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Segmental linear regression analyses revealed that 
the calculated isosmotic point for wolf eel of ~ 10.6 
‰ was a critical limit for maintaining growth per-
formance and osmoregulatory homeostasis. It is an 
important finding that fish considered to be a typi-
cal marine stenohaline organism could maintain ion 
and water balance as low as the isosmotic point, and 
exhibit survival and positive growth rates in salinities 
as dilute as 6 ‰. This work delivers a fundamental 
step in the empirical examination of this emerging 
aquaculture species and provides a model for evaluat-
ing osmoregulatory performance of marine stenoha-
line fishes in low-salinity aquaculture.

Keywords  Ion regulation · Euryhalinity · Salinity · 
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Introduction

Members of the wolffish family, Anarhichadidae, 
have emerged as potential cold-water aquaculture 
species (Foss et  al. 2004; Moksness and Pavlov 
2008; Cross et  al. 2017). The largest member of 
this family, the wolf eel Anarrhichthys ocellatus 
(Ayres, 1855), is a slow-moving, bottom-feeding 
species found in cold, coastal, northern Pacific 
waters (Beamish et  al. 1999; Mecklenburg et  al. 
2002; Feeney et  al. 2007). Throughout its life, the 
wolf eel inhabits only a very narrow range of salini-
ties, between 30 and 35 ‰ (900–1050 mOsm kg−1), 
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which is typical of coastal marine stenohaline 
fishes.

In the aquaculture of marine species, the use 
of cost-efficient, near-shore net pens is decreasing 
due to growing ecological and environmental con-
cerns (Langan 2009; Angel et al. 2019; Atalah and 
Sanchez-Jerez 2020; Martin et al. 2021; Wiber et al. 
2021; Zajicek et al. 2021). Recent advancements in 
filtration technology have led to the development 
of land-based, recirculating aquaculture systems 
to mitigate these concerns (Ahmed and Turchini 
2021). Although recirculating aquaculture systems 
maximize the biomass produced per volume of 
water used, the costs of artificial sea salt formula-
tions remain consequential. Thus, there is great 
interest in investigating the low-salinity aquaculture 
of marine fish to improve the commercial feasibility 
of land-based aquaculture of marine species (Riche 
et al. 2012).

Like most marine fishes, wolf eels in seawater 
hypo-osmoregulate to maintain an internal osmolality 
below that of their marine environment (Baldisserotto 
et  al. 2019). To accomplish this, marine fish ingest 
salt water for its water content (Ferreira and Baldis-
serotto 2019) and utilize mitochondria- and Na+/K+-
ATPase (NKA)-rich cells on intestine and gill epithe-
lia to actively absorb salt and water in the intestine 
and secrete excess salts (mainly Na+ and Cl−) from 
the gills (Grosell 2019; Shaughnessy and Breves 
2021). This process of hypo-osmoregulation is only 
effective in salinities above the isosmotic point, which 
for most fishes is ~ 290  mOsm  kg−1 (~ 10 ‰). In 
salinities more dilute than the isosmotic point, fish 
must hyper-osmoregulate by stopping drinking and 
actively absorbing (not secreting) Na+ and Cl− across 
the gill epithelium (Ferreira and Baldisserotto 2019). 
Most marine fishes are stenohaline—they are adapted 
to hypo-osmoregulate in salinities above the isos-
motic point, but are incapable of adapting to the 
hyper-osmoregulatory demands of surviving in salini-
ties below the isosmotic point (Schultz and McCor-
mick 2013). Interestingly, it has been suggested 
that reduced osmoregulatory (and thus energetic) 
demands in salinities near the isosmotic point may be 
beneficial for growth (Brett 1979; Jobling 1994; Bœuf 
and Payan 2001; Sampaio and Bianchini 2002). Thus, 
for the low-salinity aquaculture of stenohaline marine 
fishes, the isosmotic point may be the lower limit of 
salinity in which aquaculture is feasible, but it could 

also produce the best growth rate due to decreased 
osmoregulatory demands.

The goal of this study was to examine the growth 
performance and osmoregulatory abilities of the 
wolf eel in dilute salinities, with a particular focus 
on the isosmotic point as representing a hypotheti-
cally critical salinity threshold for both growth and 
osmoregulation. Growth performance was examined 
using metrics such as feed conversion ratio (FCR) 
and specific growth rate (SGR), and osmoregulation 
was examined using plasma ion concentrations, white 
muscle water content, and gill and intestine NKA 
activity. Our investigation in wolf eel aims to deliver 
an important step forward in the empirical examina-
tion of this emerging alternative aquaculture species, 
and to inform future work seeking to understand the 
physiological impacts of low-salinity aquaculture on 
commercially important marine fishes.

