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FACTORS THAT AFFECT VITALITY OF NORTHERN SHRIMP (PANDALUS BOREALIS,

KRØYER 1838) DURINGCAPTUREAND STORAGETHATAREDESTINED FORLIVE TRADE

WENCHE EMBLEM LARSSEN,* JAN ERIK DYB, ASTRID WOLL AND JAMES KENNEDY

Møreforsking Marin, PO Box 5075, N-6021 Ålesund, Norway

ABSTRACT There is the potential to exploit new markets if fishermen are able to land live shrimp (Pandalus borealis,

Krøyer 1838). For this trade to be economically viable, a high survival rate during capture and storage is essential. This

study investigates possible factors such as trawl duration, sorting, storage temperature, storage time, and storage density

that can affect the mortality of shrimp in captivity. Oxygen consumption and ammonia production at different storage

temperatures are also investigated. Oxygen consumption and ammonia excretion increased with temperature. Storage of live

shrimp in flow-through water for 48 h shows a survival rate greater than 95% at 2�C and 5�C. The survival rate was

approximately 70% and 50% after 48 h and at 10�C and 15�C, respectively. Storage density did not impact survival, whereas

increasing trawl tow time led to an increase in mortality. The sorting process of shrimp led to a minor increase in mortality,

probably as a result of increased air exposure and mechanical stress. Trials using cooled water in August had a greater

survival rate than uncooled surface water. However, survival was less than for shrimp caught during winter. This might be

a result of the shrimp undergoing molting or warmer air temperatures. It was concluded that capture and transport to local

markets is most likely to succeed during winter and early spring, when water and air temperatures are cooler and the shrimp

are not molting.

KEY WORDS: decapods, trawl duration, stress, storage, live seafood

INTRODUCTION

Northern shrimp (Pandalus borealis) (hereafter referred to as
shrimp) are found throughout the northern Atlantic and Pacific
Oceans and are widely fished throughout their distribution area.
They are found at depths between 20 m and 1,330 m, and tem-

peratures between –1.6�C and 8.0�C (Shumway et al. 1985).
Shrimp are generally targeted using trawling, with the tow time
of trawls being up to 10 h.

In the Norwegian shrimp industry, the most important
product for the larger offshore vessels is cooked frozen shrimp,
whereas the smaller coastal boats generally deliver fresh cooked

shrimp. The range of products delivered to the market has re-
mained relatively unchanged for decades and there is a potential
for increasing value by developing new products (Bjørklund &
Bendiksen 2005). There is a market for fresh British Retail

Consortium cooked shrimp in England. The British Retail
Consortium is a quality standard for suppliers of the retail
sector. It is not possible for the small coastal boats to get this

type of authorization, and the shrimp must be brought ashore
live to be cooked in an approved facility. This, combined with
the possibility of developing live shrimp as a product for the

luxury market segment (e.g., high-end restaurants), has drawn
fishermen�s attention.

To make the marketing of live shrimp profitable, high

survival rates are necessary. Survival of crustaceans during
catching and live storage can be affected by many stressors
imposed by fishing gear and handling procedures (Li et al. 2007,
Neil 2012, Stoner 2012a). Injuries caused by trawling (e.g., mech-

anical damage as well as the organisms being pressed together/
overcrowding in the net) are known to increase with towing time
(Ridgway et al. 2006). These stressors can lead to physiological

stress responses (Uglow et al. 1986, Ridgway et al. 2006), and
more irreversible tissue damage, which affects product quality

and susceptibility of individuals to disease (Nash et al. 1987,
Stentiford & Neil 2000, Ridgway et al. 2007). In addition to the
stress experienced during trawling, physiological stresses can

occur when an animal is raised through a thermocline, from
darkness into light, and sometimes into lower salinity surface
waters (Harris & Ulmestrand 2004). Larger shrimp obtain a

higher price in the market than smaller shrimp. Once landed on
a vessel, the shrimp go through a sorting grid to separate the
sizes—a process that may increase damage to the shrimp. All

stressors during catching will, in turn, influence survival during
live storage (Stevens 1990, Troffe et al. 2003, Ridgway et al.
2007, Stoner 2012a).

