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Bentonite clay combined with organic amendments to enhance soil fertility in oasis agrosystem
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Abstract: Soils in arid and semi-arid lands are vulnerable to climate change, erosion, and mismanagement
practices that contribute to organic matter depletion and nutrients imbalances. Oasis agrosystems are considered
one of the major farming systems in some parts of these lands in the Middle East and North Africa region.
However, oases soils are inherently low in organic carbon due to their sandy texture which retains little water
and binds low organic matter contents, and the accelerated decomposition rates of organic matter under high
temperature, which makes its accumulation difficult. Traditional farming practices in oasis agrosystems have
always integrated organic matter derived from livestock to enhance organic carbon (OC) and total nitrogen (TN)
stocks in the soil. This study aims to examine the potential effects of a new mixture of organic amendments and
bentonite clay on organic carbon and total nitrogen stock accumulation in the soil. Five amendments were
applied including sand and compost (SC), sand and manure (SM), sand, bentonite, and compost (SBC), sand,
bentonite, and manure (SBM), and sand mixed with bentonite (SB). These treatments were compared to
untreated soil (U). The results showed that OC and TN stocks increased significantly (p<0.05) in all three depths
of the five treatments compared to the untreated soil. Higher organic carbon stocks (2862+3.4 g m™) were
detected in SBM treatment. The combined organic and mineral amendment retarded OC and TN decomposition.
After two years of the amendments’ application, 30% of OC remained in the soil for SBC treatment. In
conclusion, the mixed mineral and organic amendment is a better choice to preserve OC, and thus, maintain

oasis soil fertility.

Keywords: Bentonite clay, manure, compost, organic carbon, total nitrogen, oasis agrosystem, Tunisia.
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1 Introduction

Nearly 41% of the terrestrial land surface is encompassed within arid and semi-arid lands, the great proportion of
these areas locates in the developing countries and inhibited with almost one-third of the world population (Lal
2004; Wang et al. 2012). Land degradation in the drylands is driven by inherent climatic features such as
drought, high evaporation rates, and wind erosion (Dregne 2002). The mismanagement practices such as
excessive grazing and removal of the vegetation cover contribute significantly to the depletion of soil organic
matter (Plaza-Bonilla et al. 2015), besides the natural factors such as soil salinity, wind erosion, and drought
events (de Nijs and Cammeraat 2020; Jemai et al. 2018). Inherently, arid and semi-arid lands are low in soil
organic carbon (OC), its content barely exceeds 1% due to the low productivity of the agroecosystems these
lands support (Brahim and Ibrahim 2018; Fu and Feng 2014; Reynolds et al. 2007; Seager et al. 2007).
Nevertheless, due to the massive size of these lands’ area, drylands account for about 241 Pg (1Pg=10"g) OC,
which represent 15.5 % of the world’s total soil organic carbon stock (Glenn et al. 1993; Lal 2004). Besides
cereal cultivation and livestock production, oasis agrosystems are considered one of the major farming systems
in these lands. Most of the oases groves are condensed in the arid areas of the Middle East and North Africa
(MENA) region. Oases soils have low OC contents mainly because of their sandy texture, which retains little
water and binds low organic matter contents (Su et al. 2010). Their unfavourable texture and low clay contents
induce strong leaching of soil minerals and essential nutrients like N and P (Bronick and Lal 2005) Additionally,
oases, especially the continental ones, are lacking for a substantial vegetation cover that provides soil organic
matter upon decomposition (Allbed et al. 2014; Mlih et al. 2019). Grazing and repetitive removal of the crop
residues from oasis lands have significantly affected the accumulation of the soil organic matter and thus the OC
stock and other essential elements in oasis soils (Mlih et al. 2016; Wichern et al. 2004). Moreover, the
accumulation of organic matter in oases soils is difficult due to the accelerated turnover and decomposition rates
under high temperatures and frequent irrigation intervals (Buerkert et al. 2018; Franzluebbers et al. 2001).

