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ABSTRACT

The effeots of salinity on the physiology and ecology of the
mud-dwellings estuarine enimal Corophium volutator (Pallas), a

crustacean amphipod, have been investigated.

A study of the effects of salinity on the distribution and

abundance of C. volutator on the estuary of the River Ythan, .berdeen~

shire, indicates that 29/60 is a critical minimum salinity controlling
its distribution, In areas with salinities between 2 and 50/60

C, volutator was present, but in reduced numbers. In areas with
salinity greater than So/bo, the distribution and abundance of

G, vclutator were controlled by the nature of the substrate; however,
in areas with suitable substrates, but where the salinity was below

SO/bo, the effects of salinity override the effecks of the substrate.

Experimental studies indicated that, if supplied with mud, it
will survive the salinity range of 2 - 50°/00, and without mud, the
range 7.5 = 47.5°/00, Moulting occurred in salinities of 2,6 -
46°/00, but most frequently in the range 5 — 20°/co.  Growth occurred
at a maximum rate in 15.4°/00, and only slightly slower at L.4 and
30.6°/bo; but below h,hp/bo the growth rate was progressively reduced.
The effects of salinity on the various steges in the life cycle are

discussed,

Freezing point studies show C, volutator to be a hyperosmotic

regulator/. ..
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regulador, having a tissue tolerance range of 13— 50°/oc.  The
effect of size, sex, feeding and moulting on the freeczing point have

been investigated. C, volutator was found to produce urine hypo-

osmotic to the blood when acclimated to low salinities, end isosmotic

urine at salinities above 20°/oo. Over a range of salinities from

1 - 35°/00, C. volutator was found to maintain Na', K, ca't, c1,

more concentrated than the medium, and Mg++ less concentrated,

The restricted permeable areas of the cuticle have beem localised
by silver staining. The oxygen consumption of animals of the same
size, at the same level of activity, and at the same¢ temperature,

did not differ significantly between animals in different salinities.

A salinity preference range of 10 - 309/60 has been .demonstrated.

Relevant literature on estuarine life, and osmoregulation of

crustacea is reviewed, The adaptations of C, volutator to an environ-

ment with varying salinity are discussed.
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I INTRODUCTION

1.1 OBJECTIVES.

The mud-dwelling amphipod Corophium volutator (Pallas, 1766) is

essentiaelly a brackish water species, being found most commonly inter-
tidally in estuaries, where its range extends from marine to azlmost
fresh water conditions, although it may also be found in muds sub-
merged to a depth of 10 m (Zenkevitch, 1963). In the extreme salinity

conditions of estuaries, C. volutator is frequently one of the most

abundant animals present. Previous work on C. volutator (see

Sect. 1.3) has been primarily concerned with taxonomy, and its
distribution as controlled by the nature of the substrate. Some
authors have mentioned the importance of salinity, as a factor con-

trolling the distribution of C, volutator, during the course of faunal

surveys; however no previous work has been performed to quantify
these effeets of salinity, This study is concerned with the effects

of salinity on G, volutator, and the adaptations, if any, that it

has to a habitat with wide ranging salinity variations.

The approach that has been made to study the effects of

salinity on C, volutator, has been one of "physiological ecolozy",

following the recommendations of Kinne (1957, 1966, 1967), Carricer
(1967), Jansson (1967) and Vernberg (1967). A study of the effects

of salinity on the distribution and abundance of C, volutator on

the Ythan estuary, Aberdeenshire, has been closely linked with a

laboratory study of the effects of salinity on its physiology,

and/...
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and of its mechanism of osmoregulation. Problems revealed in the
field, have been further examined in the laboratory, and conversely
an attempt has been made to correlate laboratory findings with
results from the field. The first year of this study was devoted
to field work, with simultaneous laboratory experiments on salinity
tolerance, Subsequent work has attempted to analyse and explain
these findings, by reference to studies of the physiology of

osmoregulation,

C, volutator is a very important food link in the Ythan and

other estuaries. It feeds on organic detritus, and in turn forms
a major food item for flounders, wading birds, and also perhaps,

Nereis diversicolor. (. volutator is very widely distributed

within N. Europe, and often present in vast numbera. Within
estuaries the total number of animal species present may be low

when compared with adjacent fresh waters and the sea (Remane, 193k;

Alexander, et.al., 1935), and in this situation C, volutator may
reach its maximum abundance, and may be the most abundant animal,

along with Hydrobie jenkinsi and Nereis diversicolor. It would

appear that if an animal can adapt to the extreme environmental

conditions of an estuary, then the rewards in terms of an abundant
food supply are great. This study is an attempt to describe the
adaptations of C.volutator, to its environment, and in particular

salinity as an environmental factor.
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1.2 REVIEW OF SYSTEMATICS OF COROPHIUM VOLUTATOR

The systematic position of Corophium volutator may be briefly

listed:

Phylum Arthropoda
Sub~Phylum Crustacea
Class Malacostraca
Order Amphipoda
Family Corophiidae
Genus Erichthomius
Genus Unicola
Genus Siphonectes

Genus Corophium

Marine Biological Assn. (1957) records the presence of 8 species
of Corophium in the Plymouth area, most of which are tube-dwelling
species found amid weeds, stones, or on piers end buoys in shallow
water, Crawford (1937&) reviews the genus Corophium, containing
32 species, of which 11 have been recorded from Britain, and divides
the genus into 3 sections (A, B & C). Within section A, he enu-
merates 4 British species - Corophium affine, C, curvispinum devium,
C, volutator and C, arenarium. To this group must be added

C. multisetosum (Stock, 1952). Stock (1952) and Ingle (1963) have

redefined the characters used for specific recognition of these species.

Sexual/,..
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Sexual differentiation may be performed using the characteristics
of Watkin (1941) and Ingle (1963). In this study only one

species, C. volutator (synonyums C., longicorne, C. grossipes)

is involved., C._volutator has been recorded on European coasts

from Western Norway to the Adriatic Sea, on the coasts of Nova
Scotia, The Bay of Fundy and Main, and also in the Black and
Azov Seas (Segerstrale, 1959a). Ingle (1963) has exhaustively

listed references to the distribution of C. volutator all round

the coasts of Britain, Distribution records particularly rele~
vent to this study, on the East Coast of Scotland, are those of
Bate & Westwood (1863), Outer Skerries Harbour, Shetland;
Alexander (1932), Firth of Tey; Nicol (1935), Aberlady Bay,

E. Lothien. Local, isoluted races of C. volutator have been

reported by Chevais (1937), based on differences in growth rate
and in the appearance of the stages in the moulting cycle. The
physical similarity of the various species of Corophium, end the
variation within each species has led Muus (1967 ab) to suggest that

the group is in "a state of developument",

The other species in the MA" group of Crawford (1937a) are

not so widespread as the mud-dwelling C, volutator. (. arenarium

is generally found on sand (Mecadows, 1964c); C, multisetosum
appears within Britain to be confined to the 8ocuth of England

(Ingle, 1963), burrowing in clay or mud (Stock, 1952); C, affine

has/eee
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has been recorded northwards from the Firths of Forth and Clyde,
and is found on the sea bottom, at depths of up to 60m, (Ingle,

1963); and C. curvispinum devium is known in Britain only from

the River Avon at Tewkesbury (Crawford, 1937a).

1.3 REVIEW OF LITERATURE ON COROPHIUM VOLUTATOR

Many authors (Delage, 1881; Nicol, 1935; Thamdrup, 1935;
Crawford, 1937h; Beanland, 1940; Spooner & Moore, 1940; Rees,
1940; Goodhart, 1941; Stopford, 1951; Rullier, 1959; Gee,
1961; Muus, 1967a) have described the substrate in which
C. volutator has been found. They have agreed that C._ volutator
is found in mud or muddy sand, containing approximately 37% silt

or clay. (. volutator is especially abundant in sheltered con-

ditions. It is not found in conditions of heavy pollution,

sand without a plentiful supply of detritus, or sulphide mud which
is blackened by excessive organic detritus. Meadows (1964a-c,
1967) has experimentally studied substrate selection by C, volutator,
and has shown how specific is its choice of the typical substrate

in which it is found. Meadows & Reid (1966) have described the

behaviour of C. volutator, in particular swimming, crawling,

burrowing and feeding activities; the detritus feeding habits
have also been described by Enequist (1949). Vader (1964) and

Morgan (1965) have described a rhythmical swimming activity, which

is/...



-6 -

is entrained by tidal hydrostatic pressure. Data on C, volutator
has been partially swmarised by Sezerstrale (195%9a), who gives
information on reproduction (Segerstrale, 1940), growth, abun-

dance and economic importance.

The importance of C, volutator as a food source may be seen

in Table 1.
Table 1

Predator Reference
Calidris alpina ) Wading Birds Bengtson & Swmensson (1968)

Calidris minuta )

Tringe totanus Redshank Goss-Custard (1966, unpublished
thesis, University Aberdeen)

Platichthys flesus Flounder Emerson (Thesis in prepara-
tkon, University Aberdeen)

Bembidion lateralle Insect Green (1954)

Preliminary notes on the bionomics of a C, volutator popu-
lation in Whitby Harbour were made by Hart (1930) especially with
regard to feeding habits, substrate selection and life cycle.
Further data on its life cycle has been recorded by Segerstrale
(1940, Baltic Sea), Movaghar (1961, Elbe estuary) and Muus (1967a,
Denmark). The weights of C. volutator in Riga Bay have been
given by Kostrichkina & Kostromina (1966). Data on its abundance

(up to 65,000 ind./sq.m) have been reported by Linke (1939),

Movaghor/...
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Movegher (1964) and Muus (1967a).  Sescrstrale (1937) reports

on parasitisation of C. volutator by the yeast Cryptococcus

gammari, Mackinnon and Howks (1961) report parasitisation by

Gymnodiniodes inkystans, and Muus (1967a) reports infection by

unidentifisd cercaria.

The physiology of digestion, and the functional morphology
of the stomach of C. volutator have been described by Agrawal
(1963a,b). Upper temperature tolersnce limits have been set
at 36.5 - 37.5°C by Huntsman & Sparks (1924). Muus (1967a).and

Williama, et, al., (1964) noted mass mortality following tempera-~

tures minus 1.5°C. Oxyzen consumption in relation to temperature
has been measured by Thamdrup (1935). Fox (1952) has observed

rectal puaping of water.

During the course of faunal surveys, many authors have

reported a lower limit of salinity, below which G, volutator

was not found (Teble 2).

Table 2
Locality Minimu% Reference
Salinity (“/oo)
Hampshire : 6 Goodhart (1541)
Aberlady Bay 5 Nicol (1935)
Holland N Stock & Vos (1961)
Norfolk 3.6 Hart (1930)

Gulf of Finland/,...



Table 2 contd.

Locality Minimum Reference
Salinity (~/o0)
Gulf of Finland 2 Hellen (1919)

" " " 2 Gurjanova (1951)
Roscoff 1.5 Chevais (1937)
Tolerance range 3=34 Remane & Schlieper

(1958)

These variations in the lower limit of salinity observed may

reflect the varying distribution of suitable substrates in the

areas studied. At the upper limit of salinity, it frequently

occurs in sea water (33-35%0) and Schellenberg (in Fox, 1926-9)
reported the presence of C, volutator f, orientalis in hypersaline(ld%é
water in Leke Timsah in the Suez Canal. The latter was suspected

by Crawford (1937a) and Segerstrale (1959) to be C. arenarium,

although Stock (1960) claims it to be « new species, C, orientalis,

C. volutator was present in the ZuiderZee (Ysselmer) prior to the

sonstruction of the North Sea Dyke which closed it from the sea.

Following the construction of this dyke, and the introduction of

fresh water conditions in the ehclosed area, C, volutator disap-

peared from the ZuiderZee (Macan, 1963), The ability of

C. volutator to withstand regular and irregular salt fluctuations

is well known (Crawford, 1937 a,b:  Moveghar, 1964)., Morcier

(1920) reported male and female C. volutator with aberrant armature

of/...
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of the first antenna, and also noted thaot theyocourred more
frequently in specimens from water with comparatively low

salinity, thon in marine spocimens. Hart (1930) noted a

similar sberration in nales in summer. Stock (1952) suggests
that these are not salinity or teuperature effccts on L. volutator,

but that they are specimens of (. multisetosun, hitherto unrecog-

nised; the recognition being supported by the finding that

C, multisetosun may be more comion in less saline areas than

C. volutator. Hamond (1967) whilst contributing to the prob-

lem of specific identification in the genus Corophium, suggests

a salinity distribution gradient, with C, arenarium in more

saline conditions than C, volutator or C., multisetosum, and

C. lasistre in the least saline conditions.

The ecology and distribution of C, volutator is clcarly well
documented, and it may conclusively be called a euryhaline species,
although much of the older vwork has been rendered of reduced value
duc to reclassification and the creation of new or aunended species,
Recent autecological work has been centered on the effects of sub-

strate on C. volutator. I have boen unable to trace any published

work on osuoregulation, This current study has been designed to
study the multifold effects of selinity, and in conjumcticn with

previous work to further explain the observed distribution of

C, volutator.
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2. FIELD STULIES

2.1 THE PROPERTIES OF ESTUARIES.

The biological snd physical features of estuaries and the
estuarine environment have been exhaustively reviewed by Emery,
Stevenson, and Hedgpeth (1957). Books on the biology of estuaries
have been writted by Remane & Schlieper (1958) and Grsen (1968).
More recent information has been provided by the Jekyll Island
Conference on Estuaries (March 31 - April 3, 1964), the papers of
which, with a supplementary bibliography, were published under

the editorship of Lauff (1967).

Estuaries have been variously defined (for review see
.Caspers, 1967), the most widely accepted being that of Pritchard
(1967) that "an estuary is a semi-enclosed coastal body of water,
which has a free connection with the open sea, and within which
sea water is measureably diluted with fresh water derived from
land drainage". This definition whilst not completely exclu-
sive, does exclude lagoons and brackish seas, which are usually
more stable than the complex mixture of environments that constitute
an estuary. Estuaries represent an intermediate between the sea,
freshwaters and the land. Most of the substrate and food matter
is derived from the land, transported to the estuary by fresh
water, and there deposited, in a region subject to considerable

influence from the sea.

Most/e..
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Most of the animal species in estuaries are of marine origin

(Emery et.al., 1957), although the number of species is usually

considerably reduced compared *o any adjacent biotope. The
reasons for this paucity are not hard to find, Yonge (1953)
points out that the substrate within an estuary is usually

very different from adjacent marine coasts. Vhereas marine

coasts are usually rocky or sandy in nature, nost estuarine

areas are dominated by a large area of littoral nud. Mud al-
though very rich nutritionally, presents a difficult environment

to colonise, due to its softness and also frequsntly its insta-
bility. TLocomotion is difficult, both over and through mud,

and the fine particulate nature of nud may readily clog the
respiratory and feeding mechanisms of many animals, for example,
aspidobranch gastropods (Yonge, 1953).  Although, as already
stated mud may be one of the richest habitats from a nutritional
point of view, it may also be readily oxidised by bacteria, leading
to a deprivation of oxygen, or the accumulation of hydrogen sulphide.

Thus mud is a very difficult environuent, whilst mud-flats are a

most characteristic feature of estuaries.,

In addition to the problems of burrowing and surviving in mud,
an estuarine animal must cope with a large range of salinities
within the estuary. Vhether it colonises the estuary from the

sea or from freshwater, it has left an environnent with stable

SalinitY/o e
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salinity, either 33-35x0, or 0-0.5%0, and entered an environ=-
nent with salinity ranging from O - 35w0, and frequently above
35/0 due to evaporation. In addition the ratio of ions within
estuarine water may be much wmore variable than the sea, The
pattern of salt penetration in estuaries has been the subject

of many hydrographic studies (Rochford, 1959; Lucht, 1964;
Irpen, 1966; Bowden, 1967). Many studies h.ave combined
hydrography with biological surveys, and have compared salt
penetration with the distribution of the fauna. The works

of Remane (1934) in the Bay of Keil, and Alexander, et.al.,
(1935) on the Tees and Tay estuaries have laid the foundation
for subsequent faunal surveys, In particular, studies have
been nmale of the estuaries of the Tamar (Milne, 1938, 1940a;
Crawford, 1937b; Spooner & Moore, 1940); Mersey (Bassindale,
1938); Aberdeenshire Dee (Milne, 1940h); Dovey (Beanland, 1940);
Exe (Holme, 1949); Elbe (Caspers, 1959); Stour (Bull et,al.,
1960); Ribble (Popham, 1966); Knyasa (Day, 1967); Danish
estuaries (Muus, 1967a). These studies have all been prinmarily
faunistic surveys, plotting the distribution of the animals of a
particular estuary and also usually the salinity and substrates.

Reports of C, volutator from these and other surveys, have already

been uentioned (Section 1.3).

From this foundation of faunistic surveys, other workers have

studied/. 0
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studied individual species and environments more intensively.

For exauple: Amphipoda (Goodhart, 1941); Nereis diversicolor

(Smith, 1956); Nematodes (Capstick, 1959); Harpacticoids
(Barnett, 1959, unpublished thesis, University Southampton);
Hydrolia ulvae (Newsell, 1964); Cyathura spp. (Burbanck, 1967);
Diatoms (Hopkins, 1966); Mytilus edulis (Baird, 1966); Balanus,
Gryphae, Merciella, & Hydroides (Sandison & Hill, 1966);
Pandalus montagui (Warren & Sheldon, 1967). Green (1968)
extensively reviews estuarine animals, in general considering

them species by species.

The influence of pollution on estuaries may be considerable,
and mayseverely limit the abundunce of animals (Newell, 1959),
or may induce animals such as Corophiidae to nigrate (Lubyanov,
1964). DeFalco (1967) has described estuaries as the "septic
tank of the megalopolis", a fitting description for many estuaries.

However, as will be seen later, the Ythan estuary is not affected

by pollution,

In reviewing the biology of estuarine animals, and in parti-
cular the effects of salinity on the fauna, it is important to
congider which paraneters are measured. Early workers concen-
trated on the variation in the salinity of the estuarin: water,

however many animals burrow within the substrate, end are sealed

oft/e.e
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off from the overlying water. Reid (1530, 1932) studied the
interstitial water of sands and muds, and was the first to show
how the range of salinity of the interstitial water was oonsider-
ably reduced, in comparison to the overlying water. It has
been generally recognised (Alexander, ¢t. al., 1932; Nicol,

1935; Smith, 1956; Capstick, 1957a) that the interstitial
salinity reflocts the salinity of the overlying water, but that
such changes are considerably reduced in magnitude. In an
intertidal estuarine mudflat, only covered by the high tide

the top of the beach is only covered by waters of high salinity
(1.e. sea water brﬁ%ht in by the tide), whereas the bottom of
the beach is generally covered by waters of lower salinity.
Hence the interstitial salinity is generally higher, further up
a beach. This persistent pattern is regarded by Emery, et.al.
(1957) as one of the most ecologically significant properties of
the muddy bottoms of estuaries, and it peraits aninals living
within the substrate, to penetrate a greater dist.nce up an
estuary along the upper region of intertidal mudflats, thar
animels which are subject to the salinity of the overlying water,
such as plankton. A good exomple of this phenomenon was dem~

onstrated by Newell (1964) with regard to the upstreem distribu-

tion of Hydrobis ulvae, a mud-dwelling snail.

From/e..
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From these studies of estuaries, various factors emerge which
may limit the distribution and abundance of the fauna, viz:
currents, sedimentation, oxygen, temperature, pH, inorganic ions,

food, predastion, exposure, substrate and salinity.

The currents within an estuary are of two principal varieties.
The downstream current from the river, and tidal currents as the
saline water ebbs and flows from the sea, The effect of these
currents is considerably influenced by the volume of the estuary,
a neasure of which is the "flushing time" (Green, 1968). If the
estuary is of a large volume, the currents entering the estuary
will considerably slacken in velocity, and lead to a large area
of mixing, with generally calm conditions prevailing. In these
calm conditions, the sediment load of the river current will
Jenerally fall out of suspension, leading to extensive sedimenta-
tion (Yonge, 1953). Conversely if the volume of the estuary is
relatively small, the momentum of the downstream current may be
sufficiently strong to carry the suspended sediment load right
through the estuary, and deposition will occur at sea. However
the commonest situation is the former, and the Ythan estuary is
of this type, with a large area of deposition. Vithin an
estuary localised currents may lead to a variety of substrates.
Areas subject to strong downstream eurrents, or tidal scour will

usually have coarser, unsorted substrates; vhereas areas whieh

receivo/ee.
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receive eddies, and are off the main channel, will usually
contain finer, well sorted substrates since fine suspended

matter being transported will be deposited out of suspension

in such regions. The distribution of most animals which burrow
within substrates is usually critically controlled by the physical

nature of the substrate (for C. volutator, sec Meadows (1964c));

and it moy be seen how important are hydrographic features, such
as currents and their corollary, sedimentation, in controlling

the nature of the substratunm,

Oxygen concentration has already been shown to be an impor-
tant factor within ostuaries, particularly with regard to mud-
flats, in that these arcas may bc subject to partial dcoxygenation.
Bocaus2 of the regular influx of water from freshwaters and the
sca, there is usually a good supply of oxygcn in estuaries,
However it may not be available to the macrofaunz, dus to the
activity of bucteria, and other microorganisams, which may consume
all thc available oxygzen and render deoxygoneted conditions, The
deléterious cffects of deoxyzenation may be seen most strikingly
in severely polluted estuaries, where deoxygenation iuay load to
the exclusion of most animals, except specially adapted forns
such as Tubifox (ilexander, et.al., 1935; Lubyanov, 1964;

Palmer, 1968; Persoonc & De Fauw, 1968). Romane & Schlieper

(1958) report that C, volutator is particularly resistant to low

Ozygen/o oo
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oxygen concentrations, however it will not tolerate complete

deoxysgenation,

Temperature conditions may be very variable in estuaries,
due in particular to their shallowness., They may be subject
to warming by the sun, and may reach temperatures lethal to
nany animals, particularly those Jrom the iore temperature-stable
sca.,. Estuaries may also be subject to frost, which despite the
pertially saline water, may cause the mud or water to freecze,
resulting in catastrophic mortality, as in the winter of 1962-3
(Crisp, 1964a,b; Williams, et.al., 1964; Muus, 1967a, George,
1968). The activities of man, particularly with regard to
power station effluents, nay bes an important temperature factor
in estuaries, although Gummon (1968) was able to find little
differcnce apart from improved oyster development, in the fauna
of the Blackwater estuary, dus to the effects of Bradwell Power

Station. The temperature tolerance limits of C, volutator have

already been reviewcd. Kinne (1963b, 1964La, 1967) has emphasised
the inportance of* tenperature as a factor whieh may affect salini-

ty tolerance.

The Hydrogen Ion Concentration (pH) of Sea Water is normally
8.1 (Nicol, 1967), although it may rise to 9.6 in tidal pools,

or fall to 7.0 following deconposition of organic matter. The

pH/.,,
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pH of river water is normally 6.5 - 7.3 (Deo-Don River Purifica-
tion Board, 1967). The range of estuarine pH would thus be
expected to be 7,0 - 8,0. Nicol (1967) suggests th.t some
sarine enimals are very sensitive to small changes of pH, al-
though Odua (1959) claims that most organisms seen to have a
wide tolerance for the naturally occurring ranges of pH. I
have been unable to trace any published work on the eftects of

pH on estuarine life.

Inorganic ions in estuaries (e.g. phosphates, nitrates,
sulphate, ferric) have been studies with particular regard to
plant production, and decomposition as occurs within nuds (Green,
1968). I have found no records of the effects of individual

inorganic ions on the macrofauna of estuaries.

Estuaries are usually considered to be more abundant in food
than adjacent freshwater areas, and nay be comparable to, or
better than narine areas (Masse, 1968). This abundance of food
is due to the nature of estuaries, as depositories for freshwater
debris, the products of terrestrial erosion and agricultural
drainage, which may be rich in fertilisers. These deposits arc
decomposed by bacteria leading to nutritionally rich sediments.
This food is generally detritué, which has been defined by

Darnell (1967a) as "all types of biogenic material in various

atages/eee
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stages of microbial decomposition)which represents potential
energy sources for consumer specizs®, Darnell (1967b) has sur-
veyed the subject of organic deiritus in relation to the estuarine
ec,os:jsfew\, oand  (oncludes that +Hhe  exfuarine

ccosystem is really "vezetable soup". He also emphasises the
prine inmportance of iliophagic animals (detritus feeders) within
estuarics, Previous work has suszgested that the dstritus fewders
are the primary consumers in an estuarine ecosysten, but Darncll
(1967b) points out that the ricrobial decoaposers are the real
primery consumers, The importance of the nmicrobial decomposers,
as well as the complexity of the detritus food chain has been
emphasised by Odum & de la Cruz (1967}, who conclude that the
bacteria-rich detritus is nutritionally a2 better food source

for ardimals than is the pluont tissue which lor.s the original
base for nost of the purticulate matuer, Identification of

the uicrobial flora of detritus has becn greatly assisted by the
studies of Meadows & /Anderson (1968), who have dewonstrated the
presence of colonies of micro-organisms (bacteria, blue-grcen
algae, diatoms) on the surface of sand grains, The difficulties
of' defining the food of a detritus feedor (Newell, 1965, for

Hydrobia & Maco.ia) are great, but the richness of detrivus as

i food source is clenr.

I hove no datz to suggest thet predation is any more, or less,

inportant in estuaries than elsewhere - oxcept to note the abundance

oﬁ/...
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of bird life usuully found in estuaries, which fesedson *“he in-
vertebrates which are accesible there. It would appear that

the use of estuaries as feeding grounds for birds =nd fish, re-
flects the abundance of food, rather than a more intensive rate

of predation,

Exposure to the weather and tides is a factor that inter-
tidal estuarine arsas share with intertidal marine areas. Tidal
exposure may limit the time available for fecding, or may expose
the animal to the extrenes of the weather, with problems of
oscotic dilution due to rainfall, or desﬂic@tion due to sunshine.
The problems for an estuarine animal may thus be the same a8
those for a marine intertidal animal; with the addition in
estuaries of factors such as a wuddy substrate, or regular

variation in salinity.

Estuaries have been shown to be typified by muddy substrates,
and the problems of adapting to a muddy substrate have already
been enunerated. Other substrates may occur; sand is frequently
found 2t the seaward end of cestuaries, and rocky outcrops may
occur giving suitable substrates for barnacles or seaweeds, such
a8 Fucus ceranoides. Carriker (1967) has extensively reviewcd,
and emphasised the importance of the nature of the substratun

in the ecolosy of estuarine benthic invertcbrates.

Salinity/e..
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Salinity was the principal environuental fretor studied
by mony earlier cstuarine workers (see above), and has remained
a subject of intensive study, indeed the variability of the
salinity within an estuary, compared to adjacent aquatic biotopes,

is one of the nost characteristic features of estuariecs.

