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Abstract

In arid and semi-arid regions of the world, non-conventional waters may represent an important complementary irrigation source. To 
investigate potential soil contaminations risks, repeated measurement experiments and rigorous methodological approaches may be adopted to 
assess variations of contaminant concentrations in the soil, eliminating possible confounding effects due to correlations over time. A field trial 
was carried out in Southern Italy to assess variation of heavy metals concentrations in a soil irrigated with: 

(i) freshwater (FW), 

(ii) a secondary-treated (SW),

(iii) a tertiary-treated municipal effluent (TW). 

Concentrations of cadmium, chromium, copper, nickel, lead and zinc were quantified by ICP-OES on soil samples collected over three 
sampling dates. Mixed effects models accounting for residual autocorrelation were used to evaluate differences over time and treatments and 
the following variance-covariance structures were compared: compound symmetry (CS); autoregressive of first order (AR(1)); autoregressive of 
first order with heterogeneous variances (ARH(1)). ARH(1) models were significant in most of the cases investigated, confirming heterogeneity 
of variances observed over time. At the end of each irrigation season, soil heavy metal contents did not show significant differences among 
treatments. Significant interactions between water source and sampling time were observed mainly under SW and TW supply; in any case no 
increase of metals over time was recorded. 

Our results confirmed low risk of soil metals contamination after short and medium term irrigation with treated municipal wastewater. 
However, when using non-conventional water resources, proper irrigation management and continuous monitoring of water and soil are needed 
to avoid soil degradation.  
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Introduction
Water scarcity and droughts are emerging as major issues 

worldwide, not only in dry lands, but also in areas where 
freshwater is abundant [1-4]. Due to increased agricultural 
production, irrigated land and consequently demand on water 
resources for irrigation have also increased, thus inducing 
competition for freshwater use with industries, municipalities 
and other sectors. These conditions, especially in arid and semi-
arid regions, such as Mediterranean environments, have forced  

 
farmers to use alternative water resources (i.e. brackish water, 
waste water, effluent water) for irrigating and narrowing the gap 
between freshwater availability and crop demand [5].

Irrigation with treated municipal wastewater plays a central 
role in environmental policies on a global scale and is receiving 
an increased attention of scientific community [6-8]. This 
practice represents a valid option, in some cases urged by the 
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absence of viable alternatives [9,10], not only to reduce the use 
and abstraction of freshwater, but also to avoid the discharge of 
effluents into water bodies [1,11]. In several countries treated 
wastewater is in fact already considered an appropriate water 
source for irrigation, mainly in agriculture and landscaping [12-
14].

Despite the economic, social and environmental potential 
benefits deriving from the irrigation with treated municipal 
wastewater, reuse effects must be closely monitored to ensure 
the protection and the health of the resources, particularly soil. 
It is well known that irrigation with treated wastewater results 
in a significant amount of biodegradable organic material 
(carbon and nitrogen), mineral macro and meso-nutrients 
(such as phosphorous, potassium and magnesium) as well as 
micronutrients (e.g. molybdenum, selenium, boron and copper) 
necessary for crops growth. However, the risk of accumulation in 
the soil of pollutants in trace, heavy metals and salts, must not 
be ignored to preserve soil quality. Heavy metal concentrations in 
treated effluents are generally low because easily and efficiently 
removed during common treatment processes where the majority 
of these metals ends up in the biosolid fraction [11]. In any case, 

heavy metal contents in the effluents may vary with treatment 
process (less or more intensive) as well as with the source of 
wastewater (industrial, civil waste, etc.), thus concentrations in 
the receiving system (soil, plant) have to be monitored.

In addition, regardless of their content, such pollutants could 
accumulate in the soils, especially after continuous application 
in the long term, reaching concentrations harmful for crops 
[15-17] as well as for animals and human, when translocated 
and accumulated in the edible plant tissues. In particular, lead, 
cadmium, mercury, nickel, and arsenic are considered as “main 
threats” since adverse effects have been recorded at very low 
concentrations [18]. To this regard, Duran-Alvarez & Jimenes-
Cisneros [19] have classified heavy metals as a function of 
risk factors on plants and human health (Table 1). Among soil 
properties, pH, together with soil organic matter content, is the 
major factor affecting metal solubility, mobility and availability 
[20-22]. Heavy metals are in fact scarcely available at pH 
greater than 6.5, since they precipitate, whereas at pH lower 
than 6.5 absorption sites tend to be saturated and metals enter 
progressively into the mobile phase; in these conditions they can 
be absorbed by crops or contaminate water bodies [23].

