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ABSTRACT

The subject of this thesis is the marine aggregate dredging industry, and specifically the approach
taken to the monitoring of environmental effects on the seabed. The thesis forms the evidence
required to allow the author to be examined for a PhD by Publication, and comprises of a list of the
author’s publications, a confirmation of the author’s contribution to the multi-authored papers, and
a critical analysis of the published work. The critical analysis takes the form of an essay, in which a
case for switching to a new system of environmental monitoring is outlined. The essay presents a
logical development of ideas, starting with a description of the aggregates dredging industry. This is
followed by a critical analysis of the author’s past research, with a particular emphasis on how the
findings from this work are relevant to the issue of monitoring. This earlier work has addressed
themes of: Impact (Cumulative Effects), The Relationship between Sediments and Benthos,
Recovery, Restoration, Habitat Mapping and Natural Variability. The essay then describes the
current approach to monitoring, together with its limitations. This is followed by a description of the
new monitoring approach, with an explanation of why it is considered more suitable for meeting the
needs of both the industry and the industry regulators. The essay considers what steps would need

to be taken to implement the approach in the major dredging regions of the UK.
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(Cefas). In this role | undertake research on the effects of marine aggregate dredging on the seabed.
| also provide technical advice to the aggregate industry regulators on matters relating to benthic
ecology. This advice concerns marine licence applications to extract sand and gravel, and
assessment of monitoring reports for active licensed areas. Over the last 11 years, | have authored a
number of publications related to marine aggregate dredging, and it's my intention to submit this

material for examination for a PhD by publication.

Purpose of the report

This report provides the evidence required by the University of East Anglia (UEA) to allow me to be
examined for the degree. The report comprises three sections. Section A is a list of the publications
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analysis takes the form of an essay in which | outline the case for the aggregate industry to switch to
a new system of environmental monitoring. The case for switching is principally based on two
recent publications specifically dealing with the new approach, but also on the earlier publications
which underpin it. The essay is therefore an opportunity to critically appraise the entire body of

published work.
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SECTION C CRITICAL ANALYSIS

MARINE AGGREGATE DREDGING: A NEW REGIONAL APPROACH TO
ENVIRONMENTAL MONITORING

1. INTRODUCTION

1.1 PURPOSE

This critical analysis takes the form of an essay. The subject of the essay is the marine aggregate
dredging industry, and specifically the approach taken to monitoring the environmental impacts of
dredging during the lifetime of operations. | will address this subject in two ways. Firstly, through
an examination of the literature, focussing on those papers | have personally authored. These
papers should be read in conjunction with this essay. Secondly, | will draw upon my experience as a
technical advisor to the industry regulators. My aim is to demonstrate that the current approach to
monitoring the environmental impacts of dredging on the seabed should be replaced by a new
approach. Whilst the new approach is the subject of two of my recent papers (Cooper, 2012"
Cooper, 2013™), its rationale relies on the findings from my earlier research (Brown et al., 2002*¢,
20043, 2004b™"; Boyd et al., 2003, 2005"%; Cooper et al., 2007a""", 2007b™", 2008"®, 2011b",
20113, 2013"; Barrio Frojan et al., 2008, 2011"; Wan Hussin et al., 2012)). Due to their

supporting role, | have chosen to present the papers in a reverse chronological order. This essay is

intended to form a critical analysis of this entire body or work.

1.2 ESSAY STRUCTURE

| begin with a brief overview of the marine aggregate dredging industry, to provide a context for
readers unfamiliar with the subject. This is followed by a description of the research that | have
undertaken over the last 11 years, with a particular emphasis on its relevance to the monitoring of
environmental impacts, and the management of the industry. | then provide an overview of the
current approach to monitoring, and highlight why | believe it is no longer fit-for-purpose. This
section is followed by a description of the proposed new monitoring approach, together with a
review of the underpinning science. | discuss the advantages and disadvantages of the new system

before considering how it could be implemented. | end the essay with a conclusion.
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SECTION C CRITICAL ANALYSIS

2. THE AGGREGATES INDUSTRY

2.1 WHAT IT DOES

The marine aggregates industry supplies sand and gravel from the seabed for use in construction, fill
and coastal defence (Highley et al., 2007). In the UK, the industry supplies around 20 Mt of material
each year. This constitutes around 20% of the demand, with the remainder coming from land based
sources (BMAPA, no date, (a)). It is anticipated that marine sources of sand and gravel will play an
increasingly important role as pressures on land based sources of material rise; a result of resource

depletion, planning constraints, and environmental pressures (Highley et al., 2007).

