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Abstract 

 

The fossil record provides the only evidence of how ecosystems have evolved over 

long timescales (multi-centennial to millennial) and how they have responded to changes in 

geological and environmental processes. Quantifying the impact of these geological and 

environmental processes on biodiversity is fundamental to understanding the paradigm of 

modern biodiversity loss and the ecological reverberations of anthropogenic climate change. 

Crucially, biodiversity is spatially dependent, and our perception of biodiversity may differ 

depending on the spatial scale of observation. As a result, understanding the diversity 

dynamics of the fossil record is both a question of time and space. Recent evidence suggests 

that studies at the regional spatial scale are optimal for understanding macroevolutionary and 

macroecological processes. Despite this, regional-scale studies using data from the fossil 

record are limited, particularly in the southern hemisphere. 

This thesis focuses on the temporal and spatial impacts of geological, climatic, and 

oceanographic processes on New Zealand’s regional shallow-marine molluscan ecosystems 

through the Cenozoic Era (the last 66 Myrs). New Zealand hosts remarkably complete 

Cenozoic stratigraphic and fossil records; the latter is regarded as the most complete shallow-

marine fossil record in the southern hemisphere. As a result, this record provides an ideal 

case study to examine macroevolutionary and macroecological processes in the shallow 

marine realm at the regional scale. In addition, New Zealand’s modern and Cenozoic 

shallow-marine ecosystems are temperate. Temperate marine ecosystems are vastly 

understudied compared to their tropical counterparts in both modern ecosystems and the 

fossil record, and their response to climate change is poorly understood, particularly in the 

southern hemisphere. 
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This thesis comprises four related research papers that form the main chapters. These 

are introduced by detailed background, data analysis, and methods chapters. The overarching 

aim of these papers is to: (1) quantify the impact of known confounding effects in the fossil 

record, particularly the Pull of the Recent; (2) evaluate the spatial dependence of biodiversity 

in the fossil record, particularly on temporal patterns of beta diversity; (3) understand the 

impact of climate change on taxonomic and functional biogeographic patterns of shallow-

marine biodiversity; (4) employ the methods developed in the previous chapters to test the 

importance and role of several important geological and climatic factors on the spatial 

structuring New Zealand’s shallow-marine biodiversity.  

First, I find that the Pull of the Recent effects <2 % of genera and <4 % of species 

when considering taxa missing from the youngest ~5 Myrs of the New Zealand shallow-

marine molluscan fossil record. Furthermore, the taxonomic composition of molluscs missing 

from the youngest part of the fossil record cannot easily be explained by effects related to 

shell mineralogical composition, body size, habitat, or taxonomic class. Lithification has 

minimal effect on the impact of the Pull of the Recent but does have a notable effect on 

apparent range-through diversity in the Pleistocene. Secondly, I show that beta diversity is 

spatially dependent at local to regional spatial scales and that uneven spatial sampling can 

influence recovered temporal trends in beta diversity. We argue that newly developed 

methods that allow for multisite beta diversity, partitioned into total dissimilarity, spatial 

turnover and nestedness, are the most suitable for elucidating patterns of beta diversity in the 

fossil record. Thirdly, I find that the interrelationship between two biogeographic patterns, 

the species-area relationship and functional diversity-area relationship, shows a strong, 

positive correlation to regional oceanic temperature, suggesting a long-lived and persistent 

association in the structuring of biodiversity, and temperature-dependence of functional 

redundancy, over the last ~45 Ma. Lastly, I find that oceanic warming seemingly has both a 
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long-term positive effect on regional taxonomic diversity and rates of origination, but a 

negative correlation with regional functional diversity and its spatial distribution. This 

negative long-term relationship between regional functional diversity and oceanic 

temperature is likely driven by functional resilience to extinction during cool intervals rather 

than a negative response to warming per se. 

In summary, this thesis confirms the high quality of the New Zealand shallow-marine 

fossil record and identifies oceanic temperature as a major positive correlate of regional 

taxonomic diversity, origination, and functional redundancy. This correlation is not consistent 

across spatial scales, a reflection of other abiotic and biotic processes that are likely 

important. These findings are relevant to our understanding of macroevolutionary and 

macroecological processes, particularly how temperate shallow-marine ecosystems may 

respond to future warming. For New Zealand, this research suggests, as a baseline, that 

natural warming may increase equilibrium taxonomic diversity and functional redundancy in 

New Zealand. However, anthropogenic climate change is associated with increased loss of 

biodiversity and habitat destruction in the geological short term. This is likely to alter the 

future trajectory of New Zealand’s biodiversity anticipated from natural warming, which may 

have far-reaching impacts for the short- and long-term future of New Zealand’s unique and 

highly endemic marine fauna. Furthermore, the results discussed of this thesis also suggest 

the unfolding sixth mass extinction may be qualitatively different (i.e., higher levels of 

functional extinction) from previous mass extinction events and have correspondingly 

unforeseeable consequences. Lastly, and importantly, this thesis highlights the need for 

further study in shallow-marine temperate ecosystems, particularly at finer time scales, to 

better our understanding of diversity dynamics, and extinction risk. 
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Chapter 1 

 

Introduction 

 

“It’s not possible! No, it’s necessary” 

(Cooper and Case, Interstellar, 2014) 
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1.1. Introduction 

 

Ecological observations are crucial to predicting and understanding short-term 

anthropogenic impacts on diversity. However, the transient nature of ecological observations 

confounds our understanding of biological processes over longer time spans (centennial to 

millennial). The fossil record provides the only direct evidence of the long-term impacts of 

climatic and environmental perturbations on biodiversity; fundamental to our understanding 

of macroecological and macroevolutionary processes. Reconciling these long-term processes 

with short-term observations and predictions of subrecent and modern changes in biodiversity 

and biogeography is paramount to protecting the future of our biosphere. 

The development of new quantitative techniques and the creation and modification of 

new and existing datasets over the last few decades has progressed the field of analytical 

paleobiology, fuelled by advances in computing power and technology. These advances have 

provided new opportunities to study the quantitative aspects of macroecology and 

macroevolution, and revisit and postulate new questions on the nature of biological processes 

at different temporal and spatial scales. Within this thesis I focus on the application and 

extension of these quantitative techniques to examine and quantify the long-term driving 

mechanisms of New Zealand’s temperate shallow-marine biodiversity change through the 

Cenozoic. 

I focus on New Zealand’s Cenozoic shallow-marine fossil record for four reasons. 

Firstly, New Zealand’s Cenozoic molluscan fossil record is regarded as the most complete in 

the southern hemisphere (Cooper et al. 2006, Crampton et al. 2006). Second, New Zealand’s 

current and past shallow-marine ecosystems are temperate, which are understudied in the 

context of their ecology and vulnerability to climatic shifts (Vergés et al. 2014, Wernberg et 

al. 2016, Antão et al. 2020). Third, New Zealand’s past and present marine biota have a high 
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degree of endemism at the species level (> 95 % endemism in the recent molluscan fauna and 

~85 % during the Cenozoic) (Beu and Maxwell 1990, Crampton et al. 2006, Gordon et al. 

2010, Mittermeier et al. 2011). Furthermore, New Zealand’s modern marine ecosystems are 

currently identified as an international biodiversity hotspot (Myers et al. 2000), but are also 

thought to be at significant risk from future anthropogenic climate change (Finnegan et al. 

2015, Urban 2015, Collins et al. 2018). Lastly, recent studies suggest that the global fossil 

record may not represent true patterns of global biodiversity and are confounded by the 

uneven spatial distribution of fossil collection through time (Close et al. 2020). This implies 

that focus should be placed on studies at the regional spatial scale, which is regarded as an 

important scale for macroevolutionary processes (Vermeij and Leighton 2003). Thus, New 

Zealand provides an ideal case-study to examine the long-term regional drivers of temperate 

marine biodiversity change, but also provides an important historic perspective relevant to the 

long-term conservation strategy of New Zealand’s vulnerable marine biota. Despite the 

exemplary nature of New Zealand’s Cenozoic shallow-marine fossil record, it is imperfect. 

Temporal patterns of apparent diversity (i.e., raw data) are likely to be confounded by effects 

related to uneven sampling of fossil collections across space and time. Thus, quantifying the 

long-term drivers of shallow-marine biodiversity change requires an understanding of the 

spatiotemporal structure of the data – a consideration that underpins many analyses 

throughout this thesis. 
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1.2. Research Questions 

 

 Although this thesis is a compilation of four research papers, there are three research 

questions that underpin the study. These questions are outlined below and discussed in more 

detail in section 1.3. 

 

1. What is the structure of apparent diversity patterns in New Zealand’s shallow-marine 

fossil record?  

a. Is this consistent with the nature of the global diversity history that records a 

putative rise in taxonomic diversity towards the recent?  

b. Are the resultant patterns impacted by biases that are known to affect the 

global diversity trajectory, in particular the Pull of the Recent (see section 

1.3.4)? 

 

2. Are patterns of biodiversity at the regional scale confounded by the uneven 

distribution of fossil collections? 

a. Is there a pattern of spatial scaling in beta diversity and are temporal patterns 

of beta diversity in the fossil record dependent on the spatial distribution of 

data? 

b. Does the spatial scaling of both taxonomic and functional richness conform to 

similar patterns observed in modern ecology? 
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3. What are the key drivers of long-term biodiversity change and macroevolution in New 

Zealand’s shallow-marine ecosystems through the Cenozoic?  

a. Are these drivers consistent across spatial partitions of biodiversity?  

b. Do these drivers affect taxonomic and functional components of biodiversity 

in the same way through space and time? 

c. Are the long-term drivers of biodiversity consistent with predictions and 

observations from modern ecology? 

d. What are the implications for the future of New Zealand’s temperate marine 

ecosystems? 
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1.3. Thesis Outline 

 

 This thesis comprises four published, or soon to be submitted, research papers, which 

form the four main results Chapters (Chapters 5 - 8) (Table 1.1). These papers have been 

reformatted here, but the content remains largely unchanged from the published versions. I 

also include four supplementary Chapters which expand on the background and methods used 

within the papers. A preface is provided for each of the main research Chapters to: (1) 

provide a brief background on the focus of the paper, (2) contextualise the research in relation 

to the other Chapters and overall narrative of the thesis, and (3) outline the role of co-authors 

and other contributors. Outlines of all the Chapters are given below. In addition, during my 

doctoral studies I have co-authored two papers. Although these co-authored papers are not 

included within this thesis, they exploit elements of the knowledge and methods developed 

throughout this doctorate (Table 1.1). 
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Thesis 

Chapter 
Paper title Journal Status 

Lead author 

5 
The Pull of the Recent revisited – 

negligible species-level effect in a 

regional marine fossil record. 

Paleobiology Published 

(vol. 46, pp. 470-477) 

6 
Spatial scaling of beta diversity in the 

shallow-marine fossil record 
Paleobiology 

Published 

(vol. 47, pp. 39-53) 

7 

A positive relationship between 

functional redundancy and 

temperature in Cenozoic marine 

ecosystems 

Science Second revision 

8 

Biogeographic trends and climatic 

change: comparisons through space 

and time 

Proceedings of 

the Royal Society 

B 

Unsubmitted 

Co-authored 

- 

The New Zealand Fossil Record File: 

a unique database of biological 

history 

New Zealand 

Journal of 

Geology and 

Geophysics 

Published 

(vol. 64, pp. 62-71) 

- 

A 100 million year composite pollen 

record from New Zealand shows 

maximum angiosperm abundance 

delayed until Eocene 

Paleogeography, 

Paleoclimatology, 

Paleoecology 

Published online 

(vol. 566)  

TABLE 1.1. Summary of the publication status of the Chapters included within this thesis 

and additional co-authored papers. 

 

1.3.1.  Chapter 2 – Background 

 This Chapter provides a broad review of the literature relevant to this thesis. The aim 

of this Chapter is to provide a primer on New Zealand’s geological, climatic, and 

oceanographic history through the Cenozoic, and a summary of the previous research on New 

Zealand’s Cenozoic shallow-marine molluscan fossil record. This Chapter can be read in 

isolation or as a supplement to the main results Chapters and is cross-referenced throughout. 



8 
 

1.3.2. Chapter 3 – Data and Analysis 

 The purpose of this Chapter is to discuss the workflows used to generate the main 

datasets employed within these Chapters and provide details on the computation methods of 

data analysis. This Chapter can be read in isolation or as a supplement to the main results 

Chapters and is cross-referenced throughout. 

1.3.3. Chapter 4 – Methods Review 

 This Chapter provides a review of the methods used within this thesis. The purpose of 

this Chapter is to contextualise, explain and justify methodological decisions. This Chapter 

can be read in isolation or as a supplement to the main results Chapters and is cross-

referenced throughout. 

1.3.4. Chapter 5 – The Pull of the Recent revisited – Negligible Species-Level Effect in a 

Regional Marine Fossil Record.  

This Chapter addresses research question 1 and quantifies elements of the raw 

structure and the impact of the Pull of the Recent on New Zealand’s shallow-marine 

molluscan fossil record through the Cenozoic. The Pull of the Recent describes distortion of 

apparent biodiversity patterns over time. This distortion results from comparatively complete 

knowledge and sampling of the living biota in the recent compared to fossil biotas of the past. 

In effect, the Pull of the Recent extends the biostratigraphic ranges of fossil taxa, and 

therefore increases range-through diversity estimates toward the recent through the inclusion 

of living “Lazarus” taxa (i.e., those with gaps in their stratigraphic records). The Chapter 

takes several novel approaches to assess the impact of the Pull of the Recent, including: (1) 

quantifying the Pull of the Recent at species level; (2) focusing on the Cenozoic Era rather 

than the Phanerozoic Eon (66 Ma to present rather than 541 Ma to present); (3) considering 
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smaller time intervals than previous studies; and (4) examining whether particular attributes 

of taxa control their likely occurrence in the youngest fossil record. 

1.3.5. Chapter 6 – Spatial Scaling of Beta Diversity in the Shallow-Marine Fossil Record 

This Chapter addresses research question 2 and quantifies the spatial scaling of beta 

diversity in the shallow-marine fossil record, providing the basis for several of the 

methodological approaches utilised in Chapters 7 and 8. The aim of this Chapter is to assess 

various measures of beta diversity in order to identify the best methods to use in the New 

Zealand setting and to quantify the spatial scaling of beta diversity. Beta diversity describes 

the spatial (geographic) structuring of ecological communities and is central to understanding 

many macroecological and macroevolutionary phenomena. However, studies of beta 

diversity at the regional scale are relatively limited, and even scarcer are studies on the spatial 

dependence of beta diversity – in other words, how are measures of beta diversity influenced 

by the geographic extent of observation? This is particularly important in the fossil record, 

where temporal variation in spatial distribution of fossil localities is a known and pervasive 

bias.  

1.3.6. Chapter 7 – A Positive Relationship Between Functional Redundancy and 

Temperature in Cenozoic Marine Ecosystems 

 This Chapter addresses components of research questions 2 and 3 and quantifies the 

spatial scaling of taxonomic and functional diversities (i.e., the species-area and functional 

diversity-area relationships, respectively). This Chapter builds on observations from the 

modern latitudinal diversity gradient, which suggest that the interrelationship between the 

species-area relationship and functional-diversity area relationship - i.e., the relationship 

between species and functional richness at increasing geographic scales - may be temperature 

dependent (Schumm et al. 2019). The aims of this Chapter are to (1) quantify the species-area 
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relationship and functional diversity-area relationhship in New Zealand’s shallow-marine 

fossil record to see if they conform to patterns observed in modern ecology, and (2) 

determine whether their interrelationship – termed the functional redundancy relationship 

within this thesis, which represents an aspect of functional redundancy – is correlated to 

proxies of oceanic temperature during the Cenozoic. 

1.3.7. Chapter 8 – Biogeographic Trends with Climatic Change: Comparisons Through 

Space and Time  

 This Chapter addresses research question 3 and focuses on quantifying the role of 

oceanic temperature, climatic variability, environmental heterogeneity, and habitable area in 

controlling the spatial structuring of New Zealand’s shallow-marine molluscan biodiversity 

and macroevolutionary rates (i.e., origination and extinction) through the Cenozoic. This 

Chapter builds on two observations/predictions from modern ecology. First, observations 

from the modern latitudinal diversity gradient in marine molluscs reveal a poleward decline 

in both species and functional richness (Edie et al. 2018a, b, Schumm et al. 2019). This is 

attributed, in part, to latitudinal gradients of climate and temperature. Secondly, short-term 

observations and predictions of anthropogenic climate change suggest an asymmetric 

response in tropical versus temperate marine ecosystems, whereby temperate ecosystems may 

see increases in regional species richness in response to oceanic warming while tropical 

richness declines (Antão et al. 2020). Within this Chapter I focus on both the taxonomic and 

functional aspects of biodiversity and examine: (1) whether these two components exhibit 

congruent temporal and spatial patterns, and (2) whether they respond in the same way to the 

explanatory factors considered here. 

1.3.8. Chapter 9 – Conclusion 

 This Chapter summarises and concludes the thesis and outlines potential future work. 
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2.1. Introduction 

 

 This thesis comprises several published, or soon to be submitted, research papers. As 

a result, the background information provided within each results Chapter (i.e., paper) 

(Chapters 5 to 8) is limited by the specific journal formats. The purpose of this Chapter is to 

elaborate on the background information, particularly the geological, climatic, and 

oceanographic history of New Zealand, relevant to the subsequent Chapters and the research 

questions outlined in Chapter 1. 

This Chapter is split into three sections. The first and second provide a review of New 

Zealand’s geological, climatic, and oceanographic history throughout the Cenozoic. The third 

section provides a summary of previous research on New Zealand’s Cenozoic shallow-

marine fossil record. Lastly, a synthesis of the above information is provided in the context of 

the narrative of this thesis, including a summary of the key events discussed in sections 1 and 

2 (Table 2.1 – included at the end of this Chapter). 
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2.2. Cenozoic Geological History of New Zealand 

 

 New Zealand hosts a remarkably complete Cenozoic stratigraphic and fossil record, 

regarded as the most complete shallow-marine fossil record in the southern hemisphere 

(Cooper et al. 2006, Crampton et al. 2006a). The quality of these records can be attributed to 

New Zealand’s unique tectonic history and setting. However, New Zealand’s geological 

history is also intertwined with the evolution of its highly endemic terrestrial and marine 

faunas (Cooper and Cooper 1995). As a result, understanding the geological history of New 

Zealand is important in quantifying the drivers of biodiversity patterns through time. This 

section focuses on the geological evolution of New Zealand through the Cenozoic and 

examines the geological events and processes that contributed to both its exemplary 

stratigraphic and fossil records, and unique marine biota. 

 Importantly, New Zealand’s geological timescale is not the same as the international 

geological timescale (Fig. 2.1). For clarity, in this Chapter I predominantly use the 

international timescale at the resolution of epochs to discuss events of a global nature (see 

Fig. 2.1, “International units”). For specific timings and regional events I also refer to the 

New Zealand units at the resolution of stages (see Fig. 2.1, “NZ units”) (after Raine et al. 

2015).  
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FIGURE 2.1. New Zealand geological timescale after Raine et al. (2015). Ages provided are 

in millions of years ago (Ma). 
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2.2.1. Geological Overview of Zealandia 

The landmass of New Zealand is situated on the continent of Zealandia, now 

straddling the Pacific and Australian tectonic plates, separated by the modern plate boundary 

that is marked by the Alpine Fault (Mortimer et al. 2017) (Fig. 2.2). Zealandia was originally 

part of Gondwana, separating in the Late Cretaceous during the opening of the Tasman Sea. 

Presently, Zealandia’s continental mass is approximately 94 % submerged, and although this 

proportion has fluctuated during the Cenozoic, Zealandia has remained largely submerged 

throughout its Cenozoic history (Mortimer et al. 2017). Following Zealandia’s separation 

from Gondwana, the continent drifted (predominately northwards) at relatively static 

southern mid-latitudes until arriving at its modern-day position (with the majority of New 

Zealand’s main landmass between ~35°S and 50°S). As a result, New Zealand has been 

relatively geographically isolated for the duration of the Cenozoic. This is considered to have 

limited migration to and from New Zealand, allowing the evolution of its highly endemic 

marine and terrestrial biota (Cooper and Cooper 1995, Spencer et al. 2009, Spencer et al. 

2017). Whereas Zealandia was tectonically relatively quiescent during the early Cenozoic, 

tectonic activity intensified after the Eocene, marked by several pulses of increased tectonic 

activity (King 2000, Crampton et al. 2006b), discussed in detail in the subsequent sections. 

Perhaps the most notable phases of increased tectonic activity are the development of the 

Alpine Fault in the Late Oligocene/Early Miocene and the sharp change in the Australian-

Pacific plate relative motion at the beginning of the Pliocene, leading to increased 

convergence and uplift along the Alpine Fault (King 2000). Although several processes are 

responsible for the exposure of the New Zealand’s Cenozoic stratigraphy, the recent increase 

in uplift (5.33 Ma to recent) has exposed young (including < 0.34 Ma) Plio-Pleistocene 

marine sediments above sea-level. Consequently, New Zealand’s marine stratigraphic and 
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fossil records extend to the recent, an attribute that is uncommon in the global marine fossil 

record.   

A 

B 
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FIGURE 2.2. Modern global (A) and regional (B) maps of Zealandia. (A) Global map, 

showing New Zealand’s position on the largely submerged continent of Zealandia, straddling 

the Australian and Pacific plates. (B) Regional map of New Zealand highlighting several 

structural and bathymetric features. The map highlights the transform fault boundary, known 

as the Alpine Fault, which joins the active plate boundaries between the subducting 

Australian Plate (beneath the Pacific Plate) in the south west and the subducting Pacific Plate 

(beneath the Australian Plate) in the north east. Figures adapted from Mortimer et al. (2017).  

 

2.2.2. Cenozoic Stratigraphic Architecture 

 This thesis focuses on the shallow-marine fossil record of mainland New Zealand 

(North and South Island, and smaller islands in proximity, e.g., the Chatham Islands). 

Throughout the Cenozoic, sedimentation in New Zealand has been focused within several 

major sedimentary basins (Fig. 2.3): Northland basin, Taranaki Basin, East Coast Basin, 

Wanganui Basin, West Coast Basin, Canterbury Basin and Westland Southland Basin. The 

composite Cretaceous-Cenozoic stratigraphic succession compiled from these basins 

comprises a first-order transgressive-regressive ‘megasequence’ (King et al. 1999, King 

2000). Within this megasequence there are several second-order unconformities that can be 

correlated across the basins, forming seven distinct unconformity-bound second-order cycles 

(King 2000) (Fig. 2.4). Whereas several of the second-order sequence boundaries line-up 

with base-level shifts in the global sea-level curve, these boundaries are considered to largely 

reflect local tectonic phases (discussed below), rather than eustasy (King et al. 1999). 

Therefore, large-scale sedimentation patterns in New Zealand are, in part, independent from 

the global sea-level curve. These first- and second-order tectono-stratigraphic cycles provide 

an ideal framework to sequentially examine New Zealand’s geological history. Importantly, 
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these cycles represent a composite sequence, i.e., it is not vertically continuous, and many of 

the second-order cycles directly overlie metamorphosed Jurassic/Triassic age basement rocks. 
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FIGURE 2.3. Modern regional map of Zealandia highlighting major sedimentary basins.  

Figure from Mortimer and Campbell (2014). 
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FIGURE 2.4. Summary of the Cenozoic (and early Cretaceous) stratigraphic succession of 

New Zealand. The figure depicts a comparison between the global eustatic sea-level curve 

(after Haq et al. 1987) with the 1st-order and 2nd-order stratigraphic cycles of New Zealand 

(after King 2000). Timescale shown on the left is in Ma. Figure from King (2000) . 

*Pleistocene boundary was ratified after this publication and is now located at 2.58 Ma 

(Gibbard et al. 2010). 

 

Cycle 2: Separation from Gondwana (Late Cretaceous – Paleocene).— The basal 

sequence boundary of the oldest first-order sequence (which contains Cycle 1 of the second-

order sequence) (~100 Ma) is regarded as representing the breakup of Gondwana and 

intracontinental rifting. This marks the beginning of the transgressive sequence tract (TST) 

within the first-order megasequence. Here we skip to the second second-order sequence 

boundary (~80 Ma) that marks the beginning of the separation of Zealandia from Gondwana 

and the initiation of spreading of the Tasman Sea (King 2000). In general, deposition in the 

west is associated with syn-rift extensional basins, dominated by terrestrial and shallow-

marine facies. Deposition in the east is associated with passive margin sediments, dominated 

by transgressive shallow-marine to bathyal sedimentary environments (King 2000). The 

terrestrial pollen record is relatively rich within this sequence (Prebble et al. 2021), however, 

the shallow-marine fossil record is comparatively sparse and concentrated along the eastern 

margin of New Zealand (Beu and Maxwell 1990), particularly in the Canterbury Basin. 

Similarly, the fossil records of other marine groups are also relatively poor (Hayward et al. 

2009, Schwarzhans 2019). Despite this, the molluscan faunas are globally important as they 

represent just a small number of global molluscan faunas known from the circum-Pacific 

during the Paleocene (Beu and Maxwell 1990). 
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Cycle 3: Transition and Formation of the Proto-Plate Boundary (Latest Paleocene – 

Eocene).— The early Eocene marks the end of the Tasman Sea spreading (~52 Ma) and the 

cycle is characterized by a period of relative tectonic quiescence as New Zealand drifted 

northwards away from Antarctica. Notwithstanding this, the cycle includes the formation of 

the proto-plate boundary in the north (subduction zone) and a rift to the south, creating the 

Emerald Basin (King 2000). In general, the stratigraphy is characterized by a progressive 

onlap of marginal-marine and shelf facies across coastal plain regions (King 2000). Similar to 

cycle 2, the Early and Late Eocene shallow-marine faunas are generally sparse and restricted 

to the south east of New Zealand (Canterbury Basin). However, the Middle Eocene shallow-

marine faunas are much better represented in the fossil record, and are more extensive 

spatially, although still predominately focused within the Canterbury Basin (Beu and 

Maxwell 1990). The increase in fidelity of the Middle Eocene fossil record is likely related to 

a higher order regression-transgression sequence, depositing fossiliferous shallow-marine 

siliciclastic (and limited carbonates) sediments (Beu and Maxwell 1990).  

Cycle 4: Maximum Flooding of Zealandia (Oligocene – earliest Miocene).— Cycle 4 

represents the condensed section of the first-order megasequence and the maximum flooding 

of the proto-New Zealand landmass (King 2000). The cycle records a transition from tectonic 

quiescence characterized by slow regional subsidence, to the start of local tectonism 

associated with continued development of the proto-plate boundary (King et al. 1999). The 

early Oligocene section (Whaingaroan Stage) of the cycle contains numerous unconformities 

(e.g. Marshall paraunconformity), many of which still have unknown origins (King 2000).  In 

general, sedimentation was carbonate-dominated across most of New Zealand, with minimal 

clastic supply. The early Oligocene shallow-marine fossil record is relatively poor, 

particularly considering the length of the Whaingaroan Stage (7.3 Myrs). This is likely a 

result of the erosive nature of the cycle during this stage. Collections from the dominant 



23 

 

carbonate facies are generally sparse and represented by few genera, and collections from 

areas with higher terrigenous input are limited. In contrast, the Late Oligocene (Duntroonian 

and Waitakian Stages) shallow-marine faunas are both diverse and laterally extensive (Beu 

and Maxwell 1990). 

Cycle 5: Re-emergence of New Zealand and the Modern Plate Boundary (Early to 

Late Miocene).— The basal sequence boundary of Cycle 5 marks the downlap surface (a 

marine flooding surface, prior to an increase in the rate of progradation) of the first-order 

megasequence and the beginning of the regressive portion of the megasequence 

(highstand/regressive systems tract) (King 2000). This is largely due to a shift in the regional 

tectonic regime associated with the development of the Alpine Fault, leading to increased 

uplift and erosion. This in turn led to a shift from carbonate dominated sedimentation to 

primarily terrigenous, yielding much thicker sedimentary sequences. The shallow-marine 

fossil record is well-preserved during this cycle and the record is laterally extensive, 

including sites from far north of New Zealand (Northland). This is mirrored in the fossil 

record of other marine groups (Hayward et al. 2009, Schwarzhans 2019) and the terrestrial 

pollen record (Prebble et al. 2021). 

Cycle 6: Southern Subduction and Continued Uplift (Late Miocene).— The sequence 

boundary between cycles 5 and 6 marks a distinct tectonic pulse that caused a shift in 

tectono-sedimentary patterns (King et al. 1999). This shift is attributed to a change in the 

plate boundary configuration (King et al. 1999), indicated by the initiation of the Puysegur 

Trench in the south, culminating in the uplift and erosion in the proximal margins of many of 

the depositional basins (King 2000). In general, sedimentation was relatively similar to cycle 

5, i.e., dominated by terrigenous sediments, but was generally coarser grained (King et al. 

1999), and similarly, the shallow-marine fossil record is generally well-preserved and 

laterally extensive (Beu and Maxwell 1990). 
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Cycle 7: Uplift and Glacio-Eustacy (Pliocene to Recent).— The sequence boundary 

between cycles 6 and 7 marks another distinct tectonic pulse, caused by a sharp change in the 

relative motion of the Australian and Pacific plates (King 2000). This culminated in an 

increased tempo of uplift, erosion, and clastic sedimentation (King 2000). The shallow-

marine fossil record is generally very well-preserved during this cycle, and laterally 

extensive, although collections from the Pleistocene shallow-marine fossil record are 

generally focused within the East Coast and Wanganui basins.  

Cenozoic Paleogeography. — Whilst New Zealand has remained at relatively static 

southern mid-latitudes for much of the Cenozoic, there are some general paleogeographic 

trends that are not discussed above. Firstly, Zealandia has drifted slowly northwards since the 

breakup of Gondwana ~80 Ma, apart from a phase of primarily westward drift during the 

Eocene (cycle 3). Secondly, Zealandia has rotated broadly clockwise throughout the 

Cenozoic (although the Pacific and Australian plates have rotated independently). As 

Zealandia rotated, the latitudinal range of the continent and the emergent landmass of New 

Zealand has increased (see Fig. 2.5 for paleographic maps throughout the Cenozoic). 
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FIGURE 2.5. Paleogeographic maps of New Zealand through the Cenozoic (48 – 0 Ma). 

Maps are modified from paleogeographic maps provided by D.Strogen (GNS Science). For 

each series of three maps (i.e., each of the last three pages) the relative position of the 40°S 

latitude line is shown (grey line).  Two important bathymetric features, the Chatham Rise and 

Campbell Plateau, are indicated in the present map of New Zealand for reference. The maps 

depict the clockwise rotation of Zealandia (although the Pacific and Australian plates have 

rotated independently), which increased the latitudinal range of the continent throughout the 

Cenozoic, and the general northward drift of Zealandia. 
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2.3. Cenozoic Climatic and Oceanographic History of New Zealand 

 

 The Cenozoic Era records major changes in global climate that included warm 

climatic optima and cooling events superimposed on an overall cooling trend, and large-scale 

changes in the distribution of the Earth’s continents and oceans. These changes have clearly 

affected the history of life on Earth and shaped the spatial structuring of modern biodiversity. 

New Zealand currently spans several major climatic, oceanographic (Nelson and Cooke 

2001), and biogeochemical boundaries (Reygondeau et al. 2013). The interplay between the 

development of these boundaries, shift in the global climatic state, distribution of global 

continents and oceans, and geological evolution of Zealandia through the Cenozoic has had a 

significant impact on New Zealand’s regional climate and oceanography. This in turn has 

impacted New Zealand’s shallow-marine ecosystems, particularly through the origination, 

extinction and mixing of cool and warm shallow-marine faunas throughout the Cenozoic 

(Beu and Maxwell 1990). Importantly, the evolution of New Zealand’s regional Cenozoic 

climate and oceanography is related to both regional events and processes, superimposed on 

top of large scale global and ocean-basin-wide trends. As a result, this subsection is 

subdivided into two parts: (1) a broad overview of the global Cenozoic climate, and (2) a 

discussion of the regional climatic and oceanographic events and processes relevant to New 

Zealand. 

2.3.1. Global Cenozoic Climate  

Broadly, the global Cenozoic climate can be subdivided into four climatic states: 

Hothouse, Warmhouse, Coolhouse and Icehouse (Westerhold et al. 2020) (Fig. 2.6). These 

states are identified from reconstructions using carbon and oxygen isotope records from deep-

sea benthic foraminifera and are described individually below. 
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FIGURE 2.6. Global climatic states through the Cenozoic based on analysis of deep-sea 

foraminiferal δ18O values. Climatic states include early to mid-Cenozoic Warmhouse state, 

punctuated by a Hothouse interval, before transitioning to a Coolhouse state in the Oligocene 

and Icehouse state in the late Pliocene. Development of southern hemisphere (SH) and 

northern hemisphere (NH) ice sheets shown along the top margin of the graph (grey). Figure 

modified from Westerhold et al. (2020). (PP = Plio-Pleistocene). 

 

 Warmhouse and Hothouse States (66 – 34 Ma).— The Cretaceous/Paleogene 

boundary marks the beginning of the Warmhouse and Hothouse climate states, which ended 

during the Eocene/Oligocene transition (~34 Ma). The Hothouse climate state is marked by 

the beginning of the Paleocene-Eocene thermal maximum (PETM) and persisted to the end of 

the Early Eocene climatic optimum (EECO) (56 – 47 Ma) (Westerhold et al. 2020). The 

Hothouse climate state is separated by two Warmhouse states, which were broadly similar 

and characterized by global temperatures > 5°C warmer than today (Westerhold et al. 2020). 

The Hothouse climate state marked a period of global temperature > 10°C warmer than 

today, characterized by greater amplitude variability in oxygen and carbon isotope values 

compared to the Warmhouse State, and numerous transient warming events (hyperthermals) 

(Westerhold et al. 2020). Comparison between ocean basins oxygen and carbon isotopes 

suggest that during the Hothouse and second Warmhouse state (Early Eocene), the ocean 

interiors switched from a homogenous to a heterogenous state, particularly between the 

Paleocene Eocene Oligocene Miocene PP 
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Southern Ocean and neighboring basins (Cramer et al. 2009). This is attributed to the 

separation of South American and Australia from Antarctica, leading to the opening of a 

partial to complete (there is equivocal evidence Australia had not fully separated from 

Antarctica - see Cramer et al. 2009 for further discussion) circumpolar passage in the Late 

Eocene. 

 Coolhouse State (34 – 3.3 Ma).— The Coolhouse climatic state marked a significant, 

stepwise decrease in global mean temperature, an increase in continental ice volume, and the 

appearance of major ice-sheets in Antarctica (Westerhold et al. 2020). The formation of 

major ice-sheets in Antarctica was particularly important as they have modulated the global 

climate since their inception (Westerhold et al. 2020). The Coolhouse state is broadly split 

into two phases, separated by the large increase in δ18O at ~13.9 Ma during the Miocene 

climate transition, which was associated with the expansion of the Antarctic ice-sheets 

(Westerhold et al. 2020). During the first phase, prior to the Miocene climate transition, 

temperatures were generally warmer, particularly during the Miocene Climatic Optimum 

(~17 – 14 Ma). The second phase was cooler and includes a major transition in the carbon 

cycle ~7 Ma (Westerhold et al. 2020). Additionally, increased gradients between ocean 

basins of carbon and oxygen isotopes developed during the Oligocene. This is attributed to 

the development of the Antarctic Circumpolar Current (ACC) (discussed in detail in 

subsequent sections). 

 Icehouse State (~3.3 Ma – recent).— The Icehouse climatic state was driven by the 

appearance of fluctuating ice sheets in the northern hemisphere (Westerhold et al. 2020). 

Whilst evidence of ice sheets in the northern hemisphere precedes the Pliocene boundary, the 

Milankovich paced waxing and waning that characterizes the Icehouse state is thought to 

have been fully established globally in the region of Marine Isotope Stage M2 (3.3 Ma). 

Thus, Marine Isotope Stage M2 marks the approximate boundary between the preceding 



32 

 

Coolhouse state and the Icehouse state (Westerhold et al. 2020). Statistical analyses 

(recurrence plots based on high resolution isotopic data – see Westerhold et al. [2020] for 

further details) suggest that the Icehouse climate state is not comparable to any other climatic 

state during the Cenozoic (Westerhold et al. 2020). 

2.3.2. Cenozoic Climatic and Oceanographic History in New Zealand 

 During the first Warmhouse and Hothouse climatic states (66 - ~45 Ma), Zealandia 

was bathed in warm and cool subtropical surface waters transported from the north west to 

east as part of a South Pacific warm-water gyre (Nelson and Cooke 2001). There is no 

evidence for the presence of major oceanic fronts across Zealandia, but a gradient between 

warm subtropical waters in the north and cool subtropical waters in the south was likely 

present (Nelson and Cooke 2001). The observed warm temperatures from deep-ocean oxygen 

isotope records are also evident in the fossil record of New Zealand and shown by the 

presence of tropical shallow-marine molluscan faunas and hermatypic (reef building) corals 

(Squires 1958, Beu 1990, Beu and Maxwell 1990, Hornibrook 1992). During the Paleocene, 

Antarctica was likely ice free with no major oceanic flow between the continental masses of 

Australia and Antarctica (Nelson and Cooke 2001, Zachos et al. 2001).  

By the Middle Eocene there is some evidence of oceanic flow between Australia and 

Antarctica (Tasman Passage) and the formation of ephemeral ice-sheets in eastern Antarctica 

(Nelson and Cooke 2001). However, evidence of a cool water flow (through the Tasman 

Passage) is restricted to the latest Eocene only (Nelson and Cooke 2001, Lyle et al. 2007, 

Cramer et al. 2009). There is also evidence of a proto-Subtropical Front (STF) forming south 

of Zealandia in the Late Eocene, separating cool-water and warm-water masses offshore from 

Antarctica (Nelson and Cooke 2001). The STF was likely fully established by the 

Oligocene/Eocene boundary, and was eventually displaced by the Antarctic Polar Front at a 

latitude of ~65°S sometime between the Oligocene/Eocene boundary and earliest Oligocene, 
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as the glaciation in eastern Antarctica reached sea-level (Nelson and Cooke 2001). Modern 

and subrecent (i.e., latest Pleistocene and Holocene) evidence indicates that the convergence 

of the STF and Subantarctic front (SAF) occurs over a wide zone (up to 500 km in latitudinal 

width), termed the Subtropical Frontal Zone (Bostock et al. 2015). For clarity, we follow the 

definitions within the paleoceanographic literature and discuss the STF and SAF as singular 

fronts. However, it is likely that the two converged in a similar frontal zone for much of the 

Cenozoic. 

Perhaps the most long-lived and significant change in New Zealand’s oceanography 

and climate can be related to the formation of the ACC. The ACC isolated Antarctica 

thermally and contributed to the development of distinct oceanic fronts, currents, and winds 

in the Pacific/Southern Ocean. The development of the ACC was restricted by two passages: 

(1) the Tasman Passage between Australia and Antarctica, and (2) the Drake Passage between 

South America and Antarctica. The exact timing of complete opening of the Tasman and 

Drake passages, and the subsequent development of the ACC is debated (Zachos et al. 2001, 

Livermore et al. 2005, Scher and Martin 2006, Toumoulin et al. 2020). Notwithstanding this, 

it is likely that all three events were gradational processes with a proto-ACC forming in the 

latest Eocene and the Tasman and Drake Passages becoming fully open, with consequent 

establishment of an unrestricted ACC, sometime in the Early Oligocene (Nelson and Cooke 

2001). Development of the ACC likely had a significant ecological impact on the dispersal of 

Southern Ocean marine biota, particularly those with a planktonic larval stage. Prior to the 

opening of the ACC it is unlikely that widespread planktonic dispersal in the Southern Ocean 

was possible. Following the inception of the ACC there is evidence in New Zealand for the 

arrival of several molluscan genera from South America (Beu et al. 1997). However, despite 

strong evidence of global cooling during the Eocene/Oligocene transition (i.e., the transition 

to the Coolhouse climatic state) and a short-lived temperature minimum (Oi-1 Glaciation) 
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(Westerhold et al. 2020), there is no clear-cut evidence in New Zealand’s molluscan fauna 

that support a dramatic cooling (Beu and Maxwell 1990). This could be a result of bias in the 

fossil record, particularly considering the erosive nature of stratigraphic successions during 

this stage (King et al. 1999), but could also be related to the southern position of the STF. 

 During the Early and Middle Miocene the STF migrated southwards, coinciding with 

the southern expansion of warm subtropical waters at the expense of cool subtropical and 

subantarctic surface flows that had been established during the Oligocene (Nelson and Cooke 

2001). The southward expansion of warm subtropical water and increase in oceanic 

temperature is widely evidenced in the Early and Middle Miocene marine fossil record in 

New Zealand. Hermatypic corals are recorded from the Early Miocene, suggestive of 

subtropical to marginally tropical oceanic temperatures (Squires 1958, Hayward 1977). This 

is mirrored in the molluscan fossil record by the prevalence of warmer water genera and 

faunas (Beu and Maxwell 1990), and in the foram record by larger species that are typical of 

warmer waters (Nelson and Cooke 2001). In addition, there is evidence of increased 

homogeneity of the planktic foraminiferal faunas compared to previous periods in the 

Cenozoic, attributed to the continued widening of the Tasman Passage and the ACC. The 

exact timing of peak warmth during the Miocene Climatic Optimum in New Zealand is 

debatable, but it is estimated to be close to the boundary between the Early and Middle 

Miocene (centering on the Altonian Stage). This is based on evidence from the fossil record 

(nannofossils, foraminifera, and macrofossils) and the timing of the tectonic events that 

caused restricted flow through the Indonesian gateway (Nelson and Cooke 2001). The 

restricted flow through the Indonesian gateway, which forms a connection between the 

Pacific and Indian Oceans, is thought to have redirected warm equatorial water flows 

southwards into the Tasman Sea, perhaps controlling the timing of the Miocene thermal 

maximum in the southern Pacific Ocean (Nelson and Cooke 2001, Hall et al. 2011). 
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 The end of the Middle Miocene marks the transition into the second phase of the 

Coolhouse climate state and the beginning of the Miocene climatic transition and global 

cooling. This transition is associated with the major development of ice-sheets in Antarctica, 

particularly in the west, and expansion and intensification of the ACC, attributed to widening 

of the Southern Ocean (Nelson and Cooke 2001). Whereas there is some evidence of a 

proto-SAF forming during the early and middle Miocene to the south of New Zealand, there 

is clear evidence of the SAF and STF in the Late Miocene (Nelson and Cooke 2001). The 

relative position of both fronts is thought to have been similar to their modern day position, 

with the STF tied to the Campbell Rise on the eastern margin of New Zealand, and the SAF 

across the southern edge of the submerged continental margin of Zealandia (Nelson and 

Cooke 2001). New Zealand’s shallow-marine molluscan fossil record provides a similar 

narrative, with the progressive extinction of warm-water genera that appeared during the 

Early and Middle Miocene, culminating in a low diversity terminal Miocene fauna (Beu and 

Maxwell 1990).  

