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Abstract
The current research aimed at collecting detailed information about the consequences of cropping history on the accumulation of
soil organic carbon (SOC) within different soil depths, i.e., 0–10, 10–20, 20–30 and 30–60 cm. The study site is located at El
Gabal El Asfar area (Egypt) whose soils were irrigated with raw sewage effluent as a sole source of irrigation for different periods
extended up to 80 years. SOC increased progressively with increasing cropping time, and on the other hand, decreased noticeably
with increasing soil depth. The increases significantly correlated with both of the silt and clay contents in soils which increased
with time. Soil bulk density and the hydraulic conductivity significantly and negatively correlated with SOC, respectively.
Fractions of SOC, i.e., water soluble C, hot water C and soil biomass C in the surface soil layer (0–10 cm), increased progres-
sively with increasing time of land use. Such pools significantly correlated with SOC on one hand and with each other on the
other hand. Active (labile) organic carbon fraction increased with time. This fraction also significantly correlated with the
different C pools. In conclusion, the hypothesis that SOC is physically protected against soil microbes within the soil requires
more investigations to clarify such results obtained herein because this study highlighted the presence of a dynamic equilibrium
among the different fractions or pools of the SOC.
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Introduction

Soil organic carbon (SOC) is the potential sink of atmospheric
carbon (Brar et al. 2013); hence, it deserves special attention
(Vieira et al. 2007; De Bona et al. 2008). It is probably the major
carbon reservoir in the terrestrial ecology (Zhou et al. 2019) that
directly affects soil quality (Shaffer et al. 2001) and health

(Francaviglia et al. 2019). Moreover, carbon sequestration in soil
can minimize climate change (Chen et al. 2010; Schlesinger and
Amundson 2019). However, the distribution and stability of or-
ganicmatter in soils seemed to be largely indistinguishable (Zhao
et al. 2019); therefore, further researches are needed to highlight
such pathways in soils. It is hypothesized that soil aggregates can
potentially protect SOM from being decomposed by soil mi-
crobes (Tan et al. 2007; Goebel et al. 2009; Wiesmeier et al.
2012; D’Acqui et al. 2017). According to this theory, the labile
form of soil C finds its way among soil particles (Whalen et al.
2000; Sheng et al. 2015; Tobiašová et al. 2016) to exist in too
small pores that cannot be entered by soil biota (Balesdent et al.
2000), thus comprising partially protected C fraction in soil
(Goebel et al. 2009). These findings probably indicate that the
carbon cycle seemed to be incomplete and that the residual or
non-labile C fractions as well as the total contents of SOC are
expected to be in continuous increase with time. In spite of that,
SOC content seemed to be extremely low in many arable lands
of arid and semi-arid zones that were cultivated with different
crops for hundreds of years and are still in use (Nieder and Benbi
2008; Tarnocai et al. 2009; Bassouny and Abbas 2019; Farid
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et al. 2019). The alternative assumption is that the by-products of
soil biota are probably the stable organic forms (Schmidt et al.
2011) that exist mainly in the organic-mineral aggregates
(Strosser 2010), hence improving soil aggregation (Weigel
et al. 2011). These two assumptions should be further investigat-
ed while reconsidering the dynamics of building up of SOC,
especially in arid soils.

Some factors might contribute to building up of SOC, e.g.,
climate conditions and the fine mineral fraction in soil. In this
concern, high temperature is thought to accelerate the decompo-
sition of SOC in soils (Moinet et al. 2018); hence, the decompo-
sition cycle of SOC seemed to be high in the arid (Mlih et al.
2016) and semi-arid region soils (Maia et al. 2019). Also, the fine
mineral fraction in soil is another potential component that deter-
mines SOC stabilization in most soils (Wiesmeier et al. 2019). It
is therefore thought that following up the changes in soil texture
(especially through the changes that might occur due to the clay
content in soil) might draw attention to the pathways of carbon
buildup in soils. Furthermore, soil cropping accelerates the deg-
radation of SOM; thus, only recalcitrant materials remain (Paul
et al. 1997). Also, cropping practices are important factors affect-
ing SOC stocks (Chopin and Sierra 2019).

