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In this paper, we examine the diversity trends and the evolutionary patterns of Triassic conodonts through a newly powered
large-scale data-set compiled directly from the primary literature. Paleodiversity dynamics analyses have been undertaken
by working at the species level and using a system of time units based on biozone subdivisions for a fine temporal level
resolution. The role of heterogeneous duration of taxa in diversity estimates has been evaluated through the probabilistic
profiles. Results reveal three different stages in the diversity behaviour of Triassic conodonts from standing metrics
delimited by two inflections at the mid-Anisian and mid-Carnian. Survivorship analysis supports this pattern. Origination—
extinction metrics report a diversification pattern characterised by important fluctuations during the Lopingian—Induan
(earliest Triassic), the early-middle Olenekian (Early Triassic) and the Anisian—Ladinian transitions (Middle Triassic), as
well as in the early Late Triassic. In addition, two clear diversification peaks are observed in the late Carnian and in the end-
Norian. Reported patterns are interpreted in the context of deep extinction and environmental instability by documenting the
biological signal of the main diversification and turnover patterns observed from such records. This study emphasises the
singularity behaviour of diversity trends derived from the conodont record.

Keywords: diversity estimates; conodonts; Triassic; extinction dynamics; paleontological data analysis; probability of

surviving

Introduction

The study of taxonomic diversity through time has become
a powerful tool to document macroevolutionary processes
of the fossil record (Jablonski and Bottjer 1990; Erwin
2000; Jablonski 2000, 2005, 2007; Valentine and
Jablonski 2003; Ausich and Peters 2005; Donoghue
2005; Eldredge and Vrba 2005; Fisher et al. 2010; Peters
and Heim 2011; Cascales-Mifana 2012). Studies on loss
of diversity, mass extinctions and radiation events have
attracted extensive attention from paleontologists to
provide new insights into the patterns of life evolution
on Earth (Foote 1999, 2006; Hallam 2002; De Blasio and
De Blasio 2005; Arens and West 2008; Clapham et al.
2009; Benson et al. 2010; Quental and Marshall 2010;
Chen and Benton 2012). In fact, important studies have
focused on Phanerozoic diversity changes by documenting
the main extinction events throughout the marine and
terrestrial fossil records at different hierarchical taxonomic
levels (e.g. Benton 1985; Raup and Sepkoski 1986; Cleal
et al. 2012). The conodont fossil record is especially
relevant for such studies, mainly due to two reasons: an
abundant and continuous fossil record in almost all marine
environments and a wide geographical and stratigraphical
distribution.

During recent years, the frequency of this kind of study
has increased notably and an accurate attention of their

inherent biases has resurfaced in the same degree. Several
authors have emphasised that the analysis of extinction
and origination patterns requires the consideration of the
different constrains that can hide important paleobiologi-
cal aspects (Raup 1979; Norris 1991; Raymond and Metz
1995; Smith et al. 2001; Hunter and Donovan 2005; Ros
and De Renzi 2005; Tarver et al. 2007; Uhen and Pyenson
2007; Lloyd et al. 2011, among others). In this regard,
studying the diversity dynamics of conodonts affords a
series of advantages, which make this group particularly
attractive. Conodonts provide a rich fossil record from
different marine environments throughout time. Indeed,
this record probably represents the best fossil record
among the clade of vertebrates (Foote and Sepkoski 1999;
Purnell and Donoghue 2005), with clear utility across a
range of geological and biological contexts (Purnell and
Donoghue 2005). In addition, due to their mineralogical
composition (conodont elements are composed of the
calcium phosphate francolite; Pietzner et al. 1968), they
are exceptionally well preserved in many fossilisation
conditions, resisting diagenesis and metamorphism where
other common groups cannot, being the only fossil found
in many rocks (Aldridge and Smith 1993; De Renzi et al.
1996).

However, despite their excellent fossil record, problems
arise from using different taxonomic concepts, as in any
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other group. This is an important handicap because their
unique well-mineralised parts were a series of elements
arranged in a complex apparatus in their oral region. These
elements are the basis for the systematics of the group and
normally became disarticulated after the death and decay of
the animal; therefore, in order to establish species, or even
genus with confidence, the apparatus composition must be
known. After more than 150 years of intensive work,
considerable progresses on the conodont taxonomy have
been achieved. During the early Paleozoic, conodonts
showed a large variety of apparatus styles, but most of them
were poorly known. In contrast, the apparatus composition
of the late Paleozoic and Mesozoic conodonts is better
understood, due to the relatively abundant record of natural
assemblages and fused clusters of different species (Rhodes
1953; Krivic and Stojanovic 1978; Ramovs 1978; Mietto
1982; Nicoll 1983, 1985; Mastandrea et al. 1999;
Goudemand et al. 2011, 2012). These late Paleozoic and
Mesozoic apparatus show a more stable architecture, with
conservative ramiform elements (even at the family level)
and distinctive pectiniform elements that evolved rapidly,
becoming the base for the systematics of the group
(Aldridge 1988).

Several authors have focused their attention on the
paleodiversity analysis of conodonts record, especially
through the Triassic Times (Clark et al. 1981; Clark 1983,
1987; Aldridge 1988; Sweet 1988; De Renzi et al. 1996;
Stanley 2009). Nevertheless, despite all of these works,
additional efforts are still necessary to deepen the
characterisation of dynamic aspects related to the ‘last
evolutionary episode’ of the conodonts history. According
to this background, we focused this work on this key
period of the conodont fossil record, allowing us to
develop an accurate database where most of the problems
described above can be satisfactorily minimised. In this
paper, we present a paleobiological data analysis from a
new conodont data-set created for late Permian—Triassic
species diversity under the general goal of improving our
knowledge about their most recent fossil history and their
last extinction dynamics. In order to reach this general aim
we examine (1) the entire spectrum of their diversity
dynamics for this time interval, (2) the extinction
(descriptive and probabilistic) patterns and (3) the
taxonomic turnover trends of this controversial group of
early vertebrates.

Data

We analysed a new high-powered data-set given by
Plasencia et al. (2013). Similar to Janevski and
Baumiller (2009), the dataset is conducted at species
level; cf., sp., aff. and other modifiers were excluded.
Tentative taxonomic entities were also omitted. Only
well-assigned species were considered for data compu-

tation. After filtering, we considered that our data-set
avoids potential overestimation of apparent species
diversity and allows us to obtain more realistic results.
Our data-set embraces eminently the Triassic period,
however, the lattermost Permian (Changhsingian) was
also included. This addition was carried out for studying
the Paleozoic—Mesozoic transition by providing a broad
vision of the diversity dynamics during the earliest
Triassic times.

Conodont data were codified with a high level of
temporal resolution. In total, 327 taxa were considered
through 48 time units, from the late Permian (Lopingian)
to the end-Triassic (Rhaetian). To accommodate raw
information from the primary literature, each time unit was
built by subdividing the formalised sub-stages into a
maximum of three time intervals, referred as Early, Middle
and Late (see Table 1). These time units are equivalent to
the ammonoid biozone subdivision for the Lopingian and
Triassic periods (Tethyan Zones) (see Henderson et al.
2012; Ogg 2012, Table 25.3). The followed criteria to
assign the interval lengths in each case are specified in
Supplementary File 1. Diversity data can be consulted in
Supplementary File 2.

