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Abstract

We investigated the effects of temperature on the survival and growth of veliger larvae of the cone snails
Conus fulmen and Conus pulicarius using an individual larval rearing system. Newly hatched veligers of C.
fulmen were cultured at 21, 24, 27, and 30 °C, whereas those of C. pulicarius were cultured at 21, 24, 27, 30,
and 33 °C. Larval survival and shell growth were monitored daily, and shell growth was analyzed using
logistic growth equations. No larvae of either species metamorphosed during the experiments. Survival of C.
fulmen remained high (91.7-100 %) at all temperatures and was not significantly affected by temperature. In
contrast, survival time of C. pulicarius was significantly affected by temperature, and all larvae died by day
38 at 21 °C. Shell growth of both species was well described by logistic growth equations. The lower
temperature limits for larval growth were estimated to be 18.6 °C for C. fulmen and 20.5 °C for C. pulicarius.
These findings indicate greater low-temperature tolerance in veliger larvae of C. fulmen than in those of C.
pulicarius and reveal species-specific thermal responses in larval performance that correspond to the
geographic distributions of these species.
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Introduction

The genus Conus Linnaeus, 1758, a highly diverse
group of benthic marine gastropods in the family
Conidae, is widely distributed in warm-water habitats
ranging from temperate to tropical regions (Kohn and
Perron 1994; Rockel et al. 1995; Peters et al. 2013).
These marine snails occupy important ecological
niches  characterized by  distinct  dietary
specializations and are broadly categorized as
vermivores, molluscivores, or piscivores according to
their primary prey (Kohn 1956; Kohn and Perron
1994; Duda et al. 2001). Their reproductive strategy
typically involves the deposition of clusters of thin-
walled egg capsules on various substrates (Kohn and
Perron 1994). In many Conus species, the life cycle
includes a planktonic veliger stage, during which
larvae disperse in the water column before settling

and metamorphosing into benthic juveniles (Kohn

and Perron 1994). Consequently, the survival and
growth of veliger larvae are critical to the long-term
persistence of their populations.

As ectothermic organisms, mollusks are highly
sensitive to thermal conditions, which are major
determinants of larval survival and growth (Lucas and
Costlow 1979; Rayssac et al. 2010; Sanchez-Lazo
and Martinez-Pita 2012; Kang et al. 2016). Despite
the ecological importance of temperature, its effects
on the survival and growth of Conus larvae have not
been systematically examined.

This study investigated the effects of temperature on
the survival and growth of veliger larvae of Conus
fulmen Reeve, 1843 and Conus pulicarius Hwass,
1792. These species were selected to compare larval
physiological traits between congeners inhabiting
different thermal environments. The geographic
distribution of C. fulmen extends from the Oga
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Peninsula in the Sea of Japan (~40°N) and the Boso
Peninsula on the Pacific coast of Japan (~35°N)
southward to Taiwan (~21-25°N). In contrast, C.
pulicarius occurs from Hachijojima Island and the Kii
Peninsula (~33°N) southward throughout the tropical
Indo-West Pacific (Hori 2017).

Building on our previous work, we used an
individual larval rearing system employing cell
culture plates for both species (Suzuki et al. 2026).
This method enabled us to evaluate the effects of
temperature on larval survival and growth. The
results reveal distinct temperature-dependent larval
performance between the two species, reflecting their
contrasting geographic distributions.

Materials and Methods

Larval source

Specimens of C. fulmen from the Boso Peninsula
(34°57'N, 139°45'-46'E) and C. pulicarius from
Ishigakijima Island (24°27-36'N, 124°12'-19'E)
were maintained and cultured at 24 °C and 26 °C,
respectively, following the methods of Ogama et al.
(2026) in the laboratory at the Tokyo University of
Marine Science and Technology. Six egg capsules of
C. fulmen spawned on 16 April 2023 and six egg
capsules of C. pulicarius spawned on 23 July 2023
were individually incubated in 200-mL glass beakers
containing artificial seawater (salinity 34 ppt; Sealife,
Nihonkaisui, Tokyo, Japan) at 25 °C and 27 °C,
respectively, until hatching. These temperatures fall
within the range that sustains high hatching success
in both species (Ogama et al. 2026). Further
information on the embryonic development and
hatching characteristics of these two species is
provided by Ogama et al. (2026). Veliger larvae of C.
fulmen and C. pulicarius that hatched on 2 May 2023
and 4 August 2023, respectively, were used in the
larval culture experiments.

