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Escargots through time: an energetic comparison of marine
gastropod assemblages before and after the Mesozoic
Marine Revolution

Seth Finnegan, Craig M. McClain, Matthew A. Kosnik, and Jonathan L. Payne

Abstract—The modern structure of marine benthic ecosystems was largely established during the
Jurassic and Early Cretaceous (200-100 Ma), a transition that has been termed the Mesozoic Marine
Revolution (MMR). Although it has been suggested that the MMR marks an increase in the average
energy consumption of marine animal ecosystems, this hypothesis has not been evaluated
quantitatively. In this study, we integrate body size and abundance data from the fossil record
with physiological data from living representatives to estimate mean per capita metabolic rates of
tropical to subtropical assemblages of shallow-marine gastropods—a major component of marine
ecosystems throughout the Meso-Cenozoic—both before and after the MMR. We find that mean per
capita metabolic rate rose by ~150% between the Late Triassic and Late Cretaceous and remained
relatively stable thereafter. The most important factor governing the increase in metabolic rate was an
increase in mean body size. In principle, this size increase could result from secular changes in
sampling and taphonomic biases, but these biases are suggested to yield decreases rather than
increases in mean size. Considering that post-MMR gastropod diversity is dominated by predators,
the net primary production required to supply the energetic needs of the average individual increased
by substantially more than 150%. These data support the hypothesis that benthic energy budgets

increased during the MMR, possibly in response to rising primary productivity.
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Introduction

A long-running debate in evolutionary
paleoecology concerns whether, and how,
the flux of energy through animal ecosystems
has changed through time. This issue was
discussed most famously by Vermeij (1977,
1987, 1995, 2002, 2004) and Bambach (1993,
1999, 2002), both of whom suggested, contra
Van Valen (1976), that the aggregate energy
requirements of marine animal ecosystems
have increased through the Phanerozoic,
especially during the Devonian and the
Jurassic-Early Cretaceous. Vermeij (1977)
dubbed the latter event the “Mesozoic Marine
Revolution” (MMR). The MMR emplaced
benthic ecosystems of essentially modern
structure (Valentine 1973; Vermeij 1977; but
see Wagner et al. 2006 for an alternate
placement of this transition), and arguably
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represents one of the most profound reorga-
nizations of marine animal ecosystems since
the Ordovician. The argument that the energy
budgets of marine ecosystems increased dur-
ing the MMR rests on assessments of a variety
of indirect indicators: increases in the propor-
tional diversity of predators (Bambach 1993,
1999, 2002; Bush et al. 2007), frequency of shell-
drilling and shell-breaking predation (Vermeij
1983), the prevalence of motility, burrowing,
and anti-predatory shell morphologies (Ver-
meij 1977; Thayer 1979, 1983; Aberhan et al.
2006; Bush et al. 2007), the intensity of
bioerosion and bioencrustation (Bromley
2004; Vermeij 2004), and distributions of body
sizes (Bambach 1993). However, the magni-
tude of change in the energy requirements of
pre- and post-MMR marine benthic commu-
nities remains entirely unconstrained.
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Here we apply a simple energetic model
based on the allometric scaling of energy
requirements with body size to quantify
changes in the mean per capita metabolic rate
of marine gastropods in tropical to subtrop-
ical fossil assemblages before and after the
MMR. Gastropods are well suited for such an
analysis because they are well preserved,
taxonomically diverse, abundant, and ecolog-
ically important in fossil assemblages
throughout the Meso-Cenozoic, and have
been extensively studied by biologists and
paleobiologists. Furthermore, the ecological,
morphological, and taxonomic diversification
of this group in the Jurassic and Cretaceous is
an important component of the MMR (Ver-
meij 1977; Sohl 1987; Bambach 1993).

Materials and Methods

We use basic scaling principles and com-
parisons with extant taxa to estimate mean
per capita metabolic rates, and principles of
trophic energy transfer to estimate the net
primary production required to support these
energetic needs, for gastropod assemblages
representing three pre-MMR intervals (Early,
Middle, and Late Triassic), one interval from
the early stages of the MMR (Early Jurassic),
and three post-MMR intervals (Late Creta-
ceous, Eocene, and Neogene). Previous work
on marine gastropods has established robust
correlations between shell volume and soft-
tissue biomass (Powell and Stanton 1985) and
between biomass and metabolic rate (Vladi-
mirova 2001), allowing individual metabolic
rates to be estimated from fossil remains. To
further validate the use of fossil data to
approximate living communities, and to
evaluate the magnitude of energetic gradients
in the modern oceans, we also examine
Recent gastropod shell assemblages from a
shallow Caribbean bay (Miller 1988; Miller et
al. 1992) and from slope to abyssal environ-
ments in the northwest Atlantic (McClain
2004, 2005; McClain et al. 2004).

To facilitate comparisons among large
numbers of fossil assemblages—comprising
thousands of genera—over long time scales,
we ask a very basic question: what instanta-
neous energy flux would have been required
to sustain the metabolic activity of all of the
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individuals in the assemblage? The data
required to make first-order estimates can be
readily gleaned from fossil assemblages,
facilitating comparison of large numbers of
assemblages within and among time intervals
without requiring detailed knowledge of food
web structure, growth rates, fecundity, etc.,
that is difficult to obtain for extinct taxa. We
do not attempt to calculate growth efficiency
as a function of size or trophic levels, to
estimate energy flow patterns among the taxa
in an assemblage, or to evaluate other energy
expenditures, such as somatic tissue growth
and reproduction. Such additional model
specificity requires life-history data that are
not available for many of the extinct taxa in
our data set (for an example using largely
extant genera see Powell and Stanton 1985).
Respiration is an adequate first-order proxy
for overall energy use because it accounts for
30-80% of lifetime energy expenditures in
wild populations of extant gastropods (Paine
1971; Huebner and Edwards 1981; Barkai and
Griffiths 1988; Morton and Chan 1999).

