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Abstract Sewage discharges constitute severe stress in
freshwater ecosystems. The Ramalhoso River belongs
to the Tagus River watershed and was chosen for a pilot
study on the impact of wastewaters discharges in a
freshwater ecosystem and its ability for self-depuration.
Twelve water samples were collected along the river
and were georeferenced. The first point is located up-
stream of the first discharge point, the second one cor-
responding to the discharge flow, and all the other
samples located downstream of secondary inflows at
approximately equal distances. Three sampling cam-
paigns were conducted during the rainy winter (Janu-
ary), the intermediate conditions (March), and the dry
season (June). The following chemical parameters were
analyzed: biochemical oxygen demand for 5 days

(BOD5), dissolved oxygen concentration (DO), total
phosphorus (Ptotal), total nitrogen (Ntotal), pH, tempera-
ture, total suspended solids (TSS), microbiological pa-
rameters (MP), and flow determination. Dissolved oxy-
gen, BOD5, and TSS were used as indicators of envi-
ronmental pollution. A coupled hydrodynamic and wa-
ter dispersion model simulated different pollution sce-
narios using the QUAL2kw software to construct a
water quality model. The simulation results are consis-
tent with field observations and demonstrate that the
model has been correctly calibrated, allowing feasibility
studies of different treatment schemes and the develop-
ment of specific monitoring activities.
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1 Introduction

Sewage treatment plant discharges are one of the biggest
problems in developed and developing countries, con-
tributing to an unclear and unstable aquatic ecosystem,
including, but not limited to, oxygen demand and nutri-
ent loading in the receiving basin (e.g., Albuquerque
et al., 2019; Aubertheau et al., 2017; Gonzalo &
Camargo, 2013; Hilario Garcia et al., 2017; Li et al.,
2016). Furthermore, sewage discharge may have a con-
siderable impact on public health, mainly when the
effluent is directly discharged into the waterline and
subsequently used in human activities (Xiao et al.,
2018; Zafar et al., 2017). Environmental protection from
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adverse effects of wastewater discharges and adequate
management in the European Union is currently legis-
lated under the EU Urban Wastewater Treatment Direc-
tive (European Union, 1991).

This study points to evaluate the usage of water
quality models to better understand the response of a
river under the influence of different loads of nutrients.
The QUAL2Kw model was used in an applied survey
aiming to model the Ramalhoso River’s water quality.
Therefore, making possible the representation of a com-
plex set of parameters downstream the river, and the
corresponding impact on water quality.

Considering that most of the chemicals are originated
from urban and agricultural areas and enter the aquatic
environment, mainly via urban runoff (Delhomme et al.,
2008), and/or domestic and industrial wastewaters
(Sousa et al., 2018), a special focus should be addressed
to domestic and agricultural catchments (Tiedeken et al.,
2017; Vystavna et al., 2018).

Modeling water’s quality became a useful tool in
determining contamination behavior and corresponding
water quality impacts. Simulated scenarios allow
accessing a set of possibilities and the assessment of
mitigation plans in face of a contamination occurrence
(Antunes et al., 2018; DiGiano & Grayman, 2014; Hen-
derson-Sellers, 1991). Pollution simulation is a serious
issue as it has consequences for hydrological modeling
and discharge predictions for environmental impact as-
sessment (Farhadian et al., 2019; Khwairakpam et al.,
2019; Tillaart et al., 2013; Whitehead et al., 2015).
Modeling can be a useful management tool because
models allow understanding the water body response
to different pollution pressure scenarios which may
assist in the decision-making process and in prosecuting
the Water Framework Directive objectives.

Mathematical modeling makes it possible to estimate
contamination loads in an aquatic environment (Grabiç
et al., 2011; Henderson-Sellers, 1991; Jeznach et al.,
2016; Lin et al., 2010), by establishing cause and effect
relationships between pollution sources and water qual-
ity and simulated different aquatic response scenarios in
different controlled situations. The simulation results
serve as a management tool for policymakers predicting
the effect of accidental releases or additional polluting
loads. In the literature, various examples of QUAL2KW
modeling can be found, used as a tool for simulating the
water quality in rivers and catchment areas using as
control parameters: biochemical oxygen demand
(BOD5), total nitrogen (Ntotal), total phosphorus (Ptotal),

and chemical oxygen demand (COD) loads (Sharma &
Kansal, 2013). QUAL2KW is also widely utilized for
studying water quality management strategies (e.g., Fan
et al., 2009; Grabiç et al., 2011; Henderson-Sellers,
1991; Jeznach et al., 2016; Lin et al., 2010; Pelletier
et al., 2006; Sharma & Kansal, 2013; Xiaobo et al.,
2008).

