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Abstract

Management of wastewater from diverse sources are important because effluents are discharged into the aquatic envi-
ronment after treatment. In this study, the water quality of the Veldwachters River and associated ecotoxicity risks of the
wastewater treatment plant’s (WWTP) effluent were evaluated. Physicochemical characterisation over four seasons and
ecological risk assessment of WWTP's effluent using aquatic organisms comprising of the producer Raphidocelis subcapi-
tata, consumer Daphnia magna and decomposer Tetrahymena thermophila as experimental models were investigated.
The crustaceans were subjected to 48 h exposure for mortality while both algae and the protozoan were exposed for
growth inhibitions at 72 h and 24 h respectively. Physicochemical characteristics were within regulatory limits. Growth
inhibition was observed in autumn and winter for R. subcapitata and in summer and spring for T. thermophila. Crusta-
ceans D. magna (consumer) was classified as Class Ill (acute toxicity) for the effluent in all seasons. Meanwhile, the most
sensitive organism in the applied battery of biotests was the protozoan T. thermophila (decomposer), demonstrating a
toxic unit (TU) > 100, while R. subcapitata and D. magna demonstrated 1 TU < 10. These results showed that the effluent
have potential toxicological effects on aquatic organisms and provided insights into the required intervention strategies
for pollution reduction.
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e Water quality and toxicity assessment of WWTP effluent
using aquatic organisms.

e There is a significant difference between the growth
inhibition of D. magna and T. thermophila (p < 0.05).
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icity values in R. subcapitata.

Keywords River - Bioassays - Effluent - Water quality - Wastewater treatment plant

1 Introduction

Water is among the major essentials provided by nature,
to support life, and is regarded as the most precious
resource [32]. However, over the past few decades, a
lot of water systems around the world have undergone
tremendous amount of change [29]. Population growth,
industrialisation, urbanisation and consumption pat-
terns are amongst the changes contributing to the
worlds rising demand for freshwater resources [39]. With
demand of water exceeding supply, the world is far from
being water secure and inadequate water supplies pose
great challenges to the economic development of many
nations [45]. Currently, there is a shortage of freshwater
in developing countries, including countries that were
considered as water rich [19].
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South Africa (SA) is a semi dry country and its fresh-
water resources are scarce and extremely limited [7].
With an average rainfall of 450 mm, SA is the 30th driest
country in the world. This is far less than global average
of 860 mm per year [9]. As a result, SA is categorised
as a water stressed country, with an annual freshwater
availability of less than 1700 m? per capita. The compari-
son of SA’s available water per capita, with neighbour-
ing and other countries, highlights the challenge that
the country is currently facing. The recent Western Cape
drought’Day Zero’(2017-2018) is another example that
shows that SA’s water scarcity issues are severe [29]. The
drought brought to light SA’s water system’s flaws and
potential problems with water scarcity that could also
arise in other provinces [12, 29]. Additionally, water secu-
rity does not only depend on the availability of water,
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but also on the quality of the water and globally, about
80% of wastewater is discharged into the environment
untreated or partially treated, leading to adverse envi-
ronmental effects [15]. Wastewater is generated through
various sources such as homes, industries, farms, and
various other ways. As a result, the complexity of waste-
waters comprising of both natural and synthetic organic
substances and high volumes of industrial chemicals are
possible contaminants that cause toxic effects in waste-
water [3]. These constitute potential dangers to the natu-
ral water system and hence becomes hazardous to life
and the environment [30].

The rise in water scarcity and wastewater production
has led to the reuse of wastewater which is a promising
source of water supply and a crucial component of sus-
tainable water resource management [5]. Therefore, a
response to water scarcity and deteriorating water quality
has been to develop wastewater treatment technologies.
Wastewater treatment plants (WWTPs) play a crucial role
in preventing human health and the environment from
being negatively affected by removing pollutants in the
wastewater [6]. However, inadequate wastewater and
sewage treatment operations and maintenance of infra-
structure are regarded as major causes of the deteriorat-
ing water quality in the many regions and South Africa is
no exception [16]. Conventional wastewater technologies
which refer to the traditional methods such as physical,
chemical and biological processes used for treating waste-
water have proved to be inadequate to handle the rapidly
increasing load caused by population growth [26]. WWTP
effluents contribute a diverse variety of contaminants such
as polychlorinated biphenyls (PCBs), antibiotics and anti-
viral drugs, as well as pesticides to freshwater ecosystems
downstream because not all toxins from sewage waters
are removed [35, 40].

The different treatment steps at the WWTP, the compo-
sition of the wastewater that enters the WWTP, the type
of treatment processes conducted, seasonal variations in
temperature and other external factors such as agricultural
and urban runoff along the river play a great role in the
quality and toxic levels of the surface water. As a result,
possible adverse effects on aquatic organisms and the
environment change according to seasons [24]. Therefore,
seasonal variation studies are important to monitor pollut-
ant levels across a range of time scales to determine the
best treatment processes [23].

Our dependence on treated water is increasing thus,
the importance of maintaining and upgrading WWTP
technologies becomes a need as it serves as the final

barrier between polluted water and a healthy and func-
tioning ecosystem [41]. Water quality monitoring and
sampling becomes the best way to assess contamination
of water and to further ascertain compliance of a WWTP’s
efficiency to the relevant regulatory standards [2]. When
assessing the water quality parameters, it is also important
to complement the physicochemical characterisation with
biological indicators of test organisms that can be verified
to the current list of accepted direct toxicity assessments
(DTA) for better characterisation of freshwater ecosys-
tems and effectiveness of WWTPs effluent quality [5]. In
this way, ecotoxicological assessments predict potentially
harmful biological effects of pollutants, they can be used
to determine community tolerance tendencies and offer
information on the global bioavailability and toxicity of
various chemical stressors. [40]. The use of a battery of
bioassays with organisms each representing a different
trophic level (producers, consumers and decomposers), is
recommended [26, 40].

