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Abstract – Water resources constitute a social, agricultural and economic problem in most countries of the southern Mediterranean Basin.
Alternative strategies have been developed such as the reuse of municipal wastewater for irrigation in agriculture. Despite numerous advantages
for soil fertility and crop productivity, recycling wastewater in soils also has several ecotoxicological and sanitary problems. Few investigations
have assessed the risk by evaluating the impact of wastewater irrigation on soil microbes. Here, we report for the first time the short- and
long-term effects of treated municipal wastewater irrigation on the density and genetic structure of bacterial and fungal soil communities. Soils
from agricultural sites in Tunisia that had been irrigated with wastewater for 4, 8, 16 and 26 years were characterised. Soil physicochemical
and microbial characteristics were assessed by sampling at 0–20 and 20−40 cm depth at each site. Quantitative changes in bacterial and fungal
communities were measured by indirect counts on synthetic culture media and qualitative modifications were evaluated by using molecular
ecology methods: B- and F-ARISA for Bacterial and Fungal Automated Ribosomal Intergenic Spacer Analysis, respectively. These methods
allowed genotyping the structure of bacterial and fungal communities from soil DNA extracts. Our results revealed a significant increase in
microbial densities related to the duration of irrigation with wastewater. In addition, wastewater irrigation led to changes in the genetic structure
of bacterial and fungal communities, the magnitude and specificity of these changes being significantly correlated with the duration of such
irrigation. These results show that wastewater management schemes have a major effect on indigenous microbial abundance and composition in
soils that could be related to the recurrent inputs of organic compounds and mineral/metallic elements. In an agro-ecological context, irrigation
with municipal wastewater represents an impacting practice that now needs to be evaluated more fully in terms of ecosystem services for
sustainable agriculture.

1. INTRODUCTION

The scarcity of conventional water resources constitutes a
social, agricultural and economic problem in most countries
of the southern Mediterranean Basin. Water shortage in these
countries results from a combination of arid climatic condi-
tions and an increase in water requirements due to population
growth and the development of tourism. There is thus an ur-
gent need to make alternative water sources available for agri-
culture to replace the high quality water required for human
consumption (Angelakis et al., 1999). In this context, the use
of municipal wastewater for irrigation could provide a realistic
alternative water supply for agriculture, as has been demon-
strated in many countries in the Mediterranean region, such as
Cyprus, Jordan and Tunisia (Angelakis et al., 1999).

The reuse of wastewater mainly for irrigation in agricul-
ture has resulted from advantages related to nutrient recovery,

* Corresponding author: ranjard@dijon.inra.fr

socio-economic implications, reduced fertiliser applications
and improved effluent disposal (Candela et al., 2007). The
quality criteria generally applied to water for reuse in agri-
culture have mainly been based on physicochemical and san-
itary aspects, focusing on (i) the presence of metallic and
organic pollutants, (ii) the existence of potential pathogens
(viruses, bacteria and protozoa), (WHO, 1989), and (iii) salin-
ity aspects (Martinez-Beltran, 1999). Treated urban wastew-
ater may contain humic substances, heavy metals, pesticides,
by-products of disinfection, industrial contaminants, microor-
ganisms, inorganic and organic compounds, and Pharmaceuti-
cals and Personal Care Products – PPCPs. For many of these,
the geochemical and ecotoxicological behaviour is unknown
(Doughton, 2004). Some of these are only partially removed
by conventional wastewater treatments and may remain in the
treated water, affecting its final quality and reuse (Ternes et al.,
2002).
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Research studies into the potential chemical and biologi-
cal contamination of soil by irrigation with wastewater has fo-
cused on the ecotoxicological and sanitary effects of reused
domestic treated wastewater on the edibility of crops (Crook,
1991; Cooper, 1991; Haas, 1996). The presence of pathogenic
microorganisms and NO2 and CO2 production in perched
aquifers has been investigated (Ronen, 1996; Campos, 1998)
and the possible risk of leaching of pesticide applications on
golf courses (Toshinari et al., 1998; Cohen et al., 1999). A
modelling of global human risk assessment of organic contam-
inants (chloroform and pyrene) in reclaimed wastewater used
for irrigation was carried out by Weber et al. (2006) and the
effect of wastewater irrigation on soil and plant quality param-
eters has been described by Dère et al. (2006).

