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“It is a curious situation that the sea, from which life first arose should now be
threatened by the activities of one form of that life. But the sea, though changed in a

sinister way, will continue to exist; the threat is rather to life itself.”

— Rachel Carson, The Sea Around Us
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Abstract

The latitudinal biodiversity gradient (LBG), in which species richness increases from
the poles to tropical regions, is one of the most pervasive biodiversity patterns today.
However, deep-time studies suggest that the LBG has varied in the geological past,
with a range of taxonomic groups characterised by flattened or even bimodal gradients.
Moreover, these studies suggest that tropical peaks and poleward declines in
biodiversity are restricted to intervals of the Palaecozoic, and the last 30 million years
(Myr), when cool icehouse climatic regimes persisted. Yet, the reconstruction of
macroecological patterns in deep time is hampered by inherent geological and
anthropogenic biases. In particular, spatial sampling heterogeneity has the potential
to hinder the reconstruction of LBGs due to the ubiquitous scaling of species richness
with area. In this thesis, a series of case studies that attempt to quantify the impact
of spatial sampling heterogeneity on the reconstruction of LBGs are presented. Earth
System and ecological niche modelling are applied to test whether observed biodiversity
trends are the result of spatial sampling heterogeneity, or a genuine biological signal.
In addition, a novel subsampling protocol is implemented to provide sampling-
standardised estimates of biodiversity. Collectively, this work suggests spatial sampling
heterogeneity often prevents the recovery of genuine LBGs in deep time. Estimates of
zooxanthellate coral richness over the past 250 Myr demonstrate that the modern LBG
got markedly steeper during the last 20 Myr, and a unimodal-type LBG likely persisted
during the Early Cretaceous, coinciding with a geologically long-lived ‘cold-snap’.
These findings are supported by ecological niche modelling, which suggest a tropical
increase, and temperate decline in suitable habitat area during these intervals. Overall,
these studies highlight the significance of correcting for spatial sampling heterogeneity
when reconstructing biodiversity patterns from the fossil record, as well as the value

of inferential methods in understanding past macroecological patterns.
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1.1 Introduction to the thesis

Human activity continues to decimate the planet. Although geologically short-lived,
our species has profoundly influenced the global environment through land surface
transformation and altering the Earth’s oceans and atmosphere (Bellard et al., 2012;
Lewis and Maslin, 2015). These global environmental changes have encouraged some
to endorse the recognition of a new human-dominated geological epoch, the
Anthropocene (Ruddiman, 2013; Lewis and Maslin, 2015). Moreover, the ongoing
global biodiversity crisis has led some researchers to suggest we may be entering, or
already in the midst of the ‘sixth mass extinction’ (Dirzo and Raven, 2003; Wake and
Vredenburg, 2008; Barnosky et al., 2011; Dirzo et al., 2014; McCallum, 2015). Whilst
extinction rates have historically been magnified by anthropogenically-driven habitat
loss, hunting and invasive species (Dirzo and Raven, 2003; Dirzo et al., 2014), projected
global warming of 1.8-5.6°C (O’Neill et al., 2016) will likely soon compete with habitat
loss as the most important driver of biodiversity loss (Dirzo et al., 2014). Rising sea
surface temperatures have already generated ecological disturbances and substantial
range shifts of marine organisms (Poloczanska et al., 2013, 2016; Garcia Molinos et al.,
2016). Coral reefs—one of the most biologically diverse and economically valuable
ecosystems in the marine realm (Moberg and Folke, 1999)—mnow face collapse in their
current tropical distribution as a direct result of thermal anomalies (Pandolfi et al.,
2003; Heron et al., 2016; Hughes et al., 2017b; Kim et al., 2019). However, constraining
the long-term response of organisms to projected global warming is challenging.
Conservation biology has traditionally relied almost exclusively on modern (or recent
historical) data about populations and ecosystems, providing limited temporal
perspective (Turvey and Saupe, 2019). Today, the International Union for
Conservation of Nature (IUCN) Red List provides the world’s most comprehensive
inventory of the conservation status of species. However, the ‘long-term’ ecological
datasets that it depends on are generally restricted to the last 3040 years (Vié et al.,
2009), when population decline was largely driven by habitat loss (Dirzo et al., 2014).

Disentangling the impacts of global warming from other anthropogenic impacts is

Page | 19



therefore difficult. Furthermore, such narrow temporal scales limit our ability to
understand ‘natural’ baseline patterns of species diversity, as well as the long-term
recovery or loss of ecosystems in response to secular climate change (Dietl et al., 2015;

Turvey and Saupe, 2019).

The fossil record provides an archive of the evolution of life on Earth. It documents
biotic responses to instantaneous events, such as asteroid impacts (Brusatte et al.,
2015), and those sustained over geological time scales, such as plate tectonic shifts
(Crame and Rosen, 2002; Renema et al., 2008). Significantly, the fossil record can also
help define ecosystem baselines, and improve our understanding of the long-term biotic
response to global climatic change. This insight has significant value for conservation
efforts as anthropogenic pressures continue to disrupt ecosystems, and drive further
global change (Dietl et al., 2015; Barnosky et al., 2017; Turvey and Saupe, 2019).
However, just beneath the surface of this wealth of empirical data, an inherent and
universally recognised problem exists: the fossil record is incomplete and severely
biased. Geological and anthropogenic processes have generated pervasive and non-
uniform biases in the fossil record, resulting in an archive that is unevenly distributed
through time and space (Holland, 1995; Smith and McGowan, 2007; Upchurch et al.,
2011; Close et al., 2020b). The impact of these biases on the reconstruction of biotic
patterns and processes has been described and documented for almost half a century
(Raup, 1972; Sheehan, 1977; Raup and Sepkoski, 1982; Allison and Briggs, 1993;
Cherns and Wright, 2000). However, palaeobiologists continue to dispute the extent
of these issues, and how best to correct for them (Smith and McGowan, 2007; Alroy,
2010a; Benson and Butler, 2011; Smith and McGowan, 2011; Vilhena and Smith, 2013;
Close et al., 2018, 2020b). Understanding the nature of these biases, and developing
the mitigating strategies for managing them, is paramount to unlocking the full

potential of the fossil record.

In this thesis, a range of interdisciplinary tools are used to evaluate whether
macroecological patterns observed in the fossil record are a genuine biological signal,

or the result of sampling bias. The focus of this work is one of Earth’s most pervasive
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macroecological patterns, the latitudinal biodiversity gradient. Though the aim of this
thesis is not to focus on any particular taxonomic group, Scleractinia (stony corals)
and coral reefs are used to test hypotheses proposed in three of the four results
chapters, while the whole marine fossil record of animals is used in the other. This
introductory chapter provides an overview of the themes addressed in this thesis,
providing fundamental context for subsequent chapters. However, background specific

to the work presented in each research chapter (3-6) is provided therein.

1.2 The Latitudinal biodiversity gradient

1.2.1 Overview

One of the most prominent macroecological patterns on Earth today is the latitudinal
biodiversity gradient (LBG), in which species richness decreases from tropical to polar
regions (Rosenzweig, 1995; Willig et al., 2003; Hillebrand, 2004). The majority of
extant fauna and flora (e.g. corals, fish, foraminiferans, mammals, reptiles, and
vascular plants) conform to this unimodal gradient (Willig et al., 2003; Hillebrand,
2004; Field et al., 2009; Kiessling et al., 2012; Willig and Presley, 2018), and it has
been described as Earth’s first-order biodiversity pattern (Krug et al., 2009). In fact,
one meta-analysis with nearly 600 LBGs assembled from the literature corroborated
the high generality of this gradient (Hillebrand, 2004). However, whilst the LBG is a
pervasive pattern across most taxa today, not all groups conform to this gradient. It
is noteworthy that the diversity peaks of some groups (e.g. parasites, aquatic flora,
marine birds and mammals) is at higher latitudes (Chown et al., 1998; Proches, 2001;
Willig et al., 2003; Wiens, 2007; Tittensor et al., 2010; Willig and Presley, 2018).
Reconstructions from fossil occurrence data have also questioned the permanence of
the LBG, with a range of taxonomic groups characterised by flattened or even bimodal
gradients in deep time (Figure 1.1) (e.g. Mannion et al., 2012; Yasuhara et al., 2012;
Powell et al., 2015; Marcot et al., 2016; Nicholson et al., 2016; Brocklehurst et al.,
2017; Kroger, 2018).
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Figure 1.1. Graphical representation of different types of latitudinal biodiversity gradients. A flat
latitudinal biodiversity gradient has no prominent latitudinal peak in diversity; a unimodal (modern
type) gradient has a tropical peak in diversity, with taxonomic richness declining poleward; a bimodal
gradient has twin temperate peaks in diversity, with taxonomic richness declining towards the equator
and the poles. Grey shaded area illustrates the extent of the tropics today (23.4°N-23.4°S), as defined
as the areas of Earth’s surface that receive direct overhead solar radiation at some point during the
year. Note that this is the classical definition of the tropics, but variability in definition exist (see Feeley
and Stroud, 2018).

1.2.2 The drivers of the latitudinal biodiversity gradient

The LBG is recognised as one of ecology’s oldest patterns, and has been studied and
debated for more than two centuries (Humboldt, 1808; Hawkins, 2001; Jablonski et
al., 2017). However, considerable debate continues regarding the relative importance
of individual drivers of the LBG, with stochastic, historical, ecological and evolutionary
processes advocated by macroecologists (Jablonski et al., 2017; Willig and Presley,
2018). To date, over 25 hypotheses have been proposed to explain the presence of the
LBG (Table 1.1) (Rohde, 1992; Mittelbach et al., 2007; Brown, 2013; Fine, 2015;
Jablonski et al., 2017; Willig and Presley, 2018). However, the majority of these
hypotheses can be rejected for being circular, interlinked, or too specific to explain the
pervasiveness of this gradient (Willig et al., 2003; Willig and Presley, 2018). Herein,
several of the most heavily debated mechanisms are expanded upon. However, as will

become evident, not all are mutually exclusive.
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Table 1.1. Mechanisms proposed to explain the latitudinal biodiversity gradient. Table compiled from

Willig and Presley (2018).

Circular Empirically unsubstantiated
Competition Environmental stability

Mutualism Environmental predictability (contingency)
Predation Productivity

Epidemics Abiotic rarefaction

Biotic spatial heterogeneity
Population size

Niche width

Population growth rate
Patchiness

Epiphyte load

Host diversity

Harshness

Physical heterogeneity

Angle of the sun above the horizon
Area

Aridity

Seasonality

Number of habitats

Rapoport’s rule

Ecological time

Evolutionary time

Temperature dependence of chemical reactions
Solar energy

Evolutionary speed

Stochastic placement of species ranges

Net diversification rates. The modern-type LBG can be explained by greater net
diversification rates (i.e. origination rate minus extinction rate) in the tropics than
other regions. Subsequently, the tropics have often been regarded as either a ‘cradle’,
with higher origination rates than temperate or polar regions, or a ‘museum’, with
lower tropical extinction rates than in temperate or polar regions (Gaston and
Blackburn, 1996; Chown and Gaston, 2000; Mittelbach et al., 2007; Arita and Vazquez-
Dominguez, 2008; Krug et al., 2009; Rull, 2011). However, studies have also found
evidence of higher origination rates and lower extinction rates in the tropics, suggesting
this region may serve as both a cradle and a museum of diversity (Allen and Gillooly,
2006; Jablonski et al., 2006, 2017; McKenna and Farrell, 2006; Mittelbach et al., 2007;
Weir and Schluter, 2007; Jablonski, 2008). Many of the drivers proposed to explain
the modern LBG can directly or indirectly affect rates of origination and/or extinction.
However, the relative contribution of origination and extinction rates in the tropics is
uncertain, and further complicated by dispersal into and out of the tropics (Gaston
and Blackburn, 1996; Chown and Gaston, 2000; Jablonski et al., 2006; Roy and
Goldberg, 2007; Arita and Véazquez-Dominguez, 2008; Saupe et al., 2019c).

Page | 23



Furthermore, a number of studies have found evidence for contrarian patterns, such
as faster rates of speciation in marine fishes at polar latitudes (Rabosky et al., 2018),
and similar diversification rates of mammals across all latitudes (though see Soria-
Carrasco and Castresana, 2012; Rolland et al., 2014). One school of thought is that
net diversification rates are primarily driven by temperature (Rohde, 1992). As
physiological processes are faster at higher temperatures, and warmer environments
support shorter generation times and increased mutation rates, the tropics ought to
favour greater origination rates (Rohde, 1992; Willig and Presley, 2018). Greater net
diversification rates may also be the result of low seasonality in the tropics. Low
seasonality might encourage the origination of species with narrow ecological niches,
which may result in limited dispersal capacity across environmental gradients, as well
as population fragmentation and speciation (Archibald et al., 2010). Indirect climatic
factors have also been postulated as a potential driver of the LBG. Due to the angle
of incidence of insolation, lower latitudes receive greater solar radiation than higher
latitudes, promoting increased productivity in the tropics (Waide et al., 1999).
However, whilst it is generally accepted that higher productivity levels result in larger
viable population sizes and species richness, there are instances where this relationship
is not emulated (Waide et al., 1999; Archibald et al., 2010). Nevertheless, seasonality
is often considered the most important driver of the LBG by some authors (Archibald
et al., 2010, 2013; Valentine and Jablonski, 2015).

Geographic Area Hypothesis. The greater availability of geographic area in the
tropics has been proposed as a potential mechanism that contributes to the LBG
(Terborgh, 1973; Rosenzweig, 1995; Jetz and Fine, 2012). Whilst the tropics contains
a single contiguous geographic area with similar climatic conditions, temperate and
polar regions are separated by a substantial geographic distance and strong
environmental barriers. Larger geographic areas of similar environmental conditions
could promote lower extinction rates as they enable larger range and population sizes,
reducing risk from stochastic extinction (Willig and Presley, 2018). In addition, the

formation of geographic barriers due to sea level changes, or other geological events,
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should occur more frequently in larger geographic areas, resulting in allopatric
speciation (i.e. greater origination rates). In combination, these factors might explain
higher net diversification rates in the tropics today via lower extinction rates and

higher origination rates.

Mid-domain hypotheses. Whilst species richness gradients may arise through
environmental and/or historical gradients, simple geometric constraints on species
range boundaries can also produce gradients in taxonomic richness (Colwell and Lees,
2000). The random placement of species geographic range boundaries, within a
geographic framework, produces peaks in species richness near the centre, which could
explain tropical peaks in species richness (Colwell and Lees, 2000; Colwell et al., 2004).
This is known as the mid-domain effect, and has been proposed as one mechanism that
contributes to the LBG (Colwell and Hurtt, 1994; Colwell and Lees, 2000; Colwell et
al., 2004). However, the validity of the mid-domain effect at global scale has been the
subject of serious debate (Colwell et al., 2004; Fieldsend, 2020). Perhaps most
significant is the misrepresentation of the Earth’s surface. For the mid-domain effect
to arise at global scale, the Earth needs to be considered as a bounded geographical
domain, with the poles as the boundaries. However, the surface of the Earth is
(roughly) a sphere, and the arbitrary placement of the boundaries at the Poles is
misleading in a geometric sense (Fieldsend, 2020). Whilst from a human perspective
we envisage the tropics as the mid-domain of Earth, the Poles are no more the

boundary conditions than any other point on the surface of the planet.

Rapoport’s rule. The Rapoport effect, or Rapoport’s rule, describes the relationship
between species geographic range size and latitude. Specifically, it postulates that
species geographic range size decreases from high to low latitudes, and is potentially a
result of seasonality (Stevens, 1989). Seasonality increases poleward, suggesting
temperate species must tolerate greater variations in climate than tropical species. This
seasonal variability in climate could predispose temperate species to have wider abiotic
niches and larger geographic range sizes, while tropical species should have narrower

abiotic niches and smaller geographic range sizes. In theory, smaller geographic range
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sizes at low latitudes could enable more species to coexist than at higher latitudes,
producing tropical peaks in diversity (Stevens, 1989). However, it is unclear how a lack
of seasonality within a single large contiguous geographic area (~50°) would limit the
range size of species in the tropics (Willig and Presley, 2018). Nevertheless, whilst
Rapoport’s rule has been demonstrated in a range of groups including mammals,
reptiles, amphibians, fish, and trees (Rapoport, 1975, 1982; Stevens, 1989), its
generality is not supported in all taxonomic groups (e.g. mollusks, eucalypts,

marsupials and bats) (Roy et al., 1994; Hughes et al., 1996; Willig and Lyons, 1998).

1.2.3 Deep time perspective

The fossil record offers a unique perspective into the drivers and evolution of the LBG,
including responses to continental reconfiguration and major climatic perturbations
(Powell, 2009; Mannion et al., 2012; Nicholson et al., 2016; Brocklehurst et al., 2017).
Studies focused solely on the present day are limited to the final page of an archive
spanning hundreds of millions of years. Whilst climatic and geographic conditions are
broadly static today, they have fluctuated substantially since the evolution of complex
life. Furthermore, as the LBG is ultimately a function of latitudinal differences in net
diversification rates, in which complex combinations of origination and extinction

persist, fossil data are needed to understand its evolution (Jablonski et al., 2013).

Early reconstructions of the LBG suggested that a unimodal gradient, with tropical
peaks in diversity, was present throughout the Phanerozoic (the last 540 million years
(myr) (Crame, 2001; Powell, 2007, 2009; Alroy et al., 2008; Krug et al., 2009; Powell
et al., 2012), though evidently shallower at certain intervals (Crame, 2001; Mittelbach
et al., 2007). Several authors also recognised that the LBG did not particularly
strengthen to form the present-day steep gradient until 30 million years ago (Ma)
(Thomas and Gooday, 1996; Crame, 2001; Powell, 2009; Archibald et al., 2013).
However, the strength of these conclusions has been questioned due to failures to
correct for sampling biases, which might produce artefactual diversity peaks or

gradients (Note to the reader: discussion on the different types of sampling biases is
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reserved for a later section of this chapter). Recent analyses, which have mitigated for
varying levels of sampling intensity, have suggested that tropical peaks and poleward
declines in taxonomic richness were not universal throughout the Phanerozoic, with a
range of taxonomic groups characterised by flattened or even bimodal gradients (e.g.
Mannion et al., 2012; Yasuhara et al., 2012; Powell et al., 2015; Marcot et al., 2016;
Nicholson et al., 2016; Brocklehurst et al., 2017; Kroger, 2018). In fact, tropical peaks
and poleward declines in taxonomic richness appear to be largely restricted to intervals
of the Palaeozoic, and the past 30 myr, when cold icehouse climatic regimes have
persisted (Jablonski et al., 2006; Powell, 2009; Archibald et al., 2010; Yasuhara et al.,
2012; Mannion et al., 2014; Marcot et al., 2016; Fenton et al., 2016).

Whilst recent studies have tended to correct for sampling intensity, they do not address
the spatiotemporal heterogeneity in sampled geographic area (Vilhena and Smith,
2013; Benson et al., 2016; Close et al., 2017, 2020a). As inherently spatial patterns,
reconstructions of LBGs in deep time have the capacity to be particularly impacted
by variation in the geographic sampling universe (area available to sample by
palaeontologists), which can result in drastically different sizes of underlying taxon
pools (Close et al., 2017, 2020b). Correcting for the spatial structure of the fossil record

and inherent data absence remains a fundamental issue for palaeobiologists.

1.3 Corals, reefs, and global climatic change

Scleractinia, or more colloquially stony corals, are an order of polypoidal marine
invertebrates belonging to the taxonomic class Anthozoa of the Cnidaria phylum. Their
origin is considered to be deeply rooted in the Palaeozoic, with evidence of
‘scleractiniamorphs’ as early as 450 Ma during the Ordovician (Stolarski et al., 2011).
However, prior to the Triassic, scleractiniamorphs are sparsely represented in the fossil
record, and it is only from the Anisian (247.2 Ma) that Scleractinia have a continuous
fossil record (Stolarski et al., 2011; Kiessling and Kocsis, 2015). Nevertheless, this 247.2
myr presence in the geological record makes them ideal candidates for assessing the

veracity of biodiversity patterns in deep time.
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Today, scleractinians maintain a global distribution, and are responsible for the
formation of modern coral reef systems. Zooxanthellate, azooxanthellate, and
apozooxantehllate corals are found within the taxonomic order, and strongly differ in
their ecological requirements and environmental occupancy. Zooxanthellate corals have
a photosymbiotic relationship with single-celled dinoflagellates called zooxanthellae.
This relationship can contribute up to 90% of the nutritional needs of the coral
(Muscatine and Porter, 1977; Lipps and Stanley, 2016). Conversely, azooxanthellate
corals lack a photosymbiotic relationship and principally gather their nutritional needs
from filtration feeding. Uniquely, apozooxanthellate maintain a facultative symbiosis
with zooxanthellae, and have the capacity to switch back and forth depending on their
environmental occupancy (Stanley, 2003). Whilst zooxanthellate and azooxanthellate
corals are equally as diverse today (Cairns, 1999, 2007; Kiessling and Kocsis, 2015),

apozooxantehllate are exceptionally rare.

The dependence of zooxanthellate corals on photosymbiosis limits them to well-lit,
warm, and shallow waters, resulting in a predominantly tropical distribution (Kleypas
et al., 1999; Couce et al., 2012; Muir et al., 2015). However, whilst ecologically limiting,
photosymbiosis provides zooxanthellate corals with the metabolic advantages required
for rapid calcification, and prolific reef building (Muscatine and Porter, 1977; Lipps
and Stanley, 2016). Though azooxanthellate corals also occupy tropical environments,
they preferentially inhabit deep and cold waters in the aphotic zone (Cairns, 2007). If
nutrient levels are high enough, azooxanthellate corals may also build reefs. However,
deep-water coral reef building is typically restricted to a few azooxanthellate taxa, and
reefs at any given location are typically constructed by one species (Freiwald et al.,
2004). For example, the Rast Reef off the coast of Norway is constructed by Lophelia
pertusa, and occupies an area of 100 km?, making it the world’s largest (known) deep-
water coral reef complex (Freiwald et al., 2004). Though capable of forming large
habitats, deep-water coral reefs are incomparable to their shallow marine tropical
counterparts. The Great Barrier Reef—the largest warm-water coral reef complex—is

more than 30,000 km? in total area.

Page | 28



Warm-water coral reefs are one of the most biologically diverse and economically
valuable ecosystems in the marine realm (Moberg and Folke, 1999; Cesar, 2000;
Knowlton, 2001). They provide a range of services including habitat structure, coastal
protection, food security, recreational opportunities, and raw materials (Moberg and
Folke, 1999; Cesar, 2000; Hughes et al., 2017a). However, rising sea surface
temperatures increasingly trigger mass bleaching events of zooxanthellate corals,
including three pan-tropical events in the last two decades (Pandolfi et al., 2003; Heron
et al., 2016; Hughes et al., 2017b). Thermal stress during marine heatwaves disrupts
the photosymbiotic relationship between coral and algal symbiont, resulting in the loss
of the corals’ colour (hence ‘bleaching’) (Spalding and Brown, 2015). Bleached corals
are physiologically damaged, and prolonged bleaching tends to lead to high levels of
mortality (Glynn, 1984; Berkelmans et al., 2004; Hughes et al., 2017b). As bleaching
events become increasingly frequent, declines in coral cover and reef structural
complexity will impact all marine species who depend on coral reefs (estimated at
~35% of all described marine species) (Reaka-Kudla, 2005; Knowlton et al., 2010). As
such, understanding the long-term response of corals, and coral reefs, to global warming

is of paramount importance for conserving global biodiversity.

Today, zooxanthellate corals have a steep unimodal-type LBG (Veron, 2000; Kiessling
et al., 2012; Spano et al., 2016), with high diversity confined to tropical regions and
absolute latitudinal limits of 45° either side of the equator (Kiessling et al., 2012; Muir
et al., 2015). However, several zooxanthellate coral species have already expanded their
ranges poleward in response to increasing sea surface temperatures (Precht and
Aronson, 2004; Yamano et al., 2011; Baird et al., 2012). As global warming continues
to intensify, it is likely that equatorial range retractions will follow these poleward
range expansions (Kiessling et al., 2012). Throughout their evolutionary history, many
zooxanthellate corals (and coral reefs) have occupied palaeolatitudes higher than 45°
(Kiessling and Kocsis, 2015). However, the evolution of the LBG in zooxanthellate

corals remains unresolved.
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1.4 Estimating biodiversity in deep time
1.4.1 Historical context

One of the earliest reconstructions of diversity over geological timescales was by
Heinrich Georg Bronn, in which he compiled an inventory of the known fossil record
to produce spindle diagrams, and identify patterns of dynamic succession (Bronn,
1848). However, it was not until 1860 that geologist John Phillips produced the first
Phanerozoic ‘diversity curve’, on the basis of the British fossil record (Phillips, 1860).
Even during the 1800s, geologists recognised that the fossil record was imperfect
(Darwin, 1859; Phillips, 1860). Philips (1860) himself expressed concerns about
sampling bias in the fossil record, and attempted to correct his Phanerozoic diversity
curve by stratigraphic interval thickness. However, it was not until the 1950s when
interest in eon-scale diversity patterns started to flourish, energised by Norman Newell

who proposed that cyclic changes in sea level drove variation in marine diversity

(Newell, 1952).

I
"
-

-

.‘? H P
E |1 ! ‘\ -,
@ H ! RN
= Vol Y
o |I =' |}
L H 1 ‘\
E b \
=] [ 1
1
S . 1 1' . \
% wo ) ui A
G w I w LY
= o 1! ° v pmm—
- 1 = 1 ] ,
e g L RN
] 2 AT RN e .
/ ME  Seao ~
w w ’ <3 S
o = 3 | ~
< s
o TNl
Time

Figure 1.2. The first Phanerozoic diversity curve based on data from the British fossil record. Figure is
redrawn from Phillips (1860).

Whilst this early work—which required collating data by hand—was seminal to the
study of past diversity, it was the advent of general-purpose computing in the 1970s
that enabled a burst of eon-scale biodiversity studies. General-purpose computing
allowed the construction of digital databases, which improved efficiency in data

curation, sharing, and analyses. Appropriately referred to as the ‘palaeobiological
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revolution’, the 1970s and 1980s were witness to some of the first palaeobiological
studies conducted using digital databases (Raup, 1976a, 1976b; Valentine et al., 1978;
Raup and Sepkoski, 1982). Significantly, this revolution resulted in the publication
that identified the ‘Big Five’ mass extinctions (Raup and Sepkoski, 1982). However,
early work by David Raup highlighted the ties between species diversity and the
volume of sedimentary outcrop, casting doubts on raw counts of diversity (Raup,
1976b). Peter Sheehan raised similar concerns, and demonstrated a strong relationship
between the number of described species within an interval, and so called
‘Palaeontological Interest Units’ (the number of palaeontologists working in an
interval) (Sheehan, 1977). However, despite these concerns the impact of biases on
estimates of past diversity were largely neglected until the turn of the century (e.g.
Allison and Briggs, 1993; Miller and Foote, 1996; Markwick, 1998; Alroy et al., 2001).
Nevertheless, by the early 2000s, studies began to indicate systematic bias in outcrop
area (Peters and Foote, 2001), geographic representation (Jackson and Johnson, 2001),
habitat representation (Smith, 2001; Allison and Wells, 2006), and fossil collections
(Alroy et al., 2001). Socioeconomic factors, such as population and gross domestic

product, were also identified as influencing the known fossil record (Kiessling, 2005).
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Figure 1.3. Raup and Sepkoski’s diversity curve (Raup and Sepkoski, 1982). Figure shows the standing
diversity through time for marine vertebrates and invertebrate families, and identifies five mass
extinction events. The relative magnitude of each extinction event is given in the parentheses in the
upper left corner. Figure is redrawn from Raup and Sepkoski (1982).
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Despite the advocation of sampling-standardisation procedures decades before (Raup,
1975), it was not until this century that their implementation became widespread in
palaeobiological studies. This was likely a result of the increasing familiarity and
accessibility to computers, as well as the previously described flourish of studies
investigating the impacts of bias on estimates of palaeodiversity (e.g. Jackson and
Johnson, 2001; Peters and Foote, 2001; Smith, 2001; Alroy et al., 2001). Nevertheless,
in the past two decades, the development and application of a number of sampling-
standardisation strategies have been implemented to correct for sampling bias in the
fossil record, and provide fairer estimates of past biodiversity (e.g. Alroy, 2000; Smith
and McGowan, 2007; Alroy, 2010a; Mannion et al., 2012; Lloyd et al., 2012; Smith et
al., 2012; Lloyd and Friedman, 2013; Alroy, 2014; Mannion et al., 2015; Benson et al.,
2016; Starrfelt and Liow, 2016; Close et al., 2017; Cleary et al., 2018; Close et al., 2018;
Dunne et al., 2018; Dean et al., 2019; Close et al., 2020a, 2020b; De Celis et al., 2020).
In subsequent sections, further details on these approaches are provided. However, it

is first pertinent to review the biases that influence the fossil record.

1.4.2 Taphonomic biases

A suite of biological characteristics and taphonomic processes influence the information
available from the fossil record. In 1940, Ivan Efremov officially introduced the
subdiscipline of ‘taphonomy’, defining it at as “the study of the transition of animal
remains from the biosphere into the lithosphere” (Efremov, 1940). However, it should
be noted that earlier work by German researchers had already laid the foundations for
taphonomy (Abel, 1912; Wasmund, 1926; Weigelt, 1927; Richter, 1928). Today,
taphonomy has a broader definition, and is defined as “the study of processes of
preservation, and how they affect information in the fossil record” (Behrensmeyer and
Kidwell, 1985). Taphonomic bias refers to the systematic preservation or removal of
an organism as a result of some internal or external control. Herein, a general overview
of some of the key taphonomic biases in the fossil record are provided. However, for
an exhaustive review, the reader is referred to key texts such as Allison and Briggs

(1991), Lyman and Lyman (1994), Martin (1999), and Allison and Bottjer (2010).
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Taphonomic bias may be introduced into the fossil record by an organism’s body
composition, morphology and ecology. For example, hard biomineralized remains of
organisms—teeth, shells and bones—have a high preservation potential, whereas soft
tissues are rarely preserved (Briggs, 2003; Allison and Bottjer, 2010). Modern marine
communities may be composed of up to 67% soft-bodied species (Lawrence, 1968),
suggesting potential for significant information loss from body composition alone. This
mechanism undoubtedly results in a large underrepresentation of soft-bodied taxa
across the Phanerozoic, especially for taxonomic groups such as Scyphozoa (‘true
jellyfish’). However, biomineralized remains may also be impacted by preservation
biases. For example, the preferential dissolution of the biogenic carbonate polymorph
aragonite, relative to its more stable calcitic form, has the capacity to influence
estimates of past biodiversity and community structure (Cherns and Wright, 2000;
Dean et al., 2019). The body size of an organism also influences preservation potential,
with larger organisms more readily preserved in the fossil record (Kidwell, 1997; Cooper
et al., 2006). The environment an organism inhabits also impacts upon preservation
potential (Behrensmeyer et al., 2000). For example, reduced erosion and enhanced
sediment supply in the marine realm promotes a more complete fossil record than the
terrestrial environment (Kidwell and Holland, 2002). In fact, sediment accumulation
rate has been advocated as the primary control on the nature of the fossil record, with
strong correlations between various evolutionary trends and changes in sedimentation
rates (Kidwell, 1986). Intuitively, biota from environments of high sediment
accumulation rates might therefore be disproportionately represented in the fossil
record. Post-burial processes, such as bioturbation, microbial decay, chemical
alteration, reworking and exhumation may also lead to variability in the preservation
potential and quality of remains (Behrensmeyer et al., 2000). The final fate of an
organisms’ preservation potential will often depend upon processes such as compaction
and burial depth after entering the lithosphere. Each sedimentary package, and the
remains they contain, have their own unique and complex geological histories. These

histories play a significant role in determining the survival or loss of fossil remains.
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1.4.3 Sampling bias

Sampling attempts to estimate the patterns and processes of a whole population based
on a subset of individuals. To remain representative, a sample should meet a
predetermined number of observations, and not be subject to a biased sampling
methodology. For centuries, palaeontologists have used the known fossil record—a
sample of life in the geological past—to gain understanding of macroevolutionary
patterns and processes. However, the quality and quantity of this data is influenced
by geological and anthropogenic factors that generate an uneven temporal and spatial
structure in the fossil record. Failure to correct for this uneven structure results in a
biased sampling of life in the past, and fundamentally contradicts the characterisation
of a sample. Herein, some of the main geological and anthropogenic factors that

influence the fossil record are discussed in further detail.

The spatiotemporal variability of Earth system processes results in a heterogeneous
distribution of rock volume, and a non-uniform sampling window of geographic regions,
time periods and environments. Early work by Raup (1972) was amongst the first to
identify the potential impacts of sampling biases on estimates of diversity, in which he
outlined seven “sources of error”. One of these sources of errors (= sampling biases),
came from the strong relationship between sedimentary rock volume and species
richness (Raup, 1972). Raup (1972) suggested that the number of taxa within a given
time bin must be a function of the volume of sedimentary rock available for sampling.
Since this early work, a suite of studies has demonstrated the impacts of variable
sedimentary rock volume and surface exposure on estimates of taxonomic richness
(Wall et al., 2009; Smith and McGowan, 2011; Upchurch et al., 2011; Vilhena and
Smith, 2013; Dunhill et al., 2014; Dean et al., 2016). Unsurprisingly, these studies
unequivocally confirm that a greater surface area of exposed sedimentary rock leads to
a greater volume in collected species. At temporal scales, this relationship has the
potential to drive observed trends in biodiversity patterns, including extinction and
speciation events (Signor and Lipps, 1982; Miller and Foote, 1996; Sepkoski, 1998;

Alroy et al., 2001). However, this relationship also has the potential to influence our
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understanding of past macroecological patterns, such as the latitudinal biodiversity
gradient. A key example of this is how the palaeolatitudinal distribution of sedimentary
rock volume has shifted throughout the Phanerozoic (Figure 1.4), tracked by
palaeolatitudinal biodiversity estimates (Allison and Briggs, 1993; Vilhena and Smith,
2013). Such changes in the spatiotemporal distribution of sampling could lead to
erroneous conclusions about the shape of the latitudinal biodiversity gradient in deep
time. However, correlation between variables such as the surface area of exposed
sedimentary rock and diversity does not necessarily equal causation. An alternative
view is the ‘common-cause’ hypotheses, in which both sampling and diversity are
driven by some common factor such as sea level fluctuations (Peters, 2005; Butler et

al., 2010; Dunbhill et al., 2014).
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Figure 1.4. Palaeolatitudinal distribution of Phanerozoic marine sedimentary rock outcrop in Europe
and North America. Circles indicate the areas of outcrop: small—<100,000 km? medium—100,000 to
500,000 km?; large—>500,000 km?2. Arrows indicate potential variation in depositional latitude for areas
of rapidly drifting continental masses. Figure is redrawn from Dean (2018), and based on original figure
from Allison and Briggs (1993).
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Another source of error in the fossil record is the general increasing quality of the
sedimentary record with proximity to the recent. Younger parts of the geological record
tend to be represented by larger volumes of rock and are less covered by overlying
strata (increasing accessibility for collectors). Significantly, the amount of erosion,
metamorphism and deformation also tends to be less in younger sedimentary packages
(Raup, 1972). In general, these processes produce an increasing degradation of data
quality and quantity with time, which subsequently impacts upon our understanding

of past biotic patterns and processes.

Time bins employed in diversity studies tend to use geological units (i.e. stages) which
have variable temporal durations. It has been argued that this is problematic as longer
time intervals have the opportunity to preserve higher levels of taxonomic richness
(Raup, 1972; Foote, 1994). In theory, the total amount of sedimentation should also
be higher in longer time intervals, leading to an increase in the preservation potential
of organisms (Miller and Foote, 1996). However, as Earth system processes vary over
time, with fluctuating depositional and erosional rates, this relationship is not
universal. In fact, many studies have failed to find any correlation between biodiversity
and time bin duration (e.g. Fastovsky et al., 2004; Butler et al., 2010). Nevertheless,
recent studies have frequently attempted to correct for the impact of unequal duration
by using ‘near-equal’ time bins, in which intervals are clumped together to form more
similar bin lengths (Alroy, 2010c; Mannion et al., 2015; Close et al., 2020a). However,
it is important to note that geological time units are primarily defined based on
biostratigraphy. Therefore, the lengths of these units are not necessarily independent

of species turnover through time.

