
Palaeogeography, Palaeoclimatology, Palaeoecology 412 (2014) 32–44

Contents lists available at ScienceDirect

Palaeogeography, Palaeoclimatology, Palaeoecology

j ourna l homepage: www.e lsev ie r .com/ locate /pa laeo
Mesozoicmammaliaform diversity: The effect of sampling corrections on
reconstructions of evolutionary dynamics
Elis Newham a,⁎, Roger Benson b, Paul Upchurch c, Anjali Goswami d,e

a Department of Earth Sciences, Wills Memorial Building, Queens Road, Bristol BS8 1RJ, United Kingdom
b Department of Earth Sciences, South Parks Road, Oxford OX1 3AN, United Kingdom
c Department of Earth Sciences, University College London, Gower Street, London WC1E 6BT, United Kingdom
d Department of Genetics, Evolution and Environment, University College London, Darwin Building, Gower Street, London WC1E 6BT, United Kingdom
e Department of Earth Sciences, University College London, Darwin Building, Gower Street, London WC1E 6BT, United Kingdom
⁎ Corresponding author. Tel.: +44 7914930434.
E-mail address: elis.newham@googlemail.com (E. New

http://dx.doi.org/10.1016/j.palaeo.2014.07.017
0031-0182/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 27 April 2014
Received in revised form 11 July 2014
Accepted 15 July 2014
Available online 25 July 2014

Keywords:
Mammaliaformes
Taxonomic diversity
Bias
Sampling
Macroevolution
Recent years havewitnessed an explosion of new fossil discoveries and analyses documenting the unappreciated
ecological and morphological diversity of Mesozoic Mammaliaformes. In contrast, the taxonomic diversity dy-
namics through the first 165 million years of mammal evolution have not yet been rigorously analysed, leaving
patterns of diversification during this important period open to conjecture. Here, we present a comprehensive
statistical analysis of global mammaliaform diversity spanning from the Late Triassic appearance of
mammaliaforms (~230 million years ago [hereafter, mya]) to the end Cretaceous mass extinction (66 mya).
We analysed 691 occurrences representing 367 genera and 550 species in standard time bins of approximately
10 million years in duration. Significant correlations between diversity and sampling proxies suggest sampling
biases in the mammaliaform fossil record. Shareholder quorum subsampling and model-based approaches
were used to mediate these biases. After applying these methods, the following patterns were supported:
low standing diversity during the Late Triassic–Early Jurassic evolution of early Mammaliaformes
(e.g., morganucodonts) was followed by high standing diversity during the Late Jurassic due primarily to
the diversification of Eutriconodonta, Multituberculata and Cladotheria. This peak was followed by a fall
in diversity during the middle of the Hauterivian–Barremian interval, suggesting that extinctions typically
associated with the Jurassic–Cretaceous boundary may instead have occurred later, during the Early
Cretaceous. Standing diversity recovered through several fluctuations during the ‘mid’ Cretaceous (approx-
imately Barremian to Albian), leading to a second peak in the Campanian that reflects the diversification of
key clades, including therians. Analyses of geographically restricted datasets illustrate a significant spatial
heterogeneity in sampling, with several intervals dominated by North American occurrences. Uneven sam-
pling effort and geographic heterogeneities in the fossil record are significant factors affecting reconstruc-
tions of Mesozoic mammaliaform diversity, and correcting these biases can markedly alter observed
patterns and their interpretation.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

For decades, the focus of synapsid palaeontology has been on the
therapsid response and recovery to the end Permianmass extinction,
and the mammalian radiation following the K/Pg mass extinction,
which heralded the “Age of Mammals”. However, the fossil record
of Mesozoic mammaliaforms spans ~2.5 times the duration of the
comparatively well-studied record of Cenozoic mammals. Within
Mammaliaformes, 11 major clades or functional grades (following
Kielan-Jaworowska et al., 2004, and detailed below) formed an
ham).
ecologically diverse Mesozoic assemblage from the Carnian (Late
Triassic, ca 235–229 mya) onwards (Luo, 2007a). Recent fossil dis-
coveries highlight a complex evolutionary history for Mesozoic
Mammaliaformes (e.g. Luo et al., 2011), with the traditional scenario
of a linear acquisition of mammalian characters being challenged by
multiple evolutionary origins of key morphological features such as
the tribosphenic molar (Luo et al., 2001) and middle ear ossicles
(Luo et al., 2011). Moreover, in contrast to common depictions of
early mammaliaforms as small terrestrial and scansorial insecti-
vores, new fossils demonstrate that Mesozoic mammaliaforms in-
vaded a variety of ecological niches, from semi-aquatic to gliding
forms, and even dog-sized forms that preyed on juvenile dinosaurs
(Hu et al., 2005; Luo and Wible, 2005; Ji et al., 2006; Meng et al.,
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Table 1
Mesozoic stages represented by ~10 myr intervals.

Interval Stages represented Duration
(myr)

Triassic 3 Carnian 237.0–228.4
Triassic 4 Norian–Rhaetian 228.4–201.3
Jurassic 1 Hettangian–Sinemurian 201.3–190.8
Jurassic 2 Pliensbachian 190.8–182.7
Jurassic 3 Toarcian–Aalenian 182.7–170.3
Jurassic 4 Bajocian–Bathonian 170.3–166.1
Jurassic 5 Callovian–Oxfordian 166.1–157.3
Jurassic 6 Kimmeridgian–Tithonian 157.3–145.0
Cretaceous 1 Berriasian–Valanginian 145.0–133.9
Cretaceous 2 Hauterivian–Barremian 133.9–126.3
Cretaceous 3 Aptian–Albian 126.3–100.5
Cretaceous 4 Cenomanian 100.5–93.9
Cretaceous 5 Turonian–Santonian 93.9–83.6
Cretaceous 6 Campanian 83.6–72.1
Cretaceous 7 Maastrichtian 72.1–66.0
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2006; Luo, 2007a). Despite the great attention paid in recent years to
this previously unappreciated morphological and ecological diversity of
early mammaliaforms, and a series of recent quantitative studies of
taxonomic diversity in more basal synapsids (Brocklehurst and
Fröbisch, 2014; Brocklehurst et al., 2013; Fröbisch, 2013), there has
been little rigorous analysis of mammaliaform diversity dynamics prior
to the K/Pg mass extinction (Rose, 2006). Previous approaches have
been either broad and qualitative assessments of subclades (Luo,
2007b) or geographically restricted to the North American record
(Alroy, 2009) and more specific localities (Wilson, 2005, 2013).