In Tunisia, oases cover about 40,803 ha, most of them are located in the south. They support a wide range of
agriculture, such as fruit trees, vegetables, and other herbaceous plants beside the dominant crop, the date palm
(Phoenix dactylifera L.) (Tengberg 2012). Over half of the rural population in Tunisia is directly dependent on
date palm production. Date, especially the Deglet Nour variety plays an important role in rural development and
Tunisian economy (Amor et al. 2015). However, over the last decades, the area planted with date palm has
declined and the production decreased as a consequence of oases land degradation (King and Thomas 2014). The

expansion of the adjacent Chott Jerid and Gharsa salt plains in the south of the country to the oases are
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threatening the sustainability of these oases and contribute extensively to the oases degradation (Kadri and Van
Ranst 2002; Marlet et al. 2009). Several field studies have shown that oases soils need both continuous nutrients
and organic matter application (Al-Kharusi et al. 2009; Marzouk and Kassem 2011; Mlih et al. 2016; Wichern et
al. 2004). Animal and green manure are considered excellent sources of organic matter and are essential for soil
fertility (Ayuke et al. 2011; Wichern et al. 2004). Compost can serve as a source of organic matter that builds up
soil humus, which is important for maintaining soil structure and moisture, and supply the crops with the
essential nutrients, as it has stable forms of organic matter and optimal nutrients stocks compared to manure
(Bernal et al. 2009). Additionally, compost can help in reducing weed seeds and plant pathogens if treated before
application (Wang et al. 2012). Traditionally, local farmers in Tunisian oases have always depended on manure
derived from farms livestock to maintain soil fertility. However, over the last years, manure has become scarce
and expensive as livestock production declines (personal observations). Many farmers are nowadays using
chemical fertilizers i.e. NPK instead of manure, as they are easy to apply and their effects are almost immediate
(Hannachi et al. 2015). For small scale farmers, using either manure or chemical fertilizers means additional
production costs. Therefore, soil fertility in oasis agrosystems needs to be maintained through introducing new
materials that are cost-efficient, locally available and can be deployed through traditional management practices.
Previous studies have emphasized the role of clay in stabilizing soil organic matter and the accumulation of the
SOC (Hassink 1997; Liao et al. 2006; Mureva et al. 2018; Six et al. 2004) and in enhancing water holding
capacity and retaining moisture in the soil (English et al. 2005; Ma and Zhang 2016; Qiu et al. 2015). Bentonite
clay has been used as a soil amendment for sandy soils to enhance their water retention capacity (Al-Omran et al.
2004) soil physical features (Ameta et al. 2007), and cation exchange capacity (Mojid et al. 2009; Steele et al.
2001; Suzuki et al. 2007). Previous studies conducted in Tunisia have shown that use of bentonite clay has a
positive influence on oasis soil physical and chemical characteristics (Belgacem 1986; Bousnina and Mhiri 1998;
Karbout et al. 2015).

The present study aims to examine the viability of the new proposed amendment materials, consisting of
mixtures of organic (manure and compost) and mineral (bentonite clay) materials. We hypothesize that this
combination integrated with the common traditional management practices in Fatnassa oasis in Tunisia will help
to reduce the rapid mineralization of organic matter, enhances SOC stock, and the available nitrogen (N), and

hence maintain soil fertility.
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2 Materials and Methods

2.1 Site characteristics and experimental design

The experiment setup took place in Fatnassa oasis in Kebilli governorate southern Tunisia (33.8° N; 8.7° E), 24
m above sea level (see map figure 1). The oasis climate is Mediterranean dry, hot in summer, and mild in winter.
Rainfall is low and erratic with an annual average of 40 mm. The annual mean temperatures range from 1.9 °C in
winter to 46.6 °C in the summer. The annual potential evapotranspiration exceeds 2000 mm. The soils of the
oasis can be classified as Gypsisol according to WRB (Boulbaba et al. 2012). The sandy soils of the oasis are
characterized by high permeability and low water retention (Kadri and Van Ranst 2002). The experimental
design was composed of a randomized selected block with six treatments and three replicates with plots of 3 m’
size, the plots were planted with only date palm crop in the course of the two-year study. The six treatments
were: sandy soil + manure (SM), sandy soil + compost (SC), sandy soil + bentonite clay (SB), sandy soil +
bentonite + manure (SBM), sandy soil + bentonite + compost (SBC), and untreated control treatment (U). The
manure used in the experiment is similar to the one used by the farmers (derived from goat and sheep), the
compost was originated from the waste of date palm and was processed at the Institute of Arid Regions in
Kebilli. The bentonite clay was taken from a geological source in Gabe’s region Latitude: 33°53"29"” North,
Longitude: 9°47'46" East. The chemical characteristics for the amendment used are presented in Table 1. The
plots were managed traditionally throughout the two years. The aim was to copy the management practices
followed by the local farmers in the oasis. The plots were irrigated using the flooding technique through
traditional channels with a water delivery return schedule of 22 days in winter and 28 days in summer. The
amount and timing of irrigation were controlled by the Agricultural Development Group (GDA) of the Regional

