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Ammonoid recovery after the Permian—Triassic mass extinction: a re-exploration
of morphological and phylogenetic diversity patterns
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Abstract: The explosive ammonoid rediversification after the Permian—Triassic mass extinction is now well
understood in terms of taxonomic richness and biogeography. Using an updated dataset of Early Triassic
ammonoids, we compare morphological disparity and taxonomic richness patterns at the regional and global
scales. Disparity evolved similarly at both scales, suggesting a global influence of abiotic factors. Morpho-
logical diversification occurred early in the Smithian and a marked contraction of the morphospace took place
during the end-Smithian extinction. We confirm that trends in disparity and richness were decoupled during
the Griesbachian and Dienerian. Three macroevolutionary processes may be involved: (1) a nonselective
extinction at the Permian—Triassic boundary; (2) a Dienerian constrained radiation with several homeomor-
phic genera; (3) a potential deterministic extinction during the end-Smithian crisis. We also demonstrate a
superfamily imprint upon disparity for the Spathian when most superfamilies occupied a restricted part of the
morphospace. Sphaerocones were the most affected by the Dienerian and end-Smithian extinction, but expla-
nations remain elusive. On the one hand, this may be linked to widespread harsh conditions at those times. On
the other hand, as the sphaerocones occurred episodically during the Early Triassic, this might be explained
by a relaxing of ecological constraints or simply by convergent evolution.

Supplementary materials: The database, including measurements of specimens illustrated in previously
published plates and of unpublished specimens from Utah, South China and Spiti, as well as the number of
genera present in each studied substage of the Early Triassic, are available at www.geolsoc.org.uk/SUP18571.

The Permian—Triassic (PT) crisis was the largest mass extinction of
the past 600 Ma and was marked by the disappearance of almost all
typical Palacozoic organisms (e.g. trilobites, rugose and tabulate
corals, fusulinid foraminifers). About 90% of all marine species on
Earth disappeared during this event (Raup 1979). It is usually
assumed that the PT mass extinction provides a classic example of a
long delay before the onset of the subsequent biotic recovery (e.g.
Erwin 2001). Indeed, both continental and marine communities
throughout the Early Triassic seemed to be characterized by low-
diversity assemblages and opportunistic, cosmopolitan taxa (e.g.
Schubert & Bottjer 1992; Erwin 2001; Rodland & Bottjer 2001).
However, later studies on benthic foraminifers (Song et al. 2011),
trace fossils (e.g. Hofmann ez al. 2011) and metazoan bioconstruc-
tions (Brayard ef al. 2011) have suggested that the rediversification
and restructuring of benthic communities was perhaps more rapid
than traditionally thought, opening numerous new questions on the
Permian—Triassic boundary (PTB) aftermath. Recent studies have
also shown that some nekto-pelagic taxa such as ammonoids and
conodonts quickly recovered after the PT crisis, in less than c.
1.5Ma (Orchard 2007; Brayard et al. 2009b). Indeed, ammonoids
were widespread and abundant during the Early Triassic and became
one of the dominant clades in the marine biota. Among the four
major orders of ammonoids existing during the Permian, only the
ceratitids survived the mass extinction (e.g. Brayard et al. 20095),
and were the root-stock of all Triassic ammonoids as a quasi-mono-
phyletic group (but see Brayard et al. 2007a; McGowan & Smith
2007). The superfamily Otocerataceae had a short existence during
the Griesbachian and is inherited from the Permian. All other Early
Triassic ammonoids are generally considered to be derivative from
the Xenodiscaceae superfamily (Brayard et al. 2006). The
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ammonoid rediversification was not a gradual process throughout
the entire Early Triassic, as it was interrupted by at least two severe
diversity drops at the end of the Smithian and of the Spathian. These
two extinctions are concomitant with major worldwide events in the
geochemical, palynological and sedimentological records, suggest-
ing severe global oceanographic and/or climate shifts during these
two intervals, such as anoxia or change in the latitudinal tempera-
ture gradient (e.g. Galfetti et al. 2007¢). The end-Smithian extinc-
tion was followed by a marked radiation during the Spathian (Fig. 1;
see Brayard et al. 2006, 2009q).

Morphological disparity and taxonomical diversity usually
increase jointly during the early history of a clade (Foote 1993), but
they do so at various degrees and they can be decoupled in time.
Foote (1993) suggested that the discordance between diversity and
disparity patterns may be explained not only by artefacts and taxo-
nomical practice, but also by evolutionary processes and special
ecological setting. Disparity is thus often assessed to understand
how morphological constraints can influence biotic radiations.
Combined analyses of morphological disparity and taxonomic
diversity thus could provide an enhanced description of macroevo-
lutionary patterns and processes (e.g. Swan & Saunders 1987; Foote
1993; Dommergues et al. 1996, 2001; Roy & Foote 1997; McGowan
2004a, b, 2005; Saunders et al. 2004, 2008; Villier & Korn 2004;
Navarro et al. 2005). A few researchers have previously studied the
evolution of ammonoid morphological patterns for the entire
Triassic. For instance, using 322 Triassic ammonoid genera (repre-
senting 64% of all recognized Triassic genera in 2004), McGowan
(2004a, b, 2005) quantified the morphological evolution of the
ammonoid shell during the Triassic using 13 of the 20 characters
proposed by Saunders & Swan (1984) on shell coiling, aperture


