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Abstract
Soil salinization affects several soil properties as soil organic matter (SOM), aggregation, and microbe diversity, which 
may threaten the soil quality and its capacity for greenhouse gas sequestration. Relationship between soil salinity and soil 
respiration was extensively studied, but little is known about soil aggregation and soil organic carbon (SOC) distribution 
within aggregates in arid saline soils despite their importance in SOM dynamics. Non-saline soil’s EC (control, ECe = 0.65 
dS/m) was adjusted using saline solutions resulting in soil-S2 (ECe = 11.98 dS/m) and soil-S3 (ECe = 20.62 dS/m). After 
adding wheat straw (20 g/kg soil), soils were incubated at room temperature for 225 days. Soil respiration was measured after 
15, 30, 90, 195, and 225 incubation days. At the end of experiments, the aggregate size distribution and aggregate-associated 
SOC were determined. Cumulative respiration increased with increasing EC and time. The results showed that in all soils, the 
50–250-μm fraction contained 60.8–70.6% of the total soil mass. Aggregate-associated SOC concentrations were greatest in 
the <50-μm fraction followed by the >250-μm fraction. Increasing EC slightly reduces the >250-μm fraction-associated SOC 
and increases the <50-μm fraction-associated SOC. Thus, aggregation and aggregate-associated SOC were strongly related 
to polysaccharide production which is controlled by microbial activity. Therefore, we can suggest that the SOC distribution 
within aggregation was affected by soil respiration, polysaccharide production, and aggregation processes. Results can be 
integrated in the sustainable SOM management in saline soils to enhance their fertility and their soil ecosystem services.
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Introduction

Soil salinization is one of the serious land degradation prob-
lems facing the world (Yan et al. 2015). The problem of 
salinity is spreading widely throughout the world, especially 
in arid and semi-arid regions (Cao et al. 2021; Taghizadeh-
mehrjardi et al. 2016). According to Butcher et al. (2016), 
it is estimated that 50% of the world’s arable land will be 
affected by salinization by 2050. In Tunisia, about 1.5 Mha 

roughly 10% of the country’s area is salt-affected (Maatoug 
et al. 2019). This area is projected to increase further in the 
future because of climate change. These soils are mainly 
extended in the southern regions where the climate’s aridity 
is intensified.

Salt accumulation in the soil is a major threat to ecosys-
tem sustainability (Chowdhury et al. 2011) and agricultural 
production in the world’s arid regions (Gao et al. 2021). 
It is well known that excess salt leads to reduce water and 
nutrient uptake (Machado and Serralheiro 2017; Munns and 
Tester 2008) which lower plant growth and lower soil micro-
bial biomass and biochemical process essential for maintain-
ing the soil organic matter (SOM) (Chowdhury et al. 2011; 
Mavi and Marschner 2012; Tripathi et al. 2006; Xiao et al. 
2020). Hence, soil organic matter content, which is a func-
tion of organic matter input and turnover, is strongly affected 
by salinity.

The influence of salinity on soil microbial biomass and 
activity and carbon mineralization has been widely studied 
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(Egamberdieva et al. 2010; Mavi et al. 2012; Muhammad 
et al. 2008) with contradictory results. Some studies showed 
harmful effects of salinity on soil microbial biomass and 
activity and carbon mineralization (Egamberdieva et al. 
2010; Setia et al. 2010; Tripathi et al. 2007), though, other 
studies reported contrary results (Muhammad et al. 2008; 
Wong et al. 2009).

Besides investigating the effect of salinity on soil 
respiration, it is pivotal to study the aggregate distribution 
and aggregate-associated organic carbon in saline soils. 
Aggregates, which are special organic-inorganic complexes, 
are the basic unit of soil structure (Six et al. 2000), while 
excessive salts in soil solution, especially sodium (Na), 
induce several adverse phenomena (clay dispersion and 
aggregate swelling or slaking) which destabilize soil 
structure (Kohler et al. 2009; Sou/Dakouré et al. 2013).

