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Across aquatic systems, the body size of an organism is often more important than
its species identity in determining how it interacts with its predators, competitors, and
habitat. The relationship between body size and abundance is often described by a linear
function on the log-log scale (the size spectrum). The size spectrum provides a very
simple way to represent an ecological community comprised of potentially many species,
life stages and individuals with just two parameters, a slope, and an intercept. The size
spectrum slope, for example, can inform us about how energy moves through the system
(e.g., feeding behaviours), and deviations from expected slope values can inform us about
disturbances (e.g., fishing impacts). To determine ‘deviations’, we must first characterise a
baseline size spectrum, vital to its use as an ecological indicator of reef health.

The study of community size spectra requires individual-level body size and abun-
dance data. Empirical studies of size spectra therefore rarely span multiple taxonomic
groups or broad spatial scales, prohibiting more general conclusions about the ecosystem.
The Reef Life Survey (RLS) is a global-scale citizen-science program surveying the marine
life of both tropical and temperate reefs. The data from this program provides an incom-
parable resource to test various size spectra theories in reef ecosystems and forms a core
basis for the research presented in this thesis.

The primary goal of the thesis was to extend our knowledge on the size structuring of
reef communities across taxonomic groups and scales, by combining these global empirical
data with novel analytical approaches. Three discrete aims were: 1) Describe the empirical
size spectrum of reefs globally, including both fishes and large mobile invertebrates. 2)
Investigate the cause of the commonly observed ‘dip’ in abundance of the small fishes in
reef size spectra, which is often assumed to be a result of under-sampling of small reef
fishes. 3) Determine how the size structure of reef communities relates to abundance and
the number of species, three elements of biodiversity rarely considered together.

The first analytical chapter of this thesis addresses the issue of reef size spectra studies
focusing on a single taxonomic group and therefore potentially missing large compo-
nents of the energy pathway. The study estimated invertebrate body size data based on
asymptotic length and combines it with fish body size data to provide the first global-scale
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estimates of reef size spectra that extend beyond just the fishes. The study highlights
the importance of including invertebrates in reef size spectra, develops a method for
estimating invertebrate body size in other data-poor situations, and provides a baseline
size spectrum for reefs.

The second analytical chapter addresses the issue of reef size spectra studies ignoring
small fishes. Observed reef size spectra including small to medium sized fishes tend to
be unimodal on the log-log scale. It has been common practice to remove small-bodied
individuals less than the modal body size and fit a linear model to the “descending limb”.
This practice has been justified by the potential of under-sampling these small individuals.
The study tests this theory of under-sampling by extending the body size range of the
size spectrum to incorporate the smallest sized reef fauna – epifaunal individuals down to
0.125 mm in body size. This study provides evidence for this abundance ‘dip’ being a true
feature of an underlying nonlinear size spectrum. This study extended the linearity of reef
size spectra investigated on reefs to span the entire range of size classes of consumers, for
the first time, to my knowledge. Outcomes have important implications for the justification
of the removal of the smaller-bodied individuals, and therefore for the estimation of the
size spectrum slope.

The final analytical chapter uses size spectra to address a broad question regarding
the complex inter-dependencies between body size, abundance, and species richness. The
study applies, and further develops, a method originally developed for estimating com-
munity size spectra from protist species size distributions to investigate three important
macroecological relationships; 1) the abundance size spectrum, 2) the species-richness
size spectrum (how species richness varies with body size), and 3) the combination of
these; the proposed linear (on the log-log scale) relationship between species richness
and abundance within size classes. The study also provides a methodology to accurately
reconstruct these three relationships in situations with minimal body size data (e.g., from
only the species abundance and an estimate of asymptotic species size), providing a
pipeline by which future studies can investigate these relationships using datasets that
lack equivalent size detail to the RLS data used here.

The combined outcomes of these three analytical chapters include enhanced under-
standing of energy flow and size structure of reef ecosystems. In particular, they confirm
alignment with theoretical expectations when much of the full ecosystem size spectrum
is covered, rather than removing portions of it to confirm theory or extrapolating from a
single taxonomic group. The study also provides a means to better progress use of size
spectra as ecological indicators of reef health. By describing both the linear and nonlinear
aspects of the empirical size spectrum of reefs, we are now better positioned to identify
the environmental, ecological, and anthropogenic drivers of variation and deviation in
the size spectrum. This PhD project, which benefitted from a highly detailed dataset
to generate and test methods, now provides a set of approaches that can be applied by
ecologists in other fields, under less data-rich situations.
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Chapter 1

General introduction

1.1 The distribution of life on earth: A macroecological lens

It has long been recognised that life is not evenly distributed across the globe, yet the
causal explanations for this remain disputed. Why, for example, are there so many species
in the tropics (Brown, 2014)? Or, why do we also observe a longitudinal gradient in marine
species richness, peaking in the Coral Triangle (Edgar et al., 2017)? Questions of this nature
require a global lens. Macroecology is the study of broad scale (both temporal and spatial)
ecological patterns and processes (Brown and Maurer, 1989, Brown, 1995), and is based
upon the assumption that the current state of an ecological community is a net outcome of
complex underlying processes (Brown et al., 2002). The statistical description of global- or
regional-scale empirical patterns in abundance, species richness, and body size allows for
the identification of universal patterns or ‘laws’, not possible by analysing the individual
components of a system alone. A combination of broad-scale statistical descriptions and
fine-scale analyses of individuals components is required to inform theoretical approaches
and to develop a better understanding of structuring of ecological communities (Connolly
et al., 2017, Gaston and Blackburn, 2000). Macroecological methods are therefore one
component to understanding these fundamental questions of the partitioning of energy
and distribution of life on earth.

Body size has long been recognised as a fundamental characteristic of an organism.
The relative ease of measuring body size and the fact that body size scales with so many
ecologically important traits (Peters, 1983, also discussed below) has led to body size being
a central component of macroecological research. One of the overarching aims of this
thesis is to better understand the generality of body size related patterns in the context of
biodiversity and ecosystem structure for reefs. Using a global-scale reef database, I focus
on understanding the universality of body size and abundance relationships and broaden
the range of taxonomic groupings and diversity of sizes compared to work that has been
previously been carried out for reefs.

1.2 On animal body size

“One hill cannot shelter two tigers” – Chinese proverb
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The above quote prefaces a chapter from Charles Elton’s 1927 book Animal Ecology
(Elton, 1927). It introduces the idea that carnivorous animals at or near the top of an
ecological food chain require large geographical areas to support their food requirements.
With this idea, Elton developed a fundamental concept in ecology; animals higher up the
food chain are less abundant in comparison to those at the base, which Elton termed the
Pyramid of numbers. Elton posed another way to view this relationship – that smaller
animals are more common in general, assuming that animal body size and trophic position
are related. These concepts make intuitive sense (e.g., there are more plankton than there
are whales in the ocean), yet the underlying mechanisms behind these patterns were only
speculative.

Around this time, Huxley et al. (1932) showed that body size was correlated to many
physiological variables that could be described by the power-law relationship,

Y = a · Mb

where, a and b are constants, M is body mass and Y is some dependent variable such
as growth rate or metabolic rate, later termed allometric equations. The same year, Kleiber
(1932) showed that an animal’s basal metabolic rate was proportional to its body mass to
the power of 3

4 , which later went on to form the basis of the metabolic theory of ecology
(Brown et al., 2004).

Despite the importance of body size in determining an animal’s vital rates, much of
trophic ecology for the following four decades focused on the roles of species and taxo-
nomic niches over body size-based methods (see Sprules and Barth, 2016). An exception
to this was a relatively forgotten, yet very important, study by Ghilarov (Ghilarov, 1944).
Ghilarov showed a predictable decline in abundance of soil organisms, irrespective of
taxonomy, with logarithmic body size. This result was later recognised as equivalent
to consistent biomass within logarithmic body size bins and the first example in any
ecosystem of what was later termed the “biomass equivalence rule” (Polishchuk, 2019,
Polishchuk and Blanchard, 2019).

In the late 1960s and early 1970s, Sheldon, Parsons and colleagues, with the aid of a
new cell counting technology, the Coulter counter (Sheldon and Parsons, 1966), began
observing similar patterns of biomass equivalence in planktonic organisms in the ocean,
apparently unaware of the patterns Ghilarov (1944) observed in soil. With a series of
studies spanning large spatial scales and a range of planktonic body sizes (Sheldon and
Parsons, 1967, Sheldon et al., 1967, 1972), Sheldon and colleagues came to the famous
hypothesis that equal concentration of biomass occurs from bacteria to whales (Sheldon
et al., 1972). This incredible relationship between logarithmic body size and biomass,
irrespective of taxonomic identity, termed the biomass size spectrum, opened the field
of study of the size spectrum in aquatic ecology, and led to a concerted effort to classify
the biomass size spectrum in a range of aquatic systems (see Sprules and Barth, 2016),
including freshwater lakes (Sprules et al., 1983), open ocean (Rodriguez and Mullin, 1986),
and intertidal estuaries (Schwinghamer, 1981).
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1.3 Why do we care about the size spectrum?

Body size is often described as the single most important trait determining how an
individual interacts with its environment and community (Peters, 1983, Schmidt-Nielsen,
1984). Animal body size has been empirically related to many ecological and physiological
rates (Peters, 1983) such as growth rate, metabolic rate (Brown et al., 2004, Kleiber, 1932),
swimming rate (Ware, 1978), and trophic level (Jennings et al., 2001, 2002). The distribution
of individual body sizes within a community, irrespective of species identity, i.e., size
spectrum, can therefore provide important information about how energy (i.e., biomass)
is partitioned in the community and how it moves throughout the food web.

The size spectrum is often represented as a linear relationship between body mass and
biomass (or abundance) on the log-log scale. The linear size spectrum is a very simplistic
way to describe a complex community, with only an intercept and slope, and yet is a
useful indicator of ecosystem health and relative human exploitation of the system (Nash
and Graham, 2016, discussed further in the section Size structured reef ecosystems below).

Species-based food web models often represent individuals within species as a single
entity, where body size is represented by a single value per species (Brose et al., 2017).
Traditionally, terrestrial ecology has focused on taxonomic compositions of communities
and favoured species-based approaches over purely size-based, such as the size-spectrum
approach (Cyr et al., 1997), possibly due to the relatively small change in ecosystem
function with change in the body size of terrestrial species (Trebilco et al., 2013). Aquatic
ecologists, however, have readily adopted size-based methods in ecological modelling due
to well described ontogenetic niche shifts and size-based predation (Cohen et al., 1993).

To propose that any single method (e.g., size-based or species-based) is sufficient to
model a complex ecosystem would be an oversimplification, yet size-based and species-
based approaches have generally been considered separately. More recently however, there
have been increased attempts to combine these size-based and species-based approaches
(Andersen and Pedersen, 2010, Blanchard et al., 2014, Hartvig et al., 2011, Purves, 2013,
Trebilco et al., 2013, White et al., 2007). Chapter 4 of this thesis also attempts to combine
these fields by relating the abundance size spectrum to the relationship between body size
and species richness (discussed in more detail in the section Aims of the thesis below).

1.4 Various representations of the size spectrum

There are many representations of community body size-abundance relationships in the
literature (White et al., 2007). Two of the most common approaches are 1) the logarithmic
biomass within logarithmic body size classes (the biomass size spectrum) (e.g. Boudreau
and Dickie, 1992, Kerr and Dickie, 2001), and 2) the logarithmic abundance within loga-
rithmic size classes, also known at the numerical or abundance size spectrum (Blackburn
and Gaston, 1997). Both relationships are often represented as linear relationships on the
log-log scale with slopes of approximately zero (i.e., biomass equivalence) (Figure 1.1A)
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and -1 (decreasing abundance with body size)(Figure 1.1C) for biomass and abundance
size spectra, respectively (Blanchard et al., 2017, Trebilco et al., 2013).
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FIGURE 1.1: A comparison of the approximate slope (λ) estimates of
individual-level community size spectra. Comparing normalised (Platt
and Denman, 1977) and non-normalised abundance and biomass size spec-

tra.

To allow better comparison between studies, Platt and Denman (1977) accounted
for the variable logarithmic bin widths by dividing the abundance (or biomass) by the
width of the bin, providing an estimate of abundance (or biomass) per unit body size,
i.e., abundance density (or biomass density). This procedure of dividing by bin width is
known as normalisation of the size spectrum and is now commonly used in size spectra
studies (Kerr and Dickie, 2001). Normalisation of the size spectrum reduces the size
spectrum slope by 1 (Figure 1.1B, D), which in turn provides a direct estimate of the
exponent value (b) of the non-logarithmic (power-law; White et al., 2008) relationship.
Normalisation of the size spectrum therefore promotes the comparison of slopes between
studies. Despite this, confusion still remains with various representations of size spectra
(White et al., 2007), which often convey the same information (Trebilco et al., 2013).

Edwards et al. (2017) used a simulation approach to compare various representations
of size spectra to determine the best approach for estimating the size spectrum slope.
Edwards et al. (2017) show that using maximum likelihood estimation to fit a bounded
pareto distribution to the rank-frequency relationship of individual body size provides
the best estimate of the slope (and therefore exponent) of the size spectrum. A rank-
frequency relationship does not, however, provide an estimate of the intercept of the
size spectrum, which can signify ecologically important information such as primary
production. In contrast, linear regression methods, whilst potentially flawed (Edwards
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et al., 2017), provide the ability to easily incorporate spatial scale as a random effect of
slope estimates (Heather et al., 2021a).

1.5 Size structured reefs

Human impacts are altering the structure and function of reef ecosystems (Hughes, 2003,
Mellin et al., 2016, Morais et al., 2020a, Stuart-Smith et al., 2021), both directly (e.g.,
through fishing; Jennings and Lock, 1996, Robinson et al., 2017), and indirectly (e.g.,
climate change; Cheal et al., 2017, Hughes et al., 2018). The total impact of these ecosystem
stressors, however, is not consistent across the size spectrum. Not only are larger-bodied
individuals at greater risk to broad scale ecosystem disturbance due to their reduced rate
of turnover (Reynolds et al., 2001) but fishing practices are often highly size-selective,
often targeting the largest bodied individuals (Jennings et al., 1999, Pauly, 1998). Further,
with larger individuals often at higher trophic levels (Jennings et al., 2002), and predation
levels in aquatic systems typically driven by body size, reductions in the abundance of
larger individuals can result in size-dependant flow-on effects through the food web
(Rossberg et al., 2019, Salomon et al., 2010). The distribution of individual body sizes
of a reef community, irrespective of species (i.e., the size spectrum), has therefore been
suggested as a potentially useful ecological indicator (e.g. Graham et al., 2005), but its use
relies on its strength to detect ecosystem disturbances.

Despite the simplicity of the linear size spectrum, there exists a wealth of literature on
its use as an ecological indicator, across not only reefs but a range of ecological communi-
ties (Shin et al., 2005). The slope of the size spectrum for example, has been shown to vary
with fishing pressure on reefs (Dulvy et al., 2004, Graham et al., 2005, Nash and Graham,
2016, Robinson et al., 2017) and across a range of other aquatic ecosystems (Bianchi et al.,
2000, Rice and Gislason, 1996, Blanchard et al., 2005). In order to quantify the level of
disturbance of an ecosystem however, it is necessary to have a baseline from which to
compare (Jennings and Blanchard, 2004).

Although empirical size spectra across aquatic ecosystems are generally fitted with
a linear model, peaks at certain body sizes (aka. “domes”; Boudreau et al., 1991) are
commonly observed (e.g. Sprules et al., 1983). The exact cause of this nonlinearity is
currently under question (Rossberg et al., 2019); hypotheses include the physical environ-
ment providing body size-specific niches or refugia (Rogers et al., 2014, Schwinghamer,
1981), bottom up or top-down trophic cascades (Andersen and Pedersen, 2010, Benoît and
Rochet, 2004, Rossberg et al., 2019), or even simply sampling biases associated with visual
survey methods on reefs (Ackerman et al., 2004, Ackerman and Bellwood, 2000). Chapter
3 of this thesis empirically tests these hypotheses (discussed more in the section Aims of
the thesis below).

Many theories have been proposed to explain the consistency in the size spectrum
slope (depending on the method used, see Figure 1.1). These theories range from simple
ecological principles, such as the metabolic theory of ecology (i.e., abundance (N) scales
with body mass (M) to the power of -0.75: N ∝ M−0.75) and inefficient energy transfer
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between trophic levels (therefore N ∝ M<−0.75) (Trebilco et al., 2013) to complex process-
based models (see Blanchard et al., 2017). This thesis does not aim to answer the question
of which of these theories, or combination of theories, give rise to the apparently universal
pattern of the size spectrum. This thesis does however aim to describe the empirical size
spectrum of reefs globally, allowing for the validation of these theories and the further
development of empirically-based mechanistic and statistical approaches. Below I outline
the specific aims of this thesis.

1.6 Aims of the thesis

Despite the importance of body size in determining an individual’s life history traits and
vital rates, a purely size-based approach does not provide a complete picture of ecosystem
structure, particularly in reefs; which are amongst the most species-rich ecosystems.
Mechanistic approaches have moved towards combined species and size based approaches
(Andersen, 2019, Reuman et al., 2014) yet they require foundations based on empirical
observations. The primary goal of this thesis is to extend our knowledge on the size
structuring of reef ecosystems across taxonomic groups and scales, by combining global
empirical data (Edgar et al., 2020, Edgar and Stuart-Smith, 2014, RLS, 2021) with novel
analytical approaches. Four discrete aims of this thesis are:

1.6.1 Aim 1: Describe the empirical size spectrum of reefs globally, including
both fishes and large mobile invertebrates.

Historically, studies of reef size spectra focus on a single taxonomic group (e.g., fishes)
and thus the contribution of other taxa in the system remains uncertain. Chapter 2 of this
thesis aims to address this uncertainty, determining the reef size spectra across all large,
mobile consumers in a system. The study presented in Chapter 2 estimates invertebrate
body size data based on asymptotic length and combines it with fish body size data to
provide the first global-scale estimates of reef size spectra that extend beyond just the
fishes. The study highlights the importance of including invertebrates in reef size spectra,
develops a method for estimating invertebrate body size in other data-poor situations, and
provides a baseline size spectrum for reefs. This chapter is published in Ecology Letters
(Heather et al., 2021a).

