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Article

The rise to dominance of lanternfishes (Teleostei: Myctophidae) in
the oceanic ecosystems: a paleontological perspective

Werner Schwarzhans* and Giorgio Carnevale

Abstract.—Lanternfishes currently represent one of the dominant groups of mesopelagic fishes in terms of
abundance, biomass, and diversity. Their otolith record dominates pelagic sediments below 200m in
dredges, especially during the entire Neogene. Here we provide an analysis of their diversity and rise
to dominance primarily based on their otolith record. The earliest unambiguous fossil myctophids are
known based on otoliths from the late Paleocene and early Eocene. During their early evolutionary history,
myctophids were likely not adapted to a high oceanic lifestyle but occurred over shelf and upper-slope
regions, where they were locally abundant during the middle Eocene. A distinct upscaling in otolith
size is observed in the early Oligocene, which also marks their earliest occurrence in bathyal sediments.
We interpret this transition to be related to the change from a halothermal deep-ocean circulation to a
thermohaline regime and the associated cooling of the deep ocean and rearrangement of nutrient and sil-
ica supply. The early Oligocene myctophid size acme shows a remarkable congruence with diatom abun-
dance, the main food resource for the zooplankton and thus for myctophids and whales. Thewarmer late
Oligocene to early middle Miocene period was characterized by an increase in disparity of myctophids
but with a reduction in their otolith sizes. A second and persisting secular pulse in myctophid diversity
(particularly within the genus Diaphus) and increase in size begins with the “biogenic bloom” in the
late Miocene, paralleled with diatom abundance and mysticete gigantism.
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Introduction

Lanternfishes (Myctophidae) are one of the
dominant group of fishes in the mesopelagic
zone of the oceans, together with the bristle-
mouths (Gonostomatidae) of the genus
Cyclothone (Gjøsaeter and Kawaguchi 1980;
Lam and Pauly 2005; Catul et al. 2011; Kaardt-
vedt et al. 2012; Irigoien et al. 2014). Due to their
abundance, myctophids constitute a major part
of the oceanic biomass and to a large extent are
responsible for the deep scattering sonar layers
in the oceans (Gjøsaeter 1984; Catul et al. 2011;
Kaardtvedt et al. 2012; Irigoien et al. 2014). For
instance, according to Hulley (1981), about 46%
to 87% of mesopelagic fishes caught in the east-
ern Atlantic are lanternfishes, although these
percentages are dependent on the gear type
used. Myctophids exhibit a very high degree
of speciation compared with most other

mesopelagic fishes, the mechanisms of which
are still incompletely understood (Freer 2018).
The order Myctophiformes contain two extant
families, the Neoscopelidae, with 3 genera con-
taining 6 extant species, and the Myctophidae,
with 31 genera and 248 extant species currently
considered valid (Froese and Pauly 2020), the
latter arranged in five subfamilies (Gymnosco-
pelinae, Notolychninae, Lampanyctinae, Dia-
phinae, and Myctophinae) according to Martin
et al. (2018). The genus Diaphus is the most
speciose within the family, with 77 extant valid
species (Froese and Pauly 2020), and is also the
richest in the fossil record (see “Results” section).
Many myctophid species live high oceanic life-
styles (sensuHulley 1981) andarewidelydistrib-
uted in the world oceans, often cosmopolitan,
with their distribution patterns primarily con-
trolled by water temperature, food availability,
and currents. However, a number of species are
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restricted to certain oceanic environments or
basins or exhibit a pseudoceanic lifestyle (sensu
Hulley and Lutjeharms 1989; and e.g., Hulley
1992; Freer 2018). The life cycle of myctophids
is relatively short; they reach maturity 1 to 2
years after hatching and rarely surpass 5 years
in total (Catul et al. 2011). Many are adapted to
occupy the oxygen minimum zones during the
day (Douglas et al. 1976) and undertake diel ver-
tical migration to the ocean surface layers at
night (e.g., Marshall 1979). They occupy a mid-
trophic level, relying mainly on zooplankton,
mostly crustaceans such as copepods, amphi-
pods, and euphasiids (e.g., Tanaka et al. 2007).
Although the diel vertical migration by zoo-
plankton and myctophids is driven by escaping
visually hunting predators, they can fall prey to
predators along their migration route (Robison
et al. 2020). Thus, they represent a major source
of food in the oceanic trophic web for a vast
array of predators (e.g., large fishes, squids, sea
birds, beaked whales, dolphins, balaenopterid
whales) (e.g., Robison et al. 2020). The excreta
produced by their predators are regarded as
the prime source for sedimentary accumulation
of their otoliths (Nolf 1985). A study of sub-
Recent otoliths obtained from sediments
dredged along transects from 30 to 3500m
water depth in the Gulf of Guinea and off the
Azores has revealed a dominance of myctophid
otoliths below 200 m in the range of 75% to
95%of all the specimens collected (Schwarzhans
2013a; SupplementaryMaterial 3). This observa-
tion is consistentwith the abundance and spatial
distribution of myctophid otoliths in the otolith
assemblages of Neogene pelagic sediments.
The purpose of our study is to unravel the

evolutionary history of myctophids primarily
based on otoliths and to evaluate how their
rise to dominance in the world oceans was
achieved. We focus on the genus Diaphus,
because it is the earliest extant myctophid
genus recognized in the fossil record, the
most common one, and the most speciose. We
compare the evolution and increase in abun-
dance of myctophids as revealed by their oto-
lith record, with the evolution and abundance
of other marine oceanic groups from lower
(using diatoms as proxy) to higher trophic
levels (using mysticete cetaceans as proxy).
We evaluate potential interactions between

these biotic groups and possible reactions to
external drivers, particularly major changes in
the oceanic sphere over time. The combination
of the comparison of the paleontological
records and the major oceanographic events
are used to identify the putative drivers for
the exceptional rise to prominence of the lan-
ternfishes during the last 30 to 35Myr.