Agricultural Development Commission (RADC).
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Fig.1 Left: location of Fatnassa oasis in south Tunisia adapted from Marini and Ongaro (1988). Right: Compost
(A); sand dune (B); mixing of bentonite, manure and sand dune (C); and (D) soil after the application of the
amendments to the palm followed by manual tillage.

Table 1. Chemical characteristicis for the amendments used for the treatments.

Type of amendment*

Farm Manure =~ Compost  Bentonite  Sand dune

pH 6.2 7.9 72 8.7
Organic carbon (g kg'l) 468 372 0.0 0.0
Extractable P (mg kg™ ) 629 463 0.0 0.0
Total nitrogen (g kg™) 62 58 0.0 0.0

*The applied farm manure (derived from goats and sheep) is traditionally used by farmers. The compost was derived from the waste of date

palm in the Kebili oases and was processed at the Institute of Arid Land also in Kebili. The bentonite clay is derived from a geological

source in Gabe’s region.

All treatment amendments were applied in January 2016. The amendments were mixed in the plots into the top
layer of 0-20 cm and then were tilled up to a depth of 30 cm using traditional tools (Fig. S1). The manure was
applied at a rate equivalent to 3 kg m™; the compost at a rate of 1 kg m™; the bentonite at a rate of 0,8 kg m™; and
the sand dune was added at 6 kg m™. The previous rates for each amendment were applied for both single and
multiple treatments. The ratios used for the current study were based on our previous study results (Karbout et al.
2016; Karbout et al. 2015). Soil samples from three depths (0-20, 20-40, and 40-60 cm) were directly collected
after the amendments were applied (¢ = 0, January 2016), three months after the application (¢ = 0.25 year), one

year later (¢ = 1 year), and two years later (¢ = 2 years).
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2.2 Chemical and physical analysis

The soil organic matter in soil samples was measured with the Walkley-Black method (Black et al. 1965).
Nitrogen in the digest was determined by the Kjeldahl distillation and titration method (Bremner and Mulvaney
1982). The method initially involves semi-micro Kjeldahl digestion where NaOH solution is added to release
NHj; by steam distillation. The NH; released is quantitatively absorbed in dilute boric acid, with total soil N

determined by titration with standard acid. The C and N concentrations were determined using the following

equations:
0C (gkg™) = 4 X ((Viycr-v )/Vucr) % 10 [1]
TN (g kg™1) = 0.14 X Ve, X 10 2]

where Vi is the control titration volume after distillation and ¥ is the titration volume of the samples.

The OC and TN stocks were calculated by the equivalent soil mass method (Bernoux et al., 2011) after

considering the soil bulk density (BD) of each depth using the following equations:

0C stock (gm™2) = BD x OC x H x 1000 [3]

TN stock (gm™2) =BD x TN x H X 1000 (4]

where H is soil depth (m).

The SOC and TN stock values immediately after the amendment application (¢ = 0) were estimated based on a
bulk density (BD) which was set to 1.4 g cm™, equating to a soil weight of 280 kg m™ for the 20 cm depth
interval. We then used measured SOC and TN concentration data to calculate their stocks at # = -0.05 (i.e. the
SOC and TN stocks before any amendment). We then separately calculated the actual SOC and TN amounts
added by applying the amendments, per specific area (e.g. 1 kg m™) and for the amendments SOC or TN
contents (e.g. 372 g C kg™). Together, this then provided the actual amendment amount added to the soil (e.g.

