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Abstract

Understanding carbon concentration in different tree components is 
essential for accurate forest carbon accounting and climate change 
mitigation efforts. This study investigated the carbon concentra-
tions of wood, bark, needles, and roots in natural black pine (Pinus 
nigra subsp. pallasiana) forests located in the central part of Tür-
kiye. Samples were collected from ten pure mature stands between 
1000 and 1600 m elevation, considering both aspect and slope posi-
tion. Carbon content was analyzed using an elemental analyzer. Re-
sults showed significant differences in carbon concentration among 
tree components, with the highest mean carbon concentration found 
in wood (54.96%), followed by bark (53.90%) and needles (52.89%), 
while the lowest was found in roots (51.75%). Above-ground and total 
tree biomass-weighted carbon concentrations were calculated to be 
54.68% and 54.19%, respectively. Carbon content in needles and roots 
was significantly influenced by aspect and slope position. The study 
highlights the importance of using component-based and site-spe-
cific carbon coefficients, rather than default coefficients, to improve 
the precision of national carbon inventories and forest-based carbon 
credit projects.
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Öz

Ağaç bileşenlerinde karbon içeriklerinin bilinmesi, doğru orman 
karbon hesaplaması ve iklim değişikliğiyle mücadele çalışmaları açı-
sından büyük önem taşımaktadır. Çalışmada, Türkiye’nin iç kesim-
lerinde doğal olarak yetişen karaçam (Pinus nigra subsp. pallasiana) 
ormanlarında odun, kabuk, iğne yaprak ve köklerin karbon içerik-
leri incelenmiştir. Örnekler, yükseltisi 1000 ile 1600 metre arasında 
değişen, bakı ve yamaç konumu dikkate alınarak seçilmiş on adet 
saf ve ağaçlık çağındaki meşcereden toplanmıştır. Karbon içeriği, 
laboratuvarda elementel analiz cihazı kullanılarak belirlenmiştir. 
Sonuçlar, ağaç bileşenleri arasında karbon yoğunluğunun önemli 
farklılık gösterdiğini ortaya koymuştur. En yüksek ortalama karbon 
oranı odun bileşeninde (%54,96) bulunmuş, bunu kabuk (%53,90) ve 
iğne yaprak (%52,89) izlemiş, en düşük oran ise köklerde (%51,75) 
tespit edilmiştir. Toprak üstü ve toplam ağaç biyokütlesine göre 
ağırlıklı ortalama karbon oranı sırasıyla %54,68 ve %54,19 olarak 
hesaplanmıştır. İğne yaprak ve köklerin karbon içeriği, bakı ve yamaç 
konumundan da önemli düzeyde etkilenmiştir. Bu çalışma, ulusal 
karbon envanterlerinin ve orman temelli karbon kredi projelerinin 
doğruluğunu artırmak için genel katsayılar yerine, bileşen bazlı ve 
saha özelliklerine özgü karbon katsayıları kullanılmasının önemine 
dikkat çekmektedir.

Anahtar Kelimeler: Pinus nigra, biyokütle, karbon envanteri, iklim
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1. Introduction

Forest trees sequester atmospheric carbon dioxide 
(CO₂) through photosynthesis to build tissues and 
grow. CO₂, along with other gases such as water va-
por, methane, and nitrous oxides in the atmosphere, 
plays a critical role in maintaining Earth’s temper-
ature suitable for life (Kurnaz, 2019). However, in-
creased CO₂ concentration has been identified as a 
primary driver of global warming (Nunes, 2023). 
Reducing greenhouse gas emissions, particularly 
CO₂, and enhancing CO₂ removal from the atmos-
phere are regarded as prominent approaches in al-
leviating the climate change impacts (IPCC, 2018). 
One of the most effective strategies for reducing 
atmospheric CO₂ is expanding carbon sink areas 
through afforestation (Nunes, 2023).

