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ABSTRACT

Statistically significant differences in mean magnesium content of calcite in carapaces
of benthic marine Ostracoda were found to occur among four superfamily groups and
among regions of the carapace for each of the superfamily groups. For the Ostracoda
studied, the mean composition was 3.5 mole percent MgCO3. The Cypridacea had the
highest mean value, 5.2 mole percent MgCO 3 ; whereas the mean for the Cytheracea was
much less, 1.9 mole percent MgCO 3. The means found for the other two groups, the
Bairdiacea and the Cytherellidae, were both about 4.3 mole percent MgCO 3. The inner
region of the carapace was found to contain the most magnesium in all four superfamily
groups, the mean ranging from 2.1 mole percent MgCO3 for the cytheraceans to 6.2 mole
percent MgCO3 for the cypridaceans.

Phylogenetic control of magnesium was judged to be important at both the class and
superfamily levels. That members of Class Ostracoda substitute magnesium for calcium
in calcite may be partially explained by the fact that all ostracodes, in order to survive,
must calcify their carapaces rapidly following molting. Furthermore, it woud seem
advantageous that the most rapid calcification take place in that portion of the carapace
immediately adjacent to the soft anatomy. If so, differences in magnesium content among
carapace regions might be the result of this difference in calcification rate. The reason
for the significant difference in magnesium content among superfamily groups is not
known but may be due to the fact that the cytheraceans are more highly evolved than
the other groups studied.

Variation of water temperature was judged to be a significant source of variation in
magnesium content at the superfamily level, independent of rate of growth. Rank corre-
lations between magnesium concentration and temperature averaged about 0.7 for the four
superfamily groups, with the cytheraceans showing the best correlation (0.78). Depth,
independent of temperature, was judged not to be an important factor. Depth was im-
perfectly correlated with temperature and was not as highly associated with magnesium
content as was temperature.

' Nlanuscript received December 23, 1976; revised manuscript received March 22, 1977.
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INTRODUCTION

The dominant form of calcite precipitated in
benthic marine environments is magnesium cal-
cite, most of which is biogenic. Although non-
skeletal magnesium calcite is known to occur in
deep-sea and intra-reef environments (Friedman,
Amiel, & Schneidermann, 1974), synthesis of
inorganic magnesium calcite in the laboratory has
not been achieved except by using solutions with
salt concentrations unknown in open, euhaline
environments. Natural carbonates are in poor
agreement with thermodynamic theory (Cloud,
1965), and Moberly (1968) has suggested that we
should search among organic mineralization proc-
esses for the explanation of these phenomena.

Wet-chemical analyses by Clarke and Wheeler
(1922) and X-ray diffraction analyses by Chave
(1954) indicated that magnesium content in
skeletal calcite is positively correlated with water
temperature. These results have been cited often
in the literature (for example, Revelle & Fair-
bridge, 1957; Lowenstam, 1963; Dodd, 1967;
Wolfe, Chilingar, & Bea les, 1967; Bathurst, 1971;
Blatt, Middleton, & Murray, 1972; Lippmann,
1973; Milliman, 1974). Chave also suggested
that his data indicated phylogenetic control of
the magnesium content of calcite. He believed
that phyla considered more advanced might be
better able to discriminate against magnesium
during precipitation of calcite. Blatt, Middleton,
and Murray (1972) suggested that magnesium
causes a structural defect in the calcite crystal
lattice, but Dodd (1967) concluded that exclusion
of magnesium in the calcification process is with-
out obvious selective advantage. Furthermore,
Dodd noted that some advanced groups studied
by Chave had too much magnesium for their
assumed phylogenetic level, including ostracodes,
decapods, and echinoderms. Moberly (1968) used
an electron microprobe to study calcite of coral-
line algae and bivalves from temperate localities
where there is seasonal temperature change. His
data indicated that growth rate might be the key
to magnesium control and that rapidly growing
organisms are less able to discriminate against
magnesium during shell construction. 1f this is
true, it may well explain why ostracodes and
decapods contain more magnesium than it appears
they should. Ostracodes and decapods (but not

echinoderms) grow by molting, and individuals
must calcify to varying degrees rapidly after
molting in order to survive. Moberly (p. 79)
concluded that temperature was "of decidedly
less overall significance"; however, he pointed out
that the effects of other factors such as light, sa-
linity, and reproductive cycles have not yet been
determined experimentally and that generaliza-
tions, including his own, need to be tested on a
wide variety of organisms. Davies, Crenshaw,
and Heatfield (1972) concluded from a study of
echinoid spines that temperature is not an inde-
pendent factor in control of magnesium but
merely affects rate of growth.

For several reasons ostracodes are excellent
organisms for studying the effects of phylogeny,
temperature, and depth on magnesium concen-
tration in calcite.

1) Ostracodes are found throughout the nor-
mal marine environmental spectrum from high
latitudes to the tropics and from intertidal to
abyssal depths. (Our study deals primarily with
marine species.)

2) Relative to the photosynthetic coralline
algae studied by Moberly (1968), light is much
less of a factor.

3) Variation in rate of growth of the animal
can be regarded as an insignificant factor in
explaining variations in magnesium content of
Ostracoda. Ostracodes grow discontinuously by
ecdysis with calcification occurring just after
molting, so that growth rate determines when
and how often new calicification takes place but
not necessarily how fast it takes place. Further-
more, because rapid calcification following molt-
ing is essential for survival, water temperature is
probably unimportant, and calcification is nearly
instantaneous when compared with other organ-
isms.

4) Unlike coralline algae, bivalves, and echi-
noderms, variations of calcite within the carapace
precipitated by a single ostracode cannot be at-
tributed to seasonal changes in water tempera-
tures. The calcite of ostracodes can only reflect
the ambient temperature immediately following
the time of molting. Molting takes place every
few days or weeks, so that if specimens living at
the time of collection are studied, their calcite
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closely reflects the water temperature at the time
of collection, thus making them ideal for the
study of correlation between temperature and
magnesium content. It is possible that the close
correspondence holds only for the early instars
because of the long adult life of some species.
Nevertheless, Van Morkhoven (1962) has pointed
out that freshwater species can go through as
many as three generations in a single summer,
individuals of each generation molting nine times.
If so, the time lapse between molts would aver-
age four days or less.

5) Phylogenetic control of magnesium content
within orders of living ostracodes can be assessed
because species belonging to different suborders
and superfamilies are found together in many
ostracode communities regardless of temperature
and depth of environment.

Chave's pioneer survey (1954) included some
X-ray diffraction analyses of ostracode calcite but
only of a few shallow-water samples. Techniques

of analysis have been improved during the past

23 years, so that it is now possible to go beyond
Chave's beginning. He was unable to determine
accurately magnesium content in samples con-
taining less than four mole percent magnesium
carbonate, which included half of his ostracode
samples. Futhermore, Milliman, Gastner, and

Müller (1971) challenged Chave's choice of lat-

tice constant versus composition curve and sug-

gested his estimates of magnesium content were

too high.

A pilot study was undertaken to demonstrate
that electron microprobe techniques could be
successfully applied to the study of ostracodes
(Cadot, Van Schrnus, & Kaesler, 1972; Cadot,
Kaesler, & Van Schmus, 1975). (Lipps and Ribbe
in 1967 reported that electron microprobe analysis
of planktonic Foraminiferida was difficult because
of the porous nature of the tests.) Results of the
pilot study indicated Chave's estimates of mag-
nesium content of calcite in ostracodes might be
too high, as suggested by Milliman, Gastner, and
Mailer (1971). Other important findings from

the study were:

1) Phylogenetic line might be an important

control of magnesium concentration within the
Class Ostracoda. Chave was unable to assess

phylogenetic control within Ostracoda because his

samples each contained more than one species,

and species were mixed without regard to higher
taxonomic category.

