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Abstract

The origins of modern marine community structure and function remain incompletely
understood. Major mass extinction events, particularly the Cretaceous-Palaeogene
(K-Pg, ~66 Ma), profoundly reshaped the composition and taxonomic identities of
marine ecosystems. The following Cenozoic Era experienced pronounced climatic
variability, from hyperthermal to hypothermal episodes and a long-term cooling trend
from the Oligocene onward. These climatic transitions coincided with faunal turnover
and the diversification of modern clades, along with shifts in community composition,
biogeographic patterns, and benthic dominance, all of which contributed to the
establishment of modern marine ecosystems. However, it remains unclear how the
K-Pg extinction and Cenozoic climate extremes influenced the development of
modern marine community structure and function, whether this ‘modernisation’
occurred gradually or through punctuated events, as well if and how a functional
diversity gradient (LFDG) emerged in relation to the well-documented latitudinal

species diversity gradient (LDG).

This thesis addresses these gaps through two studies with three overarching aims:
(1) to assess changes in trophic structure across the K-Pg extinction and subsequent
recovery interval; (2) to investigate global patterns of marine invertebrate functional
diversity from the Late Cretaceous to the Pliocene; and (3) to examine the
development of a latitudinal functional diversity gradient over this interval, all to

identify the origins of modern marine community organisation.

The findings demonstrate that Antarctic trophic meta-webs experienced only short-
term disruption at the K-Pg boundary, with no lasting structural or functional
reorganisation. Likewise, global marine invertebrate functional diversity exhibited no
directional trend from the Late Cretaceous to the Pliocene and did not decline in
association with the K-Pg extinction event. Functional diversity was persistently
highest in palaeotemperate regions, and remained decoupled from taxonomic
diversity, which shifted from a palaeotemperate peak in the Cretaceous to a tropical
maximum by the Late Pliocene. Together, these results indicate the functional
structure of marine ecosystems has been comparatively stable over the last 70 Myr,
and that the establishment of the modern latitudinal taxonomic diversity gradient

apparently occurred independently of changes in functional diversity.
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Chapter 1 — Introduction
1.1. Marine Ecosystem Structure over Deep Time:

1.1.1. Major mass extinctions have shaped global ecosystems

Major mass extinctions are arguably the most influential events for having shaped
biodiversity and ecosystems over the Phanerozoic (Fig. 1). Fossil record analyses,
including Sepkoski (1981), has revealed five major mass extinctions: the end-
Ordovician Extinction (~445 Ma); Late Devonian Extinction (~375-359 Ma); Permian-
Triassic Extinction (PTME, ~252 Ma); Late Triassic Mass Extinction (LTME, ~201 Ma),
and the Cretaceous-Paleogene Mass Extinction (K-Pg, ~66 Ma), along with multiple
lesser extinctions (Vermeij 1977; Raup & Sepkoski 1982; Sepkoski 1984; 1997;
Bambach et al. 2004). These biotic crises incited widespread disruption to
ecosystems and fundamentally altered global biodiversity patterns (Alvarez et al.
1980; Hallam & Wignall 1997). Although major radiations and ecological transition
events such as the Cambrian Explosion (~541-530 Ma), the Great Ordovician
Biodiversification Event, GOBE (~485-443 Ma) and the Mesozoic Marine Revolution,
MMR (~200-66 Ma) also likely restructured marine communities (Vermeij 1977;
Conway-Morris 1993; Buatois et al. 2016a), the repeated and severe biodiversity loss
associated with mass extinctions had a striking impact on ecological communities
across macroevolutionary timescales. Yet, despite extensive documentation of global
and regional diversity effects (e.g. Alvarez et al. 1980; Hallam & Wignall 1997; Webby
et al. 2004; Bond & Grasby 2017), the consequences of mass extinctions on global
and community-level structure and function remain underexplored (Foster & Twitchett
2014; Hull 2015; Dunhill et al. 2018).

1.1.2. The K-Pg mass extinction - an ecological turning point?

The K-Pg mass extinction (~66 Ma) had the potential to restructure communities and
stands as a candidate for the origin of modern trophic organisation (Dunne et al.
2014). Along with causing a shift in benthic dominance from sessile bivalves to motile
gastropods (Crame et al. 2014), the K-Pg is thought to have altered the taxonomic
identity and composition of marine communities (Alroy et al. 2008). The top ocean
predators in the Late Cretaceous were the large marine reptiles (i.e. mosasaurs and
plesiosaurs) and the non-acanthomorph fishes. Following the K-Pg, these groups
were replaced by marine mammals and acanthomorph fishes, respectively (Friedman
2010; Uhen 2010; Hull & Darroch 2013; Hull 2015). As well as this, the loss of the
ammonites, belemnites, rudist reef-building bivalves and other groups paved way for
the proliferation of other modern taxa (Bambach 2006; Hernandez 2011; Crame 2014;
Hull 2015; Witts et al. 2016).
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Sepkoski's Diversity Curve
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Figure 1. Sepkoski’s [invertebrate] diversity curve, as per Sepkoski (1981), with Cambrian (palest blue),
Paleozoic (baby blue), Modern (blue) and Unassigned (dark blue) genera. The five red Xs mark the
positions of the five major mass extinctions; in chronological order; the Ordovician-Silurian, Late
Devonian, Permian-Triassic, Triassic-Jurassic and Cretaceous-Paleogene mass extinctions. This curve was
created using Palaeoverse package Sepkoski_curve() (Jones et al. 2023) in R version 4.4.1.

The greenhouse Early-Cenozoic saw major radiations of modern midwater
fish, including lanternfish and anglerfish (Near et al. 2012), and diversifications of
planktonic foraminiferal communities (Coxall et al. 2007, Norris et al 2013).
Additionally, multiple modern clades of coral reef fish evolved during the greenhouse
interval ~ 42-57 Ma, (Near et al. 2012; Norris et al 2013; Price et al. 2014). This leads
Norris et al. (2013) to suggest the extensively flooded Early-Cenozoic continental
shelves facilitated the evolution of modern coral reef ecosystems. As well as this, Hull
(2017) points out that the rise in predation and defence that defines the Mesozoic
Marine Revolution likely continued into the Cenozoic Era. Thus, the K-Pg extinction
and the taxonomic and biogeographic shifts in its wake, could well have permanently
altered community structure and function, perhaps producing more modern

characteristics than previously (Dunne et al. 2014).

1.1.3. Marine communities are an ideal case study

Marine communities possess one of most robust macrofossil records available,
particularly marine invertebrates (Valentine et al. 2006; Alroy et al. 2008; Tyler &
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Kowalewski 2025). Marine communities perform a multitude of roles that are critical
to maintaining ecosystem functioning, for example infaunal processes such as
bioturbation influence nutrient cycling and sediment oxygen concentrations
(Mermillod-Blondin 2011). Because of this, previous studies of fossil community
structure and function have often included rates of standing diversity of marine
invertebrates across deep time and mass extinctions (Raup & Sepkoski 1982;
Sepkoski 1986). The diverse functions marine communities perform have allowed the
impact of certain mass extinctions to be examined previously (Foster & Twitchett
2014; Dunhill et al. 2018; Whittle et al. 2019). Thus, marine ecosystems represent an
ideal case study for understanding community structure and function over deep time,

climate extremes and mass extinctions.

1.2. Patterns in marine community structure and function

1.2.1. What is marine ecosystem/community structure and function?

Marine ecosystem structure defines the organisation of the physical, chemical and
biological components of a marine ecosystem (Carvalho & Barros 2017). Marine
community structure defines only the organisation of the biotic components of a
marine ecosystem (Mclntosh 2004). Analysing marine community structure, e.g.
trophic structure, provides an understanding of the natural processes that influence
marine systems, the mechanisms behind observed patterns and identifies key
ecological interactions (Yu et al. 2010). Ecosystem function refers to the natural
processes that maintain the strength and stability of an ecological system (Patterson
et al. 2013). In marine systems, functions include nutrient cycling, energy flow, habitat
modification and the regulation of faunal populations (Aller 2001; Dolbeth et al. 2015).
Understanding ecosystem function is crucial to assessing resilience to environmental
perturbation under past, present and future climate change. Yet, our understanding
of community-level structure or function across the Phanerozoic (~541-0 Ma) and how

these responded to macroecological events remains poorly resolved.

1.2.2. Functional diversity in the fossil record

Functional diversity (FD) is defined as the diversity of organismal life habits and
ecological traits in a community or population (Tilman 2001; Petchey & Gaston 2006;
Mouillot et al. 2013). Functional diversity (FD) indices are commonly used to assess
ecosystem response to perturbation, on both a global (Pimiento et al. 2020; Trindade-
Santos et al. 2024) and regional scale (Mouillot et al. 2013; Dolbeth et al. 2015;

Gusmao et al. 2016). Quantifying marine FD can identify which components of a
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community are affected by environmental disturbance and to what extent (Villamor &
Becerro, 2012; Rincén-Diaz et al. 2018; McQuatters-Gollop et al. 2019). Functional
redundancy itself may increase resilience and robustness against ecological
degradation (Raymundo et al. 2009), something that has been hypothesised to have
influenced community response to extreme climates in the past. For example,
Roopnarine & Angielczyk (2015) showed that stability across the PTME depended
critically on functional diversity and patterns of guild interaction, regardless of species
diversity. Foster & Twitchett (2014) and Dunhill et al. (2018) cite high pre-extinction
functional redundancy as the leading mechanism behind the little to no loss of guilds
during the PETM and LTME, respectively.

Functional diversity indices can be applied to fossil datasets to investigate
community function across deep time (Hull & Darroch 2013). One concept is that
‘ecospace occupancy’, which considers marine invertebrate resource use, substrate
interaction and life habit (Bambach et al. 2007; Novack-Gottshall 2007), has
increased across the Phanerozoic, particularly across the Paleozoic Era, with the
Great Ordovician Biodiversification Event (GOBE) accounting for the most marked
rise (Bambach et al. 2007; Bush et al. 2007; Villéger et al. 2011). The Bambach
Ecospace Cube method (Bambach et al. 2007) assigns marine invertebrate taxa a
mode of life (MoL) code of three digits based on their tiering position, motility level

and feeding mode, as is displayed in Fig. 2, below.

Methods such as the Ecospace Cube (Bambach et al. 2007) have facilitated
investigation into community function across major mass extinctions (Foster &
Twitchett 2014; Dunhill et al. 2018). These have revealed that global marine
invertebrate FD was likely unaffected by the Permian-Triassic Mass Extinction
(PTME, ~252 Ma) or the Late Triassic Mass Extinction, (LTME, ~201 Ma) despite
massive taxonomic losses (Foster & Twitchett 2014; Dunhill et al. 2018). Following
the loss of 62-74% of genera, only one global mode of life was lost across the PTME,
and only one new mode of life was gained during the recovery interval (Foster &
Twitchett 2014). Similarly, no modes of life were lost across the LTME despite a loss
of 73% of species, but the species richness within each mode of life shifted (Dunhill
et al. 2018). It is thought that modes of life were retained during extinction due to the
‘skeleton crew hypothesis’ (Foster & Twitchett 2014; Dunhill et al. 2018).
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Figure 2 The Bambach Ecospace Cube, from Bambach et al. (2007). Ecospace is defined by the three axes of
tiering, motility level and feeding strategy. A, the ecospace cube with categories on each axis labelled. B, the
ecospace cube ‘exploded’, showing 216 modes of life specified by the combination of the categories on each
ecospace axis (Bambach et al. 2007).

The ‘skeleton crew’ hypothesis posits that a high level of functional
redundancy may afford the loss of most taxa without losing a significant level of
function (Foster & Twitchett 2014). It is hypothesised that worsening environmental
conditions push taxa with broadly overlapping niches into closer competition as
resources and suitable habitat dwindle, which drives high levels of extinction within
guilds yet allows the majority of guilds to persist with low species richness, i.e. a
skeleton crew (Foster & Twitchett 2014; Dunhill et al. 2018). Given evidence that
global marine FD was resilient to major mass extinction, with regional evidence for
this across the K-Pg as well (Whittle et al. 2019), it is likely that global FD also
remained stable across the K-Pg extinction. This stability may have persisted through
subsequent Cenozoic climate events and the greenhouse-icehouse regime shift.
However, with significant losses in FD in the tropics during the LTME (Dunhill et al.
2018), there may have been shifts in community function on a spatial scale across

the K-Pg and Cenozoic Era, which also requires investigation.

The climate events of the Cenozoic (e.g. the Paleocene-Eocene Thermal
Maximum, PETM) may provide insights into the consequences of ocean acidification,

warming and habitat retraction on community function (Inglis et al. 2020). Models
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based on Eocene events suggest that modern climate change could cause
comparable conditions, over shorter timescales due to the unprecedented pace of
anthropogenic greenhouse gas emissions (Tierney et al. 2020). Understanding how
marine community structure and function fared during events such as the PETM and
other Early Eocene hyperthermals, can inform predictions of the future of marine
ecosystems and fate of the services they provide (Westlund et al. 2017; Lopez-Rivas
& Cardenas 2024).

1.2.3. Marine trophic structures

Trophic ecology represents community structure using hierarchical trophic
organisation; primary producers sit at the bottom of a trophic network, apex predators
in the top trophic level and ‘intermediate consumers’ make up all the nodes in between
(Lindeman 1942; Cook 1977; Cattin et al. 2004; Petchey et al. 2008). Organising
faunal assemblages into trophic networks allows the quantification of structural
metrics and functional motifs, see Table 1 (Dunne et al. 2002; McGill et al. 2006;
Allesina et al. 2008; Allesina & Levine 2011; Dunhill et al. 2024). These calculations
often require web size, S, i.e. the total number of taxa and L, the total number of
feeding links (Dunne et al. 2004). For example, as Table 1 denotes, connectance, C,
is the number of realised links out of the total possible links and is a measure of the
complexity of a network often calculated to understand wholesale structure (Dunne et
al. 2004). Additional normalised metrics include mean chain length, mean and
maximum trophic level, in-degree (generality), and out-degree (vulnerability) (Maia et
al. 2019; Shaw et al. 2021a). As well as this, normalised motifs such as apparent and
direct competition, omnivory and linearity reveal the prevalence of these functions
within the marine community, Table 1 (Shaw et al. 2021a; Dunhill et al. 2024).

Modern trophic structure appears to be independent of species identity,
abundance or evenness, and is largely consistent across global oceans
(Vasconcellos et al.1997; Yeakel & Dunne 2015; Kortsch et al. 2019). The structure
of trophic interactions between primary producers, intermediate species and apex
predators produces consistent metrics in vastly different marine habitats (Dunne et al.
2004). This implies there are fundamental forces governing the trophic organisation
of marine communities that transcend other elements of community structure, e.g.
species composition (Yeakel & Dunne 2015). However, it is unknown if this has been
the case since the earliest food webs, i.e. the Cambrian Explosion ~541-530 Ma
(Dunne et al. 2008), or if this modern structure developed at some point in the

Phanerozoic, perhaps following a mass extinction event (Yeakel & Dunne 2015).
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Table 1. Common trophic network metrics calculated in literature and in this study, along with
their symbols, definitions and references for the definitions.

Metric Symbol/Alternative | Definition References
name
Size / Diversity S The number of different taxa | Dunne et al.
(nodes) in a trophic network 2004
Number of links L The number of feeding | Dunne et al.

interactions  (links)  between | 2004
nodes in a network

Links per | L/S The number of links divided by the | Dunne et al.
species number of nodes in a network 2004
Connectance C The number of realised feeding | Dunne et al.

interactions (L/S?) in a network 2004
Normalised in- | Generality The number of prey consumed by | Dunhill et al.
degree each predator in a food web | 2024

normalised by network size

Normalised out- | Vulnerability The number of predators | Dunhill et al.
degree consuming each prey in a | 2024

network normalised by network

size
Maximum Max TL The maximum trophic level within | Dunne et al.
trophic level a trophic network 2004
Mean trophic | Mean TL The mean trophic level within a | Dunne et al.
level trophic network 2004
Normalised The number of chains linking | Dunhill et al.
number of linear three nodes in a network, | 2024
chains Linearity normalised by network size
Normalised The number of occurrences of | Dunhill et al.
number of consumers  feeding across | 2024
omnivory motifs Omnivory multiple trophic levels, normalised

by network size.

Normalised The number of occurrences of | Dunhill et al.
number of apparent competition: sharing a | 2024
apparent Apparent common predator with another
competition competition node, normalised by network size
motifs
Normalised The number of occurrences of | Dunhill et al.
number of direct direct competition: sharing a | 2024
competition Direct competition common resource with another
motifs node, normalised by network

size.

Marine trophic networks have previously been reconstructed across the Early
Toarcian Hyperthermal Event (ETEE, ~183 Ma), and it appears trophic structure and
function did not permanently change - only temporary perturbations were reported
across the event (Dunhill et al. 2024). The authors hypothesise this to be an example
of the skeleton crew hypothesis, whereby the functional redundancy was high prior to

extinction to afford the loss of most taxa but no net loss of guild or function (Dunhill et
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al. 2024). The K-Pg mass extinction had the potential to permanently alter the trophic
structure of marine systems, by inciting an impact-driven primary productivity crisis
and secondary cascades affecting consumers all the way to the large marine reptiles
(Hull et al. 2011; Lowery et al. 2020). Reconstructing trophic networks across the K-
Pg mass extinction could shed light on the impact of the extinction at a community-
level in the marine realm and if the event represents an ecological turning point in
community structure and function. Such investigation could determine if the K-Pg

indeed represents the origin of modern marine trophic structure (Dunne et al. 2014).
1.2.4 Latitudinal diversity gradients

Today’s marine communities show disparity between the highly species diverse
equatorial regions and low diversity polar regions (Jablonski et al. 2006). This is
known as the Latitudinal [species] Diversity Gradient (LDG) and is thought to be
strongly correlated with both temperature and seasonality (Roy et al. 2000; Jablonski
et al. 2006; Mannion et al. 2014; Saupe et al. 2019a; 2019b; Saupe 2023). However,
it remains unclear if there exists a modern Latitudinal Functional Diversity Gradient
(LFDG). The few times an LFDG has been tested alongside the LDG, species
diversity did not reliably estimate functional diversity (Stevens et al. 2003; Lamanna
et al. 2014; Schumm et al. 2019; Diamond & Roy 2023; Erdés et al. 2023). The few
investigations into FD across latitude have been limited to single-clade studies in both
modern and ancient oceans (Becker et al. 2021; Grossman et al. 2022; Tang et al.
2022), and there remains a gap in literature for a multi-clade global deep time study
of a potential functional gradient using the Ecospace Cube method (Bambach et al.
2007).

The exact nature and timing of the formation of the species LDG remains
unknown (Hillebrand 2004; Mannion et al. 2014; Crame 2020; Brodie & Mannion
2023; Fenton et al. 2023). The origin of any potential LFDG also remains unknown at
this point, and it is unknown if this could be correlated with temperature and
seasonality as is the LDG. The contemporary LDG is indicative of an icehouse climate
and consistent seasonality (Jablonski et al. 2006; Mannion et al. 2014). An early
Cenozoic radiation, including many modern marine invertebrate species, was most
intense in the tropics and is cited as a contributing factor to forming the LDG (Crame
2014; 2020), and perhaps doing the same for functional richness. Meanwhile,
consistent cooling from the Eocene-Oligocene boundary (~34 Ma) is another possible
driver, forcing warm-water species into lower latitudes, (Zachos et al. 2001; 2008;

Mannion et al. 2014; Crame 2020), while shifting the latitude of the zone of peak
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species origination (Jablonski et al. 2006).There is microfossil evidence that the
modern LDG can be identified from the Langhian (~15 Ma) onwards (Fenton et al.
2023). Investigating the formation of the diversity gradients observed today would

pinpoint the formation of modern distribution of ecological diversity on the planet.

1.2.5. Challenges faced when reconstructing fossil communities

The fossil record is biased in what becomes preserved (preservational bias) and what
is subsequently recovered (sampling bias) (Shaw et al. 2021a; Raja et al. 2022).
Reconstructions of ancient communities face unique challenges compared to modern
studies (Shaw et al. 2021a; 2021b). For example, it is hard to be certain of the range
of life habits and traits of extinct organisms from body fossils only (Roopnarine 2010).
It is also impossible to observe feeding interactions of extinct species, to reconstruct
ancient food webs (Pillar et al. 1992; Roopnarine 2010 Sperling et al. 2013).
Moreover, Shaw et al. (2021a; 2021b), find authors often fail to account for key
differences between modern and ancient ecological datasets, noticeably the missing
soft-bodied taxa from fossiliferous sequences. However, it seems soft-bodied
organisms (cephalopods, jellyfish, and most annelids) are omitted by the fossil record
in a predictable manner, allowing for comparison between datasets and potential post
hoc additions of soft-bodied taxa (Shaw et al. 2021b). Additionally, time-averaging
risks grouping species together that may not have existed at the same time in
reconstructed meta-communities (Fursich & Aberhan 1990; Kidwell 2013). To account
for uncertainty, analyses are often deliberately restricted to the exceptional
preservation of Lagerstatten (Dunne et al. 2008). From Lagerstatten, functional
morphology, gut contents, coprolite, damage patterns, mouth parts and body size
restraints have all been used to deduce ancient feeding interactions (Dunne et al.
2008; 2014; Roopnarine & Angielczyk 2015; Roopnarine et al. 2017).

1.3. The Cretaceous-Paleogene (K-Pg) Boundary:
1.3.1. The K-Pg extinction — a bottom-up extinction cascade?

As mentioned earlier, the K-Pg mass extinction (~66 Ma) is the last major mass
extinction in the fossil record (Raup & Sepkoski 1982). It is thought the K-Pg extinction
caused ~60% of marine species to go extinct (Alroy 2008). It is widely accepted that
the K-Pg was caused by the Chicxulub meteorite impact, into what is now the Yucatan
Peninsula, Mexico (Alvarez et al. 1980; Hildebrand et al. 1991; Schulte et al. 2010).
Impact particulates were likely ejected into the stratosphere, blocking solar irradiation

to Earth’s surface and severely impeding global primary productivity (Jablonski 1994).
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As well as this, impact-induced greenhouse gas emission and sulphuric acid rain led
to ocean acidification which catalysed extinction selectivity towards calcareous
nanoplankton and further impeded primary productivity (Henehan et al. 2016; 2019;
Lowery et al. 2020).