Selection of Assemblages.—To reduce envi-
ronmental variation, our analysis is limited to
assemblages from paleolatitudes of <40°. The
vast majority of assemblages fall within 30° of
the equator, except during the exceptionally
warm Late Cretaceous—-Eocene interval. As-
semblages from depositional environments
representing likely depths >100 m were
excluded. We made exceptions for assem-
blages, such as the Late Triassic St. Cassian
Formation and the Neogene Bowden Forma-
tion, which were transported from shallower
environments prior to burial. Assemblages
from depositional environments representing
dysoxic or anoxic conditions, such as the well-
described faunas of the upper Pliensbachian
(Early Jurassic) of Germany (Niitzel and
Kiessling 1997; Schubert et al. 2008), were
also excluded because they are commonly
considered to be dwarfed.

For each time interval, we downloaded all
gastropod assemblages from the Paleobiology
Database (http://paleodb.org/) that met our
latitudinal and environmental criteria and
included at least four species and 40
individuals that could be linked to size data.
We also included additional Triassic and



254

Early Jurassic assemblages reported in a
variety of published sources and Neogene
assemblages from the Panama Paleontology
Project database (Collins 2005; http://www.
fiu.edu/ ~collinsl/pppabout.html). We used
Recent slope to abyssal gastropod assemblages
collected as part of the Bermuda-Gay Head
transect (Sanders 1968) that have been
described in several publications (Rex et al.
1999; McClain 2004, 2005). Our Recent
shallow-shelf data set includes surficial death
assemblage collections from a shallow bay in
St. Croix, U.S.V.I. (Miller 1988; Miller et al.
1992) and live census data from Florida Bay
(Frankovitch 2003). In total, 432 collections
were included (394 fossil, 38 living or subfossil;
see Appendix 1 online at http://dx.doi.org/
10.1666/09066.s1), with a median species
richness of 24 and a median sample size of
164 individuals.

Estimating Metabolic Rates.—Our approach
to estimating metabolic rates is similar to that
applied by Finnegan and Droser (2008) to
Ordovician trilobite and brachiopod assem-
blages. Following Gillooly et al. (2001), we
estimated the basal metabolic rate (B;,q) of an
individual of body mass M as

Bina = Boe /KT M/ (1)

where E is the average activation energy of
rate limiting biochemical metabolic reactions
(on average ~0.65 eV), k is Boltzmann's
constant, T is the absolute temperature (°K)
at which biochemical reactions take place
(equal to the ambient environmental temper-
ature for ectotherms such as gastropods), and
By is the standard metabolic rate, a coefficient
representing the average mass- and temper-
ature-compensated basal metabolic rate (in
Watts/g) of the higher taxon to which the
individual belongs. B, values are typically
estimated at the class or ordinal level (we
discuss the derivation of M, By, and T
estimates below). Holding T constant for all
individuals in an assemblage, the mean per
capita metabolic rate (B,,g) of an assemblage
of N individuals is

TN | oMy ()

N

where By; and M; are the mass- and temper-

Bavg =
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ature-compensated basal metabolic rate of the
taxon to which the ith individual belongs and
the body mass of the ith individual, respec-
tively. This model has been criticized (Ko-
zlowski and Gawelczyk 2002), but substitut-
ing a more traditional Qo formulation for
temperature dependence of metabolic rate
has very little effect on our calculated trends
in B,yg. The prevalence of 3/4 scaling across
taxa is debated (Dodds et al. 2001), but this
coefficient has been shown to fit gastropods
quite well (Vladimirova 2001). As long as the
coefficient is assumed to have been constant
through time, substituting any value between
2/3 and 1.0 has only a minor effect on the
magnitude of observed trends.

Abundance—Abundance was tabulated by
counting of the number of individuals as-
signed to each genus in each assemblage.
Subfossil molluscan assemblages have been
shown to record an accurate signal of rank-
order abundance (Kidwell 2001); the degree
to which numerical abundance is accurately
preserved remains an open question. How-
ever, using rank-abundance rather than nu-
merical abundance to weight genus occur-
rences does not significantly alter the
observed pattern.

Body Size Distributions—We based our
body size estimates on a database of the
maximum volumes (M,,.x) of figured speci-
mens in taxonomic monographs, which have
been shown to capture marine invertebrate
size trends with variable but generally high
accuracy (Kosnik et al. 2006; Krause et al.
2007). This database, available upon request,
currently includes maximum size estimates
for more than 4000 species representing more
than 1000 genera in the early Mesozoic and
Late Cretaceous—Neogene. Our M,y esti-
mates are based on a conical approximation
of shell shape, which has been shown to
capture most of the variation in soft tissue
mass among extant marine gastropods (Pow-
ell and Stanton 1985). Triassic-Early Jurassic
size data are from the database compiled and
described by Payne (2005), since extended
through the Late Triassic and Early Jurassic.
Most Late Cretaceous (Campanian—-Maas-
trichtian) and Eocene size data are those
previously discussed by Kosnik (2005). Neo-
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gene size data come from a variety of sources,
but draw heavily from the comparatively well
described faunas of the Caribbean Basin
(Woodring 1928, 1957-1982; Weisbord 1962;
Jung 1965, 1969; Collins and Coates 1999;
Todd et al. 2006). MALACOLOG (Rosenberg
2009) was used as a primary source to
compile size data for Recent shallow-shelf
assemblages.

Many paleoecological publications identify
the individuals in fossil assemblages only to
the genus level. In order to include these
collections in our analysis, we assigned body
size at the genus level (subgenera elevated to
genus status) rather than the species level. We
assigned each genus occurrence a maximum
body size based on the geometric mean of
Max for all species in our database within the
matching genus and time interval. Genus size
estimates are based only on species extant
within each time interval, and hence are
independent between time intervals. Using
species rather than genus as the basis for size
estimates substantially reduces the number of
assemblages that can be analyzed, but does
not significantly alter observed B, trends
(results not presented). We included only
assemblages for which >80% of the taxa and
>80% of the individuals could be matched to
a genus-level size estimate. Using more
restrictive criteria of 90% or 100% matching
to body size data reduces the size of the data
set but does not otherwise alter the results
significantly.

To confirm that fossil data accurately
capture size differences among genera, we
compared the geometric mean of maximum
fossil size of species in 216 genera or
subgenera that are both represented in our
Neogene fossil size database and have corre-
sponding values for living species in MALA-
COLOG (Rosenberg 2009), a database of
extant species. These two data sets are
strongly correlated, indicating that there is
little systematic difference in mean size
between extant and extinct members of a
genus (Fig. 1).

