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15 days post-metamorphosis) and CR (15 days post-met-
amorphosis) were not different from the control treatment 
with an average value of 1.7 (×10−2 mg O2 h

−1 juv−1) and 
0.07 (L h−1 juv−1) for OCR and CR at 15 days post-meta-
morphosis, respectively. Also there was no effect on juve-
nile growth rate. This study shows that short hyposaline 
events suffered by early veligers of C. peruviana can cause 
reduced size at metamorphosis and potentially reduce juve-
nile survival, factors that could affect the fitness of future 
adult populations.

Introduction

Marine invertebrates living in estuaries or intertidal coastal 
or shallow subtidal areas may experience frequent and sig-
nificant fluctuations in environmental conditions (Stickle 
and Denoux 1976; Underwood 1979; Qiu and Qian 1999; 
Kemp 2009; Amado et al. 2011; Allen et al. 2012). The 
early developmental stages of the organisms are often con-
sidered to be the most vulnerable part of the life cycle, and 
their distribution, behavior, and survival are particularly 
influenced by declines in environmental salinity (Berger 
and Kharazova 1997; Spicer and Strömberg 2003; Torres 
et al. 2006; Sameoto and Metaxas 2008; Bodinier et al. 
2009). However, the impact of low-salinity exposure may 
not be immediate: Exposure to unfavorable environmental 
conditions during early ontogeny may negatively affect the 
subsequent performance and fitness of newly settled juve-
niles (Qiu and Qian 1999; Anger 2006; Giménez 2006; 
Thiyagarajan et al. 2007; Chiu et al. 2008; Li and Chiu 
2013; Simith et al. 2013; reviewed by Pechenik 2006).

Exposure to sublethal environmental stresses (e.g., tem-
perature, salinity, or insufficient food or oxygen) in the 
early stages of development may delay metamorphosis 

Abstract Intertidal environments experience low salin-
ity during heavy rainfall, creating stressful conditions for 
organisms, including invertebrate pelagic larvae, which 
can affect post-metamorphic development. Salinity in tide 
pools was monitored at low tide during a rainfall event in 
November 2013 at Puerto Montt, southern Chile. Water 
samples were taken to identify the presence and size 
of veligers of the gastropod Crepipatella peruviana. In 
addition, newly hatched veligers were exposed to differ-
ent salinities [32 (control), 25, 20, and 15] in the labora-
tory for 6 h and then cultured at the control salinity until 
metamorphosis. Shell length (SL), oxygen consumption 
(OCR) and clearance (CR) rates of juveniles, and survival 
and growth in the first 2 weeks post-metamorphosis were 
quantified. The salinity of tide pools decreased to ten dur-
ing heavy rains and yet contained an abundance of liv-
ing veliger larvae; more than 85 % of the C. peruviana 
veligers collected had a SL ≤400 µm, which implies that 
they had only recently hatched. Exposing early veligers to 
low salinities (15 and 20) decreased size at metamorphosis 
and early juvenile survival by approximately 10 and 20 %, 
respectively. Also, the CR was lower at 5 days post-meta-
morphosis, decreasing by 30 % in individuals that had been 
exposed to salinity 15 as larvae. However, the OCR (5 and 
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(Zimmerman and Pechenik 1991; Wendt 1996; Gimé-
nez 2002; Marshall et al. 2003; Diederich et al. 2011), 
depleting energy reserves as pelagic life is prolonged (Li 
and Chiu 2013). Moreover, gastropod veligers exposed to 
reduced salinity may experience negative effects on mor-
phology and physiology (e.g., altered velum area, clear-
ance, and oxygen consumption rates during their pelagic 
development), resulting in smaller sizes at metamorphosis 
(Montory et al. 2014a). Exposure to environmental stress 
during early development may also interfere with gill 
development and function in juveniles (Pechenik 2006), 
which can compromise detoxification and physiological 
performance, including clearance rate and oxygen con-
sumption (Choi et al. 2007; Chiu et al. 2007; Raftopoulou 
and Dimitriadis 2011; Li and Chiu 2013; Chaparro et al. 
2014), and later even reduce juvenile survival (Qian and 
Pechenik 1998; Qiu and Qian 1999; Pechenik et al. 2001; 
Cebrian and Uriz 2007; Onitsuka et al. 2010) and growth 
rates (Phillips 2002; Chiu et al. 2007; Onitsuka et al. 2010; 
Li and Chiu 2013). However, the post-metamorphic impact 
of short-term exposure of larvae to reduced salinity has 
been little studied.