After capture, the shrimp are stored in tanks filled with

surface water, which can reach a maximum of about 15–20�C in
August (Aune 2013). This is far greater than the temperature at
depths inhabited by shrimp (Shumway et al. 1985). In summer,

this may imply problems for keeping shrimp in live storage,
also because of higher oxygen consumption (Daoud et al. 2007)
and greater ammonia production. Cooling by mechanical cooler

or adding ice to the watermay increase survival rates. However,
thesemethods incur costs, such as purchase of a coolingmachine
or increased labor.

Density/biomass of crustaceans in tanks is believed to be an

important factor affecting stress levels and survival (Barrento
et al. 2008). High densities may build up nitrogenous wastes and
deplete dissolved oxygen, leading to mortality. However, lower

densities increase costs. Hence, it is important to detect the
optimum point of intersection between animal density, survival
rates, and costs.

The current study investigated the survival of live shrimp
in relation to trawl duration, water temperature, and storage
density through a combination of laboratory and field trials.

The effect of temperature on oxygen consumption and ammo-
nia secretion was investigated. A damage index was developed
based on comparisons of damage and survival of shrimp after
different towing times and sorting operations. The effect of

using cooled water on survival was also investigated.
*Corresponding author. E-mail: wenche@mfaa.no

DOI: 10.2983/035.032.0324

Journal of Shellfish Research, Vol. 32, No. 3, 807–813, 2013.

807



MATERIALS AND METHODS

Registering of Vitality and Mortality

A vitality index was formulated and used to assess the
vitality of the shrimp in the laboratory and field experiments.
The shrimp were classified into 1 of 3 categories: healthy, in-

jured, and dead (Table 1).

Laboratory Experiment

To estimate oxygen consumption and ammonia excretion,
shrimp were caught by trawl in Vigra fjord (Norway) in
December 2007 and transported in oxygenated water to

Møreforsking�s research facility. The shrimp were acclimated in
flow-through tanks (temperature, 8–10�C) for 2 days before the
experiments began. Injured and dead shrimp (identified using

the vitality index; Table 1) were removed from the tank.
Oxygen consumption wasmeasured at 2�C, 5�C, 10�C, 15�C,

and 20�C. The choice of temperatures was based on the tem-
peratures that shrimp are likely to experience when caught and

stored, with the purpose of sending them to the live market. The
experiment was replicated 3 times for each temperature. Twenty
to 30 shrimp (biomass, 80–150 g) were put into a respiration

chamber, and the oxygen consumption was estimated by
measuring the oxygen concentration in the inflowing water
versus the outflowing water. The oxygen concentration was

measured using an optode from Aanderaa Instruments (http://
www.aadi.no). Any mortality in the tanks was noted, and the
biomass in the calculation was adjusted. Variations in oxygen

consumption were measured over 54 h.
The water flow was adjusted for each temperature to achieve

the largest difference in oxygen concentration between the
inflow and outflow without the saturation falling to less than

70% of the outflow. Oxygen concentration was calculated using
the formula

O2 consumption nTð Þ ¼ O2 difference 3 Flow

Biomass
;

where O2 consumption is measured in micromoles per minute
per kilogram, O2 difference is oxygen in minus oxygen out

measured in micromoles, Flow is the water flow in liters per
minute, and Biomass is the weight of the shrimp in kilograms.

Excretion of ammonia was measured at 2�C, 5�C, 10�C, and
15�C. Twenty to 30 shrimp were placed in a tank covered with
2–3 L water and aerated with an aquarium pump. Regular
water samples were taken for measuring ammonia by flow

injection analysis (Hunter & Uglow 1993). Total ammonia at
each sampling point was calculated by subtracting the ammonia
of the previous sampling point from the current sampling point.

Ammonia excretion mmol/time/kg (micomoles per hour per
kilogram) was calculated using the formula

Ammonia excretion ¼ TA=Time

Biomass
;

where TA is total ammonia and Biomass is the weight of the
shrimp in kilograms.

The survival of shrimp stored at 2�C, 5�C, 10�C, 15�C,
and 20�C was investigated. Eighty-five grams to 125 g (20–30
shrimp) were set into the respiration chamber and observed for

2 days. The tank was checked for dead shrimp every 7–12 h.
Cumulative mortality was then calculated.

