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Annual-oxygen isotope profiles from two live-collected spec-
imens of Chione cortezi Carpenter were analyzed in con-
junction with daily growth-increment width profiles and
high-resolution temperature records from the same site in
the northern Gulf of California. The daily growth-incre-
ment profiles serve to date the deposition of the d18O sam-
ples. Then the d18O values were compared with high-reso-
lution temperature records from the same site. Shell depo-
sition began in late March or early April and ended in late
November or early December. d18O-derived estimates of the
maximum and minimum temperature thresholds of growth
agree well with those obtained from the dated increment
width profile. Shell deposition in these two specimens of C.
cortezi from the northern Gulf began when temperature
warmed above ;178C and slowed or halted when tempera-
ture rose above ;318C. The temporal resolution of stable
isotope samples varies throughout the year. Samples with
the coarsest resolution (.3 weeks) were taken from parts of
the shell deposited near the minimum and maximum tem-
perature thresholds of growth. Higher resolution samples
have intermediate d18O values and most represent less than
five days of growth. Calculated temperatures from the dated
oxygen-isotope samples are similar to observed tempera-
tures. Differences reflect the effects of daily temperature var-
iation, tidal emergence, and enrichment in d18O of the water
in which the clams grew. Stable oxygen-isotope samples
used in conjunction with increment-width profiles can pro-
vide paleoenvironmental information at sub-weekly to sub-
monthly resolution.

INTRODUCTION

The accretionary skeletons of intertidal marine bivalve
mollusks contain a wealth of information about the envi-
ronment in which they grew. The rate and timing of bi-
valve shell growth is controlled by temperature (Pannella
and MacClintock, 1969; Jones et al., 1978; 1989), salinity
(Koike, 1980), age and reproductive cycle (Sato, 1995), tid-
al cycle and intertidal position (Berry and Barker, 1975;
Lutz and Rhoads, 1980; Ohno, 1989), and nutrient and
food availability (Coe, 1948). These factors cause a wide
variety of annual and sub-annual (seasonal, lunar, fort-
nightly, daily, and disturbance) growth patterns. This var-
iation of growth patterns makes the shell a rich source of
information on the environment in which it grew (Jones,

1996). It is clear that bivalve mollusk shells respond to a
variety of environmental factors. Thus, calibration of en-
vironmental variation with aspects of their growth pat-
terns is likely to yield important insight into the growth
variations in fossil shells.

Although many environmental controls can affect
growth, temperature is the dominant factor governing
growth rates. Temperature’s influence on bivalve-shell
growth has been recognized for more than 60 years (see
Davenport, 1938). In a later review, Gunter (1957) showed
the importance of temperature to the ultimate size of ma-
rine mollusks. Berry and Barker (1975) correlated tem-
perature with variation in seasonal growth rates, and also
showed that specimens of the bivalve Chione undatella ex-
hibit different growth patterns along a thermal gradient
in the Gulf of California. Kennish and Olsson (1975) doc-
umented variation in daily growth-increment width as a
function of seasonal temperature variation. The conclu-
sions of these and many other observational studies have
been confirmed from geochemical evidence. The develop-
ment of isotope paleontology (Wefer and Berger, 1991) has
given biologists and paleontologists a new tool to interpret
bivalve-growth patterns. For example, Jones et al. (1983)
used oxygen isotope (d18O) variation to show that shell
growth in the bivalve Spisula solidissima slows during
cooler temperatures. Furthermore, they demonstrated the
feasibility of reconstructing annual seasonal temperature
fluctuations from stable isotopic profiles from clam shells.
Annual d18O variation also has been used to reconstruct
changes in seasonality in both time and space (e.g., Jones
and Allmon, 1995; Khim et al., 2000).

Here climatic, isotopic, and sclerochronologic records
from the northern Gulf of California are discussed (Fig. 1).
The main goals in this study are: (1) to describe the annual
pattern of shell growth in a bivalve species from the north-
ern Gulf; (2) understand the relationship between temper-
ature and shell growth; and (3) interpret annual oxygen-
isotope profiles as potential sources of paleoclimatic infor-
mation. Using daily growth increments from specimens of
the intertidal bivalve Chione cortezi Carpenter, annual
isotopic profiles have been calibrated with high-resolution
temperature observations. This calibration has allowed
the determination of the timing and rate of shell growth
throughout the year. This high-resolution calibration
should prove useful in interpreting isotopic and sclero-
chronologic variation in fossil shells of this and other spe-
cies.
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FIGURE 1—Study area. (A) Map showing political boundaries and
towns in the study region. (B) Study site in Estero Chayo on Isla Mon-
tague. The outlines defining the areal extent of Isla Montague mark
the approximate spring low-tide level. High tide fully submerges the
study site.

MATERIALS AND METHODS

The study area is located on the southern margin of the
Colorado River delta in the northern Gulf of California
(Fig. 1). The Colorado River drains much of the southern
Rocky Mountains and desert southwest. Prior to the
1930’s, large quantities of fresh water were delivered to
the northern Gulf by the Colorado River. However, since
the construction of dams on the Colorado River very little
fresh water reaches the Gulf, and normal marine condi-
tions now persist in the delta year round (Lavin and Sán-
chez, 1999). The region experiences semi-diurnal tides
with amplitudes up to 10 m (Thompson, 1968). The study
area is extremely hot and arid: average summer monthly
temperatures in San Felipe, located 70 km south of the

study area, exceed 328C and the region receives approxi-
mately 60 mm of precipitation annually (Hastings, 1964).

In February 1999, three HOBOt Temp temperature
loggers were deployed in waterproof containers chained to
concrete anchors at Estero Chayo, Isla Montague (318
40.229 N, 1148 41.419 W; Fig. 1). The loggers were placed
50 m apart in the intertidal zone approximately 3–4 m
above the mean low-water level. Two of the three loggers
were recovered in February, 2000. Each logger recorded
temperature (resolution and accuracy ;0.58C) every two
hours for one complete year (10:00 AM, February 16, 1999,
to 10:00 AM, February 16, 2000).