http://jgs.lyellcollection.org/

Downloaded from http://jgs. Iyellcollectl on o] g

/ at Universite De Bourgogne on March 13, 2013

226 SE ET AL
Early Triassic Age Environmental Early Triassic
stratigraphy U/Pb variations ammonoid superfamilies
SST
- 24812+0.28 gradient
g
2 @ g
é Spathian g o o lo lo |8 Fig. 1. Simplified Early Triassic
g § 8 g |3 g ;; chronostratigraphy and potential
% P @ ‘E_ 2 |2 ﬁ § environmental conditions. Modified
— S %] .
S _—=_ zls (21312 from Tozer (1994) and Galfetti ef al.
S IS 18 1& IS | End-Smithian R X .
r v extinction event (2007a). Radiometric ages from Mundil
Smithian @ ERE : .
| | 25122402 v § g § et ZIG(21?O4?, Ovltch;(;((;;la etsal (20?6)
AR and Galfetti et al. ( ¢). Sea surface
§ Dienerian ' @ 'E § S g temperature (SST) gradient is from Brayard
= Grieshachi § é § Qg'a et al. (2006, 2007b) and possible anoxic
— | SreshachiEn | ey 6402 @ IG © < PTB pulses from Galfetti et al. (2007a) and
' Hermann et al. (2011).

shape, ornamentation and suture lines. McGowan (2004a, b, 2005)
noticed that, except for the Dienerian (second substage), the Early
Triassic morphological disparity through time was not significantly
different from a random pattern. Such a weak signal may be due to
the relatively small sample size analysed (e.g. n was about 30 for the
Dienerian, each specimen representing one genus). However,
McGowan (2004a, b, 2005) identified a decoupling of the taxo-
nomic and morphological signals during the Early Triassic, at least
for the Griesbachian (first substage) and the Dienerian, a pattern that
is empirically well known by Triassic ammonoid workers.
Moreover, as the Dienerian disparity value was low relative to the
richness value and concomitant with the absence of sphaeroconic
morphotypes, McGowan (2004a, b) proposed a relationship
between the rarity of some morphotypes and contemporaneous pal-
aeoenvironmental settings (e.g. sphaerocone v. anoxia). Villier &
Korn (2004) stated that the PTB was marked by the demise of half
of the ammonoid superfamilies, and that the Griesbachian disparity
pattern was probably strongly biased by a small sample size owing
to the paucity of ammonoid-bearing outcrops. Ammonoid disparity
evolution during the Early Triassic is here reinvestigated using sev-
eral recently published data that considerably expand the sample
size, and provide complementary and across-scale insights into the
ammonoid recovery. The global-scale disparity pattern is compared
with five regional signals (e.g. McGowan 2005) of different palaeo-
latitudes. A potential underlying phylogenetic imprint (at the super-
family level) is also tested. The fluctuations of morphological and
phylogenetic diversity patterns are finally compared with previous
accounts on taxonomic diversity and discussed according to the
events known in the geological record.

Material and methods

Stratigraphy, time scale and main biotic features
of the ammonoid recovery

The Early Triassic is officially divided into two substages, the
Induan and the Olenekian, defined by Kiparisova & Popov
(1956). As the Induan stratotype (located in the Salt Range) is
confined to the Tethyan domain and the Siberian Olenekian stra-
totype is restricted to the Boreal domain, the definition of the
Induan—Olenekian boundary is still a matter of debate (see
Brithwiler et al. 20105, for a recent proposal of Global Stratotype
Section and Point (GSSP) candidate in northern India). Moreover,
the Induan—Olenekian boundary records a minor ammonoid turn-
over (Fig. 1) in comparison with other intra-Early Triassic events

and still remains poorly defined (see Brithwiler er al. 20105b).
Tozer (1967) established a fourfold subdivision from mid-lati-
tudes of eastern Panthalassa: Griesbachian, Dienerian, Smithian
and Spathian (Fig. 1). The subdivisions of Tozer (1967) are rela-
tively well defined in terms of ammonoid and conodont events,
and are therefore preferentially used by many Triassic workers
and herein. These four subdivisions are now known to be of very
uneven durations (Ovtcharova er al. 2006; Galfetti et al. 2007b;
Fig. 1). Indeed, the first three substages (Griesbachian, Dienerian
and Smithian) have a total duration of less than c. 2 Ma, whereas
the Spathian (c. 3 Ma) lasted more than half the duration of the
entire Early Triassic (c. 5 Ma; Galfetti et al. 2007b).

Ammonoid taxonomic and biogeographical patterns drastically
changed during the Early Triassic and the rediversification of the
clade was not a constant process (e.g. McGowan 2005; Brayard
et al. 2006, 2007b, 20094, b). Five main phases can be determined:
(1) a low-diversity phase with cosmopolitan assemblages during
the Griesbachian; (2) a marked global increase in taxonomic diver-
sity from the Dienerian to the end of the Smithian, with the appear-
ance of a marked latitudinal gradient of diversity and a high
endemism; (3) a major extinction during the end-Smithian, which
appears to be associated with marked shifts in climate, oceanic cir-
culation and carbon cycle (e.g. Galfetti et al. 2007b; Brayard et al.
2009b); (4) a renewed increase in diversity and endemism during
the Spathian; (5) another significant drop in diversity at the end of
the Early Triassic, near the Spathian—Anisian boundary.

