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Abstract: The recent Glasgow Climate Pact has recognized the contribution of ecosystems as sinks
and reservoirs of greenhouse gases and their importance to achieve the objective of a maximum
temperature increase of 1.5 ◦C. Thus, the knowledge of the long-term storage capacity of the soil
organic carbon (C) in forest soils, and the driving factors, are considered of great importance for the
mitigation of global climate changes. A database of published data in a ‘grey’ Greek bibliography,
concerning the long-term storage of soil organic C in soil profiles for Greek forests, was compiled,
including 307 full soil profiles, distributed between 21 types of forest ecosystem throughout the
country (Greece). The data collected concerned the amount of long-term stored carbon in the full
soil profile, per soil horizon, up to the uncracked bedrock. These also contained information on
the sampling location, the type of forest ecosystem, the soil depth, the type of land management,
the forest origin, the floristic zone, the altitude, and the climate type. According to the results
analysis, the average soil organic C stored was 108.19 Mg ha−1, and ranged greatly between 11.49 and
409.26 Mg ha−1. The type of forest ecosystem, soil depth, land management practices, forest origin,
floristic zone, and climate type played an important role in the carbon sequestration process, greatly
influencing the long-term amount of stored carbon. Under the demands for mitigating climate change
and reducing the rates of global warming, data evaluation indicates the directions to be followed for
increasing the long-term storage of carbon, named systematic forest management, and the exclusion
of the drivers responsible for the low carbon storage of soil, such as human pressure and overgrazing.
Restoration actions such as reforestation and rehabilitation of the degraded forest ecosystems, which
were found to store low carbon amounts, can be also considered as effective tools for increasing the
long-term carbon storage in forest ecosystems.

Keywords: forest types; forest ecology; land management; climate change mitigation; global warming

1. Introduction

In recent years, under great demands for the mitigation of observed climate changes,
global society has tried to find effective ways to increase carbon storage in pools other than
air, removing it from the atmosphere, since the atmospheric CO2 is considered as the main
cause for the greenhouse phenomenon and global warming on a planetary scale. These
efforts to be effective should focus on long-term carbon pools, where carbon is stored in a
relatively stable form, such as soil carbon. The long-term storage (over 100 years) of carbon
in terrestrial ecosystems mainly concerns the carbon amount stored in the past. Soil carbon
is considered one of the largest terrestrial carbon pools [1–3] and plays an important role in
the Earth’s carbon cycling. In relation to land uses, approximately 40–90% of the global soil
carbon resides in forest ecosystems [4,5].

Soil organic carbon (SOC) holds a very important role in the global C cycle, as it is
the largest terrestrial C pool [4,6,7]. However, soil can be a source as well as a sink of
greenhouse gases (CO2, CH4, and N2O) depending on the land use and management [8].
Nearly all recent models of global climate change forecast a loss of carbon storage in soils
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as a result of global warming [9,10]. Particularly in Europe, the Mediterranean region is
considered as a hotspot for soil erosion and land degradation due to a combination of cli-
mate, soil conditions, geomorphology, and long-term human pressure [11]. Grilli et al. [12]
reported a critical limit of 20 g SOC kg−1 for an adequate soil quality in southern Europe
lands. Thus, the evaluation of the amount of soil carbon in different land uses, and es-
pecially in forests that cover extensive areas, could provide basic information regarding
the multiple ecosystem services, nutrient cycling, and the climate change effect, besides
soil conservation [13,14]. The Intergovernmental Panel on Climate Change (IPCC) (2014)
estimated the total soil C pool in the top 1 m at 2011 Pg C, while according to Lal [8], the
estimate of the soil C pool was 2300 Pg C, which is about 4.1 times the biotic pool, and
about three times the atmospheric C pool.

Forests play an important role in the global C cycle by sequestering large amounts of
atmospheric C, and thus can significantly offer a mitigation strategy for reducing global
warming [10,15]. In forest land, the major sources of soil organic C are forest aboveground
and root biomass, which form the organic inputs to the soil [16]. Depending on the
photosynthesis rates, the forest soil and litter accumulate large carbon amounts depending
on several factors, mainly those affecting biomass production in forest ecosystems [17,18].
However, there are further factors that contribute to the carbon sequestration process,
such as the rate of litter decomposition [19], the type of dead organic material (e.g., leaf
decomposition in deciduous species is faster than conifer needles), the site conditions,
in terms of soil characteristics, the underlying bedrock, the amount of precipitation, soil,
and atmospheric temperature, etc. Among them, the most important are the land use
history, the dominant forest tree species, the site conditions, and the forest management
system [15,20–22].

Generally, for forest land, it has been concluded that the multi millennial forest cover
is the main soil forming factor that determines the carbon stock in soils, since edaphogene-
sis is a very low continuous biological process that happens as a result of the synergetic
function of plant roots, soil fauna, and microfauna, under the specific ecological conditions
prevailing in a specific site [23]. This happens naturally, but a human presence and inter-
vention greatly influences this process on a long-term basis [24]. Livestock grazing, for
example, removes a great amount of plant material, thus reducing the available amount
of litter for decomposition and decreasing the level of organic inputs in the soil. Wood
harvesting also removes wood materials, altering the type and the amount of available
organic sources for soil fauna and decomposers, resulting in a different decomposition
process and rates, which form the final carbon sequestration and the stored soil organic
carbon [25].