To investigate the effect of the density of shrimp on survival,

the shrimp were placed into perforated plastic transport boxes
(6003 4003 120 mm) that were placed into tanks with flow-
through water (7�C). Two densities were compared—one-third

full and full—with 3 boxes at each density, together with a
reference tank, where the shrimp were subjected to the same
handling but were not placed in boxes. The box was considered
full when the level of shrimp reached the top of the box when

standing in air. The survival and injury rate was investigated by
counting the number of healthy, injured, and dead shrimp in
3 boxes for each density each day for a period of 3 days. The

survival rate was calculated as an average of the 3 boxes. The
boxes that were investigated were not returned to the experi-
ment; undisturbed boxes were investigated on each sampling

occasion.
The effect of temperature on oxygen consumption and

ammonia excretion was investigated using GLM, with storage

time as a continuous variable and temperature as a grouping
variable. The effect of storage time on oxygen consumption and
ammonia excretion was tested at each temperature individually
using linear regression. The effect of temperature on mortality

was investigated using GLM, with storage time as a continuous
variable and temperature as a grouping variable. The effect
of storage time on mortality was tested at each temperature

individually using linear regression. Difference in mortality
between different densities of shrimp was tested using GLM,
with storage time as a continuous variable and density as a

grouping variable.

Field Experiment 1

A field experiment was conducted in March 2008 outside of
Jæren, Norway (58�39’ N, 05�37’ E). This area is normally used
for the fishing of shrimp. To investigate the effect of trawl

duration and sorting on survival rates under live storage, 3 trawl
tow times were investigated: 2.5 h, 6 h, and 10 h. This was based
on information from the fishermen and is considered the

minimum, normal, and maximum towing times used. After
hauling, the shrimp were divided into 2 groups. In group 1,
shrimp were transferred to perforated boxes one-third full and

TABLE 1.

Criteria for classification of shrimp assessed during the study.

Category Criteria

Healthy Transparent body and tail

Hemolymph is pumped around the body cavity

Head points up

The swimming legs are pulled in under the tail

Good movement in all the legs

Beating of the tail

Injured Tail is colored white

Transparent body

All or some of the legs are lame

Body begins to hang down

Dead No movement in the legs or head

The head hangs limply and is white

The tail is white

Often have a 90-deg kink in the tail
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were placed in a water tank with flow-through water pumped
from the surface water of the sea (temperature, 4–8�C). Group 2

was sent through a sorting machine, removing the smaller
shrimp and keeping the larger ones for storage in perforated
boxes.

The survival rate and vitality of the shrimp was investigated

on 6 (5 for a 2.5-h trawl tow time) sampling occasions over
a period of 3 days. The numbers of healthy, injured, and dead
shrimp from 2 boxes from each tow time and group (sorted and

unsorted) were counted for each sample. The survival rate was
then calculated as an average of the 2 boxes. The difference in
survival rate between sorted and unsorted shrimp was calcu-

lated using the equation

Difference in S ¼ Msorted �Munsorted;

where S is survival and M is mortality. This was done for each

sampling point, and an average of all sampling points was
calculated. The boxes that were investigated were not returned
to the experiment; only undisturbed boxes were investigated on

each sampling occasion.
Differences in the percentages of dead and injured shrimp at

different trawl tow times were investigated using GLM, with

storage time as a continuous variable and trawl tow time as a
grouping variable. An effect of sorting on the mortality of
shrimp during storage was investigated using GLM, with

storage time as a continuous variable and sorted/unsorted as
a grouping variable.

Field Experiment 2

A second field experiment was carried out in August 2008

to study the effect of the cooling method on the survival rate of
the shrimp. The shrimp were caught by trawling with a trawl
tow time of 2.5 h. After hauling, the shrimp were transferred to

perforated plastic boxes that were immersed in water in tanks
onboard. Two cooling methods were examined and compared
with the use of water pumped directly from the surface of the

sea. The methods were the addition of ice to the tank or cooling
the water using a Titan Cooler, which dispenses refrigerated
seawater (RSW), which was coupled to the water tank and was
set at 4�C. After the addition of ice, salinity was monitored with

a conductivity meter (Aanderaa Instruments) and sea salt was
added as required. The water in all 3 tanks was oxygenated with
oxygen from a pressurized bottle. For each cooling method,

6 boxes were filled with shrimp and immersed in water. One box
was removed from the water after 2 h, 5 h, 12 h, 18 h, 24 h, and
36 h, and the number of live, injured, and dead shrimp was

counted.
The difference in mortality of the shrimp kept in water

cooled by different methods was tested using GLM, with storage
time as a continuous variable and cooling method as a grouping

variable.