Previous studies have shown that ecotoxicological
assessments can be carried out using various model spe-
cies that have been developed for years and generally used
to assess water safety [21]. As a result, the commonly used
organisms include algae, luminescent bacteria, protozoa,
daphnia, and fishes [21, 38]. For instance, a study [46]
assessed the acute toxicity of polychlorinated diphenyleth-
ers (PCDEs) using Scenedesmus obliquus, Daphnia magna,
and Danio rerio which all represented different trophic lev-
els. Furthermore, these species are known standard test
organisms used for aquatic risk assessments and have been
widely selected as models for ecotoxicology studies for
assessing chemical pollutants [46]. Meanwhile, Mendonca
et al and Reque et al [25, 37] stated that, when conducting
ecotoxicological studies, due to variations in the relative
sensitivities of the organisms, it is essential to study effects
at various trophic levels. Additionally, sensitivities of single
species vary from one toxicant to another. and it is there-
fore difficult to apply a model of action of a set of chemicals
found for one species to another species [37].

These holistic approach is important in water scarce
countries where water reuse for agricultural and rec-
reational purposes is widely practiced. Therefore, this
research intends to provide an assessment of the poten-
tial influence the WWTP effluent has on the Veldwachters
River and provide more insight on the benefits of aquatic
toxicity tests in WWTP effluents. The results obtained
from this study could further provide useful information
for improving operations in WWTPs, contribute to the
selection of suitable treatment technologies and assist
in establishing aquatic toxicity criteria.
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Fig. 1 Location of the wastewater treatment plant. Source: QGIS, 2022. INF, Influent; EFF, Effluent; POD, Point of discharge; UPS, Upstream;

DOWNS, Downstream

2 Materials and methods
2.1 Selection criteria of the sampling points

A site inspection was conducted, to critically observe the
study area and select sites that would meet the objec-
tives of the study. The selected five sampling points were
points in the WWTP, outside the WWTP and in the vicinity
of the WWTP. The selection of sampling points upstream
and downstream of the river were considered based on
accessibility and water availability for most part of the
sampling period. A global positioning system (GPS) was
used to obtain geographic coordinates of the sample
sites. The WWTP is situated in a small metropole 50 km
East of Cape Town, South Africa as shown in Fig. 1. The
WWTP is fully functional and receives wastewater from
both municipal and industrial sources. The study area is
characterised by small and big commercial farms which
contributed a high percentage to the South African agri-
cultural capacity.

The WWTP has a treatment capacity of 35 megalitres
per day, Average Dry Weather Flow (ADWF), which con-
sists of the Membrane bioreactor (MBR) for liquid and
solid separation instead of conventional clarifiers, with
a treatment capacity of 27 megalitres per day (ML/d)
ADWF and the modified old Activated Sludge Process

SN Applied Sciences

A SPRINGERNATURE journal

(ASP) with a treatment capacity of 8 ML/d ADWF. The
WWTP treats 74-85% domestic and 15-26% industrial
sewage from its local area via a combination of gravita-
tional sewers and 9 pump stations. The MBR technology
is beneficial in terms of the small footprint of the biore-
actor and the production of effluent that can be reused
in future. Furthermore, the incorporation of the mem-
brane technology will significantly improve the state of
the river downstream. The final effluent is discharged
into the Veldwachters River. The River is a tributary of
the Eerste River, flows through agricultural areas and
supplies farmers in the area with water for irrigational
purposes.

2.2 Sampling procedure

Samples were collected using glass bottles with a storage
capacity of 2.5 L and the sampling procedure was accord-
ing to the standard methods [22]. Field sampling com-
menced in September 2019 and ended in June 2021. The
plan was to sample for 12 consecutive months to cover
all four seasons and provide information of possible sea-
sonal variation within one year. However, due to Covid 19
and lockdown restrictions the sampling regime extended
to 13 inconsecutive months. The samples were collected
in September, October November, and December 2019;
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January, February, August September, October, Novem-
ber,and December 2020; March and June 2021. After sam-
pling, the bottles were placed in cooler boxes containing
ice, transported for approximately 50 km to the laboratory,
and stored in the refrigerator in darkness at 4 °C until fur-
ther analysis. A total of 26 influent and effluent samples;
and 37 river water samples were collected and analysed.

2.3 Determination of physicochemical parameters

The following physicochemical parameters, pH, Dis-
solved Oxygen (DO), Total Dissolved Solids (TDS), Oxida-
tion-Reduction Potential (ORP) and temperature were
measured with a portable multi parameter reader (Sen-
soDirect 150 Multiparameter—Lovibond, Germany) after
calibration as per manufacturer manual. Chemical oxygen
demand (COD) was measured using a photometer and
its ready-to-use kits (Lovibond MD 100, Germany) and
the biochemical oxygen demand, (BOD) was measured
using the BOD system (Lovibond, BD 600, Germany) in
the laboratory.

