Chapter 7
Biogeography of Triassic Ammonoids

Arnaud Brayard, Gilles Escarguel, Claude Monnet,
James F. Jenks and Hugo Bucher

7.1 Introduction

Ammonoids nearly died out during the Permian-Triassic (PT) mass extinction
(~252 Ma), but quickly and rather impressively recovered in less than ~1.5 myr
during the Early Triassic (Tozer 1981a; Brayard et al. 2009a; Brayard and Bucher
2015; Fig. 7.1). Only one survivor group, a derivative of the Xenodiscaceae, is usu-
ally considered as the root-stock of all Triassic, and thus, all post-Triassic ammo-
noids (Kummel 1973a; Spinosa et al. 1975; Tozer 1981a, 1981b; Page 1996; Bra-
yard et al. 2006), making post-PT ammonoids a “quasi-monophyletic” group (but
see Kummel 1972; Glenister and Furnish 1981; Brayard et al. 2007a; McGowan and
Smith 2007; Leonova 2011; Zakharov and Moussavi Abnavi 2013). The Triassic
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Fig. 7.1 a Total generic richness (black bold line: all ammonoids; colored lines: major ammonoid
groups; Permian bold line: data from Goniat.org; Permian dotted line: alternate data from the
AMMON database (Korn and Ilg 2007); Triassic bold line modified after Brayard et al. (2009a)
based on an updated database) and mean Chao2 estimate of the overall generic richness with its
95% Confidence Interval (large circles with vertical bars). PTB Permo-Triassic boundary. E.T.
Early Triassic. Note that the end-Smithian ammonoid extinction event discussed in the text is not
illustrated here due to its short time duration. b Present well-known biogeographical and evolu-
tionary patterns. Bor. Boreal, Mid. Middle, Eq. Equatorial

remains one of the most interesting and intriguing periods for ammonoid evolution
as it is marked by successive episodes of intense radiation and marked extinction as-
sociated with sudden biogeographic changes often closely related to major climatic
and oceanographic changes (e.g. Tozer 1982; Dagys 1988; Dagys and Ermakova
1990; Brayard et al. 2006, 2007b, 2009a, c¢; Monnet and Bucher 2006a; Galfetti
et al. 2007a; Konstantinov 2008; Zakharov et al. 2008; Balini et al. 2010; Monnet
et al. 2013; Zakharov and Moussavi Abnavi 2013). The end of the Triassic is also
marked by the enigmatic appearance of the first heteromorphs and a further near-
annihilation at the Triassic/Jurassic boundary (~201 Ma).

Ammonoid diversity and disparity patterns are now well-known globally and
certain restricted Triassic intervals have been intensively studied (e.g. for the Early
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Triassic: McGowan 2004, 2005; Brayard et al. 2007b, 2009c; Brosse et al. 2013).
However, until recently, the biogeographical trends of Middle and Late Triassic
ammonoids for the most part were only superficially investigated, and the same is
true for their potential underlying processes (Kummel 1973b; Tozer 1981a, 1981b,
1982; Dagys 1988; Page 1996; Fig. 7.1). Indeed, they most often were based only
on qualitative comparisons between uneven geographic areas (e.g. from local out-
crops to global realms, according to the author’s subjectivity) or between distinct
taxonomic groups. Previous biogeographic studies of Triassic ammonoids were
not often focused on a specific time-interval and were rarely based on quantitative
methods (but see Kummel and Steele 1962 for a noticeable exception).

Significant biogeographic progress has been made recently with regard to the
use of quantitative methods on large datasets combined with computer modeling
(Brayard et al. 2004, 2006, 2007b, 2009¢). These large datasets benefited from the
infusion of much new primary data generated by intensive fieldwork and carefully-
revised taxonomy (e.g. Monnet and Bucher 2005; Jenks 2007; Brayard and Bucher
2008; Shigeta and Zakharov 2009; Guex et al. 2010; Jenks et al. 2010; Ware et al.
2011; Balini et al. 2012a, 2012b; Brithwiler et al. 2012a, 2012b, 2012c; Brayard
et al. 2013; Zakharov and Moussavi Abnavi 2013) occasionally combined with
recently-published radiometric ages (e.g. Galfetti et al. 2007a; Schaltegger et al.
2008). This chapter emphasizes these quantitative methods and inferred relation-
ships between ammonoid biogeographical changes during the Triassic and potential
controlling factors such as gradients of Sea Surface Temperature (SST) and oce-
anic circulation. The biostratigraphic framework used in the following discussion is
detailed in the chapter “Triassic biostratigraphy” (Jenks et al. 2015).