Reconstructing diversity dynamics over deep time is a core theme
of palaeobiology (Jablonski, 1999; Raup, 1972; Valentine, 1985). Al-
though the potential effects of geological and anthropogenic biases
on accurate taxon counts have been discussed for decades (Raup
et al., 1975), it is only more recently that substantial efforts have
been made to correct these biases (Alroy, 2000, 2008, 2010; Alroy
et al., 2001, 2008; Behrensmeyer et al., 2005; Peters and Foote,
2001; Smith and McGowan, 2007; Smith et al., 2012). A growing
number of studies have focussed in particular on biases introduced
by differences in outcropping rock area (Crampton et al., 2003;
Smith and McGowan, 2007), preservation potential of fossil organ-
isms (Smith, 2001), or evenness and fairness of sampling during
standard intervals (Alroy, 2010; Alroy et al., 2001, 2008). These stud-
ies suggest that many features of observed diversity curves could be
artefacts of changes in fossil preservation, geological sampling, or
anthropogenic sampling rather than true biotic signals (e.g. Smith,
2007; Smith et al., 2012). Complex Earth system interactions such as
sea level change may drive both sedimentation and ancient biodiversity
in the marine realm, suggesting that covariation of fossil taxon counts
and potentially biasing factors is not always causal (Peters, 2005;
Benson and Butler, 2011; Hannisdal and Peters, 2011; but see Smith
and Benson, 2013). However, terrestrial processes may be simpler,
with factors such as rock area and collection effort directly biasing
taxon counts (e.g. Benson and Upchurch, 2013; Benson et al., 2013;
Butler et al., 2011a,b; Upchurch et al., 2011). Here, we present the first
quantitative investigation of the global taxonomic palaeodiversity
of Mesozoic Mammaliaformes, applying robust sampling-correction
approaches to account for geological and anthropogenic biases and
reassessing diversity dynamics in early mammal evolution.

2. Methods and materials

2.1. Datasets

2.1.1. Mammaliaform taxa
Wehave attempted tomaximise coverage of Mesozoic mammaliaform

occurrence data in the Palaeobiology Database (Alroy et al., 1998), with
an extensive literature review and comparison with data in Kielan-
Jaworowska et al. (2004). Mammaliaformes was considered as amono-
phyletic clade, consisting of all descendants of themost recent common
ancestor of Morganucodonta and crown Mammalia (Luo et al., 2002;
Rowe, 1988; Zhou et al., 2013). Morganucodonts, docodonts and
kuehneotherids are successively more closely related outgroups
of crown Mammalia, consistent with current phylogenetic studies
and nomenclature. The ‘crown’Mammalia is defined as the common
ancestor of extant monotremes and extant therians and all fossil
groups cladistically nested within this clade. Mammalia comprises
eutriconodonts, australosphenidans, multituberculates, spalacotheroids,
stem cladotherians, stem boreosphenidans, eutherians and metatherians
(Kielan-Jaworowska et al., 2004). Stem allotherians, formerly considered
to be related to multituberculates, were recently removed from the
crown Mammalia (Zhou et al., 2013).

The updated dataset was downloaded from the Paleobiology Data-
base (paleobiodb.org) on 20/02/2013. We then removed ichnofossils
and collections with poorly constrained stratigraphic ages (spanning
more than two time bins). This filtered version of the dataset comprises
691 occurrences of 367 genera and 550 species, ranging from the
Carnian (237–227 mya; Late Triassic) to the Maastrichtian (72.1–66.0
mya; Late Cretaceous). In order to determine the effects of a geograph-
ically heterogeneous fossil record on global diversity patterns, two re-
gional datasets were also created via further filtering of the global
dataset. These are: (1) a North American dataset consisting of occur-
rences from the USA, Canada, Mexico and Greenland (288 occurrences
of 208 genera and 302 species); and (2) an Asian dataset comprising
occurrences from the Russian Federation, China, Japan, Kazakhstan,
Kyrgyzstan, Mongolia, Tajikistan and Uzbekistan (255 occurrences of
137 genera and 191 species). These datasets are all provided in the
electronic online supplement, along with other data and scripts used
to perform our analyses.

2.1.2. Time bins
Occurrences were assigned to standardised time bins, approximate-

ly 10myr (million years) in duration (Table 1) (Alroy, 2000; Alroy et al.,
2008). Whereas previous authors have included only Tithonian occur-
rences in the ‘Jurassic 6’ time bin, we include both Kimmeridgian and
Tithonian occurrences, as 60% of unique occurrenceswithin these stages
spanned both intervals (i.e. were defined as ‘Kimmeridgian–Tithonian’).
The same approachwas applied to the ‘Cretaceous 3’ interval, which has
been previously assigned Aptian occurrences only: here it includes both
Aptian and Albian occurrences because 24% of occurrences within these
stages spanned both intervals.