The large-scale loss of primary productivity is thought to have led to bottom-
up extinction, through secondary extinction cascades (Hull et al. 2011; Lowery et al.
2020). Primary consumers suffered with dwindling plankton resources and in turn
secondary consumers suffered from a loss of prey and so forth, until extinction
reached the highest trophic levels, where it had profound impact (Jablonksi 1994;
D’Hondt 2005). The apex predators of the Late Cretaceous, the large marine reptiles
(mosasaurs and plesiosaurs) became extinct during the K-Pg due to their large energy
requirements (Jablonksi 1994; D’Hondt 2005). The K-Pg also led to a breakdown in
water column stratification which further affected benthic communities and sparked
further secondary extinction cascades (Hull et al. 2011). The complex nature of the
extinction, particularly targeting the bottom of trophic networks directly and the top of
them indirectly through secondary extinction cascades makes it possible that the
structure of marine ecosystems was permanently altered by this event. Following the
major loss of marine taxa, there was a shift in benthic dominance from sessile filter-
feeding bivalves to motile grazing or predatory gastropods (Crame et al. 2014),
altering the primary feeding strategies in the benthos. As well as this, with Early-
Cenozoic radiations of modern midwater fish, including lanternfish and anglerfish
(Near et al. 2012), and multiple modern clades of coral reef fish (Near et al. 2012;
Price et al. 2014), the K-Pg could represent a turning point that forged modern trophic

structure (Dunne et al. 2014).

Furthermore, despite the Chicxulub impact being the widely-accepted cause
of the K-Pg extinction, it is still debated whether the Deccan Traps Large Igneous
Province Region (LIP) degraded ecosystems in the latest Cretaceous, prior to impact
(Keller et al. 2008; Sakamoto et al. 2016; Hull et al. 2020). Multiple previous mass
extinctions were likely induced by intense LIP volcanism, for example the PTME is
thought to have been caused by the Siberian Traps (Reichow et al. 2009; Burgess et
al. 2017), and the LTME coincides with the Central Atlantic Magmatic Province
eruptions (Davies et al. 2017). There is debate over whether terrestrial dinosaur
communities were in decline due to Deccan volcanism prior to the K-Pg boundary
(Sakamoto et al. 2016; Allen et al. 2024). There is no published evidence of ecological
decline within the marine realm prior to the K-Pg, with plentiful evidence of an abrupt

extinction indicative of a meteorite impact extinction driver (Witts et al. 2015; 2016;
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Whittle et al. 2019). Detailed study across the boundary is necessary to unpick the
effects of the mass extinction on marine trophic organisation. Investigation would also
determine if the Deccan Traps LIP led to decline in marine trophic structure prior to

the Chicxulub impact.

1.3.2. Recovery from the K-Pg and the emergence of new ecological strategies

Both taxonomic and functional diversity is thought to have recovered rapidly from the
K-Pg mass extinction (Lowery et al. 2018). Geographic heterogeneity in biotic
recovery from the K-Pg arose from factors including global biogeochemical cycling
(D’Hondt et al. 1998; Hull et al. 2011; Hull 2015). Tethys Sea carbon export, for
example, indicates a return to a Late Cretaceous level around 300 kyr after the
extinction boundary (Henehan et al. 2019; Lowery et al. 2020). This coincides with
global biogeochemical cycle and primary productivity recovery, at around 300-500 kyr
post K-Pg (Jiang et al. 2010; Witts et al. 2018; Birch et al. 2021). Antarctic benthic
molluscs saw three new species appear directly above the extinction horizon, in the
earliest Paleogene (Whittle et al. 2019) i.e. less than 500 kyr from impact, indicating

a rapid recovery here.

As mentioned, many modern marine taxa have their evolutionary roots in the
early-Cenozoic radiation following the K-Pg event (Uhen 2010; Meredith et al. 2011;
Crame et al. 2014; Price et al. 2014; Schwarzhans et al. 2024). For example, the K-
Pg resulted in the ‘broad framework’ of modern reef fish assemblages, through 10
Myr of reef colonisation following the extinction (Price et al. 2014). The K-Pg also led
to a shift in benthic communities, from being dominated by suspension-feeding
bivalves to grazing/predatory gastropods (Witts et al. 2018). In particular, the
significant radiation of many modern groups, including the Neogastropoda points to
the possibility of modern marine trophic structure arising out of the K-Pg extinction
with potential structural changes in Cenozoic systems that set them apart from their
Late Cretaceous counterparts as definitively more modern (Crame et al. 2014; Dunne
et al. 2014).

1.3.3. Did modern marine ecosystems originate during the K-Pg, or emerge
through the Cenozoic?

The exact origins of modern marine community structure and function remain
unknown. It is unclear if ‘modernisation’ occurred after the K-Pg extinction (Dunne et
al. 2014) or incrementally over the last 66 Myr of the Cenozoic Era. Many modern
taxa proliferated in the wake of the K-Pg mass extinction and into the early Cenozoic
(Renne et al. 2013; Crame et al. 2014; Hull 2015). The K-Pg also likely influenced

marine community structure and function. For example, there was a shift in benthic
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dominance across the boundary, from suspension-feeding bivalves to motile
gastropods, a dominance that remains today (Tracey et al. 1993; Hull et al. 2011;
Crame et al. 2014). However, several events across the Cenozoic also led to modern
marine taxa proliferating. For example, global cooling and glaciation at the Eocene-
Oligocene Transition likely explained a major turnover in marine microfossils and an
increase in cold-water taxa at the poles, as is characteristic of modern assemblages
(Williams et al. 2007; Bordiga, 2015; Trejos et al. 2024). Therefore, detailed
investigation across both the K-Pg boundary and the following Cenozoic Era, may
shed further insight into how marine communities gained modern characteristics of

trophic structure and function.

1.4. Current Knowledge gaps:

1.4.1. The origins of modern community structure and function and the
resilience of the last 66 Myr

It remains unknown if modern marine community structure and function originated out
of the K-Pg mass extinction or incrementally during the following Cenozoic Era. The
K-Pg is also the last major mass extinction event, after which no further mass
extinction has been identified in the fossil record (Sepkoski 1981). Some suggest
ecosystems gained a robustness across the Phanerozoic from repeated exposure to
extinction (Erwin 2008). Roopnarine, (2006), proposed evolving community structures
explain deep-time trends of declining Phanerozoic background extinction. Whereas
others (e.g. Dunne et al. 2014; Hull 2015) believe the K-Pg extinction itself forged
modern marine trophic structure from protracted environmental and biotic change
during and after the extinction, which led to a greater resilience and robustness to

perturbation.

Despite no major mass extinction, Earth experienced extreme climate events
during the Cenozoic Era (Westerhold et al. 2020), with both hyperthermal events (e.g.
the Paleocene-Eocene Thermal Maximum) and hypothermal events (e.g. the Eocene-
Oligocene Transition) (Speijer et al. 2012; Hutchinson et al. 2021). The effects of such
events on marine ecosystems at a community-level remain largely unexplored. As
mentioned, Cenozoic events may have led to marine communities gaining a modern
structure, both globally and regionally - for example the strengthening of the LDG and

turnover of marine taxa.
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1.4.2. Trophic structure and community function across extinctions

Published literature is also lacking in investigations of the trophic structure of marine
communities across mass extinctions and their following recovery intervals
(Roopnarine & Angielczyk 2015; et al. 2017; Dunhill et al. 2024). Roopnarine &
Angielczyk (2015) found that paleocommunities exhibited significantly greater local
stability across the Permian-Triassic Mass Extinction (PTME), depending on their
functional rather than species diversity. Similarly, the Karoo Basin ecosystem appears
to have resisted structural breakdown despite a significant reduction in species across
the PTME (Roopnarine et al. 2017). Such studies are crucial to understand and
evaluate the impacts of mass extinction and their role in the development of modern
marine communities. Yet, neither trophic networks nor global and regional community
function have been reconstructed across the mass extinction that occurred closest in

time to modern communities, i.e. the K-Pg (~66 Ma).

1.4.3. Functional diversity gradients and the timing of the LDG

As mentioned, it remains unknown if there exists a modern Latitudinal Functional
Diversity Gradient (LFDG) akin to the modern LDG. The nature and timing of the
formation of the modern LDG also remains undetermined. Debate remains as to if the
LDG existed in the early Cenozoic, i.e. pre-Oligocene (Crame et al. 2018) or if this
developed later in the Cenozoic, i.e. post-Oligocene (Fenton et al. 2023). If an LFDG
exists in the modern oceans, it remains unknown how and when this may have formed

and if its formation is coupled with that of the species diversity gradient.

1.5. Thesis Aims and Hypotheses:

Thesis Aim: To evaluate whether modern marine community structure and function

originated in the aftermath of the K-Pg mass extinction and following Cenozoic Era.

Study 1 Aim: To examine trophic structural shifts across the K-Pg extinction and

recovery interval.

Study 1 Hypothesis: The K-Pg extinction collapsed trophic networks, but recovery

phases saw the origin of new trophic network structures resembling modern ones.

Study 2 Aim 1: To investigate global functional diversity across the Cenozoic Era
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Study 2 Hypothesis 1: Global marine invertebrate functional diversity will shift

significantly across the K-Pg boundary but not across the following Cenozoic events.
Study 2 Aim 2: To investigate global functional diversity across the Cenozoic Era

Study 2 Hypothesis 2: A latitudinal functional diversity gradient (LFDG) emerged
during the Cenozoic, paralleling or diverging from taxonomic patterns — i.e. bimodal
subtropical or temperate peaks during greenhouse Early-Cenozoic and a shift
towards a single equatorial peak in the later Cenozoic as the climate cooled to

icehouse conditions (Mannion et al. 2014).

1.6. Chapter Summaries:
1.6.1. Chapter 2 Summary (Study 1):

This study reconstructed four trophic meta-webs using the fossil-specific PFIM model
(Shaw et al. 2023), spanning the K-Pg boundary (Late Cretaceous to Mid-Eocene)
from well-preserved assemblages on Seymour Island, Antarctica. By comparing
structural and functional network properties, this study found no significant or
permanent shifts in marine community architecture across the extinction interval. The
results indicated ecological stability and functional resilience within this marine
ecosystem through the K-Pg crisis. Moreover, there was no detectable evidence that
the Deccan Traps Large Igneous Province (LIP) caused widespread ecological
degradation prior to the boundary, supporting the interpretation that the Chicxulub

impact alone was the principal driver of extinction.

1.6.2. Chapter 3 Summary (Study 2)

Part A: The first half of this study reconstructed the functional diversity (FD) of global
marine invertebrates at stage level between the Campanian and the Piacenzian,
inclusive. Using the Ecospace Cube method (Bambach et al. 2007) and a PBDB data
download, the Mode of Life (MoL) diversity of all major marine invertebrate phyla was
investigated. Analyses indicated some stage-to-stage variation but no directional
trend in FD across the K-Pg boundary to the Pliocene. However, there were sustained
rises in FD across the Eocene, and Miocene, coinciding with both global heating
(Eocene) and cooling (Miocene) events and long-term trends. Additionally, the
proportion of global genera within each MoL was altered across the K-Pg boundary,
with a decline in cephalopod-associated MolLs and reef-builders and a large increase

in proportion of gastropod-associated MoLs for the rest of the interval. The Bray Curtis
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Dissimilarity Index (Bray & Curtis 1957) also indicated a substantial shift in taxonomic
composition across the K-Pg. However, at no point was functional composition
significantly dissimilar between stages, indicating no substantial functional shifts likely

occurred during the interval, on a global scale.

Part B: The second half of this study reconstructed the same global invertebrate
communities as above but split them into palaeolatitude bands of 10° width, between
60°N/S, at both stage level and epoch level (for a larger sample size) between the
Campanian and Piacenzian. Consistent temperate peaks in marine invertebrate
functional and taxonomic diversity occurred in almost every stage and epoch. The
latest stages of the interval (Zanclean and Piacenzian) saw the beginnings of a
tropical peak in taxonomic diversity, however functional diversity remained at its
highest in the temperate North during this time. These results conclude that latitudinal
functional diversity has remained remarkably stable across latitude from the Late
Cretaceous to the Pliocene, i.e. across the K-Pg and Cenozoic climate events. This
may be an artefact of sampling bias or perhaps suggests the existence of an LFDG
that decoupled from the taxonomic diversity distribution across latitude (LDG) in the

later Cenozoic.
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Chapter 2 — Marine trophic structure across the Cretaceous-
Paleogene (K-Pg) mass extinction

Abstract

The Cretaceous—Paleogene (K-Pg) mass extinction eradicated ~60% of marine
species and reshaped global biodiversity. While post-extinction radiations established
many modern lineages, it remains unclear whether this event fundamentally altered
marine community structure and function. It has been proposed that the K-Pg marked
the emergence of modern marine ecosystems, yet this has not been empirically
tested. Four trophic meta-webs were reconstructed using the fossil-specific PFIM
model, spanning the K-Pg boundary (Late Cretaceous—Eocene) from well-preserved
assemblages on Seymour Island, Antarctica. By comparing structural and functional
network properties, this study finds no significant or permanent shifts in marine
community architecture across the extinction interval. These results indicate
ecological stability and functional resilience within this marine ecosystem through the
K-Pg crisis. These findings refute the hypotheses that the K-Pg event permanently
altered and marked the origin of modern marine community structure and function.
Moreover, there is no detectable evidence that the Deccan Traps Large Igneous
Province (LIP) caused widespread ecological degradation prior to the boundary,
supporting the interpretation that the Chicxulub impact alone was the principal driver

of extinction.

The candidate (LHW) downloaded and reviewed the dataset, contributed additional
entries, conducted statistical analyses and drafted the manuscript. All authors (LHW
and supervisors) contributed to project direction, data interpretation and editing the
manuscript. The data and code used in this chapter are available via the link:
LHW_Supplementary Material

The work in Chapter 2 will appear in the manuscript: Woods, L.H. Whittle, R.J. Witts,
J.D. Shaw, J.O. Beckerman, A.P. Dunhill, A.M. 2025. The K-Pg Mass Extinction did
not permanently restructure a marine food web. In prep
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2.1 Introduction

Major mass extinctions have repeatedly triggered vast losses of species in the deep
past and brought extensive ecological turnover on relatively short time scales (Raup
1986). Causing considerable taxonomic shifts, mass extinctions potentially
restructured ecosystems and modified ecological functioning at times across the
Phanerozoic (Erwin 2008; Price et al. 2014; Dunne et al. 2014; Hull 2015; Crame
2020). Investigation into the potential for extinctions to restructure marine
communities provides a deep-time understanding of marine macroevolution and clues

to how modern systems may fare under ever-increasing anthropogenic stressors.

The Cretaceous-Paleogene mass extinction (K-Pg), ~66 Ma, represents a
strong candidate for a major structural shift in marine communities. The most recent
mass extinction in Earth’s history, the K-Pg caused a global loss of ~60% of marine
species (Alroy 2008). Due to its timing and magnitude, not only does the K-Pg
extinction represent a potential turning point in the structure of marine communities,
but could also be the point of origin of ‘modern [marine] trophic organisation’ or
modern marine community structure (Dunne et al. 2014). However, this is yet to be

quantitatively investigated.

It is widely accepted that the K-Pg mass extinction was a result of the
Chicxulub meteorite impact in the Yucatan peninsula (Chiarenza et al. 2020), which
likely ejected particulates into the stratosphere, blocking solar irradiation to the
surface and inhibiting primary productivity (D’Hondt et al. 1998; Schulte et al. 2010;
Kaiho 2016). Impact-induced ocean acidification, triggered by greenhouse gas
release as well as sulphuric acid to rain into the oceans likely catalysed extinction
selectivity towards calcareous nanoplankton in particular, with over 90% species
extinction - a near total loss of the clade (Henehan et al. 2016; 2019; Lowery et al.
2020). The K-Pg also led to a breakdown in water column stratification which further
affected benthic communities, sparking secondary extinction cascades as well as
those caused by the depletion of primary production alone (Hull et al. 2011). As a
result, pelagic apex predators were seriously affected due to their large energy
requirements, whereby bottom-up extinction cascades led to the large marine reptiles
becoming extinct in particular (Bardet 1994; Gallagher 2005). The K-Pg was a
complex extinction, particularly targeting the bottom of trophic networks directly and
the top of them indirectly through secondary extinction cascades. Thus, it is entirely
possible that the structure of marine ecosystems was permanently altered by this
event; a turning point that may have forged modern marine ecosystem structure
(Dunne et al. 2014).
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Both taxonomic and functional diversity recovered rapidly from the K-Pg
extinction, with factors including Earth-system succession (e.g. global biogeochemical
cycling) contributing to geographic heterogeneity in biotic recovery (D’Hondt et al.
1998; Hull et al. 2011; Hull 2015; Lowery et al. 2018). For example, Tethys Sea carbon
export indicates a return to a Late Cretaceous level of productivity ~300 Kyr after the
Chicxulub impact (Henehan et al. 2019; Lowery et al. 2020), coinciding with global
biogeochemical cycle and primary productivity recovery (Jiang et al. 2010; Witts et al.
2018; Birch et al. 2021). Many modern marine taxa have their evolutionary roots in
the early-Cenozoic radiation following the K-Pg event (Uhen 2010; Meredith et al.
2011; Crame et al. 2014; Price et al. 2014; Schwarzhans et al. 2024). Ecological
turnover following the K-Pg extinction included a shift in marine benthic communities,
from suspension-feeding bivalve domination to grazing/predatory gastropod
domination (Witts et al. 2018). In particular, the arrival of the Neogastropoda in the
Danian points to the possibility of modern trophic organisation arising out of the K-Pg
extinction with potential structural changes to Cenozoic systems that set them apart

from their Late Cretaceous counterparts (Crame et al. 2014; Dunne et al. 2014).

Furthermore, despite the majority consensus that the K-Pg extinction was
indeed caused by the Chicxulub meteorite, ~66 Ma (Schulte et al. 2010; Chiarenza et
al. 2020), debate remains as to whether the Deccan Traps Large Igneous Province
Region (LIP, ~66.4-65.5 Ma) instigated ecological decline in communities prior to
impact, as has been postulated for terrestrial dinosaur communities (Keller et al. 2009;
Keller et al. 2011; Sakamoto et al. 2016; Schoene et al. 2019). In the marine realm,
taxonomic and functional diversity appear to display a single sharp decline, more
consistent with a bolide impact alone and no discernible input from Deccan Traps
volcanism has been found (Witts et al. 2015; 2016). However, calcium isotopes have
shown a ‘wasp-waist’ scenario, indicating that large marine reptiles had fewer prey
items in the latest Cretaceous stages than in earlier ones, which perhaps catalysed
their extinction at the K-Pg boundary (Martin et al. 2017).

The Late Cretaceous to Paleogene sequence of Seymour Island, Antarctica,
represents one of the most expansive K-Pg boundary-crossing sedimentary
successions in the world (Sadler 1988). This succession is ideal for examining
community change over the K-Pg boundary because it has extensive preservation,
from the Maastrichtian to the Eocene ~70-33.9 Ma, and displays remarkable
lithological homogeneity despite the environmental changes associated with the mass
extinction (Witts et al. 2018; Montes et al. 2019). Both the onset of the main phase of

Deccan volcanism and the Chicxulub meteorite impact are recorded in the Lopez de
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Bertodano Formation (LDBF), permitting detailed study with little change in
preservation conditions (Montes et al. 2019). The initial recovery is found in the
Danian of the LDBF as well as the Sobral Formation and, after an unconformity in the
succession, the recovered system dates to the Early to Mid-Eocene, Cross Valley and

La Meseta formations.

Here, | examine marine ecosystem structure across the K-Pg extinction event
at Seymour Island, by modelling trophic meta-networks for four broad time intervals
from the Late Cretaceous to the Eocene, using fossil occurrences and ecospace traits.
The four intervals analysed were the pre-Deccan (Early to Mid-Maastrichtian); Late
Maastrichtian; Recovery (Danian); Recovered (Eocene). | used the Palaeo Food Web
Inference Model (PFIM) (Shaw et al. 2023), a novel trait-based inference model, to
assess the probability of encounter and consumption between every pair of species
in a list of occurrences. The PFIM uses rules defined by optimal foraging theory and
Bambach ecospace traits, i.e. body size, motility level, tiering position and feeding
mode to build a meta-web of likely feeding interactions; a proxy of community
structure (Bambach et al. 2007; Shaw et al. 2023). | then compare key network
metrics across the four reconstructed meta-webs to answer the following questions:
(i) How did the K-Pg mass extinction affect marine meta-community structure?; (ii)
Were any changes in meta-community structure permanent and did the K-Pg mass
extinction represent the origin of modern marine community structure?; and (iii) Did
the Deccan Traps Large Igneous Province main phase of eruptions negatively impact

community structure prior to the bolide impact at the K-Pg boundary?

2.2. Materials and Methods
2.2.1. Dataset

Fossil occurrence data was obtained from variety of published and unpublished
datasets (Witts et al. 2016; Whittle et al. 2019; Witts & Whittle, unpublished data,
2006; 2009). The study interval extends from the Late Cretaceous to the Eocene of
Seymour Island, Antarctica, and consists of the Snow Hill Island Formation, the Lopez
de Bertodano Formation (LDBF), the Sobral Formation, the Cross Valley Formation
and the La Meseta Formation; Eocene (Sadler, 1988; Montes et al. 2019).

The dataset consists of 358 fossil taxa (categorised mostly to species level
but some occurrences are at genus level or higher wherever species-level data were
unavailable). The majority of occurrences used in this study were derived from Witts
et al. (2016), Whittle et al. (2019) or (Witts and Whittle, unpublished data, 2006; 2009)
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supplemented with an extensive literature search (Supplementary file named
‘LHW_Supplementary Refs.xIs’). The data were split into four time intervals across
the K-Pg boundary to compare the marine meta-communities across the extinction.
The first meta-community, the ‘Pre-Deccan’, dates from the Early to Mid/Late
Maastrichtian, ~70-67 Ma. This includes fossils from the Snow Hill Island Formation
and the Lopez de Bertodano Formation Units 1 to 8, inclusive. These organisms lived
prior to both the onset of the main phase of the Deccan Traps eruptions and to the
Chicxulub bolide impact. The next interval is the ‘Late Maastrichtian’, ~67-66 Ma,
which includes fossils found in LDBF Unit 9 only. This interval included the onset of
the main phase of eruptions of the Deccan Traps ~ 66.4 Ma but was still prior to the
K-Pg boundary. The third community, ‘Recovery’, dates to the Danian (early
Paleocene), ~66-61.6 Ma, and includes fossils found in LDBF Unit 10 and the Sobral
Formation, in the aftermath of the K-Pg extinction. Finally, due to an unconformity
between the Danian and Eocene, the ‘Recovered” meta-community dates to the
Eocene, ~56-45 Ma, and includes fossils from the Cross Valley or the La Meseta

formations (Maranessi et al. 2002).
2.2.2. Defining ecological traits of fossil organisms

Four ecological traits were used to reconstruct and quantify the structure of each of
the four meta-communities across the K-Pg extinction boundary, using the PFIM
model (Shaw et al. 2023). Three of the four traits were the diet, motility, and substrate
tiering position of the organisms, as defined by the Bambach Ecospace Cube
(Bambach et al. 2007). The fourth trait was body size, an important component of
contemporary trophic models, facilitating the use of optimal foraging theory (Petchey
et al. 2008).