Selinity has been repceatedly clainmed as the main liniting
factor for the life of estuarine organisns. Petit & Schachter
(1959) suggest that despite rmany other factors (oxygen conc. ,
teuperature, substrate, bacteria), salinity reocins the primary
basis for the classification of estuaries. Salinity has also
been claimed to be the "ecological naster factor", controlling
the biology of estusrine organisums, by Gunter (1961), Wells
(1961), Kinne (196L4a,b, 1966) and Green (1968). V.rious authors
(for historical revicw, see Segerstrale, 1959b) have proposed
systcus for classifying brackish and estuarine waters. The
complexity of the existing classification systems lcd to a
Symposium in Ven@ife (8-14 april, 1953) which proposcd a unified
systen, nodificd from Redeke-Valikangas, for classifying brackish
waters (Venice Syster, 1959). This systen which is now widely

adopted is briefly as follows:=-

Zone Salinity °/oo
Hyperhaline > Lo

contd/...
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Zone
Euhaline

Mixokaline

Mixoeuhaline

- 22 -

> 30 but

Polyhaline

Mesohaline

0ligchaline

Limnetic (Froesh Water)

Salinity /oo

Lo - 30

(L0)30 -

< adjacent sea area

0.5

30 - 18
18- 5
5~ 0.5

< 0.5

Carriker (1967) has also classificd cstuarine organisis,

into groups which correspond with the Venicc System (1959):-

Zone

LS PN 9 |

Euhaline
Mixomhaline

Polyhaline
Mesohaline
Oligohaline

Limnetic

Solinity
(%/o0)

L0O-30 stenﬁhalino
> 30/25

30-18

ndrine

18- 5
5~ 0.5 oligohaline

£ 0,5 limnetic

Feolojgical Cliszification

trye

agstuarine

euryhaline mnigrants

marine

! mixchaline

, mixohaline

These ecological groups of Carriker have been bused in parti-

cular on the cxtensive estuarine faunal surveys already referrcd to.

These groupings also agree well with the classifications of Kinne

(1963a, 1967)/e..
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(1963a, 1967), which were based on osmoregulatory capability.

Kinne (1964c) has defined adaptation as the adjustment of
organisms to alterations in the intensity pattern of variables in
the enviromuent, and further (Kinne, 1966) has susiested that
for most estuarine animals, salinity is the principal variable
factor. He sugsests that the basic characteristics of estuaries
are the incrcased gradients and fluctuations of the environmental
factors relative to the nore stable situation in the neighbouring
sea and fresh-water areas. Given similar temperature conditions,
the degree of dilution of sea water by river water and the physico-
chemical properties of the resulting mixture, larzely determines

the performance .and distribution of the estuarine organisns.

The estuarine environment may thus be scen as «n area of
mixture and change, but nevertheless a distinct biotopey An asrea
of mixing sea water and fresh water, lcading to deposition of fre-
quently unstable substrates, subject to large temperature varia-
tions, and oxygen depletionj an environment which few animel
species have mrnaged to ocolonise, elthough these species may be
very abundant; Estuarine aninals are typically detritus feeding

animals living in a nuddy "vegetablc soup".

Estuaries arc gcologically ephemeral (Kinne, 1966).  Gorsline

(1967) has suggested that all estuaries, as we know them today, are

1e85/eee
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less than 3000 yoruws old. A sUZzesViom whie-h mny explain the interesting
observationsof Muus (1967b) that estuarine species may be very plastic, and
that most species within typically estuarine genera (e.g. Cardium, Hydrobis,

Nereis, Gamm-rus, Corophium) are currently developing. A situ-tion well

seen in the ch-nging taxonomy of C. volutator.

Estuaries thus present crens of significnt biologic~l interest; They
~re frejuently areas which have been exploited -nd influenced greatly by
m~nkind, ~nd they present to the biologist =~ complex interaction of defin-
able environment=l 2nd biotic frctors. Kinne (1557) =nd others, h.ve
pointed to the necd for a polyfactorial approacih when studying estucrine
life, for the efficiency of single environmental factors m=y depend on the
whole environment-l situation.

Withregard to C. volutator, it has already been noted that many authers

. diestr uhon
have referred to its disbumbinae 1limits when conducting faunal surveys.

From the published record it appears that the two.principal environmental
f-ctorsaffecting its distribution end abundance are substrate and salinity,
The substrate selection of C.volutator has been investigated by Meadows
(1964 ~-c, 1967) and it has been shown how specific is this selection.
Hitherto salinity has not been critically investigated as a factor control-
lingC.volutator, and the present investigation is concerned to study the

effectaof salinity on the distribution and abundance of this crustacean.

2.2 THE YIMHAN ESTUARY.
The Ythan estuary enters the North Sea, 2ikm north of the city of
Aberdeen, and the estuary extends inland for 8.4 km, almost as far

far/eee
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far as the village of Ellon. Newburgh, with ..berdeen University
Field Station (Culterty) is located on the western bank, ond a
National Nature Reserve (Sends of Forvie) is located on the eastern
banlt of the estuary, The catchoment area of the River Ython, which
is mainly agricultural land, covers 690 km2 of iberdecnshire. ot
high tide the estuary forms a mess of water approximitely % -% kn
wide, and 6 km long; at low tide it resembles a river approxinately

50 m wide (Fig 1).

The Dee=Don River Purification Board (1967) report taut slight
pollution occurs due to ficld drainage (above .uchterless) and frow
sinall sewage works at Fyvie ond Ellon, Except in the iiuiediate
vicinity of these lccations, the pollution is not considered to be
significant,. The averuge data for the river at Ellon (Just above

the head of the estuany) is as Table 3.

Table 3. Fron Dee-Don River Purificution Board (1967).

Biochcmical Oxygen Demand 1.3 p.p.m. albuminoid sumnonia 0.10 p.p.m.
Suspended solids 7.0 pep.ms pH 6.8

Oxygen absorbed 2.0 p.p.its  Free und Saline
sitaonia, as N 0.05 pepelie

.11 these figures are regorded as accoptuble from the standpoint of

possible deliterious effects of pollution.

The/...



FIGURE 1.

General map »f the Ythan estuary, Aberdeenshire, Scotland
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The estuary contains a wide variety of substrates, ranzing from
clean sand ot the seaward end to sulphurous mud amid weed at the
inlund end, although the comionest substrate is mud or muddy sand.

These substrates have been mapped by .. inderson (in Dunnet, 1965).

The Ythan estuary is the locution of a fishery, particularly
for sea trout, with occasional salmon. The Ythan estuary is also
of particular interest because of its large populations of resident
and migrant birds, in particular, Terns, Eider Duck, Shellduck,
Geese, Gulls and Vaders, (Dunnet, 1965). The aders, cspeciully

Redshank and Dunlin feed largely on C. volutator (Goss=Custard,

1966, unpublished thesis)Univ. iberdeen).  .part from Sea Trout,
the river is also inhabited by Gobies and Flounders. The I'lounders

fecd primarily on C. volutator (Lmerson, 1969, thesis in prep-.r.tion,

Univ. sberdeen). The invertebrates of the estuary have been subject
of study for many unpublished theses (Table 4).

Table 4. .berdeen University thesés on Ytham cstuary.

Noble  (1962) Corophium volutator
Keddie (1966) Scoloplos armiger
Marriott (1966) Mytilus edulis

Dunn (1967) Macoma balthica
Mackay (1968) Carcinus mazenas

Research work in progress,
Lezch/ee..

contd.
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Leach Hydrography ond planitton of estuary
Gidney Efircet of light on C, volutator
Gibson Podocotyle atomon, the metacercaria

of which are in C. volutator, other

hosts being the Flounder % Littorina sp.

Wood Production of €. volutator.

Under thc auspices of the International Biological Progruame,
it is intended to construct a food web for the Ythan estuary, and
to study certain food links to ascertain the productivity of the

estuary. Since C. volutator is one of the most abundant food

animals in the Ythan ecosystem, knovledge of the fuctors affecting

its distribation and abundancc arc of particular value.
2.3 PRELIMIN.RY STUDY

4 preliminary survey of the Ythan estuury wes wm:de and samples
(each 10 x 10 x 10 cm) from 30 stations, along the length of the
estuary were collocted, the type of substrate noted, .nd any

€, volutator counted (Fig. 2, Table 5). It was found that

C. volutetor was most abundant at stutions with a high proportion

of silt, stations which had mud or muddy send. Statfons with

black sulphurous mud, nud cverlain with Enteromorpha, or sand

lacking/...



FIGURE 2.

Preliminary survey of the Ythan estuary. Sampling stations,
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lacking in silt, all had few or no $. volutator. These findings
are in agreement with the previous findings of Hart (1930),

Spooner & Moore (1940), Goodhart (1941), Gee (1961) and Meadows

(1964a-c).

Within the central part of the estuary, substrate was appa-
rently the predominant factor limiting the distribution and

abundance of C. volutator.

2.4 STUDY ARBAS AND METHODS.

Having regard to this preliminary study, four areas were

chosen in the upper half of the Ythan estuary for intensive study

(rig.3).

These areas were selected as having, as far as possible,
uniform substrate conditions and representing a potentially wide
rznge of salinity. Thus by ensuring uniform substrate conditions

the effect of salinity could be analysed more easily,

At each of the four fudy areas)samples were collected at
monthly intervals from October 1966 to November 1967.  Samples
were collected at the same state of the tide at 29 to 30-day

intervals,

Each area was divided into a grid 50 m square; paired random

numbers/. o8



FIGURE 3.
Map showing, on the left, the location of the cstuary of the
River Ythan, with inset on the rizht showing the position of

the four study areas,
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numbers were chosen (Fisher % Yatus, 1963), then from the fixed
starting point the collector moved the given number in % m across

the mudflat, parallel to the river, and then moved the next given
number in % m towards the river. .t this random point, a 5 x 5 x 6cm
high corer was pushed flush into the mud and the core of mud was
collected into a polythene bag. This random sampling procedure was
then repeated, and themext core put into the same bag. A4 sample
therefore contained two raendomly selected cores from the area, At
each of the study arecas A-C (Fig.3), five samples were collected

each month, and at the smaller arca D two samples were collected.

The tempercturc of the mud at a depth of 2 cm was also noted.

The samples were brought back to the laboratory and filtered in
a conicnl funnel to extrict the interstitial water from the mud.
Fach mud sample was then wet-sieved in a series of Endecott sicves,
«.fter a number of trials, it was found that the best combination was
a ZOOO/Asieve, to break up the lumps of mud and trup any pebbles,

and a 53574816V6 which retained all sizes of C. volutator, Any

C. volutator adhering to the QOOQMsieve were removed :nd added to

the 33%ﬁ4fraction, which was rotained for subsequent examination.

The salinity of the interstitial water was determined by

titration with silver nitrate. The interstitial water//._ .
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water of the mud was sampled, rather thun the estuarine vater, as
the interstitiul water ropresvnts the immediate environment of

C., volutator.

The BBQ/ASievc fraction was carcfully examined to remove any

individuals of (., volutator present, Thesc werc counted, measured

from the tip of the rostrum to the end of the telson, and essigned
to size categories (i.e. 1.0 - 1.9 mm, 2.0 - 2,9 ma, 3.0 - 3.9 mm,
ete.). The percentoge size composivion and arithuetic mean size

were calculated.
Rainfall data were obtoinzd from Culterty Field Station.
2,5 RESULYS

The results are prescnted in Figs. 4(a-e) and:5 and Lppendix
I, 4t the start of the study (Oct. 1966) the population of

C, volutator had just completed its reproductive season.  Through-

out the wintor (Oct. - Mar.) the mean size of anim:ls at areas

A=C fluctuated between 3,0 and 3.6 mn (Fig.l4e), whilst the salinity
and temperature conditions remained fairly constant (Figs ha,c).
The temperature st all arcas was between 2° und 7OC. at arcas

;. and B the salinity averaged 10%/oo and 6°/0o respectively. .t
area G the salinity aversged 2.5°/oo and the number of animals

was extremely low., .t area D, with salinities of below 10/60

no animzls were present. From Deccember onwards slow growth was

observed/...



FIGURE 4.
(a) The interstitial salinity of the mud at each study area.
0, irea A; @ , arca B; A, area C; A , area D. (b) Total
rainfall recorded at Culterty Field Station, Newburgh, 30 days
( B ) and 10 days ( O ) prior to cach monthly sample.
(c) Mean temperature of the mud, at a depth of 2 cm, at
the study areas, (d) The number of Corophium volutotor,
expressed as no./'mz, at each study area (legend as bofore).

(e) Mean size (ma) of C, volutator at each study area

(legend as before),
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FIGURE 5.
The percontage sige composition of populations of C, volutator

at each study area, each month,



Percentage

Area A

Nov.

.

Fan
:}f

W W O O | ) N T O I I I S |

Dec.

Jan

feb

Mar.

Apr.

May

June

July

Aug.

Sept.

QOct.

Nov.

J N I .

(-]

7 4 6 8 0 2 4 6 8 0
Length (mm)

2 4 6 8



-3 -

obscerved as the menn size of animals at aree .. increased from

3,17 ma in December to 3.62 mm in March (Fig. 4e).

In Moy, with woermer conditions (rbove 7OC), the mean size in-
creascd to 5.61 . The salinity fell shorply 2t all aress during
this month, but this lowering was only temporary, following very
hcavy rainf:ll 4 days prior to sampling, and aftcr this period the
salinity rapidly returncd to its former level. During May, females
boaring eggs ('berried') were first noted, cspecially in arca .

In Junc the number of animszls in areqn [, increased dramatically
(Fis.4d) and the mcan size fell, following the hatching of a large
number of young anim:ls, measuring 1.0 - 1.9 mu (Fig. 5). This
increuse in numbers at area ). persisted into July, when a large
increase in numbers duce to young individuwils occurred in area B
(Figs. 44, 5). Neanwhile salinity had increased to 16.5°/o0 at
aren i, 13,6%/00 ut arca B, and 8.5°%/00 at area C.  With this
persistont inereasc in salinity above 50/00 in area C, the numoer
of animels present also increascd, partly because of hatching. at
area D the salinity rose to 3.70/00 ond animals were recorded thers

in siaall numbers for the first tine.

In .ugust the pepulations at arcas .. and B were at a peck of
abundonce, having inereased to o level of 6 - 10 timcs the over-

wintering population. .ninals in area C, at 15.5°/bo, were

brecding/...
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breeding in smell numbers., ..nimels persisted in area D at 6.&9/00.
In September the numbers of aninals in arcas J. and B decreascd, and
their mcan size was 3.45 wa, This decrease in nuabers continued
into October as, with all stock from the previous winter having dicd
off, the new stock settled down to its winter lovel of abundence.

In arca C numbers continucd to climb until September, following the
later brecding season. In area D animals werc present in September
at 8.59/00 and fewer were present in October at 4.10/00. Heavy
rainfall during October caused the salinity to fellto 1.1%/00 at
area D in November.  /ith this lovering of salinity, animals were
nc longer f'ound in this aréa. The number of animals at arcas .. ~ C
fell, whilst the salinity fell to 7.5 - 2.2%00. .48 zrowth occurred
in the znimals born in the summer, thc nmean size increused from

2.90 mi (wugust) to 3.90 mm (November) (Fig. 4s).

The decrease of salinity in the autumn and in Mey was largely
caused by changes in rainfall (Fig. 4b) affectins the downflow of
river water and conscquently nmodifying the inflow of sult water into
the cstuary., The summer incrcase in salinity was due purtly to
decraused rainfzll =nd to increased temporature (Fig. Lc), causing

increased evaporation.

Froo thesc results it can be scen that one single breeding

season occurred per year in this population of C. volutator, extend-

ing froua My to sujust. .ninnls born in the sumuer of one year

grev/...
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grew to a moximum size, bred when over 5 ma, and subseguently

dicd in the suuncr of the next your, Thoe onset of the reproductive
season was correlated with increased tenperaturc and snlinity con-
ditions. Segcrstr&le (1940) reported that 7OC was the aininun
temperature for reproduction in C. volututor, ~and the sane tewpera-
ture limit has been noted in this study. The breeding seanson
finished whilst salinity and tenmperriture conditions werc still high,
but these becqne reduced within a few wecks of the tor.din tion of
breeding.  Segerstrfle (1940)) found a sivilar anmusl cycle in a

Baltic population of G, wolutitor, the only major difierunce being

that in the Baltic the animnls overwintered at 7.5 - 8.0 mn lonz,
whilst in the Ythan they overwintered at 3.0 - 4.0 m: long and then
grew to 7.5 = 8.0 mn in May prior to undersoing reproduction. It
nay be suggested that the aninnls grew in the autwmn as lon: as
conditions werc favourable, then overwintered, and begon growth
agaein in the spring cs conditions ameliorated.  On the River Dovey,
Watkin (1941) noted two scnerations per year, and in Denuark, Muus
(1967a), sugsested four generctions per year, but in this study only

one is indicated.

Comparing the four study arcas, it can be seen that although
they sll experienced the same teuporaturce conditions, breeding began
first at area 4, followed by arecas B and C, in that order. It
appears that breedinz occurrcd only as the salinity increused

abvove feaee -
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above 7.50/50. The sejuence of breeding refledted the successive
increase of salinity up to and above this level. In June 73%

of the animals in area A at 11.7°/0o measured less than 2.9 mm,
whilst 34.5/% of the animals in area B at 10.5°/co were this size,
having recently hatched. In area C newly hatched animals were

first found in July, at 8.5°/00 (Figs. La, 5).

In area C the numbers of C. volutator remained extremely low all

winter (Dscember - June), with the interstitial salinity at 2 - 5°/co0.
The numbers increased as the salinity increased above 50/00, and main-
tained the increase as long as salinities greater than 5°/oo were
recorded. This increase was partly due to bresding, but also due

to the immnigration of individuals into the area as soon as conditions
were favourable, The number of individuals larger than 5 mm in

June, at 3.#9/00 was 12O/h2, however, in August, at 15.5°/bo, the
number had increased to 1120/@2. This increase is due entirely to
immigration. The number of individuals smaller than 5 mm increased
in the same period from O to 26&Q/m2, which it may be suggested is

due to a combination of reproduction and immigration.

At area D there were no animals present during the winter and
spring, when salinities were 0.5 = 1.0°/bo; however, in July, es

the salinity increased above 2°/bo, C. volutator persisted in this

area. In November the salinity in area D fell to 1.1°/oo and

C, volutator was no longer found in this area.

Thus/e ..
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Thus it can be seen that salinity appears to be critical in

the control of the distribution and abundance of C, volutator. In

an area with an interstitial salinity velow 2°/bo the species was
absent. However, when the salinity of this area increascd above
20/60, enimals were found. In salinities 2 = 50/00 the numbers of
animals present were always small; 2nd the numbers omly increased in

salinities above 50/00. It may be suggested that C, volutator is

ready to migrate into an area whenever conditions become favourable.
Breeding (i.e. observation of "berried" females) appeared to be
correlated with temperatures greater than 7°C and with interstitial

salinity conditions gbove 7.50/bo.

It has already been mentioned that the two principal environ-

mental factors which may affect C. volutator are substrate and salinity.

In the choice of study arcas an attempt was made to eliminate the
variability of the substrate, to assist in the study of the effect
of salinity. An analysis was made of the nature of the substrate
at each area in order to check on any variability which may have

affected the distribution and abundance of C. volutator. Methods

similar to those recommended by Morgans (1956) were adopted, and the

mean results are given in Table 6.

Table 6/...
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T/BLE 6 RESULTS 0¥ SUBSTR.TE ANALYSIS AT THE

FOUR STUDY AREAS

Mean Skq £ (sce Organic
Depth of Water particle Morgeans, natter
Lrea eeration composition diameter 1956) by igznition
(cm) (%) (/M ) (%)
C 0.50 26.38 305 +0.0814 2,08
D 0.35 4S.43 220 -0.256 6.62

These results, which represcnt the means of rendom samples taken
at each area, did not vary, except by very small amounts, throughout
the year, although the study areas were chosen for uniformity of
substrate, some slight differences did occur. The depth of aeration
showed a gradation .> B> C and D, The similarity in dopths of
aeration at areas C and D and the dis-similarity in rccords of

C. volutator rule out this factor as being critical. Muds at areas

. = C had 26 - 29% water content, whilst the mud at area D had L9
water content, The similarity of mud at areas A - C discounts this
factor as a limiting factor controlling abundance, but the hizh value
for arca D may have partially accounted for the few animuls ever
recorded there, The differences between the mean particle diameters
ot the areas show no important difference. The Skq #, which is a
measure of the sorting of the particles of the substratum, indicates

that in areas & and C, with positive results, particles larger than the

medien/...
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median are better sorted than the smaller particles, In areas B and D,
with negative results, the smaller particles are better sorted than the
larger ones, However, all the Skq £ results are extremely near gero,

and the differences betiveen the areas are very slight.

Thus it may be concluded that the textures of the substrates at
the study areas are extremely similar, confirming the original choice
of the study areas for their uniformity. The demonstrated uniformity,
moreover, suggests that adverse currents, which usually affect the
nature of the substrate, are not important in this study. The per-
centage organic matter showed no difference between areas A ~ C,
averaging 2.43%. Area D was richer in organic matter (6.62%) than

thc other areas; however, Hart (1930) found C. volutator abundant in

muds with 6 - 7% organic matter. This finding suggests that the
amount of organic of matter is not limiting in this study. Muus

(1967a) suggested that 15 - 20% organic matter may limit C., volutator.
2.6 DISCUSSION

The decrease in the number of animals (Fig. 4d) observed in area
A between December and May and the decrease again from September to
November may be due to either predation, natural mortality, or emi-
gration., BEspeoially between December and May, no great change in the
engirommental factors occurred, whilst the population of G, volutator

was more than halved. Goss=Custard (1966, unpublished thesis, Univ.

Aberdeen/,..
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Aberdeen) noted that Redshaenk (Tringa totanus L.) ate 38% of C,_ volutator

which were larger than 4 mm - o feature which would cccount for the

spring decrease in numbers, due to predation.

The onset of breseding has been shown to be coineidcent with an
increase in tenperature above 700. In general, the temperaturc on a
given dgy was uniform throuhout the estuary; therefore, it is un-
likely that temperature can causc the observed differences in the dis-

tribution of C. volutator between the study areas. Goss-Custard

(1966, unpublished thesis, Univ, iberdeen) has shown that temperature
’ P

nay affect the burrowing behaviour of C, volutator, which burrows

deeper into the mud when the temperature is below 4°c.  The results
of the substrate analysis show that area D was slightly less suitable

for C. volutator, but showed no factor which could adequatecly account

for the varietion in obscrved numbers betweem areas A - C.  Also, the
nature of the substrate at each area remained constant throughout the

period of study, whereas the distribution and abundance of C. volutator

varied considerably., In area D, animals were absent when the salinity
was below 1O/oo, yet as soon as the salinity increased to above 2°/oo
enimals were found there, albeit in small numbers. Similarly, the
numbers in area C remained extremely low all winter, with salinities of
2~ Eo/bo, but when the salinity increased to above 5°/00 the numbers of
C, volutator increased, and when the salinity rose above 7.59/00 breeding

was recorded in this area,

Thus/e. e
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Thus the abundancc and distribution of C. volutator at areas ¢ and

D were directly related to the prevailing salinity. The difference in
abundance between areas A and B mny be due to other factors, for example

the difference in the depth of aeration.

Rainfall (Fig. 4b) - espocially that of the 10 days prior to suu-
pling = together with the tides is the chief factor affecting salinity.
The salinity at any one point on the estunry represents e product of
the interaction of the downflow of river water and inflow of salt
water, The downflow of river water is directly related to the roinfall
on the catchuent area of the river., The drastic lowering of salinity
in Mzy and the autumnal decline in salinity were both due to periods of

rainfall.

In this study the effect of maximum salinity was not studied.

The downstrean 1limit of O, volutstor on the Ythin estucry is

delimited by the presence of clean sand at the wmouth of the estu.xy.

The appearance of G, volutator at arez D and its incretsc in number

at area C, as salinity increused, suggest that it must undergo nigration

within the estuary. Morgan (1955) 3howed that C. volutator swim in the

ebb tide, an action which will tend to carry then down-river; however,
he also showed that a few animals swim in the flow tide, which would
tend to carry them up-river, where they could colonize ncw substrates.

amanieu (1967) also suggested migration of Corophium insidiosum, in

response/...



response to salinity.

It has thus been found that within the contral part of the estuary
the naturce of the substrate is the principal factor controlling the dis-
tribution and abundance of C, volutator. Within an area of suitable

substrate, C, volutator became abundant when the salinity rose above

50/00 and bred when the salinity was greater than 7.50/ 00, Balow
5°/00 it was reduced in abundance and was not found at all below 2°/co.
Thus the effects of salinity can override substrate selection in the
upper part of an estuary, and salinity bocomes the 'ecological master

factor' controlling the animal's distribution and abundanco.
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3« LABORATORY STUDIES

L series of experiments were undertaken to determine the effeot

of salinity on survival, moulting and growth of g, volutator. Studies
were also made of the effect of salinity on the swrvival of animals of

different size and sex; and on the effect of salinity on breeding.
3.1 EFFECT OF SALINITY ON SURVIV.ilL.

C,_yolutator were collected from the Ythan estuary, and transported
to stock tanks in the laboratory, supplied with mud and maintained at

10 - 12°C and 15 - 20%o.

To each of a series of 5 om Petri dishes was added 10 ml. of sea
water of known salinity. Salinities below 35°/o0 were prepared by
diluting sea water with distilled water, and the salinity was then
determined by titration. For hypersaline solutions, sea water was

gently evaporated over a bunsen burner without boiling.

To each of thesc dishes at cach salinity, an individual C, volutetor
was added; and then to half of the dishes a small quamtity of fresh mud,
which had been kept in the appropriate salinity, was added., The dishes
were kept in a constant temperature room at 8°C, within a humnid ehamber,
to prevent evaporation. The dishes were examined daily, any moults

removed, and any deaths of C. volutator noted.

The/. ..
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The results of this experiment (Fig. 6), indicate that the animals
survived well under the restricted experimental conditions, some living
for over 1500 h (2 months) in the Petri dishes. 4 clear difference
between those animals supplied with mud, and those without mud can be

seen, If survival of C. volutator is expressed as the ability for

half of the population to live for 500 h (20 days), then it may be
seen that animals supplied with mud can survive in watcer of salinities
between 2 and 500/00. Using the same criterion, for the animals

without mud, the range of salinities survived becomes 7.5 - 47.5°%/004

Usi £} i 4 N £ £} imal 1t 3 .

