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Abstract: Lumpfish are widely used for removing sea lice in salmonid sea-based aquaculture. If these
fish are to be harvested and used for human consumption, it is necessary to know how the physical
strain associated with removing the lumpfish from the net-cages affects the fish in the short-term, and
if live-storage in tanks, well-boats, or nets awaiting slaughter, will result in stress and mortalities. In
this study, we investigated the effect of physical stress and mortality in a group of lumpfish recaptured
from commercial net-cages, transported to holding tanks, and stored for one week. In addition to
cortisol (primary stress response), we analyzed ions directly related to osmoregulation (Na+ and
Cl−), osmotic stress (Ca2+), and blood plasma pH as an indicator of a secondary stress response. The
aim of the study was to increase the basic physiological understanding of the physiological effects
of handling procedures and transport in lumpfish. Only minor, and temporary, effects on primary
stress response and secondary stress response were seen in lumpfish recaptured from net-cages
and transported to holding facilities, indicating that lumpfish cope well with short transport (here
5 h). These findings are important in a context where lumpfish are harvested for reuse, e.g., human
consumption or processing, following their lice-eating stage in net-cages.
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1. Introduction

Biological control [1,2], using cleanerfish that pick the sea lice from salmonids [3–6] has
been effective in reducing lice numbers and is being adopted widely by the salmon farming
industry. The advantages of cleaner fish are environmental, with a reduction in medicine
use [7], they are a natural form of control and provide continuous cleaning of lice [3–7]. As
a cold-water cleanerfish alternative, the common lumpfish Cyclopterus lumpus L. has been
demonstrated to work effectively in small-scale cage trials [4,8–11], and there is increasing
evidence of efficacy in larger commercial pens [12–15].

Lumpfish and other cleaner fish are commonly used to control and reduce sea lice
infestations in salmonid aquaculture, but lumpfish, especially, have a limited window as
efficient grazers [14–16]. As the fish grow, the interest in eating sea lice falls, and after
exceeding a size of approximately 300–400 g [14–16], there is little to gain from keeping
lumpfish in salmon cages. Due to the risk of spreading diseases, smaller fish that still
may be efficient grazers are prohibited from being reused in other locations if a net-cage is
emptied and sent to slaughter, thus the lumpfish will be slaughtered as well. For salmon
producers, this constitutes a cost, as lumpfish are not very well suited for silage and the
fish are, therefore, often ending up as waste. The current production and use of lumpfish
in Norway alone is more than 30 million individuals per year [14], meaning that a potential
biomass of more than 12,000 tons (provided a slaughter weight of 0.4 kg) ends up as waste
or silage. The ethical part of this practice is undoubtedly a concern, but both the economic
(potential biomass for human consumption) and environmental (harvest of wild broodstock
fish) aspects should also certainly be highlighted.
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One of the major challenges hindering the high survival and further exploitation of
lumpfish is that the fish are being treated as salmonids, and forced to undergo normal
industrial processes developed for salmon, such as delousing, pumping, transport, and
slaughter, all of which may have a negative impact on welfare and eventually increase
mortality for the salmon [17,18] as well as for the lumpfish [19]. These procedures must be
improved and adjusted to fit the lumpfish to secure its welfare and the quality of the fish to
make it suitable for human consumption. It is necessary to know how the physical strain
associated with removing the lumpfish from the net-cage affects the fish in the short-term,
and if live-storage in tanks, well-boats, or nets awaiting slaughter, will result in stress
and mortalities. For practical reasons, temporary live storage of lumpfish awaiting higher
volumes before transport and slaughter (or slaughter on-site) is preferential, but if this
compromises welfare, alternative methods must be sought.

There is great variation in the robustness and survival of lumpfish transferred to
salmon cages to eat salmon lice [14,19,20], and some of the variations are thought to
be related to the transport and handling of the fish before release. There is very little
documented knowledge on lumpfish survival during and after transport, and observations
of mortality in cages in general often have little focus. The short- and long-term effects of
transport and the physiological state and robustness of the fish before release into cages
have been documented to a very limited extent, and the basis for establishing protocols
for transport, handling, and reception control is therefore not well founded. Mapping the
stress response to characteristic environmental conditions during transport is therefore
important and will provide a better understanding of the importance of good animal
welfare, what kind of stress reaction one can expect from the individual handling methods,
and environmental conditions during transport.

In this experiment, the effects on physical stress and mortality in a group of lumpfish
re-captured from commercial net-cages, transported to holding tanks, and stored for one
week, were investigated. The aim of the study was to increase the basic physiological
understanding of transport on lumpfish. In addition to cortisol (primary stress response),
we analyzed ions (Na+ and Cl−) directly related to osmoregulation and osmotic stress
(Ca2+), as disturbances in the osmoregulatory capacity of the fish are typical secondary
stress responses often observed in lumpfish as well as in other teleost species, whereas
blood plasma pH is a good indicator of acid-base disturbances.

