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Annual growth bands of mollusk shells record several types of
paleoenvironmental information, including geochemical proxies
for water properties and morphological characteristics of growth
and mortality. Sclerochronology, the marine counterpart of den-
drochronology, offers a way to link individual shells together to
form long continuous records of such parameters. It also allows for
precise dating of recent shells and identification of contempora-
neous fossil individuals. The longevity of the ocean quahog Arctica
islandica (commonly =100 yr) makes this species well suited for
sclerochronology. Band width records of contemporaneous A. is-
landica specimens from the same region exhibit high correlations
(p = 0.60-0.80 for spans of =30 bands), indicating some common
environmental influences on shell growth. By adopting several
strict criteria, fossil (dead-collected) shells can be linked into
composite sclerochronologies. A seven-shell 154-yr chronology
was constructed for Georges Bank using three live-collected and
four dead-collected shells. Band width matching indicates that the
dead-collected individuals died in A.D. 1950, 1971, 1978, and
1989. Sclerochronological age assignments were verified using
aspartic acid racemization dating. Construction of a 1000-yr
sclerochronology is judged to be feasible using the described
methods.  © 2000 University of Washington.

INTRODUCTION

Biologists and paleontologists have long been intrigued
by growth banding in mollusk shells. The periodicity of

these increments ranges from semidiurnal to annual, ai
they generally result from interactions between the enviror
ment and the organism’s physiology (see Lutz and Rhoad
1980, for a review). Although genetic factors can influenc
initial growth rates and other fithess-related traits (Dastid
al., 1995), year-to-year variability is mainly caused by ex:
ternal factors. Variations in growth banding (both mineral
ogical and structural) are thus potential recorders of variot
environmental parameters, including temperature, salinit
nutrients, and dissolved oxygen (Carter, 1980). Growt
bands are also useful as temporal frameworks for interpre
ing within-shell time series of geochemical proxies such a
8'*0 and 6™C. Several mollusk species have been used 1
obtain continuous (subannual to decadal) isotopic record
including the California mussélytilus californianus(Kill-
ingley and Berger, 1979), the Atlantic surf cla8pisula
solidissima (Williams et al., 1982; Arthur et al., 1983;
Krantzet al.,1987), and the hard clam (quahdggrcenaria
mercenaria(Joneset al., 1989). Finally, patterns of growth
banding are valuable tools for population studies, offerin
information about life spans, growth rates (including geneti
influences), and seasonalities of recruitment (survival c
larvae) and mortality (e.g., Rhoads and Pannella, 197
Tevesz, 1972; Kennish, 1980; Davéd al., 1995).

Given that molluscan growth band characteristics are infit
nced by the environment, individuals from within a popula
tion can be expected to share similar growth records. F