Table 1: Potential risks due to the presence of some metals in the soil. Adapted from Duran-Alvarez and Jimenes-Cisneros [15].

Risks Characteristics Metals

Low risk Mn, Fe, Zn, Cu, Se, Sb

High risk Cr, As, Pb, Hg, Ni, Al, Cd

Essential micronutrient to plants Cu, Fe, Mn, Mo, Zn, Ni

Beneficial for some plants Co, Na, Si

Risk for accumulation in edible plant parts Cd, Cu, Mo

No human toxicological threshold established for wastewater irrigation Hg

Relatively high threshold for wastewater irrigation Cu, Fe, Mn, Zn

Low absorption by plants Co, Cu, Mn, Zn

The prediction of the impact of irrigation with treated 
municipal wastewater on metal accumulation in soil is not easy 
due to the extreme complexity of the soil matrix and to the 
interactions with weather conditions, crop type and quantity 
and quality of water used for irrigation. For this reason, repeated 
measurements experiments over time, and comparison with 
conventional water supply, may provide useful information on 
possible impact and accumulation in the soil [10]. In addition, 
rigorous methodological approaches have to be adopted to 
correctly assess the effects of the factors investigated eliminating 
possible confounding effects due to correlation over time [23].

Failure to account for residual autocorrelation over time, in 
classical analysis of variance and standard linear models (OLS), 
may indeed cause inefficient estimation of treatment significance 
and increase the risk of misleading or erroneous inferences [23-
26]. 

The handling of complex models that allow to structure 
correlations decreasing with the distance in time or space 

has become feasible with the mixed model theory [27] for the 
availability of several variance-covariance models and for the 
facility to accommodate several error terms [28]. Although the 
adoption of these models is not straightforward, because requires 
the comparison of different variance-covariance structures for 
temporal components in order to choose the most explicative and 
parsimonious model, such approach should be included in the 
usual data analysis procedure, not only for long-term datasets.

In light of these considerations, the objective of this study 
was to assess the impact of irrigation with different municipal 
wastewaters on soil heavy metals accumulation. A two-years 
field research was performed under a typical Mediterranean 
environment in Southern Italy and repeated samplings were 
carried out in two contiguous experimental fields. For a deeper 
understanding of the effects of irrigation with different water 
sources on soil heavy metal concentrations, mixed effects models 
taking into account residual autocorrelation over time were 
applied to the data collected in the two experimental fields and 
compared to ordinary least squares models. 
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Materials and Methods

Site description and climate patterns

The study was conducted over a two year period (2013-2014) 
in a Southern Italy area (Trinitapoli, lat. 41° 21’ N, long. 16° 03’ 
E, alt. 0m a.s.l.) characterised by a Mediterranean climate, with 
average annual maximum and minimum air temperature of 19.3°C 
and 10.0°C, respectively [8]. The average annual rainfall is 550mm 
(30-year average), with precipitation occurring mostly during 
the autumn-winter period, while quite scarce during spring and 

summer. The average annual water deficit is 560mm, because the 
rainfall is insufficient to meet the evapotranspiration demand of 
the atmosphere [29].

The experimental area was divided in two parts and a 
contemporary-phase crop rotation (Field 1 and Field 2) of 
sorghum and sugar beet was adopted (Table 2). In detail, the trial 
started on January 2013 with sowing of sugar beet in field 1 and 
on May 2013 with sowing of sorghum in field 2. The fields were 
close to a municipal wastewater treatment plant.

Table 2: Contemporary crop rotation and sampling dates (in bracket the dates of crop sowing and harvesting are reported).

Year
Field 1 Field 2

Crop Soil Sampling Crop Soil Sampling

2013 Sugar beet (3rd January - 24th July) September Sorghum (21th May - 11th September) May, September

2014 Sorghum (28th May - 12th September) May, September Sugar beet (8th November 2013- 23th June 2014) June

The soil was classified as clay-loam, with average contents in 
sand, silt and clay of 33 %, 34 % and 33 %, respectively (USDA 
classification); in 0 – 0.40m soil layer, the contents in total organic 
carbon (TOC) and N were of 13.90g kg-1 and 1.47g kg-1 in field 1 
and 10.39 and 0.79g kg-1 in field 2; average pH was of 8.16. 