1.6.2 Aim 2: Extend the size spectrum to include small epifaunal invertebrates.

Chapter 3 addresses the issue of reef size spectra studies often ignoring small fishes.
Observed reef size spectra including small to medium sized fishes tend to be unimodal
on the log-log scale (Ackerman et al., 2004). It has been common practice to remove
small-bodied individuals less than the modal body size and fit a linear model to the
“descending limb” (e.g. Robinson et al., 2017, Trebilco et al., 2015, Wilson et al., 2010). This
practice has been justified by the potential of under-sampling these small individuals. The
study presented in Chapter 3 tests this theory of under-sampling by extending the body
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size range of the size spectrum to incorporate the smallest sized reef fauna – epifaunal
individuals down to 0.125 mm in body length. This study provides evidence that this
abundance ‘dip’ is a true feature of an underlying nonlinear size spectrum. This study
extended the scope of reef size spectra investigated on reefs to span the entire range of
size classes of consumers, for the first time to my knowledge. The results of this study
have important implications for the justification of the removal of the smaller-bodied
individuals, and therefore for the estimation of the size spectrum slope. This chapter is
published in Ecology Letters (Heather et al., 2021b).

1.6.3 Aim 3: Investigate the relationship between body size, abundance, and
species richness in reef ecosystems and,

1.6.4 Aim 4: Develop a methodology to explore broad-scale size spectra in the
absence of detailed body size information.

Chapter 4 uses size spectra to address a broad question regarding the complex inter-
dependencies between body size, abundance, and species richness. The study applies,
and further develops, a method originally developed for estimating community size
spectra from protist species size distributions (Giometto et al., 2013, Rinaldo et al., 2002) to
investigate three important macroecological relationships; 1) the abundance size spectrum,
2) the species-richness size spectrum (how species richness varies with body size), and 3)
the combination of these; the proposed linear relationship between log species richness and
log abundance within size classes. The study also provides a methodology to accurately
reconstruct these three relationships in situations with minimal body size data (e.g., from
only the species abundance and an estimate of asymptotic species size), providing a
pipeline by which future studies can investigate these relationships using datasets that
lack equivalent size detail to the global empirical data used here (Edgar et al., 2020, Edgar
and Stuart-Smith, 2014).

These chapters contribute to an enhanced understanding of the size structure, and
ultimately the energy flow, of global reef ecosystems. By describing both the linear and
nonlinear aspects of the empirical size spectrum of reefs, we are now better positioned to
identify the environmental, ecological, and anthropogenic drivers of variation in the size
spectrum. This PhD project, which benefitted from a highly detailed dataset to generate
and test methods, now provides a set of approaches that can be applied by ecologists in
other fields, under less data-rich situations.



8

Chapter 2

Globally consistent reef size spectra
integrating fishes and invertebrates

Freddie J. Heather1, Julia L. Blanchard1, Graham J. Edgar1, Rowan Trebilco1,2, Rick D.
Stuart-Smith1

1 – Institute for Marine and Antarctic Studies, University of Tasmania, 20 Castray
Esplanade, Battery Point, Hobart, TAS 7004, Australia

2 – Antarctic Climate & Ecosystems CRC, 20 Castray Esplanade, Hobart, TAS 7004,
Australia

Code availability: Code for the analysis, and to recreate all figures, is available at https:
//github.com/FreddieJH/inverts_size_spec.

2.1 Abstract

The frequency distribution of individual body sizes in animal communities (i.e., the size
spectrum) provides powerful insights for understanding the energy flux through food
webs. However, studies of size spectra in rocky and coral reef communities typically focus
only on fishes or invertebrates due to taxonomic and data constraints, and consequently
ignore energy pathways involving the full range of macroscopic consumer taxa. We
analyse size spectra with co-located fish and mobile macroinvertebrate data from 3,369
reef sites worldwide, specifically focusing on how the addition of invertebrate data alters
patterns. The inclusion of invertebrates steepens the size spectrum, more so in temperate
regions, resulting in a consistent size spectrum slope across latitudes, and bringing slopes
closer to theoretical expectations based on energy flow through the system. These results
highlight the importance of understanding contributions of both invertebrates and fishes
to reef food webs worldwide.

https://github.com/FreddieJH/inverts_size_spec
https://github.com/FreddieJH/inverts_size_spec
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2.2 Introduction

Body size is arguably the most important single factor determining an individual’s vital
rates and how it interacts with its environment (Brown et al., 2004). Body size distributions
therefore provide rich insights into size-dependent relationships between animals and
underlying energy flow of communities. One such distribution links individual body size
and abundance in a community (the community size spectrum). This relationship has
been extensively studied in both marine and terrestrial realms (e.g., Reuman et al., 2008),
following early conjectures of a “biomass equivalence rule”: that biomass is approximately
equal across logarithmic size bins spanning sizes of the smallest to the largest creatures
(Ghilarov, 1944, Sheldon et al., 1972). This results in a negative power-law relationship
between abundance concentration (N) and body size (M)(Andersen and Beyer, 2006),
N ∝ Mλ, where λ ≈ −2. Because of the important information concerning system-wide
energy movements (Brown and Gillooly, 2003, Trebilco et al., 2013), methods used to
estimate the power law exponent have been extensively evaluated in the literature (White
et al., 2008, Edwards et al., 2017).

Although remarkable consistencies in empirical size spectra have been observed
(Sprules and Barth, 2016), substantial deviations can also occur. These deviations provide
important information about ecosystem structure and perturbations. For example, the
selective removal of larger individuals through fishing has been shown to steepen the
negative slope of the size spectrum in both pelagic (Daan et al., 2005, Pope and Knights,
1982, Blanchard et al., 2005) and reef ecosystems (Dulvy et al., 2004, Graham et al., 2005,
Wilson et al., 2010, Robinson et al., 2017). By contrast, seasonal competition for resources
(Edgar, 1994) and energy subsidies from outside the reef ecosystem (Trebilco et al., 2013,
2016, Morais and Bellwood, 2019) can potentially result in shallower size spectra, while
habitat complexity can cause deviations of the size spectra from the expected power law
(Rogers et al., 2014). For a community of individuals feeding on a common resource, i.e.,
at a single trophic level, such as herbivorous fishes (Robinson et al., 2016), abundance
may also scale less steeply with body size, following the allometric scaling of body size
with metabolic rate and energetic equivalence (Damuth, 1981, Kleiber, 1932, Nee et al.,
1991). However, most aquatic communities are comprised of a trophic chain or web,
whereby individuals feed upon one another as well as the basal resource. Consequently,
due to inefficiencies in the transfer of energy between trophic levels (Lindeman, 1942),
fewer individuals can be sustained when feeding at higher trophic levels. Given the
strong relationship between an individuals size and its trophic position (Jennings et al.,
2001), this is consistent with fewer large-bodied individuals in a community arising from
individuals feeding in a size-based way (i.e., a food chain or web) (Brown and Gillooly,
2003, Jennings and Mackinson, 2003, Trebilco et al., 2013, Andersen, 2019). Although the
general pattern of declining abundance with body size holds in many places, particularly
at very large spatial scales, there has been no global test of the “biomass equivalence rule”
at the community scale for reefs or any other large system (Polishchuk and Blanchard,
2019).
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Global datasets available to test the “biomass equivalence rule” for marine systems
have been previously lacking. The Reef Life Survey (RLS) program has quantified the
abundance and size distribution of all conspicuous species on reef habitats globally (Edgar
and Stuart-Smith, 2014) and provides the best available means for exploring biomass
equivalence at this scale. It is the largest single database, terrestrial or marine, in terms of
its taxonomic, spatial and temporal coverage with a basis of standardized quantitative
methods. The high resolution yet global coverage of the data enables us to investigate size
spectra at varying spatial scales.

Another challenge relates to the major missing component of reef community size
spectra: benthic invertebrates. Whilst most previous empirical work on reef size spectra
has focused solely on fish communities, large mobile benthic invertebrates can play
fundamental roles in reef ecosystems, even to the point of dominating the animal biomass
present. For example, in some temperate reefs, we observed communities in which over
90% of individuals >1 cm body size, were invertebrates (see also Edgar et al., 2017).
Furthermore, considerable overlap exists in resource use between fishes and invertebrates,
with overlap in the diets of many fishes and invertebrates, and many fish predators relying
heavily on invertebrate prey (i.e., fishes and invertebrates do not necessarily occupy
separate energy pathways)(Barneche et al., 2014). As such, to better understand the size
structure of whole reef communities and food webs that are not artificially constrained
by taxonomic group, data on both fishes and invertebrates are needed. Several previous
studies have recognized the potential importance of invertebrates in reef size spectra
(e.g., Donovan et al., 2018), but body size data were lacking. Here, we use invertebrate
body size data to test the “biomass equivalence rule” for size spectra of reef communities,
comparing fish-only data and fish and invertebrate data for the same sites globally.

We hypothesize that: 1) The inclusion of invertebrates will change the slope (i.e., expo-
nent) of the community size spectrum (Figure 2.1). If invertebrates are relatively smaller
bodied than their fish counterparts in a community (e.g., Figure 2.1A), we would expect
their inclusion in the size spectrum to have a steepening effect (Figure 2.1B). Likewise, if
invertebrates are relatively larger bodied than the fishes in the community (e.g., Figure
2.1C), we would expect a shallowing effect when they are included (Figure 2.1D). This also
might correspond to a situation where herbivorous or detritivorous invertebrates occupy a
single trophic level, which would result in shallower slopes (Dinmore and Jennings, 2004,
Maxwell and Jennings, 2006). We further hypothesize that: 2) This invertebrate inclusion
effect will be greater in temperate communities compared to tropical communities due to
a relatively greater proportion of invertebrates in temperate reefs (Edgar et al., 2017). 3)
The broad geographic span and fine transect-level grain allows us to consider multiple
spatial scales, and thereby test our third hypothesis; spatial scale of sampling contributes
to variation around slope estimates. A λ of −2 is expected in the absence of human
impacts, such as fishing. Because few reefs worldwide are beyond the reach of fishers,
we expect to find a steeper (more negative) slope overall. This study provides improved
understanding on the variability of reef size spectrum slopes globally, which is crucial for
the development of size spectra as indicators for reef ecosystem health (e.g., Nash and
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Graham, 2016, Trebilco et al., 2016, Zgliczynski and Sandin, 2017, Morais et al., 2020a).
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FIGURE 2.1: Hypothesized effect of including invertebrates in the size
spectrum: 1) A steepening effect (A, B), and 2) a shallowing effect (C, D).
The steepness of the size spectrum arises from the relative abundances of
larger and smaller bodied individuals. If invertebrates have a steeper size
spectrum slope (i.e., relatively fewer large-bodied individuals) compared
to their co-located fish (A), we would expect the slope of the size spectrum
of the combined community (fish and invertebrates) to be steeper than the
slope of the fish only (B). A shallowing effect (D) would be expected if
invertebrates have a relatively greater number of large-bodied individuals

compared to the fish-only community (C).

2.3 Methods

2.3.1 Survey data

Applying the RLS protocol (available at https://www.reeflifesurvey.com/), trained
divers swim along a 50 m transect and identify to species level the fishes and invertebrates
they encounter (Edgar and Stuart-Smith, 2014). A single survey (n = 11,936 surveys)
consists of two separate methods undertaken on the same transect line. Method 1 involves
recording any fish species (n = 2,608 species) within 5 m wide blocks either side of the
line, whilst method 2 involves searching along the bottom, underneath kelp and in cracks
in 1 m wide blocks either side of the line, recording invertebrates (n = 1,184 species) and
cryptic fishes (n = 951 species). Abundance of each species within the defined block
area is counted directly or estimated when necessary for highly abundant species. Size
is estimated for all fishes, and by experienced biologists for invertebrates at some sites.
Animals are estimated to belong to one of 13 size categories: 2.5, 5, 7.5, 10, 12.5, 15, 20, 25,

https://www.reeflifesurvey.com/
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30, 35, 40, 50, and 62.5 cm. Lengths greater than 62.5 cm are estimated to the nearest 12.5
cm. For a full description of the survey methods, see RLS (2021). Abundance from method
2 records were standardized to the equivalent area covered by method 1 by multiplying
abundance by five, standardizing all records as densities per 500 m2. A site (n = 3,369 sites)
usually contained multiple surveys undertaken along at least two depths on the same day.
Sites are nested in ‘locations’, which are nested within ecoregions (n = 91 ecoregions), as
defined by the Marine Ecoregions of the World (Spalding et al., 2007).

2.3.2 Estimation of invertebrate body length distributions

All invertebrates encountered on surveys were identified to species level (or the highest
taxonomic resolution possible) and counted within 1 m wide blocks either side of each
50 m transect line surveyed for fishes. At a small subset of surveys, body length of
the invertebrates was estimated or measured. Species body length distributions with
sufficient observations (n > 10 per species, spanning a sufficient range of body length
bins for distribution fitting) were therefore available for only 167 invertebrate species
(≈ 14% of total invertebrate species in the data) from seven taxonomic classes. For
these species, individual body lengths were best described by a lognormal distribution,
consistent with the body length distributions of the fish species and previous body length
distribution literature (e.g., Blackburn and Gaston, 1994). For each species, we fitted a
lognormal distribution to the body lengths using the ‘fitdistrplus’ package (Delignette-
Muller and Dutang, 2015) in R (R Core Team, 2020). We then fitted two linear regression
models estimating the two parameters of the lognormal distribution (mean and variance)
using the asymptotic length of the species and its taxonomic class as predictor variables
(Equations S2.3, S2.4). For the remaining species with only asymptotic length available,
we were then able to reconstruct the lognormal body length distribution by estimating the
two lognormal distribution parameters using these two regression models. Asymptotic
sizes for all invertebrate species were obtained from SealifeBase (Palomares and Pauly,
2019).

2.3.3 From body length to body mass

Conversion to individual body mass distributions was achieved using published length-
weight allometric relationships derived from SealifeBase (Palomares and Pauly, 2019) and
FishBase (Froese and Pauly, 2010) and observed (where available) or estimated individual
body length. For each species we calculated the asymptotic mass (M∞) given asymptotic
body length (L∞) and the species’ length-weight relationship. Where species-specific
individual length-weight information was unavailable, body mass was estimated from
one of two linear regression models: a class-level and an overall length-weight regression
model (Appendix S2.2).

To assess the effect of including invertebrates into the size spectrum on the estimation
of the slope, all further analyses were carried out firstly with only fish species included,
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and secondly with invertebrates also included. Differences in the size spectrum slopes
between these two analyses is referred to as the ‘invertebrate inclusion effect’ (∆λ).

2.3.4 Fitting the normalized abundance size spectrum

Relationships between N and M are generally estimated from a linear regression of binned
size data on a log-log scale Newman (2005). Size spectrum analyses often ‘normalize’ the
y-axis by dividing the abundance within each mass bin by the actual width of the x-axis bin
to account for varying bin widths. This normalization procedure has the effect of reducing
the size spectrum slope by 1 and results in the slope being comparable with the power
law exponent λ. Here we use the slope of the normalized abundance size spectrum to
estimate the exponent λ. We chose a linear regression method over a maximum likelihood
estimation of the exponent (see Edwards et al., 2017), due to the simplicity of incorporating
the spatially-hierarchical nature of the data (sites nested within ecoregions).

For each survey, individuals were binned into log2 mass bins, and the abundance
within each bin calculated as the number of individuals in each bin. Ackerman and
Bellwood (2000) found that the abundances of 75% of fish smaller than 5 cm were under-
estimated in reef visual census data. To avoid biases associated with under-sampling of
small individuals, we applied a lower bound cut-off of 32 g body mass, which represented
the modal log2 mass bin (Appendix S2.3, see also Ackerman et al., 2004). Abundances
were divided by 500 to obtain abundance per m2.

We normalized the abundance by dividing by the width of the logarithmic mass bin
(Appendix S2.4). We then fitted linear mixed effects models of log2 abundance (N) as
a function of the log2 mass bin mid (M) and with ecoregion (e) and site (s) as random
effects, both having a random slope and intercept, and with site nested within ecoregion
(Equation 2.1).

log2(N) = β0 + u0,e + u0,s|e + (β1 + u1,e + u1,s|e) · log2(M) + ϵ (2.1)

where, u0,e, u0,s|e, u1,e, and u1,s|e are normally distributed random effects, and where β1

represents the overall (global-level) slope, u1,e is the ecoregion-level variation and u1,s|e
the site level variation (given the ecoregion variation) in the slope estimates of the model
(Appendix S2.4). Linear mixed models were fitted using the lme4 package (Bates et al.,
2015) in R (R Core Team, 2020). Confidence intervals around the overall slope estimate
were estimated using the Wald method in the ‘confint’ function of the lme4 package (Bates
et al., 2015).

2.4 Results

For fish-only communities, we estimated the overall mean site-level slope of the normal-
ized abundance size spectrum (λ) as −1.88 (±0.06, 95% CI). The inclusion of invertebrates
steepened (i.e., decreased) λ from −1.88 to −2.04 (±0.06, 95% CI)(Figure 2.2, One sample
t-test: ∆λ = −0.07, d f = 3371, p < 0.001).
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FIGURE 2.2: Invertebrates steepen the normalized abundance size spectrum.
Separate normalized abundance size spectra are shown for the fish-only and
combined (fish and invertebrate) communities, with solid lines representing
fits from linear mixed effects models for the global data (“Site” nested within
“Ecoregion” as random effects). Fish-only slope = −1.88 ± 0.06, combined

slope = −2.04 ± 0.06. Points have been offset on the x-axis for clarity.

Absolute latitude explained 13% of the variation in the invertebrate inclusion ef-
fect (∆λ), with a greater steepening at higher latitudes (linear regression model: ∆λ ∼
abs(latitude); R2 = 13%, p < 0.001)(Figure 2.3B, C). Slopes for fish-only communities were
shallower at high latitudes, while slopes for the combined fish and invertebrate data were
remarkably consistent across latitudes (Figure 2.3A)(see also S5). This greater steepening
by invertebrate inclusion, in higher latitude regions was also observed in sites with the
greatest protection from fishing pressure (see Appendix S2.6).

Variation in the slope estimates were explained at both the ecoregion and site (given
the ecoregion) scales (Figure 2.4). More of the variation in the slope was evident across
ecoregions (Combined community: σe = 0.25, 14% total variation), than among sites
within ecoregions (Combined community: σs|e = 0.17, 9% of total variation). The total
variation explained, across all sites and ecoregions, is the sum of these two variation
components, and hence shows that variation declines with increasing spatial scale overall.

