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Abstract

Maurolicus muelleri is a dominating mesopelagic fish in
Norwegian fjords, yet little is known about its photophores
in relation to life history and environment. M. muelleri
from Masfjorden and Fensfjorden were investigated to see
whether body condition, age, environment, or depth have
any effect on photophore number or colour. We found no
relationship with body condition or age. However, our
findings suggest M. muelleri higher in the water column
(0-100m) have more photophores, and a higher proportion
of them had green photophores than deeper down (200-
300m). The observed proportion between pink and green
photophores in total was 1:4. The total number of ventral
photophores among individuals varied, with a mean of 87.9
+ 2.62, which is inconsistent from a constant amount of
photophores previously reported in the literature. A higher
proportion had pink photophores in Masfjorden than in
Fensfjorden. Further research concerning the topic is nec-
essary for a better understanding of this fascinating trait,
and the next step seems to be investigating the relationship
between photophores and light attenuation.

Introduction

The vast mesopelagic zone, often known as the twilight
zone, is located underneath the sunlit euphotic zone and
receives just enough light for vision (Christiansen et al.,
2021). Irigoien et al. (2014) estimated the global biomass
of mesopelagic fish to be between 6 000 — 200 000 million
tons. This estimation is one order of magnitude larger than
the earlier estimations, raising questions and interest about
their global ecological importance in the world’s oceans,
and the possibilities of potentially exploiting them as a
novel marine resource. The exploitation of this resource
would require more knowledge and understanding of both
the ecology of these communities and the biology of the
species involved.

The distribution of mesopelagic organisms in the water
column depends on several abiotic factors (Aksnes et al.,
2009). Many species, therefore, perform diel vertical mi-
gration, ascending to the surface at dusk and descending
back into the depth at dawn (Staby et al., 2013). This allows
mesopelagic organisms to stay undetected, whilst still stay-
ing at light levels which allows foraging, usually referred
to as the antipredation window (Christiansen et al., 2021).

Life history is a term used for traits and strategies de-
scribing aspects of an organism’s life (Ratikaien, 2018).
Examples of this are a species’ length, weight, sex, age, ma-
turity stage, body condition, and eye size. It is pertinent to
investigate the influence certain life history traits have over
others, for example, how weight limits size, how sex can
influence total length, and so on. These life history traits
and strategies may even influence the development and
function of specific organs (Stearns, 1992).

Maurolicus muelleri (Gmelin, 1789)

In the oceanic environment, the only light source apart
from downwelling irradiance is bioluminescence, pro-
duced by marine organisms themselves (de Busserolles &
Marshall, 2017). In fishes, bioluminescence is a common
feature, with around 90% of fish exhibiting this trait (Her-
ring, 1978). For many mesopelagic fishes it is used as a
mechanism for communication, mimicry, attracting prey,
and predator avoidance (Cavallaro et al., 2004).

Maurolicus muelleri is one species that use biolumines-
cence for counter illumination, hiding its silhouette from
predators below. What defines this species are the distinct
rows of photophores (bioluminescent organs) that run
along the ventral side of the fish. Little is known concern-
ing how life history strategies may control these organs’
development and function.
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M. muelleri (Stomiiformes: Sternoptychidae), common-
ly known as Mueller’s pearlside, or simply pearlside, is a
cosmopolitan fish species, and is one of the most abundant
mesopelagic fishes in Norwegian fjords and the Northeast
Atlantic Ocean (Grimaldo et al., 2020; Giske et al., 1990;
Gjosater & Kawaguchi, 1980). They tend to be short lived,
living no longer than 5 years, and typically grow to a size
of 4-5 cm with a mean weight of 0.9g. (Giske et al., 1990;
Folkvord et al., 2016). M. muelleri plays a key role as both
a planktivore and as prey for large fish, like saithe (Pol-
lacius virens) and blue whiting (Micromesistius poutassou)
(Giske et al., 1990).