RESULTS

Laboratory Experiment

Because of high mortality, oxygen consumption and ammo-
nia excretion was not measured for shrimp stored at 20�C.
Oxygen consumption of the shrimp correlated positively with
storage temperature (GLM, P < 0.001) and correlated nega-
tively with storage time at 2�C, 5�C, and 10�C (linear regression,

P < 0.001; Fig. 1). At 15�C, there was no significant effect of
storage time on oxygen consumption.

Ammonia excretion increased with increasing temperature
(GLM, P < 0.001; Fig. 2). The excretion was relatively stable,
with the exception of shrimp at 15�C, for which there was a
sharp increase in ammonia excretion after 24 h of storage.

Survival rates at 2.5�C and 5�C were high, with 100%
survival in the first 24 h, then decreasing to 98% and 97%,
respectively, after 48 h. At 10�C and 15�C, the survival rates

were significantly lower (GLM, P < 0.001). The survival rates
were similar after 24 h, with a cumulative mortality of 20% and
22%, respectively. In the following 24 h, these values increased

to 33% and 52%, respectively (Fig. 3.)
There was no significant difference in survival rate of shrimp

stored in boxes that were full and one-third full, or between
shrimp stored in boxes or those stored in open tanks (GLM, P >
0.05; Fig. 4).

Field Experiment 1

The survey conducted in March used untreated sea surface
water in the experiment that had a temperature of 5.9 ± 0.4�C.
The percentage of dead shrimp increased with both storage time

and trawl tow time (GLM, P < 0.001; Fig. 5). The percentage
of injured shrimp did not show a clear pattern. Significant
numbers of injured shrimp did not appear until after 8 h of

storage time. After injured shrimp were first identified during
sampling, the percentage did not show any significant increase
or decrease. The percentage of injured shrimp differed between
trawl tow times (GLM, P < 0.001) but did not show a clear

pattern, with the highest percentage of injured shrimp noted
after a tow time of 6 h. There were slightly more injured shrimp
after a tow time of 10 h than after 2.5 h.

Sorting of the shrimp after hauling led to an increase in
the mortality of the shrimp, and this effect was greater after
a tow time of 6 h in comparison with a tow time of 10 h

Figure 1. Oxygen consumption for shrimp stored at 28C (;), 58C (n),

108C (¤), and 158C (d).
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(GLM, P < 0.001). With tow times of 6 h and 10 h, the mortality
increased by an average of 8% and 6%, respectively (Fig. 5).

Field Experiment 2

The survey conducted in August used untreated sea surface
water in the experiment. The seawater had an average temper-

ature of 18.5 ± 0.57�C and a salinity of 30. The temperature and
salinity in the 3 different storage units are shown in Table 2.
Shrimp stored in surface waters of 18.5 ± 0.6�C had only 2.3%

survival after 2 h. After 5 h, mortality was 100% (Fig. 6). The
shrimp stored in RSW had, after 36 h of storage, a mortality of

41%, whereas shrimp stored in ice water had a mortality of
31%. There was a significant difference inmortality between the
shrimp stored in RSW and in ice water (GLM, P < 0.001).

DISCUSSION

To the author’s knowledge, no studies thus far have been

published on mortality and injury assessment of catch and live
storage of northern shrimp. The results of the current study show
that several factors may affect mortality of shrimp, and therefore

the economic feasibility of transporting live shrimp to market.
The indexes (Table 1) developed for characterization of vitality of
shrimp are in agreement with vitality indexes described for

other crustaceans (Ridgway et al. 2006, Stoner 2012b).
In agreement with Daoud et al. (2007), our results show that

at higher temperatures, a greater oxygen supply is needed. It is
particularly important just after capture, when oxygen con-

sumption is highest. The observed reduction in oxygen
consumption with storage time indicates the shrimp were still
recovering from stress experienced during capture and han-

dling, despite a 2-day period of acclimation before the experiments
started. Many authors have considered an acclimation period of
1–2 h to be sufficient for crustaceans to return to an unstressed

condition (Kutty et al. 1971, Kurmaly et al. 1989, Villarreal &
Ocampo 1993, Villarreal et al. 2003). Daoud et al. (2007) had an
acclimation period of 7 days for Pandalus borealis—a period that
is supported by the results from our study.

