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Abstract The objectives of this study were: (1) to deter-
mine carbon stock changes in the soil and forest floor of
black pine (Pinus nigra subsp. pallasiana) plantations in
Turkey; (2) to determine the effects of thinning on annual
carbon accumulation in both; and, (3) to investigate relation-
ships between annual carbon storage in soil and forest floor
and stand characteristics of black pine. Samples were taken
in 90 plots from stands at the pole (dbh=11.0-19.9 cm) and
sawlog (dbh =20.0-35.9 cm) stages. Carbon analyses of soil
and forest floor samples showed that in unthinned planta-
tions significant organic carbon was sequestered an average
of 1.47 Mg ha™ a™! in the soil and 0.20 Mg ha™' a~' in the
forest floor. Organic carbon sequestered annually in the soil
was significantly lower in thinned than in unthinned stands,
while differences in the forest floor were insignificant. There
were positive correlations between carbon sequestered in
the soil and stand age, average DBH, mean stand height,
basal area, and site index. Carbon sequestered the forest floor
increased with basal area. As a result, carbon sequestered in
the soil should not be ignored in greenhouse gas inventories
because carbon stored belowground was approximately 70%
of the aboveground pool.

Project funding: This study was conducted as part of the project,
“Changes in carbon stocks on soil and forest floor in black pine
plantations (ESK-30(6321)/2017-2018)” funded by the Turkish
General Directorate of Forestry.

The online version is available at http://www.springerlink.com.

Corresponding editor: Yu Lei.

4 Siikrii Teoman Giiner
teomanguner @ogm.gov.tr

General Directorate of Forestry, Research Institute for Forest
Soil and Ecology, 26160 Eskisehir, Turkey

Keywords Pinus nigra - Belowground - Forest floor -
Carbon sequestration - Thinning

Introduction

Forest ecosystems are important carbon sinks that can medi-
ate carbon dioxide emissions because of their biomass and
the carbon stored in soils (Comez 2012). In terrestrial eco-
systems, more than 80% of the carbon bound above the soil
and more than 70% of the entire soil organic carbon are tied
up in the forest ecosystem (Jandl et al. 2007).

Under the Kyoto Protocol to address global climate
change, countries submitted annual national inventory
reports on greenhouse gas emissions from energy, transpor-
tation, wastes, agriculture, land use-land use change and for-
estry, and the amount of carbon bound from the atmosphere
to the secretariat of the United Nations Climate Change Con-
vention (Tolunay 2011; Giiner and Makineci 2017).

There are two methodologies to determine the amount
of atmospheric carbon sequestered in forest ecosystems.
The first is stock change, while the second is the gain—loss
method. The first relies on the carbon change between two
periods; the second is based on the amount of carbon that
accumulates in a year (IPCC 2003).

In greenhouse gas inventories, it is assumed that soil
carbon remains unchanged in forested areas regardless of
methods used (IPCC 2006). However, soil and forest floor
carbon pools are known to change depending on stand devel-
opment and silvicultural operations (Makineci 2005; Giiner
and Comez 2017). It may be possible to include the carbon
bound in forest soils to the national inventory as a gain with
further scientific investigation at the national level, meaning
that carbon storage increases. Nevertheless, no gain is envis-
aged in the guideline-based calculations.
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Carbon is stored in below and aboveground parts of the
forest ecosystem (trees and understory, forest floor and dead
wood and in the soil). Several studies have determined car-
bon stocks in forest ecosystems (Laclau 2003; Peichl and
Arain 2006; Yimer et al. 2006; Schulp et al. 2008; Makineci
et al. 2015; Lee et al. 2016, 2018; Goussanou et al. 2018;
Payne et al. 2019). However, there are limited studies on
the amount of annual carbon stored in the soil and forest
floor (Lettens et al. 2005; Prietzel et al. 2006; Miegroet et al.
2007; Berg et al. 2007; Black et al. 2009; Fonseca et al.
2011; Béarcena et al. 2014; Griineberg et al. 2014; Wellbrock
et al. 2017; Giiner and Makineci 2017; Jiang et al. 2018).
There is some research on the effects of thinning on soil
carbon stocks by various tree species (Tolunay 1997; Tufek-
cioglu et al. 2005; Jurgensen et al. 2012; Ruiz-Peinado et al.
2013; Bravo-Oviedo et al. 2015; Ruiz-Peinado et al. 2016),
however no data have been published related to black pine
(Pinus nigra subsp. pallasiana (Lamb.) Holmboe).

