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“Expliquer, comprendre, pénétrer quelque chose au moins du mystere du monde,
soulever au moins un coin du voile d’lsis, il n’est pas, dans le domaine des choses de
’esprit, de joie plus solide et de plus enivrant bonheur que d’avoir pu, fit-ce une seule
fois, dans le plus humble domaine et sur le plus infime détail, y parvenir. *

Théodore Monod - Méharées (1937)

“When we go down to the low-tide line, we enter a world that is as old as the
earth itself - the primeval meeting place of the elements of earth and water, a place of
compromise and conflict and eternal change. For us as living creatures it has special
meaning as an area in or near which some entity that could be distinguished as Life
first drifted in shallow waters - reproducing, evolving, yielding that endlessly varied
stream of living things that has surged through time and space to occupy the earth.”

Rachel Carson - preface to ‘the Edge of the Sea’ (1955)

“Once you go worm, that’s what you’ll yearn!”

Men in Black I (2002)
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INTRODUCTION

How life is distributed

Why do species live where they live? What determines their abundance in a given
area? What role do species play in the functioning of entire ecosystems? All of these
questions can be rolled into one: what defines a species ecological position in the
world? The answer lies within a core ecological concept: the niche, which can
defined as the combination of environmental factors, together with the effects a

species exerts on them (Peterson et al., 2011).

After presenting how the environment, and biological responses to the environment,
shape species’ distributions, the second part of this introduction will detail niche
theory and the different uses of niche thinking that are explored in the following
chapters. The third part of this introduction will present the model species and study
system used to explore the niche concept: the intertidal reef-forming honeycomb
worm Sabellaria alveolata (Linnaeus, 1767) in Atlantic Europe and North Africa,

before finally presenting the thesis outline and objectives.
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1. The geographic distribution of species

Each species has a unique geographic range, which is shaped by the biotic and
abiotic conditions it needs for its survival. Species’ ranges can be conceived of
as a consequence of three factors: (i) the presence of environmental (abiotic)
conditions under which the species can establish, survive and reproduce; (ii)
the biotic environment determined by the presence of species interactions
such as competition or predation in which species can persist, and (iii) the area
that is accessible to species via its movement or dispersal capabilities. These
restrictions have been captured in the so-called BAM (Biotic-Abiotic-

Movement) diagram (

Figure 1, modified from Soberén and Peterson, 2005), which provides a
simplified framework for understanding where species will or will not be

distributed.
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Figure 1. (Previous page) The ‘BAM diagram’, showing a simplified framework for
understanding where species will and will not be distributed. Distributions of species
are seen as responding to three sets of factors: the abiotic environment (A) and the
biotic conditions (B), which roughly correspond to Hutchinson’s fundamental
ecological niche (A) and the realised ecological niche (A N B, here termed the
potential distribution). A further modification to distributional potential, however, is
that of access (here ‘M’ for movement), which constrains species distribution quite
dramatically. From Soberdn and Peterson, 2005.

Species’ range limits are not however simply set by unsuitable or inaccessible abiotic
and biotic conditions at their range margins. To appreciate how climatic variability
affects species’ distributions, we need a clear idea of the processes that shape living
systems, founded both in biogeography and macroecology. As multiple meanings
exist for both terms, biogeography is defined here as the study of the distribution of
species and ecosystems across space and time, and of the underlying biotic and
abiotic factors, mechanisms and processes (Violle et al., 2014). Macroecology is the
study of relationships between organisms and their environment at the aggregate

level of aggregate ecological entities made up of large numbers of particles, that
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involves characterising and explaining statistical patterns of abundance, distribution
and diversity for the purposes of pursuing generality (Blackburn and Gaston, 2002;

McGill, 2018).

2. Mechanisms affecting distribution

Over time, species can potentially adapt to changing environmental conditions and
to different sets of co-occurring species (e.g. Davis, 2001). To explain large-scale
biogeographic patterns, we also need to explain why species do not simply adapt to
the ecological conditions at the margins of their geographic ranges and continue
expanding their area of distribution (Wiens, 2011). Environmental conditions
influence organismal physiology through three general mechanisms (Table 1). When
environmental conditions cannot be overcome by physiological adjustments such as
acclimatisation or phenotypic plasticity, it eventually leads to the local extirpation of
a species (Beaugrand and Kirby 2018). Changes to population abundance resulting
from the positive and negative effect of the local environment can later alter a
species’ spatial distribution. The sum of all local effects on population abundance,
which eventually leads to local extirpation or appearance, can be perceived at a

macroecological scale as a biogeographic shift.

Table 1. The three general mechanisms through which organism physiological performance
is influenced by environmental conditions. Adapted from Helmuth et al. 2005.

Genetic Adaptation Phenotypic Plasticity Acclimatisation
Achangein allele Variable expression of A short-term compensatory
frequencies in a population  genetic or biochemical modification of physiological
via natural selection traits function and tolerance

e Slow (>1 generation) e Relatively brief e Fast (seconds to days)

(<1 generation)

e|rreversible e Reversible or e Reversible
irreversible
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< Environmental conditions exceed ability of some <& Small environmental
individuals to cope changes
Species range unchanged, but alleles may vary Species range unchanged

Note If environmental conditions are sufficiently severe, all organisms in the population will
die or emigrate and the species range will shift.

In extreme cases, when range contraction is complete, extinction eventually occurs.
Adaptation is a modification in the genotype that enables a species to functionally
adapt to its environment, which ultimately modifies its ecological niche and can
enable a species to avoid global extinction. Adaptation may be impossible if the
magnitude and speed at which environmental conditions change is too great; whilst
the species’ range remains unchanged, in effect the shape of its ecological niche is
altered, and so is therefore the interaction between the organism and its
environment (Beaugrand and Kirby, 2018). Niche conservatism, which is simply the
idea that species will retain similar ecological traits and environmental distribution
over time (see Wiens et al., 2010 for a review), means that in effect species rarely

change biomes (Crisp et al., 2009).

This summary of how changing environmental conditions alter biological
arrangements in space and time at different organisational levels (e.g. species,
community, ecosystem) has been formalised, for the marine environment, by the
MacroEcological Theory on the Arrangement of Life (METAL) (Beaugrand, 2015).
METAL propose a hierarchical sequence of responses of species to environmental
changes that involve, in the following order: behaviour, physiology, annual
abundance, biogeographical shifts, extinction and adaptation (Figure 2). The
biological organisational levels and scales analysed in the following chapters are

highlighted.

Figure 2. Theoretical diagram summarising the different types of responses
explained by the macroecological theory on the arrangement of life (METAL) from the
species level to the community and ecosystem levels. METAL connects and explains
climate-induced behavioural, physiological, and phenological shifts, as well as
changes in annual average abundance, local extirpation and appearance,



On the Macroecology and Global Distribution of the Ecosystem Engineer;

biogeographical shfts, range expansion and contraction, and extinction. Note that
the norm of reaction is included in the ecological amplitude of the niche, whereas
adaptation modifies the shape of the niche. How the different chapters of the thesis
assess different aspects of the niche are described in more detail in the final part of
the introduction. From Beaugrand and Kirby (2018).
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3. Climate change in the marginal world

The shore has a dual nature, changing with the swing of the tides, belonging now to
the land, now to the sea. On the ebb tide it knows the harsh extremes of the land
world, being exposed to heat and cold, to wind, to rain and drying sun. On the flood
tide it is a water world, returning briefly to the relative stability of the open sea.

(Carson, 1955, p.1).

Rachel Carson is best known for ‘Silent Spring’, but she was profoundly concerned
about the environment as a whole, and her deepest passion was for the sea. The
above quote are the opening sentences to her work ‘The Edge of the Sea’, which
eloquently summarises how the intertidal zone exists at the margins of both the
terrestrial and marine realms. The organisms in this ecosystem are subject to
mutable environmental challenges posed by both aquatic and aerial climatic

regimes (Helmuth et al., 2006).

The world is changing rapidly, because of the cascading and intertwined effects of
human population growth, economic globalization, land-use change, and, looming
over it all, climate change (Wiens et al., 2009). These changes are having profound
effects on the living world that will only become more dramatic and dire as the pace
of environmental change quickens. With 40% of the world’s population living within
100km of the coast (Lane et al., 2015), the coastal zone is at centre-stage. Rising
concentrations of heat-trapping gases have led to an energy imbalance in the Earth’s
climate system. The oceans, and in particular their surface waters, are the main
repository of this energy imbalance (Cheng et al., 2019). Climate change may have
different outcomes depending on the physiological tolerances and responses of the
species or populations in question (Table 1). Species can respond by adapting or
acclimatising to changing conditions in place (proximate responses, sensu Harley et
al., 2006), through distribution shifts to follow changing environments (emergent
responses, sensu Harley et al., 2006), or, if unable to do either, by becoming extinct

(Wiens et al., 2009).
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Niche concepts and theory are central in efforts to understand how future climate
change will impact species and habitats. Ecological niches underpin range limits,
and range limits underpin biogeographical patterns. Rocky coastlines have long
been valuable arenas in which to test ecological theories concerning fundamental
and realised niches because, across a small spatial scale between the high and low
tide lines, abiotic factors vary dramatically (Ricketts et al. 1985). The fascination and
relative accessibility of rocky intertidal habitats has led to them being among the
most-intensively experimentally studied ecosystems globally (i.e. Connell, 1961;
Paine, 1974 - see Hawkins et al., 2016 for an overview), providing experimental
evidence for realised and fundamental niches. Connell’s (1961) classic work on the
barnacle (Chthamalus stellatus) in the intertidal zone in Scotland shows how the
realised niche of this species is explained by a combination of biotic (predation and
competition) and abiotic factors (desiccation). However, the pattern of distribution
in question is a vertical distribution of a few metres on an island coastline, and it is
not clear if these same factors would explain broad-scale biogeographic

distributions.

The effects of temperature at the level of individual intertidal organisms are
reasonably well understood, however we now know temperature is only one of a
suite of potentially interacting climatic variables (ocean circulation, pH, UV
radiation) that will drive future ecological change in intertidal systems (Harley et al.,
2006). Range shifts across wide spatial scales are a key way in which marine species
cope with climate change (Pinsky et al., 2020). Evidence for changes in the latitudinal
location of one or more range limits has been recorded for many intertidal organisms
(summarised in Helmuth et al., 2006 and Hawkins et al., 2019). The general pattern
has been a poleward shift in ‘leading’ range edges to higher latitudes and cooler
environmental temperature regimes and a contraction of the ‘trailing’ equatorward
range edge away from warming temperatures (Firth et al., 2016). In Britain and
Ireland, there have been fewer retractions in the trailing range limits of boreal
species compared to expansions of southern species (Hawkins et al., 2009; Burrows
et al., 2011). Many of these were reported by the Marine Biological Association of the

UK MarClim project, which has documented range shifts for a wide range of rocky
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intertidal invertebrates and macroalgae (Hawkins et al. 2008, 2009; Mieszkowska et
al. 2014). The leading range edges of southern gastropods (Patella depressa, Phorcus
lineatus, and Steromphala umbilicalis), barnacles (Chthamalus stellatus, C. montagui,
and Perforatus perforatus), and kelp (Laminaria ochroleuca) have shifted northward
around the Atlantic coastline and north-east along the English Channel coastline
(Herbert et al. 2003, Mieszkowska et al. 2006, 2007, Smale et al. 2014, Yesson et al.
2015). Outside Britain and Ireland, evidence of shifts in distribution is mostly limited
to recent decades, stemming from the growing awareness of the need for broad-
scale long-term datasets to track and predict impacts of global environmental
change (Firth et al., 2016). Similar shifts in distribution patterns have been observed
in Portugal and Spain, with advances of southern species and retreat of boreal
species (Lima et al.,, 2006, 2007). For instance, survey data indicates that the
southern range boundary of the intertidal boreal barnacle Semibalanus balanoides
has retracted poleward by 300 km along the coast of France and north-west Spain

since 1872 (Wethey et al., 2011).

The niche: how different aspects are explored through
different disciplines

1. A short history of niche theory

A species’ ecological position in the world has only been referred to as its niche for
the past 100 years. References to concepts similar to the ecological niche can be
found in the writings of Darwin and Wallace (Vandermeer, 1972), however Joseph
Grinnell was the first to use the term ‘ecological or environmental niche’ in 1924, to
describe the ultimate distributional unit of a ‘species or subspecies’. A near-
concurrent and independent definition of the niche was developed by Charles Elton
in 1927. His ‘functional niche’ referred to the role of a species in a system and is often
linked to the species position in the food web. In 1935, in what is perhaps the only
specific law of nature to be proposed in ecology (Lawton, 1999), Georgii Gause
formulated the competitive exclusion principle, which states that “no two species
can occupy the same ecological niche”. It was not until the end of the 1950s that G.

Evelyn Hutchinson revolutionised niche theory, by developing the formal notion of
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the ecological niche as a hypervolume in which each dimension represents a
resource (e.g. food, material, space) or an environmental condition (e.g.

temperature, humidity, pH).

The Hutchinsonian niche (Hutchinson, 1957; Holt, 2009), a cornerstone of ecology,
evolution and biodiversity research, has shaped how ecologists have viewed
species’ distributions for decades (Palmer, 2016). Hutchinson then further
refined his definition to differentiate between the fundamental niche, the range
of environmental conditions a species is physiologically able to tolerate, and
the realised niche, the subset of the fundamental niche actually occupied as a
result of biotic interactions (Miller, 2010). These roughly correspond to parts A

(fundamental niche) and parts A N B respectively in the BAM diagram in

Figure 1. Thus the fundamental niche is determined by intrinsic properties of a
species (how it responds to the environment through its physiology and behaviour)
rather than by extrinsic properties of the environment independent of the species
(Wiens et al., 2009), and can be obtained independently of the localities where a

species is observed (Peterson et al., 2011).

The foundations for thinking about ecological niches were laid at a time when the
world seemed a lot more stable, and were used at much smaller scales than the ones
they are applied to now (Pinsky et al., 2020). The beginning of the 21 century
marked an upsurge of interest in species niches, driven in part by the urgency of
predicting ecological responses to rapid environmental change (Holt, 2009). A range
of techniques are now available to assess different aspects of the niche, from the
individual to the ecosystems level. The following section gives some further
background on the approaches used in the following chapters, namely physiological
studies at the individual level at local and regional scales, followed by a correlative

modelling study at the species level across a large spatial scale.
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2. Physiological traits

In order to fully grasp what allows a species to be present in a given geographic
region or biotic community, it is necessary to understand when and where organisms
are living at the limits of their fundamental niche (i.e. are limited by some aspect of
physiological tolerance), in contrast to when their patterns of distribution are
representative of realised niche space (i.e. species boundaries are affected by biotic
interactions such as the presence of predators, competitors and facilitators)

(Hutchins 1947; Helmuth et al., 2006).

Understanding the causes and consequences of variation in life history
characteristics or traits are of great value in understanding the dynamics of an
ecosystem. Functional traits are measurable features of an organism that affect
fundamental processes of growth, reproduction and survival (Violle et al., 2007).
Response traits are those which show a consistent response to a particular
environmental factor, while effect traits are those which impact on one or several
ecosystem functions (see Lavorel and Garnier 2002 and references therein). Figure 3
gives an example of response (e.g. biomass) and effect traits (e.g. stem density) in
marsh plants, namely two Scirpus species viewed as autogenic engineers in estuarine

tidal marshes (Heuner et al., 2015).
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Figure 3. Conceptual framework of the relationship between traits which respond to
the environment drivers (response traits) and traits which determine the effects of
plants and thus the effects of ecosystem engineering (effect traits) in a wave-exposed
intertidal habitat. From Heuner et al. (2015).

It is interesting to note that this response-effect dichotomy, developed in plant
community ecology, finds its parallel in Grinnell and Elton’s definitions of the niche;
the Grinnellian niche describes the response of a species to a given set of variables,

while the Eltonian niche focuses on the impact of species in the environment.

Traits can be used as surrogates for species performance and as such may be useful
tools for quantifying species’ niche parameters over environmental gradients. As
there are literally millions of separate species, treating the biota as a continuous
distribution of traits is pivotal if we are expected to model the biosphere (Violle et al.,
2014). The realisation that ecological traits vary among individuals is not new, but
has often been underappreciated (Bolnick et al., 2003). The mean trait values of a
species determines its niche position along gradients, and intraspecific trait
variability (ITV), which expresses the range of trait values exhibited by a species
grown in different environments, determines its niche breadth (Violle and Jiang,
2009). ITV, which can arise due to local adaptation, individual plasticity, maternal
effects or evolutionary adaptation in situ, can sometimes comprise the majority of a
populations’ niche breadth (Bolnick et al., 2003). ITV is therefore important for
determining the range limit of species, and greater ITV also allows populations to

survive and grow in a broader range of environments, thereby extending niche width
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(Treurnicht et al., 2019). It has been suggested that species with high trait variation

could occupy more diverse environments, have more continuity in their

distributions, and consequently have larger range sizes (Violle and Jiang, 2009). In

practice, geographical information on ITV is rarely available and has seldom been

tested outside the field of plant ecology (Chacdn-Madrigal et al., 2018).

2.1 Biochemical traits

14

Cells are the basic building blocks of all organisms. The core biochemical
constituents of all organisms - enzymatic and structural proteins, nucleic
acids, and phospholipid structures such as cellular membranes - and the
interactions among them are susceptible to direct perturbation from several
environmental factors such as temperature, radiation and water availability.
Taking a somewhat reductionist view, a living organism and its functions can
therefore be seen as the sum of chemical reactions between these biochemical
constituents, the kinetics of which are governed by environmental conditions,

predominantly temperature.

Each of the above essential biochemical constituents of cells must retain a
delicate balance between stability and instability in order to maintain its
functional properties (Hochachka and Somero, 2002). Biochemical traits are
therefore key components of synthetic or metabolic biochemical pathways
that are directly or indirectly linked to processes important for survival or
reproduction (Dahlhoff, 2004). They give organisms the ability to persist in the
face of novel conditions through phenotypic plasticity, which can be
accomplished in many ways, including by a change in enzyme activity,
homeoviscous adaptation (a process where cell membranes lipid composition
is remodelled to maintain adequate membrane fluidity), or the synthesis of
new cryoprotective molecules (Beaugrand and Kirby, 2018). Many coastal
marine organisms are capable of phenotypic plasticity, resulting from and
measured via underlying biochemical processes, which buffer individuals
against environmental conditions that would otherwise be suboptimal

(Dahlhoff and Somero 1993; Stillman and Tagmount 2009).
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Biochemical traits in marine invertebrates have essentially been studied in
farmed species, to assess environmental, trophic and defence dimensions (e.g.
Soudant et al., 1998; Pernet et al., 2007) under aquaculture conditions. Few
studies have focused on rocky intertidal communities (reviewed in Sanders,
1993; Dahlhoff 2004), and have for example shown the production of heat
shock proteins occurs after exposure to temperatures experienced during low
tide in mussels (Hofmann and Somero, 1996) and limpets (Dong et al., 2008),
putting forward that the production of these proteins incurs some metabolic
costs. A handful of studies have used heat shock proteins (e.g. Lima et al., 2016)
to assess intertidal organism performance over biogeographic ranges. Using
common garden experiments, geographic variation in the thermal tolerance of
coastal marine invertebrates has, on rare occasions, been assessed using lipid

remodelling (Muir et al., 2016) or enzyme activity (Morley et al., 2009).

2.2 Reproductive traits
Amongst the most informative functional response traits involved in
distributional range-shift processes are those involved in the establishment of
self-sustaining populations (i.e. the ability of dispersing individuals to
reproduce and found new populations following a dispersal event) (Estrada et
al., 2016). Reproductive traits therefore play an important role in species

dispersal ability and the capacity to evade climate change.

In discussing the bases for temperature zonation in geographical distribution in
the sea, Hutchins (1947) gave a mechanistic focus by emphasizing the
important role of reproduction and recruitment (termed repopulation) in
setting distributions. Species were grouped into four types of zonation: (a)
poleward and equatorward limits set by inability to survive; (b) poleward and
equatorward limits set by inability to repopulate; (c) heat stress (summer
temperatures) setting limits both by reducing survival at equatorial margins
and repopulation at poleward margins; and (d) cold stress (winter
temperatures) setting limits by reducing survival at poleward margins and
repopulation at equatorial margins (Figure 4). Relic populations are

occasionally found beyond range limits when a year class has survived a period
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of less-extreme climate, but these populations quickly become extinct when
exposed to conditions that are too extreme for repopulation or survival

(Helmuth et al., 2006).

Summer Winter
heat stress cold stress
Poleward | Repopulation Survival

a b

v N

Equatorward| Survival Repopulation

Figure 4. Diagram of the four basic types of zonation. Reprinted from Hutchins
(1947).

A more recent extension of this theory is that population abundances are
expected to be highest near the centre of the species distribution, where levels
of physiological stress are assumed to be lowest, and then to decrease toward
the range margins (Brown, 1984). This became known as the abundant-centre
hypothesis; if environmental variables tend to be spatially correlated,
population abundance should be approximated by a normal distribution, with
abundance declining smoothly from the range centre towards the margins
(Sanford, 2014). Brown (1984) argued that a species should be most abundant
at the centre of its geographic range because that is where biotic and abiotic
variables are ideal for individual fitness. The multidimensional niche
(Hutchinson, 1957) therefore also forms the basis for biogeographic thinking
about range-wide patterns of individual performance metrics such as

reproductive output (Lester et al., 2007).
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3. Species distribution models

It is worth emphasizing here that the niche concept describes the distribution of a
species in environmental space. Correlative species distribution models (SDMs),
which estimate the ecological requirements of species by relating their known
geographic distribution to a set of environmental variables, are being increasingly
used (Figure 5). SDMs were first applied in the terrestrial domain. By comparison,
application of SDMs to marine species is rare, although interest in their application is

increasing (Robinson et al., 2011; Melo-Merino et al., 2020).
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Figure 5. Trends in the number of marine (turquoise line) and terrestrial (yellow line)
publications. Data derived from a Web of Science search for the years 1991 (the first
year in which abstracts were included for many journals) through 2018, using topic =
‘species distribution” OR ‘ecological niche’ OR ‘habitat preference’ OR
‘environmental preference’ OR ‘bioclimate envelope’ OR ‘environmental niche’ OR
‘habitat suitability’ AND ‘model*’. A subsearch was performed using search topic =
‘marine’ and this was subtracted from the remaining publications for each time
period based upon the assumption that they would be terrestrial, although some
freshwater examples may be included. Updated from Robinson et al. (2011).
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The utility of SDMs lies in translating species-environment relationships into
geographic space. This is illustrated in Figure 6 using data on Acropora palmata
occurrence in the Caribbean (see Melo-Merino et al., 2020 for data description).
Briefly, the distribution of A. palmata in geographic space (Figure 6a), is combined
with environmental conditions through a statistical method to quantitatively
describe its environmental profile (Figure 6b), and the resulting predicted map
translates this profile into some measure of suitability in geographic space (Figure

6C).

Suitability

1
S 0.8
N:
= 0.4

0.2

Figure 6. a occurrence localities for the scleractinian coral Acropora palmata,
representing the geographical space (G-space) occupied by the species; b three-
dimensional model of the ecological niche of A. palmata, where gray dots represent
all the environmental conditions (E-space) available in the Caribbean, red dots
represent the environments actually occupied by A. palmata, and the blue ellipsoid
represents the fundamental ecological niche of A. palmata. ¢ Geographic projection
of A. palmata’s niche model and corresponding suitability values. Modified from
Melo-Merino et al. (2020).

Strictly speaking, as SDMs are based on observed data, they cannot be used to map
the fundamental niche of an organism, despite claims to the contrary (i.e. Soberén
and Peterson 2005). This is because these approaches begin with the distribution of

the organism, which is the end result of all biotic and abiotic interactions. Thus, it
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implicitly incorporates any biotic interactions, disturbance, dispersal limitations, etc.
that are dependent on the abiotic variables considered. Unless the models include
variables that represent biotic interactions or disturbance, the mapped distribution
is not exactly coincident with the realised niche either (Miller, 2010). Although the
niche concept is integral to SDM, the term ‘habitat’ more accurately describes what
is often modelled, as it is the distribution of suitable environmental factors that is
modelled. If SDM are to be described as niche analyses at all, they are best
considered as a multivariate statistical description of the Hutchinsonian niche
(Kearney, 2006). Yet they are often treated as if they were fundamental niches when
future species distribution scenarios are projected under environmental changes
(Violle and Jiang, 2009). Since they do not include some aspect of physiological
mechanisms, purely correlative approaches also run the danger of being ineffective
for predicting future biogeographic patterns because projected environmental
conditions can exceed those used to develop the model (Helmuth et al., 2005;
Kearney, 2006; Phillips and Dudik, 2008). Despite their caveats, SDMs have emerged
as a vital tool for predicting, on a spatially explicit basis, the likely impacts of climate
change (Woodin et al., 2013), particularly over broad spatial extents where many

biotic interactions are muted (Peterson et al., 2011).

Model organism and system

1. The intertidal reef-builder

The honeycomb worm Sabellaria alveolata (Linnaeus, 1767) is an allogenic
ecosystem engineer, which transforms soft sediment into a hard substrate, by
cementing grains of suspended sand and shell fragments together to form its
tube (Le Cam et al., 2011). As a colonial species that can reach a density of
60,000 individuals.m? (Dubois et al., 2002), taken as a whole, these thousands
of tubes affixed to one another constitute an engineered habitat or biogenic

structure (Figure 7).
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Figure 7. A: a Sabellaria alveolata individual. B: a close-up of S. alveolata’s tentacular
filaments, which select resuspended sand and shell fragments from the water
column to build their tubes. C: a close-up of the bioconstruction, showing the
aggregation of individual tubes. Note that occupied tubes can be detected by the
seal made by the worms’ opercular crowns, which get covered in silt at low tide. D:
zooming out from the bioconstruction, the high density of individuals and presence
of epibionts (rhodophytes and trochidae) can be seen. E: reef platforms in the Mont-
Saint-Michel bay showing a height of ~1.6m. F. Nunes for scale. Photo taken in 2016
F: very well-developed hummocks and platforms in the Mont-Saint-Michel bay.
Photo taken in 1983. [Photo credits: A-B, A. Guérin; C-E: S. Dubois; F, Y. Gruet]

Individual colonies vary in size, and can form collections of biogenic structures
ranging from small patches, hummocks, and veneers to the largest biogenic reefs in

Europe found in the Mont Saint-Michel Bay, France (Holt et al., 1998; Dubois et al.,
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2002) (Figure 8). These biogenic structures are important for high-biodiversity
habitat provision as they are home to a unique assemblage of intertidal and subtidal
species (Dubois et al., 2002). They store considerable quantities of shell debris, rock
fragments and sand grains, therefore acting both as sediment reservoirs and as

‘natural’ coastal defence structures (Naylor and Viles, 2000).

Figure 8. Photo panel illustrating the diversity of S. alveolata biogenic structures
across Atlantic Europe. A - an isolated tube, Belle ile en Mer (FR); B - a small cluster of
tubes, ile d’Aix (FR); C - veneer, Buarcos (PT); D - hummock forms, La Tranche (FR); E
- hummocks on a cobble beach, Llanddulas (UK); F - veneers and oyster reefs, Pornic
(FR); G - large veneers on oyster beds, Valiere (FR); H - extensive veneers inside a sea
cave, Biarritz (FR); | - the tallest present-day biogenic structures, hummocks in
Champeaux (FR) [Photo credits: S. Dubois]
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S. alveolata is a widely distributed Lusitanian species, extending from Auchenmalg in
Scotland (Bush et al., 2016) to Dakhla in the western Sahara (Lourenco et al., 2020)
and possibly even northern Mauritania (Gruet and Hawkins, pers. comm.), although
as this region is underrepresented in the biodiversity literature its exact equatorward
range boundary is not precisely known. In the UK, it is considered ‘nationally rare but
locally abundant’ (Sanderson, 1996), as extensive reefs occur in only a handful of
locations, namely the Severn Estuary and Solway Firth. Across Europe, the most
extensive reefs are found in France. Along the French Atlantic coast, the densest
bioconstruction coverage can be found between the Loire and Gironde estuaries
(Dubois, pers. comm.), with Noirmoutier island and Bourgneuf Bay reaching
particularly high abundances. Along the English Channel, the Mont-Saint-Michel Bay
is home to Europe’s most extensive biogenic habitat, with the reefs of Sainte-Anne, la

Frégate and Champeaux covering 300 hectares (Desroy et al., 2011).

2. Habitat importance and policy

The only legislation which affords some European-wide protection to
S. alveolata is the European Union Habitats Directive (Council Directive 92/43/EEC on
the conservation of natural habitats and of wild fauna and flora), where it is listed
under Annex | as part of the habitat 1170 ‘Reefs’. As a result, via the Natura 2000
network (the name given to the protected areas designated under the Habitats
Directive), these biogenic reefs should be included in Special Areas of Conservation
in which the aim is to prevent, by a series of legal measures, the deterioration of this
natural habitat. However the Habitats Directive only includes intertidal reef “where
an uninterrupted zonation of sublittoral and littoral communities exist”. Crucially,
what constitutes an intertidal S. alveolata reef, and the significance of what
‘uninterrupted’ might mean, have yet to be defined. Despite this European
framework, few member states have adopted national legislation protecting
S. alveolata reefs. In the United Kingdom, a Biodiversity Action Plan (UK BAP) was
published in 1994, pertaining to the UK Government’s response to the Convention on

Biological Diversity (CBD). As part of the UK BAP, S. alveolata reefs were mapped,
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referenced and are surveyed. Outside of the UK, some protected areas list
S. alveolata as one of their ‘features’ in several member states, but national or

European habitat distribution have not been mapped.

Despite ranging from Scotland to Mauritania, little is known about its distribution
outside of the United Kingdom, where there is a strong heritage of natural history
and sustained observations (e.g. Southward et al., 1995). As a result, online marine
biodiversity information systems currently contain haphazardly distributed records
of S. alveolata. Out of 2275 georeferenced stored in the Global Biodiversity
Information System (accessed on the 14-05-2020), 2031 originated in the United

Kingdom.

The Natura 2000 network is intended to form an ecologically coherent network at a
European scale. A pre-requisite to any designation and assessment of coherence is to
have accurate data on the locations of priority habitats at a regional scale. The
dataset that was built as part of this thesis work fills this gap as it geographically
covers Atlantic Europe and North Africa; it is presented in the first section of chapter
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Pl 8.

Figure 9. An illustration from Chenu (1842) of Sabellaria spp. biogenic reefs.
Accessed via www.biolib.de
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3. Body of, and gaps in, knowledge
Despite its importance as a European priority reef habitat, with rare exceptions
research on S. alveolata’s has been conducted at a local scale. The following
paragraphs are dedicated to giving a brief overview of the existing body of
research, summarised in Figure 11, which presents a non-exhaustive summary

of key articles in different disciplines and biological organisation levels.

Much attention has been given to the mechanisms underpinning S. alveolata’s
biogenic reef construction, from the composition of individual tubes (Fournier
et al., 2010) and the chemical properties of its biomineral cement (Gruet et al.,
1987), to the morphology (Naylor and Viles, 2000) and developmental cycle
(Gruet, 1984) of entire reefs. The processes through which food or mineral
particles are actively selected by S. alveolata’s tentacular filaments (Figure 10)
and transported towards the mouth or building organs have been decrypted

through detailed anatomical studies (Dubois et al., 2003, 2005 and 2009).