2.4 Ecotoxicity tests

Raphidocelis subcapitata, (a primary producer), Daphnia
magna (a primary consumer), and Tetrahymena thermoph-
ila (a decomposer), were used as test species to further
assess the quality of the WWTP effluent. The Toxkits were
supplied by MicroBioTests Inc., Belgium as Algaltoxkit,
Daphtoxkit F™, FTM and Protoxkit F™. The experiments
complied with all applicable international standards and
guidelines (ISO 6341 and OECD 201, 202, and 244). The test
organisms are widely used for investigation of WWTP efflu-
ent toxicity due to their rapid, low-cost, and easy to run
test kits. Detailed information of the aquatic toxicity exper-
iments used is illustrated in Table A1. No reference test
was done in all experiments, however, the experiments
included cells that were not exposed to test samples (neg-
ative control). Serial dilution of the effluent samples was
done using the respective organisms’standard media, the
OECD 202 medium artificial freshwater (AFW) composed
of 294 mg/L CaCl,-2H,0; 67.75 mg/L NaHCO;; 123.25 mg/L
MgSO,-7H,0; and 5.75 mg/L KCI. A dilution series of the
WWTP effluent sample at 100% (undiluted, C1), 50% (C2),
25% (C3), 12.5% (C4), and 6.25% (C5) and control were pre-
pared, using similar methods to Carvalho et al. [5]. While
it would have been ideal to include a positive or negative
control to validate the results, this was not possible due
to limitations of resources and equipment. Therefore, the
results were instead validated through multiple independ-
ent experiments, to ensure consistency and reliability. This
was done to obtain valid LCy, or EC;, endpoint and the
experimental data for all tests were analysed using ToxRAT

Professional 3.2° for the determination of growth inhibi-
tion, mortality, statistical significance, and critical concen-
trations. Detailed information regarding the EC50 calcula-
tions can be found in Table A2 and Figures A1-A2.

2.4.1 72 halgal growth inhibition test with Rhaphidocelis
Subcapitata

The algae growth inhibition test method was used to
determine the toxicity of samples on freshwater R. subcapi-
tata. The algal beads were de-immobilized according to
the Algaltoxkit F™ instructions as per the OECD guideline
201. An algal density of 1 x 10° cell/mL was prepared from
the concentrated algal inoculum by measurement of the
optical density of the inoculum on a spectrophotometer
(Jenway 6300) at a wavelength of 670 nm. Each flask inoc-
ulated with 1x 10 cells/mL as the test start concentration.
The various dilution series were transferred in three rep-
licates into five long cells. The long cells were positioned
randomly in the holding tray and were incubated at 23 °C
with a sideway illumination of 10,000 Lux for 72 h. Meas-
urements of the algal growth inhibition and OD at 670 nm
of the algal suspensions in the long cells was performed
at 24 h intervals for 72 h. The data was used to determine
yield and growth inhibition of R. subcapitata after expo-
sure to the water samples. According to the ISO Standard
8692 the test is deemed valid when the average growth
rate in the control is at least 1.4 per day which corresponds
to an increase in cell density by a factor 67 in 72 h. While
the OECD 201 indicates that the control growth rate must
be at least 0.92 per day (a multiplication factor of only 16).

2.4.2 48 h Acute immobilization test on crustacean
Daphnia Magna

The crustaceans D. magna was exposed for 48 h to the
different water samples collected for toxicity testing and
hatching of the ephippia was achieved as per the sup-
plier's Daphtoxkit F™ instructions. The ephippia were
rinsed using tap water, transferred into the hatching petri
dish in 50 ml pre-aerated standard freshwater, and finally
incubated at 20+ 2 °C under continuous light intensity of
6000 Ix for 72 h. Thereafter, the young daphnids (<24 h
old) were pre-fed spirulina 2 h prior to the start of experi-
ments to prevent “starvation to death”. Each test consisted
of exposing 5 replicates of 5 neonates to each of the 5
diluted concentrations. Approximately 20 neonates were
first transferred into the multiwell rinsing plate and sub-
sequently into the definite test multiwell plate. The rinsing
step prevented the dilution of the test solutions during
the transfer of the neonates from the stocks into the toxi-
cant solutions. Thereafter, the neonates were covered in a
transparent plastic lid and were incubated in darkness at
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Table 1 Determination of the class weight scores for wastewater

The test score is allocated for the effect results of each biotest in
the battery where

No ‘significant’ toxic effect Score 0
Significant toxic effect, but <L(E) Cs, (< 1 TU) Score 1
1-10TU Score 2
10-100TU Score 3
>100TU Score 4

20 °C for 24-48 h. Following the 24 h and 48 h period, the
neonates were visually observed and counted, neonates
that were unable to swim after gentle agitation of the lig-
uid for 15 s were immobile. The experimental results of D.
magna were accepted when the observed mortality and
immobilization rate were < 10% in the controls [27].

2.4.3 24 h growth inhibition test on the ciliate protozoan
Tetrahymena Thermophila

The ciliate protozoan microbiotest kit provided material
to perform a growth inhibition of the ciliate protozoan T.
thermophila within 24 h following the Protoxkit F™ instruc-
tions of OECD guideline 202. In this period normal growing
cultures complete at least 5 generation cycles. The test is
performed in disposable polystyrol spectrophotometric
cuvettes of 1 cm in diameter. The only tools required were
a photometer (filter 440 nm) and an incubator (30 °C). Cili-
ate inoculum and food suspension were used to prepare
the dilution series, which were added to the control tubes
and the test tubes.

(@) To calculate the dilution factor that was needed to
arrive at a ‘theoretical’ optical density (OD) value of

0.04
F=0D value/0.040
V=05x%x(F-1)

For instance, if the original OD is 0.090, the 1.5 ml ciliate
suspension should be diluted by a factor 0.090/0.040=2.25
times [28].

Where, F = the dilution factor, OD value = the optical
density value, V = the dilution volume.