On February 16, 2000, two live specimens of C. cortezi
(IM11-A1L and IM11-A2L; CEAM Research Collection)
were collected from the same Isla Montague locality. Chi-
one cortezi is a shallow infaunal bivalve found most often
in muddy substrates. Shells of C. cortezi are exclusively
aragonite.

The C. cortezi specimens were sacrificed immediately
after collection and the flesh removed. In the lab, the left
valve from each specimen was sectioned along the dorso-
ventral axis of maximum shell height, and thick sections
were mounted on microscope slides. Samples weighing
;50–100 mg were drilled from the prismatic layer using
0.5- and 0.3-mm drill bits. Samples were heated in vacuo
at 708C for 30 minutes to remove volatile material. Car-
bonate isotopic analyses were performed on a Micromass
Optima IRMS with an Isocarb common acid-bath autocar-
bonate device. Samples were reacted with 105% ortho-
phosphoric acid at 908C. Results are presented in permil
notation with respect to the V-PDB carbonate standard.
The standard deviation of replicate carbonate standards
was 0.08‰.

Paleotemperature estimates are based on Grossman
and Ku’s (1986) empirically determined temperature re-
lationship for biogenic aragonitic carbonates. However, a
small modification of their equation was required because
they report water values as SMOW minus 0.2‰.Their pa-
leothermometry equation has been rewritten such that all
water values derived from this equation are corrected to
the SMOW scale:

T8(C) 5 20.6–4.34 (d18Oaragonite 2 (d18Owater 2 0.2))

This equation suggests that each 4.348C change in tem-
perature results in a one permil shift in shell carbonate.

Daily growth-increment widths from the shells were
measured from the same plane as the d18O samples. Cut
valves were polished smooth with 0.3 micron grit. They
then were placed in 0.25 M EDTA solution for 1 hour. This
procedure results in differential dissolution of the daily in-
crements (Fig. 2) and heightens the contrast between
growth bands and growth intervals (sensu Richardson et
al., 1981). Daily increments were photographed under re-
flected light magnification and increment widths were
measured from digital images.

Each of these records—observed temperature, isotopes,
and daily growth increments—contains environmental in-
formation, but they differ in temporal resolution. The tem-
perature loggers recorded temperature variation at the
study site every two hours, and provide the highest reso-
lution data. A single isotopic sample can represent from
days to weeks of environmental conditions because C. cor-
tezi grows at different rates through the year. During the
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FIGURE 2—Daily growth increments from shell IM11-A1L. Etching re-
sults in differential dissolution of portions of daily growth increments.
Individual circadian increments are marked with filled circles. Note var-
iation in daily increment widths associated with fortnightly tidal cycle.
Narrower increments were deposited during spring tides. Wider incre-
ments were deposited during neap tides. For a detailed discussion of
daily growth increments in C. cortezi see Schöne et al. (in press). P,
prismatic layer; N, nacreous layer.

FIGURE 4—Stable isotope profiles from the specimens used in this
study, (A) IM11-A1L, (B) IM11-A2L. In both graphs, the d18O values
are plotted versus sample position (Zero marks the position of the
most dorsal sample).

FIGURE 3—Observed temperatures at the study site. Temperatures
were recorded every two hours from 10:00 AM, February 16, 1999 to
10:00 AM, February 16, 2000. Note the large amount of variation
about the overall annual temperature cycle. This variation represents
diurnal temperature cycles as well as fortnightly cycles associatedwith
the large tidal amplitude in the northern Gulf of California.

spring and early summer, when growth rates are highest
and new shell material is added quickly, a single isotopic
sample may represent conditions over approximately two
to five days. In contrast, when growth rates are low during
the hot summer and cold winter months, a sample of the
same size can represent nearly a month of growth. Speci-
mens marked in the field deposit a single growth-incre-
ment each day; thus, individual growth increments repre-
sent circadian resolution (Schöne et al., in press).

RESULTS

Temperature loggers recorded temperatures every two
hours for one year (Fig. 3). Because the loggers were
placed in the intertidal zone, some of the measurements
represent ambient air temperatures. Temperatures from
the two recovered loggers are correlated highly (r2 5
0.995, n 5 4381). The average annual temperature (Feb.
16, 1999 to Feb. 16, 2000) was 21.38C. The annual range
was 37.38C, with a maximum value of 40.68C (2:45 PM,
August 17, 1999) and minimum value of 3.38C (6:45 AM,
December 16, 1999).

The oxygen-isotope profiles from the specimens show a
strong annual cycle (Fig. 4; Table 1). This is expected, giv-
en the large annual temperature cycle of the water. The
annual oxygen isotope amplitude from IM11-A1L and
IM11-A2L are 2.78 per mil and 2.76 per mil, respectively.
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TABLE 1—Sample information from shells IM11-A1L and IM11-A2L. 1 Sample numbers are assigned from umbo end (low numbers) to the
commissure (high numbers); 2 Sample hole diameter in mm; 3 Number of increments represented in the stable isotope sample; 4 Approximate
deposition date of the first increment in the stable isotope sample; 5 Approximate deposition date of the last increment in the stable isotope
sample.