For each occurrence, ecological traits were obtained from the Palaeobiology
Database (PBDB 2022), wider published literature and/or alternative databases
(MarLIN; Mindat.org; FishBase 2022). The diet categories were defined as the unique
combination of taxa eaten by consumers from the list of other occurring species within
each interval. The feeding categories are as listed: Primary; Gastropod_herb;
Gastropod_pred; Gastropod_omni; Bivalve; Coral; Brachiopod; Crinoid; Ammonoid;
Belemnites; Decapod, Echinoid; Nautiloid; Polychaete; Scaphopod; Fish_duro;
Omni_duro; Fish1; Fish2; Fish_plankt; Fish_pisc; Fish_pelag; Hake_cuskeel; Shark1;
Shark2; Otodontid; Cow_shark; Carcharinidae; Basilosaur; Plesiosaur; Mosasaur;
Penguin; Seabird_herb (see CH2_Supplementary Material, S1A for associated prey
items for each). The size categories were defined as the longest axis of the specimen,

or using dental allometric formulas (for example, in Chimaeroids, the length of a
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palatine plate is approximately 4% of the total body length (Cicimurri et al. 2008) etc.
(see LHW _Supplementary _Refs.xIs). The body size category increased by order of
magnitude: 0 — 1 mm; 1 — 10 mm; 10 — 100 mm; 100 — 1000 mm; 1000 — 10 000 mm;
and 10 000 — 100 000 mm (CHZ2_Supplementary_Material, S1B).

Tiering categories consisted of: erect; epifaunal; semi_infaunal;
shallow_infaunal; boring; deep_infaunal; nektobenthic; nektonic; surface (i.e. near
surface waters only — e.g. most sea birds) (CH2_Supplementary_Material.doc, S1C).
Motility consisted of non-motile; facultatively motile; slow; and fast
(CH2_Supplementary Material.doc, S1D). A single node for primary producers was
added to the bottom of each web to account for all primary producers and detritus, as
per Shaw et al. (2023).

2.2.3. Using the PFIM to reconstruct four communities

The Palaeo Food Web Inference Model (PFIM) (Shaw et al. 2023) was used in R,
version 4.3.0 to reconstruct a meta-community food web for each of the four time
intervals, utilising body size, diet, tiering and motility (Bambach et al. 2007). The PFIM
uses these traits to create an edge list (a list of all occurring species, paired) and then
assigns the possibility of encounter and consumption for each pair in the edge list,
using rules governed by ecological foraging traits (i.e. diet, matility, tiering and body
size) (Shaw et al. 2023). A feeding interaction is realised only when feasible for all
four traits, e.g. size category 100—1000 mm could eat category 10-100 mm but not
1000-10,000 mm, and so on with all four traits. The full list of feeding rules created for
these analyses is available (CH2_Supplementary Material, S2). Once the fossil
communities had been reconstructed into the four most-likely meta-webs, the PFIM
produced a graphical 3D representation of each meta-web (Fig. 3). All analyses and

visualisations in this chapter were also carried out using R 4.3.0.
2.2.4. Analysing community structure and function:

Structural network metrics were calculated using the PFIM model (code available in
the Supplementary Material, ‘LHW_PFIM_Script.R’). This aimed to compare the
structure and function of each of the four communities across the K-Pg boundary. The
network metrics and functional motifs calculated are defined in Table 1 and their
respective values are displayed in Tables 2 and 3. These consist of web size (i.e.
diversity), number of links, number of links per taxa, community connectivity (i.e.
connectance), maximum trophic level, mean trophic level, normalised in-degree (i.e.
generality), normalised out-degree (i.e. vulnerability) and the prevalence of linearity,

omnivory, apparent and direct competition motifs.
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2.3. Results and Discussion

The PFIM model (Shaw et al. 2023) was used to reconstruct four meta-community
food webs across the K-Pg boundary of Seymour Island, Antarctica. This was to
understand the impacts of the K-Pg mass extinction on marine community structure
and function using trophic networks, and to ascertain if the Deccan Traps LIP incited
decline in marine communities prior to the bolide impact. The results are displayed in
Figs. 3 & 4 and Tables 2 & 3 below.

Table 2. The structural network metrics (to 3 d.p.) calculated by the PFIM model for each of the four
reconstructed food meta-webs in our study. ‘Pre-Deccan’ is the Early-Mid Maastrichtian, ‘Late Maastrichtian’

is the Late Maastrichtian, ‘Recovery’ is the Danian and ‘Recovered’ is the Eocene meta-web.

Pre-Deccan Late Maastrichtian Recovery Recovered

Diversity (no. species) 67 81 27 150

Number of links 808 1176 92 2750
Connectance 0.180 1.179 0.126 0.122
Links per species 12.06 14.519 3.407 18.33
Maximum Trophic Level 4.344 4.779 4.187 4.560
Mean Trophic Level 2.827 3.026 2.266 2.976
Generality 0.180 0.153 0.183 0.119
Vulnerability 0.1461 0.120 0.184 0.124

Table 3. The prevalence of functional motifs (to 4 d.p.) calculated by the PFIM model for each of the four
reconstructed food meta-webs in our study, normalised by web size. ‘Pre-Deccan’ is the Early-Mid
Maastrichtian, ‘Late Maastrichtian’ is the Late Maastrichtian, ‘Recovery’ is the Danian and ‘Recovered’ is the

Eocene meta-web.

Pre-Deccan Late Recovery Recovered
Maastrichtian
Normalised number of
omnivory motifs 0.6832 0.6894 0.1961 0.6107
Normalised number of
linear chains 0.5988 1.1969 0.0508 1.0042
Normalised number of
apparent  competition
motifs 0.8621 1.0844 0.2647 1.3650
Normalised number of
direct competition
motifs 0.6988 0.8520 0.3224 1.4841
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Figure 3. Graphical representations of inferred trophic meta-webs across the K-Pg boundary using fossils
from Seymour Island, Antarctica, using the PFIM (Shaw et al. 2023). The associated timescale (colour) is
below and the Seymour Island Formation ages below that (black and white). Dashed lines point to
associated meta-webs indicating the interval each one was reconstructed from.

2.3.1 How did the K-Pg mass extinction affect marine ecosystem structure?

Both meta-webs from before the K-Pg boundary: the Pre-Deccan and the Late
Maastrichtian, report network metrics congruent with contemporary marine food webs
- i.e. connectance values of 0.180 and 0.179, for the Pre-Deccan and Late
Maastrichtian, respectively; links per species of 12.06 and 14.52, respectively; and
mean trophic levels of 2.83 and 3.03, respectively (Table 2). These metrics fall well
within the ranges reported in modern marine food webs (Optiz 1996; Yodzis 1998;
Dunne et al. 2002; Roopnarine & Hertog, 2013; Filguera & Castro 2011; Kortsch et
al. 2015; Navia et al. 2016).

In contrast, across the K-Pg boundary, there is significant taxonomic loss; 86%
of diversity and roughly 11.1 links per species are lost (Table 2, Fig. 4). This immense
loss of taxa drove turnover in early Paleocene community composition. For example,
a shift in benthic dominance from bivalves in the Late Cretaceous to gastropods in
the Danian, and the arrival of the Neogastropoda (Crame et al. 2014). The number of
modern genera of Neogastropoda rose from 0% in the Maastrichtian to 37% in the
Middle Eocene, apparently representing the advent of modern benthic assemblages
(Crame et al. 2014; Whittle et al. 2019). Despite these changes, however, the K-Pg
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Figure 4. a = Network Diversity, b = connectance, ¢ = trophic level (maximum TL in red, mean TL
in blue), d = the prevalence of both competition motifs (apparent competition in blue, direct
competition in red), e = generality (in-degree), f = vulnerability (out-degree), g = prevalence of
the omnivory motif, h = prevalence of the linearity motif. See Table 1 for definitions of metrics
and motifs. The meta-web name is above each associated point at the top of the plot, and a
timeline is below with the meta-web names on above their associated stages.
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mass extinction did not drive an observable change in meta-community complexity
i.e. network connectance (Fig. 4b). Connectance (Table 1), is a key network metric
frequently used to understand wholesale ecosystem structure and function (Dunne et
al. 2002; Williams et al. 2002; Leclerc et al. 2023). The lack of substantial change in
connectance indicates there were likely no major structural or functional shifts within
the Antarctic community out of the K-Pg extinction. This is a novel result for trophic
network structure and supports a lack of change in functional diversity (Whittle et al.
2019).

The retention of meta-community function across the K-Pg mass extinction
and the resistance to total collapse despite the loss of most taxa is likely an example
of the ‘skeleton crew’ hypothesis (Foster & Twitchett 2014; Dunhill et al. 2018). The
skeleton crew hypothesis posits that substantial functional redundancy may permit a
marine community to withstand the loss of a numerous species across an extinction
event without losing a significant number of ecological niches and/or community
function (Foster & Twitchett 2014; Dunhill et al. 2018). The Late Maastrichtian meta-
community possesses the highest level of linearity out of all the webs (Fig. 4h), and
thus likely held a high level of functional redundancy. Linearity denotes functional
redundancy because it is the [normalised] number of chains between three nodes in
a network and thus represents the ability to re-wire the web if a node is lost; the ability
to maintain energy flow across trophic levels (Rosenfeld 2002; Blanchard 2015). The
primary productivity crisis incited by the Chicxulub impact removed a large number of
nodes, likely through secondary extinction cascades and subsequently diminished
linearity in the Danian recovery community (Fig. 4h), leaving only a ‘skeleton crew’ to
maintain ecosystem function (Krug et al. 2010; Edie et al. 2018). These results
support Whittle et al. (2019) who found the number of molluscan modes of life (i.e.
functional diversity), remained constant across the K-Pg boundary at Seymour Island,

despite significant changes in the richness within each mode of life during this period.

While the wholesale structure of the Seymour Island marine community
apparently remains intact, there are deviations in network metrics and functional
motifs that suggest some perturbation in community function across the K-Pg
extinction. For example, both maximum and mean trophic level drop in the Danian
recovery meta-web, compared to the Late Cretaceous communities (Fig. 4c),
indicating a shorter, less vertically complex trophic network. Maximum trophic level,
or trophic height, has been observed to fall with a decrease in biodiversity and linearity
(Williams & Martinez 2004; Dobson et al. 2006; Gabara et al. 2021). Similarly, a

reduction in linearity from extinction could be due to fewer taxa at higher trophic levels,
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providing fewer linear chains up the network. The drop in trophic height and the
selectivity against apex predators, i.e. the loss of the mosasaurs and plesiosaurs,
could be attributed to bottom-up extinction cascades whereby a probable primary
productivity crash led to low energy transfer to the highest trophic levels (Arthur et al.
1987; lkejiri et al. 2020). As a result, the modelled Danian recovery meta-community
exhibits a durophagous cow shark Notidanodon dentatus (Cappetta 1975), as an
apex predator, in the absence of larger species. Importantly, N. dentatus was at least
an order of magnitude smaller than the reptilian predators at the top of Cretaceous

meta-webs; another sign of energy loss in the system.

Furthermore, the generality (in-degree) and vulnerability (out-degree) both
increase across the K-Pg extinction (Table 3, Fig. 4e-f). Generalist feeders are more
likely to survive extinctions due to consuming a broader diet than specialist taxa and
can adapt to the loss of prey sources by feeding more intensely on those that remain
(Dunhill et al. 2024). As a result, so-called ‘disaster taxa’ or those that dominate after
an extinction, are most often opportunistic generalist feeders (Rodland & Bottjer 2001)
which in the case of the K-Pg, were mid-trophic-level consumers (Vellekoop et al.
2020; Guinot & Condamine 2023). Similarly, vulnerability within the Seymour Island
community increases across the K-Pg extinction, due to a vast loss of species from
the bottom of the food web (including suspension-feeding bivalves, ammonoids,
belemnites and nautiloids). It is likely consumers had fewer viable resources to feed
from as a result (Dobson et al. 2006; Dunhill et al. 2024). Finally, the drop in taxonomic
diversity likely also drove the observed reduction in omnivory motifs (Fig. 4g) across
the K-Pg. Post-extinction there are far fewer species within each niche to feed upon
and also fewer consumers capable of feeding across trophic levels, explaining the

drop in prevalence of omnivory motifs within the network (Gabara et al. 2021).

Finally, the drop in both apparent and direct competition motifs (Table 3, Fig.
4d) is once again likely due to lower taxonomic diversity (Pascual & Dunne 2006).
The loss of the majority of taxa in the system, particularly at the top trophic levels,
likely resulted in fewer consumers within each guild to compete for prey items (direct
competition), and thus less competition between remaining prey species eaten by the
same predator (apparent competition). The drop in competition is another indicator of
a loss of functional redundancy across the K-Pg boundary (Fig. 4d). In summary, the
reduction of the previously diverse community to a skeleton crew across the K-Pg
boundary, suggests that the resulting early Paleocene community had low functional

redundancy and would have been vulnerable to further environmental perturbation.
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2.3.2. Did the K-Pg cause permanent changes to marine ecosystem structure?

An unconformity in the Seymour Island sequence means the initial recovery phase in
the Danian is followed by the Eocene Cross Valley and La Meseta formations (Sadler
1988). The Eocene began 10 million years after the K-Pg extinction and global
biodiversity had long recovered by this point (Lowery et al. 2018; Cocozza & Clarke
2020), however calcareous phytoplankton had likely only just returned to Late
Cretaceous levels of diversity by the beginning of the Eocene (Arthur et al. 1987,
Aberhan et al. 2007). By the Eocene, Seymour Island taxonomic diversity appears to
recover to beyond that of either of the Late Cretaceous communities (Fig. 4). Along
with taxonomic diversity, connectance does not substantially change from the Danian
meta-community (or both Late Cretaceous communities), once again highlighting the
lack of change in wholesale ecosystem structure and function across the K-Pg mass

extinction.

Furthermore, by the Eocene, the Seymour Island community has undergone
a complete recovery in all structural network metrics (Fig. 4). Both generality and
vulnerability return to levels similar to those observed in the Late Cretaceous,
reflecting the recovery of high degrees of specialism and trophic variety that can only
be achieved under stable environmental conditions. To add to this, the maximum and
mean trophic levels also recover to Late Cretaceous levels (Fig. 4c), with the
origination of the early cetaceans such as Basilosauridae, increasing the trophic
height of the community by re-occupying large apex predator niches. Such results are
consistent with the recovery of a high level of functional redundancy, reflected in the
recovery of linearity, as well as omnivory and both apparent and direct competition
(Table 3, Fig. 4). In fact, both competition motifs surpass the levels recorded in the
pre-extinction communities which might be evidence to support the idea of increasing
robustness of ecological communities into the Cenozoic Era (Roopnarine 2006; Erwin
2008).

Overall, despite drastic taxonomic turnover, there are no detected permanent
structural or functional shifts across the K-Pg mass extinction in the Seymour Island
marine community. Based upon this evidence, we refute the hypothesis that the K-Pg
boundary represents the origin of modern marine community structure, nor the unique
structure of Antarctic marine ecosystems today (Convey et al. 2001; Dunne et al.
2014). Moreover, as stated earlier, all four reconstructed marine communities in this
study display a ‘modern’ structure, i.e. connectance values between 0.01-0.3,
number of links per species between 1.85-16.49, and mean trophic level between
1.35-3.1 (Optiz 1996; Yodzis 1998; Dunne et al. 2002; Roopnarine and Hertog. 2013;
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Kortsch et al. 2015). Despite that fact that the immediate post-extinction recovery
meta-web does exhibit marginal differences in metrics compared to the other three
webs, its structural properties still fall well within modern ranges. These results
suggest that if there has been a particular turning-point in the creation of modern

marine community structure, it likely occurred prior to the Late Cretaceous.

2.3.3. Did Deccan Traps Volcanism cause ecological decline in marine
communities?

The onset of the main phase of the Deccan Traps Large Igneous Province volcanism
(~66.4 Ma) sits within the Late Maastrichtian time interval in this study (~67-66 Ma),
yet no discernible negative effect on the structure of the Seymour Island community
is detected at this resolution. It is not possible to split Unit 9 of the Lopez de Bertodano
Formation into occurrences before and after the onset of the Deccan Traps, and
therefore the effect of the volcanism may be masked by time averaging across the ~1
Myr interval. However, the results align with Witts et al. (2018) and Whittle et al. (2019)
who report no decline in molluscan taxonomic nor functional diversity over the Late
Maastrichtian, but rather a single abrupt drop in both at the Cretaceous-Paleogene
boundary, 66 Ma. Despite potential masking due to time-averaging, the results are
supported by modelled scenarios of Deccan outgassing that fit best with empirical
temperature records of the Late Cretaceous (Hull et al. 2020). The most likely
scenario for Deccan volcanism was that up to 87% of outgassing occurred and
diminished before the Chicxulub impact, in a short impulse (Hull et al. 2020). Thus,
the estimated 2°C of global warming in the Late Maastrichtian likely cooled back to a
prior temperature before the K-Pg extinction (Hull et al. 2020), which may be why

there is no discernible ecological response to the volcanism at this resolution.

Finally, the Late Maastrichtian meta-community has greater taxonomic
diversity compared with the previous interval (Fig. 4a). This, along with negligible
changes in connectance and number of links per species, points again to a lack of
major change in ecosystem structure, whether advantageous or deleterious. The Late
Maastrichtian meta-community shows a slight increase in maximum and mean trophic
level, omnivory, and both apparent and direct competition, as compared to the Pre-
Deccan meta-community (Table 3, Fig. 4). The level of linearity increases from 0.599
in the Pre-Deccan to 1.197 in the Late Maastrichtian meta-community, which
represents an increase in functional redundancy, a metric expected to decrease under
significant environmental stress (Dunhill et al. 2024), such as is also reported across

the K-Pg boundary. This is further evidence to suggest Deccan Traps volcanism did
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not affect Antarctic marine communities. In summary, although limited by temporal
resolution, this study confirms that the K-Pg mass extinction was likely primarily
caused by the Chicxulub meteorite impact. In turn, this paved the way for the

emergence of early Cenozoic communities.

Overall, this study finds the K-Pg mass extinction likely did not cause
permanent change to marine trophic structure and is likely not the origin of modern
marine trophic structure as previously suggested (Dunne et al. 2014). Despite
taxonomic loss and species turnover, the wholesale structure of the Seymour Island
marine meta-community did not undergo change across the K-Pg boundary. This is
likely due to the skeleton crew hypothesis (Foster & Twitchett 2014; Dunhill et al.
2018) whereby the substantial functional redundancy in the Late Maastrichtian meta-
web (as implied by the linearity motif) afforded the loss of most taxa without losing
any function in the Recovery meta-web. However, the K-Pg did incite temporary
perturbations in meta-community function consistent with a productivity crisis and
large-scale diversity loss (i.e. decreased vertical complexity, reduced mean trophic
level, increased generality and reduced competition). Furthermore, finds that the sole
cause of the K-Pg mass extinction is likely the Chicxulub impact at the K-Pg boundary.
Deccan Traps volcanism did not inflict ecological damage to marine communities prior
to impact, at this resolution. This being a regional study, global investigation into

community structure and function is now needed to support these results.
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Chapter 3 - Marine invertebrate functional diversity across time
and space in the Cenozoic

Abstract

The Cretaceous-Paleogene (K-Pg) extinction and the subsequent Cenozoic Era were
pivotal in shaping modern marine taxonomic diversity and composition. However,
functional diversity (FD) remains comparatively understudied across this interval,
despite the Cenozoic Era featuring major climatic perturbations, some comparable
with worst-case climate change projections such as the Paleocene-Eocene Thermal
Maximum (PETM). This study investigates how marine ecosystem functioning
changed from the Late Cretaceous to the Pliocene. Part A reconstructed global
marine invertebrate FD at stage level from the Campanian to the Piacenzian. Part B
examined FD patterns across palaeolatitude bands (10° width, 60°N-60°S) at both
stage and epoch levels. Both analyses used the Ecospace Cube method (Bambach
et al. 2007) and occurrence data from the Paleobiology Database to quantify Mode of
Life (MoL) diversity across maijor invertebrate phyla, applying raw, standardised
(INEXT; Alroy, 2010a), and spatially-standardised (divvy; Antell et al. 2024)
approaches. Across all methods, Part A revealed considerable stage-to-stage
variation in FD but no long-term directional trend from the Late Cretaceous to the Late
Pliocene, nor any identifiable K-Pg extinction effect. However, sustained rises in FD
occurred in the Eocene and Miocene, coinciding respectively with global warming
events and cooling. The relative proportion of gastropod-associated MoLs increased
markedly across the K-Pg boundary, while Bray-Curtis dissimilarity analysis indicated
no major shifts in functional composition occurred despite significant taxonomic
turnover. Part B found a consistently strong temperate (30-40°N/40-50°N) FD and
taxonomic diversity peak through most stages and epochs. By the Pliocene,
taxonomic diversity began shifting towards the tropics, yet FD remained highest at
temperate latitudes. These findings indicate that latitudinal FD has remained
remarkably stable from the K-Pg to the Pliocene, suggesting either a persistent
latitudinal functional diversity gradient (LFDG) decoupled from taxonomic diversity, or

that apparent stability reflects sampling and methodological bias.

The candidate (LHW) downloaded and reviewed the dataset, contributed additional
entries, conducted statistical analyses and drafted the manuscript. All authors (LHW
and supervisors) contributed to project direction, data interpretation and editing the
manuscript. The data and code used in this chapter are available via the link:
LHW_Supplementary Material
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The work in Chapter 3 will appear in the manuscript: Woods, L.H. Dunhill, A.M. 2025.
Marine Invertebrate Functional Diversity from the Late Cretaceous to the Pliocene. In

prep.

3.1 Introduction

Functional diversity (FD) is an umbrella term containing multiple metrics, including
functional richness, i.e. the range of traits that all species in a community possess
(Tilman et al. 2001; Mouillot et al. 2013) and functional evenness, i.e. the relative
abundance of species in each functional group (Villéger et al. 2008, Mammola et al.
2021). Marine invertebrates occupy a range of functional groups and are key to
ecosystem functioning (Aller 2001; Mermillod-Blondin et al. 2002; Glud 2008). Marine
invertebrates also retain a robust fossil record, enabling deep time study of faunal
communities (Vermeij 1977; Klug et al. 2015). However, palaeoecological study of
macroinvertebrate FD is still less common than that of modern oceans, and there
remain significant temporal gaps in our knowledge of both global and regional FD over
deep time (Laliberté & Legendre 2010; Tilman et al. 2014).

Marine invertebrate FD is thought to have increased over the Phanerozoic
(Bush et al. 2007; Novack-Gottshall 2007). The Cambrian Explosion (541-530 Ma)
saw the origins of all modern phyla (Buatois et al. 2016a), but it was during the Great
Ordovician Biodiversification Event (GOBE), ~497 Ma, where the most marked rise in
the functional diversity of marine fauna occurred (Webby et al. 2004; Bambach et al.
2007; Mondal & Harries 2016). Marine invertebrate functional diversity likely
continued to rise incrementally over the remainder of the Phanerozoic (Villéger et al.

