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ABSTRACT
Fishes inhabiting the mesopelagic zone of the world's oceans are estimated to account for the majority of the world's fish biomass. 
They have recently attracted new attention because they are part of the biological carbon pump and have been reconsidered as a 
contribution to food security. Hence, there is an urgent need to understand how environmental conditions and species interac-
tions shape their assemblages, and how they contribute to the functioning of marine ecosystems. Trait-based approaches are val-
uable for addressing these types of questions. However, the biology and ecology of mesopelagic fishes are understudied compared 
to fishes in shallow and epipelagic waters. Here, we synthesise existing knowledge of traits of mesopelagic fishes and relate them 
to their role in survival, feeding and growth and reproduction, the key functions that contribute to fitness. Vertical migrations, 
specialised vision and the use of bioluminescence are among the most striking adaptations to the conditions in the mesopelagic 
realm. Many traits are interrelated as a result of trade-offs, which may help to understand selection pressures. While morpholog-
ical traits are straightforward to observe, major knowledge gaps exist for traits that require frequent sampling, assessment under 
experimental conditions or age determination. The unique adaptations of mesopelagic fishes need to be included in management 
strategies as well as fundamental research of the habitat.
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1   |   Introduction

Mesopelagic fishes are estimated to make up the majority of the 
total biomass of fishes in the world (Irigoien et al. 2014). This 
group of fishes is defined by their shared daytime habitat in the 
marine ‘twilight zone’ or mesopelagic zone, which is conven-
tionally set within a depth range of 200–1000 m (Reygondeau 
et  al.  2018). However, an extent based on light intensity has 
been suggested to be more ecologically relevant (Kaartvedt, 
Langbehn, and Aksnes 2019). The sunlight penetrating to me-
sopelagic depths is not sufficient for photosynthesis, but the dif-
ference between night and day can still be perceived (Costello 
and Breyer 2017). Apart from the scarcity of light and accord-
ingly low photoautotrophic production, the environmental con-
ditions in the mesopelagic zone are characterised by moderate 
temporal fluctuations in the environment in much of its global 
range (Sutton et al. 2017), with some regions prone to large and 
persistent oxygen minimum zones (Karstensen, Stramma, and 
Visbeck 2008; Long et al. 2021). To survive, feed, grow and re-
produce under these conditions, mesopelagic fishes have to be 
adapted in unique ways. The most striking difference compared 
to other fishes is the pronounced diel vertical migration, per-
formed by many mesopelagic organisms (Klevjer et  al.  2016). 
Adaptations to low and variable light conditions in the form of 
specialised vision and bioluminescent light organs further set 
the fishes of the mesopelagic zone apart from epipelagic, shal-
low coastal and freshwater fishes.

Early research campaigns in the 1960s–1980s carried out some 
foundational work on mesopelagic fish species inventories and 
distribution patterns (e.g., Badcock and Merrett 1976; Gjøsaeter 
and Kawaguchi  1980; Goodyear et  al.  1972; Hulley  1981; 
Krefft 1974). Still, due to the effort required to reach the open 
ocean and the specialised gear needed to sample the mesopelagic 
zone, mid-water habitats remain under-represented in global 
databases of marine biological records, as is the deep-pelagic 
ocean as a whole (Eduardo et al. 2024; Webb, Vanden Berghe, 
and O'Dor 2010). In addition, attempts at keeping mesopelagic 
fishes in experimental facilities for a longer time have not been 
successful so far. Thus, their ecology and biology are under-
explored compared to shallow water fishes, despite their almost 
global distribution and high overall abundance. However, meso-
pelagic fishes have recently gained renewed scientific and com-
mercial attention. They occupy a central position in the oceanic 
food web by feeding on plankton and acting as an important 
prey for commercial fishes and larger top predators (Iglesias 
et al. 2023; van Denderen et al. 2021; Giménez et al. 2018), and 
they could (indirectly) even be an additional source of food for 
human well-being (Alvheim et  al.  2020; Gjerde, Wright, and 
Durussel  2021; Grimaldo et  al.  2020). Further, with vertical 
migrations, they facilitate an active export and sequestration of 
carbon in the deep and therefore contribute to the ocean's bio-
logical carbon pump (Robinson et al. 2010; Aksnes et al. 2017; 
Davison et al. 2013; Koslow et al. 2014; Pinti et al. 2023; Saba 
et al. 2021). They are expected to be influenced by the effects of 
climate change (Ariza et al. 2022) and other anthropogenic pres-
sures such as fisheries, pollution and deep-sea mining (Drazen 
et al. 2020; Williams et al. 2022).

Because of the ecological importance of mesopelagic fishes and 
their role in global biogeochemical cycles, there is an urgent 

need to investigate their relationships with environmental con-
ditions and other organisms, and to characterise their roles in 
their ecosystems. Trait-based approaches have proven pow-
erful for addressing such questions (Zakharova, Meyer, and 
Seifan 2019; Martini et al. 2021), and are increasingly applied 
to describe fish diversity, fish community structure and ecolog-
ical processes and functions linked to fish (reviewed by Luiz 
et al. 2019; Villéger et al. 2017). Our work builds on the widely 
used definition of traits established by Violle et al. (2007): ‘Any 
morphological, physiological or phenological feature measur-
able at the individual level, from the cell to the whole-organism 
level, without reference to the environment or any other level 
of organization’. However, the definition has been expanded 
as necessary to include behavioural (e.g., Nock, Vogt, and 
Beisner  2016) and life-history characteristics (e.g., Litchman, 
Ohman, and Kiørboe 2013), as well as measurements at other 
relevant organisational levels (Dawson et al. 2021). We take an 
eco-evolutionary perspective (Gutiérrez-Cánovas et  al.  2024) 
and focus on functional traits that contribute to the core 
life functions survival, feeding, and growth and reproduc-
tion (Figure  1), which are the components of fitness (Violle 
et al. 2007; Litchman and Klausmeier 2008; Litchman, Ohman, 
and Kiørboe 2013). Community compositions depend on traits 
(Kiørboe, Visser, and Andersen  2018), and trait compositions 
have an effect in the ecosystem (Maureaud et al. 2019; Pecuchet 
et al. 2017). Studies with an ecosystem perspective often focus 
on effect traits, which express a species' influence on ecosys-
tem processes regardless of adaptive advantages, and response 
traits, which express a species' ability to adapt to environmental 
changes (Suding et al. 2008; Díaz et al. 2013). The two perspec-
tives are complementary, as functions that influence organ-
ism performance also have an effect in ecosystem processes 
(Villéger et al. 2017), for example, growth rates influence sec-
ondary production (Gutiérrez-Cánovas et al. 2024). In this study, 
we concentrate on traits that concern aspects of individual fit-
ness, to elucidate the key adaptations to the mesopelagic habitat. 
While the core life functions apply across all life forms, traits 
materialise in different ways between taxa (Kiørboe, Visser, and 
Andersen 2018). Trait sets that have been established for epipe-
lagic and coastal fish species (e.g., Beukhof, Dencker, et al. 2019) 
cannot simply be transferred to mesopelagic species because of 
their specific adaptations.