At the beginning of the Pliocene (Opoitian Stage) there is evidence of a phase of 

transient warming, particularly from shallow-marine molluscan faunas, marked by the 

appearance of several warm-water taxa absent from the Late Miocene (Beu and Maxwell 

1990). This is not represented in the deep-sea benthic foraminiferan oxygen isotope record, 

but is clear in the marine sea surface temperature (SST) estimates based on the organic Uk
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proxy (a proxy for temperature based on the ratio between alkenones created by haptophyte 

algae of different chain lengths) in the southern hemisphere (Herbert et al. 2016) (see Chapter 

4, section 4.5.2). During the middle-late Pliocene (late Opoitian to Mangapanian stages) there 

is evidence of a strong regional cooling of subtropical water, with several strong cooler 

excursions (3.35 Ma, 3 Ma and 2.8 Ma) (Sabaa et al. 2004). The overall trend of this regional 

cooling is attributed to increased upwelling, although northwards migration of the STF is not 
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ruled out (Sabaa et al. 2004). This phase of cooling is also recorded in the shallow-marine 

molluscan fossil record by the progressive extinction of warm-water taxa at the end of each 

New Zealand stage toward the Pleistocene boundary (Beu and Maxwell 1990).  

Dramatic cooling in New Zealand during the Pliocene coincides with the arrival of the 

cold-water scallop Zygochlamys delicatula at the beginning of the Nukumaruan Stage (Beu 

and Maxwell 1990). Whereas there is evidence that the Antarctic Polar Front, SAF and the 

STF migrated northwards during glacial intervals (Nelson and Cooke 2001, Hayward et al. 

2012, Bostock et al. 2015), they likely maintained positions similar to their modern day 

locations (discussed below) during interglacial intervals (Nelson and Cooke 2001). As a 

result, New Zealand was exposed to periodic incursions of cool subantarctic waters 

throughout the Pleistocene (Hayward et al. 2012). This is reflected in the shallow-marine 

molluscan fossil record by the episodic latitudinal migration of cool and warm water taxa 

(Beu and Maxwell 1990, Beu et al. 2004, Beu 2012). There is strong evidence that this 

process is continuing today, as part of a longer term expansion as oceanic temperature 

continues to rise in the present interglacial period, with recorded occurrences of several 

molluscan tropical species (with planktotrophic larval stages) in northern Northland (Beu et 

al. 2004). 

The current oceanographic setting of New Zealand is not too dissimilar from the 

interglacial intervals during the Pleistocene. The STF (or northern extent of the Subtropical 

Frontal Zone) is topographically constrained by the Campbell Plateau and Chatham Rise in 

the east (see Fig. 2.2, panel B) and follows the New Zealand coastline, transecting the 

Solander Trough and extending eastward to the south of Tasmania (Nelson and Cooke 2001, 

Bostock et al. 2015). The STF separates cool subtropical water to the north from subantarctic 

surface waters to the south. The SAF is topographically constrained to the southern margin of 

Zealandia, separating the circumpolar surface water to the south from the subantarctic surface 
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waters in the north (Nelson and Cooke 2001). Although, as discussed earlier the STF is not a 

singular front, but is marked by the upper and lower limits of the Subtropical Frontal Zone 

(Bostock et al. 2015) (Fig. 2.7). As a result, most of New Zealand’s shallow-marine shelfal 

ecosystems are bathed in cool subtropical waters except for southern New Zealand. This is 

reflected in the modern day molluscan faunas in Southland and islands south of Southland 

within New Zealand’s oceanic territory, which contain cool-water elements from subantarctic 

faunas (Beu 2012) 

FIGURE 2.7. Oceanographic map of the modern southwest Pacific Ocean. The map shows 

the position of the Subtropical Frontal Zone (STFZ) which marks the convergence of the 

subtropical surface waters from subantarctic surface waters. Within the main text the 

paleoceanographic position of the Subtropical Front (STF) is simplified to represent an 

individual front. In the modern and subrecent history of New Zealand the Subtropical Front is 

marked by two boundaries the northern Subtropical Front (N-STF) and the southern 

Subtropical Front (S-STF). Figure from Bostock et al. (2015). 
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While the global climate reveals a story of progressive stepwise cooling from the Late 

Eocene onwards, New Zealand’s climatic and oceanographic history is more complex and 

dynamic. This is largely due to its relatively static southern mid-latitude position throughout 

the Cenozoic, placing New Zealand at the interface between the Southern and Pacific oceans, 

and the evolution of oceanic fronts (predominantly the STF and SAF) and currents. This 

complexity, along with the lack of continuous regional oceanic temperature records, makes 

quantifying relative changes in New Zealand’s oceanic temperature difficult. Despite this, 

early attempts at semi-quantitatively interpreting relative change in oceanic temperature 

around New Zealand based on fossil faunas (including molluscs) (Hornibrook 1992), shares 

striking similarities to the available geochemical proxies from New Zealand, the Pacific 

Ocean and global records (Nelson and Cooke 2001, Cramer et al. 2009, Herbert et al. 2016, 

Westerhold et al. 2020). Nevertheless, despite uncertainties, it is clear that variation in 

oceanic temperature has had a major impact on the evolution of New Zealand’s shallow-

marine ecosystems. 
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2.4. Cenozoic Shallow-Marine Biodiversity 

 

 Quantifying the relative importance of different driving mechanisms of biodiversity 

during the Phanerozoic has been the source of significant debate since the genesis of 

quantitative paleobiology. Recognition of the role of the fossil record in understanding the 

long-term impacts of anthropogenic climate change has bought this problem to the forefront 

of paleobiology. Although the fossil record provides our only means of understanding 

patterns of biodiversity change over geological timescales, the modern global distribution of 

species provides a wealth of information about the current spatial driving mechanism of 

modern diversity. This serves as an important analogue for how diversity may have been 

distributed in the past and how modern spatial patterns may manifest temporally. The 

Cenozoic Era is of particular interest for two reasons. First, most evidence from the fossil 

record points to a putative rise in global diversity during the Cenozoic relative to the rest of 

the Phanerozoic (Sepkoski et al. 1981, Alroy 2008, Close et al. 2020). Secondly, as 

previously discussed, the Cenozoic Era records major changes in global climate and large-

scale changes in the distribution of the Earth’s continents and oceans. These processes shaped 

the modern global distribution of species, and thus provide the best line of evidence of how 

modern diversity may respond in the future to large-scale environmental change. This may 

appear to be a question of global scale, but changes in diversity are hierarchical (Ricklefs 

1987, 2004) and manifest at local and regional scale. Any truly global processes should be 

evident across numerous smaller spatial studies, whereas regional and local signals will be 

masked within global scale studies (Vermeij and Leighton 2003). Furthermore, the quality of 

data is much higher at regional spatial scales, particularly in the fossil record, and future 

conservation efforts are generally focused on regional spatial scales or smaller. As a result, 
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paleodiversity studies at the regional scale are critical for the prediction of the impact of 

large-scale environmental change in the future. 

Within this section I focus predominately on the previous studies of New Zealand’s 

Cenozoic shallow-marine molluscan record. These studies have informed this thesis and 

provide the basis for the subsequent results Chapters. To provide context, I also examine our 

understanding of the modern latitudinal diversity gradient (LDG), which serves as an 

important analogue for understanding temporal patterns of diversity change. Lastly, I provide 

a brief background on global scale paleodiversity studies. The aim of this section is not to 

provide a complete literature review of paleodiversity studies, which are simply too 

numerous, but instead it aims to provide a general background and supply suitable context for 

the results Chapters that follow. 

2.4.1. Modern Latitudinal Diversity Gradient 

 The modern latitudinal diversity gradient is characterized by the distinct global 

gradient of high to low biological diversity from tropical to polar latitudes in both marine and 

terrestrial realms. Although recent evidence suggests that the modern LDG is largely a proxy 

for other explanatory variables (Gagné et al. 2020), i.e., omitting latitude as a factor per se, 

this is based on species richness only. For clarity, I discuss the LDG in relation to both the 

patterns observed in biodiversity and associated explanatory variables. The original definition 

of the LDG was based on species richness, however, recent research suggests that a similar 

gradient exists for functional richness (measured as the number of unique ecological 

functional groups – defined based on a common set of functional traits between species – see 

Chapter 7), and an inverse pattern for functional evenness (i.e., species become more 

unevenly distributed in functional groups from the tropics to the poles) (Edie et al. 2018b, 

Schumm et al. 2019) (Fig. 2.8). Whereas the exact timing of the development of the LDG is 
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still debated, it is largely accepted that it has existed since at least the Eocene/Oligocene 

boundary (~34 Ma) (Mannion et al. 2014, Crame 2020), and has prevailed intermittently from 

the mid-Paleozoic (Alroy et al. 2008, Erwin 2009). Furthermore, there is evidence in the 

marine realm that the steepness of this gradient and its latitudinal position has shifted through 

geological time as global climate has warmed and cooled (Crame 2000, Powell et al. 2015, 

Edie et al. 2018b, Song et al. 2020). This suggests the LDG is a long-lived ecologically, and 

biogeographically important phenomenon. As a result, the driving mechanisms associated 

with the spatial patterns observed across the modern LDG provide a potential analogue to 

understand how these variables may impact or explain temporal patterns in biodiversity at the 

regional scale. This is particularly important for New Zealand as it currently spans the 

latitudinal range where the largest changes in modern biodiversity are observed (Edie et al. 

2018b, Schumm et al. 2019). On this basis, fluctuations in the position and steepness of the 

LDG/associated variables through time are likely to be an important factor in New Zealand’s 

biodiversity history. Despite this, the mechanisms responsible for the LDG are still widely 

debated and unresolved (Hillebrand 2004, Mittelbach et al. 2007, Fine 2015, Jablonski et al. 

2017, Edie et al. 2018b, Schumm et al. 2019).  
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FIGURE 2.8. Global taxonomic richness, functional richness and evenness of modern 

bivalves. Both taxonomic and functional diversity (B and D) show a similar trend of high 

diversity in the tropics decreasing poleward. Functional evenness (F) shows an inverse 

pattern where evenness (the evenness of the number of species within unique functional 

groups) is lower in the tropics and increases poleward. An increase in evenness suggests that 

taxa (depicted as species and genera) are more evenly spread amongst functional groups at 

higher latitudes. Figure from Edie et al. (2018b). 
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Commonly invoked factors in the spatial distribution of diversity across modern 

marine ecosystems range from in-situ evolution, environmental heterogeneity (at different 

spatial scales), thermal and trophic settings, environmental and climatic stability, habitable 

area (extending to the size and structures of the ecosystems) and primary productivity (Edie 

et al. 2018b). However, perhaps the most convincing and empirically supported factors in the 

marine realm are the latitudinal gradients in climate and temperature, and the latitudinal 

asymmetry in the strength of seasonal climatic variability (Hawkins et al. 2003, Willig et al. 

2003, Hillebrand 2004, Erwin 2009, Field et al. 2009, Archibald et al. 2010). In addition,  

recent research suggests that the most important environmental determinants on living marine 

biodiversity are water depth, average water temperature and sunlight intensity (Gagné et al. 

2020). These climatic factors could facilitate higher taxonomic richness in the tropics through 

a number of mechanisms, e.g., increased energy availability, allowing greater populations 

sizes and therefore decreased extinction risk, increased exploitation of specialized niches, 

increased metabolic scope and faster origination rates and/or diminished extinction risk 

(Erwin 2009). These mechanisms have been used to support two prominent models in the 

origin of the LDG: (1) the LDG originated from in-situ local environmental factors, i.e., the 

tropics can essentially support a higher number of niches and species, or (2) is a result of 

spatial dynamics, e.g. preferential origination in the tropics and poleward expansion (e.g. the 

“out of the tropics” hypothesis and the idea that the tropics are an evolutionary cradle) 

(Jablonski et al. 2017). However, in the case of bivalves, both models are problematic based 

on modern observations (Jablonski et al. 2017). Firstly, in-situ models imply that standing 

richness in modern tropical regions should exceed that of temperate regions. However, 

Caribbean bivalve species richness is surpassed individually by the temperate faunas of the 

West Pacific (south east Australia) and western Pacific (south east Japan), despite the vastly 

larger shelf area of the Caribbean (Jablonski et al. 2017). Second, although there is evidence 
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that bivalves have a higher origination rate in the tropics (see Mittelbach et al. 2014 and 

Jablonski et al. 2017), the majority of the clades that expand out of the tropics still maintain 

their tropical presence (Jablonski 2005, Jablonski et al. 2013, Jablonski et al. 2017). As a 

result, the tropics likely act as both a cradle and museum for diversity (Jablonski et al. 2017). 

Jablonski et al. (2017) suggested that both models are implicated in the formation of the 

modern LDG for bivalves, and this likely extends to other marine groups. New Zealand’s 

geographic isolation throughout the Cenozoic likely precludes the role of wholesale 

immigration and migration processes (Crampton et al. 2006a). Notwithstanding this, it is 

possible that both the in-situ and spatial dynamics models may act at a regional scale and 

increased origination rates during warmer periods, and at lower paleolatitudes are plausible.  

 The distribution of molluscan marine biodiversity across the modern LDG provides 

several a priori predictions for how molluscan biodiversity may have evolved through the 

Cenozoic in New Zealand. Firstly, we may expect species richness to increase in New 

Zealand in intervals where global and Pacific Ocean temperatures increased. This could be 

facilitated by a poleward expansion of warmer oceanic waters associated with oceanic fronts 

(particularly the STF) and associated gradients. Ecologically, this could be facilitated by: (1) 

southward expansion in the geographic ranges of tropical species to New Zealand (2) and/or 

existing warm-water species, and/or (3) increased origination rates in situ. Conversely, the 

northward expansion of cool-water faunas and/or subantarctic migrants could also happen in 

cooler periods with equatorial migration of cool-water species. However, there is no major 

landmass between New Zealand and Antarctica, and based on evidence from the modern 

LDG, we would anticipate these faunas to be low in diversity. 
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2.4.2. Global Cenozoic Diversity Patterns 

 The integration of biology and ecology in order to rigorously quantify and interpret 

global diversity patterns in the fossil record started in the late 19th century and provided a 

quantitative basis for future research. These studies largely focused on global patterns of 

marine diversity and are historically and scientifically well-documented and synthesized (for 

example see Sepkoski 2005, 2012). As a result, this thesis does not dwell on these early 

works and focuses instead on more recent studies (although see Chapter 5 preface). 

Notwithstanding this, these early works identified two distinct problems which are still 

currently contested: (1) is the observed global rise in Cenozoic diversity (relative to the 

earlier Phanerozoic) a true biological pattern, and (2) how does the spatial structuring of 

diversity accommodate changes in global taxonomic diversity, i.e. “where does all the 

diversity go” (Sepkoski Jr 1988).  

 Perhaps the most influential development in the 20th century has been the 

development of new methods of sampling standardization, particularly those that standardize 

to equal completeness (“coverage”) rather than equal sampling size, herein referred to as 

coverage-based subsampling (also termed shareholder quorum subsampling and coverage-

based rarefaction – see Chapter 4, section 4.3). This new method was developed and applied 

to the global marine fossil record by Alroy (2010a, b, c). Alroy (2010b) observed two 

prominent differences in the global Phanerozoic marine invertebrate fossil record once 

standardization to equal coverage was implemented. Firstly, there was no evidence of an 

interval of unregulated and sustained exponential growth through the Phanerozoic, as 

suggested in earlier research (Raup 1972, Lane and Benton 2003), particularly during the 

Cenozoic. Previous analyses had proposed a two- to three-fold increase in diversity in the 

latest Cenozoic (see Miller 2000). Second, that tropical genus richness through the 

Phanerozoic was relatively static, suggesting that most large shifts in the global diversity 
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curve reflect trends at non-tropical latitudes. Subsequently, Alroy (2010c) employed 

coverage-based subsampling to individual major marine groups rather than their combined 

diversity. Alroy observed that each major taxonomic group of marine invertebrates had 

characteristically different diversity trajectories through the Phanerozoic suggesting that each 

major taxonomic group had a consistent net rate of diversification and a limit to its species 

richness (Alroy 2010c). A similar result for the Phanerozoic global diversity curve for marine 

invertebrates was observed, consistent with the theory of a global limit to biodiversity (Alroy 

et al. 2008, Alroy 2010b, c). This is turn suggests that for the majority of the Phanerozoic, 

excluding major extinction episodes, global diversity was saturated (Alroy et al. 2008, Alroy 

2010b, c). Notwithstanding this, the idea of bounded (i.e., a carrying capacity) versus 

unbounded diversity is still widely debated and contentious (Cornell 2013, Harmon and 

Harrison 2015, Rabosky and Hurlbert 2015, Storch and Okie 2019).  

 Importantly, the development of new methods of sampling standardization, along with 

refined methods of quantifying taxonomic rates (for example see Foote 2000, Alroy 2010a, 

2014, Liow and Nichols 2010, Silvestro et al. 2014 – and see Chapter 4, section 4.8), have 

allowed the focus to shift from identifying patterns within the fossil record to interpreting 

them. As a result, global scale paleodiversity studies over the last decade have focused on 

quantifying the driving mechanisms of diversity, particularly the role of climate change and 

other environmental factors. Most of these studies have been rooted on the observations of 

environmental gradients along the modern LDG. 

 Based on empirical evidence that the modern LDG is driven by temperature and 

climate, Mayhew et al. (2012) examined the role of global temperature and marine 

macroinvertebrate macroevolution over the Phanerozoic, utilizing coverage-based 

subsampling and newly developed rates of extinction and origination (Alroy 2008). To 

measure variation in global climate, Mayhew et al. (2012) used proxies for atmospheric CO2 
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and oceanic temperature using δ18O. Their key results included: (1) a broad pattern of 

diversity increase during warmer periods, (2) temperature is a strong predictor of taxonomic 

rates, particularly origination, alongside other abiotic and biotic variables, and (3) during 

mass extinction intervals, the temperature-diversity relationship can break down. 

Notwithstanding the above, recent evidence questions the nature of the global fossil 

record and suggests it may be confounded by uneven spatial distribution of fossil collections 

through time, and thus, is not truly representative of global patterns (Close et al. 2020). Close 

et al. (2020) suggested that focus should be placed on regional and among-region diversity 

patterns rather compiling global data, and concluded that paleodiversity studies, particularly 

of global nature, need to be refocused. Nevertheless, after employing a spatially explicit 

approach to quantifying variation in global diversity through the Phanerozoic, they concluded 

that Cenozoic diversity of marine invertebrates was still approximately twice as high relative 

to the earlier Phanerozoic. 

2.4.3. Previous Studies in New Zealand 

 The Cenozoic New Zealand mollsucan fossil record has been studied in detail, 

particularly in terms of taxonomy and biostratigraphy (Powell 1979, Beu 1990, Beu et al. 

2004, Beu 2006, Beu and Raine 2009, Beu 2011, 2012, Spencer et al. 2017). Perhaps the 

earliest study to examine patterns of biodiversity was by Beu (1990), who quantified raw 

generic diversity through the Neogene, observing three important features. Firstly, Beu 

(1990) observed that the generic diversity curve correlates strongly to the trend of published 

New Zealand paleotemperature curves, with the exception of the Plio-Pleistocene, observing 

peak regional diversity during the Altonian Stage (i.e., during the Miocene Climatic 

Optimum) (Fig. 2.9). Notwithstanding this, the paleotemperature curve was derived from the 

presence of certain fossil faunas in New Zealand, including molluscs themselves, and thus the 
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study may have been influenced to some degree by circular reasoning. Second, it was 

observed that the most marked Neogene extinction was during the Late Miocene 

(Tongaporutuan Stage), attributed to a sustained period of cooling. Lastly, Beu (1990) 

derived estimates for the preservation of shallow water facies, recording a marked increase 

during the Plio-Pleistocene, attributing this as a causal factor to the observed increase in 

generic molluscan diversity, particularly during the Pleistocene.  

FIGURE 2.9. Generic-level marine molluscan diversity through the Neogene in New 

Zealand. Histograms depict the number of occurrences of individual genera recorded in each 

time bin (at the resolution of New Zealand stages), recording peak taxonomic diversity in the 

Altonian, during the global Miocene climatic optimum. Dashed line indicates 

paleotemperature in New Zealand estimated from fossils and dotted line represents the 

preservation of shallow-water facies. Figure from Beu (1990). 

 

 The early work quantifying patterns of biodiversity in New Zealand’s shallow-marine 

fossil record was furthered by several papers in the early 20th century. These papers adopted 

quantitative methods from ecology and started to focus on the controls on the quality of the 
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fossil record. The earliest research focused on estimating the rock volume and effects of 

lithification in paleobiodiversity studies, using the Cenozoic shallow-marine mollsucan fossil 

record in New Zealand as a case study. Crampton et al. (2003) observed that outcrop area was 

likely to be a reliable proxy of rock volume in both stable and cratonic regions, and that 

outcrop volume was moderately correlated to the number of fossil collections, and the 

number of collections was moderately correlated to raw species richness. Hendy (2005, 2009) 

observed that lithification negatively affected raw generic richness, and as a result, the 

relative increase in unlithified fossil collections toward the recent may inflate apparent 

diversity trends, particularly within community (i.e., alpha) diversity. Furthermore, Hendy 

(2005, 2009) observed that the unlithified and lithified sediments preserved different pools of 

taxa that are compositionally distinct. Notwithstanding this, the comparisons and 

interpretations between lithified or unlithified faunas at similar time intervals were based on 

classical rarefaction, i.e., rarefied by sample size. As discussed in Chapter 4 (see section 4.3), 

this method of sampling standardization is itself confounded by sampling size and has been 

superseded by other methods based on sampling to equal completeness or extrapolation. 

Regardless, both the studies of Crampton and Hendy showed that raw uncorrected patterns of 

species and generic richness are likely confounded by both the quality of the rock record and 

lithification, and these factors need to be considered when quantifying measures of diversity. 

Following this, two studies focused on quantifying the completeness (the proportion 

of species that have been sampled and recorded at least once in the fossil record) of the fossil 

record. Both studies came to similar conclusions, but using contrasting methodologies. 

Cooper et al. (2006) estimated completeness using the method of extant forms (Paul and 

Donovan 1998), whereby completeness was estimated by the proportion of the living fauna 

that has been collected as fossils. Conversely, Crampton et al. (2006b) estimated 

completeness based on the ratio between per-stage sampling and extinction rates. Both 
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studies recorded similar levels of completeness, quantified by Crampton et al. (2006b) as ~32 

% for the Cenozoic and 41 % for the Neogene. These two studies quantitatively highlighted 

the exceptional nature of New Zealand’s Cenozoic shallow-marine fossil record, establishing 

it as the most complete Cenozoic molluscan fossil record in the southern hemisphere. 

Notwithstanding this, the quality of the Cenozoic New Zealand fossil record was known 

qualitatively prior to this (and quantitatively in the Wanganui Basin, estimated to be up to 

88 % complete – see Johnson and Curry [2001]). Crampton et al. (2006b) also focused on the 

impact of second-order sequence stratigraphic controls on the nature of the fossil record 

(discussed earlier in this Chapter). They observed that short-term patterns of variation in per-

stage sampling probability reflect enhanced preservation in mid-cycle positions (Fig. 2.10). 

Whereas this is also observed within stable cratonic settings, Crampton et al. (2006b) 

suggested this may be more prominent in New Zealand due to its location on an active 

margin. 
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FIGURE 2.10. Plots of detrended per-stage sampling probability of shallow-marine molluscs 

and the number of shelfal sandstone units (detrended) through the Cenozoic. Vertical 

undulating lines show the second-order cycles identified by King et al. (1999). The figure 

shows clearly that per-stage sampling probability is enhanced in mid-cycle positions. Figure 

from Crampton et al. (2006b).  

 

The first application of sampling standardization to the New Zealand Cenozoic 

shallow-marine fossil record was by Crampton et al. (2006a), and recorded contrasting results 
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to earlier works. This study synthesized the previous work on the quality of the New Zealand 

fossil record and evaluated several other taphonomic and systematic biases. These biases 

included the effect of non-uniform loss of aragonitic faunas, biostratigraphic range errors, 

taxonomic errors, and taxonomic rank. Crampton et al. (2006a) argued that once sampling 

standardization was implemented the resultant patterns were largely robust, to a first order, to 

these biases. The resultant sampling standardized regional scale molluscan diversity curve 

suggested that there was little increase in diversity through the middle and late Cenozoic and, 

in contrast, a decrease in diversity through the Plio-Pleistocene, particularly at the generic-

level (Crampton et al. 2006a) (Fig. 2.11). Furthermore, Crampton et al. (2006a) observed no 

evidence for a species-area effect on diversity, or a relationship between temperature and 

diversity, but suggested that both should be re-examined once refined estimates of shelf area 

and temperature become available. 
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FIGURE 2.11. Plots of sampling standardized species and genus level diversity of shallow-

marine molluscs in New Zealand during the Cenozoic. Diversity curves from the upper and 

lower graphs are based on the same data but show analysis using different configurations of 

time bins. Dashed and dotted lines depict estimates of marine temperature (climate). Dashed 

line (bottom) is a normalized oceanic temperature from Hornibrook (1992) normalized to a 

latitude of 42°S. Dashed line represents the global deep-sea benthic foraminifera δ18O record 

from Zachos et al. (2001). Figure from Crampton et al. (2006a). 

 

The research discussed above predominantly focused on quantifying patterns of 

regional diversity (gamma diversity), although Hendy (2009) did examine alpha diversity 
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during the Late Miocene to recent fossil record. Crampton et al. (2011) extended their 

previous analyses and examined patterns of gamma and beta diversity. The focus of this 

study was to examine the role of spatial structuring of both environments and biodiversity 

(i.e., beta diversity) in driving macroevolutionary dynamics and biases in the fossil record 

(Crampton et al. 2011). This was founded on the hypothesis that the drivers of bias in the 

fossil record have also impacted actual biodiversity patterns – forming the basis of the 

common cause hypothesis (see Peters and Heim 2011). In this case, Crampton et al. (2011) 

speculated that the factors that may have affected the quality of the marine fossil record, e.g., 

areal extent and distribution of depositional versus non-depositional environments, may also 

have affected habitat fragmentation and therefore biodiversity in New Zealand’s marine 

ecosystems. Whereas ecological spatial structuring can be measured by beta diversity, a new 

metric was required to measure the spatial structuring of environments. Crampton et al. 

(2011) utilised the principles of macrostratigraphy (Peters 2008), compiling lithological 

section data from King et al. (1999) into the macrostrat database (Peters et al. 2018), to 

develop several proxies of environmental partitioning. Crampton et al. (2011) found no 

evidence to suggest that the spatial structuring of molluscan faunas, or their derived 

taxonomic rates, were correlated with the spatial structuring of environments. However, they 

did infer relationships between origination rate and net diversity, and extinction rate and the 

quality of the fossil record. 

 Following the work of Crampton et al. (2006a), Foote et al. (2015) revisited the 

impact of aragonitic bias within the shallow-marine molluscan fossil record of New Zealand 

(i.e., preferential loss of fossil species based on their predominant mineralogical 

composition). Considering that mineralogical composition is typically consistent at the family 

level in molluscs (Carter 1990), any preferential preservation of calcitic or aragonitic taxa 

could lead to taphonomic distortion and confound estimates of biodiversity (Foote et al. 
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2015). As noted earlier, Crampton et al. (2006b) concluded that substantial loss of aragonitic 

taxa was unlikely during the early to late Cenozoic (~45 Myrs to recent). Foote et al. (2015) 

extended the previous estimates by Crampton et al. (2006b) by comparing: (1) the temporal 

variation in sampling probability of aragonitic versus calcitic mollusc species, and (2) 

comparing and testing regional versus local (defined within this study as an individual 

collection) spatial scales. They concluded that aragonitic bias was effectively absent in 

terrigenous clastic sediment, but there was preferential preservation of calcitic taxa in 

limestones, particularly during intervals of widespread carbonate deposition (e.g., Oligocene 

and Plio-Pleistocene) (Foote et al. 2015). However, they observed that the absence of 

aragonitic forms in carbonates was due to taphonomic loss but, equally, also reflects a true 

ecological signal, i.e., an ecological preference of calcitic taxa during pervasive carbonate 

deposition (Foote et al. 2015). 

The work by Crampton et al. (2011) was the last to examine the diversity dynamics of 

the shallow-marine fossil record of New Zealand through the Cenozoic. Over the last decade, 

several new methods and higher resolution datasets have become available. The development 

of these new methods coincides with an increased understanding and recognition of the role 

of the fossil record in understanding the impact of anthropogenic climate change and the 

paradigm of modern diversity loss. As outlined in Chapter 1, one of the primary aims of this 

thesis are to build upon previous research on global and regional diversity dynamics, 

incorporate and synthesize new datasets and methods, and develop new methods to examine 

the drivers of macroecological and macroevolutionary processes in the shallow-marine 

Cenozoic fossil-record of New Zealand. 
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2.5. Summary 

 

 The major geological, climatic, and oceanographic events during the Cenozoic Era are 

summarized in Table 2.1. The events considered most relevant to this thesis, and the 

subsequent Chapters, are summarised below: 

• Intensification of tectonic activity within New Zealand post-Eocene and an overall 

trend of climatic cooling with superimposed climatic optima (end Eocene thermal 

maximum, Miocene climatic optimum, and transient warming in the early Pliocene). 

• Formation of the Antarctic circumpolar current during the latest Eocene to Late 

Oligocene. This thermally isolated Antarctica and contributed to the development of 

distinct oceanic fronts, currents, and winds in the Pacific/Southern Ocean. 

• Full establishment of the subtropical front and the subantarctic front (and subtropical 

frontal zone) post formation of the Antarctic circumpolar current, which separated 

cool subantarctic surface waters in the south from subtropical waters in the north. 

Although the latitudinal position of these two fronts have shifted since their inception, 

the majority of New Zealand continental shelf has been bathed in warm-cool 

subtropical surface waters derived from the Pacific gyre (via the East Australian 

Current) through the Cenozoic. 

 

In Chapter 1 (section 1.2) I highlight three research questions. Within this Chapter I 

provide background to contextualize these questions. Firstly, I show that the nature and 

magnitude of a putative rise in global marine diversity is still unknown. Although recent 

evidence questions the nature of the global fossil record, estimates of global marine diversity 

during the Phanerozoic, employing a spatially explicit approach, record a two-fold increase in 

diversity during the Cenozoic relative to the earlier Phanerozoic (Close et al. 2020). 
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However, previous paleodiversity studies in New Zealand suggest different and contrasting 

diversity trajectories of the Cenozoic shallow-marine molluscan fossil record and it is not 

clear how New Zealand’s record relates to this global pattern. Second, in addition to the 

contrasting diversity trajectories recorded in previous studies, variation in the spatial 

distribution of the data has not been previously quantified in New Zealand and it is possible 

that prior estimates of regional diversity are confounded by the uneven geographic 

distribution of fossil collections through the Cenozoic. Furthermore, there has been limited 

study on the spatial partitions of biodiversity in the Cenozoic New Zealand fossil record, and 

no studies on patterns of functional diversity. Lastly, global studies of taxonomic diversity in 

the fossil record, and the geographic distribution of species richness along the modern 

latitudinal gradient, implicate climate, particularly oceanic temperature, as a major positive 

correlate of marine biodiversity (Mayhew et al. 2008, Mayhew et al. 2012, Edie et al. 2018b, 

Schumm et al. 2019, Gagné et al. 2020). On this basis, we may expect species richness to 

increase in New Zealand in intervals where global and Pacific Ocean temperatures increase. 

Whilst earlier works on the Cenozoic shallow-marine molluscan fossil record suggested that 

oceanic temperature was an important positive explanatory variable (Beu 1990), more recent 

studies have been unable to demonstrate a relationship between temperature and biodiversity. 

Several new methods and higher resolution datasets have now become available and permit 

the re-evaluation of the Cenozoic shallow-marine fossil record of New Zealand. 
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International 

Epoch  (Age Ma) 
New Zealand 

Stage 
Age (Ma) 

1st-

order 

cycle 

2nd -order 

cycle 

Global 

climatic 

state 
Geological events Climatic and Oceanographic events 

Quality of the 

shallow-marine 

molluscan fossil 

record 

Pleistocene (2.58 - 

0) 

Castlecliffian - 

recent 
1.63 - 0 

HST 
/RST 

7 

Icehouse 
  Glacial cyclicity and fluctuating Subtropical front position, with 

incursions of cool subantarctic waters 

Well-preserved 

Nukumaruan 2.4 - 1.63  Well-preserved 

Pliocene (5.33 - 

2.58) 

Mangapanian 3 - 2.4 

Coolhouse 

  
Progressive cooling 

Well-preserved 

Waipipian 3.7 - 3  Well-preserved 

Opoitian 5.33 - 3.7 
Tectonic pulse related to sharp change in 

relative motion of plates 
Period of transient warming Well-preserved 

Miocene (23.03 - 

5.33) 

Kapitean 7.2 - 5.33 

6 

 

Progressive cooling 

Relatively well-

preserved 

Tongaporutuan 
11.04 - 

7.2 
Beginning of Puysegur subduction 

Moderately 

preserved 

Waiauan 
13.05 - 

11.04 
 Relatively well-

preserved 

Lillburnian 
15.1 - 

13.05 

5 

  

Miocene Climatic Transition, major development of Antarctic 

icesheets and expansion and intensification of the Antarctic 

Circumpolar Current. Clear evidence of the Subantarctic front south 

of New Zealand, with the Subantarctic front and Subtropical front 

occupying similar positions relative to today 

Well-preserved 

Clifdenian 
15.9 - 

15.1 
 

Miocene Climatic Optimum and restricted flow through the 

Indonesian gateway (~16 Ma) 

Well-preserved 

Altonian 
18.7 - 

15.9 
  Well-preserved 

Otaian 
21.7 - 

18.7 

Tectonic pulse related to the development of 

the Alpine Fault (downlap surface) and shift 

from carbonate dominated sedimentation to 

primarily terrigenous and increase in 

thickness of sedimentary sequences 

Warming and southward expansion of the Subtropical front and 

warm subtropical waters 
Well-preserved 

Oligocene (33.9 - 

23.03) 

Waitakian 
25.2 - 

21.7 

TST 

4    

(condensed 

section) 

Maximum flooding of Zealandia 
  Well-preserved 

Duntroonian 
27.3 - 

25.2 Full opening of Drake and Tasman Passage and unrestricted 

Antarctic Circumpolar Current 

Well-preserved 

Whaingaroan 
34.6 - 

27.3 
Period of regional erosion Relatively poor 

Eocene (56 - 33.9) 

Kaiatan 
36.7 - 

34.6 

3 

Warmhouse 

 Cool water flow through the Tasman Passage and formation of proto-

Antarctic Circumpolar Current 
Relatively poor 

Runangan 
39.1 - 

36.7 
  Formation of the proto-Subtropical front Well-preserved 

Bortonian 
42.6 - 

39.1 
  Well-preserved 

Porangan 
45.7 - 

42.6 
  Global increase in heterogeneity between oceanic basins Well-preserved 

Heretaungan 
48.9 - 

45.7 
Hothouse 

 
Paleocene-Eocene thermal maximum and Early Eocene climatic 

optimum 

Poor 

Mangaorapan 52 - 48.9   Poor 

Waipawan 56 - 52 End of Tasman sea spreading (~52 Ma) Poor 

Paleocene (66 - 56) Teurian 66 - 56 2 Warmhouse   No evidence of oceanic fronts and Antarctica ice free Relatively poor 

TABLE 2.1. Summary of key climatic, oceanographic, and geological events through the Cenozoic in New Zealand. 
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Chapter 3 

 

Data and Analysis 
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3.1. Introduction 

 

 The purpose of this Chapter is to discuss the workflows used to generate the main 

datasets employed within these Chapters and provide details on the computational methods of 

data analysis. The Chapter is split into two sections: (1) the fossil record datasets used, and 

(2) methods of data analysis (including code availability). 
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3.2. Fossil Record Datasets 

 

 This thesis is based primarily on three datasets: (1) the synoptic dataset, (2) the 

collection-based database of fossil occurrences within New Zealand, the Fossil Record 

Electronic Database (FRED), and (3) the synonymy database. This section provides a 

description of these datasets the procedures used to generate the main fossil occurrence 

dataset used in this thesis. Any further, Chapter-specific treatments applied to these datasets 

are described in detail within each of the main results Chapters (Chapters 5 – 8). The datasets 

are outline below in Table 3.1. 

Dataset name Sources Type 
Chapters 

featured 

1. FRED 

Shelfal dataset 

(1) FRED, (2) synoptic dataset, (3) 

synonymy database 

Fossil 

occurrences 
5 - 8 

2.Synoptic 

dataset 
Synoptic dataset 

Fossil first and 

last appearances 
5 

3. Functional 

trait database 

(1) Synoptic dataset, (2) WoRMS, (3) 

Paleobiology Database, (4) K. S. Collins 
Fossil Ecospace 7 - 8 

TABLE 3.2. Summary of the key datasets discussed within this Chapter. 

3.2.1.  Synoptic Dataset 

 The synoptic dataset was compiled by just two paleontologists (A.G. Beu and P.A. 

Maxwell) over many years. The dataset is very highly vetted and comprises the best estimate 

of the true stratigraphic ranges (first and last appearances) and paleoecological data for 5,241 

New Zealand molluscan species with a Cenozoic fossil record. The dataset used here is an 

updated version of the synoptic dataset used by Crampton et al. (2006b). Paleoecological 

traits include information on the following variables. 

• Water depth - binary variable based on whether the species is inferred to live at 

shelfal depths (0-200m water depth - or not). 
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• Feeding - referring to the primary mode of feeding, e.g., suspension feeders or 

carnivores etc. 

• Tiering - describes the species main vertical life position within the substrate, i.e., 

whether they are infaunal (live within the substrate) or epifaunal (live on top of the 

substrate). 

• Size – based on the maximum linear dimension of individual species, separated into 5 

different size classes. 

• Mineralogical composition of shell – binary variable indicating the composition of the 

shell (aragonitic or calcitic). Calcitic taxa are classed as such if they have a shell 

component that could, in the absence of aragonite, be identified to species level (see 

Crampton et al. 2006b and Foote et al. 2015 for further details). Importantly, 

mineralogical shell composition affects the preservation potential of shells and, 

therefore, possibly their representation in the fossil record (e.g., Foote et al. 2015).   

The stratigraphic ranges of individual species as recorded in the synoptic dataset were 

used to constrain the ages of the downloaded FRED dataset (see below) and in Chapter 5 for 

quantifying the impact of the Pull of the Recent on New Zealand’s Cenozoic shallow-marine 

fossil record. The paleoecological traits within the synoptic dataset form the basis of the 

functional trait database that was used to examine ecospace occupation (Chapters 7 and 8). 

The ecospace was created from the feeding and tiering traits provided in the synoptic dataset 

(including several additional updated feeding and tiering traits) and separately sourced traits 

for locomotion. The additional information for feeding, tiering and locomotion traits was 

sourced predominately from the input of malacologists (primarily K.S. Collins) and from two 

other online databases: World Register of Marine Species (WoRMS Editorial Board 2021, 

https://www.marinespecies.org) and the Paleobiology Database (Peters and McClennen 

2016). 
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3.2.2.  Fossil Record Electronic Database (FRED) 

FRED is a database of fossil occurrences primarily from New Zealand. The database 

is well described elsewhere, including the paper by Clowes et al. (2020) (see Chapter 1). As a 

result, a detailed account of this database is not included in this thesis, but I do provide a 

summary here for context. FRED forms one of the oldest, if not the oldest, fossil record 

database globally. The database has existed in paper form since 1946 and was digitized from 

the 1970s onwards (Crampton et al. 2003). The database is collection-based, where a 

collection represents a record of “all taxa collected and identified by one or more 

paleontologists from a single locality on a single occasion” (Crampton et al. 2006a). The 

structure of FRED differs from more recent databases such as the Paleobiology Database, 

which is primarily based on fossil lists from published literature. FRED does contain fossil 

lists from published literature, but the majority of fossil lists are sourced from field- and 

laboratory-based observations first, that may have been subsequently published. This 

distinction is important as fossil lists obtained from published literature are subject to several 

additional analytical biases (see below). However, published literature has several 

advantages, particularly the additional phases of vetting. Whereas the taxonomy of molluscan 

fossil species is partly subjective and dependent on the identifying paleontologists; 76% of 

the molluscan records within FRED were identified by a few, closely collaborating 

paleontologists (A.G. Beu, J. Marwick, C.A. Fleming) (Crampton et al. 2006b), producing a 

generally high level of consistency between records and collections. Notwithstanding this, 

data contained within FRED does vary in terms of quality and vintage (particularly the use of 

outdated taxonomic names and uncertain stratigraphic ages for individual collections) and 

requires vetting and quality control. 

Much of the analysis in this thesis is based on a download of the FRED database from 

GNS Science, formerly the New Zealand Geological Survey (https://fred.org.nz/). The 
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Cenozoic marine molluscan dataset was downloaded in September 2017 and was subjected to 

several iterations of automated and manual checking and updating to generate the final 

dataset used here. These procedures are: 

1. Prior to downloading the dataset, the existing synonymy list was manually 

updated to include revised taxonomy based on recent publications, particularly 

several papers covering molluscs of the last 2 Myrs (Beu et al. 2004, Beu 

2006, Beu and Raine 2009, Beu 2011, 2012). 

2. The downloaded file was processed through a custom Java program called 

BioCount that was created by Iain Matcham, formerly of GNS Science. This 

program allowed the application of customized filters and updated taxonomic 

synonyms. Several filters were applied to omit uncertain identifications 

(including prefixes cf. and aff. and additional characters with specific 

meanings in the FRED database). This resulted in the removal of 2,792 

occurrences. For comparison, a second dataset was also generated that retained 

uncertain identifications. Both downloads incorporated the newly compiled 

synonym list and updated any outdated taxonomic names with their currently 

accepted names.  