While oceans represent the largest carbon sink 
globally, forests, spanning approximately 4 billion 
hectares of terrestrial ecosystems, have the high-
est carbon sequestration capacity among terrestrial 
ecosystems (Janzen, 2004). In forest ecosystems, 
carbon is primarily stored in four pools: biomass, 
deadwood, litter, and soil. Among these, biomass 
and soil constitute the most significant carbon res-
ervoirs. Biomass, which ultimately contributes to 
soil carbon, is predominantly derived from trees in 
forest ecosystems. Tree taxa exhibit varying car-
bon content, and even within the same tree, carbon 
content differs across components, such as leaves, 
stem, bark, and roots. Thus, accurately estimating 
the carbon stocks of forests requires detailed knowl-
edge of species-specific mean carbon content.

Global initiatives like the Kyoto Protocol (unfccc.
int/kyoto_protocol), the United Nations Frame-
work Convention on Climate Change (UNFCCC; 
unfccc.int), and the Paris Agreement have acceler-
ated efforts to develop national carbon inventories 
while also improving data quality. To ensure con-
sistency and comparability of carbon calculations 
across countries, guidelines have been developed 
for estimating carbon stocks in forest ecosystems 
(IPCC, 2006). These guidelines provide coeffi-
cients for biomass and carbon content derived from 
extensive research, typically as averages for plant 
genera or species groups. Although these general-
ized coefficients may be suitable for regional and 
global assessments, they can reduce the precision of 
carbon inventories at the country and local scales. 
Consequently, the IPCC recommends developing 
species-specific coefficients at local levels for more 
accurate calculations (IPCC, 2003; IPCC, 2006). 

More precise carbon inventory is essential not only 
for national carbon inventory assessments but also 
for carbon projects, primarily aimed at generat-

ing carbon credits (Lamlom and Savidge, 2003; 
Malmsheimer et al., 2011). Research indicates that 
tree carbon content varies by species, organ (e.g., 
leaves, branches, trunk, bark, roots), and habitat 
(Laiho and Laine, 1997; Lamlom and Savidge, 
2003; Bert and Danjon, 2006; Thomas and Malcze-
wski, 2007; Çömez, 2012). Determining the carbon 
content of individual tree components is also vital 
for understanding changes in carbon pools result-
ing from forest management interventions.

Black pine (P. nigra) is distributed across Southern 
Europe, Northwest Africa, and Türkiye (Vidaković, 
1991). The species includes five subspecies: nigra, 
salzmannii, laricio, dalmatica, and pallasiana (Tutin 
et al., 1993). Among these, Anatolian black pine (P. 
nigra subsp. pallasiana var. pallasiana) is naturally 
spreading in Türkiye, Thrace, Crimea, the Balkans, 
Southern Carpathians, Cyprus, Western Caucasus, 
and Western Syria (Davis, 1965; Anşin and Özkan, 
1993). In Türkiye, black pine grows at elevations 
of 165 m to 2,150 meters, either in pure stands or 
mixed with other tree species such as oak (Quercus), 
fir (Abies), pine (Pinus), and juniper (Juniperus). It 
is widespread in the Marmara, Black Sea, Aegean, 
Mediterranean, Central Anatolia, and Upper Eu-
phrates regions (Kandemir and Mataracı, 2018).

According to 2020 data, the forest area of Türki-
ye covers 22.9 million hectares, of which approxi-
mately 18.3% (4,199,623 ha) comprises black pine 
forests (OGM, 2021). Due to its extensive distribu-
tion and economic significance, black pine is a crit-
ical species for carbon estimation studies. Compre-
hensive studies on belowground and aboveground 
biomass and carbon content for black pine planta-
tions in Türkiye have been conducted (Güner and 
Çömez, 2017). Carbon concentration in plant tissue 
largely depends on species, climate, stand, and en-
vironmental properties (Poroshy et al. 2021; Güner 
et al. 2025). Additionally, research on aboveground 
biomass and carbon content in natural black pine 
forests was carried out in the Zonguldak Forest Re-
gion in Türkiye (Çakıl, 2008). However, based on 
Serengil’s (2018) classification, the study by Dur-
kaya et al. (2015) is situated in the Euxine-Colchic 
deciduous forest ecozone. In contrast, the present 
study focuses on the Northern Anatolian mixed 
forest ecozone, distinguishing it from previous 
work. On the other hand, knowledge on below-
ground biomass and carbon content of roots, as 
well as weighted carbon concentration, in natural 
black pine forests is still lacking, although existing 
studies suggest that differences may exist between 
afforested and natural stands (Soto-Cervantes et al. 
2023; Li et al. 2024). 
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This study aims to determine the carbon content 
of tree components, the weighted carbon content of 
aboveground biomass, and the total biomass in nat-
ural black pine forests located within the Northern 
Anatolian mixed forest ecozone.