There have been studies in black pine plantations in Tur-
key to determine the organic carbon stock stored in the soil
(Karatepe 2004; Sevgi et al. 2011; Korkang 2014; Polat et al.
2014; Giiner et al. 2016; Giiner and Comez 2017) and in the
forest floor (Karadz 1993; Karatepe 2004; Sevgi et al. 2011;
Giiner and Comez 2017). However, these studies focused on
determination of the existing stock and not annual storage.
This study looks at the annual organic carbon accumulated
in the soil and forest floor.
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Fig. 1 Location of the study area
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This study was carried out: (1) to determine carbon stock
changes; (2) to determine the effects of thinning on annual
carbon accumulation in soil and forest floor; and, (3) to
investigate the relationships between annual carbon storage
and stand characteristics of black pine plantations. The find-
ings will contribute to carbon-focused forest management
and to the improvement of greenhouse gas inventories.

Materials and methods
Study area

The research was conducted in an area between 38° 21'—41°
31’ N and 27° 17'-33° 48’ E, a transition zone from Western
Inner Anatolia to the Black Sea, Marmara and Inner Aegean
regions (Fig. 1). Dacite, rhyolite, basalt, andesite, granite,
volcanic tuff, agglomerate, breccia, quartzite, mica schist,
calcareous and serpentine are the common bedrock while the
most common soil types are cambisols and luvisols, accord-
ing to IUSS Working Group WRB (2015) (Giiner et al. 2016;
Giiner and Comez 2017).

Climatic data are from the nearest meteorological sta-
tions. Mean annual temperatures varies from 8.9 to 14.4 °C
while annual precipitation ranges from 374 mm to 796 mm.
Overall climate ranges from semi-arid to humid.

*
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Table 1 provides stand and site characteristics of the sam-
pling plots. Some 72% of the trees in the plots were at the
pole stage (dbh=11.0-19.9 cm), while 28% were sawlogs
(dbh=20.0-35.9 cm).

Experimental design

The first sampling was carried out on 67 plots in 2007 and
2017 to determine carbon sequestration. To extend the rep-
resentation area, another sampling was performed in 23
additional plots from different geographical regions in 2011
and 2017. Therefore, data was obtained from two sampling
periods, 2007-2017 and 2011-2017, 90 plots in total.

Plots were chosen for different aspects, elevation, slope
position, inclination and stand development. Thirty-five of
the 90 plots were moderately thinned (20-30% of the basal
area) in different years between the sampling periods by the
local forest authority. However, the timing and severity of
these interventions could not be firmly determined due to
the lack of data records.

Sampling procedure

The 100 to 200 m? plots were established were square or
rectangular in shape. During the initial sampling, diameter

Table 1 Site and stand characteristics of the sample plots (n=90)

Mean  Min. Max. SE

Stand properties
Stand age (year) 35 20 58 1
Basal area (m® ha™!) 31.8 13.6 91.6 1.5
Mean diameter (cm) 16.0 8.5 30.2 0.6
Mean height (m) 9.4 4.3 18.8 0.3
Stand density (tree ha™!) 1737 265 3600 73
Site index (H,q) (m) 12.7 7 20 0.3

Physiographic factors
Elevation (m) 1185 825 1700 239
Inclination (%) 18 1 75 1.6
Slope position (%) 49 0 100 3.4
Radiation index 0437 0.017 0983 0.04

Soil properties
Soil depth (A+B horizon) (cm) 34 14 60 0.9
Fine earth (kg m™) 915 329 1556 254
Stoniness (I m™) 180 17 400 10.2
Sand (kg m~3) 500 141 980 21.4
Silt (kg m™) 139 25 356 7.0
Clay (kg m~3) 276 43 680 17.8
Total lime (CaCO;, kg m™) 101 0 510 144
Organic carbon (g m™>) 8.4 32 17.7 0.3

n number of sample plots, SE standard error

at breast height, tree heights and age of five representative
trees in canopy were measured.

