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Abstract As a component of the biogeochemical
cycle, litterfall contributes carbon and nutrients to
forest ecosystems by transferring organic material to
mineral soil. Litterfall therefore serves as an impor-
tant indicator for soil fertility and ecosystem health.
This study aimed to determine the impact of differ-
ent levels of thinning (light, moderate, and heavy)
on litterfall quantity (needles, branches, bark, cones,
and miscellaneous parts) and on the amount of car-
bon and nutrients entering the ecosystem in black
pine afforestation areas. Three levels of low thinning,
namely light, moderate, and heavy thinning (15%,
25%, and 35% of breast height area, respectively),
were applied as treatments. Additionally, a control
plot was included in the experiment. Litterfall sam-
ples were collected four times per year (once per
season) from 12 treatment plots for three years. In
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the laboratory, dry weight measurements and analy-
ses of carbon and macro—micro nutrient elements
(N, P, K, Ca, Mg, S, Na, Fe, Cu, Zn, and Mn) were
performed on litterfall samples taken from the field.
Differences between treatments in terms of litter-
fall and the amount of carbon and nutrient elements
entering the ecosystem were evaluated through vari-
ance analysis and the Duncan test. According to the
findings, the quantity of litterfall input into the for-
est floor was highest in the control treatment, at
6,543 kg ha™! year™! and lowest in the heavy treat-
ment, at 4,378 kg ha~! year™!, showing a signifi-
cant variation in litterfall quantity. The input of C
to the soil ranged between 2,233 kg ha™! year~! and
3,347 kg ha™! year™! depending on thinning treat-
ment. Although thinning treatment reduced C input
to the soil, there was no significant difference among
treatments. This also applied to nutrient elements
such as N, P, K, Mg, and S. Needles constituted the
majority of litterfall components (60%) and had the
highest C density among all components, at 51.2%.
The weighted carbon ratio for litterfall was calculated
at 50.8%. Considering carbon-focused planning, per-
forming moderate thinning interventions in the study
area or similar pine-afforested areas may be a suitable
option for maintaining the sustainability and health of
the forest.

Keywords Litterfall - Thinning - Carbon - Nutrient
content - Silviculture - Pinus nigra
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Introduction

The organic matter that falls to the forest floor, known
as litterfall, plays a vital role in maintaining healthy
forest ecosystems. It is a critical component of the
nutrient cycle, contributing to the accumulation of
soil organic matter and nutrient input and output, as
well as supplementing nutrients (Caldentey et al.,
2001). Additionally, litterfall helps to preserve bio-
logical diversity by providing habitat for invertebrates
and fungi and other essential ecosystem functions
(Giweta, 2020). By connecting the canopy of trees
to the underlying soil, litter materials enrich the soil
with nutrients stored within their biomass, ultimately
contributing to tree growth and boosting forest pro-
ductivity (Pitman, 2013). In natural ecosystems, lit-
terfall generates a significant quantity of organic
material that undergoes a recycling process back into
mineral soils (Qin et al., 2019).

Approximately one-third of the annual carbon
sequestration is known to occur through the inter-
mediary of litter materials, which constitute the for-
est floor and are transferred to the soil (Neumann
et al., 2018). Monitoring litterfall provides a means
to assess the health of the forest (Tobin et al., 20006;
Ukonmaanaho et al., 2020). Therefore, understanding
the nutrient flows of litter in forests across different
ecosystems and their temporal variation is vital for
ecological restoration and forestry practices (Shen
et al., 2019; Wei et al., 2012). Determining the quan-
tity of carbon accumulated in the ecosystem is also
a crucial area of research in light of global climate
change (Koray & Tolunay, 2020). Forest ecosystems
are becoming increasingly important for policy mak-
ers due to their potential in carbon sequestration and
thus in combating climate change (Beedlow et al.,
2004; Bonan, 2008). Forests play a critical role in
carbon sequestration and litterfall contributes to
approximately 4-6% of the total forest carbon content
at both the stand and global scales (Pan et al., 2011;
Rodriguez-Ortiz et al., 2012).

As stipulated by the United Nations Framework
Convention on Climate Change (UNFCCC), party
countries are obliged to conduct greenhouse gas
inventories for agriculture, forestry, and other sectors
(Agreement, 2015). In these inventories, the amount
of emissions from these sectors and the amount of
greenhouse gases bound in these sectors are deter-
mined. In accordance with the agreements to which
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Tiirkiye is a party, Tiirkiye conducts greenhouse gas
inventories at the national level and reports its emis-
sions and carbon sinks areas by sector to the United
Nations. In determining the carbon budgets of forest
ecosystems, the focus has mostly been on methods
based on the annual amounts of organic matter such
as leaves, branches, bark, cones, and so forth, and the
monitoring of their decomposition rates. For this rea-
son, determining the carbon input to the soil through
litterfall is important when calculating annual carbon
accumulation (Comez et al., 2019).

To assess the sustainability of forest management,
information on the effects of silvicultural practices
on carbon and nutrient cycling processes is needed
(Kimmins, 2004). This is because silvicultural inter-
ventions that affect forest canopy density are thought
to reduce the amount of litterfall and nutrients reach-
ing the soil (Blanco et al., 2008). Depending on the
intensity of these practices and the duration of the
rotation period, they have been reported to lead to
a long-term decrease in soil nutrient availability
(Blanco et al., 2005).

Pinus nigra Arnold subsp. pallasiana (Lamb.)
Holmboe (black pine) covers an area of 4,077,616 ha
in Tiirkiye and has a 34.8% share in the distribution
of coniferous species (GDF, 2022). It is the second
most important pine species after Pinus brutia Ten.
(Calabrian pine) in terms of distribution area and
wood production and is widely used in afforestation
works. In Tiirkiye, forestry practices for timber pro-
duction are predominantly carried out in naturally
growing areas and no action is taken to preserve or
maintain the productivity of the site. Studies on how
silvicultural practices in forest ecosystems affect the
quantity and nutrient content of litterfall compo-
nents are also scarce. Research on litterfall has been
conducted according to stand type, in commercially
important tree species and in natural forests (Cakir
& Akburak, 2017; Comez et al., 2019, 2021; Erkan
et al., 2018, 2020; Kara et al., 2014; Kiracioglu et al.,
2023; Koray & Tolunay, 2020; Kutbay & Horuz,
2001; Tiifekcioglu et al., 2005). Studies investigat-
ing the effects of different thinning intensities on lit-
terfall quantity have been carried out in various tree
species, both in Europe and other parts of the world
(Baek et al., 2022; Blanco et al., 2006a; Jiménez &
Navarro, 2016; Kim, 2016; Lado-Monserrat et al.,
2016; Navarro et al., 2013; Pérez-Alavez et al., 2021;
Roig et al., 2005; Sariyildiz et al., 2023; Segura et al.,
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2017). However, there is a lack of knowledge on the
effect of different thinning intensities on litterfall
quantity in black pine afforestation sites in Tiirkiye.
This study aimed to determine the impact of vari-
ous thinning intensities on the amount of litterfall and
the amount of carbon and nutrients entering the forest
floor in areas afforested with black pine in Tiirkiye.