Data

Morphological parameters for 269 Early Triassic ammonoid gen-
era were compiled, representing c. 99% of genera known by spring
2011. The first part of the database includes previously or recently
published measurements from the early 20th century to the present
day. The final dataset covers 30 regions grouped into seven main
areas, mainly based on the biogeographical clusters defined by
Brayard et al. (2007a, 2009q) (see Fig. 2 and Table 1). These areas
are here referred to as: Boreal domain, Equatorial domain, Mid-
latitudinal ~ Panthalassa, Tethys—Panthalassa interface, and
Southern, Western and Central Tethys. These regions are repre-
sented by 3-8 fossiliferous localities. For disparity analyses, the
Southern, Central and Western Tethys domains were grouped into
a ‘Tethyan domain’ to cover a longer time-span and to compensate
for the poor sampling of the Central Tethys (n = 30; see Table 1).
As all ammonoid forms occur in most types of facies in the Early
Triassic (see Brayard & Escarguel 2012), a preservation bias
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Fig. 2. Early Triassic palacogeographical map with location of the studied regions. Modified from Brayard ez a/. (2006, 2009q).

Table 1. Distribution of the 30 regions into the seven domains

Boreal domain Mid-latitudinal ~ Equatorial =~ Tethys—Panthalassa Southern Central Tethys ~ Western Tethyan domain
Panthalassa domain interface Tethys Tethys
Regions Arctic, British California, China, Japan, India, Afghanistan, Albania, Afghanistan, Albania,
Olenek-Lena Columbia, Idaho, Utah, Primorye, Timor Kashmir, Iran, Pamir Balkans, Balkans, Caucasus,
Rivers, Russia, Ellesmere Nevada Madagascar, Caucasus, Chios, India, Iran,
Siberia, Taimyr Island, Oman, Salt Chios Kashmir, Madagascar,
Greenland, Range, Oman, Pakistan,
Spitsbergen Pakistan, Spiti, Pamir, Salt Range,
Tibet Spiti, Tibet
Number of 45 57 81 122 96 11 45 152
genera
n 555 265 555 1261 1282 30 641 1953

The Tethyan domain is split into the Southern, Central and Western Tethys basins. » represents the sample size (number of measured specimens) for the classical parameter database.

between the various morphologies is probably weak. Moreover, for
each region, ammonoid data are pooled from various palacoenvi-
ronments, thus reducing potential facies-related or taphonomic
biases in the inter-region comparisons.

The external shell geometry was quantified using a reduced set of
variables based on classical and Raup’s parameters (Fig. 3). Classical
parameters refer to basic shell geometry (conch diameter and relative
whorl width, whorl height and umbilical diameter). Raup’s parameters
refer to the shell coiling geometry (whorl expansion rate, relative aper-
ture height and shape, and relative umbilical diameter (Raup 1966)).
Early Triassic genera rarely display marked ornamentation characters
and are often represented by the same abundant morphotypes (moder-
ately to strongly evolute compressed conch with coarse and moder-
ately plicate sculpture shell; e.g. III-IV and VIII of Saunders et al.
2008). Contrary to some previous studies on ammonoid disparity (e.g.

Saunders et al. 2004, 2008; McGowan 20044, 2005), no formal atten-
tion is paid here to other shell sculptural variables, aperture shape, or
suture complexity (e.g. Saunders et al. (2004, 2008) used no fewer
than 20 parameters). Indeed, following Buckman’s laws of covariation
(Westermann 1966; Hammer & Bucher 2005a; Urdy et al. 2010),
sculptural variables (such as rib intensity, constriction and strigation)
or aperture shape mostly depend on the above-mentioned coiling
parameters. The suture line complexity could be useful but it does not
seem relevant to our analysis, as suture lines for Early Triassic ammo-
noid taxa are often similar and the few groups with very distinct suture
lines also display specific conch morphologies (e.g. Sagecerataceae,
Parannanitidae, Ussuriidae). Moreover, the ammonoid shell shows a
marked relationship between the expansion of the shell, the external
ornamentation, the growth of the soft parts and thus, possibly, the
shape of the suture line (e.g. Hammer & Bucher 20055). For example,
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Classical parameters

H/D relative height
W/D relative width
U/D relative umbilical diameter

Raup's parameters

We (whorl expansion rate) = (d/e)?
S (aperture shape) = W/a
D (umbilical diameter) = c/d

Fig. 3. Morphometric measurements displayed on a Griesbachian
(ophiceratid) ammonoid shell.

Monnet et al. (2011) documented the covariation between suture line
and shell geometry among Devonian pinacitids and auguritids. Lastly,
suture lines are often not properly illustrated. The use of a reduced set
of variables for the Early Triassic is thus justified and makes our set of
morphotypes comparable with those of some previous researchers
(e.g. McGowan 2004a; Saunders ez al. 2008). Definition and terminol-
ogy of ammonoid morphotypes follow Westermann (1996).