2.2. Analytical approach

Recentdevelopments in thequantificationof vertebrate palaeodiversity
curves have increased confidence in reconstructions of ancient diversity
patterns by attempting to correct observed taxon counts for sampling
biases (e.g. Alroy, 2000; Barrett et al., 2009; Fröbisch, 2008; Irmis and
Whiteside, 2011; Lloyd, 2012; Lloyd et al., 2008; Mannion et al.,
2011). These methods fall broadly into two classes: (1) model-based
approaches that first attempt to quantify the available record
using sampling proxies, then construct models of expected diversity
to use as a correction factor for observed diversity (Lloyd, 2012; Peters
and Foote, 2001; Smith and McGowan, 2007); and (2) sampling
standardisation (or subsampling) approaches that simulate an equal,
or fair sample of ancient diversity among time intervals based directly
on occurrence data, making fewer assumptions about drivers of the re-
cord (Alroy, 2010; Alroy et al., 2001, 2008; Kowalewski, 2002).We used
bothmethods to assess the temporal pattern ofmammaliaform diversi-
ty through theMesozoic at both the species and genus levels. The appli-
cation of bias correction approaches that treat the data very differently
highlights the most robust temporal trends when their results are
congruent (Mannion et al., 2011, 2012; Smith et al., 2012).
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Table 2
Correlations between un-transformed time series. STDE: species taxonomic diversity estimate; GTDE: generic taxonomic diversity estimate; TBFs: tetrapod-bearing formations; TBCs:
tetrapod-bearing collections; MBFs: mammaliaform-bearing formations; MBCs: mammaliaform-bearing collections.

Correlation Spearman's r p-Value Adjusted p-value Kendall's τ p-Value Adjusted p-value significance threshold

MBF/MBC 0.94 b0.001 3.60E−03 0.87 b0.001 0.003571429
MBC/GTDE 0.9 b0.001 7.20E−03 0.77 b0.001 0.007142857
TBF/TBC 0.7 b0.001 0.01 0.71 b0.001 0.017857143
TBC/GTDE 0.75 b0.001 0.01 0.6 2.05E−03 0.042857143
TBF/MBC 0.85 b0.001 0.02 0.68 b0.001 0.025
TBC/MBC 0.82 b0.001 0.02 0.66 b0.001 0.028571429
MBF/GTDE 0.81 b0.001 0.03 0.65 b0.001 0.035714286
TBF/MBF 0.8 b0.001 0.03 0.81 b0.001 0.010714286
TBF/GTDE 0.8 b0.001 0.03 0.61 1.46E−03 0.039285714
MBF/STDE 0.79 b0.001 0.04 0.65 b0.001 0.035714286
TBF/STDE 0.79 b0.001 0.04 0.58 2.54E−03 0.046428571
TBC/STDE 0.75 1.37E−03 0.04 0.5933 2.05E−03 0.042857143
TBC/MBF 0.73 0.0019095 0.05 0.74923 b0.001 0.032142857
TBC/STDE 0.73 1.91E−03 0.05 0.5619 3.50E−03 0.05
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2.2.1. Model-based correction of uneven sampling

2.2.1.1. Residuals method. For the model-based approach, we used sev-
eral sampling proxies, including counts of fossil-bearing formations
(a measure of rock record bias) and fossil collections (a measure of
anthropogenic collecting bias). These have previously been shown
to correlate with taxon counts of Mesozoic terrestrial vertebrates in
a likely causal relationship (Barrett et al., 2009; Butler et al., 2011a,
b; Upchurch et al., 2011; Benson et al., 2013; but see Benton et al.,
2011, 2013 for a contrary opinion). We use ‘narrower’ sampling
proxies based on the occurrences of all mammaliform specimens,
and ‘wider’ sampling proxies based on the occurrences of all terres-
trial tetrapod specimens (See Upchurch and Barrett, 2005 and
Benton et al., 2011, 2013 for discussions of the construction of sam-
pling proxies and the issue of ‘signal redundancy’). In total, 240
mammaliaform-bearing collections (MBCs), 106 mammaliform-
bearing formations (MBFs), 4290 terrestrial tetrapod-bearing collec-
tions (TBCs) and 599 terrestrial tetrapod-bearing formations (TBFs)
were binned according to ~10 myr intervals as described above for
taxon occurrences. Data for TBCs and TBFs were obtained from the
Paleobiology Database (see above) and, along with MBC and MBF
data, are presented in the electronic online supplement.

The ‘residuals method’ of Smith and McGowan (2007) generates a
model in which a fossil record sampling proxy is used to estimate the
amount of taxonomic diversity expected (‘modelled diversity estimate’;
MDE) for that amount of sampling if diversity was equal in all time in-
tervals. All values of sampling and diversity were log10-transformed
prior to analysis, with a start of 1.0. Next, the transformed values for
each data series were independently rank-ordered from lowest to
highest. A linear ordinary least squares regression line was then calcu-
lated between the ranked sampling proxy and ranked TDE (observed
taxonomic diversity) data, representing a relationship in which sam-
pling predicts diversity. This equation is then used to calculate an
MDE for each interval. The MDEs are then subtracted from the TDEs of
each interval, leaving a residual diversity estimate (RDE). Thus, the re-
sidual diversity estimate reflects the amount of observed in-bin diversi-
ty unaccounted for by variation in fossil record sampling. Lloyd (2012)
refined this method by first assessing whichmodel (linear, logarithmic,
exponential, hyperbolic, sigmoidal or polynomial) provides the best fit
between ranked sampling proxy and ranked TDE using the sample
Fig. 1. Global species level data series through the Mesozoic. (a) Observed mammaliaform spe
onomic richness. (c–f) Residual time series; (c) terrestrial tetrapod-bearing formations (TBFs)
(e) Mammaliaform-bearing formations (MBF) vs STDE residuals. (f) Mammaliform-bearing co
Early/Mid Jurassic boundary, Mid/Late Jurassic boundary, Jurassic/Cretaceous boundary, Early/
intervals. Dash-dot lines mark standard deviation 95% confidence intervals.
size-corrected Akaike Information Criterion (Johnson and Omland,
2004). This method also calculates 95% confidence limits based on
1.96 times the standard error values of the model line fit. This provides
more appropriate error estimations than previous residual methods
(e.g. those presented by Barrett et al., 2009) because it more effectively
reflects significant deviations from the sampling-driven model (Lloyd,
2012). Here, models were created using the R script available from
Graeme Lloyd's home page (http://www.graemetlloyd.com). The rela-
tionships between each of the four sampling proxies (MBC, MBF, TBC
and TBF) and TDE were examined using this approach. We found that
a linear relationship between each sampling proxy and TDE was best
supported. Thus, all analyses and results described below are based on
these linear models.

