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THE TOLERANCE OF DEVELOPING CIRRIPEDE
EMBRYOS TO SALINITY AND TEMPERATURE!

BY
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for a small opening which allows diffusion of air into the mantle space and gill.
(MonTEROSSO 1927, CrisP & SOUTHWARD 1961). In Chthamalus, often exposcd
to conditions of prolonged insolation and extreme desiccation without harm
the valves may close completely or be opened only intermittently (MONTEROS:
1927). The mantle space needs to lose very little water by evaporation to caus:
the egg masses to be exposed to salinities in excess of those normally occurriig
in the sea. Nevertheless the eggs of Chthamalus stellatus were able to develoy
even when the adults containing them had been kept out of water for period:
of a week or even longer (PATEL & CRisP 1960).

Some species, such as Elminius modestus, Balanus improvisus and B. eburneuw
live in estuaries where, as adults, they experience periodically very low salinitic:
some can even survive in virtually fresh water (HoLMmEs & PRIOR 1938). Balani:
amphitrite is apparently able to live and sometimes to breed in abnormally higt
and low salinities (NILSSON CANTELL 1948, SHATOURY 1958).

It is not clear, however, to what extent the eggs are in fact exposed to extrem
conditions, since ﬁ}q, adult might temporarily protect the mantle cavity h
closing the valves gr by reducing pumping activities when external conditior:
were itable. It is therefore of interest to know how tolerant the egg masse
can be to prolonged variations in salinity.

Egg masses can be removed from the parent and their development observec
in vitro, both in pedunculate (BATHAM 1946) and in sessile forms (Crisp 1959.

! These studies were supported in part by grant No. G3210 from the National Science Foundd
tion and by grant No. 104-194 from the Office of Naval Research.
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&
}:E?BARNES & BARNES 1959; PATEL & CRisp 1960). Removal from the parent in
ff;tself has no influence on development (PATEL & Crisp 1960).

% Three species were investigated by rearing egg masses in water of abnormally
igh and low salinity — Balanus eburneus Gould, Balanus amphitrite amphitrite

arwin! and Chelonobia patula Ranzani.

Methods

Specimens of Balanus eburneus and B. amphitrite were obtained from wooden
hiles opposite Duke University Marine Station; in October it was found better
30 collect specimens of B. amphitrite from Shark Shoal jetty in order to obtain
Rufficient of the younger egg masses, as individuals growing in the more en-

: ‘$losed waters had almost ceased to breed. Specimens of Chelonobia patula were
- ‘bbtained from the carapace of the blue crab, Callinectes sapidus, collected out-

i 1]
Intertidal barnacles are exposed to wide variations in temperature, and thei j}idc the Marine Station.

external surface to desiccation at low tide. During these periods of exposur:
to the air, water is expelled from the mantle space and the valves closed excepi

The egg masses were removed as soon as possible on bringing specimens into
he laboratory, and each pair from a single individual, if found to be at the
Yequired stage of development, was further subdivided and the pieces placed
fndividually each in a glass tube 1 inch in diameter and 4 inches in height. The
fubes were each partially filled with water of the required salinity, stoppered,
fnd placed at the appropriate temperature in a thermostatically controlled
abinet at 30°C, 25°C, 20°C or 15°C. Each egg mass was examined microsco-
Pically at intervals of between 6 and 10 hours and the water changed daily for
§ fresh supply at the same temperature in order to reduce the possibility of

ungal infection. The majority of experiments, especially the more critical ones,
rere made in the cabinet at 25°C which was provided with an oscillating platform
Yhich caused eggs masses in the tubes to be constantly moved about but not
famaged. Preliminary experiments were first carried out to investigate whether
is rocking technique had any significant effect on development. These experi-
ents showed that rocking the tubes promoted more uniform embryonic develop-
fnent in large pieces of egg mass, particularly in the later stages when the embryos
$ere acquiring brown pigment. It had otherwise no significant effect. In the
Pther cabinets the tubes were assembled in beakers, and were gently shaken
anually once or twice between each set of observations. By this means, and
Py using small portions of egg masses, reasonably uniform development of the
g:bryos in each piece of egg mass was achieved. Egg masses attacked by fungi

ere ignored, but these were only a small proportion of the whole. Evaporated

£

* 1 1. P. HARDING, in a personal communication informs us that the variety previously known as