Studies on Early Triassic ammonoid morphology are generally
performed without much consideration of ontogeny (for a specific
exploration in a phylogenetic context, see Korn er al. 2003;
McGowan & Smith 2007; De Beats et al. 2012). To circumvent this
problem, disparity analyses generally focus on the adult ammonoid
morphology. However, although the characters for recognizing
ammonoid adult specimens are well established for several periods
(e.g. Devonian; see De Baets et al. 2012), mature modifications of
the Early Triassic convergent morphs are still poorly documented.
Furthermore, they are not always visible on figured specimens. As
the recognition of true adult specimens from the Triassic is rather

SE ET AL.

subjective, datasets often record the largest known complete speci-
men for each genus (e.g. McGowan 2004a, 2005; Saunders et al.
2008). For instance, Saunders et al. (2008) proposed that Palacozoic
ammonoids reached adult morphologies when the shell was
10-25mm in diameter and presented mature modifications (e.g.
ornamentation). Davis et al. (1996) specified that the recognition of
the adult stage depends on the studied time interval, and was char-
acterized for the Triassic by, for example, changes in body cham-
ber, in whorl section, prominent ornamentation or the fading of
sculpture. As juvenile morphologies can markedly differ from the
adult morphologies, keeping only the largest specimen probably
distorts the main signal. Such a protocol results in an impoverish-
ment of the dataset and, in turn, in a loss of part of the disparity
signal. In the present study, the influence of the smallest specimens
is studied as a proxy for the influence of juvenile specimens. We
seize this opportunity to test whether using only the largest speci-
mens yields patterns similar to those obtained when all specimens
or only juvenile specimens are selected.

The main database is composed of 6024 specimens with meas-
ured classical parameters. In addition, both classical and Raup’s
parameters were measured for 1641 other specimens. Individuals
with incomplete measures were excluded from the dataset. The
final dataset is consequently reduced to 5420 specimens with a
complete set of classical parameters, and 972 specimens with a
complete set of Raup’s parameters (Table 2). As the analyses with
both sets of parameters yield very similar results, we present those
obtained with the classical parameters only.

Considering that the taxonomy of Early Triassic ammonoids is
still continuing, disparity analyses were performed at the genus
level, as genus appears to be a more robust taxonomic unit than
species. To compare the drastic decrease in generic richness with
variations in morphological disparity during the end-Smithian
event, the Smithian is therefore subdivided into two distinct time
bins: the early-middle Smithian and the late Smithian, as defined
by Brithwiler et al. (2010a). In the Salt Range reference section, the
early-middle Smithian corresponds to 12 first ammonoid associa-
tion zones, from the Flemingites bhargavai beds to the Nyalamites
angustecostatus beds, and the late Smithian corresponds to the two
last ammonoid association zones of the Smithian, the Wasatchites
angustecostatus beds and the Glyptophiceras sinuatum beds. A
potential underlying phylogenetic imprint is also tested using
superfamilies as a proxy. Table 2 summarizes the number of genera
obtained for each studied substage of the Early Triassic.

Methods

Principal component analysis (PCA). Ammonoid shell shapes
were studied using PCA. In a multidimensional dataset, PCA is
used to find a reduced number of hypothetical variables, called
principal components, that explain as much variance of the data-
set as possible (Gauch 1982; Hammer ef al. 2004; Saunders ef al.
2008). The new variables (PCs) are linear combinations of the

Table 2. Number of specimens and corresponding genera recorded in the global-scale dataset for each studied interval of the Early Triassic

Griesbachian Dienerian Early-middle Smithian Late Smithian Spathian Early Triassic
Classical parameters

n=189 n=>530 n=2433 n =546 n=1722 n=5420
(19 gen) (34 gen) (111 gen) (12 gen) (112 gen) (269 gen)
Raup's parameters

n=066 n=062 n=470 n="78 n =296 n=972
(17 gen) (29 gen) (98 gen) (11 gen) (105 gen) (239 gen)

The Smithian is divided into early—middle Smithian and late Smithian.
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original ones and are independent. This property allows the calcu-
lation of disparity parameters. All analyses presented here were
performed using the three classical ratio parameters (U/D, H/D,
W/D) using Past 2.12 (Hammer ez al. 2004). Because these vari-
ables are ratios with comparable scales, we decided to perform
the PCA using the variance/covariance matrices. The data points
are then plotted in the coordinate system given by the first two
components and express a morphospace.

Sum of variances. Morphological disparity is estimated using
scores on the three components of the PCA with the MDA package
(Navarro 2003) from the scattering of specimens in a morphospace.
It can intuitively be evaluated as the amount of occupied mor-
phospace, but such an approach is sample-dependent: the larger
the sample, the more occupied the morphospace (Foote 1993).
Another estimator unbiased by sample size is the average distance
between points in the morphospace (Van Valen 1974; Foote
1993). Disparity can thus be measured as the sum of variances of
all dimensions in a morphospace. Foote (2003) noticed that the
disparity and the sum of variance tend to be correlated when using
a large sample, which is the case with our dataset. The morpho-
logical disparity is consequently displayed as the sum of vari-
ances in all our analyses.

Because measured values are sample-dependent and prone to
different biases, a standard error is computed with a bootstrap pro-
cedure with a 95% confidence interval. The standard deviation
tends to be stable with a minimal value of 200 bootstrap iterations
(Navarro 2003), but most studies used 500-1000 iterations. The
great amount of data for the global-scale dataset constrains the
bootstrap resampling used in this study to a maximum of 200 itera-
tions for the global-scale analyses and 500 iterations for the
regional-scale analyses.

