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ECOSYSTEMS: COMBINING STABLE ISOTOPE AND VISUAL SURVEY 

APPROACHES  

Rui Pedro Silva Vieira 

 
Continental slopes support highly diverse ecosystems, influenced by strong 

environmental depth-related gradients, but many fundamental aspects of ecosystem 
dynamics remain poorly understood. Emerging evidences show that human-driven 

pressures are a primary reason for rapid and unpredictable changes on deep-sea 
ecosystems. For this reason, it is important to understand the ecological drivers behind 

community dynamics to improve our ability for a sustainable use and to mitigate impacts. 
In a multidisciplinary context, I aimed to explore aspects of continental slope 

ecosystem functioning, including trophic ecology, community structure and function, and 
potential human-induced perturbations. I used stable isotope analysis to investigate 

ecological drivers explaining demersal fish community structure between 500 and 2000 m 
water depth on the North East Atlantic (Scottish and Irish) continental slope. I show that 

community-level predator prey mass ratios are invariant along a strong environmental 

gradient and between feeding behaviours. Results also suggest that body size is 
responsible for a large proportion of the isotopic niche areas and revealed the effect of 

increasing depth in resource partitioning, with an indication of a divergent energy supply 
pathways. Finally, I assessed the present status of an important deepwater vulnerable 

marine ecosystem in the Porcupine Seabight (NE Atlantic). The Porcupine Seabight was 
surveyed extensively between 1977 and 1986 and was revisited in 2011 to compare the 

spatial coverage and size distributions of hexactinellid sponges (Pheronema carpenteri) 
as an indicator for trawling impact. I found that deep-sea sponge aggregations (a) are still 



	

	

present in the Porcupine Seabight, and (b) do appear to be vulnerable to / under threat 

from deep-water trawl fishing.  
In conclusion, it is shown that isotope-type metrics may be powerful proxies to 

understand community structure and a useful tool to improve ecosystem-based models. 
Results here present are suggestive that changes in benthic nutrient cycling communities 

can affect secondary production of deepwater fish communities. Given the vulnerability of 
deepwater fauna, it is imperative to outline priorities for conservation as a response to 

environmental and human disturbances threating deep-sea biodiversity.  

 



	

i	

Table of Contents 

Table of Contents	.......................................................................................................	i	

List of Tables	..............................................................................................................	v	

List of Figures	..........................................................................................................	vii	

DECLARATION OF AUTHORSHIP	..........................................................................	xi	

Acknowledgements	................................................................................................	xiii	

Definitions and Abbreviations	................................................................................	xv	

Chapter 1:	 Introduction	..........................................................................................	1	
1.1	 Biodiversity patterns and effects of disturbance on continental slopes	........	2	

1.2	 Importance of continental slopes for deepwater fisheries	................................	6	

1.3	 Trophodynamics in continental slopes	................................................................	7	

1.4	 Using stable isotopes to elucidate deepwater fish ecology in a size-
structured ecosystem	......................................................................................................	10	

1.5	 Aims and objectives	................................................................................................	13	

Chapter 2:	 Community level predator prey mass ratio is insensitive to 
environmental gradients	........................................................................................	15	

Abstract	..............................................................................................................................	15	

2.1	 Introduction	..............................................................................................................	15	

2.2	 Material and Methods	..............................................................................................	18	

2.2.1	 Sampling	....................................................................................................................	18	

2.2.2	 Stable isotope analysis	............................................................................................	19	

2.2.3	 Statistical analysis	....................................................................................................	22	

2.2.4	 Predator-prey mass ratios	......................................................................................	22	

2.2.5	 Biomass size spectra	..............................................................................................	24	

2.3	 Results	......................................................................................................................	24	

2.3.1	 Biomass size spectra	..............................................................................................	24	

2.3.2	 Predator-prey mass ratios	......................................................................................	26	

2.3.3	 Predator-prey mass ratio estimates	......................................................................	32	

2.4	 Discussion	................................................................................................................	35	

2.4.1	 Stable PPMR across functional groups and ecological gradients	.....................	35	

2.4.2	 Implications for broader macroecology	.................................................................	39	



	

ii	

Chapter 3:	 Isotopic niche areas in deepwater fish assemblages along 
environmental gradients	........................................................................................	41	

Abstract	.............................................................................................................................	41	

3.1	 Introduction	.............................................................................................................	41	

3.2	 Material and Methods	.............................................................................................	44	

3.2.1	 Sampling	....................................................................................................................	44	

3.2.2	 Stable isotope analysis	............................................................................................	44	

3.2.3	 Estimation of isotopic niche metrics	.......................................................................	45	

3.3	 Results	......................................................................................................................	46	

3.3.1	 Effect of body mass on isotopic niches	.................................................................	50	

3.3.2	 Isotopic niches between functional groups	...........................................................	52	

3.3.3	 Isotopic niches along a depth gradient	..................................................................	54	

3.4	 Discussion	...............................................................................................................	55	

3.4.1	 Effect of body size on niche breadth	......................................................................	56	

3.4.2	 Shifts in energy transfer pathways with depth	......................................................	57	

3.5	 Conclusion	...............................................................................................................	62	

Chapter 4:	 Evidence of trawling impact on deep-sea sponge aggregations, 
a vulnerable marine ecosystem	............................................................................	63	

Abstract	.............................................................................................................................	63	

4.1	 Introduction	.............................................................................................................	63	

4.2	 Material and Methods	.............................................................................................	66	

4.2.1	 Photographic survey	................................................................................................	66	

4.2.2	 Pheronema carpenteri	.............................................................................................	69	

4.2.3	 Megabenthos community composition	..................................................................	69	

4.2.4	 Assessing potential bottom trawling impact	..........................................................	69	

4.3	 Results	......................................................................................................................	70	

4.3.1	 Pheronema carpenteri	.............................................................................................	70	

4.3.2	 Megabenthos community composition	..................................................................	73	

4.3.3	 Bottom trawling activity	............................................................................................	75	

4.4	 Discussion	...............................................................................................................	76	

4.4.1	 Observations and policy	..........................................................................................	80	

Chapter 5:	 Summary and conclusions	..............................................................	83	
5.1	 Implications for management and conservation of deep-sea ecosystems	..	86	

5.2	 Scope for future work	............................................................................................	88	



	

iii	

Appendices	..............................................................................................................	91	

Appendix A	 Summary of stable isotope data (δ13C and δ15N) from white 
muscle tissue of fishes caught by demersal trawl on the Rockall Trough	....	93	

Appendix B	 Taxonomic list of benthic megafauna of the Porcupine 
Seabight	 97	

B1. Introduction	.................................................................................................................	97	

B2. Classification of morphotypes	.................................................................................	97	

List of References	.................................................................................................	103	

 





	

v	

List of Tables 

Table 2.1. Feeding habits of deep-sea fishes sampled for stable isotope analysis, defined 
from previously published dietary preferences. In bold are the species used to estimate 

PPMR (this chapter).	....................................................................................................................	20	

Table 2.2. Output model for ANOVA of sample-based δ15N-body mass relationship for 

benthic and benthopelagic fish.	..................................................................................................	26	

Table 2.3. Output model for ANCOVA of sample-based δ15N-body mass relationship for 

benthic and benthopelagic fish.	..................................................................................................	27	

Table 2.4. Output model for ANOVA of community-weighted δ15N-body mass relationship 

for benthic and benthopelagic fish.	.............................................................................................	28	

Table 2.5. Output model for ANCOVA of community-weighted δ15N-body mass 

relationship for benthic and benthopelagic fish.	.......................................................................	29	

Table 2.6. Output model for ANCOVA comparing sample-based and community-weighted 

δ15N – body mass relationship.	...................................................................................................	31	

Table 2.7. Comparison of sample-based and community weighted PPMR estimates by 

functional group at each depth.	...................................................................................................	33	

Table 2.8.	 PPMR estimates for selected species, chosen to ensure a representative 

number of isotopic samples at each size class.	.......................................................................	34	

Table 3.1. Multiple linear regression model output showing influence of body size and 
depth in δ13C and δ15N compositions of benthic and benthopelagic-feeder fish. Model 
(δX = log5 body mass x feeding mode x depth) was selected base on Akaike information 

criteria (AIC). N, number of samples; DF, degrees of freedom; Signif., significance level 

(< 0.001 ‘***’; < 0.01 ‘**’; < 0.05 ‘*’).	............................................................................................	47	

Table 3.2. Estimated slopes and intercepts describing the relationship between body 
mass and isotopes value of benthic and benthopelagic-feeder fish, at different depths. 

SE, standard error; Signif., significance level (< 0.001 ‘***’; < 0.01 ‘**’; < 0.05 ‘*’).	.............	48	

Table 3.3. Metrics of isotopic niche for unscaled and scaled benthic and benthopelagic 
feeding fish. The number os samples (n), corrected area of the standard ellipse for small 



	

vi	

sample sizes (SEAc), eccentricity (E), angle (θ, in radians) and range of isotope values at 

each depth are also shown.	.........................................................................................................	53	

Table 3.4. Estimated mean body mass, 95% confidence interval and range of body mass 

(in grams) for the demersal fishes collected during the bottom trawl survey of demersal 
fish, along the continental slope of the Rockall Trough (see details in Material and 

Methods).	........................................................................................................................................	59	

Table 4.1. Details of the photographic transects undertaken in the present study, with 
corresponding station numbers as occupied by Rice et al. (1990) indicated. Camera types: 
VS, vertical stills; VV, vertical video; OS, oblique stills. Full details of these deployments 

are given in Ruhl (2012).	..............................................................................................................	68	

Table 4.2. Summary statistics of Pheronema carpenteri populations at four Porcupine 
Seabight study sites as assessed in the present survey (2011), and during 1983-4 surveys 

detailed by Rice et al. (1990).	......................................................................................................	71	

Table 4.3. Biodiversity data of the megabenthic community for the four studied sites. 
N: number samples of c. 100 individuals; Sest(100): estimated number of species; 

exp(H)(100): exponential Shannon diversity; 1/D(100): inverse Simpson diversity; 

J’(100): Pielou’s eveness.	................................................................................................................	74	

 

 



	

vii	

List of Figures 

Figure 1.1. Schematic illustration of the ocean floor. The hadal zone (< 6000 m) is not 

shown. Modified from Gage and Tyler (1991).	...........................................................................	1	

Figure 1.2. Global capture production of important deepwater fisheries, 1950–2015. data: 

FAO FishStatJ).	...............................................................................................................................	6	

Figure 1.3. Energy pathways occurring on the continental slope and in the ocean’s water 
column. The schematic illustrates important physical and biological processes responsible 

for fuelling benthic and pelagic communities (modified from Trueman et al. (2014)).	..........	9	

Figure 1.4. Representation of the stepwise enrichment of carbon and nitrogen isotopes in 
a size-structured marine ecosystem. Stable carbon and nitrogen isotope compositions of 

primary producers are transferred up to consumers through the food web, with a 

predictable trophic isotopic fractionation.	..................................................................................	11	

Figure 2.1. a) Proportional biomass of each feeding group at each depth band (± 100 m) 
and b) biomass size spectra of benthic and benthopelagic-feeding fishes, at 5 depth 

categories (± 100 m), collected during the deepwater survey programme (1998-2015).	...	25	

Figure 2.2. a) Individual and b) community-weighted δ15N vs. body size relationship of 

benthic and benthopelagic-feeding fishes, at 5 depth categories.	.........................................	30	

Figure 2.3. Comparison of community-weighted δ15N and individual δ15N vs. body size 

relationship.	....................................................................................................................................	32	

Figure 2.4. a) Sensitivity of the slope of the biomass (B) body mass (M) relationship 
(simulated data) to changes in predator–prey mass ratios and transfer efficiency; 

b) Relationship between TE and slope of the biomass (B) body mass (M) relationship.	...	38	

Figure 3.1. Individual relationships of δ15N values (a) and δ13C values (b) and body size 

of benthic and benthopelagic feeding fish at 5 depth categories.	..........................................	49	

Figure 3.2. Reconstructed individual δ15N (a) and δ13C values (b) as function of body size, 

after normalising stable isotope data to a common body size.	...............................................	50	

Figure 3.3. Difference between raw and size-corrected isotopic niche areas for benthic 

(red) and benthopelagic fish (blue) along depth gradient.	.......................................................	51	



	

viii	

Figure 3.4. Standard ellipses of selected species showing an ontogenetic effect on the 

isotopic niche area (green and red lines represent top 50% and 25% of body size of each 

species, respectively).	...................................................................................................................	52	

Figure 3.5. Left panel: Isotopic niches and niche areas (SEAc) for benthic (black) and 
benthopelagic fish (red) based on stable isotope values (δ13C and δ15N). Right panel: 

Density plots representing measures of uncertainty of Bayesian standard ellipse areas 
(SEAb) (black dot) based on 100 000 posterior draws of parameters, their credibility 

intervals (50, 75 and 95%), and SEAc (black star) for comparison. The degree of overlap 
in credibility intervals is indicative of the degree of the use of isotopically similar food 

resources.	.......................................................................................................................................	55	

Figure 3.6. Energy pathways occurring on the continental slope, showing a dominant fast 
energy pathway between 500 m and 1000 m, driven by the dial vertically migrating 
community (DVM) that is accessible to both pelagic and benthic feeding fish, and a deeper 

(> 1500 m) slow energy flux, facilitated by benthic recycling community, where DVM layers 

are inaccessible to the deep benthic fish.	..................................................................................	58	

Figure 3.7. Kernel density 2-d distribution of stable isotope data. Colour scaling identifies 

the isotopically similar individual samples. Lines indicate mean δ13C and mean δ15N.	......	61	

Figure 4.1. Location of WASP transects undertaken during RRS James Cook cruise 062 

(black), also showing locations of IOS photo transects from Rice et al. (1990) (red), in the 
Porcupine Seabight, SW of Ireland. Closed grey circles represent the presence and open 

circles the absence of Pheronema carpenteri as described by Rice et al. (1990). The 
thickened segments of the IOS photo transects mark the regions where Pheronema was 

observed and the dotted lines the absence.	..............................................................................	67	

Figure 4.2. a) Size frequency distributions (5cm classes) of Pheronema carpenteri, as 
observed in the present survey (black bars) and that of Rice et al. (1990) (grey bars), 
illustrated for three sites (1-3) common to both studies; b) Density of Pheronema 

carpenteri (ind. m-2) in 10m depth bands (black bars), comparing the present survey with 
that of Rice et al. (1990) (grey bars). (*) indicates no available data and (ø) indicates no 

observations. Note that available data only allowed comparison of sites 1-3.	.....................	72	

Figure 4.3. 2d non-metric multidimensional scaling ordination of megabenthic taxon 

composition at four Porcupine Seabight study sites. Labels indicate water depth (m).	......	73	



	

ix	

Figure 4.4. Trawling effort by the whole bottom trawling fleet operating in Porcupine 

Seabight between 2008 and 2012 (data source: Gerritsen and Lordan (2014), Marine 

Institute), also showing Special Areas of Conservation (SACs).	............................................	75	

Figure 4.5. Examples of presumed trawl marks (Site 4) observed from the 2011 survey of 

Porcupine Seabight deep-sea sponge aggregations.	..............................................................	76	

Figure 4.6. The glass sponge Pheronema carpenteri as observed in oblique (a, b), and 

vertical (c, d) photographs from the 2011 survey.	....................................................................	78	

 





	

xi	

DECLARATION OF AUTHORSHIP 

I, Rui Pedro Silva Vieira 

declare that this thesis and the work presented in it are my own and has been generated 

by me as the result of my own original research. 

Functioning and vulnerability of continental slope ecosystems: combining stable 
isotope and visual survey approaches 

I confirm that: 

1. This work was done wholly or mainly while in candidature for a research degree at this 

University; 

2. Where any part of this thesis has previously been submitted for a degree or any other 
qualification at this University or any other institution, this has been clearly stated; 

3. Where I have consulted the published work of others, this is always clearly attributed; 

4. Where I have quoted from the work of others, the source is always given. With the 
exception of such quotations, this thesis is entirely my own work; 

5. I have acknowledged all main sources of help; 

6. Where the thesis is based on work done by myself jointly with others, I have made 
clear exactly what was done by others and what I have contributed myself; 

7. None of this work has been published before submission. 

 

Signed:  ................................................................................................................................  

Date:  ................................................................................................................................  

 





	

xiii	

Acknowledgements 

First, I would like to express my gratitude to Clive Trueman, for all the support during 
this PhD. His enthusiasm and energy was extremely motivating to beat the many 

challenges I faced over the course of these 4 years. Many thanks to Henry Ruhl, who 

guided me with great motivation. No words can describe how grateful I am to Marina 
Cunha and Jorge Gonçalves. Their support and interest was fundamental to achieve with 

success all my goals. A special thank to Brian Bett for all the knowledge and patience, 
and to Dan Jones, Kirsty Morris and Kirsteen MacKenzie for their help during different 

stages of this thesis. I am also very grateful to my panel chair, Cathy Lucas, for her 
support.  

Most of this work was only possible with Ming’s support, either “at NOCS”, “after 
NOCS” or “skype” fruitful discussions and the “super cool” ideas that contributed to build 

the path of this thesis. 

Many thanks to the several people who, somehow, crossed the way of my PhD: 
Carlos Afonso, Mariana Almeida, Luis Bentes, David Billett, Chris Bird, Filipe Ceia, 

Matthew Cobain, Jen Durden, Andy Gates, Luciana Génio, Katie St. John Glew, 
Andrew Gooday, Ana Hilário, Veerle Huvenne, Matteo Ichino, Andrew Kenny, 

Sarah Magozzi, Fábio Matos, Rhiannon Meier, Beth Mindel, Pedro Monteiro, Laura Nuño-

Muñoz, Francis Neat, Frederico Oliveira, Susana Oliveira, Clare Prebble, Katie Quaeck, 
Sofia Ramalho, Clara Rodrigues, Ana Ribeiro Santos, Erik Simon, Paris Stefanoudis and 

José Carlos Xavier. And last but not least, to all K-team, DEEPSEAS, LEME and UoS who 
are not named but not forgotten. 

A special word to Bernd Christiansen, from whom I learnt a lot about the deep sea, 
and to the crew of fishing vessels “Aurora Boreal” and “Sofia Isabel” for all the help and 
interest about my work, and knowledge they gave me about fishing and fisheries. 

Finally, to my family, friends and colleagues who supported me during these 
four years.  

 

This PhD was funded by the Portuguese Science Foundation (Fundação para a 
Ciência e Tecnologia) through a PhD grant (Ref: SFRH/BD/84030/2012). 

 





	

xv	

Definitions and Abbreviations 

 

CFP   Common Fisheries Policy 

EC   European Commission 

FAO  Food and Agriculture Organization   

ICES  International Council for the Exploration of the Seas  

PSB   Porcupine Seabight 

OSPAR  Oslo-Paris Convention for the protection of the marine environment of the 
North-East Atlantic 

SIA   Stable Isotope Analysis 

VME   Vulnerable Marine Ecosystem 

VMS   Vessel monitoring system 

UNGA  United Nations General Assembly 

WASP  Wide Angle Seabed Photography 

 

 

 





Chapter	1	

1	

Chapter 1: Introduction 

The deep-sea is the largest biome on the planet, covering the vast majority of the 
seafloor (Harris et al., 2014) and 65% of the Earth’s surface (Sverdrup et al., 1942). The 

deep sea is generally regarded as the area below 200 m depth (Fig. 1.1). Continental 

margins are the submerged edges of the continents and the transition between the thick 
continental crust and oceanic crust. Distinct oceanographic and topographic conditions 

offer a variety of habitats and, consequently, these zones correspond to changes from a 
fauna typical of the shallow shelf to a distinct composition of deep-sea fauna (Danovaro et 

al., 2009; Levin and Dayton, 2009; Rex and Etter, 2010).  

 

 

Figure 1.1. Schematic illustration of the ocean floor. The hadal zone (< 6000 m) is not 

shown. Modified from Gage and Tyler (1991). 

 

Continental margins provide a wide range of functions and services, such as 

nutrient cycling and food webs support, provision of food for human consumption (fish and 
shellfish), non-renewable resources (e.g. oil, gas and minerals), or climate regulation (e.g. 

atmospheric CO2 sequestration) (Levin and Sibuet, 2012; Thurber et al., 2014). 
Fundamental knowledge is lacking for most of the deep sea.  As scientific knowledge 

increases, it is also becoming more evident how little we understand the growing human 
footprint in these habitats ecological processes occurring in the deepest zones of our 

oceans.  
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Part of the continental margins, continental slopes are the transition between the 

continental shelves (0–200 m) and the continental rise (3,000–4,000 m). Continental 
slopes host highly diverse ecosystems influenced by strong depth-related environmental 

gradients, climate change and human-induced impacts (e.g. Halpern et al., 2008; Clark et 
al., 2016; Sperling et al., 2016; Sweetman et al., 2017). Although largely unquantified, 

evidence for the effects of human activities in deep-water ecosystems is already 
accumulating, e.g. hydrocarbon exploration and exploitation, fishing, dumping and littering 

(Glover and Smith, 2003; Ramirez-Llodra et al., 2011). It is now widely recognized that 

increasing human impacts combined with climate change induced stressors threaten 
biodiversity on continental margins (Levin and Sibuet, 2012). Climate-driven phenomena 

have direct and indirect effects on deep-sea ecosystems, with possible large-scale 
consequences for diversity and function (Ruhl et al., 2008), disturbing biogeochemical 

cycles, migration regimes (de Madron et al., 2011) and benthic communities (Ruhl and 
Smith, 2004; Company et al., 2008). 

 

1.1 Biodiversity patterns and effects of disturbance on 
continental slopes 

The deep-sea fauna inhabiting soft sediments on continental margins has been 

studied since at least the first expeditions of the H.M.S. "Porcupine" and "Lightning" 
(Thomson, 1873). Scientific-based knowledge about the deep-sea has increased 

significantly during the last two decades, much of which was collated with the delivery of 
the Census of Marine Life (Costello et al., 2010) and INDEEP1 (International Network for 

Scientific Investigations of Deep-Sea Ecosystems) initiatives. However, knowledge on 
biodiversity patterns along continental slopes remains minimal and predominantly 

restricted to the upper continental slopes of Europe and North America (Rogers et al., 
2015).  

It is now well established that depth gradients play an important role in species 
abundance, biomass and distribution (Grassle et al., 1979; Gage, 1986; Tyler and 

Zibrowius, 1992; Rex and Etter, 2010). However, many aspects of deep-sea biology, 
including basic ecology and spatial distribution of deep-sea species, remain limited 

(Donovaro et al., 2014; Cunha et al., 2017). 

																																																													
1 http://www.indeep-project.org 
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Continental slopes host a diverse and distinct fauna from that found in the 

continental shelves and abyssal plains (Gage and Tyler, 1991; Ramirez-Llorda et al., 
2010). For example, Howell et al. (2002) found that the abundance of seastars decreases 

with depth in the Porcupine Seabight and Porcupine Abyssal Plain. The authors 
suggested that seastar diversity is greatest at 1800 m, decreasing with depth to 2600 m 

before increasing again to high levels at 4700 m. That is, regions of major faunal change 
are located at the boundaries of both upper and mid-bathyal zones and at the transition of 

bathyal to abyssal zone. They identified competition for resources and occurrence of 

favourable habitats at certain depths. Similarly, differences in faunal communities are 
described in recent biogeographic analyses of benthic species on Australia and New 

Zealand continental shelf areas compared to their contiguous continental slopes (O'Hara 
et al., 2014).  