2) Temperature may exert control, but corre-
lation between temperature and magnesium con-
centration was low when means of temperature
and magnesium content were plotted for all speci-

mens regardless of taxonomy.

3) Variation within an individual ostracode
is sometimes greater than variation among indi-
viduals of the same species and from the same
locality. Chave was unable to study variation
within individuals because his samples were
crushed and contained many individuals.

These results from the pilot study led to the
following hypotheses to be investigated in this
research:

1) Phylogenetic control of magnesium in cal-
cite extends at least to the superfamily level; and,
therefore, the magnesium content of ostracodes of
different superfamilies but from the same environ-
ment should be significantly different.

2) Variation within individual carapaces is a
significant source of variation in the magnesium
content of ostracodes; that is, magnesium content
differs significantly among inner, middle, and
outer regions of the carapace even when speci-
mens are drawn from the same environment and
belong to only one taxonomic group.

3) Contrary to the results of the pilot study,
when enough data are examined, magnesium con-
tent of Ostracoda at the class level would show
close correlation with water temperature as sug-
gested by Chave (1954).

4) Temperature is closely correlated with
depth, but depth does not represent a separate
source of variation of magnesium within Ostra-
coda.

These hypotheses were tested by using electron
microprobe analysis to determine the magnesium
content of representatives of the four major groups
of benthic marine Ostracoda collected from en-
vironments with a wide variety of water tempera-
ture and depth. Statistical analysis of the result-
ing data was then used to determine whether
statistically significant differences in mole per-
cent MgCO 3 existed within carapaces and among
carapaces of ostracodes belonging to different
superfarnily groups and whether these differences
were correlated with differences in water temper-
ature and water depth.
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MATERIALS AND METHODS

CHOICE OF SPECIMENS FOR STUDY

Most of the material studied was drawn from
collections made by the authors and has been
deposited in the University of Kansas Museum
of Invertebrate Paleontology (KUMIP numbers
1,046,006 to 1,046,271). Shallow-water, tropical
specimens were collected in Bermuda and the
Florida Keys. Shallow-water temperate specimens
were collected from the coasts of southern Maine
and southern Victoria, Australia. Shallow, cold-
water, high-latitude specimens were obtained dur-
ing cruise 71-4 of the RSV Hero to Isla de los
Estados (east of Isla Grande, Tierra del Fuego).
Deep-sea, cold-water specimens were collected
during Cruise 39 of the Eltanin to the southern
Indian Ocean and the Tasman Sea. Some supple-
mental material was also obtained from the fol-
lowing sources: M. J. Brady (University of Kan-
sas), R. H. Benson (Smithsonian Institution),
F. M. Swain (University of Minnesota and Uni-
versity of Delaware), and P. R. Krutak (Univer-
sity of Nebraska). All stations sampled are listed
in Appendix I of Cadot (1974).

None of the specimens considered for study
showed any signs of recrystallization, but this

alone does not insure lack of alteration. The re-
sults of the pilot study indicated that carapaces
may sometimes lose magnesium after death of
the animal without showing any signs of recrystal-
lization. Examples are given in Appendix III,
Table 1, of Cadot (1974). Loss of magnesium
without noticeable recrystallization has been doc-
umented for other organisms including coralline
algae and echnioids (Moberly, 1973; MacQueen,
Ghent, & Davies, 1974). It is possible that pairs
of Mg2+ and CO32- ions may leave the calcite by
what Land (1967) called incongruent dissolution,
while the primary Ca2 + and associated CO32- ions,
which make up more than 90 percent of the
carapace, remain as a permanent solid framework
(Land, 1967). Schroeder (1969) suggested that
this process can take place in submarine as well as
subaerial environments, although the mechanism
is not well understood (Bathurst, 1971). The
exact postmortem time lapse before such magne-
sium loss takes place is not known, but it prob-
ably does not occur prior to decomposition of soft
parts, which may take place in as little as 72
hours (R. M. Forester, pers. commun.). Moberly
(1973) noted that the first detectable change in
high-magnesium calcite of coralline algae oc-
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curred three to 10 years after the death of the
plant.

Material selected for this study included only
those specimens that still contained soft parts and
were alive at or just prior to the time of collection,
thereby minimizing the likelihood of loss of
magnesium. This considerably reduced some of
the sample sizes, particularly those from deep-sea
environments, but deep-sea specimens are prob-
ably the most susceptible to early diagenetic
changes (Friedman, 1965). Most of the supple-
mental material consisted of dry specimens, but
the specimens used contained at least some vestige
of soft parts.

Material studied included representatives of
the three marine superfamilies of Suborder Podo-
copina and the one extant family in the Suborder
Platycopina. Because the family Cytherellidae is
the only family in Suborder Platycopina, no super-
family name exists, and cytherellids have not been
referred to in the literature as cytherellaceans.
However, in this research the Cytherellidae have
been referred to as a taxonomic group of super-
family rank for the sake of parallelism and to
emphasize the fact that they do not belong to any
of the three podocopine superfamilies. The three
podocopine superfamilies plus the platycopine
family will henceforth be referred to as the four
superfarnily groups. The suprageneric classifica-
tion used was taken from the Treatise of Inverte-
brate Paleontology (Moore, 1961) and was used
according to more recent information summarized
by Maddocks (1972) (see Table 1).

TABLE 1. Suprageneric Classification of the Ostra-
coda Studied in This Research (from Moore,

1961).

Subclass Ostracoda
Order Podocopicla

Suborder Platycopina
Family Cytherellidae

Suborder Podocopina
Superfamily Bairdiacea
Superfamily Cypridacea
Superfamily Cytheracea

It is quite possible that salinity or ionic ratios
may exert some control of magnesium content of
calcite. Analyses in a pilot study of Cypridopsis
vidua from fresh water showed much lower con-
centrations of magnesium than would be ex-

pected in normal marine cypridaceans from en-
vironments with similar temperature (Table 2)
(see also Crisp, 1972, and Durazzi, 1973). It is
hoped that the effect of salinity was minimized
in this study by using only those specimens col-
lected from normal marine (euhaline) environ-
ments, although this still included a fairly wide
range of salinities (probably 30 to 37 but possibly
30 to 39 parts per thousand).

TABLE 2. Comparison of Fresh Water Cypridop-
sis vidua with Euhaline Cyprididae.

Number Mean of
Tempera-	 of	 Mole %
turc, °C	 Analyses	 MgCO3

Fuhaline Cyprididae 13-17 116 5.14
Cypridopsis vidua 24.4 24 1.33
Euhaline Cyprididae 24-26 154 7.49

ELECTRON MICROPROBE ANALYSIS

Microprobe analysis offers several advantages
over other methods of analysis for study of ostra-
codes (Cadot, Kaesler, & Van Schmus, 1975).
The technique does not require specimens to be
crushed or dissolved and makes it possible both
to examine variation within a single specimen and
to avoid contamination by non-carbonate mag-
nesium. Analytical error in this study was held
to 10 percent and probably to -± 5 percent.
Errors as low as -± 1 percent are possible in
some microprobe analysis; however, this is prob-
ably not possible for analysis of calcite since it
is less stable under the electron beam than other
minerals, such as dolomite and magnesite. Never-
theless, by employing a relatively large beam
diameter (6 to 8p) and by restricting counting
time during exposure to the beam to 10 seconds,
accelerating voltage to 15 kilovolts, and beam
current to 0.15 milliamps, error due to thermal
decomposition was held to within 2.5 percent.
The calibration curve used was essentially linear
so that error due to curvilinearity was probably
less than one percent.