Larval culture experiments
The individual larval rearing system established in

our previous study (Suzuki et al. 2026) was used to
assess larval survival and growth at four temperature
treatments (21, 24, 27, and 30 °C) for C. fulmen and
five treatments (21, 24, 27, 30, and 33 °C) for C.
pulicarius. For each temperature treatment, 12 newly
hatched (0-day-old) veliger larvae of C. fulmen and
24 larvae of C. pulicarius were individually placed
into the wells of one and two 12-well cell culture
plates, respectively. Each well contained 4.4 mL of
artificial seawater (34 ppt). The plates were
maintained in temperature-controlled incubation
chambers (MT1-201, Tokyo Rikakikai, Tokyo,
Japan) under a 12 h light:12 h dark photoperiod.

Temperatures in the incubation chambers were
recorded every 30 min wusing data loggers
(Thermochron SL, KN Laboratories, Osaka, Japan).
Mean + standard deviation temperatures were 21.3 £
0.7,24.2 + 0.6, 27.3 £ 0.3, and 30.4 + 0.5 °C for C.
fulmen, and 21.0 £ 0.5, 23.5+0.2,26.8 £ 0.2,29.8 +
0.1, and 33.0 £ 0.3 °C for C. pulicarius, closely
matching the designated set points.

We used Chaetoceros calcitrans to culture veligers
of C. fulmen and C. pulicarius at feeding
concentrations of 1 x 10° and 5 x 10* cells/mL,
respectively, which were identified as optimal in our
previous study (Suzuki et al. 2026). Chaetoceros was
cultured in glass containers containing seawater
(salinity 34 ppt; temperature 24-26 °C) supplemented
with algal culture fertilizer (KW21, Daiichi,
Kumamoto, Japan) and silicate nutrients (Gelculture,
Daiichi) under constant illumination.

Larval culture experiments were continued until
shell growth of veligers with four fully developed
velar lobes reached a plateau, by day 30 for C. fulmen
and by day 50 for C. pulicarius. Larvae were
observed daily under a stereomicroscope to monitor
survival. Individuals showing no velum or ciliary
movement and exhibiting an opaque appearance were
considered dead. Live larvae were gently transferred
with a pipette to freshly prepared wells containing
new seawater and microalgae.
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To monitor larval growth, 15 (C. fulmen) and 21 (C.
pulicarius) newly hatched (0-day-old) larvae were
photographed with a scale at the start of the
experiment for shell measurements. Subsequently,
five (C. fulmen) and six (C. pulicarius) cultured
larvae were randomly selected from each temperature
treatment from day 4 (C. fulmen) or day 5 (C.
pulicarius) onward at 5-day intervals and
photographed for measurement. After imaging, the
larvae were returned to their original culture wells.
Shell length was measured following Otani et al.
(2025) using a microscope equipped with a digital
camera and an image analysis system (Nikon Digital
Sight and NIS-Elements software, Nikon, Tokyo,

Japan).

Statistical analysis

All statistical analyses were conducted in R (version
4.5.1; R Core Team 2025) with a significance level of
0.05. Some veliger larvae of C. pulicarius were
accidentally lost during culture operations (4, 5, 4,
and 2 larvae at 21, 24, 27, and 33 °C, respectively),
and these individuals were excluded from the
analyses.

To compare larval survival among temperature
treatments within each species, survival analysis was
conducted using the survdiff function in the survival
package, which implements the log-rank test
(Therneau 2026). The logistic growth equation
(Ricker 1975) was applied to describe shell growth as
a function of veliger age. The equation is expressed
asSL=a/[1 +exp{—b(t—c)}], where SL is the mean
shell length at age t (days after hatching), a is the
asymptotic shell length, b is the relative growth rate
(day™), and c is the inflection point of the sigmoidal
growth curve. Parameters and their standard errors
were estimated using nonlinear least-squares
regression with the nls function, and parameter
significance was evaluated using t-tests.

Next, a quadratic model was fitted to assess the
relationship between mean culture temperature and

the relative growth rate estimated from the logistic
growth equation within each species using the Im
function. The significance of the model was evaluated
with an F-test. Finally, shell length at day 29 (C.
fulmen) or day 50 (C. pulicarius) was compared
among temperature treatments within each species
using pairwise Welch’s t-tests.

