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Preface

This book contains the transcripts from the BDC334 lectures that I gave during the COVID-
19 year of 2020. The lectures were recorded and made available to students online, and the
transcripts were created to accompany those video recordings. The content of these lectures
is still relevant today (in fact, the content has not changed much), and I hope that they will
be useful for students studying macroecology.

The transcripts were created using the SuperWhisper Al tool, which uses a combination of
machine learning and natural language processing techniques (GPT-4.1 + the Ulta voice
model) to transcribe the audio recordings into text. The transcripts were then edited for
clarity and accuracy. The prompt I used to convert the audio is:

GENERAL:

- Use British English consistently and religiously.

- Please transcribe the video or sound file, keeping more or
less my mode and style of speaking intact.

- The intention is to maintain a style of writing that
closely mirrors my natural way of speaking.

- Apply corrections to ensure my grammar and language are
clear and correct after translation to text.

- Use proper paragraphs, and apply punctuation liberally.

- Apply strict fact-checking. Indicate, where necessary,
where the factual material that I talk about is clearly
incorrect. Insert a pointer such as 'attention' in square
brackets next to the statement that has some doubt
associated with it.

- The audience is the undergraduate university class who sits
in my lectures.

- The intended use of the material will be to serve as a
faithful reproduction of my lecture content as presented in
the voice or video material that I supply.

- Translate any numbers with units or math to LaTeX math and
wrap the command in $ - $ for use in Quarto. E.g.,
2,500-3,000 umol mXz2 s X' becomes
$\(2{, }500\text{--13{, }000\; \mu\mathrm{mol}\,
\mathrm{m}”*{-2}\, \mathrm{s}*{-1}\)$.

NOTES ON FORMATTING:
- Please start with the highest-level heading (#) that has
the name of the transcribed file, such as “# Lecture


https://superwhisper.com

4 CONTENTS

Transcript: Plant Stresses” , omitting any reference to the
module name or lecture number.

- Insert deeper level headings (#4# and #Ht) as necessary to
add some structure to the textual content.

- If you are able to reference the transcribed text to a
slide number, please do so.

IMPORTANT:
- Don't add any embellishments, such as acknowledging my

request or conclusion statement. Simply return the
transcribed text.
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Background and Expectations






Lecture 1

11 The Core Material

Please consider the lecture transcripts in this book as the core material for your BDC334
course — an online version of this same material is provided on my Tangled Bank website,
specifically the web pages about BDC334. Have a look there for further information. Those
materials provide supplementary information and should be read alongside the content
contained within this book. Everything there is examinable.

On the Tangled Bank, you will also find links to the various practical sessions (the Labs).
In addition, some data necessary for completing the various laboratory exercises can be
downloaded from there. A range of other information is available as well.

On the About page, on the left-hand side under the BDC334 website link on Tangled Bank,
you will find details about the lecture schedule, when the practical sessions occur, and a
collection of other necessary information you will need throughout this module. I will also
list the dates and times of the two class tests that you are expected to complete during the
course of this module.

1.2 The Importance of Reading in Scientific Training

A point I want to emphasise — perhaps at the risk of sounding old-fashioned — is the
necessity of reading detailed, long-form scientific literature. Many students, nowadays, prefer
consuming information in bite-sized chunks that fit onto a mobile phone screen; however,
scientific knowledge and argumentation require sustained engagement with complete texts.
This is the mode of teaching that informed my own education 20 or 30 years ago, and it
remains indispensable for your intellectual development. The technical expertise in this
module is largely around matrix interpretation, not computation; your focus should be on
synthesising qualitative knowledge across sources.

Your assessments will involve long-form, essay-type questions, not superficial answers drawn
from isolated papers. You will be expected to draw upon and integrate your understanding
from several readings with the lecture material into a cohesive response. This kind of applied
knowledge is necessary, not just for in-person or remote assessments, but also in professional

7
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8 LECTURE 1. BACKGROUND AND EXPECTATIONS

scientific communication.

Therefore, online, alongside the lecture material and accompanying slides, I'll be providing
various papers for you to read. Direct links to the papers are provided — follow those links
to download them. I expect you to read and understand all these papers. If there’s anything
you don’t grasp, please discuss it with your classmates or arrange an appointment with me
— either in a group of three, four, or more — on Monday afternoons, Wednesday mornings,
or Thursday afternoons during the practical sessions. You can schedule meetings with me
then to discuss such matters.

The following papers are expected to be read as part of many of the upcoming lectures. Please
keep an eye out in the lectures for specific mention of these papers and make sure that you
read them well in advance of attending my lectures. Everything in these papers is examinable
and you are expected to read all of it and know all of it. The expected additional reading
includes the following (their full titles are in the References section at the end):

Week 1:

» Keith et al. (2012)
 Shade et al. (2018)
« McGill (2019)

Week 2:

» Nekola and White (1999)
« Smit et al. (2017)
« Tittensor et al. (2010)

Week 3:
 Shade et al. (2018)
Week 4:

+ Chapin III et al. (2000)
« Maxwell et al. (2016)
 Tilman et al. (2017)

Week 5:

« Burger et al. (2012)
» Costanza et al. (1997)
« Costanza et al. (2014)

There are also several other papers that I mention throughout all the lectures. These are
intended to provide background information that will assist you in understanding the lecture
content a bit better. Unlike the papers mentioned above, it is not expected that you read, know,
and fully understand them; however, they are important for providing additional context
that will facilitate your understanding of specific issues raised in some of the labs and certain
lectures.
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1.3 Developing Your Own Study Framework and Academic Integrity

If you feel, after reading these assigned papers, that your comprehension is inadequate, take
the initiative to seek further information in the primary scientific literature. It is not sufficient
to rely solely on the specific documents I have distributed; critical engagement with broader
literature is a core expectation at university level.

In terms of referencing, please note: websites are generally not accepted as valid sources. Peer-
reviewed publications, indicated in the reference lists of your readings, are the standard. This
is the academic protocol you should follow—building up your knowledge from scientifically
credible sources.

Some of you have enquired about the need for textbooks. While textbooks can be helpful,
they are ultimately compilations of information available in the primary literature. The
expectation is that, as mature university students, you will be able to navigate primary sources
as needed.

As always, if you have questions or are struggling with particular concepts, you are welcome
to reach out to me—on WhatsApp, by email, or during Wednesday morning lectures.

1.4 Labs

During the course of this module, there will be four labs, or practicals. These labs will take
place on the fifth floor computer lab of the Biodiversity and Conservation Biology Department
building. It is expected that you attend all of these practicals.

For those of you who have your own personal computers or laptops, please bring them with
you. It will probably help you a great deal if you get the necessary software set up on your
own computers. The demonstrator and I will guide you through the installation processes
and ensure that you have the required software, R and RStudio, installed on your laptops.

If you do not have a laptop, you are welcome to use the facilities in the computer lab. All of
the workstations there have the necessary software installed.

During the first week, we will do some exercises in Excel. Thereafter, in the following week,
we will provide a brief introduction to the software R, running within RStudio.

For those of you who are apprehensive about using scripting or coding languages, please
note it is a necessary component of modern ecological research. So, the intention of these
next few weeks is to give you a brief, introductory background into scripting languages, with
the aim of solving some ecologically relevant problems.

Throughout all of these exercises, both myself and the demonstrator will be available, walking
around the floor to assist you with any questions that you might have. Thank you.
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141 Lab1
This Lab accompanies the following lectures:
« Chapter 5 on Multivariate Data and the rest of this page.

The data for this Lab pertains to the Doubs River (Verneaux 1973; Borcard et al. 2011) study
and some toy data, which may be found at the links below:

« The environmental data - DoubsEnv.csv

« The species data — DoubsSpe.csv

The spatial data - DoubsSpa.csv

« Example xyz data - Euclidean_distance_demo_data_xyz.csv

1.4.2 Lab2
Labs 2a and 2b accompany the following lecture:

« Chapter 5 (in this book) on Multivariate Data and the rest of this page.
Lab 2b uses these data:

« Example xyz data - Euclidean_distance_demo_data_xyz.csv

« Example env data - Euclidean_distance_demo_data_env.csv

« The seaweed environmental data (Smit et al. 2017) — SeaweedEnv.RData
» The seaweed coastal sections (sites) - SeaweedSites.csv

« The Doubs River environmental data — DoubsEnv.csv

143 Lab3
This Lab accompanies the following lecture:
 Lecture 4: Biodiversity Concepts

The data for this Lab are the seaweed (Smit et al. 2017) as well as some toy data at the links
below:

« The seaweed species data — SeaweedSpp.csv

» The seaweed environmental data - SeaweedEnv.csv
« The seaweed coastal sections — SeaweedSites.csv

+ The fictitious light data 1ight_levels.csv

144 Lab4
Finally, this Lab accompanies:

+ Lecture 6: Unified Ecology
The data for this Lab include:


../data/DoubsEnv.csv
../data/DoubsSpe.csv
../data/DoubsSpa.csv
../data/Euclidean_distance_demo_data_xyz.csv
../data/Euclidean_distance_demo_data_xyz.csv
../data/Euclidean_distance_demo_data_env.csv
../data/seaweed/SeaweedEnv.RData
../data/seaweed/SeaweedSites.csv
../data/DoubsEnv.csv
Lec-04-biodiversity.html
../data/seaweed/SeaweedSpp.csv
../data/seaweed/SeaweedEnv.csv
../data/seaweed/SeaweedSites.csv
../data/light_levels.csv
Lec-06-unified-ecology.html

1.5. THE ESSAY 11

» The Barro Colorado Island Tree Counts data (Condit et al. 2002) — load vegan and load
the data with data(BCI)

+ The Oribatid mite data (Borcard et al. 1992; Borcard and Legendre 1994) — load vegan
and load the data with data(mite)

« The seaweed species data (Smit et al. 2017) — SeaweedSpp.csv

» The Doubs River species data (Verneaux 1973; Borcard et al. 2011) — DoubsSpe.csv

1.5 The Essay

One of the requirements for your marks towards your continuous assessment is to write
an essay. The essay is titled “The Promise in Our DNA: Science, the Essence of Being Human,
and the Future I Choose to Build”. As you can see from the title, it is a bit reflective, it’s a bit
philosophical, and it talks about your personal role in developing the future that you see for
yourself and for humanity.

What is it about being human that capacitates us to have oversight, to have a wish, to have
thoughts about a future world that we want to live in? Wishes about a time distant into the
future where we might exist in our old age or our middle age, and where our children might
exist in, is a privilege that only humans have. So what is it about being human that you can
say ties into your personal story, that ties into what you are able to do as a person — a person
who has wishes and thoughts about a future world you want to live in?

What is it that you have learned about science? What is it that you have learned in science —
not only here in this module, but in your entire undergraduate degree? What is it that you
have learned that you as a human can use to develop a future that you want? This is not a
topic that you can put into Al and expect it to think for you. AI cannot develop your thoughts
and your wishes and your dreams about the future. Only you can do that.

So this is what I would like for you to do: to think about those words that I capture in the
topic of this essay. Write a personal reflection about you and your role and how science will
contribute towards developing the world that you want to live in.

I am going to be fairly pedantic around this essay. There are some strict requirements in
terms of the structure and formatting. You can see all my requirements on the website. The
date is also mentioned there that you need to submit it by. You typically have about two
weeks or so to work on this. But pay attention to the formatting instructions.

The formatting instructions are that it must not exceed two pages. That is including any
references, although I doubt that references will actually be necessary since this is a personal
reflection. You must use Times New Roman in 10 point size. I expect the line spacing to be
single line spacing. I will not tolerate any full justification, only left justification. I want to see
a single line break between paragraphs. And the margins top, right, bottom and left must be
2.54 cm. I don’t want to see any visual embellishments. No fancy fonts, no strange colours, no
pictures, nothing like that. I simply want to be able to read your words. Also, I don’t require
any internal headings and so on. So just a free-flowing narrative that outlines your thoughts


../data/seaweed/SeaweedSpp.csv
../data/DoubsSpe.csv
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and your feelings and your wishes and your dreams and so on — a fairly personal reflection
in those two textual pages.

I want you to focus on the text and not on the visual appearance of the thing. Obviously,
all of my requirements dictate a very specific visual appearance, but it is designed in a way
that T don’t want you to be creative in the layout. So I've done this for you upfront. And the
reason I want this very strict, pedantic adherence to my rules is sometimes these things do
matter. In your future lives, you will encounter research proposals that you need to write,
and they have very opinionated views about what font you need to use, how the text must be
structured, how many words, how many letters even, you may use. So this is also an exercise
in getting you to pay attention to the small details — the details that might not necessarily
matter to you personally, but they will matter at some point in your life. And being able to
follow instructions is a very important skill that you need to learn.

1.6 Questions & Answers

Before you approach me with questions about the coursework, I'd like you to do one thing:
explain your thought processes up to the point where you get stuck. So, for example, if you
have a question about some aspect of, say for argument’s sake, beta diversity, then before I
answer your question, I want you to explain what you’ve thought about beta diversity thus
far and where you become stuck — where your thinking could not proceed. Once you can
demonstrate your reasoning process up until that point, I'll be happy to take over from there.
I do need some evidence from you that you’ve honestly tried — either individually or in
collaboration with others in the class — to develop an explanation for the area you're finding
difficult.

Okay. Let’s start with the lectures.



Lecture 2

Overview of Ecosystems

i1 BCB743

This material must be reviewed by BCB743 students in Week 1 of Quantitative Ecology.

13






Lecture 2a

21 Papers to Read

The first very important paper that you need to read discusses the whole concept of macroe-
cology. The paper was written by Sally Keith and her colleagues, and it was published in 2012.
What is macroecology? It deals with the development of the field over the past 30-35 years
or so, since the coining of the term by Brown and Maurer (1989). The paper highlights the
necessity of understanding the processes that are linked to the development of structure in
biodiversity across the face of Earth. Additionally, it addresses the breaking down of barriers
that existed between “old-fashioned” population and community ecology, moving instead to-
wards a far more comprehensive and integrated view of ecology. This integrated perspective
brings together knowledge acquired from a wide variety of new applications.

Please read that paper, as it is quite foundational to the development of your understanding
of the concept of macroecology.

The second foundational paper for this week is by Ashley Shade and colleagues published in
2018. It is going to emerge several times during the course of this module, such as in Lecture
3 and Lecture 5. This is essentially a review detailing the core principles of macroecology. It
aims to unite ecological understanding across various scales, ranging from the very small to
the very large, and spanning local spatial interactions through to global patterns.

Particularly notable within this paper are what can almost be called ‘laws’ of biodiversity.
These are general patterns and principles that recur consistently, whether in microbes like
bacteria and archaea, or in much larger organisms such as blue whales. The population
dynamics that apply to small organisms also scale to larger ones, reinforcing the universality
of certain ecological dynamics.

However, you must not study the material from this paper in isolation from its broader context.
The definitions and key ideas—some of which I have highlighted for you—are crucial, but
they must be considered within the flow of the entire document.

15
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= Anthropogenic and natural impacts on ecos =1
* Exploration of selected marine and terrestrial ecosystems

Slide 2

2.2 Introduction to Ecosystems

So, we're going to look at a conceptual overview of what ecosystems are, their characteristics,
and what makes ecosystems work (Slide 2). An ecosystem is easy to observe when you go
out into nature; what you see is, indeed, an ecosystem. However, they’re present because
something explains their existence at a particular place and time. These are the environmental
factors that drive them, support their operation, and allow them to function.

2.3 Environmental Gradients and Biodiversity

We'll discuss the broad concept of gradients in biodiversity, which is important for you to
consider. You need to think about all the gradients in abiotic variables that exist across the
surface of the planet. An obvious example of a gradient is the one that exists from the tropical
regions at low latitudes to the high latitudes, the polar regions.

As we move from the tropical regions towards the polar regions, it becomes progressively
colder. The day length, or the ratio between day and night, changes significantly, and the
seasonal effect becomes more pronounced. The amount of light decreases, and so on. There
are many different factors that vary along these large gradients from tropical to polar regions.

There are also similarly strong gradients that exist on local scales. For example, looking at
Cape Point, there’s a very strong gradient in temperature as we move from the western side
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of Cape Point, around Cape Point, and into False Bay; as you move, the temperatures become
increasingly warmer. That’s a gradient that exists on a small spatial scale, but you also have
global scale gradients.

The intention of macroecology is to understand how ecosystems are structured along these
gradients.

2.4 Ecosystem Structure and Human Influences

We'll also discuss what it means for an ecosystem to have structure. As we’ve just spoken
about gradients, most of these are natural gradients. However, there are also anthropogenic
gradients — human impacts or factors. These are things that people do which cause ecosys-
tems to change, affecting how they function and how they’re structured.

To demonstrate these various principles, we’ll explore a selection of the more interesting
and important ecosystems on the planet, and I’ll leave it to you to decide which ones you
find most interesting. You’ll have the opportunity to explore some of your own ecosystems,
looking at them in terms of both anthropogenic impacts and the natural influences that
make them different from other ecosystems. We’ll investigate some of the more important
gradients responsible for structuring ecosystems and examine their characteristics in terms
of biodiversity, structure, form, and so on.

2.5 Course Structure: Professor Boatwright

Professor Boatwright will take over in the fourth term. He will cover other aspects of macroe-
cology and global ecology, including subjects like continental drift and glaciation (Slide 3).
This will involve looking back into the palaeohistories of Earth, so his emphasis will be more
historical, whereas my emphasis will be on contemporary processes and those we anticipate
in the future. In fact, we can state with a great deal of confidence — up to perhaps about
100 years, possibly 150 years — what the future climate, temperature, and other variables
on Earth will likely be. Because ecosystems respond to changes in these factors over such
time scales, we can also infer the future biogeography and macroecology of systems.

Professor Boatwright will also delve into phylogeography, which deals with the genetic
lineages of different forms of life across Earth’s surface, and how these are structured as a
consequence of continental drift and glaciation. He will further explore current patterns in
body size and population size as related to biodiversity and distribution. Lastly, he will cover
the theory of island biogeography.

2.6 Gradients Beyond Earth

Those gradients I mentioned also exist on much larger scales — outside of Earth itself (Slide
4). For instance, consider the arrangement of all the various planets from Mercury, Venus,
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Prof Stephen Boatwright
* Continental drift and glaciation
* Theories of biogeography and biogeographic reconstruction
* Phylogeography
* Interactions of body and population size on diversity and distribution
» |sland biogeography theory and its applications for conservation

Slide 3

Earth, Mars, and so on. As you move farther away from the Sun, it’s not necessarily that it
becomes colder immediately, but the amount of heat available becomes less and less. At a
certain distance from the Sun, we find Earth, where the conditions are just right for water to
exist as a liquid, as ice, and as vapour in clouds.

Go closer to the Sun and you come to Venus, which is the second planet from the Sun. There,
it’s too warm and no water is available at all. Move a little further away and you reach Mars,
the fourth planet from the Sun, where it’s a bit too cold, so most of the available water occurs
asice. Progress even further and, on the distant planets, even some elements typically gaseous
on Earth exist as ice. This gradient in the solar system — a function of distance from the
Sun — is what creates Earth’s unique set of conditions that permit life, as it depends on the
presence of liquid water, ice, and vapour.

2.7 Outline of Topics for This Module

In my section of the module, we will start by explaining what macroecology is, contrasting
it with more traditional approaches to ecology (Slide 5). We will explore various concepts
related to diversity. Then, we will discuss how to do macroecology, which will require us
to examine some data and look at the properties of datasets from which we can extract
knowledge about how ecosystems are structured in space and time, and how they function.
To do this, we’ll need to understand some slightly mathematical concepts, including similarity
and dissimilarity matrices.
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Later, we’ll consider some unifying theories of macroecology. In recent years, there has
been a movement toward finding unifying explanations for ecological patterns and processes
on Earth. In the past, there were collections of hypotheses for different situations, varying
according to organism size, the nature of the ecosystem, and so forth — separate theories for
marine, aquatic, soil, terrestrial environments, etc. But today, there is an interest in looking
at all these aspects in an integrated way.

