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Sea surface temperatures have been rising and are predicted to continue rising in coming years because of global
warming. In addition, salinity has been decreasing in high latitudes and is expected to continue decreasing due to
altered precipitation patterns and glacial melting caused by climate change. Many marine organisms that are
adapted to the present conditions may be drastically affected by these oceanic changes. Early life stages (larvae
and juveniles) should be especially susceptible, since they do not yet have the fully developedmorphological de-
fenses of adults. This study investigated the effects of reduced salinity (20 compared to a control of 30) and al-
tered temperature (15, 20, 25, and 29 °C) on the growth, percent inorganic content (representing shell
calcification), and feeding rates of larvae and juveniles of the widespread coastal snail Crepidula fornicata. Both
larval and juvenile growth rateswere significantly depressed at low salinity and lower temperatures. In addition,
the salinity that snails were exposed to as larvae significantly impacted their juvenile growth rates in 4 out of 6
treatments, an example of latent effects. The magnitude and direction of this effect were strongly impacted by
temperature and parentage. Juvenile feeding rateswere significantly depressed following a rapid change in salin-
ity but then gradually recovered to near initial levels over 3 h. There was little difference in the percent inorganic
content of juveniles but for larvae that had been reared at 20 °C, percent inorganic content was 27% lower for
those reared at a salinity of 20 compared with those reared at 30. In conclusion, the early life stages of
C. fornicata may experience more favorable conditions in a warmer future: growth rates will increase, probably
making larvae and juveniles less vulnerable to size-specific predation. Conversely, in regionswhere salinity is de-
creasing, C. fornicata larvae and juveniles will likely growmore slowly, thereby increasing predation risk by forc-
ing them to spendmore time at more vulnerable smaller sizes. Thus, the future of C. fornicata and their potential
to continue invading new habitats will depend greatly on the specific salinity and temperature conditions they
will be exposed to throughout larval and juvenile development.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Sea surface temperatures have been increasing at the alarming rate
of 0.11 °C per decade since at least 1971 (IPCC, 2013). These rising tem-
peratures have altered precipitation patterns and increased the rate of
glacial melting, causing salinity to decrease in high latitude waters
since the 1950s (IPCC, 2013). While these salinity changes are not
large in magnitude (~0.5 over 50 years along the Eastern US Coast
IPCC, 2013), they could cause the frequency or duration of salinity fluc-
tuations to increase in near-shore ecosystems like estuaries, where even
now salinity can drop by 33–67% in a matter of hours (Chaparro et al.,
2008b; Khangaonkar et al., 2011). These documented changes are
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expected to continue in the future, or worsen, with a potentially large
impact on many marine ecosystems. Species ranges will likely shift
(Harley et al., 2006; Scavia et al., 2002), some species will go extinct
(Thomas et al., 2004), while others will persevere (Moritz and Agudo,
2013), and some invasive species may even do better under the new
conditions (Stachowicz et al., 2002).

The early life stages of marine organisms which lack the fully de-
veloped defenses of the adult (Gosselin and Qian, 1997; Hunt and
Scheibling, 1997) will be especially affected by climate change.
These early life stages have a huge influence on the future distribution
and abundance of adult populations, which are often limited by recruit-
ment, a product of larval supply and juvenile survival (Gosselin and
Qian, 1997; Hunt and Scheibling, 1997; Keough and Downes, 1982).
Both larvae and juveniles are subject to extremely high mortality
rates, reaching as high as 87% over 2 min in ascidian larvae (Olson and
McPherson, 1987) and over 90% for juveniles of a number of species
in the first few days or weeks after metamorphosis (reviewed in
Gosselin and Qian, 1997). With such high background mortality, any
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additional disturbance caused by anthropogenic temperature or salinity
changes could push recruitment below minimum levels required for
population sustainability.

In addition to direct mortality, the non-lethal effects of climate
change could be just as devastating. Juveniles (Paine, 1976; Vermeij,
1972) and possibly larvae (Morgan, 1995; Pechenik, 1999; Rumrill,
1990) are typically more vulnerable to predation and environmental
stresses at the smaller sizes of each life stage; thus, decreased growth
rates may indirectly increase mortality by making larvae and juveniles
spend more time at the more vulnerable smaller sizes and, in the case
of larvae, forcing them to spend more time in the plankton subject to
pelagic predation (Rumrill, 1990). Reduced feeding rates could be a
major driver for reduced growth rates in low salinity since some species
completely seal themselves off by clamping to the substratewhen salin-
ity drops too low (e.g. the gastropod Crepipatella dilatata: Chaparro
et al., 2008a). Also, if larvae spend more time in the plankton their dis-
persal patterns and therefore their chance of ending up in appropriate
habitat would likely be affected, which could reduce the supply of lar-
vae to adult populations (Pechenik, 1999).

Another non-lethal effect of salinity reduction could be reduced shell
calcification in the larvae and juveniles of oysters, gastropods, and other
calcifying species since low salinity seawater, with a lower concentra-
tion of calcium, is known to slow calcification in such calcifying inverte-
brates as adult mussels (Malone and Dodd, 1967) and brittle stars
(Donachy and Watabe, 1986). Therefore, these individuals may take
even longer to fully develop adult defenses, many of which depend on
calcification.

Further complicating the biological response to climate change is
the phenomenon of latent effects, wherein stresses experienced dur-
ing the larval stage impact juvenile performance or growth (Padilla
and Miner, 2006; Pechenik, 2006; Pechenik et al., 1998). Latent ef-
fects have been documented following larval exposure to low food
concentration (the gastropod Crepidula fornicata: Pechenik et al.,
1996a,b), ocean acidification (the oyster Ostrea lurida: Hettinger
et al., 2012), low salinity (the polychaete Capitella teleta: Pechenik
et al., 2001; the barnacle Balanus amphitrite: Thiyagarajan et al., 2007),
copper (the bryozoan Watersipora subtorquata: Ng and Keough, 2003)
and delayed larval metamorphosis (the colonial ascidian Diplosoma
listerianum: Marshall et al., 2003; B. amphitrite: Pechenik et al., 1993;
the bryozoan Bugula stolonifera: Woollacott et al., 1989). Therefore, it
is not sufficient to only consider the conditions directly experienced
by juveniles when attempting to predict their response to environmen-
tal changes; the conditions experienced as larvaemust be considered as
well.

One widespread, calcifying, osmoconforming, marine invertebrate
likely to be affected by climate change is themarine gastropod Crepidula
fornicata. Native to the Eastern U.S. coast, C. fornicata is an extremely
successful invader of Northern Europe, Japan, and Western U.S. coastal
habitats (Blanchard, 1997; Thieltges et al., 2003). Females release free-
swimming, shelled veliger larvae in hatches usually fathered by multi-
ple males (Dupont et al., 2006). The larvae then spend from 7–27 days
in the plankton before settling and metamorphosing (Pechenik, 2006).
This is an ideal species for studying the impact of environmental change
on early life stages since the juveniles and larvae can be reared in the lab
with very lowmortality and once metamorphic competence is reached,
larvae can easily be induced tometamorphose by simply raising the am-
bient concentration of KCl (Pechenik and Gee, 1993; reviewed byHenry
et al., 2010). In addition, by studying the effects of climate change on
this species, researchers may be able to predict how both native and in-
vasive populationswill be affected andwhere C. fornicatawill be able to
invade in the future.

Previous research has demonstrated that C. fornicata juveniles
can separately tolerate salinities as low as 15 and temperatures as
high as 32 °C (Pechenik and Eyster, 1989), while larvae can tolerate
salinity at least as low as 15 (Diederich et al., 2011) and temperatures
up to at least 30 °C (Lucas and Costlow, 1979; Pechenik and Lima,
1984). A number of studies have documented that C. fornicata larvae
grow faster at higher temperatures (Klinzing and Pechenik, 2000;
Lucas and Costlow, 1979; Pechenik, 1984; Pechenik and Heyman,
1987; Pechenik and Lima, 1984) but no studies have investigated the in-
teractive effects of temperature and salinity on the growth of C. fornicata
larvae and juveniles.

Latent effects have been observed in this species in response to larval
nutritional stress (Pechenik et al., 1996a,b), but no latent effects were
found from larval exposure to low salinity stress (Diederich et al.,
2011). In the latter study, Diederich et al. (2011) reared the post-
metamorphic juveniles in stress-free, control salinity conditions. No
studies have investigated the effect of larval exposure to low salinity
on juvenile performance under stressful (low salinity) conditions, or
how this effect may be modulated by temperature.

In molluscs, larval and juvenile growth rates are usually measured
by changes in shell length or total dryweight, assuming a constant rela-
tionship between shell length, shell weight, and tissue biomass. While
previous studies on C. fornicata have investigated the relationship be-
tween biomass and shell length for individuals reared under a particular
set of conditions (Pechenik, 1980; Pechenik and Eyster, 1989), no stud-
ies have considered the effects of environmental factors on relative rates
of shell and tissue growth. Given thedetrimental effects of decreased sa-
linity on calcification, rates of shell mass increase may bemore strongly
affected than those of shell length or tissue biomass. Therefore, this
study also examined the potential impact of temperature and salinity
on the ratio of tissue to shell mass during both larval and juvenile
development.

The following questionswere addressed: 1)What are the interactive
effects of salinity and temperature on C. fornicata larval and juvenile
growth? 2) How does larval exposure to low salinity impact juvenile
growth, and how is this effect modulated by a) the temperature and
b) the salinity that juveniles are subsequently reared in? and 3) Are re-
duced juvenile growth rates at low salinity caused in part by reduced
feeding rates? To address these questions, this study measured the
growth rates (both in terms of shell length and shell mass/tissue
mass) of juveniles and larvae in a number of temperature and salinity
treatments, investigated the effects of larval exposure to low salinity
on subsequent juvenile growth both at low and normal salinity and at
3 different temperatures, and measured the effect of salinity change
on juvenile feeding rates.

2. Materials and methods

2.1. Adult collection and maintenance

Adult C. fornicata were collected from Nahant, MA in September
2012, September 2013, and January 2014 and maintained in the lab
with aeration and frequent water changes until larvae were released.
Adults collected in January were slowly acclimated to lab temperature
(about 23 °C) to prevent mortality from heat stress. All adults were
kept in amixture of Instant Ocean artificial seawater (ASW) and natural
seawater at a salinity of 30 and were regularly fed the microalgae
Isochrysis galbana (clone T-ISO) and Dunaliella tertiolecta (clone DUN).
Algal cultures were started from cells ordered from the National Center
for Marine Algae and Microbiota at the Bigelow Laboratory for Marine
Sciences, East Boothbay, Maine.

2.2. Larval and juvenile maintenance

Released larvae were collected on 130 μmmesh, transferred to 1-
gallon glass jars half-filled with aerated 0.45 μm filtered natural sea-
water (FSW) at a salinity of approximately 30, and fed I. galbana until
needed for experiments (see Sections 2.4–2.6 for specific durations).
Larvae to be used in experiments were kept in glass bowls filled with
45ml FSW adjusted to the desired salinity with deionized water. Lar-
vae were reared in groups of approximately 15 per bowl and were
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fed I. galbana every 1–2 days at approximately 1.8 × 105 cells/ml
(Diederich et al., 2011; Pechenik and Eyster, 1989). Temperature
was maintained with incubators that were set to a cycle of 12 h
light and 12 h dark.