372 g m™). As mentioned, the amendments were initially mixed in the top 20 cm but the soil was subsequently
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tilled to 30 cm, meaning that the amendments were distributed in the top 30 cm. Therefore, overall 2/3 of the
amendment SOC or TN was added to the ¢ = -0.05 stock for the 0-20 cm depth, and the remaining '/; to the 20-
40 cm depth. However, no SOC and TN from the amendments were thus added below 40 cm depth and we
sampled 20-40 cm as the downward movement by leaching and /or bioturbation cannot be excluded. We
summed the amendment and existing stocks (¢ = - 0.05) SOC and TN to get the estimated = 0 SOC and TN
stock values (immediately after amendment). By comparing the estimated SOC and TN at ¢ = 0, with those
measured at £ = 0.25, 1, and 2 years, we could then reconstruct the temporal trends of the relative loss of SOC
and TN since the start of the experimental period at ¢ = 0. The remaining SOC and TN in percentage (%) in the
soil was calculated by dividing the SOC and TN stocks obtained for # = 0.25, = 1, and ¢# = 2 by the values

calculated for = 0.
2.3 Statistical Analyses

All reported data represent the mean of the three replicates for each soil sample. The statistical analyses were
performed with SAS software 9.0. Diffrences between treatments 0-60 cm soil layer were analysed using one-
way analysis of variance (ANOVA) using GML procedure with Tukey’s Honstley Significant Difference (HSD)
test (p<0.05). The significant differences between the treatments are marked by different letters, the homogenous

groups (not significantely different) are symbolized by a common letter.

3 Results and discussion

3.1 Initial soil OC and TN stocks distribution

Before the adding of amendments (¢ = -0.05), the oasis soil within the plots showed a different concentration of
OC and TN stocks but the variation was not significant (p > 0.05). Maximum OC and TN stocks in the surface
layer (0-20 cm) and (20-40 cm) layers were 2110+£0.8 ¢ m™ and 530+0.1 g m™ respectively.

This stock is the result of years of accumulation of organic amendment in the oases systems, in this context
Omar et al. (2017) affirmed that the proportion of SOCs at the 0-5 cm layer is on average about 23.3 % of the
total SOC stocks at 30 cm depth. Preserving this layer in arid soils is crucial to protect organic carbon in the soil,
and to limit the production of soil-borne dust. OC stocks in the 0—30 cm layer contain the highest SOC stocks
because organic matter is preferentially accumulated at this depth (Perie and Ouimet 2008).

In (40-60 cm) the OC stocks at ¢ = -0.05 were very low with 819+3.5 g m™. The results are in line with findings

by Brahim and Ibrahim (2018) where SOC storage reached 700 g m™ in the depth of 40-100 cm.
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The OC concentration and stocks after amending (¢ = 0) the soils with carbon-rich amendments (SM, SBM, and
SBC) was significantly affected (p = 0.05) and increased by 51, 48, and 12 % for SM, SBM, and SBC for the 0-
20 cm layer, respectively. For the next deeper layer (20-40 cm) the increase in carbon stock was significantly
negligible after the addition of carbon-rich amendments with only 2 and 4 % for the SM and SBM treatment,
whereby the SBC treatment showed a comparable enrichment as for the uppermost layer with 13 %. Rasmussen
et al. (2018) observed high organic matter retention in soil amended with minerals. Several other studies
confirmed that soil with high clay contents has better retention to organic matter compared to sand soils
(Dosskey and Bertsch 1997; Oades 1988; Van Veen et al. 1985; Wattel-Koekkoek et al. 2001). As the soil was
only tilled to 30 cm depth no changes were detectable in the layer below the plow horizon (40-60 cm).

The SBM treatment showed the highest OC with 2860 g m™ followed by SM with 2770, SBC with 2370, and SC
with 1790 g m™ for the 0-20 cm sampling depth compared to 1160 g m™ for the untreated soil (U). On the other
hand, the carbon stock declined for the bentonite only amendment (SB) as no additional carbon was added to the
soil but the existing OC was diluted by adding more mineral phase (bentonite). At the next deeper layer, a
slightly different picture was detectable with the largest stocks in the SBC treatment followed by SBM, SC, and
SM (see Table 2). This inconsistency might be attributed to the differences in the soil tillage between the plots
and different mixing into greater soil depths (Kay and VandenBygaart 2002; Zhao et al. 2016).

The TN concentration and stocks after amending (¢ = 0) the soils with nitrogen-rich materials like manure and
compost (SBC, SBM, SM, and SC) was significantly affected by the amendment (p = 0.05) and increased
significantly by 7, 8, 10, and 9 % for SBC, SBM, SM and SC for the 0-20 cm layer, respectively. For the next
deeper layer (20-40 cm) the increase in nitrogen stock was minor after the addition of carbon-rich amendments
with 3 and 5 % for the SBC and SBM treatment, whereby the SM treatment showed a comparable enrichment as
for the uppermost layer with 6%.

