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Freshwater shrimps in the family Atyidae exhibit one of two life history traits: amphidromy, where
planktonic larvae develop in the sea; and landlocked, where lecithotrophic larvae develop in
freshwater. Temperature and salinity are the most important environmental factors that affect the
survival, duration, and growth of decapod crustacean larvae. Larvae of landlocked shrimps are
known to retain the ancestral habit of amphidromy, i.e., the ability to develop to the juvenile stage
in saline water. Faster development exhibited by large larvae of landlocked shrimps is considered an
adaptation that allow the larvae to stay in or near parental habitats. Therefore, information on larval
performance under different temperature and salinity conditions is essential to obtain a better
understanding of population connectivity through marine larval dispersal in amphidromous shrimps
as well as larval adaptation to freshwater environments in landlocked shrimps. We examined the
effects of temperature and salinity on larval performance of two closely related atyid shrimps in the
genus Paratya: the amphidromous P. compressa and the landlocked P. improvisa. Larvae were
reared under the 25 combinations of five different temperature (20, 23, 26, 29, and 32°C) and
salinity (4.25, 8.5, 17, 25.5, and 34 ppt) levels. In P. compressa, the rate of larvae that survived into
the juvenile stage decreased linearly with increasing temperature and the larvae adapted to a wider
range of salinity (8.5–34 ppt), though larval mortality increased at the high salinity (34 ppt) under
the higher temperature conditions. In P. improvisa, larval survival rates were higher under wider
range of temperature (20–29°C) in brackish water (4.25–17 ppt). Thus, P. compressa larvae may
disperse broadly under the high salinity conditions of the open sea, but oceanic currents with high
temperature and high salinity conditions may act as a barrier to restrict larval dispersion northwards
from the southern islands. P. improvisa larvae adapted to a wider range of temperature in natural
freshwater environments and larval duration was shorter in P. improvisa than in P. compressa under
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the wide range of temperature and salinity conditions. Our results also highlighted the retention
strategy by which landlocked P. improvisa larvae stay in or near parental habitats.
Key words: Larval survival, Larval growth, Larval dispersal strategy, Larval retention strategy,
Freshwater adaptation.
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BACKGROUND
Freshwater shrimps in the family Atyidae are a highly species-rich group of decapod
crustaceans (Decapoda: Caridea) that inhabit various freshwater bodies from torrential mountain
streams down to sluggish, oligohaline waters and rivers or streams inside karst caves (De Grave et
al. 2008; De Grave and Fransen 2011; Cai and Ng 2018). Atyid shrimps exhibit one of two life
history traits: amphidromous or landlocked (Shokita 1979; Hayashi and Hamano 1984; Bauer
2013).
Amphidromous shrimps spawn many relatively small eggs (Shokita 1979; Hayashi and
Hamano 1984; Bauer 2013). Their larvae require saline water for successful development (Shokita
1979; Hayashi and Hamano 1984; Nakahara et al. 2005; Kondo et al. 2021) and spend the pelagic
life through longer periods of planktotrophic zoeae in the sea before migrating up into the adult
freshwater habitat as juveniles (Hamano and Hayashi 1992; Hamano et al. 2005; Ideguchi et al.
2000 2007; Bauer 2013; Yatsuya et al. 2013). Accordingly, amphidromous shrimp populations are
connected through marine larval dispersal (Shokita 1979; Bauer 2013; Fujita et al. 2016).
On the contrary, landlocked shrimps complete their entire life cycle within freshwater habitats.
They generally spawn a relatively small number of large eggs with considerable amounts of yolk
(Shokita 1979; Hayashi and Hamano 1984; Bauer 2013). These produce morphologically advanced
non-feeding or facultatively lecithotrophic larvae, resulting in a shortened larval developmental
period before moulting into the juvenile stage (sensu Møller et al. 2020), or directly producing
juveniles (Shokita 1979; Hayashi and Hamano 1984; Anger 2001; Bauer 2013).
Amphidromy is considered a plesiomorphic (ancestral) life history trait in freshwater shrimps
(Shokita 1979), and current evidence from physiological, developmental, and phylogenetic
considerations supports the hypothesis of an evolutionary process from ancestral marine species
through freshwater amphidromous to landlocked species (Bauer 2013). It has been considered that,
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in landlocked shrimps, non-feeding or facultative lecithotrophy of larvae are adaptations to limited
food conditions in freshwater environments (Shokita 1979; Anger 2001 2006; Bauer 2013;
Hamasaki et al. 2020a), and faster development and settlement behaviours that large larvae exhibit
are adaptations that allow the larvae to stay in or near parental habitats in flowing waters (Shokita
1979; Mashiko 1982 1990a; Dudgeon 1985; Wong 1989; Hancock 1998; Hancock et al. 1998;
Hamasaki et al. 2020a).
Temperature and salinity are the most important environmental factors known to affect the
larval survival, duration, and growth of decapod crustaceans (Anger 2001 2003). There are spatial
and temporal fluctuations in the water temperatures in sea and in freshwater bodies and in the
salinity of sea water. Larvae of landlocked shrimps are known to be able to develop to the juvenile
stage in brackish water under laboratory conditions (Ogasawara et al. 1979; Mashiko 1990b;
Fidhiany et al. 1991; Imai et al. 2001; Anger and Hayd 2010; Kawamura and Akiyama 2010;
Charmantier and Anger 2011). Therefore, information on larval performance under different
temperature and salinity conditions is essential for a better understanding of population connectivity
through marine larval dispersal in amphidromous shrimp species. Moreover, interspecific
comparison of larval temperature and salinity adaptations between amphidromous and landlocked
shrimps is useful to attain a better understanding of larval adaptation to freshwater environments in
landlocked shrimp species. However, to the best of our knowledge, no studies have compared the
temperature and salinity adaptations of larvae between closely related amphidromous and
landlocked shrimp species. In the present study, we conducted larval culture experiments using two
atyid shrimps in the genus Paratya Miers 1882: the amphidromous P. compressa (De Haan 1844)
and the landlocked P. improvisa Kemp 1917.
Freshwater shrimps in the genus Paratya consists of 13 species (De Grave and Fransen 2011;
Marin 2018). They are distributed in the North and South Pacific (Page et al. 2005), and only two
closely related species, namely, P. compressa and P. improvisa, occur in the North Pacific (Ikeda
1999; Page et al. 2005; Cai and Shokita 2006; Marin 2018). Paratya compressa is amphidromous
with many small eggs (Ikeda 1999; Kawamura and Akiyama 2010), inhabiting the lower and middle
reaches of rivers (Shokita 1979; Hamano and Hayashi 1992; Suzuki et al. 1993; Ikeda 1999; Usami
et al. 2008; Saito et al. 2012). It is distributed from the southern islands in the Ryukyu Archipelago,
Japan, and the southwestern region of mainland Japan through the Korean Peninsula to the Russian
main land coast of the Sea of Japan (Shokita 1979; Ikeda 1999; Marin 2018). Paratya improvisa is a
landlocked species that produces few, relatively large eggs (Ikeda 1999; Kawamura and Akiyama
2010; Imai 2006 2014) inhabiting rivers, ponds, and lakes (Ikeda 1999; Imai 2006 2014; Usami et
al. 2008; Yatsuya et al. 2012). It is distributed only in the northeastern region of mainland Japan
(Ikeda 1999).
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Larvae of both Paratya species have eight zoeal stages before moulting into the juvenile stage
(Kawamura and Akiyama 2010); however, larval developmental traits differ between the
amphidromous P. compressa and the landlocked P. improvisa. Newly hatched larvae are larger and
the larval duration is shorter in P. improvisa than in P. compressa, and P. improvisa larvae exhibit
settlement behaviour beginning with the early zoeal stage (Hamasaki et al. 2020a). Paratya
compressa larvae are planktotrophic, whereas P. improvisa larvae are facultatively lecithotrophic,
resulting in moulting to stage 3 zoeae without food (Kawamura and Akiyama 2010). Paratya
improvisa larvae survive and develop into the juvenile stage under poor feeding conditions that are
not suitable for the survival and development of P. compressa larvae (Hamasaki et al. 2020a). Thus,
landlocked P. improvisa larvae adapt to limited food conditions in freshwater environments while
exhibiting rapid development and behavioural characteristics to stay in or near parental habitats.
However, few studies investigated the larval survival, duration of the larval stage, and growth of
these species under limited temperature and salinity conditions (26°C and 17 ppt) (Hamasaki et al,
2020a).
The present study aimed to evaluate the effects of temperature and salinity on the survival,
duration of the larval stage, and growth of P. compressa and P. improvisa larvae. Our results
highlight the variability in temperature and salinity adaptations of the larvae of these two species,
and we discuss the ecological implications in terms of the larval dispersal strategy in the
amphidromous P. compressa and larval adaptation to freshwater habitats in the landlocked P.
improvisa.