3. The output from step 2 was checked manually for errors and, where necessary, 

corrected. These errors were related primarily to spurious prefixes not 

removed by BioCount and the inclusion of several non-marine gastropod 

genera, which were also removed. 

4. An additional cleaning protocol was employed to remove fossil occurrences 

recorded outside their known biostratigraphic ranges, as documented in the 

synoptic dataset.  
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5. Lastly, the dataset was further restricted to level-bottom shelf-dwelling taxa 

(except for Chapter 5 where both shelf and non-shelfal datasets are 

considered), based on the binary identification of shelf level provided in the 

synoptic dataset. This final dataset includes 26,873 species-level occurrences 

of 1713 species from 4173 collections, herein referred to as the FRED shelfal 

dataset. 
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3.3. Data Analysis 

 

 Most of the data analysis within this thesis was undertaken in the statistical computing 

language R (R Core Development Team 2021) using a windows/linux operating system. All 

data were manipulated and transformed within R (with the exception of the analyses 

presented in Chapter 5) to create the data subsets and partitions used in each of the main 

analysis Chapters (see subsequent section on code availability). Specific R packages and 

functions are mentioned at relevant points in the text.   

The analyses for Chapters 6 to 8 were undertaken using the high-performance cluster 

at Victoria University of Wellington, with 80 available cores (Sgees001, see 

https://wiki.geo.vuw.ac.nz/index.php?title=Sgees001 for further details). The code in these 

Chapters was optimized to make use of the high-performance cluster. Geographic 

paleocoordinates used in Chapters 6 to 8 were derived using GPlates (Müller et al. 2018) and 

QGIS (QGIS Development Team 2021). Macroevolutionary rates were derived using 

program MARK (for capture-mark recapture models) through the R package RMark (Laake 

2013) and PyRate (a python-based program) (Silvestro et al. 2014). PyRate was operated in 

the terminal of the high-performance cluster.  

3.3.1. Data and Code Availability 

All datasets and code used to generate the main results in Chapters 5 to 8 are included 

here as digital supplementary material. The data and code (R scripts) are provided as zip files, 

which include a text file explaining the function and use of the data files and scripts. The R 

scripts are subdivided into individual scripts for the “core function” – which generates the 

main results – and a separate script for the analysis and plotting of the output results from the 

core function. Although it is possible to run the core function R scripts for Chapters 6 to 8 on 

an standard computer (with the removal, or reduction in the number of clusters used for 
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parallel computing) – it is not recommended as the computational time is more than 24 hours. 

The outputs of the core functions are included within the provided zip files. The code used to 

generate the PyRate results is not included within this thesis, but the process is described in 

Chapter 4 (section 4.7.5). 
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Chapter 4 

 

Methods Review 
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4.1. Introduction 

 

 As noted in Chapter 2, this thesis is composed of several published research papers, or 

manuscripts that will be submitted for publication (Chapters 5 to 8). The purpose of this 

Chapter is to contextualise, explain and justify methodological decisions. Methods and 

processes that are described in detail within the following Chapters are not discussed here, 

this Chapter focuses only on methods that require additional background information or 

explanation. 

 The Chapter is split into eight sections: (1) sampling and (2) spatial standardization 

methods used, (3) estimation of oceanic temperature, (4) estimation of climatic variability, 

(5) the application of coverage-based subsampling to other measures of biodiversity, (6) 

measuring macroevolutionary rates, and (7) time-series correlation.  
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4.2. Controlling for Sample Size 

 

Measures of biodiversity are dependent on sample size, particularly measures of 

richness. In general, as the size of the sample increases, so does the probability of sampling 

rarer or hard-to-detect species or functional groups. Three broad methods exist for controlling 

for spatial or temporal variability in sampling: (1) sample-based rarefaction, (2) coverage-

based subsampling (also known as shareholder quorum subsampling and coverage-based 

rarefaction) and (3) extrapolation. A full review of all available methods is out of the scope of 

this thesis; however, a broad comparison of the methodologies and rationale for those utilized 

in this thesis is included here. 

Prior to discussing the methods, it is important to consider the nature of the data. 

Although all the methods discussed below can be applied to both ecological and 

paleontological datasets, there are conceptual differences in the way they are applied, and the 

terminology employed. This thesis examines paleontological data, which are sourced 

primarily from databases of fossil collections (or references in some fossil databases) as 

presence-absence data. Therefore, the abundance distributions of fossil datasets are usually 

compiled using collection-level occurrences rather than a measured count of individuals from 

each sample. Despite this, the abundance of fossil-level occurrence data still reflects relative 

abundance of different species, i.e., those that are relatively common (i.e., are present in 

many collections), versus those that are rare (i.e., present in only a small number of 

collections) (Alroy 2010b, c, 2014, Close et al. 2018, Dunne et al. 2018, Alroy 2020). This 

characteristic of fossil data allows the use of the same richness estimators utilised in ecology, 

providing several additional biases are considered and corrected for, if necessary. These 

additional biases are primarily related to fossil occurrence datasets derived from published 
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literature compilations, centring on three prominent issues, as highlighted by Alroy (2010b, c, 

2014) and Close et al. (2018): 

1. Publication biases, e.g., publications on new fossils occur at a faster rate than those 

for already known species, and researchers tend to focus on understudied aspects of 

the fossil record. 

2. The “expanding sampling-universe problem”, i.e., as literature is added to the dataset, 

both the sampling universe and the underlying pool of taxa change.  

3. The “monograph problem”, i.e., repeated reports of occurrences of common taxa in 

large monographs.  

 

The New Zealand molluscan fossil record, as captured in the Fossil Record Electronic 

Database (FRED), circumvents most of these biases as it is primarily derived from field-

based collections and observations. As a result, and as discussed later in this Chapter, several 

commonly applied corrections are not necessary for the Cenozoic molluscan fossil record of 

New Zealand. 

 

4.2.1.  Classical Rarefaction 

Whereas “rarefaction” is often used as a general term for all methods that exist for 

controlling for sampling size. Here, I reserve the term “classical rarefaction” purely for 

sample-size based methodologies. Classical rarefaction is conceptually based on reducing 

larger samples to the size of the smallest sample. This creates samples of the same size, but 

does not accommodate for differences in the abundance distributions of the samples being 

compared, i.e., the completeness of the sample (Chao and Jost 2012). As a result, values of 

richness calculated from classical rarefaction can be misleading and may retain a signal of 
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sample size, rather than being a meaningful measure of biological diversity (Chao and Jost 

2012). 

4.2.2.  Coverage-Based Subsampling 

Coverage-based subsampling resamples to equal completeness rather than equal 

sample size. In this context, sample completeness is estimated by coverage, which represents 

the “portion of the total number of individuals in a community that belong to the species 

represented in the sample” (Chao and Jost 2012), i.e., the complement to the estimate of how 

much of the sample is missing. Coverage is usually estimated using Good’s u (Eq. 4.1) as a 

basis, which is simply 1 minus, “the number of singletons” (occurrences of taxa only 

recorded once) (s1) divided by the number of total occurrences (N) (or total abundance)”. 

This estimation of coverage can be modified to take account of other factors, for example, 

excluding dominant taxa (Alroy 2010c), or the number of doubletons (s2) (Eq. 4.2). 

There are two commonly used algorithmic approaches to estimating richness in this 

way, as proposed by Alroy (2010a, 2014) and Chao and Jost (2012). Alroy’s original method 

is implemented through randomly drawing occurrences until a set coverage level is reached 

(see Appendix 1 for a simplified outline of the method). This has been subsequently updated 

to accommodate for several publication biases, and subsamples collections (or references) 

rather than individual occurrences (see Appendix 2 for a simplified outline of this revised 

method). This updated approach calculates Good’s u after each occurrence is added and 

calculates richness every time Good’s u meets the target quorum (coverage). The advantage 

of Alroy’s original approach is that it generates a subsampled abundance frequency, which 

could also be utilized to measure other partitions of biodiversity. This is important and is 

discussed later in this Chapter.  

The method of Chao and Jost (2012), on the other hand, estimates richness at a given 

coverage, based on an analytical rather than resampling approach (i.e., based on analytical 



72 

 

equations), and allows extrapolation to the set coverage when it is not met (using the Chao1 

estimator, which is commonly employed in modern ecology). This method produces identical 

results to the uncorrected algorithmic approach of Alroy (2014) when limited to interpolation 

(Close et al. 2018). The advantage of the method of Chao and Jost (2012) is that it allows 

smaller samples to be included provided extrapolated estimates do not exceed recommended 

limits (twice the size of the reference sample) and is easily implemented through the R 

package iNEXT (Hsieh et al. 2016). The primary drawback of this method is that it does not 

allow for the corrections implemented in Alroy’s updated method. However, as previously 

discussed, the New Zealand molluscan fossil record is largely unaffected by these specific 

biases due to its structure. Regardless of the approach, coverage-based subsampling has been 

shown to be sensitive to evenness (Hannisdal et al. 2012, Mitchell 2015, Alroy 2020), where 

evenness describes the uniformity of the relative abundance distribution of a community or 

sample. This is particularly problematic when the relative abundance distribution is extremely 

skewed (e.g., strongly dominated by the most common species), and estimated richness may 

track evenness rather than richness is this scenario (Hannisdal et al. 2012). 

Eq. 4.1. Good’s u (Good 1953) 

𝑢 = 1 −
𝑠1

𝑁
 

(where s1 is the number of singletons and N is the total number of occurrences) 

 

Eq. 4.2. Updated coverage estimator (Chao and Shen 2010) 

�̂�𝑛 = 1 −  
𝑠1

𝑁
 [

(𝑁 − 1)/𝑠1

(𝑁 − 1)𝑠 + 2𝑠2
] 

(as above for Eq. 4.1., and Ĉ𝑛 is the coverage of sample n, and s2 is the number of doubletons) 
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4.2.3.  Extrapolators 

 Both classical rarefaction and coverage-based subsampling seek to interpolate 

richness values at equal sampling size or equal coverage, respectively. Extrapolation methods 

seek to estimate the true richness of taxa within each “sampling universe” (Alroy 2020), i.e., 

an estimate of true richness based on the “relative frequencies of rare species to analytically 

estimate undetected species from limited samples” (Close et al. 2018). Here, several common 

methods of extrapolation utilized in ecology and paleobiology are discussed: (1) squares, (2) 

corrected first-order jackknife (cJ1) and (3) a Poisson sampling model (True Richness 

estimated using a Poisson Sampling model – TRiPS). The Chao1 estimator, noted above, is 

not discussed here, as its use in coverage-based subsampling is to predict richness at a set 

coverage, and its performance is surpassed by cJ1 and squares when used solely as an 

extrapolator (Alroy 2020). Notwithstanding this, Chao1 shares methodological similarities 

with squares. Squares (Eq. 4.3) and cJ1 (Eq. 4.4) are both nonparametric and increase true 

richness estimates when there are numerous singletons; however, cJ1 takes account of the 

overall sample size, assuming that sampling is Poisson (Alroy 2020). On the other hand, 

TRiPS is parametric and explicitly models the sampling process (maximum-likelihood 

Poisson sampling rate) while estimating richness (Starrfelt and Liow 2016, Alroy 2020).  

 

Eq. 4.3. Squares (Alroy 2020) 

𝑅′ =  
𝑆 +  𝑠1

2 ∑ 𝑛2

𝑁2 +  𝑠1𝑛
 

(where S is the number of species in a subsample s1  is the number of singletons, n the vector 

of species counts, N the number of occurrences [sum of n]) 
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Eq. 4.4. cJ1 (Alroy 2020) 

(a) cJ1 equation 

𝑅′ =  
𝑆 +  𝑠1

(1 − 𝑒−λ) +  λ𝑒−λ
  

 

(b) Poisson sampling equation (utilized in Eq. 4.4a) 

(𝜆 =
log 𝑁

𝑠1
) 

(where S is the number of species in a subsample, s1  is the number of singletons and λ the 

Poisson sample rate). 

 

4.2.4.  Comparison of Methods 

In a recent review, Alroy (2020) evaluated the use of cJ1, squares, TRiPS and 

coverage-based subsampling based on several basic validation tests ([1] ability to extrapolate; 

[2] consistency of estimates; [3] combination – split-analyse-and-sum test; and [4] evenness), 

using ecological data to estimate species richness. The extrapolators cJ1 and squares 

performed well in all the tests, but neither excelled when sampling was poor. On the other 

hand, TRiPS failed on several occasions, particularly in its ability to extrapolate (Alroy 

2020). Coverage-based subsampling (following Alroy’s 2014 method) generally performed 

well but was confounded by variations in evenness (Alroy 2020), as discussed previously. In 

a similar review, Close et al. (2018) evaluated the use of several richness estimators using 

fossil datasets. Richness estimators tested included several extrapolators, namely Chao1, 𝜆5 

(similar to cJ1 – see Alroy [2017]) and TRiPS, and interpolated coverage-based subsampling 

(following the approach of Alroy 2014). Close et al. (2018) also observed that TRiPS did not 

extrapolate well, particularly when the underlying frequency distribution was not flat. 𝜆5 
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performed well, but similar to squares and cJ1, did not perform well when sampling was 

poor. Coverage-based interpolators generally produced more stable subsampling diversity 

estimates, and Close et al. (2018) suggested that richness estimators standardized by coverage 

are one of the best current methods for reconstructing paleodiversity patterns. 

On this basis of these findings, coverage-based subsampling and extrapolators such as 

cJ1 appear to be the most robust methods for measuring species richness. To test the 

applicability of these methods for quantifying biodiversity in the Cenozoic New Zealand 

molluscan shallow-marine fossil record, I compared the results of coverage-based 

subsampling, cJ1 (based on code in Alroy 2020) and TRiPS (based on the “TRiPS_simple.R” 

code in Starrfelt and Liow 2016) using the FRED shelfal dataset (see Chapter 3, section 

3.2.2) at the resolution of individual NZ stages (Fig. 2.1).  

The above comparison and methodology outline the use of these methods for 

measuring species richness. However, functional richness may also be affected by sampling 

intensity, as rarer functional groups (defined based on shared functional traits between 

species – see Chapter 7, section 7.2.3) also have an increased probability of being sampled as 

sampling intensity increases. As a result, I also test the use of these three methods on the 

estimation of functional richness (the number of functional groups within a sample), based on 

the abundance of occurrences from functional groups (see Chapter 7 for more details).  

The aim of this test was to differentiate how the methods vary with sampling 

intensity. Importantly, the spatial and temporal resolution of the FRED shelfal dataset used in 

the main results Chapters is not the same as tested here. The sampling intensity of each NZ 

stage, measured as the number of collections, varies throughout the Cenozoic and is 

particularly poor in the oldest time intervals (as a result these intervals are generally omitted 

in the research Chapters). For species richness, comparisons between coverage-based 

subsampling (set to coverage of 0.7) with TRiPS and cJ1, suggest both TRiPS and cJ1 
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perform similarly (Fig. 4.1, panel E), and that TRiPS and cJ1 likely overestimate species 

richness at high sampling intensities (Fig. 4.1, panels A and C). Whereas this observation 

could also be taken to mean that coverage-based subsampling underestimates species 

richness, the strong correlation (based on first-differences, see section 4.8) between number 

of collections and species richness estimate using TRiPS/cJ1 (Fig. 4.2, panels C and E) 

suggest this is not the case (rs = 0.67, p = 0.007 for both). Conversely, functional richness 

showed the opposite pattern, which suggests that either coverage-based subsampling 

overestimates functional richness or TRiPS and cJ1 underestimate functional richness (Fig. 

4.1, panels B and D), particularly at lower sampling intensities. In addition, no significant 

correlations between the number of collections and functional richness estimates were 

observed (Fig. 4.2, panels B, D and F). This could be taken to mean that functional richness is 

less sensitive to variation in sampling intensity. However, there is also evidence that the 

disparity between the methods results from differences in the underlying abundance 

distributions between species and functional groups, where most occurrences are within a 

small number of functional groups (Fig. 4.3). Coverage-based subsampling is known to be 

confounded by skewed abundance distributions, tracking evenness rather than richness. On 

this basis, it is likely that coverage-based subsampling overestimates functional richness. 

Undoubtedly all the methods discussed here have some flaws, however, sampling 

standardization using coverage-based subsampling and cJ1 perform well using both 

ecological and fossil data, based on published comparisons. As explained above, for the 

Cenozoic shallow-marine molluscan fossil record of New Zealand, I find that coverage-based 

subsampling is likely the best method for measuring species richness, whereas extrapolators 

such as cJ1 appear to be better for functional richness. As a result, this thesis focuses 

primarily on sampling standardization using coverage-based subsampling and cJ1. 
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FIGURE 4.1. Comparisons between coverage-based subsampling, cJ1 and TRiPS using the 

Cenozoic shallow-marine molluscan fossil data at the resolution of the NZ stages. Individual 

points are colour coded based on the number of collections (i.e., sampling intensity). 

A B 

C D 

E F 

Species richness Functional richness 
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FIGURE 4.2. Comparisons between sampling intensity (number of collections) versus 

measures of richness estimated using coverage-based subsampling, cJ1 and TRiPS. Plots are 

A B 

C D 

E F 

Species richness Functional richness 
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based on first-differences (indicated by Δ, see section 4.8). Analyses were undertaken using 

the Cenozoic shallow-marine molluscan fossil data at the resolution of the NZ stages. 

 

 

FIGURE 4.3. Probability density of collection-level abundance counts across five individual 

stages with low numbers of collections (Clifdenian, Lillburnian, Whaingaroan and Kaiatan). 

Blue lines represent the probability density of the abundance count of species within 

functional groups, whereas red lines represent species richness. The distribution of functional 

groups is skewed towards higher abundance counts within each functional group (i.e., less 

singletons and doubletons and in some cases numerous occurrences of the same functional 

group). As a result, functional richness estimated using coverage-based subsampling may 

track evenness rather than richness. 
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4.3. Controlling for Spatial Area 

 

Measures of biodiversity are dependent on the area sampled; however, the 

relationships between different partitions of biodiversity and spatial area are not uniform (see 

Chapter 6). As a result, spatial area needs to be considered when comparing measures of 

biodiversity from different time intervals. Whereas measuring area in modern ecosystems is 

conceptually easy (although in reality it is still a fundamental issue in theoretical ecology), 

i.e., it can be physically measured, this is not possible for fossil ecosystems. Furthermore, the 

spatial distribution of the fossil record through time is uneven and constrained by tectonic 

processes and the current configuration of the Earth’s continents and sedimentary basins. As 

a result, estimating spatial area in the fossil record relies on both paleogeographic 

reconstructions and methods of quantifying spatial extent, rather than area explicitly, that can 

accommodate for the uneven and patchy distribution of fossil localities.  

The primary spatial unit for the fossil record is the geographic coordinates of fossil 

localities, often restored to inferred paleocoordinates. As a result, the methods discussed here 

are restricted to analytical techniques based on point data only. Broadly, there are four main 

ways to measure spatial extent using point data: area, distance, grid-based methods (gridded) 

and other methods that summarize spatial distribution. Within this section I discuss and 

compare these methods and assess their suitability for the New Zealand shallow-marine 

molluscan fossil record. 
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4.3.1.  Area 

Even in modern ecology, measuring area from coordinate data of site localities is 

problematic. This is particularly true for the estimation of the geographic range (home range) 

of individual species, which shares similarities with measuring geographic area with fossil 

data, i.e., the patchy and uneven nature of ecological survey data and focus on quantifying 

area from point data, rather than the area of geographic features. Consequently, the methods 

applied to geographic range estimation in ecology can be easily adapted to quantifying the 

geographic area of fossil data. These methods range from relatively simple, e.g., the area of a 

convex-hull or alpha-hull, to more complex such as those based on graph theory and kernel 

density estimation. 

Perhaps the most common method of quantifying area in the fossil record and in 

ecology is the convex-hull. The convex-hull is defined as the smallest convex polygon that 

encloses all points within a set of spatial data. An alpha-hull is similar, but is constructed 

from the summed area of polygons (termed “alpha shapes”), constructed of piecewise linear 

simple curves (Darroch and Saupe 2018). The advantage of the alpha-hull is that it allows, in 

part, for gaps between points, which would be included within a convex-hull. However, a 

recent review suggests that the alpha-hull is outperformed by the convex-hull when 

reconstructing geographic ranges from a paleontological perspective (Darroch and Saupe 

2018). The convex-hull has been used in a number of terrestrial paleontological studies as a 

proxy for area (Carrasco et al. 2009, Barnosky et al. 2011, Lagomarcino and Miller 2012, 

Dunhill and Wills 2015), and has been shown to perform well in the calculation of the 

species-area relationship in the terrestrial fossil record (Barnosky et al. 2005). 

Notwithstanding this, the convex-hull has fundamental issues with both underestimation and 

overestimation of area depending on the spatial distribution of the data (Alroy, written pers. 

comm. 2020), and cannot account for any variation in the density of the data. 
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Another recent method that could be applied to the fossil record makes use of graph 

theory (Alroy, written pers. comm. 2020). This method creates a linear graph, termed a 

“mosaic”, that connects all points in the dataset. The area (A) is then derived from the length 

of the mosaic (M), the number of edges (e) and a constant (L) (Eq. 4.5). This allows for, in 

part, variation in the density of data (e.g., clustered data will increase the number of edges). 

This method performs well for both empirical and simulated data for quantifying the 

geographic range of terrestrial ecological data, particularly against more complex methods 

based on kernel density estimation (Alroy, written pers. comm. 2020). 

Eq. 4.5. Mosaic area (Alroy, written pers. comm. 2020) 

𝐴 = 𝐿
𝑀2

𝑒
 

Kernel density estimators were first used in modern ecology in the late 20th century 

(Worton 1989), but have recently been further developed, particularly aided by computational 

advances (Fleming and Calabrese 2017). The method is non-parametric and estimates the 

probability density function of the point data, which can yield contours relative to statistical 

significance that can be used to estimate area. This method allows for variation in the density 

of the data and can accommodate for sampling size (Fleming and Calabrese 2017). However, 

this method has not been previously applied to fossil data and its suitability in this regard is 

unknown. 

To assess the validity of the methods discussed for quantifying area in New Zealand’s 

Cenozoic shallow marine molluscan fossil record, I qualitatively compared the graphical 

outputs of the convex-hull, mosaic and contours from a basic kernel distribution estimator 

using paleocoordinate data from the youngest shallow-marine molluscan fossil record of New 

Zealand (1.63 Ma – recent). This interval of the fossil record is relatively well-sampled and 

provides a good test to assess the suitability of these methods. We were unable to compute 
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the alpha-hull with all data points due to the uneven distribution of the data (causing the 

function to fail); however, visual inspection of random subsets of the data indicated they were 

significantly biased by landmass distribution. The convex-hull was also significantly biased 

by landmass and clearly overestimates area (Fig. 4.4, panel B). The mosaic was still biased 

by landmass and overestimates area, but to a much lesser extent than the convex-hull (Fig. 

4.4, panel A). The kernel density distribution was tested at several confidence levels (95%, 

97.5% and 99%), and did not deal well with the patchy nature of the data and excluded 

numerous data points (Fig. 4.4, panel C, plotted at the 97.5% confidence interval). As a 

result, estimates of area derived from the contours at the significance values used here would 

likely substantially underestimate area. On this basis, none of the methods discussed here 

appear to be suitable for the New Zealand shallow-marine molluscan fossil record. The 

mosaic, kernel density distribution contours, convex-hull and alpha-hull were implemented in 

R using the packages mosaic (tgraph function) (Alroy, written pers. comm. 2021), MASS 

(Venables and Ripley 2002) (kde2d function), function chull (R Core Team 2021) and 

package alphahull (Pateiro-Lopez and Rodriguez-Casal 2019) respectively. 
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FIGURE 4.4. Comparisons of three graphical outputs for quantifying spatial area using mosaic (A), convex-hull (B) and contours from a basic kernel distribution 

estimator (C), based on paleocoordinate data from the youngest shallow-marine molluscan fossil record of New Zealand (1.63 Ma – recent) as shown by the 

black points in map (A). Kernel density estimator contours are based on a confidence interval of 97.5 %. Base map is the modern geography of New Zealand, 

modified from maps provided by D. Strogen. 
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4.3.2.  Distance 

Distance is a much simpler measure of spatial extent and is generally measured as the 

maximum great-circle distance or the average pairwise great-circle distance between point 

data. Despite its simplicity the maximum great-circle distance is the standard metric used to 

quantify geographic range in the marine and terrestrial fossil record using occurrence data 

(Close et al. 2017). However, distance can only capture one dimension and cannot account 

for any variation in the density of the data. Considering the observable variation in the 

density and distribution in paleocoordinates within the New Zealand dataset (Figs. 4.4, panel 

A, and see Figs.  6.2 and 6.3), distance is not considered to be an appropriate measure of 

spatial distribution for the data used in this thesis. 

4.3.3.  Gridded and Spatial Distribution 

Gridded and spatial distribution methods are discussed together as they are used in 

combination to measure spatial area/distribution in the research Chapters of this thesis. This 

is discussed in detail in Chapter 6, and briefly in Chapters 7 and 8. Nevertheless, I outline the 

basic principles of both and discuss the merits of combining them here.  

Gridding is a common method in both ecological (Lennon et al. 2001, Antão et al. 

2020) and paleontological studies (Foote et al. 2008, Crampton et al. 2011, Penny and Kröger 

2019), and provides a method to estimate spatial area and mitigate for the effects of finer 

scale spatial variability in sampling by combining collections within each grid cell. Perhaps 

the most important factor of gridding is creating an equal-area grid. As the Earth is spherical 

(although imperfect), it is impossible to apply a square or rectangular grid that does not 

change in geometry across latitudinal or longitudinal scales. This is not a major problem for 

studies at local spatial scales but becomes more significant at the spatial scales typically used 

in paleodiversity studies, i.e., regional, or global. A simple solution to this is to use an equal-
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area penta-hexagonal grid. A global penta-hexagonal grid can be implemented using the R 

package icosa (Kocsis 2020), which allows the user to specify the size of each individual grid 

cell. Whereas the name implies individual grid cells are pentagons or hexagons, pentagonal 

grid cells are only present at the lowest resolution possible (i.e., where the globe is modelled 

as a dodecahedron – constructed of 12 equal-area pentagons, see Kocsis [2020] for further 

information). Consequently, at the scales used in this thesis, grid cells are hexagonal. Spatial 

area can then be measured as grid cell occupancy, i.e., the number of hexagonal grid cells 

occupied by fossil collections. However, grid cell occupancy does not capture any 

information regarding the dispersion of the data - 10 grid cells could be contiguous or widely 

dispersed across a continent. This problem is highlighted in Chapter 6 (see Fig. 6.2) and can 

be resolved using the method outlined below. 

Distribution methods summarize the variation in spatial distribution of point data. 

Whereas several methods exist for quantifying spatial distribution (e.g., nearest neighbor-

based algorithms), very few have an output that incorporates both the spatial distribution and 

extent of the data in a tangible unit of measurement. Several recent studies in the fossil record 

have employed summed minimum spanning tree (MST) length to spatially standardize global 

fossil data (Alroy 2010b, Close et al. 2017, Close et al. 2018, Antell et al. 2020, Close et al. 

2020a, Close et al. 2020b). A MST is an algorithmic method to create the smallest possible 

incomplete (i.e., not closed) series (tree) of connected vertices between a cluster of points. 

The sum of the length of the vertices provides the summed MST length, i.e., the minimum 

distance that connect all points. Therefore, summed MST length incorporates elements of 

both the extent and distribution of point data, and can be quantified in spatial units (e.g., 

meters or kilometers). However, one issue with summed MST length is that dense clusters of 

geographic points can contribute disproportionately to the length of the area relative to the 

overall extent of the points. This attribute may be an advantage in certain circumstances, 



87 

 

particularly where spatial distribution is the focus, but in the context of attempting to quantify 

a metric that is close to spatial area, and when the dataset contains clusters of data, it is not. 

Aggregating fossil collections by grid cell and using the central coordinates removes this 

problem. The combined use of summed MST length and a hexagrid system is discussed in 

more detail in Chapter 6 and forms the basis for spatial standardization and quantification of 

a proxy for area in this thesis. Importantly, the method derived in Chapter 6 is optimized to 

measure geographic scale in New Zealand’s shallow-marine ecosystems, i.e., predominately 

coastal ecosystems, surrounding a landmass. Modification of this method or other methods 

may be more applicable for studies focusing on different geographic configurations or 

taxonomic groups (particularly terrestrial ecosystems). 
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4.4. Measuring Oceanic Temperature 

 

Oceanic temperature is considered to be one important correlate or control of marine 

species diversity, both now (Schumm et al. 2019, Gagné et al. 2020) and in the past (Erwin 

2009, Mayhew et al. 2012, Valentine and Jablonski 2015). As a result, oceanic temperature is 

an important explanatory variable to consider in the structuring of New Zealand’s shallow-

marine biodiversity. However, quantifying relative changes in New Zealand’s oceanic 

temperature is difficult due to: (1) the nature of available temperature proxies, (2) the 

temporally limited and patchy record of New Zealand specific data, and (3) the position of 

New Zealand’s shallow-marine shelf in relation to the evolving oceanic fronts during the 

Cenozoic. This section discusses these three issues in relation to the availability and 

suitability of data for synthesizing a time series of oceanic temperature relevant to New 

Zealand’s shallow-marine fossil record. 

4.4.1.  Cenozoic Palaeoceanography of New Zealand 

Prior to discussing oceanic temperature proxies, it is important to recap (see Chapter 

2, for detailed discussion) the general oceanographic setting of New Zealand during the 

Cenozoic. This is significant because New Zealand is situated at the interface between the 

Pacific and Southern Oceans, separating cooler Antarctic-subantarctic waters in the south 

from cool-subtropical waters in the north. Importantly, the climates of these individual 

oceanic provinces are not coupled throughout the Cenozoic (Cramer et al. 2009), which is an 

important consideration for the suitability and selection of proxy data. A detailed summary of 

the Cenozoic to modern climatic evolution of New Zealand is provided in Chapter 2, here I 

discuss and reiterate the information relevant to deriving a suitable oceanic temperature time 

series.  
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During the Cenozoic New Zealand has remained at relatively static southern mid-

latitudes, with the majority of its exposed landmass and shallow-marine shelf area located 

within cool-subtropical waters and, following its formation in the Late Eocene, north of the 

subtropical front (STF) (Nelson and Cooke 2001). The only major exception to this is during 

the last 5.33 Myrs, when the STF has been constrained along Chatham Rise along New 

Zealand’s eastern margin, transecting the Solander Trough to the south of New Zealand (its 

modern location) (see Fig. 2.2) (Nelson and Cooke 2001). There is also evidence that the STF 

migrated northwards along the western margin of New Zealand during glacial cycles in the 

Pleistocene (Bostock et al. 2015). Therefore, in very broad terms, the majority of New 

Zealand’s shallow-marine shelf area during the Cenozoic has been bathed in waters that 

originate predominantly from the north via the South Pacific Gyre and East Australian 

Current (and their former equivalents during the Cenozoic). On this basis, it is likely that 

oceanic temperature proxy data representative of the cool-subtropical water masses is more 

suitable for deriving a relative time series of oceanic temperature for the New Zealand region 

during the Cenozoic, than the subantarctic water masses to the south. Nonetheless, I still 

discuss and compare data from the south of New Zealand and global trends. 

4.4.2.  Oceanic temperature proxies 

There are number of proxies used to derive oceanic temperature. These proxies are 

generally derived from geochemical indices from fossils (e.g., precipitated shells) or 

biological signatures (e.g., alkenones from haptophyte algae). The most common and widely 

accepted data source in the marine geological record is foraminiferal geochemistry, 

particularly δ18O or Mg/Ca ratio in benthic and planktonic foraminifera that precipitate 

calcitic tests. Although the focus of this thesis is on shallow-marine shelfal ecosystems, 

shallow-marine benthic and planktonic forams are exposed to variability in seasonal, 

latitudinal and geographical temperature and salinity (particularly δ18O) (Lear et al. 2000). 
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Whilst this variability may be important over transient timescales and at local spatial scales, 

this thesis focuses on long-term biodiversity patterns across New Zealand, representative of 

ecological equilibria. Therefore, a record of oceanic temperature that is representative of 

average long-term oceanic conditions is more appropriate. The deep sea benthic 

foraminiferan record provides such a time series as it is largely insulated from this short-term 

variability in temperature and salinity (Lear et al. 2000) and reflects variation in high latitude 

oceanic temperatures, i.e., the source waters of deep and bottom waters (Miller et al. 2020).  

  Both δ18O values and the Mg/Ca ratio are sensitive to temperature, however, δ18O is 

also affected by seawater geochemistry, which varies as a result of salinity gradients and 

global ice volume (Barker et al. 2005). Although deep sea foraminifera are partially insulated 

from the latter as previously discussed. Despite this, global estimates of oceanic temperature 

using deep sea foram data, particularly during the Phanerozoic and Cenozoic in isolation, are 

generally based on compilations using δ18O (Cramer et al. 2009, Veizer and Prokoph 2015, 

Miller et al. 2020, Westerhold et al. 2020). This is largely because δ18O analysis is a more 

established technique than Mg/Ca and is unrivalled in terms of the temporal and geographic 

extent of the available data (Cramer et al. 2009, Westerhold et al. 2020). Nevertheless, recent 

reconstructions of global Cenozoic oceanic temperatures from both δ18O and Mg/Ca are 

relatively similar (Lear et al. 2000, Cramer et al. 2011). On this basis, and due to the available 

data (as discussed below), I focus on reconstructing oceanic temperature using deep sea 

benthic foram δ18O records. 

 Nevertheless, the deep sea benthic foram δ18O record has some limitations and its 

insulation from short-term variability can also lead to insensitivity to globally important 

climatic excursions. One important climatic excursion that is poorly expressed in the global 

and basinal Cenozoic deep sea benthic foram δ18O record is the transient warming during the 

Late Miocene/Early Pliocene (labelled PTW in Fig. 4.5). The timing of this warming is 
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directly after the peak of the continued “Late Miocene cooling” (labelled LMC in Fig. 4.5) 

(Herbert et al. 2016). This warming is evident in the taxonomic composition of New 

Zealand’s shallow-marine molluscan fossil record, particularly in the Early Pliocene 

(Opoitian Stage) (see Chapter 2) and is captured by South Pacific surface sea temperature 

estimated from alkenones (Uk’
37 index) (Fig. 4.5). Whereas this thesis focuses on deep sea 

benthic foram δ18O compilations (as discussed below), the South Pacific alkenone sea surface 

temperature record over the last 12 Myrs helps explain several biological patterns during this 

interval (discussed further in Chapter 7).  

 

FIGURE 4.5. Sea surface temperatures over the last 12 Myrs estimated using alkenones 

related to haptophyte algae, based on the Uk’
37 index. Sea surface temperatures are given for 

the Southern Hemisphere (relevant to New Zealand) and the tropics for comparison. Deep 
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Sea Drilling Project (DSDP) 594 (light blue) was drilled of the east coast of Otago. LMC 

refers to the “Late Miocene Cooling”. A period of transient warming at the beginning of the 

Pliocene is clear across South Pacific records (Labelled PTW). Figure modified from Herbert 

et al. (2016). 

 

4.4.3.  Available data sources 

The main data sources for global deep sea benthic foram δ18O records during the 

Cenozoic are from the publications of the Deep Sea Drilling Project (DSDP), Oceanic 

Drilling Program (ODP) and Integrated Ocean Drilling Program/International Ocean 

Discovery Program (IODP). The aim of these drilling programs was to collect deep-sea cores 

from areas of geological or oceanographic interest around the Earth’s oceans, although in 

practice data are generally more concentrated in the northern hemisphere relative to the 

southern hemisphere (Fig. 4.6). A number of these boreholes were drilled in close proximity 

to New Zealand, but only a small proportion of them contain publicly available δ18O data for 

the Cenozoic (Table 4.1). Furthermore, several do not have age-depth models and therefore 

cannot be utilised, and/or the available δ18O values with age-depth models are derived from 

several different foram species, which compromises their utility as paleotemperature records 

because different foram species can have variable isotopic offsets (as discussed below).  

In a study by Cramer et al. (2009), deep sea benthic δ18O and δ13C data were compiled 

from global publications over the last 25 years from the DSDP and ODP, grouped by oceanic 

basin (Pacific Ocean, Southern Ocean, South Atlantic and North Atlantic). This dataset has 

several advantages to data from individual holes, as ages for the isotopic data are calibrated to 

the international geological timescale of Gradstein et al. (2004) and values either represent 

monogeneric Cibicidoides spp. δ18O values, or they have been adjusted to an equivalent value 

where appropriate. In the following sections I discuss and compare the pros and cons of the 
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New Zealand specific data and use of the global, Pacific and Southern Ocean compilations of 

Cramer et al. (2009). 

 

FIGURE 4.6. Map of global borehole locations from DSDP, ODP and IODP expeditions. 

(Expedition maps are freely available for reproduction from 

http://iodp.tamu.edu/scienceops/maps.html). 
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Drill 

Program 

Hole 

no(s).  
Age range Reference Comments 

DSDP 
277, 279, 

281 

Late Paleocene - 

Pleistocene 

(Shackleton and 

Kennett 1975) 

No depth-age 

model 

DSDP 
588, 590, 

591 

Early Miocene - 

Pleistocene 
(Kennett 1986) Ages provided 

DSDP 
277, 592, 

593 
Oligocene 

(Murphy and Kennett 

1985) 

No depth-age 

model 

DPSP 594 Late Pleistocene (Nelson et al. 1986) 
Depth-age model 

provided 

ODP 
1170A, 

1172A 
Miocene 

(Ennyu and Arthur 

2004) 
Ages provided 

ODP 1123 
Late Pliocene-

Pleistocene 
Harris (2002) 

No depth-age 

model 

TABLE 4.1. Table of DSDP and ODP holes with publicly available deep-sea δ18O records.  

 

4.4.4. Estimating absolute oceanic temperature 

Raw δ18O values can be used as a proxy for oceanic temperature; however, I chose to 

convert δ18O values to temperature in degrees Celsius (°C). This has two distinct advantages: 

(1) it is more intuitive when considering relative temperature changes and (2) it allows 

computation of a proxy for climatic variability based on temperature (discussed in the 

subsequent section). Several transfer functions from δ18O to temperature in °C have been 

suggested, with the majority following a linear equation (Shackleton 1974, Visser et al. 

2003), although quadratic equations have also been suggested (Marchitto et al. 2014). Both 

the standard and quadratic transfer equations are calibrated to the δ18O of seawater on the 

Standard Mean Ocean Water (SMOW) scale. A value of SMOW can be estimated in the 

geological record by considering the average δ18O trend through time (Eq. 4.6) (although this 

correction is minimal in the Cenozoic). The standard linear (Shackleton 1974, Visser et al. 

2003) and quadratic transfer functions are relatively simple (Eq. 4.7 and Eq. 4.8, 

respectively). The quadratic equation has not been extended to geological estimates, however, 
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δ18Ows can be substituted for δ18Opw, similar to the transfer function of Visser et al. (2003) 

(Eq. 4.7). Whereas there is evidence that linear transfer functions may both overestimate or 

underestimate oceanic temperature in recent to subrecent deep-ocean sediments (Marchitto et 

al. 2014), the quadratic transfer function has not been applied to deep time data (i.e., 

Pleistocene and older). To assess the difference between the linear and quadratic transfer 

functions over long-time intervals I calculated oceanic temperature using both transfer 

functions utilizing the Cenozoic Pacific Ocean Cibicidoides spp. (or equivalent corrected 

values) δ18O values from the Cramer et al. (2009) data set. For both transfer functions I used 

the proposed Phanerozoic trajectory of SMOW from Veizer and Prokoph (2015). A plot of 

the derived temperature (°C) values from both transfer functions show the relationship 

between the two is linear over the majority of the temperature ranges observed, and 

decoupling at both lower and higher temperatures is relatively minor (Fig. 4.7). There is also 

an offset between the temperatures, likely a result of the SMOW values derived from the 

Phanerozoic trajectory, which are smaller than the site specific values in Marchitto et al. 

(2014). On this basis, I decided to convert δ18O values to °C using the linear transfer function 

following the methodology of Veizer and Prokoph (2015), and using only data from 

Cibicidoides spp. 

 

Eq. 4.6. Proposed Phanerozoic trajectory of SMOW (Veizer and Prokoph 2015) 

 𝛿 O𝑝𝑤
18 (‰) =  −0.00003‰𝑡2 + 0.0046‰𝑡 

(where t is time in Ma and δ18Opw is Phanerozoic δ18O in SMOW) 
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Eq. 4.7. Linear transfer function for δ18O to temperature (°C) (Shackleton 1974, Visser et 

al. 2003) 

𝑇(°C) = 16.9 − 4(𝛿 O −18 𝛿 O𝑝𝑤 − 0.27‰18 ) 

(where T is temperature in degrees Celsius and δ18Ows in Eq. 4.8. is location specific seawater 

on the SMOW scale) 

Eq. 4.8. Quadratic transfer function for δ18O to temperature (°C) (for Cibicidoides spp.) 

(Marchitto et al. 2014) 

𝑇(°C) =  
0.245 − √0.045461 + 0.0044(𝛿 O − 𝛿 O𝑤𝑠)1818

0.0022
 

(where T is temperature in degrees Celsius and δ18Ows in Eq. 4.8. is location specific seawater 

on the SMOW scale) 
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FIGURE 4.7. Plot of estimated oceanic temperatures in (°C) using the Cenozoic Pacific Ocean 

δ18O values from the Cramer et al. (2009) dataset. The biplot compares the linear and 

quadratic transfer functions (Eq. 4.7 and Eq. 4.8). Individual black points represent single 

data points from deep-sea benthic forams. Solid blue line represents the best-fit reduced 

major axis linear regression line. 

 

4.4.5. Oceanic temperature time-series 

As noted above, the primary datasets for deep-sea benthic foraminifera δ18O used 

records in this thesis include individual borehole data from the ODP and DSDP (see Table 

4.1) and the global compilation from Cramer et al. (2009). Importantly and as argued 

previously, based on New Zealand’s paleoceanographic history, data representative of cool-

subtropical waters through the Cenozoic are likely more suitable in deriving regional oceanic 

temperature estimates for New Zealand. In this section, I compare global data with ocean 
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specific data (Pacific and Southern Oceans) and regional data from within, or in proximity, to 

New Zealand’s oceanic territory.  