Slope position was calculated as a percentage in relation
to the length of the whole slope. Aspect was recorded as
azimuth (Q) measured from true north and converted to a
radiation index using the following:

RI = [1 — cos((x/180)(Q — 30))1/2 1)

where RI is radiation index (dimensionless); Q is azimuth
(degree)

This assigns a value of zero to an area that orients in
a north-northeast direction, (typically the coolest and wet-
test orientation), and a value of 1 to warmer, drier, south-
southwest facing slopes (Moisen and Frescino 2002; Aertsen
et al. 2010).

During the two sampling periods in each area, mineral
horizons were identified in 1-m deep soil pits at the same
point from which soil samples were taken (90 sampling
plots X 2 periods X 4—5 horizons =840 soil samples). In the
initial sampling in 2007 and 2011, soil samples were taken
with steel cylinders in two sets, one set was used to calcu-
late bulk density and coarse fragments while the second set
was used for analysis. During the second sampling in 2017,
disturbed soil samples were collected from the same points
only for analysis using bulk densities calculated from the
initial sampling. In years when soil sampling was carried
out, forest floor samples were collected from a 25x25 cm
area at different representative points (90 sampling plots X 2
periods X 4 repetitions =720 forest floor samples) without
considering the forest floor layers of leaf, fermentation and
humus. All weighting and analyses of forest floor samples
were performed separately on each replicate.

Analysis

Air-dried soil samples were crushed by mortar and pestle
and sieved through 2-mm screens. The volume of the stones
remaining on the screen was determined. Moisture was
measured at 105 °C and samples classified according to par-
ticle size with a hydrometer; total carbonate was measured
with a Scheibler calcimeter, and organic carbon determined
by the Walkley—Black wet oxidation method (Carter and
Gregorich 2008). Forest floor samples were dried at 65 °C
for 24 h, weighed and ground for analysis. Carbon fractions
were determined in the LECO CNH TruSpec elemental ana-
lyser (Leco Corporation, St. Joseph, MI, USA).

Data analysis

Equation 2 was used to determine soil organic carbon.
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J
SOC =) BD;x HT, x CF; x 10 )

where SOC is soil organic carbon (Mg ha™!), i and j rep-
resent mineral soil horizons, BD is bulk density (<2 mm)
(g/L), HT is horizon thickness (mm), CF is carbon fraction
of the soil horizon (%).

Oven-dried forest floor weights for a 25 X 25 cm area were
extrapolated to one hectare and multiplied by their carbon
concentration to calculate carbon stock.

Carbon stock changes in the soil and forest floor were
evaluated with the one-sample 7 test statistics using Egs. 3
and 4 (Hunt 1990). Annual carbon changes in the soil and
forest floor were converted to relative values and analysed.

RCAS = (InSOC2 —InSOC1)/(T2 - T1) 3)

RCAFF = (InFFC2 — InFFC1)/(T2 - T1) %)

where RCA is the relative carbon accumulation, ¢ the soil, ¢
the forest floor, In the natural logarithm, SOC the soil organic
carbon stock, FFC the forest floor carbon stock, 72—T71 the
time between two measurements (2007-2017 =10 years or
2011-2017 =6 years)

The differences in carbon sequestered in the forest floor
and the soil between thinned and unthinned stands were
assessed by analysis of variance (ANOVA). Duncan’s test
compared the means of carbon sequestered. The relationship
between annual organic carbon accumulated in the forest
floor and soil under unthinned plantations and stand charac-
teristics were assessed by correlation analysis. Results with
a value of a=0.05 were considered statistically different.
The SPSS package program was used for statistical analysis
(SPSS v.22.0° 2015).

