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Abstract

Although intensive marine fish farming is often assumed to be eco-friendly, the associated activity can lead to chronic exposure of
marine organisms to potentially toxic discharges. Moreover, despite the increasing popularity of integrated multi-trophic aqua-
culture (IMTA), studies of the effects of fish farm effluents are almost non-existent. In the present study, the changes in the toxic
potential of effluents from five land-based marine fish farms in NW Spain subjected for different lengths of time to a biodeg-
radation procedure (for 0, 48, 120, and 240 h) were assessed in a battery of bioassays including organisms from different trophic
levels (Vibrio fischeri, Isochrysis galbana, and Paracentrotus lividus). The results of the bioassays at the different times were then
considered together with farm water flow in the Potential Ecotoxic Effects Probe (PEEP) index. Despite the high volumes of
effluents discharged, the generally low toxicity of the effluents hinders assessment of potentially toxic effects. However, dose—
response curves and statistical analysis demonstrated the existence of toxic effects during the first five days of the biodegradation
procedure, especially immediately after sampling. The proposed modification of the PEEP index better reflects the changes in
toxicity over time.

Keywords Mariculture - Toxicity persistence - Battery of bioassays - Bacterial luminescence - Microalgae growth - Larval

development - DBPs - Disinfectants

Introduction

Fish play a fundamental role in human nutrition, and the grow-
ing demand from the world’s population has led to the gradual
depletion of marine resources (FAO 2016). Aquaculture has
emerged as a possible solution to overfishing; however, to be
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sustainable, it must be respectful of the environment on which
it depends directly (Carballeira et al. 2012a). Spain is the largest
aquaculture producer in Europe and is a pioneer and top pro-
ducer of turbot (Scophthalmus maximus L. 1758) in intensive
marine land-based facilitiecs MAGRAMA 2016). Intensive pi-
sciculture involves the management of high densities of fish
and requires exhaustive control of culture conditions. This is
mainly obtained by the application of chemical products to
prevent the appearance and propagation of diseases.
However, the effluents discharged to the aquatic environment
mainly comprise the metabolic waste products of fish (Tello
et al. 2010). Traditional flow-through systems, in which the
water is circulated through tanks before being returned to the
environment without being treated, are the most common type
of system used in turbot farming in Spain.

Studies of the potential impact of waste discharges from
aquaculture have traditionally been conducted by analysis of
the physical-chemical properties of sewage. However, studies
of the potential toxicity of waste discharges are scarce, and
few bioassays have been used to determine the effects on
affected biota and the potential toxicity of the waste
(Carballeira et al. 2011, 2012a, b, ¢, d).
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The discharges from land-based aquaculture are gener-
ally of low toxicity because the effluents basically consist
of the water in which fish are grown plus highly diluted
chemicals. Few laboratory bioassays are sensitive enough
to detect any effects on biota, even when early life stages
or lower organisms are used. However, indices that take
into account the large volumes discharged indicate very
high levels of potential toxicity (Carballeira et al. 2012b).
The Potential Ecotoxic Effects Probe (PEEP) is a useful
index for assessing the impacts of pisciculture effluents,
but it does not take into account changes in toxicity as a
result of biodegradation processes (Costan et al. 1993;
Carballeira et al. 2012b).

Many chemicals present in aquaculture discharges (e.g.
ammonia and antibiotics) do not persist in the marine environ-
ment and are rapidly dispersed (Pitta et al. 2006).
Nevertheless, considering the secrecy surrounding the
chemicals used in the industry and the lack of previous toxic-
ity persistence studies (Sapkota et al. 2008), it is possible that
the effluents may contain some highly persistent chemicals,
such as antifouling agents and pesticides.

The objective of the present study was to assess the chang-
es in the toxicity of discharges from land-based fish farms
over time by using a battery of bioassays including three ma-
rine organisms belonging to different trophic levels: Vibrio
fischeri (bacterium), Isochrysis galbana (microalga), and lar-
vae of Paracentrotus lividus (sea urchin). Ecotoxicological
parameters and the PEEP index were used to express the po-
tential toxicity, taking into account the emission flow rate and
the persistence of toxicity.

