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Abstract

We evaluated the effect of low pH and low and high total ammonia nitrogen (TAN)

concentrations on the physiology, stress status and the growth performance of tur-

bot in RAS. Two experiments were conducted. In Experiment 1, turbot (466 g) were

grown at control (pH 7.5; TAN ~0.5 mg/L) or low pH and high TAN (pH 5.7; TAN

~50 mg/L) for 55 days. In Experiment 2, turbot (376 g) were grown at control (pH

7.5; TAN ~0.5 mg/L), low pH and low TAN (pH 5.7; TAN ~5 mg/L) or low pH and

high TAN (pH 5.7; TAN ~50 mg/L) for 59 days. In Experiment 1, final body weight,

feed intake and growth were significantly lower and FCR significantly higher in tur-

bot exposed to low pH and high TAN. In Experiment 2, only growth was signifi-

cantly lower in turbot exposed to treatment low pH and high TAN as compared to

fish in the control treatment and low pH and low TAN. Osmoregulation and stress

indicators measured were within normal levels. In conclusion, turbot grew equally

well in a water pH of 7.5 or 5.7 provided a low TAN. In contrast, low pH combined

with a high TAN impaired turbot performance.
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1 | INTRODUCTION

Fish production in recirculating aquaculture systems (RAS) has

been gaining momentum with an increasing number of recently

built facilities producing various species, ranging from cold seawa-

ter Atlantic salmon (Salmo salar) to warm freshwater Nile tilapia

(Oreochromis niloticus) (Dalsgaard et al., 2013; Liu et al., 2016;

Martins et al., 2010). Turbot (Psetta maxima) production has also

significantly increased during the last decade, with several RAS

currently in operation (Dalsgaard et al., 2013; Mota, Martins,

Eding, Canário & Verreth, 2014; Person‐Le Ruyet, 2002). However,

turbot production in RAS still needs further improvement; the

growth performance usually observed in RAS during the on‐grow-

ing phase is lower than the potential growth recorded in flow‐
through systems (Person‐Le Ruyet, 2002). This growth reduction

was also observed in RAS for other fish species, such as Nile tila-

pia (Mota, Limbu, Martins, Eding & Verreth, 2015) and European

seabass (Dicentrarchus labrax) (Deviller et al., 2005). Although sev-

eral factors can affect fish growth, such as food availability, nutri-

tion and social interactions, the environmental conditions in the

culture system are a particularly relevant factor in RAS due to the

build‐up of substances such as ammonia (Eding, Kamstra, Verreth,

Huisman & Klapwijk, 2006), nitrate (Davidson, Good, Williams &
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Summerfelt, 2017), carbon dioxide (Stiller et al., 2015) and hor-

mones (Mota, Martins, Eding, Canário & Verreth, 2017) as a con-

sequence of water reuse (Colt, 2006).

Low water pH can potentially improve fish growth by chemical

shifting fish metabolites towards less toxic substances and by

changing the configuration and activity of the accumulated sub-

stances (Ip, Chew, Randall, Patricia & Paul, 2001; Martins, Ochola,

Ende, Eding & Verreth, 2009). For example, at low pH, ammonia

is mainly present as ammonium which is relatively less toxic. Fur-

ther, at the RAS level, low pH can improve carbon dioxide

removal in trickling biofilters (Eding et al., 2006) and CO2 degas-

sers in general, by shifting the carbonate system into carbon diox-

ide. Moreover, low water pH may improve fish performance by

decreasing the disease pressure and vulnerability to parasites. This

lower pathogen pressure may be one of the factors behind the

improved growth and production of European eel (Anguilla anguilla)

cultured in RAS at a low pH of 4.5–5.5. Low pH conditions have

also been used in RAS producing other fish species, such as

Dover sole (Solea solea), African Catfish (Clarias gariepinus) and Nile

tilapia (Oreochromis niloticus) (Mota et al., 2014). However, several

adverse effects have been reported for fish exposed to low envi-

ronmental pH, such as reduced growth and feed intake (Abbink et

al., 2012; Kennedy & Picard, 2012). Moreover, low pH can

increase cortisol level, which causes a transient depression on the

nonspecific immune activity (Brown, MacLatchy, Hara & Eales,

1990) and can result in plasma acidosis and a concomitant reduc-

tion in plasma ions (McDonald, Walker, Wilkes & Wood, 1982).

Also, acute acid stress induced acidosis and morphological

histopathologies on gill and skin of juvenile cobia (Rachycentron

canadum) (Rodrigues, Pedron, Romano, Tesser & Sampaio, 2015).

When enough acclimation time is provided, the mentioned nega-

tive effects seem to be mitigated, Nagae et al. (2001) and van

Ginneken, Van Eersel, Balm, Nieveen and Van Den Thillart (1997)

show no effect, and D'Cruz, Dockray, Morgan and Wood (1998)

and Dockray, Reid and Wood (1996) show even a positive effect

on feed intake and growth.

However, little is known about the effects of producing marine

species with low pH conditions due to the high buffering capacity of

seawater. For instance, Allan and Maguire (1992) found an accept-

able growth (<5% growth reduction) of black tiger shrimp (Penaeus

monodon) with a pH of 5.9. In contrast, Lemarié et al. (2000)

observed a 40% growth reduction for seabass cultured at a pH of

5.5. However, this effect might be confounded by a high carbon

dioxide concentration. Eshchar, Lahav, Mozes, Peduel and Ron

(2006) showed no effect of low pH/high ammonium concentration

on seabream (Sparus auratus) cultured in a marine RAS. Nevertheless,

the latter study only tested pH levels down to 6.8.