In arid environments, soil aggregation is crucial property 
(Kohler et al. 2010) controlling soil’s aeration, erosion, 
and water permeability (Cheng et  al. 2017). According 
to Muhammadi and Motaghian (2011) and Wang et  al. 
(2021); aggregates and their associated organic carbon 
determine the capacity of soil to store and retain carbon 
as well as the stability of soil organic carbon (SOC) pools. 
Thus, aggregation and SOC distribution have an important 
influence on soil structure and fertility, which are known to 
be low in salt-affected soils. In arid regions, such as Tunisia, 
where agriculture is the main activity of its population, 
climate changes and the degradation of water resources 
intensify soil salinization. However, studies investigating 
aggregation and aggregate-associated organic carbon in 
saline soils still scarce (Cheng et al. 2017).

Therefore, this work aims to assess the soil organic 
matter dynamics in salt-affected soils by (i) determining the 
effect of salinity on CO2 emissions, as a measure of soil 
basal respiration, and (ii) comparing soil aggregate size 
distribution and aggregate-associated SOC concentration 
along different salinity levels.

Material and methods

Soils

The studied soils were classified as Aridisol and were devel-
oped under a millet cover crop from Boughrara, Southeast-
ern Tunisia (33° 35′ 52″ N, 10° 48′ 12″ E). This area has an 

arid Mediterranean climate, where the average temperature 
reaches 45 °C in summer and 20 °C in winter with mean 
annual rainfall of 237 mm. The irrigation water resources of 
the studied area originate, mainly, from the Djeffara aquifer. 
The chemical composition of that water reveals a dominance 
of Na+, Ca2+, Cl−, and SO4

2− ions (Chihi et al. 2015; Zouari 
et al. 2011). The studied soils with a sandy loam texture 
were sampled from the upper 30 cm layer. Soil samples were 
taken with a shovel from a soil pit at the early announced 
depth. Then, samples were air-dried, sieved at 2 mm and 
analyzed for pH, soil’s saturated paste electrical conductivity 
(ECe), total calcium carbonate (CaCO3) (Nelson 1982), and 
particle size distribution (Robinson 1992) (Table 1).

Soil salinity adjustment

The EC of the air-dried soils was adjusted, based on Mavi 
et al. (2012) using two saline solutions prepared by dissolv-
ing different amounts of NaCl in water. The EC of the solu-
tions were 5.75 and 11.18 dS/m corresponding respectively 
to 3 and 6 g/L of NaCl. The experimental soils (approxi-
mately 400 g) were leached 3–4 times with these solutions. 
At each leaching event, about 60–80 ml of the prepared saline 
solution was added after which soils were dried at 25 °C 
for 72–96 h. The drying maximizes the soil-solution contact 
(Mavi et al. 2012). After drying, soils were mixed thoroughly 
to break the clods and then analyzed for saturated paste ECe. 
This process was repeated until the ECe was adjusted to 
achieve a range from non-saline to extremely saline soil.

Thus, three soils were obtained and referred to as control 
(initial soil), soil-S2 and soil-S3 with the ECe were, respec-
tively, 0.65 dS/m, 11.98 dS/m, and 20.62 dS/m. After adjust-
ment of EC, the soils were kept dry at room temperature 
until the onset of the experiment.

Experimental design

Pre‑incubation

Soil microbial activity is strongly affected by soil water 
availability, which is a function of water content, texture, 
and SOC content (Chowdhury et al. 2011). The decrease 
in soil water content restricts the substrate and nutrient 
diffusion to microbes. For this reason, experimental soils 
were wetted based on the study of Setia et al. (2010) which 

Table 1   Physical and chemical 
properties of “control” soil 
sample

ECe electrical conductivity in soil’s saturated paste, CaCO3 calcium carbonate, SOC soil organic carbon, 
SOM soil organic matter, N nitrogen

pH ECe (dS/m) CaCO3 (%) SOC (%) N (%) Sand (%) Silt (%) Clay (%)

Soil “control” 8.2 0.65 16.27 0.35 0.011 79 8 12
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reported that maximum respiration for the loamy sand tex-
tured soil resulted in 75% water holding capacity (WHC), 
which corresponds in this study to the water content of 
0.10 g/g soil. The wetted soils were pre-incubated for 10 
days at 25 °C. The pre-incubation period of 10 days was 
chosen based on Yan and Marschner (2013), who indicated 
that microbial respiration stabilized 7–10 days after the 
rewetting of air-dry soil. Throughout the pre-incubation 
and subsequent incubation period, water was added on a 
mass basis to maintain the target water content.

