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6HDIRRG�WKURXJK�WLPH��FKDQJHV�LQ�ELRPDVV��HQHUJHWLFV��DQG�
SURGXFWLYLW\�LQ�WKH�PDULQH�HFRV\VWHP�

5LFKDUG�.��%DPEDFK�

$EVWUDFW��7KH�ELRPDVV�RI�PDULQH�FRQVXPHUV�LQFUHDVHG�GXULQJ�WKH�3KDQHUR]RLF��7KLV�LV�LQGLFDWHG�
E\�WKH�LQFUHDVH�LQ�ERWK�IOHVKLQHVV�DQG�DYHUDJH�VL]H�RI�LQGLYLGXDOV�RI�GRPLQDQW�RUJDQLVPV��FRXSOHG�
ZLWK�WKH�FRQVHUYDWLYH�HVWLPDWH�WKDW�GRPLQDQW�RUJDQLVPV�LQ�WKH�&HQR]RLF�DUH�DW�OHDVW�DV�DEXQGDQW�
DV�WKRVH�LQ�WKH�3DOHR]RLF��$V�IDXQDO�GRPLQDQWV�UHSODFHG�RQH�DQRWKHU�GXULQJ�WKH�3KDQHUR]RLF�WKH�
JHQHUDO�OHYHO�RI�PHWDEROLF�DFWLYLW\�LQFUHDVHG�GXH�WR�ERWK�LQFUHDVH�LQ�EDVDO�PHWDEROLVP�DQG�LQFUHDVH�
LQ�PRUH�HQHUJHWLF�PRGHV�RI�OLIH��7KLV�GHPRQVWUDWHV�WKDW�WKH�H[SHQGLWXUH�RI�HQHUJ\�E\�PDULQH�
FRQVXPHUV�KDV�LQFUHDVHG�ZLWK�WLPH�DV�ZHOO��7KHUH�LV�D�WLPH�ODJ�LQ�WKH�H[SDQVLRQ�RI�PRUH�HQHUJHWLF�
OLIH�KDELWV�IURP�HQYLURQPHQWDO�VHWWLQJV�NQRZQ�WR�KDYH�KLJK�IRRG�VXSSO\�LQWR�UHJLRQV�H[SHFWHG�WR�
KDYH�ORZHU�UDWHV�RI�IRRG�VXSSO\��H�J���ELYDOYHV�LQWR�RIIVKRUH�FDUERQDWH�HQYLURQPHQWV�RU�GHHS�EXU��
URZLQJ�GHSRVLW�IHHGHUV�LQWR�WKH�IXOO�UDQJH�RI�VKHOI�HQYLURQPHQWV���DQG�D�WLPH�ODJ�LQ�GLYHUVLILFDWLRQ�
RI�HQHUJHWLF�PRGHV�RI�OLIH��H�J���SUHGDWLRQ�RU�GHHS�EXUURZLQJ�GHSRVLW�IHHGLQJ��IRU�ORQJ�LQWHUYDOV�
DIWHU�WKH\�ILUVW�DSSHDUHG��7KLV�VXJJHVWV�WKDW�WKH�VXSSO\�RI�IRRG�LQFUHDVHG�DFURVV�WKH�ZKROH�VSHFWUXP�
RI�PDULQH�KDELWDWV�GXULQJ�WKH�3KDQHUR]RLF��7KH�JUHDW�GLYHUVLILFDWLRQ�RI�VSHFLDOL]HG�SUHGDWRUV�HV��
SHFLDOO\�VXJJHVWV�WKDW�ELRPDVV�LQFUHDVH�WRRN�SODFH�DOO�WKH�ZD\�GRZQ�WKH�IRRG�FKDLQ�WR�WKH�OHYHO�RI�
SULPDU\�SURGXFWLRQ��7KH�GHYHORSPHQW�RI�SODQW�OLIH�RQ�ODQG�DQG�WKH�LPSDFW�RI�ODQG�YHJHWDWLRQ�RQ�
VWLPXODWLQJ�SURGXFWLYLW\�LQ�FRDVWDO�PDULQH�VHWWLQJV��FRXSOHG�ZLWK�WKH�WUDQVIHU�RI�RUJDQLF�PDWHULDO�
DQG�QXWULHQWV�IURP�FRDVWDO�UHJLRQV�WR�WKH�RSHQ�RFHDQ��DQG�WKH�LQFUHDVH�WKURXJK�WLPH�LQ�GLYHUVLW\�
DQG�DEXQGDQFH�RI�RFHDQLF�SK\WRSODQNWRQ�DOO�SRLQW�WR�LQFUHDVHG�SURGXFWLYLW\�LQ�WKH�RFHDQV�WKURXJK�
WKH�3KDQHUR]RLF��

5LFKDUG�.��%DPEDFK��'HSDUWPHQW�RI�*HRORJLFDO�6FLHQFHV��9LUJLQLD�3RO\WHFKQLF�,QVWLWXWH�DQG�6WDWH�8QLYHUVLW\��
%ODFNVEXUJ��9LUJLQLD������������

$FFHSWHG�� $SULO����������

,QWURGXFWLRQ�
,Q�WKLV�HVVD\��,�DUJXH�WKDW�ELRPDVV�DQG�HQ��

HUJ\�IORZ�KDYH�LQFUHDVHG�LQ�WKH�PDULQH�ELR��
VSKHUH�RYHU�WLPH�DQG�WKDW�WKHVH�LQFUHDVHV�DUH�
EDVHG�RQ�LQFUHDVHG�SULPDU\�SURGXFWLYLW\�LQ�
DGGLWLRQ�WR�LQFUHDVHG�HIIHFWLYHQHVV�LQ�XWLOL]��
LQJ�UHVRXUFHV��2YHUDOO�WUHQGV�LQ�ELRPDVV��IDX��
QDO�HQHUJHWLFV�DQG�LPSOLHG�SURGXFWLYLW\�LQ�
WKH�RFHDQV�DUH�H[DPLQHG��EXW�QRW�SHUWXUED��
WLRQV�RI�WKH�HFRV\VWHP�VXFK�DV�WKRVH�WKDW�PD\�
EH�SURGXFHG�E\�DQR[LF�HYHQWV��PDVV�H[WLQF��
WLRQV�RU�WKH�LQIOXHQFH�RI�FOLPDWH�FKDQJH�RQ�
XSZHOOLQJ��:KLOH�DQHFGRWDO�DQG�GHVFULSWLYH��
WKH�SDSHU�FLWHV�XQDPELJXRXV�DQG�UREXVW�SDW��
WHUQV��2Q�WKH�JOREDO�VFDOH�FRQVLGHUHG�KHUH�DQ�
HIIRUW�DW�TXDQWLILFDWLRQ�ZRXOG�EH�WRR�VSHFX��
ODWLYH�DW�WKLV�WLPH��
$� YDULHW\�RI�YLHZSRLQWV�KDYH� EHHQ� H[��

SUHVVHG�DERXW�ELRPDVV��QXWULHQWV�DQG� SUR��
GXFWLYLW\�WKURXJK�WLPH��-DFNVRQ��������VXJ��
JHVWHG� WKDW� SURGXFWLYLW\� KDG� LQFUHDVHG�
JUDGXDOO\�WKURXJK�WKH�3UHFDPEULDQ�DQG�PRUH�
UDSLGO\�WKURXJK�WKH�3KDQHUR]RLF�ZKHUHDV�9DQ�

9DOHQ��������IHOW�WKDW��WURSKLF�HQHUJ\��KDG�
EHHQ�DSSUR[LPDWHO\�FRQVWDQW�VLQFH�WKH�PLG��
GOH�3UHFDPEULDQ��7DSSDQ��������������DUJXHG�
WKDW�QXWULHQW�VXSSO\�WR�WKH�RFHDQV�KDV�GH��
FUHDVHG�WKURXJK�WKH�3KDQHUR]RLF��IRUFLQJ�ERWK�
SURGXFWLYLW\�FULVHV��PDVV� H[WLQFWLRQV��DQG�
HYROXWLRQDU\�LQQRYDWLRQV�WR�DGDSW�WR�ORZHU�
QXWULHQW�OHYHOV��9HUPHLM��������������RQ�WKH�
RWKHU�KDQG��KDV�DUJXHG�WKDW�QXWULHQW�DYDLO��
DELOLW\�DQG�SURGXFWLYLW\�SOD\HG�HVVHQWLDO�UROHV�
LQ�H[WULQVLF�FRQWURO�RI�HYROXWLRQDU\�HVFDOD��
WLRQ��WKDW�WKH�UHSODFHPHQW�RI�ORZ� HQHUJ\�
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TABLE 1. Ecologic categories for tiering, motility level, and feeding mechanism.