The level of interest in a particular taxonomic group, geographic region or time period
has also been advocated as a potential bias on estimates of palaeodiversity (Raup,
1972; Sheehan, 1977). This was first referred to as the ‘monographic effect’” by Raup
(1972). As an example of this, Raup cited a single monograph that shifted a previously
established temporal diversity peak from the Devonian to the Ordovician (Cooper,

1958). However, it is important to note that these monographic effects continue to
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influence data collection and analyses today. For example, there is a substantial bias
towards studying certain taxonomic groups. This is largely a result of their value in
reconstructions of past climate and biostratigraphy (e.g. foraminifera, ammonites), or
their charismatic nature (e.g. mammals and dinosaurs). Moreover, there is a well-
documented sampling bias towards certain geographic regions, with the majority of
reported fossil occurrences collected in the Northern Hemisphere, specifically Asia,
Europe and North America (Kiessling, 2005; Upchurch et al., 2011; Dean et al., 2016;
Mannion et al., 2019). It has also been proposed that such geographic sampling biases
are more controlled by socioeconomic factors, such as gross domestic product, than

any geological processes (Kiessling, 2005).

Areas of exceptional preservation, such as the Cambrian Burgess Shale in Canada and
the Eocene Messel Pit in Germany, provide invaluable evidence in understanding the
evolution of Phanerozoic life. These deposits are generally referred to as Lagerstatten
(Seilacher, 1970; Raup, 1972; Dean et al., 2016; Mannion et al., 2019), or Konservat-
Lagerstétten in the case of soft-tissue preservation (Allison, 1988). The presence or
absence of Lagerstétten can have a strong impact on reconstructions of palaeodiversity.
For example, Raup (1972) postulated that the low diversity of insects during the
Cretaceous was an artefact arising from the lack of unique conditions required for good
insect preservation. Furthermore, recent work has quantitatively demonstrated a
strong relationship between the presence of Lagerstdtten and high concentrations of
fossils (Friedman and Sallan, 2012; Cleary et al., 2015; Dean et al., 2016). Whilst Raup
(1972) noted that Lagerstéitten are more likely to be present in younger rocks, new
Lagerstiatten continue to be discovered—including from the early Cambrian—

providing novel insights into the evolution of life on Earth (Fu et al., 2019).

Species geographic distributions are limited by barriers to their dispersal.
Consequently, when a previously overlooked geographic area is explored, there is a
high chance of discovering undescribed taxa (Raup, 1972). In part, this is related to
increased sampling, but also the universal scaling of taxonomic richness with area

(Connor and McCoy, 1979; Rosenzweig, 1995; Lagomarcino and Miller, 2012).
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Accordingly, time intervals that have broader spatial sampling patterns should recover
higher levels of diversity. In fact, recent work has shown this to be true for both the
marine and terrestrial fossil records (Close et al., 2020a, 2020b), with spatial sampling
accounting for up to 67% of the temporal variation in counts of fossil species (Close et

al., 2020a).

1.4.4 Mitigating sampling bias

Whilst a plethora of sampling biases clearly plague the fossil record, palaeobiologists
have not forsaken the reconstruction of macroevolutionary and macroecological
patterns. Since Raup (1972), several approaches have been developed to correct for
sampling biases, providing fairer comparisons of relative richness ratios between
temporal and spatial bins. One approach previously used is the ‘residual diversity
method’. This method uses the residuals from a modelled relationship between
palaeodiversity and sampling proxies (e.g. number of formations) in an attempt to
remove the signal of sampling (Smith and McGowan, 2007; Lloyd, 2012). The residual
diversity method assumes that diversity is driven purely by sampling in the fossil
record, and any deviations from the modelled relationship represent a genuine
biological signal. However, whilst the residual diversity method was initially widely
utilised in palaeobiology (Benson et al., 2010; Benson and Mannion, 2011; Mannion et
al., 2012; Lloyd and Friedman, 2013), recent studies have demonstrated that residual
diversity curves do not necessarily represent genuine biological signals (Brocklehurst,
2015; Dunbhill et al., 2018). Their application in deep time studies has therefore been
cautioned (Dunhill et al., 2018), and largely abandoned.

Rarefaction (or ‘subsampling’), in which occurrence datasets are randomly sampled to
a given threshold (Sanders, 1968; Raup, 1975), is the most common approach used to
mitigate for the impacts of sampling biases on palaeodiversity estimates. The focus of
subsampling approaches has been to retrieve an ‘equal’ or ‘fair’ representation of
diversity, without examining potential driving factors such as outcrop availability.

Numerous variants of subsampling approaches have been developed over recent
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decades, including ‘sampling-based rarefaction’ (Sanders, 1968), ‘by-list unweight
sampling’ (Alroy, 1996), ‘by-list sampling weighted by occurrences’ (Alroy, 2000), and
‘coverage-based rarefaction’ (Alroy, 2010c). Herein, the two most widely applied of

these is discussed: sampling-based rarefaction and coverage-based rarefaction.

Sampling-based rarefaction (synonyms: classical rarefaction, by-occurrence
subsampling) was the earliest developed subsampling approach, and has been
implemented in a wide range of ecological and palaeobiological studies (Sanders, 1968;
Raup, 1975; Foote, 1992; Alroy et al., 2008; Kiessling et al., 2012; Rasmussen et al.,
2019). Broadly speaking, this approach standardises samples by size, randomly drawing
samples to equal numbers of specimens, individuals or localities from the entire
available sampling pool (Sanders, 1968; Close et al., 2018). Despite its continued use
today (e.g. Reddin et al., 2019; Rasmussen et al., 2019), it has been heavily criticised
on several fronts. For example, item-quota standardisation methods tend to under-
sample more diverse assemblages, compressing relative richness ratios and artificially
flattening diversity curves (Chao and Jost, 2012; Close et al., 2018). Furthermore,
sampling-based rarefaction assumes that uniform sampling equates to fair sampling
(Alroy, 2010a), and that organism abundances are fixed through time and/or space.
This is contrary to what is observed in both modern and fossil collections (Cotgreave
and Harvey, 1994; Alroy, 2010b; Benson and Butler, 2011). The rarity of species within
samples inherently influences the relative diversity estimated between samples when
fixed thresholds are applied. For instance, if 95% of the individuals within a sample
are represented by a single species, with the remaining 5% comprised of 49 species, it
is unlikely sampling-based rarefaction will capture many of these rare species, if any
at all. Conversely, if a bin contained 50 species, with each contributing 2% of the total
occurrences, a significantly higher richness estimate would be generated via sampling-
based rarefaction than the former scenario. The similarity between species abundances
is termed evenness, with the latter example representative of a bin with high evenness,
while the former would be considered to have low evenness. The examples above

demonstrate the potential of sampling-based rarefaction to influence relative richness
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ratios in samples varying in evenness, and may artificially flatten diversity curves when

low subsampling thresholds are applied (Alroy, 2010a; Chao and Jost, 2012).

Coverage-based rarefaction (Alroy, 2010c; Chao and Jost, 2012) was an approach
developed to help overcome the issue of varying levels of evenness (Figure 1.5). In
palaeobiology, coverage-based rarefaction is more commonly referred to as shareholder
quorum subsampling (SQS), while the former name is generally reserved for the
ecological literature. Uniquely, SQS standardises samples to equal levels of
completeness (or ‘coverage’) of the species’ (or other taxonomic levels) underlying
frequency distribution (Alroy, 2010a; Chao and Jost, 2012), and has been shown to
reconstruct relative richness ratios with high accuracy, providing abundance
distributions that do not vary substantially between assemblages (Alroy, 2010a, 2010b;
Chao and Jost, 2012; Close et al., 2018). Coverage is considered an objective measure
of diversity-sample completeness, which is estimated from the frequencies of rare
species (Esty, 1986; Close et al., 2018). In both ecology and palaeobiology, coverage is

most commonly estimated using Good’s u (Good, 1953), and is calculated using:

—1--2
U 0

Where O is the total number of observations (occurrences), and n; is the number of
singletons (species represented by one occurrence). To obtain relative richness ratios
between assemblages, Good’s u is calculated for each assemblage (or bin) and divided
into ¢. In this instance, ¢ denotes the ‘quorum level’, which is a specific amount of
coverage, or proportion of the entire frequency distribution represented by the observed
species. Significantly, SQS differs from item-quota standardisation methods in that it
allows proportional sampling, opposed to equal sampling. Uniquely, it also provides
some indication of sampling quality. Coverage values of zero indicate that there are no
sampled occurrences in an assemblage, or that all taxa in the pool are singletons.
Conversely, higher coverage estimates indicate that there is a more even distribution

of sampled taxa.
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Frequencies 5% 20% 50% 75% 10% 10% 15% 20% 20% 75%

Figure 1.5. Tllustrative example of shareholder quorum subsampling (SQS) for two different time bins.
Top row shows the number of occurrences and frequency distributions of a raw data set, i.e. sampled
fossil occurrences. Bottom row indicates the taxa randomly drawn for a single subsampling trial for a
quorum level of 0.75. Randomly drawn taxa are in dark grey.

Despite its favoured use in palaeobiology, SQS is not without its own limitations.
Whilst early work suggested that a quorum level of 0.4 was sufficient to accurately
capture relative richness ratios between assemblages (Alroy, 2010b), more recent
studies have demonstrated the impact of quorum selection on the amplitude of relative
richness ratios (Dunne et al., 2018). Specifically, it is often the case that low quorum
levels are needed to provide diversity estimates (e.g. 0.4) along the entire time series
due to variability in sampling levels. However, this can cause SQS to diminish the
relative richness of highly diverse bins. Nevertheless, perhaps one of the most severe
limitations of SQS that has not previously been considered is the varying level of
geographic extent that samples are drawn from (though see Close et al., 2017, 2020a,
2020b). This has the potential to artificially inflate diversity estimates when one
temporal or spatial bin has sampled a broader geographic area than another. Similarly,
diversity estimates could be further biased when one bin contains a range of sampled

environments (e.g. lacustrine, reef, and deep water), and another contains little variety
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(e.g. only estuarine). Intuitively, the former should result in the recovery of more taxa
due to inherently different ecological tolerances required for each environment. Whilst
such biases may be introduced anthropogenically by selective sampling procedures,
they are also caused by geological processes such as erosion and burial. Consequently,
SQS in its current widespread use has the potential to be significantly impacted by

variable spatial sampling and data absence when estimating palaeodiversity.

Whilst it is beyond the scope of this thesis to review all subsampling methods, TRiPS
(True Richness estimation using Poisson Sampling) was recently proposed as an
alternative approach to estimating palaeodiversity (Starrfelt and Liow, 2016). TRiPS
is a parametric approach to sampling-standardisation that models sampling as a
Poisson process to calculate the maximum-likelihood estimates of ‘true’ underlying
richness (Starrfelt and Liow, 2016). Unfortunately, TRiPS is also prone to the influence
of very common taxa as it fits a single sampling rate for all taxa in a bin (Starrfelt and
Liow, 2016). The presence of common taxa in a bin can cause an over inflation of the
binomial sampling probability for a bin, causing it to saturate prematurely. This has
the potential to cause TRiPS to underestimate palaeodiversity as it ceases to
extrapolate richness while many taxa remain undiscovered. Despite its recent
development, a review of the best performing method, found SQS to outperform

comparable subsampling approaches, including TRiPS (Close et al., 2018).

New subsampling methods, variants of old techniques, and other approaches (e.g.
likelihood frameworks such as PyRate (Silvestro et al., 2014)) will continue to emerge
in palaeobiology, invigorating further debate about the best approach to estimate
palaeodiversity. However, subsampling approaches are inherently bound to a naturally
incomplete dataset which is irreparable, and severely biased. Changes to the questions
palaeobiologists ask, and the way that they are asked, are timely. As a field,
palaeontology has traditionally relied solely on empirical evidence to test various
hypotheses. However, a suite of novel tools, including Earth System modelling and
ecological niche modelling, are now available for palaeobiologists to exploit in order to

bring palaeontology into the field of experimental science.
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1.5 Thesis objectives and layout

The following chapters of this thesis use a combination of modelling and analytical
tools to evaluate whether macroecological patterns observed in the fossil record are a
genuine biological signal, or a result of spatial bias in the fossil record. The focus of
this work is one of Earth’s most pervasive macroecological patterns, the latitudinal

biodiversity gradient.

Chapter 2 of this thesis outlines the materials and data utilised in subsequent chapters,
including details on the sources of modern and fossil occurrence datasets, the
construction of palaeogeographies, (palaeo-) digital elevation models, and

palaeoclimatic simulations.

In Chapter 3, ecological niche modelling is applied to test whether a previously
observed shift in coral latitudinal diversity during the Last Interglacial, 125,000 years
ago (Kiessling et al., 2012) is the result of fossil bias, or a genuine loss in habitat
suitability. The value of using fossil data to improve model predictions under varied

climate states is also demonstrated.

Chapter 4 investigates whether we can identify different types of latitudinal
biodiversity gradients from the fossil record. Three different types of latitudinal
biodiversity gradient are simulated from the Permian to Neogene and degraded based
on the known sampling window. Building upon these simulations, sampling-
standardisation protocols are applied to test whether simulated latitudinal biodiversity

gradients can be reconstructed from sampled or sampling-standardised counterparts.

Chapter 5 examines the palaeolatitudinal trends in zooxanthellate coral biodiversity,
and assesses the impact of sampling on observed diversity patterns. A novel sampling-
standardisation protocol—which accounts for heterogeneity in spatial sampling—is

implemented to provide fairer estimates of latitudinal diversity trends.

In Chapter 6, ecological niche modelling is applied to model the palaeolatitudinal
distribution of suitable habitats for coral reefs from the Triassic to the Neogene.

Assuming conservation of abiotic tolerances, and accurate reconstructions of past
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climate, the capacity of ecological niche models to predict the presence of coral reefs
in the geological past is assessed. In addition, inferences are made about the potential

palaeolatitudinal distribution of biodiversity based on available reef habitat.

Finally, the main conclusions of this thesis and directions for future research are

discussed in Chapter 7.
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2 Materials: Earth System
modelling and occurrence
datasets
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2.1 Palaeogeography and digital elevation models

2.1.1 Overview

Palaeogeographic reconstructions are central to addressing key questions in geospatial
studies. The term ‘palaeogeography’ was first coined in 1873, by petroleum geologist
Thomas Hunt in his paper on the geographic history of North America (Hunt, 1873).
Since this early work, palaeogeographic reconstructions have improved significantly,
with the ever-expanding archive of information gathered from the geological record
(see Markwick, 2019 for a review). For the most part, this improvement has been
motivated by the potential value offered to hydrocarbon exploration efforts by
palaeogeographic reconstructions (e.g. Zuber, 1934; Weeks, 1947; Ziegler, 1982, 1990,
1999). Some of the first palaeobiogeographic work was undertaken by Arldt in the
early 20" century (Arldt, 1919; Ebach and Dowding, 2017), building upon ideas
proposed by Humboldt and Bonpland over a century before (Humboldt and Bonpland,
1807). Nevertheless, it was the advent of general-purpose computing in the late 20t
century that enabled reconstructions of palaeogeography, palaeotopography and
palaeobathymetry based on ‘big data’ (Markwick, 2019). This work was primarily
developed by Fred Ziegler’s ‘Paleogeographic Atlas Project’ (e.g. Ziegler et al., 1979,
1983), and set the stage for the use of palaeogeographic reconstructions in downstream
analyses, such as boundary conditions for palaeoclimate modelling and lithofacies
retrodiction (Markwick and Valdes, 2004; Markwick, 2019). Today, reconstructions of
past topography and bathymetry are collectively termed palaeo-digital elevation
models, and are used in studies ranging from hydrocarbon exploration, dinosaur
habitat reconstructions, and predicting rates of sediment discharge and erosion in deep

time (Markwick, 2019; Chiarenza et al., 2019; Lyster et al., 2020).

2.1.2 Palaeobathymetric data

In Chapters 3, 4 and 6 of this compilation of work, stratigraphic stage-level
palaeobathymetric data extracted from global digital elevation models (DEMs) are

used, provided by Getech PLC (Figure 2.1). These DEMs have a horizontal resolution
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of 0.1°x 0.1° and are modelled on the basis of a global syntheses of sedimentological,
stratigraphic, biostratigraphic and palaeogeographic data (Markwick and Valdes, 2004;
Markwick, 2007). Crucially, they provide an explicit definition of depth and altitude
in metres. For each time slice (i.e. stratigraphic stage), estimated palacobathymetry is
based on available seismic, lithological and palaeontological data between the shoreline
and the shelf break. Beyond the shelf break (i.e. continental slope, continental rise,
and abyssal plain), palaecobathymetry of the oceanic crust is estimated using age-depth
equations (Stein and Stein, 1992), while also correcting for sea-level changes, sediment
cover and intrusions from seamounts. Whilst these estimates are based on empirical
data, the quality of these reconstructions is dependent on the availability of the data
that underpins it. Consequently, the accuracy of these DEMs attenuates in deeper time
due to information loss brought about by recycling of the Earth’s lithosphere.
Nevertheless, the reconstruction of palaeogeography and palaeo-elevation is an
iterative process, with models continuously improving with the ever-expanding archive
of information collected from the geological record (Figure 2.2). These DEMs are state-
of-the-art, and represent the sum of current understanding of palaeogeography and

palaeo-elevation in deep time.
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Figure 2.1. Albian (Lower Cretaceous) example of palaeogeography and palaeobathymetry from
Getech’s global digital elevation model. Colour key indicates depth in metres. Data is projected in the
coordinate reference system: World Geodetic System 1984 (WGS84).
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Figure 2.2. Palaeogeographic mapping workflow schematic (Markwick, 2019). This workflow follows the
structure of the Earth, progressing from the crustal architecture through the basin fill to drainage and
landscape. Significantly, this is an iterative process with improved models developing with the ever-
expanding archive of information observed from the geological record. This image has been used with
permission from Cambridge University Press.
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The palaeo-positions of tectonic plates in these DEMs are reconstructed using Getech’s
in-house global geodynamic plate model. This plate model is rigid (i.e. the shape of
continental plates does not change over time) and uses the present-day global
distribution of tectonic plates, and a set of finite rotations, to describe the relative
motion between each plate. During a given time interval, the motion of one plate
relative to another can be described as the angle of rotation about a fixed semi-axis
(Euler Pole) on Earth’s surface. This is what is known as a finite rotation. To calculate
the absolute palaeo-position of a given plate, relative to Earth’s spin axis, finite
rotations are added within a plate hierarchy. The tectonic plate boundaries in Getech’s
plate model are defined based on empirical data (i.e. field data), and relative plate
motions constrained by data sources such as oceanic magnetic anomalies,
palaeomagnetic poles, geological relationships, and fracture zone orientations. The
methods used to build both DEMs and palaeogeographic reconstructions are
thoroughly discussed in Markwick and Valdes (2004) and Markwick (2007, 2019), with

additional information provided at https://www.getech.com/.

2.2 Climate and palaeoclimate models

2.2.1 Overview

The history of climate modelling offers an account of the emergence of conceptual
models (e.g. Eratosthenes in the 3! century BC, who described and mapped five
climate zones), to the realisation of mathematical models capable of predicting climatic
patterns at global scale (reviewed in Edwards, 2011). Today, these mathematical
models are referred to as general circulation models (GCMs), and continue to increase
in complexity by incorporating additional physical processes and fine-tuning
parameters (Le Treut et al., 2007). Coupled atmosphere-ocean general circulation
models (AOGCMs) are now routinely used to model global climate for historical
periods, the present-day and future climate scenarios (Le Treut et al., 2007; Edwards,
2011; TPCC, 2013). However, these models have also been used to understand the

evolution of climate on Earth, in what is now commonly referred to as palaeoclimate
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modelling (Haywood et al., 2019). One of the first applications of palaeoclimate
modelling was published in the 1970s, and provided estimates of Earth’s climate during
the Last Glacial Maximum (Gates, 1976). Since these early simulations, the application
of these models have matured significantly (Haywood et al., 2019), with studies now
investigating the impacts of climate change on matters such as the evolution of the
East Asian monsoon (Farnsworth et al., 2019a), avian latitudinal distribution shifts

(Saupe et al., 2019a), and sediment discharges in deep time (Lyster et al., 2020).

In this compilation of work, two AOGCMs (HadCM3; HadCM3L) in conjunction with
other methods, are used to test several hypotheses. Explicit details on these AOGCMs
are provided in the following sections. However, specific details regarding data

preparation for each chapter is provided therein.

2.2.2 HadCM3

For Chapter 3 of this thesis, climate data for the modern (pre-industrial), Last
Interglacial (LIG; 125,000 years ago), and two future (2100 AD) climate scenario
simulations were derived from HadCM3M2.1N, a version of UK Met Office HadCM3
(Valdes et al., 2017). HadCM3 has been heavily used as part of the Intergovernmental
Panel on Climate Change (IPCC) 4th and 5th assessment reports (IPCC, 2013), and
successfully applied to studies of both present-day and past climate and biodiversity
(Sheppard, 2003; Singarayer and Valdes, 2010; Stone et al., 2013; Capron et al., 2014;
Saupe et al., 2014; Holloway et al., 2016). Specifically, HadCM3 is a three-dimensional,
fully dynamic AOGCM without flux adjustment. The atmospheric component of
HadCM3 has a horizontal resolution of 3.75° longitude x 2.5° latitude, and a vertical
resolution of 19 levels. A sub-grid scale of orographic features based on topography are
calculated within the model, enabling finer scale features to have an impact on the
climate signal. The horizontal resolution of the oceanic component has a higher
resolution of 1.25° x 1.25°, with a vertical resolution of 20 levels to a depth of 5500 m.
This version of the HadCM3 has a time step of 30 minutes. A full technical description
of HadCM3 is available in Gordon et al (2000) and Valdes et al (2017).
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For LIG palaeoclimate simulations, HadCM3 was run for 300 model years, with a CO»
concentration of 266 ppmv. Climate simulations of the modern (pre-industrial) were
run for 200 model years, with a CO3 concentration of 280 ppmv. IPCC representative
concentration pathways (RCP) 4.5 and 8.5 were used to represent two future climate
change scenarios. RCP4.5 is a climate scenario simulation which stabilizes radiative
forcing at 4.5 W m™2 (approximately equivalent to 650 ppmv COz2) by the end of the
century, without ever surpassing that value, whereas RCP8.5 has a radiative forcing
of 8.5 W m™? (approximately equivalent to 936 ppmv CO2) by 2100 (Riahi et al., 2011;
Thomson et al., 2011). The RCP4.5 scenario assumes that climate policies are put into
practise to curb global greenhouse emissions, resulting in the stabilization of emissions
(Thomson et al., 2011). Conversely, the RCP8.5 scenario assumes a global population
of 12 billion by 2100, slow income growth, meek energy efficiency development, and
little progress in curbing emissions (Riahi et al., 2011). All (palaeo-) climate
simulations were run by the Bristol Research Initiative for the Dynamic Global
Environment (BRIDGE) group at the University of Bristol, and are available at:

http://www.bridge.bris.ac.uk/resources/simulations.

2.2.3 HadCM 3L

For Chapter 6 of this thesis, stage-level (Anisian—Piacenzian) climate data (Figure 2.3)
were derived from the HadCM3BL-M2.1aE, a version of the HadCM3L (Valdes et al.,
2017). The HadCM3L is equivalent to the heavily utilised HadCM3 (Sheppard, 2003;
Singarayer and Valdes, 2010; Stone et al., 2013; Capron et al., 2014; Saupe et al., 2014;
Holloway et al., 2016), but with a lower resolution ocean (3.75° longitude x 2.5°
latitude). HadCM3L has recently been used in a number of deep-time studies (Loptson
et al., 2014; Marzocchi et al., 2015; Kennedy et al., 2015; Waterson et al., 2016;
Chiarenza et al., 2019; Saupe et al., 2019a; Lyster et al., 2020), and is favoured for
deep time palaeoclimate modelling due to the substantial spin-up time (thousands of
years) required under radically different climates (Valdes et al., 2017; Haywood et al.,
2019). Significantly, this version of the HadCM3L utilises Getech DEMs as boundary

conditions during simulations, providing spatially explicit data for when continent-
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configuration, topography, and bathymetry were different from today. The CO2
concentration is held constant through all simulations at 1,120 ppmv, until the
Oligocene when it decreases to 560 ppmv, 400 ppmv during the Neogene and early
Pliocene, and finally 280 ppmv during the late Pliocene and Pre-Industrial. The solar
constant in palaeoclimate simulations varies according to Gough (1981). Each
simulation was run for 1,422 model years, which has been shown to provide an accurate
representation of ocean circulation (Farnsworth et al., 2019b). This version of the
HadCMB3L has a time step of 30 minutes. A full technical description of HadCM3L is
available in Valdes et al (2017) and Farnsworth et al (2019a). All palaeoclimate
simulations were run by the BRIDGE group at the University of Bristol, and are

available at: http://www.bridge.bris.ac.uk/resources/simulations.
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Figure 2.3. Maastrichtian (Upper Cretaceous) example of mean seasonal (June—August) sea surface
temperature from the HadCM3L atmosphere-ocean general circulation model. Colour key indicates sea

surface temperature (°C). Data is projected in the coordinate reference system: World Geodetic System
1984 (WGS84).

2.3 Occurrence datasets

2.3.1 Overview

Occurrence datasets are the foundation of ecological and palaeontological research.
Historically, these datasets were painstakingly compiled by hand to answer key
questions about the distribution of life in time and space. However, the advent of

general-purpose computing in the 1970s allowed the construction of digital databases,
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which improved efficiency in data curation, sharing, and analyses. Since the dawn of
the Information Age (also known as the Digital Age), web-based data and information
systems have accumulated immense quantities of biological (e.g. Global Biodiversity
Information Facility) and palaeontological data (e.g. Paleobiology Database and
Neotoma) enabling vast amounts of research. For example, over 4,500 peer-reviewed
papers have been published using data from the Global Biodiversity Information
Facility (https://www.gbif.org/), and over 375 from the Paleobiology Database

(https://www.paleobiodb.org/).

In this thesis, data is drawn from several large online databases. An overview of this
data is provided below. However, specific details regarding data preparation for each

dataset is provided in the relevant chapter.

2.3.2 Modern

Modern occurrences of marine organisms used in this thesis were gathered from the
Ocean Biogeographic Information System (OBIS; www.iobis.org). OBIS itself is a
global open-access database on marine organisms, housing 59,048,550 occurrences for
127,973 species at time of writing (07/02/2019). The database contains information on
various groups ranging from Bacteria to Cetaceans, and has contributions from over
500 institutions across 56 countries. In addition, the OBIS database offers three-
dimensional occurrence data, sourced from all geographic regions, and from the ocean
surface to oceanic trenches. Significantly, this data is routinely vetted and has several
data control and quality protocols for all entered data. Whilst the main function of the
database is to provide occurrence data, extensive metadata is also housed within OBIS,
including information regarding the type of dataset (e.g. rapid ecological assessments),
year recorded, depth of occurrence, and environmental setting (e.g. temperature) the

occurrence was recorded in.

In this thesis, a coral occurrence dataset was used in several chapters (Chapters 3, 5
and 6). As such, specific details regarding this dataset are stated here to provide

overview. Modern coral occurrences were downloaded from OBIS on the 5% July 2017,
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using the search criteria ‘Scleractinia’. This resulted in the recovery of 589,817
occurrences. Subsequently, this dataset was filtered to exclude data not identified to
species level, as well as further quality control checks (e.g. synonymizations). As the
work presented in this thesis focused on zooxanthellate corals, azooxanthellate and
apozooxanthellate corals were removed from the dataset. Classification of symbiotic
mode was based on information housed in the World Register of Marine Species
(http://www.marinespecies.org/), as well as the Coral Trait Database
(https://www.coraltraits.org/). Further quality control was performed on the OBIS
dataset, whereby occurrences found to occur on land or at depths greater than 100 m
were removed under the assumption that there were errors in their geographic
coordinates, species identification or are in fact fossil occurrences. In addition, data
collected from rapid ecological assessments were omitted to improve the credibility of
species-level identification, as well as those from coral transplant studies. Duplicate
occurrence records of the same species from exactly the same coordinates were also
removed. The resultant modern occurrence dataset contained 700 zooxanthellate
species, comprising 48,577 occurrences with 3,553 unique coordinates. This dataset was
the focus of the work presented in Chapter 3, but was also used in Chapter 5 and 6

for additional analyses.

For the work presented in Chapter 4 of this thesis, occurrence data for five major
marine invertebrate groups (anthozoans [= ‘Anthozoa’|, bivalves [= ‘Bivalvia’|,
brachiopods |= ‘Brachiopoda’|, echinoids [= ‘Echinoidea’|, and sponges [= ‘Porifera’|)
were downloaded from OBIS. These data were used to assess the empirical range size
and occurrence frequency distributions of marine organisms for comparison with the
simulations used in this chapter. As the aim of using these data were to provide only
an overview of range size and occurrence frequency distributions, no specific data

preparation was conducted.

In Chapter 6 of this thesis, a dataset of the global distribution of warm-water coral
reefs was used. These data were downloaded from the United Nations Environment

Programme (UNEP): World Conservation Monitoring Centre (http://data.unep-
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wemc.org/datasets/1) on the 6™ May 2020 (UNEP-WCMC et al., 2018). This dataset
is currently the most comprehensive of its kind, and is compiled from multiple sources
including the Millennium Coral Reef Mapping Project (approximately 85% of the
dataset), as well as the World Atlas of Coral Reefs (Spalding, 2001; IMaRS-USF and
IRD, 2005; UNEP-WCMC et al., 2018). Notably, this dataset has been extensively
validated by the UNEP World Conservation Monitoring Centre via field surveys and
remote sensing (UNEP-WCMC et al., 2018).

2.3.3 Fossil

Fossil occurrence data used in this body work were sourced from the Paleobiology
Database (PBDB; https://www.paleobiodb.org/). The PBDB is a non-governmental,
non-profit, and publicly available (Creative Commons BY 4.0 International License)
palaeontological database. The PBDB contains fossil occurrence and collection records
throughout earth history, with 1,457,966 occurrences and 207,576 collections at time
of writing (07/02/2019). The database itself is maintained by the global palaeobiology
research community (410 contributors at time of writing), who continue to enter the
metadata (e.g. taxonomy, stratigraphy, location) from the peer reviewed published
literature, and evaluate the data for any inaccuracies. Whilst the PBDB may not
contain all known fossil data (e.g. Marshall et al., 2018), the PBDB has been the

foundation of over 375 palaeobiology studies over the past two decades.

For Chapter 3 of this work, fossil coral occurrence data were downloaded from the
PBDB on the 19" July 2017. The PBDB returned 8,021 occurrences for Pleistocene
Scleractinia. This dataset was filtered to exclude data not identified to species level,
as well as further quality control checks (e.g. synonymizations). As the work in Chapter
3 focused on zooxanthellate corals, azooxanthellate and apozooxanthellate corals were
removed from the dataset. Assignment to zooxanthellate class focused on the principle
of uniformitarianism for fossil coral taxa. The dataset was further filtered to exclude
occurrences which cannot be reliably assigned to the LIG (130-115 ka). Duplicate

occurrence records of the same species from exactly the same coordinates were also
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removed. The resultant dataset contained 190 zooxanthellate species, comprising 1,337

occurrences (from 301 collections) with 166 unique coordinates.

For Chapter 5 of this work, Scleractinia fossil occurrences from the Anisian (247.1 Ma)
to Piacenzian (2.58 Ma) were downloaded from the PBDB on the 13* March 2020,
yielding 27,233 occurrences. To improve data quality, this dataset was filtered to
exclude data not identified to genus level, as well as taxonomically unresolved genera,
based on expert opinions in Corallosphere (http://www.corallosphere.org/). Analyses
were centred on zooxanthellate corals, and therefore azooxanthellate and
apozooxanthellate corals were removed from the dataset. For this dataset, the inferred
symbiotic states of coral genera from previous work were followed (Kiessling and
Kocsis, 2015), retaining only those with high levels of confidence. This designation of
photosymbiotic mode for genera was based on three lines of evidence: morphological,
geochemical, and uniformitarian. Based solely on morphology, 96% of extant corals
would have their symbiotic mode correctly classified, and this approach is therefore
likely robust when applied to fossil data (Kiessling and Kocsis, 2015). The final dataset

contains 15,324 fossil occurrences, from 3,121 unique collections.

For Chapter 6 of this work, fossil coral reef occurrence data were downloaded from the
PaleoReef Database (accessible via: https://www.paleo-reefs.pal.uni-erlangen.de/)
(Kiessling and Fliigel, 2002). This database provides a range of data on fossil reef
systems across the Phanerozoic, and currently contains geographical, geological and
palaeontological information on more than 4,000 fossil reef sites. For Chapter 6, data
on fossil coral reef systems from the Anisian (247.1 Ma) to Piacenzian (2.58 Ma) were
extracted from the PaleoReef Database. Fossil reefs identified as cold-water coral reefs
were removed from the dataset as these develop in fundamentally different
environments to warm-water coral reefs. To increase data quality, fossil reef occurrence
data not constrained to stratigraphic stage level were removed from the dataset. The
final dataset contains 375 occurrences across the Anisian—Piacenzian, though data
quality is variable with some stages containing no reported fossil warm-water coral

reefs.
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3 Identitying spatial sampling
bias in the fossil record
using ecological niche
modelling

Disclosure: Some of the content reported in this chapter has already been published (Jones et al.,
2019). While the primary author wrote most of this text, contribution by the co-authors of this study,
particularly the two supervisors (Prof. Peter A. Allison and Dr Philip D. Mannion), are contained in
this chapter, as well as the input received from the peer review process. The relevant text, revised below,
can be found in: Jones, L.A., Mannion, P.D., Farnsworth, A., Valdes, P.J., Kelland, S.-J., and Allison,
P.A., 2019, Coupling of palaeontological and neontological reef coral data improves forecasts of
biodiversity responses under global climatic change: Royal Society Open Science, v. 6, p. 182111,
doi:10.1098 /rso0s.182111.
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OVERVIEW

Zooxanthellate corals are currently undergoing climatically driven poleward range
expansions, with some evidence for equatorial range retractions. Predicting their
response to future climate change scenarios is critical to their conservation, but
ecological models are based only on short-term observations. The fossil record provides
the only empirical evidence for the long-term response of organisms under perturbed
climate states. The palaeontological record from the Last Interglacial (LIG; 125 000
years ago), a time of global warming, suggests that zooxanthellate corals experienced
poleward range shifts and an equatorial decline relative to their modern distribution.
However, this record is spatiotemporally biased, and existing methods cannot account
for data absence. Here, sampling-standardisation methods are implemented to
demonstrate the impact of data absence. Building upon these analyses, ecological niche
modelling is applied to estimate the geographic distribution of zooxanthellate corals
during the LIG, present day and under two future climate change scenarios. Results
from ecological niche modelling suggest zooxanthellate corals’ ranges during the LIG
were likely comparable to the present, with no prominent equatorial decrease in
habitability. However, under projected global warming, zooxanthellate corals are likely
to experience poleward range expansion and large equatorial declines. Nevertheless,
this range expansion is likely optimistic in the face of anthropogenic climate change

due to the apparent rate of global warming.
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3.1 Introduction

Anthropogenic climate change, with a projected global warming of 2-4.8°C by 2100
(representative concentration pathway scenarios), is the principal challenge of the
twenty-first century (IPCC, 2014). Rising sea-surface temperatures (SSTs), associated
with global warming, have already generated ecological disturbances and substantial
range shifts of marine organisms (Poloczanska et al., 2013, 2016; Garcia Molinos et al.,
2016). Today, zooxanthellate corals provide one of the most biologically diverse and
economically valuable ecosystems in the marine realm, the coral reef (Moberg and
Folke, 1999). Already, thermal stress associated with global warming, has generated
unprecedented mass bleaching of zooxanthellate corals, with three pan-tropical events
recorded in the last two decades, leading to a decline in abundance, diversity and
habitat structure (Pandolfi et al., 2003; Heron et al., 2016; Hughes et al., 2017b).
Global warming has also led to clear poleward range expansion of some zooxanthellate
corals (Precht and Aronson, 2004; Yamano et al., 2011; Baird et al., 2012; Muir et al.,
2015; Grupstra et al., 2017). However, the evidence for equatorial range retractions is
debatable (Yamano et al., 2011; Kiessling et al., 2012). Ecological studies tend to be
based on short-term observations, during which time a taxon might never have
occupied its full geographical or environmental space. This issue makes it difficult to
predict whether this expansion/retraction trend is a function of global warming, or
simply reflects the ongoing response of a species to a pre-existing forcing already
applied to the system. Greater understanding of the range dynamics of zooxanthellate

corals is, therefore, critical to their conservation.