Incubation

Mature wheat straw (ground and sieved to 0.25–2 mm) 
was added to the pre-incubated soils at 20 g/kg soil and 
thoroughly mixed. Wheat straw was added as a nutrient 
source for soil microbes and to enhance the carbon supply. 
Based on Wong et al. (2009) method, approximately 100 
g of amended soils (pre-incubated soil with residues) was 
placed into air-tight 1 L glass incubation jars. In addition 
to the soil, the incubation jars had a petri dish with 20 
g of soda lime granules to trap the CO2 evolved, and a 
small vial of water (10 ml) to maintain the humidity. The 
soda lime traps were oven-dried at 105 °C for 16 h before 
incubation. Blank was also prepared in the same conditions 
described above without the soil to account for the amount 
of CO2 absorbed by the soda lime in the headspace of 
the incubation jars. The glass jars were incubated in the 
dark at room temperature for 225 days. There were three 
replicates per EC level as well as for blank.

Soil respiration

Soil respiration was measured based on the modified soda 
lime trap method originally developed by Edwards (1982). 
CO2 evolution was determined after 15, 30, 90, 195, and 
225 days of incubation. The traps were oven dried at 105 
°C for 24 h after removal from the incubation jars, and 
reweighed. The amount of evolved CO2 was determined 
according to the following equation (Wong et al. 2009).

where SLa is weight of soda lime after incubation, SLb is 
weight of soda lime before incubation, SLc is weight of 
soda lime blank after incubation, and SLd is weight of soda 
lime blank before incubation. According to Keith and Wong 
(2006), a correction factor of 1.69 was used to correct for 
chemical water loss during the drying process following its 
reaction with CO2.

(1)CO
2
(g) =

[(

SLa − SLb
)

−
(

SLc − SLd
)]

× 1.69

Aggregate size fractionation

Soils were fractionated into aggregates at the end of the 
incubation period using the wet sieving method as described 
by Six et al. (2000). Three aggregate fractions were obtained: 
(i) >250 μm (macroaggregates; M), (ii) 50–250 μm 
(microaggregates; m), and (iii) <50 μm (silt plus clay size 
particles, s + c). The aggregate-size classes were oven dried 
(50 °C), weighed, and stored in plastic bags. The process was 
repeated to obtain three replications. The aggregate fractions 
were analyzed to determine SOC.

Soil organic carbon

Total soil organic carbon (SOC) was determined in bulk 
soil samples and aggregate fractions at the end of the 
incubation experiment by the K2Cr2O7-H2SO4 oxidation 
method (Dabin 1967).

Polysaccharides

At the end of the incubation experiment, both bulk soils and 
aggregate fractions were analyzed for polysaccharides using 
the diluted acid extraction method of Dubois et al. (1956).

Statistical analysis

Data were analyzed with the XLSTAT 2018 software. 
Principal component analyses (PCA) and correlation 
test (Pearson coefficient) and ANOVA test were used to 
determine the effect of soil’s electrical conductivity on soil 
aggregation, and distribution of soil organic carbon (SOC) 
and polysaccharides within aggregate size fractions.

Results

Soil respiration

As shown in Fig. 1, the cumulative respiration per gram of 
soil increased significantly with increasing soil’s EC and 
incubation time. Cumulative CO2-C is slightly higher at EC 
11.98 dS/m than at EC 20.62 dS/m. It increased, at EC 11.98 
dS/m, by 1, 20, 47, 34, and 57%, respectively, after 15, 30, 
90, 195, and 225 days of incubation. Cumulative CO2-C at 
EC 20.62 dS/m increased by 0.5% after 15 days, 11% after 
30 days, 36% after 90 days, 27% after 195 days, and 55% 
after 225 days of incubation.

