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Effect of live-storage period
and temperature on oxygen
consumption rate in the
cold-water sea cucumber
Parastichopus tremulus

Anja M. Landes, Jan Sunde and Gyda Christophersen*

Møreforsking AS, Ålesund, Norway
Sea cucumbers are of great significance in marine ecosystems all over the world.

The red sea cucumber Parastichopus tremulus is also considered commercially

interesting but very little information is available on its ecology and physiology.

This study aimed at investigating this North Atlantic species` oxygen demand in

relation to live-storage period and temperature in an attempt to deliver some

physiological puzzle pieces useful in a potential aquacultural context. Oxygen

consumption rate (OCR) was measured in P. tremulus stored in a flow-through

system for up to one year, and in recirculation systems at different temperatures

(4, 8 and 12°C) for up to four weeks. Throughout the experimental period,

biometric data were collected from the different treatment groups and a

condition index (CI) calculated. The results showed that long-term storage

affected OCR and CI, which increased and decreased with time, respectively.

Storage at 4°C resulted in significantly lower OCR and higher CI compared to 8

and 12°C after four weeks, suggesting that 4°C may be best for maintaining body

mass during short-term storage, whereas storage at 8 and 12°C may require

supplementary feeding to avoid biomass loss. Data presented in this study may

be useful for a range of applications, for example in a prospective aquaculture

setting, for optimizing live seafood storage, but also for impact assessment and

management of wild stocks.
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sea cucumber, Holothuroidea, Parastichopus tremulus, oxygen consumption, live
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1 Introduction

Several sea cucumber species are commercially exploited due to their importance as a

luxury seafood and application in traditional medicine (Purcell, 2014; Yang et al., 2015).

Rising Asian demand and the associated depletion of wild stocks in tropical and temperate

regions (Purcell et al., 2014) has brought attention to cold-water species as well. In Europe,
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and Norway in particular, sea cucumbers have not been considered

a potential marine resource until recently, thus research and

knowledge on their biology and ecology is limited (González-

Wangüemert et al., 2018; Landes et al., 2019). Sea cucumbers

(holothuroids) are found in all marine water bodies in Northern

Europe, apart from the lower saline Baltic Sea, and more than more

than 40 species have been registered in Scandinavia (Madsen and

Hansen, 1994). Feeding at the lowest levels of the food web, they are

of great significance in marine ecosystems, particularly in deep-

water ecosystems where they can account for more than 90% of the

biomass (Pawson et al., 2011). Although echinoderms such as

holothuroids have a lower oxygen consumption compared to

other species (Fox, 1936), they contribute significantly to benthic

nutrient cycling due to their abundance in this specific ecosystem.

Because of some species’ unique ability to extract nutrients from

particulate matter, they are also considered key candidate species

for inclusion in sustainable aquaculture production systems such as

integrated multi-trophic aquaculture (IMTA).

To better understand physiological responses to environmental

changes and performance in captivity, in-depth studies

investigating the functional metabolism of each species are

required. Water temperature, for instance, is a crucial factor for

ectothermic animals like sea cucumbers, as it impacts a wide range

of physiological and intercellular processes (Schmidt-Nielsen, 1990;

Burggren and Roberts, 1991). From temperate species, we know

that temperature affects a range of behavioural and physiological

parameters in sea cucumbers, such as feeding behaviour, growth,

and feed utilization (Yang et al., 2005; Ji et al., 2008). An increase in

water temperature leads to an acceleration of physiological

processes inside the organism and thereby to higher oxygen

demand and excretion of metabolic waste products, resulting in

increased oxygen consumption and ammonia excretion rates

(Zamora and Jeffs, 2012).

Breathing (respiration) in holothuroids primarily occurs

through the respiratory tree which is a highly branched organ

specialized for gas exchange and excretion. The paired respiratory

tree is located close to the anal opening and breathing is performed

by drawing and expelling water through the anus. If the respiratory

tree has been eviscerated and internal organs are under

regeneration, respiration may occur solely through the skin and

tube feet (Hamel et al., 2022). However, presence or absence of a

respiratory tree does not seem to have a significant effect on overall

oxygen consumption as demonstrated by Dimock (1977) in the

Pacific species Stichopus parvimensis. A third possible passage for

gases and fluids is through the madreporite which in sea cucumbers

is located inside the coelom (Gao and Yang, 2015, chapter 4). In

addition to exhibiting an allometric relationship with body size

(Astall and Jones, 1991; Kodama et al., 2015), a range of factors are

known to affect the metabolic rate and thereby oxygen consumption

rate (OCR) in echinoderms, e.g. salinity (Talbot and Lawrence,

2002), pH (Farmanfarmaian, 1966), partial pressure of oxygen, pO2

(Shick, 1983; Spicer, 1995; Christensen and Colacino, 2000),

seasonal variation in growth (Lawrence and Lane, 1982; Fraser

et al., 2004), feeding status (Vahl,1984; Brockington and Clarke,

2001; Idrisi et al., 2003; Yu et al., 2020), nutritional quality of food

(Otero-Villanueva et al., 2004) and reproductive state (Giese et al.,
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1966; Féral and Magniez, 1988; Ru et al., 2020). Changes in

