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effects on a global scale (newell, 1967; 
Raup & SepkoSki, 1982). The P/T extinc-
tion event was the most severe biotic crisis 
in the history of life on Earth (Raup , 
1979; Raup & SepkoSki, 1982; eRwin, 
1993, 2006), not only in terms of taxo-
nomic losses, but also in terms of the 
drastic reorganization of marine ecosys-
tems (eRwin, 2006; wagneR, koSnik, & 
liDgaRD, 2006). The subsequent recovery 
of ecosystems was slow, compared with 
other extinction events (eRwin, 1998), and 
did not end until Middle Triassic times 
(eRwin, 1993; benton, 2003).

From a paleoecologic viewpoint, bivalves 
(together with brachiopods, although the 
latter were disproportionally decimated) 
were the main shelled invertebrates to 
use both epifaunal and infaunal strategies 
during the recovery of the P/T (bottjeR & 
others, 2001). Bivalves became the domi-
nant shelled marine invertebrates in benthic 
communities during the earliest Triassic, 
replacing the role previously played by 
brachiopods (FRaiSeR & bottjeR, 2007), 
although their abundance had already 
considerably increased during the late 
Permian (ClaphaM & bottjeR, 2007). A 
bivalve diversification phase began during 
the Anisian, early Middle Triassic, and 
continued into the Late Triassic (with a 
diversity peak during the Norian), when 
extinction played an important role once 
more (MCRobeRtS, 2001; RoS, 2009). The 
T/J extinction event was less important 
than the previous one, and, according to 
baMbaCh, knoll, and wang (2004) and 
luCaS and tanneR (2008), it unfolded 
during the entire Late Triassic. These 
authors concluded that it reflects high 

INTRODUCTION

Bivalves are a highly diversified molluscan 
class, with a long history dating from early 
Cambrian times (Cope, 2000). Although the 
group already showed a steady diversification 
trend during the Paleozoic, it only became 
highly successful and expanded rapidly from 
the Mesozoic onward. The Triassic was, for 
bivalves, first a recovery period and later 
a biotic diversification event. It was also 
the time bivalves first fully exploited their 
evolutionary novelties.

Whereas brachiopods are typical elements 
of the Paleozoic Fauna (sensu SepkoSki), 
bivalves belong to the Modern Fauna, char-
acterized by a dramatic increase in diversifi-
cation rates just after the Permian (SepkoSki, 
1981, 1984). The Permian/Triassic (P/T) 
extinction did not affect bivalves to the 
same degree that it affected many other 
marine invertebrate groups (Yin hong-Fu, 
1985; eRwin, 1993). Furthermore, during 
the Triassic, bivalves underwent an extraor-
dinary evolutionary radiation, due, in part, 
to mantle fusion and siphon development 
(StanleY, 1968), which allowed them to 
fully exploit infaunal niches unfilled by 
both bivalves and brachiopods during the 
Paleozoic. This evolutionary radiation coin-
cided with a relatively warm Triassic–Jurassic 
episode in Earth history, when latitudinal 
climatic gradients were moderate and polar 
ice was virtually nonexistent (hallaM, 1982; 
Sephton & others, 2002).

The Triassic is bounded by two severe 
biotic crises: the Permian/Triassic (P/T) 
and Triassic/Jurassic (T/J), both of which 
are included in the so-called big f ive 
extinction events, which had devastating 
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extinction and low origination rates. Its 
intensity may be overestimated due to the 
compiled correlation effect of imprecise 
stratigraphic data, the Signor-Lipps effect 
(SignoR & lippS, 1982) and extrapola-
tion of local data to a global scale (luCaS 
& tanneR, 2008). On the other hand, 
hallaM (1981, 2002) recognized a single 
extinction event at the end of the Triassic. 
The real magnitude of this T/J extinction 
event is difficult to evaluate due to the 
widespread facies changes that characterize 
the T/J boundary (jablonSki, 2005), with 
the disruption of calcareous sedimentation 
by dominant siliciclastic deposits, which 
do not favor the preservation of calcareous 
skeletons (hautMann, 2004).

The earliest Jurassic saw a new biotic 
recovery period that, although not as well 
studied as the one in the Triassic, was appar-
ently faster. Already during the Hettangian, 
the initial stage of the Jurassic, significant 
diversification is observed among marine 
invertebrates, culminating during the Pliens-
bachian, middle Early Jurassic, with the 
reappearance of reef organisms (hallaM & 
wignall, 1997).

There are three main issues related to the 
history of marine life after the Paleozoic: 
the environmental conditions near the P/T 
boundary, the end-Permian extinction, and 
the Mesozoic Marine Revolution (MMR) 
(VeRMeij, 1977; FRaiSeR & bottjeR, 2007). 
This chapter will deal with these and other 
topics related to the evolution of bivalve 
diversity from the beginning of the Meso-
zoic. We cover the interval of time from 
just after the P/T extinction (Induan, 
earliest Triassic) to the T/J recovery in 
the Sinemurian, Early Jurassic. We will 
deal not only with taxonomic diversity 
dynamics, but also with the evolution of 
bivalve ecospace during this period, with 
special emphasis on the T/J extinction. 
An important aspect of this chapter is the 
infaunalization observed during the Late 
Triassic (MCRobeRtS, 2001) and later times 
(abeRhan, kieSSling, & FuRSiCh, 2006), 
and its relation to the MMR.

DATA AND METHODS

The data for this chapter were compiled by 
RoS (2009), and include stratigraphic ranges, 
paleogeographic distributions, autoecology, 
and shell mineralogy for all marine bivalve 
genera during the Induan–Sinemurian study 
interval. Data were compiled from all avail-
able literature containing descriptions and/
or illustrations of bivalves for this interval, 
with generic assignments revised where 
needed. In addition, some stratigraphic 
ranges reflect data from DieneR (1923), 
kutaSSY (1931), Cox and others (1969), 
VokeS (1980), SepkoSki (2002), the Zoolog-
ical Record, and the Paleobiology Database 
(PBDB; http://www.paleodb.org/), among 
other sources, when it was not possible to 
find other sources of literature.

Genera were assigned to families following 
Cox and others (1969) and more recent 
literature, when available. We follow the 
systematic arrangement by aMleR (1999) 
and aMleR, FiSCheR, and Rogalla (2000), 
with some modifications discussed in RoS 
(2009). For the purposes of this paper, this 
classification does not differ significantly 
from the scheme proposed more recently for 
the Treatise on Invertebrate Paleontology, Part 
N (revised), by CaRteR and others (2011). 

We used gRaDStein and ogg (2004) 
for numerical ages. Different time scales in 
the analyzed papers were updated using the 
conversion tables in PBDB and GeoWhen 
(http://www.stratigraphy.org/geowhen/
index.html). A special problem was the 
time value of Rhaetian faunas in papers 
published prior to the redefinition of this 
stage by DagYS and DagYS (1994). The 
Kössen Formation in Austria, the Gabbs 
Formation in the United States, and the 
Otapirian deposits in New Zealand at least 
were considered to be truly Rhaetian in age 
(DagYS & DagYS, 1994; hallaM, 2002). 
The time ranges used here are observed 
ranges defined by first appearances (FADs) 
and last appearances (LADs) and are there-
fore only proxies for actual origination and 
extinction times. Sample biases, stratigraphic 
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gaps, regression and transgression effects, 
and many other factors can affect first and 
last appearances (hollanD, 1995). It should 
be remembered that bivalve temporal ranges 
are especially influenced by lithologic facies.

Paleoecologic data were framed, with some 
adjustments discussed later, into baMbaCh, 
buSh, and eRwin (2007) ecospace, which 
considers three main factors: relationship 
with the water column/substrate, feeding 
type, and degree of motility/fixation. Each 
genus was assigned to a living strategy (RoS, 
2009; annex fig. 5.6, p. 482–484; and see 
Table 1 and Fig. 13). Taxonomic data were 
also classified according to relation with the 
substrate (epifaunal or infaunal). Endobyssate 
semi-infaunal bivalves were grouped with 
infauna, while free-lying bivalves with heavy 
shells and semi-infaunal habits (e.g., some 
megalodontids) were grouped with epifauna.

TAPHONOMY AND DIVERSITY

Evolutionary readings of the fossil record 
should be preceded by a consideration of 
the taphonomic factors that can distort 
or disguise interpretations of paleobio-
logic processes (De Renzi, 1992). Shell 
mineralogy, shell size, and even the scale of 
geographic and stratigraphic sampling can 
potentially compromise interpretations of 
the fossil record.