The composition and distribution of demersal fish communities of the Northeast 
Atlantic continental slopes has also been described in terms of depth zonation and other 

factors (e.g. Gordon and Duncan, 1985; Haendrich and Merrett, 1988; Charuau et al., 
1995; Gordon et al., 1995; Kelly et al., 1998; Gordon and Bergstad, 1992; Gordon, 2001; 

Bailey et al., 2009). Species richness of the demersal fish community reaches a peak at 
around 1500 m, decreasing with increasing depth (Priede et al., 2010; Campbell et al., 

2011). While species turnover along depth gradients has been related to environmental 

factors (Priede et al., 2006; Neat and Campbell, 2013), basic aspects of biology for most 
deepwater species are still poorly known (Bergstad, 2013).  

It is generally accepted that environmental conditions, such as thermal regime 
(Bett, 2001; Narayanaswamy et al., 2010; Stuart-Smith et al., 2015), habitat heterogeneity 

(Gage et al., 2000; Buhl-Mortensen et al., 2010; Durden et al., 2015) and food availability 
(Gage, 1978; McClain and Schlacher, 2015) exert a strong influence on biodiversity 

patterns across different spatial scales (Priede et al., 2010; Cunha et al., 2013; 
Stefanoudis et al., 2016), but the ecological and mechanistic drivers behind those patterns 

remain poorly understood.  

Disturbance is likely to play an important role in the distribution of marine 

communities. Jones et al. (2007) observed changes in benthic megafauna with different 

successional stages forced by iceberg melting in the Fimbul ice shelf region, Weddell Sea. 
They found two different assemblages: a shallower fauna with abundant suspension 

feeders in undisturbed areas, and a deeper fauna where suspension feeders were absent. 
It was suggested that arose in part due to iceberg plough disturbance in sediments, 

resulting in distinct faunal distributions in deeper waters. 
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Oxygen minimum zones (OMZs), regions of low O2 concentrations intercepting 

continental margins at bathyal depths, are generally formed where strong upwelling 
supports a high surface production (Levin, 2003). These zones seem to drive benthic 

zonation, including alpha- and beta-diversity, from meio- to megafauna (Woulds et al., 
2007; Murty et al., 2009; Gooday et al., 2010). Moreover, OMZs are responsible for 

habitat heterogeneity, including mixed-layer oxygen and sulphide gradients, existence of 
bacterial mats, organic matter availability and pH (Cowie and Levin, 2009). Regions 

exposed to OMZs are typically associated with lower species richness, while some taxa 

show adaptations that allow tolerating hypoxia (Helly and Levin, 2004). In many of these 
regions, synergies between anthropogenic and natural variations are now assumed to 

induce differential responses in communities under different levels of disturbance (De Leo 
et al., 2017). 

The areal extent of human impacts on the North Atlantic deep seabed has 
highlighted the long-running concern that benthic trawling has by far the greatest impact, 
much more than hydrocarbon industry, seafloor cables and other activities combined 

(Benn et al., 2010). Puig et al. (2012) found evidence of severe impacts caused by bottom 

trawling on the integrity of the seafloor and its biological assemblage, in deep regions of 
the northwestern Mediterranean. The authors identified trawling-induced sediment 

displacement, suggesting that industrial bottom trawling had long-term effects on seabed 
morphology. Bottom trawling increases sediment resuspension, affecting sedimentation 

rates at and around the affected areas and altering geochemical properties of the 
sediments, resulting in biological and ecological effects such as nutrient resuspension and 

sediment homogenization (Martín et al., 2014; O’Neil and Ivanović, 2016). Physical 
disturbance by bottom trawling is now widely spread in coastal and shelf zones (e.g. 

Brown et al., 2005), but in these environments, sediment transport and erosion may buffer 
the capacity of trawling to modify seafloor morphology (Nittrouer and Wright, 1994). 

Direct consequences of bottom trawling also include the active biomass removal or 
damaging of benthic communities, resulting in high mortality rates (e.g. Jones, 1992; 

Ramsay et al., 2001; Hall−Spencer et al., 2002; Henry and Hart, 2005; Clark et al., 2016). 
Bottom trawling fishing has been shown to damage or destroy long-lived benthic 

communities, but also to harm the complexity of the seabed, reducing species richness 
and biomass (e.g. Gage et al., 2005; Muñoz et al., 2012; Huvenne et al., 2016). The 

effects of persistent trawling are suggested to result in reduced diversity of epifauna and 

endofauna (e.g. Roberts et al., 2000; Jennings et al., 2001a; Tillin et al., 2006; Fonseca et 
al., 2014; Pusceddu et al., 2014; Almeida et al., 2017), with a shift in communities towards 

a dominance of scavenger species (Jennings and Kaiser, 1998; Blanchard et al. 2004). 
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However, the degree to which deep benthic fauna is resilient to long-lasting bottom 

trawling and the implications in marine food webs is still poorly known (Arroyo et al., 2017; 
Cunha et al., 2017).  

Numerous studies have shown that deep-sea fisheries in the North Atlantic occur 
at the same depths of known Vulnerable Marine Ecosystems (e.g. Gage, 2001; Gage et 

al., 2005; Bailey et al., 2009; Ramirez-Llodra et al., 2010; Muñoz et al., 2012; Fonseca et 
al., 2014; Ramalho et al., 2016). The effects of bottom trawling on benthic communities – 

particularly vulnerable marine ecosystems (VMEs) – are often direct and immediate (e.g. 
damaging sponges and corals, removing non-target species through by-catch), persisting 

for decades (Gage, 2001; Gage et al., 2005; Clark et al., 2016).  

Deep-sea sponges are an important component of the marine benthos (Hogg et 
al., 2010), enhancing habitat complexity and providing refuge and camouflage to a wide 

range of organisms (e.g bivalves, fish, crabs; see review by Bell, 2008), substratum for 

sessile fauna, and habitat for an abundant and diverse associated macrofauna (Rice et 
al., 1990; Bett and Rice, 1992). Due to their role in recycling carbon and silicon 

(Maldonado et al., 2011; Rix et al., 2016), sponges also have a role in regulating 
biogeochemical cycles through bentho-pelagic coupling (Bell, 2008).  

Among a wide diversity of deep-sea sponges species (van Soest et al., 2007; 
Hogg et al., 2010), Pheronema carpenteri (Thomson, 1869), discovered in 1868 during the 

deep-water environmental survey of HMS Lightning, is known to form large aggregations 
along the northeast Atlantic slopes and banks (e.g. Rice et al., 1990; Barthel et al., 1996; 

Narayanaswamy et al., 2013; Davies et al., 2015; McIntyre et al., 2016). Originally 
described as “Holtenia Ground” (now known as Pheronema), a deep-sea biodiversity 

hotspot habitat at 530 fathoms (about 1000m deep) to the West of Orkney, it was the first 
important deep-sea sponge aggregation habitat to be identified (Thomson, 1869). 

Pheronema carpenteri aggregations are usually associated with regions of high primary 
productivity and enhanced flow conditions at mid slope areas (White, 2003) resulting in 

resuspension of fresh phythodetritus (Thomsen and van Weering, 1998).  

However, communities occupying these environments are subjected to a range of 

disturbances both natural (e.g. seasonal/episodic productivity regimes) and human-
induced (e.g. climate change, ocean acidification, fisheries, marine litter) (Gage and Tyler, 

1991; Ramirez-Llodra et al., 2011). An extended literature provides evidence of the 
importance of slope areas for fisheries and the significance of these habitats as 

biodiversity hotspots (e.g. Bailey et al., 2009; Priede et al., 2011; Howell et al., 2016), 
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under which they have been designated as vulnerable marine ecosystems (VMEs) by the 

United Nations General Assembly (UNGA) Resolution 61/105 (FAO, 2009). 

 

1.2 Importance of continental slopes for deepwater fisheries 

Comprising around 5.4% of the global ocean floor (Harris et al., 2014), continental 

slopes play an important role for deep-water fisheries (Koslow, et al., 2000; Clarke et al., 

2015). The highly productive continental shelf supports continental slopes, which offer 
favourable conditions for a broad habitat diversity and high fish diversity (Haendrich and 

Merrett, 1988; Priede et al., 2010; Campbell et al., 2011). 

Deepwater fishing effort (fisheries deeper than 200-500 m, near the lower limits of 
the upper continental slope) has extensively developed since the 1960s, following the 

decline of the continental shelf fisheries (Koslow et al., 2000). Total catch of important 

deepwater fisheries reached a peak of 1,071,270 tonnes worldwide in 1998 (Fig. 1.2, FAO 
FishStatJ data), but long-term effects caused a significant reduction of many fish stocks 

(Pauly et al., 2005; Devine et al., 2008; Bailey et al., 2009; Watson and Morato, 2013), 
with several species still being fished outer of safe biological limits (Norse et al., 2012; 

Clarke et al., 2015; Pauly and Zeller, 2016).  

 

Figure 1.2. Global capture production of important deepwater fisheries, 1950–2015. data: 

FAO FishStatJ).  
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In the Northeast Atlantic, this multispecies fishery targets crustaceans (e.g. the 

Norway lobster Nephrops norvegicus and the shrimps Parapenaeus longirostris and 
Aristeus antennatus) and fish (including the blue ling, Molva dypterygia, roundnose 

grenadier, Coryphaenoides rupestris, and orange roughy, Hoplostethus atlanticus) 
(Gordon, 2001; Lorance and Dupuoy, 2001; Gordon et al., 2003; Bueno-Pardo et al., 

2017; ICES, 2017) and is characterised by the significant by-catch and discarding of 
numerous unwanted species (e.g. Monteiro et al., 2001; Fernandes et al., 2015).  

Depletion of deep-sea fish populations is commonly related to long-term impacts 
on the benthic fauna (Benn et al., 2010), and questions arise about ecosystem services 

associated with benthic nutrient cycling (Ruhl et al., 2011). The impact of fisheries on 
continental slopes can be direct, and may act through disruption of nutrient transfer via the 

active biological pump. Therefore, continental slopes from around the World’s oceans may 
be impacted with largely unknown effects on the benthic and benthopelagic communities. 

This is not surprising given that some aspects of basic deepwater ecology are 
understudied and poorly known, including energy fluxes and trophic interactions of the 

organisms inhabiting these regions.  

1.3 Trophodynamics in continental slopes 

Trophic ecology is a discipline aimed at understanding dynamic ecological 
processes involving individual-level and species-level interactions (reviewed in Garvey 

and Whiles, 2016). The notion of a food web is an important aspect of trophic ecology; 
food webs conceptualise connections within an ecosystem (and between ecosystems), 

describing the flow of energy among species and individuals (Cohen et al., 2003; 
Rossberg, 2013). Consequently, the study of trophodynamics explores species 

interactions, coexistence and levels of organismal organisation, allowing a better 
understanding of potential human-induced impacts and climate-driven changes in an 

ecosystem (Jennings and Blanchard, 2004; Young et al., 2015; Blanchard et al., 2017). In 

size-structured ecosystems, predators are expected to respond to the size spectrum and 
intraspecific traits of their prey (Cohen et al., 1993; see also Woodward et al., 2005; 

Petchey et al., 2008; Trebilco et al., 2013). In the open ocean, primary producers 
inhabiting the photic layer constitute the primary nutrient source for higher trophic levels. 

For instance, in the classic food web, zooplankton feed on phytoplankton; zooplankton 
establishes the link between the lower trophic level base of the food webs leading to 

higher trophic level top predators (for a review, see Young et al., 2015). 
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Energy availability plays a key role in determining community and biomass trends, 

as well as patterns of diversity and distribution of assemblages along continental slopes 
(McClain et al., 2012; Woolley et al., 2016). The Metabolic Theory of Ecology provides a 

framework to understand intrinsic links between an organism’s body size, temperature, 
and metabolic rate, allowing further advances in the understanding of size structuring and 

patterns in intra- and interspecific interactions (Brown et al., 2004; Blanchard et al., 2009; 
Yvon-Durocher and Allen, 2012). Abundant and diverse deep-sea communities are 

supported on slopes by enhanced food availability (McClain and Schlacher, 2015), which 

appears to be controlled by advective and vertical (sinking) fluxes (Billett et al., 1983; 
Lampitt et al., 1995; Ichino et al., 2015). At greater depths, where absence of light, high 

pressure and near freezing temperatures are major constraints, detrital flux of particulate 
organic matter (POM), secondary production and benthic recycling have an important role 

in fuelling benthic and benthopelagic communities (Fig. 1.3; e.g. Gage and Tyler, 1985; 
Tyler, 1988; Gooday and Turley, 1990; Jones et al., 2014).  

In addition to direct temperature effects, diversity and composition of higher-
trophic-levels communities can be modified by changes in primary production (Blanchard 

et al., 2012). For instance, a shift in the dominant phytoplanktonic species can induce 
phenological change in copepod abundance, which may ultimately affect fish recruitment 

and fisheries; at present, however, these cascading effects have not been 
comprehensively documented (de Madron et al., 2011). Sea surface temperatures are 

predicted to continue rising over the coming decades (Domingues et al., 2008; Medhaug 
et al., 2017), and theoretical and empirical evidence shows that mean phytoplankton body 

size reduces with increasing temperature (Morán et al., 2010; Thomas et al., 2012). This 
reduction may be critical for deep-sea communities, as smaller phytoplankton may be less 

readily exported to deep waters, potentially reducing the total nutrient supply to deep-sea 
communities (Smith et al., 2008; Yool et al., 2017). 
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Figure 1.3. Energy pathways occurring on the continental slope and in the ocean’s water 

column. The schematic illustrates important physical and biological processes responsible 
for fuelling benthic and pelagic communities (modified from Trueman et al. (2014)). 

 

Diel vertical migrations (DVM, Fig. 1.3) are a common phenomenon in zooplankton 
and small pelagic fishes, which has been extensively documented (Sutton, 2013). The 

dusk migration of small pelagic fishes up to superficial layers of water column seems to be 
related to feeding frequency. Meso- and macro-zooplankton (> 200 μm and > 2 mm, 

respectively) are the favoured food items of small pelagic fishes (Roe and Badcock, 1984; 
Bernal et al., 2015). Previous studies have demonstrated the ability of zooplankton to 

perform vertical migrations (Roe, 1984a, b), by detecting changes in the position of the 
deep scattering layer (DSL), predominantly formed by zooplankton (Barham, 1966; De 

Robertis et al., 2003; Stemmann et al., 2008). The deep scattering layer is crucial in 
fuelling benthopelagic production (Mauchline and Gordon, 1991; Trueman et al., 2014; 

reviewed in Drazen and Sutton, 2017), but the extent of this coupling as a function of 

depth is uncertain, and difficult to determine through traditional methodologies (e.g. 
stomach content analysis; Young et al., 2015; Drazen and Sutton, 2017). 
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1.4 Using stable isotopes to elucidate deepwater fish 
ecology in a size-structured ecosystem 

 

Stable isotopes have been commonly used since the 1980s in terrestrial and marine 
ecology studies (Petterson and Fry, 1987). Stable isotopes integrate ecological processes 

in space and time, elucidating fundamental animal ecology mechanisms, such as 
individual physiology, migratory patterns, and trophic ecology (e.g. Cerling et al., 2005; 

Cherel and Hobson, 2007; Cherel et al., 2009; Newsome et al., 2009; Ceia et al., 2012; 

Carlisle et al., 2015; for reviews, see Boecklen et al., 2011; Trueman et al., 2012; 
McMahon et al., 2013; Trueman et al., 2016). As such, stable isotopes provide a tool to 

decipher trophic interactions by indicating resource use and quantifying trophic position, 
complementary to the information retrieved from other methods, as stomach content 

analysis (review in Garvey and Whiles, 2016). 

The interpretation of stable isotopes data is based on knowledge of isotopic 

fractionation. The lighter isotope typically has faster reaction dynamics during 
physiological processes such as respiration, excretion and metabolism. Synthesis of 

excretory metabolites generally favours light isotopes, leaving the body pool relatively 
enriched in heavy isotopes, and thus newly formed tissues are isotopically enriched 

relative to the dietary substrates. Stable isotope values are represented as a form of the 

ratio of the heavy-to-light isotopes (Petterson and Fry, 1987).  

The isotopic composition of an organism represents the incorporation of the isotopic 

compositions of its food sources, weighted by their relative abundance, and modified by 
trophic fractionation (e.g. Wong and Sackett, 1978; Poop et al., 1998; Vander Zanden and 

Rasmussen, 2001).   Trophic isotopic fractionation typically ranges between 2‰ to 5‰ in 
δ15N (Minegawa and Wada, 1984), and from 0‰ to 2.0‰ in δ13C, with a mean value 

among multiple trophic levels of 3.4‰ and 0.4‰ for δ15N and δ13C, respectively (Post, 
2002). However, due to spatio-temporal variability in isotope compositions (e.g. Magozzi 

et al., 2017), it is thus critical to establish an appropriate isotopic baseline in order to 
estimate the relative trophic position of consumers (McMahon and McCarthy, 2016). 

Stable isotope analysis (SIA) allows the effective quantification of energy fluxes 

through food webs (Michener and Lajtha, 2007). The analysis of stomach contents may 
offer a good taxonomic resolution and quantification of prey consumption rates (Hyslop, 

1980), but is extremely time-consuming, and requires a large number of observations, 
preferably over a long temporal scale. Alternatively, the analysis of the stable isotope 



Chapter	1	

11	

composition of consumers allows for an interpretation of assimilated prey (DeNiro and 

Epstein, 1978; 1981), requires a relatively small number of samples, and tissues with 
different isotopic incorporation rates may provide trophic information at different temporal 

resolution (e.g. blood provides information over days, whereas incrementally grown 
tissues can provide information throughout the entire life of an individual), and insights in 

physiological processes. However, SIA requires knowledge of tissue’s isotopic 
incorporation rates, biochemical configuration of prey, and metabolic processes of 

consumers (reviewed in Boecklen et al., 2011 and Layman et al., 2012).  

Stable isotope analysis is elucidative of resource partitioning, provides information 
on the trophic level and main food sources of the target organisms (Fig. 1.4; e.g. Post et 
al., 2002; Bearhop et al., 2004; Layman et al., 2007; Jennings et al., 2008b), and can 

discriminate effectively between communities feeding on pelagic and benthic sources 
(Stowasser et al., 2009; Trueman et al., 2014). Recently, the concept of ‘isotopic niche’ 

was introduced as a representation of trophic diversity (Newsome et al., 2007). 
Expressing the isotopic niche of a species or community as a proxy for its trophic niche 

using stable isotopes provides insights on resource and habitat use (Layman et al., 2007; 

Flaherty and Ben-David, 2010), a measure of niche width (Bearhop et al., 2004) and is 
elucidative of consumer–prey interactions (Brose et al., 2006).  

  

Figure 1.4. Representation of the stepwise enrichment of carbon and nitrogen isotopes in 
a size-structured marine ecosystem. Stable carbon and nitrogen isotope compositions of 

primary producers are transferred up to consumers through the food web, with a 
predictable trophic isotopic fractionation.  
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Stable isotopes are thus suitable for investigating nutrient flow in deep-sea 
communities where traditional methods (stomach content analyses) are complicated by 

the common eversion of stomachs as a result of decompression and/or by the difficulty in 
the identification of gelatinous prey items (Drazen and Sutton, 2017).  

Deep-sea fishes are supported by food provided by both physical (sinking 
particles) and biological (controlled by vertically migrating organisms) processes (e.g. 

Mauchline and Gordon, 1985, 1986; Carrassón and Cartes, 2002.). Recent data on deep-
water fish communities from the Porcupine Seabight and adjacent abyssal plain (a region 

dominated by large, rapidly settling phytoplankton) showed that a high proportion of both 
pelagic and benthic feeding fishes are supported by the diel vertically migrating 

community and the DSL (Iken et al., 2001; Stowasser et al., 2009), particularly at 500 m. 
Bentho-pelagic coupling is remarkably strong and presumably driven by impingement of 

vertically-migrating fauna on the seafloor (Trueman et al., 2014).  

Fishes preying on vertically-migrating communities are relatively isotopically 

depleted (more negative) and less depth-dependent (Trueman et al., 2014), while typically 
benthic-feeder fishes, dependent on prey predominantly feeding on suspension feeders, 

show higher isotopic composition values (more positive) (Fig. 1.3) (e.g. Iken et al., 2001; 
Boyle et al., 2012; Romero-Romero et al., 2016). These factors express the importance of 

POM settling as a control of the trophic structure across a depth gradient.  

Changes in the DSL, organic matter fluxes and, ultimately, in benthic community 

structure and function are therefore likely to influence trophic pathways of deepwater fish 
communities. Nevertheless, the relative role of these pathways in delivering food, and 

therefore the sensitivity of deep communities to change, is poorly known.  
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1.5 Aims and objectives 

This thesis aims to contribute further to a better understanding of how deep-sea 

organisms, particularly continental slopes communities, respond to strong environmental 
gradients and anthropogenic influences by examining aspects of the trophic ecology, 

community structure and function, and potential human-induced perturbations. Two 
datasets were compiled under the scope of this project: 1) stable isotope composition of 

fish communities, 2) visual assessments of trawling impacts and functional diversity in 
benthic ecosystems. 

This thesis is outlined in two parts. The first part, which includes chapters 2 and 3, 
covers aspects of trophic and isotopic ecology of deepwater fishes. The second part 

(chapter 4) reports on the potential impacts of trawling on benthic communities. In detail: 

In Chapter 2 I examine community-level predator-prey mass ratios in demersal fish 

communities along a depth gradient on the continental slope. Here, I sought to determine 
if the relationship between nitrogen isotopic composition and body mass varies along an 

environmental (depth) gradient, or between benthic and benthopelagic feeding organisms. 
It is demonstrated that community-level predator prey mass ratio is invariant along a 

strong environmental gradient and between feeding behaviours.  

In Chapter 3 I investigate energy fluxes and quantify isotopic niche overlap of deep 
demersal fishes. Stable isotopes composition of selected taxa was analysed to identify 

ecological drivers that influence isotopic niche in relation to depth. It is demonstrated that 

body size explains a large proportion of the isotopic niche areas and revealed the effect of 
increasing depth in resource partitioning. 

In Chapter 4 I assess the current status of an important deepwater vulnerable marine 
ecosystem on a continental slope. The Porcupine Seabight was surveyed extensively 
between 1977 and 1986 (Rice et al., 1990) and was revisited in 2011 to compare the 

spatial coverage and size distributions of hexactinellid sponges (Pheronema carpenteri) 

as an indicator for trawling impact. The results suggest a marked decrease in sponge 
density and body size, potentially related to the direct impact of bottom trawling. 

Finally, Chapter 5 is a summary of results, summarizing the main conclusions and 
outlining new perspectives in functional and isotopic ecology, a growing body of evidence 
human impacts on deep-sea ecosystems, and adding to the rationale to better inform the 

conservation of vulnerable habitats and further evidence-based actions regarding bottom 
trawling fisheries along the European continental slopes. 
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Chapter 2: Community level predator prey mass 

ratio is insensitive to environmental gradients 

 

Abstract 

Community-level predator-prey mass ratio (PPMR) are a descriptor of community 

structure and predator-prey interactions. The interpretation of food web dynamics is 
important to understand the effects of environmental gradients and human pressures in 

ecosystems. Here, we investigated the relationship between nitrogen stable isotope, as a 
measure of trophic position, and body mass along a depth gradient. We demonstrate that, 

within the uncertainty associated to our analysis, community-level predator prey mass 
ratio is invariant along a strong environmental gradient and between feeding behaviours. 

We did not find a systematic relationship between the slope of biomass size spectra (BSS) 
and community level PPMR. Maximum body sizes and total biomass increase with depth 

for benthic-feeding fish, implying that reduced food availability leads to increases in 

transfer efficiency and potentially shallower BSS, while benthopelagic fish community, 
fuelled by the mesopelagic migrating community, show a constant negative slope of the 

BSS. We show that, if sampling is representative of the relative abundances in the 
community, PPMR estimates based on individual stable isotope measurements will be 

similar to PPMR estimates based on biomass-weighted regressions, but with higher 
precision. This implies that sampling taxa proportionally to their abundance improves 

estimation of community-level PPMR. 