Figure 10. Left side-view of
Sabellaria alveolata anterior region.
TF = tentacular filaments, BO =
building organ, OP = opercular
paleae, L = peristomial lobe, P =
papillae forming a ring around the
base of the operculum, B=branchia,
DC=dorsal chaetae, VC=ventral
chaetae. Modified from Cuvier
(1836) and Ebling (1945).
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As with many coastal benthic invertebrates, S. alveolata features a complex life cycle,
with several planktonic larval stages, in addition to a sessile bottom dwelling
juvenile and subsequent adult stage (Wilson, 1929; Cazaux, 1964). Settlement stage
larvae are known to be attracted to conspecific reef structures, both alive and dead
(Wilson, 1968; Pawlik, 1988). Studies of larval duration and peak reproductive
periods have yielded variable results. Planktotrophic larvae have been reported to
persist in the water column for 4-12 weeks (Wilson, 1968; Ayata et al., 2009).
Contradictory information is available regarding peak reproductive periods, with
spawning reported for just one summer month (e.g. Wilson, 1971) or extended over
several summer months (e.g. Culloty et al., 2010), to bimodal peaks in spring and
autumn (Gruet and Lassus, 1983; Dubois et al., 2007), to semi-continuous trickle
spawning throughout the year (Gruet and Lassus 1983; Dubois et al., 2003; 2007;
Culloty et al., 2010). These variable larval durations and spawning periods imply that
larval dispersal models have many different scenarios to contend with (Muir et al.,
2020), and ultimately yield vastly different scenarios for protected area network

coherence and connectivity.

Prior to this thesis, no in-situ physiology studies had been conducted, and the
physiological response of S.alveolata to environmental stressors was limited to two
experimental studies on the impact of seawater temperature and pH. Muir et al.
(2016) looked at lipid remodelling in S. alveolata through common garden
experiments using individuals sampled from five locations along the north-east
Atlantic coastline, in response to acclimation and adaptation to temperature. They
found S. alveolata to be tolerant to heat stress, being able to acclimatise to sustained
high temperatures by modulating its cellular membrane lipids, although this ability
appears to be limited to temperatures below 25°C (Muir et al., 2016). Experimental
work on S. alveolata’s tolerance to increasing seawater temperatures and
acidification has shown it can tolerate warm acidic conditions for several weeks
(Faroni-Perez, unpublished data). How environmental stressors other than seawater

temperature, such as air temperature and hydrodynamic factors - known to be
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important for intertidal, filter-feeding, engineer species - affect organismal

performance, had not been studied. Equally, prior to this thesis nothing was known

about broad-scale spatial variation in S. alveolata reproduction and physiology in

relation to environmental stressors.

Physiology : fatty
acid profiles
acclimatisation and
local adaptation to
temperature (Muir
etal.2016)

Feeding mechanisms (Dubois
et al. 2003, 2005, 2009),
feeding ecology and trophic
inter-species competition
(Lefebvre et al. 2009, Dubois
and Colombo 2014)

Egg development (Wilson 1968)
and composition (Peaucellier et

al. 1984), larval behaviour
(Pawlik 1988, Dubois et al. 2007,
Ayata et al. 2009) and reprodu-
tion period (Gruet & Lassus
1983, Culloty et al. 2010)

Worm parasites
(Leander 2008,

Leander et al. 2006)

Decadal spatial changes in
bioconstructions in Britain (Firth

etal.2015) or local temporal
changes (Lecornu et al. 2016)

Tube composition
(Gruet et al,, 1987 ;
Naylor & Viles
2000) and change
with growth
(Gruet 1984)

Mechanical resistance (Le
Cametal.2011) and
biochemical cement
composition (Gruet et al.
1987, Flammang et al.
2009, Fournier et al. 2010)

Biodiversity

Diversity of reef associated
fauna in France (Dubois et al.
2002, Schlund et al. 2016,
Jones et al. 2018), Spain
(Porras et al. 1996), Portugal
(Dias & Paula 2001, Bertocci
et al. 2012, Plicanti et al.
2017), Italy (Bonifazi et al.
2019, Bertocci et al. 2017),
Morocco (Chouikh et al.
2020)

Anthropogenic direct
(Plicanti et al. 2016) and
indirect (Dubois et al. 2006)
effects on associated fauna

Seascape ecology

Estimates of reef volumes
and sediment pool (Noern-
berg et al. 2010)

Local bioconstruction mapping in France (Schlund et al.

2016), Italy (Ingrosso et al. 2018), Spain (Anadon 1981).
Experimental high resolution mapping using airborne
optical imagery (Collin et al. 2018) and laser scanning and
photogrametry (d'Urban Jackson et al. 2020)

Local conservation
status and survey
protocol (Desroy et
al.2011)

Figure 11. Diagram summarising key S. alveolata research papers and topics.
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The bulk of this research has been concentrated in three locations, by three
researchers: (1) Duckpool in Cornwall UK, by Douglas Wilson (2) Bourgneuf Bay
near the Loire Estuary in France, by Yves Gruet (3) the Mont-Saint-Michel Bay,
by Stanislas Dubois (see references in above paragraphs and figure 10). The
reefs in the Mont-Saint-Michel in particular have been the subject of many
subsequent studies building on previous biological descriptive work to
increasingly explain ecological processes that drive patterns in S. alveolata
population dynamics and community structure (e.g. Ayata, 2010; Jones, 2018).
Given the special nature of this location (a mega-tidal bay where reefs have
formed atop of soft sediments), it is unknown how transposable these research

results are to other locations.

The alpha diversity of the reef associated fauna has been described in many
locations across France (Dubois et al., 2002; Jones et al., 2018), Spain (Porras et
al., 1996), Portugal (e.g. Dias and Paula, 2001), Italy (e.g. Bertocci et al, 2017)
and Morocco (Chouikh et al., 2020). The effects of direct (human trampling -
Plicanti et al., 2016) and indirect (epibiont presence due to eutrophication and
aquaculture - Dubois et al., 2006) local anthropogenic impacts have been
studied. The development of an (super-abundant) reef health status index has
shown continuous deterioration of the Mont-Saint-Michel reef’s state of health,
which correlates with the colonisation of the Pacific oyster Magallana gigas and

with increasing silt deposits linked to shellfish farming (Desroy et al., 2011).

The Mont-Saint-Michel has also been the testing ground for a number of high-
resolution remote-sensing mapping methods, namely LiDAR (light detection
and ranging - Noernberg et al., 2010), drone imagery (Collin et al., 2018) and
most recently hyperspectral imagery (Bajjouk and Dubois - unpublished data).
Spatial ecologists have also newly tested laser scanning and structure-from-
motion photogrammetry on Welsh S. alveolata reefs as promising new three-

dimensional mapping tools (d’Urban-Jackson et al., 2020).

The broadest-scale studies to date have gone from studying five-year reef
dynamics along the western Cotentin peninsula in France (Lecornu et al., 2016),

to decadal-scale shifts spanning the length of Britain (Firth et al., 2015). In
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summary, prior to this thesis, occurrence records and mapping studies were
mainly local and did not stretch beyond the national level in the United
Kingdom. Range-wide distribution and abundance was unknown, and
biogeographic studies of future climate change scenarios covering the entire

species distribution area had not been carried out.

4. Model organism, biogeography and climate change
As a Lusitanian warm-water species that responds positively to warming
temperatures (i.e. population increase, Frost et al., 2004) and negatively to
severe winters (Crisp, 1964; Firth et al., 2015), towards its northern range
boundary, S. alveolata is considered a climate change indicator species in
Britain and Ireland (Hiscock et al., 2004; Mieszkowska et al., 2006; Merder et al.,
2018). Evidence is however currently lacking to determine whether the
poleward range boundary is set by the inability to survive cold stress or
because of the inability to repopulate (i.e. lack of larval recruitment or

survivorship of juvenile phases) (Hutchins, 1947).

Up until now, the broadest-scale, longest-term studies of S. alveolata
distributional shifts have spanned the length of Britain over a decadal time
scale (Cunningham et al., 1984; Firth et al., 2015, Bush 2016). Whether it can be
considered a climate change indicator species in the southern part of its range,
and whether its distribution is predicted to shift under future climate change
scenarios, are questions that had not been answered (or even asked) prior to

this thesis.
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Thesis outline

30

The general aim of this PhD thesis is to gain a better understanding of where
and why S. alveolata is distributed, by investigating different dimensions of its
ecological niche through three different approaches, organisational levels and

scales.

The first chapter provides a snapshot link between the physiological condition
of the organism, and the outward physical appearance of the bioconstruction,
on S. alveolata sampled in the Mont-Saint-Michel Bay. By learning more about
the physiological condition of the species at the individual level, insight was
gained into the limits of its fundamental niche. Exploratory research was
conducted in order to identify which biochemical indicators could
subsequently be used as response traits in ensuing S. alveolata physiology

studies.

In the second chapter, response traits are explored on a regional scale, by
integrating information on physiological and reproductive condition with
knowledge of temporal and spatial patterns in the physical environment across
ten sites, from Criccieth in North Wales to Buarcos in central Portugal. We link
these biochemical and reproductive response traits to emergent patterns in
S. alveolata populations and allude to how these may be affected by
environmental stressors, namely extreme temperature and storm events. This
macrophysiological study, which focuses on the variation of reproductive traits
and adult physiological condition across 14.5° latitude, confers the ability to
directly assess the abundant-centre hypothesis (aka Brown’s principle) which
proposes that species have decreased performances towards their range

edges.

The third chapter uses a species distribution modelling approach to estimate
S. alveolata habitat suitability on the basis of environmental gradients across
the near-entirety of its geographic range. This thesis is the first ‘range-long’
study of S. alveolata, and was made possible by the compilation of occurrence

records across six countries spanning two decades. As a species which provides
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a high-biodiversity habitat, climatic impacts could result in sweeping

community-level changes. Based on future projections of environmental

predictors, the predicted emergent response to climate change was analysed,

in the form of range contractions and expansions forecast by the mid and end

of the 21t century. Taken as a whole, these three chapters provide different

pieces to the integrated view puzzle of Sabellaria alveolata’s niche,

summarised in Table 2.

Table 2. Summary overview of hypotheses tested, data types and analytical methods applied to
Sabellaria alveolata in the three chapters.

Chapterl Chapterli Chapter il
H, The outward structural (i) There are no differencesin  Statistical distribution models
appearance of the reproductive and (i) present day distribution
bioconstruction is not biochemical traits in cannot be predicted by broad-
linked to the individuals at the centre or scale environmental variables;
physiological condition of  edges of the distribution (i) climate change will leave
the resident individuals. range; (ii) Extreme or the future biogeographical
fluctuating abiotic conditions  distribution unaltered.
do not increase intra-specific
trait variation.
Study scale 1sitein FR (100s of 10 sitesin UK, FR & PT (100s North-east Atlantic (1000s
and time meters) of km) of km)
frame
February 2016 Summer 2017 & Winter 1970-2019
2018 Projections for 2040s, 2090s
Response Biochemical physiological  Univ.: Total egg diameter, Occurrence records
variables indicators (fatty acidsand  egg symmetry, egg circle fit, (presence/absence data)
enzymes) relative fecundity
Multiv.: Biochemical
physiological indicators
Sources of Bioconstruction types Meteorological variables (30  Climate variables (pluri-annual
variation (Hummock or Veneer), day mean): Air and mean): Sea surface
phases (Prograding or seawater temperature, Chl-a, temperature, sea surface
Retrograding) and shore suspended particulate salinity, air temperature, fetch,
level (High or Low) inorganic matter, tidal significant wave height, tidal
Random factor: sampling  amplitude, wave exposure, amplitude
location
Applied Univ.: T-test Univ.: linear regressions Multiv: GAM, RF, ensemble
statistical Multiv.: GLM, GLMM, PCA  Multiv.: ColA, RDA, MLR, models
methods varcomp, varpart

Univ. = univariate; Multiv. = multivariate; Chl-a = Chlorophyll a; GLM = General Linear Models; GLMM = General Linear Mixed
Models; PCA= Principal Component Analysis; ColA = Co-inertia Analysis; RDA= Redundancy Analysis; MLR= Multiple Linear
Regression; varcomp = variance component analysis; varpart = variance partitioning; GAM= Generalised Additive Models;

RF=Random Forest.
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It is worth noting here that the physiological processes presented in chapters | and I
are not explicitly included in the determination of S. alveolata’s large-scale habitat in
the third chapter. Moving towards integrating mechanistic knowledge into successful

biogeographic forecasting is discussed in the final thesis chapter.
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CHAPTERI

The first chapter of this thesis focuses on biochemical traits in S. alveolata. This
work was published in March 2019 in ‘Ecological Indicators.’ The overall objective of
this study was to investigate the relationship between the physical appearance of
the reef or bioconstruction and the physiological state of the individual worms.
Biochemical markers are frequently used to assess the physiological condition of
aquaculture species but have yet to be routinely used in intertidal field ecology.
The focus of this study was on a single site and sampling event: the Mont-Saint-
Michel Bay, sampled in February 2016.

This study tested a whole suite of biochemical markers to see which stood out as
being relevant proximate response traits for S. alveolata. Importantly, it also
proposed a clear terminology for the bioconstruction type (veneer, hummock or
platform) and phase (progradation vs. retrogradation) from which the worms were
sampled. Both the biochemical markers and terminology were selected to be
widely applicable across S. alveolata’s range.

The polar lipid fraction of arachidonic acid (20:4n-6) was selected, together with the
activity of two metabolic enzymes (citrate synthase and superoxide dismutase) as
three informative biochemical stress markers for this species. Our key finding was
that worms sampled from retrograding reefs (i.e. displaying signs of erosion and
colonisation by epibionts such as oysters or mussels), were less physiologically
stressed than worms sampled from prograding bioconstructions. Lower
intraspecific competition, increased micro-habitats and hence greater food
availability is the suggested reason. Whilst prograding bioconstructions, with their
rounded shapes, crisp porches and low number of epibionts, are often considered
as having a greater aesthetic value, retrograding bioconstructions may ensure a
greater number of ecological functions. It is therefore essential that conservation
measures encompass multiple S. alveolata bioconstruction types and phases.
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Amelia Curd®’, Fabrice Pernet?, Charlotte Corporeau?, Lizenn Delisle?, Louise B. Firth3,
Flavia L.D. Nunes! and Stanislas F. Dubois!
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Abstract
The honeycomb worm Sabellaria alveolata is capable of building extensive
bioconstructions, including what are currently considered Europe’s largest
biogenic reefs. The size and volume of these bioconstructions, however, vary
greatly, such that not all habitats engineered by S. alveolata may be easily
identified as reefs. Given that European environmental legislation protects
marine habitats that are classified as “reefs”, it is important to identity a clear
set of definition criteria. Furthermore, quantifiable and unequivocal criteria are
also needed to evaluate the ecological (health) state of these reefs, in order to
best monitor and protect them. Here we propose new terminology to describe
the physical appearance of these bioconstructions and attempt to link these
physical criteria to the physiological state of the tube-building polychaete. We
tested whether a bioconstruction displaying outward signs of growth is built by
“healthy” worms devoid of physiological stress by analysing three
macromolecules (carbohydrates, proteins, lipids), four polar lipid fatty acids,
six neutral lipid fatty acid markers and three metabolic enzymes (citrate

synthase, catalase and superoxide dismutase). The worms were sampled in
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bioconstructions of different “Type” (veneer vs. hummock), “Phase”
(progradation vs. retrogradation), and “Shore Level” (high shore vs. low shore)
at Champeaux in Mont-Saint-Michel Bay, France. Our results show that worms
sampled in retrograding reefs (i.e. displaying signs of erosion and colonisation
by epibionts such as oysters or mussels), were less physiologically stressed
than worms sampled in prograding bioconstructions, possibly due to lower
intraspecific competition and hence greater food availability. We therefore
suggest management measures should encompass the whole mosaic of
biogenic construction Types and Phases. We propose the inclusion of the polar
lipid fatty acid arachidonic acid, in combination with the activity of two
metabolic enzymes, citrate synthase and superoxide dismutase, as the three
key biochemical markers to consider for quantitative information on the
physiological state of this particular ecosystem engineer. Our results also
revealed the influence of both sex and size on fatty acid and enzyme levels,
highlighting the importance of taking into account both these variables when
sampling and subsequently pooling individuals by sex and size category for
laboratory analyses. Once seasonal and site variation have been addressed,
these biochemical indicators could be examined in parallel with S. alveolata
bioconstruction physical criteria as part of a European-wide protocol for

monitoring ecological status in this potential reef habitat.

1. Introduction

Biogenic reefs are among the most biologically diverse and functionally
important habitats on Earth (Goldberg, 2013). Their physical structure is known
to provide numerous provisioning and regulating services, such as unique
habitat provision and coastal protection (Hattam et al., 2015). Tropical coral
reefs are often the first image that springs to mind upon hearing the term ‘reef’,
and are the subject of enormous literature. Scleractinian corals, however, are
only one of many marine taxa capable of building biogenic reefs, which can be

defined as follows: “solid, massive structures which are created by
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accumulations of organisms” and “clearly forming a substantial, discrete
community or habitat which is very different from the surrounding seabed” (Holt
et al., 1998). In temperate waters, shellfish and tube-dwelling polychaetes also

fall under this definition (Bartol et al., 1999; Dubois et al., 2006).

The term “healthy reefs” is ubiquitous throughout the literature on marine
conservation; healthy reefs are often the focus of protection efforts (Abelson et
al., 2017). Yet when it comes to assessing reef health status, the metrics most
commonly described assess either ecological (i.e. species richness and
presence of species of interest), or landscape characteristics (i.e. elevation,
extent, coverage). It is unknown whether these assessments are indicative of

the health of the engineering organism itself.

Reef-building sabellariid worms are ubiquitous globally in both intertidal and
shallow subtidal zones. The species responsible for building what are currently
considered as Europe’s largest biogenic reefs (Gruet, 1986) is the honeycomb
worm Sabellaria alveolata (Linnaeus, 1767). This sedentary colonial polychaete
creates tubes of coarse sand grains and shell fragments cemented together;
dense aggregations of which may be regarded as reefs (Holt et al., 1998). This
Lusitanian species is widely distributed from southwest Scotland to Morocco
where it inhabits the low- to mid-shore (Gruet, 1986; Dubois et al., 2002). As an
ecosystem engineer, S. alveolata generates small to large scale topographic
complexity, creating numerous spatial and trophic niches for other species to
colonise (Dubois et al., 2002; 2006; Dubois and Colombo 2014; Jones et al.,
2018). Their bioconstructions buffer physical and chemical stresses, protect
from predators and competitors, and alter resource availability (Porras et al.,
1996). Consequently, these bioconstructions host highly diverse and unique
communities, composed of species originating from hard, muddy and sandy
substrates, in addition to both subtidal and intertidal habitats (Dubois et al.,
2002; 2006; Schimmenti et al., 2015), and are broadly considered as local

hotspots of biodiversity (Jones et al., 2018).
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Honeycomb worm bioconstructions constitute a highly dynamic habitat
subject to numerous natural (e.g. cold winters or storms) and anthropogenic
disturbances (e.g. trampling, harvesting, shellfish farming, coastal
development) (Dubois et al., 2002; Firth et al. 2015; Plicanti et al., 2016). These
bioconstructions may take on three main structural types (see e.g.
Cunningham, 1984 and Holt et al., 1998, Figure 12). Gruet (1982) described a
cycle whereby a bioconstruction evolves from (1) “veneers” in which the tubes
overlap and lie at an acute angle to the substratum, to (2) “hummocks” in
which the tubes radiate out from the initial settlement point before reaching
(3) “platforms” formed of extensive areas of hummocks fused together. In the
majority of locations throughout Europe, however, neither the “hummock” nor
“platform” type is ever reached. Any one of these bioconstruction types can
display outward signs of being in a “progradation” or “retrogradation” phase
(Figure 12a). Gruet (1982) was the first to refer to S. alveolata reef phases, which
he referred to as “growth” and “destruction”. Here we propose new
terminology for S. alveolata bioconstruction development. The engineered
structure is constantly in a delicate balance between these two phases, and
can therefore display some or all of the characteristics listed in Figure 12b.
Patches can undergo cyclic or erratic changes whereby they prograde or
retrograde either partially or totally through resettlement, as S. alveolata
larvae, as with all sabellariid species, preferentially settle on conspecific adult

tubes (Pawlik, 1986).
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Hummock Type

Retrogradation Phase
*Mosaic of occupiedand
unoccupied tubes (identified!
lack of porches)
+Often featuring epibionts
*Signsof reef erosion
*No visible small tube opening:
(aperture <2.5mm) ,
*Surface of reef highly fragmen
and dark brown to greyin
colouration

Figure 12. Conceptual diagram of a) the different bioconstruction Types of
S. alveolata (adapted from Gruet, 1986). Progradation and Retrogradation, as
defined in b), are represented by full versus hatched arrows respectively. Note that a
bioconstruction can cycle between the two Phases - as represented by the circular
arrows - within the same bioconstruction Type. Images © Ifremer.
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Currently there is no single definition or guidance of what constitutes a
S. alveolata “reef”. Far from being a semantic dispute, this has far-reaching
implications in terms of management and conservation, as throughout the
majority of its distribution (i.e. Europe) the sole legislative instrument affording
any protection is the Habitats Directive (Council Directive 92/43/EEC), which
only protects the “reef” form of biogenic constructions. A “reefiness” scoring
system in the context of the Habitats Directive was developed by Hendrick and
Foster-Smith (2006) for subtidal Sabellaria spinulosa reefs, based on a series of
physical, biological and temporal characteristics weighted according to data
quality of and perceived importance of each feature. Desroy et al. (2011)
developed a Health Status Index for S. alveolata bioconstructions at the Bay of
Mont-Saint-Michel, based on fragmentation, proportion of different
bioconstruction morphological types and coverage by three key epibionts (i.e.
oysters, Magallana (formerly Crassostrea) gigas, mussels, Mytilus spp., and
green macroalgae, Ulva spp.). Existing rapid assessments of intertidal
S. alveolata “quality” (i.e. Cunningham, 1984; Firth et al., 2015) are based on
visual evaluations of the bioconstructions, and do not consider environmental
characteristics of the site. Whilst all of these scoring indices are very useful,
they may not easily translate beyond the species or biogeographic regions that
they were developed for. Due to differences in morphology between the two
species, the “reefiness” score for S. spinulosa developed by Hendrick and
Foster-Smith (2006) is more helpful as a means of comparing the relative values
of two different areas of S. spinulosa reef. The Health Status Index developed
by Desroy et al. (2011) is only applicable in areas where S. alveolata
bioconstructions reach the platform type and become colonised by M. gigas or
Mytilus spp., thus restricting its application. Furthermore, not only do both of
these indices require a considerable amount of field and laboratory work with
numerous field experts, they also rely entirely on the physical looking-aspect of
the bioconstruction. For example, muddy and fragmented bioconstruction
patches have a low score on Desroy et al. (2011) health scale, disregarding the

actual physiological state of the worm. The main objective of the present study
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was to develop a generic tool that would be applicable across the entire
geographic range of S. alveolata, able to help linking the physical state of the

bioconstructions with the physiological state of the individuals.

Biochemical proxies may provide generic health indicators well suited for
S. alveolata. Cell health and survival rely on a series of biochemical fluxes and
reactions that are highly conserved among species and biogeographic regions
(Hochachka and Somero, 2002). Therefore, biochemical indicators can be used
as a snapshot of the physiological condition of the individual at the time it was
sampled (Fraser, 1989; Dahlhoff, 2004), and could potentially have similar
applicability across a variety of taxa. In order to understand how the
physiological condition of S. alveolata ties in with their bioconstruction
structure (i.e. type, phase and shore level), we focused on a suite of metabolic

parameters that reflect several key physiological processes.

Information on the organic macromolecules of a species is fundamental to
understanding its biochemical characteristics. Carbohydrates and neutral
lipids constitute major energy reserves for fuelling growth, reproduction, and
defence against stressors in many marine invertebrates (e.g. Gallager et al.,
1986; Berthelin et al., 2000; Rivest et al., 2017). Glycogen is the primary
polysaccharide (polymeric carbohydrate) in annelids (Scheer, 1969) and has
long been recognised as the principal energy reserve in juvenile and adult
bivalves (Lucas and Beninger, 1985). It serves both as an energy reserve under
unfavourable environmental conditions, and also for the formation of gametes
(Gabbott, 1975). Quantifying glycogen levels may therefore provide an

indication of the level of energy reserves in S. alveolata.

Fatty acids, which are key constituents of the lipid compartment, vary with
environmental factors such as temperature (e.g. Pernet et al., 2007) or salinity
(Fuhrmann et al., 2018), trophic sources (Winder et al., 2017) and life history
stage (e.g. Soudant et al., 1999; Lourenco et al., 2017). On one hand, the fatty
acid composition of neutral lipids, which generally consists of triglycerides,
reflects the fatty acid profile of the food consumed, thus revealing useful

information about quality and assimilation of trophic sources (Dalsgaard,
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2003). On the other hand, the fatty acid composition of polar lipids, which
mainly originate from cell membranes (phospholipids), is altered to enable
physiological adaptation of organisms to their physical environment (Hazel
and Williams, 1990; Hochachka and Somero, 2002). The best example of this is
the remodelling of membrane lipids by ectothermic animals, including
S. alveolata, to counteract the effect of temperature on membrane fluidity
(Hazel, 1995; Muir et al., 2016). Some fatty acids are particularly informative.
The fatty acid 20:4n-6 (arachidonic acid) is a precursor of hormones involved in
stressful or energetically expensive situations, namely gametogenesis and
spawning (Osada, Nishikawa and Nomura, 1989), stimulation of immune
functions in marine invertebrates (Delaporte, 2003) and acclimation to
increasing seawater temperatures in S. alveolata (Muir et al., 2016). Therefore,

fatty acid composition acts as a good stress bioindicator in marine organisms.

Metabolism is the biological processing of energy and materials through a
series of biochemical reactions catalysed by enzymes (Brown et al., 2004).
Metabolic enzymes are proteins which help maintain physiological
homeostasis. Citrate synthase is a central enzyme in the process of sugar
oxidation involved in adenosine triphosphate (ATP) generation. It is the first
step of the citric acid or Krebs cycle, consisting of a series of chemical reactions
which generate energy through the oxidation of acetyl-Coenzyme A derived
from carbohydrates, lipids and proteins. Citrate synthase activity (CS) is
correlated with respiration rate in marine invertebrates and can be used as
indicator of oxidative stress (Dahlhoff et al., 2002). Reactive oxygen species
(ROS) are generated through cell respiration and their production is
exacerbated by environmental stressors such as contaminants, pathogens and
dietary restrictions (e.g. Abele and Puntarulo, 2004 for review). Accumulation of
ROS in aerobic cells can result in oxidative stress in the host (Lesser, 2006)
which is normally prevented by an enzymatic antioxidant system. Studies have
highlighted the importance of the enzymes superoxide dismutase (SOD) and
catalase (CAT) in the prevention of tissue damage from oxidative stress in

marine invertebrates (Abele and Puntarulo, 2004 for review).
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The overall objective of this study was to investigate the relationship between
the outward structural appearance of the bioconstruction and the physiology
of the resident individuals. From a practical standpoint, we tested the effect of
the physical appearance of the bioconstructions in terms of their structural
Type (veneer vs. hummock, but not platform due to this type being absent from
the majority of locations), Phase (progradation vs. retrogradation) and shore
level (high vs. low-shore) on several well-known biochemical indicators of
health. Key macromolecules, enzyme activity and fatty acid composition of
neutral and polar lipids may change between different bioconstruction phases
of growth and deterioration and are likely to modulate the individual’s

response to environmental stressors.

2. Materials and Methods

2.1. Study location: Champeaux Reef

42

Our study took place in the Bay of Mont-Saint-Michel (north-western France), a
megatidal (>14m) ecosystem with one of the highest maximum spring tidal
range values in the world (Levoy et al., 2017). It is home to the largest and most
extensive biogenic constructions in Europe, namely the Saint-Anne reef (2.25
km?) and the Champeaux reef (0.29 km?) (Desroy et al., 2011). The current study
focused on the Champeaux reef affixed to rocky substrate in the upper
intertidal zone, situated in the southeastern part of the Bay (48.7318, 01.5520;
Figure 13). The tidal amplitude in a megatidal regime implies that the water
column is very well mixed. The surrounding substrate is known as ‘tangue’, a
heterolithic sediment displaying an alternate structure of sandy and silty-
muddy beds which represent the deposit of each semi-diurnal tidal cycle

(Tessier, 1993).
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Figure 13. Map of the study site with the twelve sampling points. V=Veneer, HR=
Retrgrading Hummock, HPHs=Prograding Hummock High Shore, HPLs=Prograding
Hummock Low Shore.

2.2. Sampling design
Twelve patches of S. alveolata were sampled on the bioconstruction during low
water on the 22" February 2016. Five individual worms were extracted from
each patch of either veneer or hummock type (Table 3). For hummocks, the
distinction was made between formations presenting outward signs of either
progradation or retrogradation. Most treatments were well interspersed over
the study area, but within ~50 m from each other. Although we would have
ideally wished to sample all shore heights and phases for all types, our study
location only allowed for prograding hummocks to be sampled both on the
high and low shore, whilst retrograding hummocks were only present in the

eastern part of the study site (Figure 13).

Small clumps of tubes were broken off, and five females were gently extracted
from their tubes for each sampling point. In addition, five males were sampled
from one low-shore hummock patch located in the centre of the reef. Worms

were randomly sampled within mature individuals. Maturation stage was
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assessed by visual examination of the extracted worms. Unspent (i.e. those that
had not shed their gametes) worms are creamy white for males and
purplish/rose-violet for females, while spent worms are thin-bodied brownish
(see Wilson, 1971, Gruet and Lassus, 1983, Wilson, 1968 cited in Culloty et al.,
2010). All sampled worms were placed in cryotubes and immediately flash
frozen in liquid nitrogen in situ before they could start releasing their gametes.

Samples were then long-term stored at -80°C until laboratory analyses.

Table 3. Summary of the sampling design. Abbreviations: nc, not considered for
analysis; F, Female; M, Male.

Bioconstruction Shore Sex Patch Numberof Code
level individuals
Type Phase
Hummock Retrogradation nc F 1 5 HR1
Hummock Retrogradation nc F 2 5 HR2
Hummock Retrogradation nc F 3 5 HR3
Hummock Progradation High F 1 5 HPHs1
Hummock Progradation High F 2 5 HPHs2
Hummock Progradation High F 3 5 HPHs3
Hummock Progradation Low F 1 5 HPLs1
Hummock Progradation Low F&M 2 5&3 HPLs2
Hummock Progradation Low F 3 5 HPLs3
Veneer nc nc F 1 5 V1
Veneer nc nc F 2 5 V2
Veneer nc nc F 3 4 V3

2.3. Laboratory analyses
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Individual worms were weighed and ice-cold milliQ water was added at V4 mass
volume ratio. Then, samples were grinded and homogenised 2x20 seconds at
4.5 m sec?! using the FastPrep-24™ 5G Instrument (MP Biomedicals SARL,
Illkirch, France). Tissue samples were aliquoted in one tube containing 100-200
uL for lipid analyses and in six tubes containing 180 uL for carbohydrate and

protein extraction.
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2.3.1 Carbohydrates

An aliquot of 180 pl of tissue sample was used for determination of total
carbohydrate concentrations. Briefly, samples were diluted 10 times by
addition of 820 uL MilliQ water. Carbohydrate concentrations were determined
by colorimetric method according to DuBois (1956). Then, samples (250 pL)
were mixed with phenol (0.5 ml, 5% m/v) and sulfuric acid (2.5 ml, 98%), and
incubated for 40 min. Absorbance was read at 490 nm with a UV 941
spectrophotometer (Kontron instruments, San Diego, California, USA).
Carbohydrate concentrations were determined using a standard calibration

curve and expressed as mg of carbohydrates per g of wet weight.

