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A metabolic model for the determination of shell
composition in the bivalve mollusc, Mytilus edulis

GARY D. ROSENBERG AND W. WILLIAM HUGHES

LE I HAIA Rosenberg, G. D. & Hughes, W. W. 1991 01 15: A metabolic model for the determination of shell
composition in the bivalve moltusc, Myrilus edulis. Lethaia, Vol. 24, pp. 83-96. Oslo. 155N 0024-1164.

This rescarch describes compositional variations within the shell of the extant mussel Mytilus edulis and
proposcs that they are produced by metabolic gradients within the shell-secreting mantle. Because we
have previously proposcd that the same metabolic gradients arc responsible for variations in shell form
(curvature), we cstablish here a model for molluscan shell growth integrating, for the first time, shell
form and composition with mantle mectabolism. The clectron microprobe was used to measure the
distribution of Mg, S, and Ca in the outer calcitic shell layer of sectioned, polished, and either Al- or C-
coated shell. Mg/Ca and S/Ca ratios in the outer shell are respectively 1.25 and 1.40 times higher along
slow-growing. commissure-umbo axes of high shell curvature and high metabolic activity than along
rapidly growing axcs of low curvature and low metabolic activity. The ratios within the inner surface of
the caleitic shell layer decline most rapidly along commissure-umbo axes where mantle metabolic activity
also declines rapidly. We reject the null hypothesis. generally at high levels of significance (r-tests, F-
tests, rcgression analyses, and discriminant analysis, with p < (.01) that there is no difference in either
Mg or S concentration in scctions of the calcitic shell layer that differ in shell curvature and mantle
metabolic activity. We conclude that calctum (mineral)-rich portions of shells are energetically less costly
to produce than matrix or minor element-rich portions. in agreement with the proposal that natural
selection favors mineral-rich shells because they are more efficient to produce than matrix-rich shells.
Among-specimen differences arc also highly significant (mixed model ANOVA). This confirms our
assertion that paleontologists need to describe variations in skeletal composition among populations
and throughout ontogeny as systematically as classical taxonomists describc morphology, if ever the
environmental and the genetic influences on skeletal composition are to be distinguished. O Bivalves,
biomineralization, shell composition. magnesium. sulfur, calcium, metabolism, growth, MYTILUS EDULIS

Gary D. Rosenberg, Geology Department, Indiana/ Purdue University, 423 University Blod., Indianapolis,
IN 46202-5140, USA; W. William Hughes, Biology Departinent. Andrews University, Berrien Springs,
MI 49104, USA; current address: W. Willian Hughes, P.O. Box 44, Bryn Mawr, CA 92318, USA;
received 19th May, 1990, revised typescript accepted 21st October, 1990,

:th(!lse Salper‘ is the.third in a series of studies aimed  growth actually does occur along the entire inne'r
shell feo(’pmg anintegrated model of metabolism, shell surface in contact with the mantle, albeit
com m and' (here, for the first time) shell over a range in rates. This is exemplified by.the

position. Simply stated, our model predicts fact that growth increments are not simply limited

t . .
hat  metabolic gradients  within skeletal- to the margin of the shell. They extend from the

depositi i

”pomtlng tlSSlleS SUCh as the mant]es of the outer i[}fﬂ the innar chall lavarc rlpnrp'JCinﬂ in

blvalve mOIl : : : MW WALW LaRLIVL L DLIVIL la_)‘\.«las Wil wiaos D.

accreti us¢ or brachiopod determine thickness away from the commissure at species-
Cretion rates and she

Metabol; . Il form: the higher the specific rates as well as maintaining species-
e Cllo I¢ gradient across the mantle, the greater specific angles to the shell surface. Moreover,
fvature of the shell deposited along the the physiological data thus far obtained strongly

Same axis '
The mo'd li ) suggest that mantle metabolism and accretion
that ©l1s counterintuitive only if one insists  rates across the entire mantle are responsible for

(he co:; ;rilsesrll]tatl_()n of the marginal.mantle along controlling shell form. Rosenberg et al. (1988)
form (the ‘mre 1s the sole determmant' of shell (.iescribed gradients in (glucose ) metabolic activity
Huxley (1932)abrgmal mantle’ hypothesis which in the mantle of the articulate brachiopod, Tere-
and metabolis €gan to devc-.:lop). Mantle growth  bratalia transversa, and in the mantle of the
shell, away fr;n along the ‘inner’ surface of the  bivalve mollusc, Chlamys hastata. They found
vant to dEterm;n'the margin, are deemed irrele-  that metabolic activity is higher in the mantle
W the gt ohell form. of the bivalve than in that of the brachiopod,

¢rnative model recognizes that confirming the original work of Hammen (1968,
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1969, 1971, 1977), Hammen et al. (1962) and
Hammen & Lum (1966). Rosenberg et al. (1988)
also found that the rate of glucose metabolism is
highest within the mantle lying along the margin
of the commissure (marginal mantle), and that
it declines within the strip of mantle (‘medial
mantle’) adjacent but just distal to the
commissure. The ratio of glucose metabolic
activity within the marginal mantle to that within
the ‘medial’ mantle was 3.7/1 in the brachiopod
and 1.78/1 in the bivalve. Rosenberg et al. (1988)
postulated that this difference accounted for the
difference in shell curvature between the two
The metabolic gradient was envisioned to
have produced a proportional allometric,
accretionary gradient within each shell conse-
quently creating inflated valves in the brachiopod
and flattened valves in the bivalve. Hence the
model was named the metabolic gradient model.

Results of a metabolic study in Mytilus edulis
support the ‘metabolic gradient’ model. If the
‘marginal mantle’ hypothesis were correct, one
would predict that mantle metabolic activity

tavn-.
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would be highest where accretion rates are
highest, along axes of maximum growth. But,
Rosenberg et al. (1989) found that glucose activity
surprisingly is lowest within marginal mantle
along the axis of maximum growth, and is highest
within marginal mantle lying closest to the umbo,
along the axis of minimal growth (Fig. 1). Fur-
thermore, Rosenberg et al. (1989) found that the
metabolic gradients between the marginal mantle
sectors and the umbo were proportional to shell
curvature along the same axis (Fig. 1). These
gradients were calculated as ratios of metabolic
activity measured in the marginal mantle to a
constant value representing ‘inner’ mantie meta-
bolic activity beneath the umbo. We will publish
elsewhere supporting data from two bivalve
species that show that metabolic gradients actu-
ally measured in contiguous mantle sections
between the shell margin and the umbo are pro-
portional to valve inflation along the same axis.

