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Abstract

A remarkable decrease in olive production has been observed in Tunisia since 2000, particularly in the semi-arid region. This
downfall was mainly due to a notable change in climatic conditions as a result of wind erosion and over cultivation. The aim of
this work was to study the biological, physical, and chemical properties of several semi-arid soils from olive tree fields subjected
to different farming practices, such as crop time and type of crop, olive mill wastewater (OMW) application rates, and tillage
timing and depth (deep or conventional plowing). We noted that hydraulic conductivity (HC) was proportional to the age of the
soil tillage, and the highest values were recorded in the soil cultivated for 100 years, with an average value of 33.05+

0.02 mm h™'. An important increment of the iron soil content was observed, especially after the fig tree introduction among
the olive trees (12,094 ng uL ") in2007. Also, a significant increase of the organic matter (OM) content (up to2.6 mg-OM/g-soil)
was identified in soil treated with OMW compared to the lowest OM content (0.83 mg-OM/g-soil) recorded in the soil cultivated
since 1901. The bacterial communities of the different soils were characterized by 454 pyrosequencing technology, and showed
an important diversity, mainly corresponding to Proteobacteria, Actinobacteria, and Acidobacteria. Many operational taxonom-
ic units (OTUs) are raretons, indicating a high resilience of the soil bacterial communities. Statistical analyses showed significant
correlations with the different soil parameters. However, an unexpected correlation was determined between soil respiration and
OM (r=—0.583%*), suggesting that OM increases the retention of CO,, a greenhouse gas. The farming techniques analyzed in this
study resulted in a reduction of the bacterial diversity, even though the total bacterial biomass augmented.
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1 Introduction

Microbial communities play an important role in soil ecosys-
tems and biogeochemical cycles (Le Bodelier 2011). The soil
microbial community is affected by both abiotic factors (such
as soil pH, temperature, and structure (Drenovsky et al. 2010))
and agricultural soil management (e.g., crop rotation, tillage,
silage, and synthetic fertilizer application (Singh et al. 2014)).
Consequently, changes in bacterial communities have been
considered early indicators of perturbations in the quality of
soil ecosystems (Trivedi et al. 2015). Unadvisable farming
practices like soil overexploitation, overgrazing, and poor
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drainage systems can decrease soil microbial diversity
(Foley et al. 2005). Therefore, it is necessary to find
new techniques for managing and protecting soil fertil-
ity, especially in dry soils which suffer from critical
problems (Hannachi et al. 2014).
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In the South of Tunisia, the olive tree occupies a crucial
social and economic place, although climate aridity and
warmer climatic conditions have stressed the productivity of
the olive oil sector (Nefzaoui 1991; Sahraoui et al. 2012).
Tunisia is considered one of the main olive oil producers in
the world, with a 90,000 tons production during the 2018/
2019 crop season just in the South of Tunisia (CRDA,
Mednine). However, despite its fundamental economic impor-
tance, olive oil industries have several drawbacks, like olive
mill wastewater (OMW) arising from olive processing, which
is one of the strongest and most troublesome industrial efflu-
ents (Mekki et al. 2006; Magdich et al. 2016). OMW contains
high amounts of organic matter, with both biological oxygen
demand (BOD) and chemical oxygen demand (COD)
(Pierantozzi et al. 2013), as well as suspended solids. In addi-
tion, OMW is characterized by large discharge volumes, high
salinity, low pH, and presence of toxic compounds such as
polyphenols (Chaari et al. 2014). Nevertheless, the use OMW
has been recommended for agricultural purposes due to its
properties as fertilizer, mainly its richness in different mineral
nutrients: e.g., potassium, sodium, calcium, and phosphates
(Mahmoud et al. 2010; Magdich et al. 2016). The effects of
OMW on the physical and chemical characteristics of the soil
are well documented (Sierra et al. 2001; Mekki et al. 2006).

Although the content of organic matter in soils is globally
influenced by climatic factors, crops, the texture of the ground,
and topographic conditions (Hannachi et al. 2014), the positive
effect of OMW irrigation into the soil structure and soil enrich-
ment is well known (Dakhli et al. 2013; Morugan et al. 2015).
Indeed, mineral nutrients, released from OMW or the minerali-
zation of OM used as fertilizers, are important factors for the
increasing EC values (Kavvadias et al. 2010).