Water sources and experimental design

Three different water sources were compared in the 
experiment: a conventional water and two non-conventional 
water sources. The conventional water (freshwater, FW), served 
as control treatment, was supplied from water network of the 
Consorzio di Bonifica della Capitanata and coming straight from 
the Marana Capacciotti dam. The first non-conventional water 
was a secondary-treated municipal effluent (SW) originated 
from a public plant, using aerobic biological processes that 
consist of eliminating the biodegradable dissolved and colloidal 
organic matter; the clarified effluent is subsequently subjected 
to further treatments such as denitrification, dephosphorylation 
and disinfection. The second non-conventional water source was 
a tertiary-treated wastewater (TW) by the membrane filtration 
public plant. Specifically, the effluent from the secondary 
treatment was filtrated by an ultra-filtration module equipped 
with hollow fiber membranes (nominal porosity 0.2µm) with 
cellulose triacetate double wall (0.8 mm diameter) at an internal 
pressure of 0.8 – 1.0 bar, to break down the content of substances 
not removed during the previous treatments [30].

For all treatments, water was supplied by localized method, 
restoring 100 % of the actual crop evapotranspiration (ETc), less 
the effective rainfall, occurred during each irrigation interval. 
ETc was calculated as follows: ETc = Kc x ETo, where ETo was 
Hargreaves reference evapotranspiration and Kc was the crop 
coefficient. The seasonal irrigation volumes ranged from 3,000 to 
3,500m3 ha-1 and 1,100 to 1,500m3 ha-1 for sorghum and sugar 
beet crop, respectively.

A randomized complete block design (RCBD) with three 
replications was adopted for each experimental field. Every block 
was divided then into three plots to study the effects of different 
water source on soil heavy metal contents.

Soil and water sampling

At the beginning of the experiment, soil samples were 
collected at 0 - 0.20m and 0.20 - 0.40m depth, to assess the initial 
main soil characteristics (Table 3). Afterwards soil samples were 
collected in each unit of the two experimental fields throughout 
the experimental period; details of sampling dates are reported 
in Table 2. Moreover, periodically, samples of water sources 
(FW, TW, SW) were taken to quantify the heavy metals content. 
Water samples were filtered on 0.45μm membrane, acidified 
with HNO3 3% and then analysed by Inductively Coupled 
Plasma-Optical Emission spectrometry (ICP-OES) [31]. Heavy 
metals concentrations (Cd, Cr, Cu, Ni, Pb and Zn) in the water 
sources investigated were lower than the limits of instrumental 
quantification (LOQ = 10ppb), except for Cu and Zn in one 
sampling time (respectively, 26.64g L-1 and 65.46g L-1 in SW).

All soil samples were air dried and ground to pass a 2-mm 
mesh sieve and then analysed. The heavy metal (Cd, Cr, Cu, Ni, 
Pb and Zn) soil content was quantified by ICP-OES on extracts 
obtained after digestion in HNO3 65% in a pressurized microwave 
[32]. Total nitrogen (N) was analyzed according to the Kjeldahl 
procedure and TOC content was quantified, on soil samples sieved 
at 0.5mm, by the dry-combustion procedure [33] with a TOC Vario 
Select analyser (Elementar, Germany). 

Statistical analysis

Preliminary statistical analysis for yield response

Descriptive statistics were computed on heavy metal 
concentrations (Cr, Cu, Ni, Pb, Zn) for each experimental field 
in order to synthesize the main features of data distribution. In 
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addition, the homogeneity of variance across sampling times (T), 
water source (WS) and soil depth (SD) was tested using Bartlett’s 
test.

Linear mixed effect model

For any variable investigated, the ordinary least squares model 
(OLS) assumes that the normal random errors are independent 
and identically distributed (iid), or in symbol, e ~ N(0, σ2I) where 
I is identity matrix [34-36].

The OLS can be written using matrix notation as:

Y X eβ= + 	

where Y is the vector of the responses, X the matrix of the 
observations, β the vector of the unknown fixed effect coefficients 
and e the vector of independent and identically distributed (iid) 
normal random errors.

However, often the independence assumption about 
Y residuals is too restrictive because residuals may show 
correlations; linear mixed effect model extends the general linear 
model by allowing elements of Y to be correlated both on time and 
space. This can be performed through  

(i)	 A specification of the covariance function of e as a function 
of the distance between two locations or observations i and j 
(dij), with e ~ N(0, R), for both spatial or temporal variability; 

(ii)	 the addition of a random effect in the model (Zu), with u 
~ N(0, G), where Z is the matrix of the observations of the 
random effects and u the vector of the unknown random 
effect coefficients. G represents the covariance matrix of the 
random model effects, u, and R the covariance matrix of the 
model error.

In the correlated error (spatial or temporal) model, the 
error variance of the OLS model (σ2I) is split into a (spatially 

or temporally) structured variance ( 2
Pσ F), where F is an N x N 

matrix whose ijth element is f(dij), and an independent (residual) 

variance ( 2
Iσ I) [37]. 

