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Abstract. Westudied the mineral composition of stato-

liths in 154 species belonging to 55 genera of Mysidae.

Fluorite (CaF 2 ) was found in 86% of Recent species, va-

terite (CaCO3 ) in 9%, and no crystalline component in

5%. Seven samples of fossil statoliths from Upper Miocene

deposits were exclusively calcite (CaCOa).

Vaterite has the peak of occurrence in fresh water, flu-

orite in the photic zone of marine waters, and organic

statoliths in oceanic deep waters. With respect to popu-

lation numbers in the different aquatic biota, vaterite pre-

vails in freshwater species and fluorite is dominant among

species in all brackish to marine environments.

The occurrence of CaCO3 in fresh to brackish waters

coincides with fossil records and biogeographical obser-

vations. The Ponto-Caspian region is the center of abun-

dance for Recent CaCO3 -precipitating species. The rich

brackish to freshwater fauna in this region probably has

its roots in the brackish Paratethys. where a rich fossil

material of calcareous mysid statoliths is known from

Upper Miocene sediments.

Morphological and scarce palaeontological evidence

suggests that the earliest (Carboniferous to Jurassic) Mys-

idacea were mainly oceanic shrimps without statocysts;

these were followed by (bentho)pelagic animals with non-

mineralic organic statoliths. With the colonization of

coastal to littoral areas by benthopelagic to benthic forms,

mineralic statoliths were formed by precipitation of flu-

orite. Among the modern Mysidae, a special development

occurred (in the Miocene) in the Ponto-Caspian region
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where CaCOj statoliths appeared in brackish to freshwater

forms.

As in vertebrates, the patterns of mineral composition

of static bodies in the Mysidae reflect both anatomical

and ecophysiological differences.

Introduction

The hard parts of animals consist of a variety of min-

erals, some of which occur in static organs (statocysts) as

components of the static bodies, statoliths, or otoliths

(Lowenstam. 1981). Carlstrom (1963) first showed that

in vertebrates, the mineral composition of otoliths pro-

vides evolutionary information: the primitive forms (Ag-

natha) have phosphatic otoliths, but in the Gnathosto-

mata, all endogenous otoliths consist of calcium carbon-

ate. The form of the latter varies from vaterite in primitive

bony fishes (Chondrostei Acipenseroidea) to more stable

polymorphs aragonite in advanced bony fishes and am-

phibians, both aragonite and calcite in reptiles, and only

calcite in birds and mammals. Later investigations

(Marmo et a/., 1983: Gauldie, 1990) modified only the

details of this picture.

By analogy to the investigations on vertebrates, we

sought to identify possible evolutionary implications of

the mineral composition of statoliths in a group of in-

vertebrates. Unlike most crustaceans, which have exog-

enous static bodies, mysid shrimps of the family Mysidae

have large endogenous statoliths in a pair of statocyst

chambers on the base of the tail fan. The statocysts serve

as the primary equilibrium organs for these small shrimps,

which spend a substantial portion of their lives swimming.

Each statocyst chamber contains a single statolith, a
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moveable dense body, which transmits gravitational and

inertial forces as primary stimuli to attached sensory hairs.

Besides controlling body position, the statocysts are also

involved in stabilizing the visual perceptive field (Neil,

1975). In addition to gravity, light is important for the

control of body position and swimming plane in mysids

(Jander, 1962).

Mysid statoliths are of interest because in most species

they consist of fluorite (CaF : ), a mineral that rarely occurs

in the hard parts of organisms (Bethe, 1895; Lowenstam

and McConnell, 1968). It may be of equal interest that

certain species possess statoliths made of vaterite (Ariani

ft til., 1981. 1983), a metastable polymorph of CaCO3

that is rare in organisms and almost unknown from geo-

logic systems. Fossil statoliths, however, consist of calcitc

(Voicu, 1974, 1981), the most commonand stable phase

of crystalline calcium carbonate.