The basic principle of microprobe analysis is
relatively simple. A beam of electrons, focused to
a few microns in diameter, impinges on the flat,
polished surface of a specimen. Atoms under the
beam are thus excited and emit X rays that are
characteristic of each element. These X rays are
dispersed according to wave length by crystal spec-
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trometers and counted by use of the appropriate
detector.

Sample preparation for analysis was by far
the most taxing activity and, aside from the
oceanographic cruises, the most time-consuming
activity because the ostracodes were small (0.5 to
2.0 mm) and brittle. Nearly three hundred speci-
mens were prepared on which a total of more
than five thousand analyses were performed. To
our knowledge, this is the most extensive study of
skeletal calcite yet undertaken using electron
microprobe analysis.

The preparation was as follows: One of the
two valves of a carapace was removed from each
specimen and mounted with epoxide on a glass
disk cut to fit a microprobe sample holder (2.5 cm
diameter). The specimens were then embedded
with a second application of epoxide and ground
until the calcite was exposed. The samples were
rough polished with 5.0 and 0.3 micron grit size
aluminum slurries and given a final polish with a
fine aluminum slurry (0.05 grit size) or diamond
paste (0.025 grit size). The grinding and polish-
ing steps were the most tedious because of the
friability of the calcite relative to the epoxide.
Other mounting media considered, such as Canada
balsam, are even softer and are thermally less
stable under the electron beam.

Most specimens were mounted convex side up
so that the polished tangential section of the cara-
pace had a width of at least 15 microns. The
area of the carapace eliminated by such sections
usually included most of the muscle scars. For
several specimens, the carapace was ground dif-
ferently so that this muscle scar area could be
examined to discover whether it differed greatly
from the rest of the carapace in magnesium con-
tent. For those specimens studied, it apparently
did not (Cadot, 1974, Appendix III, table 2).

The polished section of each specimen was
then drawn with a camera lucida or photographed.
These pictures were used as maps on which each
microprobe analytical spot was plotted (Figs. 1
and 2). In this way valves could be examined
closely for magnesium zonation within the ex-
posed tangential section.

Prior to analysis, each sample disk was coated
with a light carbon shadow of approximately 10
A thickness. This produced the requisite sample
conductivity but did not seriously hamper visi-
bility of the specimen through the optical system

A 	

FIG. 1.—A. Diagrammatic polished section of an ostracode
valve. The blackened portion remains after sectioning;
the unblackened portion is destroyed by polishing—
B. A specimen of Paracy pris showing the relationship of
the section to the carapace outline and points of analysis

with the electron microprobe analyzer.

of the microprobe. To insure sufficient conduc-
tivity between samples and the sample holders,
margins of the sample disks were painted with a
highly conductive silver compound.

The instruments used were ARL-EMX Micro-
probe Analyzers at the Smithsonian Institution
and the Virginia Polytechnic Institution and State
University (see Acknowledgments). The standard
used for magnesium was a dolomite standard
(USNHM R 10057) containing 20.97 percent
MgO, 29.71 percent CaO, 0.66 percent FeO, 0.03

FIG. 2. Outline of the sectioned surface of a specimen of
Loxoconcha showing typical designations of numbers used
to indicate locations within the carapace. [See text for

explanations.]
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percent MnO, 46.64 percent CO 2, and 0.28 per-
cent HC1 insolubles. The standard for calcium
was pure Iceland spar in which no magnesium
was detected. No attempt was made to correct
for magnesium that may have been contained by
the interstitial organic material.

DATA PROCESSING

The raw data, ten-second counts of X-ray
intensity, were reduced to weight percent CaCO 3

and weight percent MgCO3 and were corrected
for background radiation, mass absorption, atomic
number effects, and drift of the beam current and
spectrometer. For further details see Cadot (1974,
Appendix IV). Aberrant X-ray counts resulted
when the calcite was of insufficient thickness, as
at the feather edge of a cross section; however,
these abnormal counts could be identified and
eliminated. Calcium and magnesium were meas-
ured simultaneously by using separate spectrom-
eters, so that when calculated as weight percent
calcium and magnesium carbonate, the sum
should be close to 100 percent. Analyses summing
to 100 10 percent were probably acceptable.
To reduce the possibility of analytical error, how-
ever, only those analyses with sums of 100 5
percent were included in the statistical analysis
on which conclusions were based. All analyses
used were then normalized so that the calcium
and magnesium carbonate summed to 100 percent.
Of the some 5,500 analyses, 4,190 or about 75
percent were used in the statistical analysis.

Each analysis, identified by its own number,
specimen number, and number within specimen,
was converted to mole percent MgCO 3 and en-
tered onto a computer card with a quality desig-

nation of satisfactory (summing to 100 ± 5
percent), fair (summing to 100 -± 10 percent),
or poor. To cards bearing results of satisfactory
or fair analyses, a number was given to indicate
the location of the analysis spot within the section
(Fig. 2). Location number 1 was assigned to the
innermost portion of the carapace section; loca-
tion number 9 was assigned to the outermost
portion, the most distal to the soft parts of the
body. In several large specimens of Macrocy pris
there appeared to be a distinct inner layer, and
for these individuals the designations were 3,
analyses within the inner layer; 6, analyses mar-
ginal to the inner layer; and 7, analyses outside
the marginal layer. Henceforth locations 1, 2,
and 3 will be called the inner region; locations 4,
5, and 6 will be called the middle region; and
locations 7, 8, and 9 will be called the outer
region.

Finally, to each card was added the water
temperature, depth, and latitude from which the
specimen was collected plus a number designating
the superfamily group and genus to which that
specimen belonged. The satisfactory data used in
the statistical analysis are presented in this final
form in Appendix V of Cadot (1974).

STATISTICAL METHODS

To examine differences in percent MgCO 3 in
ostracodes from different environments, collect-
ing localities were pooled into nine station groups,
each group containing stations of similar depth
and temperature. These station groups are listed
with their temperature and depth ranges in Table
3. Satisfactory data from microprobe analyses
were then grouped and arranged to test for sig-

TABLE 3. Station Groups Used in Kruskal-Wallis Tests for Significance of Digerences in Mean Mole
Percent MgCO 3 among Ostracode Superfamily Groups and Carapace Regions.

Station
Group Stations

Annual
Range of

Temperature, °C
Range of
Depth, m

11,17 —1.0-	 2.2 252-613
II 2, 6, 8, 10, 32, 34 0.9- 2.2 2377-4785

III 4, 33, 35-39 2.8- 4.0 950-2159
IV 18, 19, 30, 31 4.4-	 5.0 2 86-52 7
V 26,29 6.1-	 6.8 1-214

VI 20, 24, 28 6.5- 9.0 1-60
VII 40-42, 51-52, 54, 57 12.9-17.0 1-2

VIII 43-46 24.8-26.0 1-2
IX 47-49, 55-56, 58 27.1-30.0 1-33
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nificant differences in mean mole percent mag-
nesium carbonate at three different levels:

1) among the nine station groups;
2) among the four superfamily groups within

station groups;
3) among the three regions of polished section

(inner, middle, outer) within each super-
family group and within each station
group.