7.2 What’s New in Triassic Ammonoid Macroecological
and Biogeographical Analyses?

7.2.1 Classical Analyses and Explored Patterns

The vast majority of studies of past and present-day global diversity have demon-
strated the existence of pervasive geographic patterns such as a Pole-to-Equator
gradient, both on land and sea (e.g. Stehli et al. 1969; Gaston 2000; Powell 2007).
Others have shown for instance, different large-scale patterns in longitude (e.g. Con-
nolly et al. 2003), altitude (e.g. McCain 2004), bathymetry (e.g. Pineda and Caswell
1998), endemism (e.g. Gaston 1994), range size (Gaston 2003), or size of organisms
(e.g. Roy et al. 2001; Zhang and Payne 2012). However, the processes explaining
the edification of such large-scale patterns, and especially the latitudinal diversity
gradient, are still a matter of debates (e.g. Brayard et al. 2005; Colwell et al. 2005;
Jablonski et al. 2006; Escarguel et al. 2008; Beaugrand et al. 2013). One of the
core questions remains the very existence and overall importance of deterministic
(functional) drivers over historical contingency in generating and controlling such
macroecological patterns. Because evolutionary time is a dimension lacking in
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neontological studies, fossil-based deep-time analyses can greatly improve the
knowledge and understanding of the edification of these large-scale patterns.
Ammonoids are generally well-suited for such analyses due to their widespread
geographical distribution and high evolutionary rates. Most diversity and biogeo-
graphic studies are based on taxonomic count and geographic occurrences because
these measures are (i) the simplest to acquire, (ii) expected to be the most robust
to sampling biases, and (iii) less arbitrary in their definition and measurements.
Temporal dynamics in richness and evolutionary rate changes in ammonoids are
customarily represented as curves based on the succession of studied time bins. As
these analyses often compare intervals with different duration, sampling intensity,
paleoenvironments or geographic scales, their results may not be directly compa-
rable, if not intrinsically biased. However, some of these biases can be controlled, if
not at least partly ruled out, using for instance traditional sample-based rarefaction
curves (Foote 1992; Dommergues et al. 2009) in order to compare the taxonomic
diversity estimates at comparable levels of sampling effort. Other potential bias
such as the unequal duration of time bins, from which diversity counts are obtained,
can be circumvented by the use of Unitary Association Zones. These have been
demonstrated to be largely immune to this problem (Escarguel and Bucher 2004).
Regarding ammonoid biogeographical structuring, quantitative large-scale anal-
yses remain rather uncommon and are defined at different time-scales and taxo-
nomic levels according to the available data (e.g. McGowan 2005; Brayard et al.
2006, 2007b, 2009¢c; Dommergues et al. 2009; Dera et al. 2011; Korn et al. 2012).
Basic extraction of the biogeographical signal as the inter-locality compositional
similarity is often (if not automatically) done by classical hierarchical cluster analy-
sis (hCA) and nonmetric multidimensional scaling (NMDS), applied to different
specific time slices (sub-zones to stages). Both hCA and NMDS analyses are based
on the preliminary computation of a symmetrical matrix of dissimilarity using a co-
efficient chosen a priori by the author (e.g. for taxonomic occurrence data, the Dice
[= Serensen = Bray—Curtis for presence/absence data], Simpson, or Jaccard coef-
ficients; Shi 1993; Legendre and Legendre 2012). On the one hand, hCA focuses on
the nested taxonomic relationships between assemblages and is therefore not suited
for the identification of a gradational signal. On the other hand, NMDS (usually
preferred to more conventional ordination techniques such as Principal Component
Analysis or Principal Coordinates Analysis due to the non-Euclidean, semi-metric
nature of the taxonomical space defined by most of these [dis]similarity coeffi-
cients) is intended to extract inter-gradational information in a low-dimensional
reduced space and is therefore not well suited to the identification of hierarchical
structures. As these two approaches are based on distinct assumptions about the
nature of the inter-assemblage similarities embedded in the analyzed dataset, a com-
parison and combination of their results reinforces the confidence in the identified
biogeographical structures. Nevertheless, although intuitive and widespread in our
community, both methods also have several disadvantages (Brayard et al. 2007b).
For instance, NMDS may misrepresent a gradational similarity structure in a 2D or
3D reduced space whereas analyzed objects are distinct in higher (unseen) dimen-
sions of the reduced space. hCA and NMDS analyses for the Middle and Late Trias-
sic time intervals are herein presented and discussed for the first time (Figs. 7.2 and
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Fig. 7.3 Biogeographical structuring for each stages of the Late Triassic based on Bray—Curtis
dissimilarity matrices. (See Fig. 7.2 for details)

7.3; for computational details about these analyses and Early Triassic results, see
Brayard et al. 2007b, 2009c¢).

Remarkably, hCA analyses rarely identify strongly supported biogeographical
hierarchies for Middle and Late Triassic ammonoids. Only the early and late An-
isian show clusters with support values greater than 50 % and intuitive geographic
associations. Complementary NMDS maps often better emphasize biogeographical
differentiations especially between Tethyan and Panthalassic basins (early and late
Anisian, Ladinian, Carnian, early Norian and Rhaetian), and a potential latitudinal
structuring along the eastern Panthalassa (early and late Anisian, Ladinian, Car-
nian). Combining both methods, the middle Anisian, and the middle and late Norian
do not show any well-defined biogeographical structuring.
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7.2.2  Recent Analytical Advances

