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Abstract 

Long term sustainability of fisheries requires an ecosystem approach to fisheries 

management (EAF).  Knowledge of the ecosystem impacts of fishing is necessary to support 

an EAF, but describing the links between benthic biodiversity and fishing is challenging on 

the spatial scale of entire fisheries because of the heterogeneity of habitats and community 

responses.  A large scale observational study was carried out on the benthic community 

impacts of the west Greenland shrimp trawl fishery in order to inform future ecosystem-

based management as part of a sustainable seafood certification process with the Marine 

Stewardship Council.  This represents a preliminary step in the first benthic impact 

assessment undertaken for this fishery, and the first characterisation of benthic communities 

on the west Greenland continental shelf.  Univariate and multivariate biodiversity indicators 

were used to analyse community data collected from seabed images.   Major differences in 

community composition between rocky substrata and sandy/muddy substrata were 

encountered.  Significant negative impacts of trawling were detected on soft substrata, 

primarily due to the destruction of rare keystone structures. Impacts of trawling on rocky 

substrata were not detected at the community level, but were apparent for vulnerable taxa, 

including hydroid corals (family Stylasteridae), and soft corals (order Alcyonacea).  Despite 

high levels of environmental noise and uncertainty about historical status of benthic 

communities, this study shows that large scale approaches can be successful in linking 

fishing pressure to community composition, and therefore in supporting future ecosystem-

based management.     
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1 Introduction 

1.2 Global Impacts of Bottom Trawling 

Bottom trawling is one of the most widespread human impacts on the sea floor, affecting 

approximately 75% of the world’s continental shelf area (Kaiser et al 2002).  Every year the 

total area of seabed trawled for seafood is about 150 times greater than the total area of forest 

lost to clear-cutting (Watling & Norse, 1998). Trawls are considered to be the most 

damaging type of mobile bottom fishing gear (DFO, 2006).  Trawling effects have been 

likened to terrestrial man-accelerated soil erosion (Pusceddu et al, 2014) and forest 

conversion to cattle pasture (Watling & Norse 1998).  As such, bottom trawling poses a 

major threat to deep sea biodiversity on a global scale.   

 

1.2 The West Greenland Shrimp Trawl Fishery  

The West Greenland Coldwater Shrimp Trawl Fishery exploits Pandalus borealis in the 

Davis Strait (NAFO Divisions 0A and 1A-F) at 150-600m of depth.  125-150,000 tonnes of 

shrimp are caught every year, primarily using otter trawls (IMM Ltd, 2013).  Following the 

final collapse of the cod fishery in the 1990s, shrimp became Greenland’s most important 

fishery and a crucial part of the economy.  In 2009, the West Greenland shrimp catch made 

up DKK 1 billion (more than half) of total export earnings and employed more than 1,400 

people (2.5% of the total population) (IMM Ltd, 2013).   Commercial shrimp trawlers are 

required to land one quarter of their catch specifically to support land-based employment in 

seafood processing (A. Arboe, pers. comm.).   

 

Shrimp trawling has occurred across the western Greenland shelf since at least the mid-

1950’s, with intense fishing (>50,000 tonnes/year) occurring from 1975 onwards (Buch et 

al, 2004).  Benthic ecosystems in this area have therefore been subject to long term 

continuing trawl impacts, which have gone almost entirely undocumented until now.     

 

1.3 Marine Stewardship Council Certification 

The Marine Stewardship Council (MSC) is a marine conservation NGO which has created 

a seafood certification programme, aiming to “contribute to the health of the world’s oceans” 

through recognition of sustainable fishing practices (MSC.org, 2014).  MSC certification 

allows seafood to be sold under the MSC ecolabel, which commands a price premium as 
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well as increased access to “responsible consumer” markets compared to other seafood 

(MSC, 2013a).  The primary purchasers of Greenlandic shrimp are UK-based supermarket 

chains such as Sainsbury’s and Marks & Spencers, many of which have pledged recently to 

purchase only sustainable seafood products (GreenPeace, 2005; MCSUK.org, 2014).  Due 

to these changes in corporate responsibility policies, the shrimp fishery elected to apply for 

Marine Stewardship Council certification (Kemp, 2014, pers.comm.).  The MSC assessment 

protocol contains three branches or “principles”: (I) Health of the target fish stock, (II) 

Impact of the fishery on the environment, and (III) Effective management of the fishery 

(MSC, 2013a).   

The West Greenland Coldwater Shrimp Trawl Fishery entered full assessment in November 

2010, and was successfully certified as sustainable in February 2013 (IMM Ltd, 2013).   

However, this certification is subject to several conditions that must be satisfied over the 

course of the following four annual audits.  6 of the total 10 conditions fall under the Habitats 

and Ecosystems sections of Principle II.  The fishery must demonstrate by the fourth annual 

audit that the “nature, distribution and vulnerability of all main habitat types in the fishery 

are known at a level of detail relevant to the scale and intensity of the fishery”, and that 

“sufficient information is available on the impacts of the fishery on benthic communities to 

allow some of the main consequences for the ecosystem to be inferred” (IMM Ltd, 2013).    

 

1.4 Project Description 

As part of the MSC certification process, Dr Kirsty Kemp and Dr Chris Yesson of the 

Zoological Society of London (ZSL) have carried out four benthic invertebrate survey 

expeditions between 2011 and 2014 across the west Greenland shelf.  These data represent 

the first direct observations of benthic invertebrate biodiversity in the area utilised by the 

shrimp trawl fishery.  This Master’s project incorporates community data from the 2011, 

2012 and 2013 sampling expeditions.  This project will contribute to identification of little-

studied Greenlandic benthic invertebrates and provide a preliminary analysis of the benthic 

community impacts of shrimp trawl fishing, which will both feed into a final overall benthic 

impact assessment in 2017.   
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1.5 Aims and Objectives 

The primary focus of this project is to investigate the specific profile of trawling impacts on 

Greenlandic deepwater benthic communities, with a view to discovering whether some 

organisms and community types are more vulnerable than others.  Community responses to 

fishing pressure will be investigated in terms of cumulative fishing impact and recovery 

time, in order to account for both the intensity and frequency of fishing.  Historical fishing 

data is available from 1986 onwards, and it is hoped that investigation of community 

composition in comparison to this 28 year data set will reveal longer term trends in 

community responses to fishing.   

 

With this in mind, the objectives of this project are to: 

1.5.1 Characterise the communities present on different substrate types on the Greenland 

continental shelf 

1.5.2 Investigate how hard substrate communities have been impacted by cumulative 

fishing, and their potential for recovery after fishing disturbance.    

1.5.3 Investigate how soft substrate communities have been impacted by cumulative 

fishing, and their potential for recovery after fishing disturbance.    

1.5.4 Look for specific taxa that show greater vulnerability to fishing on hard and soft 

substrata 
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2 Background  

 

2.1 Benthic Biodiversity 

Historically the deep sea was considered to be faunally depauperate, a “kingdom of mud and 

worms” incapable of supporting complex life (Hessler & Sanders, 1967; Roberts, 2002).  

However, over the last 25 years new technology has provided increasing access to deep sea 

habitats and has facilitated the discovery of highly diverse marine communities, hosting 

species from almost every known animal phylum (Rex & Etter, 2010; Danovaro et al, 2014; 

Costello et al, 2010).  Some recently discovered deep sea communities include bryozoan 

beds in the Weddell Sea (de Blauwe & Gordon, 2014), chemosynthetic hydrothermal vent 

communities in the Southern Ocean (Rogers et al, 2012), and sabellaria (tube worm) reefs 

off the coast of France (Dubois et al, 2002).   

 

2.2 Knowledge of Greenlandic Benthic Communities 

Currently little published information is available on West Greenland deep sea benthic 

communities.  Substrate types (rock, mud and gravel, mixed substrate) in areas that are 

exploited by the fishery have been characterised and charted in the Management Plan for 

the shrimp fishery in West Greenland (IMM Ltd, 2013).  The Greenland Institute of Natural 

Resources (GINR) carried out a review of coral and sponge catch from experimental trawls 

between 2010 and 2012, however few corals were collected from depths less than 500m.  

Only one high diversity coral area was identified between 63°N and 64°N and at 1000-

1500m, which is well below normal shrimp trawling depths (Jørgensen et al, 2014).  

Analysis of image data collected by ZSL in 2011 and 2012 suggests that Greenland’s 

macrobenthos varies geographically from north to south, and in some areas shows an 

abundance of brittle stars, hydroid corals, soft corals, sponges, bryozoans and tube worms 

(Simon, n.d.; Chemshirova n.d.).   

 

2.3 Trawling Gear 

Bottom trawling is a common commercial method for catching demersal fish and 

invertebrates such as halibut and shrimp (DFO, 2006).  It involves scraping the bottom of 

the sea with a weighted net, and removes or damages benthic organisms to a depth of 10cm 

(Watling & Norse 1998).  Otter trawling uses two ‘trawl doors’ as hydroplanes at the 
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opening of the net, each weighing 3 tonnes (IMM Ltd, 2013).  ‘Rock-hopper’ gear rolls over 

the bottom and often drags and overturns rocks and boulders with their associated epifauna 

(Freese et al, 1999).  All types of trawling cause damage to the benthos, although otter 

trawling has less severe impacts compared to scallop dredging or beam-trawling (as 

reviewed in Kaiser et al, 2006).   

 

2.4 Community Impacts of Trawl Fishing  

The US National Research Council outlined the primary impacts of bottom trawling as (i) 

reduction of habitat complexity, (ii) alteration of benthic communities, particularly fragile 

epifauna, and (iii) reduction of benthic productivity (NRC, 2002).  Benthic invertebrate 

macrofauna are often used to measure the ecosystem impacts of trawling because they play 

key ecological roles as prey, form important habitat structures, and have narrow 

environmental affinities related to properties of the sea floor (McConnaughey et al, 2000). 

Benthic invertebrate community responses to trawling are generally consistent with this 

model: small and fast-growing species become more dominant in heavily impacted areas, 

while large and slow-growing species become rarer, and overall species diversity and 

evenness decrease (Hall, 1999).   

 

2.4.1 Vulnerable Taxa 

Corals (Anthozoa and Hydrozoa) and sponges (Porifera) are consistently found to be more 

vulnerable to trawling impacts than other vertebrate or invertebrate taxa (DFO, 2013).  

Multiple studies have reinforced this conclusion using a range of indicators such as biomass 

(Burd et al 2002), species density (Freese 1999), species abundance (Collie et al 2000), and 

percent cover (Clark & Rowden, 2009).  This vulnerability is most likely a consequence of 

the slow growth rates (Andrews et al 2009), long lifespans (Andrews et al 2002), and sessile 

nature and emergent body structures (DFO, 2010) of both groups of animals.  Communities 

dominated by corals and sponges therefore experience greater changes as a result of 

demersal fishing than other benthic community types (DFO, 2013).   

 

In addition to being vulnerable to initial trawling impacts, sponges and corals take longer to 

recover after impact compared to other animal groups.  Estimates of recovery time are highly 

variable, due in part to a lack of long term studies (Kaiser et al 2006).  Thrush and Dayton 

estimated recovery times for slow-growing benthic communities to be 5 years or more 
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(Thrush & Dayton 2002); Kaiser et al 2006 measured sponge and coral recovery time to be 

up to 8 years (Kaiser et al 2006); Rooper et al modelled the recovery time for deep sea 

“upright corals” to be 34 years (Rooper et al 2011); and expert opinions presented in a meta-

analysis of coral and sponge impact studies found coral recovery time to be on the order of 

“decades to centuries” (DFO, 2013).   

 

Despite their many common traits, sponges and corals are large groups of animals that 

exhibit different responses to fishing impact due to differences in growth forms and life 

history (DFO, 2013).  For example, soft corals (Anthozoa: Octocorallia) from the family 

Nephtheidae have been shown to recover quickly from experimental crushing impacts due 

to an ability to retract in response to disturbance (Henry et al, 2003). Corals in this group 

were not considered to be sensitive taxa in the benthic impact assessment of the Gulf of St 

Laurence shrimp trawl fishery (DFO, 2012).   

 

2.3.2 Resilient and Opportunistic Taxa 

While the destruction of large-bodied fragile taxa results in an overall decrease in species 

diversity and evenness, there are some benthic taxa that are able to survive trawling, and 

even take advantage of newly emptied post-disturbance habitats.  Polychaete worms are 

often found to dominate post-disturbance communities because their larvae disperse easily 

(Burd et al, 2002), they grow quickly (Jones, 1992), and they are generally short-lived 

species with high turnover rates (DFO, 2006).  Highly mobile taxa that are able to escape 

trawl damage are also more dominant in highly disturbed communities (Hixon & Tissot, 

2006). These species are primarily scavengers that feed on damaged or dead animals 

(Ramsay et al, 1996).  Scavenger groups found to benefit from trawling include Brachyura 

(crabs) (Collie et al, 2000), Ophiuroidea (brittle stars) (Engel & Kvitek, 1998), Asteroidea 

(sea stars and sun stars) (Groenewald & Fonds, 2000), and Gastropoda (sea snails) (Hixon 

& Tissot, 2006).   