Ecologic category Description Examples

Tiering
1. Pelagic In the water column Many graptolites and fish
2. Erect Benthic, extending into the water mass Crinoids, some corals
3. Surficial Benthic, not extending significantly upward Most gastropods
4. Semi-infaunal Partly infaunal, partly exposed The bivalve Modiolus
5. Shallow infaunal Living in the top !5 cm of the sediment Many clams
6. Deep infaunal Living more than !5 cm deep in the sediment The clam Panope

Motility Level
1. Freely, fast Regularly moving, unencumbered Most fish and arthropods
2. Freely, slow As above, but strong bond to the substrate Gastropods, echinoids
3. Facultative, unattached Moving only when necessary, free-lying Many clams
4. Facultative, attached Moving only when necessary, attached Mussels
5. Non-motile, unattached Not capable of movement, free-lying Reclining brachiopods
6. Non-motile, attached Not capable of movement, attached Pedunculate brachiopods

Feeding Mechanism
1. Suspension Capturing food particles from the water Brachiopods, bryozoans
2. Surface deposit Capturing loose particles from a substrate Tellinid bivalves
3. Mining Recovering buried food Nuculid bivalves
4. Grazing Scraping or nibbling food from a substrate Many gastropods
5. Predatory Capturing prey capable of resistance Cephalopods
6. Other e.g., photo- or chemosymbiosis, parasites

FIGURE 1. Theoretical ecospace use cube. Each of the
216 boxes represents a ‘‘mode of life’’—a unique com-
bination of the tiering, motility, and feeding categories.

sil record, some ecologic properties of fossil
taxa can be determined with good reliability
from functional morphology and, when need-
ed, by analogy with living relatives in cases in
which the ecologic property can be considered
a synapomorphy for the higher taxon to which
the fossil belongs (e.g., palp probiscide feed-
ing for nuculid bivalves). We have chosen
three such variables that are essential for un-
derstanding how animals live and function in
ecosystems (and that are potentially deter-

minable for fossils) to define the axes of eco-
space (Table 1, Fig. 1). The first is tiering, the
position of an (adult) organism relative to the
sediment/water interface. This identifies the
setting where the animal lives and seeks re-
sources. Tiering is generally interpretable
from fossil material because the physical con-
ditions associated with a tier determine many
of the morphological features necessary for
success in that setting. The second variable in
our system is motility, the capability of an or-
ganism to move under its own power. Motility
is a prime factor governing the interactions
among organisms and the methods by which
an organism copes with stresses and distur-
bances. The ability to attach to a substrate was
considered as part of motility, because attach-
ment is a major way organisms control their
own movement. The abilities to move and at-
tach are often interpretable from analyses of
the functional morphology of fossil material
because they require physical structures that
often can be preserved or interpreted. All or-
ganisms require an input of energy and nu-
trients, so feeding mechanism is the final var-
iable that defines an axis in our ecospace. An
animal’s diet may be difficult to determine
from fossil material, but the mechanism by
which that food is acquired is a physical pro-
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Introduction

Life in the earth’s oceans has changed great-
ly since the Paleozoic. Where trilobites once
scurried between brachiopods and stony,
stick-like bryozoans, jawed fish now swim
above bivalves and gastropods. Sepkoski
(1981) described these changes taxonomically
by grouping classes with similar diversity his-
tories into the Cambrian, Paleozoic, and Mod-
ern Evolutionary Faunas. Given that major
groups of animals differ in how they interact
with the environment and with each other, it
was likely that these wholesale turnovers in
the marine fauna were accompanied by equal-
ly striking changes in marine ecology, but
Sepkoski’s study did not address this issue.
Following on Sepkoski’s work, Bambach
(1983, 1985) documented major changes in the
ecologic strategies used by marine animals
through Phanerozoic time, considering factors
such as diet, life position relative to the sedi-
ment-water interface (i.e., tiering), and activity
level. Bambach was not the only paleontolo-
gist who documented major changes in ma-

rine ecology. Vermeij (1977) identified the Me-
sozoic Marine Revolution, an escalatory
‘‘arms race’’ between predators and prey, and
other contemporary examples include Ausich
and Bottjer’s (1982) documentation of Phan-
erozoic trends in tiering above and below the
sediment-water interface and Thayer’s (1979,
1983) discussions of secular increases in bur-
rowing depth, sediment disturbance, and
their effects on the marine benthos. In subse-
quent years, many paleontologists have inves-
tigated similar topics (e.g., Fagerstrom 1987,
1988, 1991; Droser and Bottjer 1989; Watkins
1991; Aberhan 1994; Holterhoff 1997; Patz-
kowsky and Holland 1999; Staff and Powell
1999; Lockwood 2004; Kosnik 2005; Roopnar-
ine 2006; Aberhan et al. 2006). However, Bam-
bach’s (1983) study was notable because it in-
troduced the guild concept to marine paleo-
ecology, presented a unified framework for
classifying fossil taxa using multiple ecologic
parameters, and linked ecologic diversity to
emerging views of local and global diversity
patterns (Bambach 1977; Sepkoski et al. 1981).
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Introduction

Life in the earth’s oceans has changed great-
ly since the Paleozoic. Where trilobites once
scurried between brachiopods and stony,
stick-like bryozoans, jawed fish now swim
above bivalves and gastropods. Sepkoski
(1981) described these changes taxonomically
by grouping classes with similar diversity his-
tories into the Cambrian, Paleozoic, and Mod-
ern Evolutionary Faunas. Given that major
groups of animals differ in how they interact
with the environment and with each other, it
was likely that these wholesale turnovers in
the marine fauna were accompanied by equal-
ly striking changes in marine ecology, but
Sepkoski’s study did not address this issue.
Following on Sepkoski’s work, Bambach
(1983, 1985) documented major changes in the
ecologic strategies used by marine animals
through Phanerozoic time, considering factors
such as diet, life position relative to the sedi-
ment-water interface (i.e., tiering), and activity
level. Bambach was not the only paleontolo-
gist who documented major changes in ma-

rine ecology. Vermeij (1977) identified the Me-
sozoic Marine Revolution, an escalatory
‘‘arms race’’ between predators and prey, and
other contemporary examples include Ausich
and Bottjer’s (1982) documentation of Phan-
erozoic trends in tiering above and below the
sediment-water interface and Thayer’s (1979,
1983) discussions of secular increases in bur-
rowing depth, sediment disturbance, and
their effects on the marine benthos. In subse-
quent years, many paleontologists have inves-
tigated similar topics (e.g., Fagerstrom 1987,
1988, 1991; Droser and Bottjer 1989; Watkins
1991; Aberhan 1994; Holterhoff 1997; Patz-
kowsky and Holland 1999; Staff and Powell
1999; Lockwood 2004; Kosnik 2005; Roopnar-
ine 2006; Aberhan et al. 2006). However, Bam-
bach’s (1983) study was notable because it in-
troduced the guild concept to marine paleo-
ecology, presented a unified framework for
classifying fossil taxa using multiple ecologic
parameters, and linked ecologic diversity to
emerging views of local and global diversity
patterns (Bambach 1977; Sepkoski et al. 1981).
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FIGURE 2. Changes in the average relative abundances (based on specimen counts) of tiering (A), motility (B), and
feeding types (C) between mid-Paleozoic (461–359 Ma) and late Cenozoic (23–0.01 Ma) fossil assemblages. First
row: temperate Cenozoic assemblages. Second row: tropical Cenozoic assemblages from the Panama Paleontology
Project. Third row: Paleozoic assemblages. For the two Cenozoic data sets, the 95% error bars represent simple
sampling uncertainty, and they were calculated by a two-stage bootstrap procedure that resampled (with replace-
ment) both the specimens in each sample and the samples used to calculate each mean, thus adding together the
uncertainty generated by both stages of sampling (number of iterations ! 50,000). For the Paleozoic data (third
row), the error bars represent the range of values resulting from different assumptions about the strength of the
bias against aragonite preservation. The shaded bars show the bias-simulated results assuming that 40% of the
individuals in the average original community were aragonitic, a value we consider reasonable. The ‘‘taphonomic
error bars’’ encompass the raw data (bases of triangles; assumes no dissolution bias) and the bias-simulated data
for 70% aragonitic specimens (uncapped ends of lines). Although we consider this value to be unlikely as an average
case, we include it to be conservative and note that most of the patterns we describe would hold even if this value
were correct. The Paleozoic data do not have sampling error bars, but they would be of the same magnitude as
those shown for the Cenozoic data. Examples of the ecologic groups are shown below (from left to right: nautiloid,
crinoid, tabulate coral, bivalve, bivalve, bivalve; trilobite, gastropod, bivalve, bivalve, bivalve, brachiopod; bryozoan,
bivalve, bivalve, echinoid, gastropod; the ‘‘other’’ feeding type is not illustrated since it includes a variety of feeding
types).

ficial fauna (average of 39–44%), over half of
the individuals were semi-infaunal or infau-
nal by this time, with at least 46% in the shal-
low infauna in each Cenozoic data set (Fig.
2A). Numerically, bivalves drive this pattern
in our data, but by the Cenozoic, representa-

tives of many other groups also had adopted
infaunal modes of life (Thayer 1983). The low
abundance of pelagic animals in all data sets
(0–1%) reflects in part a preservational bias;
pelagic animals would have been present in
these settings, but they did not preserve as
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TABLE 1. Ecologic categories for tiering, motility level, and feeding mechanism.

Ecologic category Description Examples

Tiering
1. Pelagic In the water column Many graptolites and fish
2. Erect Benthic, extending into the water mass Crinoids, some corals
3. Surficial Benthic, not extending significantly upward Most gastropods
4. Semi-infaunal Partly infaunal, partly exposed The bivalve Modiolus
5. Shallow infaunal Living in the top !5 cm of the sediment Many clams
6. Deep infaunal Living more than !5 cm deep in the sediment The clam Panope

Motility Level
1. Freely, fast Regularly moving, unencumbered Most fish and arthropods
2. Freely, slow As above, but strong bond to the substrate Gastropods, echinoids
3. Facultative, unattached Moving only when necessary, free-lying Many clams
4. Facultative, attached Moving only when necessary, attached Mussels
5. Non-motile, unattached Not capable of movement, free-lying Reclining brachiopods
6. Non-motile, attached Not capable of movement, attached Pedunculate brachiopods

Feeding Mechanism
1. Suspension Capturing food particles from the water Brachiopods, bryozoans
2. Surface deposit Capturing loose particles from a substrate Tellinid bivalves
3. Mining Recovering buried food Nuculid bivalves
4. Grazing Scraping or nibbling food from a substrate Many gastropods
5. Predatory Capturing prey capable of resistance Cephalopods
6. Other e.g., photo- or chemosymbiosis, parasites

FIGURE 1. Theoretical ecospace use cube. Each of the
216 boxes represents a ‘‘mode of life’’—a unique com-
bination of the tiering, motility, and feeding categories.

