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EGG CAPSULES OF NUCELLA LAPILLUS
LOW-SALINITY

(L.) PROTECI’ AGAINST

STRESS
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Abstract: The osmotic concentration of intracapsular fluid declines abruptly upon transfer of egg capsules
of NuceZla lapihs (L.) to water of reduced salinity. The magnitude of the decline reached at equilibrium is
completely accounted for by loss of solute from the capsular fluid to the surrounding medium. Comparisons
of solute emux rates with rates of NaCl influx suggest that the exiting solute molecules are inorganic ions.
Such salts account for at least 80% of the osmotically active solute molecules in the capsular fluid. The
capsule wall of N. lapilh is readily permeable to both NaCl and water, but it is substantially less permeable
to small organic molecules (amino acids, glucose and sucrose). At equilibrium with water of about
150 mOsm/l, the osmotic concentration of intracapsular fluid remains about 25-30 mOsm/l above
ambient. This result is most likely due to the presence of large molecular weight, non-diffusible, organic
components of the capsular fluid. The greater tolerance of encapsulated individuals relative to that of
excapsulated individuals exposed to the same levels of stress may reflect the effects of encapsulation on both
the rate of salinity change and the magnitude of the salinity decline.

INTRODUCT ION

Many marine gastropods enclose their fertilized eggs within structurally and
chemically complex capsules (Thorson, 1946; Hunt, 1966; Bayne, 1968; Tamarin &
Carriker, 1968; Price & Hunt, 1974). Although marine gastropod egg capsules are
generally considered to be protective (Thorson, 1950; Skoog, 1973; Moore & Sander,
1981; Perron, 1981; see review in Pechenik, 1979), little experimental work has been
reported to support this view. Perron (1981) has documented an intriguing positive
correlation between duration of encapsulated development and puncture-resistance of
capsules for species in the genus Conus. The very reasonable suggestion was made that
selection has favored capsules that are more protective in species which have a longer
period of encapsulated development. Although reports of predation upon capsules are
not uncommon (Pechenik, 1979; Brenchley, 1982), comparative studies of capsule
resistance to predation have not yet been reported. The ability of intertidal capsules to
protect embryos against desiccation stress has been examined only in a few gastropod
species. Although capsule wall properties may play a significant role in determining rates
of water loss (Daniel & Pechenik, in prep.), capsules appear to be rather ineffective in
preventing desiccation-induced mortality of encapsulated embryos (Spight, 1977;
Pechenik, 1978).
It has been shown recently that the intertidal egg capsules of three gastropod species
are highly effective in protecting developing embryos from low-salinity stress (Pechenik,
0022-0981/83/%03.00 0 1983 Elsevier Science Publishers B.V.
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1982). The mechanisms through which this protection is accomplished are uncertain,
in part because so little is known about the following points: (1) rate of change of the
osmotic concentration of intracapsular fluid in the face of salinity stress; (2) embryonic
tolerances and requirements during development; and (3) the physicochemical properties of the capsules and of the intracapsular fluid. Gastropod egg capsules have been
considered to be freely permeable to water and salts (GaItsoff et al., 1937; Carriker,
1955). However, it is becoming apparent that significant differences exist in permeability
properties among capsules of different species, and that these differences may have
survival implications (Pechenik, 1982; Daniel & Pechenik, in prep.). The vase-shaped
intertidal egg capsules of Nucella lapillushave been described and figured (Ankel, 1937;
Kostitzine, 1940; Fretter, 1941; Bayne, 1968), but embryonic tolerances and capsule
properties have not been reported.
In this paper, I examine the embryonic tolerance of N. lapihs (L.) to low salinity
stress, such as would be encountered during a rainstorm at low tide (Bayne, 1968;
Gibbs, 1968; Oglesby, 1981; Pechenik, unpubl.). The ability of the egg capsules to
ameliorate the effects of a declining salinity for embryos of this species is also
considered. In particular, the following questions are addressed. At what rate does the
osmotic concentration of intracapsular fluid decline in response to a given decrease in
ambient salinity? Does the decreased osmotic concentration within a capsule subjected
to reduced salinity reflect loss of solute molecules from the capsule or does it reflect a
rearrangement of solute molecules within the capsule? What is the chemical nature of
the solute molecules responsible for the decrease in intracapsular fluid osmotic concentration? To what extent is increased tolerance of encapsulated embryos attributable to
the effect of encapsulation on the rate of salinity change experienced by the embryo?