Materials and methods
Study area

The study was carried out between 2018 and 2021 in
black pine plantations established in 1970 in Akdag
National Park (36.0239625-36.4250973° N and
36.0239725-36.4250873° E) located in the Central-
Western Anatolia Region of Tiirkiye (Fig. 1). The
elevation of the study area is 1,495 m above sea level.

WOVE 0 15 30 60 90 120 NOE

Fig. 1 Location of the study area

The bedrock of the study area is sericite schist
and the soil type is brown forest soil (Cambisol)
(IUSS Working Group WRB, 2006). The shrub spe-
cies found in the study area were Juniperus oxyce-
drus subsp. oxycedrus L., Rosa canina L., Cratae-
gus monogyna subsp. monogyna Jacq., and Berberis
crataegina DC. (Giiner et al., 2016).

Annual total precipitation is 677 mm, annual
average temperature is 8.4 °C, and annual aver-
age maximum temperature is 24.3 °C for the study
area (GDM, 2022). According to the Thornthwaite
method, the climate of the study area is humid,
mesothermal, and has a large water deficit in sum-
mer (climate type B1 B1” s2 b3”). Meteorological
data were obtained from the meteorological station
(1,490 m altitude) located in Akdag National Park,
1 km from the experimental area.
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Experimental design and sampling procedure

The study administered light, moderate, and heavy
low thinning as treatments and included a control
plot. The experiment was conducted in three rep-
lications with plot sizes of 20X20 m. Dendromet-
ric measurements were performed in each plot as
a prerequisite to the silvicultural operations. The
treatment plots underwent interventions resulting
in the removal of 15%, 25%, and 35% of the basal
area in the light, moderate, and heavy treatments,
respectively. Buffer areas of 10 m in width were left
between the experimental plots, in which moderate
treatment was applied. The research site comprised
12 treatment plots, within which we installed 60 traps
(5 per plot) to capture litterfall material (needles,
twigs, bark, cones, etc.) and estimate litterfall quanti-
ties in the experimental plots. These traps consisted
of 0.5%0.5 m frames with 0.5 mm mesh polyester
netting and were situated about 1 m above the ground
level.

Litterfall materials were collected on the last day
of each season, consisting of three-monthly peri-
ods (December to February, March to May, June to
August, September to November) to adequately rep-
resent each season. The sampling was maintained for
three years, from December 2018 to November 2021.
This process yielded 720 litterfall materials acquired
from a combination of treatments, replicates, seasons,
and components (4 treatments X3 replicates X4 sea-
sons X 3 years X 5 components =720 samples).

Laboratory analysis

The litterfall material samples were collected from the
field and brought to the laboratory, where they were
separated into their components: needles, twigs, bark,
cones, and other parts called as miscellaneous which
included flowers, buds, resins, seeds, etc. The samples
were dried at 65 °C to constant weight (approx. 24 h)
and then weighed to determine mass. For the analy-
sis, samples of litterfall collected from 5 traps in each
treatment plot were merged to create a single com-
bined sample for that particular treatment plot. The C
content in the litterfall samples was analyzed using the
dry combustion method by the LECO CNH elemen-
tal analyzer (Leco Corporation, St. Joseph, MI, USA),
and N was determined using the Kjeldahl method (Foss
Tecator, 2014) by the FOSS 8400. The S content was
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analyzed using the turbidimetric method and Na and K
content was measured with a Jenway PFP 7 flame pho-
tometer. The Ca, Mg, Fe, Cu, Zn, and Mn content was
determined with a Shimadzu 6601-F atomic absorption
spectrometer (Kacar & Inal, 2008). Analyses were per-
formed separately for each component of the litterfall
material and for the periods of collection.

Data analysis

Seasonal changes in litterfall were assessed by collect-
ing litterfall during each season. The annual litterfall
was determined by calculating the average of litterfall
amounts obtained in 2019, 2020, and 2021. The quan-
tity of carbon and nutrients in the traps was determined
by multiplying the litterfall collected in the traps in the
sampled areas by the respective concentrations (%) of
carbon and nutrients from the laboratory analysis. The
calculated values were then converted to hectares using
the hectare conversion factor to estimate the amount of
litterfall in one hectare and thus the amount of carbon
and nutrients added to the forest floor.

A specific Eq. (1) from Erkan and Giiner’s (2018)
study was applied to determine the weighted carbon
and nutrient densities of total litterfall for black pine
plantations:

5 (ccci * cbi)

wee = Zi:lT (1)

where wcc is the weighted carbon and nutrient con-
tent of total litterfall (%), ccc; is the carbon and nutri-
ent concentration (%), i is the associated litterfall
component, and cb; is the ratio of component mass to
total litterfall mass (%).

Equation (2) was used to calculate the above-
ground biomass of the trees in the experimental areas.
The root biomass was determined using a root/shoot
ratio of 0.179 and Eq. (3) was used to calculate the
total tree biomass (Giiner & Comez, 2017). The val-
ues obtained were converted to hectares and the tree
biomass in an area of one hectare was determined.

AGB = 4.9953 x 1.1560"" (R* = 0.952, SE = 0.300)
(@)
TB = 5.9275 x 1.1556"" (R* = 0.951, SE = 0.300)
3
where AGB is above-ground tree biomass (kg/tree),
TB is total tree biomass (kg/tree), dbh is diameter at
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breast height (cm), R? is the coefficient of determina-
tion, and SE is the standard error.