When larvae were competent to metamorphose (see Section 2.5),
they were transferred to ASW with 20 mM excess KCl to induce meta-
morphosis (Pechenik and Gee, 1993; Pechenik and Heyman, 1987). Ju-
veniles were reared exactly as described for larvae except they were
kept individually in 45ml of 50% FSW and 50% ASW, adjusted to the ap-
propriate salinity with deionized water. Juveniles were fed I. galbana
and occasionally D. tertiolecta at 1.8 × 105 cells/ml. Food concentrations
remained above 7 × 104 cells/ml, so that feeding rates should have
remained constant during the experiment (Pechenik and Eyster, 1989).

Water was changed and new phytoplankton was added every 2–
3 days. Larvae were transferred to clean bowls at each water change
but bowls containing juveniles were cleaned and refilled with new
water. Desired salinity for each treatment was confirmed with a hand-
held refractometer.

2.3. Growth measurements

Shell lengthmeasurements for growth rate determinationswere ob-
tained for larvae and juveniles using a dissectingmicroscope fitted with
an ocular micrometer. Larvae were measured at magnifications of 50 or
63× and juveniles were measured at 16–63×, depending on their size.

Additionally, organic (tissue) and inorganic (shell) masses were
determined for both larvae and juveniles. Juveniles were measured
individually while larvae were measured 5–9 to a sample in order
to get accurate measurements despite their small size. All masses
were determined to the nearest 0.001 mg using a Mettler Toledo MT5
balance. Samples were quickly rinsed in deionized water to remove
any adhering salt or formalin, placed on pre-weighed foil, dried at ap-
proximately 55 °C for at least 48 h, and weighed to obtain the total
dry mass (e.g. Pechenik, 1980; Pechenik and Eyster, 1989). Then, sam-
ples were combusted at 500 °C for at least 12 h to burn off all organic
matter (Paine, 1964), returned to the drying oven for at least 1 h, and
weighed again to obtain the inorganic mass. Foil blanks put through
the same process did not change mass by more than 3%. Percent inor-
ganic content was calculated by dividing inorganic mass by total dry
mass.

2.4. Experiment 1: long-term effects of temperature and salinity on juvenile
growth

This experiment was conducted using juveniles reared from larvae
released by 2 females in September 2012. Larvae were reared to meta-
morphosis at room temperature (23 °C) and a salinity of 30. Juveniles
were distributed among treatments as soon as they had metamor-
phosed. There were 6 treatments, comprising every combination of
the temperatures 15, 20, and 25 °C and the salinities 20 and 30, and
each treatment had 12 replicate juveniles. Replicate juveniles were
reared individually in separate bowls as described above. Juveniles
were measured every 2–4 days until they reached approximately
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Fig. 1. Experimental design for Experiment 2. The larval hatches exposed
6 mm in length, at which point they were sacrificed for determinations
of organic/inorganic mass. Cumulative growth rates were calculated for
each day that juveniles were measured by subtracting initial size from
the size at that day and dividing by the number of days elapsed.

2.5. Experiment 2: effects of larval exposure to low salinity on juvenile
growth

Experiments were started 1–4 days after larvae hatched and on
three hatches of larvae from different females (Hatch A: September
2013, Hatch B: January 2014, Hatch C: October 2013). First, 12 larvae
were measured from each hatch to get initial shell lengths. Initial lar-
val shell lengths were 398.7 ± 17.1 μm for Hatch A, 481.5 ± 16.8 μm
for Hatch B, and 442.7 ± 41.9 μm for Hatch C (mean ± SD). Larvae
were then distributed among a total of 6 treatments consisting of
all combinations of the temperatures 20, 25, and 29 °C and the salin-
ities 20 and 30 (Fig. 1). Larvae from each hatchwere reared at 2 of the
3 temperature treatments. Larvae from Hatches A and B were reared
at 20 and 25 °C while larvae from Hatch C were reared at 25 and
29 °C. Each treatment had 4 replicate bowls filled with 45 ml algal
suspension (see Section 2.3), with approximately 15 larvae per
bowl. Three replicates were measured for larval growth rates and a
4th was used to test for metamorphic competence.

Larval shell lengths were determined periodically at least 3 times
before metamorphosis was induced. When the maximum shell
lengths of larvae were close to 800 μm (Pechenik and Heyman,
1987), 7–8 larvae from the 4th replicate were tested for competence
by transferring them to ASW+ 20mMKCl for 6 h. If at least 75% of the
larvaemetamorphosed, larvae from that treatmentwere determined to
be metamorphically competent. Or, if larvae were larger than 800 μm
before testing for competence, they were assumed to be competent
(Pechenik and Heyman, 1987). Once competent, larvae from replicates
1, 2, 3, and any from replicate 4 that had not previously been exposed to
excess KCl were transferred to ASW + 20 mM KCl for 6 h to induce
metamorphosis (Pechenik and Heyman, 1987).

After larvae metamorphosed into juveniles, each larval treatment
was split into 2 new salinity treatments: 20 and 30, with 12 replicate ju-
veniles per treatment (Fig. 1). Temperatures were kept constant for the
entire experiment. Thus, therewere a total of 12 different juvenile treat-
ments (3 temperatures × 2 larval salinities × 2 juvenile salinities). All
larvae from each treatment were mixed and randomly subsampled for
the new juvenile treatments. Juveniles were reared individually on a
diet of 1.8 × 105 cells/ml I. galbana and occasionally D. tertiolecta as de-
scribed above. Juveniles were initially measured 1–2 days after meta-
morphosis, then every 4–5 days after that. Once juveniles reached 4–
4.5 mm in length, they were sacrificed for organic/inorganic mass
measurements.

2.6. Experiment 3: effects on larval inorganic content

An experiment was conducted to determine the effects of salinity
and temperature on the percent inorganic content (i.e. shell mass) of
larvae. Treatments consisted of the temperatures 20 and 25 °C and the
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to each temperature treatment are indicated below the temperature.
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Experiment 1: Juveniles reared in normal salinity

Experiments 2a and 2b: Juveniles reared in low salinity

Fig. 2. Feeding rate experimental design. Juveniles of C. fornicata reared in either low (20) or normal (30) salinity were fed 10ml of the phytoplankton I. galbana at 20–24 × 104 cells/ml in
0.45 μm filtered seawater. Juveniles came from larvae that were reared in the lab at room temperature (~23 °C) and a salinity of 30.
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salinities 20 and 30. Each treatment had 5 replicate bowlswith 15 larvae
per bowl in 45 ml algal suspension. Larvae were put into treatments
2 days after hatching. First, 12 larvae were measured from each hatch
to get initial shell lengths. Once larvae reached about 800 μm in length,
the approximate size at which larvae reach metamorphic competence
(Pechenik andHeyman, 1987), larvae in the first 3 replicates weremea-
sured and then all larvae from the 5 replicates (~75 total) were fixed
and used for determinations of inorganic and organic mass. Larvae
from all 5 bowls were mixed, fixed in 10% buffered formalin for a mini-
mum of 30min, randomly divided into 10–11 groups of 5–9 larvae each
(larvae were too small to weigh singly), and then processed as de-
scribed above for organic/inorganic mass measurements.

2.7. Experiment 4: feeding rate experiments

To determine the effects of short-term salinity changes on juvenile
feeding rates, juveniles from the 25 °C treatments of Experiment 1
were also used for feeding rate determinations. Feeding rates were
measured by periodically monitoring cell concentrations with a
Coulter Electronic Particle Counter. The Coulter Counter was config-
ured to draw 500 μl samples through the 140 μm diameter aperture
and count only cells greater than 3.522 μm in diameter. Samples of
1 ml were first diluted in 10 ml of 0.45 μm filtered Isoton Diluent, shak-
en, and then sampled 3 times using the Coulter Counter. The mean of
these 3 values was used in subsequent calculations. Initial cell concen-
trations were 20–24 × 104 cells/ml for all feeding and pre-feeding
steps (Pechenik and Eyster, 1989). These experiments were conducted
in standard 6-well plates, with round wells of 35 mm diameter and
~17 ml total volume.

2.7.1. Experiment 4a
At 30 days of age, feeding rates of the 10 surviving juveniles reared at

25 °C and a salinity of 30 weremeasured at salinities of 30 and 20. Juve-
nile shell lengthswere 6235.1± 396.2 μm (mean± SD). First, juveniles
were removed from their glass bowls and distributed among the wells
of two 6-well plates. They were then pre-fed in 10 ml of I. galbana sus-
pension at a salinity of 30 for 1 h. At the beginning of the pre-feeding pe-
riod, juvenile shell lengthsweremeasured as described above, and then
the animals were placed in a dark, 25 °C incubator for the remainder of
the pre-feeding hour to slow the rate of potentially confounding
I. galbana cell division. After pre-feeding, the water was removed from
each well, and the wells were rinsed with filtered seawater and dabbed
with a Kimwipe to remove excess water. All 12 wells were then filled
with 10 ml of I. galbana suspension at a salinity of 30. Two wells did
not contain juveniles and served as controls for any passive changes in
I. galbana cell concentration. The two 6-well plates were then left in
the dark at 25 °C for 1 h. At the end of this feeding period, each well
was squirted twice with a pipette to mix up the cells, and then left to
sit for a few minutes to allow any feces to settle to the bottom. Next,
1 ml samples were taken from each well for cell density determination.
The water in each well was then replaced with an I. galbana suspension
at a salinity of 20 following the same water change procedures de-
scribed above, and the 6 well-plates returned to the incubator at 25 °C
in the dark. Algal concentrations were sampled every hour for 3 h in
the low salinity and water was changed whenever algal concentrations
dropped below 50% of the initial concentration. Following the 3rd hour
of feeding at a salinity of 20, juvenileswere returned to their glass bowls
(Fig. 2).

2.7.2. Experiment 4b
One week later, an analogous experiment to that described above

was carried outwith the 10 surviving juveniles reared at 25 °C and a sa-
linity of 20 from Experiment 1. Juvenile shell lengths were 5124.3 ±
618.9 μm (mean ± SD). In this experiment, the procedure was the
same as that used in Experiment 4a except that juveniles were pre-
fed at a salinity of 20, fed for 1 h at the same salinity, and then fed for
3 h at a salinity of 30 (Fig. 2).

2.7.3. Experiment 4c
Experiment 4b was repeated four days later with the nine surviving

individuals that had previously been used in Experiment 4b (one juve-
nile died between the two experiments). Juvenile shell lengths were
5519.4 ± 619.7 μm (mean ± SD; Fig. 2).

A summary of all experiments is provided in Table 1.

2.8. Statistical analyses

All statistical tests were performed with Graphpad Prism 6 or
SPSS 22.