More than 90 percent of the 90 samples at
level 3 appeared to be normally distributed after
log transformation; however, only three of the
nine station groups showed homogeneous vari-
ances among means of carapace regions (Cadot,
1974, Appendix VI). Furthermore, although mag-
nesium content, depth, and temperature are all
continuously distributed, the temperatures chosen
for the study were not normally distributed (Ca-
dot, 1974, Appendix VI). Because product-
moment correlation and nested analysis of vari-
ance require that variables be normally distrib-
uted and that variances at level 3 be homogeneous,
it was decided that conclusions should be based
on distribution-free statistical analysis using
ranked data.

The distribution-free analog of analysis of
variance used was the Kruskal-Wallis test, which
has an efficiency of 95.5 percent of analysis of
variance (Siegel, 1956). The Kruskal-Wallis one-
way analysis of variance is designed to determine
whether independent samples belong to the same
population. It tests "whether the differences
among the samples signify genuine population
differences or whether they represent merely
chance variations such as are to be expected

among several random samples from the same
population" (Siegel, 1956, p. 184). Spearman's
rank correlation coefficient was used to test for
significant correlations. According to Siegel
(1956), it is 91 percent as efficient as Pearson's
product-moment correlation coefficient. Paramet-
ric multiple correlation (with stepwise regression)
and nested analysis of variance were also com-
puted, but results of these tests were used only
as further evidence supporting results of the
distribution-free tests and not as true statistical
tests.

Designs to test for significance of differences
among means (mole percent MgCO 3) using the
Kruskal-Wallis test were as follows:

1) For each station group, individual micro-
probe analyses were pooled into the four super-
family groups and tested to see if the means
among superfamily groups differed significantly.

2) In each superfamily group within each
station group, analyses were pooled into inner,
middle, and outer carapace regions to see if sig-
nificant differences existed among the three region
means. Pooling of analyses directly into super-
family groups was considered justified and ad-
visable for three reasons. First, it increased
sample sizes and hence the power of the statistical
tests. Second, the proportion of analyses of inner,
middle, and outer carapace regions of satisfactory
quality was not constant from specimen to speci-
men. Third, little difference existed between
means of superfamily groups whether calculated
from means of specimens or calculated from all
analyses (see Table 5).

TABLE 4. Groups of Data Tested for Correlation between Mole Percent MgCO3 and Temperature

(M-T), between Mole Percent MgCO 3 and Depth (M-D), and between Temperature and Depth

(T-D) Using Spearman's Rank Correlation Coefficient (s) and Pearson's Product-moment Correlation

Coefficient (r).

Groups
	 Date Tested

a) All Ostracoda (Chave design):
b) Superfamily groups:
c) Carapace region within

each superfamily group:
d) Locations within carapace regions

within superfamily groups:
e) Genera (for those genera present

in sufficient numbers):
f) Some of above genera separated

into carapace region within
genus:

(s) For M-T, M-D, T-D
(r) For M-T, M-D, T-D
(s) for M-T, M-D
(r) for M-T, M-D, T-D
(s) for M-T, M-D
(r) for M-T, M-D, T-D
(s) for M-T
(r) for M-T, M-D, T-D
(s) for M-T
(r) for M-T, M-D, T-D
(r) for M-T, M-D, T-D
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The groups of data in Table 4 were tested for
correlation between mole percent magnesium car-
bonate and temperature, between mole percent
magnesium carbonate and depth, and between
temperature and depth using Spearman's rank
correlation coefficient (s) and Pearson's product-
moment correlation coefficient (r).

All of the groupings shown in Table 4 yielded
sample sizes greater than nine so that the Spear-
man's rank correlation coefficient (as well as the
parametric coefficients) could be tested for sig-
nificance using the t-test. The cost of computer
calculation of parametric correlation coefficients
was much less than that of the Spearman's cor-

relation coefficient because the latter required a
ranking procedure that was unwieldly and time-
consuming. For this reason, results of the para-
metric tests were obtained first and used to elim-
inate some designs, deemed unnecessary, from
the Spearman testing procedure.

Statistical tests were performed at The Uni-
versity of Kansas Computation Center using the
following library programs: Biometry (from
Sokal & Rohlf, 1969; modified for larger sam-
ple sizes), Biomedical Computer Programs
(BMDO2R from the U.C.L.A. Health Science
Computing Facility), and Scientific Subroutine
Package (SSPOBJ supplied by IBM).

RESULTS AND DISCUSSION

Results of the 4,190 analyses used in the sta-
tistical analysis and from which all means were
calculated are tabled in Appendix V of Cadot
(1974) along with the mean of each specimen.
Magnesium carbonate ranges from less than 0.1
to 11.9 mole percent. The mean calculated from
all analyses of all ostracode specimens is 3.5 mole
percent. The mean mole percents for each of the
four superfamily groups are shown in Table 5;
cypridaceans have the most magnesium carbonate
(5.2 mole percent), and cytheraceans have the
least (1.9 mole percent). Means for the inner,
middle, and outer regions of the carapace are
given with confidence limits for each of the four
superfatnily groups in Table 6 (see also Fig. 3).

The means of each carapace region within each
superfamily group are given for the nine station
groups in Table 7 and are shown graphically in

Figure 4. Means for the locations within each
carapace region are given for the four families
in Table 8. Table 9 shows means calculated for
selected genera.

MAGNESIUM CONCENTRATION
IN OSTRACODA

According to Blatt, Middleton, and Murray
(1972), the ratio of mole percent magnesium to
mole percent calcium averages only about 0.05
in calcitic skeletal material compared with 5.20
in sea water. For the ostracodes studied, the
average ratio was 0.04 and thus appeared to be
consistent with that of other organisms; however,
most of the ostracodes studied appeared some-
what unusual in that their calcite had magnesium
concentrations designated as intermediate by
Milliman (1974), that is, between 1 and 8 mole

TABLE 5. Ranges and Means of Mole Percent MgCO 3 in Superfamily Groups, Including Means De-
termined by Averaging Specimen Means within Superfamily Groups and Means Determined by Av-

eraging All Analyses within Superfamily Groups.

Mean of
	

Range of
Number
	 Range of Means

	
Specimen
	

Specimen
of
	

Superfamily	 Standard
	 of Carapace
	

Means within
	

Means within
Analyses
	 Group Mean	 Error

	
Regions
	 Superfamily
	

Superfamily

Platycopina
Cytherellidae 	 855 4.4 0.08 1.5-8.2 4.7 1.3-8.4

Podocopina
Bairdiacea 	 1049 4.3 0.05 1.6-6.4 4.3 1.4-7.4
Cypridacea 	 719 5.2 0.08 3.0-8.5 5.5 2.8-8.9
Cytheracea 	 1567 1.9 0.04 0.1-3.7 1.8 0.6-5.1
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TABLE 6. Mean Temperature and Mean and Standard Error of Mole Percent MgCO 3 for the Three
Regions of Carapace within Each Superfamily Group.

Number
of
	

MgCO3 Mean	 Standard
	

Temperature
Analyses
	

Mole %
	

Error	 Mean °C

Platycopina
Cytherellidae

INNER 214 6.22 0.133 15.3
MIDDLE 384 3.99 0.102 12.3
OUTER 257 3.41 0.114 12.2

Podocopina
Bairdiacea

INNER 292 4.92 0.097 13.3
MIDDLE 472 3.84 0.055 13.8
OUTER 285 4.43 0.114 14.0

Cypridacea
INNER 208 6.40 0.127 10.0
MIDDLE 235 4.87 0.124 10.1
OUTER 276 4.50 0.110 8.8

Cytheracea
INNER 456 2.05 0.076 13.5
MIDDLE 626 1.76 0.004 14.2
OUTER 523 1.78 0.054 13.6

•

Degrees Centigrade

FIG. 3. Mean values of mole percent MgCO3 in inner,
middle, and outer regions of the carapace for the four
superfamily groups at various temperatures. Open circles
indicate Cytherellidae; triangles indicate Bairdiacea; squares
indicate Cypriclacea; and black circles indicate Cytheracea.
Means for inner region connected by solid line; means for
middle region connected by dashed line; means for outer

region connected by dotted line.

percent. According to Milliman (1974, p. 143),
.`magnesium concentrations can be high or low
but seldom in between. . . . The only organisms
that contain intermediate amounts of magnesium
are the cephalopod Argonauta and some benthonic
foraminifera." It would appear that most marine
Ostracoda should be added to this list.

