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Abstract.  We studied the mineral composition of stato-
liths in 154 species belonging to 55 genera ol Mysidae.
Fluorite (CaF,) was found in 86% of Recent species, va-
terite (CaCOs) in 9%, and no crystalline component in
5%. Seven samples of fossil statoliths from Upper Miocene
deposits were exclusively calcite (CaCOs3).

Vaterite has the peak of occurrence in fresh water. flu-
orite in the photic zone of marine waters. and organic
statoliths in occanic deep waters. With respect to popu-
lation numbers in the different aquatic biota. vaterite pre-
vails in freshwater species and fluorite 1s dominant among
species in all brackish to marine environments.

The occurrence of CaCO; in fresh to brackish waters
coincides with Tossil records and biogeographical obser-
vations. The Ponto-Caspian region is the center of abun-
dance for Recent CaCOs-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 calcarcous mysid statoliths is known from
Upper Miocene sediments.

Morphological and scarce palacontological cvidence
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 informaticn: 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 ¢t al., 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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movcable 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 (CaF5). 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
et al, 1981, 1983). a metastable polymorph of CaCO;
that is rare in organisms and almost unknown from geo-
logic systems. Fossil statoliths, however, consist of calcite
(Voicn, 1974, 1981), the most common and 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 1n the majonty 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 ¢t
al., 1983; Wittmann ¢t al., 1993). These results prompted
the present large-scale study of the ecological, biogeo-
graphic, and evolutionary implications of crystallographic
charactenistics m 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
vears after collection. In some cases. especially for eury-
haline species, specimens from different natural popula-
tions were examined. We studied 179 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 Sarmysis by Maissur-
adze and Popescu (1987).

Statoliths of extant species were mechanically removed
from the endopods of uropods and briclly washed in dis-
tilled water. Statolhith diameter was calculated as the geo-
metric mean ol apparent length and width in ventral view.
Body length was measured with a micrometer eyepiece
from the tip of the rostrum to the telson. We measured

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-Kea radia-
tion: working conditions: 40 kV. 30 mA, recording time
8—12 h. Diffractions that gave no hnes were repeated
with 24-h exposure.

In 102 species. a less expensive and laster method of
mineral determination was used. as proposed by Witt-
mann ¢ al. (1993). This method, which we call WSA,
uses CH;COOH trcatment and inspcction 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 ol 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
SEM 35CF on parts or entire statoliths coated with gold.
For qualitative SEM microanalysis, statoliths were briefly
washed 1n 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), lluorite (Figs. 2, 3), vaterite (Figs. 4-6),
and caleite (Figs. 7. 8). Eighty-six percent ol Recent stato-
liths were mineralized with fluorite and only 9% with va-
terite: 5% had no crystalline component (Table ). All
fossil statoliths consisted of calcite (Table 11).

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
ol statolith formation (Ariani et al., 1982). Fluorite showed
its typical cubic habit (Fig. 3) at the statolith surtace. Va-
terite usually appeared as a patchwork of scales, needles.
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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 of Boreomysis megalops, center malformed due to desiccation.

Figure 2. Fluorite statolith ol Paramysis arenosa.

Figure 3. P arenosa, cubic habit of fluorite on ventral surface.

Figure 4. Vaterite statolith of Paramysis helleri.

Figure 5. P helleri, aggregates of vaterite on dorsal surface.