Then, we will examine what biodiversity is, why it’s important, and what differentiates
ecosystems with high biodiversity from those with reduced diversity. We’ll also look at the
principles of biodiversity’s value — the “so what” question — by considering ecological goods
and services. What benefits do people derive from nature? Why does biodiversity matter for
us? Even if you do not live in a natural ecological system — because it’s been transformed
into, say, a residential area — you are still dependent on the wellbeing of natural portions of
Earth. If those landscapes lack biodiversity, people would be far worse off.

2.8 Looking into the Future and Broader Applications

We will then look to the future by considering global change and sustainability. We will also
see if we can find some parallels between macroecology and infectious diseases, perhaps
even try to understand whether the COVID epidemic makes more sense given our knowledge
of macroecology.
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Macroecology—topics

what is macroecology...

*  ...in contrast to more ‘traditional’ ecology (i.e. population and
community ecology)?

concepts of diversity

properties of species and environmental datasets

(dis-)similarity matrices; interpreting (dis-)similarity matrices

theories of macroecology: unified theory, niche-, neutral-, metabolic-,

efc.

macroecology: unification of marine and terrestrial ecology?

what use is biodiversity?

ecological goods and services

global change and sustainability

macroecology: infectious diseases

Slide 5
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2.9 Definition of Macroecology
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I have already spoken a bit about this, but let me say a bit more. What is macroecology (Slides
6-7)? If you were to summarise it in a sentence or two, it is the study of the mechanisms
underlying general patterns in ecology, across scales. There are words there worth unpacking
— ‘patterns’ is probably one, and patterns in ecology across scales. The two important ideas
— patterns and scales — we’ll be unpacking further, if not today then in due course. I'll show
you what “patterns” in ecological space can look like. But that’s the essence of macroecology.

Let’s examine the definition in a little more detail.
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Macroecology—definition

“Macroecology is the study of the mechanisms underlying general patterns

of ecology across scales” — shade, A, Dunn, RR., Blowes, S.A., Keil, P, Bohannan, B.J.,
Herrmann, M., Kiisel, K., Lennon, J.T., Sanders, N.J., Storch, D. and Chase, J., 2018. Macroecology to unite all life,
large and small. Trends in ecology & evolution.

Slide 7

210 Traditional Approaches in Ecology

To understand macroecology, you first need to understand how ecology has traditionally
been practised (Slide 8). Going back perhaps a hundred years or more, even to Darwin’s
era, ecology was about observing and investigating individual species. That is, the study of
populations — a collection of individuals of the same species, occupying a specific space
and time. The focus was to examine the dynamics of a species within a population: how it is
affected by the environment, by other species sharing the same space, and so on. Traditional
ecology, then, was very local in scale — limited to what you could see, for instance, standing
at Cape Point and surveying the kelp forest before you. The boundaries of that study would
be as far as your eye could discern the kelp — very much a local scale.

But this ignores that kelp occurs not only at Cape Point, but also in Norway, Iceland, and
elsewhere worldwide. Macroecology would look at kelp not only in South Africa, but also
Norway, Iceland, the United States, Canada, and everywhere kelp occurs. The aim is an
integrated understanding of the processes that make kelp forests work, regardless of whether
they are found in South Africa or New Zealand. Traditional ecology, by contrast, kept its
focus strictly local.

Now, due to advances in technology, data processing, and the sorts of questions we’re able
to ask, the scope — the scale — of our enquiry has greatly expanded. Today, macroecology
can examine patterns at the global level. Darwin embarked on a voyage round the world in
the Beagle, observing numerous locales — it took him two, perhaps three years. Today, in
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Slide 8

just 24 hours, we can obtain a ‘snapshot’ of the entire Earth and collect sufficient ecological
data world-wide, something previously unimaginable [attention: Darwin’s ability to analyse
global ecology in a single synthesis was much more limited than described here]. Thus, new
technologies have altered our perspective.

211 Biodiversity: Definitions and Scales

Biodiversity is another key concept — it appears throughout this module, including in its very
name. The traditional definition, as described by the International Union for Conservation
of Nature (IUCN; Slide 9), defines biodiversity as “the variability among living organisms
from all sources, including terrestrial, marine and other aquatic ecosystems and the ecological
complexes of which they are a part. This includes diversity within species, between species, and
of ecosystems.”

Again, the question of scale becomes evident — diversity within species, for example, means
taking humans: within Homo sapiens there is great diversity, all the way down to genetic
differences. That’s a scale we can go down to — though Prof Boatwright will cover genetics;
I won’t get into that aspect here.

Diversity also exists between species — species occupying the same ecosystem. In a kelp
forest you might have Ecklonia maxima, Laminaria pallida, Macrocystis pyrifera, various red
baits, fish, sharks, and so on — all interacting within the kelp forest. Then, there is diversity
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IUCN definition of biodiversity

The variability among living organisms from all sources including, inter alia,
terrestrial, marine and other aquatic ecosystems and the ecological
complexes of which they are part; this includes diversity within species,
between species and of ecosystems (Convention on Biological Diversity).

Slide 9

at the ecosystem level — kelp forests interact with pelagic ecosystems nearby, with the rocky
shore, with coastal dunes on the land, and so forth. Globally, a diversity of ecosystems exists,
each with its own species assemblages and modes of environmental interaction.

So, biodiversity is essentially all life on Earth, at all the various scales in which we observe it,
and in all the different configurations, forming habitats or ecosystems regardless of location
— from 11,000 m below the ocean surface to the summit of Mount Everest.

212 Populations, Communities, and the Move to Macroecology

So, we’ve mentioned populations (collections of one species) and communities (collections of
multiple species). Ecology studies the processes by which species relate to their environment,
to each other, and how the environment influences both populations and communities.

Macroecology naturally starts from population and community ecology: it makes sense to
move from the local scale, to groups of communities, and then ultimately to encompass the
whole Earth, which is the domain of global ecology and macroecology.

A proper understanding of the effects of scale, and of various scaling processes and gradients
— as they occur from local to global levels — is absolutely crucial. This knowledge helps
explain why certain species exist in particular locales but not in others. For example, why
do kelp forests thrive in Cape Town, but not off Durban in KwaZulu-Natal? It’s because the
environmental conditions differ: Cape Town’s seawater is much colder throughout the year,
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making it suitable for kelp, while Durban’s warmer temperatures exclude kelp from surviving
there.

Some organisms actually require kelp forests to survive or to reach their full productivity
— certain species can only occur within kelp forests. So, the presence of kelp creates an
environment that supports many other species. Thus, if kelp is absent (as off Durban), these
organisms are also absent.

In short, global ecology seeks to understand how variations in temperature, light, soil char-
acteristics, air quality, snow, rainfall, drought, humidity — all these environmental variables
— combine to create a patchwork of suitable conditions for some species, but not others.
Ecology, and especially macroecology, attempts to find global explanations for these broad
patterns.

213 The Three Axes of Scaling

The study of macroecology represents a development from more traditional ecological ap-
proaches — those rooted initially in population ecology and later in community ecology —
towards a framework that can be applied across a vast range of scales. This shift allows eco-
logists not only to study small, bounded systems, but also to infer and interpret patterns that
extend far beyond the limits of individual populations or communities.

2131 Spatial Scaling

When we talk about scale in macroecology, one of the principal axes is space. This spatial
dimension can begin with extremely localised insights—data from individual quadrats or
transects, for example—and scale up to isolated ecosystems such as a single nature reserve.
From there, one can compare across multiple reserves, distributed across a broader regional
scale.

We can then extend these comparisons to assess differences in biodiversity between countries,
further scaling up to patterns observed at the continental level, among continents, across
hemispheres, and finally encompassing the entire Earth. This spatial scaling allows macroe-
cologists to interpret both fine-grained variability and broad-scale biogeographic patterns
within a coherent conceptual framework.

213.2 Temporal Scaling

Macroecology also permits inquiry across scales of time. At the shorter end of the spectrum,
we can examine changes that occur between seasons or years—what one might refer to
as inter-annual variability. This can be extended to longer-term phenomena such as inter-
decadal variation.

Importantly, macroecology has access to tools that allow us to look both backward and
forward in time. Historical data — drawn from archives, paleoecological records, and related
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sources — permits reconstructions extending back 100 years, 1,000 years, or more. These
long timeframes allow us to interrogate the processes responsible for the biogeographical
patterns currently observed across the globe.

At the other end, through the use of Earth system models — climate models, atmospheric
models, and so on — we can look forward into the future. Currently, these predictive models
typically extend out to timeframes such as 50 or even 200 years from the present. These
projected conditions can, in turn, be coupled to likely ecological outcomes—how ecosystems
may respond to shifts in climate, land use, or biogeochemical cycles over such intervals.

213.3 Biological Scaling

The third axis along which macroecology engages is that of biological size or organisational
scale. This includes scaling relationships among organisms of vastly different sizes. At one
end of the continuum, we might consider viruses and bacteria, which are measured in the
pico- to nanometre range.

We can then move up to interstitial meiofauna, typically fractions of a millimetre to a few
millimetres in size. Beyond this, we encounter small-bodied macro-organisms — such as
annual plants or small mammals — ranging in size from a few centimetres to perhaps a metre.
At the other extreme lie the large-bodied megafauna and mature trees, often key components
of the ecosystems they inhabit.

Macroecology is thus not defined by any single scale, but by its capacity to consider all these
dimensions — spatial, temporal, and biological — simultaneously. It offers a mode of ecolo-
gical thinking where pattern and process are interpreted as functions of scale, connectivity,
and context. This multiscalar orientation distinguishes it from the narrower lenses of tra-
ditional ecology and allows for the comparative, often statistical, treatment of ecological
regularities at planetary scale.

214 Questions and Answers

A question arose: when referring to patterns and processes in traditional ecology, is there such
a thing as modern ecology? Yes, this module is very much about modern ecology. Traditional
ecological approaches would focus on surveys at a local scale, such as conducting a transect
survey in a nearby nature reserve, limited by what can be physically accessed.

Today, with computers and satellite remote sensing, we can examine large-scale patterns —
across countries, continents, or even globally — often using satellite data (Slide 10). Not only
can we synthesise many small-scale surveys collected by different people over time, but we
can also employ advanced numerical analyses to make sense of very large data sets — ones
so substantial, they can no longer fit within Excel.

Modern ecologists now collaborate across the globe, pool significant data sets, and use ad-
vanced methods to reveal broad-scale patterns in biodiversity, species composition, and
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Slide 10

ecological functioning. Whereas traditional studies looked at the local, modern ecology can
rigorously address processes at global, continental, or deep historical time scales.

2141 Example from South Africa

The earliest botanical research conducted in South Africa dates back to 1772 — 1774, when
a Swedish botanist named Carl Peter Thunberg (1743 - 1828), who had trained under Carl
von Linné (Linnaeus) (1707 — 1778), travelled to South Africa to explore the Western Cape
and parts of the Southern Cape region as far east as Addo. Most of his journeys were made
on horseback, and each of his three expeditions lasted several months at a time.

During this period, his primary focus was the collection of plant and insect specimens. These
he subsequently sent back to Europe, with the intention of classifying them according to the
taxonomical system developed by Carl Linnaeus.

Fast-forward almost two centuries to the 1940s. This time the botanist John Acocks (7 April
1911 - 20 May 1979), again undertook a major botanical survey, but with the intention to
classify all of South Africa’s vegetation. He travelled by train, classifying the habitats he
saw through the window, and his classification became known as the Veld Types of South
Affrica. Even this method was constrained compared to the view we now have through remote
sensing satellites.

Now, we can “stand” 80 km above Earth and map entire landscapes from above, uncon-
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strained by natural or political boundaries. This is in fact what the recent BioScape pro-
gramme has accomplished. BioScape is a programme that was implemented, run, and fun-
ded by the United States government. A significant portion of the funding was allocated to
NASA, and in 2023, NASA, in collaboration with a group of South African scientists — of
which I was a tiny part — brought a series of high-tech instruments all mounted on aero-
planes to South Africa. The intention was to survey the Cape Floristic Region during that
period.

The instruments used included a range of ultraviolet, visible, and shortwave infrared imaging
spectroscopy instruments; laser altimetry instruments known as LiDAR; as well as various
other sensors, some of which were also mounted on satellites and other platforms. They
surveyed much of the Fynbos region in the Cape, as well as some of the kelp forests around
South Africa.

The examples above, spanning almost 3 centuries, offer an illustration of how the field of
ecology has evolved over time. Initially, surveys were conducted on horseback, with the
prime interest being the naming of various species. Two centuries later the focus shifted
more towards classifying different vegetation types. In the present day, around two years
ago, this endeavour culminated in the deployment of a comprehensive suite of extremely
high-tech instruments, all functioning in concert to elucidate both the patterns observable at
the landscape scale and the processes that structure these systems across space.

214.2 Broader Shifts in Approach

Traditional ecological studies focused on what happens in places within easy reach — a single
nature reserve, for example. Modern studies look for patterns across nations or hemispheres,
and also explore new levels of taxonomic detail, such as genetic variation and subspecies.

‘Scale’ can refer both to spatial scale — local to global — as well as temporal scale: consid-
ering recent changes versus millennia or longer time spans. Modern approaches allow us
to examine ecological phenomena and biogeographic patterns at both these broader spatial
and longer temporal dimensions.

Collaboration is increasingly important. Where once ecological studies might have one or
two authors focused on a single location, it’s now common to find large teams of co-authors
bringing together expertise and data from multiple sites or even continents in pursuit of
broader ecological generalities.

214.3 The Value of Global Approaches

The aim of global ecology is to derive general ecological ‘laws’ or repeatable principles that
apply across the full diversity of ecosystems — from Russian tundra to Amazonian rainforest
to the Australian outback. Though these systems may look entirely different, we seek to
identify commonalities in their fundamental processes.

Thirty years ago, when I was a student, almost all work was at a very local scale and typically
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on one’s nearest nature reserve. Today, with advances in technology and computational
power, questions can be more complex and less parochial. The questions themselves have
evolved and broadened: “What can South Africa’s biodiversity teach Patagonian ecologists?”
Global-scale studies provide answers of relevance far beyond one region or ecosystem.

214.4 Closing and Summary

If you have further questions — about the module structure, assessments, or the content of
the introductory material — please ask, either now or later via the chat or WhatsApp group.

If there are no more questions, I'll post this video online for you to access within the next
half an hour or so. Thank you.
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215 Revisiting Definitions and Scales

Regional to global scales — I've spoken about all of this already, so I don’t need to go into
regional to global scales again. You’ll understand this in a little bit more detail once you read
that paper that I’'ve given you. There are going to be two other papers now which you’re
expected to read as well.

216 Patterns and Processes

Macroecology—patterns to
processes

‘traditional’ ecology focussed on patterns, and in macroecology there has
been a shift towards finding mechanistic explanations for the processes
that result in the patterns in biodiversity

necessitated a reconciliation of the biological reasons that form the basis
of hypotheses about patterns and processes with statistical models that
are able to explain them

local species interactions explain broad-scale patterns in species
distributions

this lead to attempts to develop unified theories (i.e. predictive) of ecology

Slide 11

Okay, patterns and processes (Slide 11). Traditional ecology essentially focused on patterns.
It looked at the world and observed that there is a patchwork of different kinds of ecosystems,
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even on local scales and then regional scales. It noted that this ecosystem often appears
different from the one next door, and described how it is different in terms of species present
there, and in terms of the structure of the community. However, it didn’t really attempt to
explain the mechanism that created those differences in the first place.

In contrast, macroecology tries to add a mechanistic explanation for why and how things
differ across the surface of Earth. To do this, we need to start treating ecology as a proper
science, not merely as a form of natural history as it had been approached in the past. We need
to ask questions about nature, to form hypotheses about nature that can be tested statistically,
so that we can have a cause—effect explanation for why things are the way they are, or how
things came to be as we observe them now.

This is, in fact, a very critical feature of modern-day ecology, particularly in macroecology,
but also in contemporary population and community ecology at the local scale. We must ask
testable hypotheses about nature — questions that we can actually go and test experimentally.
Experimental assessment, experimental science, is the true test for whether something is so,
or is not so. The necessity to measure things, and the necessity to have a statistical model or
hypothesis, requires that we have data — that we go out into the world and measure things
in specific ways, in order to have data that can be tested in a hypothesis setting via statistical
models.

This is a very key part of modern ecology, and it’s only something that has become feasible
since about the 1970s. Before that, people did not look at ecosystems with the intention of
asking hypotheses of them. They mostly described how things are, rather than why things
became the way we observe them to be now.

217 Local Interactions to Global Theories

We’re going to examine local species interactions all the way up to global species distributions.
Hence the necessity, once we have the entire earth in view, to develop unified theories. There
are, of course, various applications.

218 So What?

Why do we want to do macroecology (Slide 12)? Because we want to create something for
policymakers to help them understand the world better; to identify that certain regions of
the world are of great importance, both strategically and ecologically, and for the benefit
of people. It may be better not to have developments in such areas, or instead to conserve
portions of biodiversity, to plan land use accordingly, and to understand what the future
world is likely to be like as biodiversity is lost to an ever-greater extent.

So, understanding macroecological processes influences the way that policies unfold. One
of the major visible policies in the world today is the tendency for nations to move away
from fossil fuels towards renewable energy, because we know that fossil fuels cause climate
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Macroecology—applications

¢ “the influence of macroecology has been unusually broad and deep at the
interface of science and policy, especially around land-use, climate
change and biodiversity loss”
* “macroecological ideas are gaining traction in mapping ecosystem
services (MES) and epidemiology”
* epidemiology, e.g. biodiversity may regulate the emergence of
diseases, thus benefitting human health

Slide 12

change, and we know that climate change is having an effect on species globally. We want
to minimise this effect, because if we do, the consequences for people will also be reduced,
since humans are so strongly linked to the environment.

Additionally, explanations of epidemiology also become possible: understanding the ways
in which diseases spread and operate around the world, their origins, and so forth. There
are many reasons why macroecology is interesting and important. For me, it is important
because people are making a living from the world around us, and we want to ensure that
the way people are making a living from the world today will still be viable a century from
now — for your children, perhaps, to make a similar kind of living from the world, if you
indeed directly rely on natural systems. Even if you don’t directly depend on ecosystems, you
are indirectly supported by ecological goods and services.

219 Self-Study and Assignments

Anyway, that brings me to the end of what I needed to say today. There are two papers — or
rather, one paper and one additional paper (Slides 13-14). There’s the one you saw before,
and another one, which is also available to download from Tangled Bank. I would like you
to read them both by the end of this week, so that by Friday afternoon, if you have questions
about them, you can ask me. I'll be available on Google Meet if you make an appointment to
see me in groups of more than three.
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So that’s your self-study. Your assignments will also require that you understand these topics
in quite a bit of detail.

2.20 Looking Ahead

During the next lecture, we shall move on to topic number two, and we’re going to look at
some of the questions that we can ask within the framework of macroecology.
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Macroecology—the ‘large’ scale

= generalise patterns to large high-level taxonomic groupings, large spatial
scales, and/or long temporal scales
* “this implies that macroecology embraces and overiaps with
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* move away from description of patterns towards mechanistic
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Ecological Gradients
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31 Papers to Read

The next paper you need to be familiar with addresses the ‘distance decay’ phenomenon. It is
by Nekola and White (1999). This paper links directly to concepts introduced in the previous
Ashley Shade paper, but here it is explored in greater detail.

The distance decay relationship fundamentally explains how ecological similarity decreases
with geographical or environmental distance. In my view, gradients—particularly environ-
mental gradients—are the major structuring agents of life on Earth, and distance decay is
the pattern that emerges when we observe biodiversity at broad, often global, scales.

Zooming in to finer spatial scales, randomness or stochasticity becomes more influential,
and the structure of beta diversity becomes more complex. Specifically, the paper introduces
concepts such as turnover beta diversity and nestedness resultant beta diversity. If you find
these terms challenging or require deeper understanding, you should consult foundational
works by Whittaker and Baselga, who have written extensively on these topics. Understanding
both nestedness resultant and turnover beta diversity is essential for your overall grasp of
the subject.