locomotory activity, such as an increase during spawning season

(Ru et al., 2021), or a reduction during aestivation (Ji et al., 2008),

can also impact the rate of oxygen consumption. Commonly used to

determine metabolic energy use in heterotrophic organisms, the

rate of oxygen consumption may also serve as an indicator for the

animal’s general metabolic state and is a suitable tool for uncovering

potential stress responses to changing environmental conditions.

In Norway, the red sea cucumber Parastichopus tremulus has

been identified as one of the species with the highest commercial

potential for Asian markets (Kjerstad et al., 2015). P. tremulus has

also been considered as a potential key species in Norwegian IMTA

(Sunde and Christophersen, 2023). Presently only landed as by-

catch, it is one of the most common sea cucumbers occurring along

the Norwegian coast. Although being most abundant at depths

between 100-300 m along the Norwegian west coast (Kjerstad et al.,

2015), P. tremulus has also been recorded at shallow depths of ≤20

m and down to >3000 m in the deep sea in other areas (Ludwig,

1900; Grieg, 1921; MNHN, Chagnoux, 2023). This large range of

bathymetric distribution implies that P. tremulus has a high natural

physiological plasticity that facilitates adaptation to different

environments. However, our understanding of this species’

capacity to adapt to different conditions, e.g. future elevated sea

temperatures linked to climate change, remains limited. Although

P. tremulus is expected to encounter relatively minor temperature

fluctuations at the depths where it is most abundant, even slight

variations in temperature could potentially have significant impacts

on cold-water species (e.g. Emblemsvåg et al., 2022). One of the few

known physiological characteristics of P. tremulus from Norwegian

waters is its seasonal feeding pattern, where feeding ceases and

evisceration is more prevalent during winter months (Jespersen and

Lützen, 1971). This phenomenon is also observed in other Northern

hemisphere species (Swan, 1961; Fankboner and Cameron, 1985).

However, very few studies have been carried out on the

physiological and metabolic characteristics of P. tremulus and

how these compare to those of other holothuroids (Fox, 1936;

Hauksson, 1977; Hauksson, 1979).

There are many reasons as to why acquiring of more in-depth

knowledge is absolutely crucial. Given the increase in

anthropogenic activities in coastal areas, zones of hypoxic

conditions (low dissolved oxygen) could become more

widespread in the future. Hence, it is essential to determine the

oxygen requirements of P. tremulus under different conditions to

evaluate the impact of human activities on these vital components

of benthic ecosystems. Subtidal species such as the red sea

cucumber may have a lower tolerance to low oxygen

concentrations than intertidal species that regularly experience

changing conditions (Weinrauch and Blewett, 2019), and thus be

more at risk when exposed to such changes. In order to enable the

preservation of our coastal marine environment and an effective

management of the marine resources, we urgently need to learn

more about the species` basic physiological operating principles and

responses to its specific environment. Furthermore, it is requisite to

determine the species` environmental requirements for

development, growth, and welfare in captivity, considering its

potential as an aquaculture candidate (Landes et al., 2019;
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Schagerström et al., 2022). However, it should be noted that the

conditions conducive to growth in aquaculture may differ

substantially from those in the natural habitat.

Maintaining a sea cucumber species such as P. tremulus under

conditions that ensure welfare and facilitate growth, requires

knowledge on physiological responses related to storage time and

temperature. Therefore, this study aimed to quantify and observe

the level of respiration and its development during short (weeks)

and long (months) term storage in flow-through systems. The

objective was to uncover potential changes in OCR associated

with physiological stress under conditions in captivity and its

metabolic consequences. Furthermore, we wanted to investigate

the response of P. tremulus to storage at different temperatures over

a period of four weeks in recirculation systems intended for storage

of live seafood. We hypothesized that OCR would increase with

increasing temperature, especially since 8 and 12°C diverge

significantly from temperatures that are common in the species’

