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Abstract.  Free-spawning marine invertebrates that live
near shore or in estuaries may experience reduced fertiliza-
tion success during low-salinity events. Although several
studies have documented reproductive failure at reduced
salinity in estuarine animals, few have looked at whether
developmental failure is due to a failure of fertilization or to
a failure of fertilized eggs to cleave. In this study, we
examined the effects of salinities ranging from 18 to 32 psu
on fertilization success and early development in the sand
dollar Echinarachnius parma. In addition to decoupling the
effects of low salinity on fertilization from its effects on
early cleavage, we also assessed whether eggs or sperm
were the weak link in accounting for reproductive failure.
We found that both fertilization and cleavage failed at
salinities below about 22 psu but that development could be
partially rescued by returning zygotes to full-strength sea-
water. We also found that sperm remained active and capa-
ble of fertilizing eggs even after being exposed to low
salinities for 30 min.. Taken together, these results suggest
that reproductive failure at low salinities in E. parma is due
more to an inability of the fertilized eggs to cleave than to
an inability of sperm to fertilize eggs.

Introduction

Shallow-water or estuarine species exhibiting external
fertilization may be especially susceptible to low-salinity
stress. Fertilization and early development of the polychaete
Nereis virens, for example, is rarely successful at salinities
below about 22 psu (Ushakova and Sarantchova, 2004).
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Although some attention has been paid to the role of salinity
variation in determining reproductive success, surprisingly
little attention has been paid to how those effects are me-
diated, despite considerable interest in many other aspects
of fertilization ecology over the past 25 years (e.g., Pen-
nington, 1985; Levitan and Young, 1995; Podolsky and
Strathmann, 1996; Yund, 2000; Podolsky, 2002; Johnson
and Yund, 2008). There is a substantial literature on the
effects of salinity on gamete longevity and fertilization
success for marine algae (e.g., Brawley, 1992; Serrao et al.,
1996; Steen, 2004), but surprisingly little comparable infor-
mation for marine animals (but for examples of renewed
interest in this topic, see Bekova et al., 2004; Kashenko,
2007; and Pechenik et al., 2007).

While several studies have considered the effects of low
salinity on larval development and metamorphosis (e.g.,
Anger et al., 1998; Metaxas, 1998; Qiu et al., 2002), few
have looked at the effects of low salinity on fertilization and
cleavage. In one recent study, Pechenik ez al. (2007) showed
that in the free-spawning polychaete Hydroides elegans,
poor development below salinities of about 20 psu was due
more to an inability of eggs to cleave than to an inability of
sperm to successfully fertilize the eggs. However, because
polychaete eggs do not form a conspicuous envelope upon
fertilization, there was no direct way to assess fertilization
success; fertilization success had to be inferred from cleav-
age. Echinoderms seemed a promising alternative for such
studies because their eggs typically form fertilization enve-
lopes within 30 s of fertilization (Pearse and Cameron,
1991), allowing the effects of low salinity on fertilization to
be distinguished from those on cleavage.

One of the few researchers to specifically investigate the
effect of low salinity on both fertilization and cleavage was
the remarkable E. E. Just (Byrnes and Eckberg, 2006).
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Working with the echinoid Echinarachnius parma, Just
(1923, p. 19) concluded that “the failure to cleave is due to
the action of dilute sea-water in interfering with the cleav-
age mechanism”—not with fertilization, since “eggs insem-
inated in dilutions of sea-water may separate membranes
[i.e., form a fertilization envelope] though they do not
cleave.” However, Just never specified the salinities he
worked with. Instead his data were presented as a function
of “percent dilution of sea-water,” with no report of the
salinity of undiluted seawater or the actual data on percent
cleavage. Moreover, he used tap water to make his dilutions,
so some of the effects observed could have been at least
partly caused by contaminants.