Ideally, the sizes of all individuals in an
assemblage would be measured individually.
In practice, however, such data are rarely
available because such work is prohibitively
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FiGure 1. The log; of the geometric average of My, for
species in 216 extant genera plotted against the log;o of
the geometric average of M.« for Neogene fossil species
in the same genus (supporting reference 16). 1 SD error
bars are shown where more than one species is
represented, and the line represents unity. The two data
sets are strongly correlated (R = 0.86, p « 0.001) with a
slope indistinguishable from unity (RMA regression
slope = 1.02 = 0.03, intercept = 0.29 * 0.09). Mean Mpax
is lower on average for fossil species than for extant
species (by a factor of about 2), but the fossil data
accurately record true differences in size among genera.
Heavy line indicates RMA regression line, lighter line
indicates unity.

time-consuming in large collections. There-
fore, we used a database of size-frequency
distributions of individuals (minimum n =
10, maximum n = 1168) in local populations
of 49 extant species to parameterize a model
of the relationship between the maximum
observed size of a species and its population-
level size-frequency distribution.

Among these extant species, there is a
strong linear correlation between log;, max-
imum size and the mean log;, size of
individuals in a population (Fig. 2A); maxi-
mum size is a robust predictor of mean size.
The shapes of marine gastropod size-frequen-
cy distributions are variable in time and
space, but most are approximately normally
distributed in log space. The log,y size
dispersion of individuals in local populations
(as measured by the standard deviation of
logy size) is highly variable, but is indepen-
dent of log;y mean size (Fig. 2B), with a y-
intercept of 0.36. That is, species with larger
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maximum sizes do not exhibit a greater log
size range at the population level despite the
fact that they likely have greater ontogenetic
size ranges than smaller species.

Hence, the log; size-frequency distribution
of a population can be modeled as a normal
(Gaussian) distribution with probability den-
sity function:

A.  y=09527x-0.5878

(lo x)—#
P10 = 3 evan

(log10x —(0.95l0g10Max — 0.59))2
2(0.36)*

where x is a given body size and Max is the

E ' ' . i q maximum observed size of the species. Mean
Log,, max size logio sizes of individuals in modeled popula-
tions generated from these parameters are
strongly linearly correlated with actual ob-
o served mean log;, sizes with a slope indistin-
o 0 O guishable from 1 (Fig. 2C), demonstrating
o O that the distortions introduced by the model
oP g © assumptions are very small. To test whether
these assumptions can be reliably applied to

0.4 M fossil assemblages and to taxa not used to
parameterize the model, we also plot the
modeled versus observed mean log, sizes of
nine species (minimum #n = 10, maximum
o} n = 33) in a size-censused assemblage from

Mean log,, size

(3)

X exp

=
—

B. y=0.0008x +0.36

=
=N
L

Standard deviation of log,, size
g

<«

0.0 T T T T
2 3 4

] . FiGure 2. A, Comparison of the mean log size and the
Mean 1Ogm S1Z¢€ maximum logy, size of 49 extant gastropod species for
which the sizes of all individuals in a population were
measured. There is a strong linear correlation in log-log
space between mean and maximum size (R* = 0.92, p «
0.001). B, Mean log; size versus the standard deviation of
logy size for the same data set. There is no correlation
between the two, indicating that the size dispersion of
individuals in the population is unrelated to mean size. C,
Comparison of log;y mean size for actual populations of
the species in A and B and log;p mean size of individuals
in modeled log-normal populations. Modeled popula-
tions are based only on the maximum observed size of the
species, with the mean of the log-normal distribution
calculated based on the regression in A and a fixed
standard deviation of 0.36 based on B. Open circles are
the extant species used to parameterize the model; black
squares are nine species from a size-censused assemblage
from the Upper Triassic St. Cassian Formation, which
were not included in the parameterizations in A and B.
The extremely strong correlation between real and
‘ ' ' modeled log;y mean sizes for both extant species and
! & . * fossil species (R> = 0.99, p « 0.001) suggests that the noise
Log,, mean size, actual introduced by the model assumptions is small relative to

true log;o mean size differences among species.

C. y=09959x-0.0122
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I

Log,, mean size. modeled
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the Upper Triassic St. Cassian Formation
(Niitzel et al. 2010). The size-frequency model
predicts the mean log;, size of these species
with high accuracy (Fig. 2C).

Whole-assemblage size-frequency distribu-
tions were generated by drawing the number
of individuals reported for each genus from
distributions modeled as described above. We
compared the whole-assemblage size-fre-
quency distributions generated in this man-
ner to three assemblages (two extant and one
fossil) for which sizes of all individuals in the
assemblages were measured (Fig.3). Al-
though the actual and modeled distributions
differ in detail, with the modeled distribu-
tions tending to be smoother and less peaked
(lower kurtosis), these differences are minor
compared to the differences among assem-
blages, which are well reproduced by the
model. Once modeled in this manner, indi-
vidual size estimates were converted to soft-
tissue mass (M) estimates using the empirical
relationship between biovolume and biomass
demonstrated by Powell and Stanton (Powell
and Stanton 1985).

Standard Metabolic Rates.—To assign By
values to living and extinct genera, we use
the average By of 9.91*10” W/g** given for
multicellular ectotherms by Gillooly et al.
(2001) as a baseline value, and multiply this
by the ordinal-level average coefficients (“‘a”’
coefficients, which are mathematically equiv-
alent to By) reported by Vladimirova (2001).
The latter source uses outdated higher taxo-
nomic terminology (e.g., “Mesogastropoda”),
and hence we reclassified all taxa in our
database according to this scheme. Family-
level B, measurements were used where
available; otherwise, average B, values were
assigned at the ordinal level. Genera that
could not be confidently assigned to an order
were assigned the average B, for other genera
in that time interval; unassigned genera never
account for more than 8% of occurrences in
any time interval.