However, the aforementioned studies did not consider the
effects of OMW on the soil microbial community. To the best
of our knowledge, few researchers have investigated the im-
pact of the use of OMW on the microbiological population of
dry land soils (Hannachi et al. 2014; Rusan et al. 2016). Soils
can contain up to 10'® bacteria/g, of which more than 95%
have not yet been cultured (Di Serio et al. 2008). OMW
spreading constitutes one of the most widespread methods to
improve soil fertility, particularly in the case of dry regions.
On the other hand, this practice could have secondary effects
on soils, such as increasing the level of organic matter, de-
creasing the instability of soil structure, enhancing the biolog-
ical activity, and limiting the effects of wind erosion. In addi-
tion to OMW spreading, other farming techniques, like deep
plowing and the introduction of fig trees (Ficus carica L.), can
be implemented to improve the physical properties of soil.
However, deep plowing in the plowshare during the winter
can favor soil infiltration (Abichou et al. 2009), and the intro-
duction of the intercalary fig trees can reduce wind erosion
through boosting roughness and favoring soil microbiological
activity because of the increase in shade plants.
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The objective of this work was to compare the effect of
different farming techniques and OMW application rates on
the physical and chemical characteristics of semi-arid soils
planted with olive trees. To attain this objective, we tested
different adaptation measures according to different assump-
tions, as follows. (1) OMW spreading would improve the rate
of organic matter. The working hypothesis here is that the
OMW spreading could increase the organic matter in the soils
and thus improve the biological activity in the soils and mit-
igate the effect of wind erosion. (2) Deep tillage would im-
prove the soil physical properties. The working hypothesis
was that deep tillage could promote physical soil fertility by
a reduction in surface crusting and bulk density. In ad-
dition, the deep tillage would improve the chemical soil
fertility by an increase in nutrient levels. And (3) the
introduction of the fig tree (Ficus carica L.) into the
olive-growing system would enhance soil roughness by
microbiological activity thanks to the increase in the
shading rate. Likewise, the fig tree would present a
potential additional source of income to olive tree
agriculture.

To better understand the catalytic role that microorganisms
play in the fertility of soils, the microbial communities of
different soils have been characterized by 454 pyrosequencing
technology.

2 Materials and Methods

In this study, we evaluated changes in the physicochemical
properties and microbiota of the soils dependent of crop time
(0 to 100 years), type of crop (olive trees and fig trees), and
treatment with OMW (spreading for 1 to 10 years) (Table 1,
Supp. Material).

2.1 Experimental Sites

Sites in this study were located in the region of Chammakh-
Zarzis, Southern Tunisia (33° 36’ N, 11° 02" E). Fields were
under the property of the Tunisian Ministry of Agriculture.
The climate within the region is generally classified as arid
Mediterranean, with a mean annual rainfall of 180 mm/m?>, as
a long-term average since 1923 (Abichou and Msellem 2015).
The soil in this area is very sandy, with a composition of
85.9% fine sand, 7.7% clay, 5.7% coarse sand, and 0.7% silt
in the upper 0—15 cm depth (Abichou et al. 2009). The OMW
used in this study was supplied from an olive oil fac-
tory (Chammakh-Zarzis) located in the region of
Chammakh-Zarzis (Southern Tunisia). The OMW was
stored in an evaporation pond for 2 months, the time
required for degradation of an important phenolic com-
pound, before its use for spreading (Berndt et al. 1996).
Its chemical composition is shown in Table 1.
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Table 1 Chemical composition (g ') of OMW (Abichou and Msellem 2015)

COD (chemical oxygen demand) 105+0.3 Grease matter 45+0.2 Na 1.3+0.1
BOD (biological oxygen demand) 55+04 Mineral matter 13.7+£0.5 Ca 0.7+03
Organic matter 107 £ 0.5 Total nitrogen Kjeldahl 14+04 Cl 05+0.3
Reducing sugars 11+04 Phosphorous 032+£02 Humidity 87% + 0.4
Glucose 39+04 K 75+02 pH 5.5 +0.003
Phenols 58+03 Mg 0.6 £0.2 EC (mS cm 1) 18.6 £ 0.3

Six different experimental sites (average 1 ha) were studied
(Table 1, Supp. Mat.). S1 was an unfarmed field and used as a
control site. S2, S3, S5, and S6 were fields previously planted
with olive trees (Olea europaea L.) separated 24 m, and S4
planted with a fig tree (Ficus carica L.) in the middle of two
olive trees to improve the ratio of shade. S2 and S3 were
intensively farmed for 10 years and 115 years, respectively.
S5 and S6 were irrigated with 200 m*/ha and 50 m>/ha of
OMW, respectively. The duration of OMW spreading was
10 years for all sites, except 1 year for S5 and S6. The
OMW was distributed homogeneously on the sandy soil sur-
face, previously tilled to a 20 cm of depth, during the winter
period (December—January). A conventional plowing was
done on S2, S3, S4, and S5 during 5 times/year. Deep
soil tillage, one time/year, coupled to conventional
plowing during 2 times/year, was applied for S6. The
deep tillage, applied only in the S6, was used to reduce
the conventional tillage frequencies.

2.2 Sampling

At S2, S3, S5, and S6, soil samples were taken from between
two olive trees, while at S4, they were obtained from the shade
of'the fig tree. Soil sample cores (6 cm inner diameter x 20 cm
length) were collected with a H-4268 hand auger tube. Each
sample analyzed was a mix of four different soil cores collect-
ed at each site. Soil samples were taken at a depth of 20 cm
because the superficial layer is moderately deep (the bedrock
is only 1.5 m deep).