The Ramalhoso River watershed is in the central
mainland of Portugal, in the district of Castelo Branco,
covering an area of approximately 54.81 km2. The river
is integrated into the Tagus River’s watershed (Fig. 1).

The hydrographic network of the Ramalhoso water-
shed can be divided into two distinct zones: the right
bank, characterized by small tributaries with a weak
order of classification and by low drainage density,
given the weak longitudinal slope of watercourses, and
the left bank, with tributaries of a high order and high
drainage density, seeping approximately 58% of the
watershed area. The climate in the survey area is tem-
perate with rainy winter and hot dry summer.

When wastewater is discharged into a water line,
with biodegradable organic substances, whether of do-
mestic or industrial origin, the action that these exert on
the waterline will depend on the relationship between
the volume of water and the volume of the discharge.
Dilution will be the main factor that intervenes in min-
imizing the impact that the discharge may cause on the
waterline (Albuquerque et al., 2019).

Consequently, after receiving organic pollutants, the
balance between habitats is resulting in the initial disor-
ganization followed by a post-reorganization trend. In
this sense, the self-purification in watercourses can be
understood as a phenomenon of ecological succession,
following a systematic sequence of substitution from
one community to another, until one community estab-
lishes itself in balance with the new conditions.

The objectives of monitoring water lines include the
assessment of the spatial-temporal quality of inland
waters and providing a survey of the priority areas for
the control of water pollution. Indeed, identifying sec-
tions where the quality may be more degraded allows
enabling preventive and control actions by the respon-
sible entities to achieve the good ecological status of the
waters. The monitoring of the waterline is also an eval-
uation mechanism, which can contribute as a basis for
an action plan of the same and the surrounding areas.

The Ramalhoso River basin shows pollution issues
mainly associated with organic contamination namely
due to the influence of the wastewater plant’s discharge.
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The water quality model was fairly calibrated for most
of the parameters and is an important tool for water
management and ecosystem monitoring.

2 Materials and Methods

The first step was the definition of a sampling design
which, in this survey, was outlined aiming at two as-
pects: (1) construction of a water quality model for the
Ramalho River and (2) control the water quality impact
of the Ramalhoso River in the Ocreza River, consider-
ing the associated seasonality. The Ocreza River is an
important tributary of the Tagus River, being an impor-
tant economic and welfare source for the neighboring
populations.

The sampling design includes (1) ten georeferenced
samples (P1–P10) collected in the Ramalhoso River and
working as input values for the water quality model
computation (Ramalhoso River) and (2) two control
samples (P11 and P12; Fig. 2) in the Ocreza River.

These twelve samples were collected over three differ-
ent time frames: (1) wet winter (January); (2) interme-
diate conditions (March); and (3) dry season (June). The
collected water samples were transported in polypropyl-
ene bottles (with the addition of sodium thiosulfate
solution) within thermic arks to the Certified Regional
Laboratory of Trás-os-Montes, Lda (Portugal).

The water parameters analyzed included biochemical
oxygen demand (BOD5), chemical oxygen demand
(COD), dissolved oxygen (DO), total phosphorus
(Ptotal), total nitrogen (Ntotal), pH, temperature, total
suspended solids (TSS), andmicrobiological parameters
(MP—fecal coliforms). Temperature, pH, electrical con-
ductivity, dissolved oxygen, oxi-reduction potential, to-
tal dissolved solids, and salinity were measured “in situ”
using a multiparametric portable probe Hanna Instru-
ments Model HI 9828. Total suspended solids (TSS),
biochemical oxygen demand (BOD5), chemical oxygen
demand (COD), dissolved oxygen (DO), microbiologi-
cal parameters (MP), total phosphorus (Ptotal), and total
nitrogen (Ntotal) followed the protocol set out in Table 1.

Fig. 1 Ramalhoso River Watershed location in the Castelo Branco district, Portugal
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The flow (Q) measurement was made using the
empirical field approach section-velocity method.
This method consists of measuring the following:
(1) the area of a cross-section of the watercourse
(A) and (2) the flow’s average speed through the
section (V). Since the depth of the river, in the
selected cross-section, is variable, it was divided

into equal sections, and depth (h) was measured
for each of the considered parts (Fig. 3).

The flow’s average speed (V) was determined by
registering the time a floating device took to go through
a previously defined distance. The flow for each section
(Qi) was determined (Qi = Ai * Vi) and the total flow
obtained summing the values referring to each part
(∑Qi). The procedure was repeated three times for each
section, and the correspondent average was used for the
final flow rate computation.