Material and methods
Effluent sampling and the biodegradation procedure

Effluent samples were collected in high-density polyethylene
bottles, between November (2015) and July (2016), from five
land-based turbot farms in Galicia (NW Spain; Fig. 1). All
farms use traditional flow-through aquaculture systems and
similar management, as indicated by data provided by the
regional government of Galicia during the 6-year sampling
period (Carballeira et al. 2012b). The samples were
transported to the laboratory in cool containers, to minimize
oxidation of ammonia, and were immediately tested in the
bioassays.

In parallel to the bioassays, the effluent samples were
subjected to a biodegradation procedure based on com-
monly used protocols (Costan et al. 1993), but adapted
to the particular conditions of the study area and of the
samples. The effluent samples were maintained at 15 °C
(in a cool chamber) for 240 h, with a high level of oxy-
genation, in darkness. The usual protocols (designed for
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freshwater effluents) require the addition of inorganic salt
solutions; however, we did not include this step, as sea-
water already contains salts. In addition, we added clean
seawater (see below) to the samples instead of adding a
commercial bacterial inoculum. The clean seawater was
collected from the same sites as the specimens of
P lividus, close to farm V, but far enough to be a clean
site.

Physico-chemical characterization

Levels of ammonia, nitrites, and nitrates in water samples
were determined by the Nessler, Griess-Ilosvay, and ultravio-
let methods, respectively (Hach Company 1997; APHA
2012).

Electrical conductivity, dissolved oxygen, and turbidity
were recorded at the beginning of the experiment with respec-
tively a conductimeter (XS COND7), an oximeter (WTW
0xi320), and a nephelometer (Lutron TU-2016). Salinity
and pH were determined by use of a multiparameter water
quality meter (Hanna HI 9828).

Biological Oxygen Demand after 5 days (BODs) was deter-
mined with the Oxitop Determination System (WTW) follow-
ing standard methods UNE-EN 1899 and UNE-EN 1899-2.

Toxicity bioassays

Bioassays were performed immediately after effluent sam-
pling (0 h), and after 48, 120, and 240 h. In each test, organ-
isms were exposed to six different dilutions (volume of
effluent:volume of clean sea water) of each of the effluents
from the fish farms: 0:1 (control), 1:20 (5%), 1:10 (10%), 1:4
(25%), 1:2 (50%), 3:4 (75%), and 1:0 (100%).

Solutions of cadmium chloride (CdCl,) and zinc sulphate
(ZnSO,) were used as reference samples, in accordance with
published guidelines (Environment Canada 2011; OECD
2011) to validate the accuracy of the tests.

Adult sea urchins were collected from a clean intertidal
zone at Aguifio (A Corufia, North West Spain). Isochrysis
aff. galbana (Clon T-ISO) was obtained from the algal collec-
tion held in the Department of Microbiology and Parasitology
(University of Santiago de Compostela).

The bacterial bioluminescence (V. fischeri), microalgal
growth (I. galbana), and sea urchin larval development
(P. lividus) tests were conducted following the method
described by Carballeira et al. (2012b, d). Bacteria were
exposed to diluted effluent samples for 30 min. The 2%
diluent was replaced with 3.4% clean seawater (control)
to prevent changes in toxicity due to differences in salin-
ity caused by dilution, as we noted that bioluminescence
emitted by bacteria in the 2% diluent was half of that
emitted in the control seawater, which has the same salin-
ity as the farm discharges.
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Regarding potentially confounding factors (salinity, pH, optimal range for the organisms tested (Bottger and
DO, and phosphates), all effluents were generally within the ~ McClintock 2001; Saco-Alvarez et al. 2010).