In this review, we aim to provide an overview of the current 
knowledge of mesopelagic fish traits, in order to provide a con-
ceptual framework for future trait-based studies and data col-
lection efforts. We do not include epipelagic taxa (e.g., tuna or 
sharks, for the latter, see Schaber et al. 2022) or fishes affiliated 
with benthic habitats (seamounts: Fock et al. 2002; Mid Atlantic 
Ridge: Fock, Pusch, and Ehrich 2004; Koslow 1996) that use the 
mesopelagic zone for foraging or interact with the mesopelagic 
fauna at the transition from open ocean to continental shelf 
(Trueman et al. 2014). This review follows previous trait-based 
ontologies developed for other organism groups (Litchman and 
Klausmeier 2008; Litchman, Ohman, and Kiørboe 2013), by clas-
sifying traits according to their contributions to fitness, namely 
survival, feeding, and growth and reproduction (Figure 1). We 
address the vertical migration behaviour first, because it is a 
key trait in the mesopelagic that transcends all functions and 
influences many other traits. Subsequently, our work centres 
around a review of traits structured by the three main functions. 
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We then address interrelationships and trade-offs among traits 
and implications for adaptations to a changing world. Finally, 
we identify what knowledge is needed to improve our under-
standing and to provide informed advice for conservation and 
management.

2   |   Vertical Migration—A Key Trait Affecting 
Multiple Ecological Functions

A great range of mesopelagic organisms, including fishes, 
perform diel vertical migrations (DVM) (Haddock and 
Choy  2024; Eduardo et  al.  2024; Bianchi and Mislan  2016; 
Clarke 1980). They spend the daylight hours at several hun-
dred metres depth where resources are scarce, but the low 
light intensity reduces the risk of becoming prey to visually 
hunting predators. At dusk, they ascend to the plankton-rich 
epipelagic zone to feed during the relatively safe darkness of 
the night (Aksnes et al. 2017; Langbehn et al. 2019; Rosland 
and Giske 1994; Røstad, Kaartvedt, and Aksnes 2016a, 2016b; 

Sutton 2013). This diel vertical migration is probably the largest 
animal movement on the planet in terms of biomass (Irigoien 
et al. 2014; Klevjer et al. 2016; Hays 2003). It was first detected 
by hydroacoustic methods (Duvall and Christensen  1946), 
where mesopelagic fishes, together with other organisms, 
were found to form a clear and ubiquitous sound-reflecting 
layer across the world's ocean, the so-called Deep Scattering 
Layer (Tont 1976; Davison et al. 2013; Boersch-Supan, Rogers, 
and Brierley 2017).

Among mesopelagic fish species, there is a continuum from 
strong-to-weak-to-no migration behaviour, with additional on-
togenic, temporal and spatial differences. Eggs and larvae of me-
sopelagic fishes hatch and develop in the epipelagic zone, and 
pre-metamorphosing larvae of many species undertake DVM 
of some 50 m in this zone (Dove, Tiedemann, and Fock 2021). 
A downward shift in distribution is observed for metamorphos-
ing larvae. Thereafter, vertical migration is performed in many 
taxa by post-metamorphic to adult stages, but may cease in the 
oldest senescent period of life (Marshall  1980; Gartner  1991; 

FIGURE 1    |    Mesopelagic fish traits discussed in the text, arranged by trait type and ecological function. Adapted from Litchman, Ohman, and 
Kiørboe (2013).
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Stefanescu and Cartes  1992; Porteiro and Sutton  2007; Sassa 
et al. 2007; Olivar et al. 2018).

Many mesopelagic fishes migrate daily, such as most lantern-
fishes (Myctophidae), lightfishes (Phosichthydae) and many 
dragonfishes (Stomiidae; Eduardo et  al.  2024; Badcock  1970; 
Badcock and Merrett 1976; Hulley 1981; Roe and Badcock 1984; 
Gartner et  al.  1987; Sassa et  al.  2002; Fock, Pusch, and 
Ehrich 2004; Ross et al. 2010; Sutton 2013; Olivar et al. 2017). 
The highest night-time concentrations of migrant mesopelagic 
fishes are generally found within the upper 100 m and some 
even concentrate in the neustonic layer directly at the water 
surface, for example, some myctophids such as Myctophum 
spp. and Gonichthys spp. (Olivar et  al.  2016). However, some 
mesopelagic fish species, such as some stomiids, for exam-
ple, Chauliodus spp., and a few myctophids, for example, 
Benthosema glaciale (Sutton, Letessier, and Bardarson  2013) 
or Stenobrachius leucopsarus (Watanabe et  al.  1999), show an 
asynchronous migration, where part of the population remains 
at depth as long as they have undigested prey in the stomachs 
(Sutton and Hopkins 1996; Watanabe et al. 1999). Other groups, 
such as hatchetfishes (Sternoptychidae) or a few myctophids, 
only perform a limited upward displacement and do not reach 
the upper epipelagic layers (Watanabe et  al.  1999; Eduardo, 
Bertrand, et al. 2020). Finally, several taxa typically do not mi-
grate at all, such as bristlemouths (Gonostomatidae) of the genus 
Cyclothone (Sarmiento-Lezcano et al. 2023), some stomiids (e.g., 
Malacosteus niger, Kenaley 2008; Williams et al. 2001) or bath-
ylagids (e.g., Bathylagus pacificus, Yancey, Lawrenceberrey, and 
Douglas 1989).

Migration is an evolved adaptive behaviour, and the mecha-
nism that triggers it is the change in light intensity at dawn 
and dusk (Bianchi and Mislan  2016; Sutton  2013). It should 
be noted that the extent of the ‘ocean twilight zone’ is dy-
namic and is not limited to a fixed depth range (Kaartvedt, 
Langbehn, and Aksnes  2019). For instance, with increasing 
turbidity or during winter at higher latitudes, light intensi-
ties decrease and the daytime distribution of many species 
shifts upwards, indicating that light exposure, not depth per 
se, is decisive of their depth distributions (Aksnes et al. 2017; 
Langbehn et al. 2019). In addition to light, temperature, oxy-
gen levels, nutrient availability, topography and the presence 
of predators or prey can modify this behaviour (Netburn and 
Koslow 2015; Boswell et al. 2020; Urmy and Benoit-Bird 2021). 
For instance, adult B. glaciale (age 2+ years) have been shown 
to invert their vertical migration behaviour corresponding 
with seasonal patterns in the abundance of the zooplankton 
they feed on (Dypvik, Klevjer, and Kaartvedt  2012). Spatial 
variation in environmental conditions can lead to geograph-
ical differences in migration intensity within species (e.g., 
Eduardo, Lucena-Frédou, et al. 2020), and in the vertical po-
sition and extent of the deep scattering layer (Netburn and 
Koslow 2015; Loutrage et al. 2023).

The vertical migrations require morphological and physiolog-
ical adaptations. Migrating species often track a ‘light com-
fort zone’ (Aksnes et al. 2017; Langbehn et al. 2019; Røstad, 
Kaartvedt, and Aksnes 2016a, 2016b), a narrow range of light 
intensities, followed across a wide range of water depths. In 
contrast, non-migratory species remain at constant depth and 

experience a wide range of light levels over a diel cycle. In 
clear waters during a sunny day, mesopelagic daytime light 
intensities can span roughly 10 orders of magnitude (Warrant 
and Locket  2004; Kaartvedt, Langbehn, and Aksnes  2019). 
Accordingly, there are different degrees of specialisation 
in vision between migration strategies. Vertical migration, 
achieved through active vertical swimming, is usually aided 
by the presence of a gas-filled swimbladder. However, during 
growth and maturation of some species, including species of 
myctophids and melamphaids, the gas is gradually replaced 
by lipids (Neighbors and Nafpaktitis  1982) with buoyancy 
and reserve functions (Godø, Patel, and Pedersen 2009), and 
many species have no functional swimbladder throughout 
their entire lives. Each type can occur in migratory or non-
migratory species, involving trade-offs between tissue com-
position and the costs of active swimming and gas exchange 
(Davison  2011). Observations made from submersibles re-
port mesopelagic fishes hovering in the water column often 
in a slightly oblique position (Backus et  al.  1968; Gartner 
et  al.  2008). Alternation between periods of vertical swim-
ming, followed by passive horizontal gliding, has been 
observed in some mesopelagic fishes, which is suggested to re-
duce the energy cost of swimming by up to 50% (Weihs 1974; 
Torgersen and Kaartvedt 2001) and may also help to control 
swimbladder volume to avoid breakage or collapse due to pres-
sure changes (Kaartvedt et al. 2008). Many mesopelagic fishes 
have an adipose fin (non-rayed fin), which may have a sen-
sory function and detect changes in pressure and thus water 
depth (Reimchen and Temple  2004; Buckland-Nicks, Gillis, 
and Reimchen 2012). Further, migrators regularly cross large 
temperature gradients of up to 20°C (Klevjer et al. 2016; Wang 
et al. 2019). For the transition from colder and zonally hypoxic 
depths to warmer and well-oxygenated surface waters, some 
myctophids have a species-specific integrated stress response 
with antioxidant and heat shock enzymes, as is also found in 
intertidal organisms (Lopes et al. 2013).