sil record, some ecologic properties of fossil
taxa can be determined with good reliability
from functional morphology and, when need-
ed, by analogy with living relatives in cases in
which the ecologic property can be considered
a synapomorphy for the higher taxon to which
the fossil belongs (e.g., palp probiscide feed-
ing for nuculid bivalves). We have chosen
three such variables that are essential for un-
derstanding how animals live and function in
ecosystems (and that are potentially deter-

minable for fossils) to define the axes of eco-
space (Table 1, Fig. 1). The first is tiering, the
position of an (adult) organism relative to the
sediment/water interface. This identifies the
setting where the animal lives and seeks re-
sources. Tiering is generally interpretable
from fossil material because the physical con-
ditions associated with a tier determine many
of the morphological features necessary for
success in that setting. The second variable in
our system is motility, the capability of an or-
ganism to move under its own power. Motility
is a prime factor governing the interactions
among organisms and the methods by which
an organism copes with stresses and distur-
bances. The ability to attach to a substrate was
considered as part of motility, because attach-
ment is a major way organisms control their
own movement. The abilities to move and at-
tach are often interpretable from analyses of
the functional morphology of fossil material
because they require physical structures that
often can be preserved or interpreted. All or-
ganisms require an input of energy and nu-
trients, so feeding mechanism is the final var-
iable that defines an axis in our ecospace. An
animal’s diet may be difficult to determine
from fossil material, but the mechanism by
which that food is acquired is a physical pro-
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1999; Lockwood 2004; Kosnik 2005; Roopnar-
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bach’s (1983) study was notable because it in-
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classifying fossil taxa using multiple ecologic
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TABLE 1. Ecologic categories for tiering, motility level, and feeding mechanism.

Ecologic category Description Examples

Tiering
1. Pelagic In the water column Many graptolites and fish
2. Erect Benthic, extending into the water mass Crinoids, some corals
3. Surficial Benthic, not extending significantly upward Most gastropods
4. Semi-infaunal Partly infaunal, partly exposed The bivalve Modiolus
5. Shallow infaunal Living in the top !5 cm of the sediment Many clams
6. Deep infaunal Living more than !5 cm deep in the sediment The clam Panope

Motility Level
1. Freely, fast Regularly moving, unencumbered Most fish and arthropods
2. Freely, slow As above, but strong bond to the substrate Gastropods, echinoids
3. Facultative, unattached Moving only when necessary, free-lying Many clams
4. Facultative, attached Moving only when necessary, attached Mussels
5. Non-motile, unattached Not capable of movement, free-lying Reclining brachiopods
6. Non-motile, attached Not capable of movement, attached Pedunculate brachiopods

Feeding Mechanism
1. Suspension Capturing food particles from the water Brachiopods, bryozoans
2. Surface deposit Capturing loose particles from a substrate Tellinid bivalves
3. Mining Recovering buried food Nuculid bivalves
4. Grazing Scraping or nibbling food from a substrate Many gastropods
5. Predatory Capturing prey capable of resistance Cephalopods
6. Other e.g., photo- or chemosymbiosis, parasites

FIGURE 1. Theoretical ecospace use cube. Each of the
216 boxes represents a ‘‘mode of life’’—a unique com-
bination of the tiering, motility, and feeding categories.
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ing for nuculid bivalves). We have chosen
three such variables that are essential for un-
derstanding how animals live and function in
ecosystems (and that are potentially deter-

minable for fossils) to define the axes of eco-
space (Table 1, Fig. 1). The first is tiering, the
position of an (adult) organism relative to the
sediment/water interface. This identifies the
setting where the animal lives and seeks re-
sources. Tiering is generally interpretable
from fossil material because the physical con-
ditions associated with a tier determine many
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ganism to move under its own power. Motility
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among organisms and the methods by which
an organism copes with stresses and distur-
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considered as part of motility, because attach-
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life had high to moderate average relative abundance in the Cenozoic than in the Paleozoic. These
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Introduction

Life in the earth’s oceans has changed great-
ly since the Paleozoic. Where trilobites once
scurried between brachiopods and stony,
stick-like bryozoans, jawed fish now swim
above bivalves and gastropods. Sepkoski
(1981) described these changes taxonomically
by grouping classes with similar diversity his-
tories into the Cambrian, Paleozoic, and Mod-
ern Evolutionary Faunas. Given that major
groups of animals differ in how they interact
with the environment and with each other, it
was likely that these wholesale turnovers in
the marine fauna were accompanied by equal-
ly striking changes in marine ecology, but
Sepkoski’s study did not address this issue.
Following on Sepkoski’s work, Bambach
(1983, 1985) documented major changes in the
ecologic strategies used by marine animals
through Phanerozoic time, considering factors
such as diet, life position relative to the sedi-
ment-water interface (i.e., tiering), and activity
level. Bambach was not the only paleontolo-
gist who documented major changes in ma-

rine ecology. Vermeij (1977) identified the Me-
sozoic Marine Revolution, an escalatory
‘‘arms race’’ between predators and prey, and
other contemporary examples include Ausich
and Bottjer’s (1982) documentation of Phan-
erozoic trends in tiering above and below the
sediment-water interface and Thayer’s (1979,
1983) discussions of secular increases in bur-
rowing depth, sediment disturbance, and
their effects on the marine benthos. In subse-
quent years, many paleontologists have inves-
tigated similar topics (e.g., Fagerstrom 1987,
1988, 1991; Droser and Bottjer 1989; Watkins
1991; Aberhan 1994; Holterhoff 1997; Patz-
kowsky and Holland 1999; Staff and Powell
1999; Lockwood 2004; Kosnik 2005; Roopnar-
ine 2006; Aberhan et al. 2006). However, Bam-
bach’s (1983) study was notable because it in-
troduced the guild concept to marine paleo-
ecology, presented a unified framework for
classifying fossil taxa using multiple ecologic
parameters, and linked ecologic diversity to
emerging views of local and global diversity
patterns (Bambach 1977; Sepkoski et al. 1981).
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Quantifying Marine Animal Metabolism

B = Metabolic rate (Watts)!
bo = scaling constant!
E = activation energy (~ 0.65 eV)!
k = Boltzman’s constant!
T = temperature (K)!
M = mass (kg)

B = boe-E/kTM3/4

Our study takes advantage of large changes in
habitat fragmentation and accurate maps and
samples over the same period, enabling us to
show the importance of habitat patches in
wild populations as avenues for dispersal.
The northern genes have leapfrogged through
hundreds of forest fragments in a period of 20
years, demonstrating the use of stepping
stone patches of forest by red squirrels. These
findings suggest that where a network of
stepping stones is available within a critical
dispersal distance, gene flow can be very
rapid through highly fragmented landscapes.
It also indicates that human-made changes
affecting the connectivity of a landscape can
result in changes in genetic structure, not
only in the area of habitat change but in
populations hundreds of kilometers from the
site of habitat change.
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Effects of Size and Temperature
on Metabolic Rate
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We derive a general model, based on principles of biochemical kinetics and
allometry, that characterizes the effects of temperature and body mass on
metabolic rate. The model fits metabolic rates of microbes, ectotherms, en-
dotherms (including those in hibernation), and plants in temperatures ranging
from 0° to 40°C. Mass- and temperature-compensated resting metabolic rates
of all organisms are similar: The lowest (for unicellular organisms and plants)
is separated from the highest (for endothermic vertebrates) by a factor of about
20. Temperature and body size are primary determinants of biological time and
ecological roles.

Metabolism sustains life. It is the process by
which energy and materials are transformed
within an organism and exchanged between
the organism and its environment. Whole

organism metabolic rate scales with the 3/4-
power of body mass and increases exponen-
tially with temperature (1, 2). The effect of
temperature on a biological process is tradi-

Fig. 3. Change in genetic composition and woodland coverage. (A) Woodland coverage in the
absence of Kielder Forest is represented in dark green, with the three basic red squirrel genetic
groups color coded. Red ! northern group: Ford (1) (n ! 4 individuals), Harwood (2) (n ! 2),
Sidwood (3) (n! 2), and Wauchope (4) (n! 2), plus Foulshaw Moss (11) (n! 5). Yellow! eastern
group: Rothbury (5) (n ! 10), Morpeth (6) (n ! 2), and Tyne Valley (7) (n ! 30). Blue ! western
group: Cumbria (8) (n ! 31), Pooley Bridge (9) (n ! 2), and Rosthwaite (10) (n ! 2). The colored
areas include all woods within the linking distance of 1.5 km to woods where squirrels were
sampled. Black outlines indicate the area over which specimens in each population were collected.
(B) Woodland coverage including Kielder Forest. Again, the three main groups are color coded as
above. Cumbria (8) now forms part of the northern genetic group.
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Effects of Size and Temperature
on Metabolic Rate
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We derive a general model, based on principles of biochemical kinetics and
allometry, that characterizes the effects of temperature and body mass on
metabolic rate. The model fits metabolic rates of microbes, ectotherms, en-
dotherms (including those in hibernation), and plants in temperatures ranging
from 0° to 40°C. Mass- and temperature-compensated resting metabolic rates
of all organisms are similar: The lowest (for unicellular organisms and plants)
is separated from the highest (for endothermic vertebrates) by a factor of about
20. Temperature and body size are primary determinants of biological time and
ecological roles.