2.2 EXTRACTION METHODS

Material is extracted from the seabed using purpose built suction hopper dredging vessels. The
main features of a typical suction hopper dredger are shown in Figure 1. When in position, the
vessel’s dredge pipe is lowered by cables into the water. The seawater pump is then activated and
water is drawn up the pipe. From the pipe, water passes up and over the screening tower and into
the vessel hold. Once the drag head makes contact with the seabed, a mixture of water and
sand/gravel is drawn up the dredge pipe and up to the screening tower. Heave compensation is
used to ensure that the draghead maintains contact with the seabed. Once on the screening tower,
the mixture of water and sediment can be passed over a grid which serves to separate one size of
material from another. Rotation of the screening towers allows one size of material to pass into
vessel hold, whilst the other is rejected over the side of the vessel. This process is known as
‘screening’. Gradually the hold will fill with the water and sediment mix. Reject chutes (also known
as spillways), located at the top of the vessel hold, allow for water and fine sediments to ‘overspill’
back into the sea. Once the hold is full with sediment, the ship will return to a dedicated wharf
facility to offload its cargo. These facilities are generally located close to the point of use of the

material, thereby reducing the costs of onward transport.

There are two methods of dredging used to extract sand and gravel in the UK: trailer suction hopper
dredging, and anchor suction hopper dredging. The most common method employed in the UK is
trailer dredging, although anchor dredging is sometimes used to target deep, localised deposits. The
UK has a fleet of 28 dredgers which are operated by various companies (Highley et al., 2007). The

size of these vessels varies, but a typical dredger will hold 5000 tonnes of material. The effective
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depth of operation is dependent on the size of the vessel, with the largest vessels capable of

operating to 60m.

Fig. 1. Main features of a trailer suction hopper dredger including: (1)
vessel hold, (2) dredge pipe, (3) drag head, (4) seawater pump, (5)
screening tower, (6) retained material from screening, (7) rejected
material from screening, (8) spillway, and (9) offloading conveyer.
Background image courtesy of the British Marine Aggregate Producers
Association.

2.3 AREA OF OPERATION

Material is currently extracted from around 70 licensed extraction areas located around the coast of
England and Wales (Russell, 2011). These areas are located in seven dredging regions including the
Humber, East Coast, Thames, Eastern English Channel, South Coast, Bristol Channel and North-west
(Figure 2). Gravel and sand cargoes are targeted from the south and east coasts, while mainly sand
is taken from the Bristol Channel and North-west regions. These differences result from local market
requirements, but also from differences in the nature of the deposits between the regions (see
Section 2.4). In 2010, the area of seabed licensed for extraction was 1291 km?, although typically

only a relatively small percentage of this area is dredged in any one year (BMAPA, no date (b)).
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Fig. 2. Location of the main aggregate dredging regions (large

rectangles). Individual extraction areas are coloured according to their
status at the time the map was produced: Pink — active licence area,
Grey — prospecting area, Blue — application area, Green — option area.
Figure adapted from BMAPA (2011).

2.4 ORIGIN OF MATERIAL

The sand and gravel deposits targeted by the marine aggregates industry can be classified as either
‘relict’ or ‘modern’ (Velegrakis et al., 2010). Relict deposits were formed in the past under different
environmental conditions. Modern deposits are formed and controlled by modern hydro and
sediment dynamic conditions. Most exploitable deposits originate from the Quaternary, the
geological period extending from 2.6 million years ago to present day. The Quaternary is subdivided
into Pleistocene and Holocene epochs. The Pleistocene was characterised by repeated glaciations,
and spanned the period from 2.6 MY to 11,700 years before present. In contrast, the Holocene is a
warm interglacial period which began 11,700 years ago and continues today. During the Pleistocene
sea levels were much lower, exposing much of the current continental shelf. Periglacial rivers
drained across this landscape, and sand and gravel deposits are found in association with these
historic river features. When sea levels eventually rose, these fluvial deposits were transformed into