The gastropod Crepipatella peruviana (previously Cre-
pipatella fecunda, Veliz et al. 2012) is common in intertidal 
and shallow subtidal areas along the southern Chilean coast 
(Gallardo and Penchaszadeh 2001; Chaparro et al. 2005). 
Females reproduce almost year round, although the high-
est percentage of brooding females was recorded between 
August and April (Chaparro et al. 2005); this coincides 
with stochastic strong rain events characteristic of southern 
Chile (http://164.77.222.61/climatologia/). Females brood 
their cluster of egg capsules in the mantle cavity, beneath 
the shell (Collin 2003; Mardones et al. 2013). Intracapsu-
lar development lasts for approximately 4 weeks (Chap-
arro et al. 2005), followed by the release of veligers at shell 
length (SL) of approximately 350 ± 40 µm (mean ± SD) 
(Gallardo 1979); veligers then continue their development 
in the plankton for about 15 days before settlement and 
metamorphosis (Chaparro et al. 2005).

Rapid decreases in environmental salinity due to heavy 
rainfall are common in the intertidal tide pools and in 
the shallow subtidal places where adults of C. peruviana 
abound in southern Chile. Under normal conditions, the 
newly hatched veligers of C. peruviana can move vertically 
across salinity discontinuities in the water column, which 
may help them to avoid exposure to low environmental 
salinity (Montory et al. 2014b). However, in shallow tide 
pools, the combination of heavy precipitation and local 
winds may decrease and homogenize the salinity of the 
surrounding water. Veligers that hatch during low tide, or 
those that have been trapped in these tidal pools at low tide 
could then be fully exposed to low environmental salinity 
for up to 6 h in southern Chile. Moreover, in our study area 

of Puerto Montt, salinities <24 have often been reported 
in well-mixed, shallow waters (Iriarte et al. 2007; Barria 
et al. 2012), implying that all larval stages could some-
times experience low salinities even without being trapped 
in a tidal pool. Exposure to low ambient salinity could, 
in extreme situations, kill individuals (Roller and Stickle 
1985; Génio et al. 2008; Montory et al. 2014b) or cause 
sublethal stresses in the veligers that may produce subse-
quent (“latent”) effects after metamorphosis (reviewed by 
Pechenik 2006).

Although this species is an important member of coastal 
communities (Gallardo 1979), little is known about its 
salinity tolerance during early development or the potential 
for associated latent effects. Diederich et al. (2011) found 
that exposing larvae of C. peruviana to a salinity of 15 for 
12–48 h dramatically decreased subsequent larval survival. 
That study also found that larvae survived single exposures 
of 12–24 h to salinity of 20 but subsequently took longer 
to become competent to metamorphose. Such situations 
could significantly affect juvenile fitness and thus the pop-
ulation dynamics of the species. In the present study, we 
documented the salinity levels reached in a variety of local 
tide pools during heavy rains, and the presence and sizes of 
C. peruviana veligers sampled from those tide pools. We 
also assessed the impact of single, short-term exposures 
to reduced salinity on newly hatched veligers of C. peru-
viana in the laboratory, quantifying the subsequent impact 
on size at metamorphosis and juvenile survival, physiology 
(rates of oxygen consumption and particle clearance), and 
growth.

