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Abstract
The reproductive biology of deep-sea �shes is largely unknown because of the di�culty of behavioral
observations in this environment. In this study, the reproductive behavior of the deep-sea snail�sh,
Careproctus pellucidus, which lives at depths > 200 m, was observed in an aquarium. To the best of our
knowledge, this is the �rst report to observe and describe the reproductive behavior of deep-sea �sh under
free-living conditions. Fishes were collected at a depth of approximately 300 m (36°70′ N; 141°00′ E) on
July and August 2018 and kept for observation until March 2019. We observed that almost all spawnings
took place between one male and one female. Males defended a spawning substrate against other males
and exhibited body-wiggling behavior for both courtship and aggressive display. Females visited the
male’s territory and spawned a demersal adhesive egg mass on the substrate. The territorial male then
sought the spawned eggs using �lamentous rays in the lower pectoral-�n lobe and released sperm when
he located the eggs. Males remained near the spawning substrate after spawning but did not perform any
parental care. Notably, sneaking behavior by a non-territorial male was observed in one case; this is the
�rst report of this alternative reproductive strategy (or tactic) in a deep-sea �sh. Our study reveals the
unique reproductive biology of the deep-sea �sh, C. pellucidus, which does not depend on visual
information and uses other sensory modalities.

Introduction
Knowledge of the reproductive biology of �shes is essential for understanding their life history and
evolution. Since the development of SCUBA technology, a lot of studies of the reproductive biology of
coral reef �shes using underwater observation have been reported (e.g., Kuwamura 1985; Warner and
Lejeune 1985; Branconi et al. 2020). By contrast, the reproductive behavior of deep-sea �shes (�sh found
at approximately > 200 m depth) remains largely unknown because several factors make it di�cult to
observe them in situ or collect them alive for rearing (ex situ) observation. A recent video of deep-sea �sh
mating, captured at a depth of 800 m, became popular because of its rarity (Science 2018). Fish that are
adapted to the unique deep-sea environmental conditions (e.g., high water pressure, low water
temperature, low oxygen concentration, and absence of light) appear to have evolved quite different
morphological traits, behaviors, and reproductive strategies to those of coral reef �sh. For example,
simultaneous hermaphroditism, i.e., producing eggs and sperm simultaneously, has evolved in many
deep-sea aulopiform �shes (Davis and Fielitz 2010), despite its rarity in coral reef �shes. Because the
population density of �sh may be relatively low in the deep-sea, this feature is considered to increase
reproductive opportunities because individuals can mate with any mature conspeci�cs that are
encountered (Ghiselin 1969; Warner 1984). In some species of deep-sea angler�sh (Lophiiformes:
Ceratioidei), dwarf males become attached by tissue fusion to larger females, either temporarily or
permanently, and deliver sperm to the female (Pietsch 2005; Pietsch and Orr 2007). This reproductive
strategy is also considered an adaptation to the deep-sea environment that increases reproductive
opportunities (Pietsch 2005). However, some of these strategies and their signi�cance are still
hypothetical because our knowledge of the reproductive biology of deep-sea �shes is limited to
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speculation based on morphological and histological observation of �xed specimens. The lack of
behavioral observations restricts our understanding of the life history and evolution of the reproductive
strategies of deep-sea �shes. Liparid �shes, investigated in this study, are one of the taxa containing
deep-sea dwelling species whose reproductive behavior remains speculative.

The family Liparidae, commonly known as snail�sh, comprises at least 32 valid (57 available) genera
and 430 valid (503 available) species (Chernova et al. 2004; Nelson et al. 2016; Fricke et al. 2021).
Snail�shes have an extraordinarily wide geographic range: from the northern to southern hemisphere
(Stein 2012; Orr et al. 2015; Nelson et al. 2016), and from the tidal zone (Able and Musick 1976; Kido
1988; Nelson et al. 2016) to the hadal zone (there are records of some species at > 8000 m depth) (Fujii et
al. 2010; Linley et al. 2016; JAMSTEC, 2017). Despite inhabiting such a broad range of habitats, the
reproductive (spawning) behavior of snail�shes has only been reported in two species that inhabit
shallow areas: Liparis atlanticus (Detwyler 1963) and L. inquilinus (Able and Musick 1976). Observations
of �xed specimens indicate that some deep-sea snail�shes have unique reproductive strategies.
Nakazawa (1915) reported that putative Cyclopteridae (or Liparidae) species eggs were laid in the gill
cavity of Paralithodes camtschaticus, and Poltev and Mukhametov (2009) found egg masses deposited
in the gill cavities of 9.9% of captured golden king crabs, Lithodes aequispinus, captured at depths of
209–716 m. Subsequently, Gardner et al. (2016) showed that eggs deposited in Lithodes aequispinus
and Lithodes couesi, were from Careproctus melanurus, C. colletti, C. furcellus, and C. simus, on the basis
of mitochondrial DNA sequences. Several other studies have reported similar egg deposition in the gill
cavity of crabs by snail�shes (Gardner et al. 2016), indicating that this may be one of the widespread
reproductive strategy in this family. The octocoral Primnoa sp., found at a depth of 397 m (Busby et al.
2006), the cavity of glass sponge Schaudinnia rosea, found at a depth of 320 m (Chernova 2014a), and
some arti�cial structures found at depths of > 2000 m (Overdick et al. 2014) also appear to have been
used as spawning substrate by snail�shes. These studies show that snail�shes for which eggs have
been found deposited adhesive demersal eggs on the substrate, and some of these have a special
preference for spawning substrate utilization. However, the process, procedure, and prior behaviors of
reproduction (e.g., territoriality, intra- and intersexual selection, courtship, and spawning behavior), which
are key to understanding the adaptive signi�cance and evolutionary background of reproductive
strategies in the deep-sea environment, have not been observed. From another point of view, it is expected
that the dispersion of spawning substrate utilization makes the species with similar spawning niches less
di�cult to live sympatrically because it reduces interspeci�c competition (Reichard et al. 2007; Awata et
al. 2019). There is a possibility that the unique preference for the spawning substrate in snail�shes has a
similar function to the above. For this reason, shedding light on the reproductive biology of deep-sea
snail�sh is also signi�cant for understanding their distribution patterns and inter- or intraspeci�c
relationship in deep-sea.