For Experiment 1, a two-way ANOVA was run on juvenile growth
rates from day 1 to day 33 (the final day at which all treatments were
measured) to determine the effects of salinity and temperature and a
two-way ANOVA was run on the day 33 shell lengths of each of the 6
treatments to determine whether the treatments had significantly di-
verged in size. In addition, a two-way ANOVA was run on arcsine-
transformed proportion inorganic contents to determine the effects of
salinity and temperature. Multiple comparisons were also performed
after all 2-way ANOVAs (Tukey's test).

For Experiment 2, larval shell growth rates were calculated from
changes in shell length from the start of the experiment to the day
that larvae were induced to metamorphose. Since individual larvae
were not followed through the experiment, growth rates were calculat-
ed from the difference between the final size of each larva and the aver-
age initial size of all larvae from that hatch. Larval growth rates were
analyzed with a 4-way nested ANOVA (fixed factors: temperature, sa-
linity; random factors: larval hatch, replicate), including the main ef-
fects and all 2-way interactions of temperature, salinity and larval
hatch, and with replicate nested within the interaction of temperature,
salinity, and hatch. Then, to determine the effects of salinity and tem-
perature within each larval hatch, larval growth rates from each of the
3 larval hatches were analyzed separately by nested, three-way
ANOVAs (fixed factors: temperature and salinity; random factor: repli-
cate) with replicate nested within the interaction of temperature and
salinity. Replicates diverged significantly only for Hatch A (nested
ANOVA, F147 = 4.430, p = 0.0001). Subsequent analyses by one-way
ANOVAs and Tukey post-hoc tests on each temperature and salinity



Table 1
Outline of all experiments performed in this study.

Experiment Life stage Manipulations Measurements

1 Juveniles Juvenile salinity and temperature Juvenile shell length and inorganic content
2 Larvae and juveniles Larval salinity, juvenile salinity, temperature,

and parentage
Larval and juvenile shell lengths, and juvenile
inorganic content

3 Larvae Larval salinity and temperature Larval inorganic content
4 a, b, c Juveniles reared at a salinity of 30 (a) or juveniles

reared at a salinity of 20 (b and c)
Feeding salinity Feeding rate
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combination from Hatch A were conducted to identify which replicates
diverged significantly. There was a significant difference between two
replicates in the treatment at 20 °C and a salinity of 30 (one-way
ANOVA, F2,44 = 4.644, p= 0.0148; Tukey test, p= 0.013), and one rep-
licate from the treatment at 20 °C and a salinity of 20 diverged signifi-
cantly from the other two replicates (one-way ANOVA, F2,31 = 8.860,
p = 0.0009; Tukey tests, p = 0.0014, 0.0057).

Juvenile growth rates in Experiment 2were calculated from changes
in shell length from day 1 or 2 after metamorphosis to day 16 after
metamorphosis. Juvenile growth rates were analyzed with a 4-way
ANOVA (fixed factors: larval salinity, juvenile salinity, temperature; ran-
dom factor: larval hatch). The ANOVA included all main effects, all 2-
way interactions, and the 3-way interaction temperature × larval
salinity × juvenile salinity. Then, to decompose the results and investi-
gate the specific effects of larval and juvenile salinity exposures on juve-
nile growth rates within each temperature and parentage combination,
juvenile growth rates were analyzed with 6 two-way ANOVAs run on
each of the 6 combinations of temperature and parentage conducted
in this study (Hatch A 20°, Hatch A 25°, Hatch B 20°, Hatch B 25°,
Hatch C 25°, Hatch C 29°). The ANOVAs tested the effects of the factors
larval salinity and juvenile salinity. Juvenile percent inorganic content
was analyzed the exact same way after data were arcsine transformed.
Multiple comparisons were also performed after all 2-way ANOVAs
(Tukey's test).
Table 2
Summary of 2-way ANOVAs performed on larval and juvenile growth and percent inor-
ganic content. Larval salinity is the salinity in which larvae were reared while juvenile sa-
linity is the salinity in which juveniles were reared. Highlighted cells indicate significant
differences, stars represent the degree of significance (*p b 0.05, **p b 0.01, ***p b 0.001,
****p b 0.0001), and “ns” means “not significant.” Up arrows (↑) indicate a positive effect
and down (↓) a negative effect of an increased level of the independent variable (temper-
ature or salinity) on the dependent (growth rate or percent inorganic content).

Measurement
Larval
hatch

Temperature
treatments

(°C)

Larval salinity
p-value

Juvenile salinity
p-value

Temperature
p-value

Interaction
p-value

Larval growth A 20, 25 ↑ 0.0008*** ↑ 0.0003*** 0.1601 ns

B 20, 25 0.3104 ns ↑ <0.0001**** 0.0030**

C 25, 29 ↑ <0.0001**** ↓ 0.0034** 0.0093**

Juvenile growth A 20 ↑ <0.0001**** ↑ <0.0001**** 0.1435 ns

A 25 0.4237 ns ↑ <0.0001**** 0.3988 ns

B 20 ↑ 0.0311* ↑ <0.0001**** 0.4033 ns

B 25 ↑ 0.0357* ↑ <0.0001**** 0.8618ns

C 25 ↓ 0.0043** ↑ <0.0001**** 0.0061**

C 29 0.1355 ns ↑ <0.0001**** 0.1374 ns

D 15, 20, 25 ↑ <0.0001**** ↑ <0.0001**** 0.0116*
Larval relative
inorganic content E 20, 25 ↑ 0.0036** 0.3186 ns <0.0001****

Juvenile relative
inorganic content A 20 0.0513 ns 0.7653 ns 0.0016**

A 25 ↑ <0.0001**** 0.3720 ns 0.4270 ns

B 20 0.3639 ns ↑ <0.0001**** 0.5037 ns

B 25 0.8175 ns ↓ 0.0003*** 0.7686 ns

C 25 0.1013 ns 0.1817 ns 0.2528 ns

C 29 0.0924 ns ↓ 0.0012** 0.0237*

D 15, 20, 25 0.1990 ns ↑ <0.0001**** 0.0110*
Data for larval percent inorganic content were first arcsine trans-
formed and then analyzed with a two-way ANOVA to determine the ef-
fects of temperature and salinity, followed by a Tukey's test.

For each feeding rate experiment, a one-way repeated measures
ANOVA (factor: time) with Tukey post-hoc tests was run to compare
the feeding rates in each of the four 1-hour increments (see Fig. 2). A
few negative feeding rates occurred due to error; these were changed
to 0 since juvenile cannot actually exhibit negative feeding. Juvenile
shell lengths at the time of feeding rate experiments were compared
with independent, 2-tailed t-tests.

3. Results

Because of the sheer number of experiments, all p-values are pre-
sented in Table 2 rather than in the text. When results of multiple
Fig. 3. The interactive effects of temperature and salinity on A) shell length and B) mean
cumulative growth rates of C. fornicata juveniles. Larvae had all been reared in the lab at
room temperature (~23 °C) and full strength seawater (30). Juveniles were distributed
into treatments 1 day after metamorphosis. Juveniles were first measured on day 1 after
metamorphosis and then every 2–4 days after that. Each point represents the mean mea-
surement from 10–12 juveniles and error bars indicate standard error. A) A 2-way ANOVA
followed by a Tukey post-hoc test was run on juvenile sizes in each treatment at day 33
(the last day juveniles in all treatments were measured). Different letters indicate signifi-
cantly differentmeans (p b 0.05). B) The salinity atwhich juvenileswere reared is denoted
by color (black: 30, clear: 20) and temperature is denoted by shape (square: 25 °C, circle:
20 °C, triangle: 15 °C).
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experiments are discussed, the most conservative test statistics and
p-values are reported. Full ANOVA tables from all analyses are presented
in supplementary Table S1.

3.1. Experiment 1: long-term effects of temperature and salinity on juvenile
growth

Juvenile survival was high during the 33-day experiment (91.7%); a
few juveniles perished by crawling out of the water and desiccating.

Differences in juvenile size and growth rates among all 6 treatments
(larval salinity was not manipulated in this experiment) were apparent
by day 13 after metamorphosis (Fig. 3). Juveniles continued growing in
all experiments for the duration of the experiment, even at 15 °C and
low salinity (20), and shell growth rate gradually increased for animals
in most treatments over the duration of the experiment (Fig. 3). There
was one major exception: juveniles reared at 25 °C and low salinity
Fig. 4. The effects of salinity and temperature on larval C. fornicata shell lengths over time (left
used in these experiments. Shell lengths were determined at the start of the experiment and ev
culated as changes in shell length from the initial measurement to the day of metamorphosis.
show standard error. Salinity is denoted by color (black: 30, clear: 20), and, for the left column
letters above points indicate significantly different means (Tukey test; p b 0.05).
that initially had growth rates similar to those of juveniles reared at
25 °C and normal salinity (30), slowed their growth dramatically after
day 7 (Fig. 3B). The growth rates of those individuals reared at 25 °C
and low salinity decreased rapidly for the next week before beginning
to gradually increase.

Low salinity significantly depressed juvenile growth rates (2-way
ANOVA, F1,60 = 100.71, p b 0.0001) and higher temperatures over the
range tested significantly increased juvenile growth rates (2-way
ANOVA, F2,60 = 101.37, p b 0.0001). In addition, the interaction of tem-
perature and salinity was significant (2-way ANOVA, F2,60 = 4.81, p =
0.0116), indicating that salinity had a more pronounced effect on
growth rates at higher temperatures (Fig. 3, Table 2). Juveniles in the
low salinity treatments generally experienced reduced growth rates be-
tween days ~8–15 followed by increasing growth rates for the remain-
der of the experiment. Juveniles reared at the highest temperature and
in full-strength seawater (25 °C, 30) grew about 4 times faster than
side) and mean growth rates (right side). Hatches from 3 different mothers (A, B, C) were
ery few days after until larvae reachedmetamorphic competence. Growth rates were cal-
Data points indicate the mean of 3 replicate bowls with 15 larvae per bowl and error bars
, temperature is denoted by shape (triangle: 20 °C, circle: 25 °C, square: 29 °C). Different
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those reared at the lowest temperature in seawater of reduced salinity
(15 °C, 20; Fig. 3).
3.2. Experiment 2: effects of larval exposure to low salinity on juvenile
growth

3.2.1. Mortality
Larval loss in all treatments was between 0–13%,mean 2.3%, with all

larvae surviving in over 2/3 of replicates. Empty shells were never
found, somost of the larval disappearancewas likely due to actual losses
during water changes rather than mortality. The only exception was for
one replicate from Hatch C at 25 °C and normal salinity, whose larvae
became infected by an unknown microbial growth that killed all but 4
individuals (73% mortality); these larvae were excluded from analyses.
Juvenile mortality was also very low, and the few juvenile deaths that
occurred were usually due to suicide as in Experiment 1. Overall
Fig. 5. The effects of larval rearing salinity on juvenile growth rates of C. fornicata at 3 different t
metamorphosis to day 16 aftermetamorphosis. Hatches from3differentmothers (A, B, C)were
hatching until they reached metamorphic competence. Metamorphosis was then induced and
Temperature was held constant throughout larval and juvenile development for each treatme
sizes are indicated below each point. Different letters above points indicate significantly differe
juvenile mortality over the 16 day experiment was 13% for larval
Hatch A, 5% for Hatch B, and 16% for Hatch C.