Although microorganisms are the most ubiquitous, diverse
and abundant living organisms in soil, and despite their key
role in a wide range of biogeochemical cycles with agronomic
consequences on soil fertility, functioning and buffering of
pollutants, few studies have investigated the ecological im-
pact of irrigation with wastewater on soil communities. In ad-
dition, most of the research conducted on wastewater reuse
in agriculture has been focused on its short- and medium-
term effects (Palese et al., 2009) on plant growth and devel-
opment with little attention paid to the soil impact following
long-term irrigation with treated wastewater. In this context,
the aim of our study was to evaluate the long- and short-
term effects of treated wastewater irrigation, of 4 to 26 years’
duration, on the abundance and genetic structure of the soil
microbial communities. Experiments were conducted in the
“Nabeul-Hammamet” region of northern Tunisia. This is one
of the most drought-stressed countries in the Middle Eastern
and North African region, with freshwater per capita of around
450 m3/year. Treated wastewater currently represents approxi-
mately 5% of Tunisia’s total available water but is expected to
increase to 11% by 2030 (Shetty, 2004). The reuse of treated
wastewater in irrigation is considered as a strategic approach
to preserve freshwater resources in this region and has been
practised since 1980.

We compared the microbial abundance and genetic struc-
ture of indigenous bacterial and fungal communities in soils
that had been irrigated with wastewater for 4, 8, 16 or 26 years,
in the same experimental field. The bacterial and fungal abun-
dance in each location was assessed from counts on synthetic
culture media. The genetic structures of the bacterial and fun-
gal communities, indigenous to the soils irrigated for different
durations, were assessed by ARISA (automated ribosomal in-
tergenic spacer analysis), a DNA “fingerprinting” approach.

2. MATERIALS AND METHODS

2.1. Study area and sampling strategy

The Nabeul valley (northeast Tunisia) has been irrigated
since 1980. The climate is temperate and semi-arid with mild,
wet winters. The mean monthly temperature ranges from 12
to 27 ◦C. Evapotranspiration (10.3 mm/d) has been recorded
in July and August, whereas rainfall mainly occurs from

September to March. Annual precipitation is around 470 mm.
Irrigation is based on flooding through furrows. The mean an-
nual application rates vary between 1500 and 2200 mm de-
pending on the crop. The mean insolation is between 5.4 and
12.9 h/day.

Soils were sampled at four different sites, all under an or-
ange grove that had been irrigated for different lengths of time:
“el Haouria”site: Soils irrigated with wastewater for the last
4 years.
“Messadi”site: Soils irrigated with wastewater for the last
8 years.
“Beni Khiar” site: Soils irrigated with wastewater for the last
16 years.
“Souhil” site: Soils irrigated with wastewater for the last
26 years.

Sampling plots were separated by about 4 to 5 km. Sam-
pling was carried out with a drill at the end of the dry season
between September 22nd and 24th 2006 in a representative
plot of about 0.5 ha size on each site. Each plot was divided
into three locations or blocks, and in each block four soil cores
were sampled and were then pooled for further analysis. The
soil was sieved (2 mm), placed inside vented plastic bags and
stored at 5 ◦C for 15 days for later analysis. Physicochemical
soil characteristics were measured in each site for each treat-
ment by the Laboratory of Soil Analysis (INRA-Arras, France,
http://www.arras.inra.fr/), using standard methods. The main
results are given in Table I.

2.2. Wastewater characteristics

This study was conducted at the SE4 Wastewater Treat-
ment Plant (Nabeul, northeast Tunisia), which was set up in
May 1979. The SE4 wastewater treatment plant is an activated
sludge-extended aeration system that involves a mechanical
screen, grit removal tanks, primary sedimentation tanks, ex-
tended aeration tanks, and finally, sedimentation tanks. The
characteristics of the wastewater used for irrigation varied both
within and between the years of application. The wastewa-
ter was, on average, alkaline with a basic pH value of 7.6
and had a moderate level of total dissolved solids (TDS) of
1556 mg.L−1. It contained considerable amounts of nitrate
(31 mg.L−1), ammonia (53 mg.L−1), phosphate (17.8 mg.L−1)
and potassium (53.3 mg.L−1), which are considered essential
nutrients for improving plant growth together with soil fertility
and productivity levels. It presented an electrical conductivity
of 3.27 (mmhos.cm−1), and a chemical and biochemical oxy-
gen demand of 95 and 17.4 mg.L−1, respectively.