Putative sampling biases have not been corrected by any rarefac-
tion techniques. As presented in Table 2, sample size varies from n =
189 for the Griesbachian to n = 2433 for the early-middle Smithian.
A standardization of sample size to the smallest sample would require
keeping only 189 out of 2433 samples for the early-middle Smithian.
Rarefaction would considerably reduce the dataset and is therefore
not used in this study. Furthermore, we suspect these differences in
sample size to reflect the Griesbachian to Smithian ammonoid radia-
tion rather than only a heterogeneously sampled fossil record.

Results

Global patterns of morphological disparity

The PC1 v. PC2 morphospace represents 94% of the variance
(respectively 52.50 and 41.86%; Fig. 4) for the dataset based on
classical parameters. The two first components are mostly defined
by the relative umbilical diameter and whorl width (or by aperture

shape and whorl expansion rate in the case of Raup’s parameters).
The obtained 2D morphospace thus characterizes the tightness of
coiling (involution) and the whorl section compression of the
ammonoid shells. The high value of 94% of variance explained by
the PC1 v. PC2 morphospace permits to keep a simple two-dimen-
sional iconography to illustrate the evolution of variances (Fig. Sa).
The morphospace occupation has a triangular shape during the
Early Triassic, the angles of which broadly correspond to involute
compressed, evolute compressed and depressed shells (respectively
corresponding to the extreme oxyconic (e.g. Hedenstroemia,
Pseudosageceras, Aspenites), serpenticonic (e.g. Dieneroceras,
Xenoceltites) and sphaeroconic (e.g. Paranannites, Juvenites) mor-
photypes). The borders of the occupied morphospace probably
reflect the limiting role of geometrical constraints on the shell coil-
ing (e.g. Raup 1967). Figure 5b and ¢ compares the evolution of
disparity with generic richness through the Early Triassic. Although
the two curves do not perfectly match, they both reach a maximum
value during the early-middle Smithian and a second peak during
the Spathian. The two peaks are separated by low values corre-
sponding to the marked extinction event of the end-Smithian. The
main difference between the two curves occurs during the
Griesbachian, for which the generic richness is very low whereas
morphological disparity is relatively high. This mismatch lasted
until the Dienerian, when the generic richness shows a weak
increase and the disparity becomes minimal. During the Spathian,
a third mismatch is visible, as the generic richness reaches the same
value as during the early-middle Smithian whereas the disparity
shows a relatively lower value. This result has to be interpreted
with caution, however. Indeed, several taxonomic studies on this
substage are still in preparation and they will probably increase the
generic richness of this interval significantly without greatly affect-
ing its disparity.

Regional patterns of morphological disparity

A similar evolution of disparity is observed between the global-
scale curve and all regional curves, with low values characterizing
the Dienerian and the late Smithian (Fig. 6). The high early—middle
Smithian disparity is also recorded in all cases. Such analogous
patterns suggest common abiotic global processes. The Equatorial
domain is an exception to this pattern, as the corresponding level of
disparity is restricted during the Spathian. This may result from the
endemism of most Spathian taxa reported from this area and the
fact that they often have similar shell morphologies. Griesbachian
and Dienerian patterns are not known from this domain owing to
the rarity of ammonoid occurrences from these two substages. The
recently published Dienerian ammonoid assemblage from the
Candelaria Formation of western USA by Ware et al. (2011) was
not included in this work, but is unlikely to change significantly the
observed disparity pattern.
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Influence of juvenile specimens on . 5
morphospace occupation l '
T T
Figure 7a illustrates the sum of variances throughout the Early 1 - 0
Triassic, when only the specimen with the smallest diameter of Gr. | Di. | sm. | sp.
each genus is considered (the resulting dataset is called Dmin). The
curve depicting the fluctuation of disparity is very similar to .
the one based on the complete dataset (Fig. 5b). Figure 7b displays Tethyan domain
the scatter-plots of the smallest specimens (diameter <15mm)
within the morphospace. These specimens are not clustered in a I - 5
particular area and rarely occupy the periphery of the morphologi- I - 1
cal landscape. This is also true when the third dimension of the ’ L 55
morphospace is included. J. _ - ’
As (1) the smallest specimens do not seem to modify the patterns -
btained with th lete dataset, (2) th hological signal of - 0
obtained with the complete dataset, (2) the morphological signal o Gr ] Dr. [ sm. | Sp.

smallest specimens is part of the global pattern, and (3) the recogni-
tion of true adult individuals is still a matter of debate and some
ammonoids might reach maturity at very small sizes, small speci- Fig. 6. Evolution of ammonoid disparity through the Early Triassic for
mens were kept in all subsequent analyses. the five studied domains. Abbreviations as in Figure 5.
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Fig. 7. (a) Disparity through time based on the partial Dmin dataset
built with the smallest specimen of each genus (n = 269). (b) PC1 v.
PC2 morphospace highlighting the individuals smaller than 15 mm (dark
dots) within the complete dataset. Abbreviations as in Figure 5.

Evolution of morphospace occupation

Figure 8 shows the morphospace occupation for each studied Early
Triassic interval. The decreases in disparity during the Dienerian
and the late Smithian do not correspond to a homogeneous contrac-
tion of the morphospace. They mostly correspond to restricted
losses on the peripheral edges of the morphospace that lead to the
disappearance of extreme morphotypes. The following patterns
were documented.