MATERIALS AND METHODS
Shrimp collection and culture
Culture experiments were conducted in a laboratory at the Tokyo University of Marine Science
and Technology, Tokyo, Japan, in 2018 and 2019. Wild mature female and male shrimps were
captured using scoop nets at the following locations in Chiba Prefecture, Japan: P. compressa,
Banda River (34°58'N, 139°46'E) in April 2018; and P. improvisa, Yoro River (35°21'N, 140°08'E)
in July 2019.
Shrimps were transported to the laboratory and acclimatised overnight; then, they were
cultured in aerated aquaria (23 litres) under natural photoperiod conditions (20–30 individuals per
tank, unknown sex ratio). Aquarium temperature was maintained at approximately 23°C, according
to the method detailed in our previous study (Hamasaki et al. 2020a). This falls within the range of
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summer temperatures during the reproductive season of Paratya species in their natural habitat
(Imai 2006 2014; Saito et al. 2012; Yatsuya et al. 2012; K. Hamasaki, unpublished data).
Experimental temperature and salinity conditions
We previously conducted laboratory experiments to evaluate the larval performance of three
amphidromous atyid shrimp species in the genus Caridina H. Milne-Edwards, 1837 (Kondo et al.
2021). In these experiments, larvae were cultured under 25 combinations of five different
temperature (20, 23, 26, 29, and 32°C) and salinity (4.25, 8.5, 17, 25.5, and 34 ppt) levels. The
present study was carried out in conjunction with our previous study (Kondo et al. 2021) using a
limited number of temperature-controlled incubation chambers. Therefore, we adopted the same
temperature and salinity levels in the present study. These temperature levels were selected
according to the seawater temperature profiles (~20–31°C) around the Japanese coastal areas (Japan
Meteorological Agency 2021) during the reproductive season of the Caridina shrimps (Shokita
1979; Hamano and Hayashi 1992; Ideguchi et al. 2000; Hamano et al. 2005; Yamahira et al. 2007;
Yatsuya et al. 2013). Salinity levels were also set assuming the salinity profiles from the river
mouth to the open sea where Caridina larvae may develop (Ideguchi et al. 2000; Yatsuya et al.
2013; Urakawa et al. 2015). Pure freshwater treatment was not employed because saline water used
for culturing live foods could not be removed when the live foods were added to the larval culture
medium. The reproductive season of P. compressa begins and terminates earlier than that of
Caridina shrimps (Shokita 1979; K. Hamasaki, unpublished data), and wide temperature
measurements ranging from 15 and 31°C were recorded during spring and summer in natural
habitats where P. improvisa larvae were collected (Imai 2006 2014). Therefore, the lower
temperature adaptation of larvae of the two Paratya species could not be evaluated under the
minimum temperature setting (20°C) in our experiments. Nevertheless, our experiments detected
interspecific and intergeneric variabilities in the larval thermal adaptation of atyid shrimps (see the
Results and Discussion sections).
Larvae were cultured in temperature-controlled incubation chambers with a 14:10-h light:dark
photoperiod (MT1-201, Tokyo Rikakikai Co. Ltd., Tokyo, Japan). Larval rearing water with
different salinities was prepared using dechlorinated tap water and artificial sea salts (Sealife,
Marinetech Co. Ltd., Tokyo, Japan). Rearing temperatures were recorded every 30 min during the
larval culture period of each species using data loggers (Thermochron SL, KN Laboratories Co.
Ltd., Osaka, Japan) placed in the larval culture containers. The mean ± standard deviation values of
actual larval rearing temperatures were as follows: C. compressa, 19.9 ± 0.4°C, 23.0 ± 0.4°C, 26.1 ±
0.3°C, 29.6 ± 0.4°C, and 33.3 ± 0.4°C; C. improvisa, 20.5 ± 0.3°C, 23.5 ± 0.6°C, 26.9 ± 0.3°C, 29.8