estuarine and eventually marine environments (Figure 3). As a result, the drowned or palaeovalleys
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can be characterised by fine grained sediments at the surface. Deposits are also associated with
beaches which have been transgressed by rising sea level. Such material is typically well sorted and
resistant to abrasion, making it particularly well suited for beach replenishment (Velegrakis, 2010).
Lastly, there are pro-glacial till deposits comprising sandy gravels and coarse gravely sands. These
deposits are formed by melt-water rivers at the head of a glacier or ice sheet (e.g. The Cleaver Bank

in the Dutch sector (see van Moorsel, 1994), and the UK East Coast and Humber region deposits).

20,000 years ago
With sea levels 100 metres lower,
todays seabed was exposed as dry land.

8,000 years ago

Old river valleys bearing sand & gravel
deposits were submerged when sea levels
rose after the Ice Age.

o ) Today
present coastline S . Sea levels have risen further to
= “ establish today's coastline.
thickest deposits found Sediment has been re-worked
in former river valleys by the action of the sea, leaving

clean, well-sorted aggregates

Fig. 3. Origin of relict marine aggregate deposits. Figure taken from BMAPA (no date (c)).

According to Velegrakis et al. (2010), modern deposits of interest to the marine aggregates industry
generally comprise of mobile stores of sediment, including sand sheets, sand patches, sand banks,
sand ribbons and subaqueous dunes. Of these, the sand banks and subaqueous dunes (see Figure 4)
are most readily exploited. The targeting of these particular deposits stems from their relative

thickness; sand sheets and sand ribbons are by their nature thinner.
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W

60 m

30 m

Fig. 4. Sidescan sonar sonograph from the Bristol Channel (UK), showing a
field of sand subaqueous dunes (Velegrakis et al., 1996). Key: A, large
subaqueous dunes; B, medium subaqueous dunes superimposed on the
larger bedforms. Figure taken from Velegrakis et al. (2010).

2.5 BIOLOGICAL RESOURCES IN VICINITY OF EXTRACTION AREAS

The sediments targeted by the aggregates industry are, as a result of low light penetration,
predominately characterised by animal communities (Tillin et al., 2011). These animal communities
include the macrobenthos, those animals living in close association with the seabed, and more
mobile fish and shellfish species. The macrobenthos include infaunal species which live within the
sediments, and epifaunal species which live on the sediments. The epifauna comprise of mobile and
sedentary species. Many of the sedentary taxa are colonial and require coarse sediment for

attachment (e.g. hydroids and bryozoans).

The composition of benthic faunal communities is influenced by the nature and dynamics of the
sediments. For example, in stable gravel areas the fauna are typically more diverse and include a
well developed epifaunal component (e.g. Cooper, 2013[”). In contrast, the fauna characterising
dynamic sandy areas are typically much less diverse, and are dominated by a relatively small number
of highly adapted species (e.g. Cooper et al., 2007a“”). A combination of a lack of surfaces for

attachment, and the harsh nature of the environment results in colonial epifaunal species being less
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common (Kenny et al., 1991). Evidence from Emu Ltd (2010) suggests that the benthic macrofaunal
communities found in association with the relatively deep deposits of aggregate extraction areas are

not unique, and can be found associated with more shallow deposits in the near vicinity.

The seabed in the vicinity of aggregate extraction areas can also support a variety of commercially
important fish and shellfish species. For example, coarse sediments are utilised by herring (de
Groot, 1980) and black bream (Defra, 2002) for spawning, and female brown crabs are known to
bury in shingle during an over-wintering phase (Bennett & Brown, 1998). Many demersal species

rely on benthic organisms for their diet (Greening and Kenny, 1996; Pearce, 2008).