Methods

Original data were treated following the four fundamental
taxonomic categories in paleobiological analyses
described by Foote (2000a). For a given time unit, we
recovered information about the number of taxa confined
to the interval (Ngp, singleton taxa); the number of taxa
that cross only the bottom boundary (N, last appear-
ances); the number of taxa that cross only the top
boundary (Ng, first appearances) and finally, the number
of taxa that cross both boundaries (N, range-through
taxa). The original taxonomic counts per time unit appear
in Table 1.

Four diversity metrics are used herein. First, we used
two categories of diversity measures, which make
reference to the minimum and maximum levels of
registered diversity. Minimum sampled diversity was
obtained by taking a single total of the species with first
and/or last appearances in a given time unit (Peters and
Foote 2001). Maximum sampled or total diversity
correspond to the minimum sampled diversity plus the
number of range-through taxa (Peters and Foote 2001).
This approach was adopted to explore the effect of long-
lived taxa on the diagnosis of diversity peaks. Second, we
used two complementary measures to avoid the potential
distorting effect associated with the singleton taxa (Foote
2000a, 2000b; Uhen and Pyenson 2007; Cascales-Mifnana
2012). We plotted the total number of non-singleton taxa
and the mean standing diversity per time unit. Standing
diversity responds to the total number of species diversity
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Table 1. Temporal framework, corresponding abbreviations and taxonomic parameters of the large-scale conodonts data-set explored in
this work.

Time units Abbreviation Mid-point At Ny Nr Nt N
Lopingian L
Late Wuchiapingian LWu 254.85 1.30 0 14 0 4
Early Changhsingian ECh 253.85 0.70 5 5 9 1
Middle Changhsingian MCh 253.21 0.58 4 7 10 1
Late Changhsingian LCh 252.54 0.76 13 13 4 7
Early Triassic ETR
Early Griesbachian EGr 251.98 0.37 2 8 15 2
Middle Griesbachian MGr 251.61 0.37 8 4 15 3
Late Griesbachian LGr 251.04 0.77 15 5 4 1
Early Dienerian EDi 250.44 0.42 4 3 5 1
Late Dienerian LDi 250.12 0.22 1 10 7 4
Early Smithian ESm 249.75 0.52 8 16 9 7
Middle Smithian MSm 249.03 0.93 10 6 15 2
Late Smithian LSm 248.51 0.10 19 1 2 1
Early Spathian ESp 248.28 0.37 2 8 1 10
Middle Spathian MSp 247.90 0.38 6 8 3 7
Late Spathian LSp 247.39 0.65 7 3 4 4
Middle Triassic MTR
Early Aegean EAe 246.89 0.35 3 3 4 0
Late Aegean LAe 246.54 0.35 0 1 7 0
Early Bythinian EBy 246.01 0.71 0 1 8 0
Middle Bythinian MBy 245.48 0.35 0 0 9 0
Late Bythinian LBy 245.12 0.36 3 0 6 0
Early Pelsonian EPe 24471 0.47 3 5 3 0
Late Pelsonian LPe 24423 0.48 2 3 6 1
Early Illyrian Ell 243.28 1.42 2 7 7 0
Middle Illyrian MIl 242.34 0.47 3 9 11 0
Late Ilyrian Ll 241.80 0.60 4 7 16 1
Early Fassanian EFa 240.90 1.20 13 5 10 3
Middle Fassanian MFa 240.00 0.60 5 6 10 0
Late Fassanian LFa 239.40 0.60 6 3 10 1
Early Longobardian ELo 238.80 0.60 5 2 8 1
Middle Longobardian MLo 238.20 0.60 3 5 7 0
Late Longobardian LLo 237.45 0.90 1 5 11 3
Late Triassic LTR
Early Julian EJu 236.60 0.81 13 5 3 4
Middle Julian Mlu 235.79 0.80 2 2 6 3
Late Julian LJu 234.45 1.89 4 1 4 0
Early Tuvalian ETu 233.10 0.81 2 2 3 2
Middle Tuvalian MTu 231.89 1.61 1 6 4 0
Late Tuvalian LTu 229.72 2.73 8 13 2 6
Early Lacian ELa 226.44 3.82 9 4 6 4
Middle Lacian MLa 221.35 6.37 2 2 8 0
Late Lacian LLa 217.79 0.74 2 0 8 1
Early Alaunian EAl 217.16 0.52 6 6 2 1
Middle Alaunian MALI 216.07 1.67 3 4 5 3
Late Alaunian LAl 214.60 1.26 6 5 3 0
Early Sevatian ESe 212.71 2.52 4 0 4 2
Late Sevatian LSe 210.46 1.99 0 7 4 0
Early Rhaetian ERh 206.86 5.20 7 1 4 1
Middle Rhaetian MRh 203.21 2.10 2 1 3 0
Late Rhaetian LRh 201.83 0.66 4 0 0 3

Notes: The mid-point and time duration (Ar) of each time unit are shown in millions of years. Ny, number of taxa that cross only the bottom boundary (last
appearances); N, number of taxa that cross only the top boundary (first appearances); Ny, number of taxa that cross both boundaries (range-through taxa);
Ng, number of taxa confined to the interval (singleton taxa). Absolute ages were extracted from Henderson et al. (2012) and Ogg (2012, Table 25.3). See
Supplementary File 1 for details. Raw data can be found from Supplementary File 2.



Downloaded by [University of Valencia] at 02:54 03 August 2016

594 C. Martinez-Pérez et al.

per time unit by extracting half of the number of
originations and extinctions (Harper 1975; Foote 2000a).
Corresponding derived patterns were compared for
interpretation.

However, we calculated the relative species origination
and extinction rates (also called total per-taxon rates), Van
Valen’s evolutionary rates and Gilinsky metrics per time
unit. The relative origination and extinction rates are the
ratios of the total number of originated and extinguished
species and the total observed diversity per time unit
(Foote 2000a; Xiong and Wang 2011). All taxa were
considered in this first approach. The rates of evolution
throughout Van Valen’s algorithms follow the identical
structure of previous rates, but dividing the originated and
extinguished taxa by the standing diversity for a given time
unit (Van Valen 1984; Foote 1994, 2000a). In this case,
singletons were not considered to obtain the relative
weight of each event through time. Finally, standing
origination and extinction rates are implemented according
to Gilinsky rates. These metrics correspond to half of the
ratio between the total number of originated and
extinguished taxa minus singletons and the standing
diversity, respectively (Gilinsky 1991; Xiong and Wang
2011). In this last context, singletons were completely
avoided for calculation. In all cases, diversification rates
were computed by calculating the rate of net increase from
the differential value between the origination and
extinction levels.

We also calculated the corresponding turnover rates.
These rates represent an estimation of the change in
taxonomic composition from past biota (Shen et al. 2004).
In agreement with Xiong and Wang (2011), relative and
Van Valen turnover rates were calculated by adding the
corresponding origination and extinction rates and
discounting the proportion of singleton taxa. The singletons
component was obtained from the ratio between the total
number of singletons and the total or standing diversity per
unit time, respectively. For the last case, by following
Frobisch (2008), and as the singletons were directly not
considered by the raw algorithms, turnover rates were
obtained directly by addition of the corresponding values of
origination and extinction rates taken as a single total.