Shell Mineralogy

The effect of rarefaction by geologic age 
must also be considered, and this prob-
ably affects the more ancient fossil record 
(Raup, 1976a, 1976b; Raup & StanleY, 
1978; De Renzi, 1992). Rarefaction by 
age can produce bias against aragonitic 
shells, and this bias could potentially influ-
ence the Triassic fossil record (De Renzi 
& RoS, 2002; RoS & De Renzi, 2005). 
Bivalve shells can be entirely aragonitic, 
calcitic except for aragonitic myostracal 
(muscle scar) and ligament mineralization, 
or any proportion of aragonite and calcite 
in the major shell layers (CaRteR, 1990). 
The differential solubility of aragonite 
and calcite (keRn & weiSbRoD, 1964; 

RolFe & bRett, 1969; MoRSe, MuCCi, & 
MilleRo, 1980; kiDwell, 2005) can result 
in underestimation of aragonitic bivalve 
diversity (haRpeR, 1998; De Renzi & RoS, 
2002; buSh & baMbaCh, 2004; RoS & De 
Renzi, 2005; Valentine & others, 2006). 
Inorganic calcite is 35% less soluble than 
aragonite, but other factors, such as crystal 
size and shape (haRpeR, 2000; Valentine 
& others, 2006) and the amount of organic 
matter (haRpeR, 2000) can also influence 
solubility. However, kiDwell (2005) did 
not find a significant mineralogical effect 
on estimates of family-level bivalve diver-
sity in the fossil record. The plesiomor-
phic condition in the Bivalvia is entirely 
aragonitic shells. Bivalves are presently 
divided into two categories: aragonitic 
and bimineralic. Bivalves with even a thin 
calcitic outer shell layer, such as many 
Paleozoic pterioids and pectinoids, were 
classified as bimineralic because such a layer 
increases their preservational potential. As 
shown in Figure 1, richness of aragonitic 
bivalves grows remarkably slower than 
that of bimineralic ones. This difference 
between rates, however, can reflect the 
aragonite bias. This figure also shows that 
aragonitic families increased at a more rapid 

Fig. 1. Diversity of bivalve families according to shell 
mineralogy; C, Cambrian Or, Ordovician; Si, Silurian; 
Dv, Devonian; Cb, Carboniferous; Pm, Permian; Tr, Tri-
assic; J, Jurassic; K, Cretaceous; Cz, Cenozoic (adapted 

from Ros & De Renzi, 2005). 
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pace than the bimineralic ones throughout 
the Mesozoic, although the aragonitic ones 
may be underrepresented. 

Substrate Relationship and Shell Size

Relationship to the substrate apparently 
does not influence family-level diversity 
estimates in the fossil record (haRpeR, 2000; 
RoS & De Renzi, 2005), but there is a nega-
tive bias against smaller bivalves (CoopeR 
& others, 2006). This is a serious problem 
for analyzing diversity just after an extinc-
tion, since organisms tend to be smaller 
during survival and recovery stages (the 
so-called Lilliput effect; see twitChett, 
2006). Bivalve diversity could therefore be 
underestimated for the Early Triassic because 
of this bias (hautMann & nützel, 2005).

Geographic and Stratigraphic Range

Geographically restricted taxa are more 
likely to be overlooked in the fossil record, 
thereby leading to underestimations of diver-
sity (Valentine & others, 2006; RoS, 2009). 
The same applies to taxa with more restricted 
stratigraphic ranges: the longer the stratigraphic 
range, the more likely a taxon is to be recorded. 
Furthermore, time and geographic range 
appear to be positively correlated (MilleR & 
Foote, 2003; Foote & others, 2008). 

INDUAN–SINEMURIAN 
TAXONOMIC DIVERSITY 

DYNAMICS

Standing Generic Diversity

Total bivalve generic diversity (boundary 
crosser estimation) steadily increased from 
the Induan, earliest Triassic, to the Norian, 
middle Late Triassic (Fig. 2). The total 
number of genera then diminished through 
T/J and then rose again during the Early 
Jurassic. Generic first appearances (FADs) 
reached a maximum in the Carnian (63 
genera), then diminished to a minimum 
during the Rhaetian (Fig. 3). The trend 
of last appearances (LADs) follows that of 
FADs from Induan to Norian, but differs 
from FADs by peaking in the Rhaetian 
(Fig. 3). Not all bivalve orders contributed 
equally to this diversity change (Fig. 4). 
Pectinida, Pteriida, Venerida, and Trigo-
niida are the most diverse orders during 
the study interval. The first two are mostly 
epifaunal bivalves whose orders were well 
represented in the Paleozoic and reached a 
diversity peak during the Carnian, with a 
slight decrease from then on. Other, mainly 
infaunal orders, such as Venerida, progres-
sively increased in generic diversity through 
the entire interval, with only a slight decrease 

Fig. 2. Bivalve generic diversity (boundary crosser 
estimation) during the Induan–Sinemurian for infau-
nal, epifaunal, and all life strategies; Pm, Permian; I, 
Induan; Ol, Olenekian; An, Anisian; La, Ladinian; Ca, 
Carnian; No, Norian; Rh, Rhaetian; He, Hettangian; Si, 

Sinemurian (data from Ros, 2009).

Fig. 3. First appearances (LADs), and last appearances 
(FADs), during the Induan–Sinemurian; see Figure 2 

for key to abbreviations (adapted from Ros, 2009). 
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at the T/J boundary. The Trigoniida also 
increased during all of the Triassic then 
clearly declined in generic diversity at the 
T/J boundary.

When infaunal and epifaunal bivalves 
are analyzed separately (Fig. 2), epifaunal 
generic diversity is slightly greater than 
infaunal diversity until the Carnian, when 
both lines intersect, and from then onward 
to the present, infaunal bivalves are always 
more diverse than epifaunal ones. Note 
that the diversity of epifaunal and infaunal 
bivalves decreases in parallel, with infaunal 
diversity remaining greater than epifaunal 
diversity. During the study interval, generic 
diversity climaxed during the Norian. The 
diversity of each group declined after its 
maximum until the end of the Rhaetian.

Evolutionary Rates

Origination rates during the Triassic show 
an overall diminishing trend (Fig. 5), with 
three successively lower peaks (Induan, 
Anisian, Carnian), then decreasing from 
the Carnian to a minimum just at the 
Norian. Then, it began to grow until the 
T/J boundary and increased sharply during 
the Hettangian. Infaunal generic origination 
rates are greater than epifaunal ones from 
the Carnian onward (Fig. 6.2). During the 

Hettangian, although both infauna and 
epifauna show a peak, origination rates are 
significantly greater for the infauna. 

A peak in extinction rates during the 
Induan stage is entirely due to a decline in 
epifaunal genera, and its high value is prob-
ably influenced by the short duration of the 
stage and the small number of surviving 
taxa (Fig. 6.1). This value is only exceeded 
in Rhaetian times (also a short stage), when 
as many as 53 genera disappeared (42%). 
After the Induan stage, generic extinction 
rates show a decreasing trend until Ladinian, 
after which there are 2 peaks: the first during 

Fig. 4. Bivalve generic diversity (Mean Standing Diversity and Boundary Crosser in T/J limit) by order during 
the Induan–Sinemurian. In the order Hippuritida, all Triassic genera went extinct at the T/J boundary, but the 
order reappeared in the Sinemurian with Pachyrisma; see Figure 2 for key to abbreviations (data from Ros, 2009). 

Fig. 5. Bivalve evolutionary rates for the Induan–
Sinemurian interval for total bivalve genera; see Figure 

2 for key to abbreviations (data from Ros, 2009). 
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the Carnian and the second (larger) during 
the Rhaetian (Fig. 5). In the Anisian and 
Carnian, the generic extinction rate was 
particularly severe for epifaunal taxa, among 
which most genera were represented by a 
single species, but it was similar for both 
collectives during the T/J event (Fig. 6.1). 

Within the Triassic, the Carnian is charac-
terized by a maximum diversification rate for 
infaunal genera relative to epifaunal genera 
(Fig. 6.3). The generic diversification rate is 
positive during the Triassic except around 
the T/J boundary, when a negative value is 
observed, with epifauna declining faster than 

infauna due to a greater origination rate of 
this collective during the Rhaetian. During 
the Hettangian, infaunal generic diversifica-
tion rates were far greater than for epifauna.

New Taxa

The preceding analyses indicate that 
one of the most significant events in the 
history of Triassic–Early Jurassic bivalve 
diversity was the change from an epifauna-
dominated to an infauna-dominated fauna 
(Fig. 2). Considering only the genera with 
Induan to Sinemurian FADs, the number 
of originations for infaunal bivalves greatly 
exceeded that of epifaunal bivalves from the 
Carnian onward (Fig. 7–8).

When one examines the fate of stage-
delimited cohorts of bivalve genera origi-
nating in the Triassic (Fig. 9–12), the Early 
and Middle Triassic cohorts are most stable, 
with the exception of the Olenekian cohort, 
which underwent three extinction events, at 
T/J boundary, in the Late Jurassic, and in 
the Early Cretaceous. After steadily dimin-
ishing throughout the Triassic, the Anisian and 
Ladinian Middle Triassic cohorts suffered no 
major losses until the K/T extinction (Fig. 10). 
In contrast, the Carnian, Norian, and Rhaetian 
Late Triassic cohorts show more pronounced 
decay during the Jurassic and the Cretaceous, 
culminating in profound losses during the K/T Fig. 6. Evolutionary rates of epifaunal and infaunal 

bivalves. 1, Extinction rates; 2, origination rates; 3, di-
versification rates; see Figure 2 for key to abbreviations 

(data from Ros, 2009).