To investigate the dynamics of SOC in the arid zones, the
changes that occur within the different fractions of SOC with
time should be monitored. Water-soluble organic carbon
(WSC) is the most dynamic C pool in the soil (Peregrina et al.
2012). It is the source of C energy for soil biota (Charest et al.
2004). Hot water carbon (HWC) is also considered a labile pool
of soil carbon (Ghani et al. 2003), which contains readily avail-
able nutrients for plants (SrdjanŠeremešić et al. 2013); however,
it is less thermally stable than the cold water–extracted OC
(Landgraf et al. 2006). Stock of SOC is affected by soil manage-
ment techniques (Post and Kwon 2000) and the labile fraction of
SOC is an important marker determining the success of manage-
ment practices (de Oliveira et al. 2016). Therefore, determination
of the labile fractions of SOC in terms of active carbon (Blair
et al. 1995) might be helpful for calculating carbon management
index (CMI). This indicator finds out whether organic carbon
management could result in variations in the organic C content
of the investigated soils or not (Leal et al. 2016).

One of the main challenges facing crop production in the arid
and semi arid-zone countries is fresh water scarcity (Abbas and
Bassouny 2018; Zolti et al. 2019). These countries were and still
forced toward using industrial and municipal wastewaters to sat-
isfy their water needs (Gatta et al. 2018), after however consid-
ering appropriate wastewater treatments to diminish the levels of
water contaminants (Galvis et al. 2018; Zolti et al. 2019). The
financial aspects of reclaiming wastewaters are the recovery of
water and nutrients, while diminishing the pollution discharges
into water bodies (Zhang and Shen 2019); yet, inappropriate
wastewater treatments might result in negative ecological im-
pacts, e.g., growth of resistant soil bacteria (Bougnom et al.
2019), pathogens (El-Motaium and El-Seoud 2007), organic

pollutants (El-Motaim and Hashim 2009), and accumulation of
potentially toxic elements in soil (Abdel-Shafy and Abdel-
Sabour 2006; Abdelhafez et al. 2015) which were accumulated
mainly in the topsoil after being retained with the organic resi-
dues present in wastewaters (Abbas and Bassouny 2018). The
arable lands of El Gabal El Asfar (Egypt) were selected for this
study because they represent sandy soil texture (El-Hassanin
et al. 1993) of the arid and semi-arid regions (Williams 1999).
These soils are low in their organic carbon content (less than
50 g kg−1) (Abdel-Shafy and Abdel-Sabour 2006) even with
successive applications of organic amendments for many years
(Abbas and Bassouny 2018) because the decomposition of or-
ganic C under the arid and semi-arid climates prevailing in Egypt
is thought to be high (Kirschbaum2000; Rodeghiero et al. 2009).
Accordingly, the consequences of amending these soils with or-
ganic amendments might be monitored clearly. These soils have
received sewage effluents rich in organic C (Su et al. 2010) as a
sole source for irrigation (rich in the suspended organicmaterials)
for more than 80 years (El-Motaium 2000; Abdel-Shafy and
Abdel-Sabour 2006); besides, they received sludge as a source
of nutrients (Casado-Vela et al. 2006) which might contribute to
increasing its SOC. It is then thought that these soils are the ideal
model for studying the dynamics of OC in the irrigated soils of
different cropping histories.

The current research aims at investigating the conse-
quences of successive inputs of organic matter through sew-
age effluent on the accumulation of SOC and its different
fractions, i.e., water-soluble organic carbon, hot water organic
carbon and microbial biomass carbon within the different
depths (0–10, 10–20, 20–30 and 30–60 cm) of the arid soils
of El Gabal El Asfar area, Egypt. This study hypothesized the
following two assumptions: the different fractions of SOC are
correlated significantly and positively with each other (H1)
and this assumption indicates that all SOC fractions are in
continuous and dynamic equilibrium in soil. The organic res-
idues are bound to the fine fractions of soil minerals (especial-
ly clay and silt) and this might increase soil bulk density and
probably change soil texture on the long run because these
organics trap the suspended minerals that may exist in the
sewage effluent (H2). The consequences of these organic
amendments on soil chemical characteristics and carbon man-
agement index were also investigated. It is thought that the
results of such an investigation will be helpful in providing
more knowledge about the global carbon cycle.