 

2.5 Physical Impacts of Trawl Fishing 

The complex body structures of corals, tube-forming polychaetes, bryozoans and sponges 

provide novel microhabitats that harbour an array of associated taxa.  These biogenic 

habitats are crucial for the preservation of biodiversity in the deep sea (Buhl-Mortensen et 

al, 2010; Levin & Dayton, 2009; McClain & Barry, 2010).  A significant number of these 
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animals can be destroyed by a single pass of an otter trawl (Freese et al, 1999).  In addition 

to removing biogenic structures, trawl nets and rock-hopper gear shift boulders and flatten 

sedimentary bedforms, all of which lead to an increasingly homogenous environment as 

trawling continues (DFO, 2006; Auster et al, 1996).   

 

Alteration of the physical structure of the seabed can lead to permanent changes in 

macrobenthic community composition (Jones, 1992).  Particularly in sensitive communities 

that are dominated by sessile bioengineers, the removal of hard surfaces for attachment 

makes recruitment of new corals and sponges increasingly unlikely (DFO, 2013).  

Depending on the intensity and duration of fishing, post-disturbance communities of small 

mobile infaunal species may constitute an alternate stable state with no potential for recovery 

to the previous complex community (Kaiser et al, 2000).   

 

2.6 Environmental Factors Affecting Trawling Impacts 

2.6.1 Natural Disturbance 

Benthic communities are subject to both natural and anthropogenic disturbance regimes, and 

the relative impact of fishing is influenced by the magnitude of natural disturbance (Jennings 

& Kaiser, 1998).  Natural disturbances include bioturbation by infauna (sediment movement 

by animal burrowing and tunnelling), feeding of predators on the seabed, wave action, tidal 

currents, and iceberg scouring (Watling & Norse, 1998; Blanchard et al, 2004).  Generally 

speaking, these disturbances are greater in waters shallower than 60m (Blanchard et al, 

2004), although storm waves can affect benthic communities down to 94m (Sharma et al 

1972).  In some systems subject to high levels of natural disturbance, long term cumulative 

changes in macrofaunal community structure due to trawling are not detectable (Simpson & 

Watling 2006, McConnaughey et al, 2000).  However, deep sea ecosystems are by definition 

low-energy and do not experience wave disturbance, which makes them particularly 

vulnerable to fishing impact (Rex & Etter, 2010).   

 

2.6.2 Substrate Type 

Sediment properties influence the types of benthic fauna that make up a community (Rees 

et al, 1999).  Substrata are usually classed as stable vs mobile (as in Kaiser et al 2006), or 

hard vs soft (as in DFO, 2006).  Stable or hard substrata consist of pavement, pebbles, 

boulders or biogenic reefs, whereas mobile or soft substrata consist of sand or mud.   Hard 
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substrata can support an abundance of emergent epifauna, while soft substrata are normally 

characterised by burrowing or motile infauna (Watling and Norse, 1998).  Substrate type 

interacts with disturbance regime to produce varying community responses, adding a layer 

of complexity when measuring fishing impacts.  For example, long term effects of otter 

trawling were undetectable in a sandy habitat on the Newfoundland Grand Banks despite 

the depth of 120m (Kenchington et al 2001).   

 

2.7 Ecosystem Approach to Fisheries 

The Ecosystem Impacts (Principle II) requirements for MSC certification reflect a growing 

realisation within fisheries management that the long term sustainability of fisheries is 

dependent on the health of associated ecosystems and not simply on the target fish 

population (Pikitch et al, 2004; Cury & Christensen, 2005).  For example, the loss of grouper 

on the Florida continental shelf was associated with ivory coral reef destruction through 

trawling (Koenig et al, 2005).   This holistic approach has been termed the Ecosystem 

Approach to Fisheries management (EAF) or Ecosystem-Based Fisheries Management 

(EBFM), and aims to (i) avoid degradation of ecosystems, (ii) minimise risk of irreversible 

ecosystem change, (iii) maintain long-term socio-economic benefits without compromising 

the ecosystem, and (iv) generate knowledge of ecosystem processes sufficient to understand 

the likely consequences of human actions (Pikitch et al, 2004).   

 

2.8 Ecosystem State Indicators 

EAF is supported by knowledge of ecosystem state within a fisheries management unit, 

which is in turn measured by ecosystem indicators. Defining the relationship between 

ecosystem state and fishing pressure allows fisheries to be managed for desired ecological 

outcomes, and therefore achieve sustainability (Jennings et al, 2005).   

 

Hundreds of indicators exist to describe ecosystem state, but there is no silver bullet 

indicator to describe all ecosystem dynamics (Rice, 2003).  Indicator performance can differ 

based on ecosystem type, history of exploitation, and other factors, therefore a suite of 

indicators is required in order to fully capture fishing-related dynamics within study 

ecosystems (Cury & Christensen, 2005).  Many ecosystem attributes cannot be measured 

directly, therefore biodiversity indices act as proxies (Fulton et al, 2005).  A robust suite of 

indicators describes ecosystem state on multiple biological and spatial levels, and 
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incorporates an understanding of the strengths and weaknesses of each index chosen (see 

Table 2.1) (Jennings et al, 2005).  Choice of indicators should relate explicitly to 

management goals if they are to feed into a fisheries management process, however choice 

is also constrained by data collection methods, economic resources, and potential for 

continued monitoring (Cury & Christensen, 2005).   

 

Table 2.1: Framework for classification and evaluation of common indices, adapted from 

Rice (2003) and the Canadian Department of Fisheries and Oceans (2013) 
 

Indicator 

Type 
Indicator/ Technique Strengths Weaknesses Source 

A
b

u
n

d
a

n
ce

 

Number of 

individuals 

Appropriate for 

conspicuous and 

distinguishable taxa 

Poorly suited to colonial 

taxa, does not account for 

size of individuals 

DFO, 2013 

Biomass More efficient for 

numerous, small taxa 

Does not account for size 

structure 

DFO, 2013 

% Cover Suited to abundant, 

colonial taxa, or 

encrusting growth forms 

Difficult to measure on 

complex bottoms or where 

species overlap is unclear 

DFO, 2013 

Indicator Species Very specific      

measurement of impact 

Usefulness depends on the 

sensitivity and exposure of 

indicator species to 

impacts 

Rice, 2003 

C
o

m
m

u
n

it
y

 D
iv

er
si

ty
 

Species Richness Does not require 

abundance counts, 

measures 1 dimension of 

biodiversity 

Sensitive to sampling 

effort and ability to 

distinguish species 

DFO, 2013 

Species Evenness, eg 

Pielou's Evenness or 

Simpson Dominance 

Sensitive to measuring 

impacts where species 

have highly differential 

tolerances 

Misleading signals when 

abundant species 

experience increased 

mortality but species are 

not extirpated 

Rice, 2003 

Species Diversity, eg 

Shannon index 

Measures both richness 

and evenness 

May not be sensitive to 

disturbance, requires 

occurrence and relative 

abundance data 

DFO, 2013 

C
o

m
m

u
n

it
y

 

C
o

m
p

o
si

ti
o

n
 Multivariate 

Ordination 

Does not simplify 

community structure into 

an index  

Insensitive to impacts 

when different taxa 

respond to pressure at 

different rates or in 

different directions 

Rice, 2003 
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2.9 Current State of Benthic Impact Assessment 

A multitude of studies and reviews have measured the impacts of trawling on seabed 

communities over the past 50 years, and whilst there is consensus on qualitative impacts, 

quantitative impacts are not consistent between studies (Bolam et al, 2014; Kaiser et al, 

2006).  This is because multiple factors affect the specific profile of trawling impacts, 

including gear types, fishing intensity, spatial scale of the fishery, connectivity of animal 

populations, and substrate type (Bolam et al, 2014).  Individual fisheries include different 

combinations of these interacting factors and operate in areas with different biotic 

assemblages.  Because the quantitative impacts are not generalisable across different 

fisheries, it is necessary to carry out individual assessments in order to fully grasp relevant 

impacts and design adequate mitigation strategies.    

 

The majority of trawling impact studies have been carried out in northern Europe or eastern 

North America and in shallow seas less than 60m (Bolam et al, 2014; Collie et al, 2000).  

This is problematic because, for all the aforementioned reasons, it is likely that deep sea 

ecosystems are more vulnerable to fishing than shallower ecosystems.  The most heavily 

studied areas have also been intensely fished, and few pristine reference or control points 

exist (DFO, 2013). True ecological baselines are extremely important for measuring the 

ecosystem impacts of fishing, as they help to avoid the ‘shifting baseline syndrome’ 

(Jennings et al, 2005; Pauly, 1995).  When the first measurements of a system are made after 

impacts, then the real baseline is lost and new baselines are set in ecosystem states of 

increasing degradation.  Current experimental studies in these heavily impacted areas often 

measure only the change made by a few trawl passes in what is already a “faunal desert”, 

and therefore underestimate the true impacts of trawling (Pusceddu et al, 2014).   

 

Many studies are experimental and are restricted to 4-8 study sites (DFO, 2013). These  

small scale experimental approaches can make more accurate and certain conclusions about 

trawling impacts compared to observational studies, particularly as fishing records can be 

inexact (Hannah et al, 2010; Engel & Kvitek, 1998). Benthic impact assessments are also 

plagued by a high level of ‘noise’, or the interference of effects other than fishing in the 

community responses measured, and this problem is exacerbated as spatial scale increases 

(Jennings et al, 2005; Rice, 2003).  Despite these issues, it is increasingly recognised that 
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impact assessments should be done on regional scales in order for the results to be relevant 

for fisheries management (Kaiser et al, 2006).     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



12 

 

3 Materials and Methods 

 

3.1 Methodological Framework 

This assessment of the impact of shrimp trawl fishing on Greenland benthic communities 

attempted to detect impacts as accurately as possible on the scale of the study fishery, while 

using non-destructive data collection techniques.  Underwater photography was used to 

collect benthic biodiversity data because (a) it is unlikely to damage benthic organisms, and 

(b) it is a fisheries-independent sampling technique that is more likely to accurately measure 

damage done to marine habitats than analysis of trawl bycatch (Auster et al, 1989; Collie et 

al, 2000).  Detecting the effects of fishing disturbance is also strongly scale-dependent, 

therefore seabed images were collected at the scale of the trawl fishery (Figure 3.2) (Kaiser 

et al, 2003).    

 

3.2 Benthic Data Collection 

3.2.1 Sampling Cruises 

Fieldwork was conducted aboard the R/V Paamiut, a 

1085 tonne shrimp trawling vessel operated by the 

Greenland Institute of Natural Resources (GINR).  

Seabed images and samples were collected alongside 

routine stock assessment cruises.  Data collection was 

carried out over the course of three cruises.  Stations 

between Ilulissat and Nuuk were sampled in 2011 

(N=41); stations between Nuuk and Qaqortoq (60.7  ̊

north) were sampled in 2012 (N=39); and stations 

between Ilulissat and north of Disko Bay (up to 72 ̊ 

north) were sampled in 2013 (N=38) (Figure 3.2) 

 

Figure 3.1: Camera frame 

with mounted camera 

equipment and weights 
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Figure 3.2: Distribution of camera stations across the west Greenland continental shelf 

 

3.2.2 Seabed Imaging 

Seabed images were taken using a Nikon digital SLR camera, DSC-10000 Digital Ocean 

Imaging Systems (DOIS) deep sea camera housing, and 200W-S Remote Head Strobe flash 

unit (DOIS, Model3831), all mounted on a weighted steel frame (Figure 3.1).  The flash and 

camera were operated by a trigger weight, suspended slightly below the camera frame.  The 

area of seabed sampled in each image was 0.3m2.   

 

Ten images were taken at each station.  The camera frame was lowered to the seafloor, raised 

10m – 20m, and lowered again ten times.  The camera was held suspended above the seabed 

for one minute intervals between images.  The motion of the current and drift of the ship 

was found to be sufficient over this interval to move the camera so that images did not 

overlap.  For the majority of stations, this resulted in 10 useable seabed images, however in 



14 

 

some cases the camera equipment malfunctioned or sediment clouds obscured the camera 

lens. 

 

3.3 Site Selection 

The locations of imaging stations were chosen based on cumulative fishing impact, and 

aimed to sample seabed communities across a range of different impact values, depths, and 

seabed sediment types.   The choice of stations was constrained by other ship activities of 

the R/V Paamiut, by weather and by equipment failures, which resulted in some clustering 

of stations.  In order to ensure independence of imaging stations, all stations were kept a 

minimum of 10 nautical miles apart.   

 

Table 3.1: Summary of imaging stations analysed  

Year of 

Sampling: 

Number of 

Stations 
Hard Substrate Soft Substrate 

Depth range 

(m) 

Latitudinal 

Range 

(Northings) 

2011 41 14 27 
61-528 64.13 - 69.02 

2012 39 29 10 
109-323 60.22 - 63.17 

2013 38 11 27 
189-725 66.95 - 72.27 

 

 

3.4 Image Analysis 

3.4.1 Benthic Fauna Identification 

All individuals in all useable seabed images were identified to the lowest taxonomic level 

possible.  Dead animals were not recorded, and no attempt was made to quantify benthic 

fauna possibly living below the substrate surface.   

