
Chapter 10
Carbon Sequestration
and Mycorrhizae in Turkish Soils

İbrahim Ortaş, Rattan Lal and Selim Kapur

Abstract The atmospheric carbon dioxide (CO2) concentration has increased by
31 % since the onset of industrial revolution around 1850, from 280 ppm/year to
400 ppm/year in 2013. Chemical fertilizers, pesticides, tillage, irrigation and seed
use improvements have increased agricultural production. Moreover, agricultural
mismanagement may have affected atmospheric CO2 through the intensified
degradation of soil organic matter (SOM). Water deficiency, high temperatures and
land degradation could be the result of increasing atmospheric CO2 concentrations,
particularly in semi-arid Mediterranean regions. High temperatures, decreased
water availability and post-harvest straw burning in preparation for the next crop
reduce the soil organic carbon (SOC). Note that soil quality and productivity are
also declining. In addition, the intensity of climate change is expected to increase.
Soil provides a sink for atmospheric CO2 and therefore reduces net CO2 emissions
associated with agricultural ecosystems, mitigating the ‘greenhouse effect’. There
are several techniques to mitigate atmospheric CO2. One approach involves fixing
atmospheric CO2 via the natural process of photosynthesis in terrestrial ecosystems
(soil and biota). Plants fix atmospheric CO2 in soil and biota because plant roots and
mycorrhizal fungi require carbon (C) and contribute to C sequestration (CSQ).
Therefore, small changes in the soil C cycle could have large impacts on atmo-
spheric CO2 concentrations. Arbuscular mycorrhizal fungi (AMF) are obligate
symbionts of most plant species, and they are important for soil aggregation and
stabilization. Mycorrhizae fungi are the major component of soil microbial biomass.
AMF hyphae produce glomalin that contains C and that is an important part of the
terrestrial C pool. The effects of mycorrhizal colonization on nutrient uptake and
root growth have been extensively studied. CSQ and aggregate C storage have
become priority topics in soil science since 1990s. Interest in the effects of myc-
orrhizal hyphae (glomalin as the by-product) and humic substances that enhance
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aggregate stability is increasing. AMF play a key role in soil aggregate formation
and stabilization. This long-term experiment was established in 1996 to assess crop
and soil management effects on mycorrhizal development and SOC accumulation.
The principal objective was to determine how soil management affects indigenous
mycorrhizae and SOC dynamics. Results show that mycorrhizal colonization and
sporulation depend on soil and crop management and that soil aggregate devel-
opment is affected by SOC content and mycorrhizal presence.

Keywords Soil organic carbon dynamics � Soil development � Mycorrhizae and
carbon sequestration � Plant and soil management effects on carbon pool

10.1 Introduction

The atmospheric carbon dioxide (CO2) concentration increased by 31 % between
the onsets of the industrial revolution around 1850 when it was 280 ppm/year to
400 ppm in 2013. It is presently increasing at a rate of 2.3 ppm/year or 0.58 %
year−1 (Le Quere et al. 2015). Despite enhanced crop production, the Green
Revolution has been a major contributor to increased atmospheric CO2 via agri-
cultural input enhancements such as chemical fertilizers, pesticides, increased tillage
practices, irrigation and seed use improvements. However, increased agricultural
input does not result in continuous yield increases. Eventually, increased tempera-
tures because of climate change, distortion of CaCO3 horizons in the profile, heavy
tillage and high clay content decrease soil organic matter (SOM) content and con-
sequently reduce agronomic productivity. This situation is particularly apparent in
the eastern Mediterranean region of Europe (Ortaş/Lal 2012). Singh et al. (2009)
reported that loss of SOM, and soil structure degradation has a detrimental effect on
soil fertility and crop productivity. Since root carbon (C) has longer soil residence
time than shoot C (Gale/Cambardella 2000; Gale et al. 2000, 2002; Rasse et al.
2005), it is important to manage plant roots in the sub-soil to maintain the soil
organic C (SOC) pool. Lal/Kimble (1997) indicated that agricultural soils depleted
of SOC because of cultivation have significant potential for atmospheric CO2

sequestration. Thus, there is a strong interest in stabilization of the atmospheric CO2

abundance to reduce its effect on global warming.
There are three strategies of reducing net CO2 emissions to mitigate climate

change (Schrag 2007): the reduction of fossil energy use, development of low- or
no-C fuels and CO2 sequestration from point sources or from the atmosphere
through natural (photosynthesis/biotic) and engineered techniques.