Zoological Studies 60:45 (2021)

(early view version)

± 0.2°C, and 32.9 ± 0.3°C.
Larval culture
Twelve stage 1 zoeae from a single P. compressa female and twelve stage I zoeae (six each)
from two brooding females of P. improvisa were used for each temperature and salinity combination
because the fecundity is high in P. compressa but relatively low in P. improvisa. The larval hatching
date of each species-brood was as follows: P. compressa, May 17, 2018; P. improvisa brood 1, July
27, 2019; and P. improvisa brood 2, August 4, 2019.
Stage 1 zoeae from each brood were sampled, fixed with 5% neutral formalin for one day, and
then preserved in 70% ethanol. The carapace length of ten specimens of each species-brood was
measured from the posterior margin of sessile eyes to the posterior end of the carapace (Nakahara et
al. 2007) using a microscope equipped with a digital camera and an image analysing system (Nikon
Digital Sight and NIS-Elements software, Nikon Corp., Tokyo, Japan). The carapace length of stage
1 zoeae (mean ± standard deviation) of P. compressa was 0.313 ± 0.012 mm, and that of the P.
improvisa broods 1 and 2 was 0.698 ± 0.036 mm and 0.679 ± 0.041 mm, respectively.
Larvae were housed individually in the wells of six-well cell culture plates, which contained 8
ml artificial saline water per well. Larvae were fed euryhaline phytoplankton Tetraselmis sp. at 1 ×
105 cells ml-1 and euryhaline zooplankton, the rotifer Brachionus plicatilis species complex (smallmorphotype), at 20 individuals·ml-1. Both of these are effective foods for the culture of atyid shrimp
larvae (Hamasaki et al. 2020a 2020b). Tetraselmis sp. and rotifers were cultured at 34 ppt and 24
ppt, respectively, according to the methods detailed in our previous studies (Hamasaki et al. 2020a
2020b).
Every morning, larvae were transferred to clean culture wells with fresh saline water and food
using a glass pipette, and the numbers of live and dead larvae were recorded under a
stereomicroscope. The moulting events were not considered as larval performance in the present
study because fragile exuviae of small larvae were easily lost or overlooked during the culture
operations in our previous culture experiments using atyid shrimp larvae (Hamasaki et al. 2020a
2020b). In P. compressa, each zoeal larva each cultured at temperature/salinity conditions of
19.9°C/17 ppt, 19.9°C/34 ppt, 23.0°C/34 ppt, 26.1°C/4.25 ppt, and 33.3°C/34 ppt and three zoeal
larvae cultured at 26.1°C/8.5 ppt were accidentally lost during the culture operations These larvae
were excluded from subsequent analysis.
Larval rearing was terminated when all surviving larvae had moulted to the juvenile stage. We
observed later-stage larvae under the stereomicroscope and determined whether they moulted to the
juvenile stage based on their behaviour as well as the external morphology. Larvae were considered
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to reach the juvenile stage when they were able to steadily settle on the bottom of a rearing
container using the endopods of the pereiopods and swim in the normal manner using pleopods for
propulsion, while showing the morphological characteristics of the first and second antennae of the
first juvenile stage, as described by Kawamura and Akiyama (2010). The final survival rate of
larvae was defined for each temperature-salinity combination in each species as: (number of larvae
that moulted into the juvenile stage)/(number of initial larvae) × 100.
Surviving juveniles of each species were fixed and preserved similar to the stage 1 zoea
specimens, and the carapace length was measured from the posterior margin of the orbit to the
posterior end of the carapace (Nakahara et al. 2007). One P. improvisa specimen reared at
29.8°C/4.25 ppt was not measured because of damage to its carapace.
Statistical analysis
Statistical analyses were performed using R statistical software (R4.0.2; R Core Team 2020) at
a 5% significance level. Data for P. improvisa larvae hatched from two broods were combined for
subsequent analysis. A generalised linear model (GLM) with a binomial distribution was employed
to evaluate the influences of temperature and salinity on larval survival to moult into the juvenile
stage [i.e., the binary survival (1) or death (0)] (response variable). We also used the Poisson-GLM
and a general linear model (LM) to evaluate the effects of temperature and salinity on larval
duration (i.e., the number of days required to moult into the juvenile stage) and larval growth (i.e.,
the carapace length of juveniles) (response variables), respectively.
In the GLM and LM analyses, we applied four models for which the continuous explanatory
variables included mean temperature (T) and salinity (S) for culturing larvae, or their interaction
term (T × S) and/or quadratic terms (T2 and S2), considering their interactions and nonlinear effects:
model 1, y ~ T + S + T2 + S2 + T × S; model 2, y ~ T + S + T2 + S2; model 3, y ~ T + S + T × S; and