The differences between treatments in terms of the
amount of litterfall components, carbon and nutri-
ent concentrations, and the amount of carbon and
nutrients entering the forest floor, and the differ-
ences between sampling periods and sampling years
in terms of the amount of litterfall, were evaluated
by an analysis of variance (ANOVA). If significant
differences were found as a result of the ANOVA,
Duncan’s test was applied, and similar groups were
identified. The correlation analysis examined the rela-
tionship between stand characteristics and the amount
of litterfall. Results showed a statistically significant
difference at the a=0.05 level. Statistical analysis
was performed using the SPSS software package
(SPSS, 2015).

Results and discussion
Stand characteristics

Five years after implementing the thinning treatments,
significant differences (P <0.05) were found between
treatments in terms of the number of trees, basal area,
above-ground biomass, root biomass, and total bio-
mass, while no significant differences (P> 0.05) were
found in terms of stand average diameter and height.
The number of trees, basal area, above-ground bio-
mass, root biomass, and total biomass were highest in
control plots and lowest in the heavy treatment plots
(Table 1).

Table 1 Changes in stand characteristics according to treatments five

Relationship between litterfall and stand and climate
characteristics

The relationships between the amount of litterfall
components and stand and climatic characteristics are
given in Table 2. A positive correlation was found at
the 0.01 significance level between the quantity of lit-
terfall components (needles, branches, bark, miscella-
neous, and the total litterfall) and stand characteristics
(basal area, volume, and above-ground biomass). In
the correlation analysis in which litterfall components
and climatic characteristics were analysed, a nega-
tive correlation at a 0.01 significance level was only
found between the amount of needles and total pre-
cipitation, while insignificant correlation was found
between maximum temperature, minimum tempera-
ture, and average temperature. No significant correla-
tion was found between the amount of branches and
climatic characteristics. Positive correlations were
found between the amount of bark and other climatic
characteristics (except for total precipitation) at a 0.01
significance level. The litterfall components, cones,
miscellaneous material, and total litterfall quantity
were negatively correlated with total precipitation
and positively correlated with other climatic charac-
teristics (Table 2).

We determined that the accumulation of for-
est floor was higher in black pine plantation areas
with no thinning treatment (control) than in areas
with treatment applied (light, moderate, and heavy)
and found a positive correlation between basal area
and the amount of annual accumulation of forest
floor. Basal area is the main indicator of biomass

years after thinning (Mean + SE)

Stand characteristics Thinning treatments Fvalues P
Control Light Moderate Heavy

Stand age (year) 52 52 52 52

Average diameter (cm) 28.5+0.8a 30.5+1.1a 30.6+0.6a 30.8+1.5a 1.030 0.429

Average height (m) 17.1+1.1a 17.5+0.8a 17.2+0.2a 16.7+1.5a 0.132 0.938

Number of trees (tree ha™") 858 +41.6¢ 600+ 75b 492 +50.7ab 408 +8.3a 15.303 0.001

Basal area (m” ha™") 55.7+3.3¢ 43.9+3.4b 36.6+2.4ab 31.2+2.4a 13.291 0.002

AGB (Mg ha™!) 353.4+26.7b 314.6+16.3ab 255.1+11.9a 230.7+40.8a 4475 0.040

Root biomass (Mg ha™") 63.3+4.8b 56.3+2.9ab 457+2.1a 413+7.3a 4475 0.040

Total tree biomass (Mg ha™!) 414.8+31.3b 369.1+19.0ab 299.3+14.0a 270.6+47.8a 4.504 0.039

AGB above-ground biomass. Data are presented as the mean value +standard error. The same letters in the rows indicate similar

groups with no significant difference (P >0.05). P: significance level
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Table 2 Correlation coefficients and significance levels of the relationships between litterfall components and stand and climate

characteristics

Stand and climate characteristics

Litterfall components (kg ha™!)

Needles Branches Bark Cones Miscellaneous Total

Basal area (m> ha™") 0.662"" 0.540™ 0.681°" 0.075™ 0.573" 0.467"
Volume (m® ha™") 0.633" 0.551"" 0.712" 0.091™ 0.575™ 0.465™
AGB (Mg ha™") 0.589"" 0.492"" 0.560™" 0.068™ 0.582" 0.420"

Max. temperature (°C) 0.108™ -0.055™ 0.279" 0.338™ 0.504™ 0.358™
Min. temperature (°C) 0.117™ -0.058 ™ 0.314™ 0.323" 0.460™ 0.354"
Average temperature (°C) 0.094 ™ -0.055™ 0.342" 0.352" 0.514™ 0.360"
Total rainfall (mm) -0.301" -0.004 ™ -0.091™ -0.187" -0.221™ -0.393"

AGB above-ground biomass, ns not significant, *: P <0.05, **: P <0.01

per unit area and increases in basal area per hec-
tare lead to an increase in the amount of litterfall
(Gtiner & Giiner, 2021; Kiracioglu et al., 2023).
Likewise, in Tiirkiye, Erkan et al. (2018) found
significant relationships (R®*=0.7583) between
stand basal area and litterfall for Calabrian pine. In
other words, the total amount of litterfall decreased
with the removal of above-ground biomass from
the area and similar results were obtained in previ-
ous studies on different tree species (Blanco et al.,
2006b; Novak & Slodicak, 2006; Roig et al., 2005).
Furthermore, Clark et al. (2001) reported that in
tropical forests, significant positive relationships
were found between above-ground tree mass and
the amount of annual litterfall. In the study con-
ducted by Koray & Tolunay, (2020) in black pine
forests, the relationship between above-ground tree
mass and the amount of litterfall was R>=0.4071,
while this value was R?=0.1764 in our study. In
our study, we found a negative correlation between
total litterfall and precipitation and a positive cor-
relation between total litterfall and average temper-
ature, which is in line with the values reported by
Erkan et al. (2018). This can be explained by the
combined effect of temperature and precipitation
on litterfall. In other words, higher temperatures
trigger litterfall, while higher precipitation reduces
it. A relative increase in temperature and a relative
decrease in precipitation together lead to litterfall
increase. Drought stress may be the main reason
behind the effect of temperature on litterfall.