The basic processes of the C cycle involve CO2 input through photosynthesis
and CO2 output through decomposition. The net gain of C in the soil is a function of
the balance between inputs (i.e. net primary productivity or NPP plus any external
inputs) and losses (i.e. decomposition, erosion and leaching).
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Photosynthesis is a crucial natural mechanism for fixing CO2 from the atmo-
sphere to the soil. The process of photosynthesis involves the absorption of CO2

from the atmosphere by plants, CO2 transformation into plant C and sequestration
either above or below the ground as biomass and/or as SOC pool. Shoots, roots and
mycorrhiza are responsible for the uptake of substrate C. Roots and mycorrhizae
absorb substrates N and P. Thornley/Parsons (2014) reported that transferring dry
matter to shoots, roots, and mycorrhizae maximizes growth rate.

Agricultural soils are both a sink and source of atmospheric CO2 (depending on
land use and management) and may be managed to moderate net CO2 emissions.
SOM is an important component of soil fertility, productivity and quality because
of its crucial role in the chemical, physical and biological properties of soil (Ortaş
2006).

Although the SOC pool and accompanying relationships with climate and
vegetation are still incompletely understood (Lorenz/Lal 2005), numerous field
experiments have revealed a direct relationship among soil management, SOC pool
and its dynamics. Land use types and soil cultivation are important controls of SOC
pool. They may also change the relative importance of various mechanisms for
SOM stabilization. Li et al. (2014) reported that SOC was higher in non-degraded
grasslands than in degraded areas. Grassland degradation has also been shown
(Wen et al. 2013) to decrease biomass and C content and change the ratio of roots to
shoots. Repeated soil disturbance can lead to a rapid mineralization of SOM under
field conditions (Williams/Hedlund 2013). Moreover, misuse and/or soil extraction
for uses other than agriculture or forestry and/or use of prime agricultural soil sites
as building foundations (soil stripping) cause highly significant soil losses in both
the developed and developing world. This often results from an unawareness of
appropriate natural resource uses.

Puget/Lal (2005) showed that the effects of tillage on soil aggregation and SOC
vary depending on regional climate, soil type, residue management practices and
crop rotation. A recommended management practice is conservation agriculture
(CA) that reduces soil loss, increases SOC and increases carbon sequestration
(CSQ) through aggregate development (Lal 2015a, b). Effects of conversion to CA
on SOM quantity, quality and soil aggregation may be relatively more in the surface
than in the sub-soil (Ortaş et al. 2013). Therefore, the principal aim of this study
was to assess the effects of several soil and crop management systems (including
mycorrhizae inoculation) on CSQ.

10.2 Materials and Methods

Two monitoring studies were conducted on the change of SOC and CSQ in the
rhizospheres of the Menzilat clay-loam (Typic Xerofluvent, widespread soil in the
Çukurova University farm area) (Fig. 10.1) and Kızıltapır (Lithic Rhodoxeralf,
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widespread soil in the Çukurova University area) soils (olive-Olea europea L.-tree
rhizosphere) from 1974 to 2012 (Table 10.1). Moreover, a comparison of the CSQ
in the rhizosphere-non-rhizosphere soils of the Kızıltapır series (in 2010) were
accomplished in order to understand the variable root-zone potential in carbon
sequestration. A long term experiment from 1996 to 2010 concerning the effect of
mycorrhizae inoculation on CSQ in the soil was also conducted at the Menzilat soils
of the Research Farm of the Çukurova University in the eastern part of the
Mediterranean region of Adana, Turkey. The regional climate of the study area is
typical Mediterranean where the long-term average annual temperature is 19.1 °C
(varying between 14.2 °C in January–February to 25.5 °C in July–August) and
precipitation is 670.8 mm. The mean annual humidity is 66 %, and as much as
80 % of the annual precipitation occurs between November and April (Anonymous
2008).