2.5 Discussion

This study provides the first global test of the generality of the “biomass equivalence rule”
for reef communities, analyzing size spectra of 3,369 reef communities worldwide. Our
analyses resulted in three key findings: 1) The inclusion of invertebrates, as opposed to
a purely fish-centric approach generally used previously, brought the global estimate of
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FIGURE 2.3: The inclusion of invertebrates results in a consistent community
size spectrum slope of ∼ −2. (A) The size spectrum slope for fish-only
communities (blue) and when including invertebrates (orange) – orange
vertical lines have been used to indicate the top of the orange bar when
obscured. (B) A map of the invertebrate inclusion effect (∆λ) across the
globe. (C) The latitudinal variation of the ‘invertebrate inclusion effect’
(∆λ). The steepening effect when including invertebrates is greatest at high
latitudes. Each bar in A and C represents the mean over 5◦ of latitude. Error
bars in C represent the 95% confidence intervals, and missing error bars

represent insufficient data.

size spectrum slopes closer to the theoretical exponent of -2, the value expected under
the biomass equivalence rule; 2) The effect of including invertebrates was most marked
for temperate reefs, where invertebrates contribute a substantial fraction of reef animal
biomass; and 3) The contributions to variance in slope estimates were comparable at
both the ecoregion (14%) and site scales (9%). Many studies of size spectra aggregate
observations to larger spatial scales, whereas our work shows that accounting for hier-
archical sampling at the local community scale is important for informing the overall
processes driving estimates of size spectra as well as testing the generality of theoretical
expectations.

Size spectrum theory, that encompasses detailed mechanistic models describing size-
based feeding and physiological constraints (Andersen, 2019, Blanchard et al., 2017)
to simple scaling theory that summarises these processes via transfer efficiency and
predator prey mass ratios (Brown and Gillooly, 2003, Jennings and Mackinson, 2003)
both predict normalized abundance size spectrum slopes of approximately -2. However,
many processes can affect both of these assumptions and could contribute to the variation
around this theoretical value, even in the absence of fishing (Trebilco et al., 2016, Eddy
et al., 2020). The empirical consistency of the size spectrum slope across many different
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A horizontal dotted line at -2 is added to highlight the slope in previous

studies based on pelagic studies.

aquatic ecosystems (Sprules and Barth, 2016), and sensitivity to the effects of impacts such
as fishing (Shin et al., 2005, Petchey and Belgrano, 2010), has led to its proposed use as
an ecological indicator of ecosystem health for reefs (Nash and Graham, 2016). However,
its uptake for reefs has been hampered by lack of knowledge of an appropriate baseline,
due to apparent discrepancies between the simplifying assumptions of size spectrum
theory and lack of consistency across reef fish size spectra. Previous studies on local reef
fish communities have shown slopes shallower than -2 (e.g., -1.13 to 1.95, Robinson et al.,
2017; -1.75, Ackerman et al., 2004; -1.58, Robinson et al., 2016), potentially due to energetic
subsidies (Trebilco et al., 2013, 2016), relatively greater levels of herbivory (Steneck et al.,
2017), or size-dependent habitat refugia (Rogers et al., 2014), but still within the range of
slopes estimated here for fish-only communities. Although not all these studies specifically
aimed to test theory related to energy flow, the exclusion of invertebrates in these studies
would have likely changed the slopes found. On average globally, we found that the
inclusion of invertebrates into the community size spectrum steepened λ from −1.88 to
−2.04 (∆λ = −0.16), closer to the value of -2 that would be expected according to the
“biomass equivalence rule”. All sites in this study are subject to varying levels of human
disturbance (e.g., fishing), and therefore we might expect that in the absence of fishing
pressure, reef communities would have shallower size spectra than this -2 estimate.
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The effect of including invertebrates varied geographically, with a much greater effect
at higher latitudes. At the highest latitudes considered here (approx. 60◦ N or S), fish-only
size spectra had slopes that were more consistent with an inverted biomass pyramid
(Trebilco et al., 2013), where biomass increases with body size and trophic level. The
opposite was true for invertebrate-only size spectra, whereby the steepest slopes were
observed at the highest latitude (Figure 2.3A). These two taxonomic groups, however,
are not independent food web entities and interact through competition and predation.
Combining these two groups into the size spectrum led to consistency in the slope across
latitudes. The resultant pattern translates to an even distribution of log-log biomass
across all body sizes and across latitudes, supporting previous conjectures of biomass
equivalence holding from bacteria to whales and from the tropics to the poles (Sheldon
et al., 1977, Kerr and Dickie, 2001). The latitudinal difference of including invertebrates
is likely due to their dominance on temperate reefs, compared to more fish-dominated
tropical reefs (Edgar et al., 2017). Whilst fishing pressure is non-random across the globe
(Anticamara et al., 2011), it is unlikely to be the cause of the observed latitudinal patterns
in the invertebrate inclusion effect, as we observe similar latitudinal patterns in sites
within the most highly effective marine protected areas (Figure S6.1). Herbivores are also
important on tropical reefs, and previous work has suggested that communities with a
high biomass of herbivores, which do not feed according to size, should produce shallower
size spectra (Robinson et al., 2017), as a result of being able to obtain relatively larger
body sizes due to less energy lost through transfer efficiency (Brown and Gillooly, 2003).
Larger-bodied herbivores also have the added advantage of reduced predation risk from
gape-limited predators (e.g., Mumby, 2006), leading to a relatively greater number of
large-bodied individuals and a shallower slope. In this study, across the globe, the slope
was steeper than would be expected according to that reasoning. These steeper slopes
could be due to a combination of functionally distinct trophic pathways affecting energy
availability (Dinmore and Jennings, 2004, Maxwell and Jennings, 2006), greater human
impacts affecting tropical reefs (Graham et al., 2005, Robinson et al., 2017)(see also Figure
S6.1), or other factors affecting local variation in reef size spectra (Edgar, 1994, Rogers
et al., 2014), and require further study.

A better understanding of the mechanisms underlying consistency and variability of
slopes needs information on the spatial scales at which variability arises (Polishchuk and
Blanchard, 2019). Investigation of different processes acting at local (e.g., sites) and larger
spatial scales (e.g., ecoregions, global) should help to inform whether macroecological
patterns are scale invariant (Rahbek, 2004, Connolly et al., 2017). A first step is to assess
how much variation occurs at each scale. Here, we found that variation from the overall
global size spectrum slope was explained about equally at both the ecoregion and site
scales. Despite this scale-invariance of slope, the drivers of this variation still probably
differ with scale, and our work opens the door for further studies into the factors shaping
the size spectrum slope at different scales. At the ecoregion scale, drivers of variation
likely include commercial fishing practices (e.g., Blanchard et al., 2005), large-scale habitat
loss (e.g., Morais et al., 2020b), changing climate (e.g., Robinson et al., 2019a,b), and
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environmental forcing (e.g., Heenan et al., 2020). Potential drivers at the site scale include
population processes (e.g., Barneche et al., 2014, 2016), local community interactions,
eutrophication (e.g., Turner, 2001), coastal pollution (e.g., Azzurro et al., 2010), and small-
scale patchiness in fishing pressure related to human access (e.g., Robinson et al., 2017,
Campbell et al., 2020).

Changes in size spectra slopes through time and space, have been used previously to
assess changes in community and ecosystem health associated with the intensity of human
activities (Shin et al., 2005, Dulvy et al., 2004, Wilson et al., 2010, Graham et al., 2005). Here,
we used time-averaged size spectra on fished reefs, but future work on how size spectrum
slopes vary with human activities (e.g., fishing and pollution) across time and space is
needed. Reefs are also under pressure from the multifaceted effects of climate change
(Graham et al., 2007). Integrative modelling, and empirical and mechanistic studies (e.g.,
Barneche et al., 2014, Morais et al., 2020a), are all needed to disentangle the combined
and relative influences of multiple anthropogenic stressors when contrasted with natural
ecological variation affecting size spectra. Advancing this research goal would assist
development of predictive modelling tools for mapping changes on reefs, giving us a
better idea of baseline reef size spectra and thus helping improve marine biodiversity
policy and management (Stuart-Smith et al., 2017).

In order to use the size spectrum slope as an indicator of reef health across systems, we
must first understand the theoretical baseline slope (Jennings and Blanchard, 2004), from
which environmental, ecological and anthropogenic drivers of the remaining variation in
slopes can be estimated. Our study highlights the importance of including invertebrates in
reef size spectrum analyses for both the estimate of the baseline and for reducing variability
in the slope estimates. When accounting for the invertebrates in the reef community, we
show extremely high consistency in the size spectrum slope, supporting the generality of
the biomass equivalence rule for reef communities at the global scale.
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2.7 Supplementary material

S2.1 Estimating observed body size for invertebrates

Adequate body size measurements (n > 10 observations per species) were available for 248
invertebrate species over seven classes (Asteroidea, Cephalopoda, Crinoidea, Echinoidea,
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Gastropoda, Holothuroidea, and Malacostraca). We found a lognormal distribution best
described the body length distributions,

log(L) ∼ N (Lµ, Lσ) (S2.2)

consistent with previous literature on animal body length distributions (e.g., Blackburn
and Gaston, 1994). For 167 of these 248 species, we were able to fit a lognormal distribution
using the ‘fitdistcens’ function in the ‘fitdistrplus’ package (Delignette-Muller and Dutang,
2015) in R (R Core Team, 2020), designed for fitting univariate distributions to binned
data. The remaining 81 species ranged an insufficient number of body length bins to fit
a lognormal distribution and were therefore excluded from the body length estimation
analyses.

Using asymptotic lengths (L∞) obtained from SealifeBase (Palomares and Pauly, 2019)
as a predictor variable, we fitted two linear models, each predicting one of the two
parameters of the fitted species lognormal distribution (Lµ, Lσ). The first model estimated
the mean of the lognormal distribution of species, Lµ, given the species asymptotic length,
L∞, and the class to which the species belongs, C (Equation S2.3, Figure S2.5).

log(Lµ) = β0 + β1log(L∞) + C + ϵ (S2.3)

where the fitted parameters were,

β0 = 0.54

β1 = 0.40

C =



Asteroidea = 0.00
Cephalopoda = 0.92

Crinoidea = −0.07
Echinoidea = 0.17
Gastropoda = 0.29

Holothuroidea = 0.65
Malacostraca = 0.27
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FIGURE S2.5: The relationship between asymptotic size, L∞, and the mean
of the lognormal distribution, Lµ, for 167 invertebrate species across seven

classes, with a fitted linear model (R2 = 51%, Equation S2.3).

The second model estimated the standard deviation of the lognormal distribution of
species, Lσ, given the species’ asymptotic length, L∞ (Equation S2.4, Figure S2.6). The
inclusion of class as a fixed effect in this model did not improve the fitting (determined by
the Akaike information criterion, AIC (Akaike, 1974)) and was therefore not included.

log(Lσ) = β0 + β1log(L∞) + ϵ (S2.4)

where the fitted parameters were,

β0 = 0.06

β1 = 0.11
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FIGURE S2.6: The relationship between asymptotic size, L∞, and the stan-
dard deviation of the lognormal distribution, Lσ, for 167 invertebrate species
across seven classes, with a fitted linear model (R2 = 14%, Equation S2.4).

For the remaining invertebrate species, for which we had information on their asymp-
totic body length and class, but insufficient observed body length data, we used equations
S2.3 and S2.4 to estimate the lognormal distribution. For each species we therefore have
an estimate of the two lognormal parameters and thus could reconstruct the body length
distribution. To validate the method, we compared the body length distributions fitted to
the observed data, with the predicted body length distributions (if we only had asymptotic
length and taxonomic class available) (Figure S2.7).

To estimate the body sizes of a given invertebrate species at a single survey, we
integrated the predicted lognormal distribution into the length bins of the original survey
method, to obtain the probability of occurrence within each bin. We then multiplied the
bin probability by the abundance of the species to get an estimate of the abundance, and
rounded to the nearest whole number. This way both the fishes and invertebrates were in
the same format for further analysesl; abundance per observational length bin.
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FIGURE S2.7: Estimating invertebrate body size distributions. The observed
body length distributions (grey bars) of the 20 invertebrate species with
the greatest number of body length estimates. The green line indicates the
lognormal distribution fitted to the observed body length data, whilst the
blue line represents the estimated lognormal distribution based solely on
the asymptotic body length (L∞, orange dashed line) of the species and its

taxonomic class.

S2.2 Estimation of invertebrate body mass from body length

For fishes, species length-weight relationships were available from previous analyses
(Edgar and Stuart-Smith, 2009). For invertebrates, body mass was estimated from body
length using published length-weight relationships (Palomares and Pauly, 2019) in the
form M = a · Lb, where, M is body mass and L is body size (maximal length measure),
and a and b are either empirically derived or modelled constants. Estimates for a and b
were available for 76 invertebrate species belonging to six taxonomic classes (Asteroidea,
Cephalopoda, Echinoidea, Gastropoda, Holothuridea, and Malacostraca).

To estimate the parameters a and b for the remaining invertebrate species, we fitted two
linear regression models. The first linear regression model included taxonomic class (C) as
a fixed factor. This model was used to estimate the class-level length-weight relationship
for species belonging to one of the six taxonomic classes for which the data were fitted
(Equation S2.5, red line in Figure S2.8).

log(M) = β0 + β1log(L) + C + ϵ (S2.5)

where,
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a = exp(β0 + C)

b = β1
(S2.6)

and the fitted parameters were,

β0 = −2.49

β1 = 2.75

C =



Asteroidea = 0.00
Cephalopoda = 2.15
Echinoidea = 2.04
Gastropoda = 1.17

Holothuroidea = −0.26
Malacostraca = 1.72
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FIGURE S2.8: The relationship between body length and body mass for 85
invertebrate species. Two linear models are shown, the first with taxonomic
class included as a predictor variable (solid red line, Equation S2.5) and the

second without (dashed grey line, Equation S2.7).

For invertebrate species that did not belong to one of these six classes (Crinoidea
species), the length-weight relationship was estimated from a second general linear model,
without class as a fixed factor (Equation S2.7, dashed grey line in Figure S2.8).
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log(M) = β0 + β1log(L) + ϵ (S2.7)

where,

a = exp(β0)

b = β1
(S2.8)

and the fitted parameters were,

β0 = −0.39

β1 = 2.39

S2.3 Justification of a cut-off value

A cut-off is necessary when using linear regression methods due to the downward turning
of the size spectrum at the smallest size classes (Figure S2.9).
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FIGURE S2.9: Entire size spectra for invertebrate-only and fish-only reef
communities. Dotted grey vertical line at 25 (= 32 g) indicates the lower-
bound size bin used as the cut-off. A smooth line is fitted using locally

estimated scatterplot smoothing (LOESS).
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S2.4 Normalization of the size spectrum

Abundance (m−2) was calculated as the number of individuals per square meter of seabed.
Where multiple surveys were conducted at a single site, the mean abundance was calcu-
lated per logarithmic mass bin to create a time-averaged size spectrum at the site-level. To
account for bin widths within each logarithmic mass bin, we divided the abundance by
the width of the bin, a common normalization procedure (Platt and Denman, 1977).

We then fit a global linear mixed effects model to the normalized log2 abundance,
log2(N), against the log2 mass bin mid, log2(M), with site (s) nested within Ecoregion (e)
as random factors with their own random slope and intercept (Equation S2.9). The model
was fitted using the lmer function in the lme4 package (Bates et al., 2015) in R (R Core
Team, 2020)(see Figure S2.10).

log2(N) = β0 + u0,e + u0,s|e + (β1 + u1,e + u1,s|e) · log2(M) + ϵ (S2.9)

β0 is the overall intercept, β1 is the overall slope, u0,e and u1,e represent the normally
distributed ecoregion random intercept and slope, respectively. u0,s|e and u1,s|e represent
the normally distributed random intercept and slope, respectively, of the site given the
ecoregion random effect. The model was fitted to the fish-only dataset, and the combined
(fish and invertebrate) dataset, separately.

S2.5 Invertebrate inclusion effect across latitudinal zones

We observe a greater invertebrate inclusion effect in temperate sites than tropical sites
(Figure S2.11).
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FIGURE S2.11: Reef size spectra slope estimates by latitudinal zone. Distri-
bution of estimates of the site-level normalized abundance size spectrum
slope (λ) for temperate and tropical sites. A dotted line at -2 is added to

highlight the theoretical expected value.

S2.6 Are temperate-tropical differences in size spectra a product of large scale
differences in fishing pressure?

Fishing pressure is non-random across the globe (Anticamara et al., 2011). To test if the
pattern of a greater invertebrate effect in temperate than tropical sites was driven by broad
differences in regions in the removal of large fishes or invertebrates through exploitation,
we used a subset of data from surveys in the most effective Marine Protected Areas (MPAs)
globally. We used 192 sites surveyed in MPAs that met four or five of the NEOLI features
identified by Edgar et al. (2014), and compared their distributions of ‘invertebrate effect’
(Figure S2.12). Figure S2.12 shows that even in the least impacted sites by fishers, the
invertebrate effect remains clearly of greater magnitude in temperate sites than in tropical
sites.
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FIGURE S2.12: Comparing the effect of including invertebrates (∆λ) on 40
temperate sites and 152 tropical sites that met four or five of the NEOLI
features that define a successful marine protected area. A more negative
invertebrate effect refers to a greater steepening of the size spectrum when
invertebrates are included. For comparative purposes, dotted lines repre-

sent the distributions for all sites (inside and outside MPAs).

S2.7 Global patterns of fish-only and combined community size spectra slopes

We can see in Figure S2.13A that there is a latitudinal pattern in the slope of the fish-only
size spectrum, with shallower slopes at at higher latitudes. When we include invertebrates
(Figure S2.13B) we remove this latitudinal pattern, resulting in a greater consistency in
size spectrum slopes.
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FIGURE S2.13: Size spectrum slopes of the A) fish-only reef community and
B) fish and invertebrate community, across the globe. We observe greater

consistency in size spectrum slopes when including invertebrates.