Material and methods

Experimental design

Captive-bred, juvenile wolf eels (source: Vancou-
ver Aquarium Marine Science Centre) were reared 
in an indoor, flow-through seawater system (30 
‰; 250 L tank volume) under natural photoperiod 
(July–August, ~ 14L:8D) at the Pacific Science 
Enterprise Centre of the Department of Fisher-
ies and Oceans in West Vancouver, B.C., Canada. 
Fish were gradually exposed to one of four vary-
ingly dilute salinity regimens (30, 14, 9, or 6 ‰) 
achieved by mixing locally sourced marine water 
(30 ‰) with freshwater (well-water). The target 
salinities of 30, 14, and 9 ‰ were achieved within 
1  week, but two extra weeks were taken to accli-
mate fish to the most dilute salinity of 6 ‰. In 
all groups, dissolved oxygen was monitored and 
remained above 8  mg L−1 and temperatures were 
maintained near 8.5 °C. Exposure to target salinity 
lasted for 8 weeks. Salinity treatments were run in 
triplicate—3 tanks per salinity regimen, 25 fish per 
tank. Fish were hand-fed a commercial feed (2 mm 
“Black Cod Feed,” Taplow Feeds, Vancouver, BC) 
to satiation twice daily in order to carefully monitor 
the feed intake and ensure satiation was achieved. 
As provided by the manufacturer, the ingredients 
for this commercial feed were fish meal, organic 
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wheat, fish oil, wheat gluten, and calcium propion-
ate. The major dietary components as listed by the 
manufacturer were 46% protein; 18% fat; 2% fiber; 
10% moisture; 10% ash; vitamins A, D, and E; 1% 
calcium; 1% sodium; and 0.65% phosphorus. Dry 
feed intake each day was recorded for later feed 
calculations. All applicable international, national, 
and/or institutional guidelines for the care and use 
of animals were followed. This study was approved 
by the DFO Pacific Region Animal Care Committee 
(protocol #: 12–002).

Sampling

Initially and at the end of each week of the 8-week 
trial, all the fish from each tank were anaesthetized 
in a non-lethal dose of MS-222 (50  mg L−1, buff-
ered with sodium bicarbonate) blotted dry, weighed 
to monitor growth, and then returned to the respec-
tive experimental tank. After the 8-week trial, a 
random selection of 3 fish from each tank (n = 9 per 
salinity treatment) were anaesthetized in a bath con-
taining a lethal dose of MS-222 (100 mg L−1) and 
sampled for tissue and blood. Blood was collected 
in a heparinized capillary tube from a severed cau-
dal fin, and then centrifuged for hematocrit ratio 
analysis and plasma extraction. Gill, intestine, and 
blood plasma samples were quickly sampled and 
immediately frozen in liquid nitrogen. White mus-
cle tissue (~ 0.2  g) was collected from the region 
above the lateral line just posterior to the head, blot-
ted dry, and placed on an aluminum weigh boat for 
the determination of water content by dehydration 
at 60 °C in a drying oven.

Blood plasma parameters

Blood plasma parameters were analyzed in dupli-
cate following manufacturer’s protocols as previ-
ously described (Shaughnessy et  al. 2015). Plasma 
Cl− was measured using a digital chloridometer 
(Haake Buchler Instruments Inc., Saddlebrook, NJ). 
Plasma Na+ was measured by emission flame pho-
tometry (Jenway PFP7, Bibby Scientific Ltd., Staf-
fordshire, UK). Total plasma osmolality was meas-
ured using a vapor pressure osmometer (VAPRO 
5600, Wescor, Inc., Logan, UT).

Enzyme activity

Frozen excised gill and intestine samples were pre-
pared on ice in a manual ground glass homogenizer in 
750 μL of a homogenizing medium (250 mM sucrose, 
10 mM EDTA, 50 mM imidazol, 0.1% sodium deoxy-
cholate; pH 7.5), then centrifuged at 4000 g for 2 min. 
Protein content of the crude homogenates were deter-
mined spectrophotometrically (695  nm) using the 
Bradford protein assay (BioRad Laboratories, Rich-
mond, CA) with a bovine serum albumin standard 
(Bradford 1976).

NKA activity of the crude gill filament homogen-
ates was determined by closely following previously 
described methods (Zaugg and McLain 1970; Zaugg 
1982; Flik et al. 1983). The assay was performed in 
duplicate by incubating 10 μL of homogenized tis-
sue in 300 mL of solution designed to either activate 
(assay solution A) or inhibit (assay solution B) NKA 
activity. Assay solution A contained (in mM) 156 
NaCl, 24 KCl, 3.6 MgCl2, 0.6 EGTA, 50 imidazole, 
and 0.04 Na2ATP. Assay solution B was identical to 
A, except that 1 mM ouabain was added. After incu-
bation at 20° C for 30 min, the reaction was stopped 
by adding 500 μL of an ice-cold stopping solution 
(39.6 mL 0.538 M HCl, 1.29 g ascorbic acid, 2.13 mL 
10% ammonium molybdate, and 3.3 mL 20% SDS). 
Inorganic phosphate (Pi) liberated via hydrolysis of 
ATP during incubation was measured spectrophoto-
metrically (850  nm) as the phosphomolybdate com-
plex. NKA activity was determined by calculating 
the difference between Pi liberated in the absence and 
presence of ouabain and presented as micromoles of 
Pi per milligram of protein per hour.