Material and Methods

Information about otolith sizes (OL) and cor-
responding body sizes (SL) derive fromRivaton
and Bourret (1999), Schwarzhans (2013b), and
from the collection of W.S., represented by 204
specimens measured for both SL and OL and
listed in Supplementary Material 1. The ana-
lysis of fossil myctophids is primarily based
on the rich otolith records from recent literature
(e.g., Nolf 2013; Schwarzhans 2013b,c, 2019;
Schwarzhans and Aguilera 2013; Schwarzhans
and Ohe 2019) and ongoing research by W.S.,
that is, of fossils from Japan and Chile, and is
summarized and explained in Supplementary
Materials 2 and 3. A total of 63 productive local-
ities have been examined, recording the time
interval from Ypresian to Calabrian (listed in
Supplementary Material 3). Comparative data
for other fossil groups and paleoceanographic
data have been derived from the literature.
The otolith terminology follows the morpho-

logical nomenclature established by Koken
(1884) and Weiler (1942) with amendments by
Schwarzhans (1978). For a detailed description
of otoliths of the genus Diaphus, see Schwarz-
hans (2013b) (Fig. 1).

Results

Recognition of Myctophid Otoliths.—Mycto-
phid otoliths are distinguished from those of
the sister-family Neoscopelidae by two main
characters (Fig. 1):

1. Ostium longer than cauda (length of ostial
colliculum to caudal colliculum 1.0–3.5) ver-
sus cauda longer than ostium (length of ostial
colliculum to caudal colliculum 0.75–1.0).

2. Presence of a distinct caudal pseudocollicu-
lum (a collicular crest ventral of the caudal
colliculum; see Schwarzhans 1978).
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Both features are considered apomorphic for
theMyctophidae (Schwarzhans 2012). The cau-
dal pseudocolliculum is almost exclusively
known from myctophids and is considered to
represent a clear synapomorphy of the family.
Popper (1977) observed a group of large,
square cells just ventral to the posterior ventral
margin of the macula of the saccular otolith.
This linear stretch of cells presumably corre-
lates with the caudal pseudocolliculum.
Another noticeable feature in many myctophid
otoliths is the denticles along the ventral rim
(in the genera Diaphus, Lampanyctodes, Lobian-
chia, and some species of Benthosema and Lam-
padena), which can vary interspecifically in
number, position, and robustness.

Paleontological Record of Myctophids.—Highly
diagnostic morphological traits enable a reli-
able recognition of fossil myctophid otoliths
as such, even when eroded or juveniles. The
earliest known unambiguous record is Eokreff-
tia prediaphus Schwarzhans, 1985 from the late
Paleocene of South Australia (Fig. 2), which is
also the first myctophiform otolith with a
clearly developed caudal pseudocolliculum.
However, there are records of a supposed neos-
copelid from the middle Paleocene of western
Greenland, and of putative stem myctophi-
forms from the Maastrichtian and the Paleo-
cene (Bavariscopelus and Danoscopelus;
Schwarzhans 2010a, 2012), all of which do not
have a pseudocolliculum or only a rather
incipient indication thereof. The fossil skeletal
record also has some problematic Late Cret-
aceous myctophiforms, for example, Sardinius,

Sardinioides, and Tachynectes (Goody 1969; Pat-
terson 1993; Dietze 2009). Prokofiev (2006)
placed these and some other related genera in
the order Nematonotiformes, which he consid-
ered to represent the closest relative of the
Myctophiformes.
Myctophid otoliths occur regularly in Eocene

deposits, as well as in the Oligocene, although
with a limited diversity and abundance (here
and later considered as the percentage of myc-
tophid specimens within the respective otolith
assemblage; see Supplementary Material 3)
compared with the Neogene. The first rich
assemblage exhibiting a considerable abun-
dance ofmyctophid otoliths has been described
from outer shelf deposits in SW France (Lin
et al. 2016). The Eocene and Oligocene mycto-
phid otoliths have been variously assigned to
the genus Diaphus and to the fossil genera
Eomyctophum and Oligophus, which have been
linked to skeletal remains with otoliths in situ
(Schwarzhans 1985; Prokofiev 2006; Přikryl
et al. 2017). Articulated skeletons of Eomycto-
phum were originally placed in Diaphus but
have been subsequently recognized as pertain-
ing to a lampanyctine (sensu Paxton 1972)
genus (Prokofiev 2006). Prokofiev (2006) there-
fore established the extinct subfamily Eomycto-
phinae to include Eomyctophum as a genus
characterized by a mosaic of lampanyctine
and myctophine features. The otolith morph-
ology of Eomyctophum appears to be plesio-
morphic, as indicated by a relatively faint
caudal pseudocolliculum and regularly curved
rims usually without denticles or prominent

FIGURE 1. Morphology and terminology of myctophid (Diaphus, left side) and neoscopelid otoliths (Neoscopelus, right
side).
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angles, thereby supporting the recognition of
a stem-myctophid subfamily that includes
Eomyctophum and the otolith-based genus Eok-
refftia (Fig. 2). The allocation of isolated otoliths
to Eomyctophum, Oligophus, or to putative early
Diaphus forms has been somewhat controver-
sial in the past (Nolf 1988; Lin et al. 2016;
Schwarzhans 2019). The main characters useful
for distinction are the rather regularly rounded
dorsal rim and crenulated ventral margin with-
out denticles or with only a few or incipient
ones in Eomyctophum, while the presence of dis-
tinct denticles along the ventral margin is one
of the most reliable diagnostic characters of
Diaphus and Oligophus (see Přikryl et al. 2017).
Certain Eocene otoliths traditionally referred
to Diaphus exhibit a somewhat intermediate
morphology between Diaphus and Oligophus.
In any case, the Eocene to Oligocene putative
otolith-based Diaphus species are only tenta-
tively assigned to this genus (Diaphus? in
Fig. 2) and cannot be related to any of the extant

species groups of Diaphus. We consider these
extinct species as representing a “stemDiaphus”
group. The articulated skeletons currently
referred to the genus Oligophus were originally
considered as representatives of Diaphus (Kala-
bis 1948) until they were reassigned to this
newly established fossil genus by Gregorová
(2004). In this context, it is interesting to note
that otoliths in situ revealed that the otolith-
based Diaphus longirostris (Brzobohatý, 1967)
represents a junior synonym of the skeleton-
based Oligophus moravicus (Pauca, 1931) (see
Přikryl et al. 2017).
Oligocene to Neogene otolith assemblages

document a gradual increase of myctophid
abundance and diversity. All major extant sub-
families, as well as many of the extant genera,
are recognized for the first time from the 5
Myr interval ranging from the late Oligocene
to the early Miocene (Fig. 2). New Zealand is
a key area that harbors many of the early-stage
crown Myctophidae (Schwarzhans 2019), but