In order to test the impact of irrigation with different water 
sources on soil metals concentrations, the following regression 
models were estimated and compared: ordinary least squares 
(OLS) models and linear mixed effects (LME) models with 

temporal residual autocorrelation and heteroscedasticity [38].

The different temporal statistical models were fitted 
considering sampling time as a repeated factor and the temporal 
relationship was explored by testing the following variance-
covariance structures for the residuals:

a)	 a compound symmetry structure (CS) model, which assumes 
a single variance (σ2) for all time points and a single 
covariance (σ1) for each of the pairs [23].

b)	 a homoscedastic autoregressive structure of order 1 (AR(1)), 
with correlations that vary with distance and decline 
exponentially with the time series [34]. The AR(1) covariance 
structure has two unknown parameters: the variance ( 2

tσ ) 
and the lag-one correlation (ρt).

c)	 a first-order autoregressive structure with heterogeneous 
variances (ARH(1)); this structure allows variance to change 
over time (SAS online guide) with heterogeneity of variances 
caused by years/time points [40]. 

Sampling time was included in the model also as a fixed 
effect, in order to assess systematic or trend component in crop 
parameters variation [23,34,35]. Null models, including the 
same fixed effects of the repeated models but neglecting any 
correlation, were also computed. They were used as a control for 
the evaluation of the gain in model fit by the other approaches 
[27].

Comparison of different models

The different models tested were compared using likelihood-
ratio test (LRT) and information criteria based on likelihood 
estimations [26,35,41]. The LRT allows the comparison of the 
model’s fit for nested models [23].

For comparisons of nested as well not nested models, the 
information criteria based on likelihood estimations can be used 
[27,28,39] and the model with lower values for the information 
criteria is preferred [37].

All statistical analyses were computed using SAS/STAT (release 
9.3, SAS INSTITUTE) and the models were estimated using PROC 
MIXED. The repeated statement controls the covariance structure 
imposed upon the residuals [42].

Results and Discussion
Table 3: Main average soil characteristics at the beginning of the experiment in the 0 – 0.40m soil layer in two experimental fields and the thresh-
olds defined by national law (D.Lgs. 152/2006).

 
TOC N Cd Cr Cu Ni Pb Zn

g kg-1 mg kg-1

Field 1§ 13.9 1.47 n.d.* 25.71 26.32 13.42 23.15 81.19

Field 2 10.39 0.79 n.d. 23.66 23.27 12.6 25.33 70.55

National thresholds     2 150 120 120 100 150

§Start date: January 2013 for field 1 and May 2013 for field 2.								      
* n.d. indicates that Cd concentrations were lower than the limits of instrumental quantification (LOQ = 10 ppb).

http://dx.doi.org/10.19080/IJESNR.2019.22.556100
http://dx.doi.org/10.19080/IJESNR.2019.22.556100


How to cite this article: Leogrande R, Stellacci A M, Campi P, Vitti C, Vivaldi G A, Camposeo S. Heavy Metal Concentrations in a Soil Irrigated with Treated 
Municipal Wastewater: Use of Mixed Effects Models to Analyse the Effect Over Time. Int J Environ Sci Nat Res. 2019; 22(5): 556100. DOI: 10.19080/
IJESNR.2019.22.556100

05

International Journal of Environmental Sciences & Natural Resources

In Table 3, the average contents of soil heavy metals at 
the beginning of the experiment were reported. Cadmium 
concentrations were lower than the limits of instrumental 
quantification (LOQ, Limit of quantification = 10 ppb). No 
significant difference was observed for the other heavy metals (Cr, 
Cu, Ni, Pb and Zn) between upper (0 - 0.20m) and deeper (0.20 - 
0.40m) soil layers. In any case, the soil concentrations were lower 
than the limits set by Italian law for soils in public, private and 
residential areas (D.Lgs. 152/2006).

Descriptive statistics for soil heavy metal concentrations 
computed on the whole set of observations (n=54) for each 
experimental field are reported in Table 4 & 5. Kolmogorov-
Smirnov test results were not significant except for Cu and Zn 
in field 1 and Pb in field 2. However, mainly for Cu and Zn in 
field 1, coefficients of skewness and kurtosis were close to zero, 
indicating no substantial departure from normal distribution; for 
this reason, normality was assumed, and the data were analyzed 
in the original scale.

Table 4: Descriptive statistics computed on the whole dataset of soil heavy metals concentrations for Field 1 (n=54).