Mycorrhizal inoculation was applied in three replicates to the Menzilat soil for the
long term experiment. Each plot had 10 � 20 m (200 m2) dimensions. Treatments
included a control plot and mycorrhiza-inoculated compost at 10 Mg ha−1.
Experimental plotsweremoldboard ploughed to 0.15–0.20 mdepth after each harvest.

Soil samples were air dried, gently ground and passed through a 2 mm sieve.
Air-dried bulk soil was ground further and sieved through a 0.25 mm sieve. Total C
and nitrogen (N) concentrations were determined by the dry combustion method at
900 °C using a C and N elemental analyzer. Inorganic C was determined by
measuring total CaCO3 content (Ortaş/Lal 2012). The SOC concentration was
obtained by subtracting soil inorganic carbon (SIC) from the total C concentration.
Selected initial soil properties were analyzed by the method described by Page et al.
(1982).

Fig. 10.1 The prime agricultural soil stripped for the construction of a building foundation, the
Menzilat soil series. Source The authors
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10.2.1 Calculation of SOC and Nitrogen Pools

The SOC pool was calculated for samples from specific soil depths and aggregate
size fractions (4.75, 2, 1, 0.5, 0.25 and <0.25 mm) using Eq. 10.1 (Lal et al. 1998):

Mg SOC or TSN ha�1 ¼ C% or N% � soil depth mð Þ � qb Mgm�3� �

� 104 m2 ha�1=100

ð10:1Þ

The SOC sequestration rate was calculated with reference to the baseline control
treatment by dividing the difference in the total SOC pool by 14 years (experiment
duration).

10.3 Results and Discussion

10.3.1 Monitoring SOC in Menzilat Soils

A large fraction of the C in the terrestrial biosphere is contained in soil in the form
of SOM (Lal 2004; Lal et al. 2007). However, SOM is reduced by excessive tillage
that increases emission of greenhouse gases (GHG) from agroecosystems.

The data presented in Table 10.2 show that 78.7 Mg ha−1 SOC and
408.0 Mg ha−1 SIC were lost from the soil (Menzilat soil series, dominant soil in
the Çukurova University experimental Farm as well as the Çukurova region, Adana,
Turkey) from 1974 to 2010 (Özbek et al. 1974). Furthermore, there are clear
differences between SOC and SIC contents: the former decreases, whereas the latter
increases with soil depth (Table 10.2). Overall mean values for SOC decrease with
depth, and the SOC concentrations in the surface layer are significantly higher than
those in the lower horizons.

SOC is vitally important for agriculture and mitigation of climate change in a
fragile semi-arid environment. SOM is an important component of soil fertility as a
nutrient sink. It enhances and promotes biological activity in many agro-ecosystems
(Ortaş 2006). Srinivasarao et al. (2012) indicated that SOC is a strong determinant
of soil quality and agronomic productivity especially in harsh arid and semi-arid
environments. SOC is important for long-term soil quality and also for carbon
dynamics in relation to climate change (Lal et al. 2007).

Thus, the effect of management practices on CSQ changes and the soil C budget
were calculated from 1974 to 2010 using data from 1974 as the baseline
(Table 10.2, Fig. 10.1). The total SOC ranges from 877.4 kg ha−1 in 1974 to
117.2 kg ha−1 in 2010 in the Menzilat soils. The CSQ in the top layer is 997.9 kg C
ha−1 year−1. However, the magnitude and rate of soil CSQ decreases with increased
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depth to −534.8 kg C ha−1. CSQ is higher in surface than in the sub-soil layers
because of the concentration of plant roots and positive effects of management
practices (e.g., fertilization, irrigation residue retention).

