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A B S T R A C T

Olive oil production generates large volumes of wastewaters mostly in peri-Mediterranean countries with ad-
verse impacts on the biota of the receiving aquatic systems. Few studies have however documented its toxicity
on aquatic species, with an almost total lack of relative studies on fish. We assessed the acute and sub-chronic
OMW toxicity, as well as the acute and sub-chronic behavioural, morphological and biochemical effects of OMW
exposure on the mosquitofish Gambusia holbrooki. LC50 values of the acute bioassays ranged from 7.31% (24 h)
to 6.38% (96 h). Behavioural symptoms of toxicity included hypoactivity and a shift away from the water
surface, coupled with a range of morphological alterations, such as skin damage, excessive mucus secretion,
hemorrhages, fin rot and exophhalmia, with indications also of gill swelling and anemia. Biochemical assays
showed that OMW toxicity resulted in induction of catalase (CAT) and inhibition of acetylcholinesterase (AChE)
activities. The implications of our results at the level of environmental policy for the sustainable management of
the olive mill industry, i.e. the effective restriction of untreated OMW disposal of in adjacent waterways, as well
as the implementation of new technologies that reduce their impact (detoxification and/or revalorization of its
residues) are discussed.

1. Introduction

Olive oil production is an important industry, mostly in the peri-
Mediterranean countries (95% of global production), which, despite its
economic benefits, poses a threat to the aquatic environment due to the
high volume of the wastewater produced (Nogueira et al., 2015;
Paraskeva and Diamadopoulos, 2006). Olive mill wastewater (OMW) is
often discharged untreated or partially treated in adjacent aquatic
ecosystems with severe impacts on them and their biota (Karaouzas
et al., 2011b; Karaouzas, 2018). These effects of pollutants may be more
severe at intermittent Mediterranean aquatic systems due to the re-
duced dilution capacity of the receiving waterways (Kalogianni et al.,
2017; Karaouzas et al., 2018; Smeti et al., 2019). OMW composition
may vary according to the olive oil extraction method used, the olive
variety, as well as soil and climatic conditions and cultivation methods
(Justino et al., 2012; Kapellakis et al., 2006); its typically high phenolic
content and high organic load (BOD and COD) render it, however, one
of the most significant pollutants for aquatic ecosystems in the Medi-
terranean (Pavlidou et al., 2014). In addition to its organic load, OMW
is rich in ammonium and inorganic phosphorous, trace metals, such as

copper, manganese and nickel, and has high acidic and suspended solid
content (Paredes et al., 2005; Pavlidou et al., 2014). In Greece, the
usual treatment and disposal practice involves neutralization of the
OMW with lime, to reduce acidity, and disposal in evaporation ponds/
lagoons or directly to adjacent streams (Karaouzas et al., 2011b). Dis-
posal of OMW, however, causes significant environmental pollution
with detrimental effects not only on the quality of surface water, but
also on the quality of ground water and soil (Karaouzas et al., 2011b;
Mekki et al., 2008); the latter may include infiltration of groundwater
by phenolic compounds (S’Habou et al., 2005) and stronger water re-
pellency and sorptive capacity for agrochemicals in polluted soils
(Peikert et al., 2014).

Toxicity tests have been widely applied to assess the potential
toxicity of effluents to aquatic organisms, as well as to facilitate ongoing
monitoring of aquatic systems receiving such discharges (for a review
see Mitchell et al., 2002; Pedrazzani et al., 2019). However, the avail-
able studies on the toxic effects of OMW to aquatic organisms have
mostly focused on OMW lethal effects on algae or macroinvertebrates of
freshwater and coastal marine ecosystems (Fiorentino et al., 2003;
Karaouzas et al., 2011a; Paixão et al., 1999; Pavlidou et al., 2014). To
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our knowledge, only one study, demonstrated lethality and various
behavioural effects of OMW exposure on fish (Adakole, 2011). Thus,
there is a great gap in our knowledge on the potentially lethal effects of
OMW and on its potential adverse effects on behaviour, morphology
and biochemistry of fish species. Similarly, there are no studies doc-
umenting the chronic toxicological effects of OMW discharge on the
native fish fauna. The limited information available on OMW effects on
native freshwater fauna and the high endemicity and often threatened
status of the local fish fauna (Barbieri et al., 2015; Hermoso and
Clavero, 2011), renders the information gained through such tests very
valuable from a conservation perspective. This information could factor
significantly in environmental policy decision making and managerial
measures formulation to mitigate OMW discharge impacts on the local
fish fauna.

In this study, acute and sub-chronic toxicity tests were used to assess
lethal and sub-lethal effects of OMW exposure of the Eastern mosqui-
tofish Gambusia holbrooki Girard, 1859, to various dilutions of OMW.
More specifically, the aim was to provide basic acute toxicity data
(lethal concentration 50, LC50), to investigate shifts in behaviour
(swimming activity, position in the water column, stress-related beha-
viours), to describe morphological alterations and to assess biochemical
biomarkers of oxidative stress, biotransformation and neurotoxicity in
fish subjected to OMW.

2. Materials and methods

2.1. Experimental subjects

A total of 102 adult mosquitofish were used for the acute and sub-
chronic tests. The alien mosquitofish was selected as test fish species
because of its ready availability, ease of maintenance, non-threatened
status and wide distribution in olive oil production areas, often in co-
habitation with small-bodied native cyprinids in aquatic systems of
Greece and other Mediterranean countries receiving OMW effluents
(Barbieri et al., 2015). Fish of both sexes were collected in February
2018 from a semi-natural population inhabiting a large artificial pond
in Athens, Greece using fish nets. The fish were transferred to the la-
boratory and housed in three 30 L plastic containers (33× 48× 28 cm)
equipped with air-driven sponge filters for aeration and filtration. The
fish were allowed to acclimatize in laboratory conditions for approxi-
mately two weeks prior to the experiment at temperature 20–22 °C, pH
7.0–7.2, dissolved oxygen 6–8mg/l, and natural photoperiod. During
acclimatization they were fed once daily ad libidum with commercial
flake food (TetraMin, Tetra, Germany). The subjects were not fed for
48 h prior to the test. Aerators were used both during acclimatization
and the experiment. Mortality during acclimatization did not exceed
4%. Only males and visibly non-gravid females were used in the ex-
periment, to avoid possible effects related to females’ reproductive
stage (e.g. due to different energetic demands). The fish that were not
used in the experiment remained in HCMR facilities for breeding pur-
poses.