@ Springer

Effect of thinning on litterfall quantity

Thinning treatments of varying intensity resulted in
significant differences (P <0.05) in the amounts of
litterfall components (except for cones). The heavy
treatment plots recorded the lowest total litterfall
of 4,378 kg ha™! year™!, while the control plots had
the highest total litterfall, at 6,543 kg ha™' year™'. It
was evident that the overall litterfall decreased with
increasing thinning intensity. The control treatment
plot had the highest amount of needle drop, while the
treatment plots with heavy thinning had the lowest.
Branch drop was most prevalent in the control treat-
ment plots and least prevalent in the moderate treat-
ment plots. There were significant differences in bark
drop between the control treatment and the heavy and
moderate treatments. The amount of cones did not
differ significantly among treatments (P> 0.05). The
difference in litterfall of miscellaneous parts among
the control, light, and heavy treatments was signifi-
cant. Significant differences were found only between
the control and heavy treatment plots (P <0.05) when
comparing the total amount of litterfall among treat-
ments. Needles showed the highest presence of all the
litterfall components in all treatment plots, compris-
ing 64%, 58%, 60%, and 58% of total litterfall mate-
rial in the control, light, moderate, and heavy treat-
ment plots, respectively (Table 3).

The basal area of the remaining stand after thin-
ning manipulations ranged from 31.2 m? ha™! to 55.7
m? ha™!. In a study conducted by Lado-Monserrat
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Table 3 Changes in annual litterfall by components according to the thinning treatments [Mean + SE (%)]

Thinning  Litterfall components (kg ha™' year™)
Needles Branches Bark Cones Miscellaneous  Total
Control 4180 b+297 (63.9) 243b+82 (3.7) 294 b +46 1179 a+356 (18.0) 644 b+63 6543 b+ 691
4.5) 9.9)
Light 3346 a+283 (57.9) 143 ab+41(2.5) 194ab+35(3.4) 1447a+505(25.1) 641b+35 5773 ab+810
(11.1)
Moderate 2900 a+290 (59.8) 41 a=+12(0.8) 146 a+29 1226 a+345 (25.3) 535ab+43 4849 ab + 633
3.0) (11.1)
Heavy 2530a+198 (57.8) 98 ab+26 (2.2) 135a+29 1135a+412(259) 479a+35 4378 a+587
(3.1 (11.0)
F values 6.908 3.133 3.640 0.114 3.185 1.977
P <0.01 <0.05 <0.05 >0.05 <0.05 <0.05

Data are presented as the mean value + standard error and (%) values show litterfall components in total litterfall. The same letters in
the columns indicate similar groups with no significant difference (P >0.05)

et al. (2016), an examination of litterfall in Aleppo
pine (Pinus halepensis Mill.) showed that the
total litterfall (excluding miscellaneous parts) was
2,057 kg ha™! year™! in the area where 60% thinning
was applied and 2,912 kg ha™' year™! in the control,
which was less than the litterfall in the control and
heavy treatment plots in our study. The variability in
the amount of litterfall may be due to differences in
the intensity of treatments applied to the stands and
the number of trees per hectare following manipula-
tion. Kim (2016) conducted a study on Japanese red
pine (Pinus densiflora Sieb. & Zucc.) that showed
that as basal area increased, the amount of needles,
bark, and total litterfall also increased, consistent with
our findings. In our study, the quantity of branches
and miscellaneous materials, such as flowers, seeds,
and resin, increased as the basal area increased, but
the quantity of cones showed no significant differ-
ence. This finding can be attributed to the possibil-
ity that the cone component is more susceptible to
climatic events, such as storms or heavy winds, than
the basal area. According to a research carried out in
Spain, the impact of thinning on litterfall may vary
between study sites depending on the intensity of
thinning (Blanco et al., 2006a). Additionally, a study
conducted in Tiirkiye found that the effect of thinning
treatments on litterfall was more significant in mature
stands than in overmature stands (Comez et al.,
2019). Various researchers have found that there is
an annual litterfall rate ranging from 1,760 kg ha™' to
4,100 kg ha~! in stands of Scots pine (Pinus sylves-
tris L.) with a basal area ranging from 35 m? ha™! to

65 m® ha™! (Pausas, 1997; Santa Regina & Gallardo,
1989). Kim’s (2016) study on Japanese red pine
with basal area ranging from 21.4 m? ha™! to 46.7
m? ha™! reported a total litterfall rate ranging from
2,910 kg ha™! year™! to 4,528 kg ha™' year™'. Baek
et al. (2022) found that total litterfall ranged from
3,653 kg ha™! year™! to 5,638 kg ha™! year™! in Japa-
nese red pine with and without thinning (Basal area:
29 m? ha! and 42.5 m? ha™"), respectively. In com-
parison to our findings, the amount of average annual
litterfall obtained in both studies on Japanese red
pine was found to be lower. According to Zhang et al.
(2014), the annual litterfall amount varies between
3,000-11,000 kg ha~! year™! depending on the for-
est ecosystem type. The difference in the amount of
litterfall in the studies can also be explained by the
variability of forest types, forest management prac-
tices, and tree species (Erkan et al., 2020). Cakir and
Akburak (2017) also noted that litterfall quantities
can differ depending on the biome and specific loca-
tion. However, in a distinct investigation conducted
at an alternative site within a black pine forest, Cakir
et al. (2023) documented the needle drop quantity
as 2,484 kg ha~! year ~!. This finding aligns with
the observed needle drop quantity in corresponding
stands, as evidenced by our study, which recorded a
respective value of 2,530 kg ha™! year ~!.

In our study, we found that black pine litter-
fall material was composed of 60% needles, 2%
branches, 4% bark, 23% cones, and 11% miscella-
neous litterfall types (Fig. 2). Needles were iden-
tified as the most prevalent litterfall component,
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Fig. 2 Distribution of lit-
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representing for 60% of total litterfall, which is
lower than the world average of 70% (Meentemeyer
et al., 1982). Koray and Tolunay (2020) found that
the fraction of needles in the total litterfall material
in black pine was 53%, cone fraction 25%, and the
miscellaneous fraction 11%; similar results were
obtained in our study. In Aleppo pine, the propor-
tion of needles to the total litterfall varied between
50-77% (Garcia-Plé et al., 1995; Jiménez & Nav-
arro, 2016). Erkan et al. (2020) found that the ratios
of needles, branches, bark, cones, and miscellane-
ous materials were 71.4, 4.0, 9.1, 3.5, and 12.1%
of the total litterfall, respectively, in a study of
Calabrian pine. The needle ratios reported in these
studies are effective in understanding and analyz-
ing total litterfall. Additionally, variations in the
ratios of litterfall components among species can

be clarified by differences in genetic characteristics
and growing conditions of the species.

