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Abstract

The deep sea is the largest environment on Earth, but has remained relatively
under-studied due to its inaccessibility. In recent years however, technological
advances have increased our understanding of this globally important system. In this
thesis, I add to this understanding by examining fish assemblage structure along the
environmental gradient of the continental slope at depths of 300-2000 m and over a
time period (1998-2014) following a reduction in fishing pressure from previous
levels. I show that body size i1s an important factor in structuring deep-sea
assemblages along a depth gradient and that it increases at least up to 1500 m. A new
metric, fractional size, builds on our knowledge of size structure by accounting for
both intra- and interspecific variation in body size and also increases with depth. The
Large Fish Indicator, the slope of the biomass spectrum and fractional size have
increased over time, signifying recovery of the size structure of deep-sea assemblages,
but this increase is depth-dependent. I reveal other depth-related changes by linking
morphological traits that relate to function, such as caudal fin aspect ratio and gape
size, to the shifting dominance of feeding guilds and patterns in functional diversity. I
show that despite the wuniqueness of deep-sea ecosystems, the general
macroecological pattern of increasing regional occupancy with increasing local
abundance still applies. I incorporate the all-pervading importance of depth into
these abundance—occupancy relationships by calculating occupancy based on depth
distribution as well as spatial distribution. This thesis reveals some surprising
characteristics of deep-sea assemblages, such as high biodiversity and the ability to
recover from fishing pressure. It further highlights the importance of body size in the

marine environment and of depth resolution in deep-sea ecology.






1. Introduction

1. Introduction

1.1. Background

The state of our oceans 1s increasingly being recognised as cause for concern
by scientists and the general public. We are exploiting the seas at an often
unsustainable level (Pauly 2008, 2009; Jackson 2010), as illustrated by the collapse of
stocks such as cod in the Northwest Atlantic (Hutchings & Myers 1994; Myers et al.
1996). In recent years, this has also been true of the deep sea. As we have depleted
fish stocks in shallower seas, fishermen have been forced to fish in deeper waters
(Morato et al. 2006). This means that we are exploiting fish stocks of which we know
very little in terms of their biology and ecology.

The deep sea encompasses depths from 200 m to 6000 m (Kaiser et al. 2011)
and extends from the continental slope to the abyssal plain. It is the largest
environment on earth and offers important ecosystem services such as fisheries and
mining for minerals (Ramirez-Llodra et al. 2011). It is also important for carbon
storage (Irigoien et al. 2014; Trueman et al. 2014), which is particularly relevant in
this current era of climate change. The seafloor is punctuated by trenches that reach
down to depths of 10 km, and seamounts and mid-ocean ridges that rise up several
kilometres above the seabed without breaking the surface of the ocean (Kaiser et al.
2011). It is also now known that the deep-sea environment is much more varied than
previously thought (Danovaro, Snelgrove & Tyler 2014) and species distributions
may rely on habitats such as sponge fields or deep-sea coral banks (Ramirez-Llodra
et al. 2010). The deep sea was once thought to be devoid of any life, however, new
technology such as improved fishing gear, deep-sea submersibles and remote
cameras has allowed us to start to understand its nature (Kaiser et al. 2011).

In the deep sea, the lack of light means there is no photosynthesis (Kaiser et
al. 2011). Rather, all food webs are based on the detritus that sinks from the
shallower ocean layers, such as faecal pellets, crustacean moults, and carcasses of
larger organisms (Lalli & Parsons 1993), making for simplified energy pathways
relative to shallower seas and the terrestrial environment (Tittensor et al. 2011).

Other differences in deep-sea communities include the necessary adaptation to high
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pressure and low temperature (Carney 2005). Hydrostatic pressure increases by 10
atm for every 100 m in depth and adaptations such as the alteration of membrane
structure (Hazel & Williams 1990) and the stabilisation of enzymes (Yancey &
Siebenaller 1999) are needed to occupy these depths. Additionally, on the
continental slope, depth changes rapidly for any unit change in horizontal distance.
This means that it encompasses a very steep environmental gradient, changing in
pressure, temperature, oxygen and salinity (Lalli & Parsons 1993; Carney 2005;
Kaiser et al. 2011). Such a vast gradient would not be ignored in terrestrial ecology,
and it cannot be assumed that communities will remain constant along the
continental slope. Changes in species composition along this gradient have been well
documented (e.g. Gordon & Bergstad 1992; Magnussen 2002; Carney 2005;
Tolimier1 & Levin 2006; Yeh & Drazen 2009), but more work is needed on
understanding what this means for ecosystem function and how assemblages at
different depths interact with one another.

Many deeper-living animals tend to be longer lived and reach sexual maturity
at an older age relative to their shallow-dwelling counterparts (Koslow et al. 2000;
Morato et al. 2006; Drazen & Haedrich 2012), resulting in an increase in
vulnerability with depth (Norse et al. 2012). At one extreme, the orange roughy
(Hoplostethus atlanticus) does not mature until around 30 years of age and may live to
be nearly 150 years old (Fenton, Short & Ritz 1991), while one specimen of the black
coral genus Leiwpathes has been found to be over four thousand years old (Roark et al.
2009). This means that deep-sea creatures are likely to be particularly vulnerable to
fishing pressure, as they will take longer to recover from disturbance due to the long
time it takes them to grow and reproduce. Perhaps this explains why some deep-sea
fisheries, despite their recent implementation, are already no longer economically
sustainable (Norse et al. 2012).

This unsustainable level of exploitation (Norse et al. 2012) 1s occurring with
very little knowledge of the ecology of the communities therein. We need to
understand the potential for recovery of these systems, and how much fishing
pressure they can withstand, in order to implement effective protection measures. In
this thesis, I aim to combine traditional ecological methods with new trait-based
approaches to provide an overview of deep-sea fish ecology along a depth gradient
and over time. Not only will this give us a better understanding of deep-sea

communities, it will also highlight the most appropriate methods to use in the future,
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for example when monitoring the impacts of exploitation and potential resilience of

the system.
1.2. The trait-based approach

An approach that is becoming more prevalent in community ecology is to use
traits, rather than species identities, to describe systems (McGill et al. 2006; Litchman
et al. 2010; Webb et al. 2010). Traits can be any measurable property of an
organism, for example size at maturity, fecundity, seed/egg/ offspring size, metabolic
rate, rate of carbon fixation and diet breadth. Taxonomic approaches can be useful,
but findings based on species identity are not easily applicable to other communities.
Conversely, if conclusions can be drawn about the impact of traits on the
community, we may be able to assume that similar traits will cause similar responses
in other communities, regardless of species identity (Bremner 2008). Trait-based
approaches may therefore help to unify community ecology theory, not just across
different communities, but also across multiple ecosystems. Traits also map onto
function more directly than does taxonomic information. By examining functional
traits, we can learn more about what aspects of a community are going to change in
response to an environmental or anthropogenic driver (Webb et al. 2010; Enquist et
al. 2015; Schmitz et al. 2015).

One trait that is particularly important for function in the marine
environment is body size. In the past, food webs have been analysed in terms of
interactions between species (May et al. 1979). However, in the marine environment,
as fish grow they are able to eat a wider variety of prey sizes, so a predatory fish may
feed on every level of the food chain in the course of its life. This means that body
size 1s often a better predictor of trophic level than is species (Cohen et al. 1993;
Scharf, Juanes & Rountree 2000; Jennings et al. 2001). This has led to the
interpretation of marine food webs as groups of interacting individuals of different
sizes, which are not specified as a certain species (Hall et al. 2006; Pope et al. 2006).
The importance of body size has already been recognised in the deep sea, but
variation in size with depth is not consistent. It has been found to increase (Polloni et
al. 1979) or decrease (Stefanescu, Rucabado & Lloris 1992) along a depth gradient,

and the pattern may vary for different functional groups (Collins et al. 2005). The
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body plan of deep-sea species also becomes more elongated with depth (Neat &
Campbell 2013), possibly due to increased efficiency of swimming at high water
pressure. Body size is also important in determining important life history
characteristics such as maturity and fecundity (Winemiller & Rose 1992) and growth
rate (Jobling 1983). It can therefore provide valuable information on both function
and overall health of a community.

Traits other than body size will also affect the structure and function of the
community, for example by determining what an individual can eat. Mouth size and
shape, locomotion ability and eyesight will all impact what types of prey predators
are able to catch, and morphological traits such as these have been used to develop
functional groupings in fish (Sibbing & Nagelkerke 2001; Reecht et al. 2013).
Reduced metabolism and locomotory capabilities have been attributed to the lack of
light in the deep sea (Childress 1995), and scavengers have traits that allow them to
exploit intermittent resources (Haedrich & Rowe 1977; Tamburri & Barry 1999;
Collins et al. 2005). Differences in reproduction and development may also play a
role in structuring deep-sea communities. Some species spawn In aggregations
(Koslow et al. 2000) and some have seasonal reproduction, though the extent of this
1s poorly understood. Species also change their depth range as they age but whether
the juveniles live in shallower waters and descend as they grow older and larger, or
vice versa, varies between species (Gordon & Duncan 1985; 1987) and has not been
revealed for most. Depth range will also vary within individuals as they move
between depths to feed (Gordon & Duncan 1985; Bailey et al. 2009). This movement
heavily impacts the interactions across communities in the deep sea and has
important implications for the storage of carbon at depth (Trueman et al. 2014), and
the propagation of the effects of fishing to areas outside those fished. Species living
below the range of commercial fishing gear have been affected by fisheries (Bailey et
al. 2009; Priede et al. 2011) and the movement of individuals may be responsible for

transmitting these effects (Priede et al. 2011).
1.3. The effect of fishing

The impact of commercial fishing on species that live on the continental shelf

has been well documented (Botsford, Castilla & Peterson 1997; Pauly 2008, 2009;
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Jackson 2010). Despite the lack of study of the deep sea, this habitat provides a
unique opportunity to examine the effect of fishing pressure in detail, due to the fact
that commercial fishing has only been practised in the deep sea in recent decades
(Morato et al. 2006). This means that there are data available for the state of deep-
sea communities in a pristine, or close to pristine, condition (Gordon 2003). We will
therefore be better able to document changes due to fishing than we can in for
example, the North Sea, which has been exploited for centuries (Barrett, Locker &
Roberts 2004; Kerby, Cheung & Engelhard 2012), making early environmental
states hard to estimate.

One approach used to illustrate the effects of fishing is size-based indicators.
Fishing impacts body sizes in a community because it is size-selective, harvesting
individuals once they become a certain size, hence not allowing them to reach their
full growth potential (Bianchi et al. 2000). This means that metrics based on body
size tend to decrease under fishing pressure (Shin et al. 2005). Examples of such
metrics include the Large Fish Indicator (LFI) and slope of the biomass spectrum
(Shin et al. 2005; Greenstreet et al. 2011; Fung et al. 2012). The LFI 1s the
proportion of biomass that is made up of individuals above a certain length, and it
illustrates the health of an assemblage because larger individuals are more fecund
(Winemiller & Rose 1992) and more likely to occupy a wider range of trophic levels
(Scharf, Juanes & Rountree 2000). The LFI is therefore expected to decrease under
fishing pressure. In the North Sea, a value of 0.3 has been suggested to represent a
healthy LFT (ICES 2007; Greenstreet et al. 2011), but in recent years it has been as
low as 0.1 (Fung et al. 2012). The expected value of the LFI in the deep sea is, to my
knowledge, as yet undescribed. The other common indicator, the slope of the
biomass spectrum, is based on the general macroecological pattern of fewer large
organisms than smaller ones (Elton 1927). This produces a negative relationship
between abundance and body mass that shows surprising regularity across many
different types of ecosystems (Sheldon, Prakash & Sutcliffe 1972; Boudreau & Dickie
1992; Reuman et al. 2008). Fishing truncates the size spectrum by harvesting the
larger individuals, resulting in a shift towards smaller body sizes (Bianchi et al. 2000;
Jennings & Blanchard 2004; Shin et al. 2005), meaning that steeper (or more
negative) size spectrum slopes are predicted under exploitation.

The impact of fishing pressure in the deep sea has already been investigated.

A particularly well-studied area is the Rockall Trough in the Northeast Atlantic.
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Basson et al. (2001) attempted to combine research survey data from this area in
order to answer fundamental questions about the effect of fishing on body size and
biomass. The authors could not always rule out an effect of the type of gear used in
the survey, but the evidence points to declines in biomass of exploited and
unexploited species, a change in species composition, and a steepening of the slope of
the size spectrum (Basson et al. 2001). However, the change in the slope is weak,
which the authors hypothesise may be due to the short timescale available for
analysis or because the high mortality of by-catch means that large fish are not
preferentially targeted (Basson et al. 2001).

Other studies in the same area have found that species abundances have
declined significantly (Lorance & Dupouy 2001), even at depths greater than those
commercially fished (Bailey et al. 2009; Priede et al. 2011) which may equate to an
area 2.74 times greater than that directly impacted by fishing gear being affected by
fishing activity (Priede et al. 2011). The deepest-living fish to decline significantly
over time was the abyssal halosaur (Halosauropsis macrochir), which lives between 1750
m and 3500 m below sea level (Bailey et al. 2009). Thus, even those able to escape
the range of fishing gears by moving to deeper waters are impacted by the presence
of fisheries at shallower depths. In other areas, for example the Northwest Atlantic,
these declines in deep-water fish abundances equate to the criteria set out by the
International Union for the Conservation of Nature IUCN) Red List as being
Critically Endangered (Devine, Baker & Haedrich 2006). However, as yet, recorded
extinctions are absent in deep-sea ecosystems, and diversity has remained constant in
the Rockall Trough since the start of commercial fishing (Bailey et al. 2009;
Campbell et al. 2010).

Not all species have shown decreases in abundance, and it is important to
consider the timescale involved. Neat & Burns (2010) revealed that grenadiers (family
Macrouridae) in the Rockall Trough have persisted at a stable abundance since
1998, probably due to the implementation of Total Allowable Catches (TACs) in
2003. Although it is encouraging that some deep-sea species may be able to be fished
at sustainable levels, the population is showing no sign of recovery from the high
levels of exploitation before the TACs were implemented (Neat & Burns 2010). Body
size of grenadiers has also remained constant on average, but large individuals on the
upper continental slope have increased in abundance, possibly due to decreased

fishing pressure (Neat & Burns 2010).
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The effect of fishing can also be seen in areas other than the Rockall Trough.
The orange roughy (Hoplostethus atlanticus) fishery in New Zealand increased
dramatically from 1979 to 1989 but catches have declined since 1990 due to the
depletion of stocks and implementation of TACs (Clark 2001). Now many historical
fishing grounds are closed in the region (Larcombe & Begg 2007; Hallett & Daley
2011). The slender armourhead (Pseudopentaceros wheeler) is relatively short-lived for a
deep-sea fish, and appears to be recovering from heavy overfishing up until the
1980s in the North Pacific, though the stock is still only a fraction of its original size
(Norse et al. 2012). The black scabbardfish (Aphanopus carbo) has been fished
sustainably around Madeira, North Atlantic, using longlines for more than 200 years
(Noronha 1925), however, in other areas where trawling is permitted, stocks are
declining (ICES 2008).

In some areas, the effect of recent commercial deep-sea fishing has been
documented, but there are still gaps in our knowledge. We need to extend our study
to encompass community-wide effects, rather than just changes in abundance and
biomass. The use of size-based indicators in the deep sea would allow direct
comparison with shelf seas. Reference directions (Jennings & Dulvy 2005; Shin et al.
2005) for these indicators are well documented in shallower waters, which would aid
in interpreting how communities are responding to either relaxed or increased
fishing pressure. Indicators based on size will also relate to the function of a
community, allowing for predictions to be made on the impact that fishing will have

on important aspects of an ecosystem.
1.4. Generality of macroecological patterns

Macroecology describes a suite of emergent patterns that seem to be very
general properties of both marine and terrestrial ecosystems (Webb 2012). One
pervasive macroecological pattern is the abundance—occupancy relationship (AOR):
the generally positive relationship between average local abundance and
proportional regional occupancy (Gaston et al. 2000), which has been demonstrated
for a wide range of taxa and in many different ecosystems (Blackburn, Cassey &
Gaston 2006). AORs can be fitted across species, with each species contributing a

single mean abundance and proportional occupancy (the interspecific AOR), or
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within species, for instance by considering a time series of abundance and occupancy
estimates for a single species (the intraspecific AOR). These two relationships are
intimately linked (Webb, Noble & Freckleton 2007), although different mechanisms
may drive them (Gaston et al. 2000; Borregaard & Rahbek 2010).

AORs are ecologically important because they link local- and regional-scale
population processes, and have implications for monitoring and conservation of
species (Webb, Noble & Freckleton 2007). For instance, it is easier to obtain
information on the presence or absence of species than it is on their abundance, but
positive AORs suggest that local abundances could be predicted from proportional
occupancy (Gaston et al. 2000). A positive AOR also means that species can face a
“double jeopardy” (Lawton 1993, 1996; Gaston 1999) whereby a population with a
small geographic range and low local abundance can be easily wiped out, with no
potential regional colonisers to reclaim the area lost. This is also true for the
intraspecific relationship: in years where abundances are low, species are
proportionally more vulnerable to local extinction because they are also likely to be
occupying a small geographic space.

Despite the importance of AORs, to my knowledge only one study has so far
applied abundance—occupancy theory to the deep sea. Using simulation modelling,
Trenkel et al. (2013) found that fishing could potentially alter the form of the
intraspecific AOR. However, only four species were described in the model, and the
interspecific AOR was not included (Trenkel et al. 2013). If positive AORs can be
shown empirically to be a general phenomenon in the deep sea, which is thought to
differ in many ways to other marine ecosystems (Ramirez-Llodra et al. 2010), then
this macroecological pattern would be shown to be even more widespread and
consistent. In addition, the predictions made by Trenkel et al. (2013) on the effect of
fishing could be tested using data from areas subjected to changing fishing pressure,
which has previously been shown to alter the AOR in shallow marine environments
(Fisher & Frank 2004). However, the response is not consistent across taxa, and the
slope and strength of the AOR have been found both to increase and decrease in
response to pressures, depending on the type of habitat occupied and the nature of
human disturbance (Fisher & Frank 2004; Webb, Noble & Freckleton 2007).
Furthermore, AORSs can exhibit different characteristics depending on species traits.
For example, intraspecific AORs and/or variation around interspecific AORs can

depend on whether species are rare or common (Webb, Noble & Freckleton 2007),
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their aggregation behaviour (Frisk, Duplisea & Trenkel 2011), and their body size
(Webb, Tyler & Somerfield 2009). It is therefore interesting to examine whether
AORs can be used alongside size-based indicators to investigate the effect of fishing
in the deep sea, and whether the unique characteristics of deep-sea systems and the
traits of the species that live there can further increase our understanding of

macroecological patterns and relationships.

1.5. Data and study site

My study site 1s the Rockall Trough, Northeast Atlantic, in ICES
(International Council for the Exploration of the Sea) area VI at latitude 55° to 59°N
and longitude approximately 9°W (Chapter 2: Fig. 1). This site is one of the best-
studied deep-sea ecosystems in the world, with research surveys extending back to
the 1970s (Gordon 2003). The dominant commercial fishery in the area is the
French fleet, which has been exploiting the deep sea in the Rockall Trough since the
1970s, though only on a large scale in the past 20 years (Basson et al. 2001; Gordon
2003). TACs have been implemented and reduced year on year since 2003 (STECF
2013). The main target species are roundnose grenadier (Coryphaenoides rupestris) and
blue ling (Molva dipterygia) though others commonly caught are the black scabbardfish
(Aphanopus carbo), Baird’s slickhead (Alepocephalus bairdir), Kaup’s arrowtooth eel
(Synaphobranchus kauprr), birdbeak dogfish (Deania calceus) and Portuguese dogfish
(Centroscymnus coelolepis) (Gordon & Bergstad 1992; Gordon 2003). Although my work
will be focussed on a particular study area, by using a trait-based framework, it is
aimed that this approach will be applicable to other ecosystems.

The core dataset I will use 1s from fisheries-independent research monitoring
surveys conducted by Marine Scotland, of the Scottish Government, since 1998 at
depths of 300 m to 2067 m. The data consist of information on species, abundance,
size and depth, for the demersal fish assemblage. Additional morphological trait data
were collected on board the survey in the year 2013 which are used to examine
functional changes. Where appropriate I also use stable isotope data supplied by the
National Oceanography Centre, Southampton, to infer trophic level. Traits are also

obtained from the online compendium FishBase (Froese and Pauly 2016).



1. Introduction

1.6. Thesis structure

My thesis 1s centred around the following research questions.

Chapter 2: How do spectes composition and body size change with depth?

Depth is the most important driver of community structure in the deep sea,
and the environmental gradient spanned by the continental slope is vast. We
therefore must understand changes with depth before we can investigate the effects
of fishing. I examine species composition in order to understand the natural history
of the system. I then look at body sizes of assemblages as this is thought to be the
most important trait in the marine environment. Specifically, I test:

*  Whether a new metric, fractional size, can be used to illustrate variation

in deep-sea assemblages along a depth gradient

*  What changes in body size occur within and between species along a

depth gradient

*  Which descriptor of assemblage structure (species composition, fractional

size, or size structure) explains the most variation along a depth gradient

Chapter 3: What do morphological trats tell us about functional changes with depth?

I then expand on my findings regarding body size to incorporate other traits
that may be related to function. Morphological traits were available for some species
that span the depth range of the study and account for 84% of the total biomass.
These traits can be related to functions such as swimming speed and prey capture. I
therefore use them to describe functional diversity in the system, and to explain these
patterns by examining each trait separately along a depth gradient. I compare this
trait-based approach to traditional taxonomic diversity, and use size diversity as an
additional trait-based method. I aim to relate these traits to a specific function,
feeding guild, using information from stable isotope data. Specifically, I test:

* How functional diversity changes with depth

*  Whether size diversity and species richness show similar patterns to

functional diversity

*  Which traits can be related to patterns in functional diversity
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* How the distribution of morphological traits links to variation in

dominant feeding guilds

Chapter 4: Do size-based indicators show recovery due to relaxed fishing pressure?

Fishing pressure has been decreasing in the study area, however it is thought
that deep-sea systems are slow to recover from exploitation. It is therefore important
to discover whether size-based indicators show signs of recovery. I use the
information from my first two data chapters to inform my implementation of these
indicators, particularly in accounting for differences in response that may occur at
different depths. Specifically I test:

* How size-based indicators have changed over time, and whether this

pattern differs across depths

*  Whether fractional size can be used as an indicator

* How fishing effort and temperature have changed over the timescale of

the research survey

Chapter 5: What s the relationship between local abundance and regional occupancy in the deep sea?
One of the most general ecological rules is the positive relationship between
abundance and occupancy, so I establish whether this holds in the deep sea, despite
being thought of as fundamentally a very different ecosystem to coastal waters.
Abundance—occupancy relationships can also have important implications for
conservation and monitoring of species, which could be useful in this time of
increasing exploitation in the deep sea. Furthermore, abundance—occupancy
relationships are predicted to change in response to environmental pressures, so in
looking at change over time in the form of this relationship, I am able to establish
whether it 1s an indicator that could be applied to the deep sea, in addition to those
based on body size. Specifically, I test:
* For relationships between abundance and occupancy in the deep sea,
both across and within species
*  Whether we can calculate the abundance—occupancy relationship based
on depth distributions

* How the interspecific relationship has changed over time
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*  Whether we can attribute the form of the intraspecific relationship to

species characteristics

In the final chapter, General Discussion, 1 synthesise these data chapters into a
set of conclusions that can be applied to future work. I highlight the most important
recurring themes in deep-sea fish assemblage variation and suggest why they are
valuable insights in terms of the management and resilience of this ecosystem. I
conclude by suggesting the next logical steps to be taken in the advancement of deep-

sea ecology that can build on the work presented in this thesis.
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2. A trait-based metric sheds
new light on the nature of the
body size—depth
relationship in the deep sea

Published as:

Mindel, B.L., Webb, T J., Neat, F.C. & Blanchard, J.L. (2016) A trait-based metric
sheds new light on the nature of the body size—depth relationship in the deep
sea. Journal of Animal Ecology, 85, 427-436.

2.1. Abstract

Variation within species is an often-overlooked aspect of community ecology,
despite the fact that the ontogenetic structure of populations influences processes
right up to the ecosystem level. Accounting for traits at the individual level is an
important advance in the implementation of trait-based approaches in
understanding community structure and function. I incorporate individual- and
species-level traits into one succinct assemblage structure metric, fractional size,
which is calculated as the length of an individual divided by its potential maximum
length. I test the implementation of fractional size in demersal fish assemblages along
a depth gradient in the deep sea. I use data from an extensive trawl survey at depths
of 300-2030 m on the continental slope of the Rockall Trough, Northeast Atlantic,
to compare changes in fractional size structure along an environmental gradient to
those seen using traditional taxonomic and trait-based approaches. The relationship
between fractional size and depth was particularly strong, with the overall pattern
being an increase with depth, implying that individuals move deeper as they grow.
Body size increased with depth at the intra-specific and assemblage levels. Fractional
size, size structure and species composition all varied among assemblages, and this
variation could be explained by the depth that the assemblage occupied. The

inclusion of individual-level traits and population fractional size structure adds to our
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2. Body size-Depth Relationship

understanding at the assemblage level. Fractional size, or where an individual is in its
growth trajectory, appears to be an especially important driver of assemblage change
with depth. This has implications for understanding fisheries impacts in the deep sea

and how these impacts may propagate across depths.

2.2. Introduction

Identifying broad patterns in how community structure changes along an
environmental gradient is central to ecology. Community composition tends to be
quantified using the traditional taxonomic approach of listing species abundances.
Community function, on the other hand, can best be explored in terms of the traits
of the species or individuals therein, where the traits can be any measurable
physiological or morphological feature that contributes to the function of the
organism. Trait-based approaches, where organisms are described by their traits
rather than species identity, are becoming more common in community ecology
(McGill et al. 2006; Litchman et al. 2010; Webb et al. 2010; Mouillot et al. 2013).
One advantage of trait-based approaches is that they may allow greater
generalisations across systems, because traits are common to multiple ecosystems,
even if these ecosystems do not share the same species (Keddy 1992; Weiher &
Keddy 1995). Additionally, trait-based approaches can be applied in systems where
detailed, species-specific information on changes in abundances do not exist, but the
traits of the species are known due to studies on similar systems. However, even if
trait-based approaches are giving more information than taxonomic descriptions,
there 1s still a shortfall if traits can only be described at the species level, ignoring the
substantial changes in function that can occur throughout ontogeny. It has been
shown that variation within species alters community function and ecosystem
processes, and that functional differences among species depend on the demographic
structure of the populations of those species (Rudolf & Rasmussen 2013a, b),
implying that individual traits must also be taken into consideration to accurately
describe community function.

A trait that changes dramatically at the individual level is body size, and in
the marine environment, where food webs are strongly size structured, it is the trait

most responsible for determining interactions between individuals (Dickie, Kerr &
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Boudreau 1987). In fish, size is often a better predictor than species identity of the
trophic level of an individual (Cohen et al. 1993; Scharf, Juanes & Rountree 2000;
Jennings et al. 2001), because as fish grow they can feed on increasingly large prey,
gradually heightening their position in the food web. Closely related to individual
size, another commonly used size-based trait in the marine environment is Limax. This
1s the potential maximum length of a species, and 1s an important life history trait. It
can be used as a proxy for asymptotic size, size at maturity, fecundity, growth rate
and longevity (Winemiller & Rose 1992; Froese & Binohlan 2000).

It is already known that in fish, body size changes with depth (Polloni et al.
1979; Macpherson & Duarte 1991; Collins et al. 2005). There 1s, however, little in
the way of a consistent pattern; Polloni et al. (1979) reported a pattern of increased
size with depth, Snelgrove & Haedrich (1985) found no relationship in all but two
deep-sea fish and Stefanescu, Rucabado & Lloris (1992) reported the complete
opposite. The relationship holds better within certain functional guilds, for example
scavenging species (Collins et al. 2005), but even within scavengers it is not
ubiquitous (Yeh & Drazen 2009). This suggests that there are many other factors at
play including ontogenetic changes in behaviour and habitat preference that are
more closely related to depth than body size per se (Stein et al. 1992).