In this study, we observed the reproductive behavior of a deep-sea snail�sh, C. pellucidus (Gilbert and
Burke 1912), which is distributed in the North Paci�c Ocean region at depths > 200 m, in an aquarium.
Careproctus is one of the most diverse genera among the Liparidae, comprising at least 140 known
species (Orr et al. 2019, 2020). Most Careproctus species are found in the deeper zones of the sea, and
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new species continue to be described (Chernova 2005; Orr 2012; Chernova 2014a, b; Orr 2016; Kai and
Matsuzaki 2019; Matsuzaki et al.2020). Behavioral observation of this species, which belongs to a
diverse group, provides new insight into the reproductive biology of �shes adapted to the deep-sea
environment. For example, since the visual information is limited in the deep-sea compared with shallow
areas by dimming downwelling daylight, some deep-sea �shes do not really depend on visual information
for a living (Munk 1965). The deep-sea snail�sh Careproctus rastrinus, belonging to the same genus as C.
pellucidus, seek food using taste buds in the �lamentous rays in the lower pectoral-�n lobe s (Sakurai and
Kido 1992). This behavior makes us infer that this species, and related C. pellucidus, does not depend on
the visual sense in their ecology. Thus, it is expected that the reproductive behavior of C. pellucidus is
adapted to the deep-sea environment and distinctive compared to that of species inhabiting in shallow
areas.

Materials And Methods
Specimen collection

We used 69 C. pellucidus individuals collected by trap �sheries off the coast of Takahagi City, Ibaraki
Prefecture, Japan (36°70′ N; 141°00′ E) at a depth of approximately 300 m (Fig. 1) between July and
August 2018. Species identi�cation followed Gilbert and Burke (1912) and Orr et al. (2015). Live �sh were
transported to the Marine Science Museum, Fukushima Prefecture (Fig. 1) for observation. When
individuals died during rearing, the standard length (SL) and body weight (BW) of the individuals were
immediately measured to the nearest 0.1 mm and 0.1 g, respectively. We also observed the shape of the
urogenital papilla and the structure of the gonad under a stereoscopic microscope for sexing. All
individuals died by March 2019, and two specimens were deposited in the Marine Science Museum,
Fukushima (AMF2-11-04-00-0100, AMF2-11-04-00-0101).

Observation of reproductive behavior

To observe reproductive behavior, 69 live individuals (34 males, 32 females, 3 unknown sex, see Results)
were deposited in a tank (5 × 2.55 × 0.7 m, 9000 L), and reared from July 2018 to March 2019. Water was
circulated, �ltered, and maintained at 6°C. The bottom of the tank was covered with sand (0.77 ± 0.03
mm particle diameter, range = 0.60–1.16 mm, n = 20) to a thickness of approximately 10 mm. The
rearing tank was an exhibition tank at the Marine Science Museum, which was observable by the public,
and also contained 25 Chionoecetes opilio individuals. The tank was maintained under an 11:13-h
light:dark photoperiod (lights on 07:00; lights off 18:00). Lights were kept on throughout the day on
observation days to capture video (see following section).

We conducted behavioral observations from 19:00 to 07:00 on 17 days (non-sequential) between
September 2018 and December 2018. During the observation time, we placed an arti�cial spawning
substrate (Fig. 2) on the bottom of the tank and captured video footage around it using a video camera
(HDR-CX590V, SONY). The arti�cial spawning substrate was removed from the tank after the observation
period each day. We recorded and described the male and female reproductive behaviors and their
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interactions (e.g., courtship, spawning, and male–male competition) on the basis of video footage, if the
behaviors were wholly captured. Preliminary observations showed that the behavioral patterns of males
and females differed: males exhibited territorial behaviors and/or body wiggling, whereas females did not
show those behaviors (see Results). Therefore, we recognized an individual’s sex based on their behavior
during the observations. To reveal the signi�cance of the body wiggling of males, we compared the
frequency of this behavior in territorial males (T-males) in three situations: T-male alone, T-male with a
non-territorial male (NT-male) (NT-male approached T-male’s territory), and T-male with a female (female
approached the T-male’s territory). Because males wiggled their bodies several times quickly, we counted
a series of these events as one bout, and recorded the number of these bouts in a 5-minute period
(frequency). We observed the above three situations for 5 minutes in 21 cases, and analyzed these data.
We collected �ve fertilized egg masses at random, counted the clutch size, and measured the diameter
using a microscope.

Assessment of the existence of female mate choice

To assess whether there was mate choice (intersexual selection) by females, we recorded the
reproductive success of males in the following situations. We placed two arti�cial spawning substrates
500–1000 mm apart in the tank for 6 of the 17 observation days. Because two males established a
territory around each substrate and spawned with females, we counted the spawning bouts of each male.

Statistical analyses

Values are presented as means ± standard error of the mean. All statistical analyses were conducted
using R version 3.6.3 (R Core Team 2020). For all tests, the signi�cance level used was α = 0.05. We
assessed the normality of datasets based on the Shapiro–Wilk test before each statistical test. We also
assessed the homogeneity of compared datasets using F test, Bartlett test, or Levene’s test. The sexual
dimorphism in SL and BW was examined using the Wilcoxon rank sum test and Welch’s two-sample t-test
followed by calculation of the effect size index r (Cohen 1988) and Hedges’ g (Rosenthal 1994),
respectively. The frequency of body wiggling of T-males in the three situations was compared using the
Tukey–Kramer test followed by calculation of Hedges’ g. Male–male competition was observed between
large and small males, and T-males and NT-males. Thus, we examined the deviation from equality of the
winning rate in each situation using the Chi-square test and reported phi coe�cients as the effect size.
The relationship between the frequency of body wiggling and outcome of competitions (win or loss) was
examined using the Wilcoxon rank sum test. The effect size index r was reported.