2. Materials and Methods

2.1. Description of the study area

The study was conducted in the natural black pine 
forests of the Sündiken Mountain Ranges, locat-
ed in the Central Anatolia Region, near Eskişe-
hir, Türkiye (Figure 1). The Sündiken Mountains 
extend in an east-west direction, forming a mass 
approximately 25 km wide and 120 km long, bor-
dered by the Eskişehir-Alpu plains to the south and 
the Sakarya River to the north (Kaymak, 2020). 

The lowest part is located at an elevation of 250 m 
above sea level (a.s.l) in the north, while the highest 
elevation reaches 1800 m a.s.l. The southern part has 
an elevation of 800 m a.s.l. Geologically, the west-
ern and higher regions of the Sündiken Mountains 
are composed of Paleozoic mica schists and marbles, 
while the eastern sections consist of Neogene lime-
stone and calcareous sedimentary materials. Oligo-
cene-aged rocks and Neogene limestone formations 
exist on the southern aspects (Gözler et al., 1996).

The southern part of the Sündiken Mountains has 
a continental semi-arid steppe climate, while the 
northern part is affected by Black Sea Hinterland 
Climate, characterized by low humidity due to the 
distance from the sea (Koray et al., 2012), which 

corresponds to the Northern Anatolian mixed forest 
ecozone described by Serengil (2018). The average 
annual temperature varies with elevation, ranging 
from 8.2°C in the high mountainous areas (Çatacık) 
to 15.9°C in the lower elevations (Sarıcakaya). Sim-
ilarly, annual precipitation also varies with eleva-
tion, from 315 mm in lowland areas (Sarıyar Dam, 
Nallıhan/Ankara) to 582 mm in higher (Mihalıççık/
Kızıltepe) regions (Kaymak, 2020).

The Sündiken Mountains encompass a total for-
ested area of approximately 146,365 hectares, of 
which about 33% is covered by black pine forests 
(Koray et al., 2012). Other tree species in the region 
include Turkish red pine (Pinus brutia  Ten.), Scots 
pine (Pinus sylvestris L.), stinking juniper (Junipe-
rus foetidissima Willd.), Crimean juniper (Junipe-
rus excelsa Bieb.), Aleppo oak (Quercus infectoria 
Oliv.), Turkey oak (Quercus cerris L.), and sessile 
oak (Quercus petraea (Mattuschka) Liebl.). In the 
southern aspects of the Sündiken mountain range, 
forests degraded by human activity are found at el-
evations of 900-1,100 m, consisting of black pine, 
oak, and juniper. Between 1,100 and 1,500 m, black 
pine dominates the landscape, while mixed stands 
of black pine and Scots pine are observed at 1,500-
1,600 m. Above 1,600 m, pure Scots pine forests 
prevail. On the northern aspects, Turkish red pine 
is reported to dominate between 300-800 m, black 
pine between 800-1,200 m, and Scots pine above 
1,300 m (Çömez, 2004).

Figure 1. Study site (upper left) and sample plots (upper right and below) 
Şekil 1. Araştırma sahası (üst sol) ve deneme alanları (üst sağ ve alt) 
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2.2. Selection of sampling sites and sampling 
method

To ensure adequate representation of ecological 
heterogeneity, a stratified purposive sampling de-
sign was employed. Sampling was carried out in 
pure black pine stands at the mature stage, with a 
mean diameter at breast height between 20.0 and 
51.9 cm, as this diameter range covers larger ar-
eas compared to juvenile and over-mature stands. 
To encompass the carbon content variations across 
different environmental conditions, ten sampling 
locations with elevations varying from 1000 m to 
1600 m, northern and southern aspects, and upper 
and lower slope positions were selected. Each sam-
pling plot measured 20×20 m (= 400 m²).