2.3.2 Lipids

2.3.2.1 Extraction
One aliquot tube of 180ul was used for determination of fatty acid profiles of
neutral and polar lipids. The sample was transferred into a 6 mL glass vial.
Lipids were extracted according to Bligh and Dyer (1959). A mixture of
CHCl5:MeOH 1:2 (v/v, 750 uL) was added to the sample. Then, the sample was
vortexed before adding pure CHCl;(250 pL), vortexed again, diluted with MilliQ
water (250 uL), vortexed again, and centrifuged at 3000 rpm for 5 minutes. The
lower organic phase was transferred into another clean 2-mL glass vial. The
remaining aqueous phase was washed with 500 pL CHCls, vortexed, and
centrifuged again. The lower phase was recovered, pooled with the first one
and evaporated under a nitrogen flow. The sample was stored at -20°C in 1 mL

of CHCl;:MeOH 98:2 (v/v).

2.3.2.2 Neutral and Polar Lipid Separation
Subsamples (250 pL) were then placed on the top of a silica gel micro column
(30x5 mm internal diameter; Kieselgel; 70-230 mesh (Merck, Lyon, France);
previously heated to 450°C and deactivated with 5% water) (Marty et al., 1992).
Neutral lipids were eluted with 10 ml of CHCl;:MeOH (98:2, v/v) and the polar
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lipids were recovered with 15 ml of MeOH. A known amount of tricosanoic acid
(23:0) was added to both fractions as an internal standard. The lipid fractions
were evaporated to dryness under nitrogen, re-suspended in CHCl;:MeOH 2:1

(v/v) before transesterification.

2.3.2.3 Transesterification
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Neutral and polar lipids were transesterified at 100°C for 10 min with 1 mL of
boron trifluoride-methanol (12% MeOH) (Metcalfe and Schmitz, 1961). This
transesterification produces fatty acid methyl esters (FAME) from the fatty acid
esterified at the sn-1 and sn-2 position of diacylphospholipids, and the sn-2
position of plasmalogen phospholipids. It also produces dimethyl acetals
(DMA) from the alkenyl chains at the sn-1 position of plasmalogens (Morrison
and Smith, 1964). FAME and DMA were analysed in a HP6890 gas-
chromatography system (Hewlett-Packard) equipped with a DB-Wax capillary
column (30 m x 0.25 mm; 0.25 um film thickness; Agilent technologies). Peaks
were analysed by comparison with those of a standard 37 component FAME
mix (Supelco® 37, Merck) together with other known FAME mixes from marine
invertebrates. Each fatty acid was expressed as the peak area percentage of the
total fatty acid content. Total DMA was used as an indicator of the plasmalogen
level.

The fatty acid trophic markers investigated in this study were the ratio of 16:1n-
7/16:0 and 16:4n-1 both of which indicate the contribution of diatoms to the
diet; the ratio of 22:6n-3/20:5n-3 which is used as an indicator of dinoflagellate
contribution relative to diatoms, all of the sum of 18:2n-6 and 18:3n-3, which is
generally considered as a marker of terrestrial inputs; the ratio of 18:1n-
9/18:1n-7, which is generally used as an indicator of carnivory; the ratio of
polyunsaturated/saturated fatty acid (PUFA/SFA), which is an indicator of food
freshness; and the sum of iso- and anteiso-branched chain fatty acids and
unbranched 15:0 and 17:0, which reflects the contribution of bacteria to the
organic matter. These fatty acid food web markers are routinely used in trophic

ecology (Dalsgaard, 2003). The ratio of neutral to polar lipid content was also
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calculated, as this proxy reflects the relative contribution of reserve to
structural lipids and is used as a nutritional condition index that is scaled to

body size (Hentschel, 1998).

2.3.3 Enzymes
2.3.3.1 Protein extraction and quantification

Tissue samples of 150ul were diluted by 2/3 in ice-cold lysis buffer solution and
homogenized with a Polytron® PT 2500 E (Kinemetica, Luzernerstrasse,
Switzerland). The buffer solution was made of 150 mM NaCl, 10 mM Tris, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 0.5% Igepal, 1 tablet of complete EDTA free
protease inhibitor cocktail (Roche Diagnostics, Risch-Rotkreuz, Switzerland) in
25 ml of buffer, phosphatase inhibitor cocktail Ill (Merck KGaA, Darmstadt,
Germany) all at pH 7.4 (Le Foll et al., 2006). Homogenates were incubated for 1
hour before being centrifuged twice at 4000 rpm for 1 hour at 4°C and at 11700
rpm for 45 min at 4°C to eliminate the lipid fraction of the samples, using GR412
and MR22 Jouan centrifuges (Thermo Scientific, Waltham MA, USA),
respectively. The resulting supernatants were aliquoted and stored at -80°C

until protein quantification and enzyme assays.

To determine total protein concentration, an aliquot of protein extract was
diluted by 1/10* and quantified according to Lowry et al. (1951) using the DCtm
protein assay kit (Bio-Rad, Hercules, California, USA). Absorbance was read at
750 nm and protein concentrations were determined by comparison with a
calibration curve of Bovine Serum Albumin provided with the kit. Results were

expressed as mg of proteins per g of dry tissue weight.

2.3.3.2 Citrate synthase

Enzyme assays were performed in triplicate at room temperature and enzyme
activities were expressed and related to the total protein concentration for

each sample.

Citrate synthase activity (CS; EC 4.1.3.7) was assayed at room temperature

according to Childress and Somero (1979). Protein extract (20 pL) was added in
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wells containing an assay buffer solution (160 pL) which consisted of 100 mM
Tris-HCl, 0.2 mM acetyl-coenzyme A, 0.1 mM 5, 5’ -dithio-bis-[2-nitrobenzoic]
acid (DTNB). The reaction was initiated by adding oxaloacetate (0.5 mM; 20 pL).
Absorbance was recorded for 10 min at 412 nm using a Synergy HT microplate
reader (BioTek, Winooski VT, USA). Results were expressed in mU mg™ protein,
where 1 U is the amount of enzyme to catalyze 1 umole of TNB per minute

(using emnga12 = 13.6 MM cm-1).

2.3.3.3 Superoxide dismutase

Total superoxide dismutase activity (SOD; EC 1.15.1.1) was determined using
an assay kit (Merck KgaA, Darmstadt, Germany), following the manufacturer’s
instruction. Superoxide dismutase activity (SOD) was measured by adding
200uL of Water-Soluble Tetrazolium salt (WST-1) to 15uL of total protein
lysates 10 times diluted, and the reaction was initiated by adding 20uL of
xanthine oxidase (XO) and xanthine mix. After a 20 min incubation at 37°C,
absorbance was read at 450nm using a Synergy HT microplate reader (BioTek,
Winooski VT, USA). SOD is quantified by comparing the decrease in the colour
development at 450nm to a standard inhibition curve, performed using SOD
from bovine erythrocytes. Results were expressed in units per mg of protein
(U/mg), where 1 U of SOD is the amount of enzyme necessary to inhibit by 50%

the xanthine/X0O complex formation.

2.3.3.4 Catalase
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Catalase activity (CAT; EC 1.11.1.6) was assessed at room temperature
following Aebi (1984). Briefly, 5 uL of 10 times diluted protein supernatant were
added to 195 pL of hydrogen peroxide solution (10 mM) to initiate the reaction.
Absorbance was immediately recorded for every 15 s for 4 min using a Synergy
HT microplate reader (BioTek, Winooski VT, USA). CAT is expressed in U/mg
protein where 1 U is the amount of enzyme necessary for catalysing 1 umole of

H,O, per min (using €H,0,, 39.4 mM* cm).
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2.3.4 Statistical analyses
Mixed design analyses of covariance (ANCOVA) were used to compare lipid,
carbohydrate, and protein contents, enzyme activities and relative fatty acid
concentration of the S. alveolata samples among the different bioconstruction
types, phases and shore level. In the model, the random factor was the patch
where the samples were taken and the covariate was individual worm mass
(i.e. wet weight measures for 59 individual females). The individual worm mass
did not vary with bioconstruction characteristics (ANOVA F-test=2.35, p=0.148)
and can therefore be used as an independent factor. The categorical fixed
variables were the four combinations of bioconstruction types and phases:
veneer (V), retrograding hummock (HR) and prograding hummock located
either on the high-shore (HPHs) or low-shore (HPLs). Interactions between
bioconstruction characteristics and worm mass were systematically not
significant and therefore omitted from the model (Table 4). When F-tests were
significant the following a priori null hypotheses (HO) were tested using

contrasts:

Mur t+ UupHs T UHPLs
3

MupHs + UHPLs
2

HOq: py=

HOy: pyp=

HO3: Uypps = UupLs

To compare males and females, the unequal variance T-test was used. The normality
of residuals and homogeneity of variances were investigated using Box-Cox
transformations (Box and Cox, 1964). When necessary, data were log-
transformed. All statistical tests were performed with SAS software (SAS 9.4,

Carry NC, USA).
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Table 4. Summary of the mixed analyses of covariance (ANCOVA) model used for
comparing females. df = degrees of freedom

Sources of variation df

Main-plot analysis

Bioconstruction characteristics 3
HO:: Veneer (V) = Hummock (H) 1
HO.: Retrograding H (HR) = Prograding H (HP) 1
HOs: HP High-shore (HPHs) = HP Low-shore (HPLs) 1
Error a: Patch (Bioconstruction characteristics) 8
Subplot analysis
Individual worm mass 1
Error b: Individual worm mass x Patch (Bioconstruction characteristics) 47
Total 59
3. Results

We investigated the effect of bioconstruction characteristics, worm mass and
sex on 16 different parameters grouped into four categories (Figure 14 to Figure
17). We report that bioconstruction characteristics were associated with
variations in three out of four indicator categories, whereas both individual

mass and sex drove differences in all four categories.

3.1. Organic Macromolecules
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There was a significant relationship between the neutral:polar lipid ratio and
bioconstruction characteristics (Figure 14c), where the two bioconstruction
phases contrasted significantly (F.s=20.1, p=0.002), with a higher neutral:polar
lipid ratio found in the retrogradation phase. Individual wet weight was
negatively correlated with both carbohydrate and protein concentration, and
positively correlated with neutral:polar lipid ratio (Figure 14d-f). Females had a

neutral:polar lipid ratio that was 5.9 times higher than males (Figure 14i),
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however sex had no effect on either proteins or carbohydrates (Figure 14g and

h).
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Figure 14. Organic macromolecules in the honeycomb worm Sabellaria alveolata as
a function of bioconstruction type, bioconstruction phase and shore level (a-c, n=59),
worm mass (d-f, n=59) and sex (g-i n=8 (5 female, 3 male)). All y axis units are mg.g™
tissue. V=Veneer, H=Hummock, HR=Retrograding Hummock, HP=Prograding
Hummock, HPHs=Prograding Hummock High shore, HPLs=Prograding Hummock
Low shore. Carbohydrate statistical test results are log-transformed. The letters “a”
and “b” represent a significant difference in the contrast test (p=0.002). * = p=<0.05.

3.2. Fatty acids
3.2.1. Polar lipids

There was a significant effect of bioconstruction characteristics on both
gadoleic (20:1n-11) and arachidonic (20:4n-6) acid after controlling for
individual worm mass. Gadoleic acid varied with bioconstruction type and was
significantly higher in worms sampled in hummocks than in worms from
veneers (F15=12.0, p=0.009) (Figure 15a). Arachidonic acid levels varied with
bioconstruction phase and were significantly lower in retrograding hummocks
(FLs=7.8, p=0.024) (Figure 15b). 20:4n-6 levels were near-significantly lower on
the low shore (F15=4.8, p=0.059) at 1.9%, compared to 2.2% on the high shore.
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Both eicosapentaenoic acid (20:5n-3) and docosahexaenoic acid (22:6n-3) were
not influenced by bioconstruction characteristics (Figure 15c and d). 22:6n-3
was the only polar lipid fatty acid to be significantly negatively correlated with
individual wet weight (Figure 15h). Sex clearly influenced levels of 20:1n-11 and
22:6n-3 content but had no effect on the other markers (Figure 15i and l); the
former is present in greater quantity in females than in males whereas the

latter is present in greater quantity in males than in females.
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Figure 15. Polar lipids in the honeycomb worm Sabellaria alveolata as a function of
bioconstruction type, bioconstruction phase and shore level (a-d, n=59), worm mass
(e-h, n=59) and sex (i-l, n=8 (5 female, 3 male)). All y axis units are a percentage of
total phospholipids. Note that the y axis scale varies between fatty acids. V=Veneer,
H=Hummock,  HR=Retrograding = Hummock,  HP=Prograding = Hummock,
HPHs=Prograding Hummock High shore, HPLs=Prograding Hummock Low shore.
22:6n-3 statistical test results are log-transformed. The letters “a” and “b” represent
a significant difference in the bioconstruction type contrast test (p=0.009), and the
letters “c” and “d” in the bioconstruction type contrast test (p=0.024). * = p<0.05.
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Figure 16. Neutral lipids in the honeycomb worm Sabellaria alveolata as a function
of bioconstruction type, bioconstruction phase and shore level (a-f, n=59), worm
mass (g-k, n=59) and sex (m-r, n=8 (5 female, 3 male)). All y axis units are a
percentage of total neutral lipids. Note that the y axis scale varies between fatty
acids. Diatoms=16:1n-7/16:0; Dinoflagellates=22:6n-3/20:5n-3; Carnivory=18:1n-
9/18:1n-7; Bacterial = 15:0 + 17:0 + branched fatty acids; Terrestrial= 18:2n-6 + 18:3n-
3; Freshness= PUFA/SFA. V=Veneer, H=Hummock, HR=Retrograding Hummock,
HP=Prograding = Hummock,  HPHs=Prograding Hummock High shore,
HPLs=Prograding Hummock Low shore. * = p<0.05
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3.2.2. Neutral lipids

Fatty acid composition in neutral lipids was not influenced by bioconstruction
characteristics (Figure 16a-f). With the exception of bacterial and carnivory
markers, all neutral lipids were positively influenced by individual wet weight
(Figure 16gh and kl). A strong difference between male and female was
observed for all trophic markers, with female worms exhibiting higher values
for all markers except for carnivory, where males have 18:1n-9/18:1n-7 levels
twice as high as those found in females (Figure 160). The 16:1n-7/16:0 ratio
(Figure 16a), which is used as a diatom tracer, was corroborated by a second
diatom tracer, 16:4n-1 (Appendix 1, Figure 37), whose concentration was

significantly influenced by both individual wet weight and sex.

3.3. Enzyme assays

54

Citrate synthase activity (CS) was significantly affected by bioconstruction
characteristics (Figure 17a); average CS was near significantly higher in worms
sampled in hummocks than in veneers (p=0.054), and twice as high in worms
sampled in the retrogradation phase compared to the progradation phase
(FLs=10.1, p=0.013). Although superoxide dismutase activity (SOD) was not
significantly influenced by bioconstruction characteristics (Figure 17), SOD
positively correlated with CS (Appendix 1, CS=0.95+3.17xSOD, r*=0.400
p<0.001). Individual wet weight was negatively correlated with CS, but not with
catalase activity (CAT) or SOD (Figure 17). Sex clearly influenced CS activity but
had no effect on either CAT or SOD (Figure 17cfi). Mean CS was 3.8 times higher
in males than in females (Figure 17c). Relationships among all variables
measured in our study were represented in a principal component analysis

biplot (Appendix 1).
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Figure 17. Enzyme levels in the honeycomb worm Sabellaria alveolata as a function
of bioconstruction type, bioconstruction phase and shore level (a-c, n=59), worm
mass (d-f, n=59) and sex (g-l, n=8 (5 female, 3 male)). CS y axis units are micro Units
mU.mg?) of protein, whereas CAT and SOD units are U.mg* of protein. CS= Citrate
synthase, CAT=Catalase, SOD=Superoxide dismutase. V=Veneer, H=Hummock,
HR=Retrograding Hummock, HP=Prograding Hummock, HPHs=Prograding
Hummock High shore, HPLs=Prograding Hummock Low shore. All statistical test
results are log-transformed. The letters “a” and “b” represent a significant difference
in the contrast test (p=0.013). * = p<0.05.

4, Discussion

Our study revealed that a retrograding Sabellaria alveolata bioconstruction
does not necessarily equate with reserve-depleted worms. Indeed,
carbohydrate levels did not vary between retrograding and prograding
bioconstructions, and the ratio of neutral:polar lipids was in fact higher in the
retrogradation phase. Neutral lipids are essential energy reserves for sustaining
early life stages and play a key role in settlement, habitat selectivity and
recruitment in marine invertebrates (e.g. Tremblay et al., 2007). Also, higher
levels of energetic reserves are associated with a better ability to cope with

stressful situations such as pathogen resistance (Lochmiller and Deerenberg
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2000, Pernet et al., 2014, Ellis et al., 2011). It is therefore likely that worms living

in retrograding reefs are better equipped to face stressful situations.

We also found that levels of 20:4n-6 in the polar lipids of worms sampled in the
retrogradation phase were lower than in the progradation phase, unexpectedly
compounding the fact that worms are more stressed in progradation phase
bioconstructions. Arachidonic acid is a precursor of hormones involved in
stress response and levels increase for example with increasing temperature in
S. alveolata (Muir et al., 2016). These authors found that across six sampling
stations spanning Scotland to Morocco, the level of 20:4n-6 was lowest in
worms collected in the Bay of Mont-Saint-Michel where environmental
conditions were perceived to be the most favourable (e.g. hydrodynamics and
sediment supply). Indeed, this is a central population within the geographic
distribution of S. alveolata and supports the largest living biogenic reefs in
Europe. Differences in 20:4n-6 observed between the two bioconstruction
phases in our study were however weak (0.25%) compared to existing natural
variability across the range (1-5%, Muir et al., 2016). Membrane 20:4n-6 is
therefore a good indicator of stress, as it can detect differences locally as well
as across a species distribution range and is therefore applicable at several

scales.

Citrate synthase activity (CS) was twice as high in worms sampled in the
retrogradation phase compared to the progradation phase. The CS involved in
ATP generation reflects the oxygen consumption rate of animals and has been
used in community ecology to evaluate the physiological status of rocky
intertidal invertebrates (Dahlhoff et al., 2002). CS varies in response to multiple
variables. For example, CS in marine invertebrates increases with food
availability (Dowd et al., 2013), growth rate (Garcia-Esquivel et al., 2002),
maintenance costs and mitochondrial density (Moyes, 2003). Therefore, the
elevated levels of CS presented here require interpretation in conjunction with
other markers. In our study, the observed increase in CS in retrograding

bioconstructions coincided with higher levels of stored lipid reserves, as
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reflected by the higher neutral:polar lipid ratio. Therefore, it may reflect a
feeding-induced increase in aerobic metabolism as reported in fish larvae
(Ferron and Leggett, 1994) and intertidal invertebrates (Dahlhoff, 2002).
Although superoxide dismutase activity (SOD) was not significantly influenced
by overall bioconstruction characteristics, SOD correlated with CS and was
higher in the retrogradation phase. This also points towards worms sampled in
retrograding bioconstructions having a faster metabolism, as SOD processes
the ROS metabolic by-products produced through aerobic respiration (Abele
and Puntarulo, 2004).

To sum up, high neutral:polar lipids, low 20:4n-6, high CS, high SOD and
undepleted carbohydrates all indicate that worms sampled in retrograding
bioconstructions were not stressed, but rather had either a higher quantity or
quality of food source. As all trophic markers were remarkably similar between
the two bioconstruction phases, worms sampled in the retrogradation phase
reef probably had access to food of the same quality but in greater quantity.
Intraspecific competition in a densely-populated progradation-phase
bioconstruction is a source of physiological stress due to limited food
availability (Connell, 1983). Alternatively, retrograding bioconstructions
harbour more small cracks and crevices filled with deposited sediment on top
of which microphytobenthos can grow and that can be made available through
resuspension processes (Dubois et al., 2007a; Lefebvre et al., 2009; Jones et al.,
2018). Microphytobenthos is mostly composed of benthic diatoms, which are of

great dietary value, compared to phytoplankton (Miller et al., 1996).

Existing assessments of the health of biogenic habitats depend primarily on
visual criteria. Certain aspects of the health of tropical coral reef polyps have
made use of biochemical markers, by assessing the size of energy stores (as
lipid content) as a proxy for physiological condition (Anthony, 2006) or by using
CS and energy-storage lipids to see how scleractinian coral larvae respond to
ocean acidification and warming (Rivest and Hoffmann 2014; Rivest et al.,
2017). However, none of these studies made a link between the coral polyps

and their calcareous skeleton. Attempting to join the physical appearance of a
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bioconstruction with the physiological status of the engineering species is

surprisingly new.

Our study confirms that designating a given S. alveolata bioconstruction as
retrograding or prograding leaves room for interpretation, as shown for coral
reefs (Abelson et al., 2017). Health criteria based on the physical appearance of
the bioconstruction did not yield any information on the processes regulating
individuals. Yet our results show that worms present in retrogradation phase
bioconstructions are in a better physiological state compared to progradation
phase worms. In a recent study, Jones et al. (2018) demonstrated the
ecological value of retrograding (referred to as “degraded reef”) S. alveolata
bioconstructions which, due to their increased micro-habitat availability, act as
biodiversity and recruitment promoters and harbour more diversified food
sources. S. alveolata colonies, in their role as habitats, may be of considerable
value to certain species of very small animals (Wilson, 1971), with retrograding
bioconstructions showing high numbers of associated species (Porras et al.,

1996; Dubois et al., 2002; Jones et al., 2018).

Although further work is needed to address large-scale variation over time, our
results suggest that S. alveolata sampled in retrograding bioconstructions were
in fact healthier. The only signs of ecosystem distress in the retrogradation
phase are value judgments about the bioconstruction appearance. Prograding
bioconstructions, with their rounded shapes and crisp porches, are often
considered more aesthetically appealing than silty, pitted retrograding
bioconstructions. Although visual beauty correlates with ecosystem health for
tropical coral reefs (Haas et al., 2015), this does not appear to be the case for

other S. alveolata bioconstructions.

The majority of shorelines where S. alveolata are present host a mosaic of
bioconstruction types of varying heights and surface areas. With the exception
of 20:1n-11, all of the examined parameters did not vary between
bioconstruction types. Hummock and veneer sampling points were well

interspersed and, due to the Mont-Saint-Michel’s bay megatidal regime, were
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subjected to a homogeneous water mass. None of the biochemical parameters
varied significantly between the high and low shore. Although the intertidal
zone is a stressful environment (Helmuth et al., 2002; Bertness et al., 2009; Firth
and Williams 2009; Firth et al., 2011), the buffering role that S. alveolata
bioconstructions play diminishes fluctuations in temperature and humidity to
the point where they are able to host a number of subtidal species (Dubois et
al., 2002; Jones et al., 2018 and unpublished temperature data). It is worth
mentioning that the bathymetric differences between the high and low shore
sampling points were minor (ca. 1.5 m) compared to the tidal amplitude in the
Mont-Saint-Michel (>14 m). This could explain why shore level had no effect in
our sampling design. Hummocks found lower down the shore reach a greater
height relative to sea level. However, this feature is common for
S. alveolata bioconstructions which develop around the mid-tide level, with the
bioconstructions located highest on the shore being submerged at least one
hour less than the bioconstructions in the low intertidal zone. In an area
experiencing a semidiurnal tide cycle, this translates as four less hours to filter-
feed per lunar day, hence explaining why the largest individuals are typically

found in the bioconstructions lowest down the shore.

There was a five-fold difference in individual wet weight across sampled
individuals, with specimens ranging from ~70 to ~350 mg. We found that
energetic reserves, CS, 22:6n-3 in phospholipids and four out of six trophic
markers were correlated with size. It is therefore vital to take S. alveolata
individual size into consideration when analyzing biochemical variables,
something that is not systematically done in marine invertebrate biochemical
studies. Carbohydrate and protein concentrations diminished with individual
mass whereas neutral lipids increased, reflecting a size-specific biochemical
composition. All of the sampled individuals were mature and collected at the
adult stage. Therefore, size may be confounded with age, and differences in
biochemical composition could reflect either. Both CS and 22:6n-3 decreased
with increasing individual mass. Body mass and basal metabolic rates are

allometrically related (Hochachka and Somero , 2002). Our results suggest that

59



60

On the Macroecology and Global Distribution of the Ecosystem Engineer;

differences in respiration rate in S. alveolata relate to cell membrane fatty acid
composition. This is consistent with Hulbert’s theory of membranes as

metabolic pacemakers (Hulbert et al., 2005).

We found that the neutral:polar lipid ratio and five out of six neutral lipid fatty
acid trophic markers were higher in female worms, whereas 22:6n-3, the
carnivory trophic marker and CS were all significantly higher in male wormes.
Docosahexaenoic acid (DHA - 22:6n-3) is abundant in spermatozoa (Masuda,
2003), and hence is the only polar lipid fatty acid significantly higher in males.
Invertebrate eggs typically contain few carbohydrates and are mainly
composed of energy dense proteins and lipids, hence explaining higher neutral
lipid contents in females (Pernet and Jaeckle, 2004). Female worms stored four
times more neutral lipids than males. The neutral lipid fatty acid composition is
transferred more conservatively than the polar lipid fraction and therefore
mirrors more closely that of the diet. Females containing high neutral lipid
levels are more susceptible to dietary change than males which contain mostly
polar lipids. This renders neutral lipid-rich female S. alveolata more suitable
than males for representing trophic-related changes in the environment,
especially when investigating diets or changes in food source composition. In
order to use biochemical indicators for studying trophic interactions, it is
therefore important to be able to distinguish the two sexes and to sample and

analyse female S. alveolata.

Our study examined a one-time sampling event at a single study location.
Increased spatio-temporal sampling may further clarify differences between
the long-term physical changes of the bioconstruction and the short-term
physiological state of the worm. In the progradation phase, S. alveolata
individuals displayed biochemical stress markers. However, this may be
considered as temporary stress due to, for example, momentarily lacking
sufficient food. A bioconstruction can move rapidly between progradation and
retrogradation phases and is therefore an inherent or “natural” fluctuation. An
alternative scenario is that the worm population is physiologically stressed

beyond recovery. When resilience is exceeded, the future of the
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bioconstruction is entirely dependent on primary or secondary settlement,
thus reflecting some kind of fundamental change in underlying dynamics
(Johnson, 2009). Although retrograding bioconstructions support worms in a
better physiological condition, the high diversity this phase supports may have
a negative effect both on adult worms through interspecific competition, and
on S. alveolata larval recruitment, as epiflora can lower successful recruit
density due to the mechanical action of algal fronds sweeping the reef surface
(Dubois et al., 2006). Bioconstructions will no doubt naturally undergo a cycle
of progradation and retrogradation. However, when resilience is exceeded the
balance between these two phases is upset and may cause the system to “flip”
to an alternative state (Fung et al., 2011). An ecosystem’s health can be defined
in terms of system vigour, organisation and resilience (Costanza, 1992). Whilst
existing ecological studies attest to retrograding S. alveolata bioconstruction
vigour and organisation (Dubois et al., 2002; Jones et al., 2018), further work is

needed to quantify their resilience.

The European Habitats Directive, and the overarching Marine Strategy
Framework Directive (MSFD, 2008/56/EC) give statutory significance to the
definition of a “reef”. Crucially, the distinction between what is considered as
“reef” and what is not, is imprecise. Which S. alveolata bioconstruction type,
and which progradation/retrogradation phase criteria are of conservation
value, are yet to be defined. This has far-reaching implications in terms of
environmental management and conservation. The offset between the
physical state of the bioconstruction and the physiological state of the worm
makes it vital to analyse the two together, and to understand the natural
history and physiology of one’s study organisms when using biochemical
indicators for ecological studies (Dahlhoff, 2004). Seasonal, broad-scale studies
are therefore warranted to further our understanding of the link between the

engineer species and the engineered habitat it creates.
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5. Conclusion

62

The metabolic enzymes citrate synthase and superoxide dismutase, when
analysed in conjunction with the polar lipid fatty acid 20:4n-6, serve as stress
markers for the physiological state of S. alveolata. Once seasonal and inter-site
variation have been addressed, these three biochemical indicators could be
looked at in priority, in concurrence with S. alveolata bioconstruction physical
criteria, as part of a European-wide monitoring protocol. Member states will be
updating their MSFD monitoring programme and measures in the coming years
and are being urged by the European Commission for a coherent and
coordinated approach within and between marine regions. Although
exploratory biochemical analyses time and money costs are high, they greatly
diminish with subsequent routine screening of a few key indicators.
Furthermore, few worm specimens are needed and their collection is
substantially less destructive than the sediment core sampling typically used
for obtaining biodiversity metrics. Whereas physical bioconstruction
parameters are site-specific, biochemical indicators are applicable across a
species range and therefore serve as large-scale, quantitative metrics, provided

that sex and size are controlled for.
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CHAPTERII

In the second chapter of this thesis, the focus was on geographical patterns in the
reproductive traits of S. alveolata: how these are linked to their individual
physiological condition, and how they are shaped by their local environment. This
chapter bridges the disciplines of reproductive biology, physiological ecology and
biogeography by using a blend of field studies, biochemical markers, remotely-
sensed products and novel instruments, each of which comes with their own suite
of analytical tools and literature.

By sampling individuals from 10 sites, in summer and in winter, across a significant
portion of its distribution area (from Criccieth in northern Wales to Buarcos in
central Portugal - 14.5° in latitude), we were able to test whether variable abiotic
conditions were responsible for intraspecific trait variation. We further verified two
theories making contrasting predictions on how reproductive traits should vary,
both within and among populations. On one hand, biogeography predicts that
populations with high individual performance and abundance decrease from
optimal conditions at the centre of their range towards marginal conditions at the
periphery where populations are increasingly stressed. On the other hand,
evolutionary biology makes predictions based on resource allocation and the
ensuing life-history trait trade-offs. Stressful conditions, regardless of the position
within a range, could for example lead to higher reproductive output, because of a
low probability of surviving to the next reproductive event.

Our results show that intraspecific reproductive trait variation was indeed highest
in locations subjected to extreme hydrodynamic or temperature events, and
demonstrate that both biogeographic and evolutionary biology theory apply to
S. alveolata reproductive traits, depending on the trait and time scale being
studied. As part of an integrated approach to studying spatial variation in
reproductive traits, we make the case for using the variability in innovative
reproductive response traits (circularity and symmetry of eggs), as well as
biochemical traits of physiological condition.
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Abstract

Elucidating the key dimensions of an ecosystem engineers’ reproductive traits
is critical for understanding, predicting and ultimately managing the high-
biodiversity biogenic habitat they create. The fields of biogeography and
evolutionary biology make different predictions for how reproductive traits
should vary, both within and among populations. We empirically investigated

two contrasting theoretical approaches by determining geographic patterns in
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the reproductive traits and physiological condition of intertidal individuals of
the reef-forming worm, Sabellaria alveolata, across the near-entirety of its
latitudinal range along the European coastal fringe of the north-east Atlantic.
By integrating broad-scale meteorological data with in-situ biochemical and
physiological data, we identified and ranked the drivers of variability in two
reproductive traits (relative fecundity and total egg diameter). Our results
show that intraspecific reproductive trait variation was highest in locations
subjected to extreme hydrodynamic or temperature events. We make the case
for using the variability in selective biological traits (circularity and symmetry
of eggs), as well as biochemical indicators of the physiological condition of the
individuals (enzymatic activity of citrate synthase and superoxide dismutase,
and the polar lipid fraction of three essential fatty acids) as an integrated
approach to studying spatial variation in reproductive traits. Our work
demonstrates that both Brown’s abundant-centre hypothesis and evolutionary
biology theory apply to S. alveolata reproductive traits, depending on the trait
and time scale (i.e. a single sampling or a pluri-annual event) being studied.
Improving our understanding of species reproductive traits and physiological
condition across their range lays the foundations for understanding the factors

controlling their distribution.