3.2.2. Larval growth
Larval hatch significantly interacted with the effect of salinity (4-

way nested ANOVA, F2,26 = 19.144, p b 0.0001) on larval growth, but
did not significantly interact with the effect of temperature (4-way
nested ANOVA, F1,25 = 0.914, p = 0.3483).

Larvae grew 34–108% faster at 25 °C than at 20 °C, but 1–23% more
slowly at 29 °C than at 25 °C; the effect of temperature on larval growth
rates was significant for all 3 larval hatches (nested 3-way ANOVAs,
F1,8 N 16.51, p b 0.0034; Table 2). For Hatches A and C (with the temper-
ature treatments 20 and 25 °C, and 25 and 29 °C respectively), low salin-
ity significantly decreased larval growth rates by 20–48% (nested 3-way
ANOVAs, F1,8 N 27.38, p b 0.0008), but for Hatch B (with the temperature
treatments 20 and 25 °C), salinity had no effect on growth rate (nested
3-way ANOVA, F1,8 = 1.172, p = 0.3104; Table 2). There was a
emperatures. Growth rates were calculated as changes in shell length from day 1 or 2 after
used in these experiments. Larvaewere reared at salinities of 20 or 30 from a fewdays after
the resulting juveniles were distributed among two new salinity treatments of 20 or 30.

nt and is indicated by labels on each graph. Error bars indicate standard error and sample
nt means (Tukey test; p b 0.05).



Fig. 6. The effects of temperature and salinity on larval C. fornicata inorganic content. Lar-
vae were distributed among 4 temperature and salinity treatments 2 days after hatching
and sacrificed when they reached metamorphic competence. Larvae were combined
into groups of 5–9 per sample in order to obtain accurateweightmeasurements. Inorganic
masswas determined by combusting samples at 500 °C for at least 12 h; percent inorganic
content was then calculated by dividing inorganic mass by total dry mass. Each point rep-
resents themean value of 10–11 samples and error bars indicate standard error. Different
letters above points indicate significantly different means (Tukey test; p b 0.05).

Fig. 7. The interactive effects of temperature and salinity on juvenile C. fornicata inorganic
content. Larvae had all been reared in the lab at room temperature (~23 °C) and full
strength seawater. Juveniles were distributed into treatments 1 day after metamorphosis.
Inorganic mass was determined by combusting snails at 500 °C for at least 12 h; percent
inorganic contentwas then calculated by dividing inorganicmass by total drymass. All ju-
veniles were approximately the same length (~6–6.5mm)when sacrificed for thesemea-
surements. Error bars indicate standard error and sample sizes are indicated below each
point. Different letters above points indicate significantly different means (Tukey test;
p b 0.05).
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significant interaction of temperature and salinity for larvae fromHatch
B (nested 3-way ANOVA, F1,8= 17.48, p= 0.0030) because of the trend
of decreased growth by low salinity at 20 °C but slightly increased
growth by low salinity at 25 °C. The interaction was also significant for
larvae from Hatch C (nested 3-way ANOVA F1,8 = 11.43, p = 0.0093),
indicating that salinity had a stronger effect on larval growth at the
higher temperature (Fig. 4, Table 2).

Abnormal larval developmentwas observed in the 20 °C low salinity
treatment of Hatch A, but abnormal development was not observed for
larvae from this hatch in other treatments. These abnormal larvae grew
shells that curled upwards around the brim, resembling a bowler hat.
Generally, the larval body could not fit inside the abnormal shell.

3.2.3. Juvenile growth
Larval hatch significantly interacted with the effects of larval salinity

(4-way ANOVA, F2,256 = 8.617, p = 0.0002) and temperature (4-way
ANOVA, F1,256 = 6.780, p = 0.0098) to affect juvenile growth rates,
but had no significant interaction with juvenile salinity (4-way
ANOVA, F2,256 = 0.406, p = 0.6666). Temperature significantly
interacted with the effects of larval salinity (4-way ANOVA, F2,256 =
4.433, p = 0.0128), but not juvenile salinity (4-way ANOVA, F2,256 =
2.039, p = 0.1322), to affect juvenile growth rates

In all 6 temperature by parentage treatments, juveniles reared at low
salinity grew from 8–75% more slowly than those reared at normal sa-
linity (2-wayANOVAs, F1,38 N 20.09, p b 0.0001). In 4 out of 6 treatments
(20 °C Hatches A and B, 25 °C Hatches B and C), rearing larvae at low sa-
linity significantly affected juvenile growth rates (2-way ANOVAs,
F1,38 N 4.687, p b 0.0357). For both 20 °C treatments and for Hatch B of
the 25 °C treatment, rearing larvae at low salinity decreased growth
rates of juveniles reared at both low and normal salinity. For the
Hatch C 25 °C treatment, the interaction of juvenile and larval salinities
was significant (2-way ANOVA, F1,39 = 8.401, p = 0.0061); in this case,
rearing larvae at low salinity increased the growth rates of juveniles
reared at low salinity, but had no effect on the growth rates of juveniles
reared at normal salinity (Tukey test, q39 = 0.1224, p N 0.05; Fig. 5,
Table 2).

3.3. Percent inorganic content

3.3.1. Experiment 3: larvae
Salinity, but not temperature, significantly affected percent inorgan-

ic content of larvae (2-way ANOVA, F1,39= 9.585, p=0.0036). At 20 °C,
low salinity depressed inorganic content by 27% relative to that of con-
trol larvae; salinity had no effect on percent inorganic content at 25 °C
so the interaction of salinity and temperature was significant (2-way
ANOVA, F1,39 = 32.02, p b 0.0001; Fig. 6, Table 2).

3.3.2. Experiments 1 and 2: juveniles
Temperature, but not salinity, significantly affected juvenile per-

cent inorganic content in Experiment 1 (2-way ANOVA, F2,53 =
17.48, p b 0.0001). At low salinity, juveniles had a higher percent in-
organic content at higher temperatures. At normal salinity the order
of increasing juvenile percent inorganic content by temperature was
20 °C N 15 °C N 25 °C. Therefore, the interaction of salinity and tem-
perature was significant (2-way ANOVA, F2,53 = 4.916, p = 0.0110;
Fig. 7, Table 2).

In Experiment 2, larval hatch significantly interacted with the ef-
fect of larval salinity (4-way ANOVA, F2,229 = 9.069, p = 0.0002),
marginally significantly interacted with the effect of temperature
(4-way ANOVA, F1,229 = 3.857, p = 0.0507), but did not interact sig-
nificantly with the effect of juvenile salinity (4-way ANOVA, F2,229 =
0.892, p = 0.4112). In addition, temperature significantly interacted
with larval salinity (4-way ANOVA, F2,229 = 7.663, p = 0.0006) and
with larval salinity and juvenile salinity in a 3-way interaction (4-way
ANOVA, F2,229 = 7.061, p = 0.0011), but not with juvenile salinity
alone (4-way ANOVA, F2,229 = 1.420, p = 0.2437).
For juveniles from Experiment 2, the salinity in which larvae were
reared significantly affected juvenile percent inorganic content in only
1 of 6 treatments (25 °C Hatch A; 2-way ANOVA, F1,43 = 40.73,
p b 0.0001). In this treatment, larval exposure to low salinity depressed
juvenile inorganic content, but only by about 2.5%. The salinity in which
juveniles were reared significantly affected juvenile inorganic content
in 3 treatments (25 °C Hatch B, 20 °C Hatch B, 29 °C Hatch C; 2-way
ANOVAs, F1,32–41 N 12.72, p b 0.0012), but the direction of the effect
was not consistent (Fig. 7). The interaction of larval and juvenile salin-
ities was significant for 2 treatments (20 °C Hatch A, 29 °C Hatch C; 2-
way ANOVAs, F1,32–33 N 5.641, p b 0.0237). All differences in juvenile
percent inorganic content from Experiments 1 and 2 were less than
6% (Figs. 7, 8, Table 2).
3.4. Experiment 4: feeding rates

A rapid change in salinity in either direction resulted in a trend of
substantially decreased juvenile feeding rates followed by gradual re-
covery over the next several hours in all 3 experiments.



Fig. 8. The effects of larval and juvenile rearing salinities on percent inorganic content of C. fornicata juveniles. Hatches from 3 different mothers (A, B, C) were used in these experiments.
Inorganic mass was determined by combusting snails at 500 °C for at least 12 h; percent inorganic content was then calculated by dividing inorganic mass by total dry mass. All juveniles
were approximately of the same length (~4.5 mm)when sacrificed for these measurements. Larvae were reared at salinities of 20 or 30 from a few days after hatching until they reached
metamorphic competence.Metamorphosiswas then induced and the resulting juveniles were distributed among two new salinity treatments of 20 or 30. Temperaturewas held constant
throughout larval and juvenile development for each treatment and is indicated by labels on each graph. Error bars indicated standard error and sample sizes are indicated below each
point. Different letters above points indicate significantly different means (Tukey test; p b 0.05). The absence of letters indicates no significant differences (p N 0.05).
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3.4.1. Experiment 4a
Juveniles reared at normal salinity (30) fed fastest in the initial hour

of feeding in that salinity, but feeding rate dropped dramatically (by
86%) after animals were immersed in low salinity seawater. Feeding
rate gradually recovered over the 3 h of feeding at low salinity to 75%
of the initial rate at normal salinity. There were significant differences
between feeding rates at each of the four 1-hour feeding periods (re-
peated measures ANOVA followed by Tukey test, q27 N 4.684, p b 0.05;
Fig. 9).
3.4.2. Experiments 4b and 4c
Juveniles reared at low salinity in Experiment 4b fed fastest in the

initial hour of feeding in that low salinity, but feeding rate dropped dra-
matically (by 68%) after the juveniles were transferred to normal salin-
ity. The feeding rate at normal salinity gradually recovered over the 3 h
of feeding at normal salinity until the 3rd hour when there was no lon-
ger a significant difference between feeding rates at normal and low sa-
linities (repeated measures ANOVA followed by Tukey test, q27 =
0.9970, p N 0.05; Fig. 10a).When this part of the experimentwas repeat-
ed (Experiment 4c),mean feeding rate dropped slightly following trans-
fer of juveniles to normal salinity seawater, but then recovered quickly.
There were no significant differences between feeding rates at any of
the four 1-hour feeding periods in that second experiment (repeated
measures ANOVA, F3,8 = 1.010, p = 0.4056; Fig. 10b).

For the initial 1 hour feeding period in their rearing salinity, juveniles
reared at low salinity (Experiments 4b and 4c) fed at 70% the rate of
those that had been reared at normal salinity (Experiment 4a). Yet, ju-
veniles reared at low salinity were 85% the size of those reared at nor-
mal salinity at the time of the feeding rate experiments and the size
differences between juveniles in Experiment 4a and those in Experi-
ments 4b and 4c were significant (2 t-tests, t17–18 N 3.032, p b 0.0075).