Individuals of M. muelleri distribute according to size in
the water column (Staby & Aksnes, 2011) and this has been
attributed to the conspicuousness of individuals in differ-
ent life stages. Fry and juveniles are often small, transpar-
ent, and occupy shallower depths (from surface to ~100m)
of the water column, where they can avoid predators. It has
been described that M. muelleri performs diel vertical mi-
gration (Staby et al., 2013) and has specially evolved eyes.
In the place of cone-cells, or rod-cells, it has rod-like cone
cells, a combination of both, which allow individuals to see
extremely well in low light, used as a mechanism to mi-
grate alongside larger fish, whilst still avoiding predators
(de Busserolles et al., 2017).

Photophores & Bioluminescence

Many marine species produce light (bioluminescence)
from specialised light organs called photophores. Photo-
phores are complex organs, consisting of light cells (photo-
cytes) that produce the light through a protein-enzyme re-
action of luciferin and luciferase, in addition to a reflector,
and a lens (Cavallaro et al., 2004). The reflector covers the
inner layer of the photophore, reflecting light produced
from the photocytes towards the lens. The lenses functions
to concentrate the light emitted towards the opening of the
photophore (Cavallaro et al., 2004). In addition, some me-
sopelagic fish can utilize a masking pigment to cover the
lenses of their photophores, thus regulating colour and in-
tensity of light emitted (Clarke, 1963).

The photophores of M. muelleri can make up 10% of an
individual’s body mass (Cavallaro et al., 2004). This heavy
investment of resources may indicate that the trait is an in-
tegral part of their development. However, the metabolic
cost of photophore production is unknown (Folkvord et
al., 2016), and if this is a heavy cost, the fish must optimise
the amounts of photophores regarding other life history
traits, such as reproductive effort and body growth.

Individuals of Maurolicus species have usually devel-
oped most of their photophores when between 5-20mm
(Rodrigues-Ribeiro et al., 2022). Adult M. muelleri have
consistently been observed to have a maximum of 138

photophores (Cavallaro et al., 2004). This consistent maxi-
mum may be genetically determined, but the development
of photophores from larvae to adult is yet to be document-
ed. Folkvord et al. (2016) noted a relation between the
development of photophores and the nutritional state of
larval M. muelleri as their slowest-growing cohort tested
seemed to have the lowest amount of photophores. Simi-
larly, photophore number and life history traits have not
been explicitly compared in the Norwegian fjords, an area
in which M. muelleri is very abundant. The species is iso-
lated from other Maurolicus species in this area, and the
effects of interspecies isolation has yet to be described,
whether there is any.

Aims & Objectives

M. muelleri is currently targeted by Norwegian trial fish-
eries for fish meal and oil, to be used in the fish feed in-
dustry (Fjeld et al., 2023). As there is a lack of knowledge
regarding the biology and ecology of the zone, synthesizing
more information on the species living there is vital before
further exploitation occurs, to ensure sustainability and
precaution regarding this understudied environment (Hi-
dalgo & Browman, 2019; Fjeld et al., 2023). Despite their
global abundance and importance in oceanic food webs,
M. muelleri is an under-studied species, and especially re-
garding their light organs. Therefore, it is important to cov-
er these gaps in the knowledge, as developing knowledge
of a species allows the establishment of effective fisheries.

In this study, M. muelleri are sampled from two
well-studied western Norwegian fjords, Masfjorden and
Fensfjorden. From previous research cruises to Masfjorden
and Fensfjorden, there was an observed photophore colour
difference between individuals, whereas some individuals
had pink coloured photophores, whilst others were green.
As of now, there is no clear explanation for why this occurs,
or how frequent it is.

There are many aspects of the M. muelleri life history
that should be studied, especially in relation to photo-
phores. In this study we focus on how photophore number
and colour change in relation to depth and the life histo-
ry traits, namely body condition and age. In addition, we
compare M. muelleri from both fjords to see whether there
are any differences between them.