There is considerable uncertainty sur-
rounding the systematic relationships of
gastropods (Ponder and Lindberg 2005),
and, except for the Neogastropoda, the
outdated taxonomic orders for which Vladi-
mirova (2001) reports a coefficients are known
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Ficure 3. Comparison of actual (A) and modeled (B)
aggregate size-frequency distributions for one fossil and
two living gastropod assemblages. Florida: living indi-
viduals in Plot 1, Rabbit Key Basin, Florida (Frankovitch
2003). St. Cassian: fossils from a bed in the Upper Triassic
St. Cassian Formation, northern Italy (Niitzel et al. 2010).
Abyssal: living individuals from station 95 of the deep-
sea Bermuda—Gay Head transect, northwest Atlantic (Rex
et al. 1999; McClain 2004). Differences between actual and
modeled assemblages are minor compared to the differ-
ences among these assemblages. Bandwidth and kernel-
ling method held constant for all smoothing lines.

to be polyphyletic (Ponder and Lindberg
2005). Hence, basal metabolic rate estimates
cannot be viewed in a phylogenetic context
but should instead be considered as averages
for general morphological grades. The confi-
dence with which these coefficients can be
used to estimate B, values thus depends on
the degree to which these morphological
grades correlate with basal metabolic rate.
By assignments are necessarily speculative for
groups that have no close living relatives and
are of uncertain systematic affinities (e.g.,
Bellerophontidae, here placed within the
Archaeogastropoda). However, such uncer-
tainties cannot substantially distort B, esti-
mates unless these extinct groups had basal
metabolic rates well outside the observed
modern range.

Vladimirova (2001) reports a coefficients for
tropical and subtropical representatives of the
Neogastropoda and ““Mesogastropoda” that
are somewhat higher than the global average,
and somewhat below-average a coefficients
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for tropical and subtropical members of the
““Archaeogastropoda.” Given that our data
are limited to the Tropics and subtropics it
may be more appropriate to use these
coefficients for our estimates; doing so would
increase the mean B, differences between the
pre- and post-MMR assemblages. However,
the tropical and subtropical a coefficients
reported by Vladimirova are based on rela-
tively few measurements (65, versus 158 in
the global average), and hence we used the
global averages to provide a more conserva-
tive estimate.

Trophic-Level Assignments.—The vast major-
ity of pre-MMR genera, and many post-MMR
genera, are extinct. Hence, trophic assign-
ments were for the most part done at the
family level or higher. Virtually all extant
neogastropods are carnivores (predators,
scavengers, parasites, or browsers on colonial
invertebrates) (Hughes 1986; Vermeij 1987;
Beesley et al. 1998) and this appears to be the
case for most extinct representatives of the
group as well (Vermeij 1977; Sohl 1987).
Because extant neogastropods consume a
wide variety of prey items, from colonial
invertebrates to polychaetes, clams, and fish
(Hughes 1986), it is difficult to assign extinct
genera to a precise trophic level with confi-
dence. We therefore make the simplifying
assumption that all carnivorous taxa were
primary carnivores. The great majority of
extant taxa formerly assigned to the ““Archae-
ogastropoda,” in contrast, are primary con-
sumers of one kind or another: suspension
feeders, herbivorous grazers, or detritivores
(Hughes 1986; Vermeij 1987; Beesley et al.
1998); a few extinct Paleozoic groups, such as
the Platyceratidae, may have been ectopara-
sites (Gahn and Baumiller 2003; Gahn et al.
2003; but see Sutton et al. 2006). The “Meso-
gastropoda” include predators such as the
Naticidae and carnivorous browsers and
parasites such as the Architectonicidae,
Mathildidae, and Triphoridae, as well as
many primary consumers. We used the
NMITA gastropod diets database (Todd
2000, http:/ /porites.geology.uiowa.edu/
database/mollusc/Gastropod_diet.html), to
assign ““mesogastropod” families to trophic
groups. We assigned Triassic and Early
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Jurassic “naticids” as carnivores, following
Firsich and Jablonski (1984). In fact, these
genera were probably neither carnivorous nor
true naticids (Bandel 1999; Kase and Ishikawa
2003), but this assignment is conservative in
that it tends to reduce rather than inflate
estimated energetic differences between pre-
and post-MMR assemblages.

Temperature—Because direct paleotem-
perature proxy data (e.g., 6"0) are not
available for most assemblages, we assume a
temperature of 25°C for the shallow-shelf
assemblages. This is the average temperature
for the upper 50 m of the water column
between 30°N and 30°S latitude in the
modern global oceans, based on water col-
umn temperature data downloaded from
the National Oceanographic Data Center
World Ocean Atlas 2005 website (http://
www.nodc.noaa.gov/OC5/WOAO05/pr_woa05.
html) on 17 October 2008. Although a few
assemblages come from deeper water, the
great majority of assemblages come from
inferred depths of less than 50 m and
latitudes lower than 30°. Most assemblages
from higher latitudes come from the relatively
warm, shallow depositional environments
represented by the Late Cretaceous—Eocene
U.S. Gulf Coastal Plain sediments, and hence
represent warmer temperatures than would
otherwise be expected at latitudes higher than
30°. An average temperature of 4°C for the
Recent abyssal assemblages is known from
direct measurements. To estimate the potential
effects of temperature variation through time,
we also averaged the mean global temperature
estimate of the GEOCARB III model (Berner
and Kothavala 2001) over each time interval.
Aside from the inherent uncertainty in deep-
time historical climate models, the amplitude
of globally averaged temperature changes
through time is almost certainly much
greater than that of the Tropics, which are
comparatively buffered (MARGO project
members 2009).

Results

Size-frequency distributions for individual
assemblages show considerable variation
within each time interval, but a clear trend
emerges when they are compared across the
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FiIGURe 4. Aggregate relative size-frequency distribu-
tions, based on the model relating maximum size to
individual size-frequency distribution, for all assemblag-
es in each time interval. Shaded gray lines indicate
individual assemblages (bandwidth and kernelling meth-
od held constant for all assemblages) and heavy black
lines are loess regressions (bandwidth = 0.30) through all
assemblages to indicate general tendencies of size-
frequency distributions through time.

study interval (Fig. 4). The modal size of
individuals in assemblages increases between
the Early and Middle Triassic, a pattern that
has been previously documented (Fraiser and
Bottjer 2004; Payne 2005) and is essentially
unchanged from the Middle Triassic to the
Late Triassic. Assemblages from the Early
Jurassic, an interval preceding the evolution
of the carnivorous Neogastropoda (Sohl
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Ficure 5. A, Distributions of average individual mass-
and temperature-compensated basal metabolic rate (B).
B, Proportions of carnivorous individuals for all time
intervals. Horizontal bars represent median values, boxes
enclose the 25th through 75th percentiles, and whiskers
indicate the 2.5th and 97.5th percentiles.