Several studies have used ecological niche modelling (ENM) to evaluate the
environmental controls on coral reefs, and predict their global distribution under future
climate change scenarios (Couce et al., 2012, 2013; Freeman et al., 2013; Freeman,
2015). However, the fossil record provides the only empirical evidence for the long-
term responses of organisms to environmental perturbations (e.g. Dietl et al., 2015;
Barnosky et al., 2017), offering a ground truth for model projections under varying

climate scenarios. In addition, this life history data potentially enables additional
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insights into the niche hypervolume (the full multi-dimensional abiotic space which a
taxon might occupy indefinitely), commonly referred to as the fundamental niche
(Hutchinson, 1957). Furthermore, it has been demonstrated that the integration of
both palaeontological and neontological data improves biodiversity risk assessments
(Lima-Ribeiro et al., 2017). Future projections trained solely on modern occurrences
might therefore underestimate habitat suitability due to a restricted present-day range
in climatic variation. Through incorporation of the fossil record, more of this variation
is captured. Thus, palaeontological data from warmer intervals should improve

projections to future climate scenarios that are closer analogues than the present day.

Apparent range shifts have been observed in the Quaternary (2.58-0 Ma) fossil record
of zooxanthellate corals (Muhs et al., 2002; Precht and Aronson, 2004; Greenstein and
Pandolfi, 2008; Kiessling et al., 2012), with Kiessling et al. (2012) demonstrating
poleward range shifts and an equatorial decline in zooxanthellate corals during the
Last Interglacial (LIG), ~125,000 years ago. Several authors have provided
approximations on global SSTs for the LIG, with estimates ranging from no significant
difference to as much as 2°C warmer than today (Clark and Huybers, 2009; McKay et
al., 2011; Hoffman et al., 2017). Kiessling et al. (2012) proposed that this temperature
rise was the driver of the dramatic range shifts observed in LIG zooxanthellate corals.
Consequently, these authors suggested that anthropogenic global warming today
means that an equatorial decline of zooxanthellate corals is likely to follow their current
poleward expansion. This has important implications for conservation, such as which
geographical regions should be prioritized. However, the fossil record is spatially and
temporally biased, impacted by incomplete sampling, variable fossil preservation,
erosion and burial. Although existing subsampling methods, such as those applied by
Kiessling et al. (2012) can ameliorate problems associated with uneven ‘raw’
occurrence data (e.g. Alroy, 2010b), they cannot account for the absence of data. ENM
offers the prospect of mitigating for biases caused by the uneven distribution of known

occurrences (i.e. raw data) by estimating habitat suitability, providing insights into
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the potential geographical distribution of organisms through consideration of their

observed realized niche.

Here, ENM is used to: (i) evaluate the extent to which the LIG equatorial decline of
zooxanthellate corals is the result of fossil bias or a genuine loss in habitat suitability;
(ii) quantify the variation in geographical range of zooxanthellate corals during the
LIG and under future climate scenarios, with implications for understanding the
evolution of the zooxanthellate coral latitudinal biodiversity gradient; and (iii)
demonstrate the value of using fossil zooxanthellate coral data to improve model

predictions through consideration of the realized niche under varied climate states.

3.2 M aterials and methods

3.2.1 Biogeographic data

Modern coral occurrences were downloaded on the 5% July 2017 from the Ocean
Biogeographic Information System (OBIS; www.iobis.org) using the search criteria
‘Scleractinia’, yielding 589,817 occurrences. Fossil coral occurrence data were accessed
on the 19" July 2017 through the Paleobiology Database (PBDB;
www.paleobiodb.org). The PBDB returned 8,021 occurrences for Pleistocene
Scleractinia. These datasets were then filtered to exclude data not identified to species
level, as well as further quality control checks (e.g. synonymizations). Analyses were
based on zooxanthellate corals, herein referred to as Z-corals, which host unicellular
organisms known as zooxanthellae in their tissue, forming a photosymbiotic
relationship (Veron, 2000). Assignment to zooxanthellate class focused on the principle
of uniformitarianism for fossil coral taxa. Azooxanthellate (those without a
photosymbiotic relationship) and apozooxanthellate (those which may or may not
sustain a photosymbiotic relationship) corals were removed from both databases.
Classification of symbiotic mode was based on information housed in the World
Register of Marine Species (http://www.marinespecies.org/), as well as the Coral Trait
Database (https://www.coraltraits.org/). Further, quality control was performed on

the OBIS dataset, whereby occurrences found to occur on land or at depths greater
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than 100 m were removed under the assumption that there were errors in their
geographical coordinates, species identification or are in fact fossil occurrences. In
addition, data collected from rapid ecological assessments were omitted to improve the
credibility of species-level identification, as well as those from coral transplant studies.
The PBDB data were filtered to exclude occurrences which cannot be reliably assigned
to the LIG. Duplicate occurrence records of the same species from exactly the same

coordinates were also removed from both datasets.

The resultant modern occurrence dataset contains 700 zooxanthellate species,
comprising 48,577 occurrences with 3,553 unique coordinates, while the LIG dataset
contains 190 zooxanthellate species, comprising 1,337 occurrences (from 301
collections) with 166 unique coordinates (Figure 3.1). When implementing ENM, most
studies have focused on analyses of individual species (Guinan et al., 2009; Davis et
al., 2014, 2014; Saupe et al., 2014; Lima-Ribeiro et al., 2017). However, due to the
relative rarity of fossil occurrence data at global scale, occurrence data were used at
ecotype level (i.e. a group which shares specific environmental preferences), in
accordance with previous studies (e.g. Waterson et al., 2016). The environmental limits
of modern coral reefs to ecological variables are broadly similar at a global level,
recognized as being limited to warm, clear and shallow water habitats (Kleypas et al.,
1999). In preparation of ecological niche modelling, all occurrences were clipped by
environmental layers to correspond with the environmental data. To account for
species that have become extinct since the LIG, or that lack modern occurrence records
in the OBIS, species which do not occur in both the clipped fossil and modern datasets
were excluded. The final modern and fossil datasets comprise 157 shared species,
composed of 22,726 modern Z-coral occurrences and 1,022 LIG Z-coral fossil
occurrences. Finally, point occurrences were spatially subsampled at a raster resolution
of 1.25° x 1.25° to account for spatial sampling bias. Spatial subsampling resulted in
the retention of 295 presence sites for modern Z-corals and 56 for LIG Z-corals (note
that this does not affect the overall distribution, but prevents multiple records being

excessively weighted during model calibration) (Figure 3.1).
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Figure 3.1. Global distribution of modern (green circles) and Last Interglacial (red circles) zooxanthellate
coral occurrences. Data is projected in the coordinate reference system: World Geodetic System 1984
(WGS84).

3.2.2 Diversity analyses

Raw counts

To enable this study to be directly comparable to previous work (i.e. Kiessling et al.,
2012), ‘raw’ (= uncorrected) counts of species richness were computed within 5°
latitudinal bins for both the modern and LIG. To provide an indication of sampling
effort, counts of reported occurrences and sampling localities were also computed.

Localities were counted as the number of unique coordinates reported in the modern

and LIG dataset.

Sampling-standardisation

To enable further comparison with previous work (i.e. Kiessling et al., 2012), sampling-
based rarefaction (classical rarefaction; CR) was applied with a constant 75 occurrences
sampled for each latitudinal band, for 1,000 subsampling trials. CR is a commonly
applied sampling-standardisation approach which accounts for large differences in
sampling between latitudinal bands and temporal windows (Sanders, 1968; Raup, 1975;
Mannion et al., 2012; Kiessling et al., 2012). It does so by repeatedly drawing a fixed
number of random occurrences from designated latitudinal and/or temporal bins to

provide a fairer estimate of species richness. All results from CR are reported as the
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arithmetic mean from the 1,000 trials, along with one standard deviation. As CR has
the potential to be particularly impacted by the evenness of the underlying sample,
species evenness for each latitudinal bin was also calculated using Pielou’s evenness
indez:

I_H,
]_lnS

Where H' is the value derived from the Shannon diversity index, and S is the total

number of species within a sample. The Shannon diversity index is calculated as:

N
H =-— Z p; In(py)
i=1

Where P is the proportion of individuals of one particular species, divided by the total

number of individuals found, and S'is the total number of species.

3.2.3 Environmental data

Climate variables for the modern (pre-industrial), LIG and two future (2100 AD)
climate scenario simulations were derived from HadCM3M2.1IN (Valdes et al., 2017).
The HadCM3M2.1N is a version of UK Met Office HadCM3, a coupled atmosphere—
ocean General Circulation Model (AOGCM). The atmospheric component of HadCM3
has a horizontal resolution of 3.75° longitude x 2.5° latitude and a vertical resolution
of 19 levels, with a time step of 30 min. The horizontal resolution of the oceanic
component has a higher resolution of 1.25° x 1.25°, with a vertical resolution of 20
levels to a depth of 5500 m. In this study, irradiance (atmospheric component) was
bilinearly interpolated to 1.25° x 1.25° to match the resolution of the corresponding
oceanic variables. HadCM3 is relatively low in resolution compared with more local-
scale models, but it performs well, particularly in regard to mean climate state (Flato
et al., 2013). Although the resolution of environmental data might represent an
aggregated value of the true value at occurrence localities, this is likely insignificant
for parameters such as irradiance and SST (Figure 3.2), whereas salinity and

bathymetry might vary quite considerably over small geographical distances (Wiens et
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al., 2009). However, previous work has shown salinity to be considerably less significant
than both SST and irradiance at a global scale for coral reefs, with little contribution
to model construction (Couce et al., 2012). Nevertheless, at localised scales salinity
and bathymetry are likely to have an impact upon the persistence of Z-corals, and it
should be borne in mind that it will not be captured within this study’s ecological

niche models (ENMs).
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Figure 3.2. Global maps of annual sea surface temperature (°C) for the Last Interglacial (LIG), modern
and Representative Concentration Pathways (RCP) 4.5 and 8.5. Sea surface temperature values are

from the HadCM3 climate model. Data is projected in the coordinate reference system: World Geodetic
System 1984 (WGS84).

HadCM3 has previously been used as part of the Intergovernmental Panel on Climate
Change (IPCC) 4th and 5th assessment reports (Stocker et al., 2013). It has also been
successfully applied to studies of both present-day and LIG climate and biodiversity
(Singarayer and Valdes, 2010; Stone et al., 2013; Capron et al., 2014; Saupe et al.,
2014; Holloway et al., 2016; Valdes et al., 2017). Here, IPCC Representative
Concentration Pathways (RCP) 4.5 and 8.5 were used for future climate scenario
simulations (Riahi et al., 2011; Thomson et al., 2011). RCP4.5 is a climate scenario
simulation which stabilizes radiative forcing at 4.5 W m2 (approximately equivalent
to 650 ppmv CO2) by the end of the century, without ever surpassing that value
(Thomson et al., 2011), whereas RCP8.5 has a radiative forcing of 8.5 W m™
(approximately equivalent to 936 ppmv COs2) by 2100 (Riahi et al., 2011). The RCP4.5
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scenario assumes that climate policies are put into practise to curb global greenhouse
emissions, resulting in the stabilization of emissions (Thomson et al., 2011).
Conversely, the RCP8.5 scenario assumes a global population of 12 billion by 2100,
slow income growth, meek energy efficiency development, and little progress in curbing

emissions (Riahi et al., 2011).

To further improve ENMs, bathymetric data were extracted from Getech's present-
day digital elevation model (DEM). This DEM provides a gridded representation of
both the Earth's topography and bathymetry, and has a resolution of 0.1° x 0.1°. In
this study, bathymetric data were aggregated to 1.25° x 1.25° to be consistent with the
resolution of the climate variables for ENM. To prevent the loss of shallow water areas
surrounding small oceanic islands, a minimum-value aggregating technique was used,
assigning the minimum depth within the aggregated area as the cell value. Preferably,
a Last Interglacial (LIG) DEM would be used for constructing LIG ENMs and
projections; however, DEMs for this time period were not available. Generally, the LIG
eustatic sea level is thought to have been between 4 and 9 m higher than the present
day (Veeh, 1966; Stirling et al., 1998; Clark and Huybers, 2009; McKay et al., 2011;
Dutton and Lambeck, 2012). Sensitivity analyses were conducted to evaluate the
impact of a heightened sea level at such large spatial scales, running models with sea
level increased by 10 m (Appendix A: Figure A.1). No considerable difference in model
output was found; as such, a modern DEM was used in both modern and LIG ENM

constructs.

Environmental variables known to be ecologically limiting for modern corals (i.e. SST,
salinity, irradiance and bathymetry) (Kleypas et al., 1999; Veron, 2000; Couce et al.,
2012), and that can be viably determined for the fossil record from AOGCM outputs,
were chosen to reflect abiotic niche characteristics. Initially, these variables were
considered at several temporal levels: annual, seasonal and monthly. However, to
reduce co-linearity between variables and prevent over-fitting, only combinations of
climate variables with a Pearson's pairwise correlation coefficient of less than 0.7 were

retained. After enquiry, five environmental variables were used for final niche
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modelling: (i) mean annual SST; (ii) mean December—February irradiance; (iii) mean

June-August irradiance; (iv) mean annual salinity; and (v) bathymetry.

While additional variables (e.g. aragonite saturation state) might be valuable for
estimating Z-coral distribution, not all variables can be viably approximated for the
geological past. Despite this, several biophysical studies have shown that the
fundamental niche of an organism can be reasonably approximated by a limited set of
biologically important variables (e.g. Kearney et al., 2010). In addition, Couce et al.
(2012) demonstrated that SST was the primary control on coral reef distribution, with
high light availability, salinity, aragonite saturation state and low nutrient
concentrations being of secondary significance. Nevertheless, sensitivity analyses were
conducted to compare modern projections from modern-trained models with and
without aragonite saturation state to gauge the potential impact upon results
(Appendix A: Figure A.2). As aragonite saturation state data were not available from
AOGCM outputs, global gridded data from Jiang et al. (2015) were used, calculated
from a number of in situ measurements via a Matlab version of CO2SYS. These data
were resampled and clipped in accordance to the environmental data used for ENM
analyses. No considerable differences were found in global model projections for the
modern (Appendix A: Figure A.2), with the exception of a few isolated regions (Timor
Sea, South China Sea, and to a lesser extent, northern Andaman Sea [Myanmar],
eastern Mediterranean Sea, and south-eastern Atlantic Ocean [Angola/Namibial).
Variable contribution analysis (Appendix A: Table A.1) confirms that aragonite
saturation state is of secondary importance for global scale ENM. However, its
contribution to ENM is not insignificant, with similar scores to seasonal irradiance
(June-August), and should therefore be considered within this context for the

interpretation of ENM results.

3.2.4 Ecological niche modelling

To map the potential distribution of Z-corals in the modern, LIG and under future

climate change scenarios (RCP4.5 and RCP8.5), three ENM methods were
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implemented: BIOCLIM (Booth et al., 2014), randomForest (Liaw and Wiener, 2002)
and MaxEnt v. 3.4.1 (Phillips et al., 2017). In particular, MaxFEnt has been shown to
perform well in previous studies on coral reefs, as well as those using the fossil record
for other taxonomic groups (Couce et al., 2012; Freeman et al., 2013; Saupe et al.,
2014; Soto-Centeno and Steadman, 2015; Freeman, 2015; Waterson et al., 2016;
Chiarenza et al., 2019). ENMs were generated using the R-package ‘biomod2’ v. 3.3-7
(Thuiller et al., 2009, 2016), running 100 subsample replicates with 75% of occurrences
for model training, while 25% were reserved (randomly seeded) for model testing. To
provide insights into the occupied niche and distribution of Z-corals under two diverse
climate states, two model classes were generated, training the ENM with LIG and
modern Z-coral occurrences. Using the three ENM algorithms, an ensemble model was
produced, with each model weighted proportional to their true skill statistic scores
(Allouche et al., 2006; Thuiller et al., 2016). In addition, to identify geographical areas
which indicate environmental variable values outside of the training range,
Multivariate Environmental Similarity Surface (MESS) (Elith et al., 2010) analyses

was conducted, and clamping masks built.

3.2.5 Range comparisons

In order to measure distribution dynamics, continuous model outputs were transformed
into binary predictions. For binary conversion, a threshold that maximises the sum of
sensitivity and specificity (MaxSSS) was implemented. As short-term observations are
intrinsically biased and perhaps incomplete in both environmental and geographical
space, binary predictions generated from both LIG- and modern-trained models were
combined. This was done for each time-slice/climate scenario to establish a multi-
temporal approach, estimating the wider geographical localities Z-corals may occupy.
Whether this approach improved the models' capacity to predict the occurrence of
both LIG and modern localities was then assessed, which would have implications for
forecasting under future climate scenarios. The latitudinal range and habitability of Z-

corals for past, present and future climatic scenarios were computed as a function of
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the sum of suitable cells, within 5° latitudinal bins, for each model class’ projections

(LIG, modern and coupled).

3.2.6 Model validation

Model performance was assessed using the area under the curve (AUC) statistic
(Peterson et al., 2008), derived from receiver operating characteristic (ROC) analyses,
and the true skill statistic (T'SS) (Allouche et al., 2006). In general, evaluation criteria
for AUC values have been interpreted as good (0.90-1.00), moderate (0.7-0.9), and
poor (0.5-0.7), whereas a score of less than 0.5 is worse than one would expect from a
random model (Swets, 1988; Franklin, 2010). Evaluation scores for T'SS range from —1
to 1, where a score of 1 demonstrates perfect model performance, while less than 0 is
considered worse than a random model (Allouche et al., 2006). As two ENM constructs
were used (LIG- and modern-trained), with respective forecasting and hindcasting
(backtesting) projections generated, AUC scores were calculated using LIG occurrence
cells and modern occurrence cells as an evaluation dataset for model projections to
other climate scenarios (i.e. modern-trained and LIG projection; LIG-trained and

modern projection).

3.3 Results

3.3.1 Diversity analyses

Latitudinal diversity analyses corroborate previous work (i.e. Kiessling et al., 2012).
Unsurprisingly, sampling of LIG Z-corals is far less comprehensive than those of the
modern, particularly within tropical latitudinal bins which exhibit one order of
magnitude less occurrences and localities than in the modern (Figure 3.3). Latitudinal
species richness tends to track the number of reported occurrences, with a high
correlation between the two variables in both the modern (Spearman rho = 0.809, P

= < 0.001) and LIG (Spearman rho = 0.984, P = < 0.001).

The modern ‘raw’ latitudinal biodiversity gradient of Z-corals suggests a tropical peak

in diversity, declining poleward (Figure 3.3A). However, there is also a small decline
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in species richness proximal to the equator, coinciding with a substantial decrease in
the number of reported occurrences and localities. The most poleward latitudinal bins
occupied by modern Z-corals are 40-45° in the Northern Hemisphere, and 35-40° in
the Southern Hemisphere. Results from CR on modern Z-corals suggest similar
latitudinal trends in diversity to those indicated by the uncorrected data (Figure 3.3B).
However, there is a prominent decline in species richness between 15—20°N. This is a
consequence of the low evenness (Pielou’s evenness index = 0.670) of the occurrence
data within this bin, with 14/136 (~10%) species comprising 3,264/4,261 (~75%) of

the occurrences.
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Figure 3.3. Latitudinal distribution of zooxanthellate coral occurrences and species richness in 5°
latitudinal bins. (A, B) Orange diamonds indicate the number of occurrences for the modern (A) and
Last Interglacial (LIG) (B), purple triangles depict the number of localities, defined as unique
coordinates, and green circles illustrate the species richness. (C, D) Mean rarefied richness of
zooxanthellate corals for the modern (C) and LIG (D), based on a subsampling quota of 75 occurrences
across 1,000 trials. The red ribbon represents the error bars (one standard deviation) from the 1,000
trials. Shaded grey area highlight the latitudinal extent of the tropics. Black dashed lines indicate the
Equator, Northern Tropic and Southern Tropic.
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The LIG raw latitudinal biodiversity gradient of Z-corals suggests a subtropical peak
in biodiversity (25-30°N: 106 species), declining both poleward and equatorward
(Figure 3.3B). The lack of reported LIG occurrences within bins 0-5°N and 5-10°N
prevents assessment of species richness within these latitudinal bands. However,
adjacent latitudinal bins suggest an equatorial decline in LIG species richness,
analogous to the modern Z-coral latitudinal biodiversity gradient. Interestingly, the
Southern Hemisphere exhibits latitudinal biodiversity peaks in the tropics (5-10°S)
and subtropics (25-30°S), separated by a diversity trough (10-15°S). The most
poleward latitudinal bins occupied by LIG Z-corals are 40-45° in the Northern
Hemisphere, and 30-45° in the Southern Hemisphere. Results from CR on LIG Z-corals
suggest similar latitudinal trends in diversity to those indicated by the uncorrected
data (Figure 3.3C). However, the low evenness of the occurrence data in tropical bins
may influence richness estimates. For example, for latitudinal bin 15-20°N, 15/73
(~20%) species contribute 250/374 (~67%) of the occurrences (Pielou’s evenness index
= 0.851). Conversely, for latitudinal bin 25-30°N (estimated to be most diverse) 18/106
(~20%) species contribute only 115/234 (~50%) of the occurrences (Pielou’s evenness
index = 0.927).

3.3.2 Ecological niche modelling

Model performance

On the basis of the mean AUC scores, the MaxEnt models performed best for both
modern-trained (MaxEnt: 0.974, randomForest: 0.963, BIOCLIM: 0.843) and LIG-
trained (MaxEnt: 0.976, randomForest: 0.950, BIOCLIM: 0.807) models, across
individual projections. Conferring to AUC evaluation criteria (Swets, 1988; Franklin,
2010), all models performed well with the exception of the BIOCLIM models, which
can still be considered as fair. TSS scores reflect similar results in terms of model
performance for modern-trained (MaxEnt: 0.899, randomForest: 0.866, BIOCLIM:
0.685) and LIG-trained ENMs (MaxEnt: 0.924, randomForest: 0.832, BIOCLIM:
0.615), with all models performing well, except BIOCLIM. The modern-trained
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ensemble model had mean AUC scores of 0.879, 0.874 and 0.754 (Figure 3.4) for the
full occurrence dataset, test dataset and evaluation dataset, respectively. The LIG-
trained model had AUC scores of 0.840, 0.838 and 0.690 (Figure 3.5). In addition,
combined modern binary projections were able to predict 83.95% of modern occurrence
cells, while LIG-trained-only projections were able to predict 40.61%. Similarly,
combined LIG binary projections were able to predict 87.50% of LIG fossil occurrence

cells, whereas modern-trained-only projections were able to predict 57.14%.
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Figure 3.4. Receiver operating characteristic (ROC) curves from the modern-trained ensemble model.
(A) ROC curves and area under the curve (AUC) values generated using the complete modern
occurrence dataset and modern projection. (B) ROC curves and AUC values generated using the modern
training dataset and modern projection. (C) ROC curves and AUC values generated using the modern
testing dataset and modern projection. (D) ROC curves and AUC values generated using LIG
occurrences as an evaluation dataset with the modern-trained LIG projection. Each plot curve represents
one of the one hundred training/testing/background occurrence datasets. The black diagonal line
indicates an AUC of 0.5, which is the AUC of a null expectation curve.

Page | 73



A Full dataset B Training dataset

S ] <
@ «© |
(=] o
@« @
B <
[(=] w
g S 2 S
% 3
g2 = g =
o o 7| o o
2 2
= [
N ~ |
o mean AUC = 0.84 < mean AUC = 0.841
maximum AUC = 0.841 maximum AUC = 0.916
o | minimum AUC =0.838 o | minimum AUC = 0.721
° 4 T T T T T ° T T T T T
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
False postive rate False postive rate
C Testing dataset D Evaluation dataset
o ] e
-] @
o 7 o 7
f-] 2
[ [
(=] w
g2 S 2 =7
2 Z
[=} [=]
a < _| a < ]
(] (=] [+ o
= =
= =
™ ™~
o mean AUC =0.838 < mean AUC = 0.69
maximum AUC = 0.985 maximum AUC = 0.692
o | minimum AUC = 0.695 o | minimum AUC = 0.689
e T T T T T T e T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
False postive rate False postive rate

Figure 3.5. Receiver operating characteristic (ROC) curves from the LIG-trained ensemble model. (A)
ROC curves and area under the curve (AUC) values generated using the complete LIG occurrence
dataset and modern projection. (B) ROC curves and AUC values generated using the LIG training
dataset and LIG projection. (C) ROC curves and AUC values generated using the LIG testing dataset
and LIG projection. (D) ROC curves and AUC values generated using modern occurrences as an
evaluation dataset with the LIG-trained modern projection. Each plot curve represents one of the one
hundred training/testing /background occurrence datasets. The black diagonal line indicates an AUC of
0.5, which is the AUC of a null expectation curve.

Geographic predictions

Global modern-trained binary suitability maps predict more suitable cells than the
LIG-trained ENM for all climate scenarios (Figure 3.6). The LIG-trained ENM
estimates a smaller sum of suitable cells within the tropics than the modern-trained
ENM. Combining model outputs from both ENMs shows an increase in suitable cells
for the Northern Hemisphere during the LIG (10-40°N; Table 3.1). In addition, there
is a small increase in the number of suitable cells for the modern, RCP4.5, and RCP8.5.
Notably, for RCP4.5 and RCP8.5, the combined projections predict additional
suitability at higher latitudes in the Northern Hemisphere, yet provide no such

significant results for lower latitudes, or in the Southern Hemisphere.
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Figure 3.6. Combined binary suitability maps from modern- and LIG-trained ecological niche models
(ENM). Suitability maps are for zooxanthellate corals under four climatic scenarios: Last Interglacial
(LIG), modern, Representative Concentration Pathways (RCP) 4.5 and 8.5. Binary conversion was
implemented using the MaxSSS threshold, which maximises the sum of sensitivity and specificity of the
model. Red cells indicate suitable localities from the modern-trained ENM; yellow cells indicate suitable
localities from the LIG-trained ENM; green cells indicate suitable localities from the modern- and LIG-
trained ENM (i.e. model agreement). Data is projected in the coordinate reference system: World
Geodetic System 1984 (WGS84).
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Indo-Australian Archipelago. Combined binary suitability maps for the Indo-
Australian Archipelago (IAA) indicate a small decrease in the number of suitable cells
between the LIG and the modern (Figure 3.7). However, under projected climate
change scenarios RCP4.5 and RCP8.5, a large decrease in the number of suitable cells
is estimated for the TAA region. Specifically, this decrease in suitable cells is centred
around the equator in RCP4.5, expanding to higher latitudes under RCP8&.5. Notably,
no significant decrease in equatorial suitability is estimated from combined binary
projections for the LIG. However, there is also little agreement between modern- and
LIG-trained projections within equatorial latitudes, with the modern-trained model
suggesting suitable cells for the LIG, while the LIG-trained model suggests unsuitable
cells. The stronger agreement between LIG fossil occurrences and the modern-trained
LIG projection, provides additional support for the modern-trained projection.
Furthermore, the LIG-trained modern projection shows strong disagreement with the

modern occurrence data, resulting in a high number of false negatives.
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Figure 3.7. Cropped binary suitability maps for the Indo-Australian Archipelago, under four climatic
scenarios: Last Interglacial (LIG), modern, Representative Concentration Pathways (RCP) 4.5 and 8.5.
Binary conversion was implemented using the MaxSSS conversion method, which maximises the sum of
sensitivity and specificity of the model. Red cells indicate suitable localities from the modern-trained
ENM; yellow cells indicate suitable localities from the LIG-trained ENM; green cells indicate suitable
localities from the modern- and LIG-trained ENM (i.e. model agreement). White crosshairs indicate
LIG (top-left) and modern (top-right) zooxanthellate coral occurrences.
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Caribbean and Gulf of Mexico. Combined binary suitability maps for the
Caribbean and Gulf of Mexico indicate a small increase in the number of suitable cells
between the LIG and the modern (Figure 3.8). Under projected climate change scenario
RCP4.5, no significant change in the number of suitable cells is estimated for the
region. However, under RCP8.5 a large decrease in the region’s suitable localities is
estimated. Binary suitability maps suggest a high-level of agreement between modern-
and LIG trained projections for the modern and RCP4.5. Conversely, LIG projections
show significant disagreement between the two models’ binary predictions. The LIG-
trained ENM suggests that during the LIG, the Caribbean and the Gulf of Mexico was
comparably suitable for Z-corals as the modern, whereas the modern-trained model
suggests the region was largely unsuitable. However, the disagreement between LIG
fossil occurrences and the modern-trained LIG projection, provides stronger support

for the LIG-trained projection.

Latitude

Longitude

Figure 3.8. Cropped binary suitability maps for the Caribbean and the Gulf of Mexico, under four
climatic scenarios: Last Interglacial (LIG), modern, Representative Concentration Pathways (RCP) 4.5
and 8.5. Binary conversion was implemented using the MaxSSS conversion method, which maximises
the sum of sensitivity and specificity of the model. Red cells indicate suitable localities from the modern-
trained ENM; yellow cells indicate suitable localities from the LIG-trained ENM; green cells indicate
suitable localities from the modern- and LIG-trained ENM (i.e. model agreement). White crosshairs
indicate LIG (top-left) and modern (top-right) zooxanthellate coral occurrences.
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Red Sea. Combined binary suitability maps for the Red Sea indicate no suitable
habitats during the modern and under future climate scenarios RCP4.5 and RCP8.5
(Figure 3.9). The presence of Z-corals in the Red Sea today indicates that neither ENM
class (modern- or LIG-trained) is performing well for the region, with clear false
negatives for the modern. This is a direct result of the binary threshold selection, which
maximises the sum of both sensitivity (true positive rate) and specificity (true negative
rate) at global scale, resulting in false negatives for the region. Nevertheless, combined
predictions suggest the presence of suitable habitats during the LIG, with both model

classes in agreement, along with the fossil data.
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Figure 3.9. Cropped binary suitability maps for the Red Sea, under four climatic scenarios: Last
Interglacial (LIG), modern, Representative Concentration Pathways (RCP) 4.5 and 8.5. Binary
conversion was implemented using the MaxSSS conversion method, which maximises the sum of
sensitivity and specificity of the model. Red cells indicate suitable localities from the modern-trained
ENM; yellow cells indicate suitable localities from the LIG-trained ENM; green cells indicate suitable
localities from the modern- and LIG-trained ENM (i.e. model agreement). White crosshairs indicate
LIG (top-left) and modern (top-right) zooxanthellate coral occurrences.
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Mediterranean. Combined binary suitability maps for the Mediterranean show a
relatively small increase in the number of suitable cells from the LIG to the modern
(Figure 3.10). Under projected climate change scenarios RCP4.5 and RCP8.5, there is
a significant increase in the number of cells predicted to be suitable cells for the
Mediterranean. Binary suitability maps do not suggest a high-level of agreement
between modern- and LIG-trained projections for all climatic regimes. Notably,
disagreement between model projections is highest for future climate scenario
projections RCP4.5 and RCP8.5. Modern and LIG projections indicate a poor
discriminatory capacity for the Mediterranean, with only 36% of occurrence localities
correctly predicted in the Modern, and 25% for the LIG. Parallel to the Red Sea, this
is a direct result of the elected binary threshold, leading to an increase in false negatives

for some regions.
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Figure 3.10. Cropped binary suitability maps of the Mediterranean, under four climatic scenarios: Last
Interglacial (LIG), modern, Representative Concentration Pathways (RCP) 4.5 and 8.5. Binary
conversion was implemented using the MaxSSS conversion method, which maximises the sum of
sensitivity and specificity of the model. Red cells indicate suitable localities from the modern-trained
ENM; yellow cells indicate suitable localities from the LIG-trained ENM; green cells indicate suitable
localities from the modern- and LIG-trained ENM (i.e. model agreement). White crosshairs indicate
LIG (top-left) and modern (top-right) zooxanthellate coral occurrences.

3.3.3 Range dynamics

The LIG binary maps indicate habitat suitability at equatorial latitudes for both
modern- and LIG-trained models (Figure 3.11). For latitudinal bin 0-5°N, LIG binary
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maps predict 49, 85, and 95 suitable cells for the LIG-trained, modern-trained and
coupled ENM projections, respectively (Table 3.1). South of the equator, LIG binary
maps predict 66, 124, and 138 suitable cells for the LIG-trained, modern-trained and
coupled ENM projections for 0-5°S. Modern binary maps for latitudinal bin 0-5°N
suggest 27, 89, and 89 suitable cells for the LIG-trained, modern-trained and coupled
ENM projections, respectively. In the southern hemisphere, modern binary maps
predict 32, 125, and 125 suitable cells for the LIG-trained, modern-trained and coupled
ENM projections for 0-5°S. Overall, ENM results suggests that equatorial latitudes
during the LIG were more suitable for Z-corals than today. In addition, habitability
was generally greater within the tropics (25°N to 25°S) during the LIG than in the
modern (Figure 3.11), with 8%, 4%, and 62% more suitable cells predicted from the

combined, modern-trained and LIG-trained projections, respectively.

Combined binary maps indicate suitable cells at more poleward latitudes during the
LIG (40-45°N; 35-40°S), than in the modern (35-40°N; 30-35°S). However, 48 cells
were predicted to be suitable for the modern binary map at 35-40°N, while only 29
cells were predicted to be suitable for the LIG in the same latitudinal bin. Conversely,
in the southern hemisphere, only one cell was predicted to be suitable for the modern

binary map at 30-35°S, and 53 cells for the LIG.

Under future climate change scenarios, the combined binary maps suggest a
considerable decrease in habitability within the tropics (25°S to 25°N), with a 24%
(RCP4.5) and 60% (RCP8.5) decrease in the number of suitable cells relative to the
modern. Notably, a large proportion of this tropical decrease is in the centre of the
hyper-diverse Coral Triangle (Indo-Australian Archipelago). By contrast, habitability
increases at higher latitudes (25—45°N) in the Northern Hemisphere (Figure 3.11; Table
3.1), with a 11% and 20% increase in the number of suitable cells under RCP4.5 and
RCP8.5, respectively. South of the equator, there is a similar gain at higher latitudes
(25-40°S), with a 17% and 33% increase in the number of suitable cells under RCP4.5
and RCP8.5.
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Table 3.1. Latitudinal habitability from binary predictions made by ecological niche models trained on
modern (M) and Last Interglacial (LIG) zooxanthellate coral occurrence datasets. In this instance,
habitability is the sum of cells designated as habitable after binary conversion, within 5° latitudinal
bins. Binary conversion was implemented using the MaxSSS conversion method, which maximises the
sum of sensitivity and specificity of the model. Coupled predictions represent the combined suitability
predictions of modern- and LIG-trained ecological niche models.

batitude - Odern_tfr{zi;’ledRCP LIG_trii{Iée; RCP Coup;:gP RCP
) LIG M 4.5 8.5 LIG M 4.5 8.5 LIG M 4.5 8.5
60-55 0 0 0 0 0 0 0 0 0 0 0 0
55-50 0 0 0 0 0 0 0 0 0 0 0 0
5045 0 0 0 0 0 0 0 0 0 0 0 0
45-40 0 0 0 0 3 0 4 6 3 0 4 6
40-35 7 30 34 44 25 34 99 68 29 48 69 88
35-30 80 108 113 120 70 79 69 99 97 108 115 122
30-25 56 119 122 117 87 98 76 58 103 123 123 118
25-20 113 132 121 91 89 102 83 36 147 143 136 96
20-15 123 150 131 79 99 90 62 33 166 150 131 80
15-10 137 143 112 61 100 74 51 23 161 146 114 61
10-5 174 177 113 15 94 61 20 T 175 177 113 15
5-0 85 89 42 20 49 27 19 6 95 89 42 20
0-5 124 125 64 26 66 32 21 1 138 125 64 26
5-10 205 196 87 24 102 70 31 9 205 196 87 24
10-15 197 176 156 37 122 61 30 12 197 176 156 37
15-20 179 162 160 129 122 43 30 40 179 162 160 129
20-25 139 120 121 112 91 16 15 13 139 120 121 112
25-30 86 o1 59 63 7 0 0 0 86 o1 99 63
30-35 53 1 2 6 0 0 0 0 93 1 2 6
35-40 ) 0 0 0 0 0 0 0 ) 0 0 0
40-45 0 0 0 0 0 0 0 0 0 0 0 0
45-50 0 0 0 0 0 0 0 0 0 0 0 0
50-55 0 0 0 0 0 0 0 0 0 0 0 0
55-60 0 0 0 0 0 0 0 0 0 0 0 0
Total 1763 1779 1437 944 1126 787 570 371 1978 1815 1496 1003
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3.3.4 Clamping masks

Last Interglacial calibration

Clamping masks for the LIG-trained ENM show comparatively little uncertainty in
model projections for the modern (Figure 3.12). However, the modern Red Sea and
Western coast of Australia appear to be outside of the calibration range of the LIG-
trained model, explaining the lack of predicted suitable cells within these regions and
the disagreement with empirical evidence (modern occurrence data). RCP4.5 clamping
masks identify similar regions to those of the modern, with the addition of equatorial
localities in the TAA. However, under RCP8.5 this uncertainty expands across the
tropics, and most notably within the IAA. MESS analyses indicate this uncertainty at
equatorial and tropical localities is driven by novel sea surface temperatures under

RCP4.5 and RCPS8.5 climate scenarios.
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Figure 3.12. Clamping masks for model projections trained on the Last Interglacial climatic conditions
and occurrences. These masks identify locations where predictions are uncertain as the values of the
variables are outside the range of those used to calibrate the model. Red cells highlight areas where one
variable is outside of the model calibration range. Data is projected in the coordinate reference system:
World Geodetic System 1984 (WGS84).
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Modern calibration

Clamping masks for the modern-trained ENM generally show little uncertainty in
model projections for the LIG at global scale (Figure 3.13). However, in large areas of
the Caribbean, LIG climatic conditions are outside of the calibration range of the
modern-trained ENM. MESS analyses indicate this is a result of novel summer (June—
August) irradiance values. RCP4.5 clamping masks identify uncertainty in equatorial
regions of the TAA. However, under RCP8.5 this uncertainty expands across the
tropics, and most notably within the IAA. Corresponding to the LIG-calibrated model,
MESS analyses indicate that this uncertainty at equatorial and tropical localities is

driven by novel sea surface temperatures under RCP4.5 and RCP8.5 climate scenarios.
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Figure 3.13. Clamping masks for model projections trained on modern climatic conditions and
occurrences. These masks identify locations where predictions are uncertain as the values of the variables
are outside the range of those used to calibrate the model. Red cells highlight areas where one variable
is outside of the model calibration range. Data is projected in the coordinate reference system: World
Geodetic System 1984 (WGS84).
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3.4 Discussion

The Last Interglacial (LIG) has occasionally been considered as an analogue for the
impacts of global warming on species' distribution (Tyrberg, 2010; Kiessling et al.,
2012; Jeffers and Willis, 2014). At face value, the LIG fossil record of zooxanthellate
corals (Z-corals) depicts a global biogeographic pattern that is considerably dissimilar
to that observed in the present day (Figure 3.3). Whereas today, both species
abundance and diversity are highest within the tropics, with an equatorial dip, the
LIG record shows a poleward shift in occurrence records and species diversity, with
both increasing at higher latitudes in the Northern Hemisphere, and a prominent
equatorial decline (Kiessling et al., 2012). Support for this observed pattern is also
provided when subsampling methods are applied to ameliorate biases pertaining to
uneven latitudinal sampling (Kiessling et al., 2012). However, using ecological niche
modelling (ENM), this study’s findings provide little support for an equatorial decline
in habitability for Z-corals during the LIG. Instead, LIG Z-corals likely occupied
similar, though not equivalent, geographic distributions to those of modern Z-corals.
This study’s results suggest that during the LIG, global habitability was generally
greater than the modern, particularly at equatorial latitudes. In addition, modelled
habitability is more pronounced at high latitudes in both hemispheres, with a more
poleward distribution. These results support a poleward range expansion of Z-corals
during the LIG, as suggested by previous studies (Greenstein and Pandolfi, 2008;
Kiessling et al., 2012), but not an equatorial decline (Kiessling et al., 2012). This
suggests that the observed equatorial decline in the fossil record might be a result of

sampling bias within equatorial regions.