These body size traits at the individual and species level (Lmax) can be
combined to better account for the structure of the community as a whole. I suggest
that a new metric, fractional size, can be calculated by dividing the length of an
individual by the Lmax of that species. It resolves the demographic structure of
populations and assemblages and signifies how far along an individual is in its growth
trajectory. Fractional size captures intra- as well as interspecific variation in size; an
aspect that is often ignored in ecology (Rudolf & Rasmussen 2013a, b).

Here I use this alternative measure of size to determine whether differences in
fractional size structure exist along the depth gradient of the continental slope and
compare these differences to those revealed by the traditional taxonomic and trait-
based measures of fish community structure. Depth is the major environmental
gradient driving changes in marine communities from the coast to the deep sea, and
the taxonomic changes seen across this depth gradient have been well documented
(e.g. Gordon & Bergstad 1992; Magnussen 2002; Carney 2005; Tolimier1 & Levin
2006; Yeh & Drazen 2009). As depth increases, pressure increases, while

temperature, salinity, oxygen concentration and food availability decrease before
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stabilising (Lalli & Parsons 1993; Kaiser et al. 2011). The changes in abiotic
parameters resulting from a small change in vertical position can be equivalent to
those observed over extensive latitudinal or longitudinal ranges (Angel 1993; Lalli &
Parsons 1993; Kaiser et al. 2011).

Here I use data from a deep-water bottom trawl survey to analyse how
changes in fractional size of individuals influence fish assemblage structure along a
depth gradient. I compare these results with two traditional measures of assemblage
structure: mean length of individuals in the assemblage, and species composition.
This analysis allows the interpretation of intra- and interspecific variation in size, the
comparison of taxonomic and trait-based approaches in understanding assemblage
structure, and the understanding of a novel way of measuring the fractional size

structure of fish assemblages.

2.3. Materials and methods

2.3.1. Data

The survey data used have been collected by Marine Scotland’s MRV Scotia on
a deep-water bottom trawl survey of demersal fish in September of the years 1998,
2000, 2002, 2004-2009, 2011 and 2012. The survey area is the Rockall Trough,
Northeast Atlantic, within ICES (International Council for the Exploration of the
Sea) area Vla, stretching along the continental slope at latitudes of 55° to 59°N and a
longitude of approximately 9°W (Fig. 1). A BT184 bottom trawl was used with
rockhopper ground gear and the mesh size at the cod end was 2 cm. Further trawl
gear specifications are described in Neat & Burns (2010). Demersal fish only (those
that live on or around the seabed, including those classified as benthopelagic) were
included in the analysis due to the unreliability of catching benthic invertebrates and
mesopelagic species that generally live higher in the water column.

In order to focus on depth-related trends in assemblage structure, time-
averaged metrics were used to control for temporal variation. Three hundred and
twenty one hauls were taken over the course of the survey, at depths ranging from
300 m to 2030 m, and these hauls were concatenated into stations that were re-

sampled through time. Hauls were grouped into the same station if they were in the
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Fig. 1. Location of hauls of the Marine Scotland deep-water bottom trawl survey along
the continental slope of the Rockall Trough from 1998-2012. The map was produced
using the R package (R Core Team 2014) marmap (Pante & Simon-Bouhet 2013).

same ICES statistical rectangle (of area 1° longitude by 30’ latitude) and within 100
m of each other in depth. The depth of the station was taken as the mean of the
depths of the hauls in that station. Hauls that were not repeated across years were
still included as they were assumed to occur randomly with respect to time and
depth. The reduced dataset consisted of 72 stations (Table S1), including 15 stations
with only one representative haul, and 57 stations where hauls were repeated over at

least two years allowing them to be time-averaged.
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Catch was identified to the finest taxonomic resolution possible, which was
species level for 99.9% (of a total of 683319) of individuals caught. This resulted in
the classification of 187 taxa (Table S2), of which 175 (93.6%) were species, six
(3.2%) were genera, five (2.7%) were families and one (0.5%) was order. The full
classification of these taxa was determined using the World Register of Marine
Species (WoRMS Editorial Board 2013). Each individual’s length was measured; for
some species it was appropriate to measure standard length, pre-anal fin length, or
pre-supra caudal fin length rather than total length, due to tails commonly breaking
off in the net. In these instances, total length was determined using conversion factors
calculated from a subset of the data (Table S2). This is standard practice in fisheries
surveys (ICES 2012) because the ratio of the alternative measured lengths to total
length can be assumed to be constant throughout growth. It was necessary to predict
total length from other length measures for 38 (20%) taxa.

The measure of relative abundance derived from the survey was the biomass of
individuals caught per hour spent trawling. Biomass could not always be recorded on
the survey due to time constraints, so weight was predicted from the length of the
individual. The relationship between length and weight was established for each
species using a subset of the data for which length and weight were available. A
linear model was performed on the logio-transformed variables for each species, and
the coefficients from this model were used to predict missing weights.

Fractional size of an individual was calculated as its total length divided by the
potential maximum length of that species (Limax). The value of Lmax was set as the
largest known length of any recorded individual. For most species, this value was
downloaded from FishBase (Froese & Pauly 2014) using the R package (R Core
Team 2014) rfishbase (Boettiger, Lang & Wainwright 2012). Individuals that were not
able to be identified to species level on the survey were assigned the largest Lmax of
the species in that taxon caught on the survey. Only 0.29% (out of a total of 683319)
individuals caught throughout the course of the survey had to be assigned their Limax
from a related species so the method is unlikely to be biasing the results. For 60
(32%) taxa, observed lengths on the survey exceeded the values listed on FishBase.
This is expected, as a comprehensive survey of a poorly known assemblage such as
deep-sea fish is likely to expand the known range of sizes of some species beyond that
previously recorded in a global compendium of data such as FishBase. In these cases,

I used the size of the largest recorded specimen from the survey as Lmax, such that
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Lmax consistently equates to the size of the largest known individual (Appendix 1). To
determine whether there were any depth-related biases produced by using this
method, I analysed the difference between FishBase Lmax and observed maximum
size with respect to depth. The relationship was statistically significant, but had low
explanatory power (LM: F = 22.1, d.f. = 1, 185, R?= 0.1, p < 0.001), with the
pattern being determined by a small number of species living at around 1500 m in
depth. In support of this, a further analysis performed only on those species with Limax
values taken directly from FishBase produced statistically identical relationships to
those obtained when all species were included (Appendix 1). I therefore propose that
combining FishBase Lmax values and maximum observed size provides the most
comprehensive method for indicating the true genetic growth potential of a species,
while allowing the metric of fractional size to be widely applicable to all areas of the

ocean, including shelf waters, on a global scale.

2.3.2. Analysis

The data were manipulated in three ways to describe assemblage structure
using fractional size structure, size structure, and species composition. For fractional
size structure, the mean total length was calculated across individuals in each station
for each species, then this was divided by the Lmax of each species (Appendix 1),
giving mean fractional size for each species in each station. For size structure, the
mean individual length for each species in each station was used. For species
composition, the survey-derived relative abundance of each species in each station
was standardised using the Hellinger transformation (Legendre & Gallagher 2001),
whereby the species abundances were divided by the total abundance in that station,
then square-root transformed. Changes in each of these three metrics along a depth
gradient were analysed using Redundancy Analysis (RDA; Legendre & Legendre
2012) in the vegan package (Oksanen et al. 2013) in R (R Core Team 2014), whereby
depth was the predictor and the values of assemblage structure at the station level,
calculated as described above, was the response. RDA is a multivariate statistical
technique that allows the analysis of multiple species and their assemblage metric
values simultaneously. By taking depth as a predictor variable, RDA quantifies its
effect on assemblage structure, revealing how much variation in the dataset can be

apportioned to changes in depth. For fractional size and size structure, if a species
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was absent from a station it was said to have a fractional size or length of zero in
order to signify that it was not caught and to be analogous to the measure of species
composition. The fit of the RDA model was assessed using adjusted R-squared and
statistical significance was established using a permutation test.

Overall assemblage structure was examined by averaging the fractional sizes
and individual lengths across species for each station, and fourth root transforming
the time-averaged total biomass in each station. The averages were calculated as
weighted means, where the weighting of each species was the fourth root-
transformed biomass of that species. In each of these instances, the fourth root
transformation was chosen in order to downweight common species, as is often
desired in abundance and biomass data (Clarke & Warwick 2001; Wilding & Nickell
2013; Rutterford et al. 2015). These assemblage level metrics could then be analysed
with respect to the depth of the station using Generalised Additive Models (GAM),
which were implemented with the R package (R Core Team 2014) mgew (Wood
2011). A smoother function of depth was the predictor variable, and the upper limit
of the degrees of freedom associated with the smooth (value of £ in the model) was set
as five in order to balance smoothness and complexity. The values for the test
statistic, its significance, R-squared, and effective degrees of freedom were extracted
from the model summary.

To compare intra- and interspecific changes in body size with depth in more
detail, general linear models of the relationship between the mean length of
individuals within a station and the depth of that station were fitted for each species.
The coefficients of the relationship were extracted and used to calculate a mean slope
weighted by 1/(standard error) such that slopes that were estimated with more
accuracy were given a higher weighting. The standard error around this weighted
mean was calculated using the method proposed by Cochran (1977) and described
by Gatz & Smith (1995). Interspecific changes in size were analysed by fitting a
general linear model to the relationship between the length of the largest individual
of a species caught throughout the course of the survey, and the maximum depth at
which that species occurred.

To visualise changes in the three measures of assemblage structure, hauls
were grouped into 100 m depth bands and the metrics were averaged across the
hauls in each depth band. As 187 taxa were present in the dataset, for ease of

visualisation, only the most common species were plotted. Common species were
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defined as those that exhibited a relative abundance over 10 kg. These 38 species
accounted for 95% of the total biomass caught so were determined to be a good
representation of the study system. Relative abundance was plotted after a fourth
root transformation. For the fractional size and size structure metrics, the ‘Other’
category was calculated by averaging the values for each species not plotted
individually. For the species composition metric, the remaining species were grouped
in the ‘Other’ category by summing their abundances in each depth band and taking

the fourth root of this value.

2.4. Results

2.4.1. Fractional size structure

There was a statistically significant effect of depth on the fractional size of
individuals within hauls, as measured by the mean lengths of species divided by their
Limax (RDA: Pseudo-F = 255, d.f. = 1, 70, R?= 0.26, p < 0.001). There was a
marked relationship between mean fractional size and depth (GAM: F = 50.4, e.d.f.
= 3.9, R2= 0.74, p < 0.001), which was characterised by an overall increase in
fractional size with depth, but with a roughly constant fractional size between 500-
1000 m, and the suggestion of a decline beyond the range of depths considered here
(Fig. 2b).

2.4.2. Size structure

There was a statistically significant effect of depth on size composition of
hauls, as measured by mean lengths of individuals within each species (RDA:
Pseudo-F = 24.0, d.f. = 1, 70, R?= 0.24, p < 0.001). There was also a relationship
between mean body size and depth (GAM: F = 19.1, e.d.f. = 3.7, R2=0.51, p <
0.001), which was characterised by an overall increase in body size with depth, but
with a potential decline starting at the deepest end of the study site (Fig. 3b).

The depiction of changing size structure with depth in Fig. 3a allowed the
examination of both intra- and interspecific variation in size. Some species were very

large at all depths (e.g. the black scabbardfish, Aphanopus carbo, and the small-eyed
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rabbitfish, Hydrolagus affinis; Fig. 3a) while some were very small at all depths (e.g. the

blackbelly rosefish, Helicolenus dactylopterus, and the hollowsnout grenadier,
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Coelorinchus caelorhancus; Fig. 3a). For those species whose sizes change with depth,
there was mostly an increase in length with depth (e.g. Kaup’s arrowtooth eel,
Synaphobranchus kaupi; Fig. 3a); species that are larger in shallower waters were rare
(e.g. the rabbitfish, Chimaera monstrosa; Fig. 3a). This conclusion that intraspecific
changes in size tend to lead to bigger individuals in deeper waters was supported by
the analysis of the slopes of the relationships between length and depth for each
species. Of the 38 common species visualised in Fig. 3a, 20 (53%) exhibited
statistically significant positive relationships between length and depth (illustrated by
a ‘“+’ in Fig. 3a), four (11%) exhibited statistically significant negative relationships
(illustrated by a ‘- in Fig. 3a), and the weighted mean slope for all common species
was 0.008 cm/m (SE: 6.9%¥10%). The interspecific relationship between maximum
observed length and maximum depth of occurrence was statistically significant, but
had very low explanatory power, when fitted to all 187 taxa (LM: I = 5.5, d.f. = 1,
185, R?2 = 0.02, p = 0.02) and this relationship disappeared entirely when only the
common species were included in the analysis (LM: F = 0.2, d.f. = 1, 36, R? = -0.02,
p = 0.65).

2.4.3. Species composition

There was an effect of depth on the species composition of hauls (RDA:
Pseudo-F = 30.6, d.f. = 1, 70, R2 = 0.29, p < 0.001). The relative abundance of the
assemblage as a whole showed a peak in biomass at around 1500 m and was
relatively constant throughout other depths (Fig. 4b; GAM: F = 5.9, e.d.f. = 3.5, R?
=0.25,p < 0.001).

A visual inspection of assemblage structure reveals a change in taxonomy at
approximately 1100 m where shallow-living species disappear, such as H.
dactylopterus, C. caelorhincus, and the greater argentine, Argentina silus (Fig. 4a). Up to
this depth, abundances tended to decrease as depth increased. Deeper than 1100 m,
species with particularly large depth ranges started to dominate, such as S. kaup, A.
carbo, the roundnose grenadier, Coryphaenoides rupestris, and Baird’s slickhead,
Alepocephalus bairdu (Fig. 4a). These deeper-living species with larger depth ranges

showed a variety of patterns in abundance (Fig. 4a).
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Fig. 4. Species composition of assemblages along a depth gradient. ) For each depth band, relative abundance was
calculated for each species as the fourth root of mean biomass caught per hour. Species with relative abundance

greater than 10 kg are plotted individually, and the remaining species’ abundances are averaged and plotted as
‘Other’. 4) Biomass abundance of the assemblage as a whole across a depth gradient, calculated as the fourth root of

the total biomass of individuals caught per hour in each station.
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2.5. Discussion

Accounting for the fractional size and size structure of assemblages provides
insight on change along an environmental gradient. The derivation of the fractional
size metric shows that individuals that live deeper are further along in the growth
trajectory of that species than individuals that live in shallower waters. However, this
pattern may start to reverse at approximately 1700 m, but more data are needed for
depths beyond the study site considered here in order to determine the robustness of
this decrease. The changes in fractional size correspond to an increase in body length
of fish as depth increases, at both the individual and assemblage levels. However,
importantly, fractional size explained more variation in assemblage structure than
body size alone, because the two metrics capture different qualities of the individual.
By only capturing the absolute size of an individual at any one time, body size is not
necessarily comparable among species that vary in maximum size. Important life
history characteristics, such as size at maturity, are related to the maximum size of a
species (Froese & Binohlan 2000), implying that it may be more informative to
examine how close an individual is to this size, rather than the observed length of an
individual which can make an individual appear ‘large’ or ‘small’ depending on what
species it is and to what it is being compared. Fractional size combats this problem
and can be applied globally, to all types of ocean environment.

The changes in fractional size seen with depth can be explained in three
ways. The first 1s that the long lifespans documented in the deep sea (Koslow et al.
2000; Morato et al. 2006; Drazen & Haedrich 2012) do not manifest themselves in
terms of larger potential maximum sizes, but rather an increased likelihood of the
fish reaching their maximum size, which would be observed as an increase in the
number of individuals with a high fractional size. Such an ability to reach maximum
size may be due to the relatively constant environmental conditions and lack of
disturbance in the deep (Lalli & Parsons 1993; Kaiser et al. 2011). The second
explanation 1s that deep-living species start life in shallower waters due to food supply
and temperature, then descend as they grow. Indeed it has been found that some
deep-living fish spawn near the seabed, the eggs float to much shallower waters, then
the juveniles move deeper as they age, either through the water column (Lin et al.

2012; Trueman, Rickaby & Shephard 2013), or down the continental slope after
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they have settled in the demersal environment (Magntsson 2001; Lin et al. 2012).
Thirdly, there is a depth-related trend in fishing pressure, whereby effort is reduced
in waters deeper than 1200 m (Neat & Burns 2010). Fishing effects may prevent
individuals from growing large in shallow waters due to harvesting them once they
become a certain size (Bianchi et al. 2000; Hsieh et al. 2010), resulting in reduced
fractional sizes in those assemblages. However, the effect of fishing in the deep sea
has been found to extend beyond the depth range of the fishing vessels themselves
(Bailey et al. 2009), meaning that it is not necessarily possible to draw conclusions
about the effect of fishing along a depth gradient using solely the depths fished as the
predictor. This is particularly true for mobile species that may move in and out of
fished areas over the course of their lives. The potential decline in fractional size at
particularly deep depths could suggest that there is a depth limit to the benefits of a
stable environment. For example, food availability may be too low to support large
individuals, which has been found to be the case for certain functional groups
(Collins et al. 2005).

Accounting for the population fractional size structure by including observed
length of individuals as well as their potential length at the species level allows a more
accurate description of the function of the assemblage as a whole. One example of
this 1s that higher fractional sizes are likely to mean that a larger proportion of the
assemblage is comprised of mature individuals (Froese & Binohlan 2000). Maturation
size 1s thought to decline due to the genetic and phenotypic effects of fishing as well
as potentially in response to environmental change (Marshall & Browman 2007), and
the fractional size metric provides insight into the population and community size
structure. Protecting the mature, larger, more fecund individuals is paramount in
fisheries management (Law, Plank & Kolding 2012). Fractional size may also be
related to average growth rate of individuals within the assemblage as smaller,
younger individuals grow faster than older ones that are additionally allocating
energy to reproduction (Jobling 1983). Faster relative growth rates, from reduced size
and age structure, typify populations impacted by fishing and are linked with lower
resilience to environmental perturbations that can result in higher variability in
abundance through time (Hsieh et al. 2006; Anderson et al. 2008). The observed
smaller fractional size in the shallows may therefore indicate a more heavily
impacted assemblage due to fishing that could be less resilient to environmental

variation, as the proportion of reproducing individuals is lower than in the deep,
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where fractional size is high. Alternatively, if the shallow assemblages are being
replenished by recruitment from the mature individuals in the deep, as may be the
case for several species in this system (Magnusson 2001; Lin et al. 2012; Trueman,
Rickaby & Shephard 2013), then that would allow for increased resilience.

The interpretation of fractional size, however, is limited by the efficacy of
using a maximum trait value to describe that trait. Maximum values will vary
depending on sample size (Head, Hardin & Adolph 2012; Moorad et al. 2012), or
may only illustrate the characteristics of a few anomalous individuals, rather than the
species as a whole. However, Lmax 1s correlated with important life history traits
(Winemiller & Rose 1992; Froese & Binohlan 2000) and has been widely used in
size-based fish ecology (e.g. Nicholson & Jennings 2004; Daan et al. 2005; Piet &
Jennings 2005; Houle et al. 2012; Le Quesne & Jennings 2012) so still has a place in
the computation of fractional size. An alternative trait metric to incorporate into fish
ecology, and into large databases such as FishBase where possible, is the value of a
trait at which only 10% of individuals exceed it. This approach has been applied as
an alternative to maxima for studies using longevity (Moorad et al. 2012) and
physiological performance (Head, Hardin & Adolph 2012) and as trait databases
such as FishBase continue to develop, it may become possible to apply such a
method in a comparative macroecological context.

The mean length of individuals also increased as depth increased when
looking at the assemblage as a whole. This increase results in functional differences in
assemblages along the environmental gradient, as larger individuals often occupy
higher trophic levels than smaller individuals, regardless of species identity (Jennings
et al. 2001), and body size influences diet breadth and type of prey consumed (Cohen
et al. 1993; Scharf, Juanes & Rountree 2000). The increase in body length with
depth held when species were analysed separately, with over half of common species
increasing in size with depth. Conversely, interspecific analysis showed that there was
no relationship between maximum observed length and maximum depth of
occurrence for this same set of common species which exhibited increases at the
individual level, implying that changes in body size of individuals can be masked
when patterns are only analysed at the species level. By only using one value for each
species, the changes in the course of an individual’s life are disregarded, and as 1is
shown by my analysis of fractional size structure, this is a particularly important

factor in the description of assemblages along a depth gradient. Analysing fractional
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size instead of size structure captures the differing intra- and interspecific changes in
size using just one metric.

Species composition also changes along a depth gradient, as has been widely
documented (e.g. Gordon & Bergstad 1992; Magnussen 2002; Carney 2005;
Tolimieri and Levin 2006; Yeh & Drazen 2009). The most visually striking change in
species composition appears to occur at around 1100 m (Fig. 4a), where species with
very large depth ranges start to dominate, broadly agreeing with previous work on
depth zonation in the area (Gordon & Bergstad 1992). Several environmental
variables change at around 1000 m in depth: light is available for vision up to 1000
m (Kaiser et al. 2011), and there 1s rapidly decreasing salinity above 1000 m, but
constant salinity below 1000 m (Lalli & Parsons 1993). The dominance of species
with large depth ranges below 1100 m, such as the roundnose grenadier C. rupestris,
and Baird’s slickhead A. bairdii, may be due to these stabilising environmental
conditions at depth (Lalli & Parsons 1993; Kaiser et al. 2011). The species
composition metric explained more variation between stations than fractional size or
size structure. However, the difference was slight, and it 1s difficult to map taxonomic
changes onto functional roles; the species composition and size structure metrics also
fail to resolve demographic changes and the role of an individual (Rudolf &
Rasmussen 2013a, b) with respect to both its observed traits and species-level life
history characteristics. Thus, fractional size structure, by incorporating species,
individual lengths and Lmax, represents more information than species composition
or size structure about the assemblage as a whole and illustrates changes along a
depth gradient with particularly high explanatory power.

The relative biomass abundance of the assemblage as a whole was highest at
1500 m, and relatively constant throughout the rest of the depth range. This peak in
biomass can be explained by an assemblage of bentho-pelagic-feeders that dominates
at this depth (Trueman et al. 2014). The lack of variation in total biomass at other
depths implies that the increase in body size with depth is accompanied by a
decrease in numerical abundance (Sheldon, Prakash & Sutcliffe 1972) so that total
biomass remains relatively constant. This is to be expected if individuals move
deeper as they grow because some individuals die while others become large. It is
generally accepted that biomass decreases with depth on a global scale (Carney 2005)
so it 1s possible that this relationship was not captured in this study due to being

limited to 2000 m in depth, and only sampling the demersal fish community.
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It must be noted that in order to explore depth-related trends in assemblage
structure, metrics were averaged over time. This is not to dismiss the potential
temporal effects on community structure, but rather to summarise the variation that
occurs along the environmental gradient before attempting to untangle temporal
variation. I assume that over the course of this medium-term survey, any changes
that may have occurred in assemblage metrics will not be large enough to impact the
relationships with depth presented here, which are determined by an extreme
environmental gradient that cannot, within this timescale, be outweighed by
potential temporal variation in local environmental conditions. It is shown here that
assemblages vary dramatically along the continental slope, and these results will need
to be taken into consideration and controlled for when investigating other changes in
deep-sea communities.

The three measures of community structure discussed here shed light on
taxonomic and trait-based changes in fish assemblages in the deep sea. Depth
explained the most variation in assemblage structure when the traditional metric,
species composition, was used. However, mean fractional size changed along a depth
gradient with unprecedented significance, supporting the idea that community
ecologists need to move beyond species abundances, towards the inclusion of the
functional role of the individual. The ability to examine the metrics at both the
population and assemblage level is an advantage of the approach presented in this
paper. Panel a) of figures 2, 3 and 4 show both levels of organisation simultaneously,
allowing us to unpack the assemblage metric and deduce the relative influence of
different species on the assemblage as a whole. Understanding the distribution of
different sizes of fish and where along a depth gradient different fractional sizes are
situated will help in understanding the resilience of deep-sea communities and their
sustainable harvesting (Bailey et al. 2009). Relatively larger fish are more likely to be
mature and here appear to be distributed in deeper waters, particularly at around
1500 m. Larger individuals, with higher fecundity, are widely acknowledged as being
important to support the spawning stock biomass (Law, Plank & Kolding 2012;
Hixon, Johnson & Sogard 2014). How fishing impacts propagate throughout depths
in the deep sea needs more study, and this research into the taxonomy and traits of
these assemblages can feed into this understanding. The trait-based approaches
presented here will also be of relevance to other aspects of continental slope

communities, such as pelagic species and marine invertebrates, for which it would be
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interesting to examine fractional size along a depth gradient in order to establish the
generality of these findings. These approaches can also be used in alternative systems
where body size is of importance in structuring assemblages, and in order to
understand community variation across a changing environmental gradient such as

temperature due to climate change.
2.6. Supporting information

Table S1. Concatenation of hauls into stations (survey data 1998-2012).
Table S2. Conversion of lengths measured on the survey to total length.

Appendix 1. The robustness of Lmax allocation.
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3. Functional, size and
taxonomic diversity of fish
along a depth gradient in the
deep sea

3.1. Abstract

Biodiversity is well studied in ecology and the concept has been developed to
include traits of species, rather than solely taxonomy, to better reflect the functional
diversity of a system. The deep sea provides a natural environmental gradient within
which to study changes in different diversity metrics, but traits of deep-sea fish are
not widely known, hampering the application of functional diversity to this globally
important system. I used morphological traits to determine the functional richness
and functional divergence of demersal fish assemblages along the continental slope in
the Northeast Atlantic, at depths of 300-2000 m. I compared these metrics to size
diversity based on individual body size and species richness. Functional richness and
size diversity showed similar patterns, with the highest diversity at intermediate
depths; functional divergence showed the opposite pattern, with the highest values at
the shallowest and deepest parts of the study site. Species richness increased with
depth. The functional implications of these patterns were deduced by examining
depth-related changes in morphological traits and the dominance of feeding guilds as
illustrated by stable isotope analyses. The patterns in diversity and the variation in
certain morphological traits can potentially be explained by changes in the relative
dominance of benthic and pelagic feeding guilds. All measures of diversity examined
here suggest that the deep areas of the continental slope may be equally or more

diverse than assemblages just beyond the continental shelf.
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3.2. Introduction

Understanding biotic responses to environmental change remains a major
challenge in ecology. Increasingly, approaches based on quantifying the functional
traits of species are seen as a useful way to meet this challenge (e.g. Harfoot et al.
2014; Violle et al. 2014; Pawar, Woodward & Dell 2015). Over the last decade, trait-
based approaches have thus become central to ecology in both terrestrial and marine
systems (McGill et al. 2006; Bremner 2008; Litchman et al. 2010; Webb et al. 2010;
Tyler et al. 2012; Mouillot et al. 2013). Using traits, rather than taxonomy, to
describe communities confers several benefits, such as being more widely applicable
to other ecosystems that may share function even with no taxonomic overlap,
reducing the number of variables from hundreds of species down to only a few traits,
and having a clearer connection to the function and properties of the system than do
taxonomic lists (Bremner 2008; Enquist et al. 2015; Schmitz et al. 2015). However,
the extent to which we can predict the response of ecosystems to environmental
change based on the traits of species remains a fundamental question in ecology
(Sutherland et al. 2013), and more studies on how different dimensions of diversity
vary across environmental gradients are needed.

