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Introduction

The most striking feature of Earth is the existence of life, 

and the most striking feature of life is its diversity.

—David Tilman

Our planet is characterized by two highly unusual, and intriguingly beautiful, 
aspects: the fact that it contains life at all, and the spectacular ways in which 
novel life forms have diversified and assembled into complex communities and 
ecosystems. We have not—at the time of writing—discovered life on other celes-
tial bodies, and even if life forms do exist elsewhere, the complexity of Earth’s 
diversity may still remain unique or inordinately rare. As far as we know, the 
first microbial life on Earth originated in a primordial abiotic ocean some 3 to 4 
billion years ago, possibly at hydrothermal vents (Martin et al. 2008), although 
several competing hypotheses exist (Mulkidjanian et al. 2012). From there, the 
remarkable biodiversity that now defines and shapes life on our planet evolved 
further, dispersing across the global ocean, and, about 0.6 billion years ago, onto 
the land (Retallack 2013). A cornucopia of profound biochemical, physiological, 
structural, and behavioral developments and adaptations facilitated this expansion 
into previously lifeless and often hostile environments. The evolutionary history 
of marine to terrestrial colonization is still visible in the distribution of higher taxa 
today: almost all animal phyla occur in the oceans, while fewer than half exist on 
land (May 1988). Yet, total species richness of eukaryotes is estimated to be about 
threefold greater on land (Mora et al. 2011), in large part due to the extraordinary 
radiation of insects. Remarkably, however, we have only a rough idea how many 
species exist either on land or in the oceans, possibly comprising some 8 to 9 mil-
lion eukaryotes in total (Mora et al. 2011), with most of them still awaiting formal 
description. The challenge of identifying and explaining the seemingly endless 
variety of life on Earth remains one of the most profound tasks in biology, and 
perhaps in the sciences as a whole.

Apart from the sheer magnitude of biodiversity, its prominent spatial patterns 
have long been of interest. The nonrandom spatial distribution of biodiversity is 
apparent even to the casual observer. It is likely that early hominids who traveled 
and expanded their reach across different biomes would have already been cog-
nizant of the substantial differences between the richness of ecological communi-
ties at large scales and their broad relationship to latitude, altitude, and moisture 
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regimes. Ever since naturalists began describing, organizing, and documenting 
the variety of species in more detail, some very general patterns have emerged. 
For many taxonomic groups surveyed on land, including plants, vertebrates, and 
insects, species richness (the number of species found in a particular area at a 
given time) peaks in the wet, warm tropics and falls off sharply toward higher 
latitudes and altitudes (Gaston 2000). This first-order pattern of global biodiver-
sity (Krug et al. 2009) is exceedingly well documented (Hillebrand 2004), but 
poorly understood from a theoretical perspective, with a raft of possible mecha-
nisms proposed (Rohde 1992). In the oceans, similar gradients in species richness 
have been observed from the tropics to the poles in some well-studied coastal 
taxa (Stehli et al. 1967; Roberts et al. 2002). Open-ocean (pelagic) species, from 
zooplankton to whales, have been analyzed more recently and often display a 
different pattern that peaks at subtropical or even temperate latitudes (Titten-
sor et al. 2010). Deep-sea taxa, while sparsely sampled, appear different again 
(Woolley et al. 2016). Explaining these large-scale patterns has become a core 
question in ecology and evolutionary biology, often addressed through correlative 
methods linking hypothesized mechanisms to environmental variables. Although 
such approaches can help to identify possible drivers, they cannot necessarily 
distinguish between them or shed light on the mechanisms involved. An alterna-
tive route for enhancing our understanding of the spatial distribution of global 
bio diversity is through developing a model that enables, or at least proposes, a 
mechanistic understanding of the fundamental processes structuring global pat-
terns in biodiversity, an ideal that has been called the “holy grail of modern bio-
geography and macroecology” (Gotelli et al. 2009).

Clearly, fundamental questions about species diversity are not just interesting 
to ecologists but are also central to our understanding of the world we live in 
and how we relate to it. Species diversity is akin to a periodic table of biology: 
it provides the fundamental building blocks for the ecosystems we all inhabit. 
How is the global richness of species organized, and how does it vary across taxa 
and through space and time? What are the environmental factors that may drive 
this variation and to what extent are these factors influenced by human perturba-
tions? And finally, can we explain this bewildering variety from simple ecological 
theory and provide a more mechanistic understanding of the fundamental distri-
butional patterns of life? These questions have long been at the core of ecology, 
and they form the focus of this book.