model 4, y ~ T + S. The model with the lowest Bayesian information criterion (BIC) value (Schwarz
1978) was then selected as the best to describe the effects of temperature and salinity on larval
performance in each species. The coefficients of the models were estimated, and their statistical
significance was evaluated using the glm function for binomial (logit link) and Poisson (log link)
GLM analyses and the lm function for LM analyses.
For interspecific comparison of survival response to different temperatures and salinities, the
response-surface contour plots of final survival rate were generated using the contour function
based on the calculations derived by substituting the designated temperature (18–35°C, 0.5°C
interval) and salinity (4–36 ppt, 1 ppt interval) combinations into the selected model equation for
each species.
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RESULTS
Larval survival
In P. compressa, larvae could survive to moult to the juvenile stage at 19.9–29.6°C and 8.5–34
ppt (Fig. 1A), but all the larvae died between 6–20 days after hatching at 33.3°C and 4.25 ppt (see
supplementary figure S1 for survival rate and moulting rate of larvae in relation to days after
hatching of the larvae of P. compressa). Among the four models that were applied to evaluate the
effects of temperature and salinity on larval survival, model 4 (y ~ T + S + T2 + S2 + T × S) was
selected as the best (Table 1), and the coefficient estimates of explanatory variables were
statistically significant except for the linear and quadratic terms of temperature. The final survival
rate of larvae was the highest at 19.9°C, showing a linear decrease with increasing temperature at
all salinity levels (Fig. 1A). The relationship between salinity and final survival rate tended to be
represented by a convex curve at all temperature levels, while the salinity range associated with the
highest survival rate tended to decrease with increasing temperature, as exemplified by the
statistically significant coefficient estimate of the interaction term (T × S) (Table 1).
Paratya improvisa larvae tended to stay on the bottom of the rearing container from the early
zoeal stage. Larvae exhibited higher final survival rates under temperature-salinity combinations
within 20.5–29.8°C and 4.25–17 ppt (Fig. 1B). At 32.9°C, they could reach the juvenile stage only
at 8.5 ppt, showing a high survival rate. All larvae died within 2 days after hatching at 34 ppt (see
supplementary figure S2 for survival rate and moulting rate of larvae in relation to days after
hatching of the larvae of P. improvisa). Also, nearly all larvae died between 1 and 18 days after
hatching at 25.5 ppt, except for a few that survived to the juvenile stage at 26.9°C–25.5 ppt (Fig.
1B). Model 2 (y ~ T + S + T2 + S2) was selected as the best to describe the effects of temperature
and salinity on larval survival of P. improvisa, and all the coefficients of linear and quadratic terms
were statistically significant (Table 1).
The larval survival response to temperature and salinity conditions thus varied between the two
Paratya species, and the response-surface contour plots of final survival rates well illustrated the
interspecific variability (Fig. 2). Paratya compressa larvae adapt to lower temperatures and wider
range of salinity, whereas P. improvisa larvae adapt to wider range of temperature and lower salinity
conditions.
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Fig. 1. Final larval survival rates to moult into the juvenile stage of Paratya compressa (A) and
Paratya improvisa (B). Larvae were reared under the 25 combinations of five different temperatures
(x axis) and salinities (different coloured bars).
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Fig. 2. Response-surface contour plots of larval survival rates at different combinations of
temperature and salinity conditions in Paratya compressa (A) and Paratya improvisa (B).
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Table 1. Coefficient estimates with standard errors (SE) for the explanatory variables in the generalised linear model (GLM) or linear model (LM) to
best describe the effects of temperature (T) and salinity (S) on larval survival (alive or not) and duration to reach the juvenile stage (days), and carapace
length (mm) of juveniles of two atyid shrimp species in the genus Paratya. Four models were applied in the binomial- and Poisson-GLM analyses for
larval survival and larval duration, respectively, and those in the LM analysis for the carapace length: model 1, y ~ T + S + T2 + S2 + T × S; model 2, y ~
T + S + T2 + S2; model 3, y ~ T + S + T × S; and model 4, y ~ T + S. The model with the minimum Bayesian information criterion (BIC) value was selected
as the best model for each larval performance in each species. See supplementary Tables S1 and S2 for the coefficient estimates and BIC values of all
models for P. compressa and P. improvisa, respectively
Larval survival