Finally, following De Renzi et al. (1996), we used the
original formulations of Raup (1985) to calculate the
probability of a conodont species surviving or being
extinguished for each time unit (see Foote 1988, p. 260,
Equations (1) and (2)). Similarly, this analysis was also
complemented with taxonomic survivorship curves (Raup
1975, 1978; Hoffmann and Kitchell 1984; Foote 1988;
Raup and Boyajian 1988; De Renzi et al. 1996; see
Cascales-Mifana and Cleal 2012 and references therein
for further explanations).

Results
Diversity dynamics

Figure 1 contains the diversity trends of the fossil history of
conodonts between the Changhsingian (late Lopingian,
end-Permian) and the Rhaetian (end-Triassic) interval.
Figure 1(A) shows a first peak of diversity in the late
Changhsingian followed by a quick fall in the Early
Triassic. Figure 1(A) shows that the maximum level of
species diversity during the Triassic was registered at early
Smithian (Olenekian). A major negative trend was
observed between this time unit and the earliest Middle
Triassic. Figure 1(A) also shows that the species diversity
reached a new maximum in the early Fassanian (Anisian—
Ladinian transition). After a diversity peak at early Julian
(earliest Late Triassic), our results highlighted three
consecutive diversity peaks of decreasing intensity at late
Tuvalian (end-Carnian), the time interval compressed
between the early-middle Alaunian (mid-Norian) and the
early Rhaetian.

The profile of the parameter of minimum sampled
diversity reflected the general trends previously exposed
but emphasised the fall of diversity at the Spathian—
Aegean transition (Early—Middle Triassic boundary)
(Figure 1(B)). This suggests that both the heterogeneous
longevity of taxa originated from previous intervals and the
taxa of wide record do not distort our vision of general
diversity trends of Triassic conodonts. In addition, Figure
1(C) shows the effect of discounting singletons in data
computation. This analysis revealed that singletons seem to
be not a major source of distortion in data analysis. Figure
1(C) follows identical trend of total diversity. Likewise, a
genuine pattern is observed from Figure 1(D). From the
diagram of standing diversity, three different stages can be
inferred. First, we detected a zone of instability with two
peaks at mid-Griesbachian (early Induan) and mid-
Smithian (early Olenekian) followed by an abrupt
disruption at the Smithian-Spathian transition (mid-
Olenekian). Only slight fluctuations were subsequently
registered at this stage. A second phase appeared, which
was dominated by two maximums at late Illyrian (end-
Anisian) and late Longobardian (end-Ladinian), ending
with the lowest diversity value at early Tuvalian (mid-
Carnian). Finally, a negative trend was observed from the
late Tuvalian until the total extinction of conodonts with
two minor increments of diversity levels during the mid-
late Alaunian interval and the early Rhaetian.

Evolutionary patterns

Figure 2 documents the main evolutionary events
(origination, extinction, net increase and turnover) of
Triassic conodonts. The relative origination rate revealed
its main stages in the early Spathian, early Pelsonian, late
Tuvalian, early Alaunian and late Sevatian (Figure 2(A)).
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Figure 1. Taxonomic species diversity curves through time. Diversity profiles of Triassic conodonts are traced through (A) maximum
sampled diversity, (B) minimum sampled diversity, (C) non-singleton taxa and (D) the mean standing diversity. See ‘Methods’ section for

details and Table 1 for abbreviations.

We observed similar peaks from the Van Valen origination
rate but with a peak during early Julian (Figure 2(B)). No
major differences were observed from the Gilinsky
origination rate (Figure 2(C)). The main moments of
extinction were placed by the relative extinction metric in
the late Smithian, early Fassanian, early Julian, early
Lacian, early Sevatian and early Rhaetian (Figure 2(D)).
This general pattern of extinction peaks is maintained
independently of the metric used (Figure 2(E),(F)). Only
minor differences were detected from the Van Valen and
Gilinsky extinction metrics. Van Valen extinction metrics
point out the late Tuvalian (Figure 2(E)), whereas Gilinsky
metrics focus attention on the early Alaunian (Figure 2(F))
time units.

However, the relative diversification rate indicates the
highest negative value in the late Smithian (Figure 2(G)).
This fact can also be described through the Van Valen and
Gilinsky metrics (Figure 2(H),(I)). Nevertheless, the
context is not similar for the positive net increase of
diversity between rates. Relative metrics do not show a
clear positive peak in the early Spathian, despite the fact
that this metric reports a clear origination peak in this time
unit. The other diversification metrics illustrate the highest
values for this time unit, by suggesting a singleton effect
for this reading through relative metrics (Figure 2(H),(I)).

Negative diversification values were documented in the
early Fassanian, early Julian, early Sevatian and during the
Rhaetian (Figure 2(G)—(I)). Conversely, the main positive
diversification values were observed in the mid-Tuvalian
and the end-Sevatian (Figure 2(G)—(I)).

The turnover patterns highlighted especially in the
early Spathian, early Fassanian, early Julian, late Tuvalian
and early Alaunian (Figure 2(J)—(L)). On this general
pattern, as a function of the metric used, a clear peak was
observed in the late Alaunian, being especially clear
through Gilinsky metrics (Figure 2(L)). Also, we detected
two main deflections in turnover patterns. The first of these
occurs during the Early—Middle Triassic transition,
whereas the other one is documented during mid-Late
Triassic. Both decreases of turnover rates were observed
independent of the metric (Figure 2(J)—(L)).

Probability of surviving and taxonomic survivorship
curves

Figure 3(A) illustrates the survivorship profile of Triassic
conodonts. The probability of surviving shows two clear
peaks before the total extinction of the group. These
deflections appear marked in the late Smithian (late Early
Triassic) and early Julian (earliest Late Triassic). The
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Figure 2. Evolutionary (origination, extinction, diversification and turnover) patterns obtained from the Triassic conodonts fossil record
through the relative (per taxon), Van Valen and Gilinsky species origination and extinction rates. See ‘Methods’ section for details and

Table 1 for abbreviations.

probability of surviving fluctuates during mid-Triassic
times, by decreasing dramatically in the Middle—Late
Triassic transition. In addition, Figure 3(A) shows an
increase in the early Julian—middle Tuvalian time interval,
followed by a subsequent fall in the Carnian—Norian
transition. Results show a last positive pulse at the
Norian—Rhaetian boundary. The lowest values appear
registered in the late Rhaetian.

Consistent with Figure 3(A) is the taxonomic survivor-
ship profile shown in Figure 3(B). From the taxonomic
survivorship curves, we see a first important fall of per cent
surviving towards the late Smithian. A similar context was

detected for the early Julian time unit. Moreover, the
polycohorts from the end of the Early Triassic show a
peculiar stability during Middle Triassic. They are the only
polycohorts that show some stability during all the Triassic.
Related to this stability, raw data show the first appearances
of some long-lived taxa during the early to mid-Anisian.
Interestingly, Figure 3(B) shows that the survivorship
pattern mirrors the main stages described by the standing
diversity patterns (Figure 1(D)). Finally, Figure 3(B) shows
how, from the end-Norian, the temporal interval Alaunian—
early Sevatian registers practically vertical profiles of
survivorship.
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See ‘Methods’ section for details and Table 1 for abbreviations.