' Now at Lamont-Doherty Earth Observatory, Columbia University, PalfXample, each member of a population might form a thic
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annual band during a “good” year and thin bands durin
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subsequent “bad” years. Theoretically, then, records of thgsstential exists to extend them much further back in time usin
band widths from different individuals could be correlated angclerochronology.
spliced together to produce long sclerochronologies, in analogy
to tree ring dendrochronologies. Specimens from within a MATERIALS AND METHODS
living population may often be matched in this way (Jones,
1980, 1981, 1983; Thompsat al., 1980; Jonest al., 1989; Both live and dead\. islandicaspecimens were dredged from
Witbaard and Duineveld, 1990), but we are not aware of amynumber of sites southeast of New England and north of Icelal
previous attempts to patch back in time using dead-collecteetween 1982 and 1994 (see Table 1). Relatively long-live
shells. individuals (mean age of 85 yr) were chosen for this study t
The main purpose of the present study was to build the firsiaximize the length of growth band records. Shells were prepar
such composite mollusk sclerochronology. Composite scleifor band analysis by making thin-sections, following the methoc
chronologies would offer long records of growth/environef Weidman and Jones (1993a, 1993b). A 2-mm-thick radial slic
mental variations and also provide extended temporal framias cut from one valve of each individual, along the axis o
works for geochemical measurements. In addition, exactijyaximum linear growth (umbo to ventral margin; Fig. 1) using
contemporaneous individuals from within a fossil populatiolow-speed lapidary saw with diamond wafer blades. This slic
could be identified, potentially revealing such important everitgas mounted on a glass petrographic slide with epoxy and grou
as successful recruitments and mass mortalities. down to a shell thickness of 50—1%0m. The thin-section was
then viewed with a transmitting light microscope at3&hagni-
fication, using plane-polarized light. Starting at the ventral margi
band widths were measured using a morphometrics compu
program. The first 20—25 bands of each individual’s life were nc
The ocean quaho§rctica islandica(range commonly 35— analyzed because they were too wide to be clearly imaged. 4
70°N and 10-280 m depth in the North Atlantic; Nicol, 1951ﬂ]ough bands can also be examined at the hinge p|ate (e‘
is an ideal species with which to build composite sclerochrghompsoret al., 1980; Jones, 1980; Ropes, 1985), they are ofte
nologies. It forms easily identified annual growth bands ango thin and crowded in this area to be accurately measured.
has a very long lifespan, frequently living over 100 yr (Jones, A plot of band width vs band number (or year, if known)
1980; Thompsoet al.,1980; Murawskiet al.,1982), with one shows a strong growth curve, with widths decreasing asym
specimen reported at 220 yr (Jones, 1983). This longevidtically as the animal ages (Fig. 2). This trend was removed t
means that, relative to shorter-lived taxa, fewer specimens gténg the data with a smooth spline that preserves decad:
required to span a given interval of time. In addition, longefcale band width fluctuations which are unrelated to the grow
overlapping series of years allow for more robust tests efirve. Tree ring width series are usually treated in a simile
correlation between individuals. manner (see Coodt al.,1995, for a review). The specific curve
Arctica islandicahas also been shown to be a useful isotopigquation used is not important, as long as it is fairly stiff ant
recorder. Weidmaret al. (1994) adapted the microsamplingfits the data reasonably well (see Fig. 2). The residuals of th
techniques of Dettman and Lohmann (1993) to producespline fit were then standardized by dividing by the standa
high-resolutior5**0 record from arA. islandicashell collected deviation of the residual population. Standardized band widtt
alive from 60 m depth on Nantucket Shoals. This recorgte thus expressed as the number of standard deviations av
spanned A.D. 1956-1957 and 1961-1970, with up to 50 safrom zero, with wider bands being positive and thinner banc
ples per annual band. Comparison to nearby instrumental mpaing negative. Although the standardized band widths tend
surements of bottom water temperature and salinity over tbghibit slightly greater variance in the earlier years of she
same interval showed that the oxygen Af islandicashell growth, removal of this second trend did not improve correla
carbonate is in isotopic equilibrium with ambient seawatetions between shells and was not performed. Individual shel
This allowed Weidman (1995) to construct a 109-yr (A.Dwere compared via the correlation coefficiept, A Matlab
1875-1983) record of Nantucket Shoals bottom temperaturssiipt was used to calculate the correlation coefficient for eve
using §**0 measurements from four live-collected individualspossible alignment of two individual records, to find the mos
Weidman and Jones (1993a, 1993b) also constructed a 52iggly match. Significance was assessed in terms of signif
(A.D. 1939-1990)A*C time history using am. islandica cance probability p), which is the probability that a higher
shell collected alive from southeastern Georges Bank. Tberrelation coefficientd) could arise by chance over a given
timing of the bomb pulse*(C increase from thermonuclearnumber of bandsn). Itis calculated (SAS Institute Inc., 1990)
testing) agreed very well with Druffel’s (1989) coral recorddy assuming that the statisic= p(n — 2)"*/(1 — p?)"* has
from Florida and Bermuda. Similar shell-derivAd'C records a two-tailedt distribution withn — 2 degrees of freedom.
have been obtained from Iceland, Norway, and the North SeaSamples for aspartic acid (Asp) analyses were cut froi
(Weidman, 1995). Such high-resolution recordsd80 and halved or sliced shells using a Dremel hand tool with :
AYC are unprecedented for middle and high latitudes, and ttiamond wafer blade. Each sample represented 1 to 7 yr