preferred deep-sea habitat. Although P. tremulus may encounter

temperatures up to 12°C in its natural range of distribution during

the summer months, temperatures in the depth where experimental

animals were retrieved from rarely exceed 7°C (Nilsen and Falck,

2006). Thereby, we expected the lowest OCR to be measured at 4°C

whereas rates at both 8 and 12°C would reflect a stressed state

expressed by significantly higher OCR. With regard to storage

period, we expected that OCR would change with duration of

storage, since laboratory conditions differ from that of the natural

habitat. The direction of OCR change over time is influenced by

several factors and hard to predict. For instance, metabolic

depression due to the lack of appropriate food could lead to a

decrease in OCR while accumulated stress under laboratory

conditions could lead to an increase.
2 Materials and methods

Sea cucumbers (Parastichopus tremulus) used in the

experiments were collected at 130-250 m depth in the fjord

system south of Molde in Møre and Romsdal county, located in

the north-western part of Norway (62°N-7°E) – where they have

been obtained as bycatch from pot fisheries of Norway lobster

(Nephrops norvegicus). Length and total wet weight (WW) of the sea

cucumbers (n=214) ranged from 60 to 220 mm (average 126.4 mm)

and from 21 to 245 g (average 72.5 g), respectively. Results are

presented as the average value ± standard deviation, unless

stated otherwise.

At the landing site, sea cucumbers were transferred to 1 L plastic

bags filled with ambient, unfiltered seawater. The bags, each

containing 1-3 individuals (dependent on size), were placed in

polystyrene boxes with cooling elements distributed on top.

Transportation to the Møreforsking laboratory facilities in

Ålesund took about one hour. Upon arrival, the animals were

directly transferred into square flow-through holding tanks (100 x

100 x 50 cm, 300 L) supplied with untreated seawater (10 L min-1)

pumped up from 40 m depth. During the experimental period from

mid-September to mid-December 2022, sea water temperature in

these tanks ranged from 10 to 12°C. Annual temperature
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fluctuations in incoming water peaked in October (12.5°C) and

were at its minimum in March (6.4°C). Salinity varied between 31

and 32 ppt.

Three groups of sea cucumbers were collected for use in the

studies: 1) obtained in November 2022 and stored for one week, 2)

obtained in September 2022 and stored for 10 weeks, and 3)

obtained in September-October 2021 and stored for >1 year (13-

14 months) in the flow-through system prior to the experiment.

Animals in group 1 and 2 were not supplied with feed other than

what the incoming unfiltered seawater provided in form of organic

matter. Group 3 on the other hand was fed regularly on a mixture of

seaweed powder (Sargassum thunbergii) and sand at a ratio

(volume:volume) of 50:50 (medium ration according to Sunde

and Christophersen, 2023). All experiments were performed with

standardized groups of sea cucumbers where one group consisted of

three sub-groups (replicates) divided between three perforated

plastic trays (L x W x H: 600 x 352 x 96 mm) with lids.

The effect of live-storage period was examined in sea cucumbers

kept in a flow-through seawater system (FT). When investigating

the effect of temperature, sea cucumber groups were placed in

recirculation tanks (Adriatic Sea International Srl, San Clemente,

Italy) each containing 300 L of filtered seawater (<1 μm). Three

different temperatures, 4, 8 and 12°C (4.15 ± 0.14°C, 8.59 ± 0.37°C,

12.25 ± 0.35°C) were chosen for the trial. The water was circulated

in a closed cycle, running through a charcoal filter and a

refrigeration unit. No feed was added during the experiment.

Water quality was monitored regularly and, if necessary, water

was exchanged to ensure safe levels of ammonium, ammonia,

nitrate, and nitrite (<0.36 mg NH4-N L-1, <0.006 mg NH3 L-1,

<0.40 mg NH3-N L-1, <0.44 mg NH2-N L-1). Oxygen saturation

remained high during the experiment (>9 mg L-1) and the pH

ranged from 7.9 to 8.3. An additional set of trays containing the

same number of sea cucumbers was kept in the flow-through system

as a reference group (11.11 ± 0.74°C). Initial stocking density was

3.25-5.85 kg per m2 of tray area (4.7 ± 1.03 kg per m2, n=12) which

was considered a low density (14 individuals per tray). The total

initial biomass per tank was 3 ± 0.24 kg (n=4). After two weeks (T1)

half of the biomass was removed and sampled, the remaining half

was taken out two weeks later, after four weeks (T2). Water

temperature was logged continuously with a 15 min interval

(HOBO TidbiT v2, Onset Computer Corporation, Bourne, MA,

USA) in both flow through and recirculation tanks.