To conclude, migratory behaviour is not only associated with 
survival strategies and resource acquisition, but it also has im-
plications for energy allocation to growth and reproduction. 
More traits related to these three ecological functions are ad-
dressed in the following sections.

3   |   Traits by Ecological Function

3.1   |   Survival

Determinants of fish survival change with development (Olla 
et  al.  1996). Ontogeny has enormous implications on the way 
a fish responds to environmental and biotic factors. This is ev-
ident not only in terms of changes in size and body shape, but 
also in terms of habitat preferences. Eggs and larvae of mesope-
lagic fishes are found mostly in the epipelagic zone (Moser and 
Ahlstrom 1970, 1996; Röpke 1993; Sabatés 2004; Olivar, Rubiés, 
and Salat 1992). This allows the larvae to develop in layers with 
more abundant food, ultimately avoiding mortality by starva-
tion. However, this advantage also implies higher vulnerabil-
ity to advective processes and to predation, the other two main 
larval mortality risks (Houde  2002). Small egg sizes, limited 
yolk reserves and chorion fragility point to a short embryonic 
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developmental duration, which reduces the likelihood of pre-
dation mortality on the egg stage. Such a rapid development 
has been confirmed by incubation of artificially fertilised eggs 
of Benthosema pterotum, where hatching occurred from 10 to 
16 h after artificial fertilisation (Gjøsæter and Tilseth 1988). The 
focus in this section is on the broad range of adaptations that 
reduce the risk of mortality through predation in adult meso-
pelagic fishes and, where applicable, corresponding adaptations 
at earlier life stages. This section is structured to resemble the 
successive stages of the interplay between prey and predator. 
First, we describe the main means by which mesopelagic fishes 
can evade detection by their predators, and then address adapta-
tions hampering pursuit and capture by a predator. Finally, we 
discuss potential adaptations by which a mesopelagic fish avoid 
ingestion in the event it has been detected and captured.

The primary mechanism by which mesopelagic fishes reduce 
encounters with potential predators is through diel vertical mi-
gration. Other means include a variety of morphological traits 
related to fish conspicuity. In the early stages, the main strat-
egy is to avoid detection through transparency. In some cases, 
fish body tissues remain very transparent even during the juve-
nile and adult stages, such as in several Cyclothone spp., several 
Lophiiformes and the ‘Half-naked Hatchetfish’ (Argyropelecus 
hemigymnus, Sternoptychidae). However, throughout ontogeny, 
transparency declines as the eyes become pigmented, visceral or-
gans become larger and there is a progressive completion of fins, 
body musculature and skeleton. To limit detection, many me-
sopelagic fishes conceal their body silhouettes via counterillu-
mination (Herring and Widder 2001; Warrant and Locket 2004; 
Young et  al.  1980). This form of camouflage is achieved with 
light-emitting photophores on the ventral body, which blur its 
shadow when viewed from below. The intensity is regulated 
according to the ambient light intensity recorded by the eyes 
(Young et al. 1980; Priede 2017), sometimes with eye-facing pho-
tophores as a reference (Davis et al. 2020). Remarkably, the use 
of bioluminescence for counterillumination has also evolved in 
three families of sharks, namely the mesopelagic Etmopteridae 
(‘lantern sharks’), Dalatiidae, and, as recently confirmed, the 
Somniosidae (Duchatelet, Marion, and Mallefet 2021). Another 
adaptation to appear invisible is to have silvery body flanks, such 
as found among many lightfishes and hatchetfishes. However, 
at low light intensity, these silvery scales may make fish very 
conspicuous to predators capable of producing bioluminescent 
flashes. In such cases, this can be counteracted by the presence 
of ventral body photophores surrounded by black chromato-
phores that may disperse black pigment at night (Herring 2002; 
Warrant and Locket 2004). Unlike mesopelagic crustaceans that 
often use red coloration to become unrecognisable, only a few 
mesopelagic fishes are reddish in colour (some Cetomiimidae, 
Barbourisiidae and Setarchidae).

In the event a mesopelagic prey is detected by a predator, a range 
of adaptations help it to escape. First, they need to sense the 
predator. The low light in the mesopelagic zone and the night 
feeding pattern have led to a number of evolutionary adapta-
tions on the eyes of mesopelagic fishes. These adaptations gen-
erally increase the fish's ability to capture dim ambient light, or 
brighter point sources from bioluminescence, and thus allows 
them to detect prey, mates or potential predators (Locket 1977; 
Warrant and Locket  2004; Helfman et  al.  2009; Turner 

et al. 2009). Already the larvae show a variety of morphological 
eye specialisations (round or narrow, sessile or borne on stalks) 
that have been related to their location in the water column, and 
explained as enlargement in the larval visual field (Weihs and 
Moser 1981; Ahlstrom, Moser, and Cohen 1984; Kawaguchi and 
Moser  1984; Moser, Ahlstrom, and Paxton  1984). In addition, 
the structure of larval eye retina, with an earlier development of 
rods for scotopic vision (low light conditions) has been observed 
in myctophids compared to larvae of epipelagic fishes. This is 
interpreted as an adaptive response to an impending deep me-
sopelagic adult lifestyle (Sabatés, Bozzano, and Vallvey  2003; 
Bozzano, Pankhurst, and Sabatés  2007). In adult mesopelagic 
fishes, sensitivity to light is increased in many species by en-
larged eyes, which may be spherical or tubular. Spherical eyes 
placed laterally on the head allow a fish to detect predators in 
a large part of its surroundings. Binocular vision with tubular 
eyes allows the estimation of distance, but leaves the fish blind 
in other directions and thus vulnerable to attack (Wagner 2001; 
Warrant and Locket  2004; Priede  2017). However, the field of 
view of such fishes can be extended in other ways. For instance, 
several species of Argentiniformes (e.g., Winteria telescopa and 
Rhynchohyalus natalensis) have accessory retinas that col-
lect light from multiple directions, not necessarily producing 
a well-focused image, but sufficient vision to detect movement 
(Warrant and Locket 2004; Priede 2017).

In addition to vision, the lateral line system provides mesope-
lagic fishes with the ability to detect and locate nearby animals, 
including predators. This detection of motion and pressure 
gradients is achieved with sensory organs called neuromasts 
that are capable of detecting changes in flow direction, veloc-
ity and acceleration (Denton and Gray  1989; van Netten and 
McHenry  2014; Bleckmann and Zelick  2009; Marranzino and 
Webb 2018). The degree of development and complexity of the 
lateral line system, including the number, location and size of 
neuromasts, varies widely among mesopelagic fishes and may 
correlate with life-history strategies (Marshall  1954, 1980; 
Bleckmann and Zelick  2009; Marranzino and Webb  2018). In 
general, fishes living in habitats with higher levels of hydrody-
namic stimuli (e.g., turbulence and flow) have more canal neu-
romasts, while species inhabiting calmer and slower moving 
water have more superficial neuromasts (Marshall  1971). The 
proliferation of the latter type in many mesopelagic fishes em-
phasises the detection of flow velocity, increasing sensitivity to 
hydrodynamic disturbances from other midwater animals (e.g., 
predators, prey and conspecifics; Marshall  1996; Marranzino 
and Webb 2018).