Concerning the forest ecosystems, a long-term forest management practice remains the
determining factor [26], while short-term use is not usually able to considerably alter the
amount of long-term carbon storage. For example, recently applied stand thinning cannot
affect the carbon stock in soils [23], contrary to a long forest cover history, where pedogene-
sis and long-term land use have determined the soil profile. In addition, Deng et al. [27]
reported that the age of restoration (the time since the restoration action was taken) of
degraded land to forest was the main factor affecting the soil carbon stock change; they
reported that soil C sequestration significantly increased with the time over the long-term
land-use change. On the other hand, the conversion of natural vegetation, and espe-
cially forests to cropland, during the past two centuries has greatly contributed to the
increased atmospheric carbon dioxide [28–30]. Thus, afforestation and reforestation have
been proposed as effective strategies for mitigating climate change [31–33], since it is widely
accepted that they lead to an increase in carbon in ecosystems pools [6,27].

Soil carbon estimates are generally seldom for Greek forests, except those reported
in a ‘grey’ bibliography (data produced outside of traditional publishing and distribution
channels, which is often not well represented in indexing databases). In addition, there is
no National Forest Soil Survey. In a recent study, Ganatsas et al. [34] estimated an amount
of ca 44 Mg C per hectare in a secondary degraded oak forest ecosystem under conversion,
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while Ganatsas and Papaioannou [35] reported much higher values for spruce and beech
forest ecosystems in the Rhodope mountains, northern Greece. The present study aims
to summarize the estimations of the total soil organic C accumulated in the whole soil
depth, up to the stable bedrock, in a wide range of forest type ecosystems in Greece. The
estimation was based on using soil organic C densities of collected data from various forest
types. We, furthermore, analyzed the effect of the type of forest ecosystem, soil depth, type
of land management, forest origin, floristic zone, and climate type, which were expected
to have played an important role in the carbon sequestration process, and influenced the
long-term amount of stored organic carbon in forest pools.

2. Materials and Methods
2.1. Study Area

The study concerns the whole country of Greece, which is part of southeastern Europe.
It lies to the North of the equator and the latitude ranges from 35◦ N to 42◦ N and its
longitude from 19◦ E to 28◦ E. Due to its physical geography, topography, and sea influence,
the country presents a considerable climatic variation. According to the Hellenic National
Meteorological Service (H.N.M.S), the Mediterranean climate (Köppen climate classifi-
cation: Csa) is the predominant climate found in Greece (Attica, Central Greece, Crete,
Epirus, Ionian Islands, Mount Athos, Northern Aegean, Southern Aegean, Thessaly). Other
climate types less distributed are the type Csb with Mediterranean, warm summer (Eastern
Macedonia and Thrace, Peloponnese, Western Greece), the type Cfa Humid subtropical,
no dry season (Central Macedonia), and the type Cfb Marine west coast, warm summer
(Western Macedonia), Humid continental (Dsb in the high altitudes of the mountains, and
Dfb in the high altitudes of the northern part of the country).

2.2. Methods

A database of published Greek studies was compiled, in total 24 studies, which
included 21 PhD theses (in Greek), and 3 scientific papers. These dissertations were
carried out during the period 1990 to 2006, in Greek universities. In total these contained
307 full soil profiles, with data concerning, inter alia, the sampling location, forest type,
soil type, the depth of soil profile, organic C percent, soil texture (sand and clay percent),
and in some cases the soil bulk density. All the studies used the same methodology
for measuring the soil organic carbon. Analytically, the sampling design was carried
out following stratified random sampling, where the strata were: (1) the research area
(location), (2) the type of forest ecosystem. At least five full soil profiles were taken for
each stratum. Field sampling was carried out following similar guidelines and instructions,
supervised by Greek professors, which followed the same scientific approach. Soil analyses
were performed in the soil laboratories of the Greek universities, mainly at the Aristotle
University of Thessaloniki. It can be pointed out that most of the referred scientists (those
who made the soil sampling and analyses in their PhD dissertations) have undertaken
the position of professor at a Greek university (e.g., Zagas, T., Tsitsoni T., Seilopoulos
D., Theodoropoulos C., Ganatsas P., Papaioannou A., Radoglou K., Tantos V., Goudelis
G., Stampoulidis A., Aslanidou M., Pipinis E.) or senior researchers at the Greek Forest
Research Institute (Spanos I., Konstantinidis P.).

Where the organic matter (percentage) was reported, a fraction of 0.58 (organic matter
(%) = total organic carbon (%) × 1.72) was taken as the soil organic C percent. In cases where
the soil bulk density was not reported, this was estimated from the reported soil texture
characteristics using the following equation suggested by Tomasella and Hodnett [36],
which according to Martín et al. [37] is the most accurate:

ρb = 1.578 − 0.054·OC − 0.006·silt − 0.004·clay

where ρb is the estimation of soil bulk density (g/cm3), OC is the percentage of organic
matter (by weight), and silt and clay values in percentage.
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The studied soil profiles were classified according to the dominant tree species (the
type of forest ecosystem), soil depth, the floristic zone they belonged to, the applied
management type, and the forest origin. We also analyzed any differentiation in relation to
the climate type (Koppen classification).