Under climate scenarios RCP4.5 and RCP8.5, ENM results indicate that high latitude
habitability should increase (i.e. range expansion), while equatorial latitudes will see a
large decrease in favourable habitats (i.e. range retraction) compared to the modern.
Most notably, this includes the centre of the Coral Triangle, in the Indo-Pacific Ocean,
the ‘heart’ of modern-day coral biodiversity, with 605 Z-coral species, representing over

three-quarters of global Z-coral diversity (Veron et al., 2009). In addition to the direct
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risk to biodiversity (including the multitude of species that live in coral reef
environments), the economic, social and cultural benefits that coral reefs provide are
of crucial importance to island communities within this region (Spalding et al., 2001;
Hoegh-Guldberg, 2011). However, model clamping masks also suggest that under
RCP4.5 and RCP8.5, both modern- and LIG-trained ENMs are outside of their
calibration range, adding uncertainty to these predictions and a ‘worst-case scenario’.
Nevertheless, it should also be borne in mind that Z-corals, and coral reef ecosystems,
are far less likely to survive other stressors, such as overfishing and pollution, when
exposed to heat stress. Furthermore, as ENM projections do not include aragonite
saturation state, they may be relatively optimistic in the face of anthropogenic climate

change as they do not account for the impacts of ocean acidification.

Implications for the evolution of the latitudinal biodiversity gradient

Attempts to reconstruct latitudinal biodiversity gradients in geological time have
historically been achieved using direct reading of occurrence records (Crame, 2001),
potentially leading to circumscribed results (Mannion et al., 2014). Although
subsampling approaches have been applied in more recent studies, and provide more
useful insights than uncorrected ‘raw’ diversity data (Kiessling et al., 2012), they
ultimately cannot predict which data we might be missing, i.e. fossils and/or
palaeoenvironments that we have not sampled, or that never entered the fossil record
(Kiessling, 2005; Vilhena and Smith, 2013). ENM results suggest that the LIG Z-coral
record is geographically biased through the amount of predicted habitable area within
latitudinal bins, herein referred to as the latitudinal habitability gradient. Thus, given
suitable preservational conditions, one should expect to find additional LIG Z-coral
occurrence data from equatorial latitudes. Whether new LIG fossil collections within
tropical and equatorial regions will result in higher observed richness remains to be
seen. However, assuming the ubiquitous scaling of species richness with habitat size
(species-area relationship) holds for Z-corals (Connor and McCoy, 1979; Rosenzweig,

1995), equatorial and tropical diversity during the LIG was likely similar to today.
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Unimodal-type (‘Modern-type’) latitudinal biodiversity gradients, with tropical peaks
in diversity, have been suggested to form under cold icehouse climate regimes, whereas
flattened gradients or temperate peaks are restricted to warmer greenhouse regimes
(Mannion et al., 2014). Additionally, it has been proposed that non-modern-type
latitudinal biodiversity gradients might also form during interglacials (Yasuhara et al.,
2012; Mannion et al., 2014). However, based on modelled habitability, ENMs imply a
contrarian result for the LIG, and suggest that interglacials might not be warm enough
to produce latitudinal biodiversity gradients similar to those observed in greenhouse

climate regimes.

Utility of the fossil record in forecasting

Variable contribution analyses computed within biomod2 (Thuiller et al., 2016) clearly
demonstrate that bathymetry and SST are the principal parameters controlling the
distribution of both modern and LIG Z-corals (Appendix A: Table A.2). It is to be
expected that bathymetry has the largest explanative power as the very nature of
zooxanthellate corals restricts them to shallow marine settings. While LIG bathymetry
is generally similar to that of the modern at a global scale, several areas have
experienced localized tectonic uplift (e.g. Huon Peninsula, Barbados, Sumba and
Vanuatu (McCulloch and Esat, 2000)). However, this is not likely to impact this
study’s results, based on sea-level sensitivity tests (Appendix A: Figure A.1). As both
models used the same DEM, SST might be considered the dominant factor in
determining any difference between ENM and projected distributions. In fact, ENM
results are in line with those suggested by palaeoclimatic proxy and modelling data,
which propose that annual mean SST and seasonality at low latitudes for the LIG were
similar to those of the modern (McCulloch and Esat, 2000; McKay et al., 2011;
Hoffman et al., 2017). Data from uplifted LIG coral reefs from the Huon Peninsula of
New Guinea and western Australia also indicate mean annual temperatures and
seasonal ranges comparable to present-day SST (McCulloch and Esat, 2000; Dalbeck
et al., 2011). However, it has also been suggested that seasonality was greater at higher

latitudes, with increased SST and insolation modelled in the Northern Hemisphere

Page | 87



(McKay et al., 2011; Brocas et al., 2016, 2018). This might have permitted Z-corals to
reside at greater depths at higher latitudes, as well as at more poleward localities due

to higher insolation and SST in the LIG, as supported by habitability modelling results.

To avoid environmentally driven extinction, taxa need to be able to adapt to changing
environments, either through distributional shifts (i.e. habitat tracking) or by altering
their abiotic preferences (Greenstein and Pandolfi, 2008; Warren et al., 2013; Saupe et
al., 2014). The thermal limits of organisms are widely acknowledged as shaping
diversity gradients on geological time scales (e.g. Yasuhara et al., 2012; Sunday et al.,
2012; Jablonski et al., 2013). Although the latitudinal habitability gradient remained
fairly stable between the LIG and modern climatic regimes, we might expect to see a
greater reshaping of the latitudinal habitability and biodiversity gradients under future
scenarios. While Z-corals might be able to adapt over geological time intervals, it is
unlikely that they will be able to keep pace with the rapid rate of climatic change
predicted under RCP4.5 or RCPS8.5 scenarios. Studies based solely on modern
occurrences (Freeman et al., 2013; Hooidonk et al., 2014) propose a much more drastic
decline in coral reefs under RCP4.5 and RCP8.5 scenarios than this study’s results
indicate for Z-corals. This is likely the consequence of differences in methodological
approach, selection of environmental variables, AOGCMs and differences in training
datasets for modelling. Perhaps of particular note is the lack of aragonite saturation
state and cumulative thermal stress variables applied in this study, whereas
bathymetry was not directly considered in others (e.g. Freeman et al., 2013). The
inclusion of environmental variables such as aragonite saturation state would likely
improve this study’s model predictions; however, such data are not available for the
geological record. With this in mind, model outputs are likely optimistic in the face of
anthropogenic climate change, particularly for Z-corals in high latitude regions, as the
aragonite saturation state is generally lower than at tropical latitudes (Jiang et al.,
2015). In relation to other environmental variables, best practice requires the
construction of generalized models when projecting to other time slices. An ENM

focused on one spatial or temporal extent may perform very well with a large number
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of explanatory variables. However, an ENM might also find causal relationships that
are non-existent, resulting in over-fitting, hindering the applicability and any
projections of the model under different spatial /temporal extents. Sensitivity analyses
comparing modern projections from modern-trained ENMs with and without aragonite
saturation state suggest little difference between predictions at global scale. However,
some noticeable variations are observable at local scale (Appendix A: Figure A.1).
Variable contribution analyses indicate aragonite saturation state is of secondary
importance in the construction of global ENMs (Appendix A: Table A.1). However,
under continued acidification of the world's oceans, aragonite saturation state may
become more of a limiting factor for Z-corals than what is observed in the modern.
Therefore, RCP4.5 and RCP8.5 projections should be considered as relatively
optimistic in the face of continued CO, emissions. However, this is conditional on Z-
corals being able to acclimatize to heightened temperatures or shift distributions to
suitable temperature localities in the first place. Integrating palaeontological data into
ENM promotes two clear advantages to aid model projections: (i) the opportunity to
test models with empirical evidence across temporal windows and climate regimes and
(ii) the ability to combine palaeontological and neontological data to consider the full
ecological limits of a particular taxon, rather than just the occupied niche in its current

biogeographic pattern.

Although the LIG fossil record is biased, the inclusion of fossil Z-coral data provides
additional insight into the niche hypervolume and potential distribution of Z-corals
under future climate change. As with previous studies (Lima-Ribeiro et al., 2017),
predictions including fossil data suggest significantly more habitability at wider
geographical ranges than those based solely on modern occurrences. ENM predictions
which only include modern occurrences run the risk of modelling the occupied niche,
whereas fossil occurrences can provide additional understanding into the fundamental
niche of a species (Soberén and Nakamura, 2009; Peterson et al., 2011). Indeed, this
particular study still might provide limited insights into the fundamental niche due to

the incompleteness of the LIG Z-coral record. However, the inclusion of fossil
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occurrences enables us to test which models perform best across temporal boundaries,
as well as the importance of establishing the fundamental niche using true positive
fraction. It is clear from ENM results that a multi-temporal approach improves
predictive performance, providing support for projected habitat suitability under future

climate scenarios.

3.5 Summary

The results from this study suggest that LIG Z-corals might have expanded their
poleward ranges during the LIG, but that they did not experience an equatorial decline.
Instead, the apparent equatorial decline appears to reflect an aspect of bias (i.e. absence
of reported fossil collections/occurrences) that cannot currently be ameliorated by
existing subsampling approaches. Findings are in agreement with the results from
multiple modelling and palaeoclimatic studies, which suggest that annual mean SST
and seasonal ranges at equatorial latitudes in the LIG were comparable to today
(McCulloch and Esat, 2000; McKay et al., 2011; Hoffman et al., 2017). Under the
future (2100 AD) climate scenarios RCP4.5 and RCP8.5, ENM results suggest a
relatively large decrease in habitat suitability at equatorial latitudes, and an increase
at higher latitudes, particularly within the Northern Hemisphere. However, these
conclusions are likely somewhat optimistic in the face of anthropogenic climate change
as they do not account for ocean acidification, destructive fishing practices or other
anthropogenic environmental impacts, and yet they make alarming predictions.
Finally, the fossil record provides additional insights into the niche hypervolume of Z-
corals, and improves predictive performance. Consequently, the fossil record might
improve biodiversity risk assessments under future climate change, and it should

therefore play an important role in focusing conservation efforts.
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4 The impact of spatial
sampling heterogeneity on
reconstructing latitudinal
biodiversity gradients in
deep time

Disclosure: Some of the content reported in this chapter is in review at Nature Fcology and
Evolution. While the primary author wrote most of this text, contribution by the co-authors
of this study are contained in this chapter, as well as the input received from the peer review
process. The relevant text, revised below, is from: Jones, L. A., Dean, C.D., Mannion, P.D.
Farnsworth, A., Allison, P.A. (in review). Spatial sampling heterogeneity limits the

detectability of deep time latitudinal biodiversity gradients. Nature Ecology and Evolution.
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OVERVIEW

The latitudinal biodiversity gradient (LBG), in which species richness decreases from
tropical to polar regions, is a pervasive pattern of the modern biosphere. However,
fossil occurrence data suggest that this pattern has potentially varied in the geological
past, with either flattened or bimodal gradients being proposed for some groups.
Nevertheless, the reconstruction of palaeobiogeographic patterns is hampered by
geological and anthropogenic biases. In particular, spatial sampling heterogeneity has
the capacity to impact upon the reconstruction of latitudinal biodiversity gradients in
deep time. Here, a simulation framework is used to test the detectability of three
different types of latitudinal biodiversity gradient (flat, unimodal, and bimodal) over
the last ~300 million years. To do so, biodiversity gradients were simulated on stage-
level palaeogeographies, and sampled according to the global geographic sampling
window of fossil collections for each respective stage. Results indicate that
heterogeneity in spatial sampling significantly impacts upon the detectability of
genuine LBGs, with known biodiversity patterns often indistinguishable after applying
the spatial sampling window. Sampling-standardisation aids the reconstruction of
relative richness ratios, but cannot account for artefactual absences introduced by
geological and anthropogenic biases. These issues also have the potential to bias global
estimates of past biodiversity, and obscure the recognition of extinction and radiation
events. Previous studies might have failed to recover the ‘true’ LBG type because of
incomplete sampling and the heterogeneous distribution of the available sedimentary

record. Therefore, caution should be taken when reconstructing LBGs in deep time.
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4.1 Introduction

The fossil record is a spatial and temporal archive of past biodiversity, evolution,
extinction, and biological recovery through deep time. It also provides critical context
for understanding the impact of climate change on global ecosystems, and offers
potentially vital information for current conservation efforts (Barnosky et al., 2017;
Turvey and Saupe, 2019). However, this archive is impacted by preservational and
sampling biases that render it incomplete, and potentially shroud the true nature of
evolutionary events (Raup, 1972; Allison and Briggs, 1993; Cherns and Wright, 2000;
Bush and Bambach, 2004; Smith and McGowan, 2011; Benson et al., 2016). Despite a
growing number of mitigating techniques (e.g. Close et al., 2018), understanding the
degree to which these biases control our perception of spatial biodiversity patterns in
deep time is still particularly challenging (Benson et al., 2016; Close et al., 2017). What
questions can palaeobiologists truly ask of the fossil record given the quality of data?
Is it possible to evaluate macroecological patterns throughout Earth’s history (e.g.
Powell, 2009; Mannion et al., 2012; Nicholson et al., 2016), or is there a limit to the

grain of the questions that can be asked of a biased dataset?

The latitudinal biodiversity gradient (LBG), in which species richness decreases from
tropical to polar regions, is one of the most recognisable global macroecological patterns
today. Although the present-day LBG has been extensively documented and its causes
debated for over two centuries (Willig et al., 2003; Hillebrand, 2004; Kinlock et al.,
2018), it is only in recent decades that the LBG has been considered within a deep
time context (Jablonski et al., 2006, 2017; Archibald et al., 2010; Mannion et al., 2014).
Fossil occurrence data suggest that the ‘modern-type’ (unimodal) LBG is not a
permanent feature of past ecosystems, with a range of taxonomic groups characterised
by flattened or even bimodal gradients in deep time (e.g. Rose et al., 2011; Mannion
et al., 2012; Yasuhara et al., 2012; Kiessling et al., 2012; Fraser et al., 2014; Powell et
al., 2015; Marcot et al., 2016; Nicholson et al., 2016; Brocklehurst et al., 2017; Kroger,
2018; Allen et al., 2020). However, the extent to which these latitudinal patterns are

the result of inherent biases (such as variable fossil preservation, stratigraphic
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completeness and geographic sampling bias), as opposed to biological processes,
remains uncertain (e.g. Raup, 1972; Allison and Briggs, 1993; Cherns and Wright,
2000; Johnson, 2003; Bush and Bambach, 2004; Smith and McGowan, 2011; Vilhena
and Smith, 2013; Benson et al., 2016; Fraser, 2017).

Several methodologies have been developed to standardise sampling and mitigate
problems associated with uneven ‘raw’ occurrence data (Sanders, 1968; Raup, 1975;
Alroy, 2010a; Chao and Jost, 2012). These approaches have most commonly been
applied to allow comparisons between temporal bins (Alroy, 2010a, 2010c, 2010b;
Kiessling and Kocsis, 2015; Benson et al., 2016; Close et al., 2018; Dunne et al., 2018;
De Celis et al., 2020). However, it is also recognised that spatial bias in sampling (e.g.
preferential sampling in FEurope and North America) also skews observed
palaeobiogeographic patterns (Raup, 1972; Allison and Briggs, 1993; Cherns and
Wright, 2000; Johnson, 2003; Bush and Bambach, 2004; Smith and McGowan, 2011;
Benson et al., 2016; Close et al., 2017). Although sampling-standardisation approaches
have been implemented between palaeolatitudinal bins in a small number of studies
(e.g. Mannion et al., 2012; Kiessling et al., 2012; Nicholson et al., 2016; Allen et al.,
2020), these methods do not explicitly address the spatiotemporal heterogeneity in
sampled geographic area (Vilhena and Smith, 2013; Benson et al., 2016; Close et al.,
2017). As inherently spatial patterns, estimations of LBGs in deep time have the
capacity to be particularly impacted by this bias: variation in the geographic sampling
universe (area sampled by palaeontologists) between different palaeolatitudinal bands
can result in radically different sizes of underlying taxon pools (Vilhena and Smith,
2013; Close et al., 2017). Consequently, despite the critical information contained
within the fossil record, it is possible that limited and heterogeneous spatial sampling

has prevented the reconstruction of genuine LBGs in deep time.

Recent studies have implemented simulation-based approaches to test the impact of
climate on biogeographic patterns in the geological past, circumventing the issues of
sampling heterogeneity and data absence within the fossil record (e.g. Saupe et al.,

2019c). Here, a similar framework is used to test the impact of spatial sampling bias

Page | 95



on deep time palaeobiogeographic patterns within shallow marine environments (0—
200 m depth). Occurrence data conforming to three different types of LBG (flat,
unimodal, and bimodal) were simulated for 56 stratigraphic stages, spanning the
beginning of the Permian (Asselian) to the end of the Neogene (Piacenizan) (298.9—
2.58 Ma). These data were then spatially filtered using the global palaeogeographic
sampling window of fossil collections for each stage. Simulated and sampled latitudinal
biodiversity curves were constructed using this filtered data, and were compared to
explore the data lost between the ‘known’ and sampled fossil record. The utility of
sampling-standardisation methods in reconstructing different types of LBGs, in the
light of variable spatial sampling through time, was also evaluated. Finally, the
palaeogeographic evolution of latitudinal sampling through time, and its impact on our
understanding of the LBG in deep time is evaluated. The approach used here emulates
how the true distribution of biodiversity might be masked by the ‘known’ spatial
sampling window, and tests whether genuine LBGs can be reconstructed from the fossil

record.

4.2 M aterials and methods

4.2.1 Simulations

Life occurrence data were simulated to represent three different types of diversity
gradients: (1) a LBG, with no specified peak in biodiversity (flat-type); (2) a tropical
peak in biodiversity with a sharp decline towards the poles (unimodal-type, or ‘modern-
type’); and (3) temperate peaks in biodiversity that decline towards the poles and

equator (bimodal-type) (Figure 4.1).

To generate realistic LBGs, the distribution of 1,000 species were simulated on stage-
level palaeogeographies (1° x 1°), with weighted probability grids equating to each
LBG-type to ‘force’ the occurrences to fit the elected LBG (Figure 4.2). This level of
diversity is similar to what is observed in some extant groups today, such as
zooxanthellate corals (Kiessling et al., 2012). LBGs were produced for each

stratigraphic stage for the last ~300 million years (Asselian to Piacenzian), with
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probability grids generated in the R package NLMR ver. 0.4.2 (Sciaini et al., 2018).
Probability grids were used to define an initial point (source population) for each
‘virtual’ species (for example, this point would be more likely to be allocated in the
tropics than the poles in a unimodal-type LBG). This initial point was subsequently
used to construct a radial distance probability grid on which the occurrences of each

species were generated, effectively simulating range size and species’ distribution

(Figure 4.2).

Flat Unimodal Bimodal
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Figure 4.1. Graphical representation of the different types of latitudinal biodiversity gradients simulated
in this study. A flat latitudinal biodiversity gradient has no prominent latitudinal peak in diversity; a
unimodal gradient has a tropical peak in diversity, with taxonomic richness declining poleward; a
bimodal gradient has twin temperate peaks in diversity, with taxonomic richness declining towards the
equator and the poles. Grey shaded area illustrates the extent of the tropics today (23.4°N-23.4°S).
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Figure 4.2. Diagram showing the simulation workflow of this study. Simulations are not intended to
reconstruct genuine latitudinal biodiversity gradients in deep time. The purpose of these simulations is
to emulate the distribution of biodiversity given three different types of gradient (flat, unimodal and
bimodal). Diagram depicts only one simulation run. However, simulations were run 100 times for each
latitudinal biodiversity gradient (= 3) and stratigraphic stage (= 56) (100 x 3 x 56 = 16,800 simulation
runs). In this study, 1,000 species were generated for each simulation run. Shallow marine area was
defined as 0—200 m depth in this study.
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In order to produce realistic distributions of species, the empirical range size and
occurrence frequency distributions of present-day species within five major marine
invertebrate groups (anthozoans |[= ‘Anthozoa’|, bivalves [= ‘Bivalvia’|, brachiopods
|[= ‘Brachiopoda’], echinoids [= ‘Echinoidea’], and sponges [= ‘Porifera’|) were
assessed, based on data housed within the Ocean Biogeographic Information System
(OBIS; https://www.obis.org/) (Figure 4.3-Figure 4.5). Using these data, the extent
(range size) of the distance probability grid and the number of occurrences for each
species (between 1 and 150) were randomly generated, following a geometric
probability distribution (Figure 4.3-Figure 4.5). For simulations of ‘virtual species’, a
broad ecological niche was opted for, constraining distributions to shallow marine
environments. Therefore, probability grids were clipped prior to point generation to
include only shallow marine area (< 200 m depth, approximating the photic zone),
using digital elevation models (DEMs) provided by Getech PLC (Figure 4.2). These
DEMs provide global gridded data (0.1° x 0.1°) on topography and bathymetry at
stratigraphic stage level (Markwick and Valdes, 2004; Markwick, 2019). For this
analysis, DEMs were aggregated to a spatial resolution of 1° x 1°, retaining the
minimum depth within each cell, and hence shallow marine environments. The entire
simulation procedure was repeated 100 times to get an average representation of each
LBG-type for every stratigraphic stage (Figure 4.2). Kolmogorov—Smirnov two-sample
tests were used to assess the similarity of simulated species’ geographic range sizes and
occurrence frequency distributions to those of empirical groups (anthozoans, bivalves,
brachiopods, echinoids, and sponges). This was done to test the validity of simulated
occurrences, and frame subsequent analyses. These tests indicate both statistically
significant (P < 0.05) and insignificant (P > 0.05) differences depending on the pair-
wise combination of simulated and empirical groups (Appendix B: Table B.1-Table

B.2). However, similar results were found for tests between empirical groups.

Finally, although simulations are set up to emulate different LBG-types, the steepness
of these gradients is also reliant on the distribution of available shallow marine area

for populating with occurrences, producing more realistic distributions for each time
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interval (i.e. species-area relationship (MacArthur and Wilson, 1967; Rosenzweig, 1995;
Whittaker and Fernédndez-Palacios, 2007)). For example, if a latitudinal band has twice
as many cells as another latitudinal band, but the cells between bands have the same
weighted probability, the former is likely to be much more diverse than the latter. All

analyses were performed in R ver. 3.6.2 (R Core Team, 2019).
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Figure 4.3. Range size frequency distributions of species within the marine invertebrate groups:
Anthozoa (A, B, C); Porifera (D, E, F); Bivalvia (G, H, I); Brachiopoda (J, K, L); and Echinoidea (M,
N, O). (A, D, G, J, M) Latitude; (B, E, H, K, N) longitude; (C, F, I, L, O) Great Circle Distance.
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Figure 4.4. Example of range size frequency distributions from a unimodal-type latitudinal biodiversity
gradient simulation. (A) Latitude; (B) longitude; (C) Great Circle Distance.
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Figure 4.5. Occurrence frequency distributions for the five major marine invertebrate groups (A-E) with
a maximum bin size of 150 occurrences for comparison with simulated distributions. (A) Anthozoa; (B)
Bivalvia; (C) Brachiopoda; (D) Echinoidea; (E) Porifera; and (F) simulated. (F) Occurrence frequency
distribution example for a unimodal-type latitudinal biodiversity gradient simulation.

4.2.2 Spatial sampling coverage

Biogeographic patterns recovered from the fossil record are heavily dependent on
available sampling area, which is intrinsically linked to sedimentary rock outcrop
(Raup, 1972, 1976b, 1976a; Sheehan, 1977; Peters and Foote, 2001; Wall et al., 2009;
Vilhena and Smith, 2013). To test how spatial sampling availability potentially
influences our understanding of the LBG through time, simulated occurrence data were
filtered using the palaeogeographic sampling window of fossil collections for each

stratigraphic stage. This enabled estimation of what the ‘known’ simulated LBG would
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look like when restricted to available sampled area, and demonstrate how observed
biogeographic patterns from the fossil record might deviate from their actual state.
Whilst this approach ignores the potential impact of differences in preservation
between sites, true sampling rates are enigmatic for the fossil record (Foote and Raup,
1996; Kidwell and Flessa, 1996; Kidwell and Holland, 2002; Fraser, 2017). Sampling
all occurrences within sampled cells prevented confounding the interpretation of this
study’s results, and enabled focus upon the impact of spatial sampling bias. However,
it should also be noted that this presents the ‘best-case’ scenario for preservation, and
simulation results should be considered within this context. To generate per-stage
sampling windows, all available Asselian-Piacenzian fossil collection data were
downloaded from the Paleobiology Database (PBDB; www.paleobiodb.org) on the 17t
January 2020, yielding 139,831 fossil collections. Using the palaeo-coordinates (rotated
from modern coordinates via GPlates (https://www.gplates.org/) (Wright et al.,
2013)) of collections, global stage-level 1° x 1° grids were produced. These grids
represent sampled area at the same extent of the DEMs, with a grid cell deemed to
have been sampled if at least one collection appeared within it. Subsequently, sampled
grids were filtered to include only cells falling within shallow marine area grids (i.e.
excluding terrestrial sampled cells, and marine sampled cells inferred to be deeper than
200 m). Although these data are only a proxy for available outcrop area and are
therefore likely incomplete in terms of representing all known and sampled outcrop,
the data within the PBDB are extremely rich and have been the foundation of
numerous palaeobiogeographic studies over the past two decades. They therefore

represent a meaningful approximation of the known fossil record.

For the purpose of this study, a new metric was established to assess whether sampled
area controls biodiversity estimates between stages and palaeolatitudinal bins: Spatial
Sampling Coverage (SSC). Here, SSC is defined as the percentage of sampled cells
within a chosen set of available cells, where the latter refers to the total number of
cells within shallow marine grids, and sampled cells refers to cells containing

collections. This metric is comparable to the traditional ‘occupancy’ metric used in
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ecology and palaecontology (e.g. Kunin, 1998; Foote et al., 2007). However, SSC is
distinguished from occupancy as the latter is reserved for describing biological patterns,
and this study’s focus is on sampling. For the SSC metric, it should be kept in mind
that available cells do not reflect the total sampling opportunities available to
collectors; sampled cells are a subset of preserved outcrop, which is itself a subset of
total available cells. Whilst SSC values are influenced by the resolution of the study
(e.g. the percentage of sampled cells relative to available cells will generally be lower
at higher resolutions), this issue was avoided by keeping the resolution of this study
constant. SSC was calculated for each stage at both a global scale, and within 15°
palaeolatitudinal bins for comparison with biodiversity estimates. In addition, the
palaeolatitudinal skewness of SSC was calculated for each stratigraphic stage, using
the skewness() function from the R package ‘1071’ ver. 1.7-3 (Dimitriadou et al.,
2008). As a general rule of thumb, skewness is typically considered high if the value is
less than -1 or greater than 1, moderate when between -1 and -0.5 or 0.5 and 1, and
approximately symmetrical when between -0.5 and 0.5 (Hair Jr et al., 2016). Using
these data, the coefficient of determination (R?) between time and skewness was
calculated to determine whether there was a long-term temporal shift in the skewness
of palaeolatitudinal SSC. To examine whether the spatial sampling window evolved in
the study period, the geographic and palaeogeographic centroids of PBDB collections

contained within shallow marine mask was calculated (< 200 m depth).

4.2.3 Latitudinal biodiversity gradient analyses

To test the extent to which relative latitudinal biodiversity patterns can be recovered
from degraded samples, the mean richness for simulated, sampled (via sampling
window), and sampling-standardised LBGs for each simulation was calculated. All
LBGs were computed within 15° latitudinal bins, a common bin size used in deep time
studies (e.g. Nicholson et al., 2016; Kroger, 2018). As this study was principally focused
on the relative shape of LBGs, all (simulated, sampled, and sampling-standardised)
LBGs were normalised within their respective stages on a scale from 0 to 1, providing

proportional latitudinal richness curves. This was achieved by dividing the richness of
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each latitudinal bin by the total richness for latitudinal bins within each respective
stage. All subsequent latitudinal analyses were conducted using these proportional

richness curves.

For sampling-standardisation, classical rarefaction (by-occurrence subsampling) was
applied to the sampled occurrence data to account for large differences in sampling
between palaeolatitudinal bins (Raup, 1975; Close et al., 2018). The number of
occurrences drawn from each latitudinal bin and stage were kept at 50 occurrences, a
similar threshold to fossil palaeolatitudinal biodiversity studies (Mannion et al., 2012;
Kiessling et al., 2012). Subsampling was implemented with 1,000 bootstrap replicates
for each LBG simulation replication/type (100 x 3), with the mean biodiversity
recorded for each latitudinal bin. The mean of means for each LBG-type, and stage
were then calculated. Coverage-based rarefaction was purposely not used as it is
typically implemented with sampling units (e.g. collections and formations) (Alroy,
2010c; Mannion et al., 2015; Cleary et al., 2018; De Celis et al., 2020). Whilst
simulating sampling units for occurrence data would not be impossible, the underlying
structure of collections and formations is complex (Plotnick, 2017). In addition,
collections themselves are not standardised and may be influenced by anthropogenic
(e.g. variable sampling effort and intensity) and/or geological (e.g. variable fossil
preservation and outcrop accessibility) factors. As this study was principally focused
on the influence of spatial sampling, simulations were intentionally kept simple. For
each LBG-type, the sampled global richness (total number of virtual species sampled
per stage) was also calculated to assess whether variation in the ‘known’ spatial
sampling window impacted upon sampled global biodiversity for different types of
LBGs. This was examined by calculating the coefficient of determination (R?) between

global sampled richness and global SSC for each LBG type.

To quantify the similarity between simulated LBGs and their sampled/sampling-
standardised counterparts, the difference between all pair-wise combinations of
latitudinal bins (e.g. simulated 15-30°N with sampled 15-30°N) was computed for each

stage (Figure 4.6). To examine temporal shifts in the difference between simulated and
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sampled /sampling-standardised LBGs, the difference from all pair-wise combinations
of latitudinal bins for each stage were totalled (Figure 4.6). For the purpose of this
study, this metric is referred to as the sum of proportional latitudinal richness
differences (SLD) (Figure 4.6). The SLD for pair-wise combinations of simulated
unimodal- and bimodal-type LBGs, as well as sampled /sampling-standardised LBGs
was also calculated to quantify the difference between types of LBG. SLD scores for
proportional LBGs can range between 0 and 2, with 0 representing no difference
between pair-wise combinations of curves, and 2 indicating maximum possible
difference. However, as different types of LBG might have inherent overlap due to the
distribution of simulated biodiversity, comparisons of simulated unimodal- and
bimodal-type LBGs provide a null expectation of the difference between LBG-types,
against which sampled and sampling-standardised LBGs can be evaluated. Whilst
Fréchet distances (Alt and Godau, 1995) have been used in previous studies to compare
similarity between LBGs (Saupe et al., 2019¢), it does not explicitly measure the total

difference between all latitudinal bins, and therefore is not implemented in this study.
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Figure 4.6. Diagram depicting how the sum of proportional latitudinal richness differences (SLD) are
calculated. SLD provides a measure of curve similarity, in which high SLD represents low similarity
(A), and low SLD represents high similarity (B). Equation for SLD is provided in top-right corner of
figure. Delta (A) represents the difference between the proportional richness of paired latitudinal bins
for the two curves (e.g. curve 1: 15-30°N and curve 2: 15-30°N).
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To evaluate how simulated LBGs changed after applying the spatial sampling window
and sampling-standardisation techniques, the slope of each simulated, sampled, and
sampling-standardised LBG was determined. This approach is in accordance with
previous studies (e.g. Marcot et al., 2016), and provides insight into how the overall
gradient varies between curves. To estimate the slope, latitudinal bins were split into
Northern and Southern Hemispheres, and proportional latitudinal richness was
regressed on the midpoint latitudes of latitudinal bins. To ensure a fair estimation of
the slope, only hemispheres with three or more latitudinal bins with richness values

had their slope computed.

To test statistically whether different types of LBG can be identified from the fossil
record, Wilcoxon signed-rank tests were applied to determine whether there was a
significant (¢ = 0.05) difference between pair-wise combinations of: (1) LBG types
before and after sampling/sampling-standardisation (e.g. sampled unimodal-type and
sampled bimodal-type) to establish whether sampling/sampling-standardisation
influences the ability to distinguish between LBG variants; (2) simulated and sampled
LBGs (e.g. simulated unimodal-type and sampled unimodal-type) to evaluate whether
the original known biodiversity signal is retained after sampling; (3) simulated and
sampling-standardised LBGs (e.g. simulated bimodal-type and sampling-standardised
bimodal-type) to evaluate whether sampling-standardisation improves (via increased
differences) the capacity to reconstruct genuine LBGs. To compare results across time
and space, latitudinal bins from all stages were pooled for Wilcoxon signed-rank tests.
This ensured an appropriate sample size for analyses, and enabled high confidence in

results.

To provide insight into the impact of heterogeneous SSC, the Pearson product-moment
correlation coefficient and coefficient of determination (R?) between the SLD, and the
skewness of palaeolatitudinal SSC was calculated for pair-wise combinations of: (1)
simulated and respective sampled LBGs; and (2) simulated and respective sampling-
standardised LBGs. As SLD has the potential to be severely impacted by data absence,

correlation tests were carried out between SLD and the total number of
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palaeolatitudinal bins without sampling (i.e. 0% SSC) for the aforementioned pair-wise
combinations. Specifically, these tests determine whether the skewness in
palaeolatitudinal sampling and/or data absence increases the difference between
simulated and respective sampled/sampling-standardised LBGs, and hence their

detectability.