Individual wariation in survival time occurred, but alumost always
those animals with mud survived longer than those without rud. In
salinities 10 =~ 300/60 the supply of mud increased survival time by an
average of 349/00. In salinities below 100/60, survival tine was wore

markedly increased by the presence of mud (26556 at 6°/00, and 118%

at 2.6°/bo).

in experinent was designed to test whether the dependence of

C. volutator on the presence of mud was due to: (1) food value

(including inorganic ion content), or (ii) physical presence. inimuls
wore meintained at 5°/co with acid-cleaned fine sand {B.D.H.), the

sand being thoroughly washed, and the sea water sterilized. Others

were/...



FIGURE 6.
The cffect of salinity on the survival time of cnimals with

(open circles), and without (filled circles) mud.
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were maintained in the sterilized sea water, sonme without any substrate
and some with fresh rud, It was found that those with fine sand lived
for an average of 164 h, and those without any substrate for -n average
of 178 h., This difference is not significant (P = < 0.3). Those
animals supplied with mud lived for an average of 707 h, which is
significantly different (P =< 0.01) frou those with fine sand or

without any substrate.

Thus it may be suggested that mud 1s necessary for the survival

of C. volutator either for the supply of food as energy for esnoo-

regulation, or for the direct supply of ions which are taken up via

the gut.

3,2 EFFECT OF SALINITY ON MOULTING
Any moults that occurred during the previous experiment were noted.

It was found that moulting occurred (Fig. 7), in aninals supplied
with mud, in scea water between 5 and 460/00 and in one individual at
2.60/60. In aninels without mud moulting occurred less frequently,
and only in the salinity range 10 - 46°/oo. By comparison with the
data for survival time at different salinities, it may be seen that the
range of salinities for successful moulting is smaller, This smaller
range may be especially seen at low salinities - animials supplied with
mud will survive down to 2°/0o, but only moult regularly down to 5°/0o.

Moulting occurred most frequently in the range 5 = 20°/bo and less

frequently/,..



FIGURE 7.
The effect of salinity on moulting frequency in animals

with (opon circles), and without (filled circles) nud,
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frequently up to 46°/0o.
3.3 EXFECT OF SALINITY ON GROWTH

To determine the effect of salinity on growth, a large sample of mud
was collected, and divided into six equal parts. Each part was placed
in an aquarium tank, and covered to a depth of 15 <m with a sea~water
solution of known salinity (0.8, 2.k, 3.6, L.k, 15.4, 30.6°/0o0). The
mud and water were thoroughly mixed, and the mud allowed to settle.

The salinity of the water was determined, and maintained at that
salinity during the subsequent weeks. The tanks were aerated, and
kept at 11°C.  On the first day and after 11, 30, 55 and 80 days, a
LO nml. sample of the mud was collected, and sieved with a BBQAAsieve.
This sieving was performed in the water of the experimental tank, in
order to conserve the mud. The animals so collected were counted,
measured and assigned to millimetre size groups (i.e. 1.0 = 1.9 mm,

2.0 = 2.9 mm, 3.0 - 3.9 ma, etc), and then returned to their tanks.

The mean size of each population, at each salinity, during the
experiment, can be seen in Fig. 8. The initial population, collected
on 9 November 1966, had a nmean size of 2,40 . During the first 55
days, the population growth rate was fastest at 15.&9/00, increasing
from a mean of 2,39 ~ 3.71 ma (+ 55%), 30.6 and 4.4°/00 were only
slightly slower, and there was a serial decline in growth rate below

4e4°/00, such that 3.6> 2,4> 0,8°/00.

An/.,,



FIGURE 8,
The mean size of populations mnintaincd in tanks at

0.8, 2.4, 3.6, 4.k, 15.4 and 30.60.
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in analysis of the different sizes, by percentoge, in eaoh. popu-
lation (Fig. 9), shows nore precisely the mode of growth in ench
population. Initially animals measuring 2.0 - 2.9 mna. formed 47w of
the population. In the lowest salinity (0.8°/00) little growth
ceccurred, and after 55 days this category still formed 424 of the
population, whilst the percentage of animals neasuring 3.0 - 3.9 .
had increased from 21 to 31%. In sclinities 30.6 - 3.60/00, the
percent~ge of aniunls in the 2 m category became reduced fra. 47 to
2%% within 30 days, by which time the 3 mu cotegory had becoue more
numorous than the 2 im category. In 2.4°/00 , 55 days were nceded for
the 3 s category to equal the 2 mn category (both 37%). These shifts
in percentage composition represcnt growth of the individuals, as over-

all nuubers remoined constant, and reproduction did not occur.

Initially only 1.7% of the population was larger than 5 R
however, growth of animals occurred rapidly in salinities 30.6 -
k4°/00, ond within 55 days 25% at 15.4°/00, 21% at k.4°/00, 17% at
30.6%/00 were lerger than 5 mu. By comparison 8% at 3.6%/00, Lo at

2.4°/00 and 5% at 0.8°/o0 were larger thon 5 mu. after 55 days.

As growth occurred, the number of animals in the 1.0 - 1.9 mn
category fell. In 15.4°/00 there were initizlly 165 of the aninals
in this category, but by 55 days it had fallen to L.2. In all other
salinities, except O.8°/oo, a similar decrease in the percentage at
1m0 occurred; however, in 0,8%°/co the percent:geremained constant at 17%

After/,.,



FIGURE 9,
Per%entage size conmposition of population naint dned in

tanks at 0,8, 2.4, 3.6, 4.4, 15.4 and 30,6, o.
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After 55 days mortality occurred in the populsations. In salini-
ties of 30.6 - 3.60/00, this mort:lity affected the lirger rninnls
nost seveﬁyy, with the result th-t the percentages of smller-sized
animnls incrensed. In 2.4 and O.8o/oo nortality occurred, but

appeared to be more uniformly sprend throughout the size groups,

In conclusion, it cnn be seen th:t only very slow growth occurred
at 0.8%°/00. Maximel growth was achieved at 15.4°/00, and 20.6
and 4.&9/60 attained a slightly slower growth r.te. Animals in
3.60/00 grew well within the first 30 days, but fuiled to m:intain
th:t zrowth rate; ond unimals at 2.4°/00 had a slow but steady

growth rate.
3,4 EFiECT OF SALINITY ON BREEDING,

C, volutator has been observed to breed successfully in labora-~

tory stock tinks. This was noted in specimens which had been

collected in November, and maintained in laboratory tenks supplied
with nud and aerated water of 10 = 2050 at 1OOC, nd when examined
in the following april, "berried" fem:les (i.e. bearing eggs on the
ventral surface) were noted, znd subsequently small individuals of

C. volutitor werce found. It is unlikely that these fermcles h-.d been

fertilised in the field prior to Noveuwber, and thus iv may be concluded

th-t successful breedins had occurred in the laboratory.

Segerstrale/. ..
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Segerstrale (1540) noted that there appears to be ~ minimum
temperature of 7°C for breeding of C._volutator, and this has found
confirmation on the Ythen (Sect. 2.5). During the field study it
was noted that berried females were only observed nfter the salinity
had risen ubove 7.550. However the salinity at this time was
steadily increasing due to seusornal factors, and it is almost certain
that fertilisation occurred in lower salinity conditions, and 7.5x0
may have been a coincidental liwit.  There was however a distinct
pattern on the Ythan, whereby berried femalies were first noted at
area /i, and subsequently at areas B & C as the salinity increased.
Experimental observations have been nmade to elucidate this problem

of the effect of salinity on treeding.

I have been unable to observe the effect of salinity on fertili-
sation due to the problems of stiuvulating fertilisation in an isolated
pair of animcls in the laboratory. « study was therefore made of the
effect of salinity on the hatching success of berried fennles. During
the first series of experiments (May 1967) berried females viere collec-
ted from the Ythan estuzry, and 3 healthy individuals vwere placed into

each of 250 nl. of various strengths of sea water (32, 24, 17, 9, 5,

3, 2, 1.3, 0.75;).

These experimentnl dishes vere observed rejularly. The live

adults, and any young which hatched out formed burrows, the openings of

which/,..
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which were clearly visible. Thamdrup (1935) points out that newly

hatched C. volutator immediztely form burrows, which way be side

burrows off the mother's burrow., Moribund individuils zenerally left
their burrows, and lay on the surface of the mud, Scniples were also
collected, in order to observe the growth rate of the newly hatched
individu-ils, by removing and seiving 10 cm3 of mud, and measuring

any C. volutator present.

iWithin a week young anim.ls were noted in all salinities. In
the loweat salinity (0.75/%), fter the young hnd hatched out, the
3 adults were observed to be dead within 170 hours, and within 234
hours the young were also found to be dead (56 individuals, mean
size 1.0 mm). In order to avoid cannibalism, all adults were re-
moved after 300 hours. 4t 583 hours the young were sampled, and

nean size noted, (Table 7)

Jable 7

Salinity Mean size (mm)
%0 483 h 155 h
0.75 DE 4 D.
1.3 1.4 -
2 1.57 2.0
3 1.6 2.0
5 1.75 2.25
9 2.0 2.0
17 1.75 2,0
24, 2,0 2,1
32 2,0 2.33

[oes



- L9 -

These results indicate a slightly reduced zrowth rate below 5,0,
up to 483 h. Snrples were again collected after 795 hours (Table 7),
when = slizht increcse in menn size wos noted at 5, 24, 320, whilst
those below 29/00 had died, .t this time the number of youns was
very low, due to mortality, or cannibalisu within the dishes and the

experiment was teriinated,

The principal conclusion to he Jdrawn froa this experiment is
that hatching occupied over a wide range of salinities (down to at
least 0.750/00) but that below 1 - 2,00, the newly hatched individuals
failed to grow and live, 4 tendency for rceduced srowth rate below
5% was also noted. These results indicating o wide salinity rane
for bhatching, but itmediate post-hatchinz mortality at low salinities,

are in egreemcnt with the observations of Hart (1930).

During a sccond series of experiments (.ay, 1963), berricd
females, from stock tanks, werec kept in individual Petri dishes at
salinities 30, 7.5, 3.7 & 1.000 - and comparison was uade of the
number of young individuals which were successfully hatched. At1.0%0,
half of the fenles died before hatching young, and the remainder
averyged 3 offsprins, which as in the first experiwent failed to jrow.
Lt 3.7%b, the avernge number of offspring was L.5; at 7.5.0, 8; at
300/00, 8. Thesc fennles had been maintoined in the laboratory for

some time prior to the experinment =nd may hiwve been less nmature than

those/, ..
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those in the preceding experiment, which may have accounted for their
relatively low fecundity; nevertheless, the results do indicate a

tendency for reduced fecundity at low salinities.

Kinne (196L4a, 1966) has reviewed the effects of salinity on breed-
ing and embryonic development, and suggests that sensitivity to salini-
ty is at a maximum at these times. He further suggests that hatched
young nmay tolerate a wider salinity than adults, I have no experi-

mental data from (. volutator regarding the effect of salinity on

fertilisation or enbryonie development, but data on the survival of
hatched young shows that they cin tolerate a wide salinity range,
down to perhaps 1 - 20, which may be lower th.n the adult tolerance
level of 250. The observations from the Ythan estuary, of a lower
limit of 7.5ﬁb, may well reflect the adverse effect of low salinities

on fertilisation or embryonic development.

These experiments have indicated a wide rangse of salinities for
hatehing, (down to at least 0,75°/00), but have indicated post-
hatching mortality below 1 - 2%0, in agreement with Hart (1930).
Lbove 1 - 2%0 the hatched young survived, with lower growth rate
below 5fo. The observation of 7.5x0 as e limit for breedinz on the
Ythan may well reflect the effect of salinity on fertilisation or
enbryonic development, this observation finding support in the reduc-

tion of fecundity noted in experimental animals at low salinities,

305/...
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3.5 DISCUSSION ON THi EFIECTS OF S.LINITY.

C._volutator has been found to survive for over 500 h, if supplied

with nud, within the salinity range of 2 - 50?/00. It is of interest
to note thot the lover salinity of 20/00 coincides with the lowest
salinity fron which it has beasn recorded (Hellen, 1916; Gurjanova,
1951)., If not supplied with suitable nmud the r:nge of salinities

that it survived was reduced to 7.5 - u7.5°/bo.

Moulting occurred most frequently within the range of salinity
5 = 200/00. Growth occurred ~t a naximum rate at 15.&9/60, and at a
slightly slower rzte =t 4.4 /0o. It coun be seecn that although

C._volutator can survive salinities within the range 2 = SOo/oo, fre-

quent moulting occurred within & smallcer ronge, and optimum growth was
only achieved within an c¢ven simnller range.  These results, which are
similar to the pattern rccorded by Kinne (1966), mey bc shown schemati-

cally, as in Fig. 10, 11, and compared with thc results from the field

study.

Hatching of young fram berried feuales occurred in the laboratory
in a wide range of salinities, 2t least 0,75 - 320, although those
at 0.75/0 died rapidly and those at 1.4.0 died in under 795 hours. 4
tendency for reduced growth rate of young animals was found in ssalini-

ties below 5i0, in agroement with the findings from adults. Reduced

fecundity/...



FIGUREZ 10,

Sumpary of results on salinity tolurance.



SALINITY TOLERANCE
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5 = = = 30 Frequent moulting; Maximal growth
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5« - (36) Abundant on Ythan estuary

- S (36) Present on Ythan estuary



FIGURE 11,

Upper: Diagrammctic illustration of changes in sensitivity

to limiting salinity intensities during ontogenctic developnwu;t’
after Kinne, (1966). Lower: Diagramnatic illustration

of changes in sensitivity to snlinity during the life cycle

of C, molutator,
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fecundity was noted at salinities 1 % 3.7,0, compared with aniuals et
7.5 & 30;:0. On the Ythan estuary, a lower liait of 7.550 for breeding
was suzgested, which nay be due to the liniting effccts of salinity

on fertilisation or embryonic develorpnent.

Kinne (1964e, 1966) has discussed the cffects of salinity on
different stages of the life cycle of an enimal., He noted in

Cyprinodon mecularius that the salinity range for optimal growth and

reproduction was smaller than the range of salinities in which it
could survive (Kinne, 1960). In estuarine animels ) winne (1966)
noted that older larval stages and hotched young nny tolerate a

wider salinity range than older individuals, and that sensitivity to
salinity extrenes reaches a maxinum value during embryonic developuent
and in the adult during reproduction. Considering the results fronm

this study on Corophiun volutator it may be possible to draw similar

conclusions i.ec. that mexinum sensitivity to salinity extremes occurs
during fertilisation and embryonic developuent, as seen in the field
linit of 7.5%0 and the experimentzl reduction in fecundity at low salini-
ties; and that hatching may occur in a wider range of salinities than
adults will tolerate., These findings ay be shown diagramatically,

as in Fig. 11,



- 53 -

L4, THE BIOOD JIND BODY FLUIDS OF COROPHIUM VOLUT..I'OR

In order to follow in detall the physiologicel changes ond adap=—

tations that take place in C. volutetor subjected to water of various

salinities, a study was made of the changes occcurring in the osmotic

and ionic concentration of the blood (haemolymph) cf Ce volutator,

in relation to the salinity of the externzl medium; and also the
effect of variocus foctors on the osmotic concentration of the blood.
4 study was also made of the osmotic concentration of urine produced

by C. volutator.

4.4 FREEZING POINT STUDIES - EFFECT OF S.LINITY ON THE OSMOTIC
CONCENTR..TION OF THE BLOOD,

Studies of the osmotic concentration of the blood were nade by
the freezing-point method. This method was adopted since the volume

of blood in an individual C. volutator is very small. The technique

of Ramsay and Brown (1955), was adopted to determine accurately the
osmotic concentration of the miero-sample of blood obtainavle from an

individual C, volutator.

To obtain a saiiple of the blood of (. volutator, the live animal
was quickly dried with a tissue, to remove any surfrnce moisture, and
placed on a watch-glass coated with a hydrofuse varnisa (Bokelite

damarda), and covered with medicinal paratfin, The animal was cut

transversely/...
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transversely in half, whilst under the paraffin. .« 8nall amount of
paraeffin was sucked into a fused silica microtubec, and then the tube
inserted into the haemocoel, at this point the animal was sently
squeezed by a pair of forceps, and o snall amount (153mm3) of blood
sucked into the microtube, followed by more paraffin, so that four

or five samples from one animal were collccted into each microtube,
The blood sample was then quickly frozen, and the melting point
determincd. Prior to sanpling, animnls were kept supplied with fresh
mud, in various strengths of sea water, for at least 2 days. The

freezing point of the animal's blecod and of the water in which they

had been living was determined.

The results indicate a clear pattern of regulation (Fig. 12).
at 500/60, the blood is isosmotic with sea water. Between 20 and
50o/bo, the blood concentration follows closely that of the external
medium, Jjust maintaining a hyperosmotic level. Below 200/00 the
hyperosmocity increases prosgressively, such that the concentration of

the blood never falls below a salinity equivalent to 11o/bo

(A°C = 0.66).

It appears that between 20 and 500/60 the blood concentration of

C, volutator pas.ively drifts with the concentration of the cxternal

medium, but just naintaining a slight hyperosmocity. Balow 200/00,

the animal begins actively to regulate the concentration of the blood,

and/...



FIGURE 12.

The effect of salinity on the osmotic concentration of the

blood of C, volutator
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and maintains itself hyperosmotic to the outside medium; such that

at 200/00, the blbod is equivalent to a salinity of 230/50, at 100/00
it is equivalent to 170/60, and at 2°/bo it is equivalent to 130/60 -
a concentration difference of 650%. Below 20/00 the blood concentra-
tion parallels, but remains consistently above, that of the water, so
that at Oo/bo the concentration of the blood is equivalent to a

salinity of 11%/oo.

A survival salinity tolerance range of 2 - SOo/bo has already
been demonstrated., Within these salinities, the tissued actually
experience a range of 13 - 50°/bo which may be delimited as the tissue

tolerance range. Hyperosnotic regulation in C. volutator is thus an

adaptation to 1limit the range of salinity to which the tissues are
subjected, permittinz the animal to live in a wide range of ex%ternal

salinities.

4,2 EFFECT OF FEEDING AND MOULTING ON THE BLOOD FRELZING PCINT.

Fritsche (1916; in Krogh, 1939) observed that in Daphnis
deprived of food that the concentration of the blood reduced in one
experiment from 67 to 47 mM, In view of the observation of the effect

of food on the survivel time of C. volutator in different salinities

(Section 3.1), experiments were undertaken to determirs the effect of

food on the blood freezing point.

A...
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A group of animals, all fed, and acclimated to a iven salinity
was divided into two; one group was then maintained with food (mud)
and the other maintained without food. The freezing point of the blood
of individuals wes determined at regular intervals, The results
(Figs 13 & 14) indicate no change in the freezing point of the blood
of the control animals over the experimental periods, in excess of
300 hours. The freezing point of the blood of animals without food
generally fell during the period. Statisticel treatment (Student's

t-test) indicates the following results. (Table 8)

Table 8
Fig, Medium Date t P comment
[e]
A°C
13a 0.3 11/66 1.775 <£0.2 not siznif, smell
sample
13b 0.4 11 /66 0.722 £ 0.5 not signif.
14a 0.6 1/68 L4, 268 <0.01 Siznificant
140 0.7 2/67 1.582 < 0.2 not signif. small
sample
All o
oxpbs. - 4,933 <, 0,001 Significant

Only the individual experiment of 1/63 indicated a significant drop
in the freezing point of unfed animals, however when the results were
combined, a significant decline in the freezing point of the unfed

animals was noted,

These/...



FIGURE 43.

a) The effect of feeding on the freezing point of the blood,
(November 1966) b) The effect of feeding on the freezing point

of the blood (November 1966).
. uwft.d animals



(A)
Medium = 0,3 A°C
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(B)
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FIGURE 14

a) The effect of feeding on the freezing point of the blood
(January 1968). 1b) The effect of feeding on the freezing

point of the blood (February 1967).
° G.M'Mls
A ‘fmA-jd anumals
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These results, indicating a drop in the freezing point of the blood
of starved animals, suggests that food is necessary for the maintenance
of the osmotic pressure of the blood. ‘/hether this is due to the
role of food as a direct source of ions, or as an enerygy source for
other osmoregulatory processes cannot as yet be decided. Lockwood

(1962, p. 274) suggests this fall is due to a fall in overall metakolic

rate,

Studies on the moult cycle of Crustacea (Robertson, 1937, 1960a;
Glymn, 1968) have revealed considerable physiochemical changes in the
haenolymph in relation to the moult cycle. Robertson (1960:) showed
that, considering sea water as 100, the blood concentration of

Garcinus maenaa in intermoult was 100.7,rising to 107.5 in premoult,

and falling to 102,9 during the first 24 hours of postmoult, and to

98.2 in the succeeding fortnight.

A similar, but more rapid, postmoult drop has been shown for

The blood concentration of an individu~l C, volutator

Ce volutator.

which had noulted 3 h previously was dotermined, and found to be
A0,86°C (1&,50/60), in sea water of A0.63°C (10.7°/00). This is
considerably lower than the mean ( A 1,05°C) for the blood concentration
of animals at this salinity, and nay indicate that the osmotic concen-
tration of the blood fell during moulting, exposing the tissues to

lower salinities than normal, This loss of osnoreguiatory powers,

indic:.uted/. P
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indicated during moulting, may be the explanation for the observed
difference between the range of salinities survived and the range of sa=’
linities in which moulting occurred (Section 3.2) because moultingz at low
salinities would cause the concentration of the internal medium to fall
below the tissue tolerance range, which is 13 = 50°/oo. Hart (1930)

noted that mortality in C. volutator at low salinities generally

occurred during moulting; and in the course of these experiments animals

in low salinities undergoing a moult were observed to die.
4.3 EFFECT OF 8IZE AND SEX ON THE BLOOD FREEZING POINT

Previous experiments on the freezing point of the blood of

C. volutator (Sections 4.1, 4+2) have been performed on animals of

randomly assorted sex and size. A check has been made to determine if
there was any effect of sex or size on the blood f.pt. Determinations
were made of the blood f.pte of fed individuals acclimatized to 10¥x0

( A°% = 0.60), Their length (rostrum-telson), and sex (characters of

Watkin (1941)) were noted.

The results (Fig.15) indicate that there was no significantdifference
in the freezing point of the blood, in relation to length or sex. The
correlation coefficient (R) was 0,17 (N=28; y = 2.326x + 2.737), a
result which signifies no correlation of freezing point with length.

The mean freezing point was 1,027 : O.12°C. Comparison by Student's
t-test between length and sex groups indicated no significant differences.

(Table 9)/...



FIGURE 15.

The effect of lenf.h and sex on the fruesin; point of the blood.
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Table 9

Comparison t N P
Immature* v, Mele 1431 18 £0,2
ImaBure* v. Female 1.70 19 < 0.1
Male v. Female 0.62 19 <0.5

* Below 5mm length.

Thus no significant difference was found between the freezing point

of the blood of animals of different sex or size, maintained at 100/00.
L4 URINE CONCENTRATION

Samples of urine were collected by carefully drying off the indi-
vidual animal on an abserbent tissue, and then immersing the animal in
paraffin, in a watch-glass. A droplet of urine was observed to form
at a small papilla at the base of the 2nd antenna., This droplet was
carefully collected into a fine silica capillary, The freezing-point

of the urine sample, and of a blood sample collected from the same

animal, were determined.

At 25 and 20°/00. the urine produced was almost isosmotic with the
blood (Fig. 16), the differences were not significant (P = < 0.4 in
both salinities), At salinities, 10, 6, 1.8°/00, the urine was found
to be hypo-osmotic to the blood, the differences were all significant

(P = <0.02/...



FIGURE 16,

Relationship of urine concentration to blood concentration
in different salinities; showing the differences between

the urine concentration and blood concentration in individual
eninals ( ® ), and mean differences ( O ) (vertical lines
indicate standard error). The difference between blood

concentration and the medium is shown by the dotted line,
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(P = < 0,02 in all salinities). The degree of hypo=osmoticity
was greater at 1.8°/0co than at 6°/oo, and at 10°/oo. Whilst the medium
was 1.8%/00, the blood concentration was 14.5 = 1.6°/00, and the urine
concentration was 11 = 1,6%/00. Similarly, when the medium was 6°/00,
the blood concentration was 15 b 1°/bo,and the urine concentration was
12 X 1.50/60. A calculation of the coefficient of linear correlaztion
indicated that as the blood concentration decreased, so the urine con-
centration also decreased (R = 0.9190, P = £ 0,001). This calculation
also indicated that at low blood concentrations, a greater difference

between the blood and wrine concentration occurred.

The brackish-water amphipods, Gammarus duebeni Lillejeborg and

G, fasciatus Say, have been found to produce hypo-osmotic urine, the
degree of hypo-osmoticity varying with the species, and the medium to
which they were acclimated (Lockwood, 1961; Werntz, 1963). The pattern
of regulation noted in these gammarids is very similar to that noted in

C. volutator.

Potts (1954) has suggested that the formation of hypo-osmotic urine
will result in some saving in the enerzy expended in osmoregulation, but
it is likely that this saving will be very small in relation to the total
energy budget. Lockwood (1961) suggested that the formation of hypo-
osmotic urine will assist in the retention of ions within the body, and
place less burden on the mechanisms responsible for active uptake at the
body surface. C. volutator ranges in size from 1 to 8 mm, and like all

small/y. .
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small animels has a large surface/volume ratio - hence any mechanism
which helped to retain ions within the body, and maintain hfperosmotic
conditions in the internal environment, would be of value to the animal,
It should be emphasized that some ions are likely to be lost via the
urine, for example when the blood was hyperosmotic by 9°/oo to a medium
of 60/60, the wrine was hypo-osmotic to the blood by 30/60, and hyper-
osmotic to the medium by 60/60. Lockwrood (1965) stated that: 'the
conservation of ions within the body by the production of hypotonic

urine is likely to be found to be a common feature of the smaller brackish

water crustacea', and the present findings lend support to this hypothesis.
4e5 IONIC ANALYSIS OF THE BLOOD - CATIONS AND CHLORIDL IONS

A study has been made of the regulation of sodium potassium, calcium,
magnesium, and chloride ions in animals acclimatized to salinities
4 - 35°/00. Robertson (1960b), Potts & Parry (1963) and Nicol (1967)
have reviewed the subject of ionic regulation in the crustacea, however
most of the data is available from enimals maintained in sea water only.
Dehnel & Carefoot (1965) and Dehnel (1966) have studied ionic regulation
in the estuarine crabs, Hemigrapsus spp., which, like C., volutator,
naintain their blood hyperosmotic to the medium, and found that sodium,
potassium, calcium and chloride ions in animals in O - 100% sea water,
were more concentrated than the medium, whilst magnesium ion was less

concentrated,

Similar/.,...



Similar results hawe been found in studies by Parry (1953),
Ligia oceanica; Prosser, Green & Chow (1955), Pachygrapsus crassipes;

Gross (1959), Pachygrapsus crgssipes; De Leersnyder (1967 a, b),

Eriocheir sinemsis.