MATERIALS

AND

METHODS

EXPERIMENTAL MATERIAL
Recently-deposited

egg capsules

of N.

lapillus were collected intertidally during

June-July at Nahant, MA. Capsules were held in sea water at 12 “C until used in
experiments. The capsule walls are translucent, so that the speed with which embryos
fell through the intracapsular fluid when the capsules were inverted could be easily
monitored. Capsules were not used in experiments until the intracapsular fluid had
become non-viscous ; this occurred z 5 days after deposition, and seemed to coincide
with the completion of feeding upon nurse eggs by the developing embryos.
TOLERANCE OF OSMOTIC STRESS
Resistance
capsules

to osmotic

(“encapsulated

stress was determined
embryos”)

and

using embryos contained

within intact

embryos which had been carefully removed
from capsules into sea water fttered to 0.22 pm (“excapsulated embryos”). Full strength
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sea water, collected from Nahant, had a salinity of x30?&, as determined with a
refractometer. Sea water dilutions (=2-5x0 S) were made using glass-distilled or
deionized water. Osmotic concentrations of all solutions used in experiments were
determined using a vapor-pressure osmometer capable of processing 5-8 ~1 sample
volumes (Wescor, Inc.). All experiments were run at 12-15 “C. As previously described
(Pechenik, 1982), embryos were transferred to test salinities (80-150 mOsm/l) or to
control salinities (x 900 mOsm/l) for predetermined time periods (2-8 h), and then
retuned to control conditions. After a 48-h recovery period, mortality was assessed,
as was the appearance of purple pigmentation (a peculiar response to stress shown by
embryos of the genus Nucella (Spight, 1975; Gallardo, 1979; Pechenik, 1982)).
Transfers among the different salinities were either abrupt or gradual; the time course
of gradual changes was chosen to mimic events occurring within intact capsules (see
below). In some experiments, intact capsules were abruptly transferred to sea water of
reduced salinity, and the embryos were carefully removed from the capsules after 20 min
and held in the low salinity for an additional period of time before their return to full
strength sea water.
CAPSULE