F 2 amphitrite denticulata Broch, is identical with a specimen in the British Museum labelled by
arwin B. amphirrite. In Harding’s view this variety, which now occurs as an immigrant form in

Britin, should be referred to as B. amphitrite amphitrite.
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and pasteurised sea water was used to provide the medium of highest salinity, ~
and the same batch of sea water, suitably diluted with distilled water was used
forallthe lower salinities. Salinities of 85, 70, 60, 50,40, 35,30,25,20, 15, 10and 5%, E;
were used in most of the experiments. The highest salinity was measured byfg
titration against silver nitrate solution, and the lower salinities were checked
by means of a sensitive hydrometer using the data on sea water density inf
relation to salinity and temperature supplied by the U.S. Department offg
Commerce, Coast and Geodetic Survey, Serial Publ. 298. :
In two species, namely in Balanus amphitrite and Chelonobia patula, prelimi.
nary experiments showed that the development of embryos corresponded very é
closely whether the salinity change was made suddenly or through a gradedf
series of sea waters. The eggs which were brought gradually to extreme salinities}?
developed no faster than would have been anticipated from the fact that af
longer time elapsed before they reached the salinity level at which developmentf:
was retarded or stopped. Sudden changes in salinity of themselves did not there}:
fore appear to be harmful. No attempt was thereafter made in the majorit};
of experiments to give the embryos a gradual change of salinity. Towards thef
end of development some egg masses, especially those of Chelonobia patulaf .
appeared to contain embryos ready to hatch, but they required hatching sub A ,\ o
stance to induce vigorous hatching movements. In order to assess the develop} | —142 - 22
ment of such egg masses, a small quantity of an extract containing hatching ] SAUNTY %o
substance was added. The hatching extract was made as described by CRise} Fie- 1. Tolerance of stage 5 Chelonobia embryos at 25°C measured by different critgria. (a)
. L Percentage of tubes with successfully hatched nauplii; (b) percentage of embryos which had
(1956), but from crushed specimens of B. amphitrite. Batched or which, though unhatched, appeared to be developing normally; (c) percentage of
Representative samples of larvae hatched at different salinities were measurcc; §mbryos which had hatched after the egg masses had been treated with hatching extract.
as stage 1 and stage 2 nauplii using a micrometer eyepiece and their toleranc
to different salinities investigated. The stages of embryonic development quo! fr proportion which had reached the hatching stage at the time the experiment en-
ted refer to the series described by Crisp (1954) for embryos of Balanus porce Yed. It can be seen that between 25 %, and 40 %,some 50 % of the eggs were hatched,

PERCENTAG=

tus (=B. balanus (L)). "nd some 75-809%, were developing normally. OQutside this salinity range the
percentage of eggs hatching decreased sharply, as also did the percentage
Tolerance of eggs of Chelonobia patula to salinity variations hulching normally.

A different method was adopted to allow for variability between egg masses
rom different individuals. Six pairs of egg masses were used, cach being sub-
ivided, and each pair being kept isolated at a given salinity.  After sufficient
ime had elapsed to allow normal development to be completed each tube was
xamined to ascertain if hatching had occurred. Generally there was either a
$loud of nauplii present, which was regarded as a success, or there were none;
Put in the critical salinities between 10%, and 20 %, and between 50 %, and
".» occasional tubes had only a few nauplii swimming, less than half the total

The influence of salinity was first investigated by subdivision into twelve part
of a large pair of egg masses at a fairly early stage of development (Stage §
taken from a singze\individual of C. patula. Under these conditions variatior
between individua! barnacles was eliminated. The egg masses were incubatc
at 25%ToF 90 hours, and examined as follows. Hatching extract was first added
and after twenty minutes a few ml. of formalin. The hatched nauplii wer

counted and the unhatched eggs, which nearly all remained in the egg mas
were placed under a coverglass and counted, the number which were abnorma $ev masses having hatched. We adopted the convention that in the trials in

or undeveloped being noted separately. Curves (b) and (c) in Fig. 1 illustrate rcs #hich egg masses gave a poor hatch, the result should be scored as half a