Although water pH in RAS is relatively stable, it can drop with

(1) alkalinity consumption during nitrification and (2) fish metabolic

carbon dioxide excretion. Usually, these two sources of pH drop

are counteracted with a carbon dioxide removal unit and with the

supply of an alkalinity source like sodium bicarbonate. Decreasing

water pH in RAS can have positive effects beyond fish

performance; pH drives the ammonia equilibrium in culture water,

which has major implications on ammonia toxicity for fish (Ip et al.,

2001; Thurston, Russo & Vinogradov, 1981). Low‐pH environments

increase the NH4‐N fraction from TAN, which is thought to be

300–400 times less toxic for fish than the NH3‐N fraction (Person‐
Le Ruyet, Galland, Le Roux & Chartois, 1997; Thurston et al.,

1981). Managing water pH can be an alternative strategy to main-

tain NH3‐N at safe conditions to culture fish while TAN accumu-

lates at high levels reducing the biofiltration needs. For instance,

Eshchar et al. (2006) showed that intensive flow‐through system

can operate without biological filtration by changing water pH and

still maintain NH3‐N at safe levels for seabream (Sparus aurata).

Several studies have investigated the effect of low water pH on

several fish species physiology and growth (Abbink et al., 2012; Ken-

nedy & Picard, 2012; Nagae et al., 2001). However, the effect of

low pH on physiology, stress status and growth performance of tur-

bot cultured in RAS is unknown. In addition, it is important to differ-

entiate between fish‐specific effects of low pH and any confounding

effects resulting from operating a low‐pH RAS, such as the increase

of the NH4‐N fraction from the total ammonia nitrogen (TAN), with

the respective decrease of the NH3‐N fraction. This study con-

tributes to this gap of knowledge by testing whether turbot physiol-

ogy and performance are affected when cultured at low pH, and by

distinguishing the effect of low water pH from the effect of high

water TAN. Specifically, we evaluated the effect of low pH and low

and high TAN concentrations on the physiology, stress status and

the growth performance of turbot cultured in RAS.

2 | MATERIALS AND METHODS

2.1 | Experimental design

Two experiments were conducted.

Experiment 1 compared two treatments, each with three repli-

cated RAS, during a 55‐day experimental period: a control treatment

(control: pH 7.5; TAN ~0.5 mg/L) and a low‐pH and high‐TAN treat-

ment (LpHHTAN: pH 5.7; TAN ~50 mg/L).

Experiment 2 compared three treatments, each with two repli-

cated RAS, during a 59‐day experimental period: a control treatment

(control: pH 7.5; TAN ~0.5 mg/L), a low‐pH and high‐TAN treatment

(LpHHTAN: pH 5.7; TAN ~50 mg/L) and a low‐pH and low‐TAN treat-

ment (LpHLTAN: pH 5.7; TAN ~5 mg/L).

Note that the TAN concentration in the LpHHTAN treatment of

Experiment 1 was let increase (minimum ~2 mg/L – maximum

~100 mg/L), whereas it was kept constant in Experiment 2 (~50 mg/

L). The third treatment (LpHLTAN) in Experiment 2 was added to dis-

tinguish the effect of low pH from the effect of high TAN.

Water pH, in the tested conditions, dropped due to the alkalin-

ity consumption during nitrification, and it was maintained within

the target range by adding sodium bicarbonate when necessary.

Water TAN levels were monitored daily and, if necessary, ammo-

nium chloride solution was added to keep the levels within the

treatment values.

MOTA ET AL. | 3457



2.2 | Recirculating aquaculture systems

Each RAS (Figure 1) was composed of a circular fish tank (V = 300 L,

0.72 m2), a sedimentation unit (V = 75 L, hydraulic surface load

150 m3 m−2 day−1), a sump (V = 75 L) with an UV unit (UV‐C; 36 W),

a water flow control (1.2 – 1.4 m3/hr), a cooler/heater (TC20, Teco,

Italy) and a trickling filter (media: Bio‐net, specific surface area

200 m2/m3, installed surface area 10.8 m2; V = 0.054 m3). Total sys-

tem water volume was approximately 510 L. For Experiment 2, two

RAS were modified by adding an additional loop to keep TAN <10 mg/

L at low‐pH (LpHLTAN) treatment. This loop consisted of a partial by‐
pass in which water was flowing from the sump into a container tank

(V = 20 L), then pumped into the bottom section of an up‐flow sub-

merged biofilter (media: same as the trickling filter, V = 80 L) and

returned from the biofilter top end by gravity back into the sump. To

assure a proper water mix, a pump was installed at the top section of

the submerged biofilter. The supply of sodium bicarbonate to the con-

tainer tank was actively controlled using a pH controller pump (End-

ress‐Hauser Liquisys M, Endress+Hauser, Canada). Dissolved oxygen

was also continuously supplied just after the container tank. Water

exchange rate for Experiment 1 was ~250 and 100 L/kg feed for con-

trol treatment and LpHHTAN treatment, respectively, and 500 L/kg feed

for all three treatments of Experiment 2.