WALL PERMEABILITY

AND

INTRACAPSULAR

SOLUTE

CONCENTRATIONS

To monitor the rate at which intracapsular fluid osmotic concentration declined upon
transfer of capsules to low-salinity sea water, the osmotic concentration of fluid from
individual capsules was determined at frequent intervals after transfer of intact capsules
to water of z 150 mOsm/l. At least live capsules were sampled for most time intervals.
Other capsules were held at 150 mOsm/l for 1 h and were then transferred to a NaCl
solution whose osmotic concentration was equivalent to that of full-strength sea water
(z 900 mOsm/l). The osmotic concentration of these capsules was determined at
intervals over the next 60 min, with one capsule being sampled at each time interval.
To determine whether declines in intracapsular osmotic concentration resulted from
net loss of solute from the capsules, intact capsules were quickly rinsed in distilled water,
blotted dry, and transferred individually to a known volume (100 or 150 ~1) of distilled
water in small plastic containers (BEEM capsules, designed for electron microscopy).
The osmotic concentration of the medium and of the intracapsular fluid was determined
after either 10, 15, or 20 min.
The permeability of capsules to various solutes was assessed in two ways. Six pairs
of diffusion chambers were set up as previously described (Pechenik, 1982), with 4 ml
of distilled water on one side of a piece of the egg capsule wall and 4 ml of sea water
on the other side. The average exposed surface area (A) of egg capsule across which
solute movement could occur was 1.54 f 0.01 mm2. The osmotic concentration of the
fluid in each chamber was determined at 1 h and 3 h. The fluids were stirred only prior
to sampling. The rate at which the osmotic concentration of the distilled water increased
was taken as an index of permeability to solute, permitting interspecific comparisons
to be made with previously collected data (Pechenik, 1982).
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Permeability to solute was also assessed using intact capsules. Capsules were transferred to distilled water for x 30 min, by which time the osmotic concentration of the
intracapsular fluid had declined to near-ambient and stabilized. The fluid of several
capsules was then sampled, and the rest of the capsules were transferred to test
solutions: glucose, sucrose, NaCl, sea water, or threonine. All test solutions initially had
osmotic concentrations of z 900 mOsm/l. The osmotic concentration of intracapsular
fluid was determined 5 or 10 min after transfer to the test solutions. Five capsules were
placed in each solution.
Permeability of isolated capsule walls to water was determined using tritiated water
(3H,0) in six pairs of the diffusion chambers mentioned above. Four ml of sea water
were placed in each chamber, and 10 ~1 of tritiated water (New England Nuclear Co.)
was added to one chamber of each pair. The fluid in each chamber was then well mixed,
and remixed before sampling. Ten-p1 samples were taken from each chamber at To,
T 30 mint and T60minv
with 2 ml of Dimilume scintillation cocktail
m d combined
(Packard Instrument Co.). Determinations of cpm (counts per min) were made using
a Packard Tricarb Model 300 liquid scintillation spectrometer.
A diffusion coefficient (0) was calculated from Fick’s Law, F = (-DAAC)/AX,
where F = average rate of movement of 3H,0 across the capsule wall in cpm/s,
A = average surface area of capsule wall across which water can diffuse (in cm*),
AC = “concentration” gradient (i.e., cpm/cm3 of H,O in the radioactive chambers at
the start of the experiment, assuming 0 cpm in the adjacent chamber of each pair), and
AX is the average capsule wall thickness in cm, as measured at 63 x using a dissecting
microscope equipped with an ocular micrometer. The change in concentration gradient
was negligible during the experiment.
Capsule dimensions were determined at 8 x using an ocular micrometer. The capsule
shape approximates a prolate ellipsoid. Thus, capsule volume was estimated as
I/ = 4/3 nab2, where a = l/2 capsule height (neglecting stalk and exit plug) and b = l/2
capsule width. Capsule surface area was estimated as A = 27rb2 + (2~b)(sin- ‘E)/E,
where a = l/2 capsule height, b = l/2 capsule width, and E = the eccentricity:
E = [(a’ + b2)“* J/a.

RESULTS

PROTECTION

AGAINST

OSMOTIC

SHOCK

Significant mortality of excapsulated embryos followed exposures of only l-2 h to
x lo-15% of full strength sea water (~90-135 mOsm/l), indicating embryonic
susceptibility to osmotic stress (Table I). Mortality of encapsulated embryos was
generally far less than that of excapsulated embryos transferred to identical levels
(osmotic concentration and time) of stress (Table I). Thus, the egg capsules of N. lupillus
were effective in protecting encapsulated embryos from low-salinity stress. Encapsulated
embryos were clearly perceiving the stress in most treatments, however, as indicated by
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the number of encapsulated individuals becoming purple (Table I). This suggests that
the osmotic pressure of intracapsular fluid declined upon transfer of capsules to water
of reduced salinity. No mortality or purple-tinting of excapsulated controls was
TABLEI
Protection by egg capsules against low-salinity stress: inspections were made 24 h (Expt. D) or 48 h (Expts.
A-C) after return of capsules or embryos to control conditions; these experiments were not replicated; the
total number ofembryos used in a treatment is denoted by a superscript: a 8-10; b 1l-30;’ 31-50; d 5 l-100;
’ 101-150; f > 150; ND = not determined.
Percent mortality
Series
A

mOsm/l

Exposure
time (h)

109

Excapsulated

Percent purple

Encapsulated

Excapsulated

Encapsulated

2
3
4
5
6
6

75”
100
100
100
100
0

Ob
0’
35b
0’
Ob
0’