1.1. INTEGRATING LAND AND SEA

A key premise of our work here is that a more comprehensive understanding of 
global biodiversity can be gained only by overcoming a disciplinary divide that has 
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long separated the study of biodiversity on land and in the sea. Since humans are 
land animals, we have often been primarily concerned with the terrestrial organ-
isms that we can more easily observe. This is also reflected in the history of eco-
logical study. Many scientists who shaped the foundations of our field, such as 
von Humboldt, Darwin, Wallace, Elton, Hutchinson, and MacArthur, had a ter-
restrial or sometimes freshwater focus, but they rarely considered the oceans in 
detail (Darwin’s beautiful monographs on corals and barnacles being among the 
notable exceptions). These pioneers also shared a keen interest in the forces that 
shape patterns of species richness. Hence, published work on this topic is heavily 
biased toward the land. A quick online search confirms that there are about 30% 
more scientific articles and books devoted to the biodiversity of a single terrestrial 
habitat type—forests—alone than to marine biodiversity. Likewise, the mention of 
“plant diversity” in all published books, scientific or otherwise, goes back at least 
to the beginning of the twentieth century, whereas marine species groups appeared 
much later in this context and have only slowly risen to more prominence (fig. 1.1).

In focusing on the oceans in addition to the land in this book, we treat different 
marine habitats as further “replicates” of global biodiversity patterns: different 
from terrestrial, but potentially organized (at least at some fundamental level) by 
similar principles (fig. 1.2). At the very least, this assertion is a null-hypothesis to 
be confronted with data. At the very best, it increases the “degrees of freedom” 
when we test our ability to understand and predict the first-order patterns of bio-
diversity on our planet. As the marine environment is less familiar to most, it 
tends to challenge our assumptions about how the world works, and allows us to 
critically examine ecological concepts that have been developed with a largely 
terrestrial focus. Are these patterns, ideas, hypotheses, and theories truly general 

Figure 1.1. Mentioning of species diversity in published books. Plant diversity is referenced 
for around three times longer than and at least eight times as often as any other group. Note the 
increasing mention of other species groups only after around 1970, when spatial biodiversity 
science further expanded to other realms. Data from Google ngram project (https:// books .google 
.com /ngrams).
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to all systems? It is our assertion that ecology, and its theoretical foundations, 
should be general, no matter whether its subjects happen to be wet or dry.

At the same time, our—and indeed society’s—current interest in biodiversity 
is much more than academic. The rapid erosion of biodiversity—both on land 
and in the ocean—is cause for much concern, as it threatens individual species 
with extinction (Dirzo et al. 2014; McCauley et al. 2015), and ecosystems with 
loss of functionality, essential services, and resilience (Worm et al. 2006; Hooper 
et al. 2012). There is growing awareness of this biodiversity crisis as a defining 
problem of our time (Tickell 1997), with international policies being shaped in an 
attempt to slow and ultimately reverse the rate of loss (Tittensor et al. 2014). This 
has also resulted in renewed interest in the fundamental processes that give rise to, 
maintain, or threaten, biodiversity at local, regional, and global scales.

Some of these fundamental processes can be further unveiled by contrasting and 
comparing current patterns of and changes in diversity to those that have unfolded 

Figure 1.2. Biodiversity across marine and terrestrial habitats provides four largely independent 
“replicates” with which to explore patterns of biodiversity. Examples of (A) coastal; (B) pelagic; 
(C) deep sea; and (D) terrestrial diversity are shown. Credits: (A) Ami Gur; (B) Samuel Blum;  
(C) NOAA; (D) Frank Brodrecht.
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through deep time (Jablonski et al. 2006; Valentine and Jablonski 2015; Yasuhara et 
al. 2015). By carefully dissecting the paleontological record, researchers have been 
able to trace patterns of species richness throughout Earth’s history, learning how 
they have changed as the environment around them became altered by geological, 
biological, and climatic forces (Renema et al. 2008; Krug et al. 2009; Yasuhara et 
al. 2012; Jablonski et al. 2013; Mannion et al. 2014). At present, human beings are 
exerting pressures and inducing changes as pronounced as many of these deep-time 
processes, and are certainly a dominant force shaping life on Earth (Waters et al. 
2016). As an example, CO2 is now emitted at a rate ~20 times greater than the fastest 
CO2 emission rates in recorded geological history (Zachos et al. 2008), and is warm-
ing the planet at record speed. Yet, our ability to predict the future of biodiversity is 
both more limited and more uncertain than our understanding of its past (Sala et al. 
2000). We posit that a more general understanding of global biodiversity patterns, 
and in particular the ecological and evolutionary forces that shape them, may help 
us to forecast biological reconfigurations in both the short and the long term under 
a given rate and pattern of environmental change.