1987), but characterized by the early stages
of benthic ecological restructuring (Aberhan
et al. 2006), appear to be intermediate
between the Triassic and the Late Cretaceous.
These assemblages show a mode similar to
most assemblages in preceding time intervals
but a thicker tail of large individuals, though
the small number of samples in this time
interval and their limited geographic distri-
bution (6, most from Morocco) caution
against overinterpretation. The shapes of
modeled size-frequency distributions from
the Late Cretaceous to the Neogene are
variable, but many are left-skewed (greater
representation of large individuals) and most
have modal sizes considerably larger than
any of the Triassic assemblages. The mean
size difference between pre-MMR (Middle—
Late Triassic) and post-MMR (Late Creta-
ceous—Neogene) assemblages is substantial (a
factor of 2.9) and is highly significant (Mann-
Whitney (M-W) p <« 0.001, Kolmogorov-
Smirnov (K-S) p « 0.001).

Pre-MMR (Triassic) and post-MMR (Late
Cretaceous-Neogene) assemblages also differ
significantly in mean B, (Fig. 5A; M-W p «
0.001, K-S p « 0.001), reflecting the domi-
nance of most post-MMR assemblages by
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inverted triangles = Recent slope-abyssal (1 = 20).

neogastropods and ““mesogastropods.” Both
of these groups have higher basal metabolic
rates on average than the less derived groups
that dominate pre-MMR assemblages (Vladi-
mirova 2001), perhaps reflecting the high
respiratory quotients associated with diges-
tion of animal tissue (Sterner and Elser 2002).
This transition is also reflected in proportions
of carnivorous individuals (Fig. 5B; M-W p «
0.001, K-S p « 0.001; see additional discussion
below), as has been previously discussed by
other workers (Vermeij 1977, 1987; Sohl 1987;
Bambach 1993, 2002; Bush et al. 2007).
Driven by these trends, mean per capita
metabolic rate (B,,s) estimates show a sub-
stantial increase from the Triassic to the
Neogene, and the mean B,,, of pre- and
post-MMR intervals differs significantly
(Fig. 6A; M-W p « 0.001, K-S p « 0.001).
Mean B, rises from the Early Triassic to the

gray diamonds = Late Cretaceous (n = 56); white circles =
white triangles = Recent shallow subtidal (1 = 17); white

Middle Triassic, and then rises again between
the Late Triassic and the Early Jurassic. Early
Jurassic samples already show a B, range
similar to the Late Cretaceous-Neogene range,
although once again the small number of Early
Jurassic samples warrants caution. As predict-
ed by the hypothesis that the MMR represents
a unique and stepwise increase in ecosystem
energy budgets, there is little change in B,y
from the Late Cretaceous to the Neogene,
despite explosive global diversification of
marine gastropods, especially neogastropods,
over the same interval (Bambach 2002; Sep-
koski 2002). Importantly, although sample size
varies over three orders of magnitude among
the assemblages in our data set, the differences
in B,y distribution between pre- and post-
MMR assemblages do not generally show a
strong dependence on sample size (Fig. 6B) or
species richness (Fig. 6C).
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Late Cretaceous-Neogene B, estimates
are generally similar to B,,, estimates derived
from a census of subfossil skeletal remains in
a shallow Caribbean bay (Fig. 4A) by Miller
and colleagues (Miller 1988; Miller et al. 1992).
The fact that these assemblages have been
found to be generally comparable to co-
occurring live communities with respect to
relative abundance structure (Miller 1988;
Miller et al. 1992; Kidwell 2001) implies that
the general B,,, range observed in the Late
Cretaceous-Neogene is biologically reason-
able, and that the unavoidable overprint of
taphonomy and time-averaging may not be
severe (see ““Discussion”).

For comparison with the fossil and Recent
subfossil assemblages from shallow subtidal
environments, we also calculated B,,, for
food-limited modern deep-sea (slope to abys-
sal) gastropod assemblages from the north-
west Atlantic (Rex et al. 1999; McClain 2004),
which receive only 1-3% of primary produc-
tion from surface waters (Jahnke 1996). These
assemblages show B, values far below even
those of the Early Triassic shallow-shelf
assemblages (Fig. 6A), demonstrating that
the trend observed in fossil assemblages,
while striking, falls well within the range
observed along productivity gradients in the
modern ocean. The median B, of shallow-
shelf assemblages is almost two orders of
magnitude greater than that of deep-sea
assemblages, as would be expected if B,y
tracks energy availability.

As noted above, most pre-MMR assem-
blages are strongly numerically dominated by
primary consumers, whereas post-MMR as-
semblages commonly include a large propor-
tion of carnivores (active predators, scaven-
gers, carnivorous grazers, and ectoparasites)
(Fig. 5B). Because energy from primary pro-
duction is transferred inefficiently through
primary consumers before being consumed
by carnivores, the net primary production
(NPP) ultimately required to support a
carnivore is far greater than that required to
sustain a primary consumer of the same size
(Kerr and Dickie 2001; Powell et al. 2001).
Transfer efficiencies between successive tro-
phic levels in marine ecosystems average
about 0.1 (Kerr and Dickie 2001; Powell et
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al. 2001), so that the NPP required to support
a primary carnivore is ten times that required
to support a primary consumer. To account
for their greater energetic footprint, we
multiplied Bing estimates by 10 for all carniv-
orous individuals and then recalculated mean
per capita energy consumption for all assem-
blages to estimate the primary energy re-
quired to sustain them directly or indirectly.
Using a coefficient of 10 for all carnivores is
conservative in that some neogastropods are
in fact secondary or even tertiary carnivores,
with commensurately greater energetic foot-
prints. When trophic transfer efficiency is
thus accounted for, pre- versus post-MMR
differences in the amount of energy from
primary production required to sustain the
average individual are much greater than
implied by B, differences alone: the ener-
getic footprint of the average Late Creta-
ceous—Recent individual is seven to eight
times greater than that of the average Middle
to Late Triassic individual (Fig. 7).