Materials and methods

Location of study and soil sampling

The study area was El Gabal El Asfar (Egypt) located between
latitudes 30° 13′ 9″ and 30° 16′ 20″ N and longitudes 31° 22′
10″ and 31° 24′ 10″ E (Fig. 1).
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Seventeen farms were selected from the El Gabal El Asfar
area (cultivated with vegetables and field crops) to represent
soils of different cropping histories irrigated with raw effluent
sewage water (water characteristics are presented in Table 1).
The studied soils comprised ≤ 5 year (one farm), 5–10 years (2
farms), > 10–20 years (4 farms), > 20–30 years (3 farms), >
30–40 years (4 farms), > 40–50 (one farm) and > 50–80 years
(2 farms). Soil samples were collected in triplicate from the 17
farms at four different depths, i.e., 0–10 cm, 10–20 cm, 20–
30 cm and 30–60 cm, in three successive seasons (summer
2015, winter 2015/2016, and summer 2016). The collected
soil samples were air dried, crushed with wooden mallet and
sieved to pass through a 2-mm stainless steel sieve. The soils
under study are classified as Typic Torripsamments according
to the soil taxonomy of Soil Survey Staff (2010).

Soil analysis

Physical and chemical characteristics of the investigated soils
were determined according to Klute (1986) and Page et al.
(1982) as follows: particle size distribution by the pipette

method, hydraulic conductivity in undisturbed soil sample,
cation exchange capacity (CEC) by ammonium acetate meth-
od, and total organic carbon (TOC) according to the Walkley
and Black method.

Fig. 1 Location of the study area (El Gabal El Asfar area)

Table 1 The main
characteristics of the
effluent sewage water
used for irrigating El
Gabal El Asfar soils

Property Unit Value

pH – 7.9

EC dS m−1 1.4

TDS mg L−1 1003.2

COD mgO2 L
−1 640.3

BOD mgO2 L
−1 382.9

TH mg L−1 382.6

SAR – 4.12

Mg ratio % 51.1

DOC mgC L−1 221.6

TDS total dissolved solids, COD chemical
oxygen demand, BOD biological oxygen
demand, TH total hardness, SAR sodium
adsorption ration, DOC dissolved organic
carbon
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The different pools of SOC were determined according to
Safařík and Šantrůčková (1992) and Ghani et al. (2003) as
follows:

Cold and hot water soluble C Soil portions (equivalent to 3 g
oven dry weight each) were added to 50-mL polypropylene
centrifuge tubes together with 30 mL distilled water. The sus-
pension was then shaken for 30 min at 30 rpm, centrifuged for
20 min at 3500 rpm, and then filtered through a 0.45-μm
cellulose nitrate membrane filter into separate vials for carbon
analysis. The supernatant of this extract represented the cold
water–soluble carbon (WSC). Another 30-mL aliquot of dis-
tilled water was added to the sediments in each tube and then
shaken on a vortex shaker for 10 s to suspend soil in water.
Tubes were capped and left on a hot water bath (80 °C) for
16 h; afterwards, tubes were shaken for 10 s on a vortex
shaker, centrifuged for 20min at 3500 rpm to release hot water
C (HWC) from the SOM, and then filtered. Total carbon in the
first and second extracts was determined by a Shimadzu Total
Organic Carbon (TOC) Analyzer, model 5000A.

