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Abstract
Agricultural water reuse involving the blending of treated wastewater (TWW) with con-
ventional irrigation water in open irrigation networks is not explicitly regulated under 
Regulation (EU) 2020/741, which may present exposure pathways comparable to un-
blended direct reuse. This study assessed water quality dynamics along a fully opera-
tional irrigation canal network in Northern Italy, under real-scale hydraulic and agronomic 
conditions characteristic of reuse systems involving blending, in which TWW discharged 
from a wastewater treatment plant (WWTP) accounted for 68% to 86% of total canal flow. 
Over two irrigation seasons (2023–2024), 11 physical, chemical, and microbiological pa-
rameters were monitored at five points: one at the WWTP outlet, one upstream represent-
ing the conventional irrigation source, and three downstream of the confluence across 30 
campaign days. Data were analyzed using generalized linear mixed models with sampling 
point as a fixed effect and sampling date as a block-level random intercept. The contribu-
tion of TWW to conventional irrigation water was primarily reflected in nutrient enrich-
ment, with concentrations downstream of the confluence exceeding those of the conven-
tional source by 48% to 59% for total nitrogen and 139% to 195% for total phosphorus, 
confirming the WWTP as the main nutrient source. In contrast, the effluent introduced no 
additional load for the parameters directly regulated under Regulation (EU) 2020/741 (E. 
coli, biochemical oxygen demand (BOD₅), and total suspended solids (TSS)). TSS were 
significantly lower in TWW than in conventional irrigation water, leading to a 29% to 43% 
reduction in TSS after mixing, BOD₅ at the WWTP outlet did not differ significantly from 
that in conventional irrigation water, and for E. coli no significant effects were detected. 
However, BOD₅ increased significantly at one point after the confluence relative to the 
conventional source, from an input that could not be attributed to the effluent. Overall, 
these results demonstrate that although TWW accounted for the majority of canal flow 
in volumetric terms, it did not lead to generalized deterioration of irrigation water qual-
ity. Instead, it provided nutrient inputs that may be harnessed for agricultural reuse. This 
work presents one of the first systematic, real-scale assessments of TWW reuse through 
blending in a fully operational European irrigation district, illustrating the regulatory gap 
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in Regulation (EU) 2020/741 and informing risk-based monitoring frameworks for reuse 
systems where blending occurs.

Keywords  Irrigation canals · Reclaimed water · Regulation (EU) 2020/741 · Risk-based 
monitoring · Treated wastewater

1  Introduction

Water scarcity is an intensifying global concern, driven by climate change, prolonged 
droughts, and increasing competition among urban, industrial, and agricultural demands 
(Ofori et al. 2021). Agriculture remains the largest consumer of freshwater globally, 
accounting for approximately 70% of total withdrawals, particularly in arid and semi-arid 
regions (Flörke et al. 2018; Christou et al. 2024). In this context, the reuse of treated waste-
water (TWW) has emerged as a promising strategy to alleviate irrigation water shortages, 
especially in areas facing limited access to conventional water sources (Yalin et al. 2023; 
Christou et al. 2024; Valenti et al. 2026) or to supply non-food/energy crops (Barbagallo et 
al. 2014). However, despite its recognized potential, less than 20% of global wastewater is 
currently treated, and only 2–15% of that is reused for agriculture (UN-Water 2017; Euro-
pean Investment Bank 2022). Expanding the safe use of TWW for irrigation could substan-
tially reduce dependence on freshwater and enhance the resilience of agricultural systems to 
water stress (Christou et al. 2024; Mancuso et al. 2024).

Regulation (EU) 2020/741 sets harmonized minimum requirements for the reuse of 
TWW in agricultural irrigation across EU Member States, including minimum water qual-
ity standards, monitoring protocols, and permitting procedures (Suman and Toscano 2021). 
A key provision of the regulation is the mandatory development of a water reuse risk man-
agement plan, which serves as site-specific tool to ensure safe operation of water reuse sys-
tems (Drei et al. 2025). Within this framework, the multi-barrier approach, as introduced by 
WHO (2006) is adopted as a management strategy to achieve tolerable levels of health risk. 
The regulation allows for the reuse of lower water quality classes when sufficient barriers 
are in place and properly validated (Maffettone et al. 2024).

Agricultural TWW reuse can occur in three configurations, distinguished by whether 
TWW is conveyed through engineered infrastructure or discharged into a natural water 
body. In unblended direct reuse, only TWW is conveyed to the point of use (Perulli et al. 
2026); in blended direct reuse, TWW is blended with conventional irrigation water within 
a collective irrigation network before abstraction (Mancuso et al. 2022); in indirect reuse, 
TWW is discharged into a natural water body, such as a river, and abstracted downstream 
(Kesari et al. 2021). While Regulation (EU) 2020/741 is mainly based on the unblended 
direct paradigm, and indirect reuse is outside its scope, the blended direct configuration 
prevails in many collective irrigation networks. In fact, in many peri-urban and downstream 
agricultural regions, farmers frequently draw irrigation water from drains or canals that 
receive wastewater treatment plant (WWTP) effluents, often without formal regulation or 
control (Rice and Westerhoff 2015; Thebo et al. 2017). Thebo et al. (2017) estimated that 
over 35 million hectares of cropland are located within wastewater-dependent catchments, 
highlighting the global relevance and under-recognition of blended direct reuse practices. 
However, Regulation (EU) 2020/741 remains primarily focused on unblended direct reuse, 
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offering no explicit guidance for the blended configuration that prevails in collective irriga-
tion networks, thereby leaving a significant regulatory gap.

From an agricultural and environmental management perspective, mixing TWW with 
freshwater within irrigation networks can function as a passive treatment barrier by diluting 
microbial and chemical contaminants (Assouline et al. 2020; Khandelwal et al. 2024). This 
practice has also been recommended to mitigate adverse effects on soil hydraulic properties 
and water quality, supporting its potential inclusion as a site-specific barrier in risk-based 
reuse strategies. Recognising such blending within irrigation networks as a potential com-
ponent of the multi-barrier approach may help strengthen the safety and sustainability of 
blended direct reuse schemes (Drei et al. 2025; Allgaier et al. 2026).

Numerous studies have assessed the impacts of WWTP effluents on river systems, 
demonstrating their influence on water quality, introducing nutrients (e.g., nitrogen, phos-
phorus), and organic matter (BOD5, COD) (Ngwira and Lakudzala 2018; Mandaric et al. 
2019), as well as emerging contaminants such as pharmaceuticals, personal care products, 
endocrine-disrupting compounds, and disinfection by-products (Lin et al. 2020; Wolfand 
et al. 2023). These discharges have also been shown to affect microbial communities, pos-
sibly increasing the prevalence of bacteria associated with wastewater, nutrient cycling, 
and faecal sources, as well as enhancing the spread of antibiotic resistance genes (ARGs) 
and mobile genetic elements (Russo et al. 2019; Pascual-Benito et al. 2020; Lu et al. 2022; 
Álvarez-Fraga et al. 2026). However, despite this extensive body of research on rivers, 
the effects of WWTP effluents on irrigation water networks remain poorly addressed (Al 
Aukidy et al. 2012; Abugu et al. 2021). Recent work has begun to characterize the chemi-
cal and microbiological properties of irrigation canals at the district scale in Northern Italy, 
demonstrating that canals receiving WWTP effluents exhibit systematically higher nutri-
ent loads and greater microbiological contamination than those supplied by surface water 
sources (Gaggia et al. 2026). Although such district-scale comparisons can give a good 
estimate of the overall irrigation water quality, they cannot precisely quantify and assess 
the processes occurring within a single canal downstream of a discharge point. On the other 
hand, these processes are particularly important for risk management planning under Regu-
lation (EU) 2020/741: crediting blending as a barrier requires the effluent contribution and 
its attenuation to be resolved at the point of abstraction, which a comparison between canal 
categories cannot provide. The mixing dynamics at individual TWW confluence points, the 
net spatial attenuation of water quality parameters along the receiving reach, and the persis-
tence of the effluent signal as far as the points of abstraction therefore remain unaddressed.

In this context, the Emilia-Romagna region of Northern Italy offers a representative case. 
It is an important national agricultural hub and is increasingly challenged by water scarcity 
and climate variability. The region’s irrigation infrastructure, composed mainly of open sur-
face canals, is of a multi-source nature, transporting irrigation water, surface runoff, and 
TWW through the same distribution infrastructure. This configuration inherently supports 
blended direct reuse through mixing with conventional sources, raising questions about 
its influence on irrigation water quality and reuse safety. Critically, these systems operate 
under fully real-scale conditions, where hydraulic management, water abstraction, and canal 
operations are driven by agronomic demand.