Results and discussion
Carbon sequestration in forest floor and soil

Forest floor mass was 13.1-19.0 Mg ha™! in the sam-
ple plots in 2007-2017 while it was 23.4-26.0 Mg ha™!
in 2011-2017. The average forest floor sequestration
rate was 0.5 Mg ha~! a! (Table 2). Tolunay and Comez
(2008) reported that forest floor rates ranged from 6.2 to
82.4 Mg ha™! (27.9 Mg ha™!) in black pine plantations in
Turkey. Our results are consistent with their findings.

There was an overall increase in soil organic carbon in the
plots in 2017 compared to 2007 and 2011 (Table 3). Giiner
and Makineci (2017) also reported average soil organic car-
bon contents in Scots pine stands were 0.2-4.4% in 2003,
and 0.6-4.9% in 2013.

@ Springer

Table 2 Soil and forest floor properties in unthinned sample plots

N Mean Min. Max. SE
Fine earth Mgha™') 55 8999 3292 15,555 317
FFM (Mg ha™!)
2007 35  13.08  6.72 36.47 1.08
2017 35 1896  7.78 48.44 1.47
2011 20 2341 1165  38.17 1.79
2017 20 2595 1330  49.14 2.14

FFS (Mg ha~!'a™}) 55 052 —2.34 2.81 0.15

n number of sample plots, SE standard error, FFM forest floor mass,
FFS forest floor sequestration

Carbon concentration in the forest floor samples were
found to 49.9-48.6% in 2007-2017 while they were found
to 48.1-46.6% in 2011-2017. There was a slight decrease
in carbon concentrations over the periods (Table 3). Giiner
and Makineci (2017) likewise found a decline in forest floor
carbon concentrations from 2003 (42.8-52.8%) to 2013
(38.7-51.6%) in natural Scots pine forests in Turkey. The
decline in carbon levels over time was due to the decom-
position of the forest floor. Studies on coniferous species in
Turkey showed that forest floor carbon was 36.8-50.4% for
Scots pine (Comez 2012), 36.8-45.9% for cedar (Karatag
et al. 2017), 36.1-44.1% for maritime pine (Tolunay et al.
2017) and 35.6-45.8% fostone pine (Tolunay et al. 2017).
The results in this study are consistent with the results on
Scots pine, whereas the cedar, maritime pine and stone
pine results were higher. Forest floor carbon content var-
ies, depending on not only the species, but also site pro-
ductivity and degree of decomposition of the forest floor.
Furthermore, forest floor dynamics of stands at a rapid
development stage, i.e., from young to mature, may be dif-
ferent from those of over mature stands (Yildiz et al. 2011).
Therefore, forest floor characteristics of stands at a relatively
young stage may be expected to change over 10 years. On
the other hand, considering the turnover of forest floor, the
measurement of the carbon pool corresponds to a compari-
son between pools at a given time due to the fact that some
of the forest floor carbon is transferred to the soil. However,
the carbon dynamics of these ecosystems cannot be fully
understood only through the comparison between carbon
pools. For this reason, an accurate assessment can be made if
the input and output dynamics of these pools are considered.

Soil carbon stock in the unthinned plots was
85.84-85.96 Mg ha~! for 2007-2017 while it was
61.08-84.11 Mg ha™! for 2011-2017. Annual carbon seques-
tration was 1.47 Mg ha™! (Table 4). The amount of annual
organic carbon sequestrated was statistically significant
(P<0.001). In a review of black pine plantations in Turkey,
soil organic carbon ranged from 9.3 to 174.6 Mg ha™!, with a
mean of 65.1 Mg ha™! (Tolunay and Cémez 2008). The soil
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Table 3 Soil and forest floor carbon concentrations in unthinned sample plots (%)