Dissolved oxygen (DO), biochemical oxygen de-
mand (BOD5), and total suspended solids (TSS) were
used as indicators of organic matter and as parameters to
assess water contamination and, therefore, as key attri-
butes in the subsequent modeling procedure. Secondary
intakes were identified, and water samples were taken
downstream at approximately the same distances.
QUAL2Kw is a modeling system for TMDL’s—total
maximum daily local—which can be translated as a
maximum daily total load. The system determines the
maximum quantity of pollutant load that a water line can

Fig. 2 Water sampling campaigns

Table 1 Laboratory parameter protocol for water quality
determination

Water parameter Analytical methods

Total suspended solids PAFQ09 based on norm SMEWW
2540 D

Microbiological
parameters

PAB11 based on norm SMEWW

BOD5 Manometric method

DO and COD Volumetric precipitation

Ntotal Computed

Ptotal Molecular absorption spectrometry
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receive and still comply with the standards of water
quality. Mathematical models of this type are used ex-
tensively for water quality planning and management
aiming to predict variations in water quality that may
occur in response to an increasing pollutant load.
QUAL2Kw is based on ordinary differential equations
for river systems unidimensional and constant flow,
which can be used to simulate the behavior of several
water quality indicators and parameters (Fan et al.,
2009; Pelletier et al., 2006; Xiaobo et al., 2008). The

model includes a PIKAIA genetic algorithm to calibrate
the kinetic rates of parameters, optimizing the values by
comparing predicted and observed data. This optimiza-
tion is automatically determined by the square root of
the mean of the errors (RMSE), the difference between
the expected values and the observed values, in which a
better-fit result in an application of the model when
compared to the data observed (Xiaobo et al., 2008).

Themodel considers the entire length of the waterline
with hydraulic characteristics constant in all stretches,

Fig. 3 Schematic field approach to estimate water flow

Fig. 4 Ramalhoso River segmentation
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such as the slope of the margins and the width of the
bed. The Ramalhoso River was divided into eleven
segments (sections) with less than 1.50 km in length.
Regarding the longitudinal slope, the water line varies
between 0.0012 at the mouth and 0.11 at its source. The
monitoring sampling points are located at the southern
limit of each segment (Fig. 4).

For model calibration, the QUAL2Kw software pro-
vides manual or automatic calibration, using an internal
genetic algorithm that calibrates the model automatical-
ly based on multiple stoichiometric and constant rates
specified (Xiaobo et al., 2008). Calibration is a process
that allows for an optimized adjustment between the
observed and predicted values. For this survey, auto-
matic calibration was used for the January, April, and
June campaigns.

The calibration process aims to select several situa-
tions in which the input values for the selected variables
in the model are known. The parameter input values
allow the model to reproduce the output values as de-
scribed by Xiaobo et al. (2008).

To guarantee the robustness of the parameter esti-
mates, it is necessary to calibrate the model for various
situations, representing the variety of scenarios that the
model will have to simulate. The greater and more
diverse the number of situations available to calibrate
the model, the greater the user confidence in the results
predicted by the model (Fan et al., 2009; Pelletier et al.,
2006; Xiaobo et al., 2008).

In the present survey, parameters were assigned to
the model, to reproduce the values observed in ten
sampling points in rainy conditions (January), temperate
conditions (April), and dry conditions (June). The pa-
rameters introduced in the model were as follows: tem-
perature (°C); electrical conductivity (μS/cm); total
suspended solids (mg/L); dissolved oxygen (mg/L);
BOD5 (mg O2/L); Ptotal (μg P/L); Ntotal (μg N/L); mi-
crobiological parameters (UFC/100 mL); and pH
(Sörensen scale).

3 Results

The obtained physico-chemical and microbiological pa-
rameters of water samples are presented in Table 2.

The analyzed variables were statistically evaluated
aiming to stress their space-time variation (Fig. 5). It is
possible to identify the samples P3 and P7 as the ones
with the highest BOD5 and total suspended solids (TSS) T
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Fig. 6 Flow simulation: a January; b April; and c June

Fig. 7 Dissolved oxygen simulation: a January; b April; and c June

Fig. 5 Space-time variability of water for flow; dissolved oxygen (DO); biochemical oxygen demand (BOD5), and total suspended solids (TSS)
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which could be related to the addition of diffuse contri-
butions associated with agriculture seasonality. Howev-
er, it is possible to observe a general decrease, for all
three campaigns, downstream the river which indicates
a river’s fair self-depuration (Table 2).