2.2. Olive mill wastewater sample preparation

We obtained untreated OMW from an olive mill in Kalamata
(Southern Greece) in late December 2017 during its operation. The
solution was aliquoted in ~500ml portions in polypropylene water
bottles, and the aliquots were frozen and stored at –20° prior to the
experiment. On days 0 (start of the acute test), 5 (first phase of the sub-
chronic test), and 10 (second phase of the sub-chronic test), the ap-
propriate amount of OMW was defrosted for solution renewal. For the
toxicity tests, we used 17 transparent cylindrical 5 L tanks (diameter:
17 cm, height: 26 cm) made from food-grade plastic. The containers
were initially filled with dechlorinated tap water and OMW was added
to achieve the desired final concentrations, after being brought to
ambient temperature and shaken well. The mixture of toxicant and

dilution water was allowed to stand for 30min before the introduction
of the test fish. The OMW solutions in each container were constantly
agitated using air-stones connected to an air-pump (Modell 20 A-10010,
Hagen, Germany).

2.3. Wastewater sample characterization

Physicochemical parameters of the undiluted OMW and its dilutions
used, such as temperature, pH, conductivity, and dissolved oxygen (DO)
were measured using a Portable multiparameter Aquaprobe AP-200
with a GPS Aquameter (AP 2000, Aquaread Ltd, UK) and Turbidity with
a portable turbidimeter (2100Q, Hach, USA). Major ions (calcium,
magnesium, sodium, potassium, bicarbonate, sulphate, chloride), sili-
cate, nutrients (nitrate, nitrite, ammonium, phosphate, total phos-
phorus), total phenols, biochemical oxygen demand (BOD5), chemical
oxygen demand (COD) and suspended matter were determined.
Specifically, Ion Chromatography was applied using a Metrohm Ion
Chromatographer for major ions and nitrates. Nitrites, ammonium,
orthophosphate, total phosphorus and COD were determined photo-
metrically using the spectrophotometer MERCK-FARO 300. The de-
termination of ΝΗ4

+ was carried out according to Berthelot's Reaction
(EPA 350.1, APHA 4500-NH3 F, ISO 7150–1 and DIN 38406–5); the
determination of ΝΟ2

- was performed according to Griess Reaction
(EPA 354.1, APHA 4500-NO2- B,DIN EN26 777 D10); PO4

3- was de-
termined using the method of phosphomolybdenum blue (PMB) (DIN
EN 1189 D11, ISO 6878/1, APHA 4500-P E and EPA 365.2+3) and
COD was determined using potassium dichromate as oxidant (DIN ISO
15705, EPA 410.4, APHA 5220 D, and ASTM D1252-06 B). Alkalinity
was determined by titration using an Automatic Titrator, Tim 900
(Radiometer) and the biochemical oxygen demand (BOD5) was de-
termined with the WTW OxiTop System.

Total phenol concentration was determined using the colorimetric
method 4 aminoantipyrine (Government Gazette 438, 1986; Standard
Methods 420.1, 1999). After extraction with chloroform, the sample
was analyzed by a UV–Vis Perkin Elmer spectrophotometer, at a wa-
velength of 460 nm. Water quality and chemical parameters were also
measured for water samples from the fish collection site, as well as for
each treatment group at the start and end of the acute test (at 0 and 96 h
respectively). Values obtained were then compared to the limits for the
dispensing of olive oil mill waste waters in surface waters set out for the
Regional Units of Athens and Thessaloniki (Government Gazette 582/Β,
1979 and 82/Β, 1994).

2.4. Pilot study

A pilot study was conducted, prior to our experiments, in order to
determine the most appropriate concentrations to accurately calculate
the LC50 of OMW. Based on previous trials and relevant literature
(Adakole, 2011), we tested five OMW concentrations (5%, 7.5%, 10%,
15%, and 20%) using two fish per concentration. At 24 h, we recorded
100% mortality at 10%, 15% and 20% OMW concentrations, and 50%
mortality at 7.5% OMW concentration. No mortalities were thereafter
recorded until the end of the pilot study (96 h). We therefore selected
3%, 6%, 7%, 8% and 9% concentrations for the experiment.

2.5. Acute toxicity bioassay

The OMW toxicity on G. holbrooki was determined during 96 h of
exposure (4 days) according to the OECD guideline 203 (1992) and
expressed as LC50 at 24 h, 48 h, 72 h and 96 h that represent the lethal
wastewater concentration in which mortality reaches 50% of the initial
number of the exposed fish. OMW samples were diluted with de-
chlorinated tap water to achieve nominal concentrations of 3%, 6%,
7%, 8% and 9% OMW. Dechlorinated tap water without any effluent
(nominal concentration of 0% wastewater) was used as control. For the
tests, three replicates of each OMW concentration were used (except for
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the 9% concentration where two replicates were used), with 6 fish in
each replicate, at the onset of the acute test (a total of 12–18 fish at each
OMW concentration). Acute toxicity values were converted into toxic
units following Persoone et al. (2003), to classify the toxicity level of
the agro-industrial effluent.

2.6. Behavioural observations and mortality count

During the experiment, the following behavioural responses were
examined: general swimming activity (levels: normal/hypo-/slightly
hypo-/hyper-/slightly hyperactive), position in the water column (le-
vels: surface, column, bottom and any combination of these), presence
or absence of stress-related behaviours, such as elevated breathing rate
(opercular movement faster than normal), darting (rapid unpredictable
movements/dashing), jumping (attempts to leap out of the water),
presence or absence of gulping events (gasping for air in the surface
indicating a severe lack of oxygen) and presence or absence of loss of
equilibrium (when fish could no longer hold their upright position and
typically fell on their side, while still breathing and reacting to touch).
The overall level of each behaviour scored for each replicate, was de-
termined by the most severe symptom observed. For example, in a re-
plicate with six subjects, if five of them exhibited normal swimming
activity but one was hypoactive, the overall activity of the group was
scored as hypoactive.