2.2.1.2. Correlation tests. In order to determine the extent to which
a sampling proxy is responsible for driving observed TDE, multi-
ple pairwise correlation tests were conducted between the
log10-transformed data series using Pearson's product moment (r)
and the non-parametric Spearman's ρ and Kendall's τ in PAST
(Hammer et al., 2001). These tests were performed on both raw data
and data transformed by generalised differencing (explained below)
using a significance cut-off of p b 0.05. We evaluated statistical support
for correlations based on both original p-values, and p-values adjusted
for the implementation of multiple tests. The latter was carried out
using the ‘false discovery rate’ procedure of Benjamini and Hochberg
(1995).

Generalised differencing incorporates detrending and differencing
to attempt to correct for temporal autocorrelation within a dataset
(i.e. the effects of the statistical overprinting of an interval's diversity
onto the interval proceeding it; McKinney, 1990; Alroy, 2000; Benson
and Butler, 2011). Autocorrelation tends to result in spurious detection
of correlation between data series and thus must be removed prior to
statistical comparisons. First, the presence of long-term trend is
assessed by log10-transforming the data for each stage, and plotting
this against the stage midpoint age (in mya). If the regression line
provides a significant fit to the data (p b 0.05), residuals from the re-
gression represent a statistically detrended data series. Next, autocor-
relation is evaluated by regressing each point in the detrended
time series against that of the preceding interval. If the regression
line is non-significant (p N 0.05) then no statistical autocorrelation
cies taxonomic diversity estimate (STDE) through the Mesozoic. (b) SQS subsampled tax-
vs STDE residuals. (d) Terrestrial tetrapod-bearing collections (TBCs) vs STDE residuals.

llections (MBCs) vs STDE residuals. Vertical lines represent the Triassic/Jurassic boundary,
Mid Cretaceous boundary respectively. Dashed lines mark standard error 95% confidence

http://www.graemetlloyd.com


Table 4
The significance of autocorrelation in each time series. STDE: species taxonomic diversity
estimate; GTDE: generic taxonomic diversity estimate; TBFs: tetrapod-bearing forma-
tions; TBCs: tetrapod-bearing collections; MBFs: mammaliaform-bearing formations;
MBCs: mammaliaform-bearing collections.

TBF TBC MBF MBC STDE GTDE

r2 0.05 0.02 0.02 0.05 0.01 3.30E−03
p 0.46 0.6 0.59 0.43 0.76 0.85
Adjusted p-value significance
threshold

0.01 0.02 0.025 0.03 0.04 0.05

Table 3
Correlations between un-transformed time series and ~10 myr interval mid-point ages.
STDE: species taxonomic diversity estimate; GTDE: generic taxonomic diversity estimate;
TBFs: tetrapod-bearing formations; TBCs: tetrapod-bearing collections; MBFs:
mammaliaform-bearing formations; MBCs: mammaliaform-bearing collections.

TBF TBC MBF MBC STDE GTDE

r2 0.38 0.26 0.5 0.54 0.64 0.66
p-Value 0.02 0.05 3.00E−03 1.79E−03 b0.001 b0.001
Adjusted p-value
significance threshold

0.04 0.05 0.03 0.03 0.02 0.01
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is present and no further action is needed prior to analysis. If auto-
correlation is present then, generalised differencing is implemented
using the equation:

xgd ¼ xt–axt−1

where a is the slope of the regression line (autocorrelation coeffi-
cient), xgd is the differences data series, xt is the original (or
detrended) data series, and xt − 1 is the data series at a lag of 1.

2.2.2. Subsampling approaches to the correction of uneven sampling
We used a subsampling approach, Shareholder Quorum Subsam-

pling (SQS) (Alroy, 2010) to assess statistical unevenness in the cover-
age of observed diversity and provide a subsampled taxonomic
richness for each interval at both the generic and species levels. SQS is
designed to simulate a fair sample of original diversity by subsampling
to a pre-specified frequency of statistical coverage, as opposed to tradi-
tional rarefaction, which corrects for uneven sampling of intervals by
selecting the same number of samples from each interval. Alroy
(2010) argued that the uniform subsampling provided by rarefaction
can overcompensate for bias by concentrating sampling in intervals
with the poorest coverage, which serves to decrease the fidelity of gen-
uine diversity fluctuations at lower sampling levels. Alroy (2009, 2010)
thus developed the SQS method to minimise this overcompensation in
Table 5
Correlations between generalised differenced time series. STDE: species taxonomic diversity e
TBCs: tetrapod-bearing collections; MBFs: mammaliaform-bearing formations; MBCs: mamma

Correlation Spearman's r p-Value Adjusted p-value

MBF/MBC 0.94 b0.001 3.60E−03
TBF/TBC 0.77 b0.001 7.10E−03
TBF/MBF 0.76 b0.001 0.01
MBC/STDE 0.73 1.81E−03 0.02
MBC/GTDE 0.73 2.23E−03 0.02
TBC/MBC 0.75 1.39E−03 0.01
MBF/GTDE 0.67 6.13E−03 0.03
TBF/MBC 0.68 5.76E−03 0.03
TBC/MBF 0.68 0.005764 0.03
TBF/MBC 0.68 5.76E−03 0.03
TBC/STDE 0.66 6.91E−03 0.04
TBC/GTDE 0.62 1.41E−02 0.04
TBF/STDE 0.5 5.77E−02 0.05
TBF/GTDE 0.49 6.64E−02 0.05
time-series by viewing taxa as ‘shareholders’whose frequency becomes
their ‘share’ within a time interval. SQS concentrates sampling in well-
represented intervals, by using Good's (1953) u coverage estimator to
estimate the relative proportions of ‘true’ diversity represented in
each interval. By randomly drawing fossil collections within a time bin
until taxa that have been sampled at least once have summed a total
of shares (sum frequencies) that meets a pre-determined quorum,
SQS bases subsampled richness on relative frequencies of taxa rather
than counts (Alroy, 2009, 2010). Because each interval is represented
by the same proportion of taxa, the amount of taxa forming this
‘quorum’ is allowed to change between intervals relative to their cover-
age (Alroy, 2009, 2010).