Blood samples were collected by e method similar to that for
the freezing point, except that the animal was not under paraffin. Up
to 0.25 Mleof blood could be collected into a silica uicropepette from
an individual animal, This was sufficient for the determination of one
ion only. The volume of the blood sample was determined by weighing

an equal volume of de-ionized water,

Cations were analysed using a Unicam 8P 900 flame spectrophotemeter,
For sodium analysis, the machine was used conventionally, with the blood
sample made up to 10 ml, with de-~ionized water. For analysis of
potassium, calcium and magnesium, for which the machine was less sen-
sitive, and where the concentration of ions in the blood was considerably
lower, the conventional atomizer and vaporizer were replaced by a hot
chamber vaporizer devised by Dr C.M.M. Begg of iAberdeen University. This
vaporizer consisted of a hypodermic needle set into a carburettor jet,
which fitted into a brass cylinder, around which was wound a heating
element maintained at a constant temperature. In the conventional
atomizer and vaporizer, 92.5% of the sample ran eway to waste; in the

hot chamber vaporiser all of the sample was maintained as fine droplets,

all/s..
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all of which passed to the burner, thus increasing the sensitivity of the
spectrophotometer by X 12,5, For potassium anzlysis the blood sample
was made up to 10 ml, with de~ionized water, and for calcium and magnesium

to 4 ml. with de-ionized water,

For chloride ion analysis, the first method of Ramsay, Brown &
Croghan (1955) was used. A Beckmon Expandomatic pH meter was used as a
millivolt meter for the electrometric titratifon, performed on a plate of

PTFE, in a drop of acetic acid/acetone buffer solution.

In addition to the determination of the ionic oontent of the blood of

q. volutator)determinations were also made of the ionic content of the sea-

weter solutions that they had been livinz in, and of standard solutions,

The results of this analysis are presented in Figs. 17 - 21 and
Table 10. In all figures the concentration of the ion (in milli-equi-
valents/iitre) is plotted against the salinity of the medium in which

C, volutator had been living.

From Fig, 17 it can be seen that the concentration of the sodium ion
in the blood was consistently maintained above that of the sea water,
maintaining a difference of 33 meequiv./%. at 35°/00, and 105 m-equiv./

1. at 5°/co. The concentration of potassium (Fig. 18) was maintained well

above that of sea water., At 300/60, C. volutator blood contained

17.7 m~equiv,/l,, whilst sea water had 8,6 m-equiv./1., and at 5°/00 the

11003/ ..



FIGURE 17.

The concentration of sodium ions in the blood, of individuals
maintoined in various salinities, Filled circles indicate
the concentration of ions in individual animals, and the

open circles, the mean concentrations., The straight line

indicates the concentration of ions in tho mediumn,
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FIGURE 18,

The concentration of potassium ions in the blood, of
individuels maintained in various salinities. Explanation

as Fig., 17.



®
L 1
W W
o 8 -

(‘)/'Ainba-w) uoi13es3U3dUOD UO! WN|sSSEIO

Salinity (%o NaCl)



FIGURT 19,

The concentration of calcium ions in the blood, of individuals

maintained in various salinities, Explanction as Fige 17
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FIGURE 2O,

The concentration of magnesium ions in the blood, of individuals

maintained in various salinities. Explanation as Fig. 17,
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FIGURE 21.

The ooncentration of chloride ions in the blood, of individuals

nointained in various salinities. Explanation as Fij;. 17.
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TAPLE 10

ANALYSIS OF INORGANIC IONS IN THE BLOOD OF COROPHIUM VOLUTATOR

Relative ionic comp. C1- = 100

C.v. blood Tousl snion —
(/1Y) Cations (m-equiv./L.) Total m- (+40m- Na-+ K- Cas-  Mg**
— — . cation equiv. /1 equiv./] for at.wt., at.wt. al.wt. 8t Wt
2C. NuQ Na* K+ Cat* Mp* (mm/L) a- SOs-3) mm/l. 230 391 401 24'S
o9 as6s 1730 103 66 60 1959 1§5-0 195 723 732 241 | &
137 3334 2190 10°3 94 120 2507 2200 260 64-49 516 2-41 I-
128 3562 290-0 ir9 12:6 ar1-o 3355 2770 317 6783 473 2'56 262
..»m ©7S Mgo 146 146 360 4142 3650 403 61'50 440 225 ¥4
1 1 396-0 159 18-0 420 4709 4500 490 5701 38 2-2§ 315
1-92 5472 462-0 177 206 614 §61-7 $09-0 549 s8-81 383 2-28 416
2-21 6298 5150 19-2t 226t 780t 6348 s83-0t 623 §7-23 362 219 461
Sea waterd  §5°S 2-01 212 6-69

* mM = A x286. 1 Extrapolated. $ Nicol (1967).



FIGURE 22,

The sum of anions, and cations in the blood, compared with

the results from freezing point studies,
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blood contained 10,3 m-equiv./ﬁu, whilst sea water had 1.4 m—equiv./i.
Like sodium and potassium, calcium (Fig., 19) was maintained consistently
more concentrated than sea water - a difference of 2.6 m-equiv./l. at
30°/oo and 3.6 m~equiv./L. at 5°/0o. Majnesium (Fig., 20) was main-
tained at a consistently lower concentration in the blood than sea
water; in 30°/bo, whilst sea water contzined 92 meequiv./1., the blood

of O, volutator had 61.4 m-equiv./l., and at 5°/bo, sea water had

15 m-equiv./l. whilst the blood had 6.0 m-equiv./1.

The analysis of chloride ions (Fig. 21) showed a similar pattern of
regulation to that of sodium. The blood at 30°/bo was 28 m~equiv./l1.

more concentrated than sea water, and 76 m-equiv./l, more concentrated

at 50/000

These anslyses of blood are collated in Table 10, When the relative
ionic composition of the blood is compared with that of sea water, it may
be seen that sodium ions and calcium ions are slightly more concentrated,
potassium ions markedly more concentrated, and wugnesium ions considerably
less concentrated in the blood than in sea water. The ratio of calciua
ions only changed slightly over the range of salinities, howcver sodium
ions and potassium ions were more concentrated at low salinities, and

magnesiun ions were less concentrated at low salinities.

Thesc results showed a strong increase of potassium ion concentra-
tion in the blood of C, volutator relative to the medium,a slight increase

Of/eee
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of sodium ions, calcium ions, and chloride ions, and a strong decrease in
magnesium ion concentration. This pattern of regulation, and the rela-
tive ionic content is similar to that noted for other crustaceans
(Robertson, 1960 b; Nicol, 1967). The concentration of potassium ions
was rather high, which may well be due to the fuct that whole blood was
used for the analyses, and breakdown of any cells contained in it may

elevate the potassium ion concentration (Potts & Parry, 1963).

Ithas already been noted (Sect. L.1) that C.volutator is & hyperoas-
moticregulator, malntaining its blood markedly more coneentrated than the
mediumat low salinities, and tending tUwards isosmoticity at high salini-
ties. The same pattern was noted fur sodium, potassium, calcium, and
chloride ions, which were all more hypertonic at low salinities, than at
highsalinities, Magnesium ion was always less concentrated in the blood
thanin sea water. Similar patterns of hypertonic regulation of magnesium
ionhave been found in estuarine Hemigrap#id crabs (Dehnel & Carefoot,

1965; Dehnel 1966).

"' When summation is made of the ions found in this enalysis (Table 10Q
& Fig. 22), and compared with the osmotic concentration of the blood as det~
ermined by freezing-point studies a discrepancy is found at 6 and 10°/bo,
and to & lesser extent at 15°/00, whilst at 20 - 35°/00, the sum of the
ionic cbncentrations adequately accounts for the observed osmotic concen=-
trations. 4n éatiﬁate of the sulphate ion concentration has been included

in the anion total, using the value 40 m-equiv./d.  (Nicol, 1967),

Dehnel/, ..
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Dehnel (1966) noted a discrepancy between osmotic pressure and
sodium ion concentration of the blood of Hemigrapsus nudus, and sugges-
ted that the protein content of the blood may change with changes of
selinity, and account for the discrepancy noted. Sutcliffe (1961),
in the caddis fly larva, Limnephilus affinis Curtis, which is a
hypotonie regulator, found a marked discrepancy between osmotic pressure
and the ionic content of the blood as determined by conductivity measure-
ments, in animals maintained in certain salinities only, He suggested
that the increase in the concentration of the non-electrolyte fraction
may be brought about by the liberation of osmotically aetive substances
into the haemolymph, perhaps due to the mobilization of amino acids from
a protein reservoir., A significant rise in blood protein in crayfish
in 50% sea water, compared to those in fresh water, has been found by
Sharma (1968), who has suggested that this rise may contribute to a
rise in the osmotic pressure of the bdlood. Gilbert (1959a,b) found
in shore crabs of ‘different sizés which were maintained in the same
salinity, a discrepancy between the ionic composition and the total
osmotic pressure of the bloods He postulated that this discrepancy
was due to non-electfolytes, and subsequently found (Gilbert 1959c)
that the concentration of non-protein nitrogen in the blood wes inversely
proportional to the concentration of ions, As one fraction increased
in concéntration, so the other decreased, in such a manmer that the

total osmotic pressure remained constant. Drilhon-Courtois (41934)

als50/e ..
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also found in individual ecrabs that blood protein increased as the ionic
concentration decreased. Horn & Kerr (1963) have mzlysed the hacmolymph
protein concentration of adult blue crabs, and summ=rized the data avail-
able from other Decepoda., Pampapathi Rao & Ramachandra (1961) and
Padmanabhanaidu & Ramemurthi (1961) have studied the free amino acids

in the blood of various species of crabs, and point to concentrations
which may cause marked differences in the overall osmotic concentration
of the blood. Robertson (1960a) and Bricteux-Gregoire, Duchateau-
Bosson, Jeauniaux & Florkin (1966) however found only very small

concentrations of amino acids in the blood of Carcinus meenas and

Limulus polyphenus.

In insccts, osmotic regulation of the blood is frequently con-

trolled by adjustment of the aminoacidacmia (Florkin, 1966).

In polychaetes, Clarke (1968) showed thut osmotic dilution causes

a rise in coelomic fluid amino acid levels, suggesting a direcct transfer

from tissues to body fluid,

Camien, Sarlet, Duchateau & Florkin (1951) showed that in
Crustacean muscle, amino acids were important for osmoregulation but
that in the blood amino acids were relatively unimportant. &&22&0 was
usually in osmotic and ionic equilibrium with sea water, whilst muscles

were low in ionic concentration., Muscles had a hizh concentration of

organic/...
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organic molecules (amino acids) which exerted an osmotic pressure and
hence created osmotic equilibrium with the blood, The adjustment
of the intracellular osmotic pressure by amino acids has now been
shown to occur widely in crustacea (Jeauniaux, Bricteux-Gregoire &
Florkin, 1961). The importance of amino acids for cellular osmotic
pressure has also been emphasised by Dick (1966) & Lockwood (1568).
Roymont, Austin & Linford (1968) have recently studied the biochemical
composition of wholc Neomysis integer, and have shown that the con-
centration of non-protein nitrogoen (NPN) increased with increasing
environmental salinity. NFN was composed mainly (805) of the amino
acids, glycine, alanine and glutamate., They also demonstrated an
increase in ammonia excretion rate followiny a sudden drop in salinity.
This effect of a reduction of environmental salinity causing an
increase in nitrogen excretion, and a decrease in free amino acid
concentration has also been reported by Jeuniaux & Florkin (1961) for
Eriochier sinensis., Raymont, Austin & Linford (1968) suggest that
protein irreversibly provides free aniwo acids, which are broken down
and excreted when no longer required. These interesting observations

however @ not mention the role, if any, of amino acids in osmoregulation

of the blood.,

From the published record it might be postulated that the dis-

erepancy noted in C, volutator between the total ionic composition and

the osmotic pressure of the blood, of animals maintained in salinities

below/s ..
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below 150/60, is due to non-electrolytes, A thinelayer chromatogran
perforned on the combined blood of ten individual G, volut:ztor, has

shown that amino acids are present in the blood, however quantitative
results arc not availeble, due to the extremely smell volume of blood

in an individual aninal.
4.6 DISCUSSION,

A study of the osmotic concentration of the blood, as deternined

by the freczing point method, has shown that C, volutator is a hyper-

osnotic regulator, like many other brackish water crustaceans (Lockwood,
1962; Kinne, 1964b). Below 200 it was noted that the degrcc of
hyperosmoticity increased with decreasin: salinity of the medium,

Above 20%0, the blood concentration tended towards ismoticity with the

medium, Below 20°/bo, and especially below 10°/oo, C. volutator is

living under conditions of potential osmoti¢ imbalance which entails
maintaining a difference in concentration between tihce internal and ex-
tornal medium of up to 650%. This difference between internal and
external mcdium would appear to be too great below 2°/bo, causing rapid

mortality,

No significant difference has been found in the blood concentration
of animals of different size or scx. Evidence has been found that the

osmotic concentration of the blood falls after a moult,

FOOd/ooo
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Food has been shown to bc nicessary for the long ternm maintenance
of hyperosmotic conditions in the blood, by a demcnstration of a sig-
nificant fall in osmotic concentration following starvation, The
difference betwcen the survivsl time of animals, especiczlly =t low
salinities, with and without mud, has alrcady been noted. It may be
suggested that when the aninsl is under thc osmotic stress of hyper-
osmotic regulation, the detritus in the mud is noccssary as o source
of encryy for osuoresgulation, or as a direct supply of ioms taken up
via the gut. Potts and Parry (1963) have suggested how small is the
arnount of energy nceded for hyperosmotic rezulation; and this finding

suggests that the idea that detritus is necessary t~ C. volutator

as a source of energy for osmorcgulation is unlikely, Shaw (1955) has
found that Sialis lutaria larvae can teke up ions from focd in its
gut, and has no mechanisn for the active uptake of ions from dilute
nedia, which supports the hypothesis that dctritus may be necessary to

C, volutator becausc of the icns that it contains. The abscrption

of ions fron food, for body-fluid regulation in marine invertebrates,
has also bcen su;sested by Robertson (1939). Fox (1952), whilst

studying rectal pumping in C, volutator, suggcsted that in animczls,

such as C, volutator, with a relatively iuperueable exoskelecton,

salt entry nmust take place, at least partly, through the zut wall.
This problem will be discussed further in the concluding discussion,

(Section 6).
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It has thus been shown that C, volutator is able to =chieve

success in an environment with wide fluctuations in salinity, due to
its ability to survive low salinities, by proventing cxecssive chanjscs
in the blood concentration end the internal medium, by the process

of hyperosmotic regulation,

Various approaches have been made to the problem of the mainten=-
ance of hyperosmotic conditions in the blood of C. veolutator and have
indicated that in salinities of 20°/oo and upwards, as the uswotic
pressure of the blocd tended towards isosmoticity with the mediunm,

C, volutator produced urinc isosmotic to the blood, and the osmotic
pressure of the blood was adequately accounted for by the conecentrations
of inorganic ions found, In salinities below 20°/co, as the blood
became hyperosmotic to the medium, so urine hypo-osmctic to the blood
was produced, and thc urinc appeared to be produced in larger volumes
than at highoer salinities. In lower salinities, the concentration of
ions increascd, and accounted for the majority of the hyperosmoticity

of the blood, but a discrepancy was noted, especially below 100/60,
which it may be pocstulatoed was dus to amimo acids or other noneelectrolytes.
Sutcliffe's (1961) suggestion that an increase in the non-electrclyte
fraction could be dus to the mcbilization of amino acids fron a protein
reservoir is of particular interest in this respecct, as are the findings
of S8harma (1968) that a significant rise in blood protein and a shift

towards/...
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towards ureotelisn occurred in crayfish under osmctic stress.,  However

Robertson (1960a) in the crab Jarcinus macnas points to the small

osmotic concentration of non-protein amino N, lactic acid, reducing
sugar, anmonium and inorganic phosphate #n the blood (2 - 3 mOsm

or mg. ions compared to the total osmotic concentraticn of 1080 mg/kg.),
and suggests that amino acids etc. are of limited importanee in os-

moregulations The present findings from C. volutator, therefore

remain an unexplained discrepancy.

The maintenance of hyperosmotic conditions in the blood, in
animals in low salinities is assisted by the producticn of hypo-
osmotic urine, which will in part relieve the mechanism for the uptake
of ions, whether it be at the body surface, or via the intestine.

The ions taken up have been shown to be gencrally regulated in a

manmer comparable to other brackish water crustacea.
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S5¢ OTHER ASPECTS OF OSMOREGULATION,

In addition to determinations of the effects of salinity on the
biology and the body fluids of G, volutator, other aspects of osmore-
gulation have been studied: 1) the permeability of the body surface,
2) the distribution of vital stains, with respect to drinkin; etc.,
3) the effect of changing{Qa_ggigggggg from one salinity to another,

L) oxygen consumption in relation to salinity, 5) salinity preference.
5.1 PERMEABILITY

In a small brackish-water crustacean such as C. volutator, any

reduction in the permeability of the surface will assist in the
maintenance of hyperosmotic conditions in the blood. Dermeable areas
of the cuticle were localized by means of a silver-staining technique,
essentially the same as that used by Crozhan (1958) and Ralph (1967).
The living animals were washed in changes of distilled water to
remove any adherent chloride, and then placed in dilute silver nitrate
solution for 5 min, They were then a.ain carefully washed in dis-
tilled water, and put into photographic developer (Suprol). This
reduced any silver ions that had been taken up to black metzallic
silver, The principle of this technique is that silver ions will
diffuse into the permeable areas of the cuticle and there be reduced
by meeting halide ions (e.g. chloride) from the blood. The preci-

pitate is then developed to metallic silver.

ThiS/. o
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This technique stuined four pairs of gills attached to the bases
of pereiopods 1~4, T-shaped patches were also revealed on the
sterna of abdominal segments 2-7 (Fig. 23). Animals were examined
from difif'erent locations on the Ythan estuary, after maintenance in
different salinity conditions, and of different sizes. No consistent
differences were found between animals of differcnt sizes or from
different conditions, but it was found that certazin individuals laexed
the stained T-patches. Hart (1930) commented on a current of water

produced by the pleopods of C, volutator. It may be noted that the

silver-stained areas were all located on the ventral side of the
animal, where this current passes underneath the animal., It may

be suggested that these areas of the cuticle and the gills are per-
meable, to allow interchange of water, gases and ions. The dorsal
and lateral surfaces of the animal were never stained by this tech-
nique, which suggests that they are areas of reduced permeability.

the restriction of the permeable areas of the cuticle to certain
confined areas on the ventral surface is likely to assist in the main-
tenance of hyperosmotic intermal conditions. The importance of
restricted permeability to brackish~water crustaceans for the main-
tenance of internal conditions has been emphasized by Shaw (1959),
Smith (1967), and Rudy (1967), Although silver staining may indicate
the presemce of permeable areas of the cuticle, it does not neces-
sarily define the actual site of active transport of ions.

(Lockwood, 1962).

5:2/00e



FIGURE 23,

C._volutator, showing the zills and ventral patches, revealed

by silver steining, lateral view (above) and ventral view (below)
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5.2 VITAL STAINING

Krogh (1939) reports the use of phenol red by Homer Smith (1930)
as a useful indicator in cases of hypotonicity as to whether water
is swallowed and absorbed from the intestine, Krosh also recom-
mended vital dyes as indicators of drinking in iso ~ and hypertonic
animals. Robertson (1957) used phenol red to indicate oral uptake

of water in Carcinus maenas, Pennikar (1941a) used methylene blue

with Prawns, and noted low penetration in estuarine Leander and fast
penetration of dye in marine Cranzon, Methylene blue was criticised
a8 it reduces after penetration, therefore Pannikar changed to

acidic dyes, vital red and neutral red with simil:r results. Fox
(1952) in a study of :nal intake of water by Crustacea, noted rhyth-
mical rectal swallowing in C. volutator, the rate of which was
independent of salinity. He concluded from his experiments that

salt entry must take place at least puartly through the zut wall,

The use of vital dyes is open to severe criticism, particularly
as regards any unknown action of the dye (see methylene blue, above),
the fact that dye molecules are generally large, in comparison to

the normal ions in the medium of 0. volutator, and also accumulation

of dye in the gut of an animal may cause stress which will sevaﬁky
ter the animel's physiology. Despite these drawbacks vital dyes
are useful indicators of drinking, either orally or anally. Indivi-

dual C. volutator were placed in solutions of methylene blu@, methyl

green/. ..
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greeq, phenol red, evans blue, toluidine blue, methyl violet,
neutral red, indigo carmine and congo red, made with ¥ strength

gsea water, and observed.

Methyl violet and methyl green caused rapid death. In the
remaining dyes the animmls lived for at least 48 hours. In these
dyes anal pumping of water and oral swallowing of water was observed -
particularly in phenol red., After periods of 36 - 48 hours, the
gut and caecae were found to be stained. Otherwise no staining
was observed, except for a tinging of the z2ills, especially in
methylene blue and toluidine blue, In a dead animal the dye per-

meated the body tissues in about 6 hours,

There observations, suggesting possible salt entry viz the gut
wall, confirm those of Fox (1952) of anal pumping and also indicated
oral entry of water, as suggested by Krogh (1939) and Robertson
(1957), leading to aggregation of dye in the mid-gut and paired

dorsal and ventral caecae (Agrawal, 1963a).

The importance of drinking for hypo-osmotes has been emphasized

by Dall (1967). With the aid of inulin C'4

, Thuet, Motais and
Maetz (1968), have shown in /jirtemia salina, that one third of sodium
influx occurs via the intestine, following oral drinking, und Bryan

(1967) showed that crayfish take up zinc ions via the stomach,

The/e ..
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The experiments with silver nitrate (Seetion 5,1) indicated
the areas of the cuticle (gills and sterna) permeable to halide
ions, and the present observations with vital dyes indicate that
oral swallowing and ~nal pumpinz occur. These experiments heave
indicated possible entry routes of salts to the internal medium of
an animal with a relatively impermeable exoskeleton, namely the 4
pairs of gills, 6 sternal patches, anal pumping, and orel swallowing

leading to the midgut and associnted caeacae.
5.3 EFFECT OF 4 CHAI'GE OF MEDIUM,

The ability to cndure changes of medium and to regulate body
volume eppears to be an important characteristic of euryhaline
organisms (Gross, 1957; Kinne, 1964La). The regulation of body
water volume by excretion, or by loss or zain of salts or water,
leads to a new steady state of balance, between nn animal and its
environment, Volume regulation is well known in annelids and
molluscs as well as crustacea (Prosser & Brown, 1961; Kinne, 1964a).
Osmotic conformers (usually stenohaline marine orzunisms) generally
have poor volume regulation, whilst osmotic regulatérs can maintain
physiolosical balance, and avoid any large chanzes of weight or

volume, Annelids such as Nereis diversicolor or Eudistylia

vancouveri, which volume regulate, moy gain up to 4O% of body volume

or weight when changed from sea water to dilute media, before

adjusting/..,
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adjusting back to their original weitht, in a new state of osmotic

balance; whilst crustacea which volume regulate, e.3. Carcinug maenas,
hardly swell at all, following a similar chanze, although weight
increase following such a change was found to be 10X ;reater when

the excretory pores were blocked, due, almost certainly, to the

prevention of urine production (Prosser & Brown, 1961; Hoar, 1967).

From the published record it may be seen that the ability to
withstand changes of medium, and protect the most sensitive tissues
h 3d rostatic
from severe salinity changes in chanzes of hijdusbelie pressure would

be of great value to the survival of a relatively highiy organised

animal such as C. volutator. To investigate the effect of a change

of medium on C., volutator, which in a steady state has been shown

to minimise the effects of salinity by the process of hyperosmotic
regulation, a study has been made of the effects cf a sudden change
of salinity, on the freezing point of the blood, and the wet weight

of the body.

Animals, both fed and unfed, were acclimated fully to one
salinity, and then changed into another salinity. Blood samples
were taken from individual animals at regular intervals, and the

freezing point determined, Experimental details as Table 11:

Table 11/e..
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Expt. Inizi;l Fipzi Food Results Fiz, No.
1. 32.8 L.6 fed 24
2, 5.8 3043 fed 25
e 2,8 27.2 unfed 26

The results (Figs. 24 - 26) show that accommodation of the
freezing point of the blood to a new medium was largely accomplished
within 3 hours, and then staﬂﬂﬂised 4radually over a period of up
to 24 hours, This limitation of rapid changes in the blood
concentration, allows time for adjustment of intracellulagéen
concentrations (Lockwood, 1962). No sisnificant effect of feeding

was noted.

The effect of a change of medium on the body weight was also
determined. In each experiment 15 animals were acclimated to one
salinity, and then 10 were chan;ed into another salinity, and 5
were changed into medium of the same salinity as the initial medium,
as a control, The wet weight of animals, which had been quickly
dried on a tissue, was determined at regular intervals. The
results are presented in Fig. 274 (33 to 3, & 33 to 33%o0) and

Fig 27B (3 to 33, & 3 to 3%o).

It can be seen that large fluctuations occurred in the weight

of the control animals, reflecting large experimental errors

involved/...



FIGURE 24.

The effect of a changze from 32,8 to 4.640 on the freeeing point

of the blood.
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FIGURE 25.

The effect of a change from 5.8 to 30.3/%0 on the freezing
point of the blood.
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FIGURE 26.

The effect of a change from 2.8 to 27.2% on the frdezing

point of the blood of unfed animals.
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FIGURE 27a.

The effect of a change of medium from 3 to 33% on the

weight of animals,
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FIGURE 27b.

The effect of a change of medium from 33 to 3,0 on the

weight of animals.
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involved in the wet weight determination of a small znimal with a

large surface area, such as C. volutator,

In an attempt to eliminate the weighing errors of the previous

experiment, C, volutator were weighed whilst swimming in e knowm

weight of water. The previous experiment was repeated, except

that the animals were removed from the experimental dish, quickly
dried on a tissue to remove adherent water, and then weighed in a
known weight of water of the same salinity as the experimental medium.
The results (Fiz. 28) indicate similar fluctuations in the weight

of the control animals, as in the previous experiment, being due
perhaps to variations in weight caused by the need to remove
adherent water, In both of these experiments no consistent changes
were found in the weights of the experimental animals subjected to

a change of salinity., Like the control animals, considerable
variability occurred in the weight of the experimental animals,

These experiments, by the lack of any consistent chanse in weight,
indicate volume regulation, which in addition to the adjustment of the
blood concentration noted, protects the internal tissues from rapid

changes in salinity, and thus adapts C, volutator to an estuarine

habitat with large fluctuations in salinity.

Lockwood (1968) has pointed to the vital importance of volume
regulation for controlling hydrostatic pressure in any Crustucean

with a relatively impermeable exoskeleton, and suggests that volume

regulation/, ..
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regulation is largely brought about by urine production (and drinking)e

A similar suggestion may be made for C, volutator.