 The temporal resolution of the FRED dataset corresponds to  stages of the New 

Zealand regional geological time scale (Fig. 2.1) (Raine et al. 2015). Therefore, to compare 

measures of biodiversity with oceanic temperature the two measures must be at the same 

temporal scale. The most common methods applied in paleobiological studies comparing 

oceanic temperature with biodiversity at the temporal scales discussed here include: (1) 

interpolation using a loess regression at time interval midpoints (Crampton et al. 2006a), or 

(2) weighted means within individual time intervals (Mayhew et al. 2012, Mannion et al. 

2015). These methods differ from studies that focus explicitly on trends in oceanic 

temperature, as these generally interpolate to a finer resolution (~0.1 Myr), weighted to 

equally spaced bins. A comparison of the two methods using the Cramer et al. (2009) Pacific 

Ocean dataset shows the relative difference between an interpolated loess regression and 

weighted means for individual Cenozoic New Zealand stages is relatively modest through 

much of the Cenozoic (Fig. 4.8). The largest differences between the two methods are in the 

oldest time bins, which as discussed in subsequent Chapters (see Chapter 5 and 7) are not 

included due to the limited fossil data. On this basis, I decided to use interpolated loess 

regression as this method allows for the quantification of climatic variability, as discussed in 

the next section. 
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FIGURE 4.8. Comparison between representative oceanic temperatures for individual 

Cenozoic New Zealand stages derived from interpolated loess regression (span = 0.1) and 

weighted means of the Cramer et al. (2009) Pacific Ocean dataset. Solid grey line represents 

the best-fit reduced major axis regression line. Individual points are colour coded to their age 

based on the mid-points of the NZ stages they represent. Importantly, the rank of different 

stages will not change between the two methods, so it is unlikely to have any significant 

effect on derivative interpretations. 
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Qualitative comparisons between the derived oceanic temperatures from individual 

oceanic basins and the regional New Zealand data show broadly consistent patterns (Fig. 4.9). 

Time-series biplots of the interpolated loess regression for each dataset (based on first-

differences, see section 4.8) illustrates that interpolated oceanic temperatures in the Pacific 

Ocean, Southern Ocean (north – as defined by Cramer et al. 2009) and full dataset (i.e. 

global) are also relatively similar, particularly the Pacific Ocean and global signal (Fig. 4.10, 

panel B). However, the timing and magnitude of warming during the Miocene climatic 

optimum is variable. The global and Southern Ocean (north) records suggest that the 

warming was in the middle Miocene (~17 – 14 Ma), whereas the New Zealand regional 

record suggests that warming was earlier and occurred between the Otaian and Altonian 

Stages (21.7 – 15.9 Ma). The Pacific Ocean record also supports an earlier warming between 

the Otaian and Altonian Stages (21.7 – 15.9 Ma) but suggests peak warmth (by only a small 

increase +0.22 °C) was in the Clifdenian Stage (15.9 – 15.1 Ma), whilst the New Zealand 

record suggests cooling immediately after the Altonian Stage (18.7 – 15.9 Ma). Although 

peak warmth in the Altonian (i.e., middle Miocene) seems to be consistent across the New 

Zealand data, the magnitude of the subsequent cooling appears to be confounded by the 

locations of the boreholes. Boreholes from the ODP (1170A and 1172A) lie close to the STF 

boundary (1772A) or south of the STF (1170A) at the time of the Miocene climatic optimum 

(Fig. 4.11). These two boreholes suggest a short-lived warming and more rapid cooling of a 

higher magnitude relative to the DSDP holes located north of the STF (588/588A-C, 590A-B 

and 591/591B) (Fig. 4.11). Considering that New Zealand was likely almost entirely north of 

the STF during the Miocene climatic optimum (Nelson and Cooke 2001), this magnitude of 

cooling is unlikely to be representative of average conditions across New Zealand. In 

addition, there is also a difference between the magnitude of decrease in the regional New 

Zealand record during the Plio-Pleistocene relative to the Pacific Ocean dataset. However, 
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this appears to be a result of the low quantity of data during several stages within this interval 

in the New Zealand dataset. A similar disparity related to the low quantity of data in the 

Southern Ocean (north) record is also observed in the Oligocene (Fig. 4.10, panel A). On this 

basis, oceanic temperature derived from the Pacific Ocean dataset of Cramer et al. (2009) 

appears to be the most suitable throughout the Cenozoic and is used in Chapters 7 and 8 for 

correlation with measures of biodiversity. 
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FIGURE 4.9. Comparison of deep-sea oceanic temperature trends from the global record and 

for individual oceanic basins. Individual data points represent individual deep-sea foram 

temperatures estimated from δ18O converted to °C using the linear transfer function following 

the methodology of Veizer and Prokoph (2015). Shaded and non-shaded bars represent 

individual New Zealand Stages (after Raine et al. 2015). 
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FIGURE 4.10. Comparisons between the global deep-sea oceanic temperature records with the 

interpolated Pacific and Southern Ocean (north) and regional New Zealand data. Individual 

data points represent interpolated oceanic temperatures at the mid-points of individual New 

Zealand stages. Plots are based on first differences (see section 4.8). Individual points are 

colour coded to the New Zealand stage boundary they represent (not mid-points as the 

oceanic temperature data are differenced). Boundaries between stages during the Miocene 

climatic optimum are highlighted based on disparities discussed within the main text. 
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FIGURE 4.11. New Zealand deep-sea oceanic temperature colour coded to individual 

ODP/DSDP boreholes. Individual data points represent deep-sea foram temperatures 

estimated from δ18O converted to °C using the linear transfer function following the 

methodology of Veizer and Prokoph (2015). Pliocene and Pleistocene (Pleist.) boundaries are 

delineated by vertical dashed lines. Miocene climatic optimum (based on the global timing, 

i.e., ~17 – 14 Ma) (MCO) and a phase of transient warming in the Pliocene (PTW) are 

indicated by the labelled shaded grey bars. 
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4.5. Measuring Climatic Variability 

 

 For the purposes of this study, I define climatic variability as the short-term temporal 

fluctuation in large scale regional to global climate and oceanic temperature. Perhaps the best 

example of increased climatic variability is the Milankovich-paced glacial-interglacial cycles 

that characterize the global Icehouse climatic state of the past ~3.3 Myrs (see Chapter 2) 

(Westerhold et al. 2020). Within this period global oceanic temperature fluctuated in the 

order of several degrees (depending on the location and temperature proxy used). Conversely, 

during the late Eocene until the Eocene/Oligocene boundary (~ 38 - 34 Ma), the global 

climate system is thought to have remained relatively stable (Mudelsee et al. 2014). As 

discussed in Chapter 2, climatic stability is thought to be an important control on biodiversity 

and macroevolution, particularly in the formation of the modern latitudinal diversity gradient 

(LDG). This is largely based on the theory that tropical latitudes are more climatically stable 

and as a result may have increased origination rates or decreased extinction rates (Jablonski et 

al. 2017). However, the temporal effects of increased climatic variability or climatic stability 

on mid latitude marine biodiversity and macroevolutionary rates are poorly understood. Part 

of this problem is the difficulty in quantifying climatic variability. 

 As noted above, the deep-sea Pacific Ocean temperature is thought to be the most 

applicable record for quantifying long-term fluctuations in oceanic temperature relevant to 

New Zealand. Therefore, any measure of climatic variability should also be based within the 

same oceanic basin, particularly as there is a degree of heterogeneity between oceanic basins 

from the Eocene onwards (see Chapter 2 and Cramer et al. 2009). The difficulty in measuring 

climatic variability is primarily a result of separating long-term climatic changes from short-

term oscillations in climate. This problem is compounded by the change in global climatic 

states, such that the temporal pace of climatic oscillations varies between global climatic 



107 

 

states and even within individual states (i.e. 40 Ka to 100 Ka shift in glacial cyclicity during 

the Pleistocene). 

 Considering the above issues and limitations of the available datasets, the most 

intuitive measure of climatic variability appears to be the temporal variance of the individual 

data points within each time bin. Qualitatively, the increase in variance during Plio-

Pleistocene, and particularly the Pleistocene, is visually distinctive (Fig. 4.9). Furthermore, 

the resolution of the Pacific Ocean dataset is relatively even from the middle Eocene (~45 

Ma) onwards, which forms the focal time period of this thesis. Conversely, the density of the 

Southern Ocean records (both north and south – as defined by Cramer et al. 2009) varies 

significantly through the Cenozoic. As a result, the derived variance with each individual 

time bin may reflect the density of the data rather than any meaningful change in climatic 

variability. For this reason, only the variance of the Pacific Ocean dataset is used. 

The variance of the raw Pacific Ocean data still includes the signal of the long-term 

trend in oceanic temperature. To adjust for this, I measure the variance of the residuals from 

the interpolated loess regression used to quantify average Cenozoic oceanic temperatures 

(described in the previous section). Residual plots suggest several outliers may be present 

within each time bin. These may represent true data points but may also represent more local 

climatic conditions at the specific borehole location or erroneous measurements. For the final 

dataset used in Chapters 6 and 7 I opt to remove outliers that fall outside the 95th percentile. 
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4.6. Extension of coverage-based subsampling 

 

 Coverage-based subsampling allows sampling standardization to equal completeness 

(coverage) rather than sampling size, as discussed earlier in this Chapter. Whereas the 

methods used to derive individual spatial partitions of biodiversity (see Chapter 2) are 

discussed in detail in the relevant main results Chapters of this thesis (Chapters 6 to 8), there 

are several new methods developed here that are described only briefly within following 

Chapters. These methods are based on the application of coverage-based subsampling to 

other spatial partitions of diversity, but also to other methods of quantifying evenness and 

temporal turnover. The aim of this section is to provide additional detail about these newly 

developed methods. 

4.6.1.  Beta diversity 

 Within this thesis, beta diversity is measured as the dissimilarity between multiple 

sites (where each site represents an individual grid cell, see Section 4.3.3) using the R 

package betapart (Baselga and Orme 2012) (see Chapter 5). However, this approach does not 

allow for any temporal variation in sampling between time intervals. Several studies of the 

fossil record have applied the principles of coverage-based subsampling to beta diversity, but 

these have only been adapted to pairwise methods of beta diversity (Brocklehurst et al. 2018, 

Penny and Kröger 2019). For this thesis I adapted the multi-site method of Baselga and Orme 

(2012) based on the original implementation of the coverage-based subsampling by Alroy 

(2010a) (see Appendix 1) using the code of Holland (2015) as a basis. This allows for the 

generation of a subsampled abundance frequency at a fixed level of coverage which can be 

used to compute beta diversity between sites. The workflow is summarised below: 

1. For each individual time bin, fossil collection data are aggregated by grid cell 

(individual hexagrid cell), where each grid cell is treated as a sample. 
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2. The estimated coverage of each sample is calculated based on Good’s u. Any sample 

that does not meet the set coverage level is omitted from the analysis. 

3. For each sample that meets the set coverage level, the subsampled abundance 

frequency is calculated based on the code of Holland (2015) and converted to binary 

incidence data. 

4. Multi-site beta diversity metrics are measured based on the subsampled abundance 

frequency vectors (reduced to incidence data) of all sites. 

5. This subsampling process is repeated a number of times (100 times within Chapter 8 

and 7) to provide an average measure of multi-site beta diversity at a fixed level of 

quota. The output includes a multi-site measure of Sorensen and Simpson 

dissimilarity and nestedness. 

4.6.2.  Functional evenness 

 Within this thesis functional evenness is defined as the distribution of species amongst 

functional groups. To measure evenness, I follow the method of Edie et al. (2018b), i.e., the 

inverse Simpson’s index, normalized to the number of functional groups (Eq. 4.9). As 

discussed earlier, functional groups are also confounded by sample size, such that as the size 

of the sample increases, so does the probability of sampling rarer or hard-to-detect functional 

groups. This likely also confounds measures of functional evenness. Although cJ1 appears to 

be the best available measure of functional richness (see section 4.2.4), it cannot generate an 

abundance distribution that can be used to measure functional evenness. I show in Chapter 6 

that once the data are sampling and spatially standardized, measures of functional richness 

derived from coverage-based subsampling are similar to functional richness derived from cJ1 

at a fixed spatial scale. On this basis, I standardize functional evenness using coverage-based 

subsampling following the workflow summarized below. 
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1. For each individual time bin, species are assigned to functional groups based on their 

unique combination of functional traits within the ecospace dataset.  

2. An abundance vector of species within functional groups is created based on 

individual occurrences at the collection-level. In Chapters 6 and 7 the abundance 

vector is based on a fixed spatial scale (using summed MST length). 

3. The subsampled frequency of the abundance distribution of the species within 

functional groups is calculated based on code of Holland (2015). Functional evenness 

is calculated as the inverse Simpson’s index divided by the number of functional 

groups (within the subsampling trial). 

4. Th subsampling process is repeated a number of times (100 times within Chapter 6) 

to provide an average measure of functional evenness at a fixed coverage level. 

Eq. 4.9. Functional evenness (Edie et al. 2018). 

𝐹�̂� =
1/�̂�

𝐹�̂�
 

(where 𝐹�̂� is functional evenness, �̂� is Simpson’s index and 𝐹�̂� is the number of 

functional groups within a single subsample) 

4.6.3.  Functional group temporal turnover 

 Temporal turnover measures the similarity or dissimilarity of assemblages through 

time. This can be applied taxonomically to determine how species composition changes 

through time but can also be used in the same way to measure how the composition of 

functional groups changes. Temporal turnover can be measured using the Bray-Curtis 

dissimilarity index, which quantifies compositional similarity between assemblages based on 

their abundance distributions. Whereas temporal turnover is unidirectional (i.e. forward in 

time) and Bray-Curtis dissimilarity is bidirectional, this metric has been shown to be a good 

estimate of temporal turnover using abundance data (Magurran and Henderson 2010). Similar 
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to beta diversity (see Chapter 6 for details), Bray-Curtis dissimilarity can also be partitioned 

into additive components: balanced variation (i.e. substitution, analogous to spatial turnover 

in beta diversity) and abundance gradients (i.e. subsets, analogous to nestedness in beta 

diversity) (Baselga 2017). As noted earlier, functional groups are also confounded by sample 

size, and may skew measures of dissimilarity based on raw abundance distribution. On this 

basis, I standardize functional group temporal turnover following the process summarized 

below. 

1. For two consecutive time bins, species are assigned to functional groups based on 

their unique combination of functional traits within the ecospace dataset. 

2. An abundance vector of species within functional groups is created based on 

individual occurrences at the collection-level for each individual time bin. 

3. The subsampled frequency of the abundance distribution of species within functional 

groups is calculated based on code of Holland (2015) for each individual time bin.  

4. Temporal turnover is calculated as the Bray-Curtis dissimilarity (using the R package 

betapart, see Baselga and Orne 2012) between the subsampled abundance 

distribution frequency for each time bin.  

5. This subsampling process is repeated a number of times (1000 times within Chapter 

8) to provide an average measure of Bray-Curtis dissimilarity at a fixed level of 

quota. The output includes a measure of total dissimilarity and the additive 

components that measure balanced-variation and abundance-gradients. 
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4.7. Macroevolutionary rates 

 

 Macroevolutionary rates quantify the origination and extinction of taxa, and as 

discussed within Chapter 2 and Chapter 7, form an essential component of paleontological 

studies and our understanding the driving mechanisms of macroevolution and diversity 

dynamics (Foote 2000, Foote 2003, Alroy 2008, Liow and Nichols 2010, Silvestro et al. 

2014). However, quantifying origination and extinction rates using data from fossil 

occurrences or stratigraphic ranges is confounded by the incompleteness of the fossil record 

and temporal and spatial variation in preservation and sampling effort. As a result, any 

method quantifying origination and extinction must allow for these confounding effects to 

provide accurate rate estimates. Within this section, I discuss several methods of quantifying 

macroevolutionary rates in the fossil record, and their suitability for the shallow-marine 

molluscan fossil record of New Zealand. A full review is out of the scope of this thesis and is 

absent from the published literature. 

4.7.1. Foote’s Per-Capita Rates 

 The macroevolutionary rates of Foote (2000) built on earlier works of paleontologists 

(e.g., Raup and Sepkoski 1982, Van Valen 1984), to recalibrate taxonomic rates to 

simultaneously estimate origination, extinction, and preservation rates based on the first and 

last appearances of fossil taxa within a focal time interval. The method of Foote (2000) is 

based on forward and backward survivorship probabilities, i.e., the probabilities that a taxon 

will have a first or last appearance within an interval and omits single-interval taxa (i.e., 

singletons) that have several undesirable effects for modelling origination and extinction (see 

Foote 2000). The forward and backward survivorship probabilities are based on the number 

of taxa that cross the bottom boundary of the focal interval (bottom-crossers – Nb), the 
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number of taxa that cross the top boundary of the focal interval (top-crossers - Nt), and the 

number of taxa that cross both (Nbt) (see Fig. 4.12). The derived per-capita rates of 

origination (�̂�) and extinction (�̂�) are calculated as the inverse logarithmic of the ratio 

between taxa that cross both boundaries and taxa that only cross the top (origination) or 

bottom (extinction) boundaries of the focal interval, divided by the duration of the time 

interval. (Eq. 4.10 and 4.11). 

 

FIGURE 4.12. The four fundamental classes of taxa used by Foote (2000) to derive per-capita 

rates of origination and extinction. Relative time intervals are shown along the top, where i is 

the focal interval and i-1 and i+1 are the preceding and succeeding intervals, respectively. Nt 

are termed top-crossers, Nb bottom-crossers and Nbt top and bottom crossers. Nfl refers to taxa 

that are recorded within a single interval only. 

 

 Eq. 4.10. Per-capita rate of origination (Foote 2000)  

�̂� =  
−ln (𝑁𝑏𝑡/𝑁𝑡)

∆t
  

(where 𝑁𝑏𝑡 = number of bottom and top crossers, 𝑁𝑡 = number of top crossers and ∆t = time 

bin duration). 
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 Eq. 4.11. Per-capita rate of extinction (Foote 2000)  

�̂� =  
−ln (𝑁𝑏/𝑁𝑡)

∆t
  

(see description above for Eq. 4.10)  

4.7.2. Alroy’s Three-Timer and Gap-Filler Rates 

Alroy (2008, 2014) adapted the per-capita origination and extinction rates of Foote 

(2000) to be used on occurrence data, arguing that rates that consider age ranges are distorted 

by the Pull of the Recent (see Chapter 5), the Signor-Lipps effect (which is based on the 

observation that the true and first and last appearance of a taxon will not be recorded as a 

fossil) and simple edge effects. Rather than focus on the bottom-crossers and top-crossers, 

Alroy’s three-timer (Alroy 2008) and gap-filler rates (Alroy 2014) are based on the 

occurrence of taxa within the previous interval and subsequent two intervals relative to the 

focal interval (i.e. i-1; i; i+1; and i+2, where i represents the focal interval). Within this 

framework there are four categories of taxa: (1) two-timers (t2), which represent taxa that are 

present in at least the preceding and focal interval (i-1 and i); (2) three-timers (t3), which 

represent taxa that are present in the preceding, focal and succeeding intervals (i-1, i, and 

i+1). These two categories where initially used by Alroy (2008) to create the three-timer rates 

of origination and extinction. Subsequently, Alroy (2014), (3) denoted gap-fillers (g) as those 

taxa that are present in the preceding interval (i-1) and last interval (i+2) but missing from the 

immediately succeeding interval (i+1). Lastly, Alroy identified (4) part-timers (p), which 

include taxa that are missing from the focal interval (i) but present in the preceding (i-1) and 

proceeding interval (i+1). The three-timer method was updated to include gap-fillers, which 

Alroy (2014) suggests are important because they allow for the distinction between real 

extinctions and extinctions from incomplete sampling. The three-timer and gap-filler 

equations are shown below in Eq. 4.12 to Eq. 4.13. 
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Eq. 4.12. Gap-filler rate of origination (Alroy 2014)  

𝜇 = log (
𝑡2 + 𝑝

𝑡3 + 𝑝 + 𝑔
)  

(where 𝑡2 = two-timers, 𝑡3 = three-timers, p = part-timers and  𝑔 = gap-fillers – see Fig. 4.13) 

 

Eq. 4.13. Gap-filler rate of extinction (Alroy 2014)  

λ = log (
𝑡2,𝑛+1 + 𝑝

𝑡3,𝑛 + 𝑝 + �̂�
)  

(where 𝑡2,𝑛+1 = two-timers in the following interval (i.e., i+1) and �̂� = mirror image of gap-

fillers – see 𝑔 Fig. 4.13), and see description for Eq. 4.12). 

FIGURE 4.13. The five classes of sampling history used by Alroy (2008, 2014) to derive per-

capita rates of origination and extinction. Relative time intervals are shown along the top, 

where i is the focal interval and i-1, i+1, and i+2 refer to the intervals preceding (-1) and 

succeeding (+1 and +2) the focal interval i. The three-timer rates (Alroy 2008) are based on 

the two-timer (t2) and three-timer (t3) sampling histories. The gap-filler rates (Alroy 2014) 

also include gap-filler (g) and part-timers (p). 

 



116 

 

4.7.3. Capture-Mark Recapture 

 Capture-mark recapture models were originally created to study ecological 

populations, particularly growth rates. This method was originally adapted to paleontological 

data by Nichols and Pollock (1983), although its potential had been recognized prior to this. 

More recently it has been revisited by Liow and Nichols (2010), particularly aided by the R 

package RMark (Laake 2013), which provides an interface between R and the MARK 

program, which is used to run capture-mark recapture models. The most common capture-

mark recapture model applied to fossil data is the Pradel seniority model (Pradel 1996), 

which uses fossil occurrence data as ‘sighting records’ to create an encounter history (i.e., 

sampling history in the fossil record) (Connolly and Miller 2001, Liow and Nichols 2010, 

Liow and Finarelli 2014). Within the Pradel seniority model sampling histories of individual 

taxon can be used to calculate sampling estimates and survival and seniority probabilities 

(Liow and Finarelli 2014). Survival probability is based on the probability of remaining alive 

between time interval i and i+1. Conversely, seniority probability works backwards through 

the encounter history and estimates the probability of entering the population between the 

interval i and i-1. Within this framework, extinction probability is estimated as the 

compliment to survival probability (1 – survival probability, i.e. the probability of leaving the 

population) and origination probability, the compliment of seniority probability (1 – seniority 

probability, i.e., the probability of entering the population) (Liow and Finarelli 2014). 

Consequently, rather than estimating macroevolutionary rates within a time interval, the 

Pradel seniority model measures the origination and extinction probabilities between 

intervals. 
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4.7.4.  PyRate 

 PyRate is a python based program that allows the calculation of origination, 

extinction, diversification and sampling rates from fossil occurrence data within a Bayesian 

framework, adapted from phylogenetic methods (Silvestro et al. 2014). PyRate analyses can 

be constrained by several models of preservation (e.g., heterogenous or homogenous) which 

can be optimized for the dataset used. PyRate differs from the other measures discussed here 

as it allows the timing of rate shifts to be estimated, rather than estimating rates within 

specific time bins, although this option is also possible (Silvestro et al. 2014). 

4.7.5. Application of methods 

 All the methods for estimating macroevolutionary rates discussed here are 

theoretically workable and none can be discounted. Furthermore, limited research has been 

undertaken to compare these methods. As a result, it is difficult to assess which method is the 

most suitable or appropriate for the Cenozoic shallow-marine molluscan fossil record of New 

Zealand. One of the few reviews available compares the per-capita (Foote 2000), three-timer 

(Alroy 2008), and capture-mark recapture rates on detecting diversification rates in relation to 

preservation and tectonic history from simulated fossil records (Smiley 2018). Smiley (2018) 

found that the three metrics behaved differently under variable preservation scenarios, 

concluding that three-timer and capture-mark recapture methods produced more accurate rate 

estimates, but per-capita rates were better at reproducing true shifts in origination rates. 

 To compare the methods I used the FRED shelfal dataset (see Chapter 3, section 

3.2.2) at the temporal resolution of the time bins used within Chapter 7 and 8 (which 

combines some New Zealand stages to accommodate for low collection numbers in certain 

intervals, yielding 16 time bins). I estimated the origination and extinction rates of Foote 

(2000) and Alroy (2008, 2014) using the R package DivDyn (Kocsis et al. 2019). Capture-



118 

 

mark recapture rates were implemented using the R package RMark (Laake 2013), using the 

Pradel seniority model, following the method of Liow and Finarelli (2014).  

For PyRate the rates were based on resampling fossil ages by site, with 10 subsamples 

taken. This resampling is based on collections, so that occurrences within the same interval 

are resampled as the same age. Without this protocol individual species from the same 

collection can have different resampled age ranges. Based on a subset of the data, the best-fit 

model was the time-variable Poisson process, which assumes that preservation rates are 

constant within a predefined time frame (i.e., the resolution of the time bins used here). In 

addition, I allowed for the preservation rate parameter prior to be estimated from the data. For 

each of the 10 samples I initially ran the reverse jump MCMC algorithm (see Silvestro et al. 

2019) for 10 million iterations (sampling of the MCMC chain every 1000 iterations). This 

was increased to 40 million iterations (sampling of the MCMC chain every 5000 iterations) 

based on poor convergence of the MCMC trail. However, even at 40 million iterations (which 

took several days on a high performance cluster) the convergence was poor in each individual 

subsample and after the individual samples where combined. On this basis, I do not consider 

the PyRate analysis in our comparisons here. 

 To compare the capture-mark recapture rates to the Foote (2000) and Alroy (2008, 

2014) rates I converted the survival and seniority probability into instantaneous rates of 

origination and extinction (i.e., -log), following Smiley (2018). To allow direct comparisons 

between the rates I temporally shift the capture-mark recapture instantaneous origination and 

extinction rates to the mid-points of the succeeding and preceding time intervals. As the 

origination rates are based on the probability of seniority between time intervals i and i-1, I 

shift the origination rate to the preceding interval mid-point. Conversely, as the extinction 

rates are based on the survival probability between time intervals i and i+1, I shift the 

extinction rate to the proceeding interval mid-point. We find that the Foote (2000) and Alroy 
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(2008, 2014) origination and extinction rates are very similar over the last 45 Myrs (Figs.  

4.14 and 4.15). The capture-mark recapture rates are broadly similar to both the rates of Foote 

(2000) and Alroy (2008, 2014), but there are two prominent differences. Firstly, the capture-

mark recapture extinction rates suggest an increase in extinction during the Oligocene 

(Whaingaroan Stage: 34.6 – 27.3 Ma), whereas the other rates suggest a decrease. Second, 

the capture-mark recapture origination rates suggest that the post-Oligocene peak in 

origination is during the Miocene climatic optimum (Altonian Stage: 18.7 – 15.9 Ma), 

whereas the other rates suggest origination rates during the Miocene climatic optimum and 

early Late Miocene (Tongaporutuan Stage: 11.04 – 7.2 Ma) are similar. There is no clear 

evidence as to which method provides the most accurate macroevolutionary rates. However, 

based on the broad similarities between the methods I opt to use the capture-mark recapture 

rates using the Pradel seniority model to quantify origination and extinction in the Cenozoic 

shallow-marine fossil record of New Zealand. This is based on CMR’s full use of the 

encounter history (i.e., full sampling history) and the loss of data from only one time interval 

(i.e., macroevolutionary rates not calculated for first/last time interval). Alroy’s methods do 

capture a portion of the sampling history (i.e., i-1, i, i+1 and i+2), but cannot calculate 

macroevolutionary rates in three time intervals due to the analytical equations used. 
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FIGURE 4.14. Comparison between macroevolutionary rates (first differences – see section 

4.8) following the methods Alroy (2008) (three-timer), Alroy (2014) (gap-filler), Foote 

(2000) (per-capita) and Liow and Finarelli (2014)/Smiley (2018) (capture-mark recapture). 

Blue points represent origination rates and black points extinction rates. 
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FIGURE 4.15 Time-series comparison between macroevolutionary rates following the 

methods Alroy (2008) (three-timer) (blue), Alroy (2014) (gap-filler) (blue-dotted), Foote 

(2000) (per-capita) (orange) and Liow and Finarelli (2014) (capture-mark recapture) (black). 

Shaded and non-shaded bar show the time-bins used within the analyses. For clarity error 

bars are not shown here but are shown in the capture-mark recapture analyses in Chapter 8. 
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4.8. Time-series correlation 

 

  Temporal data can be impacted by correlation within and between time series. 

Autocorrelation (or serial correlation) refers to the correlation of a time series with itself at 

different time lags. Cross-correlation refers to the correlation between time series at different 

time lags. Both can lead to spurious results when considering trends through time or 

correlations between variables (i.e., correlation is not causation) and can inflate type I errors. 

Ultimately, paleobiologists deal with considerable uncertainty and low-resolution time-series. 

This further complicates correlation within and between time-series, and a review of methods 

suitable for paleontological data is largely absent from the literature. As a result, this section 

focuses on three commonly used methods within the literature that reduce the likelihood of 

spurious correlation between time-series and provides context to their use within the 

following Chapters. These include: (1) detrending based on first-differences, (2) generalized-

least squares autoregressive models, and (3) pairwise correlations using phase randomized 

surrogate data. The purpose of this section is to provide additional details on these specific 

methods and their suitability for the data used within this thesis.  

 Detrending broadly refers to the removal of a trend from a time series. Perhaps the 

simplest method of detrending, and most commonly used method in paleontology, is 

differencing. Differencing is simply the difference between values within a time series and 

can be lagged to varying degrees. In paleobiology the most widely applied lag is the first-

difference. Other lags may be more suitable, particularly if cyclicity is suspected, and this can 

be assessed visually using the correlogram of an autocorrelation function (ACF). The co-

variation between two variables based on first-differencing focuses on short-term, bin-to-bin 

variation, and the correlation can be assessed through pairwise correlation coefficients, i.e. 

the Spearman-rank order correlation coefficient. This is particularly useful for establishing 
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the impact of confounding effects in the fossil record on other biological or ecological 

measures. For example, we may expect apparent trends of regional species richness (i.e., not 

spatially and/or sampling standardized) to be confounded by short-term bin-to-bin variation 

in sampling intensity (e.g., number of collections). First-differences provides an effective 

way to see if the apparent diversity trend in species richness is conflated by sampling 

intensity between successive time bins. However, focusing on bin-to-bin variation removes 

any long-term trends within the data and may also remove real signals that are of biological 

significance and interest. For example, we may suspect that absolute oceanic temperature will 

have a positive effect on regional species richness in temperate ecosystems through the 

Cenozoic. First-differencing of oceanic temperature assumes that an equal decrease between 

different intervals should have an equal effect on biodiversity. However, an equal decrease in 

oceanic temperature within a climatic state during the Cenozoic, e.g., the Warmhouse 

climatic state, is likely to impact diversity differently than an equal decrease between climatic 

states, for example the transition from a Warmhouse to a Coolhouse climatic state. This 

pattern may be obscured in data that have been first-differenced. 

 Generalized-least squares offers a different approach to account for the dependence 

due to cross-correlation between time series (Hunt and Roy 2006), and can be extended to 

multiple regression. This method allows relaxation of some of the assumptions of ordinary-

least squares, in particular, unequal error variances and the correlations between different 

errors (Fox and Weisberg 2018). For time series correlation, the regression residuals can be 

modelled as an ARMA (autoregressive moving average) process. The best fit ARMA process 

for an individual time-series can be evaluated using the auto.arima function in the forecast 

package (Hyndman and Khandakar 2008, Hynman et al. 2020) in R (based on AIC or AICc 

model comparison), and also through inspection of the autocorrelation (ACF), partial 

autocorrelation (PACF) and cross-correlation function (CCF) correlograms. This process can 
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be included within the generalized-least squares regression model, thus accounting for 

dependence among observations (Hunt and Roy 2006). This method has been implemented 

with several paleontological datasets for both pairwise and multiple regression. For example, 

Hunt and Roy (2006) used generalized least squares with an autoregressive process to 

demonstrate a statistically significant negative relationship between mean ostracod valve 

length and interpolated oceanic temperature over the last 40 Myrs, i.e., Cope’s rule. In 

another study, Cleary et al. (2015) used an additive generalized least squares with an 

autoregressive process to assess the role of sampling proxy effects on skeletal completeness 

in the ichthyosaur fossil record during the Triassic, Jurassic and Cretaceous Periods. Similar 

to both Hunt and Roy (2006) and Clearly et al. (2015), I find the autoregressive AR(1) (i.e., 

autoregressive model of the order p = 1) model is generally the best fit for the time-series 

examined herein. 

 The final method discussed here uses phase randomized surrogate data to estimate the 

significance in pairwise parametric/non-parametric correlation (e.g., Pearson, Spearman and 

Kendall correlation coefficients) for serially correlated data. This method compensates for 

potential serial correlation of data, particularly for AR1 and AR2 autocorrelation structures, 

by adjusting the significance value (p). This method can also incorporate first-differencing to 

focus on bin-to-bin short-term trends and can be implemented in R using the surrogateCor 

function in the astrochron (Myers 2014) package. 

 All three methods discussed here are used throughout this thesis. In general, for 

pairwise correlations between time-series that include measures of apparent or standardized 

biodiversity and indices for the quality of the fossil record (i.e., number of collections or 

number of sedimentary rock packages), I focus on short-term bin-to-bin variation employing 

first-differences. We measure the strength and significance of pairwise correlations using the 

non-parametric Spearman rank-order correlation coefficient, with significance estimated as 
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standard, or using phase randomized surrogate data (particularly in Chapters 7 and 8). For 

pairwise time-series correlations where I anticipate that first-differencing is not appropriate, I 

use and compare the Spearman rank-order correlation coefficient estimating significance 

using phase randomized surrogate data and generalized-least squares regression with an 

autoregressive AR(1) structure. For multiple regression between time-series I employ 

generalized-least squares regression with an autoregressive AR(1) structure, and derive the 

best fit model based on the AICc weighting (see Chapters 7 and 8 for details). 
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Chapter 5 

 

The Pull of the Recent revisited – negligible 

species-level effect in a regional marine fossil record 

 

“It is time for us to move on from bias and focus and structure.”  

(Steven M. Holland, 2017) 
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Preface 

 

The fossil record is our only direct evidence of the history of life on Earth, but it is 

also imperfect. This imperfection is primarily the result of (1) processes that lead to the 

generation of the available fossil record and (2) processes involved in the collection and 

taxonomic identification of the available fossil record. These attributes of the fossil record 

were predominately a theoretical problem during the early evolution of paleobiology as a 

subject, but became an analytical problem during the rise of quantitative paleobiology and the 

integration of biology and ecology to quantifying and interpreting diversity patterns in the 

fossil record (Valentine 1969, Raup 1972, Valentine 1973, Bambach 1977, Raup 1979, 

Sepkoski et al. 1981, Sepkoski 2012). The problem centers on whether the observed global 

diversity patterns through the Phanerozoic, particularly a two- to four-fold increase during the 

Cenozoic to recent, should be taken at face value or, alternatively, is the result of 

confounding effects in the fossil record. A prominent explanation for the observed Cenozoic 

increase was named the ‘Pull of the Recent’. The term was originally conceived to describe 

several aspects of the fossil record that could increase apparent diversity toward the recent, 

particularly more complete sampling in the recent. Whereas a partial consensus to this debate 

was reached for the overall Phanerozoic diversity pattern based on the statistical similarities 

between independently derived diversity estimates (Sepkoski et al. 1981), the nature and 

magnitude of the increase in global biodiversity toward the recent, and consequently the 

impact of Pull of the Recent, was not resolved.  

The Pull of the Recent is in part an analytical bias, as it is primarily caused by the 

inclusion of Lazarus taxa when diversity is quantified based on the biostratigraphic ranges of 

taxa. This can be negated through sampled-in-bin estimates, which are now broadly regarded 

as the best method of quantifying diversity where incidence data is available. However, this 
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analytical approach also entirely eliminates Lazarus taxa from analysis and therefore removes 

data and potentially erodes real biological signal (Sahney and Benton 2017). Given the 

widespread use of range-through diversity measures in previous studies, and the richness of 

data compilations that record taxonomic first and last occurrences, it is important to quantify 

the magnitude of the Pull of the Recent in the fossil record, particularly due to the contrasting 

results on the magnitude of diversity increase toward the recent both globally, and regionally 

in New Zealand (Beu 1990; Crampton et al. 2006b, 2011; Hendy 2009). Furthermore, some 

modern methods of quantifying origination and extinction rates are based on biostratigraphic 

ranges (Foote 2000, Silvestro et al. 2014), which may be confounded by the Pull of the 

Recent. 

This chapter was inspired by the study of Jablonski et al. (2003), quantifying the 

impact of the Pull of the Recent in the Phanerozoic marine fossil record, using bivalves at the 

generic level. Their results suggest that the Pull of the Recent only accounts for 5 % of the 

Cenozoic increase in bivalve diversity, implying that the apparent diversity increase may be a 

genuine biological pattern. This chapter focuses on testing the impact of the Pull of the 

Recent on New Zealand’s shallow-marine Cenozoic fossil record following the methodology 

of Jablonski et al. (2003), and is a modified version of the original paper submitted on this 

subject (Womack et al. 2020). The paper takes several novel approaches to assess the impact 

of the Pull of the Recent, including (1) quantifying the Pull of the Recent at species-level, (2) 

focusing on the Cenozoic Era, (3) considering smaller time intervals, and (4) by examining if 

particular attributes of taxa control their likely occurrence in the youngest fossil record. The 

findings of this paper are in agreement with global estimates of the Pull of the Recent 

(Jablonski et al. 2003). Co-authors to this paper include the primary and secondary supervisor 

of this thesis, whose input was provided through regular discussion and advice at meetings 

and reviewing the manuscript. 
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Whereas the primary aim of this chapter was to quantify the impact of the Pull of the 

Recent, it also focuses on the raw data, which serves as an important primer, regardless of the 

analytical methods used to quantify biodiversity, to understand the structure of the fossil 

record. Rather than focusing and emphasizing bias, it is this structure that should be utilized 

to guide and frame our analyses (Holland 2017). The results discussed within this chapter, 

further corroborate the quality of the New Zealand shallow-marine fossil record (Cooper et 

al. 2006, Crampton et al. 2006a, Crampton et al. 2006b, Foote et al. 2007, Clowes et al. 2020) 

and sets the scene for the subsequent chapters which focus on other structural attributes of the 

New Zealand fossil record (Chapter 6) and their interpretation (Chapters 7 and 8). 
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5.1. Introduction 

 

The magnitude of a putative increase in global biodiversity toward the recent is still 

debated (Sepkoski et al. 1981, Smith 2007, Alroy et al. 2008, Holland and Sclafani 2015). 

Some argue there is a significant increase in Cenozoic to recent biodiversity in the marine 

(Valentine 1969, Bambach 1999, Jablonski et al. 2003, Markov and Korotayev 2007, Stanley 

2007) and terrestrial (Benton 1995, Sahney et al. 2010, Sahney and Benton 2017) realms, 

whereas others argue there is not (Raup 1972, Alroy et al. 2001, Alroy et al. 2008). This 

question has major implications for all of biology and paleontology and centers on the 

magnitude and nature of several well-known attributes of the fossil record, including the Pull 

of the Recent. The Pull of the Recent was originally attributed to three specific factors that 

increase apparent diversity of the fossil record toward the recent (Raup 1979), namely more 

complete sampling in the recent, misassignment of fossils to recent taxa, and more fully 

developed taxonomic understanding of recent taxa. The latter two factors are the least 

important and can be mitigated through the use of revised and updated taxonomy. The most 

prominent factor, and focus of this paper, is the comparatively complete knowledge and 

sampling of the living biota in the recent compared with fossil biotas of the past, which 

extends the biostratigraphic ranges of fossil taxa and therefore increases range-through 

diversity estimates toward the recent through the inclusion of living “Lazarus” taxa (i.e., 

those with gaps in their stratigraphic records). Whereas this effect can be negated using 

sampled-in-bin estimates of diversity (Alroy et al. 2008, Alroy 2010), this approach also 

eliminates Lazarus taxa from analysis and therefore removes data and potentially erodes real 

biological signal (Sahney and Benton 2017).  

Previous studies have argued that the effect of the Pull of the Recent is minimal 

(<5%) in the case of global Cenozoic marine bivalve genera (Jablonski et al. 2003) and 
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tetrapod genera (Sahney and Benton 2017), and therefore apparently large increases in 

diversity toward the recent are not simple consequences of this effect and may be real. There 

is a growing body of literature debating the appropriateness of using genera as proxies for 

species diversity (Hendricks et al. 2014, Xing et al. 2014, Wiese et al. 2016), but due to 

limitations of the available data, the effect of the Pull of the Recent on species-level data has 

not been quantified previously. 

Here we test the effect of the Pull of the Recent at the regional scale and at both genus 

and species levels using the exemplary, well-studied, and relatively complete fossil record of 

Cenozoic mollusks from New Zealand (see Chapter 3, section 3.2) (Crampton et al. 2003, 

Crampton et al. 2006a, Crampton et al. 2011, Clowes et al. 2020). The record is highly 

resolved taxonomically at both species and genus levels, with approximately 40% of 

Holocene species known as fossils (Foote and Raup 1996, Foote 1997, Paul and Donovan 

1998, Cooper et al. 2006, Crampton et al. 2006a). In addition, New Zealand has remained 

geographically isolated for the duration of the Cenozoic at relatively static southern 

midlatitudes (see Chapter 2, section 2.2) (King 2000, Crampton et al. 2006b). As a result, the 

majority of its Cenozoic to recent molluscan species are endemic (Beu and Maxwell 1990, 

Spencer et al. 2017), with <0.1% of the pre-Haweran (pre–0.34 Ma, see Fig. 5.1) shelfal 

molluscan species known to range beyond New Zealand (Crampton et al. 2010). 
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5.2. Materials and Methods 

 

5.2.1. Materials 

This study focuses on Cenozoic marine mollusks (bivalves, gastropods, and 

scaphopods) from New Zealand. Analyses within this study are reported for both genera and 

species, where subgenera are operationally elevated to genera and subspecies are excluded. 