Species
P. compressa

P. improvisa

Larval duration

Carapace length

Coefficient

Estimate

SE

z value

P

Estimate

SE

z value

P

Estimate

SE

t value

P

Intercept

-8.2399

8.2438

-1.000

0.3175

4.1679

0.1438

28.992

< 0.0001

1.2629

0.0497

25.411

< 0.0001

T
S

0.4032
1.0352

0.6425
0.1857

0.628
5.575

0.5303
< 0.0001

-0.0290
-0.0011

0.0058
0.0020

-5.003
-0.550

< 0.0001
0.5830

-0.0093
-0.0004

0.0020
0.0007

-4.698
-0.618

< 0.0001
0.5380

T2

-0.0105

0.0124

-0.847

0.3968

S2

-0.0151

0.0024

-6.266

< 0.0001
1.6708
-0.0153
-0.0017

0.0444
0.0016
0.0011

37.616
-9.354
-1.452

< 0.0001
< 0.0001
0.1490

T×S

-0.0171

0.0059

-2.898

0.0038

Intercept
T
S

-58.4198
4.7067
0.6937

12.1570
0.9352
0.1589

-4.805
5.033
4.365

< 0.0001
< 0.0001
< 0.0001

11.6631
-0.6802
-0.0237

1.2831
0.1002
0.0234

9.090
-6.791
-1.013

< 0.0001
< 0.0001
0.3110

T2

-0.0926

0.0176

-5.273

< 0.0001

0.0121

0.0019

6.212

< 0.0001

S2

-0.0332

0.0060

-5.559

< 0.0001

0.0014

0.0010

1.464

0.1430
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Larval duration
Larval duration tended to decrease with increasing temperature in both species (Fig. 3).
Models 4 (y ~ T + S) and 2 (y ~ T + S + T2 + S2) were selected as the best models to describe the
effects of temperature and salinity on larval duration for P. compressa and P. improvisa,
respectively (Table 1), and the coefficient estimates of the linear and quadratic terms were
statistically significant for temperature but not for salinity. Larval duration was shorter in P.
improvisa than in P. compressa at all temperature and salinity combinations.