If detected by a predator, the targeted fish may try to escape. 
As soon as the ossification of fins starts in late larval stages, 
pectoral fins add lift and inertial propulsion contributing to 
improve swimming skills (Weihs 1980; Webb and Weihs 1986; 
Fuiman  1983; Osse and van den Boogaart  1995), which are 
vital for prey capture and predator avoidance (Fuiman and 
Magurran  1994). Among adult mesopelagic fishes, predator 
escape has been shown to be achieved primarily by rapid ver-
tical escape reactions by diving at speeds up to 15–20 cm/s 
(Christiansen et al. 2021). Another adaptation to evade predators 
includes the emission of trains of light flashes from patches of 
luminous tissues on the head that may distract a predator during 
pursuit (Herring 2002; Priede 2017; Chevallay et al. 2024).
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Schooling is an anti-predation behaviour of many epipelagic 
fish species. Mesopelagic fishes have been found to form ag-
gregations (e.g., Saunders et al. 2013; Gauthier, Oeffner, and 
O'Driscoll 2014) that are probably largely a response to the en-
vironment and consist of mixed species. Yet, acoustic observa-
tions, including those within the deep scattering layer, suggest 
that schooling in the narrower sense, with social interactions 
and coordinated movements, may also occur situationally as a 
defence tactic in some mesopelagic taxa (Benoit-Bird, Moline, 
and Southall  2017; Christiansen et  al.  2021; Kaartvedt, 
Knutsen, and Holst  1998; Marchal and Lebourges  1996; 
Ménard and Marchal 2003).

Prey selection by marine mega-predators, such as cetaceans, can 
be influenced by the nutritional quality of prey species (Spitz, 
Ridoux, and Brind'Amour  2014). Those with poor nutritional 
quality should be neglected by predators. Mesopelagic fishes 
vary greatly between species in terms of energy densities and 
nutrient concentrations (Chouvelon et  al.  2022). Myctophids 
can be particularly targeted by cetaceans and seabirds. In con-
trast, the alepocephalid Xenodermichthys copei is one of the most 
abundant mesopelagic fishes on the slope of the Bay of Biscay 
in the Northeast Atlantic, but is surprisingly absent from the 
diets of all predators studied in the area. A possible explanation 
may be that this lean species carries limited nutritional value, 
which reduces its risk of predation by becoming a trophic cul-
de-sac (Spitz et al. 2010), at least in the presence of other, high-
energy prey.

Once captured, most mesopelagic fishes have limited adapta-
tions to avoid being ingested. They are usually small and have 
no physical defence traits preventing ingestion, such as body 
armour, spines or chemical substances. This may be due to phy-
logenetic constraints, or because such traits do not carry a se-
lective advantage. Either way, we argue that mesopelagic fishes 
foremostly rely on avoiding detection.

3.2   |   Feeding

Mesopelagic species have developed adaptations to cope with 
the reduced food supply at depth (Drazen and Sutton  2017; 
Eduardo et  al.  2024; Herring  2002; Priede  2017). In turn, 
these adaptations may hinder successful competition in hab-
itats with higher food supply. As such, a limited number of 
‘pseudoceanic’ species show increased abundance around lo-
cations with higher productivity like seamounts (e.g., Porteiro 
and Sutton 2007; Cherel et al. 2020), islands (Krefft 1974) or 
shelf edges and canyons (Hulley and Prosch  1987; Duncan 
et  al.  2022; Loutrage et  al.  2023). There are only few re-
ports of phytoplankton in the guts of mesopelagic fishes 
(Robison 1984). Nearly all mesopelagics are therefore strictly 
carnivorous, feeding either on zooplankton (zooplanktivores) 
or large invertebrates and other fishes (micronektonivores; 
Drazen and Sutton 2017). However, it has recently been noted 
that mesopelagic food webs can also be fuelled by a variety 
of nutritional sources, including surface dwelling phytoplank-
ton and bacteria, sinking particles and suspended particles 
(Gloeckler et al. 2018; Bode, Olivar, and Henández-León 2021; 
Eduardo et al. 2023). The isotopic signatures of nitrogen 15N in 
food particles and micronekton tissue allows discrimination 

of feeding strategies in the deep (Bode, Olivar, and Henández-
León 2021; Gloeckler et al. 2018), and generally, reveal the use 
of different trophic sources within mesopelagic species (e.g., 
Chouvelon et al. 2022; Eduardo et al. 2023). The turnover of 
15N in so-called source amino acids in the microbial food web 
is higher and thus its accumulation in animal tissue indicates 
the degree of dependence on the microbial food web compo-
nent in the diet. In particular, deep dwelling non-migrators 
can have a high dependency on the microbial food web (e.g., 
50% of diet in Cyclothone atrum, see Gloeckler et  al.  2018), 
while for mesopelagic migrators, this fraction lies in the 
range of 10%–20% (e.g., myctophid Benthosema glaciale, Bode, 
Olivar, and Henández-León 2021).

Earlier studies argued that a decreasing abundance of food with 
depth would cause the diets of deep sea fishes to become more 
general, but few examples corroborate the ‘eat anything you see in 
a food-poor environment’ hypothesis (Drazen and Sutton 2017). 
High specialisation and several mechanisms to avoid compet-
itive exclusion were identified for the most abundant meso-
pelagic fish species (Hopkins and Gartner  1992; Hopkins and 
Sutton 1998; Eduardo, Bertrand, et al. 2020; Eduardo et al. 2021, 
2023; Loutrage et al. 2024a). It seems that many of the unique 
adaptations in mesopelagic species are more likely to ensure a 
higher capture-per-encounter rate than a greater diversity of 
prey (Drazen and Sutton 2017), resulting in complex patterns of 
niche partitioning (Helfman et al. 2009; Sutton 2013; Eduardo, 
Bertrand, et al. 2020; Eduardo et al. 2021). To meet increasing 
energy requirements during ontogeny, some species have ad-
opted a strategy of shifting their food resources by feeding on 
larger or higher trophic level prey, while others appear to main-
tain their food sources but most likely increase the amount of 
prey ingested (Loutrage et al. 2024b).

This section discusses the main mechanisms and adaptations 
that permeate the feeding process of mesopelagic fishes, from 
finding or attracting prey to capturing prey.

3.2.1   |   Finding Prey

As with the visual detection of predators for survival, meso-
pelagic fishes have developed various visual adaptations that 
help them find prey in dim light. For example, some have 
elongated ‘tubular’ eyes with large, distal, spherical lenses 
that focus a sharp image onto the main retina, which lines 
the weakly concave base of the eye (Munk  1980). This eye 
morphology increases the sensitivity to light and provides 
well-developed binocular vision. While there are no cues 
in the deep sea to judge distance using monocular vision, 
binocular vision allows the stereoscopic estimation of prey 
distance, based on the slight disparity between images fall-
ing on the two retinae (Warrant and Locket  2004). A good 
example is Stylephorus chordatus (Stylephoriformes), that 
possesses forward-facing tubular eyes facilitating the loca-
tion and pursuit of prey, while leveraging on its high-speed 
suction feeding mechanism (Priede  2017). Moreover, am-
bush predators such as the hatchetfish Argyropelecus aculea-
tus (Sternoptychidae) feature dorsally oriented tubular eyes 
(upward-looking), which aid the detection of prey silhouetted 
against the subdued downwelling light from above (Warrant 
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and Locket 2004; Priede 2017). In fishes with laterally placed, 
spherical eyes, binocular overlap is limited, as is the case with 
most shallow-water fishes (Munk 1980). The field of view can 
be enhanced with an aphakic gap, an enlargement of the pupil 
beyond the margin of the lens (Warrant and Locket  2004; 
Davis et  al.  2020). This gap is typically a rostral elongation 
of the pupil, which increases the collection of light from the 
front, as is relevant for foraging, but can be an enlargement in 
all directions, which is beneficial in darker water, at the cost 
of image resolution (Warrant, Collin, and Locket  2003). For 
example, in bristlemouths (Gonostomatidae), the eye becomes 
smaller, but the relative pupil diameter and the aphakic gap 
increase with depth (Warrant, Collin, and Locket 2003).