Sample #1 d18O Diameter2 # of incr.3 Beginning date4 Ending date5

IM11-A1L
1
2
3
4
5
6

21.71
20.69
20.03

0.73
0.34

20.77

0.5
0.3
0.3
0.5
0.5
0.5

5
5
8
8

10
6

NA
NA
NA
NA
NA
April 19, 1999

NA
NA
NA
NA
NA
April 24, 1999

7
8
9

10
11
12

20.43
21.45
21.75
21.86
21.86
21.80

0.5
0.5
0.5
0.5
0.5
0.5

4
4
4
5
4
5

May 5, 1999
May 18, 1999
May 31, 1999
June 12, 1999
June 25, 1999
July 8, 1999

May 8, 1999
May 21, 1999
June 3, 1999
June 17, 1999
June 28, 1999
July 12, 1999

13
14
15
16
17
18
19

22.04
22.05
21.65
21.97
21.26
20.47

0.24

0.3
0.5
0.3
0.3
0.5
0.5
0.3

4
7
3
4

19
8

26

July 19, 1999
July 26, 1999
August 4, 1999
August 8, 1999
August 14, 1999
September 23, 1999
October 13, 1999

July 22, 1999
August 1, 1999
August 6, 1999
August 11, 1999
September 2, 1999
September 30, 1999
November 8, 1999

IM11-A2L
1
2
3
4
5

20.11
0.66
0.38
0.06

20.70

0.5
0.3
0.3
0.5
0.3

13
24
27
9
4

NA
NA
NA
April 6, 1999
April 19, 1999

NA
NA
NA
April 14, 1999
April 22, 1999

6
7
8
9

10

20.61
20.43
21.16
21.53
21.92

0.3
0.5
0.5
0.5
0.5

2
3
3
3
3

April 26, 1999
April 10, 1999
May 14, 1999
May 27, 1999
June 9, 1999

April 27, 1999
May 2, 1999
May 17, 1999
May 29, 1999
June 11, 1999

11
12
13
14
15

21.88
21.65
22.03
21.23
21.45

0.5
0.5
0.5
0.3
0.3

4
4
4
4
2

June 22, 1999
July 8, 1999
July 25, 1999
July 31, 1999
August 4, 1999

June 25, 1999
July 11, 1999
July 28, 1999
August 3, 1999
August 5, 1999

16
17
18
19
20
21

21.64
21.95
21.40
21.19
20.93

0.73

0.3
0.5
0.3
0.3
0.5
0.5

4
17
9
4
5

NA

August 7, 1999
August 11, 1999
September 3, 1999
September 14, 1999
September 20, 1999
NA

August 10, 1999
August 28, 1999
September 11, 1999
September 18, 1999
September 24, 1999
NA

The most positive values in both shells occur in dark
bands expressed on both the shell surface and in cross sec-
tion. Because these dark bands were forming at the time of
collection, they have termed ‘‘winter bands’’ and the posi-
tive isotopic values, ‘‘winter peaks.’’ Between winter
peaks, the oxygen-isotope curve follows a gradual trend to-
ward more negative values. This decline is then followed
by an increase into the following winter.

Like the oxygen profiles, the daily increment-width pro-
files show an annual cycle (Figs. 5C and 6C). Increments
were counted from the umbo end to the commissure.
Counting of increments began at the approximate position
of the first isotope sample in each specimen. In both spec-
imens, the first bands counted were deposited in the fall of
the clam’s second year of life. Increment-width profiles
from both specimens are similar, reflecting their deposi-
tion in response to similar environmental conditions.
There were 351 increments identified in IM11-A1L, while

341 increments were counted in IM11-A2L. In both speci-
mens, increment widths decreased from the first incre-
ments counted to very narrow increments at approximate-
ly increment 100. These narrow increments are coincident
with the penultimate winter band on the surface of the
shell. From this position to the commissure, 241 incre-
ments in IM11-A1L and 214 from IM11-A2L were count-
ed. In both specimens, the number of increments counted
from the penultimate winter band to the commissure was
less than the number of lunar days in one year (353).
Thus, more than three months of growth are missing from
both specimens, indicating that growth halts during some
part of the year.

To better understand the pattern of daily growth incre-
ment deposition, specimens at other times throughout the
year were also collected. Regardless of the date of collec-
tion, increment width shows a strong fortnightly periodic-
ity, which presumably reflects the tidal cycle. However,
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because of local environmental variations and differences
in growth rates, it is difficult to assign a calendar date to
particular increments with an accuracy better than 6 two
weeks. Thus, individual growth increments are dated with
an uncertainty of 6 two weeks. Similar uncertainties have
been reported elsewhere (e.g., Koike, 1980).

Shell IM11-A1L (Fig. 5C) shows a strong initial de-
crease in increment width, while early increments from
IM11-A2L (Fig. 6C) have variable widths, showing an in-
crease between increments 70 and 100. Following this ini-
tial interval, increment widths increase rapidly in both
specimens (IM11-A1L, #110–150; IM11-A2L, #125–170).
The remainder of the interval is characterized by errati-
cally decreasing widths to increment 250 in both speci-
mens. This minimum is followed by a gradual increase,
followed by a decline in both specimens. The latest incre-
ments counted in both specimens are very narrow and
were the most recently formed bands prior to collection in
February, 2000.

DATING THE DAILY INCREMENT PROFILE

The variation in thickness of daily increments is mainly
controlled by temperature variation (Pannella and Mac-
Clintock, 1968; Koike, 1980; Schöne et al., in press). Thus,
features of the increment-width profiles can be calibrated
with temperatures observed during the interval of deposi-
tion. This method can be used to fit real time to the incre-
ment-width profile and, thus, relate observed tempera-
tures with increment widths. This calibration, in turn, can
be used to relate stable isotope values to temperatures ex-
perienced during deposition (see below).

That bivalve-shell growth varies as a function of tem-
perature has been documented numerous times (Pannella
and MacClintock, 1968; Berry and Barker, 1975; Jones et
al., 1978; Koike, 1980; Killingly, 1981; Jones and Quit-
myer, 1996). However, many of these studies do not dis-
cuss the influence of temperature on daily increment
widths. Schöne et al. (in press) recently correlated daily in-
crement widths with temperature. Using specimens col-
lected at different times of year, they identified an annual
cycle of shell formation and showed the influence of tem-
perature on daily increments. They identified two growth
breaks within the annual cycle. The first ‘‘biocheck’’ (sensu
Hall et al., 1974) occurred during winter months. This
growth break is characterized by continuously decreasing
increment widths in the fall, followed by a shutdown of
growth during the coldest winter months. The second
growth break identified by Schöne et al. (in press) is char-
acterized by a rapid decrease in increment widths followed
by a gradual recovery to widths slightly smaller than
those deposited prior to the decrease. This zone often is ex-
pressed as a purple band in cross-section. Counting daily
increments from the commissure to this purple band from
specimens collected in late October and November indi-
cates that this biocheck was deposited in early August
(Schöne et al., in press). This growth break is not present
in specimens collected in May, while specimens collected
in early August have a narrow purple band, further indi-
cating that the purple band forms in early August.