Fig. 3. Number of days required to moult into the juvenile stages (larval duration) of Paratya
compressa (A) and Paratya improvisa (B). Larvae were reared under 25 combinations of five
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different temperatures (x axis) and salinities (different coloured bars). Numbers of individuals are
shown above the bars.
Larval growth
Model 4 (y ~ T + S) was selected as the best to describe the effects of temperature and salinity
on larval growth in both species (Table 1), but the salinity level did not significantly affect larval
growth. Temperature exhibited a significant negative effect on larval growth (Table 1), but the
carapace length of juveniles varied less between different temperature levels (Fig. 4).

Fig. 4. Carapace length of juveniles of Paratya compressa (A) and Paratya improvisa (B). Larvae
were reared under 25 combinations of five different temperatures (x axis) and salinities (different
coloured bars). Numbers of individuals are shown above the bars.
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DISCUSSION
Interspecific variability in the larval survival response
Our larval culture experiments demonstrated that temperature and salinity significantly
affected larval survival for the two Paratya species with different life history traits: the
amphidromous P. compressa and the landlocked P. improvisa (Fig. 1). In P. compressa larvae, the
highest final survival rate to the juvenile stage was found at the lowest temperature of 19.9°C, and
the final survival rate decreased with increasing temperature, until no larvae survived to the juvenile
stage at the highest temperature of 33.3°C. Paratya compressa larvae could survive to the juvenile
stage at ≥8.5 ppt salinities, but the larval survival response to salinity changed with temperature.
There was a large reducing trend in final survival rates with increasing temperature at salinities of
25.5 and 34 ppt. On the contrary, P. improvisa larvae exhibited the higher final survival rates at
salinities of 4.25–17 ppt at a wider temperature range (20.5–29.8°C), and almost all died at
salinities of 25.5 and 34 ppt. Interspecific variability in the larval survival response to temperature
and salinity is thus evident between the amphidromous P. compressa and the landlocked P.
improvisa.
Larval dispersal strategy in P. compressa
Kondo et al. (2021) cultured three species of amphidromous atyid shrimp larvae from the
genus Caridina, namely, C. leucosticta Stimpson 1860, C. multidentata Stimpson 1860, and C.
typus H. Milne-Edwards 1837, at different temperature and salinity combinations similar to those
used in the present study to evaluate their temperature and salinity adaptations. They demonstrated
that higher larval survival was achieved at around 26°C in all species, and only C. leucosticta larvae
were able to survive to the juvenile stage at the lower salinity condition of 8.5 ppt. They also found
that C. multidentata larvae exhibited an ability to adapt to a wide range of salinity conditions (17–
34 ppt), and C. typus larvae adapted to the higher salinity condition of 34 ppt better than C.
leucosticta larvae. In the present study, the optimum temperature for larval survival could not be
determined for the amphidromous P. compressa because they achieved the highest survival rates at
the lowest temperature level (approximately 20°C) while showing the higher survival rates at 8.5–
34 ppt salinity (Figs. 1 and 2). Thus, P. compressa larvae adapted to the lower temperature and
wider range of salinity as compared with the amphidromous Caridina species.
Paratya compressa and the three Caridina species commonly occur in southwestern Japan
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(Shokita 1979; Hamano and Hayashi 1992; Suzuki et al. 1993; Ikeda 1999; Usami et al. 2008; Saito
et al. 2012), and the occurrence of ovigerous P. compressa females begins and terminates earlier in
the annual reproductive season of the atyid shrimps extending from spring to summer or early
autumn (Shokita 1979; K. Hamasaki, unpublished data). Therefore, P. compressa larvae may adapt
to the lower temperature conditions at around 15°C in the sea (Japan Meteorological Agency 2021)
during the early hatching season among the atyid shrimp species.
Larvae of amphidromous shrimps develop in the brackish waters of estuaries and coastal bays
or in the open sea (Shokita 1979; Hayashi and Hamamo 1984; Ideguchi et al. 2000 2007; Hamano
et al. 2005; Bauer 2013; Yatsuya et al. 2013). It has been suggested that amphidromous Caridina
species requiring lower salinities for larval development exhibit restricted larval dispersal, resulting
in a genetically heterogenous population structure, and vice versa (Fujita et al. 2016; Kondo et al.
2021). Paratya compressa larvae are expected to have wide sea dispersion because of their
adaptations to wider range of salinity conditions. This is also inferred from the larval feeding habit
(Hamasaki et al. 2020a). Paratya compressa larvae could survive and develop into the juvenile
stage under poor feeding conditions compared with those of the Caridina species (Hamasaki et al.
2020a b), thus enabling wide larval dispersion in oligotrophic environments in coastal and offshore
sea (Hamasaki et al. 2020a). Paratya compressa is distributed in the North Pacific from southern
islands in the Ryukyu Archipelago, Japan (24°N, 123°E), in the southwestern region of mainland
Japan throughout the Korean Peninsula, to the Russian mainland coast of the Sea of Japan (43°N,
133°E) (Shokita 1979; Ikeda 1999; Marin 2018). Allozyme studies demonstrate a genetically
homogenous population structure of P. compressa throughout western Japan (Ikeda 1999) and
Russian and Japanese samples of P. compressa have been found to have a very small pairwise
genetic distance in the mitochondrial DNA cytochrome c oxidase subunit I (mtDNA COI) gene
(Marin 2018), suggesting the wide larval dispersion in the sea connecting the populations. On the
one hand, analyses of both the allozyme and mtDNA COI gene suggest the existence of a
genetically distinct P. compressa population in the Ryukyu Archipelago (Ikeda 1999; Marin 2018).
The Kuroshio Current plays an important role in transferring larvae of southern marine organisms
from warmer to cooler latitudes through the Ryukyu Archipelago (24–30°N, 123–131°E) in the
northwestern Pacific region (Veron and Minchin 1992; Iida et al. 2010; Soeparno et al. 2012; He et
al. 2015; Chang et al. 2018; Sanda et al. 2019). Paratya compressa larvae adapt to lower
temperature conditions, and their survival rates may decrease greatly at offshore salinity (34 ppt)
when the temperature conditions are higher (Fig. 1A). Therefore, subtropical/tropical ocean climate
in the Ryukyu Archipelago (Nishimura 1992) may restrict the northward ocean dispersal of P.
compressa larvae.