2. Materials and Methods
2.1. Experimental Fish

Juvenile lumpfish from a commercial producer in Norway (Senja Akvakultursenter,
Troms, Norway) with an average weight of 22 g were transported by well-boat to a com-
mercial net-cage facility for salmon outside Tromsø, Northern Norway on 16 June 2021.
The lumpfish were stocked at a 10% density (lumpfish to salmon ratio, [12,14,15]), with a
total of approximately 15,000 individuals in each net-cage.

2.2. Experimental Set-Up

At the start of the experiment on 7 September 2021, 15 fish (control group) were
collected one by one from the net cage using a dip-net and immediately killed with a sharp
blow to the head. Blood was thereafter collected from the heart using heparinized syringes,
centrifuged at 8000 RPM, and the plasma was extracted and stored on ice until transferred
to a −80 ◦C freezer. Following the collection of undisturbed fish, a large dip-net operated
by a crane collected several fish in each attempt and transferred them to a sorting tank
where small individuals were removed. 200 fish with an average weight of 230 g were
thereafter placed in two boat transport tanks (1500 L) with continuous water renewal and a
5 h transport to the experimental facilities of Akvaplan-niva at Kvaløya (Troms, Norway)
commenced. Blood was collected from 10 fish from each transport tank, following the
same procedure as described above, halfway through the transport. Upon arrival, the fish
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were transferred to two 2000 L tanks with running seawater, and blood was collected from
10 fish in each tank at 1 h, 24 h, and 1 week post transfer.

2.3. Blood Plasma Analysis

Blood plasma was analyzed for pH, sodium-(Na+), calcium-(Ca2+) and chloride-
(Cl−) concentrations using a Convergys® ISE comfort Electrolyte Analyzer (Convergent
Technologies, Cölbe, Germany). Plasma cortisol was analyzed using a DetectX® Cortisol
Enzyme Immuno Assay Kit (Ann Arbor, Michigan, USA) according to the manufacturer’s
procedure. Samples were run in duplicates and read photometrically at 450 nm using
Multiskan™ FC (Thermo Scientific™, Ullernchausseen, Norway). The assay detection limit
is 0.05 ng mL−1.

2.4. Statistical Analyses

All statistical analyses were performed using STATISTICATM 14.0. To assess the
normality of distributions, a Kolmogorov-Smirnov test [21] was used, and homogeneity
of variances was tested using Levene’s F test [22]. Two-way nested ANOVA (Zar, 1984)
was used to test for possible effect of transport on blood plasma cortisol, pH, Na+, Ca2+,

and Cl−. Student–Newman–Keuls (SNK) multiple comparison post hoc test [21] was used
to identify differences among treatments. A significance level (α) of 0.05 was used if not
stated otherwise.

3. Results
3.1. Blood Plasma Cortisol

Blood plasma cortisol rose significantly from a base-line level of 3.7 ng mL−1 in the
sea pen to 52.0 ng mL−1 under transport, and 76.3 ng mL−1 1 h post transport (p < 0.01,
Figure 1). 24 h post transport, the cortisol level had sunk to 7.6 ng mL−1 and further to
6.3 ng mL−1 one week post transport.
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Figure 1. Changes in blood plasma cortisol for lumpfish before and under transport, and 1 h, 24 h and
one week after transport. Values are given as mean (SD). N = 20–30 for all groups. Different letters
denote significant difference (Student–Newman–Keuls (SNK) test, p < 0.05) between treatments.

3.2. Blood Plasma pH, Ca2+, Cl−, Na+

The transport of lumpfish had no effect on blood plasma pH, Ca2+ or Na+ (p > 0.5,
Figure 2A,B,D). Lower values (p < 0.05, Figure 2C) of Cl− were found under transport and
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after transport of lumpfish from sea pens to land-based tanks stabilizing at a lower level
after 24 h post transport.
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Figure 2. Changes in blood plasma pH (A), Ca2+ (B), Cl− (C) and Na+ (D) for lumpfish before and
under transport, 1 h, 24 h and one week after transport. Values are given as mean (SD). N = 20–30
for all groups. Different letters denote significant difference (Student–Newman–Keuls (SNK) test,
p < 0.05) between treatments. N.S. = not significant.