Figure 6. P helleri, 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 1
Crystalline components of stutoliths i Recent Mysidae
Body Statol.
Salinity length'  diam. Crystall.
Species Locality, remarks %0 Depth (m) (tmm) (pm) Method? component
Subtam. Boreomysinae
Boreomysis arctica (Kroyer) Korsfjorden, Norway 35 200 21 170 X + WSA None
Boreomysis brucet Weddell Sea, Antarctic 35 980-990 35 110 WSA None
W. Tattersall
Boreomvsis megalops Sars Tyrrhenian Sea, off Sardinia 36 330-400 11 160 X + WSA None
Hjeltefjord, Norway 35 260 13 150 X-ray None
Boreomysis microps Sars Biscay Depth, NE-Atlantic 35 S00-1000 14 120 X + WSA None
Boreomysis sphaerops i N-Pacihic, off Japan 35 =850 22 200 WSA None
Boreomysis tridens Sars Norway, continental shelf 35 520 2o 130 X-ray Noue
Subfam. Sinellinae
Siriella aequiremis Hansen N-Pacific, oft Christmas Island 35 Surface 8 310 X-ray Fluorite
Sirielta anomale Hansen Batbatan, Philippines 35 10 10 290 X-ray Fluorite
Siniella armata (M.-Edw.) Gulf of Trieste, Adrniatic 32-36 0-1 15 240 N + WSA Fluorite
Siriella brevicaudata Paulson Gulf of Agaba, Red Sea 42 1-2 5 90 WSA Fluorite
Siriella castellabatensis Ariani  Gulf of Salerno. Tyrrhenian Sea 38 <30 7 130 X-ray Fluorite
& Spagnuolo
Siriella clausii Sars Gulf of Salerno, Tyrrhenian Sea 38 <30 6 150 X-ray Fluorite
Lake Faro. Sicily 33 <5 S 120 X-ray Fluorite
Siriella gracilis Dana Gulf of Aden, NE-Indian 36 Surface 5 130 WSA Fluorite
Ocean
N-Pacific. off Philippines 34-35 Surface S 130 WSA Fluonte
Sirtella inornara Hansen Philippines, Batbatan 33-34 Coastal 11 190 WSA Fluorite
Siriella jaltensis gracilipes Gulf of Salerno, Tvrrhenian Sea 38 <60 9 190 X ++ WSA Fluorite
Nouvel
Siriella longipes Nakazawa Kominato, Japan 33-35 20 14 250 X + WSA Fluonite
Siriclla norvegica Sars Istria, N-Adriatic Sea 36 | 8 160 WSA Fluorite
Sirtella pucifica Holmes Aqua Verde Bay. Gulf of 35 10 10 230 X-ray Fluonite
Calitornia
Siriella roosevelii Charles 1., Galapagos Islands 35 10 7 170 WSA Fluorite
W. Tattersall
Sintella thompsoni M .-Edw. Gulf of Aden. NE-Indian 36 Surtace 9 260 WSA Fluorite
Ocean
Argentiman Basin, S-Atlantic 35 Surface 10 190 WSA Fluorite
N-Pacific, off Philippines 34-35 Surface 7 190 X-ray Fluorite
Siriella trispina East China Sea 33-35 Surface 10 190 WSA Fluorite
Sinella vulgaris rostrata Philippines, Batbatan 33-34 Surtace 7 170 WSA Fluorite
W. Tattersall
Subfam. Rhopalophthalminae
Rhopalophthalmus Algoa Bay, South Africa 10-34 0-6 14 200 N + WSA None
terranatalis O. Tattersall
Subfam. Gastrosaccinae
Anchialina agilis (Sars) Gulf of Salerno, Tyrrhenian Sea 38 20 6 70 N-ray Fluorite
Auchialma oculata Gulf of Salerno, 1yrrhenian Sea 38 <60 5 60 WSA Fluorite
Hoenigman
Gastrosaccus mediterranens Adriatic, near Bnndisi, littoral 38 0 7 S0 X + WSA Fluonte
Bacescu
Gastrosacens roscoffensis English Chanunel. near Roscott 35 <20 8 80 X-ray Fluorite
Bacescu
Gastrosaccns sanctus sanctiey Gulf of Salerno, Tyrrhenian Sea 32-38 2-16 8 70 N + WSA Fluorite
{van Beneden)
Gastrosacens sanctis Black Sea, Romania 17 2 10 90 WSA Fluorite
widlialmi Bacescu
Guastrosaccus spinifer (Gogs) German Bight, North Sea 34-35 S0-60 14 90 WSA Fluorite
Haplostylus bacescui Hatzakis — Gulf of Salerno. Tyrrheman Sea 38 12-19 8 130 X + WSA Fluonte
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Fable 1  (Continued)
Body Statol.
Salinity length!  diam.! Crystall.
Species Locality, remarks %o Depth (m) (mm) (um) Method? component
Subtam. Gastrosaccinae
(Continued)
Haplostylus lobatus (Nouvel) Gulf of Salerno, Tyrrheniaun Sea 38 30-40 8 120 X + WSA Fluornite
Haplostylus magnilobatus Gulf of Naples, Tyrrhenian Sea 36 35-40 8 100 X-ray Fluorite
(Bacescu & Schiecke)
{{aplostylus normani (Sars) Gulf of Salerno, Tyrrhenian Sea 38 12-20 7 130 WSA Fluorite
Subfam. Mysinae, tribe
Enythropini
Amblyaps abbreviata (Sars) Hjeltefjord. Norway 35 260 11 230 N + WSA Fluorite
Amblyops antarctica Weddell Sea, Autarctic 35 470 14 200 WSA Fluorite
O. Tattersall