 

2.1 Introduction 

 Changes in species traits, such as abundance and individual body size, reveal how 
species within a given population contribute to community functioning, and help to explain 

broad ecological patterns (Mindel et al., 2016a). Trait-based approaches can be 
particularly informative in size-structured communities, where a single trait (body size) can 

be responsible for regulating species and individual interactions (Blanchard et al., 2009), 
and where trophic linkages are poorly described by taxonomy (Woodward et al., 2005; 

Jennings et al., 2008a). In size-structured systems where (generally) larger predators feed 
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on smaller prey, the range in individual size (or body mass) is widely accepted as a 

measure of diversity and trophic level, irrespective of species identity (e.g. Quiroga et al., 
2014; Rudolf et al., 2014). Body size is therefore a convenient way to summarise complex 

ecological interactions (e.g. Petchey et al., 2008; Brose, 2010; Riede et al., 2011; DeLong, 
2014; among many others), and community body size distributions are commonly used as 

response metrics to infer ecological consequences of perturbation, or as reference points 
for conservation and management (Jennings and Blanchard, 2004; Greenstreet and 

Rogers, 2006; Blanchard et al., 2009). Body size is also a useful trait in ecosystem 

modelling; simulating body size distributions is much less computationally demanding than 
simulating abundance distributions of multiple taxa.  

 In a size-structured food web fuelled from a single primary production source, the 
relationship between body size (M) and abundance (N) or biomass (B) can be predicted 
from metabolic scaling theory moderated by the predator-prey mass ratio (PPMR) and 

trophic transfer efficiency (TE) (Jennings and Blanchard, 2004; Blanchard et al., 2009; 
Trebilco et al., 2013): 

eq. 1: N ∝ M-0.75 x MlogTE/logPPMR  

eq. 2: B ∝ M0.25 x MlogTE/logPPMR 

 Trophic transfer efficiency is assumed to be relatively constant between 4 and 12% 
(Jennings et al., 2002b). More recent derivations anticipated a range of transfer 
efficiencies between 13 and 50% in communities with PPMR ranging from 10 to 1000 

(Andersen et al., 2009), but a trophic efficiency is predicted to be, on average, close to 
10% at each trophic level, in marine ecosystems (Pauly, 1996 and reviewed in Rossberg, 

2013). Consequently, if PPMR is assumed to be relatively constant, population size 

distributions (equation 1) and biomass (equation 2) can be estimated across global 
oceans (Cheung et al., 2008).  

 Clearly, modelling efforts are considerably simpler if community-level PPMR is 
conserved between ecosystems, but empirical estimates of community-level PPMR are 
relatively difficult to determine, due to the large number of observations of individual 

predator-prey interactions (e.g. observed predation events, stomach contents) needed to 

derive a representative estimate figure. Recent estimates of predator prey body mass 
ratios derived from individual-level stomach content data in marine fishes suggest that 

PPMRs are non linear, and vary with location, species, taxonomic level and feeding 
behaviours (Barnes et al., 2010). Realised PPMR thus appears to vary between species, 
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and can be considered as a species-level trait. The effective PPMR of a community of 

species, however, may be less sensitive to variation, if assembly of species with varying 
individual PPMR may lead to a trend towards a common value. Alternatively, 

environmental pressures may favour species with specific PPMR traits, in which case 
community-level PPMR will vary systematically with directional changes across 

environmental gradients. 

 Quantifying community-level PPMR across environmental gradients can thus be 

informative to understand the nature of community-level trophic assembly and energy flux 
(Hatton et al., 2015; Blanchard et al., 2017). Establishing the consistency or otherwise of 

community-level PPMR is important in terms of ecological theory and ecosystem 
modelling, but very few studies compare equivalent measurements of community-level 

PPMR across environmental gradients (e.g. Trueman et al., 2014).  

 The world’s continental slopes present habitat gradients analogous to altitudinal 

gradients on land. Water depth co-varies with a range of ecologically important variables 
including temperature, food availability, light levels and pressure. Consequently, the 

assemblages of species (or functional traits) comprising benthic or demersal communities 
living on continental slopes vary systematically with depth (Gage and Tyler, 1991). 

 Oceanic primary production is limited to the upper hundred meters of the water 
column, and is effectively constant over the short horizontal distances associated with 

gradients on the continental slope. Demersal fish communities along depth gradients on 
the continental slope therefore provide an excellent test for the sensitivity of community-

level PPMR to changes in species compositions and functional traits responding to 
ecological and environmental drivers. 

 Measuring PPMR has traditionally been done directly through stomach content 
analyses. However, in the deep sea this method is complicated by the common eversion 
of stomachs due to pressure differences and/or difficult identification prey items (see 

review by Drazen and Sutton, 2017). Estimating community-level PPMR from direct 

observations of individual predator-prey interactions is also particularly challenging given 
the large number of observations required. An alternative approach involves using the 

stepwise enrichment of heavy isotopes of nitrogen in body tissues to estimate relative 
trophic level as a function of size throughout a food web (Jennings et al., 2008b; Barnes et 

al., 2010). Stable isotope analyses provide information on the trophic position and primary 
production sources of the target organisms (Post, 2002), and in deep water demersal fish 

communities, can also discriminate effectively between fishes feeding on pelagic and 
benthic sources (Trueman et al., 2014). 



Chapter	2	

18	

 Here we use stable isotopes analysis to measure community-level PPMR in 

demersal fish communities along a depth gradient on the continental slope. We attempt to 
determine if the relationship between nitrogen isotope ratios and body mass varies along 

the environmental (depth) gradient, or between benthic and bentho-pelagic feeding 
organisms. 

 Previous studies demonstrate that depth plays an important role on species 
composition and biomass of fish communities along the Northeast Atlantic continental 

slopes (e.g. Mauchline and Gordon, 1984a,b,c,d, 1986; Kelly et al., 1998; Haedrich and 
Merrett, 1988; Merrett et al., 1991; Gordon and Bergstad, 1992; Priede et al., 2006, 2010; 

Bailey et al., 2009; Campbell et al., 2011). Deep-sea community composition appears to 
be strongly influenced by food availability, which is in turn controlled by physical (sinking 

fluxes) and biological (mediated by vertically migratory organisms) processes (Mauchline 
and Gordon, 1986).  

 Here we focus on the Scottish and Irish continental slope (NE Atlantic), specifically 
around the Rockall Trough. The Rockall Trough is a major SW-NE trending sedimentary 

basin bounded by the Scottish and Irish continental slope on the east and the Rockall 
Plateau on the west. To the north the Rockall trough is bounded by the Wyville-Thompson 

Ridge, while to the south the trough opens to the Porcupine Abyssal plain. Water depth 
within the Rockall Trough therefore increases from the north to the south. Water 

temperature along the continental slope of the Rockall Trough declines from 9-10ºC 
around 500 m to 3-4ºC at 2000 m depth (McGrath et al., 2012), and the estimated organic 

carbon flux at 100 m is 24 gC/m2/yr and the flux reaching 2000 m depth is 2.4 gC/m2/yr 
(Henson et al., 2012). At greater depths, detrital flux of particulate organic matter, 

mesopelagic secondary production and benthic recycling communities have an important 

role in fuelling benthic and benthopelagic communities (Trueman et al., 2014).  

 

2.2 Material and Methods 

2.2.1 Sampling 

 Demersal fishes from the Scottish and Irish continental slope (NE Atlantic) were 
collected during deepwater trawl surveys operated by the Marine Institute, Ireland and 

Marine Scotland Science, previous to the current research. Sampling was conducted on 
the northern slope of the Porcupine Bank and the Western Scottish Continental Slope 
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from the RV Celtic Explorer and RV Scotia, using a BT184 deepwater trawl. Fishes were 

sampled from 500, 1000 and 1500 m in 2006, 500 and 1800 m in 2009 and 500, 1000, 
1500, 1800 and 2000 m in 2012. An additional sampling in 2015 focused mainly on sharks 

and chimaeras in order to compensate for under-representation of chondrichthyans in the 
isotope dataset. It is assumed that the depth of capture is representative of the habitat or 

depth of that individual over the timescale of isotopic tissue turnover (Trueman et al., 
2014). 

 Abundance data were collected on a 15 years long sampling programme, as part of 

the Marine Scotland Science deep-water bottom trawl survey of demersal fish, along the 
continental slope of the Rockall Trough in the Northeast Atlantic, at depths of 300–2,067 

m, on board the RV Scotia in September 1998, 2000, 2002, 2004–2015 (see Campbell et 
al., 2011 and Neat and Campbell, 2013).  

2.2.2 Stable isotope analysis 

 Sampling of fish for stable isotope analysis was conducted in order to analyse 
individuals from the most abundant species at each depth and, when possible, to capture 

the full size range for each species (Appendix A). Samples of white muscle were collected 
from 1173 individuals belonging to 45 fish species. The sampled species represent over 

90% of the total fish biomass recorded during the 15 years of survey data. Muscle tissue 

was removed within 1h of landing on deck and immediately frozen (-20 °C) (see Trueman 
et al., 2014 for further sampling details). In the laboratory, muscle samples were freeze-

dried, crushed and 0.5-1.0 mg of powdered muscle was weighed. Elasmobranch samples 
were washed 3 times in distilled water to remove urea or ammonia from the muscle tissue. 

Nitrogen stable isotope compositions of samples collected in 2006 and 2009 were 
determined using a GEO isotope-ratio mass spectrometry at the RLAHA at the University 

of Oxford. Samples collected in 2012 were analysed at Elemtex, Cornwall on a Thermo 
EA 110 elemental analyser linked to a Europa Scientific 2020 isotope ratio mass 

spectrometer running in continuous flow mode. Samples collected in 2015 were analysed 
using a continuous flow Elementar vario PYRO cube elemental analyser coupled with a 

Thermo Scientific Delta V plus isotope ratio mass spectrometer (IRMS) at the NERC 

LSMSF, East Kilbride. All nitrogen isotope ratios are reported in delta notation relative to 
air. Inter-laboratory precision in δ15N values monitored through repeat analyses of a single 

internal laboratory standard was less than 0.3‰. Isotope data are provided in the 
electronic appendix to this Thesis and will be lodge in Dryhad or equivalent. 



Chapter	2	

20	

 Two functional groups were defined reflecting species’ morphological traits and 

stomach content analysis from previously published data (Table 2.1). Benthopelagic-
feeding demersal fishes have a predominantly pelagic diet, while benthic-feeders are 

those species consuming epi- or hyper-benthic organisms.  

 

Table 2.1. Feeding habits of deep-sea fishes sampled for stable isotope analysis, defined 
from previously published dietary preferences. In bold are the species used to estimate 

PPMR (this chapter). 

Species Main prey Feeding 
mode 

Alepocephalus agassizii polychaetes, amphipods, cephalopods, fish 4 Benthopelagic 

Alepocephalus bairdii  polychaetes, medusae, copepods, 
amphipods, euphausiids, fish 4, 8  

Benthopelagic 

Antimora rostrata fish, cephalopods, crustaceans 6, 19 Benthopelagic 

Aphanopus carbo fish, cephalopods, crustaceans 7, 23 Benthopelagic 

Apristurus aphyodes small fishes, crustaceans 3 Benthopelagic 

Apristurus laurussonii small fishes, crustaceans, cephalopods 3, 24 Benthopelagic 

Apristurus manis small fishes, crustaceans, cephalopods 3, 24 Benthopelagic 

Apristurus melanoasper small fishes, crustaceans 3 Benthopelagic 

Apristurus microps small fishes, shrimps, squid, small sharks 23 Benthopelagic 

Argentina silus salps and ctenophores 4 Benthopelagic 

Bathylagus euryops copepods, ostracods, amphipods, decapods 
4 

Benthopelagic 

Bathypterois dubius benthopelagic plankton 9 Benthic 

Brosme brosme fish, crustaceans, other invertebrates 16 Benthic 

Cataetyx laticeps small hyperbenthic crustaceans 26 Benthic 

Centrophorus squamosus fish, cephalopods, crustaceans 23 Benthopelagic 

Centroscyllium fabricii  crustaceans, squid, fish  3, 15, 20 Benthopelagic 

Centroscymnus coelolepis teleost fish, sharks, squids, benthic 
invertebrates 3, 15, 24 

Benthic 

Centroscymnus crepidater micronektonic fish, cephalopods 3, 15, 24 Benthopelagic 

Chimaera monstrosa ophiurids, decapods, amphipods, 
polychaetes, anemones 3, 18 

Benthic 

Chimaera opalescens Unknown, probably epi- and infauna 26 Benthic 

Coelorinchus caelorhincus decapod crustaceans, amphipods, 
polychaetes 5, 8 

Benthic 
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Table 2.1. (continued). 

Species Main prey Feeding mode 

Coelorinchus labiatus small fish, polychaetes, crustaceans 9 Benthic 

Coryphaenoides guentheri copepods, amphipods 5, 8 Benthic 

Coryphaenoides 
mediterraneus 

copepods, amphipods, mysids 5 Benthic 

Coryphaenoides rupestris copepods, decapods, fish 5, 8 Benthopelagic 

Deania calcea fish, crustaceans, squids 3, 15, 24 Benthopelagic 

Deania profundorum midwater fish, squids, crustaceans 23 Benthopelagic 

Epigonus telescopus copepods, mysids and decapods, fish 7, 8 Benthopelagic 

Etmopterus princeps euphausiids, cephalopods, and fish 3, 24 Benthopelagic 

Etmopterus spinax decapod crustaceans and fish 3, 24 Benthopelagic 

Galeus melastomus decapod crustaceans and pelagic fish 15, 24 Benthopelagic 

Galeus murinus euphausids 14 Benthopelagic 

Glyptocephalus cynoglossus bottom invertebrates 2, 8 Benthic 

Halargyreus johnsonii copepods and mysids 6 Benthopelagic 

Halosauropsis macrochir Crustaceans, fish, polychaetes, 
cephalopods 22  

Benthic 

Harriotta raleighana bottom invertebrates 3, 20 Benthic 

Helicolenus dactylopterus generalist feeder; prey on pelagic and 
benthic organisms 8, 9 

Benthic 

Hoplostethus atlanticus decapods, mysids, squids and fish 7, 11  Benthic 

Hydrolagus affinis small fishes and invertebrates 18, 19 Benthic 

Hydrolagus mirabilis mainly polychaetes, but also fish, 
cephalopods 3, 20 

Benthic 

Hydrolagus pallidus unknown, probably epi- and infauna 26 Benthic 

Lepidion eques amphipods and decapods 1 Benthopelagic 

Merluccius merluccius euphausiids and small fish 21 Benthic 

Micromesistius poutassou euphausiids 6 Benthopelagic 

Molva dypterygia fish and decapod crustaceans 6 Benthic 

Molva molva fish and epibenthic crustaceans 6 Benthic 

Mora moro decapods, cephalopods and fish 12 Benthic 

Nezumia aequalis copepods, mysids, polychaetes, isopods 
and decapods 5, 8 

Benthic 

Oxynotus paradoxus unknown Benthopelagic 

Phycis blennoides decapods, mysids and fish 6 Benthic 
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Table 2.1. (continued). 

Species Main prey Feeding mode 

Polyacanthonotus rissoanus epifauna 26 Benthic 

Rhinochimaera atlantica epi- and infauna10, 26 Benthic 

Serrivomer beanii  euphausiids and small fishes 9 Benthopelagic 

Spectrunculus grandis echinoderms and amphipods 7, 19 Benthic 

Synaphobranchus kaupii pelagic fish and decapods 8, 11, 19 Benthopelagic 

Trachyrincus murrayi  decapods, copepods, amphipods and 
polychaetes 5 Benthic 

Xenodermichthys copei copepods, ostracods and jellyfish 4 Benthopelagic 

1Mauchline and Gordon, 1980; 2Mattson, 1981; 3,4Mauchline and Gordon, 1983a,b; 5-8Mauchline 
and Gordon, 1984a, b, c, d; 9Whitehead et al., 1986; 10Macpherson and Roel, 1987; 11Gordon and 
Duncan, 1987; 12Gordon and Mauchline, 1996; 13Carrassón et al., 1997; 14Coggan et al., 1998; 
15Cortés, 1999; 16Bowman et al., 2000; 17Carrassón and Matallanas, 2002; 18Stergiou and 
Karpouzi, 2002; 19Kemp et al., 2006; 20Gonzales et al., 2007; 21Cartes et al., 2009; 22Bergstad et 
al., 2012; 23Santos et al., 2013; 24Ebert et al., 2013; 25Modica et al., 2014; 26Drazen and Sutton, 
2017. 

 

2.2.3 Statistical analysis 

 All statistical analyses were conducted in R (R Core Team, 2014). Linear multiple 
regression models were used to test the influence of body mass, functional group and 

depth on isotopic signatures. Community-level δ15N values were estimated as an average 
of δ15N values for all species sampled within a given depth, size class and functional 

group, weighted by the species’ relative biomass within the functional group at that depth 
and size class as recovered from the trawl dataset.  

2.2.4 Predator-prey mass ratios 

 In a food web sustained from an isotopically-constant nutrient source, the stable 

nitrogen isotope composition of animal tissues (expressed as δ15N values) varies primarily 
as a function of trophic level, and thus the relationship between δ15N values and body 

mass within a single species or across the entire community can be used as an estimate 
of the relative predator to prey body mass ratio (PPMR) (Jennings et al., 2002a, b). If a 

fixed value for the trophic discrimination factor (the difference in isotopic composition 
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between a predator and its prey) is assumed, then the slope of the best-fit relationship 

between δ15N values and body mass can be used to estimate absolute PPMR values.  

 Many studies have estimated trophic discrimination factors in δ15N values 
(expressed here as D15Nt-d), commonly obtaining values between 3 and 3.4‰ (Post 2002; 

Sweeting et al., 2007). However, D15Nt-d values clearly vary between species. In marine 

(size structured) systems an apparent negative covariance between D15Nt-d values and 
body size or trophic level (Hussey et al., 2014) is most likely an effect of the increasing 

biochemical similarity between predator and prey compositions with increasing trophic 
level (Reum et al., 2015; McMahon and McCarthy, 2016). Hussey et al. (2014) advocated 

scaling D15Nt-d values by predator δ15N values, echoing earlier work (Caut et al., 2009). 
However, as trophic fractionation is only indirectly linked to prey δ15N values, any such 

scaling function must be based on statistical relationships within a test population, and 
extension beyond the case study is questionable, particularly if case study examples are 

based on laboratory-reared animals often fed on unrealistic experimental diets. The 
resulting uncertainty associated with any given estimated δ15N values is therefore difficult 

to estimate, adding considerable uncertainty to any attempt convert δ15N–body mass 

relationships into absolute PPMR values. We therefore estimate D15Nt-d at 3‰ across all 
sampled species, and the absolute PPMR of each size class was estimated assuming a 

linear relationship between δ15N and body mass class.  

 Two approaches were taken to estimate PPMR: If field sampling is truly 
proportionally representative of the community, then community-level PPMR can be 

estimated from simple linear regression between individual body mass (log5) and δ15N 
values. Representative sampling across functional groups, body sizes and depths is 

challenging in a field situation however, and measured values may require weighting 

according to the relative abundance of species of given body sizes, within functional 
groups at each depth. To provide relative biomass weightings for measured δ15N values, 

individual body masses were assigned to log5 body mass classes to maximize the 
number of size classes available for regression modelling while ensuring that within each 

size class isotopic samples were available representing species comprising at least 50% 
of the recorded biomass at that depth, size class and functional group. 

 In both individual and biomass weighted approaches, the slope of the regression 
between δ15N values and log5 mass were used to estimate PPMR, adapted from Jennings 

et al. 2002b:  

PPMR = n(Δ15N/b) 
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where n reflects the log base used to bin mass values (n = 5), Δ15N is the assumed 

change in δ15N between predator and prey, known as the isotope discrimination value, 
which we assumed a value 3, and b is the slope of the linear regression. 

2.2.5 Biomass size spectra 

 Individual length compiled from the trawl catches were converted to body mass 
applying length-weight relationships, using subsets of the survey data to calculate 

conversion factors (see Mindel et al. (2016b) for details). Fish from 512 g to 23 kg were 
assigned to log2 body mass classes. The log2 transformation allowed us to maximize 

number of size classes and reduce uncertainty of the estimated regressions. In order to 

evaluate changes in size spectra along the continental slope of the Rockall Trough, total 
biomass was determined and the spectra was then plotted as log2 biomass vs. log2 body 

mass classes, at each discrete depth (500, 1000, 1500, 1800 and 2000 m).  

 

2.3 Results 

2.3.1 Biomass size spectra 

 The relative proportion of total biomass assigned to benthic or benthopelagic fish 

changed with depth. Body size distributions of benthic-feeding fishes within the trawled 
sample remain moderately constant across depths, with modal class at log class size 4 

(ranging between 25 and 125 g). Body size distributions of the benthopelagic-feeding 
trawled community are more variable with depth, increasing the size modal class, with 

high dominance of class 5 at 1500 m. The obtained parabolic density function also 
indicates that small individuals were not caught, with both benthic and benthopelagic 

larger individuals found in deeper strata (Fig. 2.1a). Therefore, we selected the peak 
biomass size class as a cut off to calculate Log2-Log2 regression slopes of the biomass 

size spectra (BSS) (Fig. 2.1b). In general, benthic fishes had a positive BSS slope, except 

the shallowest, at 500 m, while benthopelagic fishes showed a negative steep BSS slopes 
at all depths, becoming slightly shallower at 2000 m. 
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Figure 2.1. a) Proportional biomass of each feeding group at each depth band (± 100 m) 
and b) biomass size spectra of benthic and benthopelagic-feeding fishes, at 5 

depth categories (± 100 m), collected during the deepwater survey programme 
(1998-2015). 
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2.3.2 Predator-prey mass ratios 

Sample-based 

 The relationship between δ15N and individual body mass for the sampled fishes 
(Fig. 2.2a) was significant (p-value < 0.05), except for benthopelagic fishes at 1800 m 

(Table 2.2). Linear regressions intercepts are different and more positive with depth in 

benthic fish, with no difference on regression slopes across depths. In turn, linear 
regression models for benthopelagic fish show no differences both in intercepts and 

slopes. However, model is marginally weaker compared with that for benthic fish 
(Table 2.3). 

 

Table 2.2. Output model for ANOVA of sample-based δ15N-body mass relationship for 
benthic and benthopelagic fish. 

 Df Sum Sq Mean Sq F value Pr(>F) 
Benthic 
size 1 365.90 365.90 357.94 < 2e-16 *** 
factor(Depth) 4 217.37 54.34  53.16 < 2e-16 *** 
size:factor(Depth) 4 10.17 2.54 2.49 0.043 * 
Residuals 550 562.24 1.02   
Benthopelagic 
sizeclass 1 390.63 390.63 211.06 < 2.2e-16 *** 
factor(Depth) 4 40.10 10.03 5.42 2.77e-4  *** 
size:factor(Depth) 4 63.65 15.91 8.60 9.73e-07 *** 
Residuals 559 1034.59   1.85   
Signif. level: < 0.001 ‘***’; < 0.01 ‘**’; < 0.05 ‘*’ 
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Table 2.3. Output model for ANCOVA of sample-based δ15N-body mass relationship for 

benthic and benthopelagic fish. 