Quantity of litterfall components across seasons

Significant differences in the amounts of litterfall
components (P<0.001) were observed during the
sampling periods. The highest amount of litterfall
was recorded in the fall season, at 1,942 kg ha~! and
the lowest amount of litterfall was determined in win-
ter, at 952 kg ha™! (Table 4). The total amount of lit-
terfall components varied significantly between the
fall and summer seasons and the winter and spring
seasons. When analyzing the total amount of needle
litterfall across seasons, it was determined that the
highest amount occurred during the fall, while the
lowest in spring. Significant differences in the branch

Table 4 Changes in litterfall by components according to the seasons [Mean + SE (%)]

Seasons Litterfall components (kg ha™")
Needles Branches Bark Cones Miscellaneous Total

Winter 716.8 b+60.1 38.1a+7.3 40.5a+3.3 56.3a+14.3 100.7 a+8.7 952.0a+75.3
(75.3) 4.0) 4.3) 5.9 (10.5)

Spring 1329a+12.1 28.7a+6.7 333a+4.1 4942b+932 142.8 b+10.8 831.7a+108.4
(16.0) (3.4) 4.0) (59.4) (17.2)

Summer 6743 b+53.2 28.2a+10.3 86.3b+11.5 627.5b+99.6 2438 c+16.1 1660.1 b+ 136.8
(40.6) (1.7) 5.2) (37.8) (14.7)

Fall 1715.7 ¢+94.6 36.7a+12.1 324a+5.2 69.8a+17.9 87.7a+6.4 19423 b+118.9
(88.3) (1.9) 1.7 (3.6) 4.5)

F values 111.935 0.307 14.167 17.884 40.849 23.111

P <0.001 >0.05 <0.001 <0.001 <0.001 <0.001

Data are presented as the mean value + standard error and (%) values show litterfall components in total litterfall. The same letters in
the columns indicate similar groups with no significant difference (P> 0.05)
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component were observed across seasons. Similarly,
significant differences were found in the bark compo-
nent when comparing summer to other seasons. The
amount of cones that fell during spring and summer
was significantly higher than during other seasons.
A comparison between the amounts of miscellane-
ous litterfall components according to the seasons
(Table 4), indicates that the summer season had the
highest litterfall amount, while the fall season had the
lowest.

According to the seasonal results of litterfall in
our study, the majority of litterfall occurred in the fall
season (Table 4). Similar findings have been obtained
for different tree species. For instance, the greatest
quantity of litterfall was observed in smooth-bark
Mexican pine (Pinus pseudostrobus Lindl.) during
October—November (Pérez-Alavez et al., 2021), in
Scots pine during September—October (Blanco et al.,
2006a), and in maritime pine (Pinus pinaster Aiton)
from August-October (Roig et al., 2005). However,
seasonal litterfall patterns have shown varying results
between different pine species. Scots pine exhib-
ited litterfall between July and September (Bueis
et al., 2017), while Aleppo pine exhibited it between
August and September (Bueis et al., 2017; Jiménez &
Navarro, 2016; Navarro et al., 2013). Mexican pine
nut (Pinus cembroides Zucc.) demonstrated litterfall
during June (Pérez-Sudrez et al., 2009) and smooth-
bark Mexican pine demonstrated it in April and May
(Gonzalez-Rodriguez et al., 2019). It is posited that
the seasonal variation in litterfall by species may be
due to differences in the study area or species-spe-
cific differences, even if species are located within
the same general climate type (Pérez-Alavez et al.,

Fig. 3 Seasonal litterfall
amounts by components 6000
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4000
3000
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1000

Seasonal litterfall (kg ha™)
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2021). In temperate regions of the northern hemi-
sphere, particularly in Europe and the Mediterranean
climate zone, studies indicate that the summer sea-
son leads to an increased amount of litterfall. This is
attributed to the drought-induced water stress period,
which accelerates the fall of older needles in particu-
lar (Pausas, 1997; Zhang et al., 2014). Additionally,
Cepel et al. (1988) observed that a significant pro-
portion of litterfall occurs in the summer season due
to high temperatures. However, proximity to higher
elevation zones in our study area may have resulted
in the highest amount of litterfall occurring during
the fall season due to the end of the vegetation period
and reduced water delivery to the trees. It is thought
that the higher amount of cone fall in spring and sum-
mer may be related to the fact that black pine seeds
mature in November—December and drop their seeds
in February-May.

Over three years, our findings indicated that lit-
terfall reached its peak during the fall of 2021, sum-
mer of 2021, and fall of 2019. In contrast, the low-
est levels of litterfall occurred during the spring of
2020, winter of 2019, and spring of 2019 (Fig. 3). We
assume that the variation in litterfall between seasons
and years is a result of differences in soil quality, pre-
cipitation, and temperature recorded in the study area
at those times.

Quantity of litterfall components across years
Significant differences were found in the quantities of
litterfall components between the years in which sam-

ples were taken (P <0.001). The highest amount of
litterfall was recorded in 2021, at 7,712 kg ha™!, while
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the lowest was recorded in 2020, at 4,130 kg ha='. We
found that the total amount of litterfall showed a sig-
nificant difference in 2021 compared to the 2019 and
2020 values. Regarding the quantity of needles in the
total litterfall material between the years, the highest
amount of needles was recorded in 2021, at 4,030 kg/
ha and the lowest amount in 2019, at 2,507 kg/ha
(Table 5).

There was a significant difference in the amount
of litterfall by components between years (P <0.05).
Previous studies also reported that the amount of
litterfall generally showed significant differences
between years (Comez et al., 2019; Lado-Monserrat
et al., 2016; Starr et al., 2005). Our study found that
the increase in total litterfall and needle drop between
2019 and 2021 was similar to that in the studies con-
ducted by Comez et al. (2019) and Lado-Monserrat
et al. (2016). The observed increase in total litterfall
and needle drop over the years is hypothesized to be
a result of increased light exposure due to the open-
ing of the stand canopy. Additionally, higher biomass
and needle production may also be contributing fac-
tors. Furthermore, despite the decrease in annual pre-
cipitation from 2019 to 2021, the observed increase
in litterfall during the same period can be attributed
to the significant negative correlation between annual
precipitation and litterfall (Table 2).