The C/N ratio generally declined with increasing depth in the soil from values >4 (0-20 cm) to less <4 (40-60
cm), most pronounced for the dual amendments treatments SBM and SBC, with C/N ., value of 19 and 32 in 0-
20 cm falling at 40-60 cm to below <9 and <7, respectively. These high C/N were mostly found 1 year after the
amendments, as in that period the total C content initially decline faster than total N (data not shown). Low C/N
ratio <6-8 generally point to a dominance of inorganic C within the soil total C pool. Which is more common in
semi-arid and arid soils (Ojima et al. 1993). The C/N ratios found in out study are comparable to those found by

Al-Busaidi et al. (2014) in South Al Batinah Oman oasis after amending soil with manure and straw materials.
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The accumulation of TN stocks in the depth of 20-40 cm might be attributed to the irrigation and tillage activities
of the sandy soils, which enhances high filtration rates and thus leaching of organic matter to larger soil depths
as shown also by several studies (Cleveland et al. 2004; Jinbo et al. 2006; Wang et al. 2014; Yang et al. 2018).

As for the OC case, no changes in TN stocks were found in deeper layers (20-40) below the 30 cm tillage layer.
The SBC amendment showed significant TN values with 560 g m™ followed by SBM with 520, SM with 490,
and SC with 420 g m™ for the 0-20 cm depth compared to 280 g m™ for the untreated soil (U). The TN values
reflect the previous findings of OC which declined with bentonite amendment only, however high stocks were

observed in carbon-rich treatments as SBC, SC, and SM (Table 2) (Bandian et al. 2019).



Table 2. Soil organic carbon (OC) and total nitrogen (TN) stocks (g m?) with standard deviation for mineral and organic amendments at different treatment time.

ocC TN
[g m?] [g m?]
Soil depth ] SB SC SM SBM SBC U SB SC SM SBM SBC
[em]
t=-0.05
0-20 1156+2.5° 1060+2.6* 154142 4° 1830+2.8" 192643 .4 2119+0.8° 289+0.6° 265+0.1° 385+0.2" 458+0.0° 482+0.5° 530+0.1°
20-40 1975+1.5° 1975+1.0® 1830+3.9° 1397+1.2° 1541+5.0° 2264+1.6" 494+1.0° 494+0.2° 458+0.0° 349+0.1° 385+0.6° 566+0.2°
40-60 819+3.5° 674+0.6 1011+1.6° 530+1.4° 530+1.0° 626+1.2° 205+0.2° 169+0.4 253+0.0° 132+0.0° 132+0.1° 157+0.1°
t=0
0-20 1156+2.5° 1060+2.6° 178942 4% 2766+2.8° 2862+3.4° 2367+0.8° 289+0.6 265+40.1° 423+0.2° 499+0.1° 523+0.5° 567+0.4°
20-40 1975+1.5° 197540.1° 1954+3.9 1865+1.2° 2009+5.0° 2388+1.6° 494=1.0° 49420.2° 476+0.0° 369+0.2° 406+0.6° 585+0.6
40-60 81943.5° 674+0.6° 101141.6 530+1.4° 530+1.0° 626+1.2° 205+0.2° 1690.4° 253+0.0° 132+0.1° 132+0.1° 157+0.7"
t=0.25
0-20 560-+0.0° 840+4.2% 1568+1.5% 1708+1.9%® 1736+2.0° 1596+0.3° 56+0.2° 84+0.0° 156.8+0.0%° 196+0.1° 140+0.2° 126+0.1*
20-40 1120£1.0° 560+2.7°° 896+2.2° 114842 4% 1092:+5.3%® 784+0.5 112£0.2° 84+0.1° 56+0.1° 168+0.1°* 84+0.2° 56£0.2%
40-60 196+3.0° 196+4.0° 25244.1% 22443 3% 25240.3% 196+3.4° 224+0.3° 252+40.1° 28+0.1° 28+0.0° 28+0.2° 22.4£0.1%
t=1
0-20 84+0.3° 56+1.1° 336+2.3% 252+0.9° 644+0.5 896+0.6" 8.4+0.0° 5.6£0.1%° 36.4£0.0° 25.240.2° 56+0.0° 42£0.1"°
20-40 28+0.3° 8442.0° 252+1.6° 224426 420-+3.8% 532+0.6™ 2.8+0.1° 11.2+0.0™ 28+0.0° 28+0.6° 5620.0° 44.8+0.1°
40-60 140+0.4° 112417 112+0.8" 8442.8" 140+0.9® 11241 4% 16.8+0.1° 14£0.0™ 16.8+0.0° 14+0.0° 16.8+0.2° 14£0.4®
t=2
0-20 28+0.1° 28+0.5% 168+1.3% 112412 308+5.4% 700+2.5° 2.8+0.1° 2.840.5° 16.8+0.5° 11.2+0.1° 22.4+1.9° 28+0.1°
20-40 28+0.6° 28+0.5% 11242.8% 56+2.8% 112+2.7% 196+3.1° 2.8+0.2° 8.4+0.8° 8.40.2° 16.8+0.2° 8.4+1.2° 19.6£0.2°
40-60 56+0.5° 28+0.7% 28+1.5% 56+3.1° 84+5.7° 28+5.4% 5.6+1.6" 2.8+0.2° 2.8+0.2° 5.60.4° 8.4+0.1° 2.8+0.4°