Metabolism sustains life. It is the process by
which energy and materials are transformed
within an organism and exchanged between
the organism and its environment. Whole

organism metabolic rate scales with the 3/4-
power of body mass and increases exponen-
tially with temperature (1, 2). The effect of
temperature on a biological process is tradi-

Fig. 3. Change in genetic composition and woodland coverage. (A) Woodland coverage in the
absence of Kielder Forest is represented in dark green, with the three basic red squirrel genetic
groups color coded. Red ! northern group: Ford (1) (n ! 4 individuals), Harwood (2) (n ! 2),
Sidwood (3) (n! 2), and Wauchope (4) (n! 2), plus Foulshaw Moss (11) (n! 5). Yellow! eastern
group: Rothbury (5) (n ! 10), Morpeth (6) (n ! 2), and Tyne Valley (7) (n ! 30). Blue ! western
group: Cumbria (8) (n ! 31), Pooley Bridge (9) (n ! 2), and Rosthwaite (10) (n ! 2). The colored
areas include all woods within the linking distance of 1.5 km to woods where squirrels were
sampled. Black outlines indicate the area over which specimens in each population were collected.
(B) Woodland coverage including Kielder Forest. Again, the three main groups are color coded as
above. Cumbria (8) now forms part of the northern genetic group.
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Our study takes advantage of large changes in
habitat fragmentation and accurate maps and
samples over the same period, enabling us to
show the importance of habitat patches in
wild populations as avenues for dispersal.
The northern genes have leapfrogged through
hundreds of forest fragments in a period of 20
years, demonstrating the use of stepping
stone patches of forest by red squirrels. These
findings suggest that where a network of
stepping stones is available within a critical
dispersal distance, gene flow can be very
rapid through highly fragmented landscapes.
It also indicates that human-made changes
affecting the connectivity of a landscape can
result in changes in genetic structure, not
only in the area of habitat change but in
populations hundreds of kilometers from the
site of habitat change.
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Abstract: All possible combinations of six tiering positions

in relation to the substratum ⁄ water interface, six motility lev-

els and six feeding strategies define a complete theoretical eco-

space of 216 potential modes of life for marine animals. The

number of modes of life actually utilized specifies realized eco-

space. Owing to constraints of effectiveness and efficiency the

modern marine fauna utilizes only about half the potential

number of modes of life, two-thirds of which (62 of 92) are

utilized by animals with readily preserved, mineralized hard

parts. Realized ecospace has increased markedly since the early

evolution of animal ecosystems. The Ediacaran fauna utilized

at most 12 modes of life, with just two practised by skeletal

organisms. A total of 30 modes of life are recorded in the Early

and Middle Cambrian, 19 of which were utilized by skeletal

organisms. The other 11 are documented from soft-bodied

animals preserved in the Chengjiang and Burgess Shale Kons-

ervat-Lagerstätten. The number of modes of life utilized by

skeletal organisms increased by more than 50 per cent during

the Ordovician radiation to a Late Ordovician total of 30.

Between the Late Ordovician and the Recent the number of

utilized modes of life has doubled again. The autecological and

taxonomic diversity histories of the marine metazoa appear to

be broadly parallel, and future studies of theoretical ecospace

utilization should provide more detailed tests of pattern and

process in the ecological history of the metazoa.

Key words: theoretical ecospace, evolutionary constraint,

mode of life, ecological complexity, tiering, motility, feeding.

One of the triumphs of the palaeobiological approach to
palaeontology is the insight functional morphology has
given us about the life activities of long dead organisms.
Significant examples include: Trueman (1941) on the life
orientation of ammonites; the explanation by Rudwick
(1964) of the function of zigzag deflections in the commi-
sure of brachiopods; Clarkson’s work on vision in trilo-
bites (Clarkson 1979); the work of Stanley (1970, 1972,
1975) on bivalve form and function; Fisher (1977) on the
utility of the spines of the Carboniferous horseshoe crab
Euproops danae; and Savarese’s demonstration of the pas-
sive entrainment of flow in archaeocyathids (Savarese
1992). The methodology developed in such studies per-
mits us to draw reasonable conclusions about the modes
of life of fossil organisms with some confidence.

Valentine (1969, 1973) first forged the connection of
palaeoecology to evolutionary palaeobiology. Since then
Vermeij (1977, 1987, 2004) has written extensively about
coevolutionary aspects of predation and its consequences
as well as the general economic aspects of evolution;
Thayer (1983) documented the role increasing bioturba-
tion has had in affecting marine ecosystems; Bambach
(1983, 1985, 1993) has argued that increasing ecological
complexity has been fundamental in permitting increases

in diversity; and Bambach and Knoll (2000) have sugges-
ted that expanding ecological complexity marks a direc-
tionality in the history of life.

Curiously, despite the attention given to both ecologi-
cal innovations and fluctuations in diversity over time,
no one has systematically examined either the variety of
autecologies present at different times or the sequence of
ecospace filling. This paper is a preliminary effort at fill-
ing that gap. It applies a newly developed method of clas-
sifying autecological strategies to evaluate the occupation
of ecospace on a global scale during four critical times in
the history of marine metazoa. Specifically, we tabulate
the number of autecological strategies (modes of life)
in the marine metazoan faunas of the Ediacaran, Early–
Middle Cambrian, Late Ordovician and Recent. Modes of
life are defined here as the 216 categories formed by all
possible combinations of six tiering categories with
respect to the sediment-water interface, six motility levels
and six feeding mechanisms.

The method of evaluating ecospace used here was
developed as part of an ongoing project to examine and
compare ecological structure within habitats in a rigorous
and standardized fashion (Bush et al. in press, in prep.).
One conclusion of that work is that average richness
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an observed increase in alpha diversity, echoing the argu-
ments of Bambach (1983) based on guild analysis.

We can now say that the full range of modes of life did
not evolve early in the history of life, with subsequent
diversity increases accommodated by species packing
within established modes of life. Instead, on a global
scale, increased diversity has been accompanied by the
increased use of ecospace (addition of modes of life). In
fact, new modes of life have accumulated throughout the
Phanerozoic in parallel to the apparent increase in global
marine diversity. Ecosystem structure has changed
between or during each of our temporal bins. In
Hutchinson’s terms, the evolutionary play keeps modi-
fying the ecological theatre.

Beyond counting: shifts in the ecological importance of
modes of life

In this paper, we have restricted ourselves to an analysis
of the number of modes of life present at different stages
of metazoan evolution. The coarseness of the data, both
temporally and spatially, do not permit us to reach
detailed conclusions about the causes of change or the
temporal sequence in which they occurred, but some gen-
eral patterns may already hint at potential explanations.
For example, much of the promise of this method for
palaeobiological theory lies in documenting shifts in the
abundance or relative abundance of ecological types,
rather than just a change in their presence. For example,

in an initial demonstration using middle Palaeozoic and
Neogene fossil assemblages, Bush et al. (in press) docu-
mented drastic shifts in importance of various modes of
life within palaeocommunities, as evaluated by the relative
abundance of specimens in fossil assemblages. Motility,
infaunalization and predation all increased in relative
abundance within palaeocommunities between the
Palaeozoic and Neogene. Madin et al. (2006) also repor-
ted similar trends on a global basis.

Stanley (1974, 1977) pioneered the argument for the
ecological impact of predators in macroevolution and
Vermeij (1977) focused attention on the ‘Mesozoic Mar-
ine Revolution’ by documenting increases in shell robust-
ness, increased evidence of predatory attack (shell drilling
and the like), increased infaunalization, and a decrease in
diversity of sessile animals incapable of reattaching when
disturbed, paralleling many of Stanley’s points. Aberhan
et al. (2006) traced the development of similar patterns
during the Jurassic. Stanley and Vermeij both suggested
that these changes were coevolutionary responses to
increased predation pressure and Vermeij later generalized
these ideas in his theory of escalation (Vermeij 1987).
Kowalewski et al. (1998) have further documented the
increase in frequency of shell drilling predation in the
Mesozoic and Cainozoic.

However, the potential effect of predators on the mar-
ine fauna was not restricted to the Mesozoic–Cainozoic.
Predators have increased in diversity and ⁄ or abundance
in the marine fauna five separate times during the Phan-
erozoic (Bambach 1999, 2002): in (1) the Cambrian
‘explosion’, (2) the Ordovician Radiation, (3) the Devo-
nian turnover in dominant marine taxa, (4) the Triassic
and (5) the Late Cretaceous and early Cainozoic. Prior to
the Cambrian radiation there is no unambiguous evidence
of animal predation; the few apparent boreholes in Clou-
dina cannot be demonstrated to have occurred while the
tube was occupied. By contrast, predatory trilobites and a
variety of unambiguously predatory stem arthropods,
such as Anomalocaris, appeared by the Middle Cambrian.
Cephalopods, which first appeared in the Late Cambrian,
starfish and eurypterids are among the predatory groups
that diversified in the Ordovician radiation, even as pred-
atory trilobites persisted. During the Devonian, jawed fish
and ammonoids joined the ranks of predators. In the
Triassic, marine reptiles appeared, and the proportion of
global diversity represented by predators increased from
the Palaeozoic average of 15 per cent to an average of 24
per cent for the rest of the Mesozoic (Bambach et al.
2002). In the Cretaceous, shell drilling increased and caeno-
gastropods, brachyuran crabs and teleost fish began to
diversify. During the Palaeogene recovery from the end-
Cretaceous mass extinction, the average proportion of
predators increased from its Mesozoic average of 24 per
cent to 36 per cent of global diversity, where it remained

TEXT -F IG . 8 . Change through time in realized ecospace. Top
line represents all recorded modes of life, middle line represents
modes of life of skeletal fauna only; bottom line records mean
number of modes of life for single assemblages (from Bush et al.
in prep.). For the Recent, the open circle represents those recent
taxa with readily preserved hard parts, and the open circle
containing an asterisk represents those taxa with a diverse fossil
record.
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LQFUHDVH�LQ�WRWDO�SURGXFWLYLW\��PRUH�UH��
VRXUFHV�PXVW�QRZ�EH� FRQVXPHG�LQ�WKH�
PDULQH�HFRV\VWHP�WKDQ�LQ�WKH�SDVW�EH��
FDXVH� UHVRXUFHV�IURP�SUHYLRXVO\�XQH[��
SORLWHG�HFRVSDFH�DUH�QRZ�EHLQJ�XWLOL]HG��

���� 7KH�WRWDO�ELRPDVV�RI�PDULQH�FRQVXPHUV�
KDV�LQFUHDVHG��

���� 0RUH�HQHUJHWLF�PRGHV�RI�OLIH�KDYH�EH��
FRPH�FRPPRQ�DPRQJ�GRPLQDQW�PDFUR��
VFRSLF�RUJDQLVPV��$FWLYH��KLJK�PHWDEROLF��
UDWH�PRGHV�RI�OLIH�KDYH�UHSODFHG�PRUH�SDV��
VLYH�PRGHV�LQ�VRPH�FDVHV��,Q�RWKHU�FDVHV�
PRUH�DFWLYH�PRGHV�RI�OLIH�KDYH�EHHQ�DGG��
HG�WR�WKH�HFRV\VWHP�ZKLOH�SDVVLYH�PRGHV�
SHUVLVWHG��

����:LWKLQ�DQ\�SDUWLFXODU�%DXSODQ�WKH�HIIHF��
WLYHQHVV�RI�QXWULHQW�DFTXLVLWLRQ�GRHV�QRW�
LQFUHDVH�ZLWK�WLPH��DOWKRXJK�LQFUHDVHG�UH��
VRXUFH�SDUWLWLRQLQJ��VSHFLDOL]DWLRQ��PD\�
RFFXU�LI�UHVRXUFHV�EHFRPH�PRUH�DEXQGDQW��
*HQHUDOO\��LQFUHDVH�LQ�HIIHFWLYHQHVV�RI�UH��
VRXUFH�XWLOL]DWLRQ�RFFXUV�RQO\�E\�WKH�GH��
YHORSPHQW�RI�QHZ�PDMRU�JURXSV��

���� %HFDXVH�IHHGLQJ�HIILFLHQF\�GRHV�QRW�LQ��
FUHDVH�ZLWK�WLPH�ZLWKLQ�HVWDEOLVKHG�PRGHV�
RI�OLIH��WKH�ORQJ�GHOD\�LQYROYHG�LQ�WKH�
VSUHDG�RI�RUJDQLVPV�ZLWK�PRUH�HQHUJHWLF�
PRGHV�RI�OLIH�IURP�VHWWLQJV�ZLWK�HVWDE��
OLVKHG�KLJK�UDWHV�RI�IRRG�VXSSO\�LQ�WKH�
HDUO\�WR�PLG�3DOHR]RLF�LQWR�KDELWDWV�ZLWK�
ORZHU�UHODWLYH�UDWHV�RI�IRRG�VXSSO\�LQ�WKH�
0HVR]RLF� DQG�&HQR]RLF� LV�LQGLUHFW�HYL��
GHQFH�RI�DQ�LQFUHDVH�LQ�IRRG�DYDLODELOLW\�
LQ�WKH�PDULQH�HFRV\VWHP��

����$Q�LQFUHDVH�LQ�WKH�ELRPDVV�DW�WKH�EDVH�RI�

WKH�IRRG�FKDLQ��L�H���DQ�LQFUHDVH�LQ�SULPDU\�
SURGXFWLYLW\��ZDV�QHFHVVDU\�WR�VXSSRUW�WKH�
LQFUHDVHV�LQ�ELRPDVV��PHWDEROLF�UDWHV��WLHU��
LQJ��ERWK�DERYH�DQG�EHORZ�WKH�VHGLPHQW��
ZDWHU�LQWHUIDFH���DQG�SUHGDWLRQ�WKDW�KDYH�
RFFXUUHG�GXULQJ�WKH�3KDQHUR]RLF��

���� (YLGHQFH�RI�LQFUHDVHG�JOREDO�SURGXFWLYLW\�
GXULQJ�WKH�3KDQHUR]RLF�FRPHV�GLUHFWO\�
IURP�ERWK�WKH�ULVH�RI�OLIH�RQ�ODQG�DQG�WKH�
LQFUHDVH�LQ�GLYHUVLW\�RI�PDULQH�SK\WR��
SODQNWRQ��

,QFUHDVLQJ�'LYHUVLW\��(FRORJLF�
&RPSOH[LW\��DQG�5HDOL]HG�(FRVSDFH�

'HVSLWH�WKH�ELDVHV�LQKHUHQW�LQ�WKH�JHRORJLF�
UHFRUG�DQG�GRXEWV�DERXW�WKH�YDOLGLW\�RI�VRPH�
WD[D�XVHG�LQ�WKH�DQDO\VHV��WKHUH�LV�QR�TXHVWLRQ�
WKDW�GLYHUVLW\�LQ�WKH�PDULQH�UHDOP�LQFUHDVHG�
GXULQJ�WKH�3KDQHUR]RLF��6HSNRVNL�HW�DO��������
6LJQRU�������6HSNRVNL�������������%DPEDFK�
DQG�6HSNRVNL��������$V�GLYHUVLW\�LQFUHDVHG��
WKH�GRPLQDQFH�VWUXFWXUH�RI�WKH�IDXQD�FKDQJHG�
E\�DGGLQJ�QHZO\�GLYHUVLILHG�WD[D�ZKLOH�ROG�
SHUVLVWHG�DQG�E\�UHSODFLQJ�IRUPHUO\�GLYHUVH�
WD[D�ZLWK�QHZO\�GLYHUVLILHG�JURXSV��7KHVH�
FKDQJHV�LQ�IDXQDO�GRPLQDQFH�H[WHQG�EH\RQG�
WKH�FODVV�OHYHO��ZKLFK�FKDUDFWHUL]HV�6HSNRVNL
V�
WKUHH�HYROXWLRQDU\�IDXQDV��6HSNRVNL��������WR�
FKDQJHV�ZLWKLQ�FODVVHV�DV�ZHOO��%DPEDFK��������
0DMRU�H[SDQVLRQ�LQ� IXOO\�H[SORLWHG�HFR��

VSDFH�DFFRPSDQLHG�IDXQDO�GLYHUVLILFDWLRQ�DQG�
WXUQRYHU��%DPEDFK��������������,Q�WKH�&DP��
EULDQ�WKH�GRPLQDQW�RUJDQLVPV�RI�WKH�ORZ�GL��
YHUVLW\�IDXQD��H�J���WULORELWHV��LQDUWLFXODWH�EUD��
FKLRSRGV�� RFFXSLHG� D� OLPLWHG� UDQJH� RI�
HFRVSDFH�� SULPDULO\�HSLIDXQDO� VXVSHQVLRQ�
IHHGLQJ�DQG�VKDOORZ�LQIDXQDO�GHSRVLW�IHHGLQJ�
PRGHV�RI�OLIH��7KH�PRUH�GLYHUVH�IDXQD�RI�WKH�
UHVW�RI�WKH�3DOHR]RLF��GRPLQDWHG�E\�DUWLFXODWH�
EUDFKLRSRGV��EU\R]RDQV��DQG�D�YDULHW\�RI�RWK��
HU�JURXSV��SDFNHG�HSLIDXQDO�DQG�VKDOORZ�LQ��
IDXQDO�HFRVSDFH�WLJKWO\�DQG�H[SDQGHG�LQWR�WKH�
SHODJLF�UHDOP��'HHS� LQIDXQDO�DFWLYLW\�DQG�D�
ZLGHU�UDQJH�RI�SUHGDWRUV�EHJDQ�WR�GHYHORS�LQ�
WKH�PLG�3DOHR]RLF��'XULQJ�WKH�0HVR]RLF�DQG�
&HQR]RLF��WKH�GLYHUVLILFDWLRQ�RI�PRGHUQ�IDX��
QDO�GRPLQDQWV��ELYDOYHV��JDVWURSRGV��PDOD��
FRVWUDFDQV��HFKLQRLGV��DQG�WHOHRVW�ILVK�DPRQJ�
RWKHUV��UHVXOWHG�LQ�IXOO�VFDOH�H[SORLWDWLRQ�RI�
GHHS�LQIDXQDO�PRGHV�RI�OLIH�DQG�D�YDVW�H[��
SDQVLRQ�RI�SUHGDWLRQ��DORQJ�ZLWK�WKH�FRQWLQ��
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3DOHR]RLF�ILUVW�SUHVHQWHG�LQ�������&DOHI�DQG�
%DPEDFK�������DQG�IXUWKHU�HODERUDWHG�LQ�D�
GLVFXVVLRQ�JURXS�RQ�HQHUJ\�DQG�FRPPXQLW\�
HYROXWLRQ�RUJDQL]HG�E\�/HLJK�9DQ�9DOHQ�DW�
WKH�,QWHUQDWLRQDO�&RQJUHVV�RI�6\VWHPDWLF�DQG�
(YROXWLRQDU\�%LRORJ\�LQ�������0DLRUDQD�DQG�
9DQ�9DOHQ�LQ�SUHVV���
7KH�$UJXPHQW��7KH�DUJXPHQW�IRU�DQ� LQ��

FUHDVH�LQ�SULPDU\�SURGXFWLYLW\�DQG�D�FRQFRP��
LWDQW�LQFUHDVH�LQ�WKH�VXSSO\�RI�IRRG�DQG�HQ��
HUJ\� WR� PDULQH� FRQVXPHUV� GXULQJ� WKH�
3KDQHUR]RLF�LV�DV�IROORZV��

���� 'LYHUVLW\��HFRV\VWHP�FRPSOH[LW\��DQG�WKH�
XWLOL]DWLRQ�RI�HFRVSDFH� KDYH� LQFUHDVHG�
GXULQJ�WKH�3KDQHUR]RLF��(YHQ�ZLWKRXW�DQ�
LQFUHDVH�LQ�WRWDO�SURGXFWLYLW\��PRUH�UH��
VRXUFHV�PXVW�QRZ�EH� FRQVXPHG�LQ�WKH�
PDULQH�HFRV\VWHP�WKDQ�LQ�WKH�SDVW�EH��
FDXVH� UHVRXUFHV�IURP�SUHYLRXVO\�XQH[��
SORLWHG�HFRVSDFH�DUH�QRZ�EHLQJ�XWLOL]HG��

���� 7KH�WRWDO�ELRPDVV�RI�PDULQH�FRQVXPHUV�
KDV�LQFUHDVHG��

���� 0RUH�HQHUJHWLF�PRGHV�RI�OLIH�KDYH�EH��
FRPH�FRPPRQ�DPRQJ�GRPLQDQW�PDFUR��
VFRSLF�RUJDQLVPV��$FWLYH��KLJK�PHWDEROLF��
UDWH�PRGHV�RI�OLIH�KDYH�UHSODFHG�PRUH�SDV��
VLYH�PRGHV�LQ�VRPH�FDVHV��,Q�RWKHU�FDVHV�
PRUH�DFWLYH�PRGHV�RI�OLIH�KDYH�EHHQ�DGG��
HG�WR�WKH�HFRV\VWHP�ZKLOH�SDVVLYH�PRGHV�
SHUVLVWHG��

����:LWKLQ�DQ\�SDUWLFXODU�%DXSODQ�WKH�HIIHF��
WLYHQHVV�RI�QXWULHQW�DFTXLVLWLRQ�GRHV�QRW�
LQFUHDVH�ZLWK�WLPH��DOWKRXJK�LQFUHDVHG�UH��
VRXUFH�SDUWLWLRQLQJ��VSHFLDOL]DWLRQ��PD\�
RFFXU�LI�UHVRXUFHV�EHFRPH�PRUH�DEXQGDQW��
*HQHUDOO\��LQFUHDVH�LQ�HIIHFWLYHQHVV�RI�UH��
VRXUFH�XWLOL]DWLRQ�RFFXUV�RQO\�E\�WKH�GH��
YHORSPHQW�RI�QHZ�PDMRU�JURXSV��

���� %HFDXVH�IHHGLQJ�HIILFLHQF\�GRHV�QRW�LQ��
FUHDVH�ZLWK�WLPH�ZLWKLQ�HVWDEOLVKHG�PRGHV�
RI�OLIH��WKH�ORQJ�GHOD\�LQYROYHG�LQ�WKH�
VSUHDG�RI�RUJDQLVPV�ZLWK�PRUH�HQHUJHWLF�
PRGHV�RI�OLIH�IURP�VHWWLQJV�ZLWK�HVWDE��
OLVKHG�KLJK�UDWHV�RI�IRRG�VXSSO\�LQ�WKH�
HDUO\�WR�PLG�3DOHR]RLF�LQWR�KDELWDWV�ZLWK�
ORZHU�UHODWLYH�UDWHV�RI�IRRG�VXSSO\�LQ�WKH�
0HVR]RLF� DQG�&HQR]RLF� LV�LQGLUHFW�HYL��
GHQFH�RI�DQ�LQFUHDVH�LQ�IRRG�DYDLODELOLW\�
LQ�WKH�PDULQH�HFRV\VWHP��

����$Q�LQFUHDVH�LQ�WKH�ELRPDVV�DW�WKH�EDVH�RI�

WKH�IRRG�FKDLQ��L�H���DQ�LQFUHDVH�LQ�SULPDU\�
SURGXFWLYLW\��ZDV�QHFHVVDU\�WR�VXSSRUW�WKH�
LQFUHDVHV�LQ�ELRPDVV��PHWDEROLF�UDWHV��WLHU��
LQJ��ERWK�DERYH�DQG�EHORZ�WKH�VHGLPHQW��
ZDWHU�LQWHUIDFH���DQG�SUHGDWLRQ�WKDW�KDYH�
RFFXUUHG�GXULQJ�WKH�3KDQHUR]RLF��

���� (YLGHQFH�RI�LQFUHDVHG�JOREDO�SURGXFWLYLW\�
GXULQJ�WKH�3KDQHUR]RLF�FRPHV�GLUHFWO\�
IURP�ERWK�WKH�ULVH�RI�OLIH�RQ�ODQG�DQG�WKH�
LQFUHDVH�LQ�GLYHUVLW\�RI�PDULQH�SK\WR��
SODQNWRQ��

,QFUHDVLQJ�'LYHUVLW\��(FRORJLF�
&RPSOH[LW\��DQG�5HDOL]HG�(FRVSDFH�

'HVSLWH�WKH�ELDVHV�LQKHUHQW�LQ�WKH�JHRORJLF�
UHFRUG�DQG�GRXEWV�DERXW�WKH�YDOLGLW\�RI�VRPH�
WD[D�XVHG�LQ�WKH�DQDO\VHV��WKHUH�LV�QR�TXHVWLRQ�
WKDW�GLYHUVLW\�LQ�WKH�PDULQH�UHDOP�LQFUHDVHG�
GXULQJ�WKH�3KDQHUR]RLF��6HSNRVNL�HW�DO��������
6LJQRU�������6HSNRVNL�������������%DPEDFK�
DQG�6HSNRVNL��������$V�GLYHUVLW\�LQFUHDVHG��
WKH�GRPLQDQFH�VWUXFWXUH�RI�WKH�IDXQD�FKDQJHG�
E\�DGGLQJ�QHZO\�GLYHUVLILHG�WD[D�ZKLOH�ROG�
SHUVLVWHG�DQG�E\�UHSODFLQJ�IRUPHUO\�GLYHUVH�
WD[D�ZLWK�QHZO\�GLYHUVLILHG�JURXSV��7KHVH�
FKDQJHV�LQ�IDXQDO�GRPLQDQFH�H[WHQG�EH\RQG�
WKH�FODVV�OHYHO��ZKLFK�FKDUDFWHUL]HV�6HSNRVNL
V�
WKUHH�HYROXWLRQDU\�IDXQDV��6HSNRVNL��������WR�
FKDQJHV�ZLWKLQ�FODVVHV�DV�ZHOO��%DPEDFK��������
0DMRU�H[SDQVLRQ�LQ� IXOO\�H[SORLWHG�HFR��

VSDFH�DFFRPSDQLHG�IDXQDO�GLYHUVLILFDWLRQ�DQG�
WXUQRYHU��%DPEDFK��������������,Q�WKH�&DP��
EULDQ�WKH�GRPLQDQW�RUJDQLVPV�RI�WKH�ORZ�GL��
YHUVLW\�IDXQD��H�J���WULORELWHV��LQDUWLFXODWH�EUD��
FKLRSRGV�� RFFXSLHG� D� OLPLWHG� UDQJH� RI�
HFRVSDFH�� SULPDULO\�HSLIDXQDO� VXVSHQVLRQ�
IHHGLQJ�DQG�VKDOORZ�LQIDXQDO�GHSRVLW�IHHGLQJ�
PRGHV�RI�OLIH��7KH�PRUH�GLYHUVH�IDXQD�RI�WKH�
UHVW�RI�WKH�3DOHR]RLF��GRPLQDWHG�E\�DUWLFXODWH�
EUDFKLRSRGV��EU\R]RDQV��DQG�D�YDULHW\�RI�RWK��
HU�JURXSV��SDFNHG�HSLIDXQDO�DQG�VKDOORZ�LQ��
IDXQDO�HFRVSDFH�WLJKWO\�DQG�H[SDQGHG�LQWR�WKH�
SHODJLF�UHDOP��'HHS� LQIDXQDO�DFWLYLW\�DQG�D�
ZLGHU�UDQJH�RI�SUHGDWRUV�EHJDQ�WR�GHYHORS�LQ�
WKH�PLG�3DOHR]RLF��'XULQJ�WKH�0HVR]RLF�DQG�
&HQR]RLF��WKH�GLYHUVLILFDWLRQ�RI�PRGHUQ�IDX��
QDO�GRPLQDQWV��ELYDOYHV��JDVWURSRGV��PDOD��
FRVWUDFDQV��HFKLQRLGV��DQG�WHOHRVW�ILVK�DPRQJ�
RWKHUV��UHVXOWHG�LQ�IXOO�VFDOH�H[SORLWDWLRQ�RI�
GHHS�LQIDXQDO�PRGHV�RI�OLIH�DQG�D�YDVW�H[��
SDQVLRQ�RI�SUHGDWLRQ��DORQJ�ZLWK�WKH�FRQWLQ��
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Marine Animal Metabolism
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trend in mean per taxon metabolic rate (figure 4c). Because the
arithmetic mean of a strongly skewed distribution such as that
analysed here can be sensitive to outliers, we reanalysed the
data after excluding the largest 10% of fossil occurrences for
each stage. This treatment of the data also does not change
the direction or magnitude of the trend in metabolic rate
(figure 4c).

The long-term increase in mean metabolic rate is controlled
by both the consistently larger sizes of bivalves relative to bra-
chiopods and the long-term trend towards a higher proportion
of bivalves relative to brachiopods in terms of genera, occur-
rences and fossil specimens (figure 5). The mean shell size of
bivalves has been consistently larger than that of brachiopods
throughout the Phanerozoic, and so the trend towards greater
proportional diversity and abundance of bivalves has caused a
long-term shift towards larger overall mean size. Moreover, the

difference in mean size between bivalves and brachiopods has
increased during post-Palaeozoic time owing to an increase in
the mean size of bivalves, increasing the differences in mean
metabolic rate between the two clades.