Carbon and nutrient concentrations

Significant differences were detected in carbon and
nutrient concentrations between the litterfall com-
ponents (P <0.001). Notably, the needle material
revealed the highest concentrations of C and Mn, the

miscellaneous materials the lowest concentrations
of C, and the cones the lowest concentrations of Mn
among the litterfall components. Additionally, the
cone material produced the highest concentration of
K, while the bark material produced the lowest con-
centration of K. The concentrations of Ca and Na
were highest in branches and lowest in cones. The
miscellaneous materials had the highest concentra-
tions of N, P, Mg, S, Fe, Cu, and Zn. Bark had the
lowest concentrations of N, P, Mg, S, and Zn, while
cones and branches had the lowest concentrations of
Fe and Cu (Table 6).

A study investigating the entry of carbon into the
forest floor via litterfall in Scots pine revealed that the
carbon content in needles (51.6%), branches (51.5%),
and miscellaneous (49.9%) was higher compared to
our findings, while it was lower in cones (49.5%) and
similar in bark (49.7%) (Comez et al., 2019).

The concentrations of carbon in needles deter-
mined for black pine were in accordance with the
findings of studies conducted on Calabrian pine
by Erkan et al. (2020), Aleppo pine by Bueis et al.
(2018), and Scots pine by Comez et al. (2019). In two
separate studies on Aleppo pine, the carbon concen-
tration in needles was reported as 48.6% and 53.7%
(Lado-Monserrat et al., 2016; Segura et al., 2017); in
our study, the carbon concentration of black pine nee-
dles fell within this range. Furthermore, the carbon
concentrations of miscellaneous materials for black
pine were found to be lower compared to Aleppo
pine (50.5-52.5%) and Calabrian pine (52.5%)
(Erkan et al., 2020; Lado-Monserrat et al., 2016).
It is emphasized that the composition of chemicals
such as lignin can vary among tree species, leading

Table 5 Changes in litterfall by components according to the years [Mean =+ SE (%)]

Years Litterfall components (kg ha™")

Needles Branches Bark Cones Miscellaneous Total

2019 2507 a+ 182 (58.1) 43a+13 109 a+19 1070 b+ 194 (24.8) 585 b+40 (13.6) 4315 a+304
(1.0) 2.5)

2020 3181 b+250 (77.0) 152 ab+60 (3.7) 198 b+34 125a+30 472 a+27 (11.5) 4130 a+352

4.8) 3.0)

2021 4030 ¢ +246 (52.3) 199 b+41 270 b+34 2545 ¢ +247 (33.0) 666 b+43 7712b+510
(2.6) 3.5) (8.6)

F values 11.143 3.525 7.229 44.599 6.761 25.542

P <0.001 <0.05 <0.01 <0.001 <0.01 <0.001

Data are presented as the mean value + standard error and (%) values show litterfall components in total litterfall. The same letters in
the columns indicate similar groups with no significant difference (P >0.05)
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Table 6 Changes in carbon and nutrient concentrations according to litterfall components (% and ppm + SE)

Elements Litterfall components F values Weighted
Needles Branches Bark Cones Miscellaneous
C (%) 512d+0.2 50.3 bc+0.3 49.8ab+0.2 50.5c¢+04 49.5a=+0.1 10.866 <0.001 50.75
N (%) 0.53b+0.01 0.55b+0.02 038a+0.02 0.57b+0.04 1.16¢+0.05 116.804 <0.001 0.60
P (ppm) 579 be+13 447b+18 254 a+5 728 ¢+ 68 1437 d+89 78.614 <0.001 690
K (ppm) 2675 ¢+ 87 1118 b+ 81 747a+27 4080e+255 3099d+128 112.978 <0.001 2937
Ca (ppm) 8583d+197 11,268e+477 7682 ¢c+72 1475ax144 6129b+190 183.819 <0.001 6704
Mg (ppm) 1263 ¢+23 971 b+31 764 a+26 755 a+30 1354 d+31 96.935 <0.001 1129
S (ppm) 502 ¢+10 520c+18 313a=+8 447 b +26 756 d +25 81.644 <0.001 510
Na (ppm) 35b+22 51d+3.6 44c+2.4 26a+1.8 51d+1.8 18.652 <0.001 35
Fe (ppm) 276 b+5 608 ¢+30 639 ¢+ 13 166 a+12 997 d +32 241.670 <0.001 348
Cu (ppm) 69a+0.3 143 b+0.9 148 bc+0.7 163c=+1.0 19.5d+0.6 57.580 <0.001 11
Zn (ppm) 41b=+0.6 42b=+1.5 32a+0.8 34a+1.8 64c+1.4 130.598 <0.001 42
Mn (ppm) 470 e+ 8.7 186 ¢+5.7 129b+6.0 46a+2.8 261 d+8.5 473.313 <0.001 330

Data are presented as the mean (%) and ppm value + standard error. The same letters in the rows indicate similar groups with no sig-

nificant difference (P >0.05)

to differences in the carbon content of their litterfall
components (Comez et al., 2019).

Within the scope of this study, carbon ratios based
on litterfall components were determined to calculate
the amount of carbon in the total litterfall. Taking into
account the proportions of litterfall components in
the total litterfall, the weighted carbon ratio for black
pine afforestation sites was determined as 50.75%.
Weighted ratios were also calculated separately for
other macro—micro nutrient elements (Table 6). Erkan
et al. (2020) and Kiracioglu et al. (2023) reported
weighted carbon ratios of 51.6% for Calabrian pine
and 50.3% for Oriental beech (Fagus orientalis Lip-
sky). The difference in carbon ratios in these studies
is thought to stem from variations in growth environ-
ment characteristics.