All the cells were put into a holding tray and the tray
was put in an incubator (in darkness) at 30 °C for 24 h.
After the 24 h incubation, the measuring equipment was
recalibrated with a test cell containing 2 ml distilled water
and all cells were gently shaken to determine the OD at
440 nm. The test was considered valid when the OD of the
controls after 24 h incubation showed a decrease of the
initial reading (T,) value by at least 60%, the OD at final
reading (T,,) should be 40% or less of the OD at T, [28].

2.5 Ecotoxicity test evaluation

The results were expressed as either effective concentra-
tion (EC) or lethal concentration (LC). The toxicity endpoint
(ECsp) was determined as the relative concentration of the
that resulted in 50% of immobilization in the tested sam-
ple after exposure time in different volumes. The L(E)C50
values were determined using nonlinear regression anal-
ysis and the 4-parameter logistic model which involves
extrapolation beyond the range of the data, this was deter-
mined at 24, 48 and 72 by using the Toxicity Response
Analysis and Testing (ToxRat) Professional 3.2 software.
Toxicities and L(E)Cs, values are inversely related and so,
toxicity units (TUs) are used to describe concentration-
based toxicity measurements. Acute toxicity unit (Tua) is
used to express acute toxicity of concentration-based tox-
icities. To determine the toxicity effect of the test, toxicity
values EC;, were converted to TU based on the equation
(TU=[1/L(E)C5,] x 100) as reported by [36] and were classi-
fied according to Persoone et al. [34] hazard classification
system for wastewaters discharges into aquatic environ-
ments. The hazard classification system suggests that sam-
ples are classified as non-toxic when TU < 0.4,slightly toxic
when 0.4 <TU < 1; toxic when 1 <TU < 10, very toxic when

Table2 Mean (+SD) values of physicochemical parameters obtained at the different sampled sites

Sampling points Standards

Influent Effluent Point of discharge ~ Upstream Downstream  DWAF WHO USEPA
Physicochemical parameters
Temp °C 226+3.2 23.9+2.98 23.8+3.46 16.7£8.04 24.1+£3.17 <35 40 <35
pH 8.1+£1.1 7.8+£1.36 8+1.13 7.1£3.29 8.3+0.89 5.5-9.5 6-9 6.5-8.5
DO mg/L 4+1.69 45+1.93 5+£2.13 4.2+2.56 44+2.11 7.5 N/A 6-9.5
EC uS/cm 1096+74.77 646+44.25 653+47.04 660+301.45 650+47.06 <750 1000 2500
TDS mg/L 730+£50.55 431+£31.14 434+28.09 437+199.08 435+23.72 0-450 0-650 500
ORP mV -40+201.29 143+82.96 151+£73.71 111+£71.28 143+£57.04 N/A 700 N/A
BOD mg/L 102.6+44.97 19.3+£27.07 13.7£10.41 124+£11.22 9.8+5.33 3.0-6.0 50 <500
COD mg/L 563.38+£191.52 47.9+79.93 39.35+54.65 31.38+£24.79 50.16+69.08 <75 <100 <1000
SN Applied Sciences
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10<TU < 100 and extremely toxic when TU > 100 [34]. To
classify TU for samples that had no EC;, values, the hazard
classification method based on assumption was used [18].
Assuming that samples for which ECs, values could not
be calculated have TU > 1, therefore, TU is assumed to be
1[18].

To demonstrate the quantitative significance (weight)
of the toxicity in each hazard class, a weight score was
generated according to Persoone et al. [34] as shown in
Table 1. Class weight scores were evaluated by the alloca-
tion of a test score for the effect results of each test of the
battery and were calculated using Eq. 1.

(b) To determine weight class score
Class weight score = Z all test scores /n (1

where n=number of tests performed.
(c) To calculate the class score in percentage

% Class weight score = Class score/maximum class weight score X 100

limiting potentially dangerous water components [44].
These guidelines are based on health-based targets, and
the criteria used to determine these standards are con-
stantly being reviewed. As a result, each country’s drink-
ing water standards may differ in nature and form, and no
single approach is universally applicable [44]. The results
obtained for this study were compared with the accepted
limits values applicable to discharge of wastewater into a
watercourse as shown in Table 2

The overall measured temperature, pH, DO, EC, TDS,
ORP, BOD and COD were in the range of 14.2-29.5 °C;
4.7-9.75; 1.7-9.5 mg/L; 559-1241 um/cm; 376-840 ppm;
-350-273 mV; 0.9-175.6 mg/L respectively. Temperature is
one of the important guides to water quality as it affects
chemical reactions, aquatic life, and suitability of water.
In this study, there were no significant changes in tem-
perature between the points and the effluent’s tempera-
ture complied with the set limits for discharged effluent
into a waterbody by DWAF (<35 °C) and WHO (40 °C). pH
values tended towards neutral and alkaline for most of

()

2.6 Statistical analysis

The data obtained from the river water, influent and efflu-
ent samples were analysed using the IBM SPSS Statis-
tics version 28 package for statistical analysis. Pearson’s
correlation analysis at 5% significance level was used to
show the relationships between observed physicochemi-
cal parameters values obtained for the sampling duration.
The statistical design for the ecotoxicity experiments was
based on the ToxRat Professional 3.2 Software to evalu-
ate the effect concentrations and confirm fulfilment of the
validity criteria, hypothesis testing (NOEC) and regression
(ECx). The endpoints such as EC;, and LC;, values were
calculated with the corresponding 95% confidence lim-
its. Statistical data was analysed for normality distribution
with the Shapiro-Wilk’s W test while Levene’s test was
confirmed with the variance homogeneity. Thereafter, the
one-way ANOVA followed by the Bonferroni post-hoc test
was performed, and the level of significance was p <0.05.