In this study we set out to repeat and extend key elements
of Just’s work on E. parma. In particular, we define the
salinities at which fertilization envelopes form and at which
cleavage occurs, and by transferring well-rinsed eggs to
different salinities after their mixture with sperm, we more
clearly differentiate the effects of low salinity on fertiliza-
tion and cleavage. We also document the effect of reduced
salinity on the timing of fertilization and cleavage, and
examine for the first time the tolerance of sperm of this
species to low salinities, assessing the relative sensitivity of
the two types of gametes to low-salinity stress.

Materials and Methods
General

Adult specimens of the sand dollar Echinarachnius
parma (Lamarck, 1816) were collected from the low
intertidal zone at Cedar Beach, Harpswell, Maine
(43°44'37"N; 69°59'11"W) and transported to the Bowdoin
College marine laboratory (Orr’s Island, ME), where they
were housed in flow-through seawater aquaria at ambient
temperature. The natural spawning season for E. parma
along the southern Maine coast is June, July, and August,
and all experiments were carried out during these months.
All experiments were conducted at room temperature, about
22 °C, and for each experiment gametes were obtained from
3—4 males and 2-3 females by intracoelomic injection of
about 1 ml of 0.5 mol 17! KCI. Eggs from each female were
combined and well mixed prior to being subsampled for use
in each experiment. All seawater was filtered to 0.45 um
and oxygenated by vigorous agitation before use. All dilu-
tions were made by adding reverse-osmosis filtered water.
Except where otherwise indicated, all fertilizations were
carried out using sperm concentrations of approximately
1 X 10° sperm ml ™', a choice based on results presented
below for fertilization success at different sperm concentra-
tions; and all experiments were conducted using 40-ml
seawater suspensions in glass bowls, with three replicates
per treatment unless otherwise noted. Eggs were examined
for fertilization envelopes and cleavage, using compound
microscopes at a magnification of 40X. The elevation of a

fertilization envelope was taken to indicate fertilization suc-
cess, following standard protocol (e.g., Greenwood and
Bennett, 1981; Ringwood, 1992; Levitan, 2002). We did not
measure the pH of the seawater used in this study; however,
the seawater at Bowdoin’s marine laboratory typically
ranges from 7.8 to 8.3, and a previous study (Pechenik ez al.,
2007) found that seawater pH was not affected by dilution
with distilled water over a range of 10 to 35 psu.

Salinity was directly measured at the collection site on
two occasions in the summer of 2009 by using a YSI 30
handheld conductivity meter. Salinity measurements
of nearby surface waters were also collected from the
GOMOOS (Gulf of Maine Ocean Observing System)
buoy in lower Harpswell sound, about 2 km to the north-
west of our collection site (43°45'46"N; 69°59’16"W).

Fertilization success at different sperm concentrations

Nearly dry sperm were obtained from three males and
mixed together. A 200-ul sample of the combined sperm
suspension was diluted in 100 ml of filtered seawater. A
1-ml subsample of this suspension (100%) was withdrawn,
and one drop of Lugol’s iodine was added to stain the
sperm. Sperm concentration was then determined with a
hemacytometer at a magnification of 100X. The concentra-
tion of the 100% suspension was 1.4 X 10° sperm ml .
Additional concentrations of 50%, 25%, 12.5%, 6.25%, and
3.12% were then made by serial dilution of the 100%
suspension, and 40 ml of each suspension was poured into
each of three replicate glass bowls.

Eggs were obtained from two females and held at ap-
proximately 800 eggs ml ™' before use. A 0.5-ml subsample
of the egg suspension was added to each bowl of sperm
suspension. The samples were examined for fertilization
envelopes after about 3—10 min, and examined for cleavage
after about 2-2.5 h.