This paper by David Tilman (2017) explores global-scale environmental gradients and their
explanatory power in patterns of biodiversity. It specifically delves into the mechanisms
underlying global patterns, focusing on the marine environment.

You are expected to understand the unimodal species distribution model, as it underpins the
interpretation of distance decay across environmental gradients. While one group will further
explore terrestrial patterns of biodiversity as part of the wiki assignment, this particular paper
gives a clear overview for marine systems. Pay special attention to the graphs presented, as
these summarise the major explanatory patterns in a digestible format.

3.2 Macroecology and Environmental Gradients
We are starting with topic number two in biogeography and global ecology. Today, our dis-

cussion focuses on the effect that gradients — specifically, environmental gradients — have
on the distribution of life across the planet (Slide 17).
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To remind you what macroecology is concerned with, we can use it to ask almost any question
about the biodiversity of life on Earth. More specifically, we explore how biodiversity is
arranged according to geographical location. This pertains to differences between continents,
across continents, and indeed, across the entire Earth. Our scope is broad: we consider
patterns found on very small, local scales right here around us, scaling up to global patterns
that encompass the whole planet.

Moreover, macroecology allows us to look deep into the past, using palaeorecords to explore
the distribution of plants, animals, and also organisms that are neither plant nor animal.
Equally, it grants us tools to study what is happening right now, in the present day. Looking
to the future is also now possible due to technological advancements, such as computational
modelling and remote sensing.

For my particular section of the module, as I mentioned yesterday, we are focusing mainly
on contemporary processes. We will also look, albeit briefly, at methodologies for measuring
these distributions and at how we establish the patterns of distribution for both plants,
animals, and other organisms globally.

3.3 Drivers of Biogeographical Patterns

Let’s firstly examine the processes present around us that structure the global distribution of
life. The way we currently observe life arranged at the global scale is termed ‘biogeography’.
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Generally speaking, biogeography and the biodiversity patterns associated with different
continents and regions depend largely upon the underlying geographical character of those
regions. Climate is an important factor here — it has a substantial, direct influence on these
patterns.

However, it is crucial to appreciate that the deeper history, or palaeohistory, of Earth also
matters. The original evolution of life, and, long ago, the manner in which today’s contin-
ents were previously joined into supercontinents — initially Pangaea and, subsequently,
Gondwana — are instrumental in explaining our current patterns. The break-up of these
supercontinents, driven by plate tectonics, has critically shaped the biological structures we
observe across the planet’s surface today.

3.4 Remote Sensing and Modern Observation

These processes are not just theoretical; we can observe and quantify them. We have access
to high-resolution spatial data, much of it obtained from satellites that orbit Earth daily.
Since roughly 1981 — the beginning of what we call the satellite era — we have been able to
compile global images of Earth’s surface. This has enabled an unprecedented understanding
of patterns and processes relating to terrestrial life.

Environmental differences across Earth’s surface produce varying ecological structures and
outcomes. These outcomes, meaning both the structure and function of ecosystems, depend
on — and can be measured across — different places and environments on our planet.

3.5 Classical and Modern Ecological Methods

Classical ecological approaches — such as population and community ecology — have, for the
last hundred years or so, helped elucidate how such ecological patterns develop and persist.
These approaches include basic methods such as sampling using quadrats or transects, with
researchers counting the number of different species co-existing in defined areas, and then
tracking how these assemblages vary both spatially and temporally.

You should recall from your earlier studies the relationship between plants, animals, and
their environment, particularly regarding how the environment acts upon the physiology of
specific organisms.

3.6 Linking Environment, Physiology, and Ecology

Furthermore, macroecological questions encompass the many rate processes that move major
nutrients — such as nitrogen, phosphorus, and carbon — as well as both micronutrients and
macronutrients, into and away from plants and animals. These environmental influences on
living organisms can be measured in a field known as ecophysiology. This discipline examines
the rate processes affecting both plants and animals: for plants, things like nutrient uptake,
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and for animals, factors such as prey capture or their movement capabilities, as discussed
previously by Prof Maritz All these variables are studied within ecophysiology.

Importantly, outcomes from ecophysiological processes can have broad ecological con-
sequences. That is, changes at the level of organismal physiology often scale up to influence
community structure and even biogeographical patterns.

3.7 Global Change: Past, Present, and Future

Finally, we must recognise that the world, at all levels, is being transformed by global changes,
including shifts in climate, and in nutrient cycles — such as those for nitrogen and phos-
phorus. This revisits topics from your Planetary Boundaries lectures in second year. Global
change will influence — and in many cases, is already influencing — the outcomes of eco-
physiological processes, which translate upstream to affect ecological patterns and, eventually,
broad-scale biogeographical distributions.

To summarise, all these various processes — ranging from global change, through eco-
physiology and ecological outcomes, to biogeography — occur across a huge variety of scales,
both spatially (from the entire Earth down to highly local settings) and temporally (from the
deep past, through the present, and projecting into the far future).

These are the foundational perspectives you should keep in mind as we proceed.
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3.8 Environmental Gradients

We have previously discussed gradients, particularly environmental gradients. When I refer to
gradients, I mean the changes in an environmental variable, such as temperature or rainfall,
as you move from one place to another. For example, consider the temperature difference
between Johannesburg and Cape Town, or the rainfall difference as you move from Durban
to Cape Town. As you travel across the land surface, you experience a gradient.

A prominent example is the rainfall gradient as one moves from east to west across South
Africa. KwaZulu-Natal, on the eastern side, is very wet, with high rainfall and high humidity.
However, as you move westwards, into the Western Cape, the Northern Cape, and even
further towards Namibia, the environment becomes increasingly dry and desert-like.

On the eastern side of the country, the climate is very wet, and thus we find plants and animals
that are adapted to, and require, very wet and moist conditions — examples include tropical
or subtropical forests and coastal forests. However, if you think back to the last time you drove
from Durban into the Northern Cape, you would have noticed how the landscape became
increasingly dry. As you continue across the landscape, the vegetation also changes. It shifts
towards types of vegetation that are able to persist and thrive under quite dry conditions.

In the Northern Cape and further west towards the South African coast, vegetation becomes
increasingly sparse. There are fewer plants present — not necessarily fewer species, but
rather, the individuals are far more separated from each other in space. They are less dense,
in other words. This provides an example of a gradient related to rainfall, or water availability.

3.9 Environmental Gradients

Each different environmental variable can constitute a gradient. Gradients occur for temper-
ature, humidity, soil nutrients, soil characteristics, cloud cover — essentially, anything you
can think of regarding the environment. All these gradients operate across Earth’s surface.

Let us focus, for instance, on plant species. An individual species of plant will often be well-
adapted to a particular, relatively narrow, range of environmental conditions — such as

43



44 LECTURE 3. ECOLOGICAL GRADIENTS

temperature. Most individuals of a given species tend to occur around a ‘sweet spot’ where
conditions, such as temperature, are most comfortable for them.

To put this in more relatable terms, if you are in Cape Town on a sunny summer’s day, you
will naturally gravitate towards the spot that is most comfortable, perhaps choosing to sit in
the shade rather than the direct sun. Plants, of course, lack the ability to move from place to
place as we do. They are fixed in position, but over evolutionary timescales, both plants and
animals become most abundant where environmental conditions are the most suitable for
them.

310 The Unimodal Response

Gradients

it is easy to understand how species and/or samples come to be
arranged (sorted) along gradients
the unimodal model sensu Whittaker (1967, 1969):
the relationship between the abundance [efc.] of species vs. position
along a gradient is a unimodal function
this implies that each species has a unique set of optimal conditions
at which the species attains maximal abundance
the abundance decreases away from that ‘sweet spot’
multiple gradients co-exist, and communities (i.e. a collection of
outcomes according to interacting unimodal species-environment
models) are formed in this ‘space’ of gradients

Slide 18

Consider the example of a graph displaying the abundance of a particular species in relation
to temperature (Slide 18). For instance, the majority of a species’ individuals may be found
where the temperature is around 12.5 °C, as that is the most suitable value for them. As you
move away from that optimal temperature, the abundance of individuals decreases. This
general pattern of abundance along an environmental gradient is known as a ‘unimodal’
species distribution.

You may read more about the origins of this concept in the work of Roger Wittig [attention:
likely incorrect, please verify author and publication details] from 1967 or 1969, where this
idea of the unimodal species distribution was first discussed.
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Of course, this applies only to one particular species. A different species may have an optimal
temperature around 20 °C, others at 5 °C; some will prefer lower, some higher, and so on.
These preference curves exist for every single environmental gradient and for all species
present.

311 Gradients Beyond Temperature

It is important to recognise that this pattern is not restricted to temperature. The same
kind of unimodal distribution occurs for gradients in humidity, water availability, soil type,
nutrient concentration, and other factors that have ecological or physiological consequences
for species.

When those factors operate simultaneously, they result in complex patterns known as coeno-
clines.

312 Coenoclines, Coenoplanes, and Coenospaces

Coenoclines

a coenocline is a visual representation of all species response functions
combined along a single gradient

given the large number of species and the high noise in most studies,
coenoclines are usually only displayed in highly simplified form
nevertheless, they are useful heuristic concepts

coenoplanes (2 environmental gradients) and coenospaces (>2
gradients) are even more difficult to display

however, specialised statistical approaches can produce abstracted
depictions of coenospaces

Slide 19

A coenocline is essentially a more complex representation of species distributions, where
the response to every environmental variable and every species on earth is superimposed
to obtain a composite visualisation (Slides 19-20). This is, as you can imagine, extremely
difficult to visualise directly, as it essentially combines all these different gradients into one
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Coenoclines

* coenoclines suggests a niche difference model operating
* an alternative to niche differentiation (aka , i.e. species sorting
along environmental gradients) is the

Self study: niche and neutral theories
e.g. Neutral Theory of Species Diversity: https://www.nature.com/scitable/
knowledge/library/neutral-theory-of-species-diversity-13259703/
Li et al. (2015) Niche and Neutral Processes Together Determine Diversity
Loss in Response to Fertilization in an Alpine Meadow Community. PLoS
ONE 10(8): e0134560. doi:10.1371/journal.pone.0134560
Hubbell (2005) Neutral theory in community ecology and the hypothesis of
functional equivalence. Functional ecology, 19(1), 166-172.

Create your own coenoclines in R
« coenocliner: a coenocline simulation package for R

Slide 20

highly complex picture. A coenocline represents the ‘sweet spot’ or the shift in landscape
associated with changing environmental conditions and the location where particular types
of populations will peak in abundance.

Instead of just thinking of a gradient and a unimodal distribution for one species, imagine a
unimodal distribution for every species, across every environmental condition that influences
growth and fitness. When you superimpose the outcomes, you produce what is called a
coenocline.

If you examine two environmental dimensions together — for example, temperature and hu-
midity — this produces a two-dimensional plane called a coenoplane. If you add additional
variables, such as soil characteristics, it becomes a multi-dimensional space called a coeno-
space. A coenospace is, therefore, a multi-dimensional representation of the best locations
for collections of species given all relevant environmental gradients.

This move from thinking about a single gradient to a complex coenocline reflects a major
step in understanding the ecology of species distributions.

313 Statistical Approaches

We have fairly specialised statistical methodologies for studying coenoclines and related
phenomena. We will touch briefly on some of these in this module, though there may be
challenges due to the need for suitable computer lab access. Those of you progressing to
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honours will take an entire module in Quantitative Ecology, which lasts six or seven weeks
and covers these statistical methods in greater depth — specifically targeting coenoclines,
coenospaces, coenoplanes, and associated analytical approaches.
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314 The Earth System and Global Change
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Let us examine all the processes currently impacting Earth. In the age we live in today, there
is a particular need to be concerned with global change, which encompasses a variety of
components. The most obvious, and certainly the most widely discussed in the popular media,
is climate change (Slide 21).

Climate change fundamentally arises due to the release of carbon dioxide (CO,) into the
atmosphere by human activity, particularly through the burning of fossil fuels. This CO, does
not originate from the sun, but rather acts to trap the sun’s energy within our atmosphere,
preventing it from escaping back into space. This process leads to an accumulation of heat on
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Earth, which we observe as an increase in the general heat content — measured as a higher
temperature — across the globe.

As more heat builds up, it causes changes in atmospheric pressure systems. Regions warming
up more than others develop areas of low pressure, where air rises and circulates. As air rises,
it contributes to the formation of winds, and these changes in heat content are not limited to
the atmosphere alone. A significant proportion of this heat is absorbed by the surface of the
oceans, referred to as the sea surface temperature (SST). As the ocean’s surface absorbs this
additional heat, we see a rise in sea surface temperature.

315 Atmospheric and Oceanic Responses

One of the most measurable atmospheric responses to increased heat content is an increase
in global wind activity. Of course, the real-world system is much more complex than this
simple description, but it provides a useful starting point. In the case of the ocean, the most
noticeable change is the rise in sea surface temperature. Both the atmosphere and the oceans
experience this rise in temperature, which manifests as what we term anthropogenic climate
change.

The implications of these temperature changes are profound. Many species have evolved to
thrive in relatively narrow environmental conditions — what we might refer to as “sweet
spots” (not a technical term, so don’t use it when you communicate professionally). A partic-
ular plant, for example, may be optimally adapted to the current temperature of Cape Town.
If Cape Town warms by 2 °C, this plant finds itself outside of its optimal range. At that point,
it faces a choice: it must either die out or, if its biological processes enable a sufficiently rapid
response, it can shift geographically to remain within its preferred temperature range. This
would require the plant to “move” towards the area where the climatic conditions mirror
what used to be present in Cape Town — possibly to the west — as the climate envelope
shifts.

So, climate change is already influencing the distribution of biota on Earth. We must therefore
be aware of climate change as a new, critical process, and work to understand how it is likely
to affect all aspects of the environment — particularly from both an ecophysiological and
ecological perspective. For marine systems, this includes not only changes to swells and waves
but also to the biogeochemistry of key nutrients such as nitrogen, phosphorus, and carbon.
Biological interactions will change as well, exerting a profound influence on population
ecology, among other fields.

This means that all modern biologists must grapple with climate change as an additional
source of variation layered atop the myriad other processes already operating within Earth’s
systems. Fully understanding climate change — and projecting its effects into the next 100
to 150 years — is critically important for anticipating how the biogeography of the future
world will differ from that of today.
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3.16 Regional Gradients: Focus on the Ocean

3.16.1 The Role of the Agulhas Current
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Let me now focus more specifically on the ocean, as this is where much of my research
is conducted. One of the most influential systems impacting South Africa — as well as
many other coastal regions worldwide — is the large ocean current running along our coast.
Although it appears snake-like on maps and diagrams, this is in fact the Agulhas Current
(Slide 22).

The Agulhas Current flows from the north, past South Africa’s east coast, moving southwards
before looping back into the South Indian Ocean. The water it transports from the north is
warm, as it originates close to the equator. Regions nearer the equator experience greater day
length and are closer to the sun, leading to higher heat absorption. Therefore, both the ocean
and the overlying atmosphere are warmer in tropical regions.

This warm tropical water is carried southwards along the east coast of South Africa, bringing
it into regions that would otherwise be significantly cooler. The presence of this warm water
not only raises the temperature of the overlying atmosphere, but also drives greater rates of
evaporation. As warm water evaporates, it injects moisture into the atmosphere, which then
becomes available for rainfall.

Within this system, the rising warm air over the ocean creates a low-pressure area, while the
relatively cooler land retains higher pressure. This pressure differential drives winds from
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the ocean towards the land, carrying with them moisture-laden air — and, as a consequence,
there is considerable rainfall along South Africa’s eastern coastline.

If you recall the east-to-west rainfall gradient in South Africa — with KwaZulu-Natal in the
east being particularly wet and moving towards increasing aridity as you travel westward —
the Agulhas Current is largely responsible. The abundance of moisture and rainfall along
the east coast owes much to the warmth of this current, which brings water from the tropics
and sustains the region’s lush vegetation.

However, as you move away from the direct influence of the Agulhas Current, further west
towards central South Africa, the oceanic influence diminishes. The water becomes colder,
less moisture evaporates from the surface, and significantly less rainfall occurs. This renders
the central and western regions of South Africa considerably drier and more arid, with less
vegetation and runoff.

316.2 Western Boundary Currents around the World

This pattern is not unique to South Africa. Similar warm ocean currents flow along the
eastern margins of major continents and are collectively known as western boundary currents.
Examples include:

« The Brazil Current along the east coast of South America
 The Gulf Stream along the east coast of North America

« The Kuroshio Current off the east coast of Japan

« The East Australian Current alongside eastern Australia

These currents, known as western boundary currents because they flow along the western
edge of their respective ocean basins, carry warm water from the tropics into the mid-latitudes,
depositing moisture-rich air and promoting rainfall across large coastal regions.

As a general rule, continents influenced by these warm currents display a moisture gradient
from east to west. For example, in Brazil, the region affected by the Brazil Current is warm
and moist, but as one travels westwards into the interior — and especially into Chile and Peru
[attention: Chile and Peru are west of Brazil, but separated by the Andes and not on the same
cross-sectional gradient; this is an oversimplification] — the climate becomes progressively
more arid. Similar principles applies to North America and Australia.

316.3 The Importance of Ocean Currents for Regional Climatic Gradients

Ocean currents play an absolutely critical role in establishing these large-scale regional
gradients, which then determine how vegetation and associated biota are distributed. The
moisture content of the environment is the primary driver shaping these patterns, though
other factors become increasingly important as one moves further from the influence of
warm currents.

It is important to appreciate the significance of the Agulhas Current in shaping South African
climate and ecology. If you were to “switch off” the Agulhas Current and replace it with a
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cold current [attention: not physically possible, but a useful thought experiment], the entire
east of South Africa would resemble the arid, desert-like conditions currently found along the
west coast. Therefore, the ocean — specifically, these powerful currents — is fundamental to
the regional climate patterns that support life as we know it on land.

If you wish to deepen your understanding, I suggest reading further about the Agulhas
Current and its effects. Its presence is precisely what makes South Africa’s eastern seaboard
lush and habitable, in stark contrast to the much drier west.
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3.17 The Role of the Agulhas Current in Setting Gradients

Another aspect that occurs due to the Agulhas Current is that, as the current moves — recall,
as we travel from north to south, moving progressively away from the tropical regions into
the subtropics and then into temperate regions — evaporation happens along this journey.
The residual water in the ocean becomes increasingly cooler and cooler. This cooling occurs
because the heat that was originally in the ocean is now being transferred into the atmosphere,
warming the land adjacent to it. Thus, as we head further south, the seawater temperature

drops as the heat from further north has dissipated and now resides in the atmosphere and
over the land.
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Seawater in the southern regions is substantially colder compared to somewhere like Durban
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(Slide 23). You can actually feel the difference. By the time you reach Cape Town, the seawater
is even colder, owing to the presence of a different ocean current, which brings about a
process called upwelling rather than the warming effect of the Agulhas. So, in addition to
setting up a gradient over the land in terms of various factors such as moisture, temperature,
and erosion — all processes linked to rainfall — the Agulhas Current also sets up a strong
temperature gradient along the coastline. At the northern border, north of Sodwana Bay with
Mozambique, sea temperatures are at their highest, and as you progress down the coast, the
temperature decreases consistently, becoming coldest at Cape Town. Therefore, there is a
clear, almost linear, gradient in decreasing temperature from north to south along the coast
of South Africa. Again, this gradient is a direct consequence of the Agulhas Current.

318 Examples of Environmental Gradients in False Bay
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Here is a figure illustrating waves — this is False Bay (Slide 24). This bay is where many of
you find yourselves; Cape Town is in this region. In the Southern Ocean, far south of South
Africa, there are strong prevailing winds that generate large swells, sometimes originating
1,000-2,000 kilometres away. These waves eventually propagate and arrive at the shores of
False Bay as swells.