7.2.2.1 “Overall” Diversity Estimators

Based on the available (locality to basin-scale) occurrences of taxa among sam-
ples for each studied time bin, a bias-corrected incidence-based Chao’s estima-
tor (Chao2; Chao 1984, 1987) and second-order jackknife estimator (Jackniffe2;
Smith and van Bell 1984) of “overall” (i.e. sampled + still unsampled) taxonomic
richness can be computed. Both indices are well-known to ecologists (e.g. Wal-
ther and Moore 2005; Gotelli and Colwell 2011); they usually provide broadly
similar results and are among the most reliable incidence-based nonparametric
estimators of “overall” richness in ecological assemblages (Walther and Moore
2005). Nevertheless, in the context of paleobiogeographical studies, and accord-
ing to the very nature of available data (often generic occurrences within basins),
these quantities might not be viewed as statistical estimators of “overall” richness,
but rather as indicators of (i) the sampling quality of the available fossil record
and (ii) comparability of the inter-basinal structure of sampled incidence between
the analyzed time bins (Brayard et al. 2009a; Escarguel ongoing work). Revised
Chao2 estimates for the Early Triassic are given in Fig. 7.1, updating Brayard
et al.’s (2009a) results.

7.2.2.2 Rarefaction and Extrapolation Curves

It is well known that the sampled taxonomic richness of a locality directly depends
on the underlying sampling effort, and thus the available sample size. To circum-
vent this potential bias when comparing unevenly-sampled assemblages, ecologists
and paleontologists traditionally use rarefaction methods as a means to “reduce”
larger samples to the size of the smallest one, and then directly compare these rar-
efied richness estimates (Gotelli and Colwell 2001, 2011). However, this approach
is not flawless. For instance, since the sample richness of a Tropical assemblage is
usually far from its true richness due to the presence of many rare taxa, this can lead
to a strongly underestimated rarefied richness when compared to the sample rich-
ness of a Boreal assemblage (Chao and Jost 2012). An alternate approach was re-
cently offered by Chao and Jost (2012), who provided an elegant analytical solution
for coverage-based rarefaction, “coverage” being a measure of sample complete-
ness. Contrary to classical, sample size-based rarefaction, coverage-based rarefac-
tion preserves the real degree of difference between the communities’ richnesses,
even for small sample size, and provides a sampling “stopping rule”. Chao and
Jost (2012) and Colwell et al. (2012) also provided an analytical solution for the
extrapolation of sample richness to higher coverage instead of larger sample size,
thus unifying coverage-based interpolation (rarefaction) and extrapolation into a
single curve. Unified rarefaction and extrapolation curves for the 14 Triassic time
intervals are given in Fig. 7.4.
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Fig. 7.4 Rarefaction and extrapolation curves for the Triassic. Solid lines: interpolation curves;
dashed lines: extrapolation curves; white circles: sample coverages. Gr Griesbachien, Di Die-
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Sample-size rarefaction and extrapolation curves for the Early Triassic indicate
that the estimated richness for the Smithian and Spathian is much higher than for the
Griesbachian and Dienerian. However, all time intervals have rather similar sample
coverage values (between ~0.85 and ~0.92), indicating that: (i) data can be directly
compared to each other and are not likely to result from major sampling artifacts,
and (ii) extrapolation is thus not needed. Sample coverages for the Dienerian and
the Spathian being slightly lower than the two others, also suggest that the sampling
effort for these two sub-stages is currently lower than for the Smithian and possibly
also for the Griesbachian. Lower values of sample coverages for the late Anisian
and Ladinian also point to the same hypothesis. Extrapolation may be useful in
these two cases, suggesting higher estimated richnesses than for the early and late
Anisian. Concerning the Late Triassic, only the Rhaetian value of sample coverage
is lower than for other time intervals, which therefore can be directly compared to
each other. Extrapolation curves for the Middle and Late Triassic intervals do not
significantly change interpretations based on rarefaction.
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7.2.2.3 Endemicity

The degree of endemicity (or, conversely, cosmopolitanism), i.e. the relative num-
ber of sampling units within which a given taxon occurs (hereafter called its “oc-
currence ratio”), is a fundamental life history trait directly or indirectly related to
several other ecological and evolutionary features, from demographic dynamics to
extinction probability (Gaston 1994; Kunin and Gaston 1997). Brayard et al. (2006)
proposed an original approach to test the “occurrence ratio profile” (ORP) of a set
of taxa against the null hypothesis of a random distribution of those taxa within
the sampled localitiecs. An ORP is a 10-bin histogram summarizing the frequency
distribution of the occurrence ratio estimated for each sampled taxon. Confidence
intervals are estimated for each ORP-bin through nonparametric bootstrap (random
re-sampling of taxa with replacement), whereas a null ORP-model is generated by
random permutation of taxa within localities, corresponding to the null hypothesis
that, contrary to taxonomical richness (which remains unchanged by this permuta-
tion procedure), the taxonomical composition of each assemblage is not controlled
by its geographic location and/or its environmental properties (permutation model
#3 in Legendre et al. 1997). The ORPs and associated null-models for the 10 Middle
and Late Triassic time intervals are given in Fig. 7.5 (see Brayard et al. 2006 for the
Early Triassic ORPs).