Benthic 
 Estimate Std. Error t value Pr(>|t|)     
(Intercept) 8.15 0.42 19.17 < 2e-16 *** 
size 1.02 0.11 9.14 < 2e-16 *** 
factor(Depth)1000 2.11 0.51 4.16 3.71e-05 *** 
factor(Depth)1500             2.73 0.51 5.38 1.08e-07 *** 
factor(Depth)1800             1.84 0.58 3.20 0.002 ** 
factor(Depth)2000            1.02 0.86 1.19 0.234 
size:factor(Depth)1000 -0.34 0.14 -2.42 0.016 * 
size:factor(Depth)1500 -0.31 0.13 -2.30 0.022 * 
size:factor(Depth)1800 -0.07 0.15 -0.42 0.674 
size:factor(Depth)2000   -0.08 0.21 -0.35 0.725 
 
Residual standard error: 1.011 on 550 degrees of freedom 
Multiple R-squared:  0.5135, Adjusted R-squared:  0.5055  
F-statistic:  64.5 on 9 and 550 DF, p-value: < 2.2e-16 
 
Benthopelagic 
 Estimate Std. Error t value Pr(>|t|)     
(Intercept) 7.77 1.39 5.59 3.53E-08 *** 
size 0.48 0.28 1.73 0.085 
factor(Depth)1000 -2.42 1.45 -1.66 9.67E-02 
factor(Depth)1500             -1.92 1.58 -1.21 2.26E-01 
factor(Depth)1800             4.89 1.78 2.74 0.006 ** 
factor(Depth)2000            -2.68 2.21 -1.21 0.225 
size:factor(Depth)1000 0.51 0.29 1.76 0.079 
size:factor(Depth)1500 0.45 0.31 1.43 0.153 
size:factor(Depth)1800 -0.70 0.34 -2.03 0.043 * 
size:factor(Depth)2000   0.68 0.43 1.60 0.111 
 
Residual standard error: 1.36 on 559 degrees of freedom 
Multiple R-squared:  0.3233, Adjusted R-squared:  0.3124  
F-statistic: 29.68 on 9 and 559 DF, p-value: < 2.2e-16 
 
Signif. level: < 0.001 ‘***’; < 0.01 ‘**’; < 0.05 ‘*’ 
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Community-level 

 We found a significant positive correlation between community-weighted δ15N 
values and body mass in benthic and benthopelagic-feeder fish across all depths, except 

for benthopelagic fish at 1800 m (Fig. 2.2b; Table 2.4). No correlation was found between 
the slope of linear regressions between δ15N values and body mass and depth, meaning 

that increasing depth does not drive a significant variation on the estimated slopes 

(Table 2.5).  

 

Table 2.4. Output model for ANOVA of community-weighted δ15N-body mass relationship 

for benthic and benthopelagic fish. 

 Df Sum Sq Mean Sq F value Pr(>F) 
Benthic 
sizeclass 1 44.45 44.45 131.67 7.952e-09 *** 
factor(Depth) 4 8.12 2.03 6.01 0.004 ** 
sizeclass:factor(Depth) 4 3.08 0.77 2.28 0.108 
Residuals 15 5.06 0.34    
Benthopelagic 
sizeclass 1 12.92 12.92 42.31 4.398e-05 *** 
factor(Depth) 4 5.46 1.37 4.47 0.022 * 
sizeclass:factor(Depth) 4 5.36 1.34 4.39 0.023 * 
Residuals 11 3.36 0.31    
Signif. level: < 0.001 ‘***’; < 0.01 ‘**’; < 0.05 ‘*’ 
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Table 2.5. Output model for ANCOVA of community-weighted δ15N-body mass 

relationship for benthic and benthopelagic fish. 

Benthic 
 Estimate Std. Error t value Pr(>|t|)     
(Intercept) 7.41 0.95 7.77 1.24e-06 *** 
sizeclass 0.90 0.18 4.88 1.99e-04 *** 
factor(Depth)1000 2.75 1.35 2.04 0.060 
factor(Depth)1500             1.17 1.35 0.87 0.399 
factor(Depth)1800             0.30 1.35 0.22 0.827 
factor(Depth)2000            -1.16 1.35 -0.86 0.402 
sizeclass:factor(Depth)1000 -0.38 0.26 -1.46 0.165 
sizeclass:factor(Depth)1500 0.02 0.26 0.09 0.933 
sizeclass:factor(Depth)1800 0.26 0.26 1.00 0.332 
sizeclass:factor(Depth)2000   0.33 0.26 1.25 0.229 
 
Residual standard error: 0.581 on 15 degrees of freedom 
Multiple R-squared:  0.9166, Adjusted R-squared:  0.8665  
F-statistic: 18.31 on 9 and 15 DF, p-value: 1.519e-06 
 
Benthopelagic 
 Estimate Std. Error t value Pr(>|t|)     
(Intercept) 5.55 1.15 4.84 5.16e-04 *** 
sizeclass 0.90 0.25 3.64 0.004 ** 
factor(Depth)1000 1.43 1.46 0.98 0.348 
factor(Depth)1500             -0.07 1.46 -0.05 0.963 
factor(Depth)1800             7.34 1.80 4.08 0.002 ** 
factor(Depth)2000            0.95 2.29 0.42 0.685 
sizeclass:factor(Depth)1000 -0.34 0.30 -1.13 0.283 
sizeclass:factor(Depth)1500 -0.10 0.30 -0.32 0.756     
sizeclass:factor(Depth)1800 -1.24 0.35 -3.54 0.005 ** 
sizeclass:factor(Depth)2000   -0.05 0.46 -0.10 0.923 
 
Residual standard error: 0.5526 on 11 degrees of freedom 
Multiple R-squared:  0.8761, Adjusted R-squared:  0.7747  
F-statistic: 8.641 on 9 and 11 DF, p-value: 0.0007576 
 
Signif. level: < 0.001 ‘***’; < 0.01 ‘**’; < 0.05 ‘*’ 
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Figure 2.2. a) Individual and b) community-weighted δ15N vs. body size relationship of 

benthic and benthopelagic-feeding fishes, at 5 depth categories. 
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 No significant differences were detected on the slopes between individual samples 

and community-weighted regressions, across depths (Table 2.6). Note that the 95% 
confidence intervals of individual regressions fit within the error associated with the 

community-weighted relationships (Fig. 2.3), meaning that 1) our sampling was 
representative of specific size class at each depth and 2) uncertainty is much lower in 

unweighted data due to more data points in the regression models. 

 

Table 2.6. Output model for ANCOVA comparing sample-based and community-weighted 

δ15N – body mass relationship. 

 Df Sum Sq Mean Sq F value Pr(>F) 
Benthic 
sizeclass 1 405.93 405.93 390.72 < 2e-16 *** 
factor(Depth) 4 211.70 52.92   50.94 < 2e-16 *** 
Treatment 1 0.00 0.00 0.00 0.967   
sizeclass:factor(Depth) 4 9.16 2.29 2.20 0.067   
sizeclass:Treatment 1 0.80 0.80    0.77 0.379 
factor(Depth):Treatment 4 0.46 0.11    0.11 0.979 
sizeclass:factor(Depth):Treatment 4 1.57 0.39    0.38 0.824 
Residuals 565 587.00 1.04    
Benthopelagic 
sizeclass 1 406.66   406.66   223.32 < 2.2e-16 *** 
factor(Depth) 4 42.14    10.54    5.79 1.44e-04 *** 
Treatment 1 5.70     5.70    3.13 0.078  
sizeclass:factor(Depth) 4 68.70    17.17    9.43 2.19e-07 *** 
sizeclass:Treatment 1 0.80     0.80    0.44 0.924     
factor(Depth):Treatment 4 1.65     0.41    0.23 0.924     
sizeclass:factor(Depth):Treatment 4 2.17 0.54    0.30 0.879 
Residuals 570 1037.95    1.82   
Signif. level: < 0.001 ‘***’; < 0.01 ‘**’; < 0.05 ‘*’ 
 

 

 



Chapter	2	

32	

 

Figure 2.3. Comparison of community-weighted δ15N and individual δ15N vs. body size 

relationship. 

 

2.3.3 Predator-prey mass ratio estimates 

 Excluding benthopelagic fishes at 1800 m, estimated absolute community-weighted 

PPMR values range from 52:1 at 1800m and 11171:1 at 1000 m for benthic fish and 215:1 
and 5816:1 at 500 m and 1000 m, respectively, for benthopelagic feeding fishes 

(Table 2.7). Mean PPMR in benthic fish was 2339:1 and 1683:1 in benthopelagic feeding 
fishes. These results should be treated with caution: the nature of the log-linear regression 

means that minor variations in the fitted slope result in large variations in estimated PPMR 
values. Accordingly, relative PPMR estimates based on individual samples are different 

from the values expected based on community-weighted slope b of the regressions, 
particularly at 500 m and 1000 m. 
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 Despite the reduced uncertainty in regression model fits, depth still has no 

significant influence on δ15N/body mass relationships based on individual data (p < 0.05; 
Table 2.6). Community-level PPMR therefore does not appear to vary with depth or 

functional group. Estimates of PPMR were also calculated for individual species where 
samples sizes were sufficient, and these estimates span 4 orders of magnitude 

(Table 2.8). 

 

Table 2.7. Comparison of sample-based and community weighted PPMR estimates by 
functional group at each depth. 

Functional 
group Depth slope SE Signif. PPMR Lower 

PPMR 
Upper 
PPMR 

Sample-based       
Benthic 500 0.858 0.1042 *** 278:1 151:1 605:1 
Benthopelagic 500 0.482 0.2044 * 22410:1 1135:1 35785775:1 
Benthic 1000 0.691 0.0780 *** 1083:1 533:1 2635:1 
Benthopelagic 1000 0.994 0.0840 *** 129:1 88:1 202:1 
Benthic 1500 0.656 0.0733 *** 1572:1 750:1 3968:1 
Benthopelagic 1500 0.927 0.1629 *** 183:1 84:1 555:1 
Benthic 1800 0.917 0.1015 *** 194:1 115:1 373:1 
Benthopelagic 1800 -0.216 0.1488  - - - 
Benthic 2000 0.877 0.1893 *** 246:1 93:1 1120:1 
Benthopelagic 2000 1.162 0.1890 *** 64:1 36:1 143:1 
Community-weighted       
Benthic 500 0.897 0.0892 ** 218:1 134:1 394:1 
Benthopelagic 500 0.899 0.2188  215:1 75:1 1210:1 
Benthic 1000 0.518 0.0967 * 11171:1 2578:1 94894:1 
Benthopelagic 1000 0.557 0.2108  5816:1 538:1 1140072:1 
Benthic 1500 0.919 0.1156 **  191:1 106:1 407:1 
Benthopelagic 1500 0.802 0.2043 * 412:1 121:1 3223:1 
Benthic 1800 1.158 0.2621 * 65:1 30:1 219:1 
Benthopelagic 1800 -0.338 0.1663  - - - 
Benthic 2000 1.223 0.2635 * 52:1 26:1 153:1 
Benthopelagic 2000 0.853 0.0971  287:1 161:1 594:1 
Signif. level: < 0.001 ‘***’; < 0.01 ‘**’; < 0.05 ‘*’ 
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Table 2.8.	PPMR estimates for selected species, chosen to ensure a representative number 

of isotopic samples at each size class. 

Species N slope SE Signif. PPMR Lowe 
PPMR 

Upper 
PPMR 

Benthic        
Phycis blennoides 27 0.84 0.169 *** 323:1 122:1 1397:1 
Lepidion eques 36 0.80 0.214 *** 455:1 123:1 4422:1 
Hoplostethus atlanticus 62 0.57 0.127 *** 4514:1 984:1 49117:1 
Coryphaenoides mediterraneus 84 0.55 0.080 *** 6460:1 2119:1 28791:1 
Benthopelagic        
Coryphaenoides rupestris 105 1.055 0.102 *** 98:1 65:1 160:1 
Centroscyllium fabricii 30 0.79 0.239 ** 437:1 107:1 5954:1 
Alepocephalus agassizii 34 0.66 0.169 *** 1442:1 330:1 17290:1 
Alepocephalus bairdii 127 0.58 0.066 *** 4056:1 1732:1 11822:1 

Signif. level: < 0.001 ‘***’; < 0.01 ‘**’; < 0.05 ‘*’ 
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2.4 Discussion 

2.4.1 Stable PPMR across functional groups and ecological 

gradients 

Understanding the mechanisms supporting community structure and identifying 

broad patterns in changes along environmental gradients is a major topic in ecology and 
crucial to model ecosystem dynamics. Here we demonstrate that, within the uncertainty 

associated with the method, community-level predator prey mass ratio (i.e. the rate of 

which energy scales with body mass within a community) is conserved along a strong 
environmental gradient and also invariant between feeding behaviours.  

Estimates of absolute community PPMR range between 52 and 11171 are within the 
same order of magnitude of previous estimates for the North Sea demersal fish 
community (1135:1, Jennings et al., 2001b; 434:1, Jennings et al. 2002a; 109:1, Jennings 

et al. 2002b; 424:1, Jennings and Warr, 2003), the Galician upwelling system (4500:1, 
Bode et al., 2003), the Western Arabian Sea (7792:1, Al-Habsi et al., 2008) and the 

Cantabrian Sea (1156:1, 3792:1 and 2718:1, Romero-Romero et al., 2016). PPMR 

estimates fall within a rather broad range of PPMR estimates for marine systems (101 to 
104, Nakazawa et al., 2011). Our data suggest no differences in community-level predator 

prey mass ratios between benthic and benthopelagic feeding fishes, or with distance to 
the source of primary production. Any depth-related differences in the availability, 

temporal supply or quality of food (Billett et al., 1983; Ruhl, 2008) also do not appear to 
change the community-level predator-prey mass ratio. Furthermore, conclusions here 

drawn differ from those in Trueman et al. (2014), who found an increase in the benthic 
community PPMR between 500 m and 1500 m. However, their analysis lack to cover an 

appropriate range of all body size classes, particularly at 1000 m. Despite differences 

between previous work and results were presented, it is now assumed that, within the 
error of the analysis in Trueman et al. (2014), there are no major differences in δ15N-body 

mass regression slopes in the pelagic community, and those of benthic communities at 
500 m and 1500 m. 

Species-level estimates of PPMR span 4 orders of magnitude as seen in other 
compilations (Jennings et al., 2008a; Reid et al., 2013; Barnes et al., 2010), suggesting 
that the observed similarity in community-level PPMR reflects a stable combination of 
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species-level traits. Indeed, observed differences between PPMR estimates at species 

level seem to reflect individual traits, but not a common selective pressure on species-
level PPMR (Table 2.8). 

Within the error of our analysis, there is no systematic relationship between the 
slope of biomass size spectra (BSS) (Fig. 2.1b) and community level PPMR. While 

community PPMR remains constant, biomass size spectra vary between benthic and 
benthopelagic feeders. Maximum body sizes and total biomass increase with depth for 

benthic-feeding fish, suggesting that reduced food availability leads to increases in 
transfer efficiency and potentially shallower BSS. However, despite lower metabolic 

activity and lower reproductive rates in the deep, pelagic carrion and scavenging 
behaviour effectively provides a biomass subsidy and complicates the interpretation of the 

benthic fish biomass size spectra. In contrast, the slope of the BSS of the benthopelagic 
fish community is relatively constant across depths, possibly due to dependence on the 

mesopelagic migrating community for resources, reducing depth-dependent decreases in 
resource availability (Trueman et al., 2014).  

A sensitivity analysis was conducted using equation (2) in order to simulate changes 
in the BSS slope at different TE (Fig. 2.4). Holding PPMR constant, we vary transfer 

efficiency to replicate the observed differences in biomass size spectra across depths, 
and between benthic and benthopelagic-feeders. To achieve a change in BSS slope of 

1.64, equivalent to the difference in BSS observed between benthic and benthopelagic 
feeding fishes at 1800m, transfer efficiency would have to vary by two orders of magnitude 

(e.g. for a PPMR of 1000, TE of 0.3 and 0.001 are needed to replicate observed biomass 
size spectra. This effect is increased at lower values of PPMR. 

In a real scenario, this change in TE is surprisingly large (Brown et al., 2004; Pauly 
and Christensen, 1995). Equation 2 assumes a single closed system with no additional 

input of resources. We therefore hypothesize that the apparent variation in TE between 
benthic and benthopelagic feeding fishes, and with depth in benthic feeding fishes may be 

due to addition of resources (subsidy) (Drazen and Seibel, 2007; Trueman et al., 2016). 
Pelagic carrion represents one potential energy subsidy, enhancing the benthic biomass 

with increasing depth. There is a large biomass of benthopelagic feeding fishes (and 

mesopelagic resources) present at mid slope depths, which could potentially form an 
additional energy subsidy available to mid-body size benthic fishes. We do not, however, 

note a systematic reduction in δ15N values of larger benthic feeding fishes (i.e. reductions 
in apparent PPMR), which might be expected if pelagic carrion contributes 

disproportionately to larger body size benthic fishes. Our isotope data is in agreement with 
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Collins et al. (1999) baited cameras observations in the Porcupine Seabight who revealed 

that large body size fish tend to inhabit deeper depths and rely on scavenging; this change 
in strategy of benthic fish is an advantage where food resources are scarce and often 

temporally limited (Collins et al., 2005; Drazen and Sutton, 2017). Besides an offsetting for 
the reduction in food availability with depth, a shift in trophic links facilitates maintaining 

the ecosystem functional stability (Kondoh, 2003), as shown by our analysis.  
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Figure 2.4. a) Sensitivity of the slope of the biomass (B) body mass (M) relationship 
(simulated data) to changes in predator–prey mass ratios and transfer efficiency; 

b) Relationship between TE and slope of the biomass (B) body mass (M) relationship. 
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2.4.2 Implications for broader macroecology 

Community-level PPMR is an emerging estimator to identify broad patterns of 

community structure (Reum et al., 2015) allowing us to understand predator-prey 
interactions along environmental gradients. Predator–prey interactions have been used to 

describe dynamics in ecological communities and pathways supporting energy transfer 
through food webs, which are important factors in determining the strength of interactions 

and resilience to changes (Emmerson and Raffaelli, 2004; Blanchard et al., 2011).  

Our results suggest that community-level PPMR is relatively insensitive to large 

changes in community composition and assemblages of functional traits across dramatic 
environmental and ecological gradients, supporting the stability of complex communities 

(May, 1972; Brose et al., 2006). Our estimate of PPMR based on stable isotopes might 
provide an empirical view, since isotopes incorporate the actual energy flux information, 

which is dependent on depth gradient, and that is virtually not possible to retrieve 
accurately from traditional methods or from measures of individual predator-prey 

interactions (Nakazawa, 2016). 

When estimating PPMR from stable isotope data, scaling within size classes 
increases uncertainty around PPMR value estimates, as confidence intervals around 
slope are large. If sampling is broadly representative of the relative abundances in the 

community (as in this study) PPMR estimates based on individual stable isotope 
measurements will be similar to PPMR estimates based on biomass-weighted 

regressions, but with higher precision. Sampling taxa proportionally to their abundance 
thus greatly facilitates estimation of community-level PPMR. 
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Chapter 3: Isotopic niche areas in deepwater fish 

assemblages along environmental gradients 

Abstract 

In recent years the concept of the ‘isotopic niche’ has emerged as a potential 

measure of trophic diversity within and among taxonomic or functional groups. The 
relationship between isotopic niche and trophic niche is poorly understood, however. Here 

we apply the concept of the isotopic niche to a large dataset of stable isotope values from 
demersal fish communities between 500 and 2000m water depth on the North East 

Atlantic (Scottish and Irish) continental slope. A strong relationship between body size and 
stable isotope values is seen across functional groups, demonstrating size-structured food 

webs at all depths. The realised isotopic niche area thus reflects body size distributions 
within the sampled populations, and is linked to trophic diversity via body size. Our results 

show that in these size-structured communities, variation in body size accounted for 15-
25% of the observed isotopic niche areas. After removing the effects of body size, 

significant variation in isotopic niche between functional groups and depths remained. 

Benthic feeders in general display wider size-corrected isotopic niches than pelagic 
feeders at the same depth, and isotopic niche area increases in the deepest depths 

indicating a divergent energy supply pathway with increasing depth. Isotopic niche-type 
metrics may be powerful proxies for trophic diversity, but care is needed when designing 

sampling and analytical strategies, particularly in the case of size-structured ecosystems. 

 

3.1 Introduction 

The abstract definition of ecological niche as an ‘n-dimensional hypervolume’ 
reflecting species interactions, sensu Hutchinson (1957), establishes that many aspects of 

ecological community structure and functioning are largely determined by intra- and 
interspecific interactions (May and McLean, 2007). The concept of the trophic niche, as an 

analogue for the function of a species in the food chain (Elton, 1927), is now widely 
accepted as a robust framework to understand evolutionary processes involving 

ecological niche properties (Bearhop et al., 2004). Conventional approaches to assess 
trophic niches include stomach content analysis, but this method requires a large number 

of observations, preferably over a temporal scale. As the stable isotopic composition of a 
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consumer reflects that of its prey, diversity in individual stable isotopic compositions within 

populations can be used to infer variations in diets where traditional methods are 
inadequate (Peterson and Fry, 1987; Boecklen et al., 2011). Tissue nitrogen stable 

isotope composition (expressed as δ15N values) is widely used to estimate the trophic 
position of consumers, while the stable isotopic composition of carbon (expressed as δ13C 

values) provides information on energy source (Vander Zanden and Rasmussen, 1999, 
2001; Post, 2002). In an ecosystem fuelled from a single primary production source, 

consumer isotopic ratios mainly change as a function of trophic level. In size-structured 

systems, individual size (or body mass) is widely accepted as a predictor of trophic 
position, since (generally) larger predators feed on smaller prey (Cohen et al., 2003; 

Romanuk et al., 2011). In size-structured systems, therefore, stable isotope compositions 
are expected to vary primarily as a function of body size  (Jennings et al., 2002a, b).  

In recent years the concept of the ‘isotopic niche’ has emerged as a potential 
measure of trophic diversity (Newsome et al., 2007). Aspects of the isotopic niche are 
quantified through geometric analyses of the distribution of in x, y coordinate space 

(Layman et al., 2007). Additionally, Bayesian estimates of standard ellipse area described 

by individual δ13C and δ15N values provide a useful measure structure of the realised 
‘niche area’ (Jackson et al., 2011) that is less sensitive to extreme values than convex hull 

area estimates. Defining the isotopic niche of a species or community as a descriptor of 
trophic niche using stable isotopes provides information on resource and habitat use 

(Layman et al., 2007; Flaherty and Ben-David, 2010), a measure of niche width (Bearhop 
et al., 2004) and consumer–prey interactions in a given assemblage (Brose et al., 2006).  

Species traits (e.g. feeding habits, abundance and individual body size) are 
expected to shape community functioning (Cohen et al., 2003; Rigolet et al., 2015). 

Noticeably, these associations are more pronounced in size-structured communities, 
where a single trait can be responsible in regulating species and individual interactions 

(Blanchard et al., 2009; Mindel et al., 2016a). In size-structured ecosystems, the isotopic 
niche area is therefore expected to vary as a function of the body size range of individuals 

sampled. If sampling does not reflect the relative abundance of different body sizes within 
the community, the apparent isotopic niche area will also be biased by the sampling 

strategy. Where sampling accurately represents the size distribution of the community, the 
distribution of individual stable isotopic compositions within a community (the isotopic 

niche) can provide valuable information relating to trophic diversity. 
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Case study: continental slope ecosystems 

 

Evolutionary adaptations, related to morphological traits, are key factors for species 

to coexist in a context of competition for limited food resources along strong environmental 
gradients (Iken et al., 2001; Kumar et al., 2017; Gerringer et al., 2017). Continental slopes 

are highly diverse marine ecosystems, influenced by strong environmental depth-related 
gradients (Levin and Sibuet, 2012). Previous studies demonstrated that depth plays an 

important role on species composition and biomass of fish communities along the 
Northeast Atlantic continental slopes (e.g. Mauchline and Gordon, 1984a,b,c,d, 1986; 

Gordon and Duncan, 1985; Haedrich and Merrett, 1988; Merrett et al., 1991; Gordon and 
Bergstad, 1992; Kelly et al., 1998; Priede et al., 2006, 2010; Bailey et al., 2009; Campbell 

et al., 2011). Deep-sea community composition appears to be strongly influenced by food 

availability, which is controlled by physical (sinking fluxes) (Lampitt et al., 1995) and 
biological (mediated by vertically migratory organisms) processes (Mauchline and Gordon, 

1986). However, a systematic understanding of the relative importance of these pathways 
and sources of variability (e.g. depth and body size) in shaping isotopic niches is still 

needed.  