Why the mantle metabolic rate should vary
inversely with the rate of accretion is a physio-
logical problem, important regardless of the val-

—» UMBO

A UMBO

Fig. 1. Top. Location of clectron
microprobe experiments in '
sectioned shell of Mytilus eduls
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within the calcitic shell layer 7%
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also taken along the inner surface
of the calcitic layer (7a-d) ford
distance of 3 mm from the margit
towards the umbo. Inner,
aragonitic shell layer (btack)
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shell surface at right. Botiom-
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idity of our model integrating growth rate, shell
form, and metabolic gradients. Although we do
not presume to solve the problem here, our
research does establish the hypothesis that mantle
metabolism is highest where shell is chemically
most expensive to produce, and is secondarily
related to growth rate. In Mytilus edulis, calcium-
rich shell lies along the axis of maximum growth,
least curvature, and lowest metabolic activity,
whereas matrix- and trace element-rich shell lies
along the axis of least growth, greatest curvature,
and highest metabolic activity.

The inverse relationship between the matrix/

mineral ratioin a shell and th ;
........ airatioin a shell and the efficiency of mantle

metabolism was formalized by Palmer (1981,
1983), who noted that shell regeneration was
more rapid in gastropods with mineral-rich rather
than matrix-rich shells. This prompted Palmer to
generalize that marine invertebrates with calcium-
riFh shells have a selective advantage over taxa
with organic-rich shells. In this paper, we will
extend Palmer’s model to suggest that the meta-
bolig determinants of shell composition among
manme taxa are the same as those that determine
Varlfltions in composition within shells. It is axio-
matic that biochemical processes are funda-
mentally the same in whatever taxa they are found
anq thus it is reasonable to assume that the meta-
bolic processes that determine variations in shell
tomposition within a single taxon are the same as
:hose that determine variations among different
axa,

In.this paper, we test the prediction that the
matrix/mineral ratio within the shell will vary
directly with metabolic rate of the mantle sector
‘haf deposits it, and that gradients in shell com-
Position will vary directly with gradients in mantle
metabolism,

Accordingly, we have measured the con-
‘entration of Ca, Mg, S, C, and N within the
:’;ﬂﬂl calcitic §hell layer of Mytilus edulis using
th: ec (;?Ctrcn m:.croprobe_. We have asked whether
Ca i ficentration of minor elements relative to
ratio; uniform across the shell, or whether the
elemen‘:al’)’- We have also asked whether the
from vaa? v_anat.lons that were found could result
hin Nations in the metabolic rate of the under-

& mantle,
\ lf:ler];:_“dy focuses. on the distribution of § and
concent tve to Ca within the shell. S is primarily
and amimted-m various acid mucopo!y.sacchandeS
ning no acids within the shell and it is therefore
Ndex of matrix content. Mg may substitute for

Shell composition in MyTiLUs 85

Ca in the calcite unit cell, and it may also be
coordinated directly to the organic (matrix) frac-
tion. Mg has been one of the most intensively
studied minor elements in skeletons. Its con-
centration in marine invertebrate skeletonsis gen-
erally taken to be sensitive to changes in
temperature or salinity, but all proposed cor-
relations between skeletal Mg concentration and
the environment have been compromised by dis-
regard for ontogenetic (temporal and spatial)
variations within the shell (Rosenberg 1980,
1990a, b). Furthermore, Mg was chosen because
it would be interesting to establish a connection
Mg** in cellular

hat 4
between the involvement of

metabolism and transport on the one hand and
the ion’s skeletal concentration on the other, for
such relationships would be important in under-
standing the evolution of skeletal composition.
The establishment of such a connection is beyvond
the scope of this research. but we do contend that
the variations within the shell that we do observe
are not explained by environmental variations. a
cautionary note to those who would account for
all variations in skeletal content in environmental

terms.

Materials and methods

The specimens of Mytilus edulis used in this study
were obtained in July, 1988 and werc living at
mean sea level on rocks along Northwest Island.
a few hundred meters offshore of Walla Walla
College Marine Lab, Anacortes. Washington,
They were sacrificed by inserting a scalpel
between the valves in the region of the byssus,
and severing the adductor muscle.

Dodd (1964, 1965, 1966) has determined that
M. edulis shells at this latitude have a thick outer
calcitic layer and a thin inner aragonitic laver.
We confirmed this with Feigl/Fricdman staining
(Friedman 1959, 1977) of a few shells not sub-
sequently used for clectron microprobe analvees,
In all of the shells the boundaries between the
different layers can be seen readily using an opti-
cal microscope, thus permitting one to avoid the
inner aragonitic shell layer during analyses (cqn-
centration of elements such as Mg varies with
crystallography). All analyses reported here were
done on the outer calcitic layer.

Our study of skeletal composition is based on
more than 17,000 clectron microprobe measure-
ments of nine shells of Mytilus eduldis. The shells
were sectioned from the commissurc toward the
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umbo. The sections originated within arcas A and
D along the commissure (Fig. 1). Fig. 1 shows
that marginal mantle activity is respectively maxi-
mal and minimal at these positions (Rosenberg et
al. 1989). Likewise. the mantle metabolic gradient
and the shell curvature extending from these powi-
tions toward the umbo are respectively maximal
and minimal (Fig. 1 and Rosenberg ef al. 1989).
The sections were mounted on l-inch diameter
circular slides and ground and polished with suc-
cessively finer grades of carborundum gt and
alumina paste. They were scrubbed with a tooth
brush and in a sonic cleaner before each change in
gnt or polish, and upon completion of polishing.

We have compared results obtained from Al-
and C-coated shells. The specimens were coated
in a vacuum evaporator with C for the first series
of analyses. They were polished a sccond time
to remove the C coating and then they were
simultaneously coated with Al. Most analyses
were completed with  Al-coated specimens
because an A! coating is presumed to be more
effective than a C coating at preventing burning
by the electron beam, and thus is presumed to
enhance the precision of microprobe analyses of
carbonates (Smith 1986: Jarosewich & Macintyre
1983). Analyses of variance (F-tests. not shown)
of the S/Ca ratios measured in Areas A and D of
Experiments 1-6 are significant at p < 0.01 and
p =<0.05, respectively. Analyses of variance of
the S/Ca ratios in Experiments 2-6 (only Al-
coated specimens) are not significant at p < 0.05.
That is, there are no significant differences in
§/Ca ratios among experiments on Al-coated
specimens wherein duration of measurement
ranged between 10 and 100 seconds. This suggests
that an Al coating will retard burning. Never-
theless, we regard the data obtained from C-
coated specimens as useful because S/Ca and Mg/

Table 1. Experimental parameters for electron microprobe

LETHALA 24 (139

Ca ratios are consstently higher o Area A s
Arca D oregardless of tvpe of coating (-ests
presented in the Results)