10



3.2 Persistence of OC and TN stocks over time

The stocks of TN decreased sharply in the years after application(f = 1 and 2). The decrease in the OC and TN
overtime was associated with soil depth as also found by previous studies (Al-Busaidi et al. 2014; Diacono and
Montemurro 2011; Gregory et al. 2016). In drylands, the mineralization of OC and TN responds mainly to
microbial activity under high soil temperature and moisture changes (Hu et al. 2014). In addition, the sandy soil
texture favors the leaching of the OC and TN into deeper regions (Hagin and Tucker 2012; Li et al. 2014). The
declining trend has also been observed for K stocks which recorded a sharp decrease in the following two-years
of the application of the amendments, unlike P stocks which revealed more persistence in soil layers over time
(Preliminary results, not published). Different studies in oasis agrosystem reported that frequent irrigation in
combination with warm soil conditions can result in quick mineralization of OC and TN (Buerkert et al. 2018;
Wichern et al. 2004). The results showed, that the decomposition of organic matter was more pronounced in SM
treatment compared to bentonite clay amended treatments i.e. SBC and SBM (Table 2). The application of
compost or manure to the sandy soils increased the degradation of organic matter in the soil (Kimetu et al. 2008).
Several studies confirmed the positive effects of the mineral fractions on organic matter stabilization against
decomposition in soil (Bol et al. 2008; Chenu et al. 2000; Feller and Beare 1997; Liitzow et al. 2006). The higher
OC and TN stocks in the top and subsoil under SBC and SBM may be attributed to organic matter conservation
under the sheets of bentonite and the formation of organic-mineral complexes in the soil (Wattel-Koekkoek et al.
2001). Mikutta et al. (2006) indicated that stabilization of organic matter by interaction with minerals is the most
important mechanism for organic matter preservation in subsoil horizons.

The remaining stocks of the OC and TN throughout the treatment period reflect the decomposition
characteristics of these stocks. Figure 2 shows that after three months of the amendment application (¢ = 0.25
year) 88 and 79 % of OC in SC and SB treatments were preserved in the soil, followed by SBC with 67, SBM
with 62, and SM with 61 %. The percentage dropped sharply in the following years at # = 1 and ¢ = 2. However,
in the SBM treatment, the drop of the remaining OC stocks occurred more steadily with 38 % at =1 and 30 %
at ¢t = 2 compared to the other treatments. The decomposition was more pronounced at 20-40 cm depth as less
OC was leftover in the soil compared to 0-20 c¢m soil depth. TN stock loss was more pronounced at 20-40 cm
soil depth, while the lowest decomposition occurred in the treatments amended with manure and compost.
Nevertheless, even after two years, the added TN stock remained in the soil as also shown in other studies

(Mayes et al. 2014; Mlih et al. 2019; Xu et al. 2013).