Soil aggregate distribution 
and aggregate‑associated SOC

Soil aggregates are divided into macroaggregates 
(>250 μm), microaggregates (50–250 μm), and silt + 



	 Arab J Geosci (2023) 16:554

1 3

554  Page 4 of 10

clay fraction (<50 μm). The aggregate size distribution 
showed a similar pattern (Fig. 2). The microaggregate 
size class constitutes the major fraction within the stud-
ied soils independently of the soil EC. Microaggregates 
accounted for 63–71% of the total soil mass, followed by 
macroaggregates which accounted for 17–22 % and silt 
+ clay fraction which accounted for 10–14% of the total 
soil mass.

At the end of the incubation experiment, the total soil 
organic carbon (SOC) concentration in bulk soil samples 
varied slightly (8.4–8.8 g/kg). Aggregate-associated SOC 
concentrations were generally greatest in silt + clay frac-
tion (8.6–13.9 g/kg) followed by macroaggregate fractions 
(11.2–13.3 g/kg); however, microaggregates showed very 
less SOC contents (Fig. 3). Increasing soil’s EC slightly 
decreased SOC concentration within macroaggregates, 
while it increased the organic carbon content within silt + 
clay fraction (Fig. 3).

Polysaccharide contents

Polysaccharides within bulk soil samples varied slightly. 
Regardless of soil’s EC, polysaccharides were mainly con-
centrated in macroaggregates (>250 μm) followed by silt 
+ clay fraction (<50 μm) and microaggregates (50–250 
μm) (Fig. 4). Macroaggregates accumulated between 57.74 
to 236.03 mg/L of polysaccharides, and the <50-μm frac-
tion contained 38.76–54.56 mg/L, while microaggregates 
enclosed 9.22–18.19 mg/L of polysaccharides.

Relationship between soil’s EC and aggregation, 
SOC, and polysaccharide contents within aggregates

The principal component analyses (PCA) showed that EC 
is strongly and positively correlated with macroaggregates 
and <50 μm fraction proportion. The correlation coefficients 
that correspond, respectively, are (r = 0.85) and (r = 0.970) 

Fig. 1   Effects of EC on soil 
cumulative respiration rates 
over the 225 days incubation 
period
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(Fig. 5). However, soil’s EC is significantly and negatively 
correlated with microaggregate proportion (r = −0.896) 
(Table 2). Soil’s EC is also significantly correlated with 
macroaggregates-associated SOC (r = −0.788) and silt + 
clay-associated SOC (r = 0.936). Nevertheless, EC has no 
pronounced effect on microaggregate-associated SOC and 
aggregate-associated polysaccharides. These results confirm 
those shown in the previous section.

Discussion

Influence of salinity on soil respiration

This study shows a significant increase in cumulative 
CO2-C, indicating a rise in soil respiration, with increasing 
EC. Our results are in disagree with previous studies 
(Setia et al. 2010; Wong et al. 2009; Yuan et al. 2007b) 
which described a negative relationship between EC 

and soil respiration. The negative relationship can be 
attributed to the toxic and inhibitor effects of salts on soil 
microorganisms. According to Llamas et al. (2008) and 
Mandeel (2006), excessive accumulation of salts in soil 
solution reduces water uptake due to low osmotic potential 
which lowers the size and activity of soil microbial biomass 
(Andronov et al. 2012; Rousk et al. 2011) and then reduce 
soil’s cumulative CO2-C.

Nevertheless, the positive effect of salinity on cumulative 
respiration can be explained by the presence of salt-tolerant 
microorganisms. According to Asghar et al. (2012), a small 
subset of microbes can adjust to soil salinity. Salinity-
resistant microorganisms can rapidly accumulate salts 
or organic osmolytes to adjust their intracellular osmotic 
potential (Kawasaki et  al. 2001). Those osmolytes can 
be synthesized within a few hours after exposure to salts 
(Hagemann 2011), which could allow the salt-tolerant 
microbes to remain active. According to Asghar et  al. 
(2012), in all soils in salt-affected landscapes, there is a 

Fig. 3   Aggregate associated 
SOC distribution as affected by 
soil EC. The results comprise 
means of three replicates ± SD. 
Numbers followed by a differ-
ent letter are not significantly 
different (p < 0.05). Lower case 
letters represent the effect of 
EC on means of SOC within 
aggregates
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small subset of microbes that decompose added substrate 
even if the EC strongly increases.