Given the importance of deepwater fishes on the biological transference of carbon 
from shallow to deeper depths (Trueman et al., 2014) and consumer–prey interactions 

(Stowasser et al., 2009; Gerringer et al., 2017), and the vulnerability of deep water fishes 

to size-selective fishing methods, it is fundamental to assess how body size ranges 
constrain trophic specialisation along an environmental gradient. Previous studies often 

focus on few species; here we evaluate a wide range of deepwater fish species and 
individual sizes at different depths to understand how fishes with similar functional traits, 

competing for the same (often limited) resources, are able to coexist. Classifying fishes 
within a community as functional groups according to their feeding habits, isotopic 

composition and morphological traits (Mindel et al., 2016b), and defining functional groups 
as basic ecological units sharing similar functional traits provides useful information for 

understanding ecosystem processes (Auster and Link, 2009; Gravel et al., 2016), and a 
measure to investigate groups responsible for energy transfer and partitioning along 

environmental gradients. Here, we address two main questions: 1) does isotopic niche 

vary as a function of depth and functional traits? and 2) what proportion of the realised 
isotopic niche width is explained by body size? 
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3.2 Material and Methods 

3.2.1 Sampling 

Demersal fishes from the Scottish and Irish continental slope (NE Atlantic) were 

collected during deepwater trawl surveys operated by the Marine Institute, Ireland and 
Marine Scotland Science, previous to the current research. Sampling was conducted on 

the northern slope of the Porcupine Bank and the Western Scottish Continental Slope 
from the RV Celtic Explorer and RV Scotia, using a BT184 deepwater trawl. Fishes were 

sampled from 500, 1000 and 1500 m in 2006, 500 and 1800 m in 2009 and 500, 1000, 

1500, 1800 and 2000 m in 2012. An additional sampling in 2015 focused mainly on sharks 
and chimaeras in order to compensate for under-representation of chondrichthyans in the 

isotope dataset. It is assumed that the depth of capture is representative of the habitat or 
depth of that individual over the timescale of isotopic tissue turnover (Trueman et al., 

2014). 

Abundance data was collected on a 15 years long sampling program, as part of the 

Marine Scotland Science deep-water bottom trawl survey of demersal fish, along the 
continental slope of the Rockall Trough in the Northeast Atlantic, at depths of 300–2,067 

m, on board the RV Scotia in September 1998, 2000, 2002, 2004–2015 (see Campbell et 
al., 2011 and Neat and Campbell, 2013).  

3.2.2 Stable isotope analysis 

Sampling of fish for stable isotope analysis was conducted in order to analyse 

individuals from the most abundant species at each depth and, when possible, to capture 
the full size range for each species (Appendix A). Samples of white muscle were collected 

from 1216 individuals belonging to 58 fish species. The sampled species represent over 
90% of the total fish biomass recorded during the 15 years of survey data. Muscle tissue 

was removed within 1h of landing on deck and immediately frozen (-20 °C) (see Trueman 
et al., 2014 for further sampling details). In the laboratory, muscle samples were freeze-

dried, crushed and 0.5-1.0 mg of powdered muscle was weighed. Elasmobranch samples 
were washed 3 times in distilled water to remove urea or ammonia from the muscle tissue. 

Nitrogen stable isotope compositions of samples collected in 2006 and 2009 were 

determined using a GEO isotope-ratio mass spectrometry at the RLAHA at the University 
of Oxford. Samples collected in 2012 were analysed at Elemtex, Cornwall on a Thermo 

EA 110 elemental analyser linked to a Europa Scientific 2020 isotope ratio mass 
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spectrometer running in continuous flow mode. Samples collected in 2015 were analysed 

using a continuous flow Elementar vario PYRO cube elemental analyser coupled with a 
Thermo Scientific Delta V plus isotope ratio mass spectrometer (IRMS) at the NERC 

LSMSF, East Kilbride. All isotope ratios are reported in delta notation relative to Pee Dee 
Belemnite and air standards for carbon and nitrogen, respectively, and expressed as:  

δX = [(Rsample/Rstandard) −1]x1000 

where X is 15N or 13C and R is the corresponding ratio 15N/14N or 13C/12C. Precision 
and accuracy monitored through repeat analyses of laboratory standards were less than 

0.1 per mil (‰) in C and 0.3‰ in N. Samples were not treated to remove lipids prior to 
analyses, but a lipid correction method was applied in order to avoid the effect of lipids on 

the measured δ13C values (Kiljunen et al., 2006). Isotope data are provided in the 
electronic appendix to this Thesis and will be lodge in Dryhad or equivalent. 

Two functional groups were defined reflecting species’ morphological traits and 
stomach content analysis from previously published data (see Table 2.1, Chapter 2). 

Benthopelagic-feeding demersal fishes have a predominantly pelagic diet, while benthic-
feeders are those species consuming epi- or hyper-benthic organisms.  

3.2.3 Estimation of isotopic niche metrics 

Previous work shows that depth, body size and functional group explain a large 
proportion of isotopic variance (Trueman et al., 2014). Therefore, isotopic compositions 

were investigated using linear multiple regression models as a function of body size, 

functional group and depth. Models were selected based on Akaike information criteria 
(AIC).  

Isotopic niche area was estimated for raw data and mass-corrected data by 
normalising stable isotope values to a common body size applying the equation: 

δX’ = δX – ((M – Mmean) x β  (Equation 1) 

where X is δ15N or δ13C, M is body mass (after log5 transformation), Mmean is the mean 

body mass (as log5 mass) and β is the corresponding δX - body mass regression slope. 

Bayesian methods were used to define isotopic niche area, expressed as standard 

ellipses areas (SEA). Standard ellipses areas incorporate uncertainties such as sampling 

biases and small sample sizes into niche metrics (Jackson et al., 2011; Syväranta et al., 
2013). In order to examine variation in δ13C and δ15N values and niche widths, isotopic 
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diversity was examined along a depth gradient. Standard ellipses area parameters were 

estimated using the Stable Isotope Bayesian Ellipses in R (SIBER) (Jackson et al., 2011) 
routine in SIAR package in R (Parnell et al., 2008). The SEAc (corrected SEA for small 

sample sizes) were calculated to compare niche width between functional groups at 
different depths and the bayesian standard ellipse area (SEAb) was estimated based on 

106 replications to assess differences between functional groups (benthic and 
benthopelagic). The angle in radians (tetha, θ) and eccentricity (E) of the standard ellipse 

were also examined to assess isotopic variability.  

 

3.3 Results 

A total of 1216 specimens belonging to 57 species were sampled to investigate the 

stable isotopic composition (see Table 2.1). 

For benthic fishes C:N ratio varied between 2.51 and 5.27 (median = 3.17), while for 
benthopelagic community ranged from 2.91 to 10.32 (median = 3.23). Some species, 

including Polyacanthonotus rissoanus, Hoplostethus atlanticus, Synaphobranchus kaupii 

and smootheads (A. bairdii, A. agassizzi and Xenodermichthys copei) consistently 
showed C:N ratios higher than 4. An arithmetic lipid-normalization method (Kiljunen et al., 

2006) was applied on measured δ13C values and offered an improved absolute δ13C 
values after correction, compared with Hoffman and Sutton (2010). Additionally, our 

dataset contain fishes other than teleosts so a lipid correction model that was developed 
across multiple taxa may be more appropriate. 

Isotopically enriched δ13C and δ15N values were observed at greater depths. The 
range of δ13C (5.82‰) and δ15N (11.25‰) values observed within communities 

demonstrates a wide range of isotopic dietary compositions, by comparison with a mean 
trophic fractionation of 0.4‰ in carbon and 3.4‰ in nitrogen among multiple trophic levels 

(Post, 2002), leading to comparatively large isotopic niche areas, despite a single source 
of primary production. 

Linear regression models were used to estimate δ15N and δ13C values as a function 
of mass, water depth and functional group (Table 3.1). We expected that body mass, 

which is linked to metabolism and secondary production, was the main factor explaining 
the variance in both models (as demonstrated in Trueman et al., 2014). 
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Table 3.1. Multiple linear regression model output showing influence of body size and 

depth in δ13C and δ15N compositions of benthic and benthopelagic-feeder fish. Model 
(δX = log5 body mass x feeding mode x depth) was selected base on Akaike information 

criteria (AIC). N, number of samples; DF, degrees of freedom; Signif., significance level 
(< 0.001 ‘***’; < 0.01 ‘**’; < 0.05 ‘*’). 

Model Isotope N DF r2 p-value Signif. 
All data δ15N 1216 1196 0.58 < 0.001 *** 
 δ13C 1216 1196 0.36 < 0.001 *** 
Benthic δ15N 528 518 0.47 < 0.001 *** 
 δ13C 528 518 0.34 < 0.001 *** 
Benthopelagic δ15N 688 678 0.33 < 0.001 *** 
 δ13C 688 678 0.19 < 0.001 *** 

 

We found a significant positive correlation between δ15N and δ13C values and body 
mass in benthic and benthopelagic-feeding fish with increasing depth, except for 

benthopelagic fish at 1800 m, and for δ13C in benthic fish at 500 m and 1000 m (Fig. 3.1). 

This relation is clearer in δ15N in benthic-feeding fishes, but marginally weaker in δ15N 
values in benthopelagic-feeders (Table 3.2), and it might be explained with the isotopically 

uniform source of primary production. Overall, our data demonstrate a significant positive 
correlation between δ13C values and body size in benthopelagic fish and no significant 

differences between depths (p > 0.05), except at 1800 m. However, a non-significant 
negative correlation with body size was found in benthic fish δ13C, but our data suggest a 

gradually positive relationship with increasing depth, particularly below 1000 m (p-value 
< 0.001). 

 

 

 

 

 

 

 

 



Chapter	3	

48	

Table 3.2. Estimated slopes and intercepts describing the relationship between body 

mass and isotopes value of benthic and benthopelagic-feeder fish, at different depths. 
SE, standard error; Signif., significance level (< 0.001 ‘***’; < 0.01 ‘**’; < 0.05 ‘*’). 

Feeding 
mode 

Depth Isotope Intercept Estimated 
slope 

SE t value p-value Signif. 

Benthic 500 δ15N 8.47 0.93 0.126 7.35 <0.001 *** 
 1000  10.64 0.62 0.157 -1.96 0.05  
 1500  10.73 0.76 0.149 -1.13 0.26  
 1800  10.05 0.93 0.163 -0.02 0.98  
 2000  8.48 1.21 0.228 1.26 0.21  
 500 δ13C -17.88 -0.01 0.086 -0.14 0.89  
 1000  -17.89 0.12 0.106 1.22 0.23  
 1500  -19.00 0.50 0.101 5.12 <0.001 *** 
 1800  -19.50 0.61 0.111 5.60 <0.001 *** 
 2000  -19.50 0.61 0.155 4.01 <0.001 *** 
Benthopelagic 500 δ15N 7.80 0.79 0.201 3.95 <0.001 *** 
 1000  7.12 1.00 0.214 0.97 0.33  
 1500  5.88 1.25 0.249 1.83 0.07  
 1800  11.34 0.04 0.283 -2.67 0.01 ** 
 2000  7.22 1.07 0.288 0.97 0.34  
 500 δ13C -19.29 0.28 0.127 2.22 0.03 * 
 1000  -19.63 0.40 0.134 0.89 0.37  
 1500  -20.29 0.52 0.156 1.49 0.14  
 1800  -16.34 -0.40 0.178 -3.83 <0.001 *** 
 2000  -19.55 0.23 0.181 -0.27 0.79  
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Figure 3.1. Individual relationships of δ15N values (a) and δ13C values (b) and body size 

of benthic and benthopelagic feeding fish at 5 depth categories. 
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3.3.1 Effect of body mass on isotopic niches 

To correct for the effect of body size on isotopic composition, the measured isotopic 

composition of all individuals was standardised to the isotopic composition of the 
estimated median body size at each depth and feeding type using Equation 1 (Fig. 3.2). 

 

Figure 3.2. Reconstructed individual δ15N (a) and δ13C values (b) as function of body size, 

after normalising stable isotope data to a common body size. 
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As expected for a size-structured ecosystem, the isotopic niche area is reduced 

when the effect of body size on isotopic composition is removed (Table 3.2). Overall body 
size explained a greater proportion of niche area in benthic compared to bentho-pelagic 

feeding fishes (Fig. 3.3). Size accounted for between 20 and 35% of the niche area for 
benthic fishes, with a median value of 24%.  This difference was smaller in benthopelagic 

fish (median 14.8%), but a peak was estimated at 2000 m (ca. 40.0%). 

 

 

Figure 3.3. Difference between raw and size-corrected isotopic niche areas for benthic 

(red) and benthopelagic fish (blue) along depth gradient. 
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Discrete ellipse areas (SEAc) were found when analysing the top 25% of body sizes 

alone (Fig. 3.4). Selected species with an adequate number of samples at each size class 
bin (minimum of 10 samples) were included to allow a meaningful interpretation. Our data 

showed that sampling disproportionally large body-sized individuals resulted in isotopic 
niche areas that were ca. 43% smaller than true species’ isotopic niche areas (ranging 

from 30% and 54% in benthopelagic fish and 31% and 50% in benthic feeders).  

 

 

Figure 3.4. Standard ellipses of selected species showing an ontogenetic effect on the 
isotopic niche area (green and red lines represent top 50% and 25% of body size of each 

species, respectively).  

 

3.3.2 Isotopic niches between functional groups 

The following results draw on unscaled isotope data used to measure changes in 

isotopic niches. Overall, benthic and benthopelagic-feeders showed evident differences in 
isotopic niche size (Table 3.3). A higher degree of isotopic specialization was observed in 

benthic (SEAc 2.89) than benthopelagic fishes (SEAc 3.17).  
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Table 3.3. Metrics of isotopic niche for unscaled and scaled benthic and benthopelagic 
feeding fish. The number os samples (n), corrected area of the standard ellipse for small 

sample sizes (SEAc), eccentricity (E), angle (θ, in radians) and range of isotope values at 
each depth are also shown. 

Functional 
Group Depth n SEA SEAc E θ δ15N 

range 
δ13C 

range 
Unscaled         
Benthic  536 2.88 2.89 0.93 1.12 10.76 4.98 
 500 115 2.67 2.70 0.91 1.21 8.49 3.65 
 1000 108 2.04 2.06 0.89 1.22 6.15 2.93 
 1500 192 2.33 2.34 0.93 1.09 6.23 3.83 
 1800 90 3.09 3.13 0.92 1.00 6.39 4.50 
 2000 31 4.14 4.28 0.91 1.08 7.18 3.65 
Benthopelagic  691 3.17 3.17 0.94 1.14 10.11 5.82 
 500 94 2.35 2.38 0.89 1.34 9.11 4.57 
 1000 261 3.63 3.64 0.96 1.13 9.24 5.81 
 1500 167 3.05 3.06 0.96 1.09 7.69 4.73 
 1800 119 1.94 1.95 0.84 1.10 4.06 3.87 
 2000 50 1.99 2.03 0.92 1.30 4.44 3.63 
Scaled         
Benthic  536 2.23 2.23 0.90 1.12 10.43 5.16 
 500 115 2.06 2.08 0.91 1.08 7.93 3.65 
 1000 108 1.63 1.64 0.84 1.11 5.12 2.99 
 1500 192 1.77 1.78 0.89 1.18 5.39 3.62 
 1800 90 2.06 2.08 0.81 1.02 4.39 4.01 
 2000 31 2.64 2.73 0.75 1.01 4.50 3.10 
Benthopelagic  691 2.58 2.58 0.92 1.10 8.94 5.26 
 500 94 2.11 2.13 0.87 1.37 8.38 2.11 
 1000 261 2.85 2.86 0.93 1.09 7.99 2.85 
 1500 167 2.59 2.61 0.94 1.06 6.53 2.59 
 1800 119 1.78 1.80 0.86 1.12 4.05 1.78 
 2000 50 1.19 1.22 0.75 1.13 3.03 1.19 
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3.3.3 Isotopic niches along a depth gradient 

The isotopic niche breadth of benthopelagic fishes was larger than for benthic fishes 

until 1500 m, shifting with increasing depth (Table 3.3). Niche overlap varied between 0.85 
and 0, decreasing with depth (Fig. 3.5). As a community, the isotopic diversity of benthic 

fishes increases with depth. The analysis of SEAc values showed similar niche areas until 
1500 m, ranging from 2.06 at 1000 m and 2.70 at 500 m. Benthopelagic feeders showed 

an inverse pattern, where benthopelagic fishes occupying wider isotopic niches until 1500 
m, which narrow at greater depths (1800m: SEAc 1.95; 2000 m: SEAc 2.03), where 

smootheads largely dominate the total biomass. 

Ellipse parameters eccentricity (E) and angle (θ) also revealed changes in isotopic 
niches. While there were no apparent changes in eccentricity between functional groups 
and along depth, theta values revealed changes with depth. Standard ellipses of benthic 

fishes below 1000 m have lower θ than at shallower depths; in benthopelagic-feeders, the 
relationship between δ13C and δ15N was more positive at 500 m (θ = 1.34) and 2000 m 

(θ = 1.30) (Table 3.3). 
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Figure 3.5. Left panel: Isotopic niches and niche areas (SEAc) for benthic (black) 
and benthopelagic fish (red) based on stable isotope values (δ13C and δ15N). Right panel: 

Density plots representing measures of uncertainty of Bayesian standard ellipse areas 
(SEAb) (black dot) based on 100 000 posterior draws of parameters, their credibility 

intervals (50, 75 and 95%), and SEAc (black star) for comparison. The degree of overlap 

in credibility intervals is indicative of the degree of the use of isotopically similar food 
resources. 

 

3.4 Discussion 

In the present study, the isotopic niche metrics revealed changes in food web 

structure along a depth gradient. Our results show that in size-structured demersal 

communities, variation in body size accounted for 15-25% of the isotopic niche areas. 
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Body size made a greater contribution to isotopic niche area in benthic compared to 

benthopelagic communities, largely through size-dependent, among-individual, variance in 
carbon isotope compositions, and isotopic niche area increases with depth in benthic fish 

representing changes in energy supply.  

3.4.1 Effect of body size on niche breadth 

It is not only extrinsic aspects that drive isotopic niche variation, but also intrinsic 

factors are important to consider (Werner and Gillian, 1984; Woodward et al., 2005). The 
use of stable isotope metrics in a 2-dimensional plot integrates information of trophic 

diversity (Jackson et al., 2011), related to the nature of a range of species-specific traits 

such as growth (Longmore et al., 2011; Shiao et al., 2016, 2017; Trueman et al., 2016) 
and predator-prey interactions (Jennings et al., 2002b; and results in Chapter 2). 

Ontogenetic shifts in feeding habits reflect functional differences within a community 
(Mindel et al., 2016b), but the inclusion of this parameter is usually more qualitative rather 

than quantitative when estimating isotopic niches (Woodward and Hildrew, 2002).  

Our results revealed that, as expected, isotopic niche breadths for larger-sized 

individuals are smaller than the niche breadth occupied by the species through ontogeny 
(Fig. 4), with the largest 10% of body sizes generally occupying isotopic niche areas that 

are around 40% of the species’ niche area. Realised isotopic niche area is therefore 
influenced by body size distributions within the sampled populations (Nakazawa, 2015), 

and is linked to trophic diversity via body size.  

Studies estimating isotopic niche areas in size structured ecosystems (such as most 
marine food webs), therefore need to consider explicitly body size distributions in sampling 

design. Body size can be incorporated either through proportional sampling of species 
comprising discrete body size classes (as done here), or potentially by weighting isotopic 

compositions by species proportional biomasses at body size. In either case, knowledge 
of species biomass as a function of body size within the community is needed to ensure 

representative sampling and allow meaningful comparisons of isotopic niche areas.  

After removing the effect of body size, significant variation in isotopic niche between 

functional groups and depths remained. However, contrary to our expectations, we found 

a greater effect of body size on benthic fish than on benthopelagic fish (Fig. 3.3). This 
shows that the isotopic composition of the benthic community is more sensitive to body 

size than the benthopelagic. This could be explained by either: increased PPMR in benthic 
communities or size-dependent differences in food resources in the benthic community. 
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However, community-level predator prey mass ratio (i.e. the rate of which energy scales 

with body mass within a community) is conserved along a strong environmental gradient 
and also invariant between feeding behaviours (benthic vs. benthopelagic) (as shown in 

Table 3.2).  

Our results also indicate that difference between scaled and non-scaled niches was 

surprisingly high at 2000 m. We consider three scenarios: 1) the rate of which energy 
scales with body mass is higher, 2) the range of body size is larger and 3) a change in 

environmental conditions has a major effect on resource partitioning within functional 

groups. Our data do not support the two first scenarios 1) consumer-prey interactions 
appear to be invariant along a strong environmental gradient and between feeding 

behaviours (Romero-Romero et al., 2016; Stasko et al., 2016; and results in Chapter 2) 
2) the range of body sizes within our samples effectively decreases with depth. Although 

our results do not allow for a definite answer to support the third hypothesis, our data 
seems to indicate that nitrogen source greatly influences the isotopic niche of 

benthopelagic, with little to no effect of carbon sources. On the other hand, both carbon 
and nitrogen variation is reflected on the scaled niche width in benthic fishes. We 

speculate that environmental conditions at 1800-2000 m (Johnson et al., 2017), the 
continental rise in our study site, may favour a distinct energy and metabolic demand 

(McClain et al., 2012), with implications for the realised niche. Further investigations are 

needed to understand the processes involving intra and interspecific resource partitioning 
at deeper sites.  

3.4.2 Shifts in energy transfer pathways with depth 

In a size-structured ecosystem with a single (or isotopically consistent) energy 
source, body size distributions influence the isotopic niche area, but have little effect on 

the shape of the Bayesian ellipse.  

Changes in linear regressions and the angle of standard ellipses (at 

depths > 1000 m) (Tables 3.1 and 3.2) both show that carbon drives the increased niche 
area and body size effects in benthic fishes.  We argue that size-dependent resource 

segregation could occur if, for instance, larger body sized fishes tend to forage more 

infaunal and epifaunal organisms, while smaller body size rely on pelagic and/or 
hyperbenthic fauna.  
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Our results show a high degree of overlap between benthic and benthopelagic fish 

at 500 m and 1000 m (Fig. 3.5), where benthic-pelagic coupling is remarkably strong, 
driven by impingement of vertically-migrating fauna on the seafloor, is accessible to both 

benthic and benthopelagic feeders (Trueman et al., 2014). Increasing depth results in an 
increased separation between these pathways (i.e. lower benthic-pelagic coupling, where 

vertically migrant community is accessible only to benthopelagic feeders), revealing high 
partitioning of resources, also observed in the deep Mediterranean Sea (Carrassón and 

Cartes, 2002). 

Species richness of demersal fish community reaches a peak of abundance and 
biomass at around 1500 m (Priede et al. 2010; Campbell et al., 2011; Mindel et al., 

2016a), which seems to be a consequence of higher availability of pelagic resources, 
where the high proportion of both pelagic and benthic feeding fish are supported by the 

diel vertically migrating community (Fig. 3.6). However, numerical abundance decreases 
with depth, in contrast with total community biomass that remains moderately constant, as 

described by Mindel et al. (2016b). This change in biomass proportions with increasing 
depth induces a different response on benthic and pelagic feeders, and it is this variability, 

which establishes into competitive release for benthopelagic species (Persson and 
Hansson, 1999).  