Calculations and statistical analysis

Specific growth rate (% body weight day−1) was 
calculated based on mean initial and final body 
mass over the 8-week trial using the formula: 
SGR = [ln(massfinal) − ln(massinitial)] ÷ days. Feed 
conversion ratio was calculated using the for-
mula: FCR = feed intake ÷ (massfinal − massinitial). 
White muscle moisture was calculated as: Muscle 
moisture = [(masswet − massdry) ÷ masswet] × 100.

Survival was analyzed by chi-square analysis. 
Mean body mass and relative mean body mass data 
were analyzed by two-way ANOVA (salinity x time; 
n = 3 tanks per salinity treatment). Physiological data 
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from terminal sampling after the 8-week trial were 
analyzed by one-way ANOVA (salinity; n = 9 fish 
per salinity treatment). Tukey’s post hoc analysis was 
used to identify differences between salinity groups. 
The relationships of growth performance (FCR or 
SGR) or osmoregulation (muscle moisture, plasma 
ions, NKA activity) with salinity were assessed by 
regression analysis. Specifically, we sought to test 
whether growth and osmoregulation were impacted 
by salinity differently above and below the isosmotic 
point, which was determined to be 10.6 ‰ based 
on the plasma osmolality of fish in 30 ‰. Akaike’s 
information criterion (AICc) was used to compare 
two regression models, simple linear regression or 
segmental (biphasic) linear regression with the break 
point between the two segments set at the isosmotic 
point.

All data are presented as mean ± s.e.m. P values 
are presented in the figures (α = 0.05). Figure assem-
bly and all statistical analyses were completed using 
GraphPad Prism 6.0 software (GraphPad Software; 
La Jolla, CA).

Results

Growth performance

An additional 2 weeks were taken to acclimate wolf 
eel to the most dilute salinity of 6 ‰. For this rea-
son, wolf eel at this salinity condition had larger 
starting weights of fish in this salinity (Table 1). All 
fish across all treatments survived and were in vis-
ibly good health except for four individuals in one 
of the tank replicates for the 6 ‰ treatment at week 
7, which were visibly moribund, and thus, the tank 
replicate had to be removed from the experiment 
per animal care protocols. Chi-square analyses using 

either individuals (n = 75; Χ2
3,75 = 5.119; P = 0.163) 

or tank replicates (n = 3; Χ2
3,3 = 3.273; P = 0.352) as 

biological replicates determined that survival was not 
different across salinities in either case. Wolf eels in 
all salinity treatments gained weight over the 8-week 
experiment (Fig.  1A), but there were notable differ-
ences between salinity treatments. By the end of the 
trial, wolf eel in 30 ‰ weighed over fourfold their 
starting weight, whereas wolf eels in 6 ‰ weighed 
only 2.5-fold their starting weight (Fig.  1B). SGR 
decreased from 3.22 ± 0.01 in 30 ‰ to 2.02 ± 0.02 
in 6 ‰ (Fig.  1C). FCR was lowest in 30 ‰ at 
0.78 ± 0.002 and increased with salinity dilution to 
1.04 ± 0.008 in 6 ‰ (Fig. 1D).

The relationships between salinity and growth 
performance (SGR and FCR) were better explained 
(> 99% probability) by segmental linear regression 
with the isosmotic point as a break point compared 
to simple linear regression. Below the isosmotic point 
of 10.6 ‰, SGR sharply decreased and FCR sharply 
increased.

Osmoregulation

White muscle moisture increased with salin-
ity dilution from 77.9 ± 0.3% water in 30 ‰ to 
79.7 ± 0.5% water in 6 ‰ (Fig.  2A). Likewise, 
plasma ions decreased with salinity dilution 
(Fig. 2B–D). Plasma osmolality was approximately 
320 mOsm  kg−1 in wolf eels held at 30, 14, and 9 
‰, and no significant differences in plasma osmo-
lality were detected between these groups (Fig. 2B). 
Fish held at 6 ‰ had significantly lower plasma 
osmolality (282.6 ± 10.6  mOsm  kg−1) (Fig.  2B). 
Unlike plasma osmolality, plasma Na+ and Cl− con-
centrations decreased more stepwise between 30 ‰ 
(Na+: 144.8 ± 2.5 mM; Cl− 131.6 ± 1.0 mM) and 6 
‰ (Na+: 125.8 ± 6.9  mM; Cl−: 111.6 ± 7.4  mM) 