The shells were analvzed i six experiments
along the vuter, calatic shell taver and in one
interval (four repeated expeniments) along the
inner surface of the calatic Laver extending from
the margin towards the umbo (anteniorly) for a
distance of approvimately 3nun (Fig. 1), Each
traverse in the A sector was duplicated in the
D sector (Fig. 1y Distunctive growth bands and
changes in slope along the surface of the shell
(c.g. produced by retardation in growth) were
traced between arcas A and D n order to find
comparable intervals within both sectors for
duphcation. Expeniments 1o (Fig. 1) travers
the outer surface of the shell that was deposited
sequentially  (growth mcrements intersect the
outer surface at a hugh angle) and Experiment ?
(Fig. 1. repeated four tmes) follows along the
inner surface of amultancoushy produced shel
(growth increments parallel the inner surface).
The traverses vancd m length, number of analy
ses, and duration of ¢cach measurement (Table .
The operating conditions of the mstrument were
varied between traverses to munimize rephicabil
ity. For example. m order to determine whether
specimen burming adversely affected precision,
the analvais time ranged between 10 and 100
seconds,

The concentrations of Ca. Mg, and S were
measured simultancously, as were Ca. C. and $
and Ca. N, and S in repeated traverses. C was
measured only in specimens coated with Al The
spectrometers were fixed on peak during eagh
traverse. This climinated the imprecision aSSQC"
ated with repeaking of spectrometers dufjfg
multi-element analvses. This did increase 1
number of (rn\'crsesinl(mg cach section but mult-

analysis of the outer calerte sheli laser of Mynlus edudis.

Analysis
. time
Experiment* Coat (sec)
1 C 0
2 Al i0 -
3 Al 30
4 Al 10
5 Al to
6 Al 100

* As shown in Fig. 1.

Beam
diamcter Interval .
nis
{um) {um) Eleme
10 n Ca. Mg
) Ca. C.8
10 1n c.s
10 20 Ca. i
1n 10 Ca'Mg'S
N g Ca M'Z'S
0 ' gl Ca ™
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ple traverses along a scction did faalitate
assessing the replicability and precision of the
results.

Ca was detected uang an LiF crvstal and a
sealed detector, Mg using an RAP crvstal and a
P-10 flow proportional detector, and S using a
PET crystal and a P-10 flow proportional detector.
Both C and N were detected with a LOD crystal
and a P-90 flow proportional counter. A crystal
of calcite was used for standardizing Ca and C,
gypsum for S (and secondanly for Ca). MgO for
magnestum, and BN for mitrogen.

Allanalyses were corrected for dnft, dead time.
and background. Concentrations, and ratios of
C0n§cmrminns, were determined by fiest approxi-
mation:

[X\hclll = Cd‘-c\![xwf] (’a'.,‘
where

[Xenew] = weight 7 of the element in the shell

.C‘hcll = spectrometer count rate for the element

in the shell

[C:\qd] = weight 77 of the element in the standard
sid = count rate for the element in the standard

ZAF corrections (atomic number. absorption.
apd fluorescence) were not made. We have pre-
viously determined (Rosenberg & Hughes 1990)
tha.t thcsc are small relative to actual (‘corrcctcd)
varations. The results of the present study sup-
port this assertion. .

Several statistical tests were used to evaluate
the data. Mean differences. lincar regression,
aln)alyASCS of variance. and discriminant analyses
E)y ?:LSS:SS(,;}S;}(O] & Rohlf 1981) were evaluated
Our O'b. an : "‘CS“ (as specified in the Results).
X jecuves were to test the null hypothesis
Ee?éngér)];?sré arc no differences in composition
deposited by (;‘ ratios) between areas of the shell
() there 2 y 'ffC{Cm sectors of the mantle.'qnd
5500 rc“no differences in shell composition

lated with type of coating or duration of

ana H . . .
b lyses (i.e. artifacts attributable to specimen
urmng).

Results

Th: Zlfgnems of greatest interest are Mg and S.
16 anéagoe‘gig' ioncemranon ranges between
Centration bét "‘H . and the average S con-
centragi \fv een (.08 and.O.S() wt%. The con-
: 1ons of Mg and S relative to Ca consistently

d
iffer between sectors A and D. The Mg/Ca and
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S Ca ratios reported below compare favorably
with the values obtained by Lorens & Bender
(1980) in the same species.

Table 2 lists the mean S/Ca ratios in the outer
shell laver of sectors A and D (six traverses of
cach of nine specimens). The mean S/Ca ratio is
clearly higher (2-tailed r-tests) within sector A
than sector D. In seven of the nine specimens,
the difference is highly significant (p <0.01) in
most traverses. In one of the specimens (770), the
ratio does appear to be greater in sector A in five
cases. but is significantly so in only three of the six
traverses. In specimen 772, there is no consistent
difference between the S/Ca ratio within the A
and D sectors at p < 0.05.

Table 3 summarizes the three experiments in
which Mg/Ca ratios were measured in areas
A and D. In all but one of the specimens, the
Mg/Ca ratio is higher in the A than in the D
sector of the shell in at least two out of the three
traverses. The difference is generally greater than
1057 and is highly significant (at p <0.001, 2-
tailed r-test). In two specimens (771 and 772), the
\Mg/Ca ratio was found to be higher in the D than

in the A sector in one of the three traverses, but

the difference about 4 wt% (albeit

highly significant). In one specimen (773) the Mg/
Ca ratios in the A and D sectors do not differ at
p = 0.05 in any of the three traverses.

Mixed model analyses of variance of S/Ca and
Mg/Ca ratios (Tables 4 and 3, respectively) con-
firm a highly significant variation among speci-
mens. Tables 4 and 5 exclude data from
experiment I (specimens coated with C). Dif-
ferences due to coating type (a mixed model
ANOVA including experiment 1) are significant
(at p < 0.01) for $/Ca but not for Mg/Ca, sug-

aer M lacc
ence 1S 18sS tha.".

gesting that the former are more sensitive to
burning.
In Fig. 2 the mean Mg/Ca ratio is graphed

apainst the mean S/Ca ratio for the three experi-
ments in which the two ratios were simultaneously
measured in the outer shell layer (a total of N =
54 pairs, 27 within cach of the A and D sectors).
Plots of the A and D sectors are distinguished.
Fig. 2 thus shows three estimates within each of
two areas of the same shell as independent
values. We wanted to determine if compositional
differences between ‘metabolic areas’ were robust
in view of variations either among specimens Or
within shells (ontogeny). Clearly (Fig. 2), they