Microbial biomass carbon (MBC) Two groups of moist soil
samples (10 g each on dry weight basis) were placed into
50-mL beakers. The beakers were then placed inside 1-L glass
jars. Small beakers, containing 10 mL each of chloroform,
were placed to a group of soils previously placed in beakers,
whereas the second group was left without chloroform to
serve as a control treatment. The jars were sealed and allowed
to stand at room temperature for 48 h immediately after fumi-
gation and a 100-mL aliquot of K2SO4 solution 0.5 M was
used to extract microbial biomass carbon. The aliquot was left
until dryness and the dichromate oxidation method was used
to determine microbial biomass carbon.

Active carbon (AC) Soil portions (1 g on dry weight basis each)
were added to centrifuge tubes together with aliquots of
20 mL KMnO4 (0.333 M). Suspensions were then shaken
for 15 min at 200 rpm, centrifuged for 5 min at 3000 rpm,
and transferred volumetrically using distilled water up to
10 mL. Thereafter, the active carbon was determined colori-
metrically in solution at 550-nm light wave using spectropho-
tometer model Uni Cam UV 300.

Data processing

The CMI was calculated according to Blair et al. (1995) as
follows:

CMI ¼ CPI� LI� 100

Where CPI is the Carbon Pool Index calculated as the ratio
between total soil C in soils of study and the corresponding
one in the reference soil. The farm of cropping history <

5 years cropping was taken as a reference farm in the calcu-
lations of CPI, LI and CMI for the studied farms varying in
their cropping histories.

Carbon Pool Index CPIð Þ ¼ SOC in the soil sample

SOC in the reference soil

LI, the liability index, was calculated as follows:

Liability of C Lð Þ

¼ Fraction of soil C oxidized by KMnO4

Fraction of soil C remaining unoxidized by KMnO4

Liability Index LIð Þ ¼ Liability of C in the sample soil

Liability of C in the reference soil

Results

Soil organic carbon

Data represented by Fig. 2 reveal that SOC increased progres-
sively in soils with increasing time of land use. The values of
soil organic carbon (SOC) within the surface soil layer ranged
from 10.1 to 29.1 g kg−1. The corresponding concentrations in
deeper soil layers were entirely lower.
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Fig. 2 Effect of the time of land use on the total organic carbon (g kg−1) in
the upper surface layer (0–10 cm) of the soil (mean ± SD). Different
letters on bars indicate significant difference between treatments at
P < 0.05
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The increases in SOC with increasing time of land use
(within the different soil depths) were investigated by fitting
to 3 mathematical models, i.e., linear model, quadratic model
and a logarithmic one; and the fitting parameters are presented
in Table 2. Based on the highest r2 values, accumulation of
SOC seemed to follow the quadratic model with two slopes.
The positive slope, of relatively high values, probably indi-
cates accumulation of organic C in soils, while the negative
one, of relatively lower values, refers to a decomposition phe-
nomenon of the organic carbon in soil.

Organic carbon pools

The different pools of SOC were a matter of concern in the
current study taking into consideration the variations that oc-
curred only within the uppermost soil layers of 0–10 cm soil
depth. Three carbon pools, namely, water soluble C, hot water
C and soil biomass C besides the residual one, were considered.
The values of the different pools ranged in the investigated soils
from 1.41 to 3.26mg kg−1 for theWSC, 1.69 to 3.81mg kg−1 for
the HWC and 2.60 to 5.16 mg kg−1 for the MBC (Fig. 3A).
These pools of SOC increased gradually in soils with increasing
inputs through sewage effluent; however, their concentrations
seemed to be slight comparable to the residual SOC whose con-
tent increased in soil with increasing time of cropping (Fig. 3B).

Labile versus non-labile C fractions

Labile (active C) and non-labile (stable) carbon fractions have
proven to be suitable tools for classifying SOC (Weigel et al.
2011). Values of the active carbon (AC) in the studied soils
ranged from 4.37 to 6.34 mg kg−1 (Fig. 4A).

Active versus passive organic carbon (total-active) frac-
tions were then considered in calculating the carbon manage-
ment index to investigate the changes that took place among
the different soil locations of study. The calculated CMI
ranged from 101.83 to 139.79 (unit less) with an average value
of 120.81 (Fig. 4B). These values probably indicate that car-
bon management index improved in soils with increasing or-
ganic inputs through sewage effluent.