100
100
100
100
100
0

0
0
80
15
63
0

2
3
4
5
5

38b
43
62
15
0

Ob
22b
Ob

62
43
75
87
0

19
59
72
41
0

4lb
59
82
100
0

Od
2’
5d

870 control

1
3
5
8
8

ND
ND
ND
ND
ND

ND
ND
ND
ND
ND

85
106
122
136
9 14 control

6
6
6
6
6

tooa
100
71
43
0

100s
Ob
67b

51
86
86
78
0

35
45
59
54
0

902 control
82

905 control
143

;:

;:

TABLEII
Influence of age on embryonic tolerance to low-salinity stress: all excapsulated embryos were exposed to
80 mOsm for 6 h before being returned to full strength sea water (925 mOsm); three replicates were run
per treatment, with 12 embryos per replicate; data are means f SD; mortality was assessed at 24 h and 48 h
following return to control conditions; control mortalities were 0% in all treatments.
Percent mortality
Stage of development

Shell length (pm)
(mean f SD)

24 h

48 h

Preshelled
Shelled veligers
Crawling

842 + 100 (A!= 16)
1057 f 148 (N= 15)

67+ 18
415 I
18 + 10

75+ 11
49 f 20
36+ 8
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recorded in any of these experiments, indicating that removal from the capsule was in
itself not responsible for mortality or coloration of excapsulates. Some variability in the
tolerance of excapsulated and encapsulated embryos is apparent in the data. At least
some of this variation in tolerance may be explained by the apparent differential
sensitivity of early and later-staged embryos (Table II) (P < 0.01 by one-way analysis
of variance and by Wilcoxon’s rank sums test).
CHANGES IN INTRACAPSULAR

FLUID OSMOTIC CONCENTRATION

The osmotic concentration within intact egg capsules of N. lupillus declined abruptly
following transfer of capsules to low-salinity water (Fig. 1, curve A). A new equilibrium

MINUTES
Fig. 1. Change in osmotic concentration of intracapsular fluid for capsules transferred to water of different
salinity: for curve A, capsules were transferred from full-strength sea water (upper dashed line) to
low-salinity water (lower dashed line), and each point represents the mean determination (f SD) for I-10
capsules (average 3.3); for curve B, capsules were held for 1 h at the lower salinity and then transferred
back to a NaCl solution (~900 mOsm/l, upper dashed line), with a single capsule being sampled for each
point.

concentration was attained within 15-30 min following the transfer. This equilibrium
concentration exceeded ambient osmotic concentration by x 30 mOsm/l. The decline
in intracapsular fluid osmotic concentration was accompanied by a substantial loss of
solute from intact capsules as indicated by the increased osmotic concentration of the
surrounding distilled water (Table III, final column). When capsules were returned to
a NaCl solution (z 900 mOsm/l) after having been held at zz 150 mOsm/l for 1 h, the
osmotic concentration of intracapsular fIuid increased rapidly (Fig. I, curve B),
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TABLE III

Loss of solute from capsules transferred to distilled water: the column headed N is the number of capsules
transferred to the containers of distilled water.

N

Capsule
volume
(PI)

Exposure
time
(min)

Volume of
distilled
water (jd)

Capsule

Container

906 + 18
(N=3)

3

38.4 f 3.5

10

100

320 f 12

242 f

9

842 & 39
(N=5)

8

30.4 * 1.5

15

150

151 f 22

117*

9

902 f 17
(N = 3)

4

37.9 f 7.3

20

150

159 + 10

155 + 24

Capsule fluid
(initial mOsm)

Final mOsm

suggesting rapid influx of solute. Intracapsular fluid reached osmotic equilibrium within
30 min following transfer of the capsules to hyperosmotic conditions (Fig. 1, curve B;
Fig. 2, NaCl IO-min data).
CAPSULE WALL PERMEABILITY

Intact capsules were far more permeable to inorganic ions (Na + , Cl-) than to even
the smallest organic molecule tested (threonine, ikf, 119) (Fig. 2). Indeed, in the

