of it is sequestered to soil [5,6]. Due to the high
dynamic of forest ecosystems, the adoption of reduction and mitigation targets in the
forest sector was one of the principles of the Kyoto Protocol as part of a broader climate
change platform [7]. In this sense, the implementation of forest management practices,
such as thinning [5,8], affect the rate of carbon accumulation in the forest ecosystem due
to changes in aboveground live biomass, the soil properties such as aggregate formation,
the water content, the soil pH and thus the net ecosystem productivity (NEP). In general,
NEP represents the sum of changes of these pools and any alteration of them due to
implementation of forest sustainable practices affects the NEP balance [9].
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Litterfall production also plays a primary role in both the forest ecosystem’s sustainabil-
ity [10,11] and in the greenhouse gases (GHG), hereinafter referred to as the GHG exchange
system (CO2, CH4, N2O), which occurs between the soil and the atmosphere [12,13]. Any
alteration in the soil’s litter layer can influence the soil’s GHG seasonal variation [14].

Plant litter is transformed into soil organic matter through decomposition, thus releas-
ing CO2 into the atmosphere. The decomposition of the forest litter results in the formation
of humic substrates. The microbial communities, along with fungi and other soil biota,
are responsible for the process. The mechanism for the formation of soil humic molecules
is still unclear, with many describing them as macromolecules [15]) or supramolecular
formations of smaller molecules [16] or a combination of both [17]. The soil humic envi-
ronment and its microbial and fungal communities further degrade the organic molecules.
Litter decomposition, in combination with other mechanisms driven by belowground
soil processes (particularly root decomposition and rhizosphere activity), constitute the
dominant mechanism of CO2 efflux from forest soil [18], which contribute a great amount
to the total soil CO2 efflux [19].

Thinning as a forest management practice results in, among others, an increase in
biomass productivity of any remaining trees and in a decrease in litterfall production and
thus in nutrient inputs to the soil, immediately following thinning [20]. However, this
litterfall reduction may reappear in the years following thinning operations [20,21].

Furthermore, the microenvironment altered by thinning may increase the decomposi-
tion of the litter and its transformation into soil organic matter, through a change of the
nutrient mineralization [10]. Thinning also influences site productivity and the homo-
geneity of understory vegetation that causes seasonal and annual alteration of nutrients,
changes to the initial litterfall decomposition rate and to seasonal and annual litterfall
fluxes. These changes are driven by possible changes in the amount of leaves or needles
falling to the ground, due to the reduction of competition among trees [22], as well as by
micro-environmental changes [23]. It will also invariably affect the overall production of
litterfall, particularly needle fall, twigs, and woody fractions [24].

The intensity of thinning has an impact on annual litterfall production in coniferous
forests. It has been estimated that intense thinning reduces annual litterfall, needles, and
twigs fractions [22], and tends to reduce microbial C and nitrogen (N) pools as well as soil
net CO2 efflux. On the other hand, intense thinning also results in stand density reduction
and accelerates nutrient release from decomposing needles due to high water availability
and, therefore, results in a higher nutrient availability [11]. Thus, both litterfall produc-
tion and the nutrient release through litter decomposition, combined with the applied
silvicultural treatments, significantly affect the sustainability of the forest ecosystems [11].

Since the late 20th century, lack of planned management practices has led to the
degradation of most of the coniferous plantation forests used for land restoration in the
Mediterranean region [25]. Conifer plantations, due to lack of planned management,
show reduced density, reduced productivity and resilience capacity, and accumulation of
deadwood [26].

In a degraded forest, the lack of proper management practices can affect the C seques-
tration rate, reducing the sink potential of these forests [25]. It is estimated that the soil’s
carbon concentration is higher in forests without silvicultural treatment, showing a trend
to augment soil carbon sequestration [10]. Furthermore, the absence of proper silvicultural
practices in combination with regional climate conditions (warm and dry summer and mild
rainfall in winter) affect the soil GHG exchange system to the atmosphere. For example, the
creation of anaerobic conditions in the soil leads to CH4 production [25,27], while altered
seasonal soil environmental factors (mainly temperature and moisture) affect the microbial
processes and therefore the rate of N2O production [28].
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Litter decomposition and the nutrients in the biochemical cycle of organic matter [23],
i.e., the movement and transformation of chemical elements within or among the biotic and
abiotic components of the soil, as a result of biological, mechanical, and chemical processes,
and the effect of thinning on litter decomposition dynamics and GHG fluxes [11,22], play a
key role in the function and stability of forest ecosystems. Therefore, their study is essential
especially in the Mediterranean region where data are lacking. In Greece, in particular, most
of the peri-urban conifer forests are degraded due to the lack of sustainable management
practices [29], and there is limited knowledge of thinning effects on forest mass and litterfall
production or their correlation to soil atmosphere GHG fluxes exchange.

Thinning is expected to affect the litterfall and forest floor, thus affecting the nutrient
inputs to the soil. Thinning is also expected to affect the soil GHG fluxes. The aim of
this study wasto test these hypotheses, and specifically: (i) to quantify the seasonal and
thinning effect of different thinning treatments (control-no thinning, traditional-low thin-
ning, selective-intense thinning) on the litterfall and forest floor nutrients; (ii) to investigate
the effect of thinning on litterfall production; and (iii) to assess the relationship between
litterfall production and nutrient release with soil GHG fluxes, after one year of thinning
interventions, in a degraded coniferous forest in Greece.

2. Materials and Methods
2.1. Study Site

The study site is located at the peri-urban forest of Xanthi (41◦9′27.3′ ′ N–24◦54′9.8′ ′ E,
Greece) that covers an area of approximately 2400 ha and is a part of the Xanthi–Gerakas–
Kimerion public forest (Figure 1). The management of the state forest is based on a
ten-year plan by Xanthi’s Forest Service; however, lack of sustainable timber production
and overgrazing has led to forest degradation [30]. The prevailing attribute of the study
site is, among other things, the large range of slopes found in the forest landscape that
reach inclines of up to 80%. The soil type is Cambisols [31] with a moderately acidic pH
(5.6), loam texture, and a high percentage of sand that goes up to about 60% [32]. The
soil organic C is low, compared to more humic soils (62 Mg·ha−1), and the soil water
content (SWC) is 15% (annual average). The plantations began in the 1940s with most
of them established by the mid-1970s [30], with Calabrian pine (Pinus brutia Ten) being
the dominant species, whereas Maritime pine (Pinus maritima Mill), Black locust (Robinia
pseudoacacia L.), Mediterranean cypress (Cupressus sempervirens L.) and Austrian pine (Pinus
nigra J.F. Arnold) were secondary [33]. Under the overstory, broadleaf tree species such as
the Kermes oak (Quercus coccifera L.), South European flowering ash (Fraxinus ornus L.),
Oriental hornbeam (Carpinus orientalis L.), Hungarian oak (Quercus frainetto Ten), Sessile
oak (Quercus petraea Liebl. subsp. polycarpa (Schur) Soo), Pubescent oak (Quercus pubescens
Willd), etc., have been naturally established [34]. The area’s climate is characterized as
semi-wet to dry, with rainy winters and dry summers [30]. The annual mean temperature
and precipitation is 15.5 ◦C and 675 mm, respectively [35]. The mean total height of the
conifers at the study site prior to thinning was 19.74 m, with a mean stand volume of the
standing trees 0.74 m3 per tree and 315.54 m3/ha [32]. The deadwood volume at the study
site was 9.21 m3·ha−1 [36].
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Figure 1. Shape and location of the study site. Peri-urban forest is marked with thick white solid 
line (Xanthi Forest Directorate). 
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At the study site, three replicates for each thinning treatment (control-no thinning, 
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the LIFE FORESMIT research project, in which the objective was to study the effects of 
different thinning implementation in the climate change mitigation context [25]. For the 
present study, measurements were carried out in one of the two monitoring plots of each 
replicate, i.e., in a total of nine plots. 