Fertilization and development at constant salinities

This experiment was conducted to determine the range of
salinities over which eggs could be fertilized and could
cleave. In a pilot study, the following salinities were tested:
32, 30, 25, 20, 15, and 10 psu. Based on the results of that
study, the following salinities were tested in a subsequent
experiment: 32, 26, 24, 22, 20, and 18 psu. A 0.5-ml
subsample of egg suspension was first added to each dish
(40 ml of seawater in each dish), the appropriate (small)
volume of sperm suspension was added within 1 min, and
the suspension was then mixed gently by swirling each dish.
The presence of fertilization envelopes was assessed about
30 min later, and the extent of cleavage was determined
about 2 h after that.



SALINITY EFFECTS ON FERTILIZATION 191

Time course of cleavage at constant salinities

Eggs from the above experiment at 32 psu were sub-
sampled at about 30-min intervals to record changes in the
frequency of 1-cell, 2-cell, and 4-cell stages. A separate
experiment was later conducted to determine the effects of
salinity on the timing of fertilization and early cleavage; in
that experiment, eggs were examined for fertilization enve-
lopes and cleavage at intervals for up to 10 h. The following
salinities were tested: 32, 26, 24, 22, 20, 18, and 16 psu.

Effects of low salinity on cleavage

Eggs were fertilized at full salinity (32 psu) and allowed
to sit for about 20 min to allow fertilization envelopes to
harden. The eggs were then carefully retained on a 50-um
mesh filter that was then gently agitated in three successive
beakers of full-strength filtered seawater to remove excess
sperm. The rinsed eggs were transferred to dishes of low-
salinity seawater and subsampled after about 30—60 min to
assess fertilization and cleavage. A suspension of unfertil-
ized eggs was added to three samples of the final rinse
water, and these eggs were checked for the presence of
fertilization envelopes about 30 min later to test for the
effectiveness of sperm removal. Additional eggs (with
sperm added) remained at the initial full-strength salinity for
the entire procedure (three replicates) to serve as a control,
and eggs to which no sperm were added (three replicates)
served as an additional control, to be certain that no eggs
were inadvertently fertilized during collection.

Rescue of eggs fertilized at low salinity

The goal of this part of the study was to determine
whether eggs mixed with sperm at low salinity could be
“rescued” by transferring them to high-salinity seawater
well before the time that first cleavage would normally
occur. Conducting this experiment required that we be able
to remove all non-adhering sperm before the transfer, so that
there would be no free sperm available to fertilize eggs in
full-strength seawater after the transfer. Gametes were
mixed at each of the salinities tested previously (18-32 psu)
in about 1 liter of solution. After 5 min, during which all
eggs settled to the bottom of the container, most of the water
was drained from each beaker by reverse filtration: a siphon
tube was placed inside a mesh-bottomed beaker so that only
water passing through the mesh was removed from the
container, leaving the eggs behind. An additional liter of
seawater at the same test salinity was then added to each
beaker and the filtration repeated. Another liter of water at
the test salinity was added and filtered; then, finally, a liter
of full-strength seawater was added to each beaker and was
also mostly drained off. Unfertilized eggs were then added
to three subsamples of that rinse water to assess the effec-
tiveness of sperm removal. The experimental eggs were

examined after about 30 min to assess fertilization and again
2-3 h later to assess cleavage success. Additional samples
(three replicates) remained the entire time at the original test
salinities (including full-strength seawater) with sperm, as
controls. Additional samples (three replicates) of eggs were
never deliberately exposed to sperm and were subsequently
monitored for fertilization and cleavage, to control for the
possibility that eggs might have been inadvertently exposed
to sperm during collection.

Assessing the salinity tolerance of sperm

Two sperm-tolerance experiments were conducted. In the
first, 5 ul of sperm suspension was added to dishes of
seawater at either 18 or 20 psu (three replicates at each
salinity). Egg suspension (300 wl) was then added to each
dish after 0, 5, 10, 15, or 30 min. The eggs were examined
about 10 min later to look for bound sperm and sperm
swimming activity. In the second experiment, 5 ul of con-
centrated sperm suspension was added to 1 ml of seawater
at 18 or 20 psu; sperm remained in that low-salinity solution
for 0, 5, 10, 15, or 30 min. Forty ml of full-strength (32 psu)
seawater was then added to each bowl, and 0.5 ml of egg
suspension was added immediately afterward. Three repli-
cates were conducted for each treatment. Eggs were exam-
ined for fertilization envelopes about 15 min after salinity
was restored to about 32 psu.