1. Introduction

Variation within a species can have as great an effect on ecological processes
and ecosystem services as variation between species (Des Roches et al., 2018).
The phenotypic variability of a trait within a population is known as
intraspecific trait variation (ITV) (Hofmann et al., 2019). Species traits can be
described as any morphological, physiological, phenological or behavioural
feature measurable at the individual level (Violle, 2007). ITV may vary due to
heritable differences between individuals, or because of phenotypic plasticity
across varying environmental conditions (Moran et al., 2016). While ITV across

large geographic areas can often be related to environmental gradients (Violle
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et al, 2012), it is yet poorly understood whether it is associated to

environmental heterogeneity at the local scale (Stark et al. 2017).

The environmental factors determining the distribution of a species have
traditionally been viewed from either an evolutionary or a biogeographical
perspective (Connallon and Sgro, 2018). On one hand, evolutionary biology
makes predictions based on resource allocation and the ensuing life-history
trait trade-offs, whereby a beneficial change to one trait is linked to a
detrimental change in another (Stearns, 1992). Stressful environmental
conditions for adult stages, regardless of their position within the distribution
range, could for example, lead to the production of a large number of gametes,
because of a low probability of surviving to the next reproductive event (Siems
and Sikes 1998). On the other hand, biogeography, which is underpinned by
the ecological niche theory (sensu Hutchinson 1957), makes predictions based
on a species’ relative position within its range. According to Brown’s abundant-
centre hypothesis (Brown, 1984), physiological constraints limit the
distribution of a species at the edge of their range, where environmental
conditions are sub-optimal for survival and reproduction, leading to
predictions based on a species’ relative position within its range (Lester et al.,

2007).

Testing these opposing theories requires appropriately broad-scale data.
Particularly suitable to this type of study are intertidal invertebrates, which
typically have broad latitudinal ranges and narrow tidal and longitudinal
ranges (Sagarin and Somero, 2006). Intertidal invertebrates live on the edge of
two worlds (Carson, 1955) and are thus exposed to environmental challenges
posed by both the terrestrial and marine realms (Helmuth et al., 2006). Their
unique position means they are doubly exposed to climate stressors, with
combined effects of rising and fluctuating air and seawater temperatures (and
indeed other factors) having a large impact on many natural assemblages
(Sagarin et al. 1999, Hawkins et al. 2009). Abiotic environmental changes have
direct impacts on response traits, which govern how species respond to

different environmental filters (Lavorel and Garnier, 2002). For sessile intertidal
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organisms, where adults are unable to escape unfavourable abiotic conditions,
the importance of reproductive life-history traits determines the viability of
local adult populations, which in turn can have community-level consequences
as many sessile species act as ecosystem engineers (Pineda et al., 2012). These
alterations to organismal-level processes can scale-up to changes in
community structure, which ultimately lead to ecological responses such as
biogeographic shifts (Harley et al., 2006). In other words, in order to apprehend
how patterns of species distribution and abundance will manifest in a changing
world, we must first undertake the challenging task of understanding the
organismal condition and physiological performance across a species’ range

(Osovitz and Hofmann, 2019).

The factors shaping a species’ distribution should be reflected in the
geographic variation of their life-history traits (Rivadeneira et al., 2010).
Hutchins (1947) underlined the roles of seawater temperature and
repopulation (defined as the combination of reproduction and recruitment), in
setting poleward and equatorward distribution limits. While it is widely
accepted that biotic and abiotic factors spatially alternate in setting range
limits, reproduction is generally acknowledged to be a critical factor in

determining a species range edge (Hutchins, 1947; Lewis, 1986).

It has long been known (e.g. Darwin 1859) that ITV reflects the ability of a
species to exist in a more diverse range of environments. Outside of the plant
ecology field, the patterns and drivers of ITV, and their link to species
resilience, remain for the most part unknown (Stein et al., 2014). The number
and size of offspring are arguably the two most important and variable life-
history traits (Bernardo, 1996). ITV in egg number and size in female marine
invertebrates is common (Foo and Byrne, 2017). Understanding the effect of
environmental stressors on ITV in female egg traits is important for
understanding potential adaptation strategies in a changing world. Studies
reviewed in Dahlhoff (2004) have investigated the effects of temperature, food
availability, or other physical factors on the physiology of marine animals and

have led to the development of biochemical indicators of metabolic condition,
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and physiological stress. Some biochemical indicators are particularly
informative of the organismal stress generated by gametogenesis and egg
production (Soudant et al., 1999). Brown’s abundant-centre hypothesis has
commonly been tested on populations, but rarely on individual traits. Very few
studies in marine ecology (e.g. Lester et al., 2007; Rivadeneira et al., 2010) have
examined how reproductive traits vary spatially at the scale of species’ ranges,
and to our knowledge none have quantified the amount of ITV attributable to

local vs. latitudinal-scale environmental variables.
Study system

The honeycomb worm Sabellaria alveolata is a broadly distributed intertidal
species that engineers a unique high-biodiversity habitat (Dubois et al., 2002;
Jones et al. 2018) by cementing together coarse sand grains and shell
fragments into tubes. Dense aggregations of these tubes form biogenic reefs
(Holt et al., 1998), which are afforded statutory protection by the European
Union’s Habitat Directive (Council Directive 94/43/EEC). S. alveolata ranges
from Scotland to Morocco and, as a warm-adapted Lusitanian species, is
known to suffer from cold weather spells (Crisp 1964; Firth et al., 2015).
Environmental impacts on ecosystem engineers may result in cascading effects
on the community composition and structure (Wethey et al., 2011). We
therefore chose this influential foundation species as a pragmatic first step
towards gaining insight into the ecological impacts of proximate reproductive

responses to environmental stressors.

Species have different reproductive phenologies across their geographic range.
S. alveolata is a continuous broadcast trickle spawner, meaning that a varying
proportion of ripe worms can always be found within a reef (Dubois et al.,
2007). This prolonged trickle spawning is overlaid with unimodal summer
spawning events in northern Europe (Wilson, 1971; Culloty et al. 2010) and
bimodal spring/autumn spawning events in southern Europe (Gruet and
Lassus, 1983, Dubois et al., 2006). Time and technological constraints have led
to the number and size of gametes being the two commonly studied fertility

metrics (Moran and McAlister, 2009), and a vast body of theoretical and
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empirical research exists on the intuitive trade-off between these two traits

(Bernardo, 1996).

Using biochemical and microscopic imagery analyses, we examined the
phenotypic responses in the reproductive traits and physiological condition of
intertidal S. alveolata to meteorological variables, over two seasons (winter
and summer) and across ten sites, encompassing almost its entire latitudinal
range along the Atlantic coast of Europe. We explored patterns in several
reproductive traits before focusing on egg size and number; their supposed
trade-off, and their environmental and physiological drivers. We tested two
differing theories: (i) the biogeographic theory with Brown’s abundant centre
hypothesis, which posits that reproductive trait metrics would be higher, and
biochemical physiological condition of the adults would be best at the centre
of the range, versus (ii) the evolutionary biology theory, according to which
reproductive metrics would be higher in locations where biochemical
physiological condition of the adults is poorer, which leads to predictions
unrelated to relative position within the species range. We quantified the
proportion of variation governed by site-scale meteorological and biochemical
predictors. Finally, we tested the hypothesis that ITV would be highest in the
locations where adult S. alveolata are subjected to environmental stressors,

such as in sites with extreme or fluctuating abiotic conditions.

2. Materials and Methods

We measured reproductive traits and biochemical indicators of physiological
conditions in individuals from ten populations of S. alveolata, distributed from
northwest England to central Portugal (14.5° latitude, Figure 18). The
northernmost site is very close to its northern range limit and the
southernmost site is relatively close to the known southern range limit in
Morocco (Gruet, 1986). We focused on female individuals, more sensitive to
environmental stressors than males due to the higher energetic cost in

producing eggs when compared to sperm (Foo and Byrne, 2017).

69



On the Macroecology and Global Distribution of the Ecosystem Engineer;

1a1pwelp bba |e1ol - YPINWWNS | & AnpuwiwAs 663 - HIWWNS m 14212 663 - YPIWWNS m Aypundaj angelpy - HIWWNS m Vd3 #8|od - HILNIM
B 3 8 ®
=] =] ]
g 5 5 k=
[=] =] ]
[ a o +
3 S =
5
B 8 9 g 2 8 [ 2 B 2 2 g 2 R 2 g 2 R 2 g
1a)9Welp bba [e10] - YIINIM | & Ansuwiwks 663 - Y3INIM m Y24 B63 - YIINIM m Aupundajanneay - Y3LNIM m YV 4e[od - HILNIM
o e )
2 - (& 2 =
8 5 5 ®
=1 =] o~
[ @ a k2
s 8 =
— _..0.. — — | | —
B [ i g 2 [ 2 g 2 [ i E A ® i g 5 B E E
m_m 2seInwWsip 3 pixosadns - YIINIM aseyjuAs a1e1d - YIINIM 1R VHQ Je]od - YILNIM
gz g °
£ m c 8 / &
63 § /
m 3 m ll 8 =+
"3 o’ : -
C . )
~ wy
Owe =gt B H 2 E B 2 [ g B R [ E

55°
50°
45°
40°

175 200 225 250

15.0

7.5

5.0

25

70



Sabellaria alveolata in a Changing World - Amelia Curd - May 2020

Figure 18. Sampling sites and barplots of key reproductive and biochemical
S. alveolata traits vs. latitude measured over summer and winter. Latitude was
treated as x and the axes were then flipped for presentation purposes. When
the relationship with either linear or quadratic latitude was significant,
regressions with standard errors were plotted. x-axis units and abbreviations
are as follows: total egg diameter = um; relative fecundity = the number of eggs
divided by the opercular crown diameter of the adult female worm ; egg circle
fit=[0-1], index, where 1 is a perfect circle; egg symmetry = [0-1], index, where 1
is perfect symmetry; citrate synthase = micro Units of protein (mU.mg?);
superoxide dismutase = Units of protein (U.mg™); Polar DHA = docosahexaenoic
acid in the polar lipid fraction = % of total phospholipids. Polar AA =
arachidonic acid in the polar lipid fraction = % of total phospholipids. Polar
EHA = eicosapentanoic in the phospholipid fraction = % of total
phospholipids.

2.1 Animal collection

All sites were sampled during summer 2017 and winter 2018 spring tides, with
the exception of Dunraven in summer 2017 (Appendix 2; Table 13). Small
clumps of tubes were broken off mid-tide level reefs and 60 ripe female
individuals were removed from their tubes. Ripe females are externally
recognizable as the abdominal segments are swollen and appear pink (Costello
and Henley, 1971). Half of the individuals were immediately placed in Falcon
tubes containing 9 ml filtered seawater, agitated and left for 1 hour, before
adding 1 ml buffered 39% formalin solution (i.e. made up to 10 ml of 4.0%
formaldehyde) (Bush, 2016). The other half of the individuals had their rigid
opercular crowns separated from their abdomen and posterior segments with
a sharp blade. Opercular crowns were preserved in individual Eppendorf tubes
containing 39% formalin solution for subsequent size measurements, while the
corresponding abdomen and posterior segments were placed in individual
cryotubes and immediately flash frozen in liquid nitrogen in situ. The opercular
crown diameter measurement of each worm (the only hard morphological
structure) was used as a size proxy. The cryotubes were then long-term stored

at - 80°C until laboratory biochemical analyses.
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2.2 Meteorological variables

For each of the ten study sites, meteorological variables were extracted from
several sources of modelled or remotely sensed data (fully described in
Appendix 2). Chlorophyll-a (Chl-a, ug.m-3) and suspended particulate inorganic
matter (mg.m-3) were extracted from SeaWiFS, MODIS and MERIS remotely-
sensed products. Daily concentrations at 1 km? resolution were provided as a
merge of multiple-satellite data (Saulquin et al., 2011) using an algorithm that
has been validated against in-situ coastal observations for the English Channel
and Bay of Biscay (Gohin, 2011). Hourly records of air and seawater
temperatures, and salinity were obtained respectively from Météo France
ARPEGE and CMEMS products (Appendix 2; Table 14) and were averaged over
the 30-day period preceding survey dates. The performance of air and seawater
temperature products was tested by comparing their values with temperatures
recorded in-situ over a period of 22 months (Gandra et al., 2015). Three thermal
sensors were deployed in the intertidal area of each of the ten sampled sites,
however it was only possible to retrieve data from eight of these locations in
summer and seven in winter (see Appendix 2, Figure 38). Heat waves and cold
spells (humber and mean event duration) for both air and seawater were
calculated by using the “heatwaveR” package (Schlegel and Smit, 2018). Tidal
amplitude data was obtained at the Atlantic scale (1/12°) - see Egbert et al.
(2010) for details. A modified version of the Burrows et al. (2008) wave exposure
index was also calculated, where the hourly square of the wind speed
(extracted from ARPEGE outputs) was multiplied by the wave fetch in the
direction of the wind. Wave fetch was calculated for each sampling location for
all 360 degrees using coastline polygon data from NOAA (Wessel and Smith,
1996) and the “fetchR” package (Seers, 2018). The maximum distance for fetch
segments was set to 300 km, and fetch was then standardized between 0 and 1
(with 0 representing a completely closed and 1 a completely open point), by

dividing by the maximum fetch possible (360°/300km). For each data layer,
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values within a 9 km buffer zone around the sampled site were averaged to get
an accurate point estimate. All variables were then integrated (min, mean, max
and 5, 25, 50, 75 and 95 quantiles) over the 30-day period preceding sampling
dates (Appendix 2; Table 14). This time interval was specifically selected as this
is known to be important for environmental conditions affecting egg size and

number in marine invertebrates (Crean and Marshall, 2008).

2.3 Biochemical metrics

Five biochemical indicators of S. alveolata’s physiological condition were
selected based on two previous studies on the same species (Muir et al., 2016;
Curd et al., 2019) and analysed in individuals collected during winter 2018 only.
The polar lipid fatty acid composition of an organism reflects its physiological
adaptation to its environment (Hazel and Williams, 1990, Hochachka and
Somero, 2002). The long-chain polyunsaturated fatty acids 20:4n-6
(arachidonic acid, AA), 20:5n-3 (eicosapentaenoic acid, EPA) and 22:6n-3
(docosahexaenoic acid, DHA) are all considered essential for the survival,
growth and reproduction of marine organisms (Soudant et al, 1999). Citrate
synthase activity (CS), an enzyme involved in mitochondrial activity, is an
indicator of aerobic metabolic rate and overall physiological condition
(Hochachka and Somero, 1984). Superoxide dismutase activity (SOD) is an
anti-oxidant enzyme involved in the prevention of tissue damage from
oxidative stress in marine invertebrates (see Abele and Puntarulo, 2004 for
review). In order to have sufficient organic material for lipid analysis, all
individuals were pooled into batches of five individuals of similar size, as
determined by the opercular crown diameter. Worm tissues were ground in
liquid nitrogen with an MM400homogenizer (Retsch, Eragny, France). The
resulting worm powder aliquots (100 mg) were homogenized in 2 ml
chloroform-methanol (2:1, v/v, Folch et al. 1957), then sonicated and stored at -
20°C. Neutral and polar lipid fatty acids, together with CS and SOD activity,
were analysed following the protocol detailed in 2. Materials and Methods

section of Chapter .
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2.4 Reproductive metrics

The Flow Cytometer and Microscrope (FlowCAM®) system (Fluid Imaging
Technologies, Scarborough, ME, USA) works by drawing fluid into a flow cell
where all individual particles are counted and analysed using high-speed
digital imaging (Sieracki et al. 1998). Observations were made using a
Benchtop B3 Series FlowCAM with a 4x objective lens and a 300 pum-thick flow
cell (FC 300). Worms were removed from the Falcon tubes and had their
opercular crown diameter recorded. The 10 mL of spawning solution was
vortexed before 0.75 mL were sampled to run through the FlowCAM. In order
to prevent clogging of the flow cell, samples were pre-filtered through a 200 um
gauze placed on top of the sample funnel. It is important to note that
unfertilised Sabellaria spp. eggs elevate a vitelline membrane immediately
after contact with seawater, (Novikoff, 1939; Pasteels, 1965). We therefore
define ‘total egg diameter’ as the diameter of the egg including the ovicell and
vitelline membrane. When the number of particles per image exceeded 100,
the sample was diluted by half with Milli-Q water and three diluted sub-
samples were then dispensed. The instrument was run in auto image-mode,
capturing all particles in the range of 15-1,000 um. Based on this analysis, a
minimum of 50 ovocytes was chosen for concentration values, thus modulating
the number of ‘viable’ individuals sampled from a range of 2-34 individuals per
site (Appendix 2, Table 13. Field locations and sampling dates. Numbers in italic
represent the number of). A preliminary Principal Component Analysis of the 40
measurements taken by the software package VisualSpreadSheet © version
4.3.55 showed that the following four parameters captured 62% of the
variation in over 400 000 ovocytes: a) total egg diameter [um], b) concentration
[particles.ml-1], c) best circle fit (deviation of the particle edge from a perfect

circle, normalized to the range [0-1]) and d) symmetry (real [0-1]).
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2.5 Statistical analyses

Clutch size is expressed as relative fecundity, i.e. the total number of eggs
(calculated as the particle concentration in the 10 mL of spawning solution)
standardized by opercular crown diameter. Total egg diameter >120 pm were
excluded from the analyses as they were assumed to be sample contamination
from other broadcast spawning species. One individual sampled from La
Fontaine aux Bretons, collected in winter 2018 and presenting an extremely
high relative fecundity (>400 000 eggs.mm-1) was also removed from analyses

so as not to distort multivariate and regression results.
2.5.1 Latitudinal structures in reproductive and biochemical traits

Linear or quadratic relationships between the reproductive and biochemical
variables and latitude were tested using linear (with only latitude as an
explanatory variable) and polynomial (with only the second degree polynomial

of latitude) Model | regressions and are summarized in Figure 18.
2.5.2 Relationship between reproductive traits and biochemical variables

Common spatial structures between biochemical descriptors and mean
reproductive traits of each site were searched through a co-inertia analysis
(Dolédec and Chessel, 1994), where a Principal Component Analyses (PCA) was
computed on each dataset (Figure 19). The RV coefficient (Robert and
Escoufier, 1976), a multivariate generalization of the squared Pearson
correlation (Legendre and Legendre, 2012), was used to quantify the

relationship between these two sets of descriptors.
2.5.3 Drivers of variation in reproductive traits

The individual and combined contribution of local meteorological conditions,
biochemical variables and latitude in explaining variation in total egg diameter
and relative fecundity were quantified through a variance partitioning method
(Borcard et al., 1992; Peres-Neto et al., 2006) applied to samples collected

during winter (Figure 20). Prior to the analysis, collinear meteorological
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predictors were removed using a variance inflation factor threshold of 10
(Dormann et al., 2017). A stepwise selection of the remaining variables was
performed based on adjusted R?, with p-values for adding and dropping
variables of 0.05 and 0.1, respectively. These explained fractions were put in
perspective with the amount of inter- vs. intra-site variation found at each
sampling season (Appendix 2, Figure 39). As different numbers of viable
individuals were sampled at each site, we used a re-sampling procedure to
balance the dataset when quantifying the amount of inter- vs. intra-site
variation. We excluded measures taken at Buarcos in summer as there were
only two viable individuals. We used the lowest number of individuals
measured within the remaining different sites to subsample the original data
set, by drawing randomly 1000 data subsets with 5 individuals per site.
Variance component models were performed on each subset to quantify, for
each season, the variance in total egg diameter and relative fecundity across
two nested scales (inter- and intra-site variation; see Messier et al., 2010 for

details).

We additionally performed a redundancy analysis (RDA; Rao, 1964) to better
understand the role of environmental drivers. Analyses were based on data
collected during both seasons (Figure 21) to understand the variation and
covariation of all reproductive variables to meteorological conditions during
winter and summer. We included the mean and standard deviation of the total
egg diameter, best circle fit, symmetry and mean relative fecundity as response
variables, which we centred and standardized to unit variance, together with
latitude (both linear and quadratic) and linear meteorological predictors

selected through the step-wise procedure described above.

For the two reproductive traits which responded the most to seasonal
variation, namely total egg diameter and relative fecundity, stepwise multiple
linear regressions were carried out separately for each season in order to
determine which combination of meteorological factors best accounted for
their variation. Using variance inflation factors and scatterplot correlations, a

selection of 5-7 meteorological predictors were retained for each regression.
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Due to air and seawater temperature being significantly correlated, we chose
to retain seawater as a temperature variable in our regressions due to prior
knowledge on its relevance for explaining ecological and/or physiological
responses of the species (Muir et al. 2016). Interactions between meaningful
variables and quadratic transformations of seawater temperature and
chlorophyll-a were tested for all four regressions. We selected among
candidate models through comparison of Akaike’s Information Criterion with
small-sample correction. Model residuals were checked for consistency with
stochastic error. Regression coefficients and confidence intervals of the best-fit
models were plotted (Figure 22). All analyses were carried out with R 3.5.1 (R

Core Team, 2018) and relied on the vegan package (Oksanen et al., 2018).

3. Results

3.1 Latitudinal structures in reproductive and biochemical traits

Comparing clouds of points in traits to latitude yielded four possible
distribution patterns, which Sagarin and Gaines (2002) referred to as ‘ramped
south’ (positive linear), ‘ramped north’ (negative linear), ‘abundant edge’
(negative quadratic) or ‘normal’ (positive quadratic). Summer total egg
diameter SOD and polar lipid AA were ramped south, winter total egg diameter
and egg circle fit were ramped north, CS and polar lipid DHA followed an
abundant edge pattern, whilst winter relative fecundity and egg symmetry
followed a normal pattern (Figure 18). Summer egg symmetry, egg circle fit and
relative fecundity, together with polar lipid EPA bored no relationship to
latitude.

3.2 Relationship between reproductive traits and biochemical variables

Sites with a high egg symmetry and best circle fit in winter had low levels of
metabolic enzyme activity (SOD and CS), and were found in the centre to
southern part of the range (Figure 18; Figure 19), as illustrated by the opposite

vectors in panels Figure 19b and Figure 19¢, and the positioning of the sites
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from Douarnenez (RIS) to Buarcos (BUA) in the left part of panel Figure 19a.
Despite a moderate relationship between reproductive trait variation and
changes in mean biochemical composition (RV coefficient of 0.38), these two
sets of variables are both strongly structured along the first co-inertia axis
(Figure 19), which represented 91.3% of their co-inertia. The three
northernmost sites were isolated from the remaining seven sites due to their
high CS, SOD and polar lipid DHA levels in combination with eggs with low
symmetry and circle fit indices. The sites showing the least agreement between
biochemical and reproductive variables, as depicted by the longest vectors in
Figure 19a, are located in the centre to southern part of the range, namely
Champeaux (CHA), Douarnenez (RIS), la Fontaine aux Bretons (LFB) and Moledo
(MOL).  Conversely, the three northernmost sites, together with the
southernmost site Buarcos (BUA) had the highest agreement between the two

sets of variables.
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Figure 19. Graphical results of the co-inertia analysis of the reproductive and
biochemical variables for winter 2018.The left-hand plot (a) (normed site-scores)
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shows the position of the sites on the co-inertia axes using the reproductive
(origins of the arrows) and biochemical (arrowheads) co-inertia weights. The
shorter the arrows, the better the match between the two projections. The right-
hand pair of plots shows the contribution of the two groups of variables to the
canonical space (reproductive traits (b) on the top; biochemical variables on the
bottom (c)). Vectors pointing in the same direction are correlated and longer
vectors contribute more to the structure. Site name abbreviations are as follows:
MAR = Maryport, LLA = Llanddulas, CRI = Criccieth, CHA = Champeaux, RIS =
Douarnenez, plage du Ris, LFB = La Fontaine aux Bretons, OLE = Oléron, MOL=
Moledo, BUA = Buarcos. Biochemical abbreviations as in Figure 18.

3.3 Drivers of variation in reproductive traits

Twenty-one percent of the variation in total egg diameter and 28% of the
variation in relative fecundity in winter is explained by our selected
meteorological, biochemical and spatial predictors. For total egg diameter,
12% of the variation explained by meteorological variables was linearly
structured along the latitudinal gradient (Figure 20a), with 10% being shared
with biochemical variables. For relative fecundity, 18% of the variation
explained by meteorological variables was spatially structured (shared here
with the quadratic polynomial of latitude), with 6% being shared with

biochemical variables (Figure 20b).
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Figure 20. RDA variance partitioning of egg size and relative fecundity during
winter among meteorological, biochemical and latitude predictor groups.
Numbers indicate Radj? values. Only the non-null fractions and residuals are
represented. The four non-null fractions were: a) meteorological predictors
alone (Meteo.), b) the shared effect of meteorological predictors with latitude
(Latitude + Meteo.), ¢) the shared effect of biochemical and meteorological
predictors (Meteo. + Bioch.) and d) the shared effect of biochemical and
meteorological variables together with latitude (Latitude + Meteo. + Bioch).
Latitude is linear for total egg diameter, and quadratic for relative fecundity.
Meteorological variable selection for each trait was based on the regression
results presented in Figure 22.

When looking at all reproductive traits and both sampling seasons, winter and
summer separated out along the first axis (Figure 21a andFigure 21b). Our set
of meteorological variables explained 33% of their variation and co-variation.
Winter conditions, namely higher maximum wave exposure, number of cold
spells, suspended particulate inorganic matter concentrations and stronger
variance in current velocities, were linked to higher mean and standard
deviation in total egg diameter and lower relative fecundity. Conversely,
summer conditions, characterized by higher air and seawater temperatures
and with number of heat wave events, were associated with lower total egg
diameter but higher relative fecundity. Egg best circle fit and symmetry were
more weakly correlated to available meteorological variables, although higher
variance in air temperature and mean salinity, as well as lower variance in
current velocity, seem to promote more symmetrical and circular eggs (Figure
21b).
Figure 21 (following page). Redundancy analysis (RDA) of selected centred and
standardized reproductive traits (displayed as red vectors in the right-hand panel b;
Scaling 2) constrained by selected standardized meteorological variables (displayed
as black vectors panel b; Scaling 2). The left-hand panel a shows the centroid scores
for each sampling site and season, linked to each individual (Scaling 1). 95%
confidence dispersion ellipses are represented for the seasons. In both panels,
summer scores are displayed by circles, winter scores as diamonds and colors
correspond to the sampling sites. Axes values represent the % of explained variance
per axis, the two axes representing altogether 33% of the total variance. The inner
figure of panel a corresponds to the eigenvalues of the first 7 RDA axes. Panel b
meteorological variable abbreviations are as follows: ‘spim mean’ = mean suspended
particulate inorganic matter; ‘latl’ = linear latitude; ‘lat2’= quadratic latitude; ‘chla’ =

chlorophyll-a; ‘tide amp’ = mean tidal amplitude; ‘cop cs n event’ = number of cold
spells in seawater over 30 days; ‘cop hw n event’ = number of heatwaves in seawater

80



Sabellaria alveolata in a Changing World - Amelia Curd - May 2020

over 30 days; ‘air mean’ = air temperature mean. All ‘sd’ suffixes represent the
variation (standard deviation) of different variables. Site abbreviations as for Figure
19.
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The mean and standard deviation of seawater temperature were the only two
parameters retained to explain variation in total egg diameter and relative
fecundity in both winter and summer (Figure 22). Mean seawater temperature
was the predictor with the greatest effect on total egg diameter for both
seasons (Figure 22a and Figure 22c). The fact that both linear (swtemp) and
quadratic (swtemp2) seawater temperature were significant with high absolute
coefficients indicates a strong non-linear effect of seawater temperature on
total egg diameter. In summer, chlorophyll-a also had a significant effect on
total egg diameter, with both following a ramped south pattern (Figure 18;
Appendix 2, Table 15).

Figure 22 (following page). Regression coefficient plots for the best linear
regression models, as determined by AIC comparisons, for total egg diameter and
relative fecundity in summer 2017 and winter 2018. All input variables were centred
and standardized. Effect estimates are marked as squares when significant and
circles when non-significant at the threshold a=0.05. Point colours represent the
estimated p values. Lines indicate the width of the 95% confidence interval for each
effect. For each model, the R?adj values are (a) = 0.53, (b) =0.24, (c) =0.21, (d) = 0.28.
Plot units are um for (a) and (c), and total number of eggs divided by opercular crown
diameter for (b) and (d). Meteorological variables were ranked and plotted in
decreasing order based on their coefficient estimates. Abbreviations are the same as
those used in Figure 21.
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Summer relative fecundity is driven primarily by an interaction between
chlorophyll-a and seawater temperature (Figure 22b), whereas the most
important meteorological variable for winter relative fecundity was suspended
particulate inorganic matter (spim mean, Figure 22d). For three of the four
season/variable combinations, the percentage of variance explained by our set

of site-scale meteorological variables matched the mean percentage of
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variance found between sites in the variance component models (Appendix 2;
Figure 39), indicating that most of the broad-scale, inter-site structures in the
two variables were captured by the regressions. The winter relative fecundity
variation was the exception (Figure 22d), with only 28% of variance explained
by our site-scale predictors, compared to a mean inter-site variance of 41%.
The unexplained variance in the four models varied between 47 and 78%

(Appendix 2; Figure 39).

4, Discussion

By combining the partitioning of environmental variation between broad and
local scales across a wide latitudinal gradient with how it corresponds to
independently measured in-situ adult physiological condition, we discuss how

reproductive ITV is collectively shaped.
4.1 Latitudinal structures in reproductive and biochemical traits

Different reproductive and biochemical traits in the engineer species
S. alveolata seem to follow different biogeographic or evolutionary biology
theories that vary in intensity depending on the sampling period. Our initial
linkage to latitude found that on one hand S. alveolata relative fecundity and
egg symmetry in winter followed Brown’s abundant-centre hypothesis, with
unimodal distributions along the latitudinal gradient similar to those observed
for CS enzyme activity and polar lipid DHA levels. On the other hand, total egg
diameter and egg circle fit seem to conform to evolutionary biology, as
suggested by their linear or non-significant relationship with latitude, which
are similar to those observed for stress-markers such as SOD enzyme activity
and polar lipid AA and EPA. The fact that we now have the possibility to
perform near-exhaustive analyses of physiological markers and reproductive
traits provides a more nuanced background against which ecological theories

should be tested and challenged.

85



On the Macroecology and Global Distribution of the Ecosystem Engineer;

4.2 Relationship between reproductive traits and biochemical variables:

86

linking physiological condition to latitude

Our overall data suggests that meteorological conditions in the northern sites
were physiologically more stressful for S. alveolata than those encountered in
the centre or southern sites. The three northernmost sites display the least
circular eggs together with the highest levels of SOD enzyme activity and polar
lipid AA. SOD activity reflects oxidative stress levels, which in our study,
despite being often linked to thermal stress in marine bivalves (Rahman et al.,
2019), rises with increasing latitude. AA is a precursor of eicosanoids, known to
be associated in other invertebrates with stressful or energetically expensive
situations such as gametogenesis, spawning or immune function stimulation
(Osada et al., 1989; Stanley and Howard, 1998). Customarily, AA increases with
increasing seawater temperature, however the underlying reasons are not

currently understood (Pernet et al. 2007 ; Muir et al. 2016).

The four centre sites display the most symmetrical eggs, the highest relative
fecundity, and the lowest levels of CS activity and DHA. Both CS and DHA are
highly correlated (R%4=0.76) and related to aerobic metabolic rate (Hulbert and
Else, 1999). A study on tropical scallops found levels of CS to decrease during
gonadal maturation and after spawning (Brokordt et al., 2000). Given the high
relative fecundity displayed in the four centre sites, depleted CS levels could

also be an indicator of high spawning activity in S. alveolata.