Traditional thinning is the silvicultural intervention that was applied in the peri-ur-
ban forest of Xanthi up to the present time by the Forest Service. Selective thinning was 
applied to quickly transform the peri-urban forest into a forest of broadleaf species, at 
least in more productive sites [34]. 

In traditional thinning the dead, damaged, malformed, suppressed and intermediate 
trees are cut in the overstory. The intensity of the treatments depends on the overstory 
pine tree density. In the lower stories, thinning is aimed at a uniform distribution of broad-
leaves, and in most cases, the trees having good form as well as the robust trees are not 
cut [34]. In selective thinning, the main objective in the overstory is to release broadleaf 
trees of the lower stories. In the cuttings of the overstory, the dead, damaged and badly 
formed trees are cut. As a priority, the trees with large dimension and bad form are re-
moved (if there is an adequate ground coverage by broadleaf trees or broadleaf tree re-
generation), while the trees with the best form are not cut. However, where the cutting of 
the trees with bad form (or damaged trees) is not adequate for the release of a group of 
broadleaf trees and there is a need for the cutting of a tree having the best form, then that 
tree is cut. The intensity of the thinning–cutting depends on the density of the broadleaves 
and the need for their release and on the density of the overstory pines. When dense or 
rather dense groups of broadleaf trees covered the ground totally, then all the overstory 

Figure 1. Shape and location of the study site. Peri-urban forest is marked with thick white solid line
(Xanthi Forest Directorate).

2.2. Thinning Treatments

At the study site, three replicates for each thinning treatment (control-no thinning,
traditional-low thinning, selective-intense thinning) were applied uniformly (Figure 1). In
each replicate two monitoring circular plots (radius 13 m and area 531 m2) were established
for each treatment. The design of the three different thinning approaches is that of the LIFE
FORESMIT research project, in which the objective was to study the effects of different
thinning implementation in the climate change mitigation context [25]. For the present
study, measurements were carried out in one of the two monitoring plots of each replicate,
i.e., in a total of nine plots.

Traditional thinning is the silvicultural intervention that was applied in the peri-urban
forest of Xanthi up to the present time by the Forest Service. Selective thinning was applied
to quickly transform the peri-urban forest into a forest of broadleaf species, at least in more
productive sites [34].

In traditional thinning the dead, damaged, malformed, suppressed and intermediate
trees are cut in the overstory. The intensity of the treatments depends on the overstory pine
tree density. In the lower stories, thinning is aimed at a uniform distribution of broadleaves,
and in most cases, the trees having good form as well as the robust trees are not cut [34]. In
selective thinning, the main objective in the overstory is to release broadleaf trees of the
lower stories. In the cuttings of the overstory, the dead, damaged and badly formed trees
are cut. As a priority, the trees with large dimension and bad form are removed (if there is
an adequate ground coverage by broadleaf trees or broadleaf tree regeneration), while the
trees with the best form are not cut. However, where the cutting of the trees with bad form
(or damaged trees) is not adequate for the release of a group of broadleaf trees and there is a
need for the cutting of a tree having the best form, then that tree is cut. The intensity of the
thinning–cutting depends on the density of the broadleaves and the need for their release
and on the density of the overstory pines. When dense or rather dense groups of broadleaf
trees covered the ground totally, then all the overstory trees are removed in one silvicultural
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application (cutting) if serious damage to broadleaf trees can be avoided [34]. In the lower
stories, the thinning of broadleaf trees is done as a type of “positive selection” thinning.
Based on positive selection, the main competitor for each of the best selected broadleaved
trees (strong growth vigor, symmetric and large crown) is removed [34]. In the control
plots, no silvicultural intervention took place. The duration of all thinning operations
was one month (September 2016). The cut trees were separated into trunks, branches and
leaves-needles. Branches and leaves-needles were chipped with a small-sized machine,
and they were uniformly distributed in the stands. Trunks were moved to the nearest forest
roads and were offered to the local population for their domestic needs, according to the
national legislation regarding thinning operations (Presidential Decree no 86/1969).

The selective thinning approach was more intense compared to its traditional coun-
terpart. In the traditional thinning the total basal area was reduced from 38.96 m2·ha−1

to 30.93 m2·ha−1, while in the selective thinning, the total basal area was reduced from
39.27 m2·ha−1 to 23.81 m2·ha−1 [34].

2.3. Litterfall and Forest Floor Collection

Litterfall consisted of dead leaves, twigs etc., collected from above ground traps,
which were set for the estimation and evaluation of the litter decomposition and nutrient
dynamics [10,24,37]. Particularly, within each of the nine plots, two traps (50 × 50 × 30 cm)
were randomly placed 1 m from the ground, amounting to a total of 18 traps. The traps set
near the collars were used for the measurement of soil GHG fluxes [32].

The trapped litter was collected once at the end of each season (autumn, winter, spring,
summer) on a similar date between samplings. The sample collections were made on the
same day with GHG measurements. The litter was collected from the traps in numbered
paper bags. On each sampling day, 18 bags of samples were collected from the nine plots.
Each litterfall sample was separated in eight different fractions (four for conifers and four
for deciduous trees) and carefully placed in labelled paper bags; pine needles, deciduous
leaves, twigs and branches <4.5 cm, reproductive structures and bark. Based on the litter
sample collected from each trap, the total number of the labelled paper bags, each consisting
of the separating fraction, reached a maximum of 144 at each sampling day. In total, at the
end of the study period the collected litter was sorted in 1122 labelled paper bags. After the
assortment, the labelled paper bags were dried in a forced-air oven for at least 48 h at 80 ◦C
(dried to constant weight) at the laboratory and weighed for biomass evaluation.

The forest floor consists of litterfall and herbaceous vegetation, which was scraped
from the ground up to a depth of 10 cm. Here we should clarify that the maximum depth of
the scraped soil was 10 cm and that the topsoil depth varied significantly within the study
area. Eighteen (18) forest floor samples were collected four times (October, January, March,
June) with the use of a 25 × 25 cm metal frame at the same dates as the sampling from
the litter boxes. Timing of the measurements was chosen empirically, in order to cover the
expected seasonal variation. Both the litter and the forest floor samples were dried at 80 ◦C
in an oven for 48 h and then their dry weight was measured. The samples were milled in
order to make the analysis of total nitrogen content, in both litter and floor samples, by
the Kjeldahl method [38]. The K, Ca, Mg, Na, Fe, Mn, Cu, and Zn content were estimated
after dry ashing. The ash was washed with a 5 mL solution made up of a 6 N HCl solution,
and in the final solution, the nutrient elements were measured in an ICP OES Optima 8300
(PerkinElmer, Inc., Waltham, MA, USA). The Fe, Cu, Mn, and Zn content were measured
at 238.204 nm, 327.393 nm, 257.61 nm and 206.2 nm, respectively. On the other hand, the
P, K, Ca and Mg were evaluated at 1:10 dilution at 213.617 nm, 766.49 nm, 317.933 nm
and 285.213 nm, respectively. The dilution was essential to achieve accuracy at the macro
element measurement [39].

2.4. Methodology of GHG Fluxes

The static closed chamber method was used for the measurements of soil GHG fluxes.
This method is widely used in studies of the soil GHG exchange system with the atmo-
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sphere, especially in field experiments under the piloting of different treatments [40]. Gas
sampling was undertaken in each of the nine plots at bimonthly intervals from October 2016
to September 2017. Two chamber collars (30 cm in diameter) were installed, at a minimum
of 5 cm depth, into the soil in each plot, in September 2016. During each gas sampling event,
both chambers in each plot were closed for 30 min and gas samples were collected four
times at intervals of 0, 10, 20 and 30 min after closing the chambers. At each sampling time,
8 gas samples were collected from each plot, 72 samples in total [32]. The gas was collected
with a plastic syringe of 30 mL with a 22 G 0.7 × 25.4 mm hypothermic needle inserted
through the septum. After pushing 5 mLof gas out of the syringe, 25 mLwas transferred
immediately in pre-evacuated 12 mL glass exetainer vials (Labco Limited, Lampeter, UK).
The GHG samples were sent to the laboratory of the Research Centre for Agrobiology and
Pedology in Florence, Italy, and were analyzed within 4 weeks after collection using a
GC-2014 (Shimadzu Inc., Kyoto, Japan) gas chromatograph [41].