During the last decade the following picture was ob-

tained on the basis of a relatively modest number of extant

species: statoliths composed of fluorite in the majority of

marine species; vaterite in some representatives of the tribe

Mysini, mainly in brackish to freshwater forms; and non-

mineralic material in a few mesopelagic forms (Ariani et

ai, 1983; Wittmann eta/.. 1993). These results prompted
the present large-scale study of the ecological, biogeo-

graphic, and evolutionary implications of crystallographic

characteristics in a rich collection of material covering a

broad range of taxonomic relationships, environments,

and geographical areas.

Materials and Methods

The mysids were collected during the last two decades

by means of plankton or bottom nets in fresh to marine

waters around the globe. Materials were either fixed in

70% alcohol or briefly placed in a solution of 4-5% for-

maldehyde in ambient water, then transferred to 70% al-

cohol. Materials were examined a few hours to several

years after collection. In some cases, especially for eury-

haline species, specimens from different natural popula-

tions were examined. We studied 1 79 populations be-

longing to 154 species and 55 genera of extant mysids

and also examined seven samples of fossil statoliths from

Upper Miocene deposits of various parts of the Paratethys.

Mysid statoliths from these sediments were assigned to

the Recent genus Paramysis by Voicu (1981) and later

transferred to the Miocene genus Sannysis by Maissur-

adze and Popescu (1987).

Statoliths of extant species were mechanically removed

from the endopods of uropods and briefly washed in dis-

tilled water. Statolith diameter was calculated as the geo-

metric mean of apparent length and width in ventral view.

Body length was measured with a micrometer eyepiece

from the tip of the rostrum to the telson. Wemeasured

both body length and diameter from adults of both sexes:

5-20 individuals for most species, or only 1-4 specimens

for very rare species. From the sediment samples we mea-

sured 5-10 fossil statoliths at each location.

In 96 extant species and 7 fossil samples, the mineral

composition of crystalline components was determined

by x-ray diffraction analysis on whole statoliths. The stan-

dard grinding of the samples to powder was not necessary

because all crystalline statoliths gave clear diffraction pat-

terns due to spherulitic microcrystal arrangement visible

by transmitted light. Statoliths were glued with collodion

to the tip of glass fibers. In the case of very small statoliths,

up to four of them were put together on the same fiber.

Diffraction patterns were recorded with a 114.6-mm

Debye-Scherrer camera using Ni-filtered Cu-K radia-

tion; working conditions: 40 kV, 30 mA, recording time

8-12 h. Diffractions that gave no lines were repeated

with 24-h exposure.

In 102 species, a less expensive and faster method of

mineral determination was used, as proposed by Witt-

mann ft nl. (1993). This method, which we call WSA,
uses CH,COOHtreatment and inspection of crystal ag-

gregates with polarization, scanning microscopy, or both,

to identify statoliths by means of their chemical and phys-

ical characteristics. The four known types of statolith

composition are distinguished without error, but new

types may not always be detected or may not be well

identified. From two to five statoliths of each species were

examined. In 44 species both methods (X + WSA) were

used and gave identical results.

Micrographs were obtained with a Cambridge Stereo-

scan scanning electron microscope (SEM) or with a JEOL
SEM35CF on parts or entire statoliths coated with gold.

For qualitative SEMmicroanalysis, statoliths were briefly

washed in distilled water twice and then air dried and

carbon coated. Statoliths of 2-6 individuals in 10 species

were analyzed with a LINK AN 10000 system. Elements

with an order number >9 were recorded.

Results

The types of statoliths we identified were noncrystalline

(organic) (Fig. 1 ), fluorite (Figs. 2, 3), vaterite (Figs. 4-6),

and calcite (Figs. 7, 8). Eighty-six percent of Recent stato-

liths were mineralized with fluorite and only 9%with va-

terite; 5% had no crystalline component (Table I). All

fossil statoliths consisted of calcite (Table II).

Some statoliths gave no diffraction patterns these

showed elastic consistency and shrinkage due to desic-

cation. When observed in the animal, they resembled the

spherical organic matrix that appears during the first stage

of statolith formation (Ariani et at.. 1982). Fluorite showed

its typical cubic habit (Fig. 3) at the statolith surface. Va-

terite usually appeared as a patchwork of scales, needles.