A remarkable feature recently discovered is the ability of me-
sopelagic fishes to detect multiple wavelengths (de Busserolles 
et  al.  2017). Colour vision in vertebrates is usually achieved 
through the interaction of various photopigments in the cone 
cells found in the retina. Each of these photopigments reacts to 
a certain wavelength of light. In the darkness, vertebrates de-
tect the few available light particles with their light-sensitive 
rod cells, which contain only a single type of the photopigment 
rhodopsin—explaining why nearly all vertebrates are colour-
blind at night. Some mesopelagic fishes, however, have ex-
panded their repertoire of rhodopsins. As an example, the Silver 
Spinyfin (Diretmus argenteus, Trachichthyiformes) has 38 rho-
dopsins and two cone opsins. This allows the vision to cover the 
bioluminescence wavelength spectrum produced by deep-sea 
organisms, which gives rise to several advantages for prey de-
tection (Musilova et al. 2019).

Another trait that aids visual hunting is the generation of light 
to detect prey. Some stomiids, for example, Malacosteus spp. 
and Aristostomias spp., have large red-emitting photophores 
below the eye that illuminate organisms such as red meso-
pelagic crustaceans (Denton et  al.  1985; Sutton  2005). This 
far-red bioluminescence is only visible to conspecifics and 
not their predators or prey (Herring and Cope  2005; Turner 
et  al.  2009; Widder et  al.  1984). Similarly, some myctophids 
such as the ‘Headlight Lanternfish’ (Diaphus effulgens) and 
other species of this genus use head photophores to produce 
blue light and expose largely transparent prey (Land and 
Osorio 2011).

Further, non-visual senses become more important with in-
creasing darkness. In melamphaids, lateral line organs with 
wide canal pores are located on the large head. In combina-
tion with small eyes and no role in schooling behaviour, these 
highly developed cranial lateral lines are concluded to take the 
function of detecting prey (Marshall 1996; Deng, Wagner, and 
Popper 2013).

3.2.2   |   Attracting Prey

Another way of creating feeding opportunities is ambush 
feeding using bioluminescent lures that attract prey organ-
isms. The lures emit light that mimics the bioluminescence 
of their prey's food sources or conspecifics, luring unsuspect-
ing prey towards them and making it easier to capture them 
(Widder 2010). The majority of female ceratioid anglerfishes 

have an anterior dorsal-fin spine that is modified as a luring 
apparatus. In contrast to intrinsic self-luminescence (e.g., 
Myctophidae, Stomiiformes; Haddock, Moline, and Case 2010; 
Priede 2017), the ‘lure’ (esca) at the end of the ‘fishing rod’ (illi-
cium) consists of a fleshy outgrowth colonised by biolumines-
cent bacteria (Pietsch 2009). Stomiid dragonfishes, which are 
very efficient micronektonivores, use elaborate mental (chin) 
luminescent barbels as lures (Priede  2017). Interestingly, 
even in distantly related sharks, analogous adaptations have 
evolved.

3.2.3   |   Capture and Ingestion

Most mesopelagic fishes have relatively large jaws already as 
larvae, a feature that has been related to their capacity to ingest 
a large range of prey sizes when prey are encountered. A sub-
sequent positive allometric growth of jaw length in relation to 
total body length during larval development has been observed 
for nearly all mesopelagic fishes (Contreras et al. 2019). Adult 
mesopelagic fishes exhibit an exceptional diversity of feeding 
morphologies. However, our functional interpretation of many 
of these adaptations is limited by the near absence of direct ob-
servations on feeding and the few data available on their feeding 
ecology.

A high degree of heterodonty is observed in myctophids (e.g., 
villiform, hooked, recurved, spade, tricuspid and caniniform 
teeth). Although the exact functions of diverse combinations of 
teeth are unknown, their variety suggests different adaptations 
linked to prey size and types (Martin and Davis 2020). For in-
stance, species actively capturing mobile prey are characterised 
by stronger teeth and jaws and less developed gill rakers in order 
to limit water resistance and gain speed during the strike (the 
sequence between the opening and the closing of the mouth). 
Dragonfishes show remarkable adaptations to gain speed and 
capture large prey of even more than 50% of their own size 
(Battaglia et al. 2018). Some species of this family have even lost 
the floor on their oral cavity to reduce resistive forces and com-
pensate for their long jaws (Kenaley 2012). Their long fang-like 
teeth could be used more to lock their relatively large prey in 
their mouths rather than for biting. Some of these teeth are also 
transparent, which could complete their camouflage strategy 
by making them invisible to prey (Velasco-Hogan et al. 2019). 
Some species (e.g., Chiasmodontidae or Evermannellidae) have 
long inward depressible teeth allowing prey to enter, but not exit 
the mouth. Such teeth allow them to handle and eat large prey, 
sometimes larger than the predator itself (Parin 1971).

The Pelican Eel (Eurypharynx pelecanoides, 
Saccopharyngiformes) is an ultimate example of the surprising 
morphological diversity of fishes in the deep and the difficulty of 
linking morphological traits to feeding behaviour. In spite of its 
huge and disproportionate mouth and jaws, its diet is composed 
of small prey (Nielsen, Bertelsen, and Jespersen 1989). Recent 
observations of live animals and biomechanical considerations 
indicated that they engulfed these prey with a large amount of 
water like lunge feeding in baleen whales. Further understand-
ing of feeding behaviours in the deep sea will undoubtedly 
challenge our current conceptions of prey capture patterns in 
mesopelagic fishes (Schembri 2018).
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3.3   |   Growth and Reproduction

Spawning strategy and energy investment in growth, maturation 
and fecundity are closely interrelated among fishes (Winemiller 
and Rose  1992; Pecuchet et  al.  2017). This also applies to the 
mesopelagic zone with its scarcity of resources. Growth and re-
production of mesopelagic fishes have been recently reviewed 
by Caiger, Lefebve, and Llopiz (2021). They point out that life-
history strategies are related to migratory behaviour and the po-
sition in the water column.

Childress et al. (1980) highlighted the main life-history strat-
egies of mesopelagic migrators in contrast to epipelagic and 
bathypelagic non-migratory species regarding growth and 
energy allocation. Mesopelagic migrants, such as many myc-
tophids, are often characterised by early maturation and re-
peated reproduction. They grow asymptotically to a small 
final size, so that their growth is comparatively low in abso-
lute terms. These migratory fishes store energy with high lev-
els of lipids (Childress and Nygaard 1973), and prioritise these 
apparently crucial reserves over growth in size. Early matu-
rity is often found in both mesopelagic and epipelagic species 
that are subject to substantial interannual variation in recruit-
ment (Kristoffersen and Salvanes 1998; Pecuchet et al. 2017; 
Beukhof, Frelat, et al. 2019). Non-migratory mesopelagic and 
bathypelagic fishes have more species with non-asymptotic 
growth (Caiger, Lefebve, and Llopiz 2021). These grow rapidly 
to a generally larger size, and their reproduction tends to be 
delayed to a single event in the last year of life (semelparous 
reproduction; Childress et al. 1980). They keep the energy al-
located to growth at a comparably high level, but greatly re-
duce the caloric density and reach much greater body sizes for 
a given caloric input (Childress et al. 1980). As typical ambush 
predators, they have reduced locomotor abilities and lower 
metabolism (Childress  1975; Childress and Somero  1979; 
Somero and Childress  1980). Remarkably, the highly abun-
dant mesopelagic genus Cyclothone is also non-migratory with 
low caloric density and metabolism, but with small body sizes 
and very divergent life history strategies (Caiger, Lefebve, and 
Llopiz 2021; Miya and Nemoto 1991).