Ammonium ions are toxic waste products of metabolism in
animals. Fish and aquatic invertebrates excrete these wastes
directly into the water. If these wastes are allowed to accumu-

late, they can have a detrimental impact on the health and
survival of the organisms in question (Li et al. 2007). Not
surprisingly, ammonia excretion increased with increasing

temperature. However, the reason for the sharp increase in
production seen after 20 h at 15�C is unclear. In combination
with the results from the oxygen consumption measurements,

Figure 4. Mortality of shrimp stored in boxes (full (n), one-third full (d),

and an open tank (;)) versus storage time at 78C.

Figure 2. Ammonia excretion for shrimp stored at 28C (;), 58C (n), 108C

(¤), and 158C (d).

Figure 3. Cumulative mortality of shrimp stored at 28C (;), 58C (n),

108C (¤), and 158C (d).
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this result emphasizes the need to maintain a high water flow

through the tanks at higher temperatures to maintain good
water quality and thus high survival of the shrimp.

For any animal destined for the live market, good animal

welfare during transportation and storage is essential. The
current study shows that shrimp stored at a sufficiently low
temperature (<5�C) have a total mortality less than 5% after

48 h of storage when caught during the winter. The laboratory
experiment did not last longer than 48 h, so it is difficult to
predict how long such a low mortality can be maintained.

Forty-eight hours is sufficient time to deliver shrimp to the

local market or to the port of landing. If the shrimp are to be
distributed farther afield, longer experiments should be un-
dertaken. There were significant decreases in survival at 10�C
and 15�C, so if the shrimp are stored at these temperatures,
storage time needs to be reduced. Storage at temperatures
greater than 15�C does not appear to be possible, with almost

instant death of all shrimp when subjected to this temperature.
Live shrimp occupy more space than raw or cooked shrimp.

Carrying capacity of the tanks with respect to density and

Figure 5. Percentage of healthy (hatched), injured (white), and dead shrimp (gray) in each box versus storage time at 3 different haul durations of 2.5 h

(A–C), 6 h (D), 10 h (E) and according to postcapture treatment of no sorting after capture (A, B, D) and shrimp sorted after capture (C, E).

FACTORS AFFECTING VITALITY OF P. BOREALIS 811



welfare is therefore essential for optimizing profit. Density of
the shrimp in the storage facilities had little impact on shrimp
mortality, even when compared with shrimp that could swim
freely in an open tank. The experiment was carried out with

optimal water quality and a high water flow-through. This
keeps the level of ammonia to aminimum, andmay explain why
there was no difference in mortality. It is recommended that

Palaemon serratus which are traded live to the Spanish market,
are packed no more than one-quarter full (25 mm deep in boxes
that are 10 cm deep) (Jacklin & Combes 2007). The shrimp

Pandalus borealis live at cooler temperatures and are likely to
have lower oxygen consumption and ammonia secretion levels,
and thus can tolerate higher density levels during storage.

During trawling, crustaceans can be damaged as a result
of crushing and interaction with other species or objects
(Lancaster & Frid 2002, Ridgway et al. 2006). Changes in
pressure during hauling (depth change) may also have an

impact. The current study shows that increased tow time led
to increased mortality; a similar result was found for nephrons

(Ridgway et al. 2006, Milligan et al. 2009). Increasing the tow
time from 2.5 h to 6 h only increased mortality (after 40–50 h of

storage) from 17–20%. There was, however, a large increase in
the number of injured shrimp. Ten hours of trawling had a large
impact on the number of dead shrimp, with 58% of the shrimp
having died after 2 days of storage. The number of injured

shrimp was much less after 10 h of trawling. Although it would
be expected that the shrimp that are injured after 6 h of trawling
would die in the trawl—hence, increased mortality—the reason

that more shrimp were not injured is not clear.
Sorting of the shrimp led to a slightly higher mortality, but

this effect was minimal in comparison with the effect of tow

time. It is difficult, however, to distinguish any impact of size on
the results after sorting because the average size of the shrimp
would be larger. There are valid reasons to believe the effect was
the result of sorting, because sorting exposes the shrimp to the air