2.3 | Fish and feeding

All procedures involving animals were carried out in accordance with

the Dutch law and were approved by the Animal Experiments

Committee of Wageningen University, Wageningen, The Nether-

lands, with the reference numbers 2008023.b and 2008127.c.

Juvenile turbot were obtained from a commercial turbot farm (Gro-

VisCo B.V., The Netherlands) and transported to the experimental facil-

ities (Wageningen University, The Netherlands). Fish were randomly

distributed over the six fish tanks to adapt to the rearing and feeding

conditions for 1 week (Experiment 1) and 2 weeks (Experiment 2). Dur-

ing the adaptation period, water quality was maintained as follows:

temperature 16–17°C, salinity 14–15 ppt, dissolved oxygen > 7 mg/L,

pH 7.2–7.8, TAN < 2 mg/L, NO2‐N < 2.5 mg/L, NO3‐N < 15 mg/L and

photoperiod 18L:6D. At the start of Experiment 1, the initial fish num-

ber was 138 (23 fish per RAS), mean body weight was 466 g, and mean

tank density was approximately 36 kg/m3 (15 kg/m2). At the start of

Experiment 2, the initial fish number was 150 (25 fish per RAS), mean

body weight was 376 g, and mean tank density was 31 kg/m3 (13 kg/

m2).

Fish were fed twice a day (09:00 and 17:00) until apparent satiation

with a commercial dry pellet (9 mm, DAN‐EX, Dana feed, Denmark).

Feed composition was as follows: 88.0% dry matter, 9.5% ash, 50.6%

protein, 18.0% fat, 1.24% phosphorus and gross energy 20.9 kJ/g feed

dry matter. Feeding was stopped when three to six pellets remained

uneaten. After each meal, uneaten pellets were collected and counted.

Weight of individual pellets was determined to calculate feed intake.

2.4 | Water quality measurements

Temperature, salinity, pH and dissolved oxygen were measured once

a day (09:00) at Experiment 1 or twice a day (09:00 and 17:00) at

Trickling filter

Culture tank

Sedimenta�on unit

UV unit

Container

pH controller 
pump

Oxygen

pH electrode

Flow control

Cooler/heater

Submerged 
bio-filter

NaHCO3

F IGURE 1 Scheme of the recirculating aquaculture systems used to perform the experiments. Dotted lines represent the loop added to the
LpHLTAN treatment in Experiment 2
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Experiment 2 before feeding in the outlet of the fish tank using por-

table metres. The analytical water samples for N were analysed with

an autoanalyser (SAN Plus, Skalar, The Netherlands) for total ammo-

nia nitrogen (TAN) (Skalar protocol number 155‐006 w/r), NO2‐N
(Skalar protocol number 467‐003) and NOx‐N (Skalar protocol num-

ber 461‐318). NO3‐N was calculated as NOx‐N–NO2‐N. The NH3‐N
and NH4‐N concentrations were calculated from the TAN concentra-

tions as a function of pH, temperature and salinity (Johansson &

Wedborg, 1980).

2.5 | Fish, feed and faeces measurements and
sampling

At the start and end of both experiments, total fish body weight was

determined to the nearest 1.0 g after 24 hr of starvation. Fish were

anaesthetized (TMS, Crescent Research Chemicals, USA) prior to

handling.

Feed intake was expressed per metabolic body weight and calcu-

lated as follows:

Relative feeding rate ðRFRm; g/kg
0:8=dayÞ ¼ FI=ðWmean=1000Þ0:8

where a metabolic weight exponent of 0.8 was used (Dietz,

Kroeckel, Schulz & Susenbeth, 2012), FI is the average feed intake

per fish per day (in g/fish/day), and Wmean is the geometric mean

body weight (in g), calculated as follows:

WmeanðgÞ ¼ ðWi �WfÞ0:5

where Wi and Wf are the initial and final average individual fish

weight (in g) respectively.

Growth was expressed per metabolic body weight and calculated

as follows:

Relative growth rate ðRGRm; g/kg
0:8=dÞ ¼ ½GR=ðWmean=1000Þ0:8�=t

where GR is the average weight gain per fish per day (g/fish/d) and t

is the experimental duration in days.

Thermal growth coefficient (TGC) was calculated as follows:

TGC ¼ 1000� ðW1=3
f �W1=3

i Þ=ðT � ΔtÞ

where T is the water temperature in °C and Δt is the number of

days between time T1 and T2.

Feed conversion ratio (FCR) was calculated as follows:

FCRðDM g/gÞ ¼ FIDM=ðWf �WiÞ

where FIDM is the total feed intake in dry matter per fish over the

experimental period.

