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Abstract — The aim of this research is to study the seasonal histological changes in the digestive gland of
males and females Nephrops norvegicus at the Pagasitikos Gulf. The food availability in Pagasitikos Gulf
varies and depends on the seasonality, physicochemical conditions and diversification of organic material.
After obtaining histological sections, the size of tubules, their lumens and the R-, F- and B-cells were
calculated in March and May. A special image analysis algorithm was used that can automatically calculate
both the above area ratios using digestive gland histological sections. Both male and female, which were
sampled in May, had a larger density of lipid droplets than N. norvegicus sampled in March. However,
females sampled in May had more lipid droplets per tubule and a smaller F-cell-to-tubule ratio than males,
which indicated that the intensive feeding period had started for reproduction in the females. The digestive
gland can be used as a nutritional indicator to assess the nutritional status of Nephrops stocks and to assist
with the management of the Nephrops wild stocks by proposing a seasonal fishery management plan to

improve the sustainability of the stocks.
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1 Introduction

The Norway lobster, Nephrops norvegicus (Linnaeus
1758), is one of the most commercially important crustacean
species in Europe, with the number of total catches over the
last decade reaching a plateau or even declining (Smith and
Papadopoulou, 2008; Ungfors et al., 2013). This species can
be found in fine sediments between 20 and 800 m in depth.
N. norvegicus may be considered primarily carnivorous.
Their diet is mainly composed of bivalve molluscs,
polychaetes, echinoderms, fish, and crustaceans, including
conspecifics (Welden et al., 2015). Its biology, fisheries and
management have been studied extensively, with many
studies investigating its reproduction, larval stages and
population biology (Sarda, 1995; Rotllant et al., 2001,
2004; dos Santos and Peliz, 2005; Bell et al., 2006), ecology
and nutritional physiology (Yonge, 1924; Stentiford et al.,
2001; Ridgway et al., 2006; Mente, 2010; Mente et al., 2009,
2011; Watts et al., 2014). However, little is known about its
organ-specific morphology, such as the hepatopancreas, in
response to food availability. The hepatopancreas, also known
as the digestive gland or midgut gland, can be used as a

* Corresponding author: pveril@uth.gr

nutritional indicator similar to whole body weight because
there is a functional prioritization of this organ in the response
of Nephrops to food availability and deprivation.

The digestive gland, or hepatopancreas, is considered an
important organ in crustacean decapods because it is
responsible for various metabolic activities (Gibson and
Barker, 1979). It is responsible for the synthesis and secretion
of digestive enzymes and the final digestion of food. It also
contributes to the storage of lipids and carbohydrates (Barker
and Gibson, 1977; Gibson and Barker, 1979; Factor, 1995;
Watts et al., 2014). In N. norvegicus, the hepatopancreas
accounts for an average of 6% of the whole body weight and,
when used as a storage site of lipids (representing an
approximately 30% of the hepatopancreas in terms of weight),
can be a source of exploitable internal reserves when food is
limited or absent (Watts et al., 2014). Nephrops can survive
periods of extended nutritional stress such as long periods
without food, even for up to six months, by lowering their
metabolic rate and by using hepatopancreatic lipids and other
internal reserves in response to food deprivation (Dall, 1981;
Baden et al., 1994; Mente et al., 2011; Watts et al., 2014). The
digestive gland consists of too many microtubules (glands),
each of which has a double network of longitudinal and
circular muscles that contract and expand. Microtubules have a
diameter of a few hundred micrometres and vary in length
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Fig. 1. Pagasitikos gulf. Sampling area was the rectangular ABCD.

(Factor, 1995). Tubules are composed of discrete regions, top
area, middle area and the proximal area, and each region has a
different functional purpose (Conklin, 1995). The digestive
gland epithelium comprises five cell types: embryonic cells (E-
cells), resorptive cells (R-cells), fibrillar cells (F-cells), blister-
like cells (B-cells) and micro cells (M-cells) (Hirsch and
Jacobs, 1930; Barker and Gibson, 1977). The relationship and
exact function of these five cell types in crustaceans are
controversial and may vary depending on the species.
However, according to a study of the European lobster
(Barker and Gibson, 1977), the most likely scenario is that the
E-cells produce both R and F cells and that F-cells
subsequently mature into B-cells (Gibson, 1983; Factor, 1995).