SUITABILITY OF ARCTICA ISLANDICA



238 MARCHITTO ET AL.

TABLE 1
Shells Analyzed during This Study

Shell ID No. of bands Site coordinates Depth (m) Region Analyse:
11-1 82 66°10N, 18°53W 22 Iceland s
11-3 36 66°10N, 18°53W 22 Iceland s
11-5 35 66°10N, 18°53W 22 Iceland s
11-9 40 66°10N, 18°53W 22 Iceland s
11-10 40 66°10N, 18°53W 22 Iceland s
82-381-1 100 41°0%, 66°56W 67 Georges Bank c
82-381-3 61 41°0%, 66°56W 67 Georges Bank c
82-381-4 66 41°0%, 66°56W 67 Georges Bank c
92-315-3 105 40°28\, 69°29W 66 Nantucket Shoals 0, a
92-315-4 30 40°28\, 69°29W 66 Nantucket Shoals a
92-315-7 87 40°28\, 69°29W 66 Nantucket Shoals d, o
92-315-10 * 40°28N, 69°29W 66 Nantucket Shoals a
92-315-12 * 40°28N, 69°29W 66 Nantucket Shoals a
92-315-13 30 40°28\, 69°29W 66 Nantucket Shoals d, o
92-315-28 * 40°28N, 69°29W 66 Nantucket Shoals a
92-333-1 80 41°08N, 67°27W 57 Georges Bank d
92-333-2 31 41°08N, 67°27W 57 Georges Bank d
92-333-3 31 41°0%N, 67°27W 57 Georges Bank d
92-334-1 60 41°0%, 67°18W 67 Georges Bank d
92-334-2 37 41°0N, 67°18W 67 Georges Bank d
92-334-3 58 41°09, 67°18W 67 Georges Bank d
92-335-f1 55 41°0'N, 67°10W 72 Georges Bank c
92-335-f2 65 41°0'N, 67°10W 72 Georges Bank c
92-335-f3 54 41°0'N, 67°10W 72 Georges Bank c
92-335-f4 36 41°0'N, 67°10W 72 Georges Bank c
92-336-1 51 41°0N, 67°05W 70 Georges Bank d
92-336-2 66 41°0'N, 67°08W 70 Georges Bank d
92-336-3 31 41°0'N, 67°08W 70 Georges Bank d
92-336-f3 30 41°0'N, 67°05W 70 Georges Bank c
92-336-f4 31 41°0'N, 67°08W 70 Georges Bank c
92-337-f1 87 41°0MN, 66°51W 79 Georges Bank c
92-337-f2 57 41°0MN, 66°51W 79 Georges Bank [«
92-337-f3 35 41°0MN, 66°51W 79 Georges Bank c,a
92-337-f4 125 41°04N, 66°51TW 79 Georges Bank c
92-337-f5 37 41°04N, 66°51W 79 Georges Bank c
92-339-1 59 41°06N, 66°56W 73 Georges Bank d, c
92-339-2 57 41°08N, 66°56W 73 Georges Bank d, c
92-339-3 50 41°06N, 66°56W 73 Georges Bank dc a
92-339-f1 86 41°06N, 66°56W 73 Georges Bank c,a
92-339-f2 30 41°06N, 66°56W 73 Georges Bank c
92-339-f3 67 41°06N, 66°56W 73 Georges Bank c,a
92-339-f4 85 41°06N, 66°56W 73 Georges Bank c
92-339-f5 60 41°06N, 66°56W 73 Georges Bank c
94-441-1 51 41°0N, 66°53W 74 Georges Bank d, c
94-441-2 47 41°0N, 66°53W 74 Georges Bank d, c
94-441-3 60 41°03, 66°53W 74 Georges Bank d, c

Note.Shell ID notation for Georges Bank and Nantucket Shoals is as follows: (year of collection)-(NMFS site no.)-(shell no., with “f” indicating\Nfossil).
of bands is the number of measured bands; asterisks indicate that bands were not measured, only counted. Analyses performed were: s, syeshrdniza
distance test; ¢, composite sclerochronology; o, comparisé’@® record; a, Asp measurement.

growth, depending on band widths. The inner shell layer RESULTS AND DISCUSSION
(nonsynchronous material) and periostracum (organic outer . o