4. Discussion

In this study changes in plasma cortisol were used as a quantitative measure of the
fish’s primary stress response to various environmental changes and handling. The effect of
the primary stress response includes mobilization of energy reserves, changes in immune
function, and increased permeability of cell membranes that affect osmoregulation [23–26].
Baseline plasma cortisol was 3.7 and peaked at 76.3 ng mL−1 1 h post-transport (Figure 1).
These levels of plasma cortisol under and immediately after transport are not high in
comparison to experiments performed on Atlantic salmon [23] and ballan wrasse [24].
Similar resting levels of cortisol in lumpfish were found by [25–27]. Stress is known to
build up when fish are exposed to repeated stressors within a limited period of time. Such
an accumulation of stress can be avoided if the fish have time to recover from each stressor.
Without recovery time, the next stressor that may not be fatal when acting as an individual
case, can prove fatal [25,28–30]. There is a clear potential for this risk when lumpfish are
transferred to cages where they again face new environmental changes that are likely to
impose further stress. Whether the fish manage to respond to this additional stress and
eventually restore physiological equilibrium (homeostasis) depends on whether the fish
have the ability to respond and compensate. If it fails to do so, it will eventually die. In
some cases, lumpfish mortality is reported after sea pen transfer [12], but it is complicated
to follow up after it has been exposed to the sea as to whether this is linked to chronic stress
built up during transport or if it has other causes. In this experiment, lumpfish display
an immediate reaction to the physical strain of handling and transport with increased
cortisol levels, but quickly return to pre-stress levels, indicating that the fish are able to
fully compensate.
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Blood plasma chloride levels fell during the experimental period (Figure 2C) and did
not reach pre-transport levels one week post-transport, seemingly indicating a delayed
effect of stress on plasma chloride. A similar reaction to a stressor on the hydromineral
balance in lumpfish was found by [26] who suggested this is most likely a compensatory
response on the cell level. Plasma chloride decrease may also be linked to active acid-
base compensations [31]. However, acid-base regulation is linked to respiration, nitrogen
secretion, and osmo- and ion-regulation. With the limited knowledge one currently has
about these physiological processes in lumpfish, and how stress affects them, this must
be seen as a loose hypothesis. It has been shown that fresh water can accumulate in the
stomach/intestines of lumpfish [32] and that this species has tissues containing low levels
of ions as one of several mechanisms for achieving near-neutral buoyancy [33,34]. There is,
therefore, reason to believe that lumpfish regulation of its internal physiological equilibrium
differs from other well-known farmed species studied in more detail.

The measured blood plasma concentrations, i.e., both mean values and variation in
values in Figure 2 were in the range found for control groups in previously published
results in studies on stress physiology in lumpfish (cortisol, [26,27]; pH, [35]; Cl−, [26,27,36];
Na+, [27]). At present, no published studies on blood plasma calcium in lumpfish exist
for comparison.

In general changes in calcium ions (Ca2+) in blood plasma is a picture of osmotic stress
influenced by increased permeability in the gill epithelial at increased levels of cortisol [37].
Compensation for this occurs by excretion of divalent ions over the kidneys. As no change
in calcium ions and sodium in blood plasma was seen in the present study (Figure 2B,D)
this may indicate low osmotic stress in relation to the transport procedure applied in this
study. Overall, transport had no effect on blood plasma pH, calcium, and sodium. This
may indicate a low-stress response in lumpfish, which is similar to the findings of [27] that
suggested that this is related to the sedentary lifestyle of lumpfish where a strong stress
response is not crucial for survival. Similar to the study of [27], the hematological effects
in relation to stress presented here are generally similar to sturgeons [38–41], which are
distantly related to lumpfish.

Fish densities under (15.3 kg m−3), and after transport, (11.5 kg m−3) were comparable
to current transport practices with lumpfish in Norway [20]. Jonassen and Remen [20]
found that increased fish density within the density restrictions practiced during primary
transports (14–47 kg m−3) did not cause any increase in stress levels. Nor did an increase
in transport time from 1 to 28 h affect the stress response measured at the end of transport.
The follow-up of 15 commercial transports of lumpfish suggests that established practice
for the transport of lumpfish of 20–60 g at densities from 30–50 kg m−3 of up to 20 h (and
in some cases more) does not seem to adversely affect the physiological state of the fish.
Current data are in line with these previous findings.

Overall, present findings indicate a limited stress response in recaptured lumpfish
during and after transport. A reduced stress response can be beneficial for farmed fish,
because production causes frequent disturbances e.g., daily maintenance, feeding, sorting,
and transport [42]. Although the stress response is basically an adaptive response intended
to help the animal re-establish its equilibrium in the face of a stressor [43], the frequent
firing of a strong stress response will have a cost in aquaculture [44]. Stress can lead to
reduced immune function, reduced ability to regulate ions, and reduced appetite [45,46]. It
is too early to conclude that lumpfish are stress tolerant, simply because of their relatively
low cortisol levels and minor changes in blood plasma pH, Ca2+, Cl−, and Na+ seen in
the present study. There is currently no knowledge about cortisol metabolism (production
and degradation) or cortisol receptor density in lumpfish, and there is currently limited
knowledge about the relationship between measured cortisol levels in plasma and sec-
ondary/tertiary stress responses. Until more knowledge is available in this area, it is
recommended that lumpfish are handled with as much gentleness as other farmed species
during transport and handling.
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5. Conclusions

In conclusion, only minor, and temporary, effects on the primary stress response (blood
plasma cortisol) and secondary stress response directly related to osmoregulation (Na+

and Cl−), osmotic stress (Ca2+), and blood acid-base disturbances (pH) in lumpfish were
seen in lumpfish recaptured from net-cages and transported to holding facilities, indicating
that lumpfish cope well with short transport (here 5 h). These findings are important in a
context where lumpfish are harvested for reuse, e.g., human consumption or processing,
following their lice-eating stage in net-cages.
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