FIGURE 2. Myctophid and neoscopelid range chart/myctophid diversity. Ranges may include ghost intervals, which,
however, are negligible in the case of fossil otolith records; † denotes extinct genera. (In color online.)
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other areas such as Europe (Steurbaut 1979;
Nolf and Brzobohatý 2002), West Africa
(Schwarzhans 2013c), Japan (Schwarzhans
and Ohe 2019; unpublished data), and tropical
America (Schwarzhans andAguilera 2013) also
contain rich Miocene myctophid assemblages.
After this initial radiation, the level of mycto-
phid disparity has remained rather constant
until today, although significant increases in
the number of species and size occurred within
the genus Diaphus (see below).
The skeletal record of myctophids is rather

rich but certainly not to the same extent as the
otolith one. However, the overall trend in
diversity and abundance, although patchy
and less continuous, is similar to that recog-
nized on the basis of otoliths. Articulated skel-
etal remains certainly belonging to the families
Neoscopelidae and Myctophidae are known
since the Eocene (Prokofiev 2006; Zorzin et al.
2011), although undescribed putative lantern-
fishes have been reported from the Maastrich-
tian of Hokkaido, Japan (Uyeno and Matsui
1993). A moderate increase in abundance and
diversity canbe recognized since the earlyOligo-
cene, when myctophids became rather common
in the mesopelagic fish assemblages of Europe
(see Přikryl et al. 2017). During the Miocene,
the representativesof the extant genera appeared
in the record, and especially since the Langhian,
lanternfish remains became the dominant group
in terms of abundance in the pelagic fish assem-
blagesworldwide (e.g., Arambourg 1927; David
1943; Sato 1962, 1965; Bedini et al. 1986; Yabu-
moto and Uyeno 1994; Carnevale 2007; Denton
2013), a trend that persisted in the Pliocene and
Quaternary. Overall, the timing of evolutionary
events in myctophids is consistent with the tim-
ing of events interpreted from themolecular esti-
mations proposed by Denton (2018), who
hypothesized an early Paleogene divergence of
the Myctophidae followed by the appearance
of themain clades around the Eocene–Oligocene
transition (EOT). Denton (2018) showed a dens-
ity plot of core rate shifts peaking during the
early Miocene (Burdigalian) and accelerating
again during the late Miocene and Pliocene
(Denton 2018: fig. 4).

Fossil Otolith Record of Diaphus.—Diaphus is
by far the most speciose genus within the fam-
ily Myctophidae, with 77 recognized extant

species (80 species including the related genera
Lobianchia and Idiolychnus, which form the
Diaphinae [sensu Martin et al. 2018]). About
74 otolith-based fossil species are currently
known, distributed over a time interval from
the Eocene to the Pliocene, and include the
putative “stem-Diaphus” species as well as the
species currently being described by one of us
(W.S.) from Japan and Chile (Supplementary
Material 2). About 30 species are known from
the late Pliocene/early Pleistocene (Fig. 3),
representing the richest time interval in the fos-
sil record. The discrepancy between 77 Recent
species and 30 in the late Pliocene/early Pleisto-
cene time interval may serve as an indication of
the degree of incompleteness of the fossil record,
whichwe believe ismainly due to the lackof suf-
ficient superregional sampling and partly to the
fact that not all the species can be unambigu-
ously distinguished by means of isolated oto-
liths (Schwarzhans 2013b). The time intervals
from the middle Miocene to the early Pliocene
contain 15 to 20 species per segment, the Burdi-
galian between 10 and 13 species, and all earlier
time intervals 6 or fewer species each. Thus, the
increase in species numbers through time
reflects an asymptotic trend over an interval of
about 20Myr. However, the real magnitude of
the past diversity will not be completely deci-
phered until many more localities are screened
for otoliths both on a greater spatial scale and
in underrepresented time intervals, especially
those ranging from the Rupelian to the
Aquitanian (Fig. 3). Nevertheless, we interpret
this clear and unbroken trend of increase in spe-
cies richness as a genuine indication of an
ongoing accelerated speciation within the
genus Diaphus, which is congruent with the
results derived from molecular time trees
(Denton 2018).
Themajority of NeogeneDiaphus otoliths can

be linked to extant species groups. The Diaphus
theta species group, characterized by the pres-
ence of an So (suborbital) head photophore, is
probably also the best-defined group by
means of otoliths (see Schwarzhans 2013b;
Tuset et al. 2018). Its earliest record dates back
to the early Miocene (Aquitanian) of Germany,
being represented by the species Diaphus sim-
plex Schwarzhans 2010 (cited in the present
paper as Schwarzhans 2010b).
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FIGURE 3. Proxies of global geodynamic, oceanographic, and selected biogenic events. On the left side, a compilation of
exogenic events used in the summary in Schwarzhans (2019), including a corrected deep-sea temperature curve after
van Tuyll et al. (2007). Blue shaded intervals mark global cooling phases, and red shaded intervals indicate global warming
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Body and Otolith Sizes in Diaphus Species.—
The extant species of Diaphus attain maximum
sizes between 35mm standard length (SL) in
the dwarfed D. anderseni and 200mm SL in
the largest species, D. adenomus Gilbert, 1905;
however, the average maximum size per spe-
cies is likely less than 100mm SL. A correlation
of SL with otolith length (OL) of 204 specimens
of various species of Diaphus based on
Schwarzhans (2013b) and Rivaton and Bourret
(1999) shows a clear trend (y = 0.59X2 + 13.45x
+ 2.79; R2 = 0.914) with only very few outliers
(Supplementary Fig. 1, Supplementary Mater-
ial 1). This allows for the estimation of the rela-
tive size of the fossil specimens of this genus
based on the size of their isolated otoliths.
The average 100mm SL corresponds approxi-
mately to an average OL of about 5 mm and
the average 130mm SL threshold to an average
OL of about 7 mm. “Supersized species” are
here defined as species growing to sizes larger
than 130mm SL and with otoliths measuring
more than 7mm in length, all of them pseudo-
ceanic:Diaphus adenomus,D. gigas,D. mascaren-
sis, D. watasei, D. whitleyi, plus two species
currently being described by Hiromitsu Endo
(Supplementary Fig. 1). Of these, at least three
species, D. adenomus, D. mascarenensis, and
D. watasei, are known to live close to the sea bot-
tom (benthopelagic) and do not undertake diel
vertical migrations, at least not after having
reached a certain size (Gong et al. 2018; Meera
et al. 2018; Froese and Pauly 2020). Other
Diaphus species with a similar behavior
appear to be D. dumerilii (shelf-slope-living
populations), D. chrysorhynchus, D. suborbitalis,
D. taaningi (P. Alexander Hulley personal com-
munication August 2020), and D. coeruleus
(Meera et al. 2018). Diaphus gigas is the only
known “supersized” species of Diaphus per-
forming diel vertical migrations (Watanabe
et al. 1999). We consider the cessation of
vertical migration behavior to be a secondary