Table 1   Growth metrics for juvenile wolf eel held in 30, 14, 9, and 6 ‰ for 8 weeks

Data are presented as mean ± s.e.m. (n = 3). Different letters indicate significant differences (one-way ANOVA with Tukey’s post 
hoc; P < 0.05)

Salinity (‰) Initial body mass (g) Final body mass (g) Mass gain (g) Total dry feed intake (g)

30 7.97 ± 0.03 48.29 ± 0.25 40.31 ± 0.26 31.53 ± 0.17a

14 7.82 ± 0.09 45.17 ± 0.58 37.35 ± 0.49 30.10 ± 0.59b

9 7.89 ± 0.24 40.27 ± 1.92 32.37 ± 1.8 28.16 ± 0.98c

6 12.76 ± 0.15 43.95 ± 0.55 27.04 ± 0.68 28.25 ± 0.49c
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(Fig. 2C, D). Interestingly, hematocrit (% red blood 
cells) was highest at 9 ‰ (26.8 ± 0.6%) and lower 
at both 30 ‰ (20.4 ± 2.1%) and 6 ‰ (23.0 ± 3.2%) 
(Fig. 2E).

In every metric of ion and water homeostasis 
except for plasma Cl−, the relationships between 
salinity and ion and water balance were better 
explained by segmental linear regression with the 
isosmotic point as a break point compared to simple 
linear regression. The proportional increase in mus-
cle moisture and decrease in plasma ions with salin-
ity dilution were much greater in salinities below the 
isosmotic point of 10.6 ‰ than above it.

Gill NKA activity was ~ twofold higher than intes-
tine NKA activity (Fig. 2F). However, unlike ion and 
water parameters, gill and intestine NKA activities 
did not change with salinity dilution.

Relationships between salinity, growth, 
and osmoregulation

Changes in growth performance  were tightly cor-
related (R2 > 0.95) with changes in osmoregula-
tory homeostasis (Fig.  3A, B). SGR and mus-
cle moisture were strongly negatively correlated 
(m =  − 0.059; R2 = 0.97; P = 0.014) (Fig.  3A). FCR 

Fig. 1   Growth performance of wolf eel (Anarrhichthys ocel-
latus) reared at different salinities. Mean body mass (A) and 
relative mean body mass (B; relative to initial body mass) 
are shown for juvenile wolf eel held at 30, 14, 9, and 6 ‰ for 
8 weeks. Asterisks indicate significant differences from the 30 
‰ treatment (two-way ANOVA with Tukey’s post hoc; n = 3). 
Calculated specific growth rate (C) and feed conversion ratio 
(D) are shown as a factor of salinity for the 8-week trial. Data 
in C and D were fitted by simple (dotted line) and segmental 

(solid line) linear regression. The calculated isosmotic point 
for A. ocellatus (10.6 ‰) was used as the hypothetical break 
point for segmental linear regression and is shown as grey ver-
tical bar. The fits were compared using Akaike’s information 
criterion (AICc). Coefficient of determination (R2) and model 
probabilities (ProbAICc) are presented in parentheses (preferred 
model is denoted by thicker line). Letters on graphs denote sta-
tistical differences (one-way ANOVA with Tukey’s post hoc; 
n = 9). Data are presented as mean ± s.e.m
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and muscle moisture were strongly positively corre-
lated (m = 0.059; R2 = 0.97; P = 0.014) (Fig. 3B).

Discussion

Identifying the impact of dilute salinities on growth 
in wolf eel delivers an important and necessary step 
forward in the empirical examination of this emerging 
aquaculture species. Positive growth rates observed in 

the present study across all salinity regimens over the 
8-week experiment indicate that wolf eel are highly 
tolerant of dilute salinities. Physiological data demon-
strate that suboptimal growth rates in salinity below 
the isosmotic point correspond with osmoregulatory 
impairment.

The high ATP usage of the ion-transporting epithe-
lia of the intestine and gills has been cited as evidence 
that osmoregulating marine fishes commit substan-
tial energetic resources simply to meet the demands 

Fig. 2   Osmoregulation in 
wolf eel (Anarrhichthys 
ocellatus) reared at different 
salinities. White muscle 
moisture (A), plasma osmo-
lality (B), plasma Na+ (C), 
plasma Cl− (D), hematocrit 
(E), and gill and intes-
tine NKA activity (F) in 
juvenile wolf eel held in 30, 
14, 9, or 6 ‰ for 8 weeks 
are shown as a factor of 
salinity. See Fig. 1 legend 
for details on regression 
analyses. Letters on graphs 
denote statistical differ-
ences (one-way ANOVA 
with Tukey’s post hoc; 
n = 9). Data are presented as 
mean ± s.e.m
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of osmoregulation (Brett 1979; Jobling 1994; Bœuf 
and Payan 2001; Sampaio and Bianchini 2002). This 
high energetic cost of osmoregulation may limit the 
energy resources available to other physiological pro-
cesses. Thus, it has been hypothesized that growth 
and osmoregulation may be related in this way—
that fishes spending more energy resources to meet 
osmoregulatory requirements would have fewer such 
resources available for growth (Brett 1979; Jobling 
1994; Bœuf and Payan 2001). It is predicted then that 
osmoregulating teleost fishes would have the lowest 
cost of osmoregulation in an isosmotic environment, 
and thus exhibit better growth performance compared 
to fishes in salinities further from isosmotic.