Overall, our biochemical metrics indicate the best physiological conditions as
being in the southern range sites, thus corroborating the Lusitanian nature of
S. alveolata, whilst the individuals investing the most in reproduction, with the
highest relative fecundity by far yet not the smallest eggs, are situated in the
centre of the range. Biochemical indicators can aid in forecasting climate-
related changes by enhancing our knowledge base of (1) environmental stress
levels across species’ ranges, (2) the physiological condition of local individuals
and (3) the effects of physiological condition on individual performance (Sorte

and Hofmann, 2004).
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Our results make the case for using the symmetry and circularity of S. alveolata
vitelline membranes as indicators of egg quality. With the advent of high-
speed imaging flow cytometers, it is now possible to analyse dozens of physical
gamete parameters and link these to their viability, opening the way for the use
of many more reproductive traits. Very few studies on the biochemical quality
of marine invertebrate gametes exist, and those that do concern either
echinoids or molluscs (see Marshall and Keough (2007) for review). This study
is the first to examine variability in reproductive traits and link these to
biochemical indicators of maternal physiological condition across a species

range.

4.3 Drivers of variation in reproductive traits: a major role of environmental
variability and extreme events

In our study, most of the spatial variation in total egg diameter and relative
fecundity occurred within- rather than among sites, except for total egg
diameter in summer. This intra-site heterogeneity suggests many local habitat
factors operate to a greater effect than latitudinal factors (Lewis, 1986) and
cannot therefore be elucidated by site-scale predictors. Nonetheless, our
selected broad-scale meteorological and biochemical predictors captured
most of the explicable fraction of inter-site variability in total egg diameter,
although they performed more poorly for relative fecundity. Only 28% of ITV
(out of 41% of inter-site variance on average) was captured for this trait,
signifying either that our data has missed some of its potential drivers of
variation, or that our meteorological data sources did not adequately capture
the localized weather patterns responsible for phenotypic plasticity (Helmuth
et al., 2006). Whilst they are the result of daily model outputs and can be
considered to be at a high temporal resolution, their spatial coarseness does

not perfectly reflect localized weather patterns (Seabra et al., 2011).

Although several biochemical and reproductive variables indicate optimal
winter conditions to be found in the centre of S. alveolata’s range, no single
meteorological variable had a significant relationship with quadratic latitude

along Europe’s Atlantic coast. Our results suggest, as hypothesized, that higher
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variability in environmental conditions leads to more ITV in reproductive traits:
variation in chlorophyll-a production and episodes of cold spells or heat waves
led to more variability in total egg diameter, variation in air temperature and
maximal wave exposure positively influenced variability in S. alveolata eggs
circularity, and surface current variation is positively correlated with variation
in egg symmetry. As chlorophyll-a production follows phytoplankton blooms,
variable spikes in its concentration are an indicator of productivity (Racault et
al., 2012). Greater variation in phytoplankton bloom phenology is predicted
under future global warming scenarios (Henson et al., 2013) which may have
repercussions for S. alveolata, and indeed many marine filter-feeders. Despite
large uncertainty in climate projections, across Europe the overall adverse
extreme weather event frequency is much more likely to increase than to
decrease (Trnka et al., 2014). Several studies (reviewed in Aviz et al. 2016),
found sabellariids to have facultative breeding peaks following major storms
and wave-related disturbances (McCarthy et al. 2003), a phenomenon also
observed in other intertidal species (Bowman and Lewis, 1977). This conforms
to evolutionary biology theory (Ramirez-Llodra, 2002), where hydrodynamic
disturbances increase mortality risk whereby sabellariids respond by investing
their energy in reproductive output. Additionally, the number of seawater
temperature cold spell events over the preceding 30 days positively influenced
both the diameter and variability in total egg size in winter. Whilst the majority
of studies assessing the impacts of extreme weather events focus on heat
stress (e.g. Sagarin and Somero, 2006; Wernberg et al., 2013; Muir et al., 2016),
relatively little work has been carried out on cold stress (but see Urian et al.
2011). Intertidal species, and warm-adapted species such as S. alveolata in
particular, could suffer increased mortality due to the extreme winter cold,
particularly in embayments (Crisp, 1964, Firth et al. 2011) or in locations where
spring low tides occur at night time when air temperatures drop (Mislan et al.,

2009).
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Broad-scale comparisons of physiological traits between individuals separated
across geographic space are valuable in highlighting important ecological
features (Osovitz and Hofmann, 2007), however, the general conclusions
reached by this approach can be influenced by a number of confounding
variables; phylogeny is one such constraint (Clarke et al., 1992). Furthermore,
although some local-scale variation may partly be due to phenotypic plasticity,
fine-scale abiotic factors and biotic interactions not captured by our data,
some may be genotypic. Further studies that explicitly consider the genetic
divergence among populations (and individuals) are needed to fully
understand how phenotypic variation is ultimately generated and maintained
in S. alveolata at geographic scales (Barboza et al., 2019). It will also be
important to determine the heritability of changes to reproductive traits

induced by exposure to climate change stressors (Foo and Byrne, 2017).

4.4 Intraspecific trait variability in an engineer species: laying the foundations
for understanding their distribution drivers

Marine invertebrate populations have traditionally been viewed as being
strongly structured by the quantity of offspring; however offspring quality has
an equally important effect (Marshall and Keough, 2007). The widespread use
of mean values for the functional traits of a species sampled in a given location
signifies an implicit assumption that ITV is negligible compared to interspecific
trait variation (Violle et al., 2012). While often regarded as ‘noise’ ITV is key to
the fundamental processes of natural selection and speciation (Ridley, 2004),
and should therefore be examined in trait-based research in both species-
specific and community ecology (Albert et al., 2010). As observed when
grouping S. alveolata reproductive ITV results across both summer and winter,
marine invertebrates generally exhibit trade-offs, whereby they either produce
many small eggs with high mortality or fewer, larger eggs that may experience
reduced planktonic mortality (Marshall and Keough, 2007). In both seasons,
total egg diameter variability was lowest and relative fecundity peaked in the

centre of the range. If conditions during larval development and maturation
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are favourable, many small offspring are probably the best reproductive
strategy, however if conditions are unexpectedly harsh the whole clutch can be
lost (Olofsson et al., 2009). As an iteroparous species, S. alveolata effectively
has several chances throughout its lifetime to reproduce and therefore does
not require as much intra-clutch variability in egg size as semelparous species,
which tend to select for higher variability as a more cautious “bet-hedging”

strategy (Olofsson et al., 2009).

Broad-scale empirical field studies of biogenic habitat-forming species must
continue, for they allow us to detect general patterns over large scales and are
vital for informing policy (Helmuth et al., 2006, Hawkins et al. 2017). For
habitat-forming species, small environmentally induced shifts in metabolic
activity, brought on by non-lethal but highly stressful conditions such as those
experienced cold spells may lead to disproportionate large impacts on
ecosystem functioning and the associated biodiversity via changes in
reproduction, growth and survival of the engineer species (Dahlhoff et al.,

2002).

Our work demonstrates that both Brown’s abundant-centre hypothesis and
evolutionary biology theory apply to reproductive traits, depending on the trait
and time scale (i.e. a single sampling or a pluri-annual event) being studied. We
argue that reproductive ITV does not solely occur due to constraints on
producing offspring of uniform size and may be an adaptive emergent response
to environmental variability. A better understanding of which environmental
variables play a primary role in the physiological response of intertidal
organisms will however only come with further integration of controlled
experimental studies (Sagarin and Somero 2006). Only by carrying out fine-
scale studies that capture local conditions and proximate ecological responses
in concert with regional scale studies will we gain an understanding of

emergent responses, and reproductive ITV in particular.
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CHAPTER I

The third chapter of this thesis focuses on the emergent response to climate
displayed by many marine species: a predicted distributional range shift.

The first section of this chapter briefly presents the data curation that went into
building a range-wide occurrence dataset, as no accurate ‘off-the-shelf’ S. alveolata
dataset was available at a biogeographic range scale. As the dataset spans two
centuries, older references brought to light the shift in human perception in the
value of S. alveolata reefs; some examples are given.

In the second section, structured as a manuscript, we modelled present-day and
future distributions of S. alveolata across the near-entirety of its range (from the
Shetland isles in Scotland to Essaouira in Morocco - 29° in latitude) along the North-
east Atlantic coastline. Using carefully selected modelling approaches (General
Additive Models, Random Forests and an ensemble of both techniques, using the
‘sdm’ R package), based on the curated dataset of S. alveolata records and a
combination of carefully selected oceanographic and terrestrial environmental
variables, we predicted present day and future distributions in 2050 and 2100,
under two different Representative Concentration Pathways (RCP 4.5 and 8.5).
Contraction at the equatorial range limit is predicted to occur at a greater rate and
extent than poleward-limit expansion. Future changes are predicted to occur not
just at the species boundaries, but also in the centre range, where habitat
suitability is consistently predicted to decrease.

The third section of this chapter presents the effects of scale (both environmental
predictor grain size and spatial extent) on species distribution modelling, by
comparing variable importance, response and model output at two different scales:
3km grain size across 25° extent in latitude (from the inner Hebrides in Scotland to
Essaouira in Morocco), compared to 10-12km grain size across 29° latitude.
Although the response to individual variables differs, both spatial scales have
strikingly similar model outputs, thus validating the results from the second section
of this chapter.
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SECTION IlI-A

A BROAD-SCALE LONG-TERM DATASET OF SABELLARIA ALVEOLATA
DISTRIBUTION AND ABUNDANCE CURATED THROUGH THE REEHAB
(REEF HABITAT) PROJECT
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1. Introduction

Numerous important reef-forming species have declined dramatically in the last
century, many of which have been insufficiently documented due to anecdotal or
hard-to-access information. One such species, the honeycomb worm Sabellaria
alveolata (L.), is a tube-building polychaete that can form large reefs, providing
important ecosystem services such as coastal protection and habitat provision

(Noernberg et al. 2010, Dubois et al. 2002). It currently ranges from Scotland to
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Western Sahara (Lourengo et al., 2020), yet little is known about its distribution
outside of the United Kingdom, where it is protected and where there is a strong
heritage of natural history and sustained observations (Hawkins et al. 2016). As a
result, online marine biodiversity information systems contain haphazardly
distributed records of S. alveolata (Appendix 3). One of the objectives of the REEHAB
project (www.honeycombworms.org) was to combine historical records with
contemporary data to document changes in the distribution and abundance of
S. alveolata. The result of the curation of 331 sources, gathered from literature,
targeted surveys, local conservation reports, museum specimens, personal
communications by authors and by their research teams, national biodiversity
information systems (i.e. the UK National Biodiversity Network (NBN),
www.nbn.org.uk) and validated citizen science  observations (i.e.
https://www.inaturalist.org) was published in March 2020. 88% of these records

were not previously referenced in any online information system.

Additionally, historic field notebooks from Edouard Fischer-Piette and Gustave
Gilson were scanned for S. alveolata information and manually entered. Each of the
21,512 records was checked for spatial and taxonomic accuracy (see Table 5),
particularly in the English Channel and the North Sea where incorrectly identified
observations of intertidal Sabellaria spinulosa had been previously recorded. A
further 54 observations were recorded as ‘Sabellaria spp.” as the available
information did not allow for an identification to species level. The result is a curated
and comprehensive dataset spanning over two centuries on the past and present
global distribution and abundance of S. alveolata. The data fields are compliant with
existing database standards (e.g. the Darwin Core reference for biodiversity

informatics) and are presented in Table 5 below.
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Table 5. REEHAB dataset metadata

REEHAB dataset fields Column Header  Notes

Record number DB_ID

Country COUNTRY

Site Name SITE_NAME In text format. e.g.: Auchenmalg Bay,
Praia da Adraga

Latitude LATITUDE WGS84 in decimal degrees. e.g.:
43.269874

Longitude LONGITUDE WGS84 in decimal degrees. e.g.: -
2.65874

Accuracy POS_ACC Drop-down menu, six categories:
<10m (GPS positioning)
<100m (precise location without GPS,
e.g. digitization of a 1/100 000 map)
<1km (beach, small bay)
<10km (city, bay)
<100km (record at county -UK or
département FR level)
>100km (marine / biogeographic
region)

Start Date START_DATE YYYY-MM-DDformat

End Date END_DATE Occasionally, records indicate the date
atwhich S. alveolata is no longer
observed in a location
YYYY-MM-DDformat

Tidal Zone TIDAL_ZONE Intertidal / Subtidal / Unknown

Latin Name ORIG_LAT_NAME The Latin name used in the

publication, i.e. Sabellaria alveolata
Linnaeus, 1767

Validated Species Name

VALID_SP_NAME

Either Sabellaria alveolata or
Sabellaria spp.

Identification Change

NAME_MODIF

A YES/NOanswer whether a species
identification was changed, based on
REEHAB project expert judgment.

e.g.: based on their location and local
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expert knowledge, ‘Sabellaria spp.’
Records from Edouard Fischer-Piette’s
notebooks have been changed to
‘Sabellaria alveolata’.

Species Description SAB_ACC
Accuracy

Drop-down menu:

Expert judgment, i.e. a citizen science
observation without any photos, from
an area known to have presence of

S. alveolata

Remote sensing

Photo

Reef structure

Species morphology

Genetics

Unknown

Presence [ Absence PRES_ABS

P = Presence; A=Absence

SACFORNU SACFORNU

Drop-down menu, eight categories:

S =Super abundant

Massive patches forming hummocks
at least 60 cm thick, covering over a
total 10 000 m? surface;

A =Abundant

Numerous large patches almost
always over 1 m?in area forming
hummocks over 30 cm thick, covering
over 1000 m?;

C=Common

Numerous large patches or
hummocks, protruding from the
substrata less than 30 cm, covering
more than 100 m?2in total;

F = Frequent

Many scattered small patches rarely

extending over 1 m? each exhibiting

straight or perpendicular orientation
to the substrata, covering less than a
total of 100 m?;

O = Occasional
Scattered small patches of tubes,
closely adhering to rocks or other hard
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substrate (veneers), covering less than
a total of 10 m?;

R =Rare

Scattered tubes closely attached to
the substrate, often difficult to see,
covering less than 1 m? surface area;

N =None
Absent. No honeycomb worms seen;

U=Unknown
No information on abundance.

For old articles without a precise
description, if there was some
hesitation between two categories,
the higher abundance category was
always selected.

Abundance ABUNDANCE Abundance information extracts from
the source, in the language of origin.
Depth DEPTH Depth (in metres) for subtidal records.
format: decimal number
Substrate SUBSTRATE Drop-down menu, seven categories:
Mud
Sand
Shell fragments
Gravel/Pebble
Boulders
Bedrock
Unknown
Comments COMMENTS
Quotation QUOTATION Direct quote of the sentences with
species information in the language of
origin
Source type DATA_TYPE Drop-down menu, ten categories:

Citizen Science Observation
Database extraction

Environmental Management Report
Journal Article

Mapping Study

Museum Specimen

Personal Observation

Reef Structure (i.e. bioconstruction
photo ID)
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REEHAB opportunistic survey
PhD Theses/ BSc dissertations

Source SOURCE Reference in Elsevier Harvard format
URL web link LINK Web link to article, report, database...
Year YEAR Year of first observation

(‘START_DATE’)

Information System Database When sources were accessed via a
database, the name of the information
system (i.e. GBIF, OBIS) is listed here.

2. Data sources

The vast majority of records stem from high-resolution mapping studies of the reefs
in the Mont-Saint-Michel Bay (Guillaumont et al., 1987; Bonnot-Courtois et al., 2002;
Noernberg et al.,, 2010; Fournier, unpublished data) and Cotentin peninsula
(Basuyaux et Lecornu 2019) (Figure 23). The different source types are explained in
Table 5, however the ‘personal observations’ category is worth expanding on, as it
contains 3,085 previously unpublished records. For instance, this category holds 96
records from Yves Gruet’s field notes and epistolary exchanges with his peers across
Europe between 1966-2014, 59 records from Edouard Fischer-Piette’s previously
inaccessible field notebooks (1949-1971), 2,061 records from the MarClim project
(1958-2017) and 290 records gathered across Ireland (1947-2019) by Louise Firth’s

S. alveolata Irish task force (Firth et al., in prep).
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Citizen science 289

Database extractions 2518
Reef structure 14

[Personal observations 3038 | REEHAB opportunistic
surveys 39

Journal articles 709

Museum specimens 5

(Mapping studies 12305

Figure 23. Donut plot illustrating the relative contribution of different types of
sources to the 21,571 records collected, divided amongst 331 different sources.

3. Abundance

Out of 2,275 georeferenced occurrences stored in the Global Biodiversity Information
System (GBIF - accessed on the 14-05-2020), 2,031 originated in the United Kingdom,
163 in Portugal, 47 in France, and the remaining 34 records were distributed between
Ireland, Spain, Belgium and the Netherlands (both countries in which it is doubtful
S. alveolata was ever present), Germany and one ‘Unknown Country’ record.
Following the REEHAB project, 14,496 presence records were added, along with 4,800
absence records (currently not handled in the GBIF indexing processes), bringing the
total number of records up to 21,571 - an 89.5% increase in records (Table 6).
Furthermore, 90.6% of points in the REEHAB database either already had, or were
assigned, an abundance score from the semi-quantitative SACFOR scale category
(Table 6). The original ACFOR abundance scale was developed by Crisp and
Southward (1958) and was adapted to Sabellaria alveolata by Cunningham et al.
(1984).
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Table 6. Number of occurrences per country and SACFOR scale category presentin
REEHAB dataset.

S A C F 0 R N U Total

France 11472 900 529 155 62 29 1686 978 15811
UK 130 346 438 136 112 81 2380 453 4076
Ireland 2 67 64 30 17 10 487 108 784
Portugal 2 6 31 24 30 7 111 251 462
Spain 5 5 2 4 17 32 72 137
Italy 10 8 1 2 3 84 108
Morocco 3 2 6 4 3 11 59 88
Norway 41 41
Turkey 32 3 35
Cyprus 13 13
Mauritania 1 2 2 5
Tunisia 2 3 5
Germany 1 1 2
Belgium 1 1
Egypt 1 1
Senegal 1 1
Total 11606 1337 1077 354 233 148 4800 2016 21571

Data from the southern range boundary was also greatly increased, with 88 records
collated for Morocco between 1921 (Charrier, 1921) and 2018, from 22 different
sources, including field notebooks from Carla Lourenco, Fernando Lima, and Steve
Hawkins (Figure 24). With two historical records found in Mauritania (Sourie, 1954)
and a handful of recent observations recorded in Dakhla, western Sahara, a
scattering of data has now been collected within the vicinity of the presumed
equatorward limit of S. alveolata; Cap Blanc peninsula, which runs the border
between Mauritania and Western Sahara and is a known biogeographic boundary
between tropical and warm-temperate species (Lawson and John, 1977). Coupled
with the fact it is situated within a rapidly changing upwelling system (Seabra et al.,
2019), this understudied and not readily accessible stretch of coastline warrants a

targeted ‘BioBlitz’ type survey of the intertidal zone.
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Figure 24. Sabellaria alveolata records in REEHAB dataset projected onto a 50km
grid. When SACFOR scale abundance scores were given to occurrence records, the
highest abundance value per grid cell was retained. The inset map in the top-right
corner is a view of the georeferenced records held in GBIF (accessed on 28-05-2020).

4. Time series

The first georeferenced occurrence record in GBIF dates back to 1933, from the Ivor
Rees North Wales marine fauna sightings (University of North Wales, 2018). Table 7

summarises the number of records per country and time period.
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Table 7. Number of occurrence records per time period, ranked by country.

1821-1900 1921-1925 1926-1950 1951-1975 1976-2000 2001-2019 Total

France 46 40 80 278 2148 13220 15812
UK 7 10 15 171 703 3170 4076
Ireland 3 5 1 197 131 447 784
Portugal 45 45 372 462
Spain 8 13 22 33 61 137
Italy 3 1 3 54 47 108
Morocco 4 4 12 15 53 88
Norway 41 41
Turkey 24 11 35
Cyprus 13 13
Mauritania 2 2 1 5
Tunisia 3 2 5
Germany 1 1 2
Belgium 1
Egypt 1
Senegal 1 1
Total 61 68 116 731 3170 17425 21571

In the REEHAB dataset, the earliest European’ reference to Sabellaria alveolata with
any sort of geographic precision refers to Sabella alveolata Linnaeus, 1767 and dates
back to 1825. In the memoirs of a Linnean naturalist society in Normandy, the
species is listed as forming dense aggregations atop of flat rocks along the west

coast of the Cotentin peninsula (Figure 25; de Gerville, 1825).

The earliest mention of Sabellaria alveolata was found in 1821, published by Savigny in 1830, who
listed the species as one of the polychaetes found in Syria and Egypt “during the French army

expedition” (Savigny, 1830).
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Figure 25. The oldest European record in the dataset - Sabella alveolata Linnaeus,
1767 (superseded original combination). From de Gerville, 1825.

Prior to this study, Cunningham et al. (1984) produced the most extensive review of
the distribution of S. alveolata, in Britain or elsewhere. If we consider any data
collected prior to 1984 as being historical (Firth et al., 2015), the REEHAB dataset

contains 1,350 historical records, divided among 12 countries (Table 7).

5. Historical ecology

The primary objective of this data curation was to combine historical records and
contemporary data to document changes in the distribution and abundance of
S. alveolata bioconstructions, in order to elucidate which biotic and abiotic factors
shape them. In parallel, the study of historical, local and grey literature also brought
to light a shifting perception in the value of S. alveolata reefs. Past literature and
local vernacular names reveal that these constructions have often been viewed as
pests or parasites, particularly in areas with shellfish aquaculture (Dollfus, 1921), or
even as an exploitable resource (Audouin and Milne-Edwards, 1832). There are scores
of stories that could be told; as an example, how subtidal S. alveolata reefs were
decimated within the space of a decade in the gulf of Marseilles is summarised in Box

1.
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Box 1: The late 19*" Century decimation of Marseilles’ S. alveolatareefs

Paul Gourret (1859-1903) was a zoologist and the deputy director of Endoume
marine biological station in Marseilles. Most of his work focused on Mediterranean
fisheries. In 1893, he published “les appats de péche usités a Marseille” in the “Revue
Maritime et Coloniale”, in which he documents which invertebrates were used to bait
which fish by Sunday anglers. In this article, he lists Hermella alveolata (synonym for
Sabellaria alveolata) (Peiro abillo or ‘bee stone” in Provencal) as one of the popular
fish baits, and refers to the species in mining terms, as a deposit that could be
extracted at a rate of 1000kg a day (Gourret, 1893). In his 2007 article, the ecological
historian Daniel Faget wrote that there was a nascent trend after the 1850s in
weekend fishing excursions, so much so that an impromptu Saturday evening bait
market arose on the old port in Marseille (Figure 26).

Figure 26. An engraving from the Musée d’Histoire de Marseille depicting the baits
market that was held on the ‘Quai aux huiles’ in the old port in Marseille every
Saturday evening circa 1870-1900 because of the recent fashion of Sunday angling.
Photo courtesy of Daniel Faget.

The presence of S. alveolata on the market is described as having occurred in the ten
years prior to Gourret’s publication (circa 1880), and of being a fishing bait that was
made popular by Neapolitan immigrants, present in Marseilles as a result of the
Italian diaspora. In his 1894 work on Mediterranean fisheries, Paul Gourret goes into
some detail describing and drawing the Sabellaria species (Figure 27). He estimated
the Peiro abillo extraction rate at 50 tonnes per year and goes on to say that “cette
industrie, relativement récente [...] n’aura pas une bien longue durée” (“this
relatively recent trade [...] will be short-lived”). His prediction proved to be correct:
due to a combination of over-exploitation, pollution (from the “savon de Marseille’
soap factories) and the proximity of large mussel farms (Faget, 2007), S. alveolata
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colonies in the gulf of Marseilles never returned to their former ‘super-abundance’,
and only a few subtidal individuals can presently be found.

In a third publication from 1901 on the sedentary annelids of Marseilles, Paul
Gourret compares the anatomy of the Sabellaria species found in Marseilles with the
descriptions made by his peers, professors de Quatrefages and Grube. He states with
some confidence that all the individuals found in the gulf of Marseilles are indeed
Sabellaria alveolata (Gourret, 1901).
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Figure 27. Extract from Gourret (1894) with drawings and quantification of the
quantity of ‘hermelles’ extracted.

Given his detailed anatomical comparisons, coupled with many other references to
S. alveolata in the Mediterranean (reviewed in Sanfilippo et al., 2019), Paul Gourret’s
professional judgment of the species identification can be trusted.
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6. Conclusion

There is evidence that the biodiversity of many marine habitats is being altered in
response to a changing climate and human activity (Butchart et al., 2010). It has long
been recognised that recycling old information can address a multitude of new
policy concerns, and that broad-scale long-term observations are essential for
disentangling climate-driven change from other regional and local-scale
anthropogenic impacts and environmental fluctuations or cycles in natural systems
(Hawkins et al., 2013). Despite being one of the most common phyla in the marine
realm, polychaetes are under-represented in broad-scale studies as evidenced by
their low numbers in georeferenced databases (Lenoir et al., 2020). Understanding
changes, and forecasting where changes are likely to occur, requires as a bare
minimum monitoring of organism diversity, distribution and abundance. However,
existing global ocean observing infrastructure and programs often do not explicitly
consider observations of marine biodiversity and associated processes and have
focused instead on physical and biogeochemical measurements (Canonico et al.,
2020). In chapter IlI-B, had S. alveolata occurrence data simply been downloaded
from an online database - as is the case in the majority of SDM studies - our
estimated distribution range and forecasts would have been grossly incorrect
(‘rubbish in, rubbish out’). The REEHAB dataset is now a part of the global
biodiversity infrastructure and has provided a broader, longer-term view of

S. alveolata distribution and abundance.
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1. Introduction
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Scientific evidence for warming of the climate system due to human activities is
now irrefutable (IPCC, 2018). 2014-2019 were collectively the warmest five
years on record, and ocean warming rate is accelerating (Cheng et al., 2020).
Heatwaves, precipitation extremes and more frequent storm events are
attributed to human influence on climate, although for the latter available
evidence is less conclusive (IPCC, 2018).Temperature rises are accompanied by
a multitude of altered environmental factors, such as ocean currents and wave

action (Straub et al., 2019).

The key mechanism by which marine species respond to environmental change
is to undergo distribution range shifts across broad spatial scales (Pinsky et al.,
2020). While the directions in which species ranges have shifted (i.e. poleward
in latitude or descent with depth) are often driven by increasing water
temperature (Molinos, 2020), explanations for variation in range shifts across
different distribution breaks within a given species’ range remain elusive
(Robinson et al., 2015). Successful reproduction and colonisation at leading
edges drive range expansions; and reproduction failure and extirpations at
trailing edges drive range contractions. Much variation is observed in range
shifts among species, yet overall the proportion of leading range edges that are
expanding is greater than the proportion of trailing edges that are contracting

(Pinsky et al., 2020).

Due to concurrent development of similar applications with slightly different
objectives, correlative models that quantify the relationship between
environmental factors and known species occurrences have been described as
‘bioclimatic envelope models’ (Pearson and Dawson, 2003), ‘habitat suitability

models’ (Hirzel and Le Lay, 2008), ‘ecological niche models’ (Harrison, 1997)
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and ‘species distribution models’ (Elith and Leathwick, 2009) among other
near-synonymous terms. The latter term is retained here and abbreviated as
SDM, although some authors argue that SDM should include steps of niche
estimation and assessment of dispersal ability or colonisation potential
(Peterson and Soberdn, 2012). Although the ecological niche concept is integral
to SDM, the term ‘habitat’ more accurately describes what is most often
modelled. A simple way of relating the ecological niche concept to SDM is that
the niche describes species fitness in environmental space, a statistical method
quantitatively describes that environmental profile, and the resulting predicted
map translates the environmental profile into some measure of suitability in

geographic space (Miller, 2010).

Intertidal species are exposed to environmental challenges posed by both the
terrestrial and marine realms (Helmuth et al., 2006). Rising and fluctuating air
and sea surface temperatures can have dramatic and lasting impacts on
intertidal assemblages (Orton, 1933; Crisp,1964; Sagarin et al., 1999, Firth et al.,
2011). However, in temperate intertidal environments, fetch and salinity can
exert as much influence on the distribution, abundance and diversity of
intertidal species as temperature does (Zacharias and Roff, 2001). Temperature
and precipitation are the two climatic variables that can reliably be projected
under future climates, whilst wind and wave forecasts, and extreme wave
projections in particular, carry more uncertainty (Morim et al. 2019). Whilst
average wave height is overall projected to decrease across the North Atlantic
Ocean under a warmer climate (Bricheno and Wolff, 2018), severe Autumn
storms are predicted to increase both in frequency and in magnitude across
Western Europe (Baatsen et al., 2015). Although SDM studies in the marine
environment are on the rise and now number in the hundreds (Melo-Merino et
al., 2020), to our knowledge, only eight intertidal studies overcame the
challenge of compiling environmental data from both terrestrial and marine
realms. Out of these eight studies, five of the model species were seaweeds

(Martinez et al., 2012; Jueterbock et al., 2013; Neiva et al., 2014; Boo et al., 2019;

109



110

On the Macroecology and Global Distribution of the Ecosystem Engineer;

de la Hoz et al, 2019a), two were intertidal mollusks, echinoderms and
crustaceans (Lima et al., 2007; Waltari and Hickerson, 2013) and one was reef-

building worms (Faroni-Perez, 2017).

A paradox lies in the modelling of broadly-distributed intertidal species. One of
the dogmas of macroecology states that coarse climatic data are what set
species distribution, as environmental variables are more important than
population processes or species interactions at the broader scale (Robinson et
al., 2011). Yet, intertidal sessile organisms are known to respond to fine-scale
variation in environmental variables such as substrate angle and aspect, which
drives solar radiation and patterns of water and air flow (Wethey, 1983, 1984,
2002; Helmuth and Hofmann, 2001; Harley, 2008). Although an increasing
number of broad-scale high-resolution environmental and biological data are
rapidly being generated and, importantly, are readily accessible, future climate

conditions are all broad-brush predictions.

The honeycomb worm Sabellaria alveolata (Linnaeus, 1767) is an ecosystem
engineer species capable of building tubes on low- to mid-shore hard
substrates, in semi-exposed and exposed locations and can form biogenic
structures ranging from veneers, hummocks to large reefs (Wilson, 1971; Curd
et al., 2019). Its known equatorward range limit is in Morocco and its poleward
range limit in southwest Scotland (Gruet, 1986). Outside of the United Kingdom
where it is protected and where there is a strong heritage of natural history and
sustained observations, little is known about its distribution. As a result, online
marine biodiversity information systems (e.g. the Global Biodiversity
Information Facility (GBIF); the Ocean Biodiversity Information System (OBIS))
currently contain scarce and haphazardly distributed records for S. alveolata.
As a tube-building suspension-feeding species, it requires resuspended sand
and therefore sufficient hydrodynamic energy for an abundant supply of
sediment (Davies et al. 2009). Reef-forming S. alveolata has the potential to
provide important coastal protection (Naylor and Viles, 2000) and biogenic
habitat for a diverse range of other species (Dubois et al., 2002; Jones et al.

2018). Consequently, any changes in S. alveolata distribution will have
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cascading effects on associated biodiversity, functions and services (Wethey et
al., 2011). Due to the ecological role of their engineered habitat, S. alveolata
reefs are the target of European protection measures (Habitats Directive
92/42/EEC) and trigger management measures in coastal areas where they are

present.