Fig. 7. Bivalve genera originating during the Triassic 
(Induan–Rhaetian) and their fate since the Hettangian 
times; Paleog, Paleogene; Neog, Neogene (data and 

figure from Ros, 2009). 

1

2

3



Early Triassic–Early Jurassic Bivalve Diversity Dynamics 7

extinction (Fig. 11). The differential success 
of the earlier and later Triassic generic cohorts 
may reflect the progressive biotic filling up of 
ecospace, with a parallel increase in competi-
tion (De Renzi & RoS, 2004; hautMann, 
2007), and the resultant progressive increase 
in origination rates of stenocore genera, with 
smaller geographic distributions and shorter 
durations (RoS, 2009). Interestingly, the 
Hettangian and Sinemurian Early Jurassic 
generic cohorts show a stability intermediate 
between the Early and Late Triassic cohorts, 
comparable to the Middle Triassic cohorts (Fig. 
12). This may reflect the different intensity 
of the P/T and T/J extinction events. This 
pattern confirms the observation by MilleR 
and Foote (2003) that marine post-Paleozoic 
taxa originating during recovery periods tend 
to persist longer than others.

INDUAN–SINEMURIAN BIVALVE 
ECOSPACE DYNAMICS

Much has been written about long-term 
changes in the use of ecospace by marine 
invertebrates, especially in relation to the 
decline of the Paleozoic fauna and the rise of 
the modern fauna (baMbaCh, 1983; bottjeR, 
SChubeRt, & DRoSeR, 1996; ClaphaM & 
bottjeR, 2007). Such analyses can help 
identify the traits that have been impor-
tant in bivalve evolutionary dynamics, and 

perhaps point to ecological factors during 
the T/J extinction. We have analyzed bivalve 
ecospace utilization during the Induan–
Sinemurian interval.

TRIASSIC–EARLY JURASSIC BIVALVE 
ECOSPACE CATEGORIES

The presently utilized ecospace catego-
ries for the Triassic and Early Jurassic 
are: tiering (epifaunal, semi-infaunal, 
shallow infaunal, deep infaunal), motility 
level (fast motile, slow motile, facultative 
attached, facultative unattached, seden-
tary attached, sedentary unattached), and 
feeding strategy (suspensivorous, detri-
tivorous) (Table 1). These categories differ 
slightly from those proposed by baMbaCh, 
buSh, and eRwin (2007) for all marine 
animals, and from the so-called Bamba-
chian megaguilds of DRoSeR, bottjeR, 
and Sheehan (1997). baMbaCh, buSh, and 
eRwin (2007) divided ecospace by feeding 
type, degree of mobility or attachment, 
and tiering. Unlike baMbaCh, buSh, and 

Fig. 8. Bivalve genera originating during the Hettangian 
and Sinemurian Early Jurassic, and their fate since the 
Pliensbachian; Paleog, Paleogene; Neog, Neogene (data 

and figure adapted from Ros, 2009).

Fig. 10. Bivalve genera originating during the Middle 
Triassic (Anisian and Ladinian cohorts) and their sub-
sequent fate; Paleog, Paleogene; Neog, Neogene (data 

and figure adapted from Ros, 2009).

Fig. 9. Bivalve genera originating during the Early 
Triassic (Induan and Olenekian cohorts) and their 
subsequent fate; Paleog, Paleogene; Neog, Neogene (data 

and figure adapted from Ros, 2009). 
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eRwin (2007), we use only four categories 
of tiering because no Triassic or Early 
Jurassic bivalves with pelagic or erect life 
habits are known. Also, our motility cate-
gory is restricted to burrowers and swim-
mers (with swimmers being regarded as 
facultative motile) in relation to epifaunal 
and infaunal strategies, and our feeding 
category is restricted to suspensivores and 
detritivores. Carnivorous bivalves (e.g., 
Septibranchia) did not appear until the 
Middle Jurassic. Burrowing mobility is 
presently divided into fast and slow, as 

suggested by shell morphology, but fast-
burrowing bivalves did not appear until 
the Cenozoic (CheCa & jiMénez-jiMénez, 
2003). Only adult life habits are presently 
considered, because some bivalves change 
their mode of life during ontogeny. 

In order to examine trends in ecospace 
utilization among Induan–Sinemurian 
bivalves, we recorded the boundary crosser 
estimate of generic diversity by stage repre-
senting each life habit category (for details 
see RoS, 2009; fig. 5.6, p. 481–484; and see 
Fig. 13–14).

table 1. Ecologic categories for tiering, motility level, and feeding mechanism recog nized here 
for bivalves. The main differences with the invertebrate ecospace of baMbaCh, buSh, and eRwin 
(2007) are: (1) only four tiering categories are considered, because no bivalves with pelagic or 
erect mode of life are known; (2) motility level: the two first categories only include burrow-
ing bivalves, because they are the only ones that can move continuously, and the other four 
categories are always for epifaunal or semi-infaunal bivalves; (3) feeding mechanism: only two 
categories are considered, because no other mechanisms are inferred in bivalves from the study 

time interval (adapted from Bambach, Bush, & Erwin, 2007).
Category Description

Tiering 
Epifaunal Benthic, living above substrate or water interface
Semi-infaunal Partly infaunal, partly exposed to the water column
Shallow infaunal Infaunal, living in the top 5 cm of the substrate
Deep infaunal Infaunal, living more than 5 cm deep in the substrate

Motility level
Fast motile Fast burrower
Slow motile Slow burrower
Facultative, unattached Reclined free-lying with ability to swim
Facultative, attached Byssate with ability to swim or pseudoplanktonic
Nonmotile (sedentary), unattached Not capable of self-propulsion, free-lying, reclined
Nonmotile (sedentary), attached Not capable of self-propulsion, attached (cemented or byssate)

Feeding mechanism
Suspension feeder Capturing food particles from the water
Deposit feeder Capturing loose particles from the substrate

Fig. 11. Bivalve genera originating during the Late 
Triassic (Carnian, Norian, and Rhaetian cohorts) and 
their subsequent fate; Paleog, Paleogene; Neog, Neogene  

(data and figure adapted from Ros, 2009). 

Fig. 12. Bivalve genera originating during the Early 
Jurassic (Hettangian and Sinemurian cohorts) and 
their subsequent fate; Paleog, Paleogene; Neog, Neogene  

(data and figure adapted from Ros, 2009).
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Variations in the Ecospace Utilization

All life strategies followed by Induan 
bivalves were already occupied during 
the Permian. Therefore, Induan ecologic 
biodiversity reflects only the life strategies 
persisting after the P/T crisis. The best 
represented of these is suspensivorous, 
epifaunal, sedentary attached taxa, most of 
which were epibyssate (Fig. 14.1–14.2). The 
epi byssate and shallow burrowing life habits 
(comprising several ecospace categories) are 
the most diverse life strategies during the 
Induan stage. The cemented mode of life 
is represented during Induan time only by 
Pegmavalvula, which did not survive into the 
Middle Triassic (newell & boYD, 1995). 
However, cemented genera subsequently 
diversified in the Middle and Late Triassic 
when epibyssate genera decreased in diversity 
(Fig. 14.2).

During the Olenekian stage, two Permian 
life strategies reappeared: deep burrowers, 
represented by Pleuromya, and epifaunal, 
sedentary, unattached bivalves, represented 
by Bositra. Bivalves using the former strategy 
became increasingly diverse during the 
Triassic and Jurassic, and they were only 
barely affected by the end-Triassic extinc-
tion (one genus lost) (Fig. 14.5). However, 
epifaunal, sedentary, unattached bivalves 
peaked during the Norian, were reduced 
in generic diversity during the Rhaetian, 
and then remained roughly constant to 
the Sinemurian (Fig. 14.1). The reclining 
mode of life, including free epifaunal and 
semi-infaunal, nonmotile, unattached forms, 
increased in diversity up to the Late Triassic 
(Fig. 14.1 and 14.6). Semi-infaunal bivalves 
reach a maximum in the Norian, only to 
disappear altogether at the end of the Rhae-
tian (all Triassic forms). Nevertheless, the 
latter strategy was resumed in the Hettan-
gian by Weyla and in the Sinemurian by 
Weyla and Pachyrisma.

During the study interval, endolithic 
bivalves first appeared in the Late Triassic, 
probably in the Norian (kleeMann, 1994). 
They are here gathered with deep burrowers, 

because deep infaunal habitat and boreholes 
produced by endolithic activity are both 
safe places. Facultative mobile, infaunal, 
attached (endobyssate) genera had Carnian 
first records, and they were represented by 
some Kalenteridae and Carditidae, which 
probably could burrow but spent almost 
all their lives being endobyssate. However, 
the latter strategy was apparently not very 
successful just after the Rhaetian, being 
occupied in the Hettangian and Sinemurian 
by only one genus, Kalentera (Fig. 14.4). 