Based on data from our study, the apparent homeo-
static set point for plasma osmolality in wolf eel was 
approximately 320  mOsm  kg−1, as this osmolality 
was maintained at 30, 14, and 9 ‰. With full-strength 
seawater being approximately 1050  mOsm  kg−1, 
we estimated an isosmotic salinity for wolf eel was 
approximately 10.6 ‰. In the present study, neither 
a decrease in gill and intestinal NKA activity nor an 
increase in growth rate at 14 or 9 ‰ compared to 30 
‰ was observed. Thus, the hypothesis that growth 
rates are greater nearer to the isosmotic point due to 
reduced osmoregulatory demands was not supported 
by our data in wolf eel. Indeed, a universal effect 
of salinity on growth in fishes may not exist, with 

optimal salinities for growth varying from hyper-
osmotic to hypo-osmotic depending on the species 
(Bœuf and Payan 2001). Of the 22 species reviewed 
by Brett (1979), only 4 showed an optimal salinity 
range for growth within an isosmotic range between 
7 and 12 ‰. However, it is interesting that wolf eel 
growth performance in the 50% seawater dilution (14 
‰ treatment) was equal to that in their native salinity 
range of > 30 ‰. This result reflects a similar result 
in a closely related species to wolf eel, the spotted 
wolffish (Anarhichas minor), which exhibited no dif-
ferences in growth across salinities ranging from 12 
to 34 ‰ (Foss et al. 2001). Considering the salinity 
costs of recirculating marine aquaculture, the feasibil-
ity of a 50% seawater dilution in the aquaculture of 
Anarhichadidae could have considerable cost benefits.

The influence of salinity on feeding behavior and 
FCR, like growth performance, can vary substantially 
between fish species. In a comparison between 6 
stenohaline and euryhaline fishes, Altinok and Griz-
zle (2001) found that feed conversion efficiency at 
the isosmotic salinity of 9 ‰ was slightly improved 
in 3 species and dramatically worse in 2 species. 
Kang’ombe and Brown (2008) found higher feed con-
version efficiency at 10 ‰ than 5 or 15 ‰ in red-
breast tilapia (Coptodon rendalli), and Imsland et al. 
(2001) found no effect of salinity on FCR in turbot 
(Scophthalmus maximus). In the present study, wolf 

Fig. 3   Relationship between growth performance and 
osmoregulation in wolf eel (Anarrhichthys ocellatus) reared 
at different salinities. Calculated specific growth rate (A) and 
feed conversion ratio (B) are shown as a factor of white mus-
cle moisture. Data are analyzed by simple linear regression 

analysis (thick line = fit; dotted line = 95% confidence interval). 
The slope (m), coefficient of determination (R2), and signifi-
cance (P) of each correlation are given. Data are presented as 
mean ± s.e.m
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eel exhibited higher dry feed intake at 30 ‰ com-
pared to 9 ‰, which alone might support the hypoth-
esis that there is a greater need to mediate the ener-
getic cost of osmoregulating in salinities further from 
the isosmotic point. However, the lack of differences 
in intestine and gill NKA activity levels across salini-
ties prohibits this interpretation. Additionally, FCR 
increased with salinity dilution, indicating that wolf 
eel raised nearer to the isosmotic point and below 
were converting even less food to body weight than 
wolf eel at higher salinities. It is important to note 
that the FCR in wolf eel reared in 30 ‰ and 14 ‰ 
(FCR was ~ 0.8) was quite productive with respect 
to the FCRs in other fishes, which are approximately 
1–2 (Naylor et  al. 2009). This is a good indication 
that wolf eel would be well-suited for aquaculture 
even when reared at a 50% seawater dilution.

Importantly, we observed significant decreases in 
growth performance in salinities below the isosmotic 
point. Segmental linear regression analysis identified 
the isosmotic point as a critical salinity threshold in 
which the relationship between growth performance 
and salinity changes (Fig. 1C, D). This is likely due 
to the inability of wolf eel to physiologically adapt to 
salinities more dilute than the isosmotic point, despite 
a clear ability to survive in and tolerate these dilute 
salinities. Our analyses of wolf eel osmoregulation 
across the salinity treatments largely support this 
interpretation.