1.2. A BRIEF HISTORY OF BIODIVERSITY RESEARCH

It is often instructive to trace the origin and evolution of a question or an idea 
through history. Observations on patterns of species richness at local scales likely 
date back to the beginnings of human inquiry. Traditional hunter-gatherer soci-
eties, for example, acquired and still hold detailed knowledge of many species 
and their distributions (Cotton 1996), and devised observation-based heuristics 
to explain such patterns. Early scientific inquiry was exemplified by Aristotle’s 
strikingly detailed observations on both terrestrial and marine animals, particu-
larly their morphology and distribution. These important observations were not 
synthesized in much greater detail until the Age of the Enlightenment. Specifi-
cally, Linnaeus’s Systema Naturae (Linnæus 1758) established taxonomy and 
systematics, and enabled a more structured inquiry into patterns of species rich-
ness and how they unfolded based on the relatedness of individual organisms. 
Subsequently, major scientific expeditions were organized, discovering new spe-
cies and ecological communities as they surveyed land and ocean areas around 
the globe. For example, Alexander von Humboldt and Aimé Bonpland’s expedi-
tions to South America of 1799–1804 initiated modern biogeography, while the 
Challenger expedition of 1872–1876 laid the foundations of oceanography, and 
catalogued over 4000 unknown species from marine waters around the world. 
A common thread running through this “era of discovery” was that it became 
increasingly evident that our planet held far more forms of life than had hitherto 
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been anticipated, and that much of it was concentrated in tropical forests on land, 
or contained in structured habitats such as kelp forests and coral reefs in the 
ocean. In the marine realm, however, the pace of discovery was generally slower, 
particularly in the vast reaches of the open ocean and the deep sea, the latter long 
presumed to be devoid of life.

Darwin’s theory of evolution (Darwin 1859) provided another milestone. The 
theory was elegant in that it required only two fundamental processes—specifi-
cally, the generation of variation in species’ traits and the forces of natural selec-
tion acting upon that variation—to explain the emergence of new species, and by 
extension all of biodiversity. Although the Modern Synthesis suggests that other 
processes, such as drift, are also important, the ramifications of Darwin’s theory 
as a structural foundation for anchoring an understanding of the spatial distribu-
tion of biodiversity are obvious. Yet, there was little theory available or developed 
at the time to understand the processes shaping the distribution of those species 
across regions and around the globe.

Modern biodiversity science was arguably born out of Gene Evelyn Hutchin-
son’s “Homage to Santa Rosalia” (Hutchinson 1959), in which he posed the 
question of how the great variety of observed species could coexist in a given 
environment while competing for a few limiting resources. Examples include the 
astounding richness of plankton species that can coexist in a single drop of water, 
or the large number of tree species found in a patch of tropical forest. Hutchin-
son’s student Howard Sanders took this question to the deep sea, where he and 
Robert Hessler discovered surprising levels of macrofaunal diversity that were 
at the time perceived to perhaps match those of hyperdiverse tropical forests and 
coral reefs (Hessler and Sanders 1967). Soon Sanders, among others, was for-
mulating theory to explain these observations (Sanders 1968). The stability- time 
hypothesis, which was borne out of these observations, was one of the first theo-
ries specifically developed to explain observed biodiversity patterns; it related 
large-scale differences in species richness to the severity and frequency of dis-
turbances. This work partially inspired several decades’ worth of research into 
marine biodiversity patterns, both from biologists, focusing on coral reef and 
deep-sea macrofauna (McCoy and Heck 1975; Grassle and Maciolek 1992; Rex 
et al. 1993; Roberts et al. 2002; Brandt et al. 2007), and geologists, focusing on 
bivalves, foraminifera, and other microfossils (Ruddiman 1969; Stehli et al. 1969; 
Rutherford et al. 1999; Valentine and Jablonski 2015).