An overall analysis makes it possible to say that the
results of the calibration of the different parameters were
acceptable. In future work, field rates and kinetic coef-
ficients are key covariates for improved calibration and,
as a result, improved quality of the QUAL2Kw model’s
suitability.

3.1 Flow Calibration

The flow calibration reveals a fair fit for all three mea-
sured seasons and, this way, allowed to validate the
adopted field measurement technique. It is worth notic-
ing that the spatial distribution pattern is very similar
along the hydrological year with a maximum flow var-
iation between 2 m3 s−1 in June and 18m3 s−1 in January
(Fig. 6).

3.2 Dissolved Oxygen Calibration

The calibration of dissolved oxygen for the studied
periods varies with the influences received along the
river (Fig. 7). The best calibration was achieved in the
rainy season (January) because of higher flows. Gener-
ally, it can be concluded that the Ramalhoso River has a
normal oxygen level and adequate surface water quality.

3.3 Biochemical Oxygen Demand Calibration

The results of the biochemical oxygen demand
(BOD5) calibration show the systematic presence
of an outlier, respectively, sample P9, collected in
January, sample P7, collected in April, and sample
P3, collected in June (Fig. 8). Considering the
location and observed flow rates, it is possible to
consider these abnormal values due to agricultural
diffuse contributions. Sample P3 was collected
near the Póvoa wastewater plant’s discharge in
June, possibly indicating a deficient water

Fig. 8 Biochemical oxygen demand (BOD5) simulation: a January; b April; and c June

Fig. 9 Total suspended solid simulation: a January; b April; and c June
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treatment, in low flow conditions, during the dry
season (Fig. 8).

3.4 Total Suspended Solid Calibration

The total suspended solid model’s best fit corresponds
to January. The calibration for April is not acceptable
showing the need for additional validation data. It is
important to stress that the sample point P7 is an outlier,
in both January and June campaigns, and a possible
explanation may be related to diffuse contributions as-
sociated with agricultural activities. Water sample point
P3 (Póvoa’s Wastewater Treatment Plant) is an outlier
during the dry season, June, which points out to possible
deficient wastewater treatment (Fig. 9).

4 Discussion

The studied parameters were calibrated. In terms of
specific parameter analysis, more emphasis will be giv-
en to dissolved oxygen and biological oxygen demand.
The dissolved oxygen parameter is important to control
as it affects the reactions in the hyporheic zone and is
related to other coexistent water parameters, namely
nitrogen, organic matter, and chlorophyll a. The simu-
lated values remain between a minimum of ± 6 mg/L in
June and ± 10 mg/L in January, complying with the
values provided for agricultural irrigation in the Portu-
guese water legislation. For the BOD5, the values follow
the trend of an increase following a wastewater plant
discharge, which started to decline after the last dis-
charge. The value of water pH is quite satisfactory for
surface waters, being higher in January (8.3–8.5) and
lower in April (6.8–7.0). There is a decrease in water pH
from upstream to downstream, influenced by the sewage
discharges and returning to the balance close to the
mouth.

The QUAL2Kw calibration for Ramalhoso River
water quality showed some limitations, namely, (1) the
reduced sampling field data in each simulated period—
in the sense that minimizing the uncertainties in the
values introduced as a reference would be convenient
to have daily dataset series or a series of several years for
the samemonth; (2) experimental measurements of flow
rates—flow values for point calibration were estimated
using the semi-empirical formula of Giandotti; and (3)
identification of diffuse polluting sources—the mathe-
matical formulation for the hydraulic system description

was based on the Gauckler-Manning-Strickler equation,
assuming the same slope along with the river’s longitu-
dinal profile and the same coefficient (Manning =
0.040); however, the river shows some heterogeneity.

5 Conclusions

The Ramalhoso River water quality indicates pollution
issues essentially associated with organic contamination
(BOD5 and TSS), namely due to sewage discharge. The
Qual2kw model’s calibration is acceptable for most
parameters and, therefore, can forecast the Ramalhoso
River water’s quality throughout the hydrological year.
Considering the obtained results and the model’s poten-
tial as a tool to support planning and management, in
future work, corrective measures will be taken to im-
prove Ramalhoso River water quality aiming to rebal-
ance the fluvial ecosystem, allowing an effective self-
purification with the reduction of the organic contami-
nation. For immediate mitigation, it is recommended
that the wastewater plant treatment system increase the
flow during summer, by storing water in the rainy
season at the Pisco dam, which will improve water
quality. The parameters, flow rate, speed, and depth of
the channel must be determined in situ to obtain a
calibration based on real values over literature estimated
ones.
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