While the early Anisian, Ladinian and late Norian empirical ORPs clearly match
their associated null-distribution model, thus suggesting lack of strong geographical
and/or environmental constraints in the distribution of taxa among the sampled ba-
sins, all other ORPs depart from this null model by showing: (i) more than expected
highly endemic (o.r.<0.1) and weakly to highly cosmopolitan (o.r.>0.5) taxa, (ii)
less than expected moderately endemic taxa (0.1 < o.r. <0.2), but (iii) frequencies
of weakly endemic taxa (0.2< o.r. <0.5) close to expectation from the null model.
Lastly, the Rhaetian ORP suggests a contrasted situation with abundant highly en-
demic and moderately to highly cosmopolitan taxa, but without any weakly endem-
ic to cosmopolitan genera. Nevertheless, this ultimate ORP must be interpreted cau-
tiously, as it is based on a very small dataset, thus precluding any firm conclusion.

7.2.2.4 Biogeographic Relationships: A Network-Based Approach

The combined analysis of inter-assemblage taxonomical similarities through hierar-
chical clustering and ordination techniques is not flawless with respect to taxonomi-
cal occurrence or abundance data (Legendre and Legendre 2012). Critically, these
techniques implicitly assume that such datasets define continuous and homogeneous
topological spaces, which is generally not the case. As several combinations of taxa
are a priori impossible for historical (phylogenetic and/or biogeographic) as well
as functional (ecological) reasons, taxonomical data indeed define pretopological
spaces where the concepts of similarity and neighborhood are formally decoupled
(Cech 1966). In order to account for this major methodological constraint, Brayard
et al. (2007b) developed an original approach leading to the visualization of a simi-
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larity structure as a connected network of neighborhoods called a “bootstrapped
spanning network” (BSN). Departing from a combined set of undirected “minimum
spanning networks” (Prim 1957; Excoffier and Smouse 1994) nonparametrically
bootstrapped from the sampled data, a BSN is computed by iterative removal, from
the weakest links (i.e. links with lowest bootstrap supports) up to the best-supported
ones, until: (i) the resulting network is no longer connected, or (ii) the overall prod-
uct of bootstrap supports of the remaining links no longer increases (see Brayard
et al. 2007b for algorithmic details). As a consequence, a BSN is not a “minimal”
structure (the length of a link is not considered in the removing procedure), but
rather “the simplest connected network best supported by the available data” (Bra-
yard et al. 2007b, p. 755). Here, we illustrate the spatialized BSN corresponding to
the 10 Middle and Late Triassic time intervals (Figs. 7.6, 7.7 and 7.8; see Brayard
et al. 2007b, 2009c for the Early Triassic BSNs).

As expected, the BSNs demonstrate the latitudinal structuring of ammonoids in
eastern Panthalassa as previously suggested by NMDS for the early and late Anisian
and Ladinian (Fig. 7.2), but they also identify such a connection for the middle
Anisian (Fig. 7.6). They modulate the Ladinian (Fig. 7.6) and Carnian (Fig. 7.7)
latitudinal structuring in eastern Panthalassa as suggested by NMDS (Figs. 7.2 and
7.3), thus highlighting that links between localities are sometimes weak (Ladinian)
or reticulate (Carnian). Moreover, the BSN provides additional precision about the
other remaining Tethyan localities. For instance, dense connections in the western
Tethys for the early Anisian are evidenced as well as the relative (middle to late
Anisian) to near complete (Ladinian) isolation of the Germanic basin. The BSN
also shows intertropical trans-Panthalassic connections during the Middle Triassic
(Fig. 7.6). These links increase in number and change in latitude during the late
Carnian (Fig. 7.7) and middle and late Norian (Fig. 7.8), suggesting a more cosmo-
politan distribution of ammonoids at that time.

Visual investigation of the BSNs coupled with the paleogeographic location of
the compared assemblages usually allows the identification of groups of related
basins (here, two or three, depending on the time interval) whose differences in
taxonomical composition can be further tested for significance against the null
hypothesis of among-group random compositional differences. This can be done
readily through one-way analysis of similarity (ANOSIM; Clarke 1993) or non-
parametric multivariate analysis of variance (NP-MANOVA; Anderson 2001), in
both cases using the same coefficient of taxonomical similarity (in this work, using
the Dice [= Serensen = Bray—Curtis for presence/absence data] coefficient). Al-
though the ANOSIM procedure always appears more conservative (larger p-values)
than NP-MANOVA, both techniques identify the very same time intervals as hav-
ing significant differences among groups of taxonomical assemblages (Table 7.1).
Whereas all Smithian to Ladinian time intervals return significant results indicating
marked compositional differences between the Panthalassic and Tethyan realms,
all Late Triassic time intervals but the 2-group early Norian test return non-sig-
nificant results, suggesting a more homogeneous distribution of ammonoid genera
between the two realms at that time. The two first Early Triassic time intervals show
marginally-significant (Griesbachian) to non-significant (Dienerian) differences at
a 5%-significance level, in both cases based on a small sample size, suggesting
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the extremely low statistical power of such results, and thus lack of actual geo-
graphical structuring in these two cases. The early Anisian and Ladinian time in-
tervals show a noteworthy configuration, as their respective ORPs do not depart
from the null hypothesis of a random distribution of taxa within the sampled locali-
ties (see previous paragraph), whereas the present results demonstrate significant
among-group compositional differences. These seemingly contradictory results
point to taxonomically homogeneous groups of assemblages—hence a significant