On the other hand, the concentrations of micronutrients
and heavy metals in the wastewater were relatively low, with
0.0007 mg.l−1 of Cd, 0.02 of Co, 0.01 of Cu, 0.05 of Mn, 0.19
of Fe, 0.05 of Ni, 0.03 of Pb, 0.03 of Zn and 0.03 of Cr. These
concentrations met the standards for wastewater reuse irriga-
tion of Tunisian and F.A.O. norms. This wastewater could thus
be considered of good quality. Given the fact that such met-
als could accumulate in the soil and plants following continu-
ous use of wastewater in irrigation, their periodic monitoring

http://www.arras.inra.fr/
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Table I. Soil physicochemical properties of the different sites.

Sites Depth Clay Silt Sand pH Corg Norg C/N CEC CaCO3

(cm) % % % mg/g−1 mg/g−1 Cmol+.kg−1 mg/g−1

soil soil soil soil

El Haouria
0–20 7.5 4.1 88.1 7.91a 8.6b 0.81b 10.61 4.73a 2.8a

(± 0.4) (± 0.9) (± 0.9) (± 0.5) (± 0.3)

20–40 8.7 4.8 86.3 8.4a 4a 0.39a 10.25 4.2a 1.6a

(± 0.2) (± 0.5) (± 0.5) (± 0.4) (± 0.1)

Messadi
0–20 15.3 10.1 72.9 8.52a 10.1b 0.854b 11.82 7.09b 16.7c

(± 0.3) (± 1.2) (± 0.9) (± 0.9) (± 3.1)

20–40 18.6 11.8 67.6 8.58a 9.9b 0.684b 14.47 8.09b 19.8c

(± 0.3) (± 0.8) (± 0.7) (± 0.7) (± 2.5)

Beni Khiar
0–20 8.3 8.6 72.5 8.42a 24.4c 1.1c 22.18 5.46a 10.5b

(± 0.3) (± 1.6) (± 1.5) (± 0.5) (± 1.5)

20–40 9.0 9.0 71.9 8.52a 22.2 1c 22.2 5.48a 9.9b

(± 0.2) (± 1.2) (± 0.9) (± 0.5) (± 1.1)

Souhil
0–20 10.9 8.1 80.1 8.23a 11b 0.95b,c 11.6 6.14a,b 9.3b

(± 0.3) (± 1.5) (± 0.8) (± 0.6) (± 0.9)

20–40 11.7 8.5 78.7 8.47a 7.7b 0.65b 11.85 5.64a 11.3b

(± 0.4) (± 0.8) (± 0.7) (± 0.5) (± 1.2)

(a, b, c): for each property, means followed by the same letter are not significantly different according to the Fisher LSD test at P < 0.05. Each value is
the mean of 3 replicates.

should be an important component of wastewater manage-
ment.

2.3. Microbial enumeration

Bacteria and fungi were extracted by blending soil samples
with 0.8% (w/v) sterile NaCl solution and the homogenous soil
suspension was serially diluted ten-fold in sterile saline solu-
tion. Indirect counting of bacteria was carried out by spread-
ing 100 µL of appropriate dilutions on plate count agar (aero-
bic plate count agar) (Al-Lahham et al., 2003; Ranjard et al.,
1997). Bacterial colonies were counted after 48 h of incuba-
tion at 28 ◦C. Only plates with between 10 and 100 colonies
per plate were counted. For fungi, the appropriate soil dilu-
tion was spread on malt extract agar (30 g.L−1 malt extract,
3 g.L−1 proteose peptone, 1.5% agar, pH 5.6). The number of
developing colonies was counted after 7 days of incubation at
room temperature and was expressed as the number of colony-
forming units (CFU) per gram of soil.

2.4. Soil DNA extraction

Microbial DNA was extracted from independent triplicates
of soils sampled in each site, according to the method de-
scribed by Ranjard et al. (2003). Briefly, 1 g from each soil
sample was mixed with 4 mL of a solution containing 100 mM
Tris (pH 8.0), 100 mM EDTA (pH 8.0), 100 mM NaCl and 2%
(wt/vol) sodium dodecyl sulphate. Two g of 106-µm-diameter