4

pectively the percentage which were apparently developing normally and thesmal - &, .. s

fey
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It will be seen that when the fraction of egg masses that hatched successfull i
was expressed as a percentage (Curve (a) fig. 1) the result was very similar i§
form to curve (b) representing the potential hatching of embryos from a sing
egg mass. Indeed the salinity at which curves (a) and (b) cut the 50 % level werl
almost identical. The results illustrated by curve (a), which represent the proporl
tion of egg masses which hatched successfully at each salinity, were clear! &
more representative than those of curves (b) and (c) which were derived fro
a single egg mass. Ideally all the embryos in each of many egg masses shoul
be counted at each salinity and the variability between and within egg massc{g
analysed. The labour attached to such a task was quite impracticable ; we therefor§
replicated egg masses and classified them as successfully hatched, partialljg

hatched, or not hatched. ‘
Results with fairly small numbers of Chelonobia revealed that embryos whicid

at the outset of the experiment were in a late stage of development and werf
therefore immersed in abnormal salinities for a shorter period, were mor. 4
tolerant than early embryos. Classifying the egg masses as early (stages 1-9) off
late (stages 10-12) therefore improved the precision of the method by increasingj
the slope of the line connecting percentage success with salinity, and als 5
revealed the degree to which the age of the embryos influenced their toleranceg
In Chelonobia patula the salinity extremes compatible with successful developg
ment of the whole egg mass were found to be from approximately 25 to 403
for early stages and from 15%, to 50 %, for late stages, indicating a fairly wid
tolerance. A more accurate measurement was afforded by reading off thf:
salinity at which half the egg masses develop successfully, since the relatiof
between percentage success and salinity changes most sharply in this regionf 3
For C. patula, using the results illustrated in fig. 1, the range of tolerance s¢ |
defined lay between 17 %, and 48 %,, written for convenience as 32.5%, + 15.5" f

'3

Influence of temperature on salinity tolerance

Since tolerance of temperature and salinity may not be additive but may shov
interaction, as in larvae of Sesarma cinereum (CosTLOW et al. 1960), the relatior, |
between successfﬁkhatchmg and both temperature and salinity was mvestlgatcd
Another speciesd B. eburneus, was used, choosing egg masses of as nearly th’?:;'
sa as available materialallowed; these ranged from stage 5 to stage 9, th
majority were at stage 6-7. The results are shown in the form of surviva:
percentages on a salinity-temperature grid (fig. 2). The contours are relativcl
simple and have been drawn in by hand. Interaction was small and scarcel.‘g‘
significant. There was a slight tendency for the area of survival to enlarge 2
the higher temperatures, due possibly to the shorter time the embryos wer
exposed to unfavourable conditions. The experiments covered only the rang

]
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Temperature Salinity diagram of surviva!
of B. eburneus eqgs.
Shaded Area — Good survival ¢ hatching.
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ig. 2. Temperature salinity diagram of survival of Balanus eburneus embryos between 15°C and

0 C. The lines represent the probable position of contours of equal survival, and are based on

the observed sample values of survival shown on the diagram.

f temperature normally experienced by the animal in the breeding season;
ore extreme temperatures might have shown more pronounced interaction.

Bimilar observations on C. patula at 25°C and 30°C, and on B. amphitrite at 15°,

5 and 30°C indicated little influence of temperature on salinity tolerance in

¢ $hese species.

Influence of salinity on rates of development

In all three species the intervals of time between successive stages showed no
lation to salinity within the range of 25%, to 40%,; the egg masses almost
ways hatched normally and successfully. The observed intervals between
bryonic stages were used to construct a linear relationship between stage of

: eve!opment and time, using the method described by PATEL & Crisp (1960).
he Intervals between stages were arranged on the ordinate so as to correspond
Fith the proportion of the total time of development that each stage occupied

. other species. The rates of development for C. patula and for B. eburneus at
ifferent temperatures have not previously been recorded and are illustrated in
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Fig. 3. Rates of development at various temperatures of the embryos of Chelonobia patula (A) n.
Balanus eburneus (B). The stages of development shown on the ordinate refer to those describe.
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Table I. Relative delay in development at different salinities
for three species of barnacle.