For fish body composition analysis, five fish in total were ran-

domly sampled from the total population and analysed at the begin-

ning of the experiment (Day 0) and thirty fish (5 fish/tank) were

analysed at the end of Experiment 2 (Day 59). Fish were killed with

an anaesthetic overdose (TMS) and frozen at −20°C. For feed com-

position analysis, a sample of the feed used during experiments was

collected and stored refrigerated. For nutrient digestibility

measurements, faeces were collected from the third week onwards

(Experiment 2) during a 72‐hr period each week. Faecal collection

was performed with a glass bottle attached to a sedimentation unit

(Figure 1), covered with ice, and faeces collected twice a day and

immediately frozen at −20°C. Fish samples were grounded and

homogenized in a mincing machine (Model TW‐R 70, FEUMA Gas-

tromaschinen GmbH, Germany). Faeces and feed samples were

homogenized and, for some analysis, freeze‐dried and grounded with

a centrifugal grinding mill (Retsch/Brinkmann ZM 100/w 1.1 mm

sieve; Verder NV, The Netherlands). Proximate composition of fish,

feed and faeces was determined according to the ISO standard anal-

ysis for determination of dry matter (DM; ISO 6496, 1983), crude

ash (ISO 5984, 1978), acid insoluble ash (AIA; ISO 5985, 1981),

crude fat (ISO 6492, 1999), crude protein (ISO 5983, 1997, crude

protein = Kjeldahl‐N × 6.25), energy (ISO 831,1998) and phosphate

(Autoanalyzer, Skalar protocol number 503‐011). Briefly, dry matter

was determined by drying the samples for 4 hr at 103°C, ash con-

tent was determined by ashing the samples for 4 hr at 550°C, and

AIA was determined by boiling the ash residual in 0.1N H2SO4 for

15 min, filtered over ash‐free filter paper, and re‐ashed for 4 hr at

550°C. Protein content was determined as N × 6.25 following the

Kjeldahl procedure after acid digestion, fat content was determined

by the Soxhlet extraction with petroleum ether for 4 h, gross energy

was determined by bomb calorimetry (IKA‐C‐7000; IKA Analysen‐
technik, Germany), and total phosphate was determined by spec-

tophotometric analysis of orthophophate (SAN autoanalyser) after

digestion of the ashed sample.

The apparent digestibility coefficient (%) was calculated as fol-

lows:

ADC ð%of nutrientÞ ¼ ð1� ðAIAdiet=AIAfaeces

�Nutrientfaeces=NutrientdietÞÞ � 100%

The maintenance energy requirement was calculated as follows:

Maintenance energy requirement ðkJ/kg0:8=dÞDEmðkJ=kg0:8=dÞ
¼ DEI � 1=kgDE � RE

where DEI is energy intake (kJ fish−1 day−1) and RE is retained

energy (kJ/fish/d).

2.6 | Blood parameters

At the end of the Experiment 2, ten fish per tank were caught,

anaesthetized (TMS), and killed with a blow on the head. Blood

(2 ml) was collected from caudal blood vessels using a hypodermic

syringe previously flushed with heparin (Leo, 5000 IE/ml). Whole

blood was immediately used for heamatocrit determination by filling

two microcapillary tubes and centrifugation at 3,000 g for 10 min.

The remaining blood was centrifuged at 3,000 g for 10 min at 4°C,

and the plasma stored in Eppendorf tubes and frozen (−20°C) for

further analysis. The following parameters were measured from

blood plasma samples: osmolality (by the test‐time freezing‐point
depression method on a micro osmometer, Advanced Instruments,

MOTA ET AL. | 3459



Netherlands), chloride concentration (Jenway PCL M3 chloride

meter, Jenway Limited, England), TAN (Ammonia Assay Kit, Sigma‐
Aldrich, USA), cortisol (Enzyme‐Linked Immunosorbent Assay Kit,

Neogen Corporation, USA), glucose (GOD‐POP method, Spinreact,

Spain) and lactate (using the principle of conversion of lactic acid

into pyruvate and hydrogen peroxide by lactate oxidase, Lactate

Reagent 735‐10; Trinity Biotech, Ireland).

2.7 | Statistics

Statistical analyses were performed with IBM SPSS Statistics V24

(IBM, Corp., USA). The experimental unit considered was the fish

tank (n = 3, Experiment 1, or n = 2, Experiment 2) for all parameters

with the exception of blood parameters where fish were considered

the experimental unit (n = 10, Experiment 2). Percentage data were

transformed using arcsin [√(x + 1)] prior to statistical analysis. Anal-

ysis of water quality and fish performance was conducted using a t

test (Experiment 1) or one‐way ANOVA (Experiment 2), to test for

overall differences among treatments. Analyses of blood parameters

were conducted using analysis of covariance (ANCOVA) using final

fish weight as a covariate (Packard & Boardman, 1999). Homogene-

ity of variances was previously tested using Levene's test. When sig-

nificant, ANOVAs and ANCOVAs were followed by a Tukey HSD

test to identify differences among treatments. Feed intake was anal-

ysed by repeated‐measures t test (Experiment 1) or repeated‐mea-

sures ANOVA (Experiment 2) to compare the treatment (pH/TAN)

and time (experimental weeks) effect through the two experimental

periods. Sphericity was tested using Mauchly's test, and when this

assumption was violated, the Greenhouse‐Geisser correction was

applied. Pairwise comparisons were used to identify differences

among treatments. A significance level (α) of 0.05 was used. Data

are expressed as mean ± standard deviation (SD).

3 | RESULTS

3.1 | Water quality

Water quality parameters measured during the two experiments are

summarized in Table 1 and Figure 2. Dissolved oxygen was signifi-

cantly lower in the control treatment than in the LpHHTAN treatment

in Experiment 1, 7.0 ± 0.3 and 7.3 ± 0.3 mg/L respectively (p <

0.05). Temperature and salinity (Table 1) were maintained within the

target range and were similar among treatments in both experiments.