Nagel (1934) demonstrated active uptake of ions ot the body
surface by changing a hyperosmotic animal from a dilute medium to
a more concentrated medium, which was still less concentrated than
the original blood concentration, and found an increase in the osmotic
pressure of the blood, susgesting active uptake of ions. 1 have

repeated this experiment on G, volutator, by chanzing them from a

medium of 3%o to one of 10%0. These experiments were performed on
animals fed and unfed, prior to and durinyg the experiments. It was
found (Fig. 29) in all animals that the mean blood concentration
increased from 12%o to 16%o within 3 hours, and no significant
differences in the rate of change were found, between fed and unfed
animals. This finding leads to the conclusion that acuive uptake

of ions may be accomplished without food,

Attempts were made to determine the density of C, volutator,

maintained in different media, The animals were weighed in air,
and then suspended in water of known salinity (Denton&-Gilpin-Browm,
1961). The findings]indicated densities of 1.02 - 1.23, but showed

considerable variation, again due to the necessity of removing excess

water/,..



TIGURE 28.

The effect of a change of medium from 32 to Bo/bo, and vice

versa, on the weight of animals, weished under water.
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FIGURE 29,

The effect of chanzging individuels (fed and unfed) from a
nedium of 3% to one of 10/, on the mean freezing point of

the blood.
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water and then weighing in air, and also to surface tension effects
when suspended in water. Because of this variability it is im-

»ossible to conclude if the density of C. volutator changed in

relation to salinity.

Determinations of the dry weight of (. volutator, show that

the dry weisht is 14.7 L 3.2% of the wet weight.
5.4 OXYGEN CONSUMPTION IN RELATION TO SALINITY.

It has already been noted that C. volutator maintains its blood

concentration hyperosmotic to the medium, especially when living
in low salinities, and that retention of salts in the blood may
be assisted by the production of urine hypo-osmotic to it, however
the urine concentration was also nerkedly hyperosmotic to the

medium. It may therefore be suggested that C. volutator must also

take up ions from the environuent. During survival experiments,
it was noted that animals supplied with mud (their norual food)
survived the salinity range 2-50%0, but those without any substrate
at all, or with sterile sand, substituted for the mud survived the
salinity range 7.5=47.570. It may be postulated that food is

necessary in C. volutator for maintaining hyperosmotic conditions

in the blood, either as a direct source of ions via the gut, or as
an energy source for the active uptake of ions at the body surface,

If food is necessary as an ener;y source, it is likely that the

uptake/. ..
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upteke of ions for osmorsgulation will be reflected in an inerease
in the metabolism of C. volutator under osmotic stress, and that
this increase in metabolism wlll be expressed by a change in oxygen
consumption in relation to salinity, provided that there is no s.uift
in the oxygen requirements between different metabolic processes

of the animal, For example it might be that under osmotic stress,

energy could be diverted from gonad maturation into osmoregulation.

of saliniy

The extensive literature on the effects[on respiration presents
a conflicting picture. Many authors (Schwabe , 1933, for Carcinus;
Peters, 1935; Flemister & Flemister, 1951; Lofts 1956; Dehnel,
1960; Tance, 1965; Ramamurthi, 1967) have found that oxygzen
consumption was increased under conditions of osmotic stress.
Madanmohanrao & Pampapathiraa (1962) noted lowest oxyzen consumption
in medium of adaptation, in spite of oamotic stress. Krogh (1939)
and Potts & Parry (1963) have postulated that any change that would
occur due to osmotic stress would be small, and many authors (Sohwabe,
1933, for Eriocheir; Gilchrist, 1956; Frankenberg & Burbanck, 1963;
Holliday, Blaxter & Lasker, 1964; Eltringham, 1965; Mclkarland &
Pickens, 1965; Palmer, 1968) have found no significant changes in
respiration rate which may be correlated with salinity. ross
(1957) and Duncan & Klekowski (1967) have pointed to the effects of
salinity on the locomotory activity of an animal, end suggest that

certain observed changes in respiration rate in relation to salinity

are/..,
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are due to changes in activity. The importance of aetivity in
relation to oxysgen consumption has also been emphasised by Mcfarland

& Picken, (1965)y Newell & Northcroft (1965) and Halcrow & Boyd

(1967).

In the present study an atiempt has been made to induce a
continual locomotory activity, and to measure the oxygen consump-
tion of animals at a constant level of activity, acclimatized
to different salinities. Anaesthetics were not used, since these
may induce sult-basal oxysen consumption levels, or may selectively

depress only certain metabolic processes of the animal,

Aninals were collected from the Ythan estuary and transported
to stock tanks, supplied with mud and water (15 - 20%0) from their
natural habitat, and maintained at 10°C.  The animals were kept in
the tanks for at least a fortnight, to extinzuish any tidal riytho
(Morgan, 1965) which may have affected oxyien consumption (Weiser,
1962)., They were maintained prior to oxygen consumption measure-
ments in experimental salinities (1, 10, 20, 30°%/00; at 10°C),

supplied with mud for 10 days.

Oxygen consumption was measured using Microvolumetric respiro-
meters (supplied by Mark Co.), to the design of Scholander &
Iversen (1958), following the technique of Scholander, ct.al,

(1952). Standard reaction vials were used, and 002 was absorbed

with/...



with 20% KOH on Vhatman No. 40 filter papar. All measurements
were made with the respirometers imiersed in a constant temperature
water bath at 10%0,02°C. Two thermobarometric blanks, with 1 ml
of mediun in each were iaaintained. The animals in the respiro-

msters were in 1 ml of medium.

An advantase of this design of respirometer was that it per-
mitted continual observation of the experimental anicals, Wwhilst
the respirometers were shaken concentrically at a rate of 30
shakes per minute, to maintain equilibrium of the liquid and zas
phases (Scholander, et.al., 1952; Scholander & Iversen, 1958),
the animals were observed to swim continually. At a faster
speed of shaking the animals were severely stressed, however at
30 shakes per minute they were able to swim constantly. These
active animals appeared to settle down to a constant rate of oxygen
consumption after a maximum period of one hour; all measurements
have therefore been made after one hour's acclimetisationy the
constant level of swimming activity attained by all aninals, per=-

nitting comparison of animals of different sizes, or in different

salinities.

Mesting” or "Routine" (Fry, 1957) metabolism was measured by
leaving the respirometers still, except for periods of equilibration.
During these still periods, the animals swam or crawled sporadically,

or rested. The larger animals were otserved to swim more

frequently/...
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frequently than the smaller individusls., Spontaneous activity may
change with the salinity of the medium but no objective measure
was made in this study, however obsavations su;zested greater

activity in lower salinities.

The results showed that in all salinities (1, 10, 20, 3C%o)
that the oxygen consumption of active animals was logarithmically
related to the weight of the animal (Figs. 30, 31, 32, 33). The
statistical treatment of the data, the equations of the regression

lines, and the correlation ecefficients are presented in Table 12,

TABLE 12
OXYGEN CONSUMPTION OF G, VOLUTATOR IN RELATION TO WEIGHT .AND SALINITY

%o NaCl. ¥y = a+ bx N. Corr. Coeff,
10 y = 1 . 981 'Oa 758x 14-0 "Oo 605
20 y = 1,989-0,961x 32 -0,532

This exponential relationship was first demonstrated by
Zeuthen (1947), and has since been frequently confirmed (Nicol, 1967;

Newell & Northcroft, 1965; McFarland & Pickens, 1965),

When the oxygen consumption of all the active aniuals was
compared with the salinity of the medium (Fig. 34), it was found

that/ ese '



FIGURE 30.

The oxygen consumption in relation to dry weight of animals

at 10°C and 1%.
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FIGURE 31,

The oxygen consunption in relation to dry weight of animals
at 10°C and 1@30.
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FIGURE 32

The oxygen consunmption in relation to dry weight of animals

at 40°C and 20/%.
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FIGURE 33.

The oxygen consumption in relation tc dry weight of animals

at 10°C and 30/0.
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FIGURE 34.

The oxygen consumption of active C. volutator in relation

to salinity.
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that the oxygen consaumption of animals at 20%0 was significantly
different (at the 984 level) from that of animals at 1, 10 or

30%0. However oxygen consumption per unit of weight is not a
valid basis for comparison (Gilchrist, 1956), and if conparison

is made of animals of similar dry weights, these differences
largely disappeared. With aninals all weighing less thon 0.50 mg
(Fig. 35), no significant differences between animels in different
media werc found, With animals 0.55 - 0.95 mg (Fig. 36) the

only siznificant difference (at the 9% level) noted was between
animals at 10 & 20%0; there were no significant differences between
animals at 1, 10, 1 & 20, or 20 & 30%0. Vith animals greater than
1.0 og (Fig. 37) no significant differences were found. Despite
the result of animals 0.55 - 0,95 mg at 10%0 compared to 20%o0, it is

sesn that in general there were no significant differences between

aninals acclimatised

to different salinities.

Anincls at rest, which were flot shaken and s stinulated to
constant activity, displayed only spontaneous activity, and showed
d lower level of oxygen consumption, in relation to the lower
level of activity (Fiz. 38). The oxygen consumption of animals
of all sizes at 20fo wes significantly lower (at the 99% level)
than that of animals at 1 or 10%o, but not significantly different

fron those at 30%o. However, as with thc continuously active

aninals/. ..



FIGURL 35.

The oxygen consumption of active cnimals less than 0.50 ng

dry wt., in relation to salinity.
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FIGURE 36.

The oxygen consumption of active animals 0,55 - 0.95 mg

dry wt., in rclation to salinity,
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FIGURE 37.

The oxygen consumption of active animals greater than

1.0 mg dry wt., in relation to salinity.
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FIGURE 38.

The oxygen consumption of :nimals not induced to continual

activity in relation to salinity,
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animals, this differensce was not found whan eomparison was made of
animals of similar sizes, It was also found with the spontaneously
active animals that there was no linear or logarithmic relationship
between weight and oxyzen consumption. It had been noted that
larger animals swam more frequently, and it may be suggested that
this increased activity pattern, which was also noted by Meadows &
Reid (1966), increased the oxygen consumption of the large animals,
and masked the logarithmic relationship of Zeuthen (1947), noted in

animals at a standard activity.

Thamdrup (1935) measured the oxygen consumption of spontaneously

active C, volutator, in sea water,at 2, 10, 20 & 28°c. 4t 10°C he

noted the value of 600 cc 92/kg/wet wt. h, Considering wet weight as
6.6x dry weight, (Section 5.3) this may be converted to 0.91 )ﬂ/oz/mg
dry wt/h, which may be compared with the results from thc present
study at 300, of 2,48 pll Oz/mg dry wt/h "active", or 0.93 ul Oz/mg
dry wt/h "rest". Vhen these results from C, volutator are compared

with those from other marine animals it may be seen that they are

broadly similar (Table 13).

Table 13:
Clupea harengus (larva) 2.3-2.5 nl Oz/mg dry wt/n. Holliday, et.al., 196L

Limnoria 1.253-1.853 " Eltringhan, 1965
Euphausia pacifica 1.47 " Lasker, 1966

It/...
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It has been found tket when comparison was made of the effects

of salinity on respiration of C, volutator of similar sizes, at the

same level of activity, that no significant differences were noted
between aninmals acclimnted to different salinities, and these results

will be discussed in the conclusion (Section 6.2).
5.5 SALINITY PREFERENCE.

The earlier sections have described the various ecological and

physiological responses of C, volutator to salinity. It was sugges-

ted (Section 2.5) on the Ythan estuary that migration of animals in
response to salinity occurred; this suzgestion prc-supposes that the
animals are able to detect the salinity, and exhibit a behuvioral
response to it. The presence and nature of such a response was
investigated in the laboratory by means of simple choioce cxperimcnts,
Animals were presented with an alternative choice of salinity, in

an apparatus (Fig. 39) based on that of Jansson (1962); a similar
design has also been used by McGrorty (1968). Each compartment of
the apparatus contained 500 nl. of a sea watcr solution of known
salinity, and the animals were confined by means of bolting silk to
two compartments each of 125 ml; the remaining 375 ml acting as a
reservoir to ensure stable salinities. Salinities over a range of
0-50%0 were prepared by diluting sea water (collected at Aberdour, Fife)
with copper-fres tap water as appropriate, or for hypersaline media

by evaporation of sea water. Into each compartment of the apparatus

'ere/o se
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were carefully placed 10 G, volutator from the Ythan population,
which had been acclimated to the salinity range of the experiment.
The experiment was arranged so that the animals hed a Sko choice

(i.e. 5 v 10, 10 v 15%0), except in the case of O v 2,5 and 2.5 v 5%o.

Uniform light and temperature conditions were maintained.

The animals were free to swin or crawl within each compart-
ment, and to change compartments they were free to crawl across a
ramp 2.5 on wide., The animals were regularly observed, and counts
made at 20 ninute intervals., The final number in each compartment

af'ter 2 hours was noted. 2 hours was chosen because nost C. volutator

appeared to choose a compartment within 1 hour, (e.g. Table 14), and
over a period of 2 h, the salinity in each compartment remained vir-
tually constant. Minor changes in salinity could be detected after

5«6n,

TABLE 14:
Time (min.) 0O 20 4 60 80 100 120

No. in compartment.

Oto A 1 6 5 4 4 3 3
2, 5o B 1 16 17 18 18 19 19

The individual results are presented in Fig. LO, and the cumule=-
tive results in Fig. 44. The significance of the numbers of animals

in each compartment was compared by means of the binomial test.

Fron/...



FIGURE 39.

Apparatus for preference experiments.
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FIGURE 4O,

Salinity preference experinent. Percentaze choices made

in esach experinent,
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FIGURE L1,

Salinity preference experiment, Cunulative peroentage

choice,
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From these results it may be seen that animals in salinities
below 10%o significantly and regularly chose the higher salinity
available, Between 10 and 30% no sisnificant choice pattern was
observed. In the salinity range 30 - 400, animals significantly
chose the lower salinity available. Above 40%0, up to 50%0 at
which salinity the aninals were very lethargic, no significant

choice was nade,

These results suggest that 10 - 30%0 is the preferred salinity
range. Below 10%0 the animals are under an increasing osmotic
stress, as exemplified by the studies on the freezing point of
blood and urine, Below 5f0 they are scarce in the field, and below
2%0 are absent. It was in response to this salinity that nigration
was suggested, and the present findings of a distinct choice away

fron low salinities supports the migration hypothesis.

They are able to tolerate salinities of up to 50#%0 for long
periods (Scct. 3.1), and appear to have no particular osmotic regula-
tion problems, being essentially isosmotic with the medium, the only
linit being tissue tolerance, Nevertheless, above 300 they con-
sistently chose the lower salinity available, except above 4070 when
they were lethargic and no particular choice was made. These find-
ings suggest long-term acclimatisation to the salinity range 10 - 3(fo,
indeed this was also the optimal range for growth and moulting in this

population,

It/ees
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It is thus seen that above 20%0, G, volutator is almost isos—
motic to the medium, ond the preference limit is set at 3070, probably
due to long=-term acclimatisation. Below Zqﬁo, the blood is meintnined
progressively hyperosmotic to the medium, and the animal is under
"osmotic stress", however only below 10%0 will they significantly

choose a higher salinity if available, C, volutator thus exhibits

a distinct preference reaction to maintein it within the salinity
range 10 - SCWb, which is also the normal salinity range of its
estuarine hebitat, and is thus behaviorally as well as physiologically

adapted to the estuarine habitat.

Lindroth (1949; in Jansson, 1962) introduced the concept of
stable and unstable preferences, Spceies with stable preferences
showod 2 more or less constant pefared temperaturc, probably not
irfluenced by previous treatment or changes in environmental factors.
Animals with unstable temperature prefercnces showed a preferendum
which varied with the time of day or year, the previous treatment etc.
Lindroth stated that especially in curytopic species the unstable

preference type may be the normal one. Despite prior acclimatisation

to the salinity ranges of the choice experiments, 0. volutator showed
a distinct stable preference for the range 10 - 30%0, which is the
normal salinity range of its Ythan habitat. Perhaps this Ythan popu-

lation of C, volutator has acclimatised over a prolonsed period to

this salinity range, and this preferance would indeed be proved to be

"unstable"/,..
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"unstable" if eampared with populations from, for example, hyper-

saline salt marshes, Jansson (1962) for Marioning rruclitellochacta

found different preferenda for different populations suggesting pro-
longed salinity adaptation, and a similar suggestion micht be mads

for C, volutator,
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6.  DISCUSSIQN
6.1 OSMOREGULATION OF CHUST.CEA

The subject of csmoregulstion in crustacea has been extensively
reviewed*, Reviews during the period up to 1962 werc prinarily
concerned with descriptions of osmotic and ionic rcsulation, in
particular blood concentration, in relation © environmental salinity.
8ince that time a dichotomy has occurred, with workers such as Kinne
tending to concentrate on physiological cecology aspects of osmoregu-
lation in crustacea, in particular the effects of salinity on whole
crustacea, whether ecological, behavioral or physiolojical; whilst
other workurs (Lockwood, 1968; Scheer, 1965; Shaw, 1964) have
concentrated on analyses of the dynamics of salt balance, primarily
using results obiained with radio-active techniques. The work of
Florkin and his associates (Seot. 4.5) on the analysis of intracel-

lular regulation has also been given prominence.

Kinne (especially 1964a) has reviewed the effects of salinity
on merine and brackish-water animals, including crustacea. He has
pointed out that the factors, including salinity, which affect
crustacea may be oft a multi-variate nature, and it may frequently be

difficult/...

* Beadle, 1943, 1957, 1959; Dehnel, 1967; Green, 1968; Kinne, 1958,
1963a, 1963b, 1964a, 196L4b, 1964o, 1966, 1967; Kroszh, 1939; Lockwood,
1962, 1966, 1968; Magnin, 1964; MNiocol, 1967; Pearse & Gunter, 1957;
Potts, 196é; Potts & Parry, 1963, Prosser & Brown, 1961; Robertson,
1957, 1960b; Scheer, 1965; Schlieper, 1964; Shaw, 1964,

[eos
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difficult to assess the specifis ocauses of the observed effects,
Nevertheless, he sugzests that salinity may affect an animal through
changes in 1) total osmo-concentration, 2) relative proportion of
solutes, 3) coefficient of absorption and the saturation of dissolved
goses, L) density ond viscosity. As already noted (Section 3.6)

the salinity tolerance of an animal may vary markedly according to
the stage of its life cycle, In general salinity tolerance is

more restricted during a sexual phase, than an asexual phase. Death
at extremes of salinity may be usually attributed to osmotic phenomena,
or chenzes in the concentration of gzasxes. Chenges in salinity, in
particular the total osmo-concentration mey considerably affect meta~-

bolism, growth and food conversion of an animal.

Salinity stress may invoke various responses in a crustacean,
including, 1) reduction of contact, 2) escape, 3) passive tolerance,
L) active regulation leading to homeostasis, 5) genetic and non-

genetic functional and structural adaptation.

Reduction of contact may involve a reduction of surface per-
meability, the formation of burrows to avoid sclinity stress, or
the secretion of a protective film of mucus. Behavioral responses
to salinity, including escape, have particularly been demonatrated
by Gross (1957). Passive tolerance, as will be seen later, is only

of limited value in wide-ranging salinity conditions, uictive

regulation/, ..
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regulation will be dealt with axtensively, letar in this section.

Functional and structural adaptations to salinity have been described

by Kinne (1964 a, c).

Salinity stress may cause various non-genetic adaptations, (or
acclimatisation) involving chonges of metabolic rate, activity, body
volume, or the concentration of the intern:cl mediun, Varicus zenetic
adaptations to salinity stress have also been noted, viz: 1)
increased absorption and excretion of water and salt, 2) increased
capacity for regulation of ionic ratios and osmoconcentration,

3) ability to store water and salts in tissues, 4) decreased permea-
bility of surface, 5) behavioral regulation, 6) increased tissue

tolerance, 7) structural modifications,

These various adaptations and mechanisms for regzulation, will

now be discussed in relation to osmoregulation in crustacea.

Marine species are generally unspecialised with regard to
their osmotic physiology. They are usually in a state of osmotic
equilibrium (is%moticity) with sea water, although the ionic com-
position of the blood may differ significantly from that of sea water.
In particular the concentration of magnesium is generally lower in
the blood than in sea water, a feature related to the suggestion that

magnesium inhibits activity, or nerve transmission (Robertson, 1953).

Following/...
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Pollewing dialysis experiments, Robertson (1957) has shown that the
dialysaﬁé differed from blood im all qpeci;s studied, a feature
which is interpreted ac showving that active transport of ilons is

involved in the maintersrce of the blood concentration.

The evolution of civistecen from the sea to brackish walar or
fresh water has occurred independently many times. For life to
proceed. in media mark~dly difterent from sea water, physiological
devices are required so protect the most sensitive tissues from
extremes of salinity. This prccess, the evolution of osmoregula-
tivn, is generally ~onsidered as ar eatension of icnic regulation,

a8 adecn in mearine forms.

More then one physioclogical solution has occurred to solve the
problems of life in media markedly different from sea water, and bring

about the evolution of curyhalinity from stenohaline animals.

When considerirg Tthe dewands of a eurynaline life, 1t is seen
that the paramount recuiremert is to enable the tissues and cells
to function norumally end adequately, in spite of gross changes in
“he external environment, Claude Jernard's famous statement in
1857 that "la fixite cu milieu interieur, est lo condition de la
vie litre" (see, Holmes, 1965) is both the basis and the main criterion
cf success in a curyhzline habitet. The calls must be protected
from gross chanzes in volume or osmotic pressure, to enable the

functioning/...



functiondng of the cell to proceed. A stability must be preserved
within the oell, and the cell must also be adapted to the osmotic
pressure of its environment, Similarly the tissues may need

osmotic control to enable them to function efficiently.

In crustacea, with their relatively hard exoskeleton, it can
be seen that volume changes mvst be controlled, as far as possible,
otherwise extreme hydrostatic pressures would occur., The tissues
and cells of crustacea are bathed in an open blood system, the
haemocoel, which permecates all parts of the body, and occupies a
large part of the volume of the body. Since the blood of crustacea
is the main fluid component of the body (lc milieu interieur), it
may be seen that the blood is vitally <nvolved in any osmoregulatory
process, since the blood is virtually the sole intermsdiary between
the external environment and the cells and tissues, The regulation
of blood concentration and volume by various mechanisms is therefore

the principal feature of erustacean osmorcgulation.

Various patterns of osmoregulation of blood concentration may
be seen in euryhaline crustacea. Lockwood (41962) has classified
these patterns as 1) isosmotie conformers, 2) hyper/isosmotic regu=-
lators, 3) hyper/hypo-osmotic regulators. Examples of these patterns

ere given in Fig, 42,

The/...



FIGURE 42.

Various expamples of the patterns of crustaccan osmoregulation.

Based on Kinne (4963a).
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Ficure 1. Blood-osmoconcentration as function of salinity in euryhaline Crustacea.
Hyperosmotic regulators: amphipod Gammarus (from Kinne, 1952) and decapod crab
Rhithropanopeus (Kinne and Rotthauwe, 1952). Hyper-hypo-osmotic regulators: deca-
pod land crab Uca (Jones, 1941), shore shrimp Crangon (Fligel, 1959), and
anostracan brine shrimp Artemia (Croghan, 1958b). (From Kinne, 1962).
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The mechanisms bringing about these patterns of osmotic regula-

tion may be bdbriefly listed. (Lockwood, 1962, 1968):

1) Restriction of the permeability of the body surface.
2) Active uptake or extrusion of ions or water, via surface, gills
or gut,
3) Regulation of body water volume,
4) Conservation of water or ions by excretory organ.
5) Regulation of cellular osnotic pressure.
6) Toleration at the cellular level of variations in blood concentration.
7) Ability to transport inerganic ions agnainst a concentration gradient,

and evolution of ion uptake mechanisms with high effinitiea,

In order to maintain an osmotliec gradient between the medium and the
blood, it is of great value if the permeability of the body surface
is restricted, Marine crustacea which are isosmotic to the medium,
usuwally have a freely permeable cuticle, whereas in euryhaline crustacea,
which are often actively meintaining a blood concentration different from
the medium, a frecly permeable cuticle would allow a loss of ions,
or make it otherwise difficult to maintain an osmotic pressure difference.
The permeability of the cuticle 1s therefore strictly controlled, 1In
most cases the only permeable areas are the gills, with in addition
certain discrete patsohes on the cuticle; The remainder of the cuticle

is regarded as non-permeable to ions. The permeability is controlled

especially/.c..



-1m-

espeeially in small animals since the larger the turnover of ions,
by gain or less across permeable areas of the cuticle, the greater
will be the energy that must be expended, per unit mass of tissue,
in order to maintain a given gradient between blood and medium

(Lockwood, 1962).

Active uptaeke of ions was first conclusively demonstrated by
Nagel (1934), and was later confirmed, in particular by Krogh (1939).
It is generally agreed that the majority of the osmotic pressure of
crustacean bloed is due to inorganic ions, especially sodium and
chloride. In erder to maintain hyperosmotic conditions in the
bloed, ions must betaken up from the environment, This uptake of
ions must be almost continuous, since loss of ions may occur continu-
ally through urine, or across those parts of the body surface
which are permeable. Branchipus apus (Krogh, 1939) and Chirocephalus
diaphanus (Pannikar, 1941b) are unable to maintain their blood
concentrations unless fed, a finding which has led to the sugzgestion

that ions are taken up from the food. Ion uptake from food has

also been suggested in Gammarus duebeni, Coenobita perlatus, Iriops
cancriformiss (Kinne, 1964a). Although Tockwood (1962) points
out that the lack of food may cause a decline in metabolic rate,
causing the observed decline in blood concentrations. It is also

well kmown that terrestrial orustacea obtain ions from food.

Robertson/, ..
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Robertson (1957) sugszested water and salt exchange via the gut, and
the gut has been shown to be important for drinking by Dall (1967).
Otherwise active uptake of ions has been suggested to occur at the
body surface, or through organs such as gills, Kropgh (1939)
demonstrated that ions may be related to 1) concentration of the
blood, 2) concentration of the medium, 3) temperature. Ion

uptake mechanisms against a concentration gradient, and the evolution
of transport systems with a high affinity for particular ions have
been particularly studied by Shaw (1964), and the results of these
experiments have been summarised by Lockwood (1968) and Petts &
Parry (1963). The latter have diagrammatically represented the
sodium fluxes (the balance of ion uptake and loss) for Carcinus
maenas (Potts & Parry, 1963; Fig. IV.10). From this diagram,
reproduced in Fig. 43, it may be seen that the active uptake of ions
is related to the consentration of the blood and the medium, and how

adjustments are made to maintein hyperosmotic conditions.