Chelonobia
patula

Balanus
cburneus

Balanus
amphitrite

mcrval of stages of development
1 035 %
emperatures at which observa-

Stage 7-Stage 13 Stage 4-Stage 12 Stage 5-Stage 12

;: tions were made. . .......... 15, 25 & 30°C 15, 20, 25 & 30°C 25 & 30°C
h;m delay as 9, of total time of
i development at salinity of
e 0 Cytolysis Cytolysis Cytolysis
S 19% 25% 59%
i I L 5% 16% 33
£ B 1y 7% 8%
0 2% -3 59
0 P 0% 0% 0%)
A e e e e 6% 0% 109,
e e e 239, 7% 449,
e e e e e 509 44 912
T e 92% - No development

No development No development

¢g¢ mass which had been kept at normal salinity. Thus if the egg mass in
jlbnormal sea water failed to develop at all the relative delay would be 1009;.

y this means it was possible to compare the relative delay at different tem-
poratures and salinities. No relationship was evident between the relative delay
nd the temperature, but salinity had an overriding effect. Table I records the

in an earlier paper (Crisp 1954),

fig. 3, while the rates of development found for B. amphitrite amphitrite agrecc?
well with those previously published for the same variety from British watcr:
(PATEL & CRrisp 1960). These linear relations conveniently allow interval

between stages to be converted to time intervals.
At salinities at pr beyond the extremes of 20 %, and 50 %, development wu
retarded, even thoyfkh sometimes some or even the majority of eggs eventuall

hatched. The retardation could be measured by comparing the stage reachc

masses kept at the abnormal salinity with the stage reached by a part ¢ |
the same egg mass maintained in water of 35, salinity. The former egg mas’
invariably developed more slowly, and its delay could be converted into hour

bye

by means of the relation between time and development illustrated in fig. :
using the slope appropriate to the temperature of the experiment. The dela
in hours was then converted to a percentage of the time of development of th

OIKOS 14:], Copenhagen 1963

elative delays for egg masses of the three species averaged from all the results
btained. It can be seen that as the salinity was lowered beyond 20 %, or raised
evond 50 %, the normal rate of development was reduced, especially in C. patula.

Size of larvae .

Larvae obtained from eggs which had developed at different salinities were
mpared with those which hatched at the salinity of normal sea water con-
ining 35 %, of salt. The lengths and breadths of from three to eight individuals
Ycre determined in sea water of the same salinity as that in which the larvae
ad been reared, using a callibrated eyepiece micrometer. Stage 2 nauplius
rvac were measured for all three species, and stage | nauplius larvae hatched
ircctly from the egg were measured for Balanus eburneus at only two tempera-
res, namely at 15 and 20°C. '

QKOS 147, Copenhagen 1963
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and the stage 2 nauplius, and in many larvae of C. patula, reared at a salininj o b
of 15%,, these processes were not developed normally. Apart from this, nondgb0 % Below asalinity of 10 %, there wasa change in behaviour, the majority swam
of the batches of larvae differed from the normal in mean size by as much a0 the unlit side of the dish. Motlonles.s .1nd1v1duals recovered. more frequently
5%, and few showed departures exceeding 3 %. These small differences in mearJgfrom sea water of abnormally high salinity than from low salinities.

size were quite unrelated to the salinity and were within the range of variatiorf . . .
to be expected from the magnitude of the variability between individual egggpf salinity 15 %, was compared with another developed from eggs kept in sea
Gyater of salinity 50 J%,. The two groups showed an interesting difference in
$lolerance. At the lower limit of 5 to 107, the group reared at 15%, swam
'§lightly better at first, but eventually the two groups were indistinguishable.
kWt the upper limit, however, they behaved quite differently; the group which
$vas developed in high salinity sea water swam well in water of 60 %, salinity and

wam sluggishly in water of 70 %,. The other group which was developed in a

and larvae within a single egg mass.

Tolerance of larvae

the rate of swimming was first reduced, then the larvae sank to the bottom an H L X o
Juite motionless in this medium within two hours.

twitched, and finally showed a quivering of the limb muscles or remained quit

motionless. Table II shows the tolerance of Chelonobia patulalarvae developedf:

at a salinity of 25 ¥, after remaining for various times in sea water of the salinit

indicated in the first column. Relatively little change occurred after half ar
hour. The lower limit of tolerance of these larvae lay in the region of 15 t} ]

Table Il. Tolerance of larvae of Chelonobia patula to changed salinity.