Salinity stress control experiment

One control experiment was conducted to test the possi-
bility that sudden exposure to low salinity would itself
initiate development of a fertilization envelope or cell divi-
sion. A 0.5-ml volume of egg suspension (approximately
350 eggs) was added to each of three dishes containing 40
ml of seawater at either 18 or 20 psu. Three additional
dishes of egg suspension at 32 psu served as controls. The
eggs were examined at 100X after 1 and after 3.5 h for the
presence of fertilization envelopes and multi-cellularity.

Statistical analysis

Where appropriate, one-way ANOVA was used to com-
pare mean differences across treatments. Percentage data
were arcsin transformed before analysis. When there was
zero variance within a treatment (i.e., 0% fertilization across
all replicates) those data were excluded from the analysis to
meet assumptions of the ANOVA. When significant treat-
ment effects were found, post hoc tests were conducted for
all pairwise comparisons using Student’s t tests with Bon-
ferroni’s correction. All tests were conducted using SPSS
ver. 17.0.
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Figure 1. The influence of sperm concentration on average fertilization success in Echinarachnius parma.

Between 15 and 30 eggs were generally subsampled per replicate. Error bars indicate one SD about the mean.
The * indicates the one mean that is significantly different from the others (post hoc test, P < 0.05).

Results

Sea surface (2-m depth) salinity at the lower Harpswell
buoy ranged between 22 and 30 psu during the summer of
2008, and between 15 and 30 psu in the summer of 2009. In
August 2009, direct measurements of salinity over the sand
dollar bed ranged between 21 and 32 psu.

No eggs showed fertilization envelopes or cleavage with-
out the deliberate addition of sperm, demonstrating that
eggs were not inadvertently contaminated with sperm dur-
ing collection and handling and that exposure to low salinity
did not in itself initiate development. Moreover, fewer than
5% of eggs were ever fertilized when added to the final rinse
water after transfer of eggs between salinities, showing that
the washing techniques were effective in removing most
sperm.

At normal salinities of 32 psu, sand dollar eggs formed
conspicuous fertilization envelopes over a wide range of
sperm concentrations, from about 4.2 X 10* sperm m1~" to
the highest concentration tested, 1.4 X 10° sperm ml~ ' (Fig.
1). More than 60% of eggs were fertilized at the lowest
concentration tested (about 4.2 X 10* sperm ml~'). As
expected, there was a significant effect of sperm concentra-
tion on fertilization success (ANOVA; Fs5,, = 7.5; P =
0.002), with the lowest sperm concentration resulting in
significantly lower fertilization compared with that obtained
at all higher sperm concentrations (post hoc test, P < 0.05).
All further studies were conducted using sperm concentra-
tions of about 1 X 10° sperm ml~".

In a preliminary study, salinity had a significant effect on
fertilization success (ANOVA; F, |, = 1421.4; P < 0.001)
and cleavage success (ANOVA; F; 3 = 124.6; P < 0.001).
Fertilization and cleavage rates were significantly higher at
salinities of 25 psu and above than they were at 20 psu and
below (post hoc test, P < 0.05; Fig. 2). At 10 psu, the lowest
salinity tested, no eggs cleaved or formed fertilization en-
velopes. In more detailed studies conducted subsequently
(Fig. 2), reduced salinity again affected the success of both
fertilization (ANOVA; F,,, = 105.3; P < 0.001) and
cleavage (ANOVA; Fs 1, = 97.2; P < 0.001). Both fertil-
ization and cleavage were significantly greater at salinities
of 26 psu and above than at salinities of 24 psu and below
(post hoc test, P < 0.05). In particular, fewer than 20% of
eggs showed fertilization envelopes or cleavage at salinities
of 22 psu or less. Fertilization envelopes rarely formed
(generally < 10% of the time) at salinities between 15 and
18 psu.