Discussion
Diversity fluctuations in the Triassic conodont record

Results have reported a broad vision of the conodont
history in a biological context flanked by the end-Permian
and end-Triassic extinction events, two of the ‘Big Five’
extinctions registered in the Phanerozoic diversity (Raup
1979; Raup and Sepkoski 1982; Erwin 1993). Our
paleodiversity analysis provides a high-resolution per-
spective of this time interval for the conodont record.
Previous works have shown general patterns for the
Triassic conodonts with two maximum species diversity
peaks during the Induan and Ladinian times (Clark 1987;
Aldridge 1988; Renzi et al. 1996). Several extinction
moments during the Early Triassic and the mid-Late
Triassic transition have also been documented (Aldridge
1988; De Renzi et al. 1996; Stanley 2009). However, our
data show that the diversity behaviour of Triassic
conodonts is more complex. For instance, the rates of
evolution show an unstable extinction—origination pattern
(Figure 2). We have found six negative diversification
peaks especially significant in the late Griesbachian, late
Smithian, early Fassanian, early Julian, early Lacian and
early Sevatian (Figures 2(G)—(I)). Also, early Fassanian
and early Julian peaks can be recognised as important
turnover moments (Figure 2(J)—(L)).

We have documented an initial instability of diversity
profiles during the Permian—Triassic transition that it is
extended until the beginning of the Middle Triassic
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(Figures 1, 2). During Changhsingian, conodonts seem
not to be particularly affected by the extinction events at
the Permian—Triassic transition. Late Changhsingian
represents one of the most intense diversification peaks
(Figure 1(A)). An important part of the total species
registered during the latest Lopingian corresponds to
single appearances (Table 1). This fact could be
conditioning by an effect of worker effort on this interval
(e.g. Bernard et al. 2010). Moreover, we have found
important differences in intensity terms regarding the
probability of surviving for this transition. End-Permian
diversity peaks appear registered together with deflections
of probability of surviving. We consider that this trend
is a consequence of the expansion of the family
Anchignathodontidae, whereas other families (Sweet-
ognathidae, Gondolellidae) are strongly affected in
accordance with the context of the end-Permian
extinction event.

We have detected a genuine pattern in which standing
diversity increases respecting Permian intervals (Figure 1).
From Figure 3(A), we infer a favourable survival context
for the earliest Induan. In fact, the family Anchignatho-
dontidae had a brief heyday. Following the analysis, the
end-Griesbachian represents a significant period of
diversification for Gondolellidae. This family is the most
representative of Triassic times and is responsible for the
diversity peak during Dienerian—Smithian transition (mid-
Early Triassic) (Figure 1).

The maximum level of species diversity appears
during Smithian times (early Olenekian) (Figure 1). The
diversity curves record a sudden fall after the Smithian—
Spathian transition in which the standing diversity levels
are halved (Figure 1(D)). Figure 2 also shows the main
deflection of diversification patterns at this transition (end-
Smithian, mid-Olenekian). Raw data reflect the loss of
diversity of the family Ellisonelidae at this point. Our
profiles suggest that the end-Smithian extinction probably
represents the most significant event for conodonts
diversity before their final extinction (Figure 2(D)—(F)).

Rates of evolution have revealed the highest pulse of
origination towards the end-Early Triassic (Figure 2(A)—
(0)). Likewise, we have also registered an important level
of extinction rates in this age. Consequently, diversification
rates reflect negative increments during the end-Spathian
(Figure 2(G)—(I)). Taxonomic survivorship curves only
reflect vertical lines of the corresponding polycohorts
(Figure 3(A)). Therefore, the early Anisian times is
characterised by an episode of low diversity. All analyses
reflect this context (Figures 1-3). Figure 3(A) again shows
that a down peak is observed in the early Julian. This
framework is in concordance with the limit observed
around the earliest Late Triassic by the polycohorts
analysis. This context suggests a change of diversity
behaviour at this point. This observation can also be
interpreted by following the diversity trends from standing



Downloaded by [University of Valencia] at 02:54 03 August 2016

598 C. Martinez-Pérez et al.

metrics (Figure 1(D)) and turnover rate measures (Figure
2(H-@)).

The mid-Triassic conodont record reflects a maximum
peak of diversity during the end-Anisian (Figures 1(D)).
After registering this maximum, an important loss of
diversity was observed during the Ladinian (Figure 2(D)—
(F)). High activity is registered on the earliest Late Triassic
regarding the first and last appearance patterns (Figure
2(A)—(F)). Despite the fact that during the Julian high
levels of standing diversity are not recovered (Figure
1(D)), we have registered comprehensible peaks of
diversity from several diversity estimates during the
early Carnian (Figure 1(A)—(C)). This time interval also
represents a high moment of biological turnover (Figure
2(J)—(L)). Two extinction events affecting the conodont
diversity during this interval have been recognised. First,
Hornung et al. (2007) documented a salinity crisis during
the early Julian. The second crisis is more intense and has
been documented at the Julian—Tuvalian boundary, when a
humid climate pulse called ‘Carnian Pluvial Event’
occurred in all of the Triassic Oceans, affecting the
productivity of the carbonate platforms and the life of
many marine organisms, including conodonts (Rigo et al.
2007; Mazza et al. 2012a, b). This extinction during the
Carnian appears comparable to the previous loss of
diversity observed during the mid-Olenekian (Figure
1(D)). Taxonomic survivorship curves show that the
Julian—Tuvalian time interval was a key moment for
understanding the last extinction dynamics of conodonts
(Figure 3). We interpret these curves together with the
standing metrics to mark other inflection points in their
diversity fluctuations. Notwithstanding, diversity profiles
provide the last clear diversity peaks (end-Carnian) (Figure
1(D)). After that, Figure 1 indicates the last events of
reduction of diversity. Finally, along the Rhaetian, the
diversity loss is steady, and only a few species arrive at the
end-Triassic until their final extinction at the Triassic—
Jurassic boundary.

Interpreting paleodiversity curves

The description of the diversity and extinction dynamics of
conodont species during the Triassic has allowed us to
stress the singularity of the diversity behaviour of this clade
in a context of deep extinction and environmental
instability. Primarily, the observed patterns draw a series
of extinctions preceded and/or followed by increments of
total diversity (Figure 1(A)) through subsequent orig-
ination peaks and minor diversity fluctuations (Figure
2(A)—-(C)). Some of the exposed origination—extinction
events have been identified by previous works (Clark 1987;
Aldridge 1988; Sweet 1988; Stanley 2009). However, our
reading of such patterns differs from previous interpret-
ations. Clark (1987), by reviewing an extensive database

for the same time interval studied herein, concluded that
this group shows rapid diversification processes terminated
by extinction periods in a framework characterised by
apparent very compressed cycles during the Triassic.
Sweet (1988) also emphasised the perspective of Permian
and Triassic cycles of conodont diversity. Our results also
show explosive diversification processes and turnover
events in short intervals during the Triassic (Figure 2(G)—
(L)). However, we believe that these results could be
probably more in agreement with an erratic pattern of
observed diversity than with some type of cyclicity on
these processes.