are.
A discriminant analysis of the data in Fig. 2
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Table 2. Mcan $/Ca ratios in the outer shell layer of Mytilus edulis.
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Spec. no. Exper. Arca A S.D. Arca D S.D. DF t P
764 1 0.0036 0.0010 0.0029 0.0011 588 8.08
2 0.0053 0.0008 0.0024 0.0009 313 34.51
3 0.0060 0.0007 0.0026 0.0010 210 28.76
4 0.0055 0.0010 0.0030 0.0012 246 17.47
5 0.0053 0.0010 0.0018 0.0004 398 45.96
6 0.0054 0.0006 0.0027 0.0010 78 14.64
765 1 0.0034 0.0011 0.0023 .0007 436 12.75
2 0.0048 0.0009 0.0044 0.0016 320 2.73
3 0.0042 0.0007 0.0040 0.0008 269 2.19 b
4 0.0049 0.0009 0.0040 0.0012 382 8.38
5 0.0052 0.0008 0.0050 0.0021 397 1.26 NS
6 0.0052 0.0005 0.0046 0.0010 64 3.02
766 1 0.0035 0.0016 0.0027 0.0010 573 7.24
2 0.0061 0.0014 0.0038 0.0018 319 12.77
3 0.0047 0.0012 0.0046 0.0017 281 0.56 NS
4 0.0068 0.0012 0.0036 0.0015 275 19.72
5 0.0055 0.0016 0.0031 0.0008 378 18.18
6 0.0054 0.0016 0.0046 0.0017 72 2.08 :
770 1 0.0033 0.0009 0.0025 0.0006 450 10.82
2 0.0063 0.0016 0.0058 0.0029 328 1.93 NS
3 0.0051 0.0008 0.0048 0.0022 205 1.29 NS
4 0.0047 0.0010 0.0048 0.0021 352 -0.57 NS
5 0.0055 0.0009 0.0046 0.0012 398 8.48
6 ¢.0050 0.0008 0.0042 0.0020 66 2.14 )
77 1 0.0027 0.0009 0.0020 0.0006 590 11.10
2 0.0035 0.0011 0.0029 0.0017 267 15.04
3 0.0054 0.0013 0.0024 0.0011 231 19.07
K| 0.0060 0.0011 0.0032 0.0020 252 14.12
5 0.0060 0.0001 0.0018 0.0004 398 130.13
6 0.0047 0.0012 0.0027 0.0016 75 6.22
772 1 0.0031 0.0010 0.0053 0.0016 491 —~18.23
2 0.0056 0.0011 0.0059 0.0023 358 -1.57 NS
3 0.0063 0.0012 0.0053 0.0019 227 4.78
4 0.0060 0.0012 0.0061 0.0020 353 —0.57 NS
5 0.0058 0.0009 0.0070 0.0027 384 ~5.94
6 0.0065 0.0011 0.0061 0.0022 66 0.95 NS
773 | 0.0032 0.0009 0.0029 0.0017 626 2.71
2 0.0045 0.0007 0.0032 0.0009 291 13.90
3 0.0036 0.0005 0.0030 0.0013 198 4.29 "
4 0.0045 0.0009 0.0037 0.0012 239 6.20
3 0.0043 0.0008 0.0027 0.0006 398 22.84
6 0.0047 0.0009 0.0037 0.0018 65 2.89 ”
774 ! 0.0031 0.0008 0.0023 0.0008 550 11.70
2 0.0043 0.0010 0.0024 1.0006 330 20.70
3 0.0034 0.0009 0.0027 0.0007 246 6.89 -
1 0.0048 0.0009 0.0032 . 0.0010 315 14.99 ”.
5 0.0040 0.0008 0.0042 0.0008 378 —-2.43
6 0.0041 0.0009 0.0027 0.0006 68 7.78 )
775 1 0.0045 0.0010 0.0038 0.0016 595 6.39
2 0.0061 0.0012 0.,0035 0.0012 301 18.86
3 010055 0.0005 0.0040 0.0018 212 8.4
4 0.0066 0.0011 0.0034 0.0010 246 23.85
5 0.0052 0.0011 0.0037 0.0017 387 10.36
6 0.0043 0.0009 0.0031 0.0011 71 5.08 ’

DF = Dcgrees of freedom

= n0a + Ap = number of analyses in Area A + Arca D, respectively.
T p <0001 T p <008 "t p <002, % p < 0.05; NS = not significant. .
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Table 3. Mcan Mg/Ca ratios in the outer shell layer of Mytilus edulis.
Spec. no. Exper. Arca A $.D. Arca D S.D. DF ! It
764 1 0.0054 0.0005 .0043 (L0004 388 29,50 ceen
4 0.0050 0.0007 0.0041 0.0004 246 12.75 sree
5 0.0053 0.0007 0.0035 0.0004 398 3157 “wns
765 1 0.0050 0.0006 0.0043 0.0004 136 14.63 sere
4 0.0048 0.0009 0.0040 0.0004 a2 10.34 snee
5 0.0045 0.0007 0.0038 0.0005 7 11.49 sees
766 1 0.0061 0.0007 0.0050 0.0004 573 hAJRE! cren
4 0.0069 0.0011 0.0041 0.0005 278 2591 e
5 0.0053 0.0007 0.0038 0.0004 a7 2528 e
770 1 0.0048 0.0005 0.0044 0.0004 450 922 vere
4 0.0054 0.0010 0.0046 0.0010 382 7.83
5 0.0047 0.0005 0.0037 0.0004 98 220 veer
7l 1 0.0056 0.0007 0.0058 0.000Y 590 —3
4 0.0065 0.0016 0.0041 (0.0007 282 14,08
5 0.0042 0.0005 0.0036 0.0004 R 1328
mn 1 0.0046 0.0005 0.0049 0.0006 491 D, e
4 0.0062 0.0011 0.0049 0.0007 383 13.38 aeer
5 0.0049 0.0006 0.0047 . 0.0006 a8d 321
713 1 0.0044 0.0045 0.0036 0.0005 626 —0 NS
4 0.0037 0.0036 0.0039 0.0004 239 ~(h63 NS
5 0.0046 0.0004 0.0046 0.0004 98 (o0 NS
L t 0.0046 0.0005 .0038 0.0005 550 18,72 veer
4 0.0059 0.0008 0.0040 0.0004 kIR 656
5 0.0044 0.0005 0.0038 0.0004 378 12.82 mee
775 1 0.0052 0.0006 0.0037 0.0004 595 602
4 0.0064 0.0011 0.0042 (.0005 236 1482
S 0.0076 0.0014 0.0049 0.0008 87 R

Symbols as defined at bottom of Table 2.

confirms that the A and D sectors of the outer
shell are distinguished compositionally, for an F-
testwith 2 and 51 degrees of freedom is significant
4 p=0.025. A discriminant analysis of the data
n Experiments 4 and S only (eliminating the
effects of coating) is significant at p < 0.005.

T .
@ble 4. Mixed model ANOVA on S/Ca x 10° (cxperiments

).