Oxygen consumption rates (OCR) were measured in groups of

three sea cucumbers at a time. In order to investigate the impact of

storage time on oxygen demand, OCR was determined after 1, 3 and

5 weeks (group 1, FT-1), after 1 and 10 weeks (group 2, FT-2) as

well as after >1 year (group 3, FT-3) of storage in the flow-through

system. The effect of temperature on oxygen consumption during

short-term storage was examined in a separate experiment by

measuring OCR for groups of 3 animals at the start of the

experiment (T0), as well as after two (T1) and four (T2) weeks of

storage at the three chosen temperatures (4, 8 and 12°C) in the

respective recirculation systems. All measurements were conducted

during September, November and December 2022.

Sea cucumbers used for initial respiration measurements were

acclimated for at least a week in running seawater (flow-through
frontiersin.org
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system) and the technical setup was incorporated into the holding

tank of each storage group to minimize disturbance and external

influences such as air exposure, temperature change and physical

handling. A vertical circular respiration chamber (Ø 190 mm, depth

110 mm, Loligo© Systems AS, Viborg, Denmark) was completely

submerged, and filled with in situ water from each respective

holding tank. Oxygen consumption was measured via

intermittent respirometry, according to the method of Vismann

and Hagerman (1996), using a computer-controlled setup that

recorded oxygen partial pressure and temperature every 300

seconds. Oxygen partial pressure (pO2) was measured with a

temperature, salinity and pressure compensated optical oxygen

meter (OXY-4 SMA (G3), PreSens–Precision Sensing GmbH,

Regensburg, Germany) via a polymer optical fibre (POF),

transferring excitation light to the oxygen sensor spot (SP-PSt3-

NAU, detection limit 15 ppb; measurement range of 0 – 100%

oxygen in dissolved or gaseous phase) and the sensor response back

to the meter. Oxygen was measured contactless through the

transparent chamber wall. Decline curves were recorded until pO2

decreased by at least 10% (but no further than 20%) and three

replicable curves with similar regression slopes were plotted,

assuming optimal acclimation had occurred. Temperature

constancy was ensured throughout the measurements. Oxygen

consumption (MO2) was calculated according to Equation 1:

MO2 =  
pO2

100
x  a

� �
  x   b   x   n   x   3:6

where pO2 is the oxygen partial pressure at 100% atmospheric

oxygen saturation (in mmHg), a is the linear regression slope (in %

oxygen per second), b is the oxygen solubility of the water at given

temperature and salinity (in μg oxygen per L per mm Hg), v is the

volume of water (in litres) in the respiration chamber including the

tubing of the shunt, and 3.6 is the conversion factor to obtain

oxygen consumption rates (OCR) in mg O2 h-1 (without

conversion: μg O2 s-1). Furthermore, individual oxygen

consumption rates (OCR) were standardized to 1 g of dry weight

sea cucumber body wall tissue using Equation 2:

OCRs =  
Ws

We

� �
  x  OCRe

where OCRs is the oxygen consumption rate of a standard-

weight animal, Ws is its weight, We is the measured weight of the

experimental animal and OCRe is the uncorrected oxygen

consumption rate of the experimental animal. OCR values are

given in units of either mg oxygen per group per hour or as

weight-corrected values of μg oxygen per g body wall dry weight

per hour.

Individual biometric data were collected from sea cucumbers at

the same sampling points as for respirometry. Body length (mouth

to anus) was measured to the nearest 1 mm, using a measuring

board, and animal wet weights (WW) to the nearest 0.1 g, using an

SKX2202 electronic scale (Ohaus GmbH, Nänikon, Switzerland).

Body wall (BW) WW was obtained after dissection from gutted

(eviscerated) individuals. A standardized mid-section of the BW

(ca. 30% of total WW, 8-22 g) was oven-dried at 103°C for 24-48 h
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to obtain dry weights (DW), and ash weight (AW) was measured

after combustion at 550°C for 4 hours. The condition index (CI)

was calculated based on gutted (eviscerated) sea cucumber weights

according to Equation 3:

CI   =
DWBW

WWBW

� �
  x   100

Where DWBW is the dry weight of the body wall including

muscle bands and mouth parts (in grams) and WWBW is the wet

weight of the BW including muscle bands and mouth parts (in

grams). The CI is given in percent (%).