The amount of total soil organic C stock was calculated as follows [7]. Initially, the
soil organic C density (Mg ha−1) was computed for each soil horizon in each soil profile,
following the distinction made in the analyzed studies. By multiplying the organic C
percent, the soil bulk density (g cm−3), and thickness of the horizon (cm), the carbon
storage in each soil horizon was computed for all soil profiles. Then, by adding the amount
of carbon for each horizon, we computed the total amount of soil organic C per soil profile,
in terms of Mg per hectare.

2.3. Statistical Analysis

The amount of stored carbon was analyzed in relation to the effect of the type of
forest ecosystem, soil depth, type of management, forest origin, floristic zone, climate type,
which all were expected to have played an important role in the carbon sequestration
process, greatly influencing the long-term amount of stored carbon. The collected data of
carbon stored were then statistically analyzed following several analyses (e.g., multivariate
ANOVA, regression analysis, discriminant function analysis, Chi-square automatic inter-
action detection (CHAID) analysis). After testing, CHAID analysis was selected for the
three factors (type of forest ecosystem, type of land management, floristic zone) to build
a predictive tree determining how each of the above-mentioned variables best merged to
explain the outcome in C storage (the dependent variable), as it gave a clear picture of the
factor effect, and by considering that the method is usually used for summarizing the data
as the relationships between variables can be easily visualized. For classification problems,
it relies on the Chi-squared test to determine the best split; the algorithm used searches for
the split point with the smallest adjusted p-value (the probability value that can be related
to significance, see Figures 1–3). The categories of each tested variable were analyzed to
determine which ones can be merged safely to reduce the number of categories. In our case,
based on the results of the CHAID analysis, three groups were revealed, and consequently,
the soil profiles were grouped according to each of the following parameters: forest types,
management type, and floristic zone. The effect of soil depth and type of climate were
tested based on a regression analysis and ANOVA, respectively, since these analyses gave a
clearer picture of the factor effect. All statistical analyses were performed with IBM SPSS
Statistics 28.0 software package.
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3. Results

Based on the analysis of 307 cases of full soil profiles, 21 different types of forest
ecosystems were included in the study (Table 1) [38–59]. However, the final statistical
analysis concerned 19 forest types, because two types of forests were excluded due to the
low number (fewer than five) of observations. The performed statistical analysis of the
collected data revealed great differences in C soil pools, while the average value of C storage,
averaged across all types, was found to be 108.19 Mg ha−1. The observed differences
were distributed in a wide range of forest ecosystems, including natural forests, forests
originating from reforestation, degraded forests, shrublands, and phryganic ecosystems.
These differences are analytically presented and analyzed in the following subsections.

3.1. Differentiation of Soil C according to the Type (Dominant Tree Species) of Forest Ecosystem

The ecosystems included in the study were dominated by the following species
(Table 1): the conifer species Picea abies, Pinus sylvestris, P. nigra, P. halepensis, P. brutia,
P. pinea, P. pinaster, Abies borisii regis, and A. cephalonica. The deciduous broadleaved species
Fagus sylvatica, Quercus petraea, Q. frainetto, Q. pubescens, and the riparian forests of Platanus
orientalis; the evergreen oak species Quercus coccifera and Q. ilex, the mixed evergreen
forests and shrublands of lower altitude, dominated by Quercus ilex, Q. coccifera, Pistacia
lentiscus, Arbutus unedo, Phillyrea latifolia, Erica manipuliflora, and highly degraded forest
areas, dominated by phryganic species, mainly of the following genera: Cistus, Dorycnium,
Hypericum, Micromeria, etc.
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Table 1. Characteristics of the studied forest ecosystems.

Type of the
Forest Ecosystem Location Climate

Type
Vegetation

Zone Altitude Bedrock Type Reference
Based on

Natural forests

Picea abies (L.)
H. Karst.

Rhodopi
mountain Dfb Vaccinio-

Piceion 1000–1500 Granite,
granodiorites [38]

Pinus sylvestris L. Rhodopi
mountain Dfb Vaccinio-

Piceion 1000–1500 Granite,
granodiorites [39]

Fagus sylvatica L. Rhodopi
mountain Dfb Fagion

sylvaticae 1000–1500 Granite,
granodiorites [40]

Fagus sylvatica Pieria mountain Dsb Fagion
sylvaticae 1000–1500 Gneiss, flysch, [40]

Fagus sylvatica Voras mountain Dfb Fagion
sylvaticae 1000–1500

Crystalline
rocks with

appea-rances of
schists and

granites

[40]

Fagus sylvatica Ossa mountain Cfa Fagion
sylvaticae 1000–1500

Metabasic
rocks,

prasinites,
glaucophanites,

schists and
marble

inclusions

[40]

Pinus nigra
J.F. Arnold

Pindos,
Rhodopi

mountain,
Pieria mountain

Dsb Fagion
sylvaticae 1000–1500

Schists with
marble

inclusions
[40]