S2.8 Sensitivity analysis

To test the robustness of invertebrate body size estimation, we re-ran all analyses but using
the 2.5th and 97.5th percentiles of the coefficients of the models to estimate invertebrate
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body length (Equations S2.3, S2.4) and the models to estimate body mass (Equations S2.5,
S2.7), to test the impact on the final result (Table S2.1). The overall result of the steepening
invertebrate effect (∆λ) appears to be very insensitive to extreme coefficients (2.5th and
97.5th percentiles) of body length estimation. Only when using extreme coefficients of
mass estimation do we observe a change in the outcome. When using the 2.5th percentile,
in mass calculation, we observe a more pronounced steepening invertebrate effect. On the
other hand, when using the upper extreme coefficient (97.5th percentile) of mass estimation
we observed both minor steepening and shallowing. However, when using the fitted
coefficients of body length estimation, and varying only the coefficients of mass estimation
over a range of confidence intervals, we observed a steepening invertebrate effect across
all the confidence intervals tested (Figure S2.14). Only at the extreme upper end of these
estimates does the combined slope approaches that of the fish-only slope. This is due
to the over-estimation of invertebrate body mass for a given body length, resulting in a
shallower slope. We therefore have high confidence in the overall outcome of steepening
‘invertebrate effect’ using the methods in this paper. Despite this, we still recommend
the collection of more invertebrate body length data and length-weight data to further
improve these methods and fit to finer scale taxonomic resolution.

TABLE S2.1: Sensitivity analysis of the body length and body mass estima-
tion methods on the ‘invertebrate effect’ on the size spectrum slope (∆λ).
Using the 95% confidence intervals in equations S2.3 and S2.4 for body
length estimation, and equations S2.5 and S2.7 for body mass estimation, as

well as the combinations between these values.

Length confint Mass confint λ f ish λcombined ∆λ

fit (50%) fit (50%) -1.88 -2.04 -0.16
fit (50%) lower (2.5%) -1.88 -2.09 -0.21
fit (50%) upper (97.5%) -1.88 -1.88 0.00
lower (2.5%) fit (50%) -1.88 -2.06 -0.18
lower (2.5%) lower (2.5%) -1.88 -2.08 -0.20
lower (2.5%) upper (97.5%) -1.88 -1.91 -0.03
upper (97.5%) fit (50%) -1.88 -1.99 -0.11
upper (97.5%) lower (2.5%) -1.88 -2.06 -0.19
upper (97.5%) upper (97.5%) -1.88 -1.83 0.05
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FIGURE S2.14: Sensitivity analysis of the mass estimation method, showing
the robustness of the mass estimation method to even extreme coefficient
values. µ represents the fitted value of the mass estimation coefficient, σ
represents the standard devation around this estimate. Within one standard
deviation either side of the estimated coefficients (µ), we still observe a

significant steepening invertebrate effect.
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Chapter 3

Reef communities show predictable
undulations in linear abundance size
spectra from copepods to sharks

Freddie J. Heather1, Rick D. Stuart-Smith1, Julia L. Blanchard1, Kate M. Fraser1, Graham J.
Edgar1

1 – Institute for Marine and Antarctic Studies, University of Tasmania, 20 Castray
Esplanade, Battery Point, Hobart, TAS 7004, Australia

Code availability: Code for the analysis, and to recreate all figures, is available at https:
//github.com/FreddieJH/sinusoidal_size_spec.

3.1 Abstract

Amongst the more widely accepted general hypotheses in ecology is that community
relationships between abundance and body size follow a log-linear size spectrum, from
the smallest consumers to the largest predators (i.e., “bacteria to whales”). Nevertheless,
most studies only investigate small subsets of this spectrum, and note that extreme size
classes in survey data deviate from linear expectations. In this study, we fit size spectra to
field data from 45 rocky and coral reef sites along a 28◦ latitudinal gradient, comprising
individuals from 0.125 mm to 2 m in body size. We found that 96% of the variation in
abundance along this ‘extended’ size gradient was described by a single linear function
across all sites. However, consistent ‘wobbles’ were also observed, with subtle peaks
and troughs in abundance along the spectrum, which varied with sea temperature, as
predicted by theory relating to trophic cascades.

https://github.com/FreddieJH/sinusoidal_size_spec
https://github.com/FreddieJH/sinusoidal_size_spec
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3.2 Introduction

The body size of an organism is often regarded as the single most important factor
determining how it interacts with its environment (Brown et al., 2004, Peters, 1983, Gillooly
et al., 2002, Schmidt-Nielsen, 1984). At the community level, the relationship between an
individual’s body size and abundance can provide important insights into how energy,
and hence biomass, moves through the food chain (Brown and Gillooly, 2003, Trebilco
et al., 2013). Similar biomass across logarithmic body size classes is often observed in
marine communities (Sprules and Barth, 2016), which equates to decreasing abundance
with increasing body size, termed the abundance size spectrum (Trebilco et al., 2013).

In marine communities, the faunal abundance size spectrum is often described by a
linear function on the log-log scale. The intercept and slope of this function can provide
information about nutrient availability (e.g., Sprules and Munawar, 1986, Boudreau and
Dickie, 1992), human disturbance (Dulvy et al., 2004, Shin et al., 2005, Wilson et al., 2010,
Graham et al., 2005) and feeding strategies of the individuals (Robinson et al., 2016) in
the community. In pelagic systems, a consistent size spectrum is commonly observed,
often attributed to strict size-based predation (Jennings et al., 2001) and trophic level
inefficiencies (Lindeman, 1942), in combination with the relationship between body size
and metabolic rate (Kleiber, 1932).

Deviations from size spectrum linearity, for example peaks of abundance at specific
body sizes, have been described in lake systems (e.g., Sprules et al., 1983), intertidal
(Schwinghamer, 1981) and subtidal (Edgar, 1994) benthic communities. Schwinghamer
(1981) attributed these peaks in abundance to the physical environment, whereby sediment
grain size created size-based habitat niches. Rogers et al. (2014) showed a similar pattern
on coral reefs, whereby deviations from linearity reflected habitat complexity via habitat
refugia for prey. These abundance peaks have also been attributed to trophic interactions,
with early studies proposing that peaks in abundance correspond to outcomes of interact-
ing functional groups (Dickie et al., 1987). More recent work has shown mechanistically
that peaks in abundance can arise from bottom-up (e.g., food limitation) and top-down
(e.g., predation mortality) trophic cascades (Benoît and Rochet, 2004, Andersen and Peder-
sen, 2010, Rossberg et al., 2019). Whilst a combination of these influences is likely, no clear
consensus exists on the drivers of these nonlinear patterns in faunal size spectra.

Reef studies tend to focus on fishes, where observed size spectra are often unimodal,
with a peak in abundance at a small to intermediate body size (e.g., Ackerman et al.,
2004). Due to theoretical expectations of decreasing abundance with body size, and the
potential for under-sampling smaller individuals, many reef size spectra studies have
routinely excluded individuals less than the modal size, or equivalent size, from the linear
modelling analyses (Wilson et al., 2010, Trebilco et al., 2015, Robinson et al., 2017, Heather
et al., 2021a)(See Figure 3.1A). Ignoring the small fishes and fitting a linear model to
the size spectrum has the benefit of simplicity and has also been shown to be useful in
detecting fishing pressure on reefs (Robinson et al., 2017). These studies have typically
used visual survey methods to collect data, which are known to under-represent densities
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of some species (Bozec et al., 2011), particularly for small (Ackerman and Bellwood, 2000),
cryptic (Stewart and Beukers, 2000, Willis, 2001), and nocturnal fishes (Azzurro et al.,
2007). For example, Ackerman and Bellwood (2000) found their visual survey methods
underestimated the abundance of reef fishes < 5 cm by 75%.

In this study we use individual body size data spanning 0.125 mm to 2 m across 28◦

of latitude to systematically test the a) generality of a linear size spectrum on reefs, and
b) the presence and cause of the dip in abundance at the small to medium size classes.
We applied two distinct methods to collect field data on abundance and size of consumer
taxa on 45 reefs from 14.7◦S to 43.3◦S along the eastern coastline of Australia, including
macroalgal covered temperate rocky reefs and coral reefs in the tropics. One method
involved sampling of animals associated with benthic habitat (“epifauna”: 0.125 mm to
22 mm body size), while the other involved visual census of larger mobile invertebrates
and fishes along underwater transect lines (“visual survey data”: 0.01 m to 2 m body size).
Together these approaches provided density estimates for all mobile species that could
readily be surveyed by divers at a given patch of reef.

The inclusion of invertebrates in smaller and overlapping size classes to the fishes
allows for testing of three hypotheses about causes of the abundance dip in the size
spectrum observed in reef fishes (Figure 3.1A): 1) It arises from disproportionate under-
sampling of small fishes in visual census surveys, as has been assumed in previous studies
the rationale for removal of this part of the spectrum. This would be seen through a
‘gap’ in the size spectrum (Figure 3.1B); 2) It is part of a consistent curve in the overall
size spectrum of reef consumers, which would be seen in a continuous, but curved size
spectrum (Figure 3.1C); 3) It is an artefact of only considering fishes in isolation, and
that part of the spectrum is filled by invertebrates that are usually neglected (Heather
et al., 2021a). This would be seen by a strongly linear overall spectrum (Figure 3.1D).
These competing hypotheses each assume the overarching principles of size-based feeding
(Jennings et al., 2001) and transfer inefficiency (Lindeman, 1942) are operating in reef
systems, which have been well supported by previous studies (see Sprules and Barth,
2016).
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FIGURE 3.1: Conceptual diagram showing the dip in abundance of small
fishes typically observed in studies of reef fish size structure (A), and three
alternative hypothetical spectra (B-D) that account for the pattern observed
in (A). Where the size spectrum is unimodal (A), a linear function is gener-
ally fitted to the descending limb (darker blue), with smaller size classes
assumed to be under-sampled (lighter blue) and excluded. A linear overall
size spectrum with a substantial gap (B) would indicate under-sampling
is likely be the cause, while a continuous curve with a smooth transition
through the size classes where the fishes and invertebrates overlap (C)
would suggest ecological interactions drive a real non-linearity. A continu-
ous strongly linear spectrum (D) would indicate that epifaunal invertebrates

fill the gaps left by fishes.

3.3 Methods

3.3.1 Survey data

Data collection was performed using two distinct methods: 1) Collection of benthic habitat
samples with associated invertebrate epifauna and, 2) underwater visual surveys of fishes
and large mobile macro-invertebrates. Together, these datasets allowed construction of
size spectra from small meiofaunal invertebrates (predominantly harpacticoid copepods,
Fraser et al. (2021) ) to the largest fishes including sharks (Edgar et al., 2014).

Epifauna were sampled from 45 sites spanning the eastern coast of Australia, from
tropical (Lizard Island; 14.7◦S) to temperate (Southern Tasmania; 43.3◦S) reefs, between
the years of 2015 and 2018. Sample collection involved firstly characterising the habitat
at the site by taking 20 evenly spaced photographs of benthos and substrata along each
of two 50 m survey transects. Photographs were taken from approximately 50 cm above
the substrata to depict approximately 30 cm x 30 cm of seabed. These photographs were
assessed to derive an estimate of the relative abundance of different habitat types at each
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site (Cresswell et al., 2017). Habitat selected for sampling was then covered with a 25 cm x
25 cm grid-marked quadrat and photographed in situ to quantify its planar area. Habitat
and epifaunal samples were bagged in situ after detachment by removing soft habitat
(e.g., macroalgae, sponges) with a knife and hard coral habitat with a chisel (Fraser et al.,
2021). Habitat that could not easily be removed (e.g., turfing algae, encrusting coral) was
vacuum sampled using a venturi air-lift. Each habitat sample was flushed with freshwater
to remove mobile epifauna, which were then passed through a set of logarithmic (log
base =

√
2) mesh size sorting sieves. Animals retained on each sieve were counted and

identified to the highest possible taxonomic resolution. For more detailed methodology
see Fraser et al. (2021). Abundance of epifauna by size and taxa were standardised to 1 m2

planar area by multiplying the number of individuals per unit area of sampled habitat
type with transect area photographed comprising this habitat type.

Fish and large mobile invertebrate species (> 2.5 cm maximum recorded length) were
surveyed using the standardized Reef Life Survey visual census methods (Edgar and
Stuart-Smith, 2014, Edgar et al., 2020, see also https://reeflifesurvey.com/), in which
SCUBA divers swim along a 50 m transect line and record all fishes and invertebrates
observed within 5 m and 1 m wide belts, respectively. Divers estimate body size of animals
observed to the closest of 13 size categories (2.5, 5, 7.5, 10, 12.5, 15, 20, 25, 30, 35, 40, 50,
and 62.5 cm) or to the nearest 12.5 cm for body sizes greater than 62.5 cm. Potential biases
in visual data collected using this methodology are discussed by Edgar et al. (2020). For
large mobile invertebrates, of which body size was not always estimated at the time of
observation, body size was estimated using the lognormal probability distribution of body
size based on the asymptotic size of the species (see Heather et al., 2021a). Densities of
fishes and invertebrates were standardised to abundance per m2 by dividing the individual
number counts by the respective area surveyed.

3.3.2 Combining the datasets

The body size of individuals from the two datasets overlapped at some sites. To combine
these data, we binned both datasets into log bins with a base of

√
2 and summed the

abundance of the bin to obtain a total abundance within the size bin. A log base of
√

2
was chosen as this represented the logarithmic sieve mesh sizes of the epifaunal sampling.
Normalised density was calculated as the density (abundance per m2) divided by the
width of the body size bin (Platt and Denman, 1977).

3.3.3 Fitting nonlinear size spectra

Due to clear sinusoidal patterns in the residuals of linear functions between log body size
and log abundance, we fitted a nonlinear size spectrum model proposed by Rossberg et al.
(2019) (Equation S3.1). This model included both a linear function with an additional sinu-
soidal function to allow for the quantification of both the linear and secondary structure
aspects of the size spectrum.
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log(N) = β0 + λ · log(L) + A · sin(
2 · π · log(L)

D
− P) (S3.1)

Where, N is the normalised density (m−2), L is the middle of the size bin (mm), β0

is the size spectrum intercept, λ is the slope, and A, D and P represent the amplitude,
wavelength, and phase of the sine wave, respectively. The size spectrum model (Equation
S3.1) was fitted using the ‘nlrq’ function (Koenker, 2010) in R (R Core Team, 2020). The
amplitude (A) represents the ‘strength’ of the sine wave, and therefore the deviation from
linearity in the size spectrum. Rogers et al. (2014) used the pareto distribution to detect
deviations from linearity, due to the body size data being resolved to the individual level
rather than in logarithmic size bins. Individual level body size data would allow for the
detection of finer-scale deviations from linearity, however, this was not feasible in this
study due to the inherent binning nature of data collection (both sieving and visual survey
methods). The ratio of abundance from the top of one peak to the bottom of a trough was
calculated as the log base to the power of two times the amplitude (

√
2

2A
). The body size

ratio of individuals occupying neighbouring peaks was calculated as the log base to the
power of the wavelength (

√
2

D
), and the distance between consecutive peaks and troughs

was therefore estimated as the log base to the power of half the wavelength (
√

2
D
2 ). If the

peaks and troughs in the size spectrum are driven by trophic cascades, then the distance

between consecutive peaks and troughs (
√

2
D
2 ) relates to the ratio between the body size

of predators and prey.
Due to the difficulty of interpreting the phase parameter (P) of the nonlinear size

spectrum when the wavelength (D) is not fixed (Rossberg et al., 2019), we identified the
body size in which local peaks and troughs occurred in the size spectrum model using the
‘optimize’ function in R (R Core Team, 2020).

3.3.4 Hypothesis testing

To test the three competing hypotheses (Figure 3.1) we fit three models at each site to the
combined dataset (epifaunal and visual survey data); 1) a linear model, 2) a nonlinear
model (Equation S3.1), and 3) a linear model excluding size classes within the ’abundance
dip’ (Figure 3.1A). If the inclusion of the epifaunal data fills the size classes with reduced
relative abundance (i.e., the abundance dip) (Hypothesis 3, Figure 3.1D), then we would
expect the resultant size spectrum to be best described by a simple linear model at the site
(Equation SS3.2). If the removal of the data points corresponding to the size bins within
the abundance dip (defined as visual survey data size classes smaller than the modal
body size class), results in an overall better linear model (Equation S3.2) fit than when
all size bins are included, this supports our first hypothesis (Figure 3.1B), that these size
classes are potentially under-sampled. If the nonlinear model provides a better fit than
the other two linear models, this supports the second hypothesis; that the inclusion of
epifauna results in a size spectrum with the region referred to as the abundance dip being
an inherent part of an overall nonlinear size spectrum (Hypothesis 2, Figure 3.1C). The
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goodness-of-fit of the three models was determined by the Akaike information criterion
(AIC) value (Akaike, 1974)(See Supplementary material S3.5).

3.3.5 Environmental covariates

We fitted a series of maximal linear models (Supplementary material S3.4) to identify
the most important covariates in estimating the parameters of the size spectrum model
(Equation S3.1). These site covariates included mean sea surface temperature (◦C), mean
chlorophyll level (mg m−3), phosphate and nitrate levels (mmol l−1), all extracted from
Bio-ORACLE, (Tyberghein et al., 2012), and categorical indices of wave exposure, habitat
relief, currents, and reef floor slope, scored on a 1 to 4 scale by divers at the survey sites.
Details on these environmental variables can be found in Supplementary S3.2. Using a
best subset regression approach (Hebbali, 2020) we selected the environmental variables
that minimised the AIC value (Table S3.2).

3.4 Results

When combining the epifaunal and visual survey datasets, 96% of the variation in logarith-
mic normalised abundance (N) was explained by a linear function of logarithmic body size
(L)(linear regression: log(N) ∼ log(L); all sites combined, Equation S3.3). More variation
was explained when combining these datasets (Adjusted R2 = 95.8%), than when a linear
model was fitted to the datasets separately (Epifaunal data, Adjusted R2 = 90.1%; Visual
survey data, Adjusted R2 = 84.3%). At the majority of sites we observed no individuals in
the range of 5 mm to 22 mm (size bins

√
2

5
to

√
2

8
in Figure S3.5).
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FIGURE 3.2: Sinusoidal patterns in the residuals of the linear model of the
size spectrum. Each line represents a LOESS fit for a given site. Each thin
line represents a site, with the colour of line representing the mean annual
sea surface temperature (SST) at the site. The two thick lines represent the

combined LOESS fit for tropical (red) and temperate sites (blue).