Among infaunal bivalves,  the most 
successful strategy seems to have been 
suspensivorous, shallow burrowers, although 
this was severely reduced by the end-Triassic 
crisis (Fig. 14.4). Detritivores were always 
less abundant than suspensivores during the 
study interval (Fig. 14.3). Fast burrowers 
(either suspensivorous or detritivorous) were 
more seriously impacted by the T/J extinc-
tion than slow burrowers (Fig. 14.3–14.4).

Tiering

During the P/T extinction, epifaunal 
tiering considerably decreased in soft bottom 

Fig. 13. Theoretic bivalve ecospace in the Induan–Sine-
murian interval defined by the three variables (with 
their categories): tiering (Epi, Semi, Is, Ip), motility 
level (Mf, Ms, Fat, Funat, Sat, Sunat), and feeding 
strategy (Susp, Det). The strategies occupied by bivalves 
are colored; Susp, suspensivorous; Det, detritivorous; 
Epi, epifaunal; Semi, semi-infaunal; Is, shallow infaunal; 
Ip, deep infaunal; Mf, fast motile; Ms, slow motile; Fat, 
facultative attached; Funat, facultative unattached; Sat, 
sedentary attached; Sunat, sedentary unattached (new).
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suspensivorous communities (bottjeR & 
auSiCh ,  1986; bottjeR ,  SChubeRt, & 
DRoSeR, 1996; auSiCh & bottjeR, 2001). 
Infaunal tiering also declined, at least in the 
equatorial realm (knauSt, 2010), and this is 

coincident with the absence of deep infaunal 
burrowers during Induan times. Neverthe-
less, tiering rapidly recovered to Permian 
levels and was not affected by the T/J extinc-
tion (auSiCh & bottjeR, 2001) (Fig. 14.5). 

Fig. 14. Ecospace occupied by Induan–Sinemurian bivalves. The generic diversity (Boundary Crosser estimation) 
corresponding to each life strategy is shown by stage. 1, Epifaunal; 2, epifaunal, suspensivorous, sedentary (nonmo-
tile), attached strategy decoupled in terms of cemented and epibyssate animals; 3, shallow infaunal; 4, suspensivorous 
shallow infaunal; 5, deep infaunal; 6, semi-infaunal; see Figure 2 for key to abbreviatons (data from Ros, 2009).

1 2

3 4

5 6
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Deep infaunal tiering was, for bivalves, one 
of the most stable ecologic categories during 
the study interval. The reinstallation of 
tiering is a good measure of recovery after 
extinction (twitChett, 1999), and during 
the Anisian Middle Triassic, deep burrowing 
bivalves reappeared and diversified.

Bivalves occupy only the lowest levels of 
epifaunal tiering, but they can be secondary 
tierers, using skeletons of primary tierers to 
lift themselves above the substrate, thereby 
reaching elevations up to 20 cm (bottjeR 
& auSiCh, 1986). Cemented and occasion-
ally swimming byssate bivalves increased 
throughout the study interval (Fig. 14.1–
14.2, Fig. 15). In comparison with brachio-
pods, which developed only very slight 
tiering throughout the entire Phanerozoic 
(between –6 cm and +5 cm; bottjeR & 
auSiCh, 1986), bivalves came to occupy the 
deepest infaunal levels, down to –100 cm 
(auSiCh & bottjeR, 1982) due to siphon 
development (StanleY, 1968, 1977). Thus, 
Triassic bivalves occupied tiering ecospaces 

vacated during the Early Triassic, whereas 
brachiopods remained in tiering ecospaces 
that were never vacated and that were there-
fore characterized by intense competition 
from other marine invertebrates.

LATE TRIASSIC INFAUNALIZATION 
AND THE MMR

As noted by MCRobeRtS (2001), infaunal 
bivalves increased throughout the Triassic, 
more noticeably from Late Triassic onward. 
At the same time, cemented bivalves 
diversified during the Middle and Late 
Triassic (haRpeR, 1991). Both infaunaliza-
tion (StanleY, 1977; VeRMeij, 1977) and 
cementation (haRpeR, 1991, 2003, 2005; 
hautMann &  golej, 2004) were part of 
the Mesozoic Marine Revolution (MMR), 
which reflects an increase in durophagous 
organisms. haRpeR (1991) verified experi-
mentally that some predators (asteroids and 
crabs) prefer byssate rather than cemented 
bivalves. hautMann and golej (2004) 
observed that post-Paleozoic cemented 

Fig. 15. Generic diversity (Mean standing diversity) trends for four composite life strategy categories during the 
Induan–Sinemurian. Reclined bivalves are all suspensivorous, sedentary (nonmotile), and unattached, and include 
epifaunal and semi-infaunal taxa. Swimming bivalves are all suspensivorous and epifaunal and include facultative 
attached and facultative unattached taxa. Cemented bivalves are all suspensivorous, epifaunal, sedentary (nonmo-
tile), and attached. Deep burrower bivalves are all suspensivorous, deep infaunal, slow motile taxa; see Figure 2 for 

key to abbreviatons (new). 
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bivalves had more complex hinge plates 
than Late Paleozoic ones, and interpreted 
this as a defensive strategy against valve 
torsion and predator manipulation. The 
main predator groups had already appeared 
during the Triassic but were apparently not 
sufficiently abundant to seriously influence 
biotic communities (MCRobeRtS, 2001; but 
see RoS & others, 2011). Several examples 
of predation on bivalves are known from the 
Triassic (Végh-neubRanDt, 1982; FüRSiCh 
& jablonSki, 1984; newton & others, 
1987; kowalewSki, Dulai, & FuRSiCh, 
1998; MCRobeRtS & bloDgett, 2000) 
and Early Jurassic (haRpeR, FoRSYthe, & 
palMeR, 1998; haRpeR, 2003), but it seems 
that predation pressure increased signifi-
cantly only from the Early Cretaceous, 
when predators became both abundant and 
diverse (VeRMeij, 1977; kowalewSki, Dulai, 
& FuRSiCh, 1998). haRpeR, FoRSYthe, and 
palMeR (1998) suggested that predation 
levels can be underestimated for poorly 
preserved faunas because of the difficulty of 
observing predation marks. Because of the 
generally poor preservation of early Mesozoic 
bivalves (often preserved as molds) (RoS & 
De Renzi, 2005), it is possible that Triassic 
predation levels have been underestimated 
and that increased predation is responsible 
for some of the life habit changes docu-
mented for this period (haRpeR, FoRSYthe, 
& palMeR, 1998; haRpeR, 2003). Probably 
because of their entirely calcitic shells, artic-
ulated brachiopods usually preserve preda-
tion marks better than bivalves (haRpeR, 
2003). Perhaps not surprisingly, therefore, 
predatory drilling has been judged to be 
higher for brachiopods than for bivalves 
during the Mesozoic (haRpeR, 2003). Some 
brachiopods, such as terebratulids and rhyn-
chonellids, already show a trend of ornamen-
tation reinforcement during the Triassic and 
Jurassic. This trend has been interpreted as a 
response to increased diversity of predators 
(VöRöS, 2010).

Free-lying, epifaunal, and semi-infaunal 
bivalves increased in diversity during the 
Triassic (Fig. 14.1, 14.6, Fig. 15; see also 

haRpeR, 2003, 2005), but from the Norian 
on they were less diverse, and they were 
strongly affected by the T/J crisis. Note 
that, whereas cementing, swimming, and 
deep burrower bivalves increase in diversity 
throughout the Triassic, the reverse trend 
is observed for sedentary, reclined bivalves 
during the Late Triassic and Early Jurassic 
(Fig. 15).

The patterns summarized above were 
interpreted by MCRobeRtS (2001) to result 
from greater competition in the epifauna 
than in the infauna, and from the biotic 
structure during the recovery phase after 
the P/T extinction. It is clear that siphonate 
bivalves (StanleY, 1968, 1977), with access 
to many available niches without direct 
competition from other infaunal organ-
isms during the Early Triassic (bottjeR & 
others, 2001), had a splendid opportunity to 
radiate and that their radiation was probably 
favored by the presence of the post-Paleozoic 
predators. 

