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High-resolution estimates of temporal mixing within shell beds:
the evils and virtues of time-averaging

Michatl Kowalewski, Glenn A. Goodfriend, and Karl W. Flessa

Abstract.—This study quantifies the fine structure of time-averaging by using large samples of
dated shells collected from within individual strata. Time-averaging results in both good and bad
news for interpreting bioclastic deposits.

Nine samples of shells were collected from four Holocene cheniers on the Colorado Delta (Gulf
of California) and 165 shells of the bivalve Chione fluctifraga were dated using "*C-calibrated amino
acid racemization (D-alloisoleucine / L-isoleucine). The age range of shells within samples averages
661 years and, in seven out of nine samples, exceeds 500 years. The sample standard deviation
ranges from 73 to 294 years and averages 203 years, far exceeding the dating errors (<100 years)
and potential variation in the life span of Chione (<10 years). Time-averaging is homogeneous
among strata within cheniers but varies significantly among cheniers. Age-distributions of dated
shells indicate that at 50-year resolution, the samples provide a continuous and uniform record for
the entire interval. The actual sample completeness (63.6%) is very close to that predicted by sim-
ulations of sampling a 100% complete, uniform record (67.3%).

The bad news is that, no matter how carefully collected, data from shell beds may not be suitable
for studying processes on timescales shorter than 102 to 10° years; explanations for faunal change
that invoke reasoning or models derived from a strictly ecological point of view may rarely be
justifiable. Also, notable differences in temporal resolution between the shell beds of seemingly
identical origin imply that paleontological patterns (e.g., species diversity) may be affected by cryp-
tic variation in time-averaging. The comparison of our data with time-averaging estimates obtained
from other cheniers at coarser sampling resolutions indicates that pooling of samples (analytical
time-averaging) can significantly reduce the temporal resolution of paleontological data.

The good news is that shell beds can record the optimal type of time-averaging: where paleo-
biological data are a time-weighted average of the faunal composition from the spectrum of en-
vironments that existed during the entire interval of time. Samples from single strata provide a
long-term record that is representative of the predominating environments. Within the range of “C
dating, shell beds can provide a complete, high-resolution record, and thus may offer exceptional
insights into the environmental and climatic changes of the last 40 thousand years.
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Introduction

Shell beds and shell-rich deposits are one of
the primary sources of paleontological data in
the Phanerozoic fossil record. These deposits,
however, typically undergo extensive tempo-
ral mixing (time-averaging) during their for-
mation (e.g., Walker and Bambach 1971; Pe-
terson 1977; Staff et al. 1986; Wilson 1988; Fiir-
sich and Aberhan 1990; Kidwell and Bosence
1991; Kidwell and Behrensmeyer 1993; Kid-
well and Flessa 1995; Kowalewski 1996a). In
the last decade, high-resolution dating meth-
ods have been used to quantitatively estimate
the extent of time-averaging. These studies
have shown that temporal mixing on the scale
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of hundreds to tens of thousands of years is
the rule rather than the exception in marine,
lacustrine, and terrestrial deposits (Behrens-
meyer 1982; Goodfriend 1987; Cohen 1989;
Powell and Davis 1990; Flessa et al. 1993;
Goodfriend and Mitterer 1993; Flessa and Ko-
walewski 1994; Wehmiller et al. 1995; Good-
friend and Gould 1996; Martin et al. 1996; An-
derson et al. 1997; Meldahl et al. 1997).
However, because of the high cost of dating,
most studies have been based on a small num-
ber of dates, while the few larger data sets had
low sampling resolution, because they were
based on literature compilations (e.g., Flessa
and Kowalewski 1994), uncalibrated dates
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(e.g., Powell and Davis 1990), or data collected
over large areas (e.g., 100-1000 m? [Meldahl et
al. 1997]). Thus, our understanding of time-
averaging is itself biased by averaging caused
by pooling dates from different samples, sites,
and environments (““analytical time-averag-
ing” [see Fiirsich and Aberhan 1990; Behrens-
meyer and Hook 1992]). Consequently, we still
lack information about time-averaging at the
highest and most fundamental resolution: that
of a collection of fossils from a single sample
of a minimal stratigraphic span (i.e., confined
to the smallest indivisible stratigraphic unit
that can be distinguished in the outcrop). How
much time-averaging is there likely to be with-
in the bag or slab of fossils the paleontologist
brings back from the field and uses as the fin-
est sample unit in subsequent analyses?