(1) During the Griesbachian, three extreme morphotypes
occur: oxyconic forms (left part of the morphospace), ser-
penticonic forms (right part) and rare sphaeroconic forms
(lower part).

(2) A marked contraction and shift of the morphospace toward
the most closely coiled (involute) pole is observed during
the Dienerian, with the loss of the most evolute forms and
the appearance of new involute forms.

(3) The early—middle Smithian ammonoids then occupy every
part of the wide Early Triassic morphological landscape.
Several globular forms appear.

(4) The morphospace is again reduced during the late Smithian
with the loss of extreme evolute and globular morpholo-
gies. Moreover, the scatter-plot is divided into two groups,
corresponding to two main superfamilies (see discussion
below).

(5) The Spathian morphospace is analogous to the early—
middle Smithian morphospace, with the reappearance of
several globular forms. Surprisingly, sphaerocones are the Fig. 8. PC1 v. PC2 morphospace occupation by ammonoids during each
most commonly affected during the Dienerian and end- studied Early Triassic interval. Extreme morphotypes are illustrated at
Smithian extinction. the morphospace poles.
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The contributions of superfamilies

Early Triassic ammonoids belong to ¢. 50 families grouped into
nine superfamilies. These superfamilies follow the classification
of Tozer (1967) and are consensually regarded as being monophy-
letic. Consequently, we consider the patterns described here as
robust in spite of some expected taxonomic changes owing to the
large number of new taxa described recently (e.g. Brithwiler et al.
2012). Only three superfamilies ranged through the entire Early
Triassic: Meekocerataceae, Xenodiscaceae and Sagecerataceae
(Fig. 1). Figure 9a displays the evolution in morphospace occupa-
tion for each of these superfamilies and Figure 9b illustrates their
respective contribution to the total disparity. Complete morpho-
logical data are missing for the Griesbachian Sagecerataceae, but
this superfamily did occur within this substage (see, e.g. Brayard
et al. 2006, 2009a; Brithwiler et al. 2010b). The Otocerataceae
(pale grey dots in Fig. 9a; Griesbachian) form a clade probably
inherited from the Permian, which disappeared rapidly after the
PT crisis. This superfamily is responsible for c¢. 25% of the total
Griesbachian disparity (Fig. 9). Their disappearance leads to
the impoverishment of the oxycone pole during the Dienerian.
The serpenticone pole is also reduced during the Dienerian by the
decline of Xenodiscaceae. The morphospace is widely colonized
during the early—middle Smithian with the additional appearance
of sphaeroconic morphotypes. The late Smithian event restricts
the morphospace of each superfamily. At the same time, the dis-
appearance of the sphaeroconic shells coincides with the extinc-
tion of the Melagathiceratidae and of the Paranannitidae
(belonging to the Xenodiscaceae and Meekocerataceae superfam-
ilies respectively). Five new superfamilies diversified and eight
coexisted during the Spathian (details not given in Fig. 9a;
Spathian, pale grey dots). The relative contribution of these new
superfamilies is displayed in Figure 9b. Despite the PC1 v. PC2
morphospaces being notably similar between the early—middle
Smithian and the Spathian, c. 70% of the Spathian morphospace
results from the appearance of these five new superfamilies. The
three oldest superfamilies occurring during the Griesbachian,
Dienerian and Smithian (Xenodiscaceae, Meekocerataceae and
Sagecerataceae) thus do not show a marked morphological diver-
sification at that time.

Discussion

Taxonomic richness v. disparity

Global patterns. As simplified in Figure 10, the patterns of dis-
parity discussed herein clearly show significant Early Triassic
fluctuations that were partly decoupled from changes in generic
richness, especially during the Griesbachian—Dienerian and the
end-Smithian intervals. This differs from previous results (e.g.
McGowan 2004a, 2005). On the one hand, the exceptionally low
disparity during the Dienerian, previously reported by McGowan
(2004a), could here be identified as a robust pattern by increas-
ing the sampling size. On the other hand, the marked impact of
the late Smithian extinction on ammonoid disparity is reported
for the first time. Foote (1993) defined six idealized cases of
qualitative differential evolution between disparity and generic
richness (Fig. 11). Although Foote’s (1993) cases were not spe-
cifically defined for mass extinction recovery, three of them may
correspond to our results. Villier & Korn (2004) and Saunders
et al. (2008) suggested that the earliest Triassic morphospace
occupation was restricted and similar to the Late Permian one.
Although their studies involved a very small number of
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Griesbachian specimens (e.g. n = 11 in the study by Saunders
et al. 2008), our results are consistent with the previous observa-
tions of a very low diversity and high disparity during the Gries-
bachian (Fig. 10). According to Foote (1993), such a pattern may
be diagnostic of a nonselective extinction, randomly affecting
the morphospace landscape without generating a severe contrac-
tion (Fig. 11). Villier & Korn (2004) interpreted this pattern as
characteristic of a ‘mass-extinction regime’, which may be due
to global severe environmental variations affecting most ecologi-
cal niches. The Dienerian increase in generic richness is con-
comitant with a low disparity level, characterized by the
disappearance of the serpenticonic and sphaeroconic shells.
Foote (1993) referred to such a decoupling as a morphologically
constrained radiation (Fig. 11) owing to ecological selectivity.
The morphospace is then widely enlarged by a colonization of
the (sub)globular pole of the morphological landscape during the
early-middle Smithian (Fig. 9a). In that case, the taxonomical
diversification also corresponds to a morphological expansion.
The late Smithian extinction mainly affected the sphaeroconic
morphotype (case 3 in Fig. 11: no major constraint in the mor-
phological evolution). It is now well known that this biotic event
corresponds to contemporaneous changes in the sedimentologi-
cal, geochemical and palynological records suggesting changes
in the global climate and in the redox state of oceanic waters (e.g.
Galfetti et al. 2007a, b, ¢; Hermann et al. 2011). The Spathian
rediversification resulted from the appearance of five new super-
families. In spite of a greater number of superfamilies and a
broader range of ornamentation and suture lines, the mor-
phospace occupation is similar to that of the Smithian. Gries-
bachian to early-middle Smithian dominant superfamilies
(Meekocerataceae, Sageceracateae and Xenodiscaceae) did
not regain their initial high level of disparity (Fig. 9). They
were replaced by newcomers occupying more restricted parts of
morphospace. The presence of extreme forms is also in agree-
ment with biogeographical analyses indicating a high proportion
of endemic ammonoid taxa during the Spathian (e.g. Brayard
et al. 2006).