Both of these biochecks were identified in IM11-A1L
and IM11-A2L. Increments at the commissure are very
narrow. These increments were deposited just prior to col-

lection and correspond to the final annual winter bands on
the surface of the clams’ shells. These narrow increments
were deposited at or near the cold temperature threshold
of growth. The purple band also was identified in both
specimens. Increments in the purple band show an abrupt
decrease in width followed by an increase to widths slight-
ly less than those deposited just prior to the purple band
(IM11-A1L, #245–290; IM11-A2L, #250–290). Because the
purple band is deposited in August, the warmest month of
the year (Fig. 3), the formation of these narrow increments
were interpreted as a result of hot conditions. Assuming
that this summer biocheck was formed as a result of heat
stress, we can use these narrow increments to assign a cal-
endar date to particular increments in the shell.

It is assumed that the first narrow increment from the
purple band was deposited on the hottest day of the year:
August 17, 1999 (average temperature 32.78C). Thus, in-
crement #249 from IM11-A1L is assigned to August 17,
1999 6 two weeks. Similarly, the same date is assigned to
increment #263 from IM11-A2L. All increments are as-
signed dates with uncertainty of 6 two weeks.

Using this date, dates can be assigned to other portions
of the growth-increment profile. However, lunar days first
must be converted to solar days. Because the daily growth
increments are deposited in response to the tidal cycle
(Evans, 1972; Lutz and Rhodes, 1980), they correspond to
lunar rather than solar days. In one year there are 353 lu-
nar days as compared to 365 solar days. To correct for this
discrepancy, one solar day has been subtracted from each
month. Thus, accounting for the difference of 12 days. Be-
cause of the uncertainty in assigning dates to individual
increments (6 two weeks), this correction does not affect
the results. Thus, an interval of 30 growth increments (30
lunar days) corresponds to one month of 31 solar days. The
15th solar day arbitrarily was omitted from each month
when assigning dates to individual increments. For ex-
ample, the first 14 increments from a month are assigned
the dates 1–14, while increments 15 through 30 are as-
signed 16–31. There are 102 increments between #249
(August 17, 1999) and the last increment counted at the
commissure in IM11-A1L. Using the method outlined
above, the date November 30, 1999 was assigned to the fi-
nal increment. Unfortunately, the growth increments de-
posited at the commissure in the other shell (IM11-A2L)
were obscure and a date cannot be assigned to its final in-
crement. However, the last obvious increment counted
from this specimen (#341) is dated as November 5, 1999,
and there is 0.82 mm between this increment and the com-
missure. Thus, active shell deposition continued for a
short time after November 5, 1999. Based on the similari-
ty of the increment profiles from the two specimens and
the isotopic values at the commissures (see below) it is as-
sumed that active shell deposition in IM11-A2L halted in
late November or early December, 1999.

In addition to dating the final increments at the com-
missure, it is possible date the initiation of growth in the
preceding spring. In both increment profiles, there is a
dramatic increase in increment widths (IM11-A1L: #110;
IM11-A2L: #127) that coincides with the ventral margin of
the penultimate winter band deposited in winter 1998/
1999. These increments mark the initiation of growth fol-
lowing the deposition of the 1998/1999 winter band. The
number of increments between those at the ventral mar-
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FIGURE 5—Relationship among temperature, d18O, and increment
width from IM11-A1L. (A) Average daily temperature at the study site
from February 16, 1999 to February 16, 2000. The shaded area marks
the optimal growth temperatures of C. cortezi. (B) Oxygen isotope
profile from IM11-A1L. Sample positions mark the center of the inter-
val sampled. (C) Daily increment-width profile. Increments 0–109were
deposited prior to winter 1998/1999. The remainder were deposited
during 1999 and 2000. Increment 110 marks the initiation of growth
in the spring of 1999. The small widths around increment 250 mark
the position of the summer biocheck. This interval is marked by a
slowing and/or shutdown of growth. The final increment marks the
position of the commissure. The position of annual growth bands are
marked by the word ‘‘winter.’’ WB marks the position of winter growth
breaks, SB markes the position of the summer break. The resolution
of each isotopic sample also is shown by rectangular blocks. The
numbers refer to the stable isotope sample number.

FIGURE 6—Relationship among temperature, d18O, and increment
width from IM11-A2L. (A) Average daily temperature at the study site
from February 16, 1999 to February 16, 2000. The shaded area marks
the optimal growth temperatures of C. cortezi. (B) Oxygen isotope
profile from IM11-A2L. (C) Daily increment-width profile. Increments
0–126 were deposited prior to winter 1998/1999. The remainder were
deposited during 1999 and 2000. Increment 127 marks the initiation
of growth in the spring of 1999. The small widths around increment
265 mark the position of the summer biocheck. This interval is marked
by a slowing and/or shutdown of growth. The last increment counted
was deposited in early November. 0.82 mm of shell was deposited
between the last counted increment and the commissure. The posi-
tions of annual growth bands are marked by the word ‘‘winter.’’ WB
marks the position of winter growth breaks, SB marks the position of
the summer break. The resolution of each isotopic sample also is
shown by rectangular blocks. The numbers refer to the stable isotope
sample number. Dating sample #21 was not possible because incre-
ments from the final 0.82 mm of growth could not be resolved.gin of the winter band and the narrow increments in the

purple band is similar in both specimens (IM11-A1L: 139;
IM11-A2L: 136). By counting back from the purple band,
the date March 26, 1999 is assigned to the increment
marking the initiation of growth following the deposition
of the winter band in the winter 1998/1999 in IM11-A1L.
Similarly, initiation of growth in IM11-A2L is dated as
March 29, 1999.