4.3 Results

4.3.1 Spatial sampling coverage

Analyses of fossil occurrence collections (in their palaeorotated coordinates) from the
PBDB indicate that Spatial Sampling Coverage (SSC; the percentage of sampled
shallow marine cells) is heterogeneous through both time and space. Global SSC does
not exceed 4% for any stage (max: 3.36% in the Albian), with a mean global SSC of
1.49% (£ 0.74%, 1 standard deviation [1SD|) across all 56 geological stages (Table
4.1). SSC shows further heterogeneity spatially; whereas mean palaeolatitudinal SSC
is 1.40% (& 1.48%, 1SD), that of 30-45°N is high, at 5.61% across all geological stages
(Table 4.1). All other palaeolatitudinal bins have an average SSC lower than 3%,
indicating unevenness in palaeolatitudinal sampling (Table 4.1). However, there is also
temporal variability within palaeolatitudinal bins (Figure 4.7). For example, for
palaeolatitudinal bin 30-45°N, the Barremian has a SSC of 2.78%, whereas the
subsequent stage (Aptian) has a value of 10.40% (Figure 4.7). Analyses of the skewness
in palaeolatitudinal SSC further highlights the unevenness between palaeolatitudinal
bins, with a mean score of 1.41 (4 0.53, 1SD), suggesting the distribution of data is
highly skewed, with the mean significantly higher than the median (Figure 4.8). Linear
regression modelling shows a significant long-term shift in the skewness of
palaeolatitudinal SSC (R? = 0.349, P < 0.001) from the Asselian to Piacenzian (Figure
4.8). In addition to the skewness of palaeolatitudinal SSC, results indicate that 30.21%

of palaeolatitudinal bins lack any SSC.
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Table 4.1. The mean and standard deviation (SD) of spatial sampling coverage (SSC) within
palaeolatitudinal bins, for stratigraphic stages from Asselian to Piacenzian (298.9-2.58 Ma).

Maximum (°)  Minimum (°) Hemisphere = Mean SSC (%) SD SSC (%)
90 75 N 0.09 0.20
75 60 N 0.29 0.45
60 45 N 1.52 1.78
45 30 N 5.61 3.28
30 15 N 2.75 1.88
15 0 N 1.58 1.29
0 -15 S 1.83 2.06
-15 -30 S 0.82 1.19
-30 -45 S 1.07 1.70
-45 -60 S 0.62 1.10
-60 -75 S 0.44 0.79
=75 -90 S 0.18 0.58
A B [
1 75°to 90° N ® 60°to 75° N ® 45°to 60° N
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Figure 4.7. A palaeolatitudinal plot (15° bins) of spatial sampling coverage (SSC) for all stratigraphic
stages from Asselian to Piacenzian. Text within plot indicates the respective palaeolatitudinal bin.
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Figure 4.8. Palaeolatitudinal skewness of spatial sampling coverage from the Asselian to Piacenzian.
Coefficient of determination (R?) between time and skewness indicates a significant long-term increase
in the skewness of palaeolatitudinal spatial sampling coverage.

Computation of the absolute palaeolatitudinal centroid of inferred shallow marine
collections (collections within shallow marine masks) confirms a long-term shift in
sampling from tropical palaeolatitudes in the late Permian—Middle Triassic, to
temperate palaeolatitudes for most of the Jurassic, Cretaceous, and Paleogene (Figure
4.9). The mean of absolute palaeolatitudinal centroids is more equatorward (mean:
32.72°; 1SD: 6.67°) than that of the absolute latitudinal centroid of present-day

coordinates (mean: 41.32°; 1SD: 5.56°), though still temperate.
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Figure 4.9. Palaeogeographic distribution of fossil collections housed in the Paleobiology Database. (A)
Absolute latitudinal (green line) and palaeolatitudinal (orange line) centroids of inferred shallow marine
collections, within their respective stratigraphic stages. (B—G) Global palacogeographic reconstructions
showing the distribution of inferred shallow marine collections (black circles) in the (B) Permian (298.9—
251.9 Ma); (C) Triassic (251.9-201.3 Ma); (D) Jurassic (201.3-145 Ma); (E) Cretaceous (145-66 Ma);
(F) Paleogene (66-23.03 Ma; and (G) Neogene (23.03-2.58 Ma). (B-G) Red circles indicate the
palaeogeographic centroid of collections within their respective period. Palaecogeographic reconstructions
are based on digital elevation models from Getech PLC.
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4.3.2 Simulated latitudinal biodiversity gradients

Latitudinal biodiversity gradients (LBGs) were simulated for flat-, unimodal- and
bimodal-types of gradient (Figure 4.10). However, as simulated LBGs are partially a
function of shallow marine area, there is an expected natural variability in the shape
of the gradient, emulating the species-area relationship. For example, a unimodal-type
LBG for the Asselian (298.9-295.5 Ma) has a mean species richness of 469.94 at 0-
15°N, and 213.11 at 30-45°N. Conversely, a unimodal-type LBG for the Albian (113-
100.5 Ma), has a mean species richness of 598.49 at 0-15°N, and 300.42 at 30-45°N.
This variability can be observed at broad-scale for all LBG-types within Figure 4.10

(individual stage-level plots are available in Appendix B).

Simulated flat-type LBGs, which are solely a product of available shallow marine area,
demonstrate a long-term shift in the shape of the LBG. During the early Permian,
simulated latitudinal richness peaked in temperate regions in both hemispheres,
forming a bimodal-type LBG (Figure 4.10). However, by the Early Triassic relatively
flat LBGs are simulated due to the increase in available shallow marine area in tropical
regions. Further shifts in the shape of the simulated flat-type LBG occur across the
Triassic/Jurassic boundary, with a single peak in richness at 30-45°N (Figure 4.10).
During much of the Jurassic-Paleogene (201.3-23.03 Ma), species richness is
concentrated in the Northern Hemisphere, particularly at tropical-temperate latitudes
(15-45°N). However, during the early Miocene (23.03-15.97 Ma), the simulated flat-
type LBGs become significantly flatter, and by the Messinian (7.25 Ma), steep
unimodal-type LBGs are beginning to form (Figure 4.10). These shifts broadly reflect
the relative steepness/shape of the simulated unimodal-type and bimodal-type LBGs
in their respective stages (Figure 4.10; individual stage-level plots are available in

Appendix B).
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Figure 4.10. Heat maps of mean simulated (A—C), sampled (D-F), and sampling-standardised (classical
rarefaction) (G-I) richness from the Asselian (298.9 Ma) to Piacenzian (2.58 Ma) at stage-level, and
within 15° latitudinal bins. Latitudinal richness values within each stage (A-I) represent their
proportional richness (latitudinal bin richness divided by total richness across latitudinal bins). Grey
tiles (G-I) illustrate latitudinal bins with insufficient data to compute rarefied richness. For each type
of latitudinal biodiversity gradient, simulated richness values (A—C) are based on the average bin value
from the 100 replications. Sampled richness values (D-F) are based on the average bin value from the
100 sampled replications. Rarefied latitudinal richness estimates (G-I) are based on the mean of means
of the 1,000 bootstrap replicates for each replication of latitudinal biodiversity gradient simulations (=

100).

4.3.3 Sampled latitudinal biodiversity gradients

The proportional latitudinal richness of all sampled LBGs is shown in Figure 4.10.
Broad changes in the distribution of relative biodiversity between simulated LBGs and
their sampled counterparts can be observed in Figure 4.11. Wilcoxon signed-rank test
results indicate a statistically significant difference (P < 0.05) between simulated
unimodal- and bimodal-type LBGs, indicating that these data are drawn from different
populations. However, no statistically significant (P = 0.379) difference was found

between sampled unimodal- and bimodal-type LBGs. Additionally, a statistically
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significant difference (P < 0.001) was found between pair-wise combinations of
simulated richness (within latitudinal bins), and respective sampled counterparts, for
all LBG-types (flat, unimodal and bimodal). This suggests sampled LBGs are not

representative of the ‘true’ simulated latitudinal distribution of biodiversity.
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Figure 4.11. Heat maps of the change in proportional latitudinal richness between simulated and
sampled /sampling-standardised latitudinal biodiversity gradients. Heat maps range from the Asselian
(298.9 Ma) to Piacenzian (2.58 Ma) at stage level, and show data within 15° latitudinal bins. (A-C)
Proportional richness change between mean simulated and sampled richness; (D-F) proportional
richness change between mean simulated and sampling-standardised richness. For each type of
latitudinal biodiversity gradient, simulated richness values were based on the mean bin value from the
100 simulation replications. Sampling-standardised latitudinal richness estimates (D-F) are based on
the mean of means of the 1,000 bootstrap replicates for each replication of latitudinal biodiversity
gradient simulations (= 100). Proportional latitudinal richness values were calculated by dividing each
latitudinal bin by the total of all latitudinal bins within each stage. Richness change was calculated by
subtracting proportional simulated latitudinal biodiversity gradients from sampled/sampling-
standardised counterparts. Grey tiles illustrate latitudinal bins with insufficient data to compute
sampling-standardised (classical rarefaction) richness estimates.

The sum of proportional latitudinal richness differences (SLD) between simulated
unimodal- and bimodal-type LBGs remains fairly constant through time (Figure 4.12),
with a mean difference of 0.993 (4 0.055, 1SD) along the entire time series. However,
the mean difference is reduced to 0.833 (£ 0.232, 1SD) for sampled unimodal- and
bimodal-type LBGs, indicating increased similarity between curves after filtering by
the spatial sampling window of fossil collections. Notably, the difference between

unimodal- and bimodal-type LBGs is substantially lowered for numerous stages after
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sampling (indicating increased similarity between LBGs); for example, the difference
between Bartonian LBGs is reduced from 0.997 to 0.198 (Figure 4.12), and the
resulting sampled LBGs appear virtually identical, regardless of the underlying
simulated distribution of biodiversity (stage-level plots are available in Appendix B).
This is particularly evident in the following stages: Hettangian—Pliensbachian,
Santonian, Danian, Bartonian, and Chattian (Figure 4.12). Conversely, the SLD
between sampled unimodal- and bimodal-type LBGs is comparatively high for most of
the Permian and Triassic (Figure 4.12), with distinct LBGs recognisable for each

simulated LBG type (Figure 4.10; stage-level plots are available in Appendix B).
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Figure 4.12. Sum of proportional latitudinal richness differences (Asselian to Piacenzian) between
unimodal- and bimodal-type latitudinal biodiversity gradients. The green line indicates the sum of
differences between proportional simulated unimodal- and bimodal-type latitudinal biodiversity
gradients. This provides an expected difference between the two different types of latitudinal
biodiversity gradient. The orange line indicates the sum of proportional mean latitudinal richness
differences between sampled unimodal- and bimodal-type latitudinal biodiversity gradients. The purple
line depicts the sum of proportional mean latitudinal richness differences between sampling-standardised
unimodal- and bimodal-type latitudinal biodiversity gradients. The smaller the sum of latitudinal
richness differences, the more similar the curves. Grey ribbon indicates the skewness of palaeolatitudinal
spatial sampling coverage.
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Sampled flat-type LBGs suggest that only 26/56 (~46%) stages would have their
genuine peak in biodiversity recovered from their simulated counterparts (Figure 4.13),
conforming to no apparent temporal trend. The SLD indicates a substantial difference
between simulated and sampled flat-type LBGs, with a mean difference of 0.821 (+
0.199, 1SD) (Figure 4.14).

Sampled unimodal-type LBGs indicate a temporal shift in their detectability from their
simulated counterparts. Genuine tropical peaks in biodiversity are frequently observed
in their correct latitudinal bin for the Permian—Triassic (12/16 stages — 75%) and for
the Neogene (6/8 stages — 75%) (Figure 4.13). However, in the Jurassic—Paleogene,
only 6/32 stages (~19%) recover their genuine tropical peak in biodiversity. In
addition, 50% of Jurassic-Paleogene stages would be observed as having temperate
peaks in biodiversity (30-60°), contrasting with their genuine tropical peak (0-30°).
The SLD indicates a mean difference of 0.684 (+ 0.285, 1SD) between simulated and
sampled unimodal-type LBGs (Figure 4.14). This is notably lower than the SLD
observed in flat-type LBGs, due to no biodiversity being simulated or sampled at high

latitudes in unimodal-type LBGs.

The detectability of bimodal-type LBGs is less affected by variation in geographic
sampling through time: 42/56 (75%) of stages record temperate peaks in biodiversity
within their correct latitudinal bin, and only 2/56 stages (~4%; Wuchiapingian and
Anisian) would have their temperate peak observed as a tropical peak. Half (7/14) of
these incorrectly observed latitudinal peaks are within the Permian (Figure 4.13). The
SLD indicates a substantial difference between simulated and sampled bimodal-type

LBGs, with a mean difference of 0.824 (£ 0.209, 1SD) (Figure 4.14).

Page | 115



Latitude (°)

Latitude (°)

Latitude (°)

Flat-type B
Sampled

52.5

37.5
225
7.5
-7.5

Latitude (°)

-22.5
-37.5

-52.5
300

200 100
Time (Ma)

o

Unimodal-type D
Sampled

52.5
37.5
22.5
7.5
-7.5
-22.5
-37.5

Latitude (°)

-52.5
300 200 100

Time (Ma)

o

Bimodal-type F
Sampled

52.5
37.5
22.5
75
-7.5
-22.5

Latitude (°)

-37.5

-52.5
300

200 100

Time (Ma)

o

-52.5

Flat-type
Sampling-standardised

52.5
37.5
225
7.5
-7.5
-22.5
-37.5

-52.5
300

200 100 0
Time (Ma)

Unimodal-type
Sampling-standardised

52.5 4
37.5 1
22.5 4
75 1
-1.5
-22.54
-37.51

'52'5-_IIEI
300 200 100 0

Time (Ma)

Bimodal-type
Sampling-standardised

52.5
375
225
75
75
-22.5
-37.5

300 200

Time (Ma)

100 0

Figure 4.13. Asselian to Piacenzian (298.9-2.58 Ma) plot of the latitudinal bin with peak (maximum)
diversity for simulated flat- (A; B), unimodal- (C; D) and bimodal-type (E; F) latitudinal biodiversity
gradients. (A-F) Green points indicate the simulated known latitudinal bin with peak diversity; (A, C,
E) orange squares depict the sampled peak diversity latitudinal bin; (B, D, F) purple squares indicate
the sampling-standardised (classical rarefaction) peak diversity latitudinal bin. Dark-grey shading
represents the extent of tropical latitudinal bins (30°S—30°N).
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Figure 4.14. Sum of proportional latitudinal richness differences between simulated and sampled (green
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type, B: unimodal-type, C: bimodal-type). The smaller the difference, the more similar the curves. Grey
ribbon on plots indicate the global spatial sampling coverage (SSC).
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Linear modelling indicates a moderate to strong correlation between the SLD
(simulated and sampled) and the skewness of palaeolatitudinal SSC for unimodal- (r
= 0.670, R? = 0.449, P < 0.001) and bimodal-type LBGs (r = 0.689, R? = 0.474, P <
0.001) (Figure 4.15). Similar results are recovered for the relationship between the SLD
(simulated and sampled) and the number of palaeolatitudinal bins without sampling,
though unimodal-type LBGs (r = 0.669, R? = 0.448, P < 0.001) indicate a slightly
stronger positive correlation than bimodal-type LBGs (r = 0.544, R? = 0.295, P <
0.001) (Figure 4.16).
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Figure 4.15. Relationship between the sum of proportional latitudinal richness differences and the
skewness of palaeolatitudinal spatial sampling coverage. (A; B) Relationship between the sum of
proportional latitudinal richness differences for simulated and sampled latitudinal richness, and
palaeolatitudinal spatial sampling coverage skewness, for a unimodal- (A) and bimodal-type (B)
latitudinal biodiversity gradient. (C; D) Relationship between the sum of proportional latitudinal
richness differences for simulated and sampling-standardised (classical rarefaction) latitudinal richness,
and palaeolatitudinal spatial sampling coverage skewness, for a unimodal- (C) and bimodal-type (D)
latitudinal biodiversity gradient. The coefficient of determination (R?) and the Pearson product-moment
correlation coefficient (PPMCC) with associated P-values are depicted within each plot. Each point

represents an individual stage, and is coloured by their respective geological period.
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Figure 4.16. Relationship between the sum of proportional latitudinal richness differences and
palaeolatitudinal data absence. (A; B) Relationship between the sum of proportional latitudinal richness
differences for simulated and sampled latitudinal richness, and the number of palaeolatitudinal bins
without any sampling, for a unimodal- (A) and bimodal-type (B) latitudinal biodiversity gradient. (C;
D) Relationship between the sum of proportional latitudinal richness differences for simulated and
sampling-standardised latitudinal richness, and the number of palaeolatitudinal bins without any
sampling, for a unimodal-type (C) and bimodal-type (D) latitudinal biodiversity gradient. The
coefficient of determination (R?) and the Pearson product-moment correlation coefficient (PPMCC)
with associated P-values are depicted within each plot. Each point represents an individual stage, and
is coloured by their respective geological period.

Time series of slope estimates show a near-constant difference between simulated
unimodal- and bimodal-type LBGs for both the Northern and Southern Hemisphere
(Figure 4.17); unimodal LBGs show a negative slope in the Northern Hemisphere and
positive slope in the Southern Hemisphere, whereas bimodal LBGs show no slope

overall. However, after applying the spatial sampling window of fossil collections, slope
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estimates of both unimodal and bimodal sampled LBGs show increased variability and
significant overlap for Jurassic and Cretaceous stages in the Northern Hemisphere
(Figure 4.17). Similar variability is also observed in the Southern Hemisphere (Figure
4.17), however only ~60% of stages could have slope estimates computed for unimodal-
type LBGs, and 75% for bimodal-type LBGs due to poor sampling. Notably, after
applying the spatial sampling window, the negative slope (decreasing richness with
increasing latitude) of Northern Hemisphere simulated unimodal-type LBGs shifts to
a positive slope (increasing richness with increasing latitude) in 8/56 stages (Figure
4.17). Furthermore, sampled unimodal- and bimodal-type LBGs frequently indicate
significantly steeper gradients than their ‘true’ (simulated) gradients. Clear differences
in slope estimates for Permian and Neogene stages are seen for Southern Hemisphere
unimodal- and bimodal-type LBGs (Figure 4.17). However, the lack of continuous
estimates between these time periods limits the observation of any long-term trends
(Figure 4.17). Nevertheless, the slope estimate of sampled unimodal-type LBGs is
significantly strengthened during the Permian compared to its simulated counterpart.
Overall, variable spatial sampling strongly influences the observed angle and direction

of slope estimates across the entire time series.

Global richness counts from the sampled flat-, unimodal- and bimodal-type LBGs
express temporal differences in biodiversity through time, suggesting observed
extinction and radiation patterns may be influenced by both underlying patterns of
biodiversity and sampling (Figure 4.18). Coefficient of determination results suggest
that global SSC explains a significantly larger proportion of the variance observed in
global richness from sampled bimodal-type LBGs (R? = 0.849, P < 0.001), than
unimodal-type LBGs (R? = 0.527, P < 0.001). However, global SSC explains the most
variance in global richness from sampled flat-type LBGs (R? = 0.884, P < 0.001)
(Figure 4.18).
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Figure 4.17. Slope estimates of simulated (A-B), sampled (C-D), and sampling-standardised (E-F)
latitudinal biodiversity gradients. Slope estimates were generated by splitting latitudinal bins into
Northern (A, C, E) and Southern Hemispheres (B, D, F), with proportional latitudinal richness regressed
on the midpoint latitudes of latitudinal bins for each hemisphere (with a minimum threshold criterion
of three latitudinal bins for slope estimation). Lines indicate the slope estimate, while coloured ribbons
depict the standard error from slope estimation. Unimodal-type slope estimates are depicted in green,
and bimodal-type slope estimates are shown in orange.
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Figure 4.18. Global raw counts of sampled diversity from simulations of species’ distributions and
richness (= 1,000), conforming to a flat- (A), unimodal- (B), and bimodal-type (C) latitudinal
biodiversity gradient. (A—C) Green points depict sampled richness at stage level based on the known
sampling window (i.e. collections), while the grey ribbon illustrates the global spatial sampling coverage
(SSC). Each stage, for each type of latitudinal biodiversity gradient, has a simulated richness of 1000
species, and any variation in the diversity curve is a result of the stage-level sampling window. The
coefficient of determination (R?) with associated P-values is depicted within each plot.

4.3.4 Sampling-standardisation latitudinal biodiversity
gradients

Sampling-standardisation has a variable impact on the reconstruction of relative

biodiversity patterns. Overall, sampling-standardisation slightly improves the

detectability of genuine peaks (i.e. identifying the exact latitudinal bin) in latitudinal

biodiversity for unimodal-type LBGs from 24/56 stages to 26/56 stages (Figure 4.13),
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and for bimodal-type LBGs from 42 /56 stages to 43/56 stages (Figure 4.13). However,
there is no such improvement in the detectability of genuine peaks for flat-type LBGs
(Figure 4.13). Overall, sampling-standardised LBGs frequently depict a 30-45°N peak

in biodiversity for Jurassic-Paleogene stages, regardless of the simulated LBG-type.

The sum of proportional latitudinal richness differences (SLD) between simulated
LBGs and sampling-standardised counterparts indicates an overall decrease in
difference compared to their simulated and sampled counterparts (Figure 4.14).
Wilcoxon signed-rank tests provide statistically significant (P < 0.01) support for this
observation. Despite reducing the overall difference between simulated and sampled
LBGs, Wilcoxon signed-rank test results indicate a statistically significant (P < 0.05)
difference between simulated and sampling-standardised LBGs, similar to comparisons
between simulated and sampled curves. Conversely, no statistically significant
difference was found between sampling-standardised unimodal- and bimodal-type
LBGs (P = 0.325) (Figure 4.12). Furthermore, sampling-standardisation tends to have
a greater impact on reducing the relative latitudinal richness ratios between flat- and

bimodal-type LBGs, than for unimodal-type LBGs (Figure 4.14).

Linear modelling indicates a moderate to strong correlation between the SLD
(simulated and sampling-standardised) and the skewness of palaeolatitudinal SSC for
unimodal- (r = 0.674, R? = 0.454, P < 0.001) and bimodal-type LBGs (r = 0.450, R?
= 0.202, P < 0.001) (Figure 4.15). Similar results are observed for the relationship
between the SLD (simulated and sampling-standardised) and the number of
palaeolatitudinal bins without sampling, with unimodal-type LBGs (r = 0.718, R? =
0.515, P < 0.001) indicating a stronger relationship than bimodal-type LBGs (r =
0.583, R? = 0.340, P < 0.001) (Figure 4.16).

Time series of slope estimates for sampling-standardised LBGs largely reflect the
results of sampled LBGs (Figure 4.17). Notable differences include the dampened
variability in slope estimates, with the magnitude of slopes being more comparable to
those of simulated gradients (Figure 4.17). However, 7/56 stages in the Northern

Hemisphere still recovered a positive slope (increasing richness with increasing latitude)
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for unimodal-type LBGs, instead of their ‘true’ negative slope (decreasing richness with

increasing latitude) based on their simulated counterpart (Figure 4.17).

4.4 Discussion

This study’s results show that distinguishing between different types of latitudinal
biodiversity gradient (LBG) in deep time is often problematic due to limited spatial
sampling. Spatiotemporal analyses indicate that observed LBGs are a poor
representation of the underlying ‘known’ distribution of biodiversity, with significant
differences between simulated LBGs and their sampled counterparts for all LBG-types
(Wilcoxon signed-rank test, P < 0.001). This is further supported by additional stage
level results; (1) sums of proportional latitudinal richness differences (SLD) show
considerable variation between simulated and sampled LBGs (Figure 4.14); and (2)
slope estimates of sampled LBGs (Figure 4.17) show significant differences in direction
and magnitude compared to simulated slope estimates, after applying the geographic

sampling window.

The same pattern of signal degradation following sampling is observed when comparing
LBG types. Whilst the results indicate an expected significant difference between
simulated unimodal- and bimodal-type LBGs (Wilcoxon signed-rank test, P < 0.05),
no significant difference between (sampled) unimodal- and bimodal-type LBGs is found
(Wilcoxon signed-rank test, P = 0.379) after applying the ‘known’ palaecogeographic
sampling window. This finding is supported by results from the SLD between simulated
unimodal- and bimodal-type LBGs, which indicate relatively sustained differences
throughout the time period of study (Figure 4.12). Slope estimates echo these results;
the near-continuous difference in slope angle between simulated unimodal- and
bimodal-type LBGs is removed after applying the spatial sampling window (Figure
4.17). Consequently, despite different empirical distributions of biodiversity, relative
biodiversity patterns might converge after sampling. As a result, differentiating
between sampled unimodal- and bimodal-type LBGs is often not possible; for example,

in only 50% of Jurassic-Paleogene stages can we accurately distinguish between
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tropical and/or temperate peaks in diversity (Figure 4.13). This study’s results
corroborate previous work (Wall et al., 2009; Marcot et al., 2016; Close et al., 2017) in
suggesting that deep time macroecological patterns can be strongly shaped by the
available spatial sampling window, as opposed to the genuine distribution of
biodiversity (Figure 4.10). Considering that the sampling regime applied here (all
occurrences within a sampled cell are preserved and selected) is an impossible ‘best-
case’ scenario for the fossil record, it is likely the impacts of variable spatial sampling

are even more severe than reported here.

This study supports previous findings that demonstrate a temporal shift in
palaeolatitudinal sampling from the Permian towards the present-day (Allison and
Briggs, 1993; Ziegler et al., 2003; Vilhena and Smith, 2013). In general, this shift follows
a poleward drift from tropical palaeolatitudes in the Permian and Triassic, to
temperate palaeolatitudes in the Jurassic to Paleogene (Figure 4.9). A subsequent
equatorward shift in sampling is initiated in the Neogene (Figure 4.9). Remarkably,
this temporal shift in palaeolatitudinal sampling is well represented in unimodal-type
LBG simulations (Figure 4.10). Genuine tropical peaks in diversity are observed in
their correct latitudinal bin for 75% of Permian—Triassic and Neogene stages (Figure
4.13). However, in the Jurassic-Paleogene, a genuine latitudinal peak was only
recovered in 6/32 stages (~19%). This is largely a result of the skewness in
palacolatitudinal spatial sampling coverage (SSC) (Figure 4.8) between 30-45°N during
Jurassic—Paleogene stages, which leads to over-representation of relative biodiversity
(Figure 4.11). This is further evident when comparing the SLD between unimodal- and
bimodal-type LBGs, which tends to be significantly reduced when the skewness of
palaeolatitudinal SSC is increased (Figure 4.12). Conversely, bimodal-type LBGs tend
to have their genuine temperate peaks in biodiversity observed in their correct
latitudinal bin (75% of stages) due to the agreement between simulated latitudinal
richness and the spatial sampling window (Figure 4.7; Figure 4.10). Although this is
largely related to the palaeo-location of the U.S.A., China, and Europe (i.e. regions of
high sampling intensity) (Jackson and Johnson, 2001; Kidwell and Holland, 2002), the
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presence of major epicontinental seas (e.g. Laurasian and Western Interior seaways) in
the Northern Hemisphere during the Mesozoic enhanced the available area for marine
faunas, contributing to the heterogeneous spatial distribution of marine fossils (Peters,
2005; Lagomarcino and Miller, 2012; Close et al., 2020b). This is supported by the
simulated flat-type LBGs, which simulate high Mesozoic biodiversity in the Northern

Hemisphere (Figure 4.10).

Sampling-standardisation has become a commonplace methodology in palaeontological
studies for reducing the impact of fossil record bias upon diversity curves (Alroy, 2010b;
Kiessling and Kocsis, 2015; Mannion et al., 2015; Benson et al., 2016; Nicholson et al.,
2016; Cleary et al., 2018; Dunne et al., 2018; Allen et al., 2020; De Celis et al., 2020).
This study’s results indicate that whilst sampling-standardisation alleviates some
issues of data quality, it is often confounded by spatial sampling variability. When
broken down by LBG-type, simulation results show that sampling-standardisation
tends to decrease the SLD between simulated and sampled LBGs, improving relative
latitudinal richness ratios (Figure 4.14). This improvement is more prominent in
bimodal-type LBGs than unimodal-type LBGs, with sampling-standardisation
reducing the percentage of variance in the SLD explained by SSC skewness (Figure
4.15). This is a result of the close agreement between simulated bimodal-type LBGs

and the spatial sampling window along the time series (Figure 4.7; Figure 4.10).

However, despite this improvement, sampling-standardisation generally decreases the
SLDs between unimodal- and bimodal-type LBGs across the entire time series,
therefore increasing similarity between LBG types (Figure 4.12). This is further
supported by slope estimates, with sampling-standardised results failing to correct the
artificial similarity between unimodal- and bimodal-type LBGs introduced by
sampling, and instead narrowing the standard error associated with the slopes (Figure
4.17). This study’s results also indicate only a slight improvement in the detectability
of genuine peaks in latitudinal biodiversity after applying sampling-standardisation
(Figure 4.13). However, this shortfall is not the result of the elected sampling-

standardisation approach, but the available data. Numerous palaeolatitudinal bins
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(~30%) in the study period have zero SSC, and hence zero species occurrences after
applying the available spatial sampling window, which prevents the computation of
rarefied biodiversity estimates. Due to this data absence, as well as preferential
sampling between 30-45°N during the Mesozoic, sampling-standardised LBGs
frequently identify a 30-45°N peak in biodiversity, regardless of the simulated LBG-
type for Jurassic-Paleogene stages. It is possible that other sampling-standardisation
approaches such as shareholder quorum subsampling (Alroy, 2010c) might perform
better in estimating relative biodiversity patterns, when sufficient data are available
(Alroy, 2010b). However, as a considerable percentage of the variance in the SLD for
unimodal- (51.5%) and bimodal-type (34%) LBGs is due to data absence, which no
sampling-standardisation approach can account for, it is unlikely to improve upon the

detectability of genuine LBGs in deep time.

This study’s results also permit the identification of particular time intervals that
might be well or poorly suited for reconstructing LBGs in deep time. The
reconstruction of different types of LBG appears to be particularly challenging for the
Hettangian—Pliensbachian, Santonian, Danian, Bartonian, and Chattian (Figure 4.12;
Figure 4.17). During these intervals, simulated unimodal- and bimodal-type LBGs are
almost identical after applying the spatial sampling window (stage-level plots available
in Appendix B). This limitation is driven by skewed palaeolatitudinal sampling
towards the Northern Hemisphere (Figure 4.7; Figure 4.12). However, it should also
be noted that when skewness in palaeolatitudinal sampling is low, the reconstruction
of different types of LBG is possible, such as during the Permian and Early Triassic
(Figure 4.8; Figure 4.12). Nevertheless, the impact of skewness in palaeolatitudinal
sampling is likely negated at higher SSC due to latitudinal differences in species

discovery curves.

Although these issues are mostly a concern for spatial studies, the temporal component
of biodiversity is also strongly affected. Global biodiversity curves constructed from
sampled LBGs support the hypothesis that palaeolatitudinal sampling bias impacts

upon our understanding of phenomena such as extinction and radiation events (Allison
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and Briggs, 1993) (Figure 4.18). As shown above, a large proportion of our
understanding of the Mesozoic and Cenozoic fossil record is sourced from a single
palaeolatitudinal band (30-45°) within the Northern Hemisphere (Allison and Briggs,
1993; Vilhena and Smith, 2013). If the LBG has varied through time, with shifts
between temperate and tropical latitudinal peaks, this could add volatility to global
biodiversity curves that have not accounted for palaeolatitudinal SSC (Close et al.,
2017). If sampling remains focused on one palaeolatitudinal bin through time, an
alternation in the LBG from a temperate to tropical peak could instead appear in the

fossil record as a major extinction or radiation event (Allison and Briggs, 1993).

It should be noted that this study is not without limitations. Firstly, the simulations
are simple, with biodiversity patterns only driven by the specified type of LBG, with
the steepness of these gradients influenced by the available shallow marine area (cells),
emulating the species-area-relationship. As such, they are not influenced by other
factors that are likely crucial to the formation of the LBG, such as climate (Saupe et
al., 2019¢c; Meseguer and Condamine, 2020). Although both abiotic and biotic drivers
have been hypothesised to contribute to the formation of LBGs, here the principal
focus is whether different relative latitudinal biodiversity patterns can be reconstructed
after applying the ‘known’ sampling window, rather than reconstructing ‘actual’
biodiversity patterns in deep time. The results presented here might also be dependent
upon the sampling protocol in which all occurrences were sampled (and hence
biodiversity) within a cell providing it contains at least one collection. This simplified
approach ignores the relationship between the number of samples (i.e. collections) and
observed richness (i.e. richness-sample accumulation curve). However, using a weighted
approach based on the number of collections within cells to sample occurrences would
only further support the trends reported here, due to the concentration of collections
between 30-45°N for the majority of the time series. The results presented here might
also be dependent upon the coarse spatial resolution (1° x 1°) of this study. This utilised
resolution was principally constrained by the availability of computational power, with

higher spatial resolutions requiring orders of magnitude more time to run simulations
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which would have been unfeasible to complete the ~300 million-year time series.
However, while analyses at finer spatial resolutions might produce different results, it
is likely that they would not change the general trends observed in this study. Finally,
this study is limited by design to the shallow marine realm. However, the impact of
variable spatial sampling on estimates of terrestrial diversity is well documented
(Marcot et al., 2016; Close et al., 2017, 2020a; Fraser, 2017). As the terrestrial fossil
record is generally less complete and abundant than the marine fossil record (Kidwell

and Holland, 2002), it is likely that reconstructing terrestrial LBGs is also challenging.

This study highlights the impact of spatial bias on our understanding of past
biogeographic patterns, identifying the potential issues of applying sampling-
standardisation methods without considering the heterogeneity of global sampling.
Whilst results show the application of such methods is not meaningless, they do
highlight key issues with current approaches for reconstructing macroecological
patterns in deep time. Specifically, these methods cannot account for artefactual data
absence, which is shown to lead to erroneous conclusions. The advent of large,
community-accessible palaeontological databases has substantially improved the
availability of presence/occurrence information. However, few publicly accessible
records succeed in documenting and differentiating between sites that have been
sampled with no fossil occurrences found (sampled absence), versus sites that have not
been sampled and therefore do not record fossil occurrences (potentially false absences).
Inferential methods commonly used in ecology, such as ecological niche and occupancy
modelling might represent an alternative approach, although they remain in their
infancy in palaeobiological studies (Liow, 2013; MacKenzie et al., 2017; Chiarenza et
al., 2019; Jones et al., 2019). Whilst these methods cannot replace prospecting for fossil
sites, or inform us directly about biodiversity, they allow us to infer what data we
might be missing, and from where. Birth-death models (e.g. PyRate (Silvestro et al.,
2014)) might provide an alternative approach to estimating speciation and extinction
rates from fossil occurrence data, by accounting for preservational processes (Silvestro

et al., 2014; Condamine et al., 2019; Meseguer and Condamine, 2020). However, only
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additional sampling within relatively poorly sampled regions will provide empirical
evidence on latitudinal biodiversity patterns. Overall, this study’s results suggest
caution when attempting to reconstruct LBGs in deep time using current occurrence-

based methods due to the heterogeneity in spatial sampling.