Statistical analyses were carried out using either Microsoft Excel

365 (Microsoft Corporation, Seattle, WA, USA) or Jamovi version

2.3 (http://www.jamovi.org). Comparisons between treatment

groups for variables that were normally distributed were carried

out using either Student’s t-test for comparisons between two

groups or one-way analysis of variance (ANOVA) for multiple

groups. Significant differences (p<0.05) were followed by a post hoc

Tukey’s HSD multiple comparison test for multiple groups. For

variables that failed tests for normality and homogeneity of

variance, corresponding non-parametric tests were applied, either

Mann-Whitney U test (two groups) or Kruskal-Wallis

(multiple groups).
3 Results

3.1 Effect of live-storage period

Storage time had a significant effect on oxygen consumption

rate (OCR) and condition index (CI). Weight specific OCR in

animals kept for up to 5 weeks remained at similar levels (Figure 1,

FT-1, one-way ANOVA, p=0.593), while OCR measurements after

10 weeks of live-storage showed a significant increase from initially

~150 μg O2 h
-1g-1 body wall dry weight (BW DW) to ~270 μg O2

(Figure 1, FT-2, unequal variances t-test, p=0.005). Sea cucumbers,

kept in the flow-through seawater system >1 year, displayed even
FIGURE 1

Oxygen consumption rates (OCR) per hour and gram body wall dry
weight in P. tremulus from three sampling groups (1-3) at different
live-storage time in a flow-through seawater system (FT). Data are
average ± SD of three consecutive measurements per sampling
point. Different letters denote significant different values.
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higher OCR of ~390 μg O2 h
-1g-1 BW DW (Figure 1, FT-3, unequal

variances t-test, p=0.045). Biometric data of individuals used for

respirometry are shown in Table 1.

Group OCR (mg O2 h-1 for 3 individuals) showed a similar

trend to that of weight specific OCR, with the highest respiration

rates in sea cucumbers after medium- and long-term storage in

flow-through laboratory tanks (Table 1).

The condition index (CI) showed an opposite pattern to what

was found for the OCR with the highest values in FT-1 stored 1-5

weeks (in sea cucumbers (11.0-11.4 ± ~1), compared to a significant

lower CI in sea cucumbers stored 10 weeks (10.23 ± 1.03), and >1

year (9.62 ± 0.48) (unequal variances t-test, p ≤0.03) (Figure 2).

Although the sea cucumbers obtained in November (group 1) had a

higher mean CI compared to animals caught in September (group

2) (11.13 ± 0.87 vs. 10.71 ± 1.03), the difference was not significant

between groups 1 and 2 stored for 1 week (equal variances t-test, p =

0.22). No significant change in CI was seen in group 1 during 5

weeks of storage (Figure 2, FT-1, one-way ANOVA, p=0.577), or for

group 2 after 10 weeks of storage (equal variances t-test, p = 0.11).

The ash content (% AW) related to total wet weight (WW) did not

differ significantly between the sea cucumber groups or with storage

time (ANOVA, p >0.05).
Frontiers in Marine Science 05
3.2 Effect of temperature during
short-term live storage

Of the three temperatures investigated in the short-term live

storage experiment, only measurements conducted at the lowest

temperature (4°C) stood out, with significantly different oxygen

consumption rate (OCR) and condition index (CI). After 2 weeks of

storage (T1), animals kept at 4°C had significantly lower weight

specific OCR than animals kept at 12°C (Figure 3, unequal variances

t-test, p=0.011). After 4 weeks (T2), this difference became even

more distinctive, with significantly higher weight specific OCR

measured in individuals kept at both, 8 and 12°C (one-way

ANOVA, p<0.001). While oxygen demand at 4°C had almost

halved compared to initial measurements at T0, consumption at 8

and 12°C remained unchanged at about 150 μg O2 h
-1g-1 dry weight

throughout the four-week period. Over the course of time, a general

reduction in dispersion was observed for OCR measurements in all

temperature treatments (Figure 3, Table 2).

Although there was no significant change in condition index

(CI) within temperature treatments (one-way ANOVA, p>0.213)

over the course of the four-week experimental period, sea

cucumbers kept at 4°C were in a considerable better condition at
TABLE 1 Oxygen consumption rates (OCR) per group of three individuals are average ± SD of three consecutive measurements.

Individual measurements (n=3)

Storage period Temperature (°C)
OCR

(mg O2 h-1)
Length
(mm)

Total WW
(g)

BW WW
(g)

BW DW
(g)

1 week 11.7 ± 0.1 2.37 ± 0.33 146.1 ± 25.3 97.15 ± 34.47 49.75 ± 14.44 5.28 ± 1.60

11.7 ± 0.1 2.57 ± 1.25 126.7 ± 15.3 108.35 ± 39.34 67.27 ± 13.38 7.05 ± 1.98

3 weeks 11.2 ± 0.1 3.93 ± 0.82 165.0 ± 65.4 122.69 ± 63.74 70.94 ± 34.61 8.34 ± 4.99

5 weeks 9.7 ± 0.1 2.19 ± 0.00 116.0 ± 21.6 75.64 ± 45.52 47.88 ± 22.61 5.12 ± 2.84