Variable Unit Mean Median St dev Skewness Kurtosis K-S (Pr>D)

Cr mg kg-1 23.8544 24.6542 1.9426 -0.7933 -0.0272 <0.0100

Cu mg kg-1 23.6135 23.2123 2.8248 1.3093 3.6859 0.0154

Ni mg kg-1 13.5951 13.6189 0.8859 -0.1407 -0.6418 >0.1500

Pb mg kg-1 21.093 21.2932 2.1809 -0.1372 -0.3246 >0.1500

Zn mg kg-1 70.6897 68.265 9.1774 0.6274 0.0815 0.021

Table 5: Descriptive statistics computed on the whole dataset of soil heavy metals concentrations for Field 2.

Variable Unit Mean Median St dev Skewness Kurtosis K-S (Pr>D)

Cr (54) § mg kg-1 24.2572 24.3269 3.4173 0.3994 0.0299 >0.1500

Cu (54) mg kg-1 24.8131 24.9947 2.8528 0.247 0.1942 >0.1500

Ni (54) mg kg-1 13.4472 13.0867 1.4939 0.8947 0.9018 0.0731

Pb (54) mg kg-1 22.9534 21.2479 9.0321 3.6029 17.2066 <0.0100

Zn (51) mg kg-1 70.6523 69.7036 9.2544 0.6932 0.0127 >0.1500

§In brackets, the number of observations is reported.

Table 6: Bartlett’s homogeneity of variance test (P value) performed over water source (WS), sampling time (time) and soil depth (SD) in Field 1 
and Field 2.

Variable Unit
Field 1 Field 2

WS (3)§ Time (3) SD (2) WS (3)§ Time (3) SD (2)

Cr mg kg-1 0.0111 0.0122 0.5529 0.2754 0.2894 0.1821

Cu mg kg-1 0.0672 0.0358 0.2794 0.3785 0.2297 0.115

Ni mg kg-1 0.6126 0.0387 0.6388 0.1259 0.0264 0.03

Pb mg kg-1 0.2783 0.005 0.6487 <.0001 <.0001 0.0063

Zn mg kg-1 0.3705 0.6108 0.1821 0.0636 0.3466 0.5368

§In brackets, the number of groups is reported.

Results of Bartlett’s homogeneity of variance test indicated 
that variances were homogeneous over water source (except for 
Cr in field 1 and Pb in field 2) and soil depth (except for Ni and Pb 

in field 2) (Table 6). Heteroscedasticity was instead observed over 
sampling time for the majority of the variables especially in field 
1 (Table 6).

Table 7: Significance of the likelihood-ratio test (LRT) for the evaluation of the different covariance models for the analysis performed on Field 1 
and Field 2 datasets. Significant values are reported in bold characters.

Field 1 Field 2

  Null Model CS AR(1) ARH(1)   Null Model CS AR(1) ARH(1)

Cr - 0.0944 0.0167 0.0153 Cr - 0.2562 0.9002 0.4429

Cu - 0.6715 0.8559 0.0018 Cu - 0.0006 0.0006 <0.0001

Ni - 0.6606 0.1034 0.0055 Ni - 0.2185 0.84 0.224

Pb - 0.3115 0.0592 0.015 Pb - 0.1707 0.1302 <0.0001

Zn - 0.5133 0.8855 0.9916 Zn - 0.0049 0.0166 0.0001
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Significant temporal covariance structures were observed. In 
Table 7, the results of the comparison of the different covariance 
models tested, evaluated using likelihood-ratio test (LRT), are 
reported.

The compound symmetry (CS) structure models did not 
significantly differ from the null models except for Cu and Zn in 
field 2, as indicated by the significance of the likelihood-ratio test 
results (P=0.0006 and P=0.0049, respectively). Similar results 
were obtained for the autoregressive model of order 1 (AR(1)) 
which was significantly different from the null model for Cu 
(P=0.0006) and Zn (P=0.0166) in field 2 and for Cr (P=0.0167) 

in field 1; in addition, Pb showed a result close to the significant 
threshold (P=0.0592).

Finally the autoregressive heteroscedastic models (ARH(1)), 
allowing a different variance per each sampling time, gave 
a significant better fitting than the homoscedastic and not 
correlated error models for all cases investigated, except for Zn 
in field 1 and Cr and Ni in field 2 (Table 7). The autoregressive 
heteroscedastic models, when significant, were then selected 
for fixed effects evaluation (Table 7 & 8); in the other cases, null 
models were taken into account.

Table 8: Effect of sampling time (T), water source (WS) and soil depth (SD) on heavy metal concentrations in Field 1 and Field 2.