4. Discussion
Calculation of metabolic rates from the fossil records of
brachiopod and bivalve reveals two key findings: (i) from a
metabolic perspective, bivalves were at least as important as
brachiopods in Palaeozoic oceans and (ii) the total metabolic
activity of brachiopods and marine bivalves has increased
enormously over Phanerozoic time owing to increases in the
diversity, abundance and size of bivalves. These findings are
not affected by uncertainty in the key parameters determining

Paleozoic Mesozoic Ceno.
CretaceousJurassicTriassicPermianCarbon.Devon.Silur.Or. Pg. N.
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trend in mean per taxon metabolic rate (figure 4c). Because the
arithmetic mean of a strongly skewed distribution such as that
analysed here can be sensitive to outliers, we reanalysed the
data after excluding the largest 10% of fossil occurrences for
each stage. This treatment of the data also does not change
the direction or magnitude of the trend in metabolic rate
(figure 4c).

The long-term increase in mean metabolic rate is controlled
by both the consistently larger sizes of bivalves relative to bra-
chiopods and the long-term trend towards a higher proportion
of bivalves relative to brachiopods in terms of genera, occur-
rences and fossil specimens (figure 5). The mean shell size of
bivalves has been consistently larger than that of brachiopods
throughout the Phanerozoic, and so the trend towards greater
proportional diversity and abundance of bivalves has caused a
long-term shift towards larger overall mean size. Moreover, the

difference in mean size between bivalves and brachiopods has
increased during post-Palaeozoic time owing to an increase in
the mean size of bivalves, increasing the differences in mean
metabolic rate between the two clades.

4. Discussion
Calculation of metabolic rates from the fossil records of
brachiopod and bivalve reveals two key findings: (i) from a
metabolic perspective, bivalves were at least as important as
brachiopods in Palaeozoic oceans and (ii) the total metabolic
activity of brachiopods and marine bivalves has increased
enormously over Phanerozoic time owing to increases in the
diversity, abundance and size of bivalves. These findings are
not affected by uncertainty in the key parameters determining
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trend in mean per taxon metabolic rate (figure 4c). Because the
arithmetic mean of a strongly skewed distribution such as that
analysed here can be sensitive to outliers, we reanalysed the
data after excluding the largest 10% of fossil occurrences for
each stage. This treatment of the data also does not change
the direction or magnitude of the trend in metabolic rate
(figure 4c).

The long-term increase in mean metabolic rate is controlled
by both the consistently larger sizes of bivalves relative to bra-
chiopods and the long-term trend towards a higher proportion
of bivalves relative to brachiopods in terms of genera, occur-
rences and fossil specimens (figure 5). The mean shell size of
bivalves has been consistently larger than that of brachiopods
throughout the Phanerozoic, and so the trend towards greater
proportional diversity and abundance of bivalves has caused a
long-term shift towards larger overall mean size. Moreover, the

difference in mean size between bivalves and brachiopods has
increased during post-Palaeozoic time owing to an increase in
the mean size of bivalves, increasing the differences in mean
metabolic rate between the two clades.

4. Discussion
Calculation of metabolic rates from the fossil records of
brachiopod and bivalve reveals two key findings: (i) from a
metabolic perspective, bivalves were at least as important as
brachiopods in Palaeozoic oceans and (ii) the total metabolic
activity of brachiopods and marine bivalves has increased
enormously over Phanerozoic time owing to increases in the
diversity, abundance and size of bivalves. These findings are
not affected by uncertainty in the key parameters determining
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trend in mean per taxon metabolic rate (figure 4c). Because the
arithmetic mean of a strongly skewed distribution such as that
analysed here can be sensitive to outliers, we reanalysed the
data after excluding the largest 10% of fossil occurrences for
each stage. This treatment of the data also does not change
the direction or magnitude of the trend in metabolic rate
(figure 4c).

The long-term increase in mean metabolic rate is controlled
by both the consistently larger sizes of bivalves relative to bra-
chiopods and the long-term trend towards a higher proportion
of bivalves relative to brachiopods in terms of genera, occur-
rences and fossil specimens (figure 5). The mean shell size of
bivalves has been consistently larger than that of brachiopods
throughout the Phanerozoic, and so the trend towards greater
proportional diversity and abundance of bivalves has caused a
long-term shift towards larger overall mean size. Moreover, the

difference in mean size between bivalves and brachiopods has
increased during post-Palaeozoic time owing to an increase in
the mean size of bivalves, increasing the differences in mean
metabolic rate between the two clades.

4. Discussion
Calculation of metabolic rates from the fossil records of
brachiopod and bivalve reveals two key findings: (i) from a
metabolic perspective, bivalves were at least as important as
brachiopods in Palaeozoic oceans and (ii) the total metabolic
activity of brachiopods and marine bivalves has increased
enormously over Phanerozoic time owing to increases in the
diversity, abundance and size of bivalves. These findings are
not affected by uncertainty in the key parameters determining
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Metabolic dominance of bivalves predates
brachiopod diversity decline by more than
150 million years
Jonathan L. Payne1, Noel A. Heim1, Matthew L. Knope1 and Craig R. McClain2

1Department of Geological and Environmental Sciences, Stanford University, 450 Serra Mall, Building 320,
Stanford, CA 94305, USA
2National Evolutionary Synthesis Center (NESCent), 2024 West Main St., Durham, NC 27705, USA

Brachiopods and bivalves feed in similar ways and have occupied the same
environments through geological time, but brachiopods were far more
diverse and abundant in the Palaeozoic whereas bivalves dominate the
post-Palaeozoic, suggesting a transition in ecological dominance 250 Ma.
However, diversity and abundance data alone may not adequately describe
key changes in ecosystem function, such as metabolic activity. Here, we use
newly compiled body size data for 6066 genera of bivalves and brachiopods
to calculate metabolic rates and revisit this question from the perspective of
energy use, finding that bivalves already accounted for a larger share of
metabolic activity in Palaeozoic oceans. We also find that the metabolic
activity of bivalves has increased by more than two orders of magnitude
over this interval, whereas brachiopod metabolic activity has declined by
more than 50%. Consequently, the increase in bivalve energy metabolism
must have occurred via the acquisition of new food resources rather than
through the displacement of brachiopods. The canonical view of a mid-
Phanerozoic transition from brachiopod to bivalve dominance results from
a focus on taxonomic diversity and numerical abundance as measures of
ecological importance. From a metabolic perspective, the oceans have
always belonged to the clams.

1. Introduction
Brachiopods and bivalves feed in similar ways and have occupied the same
environments through geological time, but their evolutionary trajectories con-
trast sharply. Brachiopods are far more diverse and abundant in Palaeozoic
rocks, whereas bivalves are predominant in post-Palaeozoic strata [1,2]. This
reversal in relative taxonomic diversity and numerical abundance has long
been equated with a transition in ecological dominance [1–7]. Abundance
and diversity are the most accessible and widely used metrics of ecological
dominance in the fossil record [1], but they are incomplete proxies. Ecosystems
function through the transfer of mass and energy rather than via the simple
accumulation of organisms [8]. Substantial differences in both shell size to
soft tissue mass ratios and mass- and temperature-normalized metabolic rate
between living species of bivalves and brachiopods [9,10] suggest that taxo-
nomic diversity and numerical abundance alone may not adequately capture
relative ecological importance for bivalves and brachiopods. Quantification of
metabolic activity by bivalves and brachiopods can provide a complementary,
and potentially more relevant, perspective on the relative ecological importance
of brachiopods and bivalves in benthic marine ecosystems over geological time.

To a first order, metabolic rates in animals are related to body size (soft tissue
mass), temperature and clade affinity and can thus be constrained even for fossil
organisms [11,12]. Here, we reexamine the evolutionary histories of bivalves and
brachiopods through the lens of energy metabolism using newly compiled body
size data for 6066 genera of bivalves and brachiopods coupled to occurrence and
abundance data from the Paleobiology Database (PaleoDB).

& 2014 The Author(s) Published by the Royal Society. All rights reserved.
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trend in mean per taxon metabolic rate (figure 4c). Because the
arithmetic mean of a strongly skewed distribution such as that
analysed here can be sensitive to outliers, we reanalysed the
data after excluding the largest 10% of fossil occurrences for
each stage. This treatment of the data also does not change
the direction or magnitude of the trend in metabolic rate
(figure 4c).

The long-term increase in mean metabolic rate is controlled
by both the consistently larger sizes of bivalves relative to bra-
chiopods and the long-term trend towards a higher proportion
of bivalves relative to brachiopods in terms of genera, occur-
rences and fossil specimens (figure 5). The mean shell size of
bivalves has been consistently larger than that of brachiopods
throughout the Phanerozoic, and so the trend towards greater
proportional diversity and abundance of bivalves has caused a
long-term shift towards larger overall mean size. Moreover, the

difference in mean size between bivalves and brachiopods has
increased during post-Palaeozoic time owing to an increase in
the mean size of bivalves, increasing the differences in mean
metabolic rate between the two clades.

4. Discussion
Calculation of metabolic rates from the fossil records of
brachiopod and bivalve reveals two key findings: (i) from a
metabolic perspective, bivalves were at least as important as
brachiopods in Palaeozoic oceans and (ii) the total metabolic
activity of brachiopods and marine bivalves has increased
enormously over Phanerozoic time owing to increases in the
diversity, abundance and size of bivalves. These findings are
not affected by uncertainty in the key parameters determining
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Figure 1. Trends in the absolute and proportional diversity, occurrence frequency and metabolic contribution of bivalves versus brachiopods over the past 465 Myr,
illustrating that although bivalves constituted a small fraction of taxonomic diversity and fossil occurrences during the Palaeozoic (more than 250 Ma), they already
accounted for more than half of all metabolic activity. (a,b) Genus diversity. (c,d) Occurrence frequency. (e,f ) Total metabolic activity based on the per genus metric
using range-through treatment of genera reported in the PaleoDB. (g,h) Total metabolic activity based on the per occurrence metric. Grey curves in b, d, f and h
represent lowess fits to the proportional data. All increasing trends in proportional data are statistically significant based upon Spearman rank order correlation with
time (b: r ¼ 0.97, p , 0.0001; d: r ¼ 0.93, p , 0.0001; f : r ¼ 0.98, p , 0.0001; h: r ¼ 0.94, p , 0.0001). (Online version in colour.)
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trend in mean per taxon metabolic rate (figure 4c). Because the
arithmetic mean of a strongly skewed distribution such as that
analysed here can be sensitive to outliers, we reanalysed the
data after excluding the largest 10% of fossil occurrences for
each stage. This treatment of the data also does not change
the direction or magnitude of the trend in metabolic rate
(figure 4c).