600
T
E
z
E

400

initial
concentrations

NaCP

NaCl

Test

seawater

threonine

glucose

sucrose

Solutions

Fig. 2. Permeability of intact egg capsules to various solutes: except for a single treatment (denoted by *,
10 min), measurements for capsular fluid (dark bars) and surrounding test solution (white bars) were taken
after 5 mitt; error bars show f 1 SD about the mean (N = 5); see text for details.
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presence of glucose and sucrose, capsules rapidly dimpled inwards, suggesting a net loss
of water across a surface little permeable to these molecules. Such dimpling was not
observed when capsules were transferred to sea water or to solutions of NaCl or
threonine.
The average capsule wall thickness was 9.63 x 10 _~’ cm, and the average exposed
surface area between pairs of diffusion chambers was 1.54 x 10 _ * cm2. AC was
178052 cpm + 9040, and F was 1.17 x lo- ’ t 0.06 cpm/s. Thus, the diffusion coefficient for water moving across capsule walls was 4.11 x 10 ’ cm’,/s.
The average capsule volume (+ SD), based upon measurements made on 175 egg
capsules, was 32.7 f. 8.7 mm3. The average ratio for surface area to volume was
1.62 + 0.17, the average surface area being 52.9 t 9.5 mm2.
MECHANISM

OF PROTECTION

Under mild salinity stress, a gradual rate of change was no more or less stressful than
an abrupt change in salinity, based on mortality and on the acquisition of purple
coloration by embryos (Table IV, series A). Under more severe stress conditions, the
rate of change of salinity had a pronounced effect on survival (Table IV, series B);
mortality of excapsulated embryos following the gradual transfers to and from 86 mOsm
was approximately one-third that experienced following abrupt transfers under the same
conditions (P < 0.01 by one-way ANOVA). Excapsulation of embryos 20 min after
intact capsules were transferred to low salinity (86 mOsm/l) also resulted in higher
survival relative to that obtained following an abrupt transfer of excapsulated
embryos to the low salinity (45-48 y0 as opposed to 77% mortality).
The rate at which excapsulated embryos were returned to the osmotic concentration
of full strength sea water had no effect on subsequent survival in this experiment
(Table IV, series B ; P > 0.10). Note, however, that all embryos were stressed by
exposure to 86 mOsm, regardless oftreatment; 95-100% of the animals became purpletinted, including encapsulated individuals. No control embryos acquired purple coloration. In a subsequent experiment, embryos which were excapsulated and then stressed
at 108 mOsm/l suffered high mortality (Table IV, series C). Embryos which were
excapsulated 20 min following transfer to low-salinity water showed higher survival
when the transfer back to control sea water was made abruptly; mortality in two of the
three capsules was reduced to ~45% and many of the survivors showed no signs of
purple coloration. However, embryos which remained encapsulated throughout the 3-h
exposure showed an even lower mortality and a lower incidence of purple coloration.
Intracapsular fluid required up to x 30 min to equilibrate after transfer to water of
reduced salinity (Fig. 1). However, increased survival of encapsulated embryos
could not be explained on the basis of reduced exposure time to the final stress.
Mortality of excapsulated embryos was x 95 o/, whether embryos were exposed to
108 mOsm/l for 3 h or for 40 min less (Table IV, series C). In contrast, encapsulated
embryos suffered little mortality (E 2%) when held at 108 mOsm/l for 3 h. Moreover,

TABLEIV

Series

16
16
16
131
131

108
108
108 Exe Abrupt
108 Exe Grad

86
86 Grad
86 Exe Abrupt
86 Exe Grad
905 control

143
143 Grad
863 control

mOsm/l

3
2.3
2.7
2.7

5
5

5

Exposure
time (h)

6 (3 rep)b
12
32 (3 caps)d
2 (4 caps)d
0 (3 rep)b
0
0
6
6

f
*
+
*

97
93
63
99
100 *
lOO+
1005
3k
3k

rep)’
rep)’
rep)’

rep)”