The estimated isosmotic point of 10.6 ‰ appeared 
to be the limit of osmoregulatory control in wolf eel. 
For nearly all osmoregulatory metrics measured (i.e., 
muscle moisture, plasma osmolality, plasma Na+, and 
hematocrit), the isosmotic point was a critical salinity 
value at which the relationship between osmoregu-
lation and salinity changed. In salinities above the 
isosmotic point, osmoregulatory homeostasis was 
relatively well-maintained, but osmoregulatory con-
trol seemed to be lost in salinities below the isos-
motic point. Perhaps the most telling metric of this 
osmoregulatory limit was the changes in hematocrit, 
which appeared to increase gradually with salinity 
dilution from 30 to 14 ‰, then sharply increased 
from 14 to 9 ‰, then sharply decreased from 9 to 
6 ‰ (Fig. 2E). This may be due to unregulated red 
blood cell swelling below the isosmotic point and par-
tial osmotic lysis in the most dilute salinity of 6 ‰. 
Additionally, it is interesting that white muscle mois-
ture was affected differently by salinity than plasma 

osmolality. Whereas plasma osmolality remained sta-
ble down to 9 ‰, muscle moisture increased stepwise 
with each salinity dilution. A possible explanation is 
that protecting plasma osmolality, and thus red blood 
cell volume, is prioritized over white muscle water 
content. In this view, the white muscle tissue may 
be acting as a buffer by incorporating proportion-
ally more water from the dilute environment than the 
plasma compartment to confer the impressive salinity 
tolerance observed.

Historically, marine stenohaline fishes have been 
defined by an inability to maintain ion and water 
homeostasis outside of a narrow range of salinity. 
Schultz and McCormick (2013) expanded this view 
of marine stenohaline fishes by offering an analysis 
showing that most SW fishes studied to date, many of 
which are considered marine stenohaline, are tolerant 
of salinities down to and below the isosmotic point, 
despite having a narrow halohabitat of full-strength 
seawater. The present study, demonstrating that wolf 
eel can survive, feed, and grow in a salinity as dilute 
as 6 ‰, supports this hypothesis that the salinity tol-
erance of marine fishes is far broader than their halo-
habitat would suggest. The close correlation between 
growth performance and osmoregulation we observed 
(Fig. 3) clearly suggests the two are related in some 
way. More detailed mechanistic studies are needed 
to determine how marine fish can tolerate such low 
salinities, despite apparent disturbances to osmotic 
homeostasis.

In conclusion, the present study demonstrates that 
the stenohaline marine fish, the wolf eel, survives in 
and tolerates dilute salinities down to and below the 
isosmotic point, despite a clear shift in growth and 
osmoregulation at the isosmotic point. Importantly, 
our work here shows that wolf eel exhibit impres-
sive feed conversion and growth rates in dilute salini-
ties, fulfilling a necessary step as the first empirical 
examination of this emerging cold-water aquaculture 
species. We hope this work can serve as a model for 
future investigations into low-salinity aquaculture of 
marine species.

Acknowledgements  We would like to acknowledge the tech-
nical support of VAMSC research technicians, J. Radloff, L. 
Garcia, D. Carlson, and B. Hung, as well as DePaul University 
students K.-M. Dam and B. Sukhera.

Author contribution  CS performed the experiments, ana-
lyzed the data, and wrote the original draft of the manuscript. 



Fish Physiol Biochem	

1 3
Vol.: (0123456789)

SB conceived and performed the experiments, facilitated the 
research, and contributed to the final draft of the manuscript. 
JB performed the experiments, facilitated the research, and 
contributed to the final draft of the manuscript. All authors 
approved the final draft of this manuscript.

Funding  This study received funding support from the Fish-
eries and Oceans, Aquaculture Collaborative Research and 
Development Program (S.K.B.) and Island Scallops Ltd, as 
well as a University Research Council Research Grant and a 
College of Science and Health Faculty Summer Research Grant 
from DePaul University (J.S.B.).

Availability of data and material  All data is presented in 
this manuscript.

Code availability  Not applicable.

Declarations 

Ethics approval  This study was approved by and performed 
in accordance with the DFO Pacific Region Animal Care Com-
mittee (Protocol No: 12–002).

Consent to participate  Not applicable.

Consent for publication  Not applicable.

Competing interests  The authors declare no competing inter-
ests.