4.5 Summary

Simulated LBGs suggest that the current distribution of sampled area of shallow
marine fossils rarely allows for differentiation between types of latitudinal biodiversity
gradient (LBG). A long-term poleward shift in the palaeolatitudinal sampling window
is observed, which enables unimodal-type LBGs to be readily identified in the Permian
and Triassic when palaeolatitudinal sampling was less skewed towards temperate
palaeolatitudes. The reconstruction of unimodal gradients in most of the Jurassic,
Cretaceous and Palaeogene is limited due to skewed sampling towards northern
temperate regions. However, more equable palacolatitudinal sampling in the Neogene
permits the recovery of unimodal gradients during this time period. Sampling-
standardisation aids reconstruction of relative biodiversity patterns when
palaeolatitudinal spatial sampling coverage is not severely skewed. However,
reconstruction of deep time LBGs is severely impacted by artefactual absences, with a
third of palaeolatitudinal bins suffering from complete data absence that prevents
computation of sampling-standardised biodiversity estimates. Consequently, previous
studies might therefore have failed to recover the ‘true’ LBG-type due to the
heterogeneous distribution of the available sedimentary record and incomplete

sampling.
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5 The evolution of the
latitudinal biodiversity
gradient in zooxanthellate
corals

Disclosure: Some of the content reported in this chapter is in review at Nature
Communications. While the primary author wrote most of this text, contribution by the co-
authors of this study are contained in this chapter, as well as the input received from the peer
review process. The relevant text, revised below, is from: Jones, L. A., Mannion, P.D.
Farnsworth, A., Lunt, D.J. (in review). Climate and palacogeography shaped the evolutionary

history of the latitudinal biodiversity gradient of corals. Nature Communications.
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OVERVIEW

Most organisms today conform to a latitudinal biodiversity gradient, in which species
richness declines from tropical to polar regions. This gradient is broadly recognised as
unimodal (i.e. peaking towards the equator), though the specifics of this gradient differ
between taxonomic groups. However, despite this pattern being near-ubiquitous today,
fossil occurrence data suggest that the latitudinal biodiversity gradient has varied
through time, with flattened or even bimodal gradients observed in the geological past.
In fact, unimodal-type latitudinal biodiversity gradients appear to be restricted to the
Palaeozoic, and the last 30 million years, when ‘icehouse’ climate regimes have
persisted. However, most previous studies have failed to account for the variation in
sampled palaeogeographic area, which strongly biases inferences about past
biodiversity patterns due to the empirical scaling of species richness with area. Here,
this shortfall is addressed by implementing a sampling-standardisation protocol that
draws data from geographic areas of uniform size. Owing to their vast evolutionary
history and sensitivity to climatic drivers (i.e. sea surface temperature), zooxanthellate
corals are used here to test whether unimodal-type gradients are restricted to the last
30 million years, or were present at other intervals during their ~250 million-year
history. Reconstructions of sampling-standardised coral biodiversity suggest that
unimodal-type latitudinal biodiversity gradients likely persisted during the Middle
Jurassic and earliest Cretaceous, which are intervals marked by geologically long-lived
‘cold-snaps’. In addition, this study’s findings broadly agree with previous work in
suggesting that the modern latitudinal biodiversity gradient became significantly
steeper only in the last 20 million years, following the onset of ‘icehouse’ conditions.
Overall, these results confirm that strong unimodal-type LBGs might be a relatively
rare phenomenon that are primarily restricted to icehouse climate regimes. However,
challenges remain in disentangling whether observed trends reflect a true biological

signal, or are an artefact of heterogeneous spatial sampling.
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5.1 Introduction

One of the most recognisable macroecological patterns today is the latitudinal
biodiversity gradient (LBG), in which species richness declines from tropical to polar
regions (Rosenzweig, 1995; Willig et al., 2003; Hillebrand, 2004). Although this pattern
is near-ubiquitous in the present day, fossil occurrence data suggests that the ‘modern-
type’ (i.e. unimodal) LBG has not been a permanent feature of the biosphere, with
various taxonomic groups exhibiting a flattened or even bimodal gradient in deep time
(Markwick, 1998; Archibald et al., 2010; Rose et al., 2011; Mannion et al., 2012;
Yasuhara et al., 2012; Powell et al., 2015; Marcot et al., 2016; Nicholson et al., 2016;
Brocklehurst et al., 2017; Kroger, 2018; Allen et al., 2020; Song et al., 2020). In fact,
tropical peaks and poleward declines in taxonomic richness appear to be largely
restricted to intervals of the Palaeozoic, and the past 30 million years (myr), when
cold icehouse climatic regimes have persisted (Jablonski et al., 2006; Powell, 2009;
Archibald et al., 2010; Yasuhara et al., 2012; Mannion et al., 2014; Marcot et al., 2016;
Fenton et al., 2016). However, the fossil record is spatiotemporally biased due to
geological (e.g. variable stratigraphic completeness, erosional and burial processes) and
anthropogenic (e.g. variable spatial sampling, collector interest and sampling effort)
factors, which limit its potential in understanding past biodiversity patterns. Whilst
recent latitudinal biodiversity studies have tended to correct for sampling intensity
(e.g. Mannion et al., 2012; Nicholson et al., 2016; Allen et al., 2020), they do not
address the spatiotemporal heterogeneity in sampled geographic area (Vilhena and
Smith, 2013; Benson et al., 2016; Close et al., 2017, 2020b). As demonstrated in
Chapter 4, the reconstruction of different types of LBGs can be particularly impacted
by this bias. Varying spatial sampling can result in radically different sizes of the
underlying taxon pool (Vilhena and Smith, 2013; Close et al., 2017). Critically, changes
in the palaeogeographic sampled area has the potential to substantially bias any
estimation of relative diversity patterns, even when using sampling-standardized

richness estimators (Close et al., 2018, 2020a). Novel approaches, that account for this
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variation in geographic sampling, are needed to provide fairer estimates of latitudinal

biodiversity patterns.

Today, zooxanthellate corals have a steep unimodal-type LBG (Veron, 2000; Kiessling
et al., 2012; Spano et al., 2016), with high diversity confined to tropical regions and
absolute latitudinal limits of 45° either side of the equator (Kiessling et al., 2012; Muir
et al., 2015). Though broadly ‘unimodal’, it should be noted that this gradient is also
marked by a small trough in biodiversity at the equator (Kiessling et al., 2012). The
ecological life strategy (i.e. photosymbiosis) of zooxanthellate corals restricts them (and
prolific reef-building) to warm, shallow, and high insolation areas (Kleypas et al., 1999;
Couce et al., 2012; Muir et al., 2015). Although several zooxanthellate coral species
have expanded their ranges poleward in response to increasing sea surface temperatures
(Precht and Aronson, 2004; Yamano et al., 2011; Baird et al., 2012), it has been
proposed that there is a latitudinal limit to this extension due to the availability of
solar radiation for photosynthesis (Muir et al., 2015). However, throughout their ~250
myr evolutionary history, many zooxanthellate corals have occupied latitudes higher
than 45° (Kiessling and Kocsis, 2015), raising a fundamental question about the

latitudinal distribution of zooxanthellate coral biodiversity in deep time.

The ecological life strategy and long geological history of zooxanthellate corals makes
them ideal candidates for assessing the presence of different types of LBG in deep time.
In this thesis chapter, the latitudinal biodiversity patterns of zooxanthellate corals are
evaluated using fossil occurrence data from the Paleobiology Database. Specifically,
this study tests whether unimodal-type gradients are restricted to the past 30 myr or
were also present at other intervals during zooxanthellate corals’ ~250 myr
evolutionary history. In order to provide fairer estimates of relative latitudinal
biodiversity patterns, a novel sampling-standardisation protocol that accounts for

heterogeneous spatial sampling is implemented here.
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5.2 Methods

5.2.1 Fossil occurrence data

Coral occurrences (= ‘Scleractinia’) from the Anisian (247.1 million years ago [Ma|) to
Piacenzian (2.58 Ma) were downloaded from the Paleobiology Database (PBDB;
www.paleobiodb.org) on the 13t March 2020, yielding 27,233 occurrences. To improve
data quality, this dataset was filtered to exclude data not identified to genus level, as
well as taxonomically unresolved genera, based on expert opinions in Corallosphere
(http:/ /www.corallosphere.org/). Analyses were centred on zooxanthellate corals (Z-
corals), and therefore azooxanthellate and apozooxanthellate corals were removed from
the dataset. Defining life strategy within the fossil record is challenging, as soft tissue
is rarely preserved, and there is little empirical evidence of symbiotic mode. For these
analyses, the inferred symbiotic states of Z-coral genera from previous work were
followed (Kiessling and Kocsis, 2015), retaining only those with high levels of
confidence. This designation of photosymbiotic mode for genera was based on three
lines of evidence: morphological, geochemical, and uniformitarian. Based solely on
morphology, 96% of extant corals would have their symbiotic mode correctly classified,
and this approach is therefore likely to be robust when applied to fossil data (Kiessling
and Kocsis, 2015). The final dataset contains 15,324 fossil occurrences, from 3,121
unique collections. To allow reconstruction of latitudinal biodiversity patterns in deep
time, occurrences were rotated from their modern coordinates to their palaeo-position
via GPlates (www.gplates.org) (Wright et al., 2013), based on their temporal range

midpoint.

5.2.2 Binning protocol

Following previous studies (Alroy, 2010b; Mannion et al., 2015; Close et al., 2017,
2020a), approximately equal-length time bins (~10 myr) were used to temporally bin
fossil occurrences, and account for variable bin duration (Table 5.1). This was achieved
by grouping stratigraphic stages together to construct composite time bins. There is

no significant relationship between time (bin midpoint) and the duration of the
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composite bins used here (R? = 0, P = 0.559), indicating no temporal trend in bin
length. In accordance with previous studies (e.g. Close et al., 2020a), fossil occurrences
were assigned to a time bin if that bin contained over 50% of the geological time range
associated with that occurrence (defined by the minimum and maximum age ranges

stated in the PBDB).

Table 5.1. Composite time bins used in this study. Bin length is approximately 10 million years, with a
mean duration of 10.35 myr (standard deviation: 3.51 myr). Listed abbreviations are used throughout
the Chapter to refer to specific intervals of time. Time bins are based on data from the R package
‘divDyn’ (Kocsis et al., 2019).

Time bin Abbreviation Maximum age (Ma) Minimum age (Ma) Duration
Cenozoic 6 Cn6 11.6 2.58 9.02
Cenozoic 5 Cnb 23 11.6 11.4
Cenozoic 4 Cn4 33.9 23 10.9
Cenozoic 3 Cn3 40.4 33.9 6.5
Cenozoic 2 Cn2 55.8 40.4 15.4
Cenozoic 1 Cnl 65.5 55.8 9.7
Cretaceous 8 K8 70.6 65.5 5.1
Cretaceous 7 K7 83.5 70.6 12.9
Cretaceous 6 K6 93.5 83.5 10
Cretaceous 5 K5 99.6 93.5 6.1
Cretaceous 4 K4 112 99.6 12.4
Cretaceous 3 K3 125 112 13
Cretaceous 2 K2 136.4 125 11.4
Cretaceous 1 K1 145.5 136.4 9.1
Jurassic 6 Jr6 150.8 145.5 5.3
Jurassic b Jrd 164.7 150.8 13.9
Jurassic 4 Jrd 171.6 164.7 6.9
Jurassic 3 Jr3 183 171.6 11.4
Jurassic 2 Jr2 189.6 183 6.6
Jurassic 1 Jrl 199.6 189.6 10
Triassic 4 Tr4 216.5 199.6 16.9
Triassic 3 Tr3 228 216.5 11.5
Triassic 2 Tr2 245 228 17
Triassic 1 Trl 251 245 6

Based on their palaeocoordinates, fossil occurrences were binned into 30° latitudinal
bands (Table 5.2). This is a common binning protocol applied in deep time studies
(e.g. Fitzgerald and Carlson, 2006; Mannion et al., 2012; Kroger, 2018; Close et al.,
2020b), and approximates tropical (0-30°), temperate (30-60°), and high latitude/polar
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regions (60-90°). Whilst latitudinal biodiversity studies focused on the present day

tend to use smaller latitudinal bin sizes (e.g. < 5° (Roy et al., 1998)), the paucity of

the fossil record necessitates the use of larger bins when studying macroecological

patterns in deep time. Nevertheless, the general latitudinal biodiversity patterns

(tropical vs. temperate peaks) of present-day Z-corals are easily recognised when

binned by broader latitudinal bands (Figure 5.1).

Table 5.2. Latitudinal binning protocol used in this study. Latitudinal bins approximate tropical,
temperate, and high latitude/polar regions in each hemisphere.

Latitudinal bin  Maximum (°) Midpoint (°) Minimum (°) Hemisphere
1 90 75 60 Northern
2 60 45 30 Northern
3 30 15 0 Northern
4 0 -15 -30 Southern
5 -30 -45 -60 Southern
6 -60 -75 -90 Southern
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Figure 5.1. The present-day latitudinal biodiversity gradient of zooxanthellate corals at varying bin
protocols. (A) 5° latitudinal bins; (B) 10° latitudinal bins; (C) 15° latitudinal bins; and (D) 30° latitudinal
bins. Grey shaded area represents the extent of the tropics today. Dashed lines indicate the Equator,
the Northern Tropic, and the Southern Tropic. Modern zooxanthellate coral data is as described in

Chapter 3.
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5.2.3 Latitudinal sampling and diversity

To assess the influence of sampling bias on face-value patterns drawn from the fossil
record, raw counts of genera, collections, and formations were computed within their
palaeolatitudinal bins. As diversity estimates might also be influenced by
heterogeneities in spatial sampling, the number of occupied equal-area grid cells (250
km spacings) was calculated using the R package ‘dggridR’ ver. 0.1.12 (Barnes et al.,
2017). In addition, to provide insight into the palaeogeographic spread of fossil
sampling sites, the summed minimum-spanning tree length (MST; minimum length of
segments that connect a set of points) (Gower and Ross, 1969) was computed between
occupied grid cells, using the R package ‘vegan’ ver. 2.5-6 (Oksanen et al., 2019). The
coefficient of determination (R?) between genus counts and sampling proxies
(collections, formations, occupied equal-area grid cells, and summed MST length) was
also calculated to quantify the influence of variable sampling on face-value counts of

genera.

Local richness (alpha diversity) was also estimated based on genus counts per collection
(= assemblage). Using these data, a generalized additive model of the absolute
palaeolatitudinal distribution of collections through time (weighted by genus richness)
was generated to highlight the general latitudinal biodiversity trends across the entire

time series.

5.2.4 Sampling-standardisation protocol

Palaeolatitudinal genus richness estimates were computed using coverage-based
rarefaction (Chao and Jost, 2012), otherwise known as shareholder quorum
subsampling (Alroy, 2010a). Coverage-based rarefaction (CR) provides an objective,
frequency-dependent measure of diversity which is insensitive to variation in sampling
(Chao and Jost, 2012). Specifically, CR utilises the theory of frequency-distribution
coverage to make impartial estimates of biodiversity between temporal (or spatial)
bins that might have been sampled with varying levels of intensity (Alroy, 2010a; Chao

and Jost, 2012). This is achieved by standardising samples to equal levels of
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biodiversity-sample completeness (= coverage). Coverage itself specifies the fraction of
individuals from the underlying population that are represented by the sampled
species. Good’s u is the simplest and most frequently applied coverage estimator (Good,
1953), and is defined as one minus the number of singletons (a given taxonomic unit
observed only once), divided by the total count of sampling units. Sampling is
considered poor when there are many singletons, and good when there are few (Alroy,
2010a). CR has frequently been utilised in deep time studies to allow fair comparison
between temporal and spatial bins (e.g. Alroy, 2010b; Mannion et al., 2015; Close et
al., 2017, 2020a; Dunne et al., 2018; Dean et al., 2019). However, independently, CR
does not correct for heterogeneity in spatial sampling, specifically the palaeogeographic
area sampled. This is significant as species-area relationships are ubiquitous
(MacArthur and Wilson, 1967; Connor and McCoy, 1979; Rosenzweig, 1995), and the
taxon pools from which subsamples are drawn from are ultimately influenced by the

size of the sampled palaeogeographic area (Close et al., 2017).

Fixed cell quota

To account for variability in sampled palaeogeographic area, CR is implemented with
a grid cell rarefaction (GCR) procedure in this study (e.g. Close et al., 2020a). GCR
randomly samples a fixed quota of occupied cells (cells containing fossil occurrences)
to provide a spatially-standardised sampling pool from which to draw occurrences.
Here, equal-area grid cells (250 km spacing) are used for GCR, with cell quotas of 4,
6, and 8 (GCR4, GCRg, and GCRg) for each palaeolatitudinal band (1,000 subsampling
trials). Equal-area grid cells (250 km spacings) were generated using the R package
‘dggridR’ ver. 0.1.12 (Barnes et al., 2017), and CR was implemented using the function
estimateD() from the R package INEXT’ (Hsieh et al., 2016), rarefying by collections
for each GCR subsampling trial. The sampling-standardisation procedure used here
conducts CR via the equations of Chao & Jost (2012), and also provides extrapolated
richness estimates based on the Chaol estimator. Following recommendations in Hsieh
et al. (2016), extrapolated richness estimates were limited to no more than twice the

reference sample size in this study, as estimates exceeding this limit suggest a high

Page | 140



species-to-occurrence count ratio, indicating the focus bin is likely to be under-sampled.
Reported values for palaeolatitudinal bins are the median value across subsampling

trials, with 95% quantiles also provided.

Variable cell quota

As a higher level of sampling is likely to be more representative of the genuine
latitudinal distribution of biodiversity, the number of occupied equal-area cells within
each latitudinal band was calculated for each temporal bin. Using these data, a second
set of richness estimates was generated for each temporal bin based on the minimum
number of occupied equal-area cells across latitudinal bands. These analyses followed
the same protocols outlined above (‘Fixed cell quota’), except that a variable cell quota
was used for each temporal bin (GCRpin; the minimum number of occupied cells across
latitudinal bands). After initial data exploration, analyses were restricted to the two
best sampled latitudinal bands to allow reconstruction of tropical and temperate
biodiversity patterns at higher cell quotas: (1) 0-30°N; and (2) 30-60°N. Whilst this
approach standardises sampled area between palaeolatitudinal bins, it is likely
inappropriate for assessing latitudinal trends between temporal bins due to varying
levels in spatial sampling patterns. However, maximising the number of occupied equal-
area cells within temporal bins allows for higher confidence in observed latitudinal

biodiversity patterns.

5.3 Results

5.3.1 Palaeolatitudinal sampling and biodiversity patterns

Palaeolatitudinal analyses highlight poor global fossil sampling coverage, with 2,587
collections reported for the Northern Hemisphere, and just 534 for its southern
counterpart (Figure 5.2). Local richness estimates (alpha diversity) indicate that the
distribution of latitudinal biodiversity has varied substantially along the studied time
series (Figure 5.2). The generalized additive model of the absolute palaeolatitudinal
position of collections (weighted by genus richness) with time suggest a low

palaeolatitudinal distribution of biodiversity in the Middle Triassic, shifting to a more
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poleward distribution by the end-Triassic (Figure 5.2). A subsequent long-term
equatorward shift from the end-Triassic towards the Early Cretaceous is identified,
followed by a poleward shift in the mid-Cretaceous, and eventual equatorward shift in
the Late Cretaceous (Figure 5.2). The latitudinal distribution of biodiversity shifts
poleward again during the mid-Paleogene, before a sharp equatorward shift towards
the present day (Figure 5.2). Notably, the most poleward distribution obtained by Z-
corals during their evolutionary history was at the end-Triassic, at a palaeolatitude of

61.24°N (Figure 5.2).
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Figure 5.2. Absolute palaeolatitudinal distribution of fossil zooxanthellate coral bearing collections
(Anisian to Piacenzian). The size of points is proportional to the logarithm of genus richness in each
collection. Vertical grey/white shaded boxes illustrate each ~10 million-year time bin, whereas vertical
dashed lines represent the start/end of a geological period. Generalized additive model smooth (black
line), weighted by genus richness within collections, highlights the general trends across the time series.
The black ribbon depicts the associated 95% confidence intervals of the generalized additive model.

Face-value counts of genera track proxies of sampling along the entire studied time
series, with richness and sampling concentrated in Northern Hemisphere
palaeolatitudinal bins (Figure 5.3-Figure 5.4). Linear regression analyses supports this
observation with a high percentage of the variance in genus richness explained by
sampling proxies (Figure 5.5): collections (R?> = 0.76, P < 0.001); formations (R? =
0.69, P < 0.001); occupied equal-area grid cells (R? = 0.77, P < 0.001); and summed
MST length (R?> = 0.39, P < 0.001). Notably, there is a strong peak in the number of
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collections during the Late Jurassic (Jr5), and towards the Recent in all
palaeolatitudinal bins, with the exception of 30-60°S (Figure 5.3). The number of
formations and occupied equal-area grid cells show similar temporal trends to
collections (Figure 5.3). However, results from summed MST length show significant
variability along the time series, and less agreement with genus counts than other
sampling proxies (Figure 5.3-Figure 5.5). More specifically, summed MST length
results suggest that the palaeogeographic spread of fossil sampling localities is
heterogeneous through time and space (Figure 5.4). Palaeogeographic spread in
sampling is particularly low during the Early Jurassic (J1-J2), and for K6 (early Late
Cretaceous) for 0-30°N. However, the palacogeographic spread in sampling is only

notably low during the earliest Cretaceous (K1) for 30-60°N.
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Figure 5.3. Raw counts of genera, collections, formations, and occupied equal-area grid cells (250 km
spacings), within palaeolatitudinal and ~10 million-year time bins. (A) 30-60°N; (B) 0-30°N; (C) 0-
30°S; and (D) 30-60°S. Palaeolatitudinal bins 60-90°N and 60-90°S are not depicted as virtually no data
is available across the entire time series. For enhanced clarity, points with values of zero are not
displayed within plots. Vertical grey/white shaded boxes illustrate each ~10 million-year time bin,
whereas vertical dashed lines represent the start/end of a geological period.
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Figure 5.4. Summed minimum-spanning tree length between occupied equal-area grid cells (250 km
spacings) within palaeolatitudinal, and ~10 million-year time bins. (A) 30-60°N; (B) 0-30°N; (C) 0-
30°S; and (D) 30-60°S. Palaeolatitudinal bins 60-90°N and 60-90°S are not depicted as almost no data
is available across the entire time series. For enhanced clarity, points with values of zero are not
displayed within plots. Vertical grey/white shaded boxes illustrate each ~10 million-year time bin,
whereas vertical dashed lines represent the start/end of a geological period.
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Figure 5.5. Relationship between uncorrected genus richness and sampling per palaeolatitudinal and
temporal bin. (A) Relationship between genus counts and collection counts; (B) genus counts and
formation counts; (C) genus counts and occupied equal-area grid cells (250 km spacings); and (D) genus
counts and the summed minimum spanning tree length. Coefficient of determination (R?) between
variables is depicted in each plot, along with associated P-values. Black line depicts the line of regression
from linear modelling, with the black ribbon indicating the 95% confidence interval. Colour of points is
in accordance with the geological timescale of time bins: Triassic (purple); Jurassic (blue); Cretaceous
(green); and Cenozoic (yellow).
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Palaeolatitudinal face-value counts of genera tend to track sampling proxies along the
entire studied time series (Figure 5.3 and Figure 5.5). As such, observed trends are
discussed in brief here, under the proviso that raw counts are likely misleading and a
function of heterogeneity in sampling regimes. The uncorrected fossil record indicates
Z-corals maintained variable levels of tropical and temperate biodiversity throughout
their evolutionary history, with instances of both tropical and temperate peaks in
biodiversity identified along the time series (Figure 5.3). Across the Triassic/Jurassic
boundary, generic diversity was reduced to near-zero in all palaeolatitudinal bins,
though northern temperate palaeolatitudes (30-60°N) maintained relatively higher
levels of biodiversity. Low Z-coral biodiversity was maintained in all palaeolatitudinal
bins for most of the Early Jurassic, until richness increased during the Middle—Late
Jurassic. However, a subsequent loss in generic diversity occurred across the
Jurassic/Cretaceous boundary for all palaeolatitudinal bins (Figure 5.3). Nevertheless,
the Early Cretaceous (K3) hosted the maximum generic diversity for both Northern
Hemisphere temperate (30-60°N) and tropical (0-30°N) palaeolatitudinal bins across
the entire time series. A subsequent long-term decline in genus richness occurred in
these latitudinal bins towards the Cretaceous/Paleogene boundary, before increasing
again towards the Recent. However, a prominent decline in Northern Hemisphere
temperate (30-60°N) generic diversity is identified in the Neogene (Figure 5.3), while
a concurrent increase in Southern Hemisphere tropical (0-30°S) diversity is observed

towards the Recent (Figure 5.3).

5.3.2 Sampling-standardised richness estimates

Coverage-standardised richness estimates, implemented with GCR and a fixed cell
quota (GCR4s), demonstrate the influence of variable spatial sampling on
palaeolatitudinal trends in biodiversity (Figure 5.6). For example, under GCR4, a
minor decline in generic richness is observed across the Jurassic/Cretaceous boundary
for both 0-30°N and 30-60°N (Figure 5.6). However, at higher cell quotas (GCRg and
GCRg), there is a prolific increase in Northern Hemisphere tropical (0-30°N)

biodiversity across the boundary, while richness estimates could not be recovered for
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its temperate (30-60°N) counterpart (Figure 5.6). Furthermore, after standardising for
spatial sampling at higher cell quotas (GCRg and GCRg), the earliest Cretaceous (K1)
is recovered as the tropical peak in generic diversity across the entire time series, before
declining towards the Late Cretaceous (Figure 5.6). Conversely, the K2 time bin
maintains low generic richness at temperate latitudes (30-60°N), increasing towards
the middle Cretaceous (K3-K5). Notably, under GCRg, high diversity is maintained
until the K7 time bin at 30-60°N (Figure 5.6). Conversely, under GCR4 and GCReg,
estimated genus richness declines from the middle Cretaceous (K5) towards the end-

Cretaceous.
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Figure 5.6. Coverage-standardised richness estimates implemented with a fixed grid cell rarefaction
procedure (GCR). Estimates were computed within palaeolatitudinal and ~10 million-year time bins.
Occupied equal-area grid cells (250 km spacings) were randomly sampled at a cell quota of 4 (left
column), 6 (central column), and 8 (right column) for 1,000 subsampling GCR trials. Points indicate
the median richness estimate across subsampling trials, and the ribbons depict the 95% quantile.
Palaeolatitudinal bins (first row) 30—-60°N; (second row) 0-30°N; (third row) 0-30°S; and (fourth row)
30-60°S are shown, but 60—-90°N and 60-90°S are excluded as almost no data is available across the
entire time series. Vertical grey/white shaded boxes illustrate each ~10 million-year time bin, whereas
vertical dashed lines represent the start/end of a geological period.
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Variable spatial sampling (number of occupied equal-area grid cells) prevents the
computation of richness estimates for the majority of Southern Hemisphere latitudinal
bins (Figure 5.6). However, richness estimates could also not be generated for some
Northern Hemisphere latitudinal bins, such as 0-30°N during the Early Jurassic (J1-
J2). This is due to only two occupied equal-area cells being sampled in temporal bin
J1 for 0-30°N, and J2 exceeding the extrapolation limit of two times the reference
sample. Nevertheless, some general palacolatitudinal trends can be observed across the
time series when focusing on 0-30°N and 30-60°N. From their origin in the Anisian
(Middle Triassic), Z-corals appear to maintain similar levels of generic richness in both
0-30°N and 30-60°N latitudinal bins throughout the Triassic (Figure 5.6). Across the
Triassic/Jurassic boundary, Z-coral diversity declines at temperate latitudes (30—
60°N). However, the lack of estimates for 0-30°N prevents identification of any similar
patterns in this latitudinal bin (Figure 5.6). During the Middle-Late Jurassic, generic
richness was fairly stable within tropical latitudes (0-30°N), but prolifically increased
at temperate latitudes (30-60°N) towards the Late Jurassic. Estimates could not be
obtained at higher cell quotas, but GCR4 suggests that temperate diversity declined
across the Jurassic/Cretaceous boundary for temperate latitudes (30-60°N), with a
similar decline at tropical latitudes (0-30°N) under GCR4 (Figure 5.6). However, this
is a product of the low cell quota, with a sharp increase in generic richness for tropical
latitudes observed at higher cell quotas (GCRg and GCRg). A subsequent long-term
decline towards the Late Cretaceous occurs in tropical latitudes (0-30°N), whereas
temperate richness (30-60°N) peaks in the middle Cretaceous, before also declining
towards the latest Cretaceous (Figure 5.6). However, this long-term decline seems to
extend towards the Recent at temperate latitudes (after a brief deviation in Cn2),
whereas tropical generic richness rebounds after the Cretaceous/Paleogene boundary
(Pgl), and maintains relatively constant levels of diversity towards the Recent (Figure

5.6).

Coverage-standardised richness estimates, implemented with GCR and a minimum cell

quota (GCRuin), provide insight into the relative latitudinal biodiversity patterns
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within temporal bins. However, they do not inherently provide a temporal perspective
of shifts in latitudinal biodiversity patterns due to varying levels of spatial sampling
between temporal bins. Nevertheless, results from GCR iy largely echo those from fixed
cell quotas (GCR4-g), though several differences are noteworthy. For example, after
standardising by the minimum number of occupied cells, richness estimates are
obtainable for the earliest Jurassic (J1) in both tropical (0-30°N) and temperate (30—
60°N) latitudinal bins (Figure 5.7). These diversity estimates suggest that generic
richness was low in both latitudinal bins, with the tropics (0-30°N) slightly more
diverse. Although GCRin allows the attainment of richness estimates for some bins
previously lacking estimates (low number of occupied equal-area grid cells), it also
results in some bins not being represented (e.g. K4 in 0-30°N) due to extrapolated
estimates exceeding two times the reference sample (Figure 5.7). This suggests a high

species-to-occurrence count ratio for these bins, and that they are likely under-sampled.
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Figure 5.7. Coverage-standardised richness estimates implemented with a minimum grid cell rarefaction
procedure (GCRy,;n). Estimates were computed within palaeolatitudinal and ~10 million-year time bins.
Occupied equal-area grid cells (250 km spacings) were randomly sampled at the minimum cell quota for
1,000 trials, with coverage-standardised richness estimates computed for each. Points indicate the
median value across estimates, and the ribbon depicts the 95% quantile. Numbers within plots indicate
the GCRyi cell quota for respective time bins. Vertical shaded boxes illustrate each ~10 million-year
time bin, whereas black dashed lines represent the start/end of a geological period.
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Direct comparison of uncorrected tropical (0-30°N) and temperate (30-60°N) diversity
in the Northern Hemisphere (best sampled bins) indicate prominent tropical peaks in
generic richness are restricted to the Neogene (Cn6), and the Early Cretaceous (K2)
(Figure 5.8). After standardising for spatial sampling heterogeneity, these general
trends are supported, though an earlier onset of the present-day LBG is identified
(Cn5-Cn6) (Figure 5.8). A prominent increase in tropical diversity (0-30°N) in the
earliest Cretaceous is also observed (K1). However, the lack of available estimates for
the temperate bin (30-60°N), prevents direct comparison (Figure 5.8). Furthermore,
the Middle Jurassic (Jr4) latitudinal gradient is also marked by a tropical peak in
diversity, declining poleward. However, for most of the time series, the latitudinal
biodiversity gradient of Z-corals is either relatively flat (e.g. end-Triassic; Tr3-Tr4) or

characterised by temperate peaks in diversity (e.g. Jr6).
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Figure 5.8. Comparison plot of (A) uncorrected and (B) corrected tropical (0-30°N) and temperate (30—
60°N) diversity. Estimates were computed within palaeolatitudinal and ~10 million-year time bins. (A)
Points indicate the raw counts of genus richness; (B) points indicate sampling-standardised richness
estimates (GCRg; quorum level = 0.8). Vertical shaded boxes illustrate each ~10 million-year time bin,
whereas black dashed lines represent the start/end of a geological period
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Linear regression analyses indicate a largely decoupled relationship between genus
richness estimates (GCR4 and quorum level 0.6) and sampling proxies after
implementing the sampling-standardisation protocol of this study (Figure 5.9):
collections (R? = 0.076, P = 0.035); formations (R? = 0.17, P = 0.0013); occupied
equal-area grid cells (R? = 0.085, P = 0.025); and MST (R? = 0.14, P = 0.0039).
Coefficient of determination (R?) values minorly vary between richness estimates based
on different GCR cell quotas and quorum levels. However, the same overall trends are

observed.
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Figure 5.9. Relationship between sampling and coverage-standardised genus richness estimates (quorum
level = 0.6), implemented with a grid cell (250 km spacings) rarefaction (GCR) procedure (cell quota
= 4) per palaeolatitudinal and temporal bin. (A) Relationship between genus richness estimates and
collection counts; (B) genus richness estimates and formation counts; (C) genus richness estimates and
occupied equal-area grid cells (250 km spacings); and (D) genus richness estimates and the summed
minimum spanning tree length. Coefficient of determination (R?) between variables is depicted in each
plot, along with associated P-values. Black line depicts the line of regression from linear modelling, with
the black ribbon indicating the 95% confidence interval. Colour of points is in accordance with the
geological timescale of time bins: Triassic (purple); Jurassic (blue); Cretaceous (green); and Cenozoic
(yellow).
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5.4 Discussion

The impact of sampling bias on the reconstruction of deep time biodiversity patterns
has long been recognised as an issue (Alroy, 2010a; Mannion et al., 2012; Kiessling et
al., 2012; Nicholson et al., 2016; Cleary et al., 2018; Close et al., 2018; Dunne et al.,
2018; De Celis et al., 2020). To account for these biases, previous studies have tended
to rarefy by sampling units (i.e. occurrences or collections) to provide fairer estimates
of relative richness ratios (Raup, 1975; Kiessling et al., 2012; Alroy, 2014; Mannion et
al., 2015; Cleary et al., 2018; Dunne et al., 2018). However, many previous studies have
failed to account for the variability in sampled palaeogeographic area, which has the
potential to strongly bias our understanding of deep time biodiversity trends via the
empirical species-area relationship (although see recent work by Close et al., 2017,
2020a, 2020b). The results from the current study demonstrate that raw genus counts
are heavily influenced by not only the number of collections and formations, but also
the palaeogeographic spread of sampling (summed MST length) and sampled
palaeogeographic area (Figure 5.5). In fact, the observed variation in sampled area
(number of occupied equal-area cells) accounts for 77% of the variation in raw genus
counts, while changes in the spread of sampling account for 39% of the variance in
genus counts (Figure 5.5). This finding is in agreement with recent work focused on
global biodiversity patterns within both the terrestrial and marine realm (Close et al.,
2020a, 2020b). Over the entire time series, sampling regimes vary considerably with
no apparent long-term trend identified. However, a clear peak in the number of
collections, formations, and occupied equal-area cells is observed during the Late
Jurassic (Jrb) and towards the Recent (Cn4—6). Similar prominent peaks are observed
for the palaeogeographic spread of sampling (summed MST length) for 0-30°N, but

are less apparent at 30-60°N (Figure 5.4).

Standardising richness estimates to a uniformly sampled palaeogeographic area
demonstrates the impact of variable spatial sampling on observed temporal and spatial
biodiversity patterns (Figure 5.6). For example, after standardising the sampled

palaeogeographic area, the minor decline observed in tropical diversity (0-30°N) across
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the Jurassic/Cretaceous boundary is computed as a major increase in relative diversity
(Figure 5.8). However, this observation is limited to higher grid cell rarefaction (GCR)
cell quotas (GCRg and GCRg), with GCRy4 instead producing a tropical decline (0—
30°N) across the Jurassic/Cretaceous boundary (Figure 5.6). This highlights the
significance of differences in the richness-sample accumulation curve between bins,
indicating richness estimates might be less reliable before reaching the asymptote of
the curve. Nevertheless, after implementing coverage-based rarefaction with a GCR
procedure, estimates of generic richness were largely decoupled from sampling proxies

with all of them explaining less than 20% of the observed variance in diversity.

By contrast to the unimodal-type (‘modern-type’) latitudinal biodiversity gradient
(LBG) observed in zooxanthellate corals (Z-corals) today, sampling-standardised
richness estimates suggest that flat-type gradients and temperate peaks in diversity,
were maintained for most of Z-corals’ evolutionary history. The steep unimodal-type
LBG observed today in zooxanthellate corals appears to only have originated during
the Neogene (Cn5-Cn6), as a result of temperate (30-60°N) declines in biodiversity
(Figure 5.6-Figure 5.8), as well as increases in Southern Hemisphere tropical diversity
(0-30°S). This finding is supported by results from local richness estimates (Figure
5.2), and is in agreement with a number of previous studies in both the terrestrial and
marine realm (Crame and Rosen, 2002; Rex et al., 2005; Alroy et al., 2008; Yasuhara
et al., 2012; Marcot et al., 2016; Spano et al., 2016; Meseguer and Condamine, 2020;
Close et al., 2020b). However, some studies have advocated for an earlier onset of this
steepening, in the early Cenozoic (Fenton et al., 2016; Crame, 2020). A unimodal-type
LBG also likely persisted during the first ~20 myr of the Cretaceous (K1-K2) (Figure
5.6 and Figure 5.8). However, the lack of temperate (30—60°N) richness estimates for
the earliest Cretaceous (K1) prevents comparison with tropical bins. A second potential
unimodal-type LBG occurs in the Middle Jurassic (Jr4) (Figure 5.6 and Figure 5.8).
Whilst these intervals are not characterised by sustained ‘icehouse’ conditions, Middle
Jurassic and earliest Cretaceous stages have previously been interpreted as intervals

experiencing brief ‘cold snaps’ (Hallam et al., 1991; Grocke et al., 2003; Royer, 2004),
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with the Early Cretaceous occasionally referred to as a ‘cool greenhouse’ (Hay and
Floegel, 2012). Previous studies have also found ammonites were most diverse around
20-30°N throughout the Jurassic and Early Cretaceous (Cecca et al., 2005), while
brachiopods were marked by a temperate decline in diversity across the

Jurassic/Cretaceous boundary (Powell, 2009; Powell et al., 2015).