In our study, the concentration values of macronu-
trients in needles were ordered Ca>N>K>Mg>P,
which is consistent with a similar study on Aleppo
pine (Lado-Monserrat et al., 2016). In the study con-
ducted by Blanco et al. (2008) on Scots pine, the
highest concentrations of the macronutrients N, P, K,
Ca, and Mg were found in miscellaneous parts, fol-
lowed by the needles. When comparing these results
to ours, we found that N, P, and Mg were highest in
the miscellaneous parts of black pine litterfall but,
unlike Blanco et al. (2008), the highest concentrations
of K and Ca were found in the cones and branches,
respectively. Klemmedson et al. (1990) conducted a

study on the ponderosa pine (Pinus ponderosa Laws.)
and discovered lower concentrations of C, Ca, and
K and higher concentrations of N, P, S, Mg, and
Na in the branches compared to our results. In our
study, the concentrations of N, P, Mg, and K in the
miscellaneous litterfall were found higher compared
to those reported in the study by Klemmedson et al.
(1990). In their study on Nothofagus antarctica (G.
Forst.) Oerst., Bahamonde et al. (2015) found that
the branches and needles in the litterfall material had
higher N content (0.79% and 0.76%, respectively)
than that in our study and similar N content in the
miscellaneous fraction (1.15%). In addition, the val-
ues of P (1,450 ppm), Ca (10,291 ppm), S (820 ppm),
and Mg (2,220 ppm) in the needles were higher than
in our study, while the K content (2,675 ppm) in the
needles was similar. The analysis of the nutrient con-
tent of the branches (P=646 ppm, K=2,802 ppm,
Ca=12,210 ppm, S=517 ppm, Mg=1,115 ppm)
and of the miscellaneous parts (P=957 ppm,
K=3,300 ppm, Ca=10,421 ppm, S=710 ppm,
Mg=1,070 ppm) showed a similar nutrient composi-
tion to our study.

In black pine, the N concentrations measured in
the needles were 0.53%, which was consistent with
the result (0.52%) from Erkan et al.’s (2020) study
on Calabrian pine; however, these values were lower
in comparison to those of other tree species (Blanco
et al., 2008; Irmak & Cepel, 1968; Segura et al.,
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2017). Our study demonstrated that N concentration
in the miscellaneous material analyzed was lower
(1.16%) than the recorded values for various pine
species in the Mediterranean region. For instance,
Blanco et al. (2008) reported that the concentration
of N in miscellaneous materials for Scots pine was
1.25%, while Lado-Monserrat et al. (2016) found that
the concentration of N for Aleppo pine ranged from
0.71% to 0.89% depending on the thinning intensity.

Our black pine litterfall samples had a weighted P
concentration of 690 ppm. Erkan et al. (2020) con-
ducted a study on Calabrian pine and found a P con-
centration of 727 ppm, which is similar to our find-
ings. Lado-Monserrat et al. (2016) and Bueis et al.
(2018) reported lower P concentrations for Aleppo
pine, at 170 and 360 ppm, respectively, compared to
our study. This variation in P concentration may be
explained by the fact that the study areas are under
different environmental conditions, with different
chemical properties of soils and bedrock (Erkan et al.,
2020). Our findings indicate that the concentration of
P in needles was lower than that reported in a previ-
ous study on black pine by Irmak and Cepel (1968).

In our study, the weighted K concentrations were
determined to be 2,937 ppm, whereas the K concen-
trations in related studies on pine species were lower,
at 2,120 and 2,444 ppm (Cepel et al., 1988; Erkan
et al., 2020). The K concentrations in needles in our
study are consistent with the black pine study con-
ducted by Irmak and Cepel (1968).

Erkan et al. (2020) conducted a study on Calabrian
pine that revealed higher weighted concentrations of
Ca, Mg, and Na (12,563, 2,255, and 164 ppm, respec-
tively) compared to our findings. We detected the
highest Ca concentration in the branch component,
which is consistent with the results of Erkan et al.’s
study. The concentrations of Ca, Mg, and Na in black
pine needles were higher for Ca and lower for Mg and
Na as compared to Irmak and Cepel’s (1968) study.
In both our study and theirs, the Ca and N concentra-
tions were found to be higher than those of the other
elements. The higher concentrations of Ca and N in
needles compared to other elements can be attributed
to the fact that N is more readily incorporated into
organic materials like stems, bark, and leaves-nee-
dles. Conversely, Ca is more prevalent in soil (Irmak
& Cepel, 1968).

The weighted Mn concentration in black pine was
330 ppm in our study. Bueis et al. (2018) found Mn
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concentrations of 14—86 ppm for Aleppo pine, Erkan
et al. (2020) 18-73 ppm for Calabrian pine, both
lower than in our findings, while Finér (1996) found
a higher Mn concentration (672 ppm). Our weighted
Fe concentrations were 348 ppm, which is close to
those of Erkan et al. (2020) and Segura et al. (2017)
(316-350 ppm) and higher than that of Finér (1996)
(118 ppm). Furthermore, the weighted Cu and Zn
concentrations in our study were higher than in the
studies performed by Erkan et al. (2020) and Bueis
et al. (2018).

Differences in the chemical composition of lit-
terfall components between tree species may be due
to growth conditions or tree species characteristics
(Augusto et al., 2002). However, certain environmen-
tal factors may also influence the nutrient content of
litterfall components. It has been reported that stands
that receive increased light after forest treatments
can experience variations in litterfall component
concentrations.

Carbon and nutrient input via litterfall

Significant differences (P <0.05) in the amounts of
Ca, Fe and Zn entering the forest floor via litterfall
were found between the treatments in our study. The
highest amount of Ca was found in the control treat-
ment plot, at 41.2 kg ha™! year™! and the lowest in
the moderate treatment plot, at 29.6 kg ha™! year™.
Fe and Zn contents were highest in the control treat-
ment plot, at 2.2 and 0.27 kg ha™! year!, respec-
tively, and lowest in the heavy treatment plot, at 1.5
and 0.16 kg ha™! year™!, respectively. Although litter-
fall in the control plot resulted in 1.5 times higher C
input (3,347 kg ha™! year™") compared to the heavy
treatment plot (2,233 kg ha™! year™!), this difference
was not statistically significant. As shown in Table 7,
there were no significant differences between the
treatments in terms of N, P, K, Mg, S, Na, Cu, and
Mn levels.