Quecus frainetto Ten. Kerdylia
mountain Cfa Quercion

frainetto 400–1000 Gneiss, schists,
hornblende [41]

Abies cephalonica
Loudon

Parnitha
national park Cfa Abietion

cephalonicae 550–1413 Limestone,
Schists [42]

Pinus brutia Ten. Thassos island Csa Quercion ilicis 30–700 Limestone [43]

Pinus brutia Creta island Csa Quercion ilicis 300–1000 Limestone [44]

Pinus halepensis
Miller

Kassandra,
Chalkidiki Csa Quercion ilicis 30–400

Marges,
Conglomerates,

Limestone
[45]

Quecus frainetto Taxiarchis,
Chalkidiki Cfa Quercion

frainetto 600–1000 Limestone [34]

Quercus dalechampii
Ten.

Taxiarchis,
Chalkidiki Cfa Quercetum

montanum 900–1000 Granites [46]

Quecus frainetto Taxiarchis,
Chalkidiki Cfa Quercion

frainetto 600–1000 Limestone [46]

Quercus ilex L. Chalkidiki Csa Quercion ilicis 30–500 Limestone [46]

Quercus coccifera L. Chalkidiki Csb Ostryo
carpinion 400–700 Limestone [46]

Pinus halεpensis Hymettus
mountain Csa Quercion ilicis 280–680 Schists, marble [47]

Quercus coccifera
shrubland

Hymettus
mountain Csa

Cisto-
Micromerietea

julianae
50–950 Schists, marble [47]
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Table 1. Cont.

Type of the
Forest Ecosystem Location Climate

Type
Vegetation

Zone Altitude Bedrock Type Reference
Based on

Pinus halepensis Kassandra,
Chalkidiki Csa Quercion ilicis 50–400

Marges,
limestone,

conglomerates
[48]

Quercus frainetto Arnaia,
Chalkidiki Cfa Quercion

confertae 350–800 Gneiss,
Phyllites [49]

Quercus dalechampii Arnaia,
Chalkidiki Cfa Quercetum

montanum 350–800 Gneiss,
Phyllites [49]

Castanea sativa Mill. Arnaia,
Chalkidiki Cfa Tilio

castanetum 350–800 Gneiss,
Phyllites [49]

Fagus moesiaca (K.
Malý) Czecz.

Arnaia,
Chalkidiki Cfa Fagion

moesiacae 350–800 Gneiss,
Phyllites [49]

Fagus moesiaca &
Taxus baccata L.

Arnaia,
Chalkidiki Cfa Fagion

moesiacae 350–800 Gneiss,
Phyllites [49]

Quercus pubescens
Willd.

Arnaia,
Chalkidiki Csb Ostryo

carpinion 350–400 Gneiss,
Phyllites [49]

Platanus orientalis L.
Rivers in the

area Trikala and
Karditsa

Cfa Platanion
orientalis 760–840 Alluvial [50]

Pinus halepensis Sithonia,
Chalkidiki Csa Quercion ilicis 300–550

Phyllites,
Marges, Schists,

Psammites
[51]

Fagus sylvatica with
Ilex aquifolium L.

Olympos
mountain Dsb Fagion

sylvaticae 1200–1500

Limestones,
Dolomites,

Gneiss,
Amphibolites

[52]

Fagus sylvatica Grammos
mountain Dfb Fagion

sylvaticae 1600–2180
Flysch, Marges,

Psammites,
Conglomerates

[53]

Abies borisii-regis
Mattf. Pertouli, Pindos Dsb Fagion

moesiacae 1100–1500 Flysch [54]

Planted forests

Pinus nigra Olympos
mountain Dsb Fagion

sylvaticae 800–1450 Gneiss [55]

Pinus pinea L. Thessaloniki Csb Ostryo
carpinion 100–300

Gneiss,
Ophioliths,
Phyllites,
Gabbro

[56]

Pinus brutia Thessaloniki Csb Ostryo
carpinion 100–300

Gneiss,
Ophioliths,
Phyllites,
Gabbro

[56]

Pinus nigra Taxiarchis,
Chalkidiki Cfa Quercion

confertae 750–1040 Granites-
Phyllites [57]

Pinus brutia Chalkidiki Csa Quercion ilicis 300–600 Phyllites [57]

Pinus pinea Chalkidiki Csa Quercion ilicis 300–600 Phyllites [57]

Pinus pinaster Aiton Chalkidiki Csa Quercion ilicis 300–600 Phyllites [57]

Pinus radiata D. Don Chalkidiki Csa Quercion ilicis 300–600 Phyllites [57]
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Table 1. Cont.