achievement, although its cause and evolution
remain elusive.Diaphus coeruleus andD. watasei
are known to feed mainly on deep-sea
squids, larger crustaceans, and smaller fish,
often smaller lanternfishes (Gong et al. 2018;
Meera et al. 2018). Stomach content investiga-
tions in D. effulgens, which also grows to sizes
greater than 130mm SL, have revealed a
change from a diet based on ostracods and
copepods as principal prey in small specimens
to a diet relying on fishes in larger specimens
(Rathnasuriya et al. 2018). The geographic dis-
tribution of the supersized pseudoceanic Dia-
phus species varies between the different
species from restricted to a single ocean basin
(e.g., D. mascarensis in the western Indian
Ocean) to cosmopolitan but disjunctive (D. ade-
nomus), where it is usually associated with
upper-slope regions at depths ranging between
200 and 1000m. The disjunctive distribution
pattern possibly reflects the availability of
selected food sources and could be linked to
oceanic areas favoring short trophic chains,
which may occur in upwelling systems or off-
shore from areas of high silica input from the
adjacent continent (see next chapter and
Edwards et al. 2010).

Synthesis and Discussion

Evolution of Environmental Adaptation of Lan-
ternfishes.—Early Paleogene pelagic sediments
have rarely been explored for otolith research.
Outer-shelf to upper-slope Paleocene sediments
fromBavariayielded fairlyabundant stomiiform
otoliths as the only reliable indicators of deep-
water conditions (Schwarzhans 2012). The
early myctophid otolith finds from the Eocene
are relatively sparse in a variety of inner- to
outer-shelf and upper-slope environmental set-
tings (Fig. 4). For instance,Diaphus?marambionis
was found in middle Eocene sediments of Sey-
mour Island, Antarctica, in a very shallow,

phases. Diatom diversity after Lazarus et al. (2014) and abundance after Renaudie (2016); graphs stretched to match scale
and colored. Mysticete diversity after Marx and Fordyce (2015) andMysticete gigantism after Bianucci et al. (2019) with an
update for latest Eocene fromMarx et al. (2019); graphs stretched tomatch scale and colored;Mysticete gigantism envelope
generated from plots. The number of Diaphus species and Diaphus otolith sizes is clustered for defined time intervals, as
seen in the otolith size plot (one plot can be more than one species). Data used to calculate Diaphus otolith sizes and
plots are provided in Supplementary Material 2. Abbreviations: EECO, early Eocene climate optimum; LOW, late Oligo-
cene warming; MCO, Miocene climate optimum; MECO, middle Eocene climate optimum; MMCT, middle Miocene cli-
mate transition; PETM, Paleocene–Eocene thermal maximum; OL, otolith length. (In color online.)
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nearshore environment, associated with abun-
dant macrourid otoliths (Schwarzhans et al.
2017). In New Zealand, too, myctophid otoliths
are relatively rare in inner- to outer-shelf settings
during the Eocene, being absent in genuine off-
shore bathyal sediments (Schwarzhans 2019).
Myctophids are, however, locally abundant in
the middle Eocene of the Aquitaine Basin in
SWFrance inouter-shelf toupper-slope environ-
ments (Nolf 1988; Lin et al. 2016) but mostly not
exceeding 25% of the assemblage, except for cer-
tain locations in the late middle Eocene, where
apparently they can reach up to 85% (Lin et al.
2016) (Fig. 4, Supplementary Material 3). These
paleobiotopes are interpreted to have been
located in a “deep neritic” environment (Lin
et al. 2016). Recently, Schwarzhans (2019)
described several assemblages from middle
and upper Eocene sediments of New Zealand
deposited at depths ranging from 200 to 700+
m. These assemblages provide a rare insight
into Paleogene deep-sea fish faunas containing
otoliths of the families Bregmacerotidae, Gonos-
tomatidae, Sternoptychidae, Macrouridae, and

Ophidiidae, but no Myctophidae (except for a
very few in the most shallow-water location
studied). We interpret the occurrence of mycto-
phids in SW France and their absence in New
Zealand as an indication that these fishes lived
over the deep-shelf and upper-slope environ-
ments in the middle and late Eocene but were
not yet adapted to a mesopelagic habitat. Based
on the limited data currently available, it seems
that they first thrived over the continental
break beginning in the middle Eocene before
expanding into themesopelagic zone. However,
the transition from a deep-shelf continental to a
mesopelagic habitat likely occurred gradually,
and it is thereforepossible that suchanecological
transition took place during the middle to late
Eocene. For instance, theMacrouridae andOphi-
diidae in the bathyal lateEocene ofNewZealand
were represented by a single species each, while
different taxa existed on the shelf, indicating
the initiation of a migration into deep waters
and a progressive depth segregation of involved
species. These assemblages also included
representatives of families that currently do