CRYSTALLOGRAPHYOF MYSID STATOLITHS 395

Figures 1-8. Mineral types of statoliths of Recent and fossil Mysidae: scanning electron micrographs of

entire statoliths in ventral to ventrolateral view.

Figure 1. Noncrystalline statolith ofBoreomysis nu'Kiilnps. center malformed due to desiccation.

Figure 2. Fluonte statolith of Paramysis UIVHOMI

Figure 3. !' umima. cubic hahit of fluonte on ventral surface.

Figure 4. Vaterite statolith of Paramysi\ luilcn

Figure 5. /' licllcn, aggregates of vaterile on dorsal surface.

Figure 6. /' hcllcn. lamellar habit of vaterite on fracture surface.

Figure 7. Fossil statolith from Upper Miocene sediments in the Oas Basin.

Figure 8. Fossil statolith, crystal habit of calcite on fracture surface.
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Table I (Continued)
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Table II
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34% of the genera and all subfamilies. All oceans and

shelf areas of all continents are represented. Special em-

phasis is placed on zoogeographically important areas such

as the Black Sea. the Mediterranean, the Red Sea, the

Caribbean, Japan, Tasmania, and the Antarctic. Species

are littoral, coastal, or oceanic (epi-, meso-, and bathy-

pelagic); estuarine, limnic. or cave dwelling. Results are

thus highly representative of the mysid fauna of the world,

with the reservation that European species are overrep-

resented.

Three main types of statoliths were identified: those

without crystalline components (organic statoliths). and

those mineralized with either fluorite or calcium carbonate

(vaterite or calcite).

As in other x-ray diffraction studies, qualitative mi-

croanalysis was used to provide supplementary infor-

mation. The determinations showed a high diversity of

trace elements. When a mysid molts, its statocyst cavity

is open to ambient water; therefore, we cannot exclude

the possibility that the presence of some elements in ma-

rine and brackish-water species is a residual of sea salt

that has been enclosed during statolith formation. The

presence of sulfur in most statoliths coincides with the

finding of sulfated mucopolysaccharides in fluorite stato-

liths (Espeel, 1987). In Boiwniysis inicrops, the absence

of calcium in the noncrystalline statoliths further indicates

their nonmineralic composition. The absence of fluorine

in all examined vaterite statoliths suggests that vaterite

and fluorite statoliths have different mineralization pat-

terns.

Noncrystalline statoliths are characteristic of the Bor-

eomysinae and the Rhopalophthalminae, two subfamilies

considered primitive among Mysidae (Tattersall and Tat-

tersall, 1 95 1 ; Schlacher et al ., 1992).

Fluorite precipitation represents the most frequent

mineral-forming pn ;s occurring in statocysts of My-
sidae. It remains uncle; i why these animals are bearing

the expense of concentrai fluorine, an element present

in small quantities (1.3 in seawater (35%o) and

almost absent in fresh water especially remarkable

if one considers the large size <rite statoliths, which

have diameters about 1-4', o ih.

Mineralization with CaCO3 is
'

in both Recent

and fossil statoliths. The notewon <.-ct of this very
common form of biomineralization is that extant forms

produce vaterite. Precipitation of this hexagonal metasta-

ble polymorph of crystalline CaCOi may have biological

significance by favoring rapid statolith formation after

each molt (Ariani el a/.. 1981). In fact, vatente is often

precipitated during the regeneration of the aragonitic shells

of mollusks, when sudden mobilization of calcium is nec-

essary (Watabe et al.. 1976). Considering the metastable

nature of vaterite and the absence of calcite in Recent

species, it seems likely that calcite in fossil specimens was

formed by phase transformation of vaterite during or after

the process of fossilization. Voicu ( 198 1 ) assigned Miocene

calcite statoliths to Paramysis. a genus that precipitates

vaterite in Recent forms of the Black Sea area (Table I).

His assumption that the Recent species Paramysis kroey-

eri and P. kessleri sarsi produce calcite was not confirmed

by our finding of vaterite in both species.

