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FIGURE 3—The relationship between the size of Late Cretaceous bulk-sampled specimens and species’ type specimens (geometric mean of length and height). triangles
� bivalves; circles � gastropods. (C, D) Note that nearly all specimens are smaller than the type specimens. (A) Bulk-sampled specimen size vs. size of species’ type
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TABLE 1—Bulk-sampled specimen size relative to the type specimen size. In all cases
the Cretaceous bulk-sampled specimens are significantly smaller than the type speci-
men.

All Specimens Largest Specimen

Gastropod mean 55% 62%
median 63% 69%

Bivalve mean 48% 55%
median 52% 67%

relationship between linear measures and centroid size is not greatly im-
proved by the addition of shell width, and the relationship between linear
measures and shell lateral area decreases with the inclusion of width.
Shell width is generally the hardest linear measure to obtain from mono-
graphs, because it cannot be measured from most published figures, which
generally illustrate shells only in lateral view (see Fig. 1A). Thus, the
extra collection efforts required to obtain width measurements can be
justified only when linear measures are expected to be a proxy for the
geometric mean of shell lateral area and shell cross-sectional area.

How Do Cretaceous Bulk-Sampled Specimens Compare To Type
Specimens?

All specimens: Most species have specimens ranging in size from the
limit of sampling (1.0 mm sieve) through the size of the type specimen
(Fig. 3A). Standardizing by the size of the type specimen shows that no
specimens are more than twice the size of the type specimen but that
nearly half the specimens are less than half the size of the type specimen
(Fig. 3B). The shaded area in Figure 3B represents the boundary imposed
by sampling (filling that space would require specimens less than one
millimeter in size). This suggests that, given the constraints imposed by
sieve size (as well as inherent limits to organism size), bulk-sampled
specimens fill the available size space, and type specimens are drawn
from a subset of larger specimens (Wilcoxon paired test, p � 0.0001 for
both bivalves and gastropods).

Specimens from bulk samples are nearly always smaller than the type
specimen of the species (Table 1). The mean bivalve specimen is 48%
of the size of type specimen, and the median specimen is 52% of the
type (Fig. 3C). The mean gastropod specimen is 55% of the size of the
type specimen, and the median gastropod specimen is 63% of the type
specimen (Fig. 3D). Both distribution means are significantly less than
zero (Wilcoxon unpaired tests, p � 0.0001). The means differ signifi-
cantly from each other (Wilcoxon unpaired test, p � 0.018), but the
bivalve distribution (Fig. 3C) is drawn from a population whose stan-
dardized sizes are smaller than the gastropod distribution (Fig. 3D; Kol-
mogorov-Smirnov test, D � 0.1439, p � 0.0257).

Largest specimen: Similar results are seen using the mean, median,
or maximum bulk-sampled specimen per species. The mean and median
specimens in bulk samples were found to be smaller than the type spec-
imens, so using the largest bulk-sampled specimen for each species
should minimize the differences between the bulk-sampled specimens and
the type specimens. The largest bivalve and gastropod specimens found
in the bulk samples are still generally smaller than the type specimens
(i.e., fall below the dotted line in Fig. 4A, B, Table 1, Wilcoxon paired
tests: bivalve p � 0.0018, gastropod p � 0.0001). The mean maximum
bivalve specimen is 55% of the size of the type specimen, and the median
maximum specimen is 67% (Fig. 4C). The mean maximum gastropod
specimen is 62% of the size of the type specimen, and the median max-
imum specimen is 69% (Fig. 4D). The distributions of differences be-
tween bulk-sampled and type-specimen means are significantly less than
zero (Wilcoxon test p � 0.001). Bivalves and gastropods are not signif-
icantly different from each other (Wilcoxon unpaired test p � 0.657;
Kolmogorov-Smirnov test p � 0.831). Using the largest specimen has a
bigger effect on bivalves (median maximum of 67% versus median all

specimens, 55%) than on gastropods (median maximum of 69% versus
median all specimens, 63%). The difference is fairly small, but it does
explain why the all-specimen distributions are different while the maxi-
mum-specimen distributions are not.