2.6 ENVIRONMENTAL IMPACTS

The typical direct and indirect effects of aggregate dredging are shown in Figure 5 and are described
below. It is difficult to generalise about impacts of dredging, as these will depend on local
environmental conditions, and the dredging practices employed at the site (e.g. intensity and
method of dredging, use of screening). In some locations, impacts of dredging on the seabed are

clearly visible, whilst in other locations impacts are much less obvious.

SCREENING

Noise/Vibration

Active sediment plume
Far-field change in
Tides & Currents Deposition Foce hydrodynamics
. Morphology change . (Tides & Currents)
(Bathymetry)

8 nge in sedimer ‘Sediment
loss
n 30cm average

DRAGHEAD furrow depth

20m average water depth

Change in local
hydrodynamics

EMU LIMITED © 2010

Fig. 5. lllustration of the direct (primary) and indirect (secondary) impacts associated with marine aggregate
extraction (Copyright Emu Ltd). Figure taken from Ware & Kenny (2011).

2.6.1 Direct physical effects

For trailer dredging, contact of the draghead with the seabed leads to the creation of dredge furrows
(Limpenny et al., 2002) (see Figure 5). These features are typically 2-3m wide and 20-30 cm deep,
but can coalesce to form larger bathymetric depressions. The persistence of dredge furrows varies
considerably from a matter of days to years, depending on the nature of the local environment
(Limpenny et al., 2002). For anchor dredging, contact of the draghead leads to the creation of

dredge depressions or pits (see Dickson and Lee, 1972). These features have been reported to be
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over 20m in depth and up to 75m across (Newell et al., 1998). In most cases, dredge depressions are
likely to be long-term, or even permanent, features of the seabed. Changes in the topography of the
seabed resulting from furrows and depressions can alter the local hydrodynamics, with possible
implication for sedimentation and the trapping of finer sediments (Dickson and Lee, 1972; Kenny et
al., 1998; Newell et al., 1998, 2004a). Changes in sediment composition can also occur within the
licence area as a result of the exposure of different underlying material (Kenny and Rees, 1996;

Cooper et al., 2007b™%).

2.6.2 Direct biological effects

Benthic organisms are vulnerable to entrainment (direct uptake by the suction field generated at the
draghead). For the macrofauna, figures vary for the severity of impact, with reported reductions in
abundance of 16% to 88%, in diversity of 11% to 76%, and in biomass of 78% to 92% (see Newell et
al., 1998, 2004b, Andrews 2004). Whilst benthic organisms which are taken up by the dredger could,
in theory, be returned via overspill or screening, evidence suggests most of them do not survive
Newell et al. (1999). Evidence in Poiner and Kennedy (1994) and Newell et al. (1999) suggests this
organic material may be associated with an enhancement or ‘halo’ effect on the benthos at distance

away from the extraction site, but such results are inconclusive.

For fish, it is the demersal species which are most vulnerable to entrainment (Drabble, 2012),
although pelagic species can also be affected (Reine & Clarke, 1998). Also vulnerable to entrainment
is the brown crab Cancer pagurus, particularly the egg-carrying females which can be found over-
wintering in coarse sediments (Bennett and Brown, 1998). A study by Lees et al. (1992) showed
living fish being returned to the water via overspill, although the study did not consider long-term
survival. Dredging might also affect fish populations through damage to spawning and feeding

grounds, and the entrainment of eggs and larvae (Tillin et al., 2011).

Biological effects are likely to persist in areas of active dredging. However, upon cessation of
dredging, faunal recolonisation does occur following a pattern of normal successional changes (Boyd
et al., 2005™). This recolonisation may result in the return of a similar community to that which
existed before dredging, or in a different community, depending on the severity of persistent
physical change (Poiner and Kennedy, 1984; Desprez, 2000; Boyd et al., 2005"%: Barrio Frojan et al.,
2011 Wan Hussin et al., 2012")). Equally, the capacity of the seabed to provide the same
functions in terms of habitat for fish may also change depending on the extent and persistence of

physical change.
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2.6.3 Indirect physical effects