2.3 Analytical Measurements
2.3.1 Soil Properties

The pH and electrical conductivity (EC) of each site were
determined with a pHmeter, XP pH50 lab model
(LabProcess Badalona, Barcelona), and a conductivity meter,
inoLab WTW 7110 model (LabProcess Badalona, Barcelona),
respectively. Total organic carbon (TOC) was determined fol-
lowing the Walkley-Black method (Walkley 1947), and organ-
ic matter (OM) was calculated by multiplying the total carbon
by 1.724 (APHA et al. 1997). Total nitrogen was determined

by the Kjeldahl standard method (APHA et al. 1997).
Available phosphorus (P,Os) was determined by the Olsen
standard method (APHA et al. 1994). Potassium K, Sodium
Na, Aluminum Al, Iron Fe, Magnesium Mg, Cadmium Cd,
Vanadium V, Manganese Mn, Chrome Cr, and Zinc Zn were
determined by atomic absorption spectrometry (Avanta, GBC
spectrometer, Australia), using air and acetylene as the mode
of oxidation. Biological activity in the soil was obtained by
measuring CO, evolution in aerobic conditions. The soil sam-
ple was humidified to 50% of its water holding capacity, and
then was incubated at 30 °C in the dark during 24 h. The
evolved CO, was trapped in a sodium hydroxide (NaOH)
solution and titrated with hydrogen chloride (HCI) (Ohlinger
1995). Dry particle sizes, such as total sand (TS), coarse sand
(CS), and fine sand clay slit (C+S), were measured. In addi-
tion, the bulk density (BP) and hydraulic conductivity (HC) in
the studied soils were determined (Petard 1993).

2.3.2 Analysis of Bacterial Communities: DNA Extraction
and 454 Pyrosequencing

Total DNA extractions from each soil sample were performed
using the Power Soil Isolation kit (MoBio Lab, CA). The total
genomic DNA (10 ng/uL) was sent for pyrosequencing to
MacrogenInc (Korea). Pyrosequencing was performed by
making use of a 454 FLX+ System (Roche). Primers 27F
and 907R were used to construct the libraries. Primers 27F:
(5’AGAGTTTGATCMTGGCTCAG3') and 907R: (5'CCGT
CAATTCMTTTGAGTTT3'), were used to construct the
libraries. The technical principle used here, a sequencing
and data analysis work flow, is outlined in Sanz and
Kochling (2019).

2.3.3 Phylogeny and Statistical Data Analysis

All processing of sequences was performed using the Mothur
package v.1.36.0 (www.mothur.org, Schloss et al. 2009) as
described elsewhere (Sanz et al. 2017). Additional statistical
and graphical evaluations were performed with the Vegan
package (Okasanen et al. 2011) of the R language program
(http://www.R-project.org/). Complete-linkage (furthest
neighbor) clustering was implemented to create the sample
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and the dendrograms. The data set containing the sequences
was deposited in the BioSample database at the National
Center for Biotechnology Information (NCBI), under the ID
numbers SRR5384076 (S1), SRR5384075 (S2),
SRR5384074 (S3), SRR5384073 (S4), SRR5384072 (S5),
and SRR5384071 (S6).

2.4 Statistical Analysis

The statistical analysis was performed using the Statistical
Package for the Social Sciences (SPSS, Version 20.0). Data
are presented as means + standard deviation (SD). Values
were obtained from triplicate determinations and the differ-
ences were examined using one-way analysis of vari-
ance (ANOVA) followed by Fischer’s LSD (least sig-
nificant difference) post hoc test. Statistical significances
of the correlations between data sets were calculated
using Pearson’s R-values.

3 Results
3.1 Chemical and Physical Soil Proprieties

Results of the chemical and physical analyses of the studied
soils are summarized in Tables 2 and 3. A significant differ-
ence (p =0.01) among samples was recorded. The pH ranged
from 8.31 to 8.73. An alkaline pH (above 8) was revealed in
the different study soil. Electrical conductivity of the soil was
higher in S4 (1.73 mS/cm) and in S6 (1.23 mS/cm) samples
than in the other soils. The soils in the South of Tunisia can
maintain a stable pH because of its high buffering capacity.

The size distribution of soil particles showed that the stud-
ied soils had total sand abundances varying between 92 and
98%. Coarse sands have abundances between 10.96 +0.03%
and 18.55 +£0.02%, while fine sands are more dominant with
contents varying between 76.36+0.03 and 85.13 +0.07%.
The percentages of silt + clay are the lowest, ranging between
1.84+0.02 and 6.92+0.01%.

A variation in the distribution of TS, CS, FS, and C+S
between the different soils studied is also observed. An im-
portant level of C+S was noted in S3 (soils planted 100 years
ago) compared to other sites. The low BD for this soil planted
for 100 years (S3) is a consequence of the working of the soil,
which has allowed an increase in porosity which in turn de-
creases the BD. Consequently, the increase in BD at the level
of the soil never plowed (below 20 cm depth) is due to the
compaction of this soil, and can be explained by a rearrange-
ment of the soil particles due to the low cohesion between
them. The results showed that for the six experimental sites,
the values of Ks vary between 10.3+0.11 and 33.05 +
0.02 mm h™'. HC is proportional to the age of working the
soil. Indeed, the highest values were recorded for S1 (cultivat-
ed for 100 years) with an average value of 33.05 +
0.02 mm h ™', and lower Ks were obtained in S2 (planted for
10 years) and S6 (planted for 1 year) with values of 15.2+
0.05 mm h™" and 10.05+0.02 mm h ™', respectively.