In a parallel development, MacArthur and Wilson published their Theory of 
Island Biogeography, arguably the first mathematical theory of biodiversity pat-
terns (MacArthur and Wilson 1967). While originally focusing on the immigration 
and extinction of terrestrial species on oceanic islands, it was subsequently applied 
to other isolated habitats such as lakes, mountaintops, and forest fragments. A 
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later extension of this theory, The Unified Neutral Theory of Biodiversity and Bio-
geography (Hubbell 2001), which built on MacArthur and Wilson’s work, was 
heavily informed by observations in tropical forests. When its predictions were 
tested in other habitats both marine (Dornelas et al. 2006) and terrestrial (McGill 
et al. 2006), however, results were mixed, and its generality remained unclear. The 
Metabolic Theory of Ecology is another, more recent theory that makes general 
predictions about changes in community structure and consequently biodiversity 
in relation to temperature (Brown et al. 2004). On its own, it also falls short of 
capturing a majority of diversity gradients on land (Hawkins et al. 2007), but it has 
not been evaluated in comprehensive detail for marine environments.

The new millennium brought about an era of large-scale data integration and 
synthesis, spurred by the growth of macroecology as a prominent subfield in 
ecology (Brown 1995; Gaston 2000). The First Global Census of Marine Life 
(2000–2010), for example, built on Fred Grassle’s and Jesse Ausubel’s bold 
vision to systematically chart and understand marine biodiversity patterns across 
all the many different habitats, from shallow reefs to abyssal plains (Ausubel 
1999; Grassle and Stocks 1999). Grassle was a student of Sanders, and thus it is 
conceivable that the vision of a systematic and global marine census may ulti-
mately be traced back through a direct academic lineage to Hutchinson’s seminal 
thoughts on patterns of species diversity. The Census of Marine Life was by far 
the largest initiative of its kind and certainly invigorated interest in marine bio-
diversity, both in academia and in the public eye through regular media coverage 
of its many spectacular and photogenic discoveries. Scientifically, it fostered an 
interdisciplinary, comparative, and highly collaborative approach that culminated 
in a series of synthetic papers on the large-scale patterns of species distribution, 
abundance, and richness across different marine habitats (Tittensor et al. 2010; 
Block et al. 2011; Mora et al. 2011; Ramirez-Llodra et al. 2011). At the same 
time, parallel synthetic developments in terrestrial ecology led to similar efforts at 
empirical synthesis, focusing largely on patterns in plant (Kier et al. 2005; Kreft 
and Jetz 2007) and vertebrate species richness (Jetz and Rahbek 2002; Grenyer et 
al. 2006; Jetz and Fine 2012). Finally, the creation of dedicated institutions such 
as the National Center of Ecological Analysis of Synthesis (NCEAS) spurred the 
search for general ecological principles to be extracted from these newly docu-
mented global patterns. Most recently, online databases such as the Encyclopedia 
of Life (http:// eol .org/); the Map of Life (https:// www .mol .org/); the International 
Union for Conservation of Nature (IUCN) Red List (http:// www .iucnredlist .org/); 
the Global Biodiversity Information Facility (http:// www .gbif .org/); and the 
Ocean Biogeographic Information System (http:// www .iobis .org/) have enabled 
even better integration of biological and environmental data, facilitating further 
syntheses of observed patterns of species richness and community structure.
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Despite these exciting advances, however, biodiversity research has not yet 
produced a testable body of theory that can coherently explain the manifold pat-
terns of global biodiversity on land and in the sea. Yet, the time seems ripe to 
attempt such a synthesis. On the empirical side, field ecologists have compiled an 
unprecedented number of observations across multiple taxonomic groups along 
with associated environmental predictors that might be related to underlying pro-
cesses. There also exists an extensive list of hypothesized drivers and mecha-
nisms (Rohde 1992), but no cohesive model to reconstruct observed patterns of 
biodiversity from such mechanisms at the global scale. Especially challenging is 
the fact that some of the hypothesized drivers, such as temperature, can operate 
through both ecological (for example, niche constraints) and evolutionary (for 
example, speciation rates) mechanisms, and correlative models provide no way to 
separate these effects. Another obstacle is that much relevant theory (for example, 
island biogeography theory, metabolic theory, or indeed neutral theory) has been 
developed with a terrestrial focus, and its applicability to marine habitats has been 
less extensively explored in terms of spatial distributions of biodiversity. Integrat-
ing empirical observations with mechanistic models both on land and in the ocean 
may provide a clearer picture of both their generality and their limitations.