We used '*C-calibrated amino acid racemi-
zation dating of mollusk shells from Holocene
shelly deposits to obtain precise estimates of
time-averaging at the highest sampling reso-
lution—that of adjacent shells from within the
same stratum. The assembled data set is
unique, in terms of both sample size (165
dated specimens) and collecting method (mi-
crostratigraphically constrained samples of
shells systematically collected from individu-
al strata). The resulting data provide new and
more detailed insights into the nature of time-
averaging, including quantitative estimates of
(1) temporal mixing unaffected by analytical
time-averaging; (2) effects of “analytical time-
averaging’’; (3) age structure and complete-
ness of time-averaged samples; and (4) varia-
tion of time-averaging among samples from
the same type of accumulations (i.e.,, within-
facies variability in temporal resolution).

Material and Dating Technique

Study Area and Sampling—We studied tem-
poral resolution in the bioclastic ridge-forming
beach deposits (sensu Meldahl 1995: p. 62) from
the tidal flats of the Colorado River Delta (Fig.
1). These deposits are classic example of chen-
iers (Hoyt 1969; Otvos and Price 1979): residual
lag deposits formed through the reworking of
the intertidal mudflat during episodes of low
sediment input from the Colorado River
(Thompson 1968; Kowalewski et al. 1994). The
most recent episode—caused by diversion of the
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river for irrigation, power, and flood control—
began 100 years ago (Fradkin 1984). As a result,
cheniers have been forming in the upper inter-
tidal zone. Older cheniers, situated landward in
the supratidal flats, correspond to previous ep-
isodes of mudflat reworking caused by natural
diversions of the river to the Salton trough
(Thompson 1968; Kowalewski et al. 1994; Good-
friend et al. 1995).

This study focuses on the venerid bivalve
Chione fluctifraga, a common species in the Col-
orado Delta cheniers. We have developed a re-
liable, efficient, and inexpensive dating tech-
nique for C. fluctifraga (see below for details).
Data were obtained from four cheniers situ-
ated in the central part of the lower delta (Fig.
1B): Chenier 1 is situated in the upper inter-
tidal, and Cheniers 2, 3, and 4 are increasingly
older ridges, partly buried within the supra-
tidal muds (Fig. 1C). It is difficult to correlate
those cheniers, located in the northern part of
the mud flats, to the chronological framework
of Kowalewski et al. (1994), which was based
on the cheniers located farther south. These
two areas are likely to have had different pro-
gradational histories (see also Thompson
1968). We think that Cheniers 1-3 correspond
roughly to ““Modern’” and Chenier 4 to “’Sub-
modern” cheniers of Kowalewski et al. (1994).
The geochronology of cheniers and the pro-
gradational history of mud flats will be dis-
cussed in detail elsewhere.

Nine samples were collected at various
depths from five trenches excavated in the
four cheniers (Fig. 1C) and a total of 165 com-
plete valves of C. fluctifraga were dated using
amino acid ratios. Except for sample 3-150
with 7 individuals, all samples included 18-21
dated valves (Table 1). Each sample was col-
lected from well-exposed trench walls by
handpicking C. fluctifraga valves (articulated
bivalve shells are very rarely found in the
cheniers [Kowalewski et al. 1994]). Each sam-
ple consists of specimens that were collected
as laterally adjacent valves parallel to the sed-
imentary layering (depositional dip varies
within the Colorado cheniers from few to few
tens of degrees). In those cases when neither
stratification was visible nor depositional dip
indicated, we collected specimens from the
same depth in the trench. (We assume here
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FIGURE 1.