THE TRIASSIC–JURASSIC 
EXTINCTION AND RECOVERY

Bivalve generic origination rate decreased 
continuously during the Triassic, prob-
ably due to saturation of niches. Bivalve 
extinction rates show a different pattern 
than that suggested for the global biota 
by luCaS and tanneR (2008), wherein 
extinction rate decreased and origination 
rate increased continuously during the 
Late Triassic. Bivalves demonstrate a high 
extinction rate during the Early Triassic, 
the Carnian, and especially the Rhaetian 
(Fig. 5), but not during the Norian, despite 
the fact that some groups, such as halobiids 
and monotiids, suffered extinction at the 
Norian-Rhaetian boundary (MCRobeRtS, 
2007), and pectinids did so as well at the 
Carnian-Norian boundary (johnSon & 
SiMMS, 1989). The Trigoniida and Hippu-
ritida show a maximum extinction rate 
during the Carnian; their diversity then 
diminished during the entire Late Triassic 
(RoS & eCheVaRRía, 2011a). Nevertheless, 
the generic diversification rate is negative for 
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bivalves only around the T/J boundary (Fig. 
5). As explained by baMbaCh, knoll, and 
wang (2004), the T/J global crisis was not 
characterized by extremely high extinction 
rates (as happened during the P/T crisis), but 
by moderate extinction rates combined with 
very low origination rates. This seems not to 
be the case for bivalves, since their extinction 
rate is high (compared with the rest of the 
Triassic) and their origination rate is only 
slightly low (RoS & eCheVaRRía, 2011b).

Triassic-Jurassic Extinction Selectivity

The present study does not support 
previous conclusions that infaunal bivalves 
suffered greater extinction than epifaunal 
ones during the T/J extinction (MCRobeRtS 
& newton, 1995; MCRobeRtS, newton, 
& allaSinaz, 1995, in Europe; hautMann 
& others, 2008, in Tibet; kieSSling & 
others, 2007, for the whole bivalve biota) 
(Fig. 4). The extinction rate is similar for 
both collectives, as noted by MCRobeRtS 
(2001), although origination rate is higher 
for infaunal ones and therefore the diversi-
fication rate is higher for this collective. The 
data also indicate that during the Carnian, 
Norian, and the post-Triassic recovery phase, 
the extinction rate was lower, while the origi-
nation rate was higher for infaunal bivalves 
(Fig. 6; see also kieSSling & others, 2007).

The statistical significance of selectivity in 
extinction was tested using a resampling algo-
rithm for each ecologic strategy (performed 
by jaVieR eCheVaRRía, La Plata Museum, 
2010). In the case of tiering and motility, 
extinction rate was found to be highest for 
epifaunal and semi-infaunal, sedentary, free 
bivalves ( p = 0.04), and lowest for deep 
infaunal bivalves (p = 0.02). When examining 
all life strategies, extinction rate was greatest 
for reclined, semi-infaunal bivalves ( p = 0.01; 
100% of Triassic genera became extinct; Fig. 
16), and mobile shallow infaunal bivalves (p = 
0.035), and lowest for deep infaunal bivalves 
( p = 0.03; with only one genus disappearing 
at the T/J boundary, i.e., 11%; Fig. 16).

Regarding shell mineralogy, hautMann 
(2004, 2006) and hautMann, benton, and 
toMašoVýCh (2008) suggested that ocean 
acidification at the T/J boundary should 
cause wholly aragonitic bivalves to suffer 
greater extinction than bimineralic ones. 
But it is noteworthy, in this context, that 
shell mineralogy and mode of life are highly 
correlated (De Renzi & RoS, 2002), with 
burrowing bivalves being nearly exclusively 
aragonitic. The present study confirms that 
during the T/J crisis (Fig. 17.1), wholly 
aragonitic bivalves suffered proportion-
ally more extinction than bimineralic 
ones, although no statistically significant 

Fig. 16. Generic extinction percentages into each life strategy at the T/J crisis. The only significant differences 
from the global percentage extinction are observed for the suspensivorous semi-infaunal sedentary unattached and 
suspensivorous deep infaunal slow motile strategies; broken line, extinction for all categories combined (42%) (new). 
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differences are detected in the results. 
However, this could reflect their predomi-
nantly infaunal mode of life instead of shell 
mineralogy. According to kieSSling and 
others (2007, p. 216), aragonitic epifaunal 
bivalves were more vulnerable to extinction 
during the Triassic and Jurassic than bimin-
eralic epifaunal bivalves. However, our 
data (Fig. 17.2) demonstrate that most of 
the epifaunal bivalves that became extinct 
were bimineralic, and the extinct epifaunal 
aragonitic genera were almost all recliners 
(epifaunal and semi-infaunal, nonmotile, 
unattached).

kieSSling and abeRhan (2007) suggested 
a climatic factor in the T/J extinction, with 
tropical genera being more affected by the 
crisis. The climatic factor was not considered 
in the present study. 

Taxonomic versus Ecologic Changes in 
the Triassic/Jurassic Extinction

hallaM (1981) proposed a more severe 
generic-level T/J extinction for bivalves 
(50%) than the 42% extinction indicated by 
our data. Our percentage is most similar to 
that in MCRobeRtS (2001; 40%), and higher 
than that in hallaM (2002; 31%), kieSSling 
and others (2007; 26% ± 5%), and haut-
Mann (2007; 34%). Our generic data do not 
reflect the global Norian–Rhaetian extinc-
tion event described by luCaS and tanneR 
(2008) for bivalves and other organisms. 
Instead, we see a mild extinction rate during 
the Carnian and Anisian and a much higher 

rate during the Rhaetian, but no extinction 
peak during the Norian. 

Despite the loss of 42% of genera, bivalves 
were unaffected in terms of life habit strate-
gies at the T/J boundary (RoS & others, 
2011). The taxonomic and ecologic impact 
of the extinction was therefore decoupled, 
as previously noted by DRoSeR and others 
(2000) and MCghee and others (2004) for 
other extinction events for the whole biota. 
DRoSeR, bottjeR, and Sheehan (1997) 
developed a system to evaluate the severity 
of ecologic change produced during mass 
extinctions and recoveries. They considered 
four paleoecological levels, all nonadditive 
and nonhierarchical, but ordered by severity. 
They also indicated some characteristic 
signals for each level. We have modified 
these levels and their signals to evaluate 
the ecological severity of extinction in the 
Bivalvia (Table 2). We conclude that the T/J 
boundary saw no change in the ecology of 
bivalve communities, no loss of any bivalve 
life strategy, and only third- and fourth-level 
ecologic changes sensu DRoSeR, bottjeR, and 
Sheehan (1997, p. 168), indicated by “thin-
ning” within life strategies and taxonomic 
changes. In contrast, the P/T extinction 
was characterized by second-level ecologic 
changes for bivalves, with the transition 
from brachiopod-dominated to bivalve-
dominated shelf communities during the 
Early Triassic (goulD & CallowaY, 1980). 
The T/J extinction did not see a change in 
infaunal tiering, with deep burrowers losing 
only one genus. 

Post–P/T and post–T/J Recovery

A comparison of bivalve diversity at the 
beginning of the Triassic and Jurassic indi-
cates that the two post-extinction recoveries 
were quite different. The Early Triassic was 
characterized by several generalistic bivalves 
with wide paleogeographic distributions, 
whereas the Early Jurassic was character-
ized by much greater bivalve diversity. One 
shared feature was the small size of the 
recovery bivalves (twitChett, 2001), as 
clearly shown by megalodontids at the T/J 

Fig. 17. Comparison of genera becoming extinct or sur-
viving the T/J boundary crisis according to mineralogy; 
1, total number of genera; 2, epifaunal genera (new). 

1 2
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boundary (Végh-neubRanDt, 1982; alla-
Sinaz, 1992; hautMann, 2006) and by other 
bivalves at the P/T boundary (hautMann & 
nützel, 2005). Although ecologic tiering 
is usually affected during extinction events 
(e.g., the P/T extinction event), no such 
changes are evident for bivalves at the T/J 
boundary.

During the Hettangian and Sinemu-
rian (Early Jurassic), the rapid recovery of 
infaunal bivalves correlates with the Jurassic 
infaunalization described by abeRhan, 
kieSSling, and FuRSiCh (2006).

The number of new genera appearing 
during the Hettangian (21) is nearly the 
same as during the Early Triassic (20), but 
the time involved is much shorter, i.e., 3.1 
Ma for the Hettangian and 6 Ma for the 
Induan + Olenekian. The faster rate of 
recovery during the Early Jurassic reflects the 
smaller magnitude of the T/J crisis compared 
with the P/T crisis, and probably also the 
greater ecologic impact of the P/T event.

CONCLUSIONS
The present analysis indicates that, 

although the Triassic–Jurassic extinction 
strongly impacted bivalve taxonomic diver-
sity, it had little impact on bivalve ecologic 
diversity. Not a single bivalve life strategy 
was eliminated at the end of the Triassic. 

The process of infaunalization began for 
bivalves in the Late Triassic and proceeded 
unabated throughout the Mesozoic. This 
process and the selectivity against free-lying 
forms during the same period of time, 
together with an increase in diversity of 
cemented and facultative motile bivalves, 
seem to reflect the influence of the MMR. 
However, possibly due to the generally 
poor preservation of early Mesozoic bivalve 
faunas, the link between these changes and 
increased predation in the Triassic has yet 
to be demonstrated. 