Here, we utilised the R script version of SQS available from John
Alroy's home page (http://bio.mq.edu.au/~jalroy/SQS.html) imple-
mented in R version 2.14.1. Occurrences from collections spanning
two time bins were assumed to occur in both bins, whereas collections
spanning more than two bins were deleted prior to analysis. Then oc-
currences within specific collections were programmed to only be
read once, to make sure only unique combinations of collection/taxa
were included in the dataset and minimise spurious multiple records
(Alroy, 2010).

3. Results

3.1. Observed Mesozoic mammaliaform taxonomic diversity

We first calculated observed in-bin species counts (species taxo-
nomic diversity estimate; STDE) and generic counts (generic taxonomic
diversity estimate; GTDE) (Table 1). The uncorrected mammaliform
fossil record displays an apparent long-term increase in diversity
through the Mesozoic, punctuated by four peaks occurring in the Late
Triassic (Triassic 4), Late Jurassic (Jurassic 6), early Late Cretaceous
(Cretaceous 3) and Late Cretaceous (Cretaceous 6–7) (Fig. 1a). These
peaks are separated by troughs during the Callovian–Oxfordian
(Jurassic 5), the Early Cretaceous (Cretaceous 2) and Early–Late
Cretaceous (Cretaceous 4–5).

3.2. Influence of sampling on mammaliaform diversity

All pairwise comparisons of the untransformed time series (STDE
and GTDE against each of the four sampling proxies) were significantly
positively correlated (p b 0.05) (Table 2). Regressions of all data series
except TBC also produced significant correlations with interval mid-
point age (Table 3), demonstrating the presence of trend. Therefore
most of the data were detrended during generalised differencing. Fol-
lowing generalised differencing, none of the autocorrelation coefficients
were statistically significant (Table 4), so further screening of the
data series was not required. Following generalised differencing,
stimate; GTDE: generic taxonomic diversity estimate; TBFs: tetrapod-bearing formations;
liaform-bearing collections.

Kendall's τ p-Value Adjusted p-value significance threshold

0.83 b0.001 3.57E−03
0.68 b0.001 7.14E−03
0.58 2.54E−03 0.01
0.58 2.54E−03 0.01
0.56 3.50E−03 0.02
0.54 4.79E−03 0.02
0.54 4.79E−03 0.03
0.52 6.49E−03 0.03
0.52 6.49E−03 0.03
0.52 6.49E−03 0.04
0.51 8.72E−03 0.04
0.49 1.16E−02 0.04
0.41 3.33E−02 0.05
0.39 4.25E−02 0.05

http://bio.mq.edu.au/~jalroy/SQS.html
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Fig. 2. Global generic data series. (a) Observedmammaliaform generic taxonomic diversity estimate (GTDE) (b) SQS subsampled taxonomic richness. (c–f) Residual time series; (c) terrestrial
tetrapod-bearing formations (TBFs) vs GTDE residuals. (d) Terrestrial tetrapod-bearing collections (TBCs) vs GTDE residuals. (e) Mammaliaform-bearing formations (MBFs) vs GTDE residuals.
(f) Mammaliform-bearing collections (MBCs) vs GTDE residuals. Vertical lines represent the Triassic/Jurassic boundary, Early/Mid Jurassic boundary, Mid/Late Jurassic boundary, Jurassic/Cre-
taceousboundary, andEarly/MidCretaceous boundary respectively. Dashed linesmark standard error 95% confidence intervals. Dash-dot linesmark standarddeviation95% confidence intervals.
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pairwise comparisons between every data series except TBF/Species
TDE and TBF/Genus TDE produced significant correlations (Table 5).
Once false discovery rate was accounted for, all correlations were
significant except for Spearman's r correlations between generalised
differenced TBF/STDE and TBF/GTDE time series (Tables 2–5). Thus,
observedmammaliaform species and genus-level diversities are largely
controlled by fossil record sampling, necessitating application of correc-
tions via the residuals and SQS methods outlined above.

3.3. Sampling-corrected mammaliaform diversity

3.3.1. ‘Long-term’ (multi-interval) diversity patterns
Three robust signals in Mesozoic mammaliaform diversity were

evident among most of our analyses.

3.3.1.1. Low diversity at the Triassic–Jurassic boundary. Global residual
analyses and SQS both suggest generally low mammaliaform diversity
during the Triassic–Jurassic boundary interval, with diversity increasing
until the earliest Cretaceous (Figs. 1–2; although note that only one
time bin in this interval achieves a quorum level of N0.3 at the species
level). Residual analysis of the North American data suggested a similar
pattern of mammaliaform diversity during this interval, but there were
insufficient data to confirm this regional result using SQS, and there
were also insufficient Asian data to draw reliable conclusions (note
the zero or low quorum levels for this entire interval; Fig. 4).

3.3.1.2. Low diversity in the early Early Cretaceous. A substantial decrease
in diversity between Cretaceous 1 (Berriasian–Valanginian) and Creta-
ceous 2 (Hauterivian–Barremian) was suggested by global residual
analysis and SQS (Figs. 1–2; although note the low quorum values in
species-level SQS). Regional datasets did not provide sufficient data to
examine this at 10 myr resolution using SQS because of the scarcity of
Berriasian–Barremian mammaliaform localities in North America
(Sames et al., 2010). Nonetheless, the North American species-level
data (SQS and residuals) and generic-level data (residuals only)
suggests a decline in diversity between the Late Jurassic and late Early
Cretaceous, although this was not confirmed by SQS of the generic-
level data (Fig. 3). There were insufficient Asian data to draw reliable
conclusions about this interval (note the zero or low quorum levels;
Fig. 4).