The slope of sample plots was measured with a 
clinometer, while the elevation was recorded with 
an altimeter, and the aspect was determined with 
a compass. The slope position was calculated as 
a percentage, representing the ratio of the plot’s 
distance from the top of the slope to the total 
slope length. Sampling was carried out during the 
dormant season, between November and March, 
when the nutrient fluctuations in tree tissue were 
minimal.

At each sampling site, foliage, wood, bark, branch-
es, and root samples were collected from three 
healthy trees in the dominant canopy layer. Nee-
dle samples were collected from a height of ap-
proximately 9 m using a telescopic pruning shears. 
Needles were taken equally from four cardinal 
directions within the crown, considering different 
needle ages, and then combined to form a com-
posite sample. Wood cores were extracted at tree 

breast height, 1.3 m above the ground, using an 
increment borer to minimize damage to the trees. 

Bark samples were taken at breast height, using a 
knife to cut down to the cambium layer carefully. 
For root sampling, a section was excavated near the 
base of each sampled tree using a pickaxe, and the 
roots with a diameter smaller than 4 cm were col-
lected (Durkaya et al., 2019), considering the pre-
vailing root diameter. The root samples were thor-
oughly washed to remove soil particles.

2.3. Laboratory analyses

Tree component samples (needles, wood, bark, and 
roots) collected from the field (10 sampling plots 
×3 replicates ×4 components= 120 samples) were 
dried in an oven at 65°C until reaching a constant 
weight. Subsequently, the samples were ground 
into fine particles and prepared for analysis. The 
carbon content of the tree components was deter-
mined using a LECO CNH TruSpec elemental ana-
lyzer.

2.4. Data evaluation

The proportions of aboveground biomass compo-
nents in total aboveground biomass for black pine 
can vary depending on stand development stage, 
stand structure, and site conditions, as reported by 
various studies (Table 1). To calculate weighted car-
bon ratios, the component biomass-to-aboveground 
biomass ratios for the study area were adopted 
from Koray (2017) due to its proximity to the study 
area. For total tree biomass calculations, the root-
to-shoot (r/s) ratio was taken as 0.20, based on the 
IPCC (2006), as there were no data available on the 
belowground biomass of natural black pine forests.

Needles 
(%)

Branches 
(%)

Stem 
(%)

Bark 
(%) Region Source

1-10 3-9 50-95 - Zonguldak Çakıl (2008)
5-20 30-15 15-70 25-10 Kastamonu-Taşköprü Şenyurt (2016)
28 31 28 13 Ankara-Kızılcahamam Saranay (2017)
7 21 59 11 Eskişehir Koray (2017)
11 13 64 12 Çankırı Ercanlı et al. (2023)
2-7 10-19 66-76 7-10 Samsun Kahveci (2024)

Table 1. Proportions of biomass components in black pine across different studies
Tablo 1. Karaçamdaki biyokütle bileşenlerinin farklı çalışmalardaki oranları

The weighted carbon ratio for aboveground and to-
tal tree biomass was calculated using Equation 1 
(Erkan and Güner, 2018).

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = �(
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 × 𝑤𝑤𝑤𝑤𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖

100
) 

                            
(1)

Where,
wcc: Weighted carbon concentration for 
aboveground or total tree biomass (%),

ccci​: Carbon content of component i (%),

cbi​: Proportion of component (i) in aboveground or 
total tree biomass (%).

2.5. Statistical analysis

The differences in carbon content among tree 
components were assessed using analysis of var-
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iance (ANOVA). Before conducting the ANOVA, 
the normality of the data distribution was checked 
through the Shapiro-Wilk test. Homogeneity of 
variances was verified using Levene’s test. 

All data showed normal distribution and homoge-
neous variances. Results were considered statisti-
cally significant at the α= 0.05 level. SPSS software 
(SPSS, 2015) was used for the statistical analyses.

3. Results

The carbon concentrations of needles showed a mi-
nor variation, with a mean of 52.89%, compared to 
other components. In contrast, a wider variation in 
carbon was found in the wood, with a range from 
52% to 60%, compared to the other components. 
The lowest carbon was found in the roots with a 
mean of 51.75%, while the highest was obtained in 
the wood, with a mean of 54.96% (Table 2).  The 
differences in carbon concentrations among the 
tree components were significant. The bark carbon 
concentration was 1% lower than that of the wood. 
The weighted mean carbon content was calculated 
as 54.68% for the above-ground tree biomass and 
54.19% for the whole tree, including below-ground 
biomass (Table 2).