A number of workers have suggested that the
amount of magnesium substituted in calcitic skele-
tons is largely a function of phylogeny and that
there has been a biochemical evolution in the
ability of organisms to discriminate against the
magnesium ion during shell construction (Chave,
1954; Dodd, 1967; Blatt, Middleton, & Murray,
1972; Milliman, 1974). Results of our study
appear to support this conclusion in that the
cytheraceans, the superfamily generally consid-
ered to be the most highly evolved marine ostra-
code group, contains considerably less magnesium
than the other three superfamilies, but this result
may be complicated by magnesium associated
with interstitial organic material rather than
calcite of the carapace. Whereas the cytheraceans
did not evolve until the late Paleozoic, but domi-
nate post-Paleozoic marine faunas, the bairdia-
ceans, cypridaceans, and cytherellaceans have
lineages extending far back into the Paleozoic.

The origin of these superfamilies is not well

0
8	 10	 12	 14

	 1 16	 118
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TABLE 7. Mean Mole Percent MgCO 3 of Carpace Regio ns within Superfamily Groups for Each Station
Group and Results of Kruskal-Wallis Tests Including H-statistics and Levels of Significance. [Ex-
planation: NS, not significant, P > 0.05; *, significant at P < 0.025; -t-, significant at P < 0.01; t, sig-

nificant at P <0.005; §, too many tied variates for analysis.]

Station

Group

Superfamily
Group

Carapace

Region Means

Inner/Mid/Outer

H-statistic
Among

Regions

H-statistic
Among

Families

1 Cypridacea 5.13/3.70/3.56 27.8: 27.61
Cytheracea 0.22/0.14/0.14 4.5 NS

2 Cytherellidae 4.18/2.60/2.19 10.2t 500.1:
Bairdiacea 2.49/1.65/1.64 26.51
Cypridacea 6.01/3.29/2.96 97.7$
Cytheracea 0.91/0.72/0.59 27.5$

3 Cytherellidae 4.31/1.87/1.53 19.7$ 275.7:
Bairdiacea 3.78/2.95/2.38 26.11
Cypridacea 6.10/5.89/4.90 5.5 NS
Cytheracea 1.51/0.91/0.74 13.1$

4 Bairdiacea 5.35/4.53/4.12 19.9: 87.7:
Cypridacea 6.45/5.83/5.62 7.6*
Cytheracea 1.16/1.41/1.76 1.2 NS

5 Cypridacea 4.49/4.96/4.37 2.0 NS 82.8:
Cytheracea 1.76/1.31/1.27 14.4$

6 Cytherellidae 4.57/2.83/2.03 101.0$ 58.4$
Bairdiacea 4.51/3.43/3.47 47.01
Cytheracea 3.68/1.50/1.09 19.7:

Cytherellidae 6.58/5.56/5.12 44.1 109.9$
Bairdiacea 5.26/3.95/4.47 36.9
Cypridacea 5.80/4.72/5.13 17.5
Cytheracea 1.56/1.63/1.91

Cytherellidae 6.55/5.29/4.69 13.5: 407.21
Bairdiacea 5.99/4.63/6.41 121.2:
Cypridacea 8.37/7.24/6.84 30.4$
Cytheracea 3.62/2.84/2.98 13.11

9 Cytherellidae 8.24/5.85/4.45 82.7$ 270.6:
Bairdiacea 5.63/4.32/5.16 13.9:
Cypridacea 8.52/6.75/7.91 10.5t
Cytheracea 3.33/2.85/3.04 2.4 NS

understood, but bairdiaceans are known from the
Ordovician onward and are commonly known to
be conservative in morphological characters
(Bolz, 1971). Cypridaceans may have evolved
from bairdiaceans in early Paleozoic time (Moore,
1961); however, Maddocks (1972) suggested that
the cypridaceans as well as the bairdiaceans might
be closely related to saipanettid healdiaceans of
Suborder Metacopina. Maddocks believed cy-
theraceans to be more distantly related but that
all three superfamilies may have "healdiacean
ancestry with saipanettid internal anatomy"

(Maddocks, 1972, p. 30). The Suborder Platy-
copina including Cytherellidae, was thought to be
much more distantly related to the other groups
(Maddocks, 1972). Adamczak (1971) actually
included the genus Cytherella within the Order
Paleocopida. If he was correct, the Cytherellidae
and possibly a few species of Punciidae are
the only living representatives of the Paleocopida.
According to Adamczak and also Loranger
(1971), the genus Cytherella was an important
constituent of Middle Devonian faunas.

According to Chave's results, the Ostracoda
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FIG. 4.—A. Bar graph showing mean and 95-percent confidence limits of the concentration of MgCO3 in mole per-
cent for the inner carapace region of specimens of Cytherellidae from each of the nine stations from which specimens
were analyzed.—B. Middle carapace region of Cytherellidae. 	 C. Outer carapace region of Cytherellidae. 	 D.
Inner carapace region of Bairdiacea.—E. Middle carapace region of Bairdiacea.—F. Outer carapace region of Bair-
diacea.—G. Inner carapace region of Cypridacea.—H. Middle carapace region of Cypridacea.—/. Outer carapace
region of Cypridacea. 	 I. Inner carapace region of Cytheracea.—K. Middle carapace region of Cytheracea.—L.

Outer carapace region of Cytheracea.
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as a class have too much magnesium substitution
for their phyletic level (Chave, 1954; Dodd,
1967); however, results of our study suggest that
magnesium incorporation averages less than
Chave's results indicated. In the cytheraceans

studied, magnesium carbonate averages just under
2 mole percent, and according to Plummer and
McKenzie (1972), the most stable form of calcite
(at 25° C) is that containing 2 mole percent
magnesium carbonate. It should also be noted

FIG. 4. (Continued from facing page.)
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TABLE 8. Mean Temperature and Mean Mole Percent MgCO 3 with Standard Error for Locations
within Carapace Regions within Superfamily Groups.

Number
Carapace	 of	 MgCO3	 Standard	 Temperature
Location	 Analyses	 Mean Mole %	 Error	 Mean °C

	Cytherellidae 1	 123	 6.92	 0.065	 16.9

	

2	 91	 5.26	 0.174	 13.0

	

4	 167	 4.46	 0.143	 13.4

	

5	 217	 3.63	 0.139	 11.4

	

8	 117	 3.38	 0.174	 10.3

	

9	 140	 3.42	 0.152	 13.7
Bairdiacea	 I	 181	 5.17	 0.134	 13.1

	

2	 112	 4.52	 0.126	 13.8

	

4	 212	 3.93	 0.078	 14.4

	

5	 250	 3.75	 0.077	 12.9

	

8	 138	 4.09	 0.128	 14.1

	

9	 147	 4.76	 0.182	 13.8
Cypridacea	 1	 76	 6.97	 0.229	 13.3

	

2	 65	 6.33	 0.234	 15.1

	

3	 67	 5.81	 0.107	 1.5

	

4	 74	 5.43	 0.229	 13.7

	

5	 94	 5.42	 0.185	 13.8

	

6	 67	 3.49	 0.137	 1.3

	

7	 110	 3.20	 0.068	 1.5

	

8	 70	 5.17	 0.223	 13.5

	

9	 96	 5.48	 0.187	 13.7
Cytheracea	 1	 250	 2.20	 0.109	 14.0

	

2	 206	 1.86	 0.092	 12.1

	

4	 250	 1.82	 0.069	 15.4

	

5	 338	 1.67	 0.058	 13.6

	

8	 225	 1.63	 0.074	 13.0

	

9	 298	 1.89	 0.077	 14.1

TABLE 9. Mean Temperature and Mean Mole Percent MgCO3 with Standard Deviation for Selected
Genera within Superfamily Groups (selected genera with sample size greater than 60).