Clear sinusoidal patterns were present in the residuals of the linear model fits (Equation
S3.2) (Figure 3.2). At 41 of the 45 sites (Figure 3.4), the nonlinear size spectrum model
(Figure 3.3, Equation S3.1, Figure S3.6) provided a better fit (lower AIC) than either a
linear model (Equation S3.2) incorporating all data (epifaunal and visual survey) and
a linear model (Equation S3.2) with all data but excluding the size bins making up the
visual survey ’abundance dip’. At three of the 45 sites (Figure 3.4, Table S3.3), the best
fitting model was the linear model excluding size classes within the abundance dip (Figure
3.4, Table S3.3); suggesting potential under-sampling of these size classes at these three
sites. The size spectrum of one site (EMR47, Figure S3.5, Figure 3.4, Table S3.3) was best
described by a linear function. There was no apparent abundance dip at this site, which
therefore did not support any of the three hypotheses.
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FIGURE 3.3: Abundance size spectra for two example reefs, each providing
support for one of the proposed hypotheses. The upper panel shows the
size spectrum of a single reef (GBR27) where a nonlinear continuous size
spectrum model better describes the community than a linear model, this
was observed in 41 of the 45 sites. The lower panel shows an example reef
(NIN-S1) where there is potentially under-sampling of the smallest body
size class of the visual survey data. The datapoint colour represents the

sampling method of the individuals that make up the size class.

The mean community level predator-to-prey size ratio, calculated as the log base to

the power of half the wavelength (
√

2
D
2 ), was estimated to be 28.1 (± 10.3, 95% confidence

interval). That is, a predator is expected to be 28.1 times the body length of its prey.
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FIGURE 3.4: Comparison of the goodness-of-fit of three models fit to 45 reef
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the hypothesis it supports, which are ordered by linear model (dark grey)
AIC values for illustrative purposes. One site (EMR42, light grey text) does
not support any of the three hypotheses. Geographical locations of the sites

can be found in Figure S3.5.

The fitted nonlinear size spectrum parameter values at the site were regressed against
the site-level environmental variables (see Table S3.2 and Equations S3.4-S3.7 for the full
fitted models). These combinations of environmental variables explained 31% of the
variation (as determined by the R2 value of Equation S3.4) in size spectrum amplitude,
19% of variation in size spectrum wavelength, 60% of the variance in the size spectrum
slope and 35% of the variance in the body size where relative peak abundance occurs (see
peaks in Figure 3.2).

The slope of the size spectrum (λ) increased (i.e., became shallower) with increasing
site mean sea surface temperature (SST). The position of the peak abundance was also
dependent on the site SST, whereby the peak abundance occurred at around 19.8 cm in
temperate sites compared to around 7.4 cm at tropical sites (Figure 3.2).

3.5 Discussion

Whilst there was an extremely strong linear component to the size spectra, the addition
of a sinusoidal component resulted in better model fitting at 41 of the total 45 sites.
This supported our second hypothesis (Figure 3.1C) that the abundance dip commonly
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assumed to be solely a sampling artefact is part of a nonlinear size spectrum. A few sites
nevertheless provided evidence of under-sampling of small to medium sized fauna (e.g.,
NIN-S1, NIN-S2, NSW47, lower panel in Figure 3.3). Thus, some support for the first
hypothesis (Figure 3.1B) also exists, with under-sampling of smaller sized fishes indicating
that the visual methods used cannot cover fishes with equal probability of observation
along the size spectrum. Regardless, the data suggest that under-sampling is not likely
the primary reason for the non-linearity in reef fish size structure, potentially affecting
conclusions of previous studies where smaller size classes had been removed.

The dip in abundance in the range of 2.5 cm to 10 cm for visual survey data observed
here (blue datapoints in Figure S3.5, see also Figure 3.1A), is consistent with the patterns
observed in previous reef size spectra studies (Ackerman and Bellwood, 2000, Ackerman
et al., 2004). Ackerman et al. (2004) used rotenone poisoning sampling to comprehensively
sample all reef fauna and observed a similar dip in abundance in this size range. Our
results also suggest the dip in abundance is a true feature in an overall size spectrum
(Figure S3.1) that is nonlinear (i.e., supporting H2, Figure 3.1C). We also note the complete
absence of individuals in the size bins ranging 5 mm to 22 mm was observed at many sites
(Figure S3.5). This absence is likely due to individuals missed in both sampling methods,
for exampling small mobile individuals, missed by both habitat-associated epifaunal
sampling, and below the visible limit of visual surveys.

Wave-like patterns in size spectra have been previously observed in lake studies (e.g.,
Sprules et al., 1983, Boudreau and Dickie, 1992), and have been reproduced in mecha-
nistic modelling studies (e.g., Rossberg et al., 2019, Andersen and Pedersen, 2010). The
mechanistic approaches indicate trophic cascades driven by fishing pressure (Andersen
and Pedersen, 2010) and nutrient enrichment (Rossberg et al., 2019) can result in wave-
like patterns in size spectra. Both studies found that a combination of bottom-up (food
availability) and top-down (predation mortality) pressures drove the observed patterns.
Further, both studies found wave amplitude to increase with body size (i.e., greater linear-
ity in the size spectrum at smaller body sizes), similar to the patterns observed here (Figure
3.3). This could be formally tested with a model that allows amplitude to vary with body
size, however this was not applied here due to potential for overparameterization of the
model (see also Rossberg et al., 2019). A test to assess whether nutrient enrichment drives
sinusoidal patterns in lakes (Rossberg et al., 2019) requires a greater range of available
nutrients (phosphates and nitrates) than was available at the reef sites in this study. If the
sinusoidal patterns observed in this study are driven by trophic interactions, we would
expect the distance between peaks and troughs to correspond to a mean predator-to-prey
size ratio (PPSR) at the community level. Using the wavelength to calculate PPSR, we
estimated a mean community PPSR of 28.1, which corresponds to a predator-to-prey
mass ratio (PPMR) of 104.3 (= 28.13; if we assume isometric growth, W ∝ L3), which is
consistent with previous estimates of community-level PPMR (Trebilco et al., 2013), further
supporting the hypothesis that these sinusoidal patterns are driven by trophic interactions.
A dietary study of 88 seagrass inhabiting fishes found predator length to be 13.3x prey
length on average, suggesting slightly higher community PPMR on reefs than in seagrass
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habitats (Edgar and Shaw, 1995).
Another theory explaining nonlinearity in size spectra assumes habitat complexity

provides refugia that favour particular body sizes (e.g., Rogers et al., 2014). The fact
that we observed no significant relationship between the survey site relief (a broad-scale
measure of habitat complexity) and the size spectrum amplitude (A in Equation S3.1; a
measure of nonlinearity) does not necessarily disprove this theory. Complex habitats are
likely to provide a wide range of refugia of varying scales (Hixon and Beets, 1989, 1993,
Shulman, 1985, Menge and Lubchenco, 1981) and associated potential niches. Site relief
was classified categorically into four levels to describe the broad-scale habitat structure,
but these categories would unlikely encompass the finer-scale crevices used as prey refugia.
Further, wave amplitude is a measure of the strength of the sine curve, not necessarily
a measure of fine-scale deviations from linearity that would be expected from fine-scale
habitat complexity. Therefore, the potential mismatch in the broader-scale of the relief
measures and the finer-scale of prey refugia may result in their non-significant relationship
observed here. Based on the observed peaks in the size spectrum ranging from 7 to 20 cm,
one might hypothesise that refugia for fishes in this size range may be most important,
and that smaller refugia in tropical areas support peaks in abundance at smaller sizes
than on temperate reefs. The latter is plausible with more finer scale complexity likely
amongst the coral structures on tropical reefs compared to the cover provided by kelps
on a rocky base in temperate zones (see below). If the wave amplitude (A) is primarily
driven by alternative mechanisms (such as trophic cascades), then analysing the residuals
of this nonlinear sinusoidal model may identify a “tertiary structure” of the size spectrum,
potentially driven by finer-scale drivers, such as habitat niches and refugia.

Environmental variables explained a large portion of variability in the size spectra;
both the linear (λ) and nonlinear components (A, D, and position of peak abundance).
Figure 3.2 indicates that the peak in abundance occurs at larger body sizes in cooler sites
compared to warmer sites: using Equation S3.7 we estimate a relative peak in abundance
at 19.8 cm with 14◦C SST, whilst a peak at 7.4 cm with 26◦C SST (Figure S3.7). These
peaks approximately correspond to the mean body size of the dominant large invertebrate-
feeding fishes in temperate regions (e.g., wrasses) and the sometimes hyper-abundant
small planktivorous fishes on coral reefs. Numerous explanations potentially account
for latitudinally-dependent body size preference. Firstly, the dominant energy pathways
may vary with latitude, whereby a higher mean PPMR in temperate reefs leads to less
energy lost through trophic inefficiencies and therefore a peak in abundance at larger
body sizes. As described above, habitat composition also varies latitudinally and has been
shown to play an important role in latitudinal variation in the body sizes of the smallest
invertebrates studied here (Fraser et al., 2021, Yamanaka et al., 2012).

Size spectra are widely used as ecological indicators of reef health, for detecting and
quantifying ecosystem disturbances such as fishing pressure (Robinson et al., 2017, Dulvy
et al., 2004, Graham et al., 2005, Wilson et al., 2010). This application of empirical size
spectra as ecological indicators often relies on the assumption that relationships between
log abundance (or biomass) and log body size are linear (Nash and Graham, 2016, Graham
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et al., 2005, Dulvy et al., 2004). Here, we show that 96% of the variation in log abundance
can be explained by a linear function of log body mass in individuals ranging from 0.125
mm to 2 m, irrespective of taxonomy or location. Our detailed empirical support for
consistency of marine size spectra supports the generality of early conjectures of linear
size spectra holding from “bacteria to whales” (Sheldon et al., 1972). However, in order to
use size spectra as ecological indicators for reefs we must identify a counterfactual baseline
representing an ‘unimpacted’ reef, from which to compare (Jennings and Blanchard, 2004,
Petchey and Belgrano, 2010). Although we observed remarkable consistency in the linear-
ity of the size spectra, subtle nonlinearities are evident. These sinusoidal nonlinearities
are similar to those previously observed (e.g., Sprules et al., 1983) and modelled (Rossberg
et al., 2019) in lake ecosystems. Whether the inflections reflect disturbances to reefs or are
an inherent part of reef size spectra remains speculative. While temperature was found
here to be a strong driver of sinusoidal patterns, this factor is likely related to multiple
interacting direct and indirect effects on body size, including through changes in habitat
composition (Fraser et al., 2021). Trophic cascades potentially also contribute to inflections
(Rossberg et al., 2019, Andersen and Pedersen, 2010). Mechanistic models trained with
empirical data are needed to test this hypothesis and to identify the main drivers of the
nonlinear patterns. Data presented here for remote highly protected reefs (e.g., Middleton
Reef, “EMR”) provide a baseline for reef size spectra, and for their expanded use as
ecological indicators of reef health.
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3.7 Supplementary material

S3.1 Linear vs. nonlinear size spectra models
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FIGURE S3.5: Size spectra for rocky and coral reef ecological communities,
with body size ranging from 0.125 mm to 2 m, at 45 sites along the 28◦

latitude along the eastern coast of Australia (sites ordered by latitude).
Yellow data points represent data from epifaunal sampling, blue data points
represent individuals from visual surveys and red data points represent

mass bins that contain animals from both sampling methods.

A linear model (Equation S3.2) was fitted to the size spectrum data within each survey
site (s). The residuals of these fits were used to re-create Figure 3.3 (main text), and also to
compare the goodness-of-fit to the nonlinear size spectrum fits.

log(N) = β0,s + λs · log(L) (S3.2)
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FIGURE S3.6: Continuous abundance size spectrum with a fitted linear
model (black, Equation S3.2) and nonlinear model (red, Equation S3.1 in

main text).

We also fit a single linear model to all sites, to answer the question about how much
variability in abundance is explained by body size alone (at all sites)(Equation S3.3).

log(N) = β0 + λ · log(L) (S3.3)
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S3.2 Environmental variables

TABLE S3.1: Summary table of the environmental variables used in the
study. The four oceanographic variables were remotely sensed with pixel
span = 9.2 km, Edgar et al. (2014); categorical variables relate in situ diver

assessment at site.

Name Units Details

Mean sea surface temperature
(SST)

◦C Bio-ORACLE (Tyberghein et al., 2012)

Phosphate mmol l−1 Bio-ORACLE (Tyberghein et al., 2012)

Nitrate mmol l−1 Bio-ORACLE (Tyberghein et al., 2012)

Mean Chlorophyll A mg m−3 Bio-ORACLE (Tyberghein et al., 2012)

Wave exposure Categorical (1) Sheltered, wind waves < 1 m
(2) Waves 1 – 3 m
(3) Ocean swell < 3 m
(4) Open swell from prevailing direction

Currents Categorical (1) None
(2) Weak
(3) Moderate
(4) Strong

Reef slope Categorical (1) < 1:10
(2) 1:10 – 1:4
(3) 1:4 – 1:2
(4) > 1:2

Relief Categorical (1) < 0.5 m
(2) 0.5 – 1 m
(3) 1 – 2 m
(4) > 2 m
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S3.3 Body size position of peak abundance
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FIGURE S3.7: Relative peaks in abundance occur at certain body sizes in
the size spectrum. The body size at which these peaks occur is related to

the sea surface temperature (SST) of the site.

S3.4 Environmental covariates explaining model parameters

We used a best subset regression method to identify the combination of environmen-
tal drivers that resulted in the best fitting models determined by the lowest AIC value
(Akaike, 1974). explained most variation in (S3.2) of the variation in the five nonlinear
model coefficents (β0, λ, A, D, and position of peak abundance). We fit four linear models,
one linear model for each of the nonlinear model coefficients (amplitude, A; wavelength,
D; slope, λ; and the body size of relative peak abundance, ‘Peak’) as the response variable,
and with the selected environmental variables as predictor variables. Environmental
variables were selected based on a ‘best subset’ approach. Whereby the best combination
of environmental variables that minimised the Akaike information criterion (Akaike, 1974)
of the model were chosen. The best subset regression approach was preformed using
the ‘ols_step_best_subset()’ function in the ‘olsrr’ package (Hebbali, 2020) within R (R
Core Team, 2020). The models representing the lowest AIC values are shown in Table S3.2.
The phase parameter (P) was excluded as did not represent a meaningful feature of the
nonlinear model when the wavelength (D) is not fixed (see main text). The intercept (β0)
was excluded as it is highly correlated to the slope of the size spectrum (λ).
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TABLE S3.2: Summary of the most important environmental variables
explaining the variance each nonlinear model parameter and the amount of

variation explained from a multiple linear regression.

Parameter Predictor variables R2

Amplitude (A) Reef slope, Chlorophyll A, Nitrate, Phosphate, Wave exposure 31%

Wavelength (D) Reef slope, Wave exposure, Relief, Chlorophyll A, Phosphate 19%

Slope (λ) Wave exposure, SST, Chlorophyll A, Currents, Nitrate 60%

Peak abundance SST, Wave exposure, Reef slope, Relief, Chlorophyll A 35%

The four models from Table S3.2 in equation form are:

A ∼ β0 + β1S + β2CA + β3N + β4P + β5W (S3.4)

D ∼ β6 + β7S + β8W + β9R + β10C + β11P (S3.5)

λ ∼ β12 + β13W + β14T + β15CA + β16C + β17N (S3.6)

Peak ∼ β18 + β19T + β20W + β21S + β22R + β23CA (S3.7)

where, A, D, λ and Peak refer to the parameter outputs of the nonlinear size spectrum
model (Equation S3.1 in main text), amplitude, wavelength, slope and body size of peak
abundance, respectively. The predictor variables are reef slope (S), mean chlorophyll A
(CA), nitrate (N), phosphate (P), wave exposure (W), relief (R), currents (C), mean sea
surface temperature (T). Units for these environmental variables can be found in Table
S3.1.

S3.5 Model comparison

At each site we fit three models to test each of the three hypotheses of the study, the
first model (“lm”, Equation S3.2) to all data (epifaunal and visual census data), the same
linear model but exlcuding size bins within the abundance ‘dip’ (“lm, exclusion”), and a
nonlinear size spectrum model (“nls”, Equation S3.1 in main text). A comparison of the
AIC values of the models can be seen in Table S3.3.

TABLE S3.3: Comparison of the goodness-of-fit of three models. Goodness-
of-fit is determined by a lower Akaike Information Criterion (AIC) value
(Akaike, 1974). AIClm is the AIC value for the overall linear model. AICnls
represents the AIC for the nonlinear size spectrum model and AIClm,exclusion
represents the AIC for the overall linear model with the abundance “dip”
excluded. The Hypothesis column indicates which hypothesis (see Main text)
is supported. See Figure 3.4 in the main text for a graphical representation

of this table.

Site code AICnls - AIClm AIClm, exclusion - AIClm Hypothesis

BS-S8 -23.9 0 H2
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DE4 -11.3 0 H2
DE46 -4.6 0 H2
DE7 -20.2 0 H2
EMR1 -34.8 -5.1 H2
EMR18 -16.7 -5.5 H2
EMR2 -36.9 0 H2
EMR20 -13.8 0 H2
EMR25 -26.6 -5.2 H2
EMR37 -17.5 0 H2
EMR42 1.1 0 NA
EMR5 -17.3 0 H2
EMR8 -24.8 0 H2
GBR24 -33.8 0 H2
GBR27 -29.3 -4.9 H2
GBR76 -14.6 0 H2
JBMP25 -22.7 0 H2
JBMP6 -45.2 0 H2
KG-S13 -10.9 0 H2
KG-S15 -20.4 0 H2
KG-S4 -10.6 0 H2
NIN-S1 -0.1 -8.6 H1
NIN-S2 0.3 -8.5 H1
NSW47 -9 -15.3 H1
NSW5 -2.4 0 H2
PS13 -36.6 0 H2
PS17 -23.3 0 H2
QLD43 -24.4 0 H2
QLD44 -26.8 -7.2 H2
QLD48 -20.5 -4.9 H2
QLD51 -23.3 0 H2
SI21 -13.2 0 H2
SI29 -14 -13.4 H2
SI6 -28.9 0 H2
SYD1 -15.4 0 H2
SYD3 -25.4 -5.2 H2
SYD30 -21.9 0 H2
SYD31 -36.3 0 H2
SYD37 -51.6 0 H2
SYD6 -21.9 0 H2
SYD9 -34.1 0 H2
TAS26 -18.4 0 H2
TAS43 -11.3 -10.1 H2
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TAS84 -41.1 -17.9 H2
TAS88 -24.6 0 H2
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Chapter 4

Resolving global links between body
size, abundance, and species richness
on reefs

Freddie J. Heather1, Graham J. Edgar1, Rick D. Stuart-Smith1, Julia L. Blanchard1

1 – Institute for Marine and Antarctic Studies, University of Tasmania, 20 Castray
Esplanade, Battery Point, Hobart, TAS 7004, Australia

Code availability: Code for the analysis, and to recreate all figures, is available at https:
//github.com/FreddieJH/building_size_spec.