When gametes were mixed at normal (32 psu) salinity,
>90% of the eggs consistently became fertilized (Fig. 3a);
of those eggs that became fertilized, >80% underwent at
least one cleavage within 1.5 h of fertilization and nearly
100% exhibited at least one cleavage over the next 1.5 h
(Fig. 3b). Many eggs took longer to produce fertilization
envelopes (Fig. 3a) and to cleave (Fig. 3b) at intermediate
salinities (2026 psu and 22-26 psu, respectively). Even
8—-10 h after insemination, reduced salinity significantly
lowered percent fertilization (ANOVA; Fg 4, = 190.1;
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Figure 2. Influence of salinity on production of fertilization envelopes (a) and cleavage (b) in Echinarach-
nius parma. Results from 2 separate experiments are shown, with 3 replicates per treatment. In one experiment
(open symbols), 44115 eggs were examined per replicate. In the other experiment (closed symbols), 30-75
eggs were examined per replicate. Fertilization was assessed after 5—10 min; cleavage was assessed about 2 h
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improve presentation clarity.
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Figure 3. Influence of salinity on the timing of production of fertilization envelopes (a) and cleavage (b)

in Echinarachnius parma. Each point is the mean of 3 replicates, with 42—116 eggs examined per replicate for
(a) and 25-100 eggs examined per replicate for (b). Error bars indicate one SD about the mean. Letters to the
right of each line indicate significant differences between means at the last time point measured (post hoc test,

P < 0.05).

P < 0.001) for eggs held at 24 psu and below (post hoc test,
P < 0.05). In addition, the percentage of eggs that had
cleaved 810 h post-insemination was significantly lowered
(ANOVA; F;3 4 = 129.4; P < 0.001) for eggs held at 24 psu
and below (post hoc test, P < 0.05). We recorded no

fertilization envelopes or cleavage at the lowest salinities
tested (18 and 16 psu) even 9—10 h after sperm were added.
The percent of embryos cleaving significantly increased
between the initial and final readings for salinities between
24 and 32 psu (t test, df = 4, P < 0.05); however, the
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Figure 4. The influence of low salinity on cleavage. Eggs and sperm

of Echinarachnius parma were mixed at 32 psu and then transferred to the
salinities indicated. Cleavage was assessed about 90 min later. Each point
is the mean (*1 SD) of 3 replicates, with 30-57 eggs examined per
replicate. Letters above each data point indicate significant differences
between means (post hoc test, P < 0.05).

percent cleaving did not significantly increase between the
3-h time reading and the final reading for any of the salin-
ities (t test, df = 4, P > 0.11). For example, at 24 psu the
percentage of eggs seen cleaving increased substantially
between 1.5 and 3 h after gametes were mixed together (t =
6.607, df = 4, P = 0.0027), but did not significantly
increase further over the next 5 h (Fig. 3b).

When eggs were fertilized at high salinity and later trans-
ferred to low salinity, a surprisingly high percentage of eggs
(about 30%-35% on average) cleaved at the lowest salini-
ties tested, 18 and 20 psu (Fig. 4). However, post-transfer
salinity still had a significant depressive effect on cleavage
success (ANOVA; Fs5, = 13.997; P < 0.001). Similarly,
transferring eggs from salinities of 18 and 20 psu to full-
strength seawater (32 psu) after they had been mixed with
sperm for 15 min at low salinity rescued many of the eggs
(Fig. 5). For example, whereas fewer than 2% of eggs
cleaved when the gametes were left at 18 psu, more than
20% of eggs, on average, cleaved after being transferred
from 18 psu to 32 psu. Again, this effect of post-fertilization
salinity transfer was significant (ANOVA; Fs , = 212.1;
P < 0.001). Very few of the eggs (only 2.26% =% 0.95%)
added to the rinse water for this treatment became fertilized.