Materials and methods

The presence of veligers of C. peruviana 
and environmental salinity in tidal pools

Seven tide pools were selected in a coastal area supporting 
a large intertidal and subtidal population of C. peruviana 
(Pelluco beach, Puerto Montt, Chile; 41°28′S, 72°56′W). 
The study area included the highest tide pools that could be 
found which contained adults of this species (>50 females 
in each tidal pool). During our spring sampling period 
(November 2013), a high percentage of the sampled C. 
peruviana females (>70 %) were likely brooding (Chaparro 
et al. 2005). Salinity was measured in each of the seven 
tidal pools being monitored once each hour using an ISI 
multiparameter sensor, until the areas were again covered 
by the rising tide. All tide pools were sampled on 1 day 
during a period of heavy rainfall at low tide, from outgo-
ing high tide to low tide, and back to high tide (November 
2013), to determine the presence of C. peruviana veligers. 
Three seawater samples (5 L each) were filtered from each 
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pool through a plankton net with a mesh size of 120 µm. 
The zooplankton on the mesh were transferred to a plas-
tic bottle with 450 mL of filtered seawater (three replicate 
aquaria for larvae from each tidal pool) and immediately 
brought to the laboratory. There they were examined at 
20× using an Olympus BX41 stereomicroscope to identify 
the presence of C. peruviana veligers. Larvae were identi-
fied by comparison with larvae cultured in the laboratory 
and from the descriptions of Chaparro et al. (2002).

Twenty C. peruviana veligers were haphazardly taken 
from each sample (SL range 300–500 µm) and photo-
graphed using a stereomicroscope to which a Micropub-
lisher 5.0 camera was attached. A small graduated ruler 
was included in each photograph as a size reference; 
veliger SLs were later determined using Scion Image Pro 
image analysis software.

Obtaining larvae for experimental treatments

Between February and March 2013, 200 adult (SL 
35–45 mm) C. peruviana were collected from Pelluco 
beach, Puerto Montt, and brought to the laboratory. The 
specimens were kept in aquaria containing 100-µm filtered 
seawater at salinity 32, 14 °C and with constant aeration. 
The temperature and salinity were similar to those of sea-
water from the area of Puerto Montt where the larvae were 
collected (temperature range for the upper 2 m: 13–15 °C 
spring and summer, Iriarte et al. 2007; Barria et al. 2012). 
Each day, natural food was supplemented with laboratory 
cultures of the microalga Isochrysis galbana. Periodically, 
all larvae (mean SL 350 ± 40 µm, Chaparro et al. 2005) 
that had hatched during the previous 12 h were retained on 
Nitex mesh for use in the experiments described below.

Early veligers exposed to low salinity

Glass aquaria (500 mL each with four replicates per treat-
ment) were filled with 0.5-µm filtered seawater, 14 °C, 
with the following levels of salinity obtained by adding 
distilled water: 32 (control), 25, 20, and 15. Two hundred 
newly hatched veligers were collected within 12 h of their 
emergence from the parental brood chambers and were 
then assigned to each replicate haphazardly; these veligers 
may have hatched from more than one mother. The veligers 
were stressed once for 6 h at each salinity and then trans-
ferred to aquaria containing filtered seawater (0.5 µm) at 
14 °C and salinity 32 (control); each aquarium contained 
larvae from one replicate of each treatment. During the 
post-stress culture of the veligers, seawater was changed 
every 48 h and larvae were fed daily with the microalga I. 
galbana (50 × 103 cells mL−1) until they metamorphosed. 
Metamorphosis was defined as the time when at least 50 % 
of the veligers in a given aquarium lost the larval velum 

and descended to the benthos (Pechenik 1980; 1984). Lar-
vae exposed to salinities of 20 and 15 took 2–4 days longer 
to metamorphose than those at 32 (Montory et al. 2014a).

Size at metamorphosis and juvenile survival

Newly metamorphosed juveniles (maximum 12 h post-
metamorphosis) were photographed at 20× magnification 
using an inverted microscope Olympus BX41. A calibrat-
ing ruler was photographed at the same time, to be used as 
a reference for size determinations. The photographs were 
processed using Scion Image Pro image analysis software, 
which allowed us to estimate juvenile shell sizes.

The effect of the previous 6-h salinity stress on juvenile 
survival was determined over the next 2 weeks using 120 
juveniles from each salinity (30 from each of the four rep-
licate aquaria). Juveniles were kept separate according to 
the salinity treatment that had been received. Every day, 
the seawater in each aquarium (filtered 0.5 µm, salinity 32, 
14 °C) was replaced, and juveniles were fed with I. gal-
bana at 5 × 104 cells mL−1. Dead juveniles were removed 
and counted daily. This information was used to estimate 
the juvenile survival percentages, comparing the initial 
number in each experimental aquarium (30 individuals per 
tank) with the number of juveniles remaining 2 weeks after 
metamorphosis.