Number
of	 MgCO3	 Standard	 Temperature

Analyses	 Mean Mole %	 Deviation	 Mean °C

I Cytherellidae
Cytherelloidea	 711	 4.86	 2.05	 15.5
Cytherella	 182	 2.19	 1.33	 3.3

II Bairdiacea
Bairdia	 891	 4.62	 1.46	 15.5
Bythocypris	 143	 2.25	 0.79	 2.0

III Cypridacea
Paracypris	 184	 6.45	 1.79	 20.8
Propontocypris	 88	 7.00	 2.55	 21.9
Argilloecia	 76	 5.74	 1.06	 5.3
macrocypris	 357	 3.96	 1.50	 1.1

IV Cytherac-ea
Henryhotvella	 132	 0.61	 0.42	 2.7
Brad/eye	 64	 1.10	 0.67	 3.7
Krithe	 213	 1.00	 0.35	 3.6
Xestoleberis	 210	 2.01	 1.32	 13.4
Haplocytheridea	 176	 2.73	 0.79	 26.1
Loxoconchidae	 249	 3.11	 1.19	 20.5

(Loxoconcha,
Loxocorniculum,
?Loxoconchella)
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.again that because ostracodes grow by molting,
calcification takes place very rapidly, perhaps
reducing the ability of members of the class to
discriminate against magnesium. During periods
of rapid calcification, some aquipecten bivalves
also incorporate higher amounts of magnesium
(Moberly, 1968).

TESTS OF HYPOTHESES

PHYLOGENETIC CONTROL OF MAGNESIUM

Milliman (1974), using foraminifers, corals,
and bryozoans as examples, concluded that min-
eralogy can vary among classes within phyla and
among orders within classes, as well as among
phyla. For ostracodes it was hypothesized earlier
that significant variation may take place among
superfamilies. Results of the Kruskal-Wallis test,
shown in Table 7, support this hypothesis. Dif-
ferences among the superfamily groups were
highly significant within the nine station groups
(H-statistics significant at P < 0.005).

It is interesting to note that results of the
nested analysis of variance test supported those of
the Kruskal-Wallis test. These results (Cadot,
1974, Appendix II) suggested that there were
highly significant differences among the four
superfamily groups and also among the three
carapace regions. The nested analysis of variance
also tested for significant difference among all
microprobe analyses, a design which could not be
used for the Kruskal-Wallis test because of the
large sample size. By pooling all analyses regard-
less of superfamily group, Chave's (1954) sam-
ples were approximated (ostracodes mixed with-
out regard for taxonomic affiliation). Results of
the nested analysis of variance suggested that at
this level, which disregarded superfamily mem-
bership, differences in magnesium content due to
temperature were not significant. Results of the
Kruskal-Wallis test, however, showed that when
differences among superfamily groups were con-
sidered, differences in magnesium content were
highly significant even though specimens were
drawn from environments with similar tempera-
tures.

VARIATION WITHIN CARAPACES

Weber (1973) reported consistent differences
among parts of individual echinoids, especially
coronal plates versus spines. Milliman (1974)

summarized most other recent studies of biogenic
calcite including the microprobe work of Mo-
berly (1968) and Cadot, Van Schmus, and Kaes-
ler (1972). At the end of his summary, Milliman
(1974, p. 147) concluded that "even in organisms
with constant mineralogy [i.e., all calcite or all
aragonite! . . . elemental concentrations may
change within different layers."

Results of the Kruskal-Wallis test applied to
our data indicated that for the Cytherellidae and
the Bairdiacea, differences in mole percent mag-
nesium carbonate among inner, middle, and outer
regions of sections across the carapace were highly
significant (P < 0.005), even when the samples
included were restricted to a single station group
(Table 7; Fig. 4, D-F). Cypridaceans also showed
significant differences among regions, but not at
all station groups (P < 0.025 for 6 of 8 groups;
Table 7; Fig. 4, G-1). Cytheraceans showed sig-
nificant variation (P < 0.01) within only 4 of 8
station groups. A ninth station group, number
7, contained too many tied variates for the com-
puter program used. Because the cytheraceans
are thought to be more highly evolved, they
might be expected to show a more uniform dis-
tribution of magnesium within their carapaces
(Figs. 4,K, and 4,L). MacQueen, Ghent, and
Davies (1974) observed from their microprobe
study of three specimens of sand dollars and from
other studies of echinoids by Weber (1969) and
Schroeder (1969) that heterogeneous distributions
of magnesium in echinoderm skeletons is fairly
common. They then cited Cadot, Van Schmus,
and Kaesler (1972) and concluded that variation
in magnesium carbonate content may be common
in skeletal calcite from a variety of phyla. "Such
inhomogeneities in magnesium carbonate add
another variable to the relationship between mag-
nesium carbonate on the one hand, and water
temperature and phylogenetic level on the other"
(MacQueen, Ghent, & Davies, 1974, p. 67).

CORRELATION OF MAGNESIUM CONTENT
WITH WATER TEMPERATURE

Spearman's rank correlation coefficients and
results of t-tests for significance are given in
Tables 10 to 12. Parametric correlation coefficients
were not calculated.

The results indicate that much of the variation
shown above to be significant is correlated with
temperature. Temperature is known to be cor-
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TABLE 10. Spearman's Rank Correlation of
MgCO 3 Content with Temperature and Depth;

All Coefficients Significant at P <0.001.

Correlation of MgCO 3 Content:

with temperature	 With depth

Cytherellidae	 (all	 regions) 0.69 -0.72

Inner region 0.71 -0.67

Middle region 0.74 -0.76

Outer region 0.71 -0.77

Bairdiacea	 (all regions) 0.60 -0.57

Inner region 0.53 -0.51

Middle region 0.57 -0.53

Outer region 0.78 -0.73

Cypridacea (all regions) 0.66 -0.56

Inner region 0.56 -0.35

Middle region 0.72 -0.61

Outer region 0.82 -0.75

Cytheracea (all regions) 0.78 -0.72

Inner region 0.69 -0.52

Middle region 0.82 -0.62

Outer region 0.82 -0.63

Ostracoda (containing all

superfamily groups and

all carapace regions)

Sample 1 0.41 -0.41

Sample 2 0.46 -0.45

Sample 3 0.40 -0.40

related with depth but also with latitude. It
should be remembered that ostracode growth rate
is not an important factor in explaining correla-
tion between temperature and magnesium con-
centration. Rapid calcification, instantaneous rela-
tive to most other groups, is requisite for survival
of the individual and therefore may explain the
presence of magnesium in Ostracoda but seems
unlikely to be a source of significant variation
among taxonomic groups within the class.