All OMW solutions were dark coloured and highly turbid (turbidity
range 279–805 NTU) which made behavioural observations difficult, as
light could only penetrate 2–3 cm (from the top, sides or bottom of the
container). Thus, most behavioural observations (e.g. regarding swim-
ming activity or breathing rate) were only possible when fish swam in
one of these visible zones, an effort however was made to account for
all fish present during the observation. Behavioural observations were
taken at 0.5, 1, 2, 4, 6, 24, 48, 72, 96 h from the start of the acute test.
During each observation bout (1–2min per replicate), we examined the
test container from all sides, the surface and the bottom. Individuals
observed within the visible 2–3 cm zone in the surface, sides or bottom
of the container were given a position ‘surface’, ‘column’ and ‘bottom’
respectively. Fish not seen during the observation were considered to be
swimming in the water column and were given a ‘column’ position
score. All possible options were selected if fish were observed in all of
these positions.

To accurately report mortalities at major experimental time points
(6, 24, 48, 72 and 96 h), a more thorough examination was required. At
these time points, after observing and scoring the behaviour of fish in
each container, the air-stone was removed, and the solution was poured
into a second identical container through a net to hold the fish. The fish
were gently transferred to a small container with a small quantity of the
respective solution to look for mortalities. A fish was considered dead
when there was lack of opercular movement and no reaction when
prodded with a glass probe. Loss of equilibrium was typically noted
during this examination. The dead fish were removed and kept in ice for
post mortem morphological and histological examination, while the
solution and the surviving fish were returned into their original con-
tainer.

2.7. Morphological alterations

During the acute test, morphological examinations were conducted
on dead fish (total fish examined 52) that were removed from the tanks
and examined under a stereoscope for skin mucus secretion, fin damage
and hemorrhages. These alterations were rated on a scale of 0 (absence)
to 2 (severe symptoms). Fish were also examined externally for pre-
sence of abdominal swelling and exophthalmia. Due to the small size of
the fish, only a limited number of specimens (3) were dissected for
examination of internal organs.

2.8. Sub-chronic toxicity bioassay

Following the acute test, the surviving subjects in the control, 3%
and 6% treatments were further exposed to their respective OMW so-
lutions for 10 days, to examine any possible physiological effects of
prolonged sub-lethal exposure. All OMW solutions were renewed with
freshly prepared ones at the beginning and the middle (day 5) of the
sub-chronic treatment. Exposure tanks were aerated throughout the
sub-chronic exposure, and the fish were fed prior to the solution
changes.

We continued taking behavioural records every 24 h during the sub-
chronic exposure test, in case there was a shift in behaviour after pro-
longed exposure to OMW and we also examined the containers daily for
mortalities, as described above.

On the final day the subjects were euthanized by immersion in iced
water, body mass (TW), total length (TL) and condition factor (K) were
measured/calculated and fish were swiftly decapitated under a stereo-
scope (5–14 individuals per treatment). The head and decapitated body
of each individual fish were frozen in liquid nitrogen and stored at
−80 °C for biochemical analysis.

2.9. Biochemical biomarkers analyses

Activities of the following enzymes were measured in the fish
samples: catalase (CAT), an enzyme of the antioxidant defence against
oxidative stress that can be induced by exposure to organic con-
taminants and metals (Lushchak, 2011), glutathione S-transferase
(GST), an enzyme of phase II biotransformation pathway involved in
the detoxification of xenobiotics and products of oxidative stress (Hayes
and Pulford, 1995) and acetylcholinesterase (AChE), a key enzyme of
the nervous system involved in neurotransmission that can be inhibited
by exposure to various chemicals (Lionetto et al., 2013). The above
enzyme activities were used as biomarkers of pollutant exposure/effects
(Tsangaris et al., 2016). Biochemical biomarkers CAT and GST activities
were measured in the decapitated body of the fish. Tissues were
weighed, cut in small pieces and then homogenized using a Potter-El-
vehjem homogenizer (Heidolph Electro GmbH, Kelheim, Germany) in
1:10 (w/v) 100mM KH2PO4/K2HPO4, pH 7.4, 1 mM EDTA. Homo-
genates were centrifuged at 10,000×g for 30min. All preparation
procedures were carried out at 4 °C. CAT activity was measured through
the loss of H2O2 that was measured colourimetrically with ferrous ions
and thiocyanate on a microplate reader (BIOTEK Synergy HTX Multi-
Mode Microplate Reader) (Cohen et al., 1996). CAT activity was de-
termined by the difference in the absorbance at 490 nm per unit of time.
CAT activity results are expressed in terms of the first-order reaction
rate constant (k) and protein content as follows: U/mg proteins = k/mg
proteins = [ln (A1/A2)/(t2 − t1)]/mg proteins where U represents
units, ln is the natural log, and A1 and A2 are the observed mean ab-
sorbance at 490 nm at two time points, t1 = 1min and t2 = 4min. GST
was measured by the method of Habig and Jakoby (1981) with 1-
chloro-2,4-dinitrobenzene (CDNB) as a conjugation substrate, adapted
to microplate reading by McFarland et al. (1999). Activity was ex-
pressed as nanomoles of conjugate per minute per milligram of pro-
teins.

AChE activity was measured from the head of the fish. Tissues were
weighed, cut in small pieces and then were homogenized using a Potter-
Elvehjem homogenizer in 1:30 (w: v) 0.1M Tris–HCl buffer containing
0.1% TRITON X 100, pH 7. Homogenates were centrifuged at
10,000×g for 20min. AChE activity was assayed by the method of
Ellman et al. (1961), adapted to microplate reading by Bocquené et al.
(1993). Enzyme activity was expressed as nanomoles of acet-
ylthiocholine hydrolyzed per min per mg of proteins.

Total protein content in the tissue extracts was measured using
bovine serum albumin (BSA) as a standard (Bradford, 1976).
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2.10. Statistical analyses

Treatment effects on fish survival (censored at 96 h) were analyzed
using the Kaplan-Meier survival test in SPSS (v.23, IBM, USA). Overall
and pairwise comparisons were conducted using the Mantel-Cox log
rank test. LC50 at 24, 48, 72 and 96 hrs and the associated 95% con-
fidence limits were calculated using probit analysis in SPSS. Acute
toxicity values were converted into toxic units using the formula TU
= (1/LC50)× 100 (Persoone et al., 2003).