Juvenile physiology (OCR and CR) and growth (GR)

Oxygen consumption rate (OCR)

To determine whether the stress experienced by larvae 
influenced post-metamorphic OCR, in December 2013, a 
total of 24 aquaria (450 mL of filtered seawater in each) 
were prepared with different salinities [32 (control), 25, 
20, and 15], with 6 replicates for each salinity. Newly 
hatched veligers were stressed for 6 h and then reared at 
control salinity (30) through metamorphosis, as previ-
ously described. Five days after metamorphosis, 3 juve-
niles were collected from each of the 24 aquaria and intro-
duced into hermetic syringes (3 juveniles per syringe). The 
syringes were filled with 3 mL of 0.5 µm filtered seawater 
(salinity 32) that had been previously saturated with oxy-
gen by continuous aeration. Syringes were kept in a ther-
moregulated bath at 14 °C. As controls, we used a set of 
three aquaria with the conditions described, but without 
juveniles. Through the tip of each syringe, we inserted a 
Microx TX oxygen sensor (diameter 150 µm), with which 
we determined dissolved oxygen content at time 0 and after 
2–4 h. We then used this information to calculate individual 
rates of oxygen consumption. At 15 days post-metamor-
phosis, OCRs were again quantified, following the same 
procedures.
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Clearance rate (CR)

To determine whether salinity stress experienced by larvae 
could influence post-metamorphic rates of particle capture, 
during December 2013, newly hatched larvae were stressed 
and grown to metamorphosis following the methodology 
previously described. After obtaining the juveniles, we 
measured CR at 5 and 15 days post-metamorphosis. We 
placed 2 juveniles into each of 24 syringes (6 replicates 
per salinity treatment) and then added 10 mL of prefiltered 
(0.5 µm) seawater (salinity 32) containing the microalga I. 
galbana at an initial concentration of 5 × 104 cells mL−1. 
As controls, we set up 3 more syringes with the preparation 
described but without juveniles, to account for any sedi-
mentation or cell replication. After 2 h of juvenile feeding, 
the final microalgal cell concentration was quantified for 
each syringe using a Beckman Coulter Z2 electronic parti-
cle counter. CR was then calculated following the method-
ology of Coughlan (1969).

Juvenile SL and growth rate (GR)

Within 12 h of their metamorphosis, five juveniles were 
collected from each of the 24 previously described experi-
mental aquaria and fixed with ethanol (95 %) for later SL 
measurements. At 15 days post-metamorphosis, another 5 
juveniles from each aquarium were also fixed with etha-
nol (95 %). From those two groups of juveniles (those col-
lected at 12 h after metamorphosis and those at 15 days 
post-hatching), images were obtained using an optical 
microscope coupled with a Micropublisher 5.0 camera. The 
images were processed with an image analysis program 
from which juvenile SL was estimated. This information 
was used to estimate the impact of larval exposure to salin-
ity stress on daily juvenile GR. This was quantified from 
the difference in SL between newly metamorphosed juve-
niles and 2-week old juveniles, divided by the number of 
days.

Standardization of variables

The physiological measurements of OCR and CR were 
standardized to an individual of 1.02 and 1.82 mm SL for 
juveniles at 5 and 15 days post-metamorphosis, respec-
tively, these sizes representing the mean SL of experimen-
tal juveniles at 5 and 15 days post-metamorphosis. For 
standardization of the OCR and CR, we used the equation 
of Bayne et al. (1987), modified for SL:

where Ys is the physiological rate for an individual of 
standardized SL, Ws is the standard organism SL, We is 
the observed organism SL, Ye is the uncorrected measured 

Ys = (Ws/We)
b
× Ye

physiological rate, and b is the SL exponent. The SL expo-
nents for OCR at 5 and 15 days were 1.89 and 2.54 mm, 
respectively, and for CR at 5 and 15 days were 1.90 and 
2.66 mm, respectively.