covering) were not used. Aspartic acid D/L ratios Wergand Width Synchronization

measured by gas chromatography at the Carnegie InstitutiorThe first step in developing a composite sclerochronolog
of Washington, following the methods of Goodfriendor A. islandicawas verifying that growth band widths vary in
(1991). parallel among members of a population. Thompsbral.
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factors, such that two clams must be from the same trawl 1
correlate well? Or is growth controlled by regional factors
producing synchronization in individuals hundreds of kilome
ters apart? To answer these questions, shells were examit
from a transect of five stations on Georges Bank (stations 33
334, 336, 339, and 441 in Fig. 4). These sites range from 7
48 km apart, with water depth differences of 1-17 m. For eac
station three live-collected individuals were analyzed, and tf
two whose band widths correlated best were chosen for inte
site comparison, yielding a data set of 10 shells. Figure 5 sho
a graph of correlation coefficients vs distance between tf
different sites. Mean correlations tend to decrease with incree
ing distance, to a value near 0.20 at 50 km. Although occ:
sionalp values>0.60 can be found at intersite distance30
km, sclerochronology is probably only practical within20
km on Georges Bank. The difference between site deptl
(vertical distance) may also be an important factor, but no trer
FIG. 1. (right) Interior of left valve ofA. islandica,showing the direction was found within the narrow depth range of this study (1-17r
of cut for growth band analysis (dashed line). (left) Radial slice alqng that"”ﬂifference). Two additional shells from station 315 (186—22!
_reve_allng about 43 annual _growth bands. The concave surface is the Val\{?fﬁ away from the above sites) have generally low correlatior
interior, and the lower end is the ventral growth margin. Scale bars are 1 cm, .
After Ropes (1985) and Weidman and Jones (1993). with the 10 shells (meap = 0.26), but five of the 20 corre-
lations are>0.40 (p as low as 0.0001). This suggests tha
significant similarities can persist over long distances, imply
(1980) demonstrated qualitative band width synchronizatiamy some regional influence on shell growth.
among 10 yound\. islandicaindividuals collected off of Long
Island, over a span of nine bands. Similarly, Witbaard arfidomposite Sclerochronology
Duineveld (1990) found qualitative synchronization of growth
The southeastern flank of Georges Bank was chosen as

among seven young specimens from the northern North Sea,. ™ hich to build - | h | B
over a span of 10 yr. To quantitatively verify this synchroniteglon In which to build a composite sclerochronology. Ban

zation over longer periods, five shells collected alive in 1gg‘geasurelr|‘nent(;/v§s lelrgséfen;]ormed CI)In mnde I.|ve]-;<;II2ecte(?jsf;]ell
from a single site off northern Iceland were examined (atl ree collected In , three collected in » and thre

specimen identification and collection site information is liste”
in Table 1). These individuals range in age from 54 to 135 yr,
and a span of 35 measurable bands (A.D. 1957-1991) is shared

llected in 1982. All three sites are within 7 km of each othe

by all of them. 08 —————— '
Comparison of standardized band widths over this interval 074 ° L
yields excellent correlations for four of the five records (11-1,
11-5, 11-9, and 11-10; Fig. 3). Among these four, the lowest 067 i
correlation coefficient is 0.58, the highest is 0.79, and the mean g 05+ ‘o0& ° -
is 0.70; all significance probabilities are0.00005 except one =
(0.0003). The fifth shell (11-3) correlates to the others with E 047
between 0.27 and 0.66(= 0.12 t0<<0.00005). These results % 0.3
indicate that band widths are synchronized within a population al
over periods longer than a decade, making the creation of long, 027
composite sclerochronologies theoretically possible. In addi- 0.1
tion, correlation appears to be independent of the lifespan of o
T T T ] 1 T T T

the individuals; 11-1, which is-40-50 yr older than the other
specimens, is highly correlated with 11-5, 11-9, and 11-10 (all
p > 0.70,p < 0.00005).Thus band widths irA. islandica

must indeed be influenced by some external environmentaf!G. 2. Annual growth band widths for shell 92-339-f4 from Georges
factor(s) as will be discussed later Bank, showing the decrease of shell extension as the animal ages (band nun

Another i tant st to det . th h.1i the most recent band). The ontogenetic trend is removed by fitting the de
nother important step was to daetermin€é the geograpniGay, o gmooth spline and calculating the residuals. Each shell has its ov

distance over which this band width synchronization holdgnique curve, but the spline shown is very typical of the individuals in this
Are band widths controlled by very localized environmentatudy.

90 80 70 60 50 40 30 20 10 O

band number



240 MARCHITTO ET AL.

4 | 1
£ -
°
2
2] I
O
o 1 L
Q
N
B
=
2]
= 0
g
o1 L
-2 T ; T T T T T
vy [ 2] (] wy (o] ['p] [an] n
["a) el el ~ =~ o0 o0 (=) (=Y
ol < S a «* @ S = =)

sclerochronological year

I1-1 I11-3 I1-5 11-9 I1-10
"""""""""" I1-1 1 0.4190 0.7944 0.7075 0.7060
35/0.0122 35/0.0000 35/0.0000 35/0.0000
""""" 11-3 0.4190 1 0.2992 0.2670 0.6621
35/0.0122 35/0.0808 35/0.1211 35/0.0000
""""" I1-§ 0.7944 0.2992 1 0.6680 0.5770
35/0.0000 35/0.0808 35/0.0000 35/0.0003
"""" 11-9 0.7075 0.2670 0.6680 l 0.7451
35/0.0000 3500.1211 35/0.0000 35/0.0000
Tt 11-10 0.7060 0.6621 0.5770 0.7451 1
35/0.0000 35/0.0000 35/0.0003 35/0.0000

FIG. 3. Band width records of five shells from northern Iceland, showing synchronization of growth. The matrix lists correlation coefficieetisden
shells; italicized numbers indicate how many bands each correlation is measured ev&5(in all cases here), followed by the significance probabiliy. (
The figure 0.0000 indicates a value ©0.00005.