_tmblyops tattersalli Zimmer Weddell Sea, Autarctic 35 520 29 360 WSA Fluorite
Caesaromysis hispida N-Pacific, off Japan 34 =1060 9 110 X-ray Fluorite
Ortmanu
Duactylamblyops hodgsoni Weddell Sea, Autarctica 35 400-600 2 300 X + WSA Fluorite
Holt & Tattersail
Dactylamblyops iii Nouvel & N-Pacific, oft Japan 34 <1300 9 230 X-ray Fluorite
Lagardere
Duactylamblyvops murrayi N-Pacific, off Japan 34 =480 12 230 X-ray Fluorite
W. Tattersall
Ervtlrops elegans (Sars) Gulf of Salerno, Tyrrheutan Sea 3% 16 3 120 N + WSA Fluorite
Ervthrops microps (Sars) Rockall Trough Area, 35 700 7 170 N-ray Fluorite
N-Atlantic
Ervthrops neapolitana Colosi Adriatic, Dalmatia 38 200 5 130 X-ray Fluorite
Ervthrops serrata (Sars) Hjeltefjord. Norway 35 260 9 180 X-ray Fluorite
Euchactomera N-Pacific, oft Japan 35 <1050 5 210 X-ray Fluorite
glyphidophthalimica Nig
Euchaetomera tenuis Sars N-Pacific, off Japan 35 <1250 9 240 WSA Fluorite
Euchaetomera typica Sars N-Pacific, off Japan 35 =950 7 180 X-ray Fluorite
Euchaetomera zurstrasseni Weddell Sea. Autarctica 35 140-300 8 210 WSA Fluorite
(Illig)
Holmesiella affinis 1i Houshu, Japan 34-35 72 11 300 X-ray Fluorite
[lligiella brevisquamosa (1Nig) Honshu, Japan 33-34 280 8 160 X-ray Fluorite
Katerythrops oceanae Holt & N-Pacific, off Japan 34-35 =680 8 90 X-ray Fluorite
Tattersall
Metervthrops microphthalma Sea of Japan 34 570-730 18 340 X + WSA Fluorite
W. Tattersall
Metervthrops picta Holt & Rockall Trough Area, 35 1500-2000 12 150 X-ray Fluorite
Tattersall N-Atlantic
N-Pacific, off Japan 34 =1300 13 140 X-ray Fluorite
Paramblyops brevirostris Weddell Sea, Autarctic 35 350-380 15 280 WSA Fluorite
O. Tattersall
Pseudamplyops conicops i N-Pacific, off Japan 34 <1300 11 110 X-ray Fluorite
Psendomma affine Sars Hjeltefjord, Norway 35 260 8 130 X + WSA Fluorite
Pseudomma armatim Weddell Sea. Antarctic 35 250 21 290 WSA Fluorite
Hansen
Pseudomma belgicac Weddell Sea, Antarctic 35 240 9 220 WSA Fluorite
(Hanscn) [in Holt & Tatt.]
Pseudomma japonicum Houshu, Japan 33-35 72 4 90 X-ray Fluorite
Murano
Pseudonuna latiphthalmum Honshu, Japan 33-35 280 6 90 X-ray Fluorite
Murano
Pseudomma roseum Sars Fensfijord. Norway 35 460 14 190 X-ray Fluorite
Teratervthirops robusta N-Pacific, off Japaun 34 =1440 5 100 WSA Fluorite
(Birstein & Tchindonova)
Subfam. Mysinae, tribe
Leptomysini
Antichthomysis notidana Beach unear Hobart, 35 Coastal 9 240 WSA Fluorite
Fenton SE-Tasmania
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Table I (Continued)
Body Statol.
Salinity length'  diam.' Crystall,
Species Locality, remarks Yoo Depth (m) (mm) (pm) Method? component
Sublam. Mysinae, tribe
Leptomysini ( Continued)
Leptomysis buergii Bacescu Gulf of Taranto, lonian Sea 38 5 8 230 X + WSA Fluorite
Leptomysis gracilis (Sars) Gulf of Biscay. NE-Atlantic 35 90 9 190 WSA Fluorite
Lepromysis heterophila Istria, N-Adnatic Sea 34-37 17 8 190 WSA Fluorite
Wittmann
Leptomysts ingvura adriatica Gulf of Taranto. loman Sea 38 2 6 180 X + WSA Fluonte
Wittmanu
Lepromysis mgvura marioni Gull of Naples, Tyrrhenian Sea 35-37 8-12 7 190 WSA Fluorite
(Gourret)
Leptonyses mediterranea Gulf of Biscay, NE-Atlantic 35 <10 I 240 WSA Fluorite
atlantica Wittmann
Leptonmyses mediterranca Gulf of Salerno, Tyrrhenian Sea 28-36 2.4 9 270 WSA Fluorite
medierranea Sars
Leptomysis megalops Gult of Biscay, NE-Atlantic 35 180 9 220 X-ray Fluorite
Zimmer
Leptonysis posidoniae Gulf of Naples, Tyrrheman Sea 35-37 12 7 180 X + WSA Fluorite
Wittmann
Leptonysis truncata sardica Gull of Naples. Tyrrhenian Sea 35-37 1-2 9 230 WSA Fluorite
(Sars)
Leptomysis truncata truncata Gulf of Triest, N-Adnatic Sea 32-36 0-1 8 230 WSA Fluorite
(Heller)
Metamysidopsis swifli Tampa Bay. Florida 35 20 6 110 X-ray Fluorite
Bacescu
Mystders insignis (Sars) Hjeltetjord. Norway 35 260 16 270 X-ray Fluonte
Mysideis parva Zimmer Adnatic, near Ancona 37 225 9 230 X-ray Fluorite
Muysidetes posthon Holt & Weddell Sea, Antarctic 35 400-500 28 340 WSA Fluorite
Tattersall