In an effort to determine the variables affecting fish mortality,
physico-chemical variables measured at the beginning of the experi-
ment were first log transformed and then Pearson correlation analysis
was performed to define relationships between variables. When corre-
lations were over 99%, a variable was removed. The selected variables
were then used as explanatory variables in generalized linear mixed-
effects models (family binomial), with experimental replicate as a
random factor and the death of a fish as a binary response variable (0 if
fish alive, 1 if fish dead). Fish mortality data used in the statistical
analysis were those obtained at 24 h of the OMW addition and at 96 h of
the OMW addition (end of acute test), to explore the relationship of
chemical variables and short (24 h) and longer term (96 h) mortalities.

Model selection was based on the Akaike Information Criterion
(AIC), whereby the model with the lowest AIC is retained, aiming in
minimizing information loss and separating noise from structural in-
formation (Burnham and Anderson, 1998). For the selection of the best
model, it is not the absolute value of AIC that is important, but rather
the difference between the considered models (ΔAICi = AICi – AICmin).
Models with ΔAIC< 2 are considered as equally explaining variation
of the response variable, therefore, within this range, selection was
based on parsimony. Another criterion is the ‘weight of evidence’ (wi) of
the selected model, i.e. the relative likelihood of the model, considered
the data. The closest wi is to 1, the greater the likelihood that the se-
lected model is the best (Burnham and Anderson, 1998). The relative
appearance of each variable in models that could adequately explain
variation in fish death was also used as an indicator of an importance of
a variable. Statistical analysis was performed with the statistical pro-
gram R v.3.3.3 (R Development Core Team, 2017). Package lme4 v.1.1-
12 (Bates et al., 2015) was used for mixed effect models and package
MuMIn v.1.15.6 (Bartón, 2016) was used for the model selection.

Possible group differences in total length (TL), body weight (TW)
condition factor (K) and biochemical biomarkers of fish after the sub-
chronic test were analyzed with one-way ANOVAs, followed by Tukey’s
multiple comparison tests where necessary, in SPSS. Normality and
homogeneity of variance were assessed using Kolmogorov-Smirnov’s
and Levene’s tests respectively. Data were log-transformed where ne-
cessary. The level of significance was set at p < 0.05.

3. Results

3.1. Water quality

The physico-chemical characteristics of the OMW are shown in
Table 1. Comparing the values determined in the pure effluent to the
upper limits of OMW disposal concentrations in surface waters in the
Regional Units of Athens & Thessaloniki, the following can be noted:
Total phenols far exceeded the limit value (500 μg/l) since they were
recorded more than 20 times higher in the waste (11,100 μg/l). The
same also applies for both BOD and COD where extremely high values
were recorded indicating extensive organic load. Total Phosphorus
content (114.8 mg/l) was also far exceeding the upper limit of 10mg/l.
Nitrates, nitrites and TSS did not exceed limit values.

Water quality and chemical parameters obtained before (0 h) and
after (96 h) the acute test (with similar values expected during the sub-
chronic test) at the six treatment groups revealed an increase along the
OMW concentration gradient (i.e. effect increasing from 3% to 9%),
while a gradual decrease was found in DO and in pH.

3.2. Acute toxicity

3.2.1. Fish mortality
Fish survival varied significantly among treatments (Mantel-Cox log

rank test, χ2 = 97.87, p < 0.001, Fig. 1).
The survival distribution of the control group differed significantly

from all OMW groups (Mantel-Cox log rank test, χ2> 4.14, p < 0.05)
with the exception of the 3% group (Mantel-Cox log rank test, χ2 =
0.94, p= 0.33). The distribution of the 3% group differed significantly
from 7%, 8% and 9% groups (Mantel-Cox log rank test, χ2> 25.28,

Table 1
Water quality and chemical characteristics of the fish collection site, the OMW
effluent and the regional unit limits of Olive Oil Waste Water Disposal
Concentrations in Surface Waters in the Regional Units of Athens &
Thessaloniki.

Parameters Site OMW Regional Unit Limitsa

Temperature (°C) 13
pH 7.91 5.53 9
DO (mg/l) 10.05 0.0
Conductivity (μS/cm) 461 6778
TDS (mg/l) 300 4324
Turbidity (NTU) 5.70 9211
Phenols (μg/l) 5.5 11,100 500
COD (mg/l) 8.5 > 10,000 180
BOD (mg/l) 5.9 3049 60
TSS (mg/l) 6.39 146.22 1000
Ca (mg/l) 64.14 310
Mg (mg/l) 5.99 100.3
Na (mg/l) 7.08 55.5
K (mg/l) 2.69 2247
HCO3 (meq/l) 3.91 24.85
SO4 (mg/l) 9.24 120.15
Cl (mg/l) 8.68 421
N-NO3 (mg/l) 0.036 0.112 11.3
N-NO2 (mg/l) 0.001 0.150 0.91
N-NH4 (mg/l) 0.006 1.4
P-PO4 (mg/l) 0.001 109.63
Total P (mg/l) 0.006 114.8 10

a Government Gazette 582/Β, 1979 and 82/Β, 1994.

Fig. 1. Fish survival after exposure to an OMW concentration gradient during
the acute test.
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p < 0.001) but did not differ from the 6% group (Mantel-Cox log rank
test, χ2 = 2.02, p=0.16). The 7% group differed significantly from all
other OMW groups (Mantel-Cox log rank test, χ2> 4.90, p < 0.05).
The 8% and 9% groups did not differ between them (Mantel-Cox log
rank test, χ2 = 1.89, p=0.17) but differed significantly from all other
groups (Mantel-Cox log rank test, χ2> 4.90, p < 0.05).