10 weeks 11.6 ± 0.1 4.60 ± 0.52 123.0 ± 33.9 76.10 ± 45.28 54.48 ± 30.18 5.73 ± 3.64

>1 year 11.6 ± 0.1 5.46 ± 0.79 120.7 ± 36.9 85.39 ± 6.83 47.78 ± 3.53 4.64 ± 0.35
fro
Body length, total wet weight (WW), body wall wet weight (BWWW) and body wall dry weight (BWDW) are average ± SD of three individuals. Temperatures are average ± SD during the period
of live storage in flow-through seawater system.
FIGURE 2

Condition index (CI) of P. tremulus from three sampling groups (1-3)
at different live-storage time in flow-through seawater system (FT).
Data are average ± SE (group 1 n=14, group 2 n= 21, group 3 n=7).
Different letters denote significant different values.
FIGURE 3

Oxygen consumption rates (OCR) per gram body wall dry weight
and hour in P. tremulus at experimental start (T0), after 2 (T1) and 4
(T2) weeks live-storage at three different temperatures (4, 8 and 12°
C). Data are average ± SD of three consecutive measurements per
sampling point. Different letters denote significant different values.
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T2 than their conspecifics kept at 8 and 12°C (unequal variances t-

test, p ≤ 0.015) (Figure 4). The condition indices of all three

temperature groups did not test significantly different from each

other at T1 (one-way ANOVA, p=0.710) and neither did the CI of

the 8 and 12°C cohorts at the end of the experimental period at T2

(unequal variances t-test, p=0.46). Nevertheless, there is a trend

suggesting an inverse correlation between CI and temperature that

becomes more pronounced over time (Figure 4).
4 Discussion

Elevated oxygen consumption rates (OCR) were found in

connection with prolonged storage period in the flow-through

system but were also associated with higher water temperatures.

The highest OCR values measured in this study (~390 μg O2 g
-1 h-1)

were associated with animals that had been fed regularly and stored

for more than a year, but also animals kept without supplementary

feed had a significantly higher oxygen demand (~270 μg O2 g
-1 h-1
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vs. ~150 μg O2 g
-1 h-1) after 10 weeks of storage when compared

with animals just brought in to the lab. While OCR increased with

storage period, a progressive decrease in condition index (CI) was

observed over time, suggesting a loss of body mass, even for the

animals that had been fed. This taken into account, elevated oxygen

demand under otherwise identical environmental conditions may

be an indicator for cumulative stress. It is however hard to

determine whether elevated OCR simply represent an artifact due

to the animal’s increased sensitivity to acute disturbances, like

handling in connection with respiration measurements, or if these

are an expression of a more permanently raised metabolic state.

There are many factors that may contribute and act as stressors. For

instance, immune response to acute thermal stress comes at a

higher metabolic cost (Gonzalez-Aravena et al., 2015).

Furthermore, it is conceivable that the observed increased oxygen

demand in connection with long-term storage, could be connected

to undernourishment (sub-optimal nutrition), or starvation as

found in other ectotherm species (e.g. Comoglio et al., 2005).

However, potential stressors under artificial environmental

conditions in captivity often interact and are very difficult to

assess, especially due to the fragmentary knowledge regarding

habitat requirements and physiological mechanisms connected to

internal processes and biotic and abiotic environmental factors in

the wild. Previously conducted feeding experiments in our lab

indicate that growth of P. tremulus is highest in spring-summer,

whereas it is reduced or even negative during autumn-winter

months (Christophersen and Sunde, 2022). Conditioning of P.

tremulus broodstock in captivity has so far also been unsuccessful

as rebuilding of the gonads after spawning has not yet been

accomplished (Christophersen et al., 2023b), indicating that

nutritional requirements of this species have not been met and

are still largely unknown.

As sea temperatures rise due to global warming, natural cycles

of nutrient availability and temperature could be disturbed and

thereby have a negative effect on the fitness of wild stocks of P.

tremulus. Since temperature may affect sea cucumber feeding

behaviour and growth (Yang et al., 2005; Ji et al., 2008) habitat
TABLE 2 Oxygen consumption rate (OCR) per group of three individuals are average ± SD of three consecutive measurements.