 

Although multiple texts exist for benthic fauna identification in the North Atlantic, no 

published guides have been written specifically for Greenland.  A benthic identification 

guide specific to ZSL’s Greenland benthic dataset was compiled in the course of this 

research.  Analysis of the 2013 seabed images and in-situ identification of bycatch and grab 

sample specimens contributed new identifications to the guide, and resulted in a 44pg 

revised version (for select pages see Appendix).  This was the primary reference material 

used to make benthic fauna identifications for this project.   
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Due to the dearth of location-specific taxonomic identification material and the difficulty of 

performing species ID’s from images, identifications were not made to the species level.  

Some groups were identified to family, while others to the order or class level.  Bryozoa 

(moss animals) and Porifera (sponges) presented a particular challenge, as identifications 

for most of these animals are not possible past the phylum level without examination of 

internal or microscopic body structures (Rooper et al, 2011).  Morphological categorisations 

were therefore used instead of taxonomic categorisations.  Bryozoa were split into soft or 

leaf-like, erect/branching, and encrusting categories.  Porifera were split into massive, 

arborescent and encrusting categories.  Similar designations have been made in previous 

benthic biodiversity studies, particularly those based on photographic data (Collie et al, 

2000; Rooper et al, 2011).  A complete list of taxa identified can be found in Appendix 1.   

 

Functional guild designations were also made based on designations made in previous 

benthic biodiversity studies (Table A1.2) (Blanchard et al, 2004; Collie et al, 2000; Freese 

et al, 1999; McConnaughey et al, 2000).   

 

3.4.2 Image Processing  

Seabed images from sampling year 2013 were analysed using Poseidon, a programme 

specifically developed for this project by the University College London Computer Science 

Department (See Appendix 2) (Johns, 2014).  2011 and 2012 seabed images were analysed 

manually using Windows Paint and Microsoft Excel.   

 

3.4.3 Substrate Classification 

Each image was assigned the substrate classification ‘hard’ or ‘soft’.  Hard substrata were 

characterised by pebbles, rubble and boulders, while soft substrata consisted of either mud 

or sand (Figure 3.3).  Because not all 10 images from each station were useable, 5 images 

per station were chosen to include in analysis.  Choices were made based on image quality 

and substrate type.   
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3.5 Fishing Impact Calculation 

Recovery time and cumulative fishing effort were both used as explanatory measurements 

of fishing impacts on the benthos. Cumulative fishing effort was calculated using fisheries 

records from GINR (Yesson, n.d.).  Effort is expressed as the total number of minutes spent 

trawling in a 3.5km*3.5km grid containing each imaging station over the last 28 years.  

Cumulative effort was calculated yearly for all data between 2001 and 2013, and over 5 year 

periods between 1986 and 2000.  Recovery time was calculated as the number of years since 

last recorded trawl within each grid square.   

Figure 3.3: Examples of substrate 

types found in west Greenland.   

A – boulder 

B – mud 

C – pebble 

D – rubble 

E - sand 
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Cumulative fishing effort was heavily skewed towards smaller values on a per station basis, 

and therefore was log transformed in all analyses in order to normalise the distribution of 

impact data.   

 

3.6 Species Accumulation Curves 

Sample-based species accumulation curves were used to test the degree to which all taxa 

were successfully observed using seabed images.  The expected total number of taxa in hard 

and soft substrate communities was calculated using three different extrapolation methods: 

Bootstrap, 1st order jackknife, and Chao (Magurran & McGill, 2010).   

 

3.7 Linking Community State to Fishing Impact 

Abundance, community diversity and community structure indicators were all used in a 

multi-pronged approach to measuring community state.  These indicators were chosen in 

order to allow for description of all responses to fishing on the level of communities and 

individual taxa, and based on information available from photographs (taxa occurrence, taxa 

abundance).   

 

3.7.1 Biodiversity Indices 

Species richness, species abundance, Simpson’s reciprocal dominance index, and Shannon-

Wiener’s diversity index were all calculated for each camera station. Simpson’s dominance 

quantifies the probability that two individuals in a sample are of the same type, and its 

inverse value is an expression of taxa evenness (Magurran & McGill, 2010).  Shannon 

diversity is a composite measurement of species richness and species evenness (Magurran 

& McGill, 2010).   
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Taxa richness = S0      (eq. 1) 

Taxa abundance = ∑ni      (eq. 2) 

Simpson’s reciprocal dominance (1/λ) = 1/ ∑pi
2   (eq. 3) 

Shannon-Wiener diversity (H’) = -∑ pi ln(pi)   (eq. 4) 

 

Where: 

S0 = the observed number of species in the collection 

pi = the frequency of species i 

ni = number of individuals of the ith type 

 

Biodiversity indices are primarily designed for use in species-level analysis, however 

precedents exist for successfully employing them with higher mixed-level taxonomic 

groupings (Collie et al, 2000; Hannah et al, 2010). Since it was not possible to identify all 

species in this study, biodiversity indices were calculated using taxa on family, order and 

class levels.   1/ λ and H’ were calculated using the package ‘vegan’ in R 3.11 (Oksanen et 

al, 2008).   

 

Shannon-Wiener diversity was not used in the analysis of substrate-specific responses to 

trawling because it is a composite index and was not thought to reveal any trends beyond 

those revealed with species richness and evenness.  The distribution of taxa abundance per 

station was skewed towards low values, and was therefore log transformed for use in linear 

models, generalised linear models, and nMDS plots.   

 

3.7.2 Generalised Linear Models 

Generalised Linear Models (GLMs) were used to explore the relative contribution of fishing-

related and environmental explanatory variables to benthic community composition.  

Response variables used were taxa richness, taxa abundance and taxa evenness.  Separate 

models were made using hard and soft substrate stations for each response variable in order 

to explore potentially different responses of difference substrate type communities.  

Explanatory variables included cumulative fishing impact, recovery time, depth, salinity, 

current speed, slope, and temperature.  Potential interactions between depth and fishing 

impact were tested for using the explanatory variables depth*cumulative impact, and 

depth*recovery time.  Optimal models were chosen using the ‘dredge’ automated model 
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selection function of the ‘MuMIn’ package in R3.11.   In some cases, multiple top models 

were averaged using the function ‘model.avg’ (Barton, 2014).  For model selection tables, 

see Appendix 3.   

 

3.7.3 Controlling for Spatial Autocorrelation 

Moran’s I test for spatial autocorrelation was used to test whether stations closer to each 

other were more similar to each other in terms of taxa diversity than to stations farther away.  

This was done in R3.11 using the package ‘spdep’ (Bivan, 2014).  No significant spatial 

autocorrelation was discovered.   

 

3.7.4 Non-metric Multidimensional Scaling  

Non-metric Multidimensional Scaling (nMDS) is a multivariate ordination technique which 

projects multidimensional data (species counts) onto a 2D plane.  The distance between 

points in the nMDS plots generated is proportional to the bray dissimilarity between camera 

stations in terms of benthic community composition.  nMDS was favoured over other forms 

of ordination analysis (such as Principle Component Analysis or Correspondance Analysis) 

because it is a more robust technique when dealing with irregular species abundance 

distributions and high sampling variance (Rice, 2003).  As such, it is the preferred ecological 

ordination technique for marine communities (Clarke & Ainsworth, 1993).   

 

Ordination methods are sensitive to taxa identity and can reveal relationships between 

community and environmental variables that the identity-independent biodiversity indices 

do not (Warwick & Clarke, 1991).  nMDS was therefore used to explore changes in 

community structure that were not visible in biodiversity index based analyses.  One nMDS 

plot was generated based on all camera stations in order to visualise the dissimilarity of hard 

and soft substrate communities.   nMDS plots of stations from each substrate type were then 

generated separately.  Taxa names were overlaid at the centre of gravity in multidimensional 

space for each taxa in order to visualise patterns of hard and soft substrate community 

composition.  Plots were created using the metaMDS function of the package ‘vegan’ in 

R3.11 (Oksanen et al, 2008).  Singleton taxa were removed from nMDS analysis in order to 

avoid disproportionate influence of fauna which did not contribute to overall patterns in 

community composition in the formation of the ordination plots.   
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The ‘envfit’ function of vegan was used to project the points (stations) of each the ‘hard’ 

and ‘soft’ nMDS plots onto vectors which correlated with explanatory variables, including 

cumulative fishing effort, recovery time, depth, salinity, current speed, slope and 

temperature (Oksanen, 2014).  These vectors indicate the direction and strength of influence 

of variables on community composition.   

 

3.7.5 Linear Regression Models 

Taxa considered vulnerable to trawling impact in the literature were not automatically 

considered as vulnerable in this study. Instead, a data-driven method was used to discover 

potential vulnerable taxa within the specific study system.   Linear models were generated 

for every taxa with a total abundance greater than 50 individuals.  Vulnerable taxa were 

considered to be those exhibiting a significant linear response on hard or soft substrata to 

either cumulative fishing or recovery time.  Moving average lines (MAL) were also applied 

to all vulnerable taxa in order to visualise potential noise in significant abundance responses 

to fishing. These were calculated using the base function ‘smooth.spline’ in R3.11.   
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4 Results 

 

4.1 Characterising Communities by Substrate 

Species accumulation curves (SACs) revealed a reasonable level of taxa observation 

compared to estimated total taxa richness on both hard and soft substrata.  44 taxa were 

observed in hard substrate communities, and bootstrap, 1st order jackknife, and chao 

extrapolation methods predicted 46.6, 49.9, and 53 taxa, respectively (Figure 4.1).  While 

these all indicate that some taxa remain to be observed in hard substrate communities, the 

standard error ranges for these estimates all overlap with each other (Appendix 3, Table 

A3.1), which indicates that sufficient taxa were observed to reveal real patterns in 

biodiversity.   

Figure 4.1: Taxa accumulation curve and total taxa richness estimates for hard substrata. 

Shaded area indicates 95% CI.  

 

47 taxa were observed in soft substrate communities, and bootstrap, 1st order jackknife, and 

chao extrapolation methods predicted 50.5, 53.9, and 51.9 taxa, respectively (Figure 4.2).  

Again, all these indicate that some taxa remain to be observed, however taxa estimates were 

similar and standard error ranges overlap for these estimates.   

 



22 

 

Only 51 taxa were observed across all stations; therefore despite the significant difference 

in community structure between hard and soft substrate communities, there must be a 

reasonable degree of overlap in taxa occurrence between substrate/community types.   

Figure 4.2: Taxa accumulation curve and total taxa richness estimates for soft substrata.  

Shaded area indicates 95% CI.  

 

 

Figure 4.3: Taxa richness, taxa abundance, Shannon-Wiener diversity, and taxa evenness 

(reciprocal Simpson’s dominance index) values per station for communities on hard and 

soft substrata.  Thick black line indicates the median, upper and lower bounds of the box 

indicate first and third quartiles, whiskers show minimum and maximum values, excluding 

outliers which are illustrated as circles.   
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On a per station basis, hard bottom communities exhibited a higher abundance of individual 

animals, although there was a large range of abundance values between stations (Figure 4.3).  

Soft bottom communities were more dominated by a small number of taxa than hard bottom 

communities according to Simpson’s reciprocal dominance index.  Calculation of Shannon-

Wiener diversity showed higher average diversity on hard substrata, although again there 

was a large range of values in soft substrate communities (Figure 4.3).    

 

Four taxa made up more than ½ of the total individuals observed in this study: ophiuroids 

(brittle stars), ascidians, erect bryozoans and massive sponges (Table 4.1).  Common  

faunal groups (total abundance >500 individuals) which were observed more often on hard 

substrata include ophiuroids, ascidians, erect bryozoans, encrusting bryozoans,  massive 

sponges, stylasterids (lace corals), and zoanthids.  Polychaete worms in the family 

Eunicidae were common on soft substrata.     

 

Table 4.1: Average abundances per station of most common taxa (>500 individuals) on 

hard versus soft substrata (mean ±95% CI).  Taxa presented with a * exhibit non-

overlapping mean abundance CI ranges between substrate types.   
 

Taxa Common Name 
Hard 

Substrate 

Soft 

Substrate 

% of Total 

Taxa 

Abundance 

Ophiuroidea* Brittle star 94  ±  16.9 21  ±  8.8 23.1% 

Ascidiacea* Sessile tunicate 68  ±  11.0 03  ±  1.9 13.9% 

Bryozoa erect* Erect moss animal 36  ±  7.8 03  ±  1.5 7.8% 

Porifera massive* Massive sponge 31  ±  3.8 01  ±  0.4 6.2% 

Bryozoa soft Soft moss animal 09  ±  2.8 18  ±  7.9 6.0% 

Stylasterina* Lace coral 28  ±  5.2 01  ±  0.3 5.7% 

Zoantharia* Colonial anemone 24  ±  9.9 02  ±  0.8 5.3% 

Bryozoa encrusting* Sea mat 24  ±  5.0 02  ±  0.6 5.3% 

Eunicidae* Polychaete worm 04  ±  2.2 15  ±  5.8 4.5% 

Balanomorpha Barnacle 09  ±  5.2 08  ±  4.3 3.8% 

Sabellidae Polychaete worm 01  ±  3.4 02  ±  1.2 3.4% 

Porifera encrusting Encrusting sponge 01  ±  2.6 01  ±  0.1 2.8% 

Thecata Soft hydroid coral 01  ±  1.9 02  ±  1.2 2.6% 
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Non-metric multidimensional scaling (nMDS) analysis of community composition revealed 

a central cluster of hard substrate stations, with soft substrate stations spread across the 

ordination plot (Figure 4.4).   Because soft substrate stations generally did not host a high 

number of species or abundance of individuals (Figure 4.3), the addition of one new taxa 

may have had a greater effect on the distance between stations in the ordination plot for soft 

substrate stations compared to hard substrate stations.   