Our main hypothesis of this study is that the number of
photophores will increase with age, until maturity, where a
maximum number of photophores will be reached (138).
In addition, individuals with good body conditions will af-
ford to maximise their number of photophores. Converse-
ly, we expected those with a worse body condition to have
less, as a trade-off between photophore development and
survival. Moreover, we expect deeper residing M. muelleri
possess more photophores both due to their larger sizes
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and to better perform counter-illumination.

Material & methods
Research Area

The study was carried out between 24-30 September 2022
in two fjords on the west coast of Norway: Masfjorden and
Fensfjorden. Masfjorden is a 494m deep, 24km long arm of
Fensfjorden, which at its longest point is 50km and 583m
deep. These fjords are separated from each other by a 75m
deep sill. Data was collected from both fjords to provide
the possibility to compare the influence of environmental
conditions on the photophores and M. muelleri itself. The
vessel used for transportation and data collecting was G.
O. Sars, a research vessel shared by the Institute of Marine
Research and the University of Bergen.

Field Methods

Individuals of M. muelleri were collected using a pelag-
ic trawl fitted with a multisampler, with three codends at
fixed depths (sub-layers) of 300m-200m, 200m-100m, and
100m-0m with an oblique haul through each layer. We
trawled for approximately 10 minutes per codend, with
an average speed of 2.5-3 knots. The multisampler had a
mesh opening of stretch 22mm. Two trawl hauls were done
in each fjord and each trawl was done between 8pm and
4am. We took a semi-random subsample of maximum 34
individuals of M. muelleri from each codend. If individu-
als were damaged to the point where it would have been
impossible to count the photophores, they were discard-
ed, and new individuals were selected, based on whether
counting the number of photophores appeared possible or
not. When the total number of individuals was 34 or below,
all individuals were taken. In addition, we collected a ran-
dom sample of M. muelleri from each codend, to compare
with our handpicked individuals showing whether they are
representative of the total catch. The subsampled individu-
als were put on a laminated sheet and scanned with Canon
CanoScan LiDE 400. The scans were measured in Image],
using standard length. We registered whether the fish had
green or pink photophores, and individuals with at least
40% pink photophores were assigned ‘pink’ As individuals
had several shades of pink, from pale pink to purple, we
simplified their colour to only pink, reducing errors due to
human subjectivity.

Lab Methods

In the lab, we defrosted and weighed each fish individually
(wet weight) in its plastic bag and subtracted the average
weight of the bags. We then registered the number of pho-
tophores for each section of the fish, following the protocol
described by Sutton et al. 2020 (p. 68) for the first 25 in-
dividuals of each codend. In the case of individuals being
very damaged, we discarded that fish and used one of the

remaining 9 individuals. After counting photophores, we
extracted sagittal otoliths to determine age. We determined
the age by counting increments on the otoliths, starting at
age 0, with no, or a very small increment and assuming for-
mation of the rings begins at hatching and continues until
the adult stage. Some fish over 1 year were described as 1+
(written Age 1.5), due to the outer winter ring being the
same size as the outer summer ring. Age 2 had two clear
winter rings. The data was processed in RStudio, R version
4.2.1 (2022-06-23). We used data collected from the same
field course, conducted in previous years and in addition
to the data collected this year on size distribution for M.
muelleri, we checked whether our semi-random sample
was a good representation of the population.

We made two models in R, one linear model describ-
ing the total number of photophores, with total number of
ventral photophores as the response variable, and the fjord,
depth, body condition and age as the predictor variables.
The second model was a binomial model which used pho-
tophore colour as the response variable with the same pre-
dictor variables as the first model. Both models were made
by finding the best fit through removing parameters in or-
der of least significance.

An ANOVA was performed to check for significant re-
lationships between the different parameters. This was re-
peated for other comparative analyses. Post hoc pairwise
comparisons were also made to further investigate signifi-
cance found in the ANOVA tests performed.