Study area and location of sample sites. A, Gulf of California and Baja California. B, Tidal flats of Col-

orado River Delta (modified after Thompson 1968; Kowalewski et al. 1994). C, Schematic cross-section across tidal
flats along transect D-D’ showing location of Cheniers 1 through 4 and positions of five trenches excavated in them

(vertical scale strongly exaggerated).

that unstratified biofabrics record deposition
on a horizontal surface. Even though this as-
sumption may be debatable, the alternative
option—assuming some arbitrary angle of de-
position—seems worse.) This collection meth-
od minimizes the stratigraphic and spatial
span of a sample and is likely to be the finest-
resolution stratigraphic sampling available to
macroinvertebrate paleontologists.

Dating Technique.—Each valve was analyzed
for its A/I (alloisolucine/isoleucine) ratio, which
was used to estimate age using a calibration
equation based on radiocarbon dating (Fig. 2)
(see Goodfriend 1989 for a discussion of this
method). A/I values were determined by HPLC
(high-performance liquid chromatography), us-
ing peak area ratios calibrated against a stan-
dard A/I mixture (see Goodfriend et al. 1997 for
details of procedures). Samples were taken from
the hinge area of each shell to avoid intrashell
variation in racemization (Goodfriend et al.

1997). Shells collected from the surface of the
cheniers were excluded from this analysis be-
cause of possible differences in racemization
rate due to surface heating. No differences in
rates were found among samples buried at var-
ious depths from 20 to 150 cm (Goodfriend et
al. 1995).

Shell age (in years) is estimated from the
equation: Age = (A/I — 0.008)*10741, where
0.008 is the mean A/I value measured in live-
collected, pre-bomb Chione shells (based on
eight analyses), and 10741 is the 1*C-calibrated
racemization rate (Fig. 2). This rate is the slope
derived from simple linear regression of C
ages against A/I values for 15 individual Chi-
one shells from Chenier 3, plus a point repre-
senting living Chione (based on their mean ap-
parent *C age [Goodfriend and Flessa 1997]
and their mean A/I value). The measurement
error for A/I values is =4% and thus can be
ignored as a significant source of age variation
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FIGURE 2. Correlation of amino acid (A/I) values with radiocarbon ages. Radiocarbon age shown uncorrected for
reservoir effect and uncalibrated to calendar years. The data point indicated by the arrow (‘’Mean for live collected
shells’’) represents the mean radiocarbon age of eight live-collected pre-bomb mollusk shells from the northern
Gulf (representing the marine reservoir age) plotted against the A/I value measured in recently collected live Chione.

Symbols: » = Pearsons’s correlation coefficient.

among shells (i.e,, the apparent time-averag-
ing caused by measurement error is a few tens
of years, at most). The variation in biological
age of dated specimens is even less significant.
Judging from the annual growth bands in the
shell (Flessa et al. 1997), the specimens were
all less than ten years old at the time of their
death. Thus, the age differences caused by
variation in the longevity of C. fluctifraga is
several years at most.

Of 165 dated shells, 98.8 % came from the
last 1500 years, and only two were signifi-
cantly older (ca. 3400 and 7400 years). The age
estimates for these two outliers are uncertain
because the radiocarbon calibration was based
on extrapolation of the racemization rate de-
termined from much younger shells (Fig. 2).
These two shells were excluded from the anal-
ysis; this makes our estimates of time-aver-
aging more conservative. The raw data includ-
ing A/I values and the corresponding age es-
timates are listed in Appendix 1.

Scale of Time-Averaging

Statistically, time-averaging is the dispersion
of an age-distribution and thus can be best es-
timated using dispersion measures. Previous
workers used the age range between the youn-
gest and oldest shell to estimate time-averaging
(e.g., Flessa et al. 1993; Flessa and Kowalewski
1994; Meldahl et al. 1997). However, range is
very sensitive to sample size, is based on ex-
treme outliers (it is not sensitive to variability of
all the scores), and is difficult to handle statis-
tically. Time-averaging has also been estimated
using shell half-life: the amount of time needed
to remove 50% of shells initially present (Cum-
mins et al. 1986; Meldahl et al. 1997). However,
this measure, based on a best-fit exponential
curve for the age-frequency distribution, as-
sumes a continuous input of shells through time
(Meldahl et al. 1997) and, more importantly, is
sensitive to the resolution (binning) at which the
data are analyzed.