Table 2. Carbon ratios (%) of tree components
Tablo 2. Ağaç bileşenlerinin (%) karbon oranları

Component Mean Min. Max. Standard 
Deviation

Needles 52.89 b 52.27 53.80 0.49
Wood 54.96 c 52.20 60.02 2.04
Bark 53.90 bc 52.19 55.44 0.92
Roots 51.75 a 49.91 52.81 0.86

Carbon concentration of tree components showed 
significant differences at the level of P<0.001. Iden-
tical letters in rows indicate similar groups without 
significant differences (P>0.05).

Carbon concentrations in the needles and roots 
significantly changed between the slope aspects, 
with higher concentrations on the southern aspects 
than on the northern. Likewise, the lower slope had 
higher carbon concentrations of needles and roots 
than the upper slope. Similar patterns of order 
among the carbon content of tree components were 
observed on both slope aspects and slope positions, 
with the order of wood>bark>needles>root (Figure 
2). However, there was no significant relationship 
between the carbon concentration of tree compo-
nents and altitude. 

Carbon concentrations in the needles and roots 
showed significant differences according to both 

the aspects and the slope positions at a level of 0.05, 
indicated by * in Figure 2.

Figure 2. Changes in carbon concentration of tree 
components according to (a) aspects and (b) slope 

positions 
Şekil 2. Ağaç bileşenlerinin karbon 

konsantrasyonundaki (a) yönlere (bakı) ve (b) yamaç 
konumlarına göre değişiklikler

4. Discussion and Conclusions

The highest variation in carbon concentration of 
the stem may arise from different heartwood and 
sapwood ratios and extractives. Heartwood was 
shown to have higher carbon content than sapwood 
by Herrero de Aza et al. (2011). Although extrac-
tives and heartwood-to-softwood ratio were not 
measured in this study, sample trees were chosen 
from various sites having various ecological con-
ditions, likely leading to different biomass growth 
and wood properties. 

Significant variation in carbon concentration 
among the tree components in this study, as well 
as earlier studies (Bert and Danjon, 2006; Çömez, 
2012; Tolunay et al., 2017; Güner and Çömez, 2017; 
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Karataş et al., 2017; Erkan and Güner, 2018; Güner, 
2019; Güner and Çömez, 2022; Tunçkol and Güner, 
2022), highlights the critical role of tree compo-
nents in influencing carbon dynamics within for-
est ecosystems. This variability can substantially 
affect the nutrient and carbon pools in forests, as 
tree components- such as leaves, branches, and 
roots- differ in their carbon storage capacities and 
decomposition rates (Sariyildiz and Anderson, 
2003; Litton et al., 2007; Ma et al., 2018). Particu-
larly, the forest floor, which comprises a mixture of 
organic materials such as litterfall and cutting res-
idues, acts as a dynamic carbon reservoir. The de-
composition processes on the forest floor are highly 
influenced by the chemical composition of these in-
puts, including nitrogen, lignin, and cellulose con-
centrations, which determine decomposition rates 
(Sarıyıldız, 2003; Sariyildiz and Anderson, 2003; 
Berg and McClaugherty, 2008). 

Variability in tree components entering the forest 
floor can alter microbial activity and nutrient cy-
cling, leading to spatial and temporal heterogenei-
ty in carbon fluxes (Prescott, 2010). Consequently, 
changes in the quality and quantity of litterfall or 
harvesting residues, caused by silvicultural prac-
tices or climate change, may result in complex 
outcomes for carbon sequestration and ecosystem 
stability. This interaction between carbon dynam-
ics and tree components underscores the need for 
detailed research to understand better the impli-
cations of forest management strategies on carbon 
storage and emissions, particularly in the context of 
climate change mitigation efforts (Pan et al., 2011).