Statistical analysis

Normality and homogeneity of variance of the data were 
verified. When the data were heterogeneous, they were nor-
malized by square-root transformation or using the recipro-
cal of the value before further analysis (Underwood 1997). 
We used one-way ANOVA to examine the latent effects 
following the exposure of veligers to short-term salinity 
stress, considering the following response variables: SL at 
metamorphosis, growth rate, survival, oxygen consump-
tion, clearance rate and SL of C. peruviana juveniles. In 
addition, we used repeated-measures ANOVA to examine 
changes in environmental salinity in the tidal pools dur-
ing the 6-h period of low tide. When significant differences 
between treatments were identified, a posteriori Tukey tests 
were used to identify the source of those differences. In all 
analyses, we used a significance level of 0.05 (Underwood 
1997).

Results

The presence of C. peruviana veligers 
and environmental salinity in tidal pools

We found veligers of C. peruviana in all 7 of the sampled 
tide pools. The average concentration of larvae in each tidal 
pool was 1.71 (±0.5 = SD) veligers * 100 mL−1. More 
than 85 % of C. peruviana veligers that were collected 
from the tide pools were <400 µm in SL (Fig. 1), a size cor-
responding to that of newly hatched larvae (Chaparro et al. 
2005).

The salinity in the tidal pools during their exposure 
to heavy rain at low tide declined significantly over the 
6-h recording period (repeated-measures ANOVA: F(7, 

34) = 56.8; p = 0.002, Fig. 2), reaching a mean minimum 
value of 10 (±6 = SD) after only 4 h of exposure (Fig. 2).

Size at metamorphosis and juvenile survival

The mean SL of newly metamorphosed juveniles was about 
7 % lower (one-way ANOVA: F(3,12) = 103.4; p = 0.002, 
Table 1) for individuals derived from veligers that had been 
exposed for 6 h to salinities of 15 and 20 earlier in their 
development. On the other hand, the mean SL of newly 
metamorphosed individuals exposed as larvae to salinity 
25 did not differ significantly from that of control juveniles 
(Table 1).
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The juveniles resulting from larvae that had been pre-
viously exposed to salinities of 15 and 20 showed signifi-
cantly lower survival compared with those of control juve-
niles (32); indeed, the survival of juveniles that had been 
exposed to low salinity (15 or 20) as larvae was ~40 % 
less than the survival of nonstressed individuals (one-way 
ANOVA: F(3,12) = 154.8; p = 0.001; Table 1). In contrast, 
exposing larvae to a salinity of 25 for 6 h had no significant 
effect on juvenile survival compared with that of the con-
trols (Table 1).

Physiology (OCR and CR) and growth (GR) 
of juveniles

OCR and CR of juveniles: At 5 days post-metamorpho-
sis, the mean OCR of the standard juvenile was not sig-
nificantly affected by larval salinity treatment (one-way 
ANOVA: F(3,20) = 1.485; p = 0.249, Fig. 3a). Larval 
exposure to different salinities (15, 20, or 25) had no sig-
nificant impact on mean juvenile OCR at day 15 (one-way 
ANOVA: F(3,20) = 2.031; p = 0.249, Fig. 3b).

At 5 days post-metamorphosis, SL-standardized con-
trol juveniles had a CR that was 41 % higher than that of 
individuals previously exposed to the stress of lowest salin-
ity (15) and tested on the same day (one-way ANOVA: 
F(3,20) = 11.382; p = 0.001, Fig. 4a). In contrast, stressing 
larvae at salinities of 20 and 25 had no significant effect on 
mean standardized juvenile CR (Fig. 4a). By 15 days post-
metamorphosis, the mean CR was no longer significantly 
lower for juveniles that had been exposed to the low salinity 
of 15 for 6 h as larvae (one-way ANOVA: F(3,20) = 3.297; 
p = 0.05; Fig. 4b).