11



The results indicated that integrating bentonite with the OM has altered the decomposition and preserved SOC in
the soil for a long time i.e. under the SBM amendment. However, the slightly higher decomposition recorded in
larger soil depths (20-40 cm) might be attributed to the robust microbial activity in this layer favored by the
presence of moisture resulted from the nearby shallow water-table at this depth (Askri et al. 2014; Wang et al.
2006). Our previous work also confirmed the positive feedback of bentonite on soil moisture (Karbout et al.
2016). The larger decomposition of N can be possibly explained by the soil texture, as sandy soils can lose N in

nitrate form by leaching (Zotarelli et al. 2007).
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Fig. 2 Changes on the remaining SOC and TN stocks (%) under different amendments for soil depths 0-20 and 20-40

throughout the experiment period.

4  Conclusion

Our study provided the first experimental field-based evidence of integrating bentonite clay with organic
amendments for improving soil fertility in an oasis agrosystem. The combined amendment mixture has enhanced
OC and TN stock in the oasis soil studied and retarded their decomposition and preserved their stocks in the soil
throughout the experiment of 2 years. Both mineral and organic amendments are derived locally thus they can be
the best and durable practice for enhancing and maintaining oasis soil OC and TN and should be considered as

an alternative option for managing soil fertility in Tunisian oasis agrosystems in a more sustainable way.
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Supplementary materials

Table S1. SOC, TN concentrations (g kg") and C/N ratio under various amendment treatments and experimental

periods.
Period
(years) U SB SC SM SBM SBC
Soil depth: 0-20 cm
0oC (gkg") t=-0.05 4.140.1° 3.740.1° 5.5+0.1° 6.5+.0.1° 6.8+0.1° 7.5+0.1°
t= 4.1+0.1* 3.7£0.1° 6.3£0.2° 9.8+0.2¢ 10.2+0.1¢ 8.4+0.1¢
t=0.25 0.2+0.0° 0.3+0.1* 5.6£0.1% 6.1£0.1%° 6.2+0.3® 5.7+0.1°
=1 0.3+0.1° 0.2+0.1* 1.240.2% 0.9+0.2* 2.3+0.1% 3.240.5%
t= 0.1£0.1° 0.1£0.0® 0.6£0.1%® 0.4+0.0" 1.1£0.1% 2.5+0.3*
TN (g kg™) t=-0.05 1.0£0.2° 0.9+0.1° 1.340.1° 1.6+0.1° 1.740.1° 1.8+0.1°
=0 1.0+0.1° 0.9+0.1* 1.540.2° 1.7+0.2° 1.8+0.1° 2.0+0.2°
t=0.25 0.0£0.0° 0.0£0.0° 0.5+0.1% 0.7+0.3* 0.5+0.3* 0.4+0.1%®
t=1 0.0£0.0° 0.0£0.0* 0.1£0.0® 0.10.0° 0.2+0.1° 0.1£0.1%®
t=2 0.0+0.0° 0.0+0.0° 0.1+0.0° 0.0+0.0° 0.140.0° 0.1+0.0°
Soil depth: 20-40 cm
OC (gkg") t=-0.05 7.0£0.1° 7.0£0.1° 6.5+0.1° 4.940.1° 5.540.1° 8.0+0.1°
t=0 7.0£0.1° 7.0£0.1° 6.9+0.2° 6.6+0.1° 7.1£0.2% 8.5+0.2¢
t=0.25 0.4+0.4° 0.24+0.2° 3.240.5° 4.140.6° 3.9+0.8° 2.8+0.4°
t=1 0.1£0.1° 0.3+0.1* 0.9+0.3% 0.8+0.3% 1.5+0.5° 1.940.2%
t= 0.1£0.0° 0.1+0.1% 0.4+0.1% 0.2+0.1% 0.4+0.1° 0.7+0.1%
TN (g kg™) =-0.05 1.7£0.1° 1.7£0.1° 1.620.1° 1.240.1° 1.3+0.1° 2.0+0.1°
=0 1.7£0.1° 1.7£0.1° 1.7£0.2° 1.3£0.2° 1.4£0.1° 2.0£0.2°
t=0.25 0.0£0.2° 0.0£0.4° 0.2+0.3* 0.60.8* 0.3£0.1% 0.2+0.1°
t=1 0.0£0.1° 0.0£0.1° 0.120.1°* 0.120.1° 0.240.1° 0.1£0.0°
=2 0.0£0.0 0.0£0.1° 0.0+0.2° 0.0£0.0° 0.0£0.0° 0.1£0.0°
Soil depth: 40-60 cm
0oC (gkg") =-0.05 2.940.1° 2.440.1° 3.60.1° 1.840.1° 1.840.1° 2.240.1°
t=0 2.940.1° 2.440.1° 3.640.1° 1.840.1° 1.840.1° 2.240.1°
t=0.25 0.7+0.3 0.7+0.1°* 0.9+0.1° 0.840.0° 0.940.1° 0.7+0.1°
t=1 0.5+0.1° 0.4+0.1° 0.4+0.3 0.3£0.2° 0.5+0.2° 0.4+0.2
t=2 0.240.1° 0.1£0.1° 0.1£0.0° 0.2+0.1° 0.3+0.1° 0.1+0.0°
TN (g kg™) t=-0.05 0.7+0.1°* 0.620.1° 0.9+0.1° 0.420.1° 0.420.1° 0.5+0.1°
t=0 0.7+0.1° 0.6+0.1° 0.9+0.1° 0.4+0.1° 0.4+0.1° 0.5+0.1°
t=0.25 0.120.2° 0.120.2° 0.120.2* 0.1+0.8* 0.1£0.3* 0.120.1°
t=1 0.10.0° 0.120.0° 0.120.1°* 0.10.0° 0.120.1 0.1£0.0
t=2 0.0£0.0° 0.0+0.0° 0.0+0.0° 0.0+£0.0° 0.0+£0.0° 0.0£0.0°