Fig. 9. Juvenile C. fornicata feeding rate in response to a rapid drop in salinity. Juveniles
were reared at 25 °C and a salinity of 30 from larvae reared at room temperature
(~23 °C) and a salinity of 30. Points represent mean plus standard error of 10 juveniles
with shell lengths of 6235.1 ± 396.2 μm (mean ± standard deviation). Juveniles were
fed the alga Isochrysis galbana. Juveniles were first pre-fed at a salinity of 30, then feeding
rates were measured for 1 h at the same salinity followed by 3 h at a salinity of 20 (sam-
pled every hour). Water was changed whenever food concentrations dropped below 50%
the initial concentration. Different letters above points indicate significantly different
means (Tukey test; p b 0.05).

Fig. 10. Juvenile C. fornicata feeding rate in response to a rapid increase in salinity. Juve-
niles were reared at 25 °C and a salinity of 20 from larvae reared at room temperature
(~23 °C) and a salinity of 30. Two replicated experiments were conducted 4 days apart.
Points represent mean plus standard error of A) 10 or B) 9 juveniles with shell lengths
of A) 5124.3 ± 618.9 μm B) 5519.4 ± 619.7 μm (mean ± standard deviation). Juveniles
were fed the alga I. galbana. Juveniles were first pre-fed at a salinity of 20, then feeding
rates were measured for 1 h in the same salinity followed by 3 h at a salinity of 30 (sam-
pled every hour). Water was changed whenever food concentrations dropped below 50%
the initial concentration. Different letters above points indicate significantly different
means (Tukey test; p b 0.05). The absence of letters indicates no significant differences
(p N 0.05).
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4. Discussion

These experiments demonstrated that rearing larvae at low salinity
can influence subsequent juvenile growth in the gastropod C. fornicata.
Themagnitude and direction of this influence depended strongly on the
rearing temperature and parentage. In addition, juvenile growth rates
were elevated by increased temperature and depressed by low salinity,
but the effect was synergistic, such that salinity had a greater effect on
growth at higher temperatures.

4.1. Temperature

Both larvae and juveniles generally grew more quickly at the
higher temperatures, agreeing with many other studies on the
growth of larval and juvenile molluscs (e.g., C. fornicata larvae:
Klinzing and Pechenik, 2000; Lucas and Costlow, 1979; Pechenik,
1984; Pechenik and Heyman, 1987; Pechenik and Lima, 1984; juve-
nile clams: Laing et al., 1987). In contrast, Zhao (2002) found no sig-
nificant effect of temperature on juvenile growth rates in the related
species Crepidula onyx. The only exception is that larvae in our study
grew a little more slowly at 25 °C than at 29 °C, which could indicate
that optimal larval growth rates occur close to 25 °C.

4.2. Salinity

Larvae grewmore slowly in low salinity seawater in 2 out of 3 larval
hatches, and at all 3 temperature levels tested: 20, 25, and 29 °C. In
Hatch B, however, there was no significant effect of salinity on larval
growth rates. The fact that our larvae grew at a salinity of 20 is in con-
trast to a study by Diederich et al. (2011), which found that larvae of
C. fornicata and 2 closely related species (Crepipatella fecunda and
C. onyx) showed no detectable growth at salinities of 10, 15, and 20.
While larvae were only exposed to low salinity for 12–48 h in their ex-
periments, the larvae in our experiments grew detectably even in the
first 2 days of low salinity exposure (see Fig. 4, Hatch B). In agreement
with our results, Zimmerman and Pechenik (1991) found that larvae
of the related species Crepidula plana grew at significantly slower rates
at a salinity of 20 than at a salinity of 30, but grew nonetheless. Studies
on othermolluscan larvae have also found reduced growth at low salin-
ity (Kingston, 1974; Richmond and Woodin, 1996; Scheltema, 1965).

While previous studies have observed constant growth rates in
C. fornicata larvae (Klinzing and Pechenik, 2000; Pechenik, 1980,
1984; Pechenik and Lima, 1984), this study found that this is not always
the case. Larvae in a number of treatments grew at different rates over
time, especially at the low salinity. Since this is the first study to look
at the effects of constant exposure to low salinity on the growth of
C. fornicata larvae andmost larvae growing at varying rates were reared
at low salinity, it seems likely that the low salinity exposurewas respon-
sible for varying growth rates.

Juveniles also grew more slowly at low salinity in all experiments.
Similarly, Diederich et al. (2011) found that juvenile C. fornicata growth
was slowed in the 3 days following a short exposure to a salinity of 15.
Low salinity has been shown to decrease juvenile growth in other spe-
cies as well (the shrimp Farfantepenaeus brasiliensis: Brito et al., 2000;
the crab Callinectes sapidus: Cadman and Weinstein, 1988; the shrimp
Penaeus vannamei: Ponce-Palafox et al., 1997; the scallop Argopecten
irradians: Shriver et al., 2002).

The effects of salinity on larval and juvenile growth could be due
to changes in rates of feeding, assimilation, and/or respiration.
C. fornicata larvae at a salinity of 20 fed at 50% of the rate of control
larvae in a previous study (Diederich et al., 2011); in our study juve-
nile feeding rates dropped dramatically (by up to 86%) following
transfer to a new salinity but gradually recovered substantially
over the next 3 h. For juveniles reared at low salinity, feeding rates
at normal salinity gradually recovered to the same level as their ini-
tial feeding rates at their low rearing salinity of 20. On the other
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hand, for juveniles reared at normal salinity, feeding rates after 3 h at
low salinity only reached a maximum of 75% the initial feeding rate at
their control rearing salinity of 30. This likely indicates that juveniles
maintained since metamorphosis at the low salinity acclimated and as
a consequence were more responsive to salinity change than those
kept at normal salinity throughout development. Such acclimation to
low salinity could incur a metabolic cost that contributed to decreased
rates of growth. For example, low salinity caused standard metabolic
rate (measured as resting oxygen consumption) to increase in juveniles
of the clamMercenaria mercenaria (Dickinson et al., 2013). A combina-
tion of decreased feeding rate with increased energy demand would
very likely lead to the decrease in growth rates at low salinity observed
in all juvenile and most of our larval growth experiments.
4.3. Inorganic content

Percent inorganic content can serve as a proxy for percent shell
weight in these experiments since all samples were rinsed with deion-
ized water before processing, so the vast majority of inorganic matter
would be from the shell.

While percent inorganic content of juvenileswas significantly affect-
ed by temperature and, in 3 of the 7 treatments, by the salinity at which
juveniles were reared, the directions of the effects were not consistent
and the biological significance is not clear. Differences were in the
range of only 3–4%, but comparisons with other species are difficult to
make, as few other studies have looked at the effects of environmental
factors on relative rates of shell and tissue growth or attempted to cor-
relate organismal inorganic content to function. Two studies by
Dickinson et al. (2012, 2013) found no significant effect of low salinity
exposure on juvenile shell hardness and fracture resistance for the
clam M. mercenaria and the oyster Crassostrea virginica. Therefore, the
differences observed in our studymay bemore relevant from an energy
budget and energy partitioning perspective than in terms of the protec-
tion afforded by the shell. Or, since the differences observed in our study
were so small, these results could indicate a strict regulation of relative
rates of shell and tissue growth that results in a relatively constant ratio
of inorganic to organic content in juveniles.

Larval percent inorganic content was strongly influenced by rearing
salinity, but not by rearing temperature. Percent inorganic content was
reduced by 27% for larvae reared at low salinity, but only at the lowest
temperature tested (20 °C). This likely reflects a synergistic reaction be-
tween slowed calcification at lower temperature and salinity, which has
been observed before in the mussel Mytilus edulis (Malone and Dodd,
1967). Such a large difference in inorganic content is likely to have bio-
logical significance by making larvae more vulnerable to predation. In
addition, it could explain the abnormal development observed in larvae
from Hatch A reared at 20 °C and low salinity. If tissue growth was
outpacing shell growth in these larvae, the oversized tissue could have
exerted too much pressure on the relatively weak shell, forcing it to
“pop” upwards into a bowler hat shape. Kingston (1974) also observed
deformed development in calcifying clam larvae at a salinity of 20, but
the deformation was not described nor was any explanation proposed.
In addition, Byrne et al. (2011) found that the combination of warmer
temperatures and lower pH increased the incidence of deformed, un-
shelled abalone veligers by suppressing calcification, similar to the ef-
fect of low salinity.

While a number of studies have investigated the effects of reduced
salinity on adult mollusc growth in terms of increases in shell mass
(Almada-Villela, 1984; Brown and Hartwick, 1988; Malone and Dodd,
1967; Nagarajan et al., 2006), the effects on increases in larval or juve-
nile shell mass have been little studied. Since larval and juvenile shells
are much smaller andmore vulnerable, it is during these stages that or-
ganisms are adding functional protection at the greatest rate. Future
studies could investigate the effects of climate change on vulnerability
to predation in early life stages.
The differences in percent inorganic content in larvae observed in
this study could be indicators of energy partitioning in response to un-
favorable conditions. If these snails were facing reduced energy supply
and increased energy demand at lower salinity (as observed in juvenile
clams by Dickinson et al., 2013), they may have devoted more of their
resources to growing tissue in order to increase the size of the feeding
apparatus and thereby increase rates of energy uptake. In fact, food-
limited C. fornicata larvae have been shown to increase the size of
their velar lobes (used for both feeding and swimming) relative to
shell length (Klinzing and Pechenik, 2000). The large difference in larval
percent inorganic content at 20 °C between larvae reared at low and
normal salinity could be a dramatic example of this, since it has been
shown that feeding rates of C. fornicata larvae are significantly reduced
at low salinity (Diederich et al., 2011). In addition, the smaller differ-
ences noted in percent inorganic content of juveniles could also be indi-
cations of this type of compensation for an energy deficit.

4.4. Latent effects of larval exposure to low salinity

It is becoming increasingly clear that transitions to new life stages
are not necessarily a new beginning; each successive life stage can be
strongly influenced by events and influences that acted on previous
stages (Padilla and Miner, 2006; Pechenik, 2006). The results of our ex-
periments provide further support for this idea.

Juvenile shell growth was significantly affected when larvae were
reared at low salinity in 4 out of 6 of our treatments, when larvae and
juveniles were reared at either 20 °C or 25 °C. Therefore, low salinity
stress experienced by larvae caused latent effects on juvenile growth
rates of C. fornicata, in contrast to the results of a previous study
(Diederich et al., 2011) that found no latent effects from low salinity
stress experienced in the larval stage of the same species. Although
Diederich et al. (2011) only reared juveniles in stress-free, normal
salinity conditions while juveniles in this study were reared in both
normal and low salinity, the present results demonstrate latent ef-
fects for juveniles reared at both salinities so this would not account
for the difference in results. Diederich et al. (2011) exposed larvae to
low salinity for only 12–48 hwhile in our study larvae were reared in
the low salinity from 1–4 days after hatching until metamorphosis.
In addition, Diederich et al. (2011) measured juvenile growth rates
over only the 4 days following metamorphosis while in this study
growth rates were measured from day 1–2 after metamorphosis until
day 16 after metamorphosis. It is possible that either latent effects do
not manifest themselves in this situation unless larvae are exposed to
low salinity for more than 48 h or unless juveniles are measured for
more than 4 days aftermetamorphosis. As this study detected latent ef-
fects within the first 6 days of juvenile growth (unpublished data), it
seems likely that larvae must experience some benchmark level of sa-
linity stress (e.g. more than 48 h of exposure to a salinity of 20) before
latent effects will become apparent in juvenile growths. This is further
supported by the fact that Diederich et al. (2011) did find latent effects
for C. fornicata in one experiment, but only when larvae were exposed
to the very low salinity of 10 for 2 days.