Median lethal concentration values (LC50 and 95% Confidence
Limits) of OMW calculated at 24, 48, 72, and 96 h were 7.31 (95% CL
[6.65, 7.84]), 6.70 (95% CL [6.25, 7.04]), 6.44 (95% CL [6.03, 6.72])
and 6.38 (95% CL [6.05, 6.68]) respectively, indicating the high toxi-
city of the OMW on the tested fish species. The respective Toxic Units
(TU and 95% Confidence Limits) calculated at 24, 48, 72, and 96 h were
13.68 (95% CL [12.76, 15.04]), 14.93 (95% CL [14.20, 16.00]), 15.53
(95% CL [14.88, 16.58]) and 15.67 (95% CL [14.97, 16.53]). Based on
the five-class hazard classification system used for wastewaters dis-
charged into the aquatic environment (Persoone et al., 2003), samples
tested were classified as highly toxic (Class IV – high acute toxicity,
10–100 TU).

There was high correlation among many variables of OMW waste
and those that were correlated over 99% were removed from further
analysis (K+ concentration, BOD and Turbidity). The high correlation
between variables resulted in many models that could adequately ex-
plain variation, using variables interchangeably (delta< 2 in at least
the first 10 models, Table 2). However, the model with the best fit was
the most parsimonious, with only one variable adequately explaining
variation in fish deaths. The concentration of total phenols was the most
important variable explaining fish deaths, irrespective of the time of
their death (after 24 h or after 96 h of OMW exposure, Table 2). Its
importance was reinforced by its highest relative appearance when
considering all possible models that adequately represent mortality
variation (0.59 at 24 h and 0.82 at 96 h), followed by NH4 (0.58 at 24 h
and 0.60 at 96 h) and PO4 concentration (0.48 at 24 h and 0.46 at 96 h).

3.2.2. Behavioural responses
Concerning the relative position of the subjects in the test tank

along the vertical axis, OMW exposure resulted in a general shift away
from the surface. Specifically, in the control treatment, fish were more
evenly distributed in the container (inhabiting all three possible loca-
tions in the tank), in comparison to the OMW treatments where they
were mostly observed in the column and at the bottom of the tank.

Concerning fish activity, only ‘hypoactivity’ was assessed, since

there were no findings of hyperactivity and only one observation of a
slightly hyperactive subject (Table 3). OMW-exposed fish were more
hypoactive compared to the control individuals, with increased hy-
poactivity observed in all OMW concentrations, especially in the first
24–48 h. Fish became more hypoactive when they were closer to death,
but in surviving fish hypoactivity remained constant or even decreased
(e.g. in 7% after 48 h). In the higher OMW concentrations, individuals
also started exhibiting loss of equilibrium and elevated breathing rate
as they approached death (at 7% and 8% at 24–48 h). No events of
gulping, jumping or darting were observed.

3.2.3. Morphological alterations
The fish exposed to OMW had skin lesions and damaged fins

(shredded appearance) accompanied by excessive mucus covering the
entire body (Fig. 2A, B). Hemorrhages were detected at the base of the
soft rays of the caudal, anal and dorsal fins, and near the area of the
anus (Fig. 2A, B, C). Moreover, the subjects exhibited abdominal
swelling, exophthalmia and anemia in the gills (increased lamellar
thickness and decreased interlamellar area, Fig. 2D, E). Spot hemor-
rhages were observed in kidney tissue samples obtained from the three
individuals examined (Fig. 2F). A summary of all observed morpholo-
gical symptoms is presented in Table 4.

3.3. Sub-chronic test

Only the control, 3% and 6% groups continued in the sub-chronic
test. In this test, four fish died in the control group (23.5%), two in the
3% group (11.8%), and nine in the 6% group (64.3%). In terms of
behavioural responses, the swimming activity of the control fish re-
mained normal, similar to the 3% group which, however, showed some
signs of hypoactivity. The 6% group had equal observations of normal
activity and slight hypoactivity as the 3% group throughout the sub-
chronic test. Regarding the position of fish in the test tank, both the
control and 3% groups were distributed in the entire water column with
most observations including all three possible locations (surface,
column and bottom), in contrast to the 6% group which appeared more
often closer to the bottom of the tank. Only three individuals from the
3% group and one from the 6% group exhibited loss of equilibrium
during this test and there were no reports of gulping, jumping and
darting in any of the treatments. The breathing rate could not be ac-
curately recorded in the OMW exposed groups.

Table 2
Global model with all considered variables. Replicate is considered as a random factor (1 | replicate). The first 10 models with the lowest AIC are presented. Models
selected to best explain fish deaths are in bold. Death24 correspond to deaths after 24 h, Death96 correspond to total deaths after 96 h.

Global model: Death ~ (1 | replicate) + pH +DO +Conductivity + Total phenols +TSS +Cl +NO2 +NH4 +PO4

df AIC delta weight

Death24 ~ (1 | replicate) + Total phenols 3 81.1 0 0.161
Death24 ~ (1 | replicate) + Total phenols +NH4 4 81.2 0.11 0.153
Death24 ~ (1 | replicate) +DO +Cl +NH4 +PO4 6 81.6 0.49 0.126
Death24 ~ (1 | replicate) +DO +Total phenols +NH4 5 82 0.88 0.103
Death24 ~ (1 | replicate) + PO4 3 82.2 1.16 0.09
Death24 ~ (1 | replicate) + Total phenols +NO2 4 82.5 1.47 0.077
Death24 ~ (1 | replicate) +DO +Total phenols 4 82.6 1.52 0.075
Death24 ~ (1 | replicate) +DO +TSS +Cl +NH4 +PO4 7 82.6 1.55 0.074
Death24 ~ (1 | replicate) +DO +Cl +NH4 +PO4 +Total phenols 7 82.7 1.59 0.072
Death24 ~ (1 | replicate) + Total phenols +NH4 5 82.8 1.7 0.069
Death96 ~ (1 | replicate) + Total phenols 3 38.2 0 0.194
Death96 ~ (1 | replicate) + pH +DO +Total phenols + Cl +NH4 7 38.5 0.38 0.161
Death96 ~ (1 | replicate) +DO +Total phenols 4 39.7 1.52 0.091
Death96 ~ (1 | replicate) + pH +Total phenols 4 39.7 1.56 0.089
Death96 ~ (1 | replicate) + TSS +Cl +NH4 +PO4 6 39.8 1.62 0.086
Death96 ~ (1 | replicate) + Total phenols +NO2 4 40 1.8 0.079
Death96 ~ (1 | replicate) + Total phenols + TSS 4 40 1.84 0.077
Death96 ~ (1 | replicate) + Conductivity + Total phenols 4 40.1 1.92 0.074
Death96 ~ (1 | replicate) + Total phenols + Cl 4 40.1 1.94 0.074
Death96 ~ (1 | replicate) + Total phenols +NO2 +NH4 5 40.1 1.95 0.073