Active uptake, inward and outward diffusion, and active extrusion
of salts end water, serve to maintain a relatively constant body
volume whichk is a feature of osmoregulatory processes in crustacee,

bound as they are by an exoskeleton,

Active extrusion of ions and water, as distinct from outward
diffusion of ions or water, can occur via urine, usually from an

antennary gland, vie the gut, or via the body surface. In

hypo-osmotg; [oae



FIGURE 43,

Diagrammatical representation of the sodiun fluxes through

Carcinus maenas. Reproduced fron Potts & Parry (1963,

Fig. IV.10).
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hypo-vsmotic forms, the principal mechanisms for maintenance of the blood
concentration has been shown to be drinking of water (Dall, 1967), rather
than active extrusion of ions, In hyperosmotes passive extrusion of
ions is believed to occur via the gut or body surface, with active ex~-
trusion occuring via the antennary gland, Urine formation serves to
remove from the crustacean body, the waste products of metabolism
(usually 60 - 85}%mmonia; plus amino acids and other compounds) excess
magnesium and sulphate ions, and excess water to regulate body volume,
Metabolic waste, particularly ammonia, needs to be excreted in a liquid
form and a certain amount of water must necessarily be excreted with it,
Magnesium is excreted, since it is believed that an excess inhibits
nervous activity, (Robertson, 1953). Urine formation is a distinct
process of ultrafiltration, which may be modified by resorption (Potts,
1968). Op hypothetical grounds, hyperosmotes should produce hypo-osmotic
urine, although few examples have been produced (Lockwood, 1961, 1965;
Werntz, 1963; 8mith, 1967). Potts (1954) claimed that the formaticn

of hypo~-osmotic urine would conserve energy, however Croghan (1961)

and Lockwood (1962) point out that if the mechanism of ion transport is
the same at the body surface and in the excretory organ, then no energetic
advantage would be conferred by the production of hypo-osmotic urine,
Therefore they conclude that hypo~osmotic urine production may be related
more to fine control of ionic regulation, than to energy conservation.
Nevertheless the production of hypo-osmotic urine remains a distinct

feature of small brackish water crustacea (Lockwood, 1965; Smith, 1967).

cell/..
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Cell osmotic pressure has been shown to be well regulated by
Florkin and his co-workers (e.g. Camien, et.al., 1951; Jeuniaux,
et.al., 1961; also Lange, 1968). Osmotic regulation of crustacean
cells is largely accomplished by changes in the amino acid com-
position of the cells. Intracellulur fluid is composed of approxie
mately ¥ inorganic ions and § small organic molecules, Gross
shifts of water from cell to blood or vice versa, must be avoided
in a homeostatic animal, and therefore cellular osmotic adjustment
occurs, largely by an adjustment in the concentration of amino
acids., Amino acids could be supplied from the blood, but this
is doubted; or they could be formed de novo, but this is also
unlikely. They are probably released within a cell by protein
degradation. The amino acids enable a cell to maintain osmotic
equilibrium with the blood, although clearly not ionic equilibrium.
The external medium and the blood are usually in ionic balance, but
may be osmotically different. Thus the blood actsas an osmotic
barrier between the tissue cells and the externel envvironment,
preventing oxcess changes in the osmotic pressure of the cell.
However it is energetically impracticable, especially in small
crustacea, to maintain the blood concentration completely independent
from the environment, thus the blood concentration in a euryhaline
crustaceany is adapted to change in relation to the environment.

But the changes in the hlood concentration are generally smaller

than/. ..



~ 104 -

than changes in the medium - thus the blood serves to "dampen"

the osmotic extremes of the environment. Since the cells are in
osmotic equilibrium with the blood, they must tolerate these

darpened changes in osmotic pressure. The evolution of the cellular
ability to withstand limited changes in osmotic pressurey is there-
fore vital to ewryhaline crustacea. This dampening effect of

the blood is well scen in the slow adaptation of blood concentration
following a sudden change of medium, as the blood buffers the

vells from the sudden change in osmotic pressure.

It has thus been seen that a variety of patterns and mechanisms
have been evolved for osmoregulation in euryhaline crustacea,
Considering hyperosmotic reguletion of crustacea in low salinities,
(which is or particular relevance to this study of C, volutator)
it may be seen that the maintenance of hyperosmotic conditions may
be brought about by active uptake and extrusion of ions, via
the body surface, gut and antennary sland, The amount of work
required to combat diffusion may be lessened by a reduction in the
permeability of the body surface, and a restriction in ion turn-
over rate, Hyporosmotes tend to gain water and lojse ions,
therefore to maintain equilibrium they particularly teke up ions
(via body surface or gut) and remove water (via hypo-osmotic urine).

Cellular control of osmotic pressure has also been shown to be an

importa.nt/ ave
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important means of painteining an internal homeostasis. These
nmechanisms combine to give a hyperosmotic orustacean some mcasure of
a constant internal onvironment, in the face of a wide ranging

external environment.

The energy expended in osmoregulation has been seen to be
conserved by permitting some decrease in the internal environment,
in response to a decrease in the concentration of the external
medium. This conservation of energy being particularly vital to

a small animal, with a large surface area,

Osmoregulation in crustacea is therefore a well doveloped
physiological system, which maintains a balance, rather than a
perfect homeostasis, within the crustacean body., Osmoregulation
maintains a constancy of the internal environment, which permits
life in a fluctuating curyhaline or dilute environment, in a group

of aninmls which first evolved in the sea.

6.2 CONCLUSION

Laboratory and field studies of the effects of salinity on
C, volutator have shown that fed adult animals may tolerate the
salinity range 2 - 5%, and newly hatched young may tolerate down
to 0.75%0, although fertilisation, embryonic development and

fecundity appear to be limited below 7.5fo. Highest growth rate,

moulting/...
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moulting and moximum field cbundance occurred between 5 and 30/,
C, volutator was found experimentally to choose the salinity range
10 - 30%0. The effects of salinity on the 1life cycle may be
observed, in particular the changes between yowng, adults and
fertilisation stages (Fig. 11), following a general crustacean
pattern noted by Kinne (1964a, 1966), The adverse effects of low
salinity on the physiological processes of C, volutator, such as
growth and moulting, and the survival of unfed animals have also

been seen,

A stady of the osmotic regulation of C. volutator has shown

that it is a hyperosmotic regulator, maintaining its blood con-
centration almost isosmotic to the medium above 20%0, and progZres=
sively moro hyperosmotic to the medium below 2070, reaching a
meximum hyperosmoticity at 2fc. Below 2%o it would appear that

a concentration gradient in excesé?%SO% is too great for €. volutator

to maintain, It was suggcstod (Scct. 4.3) that in low salinities
that the reduction in blood concentration concomitant with moulting

may be fatel, This may explain the inhibition of moulting below Sko.

The ions within the blood, which contribute to the majority
of the hyperosmoticity have been found to be regulated in a manner

comparable with other brackish water crustacea.

Osmoregulation/. ..
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Osnoregulation has been neted to be assisted by a low surface
permeability, and by the production of hypo-osmotic urine. The
generalisation of Smith (1967), based on that of Lockwood (1965),
that: "the conservation of ions within the body by the production
of hypotonic urine is likely to be found to be a common feature in
those brackish and freshwater crustacea which combine a hi:zh rate
of water turnover with a significant reduction in the salt-permea-

bility of the body-surface" has found support in this study.

Measurements of the oxygen consumption of C. volutator have

shown no significant changes in relation to salinity.

The various findings of this study lead to three alternative

hypotheses:

1) food is more important as & direct supply of inorganic ions

than as an energy supply.
2) the metabolic roquirements of osmoregulation are negligible,

3) a shift in the energy requirenmcnts occurs from one metabolic

process to another,

It has been shown that unfed animals by comparison with fed
animals, cannot survive low salinities or maintain their blood
concentration (Sect. L.2) and it was suzgested that this may be due

to their use of food (mud) es a direct supply of ions, or as an

eneI'W/o se -
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energy source for osmoregulation, but Nagel's (1934) experiments,
repeated on C, volutator which were both fed and unfed, deuonstrated
that active uptake of ions may be acoomplished without food. When
comparing the results of these experiments, it is necessary to
consider the time scale, the adaptation to a salinity increase was
completed in 3 hours, whereas the survival experiment was made over
a period in excess of 500 hours. It is seen that food is necessary
for long~ternm survival at low salinities, but that short-term
upteke of ions and maintenance of hyperosmotic conditions may be
accomplished without direct feeding and that the energy reserves

of the animal are adequate to cope with the upteke of inorganic ions.
Lockwood (1962) points out that the lack of food may cause a desline
in metabolic rate, causing the observed decline in blood concentra~-

tion.

It has been noted that C. volutator produces urine hypo-osmotic
to the blood under conditions of osmotic stress, and the demonstra-
tion of Potts (1954) that the productiof of urine hypo-osmotic to
the blood, even if more concentrated than the medium, can greatly
reduce the osmotic work of an animal, may lead to a partial explana-
tion for the lack of any change in oxygen consumption in different
salinities, although Croghan (1961) and Lockwood (1962) sugzest that
the production of hypo-osmotic urine may be related more to the fine

control of ionic regulation than to ensrgy conservation.

It/ees
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It has been noted that the optimum salinity range for moximal
growth was smaller than the range of salinities tolerated. It
may be that in low salinities, under osmotic stress, the animal
is able to survive, and no changes in oxyzen consumption are noted,
because a metabolic shift occurs within the animal, and energy is
diverted from growth to assist in osmoregulation. Thus the
energy requirements for osmoregulatory processes would be increased
under osmotic stress, but no overt change in oxyzen consumption

could be detected.

Lockwood (1962) rejects the importance of food for the ions
contained in it, and also dismisses any energetic advantantage con-
ferred by the production of hypo-osmotic urine., However, Oglesby
(1965) sugzested for Nereis limnicola that the production of hypo-
osmotic urine and a supply of ions via the food were important

factors in osmoregulation.

It is most likely that the various mechanisms discussed each
contribute in some part to hyperosmotic regulation and permit
C, volutator to live successfully and efficiently in the nutritionally

rich estuarine habitat. These mechanisms are briefly:

1) Restricted surface permeability

2) Hypo-osmotic urine

3) Food as a supply of ions and/or energy

L) Active uptake and regulation of ions

5) The ability to divert energy from one physiological
process (probably srowth or reproduction) into osmoregulation.
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SOME EFFECTS OF
SALINITY ON THE SURVIVAL, MOULTING,
AND GROWTH OF COROPHIUM VOLUTATOR
[AMPHIPODA]

By DownaLb S. McLusky
Natural History Dept., Marischal College, Aberdeen?

(Text-figs. 1-5)

An experimental study of the effects of salinity on the mud-dwelling amphipod,
Corophium volutator (Pallas), indicates that, if supplied with mud, it will survive
the salinity range of 2-50 Y%, and without mud the range 7:5-47'S %.. Moulting
occurred in salinities of 2:6-46 %,, but most frequently in the range 5-20%,.
Growth occurred at a maximum rate in 15-4 %,, and only slightly slower at 4-4
and 30-6 %, ; but below 4-4 %, the growth rate was progressively reduced. Freezing-
point studies show C. wvolutator to be a hyperosmotic regulator, having a tissue
tolerance range of 13—50 %,. The importance of a supply of mud, and the signifi-
cance of hyperosmotic regulation are briefly discussed.

INTRODUCTION

The amphipod Corophium volutaror (Pallas) is an inhabitant of littoral muds,
the populations often reaching high densities. It has been most commonly
reported from shores of estuaries, although Zenkevitch (1963) has stated that
it may also occur in muds submerged to a depth of 10 m. Segerstrile (1959)
has summarized the data available on the occurrence and distribution of
C. volutator. Since that date, work has been done on substrate selection
(Meadows 1964a—c), on burrowing behaviour (Meadows & Reid, 1966) and
on rhythmical swimming activity under tidal control (Morgan, 1965). Many
authors (Nicol, 1935; Thamdrup, 1935; Beanland, 1940; Spooner & Moore,
1940; Rees, 1940; Goodhart, 1941; Stopford, 1951; Rullier, 1959; Gee, 1961)
have described the substrate in which C. volutator occurs. They have agreed
that C. volutator is found in mud or muddy sand, containing approximately
379, silt or clay. C. volutator is especially abundant in sheltered conditions,
and is not found in conditions of heavy pollution, sand without a plentiful
supply of detritus, or sulphide mud which is blackened by excessive organic
detritus. From the published record it is clear that the nature of the substrate
is a most important factor in controlling distribution.

C. volutator has been most frequently reported in estuarine waters, or seas
such as the Baltic, that have a reduced salinity. During the course of faunal
surveys, many authors have reported a lower limit of salinity below which

1 Present address: Department of Biology, Stirling University.
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C. volutator was not found. Goodhart (1941) reported 6°,, from Hampshire;
Nicol (1935), Aberlady Bay, 5"..; Stock & Vos (1961), Holland, 4%,; Hart
(1930), Norfolk, 3:6",,; Zenkevitch (1963), Sea of Azov, 3:6%,; Beanland
(1940), River Dovey, 3'.,; Hellén (1919), and Gurjanova (1951), Gulf of
Finland, 2",,. These variations in the lower limits observed may reflect the
varying distribution of suitable substrates in the areas studied. At the upper limit
of salinity it frequently occurs in sea water (33-35",,,), and Fox ez al. (1926-29)
reported the presence of C. wvolutator f. orientalis in hyper-saline water in
Lake Timsah in the Suez Canal. However the latter was probably C. arenarium
Crawford (see Segerstrale, 1959).

C. volutator is therefore clearly a euryhaline species, being found in a wide
range of salinities, and its ecology and distribution is well documented. How-
ever, little of its physiology appears to have been studied. Agrawal (1963)
studied the physiology of digestion. C. volutator is a selective deposit feeder,
which feeds by the ingestion of mud (Mcadows & Reid, 1966). I have been
unable to trace any published work on osmo-regulation.

The muddy shores of estuaries have been colonized by relatively few animal
species (Yonge, 1953), and the ability to live in watcrs liable to a wide range
of salinity fluctuations is scldom achieved. Clearly, adaptation to such condi-
tions is necessary before an animal can thrive in the estuarine habitat. Kinne
(1964 a) has defined adaptation as the adjustment of organisms to alterations
in the intensity pattern of variablces in the environment. Two of the principal
variables in the environment inhabited by C. volutator are substrate, studied
by Mcadows (1964a-c), and salinity.

On the cstuary of the River Ythan, Aberdeenshire, Scotland, a study has
been made of the distribution of C. volurator. It was clear that within the
central part of the estuary, in the salinity range §-35",., C. volutator occurred
most abundantly wherever therc was a suitable substrate, which is in agree-
ment with the findings of Hart (1930). At the scaward end of the estuary,
C. volutator did not occur, because of the presence of clean sand containing
little detritus. At the inland part of the estuary, despite the occurrence of
apparently suitable substratc, it was ncver found where the interstitial salinity
of the mud was below 2%,,. Within the rangc 2-5",,, C. volutator was present,
but in lesser numbers than in muds with an interstitial salinity greater than

0/
/00°

An experimental study has been made in order to ascertain more precisely
the effect of salinity on C. volutator and, to determine the adaptation, if any,
of the organism to salinity.

SURVIVAL

C. volutator were collected from the River Ythan, and transported to stock
tanks (maintained at 18", and at 11 C) in Aberdeen.
To each of a series of § cm Petri dishes was added 10 ml. of sea water of
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known salinity. Salinities below 35%, were prepared by diluting sea water with
distilled water, and the salinity was then determined by titration. For hyper-
saline solutions, sea water was gently evaporated over a bunsen burner without
boiling.

To each of these dishes at each salinity, an individual C. volutator was
added; and then to half of the dishes a small quantity of fresh mud, which
had been kept in the appropriate salinity, was added. The dishes were kept
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Fig. 1. The effect of salinity on the survival time of animals with (O), and without (@) mud.

in a constant temperature room at 8 °C, within a humid chamber, to prevent
evaporation. The dishes were examined daily, any moults removed, and any
deaths of C. volutator noted.

The results of this experiment (Fig. 1), indicate that the animals survived
well under the restricted experimental conditions, some living for over 1500 h
(2 months) in the Petri dishes. A clear difference between those animals
supplied with mud, and those without mud can be seen. If survival of
C. volutator is expressed as the ability for half of the population to live for
500 h (20 days), then it may be seen that animals supplied with mud can
survive in water of salinities between 2 and 50%,. Using the same criterion,
for the animals without mud, the range of salinities survived becomes

75475 Joo-
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Individual variation in survival time occurred, but almost always those
animals with mud survived longer than those without mud. In salinities
10~357, the supply of mud increased survival time by an average of 34 9%,
In salinities below 107, survival time was more markedly increased by the
presence of mud (265 %, at 69%,, and 1189, at 2:6%,,).

An experiment was designed to test whether the dependence of C. volutator
on the presence of mud was due to: (i) food value (including inorganic ion
content), or (ii) physical presence. Animals were maintained at §%, with
acid-cleaned fine sand (B.D.H.), the sand being thoroughly washed, and the
sea water sterilized. Others were maintained in the sterilized sea water, some
without any substrate and some with fresh mud. It was found that those with
fine sand lived for an average of 164 h, and those without any substrate for
an average of 178 h. This difference is not significant (P = < 0-3). Those
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Fig. 2. The effect of salinity on moulting frequency in animals with (O), and without (@) mud.

animals supplied with mud lived for an average of 707 h, which is signifi-
cantly different (P = < o-01) from those with fine sand or without any
substrate.

Thus it may be suggested that mud is necessary for the survival of C. volu-
tator either for the supply of food as energy for osmo-regulation, or for the
direct supply of ions which are taken up via the gut.

MOULTING

Moulting occurred (Fig. 2), in animals supplied with mud, in sea water
between 5 and 46%,, and in one individual at 2:6%,. In animals without mud
moulting occurred less frequently, and only in the salinity range 10-467,,.
By comparison with the data for survival time at different salinities, it may be
seen that the range of salinities for successful moulting is smaller. This smaller
range may be especially seen at low salinities—animals supplied with mud
will survive down to 29, but only moult regularly down to §%,. Moulting
occurred most frequently in the range 5-20%,, and less frequently up to 467,.
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GROWTH

To determine the cffect of salinity on growth, a large sample of mud was
collected, and divided into six equal parts. Each part was placed in an
aquarium tank, and covered to a depth of 15 cm with a sea-water solution of
known salinity (0'8, 2-4, 36, 44, 154, 306%,). The mud and water were
thoroughly mixed, and the mud allowed to settle. The salinity of the water
was determined, and maintained at that salinity during the subsequent weeks.
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Fig. 3. The mean size of populations maintained in tanks at 0'8, 24, 36, 4'4, 154 and 306 %,.

The tanks were aerated, and kept at 11 °C. On the first day and after 11, 30,
55 and 8o days, a 40 ml. sample of the mud was collected, and sieved with a
335 « sieve. This sieving was performed in the water of the experimental
tank, in order to conserve the mud. The animals so collected were counted,
measured and assigned to millimetre size groups (i.e. I-0-1-9 mm., 2:0~
2'9 mm., 30-3-9 mm., etc.), and then returned to their tanks.

The mean size of each population, at each salinity, during the experiment,
can be seen in Fig. 3. The initial population, collected on 9 November 1966,
had a mean size of 2:40 mm. During the first 55 days, the population growth
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rate was fastest at 15-47,,, increasing from a mean of 2:39-3-71 mm (455 %),
306 and 4-47,, were only slightly slower, and there was a serial decline in
growth rate below 4-4%,, such that 3-6 > 2-4 > 0-8%,.

An analysis of the different sizes, by percentage, in each population (Fig. 4),
shows more precisely the mode of growth in each population. Initially animals
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Fig. 4. Percentage size composition of populations maintained in tanks at 0-8, 2°4, 36, 44,
15°4 and 306 %, sampled initially and at 11, 30, 55 and 80 days.

measuring 2:0-2-9 mm. formed 47 %, of the population. In the lowest salinity
(0'89,) little growth occurred, and after 55 days this category still formed
429, of the population, whilst the percentage of animals measuring 3-0-
39 mm. had increased from 21 to 31%,. In salinities 30-6~3-67,, the per-
centage of animals in the 2 mm category became reduced from 47 to 23 %,
within 30 days, by which time the 3 mm category had become more numerous
than the 2 mm category. In 2:4Y,,, 55 days were needed for the 3 mm category
to equal the 2 mm category (both 379%,). These shifts in percentage composi-
tion represent growth of the individuals, as over-all numbers remained
constant, and reproduction did not occur.
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Initially only 179, of the population was larger than § mm; however,
growth of animals occurred rapidly in salinities 30-6-4-4%,, and within 55 days
25% at 15:4%,, 21%, at 4:4%,, 17% at 306, were larger than 5§ mm. By
comparison 89, at 3:6%,, 4% at 24%, and 5% at 0-8%, were larger than
5 mm. after 55 days.

As growth occurred, the number of animals in the 1-0-1-9 mm category fell.
In 1547, there were initially 169, of the animals in this category, but by
55 days it had fallen to 42 %, In all other salinities, except 0-8%,, a similar
decrease in the percentage at 1 mm occurred; however, in 0-8%, the per-
centage remained constant at 17 Y%,.

After 55 days mortality occurred in the populations. In salinities of
30°6-3-67,,, this mortality affected the larger animals most severely, with the
result that the percentages of smaller-sized animals increased. In 2-4 and
0-89, mortality occurred, but appeared to be more uniformly spread through-
out the size groups.

In conclusion, it can be seen that only very slow growth occurred at 0-8°,,.
Maximal growth was achieved at 15-4%,, and 30-6 and 449, attained a
slightly slower growth rate. Animals in 3:69, grew well within the first
30 days, but failed to maintain that growth rate; and animals at 2-4°,, had
a slow but steady growth rate.

BLOOD CONCENTRATION

In order to follow in detail the physiological changes and adaptations that
take place in C. volutaror subijected to water of various salinities, a study was
made of the changes occurring in the blood concentration of C. volutator, in
relation to the salinity of the external medium.

Prior to sampling, animals were kept supplied with fresh mud, in various
strengths of sea water, for at least 2 days. The freezing point of the animal’s
blood and of the water in which they had been living was determined. Since
the volume of blood in an individual C. volutator is very small, the depression
of the freezing-point method, using equipment based on that of Ramsay &
Brown (1955) was adopted, to determine accurately the osmotic concentration
of the blood.

To obtain a sample of the blood of C. volutator, the live animal was quickly
dried with a tissue, to remove any surface moisture, and placed on a watch-
glass coated with a hydrofuge varnish (Bakelite damarda), and covered with
medicinal paraffin. The animal was cut transversely in half, whilst under
the paraffin. A small amount of paraffin was sucked into a fused silica
microtube, and then the tube inserted into the haemocoel, at this point the
animal was gently squeezed by a pair of forceps, and a small amount (10-3mm?)
of blood sucked into the microtube, followed by more paraffin, so that four or
five samples from one animal were collected into each microtube. The blood

sample was then quickly frozen, and the melting point determined.

39 Mar. Biol. 47
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Results indicate a clear pattern of regulation (Fig. 5). At 50%,, the blood is
isosmotic with sea water. Between 20 and 509%,, the blood concentration
follows closely that of the external medium, just maintaining a hyperosmotic
level. Below 20%, the hyperosmoticity increases progressively, such that the
concentration of the blood never falls below a salinity equivalent to 11°%,
(A °C = 066).
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Fig. 5. The effect of salinity on the osmotic concentration of the blood of Corophium volutator.

It appears that between 20 and 509, the blood concentration of C. volutator
passively drifts with the concentration of the external medium, but just
maintaining a slight hyperosmoticity. Below 20%,, the animal begins actively
to regulate the concentration of the blood, and maintains itself hyperosmotic
to the outside medium; such that at 209%,,, the blood is equivalent to a salinity
of 23%,, at 10%, it is equivalent to 17%,, and at 2%, it is equivalent to 137/;—
a concentration difference of 6509%,. Below 2%, the blood concentration
parallels, but remains consistently above, that of the water, so that at oY, the
concentration of the blood is equivalent to a salinity of 11%,.

A survival salinity tolerance range of 2~50%, has already been demonstrated.
Within these salinities, the tissues actually experience a range of 13-507,,
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which may be delimited as the tissue tolerance range. Hyperosmotic regulation
in C. voluzaror is thus an adaptation to limit the range of salinity to which the
tissues are subjected, permitting the animal to live in a wide range of external
salinities.

DISCUSSION

C. volutator has been found to survive for over 500 h, if supplied with mud,
within the salinity range of 2-509%,. It is of interest to note that the lower
salinity of 29, coincides with the lowest salinity from which it has been
recorded (Hellén, 1919; Gurjanova, 1951). If not supplied with suitable mud
the range of salinities that it survived was reduced to 7-5-47-5%,.

Moulting occurred most frequently within the range of salinity §-20%.
Growth occurred at a maximum rate at 15:49,, and at a slightly slower rate
at 4°4%,. It can be seen that although C. volutator can survive salinities within
the range 2-50%,, frequent moulting occurred within a smaller range, and
optimum growth was only achieved within an even smaller range. Kinne
(1960), in a similar study of Cyprinodon macularius, found that the salinity
range for optimal growth and reproduction was smaller than the range of
salinities in which it could survive.

Studies of the osmotic concentration of the blood of C. wolutaror have
shown it to be a hyperosmotic regulator, like many other brackish water
crustaceans (Lockwood, 1962 ; Kinne, 19645). The blood concentration of an
individual C. volutator which had moulted 3 h previously was determined,
and found to be A 0:86 °C (14'59%,), in sea water of A 063 °C (10-7%,). This
is considerably lower than the mean (A 1-05 °C) for the blood concentration
of animals at this salinity, and may indicate that the osmotic concentration of
the blood fell during moulting, exposing the tissues to lower salinities than
normal. This loss of osmoregulatory powers, indicated during moulting, may
be the explanation for the observed difference between the range of salinities
survived and the range of salinities in which moulting occurred; because
moulting at low salinities would cause the concentration of the internal
medium to fall below the tissue tolerance range, which is 13-50%,. Hart (1930)
noted that mortality in C. volutator at low salinities generally occurred during
moulting; and in the course of these experiments animals in low salinities
undergoing a moult were observed to die.

Below 20%,, and especially below 10%,, C. volutator is living under condi-
tions of potential osmotic imbalance which entails maintaining a difference
in concentration between the internal and external medium of up to 650 %,.
This difference between internal and external medium would appear to be
too great below 29, causing rapid mortality.