In this study, the highest carbon concentration 
was observed in the wood, with a mean of 54.9%, 
which is higher than the mean of 46.5% reported 
by Herrero de Aza et al. (2011) for the sapwood of 
P. nigra. The lower carbon concentration in the 
sapwood was attributed to the generally higher car-
bon concentration found in heartwood compared to 
sapwood in pine species, noted by Herrero de Aza 
et al. (2011). 

Unlike the study of Herrero de Aza et al. (2011), 
our wood samples included both sapwood and 
heartwood, which may explain the higher carbon 
content. On the other hand, Güner and Çömez 
(2017) reported a stem wood carbon content rang-
ing between 52.6 and 54.1% which is very close to 
our results in black pine afforestation covering the 
Inner, western northern part of Türkiye. However, 
our results were higher than the stem wood carbon 
concentration of 52.1% which was reported by Dur-
kaya et al. (2015) for natural black pine stands on 
the northern part of Türkiye with a humid climate.

The lowest carbon concentration among tree com-
ponents in this study was detected in the roots, con-
sistent with findings from previous studies (Bert 
and Danjon, 2006; Çömez, 2012; Tolunay et al., 
2017; Güner and Çömez, 2017; Karataş et al., 2017; 
Erkan and Güner, 2018; Güner, 2019; Güner and 
Çömez, 2022; Tunçkol and Güner, 2022). However, 
a slightly higher root carbon concentration, with a 
mean of 52.6%, was reported by Güner and Çömez 
(2017) in a study conducted on P. nigra plantations 
in Türkiye. These variations may be explained by 
differences in sampling time, stand development 
stages, and site conditions, as highlighted in ear-
lier studies (Erkan and Güner, 2018; Güner, 2019; 
Çömez, 2012; Makineci et al., 2015; Güner and 
Çömez, 2017; Karataş et al., 2017).

Slope position affected carbon concentration of 
roots, likely due to the rhizosphere properties as 
suggested by Zhang et al. (2023). Deeper and fin-
er soils develop on lower slopes, which have high-
er content of moist conditions where tree roots 
can grow in larger dimensions (Day et al. 2010). 
In humid conditions, trees do not need more fine 
roots, which include a lower amount of lignin. That 
is why on lower slopes, roots might have coarser 
roots, with high lignin content and, consequently, 
high carbon content. 

The carbon concentration in needles was higher 
on southern aspects compared to northern aspects. 
This finding aligns with the results of Yan et al. 
(2012), who reported greater needle carbon content 
on the south side of trees than on the north side. 
The higher carbon concentration may be attributed 
to increased light exposure on the southern aspects, 
which enhances photosynthetic capacity and leads 
to greater starch accumulation. Alternatively, the 
increase in lignin concentration in woody plant tis-
sues under drought stress, particularly on southern 
aspects, may represent another explanatory mecha-
nism, as suggested by Han et al. (2022).

In this study, the carbon concentration in stem wood 
was found to be higher than in other tree compo-
nents. However, in contrast to our findings, several 
studies on coniferous species have identified bark 
as having the highest carbon concentration (Bert 
and Danjon, 2006; Çömez, 2012; Tolunay et al., 
2017; Karataş et al., 2017; Erkan and Güner, 2018; 
Güner, 2019; Güner and Çömez, 2022; Tunçkol and 
Güner, 2022). This discrepancy might be attributed 
to the higher lignin and extractive content in bark 
(Güner and Çömez, 2017). 

In coniferous species, the lignin content in wood 
typically does not exceed 30%, while in bark, it 
can reach up to 55%. Furthermore, the extractive 
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content in bark can be up to three times higher than 
that of wood (Dönmez and Dönmez, 2013).

A study on natural black pine forests in Türkiye re-
ported a bark carbon concentration of 51.9% (Dur-
kaya et al., 2015), while in black pine plantations, it 
was found to be 54.7% (Güner and Çömez, 2017). 
This wide range of bark carbon concentrations 
(51.9%-54.7%) is likely due to differences in stand 
development stages, site characteristics, and forest 
establishment practices, indicating that natural and 
plantation forests should be evaluated separately.

For black pine, the needle carbon concentration 
was reported as 52.3% in natural forests (Durkaya 
et al., 2015) and 54.7% in plantation areas (Güner 
and Çömez, 2017). When examining needle carbon 
concentrations, findings from natural forests were 
relatively consistent, whereas values from planta-
tions were higher than those from natural forests. 
This difference may stem from variations in forest 
establishment practices.