9°0'0"W 8°0'0"W 7°0'0"W
:_Z 1 1
S
&
3 N
I
(3]
(]
O o9
°
@]
1 .
—Z o~ =
= =
& 5
A ¢
@
z Z
= -
& S
& g
3
0 25 )
e Kilometer
9°0'0"W 8°0'0"W

Fig. 1 The locations of the five land-based marine fish farms (I to V) in Galicia (north-west Spain)
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Table 1
control samples consisted of clean seawater (see text for details)

Averaged physico-chemical characteristics of the effluents (»=5) from land-based fish farms I to V at two different sampling times. The

Month Sample Temperature (°C) Turbidity (ntu) pH Conductivity (mS) Dissolved O, (mg LY
April Effluent 12.3+0.6 2.7+0.6 7.8+0.0 12.5+0.2 4.0+0.0

Control 14.0 0.0 7.9 12.5 33
July Effluent 14.8+0.6 1.1£0.7 7.1+0.1 21.3+0.7 n.a.

Control 173 0.0 7.1 22.7 n.a.

Statistical analysis, effective concentrations (EC,),
and the PEEP index

The normality of the data distribution was checked by graph-
ical analysis (qq-plot) and the Shapiro—Wilk normality test.
Differences in inhibition of the responses of organisms for
the different biodegradation times and farms were identified
by the non-parametric Kruskal-Wallis test. The Spearman
correlation coefficient was used to determine significant rela-
tionships between the responses of organisms and effluent
dilutions. Differences were considered statistically significant
at p<0.05.

Dose-response curves were created using the dose—re-
sponse curves (drc) add-on package (Ritz and Streibig
2005). Toxic effects were calculated (when possible) by use
of the R software (R Development Core Team 2008) and
expressed as effective concentrations (ECs, EC;o, EC,o,
ECso).

The PEEP index expresses the toxic potential of discharges
by combining the results of toxicity bioassays and taking into
account the persistence of toxicity, (multi)specificity of toxic
impact, and the effluent flow (Costan et al. 1993).

The following formula was used by Costan et al. (1993) to
calculate the following index:

N .

PEEP = log,, [1 +n F"NI d ’} Q]

where n = number of samples showing a toxic response, N =
total number of samples, 7= percentage of resulting toxicity
determined by bioassays before and after being biodegraded
(expressed as EC), and Q = effluent flow (m*> h™!) (obtained
in the present study by written communication with the re-
gional government).

However, this formula underestimates the changes in tox-
icity resulting from biodegradation of the effluents when ap-
plying the logarithm to the difference in toxicity between the
time of collection and after degradation for 120 and 240 h.
Therefore, in order to obtain more detailed information about
the persistence of the toxicity of discharges, we calculated the
PEERP as the difference in the value determined independently
for the day of the sampling and the value determined after
degradation of samples for 120 or 240 h.

Results and discussion

Monitoring intensive aquaculture effluents is a complex task
as the discharges are generally of low toxicity and are rapidly
dispersed from the coast and, therefore, often only sporadic
discharges are detected (Tello et al. 2010). Moreover, the
chemical composition of discharges is not usually known be-
cause of the secrecy of fish farm producers and because the
levels of contaminants do not always reach the detection limits
of analytical methods, thus hampering identification of the
causes of the changes in the surrounding aquatic environment
(Carballeira et al. 2012a, b).

Monitoring demanded by the regional government in-
volves determination of physico-chemical parameters of input
water and discharges; however, this is not adequate for
assessing the toxicological effects caused by the chemical in-
teraction between contaminants or by the interaction between
organic matter and contaminants, and it also does not indicate
the bioavailability of contaminants (Mitchell et al. 2002). The
physico-chemical parameters of farm effluents were not sig-
nificantly different (with the exception of turbidity) from those
of the input or control water (Tables 1 and 2). Occasional

Table2 BODjs values and NH," concentrations in effluents (Outflow, 7 = 4) and in the corresponding input water (Inflow, 7 = 1) from land-based fish

farms I to V. Values are expressed in milligram per liter

Farm I 1T I v \%

Parameter  Inflow  Outflow Inflow  Outflow Inflow  Outflow Input Outflow Inflow  Outflow
BOD;s 1 4 2 3 2 1 2 4 1 3