We report the age range, to enable compari-
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son with previous studies, but focus our anal-
ysis on the standard deviation (SD), a measure
of dispersion that largely avoids the problems of
the range or half-life approach. Unlike the half-
life approach, SD does not require the assump-
tion of a continuous shell input and is not af-
fected by binning. Also, SD is much easier to
handle statistically and much less sensitive to
the sample size effect than range. It is expressed
in the original measurement units (years) and
can be interpreted conceptually as the average
departure of a shell’s age from the mean shell
age (we say “‘conceptually’”” because SD is not
exactly the average deviation from the mean: it
is calculated as a square root of variance with
the denominator n — 1). Note that it is appro-
priate to use SD, and not the coefficient of vari-
ation (CV), because the dispersion (time-aver-
aging) is independent of the mean (average shell
age): time-averaging is not a function of the age
of the deposit (except, perhaps, at the macro-
evolutionary time-scale [Kidwell and Brenchley
1996; Kowalewski 1996a]). Thus, an increase in
the stratigraphic age should be viewed as an ad-
ditive transformation that shifts a distribution
toward higher values but does not affect its dis-
persion parameters (as do the shifts of the mean
caused by multiplicative transformations, for ex-
ample). It should be noted here that the error of
the amino acid age estimates behaves in a per-
cent-wise, rather than amount-wise, manner
(i.e, its effect on standard deviation increases
with shell age). Fortunately, even for the oldest
among the specimens dated here, this error con-
tributes little to the overall variability in the
data.

Confidence intervals around SD were esti-
mated using a balanced bootstrap (Appendix 2)
(see also Hall 1992; Kowalewski 1996b: Fig. 2).
Bootstrapping avoids assumptions of paramet-
ric tests (e.g., the form of the sample distribu-
tion), often has more power than other non-
parametric tests, and allows the researcher to
customize statistical parameters and tests ac-
cording to specific needs (see Diaconis and Ef-
ron 1983; Manly 1991). Each original sample
was resampled with replacement 5000 times
(the pilot bootstrap runs showed that estimates
of SD stabilized around 4000 iterations). SD was
calculated for each bootstrap sample and the
0.5, 2.5, 97.5, and 99.5 percentiles of the result-
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ing sampling distribution were used to estimate
95% and 99% confidence intervals around each
standard deviation (“naive bootstrap” [Efron
1981]). Bootstrap estimates showed a small bias
(around ten years) toward lower SD-values (i.e.,
the means of the bootstrap distributions were
slightly smaller than the actual estimates of SD).
The bias—a common problem in bootstrapping
non-normally distributed parameters—was cor-
rected by standardizing the mean standard de-
viation of the bootstrap distribution to the stan-
dard deviation of the original sample. Although
this bias correction could be further improved
by complex, computer-intensive methods such
as accelerated bias correction (e.g., DiCiccio and
Romano 1988), these methods were not used be-
cause the bias is so small that it does not affect
our interpretation.

When expressed as a range, time-averaging
varies in our samples from 190 to 1060 years
with a mean sample range of 661 years (Table
1). The standard deviation varies among sam-
ples from 50 to 294 years with a mean of 203
years. The confidence intervals around the SD
(Table 1) indicate that the SD is significantly
larger than zero in all samples.

Scale of Analytical Time-Averaging

Flessa and Kowalewski (1994) compiled ra-
diocarbon dates from the literature to estimate
time-averaging in nearshore and shelf envi-
ronments. One of their data sets included es-
timates for 49 cheniers from all over the world
(for data summary and literature sources see
Flessa and Kowalewski 1994). Those estimates
were all affected by pooling of samples: i.e.,
shells used to calculate each estimate were not
all from a single sample but came from dif-
ferent sites or strata. Nevertheless, the pooling
was limited, because the shells were typically
collected from a single chenier or a single
chenier series. Because our data are unaffected
by sample pooling, we can compare them
with those of Flessa and Kowalewski (1994:
Table 3) to test the hypothesis that sample
pooling increases time-averaging.