Fluxes were estimated using the linear slope of gas concentration versus chamber
closure time and enclosed soil surface area, using the following linear equation:

Flux rate F = V∗(dC)/A∗(dt)

where:

F = gas flux rate, mg·m−2·min−1

V = volume of headspace, m3

A = area covered of static chamber, m2

dC = change in gas concentration, mg·m−3

dC = gas concentration at time t3 − gas concentration at time t1
dt = change in time, min
dt = time t2 − time t1

Fluxes were set to zero if the change in gas concentration during chamber enclosure
was below the minimum detection limit determined from the GC, and values were rejected
if they passed the detection test but had an R2 < 0.75; in this case, fluxes were treated as
missing data [25].

2.5. Statistical Analysis

All statistical analyses and graphics were performed using the SPSS statistical soft-
ware [42] and R programing language [43]. SPSS was used for repeated measures ANOVA,
with Greenhouse–Geisser correction to test the significant differences in both litterfall and
forest floor production at each period (season) among thinning treatments. To ascertain the
sphericity assumptions (p > 0.05), the Mauchly’s Test of Sphericity was used. An ANOVA
was performed in order to estimate the effect size of both treatment and season on litterfall
production. A Pearson correlation analysis, with p = 0.005 significance level, was used
to detect possible correlations among forest floor, litterfall production and their nutrients
released with GHG fluxes. Finally, post hoc Bonferroni tests were used to verify which treat-
ments and seasons differed. The R package “vegan” [44] was used for principal component
analysis (PCA) for exploring the correlation among the different nutrient concentrations
(N, P, K, Ca, Mg Fe Mn, Zn) and GHG fluxes (CO2, CH4, N2O) that are responsible for
the patterns seen among observations (seasons). We would like to know which nutrient
concentrations and fluxes were influential, and how they were correlated. The “ggbiplot”
package [45] was used for producing the PCA graphs.

3. Results
3.1. Seasonal and Thinning Effect on Forest Floor Nutrients

A significant seasonal effect was observed on all nutrients throughout the study
(F (3, 32) = 10.96, p < 0.001). A post hoc test using the Bonferroni correction showed that
the total concentration of nutrients was significantly higher during summer compared to
autumn (p = 0.046) and winter (p < 0.001) but was not higher compared to spring (p = 0.870).
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The nutrients Mg, Mn, Ca, Cu and Fe had higher values in autumn compared to the rest of
the seasons, whereas Zn presented higher values in spring and N in summer (Table 1). An
increase of P, Mg, Mn and Z was observed in selective thinning across all seasons but was
not deemed to be of significant value (p > 0.05) (Table 1).

Table 1. Mean seasonal forest floor nutrients concentration (mean ± SD) expressed as mg·kg−1 of
three replicates for three thinning treatments in period (16 October until 17 September). (C: Control,
T: Traditional. S: Selective. N: Nitrogen, P: Phosphate, K: Potassium, Ca: Calcium, Mg: Magnesium,
Cu: Copper, Fe: Iron, Mn: Manganese, Zn: Zinc).

Treatment N P K Ca Mg Cu Fe Mn Zn

autumn

C 14,724 ± 4624 220 ± 69 217 ± 69 847 ± 244 466 ± 144 5 ± 1.66 171 ± 59 c 344 ± 109 60 ± 34

T 14,913 ± 4569 232 ± 79 217 ± 69 1105 ± 364 492 ± 159 6 ± 1.76 314 ± 108 a 348 ± 113 85 ± 59

S 12,816 ± 3975 212 ± 63 251 ± 76 939 ± 276 543 ± 160 6 ± 1.90 179 ± 52 b 375 ± 114 240 ± 73

Mean 14,151 ± 4270 b 221 ± 71 b 228 ± 71 b 964 ± 295 b 501 ± 15 b 5.80 ± 1.78 b 221 ± 73 b 356 ± 112 d 128 ± 56

winter

C 8090 ± 2544 215 ± 65 212 ± 65 906 ± 264 454 ± 137 4.88 ± 1.48 165 ± 56 c 337 ± 105 27 ± 8

T 9068 ± 2653 237 ± 77 218 ± 68 982 ± 303 460 ± 143 4.89 ± 1.54 286 ± 89 a 333 ± 103 23 ± 6

S 6630 ± 2210 241 ± 72 244 ± 72 1001 ± 294 529 ± 155 5.52 ± 1.68 173 ± 50 b 365 ± 111 24 ± 7

Mean 7929 ± 2469 c 231 ± 76 c 225 ± 69 c 963 ± 287 c 481 ± 146 c 5.10 ± 1.57 c 208 ± 65 c 345 ± 107 c 25 ± 7 a

spring

C 16,315 ± 5017 227 ± 65 c 234 ± 68 a 1033 ± 305 489 ± 141 5.69 ± 1.64 178 ± 54 395 ± 114 225 ± 105

T 22,933 ± 8066 a 127 ± 45 a 133 ± 46 b 624 ± 228 295 ± 104 3.87 ± 1.34 173 ± 55 214 ± 74 b 77 ± 33

S 13,677 ± 5683 b 215 ± 63 b 227 ± 66 953 ± 280 502 ± 146 6.31 ± 1.94 173 ± 54 370 ± 107 a 228 ± 76

Mean 17,642 ± 6256 d 190 ± 58 d 198 ± 60 d 870 ± 272 d 429 ± 131 cd 5.29 ± 1.64 d 175 ± 54 326 ± 99 b 177 ± 72 b

summer

C 25,512 ± 7821 99 ± 34 98 ± 32 400 ± 124 207 ± 69 2.92 ± 0.90 76 ± 28 154 ± 53 91 ± 32

T 21,731 ± 6794 129 ± 48 121 ± 41 579 ± 203 269 ± 92 3.90 ± 1.21 165 ± 52 a 201 ± 68 69 ± 31

S 19,936 ± 6723 74 ± 24 83 ± 28 322 ± 102 169 ± 54 2.68 ± 0.85 57 ± 17 b 125 ± 42 72 ± 21

Mean 22,393 ± 7113 a 100 ± 36 a 101 ± 34 a 434 ± 143 a 215 ± 72 a 3.17 ± 0.99 a 99 ± 33 a 160 ± 55 a 77 ± 28

Different lower case letters indicate significant difference ( p < 0.05 )among treatments, seasons and nutrients
within seasons. No letters or sharing common letters indicate non-significant (p > 0.05) changes.

Overall, thinning was observed to have a significant effect on nutrients (F (18, 32) = 7.497,
p < 0.001). A post hoc test using the Bonferroni correction showed that, throughout the study
period, the total concentration of Fe was found to be significantly higher in traditional
thinning compared to the control (p = 0.004) at about 59% and compared to selective
thinning (p = 0.003) at about 61%, whereas Zn was higher in selective thinning by 55%
compared to traditional thinning (p = 0.048), but not to the control (p = 0.566).