Results
Sexual difference in morphological characteristics

Of the 69 individuals captured, 34 were identi�ed as male (160.1 ± 2 mm SL, range = 120.4–181.6; 89.7 ±
3.7 g BW, range = 35.7–123.0) and 32 as female (158.2 ± 1.7 mm SL, range = 138.7–175.7; 87.3 ± 4.2 g
BW, range = 53.4–151.6) (Fig. 3). We could not measure the SL and BW or distinguish the sex of three
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individuals because the extremities of their bodies had been bitten off by Chionoecetes opilio when we
found them. There were no signi�cant differences in SL (W = 625, P = 0.3, r = 0.13, n = 66) or BW (t = 0.41,
P = 0.68, g = -0.1, n = 66) between males and females. Males and females had light pinkish bodies and
there was no apparent difference in body color between the sexes. Individuals with mature testicular
tissue (mature males) had an elongated (approximately 5 mm) urogenital papilla, located ventral to the
anus, with a conical shape that tapered posteriorly (Fig. 4b). Individuals with mature ovarian tissue
(mature females) had a urogenital papilla with a rounded tip with several processes (Fig. 4c) but it was
not elongated.

Reproductive behavior

We observed two behavioral types in males: territorial males (T-male), which stayed near the arti�cial
spawning substrate and frequently exhibited body-wiggling behavior (wiggling their body quickly several
times; Fig. 5a) throughout the observation time; and non-territorial males (NT-male), which did not
establish territories and wandered in the tank. When individuals (intruders) approached a T-male’s
territory, the T-male approached the individual and exhibited body wiggling toward them, regardless of
their sex. If the intruder was male, the intruder responded by also performing body wiggling; they then
fought by picking and biting the other individual’s body and �ns (Fig. 5d; Online Resource 1). This
competition continued until the T- or NT-male left. If females approached a T-male’s territory, females did
not perform body wiggling, even when the T-male was exhibiting this behavior, and spawning occurred in
some cases. There was a signi�cant difference in the frequency of body wiggling of T-males between
encounters with females (n = 5) and the other two situations [T-male alone (n = 7) and T-male with NT-
male (n = 9)] (T-male alone vs T-male with female: P < 0.01, g = −5.76; T-male alone vs T-male with NT-
male: P = 0.85, g = −0.38; T-male with female vs T-male with NT-male: P < 0.001, g = 5.31; Fig. 6). These
results suggest that one purpose of the body-wiggling behavior by T-males is courtship.

Spawning was observed in 65 cases, and 64 (98%) of these took place in pairs (one male and one
female). T-males usually exhibited body wiggling when alone within their territory (Fig. 5a). When a
female approached the territory, the T-male also approached her and exhibited more frequent body
wiggling than before (Fig. 5b; Online Resource 2). T-males exhibited body wiggling an average of 48.1
times (48.1 ± 7.3 times, range = 6–125, n = 20) for 115.2 s (115.2 ± 17.5 s, range = 21–359, n = 22). If the
female accepted the T-male’s courtship, the female laid a demersal adhesive egg mass with sticky
ovarian cavity �uid on the wall of the arti�cial spawning substrate. The eggs formed an aggregate (egg
mass) by adhering to each other, and the average clutch size was 222.2 eggs (222.2 ± 41.4 eggs, range =
102–357, n = 5). The female left the T-male’s territory soon after spawning. The T-male swam around
slowly with the �lamentous rays of the lower pectoral-�n lobe extended vertically toward the arti�cial
spawning substrate and touching its surface. When the �lamentous rays touched the egg mass, the T-
male immediately released sperm toward it (Online Resource 3). The time from spawning by the female
to sperm release by the T-male was an average of 10.9 s (10.9 ± 3.1 s , range = 0–167, n = 62). Although
the T-males remained and guarded their territory, they did not perform any parental care for the eggs (e.g.,



Page 7/25

fanning and mouth-cleaning). Fertilized eggs (3.9 ± 0.02 mm egg diameter, range = 3.6–4.09, n = 27)
were milky white and had a smooth-faced spherical shape.

Sneaking behavior by an NT-male (sneaker) was observed once (Fig. 5c; Online Resource 4). The sneaker
was wandering in the tank and when the sneaker approached the T-male’s territory, the sneaker did not
perform body wiggling, like females, even though the T-male was exhibiting it toward him. As a result, the
sneaker was able to stay in the T-male’s territory without being attacked. Eventually, a female visited and
spawned an egg mass after the T-male’s courtship. As soon as the T-male started looking for the egg
mass, the sneaker also began looking and released sperm toward the egg mass when he located it. The T-
male then began to attack the sneaker, and the sneaker immediately left the territory.

Male–male competition

Nine competitive interactions between T-males and NT-males were observed. Aggression by T-males
toward NT-males and vice versa was observed. When the T-male suffered a defeat, he was robbed of his
territory by the NT-male. These competitive interactions involved a T-male that was smaller than the NT-
male (n = 2; T-male won in both cases), an NT-male that was smaller than the T-male (n = 3; T-male won in
one and lost two cases), and a T-male and an NT-male that were the same size (n = 4; T-male won two
and lost two). The outcome of these competitions (win or lose) did not depend on SL (χ2 = 1.8, P = 0.18,
φ = 0.26, n = 5) or whether the male was territorial or non-territorial (χ2 = 1.11, P = 0.74, φ = 0.03, n = 9).
However, there was a signi�cant difference in the frequency of body wiggling between the winner and the
loser (W = 80, P < 0.01, r = 0.93, n = 18) (Fig. 7). This result indicates that the body wiggling of males is
also an aggressive display in this species.

Skew of reproductive success among males

When two males established adjacent territories and spawned on the same day, the number of
spawnings by each male was seemingly skewed (Table 1). On �ve of the six observation days, one male
did not, or could not, spawn at all.  

Table 1 Number of spawning in two males during each observation day

  

Male A and Male B indicate males which spawned more and less frequently, respectively
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Discussion
In this study, we provide a detailed description of the reproductive behavior of a deep-sea snail�sh. To the
best of our knowledge, this is the �rst report to observe the reproductive behavior of deep-sea �sh under
free-living conditions. As in situ behavioral observations of deep-sea �sh are di�cult, our results provide
valuable insights into the reproductive biology of deep-sea �shes. Our results show that C. pellucidus
males establish territories around spawning substrate and perform body wiggling as a courtship
behavior. A similar courtship behavior has been observed in not only Liparidae species, Liparis atlanticus,
which reportedly reproduces in shallow areas (Detwyler 1963) but also Cottidae species, such as
Hemilepidotus gilberti (Hayakawa and Munehara 1996). It suggests that this may be a conservative
behavioral component of courtship in Cottoidei species. By contrast, the courtship display of L. atlanticus
and H. gilberti males which involves expansion of all �ns (Detwyler 1963) was not observed in C.
pellucidus. In addition, the sexual dimorphism seen in L. atlanticus—only the males’ anterior �ve or six
dorsal rays are elongated (Detwyler 1963)—did not observed or was not apparent in C. pellucidus. Such
visual information would be of little use in the dark deep-sea compared with brighter shallow areas. The
absence of apparent sexual dimorphisms in C. pellucidus suggests that their courtship display may be
independent of visual signals result from adaptations to the deep-sea environment and optimizing
reproductive investment.