Similarly, latent effects resulting from exposing larvae to low sa-
linity have been documented in the polychaete C. teleta (Pechenik
et al., 2001) and the barnacle B. amphitrite (Thiyagarajan et al.,
2007). Adding the results of our study to these previously document-
ed cases of salinity-induced latent effects lends weight to the neces-
sity of considering the environmental conditions larvae are exposed
towhen attempting to predict the responses of juvenile or adult pop-
ulations. Juveniles in stress-free conditions would be expected by
conventional methods to exhibit normal growth and mortality
rates. Yet if they were exposed as larvae to low salinity during a sub-
stantial portion of their dispersal phase, these juveniles could grow
much more slowly than expected, which would likely increase mor-
tality by predation or abiotic stresses (Paine, 1976; Vermeij, 1972),
thereby limiting the supply of adults in the future.
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The mechanisms behind latent effects are not well understood.
Since the stress was experienced in a previous life stage, it is less likely
to have the same sort of direct effects that stresses experienced during
the juvenile stage have on juvenile growth. Studies have shown that la-
tent effects can sometimes manifest themselves as damages to juvenile
feeding structures (Marshall et al., 2003; Wendt, 1998). Other possibil-
ities could be reduced energy reserves, effects on transcriptional or
translational processes, altered patterns of DNA methylation, and/or
damaged DNA or functionally important enzymes (Pechenik, 2006).

4.5. Interactions between environmental factors

Stresses experienced by organisms due to changing environmental
conditions will not be felt in isolation. This study revealed a number of
significant interactive effects of salinity and temperature on larval and
juvenile growth and inorganic content.

In 2 of the 3 larval hatches used in our study (Hatches B and C), the
effect of salinity on larval growth varied with temperature. In Hatch B
low salinity (20) depressed larval growth at the lower temperature
(20 °C) but increased larval growth at the higher temperature (25 °C),
while inHatchC low salinity depressed larval growthmore at the higher
temperature (29 vs. 25 °C). As for juveniles, low salinity had a greater ef-
fect on growth at higher temperatures. Moreover, temperature signifi-
cantly modulated the effects that larval exposure to low salinity had
on juvenile growth. The salinity that larvae were reared affected juve-
nile growth rates at 20 °C in both treatments and in 2 out of the 3 treat-
ments at 25 °C. In contrast, larval rearing salinity had no significant
effect (p N 0.10) on juvenile growth rates at 29 °C. Thus, larval exposure
to low salinity may have a greater effect on juvenile growth at lower
temperatures. This is in contrast to the interaction of temperature and
juvenile salinity, where exposure to low salinity had a greater effect
on juvenile growth at lower temperatures. In fact, larval salinity had a
significant interaction with temperature in the overall analysis, indicat-
ing that temperature doesmodify the effect of larval salinity on juvenile
growth.

Finally, the impact of salinity on larval percent inorganic contentwas
strongly temperature dependent. At the lower temperature (20 °C), lar-
vae reared at lower salinity had a much lower inorganic content than
those reared at normal salinity, while at the higher temperature
(25 °C) there was little difference in inorganic content between larvae
reared at the different salinities. Therefore, these experiments demon-
strate the importance of temperature not only in its direct effects on
growth rates, but also in the way it modulates the effects of other vari-
ables such as salinity, agreeingwithmany previous studies (juveniles of
the snail Littorina rudis: Berry and Hunt, 1980; juveniles of the crabs
Menippe adina and M. mercenaria: Brown and Bert, 1993; larvae of the
abalone Haliotis coccoradiata: Byrne et al., 2011; larval clams and oys-
ters: reviewed by Calabrese and Davis, 1970; juveniles of the sea star
Patiriella pseudoexigu: Chen and Chen, 1993; the oyster C. virginica:
Heilmayer et al., 2008; the oyster Ostrea edulis: Hutchinson and
Hawkins, 1992; juveniles of the shrimp P. vannamei: Ponce-Palafox
et al., 1997; embryos of the snail Siphonaria denticulata: Przeslawski
et al., 2005; embryos and larvae of the mussel Mytilopsis leucophaeata:
Verween et al., 2007)

4.6. Hatch variability

Our experiments demonstrated a wide variability in responses to
salinity and temperature and in overall growth rates among larval
hatches. For example, larvae reared at 20 °C and low salinity from
Hatch A developed abnormally into a bowler hat shape, while larvae
from Hatch B developed normally under the same conditions and
grew 44% faster than those from Hatch A (Fig. 4B). In addition, juve-
niles reared at 25 °C and low salinity actually grew 40% faster after
prior exposure to low salinity in one hatch (Hatch C; Fig. 5) but
that effect was not observed for juveniles in the other two hatches.
Statistical analyses revealed significant interactions between larval
hatch and larval salinity exposure in all dependent variables analyzed
(larval growth rates, juvenile growth rates, and juvenile inorganic con-
tent). Also, larval hatch significantly interacted with temperature to af-
fect juvenile growth rates, and the interaction of hatch and temperature
was marginally significant for juvenile inorganic content.

Previous studies have also documented substantial genetic or herita-
ble differences in the responses of larvae from different hatches in
C. fornicata (Diederich et al., 2011; Hilbish et al., 1999). The effect of
this hatch variability in our experiments seems to indicate that larvae
from different parents will be differentially affected by temperature
and salinity conditions. The larvae produced by some parents may ex-
press latent effects from low salinity exposure during larval develop-
ment while the larvae produced by other parents will be unaffected
(e.g. compare the results for 25 °C Hatch A with those from Hatches B
and C at the same temperature; Fig. 5) and larvae from some parents
may experience decreased growth rates at low salinity while those
from other parents will not (larval Hatch B vs. Hatches A and C;
Fig. 4). Hence, natural selection may be able to select for the more
hardy individuals as environmental conditions continue to change. In
addition, this variability could help to explain the great success of
C. fornicata as an invasive species (Blanchard, 1997), since such a large
range of temperature and salinity tolerances within the population
could make it easier for the species to invade habitats with a wide
range of abiotic conditions. Hatch variability in temperature and salinity
sensitivity also lends more weight to the importance of factors that in-
fluenced larval or juvenile growth rates in every single hatch, such as
the effect of the salinity in which juveniles were reared on juvenile
growth. In all cases, there was no significant interaction between larval
hatch and juvenile salinity (p N 0.4). Juvenile salinity exerted a large in-
fluence forwhich the amount of genetic variation considered here could
not compensate.

4.7. Implications and conclusion

These experiments demonstrate the complexity of temperature–sa-
linity effects on the growth of C. fornicata larvae and juveniles. Temper-
ature, salinity, and parentage were related with a number of interactive
effects. Themost confident conclusions of this study are that C. fornicata
larvae and juveniles grew faster at higher temperatures (although larval
growth rates began decreasing at 29 °C) and C. fornicata juveniles grew
more slowly at the low salinity of 20 than under control conditions (30).
In addition, while prolonged larval exposure to low salinity influenced
rates of both larval and subsequent juvenile growth, the effect varied
with temperature and parentage. Being raised at low salinity decreased
the percent inorganic content of larvae at competence, but only at the
lowest temperature tested (20 °C).

In the absence of salinity stress, then, C. fornicatawould be expected
to grow faster as oceanic temperatures continue to increase. Both larvae
and juveniles should grow faster, and sowould therefore bemore likely
to escape size-selective predation or mortality from abiotic factors
(Morgan, 1995; Paine, 1976; Pechenik, 1999; Rumrill, 1990; Vermeij,
1972), and thereby increase the supply of new adults to the population.

In regionswith frequent exposure to low salinity, orwhere salinity is
decreasing due to the altered precipitation patterns or glacial melting
caused by global warming (IPCC, 2013), C. fornicata may not fare as
well. Low salinity (20) reduced larval growth rates by 20–50% in 2 out
of 3 larval hatches in our study, reduced the percent inorganic content
of competent larvae (~900 μm) by 27% at 20 °C, and reduced juvenile
growth rates in all experiments. In addition, juvenile growth rates
were affected by larval exposure to low salinity in 4 out of 6 treatments
with the largest effect (seen for juveniles reared at 20 °C and low salin-
ity) causing a 4-fold reduction in growth rates. Therefore, low salinity
exposure will likely have an effect that is opposite to that of increasing
water temperatures. Larvae and juveniles exposed to low salinity will
spend more time at smaller sizes and possibly face increased size-
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selective mortality as a result. Furthermore, larvae may be less likely to
reach suitable habitats if they spend abnormally long in the plankton,
since currents could carry them far from suitable sites before they be-
come competent to metamorphose. This could severely limit the size
of adult populations. Alternatively, increased time in the plankton
could increase the dispersal potential of C. fornicata and aid its invasion
of newhabitats. Also, our feeding rate experiments seem to indicate that
prolonged exposure to low salinity as juveniles can result in acclimation
and greater adaptability to future salinity changes. In addition, larvae
and juveniles survived and grew at low salinity in combination with
all temperatures tested, demonstrating the ability of C. fornicata early
life stages to tolerate the fluctuating salinity conditions common to es-
tuaries and many other near-shore environments. In fact, C. fornicata
populations have been recorded in estuaries (e.g. Chipperfield, 1951).

Given the conflicting effects of increasing temperature and decreas-
ing salinity on the early life stages of C. fornicata, it is difficult to predict
how this species will be impacted by changing conditions in the future.
This study emphasizes the importance of including larval experience in
models attempting to predict the effects of climate change on species
distributions. As shown in this study, larval exposure to low salinity
can significantly affect juvenile growth rates and these effects can
persist for at least 16 days. Effects of exposing oyster larvae to ocean
acidification on juvenile growth rates can persist for months in both
lab and field (Hettinger et al., 2012, 2013). Latent effects have been
shown in a variety of animals from a variety of taxonomic groups
(reviewed by Pechenik, 2006; Pechenik et al., 1998). But they may be
even more common than previously thought. In cases where latent ef-
fects have not been observed in laboratory studies (eg., Diederich
et al., 2011; Thiyagarajan and Qian, 2003) the present study suggests
that they might appear after metamorphosis under different conditions
(e.g. different temperatures and parentage).

Other molluscs (including commercially important species) may
also face latent effects from exposure to low salinity in the larval
stage. More research is needed in order to determine how widespread
these effects are. This study highlights the complexity of environmental
influences on the larval and juvenile stages of C. fornicata. These early
life stages determine the eventual distribution and abundance of adults,
so that any effects of climate change on their growth or survival will de-
termine the future success, spread, or decline of this species.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jembe.2015.05.004.