Type of the
Forest Ecosystem Location Climate

Type
Vegetation

Zone Altitude Bedrock Type Reference
Based on

Quercus pubescens Lagadas Cfa Quercion
confertae 500–800 Crystalline and

igneous rocks [58]

Burned forest

Pinus halepensis Kassandra,
Chalkidiki Csa Quercion ilicis 30–400

Marges,
conglomerate,

limestone
[45]

Pinus halepensis Chalkidiki Csa Quercion ilicis 0–400 Gneiss-Marges [59]

According to the data analysis, a great differentiation in the soil carbon between the
studied ecosystems (Table 2) was observed. The performed CHAID analysis revealed the
existence of three groups of forest ecosystem (Figure 1). The first group included only three
types of forest ecosystems that were characterized by a high amount of carbon: the natural
forest ecosystems of Picea abies, the natural forest ecosystems of Pinus nigra of northern
Greece and in relatively high altitude (over 1000 m asl), and the old growth forests of
Fagus sylvatica with Ilex aquifolium. All these forests have found to store a great amount
of carbon in the soil, presenting high values of over 150 Mg per hectare (mean value
157.79 Mg ha−1), similar to those reported for other temperate high productive, high forest
ecosystems [60].

Table 2. Concentration of carbon soil in the studied forest ecosystems.

Type of Forest
Ecosystem (Code) Mean in Mg ha−1 N Std. Error of Mean

1 255.59800 5 66.617305
2 150.69340 65 10.041908
3 47.74474 19 7.832819
4 108.57815 27 7.484601
5 49.44000 5 4.578876
6 68.70250 16 12.133660
7 62.29000 6 17.849855
8 41.05000 8 11.187599
9 99.46200 5 19.230321
10 124.03488 43 9.482236
11 132.65200 5 27.342324
12 134.52000 5 18.086965
13 29.23000 5 3.114782
14 93.71333 6 6.025550
15 117.06524 21 17.229275
16 53.17434 27 2.870207
17 46.31795 14 8.766629
22 167.76600 5 33.432808
31 74.94250 5 5.482308

Total 108.18677 292 4.480820

The second group included several types of forest ecosystems, such as the natural
forest ecosystems of Pinus sylvestris, P. halepensis, P. brutia, Quercus petraea, Q. frainetto,
Fagus sylvatica, Castanea sativa, and Platanus orientalis, which were found to store medium
levels of carbon in soil, with values ranging between 55 and 150 Mg per hectare (mean
value 116.82 Mg ha−1). These ecosystems had been generally subjected to great pressures
in the past (e.g., overgrazing, repeated fires, wood overexploitation), but during the last
decades were under the management of the Forest Service, which had the responsibility for
forest management at local scale.
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Finally, the third group included generally degraded forest ecosystems, and showed
a low carbon storage, approximately 50 Mg per hectare (mean value 53.87 Mg ha−1). The
included degraded ecosystems were dominated by the evergreen and deciduous oak species
of a lower altitude, such as Quercus coccifera, Q. ilex, and Q. pubescens, as well as ecosystems
dominated by the evergreen broadleaved species, such as Pistacia lentiscus, Phillyrea latifolia,
Arbutus unedo, and Erica arborea mixed with the abovementioned two evergreen oak species.
The phryganic ecosystems dominated by plants of a low height also stored a low amount of
carbon, such as the values recorded in the evergreen broadleaved species.

3.2. Effect of Soil Depth on Stored C

Soil depth seems to be the main factor affecting carbon storage, regardless of the
type of forest ecosystem (Figure 2). According to regression analysis, there is a strong
linear relationship between the soil depth and the amount of carbon stored. This strong
relationship observed in all studied forest types, both when data were analyzed separately
and when summarized, indicates that the soil depth was the most crucial parameter forming
the capacity of an ecosystem to store long-term carbon, even within the same type of
forest ecosystem.

3.3. Effect of Land Management Practices

Forests that were under the systematical management by the Greek State Forest Service
for the last seven decades were characterized by a significantly higher amount of soil carbon
compared to grazed forests or those that were unmanaged (Table 3). In addition, old growth
forests that are isolated from human pressure were found to store a high amount of carbon.
On the contrary, recently burned forests did not differ compared with the unburned ones,
indicating that wildfire consumed only the above ground and litter carbon, and did not
influence soil carbon. The performed CHAID statistical analysis revealed three groups of
different land management types (Figure 3). The first included the systemically managed
forests and the old growth forest, presenting a mean value of 139.72 Mg ha−1, representing a
total number of 118 soil profiles. The second group included the forests that originated from
old reforestations of Pinus nigra, and the unmanaged riparian forests of Platanus orientalis,
while the third group included unmanaged forests or shrubland at lower and medium
altitudes, and secondary managed forests (mainly oak dominated forests) that were highly
degraded in the past, but have been subjected to systematic management during the last
decades. The third category was found to store a low amount of carbon in the soil (mean
value 55.55 Mg ha−1), as a result of the long-term adverse impacts of human pressure.

Table 3. Concentration of carbon soil in the different types of land management.