for details and Early Triassic BSN). Paleolatitudes are approximated from Early Triassic maps (see
Brayard et al. 2006) and arbitrarily considered to not vary too much between the Middle and Late
Triassic for graphic convenience. Black arrows indicate observed latitudinal gradational biogeo-
graphic structures. Bold dotted line around the Germanic basin during the Ladinian illustrates the
isolation of this basin at that time.
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Fig. 7.8 Bootstrapped Spanning Networks for Norian and Rhaetian ammonoids. (See Fig. 7.6 for
details)
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Table 7.1 One-way ANOSIM and NP-MANOVA results, showing the Triassic time intervals with
significantly different groups of taxonomical assemblages. Two-group partitioning: Eastern Pan-
thalassa vs. Tethys; three-group partitioning: Eastern Panthalassa vs. Eastern Tethys vs. Western
Tethys. Contrast analysis: ANOSIM- or NP-MANOVA-based pairwise comparisons, including a
sequential Bonferroni correction for multiple testing

ANOSIM NP-MANOVA Contrast analysis
(pairwise com-
parisons, identifying
groups of assem-
blages with signifi-
cant differences)
Griesbachian (2 gr.) | 0.307 | 0.0285* 3.33 0.0285%* East.
Panthalassa-Tethys

Dienerian (2 gr.) 0.207 |0.054 NS 2.77 0.062 NS None
Smithian (2 gr.) 0.246 | 0.006%** 3.63 0.0032%* East.
Panthalassa-Tethys

Spathian (3 gr.) 0.317 |0.0025%* 3.34 0.0008*** | All (NP-MANOVA);
all but West.-East.
Tethys (ANOSIM)
Early Anisian (2 gr.) | 0.841 | 0.0002*** | 11.09 0.0002*** | East.
Panthalassa-Tethys

R P pseudo-F | p

Early Anisian (3 gr.) | 0.553 | 0.00024*** | 6.33 0.00013*** | East. Panthalassa-
West. and East.
Tethys

Middle Anisian 0.295 | 0.01* 2.36 0.0056** East. Panthalassa-

3 gr) West. Tethys

Late Anisian (3 gr.) | 0.326 | 0.0023** 2.31 0.0002*** | All (NP-MANOVA);
all but West.-East.
Tethys (ANOSIM)

Ladinian (3 gr.) 0.489 | 0.00006*** | 2.72 0.0001*** | All

Early Carnian (3 gr.) | 0.127 | 0.123 NS 1.445 0.075 NS None

Late Carnian (3 gr.) | 0.037 | 0.35NS 1.21 0.24 NS None

Early Norian (2 gr.) | 0.375 | 0.01%* 2.54 0.0045%* East.
Panthalassa-Tethys

Early Norian (3 gr.) | 0.096 | 0.21 NS 1.44 0.13 NS None

Middle Norian (2 gr.) | —0.017 | 0.47 NS 0.813 0.61 NS None
Middle Norian (3 gr.) | —0.028 | 0.58 NS 0.872 0.64 NS None
Late Norian (3 gr.) 0.080 | 0.17 NS 1.352 0.165 NS None
Rhaetian (2 gr.) 0.352 | 0.10NS 1.69 0.20 NS None
NS p>0.05; *p>0.01; **p>0.001; ***p<0.001

biogeographical structuring—where taxa tend to be relatively widespread within
their group—hence a lack of highly-endemic genera.

Lastly, when a non-random compositional difference is detected by the ANO-
SIM and NP-MANOVA procedures, a SIMPER analysis (Clarke 1993) allows the
identification of those taxa most contributing to the among-group “overall average
dissimilarity” (OAD, using the same coefficient of taxonomic similarity as used
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Table 7.2 SIMPER results for Triassic time intervals showing ANOSIM- and NP-MANOVA-
based significant differences among groups of taxonomic assemblages (same group-partitioning as
in Table 7.1). OAD: among-group overall average dissimilarity; Ny, , N¢,,.; number (percentage)
of genera contributing to 50% and 80% of OAD, respectively; List of the Ny, genera: genera
contributing to 50 % of OAD, ranked in order of decreasing contribution to OAD

Time interval OAD N N List of the N 50%

Smithian (2 gr.) | 55.6 19 (31 %), Melagathiceras, Clypeoceras, Prionolobus,
34 (56 %) Anaxenaspis, Arctoceras, Pseudoceltites,
Euflemingites, Paranannites, Aspenites,
Inyoites, Owenites, Flemingites, Wyomingites,
Cordillerites, Prionites, Juvenites, Wasachites,
Xenoceltites, Kashmirites

Spathian (3 gr.) | 70.8 24 (26%), Procladiscites, Keyserlingtes, Sulioticeras,
49 (53%) Prohungarites, Cordillerites, Columbites,
Isculitoides, Stacheites, Metadagnoceras,
Subcolumbites, Tirolites, Zenoites, Alban-
ites, Procarnites, Ussurites, Proptychitoides,
Leiophyllites, Paragoceras, Nordophiceras,
Fengshanites, Dagnoceras, Dalmatites,
Hemilecanites, Pseudodinarites

50% ~80% genera

Early Anisian 80.3 10 (27 %), Lenotropites, Ussurites, Discogymnites,
(2 gr) 21 (57%) Grambergia, Stenopopanoceras, Gymnites,
Psilosturia, Karangatites, Leiophyllites, Sturia