Acknowledgments

Thanks to Casey Diederich for answering numerous questions and
providing advice. Robert Burns offered advice and Kelly Boisvert helped
collect organisms. Sara Lewis graciously provided access to her micro-
balance and, along with Nooria Al-Wathiqui, helped with statistical
analysis. Thanks also to Eric Tytell and David Cochrane for providing ad-
vice and encouragement and for serving onmy senior thesis committee
and to StevenMorgan for help in editing thismanuscript. Thanks also to
two anonymous reviewers for their detailed comments and sugges-
tions. SMBwas supported by the Department of Defense (DoD) through
the National Defense Science & Engineering Graduate Fellowship
(NDSEG) Program while preparing this manuscript. [SS]

References

Almada-Villela, P.C., 1984. The effects of reduced salinity on the shell growth of small
Mytilus edulis. J. Mar. Biol. Assoc. U. K. 64, 171–182.

Berry, A.J., Hunt, D.C., 1980. Behavior and tolerance of salinity and temperature in new
born Littorina rudis (maton) and the range of the species in the forth estuary.
J. Molluscan Stud. 46, 55–65.

Blanchard, M., 1997. Spread of the slipper limpet Crepidula fornicata (L. 1758) in Europe.
Current state and consequences. Sci. Mar. 61, 109–118.

Brito, R., Chimal, M.-E., Rosas, C., 2000. Effect of salinity in survival, growth, and osmotic
capacity of early juveniles of Farfantepenaeus brasiliensis (decapoda: penaeidae).
J. Exp. Mar. Biol. Ecol. 244, 253–263.
Brown, S.D., Bert, T.M., 1993. The effects of temperature and salinity on molting and sur-
vival ofMenippe adina andM.mercenaria (Crustacea, Decapoda) postsettlement juve-
niles. Mar. Ecol. Prog. Ser. 99, 41–49.

Brown, J.R., Hartwick, E.B., 1988. Influences of temperature, salinity and available food
upon suspended culture of the Pacific oyster Crassostrea gigas: I. Absolute and allome-
tric growth. Aquaculture 70, 231–251.

Byrne, M., Ho, M., Wong, E., Soars, N.A., Selvakumaraswamy, P., Shepard-Brennand, H.,
Dworjanyn, S.A., Davis, A.R., 2011. Unshelled abalone and corrupted urchins: devel-
opment of marine calcifiers in a changing ocean. Proc. R. Soc. B Biol. Sci. 278,
2376–2383.

Cadman, L.R., Weinstein, M.P., 1988. Effects of temperature and salinity on the growth of
laboratory-reared juvenile blue crabs Callinectes sapidus Rathbun. J. Exp. Mar. Biol.
Ecol. 121, 193–207.

Calabrese, A., Davis, H.C., 1970. Tolerances and requirements of embryos and larvae of bi-
valve molluscs. Helgoländer Meeresun. 20, 553–564.

Chaparro, O.R., Montiel, Y.A., Segura, C.J., Cubillos, V.M., Thompson, R.J., Navarro, J.M.,
2008a. The effect of salinity on clearance rate in the suspension-feeding estuarine
gastropod Crepipatella dilatata under natural and controlled conditions. Estuar.
Coast. Shelf Sci. 76, 861–868.

Chaparro, O.R., Segura, C.J., Montiel, Y.A., Thompson, R.J., Navarro, J.M., 2008b. Variations
in the quantity and composition of seston from an estuary in southern Chile on differ-
ent temporal scales. Estuar. Coast. Shelf Sci. 76, 845–860.

Chen, C.-P., Chen, B.-Y., 1993. The effect of temperature–salinity combinations on survival
and growth of juvenile Patiriella pseudoexigua (Echinodermata: Asteroidea). Mar.
Biol. 115, 119–122.

Chipperfield, P.N.J., 1951. The breeding of Crepidula fornicata (L.) in the river Blackwater,
Essex. J. Mar. Biol. Assoc. U. K. 30, 49–71.

Dickinson, G.H., Ivanina, A.V., Matoo, O.B., Pörtner, H.O., Lannig, G., Bock, C., Beniash, E.,
Sokolova, I.M., 2012. Interactive effects of salinity and elevated CO2 levels on juvenile
eastern oysters, Crassostrea virginica. J. Exp. Biol. 215, 29–43.

Dickinson, G.H., Matoo, O.B., Tourek, R.T., Sokolova, I.M., Beniash, E., 2013. Environmental
salinity modulates the effects of elevated CO2 levels on juvenile hard-shell clams,
Mercenaria mercenaria. J. Exp. Biol. 216, 2607–2618.

Diederich, C.M., Jarrett, J.N., Chaparro, O.R., Segura, C.J., Arellano, S.M., Pechenik, J.A.,
2011. Low salinity stress experienced by larvae does not affect post-
metamorphic growth or survival in three calyptraeid gastropods. J. Exp. Mar.
Biol. Ecol. 397, 94–105.

Donachy, J.E., Watabe, N., 1986. Effects of salinity and calcium concentration on arm re-
generation by Ophiothrix angulata (Echinodermata: Ophiuroidea). Mar. Biol. 91,
253–257.

Dupont, L., Richard, J., Paulet, Y.-M., Thouzeau, G., Viard, F., 2006. Gregariousness and
protandry promote reproductive insurance in the invasive gastropod Crepidula
fornicata: evidence from assignment of larval paternity. Mol. Ecol. 15, 3009–3021.

Gosselin, L.A., Qian, P.Y., 1997. Juvenile mortality in benthic marine invertebrates. Mar.
Ecol. Prog. Ser. 146, 265–282.

Harley, C.D.G., Randall Hughes, A., Hultgren, K.M., Miner, B.G., Sorte, C.J.B., Thornber, C.S.,
Rodriguez, L.F., Tomanek, L., Williams, S.L., 2006. The impacts of climate change in
coastal marine systems: climate change in coastal marine systems. Ecol. Lett. 9,
228–241.

Heilmayer, O., Digialleonardo, J., Qian, L., Roesijadi, G., 2008. Stress tolerance of a subtrop-
ical Crassostrea virginica population to the combined effects of temperature and salin-
ity. Estuar. Coast. Shelf Sci. 79, 179–185.

Henry, J.J., Collin, R., Perry, K.J., 2010. The slipper snail, Crepidula, an emerging
Lophotrochozoan model system. Biol. Bull. 218, 211–229.

Hettinger, A., Sanford, E., Hill, T.M., Russell, A.D., Sato, K.N.S., Hoey, J., Forsch, M., Page,
H.N., Gaylord, B., 2012. Persistent carry-over effects of planktonic exposure to ocean
acidification in the Olympia oyster. Ecology 93, 2758–2768.

Hettinger, A., Sanford, E., Hill, T.M., Lenz, E.A., Russell, A.D., Gaylord, B., 2013. Larval carry-
over effects from ocean acidification persist in the natural environment. Glob. Chang.
Biol. 19, 3317–3326.

Hilbish, T.J., Sasada, K., Eyster, L.S., Pechenik, J.A., 1999. Relationship between rates of
swimming and growth in veliger larvae: genetic variance and covariance. J. Exp.
Mar. Biol. Ecol. 239, 183–193.

Hunt, H.L., Scheibling, R.E., 1997. Role of early post-settlement mortality in recruitment of
benthic marine invertebrates. Mar. Ecol. Prog. Ser. 155, 269–301.

Hutchinson, S., Hawkins, L.E., 1992. Quantification of the physiological responses of the
european flat oyster Ostrea edulis L. to temperature and salinity. J. Molluscan Stud.
58, 215–226.

IPCC, 2013. Climate change 2013: the physical science basis. Working Group I Contribu-
tion to the Fifth Assessment Report (AR5) of the IPCC. CoreWriting Team Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA.

Keough, M.J., Downes, B.J., 1982. Recruitment of marine invertebrates: the role of active
larval choices and early mortality. Oecologia 54, 348–352.

Khangaonkar, T., Yang, Z., Kim, T., Roberts, M., 2011. Tidally averaged circulation in Puget
Sound sub-basins: comparison of historical data, analytical model, and numerical
model. Estuar. Coast. Shelf Sci. 93, 305–319.

Kingston, P., 1974. Some observations on the effects of temperature and salinity upon the
growth of Cardium edule and Cardium glaucum larvae in the laboratory. J. Mar. Biol.
Assoc. U. K. 54, 309–317.

Klinzing, M.S.E., Pechenik, J.A., 2000. Evaluating whether velar lobe size indicates food
limitation among larvae of the marine gastropod Crepidula fornicata. J. Exp. Mar.
Biol. Ecol. 252, 255–279.

Laing, I., Utting, S.D., Kilada, R.W.S., 1987. Interactive effect of diet and temperature on the
growth of juvenile clams. J. Exp. Mar. Biol. Ecol. 113, 23–38.

Lucas, J.S., Costlow, J.J.D., 1979. Effects of various temperature cycles on the larval devel-
opment of the gastropod mollusc Crepidula fornicata. Mar. Biol. 51, 111–117.

http://dx.doi.org/10.1016/j.jembe.2015.05.004
http://dx.doi.org/10.1016/j.jembe.2015.05.004
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0005
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0005
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0010
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0010
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0010
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0015
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0015
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0020
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0020
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0020
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0030
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0030
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0030
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0025
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0025
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0025
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0035
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0035
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0035
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0040
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0040
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0040
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0045
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0045
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0050
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0050
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0050
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0055
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0055
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0055
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0060
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0060
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0060
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0065
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0065
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0070
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0070
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0075
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0075
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0075
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0080
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0080
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0080
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0085
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0085
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0085
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0090
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0090
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0090
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0095
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0095
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0100
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0100
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0100
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0105
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0105
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0105
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0110
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0110
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0120
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0120
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0115
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0115
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0115
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0125
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0125
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0125
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0130
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0130
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0135
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0135
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0135
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0370
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0370
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0370
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0140
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0140
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0145
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0145
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0145
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0150
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0150
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0150
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0155
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0155
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0155
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0160
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0160
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0165
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0165


91S.M. Bashevkin, J.A. Pechenik / Journal of Experimental Marine Biology and Ecology 470 (2015) 78–91
Malone, P.G., Dodd, J.R., 1967. Temperature and salinity effects on calcification rate in
Mytilus edulis and its paleoecological implicatons. Limnol. Oceanogr. 12, 432–436.

Marshall, D.J., Pechenik, J.A., Keough, M.J., 2003. Larval activity levels and delayed meta-
morphosis affect post-larval performance in the colonial ascidian Diplosoma
listerianum. Mar. Ecol. Prog. Ser. 246, 153–162.

Morgan, S.G., 1995. Life and death in the plankton: larval mortality and adaptation. In:
McEdward, L.R. (Ed.), Ecology of Marine Invertebrate Larvae. CRC Press Inc., Boca
Raton, FL, pp. 279–321.