How Do Ordovician Field-Censused Specimens Compare To Type
Specimens?

The sizes of field-censused Cincinnatian specimens and the sizes of
the species’ type-specimens are strongly correlated and do not show the
same tendency to fill in the areas under the unity (dashed) lines in Figures
5A and B as the Cretaceous data (Figs. 4A, B). Maximum field-censused
specimen size is strongly correlated with type-specimen size (r2 �
0.8738, p � 0.0001, Fig. 5A), but field-censused specimens are not con-
sistently larger or smaller than type specimens (Wilcoxon paired test p
� 0.747). When gastropods and bivalves are analyzed separately from
the other invertebrates, a strong correlation remains (r2 � 0.8774, p �
0.0001, Fig. 5A), but field-censused specimens are larger than the type
specimens (Wilcoxon paired test p � 0.006). Standardized specimen size
is significantly correlated with type-specimen size for the entire fauna (r2

� 0.2927, p � 0.0001, Fig. 5B) but not for the gastropods and bivalves
(r2 � �0.0245, p � 0.4792, Fig. 5B).

Unlike the Coffee Sand bulk samples, the mean specimen from Cin-
cinnatian field-census samples is 110% longer than the type specimen,
while the median specimen is 119% longer. (Fig. 5C). These size differ-
ences are slightly larger, 117% for mean and 120% for median, when
considering only the gastropods and bivalves (Fig. 5D). Both means are
significantly greater than zero (Wilcoxon test: all p � 0.0310, gastropods
and bivalves p � 0.0063).

Generic Type Species Versus Median Species

As expected, the size of the median species is strongly correlated with
the size of the type species of the genus in the eastern Pacific data set
(r2 � 0.8016, p � 0.0001, Fig. 6A), and the correlation between the
standardized size and type-species size, while significant, again explains
little of the variance (r2 � 0.0378, p � 0.0001, Fig. 6B). Generic type
species are an unbiased representation of the median species size (Wil-
coxon paired test p � 0.2762). The mean median species is 95% of the
generic type species, while the median median species is 100% (Fig. 6C).
Although excluding the generic type species when determining the me-
dian species size may be statistically more appropriate, most scientists
want to use the type species as a proxy for the sizes of all the species
within a genus, rather than for the sizes of all species except the type.
However, this further analysis shows that the type species will be an
adequate size proxy, even for congeners occurring outside the spatial or
temporal ranges of the type.

The most distant outlier in this analysis is the living eastern Pacific
species of Bathyarca. As the name suggests, Bathyarca is essentially a
deep-sea genus. The deep-sea species are almost all small, and the small
Pliocene type species is in fact from a bathyal deposit. In very high
latitudes, however, a few of the species emerge into shallow water. The
Arctic species, Bathyarca glacialis, occurs in the Beaufort Sea (northern
coast of Alaska) at depths as shallow as 23 meters, ranging south in the
eastern Pacific no further than the Bering Strait (Coan et al., 2000). A
more comprehensive sample of Bathyarca species (Oliver and Allen,
1980; Coan et al., 2000) suggests that the type species is not as poor a
proxy as suggested by its extreme position in the eastern Pacific analyses
(n � 10, yields a mean standardized length that is 2.3 times the size of
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FIGURE 4—The relationship between the size of largest Late Cretaceous bulk-sampled specimens and species’ type specimens (geometric mean of length and height).
triangles � bivalves; circles �
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FIGURE 5—The relationship between the size of Ordovician field-censused specimens and species’ type specimens (maximum dimension); circles � mollusks; triangles
� nonmollusks. (C, D) Note that field specimens tend to be larger than the type specimen. (A) Maximum field-censused specimen size vs. size of species’ type specimen
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