Management Type Code Mean (Mg ha−1) N Std. Error of Mean

Managed high forest 1 138.47876 113 6.947476
Reforestation of Pinus nigra 2 107.04727 70 10.527522

Burned forests 3 123.23750 8 16.356792
Secondary managed forests 4 64.12633 30 6.799467

Riparian (non-managed) forests 5 117.06524 21 17.229275
Protected natural forests 6 53.17434 27 2.870207

Garrigue/phrygana-degraded highly 7 47.44780 13 9.390071
Old growth forests 8 167.76600 5 33.432808

Shrublands of low altitude 9 37.94200 5 5.088561

Total 108.18677 292 4.480820

3.4. Differentiation of Soil Carbon in Relation to Floristic Zone

A great differentiation was observed in carbon storage in relation to the floristic zone
to which each ecosystem type belonged (Table 4). The CHAID analysis also revealed three
groups with great differences between them in soil carbon (Figure 4). The first group in-
cluded the forests belonging to the Vaccinio-picetalia floristic zone and Quercetum montanum
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alliance, both distributed at the higher altitudes of northern Greece, and presented high
values of stored soil carbon (mean value 166.06 Mg ha−1). The second group followed
with relatively high values (mean value 123.03 Mg ha−1), and included forests belong-
ing to the Fagetalia zone and the Tilio castanetum alliance, as well as the azonal forests
of the Platanion orientalis alliance. The third group with low carbon storage (mean value
68.63 Mg ha−1) included the forests or shrublands belonging to the floristic zone of
Quercetalia ilicis. Here, the phryganic ecosystems, dominated by the Cistus species and
other low scrub species, were also included. However, in this group, even in the same
floristic zone, there was observed a secondary differentiation depending on the type of
ecosystem. The stored carbon greatly differed in forest areas dominated by the Mediter-
ranean pines (e.g., P. halepensis) compared to the areas occupied by evergreen broadleaves,
presenting mean values 108.58 and 62.29 Mg ha−1, respectively (Table 2). This indicates
the great importance of forest function that accelerates the soil biological process and
accumulates carbon in the long-term pools, such as in soil [61].

Table 4. Concentration of carbon soil in the different floristic zones.

Floristic Zone Code Mean (in Mg ha−1) N Std. Error of Mean

Vaccinio-picetalia 1 194.12500 10 39.651069
Pinion nigrae-Abietum

cephalonicae 2 66.79501 43 7.528515

Quercetalia ilicis 3 80.33729 59 5.964230
Ostryo-carpinion 4 41.05000 8 11.187599

Quercetalia pubescentis 5 61.36938 16 11.174760
Quercetum montanum 6 161.74662 63 10.341316

Tilio castanetum 7 134.52000 5 18.086965
Fagetalia 8 124.71500 54 8.377874

Platanion orientalis 9 117.06524 21 17.229275
Garrigue/phrygana 10 47.44780 13 9.390071

Total 108.18677 292 4.480820
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3.5. Differentiation According to the Climate Type

According to the Koppen classification, the studied forest ecosystems belong to five
types of climate types: Csa, Csb, Cfa, Dsb, and Dfb. The forest ecosystems of the first
three climate types were found to have accumulated significantly lower quantities of
carbon compared to the other two types, which presented higher carbon values (Table 5).
This means that forest ecosystems distributed in areas belonging to the climate types Dsb
and Dfb, climate types that occur in the high altitudes of the Greek mountains and are
characterized either as continental with dry summer (type Dsb) or humid temperate (type
Dfb), stored significantly higher amounts of carbon in soils than the forest ecosystems in
areas of the other climate types, which are characterized by low precipitation and a summer
dry period.

Table 5. ANOVA for the effect of climate type on soil carbon. The mean values followed by different
letters are significantly different (Waller–Duncan, a = 0.05).

Climate Type N Mean (Mg ha−1) Std. Error

Csa 72 74.39 b 5.362

Csb 57 74.59 b 7.891

Dsb 40 153.86 a 13.947

Dfb 74 156.30 a 9.503

Cfa 49 86.96 b 7.864

Total 292 108.18 4.481

4. Discussion

Data analysis showed that the recorded values of stored carbon in Greek forest soils
ranged greatly from 11.49 to 409.26 Mg ha−1, indicating the importance of the analyzed
drivers. According to the bibliography, the ambient organic amount of C in the soil is
determined by a wide range of factors, such as the land use history, the dominant forest tree
species, site conditions, and the forest management system [17,18,21,22], including those
analyzed in this study. Chhabra et al. [7] reported for Indian forests that the mean soil C
densities in the top 1 m of soil were in the range of 69.9–161.9 Mg ha−1, depending on sev-
eral factors such as the type of forest ecosystem and land management. However, our study
reveals an even greater differentiation of stored carbon in Greek forests. Chiti et al. [15]
found that climate and forest cover are the principal factors in determining the amount of
SOC stored in Spanish forests.

4.1. Main Drivers Forming the Long-Term Ecosystem Storage Capacity
4.1.1. The Type of Forest Ecosystem (Dominant Tree Species)

The studied forest ecosystems were found to have stored different amounts of carbon
in the soil, which depended on several factors that acted synergistically, and formed the
final soil capacity for carbon storage. The first, and probably the most important, driver
forming the storage capacity was the type of forest ecosystem—the dominant tree species,
which has been also reported in other studies (e.g., [2,7,60]). The 19 analyzed types of forest
ecosystems distributed throughout the country (Greece) were grouped into three main
categories according to their carbon storage capacity. The first group, which presented a
high carbon storage value, over 150 Mg per hectare, included only three types of forest
ecosystems, the natural forest ecosystems of Picea abies, the natural forest ecosystems of
Pinus nigra of northern Greece and in relatively high altitude (over 1000 m asl), and the
old growth forests of Fagus sylvatica with Ilex aquifolium. These ecosystems are dominated
by tree species that, when mature, acquire large dimensions (above and below ground),
and thus they can produce a large amount of biomass. These types of forest, due to their
isolated location at a long distance from any human influence, are hypothesized to have
been continuously covered by trees for many centuries, even millennia, that gradually
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created a high capacity for soils to store carbon (the multi millennial forest cover theory).
Similar results were reported for other temperate high productive forest ecosystems [60].