2011), although this has not been formally tested for the Cenozoic Era.

Many palaeoecological examinations of marine FD have focused on mass
extinction events, providing insight into the resilience of marine communities (Foster
& Twitchett 2014; Mondal & Harries 2016; Dunhill et al. 2018; Whittle et al. 2019). In
their investigation, Mondal & Harries (2016) postulate that no mass extinction has
significantly affected bivalve functional diversity despite devastating impacts on
taxonomic richness. Evidence to support this is found for the Permian-Triassic Mass
Extinction (PTME, ~251 Ma) i.e. Foster & Twitchett (2014), the Late Triassic Mass
Extinction (LTME, ~201 Ma), i.e. Dunhill et al. (2018) and regionally for the
Cretaceous-Paleogene Mass extinction in the Antarctic (K-Pg, ~66 Ma) (Aberhan &
Kiessling 2015; Whittle et al. 2019). These studies reported a net loss of just one
(PTME) or no (LTME & K-Pg) modes of life (MoLs) across these major extinctions
(Foster & Twitchett 2014; Dunhill et al. 2018; Whittle et al. 2019). Such study has
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much aided our understanding of the stability of FD across major extinctions,
however, less is known about community structure and function following the K-Pg
mass extinction. The Cenozoic Era lacked a major extinction event but did see global
climate upheaval and taxonomic shifts towards modern marine assemblages (Hull
2015; Westerhold et al. 2020).

An extensive radiation occurred in the wake of the K-Pg, with the proliferation
of many extant clades today. These include the Neogastropoda and numerous
foraminifera, decapod, bivalve and echinoid taxa (Benton 1995; Schram & Dixon
2004; Hull & Darroch 2013; Crame et al. 2014). The modern latitudinal species
diversity gradient (LDG) is thought to have formed sometime after the K-Pg extinction,
although its exact timing is debated (Krug et al. 2009; Brown 2014; Crame 2020;
Brodie & Mannion 2023; Fenton et al. 2023). The K-Pg itself has previously been
proposed as the origin of modern marine trophic organisation (Dunne et al. 2014).
However, this was found not to be the case for trophic structure in Antarctica in the
second chapter of this study. Despite this, the K-Pg had ‘modernising’ effects in other
ways, for example, the K-Pg resulted in the ‘broad framework’ of modern reef fish
assemblages through 10 Myr of reef colonisation following the extinction (Price et al.
2014). With these changes and many others, the K-Pg extinction and Cenozoic Era
stand as good candidates to investigate the nature and timing of modern invertebrate

community function.

The Cenozoic Era (66-0 Ma) likely saw no mass extinction despite several
extreme climate events and a long-term cooling trend (Kennett & Scott 1991; Thomas
et al. 2002; Lisiecki & Raymo 2005). Earth retained a greenhouse climate throughout
the Paleogene (Zachos et al. 2001) and multiple hyperthermal extremes are recorded
in the first ~30 Myr of the Cenozoic. This includes the ‘Early Eocene hyperthermals’,
the Paleocene-Eocene Thermal Maximum (PETM, ~55.8-55 Ma), the Early Eocene
Climatic Optimum (EECO, ~53-51 Ma) and the Middle Eocene Climatic Optimum
event (MECO, ~40 Ma) which likely represent the highest sustained temperatures in
the Cenozoic (Bohaty & Zachos 2003; Stokke et al. 2020). For example, the EECO
saw ~14°C of global warming, and the MECO is thought to have increased SST by
up to 6°C (Smith et al. 2010; Giorgioni et al. 2019; Inglis et al. 2020). Despite these
temperature extremes, there is little evidence of extinction or ecological decline in
macrofauna during the Early Eocene (Foster et al. 2020). However, microfossils
reportedly saw extinctions in deep-sea benthic foraminifera and poleward range shifts
in planktic foraminifera, radiolaria and dinoflagellates during these events (Thomas &
Shackleton 1996; Foster et al. 2020; Li et al. 2020; Sarkar et al. 2022). Global
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macroinvertebrate FD likely remained stable throughout these and other extreme
Cenozoic climate events, given the reported stability across major extinctions (i.e.
Foster & Twitchett 2014; Dunhill et al. 2018). Alternatively, certain Cenozoic climate
events may have affected the structure of invertebrate communities, e.g. the regional

distribution of FD and the strengthening of the species diversity gradient (LDG).

The latter half of the Cenozoic Era witnessed cooling as the climate
transitioned towards an icehouse regime (Westerhold et al. 2020). The Eocene-
Oligocene Transition (EOT, ~34-33.6 Ma), is thought to have caused a significant
turnover in benthic foraminifera (Thomas 2007) and a minor macrofaunal extinction
in the marine realm (Prothero 1994). Both the Oligocene and following Miocene saw
sustained cooling and sea level fall (Halfar & Mutti 2005; von der Heydt & Dijkstra
2006). The Middle Miocene Climate Transition (MMCT, ~14 Ma) caused a wave of
extinctions, likely via cooling and falling sea level (Mourik 2010; Pierce et al. 2017;
Agusti et al. 2013). It is thought Earth crossed the threshold of an ‘icehouse’ climate
in the Piacenzian, latest Pliocene (Westerhold et al. 2020). A marine megafaunal
extinction has been found over the Pliocene-Pleistocene boundary (Pimiento et al.
2017). However, marine invertebrate community function during the Pliocene climate

transition remains underexplored.

Previous shows of global-scale stability in FD potentially mask the regional-
scale effects of extreme climates. Dunhill et al. (2018) report the effects of the LTME
were felt most keenly at lower latitudes, reflected by the collapse of tropical reef
systems despite no global net loss of FD. Therefore, although it is likely non-extinction
climate events (e.g. PETM, EOT) did not incite a global shift in FD, the potential for a
regional signal remains possible. For example, microfossil analyses of the EOT, led
Oleinik & Marincovich (2003) to believe cooling was felt most keenly at low latitudes,
where warm-water taxa suffered while their cold-water counterparts thrived. Some
Cenozoic events, such as the Messinian Salinity Crisis (MSC, 5.97-5.33 Ma) are
regional in nature (Roveri et al. 2014). The MSC was a biological crisis in the
Mediterranean, whereby restriction of water exchange with the Atlantic Ocean led to
increased salinity (Krijgsman et al. 1999; Roveri et al. 2014). The effects of regional
crises may be masked at a global resolution and reiterate the use of spatial analyses
to understand multiple facets of ancient communities. Due to a lack of evidence of
any macroinvertebrate community-level response to most Cenozoic climate

extremes, latitudinal variations in response in particular mostly remain unreported.

Furthermore, the latitudinal distribution of taxonomic diversity has likely

correlated with the temperature and seasonality of climate regimes throughout the
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Phanerozoic (Roy et al. 2000; Mannion et al. 2012; 2014). The modern LDG consists
of an equatorial peak in species richness, indicative of an icehouse climate with
consistent seasonality (Jablonski et al. 2006: Kiessling et al. 2012). However, few
studies have attempted to identify a latitudinal functional diversity gradient (LFDG),
past or present, which would not only enable us to further understand the
geographical distribution of diversity on Earth but would determine iffhow FD
correlates with climate. The few studies that explore a modern LFDG are single-clade
analyses e.g. Berke et al. (2014) noting bivalve FD sharply decreases with increasing
latitude. Meanwhile, Copepoda exhibit bimodal FD peaks at subtropical and
temperate Pacific latitudes (Becker et al. 2021; Tang et al. 2022). The deep time
potential for an LFDG is even less examined (e.g. Grossman et al. 2022) and a gap
remains for investigations of multiple invertebrate phyla across latitude over mass

extinctions and their recovery periods.

Here, | analyse marine invertebrate FD, from the Late Cretaceous to the end
of the Pliocene both globally and across latitude. | use the Paleobiology Database
(PBDB 2024) to analyse invertebrate mode of life (MoL) richness, across a total of 19
stages, from the Campanian to the Piacenzian inclusive. | use occurrence data and
ecospace traits (Bambach et al. 2007) to answer the following questions: (i). How did
global marine invertebrate FD vary from the Campanian to the Piacenzian? (ii). Did
any detectable variations in FD coincide with the timing of Cenozoic climate events?
(iii). How did invertebrate FD vary with latitude over the Cenozoic Era, in comparison
to global analyses? And (iv). Is there evidence for a latitudinal functional diversity
gradient (LFDG) in marine invertebrates between the Campanian and the Piacenzian
(~83.6-2.58 Ma)?

3.2 Materials and Methods
3.2.1 Dataset

Marine invertebrate occurrence data were downloaded from the Paleobiology
Database (PBDB 2024 ) across the study interval and consisted of the following phyla,
from marine settings only: Annelida; Arthropoda; Brachiopoda; Bryozoa; Cnidaria;
Echinodermata; Mollusca; Porifera; Sipuncula. The 19 stages of the interval contained
the Campanian (~83.6-72.1 Ma); Maastrichtian (~72.1-66 Ma); Danian (~66-61.6 Ma);
Selandian (~61.6-59.2 Ma); Thanetian (~59.2-56 Ma); Ypresian (~56-47.8 Ma);
Lutetian (~47.8-41.2 Ma); Bartonian (~41.2-37.8 Ma); Priabonian (~37.8-33.9 Ma);
Rupelian (~33.9-27.8 Ma); Chattian (~27.8-23 Ma); Aquitanian (~23-20.4 Ma);
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Burdigalian (~20.4-16 Ma); Langhian (~16-13.8 Ma); Serravallian (~13.8-11.6Ma);
Tortonian (~11.6-7.2 Ma); Messinian (~7.2-5.33 Ma); Zanclean (~5.33-3.6 Ma); and
the Piacenzian (~3.6-2.58 Ma). The dataset was then cleaned to exclude any
uncertain generic assignments, i.e. aff., cf., ex gr., sensu lato, or ‘informal’, as well as
removing form and ichnotaxa. The resulting dataset consisted of 214,653 occurrences
within 7,997 genera. Each genus was assigned a mode of life code (MoL) based upon
its tiering, motility level and feeding habit, in that order, following the ‘Ecospace Cube’,
as per Bambach et al. (2007). See Table 4 for the MoL assignments. Ecological
information was sourced from the PBDB or published literature (see
LHW _Supplementary Refs.doc). Of the 7,997 initial genera, there were 48 that could
not be assigned a MoL with certainty, leaving the raw dataset with 213,145
occurrences of 7,949 genera. The CH3_Supplementary Material, S4 contains a list
of the 49 MoLs observed in this study. All subsequent standardisation techniques,
analyses and visualisations in this chapter were carried out using R version 4.4.3 (R
Core Team, 2024).
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Table 4. Trait categories used to assign genera a mode of life code (MolL) component, using
Tiering Habit, Motility Level and Feeding Habit, in that order, as per the ‘Ecospace Cube’ of
Bambach et al. (2007). For example, an erect (2), stationary-attached (6), suspension-feeder
(1) would be assigned the Mol, 261.

Tiering Habit MoL Component 1

Nektonic 1

Erect

Epifaunal

Semi-infaunal

Shallow infaunal (<= 5cm below surface)

@ g A~ O WN

Deep infaunal (>5cm below surface)

Motility Level MoL Component 2
Fast-moving 1
Slow-moving 2
Facultatively motile-unattached 3
Facultatively motile-attached 4
Stationary-unattached 5
Stationary-attached 6
Feeding Habit MoL Component 3
Suspension-feeder 1
Surface deposit feeder 2
Miner 3
Grazer 4
Predator 5
Other (parasitic, autotrophic etc.) 6

3.2.2 Global Analyses

A global approach was first used, to create a stage-level time series of both functional
(FD) and generic (GD) diversity including direct diversity counts and global functional
and generic composition analysis per time interval. Table 5 defines the acronyms
used to shorten the names of the values of functional and generic diversity after two

different levels of standardisation.
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Raw data

The raw data were used to calculate raw functional diversity (RFD, i.e. raw MoL
diversity) and raw generic diversity (RGD) to inspect global patterns across deep time
and identify potential points of bias. These are displayed in Fig. 5 and were created
using the ggplot2 package (Wickham 2016) as were all plots within this study. To
assess spatial bias, the modern geographical distribution of raw occurrences are
displayed in the CH3_Supplementary_Material.doc, S1-S2, created using
rnaturalearth (Massicotte & South 2025).

The raw data were analysed for the percentage (%) proportion of global
genera within each mode of life, across the 19 stages, as displayed in Fig. 6. This
aimed to understand how the raw proportion of taxa within each functional group
shifted across the study interval. The Bray-Curtis Dissimilarity Index (Bray & Curtis
1957) was also applied to the raw functional and generic compositions across the
study interval, using the vegan package (Oksanen et al. 2022). The Bray-Curtis
Dissimilarity Index evaluates the difference in the ecological composition of two
communities, falling between 0 and 1, with values closer to one indicating a larger
degree of dissimilarity between the compositions in question (Bray & Curtis 1957).
The Bray-Curtis test was applied between each sequential stage in chronological
order to obtain dissimilarity between both the MoL and generic compositions of the
stages in the study interval, and applied between the Maastrichtian and every
subsequent stage thereafter, to obtain dissimilarity between the latest Cretaceous and

Cenozoic communities over increasing temporal distance.

Table 5 The acronyms used in the results and discussion sections for both global
and latitudinal analyses.

Acronym Definition

RFD Raw functional diversity

RGD Raw generic diversity

SFD Functional diversity after coverage-based standardisation
SGD Generic diversity after coverage-based standardisation
SSFD Functional diversity after spatial-standardisation

SSGD Generic diversity after spatial-standardisation
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Coverage-based Standardisation

The observed fossil record is an incomplete and/or biased reflection of true diversity
due to uneven preservation, exposure and collection of fossils (McGowan & Smith
2011), an effect known as sampling bias (Kidwell & Holland 2002). Coverage-based
methods remain an effective approach to mitigate the effects of sampling bias in
palaeobiological analyses (Alroy 2010). The iNEXT package was used to correct for
temporal sampling bias, whereby the raw data were subject to coverage-based
rarefaction derived from the equations of Chao and Jost (2012) and extrapolation
using the Chao1 estimator in R (Hsieh et al. 2016; 2024), which is analogous to
shareholder quorum subsampling, i.e. SQS (Alroy 2010). The quorum levels used

were those between 0.1-0.9, by 0.1.

Spatial-Standardisation

In addition to temporal sampling bias, spatial sampling bias in the fossil record arises
because intervals are sampled unevenly across geographic regions, so observed
shifts in diversity or composition may more reflect disparity between sampling
locations rather than true evolutionary patterns over time (Nanglu & Cullen 2023).
Accounting for spatial bias by spatial-standardisation or modelling geographic
coverage is essential for more reliable palaeoecological inferences (Close et al.
2020). The R package, divvy, has been developed to facilitate spatial-standardisation
of fossil occurrence data, by reducing bias caused by uneven geographic sampling
across time (Antell et al. 2020; 2024). By standardising the number and spacing of
fossil localities, divvy can facilitate more accurate comparisons of ecological diversity
through time. After spatial-standardisation, divvy utilises INEXT to perform
subsequent coverage-based standardisation (akin to Shareholder Quorum
Subsampling, as per Alroy 2010). The divvy function, cookies() rarefies localities
within circular regions of standard area. Spatial-standardisation was performed on the
raw data using the cookies() function, whereby 300 iterations of a cookie, with a radius
of 2,000 km, were seeded and 12 unique localities were randomly selected from within
each cookie, for each stage (Antell et al. 2024). A cookie radius of 2,000 km is efficient
for occurrences spread across continents, without covering excessive space in a
single subsample. Meanwhile, 300 iterations provide sufficient repeats to cover the
global distribution of occurrence sites for a more accurate representation of the
geographical heterogeneity in functional or generic richness values. Finally, capping
the random selection to 12 unique localities, ensures that not only fossil-rich sites are
subsampled, and smaller samples (sized between 10 and 20) likely preserve key

diversity patterns while minimising spatial bias (Antell et al. 2024). The sdSumry()
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function then calculated coverage-based rarefaction using iINEXT internally on the
data at the 12 randomly-selected sites within every cookie taken from each Stage
(Antell et al. 2024). The resulting diversity outputs, ‘SQSdiv’ provided 300 richness

values for each stage in the study interval.

Furthermore, the spatially-standardised data were also analysed for
percentage (%) proportion of global genera within each mode of life, across the 19
stages. This was in order to investigate beyond the single metric of functional richness
and aimed to understand how the proportion of taxa within each functional group
shifted across the study interval, and to compare subsampled patterns with those in
the raw data. A Bray-Curtis Dissimilarity Index (Bray & Curtis 1957) was also applied
to the spatially-standardised functional and generic compositions across the 19
stages in the study interval. As above, this was applied between each stage in
chronological order, to obtain the dissimilarity between stages of the study interval,
and also between the Maastrichtian and each stage thereafter, for the dissimilarity

between the Late Cretaceous and Cenozoic stages with increasing temporal distance.

3.2.3. Palaeolatitudinal Analyses

The second aim of this study was to investigate palaeolatitudinal patterns in marine
invertebrate functional diversity as well as a potential latitudinal functional diversity
gradient (LFDG) across the 19 stage intervals. Palaeolatitudinal analyses were
carried out at both the stage and epoch level — despite an increased risk of time-
averaging, epoch level analyses benefit from a larger sample size and greater spatial
coverage. The epochs used were the Late Cretaceous (Campanian and
Maastrichtian), the Paleocene (Danian, Selandian, Thanetian), the Eocene (Ypresian,
Lutetian, Bartonian, Priabonian), the Oligocene (Rupelian and Chattian), the Miocene
(Aquitanian, Burdigalian, Langhian, Serravallian, Tortonian, Messinian) and the

Pliocene (Zanclean and Piacenzian).

The raw occurrences were first sorted into their respective discrete
palaeolatitude bins of 10°, i.e. 0-10°N/S; 10-20°N/S; 20-30°N/S; 30-40°N/S; 40-
50°N/S; 50-60°N/S; 60-70°N/S; 70-80°N/S; 80-90°N/S. This was to inspect the raw
pattern across palaeolatitude over the interval, and identify potential bias on a
latitudinal scale prior to subsampling. The raw data within each palaeolatitude bin
was also subject to both coverage-based (INEXT) and spatial (divvy) standardisation.
There was insufficient data within many palaeolatitude bins and as such divvy spatial-

standardisation could only be successfully performed on Northern Hemisphere bins,
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from 0° to 60°N at stage level, i.e. the bins, 0-10°N; 10-20°N; 20-30°N; 30-40°N; 40-
50°N; and 50-60°N only. At epoch level, however, some Southern Hemisphere values
could be calculated for functional and generic diversity, although there were still many
gaps across the study interval. Wherever viable, the divvy package and the cookies()
function were used with the same parameters as above, i.e. 300 iterations of cookies
with r = 2,000 km and nSite = 12 unique localities to be randomly selected from each
cookie (Antell et al. 2024).

3.3 Results
Part A. Global Patterns

3.3.1 Raw patterns of functional diversity at global scale

Firstly, the raw global functional diversity (RFD) and raw global generic diversity
(RGD) of marine invertebrates were investigated across the study interval (Fig. 5). In
total, 49 modes of life (MoL) are observed from the Campanian to the Piacenzian,
using the PBDB (2024) download of major invertebrate phyla occurrences (see
CH3_Supplementary Material.doc, S5 for full MoL list). Overall, RFD displays no
obvious long-term directional trend over the interval, i.e. relative stability, although
there are ‘short-term’ variations between stages (Fig. 5). Raw GD follows a similar
pattern to RFD, with more volatility in the Neogene in particular, and a slight increasing

trend from the Miocene onwards, despite variation (Fig. 5).
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Figure 5. Raw global functional (RFD) and generic diversity (RGD) from the Late Cretaceous to the Pliocene. The
left y-axis is associated with the red points and line, displaying RFD for each of the 19 stages. The right y-axis is
associated with the blue points and line and represents the global RGD across the 19 stages. Raw functional
diversity looks like raw generic diversity over the interval, with no long-term directional trends over time,
although RGD appears to present a slight increasing trend from the Miocene onwards.

There is a slight increase in RFD between the Campanian (38 MolLs) and
Maastrichtian (41 MoLs), accompanied by a small decrease in RGD; 1511 genera in
Campanian and 1473 genera in Maastrichtian (Fig. 5). There exists no obvious signal
from the K-Pg mass extinction at this resolution between the Maastrichtian and
Danian, with stability in RFD and a minor drop in RGD (Fig. 5). Both RFD and RGD
report a sharp decline from the Danian to their lowest value in the Selandian (i.e.
Selandian RFD = 32; RGD = 444) (Fig. 5). As well as this, both counts report a
sustained increase over the late Paleocene (Thanetian), into and across the Eocene
(i.e. Ypresian, Lutetian, Bartonian and Priabonian) (Fig. 5). The highest RFD value is
reported in the Lutetian, middle Eocene (i.e. Lutetian RFD = 45), followed by a slight
drop in the Bartonian, which is also observed in RGD (Fig. 5). Additionally, RFD
remains stable from the Priabonian (44 MoLs) to the Rupelian (44 MoLs) in the early
Oligocene but falls to 38 MoLs into the Chattian. Raw GD shows a continuous decline
from the Priabonian (1843 genera) to the Chattian (1352 genera). Both RFD and RGD

drop further from the Chattian to the Aquitanian (earliest Miocene) but report a peak
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in the following Burdigalian, which represents the maximum RGD in the interval (2481
genera). Both RFD and RGD witness several peaks and troughs throughout the
Miocene, with RFD remaining more stable than RGD (Fig. 5). Here, both counts
observe a peak in the Serravallian (RFD = 41; RGD = 2156), Tortonian (RFD = 43;
RGD = 2165) and Zanclean (RFD = 44; RGD = 2229), before slightly decreasing into
the Piacenzian (RFD = 43; RGD = 1940), the final stage of the study interval (Fig. 5).

In addition, of the 49 MoLs observed in total, 36 occur continuously across the
entire study interval, while 13 do not (See CH3_Supplementary Material, S5). Of
these 13 MoLs, two disappear within the study interval, i.e. first appearance date
(FAD) prior to the Campanian but last appearance date (LAD) is before the end of the
Piacenzian: 115 (nektonic fast-moving predator, LAD = Zanclean) and 525 (shallow-
infaunal slow-moving predator, LAD = Rupelian). However, there is plentiful evidence
of both MoLs 115 and 525 existing in the marine realm after the end of the Piacenzian
(PBDB, 2025). There are also seven MoLs that appear within the study interval, i.e.
FAD sometime after the Campanian, and occur for the rest of the study interval. These
are: 125 (nektonic slow-moving predator, FAD = Danian); 311 (epifaunal fast-moving
suspension feeder, FAD = Maastrichtian); 362 (epifaunal stationary-attached deposit
feeder, FAD = Maastrichtian); 365 (epifaunal stationary-attached predator, FAD =
Maastrichtian); 441 (FAD = Ypresian); 541 (shallow-infaunal facultatively-motile-
attached suspension-feeder, FAD = Lutetian); 566 (shallow-infaunal stationary-
attached other, FAD = Aquitanian). However, there is also published evidence for
each of these modes of life prior to the early Campanian, within the PBDB (2025) and
supplement to Bambach et al. (2007). Finally, there are four MoLs that both first
appear (FAD) and last appear (LAD) within the study interval, some with very short
temporal ranges. These are 251 (erect stationary-unattached suspension-feeder,
Thanetian-Chattian); 326 (epifaunal slow-moving other, Danian-Chattian); 452 (semi-
infaunal stationary-unattached deposit-feeder, Maastrichtian-Rupelian); 512 (shallow-
infaunal fast-moving deposit-feeder, Tortonian-Messinian). However, once again,
evidence for these MoLs can be found both before and after the study interval (PBDB,
2024). Thus, no invertebrate MoLs appear to truly appear or disappear within the

study interval.