Juvenile shell size and growth rate (GR): At 15 days 
post-metamorphosis, individuals that had been exposed 
for one 6-h period to a salinity of 15 or 20 as larvae were 
significantly smaller (8 and 6 %, respectively) than control 
individuals (one-way ANOVA: F(3,20) = 442.9; p = 0.003, 
Fig. 5a). Exposing larvae to a salinity of 25 for 6 h had 
no such effect on mean juvenile SL at day 15 (Fig. 5a). 
Surprisingly, mean juvenile growth rates during the first 
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Fig. 1  Crepipatella peruviana. Frequency distribution of veliger SL 
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Table 1  Crepipatella 
peruviana

Influence of brief salinity stress on veliger mean SL (±SD) at metamorphosis (n = 360) and mean juvenile 
survival (±SD) at 15 days post-metamorphosis (n initial = 360). Larvae were exposed to indicate salinity 
for 6 h and then transferred to control salinity (32) for remainder of study. Different superscripts indicate 
significant differences (p < 0.05) between means

Salinity

15 20 25 32 (control)

Mean SL at metamorphosis (µm) 597 ± 20a 608 ± 25a 638 ± 45ab 645 ± 30b

Juvenile survival (%) 37 ± 20a 40 ± 15a 58 ± 12ab 65 ± 20b
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15 days post-metamorphosis were not significantly affected 
by salinity treatment during larval development (one-way 
ANOVA: F(3,20) = 0.972; p = 0.125; Fig. 5b).

Discussion

In the present study at our field site in southern Chile, salin-
ity decreased in the tide pools from 32 to 10, 4 h after the 
tide started to ebb during a period of heavy rain. Similarly, 
Amado et al. (2011) reported dramatic fluctuations in the 
salinity of the water retained in tidal pools during low tide 
at Itapema do Norte Beach, Santa Catarina State, southern 
Brazil, especially at times of heavy rainfall, with salinity 
falling as low as 12. Also in southern Chile, salinities in 
well-mixed, shallow waters of Pelluco beach, Puerto Montt 

are often <24 (Iriarte et al. 2007; Barria et al. 2012) so that 
planktonic larval stages would sometimes experience low 
salinities. Clearly, individuals trapped in tidal pools during 
periods of rain can temporarily face situations of very low 
salinity until the tide rises again. Within these same tide 
pools, we found a large number of veligers of C. peruvi-
ana, over 85 % of which had SL <400 µm, indicating that 
they had only recently emerged from the egg capsules 
brooded by their mothers (Chaparro et al. 2005). Larvae 
of this species develop in the plankton for about 15 days 
(Chaparro et al. 2005; Montory et al. 2014a), so that most 
of the more advanced veligers probably leave the intertidal 
area at the first high tide after hatching. In deeper water, 
veligers of C. peruviana can migrate into the water column 
in search of higher salinities (salinity 30–32) to avoid low-
salinity stress (Montory et al. 2014b). An ability of larvae 
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to preferentially aggregate in the water column in the area 
of high salinity has also been described for veligers of Spi-
sula solidissima, Mulinia lateralis, and Rangia cuneata 
(Mann et al. 1991). However, in the tide pools sampled in 
the present study, the water was only 10–15 cm deep and 
the actions of rain and wind prevented stratification; thus, 
in this case, the veligers could not avoid being exposed to 
low-salinity stress through vertical swimming. This study 
thus confirms that in nature, early veligers of C. peruviana 
may be routinely exposed to low-salinity stress during peri-
ods of heavy rain, a situation that can potentially lead to 
latent effects following metamorphosis.

Latent effects on juveniles and adults can result from a 
number of stressful situations (including delayed metamor-
phosis, nutritional stress, salinity stress, hypoxia, and expo-
sure to pollutants or predators) experienced during early 
development (reviewed by Pechenik 2006). These effects 
have now been recorded for a number of species in a variety 