Increments deposited prior to the initiation of growth in
the spring of 1999 cannot be dated precisely. Because
growth halts between December and late March, the in-
crements deposited prior to the spring 1999 initiation of
growth represent growth in the fall of 1998. Based on the
timing of shutdown in the fall of 1999, it is assumed that
these early increments were deposited prior to December

1, 1998. However, because the temperature records do not
go back this far, it is not possible to date the 1998 incre-
ments.

CROSS-CALIBRATION

Increment Width and Temperature

Annual variation in the daily growth-increment widths
from both specimens (Figs. 5C and 6C) is similar to the an-
nual variation in average daily temperature (Figs. 5A and
6A) except that very high temperatures also result in very
narrow bands. In March 1999, when temperatures are rel-
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atively cool (;178C), growth increments in both specimens
are narrow. During April and May, when temperatures
begin to rise, daily increment widths increase dramatical-
ly, from 0.01 mm to more than 0.2 mm (Figs. 5C and 6C).
In June, increment widths stabilize and then decrease as
conditions warm to near their mid-summer maximum
temperatures. The hottest temperatures of the year, in
August, are accompanied by a dramatic decrease in incre-
ment widths. When temperatures decrease in September,
increment widths rebound to widths slightly less than
those deposited just prior to the hottest time of the year.
The final increments from both specimens were deposited
in October and November. November is characterized by
some of the narrowest growth increments deposited dur-
ing the study interval. No increments were deposited after
November, but temperatures continue to fall through the
end of 1999.

Isotopic Variation and Temperature

The oxygen isotope values (Figs. 5B and 6B), like the
daily increment widths, show a strong annual cycle that
can be correlated with temperature (Figs. 5A and 6A). Be-
cause the fractionation of oxygen isotopes largely is con-
trolled by temperature (Grossman and Ku, 1986), this an-
nual cycle is expected given the strong annual tempera-
ture cycle in the northern Gulf of California. The most pos-
itive isotopic values correspond to cold temperatures,
while negative isotopic values occur in portions of the
shells deposited during warmer conditions. In late March
and early April 1999, when temperatures begin to rise, the
d18O values become more negative; as temperatures con-
tinue to rise through May and June, d18O values continue
to fall. This trend is interrupted in late April by a slightly
positive shift in d18O ratios. By July and August, d18O val-
ues are at their most negative. During these months, tem-
peratures are in excess of 308C. The hottest month of the
year, August, includes a brief positive shift in the isotope
values in both specimens. Following this hot interval, tem-
peratures begin to fall and d18O values increase. Finally,
as temperatures continue to cool in October and Novem-
ber, isotopic values rise to their most positive values; near-
ly identical to those deposited the previous spring.

A more precise calibration of individual d18O samples
with temperature was attempted by comparing each sam-
ple’s isotopically derived temperature estimate with the
observed temperature that occurred during that sample
interval. This comparison only was carried out for those
samples that could be dated accurately from the incre-
ment-width profile (IM11-A1L, 6–19; IM11-A2L, 4–20; Ta-
ble 1). Because increments cannot be dated more precisely
than 6 two weeks, it is not possible confidently to place
each d18O sample in a time interval shorter than four
weeks. Accordingly, comparison of isotopic estimates with
temperature records was accomplished by relating the av-
erage observed temperature over a period that included
two weeks before and two weeks after the estimated dates
bracketing the d18O sample. Figure 7 shows the observed
and calculated temperatures from both specimens. The
curves are very similar in both plots. However, calculated
temperatures from April and May are higher than the ob-
served temperature, and after June, the observed temper-

atures are consistently higher than calculated tempera-
tures.

Isotopic Variation and Increment Width

Because both increment widths and isotopic variation
vary as a function of temperature, they can be calibrated
with each other. In the late winter and early spring d18O
values, are at their most positive values and increment
widths are narrow. As temperatures rise and d18O values
become more negative, increments become wider. In the
late spring, increment widths stabilize as the d18O values
continue to become more negative. In the mid-summer
months, the isotopes have reached their most negative
values, but increment widths decrease. In the late sum-
mer, the narrowest increments since the previous spring
are deposited and the stable isotope values continue at
their mid-summer negative values. For a short time fol-
lowing this interval of very narrow increments, the d18O
values and increment widths both increase as tempera-
tures fall from the highest values in the late summer. Fi-
nally, in the late fall, temperatures continue to cool, the
stable isotope values rise to values equivalent to those de-
posited the previous year, and increments narrow to ap-
proximately the widths of those deposited in the early
spring.

ESTIMATION OF SHUTDOWN TEMPERATURES

Because the deposition of geochemical and sclerochron-
ological characters in bivalve shells occurs in response to
an individual’s surroundings, these characters are reliable
indicators of environmental conditions. Both d18O values
and daily growth-increment widths provide valuable in-
formation on the annual patterns of growth in marine bi-
valves. These characters can be used to determine if C.
cortezi grows continually through the year. d18O values
can be used to estimate the maximum and minimum tem-
peratures of growth. Discrepancies between these esti-
mates and observed temperature records indicate that the
organism did not grow throughout the year. Because the
full range of observed temperatures is not represented,
then the maximum and minimum d18O derived tempera-
tures estimate the maximum and minimum critical
thresholds of growth. Furthermore, in addition to confirm-
ing maximum and minimum temperatures of growth, the
dated increment-width profile can provide estimates of
the timing of growth halts. Understanding growth pat-
terns is critical because discrepancies between actual en-
vironmental conditions and those reconstructed from bio-
logical signals set the limits for paleoenvironmental recon-
structions. That is, reconstructions from bivalve shells
only reflect conditions that occurred during active shell
growth. If the animal does not deposit shell material
through the full range of conditions, then reconstructed
environmental conditions merely reflect the environmen-
tal tolerances of that species, not the full range of temper-
atures in the bivalve’s habitat.