Concerning the soil activity comparison, respiration values
in the different soils showed dissimilar behaviors (Tables 2
and 3). A significant difference (p = 0.01) among the samples
was registered. The highest soil respiration rates
(0.73 mgCO,/g 24 h and 0.68 mgCO,/g 24 h) were recorded
in S2 and S6, respectively. The abundances of soil nutrients
(N, P, and K), micronutrients, and heavy metals are summa-
rized in Tables 4 and 5. An important difference (p =0.01)

Table 2 Physical-chemical and

EC (mS/cm)

OM (mg-OM/g-soil)

(Resp) mgCO,/g 24 h

biological parameters: pH, S pH

electric conductivity, organic and et

respiration rate matter in the S1 8.59 £ 0.017*

studied soils 32 8.47 + 0.017d
S3 8.65 + 0.03*"
S4 8.31 % 0.01°¢
S5 8.65 + 0.01°*"
S6 8.73 % 0.02°%

0.89 + 0.01¢%f
082 + 0.02%4f
0.53 + 0.0120%f
1.74 + 0.0470cf
0.75 + 0.012df
1.23 + 0.017bcde

2.6 + 0.01°4"
1.24 + (.02
0.82 + 0.0120%f
0.96 + 0.02c<f

2.6 + 0.1%"

1.3 £ 0.01%%

0.23 +0.01>"
0.73 + 0.023d°
0.5 + 0.017%°4f
0.27 + 0.04*F
0.22 +0.01%f
0.68 + 0.06™%

Data are presented as average = SD. Values were obtained from triplicate determinations and statistical signifi-
cance was examined by one-way analysis of variance (ANOVA)

Followed by Fischer’s LSD (least significant difference) post hoc test

*p<0.001 as compared to S1
®»<0.01 as compared to S2

€p<0.001 as compared to S3
4p<0.001 as compared to S4
¢p<0.001 as compared to S5
T <0.001 as compared to S6
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Table 3
hydraulic conductivity (HC) in the studied soils

Physical-chemical and biological parameters: dry particle size (total sand, coarse sand (CS), fine sand clay slit (C+S)), bulk density (BD), and

S TS (%) CS (%) FS (%)

C+S (%) Bulk density (g cm™>) HC (mm h™")

18.55 + 0.02°4d
10.96 + 0.03%¢f
16.72 + 0.01°04f
14.83 + 0.01°%¢f
12.26 + 0.03%0°4f
14.13 + 0.04%bcde

S1 95.41 + 0.01°¢
S2 96.09 + 0.01%¢f
S3 93.08 + 0.47%04f
S4 98.17 + 0.02%0cf
S5 95.25 + 0,020
S6 95.67 + 0.01°¢

85.13 + 0.07%%f
7636 + 0.03°0df
83.33 = 0.07%%f
82.99 + 0.05%f
81.54 + (.028bcde

76.86 + 0.005°4F

10.3 + 0.11%¢f
15.2 £ 0.05%04f
33.05 £ 0.02¢¢t
16.2 + 0.1180ccf
17.06 = 0.02°0¢4f
10.05 + 0.02%°¢d

1.55 + 0,024t
1.46 + 0.03%"
1.27 + 0.04%0df
1.48 + 0.04%F
1.48 + 0.04%F
1.37 + 0.005°0%4

459 + 0.05°4f
3.91 + 0.028df
6.92 + 0.01%%f
1.84 + 0.0280cef
475 + 0.025%4f
433 + (.17

Data are presented as average + SD. Values were obtained from triplicate determinations and statistical significance was examined by one-way analysis

of variance (ANOVA)

Followed by Fischer’s LSD (least significant difference) post hoc test
#p<0.001 as compared to S1

°p<0.01 as compared to S2

€p<0.001 as compared to S3

99 <0.001 as compared to S4

°p<0.001 as compared to S5

fp<0.001 as compared to S6

was recorded among the different studied plots with respect to
soil nutrient contents, i.e., P,Os, Na, K, Al, Fe, and Mg. The
highest contents of P,Os (4.29 mg P,0s/g-soil) were regis-
tered in the soils treated with OMW (S5 and S6). Similarly,
the carbon and nitrogen soil contents were significantly higher
in the soil treated with the OMW. The heavy metals, e.g., Zn,
Cd, and Cr, do not seem to be highly affected by the different
treatments (Table 5), except for the V levels registered in S1
(untouched soil) which were lower than in the other soils.
Correlation analyses among biological and physical-
chemical parameters of the soils studied here indicated several
significant trends (Table, SI-2). Significant positive

correlations were found: for Al, Mg, Mn, and V with Na
(r=0.811*%*0.932** 0.781%*, and 0.677**, respectively);
for Mg, Mn, and V with Al (r=0.860%%*, 0.805**, and
0.606**, respectively); for Cd, Mn, and V with Mg (r=
0.546%*, 0.920%*, and 0.708**, respectively); between Cd
and Mn (r=0.711%%); and with Mn and V (r=0.637%%).
The different correlations quoted above were produced by
ions adsorbed and desorbed into the clay-humus complex,
which is selective.