This is just one more example of a regionally important environmental gradient. The spatial
scale here is more restricted — we are now considering False Bay, which is about 50-60
kilometres across. Even across such a small distance, you can observe a gradient: from the
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sheltered western sides of False Bay, such as Muizenberg, which experiences very low winds
and small waves, moving south and east into more exposed sections, the wave height increases
substantially. Within False Bay, there is a gradient in wave energy: lower in the west, higher
in the east, and peaking further south. On the other side of the Cape Peninsula, exposed to
the Atlantic, waves are higher still, as they directly intercept swells from the South Atlantic
Ocean.

Wave gradients, such as those found in False Bay, influence the distribution of kelp and
other marine organisms. Simultaneously, there is a recognised temperature gradient across
False Bay, as well as a depth gradient: moving from the coastline towards central False Bay,
the water depth transitions from only 1-3 metres near the shore to around 70 metres in the
centre.

Remember from your BDC223 module: as we go deeper into the ocean, there is a vertical
light gradient — the deeper you go, the less light is available. Thus, environmental gradients
exist at multiple dimensions: horizontal gradients such as temperature, waves or salinity,
and vertical ones like light with depth.

3.19 Gradients Across Scales: From Regional to Global

These environmental gradients operate at multiple spatial scales — from gradients at the
southern hemisphere or continental scale, to those across a bay only a few dozen kilometres
wide, right down to vertical gradients in the ocean. On a planetary scale, gradients extend
from the tropics to the poles. All of these gradients, at every scale, are responsible for allowing
certain organisms to persist in particular environments, while excluding others.

The work of ecologists, especially macroecologists, is to investigate how these gradients
structure the organisation of life across Earth’s surface.

3.20 Remote Sensing and Observing Patterns

Let us now look at an image of Earth’s surface. Ecology, in essence, is the study of patterns.
Here, you can observe a patchwork of different colours — dark green, brown, grey — each
representing distinct surface properties or vegetation cover (Slide 26).

For instance, the regions with dark green typically indicate dense, healthy vegetation — vast
patches of green associated with the Western Cape. In other areas, browner patches mean
the vegetation is more scrubby, sparse, or replaced with barren sand.

Macroecologists would ask: why is this patch green and that patch brown, sometimes only
a few kilometres apart? Looking closely, greenness is often associated with coastal zones,
particularly along the Garden Route and Western Cape. This is a function of atmospheric and
oceanic patterns, especially the influence of the Agulhas Current. However, in some regions,
especially inland, apparent greenness in satellite images may be attributable to intensive
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',Irrlmage of Cape Agulhas was acquired by the Operational Land Imager (OLI) on Landsat 8 on May
25, 2016,
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Slide 26

farming and land transformation, rather than natural processes. [attention: Not every green
patch is natural vegetation; some are vineyards, canola, or other agricultural fields.]

If you zoom in, you can see a clear patchwork reflective of agricultural practices such as
viticulture and other crops. Remaining tracts of natural fynbos are also visible, structured
according to elevation: lush and green in valleys, but sparse and grey at higher altitudes —
demonstrating how temperature and exposure control plant community composition even
at relatively small spatial scales.

3.21 Using Temporal Data to Track Environmental Change

Satellite data have been available daily since 1981. Comparing present-day maps to those
from one decade ago, or two decades ago, reveals changes in landscape patterns. These shifts
are mostly consequences of anthropogenic environmental modification: farming, deforest-
ation, urbanisation, and fire. In some places, you can also observe temporary or seasonal
phenomena like snow cover.

3.22 Integrating Multiple Types of Environmental Information

From a single remote sensing image, you can extract vast quantities of information — veget-
ation type, land use, altitude and topography, river catchments, coastal processes, and more.
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For example, wave action stirs up sand in the water, which appears milky blue or white from
space, especially where long sandy beaches are present. Rocky areas have less suspended
sediment, and thus appear darker in satellite imagery. Visible drainage lines indicate the
position of rivers and the amount of water they transport.

At even finer scales, satellite imagery can be used to monitor fire scars and the impact of
wildfire, as fires appear starkly in the imagery.

3.23 Biological Productivity and the Agulhas Bank
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The Visible Infrared Imaging Radiometer Suite (VIRS) oRSuomi NPP acquired the image of
southern Africa on January 4, 2017. My,
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Here’s another satellite image of South Africa. Again, there’s False Bay, and some white
regions here are clouds, but look at these pale blue swirls in the ocean — these are areas
of phytoplankton bloom. Interestingly, these blooms are restricted in location due to the
dynamics of the Agulhas Current. Phytoplankton that drift into the Agulhas Current quickly
get swept away, so their retention above the Agulhas Bank (Slide 27) — a region extending
up to 200 kilometres offshore but with a maximum depth of about 150 metres — is especially
significant for local productivity.

3.24 Infrared Imagery and Vegetation Detection

Here, in an infrared image of the tip of the Cape Peninsula (Slide 28), you can clearly dis-
tinguish natural vegetation, which appears in red, from exposed bedrock and sand, which
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Slide 28

appear white. Off the coast, red patches indicate the presence of kelp beds and kelp forests,
which are so large and dense they can be detected from space.

3.25 The Macroecologist’s Challenge

All of this information — vegetation types, land use, altitudinal patterns, wave exposure,
kelp forests, riverine systems, and even the presence of fire — can now be accessed and
analysed by macroecologists. Our task in this module is to understand how to use such data,
and thereby to interpret how the physical environment structures patterns of life at a range
of scales.

3.26 Assignment Instructions

To conclude, as a preparation for an upcoming assignment, I would like you to select two
or three examples of environmental gradients you can identify — some operating at local,
others at regional, and others at global scales (Slide 29). Prepare an essay, according to the
specific guidelines I'll provide shortly, in which you explain in detail how these gradients are
capable of structuring biodiversity.
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Global gradients

Self study
think of several
think about how biodiversity is affected by them

Slide 29
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41 Introduction to Biodiversity

Today, we’ll be discussing the various concepts of biodiversity. This concerns how we quantify
diversity, both in terms of which species are present and the proportions of those species
existing within a particular habitat, environment, or ecosystem. The key concepts to focus
on include alpha, beta, and gamma diversity — those are the three Greek-lettered types.

At its most basic, we use what are called univariate measures. That is, all the variety of
plants, animals, and things that are neither plant nor animal can be condensed into a single
measurement — one variable. That’s essentially what “univariate” means: one variable.

4.2 Univariate Indices and Overview

To make this clearer, let’s consider the UWC Nature Reserve — you know where it is. It
contains a wide array of plants and animals, but all of that complexity can be reduced to a
single measurement for alpha, beta, or gamma diversity.

Focusing specifically on alpha and gamma diversity, the univariate measurements commonly
used are the Shannon and Simpson indices. These are the two most typical ways you’ll see
alpha and gamma diversity quantified, and I’ll give more detail shortly on what those indices
are and how they’re applied.

4.3 Alpha Diversity

431 What is Alpha Diversity?

Let’s look first in more detail at alpha diversity (Slide 31). Alpha diversity is the diversity of a
community, plot, habitat, or ecosystem at the smallest scale at which we measure. Returning
to the UWC Nature Reserve example, if we wish to know what plants and animals are
present, the standard approach in ecology is to lay down various transects or plots — also
called quadrats — across the area.

Quadrats are simply small subsections or representations, essentially samples, of a much
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- - Z
alpha () diversity is the diversity of a community,-and it captures thes
diversity within a site, plot, transect, or quadrat _ -3 g
often used to represent the diversity of the smallest sampling unit ::
can be seen as representing the local scale :
usually represented as
*  species richness,

* aunivariate index, such as Shannon’s H' or Simpson’s A, or
+ if many samples are being compared, a synthetic diversity index
(a.k.a. dissimilarity index) such as Bray-Curtis, Sgrensen, Jaccard

Slide 31

larger environment. We use a sufficiently large number of quadrats to try to capture the full
range of biodiversity in a given place. Alpha diversity, therefore, accounts for diversity at this
very local, smallest scale.

4.3.2 How Do We Measure Alpha Diversity?

For example, if you place a single quadrat within the entire UWC Nature Reserve, that quadrat
forms the basis for measuring or representing alpha diversity. Alpha diversity is essentially
biodiversity at the local scale, and there are three principal ways to express it:

1. Species Richness:
The simplest measure is just counting the number of species present. For example,
“There are 15 species of plants and 12 species of vertebrates” within the UWC Nature
Reserve. At the smallest scale, this involves counting the number of plant and animal
species within a single quadrat.

2. Indices (Shannon and Simpson’s):
You can also use indices, such as the Shannon or Simpson index. These take into
account not only the number of species (species richness) but also the abundance or
“how much” of each species is present in your quadrat.

3. Dissimilarity Indices:
A more complex way involves looking at all the quadrats placed within an area at
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once, quantifying differences between them. While species richness or the univariate
indices often focus on the individual quadrat, you can compare every quadrat pairwise
with every other to create a dissimilarity index. Common dissimilarity indices include
Bray-Curtis similarity, Serensen dissimilarity, and Jaccard dissimilarity.

Bear in mind, I’ll touch more on dissimilarity indices in another lecture. But for now, re-
cognise that the synthetic diversity indices mean comparing every quadrat with every other,
using a variety of metrics. Besides Bray—Curtis, Serensen, or Jaccard, there are at least another
21 such metrics or more.

4.3.3 Interpreting Diversity Metrics

It’s rather like measuring distance with a ruler. The ruler might be marked in centimetres, and
in the same way, indices such as Bray-Curtis, Sarensen, Simpson, or Shannon are the “rulers”
you use for biodiversity. The actual value you get is measured in units of that respective index,
indicating biodiversity in quantifiable terms.

4.4 Beta Diversity

B-diversity

nota unlvate measure of dlvelty

Slide 32
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441 Whatis Beta Diversity?

Beta diversity, by contrast, is sometimes referred to as “species turnover.” It measures how
different each quadrat placed within a habitat is from every other quadrat — essentially,
the variation from place to place across the landscape (Slide 32). In this way, it quantifies
heterogeneity — how communities differ from spot to spot.

4.4.2 Beta Diversity Along Gradients

To make this real, recall the example from last week: the temperature gradient along the
east coast of South Africa. As you move from Sodwana Bay southwards, the temperature
changes gradually. The further you go, the more the temperature differs from your starting
point. As this physical variable changes, so too does the potential for different types of plants
and animals to exist. Thus, species composition shifts along the gradient.

Beta diversity works particularly well in these scenarios, where we measure community
structure along environmental gradients. There is a paper I've uploaded to iKamva (and
another associated one), which provides visual explanations for how environmental gradients
influence beta diversity. Please make sure to look at those.

4.4.3 Summary on Beta Diversity

Beta diversity is the second major measurement of biodiversity, highly useful for examining
how quickly communities change along gradients. As the environment changes — temperat-
ure, rainfall, soil type, etc. — so too does the composition of plants and animals, and beta
diversity allows us to quantify that change across the landscape.
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4.5 Gamma Diversity: The Largest Scale

y-diversity

uma () diversity is the total diversity of a region or landscape
oresent the diversity of all samples combined
> metric as a-diversity (i.e. one of the dissimilarity indices)

Slide 33

At the very largest scale, the total amount of biodiversity is generally called gamma diversity
(Slide 33). If we go back to our example of the UWC Nature Reserve, let us say we place one
quadrat, and within that single quadrat, we find seven species of plants and two species of
vertebrates. The total diversity for that quadrat would then be seven.

However, if we place multiple quadrats throughout the UWC Nature Reserve, with each
new quadrat, we are likely to encounter new species. The more quadrats we place, the more
species we will count, because species are distributed across the landscape. Thus, gamma
diversity examines the diversity of the entire UWC Nature Reserve, and states that there are,
for example, 23 species of plants and seven species of vertebrates across the whole reserve.
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Gamma diversity can also be considered at even greater scales. It can scale up to the entire
planet, to all of Earth, at which point we might say that Earth has X million species of
organisms. So, the entire Earth represents the largest possible scale at which we can account
for the total number of living organisms, or species of living organisms, present on the planet.

4.6 Local and Regional Scales

At smaller scales, a continent could be considered a sampling unit. As an example, Africa
might have X hundred thousand species of organisms, and South America another X hundred
thousand, depending on definitions and available data. In this context, the “local” scale could
be a country, so if we look at species within South Africa, for example, that could be defined
as alpha diversity.

Alpha diversity and gamma diversity are both measures that can, in principle, apply to a
very localised area. The largest possible extent of that localised environment, such as the
outer boundaries of the UWC Nature Reserve, would count as gamma diversity for that
smaller study. If the study is instead concerned with the whole planet, then the entire Earth
is gamma diversity, and the continent, country, or region becomes the scale for measuring
alpha diversity.

4.7 Defining the Scales: Researcher’s Perspective

Whether we use alpha or gamma diversity depends very much on the research question.
These terms are not fixed; as an investigator, it is up to you to define the minimum and
maximum extents of your study. For example, if you are interested in the flora of the Western
Cape, you would draw a boundary around the Western Cape and define your gamma diversity
as all the species observed within those boundaries.

For alpha diversity in this context, you might look at the number of species present in
Belleville, in Rondebosch, in Worcester, and so forth — each a different locality within your
region of study. Hence, the use of alpha and gamma diversity depends entirely upon your
definition and the scale at which your research is taking place. The concept is flexible, and
is relative to the extent of your particular study — what is “gamma diversity” for one study
may be “alpha diversity” for a larger study, and so forth.

4.8 Species Richness

Species richness is a term that brings us back to both alpha and gamma diversity (Slide 34). As
I have mentioned before, species richness is simply the number of different species present.
Measured at a small, highly localised scale, species richness gives alpha diversity. Measured
across the full extent of your study region, species richness provides gamma diversity. Both
are ultimately just a count of how many species are present.
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Species richness

* simply the number of species present, sometimes called a species list
* a- or y-diversity (depends on scale)—see later the concepts of
‘grain’ and ‘extent’

Slide 34

Imagine a pink area, representing your total study habitat — this is your study area (Slide
35). You cannot count every single organism within this space, so you sample by placing
quadrats (the grey squares), each representing a subset of the biodiversity present. If you
deploy enough quadrats, your sampling will hopefully capture every species present in your
study area.

For each quadrat, you tally up the number of different species present. For example, one
quadrat might contain five species. Another might contain three. Some quadrats share species,
others have unique species. Suppose you have six quadrats, and their species richness values
are 5, 5, 6, 5, 4, and 3. To calculate the average species richness for the landscape, you simply
find the mean:

5+5+6+5+4+3
6

= 4.667

This is your average species richness. At the largest scale, you simply count the unique species
present across all quadrats. If, collectively, across all quadrats, there are nine unique species,
then the gamma diversity for that region is 9 (Slide 36).
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Species richness (a-diversity)

@ simply the number of species (S)

@ as mean of all subunits, or quadrats as in this
example

o (5+5+6+5+4+3)/6=4667

@ can be calculated from presence-absence or
abundance data (but in the case of the latter, this
infois not used)

Slide 35

49 Beta Diversity: Measuring Variation

Now let us move to beta diversity (Slide 37). Beta diversity focuses on how different each
quadrat is from every other quadrat; it measures turnover in species composition. For instance,
if one quadrat contains species A, D, B, C, and E, and the quadrat next to it contains A, D,
F, G, and E, you see that they share two species (A and D), but differ by three species each.
Similarly, quadrats below or adjacent to one another can be compared in the same way.

To calculate beta diversity, you must compare every quadrat to every other quadrat — that is,
for every possible pair of quadrats, you calculate the number of shared and unique species.
This results in a table of dissimilarity values (a dissimilarity index), where each value shows
how different one quadrat is from another.

We will discuss dissimilarity indices and how to interpret them in detail in a later section of
the course, where I shall provide some pre-calculated examples for you to practise with.

The important point is that the landscape is almost never perfectly homogeneous. For ex-
ample, perhaps most quadrats have species A (present in five quadrats) but not all. Species B
might be present in three quadrats, not everywhere else, and so on. In general, almost every
quadrat will be at least slightly different from the next. Beta diversity captures the amount of
this variation, or heterogeneity, in your study landscape.

Okay, continuing with our example of beta diversity, there are two different ways in which
we can approach beta diversity (Slide 38). One is, as shown in the top panel — Slide 38
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Species richness (y-diversity)

@ these species are present in the ecosystem:
e ABCDEFGH,.I

e ief

Slide 36

(a) — we assume that there is no spatial relationship between one sampling unit and the
next. So, they are unordered across the landscape. This is the typical inference we can make
about biodiversity: we compare every unit to every other unit. This is similar to the previous
illustration in the earlier slide we saw.

However, if we take a more structured approach to how we measure beta diversity across
the landscape — looking at the bottom panel, panels (b) and (c) — we see that the sampling
units are arranged in a logical order. In this example, they are spatially arranged in increasing
distance from the west of the country.

This is the example of the seaweed data in Smit et al. (2017): site number one (sampling unit
one) is in the west, and we move all the way to sampling unit number 58, which is situated
far to the east.

Now, if we take one sampling unit — for instance, sampling unit number one in the west
— and use that as the reference unit (it remains constant, fixed in the west), we can then
compare it to sampling unit number two, next to it. We’ll see that the difference in biodiversity
between one and two is going to be quite slight, because the spatial distance between those
two units is only about 50km or so.

If we compare sampling unit number three to sampling unit number one, the spatial distance
increases to about 100; km, so there’s a slight increase in the beta diversity between those
two pairs of sites. Next, we compare site number five, which is about 200; km further to the
east, to site number one. In this case, the change in dissimilarity between one and five is a
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[B-diversity based on pairwise comparisons
o These are also dissimilarity indices, so we will return
to this in Topic 6.

Slide 37

bit greater.

So, the larger the distance becomes between a pair of sites, the greater the change in the
underlying environmental variables due to the environmental gradient along the coast. Con-
sequently, the species dissimilarity also increases. The greater the distance between a pair of
sites, the more dissimilar they become.

By the time we reach section number 58, far to the east, the distance between sites one and
58 is about 2,700 to 2,800km. The environmental conditions in the subtropical northeastern
part of South Africa are very different from the cold temperate conditions in the western
part of the country. Consequently, the species diversity is also vastly different. Virtually no
species are in common between sites one and 58. In contrast, when comparing sections one
and two, or sections one and three, because they are closer together, the environments are
more similar, and more species will be in common.

This approach, which I've just explained, is called distance-decay beta diversity.

Serial beta diversity takes another approach — shown in portion (c) of the figure. In this
approach, we compare section one with section two: the difference in beta diversity is slight.
Then section two to section three — again, a slight difference. Section three to section four
— still very small.

If we take the cumulative dissimilarities between every consecutive pair of sites in the se-
quence from west to east, we find that the overall beta diversity is the same as the difference
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Slide 38

between site one and site 58. So, the sum of consecutive pairwise comparisons adds up (more-
or-less) to the total beta diversity measured across the entire distance between sites one and
58.

410 Heterogeneity and Homogeneity

Heterogeneity refers to variability or difference — if a landscape is highly heterogeneous,
it features a high amount of variation from place to place. The opposite is homogeneity,
where conditions or communities are uniform throughout the study area. Very few natural
landscapes are perfectly homogeneous; most exhibit moderate heterogeneity, which can be
measured and interpreted via beta diversity.

411 Summary: Distinguishing Alpha, Beta, and Gamma Diversity

In summary, you should remember the distinctions among alpha, beta, and gamma diversity:

« Alpha diversity is typically measured at the smallest sampling unit within your study
area.

« Gamma diversity is the total number of unique species present within your whole
study area or landscape.



76 LECTURE 4. BIODIVERSITY CONCEPTS

« Beta diversity is the amount of variation or difference in species composition among
the various sampling units (quadrats) within the landscape.