A continuous decline of conodont diversity levels is
observed towards the end-Triassic (Figure 1(D)). The same
tendency can be traced for the probability of surviving
species (Figure 3(A)). This behaviour seems not to be
concordant with the perspective supplied by other marine
fossil records (Sepkoski 1978, 1979, 1984; Stanley 2009;
Ros et al. 2011; Chen and Benton 2012; Ros and
Echevarria 2012). Sepkoski (1984) described the main
diversity trends of marine invertebrates through a logistic
model that came back to the exponential behaviour
(growth phase) after a strong perturbation by entering into
a recovery period. For example, for bivalves trajectories,
Ros et al. (2011, Figure 2), using standing diversity,
document a characteristic pattern that could be associated
with an exponential phase of diversification during the
Early—Middle Triassic. After the end-Permian crises, the
standing diversity of conodonts also shows a recovery
pattern, which could be accommodated in a fast process of
diversification (Figure 1(D)). This aspect would be in
agreement with the Sepkoski’s model. The dynamics
proposed by Chen and Benton (2012) would also support
this view. We believe that conodonts represent a particular
case study taking into account its Triassic trajectory, where
any stabilisation is achieved. In fact, the total extinction of
conodonts at the end-Triassic can be interpreted as the
accumulative result of several factors (geologic and
biological aspects), and not just a single and punctual
intense perturbation that terminated the clade.

It is documented that the Lopingian (end-Permian)—
Early Triassic time interval represents a long period of
instability that extended until the beginning of the Middle
Triassic (Erwin 1993, 1998, 2006; Rodland and Bottjer
2001; Benton 2003; Pruss and Bottjer 2004; Payne et al.
2006). It has also been stated that the Early Triassic was a
period of slow recovery and following diversification of
the biota, reaching the complete recovery of the
ecosystems during the Middle Triassic times (Rodland
and Bottjer 2001; Benton 2003; Pruss and Bottjer 2004;
Payne et al. 2006; Chen and Benton 2012). The Permian—
Triassic boundary mass extinction was the most extreme
of the mass extinctions documented, with a low percentage
of species surviving (~10%) in a devastated planet with
poor-quality environmental conditions affecting all of the
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trophic levels (Sepkoski 1978, 1984; Raup and Sepkoski
1982; Raup 1994; McKinney 1995; Benton and Twitchett
2003; Clapham et al. 2009). This unstable condition is
clearly shown by the conodont diversity curves (Figure 1).
This fast-evolving group apparently recovered quickly
after the end-Permian extinction event. Nevertheless, due
to this environmental instability, they suffered several
extinctions throughout the Early Triassic (see Figures 1, 2;
Erwin 1998, 2006; Orchard 2007; Stanley 2009). It is
known that marine ecosystems were not completely
recovered until the early to mid-Anisian (8—9 Myr after
the crisis) at mid-Triassic (Chen and Benton 2012).
However, conodont data continue to show small peaks of
extinction in the Middle Triassic (Figure 2(D)—(F)).

Finally, during the Middle—Late Triassic boundary,
the group starts a constant decay, with several fluctuations
once the ecosystems were presumably recovered. For the
end-Triassic biological crisis, several environmental
causes have been proposed, highlighting sea-level changes
or long-term climate changes among others (e.g. Tanner
et al. 2004, and references therein). Although all of these
situations could be significant causes for the extinction of
conodonts, the beginning of these events seems to be
before the crisis. This fact would support the idea that
although the combination of several factors (extrinsic/-
geological or intrinsic/biological) could cause their
extinction, we believe that the biological factors were
probably decisive. This assumption, although speculative,
is worthy of consideration because this could explain the
observed diversity dynamics, with taxa being unable to
adapt to both stressful environmental conditions and to the
competition from the new Mesozoic biota.

Final remarks and forthcoming goals

New diversity curves for Triassic conodonts have been
presented. This study is placed in the conceptual
framework of Raup et al.’s (1973) nomothetic vision of
paleontology.

Three different stages of diversification were detected.
Robust probabilistic measures were included to comp-
lement the interpretation obtained from descriptive
indicators of extinction. However, we must not exclude
the possibility that several biases can be actuating on the
observed diversity, either by distorting stratigraphic ranges
or by sampling resolution. It is therefore necessary to
include a note of caution in this regard.

It is generally assumed that taxonomic databases
provide a consistent tool for documenting an overview of
diversity fluctuations through the fossil record. Never-
theless, the reading of diversity data from the fossil record is
constrained by the inherent nature of the record, and by
human and sampling factors. Recent studies on these
matters have targeted attention on the taxonomic and/or
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stratigraphical errors, especially when a taxonomic data-set
is computed without a sampling control on diversity
estimates. These aspects are being corrected each time
regarding current tendencies on taxonomic estimates.
Notwithstanding, since Raup (1972) seriously considered
the role of sampling biases in the fossil record and the
associated sedimentary constraints, several workers have
further investigated this question (Crampton et al. 2003;
Frobisch 2008; McGowan and Smith 2008; Butler et al.
2009; Mannion et al. 2010; Wall et al. 2011; Holland 2012).
Ruban and van Loon (2008) provide a good summary of
biases related to diversity curves. An excellent discussion
can also be found from Smith’s works (Smith 2001, 2003,
2007; Smith et al. 2001; Smith and McGowan 2007, 2011).
Special relevance acquires the recent Benton and Dunhill’s
studies on these limitations for interpreting paleodiversity
curves (Benton et al. 2011, 2013; Dunhill 2011, 2012;
Dunhill et al. 2012).

Taking into account these considerations, we have just
explored herein the biological dimension of the Triassic
conodonts by describing their diversity curves. This is in
spite of the lack of quantitative assessment of the
corresponding sampling biases being attempted herein.
We consider, however, that a reasonable reliable ‘dynamic
picture’ of the main diversity trends registered from the
conodonts record can be interpreted. Our analysis
represents then the first approach in this regard.

We are conscious that further work will be focused on
evaluating the depth of the sampling effect on such
patterns. Then again, due to the continuous improvements
in the conodont research, we assume that the raw data can
always be subject to modification both as new data and
when different taxonomic appointments are considered.
The conclusions derived from such modifications could
provide alternative visions.

Supplementary online material

Supplementary File 1. Table S1. Timescale, time units and
ammonoid biozones used for subdivisions. Data were
extracted from Henderson et al. (2012) and Ogg (2012).
See ‘Methods’ section for details.

Supplementary File 2. Binary (presence—absence)
matrix used in this study. Species diversity of conodonts
appears in the rows. The temporal distribution of the
considered taxonomic entities is codified in the columns.
See ‘Methods’ section for details.

Supplementary File 3. References list cited in
Supplementary File 2.

Acknowledgements

We would like to thank two anonymous reviewers for all the
suggestions and corrections that considerably improved the
quality of our work. CMP benefits from a Marie Curie FP7-



Downloaded by [University of Valencia] at 02:54 03 August 2016

600 C. Martinez-Pérez et al.

People IEF 2011- 299681 fellowship, and PP was supported by
the Chinese Academy of Sciences (Young International Scientist
Grant ‘2010Y2ZA02’) and by the ‘Agencia Espafola de
Cooperacion Internacional para el Desarrollo’ of the Ministry
of Foreign Affairs and Cooperation of Spain (MAEC-AECID).

References

Aldridge RJA. 1988. Extinction and survival in the Conodonta. In:
Larwood GP, editor. Extinction and survival in the fossil record.
Systematic Association Special vol. 34 Oxford: Clarendon Press.
p. 23-256.