Geologic ages are given in terms of New Zealand Cenozoic stages (Fig. 5.1) and reported 

analyses were undertaken at the resolution of these stages, yielding 24 time bins with an 

average duration of 2.75 Myr.  
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FIGURE 5.1. New Zealand Cenozoic timescale (Raine et al. 2015) with units in Ma. Analyses 

are undertaken at the resolution of the New Zealand stages shown here. 
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Three datasets were used within this study to generate biostratigraphic ranges for 

molluscan species and genera and determine their last known occurrences within the fossil 

record: (1) synoptic dataset (see Chapter 3, section 3.2.1); (2) the checklist of the living 

Mollusca recorded from the New Zealand Exclusive Economic Zone; and (3) the Fossil 

Record Electronic Database (FRED) (see Chapter 3, section 3.2.2). Details of these three 

datasets follow. 

Synoptic Dataset.—The synoptic dataset provides biostratigraphic age ranges from 

the records of Cenozoic molluscan species from the New Zealand region and their inferred 

biological and ecological traits (Beu and Maxwell 1990, Crampton et al. 2003, Cooper et al. 

2006, Crampton et al. 2006a, Beu and Raine 2009).  

The Checklist of the Living Mollusca Recorded from the New Zealand Exclusive 

Economic Zone.—This dataset provides a list of all described species and subspecies of 

recent and subrecent mollusks (5187 species) recorded within the New Zealand Exclusive 

Economic Zone (New Zealand’s oceanic territory), as compiled and described by Spencer et 

al. (2019). Biostratigraphic ranges of mollusks in the synoptic dataset were updated using this 

dataset. Only species native to New Zealand and genera that comprise at least one native 

species were included so as to exclude introduced genera and species.  

FRED.—This is a collection-based database of fossil occurrences within New 

Zealand, and it has been well described elsewhere (Crampton et al. 2011, Clowes et al. 2020). 

Data relating to Cenozoic Mollusca were downloaded from FRED in September 2018 and 

subsequently revised with a newly updated version of the synonymy list employed by 

Crampton et al. (2006b, 2011), which was modified to take account of relevant recent 

literature. Ambiguous identifications were removed from the dataset (including removal of 

taxa with the prefixes “cf.” and “aff.”), and only occurrences from collections restricted to a 
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single time bin were retained. The FRED dataset was used to determine the last fossil 

occurrences of the genera and species used within this study. Taxa listed in the synoptic 

dataset but not identified within the FRED dataset were assumed to have a last fossil 

occurrence within their stage of origination as recorded in the synoptic dataset.  

The final data analyzed here comprise the ranges of 1182 genera and 5223 species 

recorded in the synoptic dataset and their stage-by-stage occurrences as recorded in the 

FRED database. 

5.2.2. Methods 

We follow the methodology of Jablonski et al. (2003) at genus and species level and 

repeat analyses to consider the effects of habitat and lithification on the Pull of the Recent. To 

allow for the disproportionately low representation of non-shelfal taxa in the New Zealand 

Cenozoic record (Beu and Maxwell 1990, Rex et al. 1999, Crampton et al. 2003), we 

consider the effect of the Pull of the Recent for all habitats and, separately, for shelfal taxa 

only. Taxa are considered shelfal if they are inferred to have been confined to, or to have 

ranged into, shelf water depths (< ~200 m water depth) (Crampton et al. 2006b). To allow for 

the relative decrease of lithified versus unconsolidated collections in the Plio-Pleistocene 

(Crampton et al. 2006b, Hendy 2009), we consider the effect of the Pull of the Recent on a 

subset of FRED collections for which matrix lithification information is available 

(approximately one-third of the collections used within this study). Matrix lithification is 

classified into four subjective categories within FRED: “hard,” “moderately hard,” 

“moderately soft,” and “unconsolidated.” Here we dichotomize the data, such that 

“unconsolidated” is considered unlithified and the remaining categories are aggregated into 

the lithified category. We limit analyses based on lithification to only genera and species 

recorded within FRED collections with matrix lithification data, using biostratigraphic ranges 
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derived from the synoptic dataset. We also consider whether species duration has a 

significant effect on presence in the youngest fossil record. Species with a long duration are 

considered to have a duration >3.70 Myr; that is, those that originate before the end of the 

Opoitian Stage. Species with duration equal to or <3.70 Myr are termed “short duration.” 

Analyses were repeated for the three taxonomic classes combined and with bivalve 

genera only to allow direct comparison with results from Jablonski et al. (2003). For each 

time bin, the range-through diversity was calculated, defined here as the total number of 

unique taxa that range through or have a first or last occurrence within the focal time bin. 

Measures of diversity reported here are not sampling standardized and are referred to as 

“apparent” diversity; these measures are not intended to depict “true,” sampling-standardized 

diversity history. The data were filtered to identify which taxa have been recorded in the last 

5.33 Myr, similar to Jablonski et al. (2003), and repeated at three progressively shorter 

intervals (resolving to New Zealand stages): 3.7 Ma (Mangapanian), 2.4 Ma (Nukumaruan), 

and 1.63 Ma (Castlecliffian) to recent. This is intuitively reasonable, as the average duration 

of species is shorter than that of genera, so the effect of the Pull of the Recent is expected to 

manifest at shorter timescales. 

To determine whether particular attributes of taxa control their likely occurrence in 

the youngest fossil record, we examined a number of biological traits recorded within the 

synoptic dataset. Traits include shell mineralogical composition (aragonitic or calcitic), shell 

size (dichotomized as <10 mm or >10 mm maximum linear dimension), habitat (shelfal vs. 

non-shelfal, see previous definition of shelfal), and taxonomic class (bivalve, gastropod, or 

scaphopod). Calcitic taxa are classed as such if they have a shell component that could, in the 

absence of aragonite, be identified to species level (see Crampton et al. [2006b] and Foote et 

al. [2015] for further details). Shell size is based on the maximum skeletal dimension of an 

average adult (Cooper et al. 2006). In cases for which species-specific traits have not or could 
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not be determined, they were established at the genus level so long as all species within that 

genus displayed the same traits. The traits of the taxa with and without a fossil record within 

the focal time interval, where known, were tabulated in 2 × 2 contingency tables (excluding 

scaphopods from taxonomic class due to low number of known species). This was repeated 

for shelfal mollusks only and for bivalves and gastropods separately. We report both the 

maximum-likelihood chi-square (ML chi-sq., or G) test statistic and the log odds ratio to test 

for independence and association between the taxa missing and the taxa present within the 

specified intervals. The standard continuity correction was applied during the calculation of 

the log odds ratio to allow for zero entries (Agresti and Kateri 2011). Family-wise error was 

corrected using the false discovery rate, following the procedure of Curran-Everett (2000). 

See Agresti and Kateri (2011) for a detailed description of these analytical methods. All 

analyses and computations reported here were undertaken using R (R Development Core 

Team 2020). 
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5.3. Results 

 

Of the 401 extant molluscan genera with a fossil record in the Cenozoic, 98% (100% 

for bivalves) are represented in the fossil record between the Opoitian (5.33 Ma) to recent, 

decreasing to 88% in the Castlecliffian (1.63 Ma) to recent (Fig. 5.2, Table 5.1). Of the 673 

extant molluscan species with a fossil record in the Cenozoic, 98% are represented in the 

fossil record between the Opoitian (5.33 Ma) to recent, decreasing to 80% in the 

Castlecliffian (1.63 Ma) to recent (Fig. 5.2). This decrease in representation is more 

pronounced in molluscan species with long durations (>3.70 Myr), 74%, an effect that relates 

to poor exposure of deep-water facies in the youngest part of the stratigraphic record and 

consequent absence of preexisting, deep-water species from the youngest fossil collections. 

Excluding non-shelfal taxa reduces the effect of the Pull of the Recent slightly for genera and 

species and for species with long durations (see Table 5.1). Lithification has minimal effect 

on the Pull of the Recent for the subset of FRED collections with matrix lithification data, 

with <1% difference in the percentage of taxa (both genera and species) with a fossil record 

between analyses based on lithified collections only and those based on all collections with 

matrix lithification data (see Table 5.1 and Fig. 5.3).  
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FIGURE 5.2. Genus- and species-level range-through diversity over the last 15.9 Myr 

(Clifdenian to recent) for all mollusks and shelfal mollusks only, with (solid line) and without 

(dashed line) the Pull of the Recent. Shaded bars show the duration of the time bins utilized, 

equivalent to the New Zealand stages. 
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FIGURE 5.3. Species-level range-through apparent diversity over the last 5.33 Myr 

(Plio-Pleistocene) for molluscan species from a subset of the FRED database with matrix 

lithification data available (approximately a third of collections used within this study) and 

for lithified collections only, with (solid line) and without (dashed line) the Pull of the 

Recent. Relative percentage of lithified collections is based on the relative percentage of 

lithified to unlithified collections from the subset of FRED collections with matrix 

lithification data (see “Methods”). Shaded bars show the duration of the time bins utilized, 

equivalent to the New Zealand stages. 
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Taxa Habitat 

Percentage of taxa with a fossil record (%) 
Total taxa 

that extend 

to recent 
Opoitian 

(5.33 Ma) 

to recent 

Waipipian 

(3.7 Ma) 

to recent 

Nukumaruan 

(2.4 Ma)       

to recent 

Castlecliffian 

(1.63 Ma)     

to recent 

All molluscan 

genera 

All 98.0 96.5 93.3 88.0 401 

shelfal 98.5 98.2 95.6 90.4 271 

Bivalve genera 
All 100 - - - 139 

shelfal 100 - - - 133 

All species 
All 98.1 96.3 90.6 79.5 673 

shelfal 99.2 98.0 92.9 83.4 397 

Species with long 

durations* 

All 89.3 79.5 77.9 73.8 122 

shelfal 96.1 89.6 87 81.8 77 

Species with short 

durations* 

All - - 93.5 80.8 551 

shelfal - - 94.4 83.8 320 

Genera (all 

collections)** 
All 

90.8 90.1 88.4 84.9 324 

Genera (lithified 

collections)** 
90.3 89.7 87.6 83.7 318 

Species (all 

collections)** 
All 

96.6 97.1 96.9 90.2 364 

Species (lithified 

collections)** 
96.5 97.0 96.8 89.8 344 

TABLE 5.1. The impact of the Pull of the Recent, expressed as the percentage of taxa with a 

fossil record within the listed time intervals. Results are reported in seven categories: (1) all 

molluscan genera; (2) bivalve genera, to allow direct comparison with the results of Jablonski 

et al. (2003); (3) all molluscan species; (4) all molluscan species considered to have a long 

duration; (5) molluscan species considered to have a short duration; and (6) genera and (7) 

species from all FRED collections with matrix lithification data and from lithified collections 

only. Results reported for categories 1-5 also consider the impact of inferred habitat, 

providing results for taxa from all habitats and shelfal taxa only. 
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* Species with a long duration are defined as species that have a first occurrence within or 

prior to the Opoitian and species with short durations are considered to have a have a first 

occurrence after the Opoitian. Therefore, the Opoitian and Waipipian are omitted from 

species with short durations as no species will have a first occurrence in the Opoitian and all 

species with a first occurrence in the Waipipian will have a fossil record within the 

Waipipian. 

** Only includes genera or species within a subset of the FRED data that has matrix 

lithification data.  

 

We report the results for maximum-likelihood chi-square test and the log odds ratio 

for the traits of species missing and present from the Nukumaruan (2.4 Ma) and Castlecliffian 

(1.63 Ma) to recent in Table 5.2. Genera and longer time intervals were not considered due to 

low numbers of missing taxa with known traits. There is equivocal evidence to suggest that 

taxonomic class, size (bivalves only), and habitat have statistically significant effects on 

representation in the youngest fossil record (see Table 5.2 for relevant time intervals and 

strength and direction of associations). However, in all cases the effect size is not large 

according to the classification of Chen et al. (2010), wherein a large effect size is classified as 

a log (log base 10) odds ratio > ~0.8, and p-values are not statistically significant at the 5% 

level once the effects of family-wise error are taken into account. 
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Time 

interval 

Taxonomic 

Class 
Habitat Variable 

Log odds 

ratio 

ML chi sq. test 

Chi-square p 

Castlecliffian 

to recent 

(1.63 - 0 Ma) 

All 

All 

Composition -0.083 0.327 0.567 

Size -0.164 3.402 0.065 

Shelf level 0.194 3.654 0.056 

Class 0.233 5.910 0.015 

Shelfal 

Composition 0.050 0.003 0.956 

Size -0.185 2.290 0.130 

Class 0.149 1.525 0.217 

Bivalvia 

All 

Composition 0.122 0.257 0.612 

Size -0.400 5.277 0.022 

Shelf level 0.150 0.406 0.524 

Gastropoda 

Composition 0.001 0.575 0.448 

Size -0.050 0.239 0.625 

Shelf level 0.196 2.786 0.095 

Nukumaruan 

to recent  

(2.4 - 0 Ma) 

All 

All 

Composition 0.013 0.012 0.911 

Size -0.153 1.464 0.226 

Shelf level 0.271 3.834 0.050 

Class 0.226 2.903 0.088 

Shelfal 

Composition 0.130 0.025 0.874 

Size -0.053 0.087 0.768 

Class 0.269 2.317 0.128 

Bivalvia 

All 

Composition 0.232 0.546 0.460 

Size -0.232 0.877 0.349 

Shelf level 0.463 2.679 0.102 

Gastropoda 

Composition 0.252 0.338 0.561 

Size -0.084 0.332 0.564 

Shelf level 0.195 1.440 0.230 

TABLE 5.2. Values for the maximum likelihood chi-square test and log odds ratio. 

Calculated from 2x2 contingency tables of traits of extant species that have a fossil record 

within or missing from Nukumaruan (2.4 Ma) and Castlecliffian (1.63 Ma) to recent. None of 

the p-values are significant at the 5 % level once family-wise is taken into account (Curran-

Everett 2000). Log odds ratios significantly above or below 0 indicate association between 

factors, whilst a value of 0.0 would indicate independence between factors. The direction of 

the interaction is determined by the ordering of variables. For the analyses reported here, a 

negative log odds ratio suggests that the following attributes for each variable are more 
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strongly associated with missing fossil record: composition – calcitic; size – larger (> 10 

mm); shelf level – shelfal; class – bivalves. A positive log odds ratio would indicate the 

corresponding paired attribute for each variable is more strongly associated (e.g., aragonitic 

for composition). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

145 
 

5.4. Discussion and Summary 

 

5.4.1. Trends in Apparent Diversity 

The apparent range-through diversity for New Zealand molluscan genera and species 

shows a general pattern of long-term increase through the Cenozoic (Fig. 5.4), as observed in 

previous studies of global range-through diversity (Jablonski et al. 2003). In contrast to these 

earlier studies, however, the apparent diversity of New Zealand mollusks peaks in the Otaian 

and Altonian Stages (21.7–15.9 Ma) rather than in the recent. This peak in apparent diversity 

is associated with the influx of a large number of genera from warmer areas at this time (Beu 

and Maxwell 1990) and coincides with peak warmth during the early Miocene climatic 

optimum (see Chapter 2, section 2.4.3 for discussion on previous studies in New Zealand). In 

addition, the apparent range-through diversity of species is lower than that of genera (Fig. 

5.4) for the majority of the Cenozoic. This is due to the use of the range-through diversity 

metric, which results in greater range extension with increasing taxonomic rank. This 

phenomenon is not observed when considering raw within-bin richness for genera and 

species and is simply a consequence of genera not being represented by named species within 

a given time bin (result not shown). Patterns of apparent species range-through diversity 

shown in Figure 5.3 differ from those of Figure 5.2, because species included are limited to a 

subset of FRED collections with matrix lithification data. Notwithstanding this, excluding 

unlithified collections does notably decrease apparent range-through diversity in the 

Castlecliffian (1.63–0.34 Ma) and Haweran (0.34–0 Ma) stages, but is unlikely to 

significantly alter the apparent Cenozoic diversity trajectory described previously. Detailed 

discussion on diversity patterns are out of the scope of this study and have been reviewed 

elsewhere for the Cenozoic New Zealand molluscan fossil record (Crampton et al. 2006b, 

2011).  
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FIGURE 5.4. Cenozoic genus and species level range-through diversity for all mollusks. 

Shaded bars show the duration of the time bins utilized, equivalent to the New Zealand 

stages. 

 

5.4.2. Impact of the Pull of the Recent 

The Pull of the Recent effects <2% of genera when considering taxa missing from the 

youngest ~5 Myr of the New Zealand fossil record. This result is in agreement with the 

global estimate of the Pull of the Recent for marine mollusks reported for a similar time 

interval (Jablonski et al. 2003). The impact of the Pull of the Recent on species has not been 

examined previously, and we show here that this effect is also minor (<4%) when considering 

longer time intervals, similar to that of consolidated time bins used in previous studies of 

New Zealand shelfal mollusks (Crampton et al. 2011). The impact of the Pull of the Recent 

increases significantly (up to 20.5%) when considering smaller time intervals (<1.63 Ma). 

The taxonomic composition of mollusks missing from the youngest part of the fossil record 

cannot easily be explained by effects related to shell mineralogical composition, body size, 
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habitat, or taxonomic class. Lithification has minimal effect on the impact of the Pull of the 

Recent, but does have a notable effect on apparent range-through diversity in the Pleistocene. 

5.4.3. Summary 

Given the widespread use of range-through diversity measures in previous studies, 

and the richness of data compilations that record taxonomic first and last occurrences, it is 

important to quantify the magnitude of the Pull of the Recent in the fossil record, particularly 

due to the contrasting results on the magnitude of diversity increase toward the recent both 

globally, and regionally in New Zealand (Beu 1990; Crampton et al. 2006b, 2011; Hendy 

2009). Here we demonstrate that, for a tectonically active region and for genera and species, 

the Pull of the Recent does not exert a strong effect on apparent diversity patterns over the 

Cenozoic. This implies that the apparent rise in regional marine diversity either represents a 

true biological signal, or results from other confounding effects not considered here, or 

reflects a combination of factors. 
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Chapter 6 

 

The Spatial Scaling of Beta Diversity in the Shallow-

Marine Fossil Record 

 

“The crust of the Earth is a vast museum” 

(Charles Darwin, On the Origin of Species, 1859)  

  

 

 

 

 

 

 

 

 

 

 

 

 



149 
 

Preface 

 

 The spatial distribution of the fossil record through time is uneven and constrained by 

tectonic processes and the current configuration of the Earth’s continents. As a result, true 

biological patterns in the fossil record may be overprinted by variability in the spatial 

distribution of fossil ecosystems through time, and therefore, requires consideration in 

paleodiversity studies. Despite this, the impact of spatial bias on temporal diversity patterns 

in the fossil record has often been overlooked, and studies that have assessed the impact of 

the spatial distribution of paleontological samples have generally focused on global patterns 

of biodiversity (Alroy 2010b, Vilhena and Smith 2013, Close et al. 2017, Close et al. 2020a, 

Close et al. 2020b). Consequently, the impact of spatial biases at smaller spatial scales and 

for other partitions of biodiversity are largely unknown. This is particularly true for beta 

diversity, which quantifies the spatial structuring of ecological communities and is a 

fundamental partition of biodiversity. Furthermore, despite its common application in 

ecology, studies of beta diversity in the fossil record are relatively limited at regional spatial 

scales that provide an important intermediate spatial scale for understanding 

macroevolutionary processes. 

 Measuring beta diversity is a controversial topic, and there are a plethora of metrics 

(Koleff et al. 2003) with no overall consensus on which metrics should be used for addressing 

particular ecological questions (Anderson et al. 2011) or what actually constitutes true beta 

diversity (Tuomisto 2010a, b, Anderson et al. 2011). In addition, unlike alpha and gamma 

diversity, beta diversity cannont be physically measured and is a derived quantity. As a result, 

the relationship between spatial scale and beta diversity is complex, and is still debated in 

current ecological research (Barton et al. 2013, Antão et al. 2019). Similarly, quantifying 

spatial variation in the fossil record poses a problem, as different methods emphasize 
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different aspects of the distribution of fossil localities and there is often uncertainty in 

paleogeographical reconstructions. This is particularly true for New Zealand, where global 

tectonic models often place their uncertainty in New Zealand due to its unique tectonic 

setting, straddling the obliquely convergent boundary between the Pacific and Australian 

plates. 

This chapter focuses on this knowledge gap and tests the spatial scaling of beta 

diversity in the shallow-marine fossil record, utilizing the fossil dataset generated in 

Chapter 3 (FRED shelfal dataset), and is modified version of the original paper submitted on 

this subject (Womack et al. 2020). The aims of the paper were to (1) derive suitable 

paleocoordinates for fossil localities, (2) assess the most suitable measures of beta diversity 

and spatial distribution, (3) quantify the spatial scaling of beta diversity, and (4) create a 

method that can accommodate for both uneven sampling and spatial distribution of fossil 

localities through time. Co-authors to this paper include the primary and secondary 

supervisor of this thesis, whose input was provided through regular discussion and advice at 

meetings and comments on the manuscript. 

The results of this chapter suggest that beta diversity is spatially dependent at local to 

regional spatial scales in the Cenozoic shallow-marine molluscan fossil record of New 

Zealand and that uneven spatial sampling can influence recovered temporal trends in beta 

diversity. The methodological approach generated here is used and refined in subsequent 

chapters that focus on the interpretation of the resultant diversity patterns (Chapters 7 and 8). 
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6.1. Introduction 

 

The correct interpretation of past patterns of biodiversity is fundamental to our 

understanding of how life responds to environmental change and provides a valuable context 

for the current biodiversity crisis (Urban 2015, Blowes et al. 2019). Biodiversity can be 

subdivided broadly into three main partitions: alpha, beta, and gamma diversity (Whittaker 

1960). Alpha is diversity at the finest scale—the point sample—and gamma is diversity at the 

largest scale of observation (Patzkowsky and Holland 2012). Beta diversity represents spatial 

variation of species among sites at the scale of observation, and in a sense, it links alpha and 

gamma diversities (Anderson et al. 2011). The spatial scale of observation is contextual, and 

gamma diversity may reflect diversity at relatively small to global scales. Alpha and gamma 

diversity are, in theory, directly measurable in ecology, that is, through exhaustive 

investigation, whereas beta diversity reflects a derived quantity. Beta diversity is a 

fundamental partition of biodiversity and is central to many macroecological phenomena 

(Lennon et al. 2001). It has been shown to be a significant contributor to gamma diversity in 

ecological (Lennon et al. 2001, McKnight et al. 2007, Veech and Crist 2007) and 

paleoecological studies (Holland 2010, Na and Kiessling 2015) and an important factor in 

understanding the drivers of biodiversity (Aberhan and Kiessling 2012, Patzkowsky and 

Holland 2012, Hofmann et al. 2019). Previous studies within the fossil record have 

highlighted that there is a need for analyses at finer spatial and geographic scales (Aberhan 

and Kiessling 2012, Patzkowsky and Holland 2012), particularly at the regional scale, which 

has been identified as a biogeographically important scale for understanding 

macroevolutionary patterns (Vermeij and Leighton 2003). Studies of beta diversity at the 

regional scale are relatively limited, and even scarcer are studies on the spatial dependence of 

beta diversity (Barton et al. 2013). This is particularly important in the fossil record, where 
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temporal variation in spatial distribution of fossil localities is a known and pervasive bias 

(Vilhena and Smith 2013, Close et al. 2017, Close et al. 2020a, Close et al. 2020b).  

Previous studies of beta diversity in the fossil record at large spatiotemporal scales 

have allowed for spatial variability in sampling by combining collections based on either a 

grid system (Crampton et al. 2011, Brocklehurst et al. 2018, Penny and Kröger 2019) or a 

specified distance (He et al. 2018). However, these approaches do not necessarily account for 

temporal variation in spatial distribution or area, and time series of beta diversity may be 

affected by this (see Chapter 4, section 4.3). Broadly speaking, beta diversity is commonly 

measured by the direct relationship between alpha and gamma components, true beta 

diversity sensu stricto (see Tuomisto 2010a, b), or by measuring compositional dissimilarity 

between point samples (Anderson et al. 2011). Conceptually and in ecological terms, 

assuming a fixed grain size (the spatial scale of individual units of observation) and variable 

extent (the spatial scale encompassing all units of observation), we would expect beta 

diversity, measured from the direct relationship of alpha and gamma, to increase with 

increasing area (Barton et al. 2013). The rate of increase is expected to decline from local to 

regional scales as fewer new species are encountered and one approaches total regional 

(gamma) diversity, in the manner shown by the triphasic species–area relationship 

(Rosenzweig 1995). Intuitively, this would be applicable to the fossil record, as we anticipate 

the same relationship (Sclafani and Holland 2013). The relationship between spatial scale and 

compositional dissimilarity is, however, more complex and dependent on taxa, grain and 

extent size (Barton et al. 2013) and is still debated in current ecological research (Barton et al. 

2013, Antão et al. 2019).  

Quantifying spatial scales in the fossil record is further complicated by uneven 

sampling and uncertainties in paleogeographic configuration (see Chapter 4, section 4.3). 

Thus, spatial distribution of the sampled fossil record may be a result of uneven sampling—
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patchy preservation of the rock record and sampling of that record, for instance—or true 

changes in the spatial structuring of environments, such as increase, decrease, or changing 

location of continental shelf area or landmass. To complicate matters, the confounding effects 

of sampling and the quality of the fossil record may have been simultaneously affected by 

latent common-cause factors (Smith 2001, Crampton et al. 2011, Peters and Heim 2011). 

Understanding the spatial variation in beta diversity provides a unique perspective on this 

problem.   

To our knowledge, no studies have previously focused on or corrected for spatial 

scaling of beta diversity in the fossil record. However, recent studies on the species–area 

effect in the fossil record have shown that there is a conspicuous difference in measures of 

global richness once standardization to spatial regions of equal size is used (Close et al. 2017, 

2020a, b). These studies employ spatial standardization based on the summed minimum 

spanning tree (MST) length, defined as the shortest possible total distance of segments that 

connect a set of fossil localities (Close et al. 2017). Here we focus primarily on testing the 

spatial dependence of different measures of beta diversity at the regional scale and species 

level using the exemplary, well-studied, and relatively complete fossil record of Cenozoic 

mollusks from New Zealand (Crampton et al. 2006a, b, 2011). In addition, we provide a 

spatially standardized time series of beta diversity using the same data. 
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6.2. Material and Methods 

 

6.2.1. Materials 

This study focuses on New Zealand’s rich record of Cenozoic marine mollusks 

(bivalves, gastropods, and scaphopods), using occurrence data derived from the Fossil Record 

Electronic Database (FRED). FRED is a collection-based compilation of fossil occurrences 

within New Zealand, and it is well described elsewhere (Clowes et al. 2020). Data relating to 

Cenozoic Mollusca were downloaded from FRED in September 2018 and subsequently 

revised with a newly updated version of the synonymy list (employed by Crampton et al. 

2006b, 2011; Womack et al. 2020), modified to take account of relevant recent literature 

(Beu et al. 2004; Beu 2006, 2011, 2012; Beu and Raine 2009) (i.e., the FRED Shelfal dataset 

- see Chapter 3, section 3.2.2). Analyses within this study are reported at the species level, 

excluding subspecies. Ambiguous identifications were removed from the dataset (including 

removal of taxa with the prefixes “cf.” and “aff.”). An additional cleaning protocol was 

employed to remove fossil occurrences recorded outside their known biostratigraphic ranges 

as documented in the synoptic dataset (Beu and Maxwell 1990; Crampton et al. 2003, 2006a; 

Cooper et al. 2006; Beu and Raine 2009). The synoptic dataset is separate from FRED and 

comprises expert interpretations of the biostratigraphic ranges of mollusk species; it is 

taxonomically highly vetted, having been synthesized from the known fossil record by just 

two paleontologists (A. G. Beu and P. A. Maxwell) over many years. In contrast, the FRED 

dataset, although also vetted here, may still contain spurious or erroneous identifications that 

could bias measures of beta diversity based on dissimilarity (see Chapter 3, sections 3.2.1 and 

3.2.2).  

We restrict our analysis to level-bottom shelf-dwelling taxa to allow for the 

disproportionately low representation of non-shelfal taxa and environments in the New 
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Zealand Cenozoic stratigraphic record (Beu and Maxwell 1990). Shelfal taxa are defined here 

as those inferred to have been confined to, or to have ranged into, shelf water depths (< ~200 

m water depth) (Crampton et al. 2006b). We exclude data from the Chatham Islands due to 

their large distance from New Zealand’s mainland for most of the Cenozoic (> ~700 km). 

Geological ages are given in terms of New Zealand Cenozoic Stages (Fig. 6.1), and time bins 

used within this study are based on individual and combined stages, yielding 13 time bins 

(Fig. 6.1, Table 6.1) with average duration of 3.5 Myr. Our analyses are restricted to 

occurrences from collections restricted in age to a single time bin. The final dataset analyzed 

here comprises 26,873 occurrences of 1713 species from 4173 collections.  
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FIGURE 6.1. New Zealand Cenozoic timescale (after Raine et al. 2015), with units in Ma. 

Most analyses are undertaken at the resolution of the highlighted time bins shown here 

(shaded and unshaded blocks in the right-hand column); a few analyses for the past 5 Myr are 

undertaken at the resolution of individual New Zealand Plio-Pleistocene stages. 
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Time bin 
Base and top 

age (Ma) 

Midpoint 

(Ma) 

Duration 

(Ma) 
NZ Stages 

Total 

collections 

Total occupied grid 

cells 

Maximum summed 

MST length (km) 

1 0 – 2.40 1.20 2.40 Recent, Haweran, Castlecliffian 1705 76 4640 

2 2.40 – 5.33 3.87 2.93 
Nukumaruan, Mangapanian, 

Waipipian, Opoitian 
781 68 3863 

3 5.33 – 7.20 6.26 1.87 Kapitean 248 31 2158 

4 7.20 – 11.04 9.12 3.84 Tongaporutuan 333 41 2571 

5 11.04 – 13.05 12.04 2.01 Waiauan 89 24 2219 

6 13.05 – 15.90 14.47 2.85 Lillburnian, Clifdenian 95 22 2290 

7 15.90 – 18.70 17.30 2.80 Altonian 308 51 3430 

8 18.70 – 21.70 20.20 3.00 Otaian 142 31 2824 

9 21.70 – 25.20 23.45 3.50 Waitakian 104 28 2322 

10 25.20 – 27.30 26.25 2.10 Duntroonian 108 32 3069 

11 27.30 – 34.60 30.95 7.30 Whaingaroan 40 16 1792 

12 34.60 – 39.10 36.85 4.50 Runangan, Kaiatan 58 16 1349 

13 39.10 – 45.70 42.40 6.60 Bortonian, Porangan 116 20 2818 

TABLE 6.1. Time bins used for measuring the spatial scaling of beta diversity and the corresponding New Zealand Stage names (after Raine et 

al 2015). Total collections are based on the number of unique collections and total occupied grid cells the number of occupied grid cells within 

each individual time bin. Maximum summed MST lengths are calculated using the central coordinates of all occupied equal area grid cells in 

each time bin. Unstandardized collection-based analyses are calculated using all collections and grid-based analyses the total occupied grid cells 

in each individual time bin. 
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6.2.2. Paleocoordinates 

To derive measures of beta diversity that reflect true spatial and temporal variation in 

biodiversity, we calculated paleocoordinates for individual collections based on their modern 

latitudes and longitudes. This is particularly important for New Zealand, as it straddles the 

obliquely convergent boundary between the Pacific and Australian plates, with 

reconstructions suggesting up to ~800 km of relative plate motion since ~43 Ma and 80°–90° 

clockwise rotation on the still-active subduction zone on the east coast of New Zealand’s 

North Island since ~20 Ma (Lamb 2011) (see Chapter 2, Fig. 2.5). Paleocoordinates were 

reconstructed using the software GPlates (Müller et al. 2018). Reconstructions were based on 

a rigid-block model of New Zealand using relative finite rotations, continental polygons, and 

coastlines (Matthews et al. 2016) placed in the global paleomagnetic reference frame 

(Torsvik et al. 2012). The use of a paleomagnetic reference frame for New Zealand has been 

shown to place strong constraints on both the tectonic evolution of the plate-boundary zone 

and the dynamical controls of crustal evolution (Lamb 2011). See Figure 6.2 for examples of 

modern-day and reconstructed paleocoordinates for the Altonian Stage (18.7–15.9 Ma), and 

paleocoordinates for the Tongaporutuan Stage (11.04–7.2 Ma); Figure 6.3 shows 

reconstructed paleocoordinates for all time bins (and see Fig. 2.5 for reconstructed 

paleobathymetry through the Cenozoic). 
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FIGURE 6.2. Recent and example paleogeographic maps of New Zealand showing fossil 

collection localities. (A) Recent geography of New Zealand showing the position of 

continental fragments lying on the Australian and Pacific plates and Altonian (Pl) (18.7–15.9 

Ma) fossil collection localities. (B,C) Reconstructed paleocoordinates with the rotated 

fragments of the modern New Zealand coastline outline for reference and Altonian (Pl) 

(18.7–15.9 Ma) (B) and Tongaporutuan (Tt) (11.04–7.2 Ma) (C) fossil collection localities. 

Maps (B, C) show the equal-area penta-hexagonal grid with occupied grid cells shaded and 

minimum spanning tree (MST). The example MSTs are based on the central coordinates of 

all occupied grid cells.   
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FIGURE 6.3. Cenozoic fossil collection locality paleocoordinates for each time bin, with 

number of collections denoted by n.  Time bins are labelled by the midpoint of the bin (see 

Fig. 6.1 and Table 6.1). 

 

6.2.3. Measuring Spatial Variation 

Quantifying spatial variation in beta diversity requires some measure of distance, 

area, or geographic dispersion. This poses a problem, as different methods emphasize 

different aspects of the distribution of fossil localities (Close et al. 2017). Principally, we are 

concerned with variation in area. Previous studies have focused on measuring spatial 

variation using the area of the convex-hull, great-circle distances, summed MST length 

(Alroy 2010b; Close et al. 2017, 2020a,b), or a grid-based system (Crampton et al. 2011; 
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Penny and Kröger 2019). Our data represent shelfal fossil communities; ideally, estimates of 

spatial area should represent shelfal area. Estimating shelfal area for New Zealand is difficult, 

as there are no spatially or temporally well-resolved, palinspastic paleogeographic maps for 

New Zealand. Based on the assumption that paleocoordinates for New Zealand shelfal fossil 

collections approximately fringe the paleocoastline, particularly at larger spatial scales, the 

area of the convex-hull would be biased substantially by the area formerly occupied by land 

(see Chapter 4, section 4.3). In addition, the convex-hull has been shown to be highly 

sensitive to sampling size and to consistently overestimate species geographic ranges 

(Burgman and Fox 2003). We therefore adopt a grid system as a proxy for spatial area, based 

on an equal-area penta-hexagonal grid generated using the R (R Development Core Team 

2020) package icosa (Kocsis 2020). Studies of beta diversity in the fossil record at the global 

scale have opted for a grid of side 111 km (Penny and Kröger 2019). We adopt a smaller grid 

of side 23 km, because our data are at the regional scale. The grid system provides a measure 

of area occupied by collections, but does not capture any information regarding the 

geographic dispersion of the data—10 grid cells could be contiguous or widely dispersed 

across a continent. Therefore, we also consider the summed MST length as a measure of 

paleogeographic dispersion, calculated using the R functions of Close et al. (2017). Our 

calculations of summed MST length are based on the central coordinates of the individual 

grid cells, reducing biases related to clustering of collections in well-sampled areas. Whereas 

summed MST length may still be partially biased by landmass, it has been shown to correlate 

well with grid-cell occupation in the fossil record, can approximate complex distribution 

shapes (e.g., surrounding a landmass), and provides a good compromise in summarizing the 

spatial distribution of fossil localities based on their coordinates (Alroy 2010; Close et al. 

2017).  

 



163 
 

6.2.4. Measuring Beta Diversity 

Measuring beta diversity is a controversial topic, and there exist a plethora of metrics 

(Koleff et al. 2003) with no overall consensus on which metrics should be used for addressing 

particular ecological questions (Anderson et al. 2011) or what actually constitutes true beta 

diversity (Tuomisto 2010a,b; Anderson et al. 2011). Conceptually, the spatial relationship 

between alpha and gamma diversity is well documented in ecology (Rosenzweig 1995, 

MacArthur and Wilson 2001, Scheiner 2003, Drakare et al. 2006) and paleontology 

(Sepkoski 1976, Barnosky et al. 2005, Sclafani and Holland 2013, Close et al. 2017). 

Conversely, the spatial dependence of beta diversity is relatively unknown (Barton et al. 

2013). The problem is compounded when applying beta diversity to the fossil record due to 

confounding effects of uneven preservation and sampling of the rock and fossil records 

through time. A full review of beta diversity is out of the scope of this paper, and we follow 

Anderson et al. (2011) in their broader definition of beta diversity, discussed in the following 

paragraph. 

 Beta diversity can be separated into two types, turnover and variation (Vellend 2001; 

Anderson et al. 2011). “Turnover” measures the change in community composition and 

structure from one sampling unit to another, spatially, temporally, or over an environmental 

gradient; whereas “variation” is measured among all possible pairs of units, without reference 

to any particular gradient or direction (Anderson et al. 2011). Turnover is often measured as 

similarity, but is also commonly expressed as dissimilarity (simply 1-similarity or by 

rearranging the formula; see Koleff et al. 2003). In addition, turnover can be subdivided into 

species replacement (commonly termed “spatial turnover”) and nestedness of assemblages 

(species loss) (Baselga 2010). For example, take two sites of varying species richness. The 

first site has a higher species richness and the second site is compositionally a subset of the 

first site’s species. The variation in species composition between the two sites is due to 
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differences in species richness, not species replacement, and forms the core concept of 

nestedness (Ulrich and Almeida-Neto 2012). Subdividing turnover into species replacement 

and nestedness components can help reveal underlying drivers of assemblage difference that 

may be obscured when they are combined (Wright et al. 1997; Penny and Kröger 2019). We 

are interested in both the overall variation in beta diversity and the turnover across all shelfal 

gradients, and therefore both concepts are useful and applicable. 

Fossil collection data contained in FRED are generally binary (presence–absence) and are 

treated as incidence data, and therefore we only discuss methods relevant to this data type. 

On this basis, we consider three main classes of measures of beta diversity for incidence data 

and their spatial scaling (Table 6.2).  

1. Classical metrics, which are derived directly from the relationship between alpha and 

gamma diversity and are more suited to measuring overall variation. We adopt the 

original multiplicative (βWhit) (Whittaker 1960) and additive (βAdd) (Lande 1996) 

definitions of beta diversity as measures. Both and additive and multiplicative 

measures of beta diversity have been shown to be effective in the fossil record 

(Holland 2010; Aberhan and Kiessling 2012). 

2. Pairwise measures, which are based on similarity indices between a pair of sites or an 

average of all pairs, and quantify turnover (Anderson et al. 2011). We adopt pairwise 

measures of the Sørensen (βSor) and Simpson (βSim) dissimilarity as expressed by 

Koleff et al. (2003).  

3. Multiple-site measures, which are derived from multiple-site equivalents of the 

matching components used in certain pairwise measures and also quantify turnover 

(Anderson et al. 2011). We adopt multisite implementations of the Sørensen (βMSor) 

and Simpson (βMSim) pairwise dissimilarity measures (Baselga 2010; Baselga and 

Leprieur 2015). 
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Sørensen dissimilarity measures compositional differences arising from species 

replacement and species loss, whereas Simpson dissimilarity measures only species 

replacement. The nested component of turnover can be calculated simply by subtracting the 

Simpson dissimilarity measure from the Sørensen dissimilarity measure (βNest for pairwise 

and βMNest for multisite) (Baselga 2010). Pairwise measures are calculated in R using the 

package vegan (Oksanen et al. 2007) and multisite measures using betapart (Baselga and 

Orme 2012). To accommodate for local variation in preservation and sampling of collections 

and facilitate calculation of area and distribution, we assign collections in each time bin to 

their corresponding grid cell based on their paleocoordinates. Collections in each grid cell are 

aggregated and reduced to binary incidence data and treated as a single sample; this protocol 

reduces the impact of local clustering of data around richly sampled localities. 
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TABLE 6.2. Equations and notations for measures of beta diversity adopted within this chapter. 

(1) S = total species richness (gamma diversity) and �̅� = alpha diversity (i.e., collection or within cell diversity).  

(2) Components a, b and c refer to the spatial distribution of a species across a pair of samples as defined by Koleff et al. (2003): a = total species shared by 

both samples; b = total number of species within the neighbouring sample not shared with the focal sample; c = total number of species within the focal sample 

not shared with the neighbouring sample.  

(3) Multiple site analogues of a, b and c as defined by Baselga (2010): Si = total number of species in site i; ST  = total number of species in all sites; bij = the 

number of species exclusive to sites i and j. 

Beta diversity measure Notation (this paper) Equation References 

(1) Classic measures 

Multiplicative βWhit 

𝑆

�̅�
 

 
(Whittaker 1960) 

Additive βAdd 
𝑆 − �̅� 

 
(Lande 1996) 

(2) Pairwise measures 

Sørensen dissimilarity 

index 
βSor 

𝑏 + 𝑐

2𝑎 + 𝑏 + 𝑐
 

 

(Koleff et al. 2003, Lennon et 

al. 2001, Sorensen 1948) 

Simpson dissimilarity 

index 
βSim 

min (𝑏, 𝑐)

𝑎 + min (b, 𝑐)
 

 

(Koleff et al. 2003, Lennon et 

al. 2001, Simpson 1943) 

Nestedness-resultant 

dissimilarity  
βNest 

max(𝑏, 𝑐) − min (𝑏, 𝑐)

2𝑎 + min(𝑏, 𝑐) + max (𝑏, 𝑐)
×  

𝑎

𝑎 + min (b, 𝑐)
 

 

(Baselga 2010) 

(3) Multi-site measures    

Sørensen dissimilarity 

index 
βMSor 

[∑ min(𝑏𝑖𝑗 , 𝑏𝑗𝑖)𝑖<𝑗 ] +  [∑ max(𝑏𝑖𝑗 , 𝑏𝑗𝑖)𝑖<𝑗 ]

2[∑ 𝑆𝑖 − 𝑆𝑇𝑖 ] +  [∑ min(𝑏𝑖𝑗 , 𝑏𝑗𝑖)𝑖<𝑗 ] + [∑ max(𝑏𝑖𝑗 , 𝑏𝑗𝑖)𝑖<𝑗 ]
 

 

(Baselga 2010) 

Simpson dissimilarity 

index 
βMSim 

[∑ min(𝑏𝑖𝑗 , 𝑏𝑗𝑖)𝑖<𝑗 ]

[∑ 𝑆𝑖 − 𝑆𝑇𝑖 ] +  [∑ min(𝑏𝑖𝑗 , 𝑏𝑗𝑖)𝑖<𝑗 ]
 

 

(Baselga 2010) 

Nestedness-resultant 

dissimilarity  
βMNest 

[∑ min(𝑏𝑖𝑗 , 𝑏𝑗𝑖)𝑖<𝑗 ] −  [∑ max(𝑏𝑖𝑗 , 𝑏𝑗𝑖)𝑖<𝑗 ]

2[∑ 𝑆𝑖 − 𝑆𝑇𝑖 ] +  [∑ min(𝑏𝑖𝑗 , 𝑏𝑗𝑖)𝑖<𝑗 ] + [∑ max(𝑏𝑖𝑗 , 𝑏𝑗𝑖)𝑖<𝑗 ]

×
[∑ 𝑆𝑖 − 𝑆𝑇𝑖 ]

[∑ 𝑆𝑖 − 𝑆𝑇𝑖 ] +  [∑ min(𝑏𝑖𝑗 , 𝑏𝑗𝑖)𝑖<𝑗 ]
 

 

(Baselga 2010) 
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We run our analyses with all available collections and a resampling procedure to 

reduce the impact of uneven numbers of collections per time bin. This resampling procedure 

is based on 40 collections resampled 1000 times, without replacement. The number of 

collections per trial is based on the minimum number of collections in the most poorly 

sampled time bin (40 collections in the Whaingaroan Stage [Lwh]: 34.6–27.3 Ma) (see Fig.  