1.3. GOALS AND STRUCTURE OF THIS BOOK

Our goal in this book is to construct an integrated understanding of large-scale 
patterns of marine and terrestrial biodiversity at regional to global scales (hun-
dreds to tens of thousands of km). Although we recognize that the term bio-
diversity is used to encompass all levels of biological variation (UN 1992), here 
we shall use it primarily to describe the number of species in a given community 
(species richness); other aspects of biodiversity such as phylogenetic or functional 
diversity will remain an area for future research. We begin by describing and syn-
thesizing the state of scientific knowledge of species richness patterns for coastal, 
pelagic (open ocean), and deep-sea (>2000 m depth) environments, and compare 
these to patterns found on land and in freshwater (chapter 2), treating these major 
habitats as largely independent “replicates” across which we strive to understand 
contrasting patterns of diversity. We then discuss and analyze the environmental 
correlates that best explain these patterns (chapter 3). Based on this empirical 
understanding, we construct a simple theoretical model that attempts to explain 
the present latitudinal distribution of species, in an idealized ocean (chapter 4). In 
starting with a “minimal realistic model” and then building on it to produce some-
thing more closely aligned with observed patterns, we find that we need to unify 
three preeminent ecological theories—namely, neutral, niche, and metabolic 
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theory. From this emerge a number of predictions on species richness, but also 
range size, niche breadth, and other macroecological patterns that are explored 
in some detail. When confronting our model with empirical data (chapter 5), we 
derive surprisingly realistic predictions of species richness for known marine and 
terrestrial species groups on a global grid that includes both the continents and 
the oceans. On the more applied side (chapter 6), we use our empirical synthesis 
to map out possible priority areas for conserving biodiversity at large scales, and 
employ our theoretical model to explore scenarios of long-term changes in future 
biodiversity patterns in response to projected global warming. In the long term, it 
is our hope that our thoughts will in some way contribute to a broader, unifying 
synthesis in biodiversity science (chapter 7).

The ideas presented in this book are necessarily circumscribed by inherent biases 
in our collective knowledge of different species groups. We tend to be familiar with 
larger-bodied taxa that are easily observable, or that we find beautiful, nutritious, 
or fearsome. Much less information is available, particularly when seeking global 
coverage, for those taxa that are smaller, less visually interesting, or less obviously 
useful for humankind. Microbial organisms, for example, are critically important in 
regulating biogeochemical processes at the planetary scale (Falkowski 2012), yet 
our knowledge of their biodiversity remains very limited (Sunagawa et al. 2015). 
Less well researched taxa may display different spatial patterns of bio diversity 
from those with which we are more familiar. We are unable, unfortunately, to over-
come this limitation, and can only work with the empirical information that we 
have available at this point in time; future discoveries and empirical compilations 
can be used to test, revise, or overturn the ideas in this book. In addition, our 
work maintains a consistent focus on species richness, and treats species evenness, 
functional diversity, species turnover, and community composition only in passing. 
This is most certainly not for a lack of interest but due to the inherent limitations 
involved in covering a broad range of taxa and patterns in a single book.

We also focus deliberately on large scales, for the pragmatic reason that our 
knowledge at large spatial grains (hundreds to thousands of km) tends to be more 
complete, on average, than at finer grains (Mora et al. 2008). The idea is to capture 
the first-order latitudinal and longitudinal patterns of species richness, its peaks 
and troughs, rather than its detailed regional variation, which might be structured 
by different driving forces. We realize that this approach may disappoint some, 
who would like to see a more detailed representation of localized marine and 
terrestrial biodiversity patterns, as well as a detailed explanation of smaller scale 
variation, but this would necessitate a very different focus for this volume. We 
fully acknowledge that we present only generalities and that potentially important 
exceptions and scale-related differences exist, and we direct the reader toward 
more regional studies wherever possible.
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