To test further Chave's (1954) design, all
analyses were pooled into one of three samples,
each containing analyses from all three carapace
regions and each with approximately a third of
the analyses within each of the four superfamily
groups. Ideally, all analyses should have been
pooled into a single sample, but this was not done
because of the expense of ranking such a large
sample. Spearman's rank correlations of mag-
nesium concentration with temperature and with
depth were low but significant (Table 10). On
the other hand, correlations of temperature with
depth were high, about - 0.8. The large amount
of scatter caused by disregarding taxonomy was
graphically demonstrated when means of speci-
mens from all four families were plotted on the
same temperature-magnesium scatter diagram
(Fig. 5,A). A fortuitous selection of specimens
could, in spite of disparate superfamily affiliation,
produce the good correlation found by Chave
(see Fig. 5,F).

The validity of the assumption that a well-
defined relationship exists between skeletal mag-
nesium content within a class and water tempera-
ture has recently been challenged by Weber
(1973), based on his work with echinoderms. At
the class level, his data supported his conclusion,
but at the order and family level his results were
less conclusive. When the Ostracoda studied
were separated into superfamily groups, the rank
correlation of magnesium content averaged 0.26
higher with temperature and 0.21 higher with
depth than when superfamily groups were lumped
(Table 10). All coefficients were highly signifi-
cant (P < 0.001). This improvement of correla-

TABLE 11. Spearman's Rank Correlation of MgCO 3 Content in Carapace Location (within Region)
with Temperature; All Coefficients Significant at P < 0.001 Except the Two Indicated as NS, Not

Significant, with P > 0.05.

Locations:	 1

Cytherellidac	 0.75

Bairdiacea	 0.59

Cypridacea	 0.76

Cytheracea	 0.73

Inner
	

Middle
	

Outer

2	 3	 4
	

5
	

6	 7	 8	 9

0.65	 0.72	 0.77	 0.73	 0.69

0.48	 0.55	 0.60	 0.74	 0.84

0.73 	-0.16 NS	 0.67	 0.62	 0.15 NS	 0.56	 0.79	 0.69

0.65	 0.81	 0.84	 0.83	 0.81

Fin. 5.-A. Mean mole percent MgCO3 of all specimens regardless of superfamily versus temperature. Open circles in-

dicate depths of 0 to 50 meters; solid circles indicate depths of 200 to 650 meters; solid squares indicate depths of 950

to 4800 meters.-B. Mean mole percent MgCO3 of specimens of Cytherellidae. C. Mean mole percent MgCO3 of

specimens of Bairdiacea.-D. Mean mole percent MgCO3 of specimens of Cypridacea.-E. Mean mole percent

MgCO3 of specimens of Cytheracea. F. Mean mole percent MgCO3 of selected genera versus temperature; all super-
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FIG. 5 (Explanation continued from facing page.)

family groups are represented. [Explanation: Cythercllidae: Cytherella, C; Bairdiacea: Bairdia, Ba; Cypridacca: Pro-

pontocypris, Pr; Paracy pris, Pa; Cytheracea: Krithe, K; Xestoleberis, X; Henryhowella, H; unnamed genus A, A;

Poseidonamicus, Po; Echinocythereis, E; Bradleya, Br.1
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tion of magnesium with temperature was demon-
strated graphically by plotting means of specimens
first all together and then one superfamily group
at a time (Fig. 5,A-E).

On the whole, rank-correlation of magnesium
content with temperature was not improved by
separating superfamily groups into genera (Ta-
bles 12 and 13). The mean for Spearman's rank

TABLE 12. Spearman's Rank Correlations of
MgCO 3 Content with Temperature for Selected
Genera; All Correlations Significant at P < 0.001.

Cytherellidae
Cytherelloidea

Bairdiacea
Bairdia
Bythocypsis

Cypridacea
Paracypris
Propontocypris

Cytheracea
Krithe
Bradleya
Xestoleberis
Loxoconchidae

(3 genera)

correlations of magnesium content with tempera-
ture was 0.60 when genera were considered sep-
arately; whereas when genera were pooled into
superfamily groups, the mean was 0.68. Only the
genus Paracypris yielded a higher correlation of
magnesium with temperature than its superfamily
group as a whole, and this could be the result
of small sample sizes. Weber (1973) also noted
relatively poor correlation of magnesium with
water temperature at the generic level in echinoids
even when examination was restricted to a par-
ticular part of the skeletons. For instance, for
family Echinometridae, Weber reported correla-
tions ranging from 0.26 for Echinometra pyra-
mids to 0.66 for Heterocentrotus teeth. This is
also consistent with the findings of Ponder and
Glendenning (1974) for genera of Foraminiferida
within the superfamily Miliolacea. Although

TABLE 13. Means of Spearman's Rank Correla-
tions of MgCO 3 with Temperature for Five Ar-

rangements of Data.

Group	 Correlation	 Mean
Ostracoda:
Samples of mixed super-	 0.42	 of 3
families and carapace regions

Ostracodes separated	 0.68	 of 4
by superfamily group

Ostracodes separated
into genera within	 0.60	 of 9
superfamily group

Ostracodes separated	 of 4
into carapace region 	 0.71	 superfamily
within superfamily group	 means

Ostracodes separated into 	 of 4
location within region	 0.66	 superfamily
within superfamily group	 means

specimens they studied were all collected from
localities with similar water temperatures, they
found (p. 32) the percent of magnesium car-
bonate in specimens "of close or distant phyletic
affinity is approximately the same." In other
words, examination of individual genera within
the superfamily Miliolacea did not yield informa-
tion not gained by studying the superfamily as
a whole. Figure 6,A, suggests, however, that the
scatter in temperature versus magnesium plots
might be decreased by selecting families within
superfamilies.

The highest average correlation of magnesium
concentration with temperature was obtained by
dividing the superfamily groups into carapace
regions within superfamily groups (Tables 10 and
13). By averaging Spearman's rank correlation
coefficients obtained for the three regions in each
superfamily group, the mean correlation of mag-
nesium concentration with temperature was found
to be 0.72 for the Cytherellidae, 0.63 for the
Bairdiacea, 0.70 for the Cypridacea, and 0.78 for
the Cytheracea. The grand mean for the four
superfamily groups was 0.71 compared with a
mean of 0.68 obtained for the design in which

Correlation

0.61

0.41
0.58

0.77
0.60

0.60
0.71
0.41
0.75

Fin. 6.—.4. Mean mole percent MgC0s versus temperature for Krithe (family Krithidae), solid circles, and three
genera of Loxoconchidae (solid squares).—B. Mean mole percent MgCO5 of all four superfamily groups versus
temperature of the station groups. Where a station group represented more than one water temperature, the mean mole
percent MgC0s was plotted at both ends of the station group's temperature range, thus producing a horizontal line seg-
ment. [Explanation: Cytherellidae, solid squares; Bairdiacea, solid circles; Cypridacea, open circles; Cytheracea, solid
triangles.]—C. Mean mole percent MgCO3 of Cytherellidae versus temperature of the station groups at which they
were found. Inner region of carapace, solid triangles; middle region of carapace, solid circles; outer region of carapace,
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FIG. 6. (Explanation continued from facing page.)

solid squares.—D. Mean mole percent MgCO3 of Bairdiacea versus temperature of the station groups at which they

were found. Symbols are the same as for C.E. Mean mole percent MgCO3 of Cypridacea versus temperature of the

station groups at which they were found. Symbols are the same as for C.—F. Mean mole percent MgCO3 of Cy-

theracea versus temperature of the station groups at which they were found. Symbols are the same as for C.
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regions of the carapace were pooled within super-
family groups. On the other hand, the grand
mean for correlation of magnesium concentration
with depth was only 0.62 compared with 0.61 for
the design in which regions of the carapace were
pooled. All rank coefficients (magnesium with
temperature and with depth) were highly sig-
nificant at P < 0.001 in both designs. The only
superfamily group that did not show an increase
in magnesium correlation with temperature by
division into carapace region was the Cytheracea;
however, the Cytheracea yielded the highest cor-
relations of magnesium with temperature in both
designs. This may well be a reflection of more
uniform magnesium distribution within cythera-
cean carapaces such that the relationship between
temperature and magnesium in the carapace is
not as masked by variations within the carapace.
This uniformity in cytheraceans relative to other
superfamily groups was probably not due to
sampling bias because samples of Cytheracea con-
tained the largest number of analyses, specimens,
and genera.