Mutual relations among pools of SOC and their
relation to soil physical and chemical characteristics

Table 3 reveals that SOC increased significantly and posi-
tively with increasing time of land use. The different C
pools correlated significantly with SOC. Moreover, these
different pools significantly correlated with each other.
The active C fraction was significantly correlated with the
different C pools, i.e., water-soluble C, hot water C and
microbial biomass C besides the residual organic C. It is
worthy to mention that the residual fraction of the organic
C was highly correlated with the passive organic C (P =
1.000). On the other hand, soil bulk density and the hy-
draulic conductivity correlated significantly and negatively
with the different C pools in soil, respectively. Also, the
increases in SOC and its fractions or pools significantly
correlated with each of the silt and clay contents in soils.
In this concern, the soil of cropping history > 80 years
recorded the highest increase in SOC (2.7-folds higher than
the control soil of cropping history < 5 years). On the other
hand, the increases that occurred in both the clay and silt
contents in this soil were 19.5- and 30.2-folds, respectively,
higher than the control.

There were 4 textural classes, i.e., sand, sandy loam,
loamy sand and loam for soils within the area of study
(Fig. 5). The original soil texture is thought to be sand.
With time of land use, silt and clay contents increased in
soil to comprise heavier textured soils. Thus, the texture
of the surface top soils turned out to be a loam within a
land use period of 50 years or more. Cation exchange
capacity (CEC) of the investigated soils also correlated
positively and significantly with the different C pools in
soil besides the total content of soil organic carbon. As
shown in Fig. 3, CEC values ranged from 3.22 to
24.75 cmolckg

−1 soil. The increases in CEC are supposed
to comprise 4 phases along the cropping history. The
first and the fourth phases showed slight and, at the same
time, steady increases. The second phase revealed pro-
gressive increases in soil CEC within the period extend-
ing from 30 to 40 years of cropping followed by a third
phase of relatively stable values of soil CEC, probably
indicating high soil buffering action.

Table 2 Fitting parameters of the
mathematical models used for
simulating the accumulation of
SOC as affected by the cropping
history (time of land use)

Depth (cm) Linear model

(y = y0 + ax)

Quadratic model

(y = y0 + ax+bx2)

Logarithm model

(y = y0 + alnx)

y0 a r2 y0 a b r2 y0 a r2

0–10 3.950 0.062 0.974 3.636 0.084 − 0.0003 0.983 0.447 1.699 0.894

10–20 4.103 0.124 0.968 3.676 0.154 − 0.0003 0.973 − 2.789 3.369 0.864

20–30 7.240 0.163 0.915 5.070 0.318 − 0.0002 0.975 − 2.953 4.788 0.949

30–60 10.560 0.232 0.971 9.139 0.333 − 0.0001 0.984 − 3.127 6.555 0.934
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Discussion

Organic matter increased progressively and significantly in the
investigated arid soils with increasing cropping history. Such
increases were pronounced mainly within the surface (0–
10 cm) layer while decreasing considerably in deeper soil layers.
Probably, the plant residues from the previous seasons accounted
for such increases (Kögel-Knabner 2002), besides the raw sew-
age effluent (rich in suspended organic materials) which was
used as a sole source for irrigating the soils (El-Motaium 2000;
Abbas and Bassouny 2018). On the other hand, the conditions of
drought were more considerable in the surface soil layers com-
pared with the subsurface ones (Fierer et al. 2003); consequently,
soil microbes and enzymes activities increased in the deeper soil
layers (Madejón et al. 2009). Therefore, decomposition rates in
deeper soil layers seemed to be higher. In spite of that, Paul et al.
(1997) recorded that, by using 14C dating and 13C/12C mea-
surements, the subsurface soil layers preserved more resistant
organic carbon than that which exists in the surface ones.
Probably, soil microorganisms, upon decomposition of organic
mattermainlywithin the surface soil layer, built upmore resistant
organic C which was the byproducts of soil microbes (Rumpel
andKögel-Knabner 2011;Abdelhafez et al. 2018). Generally, the

accumulation of SOC in the investigated soils followed a qua-
dratic model with a positive slope, of relatively high values,
indicating accumulation of SOC, and a negative one, of relatively
low values, representing a decomposition phenomenon.