There are several small-scale shifts in the proportion (%) of raw global genera
within each MoL over the study interval (Fig. 6). For example, there is a substantial
percentage (~10%) of raw global genera within the MoL 115 (nektonic fast-moving
predator, e.g. Cephalopoda), in both the Campanian and Maastrichtian, which is

vastly reduced in the Danian and remains low for the remainder of the interval (Fig.
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6). As well as this, from the Danian onwards, the largest proportion of raw global
genera (~25%) is consistently found within gastropod-associated MoL 325, (epifaunal
slow-moving predator) (Fig. 6). It is worth noting that the MoLs 325, as well as MoL
324 (epifaunal slow-moving grazer) are not limited to Gastropoda exclusively although
these make up most taxa within these MoLs. Meanwhile, semi-infaunal, shallow-
infaunal and deep-infaunal taxa retain roughly the same percentage of raw genera
throughout the entire study interval (Fig. 6). Reef-builder-associated MoLs, i.e. 261
(erect stationary-attached suspension-feeder, for example rudist bivalves, some
corals and sponges) and 266 (erect stationary-attached other, mostly Scleractinian
corals), display variation over time. For example, there is a notable decrease in
percentage of raw global genera in MoL 261 from the Campanian to the Paleocene

and a general increase in 266 after the Selandian, particularly in the Miocene (Fig. 6).

Proportion of Global Genera in each Mode of Life (Raw)
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Figure 6. Raw percentage (%) composition of global genera within each mode of life across the 19 stages
of the study interval. The data is global. The largest composition of MoL is most commonly 325, typical
but not excluded to gastropods, i.e. epifaunal, slow-moving, predators (325), as per Bambach et al.
(2007). The silhouettes superimposed give example taxa, and are not the only taxa within that MoL,
taken from Phylopic.org (2024).

The raw Bray-Curtis Dissimilarity Index (Bray & Curtis 1957) (Table 6), shows

that raw generic composition between stages is more dissimilar than raw MoL
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composition in every case. Between each sequential stage, the Bray-Curtis Index for
raw MoL composition ranges from between 0.094 (Serravallian-Tortonian) and 0.333
(Danian-Selandian) to 3 decimal places (3 d.p. and thereafter) (Table 6). Meanwhile,
raw generic composition ranges between 0.407 (Zanclean-Piacenzian) and 0.750
(Maastrichtian-Danian) in dissimilarity (Table 6). Furthermore, the dissimilarity
between the MoL composition of the Maastrichtian (latest Cretaceous) and each
stage, thereafter, does not indicate a detectable pattern over the interval, with a range
of 0.272 (Maastrichtian-Danian) to 0.450 (Maastrichtian-Selandian), to (Table 6). Raw
generic composition between the Maastrichtian and subsequent stages indicates a
slight general increase in dissimilarity over time, with a range of 0.750 (Maastrichtian-
Danian) to 0.927 (Maastrichtian-Messinian) (Table 6).
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Table 6. Raw Bray-Curtis Dissimilarity Index (Bray & Curtis 1957) to 3 d.p. for the interval. The two left-most
columns contain the raw dissimilarity of the mode of life and generic compositions, between the labelled
stage and the preceding stage. The two right-most columns display the raw dissimilarity between the MoL
and generic composition of the labelled stage and that of the Maastrichtian. A value closer to 1 indicates
more dissimilarity between the two compositions in question. Raw generic composition is consistently
more dissimilar than Raw MoL composition, both between chronological stages and between the
Maastrichtian.

Between Between
Mol Genera Maastrichtian (MoL) :VIGaeans:::;htian

Campanian

Maastrichtian 0.253 0.532

Danian 0.272 0.750 0.272 0.750
Selandian 0.333 0.589 0.450 0.810
Thanetian 0.255 0.578 0.352 0.806
Ypresian 0.150 0.553 0.364 0.813
Lutetian 0.115 0.438 0.368 0.823
Bartonian 0.164 0.416 0.366 0.827
Priabonian 0.233 0.568 0.294 0.822
Rupelian 0.135 0.557 0.316 0.834
Chattian 0.145 0.531 0.311 0.849
Aquitanian 0.238 0.646 0.361 0.914
Burdigalian 0.227 0.605 0.336 0.849
Langhian 0.078 0.538 0.337 0.870
Serravallian 0.121 0.643 0.309 0.873
Tortonian 0.094 0.512 0.360 0.888
Messinian 0.185 0.573 0.413 0.927
Zanclean 0.143 0.523 0.320 0.883
Piacenzian 0.155 0.407 0.393 0.891

3.3.2 Standardised (coverage-based) functional diversity patterns at global scale

To account for sampling bias, coverage-based interpolation and extrapolation
subsampling was performed on the raw data using the iINEXT package in R (Alroy
2010; Chao et al. 2014; Hsieh et al. 2016) (Fig. 7). Standardised functional diversity
(SFD) (Fig. 7a) appears to display roughly the same pattern as RFD (Fig. 5), albeit

with less volatility between certain stages. However, at higher quorum levels (e.g.
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0.8), there is a slight decreasing trend in the latter half of the study interval, not

observed in the raw data (Fig. 7a).

There is a slight rise in SFD between the Campanian and Maastrichtian of the
Late Cretaceous (Fig. 7a). Again, there is little to no signal of the K-Pg mass extinction
between the Maastrichtian and the Danian in SFD, with a shallow drop at higher
quorum levels (Fig. 7a). The Selandian shows the lowest value of SFD, as observed
in the raw dataset (Fig. 7a). The early Eocene shows an increase in SFD, despite a
dip in the Bartonian, to reach maximum SFD in the Priabonian (Fig. 7a). From the
Priabonian to the Rupelian (early Oligocene), there is a slight decrease in SFD,
however SFD remains relatively stable between the Rupelian and Chattian, across
the Oligocene. There is a sharp drop in SFD from the Chattian to the Aquitanian,
earliest Miocene stage. Standardised functional diversity sees a sustained rise from
the Aquitanian for most of the remaining Miocene stages (i.e. Langhian, Serravallian
and Tortonian). However, there is a drop in SFD in the Messinian (latest Miocene),
before an increase again in the Zanclean of the Pliocene and SFD remains stable

across the Piacenzian, the final stage of the interval (Fig. 7a).

Meanwhile, standardised generic diversity (SGD) displays a slight increasing
trend across the study interval, with volatility (Fig. 7b). There is a decrease in SGD
between the Campanian and Maastrichtian of the Late Cretaceous but an increase in
SGD between the Maastrichtian and Danian, i.e. no detectable K-Pg mass extinction
signal (Fig. 7b). The Selandian shows the lowest SGD, closely followed by the
Thanetian (Fig. 7b). As in RGD, there is a rise in SGD into the Eocene, i.e. over the
Ypresian and Lutetian, with a drop in the Bartonian (Middle Eocene) and a peak in
the Priabonian (Late Eocene). Standardised GD drops between the Priabonian (Late
Eocene) and Rupelian (Early Oligocene) and slightly increases between the Rupelian
and Chattian of the Oligocene, before falling again into the Aquitanian (Early
Miocene). Across the Miocene, there are several peaks and troughs in SGD, with a
steep rise from the Aquitanian to the Burdigalian, a drop in the Langhian and a smaller
peak around the Serravallian and Tortonian. The Messinian (latest Miocene) sees a
drop in SGD once again, but SGD is at its maximum value in the Zanclean (early
Pliocene) and remains relatively stable in the Piacenzian, i.e. the final stage of the
interval (Fig. 7b).
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Figure 7. a = Standardised functional diversity (SFD) after coverage-based subsampling, (using the iNEXT package in
R, Chao et al. 2014; Hsieh et al. 2016) akin to SQS (Alroy 2010) from the Campanian (Late Cretaceous) to the Piacenzian
(Late Pliocene). b = Standardised generic diversity (SGD) from the Campanian to the Piacenzian. It seems SFD displays
no long-term directional trend at lower quorum levels, with a slight decreasing trend at higher quorum levels,
meanwhile SGD witnesses an increasing trend at higher quorum levels, despite variation.

3.3.3 Spatially-standardised functional diversity patterns at global scale

To account for spatial bias in the raw data, the divvy R package (Antell et al. 2024)
was used to perform spatial subsampling (Fig. 8). With 300 repeats for each stage in

the interval, the mean global spatially-standardised functional diversity (SSFD) ranges



58

from 19.01 in the Campanian to 28.58 in the Aquitanian, to 2 decimal places (2 d.p.,
and thereafter). The pattern in SSFD across the 19 stages is one of relative stability
with some variation, like that observed in both RFD and SFD (Fig. 8a). In addition,
SSFD mostly but not exclusively follows the pattern observed in spatially-
standardised generic diversity, SSGD (Fig. 8b). It is worth noting that the Aquitanian
value is likely an anomaly in both SSFD and SSGD (Fig. 8), i.e. Aquitanian mean
SSFD = 28.58; mean SSGD =1728.18. This is likely due to the Aquitanian being vastly
under-sampled in the PBDB, with 269 collections as opposed to a mean average of
1148 collections per stage in the study interval. The divvy parameters used may have
been unsuitable for the number and distribution of unique fossil localities for the
Aquitanian on the PBDB (see CH3_Supplementary, S2). This is discussed further in

the discussion section below.

Mean SSFD increases over the Late Cretaceous between the Campanian, the
lowest mean SSFD in the interval (19.01 MoLs) and the Maastrichtian (21.92 MoLs)
(Fig. 8). Whereas mean SSGD remains stable (Fig. 8). Between the Maastrichtian
and the Danian there is no major signal of the K-Pg mass extinction, with a relatively
minor drop in mean SSFD, i.e. Maastrichtian mean SSFD of 21.92 MoLs and a Danian
mean SSFD of 20.02 MoLs. There is an increase in mean SSGD between the
Maastrichtian (375.69 genera) and the Danian (564.42 genera). The following
Selandian shows the lowest mean SSGD within the interval (309.62 genera), whereas
mean SSFD increases from the Danian to the Selandian (22.37 MoLs). The opposite
occurs in mean SSFD from the Selandian (22.37 MoLs) to the Thanetian (19.14
MoLs), whereas mean SSGD increases from the Selandian (309.62 genera) and the
Thanetian (575.39 genera) (Fig. 8).

Furthermore, there appears to be a sustained rise in SSFD from the Thanetian
(latest Paleocene) to the Bartonian, (middle Eocene) (Fig. 8c). Meanwhile, SSGD also
increases over the Eocene, but shows a slight drop between the Thanetian and the
Ypresian (Fig. 8). The Lutetian represents the highest mean of both SSFD and SSGD,
(i.e. mean SSFD = 23.73 MoLs; mean SSGD =739.91 genera), Aquitanian excluded.
Furthermore, mean SSFD drops between the Bartonian and Priabonian, but
increases into the Oligocene, between the Priabonian and Rupelian (21.40 and 22.42
MoLs, respectively). Mean SSFD decreases across the Oligocene, between the
Rupelian and Chattian stages (22.42 and 20.14 MoLs) whereas this is less noticeable
in mean SSGD (506.32 and 438.50 genera). The Aquitanian, the first stage Fof the
Miocene Epoch, is extremely high for both mean SSFD and SSGD, and lacks any
range, i.e. mean SSFD = 28.58; mean SSGD =1728.18. Across the remainder of the
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Miocene, mean SSFD remains relatively stable (Fig. 8). The Burdigalian represents
the second lowest reported mean SSFD in the study interval, with 19.06 MoLs,
followed by a sustained increase to 21.33 MoLs in the Langhian, 21.47 MoLs in the
Serravallian and 21.70 MoLs, in the Tortonian. There is a slight decrease into the
Messinian (20.02 MoLs), latest Miocene. On the other hand, mean SSGD shows a
peak in the Serravallian (middle Miocene), with 667.67 genera, followed by 463.63 in
the Messinian. From the Miocene to the Pliocene, there is an increase in both mean
SSFD (Messinian = 20.02, and Zanclean = 22.38 MoLs) and SSGD (Messinian =
463.63, and Zanclean = 569.90 genera), more pronounced in SSFD than SSGD.
Mean SSFD remains stable into the final stage of the study interval, the Piacenzian
(22.11 MoLs), whereas mean SSGD increases across the Pliocene, i.e. Piacenzian
mean SSGD = 655.36 genera (Fig. 8).
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Table 7. Bray-Curtis Dissimilarity Index (Bray & Curtis 1957) to 3 d.p. on spatially-
standardised analyses. The two left-most columns display the dissimilarities in MoL and
generic composition between the labelled stage and that of the preceding stage. The two
right-most columns display the dissimilarities between the Mol and generic composition
of the labelled stage and that of the Maastrichtian. A value closer to 1 indicates more
dissimilarity between the two compositions in question.

Between Between
Maastrichtian Maastrichtian
MoL Genera (MoL) (genera)

Campanian

Maastrichtian 0.372 0.669

Danian 0.294 0.788 0.294 0.788
Selandian 0.343 0.586 0.481 0.876
Thanetian 0.271 0.595 0.391 0.845
Ypresian 0.175 0.577 0.424 0.854
Lutetian 0.197 0.488 0.390 0.857
Bartonian 0.218 0.486 0.391 0.856
Priabonian 0.267 0.632 0.298 0.843
Rupelian 0.220 0.691 0.400 0.875
Chattian 0.123 0.644 0.332 0.869
Aquitanian 0.325 0.757 0.516 0.909
Burdigalian 0.292 0.722 0.335 0.868
Langhian 0.265 0.708 0.538 0.925
Serravallian 0.377 0.769 0.354 0.893
Tortonian 0.145 0.666 0.382 0.904
Messinian 0.437 0.875 0.423 0.944
Zanclean 0.431 0.870 0.372 0.903
Piacenzian 0.131 0.519 0.384 0.899

The Bray-Curtis Dissimilarity Index (Bray & Curtis 1957) (Table 7) consistently
shows that global generic composition is more dissimilar than mode of life composition
across each stage boundary sequentially, as well as between the Maastrichtian (Late
Cretaceous) and each subsequent stage in the interval. Mode of life dissimilarity is
highest Tortonian-Messinian (0.437), closely followed by between the Messinian-
Zanclean (0.431). Most dissimilarity values between stages fall between 0.150 and
0.350 for MoL composition, indicating relatively low dissimilarity. Meanwhile, for
generic composition, most values are between 0.600 and 0.800, with the two highest

reported between the Tortonian-Messinian (0.875) and the Messinian-Zanclean
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(0.870), and the third highest value between the Maastrichtian-Danian (0.788), and
the lowest dissimilarity being between the Lutetian-Bartonian (0.486). There are no
trends over time in the dissimilarity between stages sequentially, but there is a general
increase in the dissimilarity of generic composition between the Maastrichtian and
each following stage (Table 7). However, no increase is seen in MoL composition

between the Maastrichtian and each following stage (Table 7).

Furthermore, after spatial-standardisation, the percentage of global genera
within each MoL (Fig. 9) is more volatile than observed in the raw data (Fig. 6).
Following the Campanian, the largest percentage proportion of global genera (up to
~35%) are within the gastropod-associated MoL 325 (i.e. epifaunal slow-moving
predator), in all but one Cenozoic stage (the Messinian) (Fig. 9). The Messinian shows
a sharp reduction of the MoL 325, combined with an expansion of the MoL 351
(epifaunal, stationary-unattached suspension feeders). Meanwhile, the proportion of
semi-infaunal and infaunal MoLs remains relatively stable across the interval (Fig. 9).
As in the raw data, the MoL most-associated with ammonites and belemnites (MoL
115) reduces in diversity with a drop in the proportion of this MoL between the
Campanian and the Maastrichtian and all but disappears after the Maastrichtian (Fig.
9). Reef-builder associated MolLs (261 and 266, i.e. erect stationary attached
suspension feeders/other, respectively) report volatility across the interval (Fig. 9).
There is a reduction in MoL 261 (most-likely rudist bivalves) across the Cretaceous
and K-Pg boundary (Fig. 9). The diversity of MoL 266 (most-likely Scleractinian corals)
increases after the Selandian of the Paleocene and into Eocene and Miocene in
particular, although there is a distinct low in the Bartonian (middle Eocene) moreso
than in the raw data (Fig. 9). The Pliocene sees one of the largest proportions of
gastropod-associated MoLs, along with a relatively low proportion of semi-infaunal

and reef-builder-associated MoLs.
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Figure 9. The percentage (%) composition of spatially-standardised global genera within each mode of
life across the 19 stages of the interval. The largest proportion of genera are most commonly found within
325, typical but not exclusively associated-with gastropods, i.e. epifaunal, slow-moving, predators (325),
as per Bambach et al. (2007). The silhouettes superimposed are to give examples, and are not the only
taxa within that MoL, these were taken from Phylopic.org

Part B. Palaeolatitudinal Patterns

3.3.4. Raw patterns in functional diversity across palaeolatitude

The pattern of marine invertebrate raw functional (RFD) and raw generic (RGD)
diversity across palaeolatitude bins of 10° width, from 0-10°N/S to 50-60°N/S over the
study interval was inspected (Figs. 10-14).The most striking observation in both RFD
and RGD over latitude is consistent mid-latitude peaks (30-40°N or 40-50°N, and often
40-50°S) as well as reduced values in the Southern Hemisphere compared to those

reported in the Northern Hemisphere (Figs. 10-14).

The two Late Cretaceous stages, the Campanian and Maastrichtian, report a
similar pattern in RFD across palaeolatitude (Fig. 9ai-bi). This includes a Northern
Hemisphere mid-latitude peak in RFD, observed in 40-50°N in the Campanian, closely
followed by 30-40°N, and vice versa in the Maastrichtian (RFD peak at 30-40°N,
closely followed by 40-50°N) (Fig. 10ai-bi). The highest latitude bin, 50-60°N, sees a
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slight decrease in RFD relative to the 40-50°N bin in the Campanian and a steeper
drop is seen here in the Maastrichtian (Fig. 10ai-bi). Relative to the mid-palaeolatitude
peaks, both Late Cretaceous stages witness a steep drop in RFD equatorward to 20-
30°N and a continued gradual decrease through 10-20°N down to 0-10°N, which
shows the minimum RFD for both stages in the Northern Hemisphere (Fig. 10ai-bi).
Additionally, both the Campanian and Maastrichtian report even smaller RFD values
in the lowest southern latitudes (0-10°S, 10-20°S, 20-30°S) than northern, dropping to
a minimum RFD in the Campanian in 30-40°S, and Maastrichtian in 20-30°S (Fig.
10ai-bi). However, RFD increases poleward in both stages, with a peak in the highest
Southern Hemisphere latitude bins (40-50°S, 50-60°S), although values are smaller
here than in analogous bins in the Northern Hemisphere (Fig. 10ai-bi). Late
Cretaceous RGD displays almost an identical pattern across palaeolatitude as
described in RFD (Fig. 10aii-bii). However, the Campanian peak in RGD is found in
30-40°N, closely followed by 40-50°N, i.e. the inverse to RFD, plus there is a steeper
drop southward in RGD between 20-30°N and 10-20°N than in RFD. Finally, in both
stages, RGD shows a shallower drop into the Southern Hemisphere than RFD, along
with a shallower rise into the highest southern latitude bins than RFD displays 40-
50°S, 50-60°S (Fig. 10aii-bii).

Meanwhile, RFD across palaeolatitude bins in the Paleocene, show some
disparity from both the Late Cretaceous and between the constituent Paleocene
stages i.e. the Danian, Selandian and Thanetian (Figs. 10ci,10di & 11ai). Firstly, the
pattern in RFD across palaeolatitude in the Danian is similar to that of the Campanian
and Maastrichtian for the most part, except there are additional smaller peaks in RFD
in lower northern (10-20°N and 0-10°N) and southern (10-20°S) latitude bins, and a
steeper drop into the highest northern latitude bin, 50-60°N than observed in the
Cretaceous (Fig. 10ci). Raw GD in the Danian shares the same latitudinal pattern as
is exhibited in the Late Cretaceous (Fig. 10cii). On the other hand, both the Selandian
and Thanetian see a secondary peak in lowest southern latitude bin 0-10°S (most
notably in the Selandian), smaller than the 40-50°N peak, for both RFD and RGD
(Figs. 10di-dii & 11ai-aii). Most other palaeolatitude bins in both stages are relatively
low, except 50-60°S in the Thanetian (Fig. 11aii).

All Eocene stages (i.e. Ypresian, Lutetian, Bartonian, and Priabonian) witness
peak RFD and RGD at 30-40°N (Figs. 11bi-12aii), with relatively lower 40-50°N values
than other stages in the interval. There are almost identical patterns in RFD and RGD
across palaeolatitude for the Ypresian and Lutetian, with the 30-40°N peak and

southwards drop to 20-30°N that is maintained until 0-10°S, and there are smaller
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peaks in RFD around 40-50°S and 50-60°S (Fig. 11bi-cii). The Bartonian shows peak
RFD and RGD at 30-40°N, which drops in 20-30°N and rises again to a plateau from
10-20°N southwards to 0-10°S (Fig 11di-dii). Bartonian RFD then drops again to
another plateau from 10-20°S to 20-30°S, before increasing once more to a Southern
Hemisphere peak at 40-50°S (Fig. 11di). The Priabonian (final Eocene stage)
presents a similar pattern in RFD and RGD across palaeolatitude as in other Eocene
stages; with a midlatitude peak (30-40°N), a low in the Northern Hemisphere at 20-
30°N, followed by a smaller peak around 0-10°N and a southward decline to 20-30°S,
with a smaller peak at 40-50°S (Fig. 12ai-aii).