The long-term increase in mean metabolic rate is controlled
by both the consistently larger sizes of bivalves relative to bra-
chiopods and the long-term trend towards a higher proportion
of bivalves relative to brachiopods in terms of genera, occur-
rences and fossil specimens (figure 5). The mean shell size of
bivalves has been consistently larger than that of brachiopods
throughout the Phanerozoic, and so the trend towards greater
proportional diversity and abundance of bivalves has caused a
long-term shift towards larger overall mean size. Moreover, the

difference in mean size between bivalves and brachiopods has
increased during post-Palaeozoic time owing to an increase in
the mean size of bivalves, increasing the differences in mean
metabolic rate between the two clades.

4. Discussion
Calculation of metabolic rates from the fossil records of
brachiopod and bivalve reveals two key findings: (i) from a
metabolic perspective, bivalves were at least as important as
brachiopods in Palaeozoic oceans and (ii) the total metabolic
activity of brachiopods and marine bivalves has increased
enormously over Phanerozoic time owing to increases in the
diversity, abundance and size of bivalves. These findings are
not affected by uncertainty in the key parameters determining
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trend in mean per taxon metabolic rate (figure 4c). Because the
arithmetic mean of a strongly skewed distribution such as that
analysed here can be sensitive to outliers, we reanalysed the
data after excluding the largest 10% of fossil occurrences for
each stage. This treatment of the data also does not change
the direction or magnitude of the trend in metabolic rate
(figure 4c).

The long-term increase in mean metabolic rate is controlled
by both the consistently larger sizes of bivalves relative to bra-
chiopods and the long-term trend towards a higher proportion
of bivalves relative to brachiopods in terms of genera, occur-
rences and fossil specimens (figure 5). The mean shell size of
bivalves has been consistently larger than that of brachiopods
throughout the Phanerozoic, and so the trend towards greater
proportional diversity and abundance of bivalves has caused a
long-term shift towards larger overall mean size. Moreover, the

difference in mean size between bivalves and brachiopods has
increased during post-Palaeozoic time owing to an increase in
the mean size of bivalves, increasing the differences in mean
metabolic rate between the two clades.

4. Discussion
Calculation of metabolic rates from the fossil records of
brachiopod and bivalve reveals two key findings: (i) from a
metabolic perspective, bivalves were at least as important as
brachiopods in Palaeozoic oceans and (ii) the total metabolic
activity of brachiopods and marine bivalves has increased
enormously over Phanerozoic time owing to increases in the
diversity, abundance and size of bivalves. These findings are
not affected by uncertainty in the key parameters determining
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trend in mean per taxon metabolic rate (figure 4c). Because the
arithmetic mean of a strongly skewed distribution such as that
analysed here can be sensitive to outliers, we reanalysed the
data after excluding the largest 10% of fossil occurrences for
each stage. This treatment of the data also does not change
the direction or magnitude of the trend in metabolic rate
(figure 4c).

The long-term increase in mean metabolic rate is controlled
by both the consistently larger sizes of bivalves relative to bra-
chiopods and the long-term trend towards a higher proportion
of bivalves relative to brachiopods in terms of genera, occur-
rences and fossil specimens (figure 5). The mean shell size of
bivalves has been consistently larger than that of brachiopods
throughout the Phanerozoic, and so the trend towards greater
proportional diversity and abundance of bivalves has caused a
long-term shift towards larger overall mean size. Moreover, the

difference in mean size between bivalves and brachiopods has
increased during post-Palaeozoic time owing to an increase in
the mean size of bivalves, increasing the differences in mean
metabolic rate between the two clades.

4. Discussion
Calculation of metabolic rates from the fossil records of
brachiopod and bivalve reveals two key findings: (i) from a
metabolic perspective, bivalves were at least as important as
brachiopods in Palaeozoic oceans and (ii) the total metabolic
activity of brachiopods and marine bivalves has increased
enormously over Phanerozoic time owing to increases in the
diversity, abundance and size of bivalves. These findings are
not affected by uncertainty in the key parameters determining
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Metabolic dominance of bivalves predates
brachiopod diversity decline by more than
150 million years
Jonathan L. Payne1, Noel A. Heim1, Matthew L. Knope1 and Craig R. McClain2

1Department of Geological and Environmental Sciences, Stanford University, 450 Serra Mall, Building 320,
Stanford, CA 94305, USA
2National Evolutionary Synthesis Center (NESCent), 2024 West Main St., Durham, NC 27705, USA

Brachiopods and bivalves feed in similar ways and have occupied the same
environments through geological time, but brachiopods were far more
diverse and abundant in the Palaeozoic whereas bivalves dominate the
post-Palaeozoic, suggesting a transition in ecological dominance 250 Ma.
However, diversity and abundance data alone may not adequately describe
key changes in ecosystem function, such as metabolic activity. Here, we use
newly compiled body size data for 6066 genera of bivalves and brachiopods
to calculate metabolic rates and revisit this question from the perspective of
energy use, finding that bivalves already accounted for a larger share of
metabolic activity in Palaeozoic oceans. We also find that the metabolic
activity of bivalves has increased by more than two orders of magnitude
over this interval, whereas brachiopod metabolic activity has declined by
more than 50%. Consequently, the increase in bivalve energy metabolism
must have occurred via the acquisition of new food resources rather than
through the displacement of brachiopods. The canonical view of a mid-
Phanerozoic transition from brachiopod to bivalve dominance results from
a focus on taxonomic diversity and numerical abundance as measures of
ecological importance. From a metabolic perspective, the oceans have
always belonged to the clams.

1. Introduction
Brachiopods and bivalves feed in similar ways and have occupied the same
environments through geological time, but their evolutionary trajectories con-
trast sharply. Brachiopods are far more diverse and abundant in Palaeozoic
rocks, whereas bivalves are predominant in post-Palaeozoic strata [1,2]. This
reversal in relative taxonomic diversity and numerical abundance has long
been equated with a transition in ecological dominance [1–7]. Abundance
and diversity are the most accessible and widely used metrics of ecological
dominance in the fossil record [1], but they are incomplete proxies. Ecosystems
function through the transfer of mass and energy rather than via the simple
accumulation of organisms [8]. Substantial differences in both shell size to
soft tissue mass ratios and mass- and temperature-normalized metabolic rate
between living species of bivalves and brachiopods [9,10] suggest that taxo-
nomic diversity and numerical abundance alone may not adequately capture
relative ecological importance for bivalves and brachiopods. Quantification of
metabolic activity by bivalves and brachiopods can provide a complementary,
and potentially more relevant, perspective on the relative ecological importance
of brachiopods and bivalves in benthic marine ecosystems over geological time.

To a first order, metabolic rates in animals are related to body size (soft tissue
mass), temperature and clade affinity and can thus be constrained even for fossil
organisms [11,12]. Here, we reexamine the evolutionary histories of bivalves and
brachiopods through the lens of energy metabolism using newly compiled body
size data for 6066 genera of bivalves and brachiopods coupled to occurrence and
abundance data from the Paleobiology Database (PaleoDB).

& 2014 The Author(s) Published by the Royal Society. All rights reserved.
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Richard was right!
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WXUQRYHU��%DPEDFK��������������,Q�WKH�&DP��
EULDQ�WKH�GRPLQDQW�RUJDQLVPV�RI�WKH�ORZ�GL��
YHUVLW\�IDXQD��H�J���WULORELWHV��LQDUWLFXODWH�EUD��
FKLRSRGV�� RFFXSLHG� D� OLPLWHG� UDQJH� RI�
HFRVSDFH�� SULPDULO\�HSLIDXQDO� VXVSHQVLRQ�
IHHGLQJ�DQG�VKDOORZ�LQIDXQDO�GHSRVLW�IHHGLQJ�
PRGHV�RI�OLIH��7KH�PRUH�GLYHUVH�IDXQD�RI�WKH�
UHVW�RI�WKH�3DOHR]RLF��GRPLQDWHG�E\�DUWLFXODWH�
EUDFKLRSRGV��EU\R]RDQV��DQG�D�YDULHW\�RI�RWK��
HU�JURXSV��SDFNHG�HSLIDXQDO�DQG�VKDOORZ�LQ��
IDXQDO�HFRVSDFH�WLJKWO\�DQG�H[SDQGHG�LQWR�WKH�
SHODJLF�UHDOP��'HHS� LQIDXQDO�DFWLYLW\�DQG�D�
ZLGHU�UDQJH�RI�SUHGDWRUV�EHJDQ�WR�GHYHORS�LQ�
WKH�PLG�3DOHR]RLF��'XULQJ�WKH�0HVR]RLF�DQG�
&HQR]RLF��WKH�GLYHUVLILFDWLRQ�RI�PRGHUQ�IDX��
QDO�GRPLQDQWV��ELYDOYHV��JDVWURSRGV��PDOD��
FRVWUDFDQV��HFKLQRLGV��DQG�WHOHRVW�ILVK�DPRQJ�
RWKHUV��UHVXOWHG�LQ�IXOO�VFDOH�H[SORLWDWLRQ�RI�
GHHS�LQIDXQDO�PRGHV�RI�OLIH�DQG�D�YDVW�H[��
SDQVLRQ�RI�SUHGDWLRQ��DORQJ�ZLWK�WKH�FRQWLQ��
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