Because visual information is largely unavailable in the deep-sea, except for bioluminescent species,
some deep-sea �sh use other sensory cues to seek potential mates. In deep-sea angler�sh, the well-
developed eyes and olfactory structures of free-living males suggest that they rely on olfactory and/or
bioluminescent cues to locate conspeci�c females (Pietsch 2005, 2009). In Cyclothone microdon, the
olfactory organ and other parts of the olfactory system (e.g., olfactory rosette, olfactory bulb,
telencephalon) are much more developed in males than in females, suggesting that these structures are
used to detect pheromones from females (Marshall 1967). In C. pellucidus, the body-wiggling display (i.e.,
hydrodynamic signals received by the mechanosensory lateral line) may play various roles in
communication among individuals in reproductive and competitive contexts. Some studies have shown,
or suggested, that lateral line signals are used for communication in �sh reproduction (Satou et al. 1994a,
b; Marchesan et al. 2000; Medina et al. 2013) and competition (Enquist et al. 1990; Butler and Maruska
2015, 2016). Our results suggest that T-males of C. pellucidus wiggle their body to court females.
Because the hydrodynamic signal propagates in multiple directions over long distances, body wiggling
may be a way for T-males to make their presence known to females under light-limited conditions. This
behavior was also used in the context of male–male competition. The strength and/or frequency of
hydrodynamic signals generated by body wiggling and �n �apping could represent physical traits such
as muscle mass and energy reserves. Because the individuals that exhibited more frequent body wiggling
tended to win male–male competitive interactions, there is a possibility that C. pellucidus males assess
the strength of opponents based on these signals. Butler and Maruska (2015) suggested that an African
cichlid �sh, Astatotilapia burtoni, uses similar mechanosensory lateral line cues to assess opponents
during male–male competition to reduce dangerous physical damage. In the relatively noiseless and dark
deep-sea environment, hydrodynamic signals generated by body wiggling of C. pellucidus may be the
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most effective way to communicate, leading to the expansion of this communication to multiple contexts
in this species. Future behavioral studies of deep-sea �sh may reveal other sensory modalities unique to
the deep-sea environment for intra- and interspeci�c communication. 

One of the most notable �ndings of this study is the observation of sneaking behavior in a deep-sea �sh.
Sneaking is a reproductive strategy (or tactic) in which males (usually subordinate) fertilize eggs by
dashing into the spawning event between a female and another male (usually dominant), to circumvent
direct competition with dominant males. Although sneaking behavior has been found in many �shes
(Taborsky 1994, 2008), this is the �rst report from a deep-sea �sh and demonstrates the existence of
alternative reproductive strategies (or tactics). Generally, sneaking is the best alternative reproductive
behavior for subordinate males of a species in which a few dominant or territorial males monopolize
most reproductive opportunities (e.g., Taborsky 1994; Taru et al. 2002; Ota and Kohda 2006; Stoltz and
Neff 2006). The C. pellucidus males studied also established territories, and females visited and spawned
within these areas. The sneaking strategy (or tactic) allows males who cannot (or do not) establish a
territory to obtain reproductive success, which evolve and sustains this strategy in C. pellucidus
populations.

There appear to be three deep-sea speci�c factors that facilitate the evolution of sneaking in C.
pellucidus. First, the body-wiggling courtship of T-males provides a situation that favors the sneakers.
The T-males of C. pellucidus frequently exhibited body-wiggling behavior within their territory throughout
our observation periods. This hydrodynamic signal may attract females but would also enable sneaker
males to locate the T-male’s territory and simultaneously assess the behavior and some physical traits of
the T-male. This situation is advantageous for sneakers competing for fertilization opportunities with T-
males. A similar situation, in which indiscriminate signals are received by an unintended receiver and
cause suffering to the exhibiter, has been observed in �re�ies that exhibit luminescent courtship signals
in the dark (Lloyd 1965; 1975). Indiscriminate sending of information may facilitate the evolution of
different strategies to exploit it. Second, it may be relatively easy for sneakers to deceive T-males based
on their behavior. T-males usually exhibited body wiggling toward approaching individuals regardless of
their sex. If the approaching individual responded with body wiggling (i.e., the individual was male), the T-
male began to physically attack him. In contrast, if the approaching individual did not exhibit any
behavioral response (i.e., the individual was female), the T-male continued courtship. These results
indicate two signi�cant �ndings: (1) there is a high possibility that T-males determine the sex of the
approaching individual based on their behavioral response and using the mechanosensory lateral line
system instead of visual cues; (2) T-males will not physically attack an approaching individual if they
cannot identify that individual as a male. The sneaker mimics the female’s behavior (i.e., no response to
the T-male’s body wiggling), which likely enables him to stay in the T-male’s territory until spawning
occurs. Female mimicry is one strategy (or tactics) of sneaker males among �shes (e.g., Warner and
Robertson 1978; Brantley and Bass 1994; Gonçalves et al. 1996). If the above two hypotheses are correct,
employing female mimicry would facilitate sneaking in C. pellucidus because it is di�cult for T-males to
identify the sex of sneakers in a way that does not depend on the sneakers’ behavior. Such T-male's
ambiguous behavioral response to approaching individuals has not been reported in not only Liparidae
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but also Cottidae species inhabiting in the shallow area: T-male usually showed different behavior
depending on the sex of the approaching individual from the �rst encounter. For example, T-males
perform agonistic behavior toward approaching males while they perform courtship behavior toward
females (e.g., Kierl and Johnston 2010). Therefore, this ambiguous decision-making of T-male should be
one of the speci�c adaptation to the dark deep-sea. Third, the fertilization procedure of C. pellucidus is
seemingly vulnerable to sneaking. After the female spawns an egg mass, T-males seek the mass using
the �lamentous rays of the lower pectoral-�n lobe. Two snail�shes, Liparis inquilinus (Able and Musick
1976) and Careproctus rastrinus (Sakurai and Kido 1992), have taste buds in the �lamentous rays in the
lower pectoral-�n lobe and use these to seek food. Careproctus pellucidus, which is related to these
species, may have the same chemosensory organs in those rays. Our observations suggest that T-males
recognize eggs based on contact with the chemoreceptors. This egg-seeking process must be responsible
for the time interval (average 10.9 s, range = 0–167 s in the present study) between spawning by females
and sperm release by T-males, and it seemingly allows sneakers to intercept fertilization without much
di�culty. As visual cues are limited in the deep-sea environment, we consider it highly plausible that the
sneaking strategy (or tactic) may be employed by other species whose behavior has not yet been
observed.