Thinning was also observed to affect nutrients among seasons significantly (F (9, 21) = 6222,
p < 0.001). In spring, P concentration was significantly reduced in traditional thinning
compared to selective thinning (p = 0.047) and the control (p = 0.026). In spring N increased
significantly in the traditional site compared to the selective (p = 0.041), but not to the
control (p = 0.545), and K was increased in the control compared to the traditional site
(p = 0.012). At the same season, comparing the two thinned sites, the mean concentrations
of K and Mn were significantly increased in selective thinning compared to traditional
thinning (p = 0.018 and p = 0.019, respectively) and showed a slight but not significant
reduction when compared to the control (p = 0.681 and p = 0.846 respectively). Regarding
Fe, a significant increase was observed in traditional thinning over selective thinning in all
seasons except spring where the concentration was higher in the selective site (p = 0.989).
Particularly during summer, Fe concentration in traditional thinning was higher compared
to selective thinning (p = 0.031) and a slight, but insignificant, increase was observed over
the control (p = 0.072). In both autumn and winter, Fe was also higher in traditional com-
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pared to both sites (selective p= 0.009 and control p = 0.006 and selective p = 0.026 and
control p = 0.017, respectively). Differences among thinning treatments were detected in
the remaining nutrients but were not deemed significant (Table 1).

3.2. Seasonal and Thinning Effect on Litterfall Nutrients

A significant effect of season on all nutrients was observed throughout the duration of
the study (F (27, 41) = 6.44, p < 0.001). In particular, the concentrations of all nutrients were
significantly higher in autumn (F (11, 3) = 20.55, p < 0.001) than in the rest of the seasons.
Most nutrients (N, P, K, Mg, Mn and Zn) had higher values in spring when compared
to winter and summer but these differences were non-significant (p > 0.05) (Table 2). A
reduction of litterfall nutrient concentrations was observed in selective thinning for most
of the litterfall nutrients throughout each season; however, no values were found to be
significant (p > 0.05) (Table 2).

Table 2. Mean seasonal litterfall nutrient concentrations (mean ± SD) expressed as mg·kg−1 of three
replicates for three thinning treatments in the period (16 October to 17 September). (C: Control, T:
Traditional. S: Selective. N: Nitrogen, P: Phosphate, K: Potassium, Ca: Calcium, Mg: Magnesium, Cu:
Copper, Fe: Iron, Mn: Manganese, Zn: Zink).

Treatment N P K Ca Mg Cu Fe Mn Zn

autumn

C 12,530 ± 3633 1187 ± 392 4088 ± 1618 20,980 ± 6837 2012 ± 646 9.05 ± 3.3 378 ± 118 393 ± 151 39 ± 12

T 13,689 ± 4102 1507 ± 518 4177 ± 1262 25,213 ± 7297 2378 ± 711 12.68 ± 4.9 312 ± 99 395 ± 125 40 ± 12

S 14,008 ± 4072 1197 ± 403 3862 ± 1187 26,930 ± 8062 2958 ± 988 8.89 ± 2.6 290 ± 84 258 ± 105 29 ± 8

Mean 13,409 ± 3936 a 1297 ± 438 a 4042 ± 1356 a 24,374 ± 7399 a 2449 ± 782 a 10.2 ± 3.6 a 327 ± 10 a 349 ± 127 a 36 ± 11 a

winter

C 8408 ± 2570 702 ± 212 1173 ± 403 10,663 ± 3135 865 ± 256 4.12 ± 1.2 150 ± 44 119 ± 49 20 ± 6

T 9403 ± 2904 928 ± 332 1197 ± 435 9967 ± 2935 937 ± 274 6.03 ± 1.8 135 ± 39 152 ± 46 20 ± 6

S 8038 ± 2331 567 ± 185 787 ± 231 9267 ± 2830 867 ± 275 4.62 ± 1.3 137 ± 40 82 ± 33 16 ± 5

Mean 8616 ± 2602 b 732 ± 244 b 1052 ± 357 b 9966 ± 2967 b 889 ± 269 b 4.92 ± 1.0 b 140 ± 41 b 118 ± 43 b 19 ± 6 b

spring

C 7980 ± 2318 765 ± 261 1910 ± 722 11,567 ± 3941 1157 ± 3359 2.60 ± 0.7 105 ± 34 157 ± 47 27 ± 11

T 9007 ± 2698 813 ± 245 1490 ± 436 8675 ± 2508 1053 ± 306 5.23 ± 1.9 123 ± 37 177 ± 55 18 ± 5

S 9333 ± 2710 728 ± 237 1493 ± 484 8003 ± 2343 1178 ± 376 3.87 ± 1.0 113 ± 35 111 ± 50 17 ± 7

Mean 8773 ± 2776 c 769 ± 248 c 1631 ± 548 c 9415 ± 2931 c 1129 ± 348 c 3.90 ± 1.0 c 114 ± 35 c 148 ± 50 c 21 ± 7 c

summer

C 8781 ± 2658 758 ± 222 1240 ± 414 11,955 ± 3506 867 ± 257 4.12 ± 1.2 150 ± 44 119 ± 48 20 ± 6

T 8437 ± 2554 852 ± 286 1903 ± 773 11,375 ± 3412 923 ± 270 5.74 ± 1.7 131 ± 37 144 ± 42 20 ± 5

S 7236 ± 2473 667 ± 222 843 ± 251 10,710 ± 3201 868 ± 268 4.73 ± 1.3 141 ± 41 81 ± 32 17 ± 5

Mean 8151 ± 2562 d 759 ± 243 d 1329 ± 480 d 11,347 ± 3373 d 886 ± 265 d 4.87 ± 1.5 d 141 ± 41 d 115 ± 41 d 21 ± 6 d

Different lower case letters indicate significant difference (p < 0.05) among treatments and among nutrients within
seasons. No letters or sharing common letters indicate non-significant (p > 0.05) changes.

3.3. Thinning Effect on Litterfall Production

One year after thinning (October 2016–September 2017), the treatment showed a
significant effect on litterfall production (F (1.90, 20.90) = 5.98, p = 0.010). A post hoc test
using the Bonferroni correction showed that the mean litterfall production was significantly
higher at the control site (p = 0.032) than at the plots of selective thinning by about 46%, but
was not significantly higher when compared to traditional thinning (p = 0.99). The lowest
total cumulative litterfall production observed was in selective thinning, ranking last in the
following order: control > traditional > selective (Table 3).
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Table 3. Mean cumulative litterfall production for each fraction and total (mean ± SD) expressed
as kg·ha−1 of three replicates for three thinning treatments during four seasons in the study period
(16 October until 17 September) (C: Control, T: Traditional. S: Selective, PN: pine needles, DL:
deciduous leaves, PT: pine twigs, DT: deciduous twigs, PR: pine reproductive, DR: deciduous
reproductive, PB: pine bark).

Treatment PN DL PT DT PR DR PB Total

one year after thinning

C 3712.99 ± 481 c 371.72 ± 61 476.34 ± 64 12.73 ± 2 361.56 ± 49 40.96 ± 7 1072.88 ± 106 c 6049.20 ± 440 a

T 3627.50 ± 429 b 314.80 ± 45 744.84 ± 115 24.94 ± 5 351.04 ± 48 56.50 ± 10 888.69 ± 113 b 6008.33 ± 427

S 1850.06 ± 218 a 359.78 ± 51 198.69 ± 76 102.18 ± 19 197.50 ± 40 59.48 ± 10 472.37 ± 63 a 3240.08 ± 213 b