6.4 for a diagram that explains the workflow). No spatial constraints are applied to the 

resampling procedure, allowing for spatial standardization to be calculated afterward at any 

chosen level. For each trial, we assign the collections to their grid cells, as described earlier, 

forming the sampling units. We select one of these grid cells as the focal sample and 

calculate the geodesic distance to all other sites, and then repeat the process, treating each 

occupied grid cell as the focal sample in turn. During each iteration, we calculate measures of 

beta diversity and measures of spatial variation incrementally, moving outward from the focal 

sample, adding one sample at a time until the most distant of the 40 samples is included. This 

allows beta diversity to be calculated in reference to a spatial gradient, rather than randomly, 

thereby avoiding measuring beta diversity for samples where geographic distance and 

calculated spatial area are essentially decoupled. For each increment, alpha diversity is 

calculated as the average raw species richness per sample, and gamma diversity as the raw 

species richness for all samples. Coverage-based subsampling is not applied to alpha and 

gamma diversity, because we have standardized the number of collections to 40, but could be 

implemented if spatially standardizing to a fixed spatial scale. Data are reported as the mean 

and standard error of successful trials out of 1000, based on either number of grid cells or 

binned summed MST lengths. Successful trials are defined as those that reach the 

predetermined threshold of grid cells or binned summed MST lengths. Unsuccessful trials 

occur because larger spatial scales will not be encountered in every resampling trial. 

Following the resampling procedure, spatial standardization can be achieved by taking the 
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average measures of beta diversity for successful trials within a singular time bin at a fixed 

number of cells or range of summed MST lengths.  

From these calculations we generate spatially and sampling standardized beta-

diversity time series. We estimate measures of beta diversity at a fixed number of cells (13) 

and summed MST range (1000–1100 km).  The level of spatial standardization is based on 

the minimum number of grid cells and minimum summed MST observed across all time bins 

after standardizing to 40 collections. For comparison, we also calculate unstandardized 

measures of beta diversity based on all collections and combined collections based on the 

penta-hexagonal grid system. 
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FIGURE 6.4. Flowchart highlighting the methodical resampling protocol to produce measures 

of beta diversity for each time bin at increasing spatial scales. For this study ncoll is set at 40. 

Dashed arrow lines indicate the loop relating to what is in the text referred to as a single trial. 

*Mean and standard errors are based on the number of successful trials for the spatial scale of 

interest, that is, larger spatial scales will not be encountered in every resampling trial. 
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6.3. Results 

 

Measures of variation (βAdd and βWhit) generally conform to the a priori expectation 

that beta diversity increases with increasing spatial scale and that this rate of increase declines 

at regional spatial scales (Fig. 6.5, and see Figs. 6.6 and 6.7). This relationship is also seen in 

both pairwise (see Fig. 6.8) and multisite measures of average Sørensen dissimilarity (Fig. 

6.5, panels A–C, and see Figs. 6.9, 6.10). There is a large disparity between the sampling 

standardized measures of βWhit and βAdd beta diversity and their counterparts based on all 

available data, highlighting the importance of sampling and spatial standardization for these 

metrics (Fig. 6.5, panels D and E). Overall, we find that the multisite measures of beta 

diversity (βMSor, βMSim and βMNest) are more stable across spatial scales and are less affected by 

sample size in comparison to other measures of beta diversity (Figs. 6.6–6.10). Our results 

and interpretations are therefore based primarily on the multisite measures of beta-diversity 

turnover and their derived components. Henceforth, we use the following labels for the 

different data treatments: “collection-based” for unstandardized data taken at face value; 

“grid-based” for unstandardized data with collections aggregated by grid cells; and 

“standardized” for the sampling and spatially standardized data, where spatial standardization 

is achieved using either a fixed quota of cells or a fixed summed MST distance. 
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FIGURE 6.5. Measures of beta diversity plotted against summed minimum spanning tree 

(MST) length, for a representative selection of time bins. Unstandardized results are shown in 

gray, based on all collections (aggregated by grid cells). Error bars are presented for sampling 

standardized results only and are based on the standard error of successful trials (maximum 

1000) aggregated by summed MST length bins used to calculate average beta diversity 

(where summed MST was aggregated into 100 km bins). See Fig. 6.4 for detailed method of 

resampling protocol. (A–C) Multisite measures of beta diversity (βMSor, βMSim, and βMNest) for 

three time bins: (A), Mangapanian–Opoitian (Wm-Wo) (5.33–2.4 Ma); B, Altonian (Pl) 

(18.7–15.9 Ma); and (C), Runangan–Kaiatan (Ar-Ak) (39.1–34.6 Ma). Graphs (A, B) 

highlight time bins with well-ordered data, contrasting with (C), where βMSim and βMSor do not 

conform to a simple logarithmic trend. This is likely a result, at least in part, of geographic 

clustering of grid cells within this time bin into two confined groups (see Fig. 6.1). (D, E) 

Classic measures of beta diversity: additive (βAdd) (D) and multiplicative (βWhit) (E) plotted 



172 
 

against summed MST length for Mangapanian–Opoitian (Wm-Wo) (5.33–2.4 Ma). The 

number of collections per time bin is denoted by n. 
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FIGURE 6.6. Sampling standardized (40 collections, resampled 1000 times) and 

unstandardized (aggregated by grid cells) Cenozoic additive (βAdd) beta diversity plotted 

against summed MST length for each time bin. Time bins are indicated by their midpoints 

(Ma) (see Fig. 6.1 and Table 6.1) and the number of collections per time bin is denoted by n. 

Error bars represent standard error (based on number of successful trials) and are given for 
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standardized measures only. Unstandardized measures are not visible for the Whaingaroan 

(Lwh) (27.3 – 34.6 Ma: midpoint 30.95 Ma) as the number of collections is the same as the 

resampled number of collections (40). 
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FIGURE 6.7. Sampling standardized (40 collections, resampled 1000 times) and 

unstandardized (aggregated by grid cells) Cenozoic multiplicative (βWhit) beta diversity 

plotted against summed MST length for each time bin. Time bins are indicated by their 

midpoints (Ma) (see Fig. 6.1 and Table 6.1) and the number of collections per time bin is 

denoted by n. Error bars represent standard error (based on number of successful trials) and 
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are given for standardized measures only. Unstandardized measures are not visible for the 

Whaingaroan (Lwh) (27.3 – 34.6 Ma: midpoint 30.95 Ma) as the number of collections is the 

same as the resampled number of collections (40). 
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FIGURE 6.8. Sampling standardized (40 collections, resampled 1000 times) and 

unstandardized (aggregated by grid cells) Cenozoic pairwise (βSor, βSim and βNest) beta 

diversity plotted against summed MST length for each time bin. Time bins are indicated by 

their midpoints (Ma) (see Fig. 6.1 and Table 6.1) and the number of collections per time bin 

is denoted by n. Error bars represent standard error (based on number of successful trials) and 
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are given for standardized measures only. Unstandardized measures are not visible for the 

Whaingaroan (Lwh) (27.3 – 34.6 Ma: midpoint 30.95 Ma) as the number of collections is the 

same as the resampled number of collections (40). 
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 FIGURE 6.9. Sampling standardized (40 collections, resampled 1000 times) and 

unstandardized (aggregated by grid cells) Cenozoic multi-site (βMSor, βMSim and βMNest) beta 

diversity plotted against summed MST length with fitted logarithmic trendlines (with 95% 

confidence interval highlighted) for each time bin. R2 values for logarithmic trendlines are 

displayed at the top of each plot. Values of multi-site beta diversity > 1 are not possible and 
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logarithmic trendline extrapolations are for illustrative purposes. Time bins are indicated by 

their midpoints (Ma) (see Fig. 6.1 and Table 6.1) and the number of collections per time bin 

is denoted by n. Error bars represent standard error (based on number of successful trials) and 

are given for standardized measures only. Unstandardized measures are not visible for the 

Whaingaroan (Lwh) (27.3 – 34.6 Ma: midpoint 30.95 Ma) as the number of collections is the 

same as the resampled number of collections (40). 
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 FIGURE 6.10. Sampling standardized (40 collections, resampled 1000 times) and 

unstandardized (aggregated by grid cells) Cenozoic multi-site (βMSor, βMSim and βMNest) beta 

diversity plotted against grid cell occupancy with fitted logarithmic trendlines (with 95% 

confidence interval highlighted) for each time bin. R2 values for logarithmic trendlines are 

displayed at the top of each plot. Values of multi-site beta diversity > 1 are not possible and 
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logarithmic trendline extrapolations are for illustrative purposes. Time bins are indicated by 

their midpoints (Ma) (see Fig. 6.1 and  Table 6.1) and the number of collections per time bin 

is denoted by n. Error bars represent standard error (based on number of successful trials) and 

are given for standardized measures only. Unstandardized measures are not visible for the 

Whaingaroan (Lwh) (27.3 – 34.6 Ma: midpoint 30.95 Ma) as the number of collections is the 

same as the resampled number of collections (40). 

 

We find that standardized measures of βMSor and βMSim are slightly elevated at smaller 

spatial scales, and βMNest is slightly smaller compared with grid-based measurements (Figs. 

6.9 and 6.10). This disparity is more pronounced when measuring spatial scales using grid-

cell occupancy (cf. Figs. 6.9 and 6.10). Regardless of whether standardization is 

implemented, both βMSor and βMSim increase with spatial scale, and βMNest decreases (Figs. 6.9 

and 6.10), with the exception of the combined Runangan and Kaiatan (Ak-Ar) time bin 

(39.1–34.6 Ma), which shows a variable pattern of βMSim and βMNest. Collections in this time 

bin are split into two distinct geographic clusters (see Fig. 6.3), which are likely to affect the 

derived spatial measures and components of turnover. The general pattern of decrease in 

βMNest with increased spatial scale suggests that nestedness is decreasingly important from 

local to regional spatial scales, and at the regional scale, species replacement (βMSim) is the 

primary component of compositional dissimilarity. 

We experiment with several regression trendlines (linear, power, logarithmic, and 

general additive model) to interpolate a spatially standardized measure of multi-site beta 

diversity. A logarithmic trendline shows the best fit for summed MST length and grid-cell 

occupancy versus average values of βMSor and, to a lesser extent βMSim and βMNest (see Figs. 

6.9, 6.10), based on both fit to the data and visual assessment of the plausibility of the 
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extrapolation. However, this relationship diminishes in older time bins, and given the close 

match between the logarithmic fits and measured average values of beta diversity in younger 

time bins at our chosen standardization quotas, we avoid this additional computational step 

and use the measured values of beta diversity to derive our time series of Cenozoic beta 

diversity (Fig. 6.11). Likewise, we avoid extrapolation using logarithmic regression, because 

in some cases, the trendlines yield values of βMSor greater than 1.0, particularly for time bins 

with low spatial measures and when using grid-cell occupancy as the spatial unit (see Fig. 

6.10). 

Standardized measures of βMSor, βMSim, and βMNest show substantially greater 

proportional volatility through the Cenozoic than unstandardized collection-based and grid-

based measures (Figs. 6.11 and 6.12). Collection-based measures suggest beta diversity 

(βMSor) increases steadily through the Cenozoic, with a similar steady increase in species 

replacement (βMSim) and decrease in nestedness (βMNest). Conversely, standardized measures 

suggest a declining trend in beta diversity (βMSor) in the early Miocene and a large increase in 

βMNest in the Waitakian (Lw) (25.2–21.7 Ma), coinciding with a large decrease in βMSor and 

βMSim. When spatial and sampling standardization is employed for ungrouped Plio-

Pleistocene stages (see Fig. 6.1), the same downward trend is observed (Figs. 6.13 and 6.14). 

Grid-based measures produce results that are more similar to standardized measures than 

collection-based measures, although there are still notable differences in amplitude in peaks 

and overall trend. Similar disparities are observed between unstandardized and standardized 

time series of beta-diversity variation (βAdd and βWhit) (Fig. 6.15). 
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FIGURE 6.11. Cenozoic time series of multisite beta diversity (βMSor, βMSim, and βMNest). We 

present two unstandardized measures: collection-based and grid-based (collections 

aggregated by grid cell) (dashed lines); and two spatially and sampling standardized time 

series using grid-cell occupancy and summed minimum spanning tree (MST) length (solid 

lines). Analyses are undertaken at the resolution of the highlighted time bins shown here (see 

abbreviated stage labels and Fig. 1 for reference), and points are plotted at time-bin midpoints 

(see Fig. 6.1, Table 6.1). For clarity, standard error bars are omitted; see Fig. 6.12 for plots 

with error bars.  
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FIGURE 6.12. Cenozoic time series of spatially standardized (summed MST length and grid 

cell occupancy) multi-site beta diversity (βMSor, βMSim and βMNest). Analyses are undertaken at 

the resolution of the highlighted time bins indicated by the shaded bars and abbreviated stage 

labels (and see Fig. 6.1) and points are plotted at time bin mid-points (See Fig. 6.1 and Table 

6.1). Error ribbons represent standard error. 

 

 

 

 

 

 



188 
 

FIGURE 6.13. Plio-Pleistocene time series of multisite beta diversity (βMSor, βMSim, and βMNest). 

We present two unstandardized measures: collection-based and grid-based (collections 

aggregated by grid cell) (dashed lines); and two spatially and sampling standardized time 

using grid-cell occupancy and summed minimum spanning tree (MST) length (solid lines). 

Analyses are undertaken at the resolution of the Plio-Pleistocene New Zealand Stages shown 

here (see abbreviated stage labels and Fig. 1 for reference), and points are plotted at time-bin 

midpoints (see Fig. 6.1, Table 6.1). For clarity, standard error bars are omitted; see Fig. 14 for 

plots with error bars. 
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FIGURE 6.14. Plio-Pleistocene time series of spatially standardized (summed MST length 

and grid cell occupancy) multi-site beta diversity (βMSor, βMSim and βMNest). Analyses are 

undertaken at the resolution of the Plio-Pleistocene New Zealand Stages indicated by the 

shaded bars and abbreviated stage labels (and see Fig. 6.1) and points are plotted at time bin 

mid-points (See Fig. 6.1 and Table 6.1). Error ribbons represent standard error. 
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FIGURE 6.15. Cenozoic time series of multiplicative and additive beta diversity (βWhit and 

βAdd). We present two spatially and sampling standardized time series using grid cell 

occupancy and summed MST length (solid lines) and a unstandardized grid-based time series 

(dashed lines). Collection-based time series are omitted to allow legibility of standardized 

measures. Analyses are undertaken at the resolution of the highlighted time bins shown here 

(see abbreviated stage labels and Fig. 6.1 for reference) and points are plotted at time bin 

mid-points (See Fig. 6.1 and Table 6.1). 

 



192 
 

To assess the effect of spatial standardization, we calculate the correlation between 

time series of multisite beta-diversity turnover and total per–time bin measurements of 

summed MST length and grid-cell occupancy. Correlations are calculated for three levels of 

standardization: (1) unstandardized based on raw collections; (2) unstandardized based on 

collections aggregated by grid cell; and (3) sampling and spatially standardized. We employ 

Spearman’s rank-order correlation coefficient (rs) based on first differences (denoted by the 

symbol ∆). We find that correlation coefficients for βMSor are strong and significant and βMSim 

are moderately strong and significant (marginal in the case of grid-cell occupancy) when 

unstandardized based on collections for both summed MST length and grid-cell occupancy 

(Table 6.3). Effect size decreases when collections are aggregated by grid cell, but are still 

moderately strong and significant for βMSor and moderate for βMSim versus for grid-cell 

occupancy. When sampling and spatial standardization are employed, effect size is negligible 

for summed MST length, but still slightly elevated for grid-cell occupancy. This suggests that 

both methods are suitable for spatial standardization and summed MST length may be more 

effective. 

 

 

 

 

 

 

 



193 
 

Beta diversity 

component 
Standardization method 

∆ summed  

MST length 

∆ grid cell 

occupancy 

rs p rs p 

∆ βMSor 
(1) Unstandardized  

(based on collections) 

0.692 0.016 0.830 < 0.001 

∆ βMSim 0.664 0.022 0.574 0.051 

∆ βMNest -0.350 0.266 -0.385 0.216 

∆ βMSor 
(2) Unstandardized 

(aggregated by grid cell) 

0.371 0.193 0.627 0.029 

∆ βMSim 0.406 0.193 0.536 0.073 

∆ βMNest -0.112 0.733 -0.252 0.429 

∆ βMSor 
(3) Sampling and 

spatially standardized 

0.182 0.573 0.396 0.203 

∆ βMSim 0.098 0.766 0.301 0.341 

∆ βMNest 0.028 0.939 -0.112 0.729 

 TABLE 6.3. Correlations between multi-site beta diversity versus summed MST length and 

grid cell occupancy. Three standardization methods are considered: (1) unstandardized, based 

on fossil collection localities and (2) aggregated by grid cell; and (3) sampling and spatially 

standardized. Correlations are based on first differences denoted by ∆. 

 

 It is also possible that beta diversity is dependent, in part, on time-bin duration. 

Collections in long time bins may be more separated in time compared with those in short 

time bins, and this might bias measures of dissimilarity. To test this, we calculate the 

correlation between time series of standardized measures of multisite beta-diversity turnover 

and time-bin duration, using Spearman’s rank-order correlation coefficient based on first 

differences. We find that all values are nonsignificant and correlation coefficients for βMNest 

are low and moderate to moderately low for βMSor and βMNest, respectively (Table 6.4). 

Whereas correlation coefficients for βMSor and βMNest are slightly elevated, they are 

nonsignificant and, importantly, show the opposite trend that would be anticipated if time-bin 

duration biased beta diversity, and are therefore are likely a result of spurious correlation. 

This suggests volatility in beta diversity is not strongly influenced by time-bin duration. 
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 rs p 

∆ βMSor v. ∆ time bin duration -0.503 0.099 

∆ βMSim v. ∆ time bin duration 0.070 0.834 

∆ βMNest v. ∆ time bin duration -0.343 0.276 

TABLE 6.4. Correlations between standardized multi-site beta diversity and time bin 

duration. Correlations are based on first differences denoted by ∆. 
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6.4. Discussion and Summary 

 

6.4.1. Spatial Scaling of Beta Diversity 

All measures of beta diversity (with the exception of βMNest) increase with spatial 

scale and show declining rates of increase at regional spatial scales. For the New Zealand 

Cenozoic mollusk data, multisite measures of turnover and their components (βMSor, βMSim, 

and βMNest) show an approximately logarithmic relationship with summed MST length and 

grid-cell occupancy, particularly in younger time bins (27.3–0 Ma) (Figs. 6.9 and 6.10). The 

relationship between spatial scale and beta diversity measured as compositional turnover is 

complex and dependent on a number of factors, including taxa, grain and extent size, and the 

metric itself. It is possible that the logarithmic relationship observed may, in part, be related 

to the species–area relationship, where the decreasing number of new species encountered at 

increasingly larger spatial scales may limit compositional dissimilarity.  

6.4.2. Temporal Patterns of Beta Diversity 

Time series derived by standardizing on summed MST length and grid-cell occupancy 

reveal similar patterns, but summed MST length is considered to be the superior approach, 

because it captures the geographic dispersal of the data. For example, in the Altonian (Pl) 

(17.3–15.9 Ma), collection locations are spread relatively evenly in paleogeographic 

coordinates, whereas Tongaporutuan (Tt) (11.04–7.2 Ma) collections are clumped 

predominately in the north (Fig. 6.2). Both time bins have similar numbers of collections, and 

the Altonian (Pl) has 19% more occupied grid cells relative to the Tongaporutuan (Tt) (Fig. 

6.2). Based on the average summed MST length and grid-cell occupancy for 40 collections 

(for all 1000 trials), grid-cell occupancy increases by 17% from the Tongaporutuan (Tt) to the 

Altonian (Pl), whereas mean summed MST length increases by 28%, a value that captures the 

observable increase in geographic dispersal. These relative differences in measures of 
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geographic extent explain, in part at least, the differences we see in time series based on the 

two methods, in particular using βWhit (Fig. 6.13). Studies at larger spatial scales or with less 

evenly spaced data should consider this potential bias for spatial standardization. 

Partitioning turnover (βMSor) into nestedness (βMNest) and species replacement (βMSim) 

facilitates a greater understanding of patterns in beta diversity. Species replacement (βMSim) is 

the dominant component of compositional dissimilarity and increases with spatial scale, 

whereas nestedness (βMNest) decreases. These patterns are logical consequences, in part at 

least, of environmental and ecological factors that operate at different spatial scales. Hence, 

as spatial scale increases, climate and environmental contrasts related to latitude will also 

increase and dispersal limitation of species will become more significant, both factors that are 

likely to increase species replacement and decrease nestedness.  

Patterns of beta diversity should be considered in relation to other standardized 

components of diversity (alpha and gamma) and measures of environmental heterogeneity 

(e.g., see Crampton et al. 2011), and detailed interrogation of these New Zealand Cenozoic 

mollusk data will be the subject of a separate paper. Importantly, for the New Zealand 

Cenozoic mollusk data, time series of beta diversity that employ spatial and sampling 

standardization reveal different temporal trends and much greater proportional volatility than 

those based on unstandardized measurements, displaying contrasting results to previous 

estimates (Crampton et al. 2006b, 2011). These standardizations are neglected in many 

studies of beta diversity, but clearly may have a significant impact on paleobiological 

interpretations, as illustrated in the following two examples from our data. 

Standardized βMSor shows a decline from ~20 Ma, whereas unstandardized measures 

(particularly collection-based) display an increase (Fig. 6.5). Given that this period spans the 

development of the modern plate boundary through New Zealand and also global cooling, 
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one could draw very different conclusions about one or both these factors in driving patterns 

of beta diversity in standardized versus unstandardized measurements.  

Standardized βMSor and βMSim both display a prominent downward excursion in the 

Waitakian Stage (Lw) (25.2–21.7 Ma) that is not observed in unstandardized measures (Fig. 

6.5). The Oligocene marks the maximum flooding of the Zealandia continent, peaking in the 

late Oligocene (Waitakian) (Fleming 1975; Cooper and Cooper 1995; King et al. 1999; King 

2000). The relationships between sea level, environmental heterogeneity, and beta diversity 

are of significant interest, and interpretations based on unstandardized measures are likely to 

be misleading. 

6.4.3. Summary 

We show that beta diversity is spatially dependent at local to regional spatial scales in 

the Cenozoic shallow-marine molluscan fossil record of New Zealand and that uneven spatial 

sampling can influence recovered temporal trends in beta diversity. Our results suggest that 

multisite beta-diversity turnover and components (βMSor, βMSim, and βMNest), standardized 

spatially using summed MST length, are the most suitable for elucidating patterns of beta 

diversity in the fossil record. 
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Chapter 7 

 

A positive relationship between functional redundancy 

and temperature in Cenozoic marine ecosystems 

 

“Chaos is found in greatest abundance wherever order is being sought. It always defeats 

order, because it is better organized.” 

(Terry Pratchett, Interesting Times, 2002) 
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Preface 

 

 The modern distribution of marine life is commonly described by two spatial patterns: 

(1) the species-area relationship and (2) the latitudinal diversity gradient. The species-area 

relationship is one of the most prominent and documented patterns in modern ecology and is 

also evident in the fossil record (Sepkoski 1976, Barnosky et al. 2005), typically conforming 

to the power function model (i.e., a linear relationship in log-log space). Recent evidence 

suggest that a similar relationship exists for functional richness, termed the functional 

diversity-area relationship (Whittaker et al. 2014, Karadimou et al. 2016). However, the 

functional diversity-area relationship has not been examined in the fossil record. 

Observations from the modern latitudinal diversity gradient suggest two important 

biogeographic patterns in the marine realm. Firstly, there is evidence that taxonomic and 

functional richness of bivalves show a parallel poleward decrease in richness (Edie et al. 

2018, Schumm et al. 2019). Second, the spatial relationship between the distribution of the 

number of bivalve functional groups versus the number of species is asymptotic, implying 

functional saturation at a certain spatial scale. The gradient of this relationship appears to be 

steeper at temperate latitudes relative to the tropics (Fig. 7.1). This implies: (1) temperate 

ecosystems accumulate functional groups across spatial gradients at a greater rate than 

tropical ecosystems, and (2) functional redundancy – the duplication of functional roles 

performed by the same species – is higher in the tropics. Although the exact cause of the 

latitudinal diversity gradient is debated, latitudinal gradients of climate and temperature are 

commonly invoked as the most important factors in controlling the distribution of marine 

organisms (Edie et al. 2018, Gagné et al. 2020). If this persists over long timescales, we may 

expect this spatial pattern to be expressed temporally in relatively static mid-latitude regional 

ecosystems (i.e., New Zealand). 
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FIGURE 7.1. Plot of the number of bivalve functional groups versus number of species, split 

into major climatic zones (tropical, temperate, and polar). The plot is constructed from the 

cumulative number of functional groups and species based on sampling equal-area cells 

(based on a square-rectangular grid ~ 1° latitude-longitude at the equator. The figure 

illustrates the asymptotic relationship between the number of functional groups and number 

of species and shows this relationship is steeper in temperate climates relative to the tropics. 

Figure from Schumm et al. (2019). 

 

Within this chapter I examine the species-area relationship and functional diversity-

area relationship of New Zealand’s shallow-marine ecosystems through the Cenozoic. I 

examine whether they conform to similar patterns observed in modern ecology and whether 

the interrelationship between the two, here termed the “functional redundancy relationship”, 

is temperature dependent. This chapter is a modified version of the original paper submitted 

on this subject (Womack et al. in review). Co-authors to this paper include the primary and 

secondary supervisor of this thesis, and K. S. Collins. Input from all three was provided 

through regular discussion, advice, and reviewing the manuscript. In addition, K. S. Collins 
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assisted in the compilation of the functional trait dataset (ecospace), used to quantify 

measures of ecosystem function within this chapter. The methods of quantifying spatial 

distribution derived within this chapter build on those developed in Chapter 6. Furthermore, 

the methods of sampling standardization and the spatial algorithm (to determine the 

species/functional diversity-area relationship) form the basis of the analytical methods 

employed in Chapter 8. 
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7.1. Introduction 

 

One of the primary objectives of paleobiology is to determine first-order controls on 

the spatial and temporal distributions of biodiversity, in order to inform models of and predict 

future ecological impacts of current climate warming. Understanding the spatial structuring 

of biodiversity and its components is fundamental to achieving this objective. Biodiversity in 

the fossil record can be measured in terms of taxonomic and functional diversity, typically 

captured as species and functional richness, the latter measured as the number of unique 

functional groups (defined based on common functional traits shared between species) – here 

used as a proxy for ecological niche. The spatial scaling of species richness, described by the 

species-area relationship, has been documented in the fossil record (Barnosky et al. 2005), 

and conforms to the power function model observed in modern ecology ecology (S = cAz, 

where S is species richness, c and z constants, and A area) (Rosenzweig 1995). The consistent 

form of the species-area relationship has been used widely to assess the impact of 

anthropogenic climate change and habitat loss on modern ecosystems (Thomas et al. 2004, 

Lewis 2006, Halley et al. 2014). On the other hand, spatial scaling of functional richness, 

herein referred to as the functional diversity-area relationship, has not been quantified in the 

fossil record and is understudied in modern ecology (Karadimou et al. 2016). Importantly, it 

is not known whether the relationships between species and functional richness at increasing 

spatial scales are conserved through time, or whether the two respond differently to factors 

that might influence the geographic distribution of modern organisms in response to future 

climate change. 

Recent research across the modern marine latitudinal diversity gradient records high 

levels of functional redundancy – the duplication of functional roles by multiple species - at 

tropical-subtropical latitudes that decrease in temperate latitudes (Edie et al. 2018, Schumm 
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et al. 2019). This pattern suggests that functional redundancy may be driven by latitudinal 

gradients of climate and temperature and, in the case of marine molluscs, is likely controlled 

by total resource abundance (Schumm et al. 2019). A similar pattern of functional 

redundancy relative to species richness has also been observed at regional scales in modern 

mollusc ecosystems (Collins et al. 2019). If functional redundancy is mediated by climate, 

and in particular temperature, we would anticipate that the spatial relationship between 

species and functional richness would vary through time and be correlated with climate 

proxies over geological timescales, assuming these relationships reach an ecological 

equilibrium. This is important as evidence from modern ecology suggests functional 

redundancy may increase ecosystem resilience to future environmental change (Biggs et al. 

2020). 

We quantify and compare the species-area relationship and functional diversity-area 

relationship using the exemplary Cenozoic (Fig. 7.2) fossil record of New Zealand shallow-

marine molluscs (Clowes et al. 2020) (see Chapter 3, section 3.2.2) and assess their 

relationships to regional climate, measured as oceanic temperature (see Chapter 4, section 

4.4), and several other potentially important explanatory variables including climatic 

variability (see Chapter 4, section 4.5), number of sedimentary rock packages, and sampling 

effort (see methods). Importantly, New Zealand has remained biogeographically isolated for 

the duration of the Cenozoic with a high degree of endemism, and although there are known 

periods of immigration of cool and warm water genera to New Zealand, for the large part 

New Zealand has remained a “closed” system, whereby the majority of changes in species 

and functional richness observed here are a result of in-situ processes (Crampton et al. 2006, 

Marshall and Quental 2016) (and see Chapter 2). Furthermore, oceanic temperature is 

considered to be one important correlate or control of marine species diversity through space 

and time (Erwin 2009, Valentine and Jablonski 2015, Edie et al. 2018, Antão et al. 2020) 
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(and see Chapter 2, sections 2.3.1 and 2.3.2)  and current climate models project significant 

changes in the state of both the surface and deep ocean temperatures over the coming century 

(Bindoff et al. 2019).  

We explicitly standardize our data for the uneven distribution of fossil collections 

temporally (Holland 2015, Alroy 2020) (see Chapter 4, section 4.2) and spatially using 

summed minimum spanning tree (MST) length (Close et al. 2020a, Womack et al. 2020b) 

(see Chapter 4, section 4.3), and account for autocorrelation between time series using two 

methods (see Chapter 4, section 4.8). For simplicity, we refer to the relationship between the 

species-area relationship and functional diversity-area relationship as the ‘functional 

redundancy relationship.’ This describes, for a given time bin, the relationship between 

values of the species area-relationship (on the abscissa) and functional diversity-area 

relationship at discrete steps of summed MST length. The slope of the functional redundancy 

relationship reflects an element of functional redundancy, where shallower slopes indicate an 

increase in functional redundancy.  
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FIGURE 7.2. New Zealand Cenozoic timescale (after Raine et al. 2015). Analyses are 

undertaken at the resolution of the numerically labelled and highlighted time bins shown here 

(shaded and unshaded blocks in the right-hand column). Ages are in Ma. 
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7.2. Methods 

 

7.2.1. Datasets 

Occurrence data of Cenozoic shallow-marine shelfal molluscs (bivalves, gastropods, 

and scaphopods) were obtained from the Fossil Record Electronic Database (FRED) (Clowes 

et al. 2020) and subsequently cleaned following the protocols in Chapter 3, section 3.2.2. In 

total, 3,958 collections were analysed, which capture 19,358 taxonomic occurrences. 

Functional trait data of Cenozoic molluscan species were derived from the New Zealand 

‘synoptic dataset’ and subsequently updated here to include several additional functional 

traits, assigned based on expert opinion of New Zealand malacologists. Geological ages are 

given in terms of the New Zealand Cenozoic stages (Raine et al. 2015), and time bins used 

within this study are based on individual and combined (to even out variation in sampling 

effort) stages, yielding 16 time bins with an average duration of 2.86 Ma (Fig. 7.2). To 

reduce potentially confounding effects of highly sampled fossil collections, we omitted 

collections that had raw species counts outside the upper 95% quantile raw collection species 

counts within each time bin. 

7.2.2. Measuring Species Richness 

We measured molluscan species richness using coverage-based subsampling 

(interpolation and extrapolation) of collection-level occurrence data, implemented using the 

R (R Development Core Team 2021) package iNEXT (Hsieh et al. 2016). Extrapolated 

measures of species richness were limited to twice the observed sample size and estimates 

that exceeded this limit were omitted, as recommended (Hsieh et al. 2016) (see Chapter 4, 

section 4.2.2). 
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7.2.3. Measuring Functional Richness, Evenness and Temporal Turnover 

 Each molluscan species was assigned to a single functional state following the 

approach of Edie et al. (2018b), modified to include gastropods and scaphopods. We assigned 

species to three functional axes: (1) tiering, (2) feeding and (3) motility (locomotion) (Table 

7.1) (see Chapter 3, section 3.2.1). Each species was assigned to a functional group based on 

its unique combination of functional traits (e.g., an individual functional group could 

represent an epifaunal predator that is actively motile) yielding 49 distinct functional groups 

(here used as a proxy for ecological niche). We followed the definition of Edie et al. (2018b) 

and measured functional richness as the number of unique functional groups in a given data 

partition, and functional evenness as the inverse Simpson’s index – which is a measurement 

of diversity (D) incorporating proportional abundance (in this case derived from the 

occurrence of species within individual functional groups), expressed as 1/D – normalized by 

the number of functional groups at the spatial scale of observation (explained in more detail 

below). Functional evenness measured in this way has been shown to identify variation in the 

distribution of taxa amongst functional groups across the modern latitudinal diversity 

gradient and in the fossil record (Edie et al. 2018, Schumm et al. 2019). 
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Functional axes 

1. Tiering 2. Feeding 3. Motility 

epifaunal carnivore actively motile 

semi-infaunal carnivore & grazer facultative (unattached) 

shallow infaunal parasite facultative (attached) 

deep infaunal deposit feeder (detritovore) non-motile (unattached) 

nestler filter feeder non-motile (attached) 

commensal filter & deposit feeder actively motile (swimming) 

borer chemosymbiotic actively motile (swimming) & byssate 

nektonic/pelagic filter feeder & chemoautotroph - 

- grazer (herbivore) - 

- grazer (deposit) - 

 

TABLE 7.1. Functional traits used for molluscan ecospace. Functional traits are split into 

three functional axes: (1) tiering, (2) feeding and (3) motility. Molluscan species were 

assigned to functional groups based on their unique combination of functional traits within 

the ecospace following the method of Edie et al. (2018b). 

 

We measured functional richness using both coverage-based subsampling and the 

corrected first-order jackknife (cJ1), implemented using code in Holland (2015) and Alroy 

(2020). We found that coverage-based subsampling often overestimated functional richness 

at smaller spatial scales (including instances where extrapolated measures were excluded), as 

judged by the exceedance of estimates of functional richness at the largest spatial scale, 

whereas cJ1 was more consistent across a broad range of spatial scales (cf. Figs. 7.3 and 7.4) 

(and see Chapter 4, sections 4.2.2-4.2.4). Because of this, the results presented here are based 

solely on cJ1 estimates of functional richness. However, the correlation between oceanic 

temperature and the slope of the functional redundancy relationship is still observed when 

functional richness is estimated using coverage-based subsampling (rs = -0.741, p = 0.014, see 

section 7.2.8). 
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FIGURE 7.3. Functional diversity-area relationship measured using coverage-based 

subsampling, 45.7 – 0 Ma. The functional diversity-area relationship was plotted for each 

time bin, labelled by time bin number and mid-point in Ma (see Fig. 7.2). Individual lines 

represent the trajectory of the functional diversity-area relationship starting at each focal cell 

(see methods). Estimates of functional richness are overestimated at smaller spatial scales 

compared to the cJ1 estimator (Fig. 7.4). 



210 
 

 

FIGURE 7.4. Functional diversity-area relationship measured using the cJ1 estimator, 45.7 – 

0 Ma. The functional diversity-area relationship was plotted for each time bin, labelled by 

time bin number and mid-point in Ma (see Fig. 7.2). Points represent mean values of species 

richness in 50km summed MST bins. Individual lines represent the trajectories of the 

functional diversity-area relationship starting at each focal cell (see methods). Bins 2 and 3 

were omitted from further analyses based on inadequate sampling and spatial coverage. 

 

 



211 
 

We measured functional evenness (a measure of how uniformly species are 

distributed amongst functional groups) and temporal turnover of functional groups (the 

change within and between functional groups over time) between successive time bins using 

frequency distributions derived from coverage-based subsampling trials, based on the code in 

Holland (2015). Whereas the cJ1 estimator was used to measure functional richness for the 

function diversity-area relationship, it cannot generate frequency distributions required to 

estimate functional evenness and temporal turnover, and coverage-based subsampling at the 

representative spatial scale adopted here performs well (Fig. 7.4). Functional evenness was 

calculated as the mean evenness from 100 subsampling trials at a representative spatial scale 

within each time bin (see below) (and see Chapter 4, section 4.6). Results were obtained 

following the same protocol as outlined for species and functional richness, and the 

functional evenness-area relationship showed a decreasing trend with increasing area as 

observed in modern ecological studies (Karadimou et al. 2016). 

Temporal turnover of functional groups was measured as the mean pairwise Bray-

Curtis dissimilarity between subsampled frequency distributions of successive time-bins, 

based on 100 resampling trials (in each resampling trial, the metrics were calculated as the 

mean from 100 subsampling trials) (and see Chapter 4, section 4.6). Pairwise Bray-Curtis 

dissimilarity was calculated using the R package betapart (Baselga and Orme 2012), where 

total dissimilarity is partitioned into two additive components: balanced-variation (i.e., 

substitution of species between functional groups) and abundance-gradients (i.e., subsets, or 

loss of species within functional groups) (Baselga 2017). Whereas temporal turnover is 

unidirectional (i.e., forward in time) and Bray-Curtis dissimilarity is bidirectional, the metric 

has been shown to be a good estimate of temporal turnover using abundance data (Magurran 

and Henderson 2010) (where abundance was here estimated from collection-level incidence 

frequencies obtained from coverage-based subsampling). 
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7.2.4. Estimating Area 

 To estimate spatial area, we generated an equal-area penta-hexagrid (side of 23 km) 

using the R package icosa (Kocsis 2020). We assigned each fossil collection to a grid-cell 

based on their paleocoordinates, following the protocol in Womack et al. (2020b) (and see 

Chapter 4, section 4.3). Spatial area was measured as the summed minimum spanning tree 

(MST) length between the central coordinates of each occupied grid-cell following the 

protocol outlined below for the species-area relationship and functional diversity-area 

relationship. Summed MST length has been shown to approximate complex distribution 

shapes (e.g., surrounding a landmass) and provides a good compromise in summarising the 

spatial distribution of fossil localities based on their coordinates (Alroy 2010, Close et al. 

2020a, Close et al. 2020b, Womack et al. 2020b) (see Chapter 4, section 4.3 and Chapter 6). 

Whereas summed MST length is not a measure of area, measuring area in this context is 

highly problematic due to paleogeographic uncertainties and factors that control the spatial 

extent of preserved and sampled rocks and, importantly, using summed MST length does not 

violate the basic power-law inference. In addition, summed MST length has been shown to 

closely follow the perimeter of the paleocoastline in the Cenozoic shallow-marine fossil 

record of New Zealand (see Chapter 6).  

7.2.5. Species-Area Relationship, Functional Diversity-Area Relationship, and the 

Functional Redundancy Relationship 

 Species-area relationship and functional diversity-area relationship plots were 

generated by aggregating collections by grid-cell and calculating summed MST length, and 

species and functional richness, according to the following protocol. Each grid-cell was 

treated as the focal cell and measurements were made at progressively greater distances from 

the focal cell, where distance increments were based on occupied grid-cells ordered 
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according to great-circle distance from the focal cell. The power function model of the 

species-area relationship and functional diversity-area relationship were calculated from the 

mean richness values within 50 km summed MST length bins. As both methods of sampling 

standardization (coverage-based subsampling and as previously discussed the cJ1 estimator) 

are calculated from the relative abundance distribution from collection-level occurrence data, 

richness estimates (particularly functional richness using coverage-based subsampling) can 

be biased by grid cells that contain large occurrence lists, particularly at smaller spatial 

scales, and they can exceed estimates of richness at larger spatial scales (see Figs. 7.3, 7.4 

and 7.5) (and see Chapter 4, section 4.2). As a result, it is possible for the trajectory of the 

individual species-area relationship and functional diversity-area relationship to decrease 

with increasing area. The protocol described above was designed to minimize the effect of 

this bias. 
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FIGURE 7.5. Species-area relationship, 45.7 – 0 Ma. The species-area relationship was 

plotted for each time bin, labelled by time bin number and mid-point in Ma (see Fig. 7.2). 

Species richness was measured using coverage-based subsampling (quota = 0.7). Points 

represent mean values of species richness in 50 km summed MST bins. Individual lines 

represent the trajectories of the species-area relationship starting at each focal cell (see 

methods). Bins 2 and 3 were omitted from further analyses because of inadequate sampling 

and spatial coverage. 
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FIGURE 7.6. Power function model fits for the functional redundancy relationship, 45.7 – 0 

Ma. Individual points represent log10 species and functional richness at the same spatial scale 

(colour coded by summed MST length), plotted for each time bin, labelled by time bin 

number and mid-point in Ma (see Fig. 7.2). The log-log slope of the functional redundancy 

relationship (black line) was calculated using reduced major axis regression implemented 

using the R package lmodel2 (Legendre 2014). 
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The functional redundancy relationship for each time bin was generated by plotting 

species and functional richness recorded at equal summed MST lengths (see Fig. 7.6 and Fig. 