A trait-based approach that has often been applied to marine systems,
including the deep sea, uses size-based metrics (e.g. Blanchard et al. 2005a; Collins et
al. 2005; Piet & Jennings 2005; Mindel et al. 2016). Body size is important in the
oceans because fish grow several orders of magnitude over the course of their lives,
and size, rather than species identity, often determines what prey is consumed
(Cohen et al. 1993; Scharf, Juanes & Rountree 2000; Jennings et al. 2001). Body size
can be used to calculate a distinct measure of diversity, based solely on the range of
individual sizes present in an assemblage, irrespective of species identity (e.g. Ye et al.
2013; Rudolf et al. 2014; Quintana et al. 2015). The diversity of individual sizes
present could give more information about the range of size-based niches a fish
community is occupying than does a mean or a maximum size. Leinster & Cobbold
(2012) proposed a measure of diversity based on Hill numbers (Hill 1973) that allows
traditional measures of diversity based on richness and evenness to be adjusted to
account for the relative similarity of the biological units of assessment. Similarity can

be based on any trait, and although typically the biological units will be species, the
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method can be generalised to any biologically meaningful group, including size
classes.

Traits other than body size also impact assemblage function. For example,
gape size can be used as a proxy for what prey are consumed (Boubee & Ward 1997)
and tail measurements can be used to estimate swimming capabilities (Fisher et al.
2005). In the deep sea, variation in some morphological characteristics has been
attributed to the habitat occupied. For example, species that aggregate at seamounts
are deep-bodied to cope with the strong currents in these areas (Koslow 1996;
Koslow et al. 2000) and deeper-living species have more elongated body plans to
increase swimming efficiency at high hydrostatic pressure (Neat & Campbell 2013).
Locomotory capacity also declines with depth, which is likely a response to decreased
light for vision that relaxes the demand for high activity levels needed to obtain prey
or escape predation (Childress 1995). Age at maturity increases with depth while
fecundity and potential rate of population growth decrease (Drazen & Haedrich
2012), ultimately having important implications for the productivity and resilience of
deep-sea populations. Traits also predict where or on what a species is feeding.
Species that vertically migrate through the water column to feed on pelagic prey
have worldwide impacts for carbon storage in the deep sea (Trueman et al. 2014).
Furthermore, scavengers exhibit different traits to non-scavengers due to the high-
energy reward of carrion compared to the low food availability for predators in the
deep (Haedrich & Rowe 1977; Collins et al. 2005). Large food falls are an important
resource in the deep sea (Hilario et al. 2015) and scavengers that exploit this resource
must possess traits such as the ability to undergo prolonged starvation, recognition of
carrion odours, and sufficient motility to locate and reach the carcass (Tamburri &
Barry 1999).

Thus, traits determine what individuals feed on, where they live, and
ultimately the function of deep-sea ecosystems. How communities function is not
constant throughout the deep sea, as it is now known to be a diverse environment
(Danovaro, Snelgrove & Tyler 2014). The continental slope, which links shallow
waters to the abyssal plain, experiences profound environmental changes due to
depth, such as increased pressure and decreased temperature, light and food
availability (Lalli & Parsons 1993; Kaiser et al. 2011). These changes mean that
assemblage structure varies more on a vertical gradient than it does horizontally (i.e.

spatially; Angel 1993; Lalli & Parsons 1993; Kaiser et al. 2011), but what these
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structural changes mean in terms of distribution of traits and function is not yet
known.

A popular approach that uses traits as building blocks is functional diversity
(Tilman 2001; Petchey & Gaston 2002), which aims to quantify differences and
similarities in function and role between species. Higher species richness may not
necessarily confer a more diverse ecosystem if species overlap in the roles they
perform (Walker 1992); functional diversity aims to address this by quantifying the
distinctness of different species based on biological traits. How traits are partitioned
among groups of co-occurring species 1s debated. The ‘limiting similarity” hypothesis
predicts that species that occupy similar niches will not be able to co-exist due to
interspecific competition (MacArthur & Levins 1967), resulting in high diversity of
traits (Mouillot, Dumay & Tomasini 2007). The ‘environmental filtering’ hypothesis
states that species must adapt in similar ways to local abiotic conditions, resulting in
the co-existence of similar species (Keddy 1992; Violle et al. 2007) and hence low
trait diversity (Mouillot, Dumay & Tomasini 2007). Alternatively, under the neutral
hypothesis (Hubbell 2001, 2005), no species are at a competitive advantage or
disadvantage, so assemblages are formed by stochastic processes. Along the depth
gradient of the continental slope, resource availability declines and environmental
conditions become more extreme (Carney 2005). It could therefore be expected that
functional diversity will be highest in the shallowest areas where ‘limiting similarity’
causes species to occupy different niches (MacArthur & Levins 1967), while in the
deepest areas, the harsh conditions result in ‘environmental filtering’ (Keddy 1992;
Violle et al. 2007) and hence a reduction in functional diversity.

I use the depth gradient of the continental slope to compare the trait-based
approaches of functional diversity calculated using species-level morphological traits,
and size diversity calculated using individual body size data, to a simple measure of
taxonomic diversity, species richness. I relate these changes in diversity to patterns in
dominant morphological traits and the relative dominance of feeding guilds. Feeding
guilds were established using stable isotope analysis, which reveals the position of an
individual in the food chain from the relative concentrations of light and heavy
1sotopes of nitrogen and carbon in body tissue (e.g. Michener & Schell 1994). T use
this combination of taxonomic and trait-based approaches to answer for the first
time in deep-sea fish assemblages the following key questions: 1) How does functional

diversity based on species-level traits vary along a depth gradient? 1) How does this
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compare to depth-dependent changes in species richness and the diversity of
individual body sizes? 1ii) What traits are driving these relationships, and how can

they be related to assemblage function as illustrated by feeding guilds?

3.3. Matenals & methods

3.3.1. Study site

Data were collected on Marine Scotland’s deep-water bottom trawl survey of
demersal fish using MRV Scotia in September 1998, 2000, 2002, 2004-2009 and
2011-2013 (Neat & Burns 2010). The study area is within ICES area VIa at latitude
of 55° to 59°N and a longitude of approximately 9°W (Fig. 5), along the continental
slope of the Rockall Trough in the Northeast Atlantic, at depths of 300-2067 m.
Mesopelagic fish (those that live in the water column) and invertebrates were
excluded from the analysis due to the gears being adapted to sample only demersal
fish (those that live on or around the seabed, including those classified as
benthopelagic).

In order to focus solely on depth-related trends, I controlled for temporal
variation by pooling hauls into stations that were re-sampled through time. I then
used metrics that were averaged over time within each station in all analyses. Hauls
were grouped into the same station if they were in the same ICES statistical rectangle
(of area 1° longitude by 30’ latitude) and within 100 m of each other in depth. The
depth of the station was taken as the mean of the depths of the hauls in that station.
Hauls that were not repeated across years were still included as they were assumed to
occur randomly with respect to time and depth. The dataset consisted of 80 stations,
including 22 stations with only one representative haul, and 58 stations where hauls

were repeated over at least two years allowing for time-averaging (Table S5).

3.3.2. Data collection

During the survey, catch was identified to the finest taxonomic resolution
possible, which was species level for 99.9% individuals caught. The full classification

of taxa was determined using the World Register of Marine Species (WoRMS
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Latitude (°N)

Longitude (°W)

Fig. 5. Location of hauls of the Marine Scotland deep-water bottom trawl survey along
the continental slope of the Rockall Trough from 1998-2013. Shading indicates depth,
with white representing the shallowest, and dark blue representing the deepest areas.

Editorial Board 2013). Photographs taken on board in 2013 were used for
subsequent morphological measurements using the measuring software Image]
(Schneider, Rasband & Eliceiri 2012). Morphological data were collected for 31
species (Table 1) that together account for 84% of all biomass caught over the
duration of the survey. These species were selected for their abundance and in order
to include species that span all depths. Data for additional species could not be
collected due to time constraints in photographing individuals on the survey.
Measurements were replicated by using photographs of multiple individuals; the

number of replicates differed among species (Table 1).
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The morphological measurements taken using photographs were total length,

head length, tail height
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3. Functional Diversity

relation to lateral line and surface area of mouth protrusion if present (Table 2; Fig.
6A, B, C). Mouth height and mouth width were measured on board due to the
difficulty of photographing the mouth. Gape size was then calculated as the area of
an oval with mouth height and mouth width as the diameters (Table 2; Fig. 6D). The
tail measurements were used to calculate the aspect ratio of the fish, which can be
used to deduce activity levels (Table 2; Fig. 6A; Pauly 1989). Head, eye, surface area
of mouth protrusion and gape size were divided by total length in order to calculate
relative trait values (Table 2). Relative traits were used in all analyses because body
size varies substantially within species. By controlling for body size, the relative trait
value can be assumed to be constant throughout an individual’s life because it
represents an inherent body plan. Relative traits represent differences in function
between species regardless of body size (Table 2 and references therein). The
individual correlations between each of the continuous traits can be found in Fig. S2.
Total length was measured on board the survey for all individuals caught, in
addition to the measures taken using the photographs of subsets of individuals. For
Table 2. The morphological traits used in the calculation of functional diversity, how they

were calculated from the measurements depicted in Fig. 6, and their predicted link to
function.

. . . Figure 6
Morphological trait Calculation panel Function/Strategy Reference
Relative head si HL A Approach to prey; use
elative head size TL : ’ Reecht et al. (2013)
of space
Swimming speed;
TH? correlates with life .
Claudal fin aspect ratio <m>/TL A history and Pauly (1989); Fisher
physiological etal. (2005)
characteristics
. . ED Visual sensitivi Sibbi
Relative eye size gl A isual sensitivity ibbing &
TL and/or acuity Nagelkerke (2001)
Eye position EP B Vertical position in Clavel et al. (2013)
the water column
Angle of mouth in A C I]’;":t}ilc(;zltpts;ii:;oici . Pict (1998); Sibbing
relation to lateral line N P & Nagelkerke (2001)
water column of prey ©
Relative surface area of ey
SAM/TL C Prey capture mode Sibbing &
mouth protrusion and speed Nagelkerke (2001)
. . MH * MW .
Relative gape size <7T 7)/ TL D Size of prey targeted Boubee & Ward
2 (1997)
S;;Li?tesfwnﬁgiltze A Winemiller & Rose
Linax See Methods NA rowth };;tecu d Y> (1992)7 Froese &
sTo ¢an Binohlan (2000)

longevity
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. &
TH

100% visible >50% visible <50% visible
— EP = SIDE EP = MIDDLE EP = TOP

|
| TL 1

Fig. 6. How morphological measurements were taken using photographs (panels A, B and
C) and on board the survey (panel D). Morphological traits were calculated from these
measurements using the formulae in Table 2. A) TL = total length; HL = head length; ED
= eye diameter; SAT = surface area of tail; TH = tail height. B) EP = eye position. C)
SAM = surface area of mouth protrusion; MA = mouth angle. D) MW = mouth width;
MH = mouth height.

12 (39%) of the 31 species for which morphological measurements were taken (hence
the species on which most analyses presented here focus), it was inappropriate to
measure total length due to tails commonly breaking off in the net, so alternative
measurements were taken and converted to total length using conversion factors
calculated from a subset of the data (T'able S6).

Subsets of the survey data were used to calculate conversion factors for
translating the total length measurements to weight. Predicted weights were then
standardised by controlling for the duration of time spent trawling. This measure of
biomass caught per hour of trawling was used in all further analyses as the measure
of abundance. The species-level measure of body size to be included in the
calculation of functional diversity was the maximum recorded length of a species, or

Limax. Limax was set as the maximum length listed on FishBase (Froese & Pauly 2016)
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or the maximum length recorded on the survey, whichever was the greater (Mindel
et al. 2016). Of the 31 species for which morphological data were available, one
(Apristurus aphyodes) did not have an Limax listed on FishBase. Therefore its Lmax was set
as that of the largest species of that genus caught on the survey (Apristurus manis).
Standard Lengths on FishBase were converted to Total Length using conversion
factors calculated from the survey data where possible (Table S6).

Stable isotope data were available for 21 of the species for which
morphological data were collected. The stable isotope analyses are described in
Trueman et al. (2014; data are available at Dryad Digital Respository doi:
10.5061/dryad.n576n). The isotopic dataset was compared to a meta-dataset of diet
studies based on stomach content analyses (Trueman et al. 2014). Where species
were present in both datasets, stable isotope compositions clearly distinguished
between species categorised as feeding on either benthic (seabed) or pelagic (water
column) prey (Trueman et al. 2014). Stable isotope compositions were subsequently
used to assign feeding guild to species and individuals lacking reliable stomach
content data (Trueman et al. 2014). The distinction between benthic and pelagic
feeders was less pronounced in the assemblage at 500 m, as the diets of the two guilds
are similar at this depth. However, species could still be assigned to a feeding guild
based on their relative isotope signatures throughout the rest of their depth range.
Specialised signatures within these two feeding guilds could be established in some
cases: if the smallest individual sampled for that species was in the upper half of
stable isotope space for that category, the species was defined as high trophic level; if
the largest individual sampled was in the lower half of stable isotope space, the
species was defined as low trophic level; fish that feed on benthic suspension feeding
prey have a noticeably enriched isotope signature for a given body size, depth and

feeding guild, so were categorised separately.

3.3.3. Data analysis

Diversity was calculated in four ways: 1) functional richness, 2) functional
divergence, 3) size diversity and 4) species richness. The two measures of functional
diversity are described by Villéger, Mason & Mouillot (2008) and were calculated
using the R (R Core Team 2015) package FD (Laliberté & Shipley 2011). Functional

richness is an estimate of the degree to which the assemblage fills functional space
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(Fig. 7A; Villéger, Mason & Mouillot 2008) and functional divergence measures how
abundance 1s distributed within the volume of functional trait space occupied by
species (Fig. 7B; Villéger, Mason & Mouillot 2008). The traits included in the
calculation of functional diversity were relative head size, aspect ratio of the caudal
fin, relative eye size, eye position, angle of mouth in relation to lateral line, relative
surface area of mouth protrusion if present, relative gape size, and Lmax (Table 2). A
species-level mean was calculated from the relative trait values for all continuous
traits (Table 1). Functional richness does not include species abundances in its
calculation; functional divergence includes a weighting of traits by species
abundance, which in this case was biomass caught per hour of trawling. Due to only
having trait data for a maximum of 31 species, functional diversity was only
calculated using those species and their biomasses, and the rarer species were not
considered. As these 31 species accounted for 84% of all biomass caught on the
survey and spanned the entirety of the depth range studied, they were considered to

be a good representation of the study system.

A B
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Tl o
o
w0 | 0 °
Al Al \
E 2 i e
= =
[To] To]
o o \
[
o | o |
© T T T T T © T T T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Trait 1 Trait 1

Fig. 7. Toy example using only two traits of the calculation of A) functional richness and
B) functional divergence. Each black point represents a species that exhibits trait values
indicated by their positioning within the axes, and the size of the point represents the
abundance of that species. A) Functional richness is represented by the green shaded area,
corresponding to the volume of trait space occupied by the species. B) Functional
divergence is determined by species abundances, how far those species are from the
centre of gravity as determined by the species traits (illustrated by dotted lines), and how
this distance compares to the mean distance to the centre of gravity (illustrated by the
circle). Figures are adapted from Villéger, Mason & Mouillot (2008).
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Size diversity was calculated using the generalised measure of diversity
proposed by Leinster & Cobbold (2012). In this index, abundance of biologically
meaningful groups and similarities between them are accounted for. Here the groups
were size classes each of 10 ¢cm in width and abundance was calculated as the
proportional biomass per hour that each size class accounts for in each station, when
only the species for which morphological data were known were included. The
Euclidean distance matrix (d) between the mid-points of size classes was converted to
similarities using the formula suggested by Leinster & Cobbold (2012): Sumlarity =
¢/(log(2)*d). The final input for the Leinster-Cobbold measure of diversity is the
sensitivity parameter, ¢, which determines how much emphasis is given to rare
species (or in this case, size classes; Leinster & Cobbold 2012). Here a value of q =
1.1 was used in order to balance the richness (lower q) and evenness (higher q)
components of diversity, and to be comparable to the widely used Shannon index
(Shannon 1948; Leinster & Cobbold 2012).

Species richness was calculated using only hauls that were of 120 + 5 minutes
in duration in order to control for sampling effort. For this subset of hauls, the
number of species present was averaged across hauls in each station. All species were
included in the calculation of species richness, not just those with morphological data
available. This is because calculating species richness using only the morphological
subset would merely be a count of the number of species for which morphological
data were available and not be meaningful in a diversity context.

The four diversity measures were calculated for each station and then
analysed with respect to the depth of that station with Generalised Additive Models
(GAMs) using the R (R Core Team 2015) package mgeco (Wood 2011). A smoother
function of depth was used as the predictor, and the values for the test statistic,
significance, R-squared, and effective degrees of freedom (e.d.f.; the flexibility of the
fitted model; Wood 2006) were extracted from the model summary.

Abundance-weighted station means were calculated for each continuous
morphological trait included in the functional diversity metric and analysed with
respect to the depth of the station using GAMs. The weighted mean was said to be
the mean value across species, where values were weighted by the biomass caught
per hour of trawling for each species. The mean observed size of individuals,
irrespective of species identity, was also calculated for comparison. This value was

not included in the functional diversity metric because a species-level measure of
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body size (Lmax) was needed. The station mean body size was therefore calculated as
the average length across individuals in a station, when only individuals of species for
which morphological data were obtained were included, in order to be comparable
to the measures of functional and size diversity. The standard deviation of each
continuous trait at each station was also calculated and analysed with respect to
depth using GAMs in order to relate variation in traits to patterns seen in functional
diversity. The Pearson’s product-moment correlation coeflicient was calculated for
the relationships between the means and standard deviations of each of the traits,
and each measure of diversity.

The isotopic feeding guild data (Table 1) were interpreted using the
percentage of biomass that each guild accounted for in depth bands of 200 m in
width. The percentage was calculated as a proportion of the biomass accounted for
by the species for which there were morphological data.

All data manipulation and analysis was performed using R version 3.1.2 (R
Core Team 2015) and figures were produced using the packages ggplot2 (Wickham
2009), grnidExtra (Auguie 2016) and marmap (Pante & Simon-Bouhet 2013).

3.4. Results

Functional richness was low in the shallowest and deepest depths, and high at
around 800 m (Fig. 8A; GAM: F = 14.1, e.df. = 3.8, R = 0.40, p < 0.001).
Functional divergence was high at both the shallow and deep ends of the depth
gradient, with lowest values at around 1300 m (Fig. 8B; GAM: F = 10.4, e.d.f. = 2.9,
R? = 0.31, p < 0.001). Size diversity increased to a peak at roughly 900 m, then
declined as depth increased further, but remained higher in the deepest areas than in
the shallowest ones (Fig. 8C; GAM: F = 10.8, e.d.f. = 3.5, R? = 0.33, p < 0.001).
Species richness increased significantly with depth (Fig. 8D; GAM: F = 34.2, e.d.f. =
1.9, R2=0.61, p < 0.001).

Abundance-weighted station means and the standard deviation of continuous
morphological variables changed with depth and all statistics are reported in Table
3. The mean and standard deviation of relative head size exhibited strong
relationships with depth (Table 3), where heads were larger in proportion to body

size, and more varied, in the shallowest and deepest parts of the study site (Fig. 9A;
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Fig. 8. The relationship between depth and A) functional richness, B) functional
divergence, C) size diversity and D) species richness. Curves represent the fitted
Generalised Additive Model.

Fig. 10A). Mean and standard deviation of aspect ratio also varied strongly with
depth (Table 3), showing peaks at 1000-1500 m (Fig. 9B; Fig. 10B). Depth did not
explain as much variation in relative eye size as it did relative head size (Table 3), but
there was still a significant relationship and eye size was largest at the shallowest
depths (Fig. 9C). Variation in eye size was highest at the deepest depths (Fig. 10C).
The mean angle of the mouth in relation to the lateral line varied with depth but the
variance explained was low (Table 3). However, the standard deviation of the mouth
angle showed a highly significant pattern with depth (Table 3), with the highest
variation at intermediate depths (Fig. 10D). The mean and standard deviation of the
relative surface area of the mouth protrusion exhibited strong relationships with
depth (Table 3) where both values were high in the shallows then decreased and
remained constant from 1000-2000 m (Fig. 9E; Fig. 10E). Depth explained an
intermediate amount of variation in mean relative gape size (Table 3), which showed
a pattern similar to that of head size, with the highest values at the shallowest and
deepest parts of the study site (Fig. 9F). The standard deviation of relative gape size

showed a similar pattern with depth (Fig. 10F), but the variance explained was much
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higher than for mean gape size (Table 3). The mean of Lmax increased to
approximately 1000 m then remained high (Table 3; Fig. 9G). Depth explained less
variation in the standard deviation of Lmax than its mean (Table 3) but it did show a
peak at around 800 m (Fig. 10G). Station mean body size, which was calculated at
the individual level rather than by weighting by species abundances, increased up to
1500 m and then declined (Table 3; Fig. 9H).

Pearson’s product-moment correlation coefficients are reported for all
diversity metrics and traits in Table S7. Functional richness was particularly

correlated with the standard deviation of the aspect ratio (R = 0.54) and the standard

Table 3. Statistics extracted from Generalised Additive Models on the relationships
between trait means and trait variances in a station, and the depth of that station. e.d.f. =
effective degrees of freedom; the flexibility of the fitted model (Wood, 2006). Please refer
to Fig. 6 and Table 2 for calculations and definitions of traits.

Trait Calculation F e.d.f. R2 P
Relative head size (cm/cm) Mean 37.6 3.9 0.65 <0.001
SD 33.6 3.3 0.62 <0.001
Caudal fin aspect ratio Mean 34.7 3.8 0.63 <0.001
(cm?/em?/ cm) SD 36.7 3.4 0.64 <0.001
Relative eye size (cm/cm) Mean 10.5 2.3 0.28 <0.001
SD 9.4 2.9 0.29 <0.001
Mouth angle (°) Mean 7.3 3.7 0.28 <0.001
SD 39.0 3.4 0.65 <0.001
Relative surface area of Mean 46.6 3.8 0.70 <0.001
mouth protrusion (cm?/cm) gy, 81.4 3.8 0.80 <0.001
Relative gape size Mean 14.9 3.9 0.42 <0.001
(mm?/cm) SD 40.1 3.0 0.65 <0.001
Linax (cm) Mean 31.8 2.5 0.56 0.004
SD 10.7 3.5 0.34 <0.001
Individual body size (cm) Mean 354 3.6 0.64 <0.001
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Fig. 9. The relationship between depth and the abundance-weighted station means of
continuous morphological traits. Traits that were used in the calculation of functional
diversity are represented by blue points and station mean body size is represented by
green points. The traits were A) relative head size (cm/cm); B) caudal fin aspect ratio
(cm2/cm?/cm); C) relative eye size (cm/cm); D) angle of mouth in relation to lateral line
(°); E) relative surface area of mouth protrusion (cm?/cm); F) relative gape size (mm?/cm);
G) Linax (cm); H) body size (cm). Please see Fig. 6 and Table 2 for definitions and
calculations of traits.
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Table 2 for definitions and calculations of traits.
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deviation of the angle of mouth in relation to lateral line (R = 0.57). Functional
divergence was particularly correlated with the standard deviation of the surface area
of the mouth protrusion (R = 0.54), standard deviation of relative gape size (R =
0.51), and mean of the mouth protrusion (R = 0.53). Size diversity was particularly
correlated with standard deviation of aspect ratio (R = 0.56), standard deviation of
Linax (R = 0.54) and mean of Liax (R = 0.52). Functional richness was associated with
size diversity (R = 0.42) and inversely related to functional divergence (R = -0.38).
Relative contributions of feeding guilds to total biomass changed with depth
(Fig. 11). Benthic feeders were the largest component of biomass up to 700 m then
declined as depth increased. The benthic feeders that were of particularly high or
low trophic levels followed the same pattern, but those of a high trophic level
virtually disappeared at around 1100 m. The specialised fish that feed on benthic
suspension feeders lived mainly at 13001900 m. Generalist pelagic feeders increased
with depth and dominated the biomass from 700 m, then started to decline in

dominance at particularly deep depths. The high trophic level pelagic feeders were

abundant only from 500—-1100 m. The biomass accounted for by species for which
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Fig. 11. Biomass accounted for by each feeding guild in 200 m depth bands, as a
percentage of the biomass accounted for by species for which morphological data were
known. ‘Benthic’ refers to species feeding in the benthic environment. If they could be
assigned specifically to high or low trophic levels (see Methods for details) then they are
listed as ‘Benthic — high’ or ‘Benthic — low’ accordingly. Species that feed on benthic
suspension feeders exhibit a distinct isotope signature so are presented as ‘Benthic —
suspension’. ‘Pelagic’ refers to species feeding in the pelagic environment and ‘Pelagic —
high’ represents those that could be distinguished as high trophic level.
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isotopic signatures were not known increased with depth.

3.5. Discussion

The four measures of diversity examined here exhibit different patterns along
a depth gradient, but all show intermediate or high values in the deepest part of the
study site (Fig. 8). At the shallower end of the continental slope, functional richness,
size diversity and species richness indicate low levels of diversity, but functional
divergence is high. This implies that species are widely and unevenly distributed
around the small amount of trait-space occupied (Fig. 7). The deepest areas exhibit
similar patterns but functional richness and size diversity are higher than in the
shallowest areas. Functional richness and size diversity are both highest at around
800-1000 m in depth where functional divergence is low, implying that species are
evenly distributed around a wide range of trait space. The conflicting patterns of the
two different measures of functional diversity have been found previously in a global
analysis of reef fish communities, and it has been suggested that including the
abundance of species in the calculation of functional diversity (as is the case for
functional divergence, but not functional richness) is particularly important in
understanding patterns (Stuart-Smith et al. 2013). The similarities between
functional richness and size diversity are striking as they are calculated using
completely different information: functional richness uses species-level traits that
have been controlled for body size, and size diversity uses variation in individual
body sizes. That they correlate highly could imply that size-based metrics capture
much of the information that is conveyed by species-level functional traits. Species
richness increases with depth up to 1500 m; data beyond this depth are missing due
to the reduced dataset of hauls that were equal in duration not spanning the entire
depth range.

The low values of functional richness, size diversity and species richness at the
shallowest areas of the study site 1s surprising as it is often thought that diversity 1is
higher in shallower waters where primary production is higher and there is more
variation in environmental conditions (Price, Keeling & O’Callaghan 1999; Ellingsen
2002; Zintzen et al. 2011). Conversely, the deep sea has only been colonised recently

in terms of geological time and there is a global decrease in species richness up to
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8000 m (Priede & Froese 2013). However, alternative patterns of species richness
have been postulated in the deep sea. A unimodal relationship where species richness
1s highest between 1000-3000 m has been found (Priede et al. 2010; Brown & Thatje
2014) and the increase in species richness seen in my study could be consistent with
this pattern if depths beyond the study site were to be sampled.

The high species richness, high functional divergence, and intermediate to
high values of size diversity seen in the deepest part of this study site can be explained
in three ways. Firstly, biodiversity and functional diversity are influenced by the
range and quality of food sources, as well as total productivity (Gambi et al. 2014),
implying that even if quantity of resources is lower in the deep (Carney 2005),
functional divergence could still be high if there 1s a heterogeneous food supply. This
1s consistent with the ‘limiting similarity’ hypothesis (MacArthur and Levins 1967)
whereby high trait diversity results from interspecific competition preventing species
from occupying similar niches. In contrast, the declining functional richness at depth
supports the ‘environmental filtering’ hypothesis (Keddy 1992; Violle et al. 2007),
perhaps because species share similar traits to cope with the extreme environmental
conditions. Secondly, fishing in this study region mostly occurs above 1200 m in
depth so the deepest fish assemblages are not harvested. Human exploitation has
been known to decrease diversity (de Boer & Prins 2002; Tittensor et al. 2007;
Nanola, Alino & Carpenter 2011), which may explain the high diversity in areas
outside of human impacts. Fishing pressure is also likely to have supressed size
diversity in the shallower areas due to its well-known impact on body sizes (Bianchi
et al. 2000). Thirdly, it is hypothesised that the peak in species richness generally
found at 1000-3000 m is due to a peak in speciation rates that occurs at the
physiological boundary where shallow-living species became adapted to the low
temperature and high pressure beyond these depths (Brown & Thatje 2014).