4 (4
10
22 (4
12 (4
4 (4

3 (4 rep)d
3
0

77 +
23 f
48 k
45 +
2f

2f
2*
Ok

Excapsulated

0

0

11 + 11
ND
ND
ND
ND
80 + 34
92+ 8
ND
ND

ND
SO+ 0
ND
60+ 10
60& 10
12 * 3 (3 caps)d
43 f 50d
28+_ 5d
ND
ND

ND 8
94+
ND
ND
Ok 0

Ok

Ok 0
ND

0
0
22
2

100 ff 10
10
100
96k 4
94* 13
o+ 0

o*

33 * 20
33* 9

Encapsulated

loo*
lOO*
75 f
99*

0 (4 caps)f

9 (4 caps)’

If

2 (12 caps)’

Excapsulated

Percent purple

2 + 6 (7 caps)f
ND
ND
ND

23 f
ND
ND
ND
0f

1f
ND
l*

Encapsulated

Percent mortality

Studies examining the mechanism of protection: transfers between salinities were abrupt unless otherwise specified; gradual transfers (Grad) took place over
a 15-20 min period; in some experiments, capsules were transferred to test conditions and embryos were excapsulated after 20 min; such embryos were later
returned to control sea water abruptly (Exe Abrupt) or gradually (Exe Grad); exposure time is the amount of time spent at the final test salinity; number of
replicates shown in parentheses applies to all treatments in a series, unless otherwise indicated; number of embryos used in each treatment is indicated by
superscripts as in Table I; ND = not determined.

5
CA

9
2

B

g

$
z
0”
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mortality of excapsulated embryos was 100% after exposures of 5 or 6 h to 76 mOsm/l,
whereas mortality of encapsulated embryos was significantly less even after an exposure
of 7 h to these conditions (Table IV, series D).

DISCUSSION

The paucity of information on the functional properties of marine invertebrate
encapsulating structures stands in marked contrast to what is currently known regarding
the properties of their vertebrate counterparts, amphibian, avian and reptilian egg
casings in particular (e.g., Krogh et al., 1938; Packard et al., 1977; Board, 1982). The
permeability properties of terrestrial insect and of freshwater gastropod encapsulating
structures have also received a fair amount of attention (e.g., Barbier & Chauvin, 1972;
Browning, 1972; Taylor, 1973; Biemont et al., 1981; see review by Raven, 1972, for
other molluscan examples). In the absence of similar information for marine gastropods
and other marine invertebrates, the adaptive significance of encapsulation is often
unclear (Chapman, 1965; Pechenik, 1979). Intertidal encapsulation is particularly
intriguing, since through encapsulation, developing embryos are potentially exposed to
stresses (e.g., desiccation, osmotic stress, temperature stress, and exposure to benthic
predators) that they would avoid by being planktonic (Spight, 1975, 1977; Pechenik,
1978, 1979; Brenchley, 1982).
Presumably, egg capsules can never become completely impervious to such stresses;
capsule walls must remain permeable to oxygen and metabolic waste products. Past
investigations have shown that the intertidal egg capsules of prosobranch gastropods
do not afford complete protection from physical stresses; the degree to which embryos
are protected seemed to be more a function of adult deposition behavior than of capsule
properties per se (Kohn, 1961; Spight, 1977; Pechenik, 1978; Gallardo, 1979). Closer
study suggests that the adaptations of the capsules may be more subtle than originally
anticipated (Perron, 1981; Pechenik, 1982; Daniel & Pechenik, in prep.).
Moore & Sander (1981) suggest that the egg capsules of Murex pomum act as an
osmotic barrier. Yet, the egg capsules of Nucella lapillus are clearly permeable to salts
and to water. Moreover, the capsule walls of N. lupillusare signifiiantly more permeable
to sea salts than are the capsule walls of the two other species in this genus which have
been examined; these interspecific differences in capsule wall permeability are not
explained by differences in capsule wall thickness (Table V). In capsules of N. lapillus,
the osmotic concentration of intracapsular fluid plummets to near-ambient levels within
15-30 mm of transfer to water of reduced salinity (Fig. 1). Direct and/or indirect
evidence indicates that osmotic concentration within capsules of at least three other
gastropod species (Nucella lamellosa, N. lima, and Ilyanassa obsoleta ) also declines
dramatically following transfer to low salinity (Pechenik, 1982, and unpubl.). Nevertheless, survival of encapsulated embryos of all four gastropod species is high relative
to the tolerance of excapsulated embryos exposed to comparable levels of stress.
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A previous paper (Pechenik, 1982) demonstrated a decline in osmotic concentration
within intact capsules transferred to water of reduced salinity for several gastropod
species, but did not account for the decline, due to equipment limitations. Experiments
with capsules of Nucella lapillus suggest that the decline in osmotic concentration is due
entirely to loss of solute from the capsular fluid (Table III). For example, in line one
of Table III, intact capsules lost x 0.586 pmol of solute per ~1 of fluid. Since the average
capsule volume was 38.45 ~1, this represents a total disappearance of 22.5 pmol of
solute from the capsular fluid. If all of this solute were to appear in the surrounding
100 ,~l of distilled water, we would expect the osmotic concentration of that water to
rise to 226 mOsm/l, which is in good agreement with actual observations
(242 mOsm/l). Predictions for the second two lines of Table III are equally good:
138 mOsm/l vs. 117 mOsm/l, and 187 mOsm/l vs. 155 mOsm/l.
TABLEV
Permeability of egg capsule walls to salts in sea water, as determined by diffusion chamber experiments:
the area of egg capsule wall across which salts could diffuse was z 1.5 mm2; the fluid on one side of the
capsule wall was distilled water; the sea water on the other side of the capsule wall had an initial osmotic
concentration of 868-893 mOsm/l.