 

The abundance patterns outlined in table 4.1 reflect the positions of taxa names within the 

soft substrate ordination plot: all sponges and all anthozoan (coral) taxa other than 

pennatulacea (sea pens) were associated with the hard substrate cluster, as well as 

ophiuroids, asteroids, erect and encrusting bryozoans, ascidians and gastropods.  Taxa 

associated with soft substrate communities include soft bryozoans, bivalves, eunicid worms 

and shrimp.  Ascidians, bryozoans, sponges, stylasterids and zoanthids are all sessile filter 

feeders which require a substrate for attachment, while ophiuroids are mobile opportunists 

which can fall into multiple functional guilds.  Erect bryozoans, massive sponges and 

stylasterids can be considered habitat-forming bioengineers (see Tables A1.1 & A1.2).  

Fitting the environmental factor “substrate” onto the ordination plot revealed that hard and 

soft communities are significantly different (p<0.001) (Figure 4.4).   

 

 

 

 

 

 

Figure 4.4: First two 

axes of the nMDS 

ordination plot of all 

stations sampled from 

2011-2013, 

comparison of soft 

substrate and hard 

substrate communities 
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4.2 Distribution of Fishing Effort  

54 ‘hard substrate’ camera stations were sampled in this study, compared to 64 ‘soft 

substrate’ camera stations.  Soft substrate communities experienced more fishing pressure 

and shorter recovery times on average per station than hard substrate communities  

(Table 4.2).   

 

Table 4.2: Summary of cumulative fishing effort and recovery time across study stations 

  

Hard Substrate Soft Substrate Total 

Number of Stations 54 64 118 

Total Cumulative Impact (mins) 2,525,244 4,274,158 6,799,402 

Ave. Cum. Impact per Station 46,763.8 66,783.7 113,547.5 

Total Recovery Time (Years) 637 454 1091 

Ave. Recovery Time per Station 11.8 7.1 18.9 

 

 

4.3 Biodiversity Index Analysis 

4.3.2 Generalised Linear Modelling 

4.3.2.1 Taxa Richness 

Richness in hard substrate communities increased with greater depth (p=0.012) (Table 4.3).  

In soft substrate communities, taxa richness decreased significantly with cumulative fishing 

impact (p<0.001) and with recovery time (p=0.03). Cumulative impact shows a more 

significant effect on taxa richness and has a larger est. coefficient value than recovery time, 

indicating that there is a stronger relationship between richness and cumulative impact than 

between richness and recovery time.   

 

The moving average line (MAL) applied to the scatter plot of soft substrate taxa richness 

values compared to cumulative impact suggests that the true relationship between these 

variables was more parabolic than linear (Figure 4.5(a)). Taxa richness increases from 8 

taxa/station at 0 impact to 11 taxa/station at around 2.5 log(cum. impact) (315 minutes), and 

then fell to 4 taxa/station at the maximum impact value (375,000 minutes) (Figure 4.5 (a)). 
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Table 4.3: Summary of optimal GLM results on the effects of fishing and environmental 

variables on taxa richness in hard and soft substrate communities.  Values reported are 

estimated coefficients.  Signif. Codes: p <0.001 ‘***’, p <0.01 ‘**’, p <0.05 ‘*’ 
 

Explanatory Variable 
Taxa Richness 

Hard Soft Overall 

Intercept 2.49*** 3.16*** 3.33*** 

Cum. Impact (log(minutes)) 0.009 - 0.36*** - 0.23* 

Recovery Time (years) - 0.003 - 0.04* - 0.02 

Cum. Impact* Recovery Time   0.02*** 0.006** 

Depth 0.001* 0.001 <0.001 

Depth* Cum. Impact   <0.001 <0.001 

Depth* Recovery Time     <0.001 

Salinity       

Temperature       

Current Speed       

Substrate:soft      -0.72*** 

Recovery Time* Substrate       

Cum.Impact* Substrate       

 

  The reponse of soft substrate community taxa richness to recovery time showed a similar 

pattern, increasing from an average of 5 taxa/station at 0 years recovery time to ~12 

taxa/station at 10 years, and then decreasing again to an average of ~8 (Figure 4.5(b)).   

 

 

Figure 4.5: The effects of cumulative fishing impact (a) and recovery time (b) on taxa 

richness of hard and soft substrate communities. Moving average line for all stations is 

shown in red.  Non-significant relationships (GLM) are indicated with dashed lines 
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4.3.2.2 Taxa Abundance 

Taxa abundance did not vary with fishing impact, recovery time, or with any 

environmental variables in hard or soft substrate communities (Table 4.4).  However, soft 

substrate communities did show an interaction between the two measurements of fishing.  

Table 4.4: Summary of optimal GLM results on the effects of fishing and environmental 

variables on taxa abundance in hard and soft substrate communities.  Values reported are 

estimated coefficients.  Signif. Codes: p <0.001 ‘***’, p <0.01 ‘**’, p <0.05 ‘*’ 
 

Explanatory Variable 
Taxa Abundance 

Hard Soft Overall 

Intercept 2.57*** 2.17** 2.42* 

Cum. Impact (log(minutes)) - 0.02 - 0.11 - 0.08 

Recovery Time (years) 0.006 0.001 0.02 

Cum. Impact* Recovery 

Time 
 0.008** 0.005*** 

Depth   0.002 

Depth* Cum. Impact  <0.001 <0.001 

Depth* Recovery Time  <0.001 <0.001 

Salinity    

Temperature    

Current Speed    

Substrate:soft      - 0.76*** 

Recovery Time* Substrate      

Cum.Impact* Substrate       

 

4.3.2.3 Taxa Evenness 

Taxa evenness increased slowly but significantly (p<0.001) with increasing depth in hard 

substrate communities.  No influence of depth on taxa evenness emerged in soft substrata or 

overall, reflecting the same pattern seen in taxa richness (Table 4.5).   In soft substrate 

communities, taxa evenness decreased significantly with cumulative fishing impact, 

meaning that soft substrate communities became more dominated by a smaller number of 

taxa as fishing effort increased.  It appears that the real trend may also be more parabolic; 

however, the lack of data at small cumulative impact values between 0 and 1.8 (60 mins) 

makes this relationship less clear (Figure 4.6(a)).   
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Table 4.5: Summary of optimal GLM results on the effects of fishing and environmental 

variables on taxa evenness (Simpson’s reciprocal dominance) in hard and soft substrate 

communities.  Values reported are estimated coefficients.  Signif. Codes: p <0.001 ‘***’,  

p <0.01 ‘**’, p <0.05 ‘*’ 
 

Explanatory Variable 
Taxa Evenness 

Hard Soft Overall 

Intercept 1.21 7.15*** 9.07* 

Cum. Impact (log(minutes)) 0.1  -0.42** -0.44 

Recovery Time (years) -0.04  -0.18* -0.23 

Cum. Impact* Recovery Time  0.02** 0.005 

Depth 0.02*** 0.003 -0.01 

Depth* Cum. Impact   0.001 

Depth* Recovery Time   <0.001 

Salinity    

Temperature    

Current Speed    

Substrate:soft      -2.27*** 

Recovery Time* Substrate      

Cum.Impact* Substrate       

 

 

 

Figure 4.6: The effects of cumulative fishing (a) and recovery time (b) on taxa evenness of 

hard and soft substrate communities. Moving average line for all stations is shown in red.  

Non-significant relationships (GLM) are indicated with dashed lines.   

 

All three biodiversity index analyses considering all camera stations revealed substrate as a 

significant explanatory variable; responses also differed between analyses done with only 
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hard and only soft substrate camera stations.  When considered together, all biodiversity 

index analyses point to there being different diversity responses to fishing on different 

substrata.  Recovery time interacted with cumulative impact in determining the taxa 

richness, abundance and evenness of soft substrate communities, suggesting that variations 

in recovery time affect the way that communities respond to cumulative impact, and visa 

versa.   

 

4.4 Community Composition Impact Analysis 

4.4.1 Multidimensional Scaling Analysis for Hard Substrate Communities 

nMDS analysis of hard substrate stations revealed depth, slope, salinity, temperature and 

current speed (all environmental variables measured) as significant variables explaining 

variation in community composition. Neither cumulative impact nor recovery time 

explained variation in the composition of hard substrate communities (Figure 4.7, Table 

4.6).  

 

Table 4.6: Summary vector fit analysis, effects of fishing and environmental variables on 

community composition.  Values reported are p-values. Signif. Codes: p<0.001 ‘***’, 

p<0.01 ‘**’, p<0.05 ‘*’  
 

Explanatory 

Variable 

log(Cum. 

Impact) 

Recovery 

Time 
Depth Slope Temperature Salinity 

Current 

Speed 

Soft 

Substrate 
0.06 0.03* 0.006** 0.51 0.002** 0.07 0.07 

Hard 

Substrate 
0.73 0.15 <0.001*** 0.007** <0.001*** <0.001*** <0.001*** 

All Stations 0.06 0.003** 0.002** 0.05 <0.001*** <0.001*** <0.001*** 

 

 

Soft bryozoa, polyplacophora (chitons), terebratulida (lamp shells), balanomorpha 

(barnacles), gorgonians, caridea (shrimp), and sabellid worms characterised deeper habitats, 

while echinoidea (sea urchins) and bivalvia (bivalves) were more typical of shallower 

habitats (Figure 4.5).   
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Figure 4.6: First two axes of nMDS ordination plot of hard substrate communities.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: First two axes of nMDS ordination plot of hard substrate communities.  Taxa 

names are overlaid to indicate variation in community composition.  Black arrows (offset) 

indicate the direction and strength of influence of significant explanatory variables.   

 

 

Salinity, current speed, slope and temperature vectors all pointed in similar directions, 

indicating a gradient of slower, colder, fresher water on the lower left corner of the 

ordination plot and faster, warmer, saltier water on the upper right (Figure 4.7).  Sponges, 

holothuroids and stylasterids were associated with warmer and saltier stations, while 

bryozoans, sea anemones, and chitons were associated with colder and fresher stations.   

 

4.4.2 Multidimensional Scaling Analysis for Soft Substrate Communities 

nMDS analysis of soft substrate community composition indicated that depth, temperature 

and recovery time explained taxa-level variation in community composition, but other 

environmental variables and cumulative fishing impact did not (Figure 4.8, Table 4.6).   
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Shrimp, chitons, bryozoans and sabellid worms were associated with colder and deeper 

habitats, whereas echinoids, bivalves and sponges characterised warmer, shallower habitats 

(Figure 4.6).  Echinoids and bivalves show this same relationship to depth on hard substrata.    

 

Barnacles, shrimp, chitons, zoanthids, isopods, and soft bryozoans characterise communities 

with the most recovery time, while serpulid worms, echinoids, sea stars, gastropods, 

bivalves, ascidians, and arborescent sponges characterise communities that have had less 

time to recover.  Taxa associated with an intermediate amount of recovery time include 

crinoids, actiniarians (sea anemones), ophiuroideans, alcyonaceans (soft corals), 

stylasterids, gorgonians, terebratulids, eunicid worms and sabellid worms.   

 

Figure 4.8: First two axes of nMDS ordination plot of soft substrate communities.  Taxa 

names are overlaid to indicate taxa-level variation in community composition.  Black 

arrows (offset) indicate the direction and strength of influence of significant explanatory 

variables.  Grey area is filled in perpendicular to the Years Recovery vector, indicating the 

stations and taxa names associated with higher recovery time values.   

 

 

 



32 

 

Temperature and depth were the only two variables that explained changes in community 

composition in both hard and soft substrate communities (Table 4.6).  Hard substrate 

community composition was more strongly determined by environmental variables than 

soft substrate community composition.   

 

4.5 Vulnerable Taxa 

4.5.1 Responses to Cumulative Impact 

Individual taxa showing a significant negative response to cumulative trawling included 

stylasterids, alcyonaceans, polyplacophorans, terebratulids, encrusting and soft bryozoans, 

asteroids, and ophiuroids (Table 4.7).   

    Response to Cum. Impact Response to Recovery Time 

Taxa Common Name 

Overall 

Hard 

Substrate 

Soft 

Substrate Overall 

Hard 

Substrate 

Soft 

Substrate 

Porifera 

encrusting 

Encrusting 

sponge 
       +     

Porifera massive Massive sponge        +     

Stylasterina Lace coral  - -  - -    + + +  + + +   

Alcyonacea Soft coral  -      +  +   

Polyplacophora Chiton      - -  +    + + 

Eunicidae Polychaete        +     

Terebratulida Lamp shell  -      + +  +   

Bryozoa 

encrusting 
Sea mat  -    - - -      + 

Bryozoa soft 
Soft moss 

animal 
 -    - -        

Isopoda Isopod          - -   

Balanomorpha Barnacle        +    + + 

Asteroidea Sea star  -      +     

Ophiuroidea Brittle star  - - -    - -  + + +    + + 

Holothuroidea Sea Cucumber    +         

 

Table 4.7: Results summary of linear regression models showing the statistically 

significant effects of cumulative fishing impact and recovery time on specific taxa.   – 

denotes a negative slope, + a positive slope.  -/+ denotes p-value<0.05, -- /++ denotes p-

value <0.01, and  ---/+++ denotes p-value<0.001.  In the case of cumulative impact, - 

indicates a negative effect of fishing.  In the case of recovery time, + indicates a negative 

effect of fishing.  For a full summary of LM outputs, see Appendix 3.   
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Figure 4.9: Vulnerable taxa for cumulaive fishing impact (a) Stylasterina, (b) Alcyonacea, 

(c) Bryozoa encrusting, (d) Holothuroidea.  Significant linear regressions are shown in 

solid lines, non-significant effects are shown in dashed lines (overall=red, soft=black, 

hard=grey). 