This study aimed to evaluate the impact of TWW discharge on irrigation water quality 
within a fully operational surface canal network in the Emilia-Romagna region, under the 
real-scale hydraulic and agronomic conditions characteristic of blended direct reuse. Spe-
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cifically, by resolving a single confluence into the upstream conventional source, the effluent 
itself, and three sequential downstream stations, it quantified spatial gradients in physical, 
chemical, and microbiological parameters along the receiving reach, assessing the relative 
contribution of TWW to downstream water quality dynamics and evaluating the compliance 
of mixed irrigation water with the quality classes defined by Regulation (EU) 2020/741. The 
results inform risk-based monitoring of blended direct reuse and are consistent with the case 
for its explicit inclusion within the scope of Regulation (EU) 2020/741, where it is structur-
ally embedded in irrigation infrastructure.

2  Materials and Methods

2.1  Study Area

The study was conducted in the irrigation network of the Metropolitan City of Bologna 
(Emilia-Romagna region, Northern Italy), an area characterized by intensive agricultural 
activities and increasing water stress. The selected irrigation district, managed by the Con-
sorzio della Bonifica Renana, covers a total surface of 22,540  ha, with an average irri-
gated area of 9,860 ha. The water distribution infrastructure includes approximately 390 km 
of open surface canals and 16 km of pressurized pipelines. The open surface canals are 
compartmentalized by several irrigation structures (i.e., weir, sluice gate), which imply an 
in-line reservoir to allow water abstraction by farmers. These canals are artificial infrastruc-
ture constructed for irrigation supply and land drainage rather than natural watercourses, so 
TWW conveyed through them constitutes direct conveyance rather than discharge into a 
natural water body. Five WWTPs discharge TWW into this network, enabling reuse through 
blending with conventional irrigation water across the district.

The focus of this study was the Molinella canal, which is part of the irrigation network 
and is influenced by the discharge from the Molinella WWTP. The Molinella WWTP is 
based on a conventional activated sludge process, followed by disinfection with peracetic 
acid prior to discharge into the receiving canal. The case study was defined by several moni-
toring points located along a segment of the Molinella canal, upstream and downstream the 
confluence with TWW. The first section of the canal conveys only conventional irrigation 
water, that is water abstracted from the Po River and conveyed through the district network 
to the study reach. At the confluence, the Molinella canal intersects with the Cavaliera canal, 
which carries only TWW from the Molinella WWTP. The second section of the Molinella 
canal, after the confluence, conveys mixed irrigation water (Fig. 1).

2.2  Sampling Design

The sampling was structured as a multi-year, multi-point water quality monitoring program 
to capture the spatiotemporal variations in irrigation water quality influenced by TWW 
inflow. Five sampling points were selected along the canal network to characterize water 
quality conditions (Fig. 1):

	● PA: Cavaliera canal, WWTP outlet, 859 m upstream of the confluence (TWW).
	● P1: Molinella canal, 500 m upstream of the confluence (conventional irrigation water).
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	● P2: Molinella canal, 50 m downstream of the confluence (mixed irrigation water).
	● P3: Molinella canal, 332 m downstream of Point 2 (mixed irrigation water).
	● P4: Molinella canal, 534 m downstream of Point 3 (mixed irrigation water).

The final sampling methodology was established through a two-phase design process. Dur-
ing the initial phase of the 2023 irrigation season, a denser network of sampling points was 
deployed across both canals, including additional points upstream of P1, around the conflu-
ence (25 m and 75 m downstream), and along the Cavaliera canal between PA and the con-
fluence. Although no tracer test could be performed due to the technical and logistic reasons, 
the preliminary data analysis revealed no substantial differences in water quality between 
the auxiliary points and their adjacent fixed locations, confirming that P1 was representative 
of the conventional irrigation water source, PA of the TWW, and that adequate mixing con-
ditions were present at P2. Based on these observations, and supported by the literature that 
microbial water quality is largely homogeneous along short canal stretches (Lothrop et al. 
2018), the network was consolidated to the five sampling points. This approach is consistent 
with monitoring designs adopted in comparable canal systems receiving WWTP effluents 
(Al Aukidy et al. 2012; Pascual-Benito et al. 2020).

Two monitoring campaigns were carried out from June to October 2023 and from April 
to October 2024, with 12 and 18 sampling days, respectively. All five points were sampled 
on each occasion. The number of observations differs among parameters and is reported per 
parameter and sampling point in Table S1b. Sampling was planned at ten-day intervals; the 
median interval achieved was eight days.

2.3  Parameters Measured

Water samples were collected following the standard procedures described in APHA 
(2017) and Lothrop et al. (2018). At each point, three samples were taken from a depth of 
0.15–0.30 m within a 2 m radius and combined into one 2-litre bottle. Each parameter was 
measured once on this composite. Microbiological samples were collected using sterile con-

Fig. 1  Study area and sampling network in the Molinella canals. Sampling points: PA (TWW), P1 (con-
ventional irrigation water), P2, P3 and P4 (mixed irrigation water)
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tainers. All samples were transported in insulated coolers and stored at 4 °C until analysis. 
The following parameters were analyzed:

	● Physical: total suspended solids (TSS) measured in accordance with standard methods 
(APHA 2017).

	● Chemical: five-day biochemical oxygen demand (BOD₅), chemical oxygen demand 
(COD), total phosphorus (TP), total nitrogen (TN), ammonium nitrogen (NH₄⁺-N), and 
nitrate nitrogen (NO₃⁻-N). All analyses were conducted following standard methods for 
the examination of water and wastewater (APHA 2017).

	● Microbiological: Total coliforms (CT) and E. coli determined following the ISO 9308-
1:2014 and faecal streptococci (SF) following ISO 7899-2:2000.

Dissolved oxygen (DO) was measured in situ using a portable multiparametric probe (Hanna 
Instruments, Model HI9829), which was also used to record water temperature, saturation 
and pH. Saturation and pH are reported in Table S1a but were not modelled.

2.4  Hydraulic Characterization

To evaluate the contribution of TWW to the canal’s flow regime, a hydraulic assessment was 
performed. The Molinella canal was surveyed at 9 cross-sectional locations, producing 8 
canal segments. Two bridge crossings served both as cross-sectional locations and as refer-
ence points for repeated water level measurements (Fig. 2), useful for the calculation of the 
water volume in each canal segment. Wetted cross-sectional areas and stored water volumes 
in each segment were calculated based on bed elevation data and water level measurements 
collected on each sampling day. The average water volume stored within the entire section 
of the Molinella canal (3,000 m long), both before and after the confluence, was estimated 
at approximately 5,400 m3 and it was rather constant during the irrigation season. It should 
be noted however that canal water levels and flow distribution were regulated throughout 
the monitoring period by weirs and sluice gates operated by the Consorzio della Bonifica 
Renana according to agronomic demand, with farmers actively abstracting water for crop 
irrigation at multiple points along the network. Such kind of management, characteristic of 
a fully functional irrigation district, resulted in continuously variable hydraulic conditions 
that were not subject to experimental control and are inherent to the real-scale nature of the 
study. Water sources contributing to the canal flow included:

	● Conventional irrigation water: 1,720 m³ day-1 (constant input from the Po River);
	● TWW from the Molinella WWTP: seasonally variable discharge ranging from 3,700 to 

10,600 m³ day⁻¹.

The conventional input was determined at the sluice gate located upstream of P1, which 
regulates the entry of water into the canal, keeping it constant throughout the irrigation sea-
son; the head was measured in the field and the discharge derived from the corresponding 
weir equation. This value was cross-checked against an independent estimate obtained from 
the channel cross-sectional area and the flow velocity measured at the same location with a 
portable current meter. TWW discharge was not measured but obtained from the operational 
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records of the water utility, available as monthly treated volumes and expressed as mean 
daily discharge.

Flow velocity was measured with a portable current meter at the two road bridges cross-
ing the canal, the only points at which the instrument could be deployed. Therefore, the 
theoretical hydraulic residence time (HRT) of the post-confluence water reach containing 
mixed water, estimated as the ratio between the post-confluence reach length (916 m from 
the confluence to P4) and the mean flow velocity (0.04 m s− 1), was approximately 6.4 h. 
Based on water volumes of different water sources in the examined segment, a dilution 
ratio of TWW and conventional irrigation water was estimated for each sampling event. 
The resulting values ranged from 2.15 to above 6.16 across sampling events, corresponding 
to a TWW contribution of 68% to 86% of total canal discharge (median 74%), confirm-
ing that TWW represented the dominant fraction of total canal discharge throughout the 

Fig. 2  Hydraulic characterisation of the study reach. Black bars mark the nine surveyed cross-sections de-
limiting the eight canal segments. Arrows indicate the two road bridges where water levels were recorded 
on each sampling day; both coincide with surveyed cross-sections, and no water level was recorded at the 
confluence. Sampling points are shown in Fig. 1
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monitoring period. No formal propagation of uncertainty was applied to the dilution ratios 
or to the HRT. The conventional input derives from a single measured head, the TWW term 
from monthly treated volumes rather than same-day metering, and both are conditioned by 
the management regime described above. They are therefore reported as descriptors of the 
prevailing mixing regime rather than as measured values.