Changes in the structure of the digestive gland are related to
absorption capacity and disturbances in stored nutrients since it
responds rapidly to food deprivation and moulting. Changes can
also occur in cases of poor nutrition or starvation (Simon, 2009;
Berillis et al., 2013, Rotllant et al., 2014). Determining the
hepatosomatic index (HSI) and conducting a histological study
of the digestive gland can be used as indicators for assessing the
nutritional status of crustaceans that will be based on the
available food quality and quantity. The quality and quantity of
the available food are critical factors for maintaining the
crustaceans stock at the desired levels. The morphology of the
digestive gland can be used as a nutritional indicator in that way.
The Pagasitikos Gulf is a meso-oligotrophic system (Kormas
et al., 2014) and a rather sensitive ecosystem due to its semi-
enclosed nature and shallow depths. Changes in food availability
in the benthos of the Pagasitikos Gulf vary depending on the
seasonality, stable physicochemical conditions (temperature,
light, salinity) and diversification of organic material (Petihakis
et al., 2005). Starting at the annual bloom, which occurs from
January to February, the maximum amount of high nutritional
value organic material ends in the sediment at the end of
February or early March. Finally, the highest food availability in
benthos is observed in April and May (Petihakis et al., 2005).
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The purpose of this research is to determine whether there
are any sexual morphological differences in the N. norvegicus
digestive gland in the first and last months of spring, when
there are changes in the benthic food availability in Pagasitikos
gulf, in Greece. The ratios of lumen, B-cells, F-cells and R-
cells to the whole tubule areas were calculated for both male
and female individuals. A specific image analysis algorithm
was used. It can automatically calculate the above ratios by
using micrographs of digestive gland histological sections
(Berillis et al., 2013). The specific image analysis algorithm to
analyze Nephrops nutritional condition has application in the
established Nephrops fishery since it evaluates its’ quality and
assist with the local management of the wild stocks.

2 Material and methods

A total of 57 N. norvegicus individuals were collected in
March and May 2016 by a commercial fishing boat using
creels (60cm x 45cm x 30 cm, length x width x height, 28-
mm mesh size) operating at a depth of 80-90m in the
Pagasitikos Gulf (Greece) (Fig. 1). Thirty of them were males,
and the other 27 were females. Specifically, in March, 16 male
and 12 female individuals were caught, and in May, 14 males
and 15 females were caught. The creels were collected one day
after their placement in the sampling area at the March
sampling and two days after their placement at the May
sampling. In most cases, there were 1 or 2 N. norvegicus in the
creels. The baits used in the traps were Sardinella aurita.

Live individuals were transferred to the laboratory into a
tank filled with seawater. The total length and weight were
measured. Digestive glands were removed and weighed, and
the HSI was calculated. A piece of tissue, approximately
0.5-1 cm, of each individual digestive gland was placed in a
bottle containing a solution of 4% formaldehyde in sterilized
seawater and stored in a refrigerator (4 °C).
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Fig. 2. (A, B) March sampling. Digestive glands tubule from male
(A) and female (B) N. norvegicus. (C, D) May sampling. Digestive
glands tubule from male (A) and female (B) N. norvegicus. Scale
bar=5.5 pm.

For light microscopy, samples were first fixed in 4%
buffered formalin in sterilized seawater for 24 h at 4°C and
then immediately dehydrated in a graded series of ethanol,
immersed in xylol, and embedded in paraffin wax. Sections of
5-7 pm were mounted. After deparaffinization, the sections
were rehydrated, stained with haematoxylin and eosin, and
mounted with Cristal/Mount. The sections of the histological
preparations were studied by light microscopy (Bresser
Science TRM 301) under a total magnification of 100x and
400x. A digital camera affixed to the microscope (Bresser
MikroCam 5.0 MP) was used to acquire histological micro-
graphs (Fig. 2). Micrographs were analyzed using special
software (Berillis et al., 2013). Digital images of random cross
sections of the digestive gland tubules were selected to
measure the surface area of the whole tubule, tubule lumen,
and R-, B- and F-cells in each tubule. The ratios of lumen area
to whole tubule area and total cell area to whole tubule area
were calculated so a direct comparison between individual N.
norvegicus samples could be performed. The ratios were also
more accurate than were the absolute measurements because
they eliminated the potential differences in area due to the
small changes in the sectioning angle in relation to tubules. The