Mean 3063.52 ± 878 348.77 ± 88 473.29 ± 162 46.61 ± 22 303.36 ± 84 52.31 ± 13 811.31 ± 238 5099.20 ± 143

autumn

C 614 ± 219 192 ± 67 177 ± 50 5.60 ± 3 18.30 ± 8 23.90 ± 12 203 ± 60 1234 ± 25

T 783 ± 231 204 ± 86 196 ± 52 5.52 ± 3 21.40 ± 7 21.10 ± 10 214 ± 76 1447 ± 27

S 258 ± 89 202 ± 85 196 ± 85 7.52 ± 3 10.40 ± 5 19.10 ± 5 127 ± 40 820 ± 14

Mean 551 ± 180 200 ± 79 189 ± 80 6.20 ± 2 16.70 ± 6 21.40 ± 9 181 ± 59 1167 ± 22

winter

C 44 ± 15 13 ± 6 9.1 ± 403 6.18 ± 0.1 14.42 ± 8.7 18 ± 7 68 ± 30 172 ± 79

T 45 ± 17 14 ± 6 6.1 ± 4.3 1.64 ± 1.1 12.17 ± 4.9 26 ± 15 41 ± 13 147 ± 62

S 26 ± 9 7 ± 2 0.35 ± 0.1 4.40 ± 2.6 10.6 ± 5.5 57 ± 25 110 ± 48

Mean 39 ± 14 11 ± 4 7.6 ± 4.4 2.7 ± 1.91 10.30 ± 5.20 18.3 ± 9.5 55 ± 23 143 ± 63

spring

C 1052 ± 570 99 ± 78 40 ± 18 2.2 ± 1 195 ± 70 3.8 ± 1 181 ± 54 1574 ± 68

T 724 ± 351 52 ± 22 101 ± 44 4.8 ± 3 193 ± 71 8.1 ± 5 184 ± 76 1268 ± 41

S 422 ± 185 22 ± 10 66 ± 46 18 ± 7 134 ± 74 8.5 ± 5 80 ± 33 752 ± 21

Mean 733 ± 369 57 ± 37 69 ± 36 8.3 ± 3 174 ± 71 6.8 ± 4 148 ± 54 1198 ± 44

summer

C 2002 ± 643 67 ± 36 250 ± 109 1.8 ± 0.7 133 ± 61 6.32 ± 4.41 620 ± 179 3082 ± 76

T 2073 ± 692 43 ± 19 445 ± 202 13 ± 9 124 ± 64 0.4 ± 0.1 448 ± 173 3148 ± 83

S 1143 ± 370 127 ± 58 151 ± 107 76 ± 46 63 ± 39 21 ± 16 206 ± 96 1790 ± 41

Mean 1739 ± 568 79 ± 38 282 ± 139 30 ± 19 107 ± 55 9.2 ± 3.5 425 ± 149 2673 ± 67

Different lower case letters indicate significant difference (p < 0.05) among treatments and among nutrients within
seasons. No letters or sharing common letters indicate non-significant (p > 0.05) changes.

Significant differences of conifer fractions occurred among treatments (F (1, 11) = 10.44,
p = 0.08) one year after thinning (Table 4). In particular, thinning was able to reduce conifer
fractions significantly in selective thinning, by about 48%, when compared to controls
(p = 0.00), whereas an increase of less than 20% was observed in deciduous subjects, but
it was not found to be significant (p = 0.621) (Table 4). No data for deciduous bark were
conclusive throughout the study period, presumably due to the very thin bark of the
deciduous species caused by their young age.

The mean annual cumulative pine needle litterfall from all treatments was 3063.52 ±
878.03 kg ha−1. Thinning was able to significantly affect pine needles production (F (1.87,
20.66) = 6.64, p = 0.008). A post hoc test using the Bonferroni correction showed that the
mean pine needle fall production was significantly lower for selective thinning (p = 0.047)
when compared to controls, and to traditional thinning (p = 0.042) kg ha−1. The mean
cumulative production was ranked in the following order: control > traditional > selective
(Table 3).
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Table 4. Mean cumulative litterfall production for conifers and deciduous trees (mean ± SD) ex-
pressed as kg·ha−1 of three replicates for three thinning treatments during four seasons in the study
period (16 October until 17 September). (C: Control, T: Traditional. S: Selective).

Treatment Conifer Deciduous

one year after thinning

C 1405.94 ± 284 a 103.16 ± 25

T 1357.49 ± 345 95.36 ± 29

S 701.53 ± 135 b 122.23 ± 36

Mean 1154.99 ± 176 106.92 ± 18

autumn

C 1012.43 ± 290 211.82 ± 59

T 1216.33 ± 331 229.68 ± 82

S 591.77 ± 175 229.05 ± 18

Mean 940.18 ± 265 223.51 ± 73

winter

C 135.33 ± 46 27.25 ± 10

T 100.57 ± 28 41.84 ± 18

S 90.91 ± 34 18.25 ± 6

Mean 108.94 ± 36 29.11 ± 11

spring

C 1469 ± 530 103.08 ± 69

T 1170 ± 425 61.81 ± 20

S 659 ± 264 49.06 ± 15

Mean 1099.49 ± 71 406.82 ± 35

summer

C 3006 ± 815 70.49 ± 32

T 2942 ± 863 48.13 ± 16

S 1464 ± 433 192.58 ± 82

Mean 2471 ± 704 103.73 ± 43
Different lower case letters indicate significant difference (p < 0.05) among treatments and among nutrients within
seasons. No letters or sharing common letters indicate non-significant (p > 0.05) changes.

Thinning was able to significantly affect pine bark fractions (F (1.57, 17.30) = 4.34,
p = 0.037), although this effect was lower than that of pine needles, with the mean annual
cumulative litterfall reaching 811.31 kg ha−1 (Table 3). The mean cumulative production
ranked in the following order: control > traditional > selective. The differences among the
rest of litterfall fractions were found to be non-significant. Additionally, pine needles and
pine bark followed a clear seasonal pattern throughout the study period for each of the
three treatments. The maximum peaks for pine needles and pine bark occurred during the
summer of 2017 (Figure 2a,g).
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Figure 2. Seasonal pattern (aut: autumn, win: winter, spr: spring, sum: summer) of litterfall fractions 
over the study period (16 October until 17 September). (a) PN pine needles, (b) DL deciduous leaves, 
(c) PT pine twigs, (d) DT deciduous twigs, (e) PR pine reproductive, (f) DR deciduous reproductive, 
(g) PB pine bark. Each data point represents the mean of the three replicates for each treatment 
(Control, Traditional and Selective). Error bars indicate the standard error. 

  

Figure 2. Seasonal pattern (aut: autumn, win: winter, spr: spring, sum: summer) of litterfall fractions
over the study period (16 October until 17 September). (a) PN pine needles, (b) DL deciduous leaves,
(c) PT pine twigs, (d) DT deciduous twigs, (e) PR pine reproductive, (f) DR deciduous reproductive,
(g) PB pine bark. Each data point represents the mean of the three replicates for each treatment
(Control, Traditional and Selective). Error bars indicate the standard error.



Atmosphere 2022, 13, 376 12 of 22

3.4. Relationship between GHG Fluxes and Litterfall Production

During the study, the CH4 fluxes were always found negative, indicating a CH4
uptake throughout the study period. After a short-term period (six months) of thinning,
the CH4 uptake was significantly negatively correlated with pine needles (p = 0.040) and
pine bark (p = 0.006) (Table 5). After one year of thinning, the CH4 uptake variation was
strongly negatively correlated to both pine twigs (p = 0.007) and pine bark (p = 0.020), but
positively correlated to deciduous twigs (p = 0.019). On the other hand, CO2 fluxes were
positively correlated to deciduous leaf (p = 0.039). Overall, the CH4 uptake was strongly
and negatively correlated to total litterfall production (p = 0.040) (Table 5).

Table 5. Pearson correlation analysis among GHG fluxes and litterfall fractions in two different
periods, where r: correlation coefficient, p value: significance level, year−0.5: 6 months after thin-
ning, year−1: 16 October until 17 September, PN: pine needles, DL: deciduous leaves, PT: pine
twigs, DT: deciduous twigs, PR: pine reproductive, DR: deciduous reproductive, PB: pine bark,
TL: total litterfall.