Early Anisian 69.9 10 (27 %), Psilosturia, Ussurites, Grambergia, Sturia,
(3 gr) 20 (54 %) Lenotropites, Stenopopanoceras, Aegeiceras,
Discogymnites, Paracrochordiceras, Gymnites

Middle Anisian 77.8 18 (27 %), Ussurites, Anagymnotoceras, Acrochordiceras,
3gr) 36 (55%) Balatonites, Gymnites, Intornites, Norites,
Proarcestes, Megaphyllites, Stenopopanoceras,
Ptychites, Bulogites, Ismidites, Proteusites,
Nicomedites, Sageceras, Discoptychites,
Beyrichites

Late Anisian 89.0 17 (21.5%), Gymnites, Frechites, Nevadites, Intornites,
3 gr) 39 (49%) Japonites, Proarcestes, Monophyllites,
Kellnerites, Flexoptychites, Longobardites,
Judicarites,?Megaphyllites, Paraceratites,
Amphipopanoceras, Epigymnites, Reitziites,
Parapopanoceras

Ladinian 3 gr.) | 84.7 15 (23%), Istreites, Proarcestes, Indigirites, Asklepioc-
33 (51%) eras, Protrachyceras, Argolites, Sphaerocla-
discites, Daxatina, Frankites, Muensterites,
Arpadites, Arctoptychites, Longobardites,
Thanamites, Iberites

Early Norian 84.5 9 (18%), Hypocladiscites, Paracladiscites, Pterosire-
(2 gr) 23 (47%) nites, Cladiscites, Dimorphites, Juvavites,
Arcestes, Griesbachites, Thisbites

by the ANOSIM and NP-MANOVA), based on an additive decomposition of the
contribution of each taxon to OAD (Table 7.2). In all cases studied here, ~25 % of
the genera together generate half of the overall average compositional dissimilarity
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among groups of basins (~50 % controlling 80 % of OAD), highlighting the uneven
contribution of each genus to the overall biogeographic signal. It is worth noting
here that the lists of those genera driving the biogeographic differentiation bring
together long- and short-ranging taxa, suggesting that ammonoid longevity is not
strongly related to their endemicity level, a rather counterintuitive result that re-
mains to be further investigated.

7.3 Exploring Revised Data: Refining Patterns and
Underlying Processes

7.3.1 Early Triassic

Updated generic richness (GR) patterns for the Early Triassic are given in Fig. 7.1.
Compared to Brayard et al. (2009a), the rapid rediversification of ammonoids is
still obvious, with even higher estimated total GR for the Griesbachian, Dienerian
and Smithian, which is a direct consequence of the numerous detailed monographs
published recently from various areas (Shigeta and Zakharov 2009; Jenks et al.
2010; Ware et al. 2011; Brithwiler et al. 2012a, 2012b, 2012c¢; Zakharov and Mous-
savi Abnavi 2013). Unpublished Spathian data still lead to the underestimation of
its GR, which is likely above the Smithian value. Evolution of the Early Triassic GR
was already detailed in Brayard et al. (2009a).

The existence of a latitudinal gradient of generic richness (LGGR) was the first
Early Triassic large-scale biogeographical pattern investigated based on a taxonom-
ically homogeneous dataset (Brayard et al. 2006, 2007b). Based on a basin-level
spatial resolution allowing realistic reconstruction of large-scale biogeographical
patterns, this analysis departed from previously published macroecological studies
on past diversity patterns. The results of this work mainly indicated that the global
first-order trend in increasing ammonoid diversity was accompanied by a progres-
sive change from cosmopolitan to latitudinally-restricted distribution during the
Early Triassic (Brayard et al. 2006). This lead to the emergence of a clear latitudinal
diversity gradient during most of the Smithian and Spathian sub-stages (Brayard
et al. 2006, Fig. 11). Based on the likely assumption that ammonoids were temper-
ature-sensitive organisms, this also strongly suggests the progressive appearance of
a marked latitudinal temperature gradient during the Early Triassic, with maximum
differentiation during the Smithian and Spathian (see also Kummel 1973b and Da-
gys 1988, 1997). However, this global trend was not a continuous process as it was
interrupted at least once during a brief episode of ammonoid cosmopolitanism com-
bined with a marked extinction event during the end-Smithian (e.g. Tozer 1981b,
1982; Dagys 1988, Brayard et al. 20006).

Brayard et al. (2006) also used quantitative analyses of endemicity based on the
ORP to complete their study on the biogeographical structuring of faunas. They
clearly indicated a rapid increase in the percentage of endemic genera concomitant
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with the edification of the LGGR, notwithstanding a sudden return to a cosmopoli-
tan structuring during the end-Smithian (Brayard et al. 2006, Figs. 7-9).