 

Alcyonaceans, terebratulids and asteroids did not show substrate-specific responses (Figure 

4.9(b)).  Stylasterids responded to cumulative trawling on hard substrata, and also respresent 

the only habitat-forming taxa (Figure 4.9(a)).  Polyplacophorans, encrusting and soft 

bryozoans, and ophiuroids were negatively impacted in soft substrate communities (Figure 

4.9(c)).  
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Holoturoids (sea cucumbers) were the only taxa to show a positive response to cumulative 

impact, and this response only occurred on hard substrata (Table 4.7) (Figure 4.9(d)).  For 

scatter plots of all vulnerable taxa and their specific responses to cumulative fishing and 

recovery time see Appendix 3. 

   

 

4.5.2 Responses to Recovery Time  

Encrusting and massive sponges, eunicid worms, and asteroids all showed overall positive 

responses to recovery time, but no substrate-specific responses.   The overall response of 

sponges seems to be related more to the difference in sponge abundance between soft and 

hard substrata than to fishing: sponges are clearly more abundant on hard bottoms, and since 

these stations experienced longer recovery times (Table 4.2), the linear model appears to 

show a false abundance response to fishing (Figure 4.10(b)).  However, further exploration 

of porifera dynamics using moving average lines rather than linear regressions reveal an 

intermediate increase in sponge abundance around 10 years for massive sponges, and 15 

years for encrusting sponges (Figure A3.2 (a)(b)). 

 

Stylasterids responded positively to recovery time overall and on hard substrata, with the 

response being more significant for recovery time (p<0.001) than for cumulative impact 

(p<0.01).  Alcyonaceans and terebratulids also responded positively overall and on hard 

substrata (Figure 4.10(d)).  Polyplacophorans, balanomorph barnacles and ophiuroids 

responded positively overall and on hard substrata.  Encrusting bryozoans only showed a 

positive response on soft substrata, and isopods exhibited a negative response to recovery 

time (Table 4.7).   

 

Taxa which showed similar responses to cumulative fishing impact and recovery time 

included stylasterids, alcyonaceans, polyplacophorans, terebratulids, encrusting bryozoans, 

asteroids, and ophiuroids.  Recovery time responses were either more significant, or 

appeared in an additional substrate category for stylasterids, alcyonaceans, 

polyplacophorans,  and terebratulids.  Encrusting bryozoans were the only taxa to exhibit a 

more significant response to cumulative impact (Table 4.7).   
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Figure 4.10: Vulnerable taxa for recovery time (a) Eunicidae, (b) Porifera massive, (c) 

Stylasterina, (d) Alcyonacea.  Significant linear regressions are shown in solid lines, non-

significant effects are shown in dashed lines (overall=red, soft=black, hard=grey).  
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5 Discussion 

 

5.1 Characterising Communities 

5.1.1 Hard Substrate Communities 

Hard substrata provide rocks, pebbles and other hard surfaces for the attachment of an array 

of sessile epifauna, as well as multiple microhabitats amongst the complex physical 

structures of bedforms and bioengineers (Levin & Dayton, 2009; Brooke & Stone, 2007; 

Kaiser et al, 2002).   Overall, the hard substrate communities found in Greenland are 

relatively diverse, and are characterised by habitat-forming stylasterid corals, massive and 

arborescent sponges, and erect bryozoans, as well as soft-bodied sessile hydroid corals, 

alcyonaceans, ascidians, crinoids and actiniarians (Figure 5.1).   

 

Figure 5.1: Hard substrate seabed image containing sponges, erect bryozoan, hydroid 

corals and alcyonaceans 

 

Hard bodied but non-habitat forming polychaete worms (sabellidae, serpulidae) and 

terebratulids were also found attached to rocks and boulders on the sea bed.  Encrusting 

fauna included sponges and bryozoans.  Amongst these attached filter-feeding animals, 
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mobile invertebrates were also common, including gastropods, brittle stars, sea stars and 

isopods.   

 

5.1.2 Soft Substrate Communities 

The soft substrate communities found off the west coast of Greenland are not as diverse as 

those on hard substrata, and are characterised primarily by the polychaete family Eunicidae, 

which forms tubes of sand grains and other benthic particles; by bivalves and sea pens, which 

are filter feeders living buried or anchored in the mud; and by shrimp, including the fishery 

target species Pandalus borealis.  This is consistent with soft sediment habitats in other areas 

around the northwest Atlantic such as the Grand Banks, where sessile epifauna occur only 

at low densities (Kenchington et al, 2001), and Maine’s Penobscot Bay, where soft muddy 

bottoms are inhabited by shrimp, bivalves and polychaetes (Sparks-McConkey & Watling, 

2001).   

Despite being defined as soft bottomed, some stations did contain small rocks.  These were 

mostly colonised by soft bryozoans, chitons, and balanomorph barnacles, but also hosted 

some of the same fauna found on hard substrata such as actiniarians, ascidians and 

encrusting bryozoans (Figure 5.2).  This may explain the overlap of some hard substrate 

stations with soft substrate stations in the nMDS plot of all camera stations (Figure 4.4).  

  

5.2 Hard Substrate Community Responses to Fishing 

Greenland hard substrate communities vary according to environmental factors, but do not 

vary with fishing intensity or frequency.  Depth is a particularly important determinant of 

community composition. This reflects the findings of Piepenburg and Schmid’s 

characterisation of the macrobenthos of Eastern Greenland, where the “principle feature” of 

benthic species distributions was depth zonation (Piepenburg & Schmid, 1996).   

Interactions between depth and fishing impacts could not be explored in the context of hard 

substrate communities due to the absence of an effect of either cumulative impact or 

recovery time.  Although community composition varies with depth, all sampling stations 

were more than 60m deep which suggests that none of them are subject to significant wave 

disturbance (Blanchard et al, 2004).   
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Figure 5.2: Soft substrate seabed image containing a sea anemone (Actiniaria) and 

several colonial anemones (Zoantharia); all are attached epifauna 

 

Iceberg scouring is a likely natural disturbance agent, as the Greenland ice sheet actively 

produces icebergs and glacial icebergs can run aground in water as deep as 600m (Gutt, 

2001).   However, iceberg-related biodiversity dynamics normally occur on a 20-50m scale 

(Robert et al, 2014), which would not have been observable given the sampling design of 

this study. 

  

5.2.1 Vulnerable Taxa in Hard Substrate Communities 

Some hard substrate resident taxa responded similarly to previous trawling impact studies, 

but not all.  The negative response of stylasterid corals to cumulative impact, and positive 

response to recovery time is in line with previous studies which point to arborescent and 

emergent growth forms as a common characteristic of fauna vulnerable to trawling (Asch & 

Collie, 2008; DFO, 2013).  The reproductive traits of this hydrocoral family also limit their 

potential to recolonise disturbed areas because they are slow growing, long-living, and 

fertilise internally (Brooke & Stone, 2007).   
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 Alcyonaceans were less abundant in stations that were more intensely and more recently 

trawled, despite being considered as not vulnerable in the shrimp trawling impact assessment 

of the St Laurence estuary (DFO, 2012).   These soft corals may be less vulnerable than 

other benthic epifauna due to their ability to retract, but they are still sessile emergent filter 

feeders and our results show a clear negative response of this group to trawling.     

Massive and encrusting porifera become more abundant when given longer to recover, 

which is consistent with findings from multiple other studies which find sponges to be slow 

growing and easily damaged by trawls (as reviewed in DFO, 2013).   A single pass of an 

otter trawl can damage 67% of emergent sponges (Freese et al, 1999).  

In previous trawling impact studies carried out off the coasts of Oregon and Alaska, 

holothuroid presence either decreased or was unaffected by trawling (Hannah et al, 2010; 

Freese et al, 1999).  In contrast, holothuroids in this study became more abundant in response 

to increased fishing effort.  The Greenlandic holothuroids, identified as Cucumaria frondosa 

and Psolus phantapus, typically burrowed into small sections of exposed sediment amongst 

pebbles and rocks (Simon, n.d.).  The possible effect of increased fishing disturbance could 

have been to expose more sediment in the middle of dense rocky habitats, thus providing 

ideal habitat for more holothuroids but decreasing the quality of the habitat for other benthic 

fauna.  

 

5.2.2 Overall Hard Substrate Impact Dynamics 

The absence of a detectable community-level response to fishing in hard substrate 

communities is surprising, considering that they are dominated by fauna which are generally 

considered vulnerable to trawling, especially massive sponges and stylasterid corals (DFO, 

2013).  However, fishing did affect the abundances of five individual taxa on hard substrata.  

This suggests that the strong influence of environmental factors may be masking the effects 

of fishing when measured at the community level.  The high diversity of hard substrate 

stations may actually have made it more difficult to discern a community-level response to 

fishing because different taxa exhibited directionally opposite responses to fishing. For 

example, alcyonacea abundance increased significantly where communities had recovered 

for longer, but isopoda abundance decreased significantly (Table 4.7, Figure A3.2(d),(i)).   
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Another possible reason for the absence of a link between hard substrate community 

diversity and fishing is that many of the habitat-forming fauna counted in this study are too 

small to fulfil their roles as refuges for assemblages of other taxa (Figure 5.3).   

 

Figure 5.3: Massive sponges acting as a refuge for crinoids (A); stylasterid (B), sponges 

(C), (D), and erect bryozoan (E) too small to act as habitat for other taxa  

 

The ecological contribution of habitat engineers is dependent on size and architectural 

complexity, which were not systematically measured in this study (Buhl-Mortensen et al, 

2010).  The 60 year history of trawling on the west Greenland continental shelf, and the fact 

that no high diversity coral areas have been found above 1000m, suggests that  larger habitat 

building corals and sponges were probably destroyed by fishing years before the beginning 

of this study (Buch et al, 2004; Jørgensen et al, 2014).  The loss of large coral or sponge 

structures would likely have caused a corresponding decrease in biodiversity, but the loss of 

small stylasterids and massive sponges did not.   

 

5.3 Soft Substrate Community Responses to Fishing 

5.3.1 Vulnerable Taxa in Soft Substrate Communities 

Sea stars and brittle stars have been described as opportunistic mobile scavengers that can 

benefit from trawling because of the availability of damaged bycatch as food (Groenewald 

& Fonds). However brittle stars are also susceptible to physical damage from trawling and 

have been found to decrease in abundance in highly impacted study sites (Freese et al, 1999).   
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Positive responses to trawling bycatch as food are transient, and since this study does not 

measure taxa abundance directly after disturbance this effect would not be observed 

(Bergmann et al, 2002).   

Polychaetes are characterised by high intrinsic growth rates which in some cases allows 

them to recover quickly from disturbance.  This response is governed primarily by motility 

patterns: free living or errant polychaetes are often unaffected by trawling (Jennings et al, 

2002), while sedentary tube-forming polychaetes such as sabellids and serpulids are 

negatively impacted by trawling (Dubois et al, 2002; Asch & Collie, 2008).  Several families 

of errant polychaete were observed in the Greenland dataset (Nereidae, Aphroditidae, 

Polynoidae), and none of these exhibited a response to trawling, although this is more likely 

because they were relatively rare (total N=7).  Eunicidae was the most common tube-

forming family with 1288 total observations, and exhibited a positive response to recovery 

time.   

Encrusting bryozoans are one of the few immobile benthic fauna capable of benefitting from 

trawling disturbance because they are able to quickly colonise and grow over post-

disturbance habitats where other fragile species have been knocked down (Asch & Collie, 

2008).  Results from the west Greenland shelf show the opposite, that encrusting bryozoans 

were significantly negatively affected by trawling.   However, this response was only seen 

on soft substrata, whereas other studies have focussed on pebbled and rocky bottoms (Asch 

& Collie, 2008).  It is possible that, despite fast growth rates, encrusting bryozoans are 

susceptible to trawling impacts on soft substrata because they are sensitive to smothering by 

suspended sediment, which is more common on soft substrata compared to hard substrata 

(Jones, 1992).   

 

5.3.2 Overall Soft Substrate Impact Dynamics 

Soft substrate communities that have been subject to more intense and more frequent fishing 

are less diverse and less even than communities that have experienced less impact.  Soft 

substrata observed in this study have on average experienced greater cumulative fishing 

pressure and shorter recovery times compared to hard substrata, which (at least in part) 

explains why community-level fishing impacts were only detected in this substrate type 

community (Table 4.2).  The fact that taxa abundance does not vary with cumulative impact 

or with recovery time suggests that the reduction in evenness values is due to the loss of 
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relatively rare taxa, and not to a decrease in the abundance of common taxa.  This is 

supported by the fact that the taxa that are naturally less common in soft substrate 

communities are mostly vulnerable taxa, such as stylasterids, massive porifera, and erect 

bryozoans (Table 4.1).   