A semelparous reproduction benefits from a large body size, 
which maximises fecundity. Among mesopelagic vertical mi-
grators, reproducing more than once over the course of their 
lives (iteroparity) and spawning repeatedly over a season (batch 
spawning) is a way to increase reproductive output even with the 
constraints of a small body size (Lowerre-Barbieri et al. 2011). 
Some can achieve lifetime fecundities comparable to epipelagic 
fishes (Caiger, Lefebve, and Llopiz  2021). Further, iteropar-
ity and batch spawning are generally strategies to increase the 
chances of offspring survival in unpredictable or aseasonal envi-
ronments (e.g., the low-latitude mesopelagic), and are proposed 
to keep intraspecific competition for food low through low off-
spring densities (Nakayama, Rose, and Fuiman 2011).

Reproductive output can be modified by the allocation of re-
sources to male and female reproduction. Size dimorphism with 
larger females is common in fishes. The larger body size in fe-
males of some myctophids and several stomiids may benefit egg 
production. The smaller size of male individuals may prevent 
intraspecific competition for scarce resources, regarding the 

amount of food as well as the size or type of prey (Clarke 1983). 
Protandrous hermaphroditism has a similar effect in some spe-
cies of Gonostomatidae, where small males develop into large 
females (Watson 1996). Intraspecific competition is also reduced 
with a spatial separation of males and females (Clarke  1983), 
as occurs, for example, in species of myctophids (Hulley and 
Prosch 1987). Furthermore, a higher egg-producing biomass can 
be achieved with a female-biased sex ratio. For example, females 
are more abundant than males in some stomiids (Clarke 1983). 
However, spatial separation and unequal sex ratios have to be 
balanced with the probability of encounter between males and 
females for fertilisation. Some mesopelagic migrants form ag-
gregations in surface waters for synchronised spawning (e.g., 
Flynn and Paxton  2012). Another challenge is the encounter 
between mating partners in almost complete darkness. For 
finding, identifying and selecting mating partners, fishes have 
morphological and sensory adaptations. Bioluminescent struc-
tures can differ between sexes in size, position, number or be 
present only in either males or females, which suggests a role 
in mating. Caudal organ flashes of myctophids (‘lanternfishes’) 
are most likely a sexual signal. Yet, in other cases, sexual differ-
ences in bioluminescent structures may just be a consequence 
of size dimorphism (Herring 2007). Further, mesopelagic pop-
ulation densities are often low and potential mating partners 
too far away to be seen. Hence, additional olfactory cues, that is, 
pheromones, are used, which have a larger perception distance 
than visual stimuli (Herring  2000). Dimorphism in olfactory 
organs occurs in species of mesopelagic Sternoptychidae and 
Gonostomatidae (Cyclothone, Badcock and Merrett  1976) and 
one genus of myctophids (Loweina; Martin and Smith  2024), 
but in other mesopelagic fishes, both sexes have well-developed 
olfactory organs. Sexual dimorphism in the olfactory system is 
more common in bathypelagic fishes (Marshall  1967, cited at 
Baird, Jumper, and Gallaher 1990), for example, males in cerati-
oid anglerfishes have a large olfactory apparatus (Bertelsen 1951, 
cited at Clarke 1983). Low population density in connection with 
low mobility should favour the evolution of monogamous pair 
bonds (Whiteman and Côté 2004). This is carried to the extreme 
in ceratioid anglerfishes, where the small body of the male and 
the large body of the female in several families become perma-
nently fused.

4   |   Discussion

4.1   |   Trade-Offs

The preceding sections suggest that many traits are inter-
related. Such dependencies among traits occur when the si-
multaneous evolution of two or more traits is constrained 
(Stearns  1992). Trait expressions are therefore the result of 
trade-offs between and within the key missions of life—to feed, 
survive, grow and reproduce (Litchman and Klausmeier 2008; 
Litchman, Ohman, and Kiørboe 2013; Charnov, Gislason, and 
Pope  2013). Trade-offs between life-history traits are well 
studied across the animal kingdom, such as number versus 
quality of offspring (Pianka  1970), or current versus future 
reproduction (Patrick et al. 2022). Yet, trade-offs do not only 
concern energy allocation. For example, the energy allocated 
to reproduction can be at the cost of time invested in foraging 
activities, and both must be balanced against predation risk 
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(Kiørboe 2008). Under such pressures, similar ecological strat-
egies may evolve in different taxonomic groups (Litchman, 
Ohman, and Kiørboe 2013). Here, we describe the major di-
chotomies that we observed through this review of individual 
traits in mesopelagic fishes.

The most noticeable trade-offs occur in connection with mi-
gration behaviour. Reduced competition may have been one 
advantage driving the initial colonisation of the mesopelagic 
zone and deep sea (Priede and Froese 2013). A downside of a 
mesopelagic existence seems to be a precarious energy balance 
in a food-limited environment. Each migratory behaviour 
strategy has its own effect on energy allocation, which leads to 
trait correlations. The study by Childress et al. (1980) has had 
a major influence on our conception of the physiological pri-
orities of energy usage between migrators and non-migrators. 
The authors point out that the differences in growth do not nec-
essarily imply an energetic trade-off with the energy expended 
on migration. Rather, they propose that the reduced risk of vi-
sual predation at greater depths relieves pressures on locomo-
tion ability. This reduces the need to store energy and allows 
non-migrators to grow to a large body size with lower tissue 
density. While the larger body size in non-migratory species 
might serve as an additional refuge from predation, this is un-
likely to be the main selective force. This is supported by the 
fact that species migrating to evade predators to depths inhab-
ited by non-migratory species are typically small. Likewise, 
the abundant non-migratory species of the genus Cyclothone 
have reduced metabolic rates but remain small (Childress 
and Seibel 1998). Instead, a large body size coupled with low 
adult mortality allows for high fecundity in a semelparous 
strategy (Caiger, Lefebve, and Llopiz 2021). Still, the energetic 
trade-offs associated with migratory behaviour are complex 
and surrounded by uncertainty, especially since our current 
knowledge is based on only a small number of studied species 
(Caiger, Lefebve, and Llopiz  2021). The scarcity of informa-
tion limits our understanding of the energetic costs associated 
with migration and the overall energy requirements of meso-
pelagic fishes (McMonagle et al. 2023). There is also a lack of 
knowledge on the importance of alternative food sources for 
non-migrators, such as detrital aggregates (Bode, Olivar, and 
Henández-León 2021).