3 Results and discussion

3.1 Physicochemical characteristics of surface water
and treated sewage wastewater

Guidelines for water quality are intended to assist in the
development and implementation of risk management
strategies that safeguard sources of drinking water by

the seasons, which is an indication of disinfection in the
water. This could be due to bicarbonate, carbonate, and
hydroxide caused by CO, and microbial decomposition of
organic matter [4] and similar observations were found
in studies by Kalwale and Savale [17], Olabode et al. [30].
The effluent values for pH were not all within the limits for
discharged effluents into receiving waterbodies both from
DWAF; USEPA and WHO.

DO concentrations in unpolluted water typically range
between 8 and 10 mg/L, concentrations below 5 mg/L
affect aquatic life, while concentrations below 2 mg/L
cause fish kills [10]. Agoro et al. [1], states that the accept-
able standard of DO for aquatic organisms is 4-5 mg/L. The
effluent values show that about 46% of the values for DO
were within that range and are beneficial for aquatic life.
However, 54% of the effluent shows low DO values, which
according to Edokpayi et al. [13], may pose an adverse
effect on aquatic organisms in receiving environments.
EC is primarily due to the dissolved ions obtained from
decomposed plant matter and is also an important indica-
tor of salinity found in surface water [1].

The EC values for the influent were too high when
compared with the values of the effluent, which shows
that the WWTP is efficient in the reduction of EC.
Although some effluent values were higher than the
DWAF (< 750 uS/cm) standards, they were still within the
WHO (1000 pS/cm) and USEPA (2000 uS/cm) standards.
TDS is directly proportional to EC; hence it is observed
that the trends of these results corroborate with the
values recorded for EC. Differences in values recorded
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upstream and downstream were observed which sug-
gested that there could be external pollution sources
such as agricultural and urban runoff, upstream the river.
These could have contributed to high nutrient loads
which could have led to eutrophication in the river. A
similar observation by Agoro et al. [1], in a study on phys-
icochemical properties of wastewater further states that
high concentrations of TDS are toxic to aquatic organ-
isms and thus lead to dehydration and thermal shock,
which affects the organisms osmoregulatory strength.
ORP readings in water are considered as an impor-
tant indicator of pollution levels. Currently, there are no
regulatory standards for ORP in South Africa, therefore,
ORP in this study was compared with the WHO standards
which were well within the WHO standards of 700 mV.
Thus, suggesting that the effluent poses little to no
negative effect on the river. The DWAF guideline values
for BOD is 3-6 mg/L while the WHO is 50 mg/L, how-
ever this threshold was exceeded by most of the seasons

sampled. This is detrimental as continuous discharge of
the WWTP effluent will impact the receiving waterbody
to some degree and may negatively impact the aquatic
organism, especially those downstream. COD is known
as an alternative test to BOD to determine the concentra-
tion of organic matter in wastewater samples. Accord-
ing to Aniyikaiye et al. [2], Baharvand and Daneshvar [4]
COD values are typically greater than BOD values, due
to organic components in the water that are resistant to
microbial oxidation.

The recorded values suggested that the WWTP efflu-
ent complied with the set limits <75 mg/L by DWAF
and <100 by WHO for COD for all sampling seasons.
Nevertheless, the COD values for March (226 mg/L) were
above the required standards, which could be attributed
to seasonal variation. Moreover, this high COD value is
an indication that due to these seasonal variations, the
effluent contains materials that are resistant to microbial

Table 3 The growth rate and Exposure time (h)

Growth rate (G)

Percentage inhibition (%)

percentage inhibition relative

to the control of R. subcapitata 24 h 48 h 72h 24 h 48 h 72h
exposed to WWTP effluent o
Control 6.8 4.2 32 0 0 0
6.25 6.9 4.1 3.1 -0.3x0.14 3.6+0.07 2.3+0.06
125 5.7 4.2 3.2 16.8+1.31 1.2+0.36 -1.2+0.24
25 7.0 4.3 33 -2.3%0.04 -0.8+0.28 -3.1£0.21
50 7.3 4.2 3.2 -6.7£0.03 0.2+0.07 —-2.2+0.05
100 6.6 4.0 3.0 3.2+0.54 6.7+0.18 4+0.08
s2
Control 7.3 38 2.5 0 0 0
6.25 6.3 3.2 2.1 14.3x0.15 14.6+0.04 16+0.1
125 6.5 3.2 2.1 11.8+0.32 15.1£0.13 14.7+0.11
25 6.6 3.2 2.2 10.4+0.29 15.1£0.16 13.7+0.06
50 6.2 3.0 1.8 15.4%0.53 19.2+0.26 27.5+£0.54
100 5.7 2.8 20 225+0.26 26.5+0.11 19.7+0.14
S3
Control 6.2 33 2.5 0 0 0
6.25 6.0 3.2 2.7 3.6+0.2 0.4+0.13 -6.5+0.02
125 5.8 3.1 25 6.5x0.16 4.1+0.07 0.5+0.05
25 6.1 3.2 25 2.5+041 0+0.16 -1.1£0.09
50 59 3.1 23 5.3+041 55%0.16 6.8+0.06
100 5.8 3.0 2.1 6.9+0.26 8.1+£0.07 15.2+0.05
4
Control 4.6 2.6 2.3 0 0 0
6.25 5.2 3.2 2.7 -13.3+£0.08 —-21.2+£0.26 —-20.2+0.16
125 53 34 26 -13.7£0.37 —26.9+0.54 -16.6+0.18
25 55 29 25 -18.6+0.12 —-9+0.11 —-124+0.13
50 5.1 29 24 -10£0.18 —-11.1+£0.07 —6.1+£0.05
100 54 3.1 2.6 -17.6£0.65 -15.9+0.32 -152+0.13
Summer (S1); Autumn (S2); Winter (S3) and Spring (54)
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degradations and can detrimentally affect the receiving
river.