FIGURE 4. Aspects of the population of the deep-seaMyctophidae and selected other groups. Interpretation of bathymetric
and oceanic habitat of selected teleost groups in the Eocene halothermal (HTC) ocean (upper left), Oligocene early thermo-
haline (THC) ocean (upper right), middleMiocene climate optimum (MCO) (lower left), and during the time of the biogenic
bloom (lower right). Black arrows indicate presumed phases of down-slope or open-oceanicmigrations.White arrows indi-
cate presumed established diel vertical migration in myctophids.
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not live off the shelf (Hemerocoetidae and Platy-
cephalidae), apparently an indication of a failed
attempt to invade the deep sea. We interpret
thesefindings as an evidence of the fact that dur-
ing the Eocene bregmacerotids already lived in
the mesopelagic zone and stomiiforms in the
bathypelagic zone, while myctophids stayed
over the shelf and the upper slope. Certain
groups of typical extant benthopelagic fishes
like macrourids and ophidiids (Neobythitinae)
started to migrate into the deep sea during that
period (Lin et al. 2016; Schwarzhans 2019)
(Fig. 4, upper left).
The picture changed drastically in the early

Oligocene, as demonstrated by the unique oto-
lith assemblages described by Nolf and Steur-
baut (1988, 1990, 2004) from Pizzocorno and
Vigoponzo in Italy and corroborated by the
articulated skeletal remains from the Czech
Republic, North Caucasus, Poland, Romania,
and Ukraine (e.g., Přikryl et al. 2017 and litera-
ture cited therein). The Italian faunas exhibit a
diverse and rich assemblage of myctophid,
macrourid, and ophidiid (neobythitine) oto-
liths, suggesting that myctophids moved off
the shelf into the oceanic realm andmacrourids
and neobythitinesventured further into thedeep
sea and diversified (Fig. 4, upper right). This is
the earliest record where myctophids represent
themajorityof an otolith assemblage in a pelagic
environment characterized by bathyal depths
(Fig. 3, Supplementary Material 3). The basal
part of the early Oligocene is also remarkable
for theoccurrenceof some large-growing “super-
sized”Diaphus taxa (D.molossusandD.stafforaen-
sis) (seeBrzobohatý andNolf 1995),withotoliths
that reached sizes up to nearly 8mm OL (Fig. 3,
Supplementary Material 2).
During the late Oligocene and Neogene, lan-

ternfishesapparentlybecameaprominentmeso-
pelagic fish family, and their otoliths started to
dominate otolith assemblages in pelagic sedi-
ments (Nolf and Brzobohatý 2002; Schwarzhans
2019) (Supplementary Material 3). All the major
myctophid groups and a large part of the extant
genera areknownbasedon fossil otoliths (Fig. 2),
which document a diversification pattern that is
consistent with the molecular estimations pro-
posed by Denton (2018). Due to the abundance
of myctophid otoliths in offshore pelagic sedi-
ments since the Oligocene, we postulate that

they were adapted to their current lifestyle,
whichpossibly includeddiel verticalmigrations.
However, some species persistedon the shelf, for
instance, in the North Sea Basin (Schwarzhans
2010b) or tropical South America (Schwarzhans
and Aguilera 2013). During the late Oligocene
up to the mid-Miocene climate transition
(MMCT), the majority of the otolith-based Dia-
phus species remained below the 5mm OL
threshold (about 80–110mm SL) (Fig. 3, Fig. 4,
lower left). During the late Miocene, Pliocene,
and Quaternary, an increase in the number of
species is observed as well as the gradual occur-
rence of some large-growing Diaphus species
(Fig. 3). This can be interpreted as an indication
of the appearance of possibly more stationary,
benthopelagic species on the continental slope,
in addition to a sustained diversification ofmyc-
tophids in the mesopelagic zone (Fig. 4, lower
right).

The Rise of Myctophids in the Oceanic Trophic
Web and Its Paleoceanographic Context.—Extant
myctophids feed primarily on planktonic crus-
taceans (copepods, euphasiids, and amphi-
pods) in the epipelagic zone during their diel
vertical migration (e.g., Tanaka et al. 2007).
These planktonic crustaceans in turn feed
mostly on phytoplankton, which nowadays
consist mainly of diatoms and silicoflagellates
(Sommer et al. 2002). Planktonic crustaceans
are rather rare in the fossil record (Briggs et al.
1993; Rigby and Milsom 2000), so we have
used diatom diversity and abundance as prox-
ies for the primary productivity (Renaudie
2016) relevant for myctophids (Fig. 3). The
presence and abundance of diatoms are pri-
marily linked to the availability of silicon and
phosphorus. These elements can be abundant
in upwelling systems (Sommer et al. 2002) or
can be consistently provided by terrestrial
denudation and runoff from continents, with
a considerable contribution from grasslands
(Kidder and Gierlowski-Kordesch 2005; Beer-
ling and Osborne 2006; Edwards et al. 2010;
Strömberg 2011; Cermeño et al. 2015; Pelle-
grino et al. 2018). In the shortened food webs
characteristic of upwelling systems and in
other oceanic settings with a high silica
budget, the planktonic crustaceans occupy the
immediate basal trophic level compared with
myctophids (Sommer et al. 2002), while in
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oligotrophic oceanic systems the food chain
starts with picoplankton, resulting in a longer
food chain (Sommer et al. 2002). The shortened
food chain typical of upwelling systems may
sustain an efficient transfer of organic carbon
to apex predators (Ryther 1969), thereby gener-
ating favorable conditions for the thriving of
large filter feeders, that is, whales (Berger
2007). Mysticete cetaceans are food competitors
of lanternfishes for planktonic crustaceans, as
well as their predators (Kawamura 1980). We
have therefore used the rather well documen-
ted fossil record of mysticete cetaceans (For-
dyce and Barnes 1994; Berger 2007; Marx and
Uhen 2010; Marx et al. 2016, 2019; Bianucci
et al. 2019) as a proxy for the evolutionary his-
tory of relevant competitors and predators of
lanternfishes.
The rare myctophid otoliths from the late