Sour Sum  Mcan Dcnom

s df SQ  SQ  Ms Foop
A

r:Cd (A) 1 4494 4494 AC 15.33 0.004
§pcp:‘nmcm B) 4 172 043 BC 133 NS
ap ThC) 8 4685 586 ABC 2036 0000
AC 4 075 0.19 ABC 0.65 NS
BC R 2345 293 ABC 16.19  0.000
ABC 37 1038 0.32 ABC 1.13 NS

' 32 920 029 - - _
-"\\'A“ except BC significant at p <0.05 in mixed modcl4

‘A using experiments 1-6,

A regression of the Mg/Ca against the S Ca
ratios plotted in Fig. 2 yiclds a correlation cocf-
ficient of 0.453. which is significant at p - 0.01
for k = 2 independent variables (#-test in which
both of the correlated values are measurced). The
poodness-of-fit is 0.200, which is significant at

Table 5. Mixed model ANOVA on Mg Ca -~ 1 fexpenments

4-5}). )
Rt

) Sum . Mean Depom
Source df  SQ SO MS F P
Arca (A) 1 13.44 1343 z\(“ 23 s H‘f'v}
Expcriment By 1 128 128 BC ] 2 u: ,\\\
Specimen (C) 8 02 100 A[l(i 1 j “,‘U‘
AB ) 1 0.40 040  ABC 174 \.\
AC . R 176 06 ARC AN ,\‘\
BC 8 513 0 061 ARC 2 TNONS
ABC 8 184 023 - - -

4 e -
*All cx'ccpl B significant at p < 0.02 in mived mede P ANOVA

using experiments 1. 4-5.
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p =0.025 (F-test). The slope of the regression
line fitted to the data is 0.299 (significantly dif-
ferentfrom 0 atp < 0.05, F-test with 1, 52 degrees
of freedom). The Y-intercept is at 0.0035 (value
of Mg/Ca when S/Ca = 0). Note that the ratios
within area A have a correlation coefficient of
0.386 and the regression line a slope of 0.297. The
ratios within Area D have a correlation coefficient
of 0.149 and a slope of 0.0627. Neither of these
correlation coefficients is significant at p < 0.03,
but the correlation coefficient within Area A is
close (the correlation coefficient for significance
at p<0.05 is 0.462). The significant, positive
correlation of the ratios over the entire data and
the higher correlation coefficient and slope in
Area A vs Area D suggest that the two elements
occur within the same phase at high but not
necessarily low concentrations.

The absolute concentrations of Ca, Mg, and S
{data not shown) were also regressed against each
other. The electron microprobe is insensitive to
phases in which elements are detected, and we
chose not to assume that the distributions of any
two clements are dependent. The correlation
coefficient for S-Mg was 0.448 (significant at

p=<0.01, 52 degrees of freedom, k = 2). The
correlation coefficient for Ca~S was 0.071, which
is not significant at p <0.05 (i.e. there is no

apparent correlation between Ca and S content).

80

® Area A : [
O -Area D

~}
o
ol

Mg/Ca x 10™4
°

50

404 -~

30 , ,
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The correlation coefficient for Ca-Mg is —0.292
{not significant at p < 0.05). The levels of sig-
nificance are the same if we eliminate differences
due to coating by correlating only the values
obtained in Al-coated samples (Experiments 4
and 5).

The positive correlation between Mg-S is
expected because both elements tend to be con-
centrated at the expense of Ca. S is primarily
concentrated within the chondroitin sulfate (poly-
saccharide) and cysteine and methionine (amino
acid) fractions of the shell conchiolin. However,

some S may be present as sulfate in the mineral
fraction. Mg sutbstitutes for Ca in the calcite unit

ac il SUDSLILUICS 100 g i L0 LalLilv U

cell, but also may be coordinated to molecules in
the organic matrix.

There are several possible reasons why the Ca-
S correlation coefficient is close to 0 and why
the Ca-Mg correlation coefficient is not more
negative (although it is close to significance at
p=<0.05 where r= —0.330 for 52df). Based
solely on calcite stoichiometry, Mg is concen-
trated at the expense of Ca (which would yield a
negative correlation coefficient for Ca-Mg). But
if Mg is also chelated to the organic matrix, the

both the Ca-rich and Ca-poor phases. This would
vield a more positive correlation coefficient
than predicted from calcite stoichiometry alone.

Fig. 2. Mean Mg/Ca and 5/C3
ratios in the outer calcitic shell
layer of Mytilus edulis. Mg/Ca
wt% ratios for Area A (@)
o and Area D (O) are from
Table 3. S/Ca ratios are from
Table 2 (Experiments L, 4, 5).
¢ -~ : Regression line fitted t0 all
- of the data has a slope of
0.299, a Y-intercept at
Mg/Ca = 0.0035 wi%, and a
correlation coefficient,
r = 0.453 significant at
p <001 (r-test). The scparate
regression lines for the data
within Area A and Area D
are not shown, but ar¢
discussed in the text. The
ratios within Arca A and A1€d
D constitute two signiﬁcantl)’

S/Ca x 104

different populations at
p <0.,025 (discriminant
analysis F-test).

i
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Second, microporosity must be treated as a ‘third
phase’ in microprobe analyses. The concentration
of all elements will appear to decrease simul-
taneously as porosity increases; MiCroporosity
introduces a positive correlation between all
elements where a negative or no correlation actu-
ally exists. Finally, Mg concentration is so low
relative to Ca that a small percentage of uncer-
tainty in Ca would mask the Ca—Mg correlation.
There is evidence for higher compositional (Mg
and S) gradients from the commissure towards
the umbo in Area A than in Area D. The com-
positional gradient is determined by dividing the
element-to-Ca ratio within the calcitic shell layer
at the margin by the ratio within the layer along
its inner surface (Experiment 7). Table 6 shows
that the S/Ca ratio declines 11% from the outer
to the inner surface of the calcitic shell layer
wi'thin Area A, but increases 2% along the same
axis within Area D. The Mg/Ca ratio increases
fi% in the same direction within Area A, but
increases 32% within Area D. The difference is
significant at p < 0.05 for $/Ca and at p <0.01

for Mg/Ca (2-tailed r-tests).
J.fljmal]y, we note that we detected no significant
allierences (at p <0.05) in C or N relative to
Ca content within the shells. There are several
al_ter'native hypotheses for this. First, C is present
Wlthlq both the inorganic (carbonate) and the
organic (chonchiolin) phase. The microprobe
Measures total carbon and is generally insensitive
to phase. C constitutes 12 wt% of calcite and
anywhere from 30 to 60 wt% of amino acids. It is
P{lhkely that the electron beam was ever pos-
::/;?E‘Ed solely on conchiolin (organic laminae
thatlgi;?e shell are quite thin) an_d itis conceivab%e
beneatherﬁnt proportions of mmeral.and rpa?nx
weight the electron beam could yield sn.m.lar
of N Pf;rcentgge's (_)f C. Second, the precision
back Erma yses is limited by a very low peak to
% 55{ 3}11113 level for N (2:1 on BN which contains
Sliéht y ° ) on :(he LOD crystal. Consequently,
be difﬁ?(l:rllatlons inN content (less than .10%) vylll
the dura}(lit to detect without greatly increasing
eXperinme on of measurement (100 seconds for all
abSOrptioms' in which N was me'asqred). Third,
n precisi: 1s probably a more significant factor
Of heavie n 1of C and N analyses than in analyses
energy Xf elements (for the former produce low
the A| coart?ys that are more readily absqrbed by
must be ing). And, fourth; microporosity again
Vohlmetricrega'rd?d as a “thlrd phase’ whose
variation can yield apparent changes
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Table 6. Compositional gradients within the shell of Mytilus
edulis: ratios of Mg/Ca or S/Ca in the outer to inner surfacc of
calcitic shell.