2.5  Statistical Analysis

An exploratory analysis was first conducted on raw data to examine distributions and iden-
tify outliers. Normality, homogeneity, and independence among sampling points were then 
verified to guide model selection and avoid pseudoreplication (Hurlbert 1984). Generalized 
linear mixed models (GLMMs) were fitted separately for each parameter, with sampling 
point as a fixed effect and sampling date as a random intercept (Zuur et al. 2007; Schreiber 
et al. 2022; Chaudhary et al. 2025). Each sampling date constitutes a block in which the 
five points were measured jointly, so the random intercept absorbs the among-date (block) 
variability shared by all points on a given occasion. Sampling spanned 30 campaign days. 
Spatial pseudoreplication is therefore addressed by the sampling design and by the date-
block random intercept, which absorbs the conditions shared among points on each sam-
pling occasion. Analyses were carried out in R (packages: glmmTMB, DHARMa, emmeans, 
multcomp).

For physical and chemical parameters, Gamma-distributed GLMMs with log-link and 
constant dispersion were initially tested. Model assumptions were evaluated with DHARMa 
using scaled residuals from a fixed-seed simulation (seed = 123; n = 10000): tests of uni-
formity (Kolmogorov–Smirnov), dispersion, outliers and for the microbiological models 
zero-inflation. Constant dispersion was used by default; a sampling-point-specific disper-
sion structure (dispformula = ~ Sampling_point) was tested for the parameters showing 
point-dependent residual variance (TP, TN, COD, TSS) and retained only where it lowered 
the AIC (TP, TN, TSS), but not COD. Model selection was based on AIC together with the 
residual diagnostics. Estimated marginal means (EMMs) with 95% confidence intervals 
were computed, and the compact-letter display of homogeneous groups was derived from 
Tukey-adjusted pairwise comparisons of the estimated marginal means (α = 0.05; emmeans/
multcomp). Microbiological parameters (E. coli, total coliforms, faecal streptococci) were 
log10-transformed and modelled with Gaussian GLMMs. Water temperature was included 
as a covariate in the microbiological models. No AIC comparison against models without 
the covariate was performed, since the two are fitted to different subsets of observations 
owing to missing temperature records on some sampling occasions. Results of microbio-
logical analyses are presented separately due to their distinct scale and covariate structure. 
In cases of minor diagnostic deviations, the best-fitting model was retained and results inter-
preted with caution.

Model selection and diagnostics were performed to ensure reliable inference, including 
checks for residual distribution, variance homogeneity, overdispersion and outliers. The 
random intercept on sampling date is a block term and does not model correlation between 
dates. Temporal independence of the model residuals was therefore tested explicitly, and 
each model was refitted with an explicit temporal correlation structure and with sampling 
year as a fixed effect as sensitivity analyses. The models specified above were retained in 
all cases, since the contrasts among sampling points are estimated within a sampling occa-
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sion and are therefore unaffected by correlation between dates. Procedures and results are 
reported in the Supplementary Materials.

Sampling was conducted exclusively under stable meteorological conditions, and to 
minimise the influence of surface runoff on water quality, samples collected within three 
days of a rainfall event were excluded, a criterion that removed one observation over the 
two seasons. Observations were further excluded on dates on which the WWTP was not 
operating normally, on the date of a solids overflow from the plant, and where analytical 
data were missing or invalidated. Since these are real monitoring data, no further values 
were removed, and potential outliers were retained. All numerical results, AIC compari-
sons, residual plots, and detailed diagnostic tests for each parameter are reported in the 
Supplementary Materials. Minor deviations from ideal assumptions were observed for a few 
parameters; however, the models were overall considered robust for inference. The GLMMs 
adopted here are descriptive and capture spatial patterns in water quality parameters but 
cannot identify their mechanistic causes.

The dilution ratio was not included as a covariate. It is a date-level quantity, constant 
across the five sampling points on any given occasion, and therefore operates at the same 
level as the random intercept on sampling date rather than as a predictor of differences 
among points. It is moreover derived from monthly treated volumes and referenced to a 
constant conventional input, so it does not resolve the mixing conditions prevailing on the 
sampling day itself. Sampling date was accordingly retained as a block term.

3  Results

The selected GLMMs, along with their results, are summarized for each parameter in 
Tables 1 and 2. For each parameter, the estimated marginal means (± 95% CI) from the 
selected GLMM were systematically compared with the observed value based on the 
exploratory analysis of the raw data, which is detailed in Table S1a of the Supplementary 
Materials. The homogeneous groupings reported below were confirmed by the sensitivity 
analyses described in Sect.  2.5, with a single exception for TSS, where the alternative cor-
relation structure resolved one additional pairwise difference without contradicting any of 
those reported here. Full results are given in Tables S2b and in the per-parameter sections of 
the Supplementary Materials.

3.1  Chemical and physical parameters

The effect of sampling point on TP concentrations was statistically significant (p < 0.001). 
Estimated marginal means (± SE) revealed a spatial gradient, with PA showing the high-
est concentration (1.84 ± 0.19 mg L− 1) and P1 the lowest (0.27 ± 0.03 mg L− 1) (Table 1). 
Post-hoc pairwise comparisons (Tukey-adjusted) identified three statistically homogeneous 
groups: PA (a), P2-P3-P4 (b, mixed irrigation water), and P1 (c) (Fig. 3). Median concen-
trations ranged from 0.27 mg L⁻¹ at P1 to 1.78 mg L⁻¹ at PA; variability was lowest at P1 
and highest at P4. Both raw data and GLMM estimates indicated a downstream gradient 
in TP concentrations, from P1 to P2–P4 (mixed irrigation water), with consistently higher 
concentrations at PA.
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Similarly, the effect of sampling point on TN concentrations was statistically significant 
(p < 0.001). Estimated marginal means (± SE) revealed a spatial gradient, with PA show-
ing the highest concentration (7.39 ± 0.96 mg L− 1) and P1 the lowest (3.60 ± 0.44 mg L− 1) 
(Table  1). Post-hoc pairwise comparisons (Tukey-adjusted) identified three statistically 
homogeneous groups: PA (a), P2-P3-P4 (b, mixed irrigation water), and P1 (c) (Fig. 4). 

Table 1  Summary of the selected GLMMs for chemical and physical parameters, including model fit, chi-
square p-values, estimated marginal means (EMMs), and homogeneous groups
Parameter Selected GLMM χ² (df) p Estimated Marginal Means – 

EMM (± SE)
Statistical 
homoge-
neous groups 
(a, b, c, ab)

TP Value ~ Sampling_
point + (1 | Date);
dispformula = ~ Sam-
pling_point;
Gamma distribution 
and log-link function

363.27 
(4)

< 0.001 PA (1.84 ± 0.19 mg L⁻¹)
P1 (0.27 ± 0.03 mg L⁻¹)
P2 (0.75 ± 0.06 mg L⁻¹)
P3 (0.79 ± 0.08 mg L⁻¹)
P4 (0.64 ± 0.09 mg L⁻¹)

a: PA
b: P2 - P3 
- P4
c: P1

TN Value ~ Sampling_
point + (1 | Date);
dispformula = ~ Sam-
pling_point;
Gamma distribution 
and log-link function

86.02 
(4)

< 0.001 PA (7.39 ± 0.96 mg L⁻¹)
P1 (3.60 ± 0.44 mg L⁻¹)
P2 (5.30 ± 0.60 mg L⁻¹)
P3(5.71 ± 0.66 mg L⁻¹) 
P4(5.41 ± 0.64 mg L⁻¹)

a: PA
b: P2 - P3 
- P4
c: P1

NO₃⁻–N Value ~ Sampling_
point + (1 | Date);
Gamma distribution 
and log-link function

61.94 
(4)

< 0.001 PA (3.46 ± 0.46 mg L⁻¹)
P1 (1.34 ± 0.18 mg L⁻¹)
P2 (2.34 ± 0.31 mg L⁻¹)
P3 (2.21 ± 0.29 mg L⁻¹)
P4 (1.93 ± 0.26 mg L⁻¹)

a: PA
b: P2 - P3 
- P4
c: P1

NH₄⁺–N Value ~ Sampling_
point + (1 | Date);
Gamma distribution 
and log-link function

39.22 
(4)