NH,* 0.089 0.288+£0.04  0.001 0.254+0.07  0.064 0.214+£0.09  0.066  0.201+£0.04  0.006 0.253+0.02
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Fig. 2 Dose-response curves for
(a) the Vibrio fischeri
bioluminescence bioassay, (b) the
Isochrysis aff: galbana growth
test, and (¢) the Paracentrotus
lividus larval developmental test
for each effluent after being
subjected to the biodegradation
procedure for 0, 48, 120, and
240 h. Farms are represented by
different lines, as follows: I, solid
thin line; II, dashed line; 111, solid
thick line; IV, dotted line, and V,
gray line
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measures of these parameters do not take into consideration
the interannual variability in farm discharges; however, the
mean values for a 6-year sampling period also indicated al-
most no differences throughout the whole period (Carballeira
etal. 2012a, b). Although sampling was only occasional, farm
effluents were collected during the hours of greatest activity
on the farms (between 8 a.m. and 3 p.m.) when facilities are
cleaned and fish are fed. In addition, the aim of this study was
to determine any changes in toxicity due to biodegradation
and not to assess the variability in the toxicity of discharges.

Table3  Spearman’s correlation coefficient relating organism effects to
the dilution factor for different biodegradation times (0, 48, 120, and
240 h). Kruskal-Wallis test showing the differences in toxic effects
between farms at different biodegradation times (above) and between
different biodegradation times on all farms (below). Significant
differences are marked in bold type and are indicated by asterisks, as
follows: * (p <0.05), ** (p < 0.005), and *** (p <0.001)

Farm Time (h) Spearman correlation
V. fischeri 1. galbana P, lividus
I 0 0.511% —0.581%* 0.842*
48 0.075 0.793%** 0.372%
120 0.762%%* -0.012 0.79%*
240 0.908* 0.28 0.73
I 0 0.674%* —0.266 0.811%*
48 0.54 0 0.375%*
120 0.806%** —0.522%* 0.364
240 0.884%** 0.353 0.041
il 0 0.868*** —0.712%% 0.85%
48 0.159 —0.618%* 0.806*
120 0.774%** —0.577* 0.401
240 0.835%** 0214 0.001*
v 0 0.856%** —0.6* 0.845%*
48 0.116 —0.66%* 0.551
120 0.655%* —0.628%** 0.638*
240 0.486 0.631°%* 0.651
\'% 0 0.906%** —0.491%* 0.702*
48 0.386 —-0.35 0.075%*
120 0.498* -0.322 0.513
240 0.876%%* —0.163 0.282
Kruskal-Wallis test
0 0.034* 0.034* 0.112
48 (Ui 0.0027%* 0.015%*
120 Qs 0.033* 0.01%
240 0.434 0.053 0.013*
I 0.051 Qs Qs
il 0.016* Qs Qs
A% O 0.016* Q=
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The biodegradable organic matter is expressed in terms of
biological oxygen demand (BODs). The BODs values for ef-
fluents reached 4 mg O, L™ and were always higher than for
input water (between 1 and 2 mg O, L") (Table 2), except for
effluent from farm III whose decomposing activity may have
been inhibited by the presence of toxins, probably disinfectants.
The BODjs values did not surpass the maximum allowed values
from administrations and are similar to those obtained in related
studies (Sindilariu et al. 2009; Wu et al. 1994).

The bioassays performed have been shown to be useful,
sensitive tools for detecting the effects of contaminants in com-
plex water samples, such as those obtained from fish farms
(Mitchell et al. 2002). Vibrio fischeri is particularly sensitive
to antibiotics and disinfectants, whereas 1. galbana enables the
eutrophication potential to be determined, and P, /ividus larvae
are especially sensitive to metals and low pH values
(Carballeira et al. 2012c¢; De Orte et al. 2013). The larvae are
highly sensitive to this type of effluent and specific contami-
nants, as indicated by the appearance of skeletal deformities
(Carballeira et al. 2012d). Nevertheless, these bioassays proved
to be less sensitive to effluents from the same farms than in
previous studies (Carballeira et al. 2012b, d).