4.1 Abstract

Links between biodiversity and ecosystem functioning are commonly described using
relationships between species richness and measures of total abundance or biomass of
communities. Body size, abundance and species richness are known to be interrelated
in ecological communities, yet detailed knowledge of the nature and generality of these
interrelationships across scales is missing. Previous work has debated whether or not
species richness peaks at an intermediate body size or whether there is a continual decline
in richness with increasing body size. However, testing the generality of this conjecture
requires individual body size and abundance data for many species. Here, we use a global
dataset on 16.9 million fish and invertebrate individuals across 3,064 species to investigate
these three linked relationships. Further, we also develop a method for predicting these
patterns when only species abundance and maximum body size data are available. Our
method allows for accurate reconstruction of abundance-size, species richness-size and
species richness-abundance relationships. Both abundance-body size (N ∼ M−1.57) and
species richness-body size (R ∼ M−1.22) relationships followed an approximately linear
relationship on the log-log scale. Observations and models further indicated a 0.74 scaling
coefficient between species-richness and abundance within size classes (i.e., Rm ∼ N0.74

m ).
Which we show to be broadly consistent with insect communities, suggesting a general
relationship that may apply across terrestrial and aquatic realms globally.

https://github.com/FreddieJH/building_size_spec
https://github.com/FreddieJH/building_size_spec
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4.2 Main

The basis of the spatial patterns of biodiversity across the globe is a central question within
the fields of ecology and evolutionary biology (Fine, 2015). Species richness, abundance
and body size are clearly linked across ecological communities, yet no consensus exists
on the mechanisms behind these relationships (Fine, 2015, Gislason et al., 2020). An
organism’s body size is a key predictor of many attributes (Peters, 1983), from metabolic
rate (Brown et al., 2004) to trophic position (Jennings et al., 2001), as well as both abundance
(e.g. Elton, 1927, Sheldon et al., 1972) and species richness (e.g. May, 1986).

In this study we used a global dataset of 16.9 million reef-associated fish and inver-
tebrate individuals across 3,064 species to investigate these three linked relationships: 1)
abundance vs body size (N ∼ M, the abundance size spectrum), 2) species richness vs
body size (R ∼ M, richness size spectrum), and 3) abundance vs richness within log body
size bins (Rm ∼ Nm, here termed the “diversity-abundance spectrum”). The paucity of
individual level body size data at broad geographical scales is usually a limiting factor
in determining these relationships. We therefore also developed a method, available
for future studies, to reconstruct the three relationships in two levels of body size data
availability; 1) when only species-level abundance body size distributions are available
and 2) when only a single value of body size is available for each species (asymptotic size).

4.3 Abundance size spectrum

The relationship between body size and abundance in a community, also termed the
abundance size spectrum or the individual size distribution, can provide important
information about the partitioning and movement of energy within a community (Trebilco
et al., 2013). On the log-log scale, size spectra are often described by a linear function, with
slopes that are remarkably consistent across marine (Sprules and Barth, 2016), freshwater
(Sprules et al., 1983) and terrestrial realms (Ghilarov, 1944). In reef abundance size spectra
analyses, it is common practice to remove the smallest body sizes (e.g., <10 cm body length)
due to potential sampling biases involved with visual survey methods (Ackerman and
Bellwood, 2000) and to conform to the theory of linearity (Trebilco et al., 2015, Wilson et al.,
2010). This practice however is debatable, as removal of the smallest bodied individuals
may be removing a true, nonlinear, feature of the size spectrum of reefs (Heather et al.,
2021b).

The slope of the community abundance size spectrum can convey much information
about how energy (and biomass) is distributed in the food web as well as reflecting size-
based anthropogenic disturbances, such as fishing (Robinson et al., 2017, Graham et al.,
2005, Wilson et al., 2010). Here we show an approximately linear relationship between log
body size and log abundance (Figure 4.1a) across the entire range of body sizes that are
feasible to assess from visual survey methods (> 2.5cm). By accounting for the variable bin
widths, we calculate the abundance per unit body mass within logarithmic body mass bins
(Figure 4.1b), commonly referred to as ‘normalising’ the axis in size spectrum analyses
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(Platt and Denman, 1977). Here, we estimate a global mean abundance size spectrum
slope of -0.41 (Equation 4.1, normalised = -1.41), corresponding to a relationship between
abundance (N) and body mass (M) of N ∝ M−1.41, and is drastically shallower than
previous estimates on reefs (Heather et al., 2021a). Despite the approximate linearity in the
abundance size spectrum observed here, we still observe fewer individuals in the smallest
body size classes than would be expected assuming a linear decline in log abundance with
log body size. On reefs, the smallest bodied individuals have been reportedly observed to
be relatively less abundant than would be expected under linear size spectrum theory (e.g.
Ackerman et al., 2004, Ackerman and Bellwood, 2000), hence their inclusion in the analyses
here unsurprisingly results in a shallower size spectrum compared to previous estimates
that ignore these indviduals before fitting linear models (Heather et al., 2021a). This
highlights the need for a better understanding of the nonlinear patterns in reef abundance
size spectra.
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FIGURE 4.1: The empirical relationships between body size, abundance
and species richness for 11,935 visual census surveys of reefs globally. A
negative linear relationship between log body size and log abundance (a),
between log body size and log species richness (b), and a positive linear
relationship between log number of species in a logarithmic mass bin and
the log number of species within a logarithmic mass bin (c). By accounting
for the variable logarithmic bin widths, we calculate the abundance at a
given body mass (b, aka. abundance density), richness at a given body mass
(d, aka. richness density) and the relationship between abundance density
and richness density within body mass bins (f). The model fits are linear
mixed effects models with a random slope and intercept for each survey

nested within the site.

4.4 Richness size spectrum

Extinction vulnerability is related to body size (Cardillo, 2003, Gaston and Blackburn, 1995,
Olden et al., 2007), therefore it is important to consider body size, and not just species
identity, in relations to biodiversity loss (Brose et al., 2017). The empirical relationship
between body size and species richness has long been discussed yet remains comparatively
less studied than the relationship between body size and abundance. Early terrestrial
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macroecological studies predicted a right-skewed unimodal relationship between log
body size and log species richness, with a roughly linear right tail (Blackburn and Gaston,
1994, Brown and Nicoletto, 1991, Hutchinson and MacArthur, 1959, Loder et al., 1997),
whereas Marquet et al. (2005) found the relationship in mammals to be linear across
all body sizes. These studies focused on a specific clade or taxonomic group, however,
precluding conclusions on whether the pattern remained when other elements of the
ecosystem were included (e.g., which may share resources or occupy different size classes
or trophic groups to the study group). Reuman et al. (2014, 2008) made the first attempts
relating body size to species richness across all the species within a region, defining the
“diversity size spectrum” as the frequency distribution of species-level asymptotic size.
Here, we describe the “richness size spectrum”, i.e. the species richness within logarithmic
body size classes, where a single species may occupy multiple logarithmic mass bins.

Similar to previous estimates (Siemann et al., 1996, May, 1986, Hutchinson and
MacArthur, 1959), our results show a peak in species richness at an intermediate log-
arithmic body mass bin (Figure 4.1c). Investigators often fit a linear model to the right tail
of this distribution (e.g. Loder et al., 1997, May, 1986), however, when we account for the
varying bin widths (i.e., “normalisation” of the axis), that is, species per unit body mass,
we observe a monotonically decreasing relationship (Figure 4.1d) between log body mass
and log species richness per unit body mass. The difference between richness peaking
at a specific body size and monotonically decreasing is an important distinction to make
as it determines the diversity of the smallest bodied individuals. We show that the same
information can convey two messages. Whilst species richness for a given body size does
monotonically decrease with increasing body size (Figure 4.1d), we also observe localised
peaks in this relationship (Figure 4.1c, d).

It is well known that there exists a latitudinal variation in species richness, with
both aquatic and terrestrial biodiversity peaking in the tropics. Interestingly, we observe
a latitudinal pattern in the slope of the richness size spectrum (Equation 4.2, Figure
4.2b), with the steepest slope in the tropics. Further, a similar pattern in the slope of
the abundance size spectrum is observed, with steeper slopes in the tropics (Figure
4.2a), apparently opposing the longitudinally consistent relationship by Heather et al.
(2021a). Heather et al. (2021a) however, ignores smaller-bodied individuals (<32 g)
in their slope estimates, which is likely the cause of the difference in latitudinal-slope
patterns and highlights the importance of including these individuals. A steeper richness
size spectrum slope (here observed in the tropics) corresponds to greater number of
smaller-bodied species relative to the number of larger-bodied species, likewise a steeper
abundance size spectrum slope (here observed in the tropics) represents a greater number
of smaller bodied individuals relative to larger-bodied individuals. The similar latitudinal
relationship between the richness size spectrum slope and the abundance size spectrum
slope (Figure 4.2a,b) suggests the greater relative abundance of smaller-bodied individuals
in the tropics may be the driver of the greater species richness.
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FIGURE 4.2: The global variation in normalised abundance size spectrum
slopes (a), the normalised richness size spectrum slopes (b), and the nor-
malised diversity-abundance spectrum slopes (c) for 11,935 reef surveys.
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4.5 Richness-abundance spectrum

A previous study (Siemann et al., 1996) on a grassland insect community showed a linear
relationship between number of species in a logarithmic body mass class (Rm) and the
total number of individuals within the same logarithmic body mass class (Nm). Siemann
et al. (1996) speculated a general rule in ecology with Rm ∝ N0.5

m . In the period since this
hypothesis was proposed, the three-way relationship between body size, abundance and
richness remains surprisingly understudied, with some notable exceptions (Fa and Fa,
2002, Labra et al., 2020, McClain, 2004). This paucity may be due to the high data require-
ments of individual-level data spanning many body size classes. Following the methods
of Siemann et al. (1996), we show that a relationship of Rm ∝ N0.37

m for reef communities
(Figure 4.1e), suggesting fewer species given the abundance within a body size class. This
discrepancy roughly corresponds to five fewer species in reefs in a mass bin containing
100 individuals, or 20 fewer species in a mass bin containing 1000 individuals, compared
to the grassland insect community (Siemann et al., 1996). The unimodal relationships of
insect abundance and richness size spectra reported by Siemann et al. (1996) are consistent
with the relative drop in abundance and richness at the smallest size classes observed in
this study for reefs (Figures 4.1a, c). Similarly however, regressing log abundance and log
richness within a body mass class (Figure 4.1e), we observe an approximately positive
linear relationship, albeit with a large portion of unexplained variance.

When we account for the varying logarithmic bin widths, i.e., regressing the richness
per unit body mass and abundance per unit body mass, we observe a scaling relationship
between species richness and abundance of Rm ∝ N0.74

m (Equation 4.3, Figure 4.1f). One
might expect if metabolic theory is driving this relationship, then temperature would be
an important factor in determining the number of species given the number of individuals.
Interestingly, we observe no latitudinal patterns in this relationship (Figure 4.2c), i.e. the
relationship between abundance and richness within body size classes in reef communities
consistent globally.

4.6 Predictions in the absence of individual-level data

The reliance on broad-scale, individual-level body size and abundance data on observing
these relationships is a major hindrance to further exploration. We therefore developed a
method to reconstruct these three relationship in the absence of individual-level body size
data.

Studies using empirical data of protist communities in lakes (Giometto et al., 2013,
Rinaldo et al., 2002) showed that the summation of lognormally distributed species body
sizes can result in a power-law relationship between body size and abundance. Developing
upon this idea, we show that, 1) species-level body size information is sufficient to
accurately reconstruct the community abundance and richness size spectra and 2) capture
the nonlinear patterns (reduced abundance and richness of smallest logarithmic body
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mass bins) of reef size spectra, often ignored when relationships are modelled as linear on
the log-log scale.

Using 1000 surveys as a test dataset, we show that the reconstructed abundance size
spectra based upon the weighted summation of species body size distributions (Method 1:
one body size distribution per species, fitted using the remaining surveys as a training
dataset, n = 10935 surveys, Figure 4.3a) explained more of the observed data than a linear
model in 51% of the test surveys (Both a lower RMSE, and higher R2 value, Supplementary
material, Figure S4.9). Further, when only using a single estimate of body size for each
species (asymptotic body size) and a single relationship between asymptotic size and
body size distribution (Method 2, Figure 4.3a), we explain more of the observed data than
a linear model in 32% of the test surveys (Supplementary material, Figure S4.9). These
results suggest that in the absence of individual-level data, we can reasonably accurately
reconstruct the abundance size spectrum. This method allows us to partition the variation
due to the global-mean body size distribution expected of the species and the variation
explained by survey-level deviations and allows for us to test assumptions about the
underlying species distributions that give rise to the observed community size spectrum.

Using this method, we also reconstructed the richness size spectrum and the relation-
ship between abundance and richness with body mass classes. Similarly to the abundance
size spectra, the reconstructed richness spectra better represented the observed data in 38%
(Supplementary material, Figure S4.11) of surveys using method 1 and 33% of surveys
using method 2 (Supplementary material, Figure S4.11).

The building up of size spectrum from species-level body size information opens new
opportunities for similar studies in more data-poor situations. For example, abundance
and richness size spectra can be reconstructed when only species’ count data, or relative
abundance, within a region are available. It is therefore possible to construct individual-
level body size-based indicators (Blanchard et al., 2005, Graham et al., 2005, Shin et al.,
2005) in the absence of individual-level body size information. Mechanistic approaches to
food-web modelling are generally either species-based, where each species is represented
by a set of trait values, or size-based, irrespective of species identity (e.g. the community
size spectrum)(Blanchard et al., 2017, Brose et al., 2017). The reconstruction of size spectra
from species-level information here brings together these approaches, maintaining species-
level information and individual body size, which may aid in developing a mechanistic
understanding of the contribution of species to individual-level community body size
distributions (Andersen, 2019, Hartvig et al., 2011). This reconstruction method is now
available as a R package for use in further community size spectra analyses (https:
//github.com/FreddieJH/sbss).

https://github.com/FreddieJH/sbss
https://github.com/FreddieJH/sbss
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FIGURE 4.3: Reconstructed normalised abundance (a, b), normalised rich-
ness (e, f) size spectra, and the richness-abundance spectrum (g, h) based
upon two levels of species-level body size information for 1000 test surveys;
species-level body size distributions (red data points), and based upon a
species-level asymptotic body size (blue data points). Predicted vs observed
relationships for each of the three relationships are shown (c, f, i, respec-
tively) with a LOESS smoothed line fit for each of the two reconstruction

methods, compared to the 1:1 line shown as the dotted black line.

This study describes three important global-scale, empirical relationships linking in-
dividual body size to abundance and species richness in reefs. The similarity of these
relationships with those observed in insect (Siemann et al., 1996) and other marine in-
vertebrate communities (Fa and Fa, 2002, Labra et al., 2020, McClain, 2004) implies that
the underlying mechanisms are potentially universal. Similar latitudinal variation in the
slopes of the abundance and the richness size spectrum suggest that temperature may
be a major driver in the three-way relationship between abundance, species richness and
body size. Mechanistic approaches, combined with the empirical results here could help
to elucidate the processes driving these observed patterns. Further, the reconstructed rela-
tionships here provide a means to analyse these relationships in other ecological realms,
and where individual-level body size information is not readily available.

4.7 Methods

4.7.1 Data collection

Data on individual body length and abundance on reefs were obtained from the Reef Life
Survey (see https://reeflifesurvey.com). Trained SCUBA divers swim along a 50 m
transect and identify to species-level the fishes and invertebrates they encounter (Edgar

https://reeflifesurvey.com
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et al., 2020, Edgar and Stuart-Smith, 2014). A single survey (n = 11,935) consists of two
separate methods undertaken on the same transect line. Method 1 involves recording any
fish species (n = 2,608) within 5 m wide blocks either side of the line, whilst method 2
involves searching along the bottom, underneath kelp and in cracks in 1 m wide blocks
either side of the line, recording invertebrates (n = 1,184) and cryptic fish species (n =
951). The abundance of each species within the defined block area is counted directly
or estimated when necessary for highly abundant species. Size is usually estimated for
fishes only. Fishes are binned into one of 13 size bins (2.5, 5, 7.5, 10, 12.5, 15, 20, 25, 30,
35, 40, 50, 62.5 cm), and lengths greater than 62.5 cm estimated to the nearest 12.5cm (see
https://reeflifesurvey.com for a full description of the survey methods). Abundance
from method 2 records were standardised to the equivalent area covered by method 1
(i.e. creating abundance per 500 m2) by multiplying abundance by five. A site (n = 3,369)
usually contained multiple surveys undertaken at different depths on the same day.

4.7.2 Body mass estimation

Where body size was not estimated by the diver, as was the case for many large mobile
invertebrate species, body size was estimated using estimated body-size probability
distributions derived from species asymptotic body length. For full methods see Heather
et al. (2021a).

Body mass was estimated from body length using published length-weight relation-
ships (Fishbase (Froese and Pauly, 2010) and Sealifebase (Palomares and Pauly, 2019))
using the rfishbase package (Boettiger et al., 2012). Where species-level information was
unavailable, body mass was estimated from one of two linear regression models: a class-
level and an overall length–weight regression model. See Heather et al. (2021a) for full
methods.