of taxa, including both vertebrate and invertebrate groups 
(Handy 1994; Pechenik et al. 1998; Relyea and Hoverman 
2003; Pechenik 2006; Chiu et al. 2007; 2008; Goodman 
2008; Diederich et al. 2011; Li and Chiu 2013; Chaparro 
et al. 2014). In the present study, unstressed control veligers 
metamorphosed at a mean SL of 640 (±32) µm, which 
was similar to values reported by Chaparro et al. (2005; 
633 ± 26 µm) and Montory et al. (2014b; 650 ± 27 µm) 
for the same species. However, after the newly hatched C. 
peruviana veligers were exposed to low-salinity stress (15 
and 20) for 6 h, they metamorphosed some days later at a 
smaller mean SL than individuals from the control treat-
ment. Latent effects of stress on SL at metamorphosis have 
already been described for some bryozoans and sponges 
(Wendt 1996; Maldonado and Young 1999). The smaller 
SL of these newly metamorphosed juveniles would likely 
increase vulnerability to predators (Spight 1976; Pechenik 
2006; Montory et al. 2014a). In nature, this could increase 
mortality and reduce overall juvenile fitness (Spight 1976; 
Rivest 1983; Wendt 1996; Gosselin and Qian 1997; Hunt 
and Scheibling 1997; Gebauer et al. 1999, 2003; Chaparro 
et al. 2014), something that could be examined in future 
studies. The cause of the smaller SL at metamorphosis 
in C. peruviana is not clear. Pechenik et al. (1996) have 
shown that the onset of competence in Crepidula fornicata 
is not controlled by rates of growth; indeed, in their studies, 
larvae attained metamorphic competence even while being 
starved, and not growing at all.

Latent effects of larval experience on juvenile survival 
have been identified in various organisms from a variety of 
taxa, such as Annelida (Hydroides elegans, Qian and Pech-
enik 1998; Capitella sp. I, Pechenik et al. 2001), Arthrop-
oda (Balanus amphitrite amphitrite, Qiu and Qian 1999), 
Porifera (Crambe crambe and Scopalina lophyropoda, 
Cebrian and Uriz 2007), and Mollusca (Crepidula forni-
cata, Pechenik et al. 2001; Crepidula fornicata, Bashevkin 
and Pechenik 2015; Haliotis diversicolor, Onitsuka et al. 
2010; Crepidula onyx, Li and Chiu 2013; Crepipatella dila-
tata, Segura et al. 2014; Mytilus galloprovincialis, Phillips 
2002, 2004). In the present study, juveniles of C. peruviana 
that had been stressed as larvae for 6 h at a salinity of 15 
or 20 had an ~40 % lower survival by 15 days post-meta-
morphosis than control juveniles. In comparison with other 
calyptraeid gastropods that have been so far examined, C. 
peruviana has an especially low tolerance of reduced salin-
ity. Diederich et al. (2011) showed that veligers from C. 
peruviana that were stressed at a salinity of 15 for 12 h and 
then returned to control salinity suffered substantial mortal-
ity during the subsequent 8 days of laboratory culture. The 
cause of the elevated mortality seen in juveniles of C. peru-
viana remains to be determined.

Previous studies with calyptraeids have recorded nega-
tive latent effects on the mean OCR of individuals that were 
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stressed in the early stages of embryonic development (e.g., 
Crepipatella dilatata, Chaparro et al. 2014). In the present 
study, exposing newly hatched C. peruviana veligers to a 
stressful environmental salinity of 15 for just 6 h resulted in 
juveniles with a smaller mean SL at metamorphosis. How-
ever, we could detect no significant impact of prior salin-
ity stress on size-adjusted OCR at 5 and 15 days post-set-
tlement. Nevertheless, juveniles of C. peruviana that were 
previously stressed at salinity of 15 showed a significant 
decrease in their mean size-adjusted CR at 5 days com-
pared with the CRs of individuals that had been exposed 
to any of the higher salinities. This effect on size-adjusted 
CR was not present in juveniles by 15 days post-metamor-
phosis, demonstrating a recovery of filter-feeding capacity 
over the following 10 days. A similar recovery of juveniles 
had been previously recorded by Diederich et al. (2011) for 
Crepidula fornicata, Crepidula onyx, and C. fecunda.

Decreased juvenile feeding rates due to exposure to 
stress during early ontogeny have also been recorded for 
other marine gastropods (Pechenik et al. 2002; Li and 
Chiu 2013; Chaparro et al. 2014). Juveniles resulting from 
individuals that had been exposed to physical stresses 
(decreased pH, decreased dissolved oxygen, increased 
ammonium concentration) as brooded veligers showed 
similarly reduced post-metamorphic CR (e.g., Crepipatella 
dilatata, Chaparro et al. 2014). Previous studies have also 
identified alterations in mean juvenile CR for individuals 
that had suffered hypoxic stress during embryonic devel-
opment (Crepidula onyx, Li and Chiu 2013), or had been 
temporarily food-limited in early pelagic life (Crepidula 
fornicata, Pechenik et al. 2002; Crepidula onyx, Chiu et al. 
2007).