Species
N. lamellosa

N. lima
N. lapillus

Average wall
thickness (pm)
56.2
108.5

96.3

Mean rate of change
(mOsm.l-‘.h-’
k SD)

Source

2.81 f 0.31 (N = 42)
2.07 f 0.46 (N = 19)
3.89 * 0.72 (N = 14)

Pechenik, 1982
Pechenik, 1982
Present study

A comparison of the rate of solute influx and etBux across the walls of intact capsules
strongly implies that the exiting solute is salt. NaCl influx into capsules mirrors the etllux
ofintracapsular solute precisely (Fig. l), and the influx of solute into capsules transferred
from low-salinity water to sea water is identical with the influx of NaCl (Fig. 2). But
even a small organic molecule crosses the capsule wall far more slowly (Fig. 2). Since,
for N. lapillus, capsular fluid lost w 80 % of its solute molecules within 20 min after
transfer to a small volume of distilled water (Table III), at least 80% of the intracapsular
solute molecules are likely to be inorganic ions. The capsules used in the experiments
of Fig. 1 (curve A) also lost x 80 % of their intracapsular solute following transfer to
water of 150 mOsm/l. The osmotic concentration of capsular fluid declined by about
90% following transfer to a large volume of distilled water (Fig. 2). Similarly, Perron
(1982) reports a high ash content (75 % of dry weight) for the intracapsular fluid of Conus
pennacem This is of considerable interest, since intracapsular fluid is generally
considered to be nutritive (e.g., Thorson, 1946; Bayne, 1968; De Mahieu et al., 1974;
Penchaszadeh & de Mahieu, 1976; Webber, 1977; Spight, 1981). The nutritive role of
intracapsular fluid in Nucella lapillus will be considered elsewhere.
How do the egg capsules of marine intertidal prosobranch gastropods protect their
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embryos from low salinity stress? Five possibilities are: (1) by preventing any decline
in the osmotic concentration of intracapsular fluid; (2) by reducing the amount of time
spent by embryos at the fmal low salinity; (3) by maintaining the osmotic concentration
of intracapsular fluid significantly above that of the surrounding medium after equilibrium has been reached; (4) by reducing the rate of change df d$tiiitic dolic~8tMti&
within the capsule; (5) through some action of the relatively small number of organic
molecules which seem to be non-diffusing.
The first possibility has been eliminated for capsules of all four gastropod species
studied to date, including those of N. lapillus (Pechenik, 1982, and this paper). The
second possibility is ruled out for N. lapillusby the present set of experiments. Capsular
fluid did require x 15-30 min to reach a new equilibrium following a substantial
alteration in external salinity (Fig. l), so that encapsulated embryos would be exposed
to the full stress for less time than excapsulated embryos, in experiments of equal
duration. However, reducing the time spent at low salinity by excapsulated embryos did
not achieve the levels of survival attained by encapsulated embryos exposed to the same
salinities for even longer periods of time (Table IV, Series C and D); indeed, reducing
exposure time by as much as 2 h had no effect on survival of excapsulated embryos
stressed at 76 mOsm/l. Yet, encapsulated individuals suffered < 30% mortality after
a 7-h exposure to these conditions.
The third possibility may play a role in N. lapillus. At equilibrium with water of
150 mOsm/l, the osmotic concentration of intracapsular fluid was about 30 mOsm/l
above ambient (Fig. 1). Differences of 25-50 mOsm/l or less can significantly alter