glass beads and 8 glass beads of 2 mm diameter were added
to the mixture in a bead-beater tube. The samples were then
homogenised for 30 s at 1600 rpm in a mini bead-beater cell
disruptor (Mikro-dismembrator, S. B. Braun Biotech Interna-
tional). The samples were incubated for 20 min at 70 ◦C, then
centrifuged at 14 000 × g for 1 min at 4 ◦C. The collected su-
pernatants were incubated for 10 min on ice with 1/10 vol-
ume of 3 M potassium acetate (pH 5.5) and centrifuged at
14 000 × g for 5 min. After precipitation with one volume of
ice-cold isopropanol, the nucleic acids were washed with 70%
ethanol. DNA was separated from the residual impurities, par-
ticularly humic substances, by centrifuging through two types
of minicolumns. Aliquots (100 µL) of crude DNA extract were
loaded onto polyvinyl polypyrrolidone minicolumns (BIO-
RAD, Marne-la-Coquette, France) and centrifuged at 1000×g
for 2 min at 10 ◦C. The collected elute was then purified with
the Geneclean turbo kit (Q-Biogene, Illkirch, France).

2.5. Automated RISA fingerprinting

The genetic structure of the microbial communities was de-
termined by automated ribosomal intergenic spacer analysis
(ARISA), which exploits the variability in length of the inter-
genic spacer (IGS) between small (16S for bacteria and 18S
for fungi) and large (23S for bacteria and 28S for fungi) sub-
unit rRNA genes in the rrn operon.

The bacterial and fungal ribosomal IGS were amplified
with the primers S-D-Bact-1522-b-S-20/L-D-Bact-132-a-A-
18 and ITS1F/3126T, respectively, with PCR conditions as
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described by Ranjard et al. (2003). Fifty nanograms of DNA
were used as a template in PCR. A fluorescent-labelled primer
was used for the LiCor� DNA sequencer (ScienceTec, Les
Ulis, France) in B-ARISA and F-ARISA, namely the IRD800
dye fluorochrome (MWG SA Biotech, Ebersberg, Germany).
PCRs were performed using the S-D-Bact-1522-b-S-20 and
3126T primers labelled at their 5’ end with the IRD800 flu-
orochrome. The concentration of labelled PCR products was
estimated, and between 0.5 and 1 µL of the product was added
to deionised formamide and denatured at 90 ◦C for 2 min.
ARISA fragments were resolved on 3.7% polyacrylamide gels
and run under denaturing conditions for 15 h at 3000 V/60 W
on a LiCor� DNA sequencer (ScienceTec). The data were
analysed using the 1D-Scan software (ScienceTec). This soft-
ware converted fluorescence data into electrophoregrams in
which the peaks represented the PCR fragments. The heights
of the peaks were calculated together with the median filter
option and the Gaussian integration in 1D-Scan, and repre-
sented the relative proportion of fragments in the total prod-
ucts. Lengths (in base pairs) were calculated by using a stan-
dard size with bands ranging from 200 to 1206 bp.

2.6. Statistical analysis

The effect of irrigation on soil physicochemical proper-
ties and microbial abundance was tested by one-way ANOVA
and differences between means were tested with the Fisher
LSD test. ARISA data obtained from the 1D-Scan software
were converted into a table summarising the band presence
(i.e., peak) and intensity (i.e. height or area of peak) using
the PrepRISA program (Ranjard et al., 2003). This software
enabled us to choose the number of peaks (i.e. all detected pop-
ulations vs. the most dominant populations), the profile reso-
lution (between 1 bp and 10 bp), and the method of evaluating
peak intensity (area). As described in a previous study, we used
100 peaks, a 2 bp resolution and the Gaussian peak area for a
robust analysis of bacterial and fungal communities (Ranjard
et al., 2003). The B- and F-ARISA covariance matrices, mi-
crobial communities as rows and bands as columns, were sub-
jected to Principal Component Analysis (PCA), which pro-
vided an ordination of bacterial or fungal communities in a
factorial map based on the scores of the first two principal
components. PCA was performed using the ADE-4 software
(Thioulouse et al., 1997).

3. RESULTS AND DISCUSSION

Water shortage in the semi-arid region of Nabeul (North
Tunisia) has led to the development of irrigation of agricultural
soils with municipal wastewater. We focused our study on the
environmental evaluation of this practice in order to describe
its impact on the soil microbial component in terms of quan-
titative and qualitative modifications. To evaluate the chronic
soil contamination and cumulative impact of wastewater we
compared different sites with irrigations of different lengths of
time (from 4 to 26 years).