The Grossman and Ku (1986) equation yields estimates
of maximum temperatures that agree closely with mea-
surements from the temperature loggers. Because water
samples were not collected during the study interval, all
temperature calculations initially assume that the isoto-
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pic composition of the water is 0‰. The warmest isotopi-
cally derived temperature obtained from IM11-A1L is
28.68C (sample #14; 22.05‰). The warmest seven day av-
erage (the number of increments in sample #14) tempera-
ture is 31.48C. The difference between these estimates
(2.88C) likely results from seasonal changes in the isotopic
composition of the water in which the clam grew. Using
this temperature difference and solving the paleotemper-
ature equation for the d18O of water yields a value of
0.64‰. This value agrees closely with measurements of
the d18O of the water in the northern Gulf of California,
which indicate that summer values range between ap-
proximately 0.6 and 1.0‰. Similarly, the warmest isoto-
pically derived temperature from shell IM11-A2L is
28.58C (sample #13; 22.03). The warmest 4 day average is
31.98C. This temperature difference yields a water value
of 0.77‰, again within the summer d18O range. Thus, al-
lowing for variation in the d18O of the water, the maximum
isotopically derived temperature suggests that little or no
shell deposition occurs above temperatures of approxi-
mately 318C.

Unlike calculated temperatures from the summer, tem-
peratures calculated from the most positive isotopic values
do not agree with the observed winter temperature record.
The most positive winter sample is 0.73‰ (IM11-A1L,
sample #4; IM11-A2L, sample #21). Again, for the mo-
ment, assuming that the isotopic composition of the water
is 0‰, the calculated temperature is 16.68C. Both samples
come from slow growing parts of the year, representing
several weeks of growth; thus, they are comparable to av-
erage monthly temperatures. The coldest average month-
ly temperature is 11.528C. The difference between the
minimum observed temperature and the calculated tem-
peratures is 5.18C. If this difference was solely the result of
the isotopic composition, it would require that the water
be 21.2‰. However, since the construction of dams on the
Colorado River, very little isotopically light water reaches
the Gulf and normal marine conditions prevail (Lavin and
Sánchez, 1999). Furthermore, throughout observations
associated with this study, the most negative isotopic val-
ue of the water was 0.21‰. Thus, the coldest isotopically
derived temperature (;178C) is an estimate of the lower
temperature threshold of growth in C. cortezi, not the min-
imum temperature in its habitat.

The dated increment-width profile used in conjunction
with average monthly temperatures also yields estimates
of maximum and minimum thresholds of growth. In C.
cortezi from the northern Gulf, rapid growth begins in ear-
ly spring. Average monthly temperatures for March and
April are slightly warmer than 178C. Thus, the initiation
of growth in the spring coincides with temperatures above
;178C. The widest increments in both specimens were de-
posited in May and June when the average temperature
was between 23 and 268C. Increment widths decrease in
late June and continue to gradually narrow through mid-
August while average monthly temperatures during these
months increase steadily. This suggests that warmer con-
ditions adversely affect shell growth. In mid-August, in-
crement widths decrease abruptly. This decrease coin-
cides with both the warmest average monthly tempera-
ture (30.98C) and the warmest average daily temperature
(32.78C) during the study interval, indicating that the
maximum temperature threshold of growth has been

reached or exceeded. Thus, the upper temperature thresh-
old of growth in C. cortezi, estimated from daily increment
widths, is approximately 318C. When temperatures fall
below this threshold in September, increment widths in-
crease and active accretion of shell begins again and con-
tinues through November. During these months, the av-
erage monthly temperatures are between 318C and 178C.
No shell material is deposited when temperatures fall be-
low the minimum temperature threshold of 178C.

The estimates of maximum and minimum temperature
thresholds of growth from increment widths and oxygen
isotopes agree closely. The increment-width profiles indi-
cate that shell growth occurs between 17 and 318C. Isoto-
pically based estimates indicate temperatures of 16.6 and
31.98C. These results agree closely with independent esti-
mates provided by Schöne et al. (in press). Based on satel-
lite sea-surface temperatures, they suggest that growth
takes place between 16.7 and 29.38C. These three indepen-
dent estimates suggest active shell deposition in C. cortezi
from the northern Gulf occurs between approximately 17
and 318C.

COMPARISON OF d18O DERIVED TEMPERATURES
WITH OBSERVED TEMPERATURES

Observed temperatures can be compared with those cal-
culated from d18O values because of the assignment dates
to individual oxygen-isotope samples. However, because
growth stops below 178C, increments deposited in 1998
prior to initiation of growth in spring 1999 cannot be dated
by simple increment counting. Thus, temperatures cannot
be assigned to the isotope samples that came from this in-
terval (IM11-A1L, 1–5; IM11-A2L, 1–3; Table 1). Because
each d18O sample represents several days of growth (see
below), the average temperature from that interval has
been calculated. Dates have been assigned to the first and
last increment within each sample (Table 1) and the aver-
age observed temperature calculated from the sample in-
terval. However, because each increment is assigned a
date with an uncertainty of 6 two weeks, this uncertainty
also was incorporated into the average observed tempera-
ture. Therefore, the observed temperature is the average
of conditions thought to have occurred during deposition
of increments within an isotopic sample, plus the temper-
atures from the 14 days prior to the first increment and
the 14 days following the last increment. Figure 7 shows
the relationship between observed and calculated temper-
atures. The similarity certainly indicates that tempera-
ture is the main factor controlling the d18O profile. Fur-
thermore, the overall correspondence of observed and cal-
culated temperatures indicates that d18O derived temper-
ature estimates may be reliable measures of
paleotemperature variation within the period of growth.
However, the observed and calculated temperature curves
do not agree exactly. Calculated temperatures from both
specimens are warmer than observed temperatures in
April, May, and most of June. In late June through Octo-
ber, calculated temperatures are consistently cooler than
observed temperatures.