The biogeographical structure of faunal assemblages was also explored by means
of coupled hCA, NMDS and BSN analyses (Brayard et al. 2007b, 2009¢c). These
three combined approaches provided further evidences for an increase in steep-
ness of the latitudinal temperature gradient during the Early Triassic. In particular,
identified inter-locality relationships confirmed that the very beginning of the Early
Triassic (Griesbachian) corresponds to a very simple biogeographical setting with
assemblages dominated by common cosmopolitan genera. This context shifts rapid-
ly to a more heterogeneous configuration (as confirmed here by the NP-MANOVA
and ANOSIM comparisons of Tethyan vs. Panthalassic assemblages; Tables 7.1 and
7.2), indicative of a more endemic and latitudinally-restricted distribution of ammo-
noids during the Smithian and Spathian. Nevertheless, BSN results also highlight
the development of a marked intertropical faunal belt across the Tethys and Panthal-
assa at that time, due to the co-occurrence of certain ammonoid genera on opposite
sides of the Panthalassa illustrating latitudinally-restricted faunal exchanges during
the Smithian (Brayard et al. 2009b, 2013; Jenks et al. 2010), Spathian (Galfetti et al.
2007a; Guex et al. 2010) and end-Spathian (Monnet et al. 2013).

The formation of an ammonoid LGGR during the Early Triassic is likely con-
comitant with the emergence of a latitudinal temperature gradient in the world
ocean. The end-Smithian event has been qualitatively recognized for over 30 years
(Tozer 1982; Dagys 1988), but its potential causes remained elusive until recently.
Indeed, the rapid collapse of the ammonoid LGGR, the common occurrence of
low diversity and cosmopolitan faunas and the high taxonomic similarities among
regional assemblages clearly point to a global oceanographic and climatic event
such as a return to a weak latitudinal temperature gradient (Brayard et al. 2006,
2007b, 2009¢). Additional evidence of a global end-Smithian event first came from
various palynological, sedimentological and geochemical analyses (Galfetti et al.
2007a, 2007b, 2007¢). Recent 8'%0 isotopic analyses measured on conodont apatite,
provide a good proxy for sea-surface temperatures and indicate that the Smithian-
Spathian boundary was accompanied by a ~8 °C drop down in the Tethys (Romano
et al. 2013).

Most if not all Early Triassic ammonoids are very likely derived from a single
PT-survivor species. They thus represent an ideal case of a “quasi-monophyletic”
clade evolving in a stable geologic framework, only depending on the oceanograph-
ic setting (SST, currents, etc.), Brayard et al. (2004) ran their “geophyletic model”
(Brayard et al. 2004, 2005; Escarguel et al. 2008) using Early Triassic paleoge-
ography to simulate the Early Triassic diversification and diversity distribution of
ammonoids. The “geophyletic model” is a serial automaton simulation model of
the “General Simulation Model” family (Gotelli et al. 2009); it has been shown to
produce realistic large-scale diversity patterns under extant geographic and oceano-
graphic settings (Brayard et al. 2005; Escarguel et al. 2008). The principal result of
these simulations is that the formation of a LGGR basically depends on the shape
and magnitude of the SST gradient, corroborating the working hypothesis of a direct
causal link between changes in the SST gradient and the LGGR.
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7.3.2 Middle Triassic

Ammonoid-based quantitative and global-scale analyses for Middle Triassic time
intervals are much scarcer in the literature than for the Early Triassic, in that most of
the known biogeographical patterns are only qualitatively characterized (Fig. 7.1).
The Spathian/Anisian boundary is characterized by a marked faunal turnover as-
sociated with the radiation of mid-Triassic families such as Arcestidae (Dagys et al.
1979; Monnet and Bucher 2005; Konstantinov 2008; Balini et al. 2010). During the
Anisian, latitudinal differentiation of assemblages seems to be maintained at levels
comparable to the Smithian or Spathian (Galfetti et al. 2007c; Balini et al. 2010),
which suggests a lingering tight link between the SST gradient and the LGGR. As
shown here, the BSN approach underlines a clear latitudinalisation of the biogeo-
graphical structures with a northeastern Panthalassic gradient during the Middle
Triassic (Fig. 7.6). Faunal heterogeneity also seems to have increased globally from
the early Anisian to the late Anisian, as suggested by the increasing among-group
overall average dissimilarity (OAD; Table 7.2), possibly due to climatic fluctua-
tions (Zakharov et al. 2008) or tectono-custatic events such as transgression on
various epicontinental seas (Balini et al. 2010). For instance, beginning in the late
Anisian, a significant number of endemic taxa repeatedly developed within the Ger-
manic basins, where the endemism level fluctuated according to successive im-
migration events enabled by transgressions and corridors openings (Urlichs and
Mundlos 1985; Klug et al. 2005). This is well illustrated by BSN analyses (Fig. 7.6)
where the Germanic basin appears to be almost completely isolated from other lo-
calities during the late Anisian and Ladinian. This led to transient regional diversity
hotspots that oftentimes complicated large-scale accurate correlation (e.g. Monnet
and Bucher 2005, 2006b). The middle/late Anisian transition and the late Anisian
are marked by an increase in taxa shared by both sides of the Panthalassa, but partic-
ularly more so along the western coast of Pangea (Dagys 1988; Monnet and Bucher
2005; Monnet et al. 2007, 2008). This biogeographic structuring is well confirmed
by BSN results (Fig. 7.6). In contrast with the Anisian, Ladinian ammonoids are
customarily assumed to be more cosmopolitan with extremely similar assemblages
across latitudes, Tethys and the Panthalassa (Tozer 1981b; Dagys 1988). However,
we provide evidence here with BSN analyses (Fig. 7.6) that a biogeographical lati-
tudinal structure of faunal relationships persists during the Ladinian along the east-
ern Panthalassa, although possibly somewhat weaker than during the Anisian (see
also Konstantinov 2008). A marked differentiation between the Tethys and Pan-
thalassic basins is also confirmed by the NP-MANOVA and ANOSIM comparisons
(Table 7.1), again indicative of rather heterogeneous distributions of ammonoids
during the Ladinian. Nevertheless, the related ORP (Fig. 7.5) does not indicate an
excess of moderately to highly endemic genera (0.r.<0.2), showing that such struc-
turing is driven by genera that are relatively well distributed within their respective
biogeographical realms.
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7.3.3 Late Triassic