< 0.001 PA (1.31 ± 0.22 mg L⁻¹)
P1 (0.55 ± 0.09 mg L⁻¹)
P2 (0.93 ± 0.15 mg L⁻¹)
P3 (1.11 ± 0.18 mg L⁻¹)
P4 (1.20 ± 0.20 mg L⁻¹)

a: PA - P2 - 
P3 - P4
b: P1

COD Value ~ Sampling_
point + (1 | Date);
Gamma distribution 
and log-link function

6.86 
(4)

0.143 PA (22.0 ± 1.87 mg L⁻¹)
P1 (22.1 ± 1.88 mg L⁻¹)
P2 (21.8 ± 1.85 mg L⁻¹)
P3 (22.8 ± 1.93 mg L⁻¹)
P4 (24.7 ± 2.10 mg L⁻¹)

a: PA - P1 - 
P2 - P3 - P4

BOD5 Value ~ Sampling_
point + (1 | Date);
Gamma distribution 
and log-link function

16.3 
(4)

0.0026 PA (10.5 ± 0.93 mg L⁻¹)
P1 (10.7 ± 0.93 mg L⁻¹)
P2 (10.8 ± 0.94 mg L⁻¹)
P3 (13.5 ± 1.19 mg L⁻¹)
P4 (12.1 ± 1.05 mg L⁻¹)

a: P3
b: PA - P1 
- P2
ab: P4

TSS Value ~ Sampling_
point + (1 | Date);
dispformula = ~ Sam-
pling_point;
Gamma distribution 
and log-link function

170.04 
(4)

< 0.001 PA (19.8 ± 3.12 mg L⁻¹)
P1 (114.6 ± 8.31 mg L⁻¹)
P2 (80.9 ± 7.44 mg L⁻¹)
P3 (75.4 ± 7.30 mg L⁻¹)
P4 (65.5 ± 5.26 mg L⁻¹)

a: P1
b: P2 - P3 
- P4
c: PA

DO Value ~ Sampling_
point + (1 | Date);
Gamma distribution 
and log-link function

40.93 
(4)

< 0.001 PA (5.29 ± 0.58 mg L⁻¹)
P1 (4.09 ± 0.45 mg L⁻¹)
P2 (3.57 ± 0.39 mg L⁻¹)
P3 (3.24 ± 0.35 mg L⁻¹)
P4 (3.83 ± 0.42 mg L⁻¹)

a: PA
b: P1
c: P3
bc: P2 - P4
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Median concentrations ranged from 2.82 mg L− 1 at P1 to 6.00 mg L− 1 at PA, with the high-
est variability at PA (Fig. 4). Both raw data and GLMM estimates indicated a downstream 
gradient in TN concentrations, with P2–P4 showing intermediate values and consistently 
elevated concentrations at PA.

Similarly to TN, the effect of sampling point on NO3
−-N concentrations was statistically 

significant (p < 0.001). Estimated marginal means (± SE) revealed a spatial gradient, with 
PA showing the highest concentration (3.46 ± 0.46 mg L− 1) and P1 the lowest (1.34 ± 0.18 
mg L− 1) (Table 1). Post-hoc pairwise comparisons (Tukey-adjusted) identified three statisti-
cally homogeneous groups: PA (a), P2-P3-P4 (b, mixed irrigation water), and P1 (c) (Fig. 5). 
Median concentrations ranged from 0.94 mg L− 1 at P1 to 3.11 mg L− 1 at PA, with maximum 
concentrations above 15 mg L⁻¹ at P2 and P3. PA and P3 exhibited broader IQRs, indicating 
greater temporal variability (Fig. 5). Both raw data and GLMM estimates indicated a down-
stream gradient in NO3

−-N concentrations with consistently elevated values at PA compared 
to P1 and intermediate levels at P2–P4.

As for other nitrogen forms, the effect of sampling point on NH4
+-N concentrations was 

statistically significant (p < 0.001). Estimated marginal means (± SE) showed P1 had the 

Table 2  Summary of the selected GLMMs for microbiological parameters, including model fit, chi-square 
p-values, estimated marginal means (EMMs), and homogeneous groups
Parameter Selected 

GLMM
Sampling 
point

Temperature Estimated Marginal 
Means – EMM (± SE)

Statistical 
homoge-
neous groups 
(a, b, c, ab)

χ² (df) p χ² (df) p

E. coli Value_
log ~ Sam-
pling_
point + Tem-
perature + (1 
| Date);
Gaussian dis-
tribution with 
identity link

4.97 
(4)

0.290 4.50 
(1)

0.034 PA (3.04 ± 0.15 log10 
CFU 100 mL⁻¹)
P1 (3.09 ± 0.14 log10 
CFU 100 mL⁻¹)
P2 (3.32 ± 0.16 log10 
CFU 100 mL⁻¹)
P3 (3.39 ± 0.16 log10 
CFU 100 mL⁻¹)
P4 (3.29 ± 0.15 log10 
CFU 100 mL⁻¹)

a: PA - P1 - 
P2 - P3 - P4

Total coliform Value_
log ~ Sam-
pling_
point + Tem-
perature + (1 
| Date);
Gaussian dis-
tribution with 
identity link

10.52 
(4)

0.033 0.63 
(1)

0.425 PA (4.06 ± 0.14 log10 
CFU 100 mL⁻¹)
P1 (4.35 ± 0.14 log10 
CFU 100 mL⁻¹)
P2 (4.43 ± 0.14 log10 
CFU 100 mL⁻¹)
P3 (4.54 ± 0.14 log10 
CFU 100 mL⁻¹)
P4 (4.44 ± 0.14 log10 
CFU 100 mL⁻¹)

a: P3
b: PA
ab: P1 - P2 
- P4

Faecal 
streptococci

Value_
log ~ Sam-
pling_
point + Tem-
perature + (1 
| Date);
Gaussian dis-
tribution with 
identity link

4.49 
(4)

0.343 0.56 
(1)

0.452 PA (3.18 ± 0.13 log10 
CFU 100 mL⁻¹)
P1 (3.27 ± 0.13 log10 
CFU 100 mL⁻¹)
P2 (3.16 ± 0.13 log10 
CFU 100 mL⁻¹)
P3 (3.11 ± 0.13 log10 
CFU 100 mL⁻¹)
P4 (2.94 ± 0.13 log10 
CFU 100 mL⁻¹)

a: PA - P1 - 
P2 - P3 - P4
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Fig. 4  TN concentrations by sampling point. Boxplots show the observed data; overlaid points and bars 
show the estimated marginal mean and its 95% confidence interval from the selected GLMM. Letters 
denote homogeneous groups from Tukey-adjusted post-hoc comparisons, from the highest concentration 
‘a’ to the lowest. PA is the WWTP outlet on the Cavaliera canal; P1 is the conventional irrigation source 
upstream of the confluence; P2, P3 and P4 are mixed irrigation water at increasing distance downstream

 

Fig. 3  TP concentrations by sampling point. Boxplots show the observed data; overlaid points and bars 
show the estimated marginal mean and its 95% confidence interval from the selected GLMM. Letters 
denote homogeneous groups from Tukey-adjusted post-hoc comparisons, from the highest concentration 
‘a’ to the lowest. PA is the WWTP outlet on the Cavaliera canal; P1 is the conventional irrigation source 
upstream of the confluence; P2, P3 and P4 are mixed irrigation water at increasing distance downstream
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lowest concentration (0.55 ± 0.09 mg L− 1), whereas PA had the highest (1.31 ± 0.22 mg 
L− 1), although PA did not differ from P2-P4 (0.93–1.20 mg L− 1) (Table 1). Tukey-adjusted 
post-hoc comparisons identified two distinct groups: PA-P2-P3-P4 (a) and P1 (b) (Fig. 6). 
Median concentrations ranged from 0.44 mg L− 1 at P1 to 1.23 mg L− 1 at P3, with the broad-
est interquartile range (IQR) at PA and the narrowest at P1 (Fig. 6). Episodic peaks occurred 
at mixed-water points, reaching 12.4 mg L− 1 at P4. Overall, both observed distributions 
and GLMM estimates indicated a clear separation between P1 and all other points, with 
consistently higher NH4

+-N concentrations at PA-P2-P3-P4, among which no significant 
differences were detected.

The effect of sampling point on COD concentrations was not statistically significant 
(p = 0.143). Estimated marginal means (± SE) were similar across points, from 21.8 ± 1.85 mg 
L⁻¹ at P2 to 24.7 ± 2.10 mg L⁻¹ at P4; confidence intervals overlapped widely, and Tukey-
adjusted comparisons assigned all points to a single homogeneous group (a) (Fig.  7). 
Observed medians varied only slightly from 19 mg L− 1 at P1 to 23 mg L− 1 at P4, with inter-
quartile ranges being relatively consistent across points (Fig. 7). Episodic peaks > 60 mg 
L⁻¹ occurred at multiple locations (e.g., 68 mg L− 1 at P1 and 65 mg L− 1 at PA), indicating 
pronounced temporal variability. Overall, both model estimates and observed distributions 
showed no spatially structured differences in COD among sampling points during the study 
period.