We found a skew in reproductive success between two males that established adjacent territories. In
many animals, the theory of sexual selection, including intra- and intersexual selection, has successfully
explained the skew of reproductive success among intraspeci�c same-sex individuals (e.g., Andersson
1994; Davies et al. 2012). In many �shes, females choose males based on some indicator of increased
reproductive success (e.g., body size, morphology, courtship activity, and quality of territory), a process
known as mate choice (Warner 1988; Côte and Hunte 1989; Basolo 1990; Milinski and Bakker 1990;
Andersson 1994; Davies et al. 2012; Matsumoto et al. 2012). Although it is only preliminary data, our
results indicate the possibility of female mate choice in this species. As mentioned above, T-males of C.
pellucidus appeared to perform body wiggling to court females. This behavior may provide females with
information about the quality of males (e.g., some of the physical traits, muscle mass, and energy
reserves), just as Sargent et al. (1998) and Passos et al. (2016) reported for other �shes. This hypothesis
needs to be tested by comparative studies of male behavioral and morphological traits in situations
where reproductive success varies among males. Even so, the present results provide clues to the
existence of mate choice in deep-sea �shes.

The presence (or absence) of parental care appears to vary depending on the species. Detwlyer (1963)
observed that male L. atlanticus fanned eggs with their �ns and guarded eggs. DeMartini (1978) also
reported that Liparis fucensis males handled eggs—males gathered up to several clutches attached to
algae and stones into a single mass—but it was unclear whether that could be classi�ed as parental care.
Able and Musick (1976) reported that L. inquilinus did not perform any parental care. The present study
showed that C. pellucidus did not perform any behaviors that are generally considered parental care (e.g.,
fanning, nipping, skimming, cleaning, and guarding). There is insu�cient information on post-spawning
behavior in snail�shes to explain the relationship between mode of parental care and habitat depth in
snail�shes. Notably, our observations showed that males of C. pellucidus guard their territory against



Page 11/25

conspeci�c males. Further study is needed to examine whether the observed behavior is parental care or
territorial defense.

Several previous studies have investigated the reproductive behavior of deep-sea dwelling �shes using ex
situ observation (e.g., Chernova 1987; Ferry-Graham et al. 2007; Tsuruwaka and Shimada 2011).
Needless to say, in situ behavioral observations are the best way to understand the reproductive biology
of species and these studies have advanced our understanding of the reproductive biology of deep-sea
�sh. The present study used ex situ behavioral observation and the results indicate that the unique
reproductive biology of C. pellucidus does not depend on visual information and uses other sensory
modalities. Improvements in �sh breeding and management technology should make it possible to
elucidate the ecology of �shes that live in extreme environments.

Declarations
Acknowledgments

We are grateful to Takashi Suzuki, J. Suzuki, Takayasu Suzuki, S. Suzuki, and S. Katayose for collection
of live �shes. Our appreciation is also extended to Y. Abe (Executive Director, Aquamarine Fukushima)
and A. Komoda (General Curator Aquamarine Fukushima) for their valuable advice and discussion, and
M. Kuraishi, K. Matsuzaki, M. Kamiunten, and R. Murai (Aquarium Staff) for their assistance during the
study. Y. Kai (Kyoto University) led to signi�cant improvement of the manuscript. We sincerely thank S.
Awata (Osaka-City University), and H. Kohtsuka (The University of Tokyo) for their valuable advice.

Compliance with Ethical Standards

Con�ict of interest

The authors declare that they have no con�ict of interest.

Ethical approval

All applicable institutional guidelines for sampling, care and experimental use of animals were followed.

Funding

This study was funded by the Marine Science Museum Fukushima.

Availability of data and material

The datasets generated during and/or analysed during the current study are available from the
corresponding author, TM, on reasonable request.

Code availability

Not applicable



Page 12/25

Authors’ contributions

Toshiaki Mori: Conceptualization, Methodology, Validation, Investigation, Writing – Original Draft,
Visualization. Kazuya Fukuda: Conceptualization, Methodology, Formal analysis, Writing – Original Draft,
Writing – Review and Editing, Visualization. Syouko Ohtsuka: Investigation. Shinya Yamauchi:
Conceptualization, Methodology, Resources. Tatsuki Yoshinaga: Conceptualization, Supervision.

Consent to participate

Not applicable

Consent for publication

Not applicable

References
Able KW, Musick JA (1976) Life history, ecology, and behavior of Liparis inquilinus (Pisces Cyclopteridae)
associated with sea scallop, Placopecten magellanicus. Fish Bull 74:409–421

Andersson M (1994) Sexual Selection. Princeton University Press. Princeton

Awata S, Sasaki H, Goto T, Koya Y, Takeshima H, Yamazaki A, Munehara H (2019) Host selection and
ovipositor length in eight sympatric species of sculpins that deposit their eggs into tunicates or sponges.
Mar Biol 166:59. https://doi.org/10.1007/s00227-019-3506-4

Basolo AL (1990) Female preference for male sword length in the green swordtail, Xiphophorus helleri
(Pisces: Poeciliidae). Anim Behav 40:332–338. https://doi.org/10.1016/S0003-3472(05)80928-5

Branconi R, Barbasch TA, Francis RK., Srinivasan M, Jones GP, Buston PM (2020) Ecological and social
constraints combine to promote evolution of non-breeding strategies in clown�sh. Commun Biol 3:649.
https://doi.org/10.1038/s42003-020-01380-8