3.1. Impact of irrigation with wastewater
on soil physicochemical properties

No significant variations in soil texture and pH were ob-
served between soils originating from the different sites, ex-
cept for the El Haouria soil which exhibited a lower pH
(Tab. I). This absence of significant variations in soil proper-
ties between the plots validated the choice of the experimental
sites in Nabeul by demonstrating the absence of plot-to-plot
soil heterogeneity that might have masked the impact of irri-
gation management. However, other soil parameters, such as
soil structure and porosity, were not tested in our study and
might have been affected by such practices (Bronick and Lal,
2005).

The lower pH and carbonate contents observed at the
El Haouria site could be partly explained by the fewer years
of irrigation and therefore lower impact of the wastewater.
Indeed, the wastewater used was alkaline with a pH of 7.8,
which is in agreement with the FAO guidelines for effluent
quality for irrigation (Candela et al., 2007). Recurrent use of
this wastewater could have increased the soil pH in sites ir-
rigated for more than 8 years. Schipper et al. (1996) found
that soil pH increased following long-term wastewater irriga-
tion and attributed this to the chemistry and high contents in
the wastewater of basic cations such as Na, Ca and Mg, which
accumulate in such soils (see Sect. 2.2). Other authors found
that soil pH decreased with wastewater irrigation due to the ox-
idation of organic compounds and nitrification of ammonium
(Mazahreh, 2003). Similarly, the soil calcareous level (CaCO3,
g/kg) ranged from 9.3 to 11.3 in the field irrigated for 26 years
and from 2.83 to 1.6% in the field irrigated for 4 years. This
implied that the soil calcareous level increased significantly
after 26 years of wastewater irrigation.

Significantly higher Corg and Norg contents were detected
at both depths (0−20 cm and 20−40 cm) in the Beni Khiar
(BK) soil. These modifications in soil organic status led to
an increase in the C/N ratio, which was about 22 compared
with 11 for the other soils. Major soil modifications, consec-
utive to irrigation management, have already been reported in
other studies, resulting in increases in Corg and Norg contents
(Ramirez-Fuentes et al., 2002). In our case, the soil organic C
content increased significantly with the increased number of
years of wastewater irrigation (Tab. I), except for the Souhil
site, and was directly attributed to the input of organic com-
pounds in the wastewater (see Sect. 2.2). Although soil organic
carbon contents accumulated more in the topsoil, the signifi-
cantly higher Corg contents at the deeper level at the Beni Khiar
site showed that the effect of irrigation was not limited to the
surface layer, and could be explained by the sandy texture of
this soil, leading to a weak discrimination between the soil
horizons in depth (Ranjard et Mariez. pers. comm.).

Weak but significant variations in mineral and metallic el-
ements were observed between the soils of the different sites
(Tab. II). However, an accumulation of metallic and mineral el-
ements, dependent on the type of irrigation, was highlighted,
which was greatest in the topsoil. These results are in agree-
ment with those reported by Mazahreh (2003) and Day et al.
(1974), who found higher extractable phosphorus levels in soil
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Table III. Bacterial and fungal counts in soils from the studied sites.

Sites Depth Heterotrophic Filamentous fungi

(cm) bacteria (.g−1 soil)

(.g−1 soil)

El Haouria
0–20 3.5a (± 0.8) × 105 4.5a (± 1.1) × 103

20-40 2.3a (± 0.3) × 105 2.5a (± 0.8) × 103

Messadi
0–20 3.5a (± 0.4) × 105 1a (± 0.9) × 103

20–40 7.9a (± 0.6) × 104 N.D.

Beni Khiar
0–20 8.2b (± 1.1) × 105 7.1b (± 0.9) × 103

20–40 6.4b (± 1) × 105 6.05b (± 0.8) × 103

Souhil
0–20 9.2b (± 1.2) × 105 8.1b (± 1.5) × 103

20–40 7.3b (± 1.3) × 105 4.06a (± 1.6) × 103

(a, b): for each count, means followed by the same letter are not signifi-
cantly different according to the Fisher LSD test at P < 0.05. Each value
is the mean of 3 replicates. ND = non-detectable.

irrigated with wastewater than in soil irrigated with fresh water
or rainfall. An accumulation of metallic elements is commonly
observed in soils subjected to long-term wastewater irrigation
(Lawes, 1993; Siebe, 1995).