3.3.1.3. A peak in diversity in the Late Cretaceous. Residual analyses did not
consistently support any pattern following the decrease in Cretaceous 2
(Figs. 1c–f, 2c–f). A third peak in observed diversity during Cretaceous
6–7 in the raw data (Fig. 1a)was not supported as statistically significant
in the residual analyses. SQS resultswere returned at substantial quorum
levels (N0.5) for each of the intervals proceeding Cretaceous 6–7, sug-
gesting low standing diversity through Cretaceous 4–5. However, a pri-
marily North American assemblage dominated during Cretaceous 4
(78–85% of global subsampled richness), and a primarily Asian assem-
blage dominated during Cretaceous 5 (65–71% of global subsampled
richness), so ‘global’ resultsmay bemore reflective of local diversity spe-
cific to these regions. High SQS subsampled diversity during Cretaceous
6–7was returned at themost substantial quorum levels of the entireMe-
sozoic, indicating a genuine Late Cretaceous peak in diversity despite the
lack of statistical support for this peak in the residual analyses. SQS re-
sults also indicated relatively lower diversity during Cretaceous 7 than
in Cretaceous 6, compared to observed levels (Fig. 1b). Asian SQS analy-
ses only produced results at a quorum of 0.2, and so made no significant
contribution to global results at higher quorum levels (Fig. 4).
Fig. 3. North American data series through the Mesozoic. (a) SQS subsampled mammaliafor
residuals. (c) Mammaliaform-bearing collections (MBCs) vs STDE residuals. (d) SQS subsam
GTDE residuals. Vertical lines represent the Triassic/Jurassic boundary, Early/Mid Jurassic boun
boundary respectively. Dashed lines mark standard error 95% confidence intervals. Dash-dot li
3.3.2. ‘Short-term’ (interval-to-interval) diversity patterns
Interval-to-interval changes in diversity can offer a more detailed

context to long-term trajectories, although caution must be taken
when assessing results of data-rich intervals relative to surrounding
stages with poorer data quality. The first peak in observed species/
generic TDE occurred during Triassic 4 (Fig. 1a), supported by high
generic residuals (Figs. 1c–f, 2c–f). The Triassic 4 signal was not domi-
nated by any particular geographic subsets of the data (Figs. 3, 4), and
represents a collection of European/Asian occurrences. Analysis of the
Asian data demonstrated one of the highest residual peaks of the entire
Mesozoic through this interval, and yet the subset provides b50% of
global richness, while North America did not contribute data during
this interval. Jurassic 4 presented a second residual peak, and was
shown to be another of the few high diversity intervals not to be
dominated by a particular geographic subset of the data (Figs. 3, 4).
The subsequent fall in diversity during Jurassic 5 observed in the residuals
is not statistically significant and so cannot be confidently interpreted as a
genuine biological pattern. Finally, residual results support high diversity
during Cretaceous 3, bolstered by the reintroduction of North American
occurrences (19% of total occurrences) (Figs. 1–3).

As in the residual results, SQS supports Triassic 4 and Jurassic 4
diversity peaks, and the Jurassic 5 fall in diversity is not represented at
significant quorum levels (Figs. 1b, 2b). SQS analyses provided further
support for a fall in diversity between Cretaceous 1 and Cretaceous 2,
with results at significant quorum levels implying a genuine biotic
turnover. SQS results at significant quorum levels also supported high
diversity through Cretaceous 3 (Fig. 1).
4. Discussion

4.1. Sampling bias in the mammaliaform fossil record

The significant correlations between observed mammaliaform
diversity and multiple fossil sampling proxies suggest that some
patterns in apparent diversity may be explained by temporal variation
in rock record quality rather than by evolutionary dynamics. As a result,
caution is needed when interpreting uncorrected data. Both sets of
analyses described here do support discrete series of statistically robust
shifts in Mesozoic mammaliaform diversity. However, it is important to
note that these results may also be affected by inconsistencies within
the dataset itself that cannot be accounted for using our methods. For
example, differences in the intensity of fossil collection within single
formations or at particular localities may affect the results of our resid-
ual analyses. A possible example occurs in Jurassic 6 and Cretaceous 1,
which contain the exceedingly well-sampled Morrison and Lulworth
formations (respectively), and have apparently high residual diversity.
These intervals also have high subsampled diversity, suggesting that
the signalmight be robust. However, we consider that this result should
be interpreted with caution. Identifying points of consistency among
the results of multiple methods of bias correction allows us to
determine which features of diversity curves are well supported and
to reassess previous hypotheses concerning the diversity dynamics of
Mesozoic mammaliaforms.

4.2. Is mammaliaform evolution episodic?

Based on an appraisal of Mesozoic mammaliaform phylogeny and
diversity, Luo (2007a) described Mesozoic mammalian evolution as
successive diversifications of clades or grades whose acmes (in terms
m species taxonomic richness. (b) Mammaliaform-bearing formations (MBFs) vs STDE
pled mammaliaform generic taxonomic richness. (e) MBF vs GTDE residuals. (f) MBC vs
dary, Mid/Late Jurassic boundary, Jurassic/Cretaceous boundary, and Early/Mid Cretaceous
nes mark standard deviation 95% confidence intervals.
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of abundance and diversity) were relatively short-lived. When mapped
over geological time, this hypothesis appears as ‘waves of diversifica-
tion’ (Luo, 2007a; Fig. 1). Luo (2007a) identified four principal diversifi-
cation episodes; (1) the Late Triassic–Early Jurassic diversification of
early Mammaliaformes; (2) the radiation of the Docodonta through
the Middle Jurassic; (3) the diversification of the Eutriconodonta,
Multituberculata, Cladotheria and the monotreme stem group
(aukstribosphenidans) through the Late Jurassic; and (4) the diversifi-
cation of tribosphenic stem-group therians during the ‘mid’ to Late Cre-
taceous. Luo's (2007a) qualitative appraisal of mammaliaform diversity
approximately matches the patterns of richness seen in our data before
correction for biases (Fig. 1). While our approach is essentially taxon-
blind and thus does not account for the importance of new clade
originations or morphological and ecological diversification during
specific events or intervals, our analyses suggest that the high
taxon counts of many intervals attributed to species diversification
of Mammaliaformes (an evolutionary explanation) are more
plausibly due to intervals of increased sampling by palaeontologists
(a geological or anthropogenic explanation). Nevertheless, once
sampling biases are accounted for, our data do robustly support
some of the hypothesised episodes of mammaliaform diversification,
albeit not as peaks of absolute diversity.