Fig. 3. High magnification images from N. norvegicus digestive
gland for lipid droplets density determination. (A) March sampling.
Digestive glands tubule from male with a very low density of lipid
droplets (arrow). It was scored as 1 at the semi-quantitative scoring
system. (B) May sampling. Digestive glands tubule from female with
a low-moderate density of lipid droplets (arrow). It was scored as 2 at
the semi-quantitative scoring system. (C) May sampling. Digestive
glands tubule from male with a moderate-high density of lipid
droplets (arrow). It was scored as 3 at the semi-quantitative scoring
system. (D) May sampling. Digestive glands tubule from female with
a high-very high density of lipid droplets (arrow). It was scored as 4 at
the semi-quantitative scoring system.

number of B- and F-cells per tubule was measured for male and
female individuals of both sampling periods. To estimate the
amount of lipid droplets per tubule, a semi-quantitative scoring
system was used. The amount of the lipid droplets was scored
on a scale from 1 to 4. A higher score represented a larger
amount of lipid droplets per tubule (Fig. 3).

All values of surface areas of histological section of the
hepatopancreatic tubule were presented as means with standard
error of mean in parenthesis. Statistical differences that were
present at 5% level were considered significant (Zar, 1996). The
values were checked for normality using the Shapiro—Wilk test.
Statistical comparisons between the distributions of variables
that did not show a normal distribution are made using the Mann—
Whitney test (Zar, 1996).
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Table 1. Body weight, total body length, carapace length and HIS of the N. norvegicus for comparison between months and sex, with number of
samples in parenthesis. Results are given as means with standard error of mean within parenthesis. Means in a column per month and per sex
followed by the same superscript are not significantly different (p > 0.05).

N. norvegicus Body weight (g) Total body length (mm) Carapace length (mm) HSI
Male (16) 55.46" (3.46) 126.407 (2.76) 577" (5.2) 2.97% (0.22)
March Female (12) 40.56° (1.57) 112.10° (6.28) 51.2° (3.9) 2.91° (0.16)
Male (14) 58.74" (4.40) 135.45% (3.41) 58.0° (6.8) 2.50% (0.1)
May Female (15) 40.65" (1.94) 123.09%° (7.94) 50.0°° (4.9) 2.46" (0.24)

Table 2. Digestive gland ratios of structural elements of N. norvegicus compared between months and sex, with number of the measured tubules
in brackets. Results are given as means with standard error of mean within parenthesis. Means in a column per month and per sex followed by the

same superscript are not significantly different (p > 0.05).

N. norvegicus

Lumen to whole
tubule area ratio

B-cells to whole
tubule area ratio

F-cells to whole
tubule area ratio

R-cells to whole
tubule area ratio

Male (160)
March Female (120)

Male (140)
Female (150)

0.12% (0.007)
0.11* (0.009)

0.14° (0.005)
0.13*® (0.007)

0.10% (0.006)
0.11* (0.007)

0.09* % (0.005)
0.10% (0.007)

0.09* (0.004)
0.09% (0.005)

0.09* (0.003)
0.08° (0.003)

0.80% (0.009)
0.80° (0.011)

0.82% (0.006)
0.82% (0.007)

Table 3. Number of B-cells, F-cells per tubule and estimation of lipid droplets amount per tubule from the digestive gland of N. norvegicus
compared between months and sex, with number of the measured tubules in brackets. Results are given as means with standard error of mean

within parenthesis. Means in a column followed by the same superscript are not significantly different (p > 0.05).