The bacterial dose—response curves (Fig. 2a) showed that
significant inhibition (p < 0.05) of bioluminescence was direct-
ly correlated with effluent dilution at 0, 120, and 240 h
(Table 3). However, at 48 h, the opposite trend was observed.
Similar results were observed with the microalgae (Fig. 2b) as
at 48 h there is trophic effect also decreased significantly with
increasing dilution (Table 3). No clear trends were observed at
the other times. The observed stimulation may occur via a
phenomenon called hormesis, as a result of low concentrations
of contaminants and the high presence of nutrients, enhancing
the physiological activity of biomonitors (Calabrese and
Baldwin 1999; Morales-Fernandez et al. 2014). These contam-
inants may later interact with other chemicals or organic matter
to form more toxic compounds (Emmanuel et al. 2004).

The percentage of deformed larvae increased significantly
with the effluent concentration for all times considered
(Table 3 and Fig. 2c). A peak of 40% of deformed larvae
occurred at 48 h due to the immaturity of sea urchin eggs.
This bioassay was previously reported as the most sensitive
to this type of discharge when skeletal deformities of larvae
were taken into account (Carballeira et al. 2012d). However,
some specific deformities were not observed, which may in-
dicate a change in the chemicals being used in farm manage-
ment. Statistical analysis has shown differences in toxicity
between dilutions, especially when effluents were tested im-
mediately after sampling (0 h) (Table 3), when the toxicity is
(presumably) strongest. In addition, no differences between
farms were observed in the test performed after 240 h, and
differences associated with degradation times were found on
almost all farms and in almost all bioassays (Table 3).
Together, these results showed changes in toxicity throughout
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Table 5 PEEP index values,

calculated by the two different Costan et al. (1993)

Proposed modification

methods, from the EC, values

obtained in the different bioassays Farm Po 1201 Po 240 1
applied to each fish farm effluent 1 523 531
11 491 4.83
I 6.14 6.14
v 532 5.24
v 4.65 4.55

Pon Pi2on Poon PonPi20n Po nP24on
5.31 533 6.42 —-0.03 -1.12
491 5.06 4.7 —0.15 0.22

6.22 4.87 5.21 1.35 1.01

5.32 5.17 4.5 0.15 0.83

4.73 3.96 3.38 0.77 1.35

the degradation procedure and the disappearance of toxicity
after 10 days.

The dose-response curves only allowed the determination
of a few ECs due to the low toxicity of the samples and the
high error of models, which may not be correctly adapted to
the study conditions (Table 4). The EC values differed de-
pending on the species. Thus, in the case of V. fischeri, the
toxicity tended to decrease over time, while in the case of
I. galbana, lower EC values were found at 120 h. By contrast,
P, lividus showed lower EC values after biodegradation for
48 h, although the general trend in all bioassays was for the
toxicity to decrease over time. The toxic effect on P. lividus
larvae completely disappeared after 240 h (Fig. 2c¢).

The PEEP indices were calculated with EC, values, ac-
cording to the formula proposed by Costan et al. (1993) and
the method proposed in this study (Table 5). The present meth-
od has shown to better reflect the temporal changes in toxicity
due to degradation processes. The toxicity of discharges from
farm I increased after 240 h, whereas the opposite occurred on
farms II, TV, and V. The method proposed by Costan et al.
(1993) applies the logarithm to the combination of immediate
and delayed (persistent) toxicity, but it overlooks the changes
in toxicity. The values obtained with the existing method were
very similar to those obtained when no degradation was con-
sidered (Py 1,), and thus application of the biodegradation pro-
cedure would not be necessary in this case.