REFERENCES
Aberhan, Martin, Wolfgang Kiessling, & Franz T. Fur-

sich. 2006. Testing the role of biological interactions 
in the evolution of mid-Mesozoic marine benthic 
ecosystems. Paleobiology 32(2):259–277.

Alberch, Pere. 1980. Ontogenesis and morphological 
diversification. American Zoologist 20:653–667.

Allasinaz, Andrea. 1992. The Late Triassic–Hettangian 
bivalves turnover in Lombardy (Southern Alps). 
Rivista Italiana di Paleontologia e Stratigrafia 
97:431–454.

Amler, M. R. W. 1999. Synoptical classification of fossil 
and Recent Bivalvia. Geologica et Palaeontologica 
33:237–248.

Amler, M. R. W., R. Fischer, & N. Rogalla. 2000. Sys-
tematische Einheiten. In H. K. Erben, G. Hillmer, 
& H. Ristedt, eds., Muscheln, Band 5. Haeckel-
Bucherei. Enke. p. 70–133.

Ausich, W. I., & David J. Bottjer. 1982. Tiering in 
suspension-feeding communities on soft substrata 
throughout the Phanerozoic. Science 216:173–174.

Ausich, W. I., & David J. Bottjer. 2001. Sessile in-
vertebrates. In D. E. G. Briggs & P. R. Crowther, 
eds., Palaeobiology II. Blackwell Science. Oxford. 
p. 384–386.

Bambach, Richard K. 1983. Ecospace utilization and 
guilds in marine communities through the Phanero-
zoic. In M. J. S. Tevesz & P. L. McCall, eds., Biotic 
Interactions in Recent and Fossil Benthic Communi-
ties. Plenum. New York. p. 719–746.

Bambach, Richard K., Andrew M. Bush, & Douglas H. 
Erwin. 2007. Autecology and the filling of ecospace: 
Key metazoan radiations. Palaeontology 50(1):1–22.

Bambach, Richard K., Andrew H. Knoll, & Steve 
C. Wang. 2004. Origination, extinction, and 
mass depletions of marine diversity. Paleobiology 
30(4):522–542.

Benton, Michael J. 2003. When Life Nearly Died: The 
Greatest Mass Extinction of all Time. Thames & 
Hudson. London. 336 p.

Bottjer, David J., & W. I. Ausich. 1986. Phanero-
zoic development of tiering in soft substrata 
suspension-feeding communities. Paleobiology 
12(4):400–420.

table 2. Paleoecological levels and their typi-
cal signals to evaluate the effects of extinctions 
and recoveries among bivalves (see also Droser 

& others, 2000; new).
Level Signals

First 1: initial radiation of the clade
 2: total extinction of the clade

Second 1: changes in dominance with respect to  
     other clade
 2: appearance/disappearance of bivalve  
     ecospace strategies

Third 1: increase and/or decrease of tiering  
     complexity
 2: filling or thinning within bivalve ecospace  
     strategies

Fourth 1: taxonomic changes within the clade
 2: appearance/disappearance of the clade in  
  certain communities 



16 Treatise Online, number 39

Bottjer, David J., Mary L. Droser, Peter M. Sheehan, 
& George R. McGhee. 2001. The ecological archi-
tecture of major events in the phanerozoic history 
of marine invertebrate life. In W. D. Allmon & D. 
J. Bottjer, eds., Evolutionary Palaeoecology: The 
ecological context of macroevolutionary change. 
Columbia University Press. New York. p. 35–61.

Bottjer, David J., Jennifer K. Schubert, & Mary L. 
Droser. 1996. Comparative evolutionary palaeoecol-
ogy: assessing the changing ecology of the past. In 
M. B. Hart, ed., Biotic Recovery from Mass Estinc-
tion Events. Geological Society Special Publication 
102:1–13.

Bush, Andrew M., & Richard K. Bambach. 2004. Did 
alpha diversity increase during the Phanerozoic? Lift-
ing the veils of taphonomic, latitudinal, and environ-
mental biases. The Journal of Geology 112:625–642.

Carter, Joseph G., ed. 1990. Skeletal Biomineralization: 
Patterns, Processes and Evolutionary Trends. Vol. I 
and II. Van Nostrand Reinhold. New York. 933 p.

Carter, Joseph G., C. R. Altaba, L. C. Anderson, R. 
Araujo, A. S. Biakov, A. E. Bogan, D. C. Campbell, 
M. Campbell, J.-H. Chen, J. C. W. Cope, G. Del-
vene, H. H. Dijkstra, Z-j. Fang, R. N. Gardner, V. 
A. Gravrilova, I. A. Goncharova, P. J. Harris, J. H. 
Hartman, M. Hautmann, W. R. Hoeh, J. Hylleberg, 
B.-Y. Jiang, P. Johnston, L. Kirkendale, K. Kleemann, 
J. Koppka, J. Kríz, D. Machado, N. Malchus, A. 
Márquez-Aliaga, J. P. Masse, C. A. McRoberts, P. U. 
Middelfart, S. Mitchell, L. A. Nevesskaja, S. Özer, 
J. Pojeta, I. V. Polubotko, J. M. Pons, S. Popov, T. 
Sánchez, A. F. Sartori, R. W. Scott, I. I. Sey, J. H. 
Signorelli, V. V. Silantiev, P. W. Skelton, T. Steuber, J. 
B. Waterhouse, G. L. Wingard, & T. Yancey. 2011. A 
Synoptical Classification of the Bivalvia (Mollusca). 
Paleontological Contributions 4:1–47. 

Carter, Joseph G., Enriqueta Barrera, & Michael J. S. 
Tevesz. 1998. Thermal potentiation and mineralogi-
cal evolution in the Bivalvia (Mollusca). Journal of 
Paleontology 72(6):991–1010.

Carter, Joseph G., & George D. Stanley, Jr. 2004. Late 
Triassic gastrochaenid and lithophaginid borings 
(Mollusca: Bivalvia) from Nevada (USA) and Austria. 
Journal of Paleontology 78(1):230–234.

Checa, Antonio G., & Antonio P. Jiménez-Jiménez. 
2003. Evolutionary morphology of oblique ribs of 
Bivalves. Palaeontology 46(4):709–724.

Clapham, Matthew E., & David J. Bottjer. 2007. 
Permian marine paleoecology and its implications 
for large-scale decoupling of brachiopod and bivalve 
abundance and diversity during the Lopingian (late 
Permian). Palaeogeography, Palaeoclimatology, Pal-
aeoecology 249:283–301.

Cooper, Roger A., ed. 2004. The New Zealand Geologi-
cal Timescale. Institute of Geological and Nuclear 
Sciences Monograph 22:284 p.  

Cooper, Roger A., Phillip A. Maxwell, James S. Cramp-
ton, Alan G. Beu, Craig M. Jones, & Bruce A. 
Marshall. 2006. Completeness of the fossil record: 
Estimating losses due to small body size. Geology 
34(4):241–244.

Cope, John C. W. 2000. A new look at early bivalve 
phylogeny. In E. M. Harper, J. D. Taylor, & J. A. 

Crame, eds., The Evolutionary Biology of the Bival-
via. Geological Society of London, Special Publica-
tions 177:81–95.

Cox, L. R., N. D. Newell, D. W. Boyd, C. C. Branson, 
R. Casey, A. Chavan, A. H. Coogan, C. Dechaseaux, 
C. A. Fleming, F. Haas, L. G. Hertlein, E. G. Kauff-
man, A. Myra Keen, A. LaRocque, A. L. McAlester, 
R. C. Moore, C. P. Nuttall, B. F. Perkins, H. S. Puri, 
L. A. Smith, T. Soot-Ryen, H. B. Stenzel, E. R. True-
man, R. D. Turner, & J. Weir. 1969. In R. C. Moore, 
ed., Treatise on Invertebrate Paleontology. Part N, 
Mollusca 6, Bivalvia, vol. 1–2. Geological Society of 
America & University of Kansas Press. Boulder & 
Lawrence. xxviii +  952 p.

Dagys, Algirdas S., & A. A. Dagys. 1994. Global corre-
lation of the terminal Triassic. Memoires de Gedone, 
Lausanne 22:25–34.

De Renzi, Miquel. 1992. Evolución tafonómica: sobre 
la posibilidad de lectura de la evolución orgánica a 
través del registro fósil. In S. Fernández López, co-
ordinator, Conferencias de la Reunión de Tafonomía 
y Fosilización. Editorial Complutense. Madrid. p. 
63–85. In Spanish.

De Renzi, Miquel, & Sonia Ros. 2002. How do 
factors affecting preservation influence our percep-
tion of rates of evolution and extinction? In M. De 
Renzi, M. V. Pardo, M. Belinchon, E. Peñalver, 
P. Montoya, & A. Márquez-Aliaga, eds., Current 
Topics on Taphonomy and Fossilization, Edito-
rial Ilmo, Ayuntamiento de Valencia, Valencia. 
p. 77–88.