Sperm were remarkably tolerant of low salinity. They
retained nearly their full capacity to fertilize eggs even after
spending 30 min at 18 psu, a salinity that supported little
cleavage (Figs. 2b, 3b). In our intial sperm-tolerance exper-
iment, sperm were observed to swim and bind to eggs at 18
and 20 psu even after 30 min of exposure prior to egg
introduction. However, the low salinities of this initial ex-
periment prevented us from assaying fertilization or cleav-
age. In our second sperm-tolerance experiment, sperm ac-
tivity was assayed at 32 psu. Exposures of sperm to 18 psu

for 5, 10, 15, and 30 min resulted in high levels of fertili-
zation (mean = S.D.; 94.9% = 0.22%; 94.6% = 1.43%;
94.51% * 2.69%; and 91.5% = 0.71%, respectively). There
were no significant effects of the low-salinity incubation on
the ability of sperm to subsequently fertilize eggs at full
salinity (ANOVA; F; ¢ = 3.047; P = 0.092).

Discussion

The lower limit for successful fertilization and cleavage
in Echinarachnius parma was about 24 psu. Fertilization
occurred, but was delayed, at salinities of 20 and 22 psu;
however, subsequent cleavage occurred in less than 10% of
fertilized embryos. At salinities less than 20 psu, no eggs
produced fertilization envelopes or cleaved, even by 10 h
after insemination. Although few studies have explicitly
examined the link between salinity and the ability to pro-
duce fertilization envelopes, a reduction in fertilization suc-
cess between 18 and 24 psu does not appear to be unusual
for echinoderms. For example, in the asteroid Asterina
pectinifera, fertilization envelopes do not form at salinities
below 18 psu (Kashenko, 2006). Similarly, in the holothu-
roid Eupentacta fraudatrix, 20 psu marked the lower salin-
ity limit for successful fertilization (Kashenko, 2000). For
the echinoid Echinocardium cordatum, the lowest salinity at
which fertilization envelopes were produced was 24 psu
(Kashenko, 2007). In the sand dollar Scapechinus mirabilis,
fertilization envelopes were produced down to salinities of
22 psu, but embryos maintained at these low salinities did
not survive to the blastula stage (Bekova et al., 2004).

Although echinoderms are typically regarded as stenoha-
line, restricted to areas of undiluted seawater, some species
do occur in estuarine habitats. The gametes of some of these
estuarine species can acclimate to the altered salinity at
which the adult resides during gametogenesis (Hintz and
Lawrence, 1994). However, the more typical response may
be a lack of acclimation to reduced salinities, as has been
shown for several echinoid species (Roller and Stickle,
1993, 1994). In our study we did not allow adults or ga-
metes to acclimate to changes in salinity. Future studies may
benefit from allowing adults to acclimate to such changes
prior to spawning or from inducing animals to release
gametes directly into containers at the experimental salinity.
The general inability of echinoderm gametes to acclimate or
adapt to low salinities may partly explain why members of
this phylum have yet to invade freshwater habitats. Adult
echinoderms also occur in hypersaline environments up to
46 psu (Binyon, 1966), and we suggest that future work on
the effects of elevated salinities on fertilization success is
warranted.