The Rupelian and Chattian present similar patterns to each other in both RFD
and RGD across palaeolatitude (Fig. 12bi-cii). This includes a peak in RFD at 40-50°N
from which there is a general decline to 20-30°S and 30-40°S, with a peak again at
40-50°S (Fig. 12bi & 12ci). Meanwhile, the Aquitanian presents a palaeolatitudinal
pattern in RFD similar to that described for the later Paleocene, i.e. the Selandian and
Thanetian (Fig. 12di). For example, there is a sharp peak at 40-50°N, and an
equatorward decline to a low at 20-30°N, but a small lower latitude peak around 10-
20°N and 0-10°N (Fig. 12). The Southern Hemisphere sees relatively low RFD values
in the Aquitanian extending from 0-10°S until 40-50°S, where there is a smaller peak
than the other two in the Northern Hemisphere (Fig. 12di). To add to this, Aquitanian
RGD over palaeolatitude displays the same pattern as described in RFD (Fig. 12dii).

The following stages of the Miocene each present a different pattern in RFD
and RGD across palaeolatitude to the Aquitanian and each other (Fig. 13ai-12dii),
and all besides the Tortonian report lower 50-60°N bin values compared to the older
stages, i.e. a steeper drop off into the highest latitude bin. The Burdigalian sees the
same pattern of a unique number of peaks and troughs in both RFD and RGD, of
relatively high FD compared to other stages (Fig. 13ai & 13aii). The largest peak in
both RFD and RGD is typical of the other stages, being at 40-50°N, along with a
smaller at 10-20°N, another smaller still at 0-10°S and another slightly larger peak at
40-50°S (Fig. 13ai & 13aii). Meanwhile, the Langhian shows a peak in RFD at 30-
40°N, closely followed by 40-50°N — which differs from RGD with sees a single peak
in 40-50°N. From 0-10°N, southward, the Langhian shows consistent low RFD values
until a rise at 30-40°S continued to a smaller peak at 40-50°S. Meanwhile, Langhian
RGD remains low in 30-40°S until a similar smaller peak at 40-50°S (Fig. 13bi & 13bii).
Furthermore, in the Serravallian, accompanying the 40-50°N peak, as in most stages,
are relatively raised RFD values in lower northern latitude bins, i.e. 20-30°N, 10-20°N

and 0-10°N. Once again, the Southern Hemisphere sees the lowest RFD values, with
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the minimum at 20-30°S, but again there exists a Southern Hemisphere peak at 40-
50°S, smaller than that in 40-50°N (Fig. 13ci). The Tortonian sees a shift in peak RFD
and RGD, whereby the larger peak in both is in 10-20°N, and the smaller peak is 40-
50°N in this instance. This comes as well as a low at 20-30°S and a smaller peak at
30-40°S and 40-50°S in both RFD and RGD (Fig. 13ci-cii).

The final Miocene stage, the Messinian, shows its peak RFD and RGD in
30-40°N (Fig. 14ai & 14aii). After a southward drop to 20-30°N, and 10-20°N there is
also a minor peak at 0-10°N, and the Southern Hemisphere once again sees smaller
RFD and RGD values, although small peaks in RFD do occur at 10-20°S and 40-
50°S (Fig. 14ai-ii). The Zanclean (early Pliocene), sees its maximum RFD at 0-10°N,
and a smaller peak at 30-40°N, (Fig. 14bi). There is also a Zanclean peak in RFD in
the Southern Hemisphere at 10-20°S, with a smaller peak at 40-50°S. Zanclean
RGD, meanwhile, is largest at 30-40°N, closely followed by 10-20°N, with a steep
drop to 40-50°N and similar RFD at 50-60°N (Fig. 14bii). The Piacenzian, shows
maximum RFD and RGD at 10-20°N, followed by 30-40°N (Fig. 14). The Piacenzian
also shows a steep drop in both RFD and RGD to 40-50°N and similar at 50-60°N,

which is unique to the Pliocene (Fig. 14ci-ii).
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Figure 11. ai to di = Raw invertebrate Mol count (functional diversity) in red and aii to dii = raw invertebrate generic
diversity (blue) across discrete palaeolatitude bins of 10° width, from 50-60°N to 50-60°S. This range of palaeolatitude
bins is what was viable to perform spatial and SQS subsampling on, albeit with gaps. The four rows represent the first
four Stages in the study interval; the Campanian and Maastrichtian (Late Cretaceous) and Ypresian, Lutetian and
Bartonian (Eocene); aiii to diii = map of the plate reconstructions closest to each stage with palaeolatitude and
palaeolongitude of each occurrence used to superimpose the distribution of raw occurrence sites in each stage, made
using PALEOMAP, PaleoAtlas Scotese (2016).
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(Late Eocene), Rupelian and Chattian (Oligocene) and the Aquitanian (Early Miocene); aiii to biii = a map of the plate
reconstructions closest to each stage with palaeolatitude and palaeolongitude of each occurrence used to superimpose
the distribution of raw occurrence sites in each stage, made using PALEOMAP, PaleoAtlas, Scotese (2016).
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study interval; the Burdigalian, Langhian, Serravallian and Tortonian (Miocene); ¢ = a map of the plate reconstructions
closest to each stage with palaeolatitude and palaeolongitude of each occurrence used to superimpose the distribution
of raw occurrence sites in each stage, made using PALEOMAP, PaleoAtlas Scotese (2016).



Messinian

Zanclean

Piacenzian

71

. .
al all
Raw Mol Count Raw Genera Count
0 10 20 30 0 100 200 300 400 50C
bi bii
Raw MoL Count Raw Genera Count
0 10 20 30 0 200 400 600 800
ci cn
Raw Mol Count Raw Genera Count
10 20 30 0 200 400 600 800

0 Ma

Figure 14. ai to ci = Raw invertebrate Mol count (functional diversity) in red and aii to cii = raw invertebrate
generic diversity (blue) across discrete palaeolatitude bins of 10° width, from 50-60°N to 50-60°S. This range
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and palaeolongitude of each occurrence used to superimpose the distribution of raw occurrence sites in each
stage, made using PALEOMAP, PaleoAtlas, Scotese (2016).
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3.3.5. Spatially-standardised diversity patterns across palaeolatitude at stage level

Spatial standardisation using divvy (Antell et al. 2024) was performed on the raw data
within each palaeolatitude bin for each stage in the interval. Figures 15a-i and 16a-i
represent the palaeolatitude pattern in SSFD across the Northern Hemisphere (from
0-10°N to 50-60°N) for each of the stages in the study period, except the Aquitanian
which lacked sufficient data for subsampling in any palaeolatitude bin. Meanwhile,
Figures 17a-i and 18a-i represent the SSGD pattern across palaeolatitude for all

stages, except the Aquitanian.

Firstly, the Campanian and Maastrichtian (Late Cretaceous) both display a
relatively high mean SSFD from 50-60°N southwards to 30-40°N, which the
Campanian reporting peak SSFD in 40-50°N and Maastrichtian in 30-40°N (Fig. 15a
& 15b). Both also see a decline equatorward from 30-40°N, to a low at 20-30°N for
the Campanian and 10-20°N for the Maastrichtian. Continuing equatorward, the
Campanian sees a smaller peak in SSFD in 10-20°N, remaining relatively stable to 0-
10°N, meanwhile the Maastrichtian sees a smaller peak in 0-10°N only (Fig. 15a &
15b). The Danian, Selandian and Thanetian of the Paleocene possess insufficient
data points to make reliable inference, although the few SSFD values that could be
calculated see means comparable to those of the same palaeolatitude bins in other
stages (Fig. 15c-15e). The Ypresian (earliest Eocene) displays a similar
palaeolatitudinal pattern in SSFD to that observed in the Late Cretaceous, with a peak
in mean SSFD at temperate latitude of 40-50°N, and a drop in the lower palaeolatitude
bins (Fig. 15f). This palaeolatitudinal SSFD pattern is also observed through the
Lutetian and Bartonian of the middle Eocene, despite gaps (Fig. 15g & 15h). The
Priabonian (latest Eocene) witnesses its largest peak in mean SSFD at 40-50°N, with
a steeper drop into 50-60°N than older stages (Fig. 15i). This is something that cannot
be tracked much further into the interval, unfortunately, due to gaps. Priabonian SSFD
also declines equatorward from 40-50°N to a low at 20-30°N, like most stages. But
unlike most stages, the peak in mean SSFD in 10-20°N is equitable to that seen in
40-50°N (Fig. 15i).

The Rupelian (earliest Oligocene) shows its maximum mean SSFD in 50-
60°N, distinct to other stages (Fig. 16a). From here, there is an equatorward decline
in Rupelian mean SSFD, to a low in 20-30°N (Fig. 16). Rupelian mean SSFD rises to
a smaller peak again into 10-20°N and remains stable to 0-10°N (Fig. 16a).
Meanwhile, the Chattian (late Oligocene) and Burdigalian (early Miocene, omitting
Aquitanian) both report a similar decline in SSFD equatorward from a peak in 40-
50°N, to a low in 20-30°N, although there are gaps (Fig. 16b & 16c¢). Despite lacking
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sufficient data for reliable inference, the single Langhian mean SSFD, 40-50°N, is

comparable to 40-50°N of other stages (Fig. 16d).

The apparent common pattern of a maximum peak in mean SSFD in 40-50°N,
an equatorward decline to a minimum at 20-30°N, and a secondary peak at 10-20°N
is also observed in the Serravallian and later stages (Fig 16e). However, the
secondary peak in mean SSFD at 10-20°N is nearly equal to that of 40-50°N in the
Tortonian and exceeds that of 40-50°N in the Messinian (Fig. 16f & 16g). The early
Pliocene (Zanclean) shows a maximum peak in mean SSFD at 40-50°N and decline
to 20-30°N with rise in 10-20°N (Fig. 16h). Finally, the Piacenzian lacks sufficient data
for full comparison but does display a peak in SSFD in 40-50°N (Fig. 16i).

The mean spatially-standardised generic diversity (SSGD) of marine
invertebrates across the Northern Hemisphere, broadly mirrors the pattern of
functional diversity over the study interval, but is not without its differences (Figs. 17a-
i & 18a-i). For example, a peak in mean SSGD is reported at 30-40°N as often as it is
40-50°N, whereas mean SSFD maximum is almost exclusively in 40-50°N. The
Campanian and Maastrichtian both display a temperate peak in mean SSGD (40-
50°N in Campanian and 30-40°N Maastrichtian), and a steeper decline north into the
highest palaeolatitude bins than is reported for the Late Cretaceous in SSFD (Figs.
17a & 18b). Both the Campanian and Maastrichtian also witness a steep decline in
SSGD southwards from the mid-latitude peak, into the three lowest latitude bins, 20-
30°N, 10-20°N and 0-10°N, with a slight rise in Maastrichtian mean SSGD in 0-10°N
(Figs. 17a & 17b). The Paleocene (Danian, Selandian, Thanetian) lacks sufficient data
to make reliable inference, but only the Danian sees SSGD values equitable to
analogous latitude bins in other stages (Fig. 17c-e). The Ypresian (earliest Eocene)
shows a peak in mean SSGD at 30-40°N, with the mean at 40-50°N roughly the same
as at 0-10°N (Fig. 17f). There are gaps in the Lutetian and Bartonian, however their
maximum SSGD mean is observed at 40-50°N, as is reported in the Priabonian, which
shows a large peak at 40-50°N, a smaller peak at 0-10°N and lower values in 20-30°N
and 10-20°N (Figs. 17g-i).

Furthermore, the Rupelian displays a peak in mean SSGD at 30-40°N, with
declining values north and south from there (Fig. 18a). A peak at 30-40°N is also seen
in the Chattian, where it extends north to 40-50°N in a plateau, but declines
equatorward to 10-20°N (Fig. 18b). The Burdigalian, (NB the Aquitanian was omitted)
also displays a 30-40°N peak, a low at 20-30°N and 0-10°N, with a smaller peak at
10-20°N (Fig. 18c). The Langhian has only one bin (40-50°N), and values are
comparable to 40-50°N in the other stages (Fig. 18d). The Serravallian, displays a
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relatively steep peak in mean SSGD at 40-50°N, creating a sharp decline to 30-40°N
and 20-30°N, but again shows a secondary smaller peak at 10-20°N (Fig. 18e).
Meanwhile the inverse is true for the Tortonian which peaks in mean SSGD diversity
at 10-20°N with a smaller peak at 40-50°N (Fig. 18f). The final Miocene stage, the
Messinian, shows a peak at 40-50°N, despite gaps (Fig. 18g). The Zanclean,
however, shows its maximum mean SSGD at 10-20°N (like the Tortonian) (Fig. 18h).
The Piacenzian retains too many gaps to make viable inference but shows a SSGD

peak at 40-50°N equitable to other stages in the interval (Fig. 18i).
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Figure 15. Nine panels, a-i of light red boxplots with Palaeolatitude Bin on the y-axis and SSFD (spatially-
standardised functional diversity) on the x-axis (top). Each plot represents the latitudinal distribution of MoL
diversity, in the Northern Hemisphere, across six palaeolatitude bins, from 0-10°N to 50-60°N, although there
are gaps in most. A red line joins the mean SSFD value within each boxplot. Starting from the top left, each
panel represents a stage in chronological order, from the Campanian in the Late Cretaceous to the Priabonian
in the Late Eocene.
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Figure 16. Nine panels, a-i of light red boxplots with Palaeolatitude Bin on the y-axis and SSFD (spatially-
standardised functional diversity) on the x-axis (top). Each plot represents the latitudinal distribution of MoL
diversity, in the Northern Hemisphere, across six palaeolatitude bins, from 0-10°N to 50-60°N, although there
are gaps in most. A red line joins the mean SSFD within each box. from the top left, each panel represents a
stage in chronological order, from the Rupelian in the Oligocene to the Piacenzian in the Late Pliocene.

3.3.6. Spatially-standardised diversity patterns across palaeolatitude at epoch level

At epoch scale, the larger sample size meant that spatial-subsampling could be run
for some Southern Hemisphere palaeolatitude bins (Figs. 19a-f & 20a-f), although
many gaps remain across the study interval. Firstly, Late Cretaceous mean SSFD
sees the mid to high palaeolatitude plateau observed at Late Cretaceous stage level,
from 30-40°N through to 50-60°N (Fig. 19a). However, this is not reported in
analogous Southern Hemisphere palaeolatitude bins; instead, a slight decrease from
30-40°S to 40-50°S and then a sharp rise in 50-60°S is seen (Fig. 19a). As observed
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at stage level, the Northern Hemisphere low is at 20-30°N, with a small peak at 10-
20°N, and a decline in SSFD through 0-10°N to 0-10°S, where gaps prevent further
insight (Fig. 19a). The Paleocene has insufficient data to make many reliable
observations, besides a peak at 30-40°N and 0-10°S, and a low at 0-10°N (Fig. 19b).
The Eocene shows the same Northern Hemisphere mean SSFD pattern as stage
level, with a peak at 40-50°N, with similar mean SSFD around 30-40°N and 50-60°N,
and then a drop in 20-30°N down to a low at 10-20°N, with a smaller peak at 0-10°N
(Fig. 19¢). The Southern Hemisphere Eocene mean SSFD has many gaps but also
sees a peak at 40-50°S, closely followed by 50-60°S in the Eocene, similar to that

reported in Northern Hemisphere, albeit with lower peak values in mean SSFD.
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Figure 17. Nine panels a-i of light blue boxplots with Palaeolatitude Bin on the y-axis and SSGD, (spatially-
standardised generic diversity) of marine invertebrates on the x-axis (top). Each plot represents the latitudinal
distribution of generic diversity, in the Northern Hemisphere, across six palaeolatitude bins, from 0-10°N to
50-60°N, although there are gaps in most. A blue line joins the mean SSGD value within each boxplot. From
the top left, each panel represents a stage in chronological order, from the Campanian in the Late Cretaceous
to the Priabonian in the Late Eocene.
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However, the same pattern cannot be confirmed for mean SSFD in the
Oligocene, due to a lack of Southern Hemisphere data, except a single mean SSFD
at 40-50°S, of a lower value than the analogous 40-50°N mean SSFD (Fig. 19d).
However, the Oligocene witnesses the same peak at 40-50°N and 50-60°N as at stage
level, along with a low at 20-30°N and a smaller peak at 10-20°N (Fig. 19d). Due to a
very low 10-20°S value, the Miocene latitudinal pattern appears flattened in the
Northern Hemisphere compared to stage level, yet still shows a peak at 40-50°N and
a comparable value at the only available Southern Hemisphere bin, 30-40°S (Fig.
19e). The Miocene also shows a steep drop off in mean SSFD at 50-60°N. Finally,
the Pliocene, retains a peak in mean SSFD at 40-50°N, in the Northern Hemisphere,
but sees its maximum value at 40-50°S, along with a relatively higher mean SSFD
around 0-10°N than reported in older epochs, and again a steeper decline in SSFD

between 40-50°N and 50-60°N than seen in pre-Miocene epochs (Fig. 19f).
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Figure 18. Nine panels a-i of light blue boxplots, with Palaeolatitude Bin on the y-axis and SSGD (spatially-
standardised generic diversity) of marine invertebrates on the x-axis (top). Each plot represents the latitudinal
distribution of generic diversity, in the Northern Hemisphere, across six palaeolatitude bins, from 0-10°N to 50-
60°N, although there are gaps in most. A blue line joins the mean SSGD value within each plot. From top left,
each panel represents a stage in chronological order, from the Rupelian (Oligocene) to the Piacenzian, (Late
Pliocene).
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Meanwhile, mean SSGD at epoch level shows a similar but not identical
palaeolatitudinal pattern to mean SSFD over time (Fig. 20a-f). The Late Cretaceous
sees a steep peak in mean SSGD in 30-40°N, with no analogous peak in 30-40°S,
and no small peak around 10-20°N or 0-10°N (Fig. 20a) as observed in mean SSFD.
There is also a decline in mean SSGD from 30-40°N, through 40-50°N and 50-60°N
(Fig. 20a), unlike the plateau in mean SSFD across the three highest latitude bins in
the Late Cretaceous. Meanwhile, the Paleocene pattern in mean SSGD across
palaeolatitude bins is like that of the mean SSFD, retaining many gaps, and an
observed minimum at 20-30°N instead of 0-10°N (Fig. 20b). The Eocene SSGD shows
a similar pattern to mean SSFD across palaeolatitude, with a Northern Hemisphere
peak in mean SSGD centred on both 30-40°N and 40-50°N, and an analogous peak
at 40-50°S (Fig. 20c). The Oligocene, meanwhile, shows a prominent peak in mean
SSGD at 30-40°N, with a comparable mean at 40-50°S as is seen at 40-50°N (Fig.
20d). Furthermore, the Miocene shows relatively higher mean SSGD values (of ~400
genera) compared to earlier epochs (a mean of ~100-200 genera). Despite this, there
remains a significant peak in mean SSGD at the temperate latitude (40-50°N) and a
steep drop into 50-60°N (Fig. 20e). The Miocene also shows analogous 0-10°S mean
SSGD to 0-10°N and a somewhat comparable 40-50°S value to 40-50°N, but very a
low mean SSGD at both 10-20°S and 30-40°S (Fig. 20e). Finally, the Pliocene shows
the peak in mean SSGD around 0-10°N and 10-20°N, unlike any other epoch, along
with a smaller peak at 40-50°N, and 40-50°S (Fig. 20f).
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3.4. Discussion

3.4.1 Part A: Global Patterns of Functional Diversity

In the results presented, global raw, standardised, and spatially-standardised
analyses display no obvious long-term trends in marine invertebrate functional
diversity (FD) from the Campanian to the Piacenzian, ~83.6 - 2.58 Ma (Figs. 6, 7a &
8a). The lack of long-term FD trend opposes a previous suggestion of a continued
rise in the number of modes of life (MoLs) occupied by marine fauna throughout the
Phanerozoic (Bambach et al. 2007). Despite only comparing Ediacaran, Cambrian,
Ordovician and Modern assemblages, Bambach et al. (2007) stated that, after a steep
rise in MoL occupation during the GOBE (~497.05-467.33 Ma), MoL occupation
continued to increase over the Phanerozoic, with the largest increases during the
Paleozoic, a reorganisation during the Mesozoic Marine Revolution (MMR) and
marginal expansion over the Cenozoic (Bambach et al. 2007; Buatois et al. 2016b).
These results instead support diverging evidence whereby the number of MoLs filled
by bivalves appears to plateau from the K-Pg onwards with no Cenozoic increase
(Mondal & Harries 2016). Perhaps because Bambach et al. (2007) could only include
teleost fishes, marine mammals, reptiles and chondrichthyans in their Modern
assemblage, this produced a continued rise between the Ordovician and Modern,

including across the Cenozoic, which is unseen in invertebrates here.

The results here also corroborate shows of stability in global marine FD across
extreme climate perturbations in the fossil record (Foster & Twitchett 2014; Dunhill et
al. 2018; Edie et al. 2018; Whittle et al. 2019). There is evidence for the global loss of
only one functional group across the Permian-Triassic Mass Extinction (PTME),
despite a loss of up to 74% of genera (Foster & Twitchett 2014); along with no net
loss of functional groups across the Late Triassic Mass Extinction (LTME, Dunhill et
al. 2018) or across the K-Pg mass extinction, in Antarctica (Whittle et al. 2019). It is
thought that little change in FD despite losing most species is due to the skeleton crew
hypothesis (Foster & Twitchett 2014; Dunhill et al. 2018), whereby high functional
redundancy helps preserve functions during mass extinctions, since most MoLs retain
taxa. With no major mass extinction in the Cenozoic Era, it is likely that FD remained
stable across Cenozoic extreme climate events including the Paleocene-Eocene
Thermal Maximum, the Eocene-Oligocene Transition and Mid Miocene Climate
Transition. For example, stability in FD has been reported across the Pliocene-
Pleistocene megafaunal extinction (Pimiento et al. 2017) which occurs after the end
of the study interval. The results here find stability in FD over the long-term transition

from the Late Cretaceous greenhouse climate to Pliocene icehouse conditions (Figs.
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7-8a) (Westerhold et al. 2020), previously untested in marine macroinvertebrates.
With that being said, there are between-stage variations in global FD that coincide
with certain extreme Cenozoic climate events, including the Early Eocene
hyperthermal events. The PETM, EECO and MECO occurred during the Early to Mid-
Eocene and represent the highest temperatures recorded in the Cenozoic (Bohaty &
Zachos 2003; Stokke et al. 2020)

Meanwhile, marine invertebrate generic diversity (GD) appears to display a
slight long-term increasing trend in the raw (RGD) and standardised (SGD) analyses,
despite stage-to-stage variation (Figs. 7 & 8b). This has previously been suggested
as part of a sustained increase in invertebrate generic richness over the Phanerozoic,
since the Cambrian Explosion (~539-535 Ma) to today due to continued origination
and declining background extinction (Roopnarine 2006). A continued Cenozoic rise
in marine generic diversity has also been reported after standardisation in Alroy
(2010a). However, in this study, the apparent increasing trend disappears after
spatial-standardisation was performed (Fig. 8b), supporting more-recent work (Close
et al. 2020; Benson et al. 2025). The levelling effect of spatial-standardisation on the
apparent positive trend in generic richness over the Cenozoic has recently been used
as an argument in the case for using spatial-subsampling itself (Antell et al. 2024), in
order to avoid potential false diversity peaks due to the ‘pull of the recent’ (Jablonski
et al. 2003) and a seemingly increasing quality of the fossil record towards the present
day (Benson et al. 2021).