References

Ahmed N, Turchini GM (2021) Recirculating aquaculture sys-
tems (RAS): environmental solution and climate change 
adaptation. J Clean Prod 297:126604. https://​doi.​org/​10.​
1016/j.​jclep​ro.​2021.​126604

Altinok I, Grizzle JM (2001) Effects of brackish water on 
growth, feed conversion and energy absorption efficiency 
by juvenile euryhaline and freshwater stenohaline fishes. 
J Fish Biol 59:1142–1152. https://​doi.​org/​10.​1046/j.​1365-​
2761.​2001.​00306.x

Angel D, Jokumsen A, Lembo G (2019) Aquaculture produc-
tion systems and environmental interactions. In: Lembo 
G, Mente E (eds) Organic aquaculture : impacts and 
future developments. Springer International Publishing, 
Cham, pp 103–118

Atalah J, Sanchez-Jerez P (2020) Global assessment of ecolog-
ical risks associated with farmed fish escapes. Glob Ecol 
Conserv 21:e00842. https://​doi.​org/​10.​1016/j.​gecco.​2019.​
e00842

Baldisserotto B, Mancera JM, Kapoor BG (2019) Fish 
osmoregulation. CRC Press, Boca Raton, FL

Beamish RJ, Leask KD, Ivanov OA et  al (1999) The ecol-
ogy, distribution, and abundance of midwater fishes of 

the Subarctic Pacific gyres. Prog Oceanogr 43:399–442. 
https://​doi.​org/​10.​1016/​S0079-​6611(99)​00017-8

Bœuf G, Payan P (2001) How should salinity influence 
fish growth? Comp Biochem Physiol C 130:411–423. 
https://​doi.​org/​10.​1016/​S1532-​0456(01)​00268-X

Bradford MM (1976) A rapid and sensitive method for the 
quantitation of microgram quantities of protein utiliz-
ing the principle of protein-dye binding. Anal Biochem 
72:248–254. https://​doi.​org/​10.​1016/​0003-​2697(76)​
90527-3

Brett JR (1979) Environmental factors and growth. In: Hoar 
WS, Randall DJ, Brett JR (eds) Fish physiology, 8th 
edn. Academic Press Inc, New York, pp 599–675

Cross SF, Flaherty M, Byrne A (2017) Diversification of 
aquaculture in North America. In: Harvey B, Soto D, 
Carolsfeld J, et al. (eds) Planning for aquaculture diver-
sification: the importance of climate change and other 
drivers, 23rd-25 June edn. FAO Fisheries and Aquacul-
ture Proceedings, Rome

Feeney RF, Lea RN, Dyer S, Gietler S (2007) First record 
of the wolf-eel, Anarrhichthys ocellatus (Pisces: 
Anarhichadidae), from Baja California, Mexico. Calif 
Fish Game 93:52–55

Ferreira FW, Baldisserotto B (2019) Diet and osmoregula-
tion. In: Fish osmoregulation. CRC Press, pp 67–83

Flik G, WendelaarBonga SE, Fenwick JC (1983) Ca2+-
dependent phosphatase and ATPase activities in eel gill 
plasma membranes-I. Identification of Ca2+ activated 
ATPase activities with non-specific phosphatase-activ-
ities. Comp Biochem Physiol - B Biochem Mol Biol 
76:745–754

Foss A, Evensen TH, Imsland AK, Oiestad V (2001) Effects 
of reduced salinities on growth, food conversion effi-
ciency and osmoregulatory status in the spotted wolff-
ish. J Fish Biol 59:416–426. https://​doi.​org/​10.​1006/​jfbi.​
2001.​1652

Foss A, Imsland AK, Falk-Petersen I-B, Øiestad V (2004) A 
review of the culture potential of spotted wolffish Anarhi-
chas minor Olafsen. Rev Fish Biol Fish 277–294

Grosell M (2019) Intestinal transport processes in marine fish 
osmoregulation. In: Fish osmoregulation. CRC Press, pp 
333–357

Imsland AK, Foss A, Gunnarsson S et al (2001) The interaction 
of temperature and salinity on growth and food conversion 
in juvenile turbot (Scophthalmus maximus). Aquaculture 
198:353–367. https://​doi.​org/​10.​1016/​S0044-​8486(01)​
00507-5

Jobling M (1994) Fish Bioenergetics, 1st edn. Chapman & 
Hall, London

Kang’ombe J, Brown J (2008) Effect of salinity on growth, feed 
utilization, and survival of Tilapia rendalli under labora-
tory conditions. J Appl Aquac 20:256–271. https://​doi.​
org/​10.​1080/​10454​43080​24982​29

Langan R (2009) Opportunities and challenges for off-shore 
farming. Woodhead Publishing Limited

Martin SJ, Mather C, Knott C, Bavington D (2021) ‘Landing’ 
salmon aquaculture: ecologies, infrastructures and the 
promise of sustainability. Geoforum 123:47–55. https://​
doi.​org/​10.​1016/j.​geofo​rum.​2021.​04.​025