Paleocene to the middle Eocene are found in
a variety of neritic settings (Schwarzhans
1985, 2019; Nolf 1988; Lin et al. 2016) and are
small in size (Fig. 3, Supplementary Material 2
and 3), exhibiting a low degree of morpho-
logical diversity. Myctophid otoliths were
locally abundant over outer-shelf settings
since the late middle Eocene (Lin et al. 2016).
The first major event that impacted lanternfish
evolution appears to be the EOT. The EOT
was characterized by a global cooling event
and the termination of the foregoing green-
house conditions apparently associated with
a secular reduction of atmospheric CO2 (Zachos
et al. 2008; Beerling and Royer 2011) and the
onset of the Antarctic ice sheet (e.g., Lear
et al. 2004). The EOT marked the transform-
ation of the deep-ocean circulation from
halothermal (HTC), primarily driven by dens-
ity gradients linked to the salinity of the water
masses, to thermohaline (THC), primarily dri-
ven by temperature gradients (McClain and
Hardy 2010; Katz et al. 2011). The HTC circula-
tion resulted from the formation of warm,
saline, low-oxygen deep waters induced by
stratification, whereas the THC circulation
resulted from the formation of high-latitude
cold and oxygenated deep waters (Katz et al.
2011; McClain and Hardy 2010; Norris et al.
2013). However, the exact sequence and timing
of the events with respect to the different
oceanic circulation patterns involved and their

causes remain a matter of discussion (see, e.g.,
Katz et al. 2011; Goldner et al. 2014; Coxall
et al. 2018). Between 36 and 33 Ma, a combin-
ation of geodynamic and paleoceanographic
events led to a general restructuring of the glo-
bal ocean system, including the isolation of
Antarctica and formation of the (initial) Antarc-
tic Circumpolar Current (Kennett 1977; Ken-
nett and Exon 2004; Scher and Martin 2006;
Barker et al. 2007; Strugnell et al. 2008; Katz
et al. 2011; Houben et al. 2013), formation of
the North Atlantic Deep Water Current
induced by an increase in seawater density
caused by polar cooling and following the sub-
mersion of the Arctic Ocean to North Atlantic
swell for deep-water flow (Berger 2007; Katz
et al. 2011; Borrelli et al. 2014; Coxall et al.
2018), demise of the Tethyan deep-water con-
nection (Jovane et al. 2009; Steeman et al.
2009; Zhang et al. 2011), and denudation of
adjacent uplifted terrains (Cermeño et al.
2015). The cooling and oxygenation of the
deep oceanic masses induced migration of
new taxa into the deep sea (Miller et al. 1992;
Thomas 2007). Among fishes, these oceano-
graphic changes resulted in an accelerated
migration of benthopelagic fishes, for example,
of the Macrouridae and Neobythitinae (Ophi-
diidae) (Nolf and Steurbaut 1988, 1990, 2004;
Lin et al. 2016; Schwarzhans 2019), into the
deep sea. Conversely, Sibert et al. (2020) did
not recognize any state change in pelagic fish
production and biodiversity during the EOT
based on investigations of microfossil fish
teeth from deep-sea drilling samples. However,
due to the limited taxonomic resolution offered
by ichthyoliths, it is not possible to identify the
emergence and duration of fundamental
changes of lifestyles, such as migration into
the deep sea or the mesopelagic high ocean
realms. The reorganization of the oceanic sys-
tem and the formation of the THC led to the
establishment of upwelling systems, particu-
larly in the Southern Ocean (Berger 2007).
This, in combination with an assumed locally
elevated silica influx from the continents (e.g.,
Antarctica; see Cermeño et al. 2015), is thought
to have resulted in a massive radiation of dia-
toms both in terms of diversity and abundance
(Lazarus et al. 2014; Cermeño et al. 2015;
Renaudie 2016; Lowery et al. 2020). The
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terminal Eocene is also the time of the first
occurrence of mysticete whales (Fordyce and
Marx 2018; Buono et al. 2019; Muizon et al.
2019), which, however, were not filter feeders.
The early radiation of modern cetaceans has
been interpreted as having been driven by
this ocean restructuring (Fordyce 2003; Berger
2007; Steeman et al. 2009; Marx and Uhen
2010). As far as lanternfishes are concerned,
Nolf and Steurbaut (1988, 1990, 2004)
described the first exclusive bathyal otolith
assemblagewith a richmesopelagic myctophid
component from the basal Oligocene, a time
during which the THC regime is thought to
have been firmly established in the western
Tethys (Coccioni and Galeotti 2003). Mycto-
phids constituted about 30% to more than
50% of the otolith assemblage (calculated
from Nolf and Steurbaut 2004; Fig. 3, Supple-
mentary Material 3). Intriguingly, there is an
apparent acme of diatom diversity and abun-
dance during the terminal Eocene/basal Oligo-
cene associated with a short-term occurrence of
gigantic mysticete predators (Marx et al. 2019)
and certain supersized Diaphus species (Fig. 3,
Supplementary Material 2). It is interesting to
note that this late Eocene–early Oligocene pulse
in diatom radiation and upscaling of certain
whales and myctophids coincided with a puta-
tive increase in silica influx to the sea, particu-
larly in the Southern Ocean (Cermeño et al.
2015). The Antarctic species Diaphus? marambio-
nis was originally considered to be of early
Eocene, Ypresian age (Schwarzhans et al. 2017),
but the strata from which it was obtained has
more recently been referred to the Bartonian,
based on the stratigraphic scheme published by
Buono et al. (2019). Itwas foundat the same loca-
tion and level as the earliest-recorded basking
shark (Cetorhinidae; Cione and Reguero 1998;
Welton 2013) and in a slightly older level than
the abovementioned giganticmysticete predator
in Antarctica (Fig. 3). The size of the otoliths of
Diaphus andEomyctophum species shows a grad-
ual increase from 1.6–3.0mm OL in the early
Eocene to 3.3–7.7mmOL in the basal Oligocene.
Shortly after the basal Oligocene, the otolith

sizes of the Diaphus species drop back into the
range of 2.0–5.0 mm OL, a pattern that per-
sisted throughout the late Oligocene to the
early middle Miocene (Fig. 3, Supplementary