De Renzi, Miquel, & Sonia Ros. 2004. Las cohortes de 
géneros de bivalvos que surgen durante el Triásico: 
patrones generales. In A. Calonge, R. Gozalo, M. 
D. López Carrillo, & M. Pardo Alonso, eds., Libro 
de Resúmenes de las XX Jornadas de Paleontología. 
Alcalá de Henares 2004. Universidad de Alcalá de 
Henares. Madrid. p. 53–54. In Spanish.

Diener, Carl. 1923. Lamellibranchiata triadica. In C. 
Diener, ed., Fossilium Catalogus I: Animalia, vol. 
19. W. Junk. Berlin. p. 1–257.

Droser, Mary L., David J. Bottjer, & Peter M. Sheehan. 
1997. Evaluating the ecological architecture of major 
events in the Phanerozoic history of marine inverte-
brate life. Geology 25:167–170.

Droser, Mary L., David J. Bottjer, Peter M. Sheehan, 
& George R. McGhee, Jr. 2000. Decoupling of taxo-
nomic and ecologic severity of Phanerozoic marine 
mass extinctions. Geology 28(8):675–678.

Erwin, Douglas H. 1993. The great Paleozoic Crisis, 
Life and Death in the Permian. Columbia University 
Press. New York. 327 p.

Erwin, Douglas H. 1998. The end and the beginning: 
Recoveries from mass extinctions. Trends in Ecology 
and Evolution 13(9):344–349.

Erwin, Douglas H. 2006. Extinction. How Life 
on Earth Nearly Ended 250 Million Years Ago. 
Princeton University Press. Princeton, New Jersey. 
296 p.

Foote, Michael, James S. Crampton, Alan G. Beu, & 
Roger A. Cooper. 2008. On the bidirectional rela-
tionship between geographic range and taxonomic 
duration. Paleobiology 34(4):421–433.



Early Triassic–Early Jurassic Bivalve Diversity Dynamics 17

Fraiser, Margaret L., & David J. Bottjer. 2007. 
When bivalves took over the world. Paleobiology 
33(3):397–413.

Fürsich, Franz T., & David Jablonski. 1984. Late 
Triassic naticid drillholes: Carnivorous gastropods 
gain a major adaptation but fail to radiate. Science 
224:78–80.

Gould, Stephen J., & C. Bradford Calloway. 1980. 
Clams and brachiopods—Ships that pass in the 
night. Paleobiology 6(4):383–396.

Gradstein, Felix M., & James G. Ogg. 2004. Geologic 
Time Scale 2004—Why, how and where next! Le-
thaia 37:175–181.

Hallam, Anthony. 1981. The end-Triassic bivalve ex-
tinction event. Palaeogeography, Palaeoclimatology, 
Palaeoecology 35:1–44.

Hallam, Anthony. 1982. The Jurassic Climate. In Stud-
ies in Geophysics: Climate in Earth History. National 
Academy Press. Washington, D.C. p. 159–163.

Hallam, Anthony. 2002. How catastrophic was the 
end-Triassic mass extinction? Lethaia 35:147–157.

Hallam, Anthony, & Paul B. Wignall. 1997. Mass 
Extinctions and Their Aftermath. Oxford University 
Press. Oxford. 320 p.

Harper, Elizabeth M. 1991. The role of predation in the 
evolution of cementation in bivalves. Palaeontology 
34(2):455–460.

Harper, Elizabeth M. 1998. The fossil record of bivalve 
molluscs. In S. K. Donovan & C. R. C. Paul, eds., 
The Adequacy of the Fossil Record. John Wiley and 
Sons. Chichester. p. 243–267. 

Harper, Elizabeth M. 2000. Are calcitic layers an ef-
fective adaptation against shell dissolution in the 
Bivalvia? Journal of Zoology 251(2):179–186.

Harper, Elizabeth M. 2003. Assessing the importance of 
drilling predation over the Palaeozoic and Mesozoic. 
Palaeogeography, Palaeoclimatology, Palaeoecology 
210:185–198.

Harper, Elizabeth M. 2005. Dissecting post-Palaeozoic 
arms races. Palaeogeography, Palaeoclimatology, 
Palaeoecology 232:322–343.

Harper, Elizabeth M., Graham T. W. Forsythe, & 
Tim J. Palmer. 1998. Taphonomy and the Meso-
zoic marine revolution; preservation state masks 
the importance of boring predators. PALAIOS 
13(4):352–360.

Harper, Elizabeth M., Todd J. Palmer, & J. R. Alphey. 
1997. Evolutionary response by bivalves to changing 
Phanerozoic sea-water chemistry. Geological Maga-
zine 134(3):403–407.

Hautmann, Michael. 2004. Effect of end-Triassic CO2 
maximum on carbonate sedimentation and marine 
mass extinction. Facies 50:257–261.

Hautmann, Michael. 2006. Shell mineralogical trends 
in epifaunal Mesozoic bivalves and their relation-
ship to seawater chemistry and atmospheric carbon 
dioxide concentration. Facies 52:417–433.

Hautmann, Michael. 2007. Steuerungsfaktoren globaler 
Biodiversifizierungsmuster am Beispiel frühmesozois-
cher Muscheln. Beringeria 37:61–74.

Hautmann, Michael, Michael J. Benton, & Adam 
Tomašových. 2008. Catastrophic ocean acidifica-
tion at the Triassic–Jurassic boundary. Neues Jahr-

buch für Geologie und Paläontologie, Abhandlungen 
249:119–127.

Hautmann, Michael, & M. Golej. 2004. Terquemia 
(Dentiterquemia) eudesdeslongchampsi new subgenus 
and species, an interesting cementing bivalve from 
the Lower Jurassic of the Western Carpathians (Slo-
vakia). Journal of Paleontology 78(6):1086–1090.

Hautmann, Michael, & Alexander Nützel. 2005. First 
record of a heterodont bivalve (Mollusca) from the 
Early Triassic: Palaeoecological significance and im-
plications for the “Lazarus problem.” Palaeontology 
48(6):1131–1138.

Hautmann, Michael, Frank Stiller, Huawei Cai, & 
Jingeng Sha. 2008. Extinction-recovery pattern 
of level-bottom faunas across the Triassic–Jurassic 
boundary in Tibet: Implications for potential killing 
mechanisms. PALAIOS 23:711–718.

Holland, Steven M. 1995. The stratigraphic distribu-
tion of fossils. Paleobiology 21(1):92–109.

Jablonski, David. 2005. Mass extinctions and macro-
evolution. Paleobiology 31(2, Supplement):192–210.

Johnson, Andrew L. A., & Michael J. Simms. 1989. The 
timing and cause of Late Triassic marine invertebrate 
extinctions: Evidence from scallops and crinoids. In 
E. Donovan, ed., Mass extinction: Processes and 
evidence. Belhaven Press. London. p. 174–194.

Kern, Raymond, & Alain Weisbrod. 1964. Thermody-
namique de base pour minéralogistes, pétrographes 
et géologues. Masson et Cie. Paris. 243 p. 

Kidwell, Susan M. 2005. Shell composition has no net 
impact on large-scale evolutionary patterns in mol-
luscs. Science 307:914–917.

Kiessling, Wolfgang, & Martin Aberhan. 2007. Geo-
graphical distribution and extinction risk: Lessons 
from Triassic–Jurassic marine benthic organisms. 
Journal of Biogeography 34(9):1473–1489, doi: 
10.1111/j.1365-2699.2007.01709.x.

Kiessling, Wolfgang, Martin Aberhan, Benjamin Bren-
neis, & Peter J. Wagner. 2007. Extinction trajectories 
of benthic organisms across the Triassic–Jurassic 
boundary. Palaeogeography, Palaeoclimatology, 
Palaeoecology 244:201–222.

Kleemann, Karl. 1994. Mytilid bivalve Lithophaga in 
Upper Triassic coral Pamiroseris from Zlambach beds 
compared with Cretaceous Lithophaga alpina. Facies 
30:151–154.

Knaust, Dirk. 2010. The end-Permian mass extinc-
tion and its aftermath on an equatorial carbonate 
platform: Insights from ichnology. Terra Nova 
22:195–202.

Kowalewski, Michael, Alfrèd Dulai, & Franz T. Fur-
sich. 1998. A fossil record full of holes: The Pha-
nerozoic history of drilling predation. Geology 
26(12):1091–1094.

Kutassy, Andreas. 1931. Lamellibranchiata Triadica II. 
In W. Quenstedt, ed., Fossilium Catalogus I: Anima-
lia, vol. 51. W. Junk. Berlin. p. 261–477.

Lucas, Spencer G., & Lawrence H. Tanner. 2004. Late 
Triassic extinction events. Albertiana 31:31–40.

Lucas, Spencer G., & Lawrence H. Tanner. 2008. Re-
examination of the end-Triassic mass extinction. In 
A. M. Elewa, ed., Mass Extinction. Springer-Verlag. 
Berlin & Heidelberg. p. 66–103.