3.2 R. subcapitata 72 h growth inhibition test

As primary food producers in aquatic ecosystems, any dis-
turbance on the microalgae can influence the entire bal-
ance of such ecosystems [21]. Furthermore, due to their
sensitivity, algae can be easily cultivated which makes
them an important kind of test organism for acute toxic-
ity evaluation [21]. The ToxRat Professional 3.2 software
was used to assess R. subcapitata in terms of the num-
ber of cells and growth rate for a period of 72 h for four
seasons (Table 3). There was an increase in the number
of cells observed in summer (S1), autumn (S2) and spring
(S4) (6.25-100%) from 24 to 72 h exposure. In autumn (52),
however, the increased number of cells were observed at
a low concentration (6.25%) and at the control after 24 h
to 72 h. Furthermore, from 12.5 to 100% the number of
cells increased at 24 h, decreased at 48 h, and increased
at 72 h exposure, respectively. A non-linear regression
without weighting was performed to estimate the effec-
tive concentration for growth rate. The growth rate of
R. subcapitata decreased from 24 to 72 h exposure and
fluctuated with each % dilution per season. Meanwhile,
the percentage inhibition at the different concentrations
revealed no significant pattern of effect. The percentage
inhibition was found to be highest in autumn (52) (27.5%)
at 50% dilution, and winter (S3) (15.2%) at 100% whole
effluent following the 72 h exposure. The growth inhibi-
tion of this study never reached 100% which was like an
observation in some samples collected from four munici-
pal WWTPs by Szklarek et al. [40]. In the summer (S1) and
autumn (S2) seasons, at 100% whole effluent, the growth
of R. subcapitata decreased to 4% and -15.2% respectively.

Fig.2 Percentage of mortality 15
rate of D. magna at the end of

a 48-h exposure to the WWTP

effluent for all seasons

10

Mortality (%)

6,25

Moreover, in summer (S1) and spring (S4) the growth of R.
subcapitata was inhibited in some samples to the highest
concentration of the effluent, which proves that dilution
plays a role in the toxicity. The different percentage dilu-
tions of the effluent were toxic and inhibited the growth
of R. subcapitata, while others favoured algal growth.
Increased nutrient availability; decreased competition
in the more diluted samples or higher concentrations
of toxic compounds found in the more diluted samples
could be the reason for higher inhibition in more diluted
samples. While the results showed that R. subcapitata is
sensitive to various percentage dilutions of the effluent,
they also showed that the percentage inhibition of the
growth rate were dependent on the test item concentra-
tion and time with decreasing inhibition growth rate val-
ues. The results are similar to the observation by Pereao
et al, [33]. The statistical analyses for summer (S1) showed
Shapiro-Wilk’s (W)=0.971,and probability p(W)=0.813
which was observed to be greater than the selected
significance level of 0.010. Thus, the treatment data did
not significantly deviate from normal distribution. While
Levene's Test indicated variance homogeneity (p>0.010).
Therefore, normal distribution and variance homogene-
ity check (p>0.01) were passed. However, for autumn (52)
the normal distribution is poor (p < =0,01) while variance
homogeneity check was passed (p>0,01). Meanwhile, the
winter (S3) and spring (54) seasons passed both the homo-
geneity check (p>0.01) and the variance homogeneity.

3.3 D. magna 48 h acute immobility test

The acute freshwater D. magna is an excellent test model
organism in aquatic toxicology and its toxicity was
assessed by exposing it to different dilutions (6.25-100%)
of WWTP effluent over a period of 48 h as shown in Fig. 2.

S1
S2
= S3
S4
!
12,5 ——— —
25
50
100
Sample Proportion (%)
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Fig. 3 Percentage inhibition on 200

the growth rate of T. thermoph-

ila after 24 h exposure to the

WWTP effluent for all seasons 150
100

50

Inhibition (%)

-50

-100

Control 6,25

In the present test none (0%) of the daphnids died, thus,
confirming the validity of the test.

The total percentage mortality of D. magna exposed to
these concentrations was compared to the control for all
seasons. No neonate mortality was observed in the con-
trol and the lowest concentrations of the effluent samples
in all seasons except for the summer (S1) season (Fig. 2).
D. magna mortality rate increased 8x- 2 x dilution of the
original samples in the spring (54) season resulting in
5-10% mortality. The results indicated that the higher
WWTP effluent concentration (100%) led to no mortality
rate of D. magna following the 48-h exposure, which is an
indication that dilution may play a part in the toxicity of
D. magna. The results also showed that at lower dilution
concentrations of 6.25-50% there was 5-10% mortality
of the test organisms, indicating that the low percentage
concentrations of the WWTP effluent may induce toxicity
to D. magna. The release of the WWTP effluent will affect
freshwater organisms like D. magna by causing direct
acute toxicity. A study by Wagner et al. [43] showed no
mortalities on D. magna following the 48 h acute expo-
sure on WWTP final effluent. While da Costa et al. [8] used
Ceriodaphnia silvestrii and Daphnia similis to verify the pos-
sible adverse effects of secondary disinfected effluent. The
statistical analysis was done using the step-down Cochran-
Armitage test which was later replaced by the Bonferroni
Fisher test because the analysis of contrasts did not reveal
alinear trend (p >0.05).