GHG PN DL PT DT PR DR PB Total

year−0.5

CO2
r = 0.044 r = 0.179 r = −0.670 r = 0.309 r = −0.184 r = −0.652 r = −0.345 r = −0.002
p = 0.925 p = 0.710 p = 0.114 p = 0.526 p = 0.706 p = 0.110 p = 0.450 p = 0.996

CH4 uptake r = −0.778 * r = 0.153 r = −0.261 r = 0.438 r = −0.588 r = −0.153 r = −0.895 ** r = −0.811 *
p = 0.040 p = 0.743 p = 0.572 p = 0.325 p = 0.165 p = 0.743 p = 0.006 p = 0.008

N2O r = 0.229 r = −0.147 r = 0.463 r = −0.446 r = 0.104 r = −0.257 r = −0.201 r = 0.396
p = 0.622 p = 0.753 p = 0.295 p = 0.316 p = 0.824 p = 0.578 p = 0.665 p = 0.291

year−1

CO2
r = 0.259 r = 0.779 * r = −0.340 r = 0.008 r = −0.634 r = −0.253 r = 0.136 r = 0.186
p = 0.575 p = 0.039 p = 0.456 p = 0.986 p = 0.126 p = 0.584 p = 0.772 p = 0.345

CH4 uptake r = −0.695 r = 0.566 r = −0.891 ** r = 0.835 * r = −0.711 r = 0.715 r = −0.834 * r = −0.775 *
p = 0.083 p = 0.185 p = 0.007 p = 0.019 p = 0.073 p = 0.071 p = 0.020 p = 0.040

N2O r = 0.024 r = −0.319 r = 0.400 r = 0.077 r = −0.152 r = −0.236 r = −0.049 r = 0.165
p = 0.959 p = 0.486 p = 0.374 p = 0.870 p = 0.745 p = 0.610 p = 0.919 p = 0.939

** Correlation is significant at p < 0.01 level (2-tailed). * Correlation is significant at p < 0.05 level (2-tailed).

3.5. Forest Floor Nutrients and Soil GHG Fluxes

GHG fluxes and forest floor nutrients showed different patterns over the studied
periods. In autumn, the CH4 uptake was positively correlated to Zn (Pearson’s r = 0.74 *)
and K (r = 0.59 *) (Figure 3a), whereas in winter, the N2O fluxes were negatively correlated
to P (r = −0.74 *), K (r = −0.68 *) and Mg (r = −0.87 **) (Figure 3b). Throughout the
study period, except for the summer season, both CO2 and CH4 uptake variation were
positively correlated with Zn (r = 0.53 ** and 0.67 ***), whereas N2O variation was negatively
correlated with Mg (r = −0.34 *) (Figure 3c). In total, one year after thinning, Pearson
correlation analysis showed that the CO2 fluxes were significant and positively correlated
to N (r = 0.43 **) and Zn (r = 0.47 **) concentration, whereas the CH4 uptake was affected
negatively by P (r = −0.36 *) and Ca (r = −0.38 *) and positively by N (r = 0.43 **) and
Zn (r = 0.42 *). No significant relationships were detected among N2O and forest floor
nutrients release (Table 6 and Figure 3d). No significant relationships were detected during
spring and summer (Figure 3e,f).
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*** = 0.001. Each bar represents the mean of the three replicates for each treatment (Control, Tradi-
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In the biplot of PCA analysis, the weights of the different variables are presented as 
arrows and vary by distance from the origin. The biplot enabled the evaluation of the 
correlation level among the quantified variables, with lines pointing in the same direction 
indicating closer correlation (Figure 4). A first group of variables (nutrients) including Fe, 
P, Mg, Mn, Ca and Cu, was very close and highly correlated. A second group including 
CO2, N2O, and the CH4 uptake (GHG fluxes) and to a lesser extent N and Zn appeared 
perpendicular to the first group and its variables are also close and highly correlated. The 
first principal component axis (PC1), explaining 57.4% of the variance, was related to the 
overall seasonal variation of a nutrient’s availability in the study site, with the negative 

Figure 3. Seasonal pattern ((a) autumn, (b) winter, (c) all year apart from summer, (d) all year,
(e) spring, (f) summer) of forest floor nutrients’ correlation with GHG fluxes over the study period
(16 October until 17 September). Asterisks represent significance levels, accordingly: * = 0.05,
** = 0.01, *** = 0.001. Each bar represents the mean of the three replicates for each treatment (Control,
Traditional and Selective).

Table 6. Pearson correlation analysis among GHG fluxes and forest floor nutrients, one year after
thinning, where r: correlation coefficient, p value: significance level.

GHG N P K Ca Mg Zn Fe Mn Zn

CO2
r = 0.428 ** r = −0.217 r = −0.190 r = −0.139 r = −0.205 r = −0.130 r = −0.186 r = −0.115 r = 0.474 **
p = 0.009 p = 0.204 p = 0.266 p = 0.419 p = 0.229 p = 0.415 p = 0.278 p = 0.504 p = 0.004

CH4 uptake r = 0.433 ** r = −0.359 * r = −0.265 r = −0.379 * r = −0.317 r = −0.246 r = −0.273 r = −0.255 r = 0.419 *
p = 0.008 p = 0.031 p = 0.118 p = 0.023 p = 0.060 p = 0.148 p = 0.107 p = 0.133 p = 0.011

N2O r = 0.087 r = −0.134 r = −0.119 r = 0.005 r = 0.091 r = 0.112 r = −0.017 r = −0.079 r = 0.069
p = 0.612 p = 0.436 p = 0.491 p = 0.975 p = 0.597 p = 0.517 p = 0.921 p = 0.648 p = 0.689

** Correlation is significant at p < 0.01 level (2-tailed). * Correlation is significant at p < 0.05 level (2-tailed).

In the biplot of PCA analysis, the weights of the different variables are presented as
arrows and vary by distance from the origin. The biplot enabled the evaluation of the
correlation level among the quantified variables, with lines pointing in the same direction
indicating closer correlation (Figure 4). A first group of variables (nutrients) including Fe,
P, Mg, Mn, Ca and Cu, was very close and highly correlated. A second group including
CO2, N2O, and the CH4 uptake (GHG fluxes) and to a lesser extent N and Zn appeared
perpendicular to the first group and its variables are also close and highly correlated. The
first principal component axis (PC1), explaining 57.4% of the variance, was related to the
overall seasonal variation of a nutrient’s availability in the study site, with the negative
axis values representing autumn measurements separating them from summer; thus, the
first PCA axis represents the seasonal variation of nutrient availability. The second (PC2)
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axis, explaining 18.0% of the variance, separated high spring fluxes of CO2, N2O, CH4
uptake and Zn and N concentrations (positive axis values) from nutrient concentrations,
and from the respective autumn, winter and summer measurements (negative axis values),
thus representing the seasonal variation of soil GHG fluxes.
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Figure 4. Distribution of nutrients and GHGs in the two first PCA axes for forest floor data. N:
Nitrogen, P: Phosphorus, K; Potassium, Ca: Calcium, Mg: Magnesium, Cu: Copper, Fe: Iron,
Mn: Manganese, Zn: Zinc. The 3 digit numbering of the data points represents: the first digit the
repetition, the second the treatment (1: Traditional; 2: Selective; 3: Control) and the third digit the
season (1: Autumn; 2: Winter; 3: Spring; 4: Summer).