N. norvegicus Number of B-cells

Number of F-cells Estimation of lipid droplets

per tubule per tubule amount per tubule
Male (50) 5.16™° (0.66) 5.47% (0.28) 2.87% (0.13)
March Female (50) 5.67° (0.68) 4.79° (0.35) 3.00* (0.13)
Male (50) 3.51%% (0.49) 5.10*° (0.28) 3.42° (0.06)
May Female (50) 2.16 (0.42) 4.41°° (0.25) 3.64° (0.06)

3 Results

Body weight, total body length, carapace length and HIS of
the V. norvegicus are shown in Table 1. The body weight of the
March caught N. norvegicus samples was 55.46 g (3.46) for the
males and 40.56 g (1.57) for the females, while the total body
length and the HSI was 126.40 mm (2.76) for the males and
112.10 mm (6.28) for the females and 2.97 (0.22) for the males
and 2.91 (0.16) for the females, respectively. The females were
statistically significant smaller in terms of body weight, total
length and carapace length than the males in both sampling
months (p <0.05) (Table 1). There were no statistical
significant differences between the HSI for both sexes and
sampling periods (p > 0.05) (Table 1).

Ratios of structural elements from digestive gland of the V.
norvegicus are shown in Table 2. The R-cell to whole tubule
ratio was not statistically different between months and sexes
(Table 2). Lumen to whole tubule area ratio from males
sampled on May showed higher statistically significant

difference (p < 0.05) than females and males from the March
and May sampling (Table 2).

The B-cell-to-tubule area ratios did not differ statistically
among months and sexes (p > 0.05) (Table 2). Nevertheless,
the number of B-cells per tubule was significant lower
(p <0.05) in females sampled on May in comparison with
females sampled on March (Table 3). In addition, the number
of B-cells per tubule for males sampled on March and May
were similar (p > 0.05).

The number of F-cells to whole tubule area ratio were
statistical significant lower at females sampled on May in
comparison to males sampled on May and both sexes sampled
on March (p < 0.05) (Table 2). Furthermore, females sampled
on March and May had significant lower numbers of F-cells
per tubule (p < 0.05) than the males sampled on March and
May, respectively (Table 3).

From a visual assessment, R-cells of N. norvegicus of the
May sampling (both males and females) had a larger density
(p <0.05) of lipid droplets than N. norvegicus from the March
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sampling. Females sampled on May appear to have a bigger
amount (p < 0.05) of lipid droplets per tubule than the males
ones sampled the same month. For the March sampling the
lipid droplet amount per tubule was similar for both males and
females (Table 3).

4 Discussion

Nephrops support one of the most valuable commercial
wild fisheries in Greece (Smith et al.,, 2003; Smith and
Papadopoulou, 2008). Demand for Nephrops is increasing at a
time when Nephrops fisheries production remains stable and
environmental conditions and food availability can affect its
growth and nutritional condition. A technique to analyze
Nephrops nutritional condition has a potential to assist with the
management of local wild stocks to keep them at the desired
levels. The morphology of the digestive gland can be used as a
nutritional indicator and the specific image analysis algorithm
tool evaluated in this study can assist in selecting the
appropriate month for harvesting in relation to the species
nutritional profile.

Pagasitikos Gulf, in Greece, is an area of high interest for
N. norvegicus fishing ground as this is the shallowest
occurrence (<100 m depth) of the species in high quantities in
Greek waters (Smith and Papadopoulou, 2008). It has a
muddy sediment in relatively shallow waters, a constant cold
bottom water temperature and is undisturbed by trawling
allowing full development of sedimentary burrowing com-
munities of Nephrops (Smith et al., 2003). Nephrops landings
in Pagasitikos gulf are 30t representing a 10% of the Greek
total production (Hellenic Statistical Authority (HELSTAT);
Moutopoulos and Stergiou, 2012). Pagasitikos gulf is an area
closed to bottom trawling since 1966 (regulation BD 817 15/
10/1966) as a conservation measure. However, bottom nets
and baited creels is allowed on the bottom except seasonal
closures (regulation FEK 126 9/07/2004) for 3 months in the
summer for the bottom nets and from 1st of May to 31st of
July for the baited creels together with the 28 mm minimum
square mesh sizes for the creels (Mente et al., 2009). April to
August is the time of female Nephrops maximum availability
on the sediment surface (Smith et al., 2003). According to the
models constructed by Petihakis (2005), the sediment surface
of the central-external area at a depth <50 m is characterized
by consistently low temperatures (annual mean of 13—14 °C)
and dim light conditions. Each year between January and
February, there is a phytoplankton bloom in which the
phytoplankton biomass reaches its maximum level in the
sediment shortly after the bloom initiation (Petihakis et al.,
2005). The maximum detritus concentrations reach the
sediment surface during February and March, but after
April, a decrease is observed in the phytoplankton, detritus
and bacterial biomass (Petihakis et al., 2005). These patterns
have positively affected the benthic food web by increasing
the activity of suspension and depositing feeders shortly after
the peaks of phytoplankton, bacteria and detritus around April
or May. Thus, the above is explaining why months March and
May were chosen for this study since are the first and last
months of spring, when there are changes in the benthic food
availability in Pagasitikos gulf. Furthermore, spawning (egg
laying on the pleopods) in the Mediterranean Sea in Nephrops
populations occurs in late summer to early autumn, and the