The patterns in functional and size diversity can also be examined within the
context of the distribution of individual functional traits (Fig. 9). Body size is known
to be a particularly important functional trait in marine species (Winemiller & Rose
1992; Froese & Binohlan 2000; Cohen et al. 1993; Scharf, Juanes & Rountree 2000;
Jennings et al. 2001), but as most other continuous morphological traits were
calculated relative to body size, their individual relationships with depth illustrate
that functional traits of an assemblage are not solely determined by body size. For

example, in the shallowest areas, observed body size is small while relative gape size
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1s high. This means that for their size, the species that occupy shallower depths will
have relatively larger gapes, even if this does not necessarily equate to them having
the largest observed gape of all individuals in the study system.

The links between trait values and function can be observed by using stable
isotope data to illustrate the relative dominance of different feeding guilds across
depths (Fig. 11). Benthic feeders dominate in the shallowest areas of the slope and
then drop off sharply to remain low in abundance from 900 m. This pattern mirrors
that shown by the relative surface area of the mouth protrusion, which is used to suck
up prey from the benthos. Similarly, the dominance of pelagic feeders at 900-1700 m
(in this study: the greater argentine, Argentina silus; Agassiz’s slickhead, Alepocephalus
agassizuy Baird’s slickhead, Alepocephalus bairdir; the roundnose grenadier, Coryphaenoides
rupestris; the black scabbardfish, Aphanopus carbo) 1s mirrored by several traits. The
high aspect ratios of the caudal fin at these depths equate to increased swimming
capabilities and are common in species that live or feed in the pelagic ocean (Pauly
1989; Sambilay 1990). These species also have small heads and gapes in relation to
their body length (Fig. 9). As they feed mainly on planktonic invertebrates (Froese &
Pauly 2016), aside from the black scabbardfish, which is a top predator, it is
unnecessary for them to have large mouths. The weighted mean head and gape size
are highest in the shallowest and deepest areas (Fig. 9A, F), where a wider range of
prey sources are utilised (Fig. 11).

Variation in traits generally mirrors the patterns seen in the means of those
traits (Fig. 10), aside from relative gape size and angle of mouth in relation to lateral
line, which show lower correlations between the mean and the standard deviation
than in other traits (Table S7). Despite the low correlation for relative gape size, both
the mean and standard deviation are highest at the shallow and deep areas of the
study site. Mouth angle shows an inconclusive relationship with depth when the
mean 1s used, but a very strong relationship when the standard deviation is used. The
high variation at intermediate depths is perhaps more informative than the mean
because it could be explained by the dominance of pelagic feeders in a similar way to
the aforementioned traits. It may be that there is no particular mouth angle that is
selected for in pelagic feeders, hence species show a wider range of angles. In
comparison, the shallowest and deepest areas exhibit lower variation because a
certain mouth angle is selected for in the benthic feeders in the shallows, and

potentially in the unknown feeders in the deep (Fig. 11).
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Depth-dependent patterns in the variation of all traits can be linked to
diversity metrics, apart from relative head size and eye size, which show lower
correlations with diversity (Table S7). The mean and variation in Lmax are linked to
patterns in size diversity, implying that variation in observed individual sizes is at
least partially explained by the potential maximum sizes of the species present. It
may therefore be possible to use this species-level measure of potential size as a proxy
for variation in observed sizes in data-poor scenarios. Functional divergence is
particularly associated with relative gape size and the surface area of the mouth
protrusion, and aspect ratio of the caudal fin links highly with functional richness and
size diversity. Higher aspect ratios have been found to associate with depth generalist
species in coral reefs (Bridge et al. 2016), further highlighting this trait’s role in many
aspects of community assembly, and the aforementioned potential link between high
aspect ratios and the dominance of pelagic feeders over a wide depth range.

The dominance of pelagic feeders at intermediate depths is mainly due to the
presence of a community of Diel Vertical Migrators (DVM; Mauchline & Gordon
1991; Trueman et al. 2014), otherwise known as the deep scattering layer. This is a
mesopelagic community containing fish, invertebrates and zooplankton, which has
recently been found to be particularly important for global biogeochemical cycles
and carbon storage in the oceans (Irigoien et al. 2014; Trueman et al. 2014). Its
relative positioning could potentially explain the patterns that we see in the two
measures of functional diversity examined here. At the shallow end of the continental
slope (< 500 m), the DVM community is close to the seabed, so both benthic- and
pelagic-feeding demersal fish are able to exploit it. This could be consistent with the
low functional richness that we see in this area, if all species are occupying similar
functional space in order to exploit the same resources, and the high functional
divergence, because multiple species could co-exist through fine partitioning of
resources in-line with the ‘limiting similarity” hypothesis (MacArthur & Levins 1967).
With increasing depth, the distance of the DVM community from the seabed also
increases, meaning that benthic feeders are no longer able to exploit it (1000-1500
m). The dominance of pelagic-feeders here, and the related traits of those species,
may therefore be caused by their competitive release. The low functional divergence
seen at these depths may be due to the dominance of only a few species, all with
similar traits that are adapted to feeding on pelagic prey, such as small gapes and

high aspect ratio as discussed above. The co-existence of species with similar traits,
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exploiting similar resources, may be maintained by an assembly rule termed
‘emergent neutrality’ (Scheffer & van Nes 2006). This is when species aggregate in
certain areas of a niche axis and has been supported by studies on marine
phytoplankton (Vergnon, Dulvy & Freckleton 2009), pollinators (Fort 2014) and
beetles (Scheffer et al. 2015). Beyond 1500 m, the DVM community is too far above
the seabed for even the pelagic-feeding demersal fish to reach. Less is known about
the feeding habits of fish species at these depths, but the high functional divergence
could 1illustrate a high level of specialisation and exploitation of different resources
among the benthic- and pelagic- feeders.

Here I have shown that there are non-linear patterns in functional and size
diversity of a deep-sea demersal fish assemblage. Functional richness and size
diversity are lowest at the shallowest (< 500 m) and deepest (~ 2000 m) parts of the
continental slope studied; functional divergence is the opposite, with the lowest
values seen at 1000-1500 m. Species richness increases linearly along the depth
gradient, at least up to 1500 m. Changes in functional diversity appear to be driven
by traits such as caudal fin aspect ratio and relative surface area of mouth protrusion,
which can in turn be linked to the dominance of different feeding guilds along the
slope. Functional richness and size diversity show similar depth-dependent patterns,
despite accounting for different morphological traits. Future work could incorporate
individual-level traits, rather than the species-level traits used here, and could

investigate the different drivers of community assembly along the continental slope.

3.6. Supporting information

Table S5. Concatenation of hauls into stations (survey data 1998-2013).

Fig. S2. The relationships between each of the continuous trait variables included in
the calculation of functional diversity.

Table S6. The species caught on the survey, their conversion factors and maximum
lengths.

Table S7. The Pearson’s product-moment correlation coefficient between each

measure of diversity, mean trait values, and standard deviation of trait values.
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4. Si1ze-based 1indicators show
depth-dependent recovery
from fishing pressure in the
deep sea

4.1. Abstract

Size-based indicators are well established as a management tool in coastal
seas as they respond to changes in fishing pressure and describe important aspects of
community function. However, they have not yet been applied to the deep sea with
the same rigour, despite the increasing exploitation pressure on this ecosystem. I use
data from a deep-water bottom trawl survey in the Northeast Atlantic, at depths of
300-2000 m, to test whether size-based indicators show recovery from exploitation
over a 16-year period during which fishing pressure has decreased. 1 apply five
indicators to these data: mean body length, mean maximum length, Large Fish
Indicator, slope of the biomass spectrum, and fractional size. Patterns were analysed
within four different depth bands. The Large Fish Indicator, slope of the biomass
spectrum and fractional size showed positive change over time, suggesting recovery
from fishing pressure. This response was generally most apparent in the shallowest
depth band, where most fishing activity has been distributed. Values of the Large
Fish Indicator were much higher overall than in coastal seas, so the same reference
points cannot be applied to all marine ecosystems. These findings imply that size-
based indicators can be applied to the deep sea with the same efficacy as in coastal
waters, and that deep-sea fish assemblages are able to recover from fishing pressure

in the medium-term.
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4.2. Introduction

The deep sea is the largest ecosystem on the planet (Ramirez-Llodra et al.
2011), but due to its inaccessibility, we have known very little about it until recent
decades. However, as our exploitation of the deep sea increases, due to activities such
as fishing (Morato et al. 2006) and mining for minerals (Ramirez-Llodra et al. 2011),
it 18 becoming more important that we understand how the ecosystem is responding
to human pressures and how to manage these pressures. The relatively recent start to
deep-sea exploitation gives us an opportunity to better monitor ecosystem changes
than 1s possible in heavily exploited coastal waters, and to manage fisheries
accordingly, before they become unsustainable.

One way to monitor these changes in fish communities is to use size-based
indicators. These indicators represent the health of communities by summarising
their size structure. Body size is particularly relevant when examining impacts of
fishing for two main reasons. Firstly, fishing 1s size-selective, meaning that it is likely
to produce a change in size structure by removing large individuals from the system
(Bianchi et al. 2000). Secondly, these changes are important for understanding how
fishing impacts ecosystem structure and because of the role that body size plays in
virtually all aspects of a fish’s life: namely trophic level (Jennings et al. 2001), diet
breadth and choice (Scharf, Juanes & Rountree 2000), maturity and fecundity
(Winemiller & Rose 1992), growth (Jobling 1983) and survival (Pauly 1980). The use
of size-based indicators is well established in coastal waters and they are used to
compute reference values to monitor impact and recovery of fishing in areas such as
the North Sea (e.g. Jennings & Dulvy 2005; Greenstreet et al. 2011) and the Celtic
Sea (e.g. Blanchard et al. 2005a; Shephard et al. 2013). However, this same success
has not yet been translated to the deep sea. Deep-sea species are still poorly known,
prohibiting the use of indicators based on life history or ecological traits, but as deep-
sea research increases, body size data are becoming more available, allowing the
application of size-based indicators to deep-sea fish for the first time.

The continental slope of the Rockall Trough in the Northeast Atlantic
provides an excellent study site to examine the effect of fishing pressure in the deep
sea (300-2067 m) using size-based indicators. Fishing pressure has been decreasing in

the area since the early 2000s due to the introduction and subsequent decline of
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Total Allowable Catches (TACs). The area has been monitored during this time
period of decreasing fishing pressure by Marine Scotland’s deep-water trawl survey,
allowing the use of size-based indicators to establish whether these deep-sea stocks
have been able to recover from fishing pressure in the medium-term.

In order to fully understand any changes that occur in this study site, we must
also account for the depth of the assemblages. Due to the large environmental
differences between sites of different depths (namely water pressure, temperature and
oxygen levels; Lalli & Parsons 1993; Kaiser et al. 2011), species composition changes
across depths (e.g. Gordon & Bergstad 1992; Carney 2005; Yeh & Drazen 2009) as
does body size (e.g. Polloni et al. 1979; Macpherson & Duarte 1991; Collins et al.
2005; Mindel et al. 2016). Additionally, fishing pressure in the area only occurs at
depths up to 1200 m, although it has been found that the effects of fishing can
propagate deeper than the areas fished (Bailey et al. 2009). Thus, effects may be
masked if depths are not analysed separately.

In this study I use five indicators, including four that are well-established in
shallow seas: 1) mean body length, 2) mean maximum length, 3) Large Fish
Indicator, 4) slope of the normalised biomass spectrum; and one experimental
indicator: 5) fractional size. Mean body length illustrates the average observed size of
individuals and decreases as increasing fishing pressure removes large individuals
(Shin et al. 2005). Mean maximum length gives an alternative perspective on body
size by calculating an average based on the largest individuals caught at a site, in
order to not be unduly influenced by abundant, small individuals, and is also
expected to decrease as fishing pressure increases (Shin et al. 2005). The Large Fish
Indicator 1s calculated as the proportion of biomass at a site that is made up of
individuals over 40 cm in length (Greenstreet et al. 2011; Fung et al. 2012; ICES
2013). This indicator was developed due to the importance of large individuals in
marine assemblages and high values indicate a healthy system. The normalised
biomass spectrum is important in the marine environment because it symbolises how
all individuals are arranged along a size axis (Sheldon, Prakash & Sutcliffe 1972).
The slope of the descending right-hand side of the spectrum becomes steeper under
fishing pressure because large individuals are removed (Bianchi et al. 2000;
Blanchard et al. 2005a). Fractional size is a recently developed metric (Mindel et al.
2016) that is calculated by dividing individual body size by the potential maximum

size of that species (Lmax). It illustrates how far along an individual is in the growth
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trajectory of that species, and could be a proxy for age and maturity. It has been
found to exhibit a particularly strong relationship with depth in the deep sea (Mindel
et al. 2016) and 1s predicted to be negatively impacted by fishing pressure, as is the
case for the established size-based indicators.

I analyse trends in these five indicators over time from 1998-2013 in each of
four depth bands. I test the hypothesis that all five indicators show recovery from
fishing pressure (i.e. an increase in the values of the indicators) due to decreasing
levels of exploitation throughout the study period. I predict that the two shallower
depth bands show the biggest change, as these are the depths at which fishing occurs.

I aim to test the efficacy of fractional size as a new indicator.

4.3. Materials & methods

4.3.1. Data

A deep-water bottom trawl survey was conducted by Marine Scotland’s MRV
Scotia in September 1998, 2000, 2002, 2004-2009 and 2011-2013 along the
continental slope of the Rockall Trough in the Northeast Atlantic (Fig. 12; ICES
area VlIa, latitude 55° to 59°N, longitude approximately 9°W) at depths of 300—
2067m (Neat & Burns 2010). The gear was adapted to sampling demersal fish (those
that live on or around the seabed, including those classified as benthopelagic) so
mesopelagic fish (those that live in the water column) and invertebrates were
excluded from the analysis. Sea bottom temperature was recorded on the survey at
the depth of the haul from 2005 onwards, for 205/325 hauls.

During the survey, catch was identified to the finest taxonomic resolution
possible (which was species level for 99.9% individuals caught) and the lengths of
individual fish were measured. Where applicable, standard length, pre-anal fin
length or pre-supra caudal fin length were converted to total length (ICES 2012)
using conversion factors calculated from a subset of the survey data (Table S6).
Species-specific conversion factors established from survey data were also used to
convert lengths to weights in order to calculate the indicators that are based on

biomass. The full taxonomy of species was determined using the World Register of

Marine Species (WoRMS Editorial Board 2013).
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Fig. 12. Location of hauls of the Marine Scotland deep-water bottom trawl survey in the
Northeast Atlantic from 1998-2013. Coloured shading indicates depth, with white being
the shallowest areas and dark blue representing the deepest areas. Labelled sections
represent ICES statistical areas.

Depth-specific trends were analysed by separating hauls into four depth
bands: Shallow (S) = < 750 m (minimum depth = 300 m); Medium (M) = 751-1200
m; Deep (D) = 1201-1650 m; Very deep (V) = > 1650 m (maximum depth =
2067m). There 1s a consistent increase over time in the number of hauls taken in the
deepest depth band (Table 4) so the results from this depth band are interpreted with
caution.

The Scientific, Technical and Economic Committee for Fisheries (STECF
2013) reported on fishing effort in the deep sea of ICES area VI by ICES
(International Council for the Exploration of the Sea) member states. As these data
are not depth-resolved, I only use them for illustrative purposes, rather than to
quantify the impact of fishing. Here I present bottom trawl effort data, in order to

focus on demersal fish, from the EU waters of ICES area VI, which equates to area
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Table 4. Number of hauls taken in each year of the survey from each depth band.

Year <750m 751-1200 m 1201-1650 m >1650 m
1998 10 9 0 0
2000 13 11 9 0
2002 15 8 7 1
2004 12 8 ) 1
2005 5 8 5 1
2006 11 10 7 1
2007 6 6 6 1
2008 8 9 8 3
2009 8 16 7 4
2011 7 6 9 4
2012 7 8 8 6
2013 7 8 8 8
Total 109 107 79 30

VIa (Fig. 12). I exclude 2002 as recommended in the report due to the unreliability
of that year’s data (STECF 2013).

4.3.2. Indicators

Due to the unreliability of catching very small individuals on the survey, all
individuals of < 32g were excluded from the calculation of indicators. This value was
suggested by Jennings & Dulvy (2005) as a potentially optimal cut-off point, and from
examination of the data used in the present study, it captures the sizes of fish that are
consistently caught by the Marine Scotland survey.

Mean body length of the community was the mean total length across all
individuals caught in a haul.

Mean maximum length of the community was calculated by assigning each
individual the largest length of its species in that haul, and averaging this across
individuals. In other words, the maximum length of a species per haul was averaged
across species, weighting by species abundances.

The Large Fish Indicator (LFI) was calculated as the proportion by weight of
individuals greater than 40 cm in length per haul (ICES 2013).

The slope of the size spectrum was calculated using a normalised biomass
spectrum (Platt & Denman 1977). This was calculated for each combination of year

and depth band, rather than for each haul, as hauls did not represent enough data to
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create a reliable biomass spectrum. Individuals were separated into weight classes
that were of equal widths on a logs scale. Biomass caught per hour of trawling in
each weight class was summed across hauls within each year and depth band. These
values of biomass were divided by the width of the weight class to give an estimate of
the abundance density of organisms in each weight class (Platt & Denman 1977).
The slope of the normalised size spectrum was then derived from the relationship
between logio of the mid-point of the weight class versus logio of the normalised
biomass in that weight class, for each year and depth band combination. The slope
was established by fitting a linear regression to the descending section of the
relationship (Blanchard et al. 2005a), which was judged to start from the weight class
25-26g.

Fractional size was the observed length of an individual divided by its
potential maximum size (Mindel et al. 2016). Potential maximum size, or Lmax, was
set as the maximum length listed on FishBase for that species (Froese & Pauly 2016),
or the maximum length recorded on the deep-water trawl survey, whichever was the
greater (Table S6). This approach was chosen so that Lmax consistently equates to the
largest known length for that species (Mindel et al. 2016). Fractional size of the
assemblage was calculated as the mean fractional size across species in a haul,
weighted by the fourth root of the biomass of that species (Mindel et al. 2016). This
transformation was chosen in order to down-weight the influence of abundant
species, as 1s common in biomass data (Clarke & Warwick 2001; Wilding & Nickell
2013; Rutterford et al. 2015).

4.3.3. Analysis

General linear models (LM) were fitted to the relationships between indicator
values and year, including the interaction between time and depth band. For mean
body length, mean maximum length, LFI and fractional size, the haul was the unit of
analysis. For the slope of the size spectrum, the unit of analysis was year. Post-hoc
multiple comparison Tukey tests were performed for the indicators without
significant interactions using the R package (R Core Team 2015) multcomp (Hothorn,
Bretz & Westfall 2008). The relationship between sea bottom temperature and year
was analysed for each depth band using general linear models. All analyses were

performed using R version 3.2.3 (R Core Team 2015); figures were produced using
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the packages ggplot?2 (Wickham 2009), gridExtra (Auguie 2016) and marmap (Pante &
Simon-Bouhet 2013).

4.4. Results

For mean body length in the community, there was no interaction between
year and depth band (ANOVA: F = 1.3, p = 0.29) so the model was fitted without
the interaction, and this model had high explanatory power (LM: F = 74, d.f. = 4,
320, R? = 0.47). There was no significant change in mean body length over time, but
the trend was increasing (Fig. 13A; LM: b = 0.13, S.E. = 0.092, p = 0.17). There
were significant differences in mean body length between depth bands: Shallow (S)
differed from all other depth bands and Medium (M) and Deep (D) differed from
each other (Fig. 13A; Table 5).

For mean maximum length in the community, there was no interaction
between year and depth band (ANOVA: F = 2.0, p = 0.12) so the model was fitted
without the interaction, and this model had high explanatory power (LM: F = 168,

d.f. = 4, 320, R? = 0.67). There was no significant change in mean maximum length
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Fig. 13. Change over time in the indicators A) mean body length, B) mean maximum
length, C) Large Fish Indicator, D) slope of the normalised biomass spectrum and E)
fractional size, in each of four depth bands. Lines represent the fitted general linear
model; significant changes over time are depicted as solid lines, non-significant
relationships are dotted lines.
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Table 5. Statistical results of post-hoc multiple comparison Tukey tests for indicators not
found to have a significant interaction. Estimates represent the differences in intercept
between depth bands. Models were implemented using the R package mulicomp (Hothorn,
Bretz & Westfall 2008). S = shallow, up to 750 m; M = medium, 751-1200 m; D = deep,
1201-1650 m; V = very deep, over 1650 m.

Indicator Depth bands Estimate Standard error p value
Mean body S-M 10.9 1.0 <0.001
length S-D 16.5 1.1 <0.001
S-V 13.9 1.5 < 0.001
M-D 5.6 1.1 <0.001
M-V 3.0 1.5 0.19
D-V -2.6 1.5 0.32
Mean S-M 19.9 1.4 < 0.001
maximum S-D 39.8 1.6 < 0.001
length S-V 21.5 2.3 <0.001
M-D 19.9 1.6 <0.001
M-V 1.6 2.2 0.89
D-V -18.3 2.3 <0.001
Fractional size  S-M 0.051 0.0044 <0.001
S-D 0.096 0.0048 <0.001
S-V 0.102 0.0070 < 0.001
M-D 0.044 0.0048 <0.001
M-V 0.050 0.0069 <0.001
D-V 0.006 0.0070 0.84

over time (Fig. 13B; LM: b = 0.016, S.E. = 0.14, p = 0.91). Overall mean maximum
length differed significantly between all depth bands apart from M and Very deep
(V) (Fig. 13B; Table 5).

For the Large Fish Indicator, there was a significant effect of year (ANOVA:
F =34, p <0.001), depth band (ANOVA: I = 110, p < 0.001), and their interaction
(ANOVA: F = 4.3, p = 0.005), and the model had high explanatory power (LM: I =
54,d.f. = 7,317, R2 = 0.53). The LFI increased over time in depth band S (Fig. 13C;
LM: b =0.011, S.E. = 0.0027, p < 0.001), but did not change over time in any of the
other depth bands (Fig. 13C; LM: M: b = -0.0011, S.E. = 0.0038; D: b = -0.001,
S.E. =0.0044; V: b =-0.0031, S.E. = 0.0082).

For the slope of the biomass spectrum, the interaction between year and
depth band was very close to significant at the 5% confidence threshold (ANOVA: F
= 2.7, p = 0.058), so it was decided that the interaction should remain in the model
in order to retain as much information as possible, and it had good explanatory
power (LM: F = 12, d.f. = 7, 37, R? = 0.64). There was a significant effect of year
(ANOVA: F = 29, p < 0.001) and depth band (ANOVA: F = 16, p < 0.001) on the
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slope of the biomass spectrum. The slope increased significantly over time (in other
words, became less negative, so the biomass spectrum became more shallow) in
depth band S and V, but did not change over time in depth bands M and D (Fig.
13D; LM: S: b = 0.042, S.E. = 0.011, p < 0.001; M: b = 0.0092, S.E. = 0.016; D: b
=0.015,S.E. = 0.017; V: b = 0.055, S.E. = 0.02).

For fractional size, there was no interaction between year and depth band
(ANOVA: F = 2.1, p = 0.1) so the model was fitted without the interaction, and the
new model had good explanatory power (LM: F = 135, d.f. = 4, 320, R? = 0.62).
There was a significant increase in fractional size over time (Fig. 13E; LM: b =
0.0012, S.E. = 0.00042, p = 0.004), and as there was no significant interaction, this
increase was the same in all depth bands. There were significant differences in
overall fractional size among depth bands, apart from between D and V (Fig. 13E;
Table 5).

There was no significant change in sea bottom temperature from 2005
onwards for any depth band, though in the shallowest depth band there was a minor
increasing trend (Fig. 14; LM: S: b = 0.041, S.E. = 0.022, p = 0.06; M: b = -0.019,
S.E. =0.045,p = 0.67; D: b = 0.023, S.E. = 0.016, p = 0.15; V: b = -0.0065, S.E. =
0.01, p = 0.54).

Bottom trawling effort according to STECF (2013) has decreased over the

study period (Fig. 15).

~ 9-
Qe
o
=)
g 7
[}
£
® o
|°—’5-'_ e -'
e ol d i o
3- . . . .
2006 2008 2010 2012
Year

Fig. 14. Temperature of hauls from the period 20052013 in the four depth bands used
throughout the manuscript: S (green) < 750 m; M (light blue) 751-1200 m; D (purple)
1201-1650 m; V (dark blue) > 1650 m. None of the relationships over time were
significant.
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Fig. 15. Bottom trawl effort in the deep sea of ICES area VIa by ICES member states
from 2000—2012, as reported by STECF (2013).

4.5. Discussion

Out of the five size-based indicators examined here, three (LFI, slope of the
biomass spectrum and fractional size) show change over time in the demersal fish
community of the Rockall Trough. All of the significant trends are positive,
indicating recovery. Depth has an impact on the values of size-based indicators, and
of the three indicators that show significant relationships, the pattern over time in
two of them (LFI and slope of the biomass spectrum) varies with depth.

The indicator that shows the most striking pattern is the Large Fish Indicator.
There is a significant increase over time in the LFI in depth band S (£ 750 m), but
not in any other depth band. The values of the LFI in the shallowest depth band
were much lower than in any other depth band at the start of the study period, but
by the most recent year surveyed, the values were approaching those in the other
depth bands. This implies that in depth band S, the fish assemblages are recovering
due to the relaxed fishing pressure in recent years, while in the deeper depths, the
assemblages were not originally as impacted by fishing as were the other depth
bands, as fishing pressure 1s likely to be at its highest levels at the shallowest end of

the study site.
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Similarly, the slope of the biomass spectrum increases (i.e. the slope becomes
shallower) in depth band S, but not in depth bands M (751-1200 m) or D (1201—
1650 m). In depth band V (> 1650 m) there is also an increase in the slope over time,
however this must be interpreted with caution as sampling effort at those depths has
increased markedly over time. Thus, the main conclusions that can be drawn are
similar to those seen in the LFI, and the size spectrum has been recovering from
relaxed fishing pressure in the shallowest depth band. This is because as fishing
pressure decreases, individuals are able to grow larger and the bias towards highly
abundant small individuals decreases, resulting in a shallower slope of the size
spectrum (Nicholson & Jennings 2004; Piet & Jennings 2005; Blanchard et al. 2005a;
Blanchard et al. 2009). As fishing pressure goes as deep as 1200 m in the area, the
lack of response in depth band M is likely to be because assemblages therein are
slower to recover from fishing pressure than in depth band S. However in the Deep
depth band, where there is little or no fishing pressure, the lack of change implies
that they were not impacted by exploitation, despite there being the potential for
fishing effects to propagate through depths (Bailey et al. 2009).

Fractional size is the only indicator to show a significant change over time in
all depth bands. This is the first time that fractional size has been used as an
indicator, and these results imply that it can successfully capture recovery of an
assemblage. The increase in fractional size in response to fishing pressure occurs
because as exploitation decreases, fish are able to grow for longer, allowing them to
reach nearer their potential maximum size. This indicates a healthier system because
as individuals get closer to their Liax, their fecundity and likelihood of being mature
increases (Froese & Binohlan 2000). Fractional size captures intra- and interspecific
variation in body size (Mindel et al. 2016), which may be why it responds faster to
relaxed fishing pressure than does mean body length. By including species-level traits
and weighting species by their fourth root-transformed biomass, fractional size
accounts for information about species without being unduly influenced by a small
number of highly abundant species. Even disregarding the patterns seen in the
deepest depth band due to increasing sampling effort over time at those depths,
fractional size shows a significant increase in depth bands M and D, unlike the
relationships seen in the LFT or the slope of the biomass spectrum. Even if fishing
pressure 1s lower or non-existent in depth bands M and D, it may have still had an

impact on those assemblages due to the effects propagating to deeper waters (Bailey
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et al. 2009). The increase in fractional size could suggest that this indicator is able to
capture the recovery of these assemblages earlier than the other indicators, which do
not show significant relationships in these depth bands. Alternatively, fractional size
may be capturing other changes in assemblages, such as shifting species composition,
because it is able to capture both intra- and interspecific information.