We can suggest that the way cumulative CO2-C rises 
in this research may confirm the existence of salt-tolerant 
microbes as reported previously. In fact, the soil respiration 
varies in three modes: up to 90 days of incubation, the 
raise was gradually traducing the activation of “dormant” 
microorganisms after the soil’s amendment with an organic 
substrate. From 90 to 195 days, soil cumulative respiration 
increases abruptly by the increase of mineralization activity 
of microbes, while after 195 days of incubation, the 
slowdown of soil respiration is probably due to the decrease 
of incubated nutrients.

Therefore, in this study, the increase of cumulative 
respiration, as a measure of microbial activity, with 
increasing EC reflects the presence of a subset of salt-
tolerant microbes. In the presence of freshly added residues, 
these salt-tolerant microbes are stimulated (Wong et al. 
2009). Thus, in saline soils, microbial activity seems to be 
reduced mainly by a lack of available substrate.

Influence of salinity on soil aggregation and organic 
carbon distribution

Soil aggregates are a main component of soil structure, 
which is used to describe the size, shape, and arrangement 
of solids and pores, hence affecting pore continuity, water 
holding capacity, and infiltration (Leifheit et al. 2014). 

According to Li et  al. (2014), the distribution of soil 
aggregates, in arid and semi-arid regions, is essential in 
resisting soil erosion. The distribution of aggregates partly 
reflects soil quality in these regions (Cheng et al. 2017). In 
this study, microaggregates (50–250 μm) predominate the 
aggregate size distribution. Similar result is found by Cheng 
et al. (2017) in saline soils under different halophyte types. 
Thus, soil salinity influence on aggregate size distribution 
was not very pronounced. However, the increase of soil 
salinity slightly decreases the microaggregate proportion, 
while it increases the proportion of macroaggregates 
and <50 μm size fraction. Aggregate size distribution is 
influenced by several factors including the primary particle 
size distribution (Schweizera et al. 2019), calcium carbonate 
(Bronick and Lal 2005), and SOM content (Ukalska-Jaruga 
et al. 2018). The studied soil is a loam sand textured soil 
where sand content reaches 79% and those of silt and clay 
are respectively 8 and 12%. In such conditions, we recorded 
weak soil aggregation, which can be enhanced by the 
presence of SOC (Bouajila et al. 2022; Bouajila et al. 2023) 
and calcium carbonate contents (Tatarko 2001). Therefore, 
soil aggregation and aggregate size distribution in saline 
soils seem to be largely controlled by texture and amount of 
CaCO3 (Bouajila et al. 2023).

Soil organic carbon is preferentially accumulated in silt 
+ clay fraction (<50 μm) and macroaggregates (>250 μm) 
than in microaggregates (50–250 μm). This result is in 
coherence with those of Brodowski et al. (2006) who found 

Fig. 5   Principal component 
analysis between soil electrical 
conductivity (EC); macroag-
gregates proportion (>250 
μm); microaggregates propor-
tion (250–50 μm), silt + clay 
fraction proportion (<50 μm); 
macroaggregate-associated 
soil organic carbon (>250 
μm-SOC); microaggregate-
associated soil organic carbon 
(250–50 μm-SOC); silt + 
clay fraction-associated soil 
organic carbon (<50 μm-SOC); 
macroaggregate-associated pol-
ysaccharides (>250 μm-poly); 
microaggregate-associated poly-
saccharides (250–50 μm-poly); 
silt + clay fraction-associated 
polysaccharides (<50 μm-poly) EC (m S/cm)
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that aggregate-associated SOC was greatest in the <53-μm 
fraction, which accounts for 44 to 88% of the total mass. 
Thus, SOC contents increased with the decrease of aggre-
gate diameter (Liu and Yu 2011). In contrast, some studies 
have shown that aggregate-associated SOC concentrations 
are higher in macroaggregates than in microaggregates 
(Bouajila et al. 2021; Xie et al. 2008; Zhao et al. 2006).