Aldridge RJA, Smith MP. 1993. Conodonta. In: Benton MJ, editor. The
fossil record 2. London: Chapman & Hall. p. 563-572.

Arens NC, West ID. 2008. Press-pulse: a general theory of mass
extinction? Paleobiology. 34(4):456-471.

Ausich WI, Peters SE. 2005. A revised macroevolutionary history for
Ordovician—Early Silurian crinoids. Paleobiology. 31(3):538—-551.

Benson RBJ, Butler RJ, Lindgren J, Smith AS. 2010. Mesozoic marine
tetrapod diversity: mass extinctions and temporal heterogeneity in
geological megabiases affecting vertebrates. Philos Trans R Soc
Lond Ser B. 277(1683):829-834.

Benton MJ. 1985. Mass extinction among non-marine tetrapods. Nature.
316:811-814.

Benton MJ. 2003. When life nearly died: the greatest mass extinction of
all time. 1st ed. London: Thames and Hudson.

Benton MJ, Dunhill AM, Lloyd JD, Marx FG. 2011. Assessing the quality
of the fossil record: insights from vertebrates. In: McGowan A,
Smith AB, editors. Comparing the geological and fossil records:
implications for biodiversity studies. London: Geological Society,
Special Publications. p. 63-94.

Benton MJ, Ruta M, Dunhill AM, Sakamoto M. 2013. The first half of
tetrapod evolution, sampling proxies, and fossil record quality.
Palaeogeogr Palaeoclimatol Palaeoecol. 372:18—-41.

Benton MJ, Twitchett RJ. 2003. How to kill (almost) all life: the end-
Permian extinction event. Trends Ecol Evol. 18:358—-365.

Bernard EL, Ruta M, Tarver JE, Benton MJ. 2010. The fossil record of
early tetrapods: worker effort and the end-Permian mass extinction.
Acta Palacontol Pol. 55(2):229-239.

Butler RJ, Barrett PM, Nowbath S, Upchurch P. 2009. Estimating the
effects of the rock record on pterosaur diversity patterns:
implications for hypotheses of bird/pterosaur competitive replace-
ment. Paleobiology. 35:432-446.

Cascales-Mifiana B. 2012. Disentangling temporal patterns in our
perception of the fossil history of gymnosperms. Hist Biol.
24(2):143-159.

Cascales-Mifiana B, Cleal CJ. 2012. Plant fossil record and survival
analyses. Lethaia. 45(1):71-82.

Chen Z-Q, Benton MJ. 2012. The timing and pattern of biotic recovery
following the end-Permian mass extinction. Nat Geosci. 5:375-383.

Clapham ME, Shen SZ, Bottjer DJ. 2009. The double mass extinction
revisited: reassessing the severity, selectivity, and causes of the end-
Guadalupian biotic crisis (Late Permian). Paleobiology.
35(1):32-50.

Clark DL. 1983. Extinction of conodonts. J Paleontol. 57(4):652—661.

Clark DL. 1987. Conodonts: the final fifty million years. In: Aldridge RJ,
editor. Paleobiology of conodonts. Chichester: The British Micro-
palaeontologieal Society, Ellis Horwood Ltd. Publishers.
p. 165-174.

Clark DL, Sweet WC, Bergstrom SM, Klapper G, Austin RL, Rhodes
FHT, Miiller KJ, Ziegler W, Lindstrom M, Miller JF, et al. 1981.
Conodonta. In: Robison RA, editor. Treatise on invertebrate
paleontology, Part W, Miscellanea, supplement 2. Boulder, CO:
The Geological Society of America/Lawrence, KS: University of
Kansas Press.

Cleal CJ, Uhl D, Cascales-Mifiana B, Thomas BA, Bashforth A, King SC,
Zodrow EL. 2012. Plant biodiversity changes in Carboniferous
tropical wetlands. Earth Sci Rev. 114(1-4):124—-155.

Crampton JS, Beu AG, Cooper RA, Jones CM, Marshall B, Maxwell PA.
2003. Estimating the rock volume bias in paleobiodiversity studies.
Science. 301(5631):358-360.

De Blasio BF, De Blasio FV. 2005. Dynamics of competing species in a
model of adaptive radiation and macroevolution. Phys Rev E.
72(3):031916.

De Renzi M, Budurov K, Sudar M. 1996. The extinction of conodonts —
in terms of discrete elements — at the Triassic—Jurassic boundary. J
Iber Geol. 20:347-364.

Donoghue MIJ. 2005. Key innovations, convergence, and success:
macroevolutionary lessons from plant phylogeny. Paleobiology.
31(2):77-93.

Dunhill AM. 2011. Using remote sensing and a GIS to quantify rock
exposure area in England and Wales: implications for paleodiversity
studies. Geology. 39:111-114.

Dunhill AM. 2012. Problems with using rock outcrop area as a
paleontological sampling proxy: rock outcrop and exposure area
compared with coastal proximity, topography, land use, and
lithology. Paleobiology. 38(1):126—143.

Dunhill AM, Benton MJ, Twittchett RJ, Newell ND. 2012. Completeness
of the fossil record and the validity of sampling proxies at outcrop
level. Palaeontology. 55:1155-1175.

Eldredge N, Vrba E. 2005. Macroevolution diversity, disparity,
contingency: Essays in honor of Stephen Jay Gould — preface.
Paleobiology. 31(2):133—145.

Erwin DH. 1993. The great paleozoic crisis, life and death in the Permian.
New York: Columbia University Press.

Erwin DH. 1998. The end and the beginning: recoveries from mass
extinctions. Trends Ecol Evol. 13:344-349.

Erwin DH. 2000. Macroevolution is more than repeated rounds of
microevolution. Evol Dev. 2(2):78-84.

Erwin DH. 2006. Extinction. How life on earth nearly ended 250 million
years ago. Princeton, NJ: Princenton University Press.

Fisher JAD, Frank KT, Leggett WC. 2010. Dynamic macroecology on
ecological time-scales. Global Ecol Biogeogr. 19(1):1-15.

Foote M. 1988. Surviviorship analysis of Cambrian and Ordovician
trilobites. Paleobiology. 14(3):258-271.

Foote M. 1994. Temporal variation in extinction risk and temporal scaling
of extinction metrics. Paleobiology. 20:424-444.

Foote M. 1999. Morphological diversity in the evolutionary radiation of
Paleozoic and post-Paleozoic crinoids. Paleobiology. 25(2):1-115.

Foote M. 2000a. Origination and extinction components of taxonomic
diversity: general problems. Paleobiology. 26(4):74—102.

Foote M. 2000b. Origination and extinction components of taxonomic
diversity: Paleozoic and post-Paleozoic dynamics. Paleobiology.
26(4):578-605.

Foote M. 2006. Substrate affinity and diversity dynamics of Paleozoic
marine animals. Paleobiology. 32(3):345-366.

Foote M, Sepkoski JJ, Jr. 1999. Absolute measures of the completeness of
the fossil record. Nature. 398:415-417.

Frobisch J. 2008. Global taxonomic diversity of anomodonts (Tetrapoda,
Therapsida) and the terrestrial rock record across the Permian-
Triassic boundary. PLoS ONE. 3:e3733.