(stations 441, 339, and 381, respectively, in Fig. 4). Of thegethe chronology witlp = 0.0500,0ver a span 0&£20 bands;
nine shells, one was chosen from each site such that correlad (3) any correlations on spans<20 bands are insignifi-
tions were maximized (lowest group of thrpevalues), and cant and can be ignored. The first criterion correspongs=o
these three shells served as the “base” for the chronolo§y68 for 20 bands ang = 0.57 for 30 bands; the second
spanning the years 1917 to 1994 (Fig. 6). The correlati@niterion corresponds o= 0.44 for 20 bands ang= 0.36 for
coefficients between these records are 0.62, 0.66, and 0.72 3allbands.
p < 0.00005). Using these criteria, the 10 dead-collected shell band wid
Next, 10 dead-collected shells which appeared to have dietords were compared to the base sclerochronology, and ft
fairly recently, based on the preservation states of the perig$iells were added to the record (Fig. 6). Their placeme
tracum, ligament, inner layer, and hinge dentition, were chosenlicates that these four individuals died in A.D. 1989, 197¢
from material collected in 1992 in the same area (stations 33971, and 1950, and they extend the composite record back
and 339). Since the year of death of a dead-collected shellN. 1840, the approximate birth-year of the 1950 shell. Not
not knowna priori, care must be taken to ensure that apparetitat the actual band width data only reach back to A.D. 186!
correlations between individuals represent true synchronossice the early years of shell growth are not measured. T
ness, not just coincidental mismatches. The following threerrelation coefficients which admitted these dead-collecte
criteria for adding shells to a sclerochronology give gooshells into the chronology are 0.62, 0.73, 0.78, and 0.7
results: (1) the shell in question must correlate to at least orespectively (allp < 0.00005), and theneanp among all
shell in the chronology witlp = 0.0010,over a span 0&20 seven shells (for spans af20 bands) is 0.61. Six additional
bands; (2) the shell in question must correlate to all other shellsad-collected shells (from sites 335 and 336) that had



SCLEROCHRONOLOGY OF HOLOCENE MOLLUSK SHELLS 241

72W  TIW 70W  69W  68W  6TW  66W  65W the L-isomer form, but they gradually convert (racemize) to th

o ] D-isomer. The ratio D/L can thus be used as a measure of tir
since the formation of a growth band, once the racemizatic
rate (which varies with temperature and between species)
N determined by calibration. This calibration is performed b
plotting D/L versus sample age, which may be determine
independently by radiocarbon dating (Goodfriend, 1991, 199:
Goodfriend and Rollins, 1998) by using known-collection-dat
museum specimens (Goodfriend, 1992) or by growth bar
counting (this study). This yields an equation for age as
function of D/L; such Asp-derived dates can be used to verif
42N a shell's placement within a sclerochronology, or they can &
used to predetermine approximately where the shell might
into an existing sclerochronology.

A total of 40 samples were used for tie islandicaAsp
calibration, 16 from five individuals collected alive at statior
315 (Nantucket Shoals), five from a shell collected alive &
station 339 (southeastern Georges Bank), and 19 from thr
dead-collected shells from the composite sclerochronolog
(92-337-f3, 92-339-f1, and 92-339-f3). Samples consisted
one to seven growth bands each and spanned the interval A
3N 1873-1992. Figure 7 is a plot of their D/L values versus yea

WL T TOW e W eTW sew e W A simple linear fit ¢2 = 0.90, p < 0.00005)yields the
FIG. 4. Site locations on Nantucket Shoals (315) and Georges Bankquation
Coordinates are listed in Table 1. Bathymetry contours are in meters, and the
scale bar is approximately 100 km.