The discrepancy between observed (logger) and calcu-
lated (isotopic) temperatures can be explained best by the
preferential growth of the clams during optimal tempera-
tures. Recall that the widest increments were deposited in
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FIGURE 7—Comparison of observed (logger) and calculated (clam)
temperature from IM11-A1L (A) and IM11-A2L (B). In both graphs, the
solid circles represent observed temperatures from the loggers and
the open squares are calculated temperatures from d18O samples. SB
marks the position of the summer break.

May and June when the average temperature was be-
tween 23 and 268C (Figs. 5A and 6A). This estimate of the
optimal growth temperatures agrees well with that of
Schöne et al. (in press), who suggested that maximum
growth occurs between 21 and 248C.

In the spring, temperatures fluctuate about the lower
end of the optimal range (Figs. 5A and 6A). During the
day, temperatures warm into the optimal range, while
temperatures cool below 238C at night. Slow growth dur-
ing overall cool intervals results in isotope samples that
contain a greater volume of shell material deposited dur-
ing warmer daytime conditions. In other words, while the
temperature loggers continue to record low temperatures,
the clam ‘‘recorders’’ have temporarily slowed or shut
down. Thus, temperatures calculated from spring d18O
samples will over-estimate observed temperatures (Fig.
7). Similarly, during the warmest months of the year
(June through September), temperature fluctuates about

the upper limit of the optimal range. Daytime tempera-
tures climb well above 268C, while nighttime conditions
cool into the optimal range. Thus, most growth occurs at
night and little shell material is deposited during the hot-
test part of the day (especially during low tides; see Rich-
ardson et al., 1981). Isotope samples taken from this part
of the shell reflect the greater influence of cool nighttime-
shell deposition, and temperatures reconstructed from
these d18O samples underestimate average observed tem-
peratures (Fig. 7).

An additional factor resulting in discrepancies between
the observed and calculated temperatures may be varia-
tion in the isotopic composition of the water in which the
clams grew. Although oxygen isotope ratios are mostly
controlled by temperature, changes in the isotopic compo-
sition of the water also have a significant effect (Grossman
and Ku, 1986). The Gulf of California is an evaporative ba-
sin (Bray, 1988) and evaporation rates are highest in the
summer (Roden, 1958); thus, the isotopic composition of
the water in the northern Gulf of California becomes pro-
gressively more positive throughout the summer and ear-
ly fall. Because the most positive isotopic values of the wa-
ter coincide with the warmest temperatures, the d18O de-
rived temperatures from shell material deposited during
the summer will tend to underestimate the actual temper-
atures. Hence, the low calculated temperatures from mid-
June through October (Fig. 7) probably reflect the increas-
ingly more positive d18O values of the water. During Au-
gust, the hottest month of the year, the d18O from the
shells are expected to be at their most negative values.
However, the calculated temperatures may underesti-
mate the observed temperature record because enhanced
evaporation increases water d18O to more positive values.

The effects of subaerial exposure also may cause some of
the discrepancy between the observed and calculated tem-
peratures. Because the temperature loggers were placed
in the intertidal zone, some of the observed temperatures
represent air temperatures. However, because shell depo-
sition occurs when the clam is submerged, the calculated
temperatures mostly will reflect water temperatures. The
greatest discrepancy between air and water temperatures
in the northern Gulf of California occurs in the winter
months of December, January, and February when water
temperatures are warmer than air temperatures (Fig. 8).
However, this difference is not reflected in the comparison
of observed and calculated temperatures (Fig. 7) for the
simple reason that the clams did not grow during this in-
terval. Nevertheless, some of the discrepancy between the
observed and calculated temperatures could be due to the
effects of subaerial exposure on the temperature loggers
and the growth of the bivalves. Exposure to the air in the
hot summer probably causes the loggers to overestimate
the water temperatures experienced by the clams.

The close agreement between observed temperatures
and d18O derived temperature estimates shows that sub-
annual temperature variation can be reconstructed from
C. cortezi shells. Because shells of C. cortezi are common
constituents of fossil deposits in the northern Gulf, they
are a rich source of information with which to reconstruct
seasonal temperature variation in the northern Gulf of
California.
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FIGURE 8—Average monthly air (solid circles) and water (open
squares) temperatures in the northern Gulf of California. Note that air
temperatures are lower than water temperatures through most of the
year. Data from Thomson (2000).

FIGURE 9—Frequency distribution of sample resolutions. Samples
were taken with drill bits of two different sizes, 0.3 mm (stippled area)
and 0.5 mm (solid area). The majority of stable isotope samples in-
clude fewer than five increments. Two samples, taken from rapidly
growing parts of the shell, sampled just two days of growth. Three
samples represent more than three weeks of growth. Data are from
both specimens.

VARIABILITY IN d18O SAMPLE RESOLUTION

Comparing daily increment widths within isotope sam-
ples has allowed an estimation of the resolution of individ-
ual d18O values. Because daily increment widths vary
within the year (see above), samples taken from different
parts of the year will have different temporal resolutions.
When daily increment widths are narrow, a sample will
contain more increments than a sample taken from wide
increments. Because daily increment-width variation and
d18O resolution set the limits for high-resolution isotopic
analysis, information on sample resolution is particularly
important when reconstructing sub-annual temperatures.
Figures 5C and 6C show how temporal resolution varies
throughout the year. During cooler conditions, daily incre-
ment widths are narrow and isotope samples can repre-
sent more than three weeks of growth. This is seen clearly
in the first three samples from IM11-A2L (Fig. 6C; Table
1). d18O resolution is also coarse (.2 weeks of growth per
sample) during the hottest part of the summer when
growth rates are also slow (Fig. 5C, IM11-A1L, sample
#17; Fig. 6C, IM11-A2L, samples #17–18; Table 1). These
examples illustrate that in C. cortezi, sample resolution is
coarsest when taken from slow growing parts of the shell
deposited close to the maximum and minimum critical
thresholds of growth. However, the vast majority of sam-
ples have much better resolution. Most samples (33 of 39;
;85%: Fig. 9) represent less than 10 days of growth, 27
samples (;70%) represent less than a week and 25 sam-
ples (;65%) were taken from less than 5 days of growth.
These data indicate that the majority of samples can be
used to reconstruct conditions with approximate sub-
weekly resolution.