|
Movement after: | Immediate il 4 hr. 18 hrs.
I : !
Salinity /n

5., 0 0 0
10......... (+) 4 0
15......... +- -+ - 4
20 ... + 4 + 4 4- + +
25. ..., + -+ 4 +++ e
3¢ B + 44+ A
350 + 4+ + 44+ 4+ 4t
407 + 4+ 4+ +4+++ + 4+

r il 50. ... .. 4 b NENE 4
60......... (+) (+) (+)
85......... 0 0 0

(. ) Motionless most of time, a few occasionally twitch
-+ Quivering or vibrating occasionally
i+ Definite twitches of limb
i Sluggish swimming
Swimming well

4
bt
4
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The detailed results will not be quoted, since successfully hatched individual§20 % @ magnitude similar to that of the larvaeoof northern species St‘_ldled by
showed no significant deviations from the normal size whatever the salinity ifBARNES (1953). The upper limit lay at about 50 7%,. Larvae of Chelona.bu.z patula
which they had developed. A few of the larvae showed a slight deformity in thyfgvere somewhat less tolerant. than tl}ose of B. eb{trneus an.d B. amphitrite. The
the caudal processes were not fully expanded at the moult between the stage | Harvae of both the latter species continued swimming sluggishly for half an hour.

B r more in a salinity of 5%, and tolerated indefinitely a salinity from 10 up to

A group of Balanus amphitrite larvae developed from eggs kept in sea water

edium or low salinity swam only for a short time in water of 50 %, and became

Salinity tolerance of different species

Since temperature had no noticeable effect on tolerance to salinity extremes

the observations made on egg masses at different temperatures were pooled.

Ihis procedure increased the number of trials at the critical salinity level and
$0 allowed more approximate measurements to be made of the salinity at which
haif the egg masses would hatch successfully.

1 The division of the results into those using initially early and initially late

tage embryos reduced the number of observations in each set but greatly
—jmproved the precision. The six curves were all of similar form to curve (a) of

I. The values for success were uniformly high in the middle salinities, a
sharp fall occurred in percentage success at low salinity and a more gentle
f'lll at the high salinity range. The intercepts of 509 success were used to read

: pﬂ the salinity ranges between which at least half the egg masses develop.

The results are recorded in Table I11.

i The table establishes a similar wide tolerance for all three species and reveals
ln apparent slight increase in tolerance from C. patula and B. eburneus, to
B. amphitrite. The numbers of trials are not however sufficient to establish
this order with any high degree of certainty. The greater tolerance of late stage
embryos is clearly illustrated in the table.

Qlk()s 14:1, Copenhagen 1963
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Table 11I.

No. of egg masses

Salinity range used in critical range

Species for 50 % N
ful development
1020 %, | 40-50 %,
Chelonobia patula
Stages 1-9.......... 32.5-415.5 %, 10 10
Stages 10-12........ 32.5417.5% 6 6
Mean. ............. 32.54+16.5%, - -
Balanus amphitrite
Stage 7 ............ 33.0-4:207%, 4 6
Stages 10-12........ 35.0-£23%, 7 9
Mean. ............. 34.04+21.5%, - -
Balanus eburneus
Stages 1-9.......... 36 1 16% 12 18
Stages 10-12........ 32.5 +21.5%, 6 6
Meuan. ............. 34.2 4. 18.7%, - —
Discussion

well as in fully saline conditions, but the crabs remain immersed for most o
the time. Balanus amphitrite is therefore likely to be exposed to the most sever:
conditions of desiccation, and C. patula to the least. These facts are consisten:

corresponding differences noted between the larvae. All these differences ari

however, quite small and they should not obscure the fundamental similarit}
in behaviour of all three species, both as embryos and as larvae. As embryo; |
Qrite amphitrite Darwin and Chelonobia patula Ranzani were allowed to develop
ment became incrglisingly delayed, though the eggs did not cytolyse or appeai §n vitro at a series of different temperatures and salinities. At salinities between

$5°., and 40 %, development took place at the normal rate. When exposed to

all three species cgntinued to develop up to 50 %, beyond which point developt

markedly abnormial. At and below 10 %, however there was usually immediati
dam

immersion in high salinity than in low.