44'N

43°N 43'N

42°N

381
339
337

333 age 441
p »

41°N 41°N

40°N 40°N

39°N

1 | i 1 L
a

slightly older appearance than most of the previous 10 were 08 o r
also examined. None of these could be added to the chronol- sl © 0 0 L
ogy, perhaps because these sites are too far from the others % i o éo 8.0 87
(15-27 km) or because these clams died before the late 19th g °8 00 o
century. Although the length of the final composite record (154 £ 027 ®o o F
yr) could be spanned by a single, exceptionally long-lived - 5 °L
individual, its successful construction suggests that much . f
longer sclerochronologies could be extended back in time. ’ ©

o 0 110 2‘0 3!0 4‘0 50

Aspartic Acid Racemization Dating

distance between sites (km}

To validate our composite sclerochronology, dead-collected
shell ages can be checked by two independent means, radjo*
carbon dating and amino acid racemization dating. Radioc&-*
bon is useful for assigning approximate ages to fossil shel,*]
but it is relatively insensitive during certain periods, particug ' |
larly over the last few centuries. This insensitivity is due tc’§
large variations in the'C content of the atmospheric reservoirg -
that can produce multiple calendar age solutions for a givev’n'z"
radiocarbon age (Stuiver and Becker, 1993). Uncertainties in’
the “C age of the surface marine reservoir, which varies
globally over a range of-1000 years (Stuiver and Braziunas,
1993), also make precise dating difficult. B = S 3ol e 336- ooooe- 3L e 44l

Aspartic acid racemization is a promising alternative for - 333 e 3343 e 3362 -ooeoe- 1392 oo 4412

mollusk dating over recent centuries (Goodfriend, 1991, 1992.FIG. 5. (a) Band width correlations between individual shells as a functior

Goodfriend and Rollins, 1998). In shell proteins laid dowgs he distance between collection sites, Georges Bank. (b) Band width recor
during growth, all aspartic acid (Asp) residues are initially ifor the 10 shells used in the distance analysis.

1960
1965 7
1970
1975
1980
1985
1990
1995
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1940
1945
1950
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sclerochronological year

94-441-1 92-339-3 92-339-f1-c  82-381-4-a  92-339-f3 92-337-f3 92-339-f4
(1944-1994)  (1943-1992) (1904-1989) (1917-1982) (1912-1978) (1937-1971) (1865-1947)

____________________ 94-441-1 1 0.6579 0.5109 0.6240 0.4686 0.6735 0.9111
(1944-1994) 49/0.0000 46/0.0003 39/0.0000 35/0.0045 28/0.0001 4/0.0889
__________ 92-339-3 0.6579 1 0.5159 0.7222 0.5604 0.6768 0.8316
(1943-1992)  49/0.0000 47/0.0002 40/0.0000 36/0.0004 29/0.0001 5/0.0808
__________ 92-339-f1-c  0.5109 0.5159 1 0.5392 0.6246 0.5994 0.6471
(1904-1989)  46/0.0003 47/0.0002 66/0.0000 67/0.0000 35/0.0001 44/0.0000
_______ 82-3814-a  0.6240 0.7222 0.5392 1 0.5085 0.7781 0.5130
(1917-1982)  39/0.0000 40/0.0000 66/0.0000 62/0.0000 35/0.0000 31/0.0032
92-339-f3 0.4686 0.5604 0.6246 0.5085 1 0.7267 0.7071
Tt (1912-1978)  35/0.0045 36/0.0004 67/0.0000 62/0.0000 35/0.0000 36/0.0000
92-337-£3 0.6735 0.6768 0.5994 0.7781 0.7267 1 0.7412
_______ (1937-1971)  28/0.0001 29/0.0001 35/0.0007 35/0.0000 35/0.0000 11/0.0091
92-339-f4 0.9111 0.8316 0.6471 0.5130 0.7071 0.7412 1
_______ (1865-1947)  410.0889 5/0.0808 44/0.0000 31/0.0032 36/0.0000 11/0.0091

FIG. 6. Seven-shell composite sclerochronology for southeastern Georges Bank. Solid line is the mean of all records. Shell identification not
described in Table 1. Years in parentheses are the intervals of growth bands measured; the earliest bands on each shell are not measuredesifeare tt
bands on some fossil shells, so these intervals do not represent the entire lifespan of each individual. The ages of the fossil shells are degivéit ritmmt
the sclerochronology. The matrix lists correlation coefficiepjdbetween shells; italicized numbers indicate how many bands each correlation is measured
(n, or the amount of overlap), followed by the significance probabiljty. (The figure 0.0000 indicates a value ©D.00005.

year= —4666D/L) + 2159. radiocarbon ages, is needed for precise Asp dating of signi
cantly older samples.

The root mean square error of this equation, which gives tl&%ntrols on Band Widths
average deviation of data from the regression line, is 12 yr.