Results
Conus fulmen

Veliger larvae exhibited high survival rates (91.7—
100 %) at the end of the culture experiment (Fig. 1A).
Temperature did not significantly affect larval
survival time (32 = 3.00, df = 3, p = 0.39). No veliger
larvae exhibited signs of metamorphosis, and velum
resorption was not observed in any individual.

Shell growth was well described by the logistic
growth equation in each temperature treatment (Fig.
1B; Table 1). Final shell length at 24-30 °C did not
differ significantly among treatments (p = 0.82-0.84),
but was significantly greater than that at 21 °C (p =
0.0002—-0.004). The relationship between the relative
growth rate estimated from the logistic growth
equation and mean culture temperature was well
described by a quadratic function (Rz2 = 0.960),
although the relationship was not statistically
significant (p = 0.20) because of the small sample size
(Fig. 1C). Based on this quadratic function, the lower
temperature at which the relative growth rate reached
zero was estimated to be 18.6 °C.

Conus pulicarius

Survival time of veliger larvae was significantly
affected by temperature (y>=87.8, df =4, p <0.0001).
At 21 °C, survival declined sharply from day 22, and
all larvae had died by day 38 (Fig. 2A). At 24 °C and
30 °C, larval mortality tended to increase from
approximately day 33 onward, resulting in final
survival rates of 54.5-57.9 %, whereas survival
remained relatively high (75.0-91.7 %) at 27 °C and
33 °C. No veliger larvae exhibited signs of meta-
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Fig. 1. Changes in survival rate (A) and the mean shell
length (B) of veliger larvae, and the relationship
between mean culture temperature and the relative
growth rate derived from the logistic growth equations
for the mean shell length of veliger larvae (C) in Conus
fulmen cultured at four temperature levels: 21, 24, 27,
and 30 °C. The survival curves at 21, 24, and 30 °C
overlap completely because all larvae survived
throughout the experiment. Vertical bars in panels B
and C indicate standard deviations and standard errors,
respectively. Growth curves in panel B were derived
from the logistic growth equations shown in Table 1.
The theoretical curve in panel C was calculated based
on the quadratic function shown in the graph.

morphosis, and velum resorption was not observed in
any individual.

Shell growth was well described by the logistic
growth equation in each temperature treatment (Fig.
2B; Table 2). At 21 °C, shell length did not increase
significantly. Larvae grew at all other temperature

Table 1. Parameter estimates and standard errors (SE)
for the logistic growth equations, SL =a /[1 + exp{—b(t
— €)}], describing shell length (SL) as a function of age
in veliger larvae of Conus fulmen cultured at different
water temperatures (WT).

WT (°C) Parameter Estimate SE t value P

21 a 2.0020 0.8797 2276 0.0852
b 0.0638 0.0193 3.298  0.0300
c 23.5107 14.1142 1.666 0.1711
24 a 1.9502 0.1970 9.901  0.0006

0.0986 0.0142 6.936 0.0023
13.6352 24900 5476 0.0054

27 a 1.8248 0.1546 11.805 0.0003
0.1370 0.0262 5.228  0.0064

¢ 103612 1.7810 5.818 0.0043

30 a 1.9071 0.1303 14.636 0.0001
0.1250 0.0174  7.190  0.0020

c 10.8544 1.4904 7.283 0.0019

treatments, and the relative growth rate estimated
from the logistic growth equation was highest at
30 °C and 33 °C, intermediate at 27 °C, and lowest at
24 °C (Table 2). Accordingly, final shell length at
24 °C was significantly smaller than that at the other
temperature treatments (p < 0.0001). Final shell
length did not differ significantly between 27 °C and
33 °C (p = 0.22) or between 27 °C and 30 °C (p =
0.22), but was significantly greater at 30 °C than at
33°C (p=0.014).

The relationship between relative growth rate and
mean culture temperature was well described by a
quadratic function (R? = 0.933), excluding the 21 °C
treatment, for which the growth rate was not
significantly different from zero (Fig. 2C). However,
the relationship was not statistically significant (p =
0.26), likely owing to the small sample size. Based on
the quadratic function, the lower temperature at
which the relative growth rate reached zero was
estimated to be 20.5 °C.