ST H 2007 (n=35) 2017 (n=35) 2011 (n=20) 2017 (n=20)
n Mean Min. Max. SE Mean Min. Max. SE n Mean Min. Max. SE Mean Min. Max. SE
Cambisols Ah 15 5.6 23 176 1.3 3.1 09 63 04 7 29 1.6 44 04 33 1.8 55 05
Bv 15 15 09 24 01 15 0.5 23 01 7 14 0.4 1.9 02 1.7 0.5 25 03
BC 15 09 0.4 1.5 01 09 0.4 1.6 01 7 08 0.1 1.2 01 09 0.4 1.5 0.1
Cv 15 07 0.3 .5 01 07 0.3 12 01 7 06 0.1 1.1 0.1 08 04 14 0.1
Luvisols Ah 20 54 1.8 158 0.8 59 1.2 146 07 13 3.7 1.3 79 05 53 29 113 0.6
Ael 20 20 0.8 35 02 20 06 39 02 13 16 02 41 03 18 06 39 03
Bst 20 1.1 0.5 22 01 1.1 0.5 1.9 01 13 08 0.1 27 02 1.1 04 31 02
BC 20 0.7 0.3 1.6 0.1 08 0.3 1.7 0.1 13 05 0.1 1.3 0.1 08 0.3 22 02
Cv 20 05 0.1 1.1 0.1 0.7 0.2 1.8 0.1 13 03 0.1 09 0.1 06 0.2 1.1 0.1
FF 35 499 425 535 05 48,6 406 518 04 20 481 377 524 09 466 41.1 514 0.6

n number of sample plots, SE standard error, ST soil type, H horizons, FF forest floor

Table 4 Carbon stocks and sequestration rates of soil and forest floor
in unthinned plots

n Mean Min. Max. SE

SOC stock (Mg C ha™)

2007 35 8584 46.00  138.60 4.43

2017 35 8596 3652 13298 4.59

2011 20 61.08 19.64 139.80 6.78

2017 20 8411 4511 15332  6.51
SOCS Mg Cha™ta!)y 55 147 =280 641 032
FFC (Mg C ha™")

2007 35 643 354 1551 049

2017 35 9.05 394 2170 0.63

2011 20 1129 529 19.56 091

2017 20 1198  6.83 2256 0.95
FFCS Mg Cha'a!) 55 020 —1.24 120 0.07

SOC soil organic carbon, SOCS carbon sequestered in soil, FFC for-
est floor carbon stock, FFCS carbon sequestration in forest floor

organic carbon in this study was in the similar range. There
are several studies that report on soil organic carbon (Berger
et al. 2002; Korkang 2014; Makineci et al. 2015). However,
their results widely vary, possibly due to differences in the
depth and bulk density of the soils. In a study to determine
annual rates of carbon sequestration in natural Scots pine for-
ests in Turkey, Giiner and Makineci (2017) reported a value
of 2.88 Mg ha™! a~!. The value was twice that of our find-
ings. This difference is may be due to possible differences
between the two species and in the way the forests were
established. In a study of second generation humid tropical
forests in Costa Rica, the rate of soil carbon sequestration
was 1.1 Mg ha™! a™! (Fonseca et al. 2011). In two different
Scots pine ecosystems in Germany, soil carbon sequestration
rates were 0.2 and 0.4 Mg ha=! a=! (Prietzel et al. 2006).
Moreover, the studies conducted in Germany demonstrated

that soil carbon sequestration was 0.4 Mg ha~! a~! in the
first 30-cm layer (Griineberg et al. 2014; Wellbrock et al.
2017). Lettens et al. (2005) reported that the annual rate of
soil carbon sequestration was 1.0 Mg ha™! in Belgium conif-
erous forests. The annual carbon sequestration rates were
2.2-2.5 Mg ha~! in upper 30-cm soil layer in a Sitka spruce
forest in Ireland (Black et al. 2009). In a study conducted
in spruce-fir forests in southeastern United States, annual
carbon sequestration rates were 1.0—1.4 Mg ha™! in the top
50-cm soil layer (Miegroet et al. 2007). In this study, soil
organic carbon sequestration rates are, overall, consistent
with those of the abovementioned studies. However, soil
organic carbon sequestration is highly variable. For example,
it increases initially with the wastes after silvicultural thin-
nings, whereas it may decrease depending on the decline in
litterfall and amount of fine roots. In addition, soil and litter
carbon stocks may increase after stand closure until a bal-
ance is reached, while the annual rate of sequestration may
decrease as the stand ages. Eker et al. (2013) reported that
the rate of forest floor carbon sequestration decreased from
the seedling stage to the thicket stage in natural brutian pine
forests, and then increased, reaching a maximum level dur-
ing the polewood stage; litterfall and rates of decomposition
were balanced during the over mature stage.