Mysidopsis acuta Hansen S-Atlantic, off Falkland Islands 34 =150 10 260 WSA Fluorite
Muysidopsis almyra Bowman Everglades. Florida 10 1 7 160 WSA Fluorite
Mysidopsis bahia Molenok Lab. tanks. from Gulf of 30 Coastal 7 110 X-ray Fluorite
Menxico
Mysidopsis bigelowi NW-Atlantic, off North 3 23} 6 190 WSA Fluorite
W. Tattersall Carolina
Muysidopsis gibbosa Sars Gulf of Trieste, Adnatic 36 22 3 120 X + WSA Fluorite
Notomysis australiensis St. Vincent Gull, South 35 9-11 iy 310 X-ray Fluorite
(W. Tattersall) Australia
Paraleptomysis banyulensis Gulf ot Salerno, Tyrrhenian Sea 38 16 7 230 X + WSA Fluorite
(Bacescu)
Puaralepromysis dimorpha Cape Lopez area, Gabon, 34 60-70 7 160 WSA Fluorite
Wittmann W-Africa
Prionomysis sp. Storm Bay, Hope Beach, 35 Coastal 9 310 X-ray Fluorite
SE-Tasmamia
Pseudomysts dactylops Honshu, Japan 33-35 275 13 200 X + WSA Fluorite
W. Tattersall
Pyrolepromysis rubra Gulf of Eilat, Red Sea 42 Coustal S 150 WSA Fluorite
Wittmann
Gulf of Trieste, Adriatic 34-37 6 7 200 X-ray Fluorite
Tenagomysis tasmuaniae Derwent River, SE-Tasmania 35 Coastal 9 230 WSA Fluorite
Fenton
Subfam. Mysinae, tribe Mysini
Acanthonysis dvbowskii i Bering Sea i3 37 2 450 WSA Fluorite
Acanthonysis japonica Kominato, Japan 30-34 Coastal 11 290 WSA Fluorite
(Marukawa)
Acanthonysis longicornis Gull of Trieste, Adriatic 36 10-28 5 120 N + WSA Fluorite
(M.-Edw.)
Acanthomysis macropsis San Francisco Bay 34 9 11 200 WSA Fluorite
(W. Tattersall)
Acanthomyses mitsukurii 1 Tateyama Bay, Japan 30-34 20 9 180 X-ray Fluorite
Acanthomysis nakazatoi i Tateyvama Bay, Japan 30-34 20 14 240 X-ray Fluorite
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Table 1 (Continued)
Body Statol.
Salinity length!  diam.' Crystall.
Species Locality, remarks %0 Depth (m) (mm) (um) Nethod? component
Subfam. Mysinae, tribe Mysim
(Continued)
Acanthomysis tamurai Ih Tateyama Bay, Japan 30-34 Coastal 11 270 WSA Fluonte
Awnisomysis (jimai Nakazawa Heta, Japan 30-34 Surface 7 120 WSA Fluorite
Anisomuysis marisrubri Gulf of Agaba, Red Sea 42 0-3 5 100 WSA Fluornte
Bacescu
Anisontysis sp. N-Red Sea. near Sharm el 42 1-2 3 60 WSA Fluorite
Sheikh
Antarctomysis maxima Weddell Sea. Antarctic 35 300-490 60 690 X + WSA Fluorite
(Hansen) [in Holt & Tatt.]
Antarctomysis ohlinii Hansen Weddell Sea. Antarctic 35 =850 64 560 X + WSA Fluorite
Antromysis cenotensis Creaser  Cave of Tzab-Nah. Yucatan, 0 1 3 60 X-ray Vaterite
Menico
Diamysis bahirensis (Sars) Lake of Tunis 38 1 4 130 X-ray Vaterite
Gulf of Naples, Tyrrhenian Sea 37 20 S 120 X + WSA Vaterite
Piccolo river, Apulia, S-ltaly 11-13 1 7 140 X + WSA Vatente
San Pietro niver, Apulia, S-Italy 3-5 | 7 140 X-ray Vaterite
Lake Deransko, Bosnia- 0 0-1 7 160 X-ray Vaterite
Hercegovina
Diamysis pengot Danube Delta, Romania 0 3 9 180 X-ray Fluorite
(Czermavshy)
Hemimysis abyssicola Sars Hjeltefjord, Norway 35 260 11 170 X-ray Fluorite
Hemimysis anomala Sars Northern Baltic Sea, Finland <7 Lower litt. 7 160 WSA Vaterite
Hemimysis lamornae Norway. Kristineberg 35 15 S 110 WSA Fluonte
lamornae (Couch)
Hemimysis lamornae Gulf of Naples, Tyrrhenian Sea 37 1-3 6 130 X + WSA Fluorite
mediterranea Bacescu
Henwmnysis speluncola N-Adnatic, near Rovinj 37 2 7 130 X-ray Fluonte
Ledoyer
Holmesimysis costata Monterey Bay, California 35 20 10 170 X-ray Fluorite
(Holmes)
Fdiomysis tsurnamali Bacescu Guulf of Eilat, Red Sea 38 30 3 110 X-ray Fluorite
Kainonumatomysis schieckei N-Red Sea. near Sharm el & 1-2 3 120 WSA Fluorite
Bacescu Sheikh
Katamysis warpachowskyi Danube Delta, Romania 0 3 8 100 X-ray Vaterite
Sars
Limnomysis benedeni Lake Sinoe, Danube Delta 2 0-1 10 160 WSA Vaterite
Czerniavsky
Danube in Vienna 0 0-1 9 150 X + WSA Vaterite
Mesopodopsis acgyptia Island of Lesbos, Aegean Sea 39 3 6 170 WSA Fluorite
Wittmann
Mesopodopsts orientalis Banica, Philippines 7 Surface 7 180 WSA Fluonte
(W. Tattersall)
Mesopodopsis slabberi Lake of Tunis 38-40 1 9 160 X-ray Fluonte
(van Beneden)
Gulf of Taranto, loman Sea 35 1 9 120 WSA Fluorite