4.7.3 Fitting abundance size spectra

For each survey, abundance was calculated as the total number of individuals within
a logarithmic (base = 2) body mass bin. A linear mixed effects model was fitted to the
observed data predicting log2(abundance) from log2(body mass) and a random intercept
term for surveyID nested within siteID (Figure 4.1a, Equation 4.1). To fit this model we
used the lme4 (Bates et al., 2015) package in R.

log2(N) = β1 + u0,site + u0,surv|site + log2(M) · (β1 + u1,site + u1,surv|site) (4.1)

Where N is abundance, M is the middle of the body mass bin, u0 is the random
intercept term, and u1 is the random slope term, β0 is the overall intercept and β1 is the
overall slope term.

We calculated the normalised abundance by dividing the abundance within the loga-
rithmic bin by the natural width of the bin. Normalisation of size spectra is a common
procedure in abundance and biomass size spectra analyses (Kerr and Dickie, 2001). By di-
viding by the bin width we account for variation in width of the logarithmic size bins (Platt

https://reeflifesurvey.com


62

and Denman, 1977), which results in an estimate of abundance density (aka. ‘normalised’
abundance), and a slope value one less than non-normalised size spectra (Edwards et al.,
2017). We also fit Equation 4.1 to the normalised abundance size spectra (Figure 4.1b).

Survey-level estimates of the abundance size spectrum slope were estimated by sum-
ming the overall slope value (β1), the random slope effect of the site for which the survey
belongs (u1,site) and the random slope effect of the survey (u1,surv|site).

4.7.4 Fitting richness size spectra

For each survey, the number of unique species was calculated for each logarithmic size
bin. We fit a linear model to the relationship between log2(species richness) and log2(body
mass) with surveyID nested within siteID as a random intercept and slope term (Equation
4.2). To fit this model we used the lme4 (Bates et al., 2015) package in R.

log2(R) = β1 + u0,site + u0,surv|site + log2(M) · (β1 + u1,site + u1,surv|site) (4.2)

Where R is the species richness, and all other parameters are the same as those pre-
sented in equation 4.1.

We also modelled normalised richness (aka. richness density) using Equation 4.2.
Where R then refers to the richness per unit body mass, as calculated by the number of
species within a log body mass bin at the survey by the natural width of the log bin.

Survey-level estimates of the richness size spectrum slope were estimated by summing
the overall slope value (β1), the random slope effect of the site for which the survey
belongs (u1,site) and the random slope effect of the survey (u1,surv|site).

4.7.5 Fitting richness-abundance spectra

We modelled the relationship between log abundance within a logarithmic bin class and
the richness within the bin with a linear mixed effects model (Figure 4.1e, Equation 4.3).
To fit this model we used the lme4 (Bates et al., 2015) package in R.

log2(Rm) = β1 + u0,site + u0,surv|site + log2(Nm) · (β1 + u1,site + u1,surv|site) (4.3)

where Rm is the total number of species within the log body mass bin m, and Nm is
the total abundance of all individuals within the bin. For the normalised relationship,
m refers not to the logarithmic bin, but the abundance and richness per unit body mass
(abundance density and richness density) within the mass bin.

4.7.6 Size spectrum reconstruction methods

For reconstruction methods we split the data into a training (n = 10935 surveys) and
a testing (n = 1000 surveys) dataset. From this test dataset we removed all body size
information, maintaining speciesID, surveyID, siteID and abundance. We then performed
two separate approaches (method 1 and 2) based upon the two-levels of body size data



4.7. Methods 63

availability for each species. Test surveys were randomly selected from surveys with >
90% of total abundance comprising fish species (n = 3754 surveys), therefore minimising
comparisons of reconstructed size spectra with data including a reasonable portion of
predicted data (invertebrate body size data), and thus with goodness-of-fit statistics
artificially inflated.

FIGURE 4.4: Summary of the approach of reconstructing size spectra based
on limited body size data.

Method 1 (One body size distribution per species)

Method 1 refers to when a single body mass distribution per species is available. To obtain
a single body mass distribution for each species we fitted a lognormal distribution to the
observed body sizes from the training dataset (in survey size bins) using the ‘fitdistcens’
function within the ‘fitdistrplus’ package (Delignette-Muller and Dutang, 2015) in R (R
Core Team, 2020). This function is specifically designed for fitting univariate binned
data to a parametric distribution (Delignette-Muller and Dutang, 2015). Body length
distributions were well represented as a lognormal distribution, consistent with previous
literature (e.g. Blackburn and Gaston, 1994).

To convert these species body length distributions to body mass distributions, we
used published species-level length-weight relationships (Froese and Pauly, 2010). If each
species length distribution is lognormally distributed,

log(p(l)) ∼ N (µl , σ2
l ) (4.4)

and the relationship between body mass (m) and body length (l) follows a power law
relationship, m = a · lb, then the species mass distribution is lognormally distributed as,

log(p(m)) ∼ N (µm, σ2
m) (4.5)
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where,

µm = b · µl + log(a)

σ2
m = b · σ2

l

(4.6)

Method 2 (Asymptotic size for each species)

The second approach involved estimating the lognormal body mass distribution based
upon the asymptotic length of the species (L) and the length-weight parameters, a and
b, from the equation m = a · lb. These parameters (L, a, b) are publicly available from
Sealifebase and Fishbase (Froese and Pauly, 2010, Palomares and Pauly, 2019). For each of
the three parameters, if species-level information was unavailable, a mean genus-level
estimate was used, else a family-level, order-level, class-level or phylum-level. By allowing
broad-scale estimates of the three parameters, this method of species size distribution
estimation is applicable even in the absence of any higher taxonomic-level body size
information.

Following the methods of Heather et al. (2021a) to estimate the species body mass
distribution based on the asymptotic mass of the species, we fit two linear models. Each
model predicted one of the two parameters of the lognormal distribution (µm, σ2

m) from
the asymptotic mass, which is estimated from the asymptotic length, M∞ = a · (L∞)b

(Supplementary material S4.1). Since the deviation in body mass (σ2
m) appeared not to

vary with increasing asymptotic body mass we used the mean (µm) for all species.

4.7.7 Building the community size spectrum

Following the methods outlined by Rinaldo et al. (2002), the community size spectrum
was calculated as the weighted sum of the species’ size distributions that make up the
community, weighted by the abundance of the species in the community (see Rinaldo
et al., 2002):

f (m; µ1, ..., µn, σ2
1 , ..., σ2

n) =
m

∑
k

Nk · p(m; µk, σ2
k ) (4.7)

where, Nk is the abundance of the kth species in the community, m is the body mass,
and p(m; µk, σ2

k ) is the lognormal probability density function for the kth species.
To estimate the slope of the community size spectrum and allow for comparison with

the observed data, we integrated the individual probability density for the community
into log2 mass bins and multiplied the probability of occurrence of each bin by the total
observed abundance at the survey. Estimated abundances in each log2 mass bin were
rounded to the nearest whole number and to zero if < 1. This resulted in an abundance
estimate for each log2 mass bin at each survey, which can then be used with common
linear modelling methods.
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FIGURE 4.5: A power-law relationship emerges between body size and
probability of occurrence by the summation of lognormal species mass
distributions. The community size spectrum (black line) is calculated as
the weighted sum of the species mass distributions (coloured lines). Inset
shows the same relationship on the log-log scale; axes in the main plot have
been cropped for visualisation purposes. Species silhouettes have been

chosen for illustrative purposes only.

4.7.8 Validating reconstructed size spectra

For comparison with observed data, we integrate the continuous size distribution into
log2 body mass bins, to give a probability of occurrence within a given mass bin per m2.
We multiply this probability by the total abundance at the survey to obtain an estimate of
abundance per mass bin per m2, and then multiply this by the area of a single transect (500
m2) to obtain estimated abundance at the transect-level. We regard mass bins as empty
when abundance estimates at the transect level are < 1. From this we have species counts
within log mass bins, and therefore species richness within each mass bin.

For both the abundance and richness size spectra, we tested the effectiveness of the
size spectra reconstruction methods using the root mean squared error (RMSE) and the
R2 values of the observed vs expected response variables (abundance, richness, and
abundance-richness). For each survey we calculated the root mean squared error (RMSE)
between the reconstruction estimates of normalised abundance and the observed nor-
malised abundance (Figure 4.3c), repeating for the normalised richness (Figure 4.3f) and
normalised abundance-richness (Figure 4.3i) relationships. We also calculated the RMSE
and R2 values of a linear model fit estimate vs the observed data for the 1000 test surveys.
These linear models refer to equations 4.1, 4.2, 4.3 for the abundance size spectrum, rich-
ness size spectrum and the richness-abundance spectra, respectively. RMSE is calculated
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as
√

∑N
i=1 obsi−expi

N for each mass-bin survey combination (i). RMSE is a positive number,
with smaller RMSE values representing a better fitting model and 0 representing a perfect
fit. We also calculated the R2 of the linear relationship of the observed vs. expected
normalised abundance (Figure 4.3c), normalised richness (Figure 4.3f), and normalised
richness within a body mass bin (Figure 4.3i).
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4.9 Supplementary material

S4.1 Estimating the body mass distribution from asymptotic mass

In the absence of species-level body size distributions, we can estimate the distribution
based on the asymptotic mass of the species. We assume body mass distributions are
lognormally distributed (Blackburn and Gaston, 1994), with two parameters describing
the distribution (µ, σ2).

To estimate µ, given the asymptotic mass of the species (m∞), we fit the linear model,

µm = β0 + β1 · log(m∞) (S4.8)

to 698 species where we had estimates for both asymptotic mass and an estimate of
mean body mass (µm) We found asymptotic body mass to explain 66% of the variation in
mean body mass (Figure S4.6).

The fitted parameters are:

β0 = −0.95

β1 = 0.77
(S4.9)
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FIGURE S4.6: The mean of lognormally distributed body mass (µm) of a
species is strongly correlated to its asymptotic mass (m∞) (adjusted R2=
66%). Each datapoint represents a single species (n = 698), and the red line

shows the fitted linear model (µm = β0 + β1 · m∞, p < 0.001).

There appeared to be no significant relationship between deviation of body mass (σ2
m)

and the asymptotic mass (m∞) of the species (Figure S4.7). We therefore chose a constant
estimate of σ2

m as the mean of the 698 species, σ2
m = 0.99.
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FIGURE S4.7: The variance of lognormally distributed body mass (σ2
m) of a

species is independent of asymptotic mass (m∞). Each datapoint represents
a single species (n = 698). A red line at 0.99 represents the mean of all species,
and will be used at the variance parameter in the estimated lognormal body

size distributions.
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S4.2 Survey-level abundance size spectra
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FIGURE S4.8: Abundance size spectra for a random sample of 25 surveys
with three models. Black data points are the observed data. The black
line represents the linear model fit to these observed data. The red line
represents the estimated size spectrum based on knowledge of a single body
size distribution for each species (Method 1). The blue line represents the
estimated size spectrum based on species’ size distributions reconstructed
from the asymptotic mass of the species (Method 2).Numbers at the top
right of each panel correspond to the root mean square error (RMSE) of

each model, with smaller values representing a better fitting model.



70

R
2

RMSE

0 2 4 6 8

0 25 50 75 100

0.000

0.025

0.050

0.075

0.100

0.00

0.25

0.50

0.75P
ro

b
a

b
ili

ty
 d

e
n

s
it
y

Method 1 Method 2 Linear model

FIGURE S4.9: Comparison of the goodness of fit estimates for three abun-
dance size spectra models for 1000 test surveys: 1) A linear model fit to
the observed data (black line), 2) reconstructed abundance size spectrum
based on global-average species’ size distribution (Method1, red line) and
3) reconstructed abundance size spectrum based on information on the
asymptotic mass (M∞) of the species (Method 2, blue line). The top panel
shows the adjusted R2 estimate, and the bottom panel shows the root mean
square error (RMSE) estimate for the observed vs modelled normalised

abundance estimate.
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S4.3 Survey-level richness size spectra
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FIGURE S4.10: Richness size spectra for a random sample of 25 surveys
with three models. Black data points are the observed data. The black
line represents the linear model fit to these observed data. The red line
represents the estimated size spectrum based on knowledge of a single body
size distribution for each species (Method 1). The blue line represents the
estimated size spectrum based on species’ size distributions reconstructed
from the asymptotic mass of the species (Method 2). Numbers at the top
right of each panel correspond to the root mean square error (RMSE) of

each model, with smaller values representing a better fitting model.
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FIGURE S4.11: Comparison of the goodness of fit estimates for three species
richness size spectra models for 1000 test surveys: 1) A linear model fit
to the observed data (black line), 2) reconstructed abundance size spec-
trum based on global-average species’ size distribution (Method1, red line)
and 3) reconstructed richness size spectrum based on information on the
asymptotic mass (m∞) of the species (Method 2, blue line). The top panel
shows the adjusted R2 estimate, and the bottom panel shows the root mean
square error (RMSE) estimate for the observed vs modelled species richness

estimate.
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S4.4 Survey-level richness-abundance spectrum
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FIGURE S4.12: The relationship between the number of individuals (per
unit g) within a logarthimic mass bin, and the number of species within the
mass bin for a random sample of 25 surveys with three models. Black data
points are the observed data. The black line represents the linear model fit
to these observed data. The red line represents the estimated size spectrum
based on knowledge of a single body size distribution for each species
(Method 1). The blue line represents the estimated size spectrum based
on species’ size distributions reconstructed from the asymptotic mass of
the species (Method 2). Numbers at the top right of each panel correspond
to the root mean square error (RMSE) of each model, with smaller values

representing a better fitting model.
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Chapter 5

Synthesis & future research

Macroecological studies are based on the premise that broad-scale ecological patterns
reflect the net outcomes of a complex combination of underlying processes (Brown et al.,
2002, Brown and Maurer, 1989). By empirically describing these patterns, we are better
informed to develop process-based mechanistic models with predictive capabilities un-
der a range of scenarios. The distribution of individual body sizes within an ecological
community is not only a measure of energetics but also of ecosystem structure (Marquet
et al., 2005). This thesis has focused on the global-scale empirical relationships between
body size, abundance, and species richness within reefs; integrating body size into the
ongoing investigation of the enigmatic link between biodiversity and ecosystem function-
ing (Maureaud et al., 2020, Schneider et al., 2016). The consistency of the relationships
described in this thesis with those across both aquatic and terrestrial realms, as well as
across biological kingdoms, suggest that underlying universal ‘laws’ are at play. The
methods presented in Chapter 4, for example, advances methods based on protist body
size distributions (Giometto et al., 2013, Rinaldo et al., 2002) and the results support insect
abundance-richness relationships (Siemann et al., 1996).

The ecological implications of body size by Robert H. Peters (Peters, 1983) describes the
many empirical relationships with body size. In a paragraph on community size structure,
Peters states that “Perhaps we will someday be able to measure the size spectrum of a
pelagic site simply by driving across it in a boat”. This quote relates to the then recent
development of sampling technologies, specifically the coulter counter, sonar, and radar
technology. I would take this idea further and suggest that perhaps one day we would be
able to measure the size spectrum of any ecological community, aquatic or terrestrial, from
a laptop with access to appropriate remotely sensed data. Before this is possible, however,
we must improve our understanding on how both broad- and fine-scale environmental
and ecological drivers are changing community body size distributions.

5.1 The size spectrum as an ecological indicator of reef health

One of the overarching goals of this thesis was to improve our understanding of how the
abundance of organisms is distributed cross individual body sizes in reef communities.
Body size is often described as the single most important trait defining how an individual
interacts within the community and with the environment (Brown et al., 2002, Peters,
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1983, Schmidt-Nielsen, 1984). The frequency distribution of body size in a community (the
abundance size spectrum) therefore provides insights into the distribution and movement
of energy within the food web (Brown and Gillooly, 2003, Trebilco et al., 2013). Since
human disturbance to ecological communities is often size based (Reynolds et al., 2001),
the size spectrum can be used to detect ecosystem disturbance. For its use as an ecological
indicator, we must have an estimate of an expected ‘baseline’ size spectrum from which
to compare and therefore be able to quantify deviations. Since all reefs globally are
impacted by some form of human activity (Jackson et al., 2001, Knowlton and Jackson,
2008), we must have a predictive understanding of disturbances on size spectra if we
are to determine the size spectrum in the absence of human pressure. One method is to
compare relative slope values across a temporal (Wilson et al., 2010) or spatial (Robinson
et al., 2017) range of disturbances (e.g., fishing pressure), yet this requires controlling or
accounting for external environmental variables (e.g., seasonal and spatial variation in
primary production).

Descriptions of the size spectrum of reef communities tend to focus on local-scale
tropical coral reefs and are usually concentrated on fishes (Dulvy et al., 2004, Graham
et al., 2005, Robinson et al., 2017, Wilson et al., 2010); however, recent work led by a
PhD colleague, for which I contributed, extended analyses of size spectra from tropical
to temperate realms, and to epifaunal invertebrates inhabiting a range of common reef
habitat types (Fraser et al., 2020). Chapter 2 (“Globally consistent size spectra integrating
fishes and invertebrates”) of this thesis describes the empirical size spectrum of reefs
globally, incorporating both fishes and large mobile invertebrates. The incorporation of
invertebrates into reef size spectra steepens the slope estimates, bringing the estimates
closer to theoretical expectations of -2 for biomass equivalence. This work improves
our understanding of a baseline for reefs and describes the spatial variations in slope
values. Chapter 3 (“Reef communities show predictable undulations in linear abundance
size spectra from copepods to sharks”) further develops the understanding of a baseline
reef size spectrum by addressing the assumption that unimodal size spectra, commonly
observed in reefs (e.g., Ackerman et al., 2004), are the result of sampling biases. The
work presented in Chapter 3 suggests these nonlinear patterns are a true feature of the
underlying size spectra of reefs, with deviations most likely driven by trophic cascades,
supporting the mechanistic-based theory in lakes (Rossberg et al., 2019). To further test
this theory, a destructive approach such as clove oil or rotenone sampling (Ackerman
and Bellwood, 2002) may fill in the gap of individuals in the 22-50mm range absent in
Heather et al. (2021b). The approach of ignoring small-bodied species that do not conform
to the linear expectations of the size spectrum is commonly done in reef studies (Trebilco
et al., 2015, Wilson et al., 2010), including in the study presented in Chapter 2 (Heather
et al., 2021a). This does not mean that the descending limb of the size spectrum does
not provide important information (e.g., quantifying fishing pressure Robinson et al.,
2017), but suggests that it should be considered in the full context, i.e., as a component
of an underlying nonlinear spectrum (Figure 5.1). Whilst the relative slope value of the
size spectrum provides information about relative disturbance, an understanding of the
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magnitude of the slope is also important to validate mechanistic approaches and improve
inference on the movement of energy through the food web.