Material 2). In fact, their small size is so remark-
able in samples that it can be regarded as a reli-
able stratigraphic feature for their distinction
from the Late Miocene and Pliocene myctophid
assemblages. Similarly, there are no more
records of giant mysticetes in this time interval.
Also, the abundance and diversity of diatoms
seemingly dropped back to the level of a gener-
ally increasing background trend, except for a
single short-lived abundance peak in the late
Oligocene (Renaudie 2016). The abundance of
myctophidotoliths reachedhigh levels inpelagic
environments during this time (Nolf and
Brzobohatý 2002; Schwarzhans 2019; Fig. 3,
Supplementary Material 3), with the caveat,
however, that relatively few bathyal otolith
assemblages are known from the late Oligocene
and earlyMiocene. Themorphological diversity
of myctophids generally continued to increase,
and during the early to early middle Miocene
(Burdigalian to Langhian), themajority of extant
genera came into existence (Fig. 2) (see also
molecular phylogenetic estimates of Denton
[2018]). The present highly diverse genus Dia-
phus, however, was represented by a relatively
modest number of species in this interval
(4 to 10 species per time interval), still displaying
a relatively low level of morphological diversity.
In mysticete cetaceans likewise, the disparity
increased, and the first bulk filter feeders
appeared (Marx and Fordyce 2015; Marx et al.
2016; Fordyce and Marx 2018). The body size
of themysticetes during that time interval barely
reached 8m in total length (Slater et al. 2017; Bia-
nucci et al. 2019). The causeof thisdecrease in the
size of lanternfishes (as exemplified by the most
common genus Diaphus) and mysticete ceta-
ceans and the associated reduction in diversity
of diatoms is still not well understood. It may
be related in some ways to a phase of global
warming, that is, the late Oligocene warming
(LOW) and the Miocene climate optimum
(MCO) in the early Miocene (Burdigalian) and
the early middle Miocene (Langhian). Cermeño
et al. (2015) associated the observed decrease in
diatom abundance and diversity with a reduced
level of silica input in the Southern Ocean and a
generally somewhat lowered silica influx in the
global oceanic system.
The short period of the MMCT during the

Serravallian marked the onset of a further
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stage of global cooling and change in deep-
ocean circulation (Flower and Kennett 1994).
Diatom diversity increased again (Lazarus
et al. 2014), showing a distinct peak in
abundance (Renaudie 2016). The continental
denudation in response to the main phase
of Alpine–Himalayan orogenesis (Peucker-
Ehrenbrinket al. 1995) and theglobal affirmation
of phytolith-rich, grass-dominated ecosystems
are regarded as the main drivers for the rising
fluxes of silica responsible for the renewed dia-
tom burst (Kidder and Gierlowski-Kordesch
2005; Edwards et al. 2010; Strömberg 2011;
Cermeño et al. 2015). Both mysticete cetaceans
(Bianucci et al. 2019) and myctophids,
particularly of the genus Diaphus, show an
increase in diversity and size (Fig. 3).Myctophid
otoliths are firmly established as the dominant
group in otolith assemblages from pelagic sedi-
ments (50%–80%; Fig. 3), for example, in the
Mediterranean (Brzobohatý and Nolf 2000),
tropical West Africa (Schwarzhans 2013c), and
New Zealand (Schwarzhans 2019) (Supplemen-
tary Material 3).
Beginning with the late Miocene, the mycto-

phid speciation rate continued to accelerate
until today, which is consistent with the
molecular estimation proposed by Denton
(2018), particularly within the genus Diaphus
(Fig. 3, Supplementary Material 2). Myctophid
otoliths are the most common in all studied
pelagic sediments, with percentages ranging
between 40% and 95% of the specimens
(Fig. 3, Supplementary Material 3). A dramatic
increase occurred in the sizes of the otoliths in
some lanternfishes, for example, certain species
of the genera Diaphus, Lampadena, Myctophum,
Notoscopelus, and Symbolophorus. Within the
species-rich genus Diaphus, maximum otolith
sizes increased from 6.7 mm OL in D. pedemon-
tanus (Robba, 1970) in the Tortonian to 8.7mm
OL in D. coatesi Schwarzhans and Aguilera,
2013 in the Piacenzian and Gelasian, and even-
tually to 10.5 mm OL in the extant D. adenomus
(Schwarzhans and Aguilera 2013) (Fig. 3, Sup-
plementary Material 2). Late Miocene and
younger pelagic sediments can often be readily
recognized because of the abundance of large
myctophid otoliths, always associated with a
number of small-sized species as well. The
late Miocene (Tortonian) to Recent interval

was also characterized by mysticete gigantism
(Bianucci et al. 2019) that culminated with the
evolution of the extant blue whale, the largest
animal that ever existed on Earth. Mysticete
diversity was at its peak during the late Mio-
cene and early Pliocene, followed by a drastic
decrease since the late Pliocene (Marx and For-
dyce 2015). The decrease of the diversity of
mysticete cetaceans took place primarily at the
expense of smaller species, while gigantism
developed further. The gigantism has been
interpreted as a reaction to the Arctic glaciation,
changes in the distribution and availability of
continental shelf habitats, and a greater need
to migrate between high-latitude feeding and
low-latitude breeding habitats (Berger 2007;
Marx and Fordyce 2015). This is the only inter-
val in the investigated time frame in which the
evolution of lanternfishes (i.e., rapid diversifi-
cation) diverged from that of mysticetes (i.e.,
diversity contraction). Diatom diversity and
abundance increased during this time interval,
though with a slight reduction during the Qua-
ternary (Lazarus et al. 2014; Renaudie 2016). It
is widely believed that the main driver of the
diatom radiation and mysticete diversification
and gigantism was the so-called biogenic
bloom that occurred between 8 and 4 Ma (Cor-
tese et al. 2004; Filippelli 2008). We speculate
that the biogenic bloom and its associated
expansion of the oxygen minimum zones (see
Dickens and Owen 1994) also represent the
main trigger for the increase of diversity and
size of the genus Diaphus. Two main mechan-
isms are currently considered as responsible
for the biogenic bloom: an increased input of
silica in the oceans caused by the uprising of
C4-type grasslands on the continents (Kidder
and Gierlowski-Kordesch 2005; Strömberg
2011) and their associated wildfire cycles (Beer-
ling and Osborne 2006; Edwards et al. 2010;
Pellegrino et al. 2018); and the massive erosion
of the newly formed alpine mountain chains,
especially the Himalayas, which released silica
and phosphorus to the marine biosphere (Filip-
pelli 2008; Cermeño et al. 2015). The initiation
of the modern coastal upwelling systems dur-
ing the late Miocene may have further contrib-
uted to the biogenic bloom (Berger 2007). The
occurrence of supersized Diaphus species that
started during the late Miocene (Messinian)
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and accelerated throughout the Pliocene up to
today (Figs. 3, 4) can be tentatively related to
the lifestyle of certain large-growing species
that abandon diel vertical migration patterns
and stay at depths between 300 and 1000m.
The causes of this adaptation remain unknown,
although they are likely related in some ways to
the abundance of suitable larger, benthic prey.
A similar cause may be evocated for the occa-
sional occurrence of large-growing specimens
of Lobianchia gemellarii (Cocco, 1838) that occur
in expatriate flocks, that is, specimens occurring
outside theusualdistribution rangeof the species
that do not reproduce because of the unfavorable
conditions, mostly temperature related, but may
continue to grow to very large sizes (see O’Day
and Nafpaktitis 1967; Nafpaktitis 1968; Hulley
1984). Supersized L. gemellarii otoliths, presum-
ably from expatriate flocks, have been observed
in the Piacenzian and Gelasian of southern
Japan (Schwarzhans and Ohe 2019).