We predicted present-day and future distributions of S. alveolata across a
broad latitudinal gradient (32-61° N) using carefully selected modelling
techniques in order to answer the following questions: (1) can we generate an
accurate broad-scale present distribution map of S. alveolata; (2) how will the
biogeographical distribution of S. alveolata’s be altered in response to climate
change? We used SDMs to forecast the intertidal distribution of S. alveolata
under different climate change scenarios. We discuss the importance of
environmental predictors, the relationship between the probability of
occurrence and each predictor, before focusing on the future predictions and
ecological consequences of S. alveolata tracking its climate niche into new

areas.

2. Materials and Methods

2.1 Study area and Presence/Absence data

Our study was conducted across 29 degrees of latitude spanning a large
gradient of coastal climatic conditions and almost the entire geographic
distribution of S. alveolata along the north-east Atlantic coastline, from
northern Scotland to Morocco (61°N to 32°N) and also along the English
Channel. From the Iberian Peninsula southward, coastal waters are part of the
Canary eastern boundary upwelling system linked to cooler sea surface
temperatures (Seabra et al. 2019). Due to this strong upwelling, the shores and
biota of northwest Spain have more in common with the shores and biota of
northwest France than they do with the shores along the French Biscay coast
(Wethey and Woodin, 2008). Further north, around Britain and Ireland, the
coast is heavily indented, with numerous sea lochs and large estuaries like the

Shannon, Severn and Solway Firth (ICES, 2019).
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S. alveolata is, and to the best of our knowledge always was, absent from the
North Sea. Although it is occasionally cited as being present in the North Sea
(e.g. Richter, 1927), expert consensus is that these were incorrectly identified
intertidal observations Sabellaria spinulosa reefs (Reise, pers.comm.). This
distribution limit is due to a combination of the long term hydrographic barrier
to larval dispersal at the Cherbourg Peninsula in the English Channel (Salomon
and Breton, 1993), and to niche occupancy by S. spinulosa in the Greater North
Sea. Since both larval dispersal and niche occupancy are driven by processes
which are not captured by SDM models, our study area does not extend to the

North Sea.

2.1.2 Occurrence records

The majority of SDM terrestrial studies simply download occurrence data from
GBIF. When it comes to S. alveolata, GBIF currently reflects the human
observation effort, rather than the true distribution (Appendix 3; Figure 40).
Presence and absence data were collated from numerous sources, including
field observations, research articles, citizen science observations, management
reports and online databases (see Appendix 4 and Curd et al., 2020). Presence
records were considered between the years 2000-2019 (a time span compatible
with the temporal coverage of the environmental variables), whilst absence
records, of which there are fewer, were included from 1970-2019 for validation
purposes. Subtidal observations, and observations without geographic
accuracy down to shore level, were excluded. Overall, 109 literature sources
were included in the analysis, resulting in 14,960 presence and 4,394 absence
records. Only 12.2% of these records were previously accessible via online

databases (Appendix 4).

S. alveolata is a sessile, non-cryptic species, therefore the dataset’s observed
absences could be considered ‘true’ absences (Peterson et al., 2011).
Nevertheless, due to the compilation of multiple data sources, lack of a
dedicated sampling design and uneven geographic spread in our absences, we
chose to only use our presence data to build the models. Presence-only data

are most appropriate for predicting potential distribution (Jiménez-Valverde et
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al., 2008), such as with invasive species or climate change applications.
Absence points, spanning the 1970-2019 time-step, were used instead for an
independent evaluation of present-day model performance. Data were
spatially thinned in the following manner: only one observation record was
retained per raster cell; presence was selected over absence. The thinned

occurrences (presence data) contained 363 observations.
2.2 Environmental variables

We chose to retain only ‘scenopoetic’ variables (sensu Hutchinson, 1978), on
which the species has no impact, as predictors, as it has been argued that SDMs
at coarse spatial resolutions will be more robust if they exclude variables that
relate to population process or species interactions, that are manifest at the
local scale (Peterson et al., 2011; Robinson et al., 2011). We did not include
available seabed substrate maps because the best existing compilation layer
on seabed substrate types (provided by the European Marine Observation and
Data Network EMODnet) was not deemed fit-for-purpose due to low spatial

accuracy in many areas.

2.2.1 Current conditions and model comparison

Environmental predictors available over the full latitudinal range of our study
area come at a spatial resolution of 10-12km (while occurrence records are
often located with a precision of ~100 m). To assess the sensitivity of SDMs to
the spatial resolution of environmental variables, we also fitted statistical
models of S. alveolata occurrence within a subset of our study domain (from
56°N (Glasgow, Scotland) to 32°N (Essaouira, Morocco)) , where higher-

resolution (3-4 km) environmental predictors are available.

Comparisons of models performance using ~3km or 10-12km spatial resolution
are presented and discussed, in terms of environmental predictors used,
accuracy metrics, variable importance, response curves and ensemble
modelling predictions in the third part of this chapter. Briefly, the two models
yielded very similar present-day habitat suitability maps, thus validating our

use of 10-12km spatial resolution environmental predictors, which also have
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forecasts available for future predictions. Hereafter we only present and
discuss results based on models fitted using environmental predictors at a 10-

12 km spatial resolution across the whole study domain.

A set of 15 bioclimatic variables were chosen as climate-related candidate
predictors (Appendix 5). This included 10-12km resolution metrics for air
temperature from WorldClim version 1.4 (Hijmans et al., 2005), sea-surface
temperature and salinity from Bio-ORACLE (Tyberghein et al. 2012; Assis et al.
2017) and significant wave height from Bricheno and Wolf (2018). Bricheno and
Wolf (2018) developed present and future projections of coastal wave impacts
in Atlantic Europe, running a WaveWatch IlITM spectral wave model (Tolman,
2009) at a regional scale. The regional projections were carried out at around
10km resolution from 1975-2100, using 1975-2005 as present climate. Wave
fetch, the distance over which wind-driven waves can build given the
orientation of the coastline, were re-projected and upscaled from Burrows

(2012) to match our raster grid cells.

2.2.2 Future conditions

Two time horizons (2040-2050 and 2090-2100) and two Representative
Concentration Pathway scenarios (RCP 4.5 and RCP 8.5) (Meinshausen et al.
2011 - Appendix 6) were considered to investigate potential distributional
shifts of S. alveolata in response to greenhouse gas emission trajectories.
Future air temperature, sea-surface temperature and significant wave height
forecasts, issued from WorldClim, Bio-ORACLE and the NOC wave model
respectively, were used as future predictors. Tidal amplitude, which stays
relatively constant over such time scales, and fetch, for which we only have
present-day data but which is a key predictor, were also included in the future

predictor selection.
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2.2.3 Variable processing

Since our study focuses on the coastal zone, all environmental predictors were
masked at 0.1° (~10-12 km) distance to the European Environment Agency
coastline for analysis (EEA, 2018). As our study covers the intertidal zone, one
terrestrial and one marine variable had to be extrapolated in order to add
values to those pixels with missing data which overlap with species

observation data: 1) WorldClim air temperature values and 2) tidal amplitude.

2.2.4 Treatment of collinearity

Correlated variables can lead to very unstable estimates of their effects and
greatly increase prediction uncertainty (Dormann et al. 2013). Collinearity was
first checked by calculating the Pearson r coefficient for each pair of variables
across the study area. For pairs with Pearson | r | > 0.7, we retained the variable
known to be more ecologically relevant (Aradjo et al., 2019). Because of the
joint dependence of air and sea surface water temperature on solar radiation,
metrics from these two temperature variables are highly correlated.
Distributional boundaries are extremes, therefore it is reasonable to study
them in terms of the coinciding extremes of environmental conditions
(Hutchins, 1947). Since air temperatures are rising faster than those of upper
ocean waters (Burrows et al.,, 2011), we chose to retain maximum air

temperature and minimum sea surface temperature.

Following the pairwise correlation check, variance inflation factor (VIF)
analyses were performed. Using the ‘vif.step’ function of the ‘usdm’ package
(Naimi, 2015), variables with a VIF > 7 (Guisan et al., 2017) were excluded from
the modelling framework. A final list of six variables was used in the rest of this

chapter (Table 8).
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Table 8. List of final predictors included in models after collinearity checks. Future
projections are available for all ocean and atmospheric variables under alternative
RCP scenarios 4.5 & 8.5. Variables fully described in Appendix 6.

Variable Abbreviation Time period

Sea Surface Temperature - Minimum SST_MIN Present/2040s/2090s
Sea Surface Salinity - Mean SAL_MEAN Present/2040s/2090s
Air Temperature - Maximum AT_MAX Present/2040s/2090s
Wave Fetch FETCH Present

Significant wave height - 90" Percentile HS_P90 Present/2040s/2090s
Tidal amplitude TIDE Present

2.3 Model building

116

Model building was performed in R (R Core Team, 2019) through the package
‘sdm’ (Naimi and Aratjo, 2016). Two fundamentally different modelling
approaches were selected to build the SDMs: generalized additive models
(gam, Hastie 2017), a semi-parametric approach, and random forest (rf,
Breiman 2001), a non-parametric one. The two approaches were shown to be
efficient at modelling benthic species distributions (Bucas et al., 2013) and
were selected in particular for their ability to model non-linear relationships
without prior assumptions on the shape of the response: random forest
through binary splits (regression trees) and GAMs using smoothing functions.
Furthermore, as both approaches often makes contrasted predictions
regarding species range shifts, RF projecting extreme range shifts and GAM
being more conservative (Beaumont et al. 2016), an ensemble of both
approaches was also constructed to take advantage of their respective
strengths (de la Hoz et al., 2019b): the high predictive performance of RF and
the transferability of GAM. Indeed, RF generally has amongst the highest
predictive performance (Elith et al., 2006; Reiss et al. 2011). However, RF are
prone to describe noise in the training data so that their high predictive
performance based on current distributional data doesn’t ensure their
effectiveness at extrapolating to future no-analog conditions (Wenger and

Olden, 2012; Beaumont et al. 2016). GAM often show higher transferability
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combined with good prediction accuracy (Wenger and Olden, 2012, Heikkinen

et al. 2012). Modelling methods are described in Appendix 7.

Pseudo-absences (hereafter, PAs) were randomly generated within the masked
area, outside of those pixels containing presence data. Ten sets of randomly-
drawn PAs of the equivalent number of thinned presences (363 records) were
generated, randomly sampling without replacement, as recommended by
Barbet-Massin et al. (2012). Ten iterations of a random sub-sampling approach
were performed on the ten datasets generated for SDM building, each time
using 70% of the data to train the model and the remaining 30% as test data.
200 SDMs (i.e. 2 approaches * 10 sub-sample runs * 10 PA sets) were finally
built. Since we used Pseudo-Absences, the models predict a habitat suitability
index ranging from 0 to 1 rather than a probability of presence (Guisan et al.,

2017).
2.4 Model evaluation and ensemble forecast

Each of the 200 SDMs was evaluated using two criteria 1) the threshold-
independent area under the receiver operating characteristic curves (AUC -
Delong et al. 1988) and 2) the the threshold-dependent true skill statistic TSS
(Allouche et al., 2006). TSS (Sensitivity + Specificity -1) provides an alternative
to Cohen’s kappa values and is prevalence (i.e. the ratio of ‘presence’ to
‘absence in the dataset) independent. The threshold used to determine TSS
was the one that gives equal values to Sensitivity and Specificity. The SDMs
whose predictions on the test data reached a TSS = 0.61 were retained for the
ensemble modelling building process. This led to 116 model runs (38 gam + 78

rf) being retained for the ensemble model (Table 9).
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Table 9. Mean accuracy metrics (tstandard deviation) of models
obtained for each approach, post-filtering model runs with a true skill
statistic (TSS)>0.61: generalized additive model (gam), Random Forest
(rf). Numbers in brackets are the number of runs retained per
approach. Area under the receiver operating characteristic curves
scores are also given (AUC) .

Method AUC TSS Sensitivity Specificity
gam (38) 0.87+0.02 0.66+0.03 0.81+£0.02 0.81+0.02
rf (78) 0.88+0.02 0.65+0.03 0.81+0.02 0.81+0.02

Environmental predictor importance scores were derived for each of the 116
individual models using the ‘getVarlmp’ function in the ‘sdm’ package (Naimi
and Aradjo, 2016). Scores were derived from the AUC test metric. The median
and variance in the predictor scores were ranked and plotted for each
modelling technique (rf and gam) (Figure 28). Variable partial response curves
for all retained variables were implemented using the ‘rcurve’ function also in
the ‘sdm’ package. Responses to each variable were averaged per modelling
technique across all input models, and confidence intervals were plotted

(Figure 29).

In the ensemble modelling step, we combined predictions from the 116
contributing models using a weighted average, where the contribution of each
single SDMs to the weighted average was based upon their respective TSS
scores. Ensemble models were used to predict the current extent of S. alveolata
(Figure 30a), and to plot mean habitat suitability scores against latitude (Figure
30b). Each ensemble predictive map was reclassified into a binary presence-
absence surface, based on a threshold selection with an equal number of false
positive and false negative errors (i.e. specificity equals sensitivity) (Phillips et
al., 2006) (Appendix 8). Model performance was evaluated both using
validation on left-out sub-samples (Table 9) and by using our true absence
records to independently test the model. The models were run on these true

absences, and for each model the percentage of absence points correctly
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classified as being in unsuitable habitat (‘true negative rates’) was calculated

(Appendix 9).

2.5 Calculating shifts in species core habitat

The weighted mean ensemble for each of the four future scenarios (2 time
horizons * 2 RCPs) was computed by means of the ‘predict’ function from the
SDM package. Predicted future distributions were also classified into binary
presence-absence maps using the same threshold as for present distribution
(specificity = sensitivity). The binary raster maps for the present-day scenario
and the predicted habitat suitability shifts within the future scenarios were
used to plot the areas of suitable habitat gain, loss or stability. The percentage
gain or loss of suitable area in the future according to the different scenarios

and time periods was calculated as:

Nrp—n
£ P %100
Ny

where nz is the number of suitable pixels in the future and n, the number of

suitable pixels in the present.

In addition to commenting on predicted climate-driven changes in the area of
suitable habitat available, we also characterize latitudinal shifts in the core
distribution of S. alveolata by tracking the latitudinal change between the
2040s and 2090s in the trailing edge (10th percentile), centroid (median) and
leading edge (90th percentile) of the habitat suitability index (Figure 31).
Present-day latitudes were subtracted from projected future latitudes for the
range centroid, leading and trailing edge of S. alveolata habitat. All latitudinal
shifts were converted to distance in kilometres, and projected distances shifted
were converted to decadal rates of habitat shift using 2020 as a baseline (e.g.

rates between 2020 and 2050; Table 10).
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3. Results

120

3.1 Cross-validation and variable influence
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Figure 28. Variable importance scores for the model, for the two modelling
approaches used (gam - generalized additive models and rf - random forests)
ranked according to the improvement in AUC (area under the receiver
operating characteristic curve) resulting from the inclusion of the variable in
the models - a common metric for evaluating the discriminatory ability of a
binary classification model. The dots (gam) and diamonds (rf) represent the
mean scores, and the whiskers the standard deviation between different model
runs with a TSS > 0.61. Abbreviations are as follows: FETCH = wave fetch;
AT_MAX = maximum air temperature; SAL_MEAN = mean sea surface salinity;
SST_MIN = minimum sea surface salinity; HS_P90 = significant wave height -
90th percentile; TIDE = tidal amplitude.

When averaging across all model runs, fetch, maximum air temperature and
mean salinity were the three most important variables (Figure 28). Predicted
habitat suitability is highest when fetch is between 500-1500km, when

maximum air temperature is between 17-23°C and when minimum sea surface
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temperature is above 11°C (Figure 29). Predicted habitat suitability decreases
when the 90th percentile of significant wave height exceeds 2.25m, decreases
when mean salinity exceeds 33.5 ppt. Optimal tidal amplitude (i.e. half the tidal

range) is 2m, however habitat suitability values rise again after 5m (Figure 29).
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Figure 29. Variable response curves for the weighted mean ensemble models.
Variables are arranged in order of importance (see Fig. 28). Abbreviations are as
follows: FETCH = wave fetch; AT_MAX = maximum air temperature; SAL_MEAN =
mean sea surface salinity; SST_MIN = minimum sea surface salinity; HS_P90 =
significant wave height - 90th percentile; TIDE = tidal amplitude.
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3.2 Predicted present-day (2000-2019) S. alveolatahabitat

The map produced by the ensemble model output represents the most
extensive and precise currently available broad-scale distribution map of
S. alveolata (Figure 30a; Appendix 3, Figure 41). The areas of high habitat
suitability are positioned where the major S. alveolata reefs are known to be
found. The west coast of Britain, the south of Ireland and Mont-Saint-Michel
Bay, France are just three location examples that demonstrate that high

habitat suitability reflects S. alveolata abundance.
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Figure 30. Weighted mean ensemble predictions for habitat suitability across
our study area. A) Biogeographic provinces, based on abiotic factors, are
redrawn from Hiscock (1998). Canary EBUS = Eastern Boundary Upwelling
System, as described by Seabra et al. (2019). B) Longitudinally integrated
latitudinal distributions (that is, predicted habitat suitability) are represented
by smoothed conditional mean curves, calculated using a generalized additive

model.
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Our true absence record evaluation showed 71.2% of the 465 thinned absence
observation records were correctly classified as absences (Appendix 9). The
small areas with highly inaccurate false positives (i.e. with a habitat suitability
index > 0.8) were all situated in embayments and/or intensively surveyed
shorelines such as Galway Bay, Ireland, the Severn Estuary, Britain or the

Pertuis Charentais, France (Appendix S7; Figure 44).

Predicted habitat suitability peaks at three latitudes: 40.2° N, 45.9°N and
52.9°N, with the central peak, situated at the latitude of Oléron Island in
France, marking the highest habitat suitability (Figure 30b). The troughs
between these habitat suitability peaks were situated at 43.1°N and 49.7°N,
which correspond to the northern Spanish coastline and the middle of the
English Channel respectively. These were used to divide the S. alveolata range
into three regions (Figure 31), hereafter the poleward, central and equatorward

regions.

3.3 Projected changes in area of suitable habitat

Loss of suitable habitat area in the equatorward region ranged from 34.5%
under the RCP 4.5 ‘stabilisation’ scenario in the 2040s, to 52.9 % under the RCP
8.5 ‘business as usual’ scenario in the 2040s, with small areas of loss in habitat
suitability throughout Spain, Portugal and Morocco (Figure 31). Loss of suitable
habitat area in the central region ranged from 8.2% to 23%, for RCP 4.5 and
RCP 8.5 respectively, both for the 2040s. Within the central region, the French
Pertuis coast of the Bay of Biscay shows persistent loss in predicted habitat
suitability, in contrast to the Brittany coastline, which displays either stable

conditions or small areas of gain.
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Figure 31 (previous page). Predicted shifts in habitat suitability, obtained
from overlaying the binary presence-absence predictions of the weighted mean
ensemble model for the present period with predicted binary distributions in
the 2040s and 2090s under RCP 4.5 and 8.5. The longitudinally integrated
latitudinal habitat suitability is represented by the smoothed conditional mean
curves shown in the third column for the present-day (black solid line)
compared to the 2040s and 2090s, for both RCP scenarios. Range leading edges
(90th percentile) are represented by dashed lines, the range centroid (median)
by solid lines, and range trailing edges (10th percentile) by dotted lines.
Percentage loss or gain in suitable area is expressed for the poleward, central,
and equatorward regions, the boundaries of which are the grey longdash lines
on the four panels on the left. Numbers in the top left-hand corners of the four
panels on the left are the overall percentage gain in suitable area.

The increase in suitable habitat area in the poleward region ranges from 31.4%
to 132.1%, for RCP 4.5 in the 2040s and RCP 8.5 in the 2090s respectively. In
Northern Ireland, the Isle of Man and the west coast of Scotland, S. alveolata
habitat suitability is projected to increase under all future scenarios. In the
2090s, large swathes of the French and British coasts along the English Channel
gain suitable habitat area under RCP 4.5, in contrast to the ‘business as usual’
RCP 8.5 scenario where only a scattering of small locations along the English
Channel are predicted to gain in habitat suitability. Overall, under the RCP 8.5,
by 2100 we expect 77.2% gain in S. alveolata distribution area, with important
gains in the North of Britain and Ireland and heavy losses in the south. In
contrast, under RCP4.5, overall habitat gain reaches only 42.9%, with areas of

habitat gain predicted in the English Channel and western Scotland (Figure 31).

3.4 Projected shifts in S. alveolatarange edges

Trailing edges of the S. alveolata range were consistently projected to shift
further than leading edges and centres, both in 2050 and 2100 for both RCP
scenarios (Table 10, Figure 31). Under both RCP 4.5 projections and the RCP 8.5
2050 scenario, the equatorward peak in habitat suitability is stable, the central
peak disappears altogether, and the poleward peak shifts north (Figure 31).
Under the 2100 RCP 8.5 scenario, the equatorward peak shifts north, the
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central peak disappears altogether and the poleward peak shifts north and

greatly increases in habitat suitability.

Table 10. Projected distances shifted, converted to decadal rates of habitat shift
(from 2020-2050 and 2020-2100) and total difference in distance between the
present-day ensemble model output and future RCP scenarios and time periods.
Trailing edge = 10' percentile (Q10) of range, centre range = median and leading
edge = 90" percentile (Q90).

Range Decadal rate of shift Difference (in km) to

Scenario position (km.decade ) present position
2050 - RCP45 Leading 40.1 1223
Centre 21.6 66.7
Trailing 102.0 300.1
2100 - RCP45 Leading 29.8 2334
Centre 12.8 100.0
Trailing 46.3 366.8
2050 - RCP85 Leading 46.3 1334
Centre 30.9 88.91
Trailing 121.1 355.6
2100 - RCP85 Leading 39.3 311.2
Centre 25.6 200.1
Trailing 47.5 3779

Projected range edge and centroid distances shifted were converted to decadal
rates of habitat shifts (Table 10). Predicted shift rates were on average twice as
high from 2020 to 2050, than when computed over the whole century (2020 to
2100) for both RCP scenarios. Most of the difference in edge or centre positions
is predicted to take place over the first half of the century, before levelling off in
the second half of the century. In the first half of the century (2020-2050) rates
of shifts are fairly similar between the two RCP scenarios, albeit with higher
rates for trailing edges observed under RCP 8.5. Important differences between
the two scenarios are however predicted by the end of the century, with the
leading edge and centre being projected to shift much further under RCP 8.5,
while trailing edge positions show little difference between scenarios. Overall,
trailing edge rates of shift are higher than leading edges or centres, with little

influence of the scenario on the magnitude of trailing edge shifts.
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4, Discussion
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As Earth’s climate rapidly changes, species range shifts are considered key to
species persistence. Here, we demonstrate that broad-scale SDM with carefully
selected environmental predictors is an effective means of evaluating and
predicting the suitable habitat of a widely distributed intertidal species. In
addition to shifts in the locations of leading and trailing range edges, we
discuss the significance of climate change in the centre range and the

ecological consequences of a habitat-forming species tracking into new areas.

4.1 Future scenarios

Projected rates of habitat shift at the trailing edge of S. alveolata’s range were
consistently greater than shifts at the leading edge under future climate
change scenarios. Our results show the S. alveolata poleward range edge is
estimated to expand at an average of 29.8 - 46.3 km decade-1, compared to the
trailing edge contracting at an estimated 46.3 - 121.1 km decade-1. These
results oppose those from a global synthesis of marine rates of change in
distribution (Poloczanska et al. 2013), which found leading range edges of
marine species to be significantly higher (72 km decade-1) than at the trailing
edge (15.4 km decade-1). Another review focusing on intertidal species found
poleward range edges to shift by as much as 50 km decade-1, with an inferior
rate and extent of contraction at the equatorial-range limit (Helmuth et al,,
2006). As an intertidal species, S. alveolata experiences a combination of
terrestrial and marine temperatures depending on the duration and timing of
water emersion. Consequently, comparisons with existing meta-analyses of
climate change focusing exclusively on marine species must be treated with
caution, as these reviews either do not include any intertidal species
(Poloczanska et al., 2013) or purposely exclude intertidal species from
estimates of potential latitudinal ranges (Sunday et al., 2012). To our
knowledge, the only study to have found consistently faster projected trailing

edge shifts than leading edge concerns pelagic fish habitats in the southern



Sabellaria alveolata in a Changing World - Amelia Curd - May 2020

hemisphere (Robinson et al., 2015), which experienced faster shifts in the long-
term (2070) than in the near-term, likely due to there being no poleward limit
to the available habitat in their study area. Our results also diverge with the
only other known climate change study on a sabellarid range. In South-
America, the temperate reef-building Phragmatopoma virgini has a predicted
increase in suitable habitat, however it demonstrated a multi-directional
distribution shift under RCP 8.5, likely due to a broad-scale spatial
homogenisation of the south-east Pacific biogeographic province, in
opposition to the biogeographic provinces of the north-east Atlantic (Faroni-
Perez 2017). Potential explanations for the asymmetry between leading and
trailing edges found in our study include stronger regional climate change at
lower latitudes and the coastline topography of the study area. In our study,
although the area of suitable habitat is predicted to greatly increase in Britain
and lIreland, and this is further discussed, the fact that the present-day
northern range limit of S. alveolata is close to the northern tip of Scotland
could signify that in the future it will have ‘nowhere to go’ (other than the
Orkney and Shetland islands) at the poleward edge of its range. This highlights
the importance of taking into account the geographical context and
environmental specificities of each region before being able to make general

conclusions.

Although climate change has occurred faster in temperate than tropical
regions, the southern part of S. alveolata’s range between Portugal and its
suspected equatorward range limit in Mauritania, is located within the Canary
Eastern Boundary Upwelling System (EBUS - Seabra et al.,, 2019). This
particular EBUS has been shown to be experiencing rapid warming rates at its
equatorward limit (0.60°C. decade™ off Mauritania), leading to speculation that
an upwelling shutdown or geographic shift has already begun (Seabra et al.,
2019). This could potentially trigger a drastic regime shift in intertidal
ecosystems by significantly decreasing algal cover (Bosman et al., 1987), with

cascading effects through the intertidal community.
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It is important to distinguish between the area of suitable habitat gained and
the latitudinal distance distribution limits shift. The west coast of Scotland in
particular has a very long stretch of coastline which explains why the leading
edge, centroid and trailing edge of the range are all located further north than
one might expect, and why there is a large increase in overall area gained.
Caution must be exerted when focusing on range metric shifts. Rather than
displaying a smooth north to south transition, our present-day models show
three latitudinal peaks in habitat suitability. Our future projections show a
small poleward shift in the range centroid (12.8 - 30.9 km decade?), yet all
scenarios predict a disappearance in the centre-region habitat suitability peak
in the Pertuis region of the French Atlantic coast. This increased geographic
gap in suitable habitat could potentially lead to disjunct populations with
multiple range edges or even, over time, speciation. Further work on broad-
scale S. alveolata larval dispersal and recruitment, coupled genetic diversity
studies, are needed to investigate whether these three peaks in habitat

suitability are representative of separate metapopulations.

Range edges are characterized by variable and unstable conditions, relative to
the centre range. It is likely that range edge populations evolve resistance to
extreme conditions (Safriel, 1994). Therefore, those reefs in the centre-region
may be subject to more environmental stability than at the edges, making
individuals less adaptable, which in turn leads to greater climatic sensitivity
(Robinson et al., 2015). High S. alveolata abundance creates large reefs such as
those found on the centre-region peak on Oléron island, which further buffer
and stabilise their environment (especially sediments and temperatures),
possibly rendering individuals even less adaptable (Dubois, unpublished data).
Range edge populations are expected to be genetically more variable since
variable conditions induce fluctuating selection, which maintains high genetic
diversity (Safriel, 1994). An ongoing phylogeographic study has revealed
S. alveolata genetic diversity to be highest in the Irish Sea and the English
Channel and relatively high in Morocco (Nunes, unpublished data) compared to

the Bay of Biscay. Range edge populations rather than central ones may



Sabellaria alveolata in a Changing World - Amelia Curd - May 2020

therefore be more resistant to environmental extremes and changes, and
should be treated as a biogenetic resource used for rehabilitation and

restoration of damaged ecosystems.

4.2 Ecological consequences of S. alveolata tracking its climate niche into

new areas

The potential gain of an extensive area of suitable S. alveolata suitable habitat,
particularly in Britain and Ireland, could alter community structure and
ecosystem processes, with ensuing positive and negative impacts (Wallingford
et al., 2020). Whilst the unique high-biodiversity habitat S. alveolata fulfils an
undeniable ecosystem service, it has also been qualified as ‘the dandelion of
the sea’ (Hiscock, pers. comm.), as it uses force to win territory and
outcompete other species such as anemones and limpet species (Wilson, 1971).
It is also possible that Sabellaria reef-dwelling species will also experience
range extensions by ‘hitchhiking’ along the new areas of reef presence. Climate
change may therefore facilitate the dispersion of the associated fauna into new
territories (Faroni-Perez 2017; Jones et al., 2018), although high species
richness and diversity in resident ecological communities may slow its
establishment by offering biotic resistance (i.e. Simkanin et al., 2013). As a
habitat forming species, it could also promote in the new area the diversity and
resilience of benthic fauna in the face of climate change (Bulleri et al., 2018).
This dichotomy underscores the importance of considering the ecological
impacts of range-shifting species, and habitat-forming species in particular, in
terms of both the benefits and potential costs to recipient communities and

ecosystem processes (Wallingford et al., 2020).

4.3 Predicted present-day distribution
Our present-day habitat suitability ensemble model outputs align well with
known distribution, and shows high habitat suitability in areas with known

high reef abundance (i.e. the Mont-Saint-Michel Bay and the Bristol Channel).
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The fact that our model demonstrated a good performance in describing
present-day distribution on the basis of six scenopoetic variables consolidates
the macroecological law that coarse climatic data accurately models species
distribution across their range (Robinson et al., 2015). Peterson et al. (2011)
presented the Eltonian Noise Hypothesis, which is the idea that biotic
interactions - not included in our models - seldom constitute a significant
constraint on the distributional potential of species on large geographic
extents and low resolutions. Despite all the complexity of the intertidal
environment, S. alveolata is therefore one of those species where ecological
interactions do not seem to play a dominant role at the mesoscale resolution
typically used for modelling (Melo-Merino et al., 2020). This could partly be due
to the fact that much of the heterogeneity in environmental stress that many
intertidal sessile organisms are subject to is buffered by S. alveolata’s
bioconstruction, which in turn acts as an environmental filter for associated

fauna (Jones et al., 2018).

4.4 Variable importance

Many projections of future species distributions equate climate change with
temperature increase. The median velocity at which marine isotherms shifted
poleward between 1960-2009 was 37.3 km decade? (Burrows et al., 2011).
Although this rate is similar to the predicted poleward shift in S. alveolata (38.9
km decade™® on average), the fact that the equatorward retraction in habitat is
predicted to occur at a greater rate (79.2 km decade® on average) suggests
either that climate velocity is accelerated towards the trailing edge of its range,
or that S. alveolata is responding to other aspects of climate change than
increasing temperature. The shape of temperature response curves will vary
depending on whether a species is more tropical or temperate. Tropical species
live closer to their physiological thermal limits, whereas temperate species
may commonly experience temperatures closer to the centre between their
maximum and minimum thermal limits (Tewksbury et al., 2008; Sunday et al.,

2012; Pinsky et al., 2019). It is perhaps unsurprising that temperature is not the
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variable of importance for an intertidal species, as they have a much broader
range of temperature tolerance than fully marine species and can experience

annual temperature ranges in excess of 40°C (Gandra et al., 2015).