Regional patterns. Similar fluctuations in global and regional dis-
parity patterns during the Early Triassic (Fig. 6) suggest that
regional patterns do not result from a single over-sampled prov-
ince. Moreover, they indicate that the recovery in morphological
disparity was simultaneous within all provinces, at least until the
Spathian.

A superfamily imprint on disparity?

Although the morphospace was severely reduced during the late
Smithian extinction, the ammonoids involved in the Spathian radia-
tion occupied the morphospace in a similar way to the early—middle
Smithian taxa (Fig. 9). The Spathian morphospace resulted from the
appearance of five new superfamilies colonizing empty parts of the
morphospace (e.g. globular forms), and boundary-crossing superfam-
ilies did not reach the same disparity levels as in the Smithian again.
One working hypothesis is that Spathian superfamilies occupied more
restricted ecological niches than before. The globular morphotype
area was filled by different superfamilies (mainly Meekocerataceae,
Ceratitaceae and Dinaritaceae). Therefore, based on the hypothesis of
a relationship between ammonoid shell geometry and habitat (e.g.
Westermann 1971, 1996; Wang & Westermann 1993; Saunders et al.
2008; Monnet et al. 2011), this suggests that phylogenetically distant
taxa may have occupied similar ecological niches and that the
iterative ability to evolve this morphotype was common among their
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Meekocerataceae
Xenodiscaceae
Sagecerataceae
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lineages. A comparable case may be found for some Jurassic ammo-
noids, where one clade (the Hammatoceratidae) tends to colonize dur-
ing its history a part of the morphospace previously occupied by some
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B. Relative contribution of superfamilies
to the total disparity

Otocerataceae
Xenodiscideae

Meekocerataceae

Xenodiscideae

Sagecerataceae

Meekocerataceae

Ussuritaceae
Ceratitaceae

Dinaritaceae
Ptychitaceae
Megaphyllitaceae

Fig. 9. (a) Evolution of the PC1 v. PC2
morphospace during the Early Triassic,
with the three main superfamilies
highlighted. (b) Relative contribution of
the Early Triassic superfamilies to total
disparity.

other groups, these later being then morphologically more restricted
(Neige et al. 2001). Another potential process for explaining the mor-
phospace recolonization is a simple unconstrained diffusion of the
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Fig. 10. Superimposition of generic richness and disparity curves
for the Early Triassic ammonoids. Correspondence to three of the
macroevolutionary cases of Foote (1993) is highlighted.

Spathian superfamilies towards the sphaeroconic pole, after being
reduced in richness and disparity during the end-Smithian crisis.

Potential environmental parameters
influencing disparity

Figure 1 displays inferred climatic variations for each studied Early
Triassic interval based on different proxies. Morphospace occupa-
tion and evolution potentially reflect environmental influences
such as climatic variations. This appears to be the case for the late
Smithian extinction when the ammonoid morphological landscape
was severely reduced with the complete disappearance of most
sphaeroconic taxa (lower pole of the morphospace), both in
Meekocerataceae and Xenodiscaceae (Fig. 9). Therefore, the
restricted morphospace occupation was not the consequence of the
exclusive disappearance of a single superfamily. It thus cannot be
mainly attributed to a phylogenetically driven process. As the late
Smithian extinction is probably linked to a contemporaneous global
climatic change (e.g. Brayard et al. 2006, 2009a; Galfetti et al.
2007a, c; Hermann et al. 2011), both diversity and disparity drops
have possibly been triggered by this global event.