The difference between the survival time of animals, especially at low
salinities, with and without mud, has already been noted. It may be suggested
that when the animal is under the osmotic stress of hyperosmotic regulation,

39-2
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the detritus in the mud is necessary as a source of energy for osmoregulation,
or as a direct supply of ions taken up via the gut. Potts (1954) has shown how
small is the amount of energy needed for hyperosmotic regulation; and this
finding suggests that the idea that detritus is necessary to C. volutator as a
source of energy for osmoregulation is unlikely. Shaw (1955) has found that
Stalis lutaria larvae can take up ions from food in its gut, and has no mechan-
ism for the active uptake of ions from dilute media, which supports the hypo-
thesis that detritus may be necessary to C. volutator because of the ions that
it contains. The absorption of ions from food, for body-fluid regulation in
marine invertebrates, has also been suggested by Robertson (1939). Fox (1952),
whilst studying rectal pumping in C. volutator, suggested that in animals, such
as C. volutator, with a relatively impermeable exoskeleton, salt entry must take
place, at least partly, through the gut wall. This problem of whether C. volu-
rator needs detrital food for energy for osmoregulation, or for the ions that
are contained in it, is currently under investigation.

Corophium volutator is thus able to achieve success in an environment with
wide fluctuations in salinity, due to its ability to survive low salinities, by
preventing excessive changes in the blood concentration and the internal
medium, by the process of hyperosmotic regulation.

I wish to thank Prof. F. G. T. Holliday for his advice and encouragement. The work
was carried out during the tenure of a Kilgour Senior Scholarship.
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SOME EFFECTS OF SALINITY ON THE
DISTRIBUTION AND ABUNDANCE OF
COROPHIUM VOLUTATOR IN THE
YTHAN ESTUARY

By DoNALD S. McLusky
Natural History Department, Marischal College, Aberdeen!

(Text-figs. 1-3)

A study of the effects of salinity on the distribution and abundance of the
amphipod Corophium wvolutator (Pallas) on the estuary of the River Ythan,
Aberdeenshire, indicates that 2 %, is a critical minimum salinity controlling its
distribution. In areas with salinities between 2 and 5 %, C. volutator was present,
but in reduced numbers. Breeding occurred only in salinities greater than 7-5 %,.
In areas with salinity greater than 5%, the distribution and abundance of C.
volutator were controlled by the nature of the substrate; however, in areas with
suitable substrates, but where the salinity was below § %,, the effects of salinity
override the effects of the substrate. The annual life-cycle is discussed. The
results of this study are compared with those of a recent experimental study.

INTRODUCTION

The amphipod Corophium volutator (Pallas) is a frequent inhabitant of
mudflats in North European estuaries, where it lives in U-shaped burrows,
which penetrate up to 6 cm into the mud. In the extreme salinity conditions
of estuaries, C. volutator is frequently found in conditions from marine to
almost fresh water. As a component in the food web of an estuary, C. volurator
is an important link, feeding on mud and organic detritus, and in turn forming
a major constituent in the diet of, for example, flounders, Platichthys flesus
(L.), and wading birds (Dunnet 1965).

Segerstrile (1959) has summarized the data available on the occurrence and
distribution of C. wolutator, and McLusky (1967) has reviewed the more
recent literature as part of a study of the effect of salinity on survival, moult-
ing and growth of C. wolurator. The latter found experimentally that C.
volutator, if fed, can survive a salinity range of 2-50%,, and undergoes most
frequent moulting and attains a maximal growth rate in salinities §-309%,.

Ingle (1963) and Hamond (1967) have pointed to certain confusion in
specific records of the family Corophiidae, especially in the South of England.
However, in this study only one species, C. volutator, is involved.

The distribution of an estuarine mud-dwelling animal, such as C. volutator,
may be subject to control by many environmental factors. Two principal

! Present address: Department of Biology, The University, Stirling.
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factors are likely to be substrate and salinity. Meadows (1964) has shown
experimentally that C. volutator selects and forms burrows only in suitable
substrates. These substrates may be delimited as mud or muddy sand, with
a plentiful supply of detritus, but without excessive organic matter, and
not severely affected by pollution or adverse currents. This type of substrate
may occur over a wide range of salinities. Kinne (1966) has emphasized the
frequently reported view that salinity is the ‘ecological master factor’ con-
trolling the life of estuarine animals. This study has been made to ascertain
the effect of salinity on the distribution and abundance of C. volutator on the
estuary of the River Ythan, Aberdeenshire, Scotland.

Study area

The River Ythan enters the North Sea 21 km north of Aberdeen, and the
estuary extends inland for 8-4 km (Fig. 1). The catchment area of the river
covers 6go km? of Aberdeenshire. During the course of its 8-4 km, the

R. Don

Aberdeen

R 0%

Fig. 1. Map showing, on the left, the location of the estuary of the River Ythan, with inset on
the right showing the position of the four study areas.

estuary contains a wide variety of substrates, ranging from clean sand at the sea-
ward end to sulphurous mud amidst reeds at its inland end (Dunnet, 1965).

In a preliminary study, samples of substrate were collected along the length
of the estuary, and sieved to ascertain the presence and abundance of C.
volutator. It was confirmed that in the lower and middle parts of the estuary
C. volutator was abundant in mud or muddy sand, but absent from clean sand
lacking any detrital food and in conditions of heavy pollution or in mud
severely blackened by organic detritus. After this preliminary study, four
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areas in the upper half of the estuary were chosen for intensive study (Fig. 1).
These areas were selected as having, as far as possible, uniform substrate
conditions and representing a potentially wide range of salinity. Thus by
ensuring uniform substrate conditions the effect of salinity could be analysed
more easily.

METHODS

At each of the four study areas samples were collected at monthly intervals
from October 1966 to November 1967. Samples were collected at the same
state of the tide at 29~ to 30-day intervals.

Each area was divided into a grid 50 m square; paired random numbers
were chosen (Fisher & Yates, 1963), then from the fixed starting point the
collector moved the given number in 4 m across the mudflat, parallel ro the
river, and then moved the next given number in 4 m towards the river. At
this random point, a § x § x 6 cm high corer was pushed flush into the mud
and the core of mud was collected into a polythene bag. This random sampling
procedure was then repeated, and the next core put into the same bag. A
sample therefore contained two randomly selected cores from the area. At
each of the study areas A-C (Fig. 1), five samples were collected each month,
and at the smaller area D two samples were collected. The temperature of the
mud at a depth of 2 cm was also noted.

The samples were brought back to the laboratory and filtered in a conical
funnel to extract the interstitial water from the mud. Each mud sample was
then wet-sieved in a series of Endecott sieves. After a number of trials, it was
found that the best combination was a 2000 / sieve, to break up the lumps of
mud and trap any pebbles, and a 335 4 sieve which retained all sizes of C.
volutator. Any C. volutator adhering to the 2000 s sieve were removed and
added to the 335 x fraction, which was retained for subsequent examination.

The salinity of the interstitial water was determined by titration with silver
nitrate. The interstitial water of the mud was sampled, rather than the
estuarine water, as the interstitial water represents the immediate environ-
ment of C. volutator. The interstitial salinity shows little fluctuation from hour
to hour, unlike the river water (Reid, 1930; Capstick, 1957). The interstitial
salinity is controlled by the salinity of the high-tide water overlying the mud,
but interchange of water is slow; therefore only persistent changes in the
salinity conditions of the estuarine water will be reflected in the interstitial
salinity.

The 335 4« sieve fraction was carefully examined to remove any individuals
of C. volurator present. These were counted, measured from the tip of the
rostrum to the end of the telson, and assigned to size categories (i.e. 1-0-
1'9 mm, 2:0-2-9 mm, 3-0-3-9 mm, etc.). The percentage size composition and
arithmetic mean size were calculated.

Rainfall data were obtained from Culterty Field Station, Newburgh.



446 DONALD S. McLUSKY

RESULTS

The results are presented in Figs. 2 (a-¢) and 3. At the start of the study
(Oct. 1966) the population of C. volutaror had just completed its reproductive
season. Throughout the winter (Oct.-Mar.) the mean size of animals at areas
A-C fluctuated between 3-0 and 3-6 mm (Fig. 2¢), whilst the salinity and tem-
perature conditions remained fairly constant (Figs. 2a, ¢). The temperature
at all areas was between 2° and 7 C. At areas A and B the salinity averaged
107, and 6, respectively. At area C the salinity averaged 2:5%,, and the
number of animals was extremely low. At area D, with salinities of below 1%,
no animals were present. From December onwards slow growth was observed,
as the mean size of animals at area A increased from 3-17 mm in December
to 3-62 mm in March (Fig. 2¢).

In May, with warmer conditions (above 7 “C), the mean size increased to
561 mm. The salinity fell sharply at all areas during this month, but this
lowering was only temporary, following very heavy rainfall 4 days prior to
sampling, and after this period the salinity rapidly returned to its former level.
During May, females bearing eggs (‘berricd’) were first noted, especially in
area A. In June the number of animals in area A increased dramatically
(Fig. 2d) and the mean size fell, following the hatching ofa large number of
young animals, measuring 1-0-1-9 mm (ng 3). This increase in numbers at
area A persisted into July, when a large increase in numbers due to young
individuals occurred in area B (Figs. 24, 3). Meanwhile salinity had increased
to 1657, at area A, 13-67, at area B, and 8-5%, at area C. With this
persistent increase in salinity above 57, in arca C, the number of animals
present also increased, partly because of hatching. At area D the salinity
rose to 3-7%,, and animals were recorded there in small numbers for the
first time.

In August the populations at arcas A and B were at a peak of abundance,
having increased to a level of 6~10times the overwintering population. Animals
in area C, at 135, were breeding in small numbers. Animals persisted in
area D at 6:4Y,,. In September the numbers of animals in areas A and B
decreased, and their mean size was 3:45 mm. This decrease in numbers con--
tinued into October as, with all stock from the previous winter having died
off, the new stock settled down to its winter level of abundance. In area C
numbers continued to climb until September, following the later breeding
season. In area D animals were present in September at 8:57,,, and fewer
were present in October at 4-1Y,,. Heavy rainfall during October caused the
salinity to fall to 1-17/, ar area D in November. With this lowering of salinity,
animals were no longer found in this area. The number of animals at areas
A-C fell, whilst the salinity fell to 7-5-2-2%,. As growth occurred in the
animals born in the summer, the mean size increased from 2-90 mm (August)
to 3:90 mm (November) (Fig. 2¢).
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The decrease of salinity in the autumn and in May was largely caused by
changes in rainfall (Fig. 24) affecting the downflow of river water and con-
sequently modifying the inflow of salt water into the estuary. The summer
increase in salinity was due partly to decreased rainfall and to increased
temperature (Fig. 2¢), causing increased evaporation.

From these results it can be seen that one single breeding season occurred
per year in this population of C. volutator, extending from May to August.
Animals born in the summer of one year grew to a maximum size, bred when
over 5§ mm, and subsequently died in the summer of the next year. The onset
of the reproductive season was correlated with increased temperature and
salinity conditions. Segerstrile (1940) reported that 7 °C was the minimum
temperature for reproduction in C. volutator, and the same temperature limit
has been noted in this study. The breeding season finished whilst salinity and
temperature conditions were still high, but these became reduced within a
few weeks of the termination of breeding. Segerstrile (1940) found a similar
annual cycle in a Baltic population of C. wolutator, the only major difference
being that in the Baltic the animals overwintered at 7-5-8-0 mm. long, whilst
in the Ythan they overwintered at 3:0-4-0 mm long and then grew to 7-5-
8-:0 mm in May prior to undergoing reproduction. It may be suggested that
the animals grew in the autumn as long as conditions were favourable, then
overwintered, and began growth again in the spring as conditions amelio-
rated. On the River Dovey, Watkin (1941) noted two generations per year,
but in this study only one is indicated.

Comparing the four study areas, it can be seen that although they all
experienced the same temperature conditions, breeding began first at area A,
followed by areas B and G, in that order. It appears that breeding occurred
only as the salinity increased above 7'5%,. The sequence of breeding reflected
the successive increase of salinity up to and above this level. In June 739,
of the animals in area A at 11-7%, measured less than 2-9 mm, whilst 3459,
of the animals in area B at 10-5Y%, were this size, having recently hatched. In
area C newly hatched animals were first found in July, at 8-5%, (Figs. 24, 3).

In area C the numbers of C. volutator remained extremely low all winter
(December-June), with the interstitial salinity at 2-5%,. The numbers in-
creased as the salinity increased above §9%,, and maintained the increase as
long as salinities greater than §9%, were recorded. This increase was partly
due to breeding, but also due to the immigration of individuals into the area
as soon as conditions were favourable. The number of individuals larger than
smm in June, at 3:4%,, was 120/m?; however, in August, at 13:57,,, the
number had increased to 1120/m? This increase is due entirely to immigra-
tion. The number of individuals smaller than § mm increased in the same
period from o to 2640/m2, which it may be suggested is due to a combination

of reproduction and immigration. .
At area D there were no animals present during the winter and spring, when
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Fig. 2. (a) The interstitial salinity of the mud at each study area. O, Area A; @, area B;
A, area C; A, area D. (b) Total rainfall recorded at Culterty Field Station, Newburgh, 30 days
(m) and 10 days ((0) prior to each monthly sample. (¢) Mean temperature of the mud, at a
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salinities were 0'5-1-09%,; however, in July, as the salinity increased above
2%,s C. volutator appeared in the area. From August to October, at salinities
4:1-8:5%,, C. volutator persisted in this area. In November the salinity in area
D fell to 1:1%,, and C. volutator was no longer found in this area.
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Thus it can be seen that salinity appears to be critical in the control of the
distribution and abundance of C. wolutator. In an area with an interstitial
salinity below 29, the species was absent. However, when the salinity of this
area increased above 2%, animals were found. In salinities 2-5 %, the numbers
of animals present were always small; and the numbers only increased in
salinities above §9%,. It may be suggested that C. volutator is ready to
migrate into an area whenever conditions become favourable. Breeding
appeared to be correlated with temperatures greater than 7 °C and with
interstitial salinity conditions above 7:5%,.

Substrate analysis

It has already been mentioned that the two principal environmental factors
which may affect C. voluzator are substrare and salinity. In the choice of study
areas an attempt was made to eliminate the variability of the substrate, to
assist in the study of the effect of salinity. An analysis was made of the nature
of the substrate at each area in order to check on any variability which may
have affected the distribution and abundance of C. voluzator. Methods
similar to those recommended by Morgans (1956) were adopted, and the
mean results are given in Table 1.

TABLE 1. RESULTS OF SUBSTRATE ANALYSIS AT THE
FOUR STUDY AREAS

Mean Organic
Depth of Water particle Skq ¢ (see matter
aeration composition diameter Morgans, by ignition

Area (cm) (%) (m 1956) (%)
A 6°12 2730 225 + 0250 2:46
B 1'37 29-65 235 —0°I31 275
C 050 2638 30§ +0°081 208
D 03§ 4943 220 —0256 6:62

These results, which represent the means of random samples taken at each
area, did not vary, except by very small amounts, throughout the year.
Although the study areas were chosen for uniformity of substrate, some slight
differences did occur. The depth of aeration showed a gradation A > B> C
and D. The similarity in depths of aeration at areas C and D and the dis-
similarity in records of C. wolutator rule out this factor as being critical.
Muds at areas A—-C had 26-29 9, water content, whilst the mud at area D
had 499, water content. The similarity of mud at areas A-C discounts this
factor as a limiting factor controlling abundance, but the high value for area
D may have partially accounted for the few animals ever recorded there. The
differences between the mean particle diameters at the areas show no impor-
tant difference. The Skq ¢, which is a measure of the sorting of the particles
of the substratum, indicates that in areas A and C, with positive results,

particles larger than the median are better sorted than the smaller particles.

29 Mar. Biol. 48
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In areas B and D, with negative results, the smaller particles are better sorted
than the larger ones. However, all the Skq ¢ results are extremely near zero,
and the differences between the areas are very slight.

Thus it may be concluded that the textures of the substrates at the study
areas are extremely similar, confirming the original choice of the study areas
for their uniformity. The demonstrated uniformity, moreover, suggests that
adverse currents, which usually affect the nature of the substrate, are not
important in this study. The percentage organic matter showed no difference
between areas A—C, averaging 2:43 %,. Area D was richer in organic matter
(6-62%) than the other areas; however, Hart (1930) found C. wolutator
abundant in muds with 6-7 9%, organic matter. This finding suggests that the
amount of organic matter is not limiting in this study.

DISCUSSION

Various factors are liable to affect the distribution and abundance of a mud-
dwelling estuarine animal such as C. wvolutator. Some of these are tides,
temperature, substrate, currents, rainfall, salinity, oxygen concentration and
predation. _

No study of the effect of oxygen concentration has been undertaken during
this study. Remane & Schlieper (1958) report that C. volutator is particularly
resistant to low oxygen concentrations. The effect of tidal pressures has
already been studied by Morgan (1965), who has shown that C. voluzaror
maintains a 12-4 h activity in the laboratory rhythm. A swimming response is
entrained by a decrease in pressure as the tide ebbs. This swimming behaviour
may be of importance when considering the possibility of migration by C.
volutator.

The decrease in the number of animals (Fig. 2d) observed in area A between
December and May and the decrease again from September to November
may be due to either predation, natural mortality, or emigration. Especially
between December and May, no great change in the environmental factors
occurred, whilst the population of C. volutator was more than halved. Goss-
Custard! noted that Redshank (Tringa totanus L.) ate 38 %, of C. volutator
which were larger than 4 mm—a feature which would account for the spring
decrease in numbers, due to predation.

The onset of breeding has been shown to be coincident with an increase in
temperature above 7 °C. In general, the temperature on a given day was
uniform throughout the estuary; therefore, it is unlikely that temperature
can cause the observed differences in the distribution of C. volutator between
the study areas. Goss-Custard! has shown that temperature may affect
the burrowing behaviour of C. volutaror, which burrows deeper into the mud
when the temperature is below 4 °C. The results of the substrate analysis

1 Ph.D. Thesis, University of Aberdeen, 1966,
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show that area D was slightly less suitable for C. volutator, but showed no
factor which could adequately account for the variation in observed numbers
between areas A~C. Also, the nature of the substrate at each area remained
constant throughout the period of study, whereas the distribution and
abundance of C. volutator varied considerably. In area D, animals were absent
when the salinity was below 19, yet as soon as the salinity increased to above
2", animals were found there, albeitin small numbers. Similarly, the numbers
at area C remained extremely low all winter, with salinities of 2-5",,, but when
the salinity increased to above §%,, the numbers of C. volurator increased, and
when the salinity rose above 7-5%, breeding was recorded in this area.

Thus the abundance and distribution of C. volutator at areas C and D were
directly related to the prevailing salinity. The difference in abundance
between areas A and B may be due to other factors, for example the difference
in the depth of aeration.

Rainfall (Fig. 2b6)—especially that of the 10 days prior to sampling, rather
than of the whole month prior to sampling—together with the tides is the
chief factor affecting salinity. The salinity at any one point on the estuary
represents a product of the interaction of the downflow of river water and
inflow of salt water. The downflow of river water is directly related to the
rainfall on the catchment area of the river. The drastic lowering of salinity
in May and the autumnal decline in salinity were both due to periods of
rainfall.

In this study the effect of maximum salinity was not studied. It has already
been shown (McLusky, 1967) that C. volutator can tolerate salinities up to
50%,, and on the Ythan estuary the maximum salinity that has been recorded
is 36%,. The downstream limit of C. volutator on the Ythan estuary is
delimited by the presence of clean sand at the mouth of the estuary.

The appearance of C. volutator at area D and its increase in number at
area C, as salinity increased, suggest that it must undergo migration within
the estuary. Morgan (1965) showed that C. volutator swim in the ebb tide,
an action which will tend to carry them down-river; however, he also showed
that a few animals swim in the flow tide, which would tend to carry them
up-river, where they could colonize new substrates.

In an experimental study (McLusky, 1967) 2%, was found to be the
minimum salinity for the survival of fed individuals for more than 500 h.
The same salinity, 2%, has been shown to be critical for the distribution of
C. volutator on the Ythan estuary. C. volutator can tolerate brief periods of
salinity below this level, as seen on the estuary in May. It was also found
experimentally that for moulting, growth and the survival of unfed animals,
salinities above §%, were necessary. This finding correlates with the few
animals at area C during the winter, and at area D in the summer, when the
salinity was 2-59%,.

It has thus been found that within the central part of the estuary the nature

EAL IR
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of the substrate is the principal factor controlling the distribution and
abundance of C. volutator. Within an area of suitable substrate, C. volutator
became abundant when the salinity rose above 5%, and bred when the
salinity was greater than 7-5"%,. Below 5%, it was reduced in abundance and
was not found at all below 2",,. Thus the effects of salinity can override sub-
strate selection in the upper part of an estuary, and salinity becomes the
‘ecological master factor’ controlling the animal’s distribution and abundance.

I wish to thank Professor F. G. T. Holliday for his advice and encouragement, also
Mr A. Anderson for supplying rainfall data. This work was carried out during the
tenure of a Kilgour Senior Scholarship.
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ASPECTS OF OSMOTIC AND IONIC REGULA-
TION IN COROPHIUM VOLUTATOR (PALLAS)

By DonaLp S. McLusky

Department of Biology, The University, Stirling, Scotland
(Text-figs. 1-7)

Experiments have been made to elucidate the problem of hyperosmotic regula-
tion in the mud-dwelling euryhaline amphipod, Corophium wvolutator. The
animal produced urine hypo-osmotic to the blood when acclimatized to low
salinities, and isosmotic urine at salinities above 20 ;. The restricted permeable
areas of the cuticle have been localized by silver staining. Over a range of salinities
from 1 to 35%, C. volutator was found to maintain Na‘, K+, Ca**, Cl-, more
concentrated than the medium, and Mg?' less concentrated. The importance of
these mechanisms in assisting hyperosmotic regulation is discussed.

INTRODUCTION

The mud-dwelling amphipod, Corophium volurator (Pallas), is essentially a
brackish-water species, being found most commonly in estuaries, where its
range extends from marine to almost freshwater conditions. Segerstrile (1959)
and Ingle (1963) have summarized the data available on its life-cycle and
distribution. C. volutator occurs abundantly on the Ythan estuary, Aberdeen-
shire, where a study has been made of its distribution (McLusky, 1968).
Animals were found in salinities 2-36%,, but were reduced in abundance
below 59%,, and breeding was noted only in salinities greater than 7:5%,. A
complementary experimental study (McLusky, 1967) showed that C. volutator
survived the salinity range 2-50%,, but moulted, and attained maximal
growth in §-30%,. It was also found that C. volutator was a hyperosmotic
regulator, which in low salinities maintained its blood concentration hyper-
osmotic to the medium, and in salinities above 20%, tended towards isosmo-
ticity. The tissue tolerance range was delimited as 13-507,.

Further experiments have been made to elucidate the mechanism of
hyperosmotic regulation in C. volutator, in particular, studies of urine con-
centration, permeability of the body surface, and ionic regulation.

MATERIALS AND METHODS

Animals were collected from the River Ythan, and maintained in tanks at
15%, and at 10 °C, supplied with mud from their natural habitat. Prior to

sampling, the animals were maintained in various dilutions of sea water,

49 Mar. Biol. 48
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supplied with mud, for at least 48 h. The freezing-point of urine and blood
samples was determined using equipment based on that of Ramsay & Brown
(1955). Blood samples were collected as described by McLusky (1967). Other
methods are described in the relevant sections.

URINE CONCENTRATION

Samples of urine were collected by carefully drying off the individual
animal on an absorbent tissue, and then immersing the animal in paraffin, in a
watch-glass. A droplet of urine was observed to form at a small papilla at the
base of the 2nd antenna. This droplet was carefully collected into a fine
silica capillary. The freezing-point of the urine sample, and of a blood sample
collected from the same animal, were determined.
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Fig. 1. Relationship of urine concentration to blood concentration in C. volutator, in different
salinities ; showing the differences between the urine concentration and blood concentration
in individual animals (®), and mean differences (O) (vertical lines indicate standard error).
The difference between blood concentration and the medium is shown by the dotted line.

At 25 and 209, the urine produced was almost isosmotic with th; pl'ood
(Fig. 1), the differences were not significant (P = < 0-4 in both sghmues).
At salinities, 10, 6, 1-8%,, the urine was found to be hypo-osmotic to the
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blood, the differences were all significant (P = < 0-02 in all salinities). The
degree of hypo-osmoticity was greater at 1-8%, than at 6%,, and at 10%,.
Whilst the medium was 1-8%,, the blood concentration was 14§ + 1-6%,, and
the urine concentration was 11+ 1-6%,. Similarly, when the medium was
69%,, the blood concentration was 15+ 1%,, and the urine concentration
was 12 +1°5%,. A calculation of the coefficient of linear correlation indicated
that as the blood concentration decreased, so the urine concentration also
decreased (R = 09190, P = < o-oor1). This calculation also indicated that
at low blood concentrations, a greater difference between the blood and urine
concentrations occurred.

The brackish-water amphipods, Gammarus duebeni Lillejeborg and G.
fasciatus Say, have been found to produce hypo-osmotic urine, the degree of
hypo-osmoticity varying with the species, and the medium to which they
were acclimated (Lockwood, 1961 ; Werntz, 1963). The pattern of regulation
noted in these gammarids is very similar to that noted in C. volutator.

Potts (1954) has suggested that the formation of hypo-osmotic urine will
result in some saving in the energy expended in osmoregulation, but it is
likely that this saving will be very small in relation to the total energy budget.
Lockwood (1961) suggested that the formation of hypo-osmotic urine will
assist in the retention of ions within the body, and place less burden on the
mechanisms responsible for active uptake at the body surface. C. volutator
ranges in size from 1 to 8 mm, and like all small animals has a large surface/
volume ratio—hence any mechanism which helped to retain ions within the
body, and maintain hyperosmotic conditions in the internal environment,
would be of value to the animal. It should be emphasized that some ions are
likely to be lost via the urine, for example when the blood was hyperosmotic
by 9%, to a medium of 69%,, the urine was hypo-osmotic to the blood by 3%,
and hyperosmotic to the medium by 69,. Lockwood (1965) stated that: ‘the
conservation of ions within the body by the production of hypotonic urine is
likely to be found to be a common feature of the smaller brackish water
crustacea’, and the present findings lend support to this hypothesis.

PERMEABILITY

In a small brackish-water crustacean such as C. volutator, any reduction in
the permeability of the surface will assist in the maintenance of hyperosmotic
conditions in the blood. Permeable areas of the cuticle of C. volutator were
localized by means of a silver-staining technique, essentially the same as that
used by Croghan (1958) and Ralph (1967). The living animals were washed in
changes of distilled water to remove any adherent chloride, and then placed
in dilute silver nitrate solution for § min. They were then again carefully
washed in distilled water, and put into photographic developer (Suprol). This

49-2
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reduced any silver that had been taken up to black metallic silver. The prin-
ciple of this technique is that silver ions will diffuse into the permeable areas
of the cuticle and there be reduced by meeting halide ions (e.g. chloride) from
the blood. The precipitate is then developed to metallic silver.