Zoological Studies 60:45 (2021)

(early view version)

Larval adaptations to freshwater habitats in P. improvisa
Paratya improvisa larvae exhibited higher survival rates at wider range of temperature
conditions compared with P. compressa larvae (Fig. 1). Temperature may largely fluctuate in
various freshwater systems where P. improvisa larvae may develop, and a wide range of
temperature measurements ranging from 15–31°C were recorded during spring and summer in
natural habitats where P. improvisa larvae were collected (Imai 2006 2014). Thus, P. improvisa
larvae adapt to a wider range of temperatures in natural freshwater environments.
The faster development and settlement behaviours exhibited by morphologically advanced
non-feeding or facultatively lecithotrophic larvae of landlocked shrimps are considered adaptations
that allow them to stay in or near parental habitats in flowing waters (Shokita 1979; Mashiko 1982
1990a; Dudgeon 1985; Wong 1989; Hancock 1998; Hancock et al. 1998). We previously reported
the larger hatching size and shorter developmental duration P. improvisa larvae compared to P.
compressa larvae, and we also noted the larval settlement behaviour beginning with the early zoeal
stage in P. improvisa under limited conditions of temperature and salinity (26°C and 17 ppt)
(Hamasaki et al. 2020a). The present study demonstrated that larval duration was shorter in P.
improvisa than in P. compressa under a wide range of temperature and salinity conditions (20–29°C
and 4.5–25.5 ppt) (Fig. 3). The larger body size (carapace length) of stage 1 zoeae was more evident
in P. improvisa (0.7 mm) than in P. compressa (0.3 mm), and the larval settlement behaviour was
observed from the early zoeal stage. The present study thus further highlight strategies that
landlocked P. improvisa larvae use to stay in or near parental habitats. Larval growth was negatively
influenced from temperature in both Paratya species (Table 1), but intra- and interspecific
variations in the carapace length of juveniles were small (Fig. 4), suggesting the existence of a
threshold size in Paratya species juveniles.
Larvae, which include all the zoeal stages and juveniles of P. improvisa, are found in
freshwater environments (Yokoya 1931; Imai 2006 2014). Nevertheless, P. improvisa larvae have
the ability for survival and development to the juvenile stage in saline waters, excluding the higher
salinity conditions (Fig. 1). A similar phenomenon has been observed among landlocked shrimps
belonging to the family Palaemonidae Rafinesque 1815, such as Macrobrachium nipponense (De
Haan 1849) (Ogasawara et al. 1979; Imai et al. 2001), Macrobrachium pantanalense Dos Santos,
Hayd & Anger 2013 (Anger and Hayd 2010; Charmantier and Anger 2011), and Palaemon
paucidens De Haan, 1844 (Mashiko 1990b; Fidhiany et al. 1991). In these landlocked shrimps,
larvae show higher survival rates when reared in brackish waters rather than in pure freshwater.
This may be also the case for P. improvisa, since the larvae could survive to the juvenile stage only
at 8.5 ppt salinity under high temperature conditions of 32.9°C (Fig. 1). The energetic cost for
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hyper-osmoregulation might be related to the lower survival rate of landlocked shrimp larvae in
freshwater than in brackish water (Mashiko 1990b; Anger 2001 2003).
In P. improvisa populations inhabiting the lower reaches of rivers, larvae may be accidentally
swept away with floodwaters into the sea. They would be able to survive and develop to the
juvenile stage in brackish water and may recruit to populations in different freshwater bodies. Ikeda
(1999) suggests that P. improvisa consists of many local populations showing highly genetic
differentiation. Consequently, larval retention strategies of P. improvisa may perform well to
complete an entire freshwater life cycle within the local population.