Ful-
1904),

Body condition
tons body condition

was  calculated using
factor K (Fulton,

K = 1000 = W/L?

where W is weight (g), and L is length (mm). 1000 is a
scaling factor. This condition factor was used to compare
against other measurable parameters, rather than estimat-
ing the body condition itself. In total, we weighed, regis-
tered colour, and counted photophores of 258 individuals,
138 from Fensfjorden and 120 from Masfjorden. 75 fish
were not counted, only weighed and colour registered.
During our analysis, we found that the number of photo-
phores on the head was constant on all individuals. The
only notable variation in photophore number came from
the ventral section on the fish (PV, VAV, AC, as given by
Sutton et al. 2020, p. 68). By only analysing these photo-
phores, we can include a larger number of fish due to ig-
noring the instances where it was not possible to record the
photophore number. In total, we have 192 individuals with
counted ventral photophores, 120 from Fensfjorden and 72
from Masfjorden.
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Depth (m)  Masfjorden (individuals) Fensfjorden (individuals) Total (individuals) | T2ble 1. Depth distribution

of individuals of Maurolicus

0-100 43 49 92 muelleri used in the analysis

of numbers of photophores.

100 —200 48 45 93 Numbers from both fjords

200 — 300 14 2 40 and total count are included.
Results There was no significant variation in photophore num-

The comparison between the length distribution of our
data and the total length distribution of M. muelleri caught
during night-time on the cruise showed our samples repre-
sented the total range of lengths.

Photophore Number

Only 124 of the counted individuals were in a condition
where we could count all photophores. The mean number
of total photophores for these individuals were 138 + 2.61.
Of all counted individuals, we were able to fully count the
ventral photophores of 225 (Table 1). Of these, 92 where
from 0-100m, 93 from 100-200m, and 40 from 200-300m
depths. The mean number of ventral photophores for these
fish were 87.9 + 2.62.

Most individuals sampled in the study were of age class
1 (n =202), with much fewer samples from age class 0 (n =
2), age class 1.5 (n = 15), and age class 2 (n = 6).

ber related to body condition (ANOVA; F(1, 221) = [0.83],
p = 0.36), between the two fjords (ANOVA; F(1, 220) =
[0.39], p = 0.53), or with age (ANOVA; F(2, 217) = [0.35],
p = 0.412). During model selection, we found the only
explanatory variable to be depth (p = 0.02), so further
downstream analyses were performed using this best fit-
ted model. We found a significant difference in number
of photophores in relation to depth (ANOVA; F(2, 222) =
[3.78], p = 0.02), with the mean number of ventral photo-
phores of individuals at each depth being: 0-100m = 88.4
+2.67,100-200m = 87.7 £ 2.50, 200-300m = 87.1 + 2.59.

A post hoc pairwise test between total number of ven-
tral photophores and individual codends showed no sig-
nificant results between the depth layers 0-100m and 100-
200m (Post hoc; t ratio = -1.85, estimate = -0.70, df = 222,
p = 0.16), or 100-200m and 200-300m (Post hoc; t ratio =
-1.16, estimate = -0.57, df = 222, p = 0.48). There was, how-
ever, a statistically significant result between the shallowest
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Figure 1. Number of ventral photophores in relation to body condition, depth, and fjord. The relationship between body con-
dition and number of ventral photophores of Maurolicus muelleri in the two fjords Fensfjorden and Masfjorden. The depth at
which the M. muelleri where caught are also included. The age of individuals is shown by the distinct colours of the points. Age

was decided by counting otolith increments.
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- TR " T FETE Table 2. Depth distribution

Depth (m) Masfjorden (individuals) Fensfjorden (individuals)  Total (individuals) of individuals of Maurolicus

0-100 68 67 135 muelleri used in the colour

analyses. Numbers from both

100 —200 34 67 101 fjords and total count are in-
200 — 300 5 47 52 cluded.

0-100m and deepest 200-300m layer (Post hoc; t ratio =
-2.59, estimate = -1.27, df = 222, p = 0.03).

In total, there was a trend of higher number of total ven-
tral photophores in the shallowest layer, but no trends or re-
lationships between age, body condition or fjord (Figure 1).