The fertilization using the highest OMW value (200 m’-
OMW/ha for 10 years in S5) resulted in an increase of OM up
to 2.6 mg-OM/g-soil in S5. This value resembles the value

Table 4 Soil contents (NPK) and

Total N (mg/g-soil)

K* (mg/g-soil)

C (mg/g-soil)

CN

carbon contents in the different S P,05 (mg/g-soil)

studied plot
S1  0.52 +0.02°F
S2  1.06 + 0.06%4f
S3  0.93 + 0.0330df
S4 051 +0.012%F
S5 429+ 139
S6 1.3 + 0.02%0cde

0.321 + 0.001°4
0.23 + 0.0058%4"
0.181 + 0.0058d"
0.432 + 0.0027°f
0.4320 + 0.027°>F
0.315 + 0.020%

3334 + 1bcdef
7004 + 22
559 & 130
235 + Sabccf
503 + 3abcdf
1186 + 6abcde

1.51 + 0,05
0.71 + 0.01%%
0.47 + 0.05%%f
0.55 + 0.0170c<f
1.5 + 0.054f
0.75 + 0.447%

473 £ 0,020
3.12 + 0.05%4°f
2.61 =+ 0.0320%f
1.28 + 0.027cef
3.49 + (.]2"abedf
238 + (.03

Data are presented as average = SD. Values were obtained from triplicate determinations and statistical signifi-
cance was examined by one-way analysis of variance (ANOVA)

Followed by Fischer’s LSD (least significant difference) post hoc test

*p<0.001 as compared to S1
®»<0.01 as compared to S2

€p<0.001 as compared to S3
4p<0.001 as compared to S4
¢p<0.001 as compared to S5
T <0.001 as compared to S6
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Table 5  Soil micronutrients and heavy metals contents (ng L") in the different studied plot

S Ca** Na AP* Fe** Mg cd* v Mn?* crt Zn?
S1 - 815 & 1bedel 7893 + 31%4f 5718 + 40 3190 + 109 083 £0.03%¢  7+£1° 46+6%%° 542 13+3
2 - 2020 + 20%°%F 11,862 = 2% 769 + 12¢4f 5315 + 59cdef 1+0.1% 12£2° 766 7+1 15+5
S3 - 1156 + 6°04F 9154 + 43df 5857 4 pabdef 3782 + 2% 095+ 0.05 9+1 58«1  6+2 13+3
sS4 - 1374 + 430t 7881 + 18f 12,094 + 430t 3935 + 5a0cet 1+0.1% 10£2 56+1™  7+3 15+1
S5 - 1169 + 14 8871 = 1% 6899 + 172.33%f 4357 + 1°dF 1074007 10+2 69+ 1% g+ 131
S6 - 1181 + 1204 8807 + 624 5141 + 13 3766 + 6% 08+ 0.01°° g+2 53+£3™  7+1 13+1

(-): no detectable by the machine, value very lower

Data are presented as average + SD. Values were obtained from triplicate determinations and statistical significance was examined by one-way analysis

of variance (ANOVA)

Followed by Fischer’s LSD (least significant difference) post hoc test
#p<0.001 as compared to S1

®»<0.01 as compared to S2

€p<0.001 as compared to S3

99 <0.001 as compared to S4

¢p<0.001 as compared to S5

fp<0.001 as compared to S6

found in the unfarmed soil (S1). The lowest OM soil content
was detected in S3: soil cultivated during more than 115 years,
with an OM value of 0.83 mg-OM /g-soil.

3.2 Bacterial Communities

The first thing we noted was the high number of OTUs de-
tected in all soils (Table 6). Most of them (more than 90%)
were raretons (single- and doubletons, meaning with only one
or two reads). The uniformity of the studied soils (Eh and Gini
indexes, Table 6) is remarkable, showing a stable and diver-
sified community structure. Raretons most probably do not
play any metabolic function, but they could act as a bacterial
seederpool, which evolves according to the changing nutri-
tional and physical-chemical conditions. We note that half of
the identified sequences could be assigned at the genus level:
from 44% in S2 to 55% in S6. These reads encompassed 181
genera. Figure 2-right describes the genera with coverage
equal or higher to 1% for, at least, one soil. All these genera
are aerobic chemoorganotrophs and many of them have been
isolated from soils and agricultural soils.

The high-quality reads were reliably assigned to 11/12 phy-
la (Fig. 1, left). Proteobacteria (31.5-44.0% of the highest
quality reads), Actinobacteria (12.4-35.5%), Acidobacteria
(6.8-13.1%), and Bacteroidetes (6.3—12.5%) were predomi-
nant in the six sites.

Proteobacteria was the major group of bacteria in five of
the six studied soils (Fig. 1, left). This fact should not be
surprising because this phylum constitutes the largest phylo-
genetic lineage and encompasses the largest number of
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described species. Proteobacteria ranged between 29 and
38.2% of the reads reliably assigned to their order level.

The phylum Actinobacteria demonstrated very high intra-
order biodiversity. Their sequences were distributed among
the sub-orders Frankineae, Micrococcineae,
Micromonosporineae, Propionibacterineae,
Pseudonocardineae (Actinobacteria class),
Acidimicrobineae (Acidimicrobiia class), and
Rubrobacterineae (Rubrobacteria class).

Sequences affiliated to the orders Rhizobiales,
Rhodobacterales, Rhodospirillales and Sphingomonadales
(Alpha), Burkholderiales and Nitrosomonadales (Beta),
Xantomonadales (Gamma), and Myxococcales (Delta) were
retrieved. Nitrosomonadales (fam. Nitrosomonadaceae) was
the most abundant order, followed a long way behind by
Burkholderiales (fams. Comamonadaceae and
Oxalobacteraceae) and Rhodospirillales (fam.
Rhodospirillaceae) (Figs. 1 and 2).