Mean body length, on the other hand, may not be responding to relaxed
fishing pressure because it is highly influenced by large numbers of small individuals
(Shin et al. 2005). If decreased exploitation has led to higher recruitment success,
then this could manifest itself as an influx of small individuals, hence causing mean
body length to remain low (Shin et al. 2005; Houle et al. 2012). Mean maximum
length also does not show a change in response to relaxed fishing pressure. It may be
that the timescale considered in this study is not long enough for these indicators to
show a response (Nicholson & Jennings 2004).

The recovery of size-based indicators in the Rockall Trough can be
qualitatively related to the decreasing fishing pressure as reported by the Scientific,
Technical and Economic Committee for Fisheries (STECF 2013). However, these
fishing effort data are not thorough enough to be used to quantify the impact of
fishing. The first main issue with fishing effort data is that they are not depth-
resolved. Thus, the different patterns within different depth bands cannot as yet be
fully ascribed to either varying fishing pressures in the depth bands, or varying
patterns of recovery. Additionally, although the area included by STECF (2013) and
the present study site overlap, I cannot know the precise effort at the Rockall Trough
only. I must also use the report’s definition of deep-sea species and which fishing
fleets have provided data for that report (STECF 2013).

Despite the issues with the fishing effort data, I can assume with some
confidence that the change in size-based indicators over time is due to this relaxed
fishing pressure. I am able to rule out the effect of temperature over the timescale of
this study, as there was no change over time in temperature for any of the depth
bands. However, it should be noted that over a longer timescale (1975-2013),
temperature and salinity have increased over time in upper waters (30-800 m) and
stayed roughly constant in Labrador Sea Water (> 1200 m) in the Rockall Trough
(Holliday et al. 2015). These water masses cannot necessarily be translated directly
onto the depth bands used here, and do not always equate to sea bottom

temperature, so it would be unwise to interpret the alternative patterns in different
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depth bands using this information alone. However, it is important to recognise that
long-term environmental changes could be impacting overall indicator values,
because temperature affects body size (e.g. Angilletta, Steury & Sears 2004). This
impact must be considered when interpreting baseline, historical or expected values
of indicators, because it may be that even if an ecosystem has recovered from fishing
pressure, its indicator values are lower overall due to an increase in temperature
favouring smaller species and individuals (Genner et al. 2010).

For all of the indicators used here, only individuals above a predicted weight
of 32 g were included. This is in order to exclude small individuals that are caught
unreliably by the survey gear and the value was chosen based on recommendations
by Jennings & Dulvy (2005). As this limit was applied consistently in all of the
analyses used here, I do not believe that it can be affecting the trends shown.
However, discrepancies could arise when comparing specific indicator values among
studies that do not use the same methods. This is one of the reasons why it has been
suggested that ‘reference directions’ (suggested trends that indicators will show in
response to recovery) rather than ‘reference points’ (suggested values of indicators in
healthy assemblages) are more suitable for use in fisheries management (Jennings &
Dulvy 2005; Shin et al. 2005). Reference directions are expected to be consistent
across surveys, areas, and different marine ecosystems, while reference points are
much harder to establish (Shin et al. 2005). This issue 1s illustrated here, as the values
of the LFT seen in the deep sea, even before fishing pressure started to reduce, are
extremely high in comparison to the value of 0.3 that has been suggested to equate to
a healthy ecosystem in the North Sea (ICES 2007; Greenstreet et al. 2011). The high
values in the deep, even in the depth band < 750 m, show that there are more large
fish in proportion to small fish in the deep sea than in coastal waters. One reason for
this may be that some fish species spawn in shallow waters and move deeper as they
grow (Lin et al. 2012; Trueman, Rickaby & Shephard 2013). Additionally, the value
of a healthy LFT for the North Sea was set as 0.3 using data from the 1920s—1980s
(ICES 2007), a time period in which coastal seas were already being exploited. Thus,
it may be that in the deep sea we are able to see true pre-exploitation values of the
LFI, a feat that has not been possible in shallower waters. It is clearly then wrong to
use the same reference point for all marine ecosystems, whereas reference directions
would perform in the same way in response to the same pressures on a global scale.

In order to produce values in the deep-sea assemblages studied here similar to the
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coastal reference point of 0.3, the calculation of the LFI would need to be changed to
the proportion of fish at least over 60 cm in length (Fig. S3). If this alternative
calculation is used, the overall patterns remain the same: recovery is shown in the
shallowest depth band and all other depth bands show no change (Fig. S3).

The slope of the biomass spectrum also suggests that the expected values for
coastal seas cannot be applied to the deep sea. In recent years, the three shallowest
depth bands show slopes of around -1, which is in the range of what is expected for
coastal size spectra (Blanchard et al. 2005a; Jennings & Dulvy 2005). However, in the
deepest depth band, during the most recent years when data collection for these
depths was at its highest, the slope approaches values of -0.5. It may be that over a
longer time period the other three depth bands also reach this value, indicating a
particularly healthy size spectrum. Alternatively, depth bands could naturally differ
in the shapes of their size spectra, regardless of fishing, and indeed it has been shown
that functional differences within communities result in different values for the slope
of the spectrum (Blanchard et al. 2009).

My results suggest that relaxed fishing pressure in the deep sea of the Rockall
Trough has allowed assemblages to recover, as shown by positive responses of the
Large Fish Indicator, slope of the biomass spectrum, and a new indicator known as
fractional size, and that the recovery is most apparent at the shallowest depths. Mean
body length and mean maximum length did not show signs of recovery, perhaps
because they do not respond to changes in fish assemblages over medium timescales,
or because they are unduly influenced by recruitment events that keep body size
values low. I suggest that size-based indicators can be applied to the deep sea with
the same success that they have achieved in coastal waters, but that the same
reference points cannot be used for these different ecosystems. Depth must also be
accounted for when analysing trends in the deep sea. It is encouraging that even in
the medium-term, deep-sea fish assemblages show positive signs of recovery,
implying that they may be more resilient than previously thought (Koslow et al.
2000; Norse et al. 2012), which is just one of many paradigms that are now being
questioned in the deep sea (Drazen & Haedrich 2012; Danovaro, Snelgrove & Tyler
2014). Future work is needed to establish historical baselines in the deep sea, which
could then be related to long-term environmental changes such as those seen in data
collected from the Extended Ellett Line in the Northeast Atlantic (Holliday et al.

2015). Non-size-based indicators such as mean trophic level, biodiversity indicators
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and those based on life histories, should also be applied to the deep sea where there is

sufficient information on the relevant traits of these poorly known species.
4.6. Supporting information

Table S6. The species caught on the survey, their conversion factors and maximum
lengths.

Fig. S3. Large Fish Indicator calculated as the proportion of fish over 60 cm in
length (LFI60).
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5. Abundance—occupancy
relationships based on
spatial and depth
distribution in deep-sea fish

5.1. Abstract

Abundance—occupancy relationships are one of the most robust general rules
of ecology, whereby increasing local abundance accompanies increasing regional
occupancy, both across and within species. Here, I examine inter- and intraspecific
abundance—occupancy relationships in deep-sea fish and expand on this
macroecological pattern by applying occupancy to depth ranges to produce what I
call the bathymetric abundance—occupancy relationship. I use data from a deep-
water bottom trawl survey in the Northeast Atlantic, from 19982014, at depths of
300—2000 m. I find that the positive relationship between abundance and occupancy
across species holds for deep-sea fish when occupancy is calculated based on both
spatial and depth distribution. The form and strength of the interspecific
abundance—occupancy relationship remained constant over time despite relaxed
fishing pressure in the area. Intraspecific abundance—occupancy relationships were
mostly positive when occupancy was calculated based on both space and depth,
though few species exhibited significant relationships. Deeper-living species were
more likely to have positive abundance—occupancy relationships, potentially making
them more vulnerable to environmental or anthropogenic change. I have shown that
the abundance—occupancy relationship remains positive in the under-studied deep
sea, hence increasing its generality across a variety of ecosystems and over a time
period of decreasing exploitation. I argue that depth distributions should not be
ignored in the three-dimensional marine environment, as species that have a high
local abundance and wide spatial distribution will also occupy a wider range of

depths, adding another layer to this macroecological principle.
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5.2. Introduction

Understanding the abundance and distribution of species has always been
important in ecology, but in this time of rapid environmental change, there is
increased focus on being able to predict how these ecological attributes will respond
to human exploitation or climate change (Moller 2013; Poloczanska et al. 2013).
Predictions of this nature are inherently difficult to make, especially when trying to
generalise across taxa. However, one macroecological pattern that appears to hold
across many different species and ecosystems is the positive relationship between
local abundance and regional occupancy (Gaston, Blackburn & Lawton 1997;
Gaston et al. 2000; Blackburn, Cassey & Gaston 2006). This can be analysed both
across and within species. The interspecific abundance—occupancy relationship
(AOR) tests whether species that are locally more abundant also tend to be regionally
more widespread. In contrast, intraspecific AORs usually represent temporal trends
in individual species, documenting whether species tend to be more widespread in
years in which they are also more abundant locally.

Both of these classes of AOR have potential implications for conservation and
monitoring of populations (Lawton 1993; Gaston 1999). For example, presence-
absence data are often easier to obtain than abundance data, so consistently positive
AORs could allow for a prediction of abundance based on a species’ occupancy
(Gaston 1999). Additionally, the positive interspecific relationship between
abundance and occupancy implies that there are sets of species that are both
abundant and widespread, and sets of species that are the opposite. Having low
abundance and a small geographical range results in potential “double jeopardy”
where the species could be easily wiped out from its narrow range, with no potential
colonisers in the region to replace the local losses (Lawton 1993, 1996; Gaston 1999).
The same i1s true for positive intraspecific AORs: if a species contracts its range due
to environmental or anthropogenic pressure, this tends to result in a reduced mean
density at the remaining sites that it occupies. This means that the decline in
abundance is of a higher magnitude than would be expected merely from the loss of
individuals that would occur when certain sites become unoccupied, and that
extinction risk increases both from the loss of abundance and the reduced range size

(Gaston et al. 2000; Freckleton et al. 2005).
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Abundance—occupancy relationships can also illustrate temporal trends in
pressures on assemblages, though patterns are not consistent. For fish, the strength of
the correlation between abundance and distribution increased over three decades
due to exploitation (Fisher & Frank 2004). However for birds, the correlation
decreased, with farmland birds showing a decrease in slope of the AOR, and
woodland birds an increase in slope, throughout a time of habitat alteration (Webb,
Noble & Freckleton 2007). These differences in dynamics could be due to how
individual species respond to changes in their environment or in what way
environmental change occurs (Fisher & Frank 2004; Webb, Noble & Freckleton
2007; Fisher, Frank & Leggett 2010).

To my knowledge, only one study has described AORs in the deep sea, which
mainly focused on modelling the effects of fishing on the relationship (Trenkel et al.
2013). It only reported on the empirical AOR in four species, none of which showed
significant relationships (Trenkel et al. 2013), so an interspecific analysis and large-
scale implementation of intraspecific AORs are still required for deep-sea fish. Study
of the deep sea is now increasing, but it is still not well known, despite being the
largest environment on earth and providing important services such as carbon
storage (Irigoien et al. 2014; Trueman et al. 2014) and fisheries (Ramirez-Llodra et
al. 2011). The continental slope is the area that links the shallow waters of the
continental shelf to the deep seas of the abyssal plain. This area is important for trawl
fisheries and it covers a vast environmental gradient as light, temperature and
resources decrease with depth, while pressure increases (Lalli & Parsons 1993; Kaiser
et al. 2011). Assemblages along the slope therefore vary in terms of species
composition, feeding behaviour, and traits such as body size (Carney 2005; Collins et
al. 2005; Mindel et al. 2016; Chapter 3: Functional, size and taxonomic dwersity of fish along
a depth gradient). 'This means that it would be wrong to assume that all continental
slope communities can be grouped together and interact equally throughout the
depth gradient.

I therefore propose a new way of examining AORs in the marine
environment, where occupancy is based on depth distribution rather than horizontal
spatial distribution. I call this the bathymetric abundance—occupancy relationship.
The oceanic environment is three-dimensional and the vertical aspect of space
should not be ignored. By calculating occupancy based on depth, I can establish

whether locally abundant species also exhibit large depth ranges. If a rare species is
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also found to have a narrow spatial range and a narrow depth range, this could add a
third layer to the concept of “double jeopardy”; for example, a rare species could be
easily wiped out by a fishery that targets the specific area and/or depth which that
species occupies. An intraspecific bathymetric AOR would also be of potential
interest, as a species should not necessarily be able to expand its depth range if it is
constrained by its physiology (Carney 2005; Yancey et al. 2014), regardless of how
abundant it 1s. Thus, a positive intraspecific bathymetric AOR would imply that in
low abundance years, species are prevented from occupying their full potential depth
ranges and may be more vulnerable to external pressures.

Here, using data from a deep-water bottom trawl survey that has been
conducted regularly between 1998-2014, I investigate both inter- and intraspecific
abundance—occupancy relationships to establish whether the general ecological
pattern of positive correlations apply to deep-sea fish. I repeat these analyses in a
novel way, by calculating occupancy based on the range of depths a species occupies.
I examine whether either the spatial or bathymetric interspecific AORs have
changed over time, potentially due to relaxed fishing pressure in the area over the
duration of the study period (STECF 2013). I relate intraspecific patterns to the
abundance, occupancy, depth distribution and body size of each species. The mean
and variation in abundance and occupancy were examined in relation to the slope of
the AOR, because positive AORs are more common in species where one of the
variables has the capacity to change over time (Gaston et al. 2000). Depth variables
were included in order to establish whether AORs affect species equally along the
continental slope. Body size was examined because it has been found to affect the

AOR in the marine environment (Webb, Tyler & Somerfield 2009).

5.3. Materials & methods

5.3.1. Data

Data were collected on Marine Scotland’s deep-water bottom trawl survey in
September 1998, 2000, 2002, 20042009 and 2011-2014 using the vessel MRV

Scotia. 'The study site was the continental slope of the Rockall Trough in the
Northeast Atlantic (Fig. 16) at latitude 55° to 59°N, longitude approximately 9°W,
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Fig. 16. Location of hauls of the Marine Scotland deep-water trawl survey from 1998—
2014. Coloured shading indicates depth, with white being the shallowest areas and dark
blue representing the deepest areas. Boxes are the spatial sampling units (0.5 x 0.5
decimal degrees).

and depth 300-2067m. Only demersal fish (those that live on or around the seabed,
including those classified as benthopelagic) were sampled effectively by the gear, so
mesopelagic fish (those that live in the water column) and invertebrates were not
included in the analysis.

Fish were identified to the finest taxonomic resolution possible (which was
species level for 99.9% individuals caught) and their taxonomic classification was
verified using the World Register of Marine Species (WoRMS Editorial Board 2013).
Body lengths of individual fish were measured on board during the survey. As
recommended by ICES (2012), standard length, pre-anal fin length or pre-supra
caudal fin length was used rather than total length for some species. These
measurements were then converted to total length using conversion factors

calculated from a subset of the survey data (Table S6).
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All data manipulation and analysis was performed using R version 3.2.3 (R
Core Team 2015), and graphs were produced using the packages ggplot2 (Wickham
2009), grnidExtra (Auguie 2016) and marmap (Pante & Simon-Bouhet 2013).

5.3.2. Interspecific abundance—occupancy relationships

Abundance was calculated in the same way for both spatial and bathymetric
AORs: the number of individuals caught per hour of trawling was averaged across
hauls, excluding those hauls where the species in question had an abundance of zero.
Numbers per hour equate to a measure of local population density. Hauls varied in
duration from 12 to 180 minutes, with most at 60 or 120 minutes. As haul duration
was controlled for in calculating abundance and haul duration did not vary
systematically with space, the full range of haul durations was used. Occupancy was
taken as the proportion of sampled units that were occupied. For the spatial AOR,
these units were squares of 0.5 x 0.5 decimal degrees (Fig. 16), and for the
bathymetric AOR, the units were depth bands of 50 m.

For the overall interspecific AOR, the abundance of a species was defined by
calculating its mean density across all hauls in which it occurred, over all years.
Occupancy was the proportion of units sampled over all years in which that species
had been recorded. The relationships between abundance and spatial or bathymetric
occupancy were analysed using a binomial Generalised Linear Model (GLM) of the
form proportional occupancy ~ a + b*log(abundance), using the number of sampled
units (spatial squares or depth bands) as model weights.

To quantify temporal change in the interspecific AOR, I defined annual
abundance for a species as its mean density across all of the hauls in which it
occurred separately for each year. Annual occupancy was the proportion of units
sampled in each year that a species occupied. Annual AORs were fitted using
separate binomial GLMs for each year, of the form annual proportional occupancy
~ a + b*log(annual abundance), using the number of units sampled in each year as
model weights. From each annual model I extracted the model coefficient 4 as a
measure of the form of the relationship between annual abundance and annual
occupancy. I also calculated the correlation between log(annual abundance) and

annual occupancy as a measure of the strength of the relationship. Temporal trends
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in both the AOR coeflicient and correlation were analysed over 13 years using linear

models, for both spatial and bathymetric AORs.

5.3.3. Intraspecific abundance—occupancy relationships

Annual intraspecific abundance and occupancy were calculated as for the
annual interspecific relationships calculated above. For intraspecific AORs, however,
temporal relationships were calculated separately from the time series of annual
abundance and occupancy estimates for each species. These relationships were fitted
as binomial GLMs of the form: annual proportional occupancy[speciesi] ~ a; +
b*log(annual abundance[speciesi]), where model weights were the number of units
sampled each year (spatial squares or depth bands). The model coeflicient b; was
extracted for all species that occurred in > 6 years (93 taxa). This was used to
examine the relationship between the slope of the spatial AOR and the slope of the
bathymetric AOR for each species. I also tested separately for spatial and
bathymetric AORs for associations between the species-level AOR coefficient and
seven species characteristics, calculated from the survey data: mean abundance,

variation in abundance, occupancy, range in occupancy, depth range, mean depth,

and body size (Table 6).

Table 6. Variables calculated for each species to examine the relationships between the
slope of the abundance—occupancy relationship and species characteristics.

Variable Definition

Mean abundance Log(mean(abundance))

Variation in abundance Log(standard deviation(abundance))

Occupancy Proportion of sampled units occupied

Range in occupancy Max(occupancy per year) — min(occupancy per year)
Depth range Max(depth occupied) — min(depth occupied)

Mean depth Mean(depths occupied)

Body size Mean(body lengths)
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5.4. Results

5.4.1. Interspecific abundance—occupancy relationships

Using data from all 13 years, there was a significant positive spatial AOR
across all species (Fig. 17A; GLM: b = 0.47, S.E. = 0.020, d.f. = 192, p < 0.001).
The bathymetric AOR was also significantly positive (Fig. 17B; GLM: b = 0.46, S.E.
=0.018, d.f. = 192, p < 0.001).

Neither spatial nor bathymetric interspecific AORs changed systematically
over time (Fig. 18), either in terms of their general form (measured using the model
coeflicient; relationship between spatial AOR coefficient and year, LM: b = 0.0042,
S.E. =0.0047, R?=0.07, d.f. = 11, p = 0.39; relationship between bathymetric
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Fig. 17. Inter- and intraspecific abundance—occupancy relationships (AOR) for space and
depth. A) Overall interspecific spatial AOR; curve is the fitted binomial Generalised
Linear Model (GLM). B) Overall interspecific bathymetric AOR; curve is the fitted
binomial GLM. C) Intraspecific spatial AORs. D) Intraspecific bathymetric AORs. For
panels C) and D), each line represents the fitted binomial GLM for each species; thick,
black lines represent statistically significant relationships; thin, grey lines represent non-
significant relationships.
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Fig. 18. Change over time in characteristics of yearly interspecific AORs. A) Model
cocflicient of yearly spatial AORs; B) model coefficient of yearly bathymetric AORs; C)
correlation of yearly spatial AORs; D) correlation of yearly bathymetric AORs.

AOR coefficient and year, LM: b = 0.0044, S.E. = 0.0053, R?2 = 0.06, d.f. = 11, p =
0.43), or their strength (relationship between spatial AOR correlation and year, LM:
b = 0.00019, S.E. = 0.0031, R? = 0.00, d.f. = 11, p = 0.95; relationship between
bathymetric AOR correlation and year, LM: b = 0.0012, S.E. = 0.0027, R? = 0.02,
df. =11,p =0.65).

5.4.2. Intraspecific abundance—occupancy relationships

The spatial AOR was positive in 65 out of 93 taxa that occurred in > 6 years,
and 21 of these relationships were statistically significant (Fig. 17C; Fig. 19; Table
S8). Twenty-eight taxa exhibited negative relationships, but none of these were
significant (Fig. 17C; Fig. 19; Table S8). The bathymetric AOR was positive in 58
out of the 93 taxa with reliable estimates of the coeflicient, and 14 of these were
statistically significant (Fig. 17D; Fig. 19; Table S8). The bathymetric AOR was
negative in 35 species, but none of these relationships were significant (Fig. 17D; Fig.
19; Table S8). Coefficients were positive on average and significantly different to

zero for the species that occurred in > 6 years, for both spatial and bathymetric
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Fig. 19. Relationship between model coefficients of spatial and bathymetric intraspecific
AORs for each species. Larger points signify species that had significant relationships in
spatial and/or bathymetric AORs. Purple points = species was significant in both spatial
and bathymetric AORs; red points = species was significant in spatial AOR only; blue

points = species was significant in bathymetric AOR only. Rug plots represent the
distribution of coefficients and light blue quadrants highlight the areas where the slopes
are both above or both below zero. Line represents the general linear model fitted to all
data points.

AORs (Fig. 19; spatial AOR LM: b = 0.24, S.E. = 0.055, p < 0.001; bathymetric
AOR LM: b = 0.16, S.E. = 0.050, p = 0.002).

There was a significant, positive relationship between the slope of the spatial
AOR and the slope of the bathymetric AOR when all species that occurred in > 6
years were included (Fig 19; LM: b = 0.66, S.E. = 0.065, R? = 0.52, d.f. = 91, p <
0.001) but not when only species that exhibited positive intraspecific AORs were
included (Fig 19; LM: b = 0.13, S.E. = 0.19, R? = 0.02, d.f. =22, p = 0.51).

Intraspecific spatial AORs were largely unrelated to the species-level traits I
considered, except for mean depth (deeper-living species have more strongly positive
AORs; Fig. 20F; LM: b = 0.00046, S.E. = 0.00012, R? = 0.14, d.f. =91, p < 0.001),
and a weak trend for species with more variable occupancies across years to have
more strongly positive AORs (Fig. 20D; LM: b = 0.60, S.E. = 0.31, R2 = 0.03, d.f. =

91, p = 0.056). Intraspecific bathymetric AORs were also unrelated to species-level
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Fig. 20. The relationships between the model coefficients of intraspecific spatial AORs
and species characteristics. A) Mean abundance; B) Standard deviation of abundance; C)
Mean occupancy; D) Range in occupancy; E) Depth range; F) Mean depth; G) Body size.
Lines represent the fitted general linear model if the relationship was significant or
borderline significant (see main text). Light blue areas highlight where slopes are positive.

traits apart from mean depth, with again a trend for more strongly positive AORs in
species living at deeper depths, though the variance explained was low (Fig. 21F;
LM: b = 0.00035, S.E. = 0.00011, R?=0.09, d.f. =91, p = 0.0016).
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Fig. 21. The relationships between the model coefficients of intraspecific bathymetric
AORs and species characteristics. A) Mean abundance; B) Standard deviation of
abundance; C) Mean occupancy; D) Range in occupancy; E) Depth range; ) Mean
depth, line represents the significant fitted general linear model; G) Body size. Light blue
areas highlight where slopes are positive.

5.5. Discussion

Deep-sea demersal fish uphold the ecological principle of increasing

proportional occupancy of a region with increasing average local abundance. In the

marine environment, the habitat occupied is three-dimensional, so the abundance—

occupancy relationship (AOR) can also be addressed within vertical space. The
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positive interspecific AOR 1is upheld when occupancy is classified in terms of 50 m
depth bands. The positive relationships in both spatial and bathymetric AORs mean
that species with high average abundance are more likely to occupy more areas
within a geographic region, and more depths along the continental slope.

There are several explanations for the positive spatial AOR that may all act
synergistically (reviewed in Gaston et al. 2000; Holt, Gaston & He 2002; Borregaard
& Rahbek 2010), and which could all apply to the deep sea. The first is that if the
study site does not encompass the entire range of all species, then some species will
be caught that are at the edge of their range, while some species are caught that are
at the core of their range. This could apply here as it is unlikely that any species
caught on this survey live solely in the Rockall Trough and the gear is adapted to
sampling demersal fish only, potentially excluding part of the community. This
means that a positive AOR could be produced naturally when core populations with
high abundance and periphery populations with low abundance are sampled for
different species (Gaston & Blackburn 1996). However, the positive AOR persists
even when entire geographical ranges are surveyed, so range position is unlikely to
explain the phenomenon as a whole (Gaston, Blackburn & Lawton 1997; Gaston et
al. 2000). The second explanation is that species are influenced by their resources,
such that species are abundant and widespread if they are able to utilise abundant
and widespread resources (Brown 1984). Baird’s slickhead (Alepocephalus bairdir) may
be an example of one such species as it feeds on gelatinous zooplankton (Froese &
Pauly 2016), which is likely to be found throughout the study site. Alternatively, the
AOR may be determined by population dynamics such that local abundance affects
processes of colonisation and extinction of patches (Gonzalez et al. 1998). Positive
AORs are expected in species with high colonisation ability and large areas of
continuous habitat (Freckleton et al. 2005), which can be said to apply to a
substantial proportion of marine species (Powles et al. 2000).

The bathymetric AOR could be influenced by similar mechanisms to the
spatial AOR but with some additional considerations. The range position hypothesis
may apply to depth ranges because some species occupy depths outside of the study
range. However, this effect is likely to be much reduced than for the spatial AOR,
because only species at the very edge of the depth ranges studied here could be
occupying alternative depths. The resource availability hypothesis may apply equally

to the bathymetric and spatial AORs. Resources along the continental slope are
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depth-dependent: influx of detritus from surface productivity generally decreases
with depth (although local oceanographic factors can alter this pattern; Carney
2005), but additional resources are supplied to certain depths through an assemblage
of Diel Vertical Migrators (or the ‘deep scattering layer’). This is a vertically moving
layer of organisms, and at the depths where it can be best exploited, a few species
that feed on the species therein dominate the demersal fish community both in terms
of abundance and in their distribution across the depth range (Trueman et al. 2014;
Chapter 3: Functional, size and taxonomic diversity of fish along a depth gradient).

Population dynamics may also influence the bathymetric AOR if some
species are restricted to certain depths due to anthropogenic effects or biotic
interactions, rather than their physiology. If a species is physiologically capable of
living at a certain depth, then the typical rules of colonisation and extinction of
patches could apply. However, physiology is an additional consideration when
interpreting the bathymetric AOR because of the adaptations that are required to
occupy deep water, such as the alteration of membrane structure (Hazel & Williams
1990) and the stabilisation of enzymes (Yancey & Siebenaller 1999). The ability to
regulate one of these stabilising agents (trimethylamine N-oxide or TMAO) with
depth may determine the depth range of a species (Yancey et al. 2014). Being
adapted to only a small depth range may impact a species’ overall abundance if it
links to other characteristics such as generalist resource use and the ability to
outcompete others. The widespread and continuous habitat that increases the
likelihood of a positive AOR (Freckleton et al. 2005) and is often associated with the
marine environment cannot be applied to vertical space if some depths (i.e. habitats)
cannot be occupied by certain species due to their physiology. This is true for abyssal
depths (Yancey et al. 2014), but specific physiological limitations for individual
species within the continental slope are still speculative (Carney 2005).