Unimodal-type (‘modern-type’) latitudinal biodiversity gradients, with tropical peaks
in diversity, have been suggested to form under cold icehouse climate regimes, whereas
temperate peaks in diversity or flattened gradients are restricted to warmer greenhouse
climate phases (Mannion et al., 2014). It has also been proposed that non-unimodal-
type LBGs might also form during interglacials (e.g. Kiessling et al., 2012; Yasuhara
et al., 2012; Mannion et al., 2014). However, the work presented in Chapter 3 suggests
that previously observed tropical declines during interglacials might be a result of data
absence. Nevertheless, the results presented in this study support the proposal that
unimodal-type LBGs primarily form under icehouse climate regimes, whereas
greenhouse climate phases are characterised by different gradients. However, based on
sampling-standardised richness estimates for the Middle Jurassic and Early
Cretaceous, this study’s results suggest that geologically long-lived ‘cold-snaps’ might
also result in unimodal-type LBGs. Nevertheless, recent work has suggested a
somewhat contrarian view, and suggested environmental stability, not climate per se,
may be one of the biggest drivers of unimodal-type LBGs (Song et al., 2020). Despite
this, difficulty remains in establishing whether the temporal duration of
interglacial /glacial cycles is sufficient to not only allow for the spatial reorganisation
of diversity, but also to preserve such novel patterns through the accumulation of fossil

material.

Whilst this study aims to provide fairer estimates of past Z-coral biodiversity patterns
by correcting for spatial sampling biases, this is complicated by the interdependent
nature of Earth System processes (Hannisdal and Peters, 2011; Close et al., 2017).
Observed relationships between raw genus counts and sampling proxies (formations,

collections, occupied equal-area cells, and summed MST length) might be the result of
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bias in sampling regimes, with observed biodiversity trends driven purely by uneven
spatial sampling. However, the observed relationships between raw genus counts and
sampling proxies might also be due to ‘common cause’, in which Earth System
processes (e.g. sea level change) determine the sampling opportunities available within
a region (Peters, 2005; Butler et al., 2010; Hannisdal and Peters, 2011; Dunhill et al.,
2014). In particular, the palaeogeographic spread of fossil occurrences, as well as the
area occupied might be a genuine biological signal. As such, standardisation of spatial
sampling could plausibly result in the removal of vital information for understanding
past biodiversity patterns. Given the paucity of fossil data, and the intrinsic
incompleteness of the fossil record, sole dependence on subsampling approaches to

provide understanding of past biodiversity patterns is likely limited.

5.5 Summary

The results presented in this chapter suggest that the latitudinal biodiversity gradient
of zooxanthellate corals was relatively flat, or characterised by temperate peaks in
biodiversity, for most of their evolutionary history. Nevertheless, unimodal-type
latitudinal biodiversity gradients are observed during ‘cold-snap’ intervals during the
Middle Jurassic and Early Cretaceous. This study’s findings agree with previous work
that suggest the latitudinal biodiversity gradient became significantly steeper only in
the last 20 million years, following the onset of ‘icehouse’ conditions. These results
demonstrate that despite major changes in the Earth’s climate over the past 250 million
years, strong unimodal-type LBGs might be a relatively rare phenomenon that are
primarily restricted to icehouse climate regimes. The sampling-standardisation protocol
implemented in this study provides richness estimates decoupled from sampling biases.
However, as is often the case with palaeobiological studies, determining conclusively
whether observed trends reflect a true biological signal, or are the result of
heterogeneous spatial sampling, is difficult. In the specific context of sampled
palaeogeographic area, deciphering whether spatial and temporal variability in sampled
area reflects varying levels of sampling effort, or just broader areas colonised by a

specific taxon remains a significant challenge to palaeobiologists.
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6 Modelling the latitudinal
distribution of reef habitat

Disclosure: Some of the content reported in this chapter is in review at Nature Commaunications. While
the primary author wrote most of this text, contribution by the co-authors of this study are contained
in this chapter, as well as the input received from the peer review process. The relevant text, revised
below, is from: Jones, L. A., Mannion, P.D. Farnsworth, A., Lunt, D.J. (in review). Climate and
palaeogeography shaped the evolutionary history of the latitudinal biodiversity gradient of corals.

Nature Communications.
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OVERVIEW

Warm-water coral reefs support the world’s greatest biodiversity of marine organisms.
The spatial distribution of these ‘rainforests of the sea’ explains the latitudinal and
longitudinal biodiversity gradients observed in many reef-associated groups. Today,
warm-water corals are limited to tropical and sub-tropical latitudes, restricted to
approximately 30-35° either side of the equator. However, the geological record
suggests these high biodiversity habitats had less tropically skewed distributions in the
past, and maintained more poleward distributions. Consequently, the latitudinal
distribution of reef-associated organisms likely tracked any shifts in their available
habitat. Whilst the observed poleward extension in the past distribution of coral reefs
is irrefutable, geographic sampling bias might be responsible for the
underrepresentation of these habitats—and their associated biodiversity—within tropical
latitudes. Here, ecological niche modelling and Earth System Modelling is combined to
estimate the potential geographic distribution of warm-water coral reefs over the last
~250 million years. Using models of suitable habitat area through time, inference is
made about the potential palaeolatitudinal distribution of biodiversity through time
on the basis of the ubiquitous scaling of species richness with area. Model projections
suggest that suitable habitat area was only strongly skewed towards tropical
palaeolatitudes during the Early Cretaceous, and the last 30 million years. These
results suggest that steep unimodal-type latitudinal biodiversity gradients were likely
restricted to these time intervals. A temperate peak and tropical decline in reef-
associated organisms might have been present during the Early Jurassic based on the
palaeolatitudinal distribution of estimated suitable habitat area. However, the
palaeolatitudinal gradient of suitable area was relatively flat throughout much of the
last ~250 million years, suggesting that the palaeolatitudinal distribution of
biodiversity might have been characterised by a similar gradient. Despite the
relationship between estimated suitable habitat area and taxonomic richness being
demonstrated for the modern, challenges remain in applying such approaches to deep

time systems.
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6.1 Introduction

Despite covering less than 0.1% of the world’s oceans (Spalding and Grenfell, 1997),
warm-water coral reefs are one of the most biologically diverse and economically
valuable ecosystems on Earth (Moberg and Folke, 1999). In fact, tropical reefs support
the world’s greatest biodiversity of marine organisms (Roberts et al., 2002), with
estimates of up to 35% of all described marine species depending on coral reefs (Reaka-
Kudla, 2005; Knowlton et al., 2010). Today, these coral reefs are limited to tropical
and subtropical latitudes (~34°N-32°S) (Johannes et al., 1983; Kleypas et al., 1999;
Kiessling, 2001b), with the most poleward reef (33.48°N) found at Iki Island, off the
southwest coast of Japan (Yamano et al., 2001). Reef growth is highly efficient in
warmer tropical waters, but warm-water coral reefs become increasingly marginal at
lower sea surface temperatures (and higher latitudes), with 16°C generally considered
the minimum temperature extreme (Kleypas et al., 1999; Bellwood and Hughes, 2001).
Consequently, many reef-associated groups, such as zooxanthellate corals and coral
reef fishes, peak in diversity at tropical latitudes (Kiessling et al., 2012; Siqueira et al.,
2016; Rabosky et al., 2018). However, a steep longitudinal biodiversity gradient also
exists for many shallow-marine organisms today, with a global hotspot in biodiversity
within the Indo-Australian Archipelago (Roberts et al., 2002; Briggs, 2007; Renema et
al., 2008). Whilst climate appears to shape the latitudinal biodiversity gradient in reef-
associated organisms today, the observed longitudinal biodiversity gradient is best
explained by the distribution of shallow marine substrate (Briggs, 2007; Leprieur et
al., 2016). This is important as climate and the distribution of shallow marine substrate
has varied through geological time, yet both have the potential to shape biogeographic
patterns. Similar to terrestrial organisms and land availability at tropical latitudes
(e.g. Pellissier et al., 2017), if there is not sufficient suitable marine benthic substrate
for marine taxa, the climatic conditions might be irrelevant for reef development.
Therefore, univariate approaches are likely limited in their capacity to explain the
evolution of global macroecological patterns, such as the latitudinal biodiversity

gradient. It is the combination of multiple ecologically important variables that form

Page | 158



a ‘Goldilocks Zone’ for reef development, which in turn enable the accumulation of

biodiversity within these habitats.

During periods of the Phanerozoic, coral reefs had less tropically dominated
distributions, occupying palaeolatitudes as poleward as 46°N in the late Paleocene
(Kiessling, 2001a). Given the dependence of many marine organisms on coral reef
systems, shifts in the latitudinal distribution of reef habitat likely impacted upon the
distribution of reef-associated organisms. In particular, variation in the distribution
and size of reef habitat area might have shaped the latitudinal biodiversity gradient in
deep time due to the ubiquitous scaling of species richness with area (MacArthur and
Wilson, 1967; Connor and McCoy, 1979; Rosenzweig, 1995; Tittensor et al., 2010).
Previous research has demonstrated a strong relationship between the biodiversity of
reef fishes and corals with habitat availability for the present day (Bellwood and
Hughes, 2001; Tittensor et al., 2010), and deep time studies have demonstrated the
scaling of taxonomic richness with sampled area in the fossil record (Lagomarcino and
Miller, 2012). However, inherent spatiotemporal biases in the sampling (e.g. variable
geographic sampling) and preservation (e.g. erosion, burial and recycling of
sedimentary packages) of fossil reef systems limits the evaluation of the

palaeolatitudinal distribution of reef habitat in deep time (Kiessling, 2005).

Recent developments in Earth System Modelling are beginning to provide high-
resolution spatially explicit climate and elevation data for the geological past
(Markwick and Valdes, 2004; Farnsworth et al., 2019a, 2019b; Markwick, 2019;
Haywood et al., 2019). When coupled with these data and (present day and fossil)
occurrence datasets, ecological niche modelling (ENM) offers the opportunity to
estimate the geographic distribution of a species (or habitat) through space and time.
Significantly, these estimates of suitable habitat are less prone to the impacts of data
absence, and can be used to test whether observed biodiversity patterns in deep time
might be explained by variations in habitat size (e.g. Chiarenza et al., 2019). In this
chapter, the potential distribution of warm-water coral reefs is estimated for the past

~250 million years (myr). To do so, an ENM was calibrated on the present-day
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distribution of coral reefs and climate, and hindcast to stratigraphic stages from the
Anisian (247.2 Ma) to the Piacenizan (2.58 Ma). Using these data, the
palaeolatitudinal distribution of suitable habitat area was quantified to evaluate the
potential for different types of latitudinal biodiversity gradients to form in deep time.
The capacity of model projections to predict the distribution of observed fossil reef
systems was also assessed, as well as the relationship between modern zooxanthellate

corals diversity and estimated suitable habitat.

6.2 Methods

6.2.1 Occurrence data

Present day

The global distribution of warm-water coral reefs was downloaded from the United
Nations Environment Programme (UNEP): World Conservation Monitoring Centre
(http://www.data.unep-weme.org/datasets/1) on the 6" May 2020 (UNEP-WCMC et
al., 2018). This dataset is currently the most comprehensive of its kind, and is compiled
from multiple sources including the Millennium Coral Reef Mapping Project (~85% of
the dataset), as well as the World Atlas of Coral Reefs (Spalding, 2001; IMaRS-USF
and IRD, 2005; UNEP-WCMC et al., 2018). Notably, this dataset has been extensively
validated by the UNEP World Conservation Monitoring Centre via field surveys and
remote sensing (UNEP-WCMC et al., 2018). As the UNEP occurrence data is provided
as shapefiles, it was converted to point occurrences in this study based on the reef
geometry. This resulted in 46,453 point occurrences. Subsequently, these data were
spatially subsampled at a resolution of 1° x 1°, resulting in the retention of 1,052
presence points. This did not affect the overall distribution of coral reefs, but prevented
multiple records being excessively weighted during model calibration (Figure 6.1). The
zooxanthellate coral dataset described in Chapter 3 was also used in this study to
assess the relationship between predicted suitable habitat area and taxonomic richness

(described further below).
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Figure 6.1. Global distribution of warm-water coral reefs during the present day. Distribution data is
from the United Nations Environment Programme: World Conservation Monitoring Centre
(https://www.data.unep-wemc.org/datasets/1), and is spatially subsampled at a resolution of 1° x 1°.
Data is projected in the coordinate reference system: World Geodetic System 1984 (WGS84).

Fossil

Fossil reef occurrence data were downloaded from the PaleoReef Database (accessible
via: https://www.paleo-reefs.pal.uni-erlangen.de/) (Kiessling and Fliigel, 2002) on the
6" May 2020. This database provides a range of data on fossil reef systems across the
Phanerozoic, and currently contains geographical, geological and palaeontological
information on more than 4,000 fossil reef sites. For this study, data on fossil coral reef
systems from the Anisian (247.1 Ma) to Piacenzian (2.58 Ma) were extracted from the
PaleoReef Database. Fossil reefs identified as cold-water coral reefs were removed from
the dataset as these develop in fundamentally different environments to warm-water
coral reefs. To increase data quality, fossil reef occurrence data not constrained to
stratigraphic stage level were also removed from the dataset. Finally, to enable
subsequent analyses, fossil reef occurrences were palaeorotated (based on modern
coordinates) to their equivalent position in their binned stratigraphic stage. These
rotations were achieved using the Getech PLC. plate model, following the
methodologies of Markwick and Valdes (2004) and Markwick (2019). Significantly, this

plate model is the basis for the palaeogeographic reconstructions used in palaeoclimate
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and digital elevation modelling. The final dataset contains 375 occurrences across the
Anisian—Piacenzian, though data quality is variable, with some stages and geographic

areas containing no reported fossil coral reefs (Figure 6.2).
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Figure 6.2. Global distribution of fossil (Anisian—Piacenzian) warm-water coral reefs occurrences used
in this study. Distribution data is from the PaleoReef Database (https://www.paleo-reefs.pal.uni-
erlangen.de/). Points represent the current geographic position of fossil reefs, and are coloured by their
respective geological period of origin: Triassic (purple); Jurassic (blue); Cretaceous (green); Paleogene
(orange); and Neogene (yellow). Note the concentration of reported reefs in European sites. Data is
projected in the coordinate reference system: World Geodetic System 1984 (WGS84).

6.2.2 Environmental data

To estimate the potential distribution of warm-water coral reefs, four climate variables
were used: August sea surface temperature (SST), February SST, August irradiance,
and February irradiance. In general, these environmental variables are known to be
limiting to the distribution of modern warm-water coral reefs (Kleypas et al., 1999;
Veron, 2000; Couce et al., 2012), and can be viably determined for the geological past
through palaeoclimatic modelling. Two monthly variables (August and February) of
SST and irradiance were opted for as these represent seasonal hemispheric differences
between the maximum and minimum annual values. Whilst additional variables, in
particular aragonite saturation state (Kleypas et al., 1999), might be important for

estimating distribution of warm-water coral reefs, not all variables can be viably
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estimated for the geological past. Nevertheless, recent work has demonstrated that
aragonite saturation state is of secondary significance when predicting the distribution
of coral reefs (Couce et al., 2012), and several other studies have shown that geographic
distributions can be reasonably approximated from a limited set of ecologically

important variables (e.g. Kearney et al., 2010).

Climate variables for the present day (pre-industrial) and from the Anisian—Piacenzian,
were derived from HadCM3BL-M2.1aE, a version of the HadCM3L atmosphere-ocean
General Circulation Model (AOGCM) (Valdes et al., 2017). This particular AOGCM
is equivalent to the heavily utilised HadCM3 model, but with a lower resolution ocean
(Sheppard, 2003; IPCC, 2013; Saupe et al., 2014; Valdes et al., 2017). In addition, it
has recently been used in a number of deep-time studies, including ecological modelling
(Loptson et al., 2014; Marzocchi et al., 2015; Kennedy et al., 2015; Waterson et al.,
2016; Chiarenza et al., 2019; Saupe et al., 2019a; Lyster et al., 2020). The HadCM3L
has a horizontal resolution of 3.75° longitude x 2.5° latitude with a vertical resolution
of 19 levels in the atmospheric component and 20 levels (5550 m depth) in the oceanic
component (Valdes et al., 2017). Significantly, this version of HadCM3L utilises the
Getech PLC digital elevation models (DEMs) as boundary conditions during
simulations, providing spatially explicit data for when continent-configuration,
topography and bathymetry were different from today. Palaeoclimate simulations were
carried out for each geological stage between the Anisian and Piacenzian. For these
simulations, the solar constant varies according to Gough (1981), and the CO»
concentration is held constant from the Triassic to Eocene at 1,120 ppmv, decreasing
to 560 ppmv during the Oligocene, 400 ppmv during the Miocene and early Pliocene,
and finally 280 ppmv during the late Pliocene and pre-industrial. From the earliest
Cretaceous to the Piacenzian, these simulations are identical to those described in
Farnsworth et al. (2019a). Each simulation was run for 1,422 years. This is not long
enough to reach full equilibrium, but it has been shown that the ocean circulation in
the model does not substantially change after 1,422 years for the Cretaceous and

Eocene simulations (Farnsworth et al., 2019b). Prior to the Cretaceous, only the
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Kimmeridgian (Late Jurassic) simulation has been previously published (Armstrong et
al., 2016). Further details on the HadCM3L climate model can be found in Valdes et
al. (2017).

In this study, climate model data (pre-industrial and Anisian—Piacenzian) were
downscaled to a horizontal resolution of 1° x 1° via bilinear interpolation. As warm-
water coral reefs are restricted to the photic zone, a shallow-marine mask was used to
clip all climate data. Shallow marine masks were generated for each time slice (pre-
industrial and stratigraphic stages) based on bathymetric data from Getech’s DEMs,
which offer gridded representations of the Earth’s topography and bathymetry. These
DEMs are provided at a horizontal resolution of 0.1° x 0.1°, and have been used in a
number of deep-time applications (e.g. Collins et al., 2018; Dean et al., 2019). To
generate shallow marine masks, all DEMs were aggregated to a horizontal resolution
of 1° x 1°, while preserving the minimum depth within each cell. This was done to
prevent the loss of oceanic islands during the aggregation process. Subsequently, DEMs
were clipped to retain only cells with a benthic substrate depth of 0-200 m. The
extensive methods used to construct DEMs equivalent to those used in this study are

described in Markwick and Valdes (2004), and Markwick (2019).

6.2.3 Ecological niche modelling algorithm

Ecological niche modelling (ENM) was implemented to estimate the global distribution
of suitable habitats for warm-water coral reefs during the modern, and Anisian—
Piacenizan stratigraphic stages. ENMs were generated using MaxEnt ver. 3.4.1
(Phillips et al., 2006, 2017), via the R package ‘bimod2’ ver. 3.3-7 (Thuiller et al.,
2016). Specifically, this algorithm compares environmental combinations associated
with known occurrences and randomly generated geographic points from the
background extent (= ‘background points’) to create habitat suitability maps (Phillips
et al., 2006). MaxEnt is a maximum entropy algorithm that has been shown to perform
particularly well in previous studies utilising the fossil record (Saupe et al., 2014, 2019a;

Waterson et al., 2016; Chiarenza et al., 2019; Jones et al., 2019). The ENM in this
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study was calibrated using present-day coral reef occurrences and environmental
conditions. The model was subsequently spatially projected (‘hindcast’) onto stage-
level environmental conditions. To generate the ENM, 100 subsample replicates were
used, with 20% of occurrences (randomly seeded) reserved for model testing.
Multivariate environmental similarity surface (MESS) analyses (Elith et al., 2010) were
used to identify and ‘clamp’ areas of novel environmental conditions across model
projections. Mean ENM projections were converted to binary suitability maps
(presence/absence) using two conventional threshold methods: ‘MaxSSS’ (maximising
the sum of sensitivity [true positive rate| and specificity [false positive rate]) and ‘Least
Training Presence’ (LTP), with the former often considered best practise for presence-
only models (Liu et al., 2013, 2016). The use of these two different binary thresholds

provides the opportunity to assess the sensitivity of the results to threshold selection.

6.2.4 Model verification

The ENM was validated using two conventional metrics: the area under the curve
(AUC) statistic, determined from the receiver operating characteristics analyses (ROC)
(Swets, 1988), and the true skill statistic (T'SS) (Allouche et al., 2006). These statistical
measures are based on the confusion matrix, where observed presence and
absence/background data are compared to model predictions (Allouche et al., 2006).
In general, evaluation criteria for AUC values have been interpreted as good (0.90—
1.00), moderate (0.7-<0.9), and poor (0.5-<0.7), whereas a score of less than 0.5 is
worse than one would expect from a random model (Franklin, 2010). Evaluation scores
for T'SS range from -1 to 1, where a score of 1 demonstrates perfect model performance,

while less than 0 is considered worse than a random model (Allouche et al., 2006).

The capacity of discrete model projections to correctly predict fossil coral reef localities
was also evaluated for each stage (i.e. intersecting Anisian fossil reef occurrences with
the Anisian projection, etc.). To determine whether hindcast projections of suitable
habitat were better at predicting the distribution of warm-water coral reefs than

random, 1,000 sets of random points were generated for each stage, with each set equal
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to the number of fossil coral reefs within the respective stage. From these sets, the
mean percentage of ‘accurately’ predicted random points (i.e. points falling with
suitable areas) was calculated. Subsequently, two-sample Wilcoxon rank-sum tests
were carried out to determine whether the percentage of accurately predicted fossil reef
localities across stages was significantly greater than those of randomly generated

points (a = 0.05).

6.2.5 Post-modelling analyses

The relationship between predicted coral reef habitat and zooxanthellate coral
biodiversity was evaluated by generating species and genus-area curves. To do so,
suitable cells within the modern projection were randomly sampled from one to the
total number of suitable cells, increasing at intervals of one cell. For each sample of
cells, the species and genus richness of modern zooxanthellate coral occurrences
intersecting with the sampled cells was computed, as well as the geographic area of the
sampled cells. Species/genus-area curves were calculated with 100 replications, and the
mean value is reported, along with the 95% confidence intervals. In addition, coefficient
of determination tests (R?) were performed to test the relationship between estimated
suitable area and taxonomic (species and genus) richness within 5°, 10°, 15°, and 30°

palaeolatitudinal bins.

To quantify temporal shifts (Anisian—Piacenzian) in the palaeolatitudinal distribution
of suitable habitats, the centroid of suitable area was determined from the binary
projections using the gCentroid() function from the R package ‘rgeos’ ver. 0.5-12
(Bivand and Rundel, 2019). To prevent hemispheric differences influencing the
centroid, Northern and Southern hemispheres were calculated separately. In addition
to centroid computation, the areal extent of suitable habitat was calculated within 30°
palaeolatitudinal bins along the entire time series (Table 5.2). This is a common
binning protocol applied in deep time studies (e.g. Fitzgerald and Carlson, 2006;
Mannion et al., 2012; Kroger, 2018; Close et al., 2020b), and approximates tropical (0—

30°), temperate (30-60°), and high latitude/polar regions (60-90°). Significantly, it also
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allows comparison with the work presented in Chapter 5 and offers an opportunity to
assess whether general palaeolatitudinal trends in zooxanthellate coral biodiversity
might be a result of available reef habitat. However, it should be noted that the
analyses in this chapter focus on stratigraphic stage-level bins (dictated by the
available palaeoclimate and DEM data), whereas the work presented in Chapter 5
utilised near-equal-length time bins (~10 myr). Nevertheless, general trends along the

time series are still comparable.

Table 6.1. Palaeolatitudinal binning protocol used in this study. Palaeolatitudinal bins approximate
tropical, temperate, and high latitude/polar regions in each hemisphere.

Palaeolatitudinal bin ~ Maximum (°) Midpoint (°) Minimum (°) Hemisphere

1 90 75 60 Northern
2 60 45 30 Northern
3 30 15 0 Northern
4 0 -15 -30 Southern
5 -30 -45 -60 Southern
6 -60 -75 -90 Southern

6.3 Results

6.3.1 Model verification

The modern-trained ecological niche model (ENM) performed exceptionally well, with
high mean AUC (0.914 £ 0.006) and T'SS (0.758 £ 0.014) scores, demonstrating a high
discriminatory capacity. The ability of binary model projections to accurately predict
fossil reef occurrences within stages ranged from 0% to 100% for both binary thresholds
(LTP and MaxSSS) (Figure 6.3 and Table 6.2). For stages with a predictive
performance of 0% (Aquitanian, Chattian, Selandian, and Sinemurian), occurrences
were outside the bounds of the shallow marine mask, with the exception of the
Tortonian for the MaxSSS binary prediction (Table 6.2). However, under the LTP
threshold, 82.4% of reef occurrences were accurately predicted for the Tortonian,
highlighting the significance of threshold selection. This difference in predictive
capacity is to be expected as the very nature of the MaxSSS threshold aims to maximise

the sum of sensitivity and specificity (reducing the geographic extent of estimated
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suitable area). Nevertheless, over the entire time series, 221/375 (~59%) of fossil reefs
were accurately predicted under the LTP binary threshold, whereas only 192/375
(~51%) occurrences were accurately predicted under the MaxSSS threshold. However,
100 (~27%) of the occurrences the model projections failed to predict are outside the
bounds of the shallow marine mask, while an additional 20 (~5%) reside in areas of
novel environmental conditions outside the training range of the ENM (discussed in
detail within a later section). This accounts for the majority of the observed false
negatives from model predictions. The impact of model clamping (keeping projections
within the training range of the ENM) on the predictive accuracy of model projections
is particularly apparent between the Bathonian and Valanginian (Middle Jurassic—
Early Cretaceous). Whilst these clamped projections demonstrate a predictive accuracy
of 25-69.6%, their non-clamped counterparts have an accuracy of 50-91.1% (Figure
6.3; Appendix C: Figure C.1).

The ability to predict fossil reef occurrences was independent of the geographic extent
of estimated suitable area in this study. The predictive performance of model
projections for randomly generated occurrences show only 3.9% to 7.8% of occurrences
would be ‘accurately’ predicted for the LTP projections, and 2.3% to 5.2% for the
MaxSSS projections. Two-sample Wilcoxon rank-sum tests further support this
observation, indicating that model projections performed better than random for both
binary thresholds (n = 41, P <0.001). In addition, results from model verification
exercises do not reflect any long-term temporal trends in predictive accuracy (i.e. model
projections closer to the present day do not tend to be more capable of predicting the
presence of fossil coral reefs than those in deep time). This suggests that model

projections are generally as reliable for older stages, as they are for more recent stages.
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Table 6.2. The predictive performance of model projections in identifying observed fossil coral reef
occurrences, and those randomly generated. Results are shown as percentages for the two binary
thresholds used in this study: (1) LTP (least training presence); and (2) MaxSSS (maximising the sum
of sensitivity and specificity). Reported values for the random predictive performance is the mean
percentage of predictive accuracy from 1,000 sets of n points, where n is the number of observed
occurrences for each stage. Analyses could not be conducted for the Messinian, Serravallian, Langhian,
and Toarcian as no reefs were present in the dataset for these stages.

S M ax Min # of LTP (%) MaxSSS (%)
tage Ma Ma points Observed Random Observed Random
Piacenzian 3.60 2.59 13 53.85 3.91 38.46 2.30
Zanclean 5.33 3.60 6 66.67 4.07 33.33 2.48
Messinian 7.25 5.33 0 - - - -
Tortonian 11.62 7.25 17 82.35 4.81 0.00 2.91
Serravallian 13.82 11.62 0 - - - -
Langhian 15.97 13.82 0 - - - -
Burdigalian 20.44 15.97 10 40.00 4.96 30.00 3.46
Aquitanian 23.03 20.44 1 0.00 5.30 0.00 4.40
Chattian 28.10 23.03 3 0.00 4.80 0.00 2.90
Rupelian 33.90 28.10 8 87.50 5.15 87.50 2.70
Priabonian 38.00 33.90 10 60.00 6.00 60.00 3.79
Bartonian 41.30 38.00 3 100.00 5.80 100.00 3.97
Lutetian 47.80 41.30 5 80.00 6.38 80.00 4.96
Ypresian 56.00 47.80 6 50.00 5.78 50.00 3.63
Thanetian 59.20 56.00 4 50.00 5.70 50.00 3.55
Selandian 61.60 59.20 1 0.00 7.80 0.00 3.70
Danian 66.00 61.60 7 57.14 5.97 57.14 4.04
Maastrichtian 72.10 66.00 6 50.00 7.45 50.00 4.57
Campanian 83.60 72.10 7 100.00 7.29 100.00 4.87
Santonian 86.30 83.60 2 100.00 6.25 100.00 4.15
Coniacian 89.80 86.30 1 100.00 6.40 100.00 4.60
Turonian 93.90 89.80 1 100.00 8.60 100.00 5.20
Cenomanian 100.50 93.90 3 33.33 6.53 33.33 4.50
Albian 113.00 100.50 9 44.44 6.81 44.44 4.38
Aptian 125.00 113.00 8 75.00 5.76 75.00 3.78
Barremian 129.40 125.00 9 100.00 5.58 100.00 3.56
Hauterivian 132.90 129.40 10 70.00 5.16 60.00 2.98
Valanginian 139.80 132.90 2 50.00 4.50 50.00 3.30
Berriasian 145.00 139.80 4 25.00 4.00 25.00 2.63
Tithonian 152.10 145.00 25 36.00 5.00 36.00 3.22
Kimmeridgian 157.30 152.10 33 30.30 4.75 30.30 3.68
Oxfordian 163.50 157.30 56 69.64 4.57 64.29 3.20
Callovian 166.10 163.50 6 33.33 4.38 33.33 3.05
Bathonian 168.30 166.10 6 33.33 4.23 33.33 3.25
Bajocian 170.30 168.30 17 88.24 4.26 82.35 2.97
Aalenian 174.10 170.30 2 100.00 5.00 100.00 3.75
Toarcian 182.70 174.10 0 - - - -
Pliensbachian 190.80 182.70 1 100.00 5.70 100.00 4.20
Sinemurian 199.30 190.80 2 0.00 5.75 0.00 4.40
Hettangian 201.30 199.30 2 50.00 4.05 50.00 3.35
Rhaetian 208.50 201.30 20 80.00 4.34 65.00 2.92
Norian 228.00 208.50 28 57.14 4.03 50.00 2.96
Carnian 237.00 228.00 9 44.44 5.23 44.44 3.38
Ladinian 242.00 237.00 8 25.00 4.53 25.00 3.19
Anisian 247.20 242.00 4 25.00 5.08 25.00 3.58
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Figure 6.3. Predictive performance of model projections for binary thresholds (A) MaxSSS (maximising
sensitivity and specificity); and (B) LTP (least training presence). Predictive success of fossil reef
occurrences (percentage of fossil reef occurrences predicted to be suitable) is indicated by the green
points; predictive success from random point generation is indicated by the orange triangles, along with
the 95% confidence intervals. Vertical grey box shading illustrates stratigraphic stage, whereas vertical
dashed lines indicate the start/end of a period.

6.3.2 Model predictions

Taxonomic richness-area relationship

Species and genus-area curves demonstrate a scaling of zooxanthellate coral
biodiversity with estimated suitable area (Figure 6.4). Both species and genus-area
curves follow near-identical trajectories regardless of the binary prediction (Figure 6.4).
However, due to the broader areal extent of estimated suitable habitat under the L'TP
threshold, notably higher species richness is observed at the full extent of estimated
suitable area. This observation is less pronounced in genus-area curves, which reach
asymptote at smaller areal extents of suitable habitat, as to be expected. Analyses of
the latitudinal relationship between suitable area and zooxanthellate coral biodiversity

suggests a high proportion of the variance in taxonomic richness is explained by
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estimated suitable area (R? = 0.682-0.985, P < 0.01) (Figure 6.5-Figure 6.8). Broadly,
coefficient of determination values tend to be greater for the L'TP binary projection,
larger latitudinal bin sizes, and genus counts (Figure 6.5-Figure 6.8). Nevertheless,
regardless of the linear model, latitudinal estimated suitable area explains 68.2-98.5%
of the variance observed in latitudinal species richness (Figure 6.5-Figure 6.6).
Similarly, 80.6-98.4% of the variance in latitudinal genus richness is explained by

estimated suitable area (Figure 6.7-Figure 6.8).
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Figure 6.4. Binary habitat suitability map and species/genus-richness-area curves. (A) Binary habitat
suitability map of the modern using the MaxSSS (maximising the sum of specificity and sensitivity)
binary threshold. Suitable cells are depicted in light blue. (B—C) Species- and genus-area curves for
modern zooxanthellate corals and estimated suitable habitat area for coral reefs derived from binary
(MaxSSS and LTP [least training presence]) suitability maps of the modern. Data from the MaxSSS
suitability map is depicted in purple, while LTP is shown in green. Zooxanthellate coral data is based
on the dataset described in Chapter 3. Map data is projected in the coordinate reference system: World
Geodetic System 1984 (WGS84).
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Figure 6.5. Relationship between estimated suitable habitat area and zooxanthellate coral species
richness within variable latitudinal bin sizes. Estimated suitable habitat area is derived from the binary
(MaxSSS) suitability map of the modern. Species count data is based on the zooxanthellate coral dataset
described in Chapter 3. Latitudinal bin sizes are as follows: (A) 5°% (B) 10°% (C) 15°; and (D) 30°. The
coefficient of determination (R?) between latitudinal suitable area and species counts is displayed within
each plot, along with associated P-values.
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Figure 6.6. Relationship between estimated suitable habitat area and zooxanthellate coral species
richness within variable latitudinal bin sizes. Estimated suitable habitat area is derived from the binary
(LTP) suitability map of the modern. Species count data is based on the zooxanthellate coral dataset
described in Chapter 3. Latitudinal bin sizes are as follows: (A) 5°; (B) 10°; (C) 15°% and (D) 30°. The
coefficient of determination (R?) between latitudinal suitable area and species counts is displayed within
each plot, along with associated P-values.
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Figure 6.7. Relationship between estimated suitable habitat area and zooxanthellate coral genus richness
within variable latitudinal bin sizes. Estimated suitable habitat area is derived from the binary
(MaxSSS) suitability map of the modern. Genus count data is based on the zooxanthellate coral dataset
described in Chapter 3. Latitudinal bin sizes are as follows: (A) 5% (B) 10°%; (C) 15°% and (D) 30°. The
coefficient of determination (R?) between latitudinal suitable area and genus counts is displayed within
each plot, along with associated P-values.
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Figure 6.8. Relationship between estimated suitable habitat area and zooxanthellate coral genus richness
within variable latitudinal bin sizes. Estimated suitable habitat area is derived from the binary (LTP)
suitability map of the modern. Genus count data is based on the zooxanthellate coral dataset described
in Chapter 3. Latitudinal bin sizes are as follows: (A) 5°; (B) 10°; (C) 15°; and (D) 30°. The coefficient
of determination (R?) between latitudinal suitable area and genus counts is displayed within each plot,
along with associated P-values.
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Palaeolatitudinal distribution of suitable habitat area

Palaeolatitudinal analyses suggest that the areal extent of suitable habitats was
variable throughout the Mesozoic and Cenozoic. High palaeolatitudes (60-90°) north
and south of the equator indicate almost no suitable area across the entire time series
(Figure 6.9). However, a small amount of suitable area is predicted for 60-90°N in
some intervals of the Triassic, Jurassic and Paleogene, while similar levels of suitable
area are predicted for the Early Cretaceous at 60-90°S (Figure 6.9). Across the entire
time series, estimated suitable habitat area is primarily concentrated in Northern
Hemisphere tropical (0-30°N) and temperate (30-60°N) bins. Furthermore, whilst the
amount of estimated suitable habitat area is similar between binary thresholds in
tropical palaeolatitudinal bins (0-30°N and 0-30°S), LTP consistently estimates a
significantly larger sum of suitable area for temperate palaeolatitudes than MaxSSS
(30-60°N and 30-60°S). For the Triassic, tropical palaeolatitudes north and south of
the equator have a larger areal extent of suitable habitat than temperate
palaeolatitudes (Figure 6.9). However, a large increase in Northern Hemisphere suitable
habitat area (30-60°N) is observed across the Triassic/Jurassic boundary. A
subsequent long-term decline in temperate (30-60°N) suitable area is observed from
the FEarly Jurassic to the Early Cretaceous, with a sharp decline across the
Jurassic/Cretaceous boundary, reaching a minimum during the Valanginian (Figure
6.9). Conversely, a long-term increase in tropical (0-30°N) suitable area is estimated
from the Early Jurassic to the Early Cretaceous, with a sharp increase in the earliest
Cretaceous (Berriasian—Valanginian) (Figure 6.9). The areal extent of suitable habitat
for the tropics (0-30°N) is then maintained throughout the Cretaceous. For northern
temperate palaeolatitudes (30-60°N), estimated suitable habitat area increases from
the Valanginian towards the end-Cretaceous. However, whilst the LTP binary
threshold suggests similar areal extents of suitable habitat between northern tropical
and temperate palaeolatitudes (0-30°N and 30-60°N) in the Late Cretaceous, MaxSSS
suggests temperate suitable area was considerably smaller in areal extent than the

tropics (Figure 6.9). Similar differences between the amount of estimated suitable area
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can be observed for Southern Hemisphere temperate palacolatitudes (30-60°S). A long-
term decline in estimated suitable habitat area is observed from the end-Cretaceous
towards the Recent for northern temperate palaeolatitudes (30-60°N), with a sharp
decline towards the end-Paleogene. By contrast, tropical suitable habitat area (0-30°N)
tends to decline throughout the Paleogene, plateauing in the Neogene (Figure 6.9).
Notably, estimated suitable habitat area for the Southern Hemisphere (0-30°S)

increases significantly from the mid-Paleogene towards the Recent.
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Figure 6.9. Palaeolatitudinal plots of estimated suitable habitat area (Anisian to Piacenzian) for warm-
water coral reefs under binary thresholds LTP (least training presence) and MaxSSS (maximising the
sum of sensitivity and specificity). Palaeolatitudinal bins: (A) 90-60°N; (B) 60-30°N; (C) 30-0°N; (D)
0-30°S; (E) 30-60°S; and (F) 60-90°S. Vertical grey box shading illustrates stratigraphic stages, whereas
vertical dashed lines indicate the start/end of a period.