The fact that the live-collected and dead-collected shells plotThe synchronization of band widths within a population
on the same line supports the sclerochronological age assiglicates that shell growth is influenced by some environmel
ments of the latter. The precision of the equation indicates that parameter(s). One strong possibility is water temperatur
Asp dating is potentially very useful for building sclerochroShell growth inA. islandicaceases during the coldest months
nologies. One complication of Asp dating arises from the fattpically from January through April on Georges Bank (Weid-
that the racemization rate eventually decreases with time, pman et al., 1994). If the growing season were extended b
ducing a nonlinear relationship between D/L and age (Goodarmer winter or spring temperatures, wider growth banc
friend, 1991; Collinet al., 1999). InA. islandica,this rela- would likely result. Temperatures may also influence the ra
tionship is linear over the past 125 yr and may remain so fof shell extension; growth ilMercenaria mercenariaslows
centuries. However, a longer calibration, perhaps incorporatidgamatically below 10°C and above 30°C (Kennish, 1980). |
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0.07 T A much better comparison would be between band widtr
a 92-315-3
0 and bottom water temperatures, or some proxy of bottom wat
Rl i © 923154 temperatures. Weidman’'s (1995) 109-gt°0O temperature
0064 L o  smsi0 record from site 315 on the Nantucket Shoals can be compar
Qo> A to A. islandicaband widths from the same site. Three live-
o A 92-315-12 L. .
g 0055 g u collected shells form a miniature composite sclerochronolog
S oo e i B 93152 at this site. The mean of this sclerochronology has very wez
' "3-.__\@ e w9333 positive correlations with mean and maximum shell-derive:
0.045 "ﬁf@ o - ® 023305  annual bottom temperaturegp & 0.14,p = 0.14; andp =
- W"Q._\Q g o 0.14,p = 0.16,respectively) (Fig. 9a). Although year-to-year
0047 & 9“‘~v®o . A correspondence is poor, there are some gross similarities |
0035 — i 9, > 923398 tween growth and temperature in terms of decadal trends. Tt
g 8 8 8 § 8 g 8 suggests that temperature has an influence on band width |

also that other factors such as food supply cause some ac
sclerochronological year tional variability. Correlation increases by calculating 5- anc
FIG. 7. Aspartic acid D/L ratio vs sclerochronological year for variousfl-]-'yr running means, especially for mean annual bottom ter
Georges Bank shells, with the best linear fit & 0.90)through all the data. Perature ﬁ = 0.35 and 0.38, reSpectively; Figs. 9b and 9C)
The age assignments of the fossil shells (based on the seven-shell comp@3geadal and multidecadal trends are quite similar betwec
scler_ochronology) are verified by their agreement with the D/L vs age trend 8f D 1900 and 1960 but show little agreement after 1960. Th
the live-collected shells. recent decoupling could indicate an increased influence
nontemperature growth factors, perhaps due to some new ¢
Narragansett BayM. mercenariaband widths are positively vironmental stress.
correlated with mean annual water temperature (Jehed., Kennish (1980) described various processes that are kno
1989). However, band widths iBpisula solidissimdrom off to interrupt molluscan shell growth, such as heat shock, abr
the coast of New Jersey are inversely correlated with ss@n, spawning, and storms. Other possibilities include pred
surface temperature (Jones, 1981). It is thus unclear whiah (natural or anthropogenic), turbidity, and disease. O
responséA. islandicawould have to changing water temperanorthern Iceland, band widths seem to correlate with a comk
tures. The response may vary by region, depending on whethation of temperature and salinity, properties which deper
the habitat is nearer the cold end or the warm end of the clanw®ginly on the varying influences of Arctic vs Atlantic waters
tolerance range. (Weidman, unpublished data). These competing water mas:t
Simple comparisons @&. islandicaband width records from might also supply varying amounts of food and oxygen, whic
Georges Bank to historical sea surface temperature (SS$idy be important controls on shell growth. It may therefore b
records are of limited use because of the considerable depdifficult to interpret band width records as recording only &
(57-74 m) from which these clams were collected. Since tegle environmental parameter.
upper water column is typically stratified during the warmer
months, temperature changes in bottom waters can become FEASIBILITY AND APPLICATIONS
decoupled from, or can be the inverse of, SST changes (Weid-
man, 1995). A comparison of gross features might be infor- The results presented above suggest that a compAsite
mative, however. The longest continuous SST record on tisandicasclerochronology could theoretically be extended a
United States east coast comes from Boothbay Harbor, Mafiae back in time as the ages of fossil shells collected. O
(A.D. 1906 to present; Lazzari, 1995). Since long-term trené&eorges Bank this could be at least 5000 yr, based on rad
in band width are removed by detrending and standardizati@arbon dating (G. Jones, unpublished data). Clearly, howevi
the SSTs must be treated in the same way. Unfortunately, tthés task may be limited by the availability of fossil material.
necessary disposal of information decreases the likelihoodFkidr example, preferential breakage and decay of older she
identifying a strong relationship. There is a very weak inverseould likely make extension of a sclerochronology more dif
correlation p = —0.19,p = 0.088)between Boothbay meanficult as it reaches back in time. There may also be gaps in tl
annual SSTs and the mean of the composite Georges Baualerochronological record, perhaps due to periods of tirr
sclerochronology (Fig. 8). Perhaps more significantly, the moshenA. islandicawas rare or absent because of environment:
conspicuous feature of the SST record, an extreme warmingsiness. Thus as a sclerochronology is built there will be “floa
the late 1940s to early 1950s, coincides with the longdsg” sections that may be made up of numerous shells but th
episode of low shell growth. A possible interpretation of thiave not been connected to the base (live-collected) chron
short-term inverse relationship is that warm SSTs caused ogy. Presumably these sections could be linked together
creased water column stratification, colder bottom waters, amsre shells are collected, as long as there are no intervals
narrower growth bands. time that are actually barren &f islandica.lf there are barren
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FIG. 8. Mean of the Georges Bank composite sclerochronology (solid line) compared to Boothbay Harbor standardized mean annual sea
temperatures (dashed line with circles; warm is positive). Note that period of warmest S$347(-1955) is coincident with the most prolonged period of
decreased shell growth. Dashed step function shows the number of shells that make up the mean band width record in a given year.