Studies have shown that the amount of C entering
the forest floor via litterfall decreases significantly
as the intensity of thinning treatments increases; i.e.,
the higher the basal area, the higher the amount of
C and there is a positive relationship between them
(Kim, 2016; Lado-Monserrat et al., 2016; Segura
et al., 2017; Pérez-Alavez et al., 2021). However,
Blanco et al. (2008) reached a similar result to our
findings, determining that thinning treatments had



Environ Monit Assess (2024) 196:639

Page 13 0of 17 639

Table 7 Amounts of

. Elements  Thinning F values P

carbon and nutrients (kg h ah

entering the forest floor Control Light Moderate Heavy

via litterfall in areas with

different thinning intensity C 3347a+372 2967a+431  2494a+338 2233a+299 1.856 >0.05

(Mean + SE) N 34.6a+4.1 30.6a+4.3 25.4a+4.0 234a+3.2 1.685 >0.05
P 4.0a+0.6 3.4a+0.6 3.0a+0.5 2.6a+04 1.201 >0.05
K 17.8a+1.9 149a+2.2 13.8a+1.9 11.8a+1.8 1.629 >0.05
Ca 41.2b+1.9 343a+1.8 29.6a+19 30.8a+1.7 7.857 <0.001
Mg 7.8a+0.9 6.5a+0.9 5.6a+0.7 54a+0.6 1.815 >0.05
S 3.2a+0.5 2.7a+04 2.3a+0.4 2.1a+03 1.402 >0.05

D d N Na 0.22a+0.03 0.18a+0.03 0.15a+0.03 0.15a+0.02 1.227 >0.05

ata are presented as the Fe 226402  19ab+03  152+02  1.5a+£02 3.618 <0.05

mean =+ standard error. The

same letters in the rows Cu 0.07a+0.01  0.06a+0.01  0.05a+0.01  0.05a+0.01 0.538 >0.05

indicate similar groups with Zn 0.27b+0.03 0.22ab+0.03 0.21ab=+0.02 0.16a+0.02 3.117 <0.05

no significant difference Mn 2.3a+0.3 1.92+0.3 1.8a+0.2 14a+02  2.266 >0.05

(P>0.05)

no significant effect on some macro—micro nutri-
ents and C content for Scots pine. According to Kim
(2016), a negative relationship was detected between
basal area and C and K amounts in Japanese red pine,
while a positive relationship was observed for other
nutrients. In our study, both C and all other nutri-
ents increased with the increase in basal area. In our
study, the amount of C entering the ecosystem via
needle drop was recorded to be 1,295 kg ha™! year™
in heavy treatment stands which was consistent with
the study conducted in black pine forest by Cakir
et al. (2023). The amount of C in the total litterfall
was 1,516 kg ha™! year™! in Calabrian pine (Erkan
et al., 2020), 600-2,400 kg ha™! year‘1 in Scots
pine (Comez et al., 2019), 1,009 kg ha™! year™" in
Aleppo pine (Lado-Monserrat et al., 2016), and
125 kg ha™' year™' in smooth-bark Mexican pine
(Pérez-Alavez et al., 2021)—all less than the average
value (2,760 kg ha™') we found for C in our study.
Therefore, it can be inferred that black pine forests
have a higher annual C input to the soil compared to
Scots pine, Calabrian pine, Aleppo pine, and smooth-
bark Mexican pine forests, as reported.

Blanco et al. (2008) conducted a study on 20% and
30% thinning in Scots pine and found that the amounts
of N, P, K, Ca, and Mg decreased significantly in the
30% thinned area compared to the control treatment.
In the study by Novak et al. (2020) on Douglas fir
(Pseudotsuga menziesii (Mirb.) Franco), nutrient lev-
els in the thinning treatment and control plots were
as follows: N: 33.9-40, P: 2.1-2.6, K: 3.6-4.7, Ca:
15.3-20.6, and Mg: 1.6-2 kg ha—1 year—1. Similarly,

nutrient levels were higher in the control plot than in
the thinning treatment areas in our study. Cakir et al.
(2023) determined that the amount of N in needle
drop (47.3 kg ha—1 year—1) was higher in black pine
stands corresponding to our study. Koray and Tolunay
(2020) determined that 1,744 kg C, 10.1 kg N, 1.7 kg
P, 11.4 kg K, 25.7 kg Ca, 2.4 kg Mg, 59 kg S, 307 g
Na, 1.3 kg Fe, 309 g Mn, 140 g Zn, and 63.1 g Cu
entered the ecosystem via litterfall in black pine. In
our study, considering all treatments, the amounts of
C, N, P, K, Ca, Mg, Fe, Mn, and Zn were found to
be higher, the amounts of S and Na were lower, and
the amounts of Cu were similar compared to those of
Koray and Tolunay (2020). The input of carbon and
nutrients into the forest floor through litterfall fluctu-
ates depending on the species and geographical loca-
tion, even within the same species.

Conclusions

Our study aimed to evaluate the impact of vari-
ous thinning levels on litterfall (including needles,
branches, bark, cones, and miscellaneous mate-
rial) and carbon and nutrient input into the eco-
system in black pine afforestation sites in Tiirkiye.
Results revealed that the total litterfall ranged
from 4,378 kg ha™! year™' to 6,543 kg ha™! year™!
depending on the intensity of treatments. Moreover,
the amount of litterfall decreased as the thinning
intensity increased. In the black pine afforestation
area, 60% of the annual litterfall was composed of
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needle drop. There was a statistically significant dif-
ference between the amount of needle drop in the
control plots and in the light, moderate, and heavy
thinning treatment plots. In our study, the amount
of C entering the ecosystem via litterfall increased
with increasing basal area as reported in previous
studies, but this did not statistically differ between
the thinning interventions applied. It was revealed
that the highest C input to the forest ecosystem by
litterfall was in the control treatment plot, with
3,347 kg ha™! year™! and the lowest was in the
heavy treatment plot, with 2,233 kg ha™! year~!. The
weighted carbon content of the litterfall (50.8%)
was also determined and this value can be used to
calculate the amount of carbon supplied by the lit-
terfall to the forest floor in black pine plantations.
Both needle drop (1,716 kg ha™") and total litterfall
(1,942 kg ha™') were highest in the fall season.

Significant relationships were found between
litterfall and stand and climatic characteristics.
Increasing the intensity leads to reduced carbon
input to the stand. However, as this study shows
3-year results, it is unclear whether stands exposed
to thinning intervention can recover to non-inter-
vention levels of litterfall over time. Long-term
monitoring of litterfall sampling in the study area
is therefore recommended. In addition, considering
carbon-focused planning, it is recommended that
thinning interventions on forests to be performed
at a moderate level and with short rotations in the
stand. This will help to maintain the health and sus-
tainability of the forest while taking management
objectives into account.
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