This method of estimating total NPP
consumption assumes that all energy con-
sumed by gastropod carnivores was derived
from other, non-gastropod prey groups. Giv-
en that some portion of energy is recycled via
gastropod-on-gastropod predation, it will
produce somewhat inflated estimates of
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NPP consumption. However, carnivoremon-
carnivore ratios in gastropod assemblages
suggest that the amount of gastropod-on-
gastropod predation cannot be large. If all
gastropods in a given assemblage fed on
other gastropods in the assemblage, the
expected carnivore:non-carnivore ratio would
be about 1:10, whereas this ratio in fact
commonly exceeds 1:2 in post-MMR assem-
blages (Fig. 5B). Thus, the true change in NPP
consumption likely falls somewhere between
the minimum, 150% increase estimated on the
basis of body size and B; alone, and the
maximum, order-of-magnitude increase esti-
mated on the assumption that all carnivores
consumed non-gastropod prey.

Discussion

Our quantitative estimates of energy con-
sumption suggest that the mean per capita
basal metabolic rate of gastropods in shallow-
shelf environments rose by a factor of ~1.5
between 200 and 80 Ma. Accounting for the
Late Mesozoic—Cenozoic increase in the prev-
alence of carnivory among gastropods, this
implies an increase by as much as a factor of 8
in the per capita consumption, direct or
indirect, of energy from primary producers
(NPP). In principle, such an increase could
have been compensated for by a decrease in
population density so that total NPP con-
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sumption remained constant. This scenario is
clearly not the case, however, as marine
invertebrate assemblages in the Paleobiology
Database show a substantial increase in the
relative abundance of gastropods between the
Triassic and the Cenozoic (Fig. 8), largely at
the expense of groups such as brachiopods
and crinoids, which have comparatively low
metabolic rates (Bambach 1993). Additionally,
a secular increase in the average thickness of
shell beds in shallow-marine deposits sug-
gests that the overall size and/or abundance
of skeletonized animals increased through
this interval as well (Kidwell and Brenchley
1996). Thus, rather than being offset by
compensatory ecological trends, the mid-
Mesozoic rise in energy demand within the
Gastropoda is likely reflective of a more
general pattern: the rise to prominence of
the Neogastropoda within the Gastropoda
paralleled a shift toward ecological domi-
nance of benthic communities by more
metabolically active clades, particularly (but
not exclusively) carnivores (Bambach 1993,
2002; Madin et al. 2006).

These results are consistent with the hy-
pothesis that the energy budgets of marine
ecosystems rose during the mid-Mesozoic,
but the effects of some potential biases should
be considered in more detail. First, and most
importantly, our analysis treats fossil assem-
blages as if they were biological communities,
despite abundant evidence that time-averag-
ing, taphonomy, and collection biases can
skew both the relative abundance structure
and the size-frequency distributions of fossil
assemblages relative to the communities from
which they derive (Cummins et al. 1986;
Kidwell and Bosence 1991; Kidwell 2001;
Cooper et al. 2006; Kosnik et al. 2007, 2009;
Sessa et al. 2009; Hendy 2009). Although these
effects complicate comparisons between liv-
ing communities and fossil assemblages (but
see Kidwell 2001, 2002 as well as comparisons
below), they are somewhat less problematic
when comparing fossil assemblages through
time, because all such assemblages have been
filtered through similar biases. Our analyses
of time-averaged fossil assemblages do not
capture seasonal and annual changes in
relative abundance structure and size-fre-
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quency distributions driven by larval recruit-
ment cycles (Powell et al. 1984; Staff et al.
1986) and short-period turnover in communi-
ty structure, but this smoothing is advanta-
geous in that it reduces volatility and makes it
easier to recognize long-term trends (Kowa-
lewski 1997; Behrensmeyer et al. 2000).
Nevertheless, biases that may vary in direc-
tion or intensity between the Early Triassic—
Early Jurassic and the Late-Cretaceous—Neo-
gene intervals deserve consideration. Below
we discuss some of these, specifically envi-
ronmental heterogeneity, lithification bias,
uncertainty in assigning metabolic rates, and
temperature variability, before considering
the implications of our results for some
hypotheses related to the MMR.

Environmental Heterogeneity.—Environmen-
tal and/or geographic variation in the com-
position of gastropod assemblages is one
potential source of error. Systemically biased
sampling of environmental size gradients
through time could, in theory, produce the
appearance of a size increase where none in
fact occurred. Like many other marine taxa,
extant gastropods exhibit depth-related body
size gradients (Rex et al. 1999; Roy 2002;
Olabarria and Thurston 2003; McClain 2004),
and mean body size may increase at high
latitudes (Olabarria and Thurston 2003).
However, size differences observed over the
limited bathymetric and latitudinal range
included in our data set are insufficient to
account for the magnitude of the mean size
increase between pre- and post-MMR assem-
blages. Similarly, although gastropod size
distributions may vary regionally (Vermeij
1978), the observed secular size increase far
exceeds the differences observed between
different tropical regions in the modern
oceans (Vermeij 1978; McClanahan and
McClanahan 2002). It is also striking that
modeled size-frequency distributions are gen-
erally similar in the Middle to Late Triassic
and the Late Cretaceous—-Neogene despite the
fact that the size data used to generate these
distributions were collected independently
within each time interval.