Conspecific populations from different geographical

areas and different biota show identical crystallographic

characteristics (Table 1): thus mineral composition of

statoliths appears to be a definite specific character. The

presence of an organic matrix in all types of statoliths

(Wittmann et al.. 1993) suggests that the mineral type is

matrix mediated and under genetic control, as in fish oto-

liths (Gauldie, 1986). Genes controlling the mineral type

of vertebrate otoconia have important functions in the

physiology of the inner ear (Mulligan and Gauldie, 1989).

These observations render discussions on the adaptive

meaning of mineral type rather difficult, because natural

selection may act via complex epigenetic patterns.

In contrast to the similarity of mineral type on the in-

traspecific level, either vaterite or fluorite may be found

when congeneric species or closely related genera of the

tribe Mysini are compared. Table III confirms the domi-

nant role of vaterite in fresh water and of fluorite in sea-

water. The finding (Enbysk and Linger, 1966) of fluorite

statoliths in subfossil shelf sediments of northwestern

America fits this picture. Vaterite statoliths are rare in

marine water. All marine forms with vaterite statoliths

also inhabit brackish or fresh waters (Table I). According

to Voicu (1981), in seawater the function of the static

organ demands the precipitation of a mineral with a

greater specific gravity (fluorite, 3.2) than in fresh water

(calcite. 2.7; we add vaterite, 2.5). Ariani et al. (1983) note

that the precipitation of fluorine in fresh water may be

difficult or impossible when fluorine concentrations are

low. Nevertheless, four freshwater species, Mysis re/icta,

Taphromysis loiisianae. Diamysis pengoi. and Troglo-

mysis vjelrenicensis, precipitate fluorite. This is especially

remarkable for D. pengoi and T. vjetrenicensis. because

they are closely related to D. ha/iirensis. an extremely

euryhaline form that occurs mainly in brackish waters

and produces vaterite. The ecological meaning of this sit-

uation is still obscure.

Biogeographical correlations may be established based

on the fact that vaterite statoliths are found only in two

groups of closely related genera of Mysini, the ''Diamysis

group' (Diamrsis. Limnomysis. and Aniromyxix) and the

'Paramysis group* (Paramysis. Katamysis. and Schisto-

mysis). Both groups are characterized by features of an-

tennal scale and male pleopods. Vaterite is found in

/lemimysis. which shows intermediate morphological

features. Most Recent vaterite-forming species inhabit the

Ponto-Caspian region (Table I), where calcareous mysid
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statoliths largely occur (Voicu, 1974; Fuchs. 1979) in

Miocene deposits of the brackish Paratethys. The Carib-

bean genus Aniroiy.\i\ does not fit this pattern, but it is

a vicariant of the European genus Diamysis.

The biogeography of calcareous statoliths and their

predominant role in fresh water are mutually dependent.

About one-third of the world fauna of freshwater Mysidae

is endemic to the Ponto-Caspian region, where the Dan-

ube river alone is inhabited by 10 species. Vaterite is found

in 78% species (n
= 9; see Table I) of the tribe Mysini in

the Black Sea including adjacent waters. Based on faunal

composition, a similar value is expected for the Caspian

Sea. Corresponding values are 30% (n
=

10) for the Med-

iterranean, 17% (n
= 24) for the Atlantic, and 0% (n

= 22) for all remaining seas and oceans of the globe. From

species composition in the Baltic, we expect that vaterite

is found only in species introduced by man (Kohn, 1992)

from the Ponto-Caspian (Heiuimysis anoiuala, Limno-

mysis benedeni. and Paramysis lacustris).

The earliest fossil records of Mysidacea are Lophogas-

trida (or nearly so) from Carboniferous to Jurassic sedi-

ments (see compilation in Tattersall and Tattersall, 1951).

Most Recent forms belonging to this suborder have an

oceanic life habit. Together with several small families

(Petalophthalmidae, Stygiomysidae, and Lepidomysidae)

within the suborder Mysida. they have conserved the an-

cestral mysidacean morphotype, characterized by seven

pairs of brood plates, (nearly) unmodified male pleopods.

and the absence of statocysts.