Scarce small rocks and taxa with emergent structures/characteristics may be acting as 

‘keystone structures’ within the context of mostly homogenous soft sediment (Figure 5.2).  

Keystone structures are distinct spatial structures that provide shelter for other species.  The 

loss of these structures results in a breakdown of species diversity, and as such biological 

assemblages that depend on keystone structures can be more vulnerable than multi-

structured systems (Tews et al, 2004).  The keystone structure concept has primarily been 

applied to terrestrial systems, but is readily applicable in the deep sea.  For example, in an 

analysis of megafaunal diversity of the Rockall Bank, northeast Atlantic, Robert et al found 

that isolated boulders and single coral colonies acted as keystone structures in soft sediment 

habitats (Robert et al, 2014).   

Further examination of the underlying variation in soft substrate community response to 

fishing appears to indicate the formation of an intermediate disturbance community at 

around 16 ½ hours of cumulative trawling and between 10 and 15 years recovery time 

(Figures 4.5 & 4.6).  It is also possible that the apparent intermediate disturbance response 

is related to the resolution of the fishing intensity data.  There is a reasonable gap in 

cumulative impact values between 0 and the next lowest value (61 minutes).  This is related 

to the way in which cumulative impact data was collected, which incorporates some 

uncertainty about the paths of past commercial trawls.  Seabed images taken from the R/V 

Paamiut do not necessarily overlap directly with the trawl paths counted in the cumulative 

fishing data, although they come from the same 3.5km*3.5km grid square.  16 ½ hours may 

actually represent the point at which the amount of fishing that has occurred within the grid 

square is detectable on the scale of the seabed images.  Once sufficient fishing has occurred 

in a given area to guarantee that the communities observed by the study have in fact been 

trawled, measurements of diversity start to decrease.   

 

5.4 Study Limitations 

Some biodiversity dynamics may not have been described fully because taxa were not 

identified to the species level.  In the case of bryozoans and sponges, the use of 
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morphological groups almost certainly resulted in an underestimate of total biodiversity. 

However, higher taxa-based approaches are common in marine studies using imagery as the 

primary tool (Freese et al, 1999; Collie et al, 2000; Compton et al, 2013), and in fact the use 

of higher taxonomic levels in biodiversity indices is better suited to investigating broader-

scale patterns (Robert et al, 2014).   

Soft sediments are often home to burrowing infauna such as clams, heart urchins, and some 

polychaetes which are not visible in seabed images (MacDonald et al, 2010; Jennings & 

Kaiser, 1998).  These burrowing infauna show mixed responses to trawling: in some cases 

infauna are strongly impacted (Burd et al, 2002), but in other cases no negative effects are 

found beyond those caused by natural disturbance (Kenchington et al, 2001).  When 

possible, surface level indications of burrowing infauna such as clam siphons were counted, 

however some soft substrate community dynamics may not have been detected by this study.   

The ability of many benthic fauna to recolonise disturbed areas depends on the proximity of 

nearby unaffected patches containing the same species. Small swathes of trawling damage 

in the context of mostly pristine habitat tends to be repaired quickly, whereas communities 

that are disturbed over large areas experience a slower process of larval settlement from 

distant patches (Asch & Collie, 2008).  This study was unable to account for potential 

dispersal dynamics in the recovery of sample sites, which may account for some of the 

variation in the data.   

 

5.5 Recovery Time versus Cumulative Impact 

The failure of many studies to detect an effect of trawling has been attributed to the history 

of intense trawling in many of the areas studied, and a lack of true control sites or historical 

baselines (Jennings, 2005; DFO, 2013).  A previously heavily impacted area will not show 

a significant change based on one additional trawling event.  In contrast, previously 

unimpacted areas show catastrophic effects after a single trawling event (Freese et al, 1999).  

Benthic communities have also shown the ability to recover after trawling if left undisturbed 

(Ash & Collie, 2008). By this logic, the cumulative intensity of trawling over the course of 

many years may not be as strong a determinant of community diversity as the time a 

community has been left to recover.   

Potentially different responses to cumulative fishing impact and recovery time could not be 

explored in the context of hard substrate communities as they did not exhibit a response to 
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either of these variables.  In the case of soft substrate benthic communities, cumulative 

impact and recovery time revealed trends for the same biodiversity indices, but cumulative 

impact was always more significant.  Community composition changed significantly with 

recovery time and not with cumulative fishing impact.  Cumulative impact also interacted 

with recovery time in the responses of taxa richness, abundance, and evenness.  Considered 

together, the effects of the two measurements of fishing suggest that they are measuring 

different aspects of fishing-related changes in benthic community composition, but it would 

not be accurate to say that recovery time is a more sensitive measurement of trawling 

impacts.   

Due to the constraints placed on site selection, and due to the nature of fishing, recovery 

time was highly correlated with cumulative impact in this study.  Areas which are more 

productive tend to be fished more intensely and more frequently, therefore few of the sites 

sampled experienced a high level of cumulative fishing and a long recovery time, or a low 

level of cumulative fishing and short recovery time.  The real differences in biodiversity 

response to recovery time and to cumulative fishing may therefore be greater than was 

revealed in the context of this study.   

 

5.6 Comparison of Measurements of Biodiversity State 

The results of biodiversity analysis generally differ between multivariate techniques 

(ordination analysis) and univariate techniques (biodiversity indices); multivariate 

techniques are species-dependent, and so are more sensitive to differences between 

assemblages than species-independent univariate indices (Warwick & Clarke, 1991). In both 

hard and soft substrate communities, analysis of community composition using nMDS 

showed a greater influence of environmental variables, while GLM analysis of biodiversity 

indices only showed the influence of fishing variables and depth.  This suggests that the 

changes in community composition based on the identities of specific taxa are more sensitive 

to environmental variables than to fishing, and therefore analysis of species-independent 

indices such as taxa richness are more suited to detecting fishing impact.  If this is true, then 

the difference in results from these two analyses is also related to the scale of the study.  

nMDS analysis may reveal local scale effects of trawling, but environmentally driven ‘noise’ 

in the details of community composition over the scale of the west Greenland continental 

shelf makes the effects of fishing much more difficult to discern.  In future analyses of 
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Greenland benthic biodiversity, placing point measurements (stations) of community 

composition in the wider context of landscape-level environmental variation may help to 

more clearly separate the noise from the disturbance signal (Robert et al, 2014).  

 

6 Conclusions 

 

This study successfully measured some community effects of trawling on the scale of the 

west Greenland continental shelf, however further research is required to corroborate 

theories of impact dynamics on hard and soft substrata.   

On soft substrata, the presence of keystone structures should be recorded systematically in 

order to test for their contribution to benthic biodiversity, and whether fishing is in fact the 

cause of their destruction.  If stations which are more intensely fished contain fewer keystone 

structures and have correspondingly lower taxa richness and evenness, this would support 

keystone structures as the mechanisms of community change in soft substrate habitats.   

Lack of historical ecological baselines is a problem which plagues many fisheries impact 

assessments, and which can influence the conclusions drawn based on short term 

perspectives (Jennings et al, 2005).  Marine science is entering an era where more and more 

of the environments explored are no longer intact, and thus is measuring ecological 

dysfunctions rather than ecological functions (Stachowitsch, 2003).  Since this impact 

assessment is also a baseline study and is occurring after 60 years of continuous exploitation 

in Greenland, interpretation of the fishing-related dynamics of both substrate type 

communities should consider the role of historical impacts.   

The recovery of some elements of hard substrate communities (stylasterids, alcyonaceans) 

points to the past existence of a different, intact ecosystem.  The fact that the 28 year 

recovery time scale of this study was unable to detect changes at the community level, 

despite being longer than the time scale incorporated by many other studies, suggests that 

28 years is not long enough for whole assemblages of deep sea fauna to re-establish after 

chronic trawling.  Measurement of size or structural complexity of habitat-forming fauna in 

future analyses would help to clarify the role of these animals in community recovery. It is 

also possible that the limitation of the missing baseline can still be surmounted through 

sampling of stations with longer recovery times in future sampling expeditions.  
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Finally, the provision of good management advice is dependent on the certainty that surveys 

are observing real trends in community change (Rice, 2003; Jennings, 2005).  The usefulness 

of the final assessment of community impacts of trawl fishing for management 

recommendations in west Greenland will depend on exploration of the role of the missing 

baseline, and on exploration of possible local scale community effects contributing to noise 

in the data.  As a preliminary assessment, this study has described plausible links between 

community dynamics and fishing, and has identified the major factors affecting survey data 

interpretation.  As such, it contributes to informing the future sustainability of the west 

Greenland shrimp trawl fishery.   
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Appendix 1: Greenland Benthic Fauna 

Figure A1.1 (part 1) Summary table of all taxa observed  
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Porifera 

massive 

Porifera massive Massive 

sponge 

Sessile 

epifauna Filter x 

Porifera encrusting Encrusting 

sponge 

Sessile 

epifauna Filter   

Porifera arborescent Branching 

sponge 

Sessile 

epifauna Filter x 

Cnidaria 

Anthozoa 

Octocorallia 

Alcyonacea 
Soft coral 

Sessile 

epifauna Filter   

Gorgonacea 
Gorgonian 

Sessile 

epifauna Filter   

Pennatulacea 
Sea pen 

Sessile 

epifauna Filter   

Hexacorallia 

Zoantharia Colonial 

anemone 

Sessile 

epifauna Filter   

Actiniaria Sea 

anemone 

Sessile 

epifauna Filter   

Hydrozoa 

  Stylasterina 
Lace coral 

Sessile 

epifauna Filter x 

Hydroida 

Thecata Thecate 

hydroid 

Sessile 

epifauna Filter x 

Athecata Athecate 

hydroid 

Sessile 

epifauna Filter   

Bryozoa 

Bryozoa soft Soft moss 

animal 

Sessile 

epifauna Filter   

Bryozoa encrusting 

Encrusting 

moss 

animal 

Sessile 

epifauna Filter   

Bryozoa erect Erect moss 

animal 

Sessile 

epifauna Filter x 

Mollusca 

Polyplacophora 
Chiton 

Sessile 

epifauna Filter   

Bivalvia 
Bivalve 

Mobile 

infauna Filter   

Gastropoda 

Gastropoda Shelled 

gastropods 

Mobile 

epifauna Predator   

Heterobranchia Nudibranchia 
Sea slug 

Mobile 

epifauna Predator   

Cephalopoda Coleoidea 

Octopoda 
Octopus 

Mobile 

epifauna Predator   

Sepiida 
Squid 

Mobile 

epifauna Predator   

Scaphopoda 
Tusk shell 

Mobile 

epifauna     
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Table A1.1 (part 2) Summary of all taxa observed  
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Brachiopoda Terebratulida Lamp 

shell 

Sessile 

epifauna Filter   

Annelida Polychaeta 

Sedentaria Sabellida  

Sabellidae Feather 

duster 

worm 

Sessile 
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forming Filter x 

Serpulidae 

Fan worm 

Sessile 
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tube 

forming Filter x 
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Rag worm 

Mobile 

epifauna Deposit   

Aphroditidae Scale 

worm 

Mobile 

epifauna Deposit   

Polynoidae Scale 

worm 

Mobile 

epifauna Deposit   

Eunicida  Eunicidae 
Eunicid 

worm 

Sessile 

epifauna, 

tube 

forming Filter   

Nemertea Ribbon 

worm 

Mobile 

epifauna     

Arthropoda 

Chelicerata Pycnogonida 
Sea spider 

Mobile 

epifauna Deposit   

Crustacea 

Maxillopoda Balanomorpha 
Barnacle 

Sessile 

epifauna Filter   

Isopoda 
Isopod  

Mobile 

epifauna 

Predator/ 

Deposit   

Amphipoda 
Amphipod  

Mobile 

epifauna 

Predator/ 

Deposit   

Decapoda 

Caridea 
Shrimp 

Mobile 

epifauna 

Predator/ 

Deposit   

Brachyura 
Crab 

Mobile 

epifauna 

Predator/ 

Scavenger   
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Table A1.1 (part 3) Summary of all taxa observed  
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Ophiurida Brittle 

star 

Mobile 

epifauna 

Scavenger/ 

Filter   

Euryalida 
Basket 

star 

Mobile 

epifauna     

Asteroidea 

Spinulosida Echinasteridae 

Sea star 

Mobile 

epifauna 

Multiple 

Strategy   

Valvatida 

Solasteridae 
Sea star 

Mobile 

epifauna 

Multiple 

Strategy   

Goniasteridae 
Sea star 

Mobile 

epifauna 

Multiple 

Strategy   

Velatida Pterasteridae 
Sea star 

Mobile 

epifauna 

Multiple 

Strategy   

Forcipulatida Asteriidae 

Sea star 

Mobile 

epifauna 

Multiple 

Strategy   

Paxillosida Astropectinidae 
Sea star 

Mobile 

epifauna 

Multiple 

Strategy   

Crinoidea Feather 

star 

Mobile 

epifauna Filter   

Echinoidea Sea 

urchin 

Mobile 

epifauna Filter   

Holothuroidea Sea 

cucumber 

Mobile 

infauna Filter   

C
h

o
rd

at
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Tunicata 

Ascidiacea 
Ascidian 

Sessile 

epifauna Filter   

Thaliacea 
Salp Mobile  Filter   

  

Osteichthyes 

Scorpaeniformes 
Sculpin Mobile  Predator   

  Perciformes Perch-

like fish Mobile  Predator   

  Pleuronectiformes 
Flatfish Mobile  Predator   

Elasmobranchii Rajiformes 
Ray Mobile  Predator   
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Figure A1.2: Functional categorisation systems used by previous benthic impact studies 

Taxa Categorisation 

System 
Levels Level Characteristics Taxa 

Blanchard et al 2004 

Fragile 
filter feeders, rigid body 

tubes, sessile or slow 

moving 

Crinoidea, Pennatulacea, 

Polychaeta 

Opportunistic 

Scavenger 

mobile, prey on trawl 

discards, capable of 

escaping trawl injury 

Liocarcinus sp., munida  

sp.(Brachyura) 

Sensitive 
Affected by trawling, 

but less so than fragile 

species 

Macropodia sp. 