Penzé Estuary, English Channel 4-17 <l 11 190 WSA Fluonte
Costinesti, Black Sea 13 2 11 190 WSA Fluonite
Lake Sinoe, Danube Deita 2 0-1 10 170 X-ray Fluorite
Mesopodopsis wooldridgei Algoa Bay, South Africa 10-34 3 10 170 X + WSA Fluonte
Wittmann
Mysidium columbiac Stann Creek District, Belize 35 1 6 130 WSA Fluorite
(Zimmer)
Mysidium integrum English Harbour, Antigua, 35 0 6 130 X + WSA Fluonte
W. Tattersall W-Indies
Mysis litoralis (Banner) Arctic Ocean, off P. Barrow, 35 20 12 170 WSA Fluorite
Alaska
Mysis nmuxta Lilljeborg Massachusetts Bay 10 1 13 280 X-ray Fluorite
Musis relicta Lovén Lake near Drottningholm, 0 20 12 180 X + WSA Fluorite
Sweden
Green Lake, Wisconsin 0 55-120 18 220 X-ray Fluorite
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Table | (Continued)
Body Statol.
Salinity length'  diam.' Crystall.
Species Locality, remarks Too Depth (m) (mm) (um) Method? component
Subfam. Mysinae, tribe Mysim
(Continued)
Neomysis americana (Smith) Oregon lulet. North Carolina 32-34 Coastal 8 200 WSA Fluorite
Neomysis mieger (Leach) Baltic Sea, Asko 1., Sweden 7 0-1 11 220 X + WSA Fluorite
Neamysis japonicu Nakazawa Tokyo Bay <15 | 13 190 N-ray Fluornite
Neamysis mercedis Holmes Sau Francisco Bay 35 10-14 11 200 WSA Fluonte
Neomysis rayii (Murdoch) San Francisco Bay 34 9 28 380 WSA Fluorte
Paramesopodopsis rufa Derwent River, SE-Tasmania 35 Coastal 10 210 X-ray Fluorite
Fentou
Paramysts arenosa {Sars) Gulf of Salerno. Tyrrhenian Sea 38 4-16 6 140 N + WSA Fluonte
Firth of Lorue, Scottish Sea 32-35 0-1 7 130 X-ray Fluornte
Puaramysis bacescor Labat Guerunsey, Channel Islands 35 10 7 180 X-ray Vatente
Puaramysis helleri (Sars) S-Adnatic, near Brindis 38 1 7 140 N + WSA Vaterite
Small creek near Spht. 0 <l 9 150 WSA Vaterite
Dalmatia
Paramysts intermedia Danube Delta, Romania 0 0-1 11 140 X + WSA Vaterite
(Czerniavsky)
Paramysis kessleri sarsi Danube Delta, Romania 0 0-1 5 140 N-ray Vatenite
(Derjavin)
Paramysts kroeveri Lake Uluabat, NW-Turkey 0 0-1 9 140 X-ray Vatente
(Czerniavsky)
Paramysis lucustris tanaitica Danube Delta. Romaunia 0 3 14 160 X + WSA Vaterite
{Martinov)
Paramysis nouveli Labat Small river, Roscoff, Eng. 5-33 0 9 180 N-ray Vaternite
Chanuel
Puaramysis pontica Bacescu Altintas Bay, Marmara Sea 19 35 8 180 X-ray Vaterite
Praunns flexuosns (Niller) Roscotf, English Channel 26-35 3] 18 180 X + WSA Fluorite
Praunus inermis (Rathke) Firth of Lorne. Scottish Sea 32-35 1-5 11 180 WSA Fluorite
Praunus neglectns (Sars) Roscoff, English Chanuel 26-35 1 19 320 WSA Fluorite
Proncomysis perninuia Tateyama Bay, Japan 33-35 Coastal 7 210 WSA Fluorite
Proneomysis toriumii Murano  Tateyama Bay, Japan 33-35 Coastal 9 180 WSA Fluorite
Sclustormysis assimilis (Sars) Gult of Salerno, Tyrrheniau Sea 24-37 2-6 9 290 N + WSA Vatente
Lagoon near Caorle. Gulf of 11 0 9 230 WSA Vaterite
Venice
Schustomysis kervillei (Sars) North Sca, Germau coast 35 <50 13 240 WSA Fluorite
Schistomysis ornata (Sars) Gulf of Biscay, NE-Atlantic 35 <100 2 280 N-ray Fluonte
Schistomysis spiritus English Chauuel, near Roscoff 35 10 2 210 N + WSA Fluonite
(Norman)
Taphromysis bowmani Wakulla, Flonda 10 1 8 120 WSA Fluonte
Bacescu
Tuplromysis lousianae Blackwater River, Flonda | <2 9 120 WSA Fluonte
Bauner
Tasmanomysis oculata Catamaran River, SE-Tasmania 35 Coastal 11 200 WSA Fluorite
Fentou
Troglomysis vjerrenicensis Cave of Vjetrenica, 0 0-1 13 150 N-ray Fluonte
Stammer Hercegovina
Subfam. Mysinae, tnibe
Heteromysim
Heteromysis formosa Smith Narragansett Bay, Rhode Island 32 Coastal 6 130 X + WSA Fluonte
Heteromysis mavana Coral reef aquarium, Smith. 3 Coastal 4 90 X-ray Fluonte
Brattegard [ust.
Heteromysis microps (Sars) Gulf of Naples, Tyrrheman Sea 35-37 3 6 110 WSA Fluorite
Heteromysis sp. Weddell Sea, Antarctic 35 210-250 17 140 WSA Fluonte
Subfam. Mysidellinae
AMysidella typica Sars Hjettefjord. Norway 15 260 6 100 X + WSA Fluorite
Mysidella sp. Weddell Sea, Antarctic 35 280 7 70 WSA Fluonte