Several OTUs could be identified at the genus level with
coverage higher than 1% in, at least, one of the analyzed soils
(e.g., Nocardioides, Arthrobacter, Flexibacter, Flavisobacter,
Sphingomonas) (Fig. 2, right). Importantly, the number of
reads affiliated to the phylum Firmicutes was low and uneven-
ly distributed among the analyzed soils: from 0.3% in S1 to
3.7% and 4.0% in S5 and S3 of the total sequences reliably
assigned. Firmicutes (Bacillales, Bacillaceae) seem to be al-
most absent in never-tilled soils (S1), and well adapted into
degraded soils (S3 and SS5). Our data show numerous OTUs
ascribed to the same genus: e.g., in the case of S5, there were
33 different OTUS of Flexibacter, 25 of Flavisolibacter and
Gemmatimonas, 23 OTUS of Candidatus
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Table 6  Sequences distribution, coverage, diversity, and evenness index estimates from the six soils samples

S1 S2 S3 S4 S5 S6

Total sequences 4556 3002 3522 2987 3605 3867
Classified (identity > 80%) 1493 1066 1408 969 1494 1569

Sobs 991 715 847 721 1082 1044
Singleton and doubletons OTUs** 908 (91.6) 660 (92.3) 771 91) 682 (94.6) 1007 (93) 942 (90.2)
Chaol 3252 +509 2471 +470 2766 + 466 4083 +1610 5355+1026 3557 +£562
Simpson 0.006 +0.002 0.007 £0.002 0.008 +0.002 0.004 +£0.001 0.004 +0.001 0.002+0.0001
Shannon (H) 6.50+0.07 6.17+0.08 6.20+0.08 6.27+0.08 6.27+0.06 6.67+0.06
Shannon evenness (Ey) 0.94 0.94 0.92 0.95 0.95 0.96

Gini 0.92 091 0.94 091 0.93 0.89

**Raretons percentage in parenthesis

Chloroacidobacterium, and 17 OTUS of Candidatus
Solibacter. Consequently, it could be hypothesized that many
soil bacterium are in a dormant form (with only a few units),
waiting to reactivate when the nutritional and physical-
chemical conditions are more appropriate. We identified a
different significant correlation using the Simpson vs the

Order

é |

’ S1 2 S3 S4 S5 S6
Fig. 1 Taxonomic profiles at the phyla phylum (left) and the order (right)
levels for the soils studied. All the phyla found have been included. They
represent 92-95% of the high-quality reads. Fifty-five orders were iden-
tified, covering 86-91% of the reliably taxonomic assigned sequences. In
order to clarify the figure: (i) orders with a coverage lower than 1% have
been grouped together; (ii) the different orders of the Actinobacteria class
considered by Bergey’s Manual 2 ed. have been grouped together in the

Shannon indices with certain parameters (Table SI-3): for ex-
ample, a significant negative correlation was detected between
P and N contents using the Simpson index (—0.508" and —
0.620™, respectively). We conclude that the abundance of
certain nutrients (N and P) seems to be decreasing bacterial
biodiversity.

Phylum

0 S1 S2 S3 S4 S5 S6
Actinobacteriales order, according to the Silva Database’s classification
(https://www.arb-silva.de/). Note: Six different experimental sites
(average one ha) were studied. S2, S3, S5, and S6 were fields
previously planted with olive trees (Olea europaea L.) each 24 m, and
S4 planted with a fig tree (Ficus carica L.) in the middle of two olive
trees. S1 was an unfarmed field and used as a control site
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Fig. 2 Heat maps of the most abundant families (left) and genera (right)
identified in the soils studied. 108 families (coverage 66—73% of the high-
quality reads) and 181 genera (coverage 44—55% high-quality reads) were
identified. Families and genera with coverage lower than 1% have been
excluded. Note: Six different experimental sites (average 1 ha) were

4 Discussion
4.1 Chemical and Physical Soil Proprieties

The percentages of silt plus clay are low, which is consistent
with the results of previous studies carried out in this area
(Abichou and Msellem 2015). An increase in fine particles
can make the soil more susceptible to compaction (Bruand
et al. 2005), because the silt and clay particles fill the gaps
between the grains of sand, resulting in a tighter assembly and

@ Springer
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studied. S2, S3, S5, and S6 were fields previously planted with olive trees
(Olea europaea L.) each 24 m, and S4 planted with a fig tree (Ficus

carica L.) in the middle of two olive trees. S1 was an unfarmed field
and used as a control site

an increase in the mass of soil (Bruand et al. 2005). The de-
crease in water infiltration in compacted soils (plow soil) for
S3 was due to a decrease in soil macro porosity, which plays a
key role in infiltration (Ankeny et al. 1990) and pore connec-
tivity, which in turn induces a decrease in water circulation
and saturated hydraulic conductivity (Silva et al. 2009).
Nimmo and Akstin (1989) reported that, in sandy soils with
low water content, soil compaction could increase water re-
tention and decrease hydraulic conductivity. Hence, the im-
portance of preventing these forms of soil degradation by
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improving plowing techniques (reduction in plowing frequen-
cies, lower pneumatic pressure, finer non-compacting tools),
ensuring a ground cover that protects the surface against the
formation of crusts, and adding organic fertilization that al-
lows the improvement of the soil structure.