Echinoderms are not alone among marine organisms in
displaying reduced developmental success at low salinities.
In the polychaetes Nereis virens and Hydroides elegans,
normal fertilization and development do not usually occur
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been fertilized at low salinity. Gametes of Echinarachnius parma were mixed at the salinities indicated and
either transferred back to seawater of the original low salinity (controls) or to full-strength seawater (32 psu). In
the rinse, control unfertilized eggs were placed in water used to rinse excess sperm from eggs prior to transfer
to full-strength seawater. Percent cleavage was assessed about 2 h later. Each point is the mean (*1 SD) of 3
replicates, with about 30—100 eggs examined per replicate. Letters above each data point indicate significant

differences between means (post hoc test, P < 0.05).

below salinities of 18 psu and 20 psu respectively (Usha-
kova and Sarantchova, 2004; Pechenik et al., 2007). Devel-
opmental success was also reduced when gametes of marine
fishes (e.g., the California grunion—Matsumoto and Martin,
2008) and estuarine fishes (e.g., Fundulus heteroclitus—
Able and Parmer, 1988) were exposed to low-salinity sea-
water.

While previous studies have shown that the eggs and
embryos of E. parma (Just, 1922a, b) and some other
invertebrates are sensitive to changes in salinity, the reason
for this sensitivity has remained unclear. One explanation is
that a failure of development reflects a failure of fertiliza-
tion, due to effects on sperm motility or binding ability. In
contrast, development may fail after the eggs have been
fertilized but before cleavage can occur. In one of the few
studies to attempt to tease out the causes of failed develop-
ment at low salinities for marine animals, Pechenik et al.
(2007) found that at least the early stages of fertilization in
the polychaete Hydroides elegans could be successful at
low salinities; as in the present study with E. parma, devel-
opment was substantially rescued when well-rinsed eggs
were transferred from a sperm-egg mixture at low salinity to
a substantially higher salinity. Pechenik et al. (2007) did

suggest, however, that sperm function was also reduced at
lower salinities, so that both gametes played a role in poor
development under low-salinity conditions.

In our study, the sperm of E. parma were very resilient to
low-salinity stress and were able to fertilize eggs even after
spending 30 min at 18 psu before being exposed to eggs at
normal salinity. We also found that eggs could be rescued
by transferring zygotes from low salinity to high salinity,
indicating that at least the early steps of fertilization had
occurred in some eggs at the lower salinity, and that many
eggs fertilized at normal salinity were unable to cleave after
being transferred to water of reduced salinity. These results
suggest that, in E. parma, developmental failure occurs
either at the later steps of fertilization (e.g., pronuclear
fusion and egg activation) or at the zygote stage (mitosis)
rather than at the level of individual gametes. The rescue
effect could be due to sperm that remained bound to the egg
surface and that then fertilized the egg upon the egg’s return
to full-strength seawater. However, this seems unlikely
given that only 2.26% of eggs were fertilized in the rinse
control, but 15.23% (20 psu) and 23.67% (18 psu) were
fertilized in our two rescue treatments. These differences
between the control and the rescue treatments mean that
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between 12.98% and 21.41% of the eggs were rescued at 20
and 18 psu respectively.

The facts that many fertilized eggs did not cleave after
being transferred to low-salinity seawater and that eggs
could be rescued by transferring them from a sperm sus-
pension at low salinity to full-strength seawater in the
absence of sperm suggest that cleavage (e.g., mitosis) is
directly impacted by reduced salinity. Further studies will
be needed to determine how this effect is mediated. Re-
duced osmotic pressure might affect microtubule-stabilizing
proteins (Sharp, 2002) or the operation of the protein motors
involved in separating the spindles during mitosis (Sharp et
al., 2000a, b; Rogers et al., 2004), or might affect cytoki-
nesis directly (Gilbert, 2003). In an ecological context, the
ability of eggs to be fertilized at low salinity may be of
value in nearshore environments with short-term oscilla-
tions in salinity. If natural populations of sand dollar eggs
are fertilized at low salinity and subsequently return to
undiluted seawater (or possibly just less dilute seawater)
through mixing of the water column, then it appears likely
that subsequent development can proceed normally. Future
studies should investigate whether this rescue effect is
present in other marine organisms.