' Values are the means of statoliths from either 5-20 or (for very rare species) -4 adult male and female specimens.
both methods.

2 X-ray = X-ray diffraction: WSA = the WSA method (Wittmann ef a/, 1993); X + WSA
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Table 11

Crystalline components of statoliths of Mysidae Mysim from Miocene
(Upper Vollivnian to Lower Bessarabian) sediments of the brackish
Paratethys

Diameter' Crystalline
Localion (um) Method®  component
Carpathian Foredeep,
Machéw, Poland 190 N-ray Calcite
Carpathian Foredeep, Berca.
Romania 200 X-ray Calcite
Carpathian Foredeep, Dacic
Basin, Romana 220 X-ray Calcite
Oas Basin, Transylvama,
Romania 230 N-ray Calcite
Transylvanian Basin, Ocna
Mures. Romania 190 N + WSA Calcite
Eastern Caucasian Foredeep,
Tul'skaya, former USSR 180 N + WSA Calcnle
Kerch Peninsula, Kop-
Takyl, former USSR 210 N + WSA Calcite

' Values are 1he means of 5-10 statoliths.
3 X-ray = N-ray diffraction; X + WSA = both NX-ray diffraction and
the WSA method (Wittmann ¢z al.. 1993).

or lens-like aggregates (Fig. 5), but occasionally occurred
as nodules. Fractures of both fluorite and vaterite statoliths
showed scales in a spherulitic arrangement (Fig. 6). Frac-
tures and. less frequently, surfaces of fossil statoliths
showed characteristic calcite crystal forms (Fig. 8).

In noncrystalline (Rhopalophthalmus  terranatalis),
fluorite (Lepromysis lingvura adriatiea, Mesopodopsis
slabberi, Neomysis integer), and vaterite (Diamysis ba-
hireusis, Limnonysis benedeni) statoliths, no difference
in mineral composition was found between freshly caught
individuals and conspecific material that had been stored
for several years.

Noncrystalline statoliths appeared to be confined to the
subfamilics Boreomysinac and Rhopalophthalminae.
Fluorite statoliths were characteristic of Sinellinae, Gas-
trosaccinae, Mysidellinae, and most Mysinae. Vaterite
statoliths were restricted to certain representatives of the
tribe Mystni (Mysinae). In Diamysis, Paramysis (Figs. 2—-
6). Schistomysis, and Hemimysis, congeneric species
showed either fluorite or vaterite.

In spite of the large interspecific vartability, no intra-
specific variations in mineral type were found (Table ).
This was true for extremely curyhaline species (Pararmysis
helleri, Diamysis bahirvensis. and Mesopodopsis slabberi)
and for distant populations of Siriella thonipsoni (South
Atlantic, northeast Indian Ocean. and North Pacific).
Meterythrops picta (North Atlantic and North Pacific),
and Mysis relicta (northern Europe and North America).
Similarly, no differences were found between the sexes or
between left and right statoliths.

The ecological distnbution of statohth mineral com-
posttion is summarized in Table 111. Noncrystalline stato-
liths were found from brackish water (Rliopalophitlialinus)
to the deep sea (Boreomysis), with the greatest numbers
in depths of 201-2000 m. The frequency of fluorite min-
cralization increased from freshwater to marine environ-
ments, with a maximum in the photic zone (0-200 m).
On the contrary, vaterite was most common in fresh water
and completcly absent in the deep sea (Table I11a). With
respect 1o frequency of mineral types in different biota
(Table 111b), vaterite prevailed in freshwater organisms
but fluorite was the dominant form in all remaining
aquatic biota.

The microanalytical determinations gave only quali-
tative results. More clements were recorded in noncrys-
talline and fluorite statoliths than in vaterite statoliths.
Species studied were Boreoniysis megalops (Na, Mg, S,
Ca). B. microps (Mg, Si, S, Cr, Fe, N1), and Rhopal-
ophthalmus terranatalis (Mg, S, Ca, Fe, Cu) with non-
crystalline statoliths: Katerythrops oceanae (F. Mg, Si, P.
S. Ca. Zn). Pseudomma latiphthalniun (F, Mg, P, S, Ca,
Cr. Zn). Idiomysis tsurnamali (F, P, Ca), and Paraniysis
arenosa (F, K, Ca) with fluorite; P. lacustris tanaitica (P,
S, Ca. Cu), Schistomysis assimilis (P, S, Ca), and Lim-
nomysis benedeni (P, S, Ca) with vaterite. In S. assiwilis
the presence of Ni and Cu varied between populations
(present in Gulf of Venice: absent in Gulf of Salerno) and
among individuals (n = 6). In L. benedeni the presence
of Cu varnied among individuals (n = 4).

Discussion

Our study covers about 17% of the extant species de-
scribed worldwide for the family Mysidae: this includes

‘Fable 111

Occurrence (% populations) of mineral 1ypes of mysid statoliths in
different aquatic hiota

A. Percentages of hiota with respect to mineral types

Marine Marine
Freshwater Brackish 0-200 m 201-2000 m
Type n o . ,
Noncrystalline 8 0 i3 13 75
Fluonie 150 3 7 65 24
Vatente 21 43 33 24 0

B. Percentages of mineral types with respect to biota

Manne Marnne
Freshwater Brackish 0-200 m 201-2000 m
I'ype n=14 n =19 n= 104 n=42
Noncrystalline % 0 5 1 14
Fluonte 7% 36 58 94 86
Valente 64 37 5 0
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34% of the genera and all subfamihes. 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 Mediterrancan. the Red Sea. the
Caribbean, Japan, Tasmania. and the Antarctic. Species
are littoral, coastal, or occanic (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
1s open to ambient water; therefore, we cannot exclude
the possibility that the presence of some elements in ma-
rine and brackish-water species 1s 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 1n fluorite stato-
liths (Espeel, 1987). In Borcomysis nicrops, 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, 1951: Schlacher er al., 1992).