The second group was found to have stored a medium amount of carbon in soil, with a
mean value of 116.82 Mg ha−1. This group includes a wide range of high forest ecosystems,
such as the natural forest ecosystems of Pinus silvestris, P. halepensis, P. brutia, Quercus petraea,
Q. frainetto, F. sylvatica, Castanea sativa, and Platanus orientalis. These ecosystems had been
generally subjected to some human pressure in the past, such as overgrazing, fires, irrational
cutting, but during the last decades were under the systematic management and protection
of the Greek State Forest Service. These ecosystems were characterized by a low soil depth,
an irregular stand structure, and a low stem quality and wood volume. However, they
gradually recovered with the help of the applied species-specific silvicultural treatments
during the last seven decades, which aimed at stand rehabilitation and conversion to
well-structured productive forests.

The third category was characterized by low carbon storage, approximately 50 Mg per
hectare (mean value 53.87 Mg ha−1), and included generally degraded forest ecosystems,
with a low soil depth. These are dominated by the evergreen and deciduous oak species of
the lower altitude, such as Quercus coccifera, Q. ilex, and Q. pubescens, as well as ecosystems
dominated by the evergreen broadleaved species, such as Pistacia lentiscus, Phillyrea latifolia,
Arbutus unedo, and Erica arborea mixed with the abovementioned two evergreen oak species.
In addition, the phryganic ecosystems belonged to this group, presented carbon values
such as those of the evergreen broadleaved species. A similar low amount of soil organic
carbon was reported for the evergreen broadleaf Mediterranean forests (65.0 C Mg ha−1)
by Chiti et al. [15] in Spain.

Similar to the results of our study, Schulp et al. [22] report that SOC stocks differed
between several forest types in the Netherlands, ranging between 53.3 Mg C ha−1 (beech)
and 97.1 Mg C ha−1 (larch). Chiti et al. [15] also report for Spanish forests that the SOC
stocks of conifers was much greater (100.0 C Mg ha−1) compared to the evergreen broadleaf
forests (65.0 C Mg ha−1) in the whole soil profile.

4.1.2. Land Management Practices

The type of land use and management was also found to have strongly influenced
the amount of organic C in soil. The long-term land management practice was one of
the main factors determining soil carbon [26]; they concluded that the multi millennial
forest cover was the main soil forming factor that determined the carbon stock in soils [22].
Several land uses lead to significant declines in soil organic carbon. Soil C is rapidly
reduced due to the conversion from forest vegetation to agricultural uses [7], mainly
because of the reduced production of detritus, the reduction in biochemical cycles, and
the decomposition of soil organic matter by oxidation, while increasing erosion rates and
the uptake of nutrients [62]. Thus, the conversion of forest land to cropland or other uses
contributes to the increased atmospheric carbon dioxide [28–30], while afforestation and
reforestation lead to an increase in carbon in ecosystem pools [14], resulting in a decrease in
the atmospheric carbon dioxide. Accordingly, afforestation and reforestation are included
in the framework of effective strategies for mitigating climate change [31–33]. The analysis
of Muñoz-Rojas et al. [63] concluded that afforestation increases soil organic C mostly in the
topsoil, while deforestation processes lead to important C losses, particularly in Cambisols,
Luvisols, and Vertisols. On the contrary, recently applied stand thinning cannot affect the
long-term carbon stock in soils [23].

Our data analysis shows that systematically managed forests were characterized by a
significantly higher amount of soil carbon compared to grazed forests or those that were
unmanaged (Figure 3). In addition, the isolated old growth forests with no human pressure
were found to have stored a high amount of carbon. It is interesting that a freshly burnt
forest did not differ from the unburned ones, concluding that wildfire consumes only
above-ground and litter carbon, and does not influence soil carbon. Unmanaged forests
or shrubland at lower and medium altitudes, and secondary managed forests (mainly
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oak dominated forests) that were highly degraded in the past but have been subjected to
systematic management during the last decades, stored a low amount of carbon, indicating
the strong negative of long-term impacts of human pressure on these ecosystems. Similar
results were reported by many authors throughout the world (e.g., [15,21–23] for several
types of forest ecosystems.

The conversion of closed forests to open woodland may also reduce the soil organic
carbon; Chhabra et al. [7] reported that forests with a crown density over 40% sequestrated
higher than open forests (crown density of 10% to less than 40%). Gong et al. [24] reported
that forest thinning increased the soil carbon stocks in the forests of China. However,
our study does not include such information, while our estimates were based on forest
types and the silviculture of forests. Schulp et al. [22] also reported for the Netherlands
that at managed locations the carbon stocks were lower than at unmanaged locations,
indicating that multiple factors should be considered in explaining the drivers affecting
carbon sequestration in forest soils.