18 Treatise Online, number 39

McGhee, George R. Jr., Peter M. Sheehan, David J. 
Bottjer, & Mary L. Droser. 2004. Ecological ranking 
of Phanerozoic biodiversity crises: Ecological and 
taxonomic severities are decoupled. Palaeogeography, 
Palaeoclimatology, Palaeoecology 211:289–297.

McRoberts, Christopher A. 2001. Triassic bivalves and 
the initial marine Mesozoic revolution: A role for 
predators? Geology 29(4):359–362.

McRoberts, Christopher A. 2007. Diversity dynamics 
and evolutionary ecology of Middle and Late Trias-
sic halobiid and monotid bivalves. In S. G. Lucas 
& J. A. Spielmann, eds., The Global Triassic. New 
Mexico Museum of Natural History and Science 
Bulletin 41:272.

McRoberts, Christopher A., & R. B. Blodgett. 2000. 
Late Triassic (Norian) mollusks from Taylor Moun-
tains Quadrangle, southwestern Alaska. U.S. Geo-
logical Survey Professional Paper 1662:55–67.

McRoberts, Christopher A., & Cathryn R. Newton. 
1995. Selective extinction among end-Triassic Eu-
ropean bivalves. Geology 23(2):102–104.

McRoberts, Christopher A., Cathryn R. Newton, & 
Andrea Allasinaz. 1995. End-Triassic bivalve extinc-
tion: Lombardian Alps, Italy. Historical Biology 
9:297–317.

Miller, Arnold I., & Michael Foote. 2003. Increased 
longevities of post-Paleozoic marine genera after mass 
extinctions. Science 302:1030–1032.

Morse, John W., Alfonso Mucci, & Frank J. Mil-
lero. 1980. The solubility of calcite and aragonite 
in seawater of 35%, salinity at 25º C and atmo-
spheric pressure. Geochimica et Cosmochimica Acta 
44(1):85–94.

Newell, Norman D. 1967. Revolutions in the history 
of life. Geological Society of America Special Paper 
89:63–91.

Newell, Norman D., & Donald W. Boyd. 1995. 
Pectinoid bivalves of the Permian–Triassic crisis. 
Bulletin of the American Museum of Natural His-
tory 227:95 p.

Newton, C. R., M. T. Whalen, J. B. Thompson, N. 
Prins, & D. Delalla. 1987. Systematics and paleo-
ecology of Norian (Late Triassic) bivalves from a 
tropical island arc: Wallowa Terrane, Oregon. Mem-
oir of Paleontological Society 61:1–83.

Raup, David M. 1976a. Species diversity in the Pha-
nerozoic: A tabulation. Paleobiology 2(4):279–288.

Raup, David M. 1976b. Species diversity in the Pha-
nerozoic: An interpretation. Paleobiology 2(4):289–
297.

Raup, David M. 1979. Size of the Permian/Triassic 
bottleneck and its evolutionary implications. Science 
206:217–218.

Raup, David M., & J. John Sepkoski, Jr. 1982. Mass 
extinctions in the marine fossil record. Science 
215:1501–1503.

Raup, David M., & Steven M. Stanley. 1978. Principles 
of Paleontology, 2nd ed. W. H. Freeman and Com-
pany. San Francisco. 481 p.

Rolfe, W. D. Ian, & Donald W. Brett. 1969. Fossiliza-
tion processes. In G. Eglinton & M. T. J. Murphy, 

eds., Organic Geochemistry. Springer-Verlag. Berlin. 
p. 213–244.

Ros, Sonia. 2009. Dinámica de la Paleodiversidad de 
los Bivalvos del Triásico y Jurásico Inferior. Tesis 
Doctoral. Servei de Publicacions de la Universitat 
de València, Valencia. http://www.tesosemxarxa.net/
TDX-0420110-162007/. 564 p. In Spanish with 
English abstract.

Ros, Sonia, & Miquel De Renzi. 2005. Preserva-
tion biases, rates of evolution and coherence of 
databases: Bivalvia as a study case. Ameghiniana 
42(3):549–558.

Ros, Sonia, Miquel De Renzi, Susana E. Damborenea, 
& Ana Márquez-Aliaga. 2011. Coping between 
crises: Early Triassic–early Jurassic bivalve diversity 
dynamics. Palaeogeography, Palaeoclimatology, Pa-
laeoecology 311:184–199.

Ros, Sonia, & Javier Echevarría. 2011a. Bivalves and 
evolutionary resilience: Old skills and new strategies 
to recover from the P/T and T/J extinction events. 
Historical Biology 23(4):411–429.

Ros, Sonia, & Javier Echevarría. 2011b. Ecological 
signature of the end-Triassic biotic crisis: What do 
bivalves have to say? Historical Biology 2011:1–15, 
doi: 10.1080/08912963.2011.625568.

Sandberg, Philip A. 1983. An oscillating trend in Pha-
nerozoic non-skeletal carbonate mineralogy. Nature 
305:19–22. 

Sephton, Mark A., Ken Amor, Ian A. Franchi, Paul B. 
Wignall, Robert Newton, & John Paul Zonneveld. 
2002. Carbon and nitrogen isotope disturbances 
and an end-Norian (Late Triassic) extinction event. 
Geology 30(12):1119–1122.

Sepkoski, John J. Jr. 1981. A factor analytic description 
of the Phanerozoic marine fossil record. Paleobiology 
7(1):36–53.

Sepkoski, John J. Jr. 1984. A kinetic model of Phanero-
zoic taxonomic diversity. III. Post-Paleozoic families 
and mass extinctions. Paleobiology 10(2):246–267.

Sepkoski, John J., Jr. 2002. A compendium of fossil 
marine animal genera. In D. Jablonski & M. Foote, 
eds., Bulletins of American Paleontology 363:560 p.

Signor, Philip W., & Jere H. Lipps. 1982. Sampling 
bias, gradual extinction patterns and catastrophes 
in the fossil record. Geological Society of America, 
Special Paper 190:291–296.

Stanley, Steven M. 1968. Post-Paleozoic adaptive radia-
tion of infaunal Bivalve molluscs—A consequence 
of mantle fusion and siphon formation. Journal of 
Paleontology 42(1):214–229.

Stanley, Steven M. 1977. Trends, rates, and patterns of 
evolution in the Bivalvia. In A. Hallam, ed., Patterns 
of Evolution, as Illustrated by the Fossil Record. 
Elsevier. Amsterdam. p. 209–250.

Stenzel, H. B. 1971. Oysters. In R. C. Moore, ed., Trea-
tise on Invertebrate Paleontology. Part N, Mollusca 
6, Bivalvia, vol. 3. The Geological Society of America 
& The University of Kansas. Boulder & Lawrence. 
iv + p. 953–1224.

Twitchett, Richard J. 1999. Palaeoenvironments and 
faunal recovery after the end-Permian mass extinc-



Early Triassic–Early Jurassic Bivalve Diversity Dynamics 19

tion. Palaeogeography, Palaeoclimatology, Palaeoecol-
ogy 154:27–37.

Twitchett, Richard J. 2001. Incompleteness of the 
Permian–Triassic fossil record: A consequence of 
productivity decline? Geological Journal 36:341–
353.

Twitchett, Richard J. 2006. The palaeoclimatology, 
palaeoecology and palaeoenvironmental analysis of 
mass extinction events. Palaeogeography, Palaeocli-
matology, Palaeoecology 232:190–213.

Valentine, James W., David Jablonski, Susan Kidwell, 
& Kaustuv Roy. 2006. Assessing the fidelity of the 
fossil record by using marine bivalves. Proceed-
ings of the National Academy of Sciences of USA 
103(17):6599–6604.

Végh-Neubrandt, E. 1982. Triassische Megalodonta-
ceae. Entwicklung, Stratigraphie und Paläontologie. 
Akadémiai Kiadó. Budapest. 526 p.

Vermeij, Geerat J. 1977. The Mesozoic marine revolu-
tion: Evidence from snails, predators, and grazers. 
Paleobiology 3:245–258.

Vokes, Harold E. 1980. Genera of the Bivalvia: A 
Systematic and Bibliographic Catalogue (Revised 
and Updated). Paleontological Research Institution. 
Ithaca, New York. 307 p.

Vörös, Attila 2010. Escalation reflected in ornamenta-
tion and diversity history of brachiopod clades during 
the Mesozoic Marine Revolution. Palaeogeography, 
Palaeoclimatology, Palaeoecology 291:474–480.

Wagner, Peter J., Matthew A. Kosnik, & Scott Lidgard. 
2006. Abundance distributions imply elevated com-
plexity of Post-Paleozoic marine ecosystems. Science 
314:1289–1292.

Yin Hong-fu. 1985. Bivalves near the Permian–Triassic 
boundary in south China. Journal of Paleontology 
59(3):572–600.