Salinity, significant wave height and tidal amplitude also play a part in
determining S. alveolata habitat suitability. While air and sea surface
temperature are the second and fourth most important variables respectively,
fetch is the most important variable, suggesting that coastal exposure to wind
action is of utmost importance in defining S. alveolata habitat suitability.
Sabellarid worm reefs are known to be tolerant to salinity fluctuations (Faroni-
Perez, 2014; Aviz et al., 2016). However the fact that a slightly lowered salinity
(~33.5 ppt) is an important variable for S. alveolata is perhaps indicative that
salinity is a proxy of large meso- to macro tidal estuaries such as the Severn or
Loire, which it favours not because of the lower salinity, but because of the vast
amounts of suspended particulate food and sand for building its tubes. Our
response curve clearly indicates a drop in habitat suitability above a 90th
percentile value of 2.5 metres in offshore wave height. How this translates into
wave breaks along the coast is uncertain, as due to the topographic complexity
of rocky shores there is only a week correlation with offshore wave height
(Helmuth et al., 2005). A general prediction for most rocky shore organisms is
that more severe wave conditions should result in increased dislodgment,
shifting species distributions to more wave-protected habitats (Helmuth et al.,

2005).

Tidal currents transport marine sediment, crucial for tube-building, as well as
supplying food. Tidal amplitude could also be a proxy for the thermal
environment and the potential for stress and desiccation (Finke, 2007). Our
models show an optimal habitat suitability with a tidal amplitude of 2m
(corresponding to a tidal range of 4m), with a rise in habitat suitability in the
near-macrotidal range of 10m. This high amplitude inflexion is no doubt driven
by the S. alveolata presence records in the macrotidal Severn Estuary and the
Mont-Saint-Michel Bay, the latter of which is home to Europe’s largest intertidal

reefs (Desroy et al.,, 2011). Tide is intrinsically linked to temperature in
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intertidal organisms, as the timing of the alternating exposure to terrestrial and
marine environments is driven by the dynamics of the tidal cycle (Helmuth et
al., 2002). Our model predicts and forecasts S. alveolata distribution at the
adult life-history stage, which is expected to be influenced by both marine and
terrestrial environmental variables (Raffaelli and Hawkins, 2012). By including
air and sea surface temperature together with tidal amplitude in our
scenopoetic variables, we indirectly capture the effect of the timing of high and
low tides, which can for example make intertidal air temperatures plummet

when spring low tides occur at night time (Mislan et al., 2009).

In light of our three most important environmental predictors, S. alveolata’s
preferred habitat can be defined as large semi exposed meso- to macro tidal
estuaries with varying salinity (<33.5 ppt). Highly exposed areas (fetch>
1500km) that are subject to high wave action (90th percentile >2.5 metres in

offshore wave height) on the other hand are not suitable.

4.5 Realism and accuracy of model projection

We see four major factors that may affect the realism of our projections: 1) the
dispersal ability of the species and how current dispersal boundaries may be
modified in the future, 2) the growth of artificial structures, 3) the occurrence of
extreme events and their effects on S. alveolata, and 4) the niche conservatism

of S. alveolata and how its niche may be occupied in future suitable areas.

It is important to remember we modelled the existence, and not the
accessibility, of suitable habitat for S. alveolata individuals. The net gain in
suitable habitat rides on an important assumption: that larval dispersal will
cross over existing biogeographic boundaries in the Irish Sea and the English
Channel. There is a biogeographic boundary zone from the Cotentin Peninsula
to the Isle of Wight in the English Channel (Crisp and Southward 1958),
represented as the boundary between the Lusitanian-Boreal province and
Boreal province on Figure 30. A similar biogeographic range edge exists

between Northern Ireland and the Scottish isle of Islay, represented as the
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boundary between the Boreal province and the Boreal-Lusitanian province on
Figure 30. Both locations are situated where hydrographic features represent
potential barriers to larval dispersal (Simpson et al., 1979; Salomon and Breton
1993). In response to recent warming temperatures some species have
breached the English Channel boundary and are experiencing range extensions
along both the French and British sides (Wethey et al., 2011). This could also be
the case for S. alveolata in the near future, in the English Channel and in
western Scotland, providing it is not prevented by biogeographical barriers
(Hiscock et al., 2001). If however, present-day larval dispersal boundaries are
not breached, this will result in large areas of potentially suitable habitat,
particularly along the extensive coastline of western Scotland, remaining

unoccupied, leading to an overall net loss in suitable habitat area.

If and once larvae reach a new area of suitable habitat, they will need a suitable
hard substrate on which to settle. Available hard substrate was not included in
our model, as broad-scale intertidal rock data at a sufficiently high-resolution
to depict potential larva substrate settlement does not yet exist. It is in fact
exceedingly difficult to measure or model on a spatially explicit basis variability
and heterogeneity at small scales over large geographic gradients (Helmuth,
2009). S. alveolata also settles well on artificial structures (Firth et al., 2015).
Species range shifts should be evaluated based on an understanding of the
interaction of environmental factors with non-climatic factors such as changes
in land use (Wang et al., 2020). In a rapidly urbanising and warming world,
artificial coastlines are proliferating (Firth et al. 2016) with artificial structures
potentially functioning as stepping stones to dispersal for hard-bottom biota
across stretches of unsuitable sedimentary habitat (Airoldi et al. 2015).The
increase in artificial structures is expected to increase suitable area for
S. alveolata, however this was impossible to quantitatively predict in our

approaches.
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Both spatial and temporal variability in temperature are greater in the
intertidal zone than when compared with the ocean. All six environmental
predictors used in our analyses are averaged over a decade or more, and may
not represent the critical bottlenecks for long-term species persistence of
terrestrial (or indeed intertidal) species (Sunday et al., 2012). As an example,
there are predicted significant increases in marine heatwave intensity and
count of annual marine heatwave days are projected to accelerate (Oliver et al.,
2019). Interannual anomalies or short periods of extreme heat not captured by
the monthly averages used here may be critical for limiting long-term
occupancy at the trailing edge boundary, with cold waves exerting a similar

influence on the poleward leading edge (Hutchins 1947).

A final critical underlying assumption in biogeographic modelling is that of
stationarity or niche conservatism in space and time (Woodin et al., 2013), i.e.
that predictions made on the basis of one location and time will be valid in
other geographic regions at other times. Were local populations to become
adapted in the future, with consequent shifts in the Grinellian niche, SDM
transferability would not be possible (Miller, 2010; Waltari and Hickerson,

2013).

5. Conclusion
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Significant shifts in S. alveolata’s range are predicted to happen within the next
30 years, particularly at the equatorward range edge. Even if we allow for an
overestimation of distributional limit shifts due to SDM not explicitly modelling
the processes that drive population dynamics or organismal responses to the
environment, the distance and rate of contraction of the southern distribution
limit are of concern. This means we have no time to lose in focusing research
efforts on the understudied trailing edge of S. alveolata’s range. The
populations at both range edges should be conserved now as potentially

resilient genetic repositories, to be used in the future for mitigating undesirable
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effects of global climate change. Conservation efforts should also prioritise
those high-abundance reefs that remain stable or are even set to gain
suitability, i.e. Duncannon (Ireland), southern Brittany and Bourgneuf Bay
(France). In those areas into which S. alveolata is predicted to shift, we suggest
drawing inspiration from invasion ecology theory and risk assessment tools to
quantify both its potential impacts and define specific conservation goals in

response.
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SECTION IlI-C

SPATIAL SCALE EFFECTS ON SPECIES DISTRIBUTION MODELLING: THE

CASE OF THE HONEYCOMB WORM

1. Introduction

138

Spatial scale varies along two main dimensions - grain, the spatial size of
individual samples, and extent, the total area under study. When investigating
habitat and species distributions, complex effects, which vary by species and
system, may result from changing spatial scale, yet empirical investigations of
these effects are rare (Connor et al., 2019). In the marine realm, it has been
argued that SDMs that only include climatic data are potentially more robust at
a coarse than at a fine spatial scale, because environmental variables are more
important than population process or species interactions at the larger scale
(Pearson and Dawson, 2003; Montoya et al., 2009). Coarse-scale SDMs are
known to be more suitable for widely distributed species in environments
without fine-scale variation, such as some pelagic species (Robinson et al.,
2011). Predictions relating to sessile organisms can be affected if resolution is
reduced as fine-scale predictors can be more meaningful (Guisan and Thuiller,
2005). For a widespread intertidal engineer species the effect of spatial scale

has yet to be tested.
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It is important to understand the processes involved in order to choose the
appropriate and ecologically relevant scale (Guisan and Thuiller, 2005). Despite
the increased prominence of SDMs in scientific literature, studies that assess
changing grain size, particularly in the marine realm, are few (but see Turner et
al., 2019). Patterns observed at one scale may not be prevalent at another.
While the effect of sample size on SDMs has been well explored (i.e. Hernandez
et al., 2006), the effect of the extent of the study region has received
considerable less attention (but see Anderson and Raza, 2010). At large total
extents, a larger range of environmental predictor values allows the models to
better differentiate between areas of low and high suitability at that given total
extent. However large study extents do not always improve model accuracy.
Depending on the geography of the study area and the dispersal ability of the
model species, large total extents may include populations with different
environmental responses within the same model, which can outweigh the
positive effects of including an increased range of environmental variables

(Connor et al., 2019).

The following chapter section presents the comparison between two models
built to model the present distribution of the honeycomb worm S. alveolata,
using two different grain sizes and total extents. We compared the effects of
using environmental predictors available at a ~3km grain size, across a subset
of our study area (56°N to 32°N), to using variables available at a 10-12km grain
size across the entire study domain (61°N to 32°N) as used in section B of this
chapter. Our results highlight the importance of modelling across the entire
species distribution area and demonstrate that a parsimonious ‘mesoscale
only’ approach can be effective for a very broad-scale SDM of a sessile

organism.
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2. Materials and Methods
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2.1Variable processing

A study area from 56°N to 32°N, was created as certain environmental variables
with a ~3km grain size have a smaller geographic coverage. This finer scale set
of bioclimatic variables included metrics for air and sea surface temperature,
current velocity and sea surface salinity, air temperature and wind speed
calculated by regional European models (Appendix 5). The two sets of
bioclimatic variables used in the ~3km and 10-12km grain models shared tidal
amplitude, fetch and significant wave height, giving a total of 18 predictors at
~3km grain size, and 15 predictors at 10-12km grain size. All environmental
variables were masked based on a distance to the European Environment
Agency coastline for analysis (EEA, 2018): 0.1° for the ~3km grain smaller extent
models, and 0.25° for the 10-12km larger extent models. After collinearity
checks, a final list of eight ~3km grain variables was used in the smaller extent
model (Table 11) to validate our main 10-12km grain size larger extent model
outputs.

Table 11. Final predictors used in models after collinearity checks
for the two grain sizes and extents. Future variables were all
available for two RCP scenarios (4.5 & 8.5). Variables fully
described in Appendix 5.

Variable Abbreviation Grain and
extent
Sea Surface Temperature ~3km smaller/
- Minimum SST_MIN 10-12km larger
Sea Surface Salinity ~3km smaller/
- Mean SAL_MEAN 10-12km larger
Air Temperature ~3km smaller/
- Maximum AT_MAX 10-12km larger
~3km smaller/
Wave Fetch FETCH 10-12km larger
Wind Speed
- 90t P(Fa)rcentile WIND_P90 ~3km smaller
Surface Current Speed
- Mean CUR_MEAN ~3km smaller
Significant wave height ~3km smaller/
- 90" Percentile HS_P90 10-12km larger
~3km smaller/
Tidal amplitude TIDE 10-12km larger
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2.2 Model building

After having spatially thinned the data so that only one observation record was
retained per raster cell, 566 observations (presence records) were retained in
the ~3km grain size dataset, compared to 363 observations in the 10-12km
grain size dataset. Modelling methods are described in section IlI-B of this
chapter. Ten sets of randomly-drawn PAs of the equivalent number of thinned
presences (566 in the ~3km grain size models and 363 in the 10-12km grain size
models) were generated, randomly sampling without replacement, as

recommended by Barbet-Massin et al. (2012).
2.3 Model evaluation and ensemble forecast

After an exploratory analysis of different TSS thresholds, only the models
whose TSS = 0.61 were retained, as this score yielded the lowest number of
false positives. This led to, out of the initial 200 model runs, 130 (36 gam + 94 rf)
being retained for the ensemble ~3km grain size model, compared to 116 (38
gam + 78 rf) being retained for the ensemble 10-12km grain size model (Table

12).

Table 12. Mean accuracy metrics (+standard deviation) of models obtained for each
approach, post-filtering model runs with a true skill statistic (TSS)>0.61: generalized additive
model (gam), Random Forest (rf). Numbers in brackets are the number of runs retained per
approach. Area under the receiver operating characteristic curves scores are also given
(AUC) .The highest scores for each statistic are in bold.

Grain and extent Method AUC TSS Sensitivity Specificity
~3 km gam (n=36)  0.87+0.01 0.64+0.02 0.8040.02 0.80+0.02
Smaller (24°) rf (n=94) 0.90+0.01 0.67+0.03 0.82+0.02 0.82+0.02
10-12 km gam (n=38)  0.87%0.02 0.66+0.03 0.81+0.02 0.81+0.02
rf (n=78) 0.88+0.02 0.65+0.03 0.81+0.02 0.81+0.02

Larger (29°)

Environmental predictor importance scores were derived for each of the 130

~3km/116 10-12km grain individual models using the ‘getVarlmp’ function in
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the ‘sdm’ package. Scores were derived from the AUC test metric, which
measures the importance of each variable based on the improvement of the
model performance (AUC) when the variable is included in the model
compared to when the variable is excluded through a cross-validation
procedure (Naimi and Araljo 2016). The mean and variance in the predictor
scores were ranked and plotted for each modelling technique (rf and gam) and

bounding box (Figure 32).

Variable response curves were averaged per modelling technique across all
input models for both the ~3km and 10-12km grain models, and confidence
intervals were plotted (Figure 33). In the ensemble modelling step, we
combined predictions from the 130 ~3km grain/116 10-12km grain contributing
models using a weighted average, where the contribution of each single SDMs
to the weighted average were based upon their respective TSS scores.
Ensemble models were used to predict the current extent of S. alveolata within
the two different study area extents (Figure 34). Where the two bounding boxes
overlap, we compared the mean and standard deviation habitat suitability
index scores between both scales (Figure 34c) and plotted the respective mean

habitat suitability scores against latitude (Figure 34d).

Model performance was evaluated both with statistical indicators and by using
our true absence records to independently test the model. The models were
run on these true absences, and for each model the percentage of absence
points correctly classified as being in unsuitable habitat (i.e. the ‘true negative

rate’) was calculated (Appendix 9).

3. Results
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Our true absence record evaluation showed that 63.5% of the 498 absence
observation records used for the ~3km grain smaller extent model were
correctly classified as true negatives in our binary presence-absence maps. For
the 10-12km grain larger extent model, 71.2% of the 465 absence observation

records were correctly classified as true negatives (Appendix 9).
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For the ~3km grain smaller extent model, tidal amplitude (i.e. half the tidal
range), mean surface current speed, and mean salinity were the three most
important variables, whereas for the 10-12km grain larger extent model, fetch,

maximum air temperature and mean salinity were the most important (Figure

32).
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Figure 32. Variable importance scores for the two different grains and extents,
for the two modelling approaches used (generalized additive models, GAM, and
random forests, RF) ranked according to the improvement in AUC (area under
the receiver operating characteristic curve) resulting from their inclusion in the
models, a common metric for evaluating the discriminatory ability of a binary
classification model. The dots (gam) and diamonds (rf) represent the mean
scores + the standard deviation between different model runs with a TSS > 0.61
(represented by the whiskers). Abbreviations are as follows: FETCH = wave
fetch; AT_MAX = maximum air temperature; SAL_MEAN = mean sea surface
salinity; SST_MIN = minimum sea surface salinity; HS_P90 = significant wave
height - 90th percentile; TIDE = tidal amplitude.

Both models displayed similar unimodal response curves for fetch, significant
wave height, mean salinity and tidal amplitude. For both models, predicted
habitat suitability is highest when fetch is between 500-1500km. Habitat
suitability decreases for both models when the 90th percentile of significant

wave height exceeds 2.25m, when mean salinity exceeds 32.5 ppt and when
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tidal amplitude is inferior to 2.5 m (Figure 33). Both models displayed
contrasting responses to temperature variables. For minimum sea surface
temperature, the 10-12km grain model predicts decreased habitat suitability
below 13° C, something which the ~3km grain model, truncated to the north,
does not grasp. Likewise the ~3km grain model is not able to predict as
accurately as the 10-12km grain model the unimodal response of S. alveolata to
maximum air temperature, particularly its sensitivity to cold temperatures, due
to its extent not geographically covering the whole range of temperatures the
species is exposed to. The temperature response curves of the ~3km resolution
model highlight the importance of using a broad geographic area in order to
fully capture the species niche breadth. For the 10-12km resolution model,
predicted habitat suitability is highest when maximum air temperature is

between 17-23°C.



Response

Sabellaria alveolata in a Changing World - Amelia Curd - May 2020

TIDE CUR_MEAN SAL_MEAN
1.00
" ~\
0.75 1 . A
I N SmE =" = iy
r

0504 _#
0.25 1
0.00 1

0 2 4 6 8 00 05 1.0 150 10 20 30

FETCH WIND_P30 SST_MIN

1.00

J . -— - "
0.75 " ~ 't \- 'O ~»

s r 4
0.50 1 \ '
1 . 1
. A\
0.25 \
LA N N BRI
0.00 1
0 1000 2000 3000 4000 3 6 9 12 15 4 8 12 16
HS_P90 AT_MAX
1.00
0.75+ < PR ~3km grain /24° |at.
e s i .
\ i . == 10-12 km grain / 29° lat.
0.50 1 \ o
\ [} -n
- [ ]
025 4 Y m ™ ma f |
-

000 -l T T T T T T T

0 1 2 3 4 20 30 40

Value

Figure 33. Variable response curves for the weighted mean ensemble models
at ~3km and 10-12km grain size, ranked in order of importance of the ~3km
grain size and 24° latitude extent model (Figure 32). Abbreviations and units are
as follows: TIDE = tidal amplitude (metres); CUR_MEAN) mean surface current
velocity (m/s); SAL_MEAN = mean sea surface salinity (ppt); FETCH = wave fetch
(kilometres); WIND_P90 = wind speed - 90th percentile(m/s); SST_MIN =
minimum sea surface salinity (degrees Celsius); HS_P90 = significant wave
height - 90th percentile (metres); AT_MAX = maximum air temperature
(degrees Celsius) .

The two models are in agreement with each other, as demonstrated by the
concurrent predicted habitat suitability curves (Figure 34d). However,
southern-facing coastlines do have divergent predictions: the 10-12km grain
larger extent model tends to over-predict habitat suitability given the known

distribution, as illustrated in Figure 34c.
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Figure 34. Weighted mean ensemble predictions for the A) 10-12km grain
larger extent B) ~3km grain smaller extent and C) the difference in predicted
habitat suitability between the two. Colour transparency indicates variation in
the replicate model outputs. D) is the longitudinally integrated latitudinal
distributions calculated for both the ~3km and 10-12km models (that is,
predicted habitat suitability), represented by smoothed conditional mean
curves, calculated using a generalized additive model.

4, Discussion
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Despite the different selection of environmental predictors and different
relationships the models display to these predictors, model outputs at both
spatial scales are remarkably similar. Temperature response curves do differ
between the two models, as the ~3km grain model and extent does not span
the entire range of temperature conditions experienced across S. alveolata’s
distribution area. Whilst this does make it more difficult to infer response to air
and seawater surface temperature, it has little incidence on model outputs per
se. The model outputs are divergent only along southern-facing shores in the

northern part of the study area (i.e. southern Ireland or southwest England),
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which have an inflated habitat suitability index in the 10-12km grain larger
extent model. This is due to interactions between fetch, wind speed and
surface current speed in the ~3km grain model that are not taken into account
in the 10-12km grain model. The latter only takes into account the interaction
between fetch and significant wave height, leading to inflated habitat
suitability predictions along coastlines exposed to dominant south-westerly

winds.

However, since all southern facing shores remain stable in all future habitat
predictions, this does not affect the climate-change predictions discussed in
section B of this chapter. For contemporary predictions of S. alveolata
distribution, we found that 10-12km grain environmental predictors have a
strong effect on SDM accuracy and spatial predictions, and found little
evidence that additional finer grain predictors tested here are essential in

SDMs.

Our results highlight the importance of modelling across a species distribution
area in order to measure its response across the whole range of the drivers it is
exposed to. They also demonstrate that a parsimonious ‘mesoscale only’

approach is effective for broad-scale modelling of S. alveolata.
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CONCLUSIONS AND FUTURE WORK
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KEY CONCLUSIONS: RETURNING TO
ORIGINAL QUESTIONS

The ecological niche of a species reflects the sum of all environmental factors that
enable it to complete its life cycle. Faced with the urgency of predicting ecological
responses to rapid environmental change, the niche concept is as lively and
important as ever. The majority of species responses to changing environments are
linked through this concept (sensu Huchinson 1957). This thesis focused on different
aspects of S. alveolata’s niche, and different facets of its vulnerability to
environmental change (see Box 1, modified from Dawson et al., 2011), through a
hierarchical sequence of responses that involve, physiology, spatial variation of

species-level traits and biogeography.
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Box 1. Species vulnerability in the context of environmental change.
Modified from Dawson et al., 2011.

Vulnerability is the extent to which a population of a species is threatened with
decline, reduced fitness, genetic loss, or extinction due to environmental change.
Vulnerability has three components: sensitivity, adaptive capacity (both positively
related to vulnerability) and exposure (negatively related).

Sensitivity is the degree to which the survival, persistence, fitness, performance or
regeneration of a species or population is dependent on the prevailing environment.
More sensitive species are more likely to show greater reductions in fecundity or
survival with smaller changes to the environment. Sensitivity depends on a variety of
factors, including ecophysiology and life history traits. @ Chapter |

Adaptive capacity refers to the capacity of a species or constituent populations to
cope with environmental change by persisting in situ, by shifting to more suitable
local micro habitats, or by migrating to more suitable regions. Adaptive capacity
depends on a variety of intrinsic factors, including phenotypic plasticity, genetic
diversity, evolutionary rates, life-history traits, and dispersal and colonisation ability.
< Chapter i

Exposure refers to the extent of environmental change likely to be experienced by a
species or locale. Exposure depends on the rate and magnitude of environmental
change in habitats and regions occupied by species. Most assessment of future
exposure to environmental change are based on scenario projections from general
circulation models, often downscaled with regional models and applied in niche
models. @ Chapter Il

In chapter |, S. alveolata’s functional niche was explored through a biochemical
approach, using indicators of physiological condition at the individual level.
Information on previously unstudied dimensions of the ecological niche was
acquired. By exploring which biochemical macromolecules gave relevant
information on the sensitivity of S. alveolata, and whether or not this was linked to
their bioconstruction phase, we acquired new information on non-lethal
physiological responses. The metabolic enzyme superoxide dismutase and citrate
synthase, when analysed in conjunction with membrane (i.e. polar lipid) arachidonic
acid, were found to serve as applicable S. alveolata physiological stress markers.
Importantly, this article (Curd et al. 2019) also put forward a terminology which

distinguishes between the bioconstruction types (veneers, hummocks and
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platforms) and phase (retrograding and prograding). Citrate synthase was
significantly higher in retrograding hummocks due to increased feeding, and
membrane arachidonic acid was significantly lower in retrograding hummocks due
to decreased physiological stress: both are presumed to be the result of less intra-
specific competition in the less densely populated retrograding phase
bioconstruction. Although mosaic patterns in marine benthos in general (Reise,
1991) and S. alveolata reefs in particular (Gruet, 1986) have been defined in the past,
they have largely been described as being cyclical and have not separated
bioconstruction height and surface area from the degree of erosion and surface

micro-heterogeneity.

In chapter Il, the niche breadth of S. alveolata was assessed through an analysis of
the spatial variation of biochemical and reproductive traits. This macrophysiological
study yielded information on trait-environment relationships along a latitudinal
gradient. Despite the complex, non-linear coastline of the study area, all seven
biochemical (citrate synthase, superoxide dismutase and polar lipid
docosahexaenoic acid) and reproductive (total egg diameter, circle fit, symmetry and
relative fecundity) traits examined did indeed display a significant linear or quadratic
relationship with latitude, which could however be altered in its relationship or
become non-significant depending on the sampling period. Our trait selection
indicated the best physiological conditions as being in the southern range sites,
whilst the individuals investing the most in reproduction are situated in the centre of
S. alveolata’s range. Given the inauspicious habitat suitability predicted for centre-
range sites in the near-future in chapter Ill, it will be interesting to observe if the
S. alveolata populations in the Bay of Biscay increasingly invest in reproduction as
their environment becomes progressively unsuitable, or vice-versa. By looking at the
intra-specific trait variation (ITV) in total egg diameter and relative fecundity, this
study quantified the proportion of ITV that was spatially structured. 59% of relative
fecundity, and 79% of total egg diameter ITV occurred at the intra-site level and
therefore could not be exposed by our site-scale predictors Although functional

ecology has advanced our understanding of the importance of ITV at local scales
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(Albert et al., 2010), its importance at large scales has rarely been evaluated, with

scarce empirical tests from the plant kingdom (Kazakou et al., 2014).

What both these chapters have unquestionably provided is more information on
S. alveolata’s fitness and performance, which in turn informed us about its sensitivity
and adaptive capacity in a changing environment. The response trait data collected
through this work can subsequently be made available in trait databases (e.g. the
Marine Species Traits portal), with a view to be used as input parameters for
mechanistic modelling. As a pre-requisite to the statistical modelling in chapter I,
an up-to-date broad-scale long-term dataset was curated, resulting in a ten-fold
increase Europe-wide in the number of georeferenced S. alveolata records (2275 to
21571) and a far more accurate representation of its past and present distribution.
Via the SEANOE repository where it has now been uploaded, the dataset will be
‘harvested’ by European and global biodiversity information systems such as
EurOBIS and GBIF. The potential uses of this dataset are manifold, and range from
analysing temporal trends in presence and abundance (i.e. separating short-term
noise from climate signal) to informing the wider scientific community, general
public and policy makers (Hawkins et al., 2013). It is worth noting here that 91% of
the records in the S. alveolata dataset already had, or were attributed, an abundance
score on the SACFOR scale. Although this abundance information was not included
in the SDM due to technical difficulties associated with using semi-quantitative
categorical data, it is invaluable information for assessing S. alveolata habitat

distribution and abundance.

In chapter Ill, present-day and future S. alveolata habitat availability was modelled,
by relying on the key assumption that species ranges are fundamentally determined
by abiotic factors. This is a sensible supposition over a large geographic range, where
in the well-connected marine environment species often do have closely matching
fundamental and realised niches (Stuart-Smith et al., 2015). Global climate change
studies have very much focused on thermal niches (e.g. Poloczanska et al., 2013;
Beaugrand and Kirby 2018); this chapter analysed S. alveolata’s exposure to six
carefully selected climatic variables. What it empirically showed was the importance

of not only seawater but the unimodal response of the species to air temperature,

152



Sabellaria alveolata in a Changing World - Amelia Curd - May 2020

fetch, significant wave height and tide: too little hydrodynamic energy and it won’t
have enough food or resuspended building material, too much and the biogenic
constructions will be physically impacted. The tri-modal distribution in habitat
suitability clearly shows that within-range occupancy needs to be explored as well as
range edges. In future scenarios, S. alveolata populations are predicted to be less
connected, with an important geographic gap set to appear in the Bay of Biscay:
exploring the evolutionary consequences of these greater gaps between populations

is a stimulating perspective (see ‘Phylogeographic studies’ section below).

Research for Policy

In its ‘reef’ form, S. alveolata is protected under the EU Habitats Directive. However,
there is no existing guidance setting out the qualifying characteristics required for a
colony to be classified as a ‘reef’ in the context of these policies. Although several
S. alveolata bioconstruction classifications already exist (e.g. Egerton, 2014), they are
site-dependent and therefore not necessarily suitable for monitoring reef formation
in all locations. Although discussions around defining pan-European characteristics
of a S. alveolata ‘reef’ are still needed, defining different S. alveolata bioconstruction
types (veneers, hummocks and platforms) and phases (retrograding and prograding)
that are widely applicable is a first step. This shifting between different sub-habitat
phases is regarded as key in relation to the ecosystem services that the reefs provide,
which in turn underpins their conservation status. For instance, retrograding reefs
are topographically complex, with features such as standing water, crevices and
consolidated fine sediments providing microhabitats for other organisms and high
levels of biodiversity (Jones et al., 2018), thus supporting increased food
provisioning. However should they continue to retrograde, they could decay and

disappear altogether.

We now know that some biochemical indicators such as membrane (i.e. polar lipid)
arachidonic acid and citrate synthase activity can be used as an indicator of
physiological condition at both intra- and inter-site scales (Muir et al., 2016; Curd et

al., 2019). However, seasonal broad-scale studies are needed and to see whether
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retrograding/prograding phases can be biochemically distinguished by the same
macromolecules, between sites as well as within-sites. If this is achieved, it will be a
step in the right direction towards less destructive monitoring, as only a few
individual worms are needed for biochemical analyses. Ultimately, by furthering our
understanding of the link between the engineer species and the engineered habitat it

creates, the goal is non-destructive monitoring of S. alveolata reef health.