Nonetheless, size-frequency distributions
within each interval do exhibit considerable
variation, likely reflecting unrecognized envi-
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Triassic species from other units.

ronmental and/or taphonomic gradients. For
example, the exceptionally small sizes report-
ed for Early Triassic gastropods (Fraiser and
Bottjer 2004; Fraiser et al. 2005; Payne 2005)
may be in part a reflection of biased sampling
(Brayard et al. 2010; Niitzel et al. 2010). Many
of the collections in our Late Triassic data set
come from the exceptionally preserved mol-
lusk faunas of the St. Cassian Formation of
northern Italy (Zardini 1978). The prevalence
of small gastropods in this fauna has been
noted by many workers (Niitzel et al. 2010
and references therein), prompting sugges-
tions that the fauna is dwarfed. Although
very large individuals do seem to be absent or
rare in the St. Cassian, the small mean size
also reflects the comparative ease of extract-
ing very small individuals from this poorly
lithified unit (Nutzel et al. 2010). Moreover,
the modal maximum size among species from
the St. Cassian Formation is only slightly
smaller than that of Late Triassic species from
other units (Fig. 9). Even among the Late
Triassic assemblages in our data set that
contain larger genera, these genera tend to
be relatively rare. Late Triassic assemblages
that are dominated by very large genera are
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known from some regions (Niitzel et al.
2010) and also occur in our Late Triassic data
set (e.g., sample 95¢c, from the Hungarian
Dachsteinkalk; Appendix 1, online) but these
appear to be exceptional.

Lithification Bias.—Lithification often leads
to undersampling of small individuals and
species, especially microgastropods (species
with a maximum dimension <5 mm), pre-
sumably because they are more difficult to
extract and/or identify (Cooper et al. 2006;
Sessa et al. 2009; Hendy 2009). This effect is a
particular source of concern because most
pre-MMR assemblages are lithified to some
degree, whereas many post-MMR assemblag-
es are not. Most gastropod species in the
modern oceans are comparatively small
(Bouchet et al. 2002) and this has probably
been true throughout their history. Hence, it
is likely that many or even most species are
missing or underrepresented in collections
from lithified sediments (Sessa et al. 2009;
Hendy 2009). This bias cannot be a major
factor in driving the observed pattern, how-
ever, because it should lead to greater
underrepresentation of small individuals in
the early Mesozoic relative to the Late
Cretaceous—Cenozoic—the opposite of the
bias required to generate the observed pattern
of increased per capita energy use. Microgas-
tropods may be underrepresented in some
collections from unlithified sediments be-
cause the smallest size fraction is commonly
discarded prior to study (Kidwell 2001), or
ignored entirely during surface collection, but
gastropods as small as or smaller than the
smallest early Mesozoic genera are well
represented in Late Cretaceous—Cenozoic,
especially Neogene, assemblages (Fig. 4).

To test for the possibly variable sampling of
microgastropods, we reanalyzed the data
after removing all taxa with a maximum
dimension <5 mm from our data set. This
approach increases mean per capita metabolic
rate estimates in all data sets by increasing the
mean size of individuals, but does not
substantially change the timing or magnitude
of the observed increase in B,,g, and pre- and
post-MMR B, distributions remain signifi-
cantly different (Fig. 10A; M-W p « 0.001, K-
S p « 0.001). These differences in energy use
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also remain if the largest 20% of genera are
excluded from each assemblage (Fig. 10B;
M-W p « 0.001, K-S p « 0.001). Hence the
mid-Mesozoic increase in mean body size
and B,,; reflects a shift in the central
tendency of body size distributions within
gastropod assemblages rather than changes in
the extremes.

Uncertainty in Assigning Metabolic Rates.—
The second component of the mid-Mesozoic
increase in per capita energy consumption is a
rise in the mean basal metabolic rate (Bg)
(Fig. 5B), which reflects the differential diver-
sification of the Neogastropoda and “Meso-
gastropoda.” In fact, differences in By coeffi-
cients probably understate true differences in
energy demand because they do not account
for metabolic expenditures associated with
activity above the resting state. The predatory
and scavenging lifestyles of Neogastropods
likely require, on average, more frequent and
sustained activity than the grazing and
suspension-feeding lifestyles that have been
inferred for most early Mesozoic species
(Vermeij 1977, 1987, 2004; Bambach 1993,
1999). Hence, accounting for average activity
level in addition to basal metabolic rate
would increase the differences in B,,; be-
tween pre- and post-MMR assemblages,
perhaps substantially.

The coarse taxonomic level at which B,
coefficients were assigned and the fact that
some of the extant orders for which Vladimir-
ova (2001) reports By coefficients are known
to be para- or polyphyletic (Ponder and
Lindberg 2005) is a further concern. We
evaluated the potential impact of faulty By
assignments by ignoring the ordinal-level
differences in underlying physiology and
instead assigning the average B, of 0.71
(Vladimirova 2001) to all genera and recalcu-
lating B,y trends. This slightly diminishes the
observed increase in per capita metabolic rate,
but pre- and post-MMR B, distributions
remain significantly different (Fig. 10C; M-W
p < 0.001, K-S p « 0.001). This is not
surprising because mean B, varies by less
than a factor of 2 among gastropod orders,
whereas gastropod body sizes vary by several
orders of magnitude. The range of B, for
gastropods is quite small relative to that
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observed among related clades in some other
invertebrate groups (Seibel 2007).
Temperature Variability.—Temperature is
the last major variable that influences individ-
ual metabolic rate after body size, By, and
trophic level (see eq. 1). Seawater temperatures
certainly varied among the assemblages in our
data set, but the magnitude of this variation is
constrained by our latitude and depth restric-
tions: the amplitude of tropical temperature
variations is generally smaller than that of
average global temperature (MARGO project
members 2009). Therefore, we assume a
constant temperature of 25°C for all shallow-
shelf assemblages for our calculations present-
ed in Figure 10A-C. However, even if tem-
peratures are assumed to track modeled
atmospheric CO, concentrations (Berner and
Kothavala 2001), we still observe a significant
increase in B, between the Triassic and the
Late Cretaceous (Fig. 10D; M-W p « 0.001, K-S
p <« 0.001). Thus, the conclusion that per capita
energy use increased across the MMR holds

for any reasonable assumptions about temper-
ature variability among assemblages or cli-
mate change through time.

Implications and Future Work.—Our focus in
this paper has been on developing a frame-
work for quantitatively evaluating energetic
changes and considering the biases that may
affect such estimates. Below we briefly con-
sider some implications of our findings,
which can be further evaluated by expanding
this approach to other taxa and other time
intervals.