Fishing pressure in my study region has decreased since the early 2000s due
to the introduction and subsequent reduction of Total Allowable Catches (STECF
2013). Exploitation has previously been shown to affect AORs in fish (Fisher & Frank
2004) so we may expect the relationship to show recovery from fishing pressure over
time in the Rockall Trough. However, neither the spatial nor bathymetric AORs
show any systematic temporal change in either their form or strength. Conversely,
the reduction in exploitation has been of sufficient magnitude to promote recovery in

size-based indicators such as the Large Fish Indicator in this area (Chapter 4: Size-based
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indicators show depth-dependent recovery from fishing pressure in the deep sea). The AOR was
therefore either not as impacted by fishing as are size-based aspects of the
community, or it was impacted, but it is recovering more slowly than are body sizes.
Both of these scenarios imply that over the medium-term, the AOR is not a good
indicator of deep-sea fish community recovery. As some AORs appear very stable
over time (Blackburn et al. 1998; Zuckerberg, Porter & Corwin 2009), and
contrasting responses to pressure have been observed in others (Fisher & Frank 2004;
Webb, Noble & Freckleton 2007; Guedo & Lamb 2013; Bulafu 2015), more work 1s
needed to establish robust predictions of how AORs will respond to different kinds of
environmental change.

Intraspecific relationships between abundance and occupancy in both space
and depth are positive for 70% and 62% of taxa (that occurred in > 6 years)
respectively, and the model coefficients are significantly positive on average. These
positive trends in the intraspecific AOR could be explained by variations in the
hypotheses suggested for interspecific relationships (Gaston et al. 2000). Range
position could explain the relationship if distributions are shifting over time, such
that in some years the sampled areas become representative of a core range, while in
some years they are part of the periphery. Habitat selection can depend on
abundance in fish (Marshall & Frank 1995; Blanchard et al. 2005b), and range shifts
are already occurring in shallower marine environments due to climate change.
These shifts may be through space or through depth (Heath et al. 2012; Rutterford
et al. 2015), potentially applying to both forms of the AOR I study here. However,
such changes in range position due to human impacts may not manifest themselves
in the deep sea for several years (Glover & Smith 2003). Resource utilisation may
also play a role if resource availability varies temporally, such as the dynamics seen in
Particulate Organic Carbon supply to the seafloor (Ruhl 2008; Lampitt et al. 2010)
and infaunal polychaetes (Soto et al. 2010; Laguionie-Marchais et al. 2013), while
species with no relationship between abundance and occupancy may be exploiting
constant resources. Population dynamics can also be viewed in a similar way to the
interspecific explanation, where patches are colonised, grow, or go extinct, according
to a metapopulation model (Gaston et al. 2000). The deep-sea floor is more
heterogeneous than previously suggested (Danovaro, Snelgrove & Tyler 2014) so it

may be that species form metapopulations due to congregation at features such as
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seamounts, canyons, sponge fields or deep-sea coral banks (Ramirez-Llodra et al.
2010).

Despite the positive slopes on the whole, the intraspecific relationships are
only statistically significant in 23% species for the spatial AOR, and 15% species
(that occurred in > 6 years) in the bathymetric AOR. This implies that deep-sea
species have a tendency towards the generalised positive AOR, but there may not be
enough variation in the study period considered for many relationships to be
statistically significant. The species considered may be relatively stable over time in
both range size and location, and in abundance. Although this would be unexpected
due to a history of exploitation and then recovery of fish in this area (Chapter 4: Size-
based indicators show depth-dependent recovery from fishing pressure in the deep sea), it could be
possible if only a few species were particularly targeted by the fishery, or if the period
of exploitation was not sufficiently covered by the survey. An additional explanation
for the lack of relationship in the bathymetric intraspecific AORs is that of
physiological constraints, similar to the effects discussed above in relation to the
interspecific AOR. Adaptations to depth are unlikely to have changed over the time
period studied, therefore if a species’ abundance was higher in one year, it does not
necessarily follow that it would be able to expand its depth range. For those species
that do exhibit positive bathymetric AORs, the ability to expand the depth range in
years of high abundance could result from that species being constrained in low
abundance years by fishing pressure or interspecific competition.

The difference between species that exhibited a positive relationship and
those with no relationship, represented by the slope of the AOR, can be partially
explained by the mean depth occupied by that species. Species that live deeper show
more positive relationships between abundance and both spatial and bathymetric
occupancy. A possible explanation for this pattern is that of resource supply in the
deep. Resources can often be patchy across space and time, for example the fall of a
whale carcass (Hilario et al. 2015). This variable resource supply could cause changes
in occupancy of both spatial and bathymetric areas, in turn allowing for higher
abundance in the years where occupancy can increase. Additionally, deeper-living
species tend to have wider depth and latitudinal ranges (Macpherson 2003). This
could allow for a greater likelihood of exhibiting a positive intraspecific AOR
because 1n years that are good for abundance, the species could expand into a wider

range of depths or geographical space, resulting in an increase in occupancy. There
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1s also a borderline significant positive relationship between range in occupancy and
the slope of the spatial AOR. This is to be expected as the more one variable
(abundance or occupancy) changes, the more the other will have the potential to
change. The high variation in occupancy in some species could potentially be
explained by any of the main hypotheses behind the AOR: shifts in range position,
changes in resource availability, or population dynamics.

The form of the intraspecific AOR cannot be explained by mean or variation
in abundance, mean occupancy, depth range, or body size. Body size could
potentially alter the AOR because size impacts abundance: as fish age they increase
continuously in size, but not all will survive, resulting in decreased abundance of
individuals of those sizes (Webb et al. 2011). The lack of relationship found here
could mean that body size affects characteristics of the AOR other than the slope, or
that mean body size is not a sufficient measure to capture the disparity. Species
characteristics that consistently determine the form of the AOR have remained
elusive, but future work could examine behavioural traits such as aggregation (Frisk,
Duplisea & Trenkel 2011), or ecological traits such as niche breadth and habitat
preference (Frost et al. 2004; Faulks et al. 2015).

The generally positive bathymetric AOR could potentially imply a shift from
the currently described “double jeopardy” (Lawton 1993, 1996; Gaston 1999) to a
“triple jeopardy”, where a species could decrease in abundance, geographic range
and depth range in response to a pressure, making it harder to monitor but
potentially easier to obliterate. Three such species are identified in this study as they
have strong, positive intraspecific AORs when occupancy is calculated based on both
space and depth (Fig. 22; Table S8): the abyssal halosaur (Halosauropsis macrochir), the
small-eyed rabbitfish (Hydrolagus affinis) and the stout sawpalate (Serrwomer beaniz). For
species such as this, any activity or environmental change that impacts on one aspect
of their distribution (local abundance, spatial distribution or depth distribution) is
likely to propagate through to the other variables, causing a disproportionate effect
on total population size. These three species are found in the deepest part of the
study site, which supports the finding that deeper-living species are more likely to
have positive intraspecific spatial and bathymetric AORs. This potentially adds a
macroecological element to the notion that deeper-living species are more vulnerable
than coastal species due to their life histories (Drazen & Haedrich 2012; Norse et al.
2012).
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Deep-sea species are under-studied and different in many ways to shallow-

living species, for example in their life histories (Drazen & Haedrich 2012),

morphology (Neat & Campbell 2013) and ecology (Ramirez-Llodra et al. 2010). In

this study I have shown that despite this, general ecological principles hold across the

marine environment. The generality of the positive AOR also applies to vertical

space as well as horizontal space. Depth should not be ignored in any marine

and can move among depths

environment as species have differing depth ranges,
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daily or during their development and growth (Magnusson 2001; Lin et al. 2012;
Trueman, Rickaby & Shephard 2013). I show that deeper-living species have more
positive intraspecific AORs, potentially making them more vulnerable than those in
shallower waters. This study further highlights the importance of considering the
three dimensions of the ocean when exploring marine ecology and establishing

protection measures for the species therein.
5.6. Supporting information

Table S6. The species caught on the survey, their conversion factors and maximum
lengths.
Table S8. The statistical output from intraspecific abundance—occupancy

relationships.



6. General Discussion

6. General Discussion

Over the course of this work I have investigated change in deep-sea fish
assemblages across a depth gradient and over time during a period of reduced fishing
pressure. Here I summarise my key findings, then explore the explanations behind,
and relevance of, the patterns I have found. I also outline the limitations of this work

and recommend future directions for deep-sea ecological research.
6.1. Key findings

I. Species composition changes along the continental slope (Chapter 2). From
300-1000 m, many species have narrow depth ranges and this area is
characterised by species such as the blackbelly rosefish (Helicolenus
dactylopterus), the European hake (Merluccius merluccius) and the common ling
(Molva molva). From 1000 m, species composition changes markedly, and
some species are highly dominant over a wide depth range such as the
roundnose grenadier (Coryphaenoides rupestris), Baird’s slickhead (Alepocephalus
bairdi) and the black scabbardfish (Aphanopus carbo). No species were found
solely in the deepest parts of the study site, but Agassiz’s slickhead
(Alepocephalus agassizit) and the pale ghost shark (Hydrolagus pallidus) are mainly
abundant below 1600 m. The shifts in community composition are

accompanied by an increase in species richness with depth.

II. Assemblage structure can also be examined in terms of body size (Chapters 2
and 3). Average size increases with depth up to 1500 m and could potentially
start to decline beyond the depth range of the study site. I propose that an
alternative measure of body size provides more information about
assemblage structure by combining intra- and interspecific variation in body
size. It 1s calculated as observed body size divided by potential maximum size
and I call this metric fractional size. It increases with depth to approximately
1800 m. A third body size metric, size diversity, aims to account for variation

in size as well as the mean. Size diversity shows a peak at approximately 800
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m, beyond which it remains fairly high.

III. Functional changes were deduced using morphological traits and isotopic
signatures (Chapter 3). Functional richness mirrors the patterns seen in size
diversity and is highest at 800 m. Functional divergence is highest at the
shallowest and deepest parts of the study site. Functional traits such as caudal
fin aspect ratio and surface area of the mouth protrusion vary substantially
with depth and can be linked to patterns in the relative dominance of benthic

and pelagic feeders.

IV. In the shallowest areas, where fishing pressure mainly occurs, some size-based
indicators show recovery from fishing pressure (Chapter 4). The Large Fish
Indicator and slope of the biomass spectrum are recovering at depths up to
750 m, whereas fractional size shows an increase at all depths over the

timescale of the survey.

V. The general ecological pattern of increasing regional occupancy with
increasing local abundance remains true in deep-sea fish at an interspecific
level (Chapter 5). The positive trend is also true for most species when
abundance and occupancy are calculated yearly. The interspecific trend does
not change over the timescale of the study. Abundance—occupancy
relationships are also positive when occupancy 1s calculated based on depth
distribution, meaning that species that are low in average abundance occupy

fewer areas both in horizontal and vertical space.
6.2. Assemblage structure along a depth gradient

Traditionally, changes in communities along environmental gradients have
been studied using species composition and even in the current modern era of
ecology, species abundance lists are common. Although in certain circumstances this
approach is desirable, for example in documenting changes in abundance of
commercially important species, it has been argued that to move forward in ecology

we must embrace the ‘trait-based approach’ (McGill et al. 2006; Litchman et al.
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2010; Webb et al. 2010; Mouillot et al. 2013; Pawar, Woodward & Dell 2015). This
1s a suite of methods that aim to extract the function of a community using the traits
of the species therein. Once function has been established, we are in a better position
to predict the effects of human activity, such as climate change or exploitation, on
ecosystems.

A trait-based approach that is already widely used in the marine environment
1s the use of metrics based on body size. Body size is a particularly important trait in
fish as they grow indeterminately, meaning that size can often be a better predictor
than species identity of trophic level and diet choice (Scharf, Juanes & Rountree
2000; Jennings et al. 2001). Body size also influences maturity and fecundity
(Winemiller & Rose 1992), growth rate (Jobling 1983) and mortality (Pauly 1980).
Here, I investigate changes along the continental slope in multiple size-based metrics.

The first of these metrics is a novel method that I term fractional size (Chapter
2). It 1s calculated as observed body size divided by the potential maximum size of
that species, hence illustrating where an individual is in the growth trajectory of that
species. It combines intra- and interspecific variation in size, meaning that it captures
more information than body size alone. I believe this is why, when all other
methodological details were equivalent, fractional size explained more variation
along a depth gradient than average body size. It increased along the slope to
approximately 1800 m, where it may start to decline beyond the depth range of the
study site. The increase seen in fractional size could be explained in three ways: 1) the
increased lifespans of deep-living species (Koslow et al. 2000; Morato et al. 2006;
Drazen & Haedrich 2012) allow them more time to reach their potential maximum
sizes; 11) some species’ eggs float to shallower waters then juveniles move deeper as
they grow (Magntsson 2001; Lin et al. 2012; Trueman, Rickaby & Shephard 2013);
ii) fishing pressure in the shallower areas of the slope prevents individuals from
reaching their maximum sizes (Bianchi et al. 2000; Hsieh et al. 2010). By accounting
for maximum size, which relates to important life history characteristics of a species
(Froese & Binohlan 2000), fractional size allows for comparisons across individuals of
different species, and could be applied globally to fish and marine invertebrates.

However, the efficacy of the fractional size method may currently be limited by
our knowledge of maximum size (Lmax). Maximum values of any trait are skewed by
sample size (Head, Hardin & Adolph 2012; Moorad et al. 2012) or can be

representative only of a few individuals rather than the species as a whole. An
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alternative approach that has been applied in studies using longevity (Moorad et al.
2012) and physiology (Head, Hardin & Adolph 2012), is to use a trait value that only
10% of individuals exceed. This value 1s possible to compute from a dataset such as
the one used in this thesis, where the sizes of all individuals are known. However, the
Limax listed on the global compendium FishBase (Froese & Pauly 2016) was used here
in order to make the values of fractional size globally applicable. By using maxima
obtained directly from the survey data, any variation between the study site and
other regions would be lost. For example, if no individuals in the study site reached
close to their maximum size, this could be not because the maximum was taken from
an anomalous individual, but rather because that species moves elsewhere to mature
and breed (Gordon & Duncan 1987). This 1s a valid finding that would be lost in
using a maximum value calculated from the survey data, however, it may be that the
chosen method for the calculation of fractional size will vary depending on the
hypotheses being tested. In the future, as compendiums such as FishBase (Froese &
Pauly 2016) develop, it may be possible to collate global values for maxima using the
90th percentile method which could be a more robust way of illustrating maximum
size.

Observed body size also increased with depth, and this held true for two
methods: averaging across species, weighting by the biomass of those species
(Chapter 2); averaging across all individuals present (Chapter 3). Both methods
showed an increase in body size to 1500—1800 m, then the beginnings of a decline
that may persist outside of the depth range considered here. This pattern also
broadly agreed with what was seen in fractional size and may also be explained by
depth-dependent patterns in fishing pressure, or individuals moving deeper as they
grow. Whether or not body size does start to decrease beyond the depth ranges
studied here has important implications for our general knowledge of the body size—
depth relationship. Body size has been found to increase up to depths of 5000 m
(Polloni et al. 1979; Collins et al. 2005), or decrease in non-scavenging species over
the same depth range (Collins et al. 2005). The potential decline seen here at 2000 m
may therefore just be an artefact of sampling effort at these depths, or it may be due
to responses of certain functional groups.

The third size-based metric I used to examine changes along a depth gradient
was size diversity (Chapter 3). In this calculation, species identity was ignored and

individuals were instead separated into size classes. The diversity measure developed
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by Leinster & Cobbold (2012) took into account the number of individuals in each
size class and the difference between them in terms of their body size. Size diversity
was found to peak at around 800 m, unlike the other size-based metrics. Size
diversity can therefore provide additional information to mean body size. At 800 m,
body size on average is low, but size diversity is high, so a range of sizes must still be
present. Alternatively, at 1500 m where average body size is high, there is an
intermediate amount of spread around this average size. Size diversity can be
associated with predation pressure and resource availability (Quintana et al. 2015) so
may be an important indicator in itself. However, the relationship between depth
and body size was much more pronounced than for size diversity, implying that
average body size may be a better representative of functional changes along the
slope.

Functional implications can also be established using morphological traits other
than body size (Chapter 3). For example, caudal fin aspect ratio determines
swimming capacity (Pauly 1989; Fisher et al. 2005) and the surface area of the mouth
protrusion is related to prey capture mode (Sibbing & Nagelkerke 2001). I found that
the average value of certain morphological traits within an assemblage could
potentially be mapped onto whether the species in that assemblage fed in the benthic
or pelagic environment, and in turn could link this to the positioning of Diel Vertical
Migrators (DVM, or deep scattering layer; Trueman et al. 2014). Pelagic feeders are
able to dominate from 900 m to at least 1700 m because they are exploiting the
DVM community, which, at these depths, is too far above the seabed for the benthic
feeders to reach. The dominance of the pelagic feeders results in high aspect ratios
and small gapes because they need to swim effectively but mainly feed on planktonic
invertebrates (Froese & Pauly 2016), hence do not require large gapes. At shallower
depths, the DVM community can be reached by the benthic feeders, and their
dominance is illustrated by large mouth protrusions which they use to feed on the
seabed.

Additionally, I used the morphological traits to calculate two measures of
functional diversity: functional richness and functional divergence (Villéger, Mason
& Mouillot 2008). Functional richness does not take species abundances into
consideration and is a measure of the functional space occupied by the species in an
assemblage. Functional divergence does take species abundances as an input and

represents how widely and evenly spread the species are around the trait space. The
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two measures of functional diversity did not produce the same results, with functional
richness being highest at 800 m and functional divergence being highest at 300 m
and 2000 m. These patterns could also potentially be explained by the relative
positioning and exploitation of the DVM community. At the shallower end of the
slope, pelagic and benthic feeders can reach the DVM community, which could
result in low functional richness, as different feeding guilds are exploiting the same
resources, and high functional divergence, because resources must be partitioned
among co-existing species. Functional divergence may then decrease at intermediate
depths where pelagic feeders experience competitive release and all possess similar
traits used for exploiting planktonic invertebrates. Finally, at the deepest parts of the
slope studied, the DVM community can no longer be reached by any demersal fish,
and feeding habits of these assemblages are less well known. However, these
explanations for the patterns seen in functional diversity are only hypotheses at
present, and more data are needed on the movement and interaction of assemblages.
Functional diversity is therefore helpful in comparing the biodiversity of different
areas along the slope, but may not be useful in a practical context because it is not
always clear what the results mean in practice. Functional diversity can be calculated
in many different ways (Schleuter et al. 2010) and cannot be compared across
systems or studies due to variation in methodology and the traits used. Even within
one dataset, two measures of functional diversity showed opposite patterns,
highlighting the need to fully justify which method is used and how the results are
interpreted.

When calculating average trait values and functional diversity, I used species-
level trait values that were calculated relative to body size. In using relative traits, 1
controlled for the large differences in size between fish of different ages, and relative
traits have been found to relate to function (Sibbing & Nagelkerke 2001; Reecht et
al. 2013). I made the assumption that relative traits are unlikely to change over the
course of an individual’s life, because although its size will change, its body plan will
remain inherently constant. In this case, it is therefore appropriate to use one trait
value for all individuals of a species. However, traits could also be examined on an
individual basis, in the way that was possible for body size. This would allow us to
capture any changes that occur throughout an individual’s life, such as the switch
made by the abyssal grenadier (Coryphaenoides armatus) from feeding on benthic

invertebrates to pelagic fish as it ages (Froese & Pauly 2016). Although desirable, this



6. General Discussion

level of data collection was not realistic on the survey used in this work.
6.3. Change over time

Fishing pressure in the Rockall Trough has been decreasing due to the
introduction in 2003 and subsequent decline of Total Allowable Catches (STECF
2013). As my first two data chapters showed, it would be naive to disregard depth
when examining any effects of fishing. All aspects of the community that were
examined changed with depth, as does fishing effort. I therefore used depth bands to
separate out potentially different recovery scenarios. Fractional size increased,
indicating recovery, in all depth bands. The Large Fish Indicator (LFI) and the slope
of the biomass spectrum indicated recovery in the shallowest depth band (up to 750
m), which is where most fishing pressure is targeted. The medium depth band (751—
1200 m) also experiences fishing pressure, but without depth-resolved effort data, it 1s
difficult to say whether the lack of change in the indicators is due to a lack of
recovery in this depth band, or because there was a lower level of exploitation so it
was never visibly impacted by fishing. The signs of recovery in the shallow depth
band, and in the medium and deep depth bands for fractional size, are particularly
encouraging as it was previously thought that deep-sea communities would be very
slow to recover from exploitation (Norse et al. 2012).

There was no change in any depth band of mean body length or mean
maximum length over the study period. Mean body length may not change over
time as it can be reduced by an influx of small individuals due to higher recruitment
success (Shin et al. 2005; Houle et al. 2012), meaning that it does not consistently
increase when a community is recovering. It is perhaps more surprising that mean
maximum length did not show a response. It may be that the timescale considered
was not long enough for this indicator to show a trend, or the system’s changes are
better captured when the sizes of every individual are considered, as is the case in the
LFI, the slope of the biomass spectrum, and fractional size. The latter three
indicators all appear to be well-suited to capture changes in deep-sea fish
assemblages, however, only fractional size showed change in any depth band other
than the most shallow (once the deepest depth band has been disregarded due to

issues with sampling effort). This may be because the impacts of fishing can
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propagate beyond the depth range fished (Bailey et al. 2009), and fractional size may
be a more sensitive indicator to these changes than the LFI or the slope of the
biomass spectrum. Alternatively, the different patterns may be because the indicators
are able to capture slightly different aspects of community structure. For example, an
increase in fractional size could be because individuals are reaching larger sizes,
which would also manifest itself as an increase in the LFI, or the increase in
fractional size could also be due to shifting species composition. A shift to overall
smaller species, but with individuals remaining roughly constant in their size, would
result in an unchanging LFI and an increasing fractional size, because individuals
would be proportionally bigger for which species they are. Both indicators may
therefore be beneficial in examining different aspects of community structure.

In this study it was difficult to accurately map changes in size-based indicators
onto changes in fishing effort, as effort data are incomplete, and even where they are
present, they are not depth-resolved. In this work I attributed the changes seen to a
reduction in fishing effort by looking at temperature as an alternative driver, and
finding that it did not change over the timescale of the survey. Ideally, this would be
taken further by predicting unexploited values for the size-based indicators in the
deep sea. With these, it would be possible to establish how impacted the fish
community of the Rockall Trough was before fishing pressure started to reduce.
Unexploited values could be predicted by models such as those described by
Andersen & Pedersen (2010) and Blanchard et al. (2011), but as has been extensively
revealed in this work, depth must be included in any such model. The issue of
including depth is not a trivial one. Species span different depth ranges and will be of
different sizes depending on what depth they occupy (Chapter 2). There 1s also
migration up and down the slope over different timescales (Gordon & Duncan 1985,
1987; Magnusson 2001; Lin et al. 2012; Trueman, Rickaby & Shephard 2013) and it
is still not well known how assemblages, such as demersal fish, pelagic fish, and
benthic invertebrates, interact in the deep sea. Until we have a greater understanding
of these aspects of deep-sea systems, it may be more beneficial to use empirical data
for a variety of deep-sea locations, which experience a range of fishing pressures, to
establish baseline indicator values for different depths. The baseline values are most
likely not comparable to those used in shelf seas, because the shelf has been exploited
for hundreds of years (Barrett, Locker & Roberts 2004; Kerby, Cheung & Engelhard

2012). It has been suggested that a Large Fish Indicator value of 0.3 represents a
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healthy ecosystem in coastal seas (ICES 2007; Greenstreet et al. 2011). If this were to
be applied to the deep sea, then in the Rockall Trough we could be fishing much
more heavily than we have been since 1998. However, before recommending such a
specific value of an indicator, further work is needed to establish how much fishing
pressure the system could retain and still be able to function and recover.
Alternatively, if it were assumed that the Rockall Trough system is currently healthy,
then the recommended values of the LFI could be as high as 0.75 or even 0.9.
Despite the difference needed in setting reference points between the shelf and deep
water, | have shown that indicators developed for coastal waters can successfully be
applied to the deep sea, and the reference directions (Jennings & Dulvy 2005; Shin et
al. 2005) are the same.

6.4. Macroecological patterns

Another potential indicator that I have tested in the deep sea is based on the
generally positive relationship between local abundance and regional occupancy
(Chapter 5; Gaston et al. 2000). The abundance—occupancy relationship (AOR) can
be calculated at the interspecific level, where abundance and occupancy are
calculated on average for each species and analysed across species, or at the
intraspecific level, when abundance and occupancy are calculated yearly and
analysed for each species separately. The intraspecific AOR therefore captures some
change over time in assemblages, and the form and strength of the interspecific
relationship can also be analysed over time in order to investigate responses to
exploitation or environmental change (Fisher & Frank 2004; Webb, Noble &
Freckleton 2007). These positive relationships are remarkably consistent across
ecosystems and taxa (Blackburn, Cassey & Gaston 2006) and can be important for
conservation due to the theory of “double jeopardy” (Lawton 1993, 1996; Gaston
1999). This is when any reduction in the range of a species results in a
disproportionate loss of that species, due to the accompanying decline in local
abundance at remaining occupied sites (Gaston et al. 2000; Freckleton et al. 2005).

I found that the positive interspecific AOR holds true for deep-sea demersal
fish and that the intraspecific AOR is also mostly positive, but only significantly so in

less than a quarter of species. The form and strength of the interspecific AOR did
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not change over the course of the study period, which is surprising as fishing pressure
has altered enough over the timescale of the study to show changes in other aspects
of community structure (Chapter 4). This implies that the AOR is not a good
indicator for deep-sea community health in the medium term, and indeed current
predictions of the effect of environmental change on the form of the AOR are not
consistent (Fisher & Frank 2005; Webb, Noble & Freckleton 2007). In this case, the
lack of change in the form of the AOR may be because fishing did not have a large
enough impact on species abundances or distribution to show an effect, despite
altering the body size structure of the system. This could occur if fishing pressure was
not high enough to cause any local extinctions, or if any changes in the abundance of
large individuals was balanced out by recruitment of small individuals, hence not
impacting the measure of local abundance used in the AOR. An alternative method
could be to use average local biomass rather than numerical abundance, as this
would capture any changes that occur due to a reduction in the size of individuals.
Additionally, AORs can also be calculated using size classes rather than species
identity to separate individuals (Webb et al. 2011). It would be interesting to reveal
whether the AOR based on sizes shows more change over time than the AOR based
on species abundances.

One way in which I propose we incorporate depth further into ecological
methods 1s to use what I term the bathymetric AOR. This is the inter- or
intraspecific relationship between local abundance and proportional occupancy of
depths. I found that it showed the same positive relationship as the interspecific
spatial AOR, and also mostly showed positive intraspecific relationships, though
fewer were significant than for the spatial AOR. This analysis has implications for
understanding the depth distributions of deep-sea species. Little is known about
deep-sea fish physiology due to the problems with studying them in a laboratory
environment, and our understanding of physiological impacts on depth ranges is
currently limited to differences between slope and abyssal species (Carney 2005;
Yancey et al. 2014). The positive interspecific bathymetric AOR could imply that
species depth ranges are not determined by physiological or evolutionary
adaptations, but rather by average abundance and local effects such as interspecific
competition. Intraspecific AORs are also mostly positive when occupancy is based on
depth, which could imply that all species have broad potential depth ranges that are

constricted in some years due to fluctuating effects of local factors such as fishing
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pressure, temperature or resource availability. Those species with no bathymetric
AOR could be already occupying their full depth range and cannot expand in years
that are good for abundance due to their physiology.

Together, all of these results imply that there may be another layer to the
“double jeopardy” situation (Lawton 1993, 1996; Gaston 1999) whereby species are
triply vulnerable as they occupy a small geographic space and narrow depth range
when they have low local abundance. In addition, deeper-living species exhibit more
positive AORs, meaning that they are more vulnerable to double, or triple, jeopardy
than species that live further up the slope. In other words, a vulnerable species could
decrease in abundance, geographical range and depth range in response to an
external pressure, hence potentially increasing extinction risk in three ways. This
adds a macroecological explanation to the decreased resilience of deep-sea species
due to their life histories (Drazen & Haedrich 2012; Norse et al. 2012).