The fertilization using the highest OMW value (200 m3-
OMW/ha for 10 years) resulted in an increase of OM. The OM
in S5 was up to 2.6 mg-OM/g-soil. This value resembles the
value found in the unfarmed soil (S1). Although the content of
organic matter in soils is globally influenced by climatic fac-
tors, crops, the texture of the ground, and topographic condi-
tions (Hannachi et al. 2014), the positive effect of OMW irri-
gation into the soil structure and soil enrichment is well known
(Dakhli et al. 2013; Morugan et al. 2015). Indeed, mineral
nutrients, released from OMW or the mineralization of OM
used as fertilizers, are important factors for the increasing EC
values (Kavvadias et al. 2010). The lowest OM soil content
was detected in the soil (S3): soil cultivated during more than
115 years. The OM value was 0.83 mg-OM /g-soil.

Concerning the tillage soil effect, the tillage disintegrates
the particles of the soil, reducing the protection of the unstable
organic compounds against enzymatic attacks and increases
soil porosity, which in turn improves the distribution of gases
and access to water for the microorganisms that drive decom-
position (La Scala et al. 2008). The soil subjected to an inten-
sive frequency of tillage showed an important soil respiration
yield. This yield was usually illustrated by an important CO,
release from the soil (Chatskikh et al. 2008; La Scala et al.
2008). In contrast, in the soil treated with higher doses of
OMW (S5), the specific respiration remained very low
(0.265 mg CO,/g 24 h). This can be explained by the fact that
the phenolic compounds may inhibit soil respiration, which is
especially noticeable in soils treated with higher OMW doses
(Obied et al. 2005; Mekki et al. 2009). However, the results of
these studies are sometimes contradictory and depend on the
soil parameters and application rate. Soil respiration inhibition
could be also caused by the fact that the largest amount of
carbon added to the soil (S5 having a high content of OM)
was unavailable to the microflora, due to its strong absorption
or its reaction to the components of the soil (Mekki et al.
2006). However, the highest contents of P,Os were registered
in the soils treated with OMW. Previous studies have shown
that the soil phosphorous content increases considerably with
OMW irrigation (Rusan et al. 2016). Similarly, we found that
the carbon and nitrogen soil contents were significantly higher
in the soil treated with the OMW. Several studies have indi-
cated that OMW irrigation improves the organic matter con-
tent, total N, and C/N ratio, and may have beneficial effects on
soil fertility (Mekki et al. 2006; Chaari et al. 2014). Our find-
ings show an important content of potassium in the soil spread
with the higher dose of OMW, an important content of iron in
the soil planted with a fig tree in the middle of two olive trees
(S4), and an increase in nitrogen content in S4 and S5

although the total nitrogen decreased over the year in the other
soils. Likewise, the C/N ratio stayed below 5, revealing the
occurrence of a mineralization phenomenon (Di Serio et al.
2008). However, the soil nitrogen contents in all studied soils
were low: this result was in agreement with other studies,
which suggested that the soil total nitrogen contents in the
dry region are low due to the soil-leaching phenomenon
(Hannachi et al. 2014). In addition, nitrification and nitrogen
mineralization can be inhibited by vanadium contents (values
shown in Table 3) (Paquelin 1998).

Higher levels of Fe (12,094 mg/Lfl) were observed in S4
(soil with fig trees among the olive trees) in contrast to the Fe
values found in other soils. This could be attributed to the
chelation reactions of Fe with the organic compounds provid-
ed by OM (Ylivainio 2010) induced by the fig trees.
Moreover, we suspect that the introduction of the fig trees
improves the soil roughness by reducing the effect of the wind
erosion between two olive trees. In addition, they can increase
the shade rate, thereby reducing the soil evaporation and nu-
trient loss (Abdourhamane Toure et al. 2013).

Also noticeable was the basic pH of the soils studied, de-
spite their calcareous nature, and the null content of Ca®*. This
apparent contradiction can be explained by a Ca** soil-
leaching phenomenon: the calcium is moderately held on the
clay-humus complex, and it can be exchanged with other free
ions of the soil, such as K* and Mg>* (Paquelin 1998). Finally,
the relatively high content in Vanadium in S1 can be probably
attributed to human activities derived from fertilizer additions
(Lambers et al. 2008).

Positive and significant correlations were found for soil
respiration (Resp) and soil nutrients, for example, in P,Os,
Na, K, and Mg (r=0.638%*, 0.620**, 0.496*, and 0.496%,
respectively), supporting the hypothesis that soil respiration
improved nutrient solubility, availability, and mobility
(Mahmoud et al. 2010). In general, soil pH correlated nega-
tively with EC and Fe (r=—10.714** and — 0.862*%*) but pos-
itively with Resp (= 0.627**), which may be attributed to
changes in proportions among the different groups of micro-
organisms (fungi and bacteria) inhabiting the soils due to their
different pH requirements (Mohammad and Mazahreh
(2003)): bacteria prefer neutral or slightly basic pH, and have
higher metabolic activity than fungi. On the other hand, we
found a negative correlation between Resp and OM (r=—
0.583%), which seems to be strange. Indeed, this result is in
contrast with previous works, which illustrated a highly pos-
itive effect between both soil parameters (Brant et al. 2006; Di
Serio et al. 2008; Hoorman and Rafiq 2010). The negative
correlation we found between the organic matter and the soil
Resp could be attributed to carbon soil sequestration, a new
strategy to limiting the climate gas effect (Brant et al. 2006; Di
Serio et al. 2008; Hoorman and Rafiq 2010). Indeed, the in-
crease in organic matter in this zone would enhance the reten-
tion of CO,, a greenhouse gas.
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4.2 Bacterial Communities