U: Untreated soil; SB: Sand dune +Bentonite; SC: Sand dune + compost; SM: Sand dune + manure; SBM: Sand dune+ Bentonite+ manure;

SBC: Sand dune+ Bentonite + Compost
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Table S2. Bulk density at 0-60 cm soil depth under various amendment treatments for different experimental

periods

Soil depth Period

(cm) (years) U SB SC SM SBM SBC

0-20 t=-0.05 1.4+0.1° 1.4+0.1* 1.4+0.1° 1.4+0.1° 1.4+0.1° 1.4+0.1°
t=0 1.4+0.3* 1.4£0.1° 1.3+0.1° 1.3+0.4° 1.3+0.1° 1.3+0.1°
t=0.25 1.4+0.3" 1.3£0.1* 1.3£0.1* 1.34£0.0° 1.3 £0.1* 1.3+0.1°
t=1 1.4+0.1* 1.3£0.1* 1.3+£0.3% 1.34£0.0° 1.3£0.2° 1.4+0.2°
=2 1.4+0.1° 1.4£0.1° 1.3+£0.05° 1.3+0.1° 1.4+£0.1° 1.4£0.0°

20-40 t=-0.05 1.4+0.1° 1.4+0.1° 1.4+0.1° 1.4+0.1° 1.4+0.1° 1.4+0.1*
t= 1.4+0.3* 1.4+0.1° 1.3+0.1° 1.3£0.4° 1.3£0.1° 1.3+£0.1*
t=0.25 13£02°  1.4%0.2° 1.3+0.2° 1.3£0.8° 1.4+0.3 1.3£0.1°
t=1 1.4+0.1* 1.4+0.0° 1.3+0.03* 1.3£0.1° 1.4+0.1° 1.4+0.1*
t= 1.4+0.1* 1.4+0.0° 1.3+0.02° 1.3£0.3* 1.4+0.1° 1.4+0.1*

40-60 =-0.05 1.4+0.1* 1.4+0.1* 1.4+0.1* 1.4+0.1* 1.4+0.1* 1.4+0.1*
t= 1.4+0.1* 1.4+0.1° 1.4+0.2° 1.4+0.1° 1.4+0.1° 1.4+0.1*
t=0.25 1.4+0.1° 1.4+0.1° 1.4+0.2° 1.4+0.1° 1.4+0.1° 1.4+0.1*
t=1 1.5+£0.2% 1.5+0.1* 1.5+0.4* 1.5+0.1* 1.5+0.1* 1.5+0.1*
t=2 1.5+0.5° 1.5+0.1° 1.5+0.8° 1.5+0.1° 1.5+0.4" 1.5+0.2%

U: Untreated soil; SB: Sand dune +Bentonite; SC: Sand dune + compost; SM: Sand dune + manure; SBM: Sand dune+ Bentonite+ manure;

SBC: Sand dune+ Bentonite + Compost
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