Bathymetric AORs can be used alongside spatial AORs in any study of a
marine system where data are taken from different depths in order to account for the
fact that distribution varies vertically as well as horizontally in fish. Ideally, future
work could incorporate both spatial and bathymetric distribution into one
abundance—occupancy analysis so that one relationship can be examined rather than
two. Additionally, it would be interesting to calculate the bathymetric AOR based on
size classes, as was suggested for the spatial AOR. Understanding how the depth
occupancy of different size classes changes would add another layer to our

understanding of size-based metrics along a depth gradient.

6.5. Future directions

Our understanding of the deep sea has increased over recent decades and this
new knowledge has allowed us to challenge long-held beliefs about the characteristics
of the system (Danovaro, Snelgrove & Tyler 2014). We now need to focus on
expanding our knowledge of the traits of deep-sea species, particularly those relating
to behaviour and ecology. This is a feat that is becoming possible with the use of
deep-sea submersibles and remotely operated underwater vehicles (Kaiser et al.
2011). Linkages between the demersal environment and other assemblages, such as

pelagic fish and benthic invertebrates, should also not be disregarded. Future work
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should aim to establish how the whole system interacts, including how species move
up and down the slope or between the demersal and pelagic environments. We also
must start to link our improved mapping of the sea floor (Danovaro, Snelgrove &
Tyler 2014) with the movement of individuals and how these different habitats are
utilised.
The following specific research questions are suggested as a continuation of the
work presented in this thesis:
* (Can we apply fractional size to other taxa such as invertebrates and to
illustrate recovery of other fish communities?
* Does body size decrease beyond 2000 m?
* How do assemblage functional traits change with depth when they are
analysed at the individual, rather than species, level?
* What are the predicted unexploited values of size-based indicators at
different depths?
*  How much fishing pressure can be sustained in the deep sea at different
depths?
* Do the positive spatial and bathymetric abundance—occupancy
relationships hold when individuals are classified in terms of size class
rather than species, and does this relationship change over a period of

exploitation?
6.6. Concluding remarks

This work has revealed some surprising characteristics of the deep sea. It has
high functional and species diversity, it can recover from fishing pressure, and it
follows generalised macroecological patterns. Two potentially important ecological
advances have been made: the development of a new size-based indicator, fractional
size, and the analysis of abundance—occupancy relationships based on depth
distributions. Body size remains an all-important factor in the marine environment
and 1s a good descriptor of community recovery and change with depth. Depth
impacts every characteristic of assemblages on the continental slope examined here
and deep-sea communities cannot be assumed to group together. This thesis sets the

stage for further depth-resolved deep-sea ecology.
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Table S1. Concatenation of hauls into stations (survey data 1998-2012). Hauls were
grouped into stations if they were repeated across years in the same ICES (International
Council for the Exploration of the Sea) rectangle and at depths within 100 m of each other.

Station number

ICES statistical

Number of years

Mean and range

rectangle represented of depths

represented (m)

1 38D9 6 1500 (1500-1500)

2 38D9 1 1800 (1800-1800)

3 39D9 3 417 (400-430)

4 39D9 4 500 (500-500)

5 39D9 2 615 (600-630)

6 39D9 1 750 (750-750)

7 39D9 1 991 (991-991)

8 39D9 7 1007 (1000-1050)

9 39D9 1 1396 (1396-1396)

10 39D9 2 1500 (1500-1500)

11 39D9 2 1800 (1800-1800)

12 44D9 1 2000 (2000-2000)

13 40E0 4 427 (400-450)

14 40E0 4 728 (700-750)

15 40E0 4 982 (950-1000)

16 41E0 9 503 (500-528)

17 41E0 1* 715 (700-730)

18 41E0 3 868 (850-890)

19 41E0 8 1012 (1000-1050)

20 41E0 1 1070 (1070-1070)

21 41E0 9 1503 (1497-1530)

22 41E0 3 1800 (1750-1850)

23 42E0 9 517 (500-550)

24 42E0 2 607 (592-622)

25 42E0 4 757 (709-800)

26 42E0 1 890 (890-890)

27 42E0 11 1005 (966-1050)

28 42E0 2 1259 (1237-1300)

29 42E0 10 1501 (1500-1508)

30 42E0 7 1800 (1800-1800)

31 43E0 3 417 (409-425)

32 43E0 6 513 (500-525)

33 43E0 2 561 (552-570)

34 43E0 1 696 (696-696)

35 43E0 2 760 (750-770)

36 43E0 2 825 (800-850)

37 43E0 8 999 (990-1005)

38 43E0 8 1500 (1500-1500)

39 43E0 1 2030 (2030-2030)

40 44E0 3 303 (300-310)
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Station number

ICES statistical

Number of years

Mean and range

rectangle represented of depths

represented (m)

41 44E0 1 400 (400-400)

42 44E0 6 513 (500-540)

43 44E0 8 612 (580-650)

44 44E0 2 700 (700-700)

45 44E0 5 812 (760-850)

46 44E0 2 900 (900-900)

47 44E0 9 1004 (994-1050)

48 44E0 2 1250 (1250-1250)

49 44E0 10 1503 (1500-1540)

50 44E0 3 1650 (1650-1650)

51 44E0 3 1800 (1800-1800)

52 45E0 2 348 (345-350)

53 45E0 3 527 (500-550)

54 45E0 8 612 (570-650)

55 45E0 1 852 (852-852)

56 45E0 9 1001 (1000-1015)

57 45E0 1 1134 (1134-1134)

58 45E0 9 1503 (1500-1529)

59 45E0 2 1700 (1650-1750)

60 45E0 2 1800 (1800-1800)

61 46E1 1 300 (300-300)

62 46E1 2 510 (500-550)

63 46E1 4 603 (597-613)

64 46E1 7 1003 (1000-1034)

65 46E1 6 1501 (1500-1504)

66 47E1 2 1500 (1500-1500)

67 46E2 5 518 (500-550)

68 46E2 1 660 (660-660)

69 46E2 4 1000 (1000-1000)

70 46E2 2 1059 (1058-1060)

71 47E2 3 1033 (1000-1050)

72 47E2 1 1086 (1086-1086)

*Station where a haul of similar depth and location was repeated in the same year, resulting
in an average being taken across hauls, but only one year being represented. All other

stations listed as representing only one year consisted of a single haul.
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Table S2. Conversion of lengths measured on the survey to total length. The body plan of
many deep-sea species is such that their tails break off easily when caught by a trawl (ICES
2012). Without its tail, an individual’s total length (TL; tip of snout to end of tail) cannot be
measured, so standard length (SL; tip of snout to start of tail), pre-anal fin length (PAFL; tip
of snout to first ray of anal fin), or pre-supra caudal fin length (PSCFL; tip of snout to start of
supra caudal fin) is measured, depending on what species it is (ICES 2012). These values
were then multiplied by a conversion factor calculated from a subset of survey data in order
to predict the total length including the tail. If it was not known what measurement was
taken, the conversion factor of a species of the same genus was used. If there was more than
one related species’ conversion factor then an average was used.

Measured Conversion

Taxon length factor

Aldrovandia affinis TL 1
Aldrovandia phalacra TL 1
Alepocephalus spp. SL 1.121333333
Alepocephalus agassizii SL 1.139
Alepocephalus australis SL 1.148
Alepocephalus bairdii SL 1.089
Alepocephalus productus SL 1.121333333
Alepocephalus rostratus SL 1.127
Amblyraja jensenii TL 1
Anarhichas denticulatus TL 1
Anoplogaster cornuta TL 1
Antimora rostrata TL 1
Aphanopus carbo TL 1
Apristurus aphyodes TL 1
Apristurus laurussonii TL 1
Apristurus madaerensis TL 1
Apristurus manis TL 1
Apristurus melanoasper TL 1
Apristurus microps TL 1
Apristurus spp. TL 1
Arctozenus risso TL 1
Argentina silus TL 1
Argentina sphyraena TL 1
Bajacalifornia megalops SL 1.068
Barbantus curvifrons SL 1.152
Bathygadus melanobranchus TL 1
Bathylagus euryops TL 1
Bathypterois dubius TL 1
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Measured  Conversion
Taxon length factor
Bathyraja richardsoni TL 1
Bathyraja spp. TL 1
Bathysaurus ferox TL 1
Bathytroctes microlepis SL 1.139
Benthodesmus simonyi TL 1
Beryx decadactylus TL 1
Brama brama TL 1
Brosme brosme TL 1
Callionymus lyra TL 1
Callionymus maculatus TL 1
Capros aper TL 1
Cataetyx laticeps TL 1
Cataetyx spp. TL 1
Centrolophus niger TL 1
Centrophorus granulosus TL 1
Centrophorus squamosus TL 1
Centroscyllium fabricii TL 1
Centroscymnus coelolepis TL 1
Centroselachus crepidater TL 1
Chaunax pictus TL 1
Chimaera monstrosa PSCFL 1.31
Chimaera opalescens PSCFL 1.31
Chimaeriformes spp. TL 1
Coeclorinchus caelorhincus PAFL 2.82
Coclorinchus labiatus PAFL 2.5
Conger conger TL 1
Conocara macropterum SL 1.118
Conocara murrayi SL 1.118
Coryphaenoides carapinus PAFL 3.79
Coryphaenoides guentheri PAFL 3.25
Coryphaenoides mediterranecus PAFL 4.5
Coryphaenoides rupestris PAFL 4.33
Cottunculus thomsonii TL 1
Dalatias licha TL 1
Deania calcea TL 1
Deania profundorum TL 1
Dipturus batis TL 1
Dipturus intermedia TL 1
Diretmus argenteus TL 1
Echiodon drummondii TL 1
Enchelyopus cimbrius TL 1
Epigonus telescopus TL 1
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Table S2. Continued.

Measured  Conversion
Taxon length factor
Etmopterus princeps TL 1
Etmopterus spinax TL 1
Eutrigla gurnardus TL 1
Gadiculus argenteus TL 1
Gadomus longifilis PAFL 3.2
Gadus morhua TL 1
Gaidropsarus argentatus TL 1
Gaidropsarus macrophthalmus TL 1
Gaidropsarus vulgaris TL 1
Galeus melastomus TL 1
Galeus murinus TL 1
Glyptocephalus cynoglossus TL 1
Guttigadus latifrons TL 1
Halargyreus johnsonii TL 1
Halosauropsis macrochir TL 1
Harriotta haeckeli TL 1
Harriotta raleighana PSCFL 1.29
Helicolenus dactylopterus TL 1
Hexanchus griseus TL 1
Hippoglossoides platessoides TL 1
Hippoglossus hippoglossus TL 1
Histiobranchus bathybius TL 1
Holtbyrnia anomala SL 1.206
Holtbyrnia macrops SL 1.206
Hoplostethus atlanticus TL 1
Hoplostethus mediterranecus TL 1
Hydrolagus affinis PSCFL 1.07
Hydrolagus mirabilis PSCFL 1.28
Hydrolagus pallidus PSCFL 1.08
Hymenocephalus italicus TL 1
Ilyophis blachei TL 1
Ilyophis brunneus TL 1
Lepidion eques TL 1
Lepidorhombus boscii TL 1
Lepidorhombus whiffiagonis TL 1
Leucoraja circularis TL 1
Leucoraja fullonica TL 1
Leucoraja naevus TL 1
Limanda limanda TL 1
Lophius budegassa TL 1
Lophius piscatorius TL 1
Lycenchelys sarsii TL 1
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Measured Conversion

Taxon length factor
Lycodes pallidus TL 1
Lycodes spp. TL 1
Lycodes terraenovae TL 1
Lycodonus flagellicauda TL 1
Lyconus brachycolus TL 1
Macrouridae spp. TL 1
Macrourus berglax TL 1
Malacocephalus laevis PAFL 4.57
Malacoraja kreftti TL 1
Maulisia mauli TL 1
Maulisia microlepis TL 1
Melanogrammus aeglefinus TL 1
Melanolagus bericoides TL 1
Merluccius merluccius TL 1
Microstomus kitt TL 1
Molva dypterygia TL 1
Molva molva TL 1
Mora moro TL 1
Myxine ios TL 1
Neocyttus helgae TL 1
Neoraja caerulea TL 1
Nesiarchus nasutus TL 1
Nessorhamphus ingolfianus TL 1
Nezumia aequalis PAFL 3.78
Nezumia sclerorhynchus PAFL 3.98
Normichthys operosus SL 1.138
Notacanthus bonaparte TL 1
Notacanthus chemnitzii TL 1
Pachycara bulbiceps TL 1
Pachycara crassiceps TL 1
Paraliparis spp. TL 1
Paraliparis bathybius TL 1
Phycidae TL 1
Phycis blennoides TL 1
Platyberyx opalescens TL 1
Platytroctes apus SL 1.17
Platytroctidae spp. TL 1
Pleuronectes platessa TL 1
Pollachius virens TL 1
Polyacanthonotus rissoanus TL 1
Pscudotriakis microdon TL 1
Raja clavata TL 1
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Table S2. Continued.

Measured Conversion

Taxon length factor
Raja montagui TL 1
Rajella bathyphila TL 1
Rajella bigelowi TL 1
Rajella fyllae TL 1
Rajella kukujevi TL 1
Rajella ravidula TL 1
Rajidae spp. TL 1
Reinhardtius hippoglossoides TL 1
Rhinochimaera atlantica PSCFL 1.39
Rouleina attrita SL 1.103
Rouleina maderensis SL 1.181
Sagamichthys schnakenbecki SL 1.17
Schedophilus medusophagus TL 1
Scopelogadus beanii TL 1
Scyliorhinus canicula TL 1
Scymnodon ringens TL 1
Searsia koefoedi SL 1.17
Sebastes marinus TL 1
Sebastes viviparus TL 1
Serrivomer beanii TL 1
Serrivomer brevidentatus TL 1
Simenchelys parasitica TL 1
Somniosus rostratus TL 1
Spectrunculus grandis TL 1
Squalus acanthias TL 1
Synaphobranchus kaupii TL 1
Trachipterus arcticus TL 1
Trachyrincus murrayi PAFL 3.1
Trachyscorpia cristulata TL 1
Trisopterus esmarkii TL 1
Venefica proboscidea TL 1
Xenodermichthys copei SL 1.155
Zoarcidae spp. TL 1
References

ICES. (2012) Manual for the International Bottom Trawl Surveys. Series of ICES Survey
Protocols. SISP 1-IBT'S VIII.



8. Supporting Information

Appendix 1. The robustness of Lmax allocation.

As explained in the main body of the thesis, where observed size exceeded Linax
from FishBase (Froese & Pauly 2014), Liax was said to be the maximum observed
size from the survey. Although it is not ideal to have to use a combination of sources
in this way, I would like to justify this approach as follows. Firstly, as the deep sea 1is
not well known, even comprehensive databases such as FishBase (Froese & Pauly
2014) do not always contain accurate information about deep-sea species. In these
instances, a comprehensive trawl survey, such as the one conducted by Marine
Scotland and analysed in this thesis, represents more accurate and up-to-date
knowledge of deep-sea species.

Given this, it may be suggested that it is better to use survey-derived
maximums throughout the study, and not incorporate FishBase values at all. I argue
that this is not the case because by using a smaller value of observed maximum,
when I know from FishBase that they are capable of reaching larger sizes, then I am
actively ignoring information that I have. Also, by using only observed maxima, I
would be restricting the relevance of this study to my study site, and this time period,
only. By using a global maximum, where possible, I allow for changes in Liax over
space and time. For example, fractional size can capture changes in body size that
have occurred due to fishing pressure with respect to a historical maximum size, and
can capture if some populations consist only of young individuals that then move
elsewhere to breed. Additionally, by suggesting the method of using FishBase-derived
as well as survey-derived values, I encourage readers who wish to use my approach
in other study areas to use a globally applicable value if they are lucky enough to
have such data for their study species.

I further assure the reader of the robustness of my chosen approach by
presenting the results of changes in fractional size with depth (see Chapter 2: A trait-
based metric sheds new light on the nature of the body size—depth relationship in the deep sea) when
all species are included as laid out in the main manuscript, compared with the results
when species with maximum sizes greater than those listed on FishBase are excluded
from the analysis (Fig. S1). In other words, I present the results from what would be
an ‘ideal’ scenario, with Lmax being accurately listed on FishBase for all species
studied. I show that the patterns are virtually identical when all species are included

and when only species for which Lmax on FishBase is greater than observed Liax are
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included (Fig. S1). This fact is supported by the statistical results in Table S3, which
were produced using the methods described in the main manuscript.

Finally, all values of Lmax from FishBase and from the survey are listed in Table
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Fig. S1. The relationship between fractional size and depth using two methods: a) all
species are included b) only those species for which FishBase Lmax exceeded observed
maximum size. The line represents the fitted GAM (Table S3).

Table S3. Results of Redundancy Analysis and Generalised Additive Models using two
methods: all species included, and only species for which FishBase Lmax exceeded observed
maximum size included.

Statistical method  Test statistic Results for all Results for species
extracted species for which FishBase
Lmax exceeded
observed

maximum size

RDA Pseudo-F 25 23
d.f. 1,70 1,70
R2 0.26 0.24
p 0.001 0.001
GAM F 50 42
e.d.f. 3.9 3.8
R2 0.74 0.70
p <0.001 <0.001
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Table S4. FishBase and survey-derived maximum lengths for all taxa caught on the survey
between 1998-2012. Taxa for which observed size exceeded Lmax, resulting in maximum
observed size being treated as the new Lmax, are highlighted.

Taxon Lmax from FishBase Maximum size

(cm; May 2014) from survey (cm)
Aldrovandia affinis 55 21
Aldrovandia phalacra 50 44

Alepocephalus spp. 100 49.3

Alepocephalus australis 60 50.5

41 38.1

Alepocephalus productus

Anarhichas denticulatus 180 106

Antimora rostrata 75 69

Apristurus aphyodes

Apristurus madaerensis 68 64

Apristurus spp. 85 75
Arctozenus risso 30 16
Argentma silus

Argentina sphyraena

Bathygadus melanobranchus

Bathyraja richardsoni 175 123
Bathyraja spp. 175 125
‘Bathysaurusferox 64 65
Bathytroctes microlepis 32.3 30.8
Benthodesmus simonyi 130 85
Beryx decadactylus 100 52
Brama brama 100 53
Brosme brosme 120 86
Callionymus lyra 30 22

Calhonymus maculatus

alirOS aiier

Cataetyx spp.

Centrolophus niger 1 50 67
Centrophorus granulosus 160 86
Centrophorus squamosus 164 138
Centroscyllium fabricii 107 89
Centroscymnus coelolepis 120 122
Centroselachus crepidater 130 91
Chaunax pictus 40 7
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Table S4. Continued.

Taxon

Lmax from FishBase
(cm; May 2014)

Maximum size
from survey (cm)

Chimaera monstrosa
Chimaera opalescens
Chimaeriformes spp.
Coelorinchus caelorhincus
Coelorinchus labiatus
Conger conger

Conocara macropterum
Conocara murrayi
Coryphaenoides carapinus
Coryphaenoides guentheri
Coryphaenoides mediterraneus
Coryphaenoides rupestris
Cottunculus thomsonii
Dalatias licha

Deania calcea

Deania profundorum
Dipturus batis

Dipturus intermedia
Diretmus argenteus
Echiodon drummondii
Enchelyopus cimbrius
Epigonus telescopus
Etmopterus princeps
Etmopterus spinax

Eutrigla gurnardus
Gadiculus argenteus
Gadomus longifilis

Gadus morhua
Gaidropsarus argentatus
Gaidropsarus macrophthalmus
Gaidropsarus vulgaris
Galeus melastomus

Galeus murinus
Glyptocephalus cynoglossus
Guttigadus latifrons
Halargyreus johnsonii
Halosauropsis macrochir
Harriotta haeckeli
Harriotta raleighana
Helicolenus dactylopterus
Hexanchus griseus
Hippoglossoides platessoides
Hippoglossus hippoglossus
Histiobranchus bathybius
Holtbyrnia anomala
Holtbyrnia macrops
Hoplostethus atlanticus
Hoplostethus mediterraneus
Hydrolagus affinis
Hydrolagus mirabilis

150
109.8
150
48
50
300
34
34
45
50
73
110
35
182
122
79
285
285
27.6
30
41
75
75
60
60
15
30
200
35
25
60
75
63
60
18.2
56
90
65
120
47
482
82.6
470
137
25
20
75
42
130
38

108.7
99.6
70
42.3
42.5
158
42.5
50.3
208.5
52
103.5
125.6
45
147
112
91
121
107
10
29

12
57
80
60

28

17
19.2
86

15
20

42

75

46

50

10
52

75

48
104.5
38
150
25

70

79
33.8
33.8
68

18
126.3
84.5
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Table S4. Continued.

Taxon Lmax from FishBase Maximum size

(cm; May 2014) from survey (cm)
Hydrolagus pallidus 130 122
Hymenocephalus italicus 25 4

Dyophisblachei 792 84

Ilyophis brunneus 58 33
Leﬁidion eﬂues 44 41
Lepidorhombus whiffiagonis 60 56
Leucoraja circularis 120 72
Leucoraja fullonica 120 101
Leucoraja naevus 71 64
Limanda limanda 40 14
Lophius budegassa 100 51
Lophius piscatorius 200 147

Lycenchelys sarsii 20 14

Lyconus brachycolus

Macrourus berglax 3
Malacocephalus laevis 60 54.8
Malacoraja kreftti 70 56
Maulisia mauli 20 17
Maulisia microlepis 25.5 25
Melanogrammus aeglefinus 112 76
Melanolagus bericoides 20 16
Merluccius merluccius 140 105
Microstomus kitt 65 31
Molva dypterygia 155 143
Molva molva 200 151
Mora moro 80 64

Nesiarchus nasutus 130 88

Nezumia sclerorhynchus

Notacanthus chemnitzii 120 117
Pachycara bulbiceps 51.5 50
Pachycara crassiceps 5 56
Paraliparis spp. 25.3 21
Paraliparis bathybius 25.3 20
Phycidae 110 31
Phycis blennoides 110 74
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Table S4. Continued.

Taxon Lmax from FishBase Maximum size

(cm; May 2014) from survey (cm)
Platytroctidae spp. 27 8
Pleuronectes platessa 100 28
Pollachius virens 130 86

Polyacanthonotus rissoanus 95 56

Pseudotriakis microdon 269 183
Raja clavata 105 83
Rai'a montaiui 80 51
Rajella bigelowi 55 53
Rajella fyllae 60 55
Rajella kukujevi 90 83
Rajella ravidula 70 52

Rajidae spp. 285 22

Rhinochimaera atlantica 140 139

Sagamichthys schnakenbecki 27

N
&0
I

Scyliorhinus canicula 100

~
(@)

(&)
(e

Sebastes marinus mentella 58

Serrivomer brevidentatus 60 50
Simenchelys parasitica 61 30
Somniosus rostratus 143 126
Spectrunculus grandis 127 59
Squalus acanthias 160 78
Synaphobranchus kaupii 100 81
Trachipterus arcticus 300 174
Trachyscorpia cristulata 50 4
TrisoEterus esmarkii 35 26
Xenodermichthys copei 31 26.6
Zoarcidae spp. 54 52
References

Froese, R. & Pauly, D. (2014) FishBase. World Wide Web electronic publication.
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Table S5. Concatenation of hauls into stations (survey data 1998-2013). Hauls were
grouped into stations if they were repeated across years in the same ICES (International
Council for the Exploration of the Sea) rectangle and at depths within 100 m of each other

Station number ICES statistical Number of years Mean and range
rectangle represented of depths
represented (m)

1 38D9 6 1500 (1500-1500)
2 38D9 1 1800 (1800-1800)
3 39D9 3 417 (400-430)

4 39D9 5 501 (500-506)

5 39D9 3 615 (600-630)

6 39D9 2 757 (750-764)

7 39D9 9 1000 (955-1050)
8 39D9 1 1264 (1264-1264)
9 39D9 1 1396 (1396-1396)
10 39D9 3 1506 (1500-1518)
11 39D9 3 1828 (1800-1884)
12 39D9 1 2067 (2067-2067)
13 40E0 4 427 (400-450)

14 40E0 4 728 (700-750)

15 40E0 4 982 (950-1000)
16 41D9 1 2027 (2027-2027)
17 41E0 10 502 (487-528)

18 41E0 ] 715 (700-730)

19 41E0 4 853 (809-890)

20 41E0 10 1011 (966-1050)
21 41E0 1 1070 (1070-1070)
29 41E0 10 1506 (1497-1530)
23 41E0 1 1750 (1750-1750)
24 41E0 3 1827 (1800-1850)
25 42D9 1 2017 (2017-2017)
26 42E0 10 517 (500-550)

27 42E0 2 607 (592-622)

28 42E0 4 757 (709-800)

29 42E0 1 890 (890-890)

30 42E0 11 1016 (1000-1093)
31 420 2 1259 (1237-1300)
32 42E0 11 1501 (1500-1508)
33 42E0 7 1800 (1800-1800)
34 43E0 3 417 (409-425)

35 43E0 7 510 (496-525)

36 43E0 2 561 (552-570)

37 43E0 1 696 (696-696)

38 43E0 2 760 (750-770)

39 43E0 2 825 (800-850)

40 43E0 8 999 (990-1005)
41 43E0 1 1075 (1075-1075)
42 43E0 8 1500 (1500-1500)
43 43E0 1 1570 (1570-1570)
44 43E0 1 1804 (1804-1804)
45 43E0 1 2030 (2030-2030)
46 44D9 1 2000 (2000-2000)
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Table S5. Continued.

Station number ICES statistical Number of years =~ Mean and range
rectangle represented of depths
represented (m)

47 44E0 3 303 (300-310)

48 44E0 1 400 (400-400)

49 44FE0 6 507 (500-540)

50 44FE0 8 612 (580-650)

51 44F0 2 700 (700-700)

52 44E0 4 825 (800-850)

53 44FE0 2 900 (900-900)

54 44FE0 9 1005 (994-1050)
55 44FE0 1 1081 (1081-1081)
56 44FE0 2 1250 (1250-1250)
57 44FE0 11 1506 (1500-1540)
58 44FE0 2 1650 (1650-1650)
59 44FE0 3 1810 (1800-1830)
60 45E0 2 348 (345-350)

61 45E0 4 523 (500-550)

62 45E0 8 612 (570-650)

63 45E0 1 852 (852-852)

64 45E0 10 1001 (1000-1015)
65 45E0 1 1134 (1134-1134)
66 45E0 10 1506 (1500-1529)
67 45E0 2 1717 (1700-1750)
68 45E0 3 1802 (1800-1805)
69 46E1 1 300 (300-300)

70 46E1 2 525 (500-550)

71 46E1 4 603 (597-613)

72 46E1 1 660 (660-660)

73 46E1 7 1005 (1000-1034)
74 46E1 6 1501 (1500-1504)
75 46E2 4 510 (500-540)

76 46E2 4 1000 (1000-1000)
77 46E2 2 1059 (1058-1060)
78 47E1 3 1496 (1489-1500)
79 47E2 2 1025 (1000-1050)
80 47E2 1 1086 (1086-1086)

*Station where a haul of similar depth and location was repeated in the same year, resulting
in an average being taken across hauls, but only one year being represented. All other
stations listed as representing only one year consisted of a single haul.
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Fig. S2. The relationships between each of the continuous trait variables included in the
calculation of functional diversity. Angle of mouth in relation to lateral line (°); relative
surface area of mouth protrusion (cm?/cm); caudal fin aspect ratio (cm?2/cm?2/cm); relative
eye size (cm/cm); relative head size (cm/cm); relative gape size (mm2/cm); Limax (cm).
Please refer to Chapter 3: Functional, size and taxonomic diversity of fish along a depth gradient in the
deep sea for definitions and calculations of traits. The statistical correlations between
variables were all less than 0.7, and 15/21 correlations were less than 0.5.
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Table S6 (on next page). The species caught on the survey, their conversion factors and
maximum lengths.