Field 1
Cr Cu Ni Pb Zn

Field 2
Cr Cu  Ni Pb Zn

mg kg-1 mg kg-1

Sampling 
Time (T) <0.0001 0.0312 0.0304 0.0025 0.0017 Sampling 

time (T) 0.3173 0.0003 0.0032 0.007 0.0389

2013_Sept 24.375 a 25.433 a 13.294 b 21.025 b 69.637 b 2013_May 23.66 23.274 b 12.599 b 25.333 a 70.553ab

2014_May 24.805 a 22.257 b 13.989 a 22.480 a 65.888 b 2013_Sept 23.993 25.379 a 13.837 a 20.416 b 67.512 b

2014_Sept 22.383 b 23.150 ab 13.501ab 19.773 b 76.544 a 2014_June 25.118 25.787 a 13.905 a 23.111 a 73.875 a

Water 
Source 
(WS)

0.2107 0.7092 0.1359 0.1255 0.4884
Water 
Source 
(WS)

0.5984 0.4762 0.2674 0.0605 0.8147

FW 23.681 23.733 13.362 20.717 70.174 FW 24.496 23.691 13.463 18.171 69.1

TW 23.671 23.191 13.547 20.798 69.425 TW 24.604 25.441 13.763 23.673 71.377

SW 24.211 23.915 13.875 21.763 72.471 SW 23.672 25.307 13.116 27.016 71.347

Depth (SD) 0.6119 0.2815 0.7436 0.7618 0.8049 Depth (SD) 0.2641 0.974 0.1125 0.7028 0.9817

0-0.20 m 23.923 24.028 13.627 21.028 70.425 0-0.20 m 23.784 24.792 13.183 22.431 70.204

0.20-0.40 
m 23.785 23.199 13.563 21.158 70.954 0.20-0.40 

m 24.731 24.834 13.712 23.475 71.119

WS*SD 0.5428 0.7331 0.7709 0.4653 0.9866 WS*SD 0.2519 0.8481 0.1267 0.8119 0.8531

1WS*T 0.0008 0.0072 0.0233 0.0504 0.0692 WS*T 0.0979 0.1129 0.0163 0.0134 0.0511

SD*T 0.7425 0.8923 0.8097 0.9419 0.5902 SD*T 0.5646 0.298 0.294 0.6537 0.2175

WS*SD*T 0.8541 0.9383 0.5829 0.5345 0.4967 WS*SD*T 0.9436 0.9029 0.7464 0.7197 0.4565

FW§ 0.7968 0.0009 0.5844 - - FW - - 0.0092 0.0595 -

TW <0.0001 0.1644 0.0052 - - TW - - 0.0097 0.1517 -

SW 0.2272 0.2593 0.0375 - - SW - - 0.0403 0.0014 -

This finding is in line with the results of Bartlett test that 
highlighted the heterogeneity of variance among sampling times 
(Table 6). In addition, these results underline the existence of a 
residual correlation structure over time and then the choice of a 
classical not correlated error model would have caused inefficient 
estimation of treatment significance [23,25].

Statistical analysis of fixed effects indicated that soil heavy 
metal concentrations varied significantly across sampling times 
(except for Cr in field 2) and as effect of different water source 

within each sampling time (significant interaction WS x T for Cr, 
Cu and Ni in field 1 and Ni and Pb in field 2) (Table 8).

In particular, heavy metal concentration in field 1 ranged 
between 22.38 to 24.81mg kg-1 for Cr, 22.26 to 25.43mg kg-1 for 
Cu, 13.29 to 13.99mg kg-1 for Ni, 19.77 to 22.48mg kg-1 for Pb and 
65.89 to 76.54mg kg-1 for Zn (Table 8). In field 2, only Cr content 
did not show any significant change while Cu, Ni, Pb and Zn varied 
significantly ranging from 23.27 to 25.79mg kg-1, 12.60 to 13.91mg 
kg-1, 20.42 to 25.33mg kg-1 and 67.51 to 73.88mg kg-1, respectively.

§In the following lines, the significant interactions Water Source x Sampling Time (WS*T) are detailed.
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As concern WS x T interaction, in field 1, the TW treatment 
showed significant differences for Cr and Ni contents in the three 
sampling dates, but no increase over time was observed (Figure 
1); in fact Cr and Ni concentrations ranged from 20.23 to 25.95mg 
kg-1 and 12.66 to 14.53mg kg-1, respectively, and the lowest values 

were recorded at the end of the experiment. In the SW treatment 
significant differences were observed only for Ni content, with 
values ranging from 13.21 to 14.25mg kg-1. In any case, the treated 
wastewater on average did not cause increases compared with 
freshwater.