Water pH was similar for both experiments, with a nearly constant

pH of 7.5 in the control treatment, and 5.7 in the LpHLTAN and

LpHHTAN treatments after the first week (Figure 2). Because the

NH4‐N fraction comprised close to 100% of the TAN concentration

in all treatments of both experiments, only TAN results are described

here. The average TAN concentrations were similar between the

same treatments of both experiments (Table 1); however, TAN con-

tinuously increased during Experiment 1 for LpHHTAN (min 2.7–max.

101.4 mg/L of TAN), whereas in Experiment 2, TAN remained

constant after the first week (min 41.1–max. 53.9 mg/L of TAN)

(Figure 2). The NH3‐N concentrations remained low (<0.016 mg/L)

TABLE 1 Summary of water quality parameters measured at the fish tank effluent for experiments 1 and 2

Parameters Control LpHHTAN LpHLTAN p‐value

Experiment 11

Temperature (°C) 17.7 ± 0.6 17.4 ± 0.7 0.20

Salinity (ppt) 15.3 ± 0.3 15.4 ± 0.2 0.37

Dissolved oxygen (mg/L) 7.0 ± 0.3 7.3 ± 0.3 0.02

pH 7.48 ± 0.02 5.78 ± 0.02 <0.01

TAN (mg/L)2 0.3 ± 0.0 (0.2–0.4) 48.7 ± 2.3 (2.7–101.4) <0.01

NH3‐N (μg/L) 3.0 ± 0.0 9.0 ± 1.4 <0.01

NO2‐N (mg/L) 0.30 ± 0.05 0.09 ± 0.01 <0.01

NO3‐N (mg/L) 142.1 ± 3.9 125.9 ± 1.8 <0.01

Experiment 23

Temperature (°C) 17.5 ± 0.0 17.4 ± 0.1 17.7 ± 0.1 0.21

Salinity (ppt) 15.2 ± 0.0 15.2 ± 0.3 14.9 ± 0.0 0.22

Dissolved oxygen (mg/L) 7.7 ± 0.2 8.0 ± 0.0 7.9 ± 0.2 0.20

pH4 7.44 ± 0.04a 5.73 ± 0.09b 5.75 ± 0.06b <0.01

TAN (mg/L)2, 4 0.5 ± 0.0a (0.4–0.6) 48.2 ± 0.6b (41.1–53.9) 5.4 ± 3.0c (3.5–8.0) <0.01

NH3‐N (μg/L)4 4.0 ± 0.3a 7.8 ± 0.4b 1.0 ± 0.6c <0.01

NO2‐N (mg/L) 0.59 ± 0.06a 0.15 ± 0.01b 0.15 ± 0.03b <0.01

NO3‐N (mg/L) 106.3 ± 4.3a 90.0 ± 1.5b 62.2 ± 1.0c <0.01

1Values are given as mean ± SD, n = 3. 2TAN values are given as mean ± SD and (minimum and maximum). 3Values are given as mean ± SD, n = 2.

Values with different superscripts in the same line and p‐values in bold indicate significant differences among groups (p < 0.05). 4Mean excludes the

first week measurements
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F IGURE 2 Water quality parameters, pH, TAN, NH3‐N and NO3‐N, in fish tank outlets during experiments 1 and 2. Values are presented as
mean ± SD. n = 3 (Experiment 1) and n = 2 (Experiment 2) for all parameters
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for all treatments. Nitrite (NO3‐N) increased up to 160 mg/L during

the first 7 weeks in Experiment 1 and remained under 150 mg/L

thereafter by daily adjusting water exchange rates (Figure 2). In

Experiment 2, the daily water exchange rate was fixed at 500 L/kg

feed for all three treatments, which lead to different NO3‐N mean

concentrations (control: 106.3 ± 4.3, LpHHTAN: 90.0 ± 1.5 and LpHLTAN:

62.2 ± 1.0 mg/L).

3.2 | Growth performance and survival

Fish were healthy during both experiments, with high turbot survival

(> 95%) and no significant differences among treatments (Table 2).

In Experiment 1, final body weight, feed intake and growth were sig-

nificantly lower (p < 0.05) and FCR significantly higher (p = 0.03) in

turbot exposed to low pH and high TAN (LpHHTAN) as compared to

fish in the control treatment. In Experiment 2, no differences were

observed among treatments for the various performance parameters

with the exception of growth that was significantly lower (p = 0.03)

in turbot exposed to low pH and high TAN (LpHHTAN) as compared

to turbot only exposed to low pH (LpHLTAN) or to control conditions.

Turbot growth was 32% and 21% lower in LpHHTAN compared to

fish in control treatments of experiments 1 and 2 respectively. Fig-

ure 3 shows that feed intake in the LpHHTAN treatment remained sig-

nificantly lower (p < 0.05) than in the control treatment on the

Experiment 1 third week onwards, whereas feed intake levels in all

three treatments similarly increased through Experiment 2 (p = 0.08).

3.3 | Energy mass balance and digestibility

Apparent digestibility coefficients and retention efficiency were simi-

lar among experimental treatments in Experiment 2 (p > 0.05;

Table 3). No energy balance differences were observed among

experimental treatments for Experiment 2 (Table 4), apart from

retained energy that was significantly lower (p < 0.05) in LpHHTAN

(28.2 ± 0.6 kJ−1 fish−1 day−1) as compared to the control treatment

(36.4 ± 2.4 kJ−1 fish−1 day−1).