3.4 T.thermophila 24 h growth inhibition test

The results of the acute freshwater tests for T. thermoph-
ila, is presented in Fig. 3. The results for summer (S1) and
spring (S4) showed significant growth inhibition level val-
ues which show a high inhibition response of T. thermoph-
ila to the WWTP effluent. In autumn (S2) and winter (S3)
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there is a dose-dependent inhibition of proliferationon T.
thermophila, which suggests stimulation of bacteria and
is similar to what was observed in the study by [33]. The
maximum percentage of growth inhibition for all season
(S1, 52, S3 and S4) was 128.3%; — 10.3%; 3.3% and 143%,
respectively. The effluent showed significant percentage
inhibition in the different dilution treatments of T. ther-
mophila in contrast to the control.

To assess environmental risks and impacts, test species
should be eukaryotic, their biology and general responses
should be known, laboratory handling should be easy, and
a short generation time is advantageous for studies of
long-term effects. The ubiquitous ciliated protozoa fulfils
these requirements [14]. Furthermore, their abundance
is an indicator of healthy aquatic environments, and they
represent a significant trophic level where bioaccumula-
tion or bio-concentration are important processes. The
T. thermophila ciliate tests not only play an important
ecological role in self-purification and matter cycling of
natural aquatic ecosystems but they serve as a powerful
tool for the prediction of possible hazards to wastewater
treatment processes. They are ideal early warnings indica-
tors of aquatic ecosystem deterioration and have proven
to be excellent tools of assessing pollution, which is why
it was one of the test species used for this study. Following
the one-way ANOVA test which showed a level of signifi-
cance of p<0.05, the Bonferroni post-hoc test revealed a
significant difference between D. magna and T. thermoph-
ila (p <0.05.

3.5 Ecotoxicological test values for the WWTP
effluent

The results for the probit analysis of the bioassays are
shown in Table A2 and the toxicity classifications in
Table A3. The effective concentration (ECs,) values for R.
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subcapitata in autumn (S2), winter (S3) and spring (S4)
could not be calculated, however, the ECs, for summer
(S1) (122.2) was calculated and exhibited measurable ECs,
values. Based on these EC;, values, the TU values were
determined by using the equation TU=[1/L(E)C50]x 100,
as reported by [36]. Thus, for summer (S1) the effluent
can be classified as class Il, slightly acute toxicity, with
0.4 <TU < 1. While for autumn (52), winter (53) and spring
(S4),if TU > 1 the effluent is classified as class Ill, acute tox-
icity with 1 <TU < 10. This was different to the classifica-
tions made by Katsoyiannis and Samara, [18], where 7 out
of 13 WWTP investigated were classified as slightly toxic.
Moreover, their study also reported that different WWTP
will show different results because toxicity of any plant is
greatly influenced by the type of wastewater it receives.
For D. magna, the 95% confidence limit was not detected
in all seasons, and resulted in no LC,,, LC,5and LCs, being
measured by the ToxRat Professional 3.2 software follow-
ing the 48-h exposure. The hazard classification method
based on assumption [18] was used to classify the efflu-
ent on D. magna. Assuming that samples for which ECs,
values could not be calculated have TU > 1, TU is assumed
to be 1, as shown in Table A3. The results suggest that for
all seasons, D. magna exposed to the effluent is classified
as Class Ill (acute toxicity). Although EC., was not deter-
mined in all seasons, these findings do not completely rule
out the possibility of the effluents chronic toxicity. Kocbas
and Oral [20], studied the toxicity of municipal wastewater
treatment plant effluents, using D. magna as a test spe-
cies. The results obtained were comparable to this study
and showed TU values ranging from 3.0 to 4.2 suggesting
that the WWTP is classified as Class Ill (acute toxicity). The
diverse use of bioassays, using sublethal toxicity assess-
ment methods or chronic tests as well as reconsidering
toxicity end points may produce better results [21]. A
chronic toxicity test with a longer exposure time, such as

21 days with the effluent, may also show different results.
Thus, chronic toxicity studies need to be evaluated to bet-
ter understand the actual toxicity effects of the effluent
on the aquatic environment. The respective EC50 values,
using Persoone et al. [34] classification methods, of sum-
mer (S1) effluent exposed to T. thermophila can be clas-
sified as Class lll, acute toxicity, 1 <TU < 10. The autumn
(S2) effluent is classified as Class V, very high acute toxicity,
TU > 100, while the winter (53) and spring (54) effluent are
both classified as Class |, no acute toxicity, TU < 0.4. Gener-
ally, the protozoan T. thermophila was more susceptible to
the effluent as compared to other biotest, demonstrating a
TU> 100, while other samples demonstrated 1 TU < 10. This
could be attributed with the lack of cell walls that exposes
T. thermophila to respond faster to environmental changes
[11, 47]. These results correspond with a study by Ude-
buani et al. [42], indicating that T. thermophila proved to
be more sensitive than other biotests used in their study.