 

Figure 3.6. Energy pathways occurring on the continental slope, showing a dominant fast 

energy pathway between 500 m and 1000 m, driven by the dial vertically migrating 
community (DVM) that is accessible to both pelagic and benthic feeding fish, and a deeper 

(> 1500 m) slow energy flux, facilitated by benthic recycling community, where DVM layers 
are inaccessible to the deep benthic fish.  
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As expected, the effect of size of benthopelagic fishes seems to have a stronger 

effect in the nitrogen composition than in carbon, indicating a size-structuring distinctively 
based on body size (Blanchard et al., 2009, 2011). The isotopic niche breadth was greater 

in benthopelagic-feeders inhabiting depths above 1500 m, declining with depth (Fig. 3.5), 
which seems to be a consequence of a decline in the body size ranges of our sampled 

community. However, body size distributions of the benthopelagic-feeding community (see 
details for trawl survey data in Material and Methods) are more variable than benthic fish 

(Table 3.4). The parabolic density function, as shown in previous chapter, also indicates 

that small individuals were not caught (see Fig. 2.1a of Chapter 2). This is due to the 
difficulty in sampling benthopelagic fish at greater depths (e.g. small fish are not retained 

in the net due to mesh size) and, as consequence, it is less likely to capture an 
appropriated range of body sizes.  

 

Table 3.4. Estimated mean body mass, 95% confidence interval and range of body mass 

(in grams) for the demersal fishes collected during the bottom trawl survey of demersal 
fish, along the continental slope of the Rockall Trough (see details in Material and 

Methods). 

Functional 
Group 

Depth Sample 
size 

Mean body 
mass (g) 

95% CI (lower, 
upper) 

Range of body 
mass (g) 

Benthic 500 154700 314.2 311.7-316.7 0.1-12450 

 1000 61873 147.8 143.0-152.6 0.1-13980 

 1500 40907 345.3 333.5-357.1 0.7-20270 

 1800 9972 632.2 589.9-674.5 0.7-23120 

 2000 4235 342.1 302.7-381.5 1.6-18670 

Benthopelagic 500 94831 203.6 202.1-205.0 0.5-6330 

 1000 132368 450.0 446.2-453.8 >0.01-6306 

 1500 155081 456.0 453.3-458.78 1.2-14570 

 1800 15942 678.4 666.9-689.9 2.1-17580 

 2000 1215 1001.8 947.8-1055.9 3.0-4846 
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On the other hand, benthic fish show no change in carbon composition with body 

size down to 1000 m deep, suggesting a isotopically-constant nutrient source, while 
analysis of nitrogen composition shows that benthic fish feed on a range of prey with 

different trophic levels. However, an increasing dependency for size-based partitioning in 
carbon for benthic fishes between 1500 m and 2000 m (Fig. 3.1) suggests an increasing 

dependency on pelagic carrion (Stasko et al., 2016), but also for benthic recycling 
pathways (Mintenbeck et al., 2007). This reveals a diverse food web, in which different 

energy pathways may elucidate mechanisms supporting the range of body sizes (and 

biomass) along a depth gradient (Fig. 3.6). Additionally, benthic fishes showed larger 
niche breadths at greater depths (1800-2000 m), which can be explained by a lower 

availability of food resources and an expansion in the diversity of exploited resources. 
Pelagic carrion have an important role in providing energy in deep environments (Drazen 

et al., 2012; Higgs et al., 2014; Sweetman et al., 2014; Cartes et al., 2016; Gerringer et 
al., 2017), thus enhancing trophic diversity that is reflected in the variability of isotopic 

niches and, consequently, in benthic secondary production.  

These patterns are consistent with the feeding ecology of deep benthic fishes, 

whereby epibenthic feeders and scavengers increase in biomass with depth (e.g. 
Mauchline and Gordon, 1985; Campbell et al., 2011; Neat and Campbell, 2013). 

Benthic fish appears to benefit on this shift in resource subsidy (Fig. 3.7), which 
allows an enhanced secondary production of deep benthic fish (Chapter 2), in an 

environment where prey is scarce and often temporally limited (Drazen and Sutton, 2017). 
At 1500 and 1800 m, Hariotta raleighana, Hydrolagus affinis, Cataetyx laticeps, 

Spectrunculus grandis and Centroscymnus coelolepis dominate in terms of total biomass; 
at 2000 m, Hariotta raleighana, Spectrunculus grandis and Hydrolagus affinis contribute to 

about 92% of the benthic fish biomass. Previous investigations on morphological 
adaptations showed these species are well-adapted to feed on near bottom or infauna 

prey (Neat and Campbell, 2013; Mindel et al., 2016b), corroborating that these species 

consume a high proportion of (isotopically enriched, e.g. Iken et al., 2001) epibenthic 
suspension feeders and/or rely on scavenging (e.g. Mauchline and Gordon, 1983a, 1984c; 

Carrassón and Cartes, 2002; Collins et al., 2005; González et al., 2007). Considering 
secondary production is linked to metabolic processes, we can assume these species 

largely constrain energy fluxes in the deep, and de facto revealing a more isotopic distinct 
source in deep benthic systems. 
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Figure 3.7. Kernel density 2-d distribution of stable isotope data. Colour scaling identifies 

the isotopically similar individual samples. Lines indicate mean δ13C and mean δ15N. 
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3.5 Conclusion 

This study provides an investigation into the functional ecology of deepwater fishes by 

comparing energy partitioning along a continental slope. The effect of increasing depth 
(and decreasing benthic-pelagic coupling) on isotopic niches reveals the importance of 

body size in consumer-prey interactions. Realised isotopic niches reflect body size 
distributions within the sampled populations, and are linked to trophic diversity via body 

size. A strong relationship between body size and isotopic composition (and thus degree 
of size-based feeding) is evident across functional groups and environmental gradients, as 

expected in a size-structured ecosystem (e.g. Jennings and Mackinson, 2003), but 

divergent energy supply pathways were found with increasing depth, particularly in deep 
benthic fishes.  

Under this framework, we were able to understand how energy partitioning varies along 
a depth gradient, confirming that evolutionary traits of deepwater fishes seem to be a 
response to strong environmental gradients (Neat and Campbell, 2013; Priede and 

Froese, 2013). This implies fundamental functional adaptations in environments where 

food supply is limited. Although isotopic niche-type metrics may be powerful proxies for 
trophic diversity, care is needed when designing sampling and analytical strategies, 

particularly in the case of size-structured ecosystems. 

. 
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Chapter 4: Evidence of trawling impact on deep-
sea sponge aggregations, a vulnerable marine 

ecosystem  

Abstract 

 Understanding the long-term impacts of disturbance in the deep sea is hampered by 

a lack of reference datasets and by the limited knowledge on deep-sea ecosystem 
structure and function. The Porcupine Seabight was surveyed extensively between 1977 

and 1986 and has been revisited in 2011 to compare the spatial coverage and size 
distributions of hexactinellid sponges (Pheronema sp.) as an indicator for change in this 

vulnerable marine ecosystem (VME) area. The 2011 photographic survey transects were 
carried out with a towed camera system. Comparing visual records of the state of benthic 

communities in areas subject to different levels of trawling over time series allowed an 
assessment of the impact of trawling on the numerical abundance and functional diversity 

of benthic ecosystems. Our photographic survey has confirmed that dense sponge 

aggregations (and diverse associated fauna) are still present in the previously surveyed 
VME localities. However, we have recorded evidence of bottom trawling in the region. This 

is characterised by change in body size distributions, and consequently biomass, 
suggestive of an appreciable loss of older / larger specimens from the previously surveyed 

communities. Marks on the seafloor indicative of trawling and fishing vessel monitoring 
system data suggest trawling has occurred in the area. Such evidence is suggestive of the 

direct or indirect impacts of bottom trawling in the vicinity. Our results show that dense 
sponge aggregations (a) are still present in the PSB, and (b) that they may be under 

threat.  

 

4.1 Introduction 

Continental slopes, the transition zone from the shallow shelf to the oligotrophic 
abyssal plains, show high species diversity, influenced by strong depth-related 

environmental gradients (Levin and Sibuet, 2012). Along the continental slopes, biogenic 
structures, such as cold-water corals or sponges, increase habitat heterogeneity that allow 

the existence of distinct communities, which are different from the ones present at 
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shallower depths (Buhl-Mortensen et al., 2010). Deep-sea sponges are a common 

component of the marine benthos, often showing high abundance and biomass (Rice et 
al., 1990; Conway et al., 1991; Barthel and Gutt, 1992; Hogg et al., 2010; Kuhnz et al., 

2014). In addition, the presence of sponge populations increases habitat complexity and 
enhances ecosystem functioning by providing refuge to a wide range of organisms (see 

review by Bell, 2008), substratum for sessile fauna, and habitat for an abundant and 
diverse associated macrofauna (Rice et al., 1990; Bett and Rice, 1992). As a result of their 

nutrient remineralisation role in carbon and silicon cycles (Maldonado et al., 2011; Rix et 

al., 2016), sponges also contribute to benthic-pelagic coupling (Bell, 2008).  

Among a wide diversity of deep-sea sponge species (Klitgaard and Tendal, 2004; 
van Soest et al., 2007; Hogg et al., 2010; McIntyre et al., 2016), Pheronema carpenteri 

(Thomson, 1869) is known to form large aggregations on Northeast Atlantic slopes and 
banks (Rice et al., 1990; Narayanaswamy et al., 2013; McIntyre et al., 2016). Large 

populations of P. carpenteri have also been recorded on the continental slope off Morocco 
(Barthel et al., 1996), Iceland, west of Faroes (Burton, 1928; Copley et al. 1996), Bay of 

Biscay (OSPAR, 2010), and Cantabrian Sea (Sánchez et al., 2008).  

Originally described as the “Holtenia ground” (former name of Pheronema), a 
deep-sea biodiversity hotspot habitat at about 1000 m water depth to the west of Orkney 
was the first important deep-sea sponge aggregation habitat to be identified (Thomson, 

1869). P. carpenteri aggregations are usually associated with regions of high primary 
productivity and enhanced flow conditions at mid-slope depths (White, 2003; Thomsen 

and van Weering, 1998). These sponge communities are subjected to a range of 
disturbances, both natural (Gage and Tyler, 1991; Rex and Etter, 2010), and those related 

to direct (e.g. fisheries and marine litter, Ramirez-Llodra et al., 2011; Levin and Sibuet, 

2012), and indirect human impacts (e.g. climate change and ocean acidification, Levin and 
Le Bris, 2015; Lebrato et al., 2016; Sweetman et al., 2017). 

These sponge habitats are regarded as ecological ’hotspots‘ (areas of enhanced 
biological diversity and ecosystem function) and important for fisheries (e.g. Bailey et al., 
2009; Hogg et al., 2010; Priede et al., 2011; Pham et al., 2015; Howell et al., 2016), and 

have been designated as vulnerable marine ecosystems (VMEs) under the United Nations 

General Assembly (UNGA) Resolution 61/105 (FAO, 2009). Deep-sea sponge 
aggregations are listed as “Threatened and/or Declining” habitats by the OSPAR 

Commission (OSPAR, 2008), but are not specifically protected by the EC Habitats 
Directive. However, they have been specifically protected by the United Kingdom “Faroe-

Shetland Sponge Belt”, as a Nature Conservation Marine Protected Area under the Marine 
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and Coastal Access Act 2009 (Howell et al., 2013; Henry and Roberts, 2014; JNCC, 

2014).  

A study of the areal extent of human impacts on the North Atlantic deep seabed 
illustrated that bottom trawling had by far the greatest impact (in terms of area), much 

more than the hydrocarbon industry, seafloor cables, and other activities combined (Benn 

et al., 2010). Bottom trawling can have negative impacts on the integrity of the seafloor, 
inducing sediment displacement and removal, with long-term effects on seascape 

morphology, and associated biological assemblages (Puig et al., 2012). 

Direct human impact on European deep-sea habitats by bottom trawl fishing has 
occurred for over 100 years (Thurstan et al., 2010). In the waters of the UK and Ireland’s 

Exclusive Economic Zones, about 1000 vessels operate on a daily basis (Gerritsen and 
Lordan, 2014). The deep-sea fisheries in the North Atlantic occur at the same water 

depths as known VMEs (e.g. Gage, 2001; Gage et al., 2005; Bailey et al., 2009; Muñoz et 

al., 2012; Fonseca et al., 2014; Ramalho et al., 2016). The effects of bottom trawling on 
benthic communities are often direct and immediate (e.g. damaging sponges and corals, 

removing non-target species through by-catch), may persist for decades, and are poorly 
understood (Gage, 2001; Gage et al., 2005; Clark et al., 2016; Huvenne et al., 2016).  

It is likely that the benthic communities of many continental slope areas have 
already been significantly modified by bottom trawling (Roberts et al., 2000; Gage et al., 

2005; Puig et al., 2012). However, understanding of the impacts of such disturbance in the 
deep sea has been hampered by a lack of direct observations, our limited knowledge on 

deep-sea ecosystem structure and functioning, and the natural variation of those 
processes in time and space (Glover et al., 2010; Ruhl et al., 2011; Levin and Sibuet, 

2012). 

The benthos of the Porcupine Seabight was surveyed extensively in the 1980s, 
including an assessment of the mass occurrence of P. carpenteri (Rice et al., 1990; Rice 

et al., 1991). In the present contribution, we detail a reassessment of the current status of 

the same sponge aggregation study sites carried out in 2011 using comparable 
photographic survey methods (Ruhl et al., 2012). Specifically, we aimed to address the 

following questions: 1) Are Pheronema aggregations still a dominant habitat-forming 
feature at those sites? 2) Do those sites exhibit any evidence of demersal trawling? And 3) 

could such trawling have impacted the Pheronema aggregations and any related benthic 
assemblages? 

 



Chapter	4	

66	

4.2 Material and Methods 

4.2.1 Photographic survey 

Photographic transects were conducted in August 2011 from RRS James Cook 

cruise 062 (Ruhl et al., 2012), at four sites in the northern Porcupine Seabight (Fig. 4.1; 
Table 4.1), as previously surveyed during the Institute of Oceanographic Sciences (now 

National Oceanography Centre, UK) Porcupine Seabight Benthic Biological Survey (Rice 
et al., 1990). The transects were carried out using the Wide Angle Seabed Photography 

(WASP) off-bottom, towed camera system (Jones et al., 2009), the previous surveys 

having been carried out with an epibenthic sledge system (Rice et al., 1982). WASP was 
towed at c. 0.5 knots, at about 1-3 m above bottom, by reference to an acoustic telemetry 

system. A vertically mounted, 35 mm film stills camera (Ocean Scientific International 
Limited Mk 7) was fitted during all deployments, and augmented with a vertically mounted 

digital video camera (Sony DCR-VX1000E) or an obliquely mounted digital stills camera 
(Kongsberg OE14-208) as detailed in Table 4.1. All faunal analyses reported here are 

based on the film still photographs, after laboratory processing and digitisation.  

Images taken outside the 1-3 m altitude range were discounted from the analyses, 

as were those where the full seafloor area was not visible (e.g. as a result of flash 
shadowing or sediment resuspension). The remaining 1713 images (c. 5500 m2 seafloor 

area; Table 4.1) and the invertebrate megafauna were quantified (body size > 1 cm). 

Specimen body size and seafloor area imaged were estimated from camera altitude and 
optical geometry (Jones et al., 2007). 
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Figure 4.1. Location of WASP transects undertaken during RRS James Cook cruise 062 
(black), also showing locations of IOS photo transects from Rice et al. (1990) (red), in the 

Porcupine Seabight, SW of Ireland. Closed grey circles represent the presence and open 
circles the absence of Pheronema carpenteri as described by Rice et al. (1990). The 

thickened segments of the IOS photo transects mark the regions where Pheronema was 
observed and the dotted lines the absence. 
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Table 4.1. Details of the photographic transects undertaken in the present study, with corresponding station 
numbers as occupied by Rice et al. (1990) indicated. Camera types: VS, vertical stills; VV, vertical video; OS, 
oblique stills. Full details of these deployments are given in Ruhl (2012). 

Study 
site 

name 

Station 
number 
JC062- 

Rice et al. 
(1990) 
station 

Water 
depth 

range (m) 

Central position Frame 
interval 

(s) 

No. 
usable 
images 

VS 

Seabed 
area 

imaged (m2) 

No. 
usable 
images 

OS 

Camera 
types 
fitted 

Latitude 
(°N) 

Longitude 
(°E) 

1 141 51709/24 1236-1249 51.676 -12.962 12 90 243 - VS, VV 
1 143 51709/24 1203-1288 51.675 -12.963 20 353 1256 497 VS, OS 
2 140 52018 1227-1249 51.653 -13.007 12 221 563 - VS, VV 
2 142 52018 1193-1266 51.656 -13.010 20 401 1183 37 VS, OS 
3 144 51734 1114-1184 51.515 -13.224 20 389 1422 471 VS, OS 
4 145 52022 1186-1246 51.350 -13.318 20 259 827 324 VS, OS 
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4.2.2 Pheronema carpenteri 

Sponge body size, together with population density, and biomass were estimated 

by methods to match the original work of Rice et al. (1990). Briefly, the equatorial diameter 
of each individual was measured and converted to estimated biomass via the equation: 

wet weight (g) = 28 + 0.05 x (diameter, cm)3.  

Sponge count, and biomass data from individual photographs were then compiled 

in 10 m bathymetric intervals and summarised for comparison with the earlier study.	Note 
that two transects were carried out at each of Sites 1 and 2 (Table 4.1). 

 

4.2.3 Megabenthos community composition 

In an attempt to maintain a consistent level of accuracy and precision in 

morphotype diversity and composition measures (e.g. Durden et al., 2016), data from 
individual adjacent photographs were pooled in order to produce samples of c. 100 

individuals. Multivariate analysis of morphotype-based assemblage composition was 
implemented using PRIMER6 (Clarke and Gorley, 2006). Prior to analysis, density data 

were square-root transformed. Non-metric Multi-Dimensional Scaling (MDS) ordination 
was carried out on Bray-Curtis dis-similarity matrices. A similarity percentage analysis 

(SIMPER) was then applied to identify the taxa that contributed the most to dissimilarity 

between sites. Diversity indices (estimated number of species (Sest(100)), exponential 
Shannon diversity (exp(H)(100)), inverse Simpson diversity (1/D) and Pielou’s eveness 

(J’(100))) were estimated from individual-based abundance using EstimateS software 
(Colwell, 2005), in order to investigate patterns between different sites (Magurran, 2004).  

 

4.2.4 Assessing potential bottom trawling impact 

 Vessel Monitoring System (VMS) data from all European Union vessels with length 

≥15 m operating in the Irish EEZ were provided by the Marine Institute, Ireland (Gerritsen 
and Lordan, 2014). These data were supplied as a grid of 0.03° longitude x 0.02° latitude 

and standardised by dividing by the surface area of the grid cell. The units are the 
estimated hours spent fishing in each grid cell (hours per km2), summed over the years 
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2008-2012. Non-bottom contact fishing gears were not accounted for this analysis. In 

addition, seafloor photographs (oblique digital stills; Table 4.1) were reviewed for any 
evidence of bottom contact fishing activity. We recorded the number of trawl marks, 

discerned as various forms of parallel lineations in the seafloor, which could be ascribed to 
the effects of bottom-towed fishing gear (sensu Bett, 2000). 

 

4.3 Results 

4.3.1 Pheronema carpenteri 

 Pheronema carpenteri densities in 10 m depth bands estimated during the present 
survey were lower compared with those of Rice et al. (1990) (Fig. 4.2b), ranging 

from 0.01 ind. m-2  (1265 m, Site 2) to 0.64 ind. m-2 (1195 m, Site 4). A local peak density 
of 8 ind. m-2 was recorded in a single photograph from c. 1200 m water depth at Site 4 

(Table 4.2). Rice et al. (1990) reported a comparable local peak density of 5 ind. m-2. 
However, their density estimates for 10 m depth bands are generally much greater (order 

of magnitude or more) than those we have recorded (Fig. 4.2b, Table 4.2). Similarly, our 

estimates of P. carpenteri biomass are correspondingly lower than those of the former 
study. This apparent reduction in biomass may have been even greater except for a 

substantial increase in the relative abundance of small (< 10 cm diameter) specimens 
between the Rice et al. (1990) survey (6%) and the present survey (31%) (up to ca. 60% if 

including site 4) (Fig. 4.2a). 
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Table 4.2. Summary statistics of Pheronema carpenteri populations at four Porcupine 

Seabight study sites as assessed in the present survey (2011), and during 1983-4 surveys 
detailed by Rice et al. (1990). 

Site Survey 

By transect By 10 m depth band By individual photograph 

N 
Mean 
diameter 
(cm) 

Maximum 
density 
(ind. m-2) 

Wet 
biomass 
(g m-2) 

Maximum 
abundance 
(ind. m-2) 

Wet 
biomass 
(g m-2) 

1 1983-4 156 17 1.60 453 4.00 1131 
2011 30 12 0.04 4 1.15 310 

2 1983-4 130 13 1.40 204 5.00 729 
2011 62 14 0.07 16 1.48 111 

3 1983-4 170 16 0.80 199 2.50 498 
2011 54 14 0.20 14 1.89 82 

4 1983-4 - - - - - - 
2011 168 5 0.64 21 7.80 235 

 

 No significant differences in biomass (g wet weight m-2) were found between sites 
(Dunn’s Test: p-value > 0.05), for data arranged in the 10 m depth horizons. No significant 

differences were found in sponge diameter between sites 1-3 (median range from 11.6 cm 

at site 1 to 14.1 cm at site 2), but on site 4 P. carpenteri show a significantly lower median 
diameter (4.4 cm) compared with other sites (Dunn’s Test: p-value < 0.05). Density of 

P. carpenteri was also significantly different at all sites (Dunn’s Test: p-value > 0.05), 
although a greater difference in sponge density was found at site 4 compared to sites 1-3 

(Fig. 4.2). Comparison of common depth ranges between sites showed no significant 
differences in terms of density and biomass between sites 1, 2 and 4 (Dunn’s Test: p-

value > 0.05), but differences in sponge diameter at site 4 (Dunn’s Test: p-value > 0.05). 
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Figure 4.2. a) Size frequency distributions (5cm classes) of Pheronema carpenteri, as 

observed in the present survey (black bars) and that of Rice et al. (1990) (grey bars), 

illustrated for three sites (1-3) common to both studies; b) Density of Pheronema 

carpenteri (ind. m-2) in 10m depth bands (black bars), comparing the present survey with 

that of Rice et al. (1990) (grey bars). (*) indicates no available data and (ø) indicates no 
observations. Note that available data only allowed comparison of sites 1-3. 
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4.3.2 Megabenthos community composition 

Multivariate analysis revealed statistically significant differences in megabenthos 

faunal composition between sites (Fig. 4.3; ANOSIM global R 0.717, p < 0.001).  Most 
pairwise comparisons between sites were significant, except between site 1 and 2, which 

was insignificant (R 0.21, p-value = 0.06). These differences in composition was mainly 
driven by the dominance of “Ascidiacea sp.1” (SIMPER similarity: 21.6% and 29.5%) and 

“Flabellum sp.1” (20.8% and 20.9%) at sites 1 and 2, shifting at site 4 to a community 
dominated by the morphospecies “Flabellum sp.1” (38.6%) and “Anthozoa” (18.4%). Site 

3, the shallower transect, morphospecies “Flabellum sp.1” (14.8%), “Pennatulacea-2” 

(9.7%), “Ceriantharia sp.3” (9.3%), “Anthozoa” (8.4%) and “Ascidiacea sp.1” (8.2%) 
contributed to a more even assemblage (up to 50% of contribution). Overall, species 

richness (mean ± SE) was higher in site 3 (Sest(100): 23.9 ± 1.00) and lower at site 4 
(Sest(100): 13.7 ± 0.84). Similarly, species diversity and evenness were also higher in site 3 

(exp(H)(100): 12.5 ± 0.86; J’(100): 0.8 ± 0.02) and lower at site 4 (exp(H)(100): 5.5 ± 0.38; 
J’(100): 0.6 ± 0.02) (Table 4.3).  