3.4 | Blood parameters

Blood physiology parameters measured at the end of Experiment 2

are shown in Table 5. Haematocrit, cortisol and glucose levels were

TABLE 2 Summary of performance parameters measured in
juvenile turbot exposed to high pH (control), low pH (LpHLTAN) and
low pH together with high TAN (LpHHTAN)

Parameters Control LpHHTAN LpHLTAN

p‐
value

Experiment 11

Survival (%) 97 ± 3 95 ± 0 0.32

IBW (g/fish) 458 ± 14 475 ± 13 0.23

FBW (g/fish) 689 ± 10 627 ± 22 0.01

Feed intake

(g/kg0.8/d)1
4.81 ± 0.31 3.81 ± 0.33 0.02

RGR (g/kg0.8/

d)

6.78 ± 0.57 4.59 ± 0.50 0.01

TGC 1.15 ± 0.08 0.79 ± 0.08 <0.01

FCR (DM g/g) 0.71 ± 0.03 0.83 ± 0.06 0.03

Experiment 23

Survival (%) 98 ± 3 98 ± 3 98 ± 3 1.00

IBW (g/fish) 378 ± 6 373 ± 3 375 ± 4 0.57

FBW (g/fish) 613 ± 23 550 ± 16 601 ± 1 0.06

Feed intake

(g/kg0.8/d)2
5.47 ± 0.11 4.41 ± 0.13 4.80 ± 0.51 0.09

RGR (g/kg0.8/

d)

7.24 ± 0.36a 5.75 ± 0.36b 7.06 ± 0.11a 0.03

TGC 1.22 ± 0.05a 0.97 ± 0.04b 1.17 ± 0.01a 0.03

FCR (DM g/g) 0.76 ± 0.02 0.77 ± 0.03 0.68 ± 0.08 0.33

Notes. IBW: initial body weight; FBW: final body weight; RGR: relative

growth rate; TGC: thermal growth coefficient; FCR: feed conversion ratio
1Values are given as mean ± SD. n = 3 for all parameters. 2Feed is

expressed in dry matter and feed spillage is subtracted. 3Values are given

as mean ± SD. n = 2 for all parameters. Values with different superscripts

in the same line and p‐values in bold indicate significant differences

among groups (p < 0.05).
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not affected (p > 0.05) by the different experimental treatments.

Osmolality and chloride were significantly lower (p < 0.05) in turbot

exposed to LpHLTAN compared to specimens exposed to low pH in

combination with high TAN (LpHHTAN). TAN blood concentration

was significantly higher (p < 0.03) in LpHHTAN (5.93 ± 4.19 μg/L)

compared to LpHLTAN (3.09 ± 1.74 μg/L) and similar to fish in the

control treatment (3.61 ± 3.11 μg/L). Lactate blood levels were

significantly lower (p < 0.01) in turbot exposed to low pH (LpHLTAN

and LpHHTAN) as compared to control.

4 | DISCUSSION

This study showed similar turbot survival and performance cultured

in a low pH of 5.7 (LpHLTAN) or high pH of 7.5 (control) provided a

low‐TAN RAS environment. Nutrient digestibility and retention,

energy balance, maintenance requirements, stress status and ion reg-

ulation were also not affected by exposure to low pH conditions. On

the other hand, juvenile turbot raised in low pH combined with a

high TAN (LpHHTAN) in a RAS environment showed reduced growth

and feed intake, coupled to poorer FCR.

The acclimation capacity to low‐pH environments seems to be

species‐specific, where some species exhibit increased growth and

no ionoregulatory disturbance, such as rainbow trout (Dockray,

Morgan, Reid & Wood, 1998; Dockray et al., 1996), while others

are extremely sensitive and cannot acclimate, such as juvenile

Pacific sockeye salmon (Oncorhynchus nerka) (Kennedy & Picard,

2012). Low‐pH environment has been associated with high mortal-

ity (Abbink et al., 2012), reduced feed intake and growth (Kennedy

& Picard, 2012), increased ion permeability of the gill integumental

epithelium (McDonald et al., 1982; Wendelaar Bonga, 1997), sig-

nificant misbalances of sodium and chloride ions (Butler, Day &

Namba, 1992) and disturbances in haematology, fluid volume

TABLE 3 Apparent digestibility coefficients, excretion and
retention efficiency of turbot exposed to high pH (control), low pH
(LpHLT‐N) and low pH together with high TAN (LpHHTAN) for 59 days
(Experiment 2)

Control LpHHTAN LpHLTAN p‐value

Apparent digestibility coefficients (%)a

Dry matter 83.1 ± 3.1 76.9 ± 1.8 72.7 ± 5.0 0.11

Nitrogen 92.0 ± 1.2 86.4 ± 2.6 84.1 ± 4.6 0.09

Phosphorus 39.4 ± 4.6 44.7 ± 5.3 31.8 ± 6.6 0.16

Energy 87.1 ± 2.3 81.2 ± 2.4 78.1 ± 4.7 0.09

Retention efficiency (% intake)

Nitrogen 43.7 ± 1.9 45.4 ± 3.1 48.7 ± 5.4 0.50

Phosphorus 41.4 ± 2.6 42.1 ± 2.3 45.9 ± 4.9 0.47

Energy 50.5 ± 1.2 50.8 ± 1.0 49.9 ± 2.4 0.87

Notes. Values are given as mean ± SD. n = 2 for all parameters aAfter

correction for salt in the settled faeces.