7.7 for graphical workflow). To allow for natural variability in both species and functional 

richness, the log-log slope of the functional redundancy relationship was calculated using 

reduced major axis regression implemented using the R package lmodel2 (Legendre 2014). 

To determine species and functional richness at a representative spatial scale, we used mean 

species richness within a single summed MST bin (1300 – 1350 km) and interpolated 

functional richness at the same spatial scale using the functional redundancy relationship. 
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FIGURE 7.7. Graphical workflow illustrating the derivation of the functional redundancy 

relationship. (A) The species-area relationship and (B) functional diversity-area relationship 

were plotted against summed MST length for each time bin (using bin 7 as an example). 

Transparent red and blue lines mark individual spatial trajectories of the species-area 

relationship and functional diversity-area relationship. (C) We plotted the individual data 

points of species (A) and functional richness (B) at corresponding steps of spatial scale from 

individual species-area relationship/functional diversity-area trajectories (individual points 

are colour coded to the corresponding summed MST length), as illustrated using a single 

point (triangular symbol) on panels A – C. We measured the reduced major axis (RMA) slope 
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of the functional redundancy relationship for each time bin (slope for bin 7 highlighted). The 

steepness of this slope reflects an element of functional redundancy, where steeper slopes 

indicate lower functional redundancy. We plotted the slopes for each time bin against oceanic 

temperature (D) (same as Fig. 7.8, panel B). Importantly, the variables represented in this plot 

(D) are not independent. This is corrected for within our analyses. 

 

7.2.6. Measuring oceanic temperature and climatic variability 

 We estimated the representative oceanic temperature within each time bin using δ18O 

records of deep-marine benthic foraminifera from the Pacific Ocean, using the compilation of 

Cramer et al. (47). Oceanic temperature (°C) was calculated for each individual record 

following the methodology of Veizer and Prokoph (2015), using the transfer function of 

(Visser et al. 2003). To calculate representative oceanic temperature within each time bin we 

applied a loess regression and used interpolated values at the mid-point of each time bin. 

 We calculated climatic variability as the variance of the residuals of the loess curve fit 

used to interpolate oceanic temperature. To accommodate for the large dispersion of data, 

particularly during the Miocene climatic optimum, we applied a protocol to remove outliers. 

However, we acknowledge that ocean temperature and climate variability are intrinsically 

linked, and dynamics of climate variability during the Miocene climatic optimum 

“Coolhouse” world and Plio-Pleistocene “Icehouse” were very different (Westerhold et al. 

2020); with existing data we cannot fully separate the effects of temperature and climate 

variability on New Zealand mollusc species richness.   

7.2.7. Quantifying the number of sedimentary rock packages 

We calculated the total number of sedimentary rock packages within each time bin 

using the dataset compiled from Macrostrat (Peters et al. 2018) by Crampton et al. (2011). 
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This provides measurable quantity, analogous to rock volume, to assess the impact of the 

temporal and spatial structure of the rock record on the resultant patterns of the species-area 

relationship, functional diversity-area relationship, and functional redundancy relationship. 

7.2.8. Time series correlation and autocorrelation 

 We used two complimentary methods to address the extent of autocorrelation within 

each time series in order to avoid overestimating the extent of correlation between them. 

Firstly, we assessed the relationship with oceanic temperature, and several other important 

explanatory variables including climatic variability, environmental heterogeneity, and 

sampling effort, by multiple regression using generalized least squares (GLS) autoregressive 

(AR1) models in the R package nlme (Pinheiro et al. 2020). All explanatory variables were 

standardized (mean centred and scaled to unit variance) prior to running models to allow 

comparison of variable correlation coefficients and model coefficients. Best-fit models were 

determined using corrected-Akaike information criterion (AICc) weights using the R package 

MuMIn (Barton 2020). Model significance was calculated by comparison to a null-model and 

pseudo-R-squared values were calculated following the maximum likelihood approach of 

Cox and Snell (2018). Secondly, we estimated correlations for pairwise variables using the 

Spearman rank correlation coefficient, applying first-differences where appropriate. 

Statistical significance of the correlation coefficients was estimated by Monte Carlo 

simulations using phase-randomized surrogates, implemented using the R package 

astrochron (Meyers et al. 2014). This method compensates for potential serial correlation of 

data, particularly for AR1 and AR2 autocorrelation structures (Ebisuzaki 1997). We did not 

apply first differences to correlations including oceanic temperature. This is because this 

study focuses on the impact of absolute temperature on a derived slope. Using first-

differences would treat a similar decrease in oceanic temperature from warm-warm, warm-

cool and cool-cool as equal, when we would not anticipate the interrelationship between the 
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species-area relationship and functional diversity-area relationship (functional redundancy 

relationship) to respond similarly in each of these three scenarios.  
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7.3. Results 

 

Our key results are, first, that the standardized species-area relationship and functional 

diversity-area relationship in the Cenozoic shallow-marine molluscan fossil record of New 

Zealand conform to the power function model generally observed in modern ecological 

studies (Figs. 7.4 and 7.5 and Table 7.2). Two time bins have inadequate sampling and spatial 

coverage (bins 2 and 3) (Figs. 7.4 and 7.5) and are omitted from further analyses, although 

their inclusion or exclusion does not change the main conclusions of this study. Secondly, the 

functional redundancy relationship can also be described using a power function model 

(Table 7.2 and Fig. 7.6). Thirdly, we find that the slopes of the functional redundancy 

relationships significantly correlate to oceanic temperature in the Pacific Ocean (Spearman 

rank-order correlation coefficient, rs = -0.829, p = 0.003) (See Fig. 7.7 for a graphical 

workflow and Fig. 7.8), where lower slopes correlate to higher oceanic temperatures. We 

account for serial autocorrelation using both the Spearman rank-order correlation coefficient 

with phase-randomized surrogate data (Table 7.3) and generalized least squares (GLS) 

autoregressive (AR1) models (Table 7.4) (see methods). Models with oceanic temperature as 

the only explanatory variable outperform models that include a combination of climatic 

variability, number of sedimentary rock packages, and sampling effort as additive terms 

(Table 7.4 and see Fig. 7.9 for time series). The individual slopes of the species-area 

relationship and functional diversity-area relationship show no significant correlation with 

ocean temperature (Table 7.3). Fourthly, there is evidence that spatially and sampling 

standardized species richness is positively related to the combined effect of oceanic 

temperature and climatic variability (Table 7.4). However, we acknowledge that ocean 

temperature and climate variability are intrinsically linked, and dynamics of climate 

variability during the Miocene climatic optimum “Coolhouse” world and Plio-Pleistocene 



222 
 

“Icehouse” were very different (Westerhold et al. 2020); with existing data we cannot fully 

separate the effects of temperature and climate variability on New Zealand mollusc species 

richness. Lastly, we find no statistically strong evidence that the primary results discussed 

here result from temporal variability in sampling effort, time bin duration or the quality of the 

rock record (Tables 7.3 and 7.4). 

Time bins  

  Power function model fits 

Temp. 

(°C) 

Species-area relationship 
Functional diversity-

area relationship 

Functional 

redundancy 

relationship 

Bin Age (Ma) R2 coef. p R2 coef. p R2 slope 

16 1.63 - 0 2.896 0.913 0.115 <0.001 0.878 0.120 <0.001 0.665 0.896 

15 2.4 - 1.63 4.678 0.883 0.083 <0.001 0.702 0.086 <0.001 0.634 0.960 

14 3 - 2.4 5.353 0.776 0.153 <0.001 0.751 0.141 <0.001 0.78 0.909 

13 3.7 - 3.0 6.567 0.635 0.137 <0.001 0.913 0.226 <0.001 0.609 0.801 

12 5.33 - 3.7 7.191 0.731 0.166 <0.001 0.803 0.179 <0.001 0.871 0.688 

11 7.2 - 5.33 7.196 0.929 0.284 <0.001 0.887 0.279 <0.001 0.766 0.935 

10 11.04 - 7.2 7.535 0.905 0.198 <0.001 0.972 0.247 <0.001 0.647 1.027 

9 13.05 -11.04 7.739 0.773 0.356 <0.001 0.882 0.203 <0.001 0.475 0.681 

8 15.9 - 13.05 10.831 0.78 0.243 <0.001 0.773 0.181 <0.001 0.792 0.608 

7 18.7 - 15.9 11.576 0.966 0.283 <0.001 0.957 0.193 <0.001 0.815 0.614 

6 21.7 - 18.7 10.812 0.748 0.309 <0.001 0.651 0.210 <0.001 0.733 0.630 

5 25.2 - 21.7 9.842 0.821 0.282 <0.001 0.738 0.178 <0.001 0.828 0.618 

4 27.3 - 25.2 10.513 0.831 0.306 <0.001 0.952 0.241 <0.001 0.842 0.642 

3 34.6 - 27.3 10.652 0.068 0.118 <0.001 0.419 0.176 <0.001 - - 

2 39.1 - 34.6 14.033 0.887 0.255 <0.001 0.888 0.274 <0.001 - - 

1 45.7 - 39.1 15.203 0.48 0.118 <0.001 0.684 0.122 <0.001 0.827 0.491 

 

TABLE 7.2. Power function model fits and coefficients for the species-area relationship, 

functional diversity-area relationship, and functional redundancy relationship. The log-log 

slope of the functional redundancy relationship was obtained using reduced major axis 

regression, which does not allow the calculation of significance (p) values. The log-log slope 

of the species-area relationship and functional diversity-area relationship was derived using 

ordinary least squares regression. Temperature values represent the interpolated values of 

oceanic temperature at the midpoint of each bin (see methods). 
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FIGURE 7.8. Relationship between functional redundancy and oceanic temperature, 45.7  

0 Ma. (A) Functional redundancy relationship plotted in linear space for each time bin (cf. 

Fig. 7.7, panel C, black regression line, but plotted in linear space). Individual trajectories of 

the functional redundancy relationship are colour coded to δ18O/oceanic temperature (°C). 

Points are labelled by time bin (Fig. 7.2), ordered from oldest (bin 1) to youngest (bin 16), 

and represent values of species and functional richness (see methods) at a representative 

spatial scale (summed MST length 1300 – 1350 km). Steeper trajectories of individual lines 
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represent lower functional redundancy. Triangular points represent Plio-Pleistocene time bins 

and circular points represent time bins older than the Pliocene (> 5.33 Ma).  (B) Scatterplot of 

the slope of the functional redundancy relationship and oceanic temperature (°C) in each time 

bin. Importantly, the variables represented in this plot (B) are not independent. This is 

corrected for within our analyses. 

 

 

Time-series correlation 

Spearman-rank 

correlation coefficient 

rs p 

Species-area relationship slope v. oceanic temperature 0.394 0.450 

Functional diversity-area relationship slope v. oceanic temperature 0.268 0.367 

Functional redundancy relationship slope v. oceanic temperature 

(including bins 2 and 3) 

-0.829  

(-0.703) 

 0.003 

(0.014) 

Δ Species-area relationship slope v. Δ no. of collections -0.495 0.062 

Δ Species-area relationship slope v. Δ time bin duration -0.566 0.215 

Δ Functional diversity-area relationship slope v. Δ no. of collections -0.319 0.235 

Δ Functional diversity-area relationship slope v. Δ time bin duration -0.341 0.513 

Δ Functional redundancy relationship slope v. Δ no. of collections 0.181 0.625 

Δ Functional redundancy relationship slope v. Δ time bin duration 0.066 0.759 

Δ Species richness v. Δ no. of collections 0.396 0.229 

Δ Species richness v. Δ time bin duration 0.082 0.709 

Δ Functional richness v. Δ no. of collections 0.500 0.205 

Δ Functional richness v. Δ time bin duration -0.005 0.976 

Δ Functional richness v. Δ no. sedimentary rock packages -0.127 0.704 

 

TABLE 7.3. Correlations between time-series of the species-area relationship, functional 

diversity-area relationship and functional redundancy relationship slope versus oceanic 

temperature and number of collections. Where appropriate, time-series are detrended based 

on first differences, denoted by ∆ (see methods). Statistical significance was estimated via 

Monte Carlo simulations using phase-randomized surrogates using the R package astrochron 

(Meyers 2014).  
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GLS 

model 
Variables 

AICc weight 

(%) 
Coef. 

Model 

significance 

(p) 

ML-

R2 
phi 

Log 

likelihood 

1. Functional redundancy relationship slope 

null - 5 - - - - - 

1 Temp. + Temp. var. + Packages + Collections <1 - - - - - 

2 Temp. + Temp. var. + Collections <1 - - - - - 

3 Temp. + Temp. var. 12 - - - - - 

4 Temp. 80 -0.04 <0.001 0.50 -0.007 13.55 

5 Packages <1 - - - - - 

6 Temp. var. <1 - - - - - 

7 Collections  2 - - - - - 

2. Spatially and sampling standardized species richness 

null - 25 - - - - - 

1 Temp. + Temp. var. + Packages + Collections  <1 - - - - - 

2 Temp. + Temp. var. + Collections 6 - - - - - 

3 Temp.  + Temp. var. 40 
0.16 

0.76 
0.007 0.51 -0.184 -12.56 

4 Temp. 6 - - - - - 

5 Temp. var. 18 - - - - - 

6 Packages <1 - - - - - 

7 Collections  5 - - - - - 

3. Spatially and sampling standardized functional richness 

null - 13 - - - - - 

1 Temp. + Temp. var. + Packages + Collections  <1 - - - - - 

2 Temp. var. + Packages + Collections  <1 - - - - - 

3 Packages + Collections  11 - - - - - 

4 Packages* 28 -0.66 0.018 0.33 -0.067 -15.54 

5 Collections*  29 0.63 0.017 0.33 0.061 -15.51 

6 Temp. var. 2 - - - - - 

7 Temp. 16 - - - - - 

 

TABLE 7.4. Summary of generalized least squares (GLS) autoregressive (AR1) models for 

(1) functional redundancy relationship slopes, and spatially and sampling standardized (2) 

species and (3) functional richness. Explanatory variables include oceanic temperature, 

climatic variability and number of sedimentary rock packages and collections per time bin. 

All explanatory variables were standardized (mean centred and scaled to variance) prior to 

running models to allow comparison of variable correlation coefficients and model 

coefficients. Best fit models were determined using corrected-Akaike information criterion 

(AICc) weights using the R package MuMIn (Barton 2020). Pseduo-R2 values (ML-R2) for 

best fit models were calculated following the maximum likelihood approach of Cox and Snell 
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(1989) and model significance was calculated based on comparison to null models. *There is 

evidence that the number of sedimentary rock packages is negatively correlated to functional 

richness and the number of collections per time interval is positively correlated; however, 

pairwise Spearman rank correlation coefficients are statistically insignificant (Table 7.3). 
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FIGURE 7.9. Time-series of the slope of the functional redundancy relationship, 

standardized species and functional richness, oceanic temperature, climatic variability, and 

number of macrostrat packages per time bin, 45.7 – 0 Ma. Analyses were undertaken at the 

resolution of the time bins indicated by the shaded bars, labelled by time bin number (see Fig. 

7.2). Error ribbon of the functional redundancy relationship slopes represent the 2.5 % and 

97.5 % confidence interval of the reduced major axis regression calculated using the R 

package lmodel2 (Legendre 2014). Species (black line) and functional (blue line) richness 

were calculated at a representative spatial scale (summed MST length 1300-1350 km) (see 

methods). Oceanic temperature was calculated within each time bin based on interpolated 

values of a fitted loess regression at the mid-point of each time bin. Individual red points 

represent oceanic temperature calculated from a single data point (deep-marine benthic 

foraminifera). Climatic variability was calculated as the variance of the residuals from the 

loess regression fitted to oceanic temperature (see methods). Labelled dotted lines represent 

the approximate timing of the Miocene climatic optimum (labelled MCO) and a period of 

transient warming in the early Pliocene (PTW). 
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7.4. Discussion 

 

7.4.1. Temperature Dependency of Functional Redundancy 

Our main conclusion is that at warmer oceanic temperatures, species richness 

accumulates at a faster rate relative to functional richness with increasing spatial scale. At 

cooler oceanic temperatures, species richness accumulates at a slower rate. This suggests that 

functional redundancy is relatively elevated at warmer oceanic temperatures, whereby more 

species occupy the same functional trait space (here used as a proxy for ecological niche). 

Standardized measures of functional evenness – a measure of how uniformly species are 

distributed amongst functional groups – suggest that species are generally less evenly 

distributed between functional groups during global warmth of the Miocene climatic 

optimum (Fig. 7.10), where functional evenness is low. Functional evenness subsequently 

increases with global and regional cooling in New Zealand during the middle Miocene 

climate transition. A similar pattern is observed in the modern latitudinal gradient, where 

bivalve species and genera are less evenly spread amongst functional groups at mid-latitudes 

and become more evenly dispersed poleward (Edie et al. 2018, Schumm et al. 2019). The 

decrease in functional evenness during the Miocene climatic optimum coincides with a 

significant decrease in the rate and magnitude of temporal turnover of functional groups – the 

change within and between functional groups over time (see methods). The decrease in 

temporal turnover is facilitated predominately by a decrease in the replacement of functional 

groups (Fig. 7.10), indicating the increase in species richness during the Miocene climatic 

optimum is accommodated largely by existing rather than new functional groups. At a 

representative fixed spatial scale, functional richness remains relatively static through much 

of the Cenozoic, except for the Plio-Pleistocene (5.33 – 0 Ma) (Figs. 7.4 and 7.6 and 

discussed below). Together, these findings suggest that increases in regional molluscan 
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species richness during the warm Miocene climatic optimum are primarily a result of 

increased niche packing (i.e., more species occupying the same niche, rather than niche 

expansion), and the subsequent decrease in species richness during the Miocene climatic 

transition has minimal impact on functional richness relative to species richness.  



231 
 

 

 



232 
 

FIGURE 7.10. Time-series of functional group temporal turnover (pairwise Bray-Curtis 

dissimilarity), functional evenness and oceanic temperature, 45.7 – 0 Ma. Temporal turnover 

was calculated between successive time bins, plotted at their boundaries, highlighted by the 

shaded bars, labelled by time bin number (Fig. 7.2). βBC (top, black line) represents total 

dissimilarity, βBC.BAL (middle, red line) represents balanced variation in abundance (i.e., 

substitution, analogous to replacement of functional groups), and βBC.AB (bottom, blue line) 

represents abundance gradients (i.e., subsets, analogous to nestedness) (see methods and 

Baselga et al. 2017). Error ribbons represents ± 1 standard error. Functional evenness was 

calculated at a representative spatial scale (summed MST length 1300-1350 km) and error 

bars represent ± 1 standard error. Oceanic temperature was calculated within each time bin 

based on interpolated values of a fitted loess regression at the mid-point of each time bin. 

Individual red points represent oceanic temperature calculated from a single data point (deep-

marine benthic foraminifera). Analysis of functional evenness and oceanic temperature were 

undertaken at the resolution of the highlighted time bins. Labelled dotted lines represent the 

approximate timing of the Miocene climatic optimum (labelled MCO) and a period of 

transient warming in the early Pliocene (PTW). 

 

7.4.2. Temperature Dependency of Regional Carrying Capacity  

The correlation between temperature and the slope of the functional redundancy 

relationship implies a relationship between oceanic temperature and regional standing 

diversity. This is further supported by the positive relationship of species richness with 

oceanic temperature and climatic variability. Whereas the notion of an ecological 

carrying-capacity or bound on biodiversity is debated (Harmon and Harrison 2015, Rabosky 

and Hurlbert 2015, Marshall and Quental 2016, Storch and Okie 2019), our results suggest 
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that lower oceanic temperatures impose an ecological constraint on regional species richness 

in New Zealand, particularly before the Plio-Pleistocene (> 5.33 Ma). Notwithstanding this, 

when we control for spatial scale, we find slightly elevated species richness and elevated 

functional richness during three Plio-Pleistocene time bins (bins 13, 15 and 16, see Fig. 7.6). 

The Plio-Pleistocene is a period of known climatic variability (Raymo et al. 2006) and, within 

New Zealand, increased landscape complexity related to accelerated tectonic activity (King et 

al. 1999), maturation of oceanic fronts and intensification of marine latitudinal temperature 

gradients (Nelson and Cooke 2001) and is initially marked by a period of transient warming 

(Beu and Maxwell 1990, Herbert et al. 2016). We find evidence that oceanic temperature and 

climatic variability contribute positively to species richness, which explains, in part, the early 

Pliocene and Pleistocene increase in species richness. In contrast, we find no consistent 

explanation for increases in functional richness. However, we do observe a significant 

increase in temporal turnover of functional groups at the Plio-Pleistocene boundary, 

facilitated predominately by an increase in the replacement of functional groups (Fig. 7.10). 

Although it is not possible to determine the exact causes of the increase in functional richness 

during the Plio-Pleistocene, one plausible cause for the increase in functional group turnover 

at the Pliocene boundary, and perhaps functional richness, may be the intensification of 

marine latitudinal gradients around New Zealand. Whereas oceanic temperature is implicated 

here, the exact mechanisms responsible for the temperature-functional redundancy 

relationship – the causal cascade – are not clear and could feasibly be related to both abiotic 

and biotic factors. Overall, our findings suggest New Zealand’s species richness fluctuates 

with oceanic temperature, corroborating recent research that suggests macroevolutionary 

models should incorporate time-varying (i.e., not static) carrying capacities of species 

richness (Marshall and Quental 2016).  
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7.5. Summary 

 

Predicting the ecological response to climate change requires an understanding of 

how ecosystems have responded to climatic fluctuations in the past, within a spatial context. 

This is particularly important for temperate marine ecosystems, like those of New Zealand, 

which span climatic, oceanographic, and biogeochemical boundaries (Reygondeau et al. 

2013) where the largest changes in species and functional richness are observed (Edie et al. 

2018). We find that despite key differences in both temporal and spatial resolution between 

paleontological and ecological data, the functional diversity-area relationship in the fossil 

record conforms to similar patterns observed in modern ecological studies (Whittaker et al. 

2014, Karadimou et al. 2016) and, importantly, is consistent over long spans of time at a 

regional spatial scale. This suggests the functional diversity-area relationship is equally as 

persistent and predictable as the species-area relationship. Furthermore, the observed 

correlation between the slope of the functional redundancy relationship and oceanic 

temperature over the last ~40 Myrs is consistent with observations from the modern 

latitudinal diversity gradient (Schumm et al. 2019), suggesting a persistent relationship of 

regional and global ecological importance. Taken at face value, our results suggest that 

oceanic temperature should increase net species richness and functional redundancy in New 

Zealand over long-time spans (i.e., multi-centennial to millennial), particularly as we shift to 

a climate more representative of pre-Pleistocene conditions (Burke et al. 2018). This provides 

a baseline for what should be expected – at ecological equilibrium – from natural warming in 

regional, temperate, shallow-marine ecosystems. 

Oceanic warming associated with anthropogenic climate change is taking place at a 

rapid rate and is occurring in tandem with elevated rates of biodiversity loss and habitat 

destruction (Erwin 2009). The combined effect of these factors on the slope of the functional 
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redundancy relationship is not clear; however, decreasing habitable area from anthropogenic 

activity is likely to steepen the slope and decrease functional redundancy. This may alter the 

future trajectory of the functional redundancy slope predicted from oceanic warming using 

past analogues and decrease ecosystem resilience (Hooper et al. 2005, Biggs et al. 2020). 

This is particularly important for New Zealand as it is geographically isolated and has a 

limited species pool with high levels of endemism. 

 

 

 



236 
 

 

Chapter 8 

 

Biogeographic Trends and Climatic Change: 

Comparisons Through Space and Time 

 

Time - “A big ball of wibbly wobbly, timey wimey stuff” 

(Dr. Who, 2007)   
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Preface 

 

 Anthropogenic climate change is predicted to have large scale impacts on the 

biogeography and biodiversity of shallow-marine life (Bindoff et al. 2019, Blowes et al. 

2019, Lotze et al. 2019, Antão et al. 2020). Observations and predictions from the 

distribution of current marine life suggest that tropical and temperate ecosystems will be 

impacted asymmetrically from oceanic warming. This is based on the prediction of a positive 

gain in species richness within temperate ecosystems (from the poleward migration of warm 

water species) and negative impact on tropical ecosystems (due to species loss from elevated 

heat stress) (Antão et al. 2020, Worm and Lotze 2021). However, the short and long-term 

impacts of future climatic change on other spatial partitions of taxonomic diversity (i.e., alpha 

and beta diversity) and on ecosystem function (here measured as functional diversity) are 

largely unknown. The latter is particularly important as evidence from modern ecology 

suggests functional diversity and functional redundancy increase ecosystem resilience to 

environmental change (Biggs et al. 2020).  

The distribution of marine life across the modern latitudinal diversity gradient 

indicates a parallel poleward decrease in taxonomic and functional richness (also termed 

diversity within this chapter). The poleward decline in taxonomic diversity is attributed, in 

part, to latitudinal gradients of climate and temperature (Edie et al. 2018b, Schumm et al. 

2019, Gagné et al. 2020). However, the fossil record suggests that that taxonomic and 

functional diversity become decoupled over longer timescales, particularly during intervals of 

elevated taxonomic loss (Edie et al. 2018b). This spatiotemporal mismatch confounds our 

understanding of how functional and taxonomic biogeography and biodiversity may respond 

to future climatic change over long-timescales.  
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This chapter examines how the Cenozoic shallow-marine fossil record can contribute 

to our understanding of these contrasting biogeographical spatiotemporal patterns. To do this 

I quantify the role of climatic change (measured as oceanic temperature and climatic 

variability), and two other potentially important environmental variables (environmental 

heterogeneity and habitable area), in controlling the spatial structuring of New Zealand’s 

shallow-marine molluscan biodiversity and macroevolutionary rates (i.e., origination and 

extinction) through the Cenozoic. I consider: (i) whether taxonomic and functional diversity 

exhibit congruent temporal and spatial patterns, (ii) whether they respond in the same way to 

the potential explanatory factors considered here, (iii) how they compare to similar quality 

regional fossil records from the tropics, and (iv) what the implications are for the future of 

New Zealand's biodiversity, and similar temperate shallow-marine ecosystems.  

In essence, this chapter summarizes much of the work completed within the previous 

chapters and builds upon the methods and knowledge developed throughout this thesis 

(particularly Chapter 7). However, as this chapter is formatted as a paper, I also include an 

additional chapter (Chapter 9) to provide a more detailed summary of the thesis. Chapter 8 is 

a modified version of a manuscript that will shortly be submitted for publication. Co-authors 

to this paper include the primary and secondary supervisor of this thesis and D. Strogen and 

H. Seebeck (both from GNS Science). Input from my primary and secondary supervisor was 

provided through regular discussion, advice, and reviewing the manuscript. H. Seebeck 

assisted in the generation of paleocoordinates for fossil collections and stratigraphic data. D. 

Strogen provided the paleogeographic/paleobathymetric maps (which were created in 

conjunction with H. Seebeck and the contribution of other scientists at GNS Science) and 

assisted in quantifying measures of habitable shelf area for New Zealand.  
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8.1. Introduction 

 

Even under the most conservative estimates, oceanic warming due to anthropogenic 

climate change over both transient and geological timescales is likely to have a significant 

impact on the biogeography and biodiversity of shallow-marine life (Mayhew et al. 2008, 

Blois et al. 2013, Poloczanska et al. 2013, Finnegan et al. 2015, Urban 2015, Bindoff et al. 

2019, Blowes et al. 2019, Lotze et al. 2019, Antão et al. 2020). Global studies of taxonomic 

diversity in the fossil record, and the geographic distribution of species richness along the 

modern latitudinal gradient, implicate climate, particularly oceanic temperature, as a major 

positive correlate of marine biodiversity (Mayhew et al. 2008, Mayhew et al. 2012, Edie et al. 

2018b, Schumm et al. 2019, Gagné et al. 2020) (see Chapter 2, section 2.4). However, 

modern conservation efforts are generally focused on spatial scales at, or smaller than, 

ecological regions, and there is little consensus on the importance of oceanic temperature in 

the spatial structuring of regional marine ecosystems over multi-centennial to millennial 

timescales or longer. Here we quantify the roles of oceanic temperature, climatic variability, 

environmental heterogeneity, and habitable area in controlling the spatial structuring of 

shallow-marine biodiversity and macroevolutionary rates at the regional scale, using New 

Zealand’s exemplary Cenozoic molluscan fossil record.  

 Recent research suggests that tropical and temperate marine ecosystems are likely to 

be impacted asymmetrically by increasing oceanic temperatures over short timescales. 

Observations and predictive models generally indicate a net increase in species richness in 

temperate ecosystems in response to warming, largely attributed to poleward migration of 

warm water species, and concomitant decrease in tropical species richness due to elevated 

heat stress (Antão et al. 2020, Worm and Lotze 2021). If this holds true over multi-centennial 

to millennial timescales, we would expect regional shallow-marine biodiversity in temperate 
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ecosystems (gamma diversity) to be positively correlated with regional oceanic temperature. 

This could be facilitated by either an increase in origination rate and immigration, or a 

decrease in extinction rate, or a combination of these factors. However, predictions for the 

long-term impact of oceanic warming on taxonomic diversity in temperate ecosystems is 

poorly understood. This is true for diversity at both the local scale (alpha diversity) and in 

terms of change in community composition along an environmental gradient (beta diversity).  

Changes in taxonomic diversity at these scales could be overprinted or intensified by other 

processes such as changes in climatic variability, environmental heterogeneity, or habitable 

area.  

Uncertainty regarding the transient and long-term impact of oceanic temperature on 

taxonomic diversity is even more marked for ecosystem function, here measured as 

functional diversity (the number of distinct ecological functional groups occupied by 

individual species). Functional diversity is becoming increasingly recognised as a 

fundamental facet of biodiversity in ecological (Petchey and Gaston 2006) and 

paleontological research (Villéger et al. 2011, Edie et al. 2018a, b, Pimiento et al. 2020). 

Importantly, observations from modern ecology suggest functional diversity and functional 

redundancy – the duplication of functional roles by multiple species – increase ecosystem 

resilience to environmental change (Biggs et al. 2020). This suggests that maintenance of 

functional diversity is equally as important in biological conservation as the preservation of 

species richness (Petchey and Gaston 2006, Violle et al. 2014). However, several studies in 

the fossil record suggest that taxonomic and functional diversity are decoupled through time 

(Erwin et al. 1987, Foster and Twitchett 2014, Dunhill et al. 2018, Edie et al. 2018b, Alvarez 

et al. 2019). This contrasts with the congruent spatial patterns observed between functional 

and taxonomic diversity along the modern marine latitudinal diversity gradient (Edie et al. 

2018b, Schumm et al. 2019). Incorporating functional diversity in the same spatial 



241 
 

framework as taxonomic diversity is fundamental to understanding the nature of this 

decoupling. 

Within this study we focus on the role of oceanic temperature, climatic variability, 

environmental heterogeneity, and habitable area on the taxonomic and functional 

biogeography of New Zealand’s shallow-marine molluscan ecosystems over a time span of 

~45 Myrs (Fig. 8.1). We employ several new methods to derive spatially and sampling-

standardized measures of partitioned biodiversity (alpha, beta and gamma). In addition, we 

consider the implications for the future of New Zealand’s shallow marine biodiversity and 

similar temperate regional ecosystems. Our key findings are that oceanic warming seemingly 

has both a long-term positive effect on regional taxonomic diversity and rates of origination, 

but a negative correlation with regional functional diversity and its spatial distribution 

(functional beta diversity).  
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FIGURE 8.1. New Zealand Cenozoic timescale (after Raine et al. 2015). Analyses are 

undertaken at the resolution of the numerically labelled and highlighted time bins shown here 

(shaded and unshaded blocks in the right-hand column). Ages are in Ma. 
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8.2. Methods 

 

8.2.1. Measuring Biodiversity 

 Biodiversity was quantified in terms of both molluscan taxonomic diversity at the 

species-level and functional diversity (the number of unique functional groups occupied at 

the species-level), following the procedures and definitions in Chapter 7, section 7.2. 

Following Womack et al. (in review), we also omitted two time bins from our biodiversity 

calculations spanning the mid-late Eocene (Bin 2 - Kaiatan to Runangan Stage: 39.1 – 34.6 

Ma, see Fig. 8.1) and the Early Oligocene (Bin 3: Whaingaroan Stage: 34.6 – 27.3 Ma, see 

Fig. 8.1). These were removed due to the low number and limited spatial distribution of fossil 

collections from these intervals. Individual fossil collections were assigned to an equal-area 

penta-hexagrid of varying sizes (side of 23 km, 42 km and 80 km) based on their 

paleocoordinates using GPlates (Müller et al. 2018), following the methodology outlined in 

Chapter 6, section 6.2.3 (and see Chapter 4, section 4.3), using the R package icosa (Kocsis 

2020). Grid sizes were chosen to represent spatial areas at the local (side of 23 km), 

intermediate (42 km) and basinal (80 km) scales, relative to New Zealand’s Cenozoic 

paleogeography.  

Taxonomic and functional diversity were partitioned into gamma, beta and alpha 

diversity (Whittaker 1960). To accommodate for temporal variation in sampling effort, we 

applied sampling standardization to each diversity partition. All partitions of taxonomic 

diversity and functional beta diversity (see below discussion) were standardized using 

coverage-based subsampling, implemented using the R package iNEXT (Hsieh et al. 2016). 

Gamma and alpha functional diversity were standardized using the corrected first-order 

jacknife extrapolator, using code provided in Alroy (2020) (see Chapter 4, section 4.2). To 

accommodate for uneven paleogeographic distribution of fossil collections through time, we 
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defined gamma diversity at a fixed summed and binned minimum spanning tree (MST) 

length of 1225 – 1375 km, following the algorithm outlined in Chapter 6 (and see Chapter 7, 

section 7.2). Beta diversity was measured at the same spatial scale as gamma diversity using 

the multi-site measure of Sorensen dissimilarity (Baselga 2010), implemented in the R 

package betapart (Baselga and Orme 2012). We extended the multi-site method of beta 

diversity to include sampling standardization using coverage-based subsampling for both 

taxonomic and functional beta diversity. Whereas the cJ1 estimator was used to measure 

functional gamma and alpha diversity, the extrapolator cannot generate frequency 

distributions required to estimate functional beta diversity (see Chapter 7, section 7.2.3). 

Hence, we employ coverage-based subsampling in our estimation of functional beta diversity. 

We defined beta diversity as the average Sorensen dissimilarity between grid cells at the 

local, intermediate and basinal scales, based on 100 subsampling trials. For each trial, 

individual grid cells that did not meet a set coverage threshold (here set to 0.4) were omitted. 

For each grid cell that passed this threshold, a subsampled frequency distribution was created 

(again at a coverage of 0.4), using the code of Holland (2015). Multi-site beta diversity was 

then calculated based on the subsampled frequency distributions (converted to binary data) of 

all available grids. Lastly, alpha diversity was defined as the average diversity, standardized 

using coverage-based subsampling, across all individual grid cells.  

8.2.2.  Macroevolutionary Rates 

 Macroevolutionary rates were estimated using capture-mark-recapture origination and 

extinction probabilities using the Pradel seniority model (Liow and Nichols 2010, Liow and 

Finarelli 2014), converted to instantaneous rates (Smiley 2018). Comparisons between the 

capture-mark recapture rates and other rate estimation methods (calculated using R package 

divDyn (Kocsis et al. 2019) reveal strong similarities (Table 8.1) (and see Chapter 4, section 

4.7). Here, we base interpretations on the capture-mark-recapture rates because these 
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incorporate the full encounter history of each species, information that is wholly or partially 

lost to the other methods trialled. To compare macroevolutionary rates to our environmental 

proxies, we created three models to allow for inclusion of environmental heterogeneity at the 

local, intermediate and basinal scales (as outlined in section 8.2.5). 

Rate Comparison rs p 

Origination 
Δ Capture-mark recapture v. Δ per-capita rate Foote (2000) 0.84 0.004 

Δ Capture-mark recapture v. Δ gap-filler rate Alroy (2014) 0.77 0.022 

Extinction 
Δ Capture-mark recapture v. Δ per-capita rate Foote (2000) 0.63 0.019 

Δ Capture-mark recapture v. Δ gap-filler rate Alroy (2014) 0.80 0.009 

TABLE 8.1. Comparisons between methods of estimating macroevolutionary rates. Other 

rates considered include the per-capita rates of Foote (2000) and gap-filler rates of Alroy 

(2014). Comparisons are based on first-differences (indicated by Δ) using the Spearman rank-

order correlation coefficient. In order to account for serial correlation of the data, significance 

values were estimated using phase-randomized surrogate data, as implemented in the R 

package astrochron (Meyers 2014). 

 

8.2.3.  Oceanic Temperature and Climatic Variability 

Oceanic temperature and climatic variability were calculated following the method 

outline in Chapter 7 (and see Chapter 4, section 4.4). Oceanic temperature was quantified 

using loess-interpolated temperatures (at individual bin mid-points, with a loess span of 0.1) 

of Pacific Ocean deep-ocean foraminifera δ18O values (Cramer et al. 2009) (Fig. 8.2). These 

values were converted to °C using the linear transfer function following the methodology of 

Veizer and Prokoph (2015), and using only data from Cibicidoides spp. We measured 

climatic variability as the variance of the residuals of raw data points from the interpolated 

loess regression used to quantify average Cenozoic Pacific Ocean temperatures (Fig. 8.2). 

Residual plots suggest several outliers may be present within each time bin. These may 
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represent true data points but may also represent local climatic conditions at the specific 

borehole location or erroneous measurements (see Chapter 4, section 4.5). We opted to 

remove values that fall outside the 95th percentile; including outliers, however, this does not 

change the main findings of this study. 
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FIGURE 8.2. Time series of key environmental variables through the Cenozoic. (A) 

Environmental heterogeneity measured as lithological dissimilarity between local, 

intermediate and basinal grid sizes (see section 8.2.3). Error bars represent ± 1 standard error. 

(B) Interpolated shelfal area (inner to outer shelf: inferred water depths of 0 – 200 m) derived 

from spline regression of areas calculated using detailed paleogeographic/paleobathymetric 

maps of New Zealand. (C) Climatic variability calculated from variance of the residuals of 

the loess regression used to interpolate oceanic temperature (D). Analyses were undertaken at 

the resolution of the time bins indicated by the shaded bars, labelled by time bin number (see 

Fig. 8.1). 

 

8.2.4. Environmental Heterogeneity 

 Environmental heterogeneity was quantified using an independent dataset compiled 

from Macrostrat (Peters et al. 2018) by Crampton et al. (2011) This dataset includes a number 

of stratigraphic sections from across New Zealand that were collated from King et al. (1999), 

where individual units and formations were aggregated into units of Macrostrat - sedimentary 

rock packages, herein referred to as packages. Each package includes information on the 

lithology and depositional environment (the latter encoded as a binary variable: shelfal - 

considered to have been deposited in a marine environment between 0-200 m water depth, or 

non-shelfal - terrestrial, or bathyal). To allow meaningful spatial comparisons between 

measures of biodiversity and environmental heterogeneity, we measured environmental 

heterogeneity following a similar methodology to gamma diversity. We assigned individual 

packages to an equal-area penta-hexagrid (using the same three grid sizes noted above) based 

on their derived paleocoordinates (Fig. 8.2). Where a sedimentary rock package spanned 

several time bins, we calculated paleocoordinates for that package within each time bin. 
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Environmental heterogeneity (see Fig. 8.2) was calculated as the average lithological 

dissimilarity of shelfal packages, and was measured as the multi-site Sorensen dissimilarity 

of binary lithological states (also implemented in R package betapart), at a fixed summed 

MST length of 1225 – 1375 km. Following Crampton et al (2011), we included 

unconformities as a coded “lithology” within the analysis on the assumption that intervals of 

erosion represent an important marine paleoenvironment. Unconformities were only included 

between packages where at least the preceding or following packages were identified as 

shelfal. 

 

 

FIGURE. 8.3. Conceptual diagram of a time interval with high versus low environmental 

heterogeneity based on lithological dissimilarity (SS = Sandstone, MS = Mudstone, CG = 

Conglomerate, UN = Unconformity). Squares represent individual grid cells (hexagrid in the 

analysis presented here). 

8.2.5. Habitable Area 

 Habitable area was measured using unpublished detailed Cenozoic paleogeographic 

maps of New Zealand, compiled by D. Strogen and H. Seebeck (Fig. 8.2, and see Fig. 2.5). 

The Paleogeographic maps include contours of bathymetric depth based on evidence from 

fossil and stratigraphic data, compiled for 10 intervals through the Cenozoic. Habitable shelf 

area was calculated as the area around the main New Zealand landmass between the inferred 

water depths of 0 – 200 m (see Fig. 8.4). As the maps are not at the same temporal resolution 

as the fossil and stratigraphic datasets used here, we calculated habitable shelf area using a 

spline regression interpolated at the mid-points of relevant time bins. Spline regression was 

used to ensure that the regression intersected the known fixed data points. 
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UN 

SS MS 

High environmental 
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FIGURE 8.4. Paleobathymetric maps of New Zealand from 4 Ma (A) and 24 Ma (B). 

Habitable area was calculated between the inner to outer shelf contours (0-200 m). The maps 

show the considerable increase in habitable shelf area (inner to outer shelf) during the Late 

Oligocene, the time of maximum flooding of the New Zealand subcontinent, relative to Plio-

Pleistocene. Maps modified from base maps provided by D. Strogen. 