Section A Section D
Spec. no. Mg/Ca $/Ca Mg/Ca $/Ca
764 1.16 1.28 1.02 0.62
1.18 0.60
1.02 .93
1.15 0.72
765 0.79 1.22 0.56 0.89
1.37 1.07
1.24 0.96
1.17 1.00
766 1.23 1.24 0.79 0.72
1.00 0.55
1.04 0.94
0.89 1.92
770 0.69 0.98 0.73 1.33
1.29 1.02
1.04 0.93
1.02 .96
mn 1.00 0.95 0.55 0.58
0.96 0.47
0.89 0.44
0.92 0.58
772 0.90 1.00 0.79 1.17
1.12 1.18
1.20 1.27
1.03 1.15
773 0.80 1.15 0.56 1.03
1.22 0.76
1.24 1.00
1.09 1.11
774 0.91 1.09 (.60 1.60
0.81 0.92
0.98 [.23
0.97 1.23
1.18 1.65 0.48 0.81
e 1.15 0.97
1.26 1.00
1.12 1.48
Mean 0.96 111 0.68 0.98
SD. 0.19 0.16 0.17 0.32
...
Avs D: '

Mg/Ca t = 3.30, p = 0.01 for 16 df (Experiment 7a).
§/Cat = 2.18, p<0.05 for 70 df (Experiments 7a-d).

in concentration of elements within the shell.

Nevertheless, we believe thatSisa valic} index of
organic matrix content and that the differences
noted (Results) in §/Ca and Mg/Ca ratios
between sectors A and D indicate that matrix and
trace element content vary regularly within the

shell of Mytilus edulis.
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Discussion

Our emerging model of shell growth suggests
that metabolic gradients within the mantle of the
mussel, Mytilus edulis, determine shell chemistry
as well as shell form. In this report we reject
the null hypothesis, generally at a high level of
significance, that there is no difference in either
the S/Ca or Mg/Ca ratios between sectors of the
shell that also differ in curvature and underlying
mantle activity.

Mg/Ca and S/Ca ratios are highest in the area
of the shell previously found (Rosenberg et al.

a g mantla woith 4ho
1989, 1988) to be secreted by mantiec witn tne

highest metabolic activity (outer shell layer at the
commissure in Area A vs Area D), and they
decline most rapidly in shell along axes where
mantle metabolic activity was previously found
(Rosenberg et al. 1989, 1988) to decline most
rapidly (from the commissure toward the umbo
in Area A vs Area D). The distribution of S, as
an index of matrix content, supports Palmer’s
(1981, 1983) contention (see Introduction) that
matrix-rich shell is metabolically more expensive
to produce than mineral-rich shell and helps us
understand why metabolically active mantle
should underlie a sector of the margin (Area A)
that is slowly accreting. In contrast, note that the
inner, aragonitic shell layer is organic-rich, yet is
deposited by mantle that is relatively inactive. In
compensation, the aragonitic layer accretes very
slowly. Thus both growth rate and shell com-
position are functions of metabolic activity.

We recognize that a causative connection
between metabolism and sheli composition is not
established by their covariance alone. Palmer
(pers. comm.) acknowledged that matrix-rich
shells might only appear to be metabolically more
costly than mineral-rich shells (i.e. grow less than
mineral-rich shells for a given energy intake),
because the amino acids essential to the elab-
oration of organic matrix may become limiting at
different rates. Furthermore, we do not know
what fraction of mantle metabolism is devoted to
mineral vs shell matrix deposition.

Several studies of the metabolism of Mytilus
edulis (and a wide range of other taxa) clearly
indicate that growth rate is more directly a func-
tion of metabolic efficiency than of absolute meta-
bolic rate (Bayne & Newell 1983; Bayne 1987;
Diehl et al. 1985; Hawkins et al. 1989, 1985;
Thiesen 1982; Vahi 1973; Widdows & Hawkins
1989; Widdows et al. 1984). Most relevant to this
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study is the work of Bayne (1987), who found
that a cohort of small, slow-growing, relatively
homozygous specimens of Mytilus edulis had
higher metabolic rates than did large, fast-
growing, relatively heterozygous individuals.
Bayne (1987) ascribed the difference to more
intense turnover of protein and to reduced meta-
bolic efficiency in the slower growing individuas.
The genetic underpinnings of the differences in
metabolic efficiency are not relevant here because
all cells within the mantle of an individual are
genetically identical. But our results are con-
sistent with those of Bayne (1987) in the impl-
cation that slow-growing shell in Mytilus edulisis
metabolically less efficient to produce than rap-
idly growing shell because it is enriched in matrix
or minor elements. .
The work of Hawkins et al. (1989) may provide
a reason for the difference in efficiency. Hawkins
et al. (1989) partitioned the metabolism of M.
edulis. They measured protein synthesis, heal
loss, and the deposition of protein and non-pro-
tein substrates in tissue and shell. They found that
the deposition of non-protein substrate accountecsi
for 33% of energy utilization in contrast to 6%
for deposition of protein substrates. It 1s notclear
from their study what fraction of the latter value
is devoted to deposition of shell protein, but it 15
noteworthy that the partitioning of energy utr
lization was found to be constant regardless o
metabolizable energy intake. More energy would
be available for both protein and non-protélt
deposition by metabolically active mantle. Bm,
the preferential deposition of matrix-rich shell by
metabolically active mantle would imply thaf the
greater absolute energy utilization 1s assoc'late
with matrix elaboration and would be consmf’?f'1I
with Palmer’s (1983, 1981) model of tk.le relatll‘e
cost of producing matrix- vs mineral-rich shel y
The next question is whether the presenc 0
Mg in the shell is metabolically significant. Therct
are several aiternative answers. It is pos&blg tha
Mg plays no special role in the enc:.rge“CS Ot
shell deposition. Crystallography is an impor”
determinant of skeletal Mg content (Onumd o ate
1979), for Mg** fits more readily into the ca!clr-
than aragonite unit cell. Mg** also may b¢ cooas
dinated directly to various organic mO]ecule.S.‘.e
the matrix is elaborated (hence the strong P?S'"in
correlation between Mg and S concentratloneg-
the shell). However, the hypothesis that the P‘t .
ence of Mg in the skeleton is due to stoxchlomeoq.
factors alone does not explain why the ¢
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centration of Mg in the skeleton varies during
ontogeny in taxon-specific patterns (Rosenberg
1990a, b), including those suggested for Mytilus
edulis in the present study. Nor does the hypoth-
esis explain why the Mg content in the shell of
Mytilus edulis fluctuates about low mean levels in
the first place. The high Mg/Ca ratio in seawater
favors initial deposition of high-Mg calcite or
aragonite (Dodd & Stanton 1981; Mackenzie er
al. 1983), although the very presence of Mg** in
seawater (and in calcifying organic fluids) may
actually limit the crystallization of high-Mg phases
(Dodd & Stanton 1981). Because organisms

rarelv denosit Mo-enri i
SQLLLY ML pion xv;&’vxlllched miﬂerals S‘dch as dGl‘

omite, magnesite, and rhodochrosite except
pathologically (Lowenstam & Weiner 1983; Le-
Geros 1981), it does seem plausible that organ-
llsm‘s.have evolved the physiological means of
limiting the Mg content in their skeletons. And
Lorens & Bender (1977) found that Mytilus edulis
does appear to exclude Mg™* from its shell when
growing at normal salinity.