Discussion
In Conus species, shell growth of veliger larvae
typically reaches a plateau shortly before
metamorphosis into benthic juveniles (Perron 1980,
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Fig. 2. Changes in survival rate (A) and the mean shell
length (B) of veliger larvae, and the relationship
between mean culture temperature and the relative
growth rate derived from the logistic growth equations
for the mean shell length of veliger larvae (C) in Conus
pulicarius cultured at five temperature levels: 21, 24,
27, 30, and 33 °C. Vertical bars in panels B and C
indicate standard deviations and standard errors,
respectively. Growth curves in panel B were derived
from the logistic growth equations shown in Table 2.
The theoretical curve in panel C was calculated based
on the quadratic function shown in the graph. The
quadratic function was estimated using data at 24, 27,
30, and 33 °C because the relative growth rate at 21 °C
was not statistically significant.

1981a, 1981b). In the present study, shell growth
similarly reached a plateau by days 24-30 at 24—
30 °C in C. fulmen (Fig. 1B) and by approximately
day 40 at 27-33 °C in C. pulicarius (Fig. 2B).
However, despite reaching a shell growth plateau,
neither species exhibited signs of metamorphosis.

Natural seawater-associated biofilms on settlement
substrates can induce larval metamorphosis in Conus
species (Perron 1980, 1981a, 1981b). Reduced-
salinity conditions, such as those occurring in
nearshore settlement habitats, also partially induce
larval metamorphosis in C. fulmen (Otani et al. 2025).
In the present study, veligers were cultured in
artificial seawater (34 ppt salinity), which may have
lacked the biofilm-associated and salinity-related
cues known to promote metamorphosis (Otani et al.
2025; Suzuki et al. 2026).

The present study demonstrated that temperature
significantly affected survival and growth during the
planktonic veliger stage in both C. fulmen and C.
pulicarius. Suzuki et al. (2026) reported that veliger
larvae of both species developed fully and exhibited
high survival rates when cultured at 25 °C under
Taken
together, these findings suggest that the temperature

appropriate  Chaetoceros concentrations.
range supporting favorable larval performance is
approximately 24-30 °C in C. fulmen and 25-33 °C
in C. pulicarius. At 21 °C, veligers of C. fulmen

continued to grow, whereas those of C. pulicarius did
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not. The lower temperature limits for larval growth,
estimated from the relative growth rates of the logistic
growth equations, were 18.6 °C for C. fulmen and
20.5 °C for C. pulicarius. These results indicate
greater low-temperature tolerance in veligers of C.
fulmen than in those of C. pulicarius. The upper
thermal limits for larval survival and growth remain
unclear because larval performance was not
examined at temperatures higher than 30 °C and
33 °C, respectively, where veligers still exhibited
relatively high survival and growth.

The use of different incubation temperatures for
embryos (25 °C for C. fulmen and 27 °C for C.
pulicarius) may have influenced the subsequent
thermal responses of veliger larvae. Nevertheless,
similar species-specific thermal patterns have been
reported for the embryonic stages of both species.
Ogama et al. (2026) cultured egg capsules of C.
fulmen and C. pulicarius at various temperatures and
found that the temperature ranges supporting 50 %
embryonic survival to the veliger stage were 20.0—
28.7 °C and 22.9-31.1 °C, respectively. Thus, both
the present study and Ogama et al. (2026) indicate
species-specific thermal responses in embryonic and
larval performance that correspond to the geographic
distributions of these species.

In the waters surrounding Japan, the Kuroshio
Current along the Pacific coast and its branch, the
Tsushima Warm Current in the Sea of Japan, facilitate
the poleward dispersal of marine larvae from lower
latitudes (He et al. 2015; Chang et al. 2018; Sanda et
al. 2019; Yamakawa et al. 2021; Igeta et al. 2023).
Under these oceanographic conditions, veligers of C.
fulmen and C. pulicarius are likely to encounter
thermal environments suitable for growth and
survival during the peak summer months (late July to
mid-September), when mean sea surface
temperatures typically exceed 25 °C (Japan
Meteorological Agency 2026). Nevertheless, C.
pulicarius remains absent from the Sea of Japan. This
observation suitable

suggests  that summer

temperatures alone are unlikely to fully explain the
northern distributional limits of these species. In

addition to larval performance, successful

metamorphosis, juvenile overwintering, and other
post-settlement process may also contribute to
determining their geographic distributions. Further
studies integrating thermal tolerance, successful
metamorphosis, and post-settlement performance will
be needed to clarify the factors determining the
geographic limits and long-term persistence of these
species.
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