The tails of many deep-sea species break off in the net when caught, so other standard
measures of length are used rather than total length (ICES 2012). Conversion factors are
then used to predict the total length of the individual including the tail. The types of lengths
measured are: TL = total length, tip of snout to end of tail; SL. = standard length, tip of
snout to start of tail; PAFL = pre-anal fin length, tip of snout to first ray of anal fin; PSCFL =
pre-supra caudal fin length, tip of snout to start of supra caudal fin. Conversion factors were
mostly calculated from a subset of survey data for which total lengths were available. Species
without conversion factors were assigned the average conversion factor across other species
in that genus caught on the survey. FishBase (Froese & Pauly 2016) sometimes listed
maximum standard lengths rather than maximum total lengths. These were converted to
total lengths using the conversion factors calculated from survey data where possible. If there
was no survey-derived conversion factor (because the survey recorded total length and
FishBase stated standard length) then the conversion factor listed on FishBase was used. If
neither conversion factor was available, an average conversion factor (1.16) calculated across
all species caught on the survey for which there was a standard length conversion available
was used. Conversion factors from FishBase are highlighted in yellow; average conversion
factors are highlighted in orange.

‘FishBase length’ refers to the maximum length listed on FishBase (Froese & Pauly
2016) for that species. This is then converted to ‘FishBase total maximum length’ using the
conversion factors and aforementioned methods. The ‘survey maximum total length’ is the
length of the largest individual of that species caught throughout all years, depths and
locations of the Marine Scotland deep-water trawl survey.

The species for which morphometric data were available, hence constituted the
majority of analyses in Chapter 3: Functional, size and taxonomic diversity of fish along a depth gradient
in the deep sea, are highlighted in green.

References

ICES. 2012. Manual for the International Bottom Traw! Surveys. Series of ICES Survey
Protocols. SISP 1-IBT'S VIII.

Froese, R. & Pauly, D. (2016) FishBase. World Wide Web electronic publication.

www.fishbase.org.



8. Supporting Information

€6 g6°'16 G90'1 0% 1S TL OSSII SNUIZ0IDTY vql
¢L a8 [ a8 gns 1L “dds snumisudy ndav
a8 19 I 19 L L sdoxorwa snamstady NV
8L 1'9L I 192 1L 1L 1odseoueppur snumystdyy TNV
96 ¢g I ¢g T.L TL stuewr snamstdy NIV
9 9L I 9L "TL TL stsuoroepew snunisudy VINV
YL 9L I 9L "TL TL rrwossnane[ snanystdy VIV
69 a8 I (o] 1L 1L sopoAyde snumsudyy dVV
651 91'911 9¢0'1 011 1S 1L oqures sndoueydy Dsd
69 L8 91'1 Gl 1S TL BJRI)SOI BIOWNUY ouv
66 81 I 81 1L L eInuwIod 1asesordouy 1810) 4
15 00¢ I 00¢ TL L dds sowzopmsuy nad
901 081 I 081 TL TL SNIBMOTUIP SBYOIYILUY vol
col cg I cg 1L 1L nuasud| eleadjqury a0y
¥09°8¢ g6'9¢ Lol'l 06 1S IS snyexnsoa snjeydododary NST
661’88 196°¢Y Iel'l £ 1S 1S smponpoud snpeydaoodary d1v
§1¥'L31 6'801 680'1 001 1S TS npareq snpeydaoodary OIS
61608 88'39 8Y 11 09 IS IS sirensne sneydosoday Avv
510°631 186°68 65T 6L TS TS nzissede snjegdododory VYV
£6¢°6Y 1'gll Iel'l 001 1S TS "dds snpeydaoodary ANS
44 06 I 06 TL TL exoefeyd empuesoipry aiv
16 GC ! GG 1L L STUT[je BIPUBAOIP]Y AVVY
(o) C)
1Sudl [e101  YISUS[ [€10) apod
wnuwixew  Wnuwixeu (uxo) yrSuar pPuepoog
Aaaang 9seqgUSI] UOISIIAUOY) -ad£) ppSuay - odAy rSuory swreu saroadg QuULIBIA

‘panunuop) “9g AAqe L,

149



8. Supporting Information

98 0L1 1 0L1 1L 1L snsofnuels snroydonuan) OO0
L9 6' VL1 991°1 06T 1S TL Ia8tu snyydojonuan) 119
Pl €9 [ <9 TL 1L “dds xK1oeren) avo
101 €9 [ €9 TL 1L sdooner xA1oeren) VD
il 0¢ I 0% TL 1L node soxden L1g
4! 91 1 91 1L 1L snye[noew SNWAUOI[[er) MAs
144 0% I 0¢ L L eIA] snwikuor(rer) via
L8 06T I 0cI 1L 1L QUISO.I( QWSO JdOL
¢¢ 00T [ 00T 1L 1L eurelq euwerq GRS |
¢¢ 00T [ 00T 1L 1L sn[A10epeosp XArog qagd
38 8061 9I'Il 0¢1 1S 1L 1AuowWIs SNWsIpOYIUIg O
87796 L68L°9¢ 6611 149 1S IS sidojoaorua saponiyreqg 1IN
49 i 91'l 79 1S L X019§ snunesAypeg g
¢sl CLI [ CLI 1L 1L “dds elesdyreg naa
I¢l GL1 [ GL1 "ILL 'ILL ruospreyour elerAyreq vy
66 8L°¢¢G 91°1 G006 1S 1L sniqnp stoxndAyregq nag
6 ¢l I o1 11 1L sdoAino snSejAyregq avg
G6G39°0¢ 0¢ I 0¢ TL 1L snyoueIqouROW snpeSAyreq TING
861791 G6160°¢CIT GST'1 I'el 1S 1S SUOIJIAIND smueqIeq nng
PH6°19 oLGh 890°1 0F TS TS sdoesow erutojiredeleq NV
66 9'0% 91’1 Gg IS 1L rudeilyds eunuoSry NV
149 90°'18 8CT'T 0L 1S TL SN[IS BUNUISIY AVO
(o)
1Susf [e101  YISUS] [€10) apod
wWNuIIxeur wnurxeu (uxo) yrSuay pueo0g
Aaaing 9seqgUSI] UOISISAUO)) - ad£y ypSuary - ad£y yySuary swreu saroadg QuLIe\

‘ponunuoy) “9g Aqe],

150



8. Supporting Information

I¢l1 G8¢ [ G8¢ "L L sneq snamdiq V3IS
6L I 6L 1L 1L wnropunjoxd eraea(g Nda
Gl GGl [ GGl "L L BIO[EY BIUEI(J SHS
LYl G81 [ 681 TL T.L BRI SenerR( HOA
1N I %% 11 1L TTUOSWOY]) SN[NOUN}I0N) Svd
GEL LTl 01T £e'y 0T TL TAVd stnsadnu soprouveyd4ion) ONY
GL'GOT SL o 2 gL 1L TIVd SNAUBLINIPIW soproudeydAron) NOIN
Y 0¢ ¢o'¢ 05 TL TAVd LyIuang soproudeydAzon) 09O
£99999¥° 156 42 6L°G 42 TL 1dvd snurdered soprouseydAioy VD
1606 ¢10°8¢ 8IT'1 149 IS IS IAeLIMW BIRO0UO)) DNIN
¥8¥ ¢ ¢10°8¢ 8111 ¥e IS 1S wmnidordew eresouo) HST
8¢1 00 I 00¢ L L 193u0 193u0p) gucie)
GL GV 0¢ (4 0¢ 11 TAVd snjeIqe] SNYOULIO[d0 ) 0SS
Y6 LY 37 686 8t 1L TAVd SNOUIYIO[IBD SNYDIULIO[I0Y) DOD
£999999¢°98  0CI I 0ST L L dds sowogroewy) vy
L8001 8601 161 8601 I.L TAOSd suadsaedo erorwyy) d0OD
6L 801 061 [e'1 061 T.L TADSd e A LL®) IHD
(02 1 (052 1L 1L smord xeuner) 1dD
061 [ 061 TL TL I91eprdard snyoeesonuan) DD
661 0¢l I 0¢1 TL TL stdajo[200 snuwkosoruar) HSd
LOI [ LO1 T.L 1L TIDLICE] WNI[[AJS0IUIN) viD
361 791 I 791 1L 1L snsourenbs snroydonuon) 0OS1
() (o)
ISus[ [e10)  YISUS] [eI0) apod
WNUIXeur wnuIrxeur I10)0%€j (uxo) yrSuat asequsIy Aaaans puepoog
Aaaang oseqysI] UOISISAUOY) osequsty -odAyySuoy - oad) ySuoerg swreu sardadg QuULIB\

"ponunuoy) ‘9§ AqqL.L

151



8. Supporting Information

8¢ LY I LY 1L 1L snioydo[f10ep sNUI[OIIPL] NI
6% 701 0cI 66’1 0¢1 TL TIDOSd rURYSIO[RI BHOLLIRE] VIl
80°L9 9 I <9 "TL "TL I[oy09®Y] B)JOLLIRE] HIH
GL 06 I 06 1L 1L Jyooroewr sisdornesore] INVH
49 9¢ [ 9¢ "TL "TL rtuosuyol snoxkSrere ] AVH
ol ¢I1'1¢ 91'1 ¢8I 1S TL suoxjIe[ SNpeSNIN. VTl
0% 8°0L 8I'T 09 TS TL snssofgould snreydasoydArn LIM
9 9 I 9 1L 1L SNULINW SNIfex) NS
6L 06 [ 06 TL 1L SIUWO)SE[IUL STITBL) aNd
144 09 [ 09 TL 1L sueSma snaesdoapren) N9L
06 ¢¢ I <6 TL TL snwpeypydorew snresdorpren) NAg
¢l 9'0F 9I'I1 ¢s 1S "TL snyejuasie snresdorpren) OIS
98 006 I 00¢ TL 1L eNYIOW snpexr) aon
8'0¢ 0¢ ¢S 0¢ TL "TAvVd SISO snwopen) o1O
8l Gl [ Gl TL L SNOIUASIE SNNIIPEL) 0dsS
1¢ 09 I 09 T.L T.L snprewans eSuny oo
<9 09 [ 09 "TL TL xeurds snxordouny TIA
8 GL [ L TL 1L sdoound snrordounyy NdA
66 GL I Gl 1L 1L sndooso[ay snuogdidy N4
66 0¢ [ 0¢ 1L 1L puowrun.Ip uoporyoy ddd
0l 9°LG 1 9'LG 1L 1L snoyuaSIe snunaII(] AvVa
ad! G8¢ [ G8¢ TL TL erpawayur snamdicy IS
(o) (o)
Y1Susf [e101  YISUI[ [eI0] apoo
WNWIXew  WNWIXeul JI030%j (uxo) ypSuay Puepoog
Aaaing 9seqgUSI] UOISIIAUO)) asequsiy -2dAyySusay - adAy yrSuary swreu sardadg QuLIBIAl

‘ponunuoy) 9§ o[qe[,

152



8. Supporting Information

99 ol Go'1 001 TS 1L essedopnq snrydory NV
il 9'LY 61T 0F TS L epuewI| epuLwry van
9 1L I 1L TL 1L snadeu eleroonoy VIO
101 031 I 051 TL L eoruo[ny elesoonary VIS
$01 031 I 051 L L SLROID eleroonoy VS
65 09 I 09 TL 1L stuogelIym snquioyzoprdory DI
Ly oLy 8I'l 0F TS L 1soq snquioyroprdoy AN
¥ 44 I 44 1L 1L sanbo worprdory felcig!
€6 8¢ I 86 TL L snouun.q stydoA[p 41
8 G'6L I G6L TL 1L yeq stydoAy 141
6C59°0¢ e I g TL 1L snorpest sneydaooud WAy AOI
$0°651 85 ¥F 80' €% TS TIDSd snprjred sndejoipAg VdH
87 ¥8 8¢ 81 |62 TS TADSd STIqeIrt SNSe[0IpAH INH
19°1¢1 081 L0 061 LL TI0Sd stutjye snSejoIpAH VAH
0¢ 9LL°GC 806’1 ¥ TS L snouELIpow sniiNsojdop AINH
89 GL I GL 1L L snonuepe snyiso[doy ox:(¢]
89L°¢¢ [qR e 903 0% TS 18 sdoxew eruzdqioy INOH
89268 ¢ros 905 e TS TS e[ewoue erwAqioy NVH
6L Lg1 I L8l TL 1L sniqAyyed snyoueIqonsty ava
ol 0L¥ I 0L¥ TL TL snssopgoddry snssopdoddrpy TVH
9¢ 978 I 928 L L soprossoyed soprossofgoddry @1
P61 58t I 8% 'LL 1L SIOSILE SNYIULXIH SOS
(o) (o)
1Sual [e101  YISUI] [10) apod
wWNWIXew  WNWIXew 1010y  (umd) YISudy oseqysIy AaAans puepoosg
Aaang 9seqgUsI] UOISIIAUOY) aseqysty -adAyySuoy - oad£) ypSuery swreu sordadg QuLIBIA

‘ponunuoy) ‘98 A[qEL,

153



8. Supporting Information

1§ ¢0g i ¢0g 1L L 2eS[oY snIKO0dN] A94
CGHSH089°89 $5°99 GST'1 CLG TS gns SBIWO)S SIJIIIBN] vsd
8¢ LS I LS ans 1L SOT QUTXATA] HHM
GL 08 I 08 1L 1L oI0UI RIOTA MO
161 005 [ 00% 1L 1L BA[OW BA[OTA NI'T
oAl cel I oo} 1L 1L e184191dAp eajoy I'ia
s c9 I ¢9 gans gans NI SNUIOISOIIIA OS1
col 0F1 [ al ans ans SIIDON[IUW SOOI SIVH
91 363 91'1 06 TS 1L S9PIOOLIA(| SNSR[OUB[IN avd
9/ o1l I o1l ans ans SNUYISL SNUWERISOURN avH
LS8THET6 61 'S 91'1 0G TS ans [new eIs[ney NVIN
LS 0L I 0L 1L ans nyoxy eleroderey VI
€69°19 09 LCF 09 ans TAVd staoe] snreydooooerey V1IN
60801 011 [ 011 1L 1L XE[319( SIUIMOIdBIA] AIIN
€9%°8¢¢ 011 I 011 1L 1L "dds seprmomely N
61 6°09 91'1 o4 TS gns sn[odAydRI( SNUODAT] qAx’l
o $80°6¢ 91'1 661 TS gns epnedI[age[) SNUOpodAT| VAT
99 oSE I 'SY gans gans IBAOUILLII) SIPOIAT] IVl
0¥ oSE I o'SY ans ans “dds sopoodry NAT
ch 9 I 9 ans ans snprqred sopooAry Vd'1
¢l 0G I 0G ans L nsres SAPYIUIdAT VST
LY1 0%¢ rall 008 TS ans snuoyeostd snrgdory ONV
(uo) (uxo)
Y1Susf [e101  YPISUS] [0} opod
WNWIXew  WNWIXeuw (uxo) ypSuag puepoog
Kaaang 9seqgySI] UOISIIAUOY) asequsiy -odAyypSuery - ad4) ypSuory swreu sardadg QuLIRIA

‘ponunuoy) 9§ dqe [,

154



8. Supporting Information

L1 1'6e GCT'T 06 1S TL stuurdne snpodoosopnosg Tvd
0¢ 016 I 016 TL TL snuedLure uotrdAjog TAM
9¢ €6 1 €6 TL 1L SNUROSSLI SNJOUOIURIBAIO] TS
66 061 [ 061 "TL "TL SUQIIA SNIYIR[[O] VS
8¢ 961 ¥9¢°1 00T IS L essoye[d sa300u0Ind[d V1d
12686866701 6818 91°1 LG 1S TL “dds aepnooniieg nss
90°1¢ 90°'1¢ LT'1 81 IS IS snde saonieq dvd
TG 7561 91'l G11 1S 1L suodsoredo xAroqAre[q dod
08 011 I 011 TL gns soprouud[q sAYJ 0OdD
Is 011 I 011 1L 1L "dds sepoAyq NI
0¢ LLGLG 60°1 $'¢e 1S 1L snigAyreq suediere vad
¥ LLGLT 60°T (erd TS 1L dds stredrereq n1d
9¢ i I i TL TL sdoorssead ereokyoeg Niod!
0 ¢I¢ I ¢I¢ 1L 1L sdoorqmq erediyoe d0d
LT1 0¢l [ 0¢l L TL IZ)TUWIYD SNYIUBIBION SO
G9 9¢ [ 9¢ TL TL aredeuoq snyuedse)oN qSq
Gl§'Le ¥'91 8CI'l ¥'91 TL S snso1ado sAYIYOTIION ASIN
868 9¢ 86'¢ 9¢ TL TAVd SNYOUAYIOIIDS BIWUNZIN ARSI
3°LS 9¢ 8L°¢ 9¢ TL TAVd sirenboe erwinzoN AVN
¢8 8'6¢ I 386G 1L 1L snuerosur snydweyIossaN 100
88 LY G¥1 611 061 IS TL SNINSEU SNYDIIBISIN] NSl
9¢ 0% 1 0% 1L 1L BI[NIdED BleI0d)N vDq
(o) (o)
YISudl [e101  YISUS] [B10) apoo
wnuwIxeu wnuwixeur I030%] (uxo) S uay asequsI pPueoog
Aaaang aseqgysl] UOISI2AUOY) aseqysij - ad£y y1Suary - ad£y yp1Suary oureu saradg QuLIR\

‘ponunuoy) '9§ Aqe],

155



8. Supporting Information

3¢ g i g L 1L snurediAlA sa)seqag VHN
G 8¢ I 8¢ ans ans SNULIBW $9ISB(IS ININS
cc /1 cC/L1 LT'T o TS 1S IPI0JI0Y BISILIG A4Sy
11 011 I 011 L L SUDSULL UOPOUWADG s
L 001 I 001 1L 1L B[NOIUED SNUIYIONADS ast
4 935861 ¢er'l Gl TS 1L uea( snpesopdoog 1gs
91 FLGH] LT°T Gl TS 1L *dds xA1pqopadoog ans
19 IS I IS L L sngeydosnpow snirydopaydg 14D
80°8¢ 6S1¢ LT'1 L3 TS 1S moaquIsEuyds sAypyIeses ISS
£06°CC T6L'LE 181°1 I 1S 1S SISUDIIPRW BUII[NOY HSIN
9¢g° LG ¥¥6°6C co1'1 8% 1S 1S BILINE BUI[NOY VAR
LTEHI 0¥1 661 0¥1 L TIDSd LONUE[E BIILWIYIOUI Y IV
L6 081 I 0¢1 gns 1L soprosso[goddy snnprequiay VHO
o €8s I €8s ans 1L “dds oeprley s
49 0L I 0L 1L 1L empraer epley avd
68 06 I 06 L L oy eppley SV
ol 09 [ 09 1L 1L ou[[4) epley Vid
G ol I ¢ ans L 1MO[3Iq e[ley] I
6 06 [ 06 1L 1L enydAyreq eppley vad
I¢ 08 I 08 L L msejuow eley AdS
8 661 I 661 1L ans vrear eley VAL
¢81 693 I 698 L L UOPOIDIW SH{ELIOPNIS | VDI
(o) (o)
1Su9] [e10)  YISUS] [€10) 9pod
wWNUIIxeu wWNUIXew I0)0%€j (uxd) yrSuat aseqysI] AaAans puepoog
AaAang oseqysI] UOISISAUOY) aseqysI - adAy 18uary - adAy y18uary suwreu saroadg QuLIBAl

‘penunuoy) ‘9§ AqeL

156



8. Supporting Information

s ¥e I e TL TL ‘dds szppreoz ndd
696°9¢ 16 Gger'l 16 TL 1S 10dod sApyoruopousy DX
191 001 I 001 1L 1L roprosoqoad eorjoua A NdA
96 %12 [ 152 "TL "TL m{rewsd snidosiay, OdN
¥ 8¢ 9I'l 0¢ 1S L eIRMISLID IdI0dSAYdRI T, NioXs
€999 LS I's LS 1L TIVd AerInu SNOULIAYORI ], QNL
VL1 00% I 00¢% TL 1L snonoge sniaydiyoel |, viad
I8 001 [ 001 1L TL ndney snyoueiqoydeuig SIAS
G01 091 I 091 "TL 1L seryiueoe snienbg nds
66 GG LY 911 Lcl 1S TL spuess snnounaoadg AOS
9¢1 ST I S¥1 TL 11, $NIBIISOIT SNSOTUUIOG SST
43 19 I 19 L L vonisered s£[oyoudwIg ANS
0¢ ) I 99 TL TL SNIBIUIPIAAIC TOWOALLIIG ags
00T 8L ! 8L I.L "IL TTURI( JOWOALLIOG TS
(o) (ud)
1Suay [e101  YISUS] [e101 apoo
wWNuIxeu wNuIIxeu I0)0%j (uxo) yrSuat aseqysI Aaaans puepoog
Kaaang oseqysI] UOISIIAUOY) osequsty -odfyySuory - oadA) yrSuary swreu saradg QuLIeA

"panunuoy) ‘9§ A[qeL

157



8. Supporting Information

001 |290 |80~ [660- [s10 [¢s0- [+¥20 [ovo- |¢z0- [ab0- |9v0- | 090 010" | 650 81'0- | 950 [<co0 [0 |0z0 221G
190 | 001 |gg0 [cco- [ee0 |60 |8c0 [aro- [9v0 |i¥0- |cco- | L90 $60- | 19°0 cg’0- | L¥0 | oS0 |10 | ¢v0 N
860- | ¢60- 001 |¥£0 [110- [800 |80 |80 |¢z0- [ag0 |950 | Llz0- 90°0- | 050" 260 | $c0- 960 |0v0 | %GO [ETN
660" | €60~ | ¥L0 001 |60 |10 |<vo- [920 |[#b0O- | 160 |[4C0 | 690" €00 | L90- G0 | 660~ | 9%0- [ €50 | 8so0- [COTN
o |gz0o |110- 650 001 |6¥0- |000 |650- |¢00 |10~ |or0- |10 oo | LOO- cro |ero |[180 |ov0 |¥Go0- [COID
€6°0- | 6L0- | 800 |10 |[6v0- |001 |#c0- |90 |ogco- |z#0 |oc0 | #b0- 8%0 | S0 60 | 860~ |60 [ 910 |80 DI
L0 | 850 |8z0- [<k0- [ 000 |#z0- [00T |O0¥F0- [910- |00 |[FL0- | 9.0 650" | 60 260~ |00 910 |080 | 150 se)IN
00 | cL0- [820 |90 [6z0- [$90 |0v0- [001 |1¥0- [cco [¢co | ¢50- L50 | 090 80 | 1#0- [ #90- [ 850 | L¥0- WIN
€60~ |90 |¢z0 [#¥0- [ 00 [o0c0- |910- |[¥0- 001 [100 |+%00- | 910 100 |8%0 g0~ | S10- | #¢0 [as0 |ag0 as
Gho- | 40 |gg0 [1c0 |10 |40 |ozo0- [cco [100 [oo1 |60 |90 ¥L0 |90 980 | 990 |¢¥0o- [1€0 | 190 @®)as
9%°0- | cc0- | 950 |¥c0 [oro [oso |¥z0- [gco |[#00- |60 o001 | gL0- 890 | ¥L0° 80 | 690~ |¢v0- | ¥S0 | obo- das
090 | 290 |40~ [ €90 |10~ [0~ [ 920 [¢c0- [ 910 |[€90- | L0 |001 ¢z0- | 080 190- |60 [ov0 [990- |60 | (weas
010 | ¥50- | 900- |00 [gevo |[8b0 |650- |50 |100 |[%20 |890 | <zo0- 00T | $¥0- €90 |avo- |svo- | L00 | €c0- P)as
660 | 190 |080- |90 |00 |gs0o- | 6¢0 |090- |80 |290- |+L0- | 080 Sr0- | 001 cL0- |90 [ 9¢0 | 680 | S0 (se)as
81°0- | ¢¢0- |gg0 |+¢0 [<s1ro [vs0 |@co- [ 80 |¢10- [980 |480 | 190 €90 | aL0 00T | L¥0- | ¢Sg0- | S¥0 [0S0 was
9¢’0 | L¥0 |$60- | S50- [o10 [860- |00 |1%0- | Ss10- [990- | 690" | sc0 b0- | 970 V0~ | 00T |60 [950- | 0¥0 RIS
€00 |20 |90 [9¥0- [ 150 |60 [910 [#90- [¥S0 [¢¥0- |s¥0- | a0 ¢H'0- | 9¢0 €g0- | 660 00T [<00 |avo ALTS
L€0- | £60- [ ov0 [gc0o [ov0o [910- [080- [8c0 [as0 [1c0 |vc0 | 990 L00 | 680 cv'0 | 9¢0- | so0 [oo1 |8g0- AL
060 | ¢¥0 |+%c0- |8c0- [¥z0- |80~ | 150 |¥0- |gs0 |1#0- |avo- | 260 €60~ | ¥€°0 0c0- | 0v0 |[ab0 [8g0- |00 NI
i | ODN| G| W[ W] O] tew | Ww | Oas| Gas | das | weas | Gas| Geas | @Was | oras | aas | aiad | ordd

"971s ApOq UBdW = 2ZI§ “UW] uwedw
‘uorsnnoad yinow dane[or ueowr = (d)A ‘U] [eI9)] 0) UONE[DI UT INOW JO J[FUL UBIW = (UWe)JA] “OZIS 949 9ATIB[AI UBIW

= (DI “oz1s odeS aaner ueow = (3)Jy
= (9N ‘onex 1oadse ury repned ueOW =
(se)JN 9ZIS pedy] A e[oI UBdW = (Y)J\ “° JO Uoneradp prepuels = (IS 9zis odes aane[ar Jo uonerasp prepuels = (8)(< ‘uorsnnord [now 9ANe[dI JO UONRIAID
prepueis = (d)(g ‘Our] [e197€] 01 UOTIB[AI UT [INOW JO I[FUE JO UONRIAIP PIePuLIs = (UL)([S OZIS 940 JATIR[AI JO WONRIAIP plepuels = (9)(IS ‘oner 10adse urj repned
JO UONBIAID pIepurls = (sB)(JS ‘9ZIS PeIY 9IANR[OI JO UONLIAID pIepuels = (Y)(IS ‘SSoUyOLI so199ds = oryQ ‘AISIOAIP 9ZIS = AL([S ‘9OUISIOAIP [RUONIUN] = AI(]]
‘SSOUYDLI [RUONIUNJ = OIY[] "0as Jadp ayy ur juapvas yidop v Suojp ysy fo (isiaarp nuiouoxv) puv 2218 Jouoouns ¢ 4a1gvy7) Ul poauLjdp ISOY) pue SIIUN pue SUOHIULJOP el
"SoN[eA JTe) JO UONBIAIP PIEPUEIS PUE ‘SIN[EA BT} UBIW ‘AJSIIAIP JO IINSBIW OB UIIMII( JUIDIFI0 UON[ALIOD JUawow-3onpord s uosiesJ 94 [, *£S [qe.L

158



8. Supporting Information

1.00-
© g ®
® P o L] ‘
o o @ ] !
© o O 8
v Epmradidd
o — —
-.(-U. — — L
g B ) TF
2 o.50- [
E ' . . .
B ®e o $
Lcll_J 0.25- ( J ® : N
= - . Se o
S ° $ 3 s8 S ¢
i 0
0.00- 8
2000 2005 2010
Year

Fig. S3. Large Fish Indicator calculated as the proportion of fish over 60 cm in length
(LFI60) in the four depth bands used throughout Chapter 4: Size-based indicators show depth-
dependent recovery from fishing pressure in the deep sea: S (green) < 750 m; M (light blue) 751—
1200 m; D (purple) 1201-1650 m; V (dark blue) > 1650 m. There was a significant effect
of year (ANOVA: F = 15, p < 0.001), depth band (ANOVA: F = 114, p < 0.001), and
their interaction (ANOVA: F = 3.2, p = 0.02) on the LFI60, and the model had high
explanatory power (LM: F = 52, d.f. =7, 317, R2 = 0.53). The LFI60 increased over time
in depth band S (LM: b = 0.01, S.E. = 0.003, p = 0.002), but did not change over time in
any of the other depth bands (LM: M: b = -0.003, S.E. = 0.005; D: b = -0.002, S.E. =
0.005; V: b =-0.002, S.E. = 0.01).
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