TABLE 4 Energy balance and maintenance requirement of turbot exposed to high pH (control), low pH (LpHLTAN) and low pH together with
high TAN (LpHHTAN) for 59 days (Experiment 2)

Control LpHHTAN LpHLTAN p‐value

Energy balance (kJ−1 fish−1 day−1)

Energy intake 72.2 ± 3.0 55.4 ± 2.4 62.7 ± 6.9 0.08

Faecal energy 9.4 ± 0.4 7.2 ± 0.3 8.2 ± 0.9 0.08

Branchial and urinary energy 3.5 ± 0.0 2.6 ± 0.1 2.8 ± 0.6 0.16

Heat energy 22.0 ± 1.5 17.6 ± 1.5 20.6 ± 3.4 0.18

Retained energy 36.4 ± 2.4a 28.2 ± 0.6b 31.2 ± 2.0ab <0.05

Maintenance energy requirement (kJ/kg0.8/d) 19.4 ± 1.9 15.1 ± 2.0 18.1 ± 5.7 0.56

Notes. Values are given as mean ± SD. n = 2 for all parameters. Values with different superscripts in the same line and p‐values in bold indicate signifi-

cant differences among groups (p < 0.05).

TABLE 5 Blood physiology of fish exposure to high pH (control), low pH (LpHLTAN) and low pH together with high TAN (LpHHTAN) for
59 days (Experiment 2)

Control LpHHTAN LpHLTAN p‐value

Haematocrit (%) 15.97 ± 4.54 17.21 ± 4.95 18.32 ± 5.61 0.70

Osmolality (mOsm/Kg/H2O) 319 ± 4ab 320 ± 4b 316 ± 3a 0.04

Chloride (mmol/L) 132 ± 5a 139 ± 4b 131 ± 3a <0.01

TAN (μg/L) 3.61 ± 3.11ab 5.93 ± 4.19b 3.09 ± 1.74a 0.03

Cortisol (ng/ml) 0.62 ± 0.37 1.21 ± 2.35 2.78 ± 6.12 0.37

Glucose (mmol/L) 2.25 ± 1.09 1.92 ± 0.47 2.01 ± 0.65 0.07

Lactate (mmol/L) 0.26 ± 0.14a 0.15 ± 0.13b 0.06 ± 0.05b <0.01

Notes. Values are given as mean ± SD. n = 10 for all parameters. Values with different superscripts in the same line and p‐values in bold indicate signifi-

cant differences among groups (p < 0.05).
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distribution and circulatory function (Milligan & Wood, 1982). The

majority of these studies addressed the effect of low pH in the

context of acidification of freshwater ecosystems, where other

variables resulting from a low‐pH environment, such as ammonium

(NH4‐N) (Eshchar et al., 2006) and aluminium (Brown et al., 1990;

Fivelstad et al., 2003) toxicity likely affected fish performance.

Likewise, in seawater acidification studies, the conversion of car-

bonates to carbon dioxide may result in high dissolved carbon

dioxide environments and thus a factor contributing to reduced

fish performance in low‐pH environments (Abbink et al., 2012;

Stiller et al., 2015). Moreover, the rate of acidification and the

absence of additional stressors seems to be an important factor

driving the capacity to withstand long‐term exposure to low envi-

ronmental pH, as shown for Mozambique tilapia (Oreochromis

mossambicus) (van Ginneken et al., 1997). In the current study,

several measures were taken to avoid confounding factors: (a)

water pH took approximately one week to decrease from the con-

trol level (7.5) to the low‐pH treatment level (5.7); (b) despite dis-

solved carbon dioxide was not measured, it was likely within

optimal levels for turbot (<26 mg/L) (Stiller et al., 2015) due to

the low fish densities (max. = 53 kg/m3), low hydraulic retention

time in fish tanks (<40 min), and high efficiency of trickling filters

in degassing carbon dioxide (Eding et al., 2006); and iii) low NH4‐
N in Experiment 2 by introducing a loop with a submerged biofil-

ter to remove TAN. The absence of confounding factors that are

known to affect fish performance can explain the similar feed

intake, FCR and growth performance here observed for fish

exposed solely to low pH (LpHLTAN) and to those grown at a pH

of 7.5 (control). Moreover, fish growth rates in control and

LpHLTAN treatments are comparable to growth rates obtained in

other studies (Li, Liu & Blancheton, 2013; Mallekh, Lagardere,

Anras & Lafaye, 1998). No major signs of disturbed or impaired

physiological status were found, haematocrit and chloride were

not affected, and plasma osmolarity was within the normal levels

even though it significantly differed among experimental treat-

ments (van Ham et al., 2003). Glucose and cortisol plasma levels

did not differ and were within the considered nonstress levels

(van Ham et al., 2003). Moreover, despite lactate plasma differed

among treatments, the measured levels were lower (<0.3 mmol/L)

than previous studies with stressed turbot (>2–5 mmol/L) (van

Ham et al., 2003). Altogether, these results show that juvenile tur-

bot can adapt and cope with low environmental pH provided that

a slow acidification rate, low carbon dioxide and low NH4‐N envi-

ronment are present.