Defining these scales and diversity measures is essential for meaningful biodiversity studies,
and the way you decide to structure them will depend upon your research aims and the
boundaries you set for your particular study.
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412 Introduction to Selecting Diversity Measurements

—

a-, B-, and y-div

which diversity measure to use depends on the ecological question
being asked

it depends on considerations of the spatial scales of the landscape

being studied B |
here we shall primarily be ooncerhe‘dﬁith alpha diversity as captured by
some of the dissimilarity indices - ¢S

Slide 39

Which of these various different measurements of diversity we use, is going to depend on
your specific question (Slide 39). As you are ecologists, or training to become ecologists, it is
up to you to decide what the question is that you wish to ask about the landscape you want
to study. One day, when you are professional ecologists, you will decide which landscape to
study, for what reason, what the total extent will be, and whether a small 2 m X 2 m quadrat,
or a smaller 30 cm X 30 cm quadrat, would be more appropriate for your sampling.

You will define the scales at which you apply the terms alpha, beta, and gamma diversity, as
well as the amount of variation within the total landscape — the area for which you calculate
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gamma diversity. The variation within that landscape is beta diversity, but again, the choice
of spatial scale and focus is dependent on you, as researchers.

So, in designing any particular research project, there are many questions around spatial
scales that you must consider as part of the experimental design process. This will result in
the structure within which you sample the environment — a structured way to obtain the
data you need to make a proper assessment of ecological diversity.

413 Overview of Diversity Indices

Diversity indices

a way of representing a-diversity

diversity index: a mathematical measure of species diversity in a

community

species richness: simply the number of species

diversity indices also take into account the relative abundances of the

species, e.g.,

* community A—10 individuals of each of 10 species (total of 100
individuals across all species)

* community B—9 species has 1 individual each, and the 10th has 91
individuals (total of 100 individuals across all species)
*  which community is more diverse?

a diversity index takes into account both richness and evenness

species richness (already seen)

Shannon diversity index

Simpson’s diversity index

Slide 40

The diversity indices, as I have mentioned before, are simply ways of representing species
diversity (Slide 40). Let us return to alpha diversity as an example. The simplest way to
measure alpha diversity is to calculate species richness — that is, to record how many species
are present within a small sampling unit.

However, landscapes are not only defined by a simple list of species. Of course, it is important
whether a species is present or absent, but another essential consideration is how much of
each species is present in the sample. For example, consider two communities, two different
habitats. Both have 10 species present, so in terms of species richness, both community A
and community B are equal: 10 and 10.

But in community A, there are 10 individuals of every species — an even distribution. In
community B, there is only 1 individual of each species from 1 to 9, but species 10 has 91
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individuals present. So, although both communities have identical lists of species, they differ
substantially in terms of the abundances of those species.

This is where diversity indices for alpha diversity become important. These indices take into
account both the number of species (species richness) and the relative abundance, or number
of individuals, of each species. The two most common ways we represent or express diversity
as a function of species richness and abundance are through diversity indices: the Shannon
diversity index and the Simpson’s diversity index. Each of these has a particular equation to
calculate their values, but the software we use typically performs the computation for you.

414 Calculating Diversity Indices

Some of the exercises that you will tackle later will require you to calculate these indices by
hand. Unfortunately, this year, due to the lockdown and not being able to use the university’s
computer labs, you will need to perform these calculations manually. In every other year,
you would have used standard software for these.

I shall give you, as an exercise later in the week, some sets of diversity data and ask you to
calculate these indices yourselves, by hand.

Shannon and Simpson’s diversity
indices

take into account both richness and evenness
supposedly the difference is...
*  Shannon more influenced by richness
* Simpson's affected more by evenness
* ...supposedly, because there seems to be some disagreement about
what precisely it means, e.g. from the {vegan} help file by Jari Oksanen:

“Better stories can be told about Simpson's index than about Shannon's
index, and still grander narratives about rarefaction (Huribert 1971).
However, these indices are all very closely related (Hill 1973), and there is
no reason to despise one more than others (but if you are a graduate
student, don't drag me in, but obey your Professor's orders). In particular, the
exponent of the Shannon index is linearly related to inverse Simpson (Hill
1973) although the former may be more sensitive to rare species.”

Slide 41

Now, the two indices — Shannon’s and Simpson’s — differ slightly, although there is ongoing
debate about precisely how much they differ and in what aspect (Slide 41). Many people say
that Shannon’s diversity index favours species richness. That is, it puts more emphasis on
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place-to-place differences that result from the number of species present. Simpson’s index,
by contrast, is said to be more important in contexts where the number of individuals per
species varies greatly across the landscape.

But as I noted, there is much debate as to which index is preferable. There is even a slide, or
paragraph from the software we use, which states: “Better stories can be told about Simpson’s
index than about Shannon’s index, and still grander narratives about rarefaction.” (Rarefac-
tion is yet another way of considering species diversity.) However, all these indices are closely
related, and there is no reason to prefer or despise one over the others. The same paragraph,
however, gives a word of advice: “If you are a graduate student, do not drag me in, but obey
your professor’s order.” So, at the end of the day — whether you use Simpson’s or Shannon
— much will depend on the preferences of your future supervisors. Everyone has their own
opinions. In my personal view, it makes little difference; they are, in fact, linearly related to
one another. Still, please do listen to what your supervisor says.

415 Structure of Diversity Data

Shannon and Simpson’s diversity indices

site  spA spB  spC spD spE  spF
site_A 10
site_B 1

site_C 4

S ke e G owN e

11

site D 1
1

1
2
4
1 10
0
site_F 0 10
site_G 1 1

o
S - o oo &N

1
1
4
0
site_E 0
0
1
]

site_H 1 10 10 10

> specnumber(species[, 2:9], MARGIN = 2)
site_A site B site C site D site E site_F site G site M
6 6 6 6 2 2 6 6
> round(diversity(species[, 2:9], MARGIN = 2, index = "shannon"), 2)
site_A site_B site_C site_D site_E site_F site_6 site_H
1.25  1.73  1.79 1.79 8.69 0.38 1.79 1.79
> round(diversity(species[, 2:9], MARGIN = 2, index = "simpson”), 2)
site_A site_B site C site D site E site_F site 6 site H
.58 ©.81 8.83 ©.83 ©.58 .17 .83 0.83

42

Slide 42

Let us return to the matter of how these indices are calculated. The essential thing to learn
now is how your data should be structured when entering it into the computer for analysis.

Typically, we enter all the various places (the sites or quadrats) along the rows, and the
species — by name — along the columns (Slide 42). The numbers in the table represent the
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abundance: for example, species A at site A, there is one; species B at site C, there are four;
species B at site D, there are eleven; and so on.

Species richness is easy to calculate using this structure: for any site, simply count how many
columns (species) contain a positive number. For instance, site A might have six species
present (species richness = 6), as might site B. Importantly, the abundance — that is, the
actual number of individuals per species — is not considered when calculating species
richness.

But the Shannon-Wiener index does take these abundances into account, as does the
Simpson’s index. For example, the Simpson’s index emphasises sites with higher evenness of
abundance between species: if, for an area, only two species are present and the others have
zero, you will get a low Simpson’s diversity value. Conversely, if the abundances are more
evenly distributed among species, the Simpson index value is higher.

Evenness refers to how similar the abundances of the different species are: a site where all
species are represented by roughly equal numbers of individuals has high evenness; a site
where one species dominates and the rest are rare has low evenness.

Please familiarise yourselves with the process of working out these indices using sample
tables. I will provide some examples for you to work through. Normally, we would use
software — “R” in our case — to calculate these indices, but for now, manual calculation will
suffice. If you go on to Honours next year, you will have the opportunity to catch up with the
R software then.

416 Application to South Africa: Example Using Simpson’s Index

Here is an example where I have applied Simpson’s diversity index to various places in
South Africa (Slide 43). If South Africa represents the area for which we define gamma
diversity, then each square or quadrant on the map represents an area where we calculate
alpha diversity.

The number of crickets present per area has been plotted across South Africa, and you can
see that dartker colours indicate areas with higher cricket abundance. These numbers —
or rather, the diversity indices calculated from them — show substantial variation across
the country. The most diverse areas appear in Limpopo and along the coast, particularly in
northern KwaZulu-Natal, where evenness is also highest.

Whereas in other areas, especially inland, there are many more locations with low diversity
and a few with significantly more individuals of particular species. Along the coast, most
species are fairly evenly represented.

With this sort of information, we can begin to classify South Africa into regions that share
similar levels or patterns of diversity, in terms of both the type and presence/abundance
of species. This is the value of using these diversity indices — a starting point for further
analyses. The kind of calculation I have described here is known as clustering analysis. This
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Slide 43

will not be covered this year, but this is just to show you an example of potential future
applications.

Such analyses can be useful on their own, as they visually reveal the different diversity
patterns present across a region.

417 Reading and Administrative Notes

A reminder: I have given you two papers to read — “What is Macroecology?” and “Macroe-
cology to Unite All Life, Large and Small” (Slide 43). You should have read and understood
both, as last week was allocated for that reading. The assumption is that you now under-
stand everything covered in those papers, otherwise you would have asked by now. That
opportunity has passed.

For this week, you have additional reading around ecological gradients: (1) “Distance, Decay
of Similarity in Biogeography and Ecology” by Jeffrey Nicola, and (2) “Seaweeds in Two
Oceans: Beta Diversity” by myself. Please read these two papers this afternoon.

On Friday, or Thursday, you are welcome to make an appointment with me, in groups of
three or four or more, if you have any questions about these two papers. Failing to ask me
questions by Thursday will imply that you understand everything, and I am then free to ask
you anything from these papers in future tests and exams.
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Lecture 5

Multivariate Data

i1 BCB743

This material must be reviewed by BCB743 students in Week 1 of Quantitative Ecology.

1 Also see:

Accompany your reading of in this chapter with the material in Lab 1, Lab 2b, and Lab
3.
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Lecture 5a

51 Introduction

We’re going to look at the multivariate nature of ecological data. Last week, I spoke about
how to go about collecting samples of species from a particular landscape or habitat, using
the UWC Nature Reserve as an example.

5.2 Types of Ecological Data

Diversity can consider either,
* whether species are present or absent; this kind of data is called presence-absence data
+ this kind of data is binary (i.e. a species is there, or it is not there), or
* jt can include aspects of how much (biomass, abundance, % cover) of each of the species
that is present
* we will call this kind of data abundance data.

oonvert to presence-absence

Slide 46

The kinds of data we can obtain from a place like the UWC Nature Reserve include a collection
of quadrats, which I've labelled here as ‘site A’ to ‘site H> — so there are eight of them (Slide
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46). At each site, for every one of the quadrats we place on the landscape, we count the
number of species present.

For instance, in this example, site A has six species present, while site E has only two species
present. The zeros indicate that none of those particular species were present.

Now, these two sets of data tables — the one on the left and the one on the right — are more
or less identical in that they represent the same samples. The difference is that the table on
the left, in addition to indicating whether a species is present (a ‘1’) or absent (a ‘0’), also
shows, if a species is present at a particular site, how much of the species is present — for
example, its abundance, biomass, percentage cover, and so on. If it is not present, there will
be a zero. Wherever there is a ‘1’ on this particular table, on the left, the ones could be any
number greater than zero, indicating how much of that species is present.

The table on the right simply shows a ‘1’ to indicate presence and a ‘0’ for absence. This is
what we call presence-absence data.

So, the left-hand data type is called abundance data, and the right-hand side is presence-
absence data. On the right, we only know whether a species is there or not. On the left, if a
species is present, we also know how much of it is present. This is a critical distinction you
need to keep in mind.

You’ll encounter both of these data types as we progress through the module.

5.3 Determining Similarity Between Sites

Today, the goal is to determine how similar various places are to each other, especially re-
garding their species composition.

Let’s refer back to the earlier slide. We can see that certain sites are more similar to others
but in different ways. In the first instance, two sites could be similar because they share the
same species. For example, both site A and site B each have species A, B, C, D, E, and F. The
difference between site A and site B is primarily due to species F, where site A has much
more of species F compared to site B.

So, overall, there are two main reasons why locations can be similar or different. The first
is that they share the same species, and the second is that, even if they share species, the
abundance of each species is unequal; one place may have more individuals of a species,
while another has fewer, and so on.

Another kind of difference comes when, say, comparing site D and site E: site E may have
only two species that are also present in site D, whereas site D has four other species present
not found in site E. Sites might therefore share some species, differ in others, or have uneven
abundances of shared species.

So, as an ecologist, it’s your job to determine i) how some sites differ from other sites (this is
called their structure, that is, differences in species composition and/or differences in their



5.4. REASONS FOR DIFFERENCES IN COMMUNITIES 89

abundance), and ii) what the explanations are for how particular places differ from one
another in terms of community structure — such explanations might be some properties of
the environment, various stochastic or other neutral influences, or biological interactions.

5.4 Reasons for Differences in Communities

Communities differ from place to place for at least four reasons:

1. Environmental differences: The environment may be different at the two places.
For example, one environment may be too warm, excluding species that prefer colder
temperatures. Environmental differences may explain why community compositions

vary.

2. Neutral theories: If the differences are not due to the environment, they might be
due to other factors, such as species’ ability to disperse across the landscape, historical
events that shaped the community, or random processes that affect species’ presence
and abundance. These are often grouped under neutral theories.

3. Unmeasured influences: If it’s not due to the environment (or not the part we
measured) or neutral explanations, there might be other unaccounted or unknown
influences. These are unmeasured factors for which we can pose hypotheses for further
research and data collection.

4. Random noise: Alternatively, differences may simply be due to random noise,
stochastic events, or measurement inaccuracies that obscure genuine patterns.

So, understanding community differences involves asking whether differences are due to
measurable environmental factors, unknown influences, or just random variation. Analysing
the data helps narrow down which of these is most likely.

In this module we will specifically focus on environmental differences as reasons for why
communities are structured differently across space. We call this spatial patterning, and
the reasons responsible for generating the spatial patterning are the processes that lead to
community formation. When we talk about environmental differences as the reasons for
explaining those spatial patterns, we are primarily interested in the gradients that are present
and ubiquitous all over Earth’s surface.

It is because of the unimodal model that species develop local abundances in regions along
the gradient where conditions are most suited to their well-being, their growth, their survival,
their reproduction, and their fitness. These kinds of models that use the environment, and
specifically environmental gradients, to explain where things are most abundant, and which
then result in the patterning across space, are called the niche differentiation theory. But there
are other explanations too, as we will see below.

In contrast to this niche differentiation theory, we also have neutral theories. The neutral
theories are an opposing set of hypotheses. People take these types of explanations quite
seriously, as a counterpoint to the environmental filtering explanations. Often, these neutral
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theories include properties of the species in terms of their ability to disperse across landscapes.
In other words, whether species are very mobile, or whether they are limited to a small spatial
extent over which they are able to disperse. There are various other aspects, too, such as
stochastic events, which might come into play, or there may be historical legacy events —
historical reasons for why species became abundant at a particular place and not elsewhere.
Most of these things are typically grouped under the neutral theories.

In BDC334 and next year when you do Quantitative Ecology, it is mostly the environmental
gradients that I find interesting and useful for explaining many of the properties of the
environmental and the species data sets that we deal with. Of course, we can use those
same data sets to extract an understanding about the neutral theories too, but it is just that
gradients provide a very convenient, a very graphical explanation for how species become
arranged in space. Also, I think it speaks more personally to my own preference, as gradients
more readily offer explanations for where species are, and how communities are structured
in space.

Of course, after we have accounted for the niche differentiation theories or the neutral
theories, there will always be a certain amount of unmeasured, unexplained variation that
none of the theories, none of the hypotheses, can address — none of them are suitable.
This means that there is still some residual structure in the data for which we do not have
explanations. Often, we ascribe these to random variations from place to place, but it might
as well be that we simply do not have an explanation for these things because we have not
measured the correct properties of the environment, or the correct properties of species
interactions, that may have resulted in this residual patterning.

5.5 Data Representation: Distance, Similarity, and Dissimilarity Matrices

In ecological studies, we will use data collected about properties of the environment, as well
as data collected about the species within the environment. Typically, what we do when
we sample the environment (to understand the structure of ecological communities) is to
identify some local areas where we wish to measure environmental properties. At those same
locations where we measure these environmental properties, we will also want to record the
species composition and abundance.

So, across a landscape, for instance, we might distribute our sampling units at random, or, if
our hypothesis requires it, we might structure our sampling units in a much more systematic
manner. Regardless of whether sampling is random or systematic, we will use quadrats,
transects, photographic surveys, or any of the various available sampling techniques — the
critical point is that, wherever we collect environmental data, we must also match those
environmental data with species data at the same place.

Our environmental data could include any property of the environment such as soil char-
acteristics, humidity, daytime or night-time temperature, or pH — essentially, any kind of
property we suspect may influence the occurrence of species at a given site. We then take
these data and enter them into a spreadsheet. For each environmental condition we sample,



5.5. DATA REPRESENTATION: DISTANCE, SIMILARITY, AND DISSIMILARITY MATRICES91

we assign a column in our spreadsheet. For each place or site we sample, we arrange these
down the rows of the spreadsheet. This is called a site X environment data table, where each
row corresponds to a location and each column corresponds to an environmental variable.

In parallel with the environmental data, we have the species data. This will be set out in
a similar fashion in a new spreadsheet, separate from the environmental table: here, each
row again corresponds to a location where species data were collected, and each column
represents a species.

Since we have collected environmental data at precisely the same sites where species data
were gathered, the number of rows in the species data table will be equal to the number of
rows in the environmental data table. I refer to these as raw data tables: environmental
tables and species tables. From these environmental and species tables, we develop new
data sets called matrices. These matrices will then be used to compare sites across the
landscape, assessing how similar or different they are in terms of the species present or the
environmental conditions found there.
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The different kinds of data for comparing places — be that similarities in species presence
or differences in environmental variables — can be represented as distance matrices, more
specifically, similarity or dissimilarity matrices (Slides 47-51).

When discussing environmental or species differences, we use distinct types of matrices.
Broadly, each matrix is a distance matrix, but the way we calculate distance depends on the
type of data.
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Distance matrices

how similar sites (plot or quadrats or transects) are to each other is
shown by distance matrices

they are calculated from data tables (species table or environment table)
by applying dissimilarity or distance calculations of some indices:

* e.g. Euclidian distances for environmental data

the result is a matrix of pairwise differences (or distances) or similarities
in a metric that relates to the ecological distance between all sites, or
the community composition (as synthesised by the chosen index)

Slide 48

« For environmental data (e.g., temperature, humidity, soil type), we use an actual
distance measure, typically the Euclidean distance.

« For species composition data (abundance or presence-absence), instead of Euclidean
distance, we use similarity/dissimilarity indices such as Bray-Curtis, Serensen, or
Jaccard indices.

So, just to recap: environmental data includes things like temperature, humidity, depth, light
intensity, soil and nutrient composition, and so on; all the things we measure about the
environment which might explain community differences. Species data is what species are
present or absent, and potentially, how much of each species is present.

From both, we can calculate distance matrices:

« Environmental data — Euclidean distance
« Species data — Bray-Curtis, Serensen, Jaccard, etc.

These matrices represent the pairwise differences between each pair of sites.

5.6 Pairwise Comparisons

By ‘pairwise’, I simply mean comparing every site to every other site.

So, for example, site A is compared to site B, site A is compared to site C, site A is compared
to site D, site E to site C, site G to site F, and so forth. For each pair, we calculate how similar



5.7. CALCULATING EUCLIDEAN DISTANCE 93

Similarity and dissimilarity

sites sharing a similar species composition are ecologically similar
* ‘composition’ a function of species richness and abundance
* i.e. high similarity / low dissimilarity
how similar sites are depends on...
* measurable environmental differences that influence species
composition, or
* it can be due to unmeasured influences, or
* it can also simply be ‘noise’
it is the ecologist’s role to figure out what influences the similarity /
dissimilarity among sites
they are grouped with a special class of matrix, i.e. the distance matrix

Slide 49

or dissimilar they are, for both environmental and species data, using the appropriate metric.