Figure 1: Soil Chromium (Cr) and Nichel (Ni) concentrations in three sampling dates under different water sources in field 1. FW, freshwater; 
TW, tertiary treated wastewater; SW, secondary treated wastewater.

In field 2, the WS x T interaction was significant for Ni and Pb 
contents (Table 8). In detail, Ni content varied significantly over 
time in all water source treatments (FW, TW and SW) with values 
ranging from 12.46 to 14.75mg kg-1 and the highest concentrations 
observed in the FW treatment. Finally, in the SW treatment, Pb 
concentration ranged from 20.46 to 38.91mg kg-1, and the highest 
values were recorded in the first sampling date.

At the end of experimental period (September 2014, Field 1; 
June 2014, Field 2) the soil heavy metal contents were close to 
those at the beginning of the experiment, before any wastewater 
application, except for Ni that showed slight increases.

Several researches showed that about 30 to 60% of the metals 
in the domestic sewage is associated with high-density particulate 
material and are consequently removed during the primary 
sedimentation stage [43,44]. In addition, during the secondary 
biological treatment stage, most of the metals are either sorbed 
onto extracellular polymer substances (EPS), assimilated in 
the microbial biomass, or form mineral precipitates. Therefore, 
the majority of heavy metals remains in the sludges and only a 
minor proportion is soluble, mostly as organic complexes [44-49], 
being a potential contamination source for soil and crops through 
irrigation.

Several short and medium term studies reported that the 
irrigation with treated urban wastewater did not affect soil 
content of heavy metals during growing season [50-54]. In 

greenhouse conditions, Garcia-Delgado et al. [53] studied the 
effects of fertigation with groundwater and treated municipal 
wastewater on soil properties and plant yield and quality. 
After one cropping season and a water supply of 910m3 ha-1, 
none of the elements investigated (As, Cr, Cd, Pb, Ni, Cu and Zn) 
showed significantly greater concentrations in the soil among 
irrigation treatments and in comparison with the beginning of the 
experiment. Also, in field conditions, Castro et al. [54] observed 
that, after three cropping seasons and about 6000m3 ha-1 of 
water supply, treated wastewater did not cause soil heavy metal 
accumulation. In a medium (less than 10 years of wastewater 
supply) and long (more than 10 years) term study, Ebrahim 
et al. [55] observed that the highest lead, chromium and nickel 
concentration was found in soils never irrigated, whereas the 
irrigation with treated wastewater did not induce any heavy metal 
accumulation. Therefore, the Authors hypothesised that the soils 
originally contained large amounts of these metals and irrigation 
leached the elements into deeper soil layers [55].

Long term studies reported significant increases of heavy 
metal concentrations in the upper soil layer, even if in many cases 
these concentrations resulted lower than the threshold values 
established by guidelines [15,56-60]. Accumulation of heavy 
metals, due to prolonged wastewater use, is strictly dependent on 
soil characteristics (texture and organic matter content, Xu et al. 
[59] and on wastewater composition or can be indirectly caused 
by a mismanagement of wastewater irrigation [47,61]. 
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In our study, no significant difference was found between the 
two soil layers investigated. Friedel et al. [57] observed in a long-
term experiment (80 years) significant increases of heavy metal 
contents (Pb, Cd, Cu, Zn) in the upper layer of the soil profile (0-
0.15m), although below EU thresholds, in correspondence of a 
greater organic matter content. Therefore, as reported by Durán–
Álvarez & Jiménez–Cisneros [19], organic matter enrichment in 
wastewater irrigated soils may result in greater retention of heavy 
metals by the solid matrix. Xu et al. [59] observed that, in a sandy 
soil with low organic matter content, the irrigation with reclaimed 
wastewater affected heavy metal levels and their distribution in 
soil profiles. In particular, heavy metals investigated (Cr, Cu, Ni and 
Zn) reached the highest levels at 0.30 – 0.40m horizons in plots 
irrigated for 8 years with effluent, whereas after 20 years, the 
highest concentrations occurred at deeper depths (0.40 – 0.50m). 
These significant increases were found in long term (more than 
8 years), notwithstanding the low heavy metal concentrations in 
the wastewater. In any case, the Authors highlighted that these 
increases should not represent a problem in soil accumulation or 
through food chain transfer, because in light soil texture and low 
OM content, heavy metals tend to be leached below the root zone.. 