Studies on various tree species in Türkiye have 
reported the following weighted average carbon 
concentrations for total tree biomass: 51.96% for 
natural Scots pine forests (Tolunay, 2009), 52.46% 
(Çömez, 2012), and 52.37% (Erkan and Güner, 
2018); 52.15% for Kazdağı fir (Abies nordman-
niana subsp. equi-trojani) forests (Güner, 2019); 
53.86% for black pine plantations (Güner and 
Çömez, 2017); 51.27% for Taurus cedar (Cedrus 
libani) plantations (Karataş et al., 2017); 50.32% 
for stone pine (Pinus pinea) plantations (Tolunay 
et al., 2017); 54.07% for natural stone pine forests 
(Tunçkol and Güner, 2022); and 51.77% for Turk-
ish red pine forests (Güner and Çömez, 2022). In 
a study on black pine plantations in Türkiye, the 
weighted average carbon concentration was cal-
culated as 54.1% for above-ground biomass and 
53.8% for total tree biomass (Güner and Çömez, 
2017). 

The AFOLU (Agriculture, Forestry, and Other 
Land Use) guidelines suggest using a default car-
bon concentration of 51% for coniferous species 
in carbon inventory reporting in the absence of 
species-specific data (IPCC, 2006). However, we 
found 6% more carbon fraction than the one IPCC 
suggested in the present study. Our findings- as 
well as recent Turkish national studies- demon-
strate that relying solely on stem wood values or 
general coefficients can lead to significant inaccu-
racies in carbon accounting. Incorporating com-
ponent-based and weighted carbon values would 
improve the precision of national and project-level 
carbon inventories. 

This study demonstrated that carbon concentra-
tions in different tree components of P. nigra ex-
hibit substantial variation, ranging between 51.75% 
and 54.96%. The highest values were observed in 
wood, while roots had the lowest carbon content. 
The weighted average carbon concentration was 
calculated as 54.68% for above-ground biomass 
and 54.19% for total tree biomass, suggesting that 
component-specific measurements offer a more ac-
curate basis for carbon inventory assessments than 
generalized coefficients.

The findings highlight the importance of consider-
ing individual tree components- wood, bark, nee-
dles, branches, and roots- in carbon accounting. 
Variations in carbon content are not only species- 
and component-specific but are also influenced by 
environmental factors such as slope position, soil 
moisture, and forest establishment type (natural vs. 
plantation). For instance, slope-induced differences 
in root carbon content may stem from shifts in lignin 
allocation due to changing rhizosphere conditions.

The study also reveals that bark and needle car-
bon concentrations tend to be higher in plantation 
stands compared to natural forests, likely due to 
differences in management intensity and stand de-
velopment stage (Soto-Cervantes et al. 2023; Li et 
al. 2024). These findings underscore the need to 
evaluate forest carbon stocks within their specific 
ecological and silvicultural contexts.

Given these insights, the adoption of compo-
nent-based and site-specific carbon ratios is rec-
ommended over the use of default values, such 
as the 51% coefficient suggested by IPCC (2006) 
for conifers including P. nigra. Integrating such 
refined values into carbon budgeting and climate 
mitigation strategies will enhance the accuracy and 
credibility of national forest carbon inventories and 
carbon credit certification processes.

Moreover, forest management practices should aim 
to protect and optimize carbon-rich components, 
particularly bark and wood. Non-wood compo-
nents like needles, often overlooked, can also con-
tribute to long-term carbon storage through their 
role in litter input and nutrient cycling. Promoting 
the retention of organic residues (e.g., needle litter) 
can therefore offer co-benefits for soil fertility and 
carbon sequestration.

Pinus nigra forests, due to their high carbon den-
sity, hold significant potential for integration into 
locally adapted carbon credit projects. It is recom-
mended that both above-ground and below-ground 
(root) carbon stocks be jointly considered in such 
initiatives. These findings support the use of black 
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pine in afforestation efforts by the General Directo-
rate of Forestry (ogm.gov.tr) and long-term climate 
policy implementation, especially in regions with 
similar ecological conditions.
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