Individual measurements (n=3)

Time Temperature (°C)
OCR

(mg O2 h
-1)

Length
(mm)

Total WW
(g)

BW WW
(g)

BW DW
(g)

T0 11.7 ± 0.1 2.37 ± 0.33 146.1 ± 25.3 97.15 ± 34.47 49.75 ± 14.44 5.28 ± 1.60

T1 4.3 ± 0.1 1.54 ± 0.43 170.0 ± 43.6 133.17 ± 13.02 69.12 ± 24.29 7.68 ± 4.04

8.4 ± 0.4 2.61 ± 1.23 125.7 ± 14.0 87.22 ± 18.94 54.66 ± 12.30 6.10 ± 1.63

12.1 ± 0.3 2.77 ± 0.30 136.7 ± 15.3 134.77 ± 52.03 73.20 ± 25.99 8.12 ± 3.02

T2 4.2 ± 0.1 1.25 ± 0.00 114.7 ± 10.0 91.42 ± 23.76 42.85 ± 4.12 5.17 ± 0.12

8.5 ± 0.4 2.53 ± 0.40 131.3 ± 18.8 84.98 ± 39.89 49.23 ± 18.34 5.40 ± 2.51

12.2 ± 0.3 2.98 ± 0.00 146.7 ± 25.7 127.08 ± 14.72 64.01 ± 7.99 6.59 ± 0.54
fro
Body length, total wet weight (WW), body wall wet weight (BW WW) and body wall dry weight (BW DW) are average ± SD of three individuals. Temperatures are average ± SD during the
storage time in flow-through (T0) and in recirculation (T1 and T2) seawater system.
FIGURE 4

Condition index (CI) of P. tremulus kept at different temperatures (4,
8 and 12°C). Sampling time at experimental start (T0), and after two
(T1) and four (T2) weeks in recirculation system. Data are average ±
SE (n=21). Asterisk (*) denotes significant different value (4°C, T2)
between temperature groups.
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depth may influence oxygen demand between populations.

Although most abundant in the deep-sea down to 800 m (Billett,

1988; Kjerstad et al., 2015), P. tremulus are also obtained from

shallower parts as for example the Oslofjord (60-85 m) in Norway

(Jespersen and Lützen, 1971) and the Gullmar Fjord (60 m) on the

Swedish south-west coast (Holland, 1981). Since it is documented

that individuals also occur at shallow depths up to 18 m (Ludwig,

1900), one could expect P. tremulus to be well adapted to a wide

range of temperatures. Based on observations from the Gullmar

Fjord, Schagerström et al. (2022) speculated that shallow areas (25-

35 m) are visited in connection with spawning, potentially adding a

seasonal component to the species` general temperature tolerance

level. To identify temperature thresholds and the optimal range

with respect to seasonal requirements is not just of great importance

from a conservational standpoint, but also key for handling,

holding, and rearing of a species with future economic potential.

This study showed that short-term storage of P. tremulus at a

temperature of 4°C had a significant effect on both OCR and CI.

After four weeks, sea cucumbers kept at 4°C had a significantly

higher CI than individuals kept at 8 or 12°C. These observations are

consistent with the fact that physiological processes run slower at

lower temperatures, thereby requiring less oxygen. Body reserves

are not used up as quickly, and biomass loss is reduced. Since our

experiments were conducted outside the natural spawning season in

June-July (Christophersen et al., 2020), we can exclude varying

gonad and intestinal weight proportions as a contributing factor to

differences in CI. An evaluation of the gonad status, conducted at

the end of the experiments, found only small and underdeveloped

gonads in most individuals. Dissection, performed at all sampling

points, further showed that 77% of the experimental animals had

intact intestines and respiratory trees. Gonad development,

spawning or evisceration as influencing factors can therefore

largely be disregarded.

As noted by Hughes et al. (2011), gaining knowledge on

physiological rates, especially on a species` oxygen consumption,

facilitates the modelling of its contribution to energy and carbon

flow in deep-sea food webs (Rowe et al., 2008; Soetaert and van

Oevelen, 2009). The measurement of OCR has long been utilized as

a practical means to assess an organism’s metabolic and organic

carbon consumption rate (Schmidt-Nielsen, 1990; Burggren and

Roberts, 1991; Brey, 2010). However, gathering such physiological

data from deep-water species presents certain challenges. It is

important to acknowledge that retrieving deep-sea specimens to

the surface may not be entirely without consequences, as their

physiological and biochemical systems are sensitive to changes in

pressure and temperature (Somero, 1998). On the other hand,

echinoderms, unlike other deep-water species, do not exhibit a

decrease in OCR with increasing habitat depth; instead, it remains

relatively constant (Hughes et al., 2011). The measurements in this

study also appear to be generally comparable to OCRmeasurements

obtained in situ for three different deep-sea holothuroids from the

northeastern Atlantic (Hughes et al., 2011), suggesting that they

may also correspond to those occurring in P. tremulus in nature.
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Measurements conducted at 4°C after two weeks (T1) of

acclimation in the lab revealed a mean consumption of 1.54 mg

O2 per group of three individuals per hour (mean 133 g wet weight

per individual). Hughes et al. (2011) found an in situ OCR of 0.93

mg O2 per individual (130 g wet weight) in Zygothuria lactea at 4.2°

C, and 0.31 and 0.04 mg O2 per individ and hour at 2.6°C in

Benthodytes gosarsi (mean 1149.8 g wet weight) and Peniagone

azorica (mean 51.3 g wet weight), respectively.