Previous works on the biogeographical structuring of the Late Triassic have been
mostly qualitative. Successive episodes of extinction and radiation (e.g. at the
base of the late Carnian) are well known from the Carnian and Norian. However,
the biogeographical differentiation of ammonoid faunas is more or less identi-
cal during both intervals, with an apparent marked LGGR that is probably due
mainly to the paucity of the Boreal record (Dagys 1988; Balini et al. 2010). Boreal
assemblages also appear rather endemic, but cosmopolitan genera persist, facili-
tating large-scale correlation (Balini et al. 2010). While both early and late Car-
nian BSNs clearly indicate an eastern Panthalassa latitudinal structuring (see also
Konstantinov and Sobolev 2004), the intensity of biogeographical relationships
between the Tethyan and Panthalassic realms markedly increases through time
(Fig. 7.7). A weak but significant biogeographical distinction reappears during
the early Norian (Fig. 7.8), as also evidenced by the NP-MANOVA and ANOSIM
analyses (Table 7.1). However, this pattern does not hold true with a closer time
resolution because the ecarliest early Norian ammonoid faunas from British Co-
lumbia clearly show boreal influences (Balini et al. 2012b), while those of the late
Early Norian are more similar to those from the Tethys. Middle and late Norian
BSNs do not show any clear pattern, illustrating the return to a globally homoge-
neous biogeographical configuration.

The base of the late Norian is characterized by the appearance of the first het-
eromorphic genus (Rhabdoceras) and the Rhaetian by the numerical increase in
heteromorph taxa. These heteromorphs appear rather common, but known Rhaetian
occurrences still remain scarce (e.g. Dagys et al. 1979; Tozer 1994), thus prevent-
ing any firm biogeographical interpretation, as also shown by the BSN based on the
entire fauna (Fig. 7.8).

7.4 What’s on the Horizon?

Until now, macroevolution, biogeography and macroecology have remained rela-
tively independent research fields. However, bringing them together in a unified,
descriptive and predictive approach offers new exciting perspectives in the under-
standing of modern and past biodiversity drivers and dynamics (Escarguel et al.
2011). This fertile cross-field emulation addresses new questions, such as how -and
to what extent- biogeographical and macroecological properties of taxa are influ-
enced by their evolutionary history? Because the fragmentary nature of the fossil
record makes abundance information unreliable in most cases, we only considered
here the taxonomic richness aspect of biodiversity. Yet, the biodiversity concept
involves other dimensions also robust to the fossilization process, such as phyloge-
netic diversity (e.g. Emerson and Gillespie 2008), ecological (functional) diversity
(e.g. Petchey and Gaston 2006), or morphological disparity (e.g. Foote 1997; Villier
and Korn 2004; McGowan 2005). Based on previously acquired data and results, the
objectives of future studies will be therefore to quantitatively assess and compare



7 Biogeography of Triassic Ammonoids 183

spatial and temporal dynamics of these complementary aspects of biodiversity, as
well as their potential relationships with major biotic and abiotic parameters such as
geographic rarity, taxon longevity, extinction probability, or climate.

From this point of view, the understanding of past biodiversity might be first
investigated by exploring the intricate and multidimensional relationships among
phylogenetic, geographic and morphological distances and their evolution through
geological time since some of these properties are now available through large re-
vised datasets (e.g., for Triassic ammonoids, Brayard et al. 2009a; Brayard and
Escarguel 2013; Brosse et al. 2013). In the context of Triassic studies, such a mul-
tidimensional approach to biodiversity is expected to significantly improve our
understanding of the Early Triassic biotic recovery (e.g. do latitudinal gradients
in phylogenetic, functional or morphological diversity also emerge parallel to the
LGGR?) as well as the Late Triassic long and rough road to the Triassic/Jurassic
crisis (e.g. do the end Norian and Rhaetian extinction events show any structuring
in phylogenetic, ecological or morphological loss?). In all cases, significant results
and new questions are expected from integration of quantitative descriptions of di-
versity dynamics based on fossils already available as well as new fossils integrated
in taxonomically-revised, geo-referenced datasets. When combined with more in-
ductive, simulation-based approaches, this will allow the identification of the un-
derlying evolutionary and functional processes, as well as the relative importance
of potential parameters driving the observed patterns (see Brayard et al. 2004 for a
preliminary example on Early Triassic ammonoid generic richness).
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