A key difference in the approach of Luo (2007a) and our corrected
diversity estimates is the former's use of morphological diversity as a
proxy for mammaliaform diversification through the Mesozoic; Luo's
diversification events are based on the appearance of novel morphol-
ogies and new clades as well as changes in taxonomic diversity. The
emergence of a new clade and the accompanying change inmorpholog-
ical diversity can be heavily influenced by somewell-preserved taxa at a
given geological time interval, but this may only have a modest impact
on the interval's taxonomic diversity (Brusatte et al., 2012). Indeed,
measuring diversity solely as simple taxonomic counts can undervalue
the true diversity of an interval or the information provided by an indi-
vidual taxon. Nonetheless, there is concordance in the signals produced
bymeasuring taxonomic diversity, as we have done here, and morpho-
logical diversity or disparity (Grossnickle and Polly, 2013; Luo, 2007a).
As both approaches offer important and complementary information
on deep time diversity dynamics, combining them into comprehensive
models provides a more complete understanding of mammaliaform
evolution.

Both subsampling and residual approaches suggest relatively low
standing species and genus diversity of Mammaliaformes during their
inception from the Late Triassic to Early Jurassic. This interval was dom-
inated bymorganucodontans and corresponds to Luo's (2007a) episode
one. It is followed by elevated diversity in Middle Jurassic units, driv-
en by the radiation of the docodonts, and corresponding to Luo's ep-
isode two. However, subsampled and ‘residual’ diversity of many
younger Mesozoic intervals is comparable to that of the Middle
Jurassic. Therefore, although younger clades did radiate after the
Middle Jurassic (e.g., therians), and certainly affected mammaliaform
morphological and ecological diversity, these later episodes did not sub-
stantially alter the baseline of Mesozoic mammaliaform taxonomic
diversity.

Nevertheless, latest Jurassic and earliest Cretaceous mammaliaform
diversity was apparently higher than that of the Middle Jurassic, and
statistically well-supported low standing diversity in Cretaceous 2
(Hauterivian–Barremian) marks the transition between faunas domi-
nated by ‘Late Jurassic-type’ groups (episode 3) and later Cretaceous
faunas dominated by tribosphenicmammals in the northern Hemisphere
Fig. 4. Asian data series through the Mesozoic. (a) SQS subsampled mammaliaform species
(c) Mammaliaform-bearing collections (MBCs) vs species STDE residuals. (d) SQS subsampled
Vertical lines represent the Triassic/Jurassic boundary, Early/Mid Jurassic boundary,Mid/Late Jur
tively. Dashed lines mark standard error 95% confidence intervals. Dash-dot lines mark standa
(episode 4). Although the apparent peak in latest Jurassic–earliest
Cretaceous diversity might be an artefact of oversampling of the
Morrison Formation (United States) and Lulworth Formation
(United Kingdom) (explained above), this pattern of high standing
diversity over the Jurassic–Cretaceous boundary is consistent with
the occurrence of a distinctly ‘Jurassic’ fauna observed within Creta-
ceous 1, with 95% of unique occurrences representing genera either
unique to the interval (74%) or of Late Jurassic origin (21%). In con-
trast, Cretaceous 2 is composed solely of Cretaceous taxa, with only
one genus (Loxaulax) carried over from Cretaceous 1, and 40% of oc-
currences representing taxa also found in later Cretaceous intervals.
Furthermore, whereas Cretaceous 1 is dominated by the Lulworth
Formation, representing a single environment and geographic re-
gion, Cretaceous 2 includes a cosmopolitan set of global faunas
with no dominant region or formation. Therefore, underlying diver-
sity is global in Cretaceous 2, but regional in Cretaceous 1, and
so should be greater in Cretaceous 2. SQS aims to fairly sample un-
derlying diversity, and should therefore sample more exhaustively
in intervals with a larger underlying pool of taxa (Alroy, 2010). For
this reason the substantial statistical support for the fall in global
subsampled richness between Cretaceous 1 and 2 in our SQS results
is even more striking. Such a fall in diversity occurring ~10 myr after
the Jurassic–Cretaceous boundary may support the results of previ-
ous studies that suggest a delayed, mosaic response to a frequently
hypothesised extinction event occurring over the Jurassic–Cretaceous
boundary in both terrestrial and marine realms (Jablonski, 2002).
However, it is more likely, and more consistent with the evidence,
that there simply was no Jurassic–Cretaceous boundary extinction,
at least not for mammaliaforms. Instead, our results support recent
studies suggesting that there might have been an episode of
accelerated turnover during the Early Cretaceous (around the
Hauterivian–Barremian; Benson et al., 2013; reviewed by Benson and
Druckenmiller, 2014).