Fluorite precipitation represents the most frequent
mineral-forming | occurring 1n statocysts of My-
sidae. It remains un hyv these animals are bearing
the expense of concen fluorine, an element present
in small quantities (1. in seawater (35%0) and
almost absent in fresh waic - especially remarkable
if one considers the large si: ite statoliths, which
have diameters about 1-4% ¢ th.

Mineralization with CaCO;
and fossil statohths. The notewor
common form of biomineralization
produce vaterite. Precipitation of this he metasta-
ble polymorph of crystalline CaCO; may h iological
significance by lavoring rapid statolith formation after
each molt (Ariani ¢r al.. 1981). In fact, vaterite is ofien
precipitated during the regencration of the aragonitic shells
of mollusks, when sudden mobilization of calcium is nec-
essary (Watabe ¢t 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

both Recent
of this very
nt forms

formed by phase transformation of vaterite during or after
the process of fossilization. Voicu (198 1) assigned Miocene
calcite statoliths 10 Paramysis, a genus that precipitates
vaterite in Recent forms of the Black Sea area (Table 1).
His assumption that the Recent species Parariysis kroey-
eriand P. kessleri sarsi produce calcite was not confirmed
by our finding of vaterite in both specices.

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 tvpe rather dithcult, because natural
sclection may act via complex epigenetic patterns.

In contrast to the similarity of mineral type on the in-
traspecihc level. either vaterite or fluorite may be found
when congeneric species or closely related genera of the
tribe Mysini are compared. Table 111 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 shell sediments of northwestern
America fits this picture. Vaterite statoliths are rare in
marine water. All marine forms with vaterite statohths
also inhabit brackish or fresh waters (Table 1). According
to Voicu (1981). in scawater 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
dilhicult or impossible when fluorine concentrations are
low. Nevertheless, four freshwater species, Alysis relicta,
Taphromysis lousianae, Diamysis pengoi, and Troglo-
mysis vjetrenicensis, precipitate fluorite. This is especially
remarkable for D. pengoi and T. vjetrenicensis, because
they are closely related to D. bahirensis, an extremely
eurvhaline lorm that occurs mainly in brackish waters
and produces vaterite. The ecological meaning of this sit-
uation 1s still obscure.

Biogeographical correlations may be established based
on the fact that vaterite statohths are found only in two
groups ol closely related genera of Mysini, the *Dianysis
group’ (Diamysis, Limuomysis, and Antromysis) 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
{ieminmysis, which shows intermediate morphological
features. Most Recent vaterite-forming species inhabit the
Ponto-Caspian region (Table 1), 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 Antrorysis 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 ol 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 1) 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 (Kdhn, 1992)
from the Ponto-Caspian (Hemimyvsis anomala, Linmno-
mysis benedeni, and Paramysis lacustris).

The earliest fossil records of Mysidacea are Lophogas-
trida (or nearly so) from Carboniferous 1o Jurassic sedi-
ments (sece compilation in Tattersall and Tattersall, 1951).
Most Recent forms belonging to this suborder have an
oceanic hle habit. Together with several small families
(Petalophthalmidae, Stygiomysidae, and Lepidomysidae)
within the suborder Mysida, they have conserved the an-
cestral mysidacean morphotype, characterized by scven
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 er al. (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. 1n both subfamilies, the stato-
liths are exclusively noncrystalline (Table 1). 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 ¢ al. (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 Mysidac (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 fluortte statoliths (Table
1): 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 ¢r al. (1990) ht
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 CaCOs 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 latc Miocene, salinitics
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 (Hsi, 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 1) have close relatives there and thus are
probably of the same origin. Such relationships are ob-
vious for certain members ol the Diarniysis group (Witt-
mann, 1992). The problem arises, howcver, 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 f{luorite 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 difterentiation be-
tween two primitive subfamilies. the Boreomysinae and
the Rhopalophthalminae, with organic statoliths and all
remaining taxa with mineralized statoliths: and second,
ecophysiological diffcrences between marine forms with
fluorite and freshwater forms with vaterite. These elements
offer paraltels to those advanced by Carlstrém (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 ef al.. 1983) suggests
that the appearance ol calcite may rather mark the tran-
sition from an aquatic to a terrestrial mode of live.

Acknowledgments

We are greatly indebted to members of the “"Mysid Re-
scarch Group” for exchange or donation of mysid ma-
terial: T. E. Bowman (Washington), T. Brattegard (Blom-
sterdalen), G. Fenton (Hobart), J. Mauchline (Oban),
S. M. Lussier (Narragansett), M. Murano (Tokyo). J. C.
Sorbe (Arcachon), and T. Wooldridge (Port Elizabeth).
We also thank G. Voicu (Bucarest) for the generous do-
nation of fossil statoliths. The Division of Ulirastructure,
Zool. Inst. Vienna, and Lab. Micr. Elettronica. Dip. Sci.
Terra (Naples), kindly provided scanning electron mi-
croscopy and microanalytical lacilities. Part of the material
was collected during the Antarctic expedition ANT VIIl/
5 of the RV Polarstern.

Literature Cited

Ariani, A. P., F. Marmo, G. Balsamo, and . Franco. 1981. Vatenite
in the statoliths of a mysid crustacean (fiantysis balurensis). Annuar.
Ist. Mus. Zool Univ Napoli 24: 69-78.