 

Figure 4.3. 2d non-metric multidimensional scaling ordination of megabenthic taxon 
composition at four Porcupine Seabight study sites. Labels indicate water depth (m). 
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Table 4.3. Biodiversity data of the megabenthic community for the four studied sites. 
N: number samples of c. 100 individuals; Sest(100): estimated number of species; 

exp(H)(100): exponential Shannon diversity; 1/D(100): inverse Simpson diversity; 
J’(100): Pielou’s eveness. 

Site N Diversity 
index Mean SE 

mean Minimum Median Maximum 

1 14 Sest(100) 22.2 1.32 17.0 20.4 36.0 

  exp(H)(100) 9.8 0.85 5.8 9.3 18.8 

  1/D(100)  5.7 0.46 3.1 5.6 10.1 

  J’(100) 0.7 0.02 0.6 0.7 0.8 
2 31 Sest(100) 17.5 0.61 11.5 16.8 27.0 

  exp(H)(100) 6.8 0.31 4.5 6.3 12.1 

  1/D(100)  4.0 0.18 2.6 3.8 6.5 

  J’(100) 0.7 0.01 0.6 0.7 0.8 
3 12 Sest(100) 23.9 1.00 17.8 23.8 27.9 

  exp(H)(100) 12.5 0.86 8.0 12.1 18.5 

  1/D(100)  7.9 0.76 3.8 7.3 13.7 

  J’(100) 0.8 0.02 0.7 0.8 0.9 
4 19 Sest(100) 13.7 0.84 7.0 12.9 24.0 

  exp(H)(100) 5.5 0.38 3.0 5.3 10.8 

  1/D(100)  3.6 0.25 2.0 3.6 6.8 

  J’(100) 0.6 0.02 0.5 0.7 0.7 
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4.3.3 Bottom trawling activity 

The available VMS data (Fig. 4.4) suggests that bottom trawling is likely to have occurred 

in the general study area in the recent past (2008-12). We recorded apparent trawl marks 
on seabed photographs from Sites 3 and 4 (e.g. Fig. 4.5), but not Sites 1 and 2. 

 

 

 

Figure 4.4. Trawling effort by the whole bottom trawling fleet operating in Porcupine 

Seabight between 2008 and 2012 (data source: Gerritsen and Lordan (2014), Marine 
Institute), also showing Special Areas of Conservation (SACs). 
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4.4 Discussion 

The photographic surveys from both pre- and post-expansion of the deepwater 

fishery in the region has confirmed that aggregations of the hexactinellid sponge 
Pheronema carpenteri (and associated fauna) are still present in the previously surveyed 

localities, but at substantially reduced standing stocks. We have recorded potential 
evidence of a substantially modified VME community composition between sites in the 

Porcupine Seabight, which is present even when examining only data from common depth 
bins, where possible. Such change may be indicative of the direct or indirect impacts of 

bottom trawling in the vicinity of our study region. 

 

 

Figure 4.5. Examples of presumed trawl marks (Site 4) observed from the 2011 survey of 
Porcupine Seabight deep-sea sponge aggregations.  
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The increasing presence of anthropogenic pressures, including fisheries, is 

anticipated to induce marked changes in deep-sea ecosystems, at a higher rate than 
natural changes and with unpredictable consequences (Gage et al., 2005; Ramirez-Llodra 

et al., 2011; Clark et al., 2016). Deep-water fishing effort (fisheries deeper than about 200 
m, near the lower limits of the upper continental slope) has increased faster than the state 

of ecological knowledge (Devine et al., 2006; Bailey et al., 2009; Clarke et al., 2015).  

Although deep-sea fisheries have developed extensively since the 1960s (Hopper, 

1995; Koslow et al., 2000; Morato et al., 2006), the upper continental slope of other 
regions has been exploited since the late 1800s (e.g. Moore, 1999; Christensen et al., 

2003; Lotze and Worm, 2009). The continental slope of Porcupine Seabight has been 
subject to greater deep-sea commercial bottom trawling since at least 1989, because of 

the decline of the northern European shelf-seas fishing stocks (Priede et al., 2011). Our 
studied region was surveyed comprehensively during the 1980s (Rice et al., 1991), some 

years before the expansion of bottom trawling fishing activities in the region. Rice et al. 
(1990) reported high densities of the hexactinellid sponge (mean 0.34 ind. m-2), 

Pheronema carpenteri, at depths between about 1000 m and 1300 m, with a maximum 

density of 1.6 ind. m-2 at 1210 m, in a 10 m depth bins. Lampitt et al. (1986) estimated a 
maximum density of 0.475 ind. m-2 based on an epibenthic sledge sampling in the region, 

but their values were assumed to be underestimated, due to net efficiency and failing to 
sample the centre of the sponge patches (Rice et al., 1990). 

Results from the phototransects here described show that the marked change in 
body size distributions, and consequently biomass, may be suggestive of appreciable loss 
of older / larger specimens from the previously surveyed population (Figure 4.2). In our 

2011 survey, high sponge biomass with larger average body sizes was found in sites with 

low fishing intensity as determined by VMS. However, Pheronema carpenteri remains 
abundant, peak density c. 1 ind. m-2, at around 1200 m water depth at the site with 

abundant trawl scars (Site 4), but showing lower individual sizes.  
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Figure 4.6. The glass sponge Pheronema carpenteri as observed in oblique (a, b), and 

vertical (c, d) photographs from the 2011 survey. 

 

The patchwork of spicule mats (Bett and Rice, 1992), from the dead or damaged 
sponges (Freese, 2001), may offer favourable conditions for sponge recruits to settle and 
grow, well as providing refuge for other fauna (Maldonado and Uriz, 1998; Laguionie-

Marchais et al., 2015). Previous surveys in Hatton Bank area (Muñoz et al., 2012) have 
suggested that bottom trawling is a plausible cause for apparently declined standing 

stocks of corals and sponges. Similarly, long-term changes in the density and biomass of 

deep-water fish populations in the Porcupine Seabight have been attributed to commercial 
fisheries (Bailey et al., 2009). 

Our data suggest that Porcupine Seabight sponge populations, and their 
associated fauna, may have been impacted by bottom trawling. There appears to have 
been both (i) a major (order of magnitude or more) reduction in the sponge density 

generally, and (ii) a possible intensified trawling effect at Site 4 where we recorded 

frequent trawl marks. However, differences in community composition in the sites 
comparatively less trawled (1-3) cannot be exclusively attributed to the absence or a 

lesser extent of trawling activity. The presence of large sponges at sites 1-3 (Fig. 4.6), 

a) b)

c) d)
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even if in low numbers, seems to be compensated by other large filter feeders. The 

negative correlation between sponge and ascidian densities (Person correlation: R = -
0.26; p-value < 0.05) suggests that a shift in these species might relate to the ascidians 

taking advantage of trawling disturbance to the filter feeding function group. We speculate 
that large-bodied ascidians might be less sensitive to trawling pressures and 

opportunistically occupied the niche after reductions in hexactinellid sponge abundance. 

Differences in community composition and diversity were observed in sites subject 

to different trawling intensities, a pattern also reported in the North Sea (Hiddink et al., 
2006) and SW Portuguese margin (Ramalho et al. (in review)). The degree of community 

change is potentially linked to the frequency and / or intensity of disturbance, and the 
former may also act to recovery of the benthic community (e.g. Rooper et al., 2011; van 

Denderen et al., 2015; Sorte et al., 2017). In the present case, it is possible the current 
state of Site 4 may represent a more recent and / or more intense impact than has been 

experienced by Sites 1-3. Additionally, small-scale depth patterns might be a plausible 
explanation for differences in species diversity found in Site 3, where it was detected a 

more even assemblage, compared to the deeper transects. However, these results should 

be analysed with caution, since the limited data available does not allow to disentangle the 
factors that might contribute to the patterns observed in the study site, such as trawling 

intensity and/or vertical and lateral organic matter transport (Ichino et al., 2015). 

The assessment of bottom trawling impacts on megabenthic communities can be 
challenging. Not least is the difficulty in disentangling natural and anthropogenic factors 

operating on a range of temporal and spatial scales. Depth-related changes in food supply 
have been suggested to limit diversity, distribution and standing stocks (Rex, 1981; Rex et 

al., 2006), often leading to higher abundance and lower diversity, and consequently in the 

dominance of a few or a single species (as observed in site 4) (Rex et al., 2005). For 
example, we must acknowledge, among other factors, that temporal variations in sinking 

particulate organic matter fluxes could be a factor in the apparent temporal change 
observed here. Variations in POC flux	 have been shown to lead to deep-sea sponge 

community changes (e.g. Kahn et al., 2012; Kuhnz et al., 2014; Laguionie-Marchais et al. 
2015). However, the most parsimonious explanation, considering the spatial and temporal 

evidence, suggests a strong role for bottom trawling (see also Kaiser et al., 1998; 
Kenchington et al., 2007). The VMS data (2008-2012) indicates that commercial bottom 

trawling occurred in the general area of our survey. In addition, it was been suggested that 

the indirect effects of trawling extend to greater water depths than the fishing activity itself 
(Bailey et al., 2009; Trueman et al., 2014). These indirect effects may cause a reduction in 

biomass of both target and bycatch species, and that this may be reflected in the 



Chapter	4	

80	

secondary production, and population body size and trophic structure of benthic 

communities (Jennings et al., 2001a; Jennings and Blanchard, 2004; Hiddink et al., 2016). 

 

4.4.1 Observations and policy 

Examples of human impact in deep-sea habitats continue to accumulate (e.g. 

Ramirez-Llodra et al., 2011; Clark et al., 2016). The European Parliament has now 

approved the adoption of a regulation aimed at the sustainability of deep-sea fisheries, 
establishing “The prohibition of deep-sea fishing with bottom trawls below 800 metres 

from the water surface” and “The obligation for vessels to report encounters with 

vulnerable marine ecosystems below a depth of 400 m” (PE 46 2016 INIT - 2012/0179 

(OLP)2, on repealing Council Regulation [EC] No. 2347/2002). The new EU proposals 
repeals Regulation (EC) No 2347/2002 that establishes conditions for fishing deepwater 

stocks. This new regulation will enforce the protection of VMEs that are already 
considered in the EU Common Fisheries Policy (CFP). Also, article 7 d) of CFP 

establishes for “requirements for fishing vessels to cease operating in a defined area for a 

defined minimum period in order to protect temporary aggregations of endangered 
species, spawning fish, fish below minimum conservation reference size, and other 

vulnerable marine resources.” This agreement followed United Nations General Assembly 
resolutions 61/105 and 64/72 (UNGA, 2006, 2009) for the recovery of deep-sea stocks 

and the protection of vulnerable deep-sea ecosystems, but this EU reform is still pending 
approval at the national level by each member state of the European Union. 

Recently, Huvenne et al. (2016) emphasized the importance of the precautionary 
principle in deep-sea environmental management. The Darwin Mounds cold-water coral 

ecosystem was closed to bottom trawling in 2003 and revisited in 2011 to evaluate the 
status of this VME. Their results demonstrated the effectiveness of the closure to bottom 

trawling, but minimal recovery of the impacted corals. Our assessment of the current 
status of deep-sea sponge aggregations in the Porcupine Seabight suggested that they 

may well have already been impacted by bottom trawling. Given the clear threat to these 
VMEs indicated by the VMS data (Fig. 4.3), and the apparent presence of trawl marks 

(Fig. 4.5) at two of our four study sites, and the likelihood that these sponge habitats have 

																																																													
2	Regulation (EU) 2016/... of the European Parliament and of the Council of 14 December 2016, 
establishing specific conditions for fishing for deep-sea stocks in the north-east Atlantic and 
provisions for fishing in international waters of the north-east Atlantic and repealing Council 
Regulation (EC) No 2347/2002.	
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already suffered order of magnitude reductions (Fig. 4.2), all provide evidence to inform 

future policy legislation.  
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Chapter 5: Summary and conclusions 

 Studies concerning human activities in the deep sea have received great attention 
over the last several years by the scientific community mainly due to their ecological and 

economic impacts in marine ecosystems, from coastal waters to the deep ocean seafloor 

(Gage, 2001; Halpern et al., 2008; Benn et al., 2010; Rogers et al., 2015). 

 In a multidisciplinary context, this study aimed to provide new biological data on 
European continental slope ecosystem functioning. Here, I have tried to explore different 

aspects of basic ecology of deep-sea species, by using stable isotopes, in order to better 
understand the functioning and energy fluxes along strong environmental gradients. 

Moreover, I have assessed the current status of an important deepwater vulnerable 
marine ecosystem on a continental slope. 

 By integrating community dynamics and fisheries, I intended to identify relevant 

aspects of ecosystem functioning, fundamental for the understanding of continental slope 
ecology and biodiversity patterns. This is crucial to improve our capability to outline 

priorities for conservation as a response to environmental and human disturbances 
affecting deep-sea ecosystems. Furthermore, it is important to consider new ways to 

optimize management policies of maritime activities, while preserving the integrity and the 
good environmental status of these environments. 

 In Chapter 2, I explored how nutrients flux through deepwater fish communities as a 
function of body size. I demonstrated that community-level predator prey mass ratio is 

constant along strong environmental gradients and invariant between major feeding 
functional groups. Also, I saw no systematic relationship between the slope of biomass 

size spectra and community level predator prey mass ratio. Biomass size spectra appear 

to be different between benthic and benthopelagic feeders. Maximum body sizes and total 
biomass increase with depth for benthic-feeding fish, suggesting that reduced food 

availability leads to increases in transfer efficiency and potentially shallower biomass size 
spectra. In contrast, benthopelagic fishes showed negative biomass size spectra at all 

depths, meaning that community biomass decreases with increasing individual sizes. 

  In Chapter 3, I investigated the effect of body size on trophic (isotopic) niche. I 

quantified isotopic niche size along the depth gradient within the continental slope, and 
show a clear discrimination between fish communities feeding on pelagic and benthic 

sources. In the size-structured fish communities found on the continental slope, variation 
in body size within the sampled populations accounted for 15-25% of the estimated 
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isotopic niche areas. After removing the effects of body size, significant variation in 

isotopic niche between functional groups and depths remained. Benthic feeders in general 
display wider size-corrected isotopic niches than pelagic feeders at the same depth, and 

in benthic feeding fishes, isotopic niche area increases in the deepest depths indicating a 
divergent energy supply pathway with increasing depth. 

 The assumed decrease in food supply with increasing depth seems to result in a 
shift from nutrients supplied by primarily biological processes, controlled by vertically 

migratory organisms, to an increasing dependency in benthic resources supported by 
pelagic carrion (Fig. 3.6, chapter 3).  

 Realised isotopic niches reflect the relationship between body size and isotopic 
composition and this is evident across functional groups and depth gradient. These 
findings reveal new insights on size-structured marine food webs in which different 

compartments are inter-linked through a range of complex interactions largely driven by 

body mass. Ultimately, it becomes evident how a range of intraspecific traits (e.g. body 
size and feeding behaviours) is important to elucidate the co-existence of different species 

in environments where food supply is limited (Neat and Campbell, 2013; Priede and 
Froese, 2013). 

 Finally, conclusions drawn in chapters 2 and 3 show that scaling measured isotopic 
ratios according to the size distribution in the community greatly improves the ecological 

relevance of isotopic metrics. While isotopic-type metrics may provide a good 
representation of trophic diversity, it is desirable to sample taxa proportionally to their 

abundance (or biomass) in the community (as in this study), particularly in the case of 
size-structured ecosystems. 

 In Chapter 4, I present new evidence of human-induced impacts on deep marine 
ecosystems. Here, I evaluated the current state of benthic communities of Porcupine 
Seabight in areas subject to different levels of trawling. This allowed an assessment of the 

potential impact of trawling on the numerical abundance and functional diversity of benthic 

ecosystems, in particular on sites with previous known presence of a vulnerable marine 
ecosystem.  

 Evidences of extensive trawling activity over a large temporal scale in the Porcupine 
Seabight (e.g. Bailey et al., 2009; Priede et al., 2011; and VMS analysis in Chapter 4), 

demonstrated to be useful tool to understand the observed patterns in diversity and 
changes in sponge population demography itself. Trawling marks and marine litter were 

also observed (Fig. 4.5, chapter 4), confirming anthropogenic pressures on these sponge 
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aggregations. The present photographic survey (conducted in 2011; Ruhl, 2012) has 

confirmed that dense sponge aggregations are still present in the previously surveyed 
VME sites (Rice et al., 1990), but showed a marked change in body size distributions, and 

consequently biomass, suggestive of an appreciable loss of older / larger specimens. 

 Results in chapter 4 also suggest a shift in dominant suspension feeder species in 

two of the sites, from previously dominated Pheronema carpenteri community to 
ascidians. Large-bodied ascidians seem to be less sensitive to trawling pressures and 

opportunistically occupied the niche after the removal of the hexactinellid sponges in sites 

1 and 2, which might help to maintain the ecological functioning around these sites. 

 Furthermore, available VMS data (2008-2012) shows an existing but reduced 

trawling activity around these sites (Fig. 4.4, chapter 4). This information is relevant to 
understand the patterns in sponge body sizes, and offers scope for speculating that 

Pheronema carpenteri population might be recolonizing these sites. The analysis of body 
size distributions shows prevalent small-sized sponges in site 4, indicating a potential 

recolonisation of previously disturbed areas. It is conceivable that the patchwork of spicule 
mats (Bett and Rice, 1992) may offer favourable conditions for sponge recruits to settle 

and growth. However, it has been suggested that a full recovery of previous communities 
might not occur due to low rates of recruitment in the deep (Grassle, 1977). This work 

contribute to a growing body of evidence describing potential links between trawling and 

benthic communities to better inform the conservation of vulnerable habitats and further 
evidence-based actions regarding trawling in the Porcupine Seabight. An immediate 

precautionary management measure might be appropriate – rather than waiting for a 
general prohibition of deep-water trawling in Europe’s deep seas. It would be particularly 

ironic to lose an iconic “Holtenia ground”, the original deep-sea biodiversity hotspot 
habitat, while simply waiting for formal legislation to be implemented. 

 Theoretical models demonstrate the importance of benthic–pelagic coupling on the 
resilience of size-structured food webs to disturbance (Blanchard et al., 2011). Results 

obtained in the previous chapters do not allow an overall assessment of the impacts of 
bottom trawling fisheries in food webs. It nevertheless shows that a greater impact on the 

benthic communities could lead to the disruption of the benthic energy pathways, through 

the changes in nutrient transfer and the removal of food resources exploited by the fish 
communities (e.g. Mauchline and Gordon, 1986; and Chapter 3). This will result in 

potential changes on the ecosystem services associated with benthic nutrient cycling and 
ultimately affecting secondary production of deepwater fish communities. 
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 In addition to direct human impacts, climate-driven phenomena may have direct and 

indirect effects on deep-sea ecosystems, with possible large-scale consequences for 
diversity and function (Ruhl et al., 2008; Blanchard et al., 2012), disturbing 

biogeochemical cycles and benthic communities (Company et al., 2008; Ruhl et al., 2011). 

 In the open ocean, primary production is generally limited to the euphotic zone, 

therefore benthic and bentho-pelagic production on the continental slope depends on 
nutrient transfer systems and benthic recycling communities (as suggested in chapters 2 

and 3). Diel vertical migrations mobilize large zooplankton and fish biomasses, and this 
so-called deep scattering layer is crucial in fuelling bentho-pelagic production (e.g. 

Mauchline and Gordon, 1991; Trueman et al., 2014). Therefore, changes in pelagic 
environment are expected to affect primarily benthopelagic fishes, followed by cascade 

effects on deeper benthic communities (Shackell et al., 2010; Trueman et al., 2014). 
Consequently, changes at different levels of the food web can be anticipated, with 

unknown effects on the stability and functioning of deep-sea communities.  

 

5.1 Implications for management and conservation of deep-
sea ecosystems 

 Ecological indicators, such as trophic level, community biomass and diversity, reflect 

overall changes in ecosystems. However, substantial knowledge gaps and long-term data 
deficiency contributes to deficient assessment of the extent of human-induced effects, 

particularly through fisheries, on deep-water ecosystems (Worm et al., 2009; Branch et al., 
2010; Rogers et al., 2015). Moreover, a substantial number of deepwater fish species are 

not subject to catch limits and the data unavailability on deepwater fisheries catches in the 

NE Atlantic (ICES, 2014, 2016) greatly undermines a sustainable management of 
deepwater fisheries (Norse et al., 2012). 

 Identifying broad patterns in community dynamics can be informative to improve 
ecological theory (May and McLean, 2007) and ecosystem modelling (e.g. Christensen 
and Walters, 2004; Plagányi, 2007), which provide a baseline to achieve adequate 

fisheries management. Previous case studies emphasized that combining stable isotope 

analysis and food web models (e.g. Ecopath) allows a better representation of marine 
food webs (e.g. Mediterranean Sea, Navarro et al., 2011; Lassalle et al., 2012; Marennes-

Oléron Estuary, France, Pacella et al., 2013). However, species-based food web models 
such as Ecopath are less effective in size-structured ecosystems, and results from 
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chapters 2 and 3 highlight the important role that body size plays in energy flux and 

trophic ecology within deep demersal fish communities. Food web models combining 
taxonomic / functional trait and body-size approaches are likely to be more effective 

(although more difficult to construct). Therefore, conclusions drawn in chapters 2 and 3 
allow a better understanding of mechanisms supporting deepwater fish community 

structure and it could be used to parameterize existing ecosystem models (e.g. Porcupine 
Seabight, Howell et al., 2009; Rockall Trough, Heymans et al., 2011) to simulate, on a 

decadal timescale, the effects of benthic community changes on fish abundance and 

production (Benoît and Rochet, 2004; Jennings and Blanchard, 2004; Queirós et al., 
2006). 

 There is a consensus in the urgent reduction of bottom trawling fisheries to allow the 
sustainability of deepwater fisheries and to protect benthic ecosystems. An integrated 
ecosystem-based approach coupling the management of deepwater fish stocks and the 

state of benthic ecosystems would allow a better understanding of direct and indirect 
effects of bottom trawling on benthos, and how fisheries impacts reflect changes in food 

webs and ultimately in fish stocks. 

 It is important to consider the economic impact of a potential loss of important 
habitats for deepwater fisheries (UNEP, 2007; Hogg et al., 2010; Weaver et al., 2011). 
Most of European countries rely on services provided by the marine environment, for 

example, for jobs, living and non-living resources and trade. Understanding changes and 
potential impacts on deep-sea ecosystems, particularly those along the European 

continental margin, is therefore of a central interest. 

 Accumulating proof of the human impact on the deep sea confirms the significant 

threat to its biodiversity and requires serious and urgent action (Ramirez-Llodra et al., 
2011; Micheli et al., 2013). Information on fisheries activities and related pressures 

(Weaver et al., 2011; McCauley et al., 2016), as well as the distribution and type of litter 
often lost or discarded (Pham et al., 2014; Galgani et al., 2015; Vieira et al., 2015), are a 

powerful tool to increase societal and scientific awareness regarding the degradation of 
even the most remote marine ecosystems (reviewed in Ruhl et al., 2011). It also provides 

important evidence on the anthropogenic pressures operating in these ecosystems and is 

therefore essential for their effective management and achievement of a good 
environmental status (EU-MSDF, 2008).  