Brantley RK, Bass AH (1994) Alternative male spawning tactics and acoustic signals in the plain�n
midshipman �sh Porichthys notatus Girard (Teleostei, Batrachoididae). Ethology 96:213–232.
https://doi.org/10.1111/j.1439-0310.1994.tb01011.x

Busby MS, Orr JW, Blood DM (2006) Eggs and late-stage embryos of Allocareproctus unangas (family
Liparidae) from the Aleutian Islands. Ichthyol Res 53:423–426. https://doi.org/10.1007/s10228-006-
0361-3

Butler JM, Maruska KP (2015) The mechanosensory lateral line is used to assess opponents and mediate
aggressive behaviors during territorial interactions in an African cichlid �sh. J Exp Biol 218:3284–3294.
https://doi.org/10.1242/jeb.125948



Page 13/25

Butler JM, Maruska KP (2016) Mechanosensory signaling as a potential mode of communication during
social interactions in �shes. J Exp Biol 219:2781–2789. https://doi.org/10.1242/jeb.133801

Chernova NV (1987) Aquarium observations of the snail�shes Careproctus reinhardti and Liparis
liparis. Tr Zool Inst Acad Nauk SSSR 162:95–99

Chernova NV (2005) New Species of Careproctus Liparidae from the Barents Sea and Adjacent Waters. J
Ichthyol 45:689–699

Chernova NV (2014a) New species of the genus Careproctus (Liparidae) from the Kara Sea with notes on
spongiophilia, reproductive commensalism between �shes and sponges (Rossellidae). J Ichthyol
54:501–512. https://doi.org/10.1134/S0032945214050038

Chernova NV (2014b) New species of the genus Careproctus (Liparidae) from the Kara Sea and
identi�cation key for congeners of the North Atlantic and Arctic. J Ichthyol 54:757–780.
https://doi.org/10.1134/S003294521410004X

Chernova NV, Stein DL, Andriashev AP (2004) Family Liparidae Scopoli 1777—snail�shes. Calif Acad Sci
Annotated Checklists of Fishes 31:1–72

Cohen J (1988) Statistical power analysis for the behavioral sciences. second edition. Lawrence Erlbaum
Associates, New Jersey

Côte IM, Hunte W (1989) Male and female mate choice in the redlip blenny: why bigger is better. Anim
Behav 38:78–88. https://doi.org/10.1016/S0003-3472(89)80067-3

Davis MP, Fielitz, C (2010) Estimating divergence times of lizard�shes and their allies (Euteleostei:
Aulopiformes) and the timing of deep-sea adaptations. Mol Phylogenet Evol 57:1194–1208.
https://doi.org/10.1016/j.ympev.2010.09.003

Davies NB, Krebs JR, West SA (2012) Sexual selection, sperm competition and sexual con�ict. In: Davies
NB, Krebs JR, West SA (eds) An introduction to behavioural ecology, 4th edn. Wiley-Blackwell, Oxford, pp
179–222

DeMartini EE (1978) Apparent paternal care in Liparis fucensis (Pisces:
Cyclopteridae). Copeia 1978:537–539. https://doi.org/10.2307/1443625

Detwyler R (1963) Some aspects of the biology of the seasnail, Liparis atlanticus (Jordan and
Evermann). Dissertation, University of New Hampshire

Enquist M, Leimar O, Ljungberg T, Mallner Y, Segerdahl N (1990) A test of the sequential assessment
game: �ghting in the cichlid �sh Nannacara anomala. Anim Behav 40:1–14.
https://doi.org/10.1016/S0003-3472(05)80660-8



Page 14/25

Ferry-Graham LA, Drazen JC, Franklin V (2007) Laboratory observations of reproduction in the Deep-
Water Zoarcids Lycodes cortezianus and Lycodapus mandibularis (Teleostei: Zoarcidae). Pac Sci
61:129–139. https://doi.org/10.1353/psc.2007.0004

Fricke R, Eschmeyer WN, Fong JD (2021) Eschmeyer's catalog of �shes: genera/species by
family/subfamily. California Academy of Sciences.
http://researcharchive.calacademy.org/research/ichthyology/catalog/SpeciesByFamily.asp. Accessed 16
Februray 2021

Fujii T, Jamieson AJ, Solan M, Bagley PM, Priede IG (2010) A large aggregation of liparids at 7703 meters
and a reappraisal of the abundance and diversity of hadal �sh. Bioscience 60:506–515.
https://doi.org/10.1525/bio.2010.60.7.6

Gardner JR, Orr JW, Stevenson DE, Spies I, Somerton DA (2016) Reproductive parasitism between distant
phyla: molecular identi�cation of snail�sh (Liparidae) egg masses in the gill cavities of king crabs
(Lithodidae). Copeia 104:645–657. https://doi.org/10.1643/CI-15-374

Ghiselin MT (1969) The evolution of hermaphroditism among animals. Q Rev Biol 44:189–208.
https://doi.org/10.1086/406066

Gilbert CH, Burke CV (1912) New cyclogasterid �shes from Japan. Proceedings of the United States
National Museum 42:351–380

Gonçalves EJ, Almada VC, Oliveira RF, Santos AJ (1996) Female mimicry as a mating tactic in males of
the blenniid �sh Salaria pavo. J Mar Biol Assoc U K 76:529–538.
https://doi.org/10.1017/S0025315400030721

Hayakawa Y, Munehara H (1996) Non-copulatory spawning and female participation during early egg
care in a marine sculpin Hemilepidotus gilberti. Ichthyol Res 43:73–78

JAMSTEC (Japan Agency for Marine Earth Science and Technology) (2017) Deepest �sh ever recorded–
documented at depths of 8,178 m in Mariana Trench. Japan Agency for Marine Earth Science and
Technology Press Releases. https://www.jamstec.go.jp/e/about/press_release/20170824/. Accessed 16
Februray 2021

Kai Y, Matsuzaki K (2019) Careproctus longidigitus, a new snail�sh (Liparidae) from the southern Sea of
Okhotsk. Ichthyol Res 67:133–138. https://doi.org/10.1007/s10228-019-00711-y

Kido K (1988) Phylogeny of the family Liparididae, with the taxonomy of the species found around
Japan. Mem Fac Fish Hokkaido Univ 35:125–256