I. Leris, et al. Ecotoxicology and Environmental Safety 175 (2019) 48–57

52



During the sub-chronic test, five individuals were also examined for
morphological alterations (two from 0%, one from 3% and two from
6%). Control group fish showed no evidence of skin and fin damage, but
both exhibited exophthalmia and abdominal swelling. The individuals
from the 3% treatment showed some signs of skin and fin degeneration
and exophthalmia but no abdominal swelling. One of the 6%-in-
dividuals showed only moderate skin and fin alterations, while the
other 6%-individual exhibited exophthalmia and abdominal swelling
and minimal skin and fin damage. All specimens showed moderate
hemorrhages on the body.

Treatment groups did not differ, in terms of TL (One-way ANOVA,
F2,30 = 1.06, p=0.36), TW (One-way ANOVA, F2,30 = 1.77, p=0.19)
and condition factor (One-way ANOVA, F2,30 = 2.9, p=0.07), after
the sub-chronic exposure (n=31).

3.4. Biochemical responses

CAT activities (Fig. 3A) varied significantly between our treatment
groups (One-way ANOVA, F2,30 = 6.98, p < 0.01). In particular, the
CAT activity of the control group differed significantly from the 3%
group (Tukey HSD post hoc test, p < 0.01), while its difference from
the 6% group was marginally non-significant (Tukey HSD post hoc test,
p= 0.07). The effect of treatment on AChE activities (Fig. 3C) was also
significant (One-way ANOVA, F2,30 = 3.51, p < 0.05) with the highest
concentration (6%) exhibiting significantly lower activity than the
control treatment (Tukey HSD post hoc test, p < 0.05). GST activities
showed no significant differences among treatments (One-way ANOVA,
F2,30 = 1.4, p > 0.05), although at the highest OMW concentration
(6%) they were slightly lower than in control fish (Fig. 3B).

Table 3
Behavioural symptoms during exposure to OMW concentration gradient. , surface column and bottom; , column and bottom; , column; , bottom position; 0,
no-; I, moderate; II, severe symptoms. nr, no record (could not be scored due to low visibility); –, no surviving subjects for observation; †, only absence (0) or presence
(I) reported; * , no surviving subjects at 24 h, thus only data from 0.5, 1, 2, 4 and 6 h observations were used.

OMW (%) Surviving subjects Position Hypoactivity Loss of equilibrium† Elevated breathing†

24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h

0 17 17 17 17 0 0 0 0 0 0 0 0 0 0 0 0

3 17 17 17 17 II I II I 0 0 0 0 nr nr nr nr

6 15 15 15 14 II II II II 0 0 0 0 nr nr nr nr

7 11 5 1 1 II II 0 0 I I 0 0 I I nr nr

8 6 1 0 0 – – II II – – I 0 – – I nr – –

9 0 0 0 0 – – – II* – – – 0 * – – – I* – – –

Fig. 2. A. Excessive mucus on the skin
and fins and hemorrhages on the
caudal area (8% OMW exposure at
72 h). B. Excessive mucus and hemor-
rhages on the anus area (8% OMW ex-
posure at 6 h). C. Hemorrhages at the
base of the dorsal fin (7% OMW ex-
posure at 24 h). D. Exophthalmia and
abdominal swelling (6% OMW ex-
posure at 96 h). E. Gill filament (6%
OMW exposure at 24 h) with the la-
mellae anemic, distended and covered
in mucus. F. Spot hemorrhages in
kidney tissue (8% OMW exposure at
24 h).

Table 4
Morphological changes (post-mortem examination) during exposure to OMW concentration gradient. 0, no-; I, moderate; II, severe symptoms. The number of subjects
exhibiting the recorded symptom level is presented in superscript (total number examined also presented). nr, no record (no mortalities for examination); –, no
remaining subjects; †, only absence (0) or presence (I) reported.

OMW (%) Examined subjects Skin mucus Fin damage Hemorrhage Abdominal swelling† Exophthalmia†

24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h

0 0 0 0 0 nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr nr
3 1 0 0 0 I1 nr nr nr 11 nr nr nr II 1 nr nr nr Ι 1 nr nr nr Ι 1 nr nr nr
6 3 0 0 1 I3 nr nr I1 II 3 nr nr I1 II 3 nr nr Ι1 Ι 3 nr nr Ι 1 Ι 3 nr nr Ι 1

7 7 7 4 0 II4 II 7 I4 nr II 4 II 7 II 4 nr II 4 II 6 Ι3 nr Ι 7 Ι 6 Ι 2 nr Ι 7 Ι 7 Ι 2 nr
8 11 5 1 – II 9 II 4 II 1 – II 9 II 5 I1 – II 11 II 5 II1 – Ι 11 Ι 5 Ι 1 – Ι 11 Ι 5 Ι 1 –
9 12 – – – I9 – – – II 12 – – – II 12 – – – Ι 12 – – – Ι 12 – – –
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4. Discussion

4.1. Fish mortality

This study has shown a dose-responsive increase in mortality of the
tested fish to OMW exposure (LC50 values ranged from 7.31% to
6.38%), with our analysis indicating the predominant contribution of

phenols to fish mortality both at the onset and the end of the acute test.
Total phenol concentration in our OMW sample was indeed 20 times
higher than the maximum amount levels of phenols (500 μg/l) allowed
in the wastewater by the Regional Unit Limits of Athens and
Thessaloniki, Greece and 10 times higher than those (1000 μg/l) by the
European Union (Urban Water Directive 91/271/EC). BOD5, COD and
Total Phosphorus content were also extremely high in our sample, far
exceeding regional values. Karaouzas et al. (2011b) in an in situ study
of OMW effects to stream macroinvertebrates and ecological status
showed extremely high values of phenols, BOD5, COD, chloride and TSS
during OMW discharge episodes, that caused a significant decrease in
dissolved oxygen concentrations.