Conclusions and Outlook

As described earlier, the evolution of lantern-
fishes as documented by their otoliths exhibits
a remarkable parallelism with certain phases
in the evolution of diatoms and mysticete ceta-
ceans. We interpret this parallelism as an
expression of an adaptive response of these
organisms to large-scale changes of diverse
nature that occurred in Earth’s climate history,
ocean configuration, and nutrient and silica
supply. The abundance of diatoms has a short-
ening effect on the food chain and therewith a
more effective nutrient transfer to higher
trophic levels, which may have supported the
evolution of bulk filter feeders such as mysti-
cete cetaceans. We speculate that these oceano-
graphic changes also promoted the migration
of myctophids from the deep shelf to the meso-
pelagic zone of the open ocean, favoring their
rise to dominance in the oceanic ecosystems.
We recognize five phases in the evolutionary
history of lanternfishes that are summarized
in the following section.

Late Paleocene–Middle Eocene.—During the
HTC ocean configuration, myctophid otoliths
are generally rare (mostly <25% of otolith
assemblages) and occur from local inner-shelf
positions to the outer shelf and possibly

upper-slope environments. In the later part of
the middle Eocene, they are locally abundant
in certain outer-shelf positions, with up to
85% of otolith assemblages. Most likely, mycto-
phids were not adapted to a mesopelagic life
but had begun thriving over areas of the contin-
ental margins.

Late Eocene–Early Oligocene.—During the
transformation of the deep-water circulation
pattern and cooling in the oceans, we observe
a remarkable increase in size of certain mycto-
phids (Diaphus spp.), which parallels an acme
in diatom diversity and abundance and a first
occurrence of mysticete gigantism. Myctophid
basal disparity (but not diversity) increased,
as also suggested by molecular phylogenetic
results (Denton 2018). Myctophids are found
in deep-sea sediments for the first time in
large quantities (30%–55%), indicating their
occupation of the mesopelagic zone. This radi-
ation was probably triggered by the develop-
ment of an early upwelling system and an
increase in silica supply favoring the rise of dia-
toms and leading to a shortening of the trophic
chain in the open ocean.

Late Oligocene–Early Middle Miocene.—This
relatively warm climate phase (LOW and
MCO) is characterized by an increase in mycto-
phid morphological diversity with the origin of
the majority of the extant genera (consistent
with the molecular temporal estimation pro-
posed by Denton [2018]), associated however
with a decrease in size. Myctophid otoliths
are common in pelagic sediments and also
occur regularly on the shelf.

Late Middle Miocene.—The Serravallian was
characterized by a climate transition during
the MMCT and also defines a transitional
phase for myctophid evolution, with a further
increase in diversity (since the Langhian) and
a gradual increase of the maximum otolith
size inDiaphus species. Lanternfishes are firmly
established as the most common otoliths in
pelagic sediments.

Late Miocene–Recent.—The sustained global
cooling, onset of modern coastal upwelling sys-
tems, and intensification of silica supply from
the continents likely triggered an increase of
diatom diversity and abundance known as
the biogenic bloom, as well as an abundance
and diversity of lanternfishes (50%–95% in
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pelagic sediments) and of mysticete cetaceans.
The myctophid genus Diaphus is notable for
an acceleration of the rate of speciation and a
considerable increase of the maximum size of
the otoliths during this time interval. This
pattern parallels the rise of gigantic mysticetes,
with the only significant difference being
that myctophids showed a further acceleration
in speciation during late Neogene (as also
predicted by the molecular phylogenetic
results; Denton 2018), while mysticetes exhib-
ited a marked decrease in diversity from the
late Pliocene to the Recent.
There are still many shortcomings in the

knowledge of fossil myctophid otoliths despite
the fact that a very significant increase in sam-
pling from various world regions and strati-
graphic intervals has been recently achieved.
What appears to be the most severe shortcom-
ing is the low number of otoliths sampled
from Paleogene pelagic sediments, with only
a few exceptions (Nolf and Steurbaut 1988,
1990, 2004; Schwarzhans 2019). Even Paleogene
outer-shelf and upper-slope environments are
underrepresented in otolith research (e.g.,
Brzobohatý 1967; Schwarzhans 1985; Nolf
1988; Brzobohatý and Nolf 1995, 1996; Lin
et al. 2016). However, this time interval is
important for a detailed unraveling of the
early evolution of lanternfishes and their
migration into the deep sea. Conversely, our
knowledge of Neogene pelagic otolith assem-
blages is much more adequate, both from a
stratigraphic and biogeographic point of view.
In this case, additional knowledge could pri-
marily be gained by the investigation of Neo-
gene deposits from hitherto underrepresented
regions of theworld, for example, the areas bor-
dering the Indian Ocean. Other highly promis-
ing and underrepresented regions for
myctophid otolith research are the Neogene
strata of Indonesia, New Guinea, the Philip-
pines, and Pacific North America.
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