eggs hatch in winter (Smith and Papadopoulou, 2008).
Mediterranean larvae are adapted for early post-hatching
survival under food-limited conditions, which occurs in an
oligotrophic environment, by having a significantly higher
wet mass and protein levels (Rotllant et al., 2004). In
Pagasitikos Gulf, the proportion of females with a fully
mature ovary increased from January to the summer months,
with a peak in June and remained above 48% until October
followed by a decline until December (Mente et al., 2009). In
March 35% of the females appeared to have a fully mature
ovary, whereas in May, this percentage had increased to 65%
(Mente et al., 2009).

Reproduction and nutrition of Nephrops have been studied
in Pagasitikos gulf to examine their stocks. For decapod
crustaceans, the relative size of the HSI is an indicator of their
nutritional status (Jones and Obst, 2000). Rotllant et al. (2014)
found that wild N. norvegicus caught from the Pagasitikos Gulf
had a mean value of 3.9 HSI index, whereas the N. norvegicus
kept in captivity and fed with mussels and pellets had lower
HSI indices (mean value of 2.0 for the mussel and 1.9 for the
pellet fed dietary treatments). Starved N. norvegicus from
Rotllant et al. (2014) had a mean value of 1.4 HSI index. Our
results showed that the HSI values for the wild Nephrops
ranged between 2.97 (0.22) and 2.46 (0.24), thus they were not
starved. There was no significant difference in the HSI between
males and females, which indicated that in general, male and
female N. norvegicus were in similar nutritional conditions.
Our values are larger than those reported by Rotllant et al.
(2014) for N. norvegicus in captivity and starvation and are
smaller than the corresponding values reported for the wild
individuals. The difference between the HSI of the wild
individuals reported by Rotllant et al. (2014) and our results
might indicate that the Pagasitikos Gulf is a sensitive
ecosystem with high intra- and inter-annual variability in its
food availability between seasons and years.

During the summer period, female N. norvegicus have
intense feeding activity (Froglia and Gramitto, 1979). Little is
known about the feeding behaviour of females during their
breeding period because they spend an increased amount of
time in their burrows and cannot be caught by fishermen. In
this study, males caught in spring, had higher lumen-to-tubule
ratios than females p < 0.05). At the end of the spring period
(May), females present the larger amount of lipid droplets per
tubule and this may demonstrate that the intensive feeding
period of the females has started. The similarity in the lumen-
to-tubule ratio between males and females on March appeared
to be expected because there is a positive effect on the benthic
food web of the Pagasitikos Gulf at this time of year (Petihakis
et al., 2005). Furthermore, the females of the May sampling
exhibited similar lumen-to-tubule ratios compared to the
females of the March sampling. However, for the male
individuals, the lumen-to-tubule ratios of those caught in May
appeared to be significantly bigger than the ratios of those
caught in March (p < 0.05).

The females caught in May had significantly smaller F-
cell-to-tubule ratios than all the other individuals (Table 2).
F-cells are mainly responsible for the release of digestive
enzymes into the lumen of the digestive gland. Digestive
enzymes are secreted into the foregut for extracellular
digestion (Brunet et al., 1994). A small F-cell-to-tubule ratio
indicates that there was a long starvation period or that the
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individual was sampled at the end of its digestive cycle.
Additionally, under short-term food deprivation, the F-cell
numbers and enzyme production can increase to replenish
gastric fluid in preparation for the next meal (Simon, 2009).