Marine population connectivity studies often focus on spatial patterns of larval
dispersal (e.g., Cowen et al. 2006), and traditionally view and model larvae as having
homogenous recruitment and post-settlement performances (Marshall and Keough,
2007). Chapter Il of this thesis demonstrated that offspring size, shape and number,
together with maternal physiological condition all fluctuate, both spatially and
temporally, thus affecting both the quantity and quality of larvae entering different
populations across a species range. Whilst our study does not yield information on
S. alveolata recruitment success, the in-situ data collected on the geographical and
temporal variation in reproductive traits will serve as valuable input to population
connectivity models, which in turn can guide targeted marine spatial planning.
Whether through direct physical impact or indirectly through conservation
measures, human activity can drastically alter ITV by driving rapid trait change and
could be shaping ecological dynamics (Palkovacs et al., 2011). Understanding
geographic patterns in reproductive trait variability is therefore critical to applied
problems, such as assessing the effectiveness of potential biodiversity offset
schemes linked to coastal development (Stone et al., 2019) or optimal marine
reserve design. The added benefits of an MPA network over a single MPA depend on
some knowledge of the spatial patterns of population connectivity, which in turn
depend in part on spatial patterns of reproduction (Gaylord et al. 2005; Lester, 2007).
Macrophysiological studies such as this one support conservation efforts, enabling
us to assess whether the positioning of an MPA tallies up with not only larval
recruitment but also with the overall physiological condition of the adult individuals

(Osovitz and Hofmann, 2007) crucial to a population’s survival.
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Assessing variability in habitat distribution and abundance is important at a time
when the implementation of some marine policies (such as the establishment of
marine reserves) assumes a degree of stability in the features being protected (Firth
et al., 2015). For instance, due to the discovery of a subtidal reef-forming population
of S. alveolata off Wicklow Head in Ireland in 1997 (De Grave and Whitaker 1997), the
Wicklow Reef Special Area of Conservation (SAC) was designated inter alia because of
its presence in 2001. In 2013, a subtidal reef survey of the site failed to detect any

S. alveolata within the SAC (NPWS, 2013).

It is reasonable to state that SDM works well at very broad scales. Most management
tools are spatial (e.g. MPA designation) therefore a broad-scale spatial approach is
key. However it is unlikely that environmental management measures can be
applied over large extents of coastline. A well-thought-out SDM is a pragmatic first-
step that provides a means of pinpointing areas which should be investigated at the
mesoscale, where both physical factors and biotic interactions affect the biotic
landscape of intertidal rocky shores. Figure 35 illustrates the multiple sources and
approaches needed for incorporating more biological realism into the biogeography
of S. alveolata. Three approaches were undertaken within this thesis, namely the use
of direct observations, habitat suitability models and broad-scale long-term
datasets. The mechanistic approaches needed to complete the picture are discussed

in the following section.
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Figure 35. An integrated science of functional biogeography will draw from multiple
sources and approaches. Each provides useful but incomplete information on
exposure, sensitivity and adaptive capacity. Direct observations, including long-term
monitoring, are applicable at a broad range of scales and can be used to assess all
aspects of vulnerability. Habitat suitability (or niche) models are statistical models
and are best suited for assessment of exposure. Broad-scale long-term data sets
extend the observational foundation to encompass a broader range of rates,
magnitudes and kinds of environmental change. Mechanistic models such as
ecophysiological models are diverse and require taxon-specific parameters. They are
particularly effective in assessing sensitivity and adaptive capacity. Experimental
manipulations provide biochemical and morphological response traits which in turn
provide information on sensitivity and adaptive capacity, and are valuable in
parameterising mechanistic models.  Phylogeographic studies look at the
geographic distribution of population genetics and reveal adaptive capacity [Photo
credits; direct observations, A. Curd ; habitat suitability model, A. Boyé, broad-scale
data-set, C. Cordier, ecophysiological model, Sara et al.,, 2013; experimental
manipulations, F. Nunes, phylogeographic study, Rigal et al., unpublished]. Adapted
from Dawson et al. (2011).
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FUTURE PERSPECTIVES

More mechanism
Ecophysiological models

Dynamic Energy Budget Models (DEB) track energy flow and allocation to
development, growth, maintenance and reproduction for any specified
environmental conditions, allowing predictions of individual responses to climate
change (Sara et al., 2013). Thanks to the existing body of work S. alveolata physiology
(summarised in Figure 11 in the introduction), together with the biochemical,
reproductive and morphological data amassed throughout this thesis (where
countless opercular crown diameters were measured), many input parameters for
DEB models are now available. By fitting DEB models with what we know of
S. alveolata’s physiology, model outputs could for example be maximum adult size
and relative fecundity as a function of latitude. Once DEB models are successfully
calibrated to predict reliable in-situ traits, they could then be tested under varying

climate change scenarios.
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Experimental manipulations

To ascertain non-lethal effects of, for example, air temperature at low tide, it would
be desirable to conduct a series of controlled laboratory experiments that
manipulated only this variable while environmental conditions were held constant.
Whilst some experimental work has looked at varying seawater temperature and pH
on adult worms (Faroni-Perez, unpublished data) and varying light exposure on
larval behaviour (Bush, 2016), this thesis has highlighted the importance of
hydrodynamic and air temperature variables in driving S. alveolata traits. Future
work should consider manipulating these variables in tidal benthic mesocosm
experiments that are able to simulate multi-factorial climate change scenarios,
including the combination of warming, acidification, nutrient enrichment, sea level

rise and increased storm events (e.g. Pansch et al., 2016).

Phylogeographic studies

Phylogeography considers the spatial distribution of alleles within a species in order
to evaluate its recent evolutionary history (Avise et al., 1987). For S. alveolata,
patterns of genetic diversity and differentiation allow us to make inferences about
how past climate and habitat availability have influenced the distribution of the
species, and about how current conditions affect connectivity. An ongoing study
points to the Irish Sea and English Channel as two important reservoirs of genetic
diversity for the species (Nunes, in prep), with the latter being poorly connected to
the southern part of the range. Combining range-wide population genetics with
range-wide SDM model outputs would yield a lot more information on the
adaptation of S. alveolata both within its range and at the edges. There are many
testable theoretical predictions about how and when range expansion should occur
and there are a range of empirical systems with which to address these questions
(reviewed in Bridle and Vines, 2007). As a pre-requisite, some genetic clarification of

the European Sabellaria genus species is needed; there is a grey area between
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subtidal S. alveolata, and intertidal S. spinulosa reefs. Although nowadays
S. spinulosa is a mostly subtidal reef forming species, prior to heavy abrasion from
the physical impacts of demersal fisheries, extensive intertidal reefs of S. spinulosa
could be found in the German Wadden Sea (Reise 1982). Both species can co-occur
(unpublished data; Arcachon subtidal reefs, Equihen intertidal reefs in northern
France) due to temporal niche partitioning through distinct physiological and
reproductive strategies. The Mediterranean is even more complex; three species are
reported to co-occur, although Sabellaria alcocki occurrences are most likely juvenile
S. spinulosa (Schimmenti et al., 2015). A fourth species, S. taurica, described as being
present in the Black Sea, is suspected to be present along the North African coasts of

the Mediterranean (Gruet, pers. comm.)

Hybrid models

The emergence of a new generation of distribution models, based on physiological
mechanisms linking species performance and the environment (Morin and
Lechowicz 2008), may offer a more accurate framework for predicting species
distributions when taking into account species interactions (Kearney, 2006). Many
diverse and entirely unrelated techniques, with varying degrees of complexity, are
referred to as ‘hybrid models’. In their simplest form, constraining the range of
predictor variables with a priori knowledge of the reproductive phenology of a
species can be considered a hybrid model. As an example, Chefaoui et al. (2019)
constrained sea surface temperature variables to the ‘reproductive window’ of the
non-native alga Sargassum muticum species distribution model to refine habitat
predictions in coastal areas of the northern hemisphere (Pacific and Atlantic oceans).
Maps of functional traits could also be considered as new environmental layers for
hybrid SDMs (e.g. Lamanna et al., 2014); for S. alveolata, larval dispersal ability could

for example be one such trait layer.

DEB equations can also be associated to individual-based models (IBM) in order to
explore properties of both individual life-history traits and population dynamics (e.g.

Bacher and Gangnery, 2006). This population model, which provides predictions on
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egg size and number, and the ensuing duration of the larval dispersal phase, can in
turned be coupled with biophysical larval dispersal models (Nicolle et al., 2017). This
form of hybrid model could further our understanding of S. alveolata population
connectivity, and has already been tested on marine annelids at the local scale (De

Cubber et al., 2019).

Adaptive capacity in response to novel environmental conditions is an important
predictor of survival in a changing climate. Therefore the creation of evolutionary
hybrid models that incorporate not only physiological but also evolutionary data are
needed to provide new insights into the vulnerability of species of conservation
concern (Waldvogel et al., 2019). For instance, through using biophysical models of
energy and mass transfer combined with a method to predict potential climatic
impacts on the evolutionary response of traits limiting distribution, it was shown
that the range expansion in Aedes aegypti, the mosquito that transmits dengue fever,
is far greater than would have been estimated using SDM (Kearney et al., 2009).
Finally, at the top end of the complexity scale, novel techniques such as Bayesian
hierarchical species distribution models, which as well as environmental variables
can integrate data biological relationships and human activities at multiple scales
(Banerjee et al., 2014; Talluto et al., 2016; Coll et al., 2019), are also referred to as

hybrid models.

Fully mechanistic models are experimental-data intensive and generated at the level
of the individual (Robinson et al., 2011). To our knowledge broad-scale mechanistic
models for coastal benthic species have yet to become a part of the marine
ecologists’ toolkit. The combination of biophysical ecology and genetics, coupled
with the detection of large-scale patterns of change, thus presents our best chance

of predicting what to expect in the face of climate change in the coming decades.

Towards functional biogeography

Most of the ‘process-included’ hybrid models outlined above (eco-evolutionary
models, coupled hydrodynamic larval dispersal models etc.) depend on large
amounts of ecological, environmental and genomics (i.e. evolutionary), species-level

data. S. alveolata could be one of a handful of species for which it may be possible to
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deploy the whole works; not only is it an ecosystem engineer and therefore
considered as a keystone species, but it is also amenable to common garden
experiments and long-term monitoring. A pre-requisite is that fitness traits have to
be identified and ideally experimentally confirmed (Shaw 2019). In most cases, a
trait-based approach is the only solution. Biogeography is historically grounded in
the species concept (Violle et al., 2014). Treating species as qualitative entities,
where we need to understand each and every one, is logistically impossible. Trait-
based biogeography can help model species interactions, dispersal ability, and

physiological tolerance more simply and generically (Green et al., 2008).

Studying the geographic distribution of trait diversity across organisational levels
has been a long-standing goal for ecologists (e.g. Whittaker, 1975) and calls for an
interdisciplinary approach. This was formalised in 2014 in a special feature of the
Proceedings of the National Academy of Sciences of the United States of America
(PNAS), which described functional biogeography as an emergent discipline, defined
as “the analysis of the patterns, causes and consequences of the geographic

distribution of trait diversity - namely form and function” (Violle et al., 2014).

Functional traits are increasingly used in community ecology to detect and quantify
the processes that shape ecological communities (Mouillot et al., 2013).
Understanding the processes shaping the biological community hosted by
S. alveolata reefs, under multiple disturbances, is the next core challenge; With a
biogeography perspective, this approach can be applied to understand the spatial

scaling of assembly processes across broad gradients (Violle et al., 2014).
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Figure 36. Functional biogeography: an emergent field at the crossroads of several
science fields. Functional biogeography calls for knowledge from multiple fields to
answer questions related to trait diversity across spatial scales. Modified from Violle
et al. (2014).

Although measuring functional response traits may provide an accurate
quantification of species niche parameters, a preliminary necessary step is to
prioritise key environmental factors that significantly influence trait variations
(McGill et al., 2006). This is necessary because the quantification of Hutchinson’s
(1957) n-dimensional environmental space is logistically impossible when n becomes
large. Consequently, the trait-based quantification of niche parameters requires the
identification of a limited number of key environmental gradients (Violle and Jiang,
2009). Advocates of trait-based ecology recognise that we still lack knowledge on the
response of organismal traits to environmental changes for most kingdoms (Violle et
al., 2014). Before getting ‘carried away’, a necessary first step is to patiently
characterise trait-environment

relationships through experimental work in

controlled conditions.
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What this special feature in PNAS did not dwell upon is the fact that any
advances in the area of functional biogeography require a great deal of
interdisciplinary thinking and collaboration between a dozen different science

fialde
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Figure 36). In order determine the physical, physiological and genetic factors that

constrain, or promote, adjustment to changing environments over different time

scales (e.g., behaviour, acclimation, plasticity and adaptation), large scientific

consortia and inter-disciplinary education, synthetic thinkers, and scientists that can

collaborate in mutualistic relationships are needed to see the possibilities revealed

by a wider field of view (Schwenk et al., 2009).
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Figure 36 is that of historical ecology. Any perception of stable marine biogeography
has fallen away amid observations of dramatic shifts in species geographic
distributions over timescales from years to decades, centuries, and millennia (Pinsky
et al., 2020). While climate change is projected to become equally or more important
in the coming decades, habitat loss due to human land use remains the main driver
of present-day species extinction (Hoffmann et al., 2010). Habitat loss is particularly
severe in coastal marine ecosystems, where human activities have been historically

concentrated (Airoldi and Beck, 2007).

In order to disentangle climate-driven change from other regional and local-scale
anthropogenic impacts, information on past trends is essential (Hawkins et al.,
2013). Historical perspectives increase our understanding of the dynamic nature of
landscapes and provide a frame of reference for assessing modern patterns and
processes (Swetnam et al., 1999). With the rise of a predictive era in ecology, there is
an acceleration of societal demand regarding the evaluation and forecast of past,
current and future ecosystem services (Violle et al., 2014). By nature, long-term
datasets take time to build, and retroactively compiling datasets through data

rescue and re-use from a multitude of diverse sources is a painstaking process.
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Curating the S. alveolata dataset involved dozens of people and enlisted expertise
not frequently part of the ecologists’ palette of skills, ranging from document
archiving in organising Yves Gruet’s collection of samples, photographs and
correspondences, to deciphering Edouard Fischer Piette’s handwriting in his
exhumated field notebooks in search of S. alveolata records. It also uncovered a
wealth of nomenclature issues and taxonomic misidentifications associated with the
Sabellaria genus (e.g Sabellaria alcocki could be a misnomer; S. alveolata has
probably never been present in the North Sea), and brought to light a fascinating
shift in perception in the value of S. alveolata reefs. Past literature and local
vernacular names (e.g. “crassier” or “teigne” in French, both unflattering terms)
revealed how this nowadays priority habitat used to be viewed as a pest (Audouin
and Milne-Edwards, 1832), a parasite (Dollfus, 1921), or even exploited as fishing bait
(Gouret, 1893) or fertiliser Audouin and Milne-Edwards, 1832).

The numerous past anecdotes, drawings, photographs and opinions on the
honeycomb worm - the bulk of which are not searchable on electronic databases -
are perhaps deserving of a freer and lengthier format than that of a traditional
scientific article. It was not possible to bring this work to fruition within the time
frame of a PhD. Many researchers who have studied S. alveolata are appreciative of
the value of historical ecology: a “Nineteenth century narratives reveal shifts in the
distribution and baseline in Europe’s honeycomb worm reefs” type opus, with
contributions from many authors covering different regional seas, genetic
elucidation, role of artificial structures etc...would be a satisfying furtherance of this

study.

Concluding remarks

With properly designed and executed studies, using traits as a common currency,
understanding how environmental variation is conveyed through organismal
physiology to ecological processes will allow us to predict the consequences of
environmental change on natural systems. The understanding of keystone species
and their niches is a relevant element in the assessment, conservation, and

restoration of habitats across biomes (e.g. as developed in the EU Habitats Directive).
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To achieve this goal, we need to deepen our mechanistic understanding of how the
different levels of biological organisation, from the individual to the whole
community, are intertwined and how that integration is perturbed at the edges of

the niche.

S. alveolata creates an easily accessible biogenic habitat in a widely-surveyed part of
the globe. Even with such a well-known model species, we are only just beginning to
piece together all the knowledge required to understand how environmental
variation is conveyed through organismal physiology to ecological processes, and to
comprehend how much our habitat baseline has shifted. Every species has its own
unique ecological niche; trait-based ecology seems like the only practical solution for

scaling up to ecosystem alterations.
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Figure 37 Principal Component Analysis (PCA) biplot of 52 female Sabellaria
alveolata individuals and 26 biochemical variables. Individual mass is considered as
an illustrative quantitative variable, and reef type and phase are considered as
illustrative qualitative variables. The first two dimensions of the PCA express 49.68%
of the total dataset inertia. Individuals are coloured after their category for the
variable “Reef Phase”: progradation phase individuals are in red, retrogradation
phase individuals are in black. PCA calculated using the PCA function of the
“FactoMineR” package (Lé et al., 2008).
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Table 13. Field locations and sampling dates. Numbers in italic represent the number of

viable individuals retained after FlowCAM quality controls.

Site GPS coordinates Summer 2017 Winter 2018
abbreviations Sampling dates  Sampling dates

(decimal degrees) & No. of viable & No. of viable

Site name individuals individuals

Maryport MAR 54.718869 21/08/2017 24 17/03/2018 6
-3.507036

Llanddulas LLA 53.294723 21/08/2017 13 17/03/2018 5
-3.634655

Criccieth CRI 52.916712 21/08/2017 28 17/03/2018 9
-4.230685

Dunraven DUN 51.444295 11/06/2017 - 17/03/2018 5
-3.608907

Champeaux CHA 48.732365 25/07/2017 28 01/03/2018 31
-1.552953

Douarnenez- plage RIS 48.098813 24/07/2017 24  04/03/2018 31

du Ris
-4.294829

La Fontaine LFB 47.09958 22/07/2017 34 03/03/2018 29

aux Bretons -2.072538

Oléron OLE 45.970809 21/07/2017 28 02/03/2018 28
-1.393057

Moledo do Minho MOL 41.8417722 25/07/2017 24  29/03/2018 16
-8.9

Buarcos BUA 40.1787 23/07/2017 2  30/03/2018 6
-8.9068
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Table 14. Meteorological variable sources, units and horizontal resolution. All data were calculated over the thirty day period
prior to the sampling dates.

Abbreviated
Variable variable name Unit Source Horizontal resolution
Air temperature air Degrees Kelvin ARPEGE* ~10km
Cold spells - air arp_cs_n_event No. of events over the 30-day HeatwaveR ~10km
period
Heatwaves - air arp_hw_n_event  No. of events over the 30-day HeatwaveR ~10km
period
Seawater temperature swtemp Degrees Celsius CMEMS! ~3km
Cold spells - water cop_cs_n_event No. of events over the 30-day HeatwaveR ~3km
period
Heat waves - water cop_hw_n_event  No. of events over the 30-day HeatwaveR ~3km
period
Seawater Salinity salinity psu CMEMS ~3km
Current Velocity current_velocity m.s? CMEMS ~3km
Tidal amplitude tide_amp Meters OTIS-OSU+ ~9km (1/12°)
Suspended Particulate spim mg.m 0C5 ~1km
Inorganic Matter
Chlorophyll a chla ug.m 0C5 ~1km
Wave exposure index wave_exposure (m.s?)? Adapted from Burrows etal.  ~10km

2008

" = Météo-France European Centre for medium-range Weather Forecasts (ECMWF) atmospheric model (Déqué et al., 1994) ' = EU Copernicus Marine Environment
Monitoring Service (CMEMS) operational IBI (Iberian Biscay Irish) Ocean Physics Analysis and Forecast Product (IBI_ANALYSIS_FORECAST_PHYS_005_001) *= Oregon

State

University Tidal

Inversion

Software -

Regional

Tidal Solution

(Egbert

& Erofeeva,

2010)
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Figure 38 Correlations between the in-situ temperature loggers and the
meteorological models over the 30-day period prior to sampling, for all REEHAB
project sampling dates (2016-2018 summer and winter, winter 2019). Please note
that Maryport and Llanddulas loggers were not retrieved in summer 2017, and
Maryport, Llanddulas and Douarnenez loggers were not retrieved in winter 2018. The
red points and line, labelled "Emersion", represent the correlation between the
ARPEGE model air temperature variable daily average and the logger readings at
low-tide. The blue points and line, labelled "Immersion", represent the correlation
between the CMEMS model seawater surface temperature daily average and the

On the Macroecology and Global Distribution of the Ecosystem Engineer;

logger readings at high-tide. All correlations were significant at the p<0.001 level.
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Figure 39 Boxplots of variance component analyses across two nested scales, using
a decomposition (varcomp function) of variance on the restricted maximum
likelihood (REML) method (Ime function), on 1000 resampling of 5 individuals per site
for a) summer total egg diameter b) winter total egg diameter ¢) summer relative
fecundity and d) winter relative fecundity. See Messier et al. (2010) for more
information.
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c) Summer relative fecundity, 1000 resampling, 22% site, 77% intra-site
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Table 15 Key reproductive, meteorological and biochemical variables and their
relationship with linear and quadratic latitude. Values are Pearson’s correlation r.
***=p=<0.001,**=p=<0.01,* p=0.05. NS = non-significant. When both patterns
were significant, residuals were checked for normality

Summer 2017 Winter 2018
58°N Linear Quadratic Linear Quadratic

Response
variables

(n=205) (n=164)
Totalegg +0.60*** +0.44*** -0.34*** NS
diameter
Relative NS NS NS -0.43***
fecundity
Circle Fit +0.20** -0.31*** -0.26 *** NS
Symmetry +0.27*** -0.41*** -0.24** -0.28***
Meteo.
variables (n=9) (n=10)
Air -0.75* NS -0.72* NS
Air SD NS -0.79* NS NS
Seawater NS -0.67* -0.97 *** NS
Seawater SD NS NS NS NS
Chl.a +0.79* NS NS NS
Chl.aSb NS NS NS NS
Salinity NS NS NS NS
SPIM NS NS NS NS
Wave NS NS NS NS
exposure
Biochemical variables (n=60)
CS +0.25* +0.54***
SOD +0.45*** NS
PL AA +0.34** NS
PL EPA NS NS
PL DHA NS +0.73***
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APPENDIX 3 GBIF AND PRESENT STUDY OCCURRENCE RECORDS

212
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Figure 40. Screenshot of the 2274 georeferenced records for ‘Sabellaria
alveolata’ held in the Global Biodiversity Information Facility (GBIF - accessed
12-03-2020). The records situated in the eastern English Channel and around
the North Sea are all issued from citizen science programs (i.e. the Shore Thing
and BioBlitz in the United Kingdom, Observation.org from the Netherlands).
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Figure 41 Maps illustrating the
distribution and density of the
19354 collated Sabellaria alveolata
records along the North-east]
Atlantic coast , where A) shows
presence and absence records
project onto a 20km grid - grid
cells with a majority of presence
are filled, those with a majority of
absences are outlined ; B) the
density of the 14960 presence
records (2000-2019) per 20km grid
cell according to a log base 10
scale; C) the density of the 4394
absence records (1970-2019) per
20km grid cell according to a log
base 10 scale.
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APPENDIX 4 SUMMARY OF THE OBSERVATION RECORDS COLLATED
AND USED FOR THIS STUDY.

Table 16 Databases via which 22 of the 109 sources were accessed.
See colour-coding scheme in Table 17 below

Pres. Abs.
Database name and URL 2000- 1970-

2019 2019
BDESTAMP - OFB - https://estamp.afbiodiversite.fr/ 22 0
French B|0d|verS|'Fy Age.ncy., CARTOM ER- 355 1454
http://cartographie.afbiodiversite.fr/
Global Biodiversity Information Facility (GBIF) - GBIF.org 21 6
Ifremer, SEXTANT - https://sextant.ifremer.fr/ 1667 56
NBN Atlas - https://nbnatlas.org 495 1864

Table 17 List of all the sources of Sabellaria alveolata records collated across the
Northeast Atlantic. When records were retrieved from an online database, they were
colour-coded as per Table 16.

Pres. Abs.
Sources 2000- 1970-

2019 2019
Agence des aires marines protégées, Parc naturel marin d’Iroise, 2016. 30 0

Récifs d’hermelles (habitat 1170-4) de la Baie de Douarnenez - Parc
naturel marin d’lroise (état 2008-2016).

Agence Francaise pour la biodiversité, 2019. BDESTAMP: Suivi des habitats 22 0
benthiques et des usages de la zone intertidale au sein des Aires
Marines Protégées. https://estamp.afbiodiversite.fr.

Allen, J.H., Billings, I., Cutts, N., Elliott, M., 2002. Mapping, Condition & 61 20
Conservation Assessment of Honeycomb Worm Sabellaria alveolata
Reefs on the Eastern Irish Sea Coast (No. Z122- F-2002). Institute of
Estuarine & Coastal Studies / University of Hull.

Allen, J.R., Wilkinson, S.B., Hawkins, S.J., Hartnoll, R.G., Russel, G., 1991. 0 1
Baseline survey of the Cumbrian shores from St Bees Head to
Maryport (Unpublished report to Acer Environmental for North West
Water Ltd.). Liverpool University Port Erin Marine Laboratory, Port
Erin.

Aquafact International Services Ltd, The Foods Standard Agency in 1 0
Northern Ireland, 2012. Sanitary Survey Report and Sampling Plan
for Killough Harbour.

Basuyaux, O., Lecornu, B., 2019. Cartographie des hermelles Sabellaria 1587 0
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alveolata sur la facade ouest du département de la Manche 2009-
2019, SMEL. www.smel.fr.

Becker, P.T., Lambert, A., Lejeune, A., Lanterbecq, D., Flammang, P., 2012.
Identification, Characterization, and Expression Levels of Putative
Adhesive Proteins From the Tube-Dwelling Polychaete Sabellaria
alveolata. The Biological Bulletin 223, 217-225.
https://doi.org/10.1086/BBLv223n2p217

Bell, J.J., 2005. Influence of occupant microhabitat on the composition of
encrusting communities on gastropod shells. Marine Biology 147,
653-661. d0i:10.1007/s00227-005-1587-8

Bertocci, I., Aradjo, R., Incera, M., Arenas, F., Pereira, R., Abreu, H., Larsen,
K., Sousa-Pinto, ., 2012. Benthic assemblages of rock pools in
northern Portugal: seasonal and between-pool variability. Scientia
Marina 76. https://doi.org/10.3989/scimar.03669.21A

Bonifazi, A., 2018. Sabellaria from larvae to reef: growth, ecological role
and habitat mapping (Ph.D. Thesis). Universita’ degli studi di Roma.

Bonnot-Courtois, C., Guilpain, P., Legendre, V., Le Vot, M., Massé, M., Moré,
F., Panizza, A., Prevost, C., Schoorens, J., Toupoint, N., 2007.
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Saint-Michel. Etat 2002. CNRS, UMR 8586 PRODIG, Laboratoire de
Géomorphologie et Environnement littoral. EPHE.
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[WWW Document]. Académie de Nantes. Espace pédagogique. URL
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APPENDIX 5 PREDICTOR VARIABLES

Table 18 Environmental predictors used for modelling the distribution of Sabellaria
alveolata, including whether variables were used for present-day (P) or future scenarios
(F), data sources, manipulation (spatial resolution, time period and grain), types of data
(RS: remote sensing; DO: direct observation; OM: ocean model; AM: atmospheric model)

and units.
Environmental predictor Source Manipulation Type Units
P Sea surface temperature (SST) CMEMS? ~3km
2016-2018 oM °C
SST min, P10, mean, P90, max daily outputs
P Surface current velocity CMEMS? ~3km
2016-2018 OM m.s™
Current velocity mean daily outputs
P Sea surface salinity CMEMS? ~3km
2016-2018 OM PSS
Sea surface salinity mean daily outputs
P Air temperature ARPEGE ¢ ~10km
2012-2018 AM °K

Air temperature min, P10, mean, P90, max hourly outputs

P Wind speed ARPEGE € ~10km
2012-2018 AM m.s
Wind speed P90 hourly outputs
P Wave fetch Burrows et al. 2012 f ~100m
Summed wave fetch OM km

P/F Significant wave height (Hs) NOC wave model® ~12km
1975-2005
Hs P90 2040-2050
2090-2100 DO,AOM m
monthly outputs
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P/F Tidal amplitude OT/S-Regional Tidal Solution h -9km

1994-2011 OM m
Tidal amplitude (i.e. half the range) mean monthly outputs

P/F Sea surface temperature (SST) Bio-ORACLE®¢  ~10km
2000-2014
Long-term SST min, mean, max 2040-2050

2090-2100 AOM °C
monthly outputs

P/F Sea surface salinity Bio-ORACLE %¢
“10km
Salinity min, P10, mean, P90, max 2000-2014
2040-2050

2090-2100 AOM PSS
monthly outputs

P/F Air temperature WorldClim v1.4'

Annual mean temperature (BIO1) “10km

Max Temperature of Warmest Month (BIO5) 1960-1990

Min Temperature of Coldest Month (BIO 6) 2041-2060 (CCSM4)
2061-2080 AM °C
monthly outputs

 EU Copernicus Marine Environment Monitoring Service (CMEMS) operational IBI (Iberian
Biscay Irish) Ocean Physics Analysis and Forecast Product
(IBI_ANALYSIS_FORECAST_PHYS_005_001)

b EMODnRet Bathymetry Consortium, 2018. EMODnet Digital Bathymetry (DTM 2018).

EMODnet Bathymetry Consortium. https://doi.org/10.12770/18ff0d48-b203-4a65-
94a9-5fd8b0ec35f6

“Déqué, M., Dreveton, C., Braun, A., Cariolle, D., 1994. The ARPEGE/IFS atmosphere model: a

contribution to the French community climate modelling. Climate Dynamics 10, 249-
266. https://doi.org/10.1007/BF00208992

d Tyberghein, L., Verbruggen, H., Pauly, K., Troupin, C., Mineur, F., De Clerck, O., 2012. Bio-
ORACLE: a global environmental dataset for marine species distribution modelling:
Bio-ORACLE marine environmental data rasters. Global Ecology and Biogeography
21,272-281. https://doi.org/10.1111/j.1466-8238.2011.00656.x

€ Assis, J., Tyberghein, L., Bosch, S., Verbruggen, H., Serrdo, E.A., De Clerck, 0., 2018. Bio-
ORACLE v2.0: Extending marine data layers for bioclimatic modelling. Global Ecology
and Biogeography 27, 277-284. https://doi.org/10.1111/geb.12693
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APPENDIX 6 IPCC MODELS RCP SCENARIOS

s >1,000 ppm CO,eq
100+ (172 scenarios, RCP8.5)
- 720-1,000 ppm

(148 scenarios, RCP6)

PRCP8.5

132-54°C

| Relative to
~11850 -1900

804 = 580-720 ppm —
(144 scenarios, RCP4.5) ~

480-580 ppm &

= (509 scenarios, no equivalent RCP)

60 7 o

430-480 ppm

Net CO, emissions (Gt CO, yr

v ! g7 ~
16 , RCP2.6) .4 §
estimate - & -~ : : 0-3.7°
401 p7 =N : 77;_2037 C
20T -
sy 4.5
Hlst.on’cal 17-3.2 °C
” emissions : '
: : X bRCP2.6
Net-negative global emissions ! 0.9-2.3°C
- S
-20 : : . : 3 _
1980 2000 2020 2040 2060 2080 2100

Year

Figure 42. International Panel on Climate Change (IPCC) Representative
Concentration Pathways (RCP). Image credit: Neil Craik, University of Waterloo
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APPENDIX 7 MODELLING METHODS USED

Table 19. Description of modelling methods used in the study.

Modelling
Technique

Description

Reference

gam: Generalized
Additive Models

Regression based. Use algorithms called
“smoothers” that automatically fit
response curves to the data. Useful
where the relationship between the
variables is expected to be more
complex than a linear or quadratic
response.

Hastie (2017)

rf: Random Forest

Classification and regression machine-
learning method. Averages the results of
many classification trees constructed
using a random subset of predictors.

Breiman (2001)

ens: ‘sdm’ Ensemble

Models with a TSS > 0.61 were used to
build ensembles. Models were weighted
based upon TSS value to produce final
results.

Naimi & Araujo (2016)
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APPENDIX 8 BINARY MAPS OF PRESENT-DAY PRESENCE/ABSENCE
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Figure 43. Binary maps of present-day presence absence for both model
scales. A) 10-12km environmental predictor spatial resolution and bounding
box, and B) ~3km environmental predictor spatial resolution and bounding
box. The selected presence/absence threshold is the habitat suitability index
score with an equal number of true positives and negatives (i.e. sensitivity

equals specificity).
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APPENDIX 9 MODEL EVALUATION THROUGH INDEPENDENT TRUE
ABSENCE RECORDS OBTAINED FROM THE REEHAB DATASET
(hrTPs://D01.0RG/10.17882/72164) FOR THE 1970-2019 TIME PERIOD.

Table 20 Correspondence between true absences and probability of presence for
the validation dataset for the ~3km spatial resolution model. 498 true absence
points, 63.5% of observations below sp=se threshold of 0.54

Number of
Probability threshold observations % true negatives
0.0t00.2 114 22.9
0.2t00.4 128 25.7
0.4t00.6 113 22,7
0.6t00.8 94 18.9
0.8to1l 49 9.8

Table 21 Correspondence between true absences and probability of presence for
the validation dataset for the 10-12km spatial resolution model. 465 true absence
points, 71.2% of observations below sp=se threshold of 0.53

Number of
Probability threshold observations % true negatives
0.0to 0.2 186 40.0
0.2t0 0.4 98 21.1
0.4t00.6 65 14.0
0.6t00.8 78 16.8
0.8to1l 38 8.2
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Figure 44. Maps illustrating the location of absence records, colour-coded
according to the habitat suitability index threshold of 0.8. False-positive
records are in blue, true negative records are in orange. The high threshold of
0.8 was selected to highlight areas with the greatest disparity between
modelled habitat suitability and true absence records.
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