The allocation of energy between somatic growth ver-
sus maturation and reproduction is a universal trade-off. 
Acknowledging that trade-offs are not strictly binary and 
differ between environments, Winemiller and Rose  (1992) 
developed the equilibrium–periodic–opportunistic (EPO) 
model for fishes. Three major life-history strategies, char-
acterised by trade-offs between juvenile survival, fecundity 
and generation time, are linked to differences in the stabil-
ity and predictability of the environment. A continuum from 
small, early maturing, short-lived species to larger, later ma-
turing, long-lived species also exists in mesopelagic fishes. 
Mesopelagic migrants typically have short generation times 
compared to species from demersal and shallow coastal habi-
tats (Caiger, Lefebve, and Llopiz 2021). They would largely be 
placed towards the opportunistic strategy (e.g., García-Seoane 
et al. 2015), which according to the continuum of Winemiller's 
triangular life-history model (Winemiller  2005) is typical 
for unpredictable environments. Yet, also the predictable 

aseasonal but oligotrophic conditions of most mesopelagic 
habitats in the open ocean appear to promote opportunis-
tic spawning. However, the high proportion of studies from 
higher latitudes and on myctophids (Caiger, Lefebve, and 
Llopiz 2021) may bias this perspective.

Another evolutionary trade-off in mesopelagic fishes is the 
degree of reliance on different sensory abilities, especially on 
vision. Selective pressures against elaborate eyes are less appar-
ent than trade-offs in energy allocation, also because this trait 
affects the detection of predators, prey and conspecific signals, 
and thus serves multiple functions. In addition to somatic in-
vestment, constructional constraints balance eye size against 
jaw (-muscle) size (Hulsey and Hollingsworth Jr. 2011). Further, 
enhanced vision requires the brain capacity to process visual 
information.

Concerning bioluminescence, Ruxton and Bailey  (2005) con-
clude from a simulation study using a sternoptychid as a model 
organism that the energetic cost of mate attraction flashes is 
trivial and that signalling must be traded off against alerting 
predators. In lanternfishes, caudal light organs for reproduc-
tive communication appear to constrain the evolution of caudal 
morphology for optimal swimming styles (Martin, Davis, and 
Smith 2022).

Even for fishes in general, trade-offs and interrelations be-
tween traits are only known for a small number of species 
(Villéger et al. 2017). The biology, ecology and physiology of 
mesopelagic fishes are not well studied yet for a systematic 
quantitative analysis to provide more insight into ecological 
constraints.

4.2   |   Key Knowledge Gaps and Needs for Further 
Research

There are still major gaps in our knowledge of mesopelagic 
fishes and their traits, particularly with regard to their phys-
iology and life history. The most important knowledge gaps 
are due to methodological constraints limiting both field 
and laboratory work. Sampling the mesopelagic zone of the 
open ocean requires long cruises and is very laborious with 
deep trawls at different depths, day and night, which lim-
its the number of studies carried out. Moreover, disparities 
in scientific research capacities and funding of deep-sea re-
search persist among nations, limiting mesopelagic research 
to certain geographic regions and groups. Research on meso-
pelagic fishes in polar regions is scarce, with the presence of 
single myctophids in the deep scattering layer of the Central 
Arctic Ocean having only recently been confirmed (Snoeijs-
Leijonmalm et  al.  2022). Studies in the Southern Ocean ap-
pear to have set necessary priorities on their critical role in 
food webs (e.g., Saunders et al. 2014; Cherel et al. 2010; Van 
de Putte et al. 2006). Most reproduction studies originate from 
temperate and subtropical regions of the Northern Hemisphere 
(Caiger, Lefebve, and Llopiz  2021), but a notable study re-
vealed that many myctophids in the Southern Ocean do not 
reach maturity but are sustained by immigration (Saunders 
et  al.  2017). Omitting regional faunas can bias our percep-
tion of mesopelagic fishes in general (Caiger, Lefebve, and 
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Llopiz  2021), and neglecting intraspecific regional variation 
can lead to inaccurate trait values being used in studies (de 
Juan et al. 2022), with consequences for global biogeochemi-
cal models (Belcher et al. 2020).

It has proven difficult to impossible to keep mesopelagic 
fishes alive in aquarium facilities long enough to obtain re-
alistic physiological measurements, for example, of meta-
bolic demands, and feeding, digestion and respiration rates, 
which would be important for carbon budgets (McMonagle 
et al. 2023). Respiration rates have been estimated indirectly 
by measuring the enzyme activities of the electron trans-
port system in shock-frozen samples (Belcher et  al.  2020). 
Respiration rates were particularly higher than expected in 
the sub-Antarctic region compared to the subtropical region, 
which was attributed to lipid-rich diets. Such results can help 
to refine existing empirical allometric relationships to in-
clude a wider range of latitudes and habitat depths (Belcher 
et  al.  2020). Water temperature plays an important role in 
determining where fish species can survive, grow and repro-
duce. Cold adaptation is present in Antarctic mesopelagic 
fishes; their metabolic rate is about twice that of ecologically 
equivalent California species at similar temperatures, but 
similar at their respective native temperatures (Torres and 
Somero 1988). This kind of information of temperature toler-
ances is a valuable addition to the indirect knowledge of real-
ised thermal niches based on species' habitat ranges.

A drawback already pointed out by the early pioneers on ichthyo-
plankton studies (Moser and Ahlstrom 1970; Robertson 1977) is 
that the eggs of myctophids (the most abundant mesopelagic fish 
family) are largely unknown. A sampling bias in favour of epipe-
lagic layers is a contributing factor (Webb, Vanden Berghe, and 
O'Dor 2010), but further studies covering the entire mesopelagic 
zone using many different types of plankton nets have not solved 
this issue (Moser and Ahlstrom 1996). The fragility of these eggs 
seems the more likely explanation for the absence in plankton 
samples (Moser, Ahlstrom, and Paxton 1984). Larvae of meso-
pelagic fishes do not differ greatly from those of other fishes and 
share the epipelagic habitat (Salvanes and Kristoffersen 2001). 
Therefore, it is expected they have similar high mortalities as 
those of other teleosts. However, this is potentially conflicting 
with the low fecundity combined with a short lifespan, which 
would imply a low juvenile mortality.

At present, there is not enough information available about most 
mesopelagic species' life histories. The weak annual tempera-
ture variability in the deep sea of the tropics is a challenge to 
age and growth determination via growth increments in oto-
liths. There are other annual periodicities that result in sea-
sonal growth fluctuations, although sometimes less pronounced 
(Morales-Nin and Panfili  2005). As for fishes in general, the 
frequency of growth ring deposition needs to be validated. Two 
growth cycles per year have been demonstrated in more equato-
rial areas (Yosef and Casselman 1995, cited at Morales-Nin and 
Panfili 2005), but few studies on mesopelagic fishes have veri-
fied annual increments (see, e.g., Gjøsæter 1981). Most studies 
on age and growth of myctophids are based on reading of daily 
growth micro-increments (Gjøsæter  1987; Young et  al.  1988; 
Gartner 1991; Linkowsky, Radtke, and Lenz 1993), and radio-
metric dating is another option. A validation of the periodicity 

of ring deposition through repeated sampling over the seasons 
is usually hampered by the low frequency of expeditions to 
oceanic mesopelagic habitats. Knowledge of other traits that 
require repeated sampling, like spawning seasons, also suffers 
from this problem. Such studies can focus on the more acces-
sible marginal seas and regions along continental shelves, and 
semi-enclosed Norwegian fjords are successfully used as natu-
ral infrastructure to generate new knowledge on life histories of 
mesopelagic fish under fluctuating environments (e.g., Folkvord 
et  al.  2016; Goodson, Giske, and Rosland  1995 for Maurolicus 
muelleri). Life-history traits are important for population dy-
namics and recovery from disturbance, and Luiz et  al.  (2019) 
recommend that they should also be more widely included in 
future studies of community assembly and functional diversity, 
because of their coupling with energy allocation.