Body size

A
b
u
n
d
a
n
c
e Small subset of size spectrum

FIGURE 5.1: The importance of interpreting the size spectrum in the full
context. By focusing on a small subset of the size spectrum (inside rectan-
gular box), we may be ignoring the underlying pattern of the size spectrum.
The solid red line indicates the linear model that would be fitted to the
data if only the small subset of data is available (inside box), and a cut-off
is applied (ignoring individuals in the abundance-dip). The red dashed
line indicates the linear model that would be fitted with additional data

exposing the underlying size spectrum.

As discussed throughout this thesis, the magnitude of the size spectrum slope can
provide important information about the portioning and movement of energy throughout
the food web. For example, the metabolic theory of ecology (Brown et al., 2004) would
suggest that if all individuals within a closed community are feeding upon a single basal
trophic level (i.e., are herbivorous), one might expect abundance to scale with body
mass to the power of 0.75. Steeper slopes would be expected situations were energy is
lost through inefficient trophic energy transfer and feeding is size based (i.e., large eat
small; Jennings et al., 2001). Chapter 3 highlights that a simple linear model is likely to
exclude ecologically important information and may also influence what we regard as a
baseline reef size spectrum, including the expected slope value (see Figure 5.1). A better
understanding of the empirical size spectrum allows for process-based (e.g., food web
models) and mechanistic models to test predictions. Below I outline some of the future
directions that I think would be exciting to explore to gain a better understanding of the
processes that give rise to the empirical size spectrum observed.
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5.2 Where to next?

This thesis, with the aim of shedding light on the size structured nature of reefs, has opened
many new questions and avenues for further research (Figure 5.2). This synthesis outlines
the implications of the current research and the newly opened doors for exploration.
Figure 5.2 shows a selection of 10 questions that have arisen as the result of the three
papers presented in this thesis. I will further detail these questions below.

How does MPA status influence 

reef size spectra?

Does habitat complexity result 

in a tertiary structure of the 

reef size spectrum?

Do peaks in reef size spectra 

represent trophic guilds?

Could the Rossberg et al.

(2019) model predict the domes 

in reef size spectra?

How do environmental 

variables influence reef size 

spectra globally?
Chapter 2

Globally consistent size 

spectra integrating fishes 

and invertebrates

Chapter 4
Resolving global links 

between body size, 

abundance, and species 

richness on reefs

Chapter 3
Reef communities show 

predictable undulations in 

linear abundance size

spectra from copepods to 

sharks

Can we reconstruct the size 

spectrum using eDNA only?

Could global species 

distributions data be used to 

reconstruct size spectra?

How do nonlinear reef size 

spectra vary globally?

Are aquatic species body size 

distributions lognormal?

Are reconstructed size spectra 

sufficiently accurate to reflect 

local-scale disturbance (e.g. 

fishing)?

FIGURE 5.2: Potential directions for further research into reef size spectra
and their links to the current works presented in this thesis. The colours
of boxes represent the expected type of study required: blue = statistical
approaches, orange = mechanistic or process-driven modelling, green =

method application.

5.2.1 Question 1. How do environmental variables influence reef size spectra
globally?

Chapter 2 describes the linear size spectrum of reefs globally. The study reports remarkable
consistency in reef size spectra across broad-scale latitudinal gradients when invertebrates
are included, yet variation in the slopes of size spectra at the local-scale still exist (Figure
2.4 in Chapter 2). These variations are likely driven by local-scale processes, such as
site conditions and intensity of human disturbance (see also Yen et al., 2017). Further,
Chapter 3 shows that nonlinear patterns in the size spectra are also likely driven by local
site conditions. Combining the results of these two studies leads to the question of how
environmental variables are statistically related to the linear (slope and intercept) and
nonlinear (amplitude, wavelength) size spectrum parameters. This analysis would require
fine-resolution, yet broad-scale, data on environmental conditions and human disturbance
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(e.g., coastal human population) across the globe. To explain the variation in nonlinear
parameters with environmental variables would require the estimation of nonlinear size
spectra globally, expanding upon the spatial scale of the work of Chapter 3 (see Question
7 below). Outcomes should allow calculation of baseline curves that predict patterns in
the absence of human impacts.

5.2.2 Question 2. How does MPA status influence reef size spectra?

Reef size spectra analyses relating human pressure (e.g., fishing) to the size spectrum
slope often focus on local scale disturbances. Chapter 2 describes the empirical size
spectrum of reefs globally. This includes reefs from outside and within marine protected
areas, with a range of protection statuses. These data allow allows further investigation
into the empirical relationship between size spectrum slope and ecological condition,
and to therefore test the effectiveness of the size spectrum as an ecological indicator of
reef health. Similar to Question 1, relating size spectra parameters to environmental
conditions, a relatively simple analysis would be to statistically relate the linear size
spectrum parameters (slope, intercept) to the protection status of the site, such as the
five important characteristics of a protected area (NEOLI features in Edgar et al., 2014).
This could also be expanded to nonlinear size spectra given a global description of the
nonlinear size spectrum (see Question 7 below).

5.2.3 Question 3. Does habitat complexity result in a tertiary structure of the
reef size spectrum?

The term secondary structure is generally used in size spectrum literature to describe the
residuals of the fit of a linear model to the size spectrum. These deviations from linearity
are usually assumed to represent some ecologically important variable, such as habitat
complexity (Rogers et al., 2014). Chapter 3 quantifies the secondary structure of reef size
spectra across a latitudinal gradient using an additional sine-wave component to the
linear size spectrum. The results from Chapter 3 show broad-scale wave-like patterns
are common in reef size spectra. The scale of body sizes for which these patterns span
suggests they may be driven by trophic cascades. One might therefore expect that finer-
scale deviations, such as the size-based refugia provided by reef habitat, could be detected
by deviations from this wave-like size spectrum (i.e., the residuals of the nonlinear size
spectrum). This would require fine-resolution data of reef habitat complexity and could
be statistically analysed by the relationship between habitat complexity and the nonlinear
size spectrum residuals, or incorporated into a mechanistic approach (e.g., Rogers et al.,
2014).

5.2.4 Question 4. Do peaks in reef size spectra represent trophic guilds?

Chapter 3 postulates that wave-like patterns in reef size spectra arise from trophic cascades.
If this is correct, then one might expect the removal of individuals within specific trophic
guilds will predictably change the shape of the size spectrum. For example, if the peaks
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and troughs are driven by a trophic interaction based on an adjacent peak or trough
then a specific peak may predominately comprise a specific trophic group (e.g., macro-
invertivores), and neighbour a trough dominated by a corresponding prey taxa (e.g., micro-
invertebrates). This question could provide evidence for (or against) trophic cascades
driving the wave-like patterns in reef size spectra. Further, the taxonomic composition
of neighbouring peaks and troughs may shed light on food web interactions, although
evidence of direct interactions may require a more in-depth mechanistic or process-based
approach.

5.2.5 Question 5. Are aquatic species body size distributions lognormal?

One of the basic assumptions of studies outlined in Chapters 2 and 4 is that species’ body
sizes are lognormally distributed and can be reasonably predicted from asymptotic body
size. This assumption is based upon both empirical patterns (e.g., Giometto et al., 2013)
and population growth involving a multiplicative process (Dennis and Patil, 1988). Whilst
the lognormal distribution does appear to provide a reasonable statistical representation of
the underlying body size distribution at the broad scale explored in the studies presented
within this thesis, uncertainty still exists on the drivers of the shape of species’ body size
distributions. For example, no consensus exists on whether species body size distributions
are controlled by physiological constraints (Pauly and Cheung, 2018) or reflect adaptation
to local site conditions (e.g., temperature; Audzijonyte et al., 2020). An answer to this
question would require a large volume of body size data from various sources extending
across a range of environmental conditions, and need to account for data-source biases.

5.2.6 Question 6. Could the Rossberg et al. (2019) model predict the domes in
reef size spectra?

Rossberg et al. (2019) developed a mechanistic model to show that the wave-like patterns
(also termed ‘domes’) observed in lake size spectra are likely driven by trophic cascades.
The study fits a linear model with a sinusoidal component to these (empirical and simu-
lated) wave-like patterns. The study presented in chapter 3 observes similar wave-like
patterns in the empirical size spectrum of reefs when examined across a wide range of
body sizes (epifauna and macrofauna). We showed that the sinusoidal size spectrum
model provides a better fit than a linear model at more than 90% of the reefs studied.
Combined with this, the distance between adjacent peaks and troughs was consistent
with theoretical expectations based on trophic interactions. Both of these results support
the hypothesis of trophic cascades driving the nonlinear patterns. Rossberg et al. (2019)
also statistically related phosphorus availability to the nonlinear model parameters (e.g.,
amplitude, wavelength). Due to differences in nutrient availability between reef and
freshwater lake ecosystems (Howarth, 1988), other variables (e.g., nitrogen availability)
may possibly drive the nonlinear size spectrum patterns in reefs. The question therefore
arises as to whether the mechanistic model in Rossberg et al. (2019) is applicable to reef
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ecosystems, and if so, are the drivers of nonlinear patterns in reefs similar to those in
lakes?

5.2.7 Question 7. How do nonlinear reef size spectra vary globally?

Due to the limited availability of epifaunal data, a relatively small number of sites (n =
45 sites) were analysed in Chapter 3, compared to the total number of visually surveyed
sites (n > 3000) from the Reef Life Survey (Edgar et al., 2020, Edgar and Stuart-Smith,
2014, RLS, 2021). However, epifaunal assemblages vary consistently with microhabitat
(Fraser et al., 2020), and data on the percentage cover of habitat (e.g., macroalgal, coral,
sponge) are available globally from photo-quadrat data as part of the Reef Life Survey
methods (Edgar et al., 2020). Using the empirical data on habitat composition at each site
and extrapolating the habitat vs. epifaunal abundance relationships, it may be possible to
provide an estimate of the epifaunal (Fraser et al., 2021), and therefore combined epifaunal
and macrofaunal (see Chapter 3), size spectrum globally. This estimate would allow us
to better test the drivers of the nonlinear patterns in reef size spectra. This extrapolation
however would likely require additional epifaunal sampling across a broader range of
ecosystems than those analysed in Chapter 3.

5.2.8 Question 8. Are reconstructed size spectra sufficiently accurate to broadly
reflect local-scale disturbance (e.g., fishing)?

Chapter 4 shows that we can accurately reconstruct broad-scale abundance and richness
size spectra using relative abundance measures and a single, global-scale, body size
distribution for each species, even when this distribution is based only on asymptotic
body size. Despite evidence that species’ size distributions can reflect environmental
conditions (Audzijonyte et al., 2020), the question remains whether the representation of a
species by a single body size distribution globally is too coarse to detect changes in the size
spectrum due to local disturbance. Since reconstructed size spectra are based upon a single
body size distribution per species across the globe, then strong relationships between
reconstructed size spectrum parameters and environmental conditions may suggest that
either relative abundance of species (i.e., species composition), the species richness, or a
combination of both is the primary driver of the shape of the size spectrum (Figure 5.3A,
B).

The process of reconstructing the size spectrum in Chapter 4 can be broken down
into 1) obtaining species asymptotic body size estimates, 2) using regression relationships
to estimate a probability distribution of body size for each species, 3) summing up the
probability distributions based on the relative abundances. The first step assumes a single
asymptotic size per species in all locations. The second step assumes a single relationship
between asymptotic body size and the lognormal distribution parameters, but also that
all species body size distributions are lognormally distributed across locations and under
various disturbances (Figure 5.3A, B). I could therefore imagine an extension of this work,
combined with the ideas gained from the question of lognormally distributed body size
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(See question 5: Are aquatic species body size distributions lognormal?), that would not
assume a constant asymptotic body size or a constant relationship between asymptotic
body size and the body size distribution (Figure 5.3C). Exploring this question would lead
us to a more process-based understanding of how environmental conditions are linked to
species’ size distributions and thus to the overall community size spectrum. Stochastic
events are likely to play a major role in determining local scale species distributions, and
therefore make predictions based on local fishing pressure difficult. An analysis across
many sites, however, may allow us to determine how species asymptotic size, species
body size distributions, and species composition vary across a range of fishing pressures.
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FIGURE 5.3: How variation in species’ size distributions could give rise to
the observed community size distribution (black line) – fewer individuals
with increasing body size. Each coloured line represents a single species’
size distribution, the thickness of the line represents the relative abundance
of the species. Variation in the community size spectrum can be driven by
(A) the number of species (richness) varying with body size, (B) the relative
abundance within species varying with body size, and (C) the non-constant
shapes of the species body size distributions. A constant size distribution
refers to a single lognormal distribution based on a constant relationship

between species asymptotic size and size distribution.
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5.2.9 Question 9. Can we reconstruct the size spectrum using eDNA only?

The studies presented in this thesis have had the benefit of access to a global-scale dataset
of reef faunal abundance and body size. Such a breadth of body size information is
rarely available in other ecosystems. However, as I show throughout this thesis, body
size follows strong and predictable patterns that can inform further study in the absence
of such data. Most significantly, Chapter 4 shows that a simple estimate of asymptotic
body mass is sufficient to reconstruct the abundance and richness size spectrum of reef
communities.

Chapter 4 shows that with species’ relative abundance, and publicly available informa-
tion on species asymptotic body length and length-weight relationships, i.e., from Fish
Base (Froese and Pauly, 2010) and Sea Life Base (Palomares and Pauly, 2019), we can
reconstruct both abundance and richness size spectra. Any sources of relative abundances
of species, in combination with mean or asymptotic size estimates, could therefore allow
for reconstruction of size spectra. Environmental DNA (eDNA) refers to DNA that is
sampled from the general environment (e.g., water, soil, air) as opposed to a specific
organism (Bohmann et al., 2014). Lacoursière-Roussel et al. (2016) show, in Lake Trout,
that the concentration of eDNA can be related to relative abundance, however the accuracy
of eDNA to determine relative abundances is debated due to errors involved with DNA
amplification (Fonseca, 2018). Despite this, advances in this field are exciting, and one day
may provide a way to estimate the size spectrum, and therefore a measure of ecosystem
health, simply by collecting eDNA in water samples.

5.2.10 Question 10. Could global species distribution data be used to recon-
struct size spectra?

Global species geographical distributions, such as provided by the Global Biodiversity
Information Facility (GBIF; https://gbif.org) or Ocean Biodiversity Information System
(OBIS; http://obif.org), are extremely valuable data sources. In some cases, relative
abundance data are available, which would allow for size spectrum reconstruction fol-
lowing similar methods to those described for estimating size spectra based on eDNA
(Question 9). However, distributional data alone will be sufficient to reconstruct very
coarse size spectra only. By better understanding the nature of the relationship between
asymptotic body size and abundance (i.e., the diversity size spectrum; Reuman et al.,
2014) and the processes that drive spatial variation in that relationship, we may be able to
combine species abundance estimates (based on asymptotic size) with estimated global
species body size distributions. This approach would be coarse but would allow us to
tease apart the question of how much variation in the community size spectrum is driven
by the richness alone (Figure 5.3A), i.e., when the relative abundance of the species and
the shape of the size distribution are held constant.

https://gbif.org
http://obif.org
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5.3 Concluding remarks

This research presented in this thesis capitalised on a global dataset of abundance and
body size estimates of reef-associated fauna (Edgar et al., 2020, Edgar and Stuart-Smith,
2014), unparalleled in taxonomic and geographical scale. This dataset has permitted
the exploration of global-scale relationships between body size, abundance and species
richness; three cornerstones of macroecology (Gaston and Blackburn, 2000). This thesis
provides the first global test of the biomass equivalence rule for any ecosystem (Polishchuk
and Blanchard, 2019), showing that reef size spectra are consistent across latitudes and in-
line with theoretical expectations, but only when large mobile invertebrates are accounted
for. This is an important step in understanding the baseline size spectrum of reefs and
highlights the connectivity of the energy pathways between invertebrates and fishes
(Barneche et al., 2014, Blanchard et al., 2011).

A common feature of these global reef size spectra was the unintuitive increase in
abundance with body size for the smallest-bodied fishes (i.e., the ‘abundance dip’). Al-
though previously described in reef size spectra (Ackerman et al., 2004), this feature is
often assumed to be a result of sampling biases associated with visual survey methods.
Chapter 3 provides empirical evidence against this idea of sampling biases as the primary
driver of the dip in abundance, suggesting that it is a true feature of size spectra – a
component of a broader-scale wave-like pattern in size spectra (see Figure 5.1) that is
likely driven by trophic interactions. This nonlinear size spectrum of reefs opens up many
new questions (Figure 5.2) about whether this pattern holds globally, and whether these
wave-like are related to ecosystem disturbance.

The study of these macroecological relationships requires large amounts of available
data. A lack of body size data is usually a prohibiting factor in the construction of size
spectra, yet the consistency of the empirical relationship between asymptotic body size
and body size distributions allows size spectra to be estimated where minimal body size
information is available. The methods developed in Chapter 4 enable the reconstruction of
size spectra in situations of varying levels of data-availability. I am currently developing a
freely available package in R (https://github.com/FreddieJH/sbss) that enables a user
to reconstruct a community size spectrum based on species-level information: 1) The
relative abundance of the species, and 2) the species asymptotic size (with capabilities
of estimating asymptotic size from publicly available sources when not provided). This
package will facilitate further exploration of the relationships described in this thesis, not
only in reef ecosystems but for any ecological community.

5.4 Code availability

The R code to reproduce all figures in Chapters 2 - 4 are available on Github, as well as the
package to build size spectra from species-level information:

• Chapter 2 - https://github.com/FreddieJH/inverts_size_spec

https://github.com/FreddieJH/sbss
http://github.com
https://github.com/FreddieJH/inverts_size_spec
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• Chapter 3 - https://github.com/FreddieJH/sinusoidal_size_spec

• Chapter 4 - https://github.com/FreddieJH/building_size_spec

• Species based size spectrum (sbss) package - https://github.com/FreddieJH/sbss

https://github.com/FreddieJH/sinusoidal_size_spec
https://github.com/FreddieJH/building_size_spec
https://github.com/FreddieJH/sbss
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