In our case, the weak accumulation of metallic elements
was probably due to the sandy texture of the soil and the low
level of organic matter, leading to weak adsorption of metallic
and mineral cations on the matrix (Alloway, 1995). Neverthe-
less, this weak accumulation did not exclude the possibility of
recurrent chemical pollution which could lead to considerable
modification of the soil biological component.

3.2. Impact of irrigation with wastewater
on soil microbial abundance

The microbial density in the different soils of the stud-
ied site was evaluated by counting the bacteria and fungi on
culture media (Tab. III). The average numbers of bacteria in
the topsoil ranged from 3.5 (± 0.3) × 105 to 9.2 (± 1.2) ×
105 CFU.g−1 soil and from 7.9 (± 0.6) × 104 to 7.3 (± 1.3) ×
105 at 20−40 cm depth (Tab. III). Similar significant differ-
ences were recorded for fungi, both between the different
soils and between the depths studied (Tab. III). Altogether,
these data revealed that long-term irrigation with wastewa-
ter induced a significant increase in soil microbial abundance.
This growth of microorganisms might be explained by the
ready source of easily degradable compounds in the olig-
otrophic soil environment brought about by wastewater irriga-
tion (Ramirez-Fuentes et al., 2002). Indeed, microorganisms
are mainly heterotrophic and carbon-limited in soil and the
observed differences could be due to a higher availability and
quality of the carbon source supplied by wastewater irrigation.
The weak significance of the positive relationship (r = 0.35,
P > 0.05) between the increase in Corg contents and microbial
abundance could be partly explained by the sandy texture of
the soils, which would promote greater and more rapid organic
matter mineralisation. This would lead to a transitory increase

in C with a significant resiliency due to the rapid decrease in
the stock of fresh organic matter (Lejon et al., 2007).

Furthermore, the observed stratification of microbial
biomass with soil depth generally corresponded to the de-
crease in Corg and Norg contents, as classically observed (Berg
et al., 1998; Lejon et al., 2005, 2007). In our case, this positive
relationship was corroborated by our results (Tabs. I and III).

Altogether, our results showed that long-term irrigation
with wastewater significantly stimulated microbial growth by
providing a nutrient source. The accumulation of metallic ele-
ments in the soils did not have a significant deleterious impact
on microbial density. However, the recorded contents of the
different metallic elements did not attain a sufficiently high
toxicological level to induce stable modifications in microbial
density (Ranjard et al., 2006, 2008; Duxburry and Bicknell,
1983).

3.3. Impact of irrigation with wastewater
on soil microbial genetic structure

Qualitative modifications of the indigenous bacterial and
fungal communities were assessed by applying ARISA fin-
gerprinting directly to soil DNA extracts from the different
sites. ARISA fingerprinting allows rapid examination of the
genetic structure of complex bacterial and fungal communi-
ties and has been demonstrated to be sensitive and relevant for
evaluating modifications in community composition in space
and time (Ranjard et al., 2003; Lejon et al., 2005).

Visual comparison of the B- and F-ARISA profiles obtained
from the soils in the different sites highlighted specific pat-
terns, dependent on the wastewater management scheme, sug-
gesting that each type of irrigation management induced a par-
ticular genetic structure of the microbial community (Fig. 1).
PCA of the B- and F-ARISA profiles confirmed the impact
of the wastewater management practices by discriminating
the different sites (Fig. 1). Closer inspection of the PCA of
B-ARISA reveals that the indigenous bacterial communities
from the topsoil of El Haouria and Messadi were significantly
separate from those of sites irrigated for more than 16 years
on the PC1 axis (explaining 42% of the observed variabil-
ity, Fig. 2). In sites subjected to long-term management, the
Souhil and Beni Khiar sites were discriminated on the PC2
axis (explaining 29% of the observed variability). PCA of
the F-ARISA profiles showed similar discrimination patterns
(Fig. 2) but with a greater magnitude of modifications on both
PC axes between and within recently irrigated sites (4 and
8 years) and those irrigated for longer (16 and 24 years). This
implied that the fungal communities seemed to be more sen-
sitive to the type of irrigation management and its recurrence
over time. These data are not consistent with those of other
studies which demonstrated that soil fungal communities were
more stable than soil bacterial communities when subjected to
environmental perturbations, due to their higher functional re-
dundancy (de Boer et al., 2005; Lejon et al., 2007).