The effect of sampling on BOD5 concentrations was statistically significant (p = 0.0026). 
Estimated marginal means (± SE) were lowest at PA (10.5 ± 0.93 mg L− 1) and highest at P3 
(13.5 ± 1.19 mg L− 1), with P4 showing intermediate values (12.1 ± 1.05 mg L⁻¹) (Table 1). 
Tukey-adjusted post-hoc comparisons assigned P3 to a distinct group (a), P4 to an inter-
mediate group (ab), and PA, P1, and P2 to group (b) (Fig. 8). Observed medians increased 

Fig. 5  NO₃⁻-N concentrations by sampling point. Boxplots show the observed data; overlaid points and 
bars show the estimated marginal mean and its 95% confidence interval from the selected GLMM. Letters 
denote homogeneous groups from Tukey-adjusted post-hoc comparisons, from the highest concentration 
‘a’ to the lowest. PA is the WWTP outlet on the Cavaliera canal; P1 is the conventional irrigation source 
upstream of the confluence; P2, P3 and P4 are mixed irrigation water at increasing distance downstream
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Fig. 7  COD concentrations by sampling point. Boxplots show the observed data; overlaid points and bars 
show the estimated marginal mean and its 95% confidence interval from the selected GLMM. Letters 
denote homogeneous groups from Tukey-adjusted post-hoc comparisons, from the highest concentration 
‘a’ to the lowest. PA is the WWTP outlet on the Cavaliera canal; P1 is the conventional irrigation source 
upstream of the confluence; P2, P3 and P4 are mixed irrigation water at increasing distance downstream

 

Fig. 6  NH₄⁺-N concentrations by sampling point. Boxplots show the observed data; overlaid points and 
bars show the estimated marginal mean and its 95% confidence interval from the selected GLMM. Letters 
denote homogeneous groups from Tukey-adjusted post-hoc comparisons, from the highest concentration 
‘a’ to the lowest. PA is the WWTP outlet on the Cavaliera canal; P1 is the conventional irrigation source 
upstream of the confluence; P2, P3 and P4 are mixed irrigation water at increasing distance downstream
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from 9.4 mg L− 1 at PA to 11.9 mg L− 1 at P3, with mean values peaking at P3 (14.7 mg L− 1) 
and P4 (13.0 mg L− 1). The interquartile range was widest at P3, indicating greater temporal 
variability at that point, while PA and P1 exhibited narrower distributions and more stable 
values (Fig. 8). Overall, BOD5 showed moderate spatial differentiation, with higher vari-
ability at P3, and to a lesser extent at P4.

The effect of sampling point on TSS concentrations was highly significant (p < 0.001). 
Estimated marginal means (± SE) ranged from 19.8 ± 3.1 mg L− 1 at PA to 114.6 ± 8.3 mg 
L− 1 at P1 ( Table 1). Tukey-adjusted post-hoc comparisons separated the sampling points 
into three groups: P1 (a), P2-P3-P4 (b), and PA (c) (Fig. 9). Observed medians showed a 
consistent pattern, from 13 mg L⁻¹ at PA to 109 mg L⁻¹ at P1, with maxima reaching 200 mg 
L⁻¹ at P1 and 217 mg L⁻¹ at P2. Variability was greatest at P1 and P2, which exhibited 
broad interquartile ranges, while PA displayed a much narrower distribution and more stable 
concentrations (Fig. 9). Overall, both raw data and GLMM estimates indicated a spatial 
gradient in TSS, with P1 statistically different from PA, and downstream points (P2-P3-P4).

The effect of sampling point on DO concentrations was statistically significant (p < 0.001). 
Estimated marginal means (± SE) ranged from 5.29 ± 0.58 mg L⁻¹ at PA to 3.24 ± 0.35 mg L⁻¹ 
at P3, with intermediate values at P1 (4.09 ± 0.45 mg L− 1), P2 (3.57 ± 0.39 mg L− 1), and P4 
(3.83 ± 0.42 mg L− 1) (Table 1). Tukey-adjusted post-hoc comparisons delineated four par-
tially overlapping groups: PA (a), P1 (b), P3 (c), and P2–P4 (bc) (Fig. 10). Observed median 
concentrations decreased from 6.0 mg L− 1 at PA to 3.4 mg L− 1 at P3, with a slight increase 
at P4 (3.5 mg L− 1). Variability was greatest at PA and P1, where broad interquartile ranges 
indicated marked temporal fluctuations, while narrower distributions at P2–P4 suggested 
more stable conditions (Fig. 10).

Fig. 8  BOD₅ concentrations by sampling point. Boxplots show the observed data; overlaid points and 
bars show the estimated marginal mean and its 95% confidence interval from the selected GLMM. Letters 
denote homogeneous groups from Tukey-adjusted post-hoc comparisons, from the highest concentration 
‘a’ to the lowest. PA is the WWTP outlet on the Cavaliera canal; P1 is the conventional irrigation source 
upstream of the confluence; P2, P3 and P4 are mixed irrigation water at increasing distance downstream
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Fig. 10  DO concentrations by sampling point. Boxplots show the observed data; overlaid points and bars 
show the estimated marginal mean and its 95% confidence interval from the selected GLMM. Letters 
denote homogeneous groups from Tukey-adjusted post-hoc comparisons, from the highest concentration 
‘a’ to the lowest. For this parameter a high value is favourable, so the letters do not rank water quality in 
the same direction as for the other parameters. PA is the WWTP outlet on the Cavaliera canal; P1 is the 
conventional irrigation source upstream of the confluence; P2, P3 and P4 are mixed irrigation water at 
increasing distance downstream

 

Fig. 9  TSS concentrations by sampling point. Boxplots show the observed data; overlaid points and bars 
show the estimated marginal mean and its 95% confidence interval from the selected GLMM. Letters 
denote homogeneous groups from Tukey-adjusted post-hoc comparisons, from the highest concentration 
‘a’ to the lowest. PA is the WWTP outlet on the Cavaliera canal; P1 is the conventional irrigation source 
upstream of the confluence; P2, P3 and P4 are mixed irrigation water at increasing distance downstream
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3.2  Microbiological Parameters

The effect of sampling point on E. coli concentrations was not statistically significant on the 
log10-transformed scale (p = 0.290), whereas water temperature had a significant positive 
effect (p = 0.034). Estimated marginal means (± SE) ranged from 3.04 ± 0.15 to 3.39 ± 0.16 
log10 CFU 100 mL⁻¹ across points, with wide confidence intervals overlapping substan-
tially and post-hoc tests assigning all sampling points to a single homogeneous group (a) 
(Table 2; Fig. 11). Observed data distributions, however, highlighted strong heterogeneity 
and episodic peaks. Median concentrations ranged from 300 CFU 100 mL⁻¹ at PA to 3,000 
CFU 100 mL⁻¹ at P3, with maxima reaching 80,000 CFU 100 mL⁻¹ at PA and 45,000 CFU 
100 mL⁻¹ at P3. PA showed the widest spread of values, from 20 to 80,000 CFU 100 mL⁻¹, 
and the broadest interquartile range (100–17,800 CFU 100 mL⁻¹). Median concentrations 
were higher at P3 and P4 than at P1 and P2. Overall, both raw and model-based results 
indicated no statistically significant differences in E. coli concentrations among sampling 
points. However, large temporal fluctuations and episodic peaks were evident across the 
system.

Contrary to E. coli, the effect of sampling point on total coliform concentrations was 
statistically significant (p = 0.033), whereas water temperature was not a significant pre-
dictor (p = 0.425). Estimated marginal means (± SE) ranged from 4.06 ± 0.14 to 4.54 ± 0.14 
log10 CFU 100 mL⁻¹ across points, with Tukey-adjusted post-hoc comparisons assigning 
P3 to group (a), PA to group (b), and P1, P2, and P4 to an intermediate group (ab) (Table 2; 
Fig.  12). Observed median concentrations ranged from 9,400 CFU 100 mL− 1 at PA to 
30,000 CFU 100 mL− 1 at P3. Maximum concentrations reached 5.0 × 105 CFU 100 mL− 1 
at P3 and 5.6 × 105 CFU 100 mL− 1 at P4. Interquartile ranges were relatively narrow across 

Fig. 11  E. coli concentrations by sampling point. Boxplots show the observed data; overlaid points and 
bars show the estimated marginal mean and its 95% confidence interval from the selected GLMM. Letters 
denote homogeneous groups from Tukey-adjusted post-hoc comparisons, from the highest concentration 
‘a’ to the lowest. PA is the WWTP outlet on the Cavaliera canal; P1 is the conventional irrigation source 
upstream of the confluence; P2, P3 and P4 are mixed irrigation water at increasing distance downstream
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points, indicating moderate variability compared with other microbiological parameters. 
Overall, both raw and model-based results indicated significant differences among sampling 
points, with higher values at P3 and lower values at PA.