Photophore Colour

In total, we registered the colour of 289 individuals from
all depth layers (Table 2). 217 of the individuals were green
(75%) and 72 were pink (25%).

182 of the counted individuals came from Fensfjorden;
143 were green (78%), and 39 were pink (22%). The re-
maining 107 were from Masfjorden, of which 74 were
green (69%) and 33 (31%) pink.

Green coloured photophores occurred in higher num-
bers in both fjords and depths, except for the deepest depth
where the proportion of pink is greater (Figure 2).

Using the best fitted model including only depth and
flord, a chi-squared test showed significant relationships
between the colour distribution and fjord (x2 (1, N = 289)

=16.67, p = <0.001), depth layers (x2 (2, N = 289) = 44.50,
p = <0.001). Age (x2 (1, N = 289) = 2.11, p = <0.15) and
body condition (x2 (1, N = 289) =1.91, p = <0.17) showed
no significant effect on the photophore colour.

A post hoc pairwise test between the observed colour
of ventral photophores, and the depths sampled showed
a significant difference in colour between the deepest
(200m-300m) and middle layer (100m-200m) (Post hoc;
p = <0.001 z ratio = 4.71, estimate = 1.92), and between
the shallowest (Om-100m) and the deepest (Post hoc; p =
<0.001, z ratio = 6.11, estimate = 2.73). There was, howev-
er, no significant difference between the shallowest and the
middle layers (Post hoc; p = 0.06, z ratio = 2.24, estimate
=0.81).

Discussion

This study is among the first on photophore colour and
number, and how these varies in relation to aspect of the
species’ life history. We found that M. muelleri at 0-100m
depth have more photophores than those at 200-300m, yet
there was much variation in the number at all depths. In
total, green photophores was more common than pink,
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Figure 2. Count of photophore colour in relation to depth and fjord. The number of Maurolicus muelleri with green and pink
photophores in the two fjords Fensfjorden and Masfjorden. The depth at which M. muelleri were caught is also included.
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but the relationship between the colours changed between
the depths. A higher proportion of pink photophores were
found in the deepest layer compared to both shallower. In
addition, Masfjorden contained a higher proportion pink
photophores than Fensfjorden. In general, it looks like
depth is the most crucial factor affecting both aspects of
the photophores.

Photophore Number

It was interesting finding a higher number of photophores
in the shallowest depth compared to the deepest. This was
opposite from what we hypothesised, yet our hypothesis
was based on knowledge of larger individuals preferring
greater depths (Staby & Aksnes, 2011), which we did not
find either. It could be explained by differences in light lev-
els between these depths. The shallowest layer receives more
light, and therefore M. muelleri here might need more pho-
tophores to produce sufficient light to hide its silhouette.
However, no literature mention anything about such being
found in any species. It might be a result of small sample
size, especially for the deepest layer, as mean number of
photophores per individual for each layer with standard
deviations are quite similar and overlapping. This should
be further tested to see if our pattern is indeed there or not.

The literature has consistently reported 138 photophores
(Cavallaro et al., 2004), this is including a set of two pho-
tophores we did not count (ORB1 in Sutton et al. 2020, p.
68), meaning our mean is higher than the literatures’ in
addition to showing more variation. Many species may use
distinct photophore patterns in species recognition, and
the number should therefore stay constant (Clarke, 1963).
Davis et al. (2014) found that variation in photophore
number within genera of Lanternfishes (Myctophidae) is
not sufficient to be used in species recognition. Both find-
ings suggest M. muelleri do not use number of photophore
in species recognition.

The total number of ventral photophores of M. muelleri
was not constant, having large variations (82 — 94). These
variations are similar, although a bit larger than results
of ventral photophore counts from the Red Sea (80 - 90)
(Dalpadado & Gjosaeter 1987). Moreover, we observed
that some individuals had ventral photophores arranged
asymmetrically, with one less photophore on one side. Fur-
ther analysis to explain this asymmetry was not performed,
as it is outside the scope of our project.