The overall biotest results were further classified accord-
ing to each season, as shown in Table A3.The sampling for
summer (S1) was classified as acute toxicity (class Ill) as all
three tests have a TU of 1 <TU < 10. The effect percentage
is 55.7%, which shows that the WWTPs effluent contains
toxic chemicals. The autumn (S2) season was classified
as very high acute toxicity (class V) due to its high effect
percentage of 89% and the TU results of T. thermophila
(384.6). Although other biotests (D. magna and R. subcapi-
tata) showed TU of 1, the toxic results may have appeared
due to unbalance of nutrients or the presence of solids
in the water in this season. In winter (S3) and spring (S4),
the effluent was both classified as acute toxicity (class Ill)
because all biotests had a TU of 1 <TU < 10. No other tests
exhibited toxic effects and similarly to summer (S1), these
results prove that there are toxic chemicals in the water,
although the physicochemical properties indicated no
pollution for most of its parameters. The results further

Table 4 Correlation coefficient between physicochemical parameters and bioassays

Correlations  pH DO Temp EC TDS ORP COD BOD R.subcapitata D.magna T.thermophila
pH 1.00
DO 0.468** 1.00
Temp —-0.450** —-0.515** 1.00
EC 0.003 -0.212 -0.056 1.00
TDS 0.015 -0.211 —-0.060 0.997** 1.00
ORP -0.196 0.150 0.087 —-0.540** -0.536** 1.00
CcOoD 0.011 -0.334 0.068 0.822** 0.830%* -0.186 1.00
BOD 0.003 -0.161 -0.016 .793** .790%** -0.174 0.652** 1.00
R.subcapitata —-0.933  0.469 0571 -0.890 -0938 .998* b b 1.00
D.magna b b b b b b b b b b
T.thermophila —0641 -0686 0920 -0426 -0454 0370 ° b 0.322 b 1.00
**Correlation is significant at the 0.01 level (2-tailed); ’Cannot be computed because at least one of the variables is constant
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demonstrated that the test organisms exhibited different
behaviours in the same wastewater effluent sample. This
could be associated with the level of pollutants found in
the effluent and the sensitivity of the test organism used
in the study. The order of sensitivity based on trophic
levels is the decomposer (T. thermophila) > producer (R.
subcapitata) > consumer (D. magna). In literature, similar
observations were made in a study on effects of munici-
pal wastewater treatment plant effluent quality on aquatic
ecosystem organisms [33]. Therefore, the WWTP effluent
has potential toxicological effect on aquatic organisms
and physicochemical properties alone cannot assess the
quality of effluents and how they affect receiving water
bodies.

3.6 Correlation analysis of the bioassays
and physicochemical parameters of the surface
water and treated sewage wastewater

Pearson’s correlation coefficient (r) of the physicochemi-
cal properties and bioassays was investigated to under-
stand the association and the strength of the linear rela-
tionship between the variables. Correlations were based
on the original physicochemical parameters that were
determined during field sampling. The results of these
variables showed significant and insignificant relation-
ships with each other as shown in Table 4: Correlation
coefficient between physicochemical parameters and bio-
assays Table 4. There was a significant (p <0.01) positive
correlation between pH and DO while temperature with
pH and DO indicate a negative correlation (r=-0.450 and
—0.515 at p<0.01), respectively. The observed correlation
between pH; EC; TDS; ORP; COD and BOD was statistically
insignificant (r=0.003; 0.015; — 0.196; 0.011 and 0.003)
respectively which showed that there was no relationship
between these variables.

These results were different to those observed by
Pereao et al. [33] where a strong positive correlation
existed between pH; EC; ORP and TDS values and the
research established strong positive correlation between
EC, TDS, COD and BOD, while ORP showed a negative
correlation with TDS and EC. According to Osode and
Okoh [31] knowing how the variables correlate with each
other helps with understanding the nature of the phys-
icochemical parameters and their species speciation on
the receiving water body and effluent. On the other hand,
the potential relationship between the physicochemical
parameters and bioassays was assessed based on the TU
of each organism. ORP was positively correlated with the
toxicity values found in R. subcapitata (r=0.998%**), while
pH, EC and TDS showed a negative correlation (r=-0.933,
—0.890, —0.938), respectively. The correlation between
temperature and the toxicity values of T. thermophila was
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(r=0.920), while for pH and DO it was (r=- 0.641 and
— 0.686). The partial positive and negative correlation
between these variables suggested that a relationship
does exist between the variables and these parameters
influence the sensitivity of T. thermophila.

4 Conclusion

The findings of this study showed that the effluent met
the recommended water quality standards for EC, ORP,
COD, temperature, and TDS suggesting that the physico-
chemical properties of the WWTP can be acceptable for
discharge into the Veldwachters River. The physicochemi-
cal properties were complemented with ecotoxicological
tests which considered the toxic effects of the contami-
nants on aquatic organisms. The application of a battery of
tests provided information on the biological activity of the
WWTP effluent which physicochemical monitoring alone
was unable to provide. The seasonal classifications of all
bioassays based on the TU showed that the effluent in
summer, autumn and winter were classified as acute tox-
icity class lll, while spring was classified as very high acute
toxicity class V. The results revealed that although the efflu-
ent contributes positively to the river recharge and health
downstream, there is the potential to trigger eutrophica-
tion in the river system. The aquatic bioassays exhibited
different levels of acute toxicities in the same WWTP
effluent, the order of sensitivity based on trophic levels
is the decomposer (T. thermophila) > producer (R. subcapi-
tata) > consumer (D. magna). The findings further highlight
the need for continuous monitoring and provides insights
into the benefits and possible risks that must be mitigated
by governments and WWTP authorities for reuse and opti-
mal utilization of freshwater resources for sustainability.
Additionally, the study showed that no single technique
can represent a thorough strategy for protecting aquatic
life. Therefore, the study recommends improved opera-
tional practices, such as monitoring and optimising treat-
ment processes to reduce the potential toxicity of waste-
water and enforcing aquatic toxicities when monitoring
water quality. Further research is required to understand
the effects of chronic tests on the WWTP effluent and
methodologies of implementing them.
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