periods, the floating sclerochronologies could be assigned apdividuals would share the same year of death. Likewise
proximate ages by radiocarbon or aspartic acid dating. patterns of spawning and recruitment could be analyzed |
addition, these two dating tools could be used to identify shettharting the birth-years of individuals, both living and dead, i
(prior to band analysis) that are most likely to fill in the gaps particular area. Mass recruitments might be further linked 1
In this way, we believe that one could construct a continuoaslvantageous oceanographic conditions such as warm wa
or near-continuous 1000-yr composite sclerochronology. temperatures, favorable currents, abundant food supplies,
With such a framework, one could construct continuougduced predation. Although the results presented in this par
records of8"°0 and A*C with unprecedented resolution forare specific taA. islandica,our methods could theoretically be
mid- to high latitudes. A shallow-water site would producenodified and applied to various mollusk taxa, both extant an
records of SST and atmospheric/surface ocean radiocarleotinct.
variability, while a deeper site might reflect variations in ven-
tilation, upwelling, and the thermal signature of the North CONCLUSIONS
Atlantic Oscillation (Dicksonet al., 1996). Other chemical
proxies could also be measured, such as Cd, Sr, and Ba (e.gThe widths of annual growth bands i. islandicavary
Reichartet al., 1998). Further, a long record of band widthsynchronously among members of a population. This relatiot
may contain paleoceanographic information independent sifip weakens as the distance between individuals increases,
any chemical analyses. Although long-term trends in barstirong correlations persist up t620 km on Georges Bank. By
width (longer than~30 yr) are lost during the growth curveadopting several strict criteria for matching band widtt
correction, shorter-term fluctuations may record significant erecords, clams that died at different times can be linked t
vironmental changes. This can be manifested in periods gdther in a composite sclerochronology. On Georges Ban
increased or decreased growth (such as the late 1940s to eselyen shells were connected to span the interval from A.l
1950s on Georges Bank) or in a change in the frequency 840 to 1994. It is likely that band widths are influenced by
band width variation. The latter could potentially reflect longwater temperature, although the weak correlations betwe
term climatic shifts. However, interpretation of such changdsmnd width and*°O suggest that other factors are also at work
requires a better understanding of the controls on shell growthThe D/L ratio of aspartic acid iA. islandicashells increases
in A. islandica. with time, offering another way to date annual bands. A cali
Patterns of death within a population Af islandicamay bration suggests that band age can be predicted to withi
offer additional paleoceanographic information. For exampleya (over the past 125 yr) using D/L. This independent datin
mass mortality could result from a large temperature anomatyethod verifies the Georges Bank composite sclerochronolo
an anoxic event, or a marked decrease in food supply. Wihd will aid in developing long sclerochronologies in the
sufficient sampling, such an event could be recognized usifugure. Long sclerochronologies can be used as tempol
sclerochronology, since a disproportionate number of fosfiameworks for isotopic records, with resolution and duratiol
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