It has been postulated that the strict number of pho-
tophores is a mechanism of conspecific recognition. M.
muelleri is the dominating species in these fjords, but also
is the only species of the genus in these habitats (Giske et
al., 1990; Rasmussen & Giske, 1994). It is very unlikely, if
not impossible, they would encounter a species other than
M. muelleri. This suggests that there would be no selection

pressure to uphold a distinct amount of photophores, as
in, if a neutral mutation entered these populations (if they
are distinct populations), there would be no positive, and
no negative effect if there is no need to discern between
species.

However, since our counts from Norwegian fjords have
comparable variation to counts from the Red Sea, it could
indicate that variation in number of photophores of M.
muelleri is a universal trait of the species, that can be ob-
served in all the world’s ocean. For instance, if a constant
number of photophores is inconsequential for counter-il-
lumination functioning, variation in photophore number
could arise from neutral mutations.

We observed significant difference in number of pho-
tophores between the shallowest and deepest depth layers.
The hypothesis here was that individuals in the deeper lay-
ers would have more photophores, however, the opposite
was observed, and that those in the shallower layers had
more, and deeper had less. Following the idea that those
deeper in the water column would need more photophores
to visualize prey or communicate between conspecifics
would not fit this as an explanation. A plausible reason
for this observed trend could be that individuals living in
shallower depths periodically encounter more predators.
It has been described that the eye of this species allows it
to exist amongst predators when performing diel vertical
migration, having more photophores would perhaps allow
them to better perform counter-illumination as a preda-
tor-avoidance technique, as such, those with more pho-
tophores are more likely to survive (Paitio et al., 2016; de
Busserolles et al., 2017).

This could be another example of trait selection, al-
though this case could be evidence for positive selection.
Nothing more can be known about this unless genomic in-
vestigations are carried out. Similarly, following the trend
identified in this study, these concepts do not fit with the
established idea that the species distributes due to size
(Rasmussen & Giske, 1994).

Photophore Colour

We have not found any literature concerning the colour of
photophores of M. muelleri, meaning little is known about
why we see different colours and what role it plays. In fact,
there are pockets of research believing there to be only one
colour, green. While it was impossible to comment on the
cause of the colour difference, this study can state there
were at least two colours in these specimens of M. muelleri,
green and pink. An explanation for the pink colour could
have been damage to the photophore structures, causing
blood to stain the films. Another explanation is that M.
muelleri may use masking pigments to regulate their emit-
ted colour (Clarke, 1963).
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On average, the ratio of pink individuals to green was
1:4. This is the first estimation of the occurrence of colour
variation in photophores of M. muelleri. We do not know
whether the colour is a static or dynamic trait. If M. muel-
leri can regulate photophore colour continuously, this es-
timation only provides a snapshot into how their colour
varies during night-time in September, in these fjords. Po-
tentially, pink and green could appear with different pro-
portions throughout the time of day and could also vary
with different seasons. In addition, we cannot know how
photophore colour is affected by trawling, thus causing bias
in our observations. A study conducted on live M. muelleri
might be necessary to establish this.

Moreover, we observed that when photographing the
photophores with flash on, the reflected light from pink
photophores came out as blue, meanwhile reflected light
from green photophores came out as green. This sug-
gests that in nature, when light is produced from photo-
cytes within a pink photophore, the visible colour emit-
ted is blue, not pink. As blue light penetrates deeper into
the depths than green light (Johnsen & Sosik, 2004), this
finding makes us hypothesize that pink photophores are
an adaptation to greater depths, making the M. muelleri
better at hiding their silhouette as they better match the
light conditions of their surroundings. Higher in the water
column, more green light is present and green photophores
would be preferable. The difference in photophore colour
between the fjords could be related to this as well. Light
attenuation of fjords increases when oxygen and salinity
decline (Aksnes et al., 2009). If Masfjorden has less oxygen
and salinity, we could assume it is darker at specific depths
than Fensfjorden. If we had time and resources to investi-
gate this as well, our colour hypothesis might have gotten a
stronger validation.