There are many dissimilarity indices you can use for species data, and you’ll see some ex-
amples in class. But the principle is always the same: you calculate the similarity or difference
for every possible combination of pairs.

The result is a matrix where every entry shows the similarity or difference between one site
and another.

5.7 Calculating Euclidean Distance

So, how do we actually calculate Euclidean distance, which is the main way we measure how
different our environmental samples are from each other (Slide 53)?

Euclidean distance is the direct, straight-line measure between two points. Imagine plotting
two points on a coordinate plane with x- and y-axes; each point has an x-coordinate and a
y-coordinate. The straight-line, or shortest, distance between the two points is the Euclidean
distance. The unit of this distance is the same as the unit used for the axes.

If both the x- and y-axes are measured in centimetres, then the diagonal (shortest) distance
between your two points will also be measured in centimetres. This is sometimes called
Cartesian distance.
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Distance matrix for environmental
data

Euclidian distance is “the ‘ordinary’ straight-line distance between two

points in Euclidean space” (i.e. in its simplest form a planar area such as

a graph with x- and y-axes)

in 2D and 3D, gives cartesian distance between points on a plane (x, y),

in a volume (x, y, z), or higher dimensions

conforms to our physical concept of distance

* e.g. short geographic distances between points on a map

* (loses accuracy over large distances, as Earth’s surface is not on a
plane but on a sphere... correct by using great circle distances, e.g.
use the Haversine formula)

+ calculated using the Pythagorean theorem

+ differences are squared, so single large differences become very
important

» this is not useful for species data

Slide 50

You can extend this idea to three dimensions — for example, x, y, and z — with the Euclidean
distance representing the straight line between two points in three-dimensional space.

But you are not limited to two or three dimensions. Ecological data is often ‘multi-
dimensional’ because for each site we may have ten, twenty, or even a hundred envir-
onmental variables (dimensions) measured. Humans can’t visualise more than three
dimensions, but mathematically, calculating the Euclidean distance between points with
many dimensions works just the same.

Euclidean distance aligns with our intuitive sense of “distance” when we’re talking about
physical or geographic space, but in the context of ecological data, it reflects how different
or similar environmental samples are, based on the variables we’ve measured.

5.8 Applying the Pythagorean Theorem

To calculate Euclidean distance, we use the Pythagorean theorem, which you should remem-
ber from secondary school mathematics.

Suppose you have a two-dimensional graph (your y-axis is vertical, x-axis is horizontal) and
two points, P and Q.

« Point P is at coordinates (B, B).
 Point Q is at coordinates (Q;, Q,).
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Distance matrices: properties

the matrices are square and symmetrical

as many rows and columns as the number of sites (i.e. rows) in the
original species or environment table

the diagonals are zero (a site is the same as itself, so it has zero
dissimilarity), or one if it is a similarity matrix

the table can be read directly, and each cell represents the species or
ecological difference between a pair of sites

all information of the species ID (and maybe also abundance) at a site is
lost, as this info is condensed into one metric, the dissimilarity metric (or
similarity metric)

Slide 51

To calculate the straight-line (Euclidean) distance between P and Q:

1. Find the difference in x between Q and P: Q; — A.
2. Find the difference in y between Q and P: Q, — B.
3. Square both differences: (Q; — B)? + (Q, — B)>.
4. Take the square root: 4/(Q; — B)? + (Q, — B)2.

That’s your Euclidean distance.

If you have three dimensions, say X, ¥, and z, you simply extend the equation:

V@~ R +(Q — BY +(Q; — B)?

And for n dimensions, you generalise:

\| D (Q - B2
i=1

So, it’s straightforward. For as many variables as you have, just extend the formula, square
the differences for each corresponding variable, sum them, and take the root.
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Two dimensions [edit]

In the Euclidean plane, if p = (py, p2) and q = (g5, gz) then the distance is given by A @) = (1 = p1)* + (g = pa)?
/ 2 r
d(p,a) = /(a1 = »)" + (a2 — p)". " A
d(pyq)

@ -p
This is equivalent to the Pythagorean theorem. P

Alternatively, it follows from (2) that if the polar coordinates of the point p are (ry, 8;) and those of q are (1, 85),

then the distance between the points is
n "

V/"f +r3 = 2riry cos(fy — 6s) Euclidean distance in A2 &

Three dimensions |[edit]

In three-dimensional Euclidean space, the distance is

d(p,q) V(I’I @)+ (- @)+ (o - a)

ndimensions |edit]

In general, for an n-dimensional space, the distance is

dp,a) = /(e @) + (= @)+ (= q) o (oo — @)

53
https://en.wikipedia.org/wiki/Euclidean_distance

Slide 53

5.9 Worked Example

Imagine our sites and their coordinates. Each site has an x and y coordinate (Slide 54). For
instance:

« Site A: (2,1)
 Site B: (3,5)

The difference in the x dimension between A and Bis 3 — 2 = 1, and in the y dimension is
5-1=4.

So the Euclidean distance between A and B is:

V12 +42 =y1+16 =17 ~ 4.123

You would repeat this process for every pair of sites, filling in the matrix of pairwise distances.

If you had more dimensions, you'd follow the same logic, adding more squared differences
and including them under the square root (Slide 55).

You can see that pairs of points which are close in (two-dimensional) space have small values
in the distance matrix, while those farther apart have larger values.
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e.g. example with position (such as geographic) coordinates...

Raw data

Euclidian distances

a b c d e f
9 ¢ ! b 4.123106
¢ 6.324555 2.236068
d 4.242641 4.123106 5.830952
€ 2.828427 3.605551 5.656856 1.414214
f 4.472136 3.605551 4.472136 7.071068 6.808080
¢ 5.080000 5.656854 6.708204 8.544004 7.288110 2.236868

‘/‘ d(a, b) =/ (ax - bx)? + (ay - by)?

54
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510 Multidimensional Ecological Distance

How does this apply to ecological data, which might not be spatial at all? Well, each envir-
onmental variable — temperature, depth, light intensity, pH, CO, content, soil condition,
whatever you're measuring — can be treated as one dimension (Slides 56-57).

So each site becomes a point in this multi-dimensional space, and the environmental dis-
tance between two sites is simply calculated using the Euclidean formula: for example, with
environmental variables temperature, depth, and light, the ecological distance between site
A and site B would be:

\/(TA — Tp)? + (Da — Dp)? + (Ly — Lp)?

Where T is temperature, D is depth, L is light.

If you add more variables, simply keep extending the formula.

511 Take-Home Message

This is why we say ecological data has a multivariate or multidimensional nature. Whether
we’re using environmental variables or species abundances or presences, we’'re working in a
space with as many dimensions as we have types of data measured.
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e.g. example with 3D position coordinates (a.k.a. dimensions)...

Raw data
site x y
-

b

Euclidian distances

v @ N e e n
W e e e uw

d(a, b) =/ (ax - b:)? + (ay - by)2 +

85
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For environmental data, we use Euclidean distance to build these matrices.

Remember: Euclidean distance is appropriate for environmental (quantitative) data.
Do not apply it to species data — you shouldn’t. For species data (particularly pres-
ence/absence or abundance), use Bray-Curtis, Serensen, Jaccard, or other appropriate
indices.

So, in summary, the multivariate nature of ecological data comes from the multiple dimen-
sions contained in our data — each dimension being an environmental characteristic or
a species measure. We express the similarity or difference between sites through pairwise
comparison, using the appropriate formula to build our distance (or similarity/dissimilarity)
matrices. These matrices are the foundation for further analyses you’ll be doing throughout
this module.
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a dimensionless number

R> ex.xyz.euc & vegdist(ex.xyz[,2:4], method = “euclidian®)
R> @X.XyZ.euc
1

2 3 “ 6

4.582576
5.477226 1.732051

L+ 34B4EY
5.744563 4.690416 6.403124 1.732051
4.898979 5.385165 4.690416 10.677078
.385165 5.656854 5.916080 9.433981

Slide 56

pH 02
a -0.3872983 1.2156767
b 1.1618950 -1.0842522
¢ 1.5491933 -8.6242664
d -0.7745967 -1.3142450
e 3872983 0.7556909
f 0.0000000 ©.7556909
€ -1.1618950 ©.2957851

Slide 57

2
3
4 7.348469 5.744563 7
5
6
7

‘temp depth
9.2494233 -1.41749621
1.4133987

-0.9145521
-1.4965398
-0.3325644
0.2494233
9.8314118  1.53242833

b

a
b 4.123186
© 6.324555 2.236068
d 4.242641 4.123106 5.830952
@ 2.828427 3.605551 5.656854 1.414214
f 4.472136 3.605551 4.472136 7.071068 6.000000
§ 5.000000 5.656854 6.708204 B.544004 7.280110 2.236068
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512 Applying Euclidean Distances to Environmental Variables

Right, so you understand now how to use Euclidean distances to calculate for us how dif-
ferent places are in terms of ecological conditions, or more specifically, the environmental
conditions present there. We apply the theorem of Pythagoras to environmental data, where
each one of the environmental variables becomes a dimension in our analysis. In this in-
stance, think of temperature, depth, and light. Temperature would be dimension one, depth
would be dimension two, and light would be dimension three. So, we have three dimensions
in our equation.

It does not matter what order they are arranged in; it is completely arbitrary. But because
all of these feature together, simultaneously, in some kind of combined measurement of
how different the environment is from place to place, the specific units actually fall away. In
this calculation, the values in environmental units become meaningless — it becomes just
‘ecological distance’. That is simply how it is.

513 Standardising Environmental Data

Now, here is another example. It’s a similar kind of example to what we looked at before, but
you will notice that there is a new table inside here (Slide 59). The reason we have this new
table is because we have standardised the data. It is actually the same data, but the values are
now very different. For example, the values for pH are recognisable pH numbers, more or
less close to neutral. We have moderately aerated water, fairly moderate temperatures as well,
and a very shallow kind of freshwater environment. All of these values look familiar because
these are things you have probably come across before, and intuitively, you can understand
them.

However, when you look at the standardised data, you’ll see that these numbers almost look
— well, not random, they’re definitely not random — but to the untrained eye, if you do not
know why the numbers look the way they do, it might as well look random to you. What is
important here is that we have standardised the data. We have transformed the raw data into
standardised data.

101
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5.14 Why Standardise?

The reason why we standardise things is this: if we do not, then variables like temperature
are going to become far more important in influencing the environmental distances. This
is because the units and the values of temperature are much larger than, say, the values for
depth.

So, in our previous example, where we had variables like x and y, because X, y, and z were
all measured in, say, centimetres, there was no need to transform the data, since the values
are comparable in magnitude. But here, the magnitude of values is very different between
the variables. Temperature is measured in degrees Celsius, depth is measured in metres. The
units cannot be compared to each other because they are entirely different measures.

Therefore, in order to rescale them — so that temperature does not become more important
in the calculation than depth or any other variable — we standardise them.

515 How Standardisation Works

Standardising the data essentially scales the mean and the standard deviation. If you trans-
form your raw data into standardised data, the property of this data is such that:

« The mean of the standardised data is 0.
o The standard deviation is 1.
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Raw data

dfs alt slo flo pH har pho nit amm oxy bod

8.3 934 48 0.84 7.9 45 8.81 0.2 ] 12.2 2.7

2.2 932 3 1 8 48 8.82 8.2 8.1 18.3 1.9

18.2 914 3.7 1.8 8.3 52 @9.85 ©.22 @0.95 10.5 3.8

18.5 854 3.2 2.s83 8 72 0.1 8.21 @ 11 1.3

21.5 849 2.3 2.64 8.1 84 ©.38 0.52 0.2 8 6.2

32.4 846 3.2 2.86 7.9 60 0.2 9.15 @ 1.2 5.3

36.8 841 6.6 & 8.1 88 @.87 ©.15 0 11.1 2.2

70.5 752 1.2 4.8 8 96 ©.3 0.82 0.12 7.2 6.2

99 617 9.9 10 7.7 82 @.86 ©.75 0.81 18 4.3

123. 483 4.1 19.9 8.1 96 8.3 1.6 ] 11.5 2.7

Standarised data
dfs alt slo flo pH har pho nit amm oxy bod
=1.38 1.72 5.05 -1.23 -0.84 -2.39 -0.63 -1.086 -8.55 1.24 -8.59
-1.37 1.71 -0.86 -1.22 -0.27 -2.68 -B.62 -1.06 -8.298 0.37 -0.8
=1.31 1.64 ©.02 -1.17 1.43 -1.98 -9.580 -1.084 -8.42 8.47 -0.39
-1.25 1.42 -0.04 -1.13 -9.27 -0.81 -8.53 -1.95 -8.55 0.69 -0.95
=1.23 1.4 =-90.14 -1.13 0.290 -0.11 -9.21 -0.83 -0.83 -0.67 0.3
-1.15 1.39 -0.04 -1.12 -9.84 -1.51 -0.42 -1.99 -0.55 9.33 e0.e7
=1.12 1.37 @.35 -1.05 0.290 0.13 -0.56 -1.89 -8.55 0.74 -8.72
-0.88 1.84 -98.26 -1.01 -0.27 8.24 -8.3 -0.62 -8.24 -1.03 0.65
-0.68 ©.54 ©8.72 -0.72 -1.97 -8.22 -8.570 -0.67 -8.53 9.24 -8.18
-0.5 0.85 ©.06 -0.17 0.296 0.59 -8.3 -8.87 -8.55 0.92 -8.59
Euclidian distances
a3 s e e e e w1 as 1 a1

e @.e1 0.08 0.3 9.32 ©.33 ©.35 @.68 1.18 1.67 1.7 1.8 1.86 1.93 2.8 2.17
@.e1 8 0.97 9.299 0.31 ©.32 ©.34 0.67 1.17 1.66 1.69 1.79 1.85 1.92 2.87 2.16
9.08 8.07 @ @.22 0.24 .25 0.27 .6 1.1 1,59 1.62 1.72 1.78 1.85 2 2.09
8.3 8.299 0.22 0 6.02 ©.83 0.85 9.38 ©.88 1.37 1.4 1.5 1.56 1.63 1.78 1.87
9.32 8.31 0.24 0.02 @ 8.81 ©.83 0.36 ©8.86 1.35 1.38 1.48 1.54 1.61 1.76 1.85
2.33 8.32  9.25 0.83 0.01 @ 8.02 .35 0.85 1.34 1.37 1.47 1.53 1.6 1.75 1.84
@.35 8.34 9.27 0.05 0.03 0.62 @ 9.33 .83 1.32 1.35 1.45 1.51 1.58 1.73 1.82
@.68 8.67 0.6 9.38 0.36 0.35 0.33 @ .5 9.99 1.2 1.12 1.18 1.25 1.4 1.49
1.18 1.17 1.1 .88 0.86 ©.85 0.83 0.5 @ 9.49 ©.52 09.62 0.68 0.75 0.9 0.99
1.67 1.66 1.59 1.37 1.35 1.36 1.32 0.99 0.49 0 0.03 9.13 0.19 .26 .41 0.5
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So, you rescale the data from the raw measurement units into this standardised format. This
means that, in your standardised data, the average value of temperature or depth, for example,
will be exactly 0, and all variables are now comparable in magnitude. Temperature will no
longer have values with an average of about 12, and depth will no longer have an average of
around 1.6 or 1.7, but all means will be 0 (Slides 60-61).

As a result, temperature does not become the overriding factor in our Euclidean distance
calculation. When we calculate the Euclidean distance between sites, all the environmental
variables have exactly the same weight in the calculation.

516 Calculating Euclidean Distances after Standardisation

So, we always standardise raw environmental data so that the units of measurement become
comparable, and one variable does not become far more influential in the calculation com-
pared to another. Once standardised, we can then apply the Euclidean distance calculation

properly.

I'll show you the calculation or the equation you will use to standardise your data. It is not
very tricky at all; it’s straightforward to do in Excel, or even just with a calculator — nothing
complicated there.
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The full matrix

10 2 m m s s w12 W e s s 50 me 9 s col &4 o8 on 60 s e 103 70 s me s g
22 0 18 7 8 8 9 Mo 0 NS 49 455 4R b S; s S ss e 646 e 68 66 e 01 718 26 27 e 260
320 18 0 e s s ™ 1 12 2w |en 4w e a0 4 |53 ses s e axe (e 60 s & o3 w0 s me | m1 a2

48 78 6 © 5 8 13 62 102 237 371 377 404 420 439 479 05 521 544 568 592 GO0 GOS8 613 623 640 648 G50 671 682
s 8 & 6 5 0 3 B S7 97 232 366 372 399 415 434 474 SO0 S16 539 563 567 595 603 OB 618 635 643 654 666 677
68 8 68 B 3 0 5 sa 94 220 363 369 396 412 431 471 497 513 36 560  SB4 S92 GO0 605 615 632 640 651 663 674
793 @l 73 13 8 5 0 49 8 224 358 364 391 407 426 466 492 S0B  §31 555 570 47 595 600 610 627 635 646 65H 660
8 142 140 122 62 57 sS4 49 0 40 175 309 315 342 3B 377 417 443 450 482 506 530 538 546 SS1 561 578 586 597 609 620
9 182 180 162 102 97 94 B9 40 0 135 269 275 302 316 337 377 403 419 442 466 490 495 SO6 511 521 538 46 557 569 580
10 317 315 297 237 232 20 224 175 135 0 134 M0 167 183 202 242 268 284 307 331 355 363 371 376 386 403 AL1 422 434 445
10 451 449 431 371 366 363 358 309 260 134 O 6 33 49 68 108 13 150 173 197 221 220 237 242 252 269 277 288 w0 311
12 457 455 437 377 372 369 364 315 275 140 6 [ 27 43 62 12 128 144 167 191 215 223 231 236 246 263 271 282 294 305
13 484 482 464 404 300 396 301 342 302 167 33 27 0 16 3575 101 117 140 164 188 196 204 200 210 236 244 255 267 278
14 500 498 480 420 415 412 407 358 318 183 49 43 16 0 19 59 85 101 124 148 172 180 188 193 203 20 228 239 251 262
15 519 517 499 439 434 431 426 37 3T 202 68 62 35 19 0 a0 66 82 105 129 153 161 169 174 184 200 200 220 232 243
16 550 57 530 470 474 471 466 417 377 242 108 102 75 59 40 @ 6 42 65 89 113 121 129 13 144 161 160 180 192 203
17 sS85 SB3 565 505 SO0 497 492 443 403 268 134 128 101 85 66 26 0 16 39 63 87 95 103 108 118 135 143 154 166 177
18 601 599 581 521 516 513 508 459 419 284 150 144 117 100 &2 & 16 0 B a7 M e 87 @ 102 119 127 138 150 161
19 624 622 604 544 530 536 531 482 442 307 173 167 140 A 105 65 3 23 0 4 4B S 64 69 79 @6 104 15 127 138
20 648 646 628 568 563 S60 555 SO6 466 331 197 191 164 146 120 B9 63 47 24 0 24 ;2 40 a5 55 72 80 91 W03 1
21 672 670 652 502 SB7 S84 579 SI0 490 355 221 215 188 172 153 113 &7 71 48 24 0O [ ® 2 3 a8 6 67 79 90
2 68 363229 223 196 140 161 121 95 79 56 32 8 0 [ B3 40 o s o 8
23 688 o2 169 129 103 87 64 a0 16 8 0 5 15 32 4 s1 6
24 603 76 242 23 17e 141 1o s 10 7y ;

28 703 683 61 521 386 252 248 189 14 L8 102 nooa ¥ 0 1 2 48 0
6 7 718 700 627 578 538 403 269 263 236 220 01 161 135 119 96 72 46 4 R @ 17 0 8 [T
27 728 726 708 648 641 G40 635 586 S46 411 277 270 244 228 200 169 M3 127 14 B0 S 48 40 35 25 B 0 [ERE TR
28 739 737 719 650 654 651 66 S97 557 A22 288 262 255 239 220 180 154 138 WS 91 67 s9 sl 46 3 19 1L 0 12 a
20 751 749 731 671 666 663 658 609 S69 434 300 294 267 251 232 19 166 150 127 103 79 7L 63 S8 48 3 23 12 0 1
30 762 760 742 682 677 674 669 620 SBD 44S 311 305 278 262 243 203 177 161 13 114 %0 82 74 69 59 42 4 23 1L 0
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5.17 Species Data: A Different Kind of Distance

So far, we have spoken about environmental data. But we can also know what the difference
is in species composition from place to place. To do that, we no longer use environmental
data but data on whether species are present or not, so-called presence-absence data, or
abundance data if available (Slide 62).