4.1.3. Soil Depth

The depth of soil profile greatly differed throughout the country, leading to the se-
questration of different amounts of carbon (Figure 2). More specifically, it was found to
range from 5 cm to approximately 150 cm, which in turn resulted in great differences in
stored carbon. However, the majority of carbon was found concentrated in the upper
surface horizon up to the depth of ca 30 cm, as was reported in other studies (e.g., [22,34].
Recently, Balesdent et al. [64] concluded through a meta-analysis that SOC dynamics and
its responses to climatic changes or land use are strongly dependent on the soil depth.
Similar differentiation in relation to the soil depth was reported by Chhabra et al. [7] for
Indian forests. However, the forest soil depth presents a high variability depending on
several factors such as the bedrock type [65,66] and land use history and management [67].
This suggests that an appropriate systematic land management can increase long-term soil
carbon storage [32].

4.1.4. Floristic Zone

Vegetation distribution depends on several ecological factors, such as latitude, altitude,
climate, bedrock and soil conditions, and land topography, as well as human influence [68].
As a result, a great variation of different vegetation types is observed in Greece [69].
Accordingly, soil C was found to be strongly differentiated in relation to the floristic zone,
revealing that the zones where a human presence had a long history, such as the lower
altitudinal zones Quercetalia ilicis, Ostryo carpinion, and phyganic vegetation, stored a low
amount of carbon in soils mainly due to the low soil depth recorded in these vegetation
zones of the Mediterranean region. The long-term effects of human activities such as
repeated fires, wood overexploitation, and livestock overgrazing are considered important
land degradation drivers [70].

4.1.5. Climate Type

Soil carbon was also significantly differentiated in relation to the climate type in
which each forest ecosystem occurred, as previously reported by others (e.g., [71]). Forest
ecosystems in areas of climate types prevailing in the upper part of the Greek mountains,
which are characterized by high precipitation and no appearance of a dry period (climate
types Dsb and Dfb), stored a significantly higher amount of carbon compared to those
appearing in climate types with low precipitation and a summer dry period (climate types
Csa, Csb, and Cfa). Similar trends for soil carbon storage were reported by Chhabra et al. [7]
for Indian forests, by Grace et al. [72] for tropical savannas, as well as by Becknell et al. [73]
for above ground biomass in mature and secondary seasonally dry tropical forests.
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4.1.6. Analysis of the Combined Impacts

The observed high differentiation of stored carbon in soil of Greek forests can be
attributed to the combined effect of many factors during a long period process (over
millennium), since edaphogenesis and organic C sequestration in soils is a very slow,
continuous biological process, which happens under a synergetic function of plant roots,
soil fauna, and microfauna, and the specific ecological conditions prevailing in a specific
site [23]. This happens naturally, but the presence of humans and their intervention greatly
influences this process on a long-term basis [24]. Thus, long-term land management
practices determine soil carbon [26]. The historic loss of forest soil organic C in the topsoil
due to a long human presence in the lower altitudes of the country, since ancient times,
perhaps is the basis on which all the other factors acted together. Human civilization
has developed mainly at low altitude areas, which belong to the Quercetalia ilicis zone,
dominated by evergreen broadleaved species, phryganic ecosystems, and are generally
characterized as long degraded forest lands. There are probably a few additional factors
(not included in the analysis of the current study) such as forest density and altitude that
can also be important. For example, Chhabra et al. [7] reported that these two factors
influence the stored C in forest soils of India, while Massaccesi et al. [74] reported that the
soil organic matter is significantly positively correlated with altitude in Apennine Forest
Soils (Italy).

Data provided by the current study can be used to estimate the net C release due
to reforestation, contributing to estimating the C loss per hectare, as well in the National
Inventory Reports that each country must annually submit in accordance with international
climate change conventions, such as the Kyoto Protocol and the United Nations Framework
Convention on Climate Change. These data, combined with those regarding the national
forest distribution, can greatly help in a well-documented National Inventory Report [75],
since they provide accurate estimations of stored amount of C in each forest ecosystem type.
In addition, they can be used in forming the appropriate guidelines for land management,
which are greatly requested for many countries. It is estimated that 60–75% of soil organic
C lost can be re-sequestered through the adoption of sound land uses and recommended
agricultural practices over a 25–50-year period [32]. In addition, the development of
separate layers in the Geographic Information Database, incorporating all these factors,
including the climate, soil type, altitude, and forest density, etc. that influence the soil
organic C density, could help in improving the soil C pool assessments at a country or
biogeographical level.

5. Conclusions

The recorded values of soil carbon ranged from 11.49 to 409.26 Mg C per hectare,
indicating the importance of the analyzed drivers. Under the demands for climate change
mitigation and lowering the rates of global warming, the current data evaluation shows
the directions to be taken to increase the long-term storage of carbon, namely systematic
forest management, and cessation of the drivers responsible for the low carbon storage in
soil, such as human pressure and overgrazing. Restoration actions can also be considered
as an effective tool for increasing soil carbon storage for degraded forest ecosystems, which
were found in the present study to store low carbon amounts. In any case, a systematic
inventory system could improve restoration success by determining the areas that need
specific land management.
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