However, within the described long-term stability, there are shorter-term
variations in global FD between stages, common amongst the raw, standardised and
spatially-standardised analyses. Firstly, there is little evidence of the K-Pg mass
extinction in the global functional or generic diversity analyses (Figs. 5, 7 & 8). This
was expected for functional diversity, given previous evidence of regional stability
across the K-Pg itself (Whittle et al. 2019), and global stability in FD over the PTME
(Foster & Twitchett 2014) and the LTME (Dunhill et al. 2018). There were also no
permanent losses or gains in functional groups (MoLs) at any point over the study
interval, including across the K-Pg boundary (CH3_Supplementary Material, S5).
This implies the K-Pg extinction did not represent global change in the ecospace
occupation of marine invertebrates, supporting the results of Chapter 2 along with
previous regional evidence from Whittle et al. (2019) and no net change in molluscan
functional groups from Aberhan & Keissling (2015). However, the supported studies
also observe a massive decline in taxonomic diversity across the K-Pg mass

extinction, which is not reported here. This may be the culmination of both time-
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averaging (Furisch & Aberhan 1990) and a relatively rapid global recovery from the
K-Pg (Birch et al. 2021). The estimated 0.1-1 Myr recovery period from the K-Pg,
under varying definitions of ecosystem recovery (Alegret et al 2004; Lowery et al.
2018; Birch et al. 2021), would have taken 2.2 to 22% of the total duration of the
Danian, which lasted ~4.4 Myr. Thus, occurrences from the remaining ~97-78% of the
duration of the Danian likely masked the effect of the mass extinction when viewed at
stage-level resolution. Time-averaging is less of an issue when examining mass
extinctions with longer recovery periods, including the PTME where recovery likely
spanned the majority or the entirety of post-extinction stages (Song et al. 2011; Chen
& Benton 2012), and it is difficult to perform global analyses on finer temporal

increments than stages (Kidwell 2013).

Between the Maastrichtian and Danian, the Bray-Curtis dissimilarity is the
highest among raw values (0.750; Table 6) and the third highest when spatially
subsampled (0.788; Table 7). This indicates a substantial generic turnover across the
K-Pg boundary, more indicative of the ~50% estimated generic extinction (D’Hondt
2005). Additionally, the dissimilarity between the Maastrichtian generic composition
and that of all subsequent stages increases incrementally from the Danian (Table 7),
identifying the K-Pg as a turning-point from which global generic composition
increasingly diverged from that of the Cretaceous. This has been previously reported
on a regional scale in Antarctica, with a shift to modern invertebrate taxa across the
boundary (Crame et al. 2014; Witts et al. 2016). In this respect, the K-Pg represents
the origin of some elements of modern marine ecosystem structure; the identity and
composition of taxa within global communities (Crame et al. 2014). However, a low
functional dissimilarity between Maastrichtian-Danian implies the K-Pg did not cause
a phase shift in community function, also supporting regional evidence (Aberhan &
Kiessling 2015; Whittle et al. 2019). This result combined with the stability in trophic
structure reported in the second chapter of this thesis, reiterates that modern marine

community structure likely did not arise out of the K-Pg extinction.

The proportion of global genera within each MoL further exemplifies the
taxonomic compositional shift across the K-Pg boundary, without change in the
diversity of functional groups (Figs. 6 & 9). For example, the Campanian (Late
Cretaceous) reported the largest proportion of global invertebrate genera in Mol 261;
erect attached suspension-feeders, e.g. rudist bivalves, sponges and corals. Rudist
reef-building bivalves became extinct at the K-Pg boundary (Jones et al. 1986), and
the proportion of MoL 261 drops at this time, potentially linking to this extinction, along

with the low diversity of Scleractinian corals during the Paleogene (Scheibner &
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Speijer 2007). The proportion of MoL 115 (nektonic fast-moving predator) also sees
a major drop across the K-Pg boundary - ammonites and belemnites became extinct
and the Mol is thereafter only represented by Nautilus and soft-bodied cephalopods
that do not preserve well (Krug 2009). Meanwhile, semi-infaunal and infaunal modes
of life remain relatively stable over the entire interval including the K-Pg boundary
(Fig. 9). This corroborates evidence found in burrowing ichnofossils, such as
Zoophycos (Massalongo 1855), whose abundance remained unaffected by the K-Pg
extinction perhaps because infaunality provides protection from environmental stress
(Rodriguez-Tovar & Uchman 2006; Weist et al. 2016).

Gastropods are one of the most diverse clades of benthic marine invertebrates
today (Sary & Pramod Kiran 2016). Gastropod-associated MoL, 325 (epifaunal slow-
moving predator), becomes the largest component of global invertebrate genera from
the Maastrichtian for the remainder of the entire study interval — at times
encompassing over 25% of global invertebrate genera within stages (Fig. 9).
Gastropod dominance is known to have occurred in the wake of the K-Pg extinction,
whereby the predatory Neogastropoda proliferated in particular (Geiger 2006). Yet,
the results here suggest predatory gastropods held the largest proportion of global
genera in the preceding Maastrichtian (Fig. 9). However, the proportion of 325
increased further across the K-Pg boundary, into what was commonly seen across
the remaining Cenozoic stages (Fig. 9). Nonetheless, this is perhaps evidence for
emerging gastropod dominance prior to the K-Pg extinction, only increasing further

post-extinction (Crame et al. 2014).

The relatively low values of functional and generic diversity in the Selandian
and Thanetian (Middle-Late Paleocene) is more indicative of the extinction signal
expected across the K-Pg boundary. However, the Selandian is by far the least-
sampled stage in the study, with 121 collections compared to the mean of 1148
collections/stage in the interval (LHW_CH3_Supplementary, S2 & S5). Thus, the low
raw and standardised Selandian functional and generic diversity measures are almost
certainly artefacts of relatively poor sampling (Nanglu & Cullen 2023). Uneven spatial
sampling effort is something that the divvy R package corrects for, (Antell et al. 2024),
which could explain why mean SSFD does not report its lowest value in the Selandian,
unlike RFD and SFD (Fig. 8a). As well as this, the Bray-Curtis Dissimilarity values
indicate little change in invertebrate functional composition across the three stages of
the Paleocene, with reasonable differences in generic composition (Table 7). This
finds further support for a substantial K-Pg turnover in invertebrate genera, but little

to no shift in community functional composition.
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Furthermore, the Eocene epoch witnesses a sustained rise in global FD and
GD, over the Ypresian, Lutetian, Bartonian and Priabonian stages (Figs. 5-8). The
timing of this ‘hump-like’ rise coincides with the Early Eocene hyperthermal events,
the Paleocene Eocene Thermal Maximum (PETM, ~55.8-55 Ma), the Early Eocene
Climatic Optimum (EECO, ~53-51 Ma) and the Middle Eocene Climatic Optimum
(MECO, ~40 Ma). These events represent the highest sustained temperatures
identified within the Cenozoic Era (Kelly 2002; Stokke et al. 2020). Previously, the
effects of these hyperthermals on macroinvertebrates have been poorly investigated.
However, global-scale perturbation has been noted in microfossils; an extinction in
deep-sea benthic foraminifera and poleward range shifts in planktic foraminifera,
radiolaria and dinoflagellates during these events (Thomas & Shackleton 1996;
Schneiber & Speijer 2005; Nwaojiji et al. 2019; Foster et al. 2020; Li et al. 2020; Sarkar
et al. 2022). By contrast, the positive global response in macroinvertebrate FD
reported here is more similar to terrestrial cases of enhanced Eocene community
function, such as sharply increased insect herbivory rates during the PETM (Currano
et al. 2008). There is also Eocene evidence for the diversification of terrestrial and
marine mammals, with at least 10 modern orders of Mammalia appearing during the
Eocene (Rose 1984). This could be down to metabolic theory, which states that
metabolic rates of organisms rise with increasing temperatures, in turn increasing
evolutionary rates (Allen et al. 2006). Perhaps a similar diversification occurred in
marine macroinvertebrates at this time, however the Bray-Curtis dissimilarity values
do not imply a substantial generic turnover between stages of the Eocene, except

slightly raised dissimilarity between Bartonian and Priabonian (Late Eocene, Table 7).

Alternatively, the Eocene increase in functional and generic diversity could
also reflect an increase in habitat for marine macroinvertebrates across higher
latitudes during the hyperthermals (Wing & Greenwood 1993; Willard et al. 2019).
Sea-level rise occurred during the PETM (Sluijs et al. 2008) and it is thought Earth
maintained largely ice-free conditions throughout the Early-Middle Eocene (Miller et
al. 2020; Westerhold et al. 2020). A raised sea-level can increase continental shelf
area (Rippeth et al. 2008), in turn increasing habitat size and complexity for
invertebrates (Willard et al. 2019; de Juan et al. 2023). This, combined with an
expanded tropical climate belt due to a shallower latitudinal temperature gradient in a
greenhouse climate (Mittelbach 2007; Pross et al. 2012: Chaudhary et al. 2016), may
have led to increased niche partitioning within a larger complex habitable area (Riha
et al. 2025). Evidence of significantly amplified microfossil specialisation during the
entire Eocene finds support for these results (Dominici & Zuschin 2016; Foster et al.

2020; Swain et al. 2024). Increased continental shelf area may not only drive
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increased faunal diversity itself but also boost sedimentary rock deposition, known as
the ‘common cause’ hypothesis (Peters 2006; He et al. 2020). This likely contributed
to the observed increase in functional and generic richness, along with a genuine
biological signal. Overall, these results find novel evidence for increased global
macroinvertebrate functional and generic diversity coinciding with greenhouse world
conditions that are punctuated with shorter periods of extreme hyperthermal

conditions including the Early Eocene hyperthermal events.

However, the Eocene did not report positive effects for all marine invertebrates
(Fig. 9). The proportion of global genera within the MoLs most-associated with reef-
builders such as Scleractinian corals (i.e. 266, 261; erect attached other/suspension-
feeder) were vastly reduced in the Bartonian (middle Eocene), together with an
increase in proportion of gastropod-associated MoLs, 324 and 325 (epifaunal slow-
moving grazers/predators, Fig. 9). This supports evidence for tropical coral reef
collapse during the Eocene Epoch due to extreme heating and high temperatures,
likely felt most-intensely in tropical climates (Weiss et al. 2025). Although, these
results support evidence that global coral diversity recovered rapidly after the PETM
(Weiss & Martindale 2019; Bosselini et al. 2025), and push coral reef collapse further
into the Eocene than previously suggested, with less global disruption in reef-builder
MoLs across the PETM and early Eocene than previous evidence suggests
(Scheibner & Speijer 2008; Weiss et al. 2025).

The Bray-Curtis Dissimilarity values were at their lowest during the Eocene
(Table 7), indicating the most consistent generic and functional compositions at any
point in the study. This implies the PETM did not have significant negative impact on
the global functional or generic composition of marine macroinvertebrates, supporting
regional evidence in molluscs (Foster et al. 2020). Given that the PETM is compared
to worst-case projected scenarios of warming under climate change (Meissner et al.
2014; Alley 2016), a lack of deleterious impact by this hyperthermal event on marine
community function may be of significance. However, using the Ecospace Cube
(Bambach et al. 2007) itself does not capture the full range of functional traits in
certain taxa, particularly non-molluscan groups, and may mask functional changes.
For example, Scleractinian corals almost exclusively fit into MoL 261 or 266 (erect
attached suspension-feeder/other), but a recent study into coral life history strategies
suggests hyperthermal Eocene reefs became dominated by stress-tolerant, slow-
growing coral species adapted to marginal environments (Clay et al. 2025), effects
masked using MoLs alone. However, the drop in MoLs most-associated with corals is

noticeable particularly in the Mid-Eocene, Bartonian (Fig. 9).
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Meanwhile, the Priabonian represents the beginning of a decline in functional
and generic diversity from the Mid-Eocene high to a relatively lower global diversity
across the Oligocene (Rupelian & Chattian). The Eocene-Oligocene Transition (EOT,
~34-33.6 Ma) represents the onset of long-term global cooling, probably due to a
decline in atmospheric CO. (Hutchinson et al. 2021). Global scale cooling and onset
of glaciation likely explain a major turnover in marine microfossils across the EOT,
including extinction in planktic foraminifera, an increase in cold water taxa and a sharp
decline in the abundance of larger-sized species (Prothero 1994; Coxall & Pearson
2007; Williams et al. 2007; Bordiga, 2015; Trejos et al. 2024). The Bray-Curtis
Dissimilarity between the Priabonian and Rupelian, for generic composition (i.e.
0.691, Table 7) is evidence for a global turnover in macroinvertebrates during this
time, not previously reported in literature. Meanwhile, a low dissimilarity for MoL
composition (i.e. 0.220), finds stability in functional composition between the Eocene

and Oligocene, despite taxonomic shifts.

As mentioned above, the Aquitanian (early Miocene) appears to be an
anomalous result within the spatially-standardised data (Fig. 8). Aquitanian SSFD and
SSGD are both very high, relative to the other stages in the interval, with no range in
values. Meanwhile, Aquitanian RFD, RGD, SFD, and SGD are some of the lowest
values recorded. With only 269 collections, as opposed to the mean of 1148.26 (2
d.p.) collections, the Aquitanian has the second lowest number of collections in the
study. The parameters used for divvy cookies() spatial-subsampling function, i.e.
nSite = 12, r = 2,000 km, could likely only subsample the same 12 sites repeatedly in
the Aquitanian due to the geographical distribution of localities (CH3_Supplementary,
S2), potentially also over-extrapolating these values (28.5 MoLs and 1728 genera),
which would explain the anomalous result and the lack of range for this stage. As
such, the Aquitanian SSFD and SSGD are disregarded from further interpretations

because these intervals are too poorly sampled.

Excluding the Aquitanian, there appears to be a relatively small but sustained
rise in functional diversity over the Langhian, Serravallian and Tortonian of the
Miocene (Fig. 8c). The Miocene is characterised by continued global cooling,
glaciation and sea-level fall (Halfar & Mutti 2005; von der Heydt & Dijkstra 2006). This
sustained rise is not mirrored in generic diversity, besides a peak in the Serravallian,
and this decoupling could be down to cold-water adapted taxa proliferating while
warm-water taxa declined (Verducci et al. 2009). Sustained cooling likely decreased
tropical habitat expanse, and simultaneous sea-level fall may have exposed shallow
reefs (Halfar & Mutti 2005; von der Heydt & Dijkstra 2006), explaining the decrease
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in proportion of global genera within reef-builder MoLs (261, 266) into the Serravallian,
Tortonian and Messinian (Fig. 9). The Middle Miocene Climatic Transition (MMCT,
~14 Ma) was a particular cooling event that significantly increased polar ice-sheet
volume (Pierce et al. 2017). Relatively high dissimilarity values for generic
composition between each stage in the Miocene (0.666-0.875) indicate consistent
turnover, perhaps linked with proliferations of cold-adapted taxa, as has been
reported in microfossils (Verducci et al. 2009). However, once again it appears
functional composition remained consistent despite taxonomic turnover, with

dissimilarity values of between 0.145 and 0.437 between Miocene stages (Table 7).

Furthermore, the Messinian (latest Miocene) shows a relatively sharp
decrease in functional and generic diversity, from the stages preceding (Tortonian)
and succeeding it (Zanclean) (Fig. 7 & 8). Despite using global data, there is reason
to believe the regional Messinian Salinity Crisis (MSC) influenced results (Roveri et
al. 2008; 2014). The MSC took place in the Mediterranean, ~5.97-5.33 Ma (Agiadi et
al. 2024a), whereby tectonic uplift of former gateways to the Atlantic disconnected the
Mediterranean basin (Bulian et al. 2021; 2023). This caused strong salinity and
temperature fluctuations, stratification of the Mediterranean water column and wide-
scale salt deposition; over 1 million km?® of gypsum was deposited during the MSC
(Kontakiotis et al. 2022; Ebner et al. 2024). It has been postulated that the MSC,
although a regional crisis, incited global declines in the species richness of molluscs
(Monegatti & Raffi 2010) and marine mammals (Peredo & Uhen 2016). Not only this,
but many Messinian PBDB invertebrate localities are distributed in and around the
Mediterranean (CH3_Supplementary Material, S2), perhaps an example of the
‘bonanza’ effect of sampling bias (Benton 2015), whereby locations and time intervals
of particular interest are sampled more intensely than other localities. The Bray-Curtis
Dissimilarity values point towards a particularly distinct assemblage of genera and
MoLs within the Messinian, but a return to similar taxa and functional groups of the
Tortonian by the Zanclean. Mediterranean species are believed to have extirpated to
refugia in the Atlantic adjacent to the Mediterranean during the Messinian
(Schwarzhans 2023; Aiello et al. 2024), only to return in the Zanclean with the
‘Zanclean Flood’ (Agiadi et al. 2024a; 2024b).

Finally, the Pliocene (Zanclean & Piacenzian) observes relative stability in
both FD and GD in all measures (Figs. 5-8), despite Earth officially entering an
‘icehouse’ climate during this time. With a functional dissimilarity of 0.131, invertebrate
functional composition remained almost unchanged across the Pliocene (Table 7).

However, the Piacenzian increase in the proportion of gastropod-associated MoLs,
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324 and 325, reflects the continued dominance of these modes of life in the later

Cenozoic and modern benthic communities (Crame et al. 2014).

This study set out to investigate global patterns of marine invertebrate
functional diversity (FD) from the Cretaceous to the Pliocene. The results indicate a
remarkable long-term stability in FD between the Campanian and Piacenzian, with no
directional trend through time. Some short-term variations persist after
standardisation, most notably a sustained rise in the Eocene coinciding with Early
Eocene hyperthermals, but these did not translate into long-term structural change.
The minimal detectable effect of the K-Pg extinction on global functional or generic
diversity reinforces the conclusion that this extinction, while transformative
taxonomically, did not fundamentally reshape the functional structure of marine
ecosystems. The absence of a long-term trend raises the question of whether marine
invertebrate FD, as captured by modes of life (MoLs), may have reached a functional
saturation point before the K-Pg boundary, as proposed by Mondal & Harries (2016),
and contrary to suggestions of a continual Phanerozoic increase (Bambach et al.
2007). Alternatively, the apparent stability may reflect methodological limits: the
Bambach Ecospace Cube, though effective for large-scale synthesis, may be too
coarse to detect finer-grained functional shifts, particularly within diverse tropical

assemblages.

3.4.2. Part B: Palaeolatitudinal Patterns of Functional Diversity

The most striking palaeolatitudinal diversity pattern is a consistent Northern
Hemisphere mid-latitude peak (at 30-40°N and/or 40-50°N) in both the raw and
spatially-standardised analyses, i.e. RFD, RGD, SSFD and SSGD (Figs. 10-20). This
supports evidence of mid-latitude peaks in taxonomic diversity during greenhouse
climates (Mannion et al. 2012; 2014) and provides novel evidence of the same for
invertebrate MoL diversity as per Bambach et al. (2007). It is thought extreme
greenhouse temperatures throughout Earth’s history rendered equatorial zones less
hospitable and instead subtropical/mid-latitude regions hosted the greatest diversity
(Powell 2009; et al. 2012; Archibald 2010; Mannion et al. 2012; 2014). However, the
results here also find a mid-latitude peak under both a warmhouse (Oligocene) and a
coolhouse global climate in the Miocene (Westerhold et al. 2020), in both functional
and generic diversity. Only true icehouse conditions have been associated with
equatorial peaks in the literature to date (Mannion et al. 2014; Zhang et al. 2022), so

perhaps a shallower coolhouse temperature gradient is less conducive to producing
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a single equatorial peak in biodiversity than the steeper temperature gradient of a true

icehouse regime.

Conversely, there is compelling evidence to suggest mid-latitude diversity
peaks in the fossil record are mostly artefacts of sampling bias, driven by socio-
economic inequality (Vilhena & Smith 2013; Close et al. 2020; Raja et al. 2022;
Benson et al. 2025). For centuries, there has been more-intense sampling in Europe
and North America than in other regions, skewing the spatial distribution of fossil taxa
towards these zones (Raja et al. 2022). The distribution of fossil localities in Figs.10-
14 indicate a strong European and North American influence on all stages. Benson et
al. (2025), found that northern mid-latitude diversity peaks diminish after using a novel
spatial-standardisation method that accounts for historic over-sampling, which
provides evidence for the authors to strongly dismiss the existence of a true northern

mid-latitude diversity peak in the fossil record.

Nevertheless, there also exists a 30-40°S or 40-50°S peak in functional and
generic diversity in epoch level analyses and thus a mid-latitude peak is not only
observed in the global north (Figs. 19 & 20). Evidence suggests the tropical climate
belt during the Late Cretaceous and early Cenozoic was 40-50% larger than it is
today, extending at times to palaeolatitudes of ~60°N/S (Morely et al. 2007; Pross et
al. 2012; Crame 2020). Expansive tropics likely cultivated true mid-latitude peaks in
functional and generic diversity, that is, if diversity distribution is indeed coupled with
temperature and seasonality as is the current consensus (Roy et al. 2000; Jablonski
et al. 2006; 2008; Mittelbach et al. 2007; Mannion et al. 2014; Saupe et al. 2019a;
2019b). Under a greenhouse climate, throughout the Late Permian to the Middle
Triassic, terrestrial tetrapods display bimodal latitudinal diversity peaks (Mannion et
al. 2012; Bernardi et al. 2018; Allen et al. 2020), and insects report a mid-latitude peak
during the hothouse Eocene (Archibald 2010). The results here could be interpreted
as tentative evidence for true mid-latitude peaks in the Southern and Northern
Hemispheres, similar to the global bimodal diversity pattern in a greenhouse climate
(Mannion et al. 2014). With that being said, the Southern Hemisphere often shows
lower raw values than analogous Northern Hemisphere palaeolatitude bins (Figs. 10-
14). As such, there was insufficient data to run spatial subsampling in any °S bins at
stage level which ties to systematic sampling bias towards Europe and N. America
(Close et al. 2020). Even at epoch level, most Southern Hemisphere localities appear
in the latitude bins of 30-40°S and 40-50°S in Australia or South America (Figs. 10-
14), often with gaps in the other palaeolatitudes — revealing potential cases of socio-

economic inequality resulting in points of bias within the Southern Hemisphere.
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It is difficult to investigate shifts in the palaeolatitudinal pattern of SSFD from
the Campanian to the Piacenzian, due to the number of gaps in the stage level
analyses (Figs. 15 & 16). However, the Cenozoic stages with SSFD values for at least
five of the six palaeolatitude bins used (°N), including the Ypresian (earliest Eocene),
Priabonian (latest Eocene), Rupelian (Oligocene) and the Burdigalian (early
Miocene), all report a pattern not too dissimilar from that observed in the Late
Cretaceous. This pattern is a mid-latitude peak around 30-40°N and/or 40-50°N, a
minimum value in 20-30°N and a smaller peak around 10-20°N and/or 0-10°N (Figs.
15 & 16). The high values of SSFD in mid-latitude bins in these stages is further
evidence for a mid-latitude peak in diversity during greenhouse (Eocene) climates
(Powell et al. 2012) and, as mentioned, provides evidence for the same in a
warmhouse (Oligocene) and a coolhouse (Miocene) climate. However, it is equally
likely that these results instead reinforce the pervasive sampling bias at these
latitudes, even after a cutting-edge spatial-standardisation method, i.e. divvy (Antell
et al. 2024). This is a problem previously described by Jones et al. (2021), who state
that while standardisation within latitude bands aids the reconstruction of latitudinal
gradients, it cannot entirely account for absences introduced by geological and

anthropogenic biases.