10.3.2 Monitoring (1974–2010) and Comparison of SOC
in the Rhizosphere and Non-rhizospheres (2010)
of the Kızıltapır Soils

Olive trees sequester high amounts of SOM within their rhizosphere (Fig. 10.2),
which consequently decrease soil loss by reducing erosion. The SOM can be as
much as 12 % of the root zone soil of a 100-year-old olive tree as stated by
Koçak/Kapur (2010). Moreover, branches pruned from olive trees are used for fuel
and making high quality biochar (Aydıncak et al. 2012).

The Kızıltapır soil (widespread soil series in the Mediterranean Basin, Özbek
et al. 1974) located on the Çukurova University experimental farm, contains olive
orchards established in 1974. While, some trees were uprooted for construction

Table 10.2 Carbon sequestration (CSQ) rates in the Menzilat soils from 1974 to 2010

2010 1974

Ap CA C1 C2 Total Ap

Soil depth 0–30 30–60 60–94 94–125 0–6

PSD Sand 32.5 30 16 14.5 34.4

Silt 40.5 24.5 30 31.5 40.2

clay 27.0 45.5 54 7.6 25.4

pH 7.4 7.6 7.5 7.6 7.5

Salt 0.113 0.123 0.133 0.131 0.25

P2O5 (kg ha−1) 43.6 14.2 10.9 9.5 15.4

CEC
(cmolc kg

−1)
17.6 17.6 21.2 18 18.3

CaCO3 (%) 21.9 30.4 28.4 33.6 51.48

OM (%) 1.51 0.49 0.51 0.52 1.59

OC (%) 0.87 0.28 0.3 0.3 0.92

BD (g cm –3) 1.6 1.3 1.3 1.35 1.44

SOC (Mg ha−1) 41.9 11.1 13.1 12.6 78.7 8

SIC (Mg ha−1) 87.4 98.8 104.6 117.2 408.0 37.1

Rate of CSQ
1974–2010
(kg C ha−1)

997.9 −353.4 −534.8 −106.2 3.7

Carbon and nitrogen sequestration calculated using 1974 baseline data. Source Özbek et al. (1974)
EC Electrical conductivity, CEC Cation exchange capacity, OM Organic matter, PSD Particle size
distribution, SIC Soil inorganic carbon

10 Carbon Sequestration and Mycorrhizae in Turkish Soils 145



purposes, the C budget of the root zone of these trees was calculated. This analysis
was conducted during the struggle against inappropriate land use to demonstrate the
C sequestration potential of the olive root zone. The magnitude of C sequestered
36 years after the establishment of the orchard is higher in the rhizosphere than in
the non-rhizosphere soil (Table 10.3). The magnitude of non-rhizosphere
(0–0.13 m) CSQ is 176.7 Mg ha−1 and 636.5 Mg ha−1 at 13–28 cm depth
(Table 10.3). Similarly, the rhizosphere CSQ of the olive tree at 0–20 cm depth is
183.7 Mg C ha−1 and 133.8 Mg C ha−1 at 40–60 cm depth. The calculated rate of
CSQ is 36.3 Mg C ha−1 year−1 at 0–20 m depth compared to 42.6 Mg C ha−1

year−1 at 40–60 m depth (Table 10.3).