The increase of the correlation of magnesium
concentration with temperature by separating
analyses first into superfamily groups and then
into carapace region within superfamily group
can be seen graphically in Figures 6,B-F; how-
ever, Figure 3 shows that phylogenetic control at
the superfamily level is a much more important
factor than variation within the carapace in the
search for correlation of temperature with con-
centration of magnesium in Ostracoda.

IMPORTANCE OF TEMPERATURE
VERSUS CALCIFICATION RATE

For all four superfamily groups, the magne-
sium concentration in the inner region of the
carapace showed the weakest correlation both
with temperature and with depth. Although rate
of calcification was probably not a significant
factor in differences among superfamily groups or
station groups or even among individuals, it
could possibly have explained the lower correla-
tion coefficients for the inner region of the cara-
pace. From Tables 6 and 7 and Figures 6,C-F,
it can be seen that although the inner region was
the least correlated with temperature, it generally
contained the highest concentrations of magne-
sium. Because ostracodes are most vulnerable
just after molting, it would seem logical that the

region immediately adjacent to the soft anatomy
might be calcified faster, thus causing more mag-
nesium to be incorporated regardless of the
temperature of the environment; however, the
sequence of events during calcification of Ostra-
coda is not well understood and needs further
study (but see Passano, 1960).

Weber (1973, p. 550) in his study of calcite
of echinoids concluded that "a relationship be-
tween water temperature and skeletal magnesium
is real, but poorly defined . . . and may in fact
reflect temperature control of calcification rate
rather than a direct temperature-dependent effect
in the thermodynamic sense." Davies, Crenshaw,
and Heatfield (1972, p. 882), in another study of
echinoids, concluded that "the genetic factor is
the significant factor, coupled with develop-
mental stage, in controlling chemistry; tempera-
ture merely affects rate of growth." Results of
our study suggest that for Ostracoda the first part
of the statement may be correct, but that tempera-
ture is a significant source of variation of mag-
nesium content independent of growth rate. Dodd
(1967, p. 1324) wrote that "the temptation to
explain temperature effect as resulting from
growth rate differences is strong," and Weber
(1973, p. 555) concluded that results of his study
"do nothing to reduce that temptation"; however,
the results of our study may reduce the tempta-
tion at least for the ostracodes studied. Calcifica-
tion rate, rapid for all ostracodes, may, however,
explain the base-level of magnesium content about
which variation took place.

IMPORTANCE OF LOCATION WITHIN
CARAPACE REGION

Tables 11 and 13 show that rank correlations
of magnesium content with water temperature
tended not to be increased when the three regions
of the carapace were divided into the two or three
locations per region. This design did not add
much information about any superfamily group,
with the exception of the cypridaceans, and re-
sulted in smaller sample sizes. Cypridacean loca-
tions 3 and 6 (Table 8) represent analyses within
and bordering an apparent layer of high magne-
sium calcite detected only in larger specimens of
deep-sea Macrocy pris, the largest specimens stud-
ied. This inner layer, containing about 6 mole
percent magnesium carbonate in spite of the cold
deep-sea temperature, was not apparent in other
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specimens either because it did not exist or be-
cause it was too narrow to be detected with the
size of electron beam employed. Unfortunately,
only a few large Macrocy pris were collected with
soft parts, and those without soft parts were
thought to yield unreliable results (Cadot, 1974).
Two of the specimens with soft parts were large
enough to be sectioned longitudinally, resulting in
a truer view of the layer's thickness. It should be
noted that if location 3 is removed from the study
of the cypridacean inner region as a whole, the
correlation found between magnesium of the inner
region and temperature is raised to 0.72, a poten-
tially fruitful area of future research.

DEPTH AS AN INDEPENDENT SOURCE
OF VARIATION

The contention that depth does not influence
magnesium substitution other than by exerting
partial control of temperature is difficult to test
but is supported by the following evidence:

I) Except when all ostracodes were pooled
regardless of taxonomy (Chave's 1954 design),
the correlation of magnesium concentration with
temperature was greater than with depth except

in the middle and outer carapace region of the
Cytherellidae. The reasons for the exception are
not known but could be related to the fact that
the Cytherellidae belong to a separate suborder
and perhaps a separate order from the other
ostracodes studied (Bolz, 1971; Adamczak, 1971;
Maddocks, 1972).

2) Temperature of the localities studied is not
perfectly correlated with depth (Spearman's =
—0.82) and is also associated with latitude (para-
metric r = —0.42).

3) Results of the parametric multiple correla-
tion with stepwise regression, used as rough indi-
cators, showed that depth was not an important
factor in magnesium control (Cadot, 1974, Ap-
pendix II). When ostracodes as a whole were
tested, temperature was selected as the most im-
portant variable. Depth was selected fourth be-
hind latitude and location on carapace in impor-
tance when data were separated into the four
superfamilies; temperature was again selected as
the most important factor in magnesium control.
Depth was ranked fourth for Cytheracea and
Cytherellidae and was ranked second and third for
the Bairdiacea and Cypridacea, respectively.

CONCLUSIONS

1) Magnesium content varied significantly
among representatives of ostracode superfamily
groups from the same environment. Therefore,
the hypothesis that phylogenetic control of mag-
nesium content extends at least to the superfamily
level was accepted; however, phylogenetic control
at the suborder level was not apparent because
analyses of the Cytherellidae (Platycopina) yielded
magnesium contents similar to two of the three
superfamilies of suborder Podocopina.

2) Magnesium content differed significantly
among inner, middle, and outer regions of the
carapace sections. Therefore, position within indi-
vidual carapaces was a significant source of dif-
ference in concentration of magnesium carbonate.

3) The hypothesized close correlation between
percent magnesium and water temperature was
not found at the class Ostracoda level (r = 0.4);
however, when the data were divided according
to superfamily, higher coefficients were obtained

(r = 0.7) indicating that water temperature was
an important source of variation of magnesium
concentration in spite of the uniformly rapid cal-
cification rate in Ostracoda. Growth rate, or more
properly, calcification rate, may have set the limits
for incorporation of magnesium at the class level
and may also have been responsible for differences
among regions of the carapace within individuals;
however, our results indicated that temperature
was a significant source of variation within super-
family groups, even though variation of tempera-
ture has little effect on the calcification rate of
ostracodes.

4) Whereas division of data into superfamily
groups and regions of the carapace substantially
improved the correlation of magnesium content
with temperature, and whereas temperature was
associated with latitude as well as depth, it is
suggested that depth does not represent a separate
source of variation independent of temperature.
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Furthermore, although used only as a rough
indicator because assumptions of the method were
not met by the data, parametric stepwise regres-
sion selected temperature as the most important

source of variation for all four superfamilies,
whereas depth was found to be less important
than temperature, latitude, and location on cara-
pace when all data were considered together.
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