A handful of other studies have also examined the rela-
tive abilities of sperm and eggs to tolerate salinity stress.
Greenwood and Bennett (1981) exposed eggs and sperm of
the sea urchin Parechinus angulosus to low salinities prior
to fertilization and found that subsequent fertilization suc-
cess at 34 psu was strongly affected by prior low-salinity
exposure, dropping below 50% fertilization at about 20 psu.
Greenwood and Bennett (1981) also found that sperm were
more resilient than eggs to lowered salinities, retaining the
ability to fertilize eggs down to 3 psu, whereas eggs lysed at
salinities below 15 psu. Similarly, in marine fish, sperm
were able to retain their motility and tolerate salinities as
low as 10 psu (Billard, 1978).

Sperm may be robust to changes in salinity, but they are
not immune to its effects. In an estuarine polychaete, for
example, sperm retained functionality down to 20 psu, but
at 10 psu and below the acrosome was destroyed and
organelles were lost (Hsieh, 1997). In other species, sperm
may indeed be the gamete that limits fertilization success at
reduced salinity. In herring, sperm motility was reduced at
low salinities, and this reduced motility was implicated as a
main factor in poor fertilization success (Griffin et al.,
1998). Similarly, in the fifteen-spined stickleback, the lon-
gevity of sperm was significantly reduced at salinities below
10 psu (Elofsson et al., 2003).

Additionally, exposure of eggs to low salinities may
contribute to increased polyspermy because the “fast block”
to polyspermy is sodium-dependent in many marine inver-
tebrates (Jaffe, 1980). Since sodium is also required for
proper formation of the fertilization envelope (the “slow
block™ to polyspermy) and for embryogenesis in echinoids

(Schuel et al., 1982), some of the failure to cleave may be
directly attributable to low concentrations of sodium ions.
In marine algae, reduced salinity has been shown to increase
polyspermy (Brawley, 1992) and to delay fertilization and
cleavage (Serrao et al., 1999). This is similar to our result
that at intermediate salinities (20—26 psu) the appearance of
fertilization envelopes and early cleavage were delayed; the
mechanism for this delay should be explored in future
studies. To properly address the interactions between salin-
ity, polyspermy, and fertilization success in this and other
species, future studies should be carried out over a wide
range of sperm concentrations, as has been suggested by
Marshall (2006).

Our finding that fertilization envelopes do not always rise
at low salinities (e.g., 18 psu), even in successfully fertilized
eggs, was unanticipated. In one experiment, fewer than 2%
of eggs, on average, evidenced fertilization envelopes, and
yet about 25% of those eggs cleaved after their transfer to
full-strength seawater (32 psu). Clearly, at least the early
events of fertilization (e.g., sperm-egg binding) were suc-
cessful at low salinity. So, while it is common to judge
fertilization success by the elevation of a fertilization enve-
lope (e.g., Greenwood and Bennett, 1981; Ringwood, 1992;
Levitan, 2002), this method may underestimate fertilization
success at low salinity, and perhaps also under some other
stressful conditions such as extreme polyspermy (Levitan,
2002). Further studies will be needed to determine why
some fertilized eggs failed to form fertilization envelopes at
low salinities. For example, binding of sperm with the egg
envelope may have failed to release internal calcium stores
(Swann and Jones, 2002; Gilbert, 2003), or cortical granules
may have failed to bind to the egg envelope or to release
their contents (Swann and Jones, 2002; Gilbert, 2003), or
the osmotic gradient across the envelope at reduced salinity
may simply have been insufficient to allow for sufficient
inward diffusion of water (Gilbert, 2003).

Finally, decreased salinities in the marine realm are often
coupled with increases in temperature. For example, in
recent decades sea surface temperatures in the Gulf of
Maine have been increasing at the same time that salinities
have been decreasing (Drinkwater et al., 2009). It is possi-
ble that in nature the gametes of marine invertebrates ex-
perience salinity and temperature stresses that act synergis-
tically or antagonistically on development, as has been
shown to occur for zooplankton experiencing multiple stres-
sors (Folt et al., 1999).
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