In our results, the F-cell numbers per tubule for
N. norvegicus for females sampled on March and May and
males sampled on March and May were similar (Table 3),
which indicated that there was adequate food consumption for
Nephrops. Karapanagiotidis et al. (2015) measured a 0.20 and
0.17 lumen-to-tubule area in N. norvegicus fed mussels or
pellets for 20 days. N. norvegicus that had been starved for a
long period had a 0.27 lumen-to-tubule area (Kroupis, 2010).
Comparing the lumen-to-tubule areas of both samplings for
males and females with the estimated results by Kroupis
(2010), our results are smaller, thus indicating no starvation. In
both groups of Nephrops fed the mussels and pellet diets, the
F-cell-to-tubule ratio was 0.05. In this study, the individuals
had a short-term food deprivation since they remained two
days in the traps at the March and at the May sampling, thus
bigger F-cell-to-tubule ratio were observed than those reported
in Kroupis’ (2010).

The B-cell-to-tubule area ratios did not differ among
months or sex (p > 0.05). B-cells are related to the elimination
of residual indigestible products, so a high B-cell-to-whole
tubule area ratio may suggest that the consumed feed was
poorly digested (Simon and Jeffs, 2008). Our measurements
are smaller than those of Karapanagiotidis et al. (2015) for the
pellet diet (0.13) and bigger than those of the mussel diet
(0.06), which indicated that the food our N. norvegicus
individuals consumed was neither poor nor optimal. The
similar number of B-cells per tubule of between males and
females at the March sampling may indicate similar food
digestibility. A high number of B-cells per tubule is a likely
indicator of excessive intracellular digestion and/or the
elimination of waste products (e.g., toxic mineral elements,
digestive enzymes, undigested particles) from the digestive
gland (Simon, 2009). Juvenile Jasus edwardsii lobsters fed a
formulated diet showed an increased number of B-cells per
tubule at 18h after feeding, suggesting poor digestibility
(Simon, 2009). Twenty-four hours after feeding, the number of
B-cells per tubule was almost halved (Simon, 2009).

The similar digestive condition of individuals of different
sexes was evidenced by the similarities found in their R-cell-
to-tubule area. R-cells of N. norvegicus of the May sampling
(both males and females) have a larger density of lipid
droplets, suggesting that N. norvegicus from the March
sampling were in poorer nutritional and digestive conditions.
Simon (2009) reported that lobsters fed a formulated diet had a
lower level of lipid droplet accumulation in their R-cells. It is
likely that R-cell area is directly related to the amount of stored
nutrients in lipid vacuoles and/or glycogen granules (Berillis
et al., 2013). Lipid droplets are intracellular organelles and
cytoplasmic structures that are responsible for lipid storage and
mobilization (Murphy et al., 2009). Abundant lipid inclusions
represent the primary storage material of R-cells, although
small particles of glycogen are also present in the cytoplasm
(Barker and Gibson, 1977). The observed differences in
hepatopancreatic lipid concentrations may depend on the food
capacity and consumption (Mente, 2010).

The availability of food and an animal’s sex are two
important variables that affect the nutritional status of

N. norvegicus. The seasonal histomorphological variability
found between Nephrops male and female stocks in the
Pagasitikos Gulf is likely the combined effect of site-specific
environmental factors such as sediment type, water circulation
and temperature and biological factors such as density and
food availability, which changes seasonally. Nevertheless, the
findings of this study could be used to show whether the females
have an increased nutritional status that reflects their access to
food over a specific month or increased food availability in a
specific month and whether this status is different from males
that continue to forage on the sediment surface for food over the
same period. Thus, this study validated the use of digestive gland
as a useful indicator of nutritional condition in Nephrops and
evaluated a specific image analysis algorithm as a potential tool
for measuring the species nutritional condition. Digestive gland
can be used as an indicator for assessing the nutritional status of
Nephrops stocks to propose a locally seasonal fishery manage-
ment scheme for the sustainability of the wild stocks. The
approach has also significant potential for research transferable
to other crustacean species.
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