Kierl NC, Johnston CE (2010) Sound production in the pygmy sculpin Cottus paulus (Cottidae) during
courtship and agonistic behaviours. J Fish biol 77:1268-1281. https://doi.org/10.1111/j.1095-
8649.2010.02745.x



Page 15/25

Kuwamura T (1985) Social and reproductive behavior of three mouthbrooding cardinal�shes, Apogon
doederleini, A. niger and A. notatus. Environ Biol Fishes 13:17–24. https://doi.org/10.1007/BF00004852

Linley TD, Gerringer ME, Yancey PH, Drazen JC, Weinstock CL, Jamieson AJ (2016) Fishes of the hadal
zone including new species, in situ observations and depth records of Liparidae. Deep-Sea Res I 114:99–
110. https://doi.org/10.1016/j.dsr.2016.05.003

Lloyd JE (1965) Aggressive mimicry in Photuris: �re�y femmes fatales. Science 149:653–654.
https://doi.org/10.1126/science.149.3684.653

Lloyd JE (1975) Aggressive mimicry in Photuris �re�ies: signal repertoires by femmes
fatales. Science 187:452–453. https://doi.org/10.1126/science.187.4175.452

Marchesan M, Ota D, Ferrero EA (2000) The role of mechanical stimulation during breeding in the grass
goby Zosterisessor ophiocephalus (Teleostei, Gobiidae). Ital J Zool 67:25–30.
https://doi.org/10.1080/11250000009356290

Marshall NB (1967) The Olfactory Organs of Bathypelagic Fishes. Symposium of the Zoological Society
of London 19:57–70

Matsumoto Y, Yabuno A, Kiros S, Soyano K, Takegaki T (2012) Changes in male courtship intensity and
androgen levels during brood cycling in the blenniid �sh Rhabdoblennius nitidus. J Ethol 30:387–394.
https://doi.org/10.1007/s10164-012-0336-y

Matsuzaki K, Mori T, Kamiunten M, Yanagimoto T, Kai Y (2020) A new species of Careproctus (Cottoidei:
Liparidae) from the Sea of Okhotsk and a redescription of the blacktip snail�sh Careproctus
zachirus. Ichthyol Res 67:399–407. https://doi.org/10.1007/s10228-020-00734-w

Medina LM, Garcia CM, Urbina AF, Manjarrez J, Moyaho A (2013) Female vibration discourages male
courtship behaviour in the Amarillo �sh (Girardinichthys multiradiatus). Behav Processes 100:163–168.
https://doi.org/10.1016/j.beproc.2013.09.007

Milinski M, Bakker TC (1990) Female sticklebacks use male coloration in mate choice and hence avoid
parasitized males. Nature 344:330–333. https://doi.org/10.1038/344330a0

Munk O (1965) Ocular degeneration in deep-sea �shes. Galathea Rep 8:21–31

Nakazawa K (1915) On a �sh which spawns in the gill cavity of a king crab, Paralithodes
camtschaticus (in Japanese). Dobutsugku Zasshi 27:164–165

Nelson JS, Grande TC, Wilson MV (2016) Fishes of the World. John Wiley & Sons

Orr JW (2012) Two new species of snail�shes of the genus Careproctus (Scorpaeniformes: Liparidae)
from the Bering Sea and eastern North Paci�c Ocean, with a redescription of Careproctus



Page 16/25

ovigerus. Copeia 2012:257–265. https://doi.org/10.1643/CI-11-046

Orr JW (2016) Two new species of snail�shes of the genus Careproctus (Liparidae) from the Aleutian
Islands, Alaska. Copeia, 104:890–896. https://doi.org/10.1643/CI-15-378

Orr JW, Kai Y, Nakabo T (2015) Snail�shes of the Careproctus rastrinus complex (Liparidae):
redescriptions of seven species in the North Paci�c Ocean region, with the description of a new species
from the Beaufort Sea. Zootaxa 4018:301–348. https://doi.org/10.11646/zootaxa.4018.3.1

Orr JW, Pitruk DL, Manning R, Stevenson DE, Gardner JR, Spies I (2020) A New Species of Snail�sh
(Cottiformes: Liparidae) Closely Related to Careproctus melanurus of the Eastern North Paci�c. Copeia
108:711–726. https://doi.org/10.1643/CI2020008

Orr JW, Spies I, Stevenson DE, Longo GC, Kai Y, Ghodes S, Hollowed M (2019) Molecular phylogenetics of
snail�shes (Liparidae: Cottoidei) based on mtDNA and RADseq genomic analyses, with comments on
selected morphological characters. Zootaxa 4642:1-79. https://doi.org/10.11646/zootaxa.4642.1.1

Ota K, Kohda M (2006) Description of alternative male reproductive tactics in a shell-brooding cichlid,
Telmatochromis vittatus, in Lake Tanganyika. J Ethol 24:9–15. https://doi.org/10.1007/s10164-005-
0154-6

Overdick AA, Busby MS, Blood DM (2014) Descriptions of eggs of snail�shes (family Liparidae) from the
Bering Sea and eastern North Paci�c Ocean. Ichthyol Res 61:131–141. https://doi.org/10.1007/s10228-
013-0384-5

Passos C, Tassino B, Rosenthal GG, Reichard M (2016) Reproductive behavior and sexual selection in
annual �shes. In: Berois N, García G, de Sá OR (eds) Annual �shes: life history strategy, divesity and
evolution. CRC Press, Taylor and Francis Group, USA, pp 207–229

Pietsch TW (2005) Dimorphism, parasitism, and sex revisited: modes of reproduction among deep-sea
ceratioid angler�shes (Teleostei: Lophiiformes). Ichthyol Res 52:207–236.
https://doi.org/10.1007/s10228-005-0286-2

Pietsch TW (2009) Oceanic angler�shes: extraordinary diversity in the deep sea. University of California
Press, Berkeley, CA

Pietsch TW, Orr JW (2007) Phylogenetic relationships of deep-sea angler�shes of the suborder Ceratioidei
(Teleostei: Lophiiformes) based on morphology. Copeia 2007:1–34. https://doi.org/10.1643/0045-
8511(2007)7[1:PRODAO]2.0.CO;2