for a longer period and subjects them to greater mechanical
stress. However, the effect of size cannot be ruled out. Unfor-
tunately, the effect of sorting was not investigated for a tow time

of 2.5 h. Because the amount of shrimp was less, leading to a
shorter sort time, and the shrimp were in better condition, the
impact may have been less than for the other tow times. This is

difficult to predict and should be investigated further.
Damage to the shrimp became visible within 1 day post-

capture and was characterized by part or all of the tail turning

white, with reduction in swimming ability. This type of damage
has been documented in several species of shellfish (Rigdon &
Baxter 1970, Nash et al. 1987, Ridgway et al. 2007), and is de-
scribed as idiopathic muscle necrosis. The exact cause is unclear,

but it has been attributed to physical damage and storage in air
(Ridgway et al. 2007), and also to low oxygen levels (Nash et al.
1987). There is no evidence of shellfish reversing idiopathic

muscle necrosis, and it results in death (Ridgway et al. 2007).
The author’s own observations indicate that this also holds for
shrimp, with death usually occurring after 2–4 days (data not

shown). It is unclear whether the live market would accept
injured shrimp; however, sensory evaluation shows there is no
significant difference in the taste or consistency between healthy
and injured shrimp (Møreforsking Marin, unpubl. data).

It is clear that the use of surface water during the summer
is not an alternative. During the field study, the surface water
temperature was 18�C, and this led to almost-instant mortality

of the shrimp. This result is in agreement with the laboratory
experiment. However, the use of cooling methods did improve
this situation, withmortality lowered to 42%and 31% forRSW

and ice water, respectively. This mortality is still higher than
what would be expected with respect to the storage temperature,
so other factors were clearly affecting mortality. It was noted

that many of the shrimp were molting or had recently molted
during the time of the experiment. After molting, shrimp have
a thinner shell, which provides poorer protection against
mechanical stress and dehydration during the capture process

(Jacklin 1996, Ridgway et al. 2006, Garcia 2007), which may
explain the high mortality during this experiment.

There was a difference in mortality between the shrimp

stored in RSW versus ice water. This was most likely a result of
the difference in temperature (indicated by the greater mortality
at the warmer temperature) as opposed to themethod itself. The

amounts of injured shrimp were less by using seawater, ice, and
salt for chilling (data not shown), which is in accordance with
observations done on crayfish (Gunnarsson 2010). Each method

TABLE 2.

Temperature and salinity during storage of live shrimp in
surface water (no cooling), ice water, and refrigerated sea-

water (RSW).

Storage unit

Storage

time (h) Salinity (& ) Temperature (�C)

Surface water,

no cooling

2–5 30.00 18.5 ± 0.57

Ice water 2–5 32.89 ± 7.82 2.84 ± 2.36

12–36 27.84 ± 0.67 –1.13 ± 0.49

Average –0.5 ± 1.39

RSW 2–5 30.00 4.43 ± 0.41

12–36 30.00 4.29 ± 0.44

Average 4.31 ± 0.05

Figure 6. The percentage of live shrimp that die versus storage time when

stored in water cooled by different methods: no cooling (n), Titan cooler

(d), and ice (;).
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has its advantages and disadvantages. The addition of ice needed
more labor, because sea salt had to be added tomaintain salinity.

It was also more difficult tomaintain a constant temperature and
salinity. Even if Garcia (2007) states that shrimp are observed at
salinities less than 25&, the stress of fluctuating salinity levels
may have affected the mortality. The use of RSW would require

the purchase of the necessary machinery, but allows a more con-
stant temperature, and less labor is required.

CONCLUSION

The results from the current study indicate that the capture
and transportation of live shrimp to local markets may be

possible. This should, however, be restricted to winter and early
spring—whenwater and air temperatures are cool and the shrimp
are not molting—to achieve a low mortality. The shrimp can be
kept at a high density when other parameters (e.g., temperature,

high water flow-through) are optimal. Tow time should be
limited to 2.5 h to minimize mortality. Unfortunately, the

effect of sorting was not investigated for a tow time of 2.5 h.
The effect of sorting at short tow times is unclear, but because
sorting affects longer tow times, the effect needs to be in-
vestigated before firm conclusions can be drawn.
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