A second alternative is that there is no physio-
logical control over Mg content in the shell but
there are environmental determinants. That is,

physical/ chemical factors (such as diffusion rates,
umt cell limitations on trace element content)
that change with the environment determine Mg
content of the shell. Active transport of Mg
thr‘ough the cell membrane of the mantle
epithelium, to the extrapallial space, and into the
shell is not a factor.

Mg is one of the most intensively studied
elements in the skeletons of marine organisms,
?gd a great deal of research has been devoted
o using Mg content in both living and fossil
.Tganlsms as an index of seawater chemistry and
;;(l)nperature (see reviews by Rosenberg 1990a, b;
l%;f’_"gﬁrg 1980; Dodd & Stanton 1981; Dodd
rison,& é‘ve 1954; Brand & Morrison 1987; Mor-
1083 1 rand 1986; Jones 1985; Mackenzie et al.
Skelétalog{%nstam 1961, 1964). The studies of
because thg cont_ent are difficult to generalize
positle e relatlor}shlps between skeletal com-
ven 0n and the environment have inevitably pro-
exam l;eSOmplex than originally proposed. For
Posedp th. larke & Wheel'er (1922) originally pro-
i“\'ertebrm M_g content in skeletons of marine
‘emperatmes 1s directly p.roportionai to ambient
‘PFObab]eure‘ Th'ey predicted that there were
data hay exceptions’ and, indeed, subsequent
validit € proven to bg so contradictory that the

Y of the generalization for all taxa is very
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much in doubt (Rosenberg 1980). Dodd (1965)
found a positive correlation between ambient
temperature and Mg content in the outer calcitic
shell layer of Mytilus californianus but an ambigu-
ous correlation in Mytilus edulis. In one study of
the latter species there was evidence of a seasonal
Mg variation (higher Mg content in the shell
during summer than winter), in a second series of
analyses there was a positive correlation between
shell content and temperature, butin athird series
there was no significant correlation. Dodd (1965)
also found that Mg in the outer calcitic shell
layer of Mytilus edulis decreased steadily with

increasing salinity (a nearly twofold decrease in
shell Mg as salinity changed from 15 to 33%).
However, environmental variations cannot ex-
plain the differences in Mg content in the two
sectors of the Mytilus edulis shell studied here
because the shell that was analyzed in each sector
was. deposited simultaneously. This was readily
determined by matching the analyzed areas with
time-markers such as growth bands and surficial
slope changes on the shell that could be followed
from one area to the other.

Thus, a third alternative needs to be con-

the shell is a

sidered. The content of Mg in
direct function of the organism’s physiology. Ca
may be concentrated in the skeleton in favor of
Mg as an adaptation to protect Mg**-potentiated
enzymes (Kretsinger 1977; Lowenstam & Mar-
gulis 1980). In this role, Mg levels in the shell
could be directly dependent on either the total
Mg** in the secreting mantle /extrapallial space
or on the surplus Mg** not nceded for enzyme
protection. However, it is unlikely that a simple.
direct relationship exists between Mg ™ content
in the extrapallial fluid and that in the shell.
Kitano (1962). Berner (1975), and Kitano of al.
(1976) found that the concentration of Mg”* and
other ions and organic compounds in the extra-
pallial fluid determine skeletal mineralogy and
thereby influence skeletal chemistry. Mg™" fits
into the calcite unit cell more readily than into
the aragonite unit cell, so that one would predict
that calcitic skeletons would have a higher Mg
content than aragonitic skeletons — but cven n
this instance the data are contradictory and the
Mg content of skeletons of different mincralogics
may overlap (cf. summaries by Lowenstam (1963,
1964) with that by Morrison & Brand (1986) and
see Rosenberg's (1990a) analysis).

In a related physiologic role. Mg~ has been
identified as an inhibitor of biomineralization.
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because it is not an exact substitute for Ca*™*
and thus distorts the unit cell of carbonates and
apatites (Simkiss 1983; Boskey & Posner 1974;
Carafoli et al. 1975; Pak & Diller 1969; Wilbur &
Bernhardt 1984). The genetic determination of
allometric growth rates and shell form thus might
exploit the inhibitory function of Mg; active trans-
port of the ion to calcifying sites would be a means
of retarding accretion, while exclusion of the ion
from other sites would facilitate accretion.
Finally, as a fourth alternative, cellular ener-
getics may affect Mg content in the shell, but only
indirectly. At first glance, some studies suggest

that arawth rate datarmiines clalatn PP

that growth rate determines skeletal Mg content.
Dodd (1965) found that the wt% of Mg in the
last-formed portion of the outer prismatic (calci-
tic) shell layer of Mytilus californianus was
strongly size (age and growth rate) dependent.
The Mg content was maximum in small and inter-
mediate-sized shells (up to 50 mm long) from
one locality, and maximum in intermediate-sized
shells (50 mm long) from another. In both popu-
lations, Mg content was lowest in the last-formed
portion of the largest shells (80 mm long) where
accretion was slowest. Zolotarev (1974) similarly
found a decrease in Mg in the calcitic layer of
Mpytilus yessoensis from the beak to the posterior
margin (i.e. with decreasing growth rate). Fur-
thermore, Zolotarev (1974) observed that the
average Mg content was lower in the slow-growing
than in the rapidly growing specimen that he
studied. If we propose that growth rate is the
determining factor of skeletal Mg content then
the above trends contradict the results of the
present study (where we report that the Mg/Ca
ratio is higher along a slow-growing than a rapidly
growing axis in M. edulis). The trends are con-
sistent if we assume the determining factor is
metabolic activity, not growth rate, and if we
presume that mantle metabolic activity declines
during ontogeny because then, in all cases, skel-
etal Mg content decreases with decreasing meta-
bolic activity. Thus, we concur with Lorens &
Bender (1980) that the skeletal chemistry of M.
edulis is not related to growth rate, per se.
Moberly (1968) reported that Mg content in
the outer shell layer of the scallop, Aequipecten
irradians, increased with seasonal ( post-spawning
and post-winter) growth increases, but his data
also show a gradual long-term, ontogenetic
increase in Mg content which he did not discuss.
The seasonal changes are consistent with the
metabolic thesis of the present paper, but the
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ontogenetic trend apparently is not. However, we
note that the shell of A. irradians is much flatter,
and the curvature along different axes more uni-
form than that of Mytilus spp. Thus, our model
would predict that the metabolic and shell com-
positional gradients also would be gentler in A.
irradians. Although, to our knowledge, neither
gradients have been studied thoroughly in the
species, it is interesting that the rate of carbonate
deposition along the margin of the shell of the
scallop, Argopecten irradians, does not change
with increase in shell size (Wheeler & Sikes 1975).
This suggests that the mantle metabolism may be
more uniform through ontogeny in Argopectet
irradians than in M. edulis.