(Brachyura) 

Unaffected 
Hard bodied, capable of 

surviving as bycatch, 

not scavengers 

Alphaeus sp.  

(Brachyura) 

Collie et al 2000 

Plant-like epifauna emergent, colonial Bushy hydroids, erect 

bryozoa 

Encrusting 

bryozoa   Bryozoa 

Tube worms   Serpulidae 

Freese et al 1999 
Mobile Mobile 

Asteroidea, Ophiuroidea, 

Holothuroidea, 

Arthropoda, Mollusca, 

Echinoidea 

Sessile Sessile Anthozoa, Porifera 

McConnaughey et al 2000 

Motile Motile 

Brachyura, Asteroidea, 

Gastropoda 

Sedentary Sedentary 
Actiniaria, Gorgonacea, 

Alcyonacea, Porifera, 

Bryozoa, Ascidiacea 
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Appendix 2: Poseidon Web-based Benthic Identification Interface 

Poseidon allows for the efficient collection and storage of benthic diversity data from 

seabed images.  Benthic fauna identified by the user are assigned a nametag and a location 

within each seabed image (Figure A2.1).  Poseidon then automatically generates an 

interactive nametag library (Figure A2.2). This increases the speed and accuracy of data 

collection as well as providing continuity between researchers/users.   

 

Figure A2.1: Poseidon labelling tool 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.2: Poseidon nametag library 
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Appendix 3: Results Summaries 

Species Accumulation Curves: 

Table 3.1: Total taxa estimates for hard and soft substrate communities  

Taxa Observed Chao 

Chao SE 

range Jack1 

Jack1 SE 

range Boot Boot SE range Stations 

Hard Substrate:               

44 53 42.83 - 63.17 49.9 46.78 - 53.02 46.6 45.00 - 48.20 54 

Soft Substrate:               

47 51.9 47.06 - 56.74 53.9 51.30 - 56.50 50.5 48.81 - 52.19 64 

 

Non-metric Multidemsional Scaling Analysis: Vector Fit Analysis Summaries 

 

Table 3.2: Vector fit summary for nMDS plot of all camera stations (Figure 4.4).  Signif. 

codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.  P values based on 999 permutations. 

Explanatory Variable NMDS1 NMDS2 R2 Pr(>r) 

***Factors   

substrate hard -0.0926 -0.3438 
0.1338 0.001*** 

substrate soft 0.0788 0.2797 

***Vectors   

log (Cum. Impact) 0.99977 -0.02143 0.0555 0.045 *   

Recovery Time  -0.9825  -0.1860 0.1146 0.001 *** 

Slope  -0.0334  -0.9994 0.0515 0.077 .   

Temperature 0.17411  -0.98473 0.3442 0.001 *** 

Current Speed 0.10096  -0.99489 0.2409 0.001 *** 

Depth  -0.4197   0.9076 0.1445 0.001 *** 

Salinity 0.12161  -0.99258 0.2176 0.001 *** 

 

Table 3.3: Vector fit summary for nMDS plot of hard substrate camera stations (Figure 

4.6).  Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.  P values based on 999 

permutations. 

Explanatory Variable NMDS1 NMDS2 R2 Pr(>r) 

***Vectors   

log (Cum. Impact) 0.99259 0.12150  0.0139 0.748     

Recovery Time -0.9232 0.38431  0.0743 0.176     

Slope 0.49135 0.87096  0.2290 0.004 **  

Temperature 0.69844 0.71567  0.6521 0.001 *** 

Current Speed 0.63915 0.76909  0.5148 0.001 *** 

Depth -0.8476 0.53061  0.4548 0.001 *** 

Salinity 0.50103 0.86543  0.4654 0.001 *** 
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Table 3.4: Vector fit summary for nMDS plot of soft substrate camera stations (Figure 

4.7).  Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.  P values based on 999 

permutations. 

Explanatory Variable NMDS1 NMDS2 R2 Pr(>r) 

***Vectors   

log (Cum. Impact) -0.6296 -0.77692 0.0987 0.056 .   

Recovery Time 0.68447 0.72904  0.1274 .015 *   

Slope 0.91764 0.39741  0.0236 .535     

Temperature -0.5043 -0.86348 0.2460 0.001 *** 

Current Speed -0.5806 -0.81413 0.0873 0.069 .   

Depth 0.44075 0.89763  0.1694 .004 **  

Salinity -0.5394 -0.84205 0.0925 0.066 .   
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Generalised Linear Modelling: Automated Model Selection Summaries 

Summaries include top 10 models, including null model.  Models used appear in bold. Null model appears in italics. 

 

Table A3.5: Automated Model Selection Table for Taxa Richness  
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df logLik AICc delta weight 

727 3.307   0.000 -0.232   +   -0.024 0.000   0.006 7 -330.733 676.484 0.000 0.398 

855 2.877   0.002 -0.155   +   -0.009   0.000 0.007 7 -331.058 677.133 0.649 0.288 

983 3.325   0.000 -0.235   +   -0.025 0.000 0.000 0.006 8 -330.733 678.786 2.302 0.126 

599 3.002   0.001 -0.134   +   -0.022     0.006 6 -333.059 678.876 2.391 0.121 

151 2.750   0.000 -0.093   +     0.000     5 -336.124 682.784 6.300 0.017 

19 2.474   0.001     +           3 -338.787 683.785 7.300 0.010 

23 2.549   0.001 -0.023   +           4 -337.791 683.937 7.452 0.010 

215 2.894   0.000 -0.123   +   -0.006 0.000     6 -335.828 684.413 7.928 0.008 

83 2.448   0.001     +   0.003       4 -338.263 684.880 8.396 0.006 

1 2.431                     1 -434.597 871.228 194.744 0.000 
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Table A3.6: Automated Model Selection Table for Taxa Richness on Soft Substrates 

Model (Intercept) 
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df logLik AICc delta weight 

237 2.925   0.002 -0.346     -0.031   0.000 0.017 6 -183.613 380.700 0.000 0.302 

45 3.418   0.000 -0.431     -0.049 0.000   0.016 6 -183.677 380.828 0.128 0.284 

5 3.130   0.001 -0.326     -0.050     0.018 5 -185.218 381.471 0.771 0.206 

342 3.217     -0.300     -0.044     0.019 4 -186.920 382.519 1.818 0.122 

65 3.083   0.001 -0.374     -0.036 0.000 0.000 0.017 7 -183.596 383.192 2.492 0.087 

8 2.440   0.000 -0.240       0.001     4 -194.927 398.531 17.831 0.000 

10 2.798   0.000 -0.329     -0.014 0.001     5 -194.204 399.443 18.742 0.000 

22 4.020   -0.005 -0.536     -0.060 0.001 0.000   6 -193.180 399.833 19.133 0.000 

207 1.909   0.003 -0.152     0.015   0.000   5 -196.041 403.116 22.415 0.000 

1 2.027                   1 -207.808 417.680 36.980 0.000 

Table A3.7: Automated Model Selection Table for Taxa Richness on Hard Substrates 

Model (Intercept) 
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df logLik AICc delta weight 

3 2.488114   0.001               2 -135.474 275.184 0.000 0.401 

35 2.522224   0.001       -0.003       3 -135.279 277.039 1.855 0.159 

7 2.468051   0.001 0.009             3 -135.394 277.268 2.085 0.142 

39 2.6012572   0.001 -0.018     -0.006       4 -135.216 279.249 4.065 0.053 

163 2.4985565   0.001       0.000   0.000   4 -135.266 279.348 4.164 0.050 

45 2.4732576   0.001 0.007       0.000     4 -135.394 279.604 4.420 0.044 

1 2.763286                   1 -138.849 279.774 4.591 0.040 

71 2.6935457     0.021             2 -138.385 281.006 5.822 0.022 

87 2.7999677           -0.003       2 -138.558 281.352 6.168 0.018 

102 2.5779438   0.001 -0.018     -0.003   0.000   5 -135.204 281.657 6.474 0.016 
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Table A3.8: Automated Model Selection Table for Taxa Abundance 

  

Model (Intercept) 
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df logLik AICc delta weight 

855 2.438   0.002 -0.077   +   0.021   0.000 0.005 8 -72.690 162.702 0.000 0.455 

727 3.220   -0.001 -0.133   +   -0.008 0.000   0.005 8 -73.158 163.638 0.936 0.285 

983 2.417   0.002 -0.076   +   0.021 0.000 0.000 0.005 9 -72.690 165.046 2.345 0.141 

597 2.719     -0.056   +   -0.003     0.005 6 -76.830 166.416 3.714 0.071 

599 2.708   0.000 -0.060   +   -0.005     0.005 7 -76.654 168.327 5.625 0.027 

339 1.795   0.002     +   0.050   0.000   6 -79.136 171.029 8.328 0.007 

215 2.641   -0.001 -0.068   +   0.021 0.000     7 -78.716 172.450 9.748 0.003 

81 2.280         +   0.023       4 -82.295 172.944 10.242 0.003 

343 1.860   0.002 -0.007   +   0.048   0.000   7 -79.107 173.232 10.530 0.002 

1 2.017                     2 -128.812 261.729 99.027 0.000 
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Table A3.9: Automated Model Selection Table for Taxa Abundance on Soft Substrates 

Model (Intercept) 
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df logLik AICc delta weight 

293 2.187062     -0.087     -0.013     0.009 5 -52.382 115.798 0.000 0.293 

423 1.830786   0.002 -0.102     0.021   0.000 0.008 7 -49.949 115.898 0.100 0.279 

359 2.69949   -0.002 -0.166     -0.011 0.000   0.007 7 -50.197 116.394 0.597 0.218 

295 2.190461   0.000 -0.086     -0.012     0.009 6 -52.381 118.235 2.438 0.087 

487 1.761873   0.002 -0.097     0.023 0.000 0.000 0.008 8 -49.948 118.514 2.716 0.075 

163 0.6407597   0.003       0.073   0.000   5 -55.519 122.073 6.275 0.013 

71 2.657927   -0.002 -0.184       0.000     5 -55.832 122.699 6.902 0.009 

103 1.9874005   -0.002 -0.113     0.028 0.000     6 -54.698 122.870 7.072 0.009 

33 1.3568646           0.030       3 -58.732 123.863 8.066 0.005 

1 1.568054                   2 -65.609 135.416 19.618 0.000 

Table A3.10: Automated Model Selection Table for Taxa Abundance on Hard Substrates 

Model (Intercept) 
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df logLik AICc delta weight 

33 2.419           0.011       3 -3.201 12.881 0.000 0.252 

5 2.739     -0.025             3 -3.277 13.034 0.153 0.234 

37 2.566     -0.012     0.006       4 -3.026 14.868 1.987 0.093 

7 2.693   0.000 -0.026             4 -3.155 15.127 2.246 0.082 

35 2.413   0.000       0.011       4 -3.199 15.215 2.334 0.079 

293 2.729     -0.030     -0.002     0.001 5 -2.497 16.244 3.363 0.047 

163 2.294   0.001       0.022   0.000   5 -2.890 17.029 4.148 0.032 

1 2.549                   2 -6.472 17.179 4.298 0.029 

39 2.561   0.000 -0.014     0.006       5 -2.984 17.219 4.338 0.029 

71 2.650   0.000 -0.021       0.000     5 -3.138 17.526 4.645 0.025 



65 

 

 

 

Table A3.11: Automated Model Selection Table for Taxa Evenness 

Model (Intercept) 
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df logLik AICc delta weight 

19 3.352   0.007     +           4 -243.892 496.138 0.000 0.278 

83 3.540   0.007     +   -0.024       5 -243.097 496.730 0.593 0.207 

23 2.976   0.007 0.049   +           5 -243.322 497.179 1.042 0.165 

339 3.794   0.007     +   -0.043   0.000   6 -243.021 498.798 2.661 0.073 

87 3.750   0.008 -0.020   +   -0.032       6 -243.081 498.918 2.781 0.069 

151 3.052   0.007 0.038   +     0.000     6 -243.316 499.389 3.252 0.055 

599 4.573   0.007 -0.112   +   -0.073     0.007 7 -242.404 499.827 3.689 0.044 

343 3.923   0.007 -0.013   +   -0.047   0.000   7 -243.013 501.045 4.907 0.024 

471 9.292   -0.015 -0.437   +   -0.234 0.002 0.001   8 -241.906 501.134 4.996 0.023 