Research on growth models for black pine plantations in
Turkey, the average increment was 5.6 m> ha=! in a stand
with a mean age of 35 years. This was also the result in
this research with a moderate density (792 trees ha™') and
average site class II (Yavuz et al. 2004). In another study
to determine carbon stocks in black pine plantations, the
biomass conversion and expansion factor (BCEF) was
0.613 Mg m~>, root to shoot ratio 0.179, and weighted
carbon of total tree mass was 53.8% (Giiner and Comez
2017). According to these results, the annual rate of carbon
sequestration in aboveground and belowground biomass
is 2.17 Mg ha~! in black pine plantations. Therefore, soil
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carbon sequestered in unthinned plantations was approxi-
mately 70% of the annual carbon sequestered. This suggests
that carbon accumulation in the soil should not be ignored
in greenhouse gas inventories.

Forest floor carbon stock was 6.4-9.1 Mg ha~! for
2007-2017 and 11.3-12.0 Mg ha™! for 2011-2017 (Table 4).
In the black pine plantations, the amount of carbon that
accumulated in the forest floor was 0.20 Mg ha~! a~!, which
is statistically significant (P <0.001). Berg et al. (2007) also
reported a similar carbon sequestration value for forest floor
to our result, with a mean of 0.18 Mg ha~! a~!' in Swed-
ish forests. Barcena et al. (2014) found that annual carbon
sequestration rate by forest floors in northern European
forests was 0.35 Mg ha™! a™! for coniferous forests, and
0.10 Mg ha~! a™! for broadleaved and mixed forest floors
after afforestation. Our results on the annual rate of forest
floor carbon sequestration are consistent with those of the
above studies. Annual rate of forest floor carbon seques-
tration was 0.02 Mg ha™!' a~! in natural Scots pine forests
in Turkey, which was statistically insignificant (Giiner and
Makineci 2017). This was possible because forest floor
decomposition in the ecosystem might be at an optimum
level. The difference between these two studies in Turkey
may be the result of differences between species, habitats
and establishment methods.

Effects of thinning on carbon sequestration

Thinning of black pine plantations did not have a significant
effect on forest floor mass and carbon stock but significantly
affected soil carbon. The rates of soil carbon sequestration
in thinned plots were lower than in unthinned ones (Fig. 2).
In other words, silvicultural thinnings decreased the annual
rate of soil carbon sequestration. This may be the result of
living biomass decline after thinning. In fact, carbon inputs
into the soil are primarily through litterfall (Pausas 1997)
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and fine root decomposition (Berg and McClaugherty 2003).
However, research on this topic is variable. For example,
there was no difference in soil and forest floor characteris-
tics 5 years after thinning at varying degrees in Scots pine
stands at the young stage (Tolunay 1997). It has also been
reported that thinning operations at varying degrees in Scots
pine plantations did not affect organic and mineral soil car-
bon stock (Ruiz-Peinado et al. 2016). Similarly, in a study
in Scots pine populations in southern Europe, light and
moderate thinning did not affect soil and forest floor carbon
stock (Bravo-Oviedo et al. 2015). In oriental beech stands
at thicket stage, thinning did not affect soil organic carbon
concentrations (Tufekcioglu et al. 2005). In red pine (Pinus
resinosa Ait.) and broadleaved stands, thinning operations at
varying degrees did not affect the upper 30 cm soil layer and
forest floor carbon stocks (Jurgensen et al. 2012). Light and
heavy thinning of maritime pine stands did not affect organic
and mineral soil carbon sequestration rates compared tocon-
trol plots (Ruiz-Peinado et al. 2013). However, in a study
by Makineci (2005) in sessile oak (Quercus petraea (Matt.)
Liebl.) coppice forests, soil organic carbon levels increased
with the intensity of thinning operations 8 years later, while
total forest floor carbon sequestration decreased. Besides,
he concluded that soil organic carbon increased because the
organic matter was carried deep into the soil from the forest
floor. In addition, the author observed that the upper portions
of the better developed herbaceous cover turned into litter
after thinning, and attributed the decrease in the litter mass
to the increased litter decomposition after thinning.