The result confirms expectations (Fig. 3).
The mean age range based on 49 localities
(3289 years) is almost five times higher than
the value of 661 years obtained for our nine
samples (Fig. 3A,B). Note that the difference
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FIGURE 3. Analytical time-averaging in cheniers. A, Age-range frequency distribution for 49 estimates affected by
pooling of samples (i.e., each estimate is based on shells collected from a single chenier or chenier series but from
various sites or levels). Data obtained from the radiocarbon literature (Flessa and Kowalewski 1994, and unpub-
lished data). B, Age-range frequency distribution for nine estimates unaffected by pooling of samples (this study).
C, Empirical probability density function for the difference in means between the two age-range distributions. The
function was generated by a 10*iteration bootstrap procedure (Appendix 3) based on a one-tailed null hypothesis
that the mean age-range for estimates affected by analytical pooling is smaller than or equal to the mean age-range
for estimates unaffected by pooling. The strong skewness of the density function results from both skewness of the
age-range distributions (Fig. 3A,B) and drastically unequal sample sizes (49 and 9). The hypothesis is rejected (p
= 0.0046): the mean age-range is significantly higher for estimates affected by analytical time-averaging.
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may reflect unequal sample sizes: given the
right-skewness of the distribution (Fig. 3A),
the arithmetic mean will tend to decrease for
small samples because such samples are less
likely to include observations from the tail
(e.g., Fig. 3B). Nevertheless, the one-tailed,
two-sample bootstrap test (Appendix 3) in-
dicates that the observed difference is statis-
tically significant even when this sampling ef-
fect is accounted for (p = 0.0046) (Fig. 3C).

It needs to be stressed that we are comparing
a literature data set based on data for cheniers
from all over the world with nine samples from
one study area. The difference may thus reflect
not only the effects of analytical time-averaging
but also unusually low temporal mixing in the
Colorado Delta area. However, given that Col-
orado cheniers are being formed on extensive
mud flats affected by extreme tides, longshore
transport, and the redistribution of older shells
by ebb tidal currents, analytical time-averaging
seems the most likely explanation.

Age Structure of Time-Averaged Samples

The age-frequency distributions offer in-
sight into the internal temporal structure of
time-averaged samples (Fig. 4A-I). This in-
cludes analyses of the shape (skewness) and
completeness (continuous vs. discontinuous
time-averaging sensu Fiirsich and Aberhan
1990) of age distributions. In this study, all
age-frequency distributions have been ana-
lyzed at a resolution of 50 years. This is the
highest realistic resolution given the accuracy
and precision of amino acid dating and the
size of our samples.

For all samples, the age-distributions are
right-skewed (skewness > 0, Table 1), i.e., old-
er shells are increasingly less frequent. The
skewness is well pronounced in some samples
(e.g., Fig. 4A,C-E), but less obvious in others
(e.g., Fig. 4H,I). In fact, only two out of the
nine samples differ statistically from a sym-
metrical (normal) distribution (i.e., for seven
samples, p > 0.05, the Shapiro-Wilk normality
test with Bonferroni correction). However, the
probability of obtaining nine independent
right-skewed samples from a non-skewed or
left-skewed distribution (i.e., assuming that
probability of a right-skewed sample is 50% or
less) equals 0.5 to the ninth power (p < 0.002).
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Clearly, time-averaging processes on the Col-
orado chenier plain tend to generate right-
skewed age distributions, even though skew-
ness is weakly pronounced in some of our
samples (as shown below, skewness is so weak
that the samples do not differ significantly
from uniformly distributed).

The age-distributions offer insight into the
completeness of the record encompassed
within a time-averaged sample. Is time-aver-
aging continuous or discontinuous? How
complete temporally is the record within a
time-averaged sample? Those questions can
be explored quantitatively in a fashion anal-
ogous to estimating paleontological or strati-
graphic completeness (e.g., Sadler 1981; All-
mon 1989). The temporal completeness of a time-
averaged sample can be defined as the percent
of the time intervals, within the time span of
a sample, that are represented by the paleon-
tological record. For example, at the resolution
of 50 years, the completeness of Sample 1-62
(Fig. 4B) is 80%—out of five 50-year intervals
that separate the oldest shell from the youn-
gest shell found in the sample, four intervals
contain shells. Note that this definition is anal-
ogous to that for temporal paleontological
completeness (Allmon 1989; McKinney 1991;
Kowalewski 1996a).