Ariani, A. P, F. Marmo, G. Balsamo, G. Cesaro, and N. Maresca.
1982. Prime osservazioni sullo sviluppo degh statohti di Crostace:
Nhsidacer. Annnar Ist. Mus. Zool Univ. Napoli 25: 327-341.

Ariani, A. P., F. Marmo. G. Balsamo, E. Franco, and k. J. Wittmann.
1983. The mineral composition of statoliths 10 relation to taxonomy
and ecology in mysids. Rapp. Commn. Inr Mer Médit. 28(6): 333-
336.

Bethe, A. 1895.
544-564.
Buddenbrock, W. von. 1914, Uber dic Orientierung der Krebse im Raum.

Zool Jb. Allg. Zool. 34: 479-514.

Carlstrom, D. 1963. A crystallographic study of vertebrate otohiths.
Biol Bull 125; 441-463.

Eobysk, B. J.,and F. L. Linger. 1966.  Mysid statohths in shelf sediments
off Northwest America. J. Sediment Petrol 36: 839-840.

Espeel, M. F. 1987, On the fine structure of the statolith and the candal
statocyst gland of the mysid shrimp Neomysis integer (Leach, 1814)
(Crustacea. Mysidacea). Meded K cAcad Ve, Lot Sch. Kunst. Bel-
21 49(1). 95-109.

Fuchs, R. 1979. Das Vorhommen von Statolithen fossiler Mysiden
(Crustacea) im obersten Sarmatien (O-Miozin) der Zentralen Para-
tethys. Beitr. Paldont. Osterreich 6: 61-69.

Die Otocyste von Mivis. Zool Jb. Anat. Oniog 8:

Gauldie, R. W, 1986. Vatente otoliths from chinook salmon (Onco-
rinvnchus tshawyvtscha). New Zealand J. Mar. Freshw. Res. 20: 209-
217.

Ganldie, R. W. 1990, Vatente otohiths from the opah: Lampris im-
mactlarus and two species of sunfish, Yola mola and M ramsayi.
Acta Zool. T1(4): 193-199.

Iisu, K. J. 1978. When the Black Sea was dramned. Sci. Am. 238(5):
53-63.

Jander, R. 1962. The swimming plane of the crustacean Mysidium
gracile (Dana). Brol Bull 122: 380-390.

Kohn, J. 1992, Mysidacea of the Baltic Sea—state of the art. Pp. 5-
23 in Taxonomy. Biology and Ecology of (Baltic) Mysidys (Mysiducea,
Crustacea), J. Kohn, N B. Jones, and A. Moffat, eds. Univ. Rostock.

Lowenstam, I1. A. 1981. MNlinerals formed by organisms. Science 211:
1126-1131.

Lowenstam, 11. A, and D. MNcConnell. 1968.
fluorite. Scicnce 162: 1496-1498.

Maissuradze, L. S, and G. Popesco. 1987.  Carpatho-Caucasian com-
parative study of Sarmatian Mysids. D S {nst. Geol. Geofiz. 72—
73(3) 75-80.

Marmo, 1., G. Balsamo, and E. Franco. 1983. Calcite in the statoconia
of amphibians, A detailed analysis for the frog Rana esculenta Cell
Tisvse Rey 233: 35-43,

Mulligan, K. P., and R. W. Gauldie. 1989, The biological signihcance
ol the vanation 1n crystalline morph and habit of otoconia in elas-
mobranchs. Copeta 1989(4); 856-871.

Neil, D. M. 1975, Statocyst control of eyestalk movements in mysid
shrimps. Fortschr. Zaol 23:98-109.

Schlacher, 1. AL K..1. Wittmann, and A. P. Ariani. 1992.  Comparative
morphology and actuopalacontology of mysid statoliths (Crustacea,
Mysidacea). Zoomorphology 112: 67-79.

Tattersall, W. M., and O. S, Tattersall. 1951.
Ray Society. Publ. 136, London, 460 pp.

Voicu, G. 1974, Identification des Mysidés fossiles dans les dépdts du
Miocéne supérienr de la Paratéthys Centrale et Onentale et leur im-
portance paléontologique, stratigraphique et paléogéographique. Geol.
Carpath 25:231-239.

Voicn, G. 1981.  Upper MNiocene and Recent mysid statoliths in Central
and Eastern Paratethys. Micropaleontology 27: 227-247.

Watabe N., V. R. Mcenakshi, P. L. Blackwelder, E. M. Kuortz, and
D. G. Dunkelberger. 1976, Calcareous spherules in the gastropod
Pomacea paludosa Pp. 283-308 in The Mechanisms of Mineraliza-
tion m the Invertebrates and Plans, N Watabe and K. M. Wilbur,
eds. Univ, South Carolina Press, Columbia.

Wittmano, k. J. 1992.  Morphogeographic vanations in the genus Ae-
sopodopsts Czerntavshy with descriptions of three new species (Crus-
tacea, Mysidacea). /fydrobiologia 241: 71-89.

Wittmann, K. J., A. P. Ariani, and A. Staoziene. 1990. Implicazioni
tassonomiche ed ccologiche di alcune carattenistiche biometriche degh
statolit der Nhsidacer. Ochalia 16-2(Suppl.): 805-807.

Wittmanao, k. J., T. A. Schlacher, and A. . Ariapi. 1993, Structure
of Recent and fossil mysid statoliths (Crustacea, Nysidacea). J Vor-
phol 215: 31-49,

Biologic precipitation of

The British Mysidacea.