Gilinsky NL. 1991. The pace of taxonomic evolution. In: Gilinsky NL,
Signor PW, editors. Analytical paleobiology. Short courses in
paleontology. Knoxville, TN: Paleontological Society. p. 157-174.

Goudemand N, Orchard M, Tafforeau P, Urdy S, Briihwiler T, Brayard A,
Galfetti T, Bucher H. 2012. Early Triassic conodont clusters from
South China: revision of the architecture of the 15-element
apparatuses of the superfamily Gondolelloidea. Palaeontology.
55(5):1021-1034.

Goudemand N, Orchard MJ, Urdy S, Bucher H, Tafforeau P. 2011.
Synchrotron-aided reconstruction of the conodont feeding apparatus
and implications for the mouth of the first vertebrates. Proc Nat Acad
Sci USA. 108(21):8720—-8724.

Hallam A. 2002. How catastrophic was the end-Triassic mass extinction?
Lethaia. 35(2):147—-157.

Harper CWI. 1975. Standing diversity of fossil groups in successive
intervals of geologic time: a new measure. J Paleontol. 49:752-757.

Henderson CM, Davydoc VI, Wardlaw BR, Gradstein FM, Hammer O.
2012. The Permian period. In: Gradstein FM, Ogg JG, Schmitz MD,
Ogg GM, editors. The geologic time scale 2012. Boston, MA:
Elsevier. p. 652—679.

Hoffmann A, Kitchell JA. 1984. Evolution in a pelagic planktic system: a
paleobiologic test of models of multispecies evolution. Paleobiology.
10(1):9-33.



Downloaded by [University of Valencia] at 02:54 03 August 2016

Holland SM. 2012. Sea level change and the area of shallow-marine
habitat: implications for marine biodiversity. Paleobiology.
38(2):205-2017.

Hornung T, Brandner R, Krystyn L, Joachimski MM, Keim L. 2007.
Multistratigraphic constraints on the NW Tethyan ‘Carnian Crisis’.
New Mexico Mus Nat Hist Sci Bull. 41:59-66.

Hunter AW, Donovan SK. 2005. Field sampling bias, museum collections
and completeness of the fossil record. Lethaia. 38(4):305-314.
Jablonski D. 2000. Micro- and macroevolution: scale and hierarchy in

evolutionary biology and paleobiology. Paleobiology. 26(4):15-52.

Jablonski D. 2005. Mass extinctions and macroevolution. Paleobiology.
31(2):192-210.

Jablonski D. 2007. Scale and hierarchy in macroevolution. Palacontol-
ogy. 50:87-109.

Jablonski D, Bottjer DJ. 1990. The origin and diversification of major
groups: environmental patterns and macroevolutionary lags. In:
Taylor PD, Larwood GP, editors. Major evolutionary radiations.
Oxford: Clarendon Press. p. 17-57.

Janevski GA, Baumiller TK. 2009. Evidence for extinction selectivity in
the fossil record of Phanerozoic marine invertebrates. Paleobiology.
35:553-564.

Krivic K, Stojanovic B. 1978. Conodonts from the Triassic limestones at
Priknica village. Geologija. 21:41-46.

Lloyd JD, Smith AB, Young JR. 2011. Quantifying the deep-sea rock and
fossil record bias using coccolithophores. In: McGowan A, Smith
AB, editors. Comparing the geological and fossil records:
implications for biodiversity studies. London: Geological Society,
Special Publications. p. 167-177.

Mannion PD, Upchurch P, Carrano MT, Barrett PM. 2010. Testing the
effect of the rock record on diversity: a multidisciplinary approach to
elucidating the generic richness of sauropodomorph dinosaurs
through time. Biol Rev. 86:157—-181.

Mastandrea A, Neri C, Ietto F, Russo F. 1999. Misikella ultima Kozur &
Mock, 1991: first evidence of Late Rhaetian conodonts in Calabria
(Southern Italy). Boll Soc Paleontol Ital. 37(2-3):497-506.

Mazza M, Cau A, Rigo M. 2012a. Application of numerical cladistic
analyses to the Carnian-Norian conodonts: a new approach for
phylogenetic interpretations. J Syst Palaeontol. 10(2):401-422.

Mazza M, Rigo M, Gullo M. 2012b. Taxonomy and biostratigraphic
record of the Upper Triassic conodonts of the Pizzo Mondello section
(western Sicily, Italy), GSSP candidate for the base of the Norian.
Riv Ital Paleont Stratigr. 118(1):85-130.

McGowan AJ, Smith AB. 2008. Are global Phanerozoic marine diversity
curves truly global? A study of the relationship between regional
rock records and global Phanerozoic marine diversity. Paleobiology.
34:80-103.

McKinney M. 1995. Extinction selectivity among lower taxa —
gradational patterns and rarefaction error in extinction estimates.
Paleobiology. 21:300-315.

Mietto P. 1982. A Ladinian conodont-cluster of Metapolygnathus
mungoensis (Diebel) from Trento area (NE Italy). Neues Jahrbuch
Geol Paleontol Monatsh. 1982:600—-606.

Nicoll RS. 1983. Multielement composition of the conodont Icriodus
expansus Branson and Mehl from the Upper Devonian of the
Canning Basin, Western Australia. BMR J Aust Geol Geophys.
7:187-213.

Nicoll RS. 1985. Multielement composition of the conodont species
Polygnathus xylus xylus Stauffer, 1940 and Ozarkodina brevis
(Bischoff & Ziegler, 1957) from the Upper Devonian of the Canning
Basin, Western Australia. BMR J Aust Geol Geophys. 9:133-147.

Norris RD. 1991. Biased extinction and evolutionary trends. Paleobiol-
ogy. 17(4):388—-399.

Ogg JG. 2012. The Triassic period. In: Gradstein FM, Ogg JG, Schmitz
MD, Ogg GM, editors. The geologic time scale 2012. Boston, MA:
Elsevier. p. 680—730.

Orchard MJ. 2007. Conodont diversity and evolution through the latest
Permian and Early Triassic upheavals. Palacogeogr Palaeoclimatol
Palaeoecol. 252:93-117.

Payne J1, Lehrmann Dj, Wei J, Knoll Ah. 2006. The pattern and timing of
biotic recovery from the End-Permian extinction on the Great Bank
of Guizhou, Guizhou Province, China. Palaios. 21:63—-85.

Peters SE, Foote M. 2001. Biodiversity in the Phanerozoic: a
reinterpretation. Paleobiology. 27(4):583—-601.

Historical Biology 601

Peters SE, Heim NA. 2011. Macrostratigraphy and macroevolution in
marine environments: taking the common cause hypothesis. In:
McGowan A, Smith AB, editors. Comparing the geological and
fossil records: implications for biodiversity studies. London:
Geological Society, Special Publications. p. 61-79.

Pietzner H, Vahl J, Werner H, Ziegler W. 1968. Zur chemischen
Zuzammensetzung und Mikromorphologie der Conodonten.
Palaeontogr Abt A. 128:115-152.

Plasencia P, Marquez-Aliaga A, Sha J. 2013. An attempt to refine the
stratigraphic ranges of Triassic conodonts: a database. Span J
Palentol. 28(2).

Pruss SB, Bottjer DJ. 2004. Early Triassic trace fossils of the western
United States and their implications for prolonged environmental
stress from the End-Permian mass extinction. Palaios. 19:551-564.