No early fossil records are available for the species-rich

family Mysidae. which has statocysts in the endopods of

uropods as its most important autapomorphic feature. As

discussed by Schlacher el a/. ( 1992), the subfamilies Bor-

eomysinae (pelagic) and Rhopalophthalminae (bentho-

pelagic) have conserved certain plesiomorphic features

such as subdivided exopods of uropods and biramous and

many-segmented male pleopods or, as in Boreomysinae,
seven pairs of brood plates. In both subfamilies, the stato-

liths are exclusively noncrystalline (Table I). The apparent

correlation with plesiomorphic characters suggests that

organic statoliths may have preceded mineralic ones. The

probable ancestral status of nonmineralized statoliths is

also supported by the observations of Ariani ct ul. ( 1982)

on the ontogenetic development of calcareous statoliths.

The late appearance of mineralic statoliths in fossil his-

tory (Lower Miocene according to Voicu. 1981) points

to a post-Cretaceous origin of modern Mysidae (Sirielli-

nae, Gastrosaccinae, Mysinae, and Mysidellinae), which

are characterized by two to three pairs of brood plates,

reduced pleopods in females, and specialized pleopods in

males. Most Recent species have fluorite statoliths (Table

I): these constitute the bulk of the benthopelagic to benthic

forms inhabiting coastal and littoral zones of all oceans.

Our evolutionary scheme is aligned with the theoretical

considerations of Buddenbrock (1914) on the biological

meaning of static organs in crustaceans. Besides control

of body position, the main adaptive value of such organs

is support of visual orientation in the complex spatial

structure found in benthopelagic to benthic habitats; this

function is less important in oceanic habitats where ori-

entation towards light source is paramount. In fact, Neil

(1975) gave experimental evidence that the statocysts of

mysids stabilize the visual perceptive field through stato-

cyst modulation of the optokinetic eyestalk movements.

Biometrical observations by Wittmann et a/. (1990) fit

this concept by showing that, on the average, blind mysids

or those with reduced eyes have smaller statoliths than

those with well-developed eyes.

Both the scarcity of mysid statoliths outside Paratethyan

sediments and the biogeography of Recent species suggest

that CaCO? statoliths developed in fresh to brackish waters

of the Ponto-Caspian region during the Miocene. A large

marine to brackish basin, the Paratethys, covered the re-

gion during that period. In the late Miocene, salinities

gradually decreased in peripheral areas such as the Vienna

Basin (Fuchs, 1979). During the Pleistocene, conditions

in the Black Sea area varied between completely fresh-

water during glaciations and brackish during interglacial

periods (Hsu. 1978). These events may have favored the

evolution of a rich brackish to freshwater fauna.

The few vaterite-forming species outside the Ponto-

Caspian (Table I) have close relatives there and thus are

probably of the same origin. Such relationships are ob-

vious for certain members of the Duimysis group (Witt-

mann, 1992). The problem arises, however, that most va-

terite-forming species have close relatives that form flu-

orite. The occurrence of both mineral types in congeneric

species of Hemimysis, Diamysis, Paramysis, and Schis-

tomysis suggests that vaterite evolved from fluorite in at

least four parallel lines. The only reasonable explanation

appears to be homoiology that is. analogy on the basis

of homology: the common ancestors may have evolved

physiological or morphological predispositions favoring

a phylogenetically rapid shift of statolith mineral com-

position from fluorite to calcium carbonate.

Statolith crystallography in the Mysidae seems to reflect

two elements: first, the morphological differentiation be-

tween two primitive subfamilies, the Boreomysinae and

the Rhopalophthalminae, with organic statoliths and all

remaining taxa with mineralized statoliths: and second,

ecophysiological differences between marine forms with

fluorite and freshwater forms with vaterite. These elements

offer parallels to those advanced by Carlstrom (1963) for

the vertebrates, where the mineral composition of otoliths

reflects first, the anatomical division in two main groups,

the Agnatha with phosphate and the Gnathostomata with

carbonate: and second, the differentiation between cold-
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blooded forms with aragonite or vaterite and warm-

blooded ones with calcite. The more recent discovery of

calcite in certain amphibians (Marmo ct a/.. 1983) suggests

that the appearance of calcite may rather mark the tran-

sition from an aquatic to a terrestrial mode of live.
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