In this case, we do not use the Euclidean distance calculation. The Euclidean distance relies
on the Pythagorean theorem. However, when calculating the distance between sites in terms
of which species are present, or their abundance, we must use a different measure.

Here, we use indices such as the Bray—Curtis, Jaccard, or Serensen index. These are used
instead of Euclidean distance to calculate how different the species assemblages are from
one another.

5.18 Applying the Indices to Species Data

Here you would have species data. So, suppose we have sites, let’s say sites 1 to 10. These are
the same sites as before. As I said in an earlier lecture, the rows always tell you which places
you have sampled (Slides 63-66). So, for example, ten replicates within the UWC Nature
Reserve, each one identified by an integer — quadrat 1, 2, 3, and so on, up to 10.

Within that first quadrat, you would measure all the different environmental conditions, and,
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Distance matrix for species data

instead of using the Pythagorean Theorem to calculate ‘distances’ between

species, we use

» Bray-Curtis or Jaccard index for the case where data are abundances

* Jaccard for presence-absence data — this is called the Sgrensen
dissimilarity index

instead of having columns with measurements of environmental variables

we have species abundance or presence-absence data

Dissimilarity = 1 - Similarity

« dissimilarity: the indices go from 0 (sites are identical) to 1 (sites are
completely dissimilar)

* similarity: the indices go from 0 (sites are completely dissimilar) to 1
(sites are identical)

Qualitative indices (e.g. applied to presence-absence data) give more

weight to rare species because the weights assigned to rare and common

species are the same (1 in both instances).

Quantitative indices give more weight to common species, which have

more numerical variation between plots and these ‘weights’ feature more

strongly in the calculation of indices.

62
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in the same place, you would also record which species are present and, if they are present,
how many of them there are.

You would use environmental data, after standardising (for example, to bring water hardness
to a comparable range with altitude), to calculate the Euclidean distance between every pair
of sites. In this table, there are 11 dimensions — that is, 11 environmental variables.

For every one of the sites, you would compare every possible pair of sites within the collection.
For the species data, you then apply the Bray-Curtis, Jaccard, or Serensen index. I have
uploaded onto iKamva a paper which you should read. That will explain how to calculate
pairwise differences, and what the relevant index is that you should use to compare (for
example) site 1 to site 2, or site 1 to site 3, and so on. You will need to figure that out by
reading the paper.

It is a very simple procedure, which you can do by hand with a calculator if you wish, or in
Excel. That is your task.

5.19 Preview: Properties of Your Data

So, I will show you what some of the data you produce will look like. First, let’s look at some
of the properties of the data that are generated.
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Species table
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Environmental table

ds  ak sl flo  pH hae  pho
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o s o o o o s e s a0
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s P R o 1 e o 0 o
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o e e 3 5 1 s < s s 2 s 4 a4
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L 1 P 3 1 52 s P
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Slide 63

Distance matrices:
example with real species data
(Doubs River data)

*  use Bray-Curtis for the case where data are abundances
+ use Jaccard (with binary = TRUE) for presence/absence data
* many more in vegan; see ?vegdist

Slide 64

bod
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> spe
# A tibble: 29 x 27
Cogo Satr Phph Babl Thth Teso Chna Pato Lele Sqce Baba Albi
<int> <int> <int> <int> <int> <int> <int> <int> <int> <int> <int> <int>
i1 @ 3 L] (] @ e L] [} L] a @ L]
2 @ 5 4 3 @ e L] [} L] @ @ L]
3 ) 5 5 5 ] L) 8 () e ) L] L]
4 ) 4 5 5 ] L) L] [ Ll 1 L] L]
5 ) 2 3 2 ] L) 8 [ 5 2 L] L]
& ) 3 4 5 ] L) 8 () 1 2 L] 8
7 (] 5 4 5 ) L) L] [ 1 1 L] L]
8 ) @ 1 3 L] L) L] [ @ 5 L] L]
° (] 1 4 & L] L) L] @ 2 2 L] L]
18 1 3 4 1 1 L L @ @ 1 @ @
# . with 19 more rows, and 15 more variables: Gogo <int>, Eslu <int>,
# Pefl <ints, Rham <int>, Legi <ints, Scer <int>, Cyca <int>,
# <int>, Abbr <int>, Icme <int>, Gyce <int>, Ruru <ints,
# <int>, Alal <int>, Anan <int>

> spe_dist <- round(vegdist(spe, method = "bray", diag = TRUE, upper = TRUE), 2)

> as.tibble(as.matrix(env_dist))
# A tibble: 29 x 29
1t 2t c3r et st et 7 st et 180 11 12
<dbl> <dbl> <dbl> <dbl> <dbl> <dbl> <dbl> <dbl> <dbl> <dbl> <dbl> <dbl>
.01 e 1.18 1.67 1.7 1.8

@ 1.17 1.66 1.69 1.79
8.87 1.1 1.59 1.62 1.72
0.290 0.22 @ 9.88 1.37 1.4 1.5

8.31  0.24 0.982 9.86 1.35 1.38 1.48
©.32  9.25 .83 1.37 1.47
8.34 0.27 e.e5 1.35 1.45
8.67 0.6 .38 1.2 1.12
1.17 1.1 e.88 o. 8.62

1.66 1.59 1.37 1.35 1.34 1.32 8.99 ©0.49 @ ©.83 8.13
19 more rows, and 17 more variables: <dbl>, 14" <dbl>,

* <dbl>, "16" <dbl>, ‘17" <dbl>, "18" <dbl>, ‘19" <dbl>,

" <dbl>, "21° <dbl>, 22" <dbl>, 23" <dbl>, 24  <dbl>,

<dbl>. "26° <dbl>, 27" <dbl>, “28" <dbl>, 29  <dbl>

Slide 65

> spe.t <- t(spe)
> spe.tl1:18, 1:10]
€,11 [,21 (,3) [,4) ,5] [,6] [,71 [,8] [,9] [,18]
Cogo ° ° L] 1
Satr Phph Babl Thth Teso Chna Pato Lele Sace =
<int> <int> <int> <int> <int> <int> <int> <int> <int> <int> Babl
L] @ L L] e Thth
Teso
Chna
Pato
Lele
Sace

cecoscwro®
ceecsssnnn
NS EE RN W8

e

@ (]
(] (]
e 1
L] 2
L] 2
e 1
@ (]
L] 2
1 1

> spe.t.S7 <- vegdist(spe.t, "jaccard”, binary = TRUE)
matrix(spe.t.S7)[1:10, 1:10], 2)

Cogo Satr Phph Babl Thth Teso Chna Pato Lele Sqce

Cogo 8.88 8.53 @.60 ©.67 8.22 6.4@ 0.89 0.81 8.82 8.73

53 .80 ©.24 ©.36 0.53 0.61 0.88 0.83

e
.24 8.80 8.17 8.68 9.60 ©.77 0.71 8

.60 @
00 9.40 9.82 .81 @
(]
8
[}

©.67 8.40 8.00 0.75 08.64
©.62 0.82 .75 0.80 0.23
©.60 0.81 0.64 0.23 0.00

38 8.82 9.70 ©.42 8.39
©.25 ©.73 0.73 ©.52 0.56 8.

BekhingRs

ghaagnous

Slide 66
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5.20 Introduction

This is a proper set of data taken from South Africa. This relates to that paper you read by
me, which I wrote in 2017 or so. These are the temperature and various other data collected
at different places along our shoreline — specifically, at 58 locations.

5.21 Constructing Distance Matrices

So, if you consider that there are 58 sites, you can imagine just how many different pairs of
sites there would be if you paired every one with every other one. If you apply that Euclidean
distance calculation to this, you end up with a big thing that looks like that. Let me put it up
in full screen and make it a bit bigger for you. This is what it is going to look like. If you apply
the calculation to the environmental data from the 58 places — applying Euclidean distance
to every possible pair — this is the outcome: a large, dense matrix, which is, obviously, not
something you can do by hand. It would take you weeks.

An important aspect to note is that, when you do this for a species or environment table
— a table with all the sites along the rows, and all the environmental variables along the
columns — when you calculate the Euclidean distance for every site, what you create is a
square distance matrix.

5.22 Understanding the Distance Matrix

This is a distance matrix, and it is square (Slide 61). Why do I say it is square? There are 58
rows and 58 columns, running from 1 up to 58. That is why it is a square matrix.

There is also another interesting feature — a diagonal line running from top left to bottom
right, filled with zeros. The reason for this is, if you compare site 1 with site 1, in terms of
how different they are, the ecological distance is zero — because it’s the same site. Site 1 is
site 1; thus, the difference in ecological space between them is zero.

The bigger the number in the matrix entry, the more different those two sites will be. So, if
we compare site 1 on the 1st column and 1st row, that is the diagonal. If you then compare,

109
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The full matrix

10 2 m m s s w12 W e s s 50 me 9 s col &4 o8 on 60 s e 103 70 s me s g
22 0 18 7 8 8 9 Mo 0 NS 49 455 4R b S; s S ss e 646 e 68 66 e 01 718 26 27 e 260
320 18 0 e s s ™ 1 12 2w |en 4w e a0 4 |53 ses s e axe (e 60 s & o3 w0 s me | m1 a2

48 78 6 © 5 8 13 62 102 237 371 377 404 420 439 479 05 521 544 568 592 GO0 GOS8 613 623 640 648 G50 671 682
s 8 & 6 5 0 3 B S7 97 232 366 372 399 415 434 474 SO0 S16 539 563 567 595 603 OB 618 635 643 654 666 677
68 8 68 B 3 0 5 sa 94 220 363 369 396 412 431 471 497 513 36 560  SB4 S92 GO0 605 615 632 640 651 663 674
793 @l 73 13 8 5 0 49 8 224 358 364 391 407 426 466 492 S0B  §31 555 570 47 595 600 610 627 635 646 65H 660
8 142 140 122 62 57 sS4 49 0 40 175 309 315 342 3B 377 417 443 450 482 506 530 538 546 SS1 561 578 586 597 609 620
9 182 180 162 102 97 94 B9 40 0 135 269 275 302 316 337 377 403 419 442 466 490 495 SO6 511 521 538 46 557 569 580
10 317 315 297 237 232 20 224 175 135 0 134 M0 167 183 202 242 268 284 307 331 355 363 371 376 386 403 AL1 422 434 445
10 451 449 431 371 366 363 358 309 260 134 O 6 33 49 68 108 13 150 173 197 221 220 237 242 252 269 277 288 w0 311
12 457 455 437 377 372 369 364 315 275 140 6 [ 27 43 62 12 128 144 167 191 215 223 231 236 246 263 271 282 294 305
13 484 482 464 404 300 396 301 342 302 167 33 27 0 16 3575 101 117 140 164 188 196 204 200 210 236 244 255 267 278
14 500 498 480 420 415 412 407 358 318 183 49 43 16 0 19 59 85 101 124 148 172 180 188 193 203 20 228 239 251 262
15 519 517 499 439 434 431 426 37 3T 202 68 62 35 19 0 a0 66 82 105 129 153 161 169 174 184 200 200 220 232 243
16 550 57 530 470 474 471 466 417 377 242 108 102 75 59 40 @ 6 42 65 89 113 121 129 13 144 161 160 180 192 203
17 sS85 SB3 565 505 SO0 497 492 443 403 268 134 128 101 85 66 26 0 16 39 63 87 95 103 108 118 135 143 154 166 177
18 601 599 581 521 516 513 508 459 419 284 150 144 117 100 &2 & 16 0 B a7 M e 87 @ 102 119 127 138 150 161
19 624 622 604 544 530 536 531 482 442 307 173 167 140 A 105 65 3 23 0 4 4B S 64 69 79 @6 104 15 127 138
20 648 646 628 568 563 S60 555 SO6 466 331 197 191 164 146 120 B9 63 47 24 0 24 ;2 40 a5 55 72 80 91 W03 1
21 672 670 652 502 SB7 S84 579 SI0 490 355 221 215 188 172 153 113 &7 71 48 24 0O [ ® 2 3 a8 6 67 79 90
2 68 363229 223 196 140 161 121 95 79 56 32 8 0 [ B3 40 o s o 8
23 688 o2 169 129 103 87 64 a0 16 8 0 5 15 32 4 s1 6
24 603 76 242 23 17e 141 1o s 10 7y ;

28 703 683 61 521 386 252 248 189 14 L8 102 nooa ¥ 0 1 2 48 0
6 7 718 700 627 578 538 403 269 263 236 220 01 161 135 119 96 72 46 4 R @ 17 0 8 [T
27 728 726 708 648 641 G40 635 586 S46 411 277 270 244 228 200 169 M3 127 14 B0 S 48 40 35 25 B 0 [ERE TR
28 739 737 719 650 654 651 66 S97 557 A22 288 262 255 239 220 180 154 138 WS 91 67 s9 sl 46 3 19 1L 0 12 a
20 751 749 731 671 666 663 658 609 S69 434 300 294 267 251 232 19 166 150 127 103 79 7L 63 S8 48 3 23 12 0 1
30 762 760 742 682 677 674 669 620 SBD 44S 311 305 278 262 243 203 177 161 13 114 %0 82 74 69 59 42 4 23 1L 0
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for instance, the entry at column 2, row 1 — that is the pair site 1 and site 2. That value is
the same as the value at column 1, row 2. The matrix is symmetrical.

So, the upper right triangle (above the diagonal of zeros) will contain exactly the same
numbers as the lower left triangle (below the diagonal). Typically, when we display these
calculations, it is only really interesting to display the lower left triangle.

5.23 Key Properties of Distance Matrices

There are three interesting things about a distance or dissimilarity matrix, as used for species
data:

1. Itis square. There are as many columns as rows — 58 in this example.

2. It is symmetrical. The upper triangle is a mirror image of the lower triangle.

3. There is a zero diagonal. Each site compared to itself contains a zero, because there
is no difference.

Additionally, as you move further from site 1 along your environmental gradient, these
numbers increase, reflecting how different the sites are. For example, site 1 compared to site
2 (adjacent sites) will have a small ecological distance. Site 1 compared to site 4 is a little bit
bigger; site 1 compared to site 18 is even bigger, and so forth, until you reach site 1 compared
to site 58, which would be at the opposite end of the gradient and will provide the largest
difference.
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All these numbers tell you, for every possible pair of sites, how different they are in ecological
space.

BDC334: Assignment 1

AJ Smit  Unive

Instructions
Eight files are inchided with this assignment

DoubsEny_26_30.csv The environmental data table.

DoubsSpe_26_3.csv The species data table.

Koleff et al. (2003) A paper with various dissimilasity indices to apply o species data

Example; ‘raw’ data used in Smit et al. (2018).

matrix (ful
al. (2018).

SeaweedEnv_dist_matrix.csv An example d mmetrical square matrix) - the envir-

onmental distances produced from from S

SeaweedsSpp.csv Example; ‘raw’ seaweed species data used in Smit et al. (2018).
SeaweedSpp_dis_matrixcsy An example dissimilarity
species dissimilarities produced fr

I, symmetrical square matrix) - the
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About the Doubs River data
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Question 1 Calculate pairwise distances for the environmental data, and report only the lower triangle
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Question 2 Explain the findings by describing i) the patterns seen, and if) the reasons for why these pat-
terns might exist

e paper by Kolef et al (2003). Apply Equation 1in Table 1 to the species data, and
e dissimilarity matrix

Question 3 Consult
report the lower triangle of the pairs

Question 4 Explain the findings by describing i) the patterns seen,
terns might exist

d ii) the reasons for why these pat

Take note

Provide a neat and thoroughly annotated MS Exo
which displays the resultant distance.

and species data. The answers must be
formatting specificati

use the file a5 3 templat

spreadsheet which outlines the calculations, and
ces. Use separate tabs for the environmental
Word document. Please make sure you follow the
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precisely a5 shown in the file BDC334 Example essay format.doex. Feel free to

Please label the MS

Excel and MS Word files as follows a
the "<’ and *>" must be ommitted as they are used in the
example as field indicators only)

Failing to follow these instructions carefully, preci
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oroughly will cause you to lose marks, which
ting counts for 15% of the final mark (out of 100%).

The due dste foc this sscigument b Fridey 14 Angrg 2000 ¢ 2059 o (Kemva.
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Your assignment is to calculate these matrices for yourselves (Slide 67).
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Unified Ecology

1 Also see:

Accompany your reading of this chapter with the material presented in Lab 4.
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61 Introduction

Today we are just going to quickly review those few papers that I handed out to you over
the previous weeks, particularly with the aim of arriving at a unified accounting of what
macroecology truly is. The drive to achieve such a unified view arises because, in recent years
— especially since the 2000s — technologies have come on stream that allow us to apply
ecological thinking to microbial communities. Lessons that had, for decades, been learned
through studying large, visible multicellular organisms are now actively being adapted and
tested on microbes.

Moreover, it is now possible to pose the question: do the same ecological patterns and explan-
ations that have been identified in multicellular organisms, also hold true for microbial life?
Historically, microbes and multicellular organisms have been investigated by largely separate
groups of people, with their respective fields developing quite independently. Macroecology,
however, seeks to bridge these divides and, as that notable study by Shade et al. (2018) puts
it, to examine life across all scales — from mammoths and mules to marmots and microbes.

6.2 The Scope and Aim of Unified Macroecology

Let us situate our discussion with the opening of Shade et al. (2018), which frames the
intention to unify our understanding of ecological patterns that exist across the full spectrum
of living organisms, big and small (Slide 69). As I have stressed in earlier lectures, the most
direct way to describe community patterns is by examining which species are present (their
identity), whether they are present or absent, and the relative abundance of each. These
metrics, quite naturally, fluctuate both spatially and temporally.

Many of you will already have encountered examples of such spatial patterns in the work by
Nicola and White, and also in my own paper that dealt with seaweed distribution along the
South African coastline. If you recall, as environmental gradients shift, so does community
composition — altering which species are present and in what abundance. Our current task
is to review how these ideas scale — whether similar patterns unite community structure
for all life forms, from microbes right through to the largest multicellular animals (Slide 70).
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Patterns in space and time

studies across all scales of live (“mammoth, mule, marmot, or microbe”
sensu Shade et al., 2018) revealed patterns (of communities) across
landscapes

species composition (richness), abundance per species

these pattens vary in space ...

... and time

you will have already seen the distance decay relationships in
seaweeds, and you now know how to calculate it

69 Shade et al. (2018) Macroecology to unite all life, large and small. TREE.

Slide 69

6.3 New Technologies and Sampling in Microbial Communities

This inquiry into unifying macroecology is possible, particularly for microbes, because of ad-
vances in genetic tools. Before the 2000s, most microbial studies focused only on individual
species using traditional methods. Now, however, with the development of high-throughput
sequencing, one can take a single soil sample or a drop of water, sequence all the genetic ma-
terial therein, and generate a list of all the taxonomic units (species, or operational taxonomic
units) present. Effectively, you can treat each sample as analogous to a quadrat or transect
used in large-scale ecological studies of plants and animals, allowing similar methodologies
to be applied across kingdoms (Slide 71).

Additionally, increases in computing power have made it feasible to analyse the vast datasets
produced by these sequencing methods. As a result, we are now able to compare the structure
and dynamics of microbial communities directly to those of macroorganisms.