The majority of the soil microorganisms (80-85%) were
in dormant state (Stenstrom et al. 2001; Fontaine et al.
2003), and the contribution of fresh organic matter can
stimulate the microorganisms’ metabolic activity. This
short-term modification is known as the priming effect
(Buysse and Aubinet 2010).

The dominance of the phylum Proteobacteria can be relat-
ed to the soil structure. Indeed, the analysis of the spatial
distribution of bacteria at microhabitat levels showed that soils
characterized by large particle sizes (sand) were dominated by
Alpha-Proteobacteria (Torsvik and Ovreas 2002). Most
members of Myxococcales develop multicellular spore-filled
fruiting bodies in response to starvation (Huntley et al. 2011).
In addition, Nitrosomonadales play a critical role in the natu-
ral nitrogen cycle (Gaastra et al. 2009). The phylum
Actinobacteria demonstrated very high intra-order biodiversi-
ty. They are important decomposers in the soil carbon cycle
(Di serio et al. 2008). Indeed, many Actinobacteria are usual
soil inhabitants, and they have often been isolated from natural
environments (soils and waters) (Chouaia et al. 2014). The
phylum Acidobacteria is also among the dominant soil phyla
(Janssen 2006; Greening et al. 2015). In our study, most reads
could be only classified at the family level
(Acidobacteriaceae). This was not unexpected because
Acidobacteria is a poorly characterized taxon, with less than
10 species currently cultivated and described (Bryant et al.
2007; Greening et al. 2015). Sequences affiliated to
Acidobacteria have been retrieved from a wide variety of en-
vironments, particularly from soil samples. However, the eco-
logical role of this phylum remains unknown. Lee et al. (2008)
suggested that Acidobacteria might be numerically dominant
in soils, and might be highly involved in the biogeochemical
cycles of the rhizosphere soil. The phylum Bacteroidetes was
represented (Figs. 1 and 2) by the orders Sphingobacteriales
(fam. Chitinophagaceae) and Cytophagales (fam.
Cytophagaceae). The sequences retrieved from our samples
are again typical of the soils, i.c., all the species included in
Bergey’s Manual of Systematic Bacteriology (Krieg et al.
2011) belonged to the family of Chitinophagaceae, and many
of the species affiliated to the Cyfophagaceae family were
isolated from various types of soils. Other phyla, such as
Gemmatiomonadetes (fam. Gemmatiomonadaceae),
Planctomycetes (fam. Planctomycetaceae), Chloroflexi
(Chloroflexales order), and Verrucomicrobia, were also iden-
tified in our soils. Even though in less proportion than the
other phyla discussed above, these rarely cultivated taxa could
be among the most dominant soil phyla (Greening et al. 2015).

The high number of raretons detected is outstanding: e.g.,
48.0% in S6, or 57.5% in S3. According to Hobbie and
Hobbie (2013), soil microbes have a starving-survival lifestyle
of dormancy, arrested activity, and low activity. In this sense,
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Greening et al. (2015) stated that “the majority of microbial
cells in global soils exist in a spectrum of dormant states.”
Moreover, one strategy used by bacteria to survive in a com-
petitive and changing environment, such as the soil, is to phe-
notypes that may be less adapted to the current conditions, but
might confer an advantage in the future (Stum and Dworkin
2015). The comparative analysis between the different types
of treated soils by Torsvik et al. (1996) showed that anthropo-
genic influences, such as agricultural management (tilling,
manuring, or cropping) and pollution, can have a profound
impact on bacterial communities, leading to reduced bacterial
diversity, even though the bacterial biomass may be increased.

5 Conclusions

In our study, the highest content of potassium was detect-
ed in the soil spread with the higher dose of olive mill
wastewater; the maximum content of iron was identified
in the soil with fig trees among olive trees; the total ni-
trogen was found to decrease over the years; and hydrau-
lic conductivity was proportional to the age of the soil
tillage. We could not establish (by analysis of canonical
variables) any clear relationships between agricultural
practices and the microorganisms found in the different
soils. However, two important facts can be highlighted:
(1) the high number or sequences retrieved only once or
twice (raretons), together with the high number of OTUs
affiliated to the same genus, showing a high adaptability
and resilience of these microorganisms to nutritional and
physical-chemical changes in the soils; and (ii) the signif-
icant negative correlation between nutrients and bacterial
diversity, which seems to imply that the availability of
nutrients favors, over time, the predominance of the bac-
terial species that are able to use them more efficiently
(strategist r), while a low content of nutrients allows the
survival of a greater number of species capable of
extracting scarce resources (strategist k). The combination
of a moderate OMW spreading dose with the introduction
of fig trees and an intensive tillage must be taken into
consideration in the design of future surveys.
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