The effect of sampling point on faecal streptococci concentrations was not statisti-
cally significant (p = 0.343), and water temperature was also not a significant predictor 
(p = 0.452). Estimated marginal means (± SE) ranged from 2.94 ± 0.13 to 3.27 ± 0.13 log10 
CFU 100 mL⁻¹ across points, with Tukey-adjusted post-hoc comparisons assigning all sam-
pling points to a single homogeneous group (a) (Table 2; Fig. 13). Median concentrations 
were relatively stable across locations, ranging from 1,100 CFU 100 mL− 1 at P4 to 1,850 
CFU 100 mL− 1 at PA. Maximum values reached 26,000 CFU 100 mL− 1 at PA and 60,000 
CFU 100 mL− 1 at P1. Variability was moderate, with PA and P1 exhibiting wider ranges 
compared to downstream points. These distributions are shown in Fig. 13, where observed 
means align with model estimates.

4  Discussion

4.1  Spatial Variability of Water Quality Parameters and Drivers of Downstream 
Dynamics

The analysis of spatial variability in water quality builds upon the hydraulic characteriza-
tion of the Molinella canal, which was carried out to quantify the relative contribution of 
TWW and conventional irrigation water to the overall flow regime. The hydraulic survey, 

Fig. 12  Total coliform concentrations by sampling point. Boxplots show the observed data; overlaid 
points and bars show the estimated marginal mean and its 95% confidence interval from the selected 
GLMM. Letters denote homogeneous groups from Tukey-adjusted post-hoc comparisons, from the high-
est concentration ‘a’ to the lowest. PA is the WWTP outlet on the Cavaliera canal; P1 is the conventional 
irrigation source upstream of the confluence; P2, P3 and P4 are mixed irrigation water at increasing 
distance downstream
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performed across nine cross-sections over a 3 km reach, indicated stable flow conditions 
during the monitoring period, with an average stored volume of approximately 5,400 m3. 
TWW represented the dominant inflow, ranging from 3,700 m3 day− 1 to episodic peaks with 
10,600 m³ day⁻¹, compared with a constant 1,720 m3 day− 1 contribution from conventional 
irrigation water. Consequently, the ratio between TWW and conventional irrigation water 
volumes (TWW/conventional irrigation water) remained consistently above 2, confirming 
that TWW accounted for a substantial and often prevailing portion of the total canal dis-
charge. Because the five sampling points were measured jointly on each occasion, the date 
random intercept absorbs the conditions shared among them and the contrasts among points 
are estimated within a sampling occasion. The spatial patterns discussed below are therefore 
not confounded by variation in the TWW contribution between dates, although the design 
does not resolve the effect of the mixing ratio itself (Sect.  2.5).

For TP, TN, and NO3
−-N, the GLMMs identified highly significant effects of sampling 

point, with PA consistently exhibiting the highest concentrations and P1 the lowest, showing 
that TWW had higher concentration of these elements than conventional irrigation water. 
Moreover, post-hoc tests distinguished P1 from P2-P3-P4, indicating that nutrient concen-
trations were higher downstream of the confluence where TWW entered the canal. NH₄⁺-N 
followed a different pattern: concentrations at PA were significantly higher than at P1, but 
no differences were detected between PA and P2–P4. In agreement with Gikas (2017), who 
identified WWTP effluents as dominant sources of TN and TP in Mediterranean rivers, our 
results confirm the WWTP discharge as the primary contributor of nutrients to the canal 
system. This interpretation is corroborated at the district scale by Gaggia et al. (2026), who 
reported mean TN and NO₃⁻-N concentrations of 15.65 and 6.76 mg L⁻¹, respectively, in 

Fig. 13  Faecal streptococci concentrations by sampling point. Boxplots show the observed data; overlaid 
points and bars show the estimated marginal mean and its 95% confidence interval from the selected 
GLMM. Letters denote homogeneous groups from Tukey-adjusted post-hoc comparisons, from the high-
est concentration ‘a’ to the lowest. PA is the WWTP outlet on the Cavaliera canal; P1 is the conventional 
irrigation source upstream of the confluence; P2, P3 and P4 are mixed irrigation water at increasing 
distance downstream
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canals of the same irrigation district receiving WWTP effluents, values within which the 
concentrations observed at PA in the present study fall. Along the mixed reach, however, 
the two nitrogen species diverge: both observed means and model estimates show NH₄⁺-N 
rising and NO₃⁻-N falling between P2 and P4. This is not the pattern that net nitrification 
would produce, and the low dissolved oxygen levels discussed below would constrain it in 
any case. The design does not resolve the processes behind these trends.

Considering the mixed irrigation water downstream of the confluence (P2-P3-P4), 
which are those most representative of irrigation conditions, nutrient concentrations ranged 
approximately, based on the estimated marginal means from the GLMM, 5.3–5.7 mg L− 1 
for TN and 0.6–0.8 mg L− 1 for TP. These values are substantially higher than those reported 
for natural surface waters in Europe, where ecological targets under the Water Framework 
Directive typically range from < 3.5 mg L− 1 for TN to < 0.12 mg L− 1 for TP (Nikolaidis et al. 
2022; Erba et al. 2022). However, it is important to note that these thresholds were designed 
for ecological surface waters under the Water Framework Directive (WFD), whereas irri-
gation canals are managed systems with different functional goals. Therefore, although 
nutrient levels in mixed irrigation waters exceed ecological targets, they should mainly be 
understood from an agronomic reuse perspective. In fact, these concentrations fall within 
the range that can supply a relevant fraction of crop N and P demand under fertigation prac-
tices, particularly for high-demand crops such as maize and vegetables commonly grown in 
the Emilia-Romagna (Odone et al. 2024), and TWW, therefore, can be seen as an additional 
input that decreases farmers’ reliance on mineral fertilizers. As highlighted by (Mainardis 
et al. 2022), when managed within integrated reuse schemes, fertigation with TWW repre-
sents a practical opportunity for circular economy application, supporting both irrigation 
and nutrient supply while minimizing external inputs.

A significant decline in DO was observed along the irrigation canal, with EMMs decreas-
ing from 4.1 mg L− 1 at P1 to 3.2 mg L− 1 at P3, followed by a partial recovery to 3.8 mg 
L− 1 at P4. These values correspond to median saturations of 38–44% at P1–P4 (Table S1a). 
This trend, coupled with a peak in BOD5 at P3 (13.5 mg L− 1), suggests oxygen depletion 
attributable to biochemical oxidation of organic matter. BOD5 at PA (10.5 mg L− 1) did not 
differ significantly from P1 (10.7 mg L− 1), indicating that TWW did not increase the bio-
degradable organic load relative to conventional irrigation water, suggesting that external 
factors rather than the WWTP effluent are responsible for the localised organic enrichment 
and oxygen depletion observed at P3. The origin of this signal remains unclear and likely 
reflects the complexity of a fully operational irrigation network, where minor uncharacter-
ised inputs along the canal reach cannot be excluded (Barroso et al. 2024). In contrast, COD 
did not vary significantly among sampling points, with EMMs ranging narrowly between 
21.8 mg L− 1 and 24.7 mg L− 1, suggesting that the pool of non-biodegradable organic matter 
was relatively invariant and was not strongly affected by mixing of water sources. Similar 
patterns were reported by Aly et al. (2025) in the Ismailia Canal (Egypt), where TWW 
input caused localized decreases in DO and increases in BOD₅. In contrast, COD rose at 
the discharge point but declined downstream due to dilution (Aly et al. 2025). Comparable 
findings were also described by Almeida et al. (2021) in the Ramalhoso River (Portugal), 
where BOD5 increased immediately after WWTP discharges before declining downstream. 
In the case presented in this paper however, the absence of significant difference in COD 
and the non-significant contrast between PA and P1 for BOD5 emphasize that TWW did not 
exacerbate organic pollution.
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TSS exhibited an inverse gradient compared to nutrients: concentrations were signifi-
cantly lowest at PA (19.8 mg L⁻¹) and significantly highest at P1 (114.6 mg L⁻¹), while P2, 
P3, and P4 (80.9, 75.4, and 65.5 mg L⁻¹, respectively) formed a single homogeneous group, 
with no significant differences among them. This pattern between P1 and P2–P3–P4 can be 
explained by two concurrent mechanisms: (i) the low TSS concentrations of TWW at PA, 
which contributed between 68% and 86% of canal flow depending on TWW discharge and 
thus exerted a positive effect after the confluence, and (ii) progressive sedimentation and 
settling of suspended solids along the canal due to the low water velocity. This combined 
effect resulted in downstream stabilization at intermediate values. This pattern contrasts 
with Wolfand et al. (2022), who, using a modelling approach for the effluent-dominated 
Los Angeles River, predicted increased TSS concentrations under TWW reuse scenarios, 
highlighting how local hydrology and mixing regimes critically determine suspended solids 
dynamics. This was consistent with An et al. (2023), who also reported that the mixing of 
TWW with surface waters can improve water quality in receiving systems. Our results indi-
cate that TWW was not a driver of increased suspended solids. On the contrary, the intro-
duction of TWW with lower TSS than conventional irrigation water improved downstream 
water quality, underscoring its potential as a positive contributor in reuse scenarios.