At the resolution of 50 years, almost all dis-
tributions contain gaps (Fig. 4) and thus sug-
gest discontinuous time-averaging (sensu
Fiirsich and Aberhan 1990: p. 149). However,
at the average sample size of =18 and at the
very high resolution of 50 years—complete-
ness is a scale-dependent phenomenon and
decreases with increasing resolution (Sadler
1981)—gaps due to sampling are inevitable. In
fact, it is remarkable how many age-classes
contain observations (Fig. 4) and how com-
plete the samples are with 41 to 100% (average
of 63.6%) of the possible age-classes repre-
sented (Table 1). To explore sampling effects
rigorously, we simulated incompleteness (Ap-
pendix 4) by randomly sampling a uniform
distribution (i.e, the distribution that simu-
lates a 100%-complete and uniformly distrib-
uted record and thus provides the most con-
servative incompleteness estimates). We per-
formed nine independent simulations. For
each of the original nine samples, with sample
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size k and observed age-range r, we drew k ob-
servations from the uniform distribution with
the range r. For each simulation, 10* random
samples were generated and their complete-
ness was calculated at a resolution of 50 years.
Each simulation produced a sampling distri-
bution of 10* estimates of completeness for
samples with size k and the age-range r. The
mean of this distribution estimates the ex-
pected completeness of an average sample
taken from the 100%-complete, uniform rec-
ord defined by parameters k and 7 The null
hypothesis that the original sample (with giv-
en k and r) came from the corresponding uni-
form, 100%-complete distribution can be re-
jected when p—calculated as the number of
the random samples as complete as, or less
complete than, the original sample divided by
the total number of random samples (10*
here)—is less than 0.05. In other words, p rep-
resents the probability of obtaining the origi-
nal sample by sampling a 100%-complete, uni-
formly distributed record; when p < 0.05, the
sample is considered temporally incomplete.
For eight out of nine original samples, the ob-
served incompleteness is statistically indistin-
guishable from that expected for a 100%-com-
plete, uniform record (Table 1). The mean ex-
pected completeness for a 100%-complete rec-
ord (67.3%), sampled with the same number of
observations as our chenier samples, is very
close to the observed mean (63.6%) (Table 1).

Variation in Time-Averaging among
Samples

Variation in time-averaging among samples
can be analyzed at two different levels: among
cheniers and within cheniers. Variation among
cheniers is clear both from a visual comparison
of the age-distributions (Fig. 4) as well as from
a more rigorous analysis of the confidence in-
tervals around the SD (Fig. 5, Table 1). Time-av-
eraging is lower in samples from Chenier 1 than
in six out of the seven samples from Cheniers 2—
4. One sample from Chenier 4 (4-40) shows an
intermediate level of time-averaging.

Samples are very similar within cheniers.
For seven out of eight possible pairwise com-
parisons (one for Chenier 1, six for Chenier 3,
and one for Chenier 4), age-distributions ap-
pear very similar visually and are indistin-
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FIGURE5. Variation in time-averaging among Chione fluctifraga samples estimated with the standard deviation. Bars
represent 95% confidence intervals estimated using bootstrapping (Appendix 2).

guishable statistically. With the exception of
two samples from Chenier 4, the confidence
intervals around the SD overlap strongly.

Implications

Evils of Time-Averaging.—The negative conse-
quences of time-averaging on the quality of the
fossil record have been widely discussed in the
literature (e.g., Staff et al. 1986, Wilson 1988;
Kidwell and Bosence 1991; Kidwell and Flessa
1995; Kowalewski 1996a). The most obvious
evils of time-averaging include the reduction of
resolution (e.g., Fiirsich and Aberhan 1990) and
generation of false patterns (e.g., Wilson 1988: p.
139; Kowalewski 1996a: p. 324).