subsequent mortality of excapsulated embryos (Table I, series D; Table IV, series D).
Capsular fluid of N. lamellosa also seems to reach equilibrium at an osmotic concentration somewhat above that of the low-salinity medium to which it is transferred
(Pechenik, 1982). Additional experiments must be performed to assess the importance
of this factor in accounting for the protection of encapsulated embryos.
The rate of change of salinity had an important influence on survival of excapsulated
embryos of N. lapillus (Table IV, series B and C). Similar results were reported for
embryos of the related species N. lamellosa (Pechenik, 1982). Results of experiments in
which embryos were excapsulated 20 min following transfer of intact capsules to water
of reduced salinity suggest that abrupt transfer from hypoosmotic medium to hyperosmotic medium is better tolerated by excapsulated embryos than is movement in the
other direction, i.e., from control salinity to low salinity (Table IV, series B and C). Also,
the rate of salinity change may be of less importance during a transfer from hypoosmotic
medium to hyperosmotic medium (Table IV, series B). The mechanism through which
rate of salinity change affects survival of N. lupillus was not determined in this study.
No work on osmoregulatory or volume regulatory capabilities has been reported for
embryos of this species. Determinations of embryonic surface permeability to water and
ions would also be of interest (Raven, 1972).
The combination of factors three and four (i.e., reduced magnitude and reduced rate
of decline in osmotic concentration) may be suf%cient to account for the protective role
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of encapsulation for N. Iapillus in the face of low-salinity stress. Nevertheless, the
intracapsular fluid contains some organic molecules (Bayne, 1968; de Mahieu etal.,
1974) which appear to be non-d&sable (Fig. 1, curve A). These molecules are likely
to be quite large, and even small organic molecules like individual amino acids and
simple sugars will have difficulty moving across the egg capsule walls (Fig. 2; capsule
walls seem to be equally permeable in both directions - Pechenik, 1982). In fact, in some
of the experiments of Fig. 2 (glucose and sucrose treatments), capsules lost x 30-50%
of their initial volumes by the time that fluid samples were withdrawn. Thus, much of
the increased osmotic pressure of the fluid within those capsules was due to loss of water
rather than to influx of solute. Large organic molecules occurring within the intracapsular fluid are likely to be retained during exposure to low salinity water. For
capsules ofN. lapihs, such molecules include both proteins and neutral polysaccharides
(Bayne, 1968). Whether or not these molecules play any direct role in protecting
embryos from osmotic stress remains to be determined. Most likely, they play at least
an indirect role, accounting for the maintenance of intracapsular osmotic concentration
somewhat above ambient levels.
The selective forces responsible for determining size, shape, and general construction
of the egg capsules presently observed among marine gastropods are not well understood. Both physical stresses (Pechenik, 1978, 1982; Daniel & Pechenik, in
prep.) and predation stress (Pechenilc, 1979; Perron, 1981) are likely to have played
major roles. More detailed measurements of capsule properties for both intertidal and
subtidal species should ultimately enhance our understanding of the adaptive signiticance and evolutionary history of encapsulation among the Gastropoda.
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