3.6. Relationship of Litterfall Nutrients with Soil GHG Fluxes

Cumulative GHG fluxes were found to correlate significantly with nutrients over
four different periods. Taking into consideration the high impact of soil temperature on
soil respiration [46], we also categorized our data into two “seasons”, i.e., one “season”
including all year except summer, and the summer. In autumn, immediately after thinning,
CO2 was found to have a significant positive correlation with Mn (Pearson’s r = 0.76*),
whereas the N2O fluxes had a negative correlation to K (r = −0.83 **), Fe (r = −0.67 *) and
Zn (r = −0.64 *) (Figure 5a). In winter, CO2 had a significant positive correlation with
P (r = 0.69 *) and the N2O fluxes to Ca (r = 0.81 **) (Figure 5b), whereas in spring, only
the CO2 fluxes had a significant negative correlation to Cu (r = −0.69 *) (Figure 5e). In
summer, the CH4 uptake was recorded as having a significant positive correlation with Ca
(r = 0.82 **) (Figure 5f). Except for summer, CO2 showed strong negative correlation with
Cu (r = −0.44 *) and Fe (r = −0.41 *), whereas the CH4 uptake was positively correlated
with Mg (r = 0.47 *) and N (r = 0.40 *). Regarding the N2O fluxes, there was a strong
negative correlation with K (r = −0.56 *), Ca (r = −0.47 *), Cu (r = −0.43 *), Fe (r = −0.58 **)
and Zn (r = −0.42 *) (Figure 5c). In total, one year after thinning, the CO2 fluxes were
noted having a significant negative correlation with Cu (r = −0.44 **) and Fe (r = −0.43 **),
whereas the N2O fluxes had a significantly negative correlation to K (r = −0.46 **), Ca
(r = −0.39 *), Cu (r = −0.36 *) and Fe (r = −0.49 **). Non-significant correlations were also
detected for the CH4 uptake (Figure 5d and Table 7).
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Figure 5. Seasonal pattern ((a) autumn, (b) winter, (c) all year apart summer, (d) all year, (e) spring,
(f) summer) of correlation of litterfall fractions with GHG fluxes over the study period (16 October
until 17 September). Asterisks represent significance levels, accordingly: * = 0.05, ** = 0.01. Each bar
represents the mean of the three replicates for each treatment (Control, Traditional and Selective).

Table 7. Pearson correlation analysis among GHG fluxes and litterfall nutrients, one year after
thinning, where r: correlation coefficient, p value: significance level.

GHG N P K Ca Mg Zn Fe Mn Zn

CO2
r = −0.240 r = −0.084 r = −0.163 r = −0.329 r = −0.161 r = −0.443 ** r = −0.427 ** r = −0.089 r = −0.158
p = 0.158 p = 0.625 p = 0.343 p = 0.050 p = 0.229 p = 0.007 p = 0.009 p = 0.605 p = 0.356

CH4 uptake r = 106 r = −0.98 r = 0.002 r = 0.118 r = 0.179 r = −0.094 r = −0.053 r = −0.061 r = −0.044
p = 0.540 p = 0.569 p = 0.991 p = 0.493 p = 0.296 p = 0.585 p = 0.758 p = 0.724 p = 0.801

N2O r = −0.208 r = −0.179 r = −0.459 ** r = −0.390 * r = −0.257 r = −0.365 * r = −0.490 ** r = 0.040 r = −0.325
p = 0223 p = 0.297 p = 0.005 p = 0.019 p = 0.130 p = 0.029 p = 0.002 p = 0.816 p = 0.053

** Correlation is significant at p < 0.01 level (2-tailed). * Correlation is significant at p < 0.05 level (2-tailed).

In the biplot of PCA analysis (Figure 6), the weights of the different variables (nutrients,
soil GHG fluxes) are presented as arrows and vary by distance from the origin. The biplot
enabled the evaluation of the correlation level among the above-mentioned quantified
variables, with lines pointing in the same direction being more closely correlated.
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Figure 6. Distribution of nutrients and GHGs in the two first PCA axes for litterfall data. N: Nitrogen,
P: Phosphorus, K; Potassium, Ca: Calcium, Mg: Magnesium, Cu: Copper, Fe: Iron, Mn: Manganese,
Zn: Zinc. The 3 digit numbering of the data points represents: the first digit the repetition, the second
the treatment (1: Traditional; 2: Selective; 3: Control) and the third digit the season (1: Autumn;
2: Winter; 3: Spring; 4: Summer).

The first group of variables (nutrients), including Cu, Fe, Zn, Ca, K, Mg, N, P and Mn,
was very close and highly correlated to the second group, i.e., the group of the soil GHG
fluxes including CO2, N2O, and the CH4 uptake. The second group of variables appeared
almost perpendicular to the first group and its variables are also close and highly correlated.
The first principal component axis (PC1), explaining 53.6% of the variance, was related to
the overall seasonal variation of nutrients’ availability in the study site with the negative
axis values representing autumn measurements and separating them from summer; thus,
the first PCA axis represents the seasonal variation of nutrient availability. The second
(PC2) axis, explaining 14.2% of the variance, separated high spring measurements of CO2,
N2O and the CH4 uptake (negative axis values) from the respective winter measurements
and nutrient concentrations, thus representing the seasonal variation of soil GHG fluxes
and litterfall production.

4. Discussion
4.1. Seasonal and Thinning Effects on Nutrients

In our study, the average concentrations of most forest floor nutrients showed a
uniform pattern among seasons with highest values in autumn, except for Zn and N,
whose highest values were observed in spring and summer, respectively. Similarly, all
the litterfall nutrients had higher values in autumn compared to the rest of the seasons.
It is also significant that the concentration of most of the litterfall nutrients (N, P, K, Mg,
Mn, Z) was higher in spring compared to summer and winter. This is probably caused by
the senescence process, reallocating nutrients to other parts of the plant to produce new
tissue [11], and takes place in late spring and summer months in a Pinus halepensis forest
in Spain.
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Our results, in relation to seasonal variation, are similar to those reported in a Nothofa-
gus pumilio forest in Chile, where the highest values of the litterfall nutrients were observed
in autumn, followed by summer [23].

Thinning affected forest floor nutrients concentrations. Fe and Zn had the highest
concentration in the heavily thinned sites compared to the control. Additionally, thinning
affected the nutrient concentration between seasons. In spring, the concentrations of P,
N, K, and Mn were affected significantly in both thinned sites, whereas changes in Fe
concentration were observed in both spring and summer seasons. On the other hand,
no significant changes occurred in the litterfall nutrients due to thinning, although other
studies in Pinus halepensis forests showed a reduction of C, K, [11], and Mg [11,47] in needle
litterfall in thinned sites compared with controls.

4.2. Thinning Effect on Litterfall Production

In this study, thinning significantly decreased the litterfall production in both treated
sites, after just one year of thinning. Litterfall production was decreased by 42.6% in
selective thinning plots compared with controls, whereas in traditional thinning the litterfall
reduction was found to be less than 1% in comparison with the controls. These results
coincide with reports by other studies that showcase thinning’s ability to significantly
decrease litterfall production in Spain [20] in Scots pine (Pinus sylvestris) stands, and in
Aleppo pine (Pinus halepensis) stands [22]. Çömezet al. [48] stated that thinning practices
have different effects on litterfall in Scots pine forests in Turkey, with regard to the age of
the stands. Particularly, it was reported that thinning (20–25% removal of the initial basal
area) significantly reduced the litterfall production in mature stands, due to the higher
stand density in contrast with overmatured stands. This thinning was preferable in mature
stands in preventing the excessive reduction of carbon input into the soil through litterfall.
Reference [24] reported that thinning significantly changed litterfall production, only for
the first year after operation. Additionally, reference [48] claimed that the reduction of
litterfall production is attributed to the biomass decrease by thinning rather than altering
the litterfall turnover process.

The proportion of pine needle litterfall within total litterfall was higher in summer
(65%) and spring (61%), and lower in winter (26%) and autumn (47%). Our results are
similar, regarding the highest and the lowest ratio, to those reported by [49] in Calabrian
pine (Pinus brutia) forests in South Western Turkey. However, they observed a higher
proportion of pine needle litterfall in summer (at 90%), whereas the proportion in winter
was slightly higher than our study (at 31%). The low proportion of pine needle litterfall in
winter is caused by both high pine bark (38%) and deciduous fractions (mainly reproductive
material and deciduous leaves) that was about 21%, and 59% in total. However, it has been
reported [49] that the low proportion of pine needle litterfall in winter is due to the high
proportion of other conifer fractions (small branches and pine bark that constituted 47%)
and not deciduous fractions as at our sites.