Mecklenburg CW, Mecklenburg TA, Thorsteinson LK (2002) 
Fishes of Alaska. American Fisheries Society, Bethesda

https://doi.org/10.1016/j.jclepro.2021.126604
https://doi.org/10.1016/j.jclepro.2021.126604
https://doi.org/10.1046/j.1365-2761.2001.00306.x
https://doi.org/10.1046/j.1365-2761.2001.00306.x
https://doi.org/10.1016/j.gecco.2019.e00842
https://doi.org/10.1016/j.gecco.2019.e00842
https://doi.org/10.1016/S0079-6611(99)00017-8
https://doi.org/10.1016/S1532-0456(01)00268-X
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1006/jfbi.2001.1652
https://doi.org/10.1006/jfbi.2001.1652
https://doi.org/10.1016/S0044-8486(01)00507-5
https://doi.org/10.1016/S0044-8486(01)00507-5
https://doi.org/10.1080/10454430802498229
https://doi.org/10.1080/10454430802498229
https://doi.org/10.1016/j.geoforum.2021.04.025
https://doi.org/10.1016/j.geoforum.2021.04.025


	 Fish Physiol Biochem

1 3
Vol:. (1234567890)

Moksness E, Pavlov DA (2008) Management by life cycle 
of wolffish, Anarhichas lupus L., a new species for 
cold-water aquaculture: a technical paper. Aquac Res 
27:865–883

Naylor RL, Hardy RW, Bureau DP et al (2009) Feeding aqua-
culture in an era of finite resources. Proc Natl Acad Sci 
106:15103–15110. https://​doi.​org/​10.​1073/​pnas.​09052​
35106

Riche MA, Pfeiffer TJ, Wills PS et al (2012) Inland marine fish 
culture in low salinity recirculating aquaculture systems. 
Bull Fish Res Agen 35:65–75

Sampaio LA, Bianchini A (2002) Salinity effects on osmoregu-
lation and growth of the euryhaline flounder Paralichthys 
orbignyanus. J Exp Mar Bio Ecol 269:187–196

Schultz E, McCormick SD (2013) Euryhalinity in an evolu-
tionary context. In: McCormick SD, Farrell AP, Brauner 
CJ (eds) Fish physiology: euryhaline fishes, 1st edn. Aca-
demic Press Inc, Amsterdam, pp 477–533

Shaughnessy CA, Breves JP (2021) Molecular mechanisms of 
Cl- transport in fishes: new insights and their evolutionary 
context. J Exp Zool 335:207–216. https://​doi.​org/​10.​1002/​
jez.​2428

Shaughnessy CA, Baker DW, Brauner CJ et al (2015) Interac-
tion of osmoregulatory and acid–base compensation in 
white sturgeon (Acipenser transmontanus) during expo-
sure to aquatic hypercarbia and elevated salinity. J Exp 
Biol 218:2712–2719. https://​doi.​org/​10.​1242/​jeb.​125567

Wiber MG, Mather C, Knott C, Gómez MAL (2021) Regulat-
ing the blue economy? Challenges to an effective Cana-
dian aquaculture act. Mar Policy 131:14–17. https://​doi.​
org/​10.​1016/j.​marpol.​2021.​104700

Zajicek P, Corbin J, Belle S, Rheault R (2021) Refuting marine 
aquaculture myths, unfounded criticisms, and assump-
tions. Rev Fish Sci Aquac 0:1–28. https://​doi.​org/​10.​1080/​
23308​249.​2021.​19807​67

Zaugg WS (1982) A simplified preparation for adenosine 
triphosphatase determination in gill tissue. Can J Fish 
Aquat Sci 39:215–217. https://​doi.​org/​10.​1139/​f82-​027

Zaugg WS, McLain LR (1970) Adenosinetriphosphatase activ-
ity in gills of salmonids: seasonal variations and salt water 
influence in coho salmon, Oncorhynchus kisutch. Comp 
Biochem Physiol 35:587–596. https://​doi.​org/​10.​1016/​
0010-​406X(70)​90975-8

Publisher’s note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1073/pnas.0905235106
https://doi.org/10.1073/pnas.0905235106
https://doi.org/10.1002/jez.2428
https://doi.org/10.1002/jez.2428
https://doi.org/10.1242/jeb.125567
https://doi.org/10.1016/j.marpol.2021.104700
https://doi.org/10.1016/j.marpol.2021.104700
https://doi.org/10.1080/23308249.2021.1980767
https://doi.org/10.1080/23308249.2021.1980767
https://doi.org/10.1139/f82-027
https://doi.org/10.1016/0010-406X(70)90975-8
https://doi.org/10.1016/0010-406X(70)90975-8

	The isosmotic point as critical salinity limit for growth and osmoregulation, but not survival, in the wolf eel Anarrhichthys ocellatus
	Abstract 
	Introduction
	Material and methods
	Experimental design
	Sampling
	Blood plasma parameters
	Enzyme activity
	Calculations and statistical analysis

	Results
	Growth performance
	Osmoregulation
	Relationships between salinity, growth, and osmoregulation


	Discussion
	Acknowledgements 
	References