 

8.2.6. Time Series Comparisons 

We assessed the long-term relationships between the biodiversity (taxonomic and 

functional partitions) of shallow-marine molluscs and their macroevolutionary rates, with the 

proxies for oceanic temperature, climatic variability, environmental heterogeneity, and 

habitable area. To assess relationships between these variables we used additive generalized 

least squares autoregressive (AR1) models using the R package nlme (Pinheiro et al. 2020) 

(Tables 8.2 and 8.4). Measures of biodiversity were standardized for variation in geographic 

and temporal distribution of sampling (following the procedure outlined in Section 8.2.1 and 

in more detail in Chapter 7, section 7.2). All explanatory variables were standardized (mean 

centred and scaled to unit variance) to allow comparison of variable correlation coefficients 

prior to running models and model coefficients. Best fit models were determined using 

corrected-Akaike information criterion (AICc) weights using the R package MuMIn (Barton 

2020). We ran generalized least squares models at three geographic resolutions discussed 

previously (local, intermediate and basinal).  
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8.3. Results and Discussion 

 

8.3.1. Diversity dynamics 

Our results suggest that New Zealand’s regional shallow-marine taxonomic diversity 

(gamma diversity) is affected positively by oceanic temperature, climatic variability, and 

within-basin environmental heterogeneity (i.e., environmental heterogeneity at local and 

intermediate scales) (Table 8.2 and Fig. 8.5 for time series). Furthermore, we find evidence 

that the relationship between regional taxonomic diversity and environmental heterogeneity 

may be, in part, related to variation in taxonomic beta diversity at the local scale. This 

supports the hypothesis that oceanic warming is a driver of regional temperate shallow-

marine biodiversity, but also implicates other aspects of climatic change, i.e., climatic 

variability, and environmental heterogeneity, as approximately equally important factors. 

However, we find no evidence that any of the environmental variables examined within this 

study can explain variations in taxonomic alpha diversity (Table 8.2). This implies that 

biogeographic patterns of taxonomic diversity at the local to basinal scales that result from 

climatic change are overprinted or intensified by other factors not considered here. Taken 

together, these results contrast with results from short-term modelling experiments, which 

suggest that the most important environmental determinant of living marine biodiversity, 

other than water depth, is average water temperature (Gagné et al. 2020). 
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FIGURE 8.5. Time series of taxonomic diversity through the Cenozoic, partitioned into (A) 

alpha, (B) beta and (C) gamma diversity. For clarity error bars are only shown for partitions 

of taxonomic diversity at the local scale and represent ± 1 standard error. Analyses were 

undertaken at the resolution of the time bins indicated by the shaded bars, labelled by time 

bin number (see Fig. 8.1). 
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Diversity 

partition 

Grid size (hexagrid 

side km) 
Explanatory variable(s) Coefficient(s) 

Pseudo-

R2 
phi 

AICc 

weight (%) 
p 

Log-

likelihood 

Taxonomic 

Gamma 

23 Temp. var. + Env. Het. 14.2, 21.7 0.63 -0.74 48 0.001 -53.51 

42 Temp. + Temp. var. + Env. Het. 18.1, 21.8, 12.7 0.71 -0.53 29 <0.001 -51.51 

80 Temp. var. 11.7 0.29 0.27 30 0.030 -56.89 

Beta 

23 Env.Het. 0.01 0.27 0.23 31 0.037 37.49 

42 Area -0.02 0.32 0.46 23 0.019 35.67 

80 - - - - 35 - - 

Alpha 

23 - - - - 33 - - 

42 - - - - 34 - - 

80 - - - - 40 - - 

Functional 

Gamma 

23 Temp. -3.82 0.42 -0.02 39 0.006 -35.46 

42 Temp. -3.31 0.32 0.12 33 0.019 -37.23 

80 Temp. -3.91 0.37 -0.2 47 0.011 -39.76 

Beta 

23 Temp. -0.02 0.5 -0.35 45 0.002 33.43 

42 Temp.  -0.02 0.39 0.11 50 0.020 33.28 

80 - - - - 36 - - 

Alpha 

23 - - - - 62 - - 

42 - - - - 32 - - 

80 - - - - 32 - - 

TABLE 8.2. Summary of generalized least squares (GLS) autoregressive (AR1) models. Results are presented for the best-fit models for 

taxonomic and functional diversity, both split into alpha, beta and gamma diversity and subdivided into the three grid sizes employed within this 

study. Model comparison was undertaken using the weighted corrected-Akaike information criterion (AICc). Explanatory variables in italics 

represent negative relationships. All explanatory variables were standardized (mean centred and scaled to unit variance) prior to running models 

to allow comparison of variable correlation coefficients and model coefficients. Pseduo-R2 values (ML-R2) for best fit models were calculated 

following the maximum likelihood approach of Cox and Snell (1989). 
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Functional gamma and beta diversities are correlated negatively with oceanic 

temperature as the sole explanatory variable (Table 8.2, see Fig. 8.6 for time series). Previous 

studies on New Zealand’s Cenozoic shallow-marine molluscan fossil record observed a 

positive correlation between functional redundancy and oceanic temperature through the 

Cenozoic (see Chapter 7), where functional redundancy is defined as the duplication of 

functional roles by multiple species. The findings of the present study are complementary and 

suggest that the relationship between oceanic temperature and functional redundancy may, in 

part, be mediated by functional beta diversity, i.e., increased functional compositional 

similarity between grid cells at warmer temperatures. Importantly, the long-term negative 

correlation between oceanic temperature and functional gamma and beta diversities contrasts 

with the observed spatial pattern of poleward decreasing functional diversity along the 

modern latitudinal diversity gradient (Edie et al. 2018b, Schumm et al. 2019). Furthermore, 

we observe that major losses in regional taxonomic diversity between time bins, particularly 

the Miocene climatic transition (~14 Ma), are not associated with a similar loss in functional 

groups.  
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FIGURE 8.6. Time series of functional diversity through the Cenozoic, partitioned into (A) 

alpha, (B) beta and (C) gamma diversity. For clarity error bars are only shown for partitions 

of taxonomic diversity at the local scale and represent ± 1 standard error. Analyses were 

undertaken at the resolution of the time bins indicated by the shaded bars, labelled by time 

bin number (see Fig. 8.1). 

 

The decoupling of taxonomic and functional diversity described above has been 

recorded in the global marine molluscan fossil record during mass extinction events (Foster 

and Twitchett 2014, Aberhan and Kiessling 2015, Edie et al. 2018b), and associated with 

moderate extinction events in the Caribbean Neogene molluscan fossil record (Pimiento et al. 

2020). Our findings are consistent with these studies, but they also imply that in the absence 

of mass extinction events, New Zealand’s temperate benthic marine ecosystems appear to be 

functionally resilient in the face of moderate taxonomic extinction (i.e., not mass extinction 

events). On this basis, the negative relationship between regional functional diversity and 

oceanic temperature through the Cenozoic likely reflects, in part, the accumulation of 

functional groups with minimal loss during intervals of decreasing taxonomic diversity. The 

maintenance of functional groups during warmer intervals may have been facilitated by 

increased functional redundancy within existing functional groups (see Chapter 7) (Fig. 8.7).  
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FIGURE 8.7. Conceptual figure depicting the relationships between taxonomic and 

functional diversity, and functional redundancy with oceanic warming and cooling for New 

Zealand’s temperate shallow-marine ecosystems. (A) Simplified schematic showing species-

level diversity within three functional groups during three time intervals that span a phase of 

warming (Time 1 to 2) and cooling (Time 2 to 3). Oceanic warming is predicted to increase 

relative (indicated by Δ) species-level diversity (Time 2) due to the arrival of warm-water 

genera, and subsequent in-situ speciation within existing functional groups, without changing 

relative functional diversity (B). Functional redundancy is likewise predicted to increase 

during warming (C). Drawings from Beu and Maxwell (1990, plates 11, 13, 17, 19, 21 and 

28, used with permission of GNS Science, Lower Hutt).   

 

8.3.2. Macroevolutionary rates 

We find a consistently strong signal for oceanic temperature as the primary positive 

correlate of origination rates, and to a lesser extent climatic variability as a negative correlate 

(Table 8.3 and see Fig. 8.8 for time series). This implies that origination rates, on average, 

reflect a predictable time-continuous process over long time spans. Conversely, extinction 

rates reveal contrasting results, with no clear relationship between extinction and the 

environmental proxies examined here. Notwithstanding this, previous studies on New 

Zealand’s Cenozoic shallow-marine molluscan fossil record observed a correlation between 

short-term (i.e., between interval) variation in extinction rate and sampling probability, and 

indirectly, with the spatial structuring of the environment (similar to the measure of 

environmental heterogeneity derived here) (Crampton et al. 2011). The indirect relationship 

between the spatial structuring of the environment and extinction, along with evidence from 

previous studies (Crampton et al. 2006b), was attributed to a pulsed model of extinction, 
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hypothesizing that extinction was more pulsed in nature than origination in New Zealand’s 

shallow-marine ecosystems during the Cenozoic (Crampton et al. 2011). This hypothesis is 

supported by several studies at the global scale which similarly suggest origination rates in 

the marine realm are less pulsed than extinction rates (Foote 2005, Heim and Peters 2011). 

Despite differences in the methods and metrics employed within this study, we also find 

evidence that environmental heterogeneity correlates to extinction rate. However, we find the 

correlation between environmental heterogeneity to be both positive and negative, at the local 

and basinal scale, respectively (Table 8.3 and see Fig. 8.2 for time series). The positive 

correlation between environmental heterogeneity and extinction at the local scale also 

includes habitable shelf area as an additive positive correlate. This spatial contrast could be 

related to the different underlying drivers of environmental heterogeneity at the different 

spatial scales. Variation measured at the local scale likely reflects widespread heterogeneity 

in regional environmental conditions as higher values of lithological dissimilarity between 

grid cells requires widespread variation in lithology. This could feasibly be driven by a 

number of factors, such as tectonic cycles of uplift and erosion or changes in relative sea 

level. Similarly, increases in shelf area in New Zealand are considered to reflect tectonic 

phases, rather than eustacy (see Chapter 2, section 2.2.2). On this basis, environmental 

heterogeneity measured at the local scale and habitable shelf area may be driven by similar 

factors related to regional tectonism. Conversely, basinal scale environmental heterogeneity 

captures variation in the environmental conditions between depositional sedimentary basins. 

Whereas this could also be driven by a number of factors, higher values of lithological 

dissimilarity suggest that basins are more environmentally differentiated. Thus, it is plausible 

that large-scale environmental change (as measured by environmental heterogeneity at the 

local scale) could contribute to increased extinction rates in conjunction with increases in 

shelf area, and between basin heterogeneity could reduce or buffer extinction (e.g., by 
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providing refugia and limiting biotic interactions). However, at the resolution of our data, it is 

not possible to discern the exact nature of this correlation and further study is required. 

Whereas our findings do not provide any direct support to a model of pulsed extinction, they 

do corroborate some of the findings of Crampton et al. (2011). Regardless of the mode of 

extinction the decoupled loss of taxonomic diversity relative to functional diversity suggests a 

non-random element in extinction selectivity, i.e., species extinction is evenly spread across 

functional groups, rather than concentrated in selected groups.  
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FIGURE 8.8. Time series of origination and extinction rates through the Cenozoic. 

Macroevolutionary rates were calculated using probabilities derived from the capture-mark 

recapture Pradel seniority model converted to instantaneous rates. Error bars represent ± 1 

standard error. Analyses were undertaken at the resolution of the time bins indicated by the 

shaded bars, labelled by time bin number (see Fig. 8.1). 
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Grid size 

(hexagrid 

side km) 

Explanatory variable(s) Coefficient(s) Pseudo-R2 phi 
AICc 

weight (%) 
p Log-likelihood 

Origination 

23 Temp. + Temp. var. 0.50, -0.15 0.7 -0.54 45 <0.001 -3.16 

42 Temp. + Temp. var. 0.50, -0.15 0.7 -0.54 41 <0.001 -3.16 

80 Temp. + Temp. var. 0.50, -0.15 0.7 -0.54 44 <0.001 -3.16 

Extinction 

23 Area + Env. Het. 0.27, 0.36 0.51 -0.19 41 0.005 -1.97 

42 - - - - 38 - - 

80 Env. Het.  -0.35 0.34 -0.2 46 0.012 -4.15 

TABLE 8.3. Summary of generalized least squares (GLS) autoregressive (AR1) models. Results are presented for the best-fit models for rates of 

origination and extinction derived using probabilities from the capture-mark recapture Pradel seniority model converted to instantaneous rates. 

Model comparison was undertaken using the weighted corrected-Akaike information criterion (AICc). Explanatory variables in italics represent 

negative relationships. Pseduo-R2 values (ML-R2) for best fit models where calculated following the maximum likelihood approach of Cox and 

Snell (1989)



265 
 

The exact mechanism by which oceanic temperature may increase rates of origination, 

and how this relationship manifests biogeographically, is unclear. Nevertheless, New 

Zealand’s geographic isolation during the Cenozoic precludes the wholesale role of species 

immigration and emigration (see Chapter 2, sections 2.2 and 2.4). As a result, origination at 

the species-level is largely attributed to in-situ evolution (Crampton et al. 2006a). Previous 

research suggests that warm intervals, particularly the Miocene climatic optimum, are 

associated with the arrival of warm-water molluscan genera from Australia and the Pacific 

(Beu and Maxwell 1990). Both genera that arrived during the Miocene climatic optimum and 

exiting genera show evidence of in-situ adaptive radiation at the species-level (i.e., 

cladogenesis, sensu Allmon 2017). This is based on the clear increase of within genus species 

richness in genera during the Miocene climatic optimum (Beu and Maxwell 1990). 

Conversely, during cooler intervals, particularly the latest Miocene and Pliocene-early 

Pleistocene, there is taxonomic evidence that anagenesis (sensu Allmon 2017) was a 

significant mode of speciation (Beu 2012). This is based on the observations of taxonomic 

experts, rather than evidence from biodiversity patterns. The mid- to late Pleistocene (< 1.63 

Ma) marks a shift in evolutionary mode from the Pliocene and early to mid- Pleistocene, with 

speciation entirely attributed to cladogenesis (in particular, allopatric speciation) (Beu 2012). 

This is perhaps a result of increasing environmental variability related to increased amplitude 

of Milankovitch-driven global climate cycles (Beu 2012). On this basis, we speculate that 

part of the long-term relationship between oceanic temperature and origination rates may 

relate to different modes and paces of speciation, whereby warmer intervals are associated 

with higher cladogenetic origination rates and cooler intervals are associated with lower 

origination rates related to anagenesis (Fig. 8.9). Within this model, assuming pulsed 

extinction, we would expect regional biodiversity to be positively correlated with oceanic 

temperature, which is consistent with our observations. We suggest that the relationship 



266 
 

between evolutionary mode and oceanic temperature may weaken or diminish once a 

threshold of environmental variability is crossed (i.e., during the mid- to late Pleistocene), as 

suggested by Beu (2012). However, origination rates remain low during the mid- to late 

Pleistocene, suggesting oceanic temperature has an impact on the pace of speciation 

regardless of the prevalent evolutionary mode. In addition, it is acknowledged that it is 

possible the evidence of anagenesis is not preserved in warmer time intervals, and that the 

decrease in species richness observed in cooler intervals could also be related to a decrease in 

the cladogenesis. Further work is required to fully understand these relationships. 
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FIGURE 8.9. Conceptual figure depicting an hypothesized model for the relationship 

between speciation and oceanic temperature in New Zealand’s shallow-marine ecosystems. 

(A) Illustrative simplified evolutionary tree showing a transition from warmer oceanic 

temperatures (Time 1), where cladogenesis is the dominant mode of speciation, to cooler 

(Time 2) oceanic temperatures, where anagenesis is the dominant mode of speciation. Within 

this model, per-stage origination and species richness is expected to decrease with cooling 

oceanic temperatures (B, C). 
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8.3.3. Temperate-tropical comparisons 

Comparisons between the temperate molluscan shallow-marine record of New 

Zealand with similar quality records of Neogene tropical shallow-marine molluscs of the 

Caribbean reveals several interesting similarities and differences. Firstly, in New Zealand, 

peak regional taxonomic diversity occurred in the warm interval during the Miocene climatic 

optimum (see Chapter 2, sections 2.3 and 2.4), and subsequently declined during cooling of 

the Miocene climatic transition. In contrast, regional taxonomic diversity of the Caribbean 

shows minimal change in species richness during the Miocene climatic optimum and an 

increase following the Miocene climatic transition, with diversity peaking in the late Pliocene 

(Pimiento et al. 2020). Second, we find peak functional diversity in New Zealand during Plio-

Pleistocene global cooling, coinciding with peak functional beta diversity. This broadly 

corresponds to the patterns of regional functional diversity observed in Caribbean molluscs, 

which also peaked during the Plio-Pleistocene (Pimiento et al. 2020). Lastly, previous 

research on New Zealand’s shallow-marine molluscan fossil record suggests that functional 

redundancy generally decreased during the Neogene (see Chapter 7). Conversely, functional 

redundancy in the Caribbean mollsucan fossil record increased throughout the Neogene and 

peaked in the late Pliocene (Pimiento et al. 2020). Although the impact of oceanic 

temperature has not been quantified in the Caribbean molluscan fauna during the Neogene, 

the comparison between temperate and tropical regional biodiversity suggests asymmetrical 

patterns of taxonomic diversity and functional redundancy, but congruent patterns of 

functional diversity. This contrasts to observations along the modern latitudinal diversity 

gradient that indicate a poleward decline in both taxonomic and functional diversity (Edie et 

al. 2018b, Schumm et al. 2019). 
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8.3.4. Implications for Modern Regional Temperate Marine Ecosystems 

Our results have two important implications for the future of New Zealand’s shallow 

marine biodiversity and similar temperate regional ecosystems. Firstly, functional diversity in 

temperate marine ecosystems appears to be resilient in the face of modest taxonomic 

extinction through the Cenozoic, potentially as a result of increased functional redundancy 

during warm intervals. Modern conservation generally focuses on biodiversity loss measured 

as species richness, with less emphasis on ecosystem function. However, if the current global 

and regional loss of functional diversity and redundancy (Petchey and Gaston 2002, 

Rosenfeld 2002, Barnosky et al. 2011, Ceballos et al. 2015, Valiente‐Banuet et al. 2015, 

McWilliam et al. 2018) goes unabated, the unfolding sixth mass extinction may be 

qualitatively different (i.e., higher levels of functional extinction) from previous mass 

extinction events, and have correspondingly unforeseeable consequences (Payne et al. 2016). 

Second, under natural warming scenarios, we may expect increased speciation rates in New 

Zealand’s shallow-marine ecosystems through the arrival and radiation of immigrant genera. 

The expanding list of threatened New Zealand marine invertebrates (Freeman et al. 2010, 

Gordon et al. 2010), which includes a large number of endemics with narrow biogeographic 

ranges, may be vulnerable to extinction from biotic interactions from warm-water arrivals, 

e.g., competition and predation. This is particularly true for the highly endemic subantarctic 

fauna of southern New Zealand, with no major landmasses between New Zealand and 

Antarctica to act as refugia. For New Zealand, our study highlights the need to incorporate 

long-term predictions into future conservation strategy and the need for more temporally 

resolved regional studies in temperate ecosystems focusing on conservation paleobiology. 
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8.4. Summary 

 

Quantifying the impact of anthropogenic climate change on biodiversity requires an 

understanding of the mechanisms that drive biodiversity change, origination, and extinction, 

and the ways that these mechanisms are expressed both spatially and temporally. Here we 

show contrasting responses of biodiversity and macroevolutionary rates to climatic change, 

both spatially and over geological timescales within a regional, temperate, shallow-marine 

fauna, and between temperate and tropical ecosystems. Overall, our findings suggest the 

driving mechanisms of New Zealand’s shallow-marine biodiversity change through the 

Cenozoic are complex and related to several factors. Notwithstanding this, oceanic 

temperature is clearly the single most important factor of those examined here. We find 

evidence that oceanic warming positively impacts origination rates and contributes to 

regional taxonomic richness, but negatively impacts regional functional and beta diversities. 

This negative long-term relationship between regional functional diversity and oceanic 

temperature is likely driven by functional resilience to extinction during cool intervals rather 

than a negative response to warming per se. Although we find some support for an 

asymmetrical response in regional taxonomic diversity to oceanic warming between tropical 

and temperate shallow-marine ecosystems through the Neogene, we find symmetrical 

patterns of regional functional diversity. These findings are not consistent with biogeographic 

patterns observed along the modern latitudinal diversity gradient, which display congruent 

relationships between temperature and taxonomic and functional diversity (Edie et al. 2018b, 

Schumm et al. 2019), and require further exploration and explanation. 
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Chapter 9 

 

Conclusion 

 

“It’s the job that’s never started as takes longest to finish.” 

(Samwise Gamgee, The Lord of the Rings, J.R.R Tolkien, 1954) 
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9.1. Introduction 

 

Within this final Chapter, I revisit the three research questions outlined in the 

introduction (Chapter 1). In addition, I consider the wider context of the results, in terms of: 

(1) implications for the future of New Zealand’s ecosystems, and (2) scope for future work. 

Lastly, I provide a brief summary of the thesis in its entirety. 
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 9.2. Research Questions 

 

9.2.1. Research Question 1 - What is the structure of apparent diversity patterns in New 

Zealand’s shallow-marine fossil record?  

This research question is further subdivided into two related questions: (1) is the 

structure of the apparent diversity pattern in New Zealand’s shallow-marine fossil record 

consistent with the nature of the global diversity history that records a putative rise in 

taxonomic diversity towards the recent, and (2) are the resultant patterns impacted by biases 

that are known to affect the global diversity trajectory, in particular the Pull of the Recent. 

In Chapter 5 I show that taxonomic diversity in New Zealand, measured using 

biostratigraphic ranges (range-through) at the species and generic level, increases through the 

Cenozoic, but peaks during the Miocene climatic optimum (Otaian and Altonian stages: 21.7 

– 15.9 Ma). This contrasts to the global trajectory of marine diversity (similarly based on 

range-through diversity), which peaks in the recent (Jablonski et al. 2003). Despite this 

contrast, estimates of the impact of the Pull of the Recent in New Zealand are in line with the 

global estimate of the Pull of the Recent for marine molluscs reported for a similar time 

interval (Jablonski et al. 2003). The results indicate that the Pull of the Recent effects < 2% of 

genera and < 4 % of species when considering taxa missing from the youngest ~5 Myrs of the 

New Zealand fossil record. The taxonomic composition of molluscs missing from the 

youngest part of the fossil record cannot easily be explained by effects related to shell 

mineralogical composition, body size, habitat, or taxonomic class. This implies that the 

apparent rise in New Zealand’s marine diversity and peak in species richness during Miocene 

climatic optimum either represents a true biological signal, or results from other confounding 

effects not considered here, or reflects a combination of factors. 
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9.2.2. Research Question 2 - Are patterns of biodiversity at the regional scale confounded 

by the uneven distribution of fossil collections? 

 Measures of biodiversity in New Zealand are confounded by the spatial distribution of 

fossil collections through time. In Chapter 6 I show that beta diversity is spatially dependent 

at local to regional spatial scales and uneven spatial sampling can influence recovered 

temporal trends in beta diversity. In Chapter 7 I also show that this issue extends to measures 

of regional taxonomic and functional diversity (defined as gamma diversity in this thesis). 

The findings of Chapter 7 imply that even sampling standardized measures of regional 

taxonomic and functional diversity taken at face value (i.e., at the maximum preserved spatial 

distribution of fossil collections) can alter the recovered temporal trends. The magnitude of 

spatial bias shown here is much smaller than recent estimates for the global fossil record 

(Close et al. 2020). Nevertheless, the results of Chapters 6 and 7 highlights that temporal 

variation in the spatial distribution of fossil collections at the regional spatial scale still needs 

to be considered in studies of regional biodiversity dynamics. 

 Within research question 2 I also query whether spatial patterns of taxonomic and 

functional diversity in New Zealand’s shallow-marine molluscan fossil record, i.e., the 

species-area relationship and functional diversity-area relationship, adhere to patterns 

observed in modern ecology. In Chapter 7 I show that both the species-area relationship and 

functional diversity-area relationship conform to the power function model typically observed 

in modern ecological studies (Whittaker et al. 2014, Karadimou et al. 2016). This suggests 

that the functional diversity-area relationship, which has not been previously quantified in the 

fossil record, is equally persistent and predictable as the species-area relationship.  

In Chapter 7 I extend the findings of research question 2 to consider how these spatial 

patterns of biodiversity can be used to investigate fundamental biogeographic and 
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macroecological patterns. The results of Chapter 7 indicate that the relationship between the 

number of functional groups (functional richness/diversity) and the number of species at 

increasing spatial scales, referred to as the functional redundancy relationship within this 

thesis, conforms to a similar asymptotic relationship observed within modern latitudinal 

climatic zones (temperate and tropical) (Schumm et al. 2019). The asymptotic relationship in 

modern ecosystems is steeper in temperate climatic zones relative to tropics, implying: (1) 

functional redundancy is elevated in the tropics, and (2) this relationship may be driven by 

latitudinal gradients of climate and oceanic temperature. In Chapter 7 I show that the slope of 

the functional redundancy relationship is strongly correlated to Pacific Ocean temperature 

over the last ~45 Myrs. This result is consistent with observations from the modern latitudinal 

diversity gradient (Schumm et al. 2019). This suggests that functional redundancy in 

temperate ecosystems is temperature dependent and the functional redundancy relationship is 

a persistent biogeographic and macroecological feature of regional and global importance. 

9.2.3. Research Question 3 - What are the key drivers of long-term biodiversity change and 

macroevolution in New Zealand’s shallow-marine ecosystems through the Cenozoic?  

 In Chapter 7 I find evidence for a long-term correlation between regional (gamma) 

species-level taxonomic diversity, and oceanic temperature and climatic variability. In 

Chapter 8 I extend these analyses to other spatial partitions of biodiversity and additional 

explanatory factors (environmental heterogeneity and habitable area). The results imply that 

the long-term driving mechanisms of New Zealand’s shallow-marine biodiversity change 

through the Cenozoic are complex and related to several factors. Notwithstanding this, 

oceanic temperature is clearly the single most important factor of those examined here. I find 

evidence that oceanic warming positively impacts origination rates and contributes positively 

to regional taxonomic diversity at the species-level, but negatively impacts regional 

functional and beta diversities. This negative long-term relationship between regional 
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functional diversity and oceanic temperature is likely driven by resilience to functional 

extinction during cool intervals rather than a negative response to warming per se. I suggest 

that the maintenance of functional groups during warmer intervals may have been facilitated 

by increased functional redundancy within existing functional groups, as inferred in Chapter 

7. In addition, I speculate that part of the long-term relationship between oceanic temperature 

and origination rates may relate to different modes and paces of speciation, whereby warmer 

intervals are associated with higher cladogenetic origination rates and cooler intervals are 

associated with lower origination rates related to anagenesis (Fig. 8.8).  

Within research question 3, I also query whether the long-term drivers of biodiversity 

change are consistent with predictions and observations from modern ecology. Observations 

and predictions from the distribution of current marine life suggest that tropical and 

temperate ecosystems will be impacted asymmetrically from oceanic warming. This is based 

on the prediction of a positive gain in species richness within temperate ecosystems (from the 

poleward migration of warm water species) and negative impact on tropical ecosystems (due 

to species loss from elevated heat stress) (Antão et al. 2020, Worm and Lotze 2021). Within 

Chapter 8 I find some support for an asymmetrical response in regional taxonomic diversity 

to oceanic warming between tropical and temperate shallow-marine ecosystems through the 

Neogene. However, the results indicate symmetrical patterns of regional functional diversity. 

These findings are not consistent with biogeographic patterns observed along the modern 

latitudinal diversity gradient, which display congruent relationships between temperature and 

both taxonomic and functional diversity (Edie et al. 2018, Schumm et al. 2019), and require 

further exploration and explanation. 
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9.3. Implications for the Future 

 

Within this section I focus on how this thesis aligns with the growing field of 

conservation paleobiology. In addition, I outline how the results of this thesis: (1) contributes 

to our understanding of New Zealand’s biodiversity in relation to anthropogenic climate 

change and the modern biodiversity crisis, and (2) consider the broader implications for our 

understanding of modern macroecology. 

9.3.1. Conservation Paleobiology 

Over the last few decades, the field of conservation paleobiology has become a major 

sub-discipline within paleontology and ecology. The integration of ecological and 

paleontological data at different spatial and temporal scales is now recognised as a principal 

element in understanding the current biodiversity crisis and future impacts of anthropogenic 

climate change (Price and Schmitz 2016). However, conservation paleobiology still faces 

several challenges. Perhaps the most important of these is creating a common framework and 

currency of biodiversity that transcends the traditional units of space and time typically 

employed in isolated ecological and paleontological studies. Within this thesis I place 

emphasis on: (1) using New Zealand’s shallow-marine fossil record to test whether 

observations and predictions from the distribution of modern life are consistent over longer 

(geological) time frames. Quantifying the spatiotemporal nature of these predictions and 

observations improves our understanding of macroecological and macroevolutionary 

processes, which ultimately underpins our ability to model how diversity may respond to 

future climatic and environmental change. (2) I also focus on quantifying biodiversity in 

equivalent currencies and spatial scales to modern regional/bioregional ecological studies 

(e.g., Antão et al. 2020).  
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9.3.2. Implications for New Zealand 

The results presented within this thesis provide an insight into the long-term drivers of 

New Zealand’s shallow-marine biogeography and biodiversity change, providing a baseline 

for what should be expected from natural warming in New Zealand. Based on the data 

presented here, we may expect the following changes in New Zealand’s shallow-marine 

ecosystems (and similar regional, temperate, shallow-marine ecosystems elsewhere on the 

globe) with increasing oceanic temperatures over long-timescales (multi-centennial to 

millennial): 

• A net gain in species richness of shallow-marine ecosystems in New Zealand 

as a whole. This is likely to be facilitated by the poleward migration of species 

from subtropical regions to the north of New Zealand (i.e., Australia and 

Pacific Islands). In the past the migration of molluscs and other benthic marine 

biota to New Zealand was largely restricted to species with free swimming 

larval stages (Beu et al. 1997). However, anthropogenic activity is likely to 

increase the rate of the translocation of “alien” species (i.e., non-native), 

particularly within ballast water and hull fouling of transport ships. There are 

already at least 177 naturalized alien species in New Zealand’s coastal waters, 

mostly in ports and harbours (Gordon et al. 2010). 

• An increase in functional redundancy, meaning that there will be more species 

performing particular ecological roles within shelfal marine ecosystems. If 

correct, this might be expected to improve ecosystem resilience to 

anthropogenic or natural perturbation. 

• Limited change in the regional functional diversity, the number of ecological 

roles performed within shelfal marine ecosystems in New Zealand, but an 

increase in the similarity of functional roles performed between local regions 
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(i.e., reduced functional beta diversity). As with functional redundancy, this 

may be expected to improve ecosystem resilience to anthropogenic or natural 

perturbation and suggests that oceanic warming, in isolation, is unlikely to 

cause regional scale functional extinction in New Zealand. 

• Variable response of species richness within local regions. Although species 

richness is predicted to increase in New Zealand as a whole, the net loss and 

gain of species at smaller spatial scales, measured by alpha and beta diversity 

(as defined in this thesis), is expected to vary across the latitudinal range of 

New Zealand. Other variables such as habitable shelf area, which may 

increase in tandem with global sea-level rise, and environmental heterogeneity 

may interact to modify temperature-driven changes in local species richness. 

Thus, changes in species richness related to oceanic warming may not 

manifest in local regions. 

• Increased speciation rates through the arrival and radiation of immigrant 

genera. As noted earlier, this is likely to facilitate an increase in species 

richness in New Zealand as a whole. 

Oceanic warming associated with anthropogenic climate change is taking place at a 

rapid rate (Kemp et al. 2015) and is occurring in tandem with elevated rates of biodiversity 

loss and habitat destruction (Erwin 2009). If the current rate of climate change and 

unprecedented loss of biodiversity and disruption of marine habitats is maintained, it is likely 

that patterns of biodiversity in the future will deviate from the predictions outlined above. 

However, as noted, these long-term predictions provide a baseline. This baseline implies 

oceanic warming should lead to a net increase in New Zealand’s regional biodiversity, and 

functional diversity should be largely unaffected. On this basis, even small losses in 

biodiversity, particularly anthropogenically forced extinction of functional groups and 
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endemic species, may significantly alter the future biodiversity and function of New 

Zealand’s shallow-marine ecosystems. This is particularly important for New Zealand as it is 

geographically isolated and has a limited species pool with high levels of endemism (Beu and 

Maxwell 1990, Crampton et al. 2006, Spencer et al. 2009, Gordon et al. 2010). Furthermore, 

the expanding list of threatened New Zealand marine invertebrates (Freeman et al. 2010, 

Gordon et al. 2010), which includes a large number of endemics with narrow biogeographic 

ranges, may be particularly vulnerable to extinction from biotic interactions with warm-water 

arrivals, e.g., competition and predation. The most vulnerable ecosystems are likely to be the 

highly endemic subantarctic fauna of southern New Zealand, with no major landmasses 

between New Zealand and Antarctica to act as refugia.  

9.3.3. Implications for modern ecology 

Beta Diversity.— In Chapter 5 I demonstrate that measurements of beta diversity in 

the fossil record are spatially dependent and apparent temporal patterns are confounded by 

the uneven spatial distribution of fossil collections. Although the spatial pattern of beta 

diversity in modern ecosystems may differ from those identified in the fossil record (e.g. 

Barton et al. 2015), it is important to realise that measurement of modern beta diversity is still 

spatially dependent. This is particularly important as beta diversity is a key measure of 

biodiversity in ecological studies and conservation planning (Bush et al. 2016, Socolar et al. 

2016); it is possible that the results of such studies may be influenced by spatial bias and 

misleading. This is particularly true for studies utilizing large ecological databases, which are 

becoming increasingly prevalent. Similar to studies utilizing fossil databases, these studies 

have no control over the spatial sampling regime. 

Functional Redundancy Relationship.— In Chapter 7 I define a new biogeographic 

phenomenon, the functional redundancy relationship, which describes the relationship 



281 
 

between the number of species and number of functional groups at increasing spatial scales. 

The asymptotic form of the functional redundancy relationship is consistent with patterns 

observed within the modern latitudinal diversity gradient (Schumm et al. 2019), which 

implies that it is a persistent macroecological pattern of regional and global ecological 

importance. Evidence from modern ecology suggests functional redundancy increases 

ecosystem resilience to environmental change (Biggs et al. 2020). The results presented 

herein corroborate this conclusion, suggesting that elevated functional redundancy during 

warm periods may buffer functional loss during moderate taxonomic extinction over long 

timescales. However, measures of functional redundancy are rarely quantified in conservation 

research (Biggs et al. 2020). The functional redundancy relationship highlights the 

importance of functional redundancy, but the slope of this relationship also provides a 

spatially explicit method of quantifying the loss (or gain) of multiple dimensions of 

biodiversity in modern ecosystems, whilst simultaneously capturing aspects of functional 

redundancy. Notwithstanding this, further work is required to explore the application of the 

functional redundancy relationship in modern ecological settings. 

Global Biogeography and Climatic Change. — As noted earlier (section 9.2.3), recent 

research suggests that tropical and temperate marine ecosystems are likely to be impacted 

asymmetrically by increasing oceanic temperatures over short timescales. This asymmetrical 

relationship is mirrored in the distribution of marine life across the modern latitudinal 

diversity gradient, which indicates a parallel poleward decrease in taxonomic and functional 

richness. Both patterns are attributed, in part, to current or predicted short-term changes in 

latitudinal gradients of climate and temperature (Edie et al. 2018b, Blowes et al. 2019, 

Schumm et al. 2019, Antão et al. 2020, Gagné et al. 2020). However, the fossil record 

suggests that taxonomic and functional diversity become decoupled over longer timescales, 

particularly during intervals of elevated taxonomic loss (Edie et al. 2018a, Edie et al. 2018b). 
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The results provide some support for an asymmetrical response in regional taxonomic 

diversity to oceanic warming between tropical (Pimiento et al. 2020) and temperate shallow-

marine ecosystems through the Neogene. However, the results imply symmetrical patterns of 

regional functional diversity. These findings are not consistent with biogeographic patterns 

observed along the modern latitudinal diversity gradient (Edie et al. 2018b, Schumm et al. 

2019), but the evidence for asymmetry in temperate-tropical taxonomic diversity is in line 

with short-term predictions and observations from modern ecology (Blowes et al. 2019, 

Antão et al. 2020). Taken at face value, these results suggest that over geological timescales 

and in the face of global warming, we expect a net increase in New Zealand marine species 

richness and an increase in functional redundancy. 

Lastly, and importantly, the results of this thesis imply that functional diversity may 

respond differently to anthropogenic climate change than past episodes of natural climate 

change. In particular, I suggest New Zealand’s shallow-marine ecosystems are functionally 

resilient in the face of moderate taxonomic extinction (i.e., not mass extinction events), 

consistent with interpretations from tropical ecosystems during the Neogene (Pimiento et al. 

2020) and evidence from the global marine fossil record (Edie et al. 2018b). However, if the 

current global and regional loss of functional diversity and redundancy (Petchey and Gaston 

2002, Rosenfeld 2002, Barnosky et al. 2011, Ceballos et al. 2015, Valiente‐Banuet et al. 

2015, McWilliam et al. 2018) goes unabated, the unfolding sixth mass extinction may be 

qualitatively different (i.e., higher levels of functional extinction) from previous mass 

extinction events, and have correspondingly unforeseeable consequences (Payne et al. 2016).   
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9.4. Summary and future work 

 

This thesis confirms the high quality of the New Zealand shallow-marine fossil record 

and identifies oceanic temperature as a major positive correlate of regional taxonomic 

diversity, origination, and functional redundancy. This correlation is not consistent across 

spatial scales, a reflection of other abiotic and biotic processes that are likely important. 

These findings are relevant to our understanding of macroevolutionary and macroecological 

processes, particularly how temperate shallow-marine ecosystems may respond to future 

warming. For New Zealand, this research suggests, as a baseline, that natural warming may 

increase equilibrium taxonomic diversity and functional redundancy in New Zealand over 

geological time scales. However, anthropogenic climate change is associated with rates of 

biodiversity loss and habitat destruction that have few analogues in the geological record. 

This is likely to alter the future trajectory of New Zealand’s biodiversity change in ways that 

cannot be anticipated from past natural warmings, which may have far-reaching impacts for 

the short- and long-term future of New Zealand’s unique and highly endemic marine fauna.  

This highlights the need for further study in shallow-marine temperate ecosystems, 

particularly at finer time scales than examined here, to better understand diversity dynamics, 

and importantly, extinction risk. There is minimal work on either the short- or long-term 

impact of anthropogenic climate and environmental change on New Zealand’s biodiversity 

that utilizes information from the fossil record. This thesis only covers the long-term 

relationships of New Zealand’s shallow-marine molluscan biogeography and biodiversity to 

global change, and there is much to gain from examining other taxonomic groups and 

extending analyses to finer temporal and spatial scales.  
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Several areas of potential future work have been identified during the course of this thesis: 

1. New Zealand specific research into the extinction risk of shallow-marine 

ecosystems over both short and long timeframes based on oceanic warming 

scenarios outlined by the IPCC (Bindoff et al. 2019). 

 

2. Research establishing a local historical baseline for diversity change in response 

to climate in New Zealand’s shallow-marine ecosystems. The Whangnaui Basin 

(see Fig 2.3) holds a unique record of shallow-marine ecosystems (predominately 

during interglacials) through the Plio-Pleistocene to recent at a high temporal 

resolution (40 – 100 Kyrs) and is estimated to be up to 88 % complete (Johnson 

and Curry 2001); this record would represent at excellent case study. The 

integration of fossil data from the basin with modern ecological data could 

directly inform modern conservation, management and policy (e.g., Dietl et al. 

2015, Barnosky et al. 2017) . 

 

3. Research into the long-term drivers of biodiversity patterns in other taxonomic 

groups in New Zealand, and their comparison. New Zealand hosts high quality 

fossil records of foraminifera (Hayward et al. 2009), bony fish (Teleostei) 

(Schwarzhans 2019) and terrestrial plants (pollen and spores) (Prebble et al. 2021) 

through the Cenozoic. Recent research suggests that many different phyla share 

biogeographic boundaries and that environmental conditions, particularly 

temperature, explained some of the observed variation (Holman et al. 2021). 

Whilst Holman et al. (2021) attribute these patterns to long-term ecological and 

evolutionary mechanisms, it is not known whether these biogeographic synergies 

are maintained over longer timescales. 
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4. Further investigation into the global spatiotemporal mismatch between taxonomic 

and functional diversity, and the role of regional ecosystems in the evolution and 

future trends of the latitudinal diversity gradient. 
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Appendix 1. 

Simplified step-by-step breakdown of the original implementation of Shareholder Quorum 

Subsampling (SQS) (Alroy 2010a). Note this is based on sampling individual taxa, not 

collections. 

1. Estimate Good’s u (see Eq. 4.1). If above 0 (i.e. not all singletons) continue. 

2. Calculate initial taxon frequency*. 

𝑖𝑛𝑡. 𝑓𝑟𝑒𝑞𝑖 = 𝑛𝑖 −
(𝑠1 + 𝑠2)/2

𝑆
 

3. Calculate taxon frequency*. 

𝑓𝑟𝑒𝑞𝑖 =
𝑖𝑛𝑡. 𝑓𝑟𝑒𝑞𝑖

𝑁 − max (𝑛𝑖)
 

4. For a single subsampling trial: 

a. Randomly sample taxon, one at a time, from the sample abundance 

distribution. 

b. For each randomly sampled taxon, calculate the cumulative taxon frequency 

(coverage) of all sampled taxon. Importantly, the frequency for an individual 

species can only be included once. 

c. Stop sampling once the cumulative taxon frequency (coverage) is greater than 

the set coverage level (quota). 

d. Calculate richness from the subsampled frequency distribution. 

5. Calculate the geometric mean of richness from all subsampling trials. 

*Steps 2 and 3 and the equations given adjust the frequency of individual taxa to 

accommodate for the completeness of the sample. Using the raw frequencies of each taxa 

would overestimate their actual coverage.   
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Appendix 2. 

Simplified step-by-step breakdown of the updated Shareholder Quorum Subsampling (SQS) 

(Alroy 2014), following the outline provided in Close et al. (2018). 

1. If required - randomly draw a reference (without replacement) 

2. Randomly draw a collection from the reference. 

3. Draw individual occurrences from the collection, calculating Good’s u after each 

occurrence is added. 

4. Record richness each time sample coverage meets the target coverage (just below or 

above). 

5. Repeat the process drawing new collections from the reference (until the maximum 

number of set collections is drawn – n collections (recommended to be 3). 

6. Once n collections are drawn from the reference, sample another reference and repeat 

until all references have been evaluated. 

7. For each trial, the richness is recorded as the median richness at all crossing points. 

 

 