1 4.025                     2 -263.154 530.412 34.274 0.000 
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Table A3.12: Automated Model Selection Table for Taxa Evenness on Soft Substrates 

Model (Intercept) 
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df logLik AICc delta weight 

293 7.309     -0.411     -0.171     0.023 5 -123.904 258.843 0.000 0.317 

295 6.941   0.003 -0.447     -0.191     0.022 6 -122.944 259.363 0.520 0.245 

359 6.234   0.005 -0.336     -0.193 0.000   0.024 7 -122.493 260.987 2.144 0.109 

423 7.371   0.001 -0.428     -0.231   0.000 0.023 7 -122.573 261.145 2.303 0.100 

1 3.123                   2 -129.181 262.558 3.716 0.050 

3 2.263   0.003               3 -128.184 262.767 3.924 0.045 

487 5.595   0.008 -0.288     -0.170 -0.001 0.000 0.024 8 -122.481 263.581 4.738 0.030 

5 3.441     -0.036             3 -128.977 264.353 5.511 0.020 

33 3.071           0.007       3 -129.130 264.659 5.816 0.017 

7 2.529   0.003 -0.026             4 -128.077 264.831 5.989 0.016 

Table A3.13: Automated Model Selection Table for Taxa Evenness on Hard Substrates 

Model (Intercept) 
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df logLik AICc delta weight 

3 1.263   0.016               3 -110.481 227.443 0.000 0.276 

7 0.759   0.015 0.098             4 -109.526 227.869 0.426 0.223 

35 1.731   0.015       -0.036       4 -109.794 228.405 0.962 0.171 

71 1.697   0.010 -0.021       0.001     5 -109.363 229.977 2.534 0.078 

39 0.525   0.014 0.118     0.010       5 -109.516 230.281 2.839 0.067 

163 1.975   0.014       -0.058   0.000   5 -109.769 230.788 3.346 0.052 

295 -0.742   0.014 0.256     0.072     -0.009 6 -108.897 231.582 4.139 0.035 

103 1.462   0.010 0.000     0.010 0.001     6 -109.353 232.492 5.050 0.022 

167 0.759   0.013 0.117     -0.011   0.000   6 -109.494 232.776 5.333 0.019 

1 5.094                   2 -120.239 244.714 17.272 0.000 
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Linear Modelling: Searching for vulnerable taxa 

Table A3.14 (part 1): Detailed results of linear regression models exploring effect of cumulative fishing impact (log(minutes)) on abundant (>50 

individuals) taxa.  Taxa exhibiting a significant response to cumulative fishing impact, either overall, on hard substrata, or on soft substrata are 

shown in bold.   

      Response to Cumulative Impact 

Taxa  Common Name Total   Overall Hard Substrate Soft Substrate 

  Abundance Slope R2 p-value Slope R2 p-value Slope R2 p-value 

Porifera                 

Porifera encrusting Encrusting sponge 814 -0.07 0.00 0.31 0.03 -0.02 0.77 -0.01 -0.02 0.77 

Porifera massive Massive sponge 1,785 -0.14 0.01 0.12 -0.08 0.00 0.38 0.00 -0.02 0.93 

Porifera arborescent Branching sponge 231 0.00 -0.01 0.93 0.05 -0.01 0.62 0.01 -0.02 0.85 

Hydrozoa                 

Thecata Soft hydroid coral 743 -0.03 -0.01 0.66 0.10 0.00 0.34 -0.02 -0.01 0.73 

Stylasterina Lace coral 1,619 -0.27 0.08 <0.01** -0.37 0.15 <0.01** -0.06 0.01 0.21 

Anthozoa                 

Alcyonacea Soft coral 243 -0.11 0.04 0.0218* -0.18 0.05 0.05 -0.01 -0.01 0.68 

Gorgonacea 

Gorgonians (Soft 

coral) 52 0.01 -0.01 0.77 0.02 0.00 0.32 -0.01 -0.02 0.86 

Actiniaria Anemone 172 0.01 -0.01 0.87 0.03 -0.02 0.67 0.02 -0.01 0.54 

Zoantharia Colonial anemone 1,522 -0.06 0.00 0.49 0.05 -0.02 0.74 -0.08 0.00 0.28 

Anellida                 

Sabellidae Polychaete worm 973 0.03 -0.01 0.69 0.09 -0.01 0.44 0.07 0.00 0.32 

Eunicidae Polychaete worm 1,288 -0.10 0.01 0.18 -0.14 0.02 0.15 -0.09 -0.01 0.42 

Serpulidae Polychaete worm 299 0.05 0.00 0.38 0.20 0.05 0.06 -0.01 0.00 0.41 

Mollusca                 

Bivalvia Bivalve 212 -0.01 -0.01 0.77 0.03 -0.02 0.73 -0.01 -0.02 0.79 

Polyplacophora Chiton 295 -0.09 0.02 0.10 0.07 -0.01 0.43 -0.19 0.13 <0.01** 
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Table A3.14 (part 2): Detailed results of linear regression models exploring effect of cumulative fishing impact (log(minutes)) on abundant (>50 

individuals) taxa.  Taxa exhibiting a significant response to cumulative fishing impact, either overall, on hard substrates, or on soft substrates 

are shown in bold. 

 

 

Taxa 

 

 

Common Name 

  Response to Cumulative Impact 

Total   Overall Hard Substrate Soft Substrate 

Abundance Slope R2 p-value Slope R2 p-value Slope R2 p-value 

Brachiopoda                 

Terebratulida Lamp shell 462 -0.15 0.04 0.02* -0.17 0.03 0.13 -0.07 0.02 0.14 

Bryozoa                 

Bryozoa erect 

Erect/branching 

moss animal 
2,222 -0.14 0.01 0.12 -0.08 -0.01 0.45 -0.02 -0.02 0.83 

Bryozoa encrusting Sea mat 1,515 -0.18 0.04 0.02* 0.07 -0.01 0.54 -0.25 0.21 <0.001*** 

Bryozoa soft 

Flat-leafed moss 

animal 
1,705 -0.18 0.03 0.03* 0.02 -0.02 0.89 -0.33 0.12 <0.01** 

Arthropoda                 

Caridea Shrimp 198 0.04 0.00 0.34 0.03 -0.01 0.52 0.03 -0.01 0.67 

Isopoda Isopod 84 0.02 0.00 0.50 0.09 0.03 0.12 0.00 -0.02 0.89 

Balanomorpha Barnacle 1,100 -0.10 0.01 0.14 -0.11 0.00 0.35 -0.12 0.01 0.22 

Echinodermata                 

Asteroidea Sea star 58 -0.05 0.03 0.05* -0.07 0.05 0.06 -0.01 -0.01 0.62 

Ophiuroidea Brittle star 6,614 -0.35 0.11 <0.001*** -0.21 0.04 0.08 -0.32 0.13 <0.01** 

Holothuroidea Sea Cucumber 151 0.07 0.01 0.11 0.17 0.08 0.02* 0.03 -0.01 0.48 

Crinoidea Feather star 55 -0.02 0.00 0.37 -0.07 0.01 0.19 0.03 0.01 0.20 

Tunicata                 

Ascidiacea Sessile tunicate 3,962 0.01 -0.01 0.95 0.16 0.00 0.32 0.09 0.01 0.19 

 

 

 

 

 



69 

 

Table A3.15 (part 1): Detailed results of linear regression models exploring effect of recovery time (years) on abundant (>50 individuals) taxa.  

Taxa exhibiting a significant response to cumulative fishing impact, either overall, on hard substrates, or on soft substrates are shown in bold.   

Taxa Common Name 

  Response to Recovery Time 

Total   Overall Hard Substrate Soft Substrate 

Abundance Slope R2 p-value Slope R2 p-value Slope R2 p-value 

Porifera                 

Porifera encrusting Encrusting sponge 814 0.03 0.03 0.04* 0.00 -0.02 0.89 0.00 -0.02 0.91 

Porifera massive Massive sponge 1,785 0.04 0.04 0.02* 0.01 -0.01 0.51 0.00 -0.01 0.69 

Porifera arborescent Branching sponge 231 0.00 -0.01 0.75 -0.01 -0.01 0.57 0.00 -0.01 0.51 

Hydrozoa               

Thecata Soft hydroid coral 743 0.02 0.01 0.17 -0.01 -0.02 0.66 0.00 -0.02 0.94 

Stylasterina Lace coral 1,619 0.06 0.13 <0.001*** 0.08 0.00 <0.001*** 0.01 0.00 0.28 

Anthozoa               

Alcyonacea Soft coral 243 0.02 0.04 0.02* 0.02 -0.01 0.18 0.00 -0.01 0.41 

Gorgonacea 

Gorgonians (Soft 

coral) 52 0.00 -0.01 0.69 0.00 -0.02 0.76 0.00 -0.02 0.84 

Actiniaria Anemone 172 0.01 0.00 0.36 0.00 -0.02 0.80 0.00 -0.02 0.80 

Zoantharia Colonial anemone 1,522 0.02 0.00 0.28 -0.02 0.02 0.56 0.02 0.02 0.13 

Anellida               

Sabellidae Polychaete worm 973 0.01 0.00 0.31 0.00 -0.02 0.83 0.00 -0.02 0.87 

Eunicidae Polychaete worm 1,288 0.03 0.03 0.04* 0.04 0.02 0.04* 0.03 0.02 0.14 

Serpulidae Polychaete worm 299 0.00 -0.01 0.87 -0.03 -0.01 0.09 0.00 -0.01 0.50 

Mollusca               

Bivalvia Bivalve 212 0.00 -0.01 0.85 -0.02 -0.01 0.33 0.00 -0.01 0.69 

Polyplacophora Chiton 295 0.02 0.04 0.02* 0.00 0.13 0.85 0.03 0.13 <0.01** 
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Table A3.15 (part 2): Detailed results of linear regression models exploring effect of recovery time (years) on abundant (>50 individuals) taxa.  

Taxa exhibiting a significant response to cumulative fishing impact, either overall, on hard substrates, or on soft substrates are shown in bold.   

Taxa Common Name 

  Response to Recovery Time 

Total   Overall Hard Substrate Soft Substrate 

Abundance Slope R2 p-value Slope R2 p-value Slope R2 p-value 

Brachiopoda                 

Terebratulida Lamp shell 462 0.03 0.07 <0.01** 0.05 0.01 0.04* 0.01 0.01 0.23 

Bryozoa                 

Bryozoa erect 

Erect/branching 

moss animal 
2,222 0.04 0.04 0.02 0.02 -0.01 0.22 -0.01 -0.01 0.53 

Bryozoa encrusting Sea mat 1,515 0.04 0.07 0.00 -0.01 0.17 0.69 0.04 0.17 0.00 

Bryozoa soft 

Flat-leafed moss 

animal 
1,705 0.04 0.05 0.01 0.01 0.15 0.71 0.06 0.15 0.00 

Arthropoda                 

Caridea Shrimp 198 -0.01 0.01 0.21 -0.01 -0.01 0.40 -0.01 -0.01 0.65 

Isopoda Isopod 84 -0.01 0.02 0.07 -0.03 0.00 <0.01** -0.01 0.00 0.27 

Balanomorpha Barnacle 1,100 0.03 0.04 0.02* 0.02 0.09 0.35 0.04 0.09 <0.01** 

Echinodermata                 

Asteroidea Sea star 58 0.01 0.03 0.04* 0.01 -0.01 0.17 0.00 -0.01 0.43 

Ophiuroidea Brittle star 6,614 0.07 0.12 <0.001*** 0.03 0.11 0.21 0.05 0.11 <0.01** 

Holothuroidea Sea Cucumber 151 0.00 -0.01 0.82 -0.02 -0.02 0.11 0.00 -0.02 0.96 

Crinoidea Feather star 55 0.00 0.00 0.32 0.01 0.00 0.33 0.00 0.00 0.27 

Tunicata                 

Ascidiacea Sessile tunicate 3,962 0.01 -0.01 0.58 -0.04 0.03 0.21 -0.02 0.03 0.10 

 

 

 

 

 

 



71 

 

 Figure A3.1: Vulnerable taxa for cumulative fishing impact (a) Stylasterina, (b) Alcyonacea, 

(c) Polyplacophora, (d) Terebratuliada, (e) Bryozoa encrusting, (f) Bryozoa soft,  (g) 

Asteroidea, (h) Ophiuroidea, (i) Holothuroidea. Moving average lines are solid for significant 

relationships, and dashed for non-significant relationships (Table A3.14) (overall=red, 

soft=black, hard=grey)   
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Figure 3.2: Vulnerable taxa for recovery time (a) Porifera encrusting, (b) Porifera massive, 

(c) Stylasterina, (d) Alcyonacea, (e) Polyplacophora, (f) Eunicidae, (g) Terebratulida (h) 

Bryozoa encrusting, (i) Isopoda, (j) Balanomorpha, (k) Asteroidea, (l) Ophiuroidea. Moving 

average lines are solid for significant relationships, and dashed for non-significant 

relationships (Table 3.15) (overall=red, soft=black, hard=grey)   
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Figure A3.2 Cont’d  
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