Known biases and uncertainties do not
appear capable of generating the observed
rise in mean body size, per capita metabolic
rate, and NPP consumption. In fact, the
implied increase in NPP, because it largely
reflects well-known and uncontroversial
changes in trophic ecology, would remain
significant and substantial even in the ab-
sence of any change in per capita metabolic
rate. Our results therefore support the hy-
pothesis that the MMR marks an increase in



266

the energy budgets of marine animal ecosys-
tems—a hypothesis that is also supported by
trends in motility (Bambach 2002; Aberhan et
al. 2006; Bush and Bambach 2007) bioturba-
tion intensity (Thayer 1979, 1983) and preda-
tion intensity (Vermeij 1983; Bambach 2002;
Bush and Bambach 2007).

Like earlier stepwise increases in the
standing biomass of benthic ecosystems
(Payne et al. 2006; Finnegan and Droser
2008; Novack-Gottshall 2008), this trend must
represent either an increase in primary
productivity or an increase in the efficiency
of energy use (Payne and Finnegan 2006). The
latter is unlikely because, as has been argued
by Vermeij (2004) and Bambach (1993, 1999),
the taxa that rose to dominance during the
MMR were likely successful in part because
they are on average more powerful—but less
efficient—than the taxa that dominated Pa-
leozoic and pre-MMR Mesozoic ecosystems.

We therefore favor rising productivity as an
explanation for the observed increase in
energy use. One mechanism for driving a
mid-Mesozoic increase in primary productiv-
ity is enhanced nutrient flux from weathering
of rocks, either via increasing submarine
volcanism (Vermeij 1995) or via increased
continental weathering and nutrient recycling
following the diversification of terrestrial
angiosperms in the Cretaceous (Bambach
1999). Alternatively, increasing bioturbation
may have led to greater nutrient availability
via a decrease in the burial efficiency of
organic carbon and its associated limiting
nutrients, especially phosphate (Thayer 1979,
1983; but see Katz et al. 2005). The weathering
scenarios posit that marine ecosystems re-
sponded passively to an externally forced
increase in nutrient availability, whereas the
bioturbation hypothesis raises the possibility
of a positive ecological feedback: increasing
predation led to greater infaunalization,
which led to more efficient nutrient recycling,
enhanced productivity, and still greater pre-
dation pressure (Thayer 1983; Martin 1996).

The timing of the MMR also coincides with
the diversification and rise to ecological
dominance of the ““red group”” phytoplankton
lineages (calcareous nannoplankton, dinoflag-
ellates, and diatoms) that account for most
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primary production in the modern oceans
(Falkowski et al. 2004; Katz et al. 2004;
Falkowski and Knoll 2007). This ecological
shift among primary producers may be
related to a secular trend in the oxidation
state of the oceans. Katz et al. (2004) point out
that red group lineages require trace metals
that are more readily available in well-
oxygenated, nutrient-rich coastal water than
they are in the oligotrophic open-ocean
settings in which the green algal prasinophyte
and cyanobacterial groups that dominated
production in the Paleozoic and early Meso-
zoic flourished (Anbar and Knoll 2002). Both
calcareous nannoplankton and dinoflagellates
appeared in the Late Triassic and underwent
major diversifications in the Early Jurassic
(Falkowski et al. 2004); the Early Jurassic also
marks the last major occurrence of large
concentrations of prasinophytes (Katz et al.
2004). In this context, it is notable that our
data suggest that the shift to larger mean size
that characterizes post-MMR assemblages
may have far preceded the diversification of
the Neogastropoda (and of terrestrial angio-
sperms) in the Cretaceous. The small number
of Early Jurassic assemblages cautions against
drawing any conclusions at this point, how-
ever. These assemblages (from Italy and
North Africa; see Appendix 1, online), contain
many large genera, but their size range
contrasts strikingly with the dwarfed gastro-
pod faunas, excluded from this analysis, that
occur contemporaneously in the poorly-oxy-
genated basins of north-central Europe (Niit-
zel and Kiessling 1997; Schubert et al. 2008).
Delineating the environmental and tempo-
ral distribution of such size gradients in more
detail, and considering their possible relation-
ship to oxygen and/or productivity gradi-
ents, should be an important objective for
future work. Expanding the temporal cover-
age of our data set to fill in the Middle
Jurassic-Early Cretaceous interval will pro-
vide additional tests of the consistency of the
observed pattern, and will further constrain
the timing of the increase in per capita
metabolic rates. Finally, we intend to expand
our data set to include other ecologically
important skeletonized taxa, in particular
bivalves, to evaluate whether the increase in
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per capita metabolic rate is apparent in
multiple taxa. Concordant trends, like those
observed in the early Paleozoic (Novack-
Gottshall 2008) are predicted by the hypoth-
esis that marine primary production rose
substantially during the mid-Mesozoic.

Conclusions

Application of size-based metabolic models
to fossil gastropod assemblages indicates that
the mean per capita metabolic rate of marine
gastropods in tropical to subtropical shallow-
shelf assemblages increase by ~150% between
the Late Triassic and the Late Cretaceous,
consistent with the hypothesis that the Meso-
zoic Marine Revolution in the structure of
marine ecosystems marks an increase in the
energy budgets of marine animal ecosystems
(Bambach 1993, 1999, 2002; Vermeij 1977, 1983,
1987, 1995, 2002). This rise reflects increases in
both mean body size and mean basal metabolic
rate. After accounting for differences in trophic
level related to the Early Cretaceous diversifi-
cation of the carnivorous Neogastropoda, we
estimate that post-MMR assemblages required
as much as eight times as much energy from
primary production as pre-MMR assemblages
to support themselves. Taphonomic and col-
lection biases cannot explain the observed
trend and do not appear to have altered its
apparent magnitude substantially. Neverthe-
less, further studies, especially studies that
quantitatively assess individual size-frequen-
cy distributions within fossil assemblage, are
required to validate our results. Gastropods
are only one component of marine ecosystems,
but other lines of evidence suggest that the
overall productivity and aggregate metabolic
demands of marine benthic ecosystems in-
creased during the Mesozoic. Further work
expanding this approach to entire fossil
assemblages may help to constrain the timing
and magnitude of productivity increase, which
may in turn help to differentiate among the
various hypotheses that have been suggested
to explain this ecological restructuring.
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