Among microbiological parameters, only total coliforms exhibited a significant differ-
ence, with EMMs increasing from 4.06 log10 CFU 100 mL⁻¹ at PA to 4.54 log10 CFU 100 
mL⁻¹ at P3, while intermediate values were observed at P1, P2, and P4 (4.35–4.44 log10 
CFU 100 mL⁻¹). This localized increase at P3 may be related to the concurrent BOD5 peak, 
since higher organic matter availability could have supported microbial regrowth under 
the hydraulic conditions of the canal (Barroso et al. 2024). Neither E. coli nor faecal strep-
tococci showed significant variation among sampling points. These findings indicate that 
the TWW discharge did not exacerbate faecal contamination within the irrigation canal. 
The high variability observed for E. coli, particularly the episodic peaks up to 4.9 log10 
CFU 100 mL⁻¹ at PA and 4.7 log10 CFU 100 mL⁻¹ at P3, highlights the stochastic nature 
of microbial contamination in open canals. Water temperature was a significant covariate 
only for E. coli, reinforcing the influence of environmental drivers on bacterial persistence 
and decay. Overall, faecal indicators showed limited persistence downstream under the 
prevailing canal conditions, although episodic spikes in contamination remain a potential 
risk. Comparable evidence was reported by Pascual-Benito et al. (2020), who found that 
WWTP effluents consistently increased faecal indicator concentrations in a Mediterranean 
stream, but that subsequent decay was strongly modulated by flow and temperature. Sim-
ilarly, Lu et al. (2022) demonstrated that WWTP effluents substantially altered bacterial 
community composition in both water and sediment immediately after the discharge point, 
though recovery to the previous values occurred within short distances. Taken together, 
these results highlight that microbial responses to TWW inputs can be highly variable and 
context-dependent, shaped by both hydraulic conditions and the makeup of microbial com-
munities. This supports the idea that microbial risks in irrigation reuse schemes are highly 
site-specific and modulated by environmental factors. At the district scale, Gaggia et al. 
(2026) demonstrated across 27 irrigation canals in the same district that urban influence, 
rather than chemical water composition, was the primary driver of faecal indicator concen-
trations, with E. coli in WWTP-fed canals showing weaker sector-level association than 
other indicators, attributed to the partial mitigation provided by plant-level disinfection. 
This supports the interpretation that the E. coli levels observed along the Molinella canal 
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reflect background contamination characteristic of the broader district, and that episodic 
peaks at PA are more appropriately attributed to treatment performance fluctuations than to 
a structural microbiological hazard introduced by the effluent.

4.2  Overall Effects of TWW on Irrigation Water Quality

The spatial analysis revealed clear, parameter-specific differences in water quality along 
the canal system, confirming the role of TWW discharge as the primary source of nutrient 
enrichment and a driver of downstream biogeochemical processes. Despite accounting for 
68–86% of the canal discharge, TWW did not produce systematic deterioration of conven-
tional irrigation water quality. A synthesis of significant pairwise differences between PA vs. 
P1 and P1 vs. P2–P4 is presented in Table 3.

For parameters directly regulated under Regulation (EU) 2020/741, the effluent intro-
duced no additional load relative to the conventional irrigation source. TSS were sig-
nificantly lower in TWW than in conventional irrigation water, leading to a reduction in 
suspended solids downstream of the confluence by 29 to 43%. BOD₅ at PA did not dif-
fer significantly from P1, indicating that TWW did not introduce additional biodegradable 
organic load. Downstream, however, BOD₅ at P3 was significantly higher than at P1 (Sect.  
4.1): this load is not attributable to the effluent, but from the perspective of the irrigator, and 
of the risk-based framework advocated here, it is present in the water actually abstracted. 
For E. coli, no significant spatial differences were detected, confirming that TWW discharge 
did not exacerbate faecal contamination within the canal under mean operating conditions.

The TWW contribution was primarily reflected in nutrient enrichment, with TN, TP, and 
NO3

−-N consistently higher at PA than at P1 and intermediate at P2–P4. Concentrations 
in the mixed irrigation water (TN of 5.3–5.7 mg L⁻¹ and TP of 0.6–0.8 mg L⁻¹) fall within 

Parameter Significant 
effect 
(p < 0.05)

PA vs. P1 P1 vs. 
P2–P4*

Total Phosphorus (TP) Yes Yes 
(PA > P1)

Yes 
(P1 < P2–P4)

Total Nitrogen (TN) Yes Yes 
(PA > P1)

Yes 
(P1 < P2–P4)

Nitrate-N (NO₃⁻–N) Yes Yes 
(PA > P1)

Yes 
(P1 < P2–P4)

Ammonium-N (NH₄⁺–N) Yes Yes 
(PA > P1)

Yes 
(P1 < P2–P4)

Chemical Oxygen De-
mand (COD)

No No No

Biochemical Oxygen 
Demand (BOD₅)

Yes No Yes 
(P1 < P3)

Total Suspended Solids 
(TSS)

Yes Yes 
(PA < P1)

Yes 
(P1 > P2–P4)

Dissolved Oxygen (DO) Yes Yes 
(PA > P1)

Yes 
(P1 > P3)

E. coli No No No
Total coliforms Yes No No
Faecal streptococci No No No

Table 3  Summary of statistically 
significant spatial effects for 
water quality parameters based 
on GLMM analyses. The table 
reports whether each parameter 
showed an overall significant ef-
fect of sampling point (p < 0.05), 
and the direction of significant 
pair

PA (TWW); P1 (conventional 
irrigation water); P2-
P3-P4 (mixed irrigation 
water)*Significant pairwise 
differences downstream of P1
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ranges that can supply a relevant fraction of crop nitrogen and phosphorus demand, repre-
senting a potential agronomic benefit through reduced reliance on fertilizers and support-
ing circular economy principles in agricultural water management (Mainardis et al. 2022; 
Odone et al. 2024).

However, these agronomic benefits must be considered alongside the associated risks. 
From a public health perspective, the episodic E. coli peaks reaching 80,000 CFU 100 
mL⁻¹ at PA and 45,000 CFU 100 mL⁻¹ at P3 represent a critical concern. These values 
reflect real-scale observations collected under actual operating conditions, with all samples 
retained to capture the full variability of the system. Such peaks are likely attributable to 
transient fluctuations in WWTP treatment performance driven by influent load variability 
or hydraulic peaks, inherent characteristics of full-scale operations, and could pose signifi-
cant health risks if irrigation water is applied to crops intended for raw consumption. From 
an environmental perspective, TN and TP values substantially exceeding WFD ecological 
targets indicate a potential risk of in-channel eutrophication and non-point nutrient export 
to downstream receiving water bodies, particularly under conditions of low crop uptake or 
irrigation mismanagement.

Taken together, these findings demonstrate that TWW reuse through blending in open 
irrigation networks delivers measurable agronomic benefits but simultaneously introduces 
public health and environmental risks that cannot be adequately captured by mean-condi-
tion assessments alone. This underscores the need for risk-based monitoring frameworks 
that explicitly account for worst-case contamination scenarios and nutrient dynamics in the 
context of blended reuse management.

4.3  Implications for Risk Management within Blended Direct Reuse

To further contextualise the regulatory implications of this study, field measurements at PA 
were compared with compliance monitoring data provided by the water utility for the Moli-
nella WWTP. These compliance data are unpublished and outside the scope of this article; 
they are included exclusively to inform the regulatory discussion, and a formal statistical 
comparison between the two datasets is not appropriate given their different origins and 
sampling protocols. The point of compliance, located inside the WWTP immediately after 
the disinfection stage, and PA are physically separated by approximately 1 m, yet occupy 
conceptually distinct regulatory positions: the former is subject to the full monitoring and 
quality requirements of Regulation (EU) 2020/741, while the latter, situated immediately 
after the discharge point into the Cavaliera canal, falls entirely outside its scope. Compli-
ance assessment during 2023 revealed an asymmetric quality profile: BOD₅ and TSS met 
Class A requirements in 97% and 92% of samples respectively (n = 36), with no exceedances 
beyond Class B. E. coli achieved only Class D, with a mean of 5,309 CFU 100 mL⁻¹, a 
maximum of 45,000 CFU 100 mL⁻¹, and only 20% of samples meeting the Class A thresh-
old (n = 10); the multi-year dataset (n = 28, 2021–2022–2023) confirms this as a structural 
characteristic of the system. Median E. coli concentrations at PA in the present study (300 
CFU 100 mL⁻¹; n = 22, June–October 2023 and April–October 2024) were higher than those 
recorded at the point of compliance by the water utility (161 CFU 100 mL⁻¹; n = 10, 2023). 
Given the different sampling frequencies, protocols, and dataset origins, this comparison is 
illustrative rather than statistically inferential; nonetheless, it suggests that a further increase 
in E. coli concentrations may occur across the unmonitored transition between the end of the 
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disinfection process and the receiving canal. This finding highlights a gap in the point-based 
compliance framework and reinforces the need to transition to a risk-based approach that 
extends monitoring and quality requirements beyond the WWTP outlet.