Altogether, these results suggest that irrigation with
wastewater significantly modified the genetic structure of the
bacterial and fungal communities and that the magnitude of
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Figure 1. Principal component (PC1 on x-axis, PC2 on y-axis) fac-
torial maps generated from B-ARISA (Automated Ribosomal Inter-
genic Spacer Analysis) profiles obtained at depths of 0−20 cm (A),
20-40 cm (B) and both depths together (C) at the different studied
sites. This analysis shows the significant discrimination of bacterial
community structure between the studied sites. Percentages of both
axes represent the explained variability of the variables (genetic struc-
ture of community).

the observed modifications was positively correlated with the
duration of irrigation. To date, several studies have demon-
strated the impact of wastewater irrigation on the abundance
of microbial communities, but our study is one of the first
to highlight such an impact on the structure and composition
of the indigenous communities. The observed modifications
might partly be explained by the input of toxic metallic ele-
ments such as Cu, Ni, Cd, etc., which may be accumulated by
soils (see Sect. 2.2) depending on the duration of the irrigation
management scheme. It is frequently reported in the literature
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Figure 2. Principal component (PC1 on x-axis, PC2 on y-axis) fac-
torial maps generated from F-ARISA (Automated Ribosomal Inter-
genic Spacer Analysis) profiles obtained at depths of 0−20 cm (A),
20−40 cm (B) and both depths together (C) at the different stud-
ied sites. This analysis shows the significant discrimination of fun-
gal community structure between the studied sites. Percentages of
both axes represent the explained variability of the variables (genetic
structure of community).

that these metallic elements can induce significant modifica-
tions in bacterial and fungal genetic structure (Ranjard et al.,
2006). On the other hand, wastewater can also modify micro-
bial composition by providing nutrient resources for microor-
ganisms through the input of organic compounds. Microor-
ganisms are mainly heterotrophic and carbon-limited in soil
and the observed differences between sites could be due to a
lower availability of the carbon source in the sites recently sub-
jected to irrigation compared with the higher soil carbon stock
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in sites irrigated for one or two decades (Tab. I). Similar hy-
potheses have been put forward for forest and agricultural soils
in which the distinct composition of the microbial communi-
ties is probably due to the availability and quality of litter or
to organic management practices (Lejon et al., 2005; Myers
et al., 2001).

As regards the soil physicochemical characteristics listed
in Tables I and II, no significant relationship was apparent
between the contents of carbon and of metallic elements. The
observed modifications of the microbial communities were
therefore probably the complex resultant of the recurrent stim-
ulation due to organic inputs and the deleterious effects of con-
tamination with metallic elements, combined with the modifi-
cations of soil characteristics such as pH.

A similar and significant discrimination between bacterial
and fungal community structures was observed at 20−40 cm
depth (Fig. 2B), indicating that the impact of irrigation with
wastewater could be observed at a deeper level. More pre-
cisely, the data obtained at 0–20 and 20−40 cm revealed a
weak discrimination of the bacterial communities with depth
(Fig. 2C) and a significant stratification of the fungal commu-
nities (Fig. 3C). The absence of stratification for the bacterial
community might be partly explained by the soil’s sandy tex-
ture, which would lead to weak accumulation of both organic
matter and metallic elements in the topsoil due to the signif-
icance of mineralisation and leaching processes (Wang et al.,
2003). However, such an observation is not demonstrated for
El Haouria, maybe because of the short length of irrigation
time (4 years), which may not be enough to induce significant
modifications. A greater stratification with increased depth for
the fungal, as compared with the bacterial community, is gen-
erally recorded in different types of ecosystems such as agri-
cultural and forest soils (Lejon et al., 2005, 2007). In our study,
the higher pH values and lower Corg contents observed at
20−40 cm depth might explain the observed stratification of
the fungal communities (Tab. I) and would confirm the greater
sensitivity of fungal communities to wastewater management.
In addition, under tree cover the distinct fungal communities
between soil layers could be attributed to differences in myc-
orrhizal associations and rooting distribution in depth.

Altogether, our results showed that the different wastewater
management schemes led to different soil characteristics and
different substrate availabilities, and were probably behind the
significant changes observed in microbial abundance and ge-
netic structure of the microbial communities. However, studies
of different types of wastewaters and soils are needed before
these results can be generalised, because changes in micro-
bial community are also considerably influenced by soil type
and certain agricultural practices. Investigations should also
be conducted to accurately determine the influence of the ob-
served changes in community composition on soil biological
functioning, particularly in terms of fertility, crop productivity
and human health in the context of sustainable development.
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