One accessible way of obtaining trait data that is very valuable 
in the study of mesopelagic fishes is morphological character-
isation. Whether expressed in categories or as continuous ra-
tios measured on pictures or preserved specimens, under the 
premise that ‘form follows function’, morphological traits can 
serve as proxies especially for movement and possible prey types 
(Villéger et al. 2017). Such data can be compared between com-
munities in relation to the environment and used to calculate 
functional diversity and redundancy indices (e.g., Aparecido 
et al. 2023), which inform about the continuation of ecosystem 
functions in the event of species losses.

Trait-based approaches are the foundation of functional diver-
sity, which provides a link between biodiversity and the con-
tributions of species to ecosystem functioning and processes 
(Cardinale et al. 2012; Duffy et al. 2016; Maureaud et al. 2019). 
There is no consensus which traits to use (Villéger et al. 2017). 
Villéger et al. (2017) offer guidelines on how to choose, mea-
sure and code (e.g., quantitative, categorical) traits of fishes. 
Examples can also be found in published trait databases such as 
Beukhof, Dencker et al. (2019) for demersal and pelagic fishes 
from shelf seas, and Quimbayo et al. (2021) for reef fishes. Such 
publications of readily usable trait data foster standardisation 
among studies, but there is no single universal approach that 
should be applied in all cases. De Juan et al. (2022) recommend 
high-quality trait databases with the raw data in their original 
form, so researchers can decide how to code the traits. Other 
types of repositories maximise the number of traits measured 
and the extent of taxa covered, a prominent example being 
FishBase, which has been in existence since the 1990s (Froese 
and Pauly 2000). With an adequate data foundation, missing 
trait information can be inferred from trait associations and 
phylogenetic relatedness (Thorson et  al.  2023). The choice 
of traits and their coding depends on the research question, 
planned data analysis, data quality and variability within the 
study system. When examining mesopelagic habitats, it be-
comes essential to encompass the distinctive traits exhibited 
by mesopelagic fishes. Among these traits, vertical migrations 
stand out as having particularly important effects. Figure  2 
illustrates migration behaviours as four ordered categories 
that can be derived from observations of day and night depth 
distributions. Other important adaptations to the mesopelagic 
environment include specialised vision and the utilisation of 
bioluminescence (Figure  2). The various functions of biolu-
minescence are associated with different traits. For example, 
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counterillumination is a category of a camouflage or detect-
ability trait, while prey lures indicate ambush predation as a 
feeding strategy. All these traits likely play a role in shaping 
the community assembly.

4.3   |   Future Perspectives With Considerations 
for Management and Conservation

Migratory mesopelagic fishes actively transfer carbon from 
the surface to the mesopelagic zone and deeper and therefore 
actively contribute to carbon sequestration and climate regula-
tion (Anderson et al. 2019). The estimated carbon fluxes differ 
between regions, but are estimated at the order of 20%–50% of 
the sinking flux, or 15%–30% of the total carbon export (e.g., 
Hidaka et al. 2001; Davison et al. 2013; Ariza et al. 2015; Belcher, 
Saunders, and Tarling  2019; Hernández-León et  al.  2019). 
Mesopelagic fishes also connect shallow and deep-sea food webs 
and constitute prey for commercially harvested species and for 
vulnerable oceanic predators, including sharks, marine mam-
mals and tunas (Baird, Hopkins, and Wilson  1975; Watanabe 
et al. 1999; Angel and Pugh 2000; Robinson et al. 2010; Potier 
et  al.  2007). Given their ecological importance, the question 
arises as to how vulnerable they are to current and future an-
thropogenic pressures, including climate change and commer-
cial fishing. Traits are increasingly being used to guide the 
management and conservation needs of individual species and 
groups (Butt et al. 2022). Studying traits and trade-offs may help 
to understand selection pressures and potential resilience. The 
need for knowledge on migration traits becomes also evident 

when considering depth-dependent threats, such as microplastic 
pollution or deep-sea mining (Baalkhuyur et al. 2018; Ferreira 
et al. 2023; Drazen et al. 2020).

The mesopelagic domain is an old, stable and large habitat, and 
its inhabitants may have evolved adaptations so specialised that 
they leave little leeway to react to climate change and fishing (St 
John et al. 2016). In general, vertically migrating species have 
the capacity to endure strong temperature, oxygen and salin-
ity changes. However, this concerns daily, short-term changes, 
while through climate change, they are additionally confronted 
with long-term effects. Species sensitive to temperature have 
limited options to shift their range to colder regions at higher 
latitudes as the climate warms, due to differing light regimes 
that affect safe nightly feeding times (Langbehn et  al.  2022). 
They may neither be able to shift to deeper, cooler waters, as 
they have evolved to track a light comfort zone (Langbehn 
et al. 2019). Many mesopelagic fishes may be capable of phys-
iologically surviving elevated temperatures, but it may be sub-
optimal for growth and reproduction. More importantly, like 
for all animals, climate change alters the trophic environment, 
such as the quality and quantity of prey. For example, expected 
changes in thermal stratification alter vertical particle and nu-
trient fluxes that support part of the mesopelagic communities 
(e.g., Li et  al.  2020). Additionally, increased stratification and 
oxygen consumption are expected to lead to an expansion of the 
depth range of oxygen minimum zones, exacerbated by longer 
basin water residence times in marginal seas and fjords (Aksnes 
et  al.  2019; Pitcher et  al.  2021). This would influence migra-
tion behaviour, physiology and species compositions (Bianchi 

FIGURE 2    |    Key traits that should complement commonly used fish traits when studying mesopelagic fish. Graphical elements in panel B adopted 
from Warrant and Locket (2004), de Busserolles et al. (2017) and Musilova et al. (2019).
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et al. 2013; Duncan, Hagen, and Fock 2024; Koslow et al. 2011, 
2014; Seibel 2011), with consequences for the biological carbon 
pump. Changes in the vertical or horizontal distribution and 
abundance of mesopelagic fishes will also affect higher trophic 
levels (e.g., Péron, Weimerskirch, and Bost 2012).

Recent studies investigating the economic viability of a meso-
pelagic fishery have reached mixed conclusions in a variety of 
settings, with results ranging from concerns about feasibil-
ity (Paoletti et al. 2021; Vastenhoud et al. 2023) to suggestions 
of economic profitability from a private perspective (Quang, 
Kourantidou, and Jin 2024; Groeneveld, Richter, and Sen 2024), 
while some stress the high level of uncertainty (Kourantidou and 
Jin 2022; Prellezo et al. 2024). However, there is broad agreement 
that the impact on marine ecosystems, and ultimately the societal 
cost, is potentially high, and that there are still significant gaps 
in the knowledge needed to assess sustainability. Life-history 
characteristics are driving population dynamics and need to be 
assessed in view of the ecological impact of any fishery, whether 
on target species or on by-catch (King and McFarlane  2003; 
Wiedmann et  al.  2014). Early maturity and short generation 
time may allow rapid recovery from adverse events (Winemiller 
and Rose  1992). For this reason, myctophids could generally 
be expected to be resilient to some levels of fisheries exploita-
tion (García-Seoane et  al.  2015). However, some species may 
only experience one reproductive season in a short life (Knorrn 
et al. 2024), and with low fecundity compared to commercially 
exploited epipelagic species, renewal rates of mesopelagic stock 
biomass may be low (Catul, Gauns, and Karuppasamy 2011). 
Further research is needed to determine the productivity and re-
silience across mesopelagic fish taxa in order to ensure long-term 
sustainable fishing and management of this largely unexploited 
marine resource, while considering ecosystem dependencies and 
functioning (van der Meer et al. 2023). We believe that a trait-
based approach describing the general ecology of mesopelagic 
fishes, including the key traits and trade-offs involved in sur-
vival, feeding and growth and reproduction, can be instrumental 
in providing a first step towards improved knowledge and in-
sight to management and conservation.
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