 Bottom trawling is a poorly selective fishing métier and, for this reason, the cost-
benefit of deepwater fisheries must be considered when reviewing environmental 
regulations. It is now acknowledged that deep-sea fishes contribute for a significant 
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atmospheric carbon sequestration (Trueman et al., 2014). In this sense, it can also be 

conceivable that the contribution of deepwater benthic fauna in regulating atmospheric 
carbon might be higher than previously assumed (Thistle et al., 2006; Hogg et al., 2010; 

Kahn et al., 2015).  

 Results here present are an additional contribution to support the ban of deep-sea 

trawling bellow 800 m. Below this depth threshold, bycatch of epibenthic fauna and 
vulnerable fishes (such as elasmobranchs) characterizes a substantial proportion of 

catches (e.g. Clarke et al., 2015). However, the expected result with the introduction of 
this depth-limit on deepwater fisheries may not have the practical effects along the entire 

European continental margin. For example, the crustacean trawl fishery off the Algarve 
coast (southern Portugal) takes place on the lower continental shelf and upper continental 

slope at depths ranging 150-600 m. This multispecies fishery targets the Norway lobster 
Nephrops norvegicus and the shrimps Parapenaeus longirostris and Aristeus antennatus 

and is characterised by the significant by-catch and discards (Borges et al., 2001; 
Monteiro et al., 2001; Bueno et al., 2017). Moreover, it was recently discovered a wide 

bed of the crinoid Leptometra celtica in muddy sediments (typical habitat of the Norway 

lobster) at approximately 500 m depth (Fonseca et al., 2014). These recent findings, just 
highlight for the importance of considering the presence of vulnerable marine ecosystems 

at shallower depths and effectively implement adequate marine conservation strategies, 
such as the regulation recently approved by the European Parliament on deepwater 

fisheries (PE 46 2016 INIT - 2012/0179 (OLP)). 

 

5.2 Scope for future work 

 Collecting further data on the biodiversity and ecosystem functioning is important to 
consolidate knowledge on current status and trends in deep-sea communities, and to 

provide scientific-based information towards conservation and sustainable exploitation of 
marine resources (Ehler and Douvere, 2009). 

 In order to understand how climate and anthropogenic stressors influence the 
biodiversity and the ecosystem function, future studies could consider an integrated 

ecosystem-based approach by analysing: 1) historical trends in community; 2) climate 
data; and 3) impacted vs. non-impacted communities.  

 It is crucial to understand resilience, recoverability and the role of disturbance on 
deep-sea benthic communities. Specifically, the analysis of historical trends of benthic 
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fauna and top predators allows identifying patterns in functional ecology of dominant 

species and shifts at community level. Additionally, it is relevant to investigate the role of 
pelagic communities, e.g. the vertically-migranting community structure and function. This 

will allow researchers to understand better the trophic structure and function of the (still) 
undersampled pelagic communities. This knowledge gap in a community functionally 

responsible for active benthic–pelagic coupling in continental slope ecosystems severely 
hampers our ability to predict ecosystem response to climate or human-induced change.	
By integrating these aspects, it will be possible to link historical trends of fisheries data, 

climate and human impacts on ecosystems. This will contribute to develop predictive 
models (as recommended by Weaver et al., 2011) that can be used to 1) identify	the gaps 

in knowledge and 2) better inform policymakers in the support for future deep-sea 
management and conservation decisions. 
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Appendix A  Summary of stable isotope data (δ13C and δ15N) from white 
muscle tissue of fishes caught by demersal trawl on the Rockall Trough 

Family Species Feeding 
mode 

No. of 
samples 

Depth 
category 
(min-max) 

Mean 
δ13C SD Mean 

δ15N SD 
Mean 
C:N 
ratio 

Body 
mass, g 
(min-max) 

Alepocephalidae Alepocephalus agassizii Benthopelagic 34 1800-2000 -18.84 0.56 11.03 0.92 3.19 32-2996 
Alepocephalidae Alepocephalus bairdii  Benthopelagic 127 1000-1800 -18.89 0.51 9.48 1.13 3.37 13-4735 
Moridae Antimora rostrata Benthopelagic 20 1800-2000 -18.46 0.34 12.56 0.59 3.12 124-2146 
Trichiuridae Aphanopus carbo Benthopelagic 9 1000-1000 -17.93 0.12 11.77 0.39 3.27 548-1461 
Pentanchidae Apristurus aphyodes Benthopelagic 25 1000-1800 -17.00 0.45 11.88 0.76 3.43 196-651 
Pentanchidae Apristurus laurussonii Benthopelagic 18 1000-1500 -17.65 0.61 12.68 1.10 3.23 196-1144 
Pentanchidae Apristurus manis Benthopelagic 3 1500-1800 -18.57 0.10 11.47 0.42 3.25 999-3283 
Pentanchidae Apristurus melanoasper Benthopelagic 11 1500-1800 -17.79 0.48 11.55 0.77 3.44 194-1445 
Pentanchidae Apristurus microps Benthopelagic 31 1500-2000 -17.34 0.43 11.96 0.89 3.37 137-1549 
Pentanchidae Apristurus sp. Benthopelagic 7 1000-2000 -17.71 0.12 11.01 0.21 3.49 20-164 
Argentinidae Argentina silus Benthopelagic 32 500 -18.44 0.55 9.95 1.04 3.35 219-685 
Bathylagidae Bathylagus euryops Benthopelagic 10 2000 -18.82 0.32 9.95 0.76 3.28 22-106 
Ipnopidae Bathypterois dubius Benthic 7 1500 -17.82 0.18 14.71 0.47 3.11 43-79 
Lotidae Brosme brosme Benthic 3 500 -17.21 0.51 14.71 0.21 3.20 2034-4132 
Bythitidae Cataetyx laticeps Benthic 9 1500 -16.18 0.67 15.22 1.21 3.23 2883-4660 
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Family Species Feeding 
mode 

No. of 
samples 

Depth 
category 
(min-max) 

Mean 
δ13C SD Mean 

δ15N SD 
Mean 
C:N 
ratio 

Body 
mass, g 
(min-max) 

Centrophoridae Centrophorus squamosus Benthopelagic 8 1000 -16.04 1.08 13.99 0.73 3.36 5063-8528 
Etmopteridae Centroscyllium fabricii  Benthopelagic 15 1000-1500 -17.96 0.54 11.65 1.01 3.39 31-4181 
Somniosidae Centroscymnus coelolepis Benthic 22 1000-1800 -16.38 0.52 14.50 0.59 3.36 2948-11951 
Somniosidae Centroscymnus crepidater Benthopelagic 35 1000-1500 -17.02 0.39 12.36 0.68 3.33 97-3880 
Chimaeridae Chimaera monstrosa Benthic 15 500 -17.65 1.01 11.89 1.29 2.93 11-1623 
Chimaeridae Chimaera opalescens Benthic 11 1000-1500 -16.49 0.46 14.92 0.92 3.25 682-3856 
Macrouridae Coelorinchus caelorhincus Benthic 15 500 -17.48 0.46 11.64 0.52 3.32 53-267 
Macrouridae Coelorinchus labiatus Benthic 7 1500 -17.63 0.22 12.45 0.29 3.08 30-53 
Macrouridae Coryphaenoides guentheri Benthic 36 1500-2000 -17.44 0.73 13.29 1.15 3.16 19-473 
Macrouridae Coryphaenoides mediterraneus Benthic 85 1500-2000 -17.99 0.73 12.23 0.86 3.16 11-1748 
Macrouridae Coryphaenoides rupestris Benthopelagic 105 500-1800 -18.77 0.52 10.32 1.06 3.17 11-2084 
Centrophoridae Deania calcea Benthopelagic 31 1000-1500 -16.82 0.73 13.05 1.10 3.20 886-4676 
Centrophoridae Deania profundorum Benthopelagic 1 500 -17.45 NA 11.68 NA 3.16 1100 
Epigonidae Epigonus telescopus Benthopelagic 4 1000 -18.16 0.25 9.51 1.77 3.31 20-1296 
Etmopteridae Etmopterus princeps Benthopelagic 14 1500-1800 -17.44 0.39 12.43 0.63 3.43 365-3274 
Etmopteridae Etmopterus spinax Benthopelagic 10 500 -17.90 0.36 11.79 0.50 3.24 239-707 
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Family Species Feeding mode No. of 
samples 

Depth 
category 
(min-max) 

Mean 
δ13C SD Mean 

δ15N SD 
Mean 
C:N 
ratio 

Body 
mass, g 
(min-max) 

Pentanchidae Galeus melastomus Benthopelagic 8 500 -17.75 0.24 12.04 0.41 3.25 584-1079 
Pentanchidae Galeus murinus Benthopelagic 1 1000 -17.51 NA 10.92 NA 3.42 341 
Pleuronectidae Glyptocephalus cynoglossus Benthic 9 500 -17.55 0.23 11.60 1.00 3.21 98-663 
Moridae Halargyreus johnsonii Benthopelagic 10 1000 -19.04 0.21 9.91 0.42 3.11 49-119 
Halosauridae Halosauropsis macrochir Benthic 16 1800 -17.18 0.15 13.57 0.64 3.38 165-350 
Rhinochimaeridae Harriotta raleighana Benthic 11 1500-2000 -15.89 0.37 13.48 0.98 3.39 94-1312 
Sebastidae Helicolenus dactylopterus Benthic 10 500 -17.31 0.17 11.91 0.91 3.28 117-511 
Trachichthyidae Hoplostethus atlanticus Benthic 62 1000-1500 -17.39 0.49 12.58 1.49 3.72 20-4714 
Chimaeridae Hydrolagus affinis Benthic 14 1500-2000 -16.04 0.55 15.72 1.20 3.40 917-9435 
Chimaeridae Hydrolagus mirabilis Benthic 14 1000 -16.52 0.31 12.83 0.84 3.36 158-577 
Chimaeridae Hydrolagus pallidus Benthic 9 1500-2000 -16.08 0.33 14.57 1.34 3.42 585-7781 
Moridae Lepidion eques Benthopelagic 36 500-1000 -18.02 0.57 11.11 1.05 3.20 16-451 
Merlucciidae Merluccius merluccius Benthic 15 500 -18.05 0.60 13.26 0.52 3.24 474-3678 
Gadidae Micromesistius poutassou Benthopelagic 25 500 -18.61 0.44 10.25 0.96 3.15 22-364 
Lotidae Molva dypterygia Benthic 6 500-1000 -18.23 0.44 12.94 1.00 3.13 796-8175 
Lotidae Molva molva Benthic 8 500 -18.04 1.04 12.46 2.54 3.12 780-5106 
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Family Species Feeding 
mode 

No. of 
samples 

Depth 
category 
(min-max) 

Mean 
δ13C SD Mean 

δ15N SD 
Mean 
C:N 
ratio 

Body 
mass, g 
(min-max) 

Macrouridae Nezumia aequalis Benthic 27 500-1000 -17.57 0.42 12.83 0.49 3.14 18-133 
Oxynotidae Oxynotus paradoxus Benthopelagic 1 500 -15.26 NA 15.08 NA 3.61 1630 
Phycidae Phycis blennoides Benthic 27 500 -18.47 0.62 11.46 1.43 3.09 60-1816 
Notacanthidae Polyacanthonotus rissoanus Benthic 9 1500 -17.11 0.85 14.60 1.25 3.83 33-190 
Rhinochimaeridae Rhinochimaera atlantica Benthic 11 1500 -15.86 0.16 14.42 0.52 3.21 221-972 
Serrivomeridae Serrivomer beanii  Benthopelagic 10 1800-2000 -18.84 0.33 10.06 0.58 3.22 38-235 
Ophidiidae Spectrunculus grandis Benthic 10 1800 -17.49 0.25 12.78 0.40 3.14 262-834 
Synaphobranchidae Synaphobranchus kaupii Benthopelagic 17 1800 -17.68 0.48 11.53 1.04 6.64 82-361 
Macrouridae Trachyrincus murrayi  Benthic 44 1000-1800 -17.47 0.32 12.95 0.45 3.16 38 -377 
Alepocephalidae Xenodermichthys copei Benthopelagic 33 500-1000 -18.79 0.59 8.86 1.19 4.00 18-106 
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Appendix B  Taxonomic list of benthic 

megafauna of the Porcupine Seabight 

	

B1. Introduction 

 This is a complete list of benthic megafauna of the Porcupine Seabight identified 
from the photographic transects conducted in August 2011 from RRS James Cook cruise 

062 (Ruhl et al., 2012). Full details can be found in section 4.2 of this thesis. 

B2. Classification of morphotypes 

 Morphotypes were identified to the lowest taxonomic level possible, by comparing 
with other published photographic catalogues of deep-sea megafauna: a catalogue of 

invertebrate megafauna from the Porcupine Abyssal Plain (Durden, 2016), Monterey Bay 
Aquarium Research Institute’s Deep Sea Guide (Jacobsen Stout et al., 2016), Deep Sea 

ID (Glover et al., 2013), a catalogue of invertebrate megafauna from the Mid-Atlantic 
Ridge (Alt, 2012), SERPENT media database (Jones et al., 2009b), Deep-sea life of 

Scotland and Norway (Jones and Gates, 2010), Megafauna of canyons of the NE Atlantic 
and Portuguese Margin (P. Tyler, C. Hauton, A. Pattenden, D. Masson and V. Huvenne, 

unpublished). The following experts were also consulted in the classification of the 

morphotypes: D. Billett, J. Durden, A. Gates, A. Goineau, A. Gooday, C. Mah, K. Morris, 
R. Milligan, A. Rogacheva, P. Tyler. 
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     Site 
Phylum Class Order Family Morphospecies 1 2 3 4 
Arthropoda     Arthropoda  x x x  
Arthropoda  Malacostraca  Decapoda  Galatheidae  Galatheidae  x x x  
Arthropoda  Malacostraca  Decapoda  Parapaguridae  Parapagurus   x x  
Brachiopoda     Brachiopoda  x x x x 
Chordata  Ascidiacea    Ascidiacea  x x x x 
Chordata  Ascidiacea    Ascidiacea sp1  x x x  
Chordata  Ascidiacea    Ascidiacea sp2 x x x  
Cnidaria Anthozoa  Actiniaria   Actiniaria  x x x x 
Cnidaria Anthozoa  Actiniaria   Actiniaria sp1  x x x x 
Cnidaria Anthozoa  Actiniaria   Actiniaria sp2    x x 
Cnidaria Anthozoa  Actiniaria  Actinoscyphiidae  Actinoscyphiidae sp1  x x x  
Cnidaria Anthozoa Alcyonacea  Alcyonacea  x   
Cnidaria Anthozoa  Actiniaria  Hormathiidae  Amphianthus sp1  x x x x 
Cnidaria Anthozoa  Pennatulacea  Anthoptillidae  Anthoptillidae sp1   x   
Cnidaria Anthozoa    Anthozoa  x x x x 
Cnidaria Anthozoa  Scleractinia  Flabellidae  Flabellum sp1  x x x x 
Cnidaria Anthozoa  Scleractinia  Flabellidae  Flabellum sp2    x  
Cnidaria Anthozoa    Anthozoa-15   x  
Cnidaria Anthozoa    Anthozoa-1  x x  x 
Cnidaria Anthozoa    Anthozoa-2  x  x x 
Cnidaria Anthozoa    Anthozoa-3  x x x x 
Cnidaria Anthozoa    Anthozoa-4 x    
Cnidaria Anthozoa  Zoantharia  Epizoanthidae  Epizoanthus sp  x x  
Cnidaria Anthozoa  Actiniaria  Hormathiidae  Hormathiidae  x  x  
Cnidaria Anthozoa  Alcyonacea Isididae  Isididae  x x x x 
Cnidaria Anthozoa  Alcyonacea Isididae  Isididae sp1   x   
Cnidaria Anthozoa  Alcyonacea Isididae  Isididae sp3     x 
Cnidaria Anthozoa  Alcyonacea Isididae  Isididae sp4    x x 
Cnidaria Anthozoa    Octocorallia  x x x x 
Cnidaria Anthozoa    Octocorallia sp2    x  
Cnidaria  Anthozoa  Ceriantharia   Ceriantharia  x x x x 
Cnidaria  Anthozoa  Ceriantharia   Ceriantharia sp1   x  x 
Cnidaria  Anthozoa  Ceriantharia   Ceriantharia sp2  x x   
Cnidaria  Anthozoa  Ceriantharia   Ceriantharia sp3  x x x x 
Cnidaria  Anthozoa  Ceriantharia   Ceriantharia sp4  x  x x 
Cnidaria  Anthozoa  Ceriantharia   Ceriantharia sp12    x 
Cnidaria  Anthozoa  Ceriantharia   Ceriantharia sp3  x    
Cnidaria  Anthozoa  Ceriantharia   Ceriantharia sp8  x    
Cnidaria  Anthozoa  Pennatulacea   Pennatulacea-1  x  x x 
Cnidaria  Anthozoa  Pennatulacea   Pennatulacea-2 x x x x 
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     Site 
Phylum Class Order Family Morphospecies 1 2 3 4 
Cnidaria  Anthozoa  Pennatulacea   Pennatulacea sp1   x x x 
Cnidaria  Anthozoa  Pennatulacea   Pennatulacea sp2   x   
Cnidaria    Cnidaria x x x x 
Cnidaria    Cnidaria sp1  x x   
Cnidaria    Cnidaria sp3  x x  x 
Cnidaria    Cnidaria sp8   x  x 
Echinodermata  Asteroidea    Asteroidea  x x x x 
Echinodermata  Asteroidea    Asteroidea sp3   x   
Echinodermata  Asteroidea    Asteroidea sp4  x    
Echinodermata  Asteroidea  Velatida  Pterasteridae  Pteraster sp2  x    
Echinodermata  Asteroidea    Asteroidea sp5  x x   
Echinodermata  Asteroidea  Valvatida  Goniasteridae  Plinthaster 

dentatus  
  x  

Echinodermata  Asteroidea    Asteroidea sp1  x    
Echinodermata  Asteroidea  Paxillosida  Porcellanasterida

e  
Asteroidea sp5     x 

Echinodermata  Asteroidea  Paxillosida  Porcellanasterida
e  

Asteroidea sp7    x  

Echinodermata  Asteroidea    Asteroidea sp6  x x x x 
Echinodermata  Asteroidea  Forcipulatida  Zoroasteridae  Zoroaster sp2  x x x  
Echinodermata  Asteroidea  Velatida  Pterasteridae  Pteraster sp1  x    
Echinodermata  Asteroidea  Paxillosida  Astropectinidae  Astropectinidae 

sp2  
x x x  

Echinodermata  Asteroidea  Brisingida   Brisingida  x x x x 
Echinodermata  Asteroidea  Brisingida   Brisingida sp1  x x x x 
Echinodermata  Asteroidea  Brisingida   Brisingida sp3  x  x x 
Echinodermata  Asteroidea  Brisingida   Brisingida sp4  x x x  
Echinodermata  Asteroidea  Brisingida   Brisingida sp5  x x x x 
Echinodermata  Asteroidea  Brisingida   Brisingida sp6  x x x x 
Echinodermata  Asteroidea  Brisingida   Brisingida sp7  x x x x 
Echinodermata  Asteroidea  Brisingida   Brisingida sp8  x   x 
Echinodermata  Asteroidea  Spinulosida  Pterasteridae  Hymenaster sp1  x x   
Echinodermata  Echinoidea  Cidaroida Cidaridae  Cidaridae   x x  
Echinodermata  Echinoidea  Cidaroida  Cidaroida  x x  
Echinodermata  Echinoidea  Cidaroida  Cidaroida sp2   x   
Echinodermata  Crinoidea    Crinoidea  x x   
Echinodermata  Crinoidea    Crinoidea sp3  x x   
Echinodermata  Echinoidea    Echinoidea  x x x x 
Echinodermata  Echinoidea  Echinothurioida  Phormosomatidae  Phormosoma 

placenta  
x x x x 

Echinodermata  Echinoidea    Echinoidea sp3    x x 
Echinodermata  Echinoidea    Echinoidea sp4  x x x x 
Echinodermata  Echinoidea    Echinoidea sp5  x  x  
Echinodermata  Echinoidea    Echinoidea sp6    x x 
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     Site 
Phylum Class Order Family Morphospecies 1 2 3 4 
Echinodermata  Echinoidea    Echinoidea sp7    x  
Echinodermata  Echinoidea    Echinoidea sp12 x x x x 
Echinodermata  Holothuroidea  Aspidochirotida  Synallactidae  Bathyplotes natans  x x x  
Echinodermata  Holothuroidea  Elasipodida  Laetmogonidae  Laetmogone cf. 

violacea  
  x  

Echinodermata  Holothuroidea  Aspidochirotida  Mesothuriidae  Mesothuria 
intestinalis  

x    

Echinodermata  Holothuroidea    Holothuria sp1  x x x x 
Echinodermata  Echinoidea    Echinoidea sp5  x  x  
Echinodermata  Echinoidea    Echinoidea sp6    x x 
Echinodermata  Echinoidea    Echinoidea sp7    x  
Echinodermata  Echinoidea    Echinoidea sp12 x x x x 
Echinodermata  Holothuroidea  Aspidochirotida  Synallactidae  Bathyplotes natans  x x x  
Echinodermata  Holothuroidea  Elasipodida  Laetmogonidae  Laetmogone cf. 

violacea  
  x  

Echinodermata  Holothuroidea  Aspidochirotida  Mesothuriidae  Mesothuria 
intestinalis  

x    

Echinodermata  Holothuroidea    Holothuria sp1  x x x x 
Echinodermata  Holothuroidea    Holothuroidea  x   x 
Echinodermata  Ophiuroidea  Ophiurida   Ophiurida  x x x x 
Echinodermata  Ophiuroidea  Ophiurida   Ophiurida sp1  x x   
Echinodermata  Ophiuroidea  Ophiurida   Ophiurida sp2    x  
Echinodermata  Ophiuroidea  Ophiurida   Ophiurida sp3   x   
Echinodermata  Ophiuroidea  Ophiurida   Ophiurida sp4  x x  x 
Echinodermata  Ophiuroidea  Ophiurida   Ophiurida sp9 x x x x 
Echinodermata  Echinoidea  Cidaroida Cidaridae  Poriocidaris 

purpurata  
x x x x 

Echinodermata  Asteroidea  Forcipulatida  Zoroasteridae  Zoroaster sp1  x x x x 
Echinodermata  Asteroidea  Forcipulatida  Zoroasteridae  Zoroaster sp2  x x   
Echinodermata  Asteroidea  Forcipulatida  Zoroasteridae  Zoroaster sp3  x x x x 
Echinodermata  Asteroidea  Forcipulatida  Zoroasteridae  Zoroaster sp5   x   
Echinodermata  Asteroidea  Forcipulatida  Zoroasteridae  Zoroasteridae   x x  
Echinodermata     Echinodermata  x x  x 
Foraminifera  Monothalamea   Syringamminidae  Syringammina x x  x 
Mollusca  Cephalopoda  Octopoda  Octopodidae  Cephalopoda sp1 x    
Mollusca     Mollusca  x x x  
Porifera Hexactinellida  Amphidiscosida  Hyalonematidae  Hyalonema  x   x 
Porifera  Hexactinellida  Amphidiscosida  Pheronematidae  Pheronema 

carpenteri  
x x x x 

Porifera  Hexactinellida    Hexactinellida  x x x  
Porifera     Porifera  x x x x 
    Unidentified-5   x  
    Unidentified-7 x x x x 
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     Site 
Phylum Class Order Family Morphospecies 1 2 3 4 
    Unidentified-11    x 
    Unidentified-12   x x 
    Unidentified-14    x 
    Unidentified-16 x x   
    Unidentified-17    x 
    Unidentified-18 x    
    Unidentified-19  x   
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