Poltev YN, Mukhametov IN (2009) Concerning the problem of carcinophilia of Careproctus species
(Scorpaeniformes: Liparidae) in the North Kurils. Russ J Mar Biol 35:215–223.
https://doi.org/10.1134/S1063074009030043



Page 17/25

R Core Team (2020) R: A Language and Environment for Statistical Computing. R Foundation for
Statistical Computing, Vienna, Austria. https://www.R-project.org/. Accessed 26 Februray 2021

Reichard M, Liu H, Smith C (2007) The co-evolutionary relationship between bitterling �shes and
freshwater mussels: insights from inter-speci�c comparisons. Evol Ecol Res 9:239–259

Rosenthal R (1994) Parametric measures of effect size. In: Cooper H, Hedges LV (eds) The Handbook of
Research Synthesis, Russell Sage Foundation, New York

Sakurai Y, Kido K (1992) Feeding behavior of Careproctus rastrinus (Liparididae) in captivity. Jap J
Ichthyol 39:110–113. https://doi.org/10.11369/jji1950.39.110

Sargent RC, Rush VN, Wisenden BD, Yan HY (1998) Courtship and mate choice in �shes: integrating
behavioral and sensory ecology. Am Zool 38:82–96. https://doi.org/10.1093/icb/38.1.82

Satou M, Takeuchi HA, Takei K, Hasegawa T, Matsushima T, Okumoto N (1994a) Characterization of
vibrational and visual signals which elicit spawning behavior in the male himé salmon (landlocked red
salmon, Oncorhynchus nerka). J Comp Physiol A 174:527–537. https://doi.org/10.1007/BF00217372

Satou M, Takeuchi HA, Nishii J, Tanabe M, Kitamura S, Okumoto N, Iwata M (1994b) Behavioral and
electrophysiological evidences that the lateral line is involved in the inter-sexual vibrational
communication of the himé salmon (landlocked red salmon, Oncorhynchus nerka). J Comp Physiol
A 174:539–549. https://doi.org/10.1007/BF00217373

Science (2018) Exclusive: ‘I’ve never seen anything like it.’ Video of mating deep-sea angler�sh stuns
biologists. https://www.sciencemag.org/news/2018/03/exclusive-i-ve-never-seen-anything-it-video-
mating-deep-sea-angler�sh-stuns-biologists. Accessed 26 Februray 2021

Stein DL (2012) Snail�shes (family Liparidae) of the Ross Sea, Antarctica, and closely adjacent waters.
Zootaxa 3285:1–120. https://doi.org/10.11646/zootaxa.3285.1.1

Stoltz JA, Neff BD (2006) Male size and mating tactic in�uence proximity to females during sperm
competition in bluegill sun�sh. Behav Ecol Sociobiol 59:811–818. https://doi.org/10.1007/s00265-005-
0127-3

Taborsky M (1994) Sneakers, satellites, and helpers: parasitic and cooperative behavior in �sh
reproduction. Adv Study Behav 23:1–100

Taborsky M (2008) Alternative reproductive tactics in �sh. In: Oliveira RF, Taborsky M, Brockmann HJ
(eds) Alternative reproductive tactics: an integrative approach. Cambridge University Press, Cambridge, pp
251–299

Taru M, Kanda T, Sunobe T (2002) Alternative mating tactics of the gobiid �sh Bathygobius fuscus. J
Ethol 20:9–12. https://doi.org/10.1007/s10164-002-0047-x



Page 18/25

Tsuruwaka Y, Shimada E (2011) Rearing and spawning of the deep-sea �sh Malacocottus gibber in the
laboratory. Ichthyol Res 58:188–190. https://doi.org/10.1007/s10228-010-0200-4

Warner RR (1984) Mating behavior and hermaphroditism in coral reef �shes. Am Sci 72:128–136

Warner RR (1988) Traditionality of mating-site preferences in a coral reef �sh. Nature 335:719–721.
https://doi.org/10.1038/335719a0

Warner RR, Lejeune P (1985) Sex change limited by paternal care: a test using four Mediterranean labrid
�shes, genus Symphodus. Mar Biol 87:89–99. https://doi.org/10.1007/BF00397010

Warner RR, Robertson DR (1978) Sexual patterns in the labroid �shes of the western Caribbean I: the
wrasses. Smithson Contrib Zool 254:1–27

Figures

Figure 1
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Collected location at offshore of Ibaraki Prefecture, Japan. Solid line with a numeric number water depth,
star collected point, circle aquarium location where the present study conducted

Figure 2

Schematic diagram of the arti�cial spawning substrate. It consisted of combining a cube and two
columns made of polyethylene net (10 × 10 mm mesh size). a 280 mm length, b 40 mm inside diameter, c
220 mm depth, d 160 mm height, e 220 mm width
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Figure 3

Standard length (a) and body weight (b) distributions of male and female Careproctus pellucidas (n =
66). White bar male, black bar female
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Figure 4

Shape of the urogenital papilla. a, living Careproctus pellucidas in the aquarium. Black solid square
indicates the rough position of a urogenital papilla. b, shape of the male urogenital papilla. c, shape of
the female urogenital papilla. Bar = 1.0 mm.
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Figure 5

Behavioral sequence of pair spawning (b), sneaking (c), and male–male competition (d) beginning with
territorial behavior of male (a). See text for a detailed explanation. white individual territorial male, dark
gray individual female, blue individual non-territorial male, red individual sneaker, gray balloon mark
spawning with sticky ovarian cavity �uid, white balloon mark sperm releasing
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Figure 6

Frequency of body wiggling behavior of territorial male (T-males) in three situations: T-male alone (n = 7),
T-male with female (n = 5), and T-male with non-territorial male (NT-male) (n = 9). Data not sharing the
same letter are signi�cantly different (P < 0.05) by Tukey-Kramer test. All data are shown in plots. Box
plots indicate �rst and third quartiles, a horizonal line in the box indicates the median, and the whiskers
indicate high and low values.
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Figure 7

Frequency of body wiggling behavior of winners and losers in male–male competition (n = 18). There is a
signi�cant difference (*P < 0.05) based on the Wilcoxon Rank Sum test. All data are shown in plots. Box
plots indicate �rst and third quartiles, horizonal line in the box indicates the median, whiskers indicate
high and low values, and plot on the outside of the whiskers indicate an outlier.
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