In conclusion, whatever the physiologic under-
pinnings of compositional variations in the shell,
we submit that the description of such variations
is necessary to fully understand the evolution
of biominerals. It is self-evident to us thgt
descriptions of (1) the ontogenetic changes m
skeletal composition, (2) the consequent patterns
of elemental distribution throughout the skeleton,
and (3) the variations in ontogenetic patterns
among populations are as requisite to the chemll:
cal taxonomy of the skeleton as the thorough
description of variation in form is essential to
classical taxonomy based on morphology. The
nearly 30% variation in Mg/Ca and S/Ca ratios
across the shell of Mytilus edulis and the mghly
significant variations in composition among spect
mens prompt us to ask whether (1) all populations
of the bivalve in all habitats present similar var
ations in elemental distribution, (2) all individuals
of the species display such patterns throughout
ontogeny, (3) all species of bivalves, and even of
other shelled invertebrates such as brach1090d§
display the similar relationships between skelf’ttal
composition, form, and metabolism that MY"’I“S
edulis apparently does, and (4) fossil relatives
of extant species show comparable patterns 0
elemental distribution in their skeletons.

We predict that taxon-specific ontogenetic pa
terns of shell composition and mantle metabohsr};
exist, just as taxon-specific patterns of sh¢ i
growth and form do. This ultimately would ?e'a’
to drawing contour maps of metabolic activit
throughout the entire mantle to determiné thelf
covariance with contour maps of skeletal COfg‘e'
position. Needless to say, this promisesh to
a formidable task considering the limitations &
methodology. It takes a long time tO S‘mue
taneously analyze the distribution of only thre
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elements in continuous electron microprobe tra-
verses across limited sections of the shell, let
alone to repeat traverses of many elements whose
ontogenetic distribution throughout the entire
shell could have important physiological meaning.
The precision of metabolic studies is limited by
the minimum amount of tissue required to meas-
ure nutrient uptake or to assay protein so that the
measurement of metabolic gradients across the
mantle becomes an increasing problem with
decreasing size of the animal. Yet these daunting
tasks are worthwhile because we doubt that the
evolution of skeletal composition and ‘fossil

meotahalicna?

uiviavuliil

racTyoy

IESpoiises to env

ned thais
danda  uicir nviron-

mental and physiological factors can be under-
stood thoroughly until systematic, ontogenetic
descriptions of skeletal composition and mantle
metabolism are undertaken.

We submit that it will be of evolutionary inter-
e§t to know what the distribution of elements
within skeletons is, even if skeletal composition
proves to be so variable that regular, taxon-
Specific patterns cannot be confirmed. This would
imply evolutionary independence of the physi-
ology of form and skeletal composition, a com-

~aal

nliooar i f incipl f
gfu.auon. unexpected from principles of modern
lochen}xstry that predict a physiological unity
underlying all taxa.
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Growth rate and substrate-related mortality of a
benthic brachiopod population

MATTHEW J. COLLINS

Collins, M, 1991 01 15: Growth rate and substrate-related mortality of a benthic brachiopod population.
Lethaia, Vol. 24, pp. 1-11. Oslo. ISSN 0024-1164.

LETHAIA

Vital staining and careful examination of potential substrates enabled an accurate census of Terebratulina
retusa to be made and prompted a study of their population dynamics, Seasonal samples of T. retusa
from a deep water Modiolus-brachiopod assemblage were always dominated by small (<1 mm) individuals
as growth rate of the post-larvae, estimated from changes in mean cohort length, was unexpectedly slow.
Six months after settlement the animals had barely doubled in length, a rate of increase consistent with
laboratory studies, but an order of magnitude less than conventional estimates. As the attainment of a
size refuge is the only documented strategy by which articulate brachiopods counter overgrowth or
disturbance this observation has profound implications for survival. Mortality of T. refusa in the Firth of
Lorn, from different substrates, followed an unexpected pattern. Virtually the only substrate on which
adult T. retusa were recorded was the surface of M. modiolus shells, although juvenile T. retusa attached
to this substrate suffered enhanced levels of mortality. Grazing pressures and spatial competition, belicved
1o be reduced on complex surfaces, may account for the elevated mortality levels of M. modiolus-attached
post-latvae prior to the apparent size refuge at a length of Zmm. O Brachiopoda, TEREBRATULINA,

growth rate, disturbance, ecology, population structure.
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It is not surprising that growth rate and mortality
of juveniles have received little attention in
studies of brachiopod population dynamics. Very
small  brachiopods are only exceptionally
recovered as fossils (Boucot 1981:290), while
extant post-larvae are difficult to survey because
of their small size, the possession of transparent
valves and a propensity for cryptic settlement.
HOWever, an understanding of the survival of
Juveniles is vital to an understanding of the ecol-
ogy of brachiopods. The relative success of juv-
eniles is a major component of overall survival
and growth rate a major component of this
success, since articulate brachiopods are able to
counter disturbance and overgrowth only by
attainment of a size refuge (e.g. Jackson et al.
1971; Doherty 1979; Thayer 1981).

. In this paper I report on a preliminary study of
Juvenile Terebratulina retusa (L.) from a deep
water Modiolus modiolus (L..) community off the
west coast of Scotland, where T. retusa form a
significant component of both the living com-
munity and death assemblage (Collins 1986a, b).
The investigation was initiated when seasonal
sampling demonstrated that the population of 7.
retusa was dominated throughout the year by very

smail brachiopods, an observation inconsistent
with prevailing views on growth rate and repro-
duction (e.g. Curry 1982).

Methods

Seasonal samples of Terebratulina retusa from a
M. modiolus community were collected by grab
sampling a deep water (200m) channel in the
Firth or Lorn (west coast of Scotland; site 1 of
Curry 1982). Grab samples of 0.1 m’ were col-
lected on 23/08/83, 29/11/83, 10/02/84 and 24/
05/84. The volume of each sample was measured
prior to on-deck sicving, and those samples con-
taining less than six litres were rejected (mean
sediment penetration <6 cm). Each sample was
then washed across a 1 mm mesh sieve to remove
fine residues and the residue fixed by the addition
of neutralized (seawater) formalin-rose bengal.
Since 7. retusa is pedically attached, animals
smaller than 1 mm are retained.

In the laboratory, the residue was fractionated
by wet sieving across 4 mm, 2 mm and 1 mm mesh
sieves during which process some specimens of T.
retusa were dislodged. Small dislodged animals