The last of the four hypothesised episodes (Luo, 2007a) marks
the early diversification of the stem taxa of the tribosphenic
mammals in the early Cretaceous. SQS and some residual approaches
suggest high diversity in Cretaceous 3. This signal might result from
the combination of two long intervals in Cretaceous 3 (Aptian: ~12
myr; Albian: ~13 myr), which may result in an artificially high
diversity. However, it is possible that the observed increase in
Cretaceous 3 also reflects the comparison with low richness in
Cretaceous 2. Diversity within Cretaceous 3 is dominated by Albian
taxa, with 83% of unique occurrences during Cretaceous 3 found
during this stage alone. Therefore diversity during the interval can
be confidently interpreted as a robust increase in diversity and
more specifically as a primarily Albian episode, with no substantial
Aptian influence grossly amplifying diversity. Finally, the high sub-
sampled and residual diversity during Cretaceous 6–Cretaceous 7
corresponds with the apex of the therian radiation (diversification
episode four; Luo, 2007a), and appears to reflect a genuine biotic signal,
although the period is evidently also affected by regional sampling
heterogeneities, in particular by a high representation of North
American localities (74 of the 115 Maastrichtian occurrences are
North American). This reconstruction of high diversity in the latest
Cretaceous contradicts hypotheses of declining terrestrial vertebrate
diversity through the end-Cretaceous leading up to the Cretaceous–
Paleogene mass extinction (Archibald, 1986; Archibald et al., 2010;
Barrett et al., 2009), but agrees with recent analyses of morphological
disparity that suggest that mammaliaformswere increasing in disparity
taxonomic richness. (b) Mammaliaform-bearing formations (MBFs) vs STDE residuals.
mammaliaform generic taxonomic richness. (e) MBF vs GTDE residuals. (f) MBC vs GTDE.
assic boundary, Jurassic/Cretaceous boundary, and Early/Mid Cretaceous boundary respec-
rd deviation 95% confidence intervals.
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in the latest Cretaceous (Grossnickle and Polly, 2013; Wilson et al.,
2012). SQS results also reconstruct a large fall in diversity from Creta-
ceous 6 to Cretaceous 7, suggesting that mammaliaforms may have
been in decline in the last short interval prior to the K/Pg mass extinc-
tion. However, it is important to note that the Cretaceous 6 (Campanian)
is nearly twice as long as the Cretaceous 7 (Maastrichtian), whichmight
drive this apparent decrease in diversity. Other recent studies have also
suggested that the observed fall in diversity from the Campanian to
Maastrichtian is due to sampling biases, rather than reflecting a real bi-
otic crisis (Fastovsky and Sheehan, 2005; Fastovsky et al., 2004;
Upchurch et al., 2011). Certainly, our analyses do not support a decline
in mammaliaform diversity until the Maastrichtian, suggesting that a
fall in diversity, if it occurred, did not occur over a substantial period be-
fore the K/Pg mass extinction.

As noted above, regional biases may significantly influence
hypotheses of clade origination, diversification, and extinction.
Some intervals in our dataset exhibited high regional dominance
(e.g., Jurassic 6 is dominated by North American occurrences [63%
of all occurrences], Cretaceous 1 by British occurrences [67%] and
Cretaceous 7 by North American occurrences [64%]), which may ex-
plain many of the seemingly dead-end lineages that comprise a large
proportion of the Mesozoic mammaliaform record (Luo, 2007a). For
example, the diversification of extinct theriiform lineages in the Late
Jurassic–Early Cretaceous was shown to be driven by heavily sam-
pled formations, with the majority of Jurassic 6 taxa known only
from the North American Morrison Formation, and Cretaceous 1
taxa from the English Lulworth Formation. Other high diversity in-
tervals that correlate with Luo's diversification episodes are followed
by relatively long periods of poor fossil representation, highlighted
by weak support in both the residual and SQS analyses through
Jurassic 5 (following high Jurassic 4 diversity and Luo's episode
two), and Cretaceous 4 (following high Cretaceous 3 diversity and
Luo's episode four). Thus, the low diversity observed through these
weakly represented periods does not necessarily represent a global
extinction or a preponderance of short-lived taxa, but rather a lack
or loss of their fossil record. This effect can also be observed within
the fossil record as long ghost lineages between fossil representa-
tives in genera such as Morganucodon (with long gaps between the
majority of Late Triassic material and a Mid Jurassic occurrence
[Freeman, 1979] and even a possible Early Cretaceous occurrence
in England [Butler et al., 2012]). Another example is provided by
the substantial missing record between the first eutherian, Juramaia
scansoria, occurring in the Callovian (~165 mya) (Luo et al., 2011)
and the eutherian radiation during the mid Cretaceous (Luo,
2007a). Thus, consideration of biases in the fossil record may have
considerable implications for our understanding of the tempo and
mode of mammaliaform evolution and extinction.

The substantial missing records we have highlighted can affect
current views of mammaliaform evolution. For example, common
references to a poor fossil record may be used to support molecular
divergence time estimates that are substantially older than the first
appearance of a clade in the fossil record, such as placental mammals
(Eizirik et al., 2001; Kumar and Hedges, 1998; Springer et al., 2003),
although this gap has been reduced substantially in recent molecular
studies (dos Reis et al., 2012; Meredith et al., 2011). This apparent
missing lineage, combined with a paucity of Cretaceous fossils in
some geographic areas, especially Gondwana, has led some workers
to suggest a hidden radiation of placental mammals within the
southern continents (Hedges et al., 2006). However, improved
sampling and analysis of the Mesozoic mammaliaform record in
Gondwanan landmasses has failed to yield any evidence for this
hypothesis (Goswami, 2012; Goswami et al., 2011; Hunter and
Janis, 2006). Cretaceous 6–7 also presents the largest proportion
of Gondwanan occurrences throughout the entire Cretaceous
(13%), with some endemic eutherian occurrences (Deccanolestes,
Kharmerungulatum), but no well-supported occurrences of placentals.
The suggestion of a long but un-sampled Cretaceous mammalian fossil
record has also been met by criticism on the grounds of preservation
rate, with Foote et al. (1999) showing that a missing mammalian fossil
record, assuming a monotonic increase in diversity between a molecu-
lar time of placental origination and the first placental fossil representa-
tion, would require a Cretaceous preservation rate of at least an order of
magnitude worse than actually observed. A caveat of the methodology
employed by Foote et al. (1999) is that it treats preservation as a
time-homogenous Poisson process; we have here shown preservation
to bemarkedly heterogeneous, consistentwith other recent taxic diver-
sity studies of Cretaceous terrestrial organisms (Brocklehurst et al.,
2012; Butler et al., 2009; Upchurch et al., 2011). This evident plasticity
in preservation potential is highlighted by weak residual strength in
much of the ‘mid’ to early Late Cretaceous, and might relate to the
~20 myr gap still existing between recent molecular divergence esti-
mates for the origin of placentals and their fossil record (dos Reis
et al., 2012; Goswami, 2012) (suggesting that nearly 25% of placental
mammal history remains unrepresented in the fossil record). How-
ever, Cretaceous 6 provides one of the most statistically robust sub-
sampled diversity estimates of the entire study, and so a lack of any
crown placental representation through the interval might well be
genuine, giving weight to the palaeontological argument of latest
Cretaceous or even earliest Cenozoic origin for placental mammals.
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