In the present study, the enrichment of <50 μm fraction 
and macroaggregates with organic carbon could be mainly 
attributed to the synthesis of polysaccharides which is related 
to the incorporation of organic residues into the soil samples. 
Polysaccharides were preferentially concentrated in silt + 
clay fraction and macroaggregates. According to Cosentino 
et al. (2006), organic residues that enter the soil and mix with 
mineral particles act as a “nucleus” for aggregate formation, 
feeding microbes, and increasing their activity. In turn, 
this activity results in the production of polysaccharides, 
mucilages, and fungal hyphae that play an important role in 
soil aggregation (Oades 1984). Polysaccharides, which are 
mainly derived from plant and animal tissues and exudations 
of plant roots, fungal hyphae, and bacteria, are negatively 
charged and relatively immobile as they interact with clay 
particles (Tisdall 1996). Polysaccharides also act as glue 
to connect soil aggregates and bind clay and silt particles 
into macroaggregates (Kumar et al. 2013). The relative 
decrease in macroaggregate-associated SOC contents with 
increasing soil salinity could be attributed to the effect of 
salts on fungi. Those microorganisms play an essential 
role in the formation and stabilization of macroaggregates 
(Tisdall 1994). However, fungi are more sensitive to salt 
stress than bacteria (Wichern et al. 2006) which reduces 
macroaggregate formation (Denef et  al. 2001) and its 
associated SOC. Therefore, the increase of soil organic 
carbon (incorporation of organic matter, the proliferation 
of bacteria, production of microbial polysaccharides…) in 
aggregates mainly accumulated in silt + clay fraction (Liao 
et al. 2006) which may explain the increase of <50 μm 
fraction associated SOC with increasing salinity.

To summarize, in arid saline soils, SOC is preferentially 
accumulated in silt + clay fraction and macroaggregates 
reflecting the chemical and physical protection of SOM. 
Organic matter is not easily accessible to soil microbes due 
to chemical adsorption onto the surfaces of clay minerals (Sis-
soko and Kpomblekou-A 2010) and physical occlusion within 
macroaggregates (Six et al. 2002). According to Feng et al. 
(2013) and Matus et al. (2008), the stabilization of organic 
carbon in soil increases with increasing clay or silt + clay 
content. However, macroaggregates are known to exert a 
minimal amount of physical protection. Increasing retention 
of crop residues (roots, shoots…) provides considerable quan-
tities of polysaccharides and other soluble organic compounds 
(Six et al. 2004) responsible for slowing down the turnover 
rate of macroaggregates (Du et al. 2009). The increase of Ta
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macroaggregate formation in soils enhances SOC physical 
protection. We can suggest that the SOC sequestration in 
saline soils (far from saturation with SOC) is possible through 
the enhancement of organic matter content (compost, mulch, 
reducing tillage..) because the mineralization rate is relatively 
high. The continuously amendment of soil by organic resi-
dues and sustainable management of SOC stocks reduce the 
impacts of dormant population of salt-tolerant microorgan-
isms responsible of high mineralization rate.

Conclusion

In this study, we found that soil respiration increased with 
increasing salinity. This suggested the existence of a dormant 
population of salt-tolerant microorganisms that become 
active and can multiply rapidly when an organic substrate 
is available. This finding confirms that microbial activity in 
saline soils is mainly restricted by a lack of substrate. Despite 
this has no apparent effect on aggregate size distribution, 
increasing soil salinity promotes the accumulation of SOC in 
the silt + clay fraction and macroaggregates which is mainly 
related to polysaccharide production and microbial activity. 
In arid saline soils, chemical and physical protection of 
SOM by adsorption onto soil minerals and occlusion within 
aggregates enhance the soil’s capacity to sequester organic 
carbon. Thus, saline soils may play an essential role in 
reducing the atmospheric concentration of greenhouse gases 
and then mitigating climate change. While it is important at 
this point to determine the time necessary to the formation 
of the aggregates to protect SOM.
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