Moritz, C., Agudo, R., 2013. The future of species under climate change: resilience or de-
cline? Science 341, 504–508.

Nagarajan, R., Lea, S.E.G., Goss-Custard, J.D., 2006. Seasonal variations in mussel Mytilus
edulis L. shell thickness and strength and their ecological implications. J. Exp. Mar.
Biol. Ecol. 339, 241–250.

Ng, T.Y.-T., Keough, M.J., 2003. Delayed effects of larval exposure to Cu in the bryozoan
Watersipora subtorquata. Mar. Ecol. Prog. Ser. 257, 77–85.

Olson, R.R., McPherson, R., 1987. Potential vs. realized larval dispersal: fish predation on
larvae of the ascidian Lissoclinum patella (Gottschaldt). J. Exp. Mar. Biol. Ecol. 110,
245–256.

Padilla, D.K., Miner, B.G., 2006. Legacies in life histories. Integr. Comp. Biol. 46, 217–223.
Paine, R.T., 1964. Ash and calorie determinations of sponge and opisthobranch tissues.

Ecology 45, 384–387.
Paine, R.T., 1976. Size-limited predation: an observational and experimental approach

with the Mytilus-Pisaster interaction. Ecology 57, 858–873.
Pechenik, J.A., 1980. Growth and energy balance during the larval lives of three proso-

branch gastropods. J. Exp. Mar. Biol. Ecol. 44, 1–28.
Pechenik, J.A., 1984. The relationship between temperature, growth rate, and duration of

planktonic life for larvae of the gastropod Crepidula fornicata (L.). J. Exp. Mar. Biol.
Ecol. 74, 241–257.

Pechenik, J.A., 1999. On the advantages and disadvantages of larval stages in benthic ma-
rine invertebrate life cycles. Mar. Ecol. Prog. Ser. 177, 269–297.

Pechenik, J.A., 2006. Larval experience and latent effects—metamorphosis is not a new be-
ginning. Integr. Comp. Biol. 46, 323–333.

Pechenik, J.A., Eyster, L.S., 1989. Influence of delayed metamorphosis on the growth and
metabolism of young Crepidula fornicata (Gastropoda) juveniles. Biol. Bull. 176,
14–24.

Pechenik, J.A., Gee, C.C., 1993. Onset of metamorphic competence in larvae of the gastro-
pod Crepidula fornicata (L.), judged by a natural and an artificial cue. J. Exp. Mar. Biol.
Ecol. 167, 59–72.

Pechenik, J.A., Heyman, W.D., 1987. Using KCI to determine size at competence for larvae
the marine gastropod Crepidula fornicata (L.). J. Exp. Mar. Biol. Ecol. 112, 27–38.

Pechenik, J.A., Lima, G.M., 1984. Relationship between growth, differentiation, and length
of larval life for individually reared larvae of the marine gastropod, Crepidula
fornicata. Biol. Bull. 166, 537–549.

Pechenik, J.A., Rittschof, D., Schmidt, A.R., 1993. Influence of delayed metamorphosis on
survival and growth of juvenile barnacles Balanus amphitrite. Mar. Biol. 115, 287–294.

Pechenik, J.A., Estrella, M.S., Hammer, K., 1996a. Food limitation stimulates metamorpho-
sis of competent larvae and alters postmetamorphic growth rate in the marine pros-
obranch gastropod Crepidula fornicata. Mar. Biol. 127, 267–275.

Pechenik, J.A., Hammer, K., Weise, C., 1996b. The effect of starvation on acquisition of
competence and post-metamorphic performance in the marine prosobranch gastro-
pod Crepidula fornicata (L.). J. Exp. Mar. Biol. Ecol. 199, 137–152.

Pechenik, J.A., Wendt, D.E., Jarrett, J.N., 1998. Metamorphosis is not a new beginning. Bio-
science 48, 901–910.

Pechenik, J.A., Gleason, T., Daniels, D., Champlin, D., 2001. Influence of larval exposure to
salinity and cadmium stress on juvenile performance of two marine invertebrates
(Capitella sp. I and Crepidula fornicata). J. Exp. Mar. Biol. Ecol. 264, 101–114.
Ponce-Palafox, J., Martinez-Palacios, C.A., Ross, L.G., 1997. The effects of salinity and tem-
perature on the growth and survival rates of juvenile white shrimp, Penaeus
vannamei, Boone, 1931. Aquaculture 157, 107–115.

Przeslawski, R., Davis, A.R., Benkendorff, K., 2005. Synergistic effects associated with cli-
mate change and the development of rocky shore molluscs. Glob. Chang. Biol. 11,
515–522.

Richmond, C.E., Woodin, S.A., 1996. Short-term fluctuations in salinity: effects on plank-
tonic invertebrate larvae. Mar. Ecol. Prog. Ser. 133, 167–177.

Rumrill, S.S., 1990. Natural mortality of marine invertebrate larvae. Ophelia 32, 163–198.
Scavia, D., Field, J.C., Boesch, D.F., Buddemeier, R.W., Burkett, V., Cayan, D.R., Fogarty, M.,

Harwell, M.A., Howarth, R.W., Mason, C., Reed, D.J., Royer, T.C., Sallenger, A.H., Titus,
J.G., 2002. Climate change impacts on U.S. coastal and marine ecosystems. Estuaries
25, 149–164.

Scheltema, R.S., 1965. The relationship of salinity to larval survival and development in
Nassarius obsoletus (Gastropoda). Biol. Bull. 129, 340–354.

Shriver, A.C., Carmichael, R.H., Valiela, I., 2002. Growth, condition, reproductive potential,
and mortality of bay scallops, Argopecten irradians, in response to eutrophic-driven
changes in food resources. J. Exp. Mar. Biol. Ecol. 279, 21–40.

Stachowicz, J.J., Terwin, J.R., Whitlatch, R.B., Osman, R.W., 2002. Linking climate change
and biological invasions: ocean warming facilitates nonindigenous species invasions.
Proc. Natl. Acad. Sci. 99, 15497–15500.

Thieltges, D., Strasser, M., Reise, K., 2003. The American slipper limpet Crepidula fornicata
(L.) in the northern Wadden Sea 70 years after its introduction. Helgol. Mar. Res. 57,
27–33.

Thiyagarajan, V., Qian, P.-Y., 2003. Effect of temperature, salinity and delayed attachment
on development of the solitary ascidian Styela plicata (Lesueur). J. Exp. Mar. Biol. Ecol.
290, 133–146.

Thiyagarajan, V., Pechenik, J.A., Gosselin, L.A., Qian, P.Y., 2007. Juvenile growth in barna-
cles: combined effect of delayed metamorphosis and sub-lethal exposure of cyprids
to low-salinity stress. Mar. Ecol. Prog. Ser. 344, 173–184.

Thomas, C.D., Cameron, A., Green, R.E., Bakkenes, M., Beaumont, L.J., Collingham, Y.C.,
Erasmus, B.F.N., de Siqueira, M.F., Grainger, A., Hannah, L., Hughes, L., Huntley, B.,
van Jaarsveld, A.S., Midgley, G.F., Miles, L., Ortega-Huerta, M.A., Townsend Peterson,
A., Phillips, O.L., Williams, S.E., 2004. Extinction risk from climate change. Nature
427, 145–148.

Vermeij, G.J., 1972. Intraspecific shore-level size gradients in intertidal molluscs. Ecology
53, 693–700.

Verween, A., Vincx, M., Degraer, S., 2007. The effect of temperature and salinity on the
survival ofMytilopsis leucophaeata larvae (Mollusca, Bivalvia): the search for environ-
mental limits. J. Exp. Mar. Biol. Ecol. 348, 111–120.

Wendt, D.E., 1998. Effect of larval swimming duration on growth and reproduction of
Bugula neritina (Bryozoa) under field conditions. Biol. Bull. 195, 126–135.

Woollacott, R.M., Pechenik, J.A., Imbalzano, K.M., 1989. Effects of duration of larval swim-
ming period on early colony development in Bugula stolonifera (Bryozoa:
Cheilostomata). Mar. Biol. 102, 57–63.

Zhao, B., 2002. Larval Biology and Ecology of a Non-Indigenous Species, the Slipper
Limpet Crepidula onyx. (Ph.D.). The Hong Kong University of Science and Tech-
nology, Hong Kong.

Zimmerman, K.M., Pechenik, J.A., 1991. How do temperature and salinity affect relative
rates of growth, morphological differentiation, and time to metamorphic competence
in larvae of the marine gastropod Crepidula plana. Biol. Bull. 180, 372–386.

http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0170
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0170
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0175
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0175
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0175
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0180
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0180
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0180
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0185
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0185
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0190
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0190
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0190
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0195
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0195
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0200
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0200
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0200
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0205
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0215
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0215
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0210
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0210
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0235
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0235
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0230
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0230
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0230
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0225
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0225
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0220
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0220
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0245
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0245
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0245
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0250
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0250
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0250
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0265
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0265
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0270
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0270
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0270
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0275
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0275
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0240
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0240
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0240
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0260
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0260
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0260
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0280
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0280
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0255
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0255
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0255
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0285
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0285
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0285
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0290
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0290
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0290
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0295
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0295
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0300
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0305
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0305
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0310
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0310
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0315
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0315
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0315
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0320
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0320
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0320
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0325
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0325
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0325
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0335
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0335
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0335
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0330
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0330
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0330
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0340
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0340
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0345
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0345
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0350
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0350
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0350
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0355
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0355
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0360
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0360
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0360
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0375
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0375
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0375
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0365
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0365
http://refhub.elsevier.com/S0022-0981(15)00122-7/rf0365

	The interactive influence of temperature and salinity on larval and juvenile growth in the gastropod Crepidula fornicata (L.)
	1. Introduction
	2. Materials and methods
	2.1. Adult collection and maintenance
	2.2. Larval and juvenile maintenance
	2.3. Growth measurements
	2.4. Experiment 1: long-term effects of temperature and salinity on juvenile growth
	2.5. Experiment 2: effects of larval exposure to low salinity on juvenile growth
	2.6. Experiment 3: effects on larval inorganic content
	2.7. Experiment 4: feeding rate experiments
	2.7.1. Experiment 4a
	2.7.2. Experiment 4b
	2.7.3. Experiment 4c

	2.8. Statistical analyses

	3. Results
	3.1. Experiment 1: long-term effects of temperature and salinity on juvenile growth
	3.2. Experiment 2: effects of larval exposure to low salinity on juvenile growth
	3.2.1. Mortality
	3.2.2. Larval growth
	3.2.3. Juvenile growth

	3.3. Percent inorganic content
	3.3.1. Experiment 3: larvae
	3.3.2. Experiments 1 and 2: juveniles

	3.4. Experiment 4: feeding rates
	3.4.1. Experiment 4a
	3.4.2. Experiments 4b and 4c


	4. Discussion
	4.1. Temperature
	4.2. Salinity
	4.3. Inorganic content
	4.4. Latent effects of larval exposure to low salinity
	4.5. Interactions between environmental factors
	4.6. Hatch variability
	4.7. Implications and conclusion

	Acknowledgments
	References