Urinal papilla

Ventral patch

Fig. 2. C. volutator, showing the gills and ventral patches, revealed by silver-staining, lateral
view (above) and ventral view (below).

This technique stained four pairs of gills attached to the bases of pereiopods
1~-4. T-shaped patches were also revealed on the sterna of abdominal segments
27 (Fig. 2). Animals were examined from different locations on the Ythan
estuary, after maintenance in different salinity conditions, and of different
sizes. No consistent differences were found between animals of different sizes
or from different conditions, but it was found that certain individuals lacked
the stained T-patches. Hart (1930) commented on a current of water produced
by the pleopods of C. volutator. It may be noted that the silver-stained areas
were all located on the ventral side of the animal, where this current passes
underneath the animal. It may be suggested that these areas of the cuticle and
the gills are permeable, to allow interchange of water, gases and ions. The
dorsal and lateral surfaces of the animal were never stained by this tech-
nique, which suggests that they are areas of reduced permeability. The
restriction of the permeable areas of the cuticle to certain confined areas on
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the ventral surface is likely to assist in the maintenance of hyperosmotic
internal conditions. The importance of restricted permeability to brackish-
water crustaceans for the maintenance of internal conditions has been em-
phasized by Shaw (1959), Smith (1967), and Rudy (1967).

IONIC REGULATION

A study has been made of the regulation of sodium, potassium, calcium,
magnesium, and chloride ions in animals acclimatized to salinities 1-35Y,.
Robertson (1959), Potts & Parry (1964) and Nicol (1967) have reviewed the
subject of ionic regulation in the crustacea, however most of the data is
available from animals maintained in sea water only. Dehnel & Carefoot
(1965) and Dehnel (1966) have studied ionic regulation in the estuarine
crabs, Hemigrapsus spp., which, like C. volutator, maintain their blood hyper-
osmotic to the medium, and found that sodium, potassium, calcium and
chloride ions in animals in 0-100Y%, sea water, were more concentrated than
the medium, whilst magnesium ion was less concentrated. De Leersnyder
(19674, b) has made a comprehensive study of the hyper/hypo-osmotic
regulator, Eriocheir sinensis M-Ed., with similar results.

Blood samples were collected by a method similar to McLusky (1967),
except that the animal was not under paraffin. Up to 0-25 ;. of blood could
be collected into a silica micropipette from an individual animal. This was
sufficient for the determination of one ion only. The volume of the blood
sample was determined by weighing an equal volume of de-ionized
water.

Cations were analysed using a Unicam SP goo flame spectrophotometer.
For sodium analysis, the machine was used conventionally, with the blood
sample made up to 10 ml. with de-ionized water. For analysis of potassium,
calcium and magnesium, for which the machine was less sensitive, and where
the concentration of ions in the blood was considerably lower, the conventional
atomizer and vaporizer were replaced by a hot chamber vaporizer devised by
Dr C. M. M. Begg of Aberdeen University. This vaporizer consisted of a
hypodermic needle set into a carburettor jet, which fitted into a brass cylinder,
around which was wound a heating element maintained at a constant tem-
perature. In the conventional atomizer and vaporizer, 925 % of the sample
ran away to waste; in the hot chamber vaporizer all of the sample was main-
tained as fine droplets, all of which passed to the burner, thus increasing the
sensitivity of the spectrophotometer by x 12-5. For potassium analysis the
blood sample was made up to 10 ml. with de-ionized water, and for calcium
and magnesium to 1 ml. with de-ionized water.

For chloride ion analysis, the first method of Ramsay, Brown & Croghan
(1955) was used. A Beckman Expandomatic pH meter was used as a millivolt
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meter for the electrometric titration, performed on a plate of PTFE, in a
drop of acetic acid;acetone buffer solution.

In addition to the determination of the ionic content of the blood of
C. volutator determinations were also made of the ionic content of the sea-
water solutions that they had been living in, and of standard solutions.

The results of this analysis are presented in Figs. 3-7 and Table 1. In all
figures the concentration of the ion (in milli-equivalents/litre) is plotted
against the salinity of the medium in which C. volutator had been living.

200 |-

Sodium 1on concentration (m-equiv. |.)
[ 1]

1 1 1 ] 1 1 1 -
0 10 20 30 40

Salinity (%, NaCl)

Fig. 3. The concentration of sodium ions in the blood of C. volutator, maintained in various
salinities. Filled circles indicate the concentration of ions in individual animals, and the open

circles, the mean concentrations. The straight line indicates the concentration of ions in the
medium.

From Fig. 3 it can be seen that the concentration of the sodium ion in the
blood was consistently maintained above that of the sea water, maintaining a
difference of 33 m-equiv./l. at 35%,, and 105 m-equiv./l. at §7%,. The con-
centration of potassium (Fig. 4) was maintained well above that of sea water.
At 30%,, C. volutator blood contained 17-7 m-equiv./l., whilst sea water had
8:6 m-equiv./l., and at §%, the blood contained 10-3 m-equiv./l., whilst sea
water had 14 m-equiv./l. Like sodium and potassium, calcium (Fig. 5) was
maintained consistently more concentrated than sea water—a difference of
26 m-equiv./l. at 30%,, and 3-6 m-equiv./l. at §%,. Magnesium (Fig. 6) was
maintained at a consistently lower concentration in the blood than sea
water; in 30%,, whilst sea water contained 92 m-equiv./l, the blood of
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C. volutator had 61-4 m-equiv. 1., and at §",,, sea water had 15 m-equiv./l.
whilst the blood had 6-0 m-equiv. 1.

The analysis of chloride ions (Fig. 7) showed a similar pattern of regulation
to that of sodium. The blood at 30",, was 28 m-equiv. l. more concentrated

0/

than sea water, and 76 m-equiv. |. more concentrated at 5°%,.
25 F
20} .

15+

Potassium 1on concentration (m-equiv. | )

10+ . M
. [ ] PR L)
. .
. .
S5 .
1 1 1 i | L — |
0 10 20 30

Salinity (%, NaCl)

Fig. 4. The concentration of potassium ions in the blood of (. volutator, maintained in various
salinities. Explanation as Fig. 3.
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Fig. 5. The concentration of calcium ions in the blood of C. volutator, maintained in various
salinities. Explanation as Fig. 3.
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These analyses of blood are collated in Table 1. When the relative ionic
composition of the blood is compared with that of sea water, it may be seen
that sodium ions and calcium ions are slightly more concentrated, potassium
ions markedly more concentrated, and magnesium ions considerably less
concentrated in the blood than in sea water. The ratio of calcium ions only
changed slightly over the range of salinities, however sodium ions and potas-
sium ions were more concentrated at low salinities, and magnesium ions were
less concentrated at low salinities.

100

[e]
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1

S
o
T

N
(=]
T

Magnesium ion concentration (m-equiv.:l.)

1 1 | 1 ] 1 _J
20 30
Salinity (%o NaCl)

o
-
o

Fig. 6. The concentration of magnesium ions in the blood of C. volutaror, maintained in
various salinities. Explanation as Fig. 3.

These results showed a strong increase of potassium ion concentration in
the blood of C. volutator relative to the medium, a slight increase of sodium
ions, calcium ions, and chloride ions, and a strong decrease in magnesium ion
concentration. This pattern of regulation, and the relative ionic content is
similar to that noted for other crustaceans (Robertson, 1959; Nicol, 1967).
The concentration of potassium ions was rather high, which may well be due
to the fact that whole blood was used for the analyses, and breakdown of any
cells contained in it may elevate the potassium ion concentration (Potts &
Parry, 1964).

It has already been noted that C. volutator is a hyperosmotic regulator,
maintaining its blood markedly more concentrated than the medium at low
salinities, and tending towards isosmoticity at high salinities. The same
pattern was noted for sodium, potassium, calcium, and chloride ions, which
were all more hypertonic at low salinities, than at high salinities. Magnesium
ion was always less concentrated in the blood than in sea water. Similar
patterns of hypertonic regulation of sodium, potassium, calcium and chloride
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ions, and hypotonic regulation of magnesium ion have been found in estuarine
Hemigrapsid crabs (Dehnel & Carefoot, 1965; Dehnel, 1966).

When summation is made of the ions found in this analysis (Table 1), and
compared with the osmotic concentration of the blood as determined by
freezing-point studies (McLusky, 1967), a discrepancy is found at § and 10%,,,
and to a lesser extent at 15, whilst at 20-35%,, the sum of the ionic con-
centrations adequately accounts for the observed osmotic concentrations. An
estimate of the sulphate ion concentration has been included in the anion
total, using the value 40 m-equiv. 1. (Nicol, 1967).

600 - .
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Chloride ion concentration (m-equiv./l.)
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Salinity (%, NaCl)

Fig. 7. The concentration of chloride ions in the blood of C. volutator, maintained in various
salinities. Explanation as Fig. 3.

Dehnel (1966) noted a discrepancy between osmotic pressure and sodium
ion concentration of the blood of Hemigrapsus nudus, and suggested that the
protein content of the blood may change with changes of salinity, and
account for the discrepancy noted. Sutcliffe (1961), in the caddis fly larva,
Limnephilus affinis Curtis, which is a hypotonic regulator, found a marked
discrepancy between osmotic pressure and the ionic content of the blood as
determined by conductivity measurements, in animals maintained in certain
salinities only. He suggested that the increase in the concentration of the
non-electrolyte fraction may be brought about by the liberation of osmoti-
cally active substances into the haemolymph, perhaps due to the mobiliza-
tion of amino acids from a protein reservoir. A significant rise in blood
protein in crayfish in 509, sea water, compared to those in fresh water, has
been found by Sharma (1968), who has suggested that this rise may contribute



OSMOTIC AND IONIC REGULATION IN COROPHIUM 779

to a rise in the osmotic pressure of the blood. Gilbert (19594, ) found in
shore crabs of different sizes which were maintained in the same salinity, a
discrepancy between the ionic composition and the total osmotic pressure of
the blood. He postulated that this discrepancy was due to non-electrolytes,
and subsequently found (Gilbert, 1959¢) that the concentration of non-
protein nitrogen in the blood was inversely proportional to the concentration
of ions. As one fraction increased in concentration, so the other decreased, in
such a manner that the total osmotic pressure remained constant. Drilhon-
Courtois (1934) also found in individual crabs that blood protein increased as
the ionic concentration decreased. Horn & Kerr (1963) have analysed the
haemolymph protein concentration of adult blue crabs, and summarized the
data available from other Decapoda.

From the published record it is reasonable to postulate that the dis-
crepancy noted in C. volutator between the total ionic composition and the
osmotic pressure of the blood, of animals maintained in salinities below
15%,, is due to non-electrolytes. A thin-layer chromatogram performed on the
combined blood of ten individual C. volutator, has shown that amino acids
are present in the blood, however quantitative results are not yet available,
due to the extremely small volume of blood in an individual animal.

DISCUSSION

These three approaches to the problem of the maintenance of hyperosmotic
conditions in the blood of C. wolutator have indicated that in salinities of
20%, and upwards, as the osmotic pressure of the blood tended towards isosmo-
ticity with the medium, C. volutator produced urine isosmotic to the blood,
and the osmotic pressure of the blood was adequately accounted for by the
concentrations of inorganic ions found. In salinities below 209,,, as the blood
became hyperosmotic to the medium, so urine hypo-osmotic to the blood was
produced, and the urine appeared to be produced in larger volumes than at
higher salinities. In lower salinities, the concentration of ions increased, and
accounted for the majority of the hyperosmoticity of the blood, but a dis-
crepancy was noted, especially below 10%,, which it may be postulated was
due to amino acids or other non-electrolytes. Sutcliffe’s (1961) suggestion that
an increase in the non-electrolyte fraction could be due to the mobilization
of amino acids from a protein reservoir is of particular interest in this respect,
as are the findings of Sharma (1968) that a significant rise in blood protein
and a shift towards ureotelism occurred in crayfish under osmotic stress.

The permeable areas of the cuticle were found to be confined to certain
ventral patches and the gills. This restriction of the permeable areas of the
cuticle may assist in the maintenance of internal hyperosmotic conditions.
The generalization of Smith (1967), based on that of Lockwood (1965), that:
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‘the conservation of ions within the body by the production of hypotonic
urine is likely to be found in those brackish and freshwater crustaceans which
combine a high rate of water turnover with a significant reduction in the
salt-permeability of the body surface’, has found support in this study.

It has already been suggested (McLusky, 1967) that hyperosmotic regula-
tion aliowed an animal to live in a wide range of external salinity conditions,
and permitted it to fully exploit the nutritionally rich estuarine habitat. To
assist in maintaining hyperosmotic conditions, C. volutator has only limited
areas of surface permeability, and in low salinities it produces urine hypo-
osmotic to the blood. The formation of hypo-osmotic urine will in part
relieve the mechanism for the uptake of ions, whether it be at the body surface,
or via the intestine. The ions taken up have been shown to be regulated in
a manner comparable with other brackish-water crustaceans.

This study was begun at the University of Aberdeen, and completed at the Univer-
sity of Stirling. I should like to thank Professor F. G. T. Holliday, Dr C. M. M. Begg
and Dr R. Ralph for their advice and criticism. The work was carried out during the
tenure of a Kilgour Senior Scholarship.
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Abstract—1. The oxygen consumption of Corophium wvolutator, a mud-dwel-
ling euryhaline amphipod, has been measured using microvolumetric respiro-

meters.
2. Comparison was made of animals of the same size, at the same level of

activity, at 10°C, acclimatized to salinities 1, 10, 20 and 309,.
3. No significant differences were found in oxygen consumption, between

animals in different salinities.
4. In all salinities a logarithmic relationship was noted between oxygen

consumption and dry weight,.

5. These findings, in conjunction with previous findings, are discussed in
relation to the energy requirements of osmoregulation, with particular regard
to the conservation of energy by the production of hypo-osmotic urine, the
suggested uptake of ions from food, and the possibility of a shift in the energy
requirements of diffcrent metabolic processes under osmotic stress, perhaps
from growth into osmoregulation.

INTRODUCTION

Previous studies of the effects of salinity on the mud-dwelling euryhaline amphi-
pod, Corophium volutator (Pallas), have shown that, if fed, it survived salinities in
the range 2-50%, and underwent frequent moulting and attained maximal growth
in salinities 5-30%,. It has also been found that the blood concentration was almost
isosmotic to the medium in salinities above 20%, and maintained increasingly
hyperosmotic to the medium below 20%, (McLusky, 1967). On the Ythan estuary
(Aberdeenshire) it has been found that the critical minimum salinity limiting its
distribution was 2%,( McLusky, 1968a). A study of ionic regulation has shown that
regulation of inorganic ions largely accounted for hyperosmotic regulation of the
blood, the retention of ions being assisted by a reduction in the permeable areas of
the cuticle. It was also noted that C. volutator produced urine hypo-osmotic to the
blood when acclimatized to media below 209, (McLusky, 1968b). The retention
of inorganic ions in the blood must be assisted by the production of urine hypo-
osmotic to it, however the urine concentration was also markedly hyperosmotic to
the medium. It may therefore be suggested that C. volutator must take up ions
from the environment. During survival experiments, it was noted that animals
supplied with mud (their normal food) survived the salinity range 2-50%,, but
those without any substrate at all or with sterile sand substituted for the mud
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survived the salinity range 7-5-47-5",, (McLusky, 1967). It may be postulated that
food is necessary in C. volutator for maintaining hyperosmotic conditions in the
blood, either as a direct source of ions via the gut or as an energy source for the
active uptake of ions at the body surface. If food is necessary as an energy source,
it is likely that the uptake of ions for osmoregulation will he reflected in an increase
in the metabolism of €. volutator under osmotic stress, and that this increase In
metabolism will be expressed bv a change in oxygen consumption in relation to
salinity, provided that there is no shift in the oxvgen requirements between different
metabolic processes of the animal. For example, 1t might be that under osmotic
stress, energy could be diverted from gonad maturation into osmoregulation.

The extensive literature on the effects of salinity on respiration presents a
conflicting picture. Many authors (Schwabe, 1933, for Carcinus: Peters, 1935;
Flemister & Flemister, 1951; [Lofts, 1956, Rao, 1958; Dehnel, 1960; Lance, 1965;
Ramamurthi, 1967) have found that oxygen consumption was increased under
conditions of osmotic stress.  Madanmohanrao & Pampapathirao (1962) noted
lowest oxygen consumption in medium of adaptation, in spite of osmotic stress.
Krogh (1939) and Potts & Parry (1964) have postulated that any change that would
occur due to osmotic stress would be small, and many authors (Schwabe, 1933, for
Eriocherr; Gilchnist, 1956; Suomalainen, 1956; Frankenberg & Burbanck, 1963;
Holliday et al., 1964; Eltringham, 1965; McFarland & Pickens, 1965; Palmer,
1968) have found no significant changes in respiration rate which may be correlated
with salinity. Gross (1957) and Duncan & Klekowski (1967) have pointed to the
effects of salinity on the locomotory activity of an animal and suggest that certain
observed changes in respiration rate in relation to salinity arc due to changes in
activity. "The importance of activity in relation to oxygen consumption has been
emphasized by McFarland & Pickens (1965), Newell & Northeroft (1967) and Hal-
crow & Boyd (1967).

In the present study an attempt has been made to induce a continual locomotory
activity, and to measure the oxygen consumption of antmals at a constant level of
activity, acclimatized to different salinities. Anaesthetics were not used, since these
may induce sub-basal oxygen consumption levels, or may sclectively depress only
certain metabolic processes of the animal.

MATERIALS AND METHODS

Animals were collected from the Ythan estuary, Aberdeenshire, and transported to
stock tanks, supplied with mud and water (15-20"_) from their natural habitat, and main-
tained at 10°C. The animals were kept in the tanks for at least a fortmight, to extinguish
any tidal rhythm (Morgan, 1965) which may have affected oxygen consumption (Wieser,
1962). They were maintained prior to OXyRen consumption measurements in experimental
salinities (1, 10, 20, 307,; at 10°C), supplicd with mud for 10 days.

Oxygen consumption was measured using microvolumetric respirometers (supplied by
Mark Co.), to the design of Scholander & Iversen (1958), following the technique of Schol-
ander et al. (1952). Swundard reaction vials were used, and '), was ubsorbed with 209,
KOH on Whatman No. 40 filter paper. All measurements were made with the respiro-
meters immersed in a constant-temperature water-bath at 10 + 0-:02°C. ‘I'wo thermo-
barometric blanks, with 1 ml of medium in each, were maintained. The animals in the
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respirometers were in 1 ml of medium. The respirometers were shaken concentrically at
a rate of 30 shakes/min, to maintain equilibrium of the liquid and gas phases (Scholander
et al., 1952; Scholander & Iversen, 1958), and to induce a continual swimming activity in
C. volutator. **Resting” or “‘routine” (Fry, 1957) metabolism was measured by leaving the
respirometers still, except for periods of equilibration.

Animals were dried at 105°C for 24 hr, allowed to cool and weighed. Results are
expressed at S.'T.P. in units of ul O,/mg dry wt. per hr.

RESULTS

It was found in all salinities (1, 10, 20, 30%,) that the oxygen consumption of
active animals was logarithmically related to the weight of the animal (Figs. 1, 2,
3, 4). 'The statistical treatment of the data, the equations of the regression lines
and the correlation coefficients are presented in Table 1.

10-0

pl 0;/mg dry wt. per he

Dry weight, mg

Fi1c. 1. The oxygen consumption in relation to dry wt. of C. volutator at
10°C and 19%,.

This exponential relationship was first demonstrated by Zeuthen (1947) and
has since been frequently confirmed (Nicol, 1967; McFarland & Pickens, 1965;
Newell & Northcroft, 1967). '

When the oxygen consumption of all the active animals was compared with the
salinity of the medium (Fig. 5), it was found that the oxygen consumption of
animals at 209, was significantly different (at the 98 per cent level) from that of
animals at 1, 10 or 309%,. However oxygen consumption per unit of weight is not a



ul O./mq dry wt per hr

i
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F1c. 2. The oxygen consumption in relation to dry wt. of O, volutator at
10°C and 107 .

LI dry w* per e

Pes

Dry weight, mq
Fic. 3. The oxygen consumption in relation to dry wt. of C. volutator at
10°C and 20",,.
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/mg dry wt. per hr

ul 0.

Dry weight, mg

F1G. 4. The oxygen consumption in relation to dry wt. of C. volutator at
10°C and 309%,.

TABLE 1—OXYGEN CONSUMPTION OF C. volutator IN RELATION TO WEIGHT AND SALINITY

Correlation

NaCl %, y=a+bx n coefficient
1 y = 1933-0-818x 22 —0-581
10 y = 1981-0-758x 40 —-0-603
20 y = 1-989-0-961x 32 -0-532
30 y = 1.976-0-782x 37 -0-723

valid basis for comparison (Gilchrist, 1956), and if comparison is made of animals
of similar dry weights, these differences largely disappeared. With animals all
weighing less than 0-50 mg (Fig. 6), no significant differences between animals in
different media were found. With animals 0-55-0-95 mg (Fig. 7) the only signifi-
cant difference (at the 98 per cent level) noted was between animals at 10 and 209%,;
there were no significant differences between animals at 1 and 10, 1 and 20 or 20
and 30%,. With animals greater than 1-0 mg (Fig. 8) no significant differences were
found. Despite the result of animals 0-55-0-95 mg at 10%, compared to 20%,, it
is seen that in general there were no significant differences between animals
acclimatized to different salinities.
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F1:. 5. The oxygen consumption of active C. volutator in relation to salinity.
Square indicates mean; vertical lines indicate standard error,
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F16. 6. The oxygen consumption of active C. volutator less than 0-50 my dry wt.,
in relation to salinity. Square indicates mean; vertical lines indicate standard error.
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Fic. 7. The oxygen consumption of active C. volutator 0-55-0-95 mg dry wt., in
relation to salinity. Square indicates mean; vertical lines indicate standard error.
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F1c. 8. The oxygen consumption of active C. volutator greater than 1-0 mg dry wt.,
in relation to salinity. Square indicates mean; vertical lines indicate standard error.
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Animals at rest, which were not shaken and so stimulated to constant activity,
displaved only spontaneous activity and showed a lower level of oxygen consump-
tion, in relation to the lower level of activity (Fig. 9). T'he oxygen consumption of

i 0. mq dry mt per hr

Sabnity,  %e Nofl.t

Fic. 9. The oxygen consumption of €. volutator not induced to continual activity
(1.c. at rest) in relation to salimity, Square indicates mean; vertical hines indicate
standard creor,

animals of all sizes at 207 was significantly lower (at the 99 per cent level) than
that of animals at 1 or 10", but not significantly ditferent from those at 30%,.
However, as with the continuously active amimals, this difference was not found
when comparison was made of animals of similar sizes. It was also found with
the spontaneously active animals that there was no hnear or logarithmice relation-
ship between weight and oxygen consumption. It has been noted (Meadows &
Reid, 1966) that larger animals swim more frequently, and it may be suggested that
this increased activity pattern, which was also noted in the experimental animals,
increased the oxygen consumption of the large animals and masked the logarithmic
relationship of Zeuthen (1947), noted in anmimals at a standard activity,
Thamdrup (1935) measured the oxygen consumption of (°. volutator, in sea
water, at 2, 10, 20 and 29 C. At 10 O he noted the value of 600 ml O,'kg wet
wt. per hr. Considering wet weight as five imes dry weight (Butterworth, 1968),
this may be converted to 12 ul O, 'mg dry wt._ per hr, which may be compared with
the results from the present study at 307, of 2:48 1l Oy mg dry wt. per hr “active”
or 1093 ul O,/mg dry wt. per hr “rest”. When these results from €. volutator are
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compared with those from other marine animals, it may be seen that they are
broadly similar:
Clupea harengus (larva) 2-5-2-3 ul O,/mg dry wt. per hr (Holliday et al., 1964);

Limnoria 1-853-1-253 ul O,/mg dry wt. per hr (Eltringham,
1965);
Euphausia pacifica 1-47 ul O,/mg dry wt. per hr (Lasker, 1966).
DISCUSSION

It has been found that when comparison was made of the effects of salinity on
respiration of C. volutator of similar sizes, at the same level of activity, no
significant differences were noted between animals acclimated to different salinities.
Three hypotheses may be made from these findings: either food is necessary as a
direct supply of inorganic ions, or the metabolic cost of osmoregulation is nil, or
a shift of energy requirements occurs from one metabolic process to another.

Nagel (1934) demonstrated active uptake of ions at the body surface by changing
a hyperosmotic animal from a dilute medium to a more concentrated medium,
which was still less concentrated than the original blood concentration, and found
an increase in the osmotic pressure of the blood, suggesting active uptake of ions.
I have repeated this experiment on C. volutator, by changing them from a medium
of 3%, to one of 10%,. These experiments were performed on animals fed and
unfed, prior to and during the experiments. It was found in all animals that the
mean blood concentration increased from 129/ to 169, within 3 hr, and no signifi-
cant differences in the rate of change were found between fed and unfed animals.
This finding leads to the conclusion that active uptake of ions may be accomplished
without food.

There remains, however, the finding (McLusky, 1967) that the range of salini-
ties survived was increased, especially at low salinities, when the animals were
supplied with food. When comparing the results of these experiments, it is
necessary to consider the time scale, the adaptation to a salinity increase was
completed in 3 hr, whereas the survival experiment was made over a period in
excess of 500 hr. It is seen that food is necessary for long-term survival at low
salinities, but that short-term uptake of ions and maintenance of hyperosmotic
conditions may be accomplished without direct feeding, and that the energy
reserves of the animal are adequate to cope with the uptake of inorganic ions.

It has already been noted that the optimal salinity range for maximal growth
was smaller than the range of salinities tolerated (McLusky, 1967). It may be that
in low salinities, under osmotic stress, that the animal is able to survive, and no
changes in oxygen consumption are noted, because a metabolic shift occurs within
the animal, and energy is diverted from growth to assist in osmoregulation. Thus
the energy requirements for osmoregulatory processes would be increased under
osmotic stress, but no overt change in oxygen consumption could be detected.

It has been noted that C. volutator produces urine hypo-osmotic to the blood
under conditions of osmotic stress, and the demonstration of Potts (1954) that
the production of urine hypo-osmotic to the blood, even if more concentrated than
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the medium, can greatly reduce the osmotic work of an animal leads to a partial
explanation for the lack of anv change in oxvgen consumption in ditferent salini-
ties. Food, as a direct supply of ions for long-term survival at low salinities, would
also minimize the metabolic cost of osmoregulation, by minimizing the need for
active uptake of 1ons at the body surface.

Oglesby (1965) suggested that in Nereis limnicola the production of hypo-osmotic
urine and a supply of ions via the food were important factors in osmoregulation, and
a similar suggestion may be made for (. volutator, explaining the lack of any change
in respiration rate in relation to salinity. ‘The lack of any overt change in respiration
rate mayv, however, conceal a =hift of energy requirements within the animal.
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