Spatially-standardised functional diversity (SSFD) retains the observed 40-
50°N mid-latitude peak, over the stages of the Eocene, despite gaps (Fig. 15). This
coincides with the Paleocene-Eocene Thermal Maximum (PETM, ~55.8-55 Ma), the
Early Eocene Climatic Optimum (EECO, ~53-51 Ma) and the Middle Eocene Climatic
Optimum (MECO, ~40 Ma) (Kelly 2002; Stokke et al. 2020). These results find stability
in functional diversity across latitude, over the hottest temperatures recorded in the
Cenozoic Era (Stokke et al. 2020). The sustained rise in global FD observed over the
Eocene (Part A, Fig. 8) does not appear to affect the latitudinal distribution of FD in
the Northern Hemisphere. The potential influence of sampling bias on the latitudinal
distribution of FD cannot be ignored here either. Meanwhile, the peak in SSGD shifts
from 30-40°N in the Ypresian to 40-50°N in the remaining Eocene stages (Figs.17 &
18). This may indicate a poleward movement of macroinvertebrates due to extreme
oceanic heating and high temperatures at this time, previously only reported in
microfossils such as planktic foraminifera (Nwaojiji et al. 2019; Foster et al. 2020; Li et
al. 2020; Sarkar et al. 2022).

Meanwhile, the opposite occurs across the Eocene-Oligocene boundary
(Priabonian to Rupelian): an equatorward shift in peak generic diversity, from 40-50°N
in the Priabonian to 30-40°N in the Rupelian (Figs. 17 & 18). This may be indicative
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of the global cooling occurring during and after the EOT (Westerhold et al. 2020), and
perhaps an equatorward shift in both macroinvertebrate taxa and the ‘cradle of life’
itself, i.e. the zone of peak origination at the time (Jablonski et al. 2006). Unlike
generic diversity, functional diversity maintains a mid-latitude peak across the EOT,
and the highest Rupelian mean SSFD value is reported in the 50-60°N bin, perhaps
a result of polar functional groups expanding during later Cenozoic cooling (Crame
2023). The drop in SSGD in 0-10°N between the Priabonian and the Rupelian (Figs.
17 & 18) finds support for microfossil evidence that the EOT was felt most-keenly at
the lower latitudes where warm-water taxa suffered while their cold-water
counterparts thrived (Oleinik & Marincovich 2003), although this again did not occur
in SSFD. Invertebrate functional diversity once again exhibits stability over time and
space, during a time that saw the taxonomic composition of marine communities
dramatically shift, e.g. the divergence of pinnipeds from other mammals,
archaeocetes replaced by modern whales (Uhen, 2010; Hull 2015), and the widescale
radiation of diatoms (Rabosky & Sorhannus 2009).

The Aquitanian is missing from spatially-standardised analyses due to
insufficient data. However, the following Burdigalian retains a mid-latitude (30-40°N)
functional diversity peak and a smaller peak at 10-20°N, suggesting stability of the
latitudinal distribution of FD into the Miocene despite global cooling and tectonic
movement (Westerhold et al. 2020). The Langhian coincides with the Mid-Miocene
Climate Transition (MMCT, ~14 Ma) a period of intense cooling and significant
increase in polar ice-sheet volume (Mourik 2010; Pierce et al. 2017). The single
Langhian [40-50°N] bin shows comparable SSFD and SSGD values to those seen at
40-50°N in other stages: ~15 MoLs and 250 genera, suggesting at least mid-latitude
stability in FD in the Northern Hemisphere, despite a global cooling event that left its
mark in other ways, one example being a shift in foraminiferal communities from

warm-water to cold-adapted taxa at ~54°S Kerguelen plateau (Verducci et al. 2009).

The Messinian Stage in the global analyses (Part A) shows a drop in functional
and generic diversity relative to the stages preceding and following it (Fig. 8) along
with a unique composition of genera and MoLs (Table 7). Given the Mediterranean
distribution of many fossil localities, the Messinian Salinity Crisis (MSC) may have
influenced global results. Across palaeolatitude, the Messinian shows maximum
SSFD in, 10-20°N, despite gaps, which is closer to the equator than other stages.
Studies suggest the MSC led to an extirpation of Mediterranean marine fauna in the
Atlantic, perhaps taking functional diversity from Mediterranean latitudes (i.e. 30-
40°N) with it (Agiadi et al. 2024a; 2024b). This would also explain the reduced SSGD
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values at 30-40°N in the Messinian (Figs. 8 &18). However, this lower latitude peak in
SSFD does not last into the Pliocene, and both the Zanclean and Piacenzian return
to peak SSFD at 40-50°N. This could represent the return of Mediterranean taxa
following the ‘Zanclean flood’ (Agiadi et al. 2024a) or is perhaps due to a less-

Mediterranean distribution of fossil localities during this stage.

The existence of a modern Latitudinal Functional Diversity Gradient (LFDG)
akin to the LDG, has not been previously reported. This is in part due to the subjective
definition and scale of functional diversity (Laureto et al. 2015). Therefore, how and
when a potential LFDG may have formed relative to the modern LDG also remains a
mystery. Here, there is tentative evidence for a bimodal Northern Hemisphere pattern
in functional diversity, with a substantial mid-latitude peak (around 40-50°N and/or 30-
40°N) and smaller tropical peak (10-20°N). This is seen in stages with sufficient data
in the Late Cretaceous, Eocene, Oligocene and Miocene, i.e. consistent across deep
time, major climate events and K-Pg mass extinction (Figs. 15 & 16). This bimodal
pattern supports a pattern of similar shape reported in the FD of marine zooplankton
in modern oceans (Tang et al. 2022; Ge et al. 2024), although based on different
functional metrics. There is also regional evidence for what resembles a Miocene mid-
latitude peak in gastropod functional richness ~45°S (Grossman et al. 2022).
Although, with no mention of standardisation (Grossman et al. 2022), the input of

sampling bias cannot be ignored here.

However, Berke et al. (2014), Grossman et al. (2022) and Woodhouse et al.
(2023), find an overall decrease in molluscan and foraminiferal functional richness
with increasing latitude. An obvious decrease in FD with latitude is only reported here
between 40-50°N and 50-60°N, observed in every stage from the Aquitanian (early
Miocene) onwards. The early-Miocene is perhaps a turning-point in global cooling,
whereby the global temperature gradient steepened to the extent that 50-60°N
became too cold to support a similar functional diversity to lower latitudes. Overall,
there is little to no evidence here for an LFDG of the same shape as the modern
Latitudinal [Species] Diversity Gradient (LDG) in marine macroinvertebrates, i.e. a
single tropical peak in FD declining with latitude, as reported in modern bivalves and
microfossils (Berke et al. 2014; Grossman et al. 2022; et al. 2023). Instead, there is
evidence for a bimodal Northern Hemisphere LFDG as described, consistent in

stages of the Late Cretaceous, Eocene, Oligocene and Miocene.

The exact nature and timing of the formation of the modern LDG remains
debated (Mannion et al. 2014; Crame 2001; et al. 2014; 2020; Fenton et al. 2023). A

post-K/Pg early Cenozoic radiation, most intense in the tropics, is cited as a
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contributing factor to forming the LDG (Crame 2014; 2020). Consistent cooling from
the EOT (~34 Ma) onwards is another possible driver, forcing warm-water species
into lower latitudes, (Zachos et al. 2001; 2008; Mannion et al. 2014; Crame 2020), as
well as shifting the latitude of the cradle of life (Jablonski et al. 2006). There is
microfossil evidence that the modern LDG can be identified from the Langhian (~15
Ma) onwards (Fenton et al. 2023). By contrast, the results here find even later
evidence for the origin of the modern LDG. By the Tortonian (~11.6-7.2 Ma), Zanclean
(~5.33-3.6 Ma) and Piacenzian (~3.6-2.58 Ma), there is tentative evidence for a
tropical peak equal-to or greater-than the mid-latitude peak in generic diversity, albeit
in raw analyses only (Figs. 13 & 14). Meanwhile, spatially-standardised generic
diversity at stage level, shifts equatorward by the Zanclean (Fig. 17) decoupling with
functional diversity at this point. At epoch resolution this pattern is reinforced; Pliocene
SSGD in 0-10°N and 10-20°N are larger peaks than 40-50°N (Fig. 20). However, the
same is not observed in the functional diversity of the Pliocene, which retains its
largest value in 40-50°S followed by 40-50°N and a relatively small peak in 0-10°N by
comparison (Fig. 19). This is tentative evidence of a modern LDG forming by the
Pliocene, not accompanied by an LFDG, at least of the same shape of a tropical peak
in diversity. These results find a decoupling of functional and generic diversity across
latitude over a period of extreme global cooling and steepening of the latitudinal
temperature gradient, supporting modern instances where functional diversity does
not follow the LDG, e.g. in new-world bats (Stevens et al. 2003) and as mentioned in
zooplankton (Tang et al. 2022; Ge et al. 2024). These results reiterate that no
macroinvertebrate LFDG had formed into the same pattern as the modern LDG by
the Late Pliocene. This decoupling is evidence of a higher level of stability in functional
diversity across latitude over deep time compared to taxonomic diversity. Functional
stability has been noted globally across major biotic events including mass extinctions
(Foster & Twitchett 2014; Dunhill et al. 2018) and the major Cenozoic climate and
biotic events in Part A (Figs. 6-8).

These results provide evidence for long-term stability in marine invertebrate
functional diversity across latitude and a tentative latitudinal functional diversity
gradient (LFDG) in the Northern Hemisphere from the Late Cretaceous to the Late
Pliocene. This LFDG pattern, characterised by a consistent mid-latitude peak in FD
(around 30-40 or 40-50°N), a smaller tropical peak (10-20°N), and a relative low at
20-30°N, appears decoupled at times from taxonomic diversity (LDG). The
persistence of this LFDG across major climatic and biotic transitions, including the K-

Pg extinction, the Early Eocene hyperthermal events, and the long-term shift towards
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an icehouse world following the EOT (Westerhold et al. 2020) suggests a remarkable

functional stability in marine communities despite substantial taxonomic turnover.

However, these findings must be interpreted with caution. Sampling bias and
inherent uncertainty in fossil interpretation make it difficult to disentangle genuine
ecological patterns from artefacts of preservation and rock availability (Benton et al.
2011; Jones et al. 2021; Benson et al. 2025). Moreover, methodological limitations of
Bambach et al. (2007) Ecospace Cube may underestimate tropical functional
diversity. The cube’s relatively coarse trait resolution, particularly for non-shelly taxa,
risks underrepresenting groups that dominate low-latitude ecosystems, such as
scleractinian corals and sponges, which exhibit high ecological and morphological
diversity not easily captured by broad ecospace categories. This underestimation
could artificially flatten tropical FD estimates, exaggerating the mid-latitude peak
reported here. The ‘latitude-niche breadth hypothesis’ (Vazquez & Stevens 2004)
predicts that decreased seasonality in the tropics leads to more stable populations,
which in turn evolving smaller niches, therefore allowing more species to coexist in
the tropics than at higher latitudes (Vazquez & Stevens 2004; Cirtwill et al. 2015). The
Ecospace Cube tends to favour broader, more generalised modes of life common at
higher latitudes where niches are perhaps more distinct (Bambach et al. 2007).
Consequently, while the observed bimodal Northern Hemisphere LFDG may reflect a
genuine ecological signal, it is also possible that methodological and preservational
biases collectively obscure a stronger tropical FD peak. Despite these uncertainties,
the overarching result remains clear: a palaeotemperate FD peak persisted
throughout the entire interval at both stage and epoch resolution and this decoupled

from that of GD by the end of the interval.

Chapter 4 — Discussion
4.1 The K-Pg is not the likely origin of modern marine ecosystem structure

The results presented in Chapters Two and Three demonstrate that the Cretaceous-
Palaeogene (K-Pg) mass extinction did not permanently alter the trophic structure or
functional diversity of marine communities, despite pronounced shifts in taxonomic
composition and identity. This outcome, derived from reconstructed regional trophic
meta-webs in the Antarctic (Fig. 3) and global analyses of macroinvertebrate
functional diversity (FD, Fig. 8) challenges the idea that the K-Pg event marked the
origin of the ‘modern’ marine community structure (Dunne et al. 2014). Instead, while

taxonomic upheaval was substantial, the fundamental ecological architecture of
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marine systems appears to have persisted across the boundary. The K-Pg extinction
did, however, lead to the proliferation of the identity and composition of modern
marine taxa, as seen occupying the trophic network nodes in Chapter Two and
supported by previous studies (Uhen 2010; Crame et al. 2014; Hull et al. 2015; Whittle
et al. 2019). The K-Pg also led to a shift in the proportion of taxa within each mode of
life as seen in the global analyses in Chapter Three, with the gastropod-associated
MoLs becoming the largest global proportion (Figs. 6 & 9). This is reflected by an
increased Bray-Curtis dissimilarity in generic composition across the boundary (Bray
& Curtis 1957). Yet, despite these taxonomic disruptions, trophic organisation
remained strikingly stable, providing support for the conclusions of Yeakel and Dunne
(2015), at least as early as the Late Cretaceous. Yeakel and Dunne (2015) stated that
the core structural principles of marine food webs have potentially endured since the

Cambrian, largely invariant to even the most catastrophic biotic crises.

The lack of change across the K-Pg in both Antarctic trophic structure and net
global macroinvertebrate functional diversity finds further evidence of the skeleton
crew hypothesis, coined by Foster & Twitchett (2014) and further supported by Dunhill
et al. (2018). As explained earlier, the skeleton crew hypothesis posits that functional
diversity remained stable across previous major extinctions in Earth’s history due to
a high level of functional redundancy which afforded the loss of most taxa without the
loss of significant numbers of guilds or ecosystem function (Foster & Twitchett 2014;
Dunhill et al 2018). Together, these results reinforce the view that marine ecosystem
functioning is decoupled from taxonomic diversity during mass extinctions and

suggest the persistence of key functional guilds enables rapid ecological recovery.

4.2 No directional trend in functional diversity between the Late Cretaceous
and the Late Pliocene, but shorter-term variation between stages

The results in Part A of Chapter Three reveal long-term stability in global marine
invertebrate FD from the Cretaceous—Palaeogene (K-Pg) boundary through to the
Late Pliocene. Although some stage-to-stage fluctuations are evident, there is no
evidence for a sustained directional trend in FD. This challenges previous
interpretations of a continual, Phanerozoic-scale rise in ecological complexity and

functional diversity since the Cambrian (Bambach et al. 2007; Bush et al. 2007).

Short-term deviations in FD correspond with key climatic perturbations. For
example, the Early to Late Eocene shows a pronounced increase in FD, coinciding
with the major hyperthermal events of the Palaeogene, the PETM, EECO, and MECO

which represent the warmest intervals of the Cenozoic (Smith et al. 2010; Giorgioni
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et al. 2019; Inglis et al. 2020). This pattern provides the first global evidence for a net
rise in both functional and generic diversity across these events, extending beyond
the previously reported stability of molluscan faunas in regional records (Foster et al.
2020). Importantly, these results suggest that, at the coarse resolution of the fossil
record, marine ecosystems demonstrated functional resilience to rapid warming.
Nevertheless, this apparent stability should not be conflated with modern trends: the
current rate of anthropogenic CO, release is an order of magnitude greater than
calculated during the PETM, compounded by habitat destruction, overfishing, and
pollution (Zebre et al. 2016; Babila et al. 2018; Thomas & St John 2025).

While the marine macroinvertebrate fossil record represents the most
comprehensive record for reconstructing community evolution, this study also
underscores its limitations of uneven sampling, preservational biases, and time-
averaging. Yet, the evidence indicates no evidence for a fundamental restructuring of
global ecosystem function during the interval, despite clear taxonomic turnover

towards more modern assemblages.

4.3 There may be a latitudinal functional diversity gradient (LFDG), however
sampling bias remains a constant problem

The results presented in Part B of Chapter Three provide compelling evidence for a
bimodal latitudinal functional diversity gradient (LFDG) in the Northern Hemisphere.
This pattern is characterised by a consistent mid-latitude (30-40°N/40-50°N) peak, a
pronounced lows at 20-30°N and often 0-10°N, with a smaller secondary peak in
between (10-20°N). This pattern persists from the Late Cretaceous to the Pliocene,
remaining largely stable despite stage-to-stage fluctuations in global functional

diversity and the occurrence of extreme hyperthermal events during this interval.

Importantly, this tentative LFDG is at times decoupled from generic diversity
patterns, most notably during the Piacenzian, when a modern-style latitudinal diversity
gradient (LDG) emerges, yet the LFDG retains its mid-latitude peak (Figs. 15 & 17).
A similar decoupling is evident at the epoch scale in the Pliocene (Figs. 19 & 20),
reinforcing this conclusion with a substantially larger dataset. Together, these results
indicate that functional and taxonomic diversity were not necessarily aligned through
deep time, suggesting that the ecological processes structuring marine communities

may have evolved independently of taxonomic richness.

While the persistence of a mid-latitude functional diversity peak could reflect

spatial sampling bias (Benson et al. 2025), the consistent decoupling from generic
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diversity implies that this may instead represent a genuine ecological signal. It is
possible that the Bambach Ecospace Cube’s coarse resolution, particularly its
underrepresentation of non-molluscan taxa, may accentuate a mid-latitude peak by

underestimating tropical groups with finer niche partitioning, such as Scleractinia.

Modern LFDG studies remain limited and primarily focus on planktonic or
microbial assemblages (e.g. Gilbert et al. 2010; Becker et al. 2021). Consequently,
direct comparisons with fossil macroinvertebrate datasets are challenging. The
findings presented here therefore represent one of the first palaeontological
demonstrations of a tentative LFDG, providing a potential baseline for understanding
how a functional diversity gradient evolved through geological time and how this may

relate to the emergence of modern marine ecosystem structure.

4.4 Avenues for further research

Chapter Two in this study concludes the K-Pg mass extinction did not permanently
alter the trophic structure and function of the Seymour Island marine community.
Further research avenues include to assess this result in more locations, if there are
sufficient fossil outcrops with a K-Pg record and minimal changes in preservation
conditions across the boundary. As well as this, to search for the origin of modern
marine trophic organisation or structure, research needs to examine the Phanerozoic
prior to the Late Cretaceous. Trophic meta-web reconstructions across events such
as the Great Ordovician Diversification Event (GOBE), the Permian-Triassic mass
extinction (PTME) and the Mesozoic Marine Revolution (MMR) could represent
potential origins of the modern range of structural network metrics observed in both

modern webs and those across the K-Pg in this study.

Additionally, topological food web models, such as the PFIM (Shaw et al.
2023), are good for comparative studies of network structure and function using the
metrics and motifs calculated. However, they do not incorporate interaction strengths,
energy flows, and population dynamics. If possible, use of a dynamic trophic model
for the same reconstructions across the K-Pg boundary, may identify nuanced
differences in the marine community across the extinction. Dynamic webs represent
networks as systems of differential equations describing biomass, abundance and
energy flux (Blanchard et al. 2009; Gauzens et al. 2019). Using such a model would
allow for more-detailed insights into changes to interaction strengths, abundance,
extinction risks, and energy flow across the K-Pg boundary (Bellingeri and Bodini
2013; Nilsson & McCann 2016).
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Furthermore, this study reiterates the constant influence of sampling bias on
perceived fossil diversity patterns, despite using cutting-edge spatial standardisation
methods (e.g. Antell et al. 2024). As well as this, using marine macroinvertebrates,
i.e. potentially the best macrofossil record available, there remained gaps in
palaeolatitude bins throughout the study interval, particularly in the Southern
Hemisphere, as well as the Aquitanian - which lacked sufficient data to run spatial
standardisation at all. Thus, it stands to recommend further research, sampling and
existing collections and data to be uploaded to databases for under-studied locations.
Focused study could shed light on whether there have existed true mid-latitude
diversity peaks at times during Earth’s history, most likely greenhouse climate regimes
(Mannion et al. 2014). Alternatively, further exploration could instead resolve if the

apparent peaks are solely down to sampling bias (Benson et al. 2025).

Finally, chapter three highlights both the benefits and caveats of the Bambach
Ecospace Cube (Bambach et al. 2007), with its coarseness providing an ease of use
on large datasets, albeit potentially grouping certain taxa into one mode of life and
dampening their functional diversity. Perhaps it is too difficult to capture more
functions of invertebrate clades all within one method such as in Bambach et al.
(2007), but if done this could lead to an improved understanding of marine functional

diversity across time and space in the fossil record.

4.5 Final Conclusions

Overall, the findings of this thesis demonstrate that the structure and function of
marine communities have shown long-term stability across one of the most profound
transitions in Earth’s history, the Cretaceous—Palaeogene (K-Pg) mass extinction and
the ensuing Cenozoic climate transition. Contrary to previous ideas suggesting that
the K-Pg marked a turning point in marine ecosystem organisation, the results
presented here reveal no permanent restructuring of trophic or functional networks
and instead indicate that ecosystem function was resilient amid substantial taxonomic
turnover, an example of the skeleton crew hypothesis (Foster & Twitchett 2014).
Moreover, the persistence of a mid-latitude functional diversity peak throughout the
Cenozoic, at times decoupled from patterns of taxonomic richness, suggests that FD
may have been governed by environmental and ecological constraints distinct from

those shaping species distributions.

The fossil record of marine macroinvertebrates remains arguably the most

comprehensive archives of ecological and evolutionary changes available. Yet, as
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this thesis highlights, even this record is riddled with gaps, biases, and uneven
sampling, and as such reconstructions of ancient ecosystems remain uncertain.
Despite these challenges, the analyses presented here demonstrate that meaningful
ecological signals can still be extracted using functional approaches, providing new
perspectives on stability across mass extinction and recovery intervals. These
findings carry significant implications for understanding the origins of modern marine
community structure and function, highlighting that structural and functional stability
can persist despite major biodiversity crises and climatic perturbations. They also
highlight the importance of incorporating functional and network-based approaches
alongside traditional taxonomic metrics in deep-time studies to better capture
ecological signals through extinction and recovery. In doing so, we can understand
not only how modern marine ecosystems arose, but also how resilient they may be to

the unprecedented environmental changes of the present and future oceans.
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