In specimens that demonstrate temperature-controlled
shutdowns, samples taken from shell material deposited
prior to the shutdown will have coarse resolutions. Chione
cortezi from the northern Gulf slows and/or stops growing
in both the winter and summer. Because narrow daily in-

crements generally are associated with growth halts, sam-
ples taken from these slow-growing parts of the shell con-
tain the largest number of daily growth increments. Fur-
thermore, winter and summer shutdowns are associated
with the most positive and negative d18O values. Thus, the
most positive (winter) and most negative (summer) d18O
values have the coarsest resolutions. The occurrence of
coarse-resolution samples with the most positive and/or
negative d18O values from the annual profile may be a use-
ful criteria for identifying thermally controlled growth
halts in fossil shells.

INTEGRATING ISOTOPIC AND
SCLEROCHRONOLOGICAL ANALYSES

Both isotopic and sclerochronologic analyses have prov-
en their value in paleontological studies (e.g., Rhoads and
Lutz, 1980; Wefer and Berger, 1991). While each tool pro-
vides powerful insight in paleontological study, used to-
gether they can provide information otherwise unavail-
able. Perhaps the most significant insight is the dating of
individual stable isotope samples. When stable isotope
samples are taken from a shell with a dated daily incre-
ment profile, samples can be assigned a particular date
within the year. This allows seasonal and even sub-sea-
sonal environmental analysis. Furthermore, if particular
characters of the increment-width profile can be recog-
nized in different specimens (e.g., summer shutdown,
etc.), then isotopic samples can be approximately dated
without investing the time and energy for detailed counts
of increments. This approximate dating technique is at-
tractive because many features of the increment-width
profile can be observed on polished sections with a hand
lens, thus eliminating the need for elaborate sample prep-
aration.

Dated increment profiles and d18O values used together
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also can be a useful tool in evolutionary studies. For ex-
ample, as shown here, it is possible to identify thermally
controlled growth checks and growth-limiting tempera-
tures. Thus, the limiting temperatures of growth can be
compared within and across evolutionary lineages. This
information then can be used to trace changes in environ-
mental tolerances within a group or to document how en-
vironmental conditions affect different species.

Dated increment profiles used in conjunction with sta-
ble isotopes also can be useful in paleoclimatological stud-
ies. Understanding the timing of thermally controlled
growth patterns permits the recognition of regional cli-
matological changes. For example, Berry and Barker
(1975) showed that C. undatella from the northern Gulf of
California deposited approximately eight months of daily
growth increments between winter breaks. However, far-
ther south in the Gulf, where winters are shorter and
milder, daily increments between winter bands from C.
undatella represent approximately ten months. The tem-
perature of shutdowns in each region then could be deter-
mined by isotopic analysis of the first and last increments
deposited during the year. This technique could be used to
determine regional differences in the duration of intervals
when temperatures are above or below growth thresholds.
While this example illustrates how a geographic climatic
gradient could be reconstructed, this approach also could
be applied to noncontemporaneous specimens from a sin-
gle region to reconstruct climate changes through time.
Furthermore, rates of temperature change could be esti-
mated by counting increments between the most positive
and negative isotopic values. This approach could be used
to reconstruct patterns such as the rate of warming in the
spring or the how fast temperatures cool in the fall. Recon-
structing such detailed patterns of seasonality will be a
valuable new tool in paleoclimate analysis.

SUMMARY AND CONCLUSIONS

Oxygen isotope samples from two live-collected speci-
mens of C. cortezi from the northern Gulf of California
were calibrated using dated daily increment-width pro-
files and compared with observed high-resolution temper-
ature records from the same site. From this analysis the
following conclusions are drawn:

(1) d18O profiles from both specimens range between
0.73‰ (winter) and 22.05‰ (summer). The d18O profile
largely reflects the temperature cycle at the study site
within the clams’ eight months of growth.

(2) Increment-width profiles from the two specimens are
similar, indicating their deposition in response to similar
environmental conditions. Increment widths vary as a
function of temperature: they are narrow near the maxi-
mum and minimum temperature threshold of growth and
wide at intermediate temperatures.

(3) Daily increment counts from both specimens indi-
cate that shell deposition begins in late March or early
April. Vigorous shell deposition continues until the hottest
part of the year (August) when growth slows and/or halts.
Growth begins again when temperatures cool from their
mid-summer highs. Growth halts in late November or ear-
ly December. Little or no shell is deposited during the four
coldest months of the year (December–March).

(4) The resolution of stable isotope samples varies

throughout the year. Samples with the coarsest resolution
are from parts of the shell deposited near the minimum
and maximum temperature thresholds of growth. Such
samples represent more than three weeks of growth and
generally have the most positive and negative values.
Samples with intermediate d18O values have finer resolu-
tions. The majority of samples represent five or fewer days
of growth.

(5) Estimates of the maximum and minimum tempera-
ture threshold of growth from increment width counts and
isotope profiles are similar. These estimates suggest that
growth begins when temperature warms above ;178C and
halts when temperature rises above ;318C.

(6) Oxygen isotope samples used in conjunction with in-
crement-width profiles can provide high-resolution pa-
leoenvironmental information.
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