During the Dienerian, disparity is very low because the sphaero-
conic and serpenticonic morphotypes are largely absent. In contrast
to the late Smithian, the contraction of the Dienerian morphospace
cannot be unambiguously related to a climatic phenomenon
although this substage probably corresponds to a relatively weak
latitudinal sea surface temperature gradient (Brayard et al. 2006,
2007b, 2009a). The restricted disparity during the Dienerian sub-
stage and the late Smithian event might also be concomitant with
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recurrent fluctuations of other major environmental parameters
such as anoxia. In support of this hypothesis, Hermann ez al. (2011)
reported disoxic conditions during the Dienerian in Pakistan, coe-
val with disoxic or anoxic marine sediments of South China and
North India (Galfetti et al. 2007a) and possibly in Nevada (Ware
et al. 2011). The end-Smithian event seems also to be associated
with some anoxic deposits within restricted but distant areas such
as the northern Gondwana margin and the South China Block
(Galfetti et al. 2007b; Hermann et al. 2011). On the one hand, fol-
lowing this hypothesis, such harsh environmental conditions could
have induced a worldwide selection against the sphaeroconic mor-
photype. However, it appears surprising that this morphotype did
not escape these environmental changes. Various relationships
between ammonoid morphologies and particular lifestyles have
also been hypothesized (e.g. Raup & Chamberlain 1967; Swan &
Saunders 1987; Jacobs 1992; Batt 1993; Wang & Westermann
1993; Jacobs et al. 1994; Westermann 1996; Klug & Korn 2004;
Monnet et al. 2011) although it clearly remains speculative to
attribute a specific ecological niche to a given morphotype.
Sphaeroconic morphotypes were, for instance, interpreted as inhab-
itants of low-energy offshore environments by Jacobs (1992)
and Jacobs et al. (1994), as vertical migrants by Westermann
(1996) and as slow demersal swimmers by Swan & Saunders
(1987). The globular forms are therefore generally assumed to be
less adapted to shallow high-energy environments. On the other
hand, as the sphaeroconic morphotype episodically reappeared sev-
eral times during the Early Triassic, this might be simply explained
by a relaxing of ecological constraints, allowing the occupation of
previously empty ecological niches. The morphospace could also
be refilled by convergent evolution (e.g. Monnet et a/. 2011) in the
various regions or by rapid dispersal (e.g. De Baets et al. 2012).

Conclusion

The use of a reduced set of classical conch parameters appears
appropriate for investigating the morphological evolution of Early
Triassic ammonoids, as they permit simple analytical procedures
and the use of large datasets. Considering previous results obtained
by Swan & Saunders (1987), Saunders et al. (2004, 2008) and
Villier & Korn (2004) on Middle-Late Permian ammonoids that
appear similar to the Early Triassic morphospace, we hypothesize
that this procedure is pertinent for future analyses on the rest of the
Triassic, which presents the same set of very abundant morpho-
types (III-1V and VIII of Saunders et al. 2008).

Similarly to the taxonomic rediversification, the morphological
recovery appears to have quickly reached high values during
the Early-Middle Smithian, which is consistent with previous
studies by Brayard et al. (2006, 2009) indicating that the ammo-
noid taxonomic recovery was rapid: it lasted less than c¢. 1.5Ma.

gj::;: Disparity Causes

Case 1 \ —> Random distribution of extinction in the morphospace

Case 2 / —> Highly morphologically constrained radiation

Case 3 \ \ Extinction of extreme morphotypes

Case 4 —> —> No major constraint in the morphological evolution Fig. 11. Six idealized evolutionary possibilities
of ammonoid rediversification, after Foote

Case 5 \ —> Selective extinction of modal forms. (1993). The shaded rows correspond to the
three processes that can be identified for this

Case 6 \ ﬁ Adaptative radiation leading to wide exploration of morphospace study. Arrows indicate stability of, increase of,
or decrease in generic richness or in disparity.
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The comparison of global versus regional signals showed that the
Early Triassic morphological recovery was simultaneous and par-
allel in all palaeobiogeographical areas studied here, with the
exception of the equatorial domain, the signal for which is due to
the scarcity of ammonoid data during the Griesbachian and
Dienerian, and probably to the high endemism of the Spathian
ammonoids. The decoupling between diversity and disparity is
probably characteristic of a nonselective extinction at the PTB, a
constrained radiation during the Dienerian and a possibly deter-
ministic extinction (following the nomenclature of Foote 1993) at
the Smithian—Spathian boundary. The high disparity value
observed during the Spathian can be explained by the diversifica-
tion of five new superfamilies within restricted portions of the
morphospace or by an unconstrained recolonization of the
Spathian superfamilies towards the sphaeroconic pole, after being
reduced in richness and disparity during the end-Smithian crisis.
Morphological disparity evolution may have been constrained by
environmental changes (e.g. during the Dienerian interval) rather
than by the taxonomic richness. Indeed, sphaeroconic ammonoids
appear to be the most affected morphotype when harsh ecological
conditions such as extreme climate or widespread anoxia pre-
vailed. However, as the sphaeroconic morphotype occurred epi-
sodically during the Early Triassic, this might be simply explained
by a relaxing of ecological constraints, allowing the occupation of
previously empty ecological niches, or by morphospace refilling
by convergent evolution in various regions.

This paper is a contribution to the team BioME of the UMR CNRS 6282
and was funded by the Région Bourgogne, the FRB, and the CNRS INSU
Interrvie. J. Neenan (Zurich) improved the English text. T. Brithwiler and
D. Ware (Zurich) kindly shared some of their unpublished measurements.
C. Monnet (Lille) and two anonymous reviewers provided constructive
reviews, which helped us to improve the paper.
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