CONCLUSIONS
Our larval culture experiments highlight that temperature and salinity differentially affect the
larval performance of amphidromous and landlocked atyid shrimp species. Larvae of
amphidromous P. compressa adapt to conditions with lower temperature and wider ranges of
salinity. Larvae of landlocked P. improvisa adapt to a wider temperature range and lose the ability to
survive to the juvenile stage at higher salinity conditions. It is considered that these larval traits
affect the population connectivity via larval dispersal in the sea in P. compressa, and they are
adaptations to freshwater environments in P. improvisa. Larval temperature and salinity adaptations
are thus important ecological keys to understand life history traits in atyid shrimp species.
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Supplementary materials
Fig. S1. Changes in the survival rate (circles) and cumulative moulting rate (triangles) to the
juvenile stage in relation to days after hatching of Paratya compressa larvae. Larvae were reared in
water with five salinity levels (4.25, 8.5, 17, 25.5, and 34 ppt) at five different temperatures (mean
values): 19.9°C (A), 23.0°C (B), 26.0°C (C), 29.5°C (D), and 33.3°C (E). Larval rearing was
terminated when all the surviving larvae had moulted to the juvenile stage. The survival rate was
defined as: (number of survivors at the designated days after hatching)/(number of initial larvae) ×
100. Cumulative moulting rate to the juvenile stage was defined as: (cumulative number of
juveniles at the designated days after hatching)/(number of initial larvae) × 100. (download)
Fig. S2. Changes in the survival rate (circles) and cumulative moulting rate (triangles) to the
juvenile stage in relation to days after hatching of Paratya improvisa larvae. Larvae were reared in
water with five salinity levels (4.25, 8.5, 17, 25.5, and 34 ppt) at five different temperatures (mean
values): 20.5°C (A), 23.5°C (B), 26.9°C (C), 29.8°C (D), and 32.9°C (E). Larval rearing was
terminated when all the surviving larvae had moulted to the juvenile stage. The survival rate was
defined as: (number of survivors at the designated days after hatching)/(number of initial larvae) ×
100. Cumulative moulting rate to the juvenile stage was defined as: (cumulative number of
juveniles at the designated days after hatching)/(number of initial larvae) × 100. (download)
Table S1. Coefficient estimates with standard errors (SE) for the explanatory variables in the generalised
linear model (GLM) or linear model (LM) to evaluate the effects of temperature (T) and salinity (S) on larval
survival (alive or not) and duration to reach the juvenile stage (days), and carapace length (mm) of juveniles
of Paratya compressa. Four models were applied in the binomial- and Poisson-GLM analyses for larval
survival and larval duration, respectively, and those in the LM analysis for the carapace length: model 1, y ~ T
+ S + T2 + S2 + T × S; model 2, y ~ T + S + T2 + S2; model 3, y ~ T + S + T × S; and model 4, y ~ T + S. The
Bayesian information criterion (BIC) was calculated for each model to select the best model with the minimum
BIC. The bold BIC value was the minimum among those of four models. (download)
Table S2. Coefficient estimates with standard errors (SE) for the explanatory variables in the generalised
linear model (GLM) or linear model (LM) to evaluate the effects of temperature (T) and salinity (S) on larval
survival (alive or not) and duration to reach the juvenile stage (days), and carapace length (mm) of juveniles
of Paratya improvisa. Four models were applied in the binomial- and Poisson-GLM analyses for larval
survival and larval duration, respectively, and those in the LM analysis for the carapace length: model 1, y ~ T
+ S + T2 + S2 + T × S; model 2, y ~ T + S + T2 + S2; model 3, y ~ T + S + T × S; and model 4, y ~ T + S. The
Bayesian information criterion (BIC) was calculated for each model to select the best model with the minimum
BIC. The bold BIC value was the minimum among those of four models. (download)