Total ammonia nitrogen (TAN) is the sum of two ammonia frac-

tions, ammonia (NH3‐N) and ammonium (NH4‐N). Although the

effect of high TAN concentrations on fish growth performance is lar-

gely unknown, growth reduction caused by high NH3‐N is usually

expected for several marine fish species, such as turbot (Alderson,

1979; Foss, Imsland, Roth, Schram & Stefansson, 2007, 2009; Per-

son‐Le Ruyet et al., 1997; Skøtt Rasmussen & Korsgaard, 1996),

Dover sole (Alderson, 1979), European seabass (Dosdat et al., 2003;

Lemarié et al., 2004), Atlantic cod (Foss, Siikavuopio, Sæther &

Evensen, 2004), cobia (Rodrigues, Schwarz, Delbos & Sampaio, 2007)

and Atlantic salmon (Kolarevic et al., 2013). The threshold level of

NH3‐N below which little or no effect on turbot growth is recorded

ranges from 0.1 mg/L (Alderson, 1979) to 0.5 mg/L (Person‐Le Ruyet

et al., 1997). In our study, despite the high TAN (up to 100 mg/L),

NH3‐N levels were below 0.02 mg/L, which is notably lower than

the levels shown above to affect turbot performance. Therefore, it is

likely that the growth differences here observed between the control

and LpHHTAN treatments are related to the high NH4‐N concentra-

tions. Although few studies tested the effect of chronic NH4‐N
exposure on fish growth, it is expected that NH4‐N is considerably

less toxic (300–400 times) to fish than NH3‐N (Person‐Le Ruyet,

Boeuf, Infante, Helgason & Le Roux, 1998; Person‐Le Ruyet et al.,

1997; Thurston et al., 1981). Indeed, a previous study exposed seab-

ream fingerlings to high TAN and low pH and observed no adverse

effects on growth and cortisol levels (Eshchar et al., 2006). However,

the high‐TAN treatment of the latter study was relatively low

(5.4 ± 1.2 mg/L), which is similar to the low‐TAN treatment of the

current experiment (LpHLTAN: 5.4 ± 3.0 mg/L) and notably lower than

the high‐TAN treatments here used (LpHHTAN 48.7 ± 2.3 mg/L and

48.2 ± 0.6 mg/L, respectively for experiments 1 and 2). It can there-

fore be concluded that high TAN concentrations affect fish growth,

whereas extremely high TAN concentrations also affect feed intake

and FCR.

Fish growth performance observed in Experiment 2 was superior

to that of Experiment 1. This can be related to nitrate (NO3‐N) toxic-

ity, which affects growth at concentrations equal or higher than

125 mg/L (van Bussel, Schroeder, Wuertz & Schulz, 2012). In Experi-

ment 1, both treatments (control and LpHHTAN) were exposed to

NO3‐N concentrations higher than 125 mg/L (Figure 2), whereas in

Experiment 2, this threshold was only crossed in the first two weeks.

This might explain the higher growth observed in Control 2 than in

Control 1 and in LpHHTAN 1 than in LpHHTAN 2. However, only NO3‐
N concentrations higher than 250 mg/L impact fish survival (van

Bussel et al., 2012), which explains the high survival observed in

both experiments.

Finally, it is important to note that water pH has large impacts

on the biofilter performance, particularly on the nitrification rate,

which is indirectly responsible for water TAN concentrations. In gen-

eral, pH can exert two main effects on nitrifying bacteria. First, acti-

vation–deactivation of nitrification can occur because the pH optima

for nitrification is around a pH of 8.0 (Grunditz & Dalhammar, 2001;

Villaverde, Garcia‐Encina & Fdz‐Polanco, 1997), and it can com-

pletely cease at pH 5.5 (Forster, 1974). Second, a nutritional effect

can also be observed because low pH shifts the carbonate system

towards free carbon dioxide. Bearing in mind the water pH used in

our study (5.7), more than 80% of total carbonate is carbon dioxide

and <20% is bicarbonate, this carbon dioxide is continuously

degassed in the trickling filters thus depleting the water from car-

bonates (Eding et al., 2006). The effect of bicarbonate limitation is

more pronounced than that of low pH (Tarre & Green, 2004) and

was likely responsible for the high TAN accumulation observed in

LpHHTAN treatment in Experiment 1. The additional loop added to
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LpHLTAN treatment, where a partial flow was enriched with bicarbon-

ate and oxygen before going through a submerged biofilter, was a

solution to maintain the overall RAS pH at 5.7 and still provide opti-

mal conditions for nitrification to occur. Ultimately, the design used

in our experiment demonstrates that it is possible to run a RAS at

low pH without the accumulation of toxic fish metabolites (carbon

dioxide and NH4‐N). The effect of low pH in RAS together with a

higher availability of nutrients, namely TAN, on bacteria populations

dynamics was not addressed in our study but could be interesting to

study in further detail.

Juvenile turbot grew and survived equally well in a RAS with

water pH of 7.5 and 5.7 over seven weeks provided a low‐TAN
environment, and no major effects were noted in energy mass bal-

ance, digestibility and blood parameters. This finding shows the fea-

sibility to adopt a new production strategy to improve turbot

performance in RAS. Further research should aim to determine the

maximum noneffect concentration of ammonium (NH4‐N).
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