6.4 Metabolic Scaling Across Organisms

One of the first major insights gained by comparing across these scales is in the realm
of metabolic scaling (Slide 72). A classic graph, which some of you may have seen, plots
the logarithm of metabolic rate against the logarithm of body mass for different groups
of organisms: bacteria, protists, and multicellular forms (the latter shown in blue in the
referenced figure).
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Patterns in space and time

ecological patterns of multicellular organisms

since 2000s also in microbes

do studies across these two scale show similar patterns?
first evidence from metabolic scaling studies...

Slide 70

For multicellular organisms, the relationship follows what is known as the three-quarters
power law: for every four-fold (4-unit) increase in body mass, metabolic rate increases by
three-fold (3 units; this is often shown as R o« M>/4). This scaling relationship appears to
hold across the diversity of multicellular life.

When we examine protists, the relationship shifts: for every unit increase in body mass, there
is a proportional (1 : 1) increase in metabolic rate, or R x M 1. For bacteria and archaea,
the scaling becomes even steeper, with a one-unit increase in body mass corresponding to a
doubling of metabolic rate — indicating a different underlying relationship.

The underlying reasons for these disparate scaling laws are rooted in physiology. For bac-
teria, metabolic rate predominantly scales as a function of the genes and proteins present.
Protists’ metabolic rates are influenced primarily by the number of mitochondria per cell.
For multicellular organisms, scaling emerges from the surface area to volume ratio — a topic
familiar from Prof Maritz’s lectures and our own discussions last year in BDC 223. The effi-
ciency of metabolic processes in large organisms depends fundamentally on their ability to
supply nutrients and gases to their tissues, which relates directly to surface area and volume
relationships.

This difference in scaling points to significant physiological divergence across life forms, and
strongly suggests that, at the ecosystem level, both differences and possible similarities might
persist as we scale from bacteria to elephants and blue whales.
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Important concepts in paper

Unified Currency: Individuals and Species

Glossary (specifically highlighted items)

Unified Accounting: Understanding Patterns in Diversity over Space and
Time

Slide 71

6.5 Key Concepts in Shade et al. (2018)

When you read the Shade et al. (2018) paper, there are critical sections and concepts that
I would like you to focus on. First, under the heading ‘Unified Currency, Individuals and
Species, you’ll find discussion about the challenges in defining what exactly constitutes an
‘individual’ or a ‘species, particularly in microbes. Unlike animals and many plants, where
individuals are generally discrete entities, microbial individuals and even many plants (such
as grasses or fungi) pose considerable identification challenges. For instance, in a patch of
lawn, each visible tuft of grass may appear physically separate above ground, but may, in
fact, be interconnected below the surface via rhizomes, making it very difficult to delineate
individual organisms.

There is also an extended glossary within the paper — please ensure you understand these
terms, as they are foundational for your comprehension of the subject.

6.6 Unified Accounting: Patterns and Relationships

In the latter sections of Shade et al., attention turns to the notion of unified accounting —
how we might quantitatively relate the number of species (richness), or their abundance, to
space, sample size, and similar factors. These relationships are central to macroecology and
form the theoretical backbone of the field.
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Slide 72

We will discuss a selection of these relationships, as described in the paper, in detail during
the remainder of today’s session and in future lectures. For now, I want you to note how
new technological and analytical advances are truly allowing us, for the first time, to weigh
microbial and macroorganismal communities on the same theoretical and empirical scales.






Lecture 6b

6.7 Recap: The Basis of Species by Site Matrices

In last week’s lectures, we delved into the concept of species by site matrices. Most of you
spent time working with these matrices throughout the week, and I noticed there was a par-
ticularly lively discussion — mainly driven by two or three individuals — over the weekend
regarding certain calculations. That engagement was valuable, and I trust those who did not
participate still gained insight from following the discussions. The reason I have emphasised
these matrices is that they form the foundation for understanding relationships between
community structure and space. We begin with these samples.

The fundamental role of the site by species matrix

Sample
A B CDEF
Species6 (0 |0|0|0|1|2
SpeciesS|0|1|0|0|0|0
Species4 |4 |3|3]|0|1]|2
species 3 [25[11]23[ 8 [25]10
Species 2 {10|19| 9 |20{10/12
Species1|0|0|0|0|5]|6
Species
1 2| 3| 4 5| 6
SiteA| 0/10({25| 4| 0] O
SiteB| 0/19(11| 3| 1| 0
SiteC| 0/ 9(23| 3| 0| O
SiteD| 0[20( 8 0/ 0/ O
SiteE| 5[10{25 1] 0] 1
SiteF| 6/12(10| 2| 0] 2
73
Slide 73

As an example, if you look at the data set from Shade et al. (2018) — as shown on slide A at
the top — you will see exactly the same table repeated below, except that I have transposed it
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(Slide 73). Species 1 through 6 run along the columns, while sites are arranged in rows. There
are six species and six sites. This is how I recommend you work with the data, and it mirrors
the requirements of some quantitative ecology software you may use next year, if you choose
to take that course. I find it much more intuitive to work with a species-by-environment or
species-by-site table where species occupy columns, and sites fill the rows.

So, what I have done here is merely transpose the data set — swapping rows for columns.
The underlying data remains unchanged. This is precisely the type of data structure you
worked with in the Doubs River data exercise last week. From this structure, you can then
calculate either presences and absences or work with abundance data directly.

If you wish to convert abundance data to a presence—-absence matrix for site A, for example,
you simply recode the abundances as presences (1) or absences (0). So for site A, it would read
011100; for site B, 011110 — and so on. This generates a new matrix next to your abundance
data.
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It is important to understand that whether you are using presence—absence data or abund-
ance data, these are the starting points from which we calculate a range of diversity indices
— whether alpha, gamma, or beta diversity. Often, these lead to measures known as dissim-
ilarity matrices. From there, we can begin to unravel the relationship between community
composition and spatial patterns (Slide 74).
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6.8 Species Abundance Distributions and the Rank Abundance Curve

Species-abundance distribution
(rank-abundance curves)

“the number of individuals (N) of each species in a sample, and is often expressed as a
relationship between the (from the most to
the least abundant species)”

* it describes the general tendency for communities to have a few highly abundant
species and many species that are rare
¢ it may be one of the true universal laws in ecology
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Slide 75

The first key concept is the species abundance distribution, often visualised with a rank
abundance curve (Slide 75). The basic idea is this: when you plot the logarithm of the number
of species against the rank order of their abundance, you see an interesting pattern. Whether
with microbes or macro-organisms, most species tend to have only a few individuals, with
just a handful of species being extremely abundant.

A simple example comes from the UWC Nature Reserve. If you look around, you will notice
that the vast majority of the vegetation is comprised of perhaps one or two highly abundant
species. There may also be only a single individual of a rare species, or a predator present,
but the dominant species will each be represented by many individuals.

This fundamental pattern exists regardless of whether we discuss microbes or mammals.
There tend to be many rare species, each with few individuals, and a very small number
of dominant species containing many individuals. Thus, your rank abundance curve will
always reflect this structure: least abundant species on the left, most abundant species on
the right.

So, for a particular example — say with moths — the least abundant species is plotted furthest
left; as abundance increases, we move to the right along the x-axis. The paper we read explains
this process clearly, so please review that section as needed.
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6.9 Occupancy and Abundance Distributions

Occupancy-abundance distribution

“generally positive relationship between the

the number or proportion of sites in which a species is detected

* deviations from a null hypothesis are suggestive of deterministic drivers of
community structure
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Next, there is the occupancy-abundance relationship (Slide 76). Occupancy is defined as the
number or proportion of sites at which a species is present. Generally, if a species is very
abundant, it will likely be found at most, if not all, sampled sites. To visualise this: on a graph
with abundance on the x-axis and occupancy (number of quadrats or sites occupied) on the
y-axis, species with high abundance tend to have high occupancy.

Conversely, rare species — those found as just a single individual in just one quadrat — will
have a much lower occupancy. Thus, a positive relationship exists between abundance and
occupancy across sites.

6.10 The Species-Area Curve

The species—area curve is straightforward and highly practical (Slide 77). It underlies the
logic of sampling effort. If you place down a single quadrat and count the number of species
(species richness, or alpha diversity), you might find 10 species present. With a second
quadrat, you may record 15 species in total (cumulatively). With each additional quadrat, the
cumulative tally of species discovered will rise — up to a certain point. Eventually, with the
addition of further quadrats — say 20 or 30 — the number of new species detected plateaus.

In real-life fieldwork, for example in the UWC Nature Reserve, you might tally the species
in one quadrat, then a second, and so forth. Initially, you will add new species with each
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Species-area curves

* “can be used to predict and compare changes in diversity over increasing
spatial extent”
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Slide 77

quadrat, but at some point, adding further quadrats introduces no new species — the curve
plateaus. When you reach this point, your sample size is likely sufficient; further sampling
does not increase the observed richness.

This approach is commonly used to validate that sampling intensity within a habitat is
adequate to capture essentially all the species there. In homogeneous landscapes, this plat-
eau appears quickly; in heterogeneous areas or along environmental gradients, additional
sampling continually reveals new species, and the curve flattens more slowly.

6.11 Distance Decay Relationships

Turning to distance decay relationships — these concepts appeared in the Doubs River data
exercise (Slide 78). Here, you calculated the Jaccard similarity (or dissimilarity) between pairs
of sites, sometimes confusing the two, but I believe this was clarified over the weekend. These
measures capture how similar or different two sites are in terms of species composition.

In a homogeneous landscape, this similarity remains high and quite stable regardless of
the spatial distance between sampling points. Beta diversity (the measure of how much
communities change from one site to the next) is therefore low. This pattern applies whether
examining microbes or larger organisms.

However, in heterogeneous landscapes — such as across the South African coastline — if
you compare sites with large spatial separation (e.g., from Cape Vidal to Port Shepstone, a
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Distance-decay relationships

“assess how community similarity or beta diversity changes over space [...] is
used to address compositional turnover [...] or shifts in relative abundance [...]
with distance from a reference community.”

“The slope of the distance—decay relationship is interpreted as a rate of change
over space, and there are macroecological studies as well as microbial-focused
studies that have compared these rates.”

E.g. see study by Smit et al. (2017)—next slide, and paper on iKamva... this
leads directly onto environmental gradients
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Jaccard similarity
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Slide 78

distance approaching 770-800 km), you would expect low similarity and high beta diversity
(Slide 79). This distance-decay relationship arises because sites that are further apart tend to
experience larger differences in environmental conditions, such as temperature, especially
when a physical gradient (like the difference in sea temperature along the coast) exists.

Therefore, in landscapes with pronounced environmental gradients, greater spatial separation
results in greater community turnover (beta diversity), while in homogeneous regions, this
pattern is far weaker.

6.12 Environmental Gradients

Closely related are diversity gradients associated with environmental distances rather than
merely spatial ones (Slides 80-84). Environmental distance, which some of you calculated
using Euclidean distances, quantifies how different two sites are in terms of their physical
environment. The greater this distance, the more dissimilar the species composition typically
is.

A classic example can be found when looking at elevation gradients. Ascending a mountain,
one observes substantial shifts in vegetation and community structure. For instance, ant or
microbial diversity decreases as elevation increases. In such cases, plotting alpha diversity

(species richness) against elevation produces a declining trend. Alternatively, one might plot
species dissimilarity, Shannon diversity, or any other diversity metric.
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Slide 79

The data you produced calculating pairwise dissimilarities and environmental distances can
be used to generate these plots: environmental distance along the x-axis, species dissimilarity
on the y-axis. Where a strong environmental gradient is present, this yields an inclined
(increasing) line. Without an environmental gradient, the relationship is flat.

It is useful to practice producing and interpreting these kinds of plots, as they readily test
your comprehension of ecological relationships.

6.13 Application and Broader Patterns

This kind of thinking should not be limited just to the examples discussed in class, or within
South Africa. These diversity patterns are present — whether in deep oceans, soils, among
microbes, or elephants — across a wide range of environments. The Shade et al. (2018) paper
and other references, such as Nekula and White, discuss these processes in further detail. Do
review those papers for expanded explanations, particularly around concepts like distance

decay.
6.14 Key Concepts Review

There are some concepts to review (Slides 85-87):

+ Alpha, beta, and gamma diversity: You must clearly understand these.
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Environmental gradients

“The first four features of diversity matrices we have described above are
intrinsic to the matrices. Each of these features can, as we have shown, be
calculated just as readily for microbes as for macrobes. Once these aspects
of diversity are estimated, they can be compared along geographic (e.g.,
latitude and elevation) and [other] environmental (e.g., energy and
disturbance) gradients ([to show] diversity gradients).”

Slide 80

« Beta diversity can be decomposed into turnover and nestedness components, as dis-
cussed in the seaweed paper.

« The relationship between beta diversity and environmental gradients should be under-
stood.

« Neutral processes (see the seaweed paper) and dispersal limitation often explain ob-
served beta diversity patterns. While these are not synonymous, dispersal limitation is
frequently invoked to explain neutral processes.

« Scale dependence, as discussed by Nekula and White, is linked to species—area relation-
ships, occupancy-abundance distributions, and underpins many ecological patterns.

615 Summary

To consolidate: all the knowledge you have built up this week and last — on how to derive
and interpret diversity metrics from species by site or environment by site tables, how to
read species—area relationships, occupancy-abundance distributions, distance decay, and
environmental gradients — are essential tools in the ecologist’s analytical toolkit.

These concepts allow you to interrogate and explain the vast array of biodiversity patterns seen
across the world. Explore and understand the readings, and ensure you master the analytical
approaches to diversity that we have discussed, as they underpin all further professional
work in ecology and biogeography.
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Diversity gradients (e.g. with elevation)

these aspects of diversity are estimated, they can be compared along
geographic (e.g., latitude and elevation) and environmental (e.g., energy and
disturbance) gradients

e.g. see study by Smit et al. (2017)—next slide, and paper on iKamva
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FIGURE 1 | Profile of mean annual temperature along the coast of South Africa. Profiles are indicated as a function of geographical position on a coastal map (top)
and as a function of distance away from section 1 (bottom). The latter visualization also indicates the long-term minimum (mean August) and maximum (mean
February) temperatures as a gray shaded area around the annual mean temperature. The inset shows the species richness of macrcalgae along the coast. Note that
although a detailed temperature profile is displayed here, further analyses in this paper proceed with temperature data interpolated to the 58 sections for which
seaweed diversity data are available.

Slide 82
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Important concepts

Knowledge:
* recap a-, -, and y-diversity
* focus on B-diversity
* influences of B-diversity, i.e.
* number of species remain constant, but species change (species
turnover, Bsim)
* same species (pool A and pool B), but pool B a reduced subset i.t.o.
number of species of pool A (nestedness-resultant, Bsne)
e environmental gradients
e first mention of neutral processes

Application:

* in-depth understanding of how species and environment tables are made
into (dis-)similarity matrices, of how a-, 8-, and y-diversity are calculated
from the tables and matrices, how to interpret the (dis-)similarity matrices,
and how the presence of gradients can be determined

Slide 85

Important concepts

Knowledge:
¢ recap distance decay and gradients; how to determine these from
matrices
distance decay resulting from i) niche difference model along
environmental gradients; ii) the model of temporal and spatial constraint
ask questions about how species with different dispersal types/growth
forms influence rates of compositional change (i.e. S-diversity)
* scale dependence, i.e. grain and extent
* models for distance decay:
* environmental distance
* the spatial template
* niche breadth and overlap (ref. unimodal species distribution models
and coenoclines)
* dispersal ability

Slide 86
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Important concepts

Application:
extend your understanding of environment and species tables and the
derived distance matrices
apply your understanding to the kinds of knowledge that environmental
and species dissimilarity matrices can provide
derive a

Slide 87
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Threats to Biodiversity
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71 Threats to Biodiversity (Paper by David Tilman)

This paper, which you should have read last week, discusses the variety of global threats to
biodiversity. It reviews differences between countries and the driving factors behind declining
biodiversity. The paper is accessible, and if you engage carefully with the entire text, you
should have no difficulty comprehending its arguments. There is nothing in this reading that
requires supplementary technical detail beyond what is provided.
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Nature's Contribution to People
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Lecture 8

8.1 Theme of This Week: The Value and Valuation of Ecosystems

Today’s lecture—and associated readings—centres on what humans derive from biodiversity,
focusing on the ecosystem services concept and the valuation of these services.

8.2 Consequences of Biodiversity Loss

You are now to read work concerning the consequences of declining biodiversity. The key
question is: What happens, both to people and to ecosystems, when biodiversity diminishes
over time? One of your readings today addresses the ensuing changes and articulates precisely
how biodiversity is useful to people—what services it provides, and how we conceptualise
this utility.

8.21 The Costanza et al. (1997) Paper: Monetary Valuation of Ecosystem Services

The classic 1997 paper by Bob Costanza is foundational. It quantifies the value of the world’s
major ecosystem services. The central idea here is ‘value’, most commonly communicated
in terms of financial or monetary value—how much a hectare of natural habitat is worth in
rands, dollars, pounds, and so on.

The paper discusses both market and non-market frameworks for valuation:

« Market Valuation: This converts ecosystem services directly into monetary units. For
example, how much it would cost to replace the gas regulation function of the ocean if
we had to engineer it ourselves.

« Non-market & Intrinsic Value: The value derived here is not directly monetary—it
often depends on culture, personal attachment, or aesthetic appreciation. This can vary
dramatically from place to place, or person to person. For example, some value the
ocean primarily for surfing, others for fisheries.

The paper, however, focuses on market-based approaches, such as how much it would cost to
engineer breakwaters to replace kelp forests, which naturally protect shorelines from erosion
and wave damage. To value such services, one method is to estimate the cost of constructing a
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substitute infrastructure—for example, if removing kelp would demand construction projects
with a price tag of R 84 million or more. The essential idea is: ecosystems provide free services,
and it is only when we lose them that their economic value becomes undeniable.

Similarly, for recreational value, you might ask users directly—how much would they pay to
guarantee continued access? This contingent valuation approach translates their willingness
to pay into monetary value.

Market-based methods work for many ecosystem services, but intrinsic, spiritual, and cultural
values remain difficult to quantify. These will come up again in wiki assignments, but are
not a main focus in this module.

The upshot of this paper is a comprehensive estimate of what ecosystem services are worth
globally: Table 2 quotes a total value of $33 trillion US dollars for global ecosystem services
(in 1997), a staggering sum.

8.2.2 Updated Valuation: Costanza et al. (2014)

A subsequent paper, authored roughly 15 years after the original study, updates these figures.
It evidences the decline in ecosystem value as biodiversity is lost or natural land is converted
to agriculture or built environments.

Between the initial study and the later one, estimated global ecosystem service value has
fallen by between $4 trillion and $20 trillion per year. This is a direct consequence of resource
extraction, habitat loss, and other threats. The loss is not abstract; it has clear, quantifiable
costs.

An important figure in the 2014 paper illustrates the relationships among various forms of
capital:

« Human capital (people and communities)

« Built capital (infrastructure and human-made environments)
+ Social capital (institutions, cultural systems)

« Natural capital (ecosystem services and natural resources)

Human, built, and social capital all ultimately depend on natural capital. If the latter is
eroded too severely, the rest lose their foundation and value.

These readings compel you to consider deeply: Why are ecosystem services valuable? What
sorts of value are there, and which are measurable in monetary terms and which are not?

Pay attention to how all these values—market and nonmarket—play out in real life. For
instance, when you see litter accumulating in public spaces or natural landscapes, consider
how it devalues these environments, both psychologically and economically.
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8.3 This Week’s Assigned Reading and Assessment

To summarise the required reading for this week, you are to focus on three specific papers—
labelled as numbers 7, 8, and 9 in your list.

Their content will be directly relevant to both your wiki assessment and your overall personal
knowledge. Mastery of these readings will be assessed for the first time in the upcoming
Monday test, and then again in the final exam.

Continue to integrate, synthesise, and critically evaluate what you read. Do not confine your-
self to rote memorisation of facts; rather, strive for an understanding of how broad themes
relate and interconnect. This will best prepare you for your current and future coursework,
and also for real-world scientific reasoning.

Slide references would be integrated here if available; please match discussion points to specific
slides in your notes as we proceed in class.
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