Organic carbon pools

Three carbon pools, i.e., water-soluble C, hot water C and soil
biomass C besides the residual one, were considered in the
current study to investigate the dynamics of soil organic car-
bon in Typic Torripsamment soils. Results obtained herein
indicate that the values of the WSC ranged in soil from 1.41
to 3.26 mg kg−1. Although, it is only a small fraction of the
SOC according to Ma et al. (2010), however, this fraction is
quickly used by microbes and can reflect the turnover rate of
soil organic matter (Gregorich et al. 2000). The other two C
pools were a little bit higher than WSC while the residual
organic carbon (ROC) seemed to be the largest organic C pool
in soil. Generally, concentrations of WSC, HWC, MBC and
ROC increased progressively in soil with increasing cropping
history. Similar results revealed that application of sewage
biosolids to soils of Poland improved significantly soil con-
tents of water soluble carbon within a period of 1 year (Kalisz
et al. 2012). It is thought that the water-soluble C pool is the
metabolic potential of soil biota; consequently, MBC pool
increased (Bastida et al. 2007). Soil organic carbon can also
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be classified into labile and non-labile carbon fractions
(Weigel et al. 2011). The active carbon is the labile pool of
the SOC (Blair et al. 1995). This fraction also increased pro-
gressively in the area of study with increasing cropping histo-
ry; however, such concentrations seemed to be relatively low
compared with the passive fraction.

Carbon management index

The labile C fraction is taken as an indicator in the monitoring
programs of the arid regions (Oyonarte et al. 2007). It

comprises water-soluble C (Zou et al. 2005; Sun et al.
2015), hot water C (Ghani et al. 2003; Akinsete and
Nortcliff 2014) and, to some extent, microbial biomass C
(Buchanan and King 1992; Sheng et al. 2015). The calculated
CMI in this study ranged from 101.8 to 139.8. These values
are higher than the corresponding ones calculated by Ghosh
et al. (2016), which ranged from 47 to 59 at a soil depth of 0–
5 cm. Nevertheless, there is no ideal value of CMI (Blair et al.
1995). Any changes in these labile fractions indicate either
degradation or improvement in the management practices
(Weil et al. 2003; Jinbo et al. 2006; Sodhi et al. 2009;

Fig. 5 Changes in soil texture (A) and CEC (B) with cropping history (time of land use) and the contour for the soil texture and CEC of the study area.W-
E and S-N are latitudes and longitudes, respectively

Table 3 Correlation coefficients among soil physical and chemical properties, soil size fractions SOC and C pools

Cropping
history

Silt Clay Bulk
density

Hydraulic
conductivity

CEC SOC Active
C

Passive
C

WSC HWC MBC

Silt 0.898**

Clay 0.909** 0.824**

Bulk density − 0.972** − 0.887** − 0.934**
Hydraulic

conductivity
− 0.941** − 0.857** − 0.914** 0.993**

CEC 0.917** 0.830** 0.998 − 0.939** − 0.924**
SOC 0.983** 0.883** 0.894** − 0.0990** − 0.976** 0.905**

Active C 0.980** 0.899** 0.945** − 0.994** − 0.982** 0.953** 0.987**

Passive C 0.983** 0.883** 0.894** − 0.990** − 0.976** 0.905** 0.999** 0.987**

WSC 0.991** 0.885** 0.875** − 0.949** − 0.914** 0.885** 0.973** 0.959**

HWC 0.974** 0.879** 0.870** − 0.975** − 0.964 0.880** 0.991** 0.979** 0.991*** 0.964**

MBC 0.975** 0.889** 0.915** − 0.994** − 0.988 0.924** 0.993** 0.995** 0.993** 0.958** 0.992**

RSC 0.983** 0.883** 0.894** − 0.990** − 0.976 0.905 0.998** 0.987** 1.000** 0.973** 0.991** 0.993**

SOC soil organic carbon, WSC water soluble C, HWC hot water carbon, MBC microbial biomass carbon, RSC residual soil carbon
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Nahrawi et al. 2012). The CMI values obtained herein were in
continuous increases indicating better soil quality (Leal et al.
2016). Accordingly, there were considerable positive changes
in the management practices of SOC in the investigated farms
owing to irrigation with raw sewage for a long time.