The case for this regulatory gap is structural and does not rest on the present dataset: 
blending reuse occurs wherever WWTP effluents enter collective conveyance infrastruc-
ture, a configuration documented at continental and global scale (Rice and Westerhoff 
2015; Thebo et al. 2017). The results reported here corroborate that argument with field 
evidence from one such system, aiming to start constituting a solid empirical foundation. 
Regulation (EU) 2020/741 was designed for unblended direct TWW reuse and provides 
no framework for the blended direct configuration that prevails in open canal networks, 
despite its documented widespread occurrence in peri-urban agricultural systems (Rice 
and Westerhoff 2015; Kesari et al. 2021). In the Molinella canal, TWW dominated total 
inflow throughout the monitoring period, shaping the chemical and microbiological quality 
of water abstracted for irrigation across an entire agricultural district. This system operates 
without any regulatory oversight of water quality at the point of abstraction, a condition that 
is neither exceptional nor confined to Italy, but representative of many irrigation systems 
across Europe and beyond (Christou et al. 2024). Overcoming this paradigm requires shift-
ing from a compliance-based to a risk-based governance framework that treats the entire 
water reuse system (comprising WWTP, the distribution network, and the farm irrigation 
system) as an integrated, interconnected system. Regulation (EU) 2020/741 already intro-
duced site-specific risk assessment as a foundational provision, and the subsequent adoption 
of Delegated Regulation (EU 2024/1765 2024) operationalised its technical specifications, 
together implicitly acknowledging that fixed quality thresholds assessed at a single point 
are insufficient for the diversity of real-world reuse configurations. This provision must be 
extended and formalised for water reuse through blending, with risk assessment encompass-
ing the full pathway from treatment to field (Drei et al. 2025; Allgaier et al. 2026).

The implications of this shift extend to a deeper reconceptualisation of water safety in 
agricultural systems. The One Health framework recognises the structural interdependence 
of human, animal, and environmental health across shared environments, and its application 
to reclaimed water reuse requires the integrated assessment of all interconnected compart-
ments (i.e., groundwater, surface water, soil, crops, and human populations) rather than the 
isolated evaluation of individual water sources or treatment steps (Penserini et al. 2024). The 
present study captures water quality dynamics across TWW, conventional irrigation water, 
and mixed irrigation water reaches for physical, chemical, and microbiological parameters, 
and demonstrates that contamination and enrichment processes cannot be attributed to any 
single source in isolation. This multi-compartment evidence base is consistent with a One 
Health approach to reuse assessment. The findings also expose a particularly consequential 
regulatory asymmetry: the WWTP effluent, despite its Class D microbiological compliance, 
is subject to rigorous regulatory oversight, whereas conventional irrigation water, sourced 
from the Po River and entering the system at P1, is structurally excluded from the regulatory 
scope, despite TSS concentrations averaging 114.6 mg L⁻¹ and E. coli median concentra-
tions of 2,000 CFU 100 mL− 1, both exceeding Class A and Class C thresholds respectively 
under Regulation (EU) 2020/741. This asymmetry reveals a contradiction: risk is assigned 
to the regulated source, while an unregulated source with potential contamination remains 
outside governance (Mateo-Sagasta et al. 2018). Formal inclusion of blended direct reuse 
within Regulation (EU) 2020/741, underpinned by site-specific risk management plans 
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encompassing the full water reuse pathway from treatment to field abstraction, would rep-
resent a coherent development of European water reuse governance, one guided by the 
integrated One Health principles (Allgaier et al. 2026).

4.4  Limitations of the Study

Several constraints delimit the scope of the findings reported here. The study describes a 
single irrigation district and influence of one WWTP. The spatial patterns observed are there-
fore specific to this system, and their extension to other blending configurations requires 
confirmation under different conditions. The GLMMs adopted are descriptive rather than 
mechanistic, but they were deemed the best choice for this research. While sampling point 
acts as a proxy for the cumulative effect of mixing, in-stream biogeochemical processes, 
lateral exchanges and abstraction were not considered due to the technical and logistical 
difficulties, and a future study could have this objective. The reach was not exhaustively 
characterised hydraulically and minor uncharacterised inputs along the canal cannot be 
excluded, and the localised organic enrichment and oxygen depletion observed at P3 remain 
unattributed. Dissolved oxygen was measured during the sampling events, so the night-
time minimum was not recorded. Systematic surveys of lateral inputs would be required to 
resolve this signal.

Future research could extend the current approach to contaminants of emerging concern, 
particularly pharmaceutical residues, as well as to the occurrence and dissemination of anti-
biotic resistance. Examining these parameters across the wastewater–canal interface would 
provide a broader understanding of the chemical and microbiological implications of water 
reuse under operational conditions, identifying additional priorities for the safe manage-
ment of reclaimed water in irrigation systems.

5  Conclusions

This study provides robust evidence of spatial variability in water quality parameters along 
an irrigation canal receiving TWW discharge from a WWTP, assessed under the real-scale 
operational conditions characteristic of water reuse practices in Northern Italy. By combin-
ing GLMMs with monitoring across 11 physical, chemical, and microbiological parameters, 
this research addressed both regulated parameters under Regulation (EU) 2020/741 (E. coli, 
BOD5, TSS) and additional indicators of environmental and agronomic relevance, provid-
ing an assessment that extends beyond the minimum legal requirements.

The analysis revealed clear spatial gradients for nutrients and suspended solids, while 
organic and microbiological parameters showed more stable or site-specific dynamics. 
Importantly, TWW inputs did not systematically deteriorate irrigation water quality; rather, 
they contributed to nutrient enrichment that can be reframed as a resource for fertigation. 
Taken together, these findings emphasize that reuse systems involving blending can buffer 
water quality variability and, at the same time, deliver agronomic benefits. However, moni-
toring must remain targeted to parameters with inherently higher variability, particularly 
ammonium and faecal indicators, where episodic peaks represent the primary risk.

From a regulatory standpoint, a compliance framework focused on the WWTP outlet 
does not adequately capture the quality that water abstracted by farmers downstream has. 
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In practical terms, the point of compliance and the point of use are not the same water, and 
the operational change these results support is to assess quality where abstraction occurs 
rather than only where the effluent is discharged. Monitoring protocols for reuse systems 
involving blending must be designed to reflect the specific hydraulic and agronomic condi-
tions of each system, accounting for the full range of variability rather than relying solely 
on mean-condition assessments. The effect of blending was also found to be parameter-spe-
cific, marked for suspended solids and absent for the faecal indicators, so its recognition as 
a barrier within a water reuse risk management plan requires site-specific verification rather 
than assumption. Moreover, the case for extending Regulation (EU) 2020/741 to explicitly 
address blending direct reuse is supported by these findings, which point towards harmo-
nized water safety standards across EU Member States where such practices are structurally 
embedded in irrigation infrastructure. These conclusions are bounded by the constraints set 
out in Sect.  4.4, in particular the single-site scope and the limited resolution of hydraulic 
inputs in an open canal network.

This work provides a methodological and empirical reference point for further research 
on blended direct reuse systems. Extending monitoring to longer time series, diverse hydro-
logical conditions, and additional pollutants and pathogens will be essential to fully assess 
the long-term sustainability and safety of water reuse systems. In particular, extending the 
GLMM-based approach to larger datasets, different canal systems, and varying TWW-to-
freshwater ratios would enhance its capacity to disentangle site-specific effects from gen-
eralizable patterns, thereby providing a stronger scientific basis for the management of 
blended direct reuse. Finally, monitoring should be expanded to contaminants of emerging 
concern (e.g., pharmaceuticals, pesticides, antimicrobial resistance determinants) and to the 
potential industrial contributions to the influent, to quantify interactions with nutrients and 
microbial dynamics, and to further characterize the conditions under which TWW can be 
safely and sustainably used in agricultural irrigation. 
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