Studies on oxygen consumption in P. tremulus measured in the

laboratory are almost equally sparse as literature on in situ

measurements. Fox (1936) might have been the first and one of

the few to measure oxygen consumption in P. tremulus. He

conducted measurements at 6°C and measured individual rates

that ranged from 130 up to 427 μg O2 h
-1 g WW-1. The mean OCR

of the one individual (130 g wet weight) measured by Fox (1936)

was 334 μg O2 h
-1 g WW-1. Using total wet weight as reference, our

converted values translate to average 790 μg O2 h-1 g WW-1 for

individuals kept at 12°C and average 513 μg O2 h-1 g WW-1 for

individuals kept at 4°C. Given the high intraspecific variance that

occurs in our data set as well as in data sets gathered by Fox (1936)

and Hughes et al. (2011) and which seems to be typical for aquatic

and marine ectotherms (Patterson, 1992) – our measurements fit

well within the range. Most publications available on physiological

rates in holothuroids from the Atlantic report their results in

relation to wet weight as standardization reference. To our

knowledge, there is only one study where the authors chose to

standardize OCR on a dry weight basis, arguing that otherwise any

closer comparison of rates becomes impossible due to the high

fluctuation of perivisceral fluid (Newell and Courtney, 1965). For

the same reason, we decided to calculate OCR standardized on dry

weight basis in our study. Newell and Courtney (1965) measured

consumption rates of 23.14 to 66.43 μg O2 h-1 g DW-1 in adult

Holothuria forskali at 17°C, compared to our measurements of 67

μg O2 h
-1 g DW-1 in adult P. tremulus at 4°C and 156 μg O2 h

-1 g

DW-1 at 12°C.

While our study only contributes a tiny piece of the puzzle to

the overall understanding of P. tremulus’ physiology, the results

may still be useful in various contexts. Notably, knowledge

regarding the species’ oxygen demand at different temperatures is

crucial within any aquaculture setting. Furthermore, these data can

be a useful supplement for the modelling of dynamic energy budgets

(DEB), where physiological processes of individual organisms, such

as ingestion, assimilation, respiration, growth, and reproduction,

are linked together in a single framework to assess the species’ role

in the ecosystem (van der Meer, 2006), among other things. This

would also facilitate a better understanding of how climate change

may impact these vulnerable yet important components of our

benthic ecosystems. However, more data is needed on physiological

relationships in P. tremulus in general and oxygen consumption in

particular, both obtained in the field and laboratory, regarding its

optimum range as well as tolerance levels.

Since P. tremulus is considered to be of commercial interest for

Asian markets (Kjerstad et al., 2015), there has been increased
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interest in understanding the ecology and biology of the species, in

order to investigate whether there is potential to develop a regulated

fishery as well as an aquaculture industry in Norway (Landes et al.,

2019; Christophersen and Sunde, 2022; Christophersen et al.,

2023a). Worldwide, several sea cucumber species are exploited

and partly overexploited with global catches exceeding 59 000

tonnes in 2019 (FAO, 2021). There are also examples for the

overexploitation of wild sea cucumber species in European waters

as for instance in the Mediterranean Sea and the North-East

Atlantic Ocean where new target species may be at future risk

(González-Wangüemert et al., 2018). The cultivation of sea

cucumbers through aquaculture presents a potential solution to

alleviate the strain on local wild populations. Furthermore, the

inclusion of sea cucumber aquaculture in IMTA systems offers

promising prospects for minimizing organic waste generated by

other aquaculture practices, such as fish and shrimp farming

(Dumalan et al., 2019; Neofitou et al., 2019; Jenzri et al., 2022).

As per today, China dominates the global sea cucumber aquaculture

industry, with Apostichopus japonicus accounting for an

overwhelming majority (99.5%) of the production worldwide

(FAO, 2021). Still, the demand is high, which increases the

pressure on new target species from temperate regions (Purcell

et al., 2014). Being able to understand the requirements of P.

tremulus, will further the optimization of culture conditions and,

in the future, the supply of products that are in demand on the

international seafood market. The information acquired on oxygen

consumption of P. tremulus under different conditions provides

new knowledge on the biology of a yet understudied species,

relevant for both ecosystem management and aquaculture.
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