Fig. 10.2 A mature olive tree
root system (Olea europea)
with large amount of biomass
C added into the soil. Source
The authors

Table 10.3 Kızıltapır soil series CSQ changes from 1974 to 2010

Soil
horizon

Soil
depth
(cm)

Organic
carbon (%)

qb
(g cm−3)

SOC
(Mg ha−1)

CSQ NR
(kg C ha−1)

SCQ R
(kg C ha−1)

Differences
between
R-NR CSQ
(kg C ha−1)

Non-rhizosphere
2010

Ap 0–13 1.45 1.3 24.5 176.7

Bt1(BA) 13–28 0.93 1.3 18.1 −636.5

Bt2 28–43 0.99 1.4 20.7 153.8

Rhizosphere
2010

Ap 0–20 2.43 1.25 60.8 1183.7 36.3

Bt1 20–40 1.62 1.3 42.2 33.7 24.2

B2t 40–60 2.11 1.5 63.3 1338.0 42.6

1974
Non-rhizosphere

Ap 0–11 1.32 1.25 18.1

B1 11–38 1.21 1.25 41.0

B2t 38–50 1.11 1.15 15.2

Carbon and nitrogen sequestration was calculated using 1974 baseline data. Source Özbek et al. (1974) and comparison of the
rhizosphere and non-rhizosphere Kızıltapır soils
R Rhizosphere, NR Non-rhizosphere, SOC Soil organic carbon, qb Bulk density
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10.3.3 Effects of Long-Term Mycorrhizae Application
on SOC and CSQ of the Menzilat Soils

The long-term mycorrhizae application experiment conducted in the Çukurova
University Farm (the Menzilat soil series) determined that the SOM content
increased in treated plots compared to control plots. CSQ was calculated for the
period from 1996 to 2013.

The effect of the mycorrhizae treatment on CSQ was calculated on data collected
between 1996 and 2013 using 1996 data as the baseline (Table 10.4). Total CSQ
ranges from 0.10 to 5.83 Mg ha−1 at 0–0.15 m and 2.73 to 7.10 Mg ha−1 at
0.15–0.30 m depth. The average CSQ is 2.96 Mg ha−1 at 0–0.15 m and
4.92 Mg ha−1 at 0.15–0.30 m depth (Table 10.4).

After 17 years, the per year CSQ was also calculated for the 0–0.15 m depth
revealing a 5.9 kg ha−1 sequestration in the control treatment and 342.8 kg ha−1 in
the compost + mycorrhizae application. In this context, several long term experi-
ments are currently being conducted on mycorrhizal species inoculation at citrus
orchards. Studies are also being conducted for examining the indigenous mycor-
rhizae effects on CSQ using a long-term agricultural management approach. The
results obtained thus far show that CSQ is related to the SOC pool and yield
variability. Mycorrhizae and other beneficial organisms affect SOC and CSQ
because the organisms in the sub-soil regulate the C storage and release in soil.

Table 10.4 Long-term mycorrhizae application and CSQ change from 1996 to 2013 of the
Menzilat soils

C (%) qb (g cm−3) 1996 2013 Carbon sequestration
1996–2013

SOC
(Mg ha−1)

SOC
(Mg ha−1)

SOC 2013–
SOC 1996
(kg C ha−1)

CSQ
(kg C
ha−1)

0–15 Control 0.88 1.34 17.59 17.69 0.10 5.9

Compost + Mycorrhizae 23.42 5.83 0.3 342.8

Mean 20.55 2.96 174.4

15–30 Control 0.78 1.34 15.70 18.43 2.73 160.6

Compost + Mycorrhizae 22.80 7.10 0.3 417.7

Mean 20.62 4.92 289.2

Source The authors
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10.4 Conclusions

Soil management under inoculated and indigenous mycorrhizae (long term experi-
ment on Menzilat soil) were determined to affect SOC dynamics and increase soil
carbon sequestration in long term monitored agricultural soils. Carbon sequestration
was significantly quantity-wise improved and the rhizosphere effects on CSQ were
high under olive canopies. Moreover, the CSQ of the surface horizons
(non-rhizosphere soils) of the widespread Menzilat and Kızıltapır soils were found to
increase within a 36-year period (1974–2010) of land use. This reveals the resilience
capacity of soils in Mediterranean is very fragile if not managed sustainably.
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