Our analyses provide some new insights into
the resolution problems by showing that even
within single samples, and even when those
samples were collected to minimize their strati-
graphic and lateral span, substantial time-aver-
aging does occur. In cheniers, mollusk shells are
so extensively mixed temporally that even di-
rectly adjacent shells collected from the same
sedimentary layer vary notably in age, with the
average standard deviation of =200 years.
Moreover, even at a small sample size of =18,
the age range between the oldest and youngest
shell within sample exceeds, on average, 600
years. This result is consistent with previous
quantitative estimates of time-averaging, done
in a variety of settings at coarser sampling res-

olution (e.g., Flessa et al. 1993; Flessa and Ko-
walewski 1994; Martin et al. 1996; Meldahl et al.
1997), and suggests that paleontological limita-
tions caused by time-averaging cannot be re-
moved by careful sampling. No matter how
carefully collected, data from shelly deposits
may not be suitable for studying processes that
happen on timescales shorter than hundreds to
thousands of years (e.g., Kidwell and Behrens-
meyer 1993; Flessa et al. 1993; Kowalewski
1996a).

There are geochronological implications
here as well (see also Goodfriend 1989). Single
radiocarbon-dated shells, unless found in life
position—such shells estimate a deposit’s
minimum age, i.e., a deposit must be as old as,
or older than, the shell that inhabited it—
should not be used to date particular strata as
they are very likely to overestimate their age.
Moreover, datings based on bulk samples of
shells collected from time-averaged strata al-
ways will overestimate the age of the deposit.

Fiirsich and Aberhan (1990) and Behrens-
meyer and Hook (1992) pointed out that pooling
of data from various samples, outcrops, locali-
ties or regions, can result in “analytical time-av-
eraging.” Cheniers offer an empirical example
that shows that even a very limited pooling of
samples (i.e., confined stratigraphically and spa-
tially to single cheniers or chenier series) can sig-
nificantly increase time-averaging.
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Apart from adding new information about
these previously recognized problems, our
analysis suggests also a new potential prob-
lem. Meldahl et al. (1997) recently showed that
time-averaging can vary substantially among
different environments and subsidence set-
tings. Here, we show that time-averaging may
vary even among shelly deposits that formed
through essentially identical processes in the
same setting. Such variation most likely re-
flects changes through time in the time-aver-
aging-structure of the dead shells in the
source area from which the shelly accumula-
tions are being generated (the intertidal mud-
flat in the case of our cheniers). Because many
paleontological patterns such as diversity,
morphometric variability, or size variation can
be distorted by time-averaging (see Fiirsich
and Aberhan 1990; Kidwell and Bosence 1991;
Kowalewski 1996a), cryptic variation in time-
averaging among seemingly identical shell
beds may cause variation, or even trends, that
may be difficult to identify as artifacts of tem-
poral mixing. In other words, the within-fa-
cies variation in time-averaging can generate
spurious patterns in the fossil record.

Virtues of Time-Averaging.—As pointed out
repeatedly (Walker and Bambach 1971; Staff et
al. 1986; Fiirsich and Aberhan 1990; Kidwell
and Flessa 1995; Kowalewski 1996a), time-av-
eraging may be advantageous to paleontolo-
gists because it can eliminate the noise intro-
duced by short-term fluctuations: the record
of long-term environmental conditions and
long-term community structure can be freed
of the unwanted short-term variations.

Here we showed that, at a resolution as fine
as 50 years, chenier samples are characterized
by ‘“‘uniform time-averaging,” with all time-
averaged time intervals equally represented.
This extreme case of ““continuous time-aver-
aging”’ (sensu Fiirsich and Aberhan 1990)
suggests that some shell beds undergo the
best type of averaging we could ever have
hoped for: uniform and continuous, with shel-
ly mollusks from all time-averaged time inter-
vals equally represented in the samples. Thus,
the samples can provide information about the
relative abundance of shelly taxa weighted by
the duration of their presence in the benthic
ecosystems. This also means that the environ-
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ments that dominated during the time span
encompassed within a given time-averaged
record are those that are represented best. In
other words, ““uniform continuous time-aver-
aging” is the optimal way of “cleaning’” the
record of short-term fluctuations and should
provide the most accurate picture of the long-
term record of benthic faunas and environ-
mental conditions.