The egg membrane, or shell, must be freely permeable both to water and t
substances of low molecular weight. Neither the eggs nor the hatched larva:
showed any permanent change in size after being transferred to salinities ¢

O1KOS 14:1. Coperthagen 1963
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o the tissues. Similarly the hatched larvae became motionless at higf :
and low salinities of the same order, but recovered more readily after prolong u'-
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% osmotic pressure far removed from the normal, and early stage egg masses did
%ot burst in the manner described by BARNEs (1955) for the eggs of B. bala-
8 vides containing late embryos. The absence of any volume change indicates
:' hat the egg membrane must be either very strong and inelastic, or impermeable
R, water, or freely permeable to salt. The mature embryos can readily break the
pgg shell. According to BARNES (1955) this is achieved purely mechanically, but
Bareful measurements carried out by one of us (D.J.C.) on the same species
ixhow that the eggs and embryos swell by about 309, of their volume during this
Brocess. In either event, the egg cases are clearly neither very strong nor very

nelastic. The egg cases are also known to be permeable to simple organic
olecules, as witnessed by the rapid action of hatching extract (Crisp 1956)
and of anaesthetics (CRisP & SPENCER 1959). It is inconceivable therefore that
he egg membrane should be at the same time impermeable to water. It must
\erefore be freely permeable to salts. Consequently the embryos must be
exposed in a very short time to the same salinity as that present outside the
gy MAss.

Since the eggs show a wide tolerance of salinity, even at cleavage, and long

#hefore organogenesis has occurred, it is unlikely that any mechanism is present
‘o regulate the osmotic pressure of the embryonic tissues. Any regulation must
e performed at the cellular level. Moreover the absence of permanent shrinkage
Jor swelling of the embryonic tissues even at the most extreme salinities strongly
“$upports the view that free diffusion of electrolytes occurs between them and
All three species inhabit estuarine areas. Balanus amphitrite occupies th ;' he surrounding sea water. A wide range of cellular indifference seems far more
more saline outer banks, and occurs at higher levels of the intertidal zone thurfikcly than any regulatory mechanism to explain the salinity tolerance observed.

B. eburneus. Chelonobia patula is to be found on crabs well up the estuaries af

The experiments on the larvae hatched from B. amphitrite embryos developed

%t different salinities showed that some degree of adaptation to salinity change
might be possible during development and might help to account for the
Femarkably wide range of habitat successfully colonised by this species.

with the order of increasing tolerance recorded in Tables I and 111, and with th'ff :

Summary

[-gg masses of three warm water barnacles, Balanus eburneus Gould, B. amphi-

alinities between 15 %, and 25 %, or between 40 %, and 60 %, only a proportion

f the eggs hatched, and development was delayed. Salinity tolerance was not

#nfluenced appreciably by temperature within the range normally encountered
y the animals.

g The salinity tolerance of the first and second stage nauplii was similar to

%hu( of the embryos; however the actual limits were to some extent dependent

,)Oll\()ﬁ 14:1, Copenhagen 1963
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on the salinity to which the eggs had been exposed during development. The
hatched nauplii were identical in size whatever the salinity at which they defi

veloped.
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1n a previous paper (OLssON and OsTERDAHL 1960) we have given a short repo
f the breeding habits of the West African clawed toad Hymenochirus boettge
Pipidae). Since that time 15 new spawnings have been analyzed in which
Yifferent males and 15 different females have taken part.

sed, usually with the water level at 20 cm. The spawning act was induced !
‘placing the container in a sunny position which usually caused the toads

reed within a few days. The water temperature was kept at 20-25°C and t
PH of the water was between 7 and 7.5.

! The sexual behaviour of Hymenochirus can be described in three phas
which we will call here “the territory behaviour of the male”, “the clasping
and “the oviposition”.

The Territory behaviour of the Male

At nightfall the sexually activated male choses a territory at the bottom
$he aquarium in its darkest part. The size of the territory usually measur

; fbout 1-4 square decimeters. It could be noted that this territory was gradua
! freed from old leaves and other bottom deposits. This, however, was not t

© Jesult of active cleaning efforts on the part of the male, but rather an effect

Sown.

OIKOS 14:1, Copenhagen 1963

)ﬂs lively movements within the restricted area of his_territory.

Sound production

An important part of the territory behaviour of the male toad is the prod
Yion of a sound. This sound is always produced whilst the toad is totally s
merged and during this process it usually takes up a very characteristic positi
with straight fore limbs, in its territory (Fig. 1 A and 2). The sound is no
typical anuran croaking; we find that it more closely resembles the sou
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