Relationship between carbon sequestration and stand
properties

Basal area was positively correlated with forest floor mass
and the amount of carbon sequestration in unthinned planta-
tions (Table 5). This is one of the most important indicators
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Fig. 2 Mean = standard error of carbon sequestered in forest floor and soil in thinned and unthinned plots (different letters indicate significant
differences at a=0.05, FFS: forest floor sequestration, FFCS: carbon sequestration in forest floor)
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Table 5 Relationships between stand characteristics and organic carbon sequestration in forest floor and soil in unthinned sample plots

Stand age Basal area Mean diameter Mean height Stand density Site index

(year) (m>ha™) (cm) (m) (tree ha™h) (H40, m)
FFS (Mg ha~!'a™!) —0.062" 0.354%* 0.120™ 0.160™ 0.023"™ 0.094"
FFCS (Mg C ha™'a™!) —0.105™ 0.320% 0.076" 0.118™ 0.055™ 0.100"™
SOCS (Mg C ha'a™h) 0.347%* 0.273* 0.553%* 0.383** —0.450%* 0.492%*

ns non-significant, FFS forest floor sequestration, FFCS carbon sequestration in forest floor, SOCS carbon sequestration in soil

*P<0.05, ##P<0.01

of biomass in a unit area. As basal area increased, litterfall
and annual forest floor carbon sequestered also increased.
Clark et al. (2001) reported a similar relationship between
aboveground biomass and annual litterfall in tropical forests.
A significant relationship between stand basal area and lit-
terfall was reported for brutian pine forests in Turkey (Erkan
et al. 2018). In a study of natural Scot pine forests, basal area
and site index explained 67% of the variation in litterfall
(Comez et al. 2019).

Soil organic carbon sequestration had a positive relation-
ship with stand age, mean stand diameter and height, site
index and basal area, while it was negatively related with
the number of trees (Table 5). With regards to these rela-
tionships, as the stand ages, competition between the trees
and the number of trees after thinning decreases. Starting
from the establishment of a plantation, basal area, average
stand diameter, and height increase as the stand ages, and
also results in an increase in stand biomass. Aboveground
and belowground biomass increases also lead to higher lit-
terfall and greater decomposition of fine roots, which will
increase soil organic carbon. Likewise, in eastern cotton-
wood (Populus deltoides Bartr. ex Marsh) plantations, soil
organic carbon stock increased with tree age upper 30-cm
layer was 0.75 Mg ha™! a~! in 7-year old stands, while it was
1.81 Mg ha! a=!in 11-year old stands (Arora et al. 2014).
In a study in second generation humid tropical forests in
Costa Rica, a positive relationship was found between soil
carbon accumulation and stand age (Fonseca et al. 2011).
The positive relationship between site index and annual soil
organic carbon accumulation was due to faster growth rates
on fertile habitats, and thus there was more organic matter
input into the soil and organic matter decomposition was
close to the optimum level.

Conclusions

Significant amounts of carbon are stored in the soil and
forest floor in the unthinned forests. These sequestrations
should be included in greenhouse gas inventories; otherwise,
carbon stocks will be underestimated.

Thinning had a considerable effect on soil organic carbon
sequestered. Therefore, heavy thinnings should be avoided
in forest management plans in which carbon sequestration
is an objective, and the intervals between the silvicultural
thinnings should be extended.

As the stand biomass increased, soil and forest floor
organic carbon sequestration also increased. Thus, areas
with the best habitat conditions should a priority for planta-
tion establishment for the purpose of carbon sequestration.

Under this scope, there is a need for further research
regarding the effects on the carbon budget and changes in
forest ecosystems and forestry practices on carbon manage-
ment in the ecosystem.
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