As has been shown previously (Flessa et al.
1993; Flessa and Kowalewski 1994; Meldahl et
al. 1997), the age-distributions of samples are
typically right-skewed, with older shells being
increasingly more scarce. This skewness is,
however, weakly pronounced in our data, sug-
gesting that increasing sampling resolution
decreases skewness of age-distributions.
Skewness may thus not only reflect the cu-
mulative (exponential) destruction of shells
with time (Flessa and Kowalewski 1994; Kid-
well and Flessa 1995; Meldahl et al. 1997; Ol-
szewski 1997), but also the addition of old
shells by analytical time-averaging.

There is also an interesting corollary for Qua-
ternary studies here. When high-resolution dat-
ing is employed, some bioclastic accumulations
can provide a 100%-complete paleontological
record at a resolution of 50 years, and by this,
permit exceptional insights into the rapid envi-
ronmental and climatic changes of the late Pleis-
tocene and Holocene (Flessa et al. 1997).

Final Remarks

We would not propose that our results and
their implications are valid for the entire
Phanerozoic and for all types of shell beds.
Many parameters controlling the formation of
bioclastic deposits, and even bioclasts them-
selves, have changed dramatically throughout
the Phanerozoic (Kidwell and Brenchley 1994,
1996; Kowalewski 1996a). Moreover, even tem-
porally coeval shell beds vary in time-aver-
aging depending on a variety of factors (see
Kidwell and Bosence 1991; Kowalewski 1996a,
1997; Meldahl et al. 1997), and spectacular ex-
amples of shell beds little affected by time-av-
eraging do exist (e.g., Boyajian and Thayer
1995). Nevertheless, we believe that our re-
sults have implications that reach beyond Ho-
locene ridge-forming beach deposits and that
the time-averaging patterns identified here
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are valid for many mollusk-dominated shell
beds, especially in the Cenozoic fossil record.
Four arguments defend the general validity of
our interpretation.

First, our estimates are consistent with pre-
vious studies done in other settings, for other
types of deposits, and for other bioclast pro-
ducers. Second, time-averaging is a function
of the availability of old shells in the deposi-
tional system, and thus any shell bed, regard-
less of its mode of formation, will be time-av-
eraged when old shells are common in the
area. In other words, how a particular deposit
is formed may be less important than the age-
structure of the material from which it is gen-
erated. If a major storm hit the Colorado delta,
the resulting deposit, even though formed in
several hours rather than several decades,
would be made of the same bioclasts that
make up the cheniers. Because old shells are
ubiquitous in modern depositional systems
(Flessa and Kowalewski 1994), we can gener-
ally expect similar levels of time-averaging in
most currently forming bioclastic deposits.
The consistent estimates of time-averaging
yielded by studies done in a variety of settings
are, therefore, not so surprising. Third, our es-
timates are conservative because we excluded
outliers, confined our study to one species,
and used conservative analytical methods.
Fourth, the cheniers, relict transgressive fea-
tures (Hoyt 1969), may still undergo further
reworking and smearing during the next ma-
jor transgression—indeed, pre-Pleistocene
cheniers are not documented in the geological
record (Augustinus 1989). This means further
temporal mixing. Thus, we can expect that the
uniform and continuous nature of time-aver-
aging will be even further enhanced.

This study illustrates some important phe-
nomena that may be encountered when study-
ing fossil shell beds. It shows that analytical
time-averaging—intuitively anticipated but
never demonstrated rigorously—can be a sig-
nificant problem. It also shows that cryptic
variation in time-averaging can occur among
seemingly ““identical’” deposits.

The most important conclusion of our study
is a paleoecological one. Our results suggest
that even a single sample carefully collected
from one level in a single shell bed is still af-
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fected by time-averaging. Even at the highest
spatial resolution, paleoecological patterns en-
tombed in shelly deposits reflect a long-term
record of the shelly fauna averaged from the
spectrum of environments that existed during
some interval of time. This conclusion is not
new as a general statement (e.g., Flessa et al.
1993), but it is based on samples with size and
collecting resolution far exceeding those of the
previous studies. Explanations of faunal com-
position that stem from a strictly ecological-
neontological approach are rarely justifiable.
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