Conifer fractions (pine needles and pine bark) were reduced significantly in the heavily
thinned plots (selective thinning). These results are partially in agreement with other
studies. Several studies [10,22,24] report that more intense thinning affects the pine needle
production in litterfall. More specifically, reference [24] reports that, although thinning
significantly decreased pine needle and twig production in litterfall, it was not able to
affect the total litterfall production or other fractions substantially. Throughout the year of
study, the mean pine needle fall production accounted for about 59% of the total litterfall.
This percentage is very close to what was reported by [24] (55% for Pinus halepensis). The
mean annual cumulative pine needle production was 3.0 Mg·ha−1, which is higher than
the 2.30 Mg·ha−1 reported by [24] in a Pinus halepensis plantation, and by [11] in Spain.

The pine needle fall production followed a clear seasonal pattern throughout the
study in each of the treatments. The peaks were reported during summer. This matches
with other studies that report peak pine needle fall in summer [11,24], while [22] reported
a second peak of needle fall in autumn. However, the maximum level of needle fall in
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summer is common in Mediterranean pine forests due to the dry season with frequent
water shortages [20,22]. Similar results were also reported in a Pinus brutia forest in the
Antalya Region of Turkey, which boasts a typical Mediterranean climate, where both total
litterfall and pine needle litterfall were significantly higher in summer [49].

Pine bark was the second most significant element in the litterfall fraction after pine
needles. Thinning has a significant effect on it, which is consistent with other studies in
Mediterranean pine forests. It was reported [20] that thinning affected pine bark production
considerably in a Pinus sylvestris L. forest located in the Western Pyrenees in Spain. The
peak of pine bark fall was also observed in summer. Interestingly, pine bark can easily
be detached [50]. We believe that this combination of easy pine bark detachment and
the strong winds at the study site over the summer was the primary cause of the high
proportion of pine bark fall in summer.

4.3. Relationship between the Litterfall Production and the Soil GHG Fluxes

In the short term (six months after thinning), there were no correlations between
the CO2 fluxes and litterfall; on the contrary, the CH4 uptake was strongly correlated to
coniferous fractions (pine needles and pine bark). The litterfall layer plays a significant
role in soil CH4 exchange with the atmosphere. It is able to control the exchange of CH4
flux with the atmosphere through controlling soil aeration and soil moisture, functioning
as a barrier to gas exchange between mineral soil and the atmosphere, consuming either
negligible or small amounts of atmospheric CH4 [12,51]. Although there is no direct
evidence for coniferous litter, as in the present study, the fresh litter originating from green
leaves could produce more CH4 by abiotic factors, such as temperature and solar radiation.

It has been suggested [12] that CO2 fluxes may only be correlated to litterfall layer in
providing organic and inorganic compounds present in plant cells for the heterotrophic
respiration. Otherwise, CO2 fluxes are not correlated to the litterfall layer. Thus, it is
hypothesized in this study that six months after thinning, the oldest of the forest floor
substrate had already produced a sufficient level of microbial activity for microbial respira-
tion. This is consistent with [25], which reports that the CO2 fluxes in this period from the
study site located in the Monte Morello forest in Italy were strongly correlated with the
decomposition of the forest floor. One year after thinning, there was no correlation between
the CO2 fluxes and total litterfall production.

Litterfall input is, among other factors, significant in influencing the decomposition
rate in forest sites in Greece [52]. Other authors also suggest that the creation of small gaps
increased soil organic matter, microbial biomass and C/N ratio, and altered microbiological
processes in the upper-soil horizons of Mediterranean conifer forests [25,28,53].

In this study, CH4 uptake was significantly and negatively correlated to conifer frac-
tions and particularly pine needle and pine bark production. Six months after thinning,
the CH4 uptake was correlated to the mean C and N stock (3.1 kg·m−2 and 0.14 kg·m−2,
respectively) of the forest floor in the deepest soil layers [25]. One year after thinning, the
CH4 uptake was significant, but positively correlated to the broadleaved fractions in all
the treatments.

Although the total litterfall production decreased throughout the study, deciduous
litterfall increased in selective thinning. The increase of broadleaved fractions in a heavily
thinned site may have created a barrier for the diffusion of atmospheric CH4 to the soil,
and increased the soil’s moisture. This combination is probably what led to an increase of
CH4 oxidation and, consequently, CH4 uptake. The creation of small-sized gaps due to
thinning, combined with a high content of sand in the soil texture at the study site, can
explain not only the increase of the CH4 uptake after thinning [32], but also the significant
correlation of deciduous litterfall production with the CH4 uptake.

The N2O fluxes were not correlated with litterfall throughout the year of study. A pre-
vious study [25] noted the short-term effects of thinning on GHG emissions and observed
that the N2O fluxes were strongly correlated to the N stock in the deepest layer (organic
matter, saturated or not) in regard to the forest floor production. In the soil layer close
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to the surface, no significant correlation was found with N2O fluxes, probably due to the
low decomposition rate at this depth that occurs in the Mediterranean conifer ecosystems,
where the net mineralization is restricted to the humic layers of the forest floor. This is due
to the low level of moisture [25,52]. According to [54], even thoughthinning increases the
nitrification, it has no influence on N mineralization. Therefore, it is hypothesized that any
alteration of the N2O fluxes resulted probably from the net mineralization at the lower
horizon of both the forest floor and litterfall, and that thinning, conversely, had no effect
on them.

4.4. Relationship between Nutrients and Soil GHG Fluxes

The forest floor is rich in fungal hyphae, mostly produced by mycorrhizal fungi [55].
Organic phosphorus becomes available through litter decomposition, and the soil pH is
reduced, especially when NH4 is present as a result of mycorrhizal activity [13]. The results
presented here clearly demonstrate the strong correlation between GHG fluxes and phos-
phorus (the CO2 fluxes in litterfall and the CH4 uptake in forest floor). Undoubtedly, GHG
emissions seem sensitive to soil conditions. Given that mycorrhizal fungi improve the soil
structure via hyphae and glomalin production and, in addition, affect the soil environment
and microbial activity, it could be argued that they can act as GHG flux regulators.

In this study, a year after thinning, the CH4 uptake was significantly and positively
correlated to N and Zn, and negatively to P and Ca nutrients of the forest floor, whereas
CO2 was significantly and positively correlated to N and Zn. Such positive correlation of Zn
and N to CO2 emissions was reported when these two nutrients were applied as inorganic
fertilizer in agricultural fields [56], while no effect on CH4 emissions was described by the
same author when Zn chelate fertilizer was used [56].

While this research was able to identify the thinning impacts on litter input nutrients
and GHG fluxes, there is one restriction that should be taken into consideration. There was
only a short period during which this research was conducted (one year after thinning).
Thinning’s impact on soil input nutrients and GHG fluxes may be better understood after
three to five years, if the same observations are repeated. A long-term research study of the
thinning effect and the formulation of recommendations for selecting parameters (thinning
% and predicted impact on soil nutrients input and GHG fluxes) for sustainable forest
management methods, will be possible after three or five years.

5. Conclusions

The thinning operations have a significant seasonal effect on both forest floor and
litterfall production, and on their nutrient concentration. Despite the short time frame
of the study (one year), the results showed that thinning (mainly selective) significantly
reduced both total litterfall production and conifer fractions in all thinned sites, with pine
needles and pine bark being the most important litterfall fractions. The intense (selective)
thinning was also able to numerically increase deciduous litter fractions production, al-
though not to the level of statistical significance, favoring the growth of the understory
broadleaved species.

Thinning significantly affected forest floor nutrient accumulation in the intensively
thinned sites. Our results suggest that the more that the broadleaved species develop,
the greater the soil CH4 uptake. This study contributes to data enrichment, regarding the
effect of thinning on litterfall production and nutrient release in the Mediterranean region.
However, long-term in situ research is essential in order to evaluate the annual variability
of litterfall and the forest floor layers, aiming to extract sound conclusions for management
options in global change mitigation targets.
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