Acute toxicity test on the Eastern mosquitofish in the present study
revealed LC50 values (6.38 at 96 h) comparable to those reported by
Adakole (2011) for fingerlings of Clarias gariepinus (5.54). LC50 values
for the mosquitofish at 24 h (7.31%) were, however, higher than those
reported for OMW toxicity in macroinvertebrate bioassays (2.64–3.36
for Gammarus pulex and 3.62–3.88 for Hydropsyche peristerica
(Karaouzas et al., 2011a). Similarly, Paixão et al. (1999) reported LC50

values at 48 h of 2.24 in a Daphnia bioassay, a value lower than the
relevant LC50 found in our study (6.70 at 48 h). This discrepancy be-
tween the lethal concentrations of OMW reported for fish and in-
vertebrates is normal, as invertebrates have been previously found to be
more sensitive to pollutants. For example, exposure to coal mine was-
tewater of a range of invertebrate and vertebrate species was not
acutely toxic to the two fish species tested (Hypseleotris compressa and
Pseudomugil signifier) as opposed to cladocerans (Daphnia carinata) and
planarians (Dugesia sp.) that exhibited significant mortalities after 48
and 96 h exposure, respectively (Lanctôt et al., 2016).

Our study has shown that the Eastern mosquitofish appears to be
suitable for acute toxicity testing of OMW. However, given the adapt-
ability of the mosquitofish to a wide range of, often degraded, en-
vironmental conditions (Vargas and De Sostoa, 1996), the possibly
lower sensitivity of native species occupying similar habitats, such as
small cyprinids, would require further assessment.

4.2. Behavioural responses

Toxic activity of OMW was also observed at the behavioural level.
Exposure to OMW resulted in hypoactivity, in contrast to previous
findings where hyperactivity (‘rapid and erratic swimming’) was re-
ported after exposure to similar concentrations of the effluent (Adakole,
2011). Exposure to phenols is known to cause initial hyperactivity
possibly due to temporary irritation by the chemical (Rice et al., 1997)
followed by a stage of hypoactivity, mainly attributed to nervous pa-
ralysis and tissue damage (reviewed by Alabaster and Lloyd, 1980).
Similarly, Saxena et al. (2005) reported an initial increase in surface
movement followed by lethargic behaviour and bottom dwelling of the
related species Gambusia affinis (Baird & Girard, 1853) exposed to de-
tergents. Moreover, fish generally reduce their activity when ambient
turbidity increases, primarily to reduce predation risk in the absence of
visual cues (e.g. Leahy et al., 2011). Thus the high turbidities in all
OMW solutions could provide an additional explanation for the ob-
served decrease in activity levels in the non-control treatments. Hy-
poactivity was more severe in the higher concentrations and as the fish
approached death, but in surviving subjects it remained at constant
levels or it was reduced, which could potentially indicate a form of
acclimation to the presence of the pollutant. Regarding positioning in
the water column, OMW exposure resulted in a general tendency of the
fish shifting away from the surface. This could be partially linked to the
decreased swimming activity observed in the OMW treatment groups,
as hypoactive fish would typically stay at the bottom of the container,
often completely immobile as they approached death.

Several subjects exhibited loss of equilibrium in both the acute and
sub-chronic test. This behavioural symptom typically appears as the fish
approach death, and – in combination with altered swimming – it is

Fig. 3. CAT (A), GST (B) and AChE (C) activities and lipid peroxidation at the
end of sub-chronic exposure (mean± SE). * , difference compared to control
treatment (p < 0.05).
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used to characterize a subject as moribund, an alternative endpoint in
acute fish toxicity tests (Dang et al., 2017; Rufli, 2012; Toth, 2000).
Moribund individuals are practically debilitated and are thus expected
to be more susceptible to predation in the wild, even if their symptoms
are reversible (Rufli, 2012). In the acute phase, only fish from 7% and
8% treatments exhibited loss of equilibrium, however it is possible that
fish in the 9% treatment also presented it (just before death) but we
could not record it, as all of them died between 6 and 24 h. Interest-
ingly, after prolonged exposure to OMW in the sub-chronic test, fish
from 3% and 6% also started exhibiting this terminal symptom. This is
particularly important as it highlights the possibility that OMW ex-
posure, even in lower sub-lethal concentrations, could severely impact
survival in a natural population.

Although the concentration of DO in the test solutions decreased
linearly along the OMW gradient, there were no observations of
jumping, air gulping or gasping in the surface. We did however observe
elevated breathing rates in subjects from higher OMW concentrations
(7–9%). Mosquitofish have been previously reported to have extremely
low oxygen demands, a characteristic that can explain their effective-
ness as global invaders (Stoffels et al., 2017). Gambusia affinis, a closely
related species of mosquitofish, can survive in severely hypoxic en-
vironments (0.2–0.3 mg/l O2) if given access to the surface (Odum and
Caldwell, 1955), thus our DO concentrations (> 7.37mg/l) were pos-
sibly not low enough to trigger severe hypoxia-related behaviours, even
at the higher OMW concentrations (8–9%).

4.3. Morphological responses

Several morphological alterations, such as skin damage, excessive
mucus secretion, hemorrhages, fin rot and exophhalmia were observed
in the exposed fish of the current study. Excessive mucus production is a
common response mechanism in fish, as it creates a barrier between the
body and the pollutant and reduces the exposure to the toxic agent, thus
reducing the irritation (Kasherwani et al., 2009). It has been reported
elsewhere that fish exposed to phenols show excess mucous secretion
from skin and gills (Saha et al., 1999). Even at low concentrations,
phenols have been found to negatively affect fish gills, kidney, liver,
and skin after long-term exposure (reviewed by Alabaster and Lloyd,
1980). More specifically, exposure of sunfish, Lepomis gibbosus, to low
(sub-lethal) concentrations of OMW resulted in gill changes similar to
the ones presented here, and these could be attributed to the effluent’s
high phenolic content (Koca and Koca, 2016). Fish gills are very sen-
sitive to changes and hence an important indicator of waterborne tox-
icants, since these may cause damage to gill tissues, thereby reducing
the oxygen consumption and disrupting the osmoregulatory function of
aquatic organisms. The severity of damage to the gills depends on the
concentration of toxicants and the period of exposure (Oliveira Ribeiro
et al., 1996). Moreover, increased TSS may also cause significant gill
clumping and other structural alterations (Cumming and Herbert,
2016) which could potentially account for the elevated breathing rate
observed in individuals from higher OMW concentrations. Gill
clumping reduces surface area and thus the respiratory capacity of the
fish, decreasing thus subsequently the metabolic rate of the fish
(Kasherwani et al., 2009). Saxena et al. (2005) also reported a combi-
nation of excessive mucous secretion and gill hemorrhages to Western
mosquitofish exposed to detergents. Finally, the open lesions observed
in the current study could provide an entry point for various pathogens,
further highlighting the adverse indirect effects of OMW exposure to
fish survival.