Organic carbon and soil aggregation

Since most of the variations in SOC occurred within the sur-
face soil layer, accordingly, the different C pools, i.e., WSC,
HWC, MBC and ROC, were estimated within this layer.
These fractions of SOC were in continuous increases in soils
with increasing cropping history (Kaur et al. 2008). Moreover,
significant correlations were detected among the different C
pools, i.e., WSC, HWC, MBC and ROC, and this probably
indicates the existence of equilibrium among the different C
pools in soil and that ROC was probably the reservoir of the
other soil organic C forms. The significant correlations that
exist also between the labile (used up by soil biota) and the
non-labile C fractions in soil supported the existence of dy-
namics between the different C pools. Our findings support
the assumption which indicates that the labile C is respired
first and then recalcitrant or “stable” forms occurred. These
results were similar to those found by Xu et al. (2011) who
indicated the presence of significant positive correlations
among all indicators of the organic C pools with each other.
Likewise, de Souza et al. (2016) recorded positive correlations
between the labile C fraction and each of the different C pools
in soil. Accordingly, we accept the first hypothesis.

Implications of the organic carbon on soil
characteristics

Physical and chemical characteristics of the investigated soils
were also studied in relation to SOCwithin the surface top soil
(0–10 cm). Although, RSC did not record the highest signif-
icant correlations with the investigated physical and chemical
characteristics of the soil, its relative stability in soil may sug-
gest that this fraction probably affects soil characteristics in
the long run. Generally, physical and chemical characteristics
of the investigated soils improved when soils were amended
with sewage effluents. Such improvements were more signif-
icant with increasing time of land use. In this concern, soil
bulk density of the studied soils decreased significantly with
increasing SOC. This might have occurred because SOC was
incorporated in the formation of soil aggregates (Balesdent
et al. 2000; Six et al. 2002; Tan et al. 2007; Goebel et al.
2009; Wiesmeier et al. 2012; Farid et al. 2014; D’Acqui
et al. 2017; Farid et al. 2018). On the other hand, significant
correlations were detected between the different pools of or-
ganic carbon (especially the active and MBC) and the fine soil
particles of silt and clay. This probably confirms that the by-
products of soil biota are temporarily incorporated in the

formation of the organic-mineral aggregates. Such a mecha-
nism is thought to be responsible for soil organic carbon per-
sistence in temperate soils (Barré et al. 2018). Moreover, the
relation between SOM and soil particle size might grow with
time to become a two-way relation that occurs simultaneously
rather than a one-way relation between a dependent variable
(SOC) and an independent one (particle size fraction). For
example, soils of higher organic C content might also retain
more clay and silt in soil, thus changing their textural classes.
Accordingly, we accept the second assumption.

Likewise, CEC increased in the investigated soils along the
cropping period following four phases of increases. The incre-
ment of CEC showed different patterns: slight increases up to
30 years, then progressive increases within the period extend-
ing from 30 to 40 years of cropping followed by a phase of
relatively stable CEC values, probably indicating high soil
buffering action, and finally slight increases occurred
thereafter.

In conclusion, the hypothesis that SOC is physically
protected against soil microbes within the soil aggregates or
even chemically protected through sorption on clay minerals
became not valid or at least requires more investigations to
clarify such results obtained herein because this study
highlighted the presence of a dynamic equilibrium among
the different fractions or SOC pools. Thus, soil organic carbon
acts as a potential sink of atmospheric carbon and the global
carbon cycle seems to be complete.
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