In a variety of invertebrate species, juvenile growth 
rates have been reduced after the organisms were exposed 
to various sorts of stress early in development. This situ-
ation has occurred when larvae were exposed to hypoxia 
(Crepidula onyx, Chiu et al. 2007), lack of food (Hydroides 
elegans, Qian and Pechenik 1998), stress by low salinity 
and elevated cadmium levels (Capitella sp. I and Crepid-
ula fornicata, Pechenik et al. 2001), low temperature and 
salinity (Styela plicata, Thiyagarajan and Qian 2003; Crep-
idula fornicata, Bashevkin and Pechenik 2015), or multiple 
stressors (decrease in oxygen and pH, ammonium increase) 
by female isolation of the brooder incubation chamber 
(Crepipatella dilatata, Chaparro et al. 2014). However, 
although SL at metamorphosis in our experiments was sig-
nificantly affected by short-term salinity stress experienced 
early in larval development, growth rates of C. peruviana 
during the first 15 days of post-metamorphic develop-
ment were not affected, so that the differences in mean SL 
at metamorphosis for the various treatments (larval stress 
at salinities of 15 and 20) persisted even 15 days after 
metamorphosis, with juveniles from the stress treatments 

remaining 10 % smaller on average than control juveniles. 
The absence of effects of salinity stress on juvenile growth 
rate is consistent with the findings of Diederich et al. (2011) 
for juveniles of Crepidula onyx, Crepidula fornicata, and 
C. fecunda (=C. peruviana) that had been stressed as lar-
vae for 12–48 h. The absence of effects on juvenile growth 
rate in our experiments could reflect genotype-specific dif-
ferential juvenile survival (Rodhes-Ondi and Turner 2010). 
However, exposing the larvae of C. fornicata to reduced 
salinity for all of larval development did produce latent 
effects on juvenile growth in some experiments conducted 
by Bashevkin and Pechenik (2015); the physiological 
basis for those effects remains to be explored. In the pre-
sent research, the lack of effects on juvenile growth rates, 
despite a significant decrease in clearance rates in the juve-
niles of C. peruviana during the first 5 days after settlement, 
may reflect the fact that newly metamorphosed juveniles 
of this species use their radula as the primary food collec-
tion mechanism, rather than the gill (Navarro and Chap-
arro 2002; Montiel et al. 2005). By using the radula, the 
most stressed individuals may still have been able to get the 
energy needed to maintain equivalent growth rates in rela-
tion to early juveniles from all the other treatments, despite 
potentially compromised gill function. However, feeding 
by radular activity in this species starts to decline in impor-
tance 10 days after metamorphosis, with the gill assuming 
a more active role in food collection (Montiel et al. 2005). 
Whether low-salinity exposure during early larval develop-
ment affects the radular grazing ability of early juveniles 
is something that could be looked at in future studies. It is 
unclear why some stressors experienced as embryos or lar-
vae lead to pronounced latent effects, while other stressors 
do not (Diederich et al. 2011), in part because the mecha-
nisms responsible for causing these effects are not yet fully 
known (Pechenik 2006).

In summary, when newly hatched veligers of C. peruvi-
ana were exposed to the stress of low salinity for only 6 h, 
juvenile survival was reduced, and negative effects were 
also seen on SL at metamorphosis, which would probably 
also lead to increased juvenile mortality in the field. Also, 
although lower CRs were identified in 5-day juveniles 
derived from larvae that experienced the lowest salinity, 
filter-feeding capacity had recovered 10 days later. Future 
studies on C. peruviana and related species should consider 
the potential impact of the latent effects on vulnerability 
to predation, time of maturation, and adult fecundity and 
reproductive success to determine the potential impact of 
short-term salinity stress on population dynamics.
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