Purnell MA, Donoghue PCJ. 2005. Between death and data: biases in
interpretation of the fossil record of conodonts. Spec Pap Palacontol.
73:7-25.

Quental TB, Marshall CR. 2010. Diversity dynamics: molecular
phylogenies need the fossil record. Trends Ecol Evol. 25:434—441.

Ramovs A. 1978. Mitleltriassische Conodonten-clusters in Slowein, NW.
Jugoslavien. Paleontol Z. 52(1/2):129-137.

Raup DM. 1972. Taxonomic diversity during the Phanerozoic. Science.
117:1065-1071.

Raup DM. 1975. Taxonomic survivorship curves and Van Valen’s Law.
Paleobiology. 1:82-96.

Raup DM. 1978. Cohort analysis of generic survivorship. Paleobiology.
4(1):1-15.

Raup DM. 1979. Biases in the fossils record of species and genera. Bull
Carnegie Mus Nat Hist. 13:85-91.

Raup DM. 1985. Mathematical models of cladogenesis. Paleobiology.
11(1):42-52.

Raup DM. 1994. The role of extinction in evolution. Proc Nat Acad Sci
USA. 91:6758—-6763.

Raup DM, Boyajian GE. 1988. Patterns of generic extinction in the fossil
record. Paleobiology. 14(2):109-125.

Raup DM, Gould SJ, Schopf TIM, Simberloff DS. 1973. Stoschastic
models of phylogeny and the evolution of diversity. J Geol.
81(5):525-542.

Raup DM, Sepkoski JJ, Jr. 1982. Mass extinctions in the marine fossil
record. Science. 215:1501-1503.

Raup DM, Sepkoski JJ, Jr. 1986. Periodic extinction of families and
genera. Science. 231:833-836.

Raymond A, Metz C. 1995. Laurussian land plant diversity during the
Silurian and Devonian: mass extinction, sampling bias, or both?
Paleobiology. 21:74-91.

Rhodes FHT. 1953. Some British lower Palaeozoic conodont faunas.
Philos Trans R Soc Lond Ser B Biol Sci. 237:261-334.

Rigo M, Preto N, Roghi G, Tateo F, Mietto P. 2007. A CCD rise in the
Carnian (Upper Triassic) of western Tethys, deep-water equivalent
of the Carnian Pluvial Event. Palacogeogr Palaeoclimatol Palacoe-
col. 246:188-205.

Rodland DL, Bottjer DJ. 2001. Biotic recovery from the End-Permian
mass extinction: behavior of the inarticulate brachiopod lingula as a
disaster taxon. Palaios. 16:95-101.

Ros S, De Renzi M. 2005. Preservation biases, rates of evolution and
coherence of databases: Bivalvia as a study case. Ameghiniana.
42(3):549-558.

Ros S, De Renzi M, Damborenea SE, Marquez-Aliaga A. 2011. Coping
between crises: Early Triassic—early Jurassic bivalve diversity
dynamics. Palaecogeogr Palaeoclimatol Palaeoecol. 311:184—199.

Ros S, Echevarria J. 2012. Ecological signature of the end-Triassic biotic
crisis: what do bivalves have to say? Hist Biol. 24(5):489-503.

Ruban DA, van Loon AJ. 2008. Possible pitfalls in the procedure for
paleobiodiversity-dynamics analysis. Geologos. 14(1):37-50.

Sepkoski JJ, Jr. 1978. A kinetic-model of phanerozoic taxonomic
diversity I. Analysis of marine orders. Paleobiology. 4(3):223-251.

Sepkoski JJ, Jr. 1979. A kinetic-model of phanerozoic taxonomic
diversity II. Early Phanerozoic families and multiple equilibria.
Paleobiology. 5(3):222-251.

Sepkoski JJ, Jr. 1984. A Kkinetic-model of phanerozoic taxonomic
diversity III. Post-Paleozoic families and mass extinctions.
Paleobiology. 10(2):246-267.



Downloaded by [University of Valencia] at 02:54 03 August 2016

602 C. Martinez-Pérez et al.

Shen SZ, Zhang H, Li WZ. 2004. An introduction of methods for
removing biases in establishing biodiversity patterns from fossil
records. Acta Palaentol Sin. 43:433-441.

Smith AB. 2001. Large-scale heterogeneity of the fossil record:
implications for Phanerozoic biodiversity studies. Philos Trans R
Soc Lond B. 356(1407):351-367.

Smith AB. 2003. Getting the measure of diversity. Paleobiology.
29(1):34-36.

Smith AB. 2007. Marine diversity through the Phanerozoic: problems and
prospects. J Geol Soc London. 164:1-15.

Smith AB, Gale AS, Monks NEA. 2001. Sea-level change and rock-
record bias in the Cretaceous: a problem for extinction and
biodiversity studies. Paleobiology. 27(2):241-253.

Smith AB, McGowan AJ. 2007. The shape of the Phanerozoic diversity
curve. How much can be predicted from the sedimentary rock record
of Western Europe? Palaeontology. 50:765-777.

Smith AB, McGowan AJ. 2011. The ties linking rock and fossil records
and why they are important for palaeobiodiversity studies. In:
McGowan AJ, Smith AB, editors. Comparing the geological and
fossil records: implications for biodiversity studies. London:
Geological Society, Special Publications. p. 1-7.

Stanley SM. 2009. Evidence from ammonoids and conodonts for multiple
Early Triassic mass extinctions. Proc Natl Acad Sci USA.
106(36):15264—-15267.

Sweet WC. 1988. The conodonta, morphology, taxonomy, paleoecology,
and evolutionary history of a long-extinct animal phylum. Oxford:
Clarendon Press.

Tanner LH, Lucas SG, Chapman MG. 2004. Assessing the record and
causes of Late Triassic extinctions. Earth Sci Rev. 65:103—139.
Tarver JE, Braddy SJ, Benton MJ. 2007. The effects of sampling bias on
palaeozoic faunas and implications for macroevolutionary studies.

Palaeontology. 50:177-184.

Uhen MD, Pyenson ND. 2007. Diversity estimates, biases, and
historiographic effects: resolving cetacean diversity in the tertiary.
Palaeontol Electron. 10(2):11A.

Valentine JW, Jablonski D. 2003. Morphological and developmental
macroevolution: a paleontological perspective. Int J Dev Biol. 47(7—-
8):517-522.

Van Valen L. 1984. A resseting of Phanerozoic community evolution.
Nature. 307:50—52.

Wall DP, Ivany LC, Wilkinson BH. 2011. Impact of outcrop area on
estimates of Phanerozoic terrestrial biodiversity trends. In:
McGowan AJ, Smith AB, editors. Comparing the geological and
fossil records: implications for biodiversity studies. London:
Geological Society, Special Publications. p. 53-62.

Xiong C, Wang Q. 201 1. Permian—Triassic land-plant diversity in South
China: was there a mass extinction at the Permian/Triassic
boundary? Paleobiology. 37(1):157-167.



	Abstract
	Introduction
	Data
	Methods
	Results
	Diversity dynamics
	Evolutionary patterns
	Probability of surviving and taxonomic survivorship curves

	Discussion
	Diversity fluctuations in the Triassic conodont record
	Interpreting paleodiversity curves

	Final remarks and forthcoming goals
	Supplementary online material
	Acknowledgements
	References