Limitations

All trawling was done during night when M. muelleri
from different layers are mixed. This could have affected
the trends we found as it might not have been completely
random which individuals migrated furthest and how they
mixed. Repeating the study during daytime would test for
this potential bias. Trawling in observed echo layers rather
than fixed depths should provide data more representative
for the layered vertical distribution of the species. In ad-
dition, our age data did not contain sufficient variation to
investigate age properly and a relationship might still be
found if this study was repeated with a larger sample of
each age.

Sub-random sampling could bias our result, however
our comparisons with total amount of M. muelleri caught
during the field course showed our data was similar in
distribution of sizes and covered the total length spectre
caught. When counting photophores however, we should

have been more critical, and discard all individuals with
uncountable photophores to get a fuller dataset and to use
total number of photophores instead of just ventral. The
size of our sample should be larger, especially for colour
from the deepest layer of Masfjorden.

We used Fulton’s factor as a measure of body condition
even though M. muelleri seem to have a weight-length re-
lationship parameter, b<3, while Fulton’s factor assumes
isometric growth (b=3, Gubiani et al., 2020). This could
result in over/underestimates of the condition of the small-
est/largest individuals. Even though we found the log-rela-
tionship between weight and length to be ~3 it was lower,
and another measure of body condition could be used to
ensure our findings are valid and not a result of biased es-
timates.

Future Projects

To further investigate photophores and life history of M.
muelleri this study should be repeated with larger samples
and on a larger scale, allowing to compare populations in
different ends of the species’ distribution. Measurements
of light attenuation at different depths should be included
to look further into the possibility that both number and
colour are affected by the light level at the depth where the
fish reside.

Sex determination of M. muelleri in our samples was not
performed, so it is possible that number/colour of photo-
phores have undiscovered correlations with sex. Species
like ponyfishes (Leiognathidae) have been found to have
differences between sexes in their bioluminescence organs
(Sparks et al., 2005). The biochemistry of the photophores
was also not covered in this study. Dissection and chemi-
cal analysis of differently coloured photophores could have
helped uncover the mechanism and production behind the
pink and green colours.

We noted during our study that the photophore colours
were of varying intensities. Some had a strong pink/purple
colour, while others had a lighter hue of pink. Similarly,
some green photophores were strong and vibrant, others
were dimmer. In our study, we assigned them as the cat-
egorical variables ‘green’ or ‘pink. However, the colours
could be explained better as a continuous gradient going
from strong pink to bright green. We did not notice any
pattern of different colour intensities with different depths,
but this could be studied further. For example, through as-
signing colours as continuous variables through a digital
program capable of registering colour and light emission
from photophore pictures, rather than colour determina-
tion based on human vision.

Photophore number varied independently of body con-
dition and environment (fjord), which is not expected for a
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costly trait. If the number are genetically determined, this
could explain why. Based on findings by Davis et al. (2014),
photophore number and patterns seem to be closely related
to genetics in several species. At least from a genetic view-
point and the data presented in this research, it is logical to
assume many of these observations could be explained by
neutral mutations present in these fjord populations of M.
muelleri. Firstly, by defining populations between the open
ocean, and even within the fjords, could be an effective way
to investigate whether there is a distinct change in photo-
phore number between different community assemblages
(mixed with other Maurolicus species, or prolonged isola-
tion as in the fjords).

Biogeography investigations could be used to identify
for how long these individuals have been isolated within
the fjords, or even if they have ever exchanged with open
ocean populations. These isolated populations, and the dif-
ferences observed from the standard, could even suggest
a drift towards subspeciation, but for now at least it seems
their isolation from other Maurolicus species has allowed
an accruement of neutral mutations, that can be afford-
ed. Using a retrospective model such as coalescent theory
could identify when these mutations arose and give some
context to the ecological influence and presence of these
traits. Especially concerning photophore colour, investi-
gating whether differences are observed in the individuals
living with other Maurolicus species in the open ocean.
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