With regard to the occurrence of heavy metals in agricultural 
soils irrigated with wastewater, Nicholson et al. [60] presented an 
inventory of sources (sludge, wastewater) of some heavy metals 
(Zn, Cu, Ni, Pb, Cr and Cd) in agricultural soils of England and 
Wales. The results showed that the greatest contribution to soil 
heavy metal accumulation came from the application of sludge 
from wastewater treatment plants, while irrigation appeared to 
be of little importance. According to this study, the time required 
for metal concentrations to reach maximum values permitted by 
international regulations is 80 years for zinc and at least 1256 
years for cadmium [60]. In another study, Siebe & Cifuentes 
[62] found that concentrations of heavy metals in long–term 
untreated–wastewater irrigated soils in central Mexico were 
10 times lower than the limits set by the Danish regulations; 
moreover, the authors estimated that a century of irrigation is 
necessary to exceed these values.

As concerns the overall soil fertility, total organic carbon and 
nitrogen at the end of the experiment were close to the initial values, 
with average concentrations of 14.74 and 1.21g kg-1 in field 1 and 
10.56 and 0.88g kg-1 in field 2, respectively. In particular, a slight 
increase of TOC was observed after secondary water application 
(SW) in both fields (15.58 and 11.87g kg-1, respectively) and after 
tertiary treated water supply (TW) in field 1 (15.46g kg-1). Other 
researches highlighted that the application of wastewater could 
maintain and increase soil organic carbon content [50,55,58]. In 
particular, Xu et al. [55] observed appreciable increases of organic 
matter (OM) with long term (8 - 20 years) reclaimed wastewater 
application. Abegunrin et al. [63], investigating the effect of 
irrigation with three wastewater sources (abattoir wastewater - 
AW; bathroom and laundry wastewater - BW; cassava effluent - CE) 
on vegetable crops grown in buckets, observed a higher, although 

not significant, content of total organic carbon and nitrogen in the 
upper layer considered (0-0.10m) after the application of BW and 
AW in comparison to the rainfed treatment.

Irrigation with treated municipal wastewater could therefore 
be of agricultural interest not only as an alternative water resource 
but also as nutrient and organic matter supply, with the known 
benefits on soil physical and overall quality. Moreover, the reuse 
of treated effluents for irrigation seems to be an environmentally 
safe disposal method; in fact, soil heavy metal concentrations, 
monitored in several studies, did not show harmful increase 
after continuous application. In any case, proper management for 
wastewater irrigation and continuous monitoring of water and 
soil quality are needed to avoid potential contaminations of soil 
and ground water, especially after long irrigation time. 

Conclusion

Irrigation with treated municipal wastewater has become in 
several arid and semi-arid regions a common practice being an 
alternative water source that allows to fulfill actual irrigation 
needs and reduce the intensifying competition with higher-valued 
uses. Careful management of irrigation is however required to 
avoid contamination of soil and crops grown, in particular from 
heavy metals. When assessing the effects of wastewaters supply on 
soil and crops, repeated measurement experiments and rigorous 
methodological approaches are necessary to eliminate possible 
confounding effects due to residual correlations over time.

The results of this short-term research in a clay-loam soil, 
carried out comparing the effect of different water sources 
(freshwater, FW; tertiary treated wastewater, TW; secondary 
treated wastewater, SW) on soil heavy metal accumulation in two 
contiguous experimental fields belonging to a contemporary-
phase crop rotation, highlighted that wastewater supply did not 
increase the heavy metals content (Cr, Ni, Cu, Pb, Zn) in a soil 
layer of 0 - 0.40 m depth. Interactions between water source and 
sampling time were significant mainly under SW and TW supply 
(Cr, Ni, Cu in field 1; Ni and Pb in field 2). In any case no significant 
increase over time was recorded and the changes observed 
may be also attributed to soil spatial variability of heavy metal 
concentrations. Total organic carbon and nitrogen at the end of the 
experiment were close to the initial values, with a slight increase 
of TOC observed after secondary water application (SW) in both 
fields and after tertiary treated water supply (TW) in field 1. 
Among variance-covariance structures compared, ARH(1) models 
were significantly different from null models (OLS) in most of 
the cases investigated, confirming heterogeneity of variances 
observed over time, and were then used to analyze the effects of 
the factors under study. These results underline the existence of a 
significant residual correlation structure over time and then the 
choice of a classical not correlated error model would have caused 
inefficient estimation of treatment significance.

Treated municipal wastewater may represent a valuable 
resource, able to supply mineral nutrients to the plants and 
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with unlikely risks of heavy metals contamination of soil and 
water bodies. However, appropriate soil selection, irrigation 
management and monitoring of wastewater composition and soil 
fertility are necessary, to take into account the presence of heavy 
metals and emerging pollutants as well.
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