The low toxicity of farm effluents does not rule out the
existence of environmental impacts. The high volumes and
types of compounds released may have chronic effects on
exposed communities, depending on how the compounds per-
sist in the aquatic environment (Boethling et al. 2009). The
most common contaminants in the effluents are ammonia (de-
rived from fish metabolism and decomposition of organic
matter), antibiotics (used to treat and prevent diseases), and
metals contained in antifouling agents, disinfectants, medi-
cines, and feed (Burridge et al. 2010).

Ammonia is especially harmful to aquatic life at high pH
and temperatures, as these conditions lead to the appearance of
larger amounts of unionized forms (NH;); however, ammonia
is rapidly oxidized to nitrites and nitrates by bacteria and/or
taken up by algae (Hargreaves and Tucker 2004; Crab et al.
2007). Oxidized nitrogenous and phosphate forms were al-
ways below the maximum levels required by the national
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regulations for drinking water (Table 2). However, the levels
of ammonia were much higher in the discharges than in the
inflowing water, with values close to 0.3 mg L.
Concentrations of unionized ammonia higher than
0.05 mg L™ can reduce the fertility of fish and increase their
susceptibility to disease, and concentrations higher than
2 mg L are lethal to fish (Hargreaves and Tucker 2004;
Sergeant 2017).

Antibiotics used in aquaculture may persist in sediments
(Burridge et al. 2010); however, there is no sediment in the
sites where the farms under study are located (Carballeira et al.
2012a), and the half-life of antibiotics in water is much lower,
especially when high levels of oxygenation occur, as in areas
affected by farm effluents (Deng et al. 2012). Furthermore, the
main environmental risk associated with antibiotics is the cre-
ation of resistant forms of bacteria, rather than any intrinsic
toxicity of the compounds (Wu et al. 1994; Carballeira et al.
2012a).

The persistence of the effects of disinfectants (mainly form-
aldehyde and chlorinated compounds) in water depends on the
levels of ammonia, which may form more toxic compounds
called disinfection by-products (DBPs) (e.g., bleach and am-
monia may form hydrazine, N,H,). Formaldehyde is very
toxic to phytoplankton and has a half-life of 36 h in water
(De Orte et al. 2013; Lalonde et al. 2015). DBPs and formal-
dehyde are easily transformed through chemical, biochemical,
and photolytic processes into less toxic forms (Emmanuel
et al. 2004; Zaidi and Imam 2008), which may explain why
toxic effects were mainly observed at the beginning of the
assays in the present study.

Metals are very toxic, persistent, and are rapidly accu-
mulated by organisms (Burridge et al. 2010). Copper is
used in aquaculture as a molluscicide and algicide, and its
toxicity increases with salinity (unionized) and when it is
not adsorbed by organic matter (Guardiola et al. 2012).
Although Zn is less toxic and persistent than Cu, marine
algae are particularly sensitive to its effects (Burridge
et al. 2010). The almost total lack of effects on microalgae
ruled out the presence of high levels of these metals in the
fish farm effluents under study. Moreover, previous accu-
mulation studies did not find significant levels of Cu and
Zn in intertidal, sessile organisms in the surroundings of
the farms under study (Rey-Asensio et al. 2010).



Environ Sci Pollut Res (2018) 25:12739-12748

12747

Study of the long-term effects of fish farm effluents is hin-
dered by the low levels of contaminants in effluents, the se-
crecy of fish farm companies, and the fact that the aquaculture
industry is one of the few that discharge seawater (and most
studies of this type concern fresh water). Furthermore, envi-
ronmental studies on aquaculture activities are mainly based
on analysis of sediment, which integrates contaminants, but
no methods have been developed for hard-bottom habitats.

The main cause of effluent toxicity seems to be the high
concentrations of ammonia, which is rapidly oxidized into less
toxic forms. The levels of persistent contaminants have de-
creased as a result of the implementation of EU regulations
that restrict the use of chemical and because fish farms need
clean seawater for successful culture of fish. Nonetheless,
chronic effects have previously been described in the field,
and good practice, the development of multi-trophic aquacul-
ture, and the use of recirculating water systems are recom-
mended in order to minimize the risk of contaminating marine
environments.
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