Temporal shifts in the centroid (centre of mass) of suitable habitats echo results from
palaeolatitudinal analyses. The Northern Hemisphere shows a long-term equatorward
shift in suitable habitats from the Sinemurian (LTP: 38.58°; MaxSSS: 34.09°) to the
Piacenzian (LTP: 22.17°; MaxSSS: 15.85°) for both binary thresholds (Figure 6.10).
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The Southern Hemisphere centroid expresses more volatility, with an absolute
maximum palaeolatitude of 47.82° in the Hauterivian for binary threshold LTP (Figure
6.10). A prominent poleward shift in the Northern Hemisphere centroid is observed
from the Rhaetian to Sinemurian (LTP: 6.41°; MaxSSS: 6.28°), whereas a pronounced
equatorward shift is observed from the Tithonian to Valanginian (LTP: 7.73°; MaxSSS:
5.46°). In addition, large equatorial shifts in the Northern (LTP: 10.94°; MaxSSS:
13.37°) and Southern Hemisphere (LTP: 13.60 °; MaxSSS: 10.02°) centroids are
observed from the Priabonian to the Recent for both binary thresholds (Figure 6.10).
Whereas the Northern Hemisphere centroids show similar trends regardless of binary
threshold, notable differences are observed for the Southern Hemisphere, particularly
during the Cretaceous (Figure 6.10). For example, the palaeolatitudinal centroid shows
a poleward shift from the Berriasian to the Valanginian for binary threshold LTP,

whereas an equatorward shift is observed for binary threshold MaxSSS.

=== LTP =——— MaxSS$S

Palaeolatitudinal centroid (°)
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Figure 6.10. Palaeolatitudinal shifts in the centroid (centre of mass) of suitable habitat area from the
Anisian to Piacenzian for warm-water coral reefs. The centroid was computed from suitability maps for
each stratigraphic stage under binary thresholds: (1) LTP (least training presence); and (2) MaxSSS
(maximising the sum of sensitivity and specificity). Each hemisphere was calculated separately, with
respective centroid data plotted above or below the black line depicting the equator. Vertical grey box
shading illustrates stratigraphic stages, whereas vertical dashed lines indicate the start/end of a period.

6.3.3 Model clamping and M ESS analyses

Model clamping resulted in 20 fossil coral reef occurrences not being accurately
predicted due to intersecting areas of novel environmental conditions. Multivariate

Environmental Similarity Surface (MESS) analyses (Elith et al., 2010) indicate this is
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a result of warmer sea surface temperatures at those localities than those observed in
the present-day climatic range. Novel environmental conditions seem to be principally
due to warmer sea surface temperatures along the entire studied time series. As a
result, model clamping primarily influences the amount of estimated suitable habitat
area for tropical palaeolatitudes. Whilst this does not influence the overall trends
aforementioned, the large increase in the amount of estimated suitable habitat area for
0-30°N during the earliest Cretaceous (Berriasian—Valanginian) has a seemingly earlier
onset, and peaks in the Oxfordian (Appendix C: Figure C.1). Furthermore, a larger
areal extent of suitable habitat is predicted for the Southern Hemisphere along the

entire time series (Appendix C: Figure C.1).

6.4 Discussion

Models of suitable conditions for warm-water coral reefs suggest that the
palaeolatitudinal distribution of suitable area became increasingly skewed towards the
tropics from the late Eocene (Priabonian; ~37 Ma) to the Recent (Figure 6.9-Figure
6.10). This was driven by: (1) declines in suitable area at northern temperate
palaeolatitudes (30-60°N) due the onset of ‘icehouse’ climatic conditions (see also
Fenton et al., 2016), which resulted in temperate decreases in sea surface temperature
(Appendix C: Figure C.2-Figure C.3); and (2) increases in shallow marine area at
southern tropical palaeolatitudes (0-30°S) due to the equatorward shift of the
Australian Plate, and eventual convergence of the Eurasian, Australian, and Philippine
plates (Appendix C: Figure C.4). This resulted in an increase in shallow marine
environments in the tropics, which likely enabled the formation of the modern Indo-
Australian Archipelago diversity hotspot (e.g. Renema et al., 2008; Leprieur et al.,
2016). These findings are supported by analyses of the palaeolatitudinal centroid of
suitable area, which suggest an equatorward shift of ~11-13° from the Priabonian to
the Recent in the Northern Hemisphere, and a 10-14° equatorward shift in the
Southern Hemisphere (Figure 6.10). On the basis of estimated suitable habitat area,
warm-water coral reefs had a less tropically skewed distribution for most of the

Mesozoic and the early Cenozoic (Figure 6.9-Figure 6.10). However, the Early
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Cretaceous is one major exception to this, with the areal extent of suitable habitat
particularly low at northern temperate palaeolatitudes (30-60°N) during the
Valanginian, resulting in a tropically dominated distribution of suitable area (Figure
6.9). Interestingly, a major temperate (30-60°N) peak in suitable habitat area is
observed for the Sinemurian (Early Jurassic), along with a large poleward shift in
suitable habitat area from the Rhaetian to Sinemurian (LTP: 6.41°; MaxSSS: 6.28°).
Palaeolatitudinal analyses also suggest suitable habitable area was largely skewed
towards the Northern Hemisphere for the majority of the Mesozoic and Cenozoic
(Figure 6.9). This is important as previous work has frequently advocated that there
is a major global sampling bias towards the Northern Hemisphere (e.g. Kiessling, 2005;
Close et al., 2020b). Whilst this is certainly accurate, the fact that suitable habitat
area is skewed towards the Northern Hemisphere also suggests that greater sampling
opportunities might be available in the Northern Hemisphere for reef-associated

organisms.

Model verification exercises indicate that the modern-calibrated ENM has a high
discriminatory capacity, with high mean AUC (0.914 £ 0.006) and TSS (0.758 + 0.014)
scores. However, the predictive performance of stage-level model projections
(hindcasts) was variable between stages, with 0% to 100% of fossil reef occurrences
accurately predicted (Figure 6.3 and Table 6.2). Averaged over the entire time series,
only ~50-60% of fossil reef occurrences were accurately predicted, depending on the
binary threshold (LTP: 221/375; MaxSSS: 192/375). Nevertheless, this is principally a
result of a large number of occurrences (100/375) being outside the bounds of the
shallow marine mask, suggesting that reefs were capable of residing at deeper depths
in the geological past, or there are inaccuracies in the palaeo-rotation of fossil reefs or
bathymetric reconstructions. An additional number of fossil reef occurrences (20/375)
were not accurately predicted by model projections due to residing in novel
environmental conditions, which were excluded from model projections due to the use
of model clamping. These novel environmental conditions were principally the result

of warmer sea surface temperatures than is observed in the present-day climatic range.
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Again, this suggests coral reefs may have either resided in warmer sea surface
temperatures than observed today, or the aforementioned inaccuracies. Nevertheless,
two-sample Wilcoxon rank-sum tests indicate that model projections were more
capable of accurately predicting fossil reef occurrences than would be expected at
random for both binary thresholds (n = 41, P <0.001). More specifically, the predictive
capacity of model projections was not predicated on broad geographic estimates of
suitable habitat, with only 2-8% of randomly generated points intersecting suitable

habitats (Table 6.2).

Previous studies have constructed present-day species-area models using estimated
suitable habitat area from ENMs to predict ‘extinction debt’ (i.e. loss of species in
relation to loss of habitat) under future climate change scenarios (e.g. Thomas et al.,
2004; Olivier et al., 2013). The use of such approaches has the potential to provide a
null expectation of biodiversity patterns in deep time, though direct application is
currently absent. In this study, linear models indicate a strong explanatory relationship
(R? = 0.682-0.985, P < 0.01) between estimated suitable habitat area (for warm-water
coral reefs) and zooxanthellate coral biodiversity (Figure 6.4-Figure 6.8). This
association is observed for both species and genera at a global scale (Figure 6.4), and
within latitudinal bins (Figure 6.5-Figure 6.8), suggesting a scaling of taxonomic
richness with estimated suitable habitat area — i.e. the species (or genus) -area
relationship (MacArthur and Wilson, 1967; Connor and McCoy, 1979; Rosenzweig,
1995; Lagomarcino and Miller, 2012). Whilst neither species- or genus-area-relationship
models were explicitly generated for this study, several inferences can be made due to
the ubiquitous scaling of species richness with area (Connor and McCoy, 1979;
Rosenzweig, 1995). In particular, based on the palaeolatitudinal distribution of
estimated suitable habitat area, steep unimodal-type latitudinal biodiversity gradients
(LBGs) were likely restricted to the last ~30 myr, as well as the Early Cretaceous
(Figure 6.9). This finding is in broad agreement with empirical data from the fossil
record, which suggests zooxanthellate corals maintained unimodal-type LBGs during

the Early Cretaceous and the last ~20 myr (Chapter 5). However, recent studies have
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also found support for a unimodal-type LBG in the marine realm during the Middle
Triassic (Song et al., 2020). Whilst estimates of suitable habitat area do not explicitly
disagree with this finding, they do suggest that if a unimodal-type LBG persisted
during the Middle Triassic, it was likely not as steep as the gradients reconstructed for
the Early Cretaceous, or last 30 myr (Figure 6.9). Furthermore, the Sinemurian (Early
Jurassic) might represent a temperate peak and equatorward decline in taxonomic
richness (commonly referred to as a bimodal-type LBG) if the species-area relationship
persists at these broad geographic scales in deep time (Figure 6.9). Nevertheless, the
palaeolatitudinal distribution of estimated suitable habitat area suggests that flat-type
(or relatively shallow unimodal/bimodal) LBGs likely persisted for most of the

Mesozoic and early Cenozoic in reef-associated taxa.

Although models of the distribution of suitable area for coral reefs offer inference of
the potential shape of the LBG in deep time, this study is not without limitations.
First, the ecological model used in this study approximates the abiotic limits of warm-
water coral reefs based on the climatic range observed today. As modern coral reefs
reside at the upper thermal limit of the oceans, estimating their response to warmer
sea surface temperatures is challenging. This limitation is evident by fossil coral reef
occurrences (20/375) occupying areas of novel environmental conditions outside the
calibration range of the ENM. Second, the spatial resolution (1° x 1°) of this study
may also bias estimates of suitable habitat area (Seo et al., 2009). For example, it is
possible that a suitable cell within the shallow marine mask contains only a small
proportion of shallow benthic substrate (0-200 m), while another has a large
proportion. In both instances, the same amount of suitable area would be calculated if
the cells were at similar latitudes. Whilst this is a challenging issue to overcome, it is
not limited to deep time studies: global neontological studies frequently use similar
spatial resolutions due to limited environmental data availability (Couce et al., 2012,
2013; Freeman et al., 2013; Freeman, 2015). Furthermore, the use of finer spatial
resolutions in deep time depends on the ability to estimate abiotic conditions at such

resolutions. This is often challenging due to the incomplete nature of the geological
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record, which prevents the validation of Earth System Models against environmental
proxy data. Third, model projections of suitable habitat area are inevitably influenced
by the availability of palaeoclimate data. Whilst it has become common for ENM
studies to use a range of climate models to constrain model projections under future
climate change scenarios (e.g. Zhang et al., 2015), no other General Circulation Model
data covering the last ~250 myr is currently available. Fourth, it is possible that the
species- and genus-area relationship observed for modern zooxanthellate corals is not
directly applicable to zooxanthellate corals, or other reef-associated taxa in deep time.
For example, several studies have advocated that habitat heterogeneity, rather than
area itself, is the most important predictor of species richness (Boecklen, 1986; Baldi,
2008; Shen et al., 2009). Finally, the validity of estimated suitable habitat area to
provide a null expectation of the distribution of biodiversity assumes that all suitable
sites are accessible and occupied, which is often not the case due to dispersal limitations
(e.g. restricted seaways, ocean circulation patterns, and distribution of the continents).
Nevertheless, estimations of past suitable habitat offer the potential to disentangle
whether observed biodiversity patterns in the fossil record are the result of abiotic

drivers, sampling bias or some alternative mechanism (e.g. Chiarenza et al., 2019).

Despite the aforementioned limitations, few methods (if any) are without caveats,
particularly when limited data is available. However, greater synthesis of results from
multiple approaches offer the opportunity to make more robust conclusions about the
evolution of spatial and temporal biodiversity patterns on Earth. Based on the
estimates of suitable habitat presented here, it is clear that a unimodal-type latitudinal
biodiversity gradient likely existed during the Early Cretaceous, and the last ~20-30
million years. This finding is in agreement with a previous analysis which used a fossil
occurrence dataset of zooxanthellate corals (presented in Chapter 5). Future work
should aim to test this study’s findings further by using other reef-associated taxa (e.g.
reef fishes), and alternative methods such as birth-death models (e.g. PyRate), which
estimate the speciation and extinction rates (Silvestro et al., 2014; Meseguer and

Condamine, 2020).
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6.5 Summary

The results presented in this chapter suggest that the palaeolatitudinal distribution of
suitable conditions for warm-water coral reefs was skewed towards the Northern
Hemisphere for most of the last ~250 million years. This suggests that greater sampling
opportunities might be available in the Northern Hemisphere for reef-associated
organisms. Species- and genus-area curves demonstrate a strong relationship between
modern zooxanthellate corals and estimated suitable habitat area. On the basis of this
relationship, the latitudinal biodiversity gradient of reef-associated organisms likely
became significantly steeper during the last 20-30 million years, forming the unimodal-
type gradient observed today. This is a consequence of declines in suitable habitat area
at mnorthern temperate palaeolatitudes and increases at southern tropical
palaeolatitudes. A second unimodal-type gradient likely persisted during the Early
Cretaceous, due to a steep decline in the amount of suitable habitat area from the
tropics to poles. Both of these findings are supported by previous work, including that
presented in this thesis on zooxanthellate corals (Chapter 5). A temperate peak and
tropical decline in reef-associated organisms may have been present during the Early
Jurassic based on the palaeolatitudinal distribution of estimated suitable habitat area.
However, aside from the aforementioned intervals, the latitudinal gradient of suitable
area is fairly flat throughout the last ~250 million years, suggesting that the latitudinal
biodiversity gradient might have also been relatively flat during this period. Whilst
estimated suitable habitat area has the potential to provide a null expectation of the
distribution of biodiversity, this may be too generalised due to the impacts of habitat
heterogeneity, dispersal limitations and biotic interactions. Nevertheless, when coupled
with empirical data from the fossil record, estimated suitable area offers the
opportunity to disentangle whether observed biodiversity patterns are the result of

abiotic drivers, or heterogeneous sampling regimes.

Page | 182



—This page is intentionally left blank—

Page | 183



7 Conclusions and future
work
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7.1 Key findings

This thesis employed a combination of statistical and modelling tools to quantitatively
evaluate patterns in the distribution of marine biodiversity in deep time, including the
presence and detectability of different types of latitudinal biodiversity gradient in deep
time. Fossil occurrences have been used to reconstruct the distribution of biodiversity
through space and time throughout the history of palaeobiology. However, the fossil
record is inherently biased by taphonomic loss, variable stratigraphic completeness and
collector bias (Raup, 1972; Sheehan, 1977; Jackson and Johnson, 2001; Peters and
Foote, 2001; Smith, 2001; Alroy et al., 2001; Kiessling, 2005). This impacts upon any
major interpretation of spatial and temporal biodiversity patterns from the fossil
archive, including the latitudinal biodiversity gradient. As demonstrated in this thesis,
the issue of data absence and heterogeneous spatial sampling may particularly skew
our understanding of life in the past. Nevertheless, the use of novel subsampling
approaches and inferential methods can yield a greater understanding of

macroecological patterns in deep time. The key findings of this thesis follow.

In Chapter 3, ecological niche modelling was integrated with Earth system modelling
and occurrence datasets (modern and fossil) to test a previously observed equatorial
decline in zooxanthellate coral biodiversity during the Last Interglacial (125,000 years
ago) (Kiessling et al., 2012). The findings of Chapter 3 suggest that the ‘apparent’
decline in equatorial biodiversity is likely an artefact of heterogeneous spatial sampling,
with an underrepresentation of tropical latitudes. This conclusion is based on: (1)
observed sampling regimes, with equatorial and tropical latitudes underrepresented;
and (2) estimates of habitat suitability, which suggest equatorial and tropical latitudes
were at least as suitable as today. Despite refuting the previously observed equatorial
decline, results from ecological niche modelling do agree with the apparent poleward
range expansion, with suitable habitats predicted at more poleward latitudes than
observed today. Whilst focused on the ‘apparent’ equatorial decline, this study also
demonstrated the value of coupling modern and fossil data to improve model

predictions under projected global warming, as well as the geological past. The use of
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fossil data in ecological niche modelling is becoming increasingly used to address a
range of palaeobiological questions (e.g. Waterson et al., 2016; Chiarenza et al., 2019;
Saupe et al., 2019a), including its value in ‘Conservation Palaeobiology’ (e.g. Lima-
Ribeiro et al., 2017). With increasing availability of palaeoclimate model data, the use
of ecological niche models will become a common tool in the palaeobiologists’ toolkit.
However, consensus on best practises when using ecological niche modelling in deep

time is still lacking.

In Chapter 4, the detectability of different types of latitudinal biodiversity gradients
from the fossil record was evaluated. To achieve this, a simulation framework was
implemented wusing reconstructions of the Earth’s palaeogeography and
palaeobathymetry (based on Getech’s digital elevation models). For these simulations,
three different types of latitudinal biodiversity gradient were generated for the past
~300 million years (Permian-Neogene) for shallow marine environments (0-200 m
depth): (1) a gradient with no specified peak in biodiversity (flat-type); (2) a tropical
peak in biodiversity with a sharp decline towards the poles (unimodal-type, or ‘modern-
type’); and (3) temperate peaks in biodiversity that decline towards the poles and
equator (bimodal-type). Subsequently, simulated latitudinal biodiversity gradients
were sampled by the known spatial sampling window (based on fossil collections) to
test whether the true gradient could be reconstructed. Results from this study suggest
that the current distribution of sampled palaeogeographic area rarely allows for the
differentiation between types of latitudinal biodiversity gradient. A long-term poleward
shift in the palaeolatitudinal sampling window is observed, which enables unimodal-
type latitudinal biodiversity gradient to be readily identified in the Permian and
Triassic when palaeolatitudinal sampling was less skewed towards temperate
palaeolatitudes. However, the reconstruction of unimodal gradients in most of the
Jurassic, Cretaceous and Palaeogene is limited due to skewed sampling towards
northern temperate regions. More equable palaeolatitudinal sampling in the Neogene
permits the recovery of unimodal gradients during this time period. Yet, overall the

reconstruction of deep time latitudinal biodiversity gradients is severely impacted by
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the heterogeneous distribution of the available sedimentary record and incomplete
sampling. This work supports recent studies that demonstrate spatial sampling
patterns have a major impact on estimates of past biodiversity (Close et al., 2017,
2020a, 2020b), highlighting the need to account for variability in sampled geographic
area, as a result of the ubiquitous scaling of species richness with area (MacArthur and
Wilson, 1967; Connor and McCoy, 1979; Rosenzweig, 1995; Whittaker and Fernédndez-
Palacios, 2007).

In Chapter 5, palaeolatitudinal trends in zooxanthellate coral biodiversity were
assessed using a novel sampling-standardisation protocol-—which accounts for
heterogeneity in spatial sampling—to provide fairer estimates of biodiversity trends.
Specifically, this study tested whether unimodal-type gradients are restricted to the
past 30 million years when ‘icehouse’ climate regimes persisted (see Mannion et al.,
2014), or were also present at other intervals during zooxanthellate corals’ ~250 million
year evolutionary history. The findings of this work suggest unimodal-type latitudinal
biodiversity gradients were present during ‘cold-snap’ intervals during the Middle
Jurassic and Early Cretaceous (Hallam et al., 1991; Grocke et al., 2003; Royer et al.,
2004; Grabowski et al., 2013). In addition, it appears that the modern latitudinal
biodiversity gradient became significantly steeper only in the last 20 million years,
following the onset of ‘icehouse’ conditions. This finding is in broad agreement with
aspects of many previous studies (e.g. Crame and Rosen, 2002; Rex et al., 2005; Alroy
et al., 2008; Yasuhara et al., 2012; Marcot et al., 2016; Spano et al., 2016; Meseguer
and Condamine, 2020). Despite major changes in the Earth’s climate over the past 250
million years, steep unimodal-type latitudinal biodiversity gradient might be a
relatively rare phenomenon that are primarily restricted to icehouse climate regimes
or sustained ‘cold-snaps’. However, challenges remain in deciphering whether observed
trends reflect a true biological signal, or are the result of heterogeneous spatial
sampling. Specifically, this study did not determine conclusively whether spatial and
temporal variability in sampled area reflects varying levels of sampling effort, or just

broader areas colonised by a specific taxon.
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Chapter 6 is an extension of the work presented in Chapter 5. In this chapter, the
palaeolatitudinal distribution of coral reef habitat was estimated to evaluate the
potential for different types of latitudinal biodiversity gradients to form for reef-
associated taxa in deep time. To do so, ecological niche modelling was integrated with
Earth System modelling to estimate the distribution of warm-water coral reefs over
the past ~250 million years. This study’s findings suggest that suitable habitat area
was skewed towards the Northern Hemisphere for most of the last ~250 million years,
implying that greater sampling opportunities might be available in the Northern
Hemisphere for this time period. On the basis of estimated suitable habitat area and
the species-area relationship, the latitudinal biodiversity gradient of reef-associated
organisms appears to have become significantly steeper during the last 20-30 million
years, forming the unimodal-type gradient observed today. A second unimodal-type
gradient likely persisted during the Early Cretaceous. This is due to a steep decline in
the amount of suitable habitat area from the tropics to poles during this interval.
These findings support results from Chapter 5, and suggest that the observed
unimodal-type gradient during the Early Cretaceous and the last 20-30 million years
is likely a genuine biological signal, which can be explained by the distribution of
suitable habitat area. A temperate peak and tropical decline in reef-associated
organisms might have also been present during the Early Jurassic. However, aside from
the aforementioned intervals, the latitudinal gradient of suitable area was fairly flat
throughout the last ~250 million years, suggesting that the latitudinal biodiversity

gradient might have also been relatively flat during this period.

Overall, the findings of this thesis strongly suggest the need to account for spatial
sampling heterogeneity when attempting to reconstruct macroecological patterns in
deep time. Given the inherent incompleteness of the fossil record, inferential methods
such as ecological niche modelling provide a valuable tool in assessing the authenticity

of observed biodiversity patterns.
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7.2 Future work

The work presented throughout this thesis has addressed several palaeobiological
questions using largely novel methods in the field. However, as with any study there
is a limit to its scope. In Chapter 4, the detectability of different types of latitudinal
biodiversity gradient was evaluated for shallow marine environments. Whilst the
findings of this study are likely applicable to terrestrial environments, explicit testing
is required to identify which regions and/or time intervals may be most appropriate
for reconstructing the latitudinal biodiversity gradient on land. In addition, the
simulations used in Chapter 4 were intentionally simple. However, future work should
ailm to generate more realistic occurrence-data by incorporating estimates of past
climate from General Circulation Models. Significantly, this will enable the generation
of species constrained by abiotic variables such as temperature and precipitation.
Simulation-based studies are being increasingly implemented to address
macroevolutionary questions (TomaSovych et al., 2015; Qiao et al., 2016; Saupe et al.,
2019c¢). In particular, process-based simulations hold significant value in their ability
to test the mechanisms that lead to the emergence of observed macroecological patterns
(Qiao et al., 2016; Saupe et al., 2019b, 2019c¢). In a similar approach to palaeoclimatic
modelling and proxy data, future work should aim to model the biosphere using
processed-based simulations and validate it against the limited data available from the

fossil record.

Recent studies have begun to advocate the use of regional analyses over global as the
latter do not truly capture a global signal (e.g. Close et al., 2020a, 2020b). Whilst some
regional scale studies have already focused on well-sampled areas to examine the
latitudinal biodiversity gradient (e.g. Fraser et al., 2014; Marcot et al., 2016), most
analyses tend to use coarse latitudinal bins when assessing the latitudinal biodiversity
gradient in deep time (Mannion et al., 2012; Nicholson et al., 2016; Kroger, 2018; Allen
et al., 2020; Song et al., 2020). Future work on the latitudinal biodiversity gradient
should consider variability in regional sampling. This will enable a more in-depth

synthesis of the controls on observed patterns, including variability in outcrop area

Page | 189



(e.g. Chiarenza et al., 2019). Studies should also aim to test the sensitivity of results
to different latitudinal bin sizes and placement. Recent work has already demonstrated
the sensitivity of observed biodiversity patterns to temporal binning protocol (Dean et
al., 2020), but further work is need for geospatial analyses. In addition, estimates of
local richness (= alpha diversity) are likely valuable in examining the latitudinal
biodiversity gradient as they offer an auxiliary view without the potential influence of

binning protocol. Therefore, their inclusion in spatial studies is recommended.

Palaeobiological studies are limited by the coarse spatial and temporal resolutions of
available data, whether occurrence datasets, palacoclimatic data, or palaeogeographic
reconstructions. However, while future studies will surely have access to higher-
resolution palaeoclimate datasets, researchers should remain cautious of the trade-offs
between model resolution and their ability to capture genuine broad-scale patterns.
Given the potential for an increased amount of error to be introduced at higher spatial
resolutions due to discordance between models (e.g. palaeorotations and palaeoclimate
simulations), the use of Earth System model data with fossil occurrence datasets may
be best suited to coarse spatial resolutions (e.g. 1° x 1°). In addition, future studies
should aim to use a unified system approach, in which the palaeorotations of fossil
occurrence datasets, as well as the boundary conditions of palaeoclimate simulations,
are underpinned by the same palaeogeographic reconstructions ensuring congruence

between datasets.

Lastly, whilst the fossil record is inherently incomplete, the recent dependence on
databases such as the Paleobiology Database in palaeobiological studies is potentially
problematic. The data contained within these databases is usually limited to the
published literature. Consequently, immense quantities of so-called ‘dark data’ from
museum collections remain excluded from the majority of deep time biodiversity
studies, including those presented in this thesis. One recent study attempted to
quantify this issue, and demonstrated that nine institutions across California, Oregon,
and Washington contained 23 times the number of unique fossil localities for Cenozoic

marine invertebrates than are currently in the Paleobiology Database (Marshall et al.,
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2018). Whilst this figure is surely variable between taxonomic groups and time
intervals, such ‘dark data’ evidently has importance for the reconstruction of
biodiversity trends in deep time. Therefore, a long-term aim of the field should be to
incorporate these data by working closely with museum curators and aiding the
digitization of this ‘dark data’. Nevertheless, it should be highlighted that the
Paleobiology Database has enabled a plethora of studies, improved accessibility to

data, and allowed reproducibility of results, all of which are an asset to palaeobiology.
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Appendices

Appendix A

Modern-trained
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Figure A.1. Difference maps of estimated habitat suitability for the Last Interglacial (LIG). A) Modern-
trained ecological niche modelling comparison of the LIG using the modern bathymetry and modern
bathymetry + 10 m in LIG projections. B) LIG-trained ecological niche model comparison of the LIG
using the modern bathymetry and modern bathymetry + 10 m for LIG training. Data is projected in
the coordinate reference system: World Geodetic System 1984 (WGS84).
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Figure A.2. Difference map of estimated habitat suitability for modern projections from the modern-
trained ecological niche model with and without aragonite saturation state variable included. Pearson’s
correlation coefficient (Pearson’s r) shows the correlation between the two projections. Data is projected
in the coordinate reference system: World Geodetic System 1984 (WGS84).
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Table A.1. Mean biomod2 variable importance test scores for modern-trained ecological niche model
with aragonite saturation state variable included. These results display 1 - cor (Pearson correlation
coefficient score) between predictions based on calibrated models, and predictions after one
environmental variable is randomised. Higher values indicate higher importance in model calibration,
whilst lower values indicate less importance.

Environmental variable Mean variable contribution
Aragonite saturation state 0.14367
Bathymetry 0.81521
December—February irradiance 0.08713
June-August irradiance 0.13732
Annual salinity 0.05434
Annual sea surface temperature 0.43186

Table A.2. Mean biomod2 variable importance test scores for ecological niche models trained on both
modern and Last Interglacial training datasets, for all modelling algorithms implemented. These results
display 1 - cor (Pearson correlation coefficient score) between predictions based on calibrated models,
and predictions after one environmental variable is randomised. Higher values indicate higher
importance in model calibration, whilst lower values indicate less importance.

Modelling algorithm

Environmental variable MaxEnt Bioclim RandomForest

2 Bathymetry 0.86229 0.83352 0.79289

”qé December, January, February irradiance 0.01895 0.16982 0.08015

= June, July, August irradiance 0.08996 0.29486 0.09462
Annual salinity 0.02147 0.1025 0.06003
Annual sea surface temperature 0.53401 0.38374 0.44529

= Modelling algorithm

'g Environmental variable MaxEnt Bioclim RandomForest

ED Bathymetry 0.84902 0.87536 0.67951

& December, January, February irradiance 0.03225 0.17303 0.22486

= June, July, August irradiance 0.06195 0.37765 0.20744

% Annual salinity 0.04829 0.23778 0.08172

= Annual sea surface temperature 0.56119 0.41206 0.47094
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Appendix B

Table B.1. Kolmogorov-Smirnov two-sample test results from empirical range size frequency
distributions and those simulated. Significant results (P < 0.05) are identified in bold font face and
indicate statistically significant differences between groups.

Comparison Metric D statistic P
Simulated and Anthozoa Latitude 0.338 0.485
Simulated and Anthozoa Longitude 0.667 0.001
Simulated and Anthozoa Great Circle distance 0.647 < 0.001
Simulated and Porifera Latitude 0.194 0.972
Simulated and Porifera Longitude 0.722 < 0.001
Simulated and Porifera Great Circle distance 0.579 0.003
Simulated and Bivalvia Latitude 0.338 0.485
Simulated and Bivalvia Longitude 0.722 < 0.001
Simulated and Bivalvia Great Circle distance 0.634 0.001
Simulated and Brachiopoda Latitude 0.614 0.024
Simulated and Brachiopoda Longitude 0.333 0.270
Simulated and Brachiopoda Great Circle distance 0.424 0.061
Simulated and Echinoidea Latitude 0.223 0.941
Simulated and Echinoidea Longitude 0.389 0.131
Simulated and Echinoidea Great Circle distance 0.321 0.256
Anthozoa and Bivalvia Latitude 0.188 0.941
Anthozoa and Bivalvia Longitude 0.167 0.964
Anthozoa and Bivalvia Great Circle distance 0.202 0.796
Anthozoa and Brachiopoda Latitude 0.616 0.007
Anthozoa and Brachiopoda Longitude 0.889 < 0.001
Anthozoa and Brachiopoda Great Circle distance 0.902 < 0.001
Anthozoa and Porifera Latitude 0.210 0.862
Anthozoa and Porifera Longitude 0.222 0.766
Anthozoa and Porifera Great Circle distance 0.357 0.147
Anthozoa and Echinoidea Latitude 0.375 0.265
Anthozoa and Echinoidea Longitude 0.667 0.001
Anthozoa and Echinoidea Great Circle distance 0.810 < 0.001
Bivalvia and Brachiopoda Latitude 0.616 0.007
Bivalvia and Brachiopoda Longitude 0.944 < 0.001
Bivalvia and Brachiopoda Great Circle distance 0.950 < 0.001
Bivalvia and Porifera Latitude 0.213 0.848
Bivalvia and Porifera Longitude 0.222 0.766
Bivalvia and Porifera Great Circle distance 0.300 0.329
Bivalvia and Echinoidea Latitude 0.361 0.309
Bivalvia and Echinoidea Longitude 0.667 0.001
Bivalvia and Echinoidea Great Circle distance 0.714 < 0.001
Brachiopoda and Porifera Latitude 0.550 0.019
Brachiopoda and Porifera Longitude 0.944 < 0.001
Brachiopoda and Porifera Great Circle distance 0.950 < 0.001
Brachiopoda and Echinoidea Latitude 0.495 0.074
Brachiopoda and Echinoidea Longitude 0.611 0.002
Brachiopoda and Echinoidea Great Circle distance 0.602 0.001
Porifera and Echinoidea Latitude 0.276 0.629
Porifera and Echinoidea Longitude 0.722 < 0.001
Porifera and Echinoidea Great Circle distance 0.619 0.001
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Table B.2. Kolmogorov-Smirnov two-sample test results from empirical occurrence frequency
distributions and those simulated. Significant results (P < 0.05) are identified in bold font face and
indicate statistically significant differences between groups.

Comparison D statistic P
Simulated and Anthozoa 0.644 0.005
Simulated and Bivalvia 0.707 0.002
Simulated and Brachiopoda 0.313 0.523
Simulated and Porifera 0.553 0.025
Simulated and Echinoidea 0.615 0.010
Anthozoa and Bivalvia 0.188 0.941
Anthozoa and Brachiopoda 0.804 < 0.001
Anthozoa and Porifera 0.438 0.094
Anthozoa and Echinoidea 0.546 0.020
Bivalvia and Brachiopoda 0.866 < 0.001
Bivalvia and Porifera 0.438 0.094
Bivalvia and Echinoidea 0.671 0.002
Brachiopoda and Porifera 0.723 0.001
Brachiopoda and Echinoidea 0.719 0.001
Porifera and Echinoidea 0.279 0.582
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Figure B.1. Stage-level (Piacenzian—Asselian) latitudinal plots (15° bins) of simulated (A-C), sampled
(D-F), and sampling-standardised (G-I) latitudinal biodiversity gradients for three different types of
gradient (flat, unimodal and bimodal). Latitudinal proportional richness was calculated by dividing each
latitudinal bin by the total of all latitudinal bins within each stage. For each type of latitudinal
biodiversity gradient, simulated richness values were based on the mean bin value from the 100
simulation replications. Sampled gradients are the product of spatial sampling the simulated occurrences
by the known geographic sampling window (based on fossil collections). Sampling-standardised
latitudinal richness estimates (G-I) are based on the mean of means of the 1,000 bootstrap replicates
for each replication of the sampled latitudinal biodiversity gradient simulations (= 100). Latitudinal
proportional richness is depicted by the coloured points, while spatial sampling coverage (SSC) is shown
by the grey shading. Dashed grey-lines depict the extent of the tropics today. The respective stage of
each plot is described in the top-left corner of each plot.
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Appendix C

(A) 90° to 60°N (B) 60° to 30°N
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Figure C.1. Palaeolatitudinal plots of estimated unclamped suitable habitat area (Anisian to Piacenzian)
for warm-water coral reefs under binary thresholds LTP (green; least training presence) and MaxSSS
(purple; maximising the sum of sensitivity and specificity). Palaeolatitudinal bins: (A) 90-60°N; (B) 60—
30°N; (C) 30-0°N; (D) 0-30°S; (E) 30-60°S; and (F) 60-90°S. Vertical grey box shading illustrates
stratigraphic stages, whereas vertical dashed lines indicate the start/end of a period.
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Figure C.2. Bartonian—Piacenzian mean stage-level August sea surface temperature (°C) from the
HadCM3L. Note decline in sea surface temperature at temperate latitudes in the Northern Hemisphere.
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Figure C.3. Bartonian—Piacenzian mean stage-level February sea surface temperature (°C) from the
HadCM3L. Note decline in sea surface temperature at temperate latitudes in the Northern Hemisphere.
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Figure C.4. Bartonian—Piacenzian palaeobathymetry reconstructions from the Getech PLC. digital
elevation models. Note increase in shallow marine environment within the Indo-Australian Archipelago.
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