4.4. Biochemical responses

Toxicity of OMW was observed also at the biochemical level, as
higher CAT activities and lower AChE activities were observed in fish
after sub-chronic exposure. CAT is an antioxidant enzyme that de-
toxifies hydrogen peroxide (H2O2), the main cellular precursor of the

hydroxyl radical (HO•), a highly reactive and toxic form of reactive
oxygen species (ROS) involved in oxidative stress, which may cause
lipid, protein, and DNA damage (Kehrer, 2000). Changes in CAT ac-
tivities are indicative of increased ROS production that can be due to
several environmental factors, including exposure to chemical con-
taminants acting as pro-oxidants and hypoxia (Limón-Pacheco and
Gonsebatt, 2009). Higher CAT activities in OMW-exposed fish com-
pared to control fish suggest induction of the cellular antioxidant de-
fense against ROS. ROS were possibly produced by substances with pro-
oxidant properties present in OMW, such as phenolic compounds
(Eghbaliferiz and Iranshahi, 2016). Accordingly, phenolic compounds
found in OMW were considered responsible for oxidative stress effects,
i.e. enhanced lipid peroxidation, in OMW-exposed mussels Mytilus gal-
loprovincialis (Danellakis et al., 2011). Hypoxic conditions can also
enhance ROS production and induce antioxidant enzymes and/or oxi-
dative stress in fish (Lushchak, 2011; Lushchak et al., 2005; Onukwufor
et al., 2017). Furthermore, chemicals and hypoxia may exert interactive
effects on antioxidant enzyme activities (Dasgupta et al., 2016;
Onukwufor et al., 2017). Thus, potential hypoxia caused by reduced
oxygen consumption as indicated by the observed morphological al-
terations (but not the behavioural responses) in the OMW-exposed fish,
may have additionally affected CAT activities since hypoxic conditions
can enhance ROS production and induce oxidative stress and/or anti-
oxidant enzymes in fish (Lushchak, 2011; Lushchak et al., 2005;
Onukwufor et al., 2017).

In a study on the effects of OMW exposure on amphipods G. pulex
and caddisfly larvae of H. peristerica (Karaouzas et al., 2011a), high
concentrations of phenolic compounds in OMW were regarded as re-
sponsible for GST induction; however such effects were not evident in
our study. GSTs are enzymes of the phase II biotransformation pathway
that detoxify a variety of chemical compounds by conjugation of toxic
electrophiles with glutathione, whereas certain GST isozymes catalyze
the reduction of organic peroxides and thus act as antioxidants (Hayes
and Pulford, 1995). GST can be induced by organic contaminants as
part of the phase II biotransformation pathway whereas GST inhibition
can be regarded as a non-specific response to chemicals (Regoli et al.,
2003). Our results on GST activities imply that the phase II bio-
transformation pathway was not induced by organic chemical con-
stituents of OMW. In contrast, a decreasing tendency (although not
statistically significant) was noted in GST activities of the exposed fish
which could indicate a non-specific response to chemicals present in
OMW. In the current study, AChE activities of the exposed fish de-
creased along the OMW concentration gradient. AChE is an enzyme
involved in nerve impulse transmission, and its inhibition is an estab-
lished biomarker of neurotoxicity (Fulton and Key, 2001). AChE in-
hibition can result from exposure to various chemical contaminants
(Lionetto et al., 2013), and has been shown in aquatic organisms ex-
posed to OMW, i.e.M. galloprovincialis (Danellakis et al., 2011), G. pulex
and larvae of H. peristerica (Karaouzas et al., 2011a). AChE inhibition
that has been shown to impair several behavioural processes in fish and
to modify swimming performance in G. holbrooki (Sismeiro-Vivas et al.,
2007) could be related to the hypoactivity observed in the OMW ex-
posed fish in the current study.

4.5. Environmental policy implications

Our results suggest that toxicity studies, such as the current one, are
highly relevant to environmental policy decision making, as they in-
dicate the importance of a rigorous implementation of the prohibition
of untreated OMW disposal on aquatic ecosystems and of the necessity
of on-site treatment using various separation techniques for OMW de-
toxification (McNamara et al., 2008; Arvaniti et al., 2011). The main
challenge, however, remains the revalorization of OMW residues into
high added-value products (Federici et al., 2009), e.g. for heat and
power generation and for the production of biofuels (Negro et al., 2017)
or to amend or irrigate agricultural soils (Roig et al., 2006; Doula et al.,
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2017). This is a challenge due to the seasonal and small scale nature of
the enterprises involved in olive oil production in Mediterranean
countries, as well as to the high costs often associated with such tech-
nologies. However, the effective disposal and/or revalorization of OMW
waste arises as a priority, given the huge volumes of water utilized in
the industry, the amounts of OMW produced and the deleterious effects
of its disposal in Mediterranean waterways.

5. Conclusions

Olive mill wastewater discharge into surface waters has severe ef-
fects on the local biota at different levels of biological organization as it
was shown with the tested fish species in our study. Our study has
shown a range of toxicological impacts on the tested fish species that
included acute and sub-chronic fish mortality, adverse behavioural and
morphological effects and changes at the biochemical level. This study
fills the existing knowledge gap on OMW basic toxicity on freshwater
fish and our results have clear implications for OMW potential effects
on the native fish fauna. Clearly more research is needed in the short-
term and cumulative impacts of OMW exposure, however, based on our
results, behavioural, morphological and/or biochemical tests appear to
have implications and can inform the sustainable management of the
OMW receiving waterways and the formulation of measures to mitigate
the OMW adverse effects on the local fauna.
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