Indirect effects of dredging occur as a result of the mobilisation and deposition of sediment (Figure
5). This happens at the seabed as a result of the disturbance caused by the draghead, and material
mobilised in this way is referred to as a benthic plume (Hitchcock and Bell, 2004). Sediment plumes
also originate from the dredger. These surface plumes arise from the processes of overspill (Newell
et al., 1998), where excess water and fine sediments are lost over the side of the vessel. They also
result from the process of screening, where unwanted sediment fractions are returned to the
seabed (Hitchcock and Drucker, 1996). The proportion of material lost through screening will vary
according to the composition of dredged deposits and the targeted sediment fractions. However, in
a study of two sites in the southern North Sea, Newell et al. (2004a) calculated that 57.7% and 28.5%
of the material dredged was returned to the seabed as a result of this process. In some extreme
circumstances, Hitchcock and Drucker (1996) noted that up to 80% of the material initially removed
from the seabed can be returned through screening. According to Hitchcock and Bell (2004), the

practice of screening can lead to oversanding, making it increasingly difficult to load coarse cargoes.

The denser components of a sediment plume generally fall to the seabed within 300-600m from the
point of discharge (Poiner and Kennedy, 1984; Hitchcock and Drucker, 1996; Newell et al., 1999,
2004a; Hitchcock et al., 1999). However, there is some evidence that benthic plumes can propagate
further (Hitchcock and Bell, 2004; Dickson and Rees, 1998). In contrast, a surface plume of the finer
sediments can extend for up to 2.5 km from the point of discharge. Whist the settlement of material
is relatively localised, effects can extend further due to subsequent remobilisation of settled

material on successive tides (Cooper et al., 2007a™).

Where the supply of rejected material from a dredger exceeds the capacity of the environment to
disperse it then this can lead to changes in the character of the seabed. For example, in the near
vicinity of the extraction area, the settling plume material can lead to the creation of sediment
bedforms, including sandwaves and sand ripples (Boyd et al., 2005"*?). Further afield, settling
material can lead to a change in the composition of seabed sediments (e.g. Desprez and Duhamel,
1993; Desprez, 2000; Newell et al., 2004a; Cooper et al., 2013[2]). The extent to which these changes
occur is dependent on a variety of factors including the nature of the receiving environment, and the
extent of screening. In some locations, such as the Hastings Shingle Bank (Cooper et al., 2007b""),
there is relatively little evidence of changes in sediment composition outside the licence area. In

other areas changes in sediment composition are more widespread (Newell et al., 2004a).
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2.6.4 Indirect biological effects

The indirect physical impacts of dredging described above can lead to impacts on the benthic fauna,
although such effects are likely to be less severe than in the primary impact zone. Indirect or
secondary impacts result from increases in Suspended Particulate Matter (SPM), and from the
settlement of sediment on the seabed (Newell et al., 1998). Newell et al. (2004a) showed evidence
of an impact to the macrofauna up to 4000m away from the dredge area. However, secondary
impact zones for biota are typically much smaller (e.g. Desprez, 2000; Boyd and Rees, 2003; Newell
et al, 2004a; Desprez et al., 2010; Pearce et al., 2011). Increases in SPM as a result of sediment
plumes can impact benthic organisms through increased scour (Tillin et al., 2011), or through
damage and blockage to feeding and respiratory organs (Newell et al., 1998). For example, Last et
al. (2011) showed that scallops exhibited an increase in ‘coughing’ in response to increases in SPM.
This behavioural response is thought to be caused by a need to expel sediment from inside the
mantle cavity, and, given the energetic costs it may affect growth. Interestingly, the same authors
described a positive effect of intermediate levels of SPM on the growth of Sabellaria reef. Last et al.
(2011) also considered the effect of burial on a range of benthic organisms. They found a high
tolerance of burial for some species (e.g. Sabellaria spinulosa), intermediate tolerance for Mytilus
edulis (the blue mussel) and Ciona intestinalis (yellow sea squirt), and low tolerance for
Psammechinus miliaris (green sea urchin). Changes in sediment composition, both during and after
cessation of dredging, can lead to alterations in the composition of the benthic community (Poiner

and Kennedy, 1984; Desprez, 2000; Boyd et al., 2003"**, 2005"%; Barrio Frojan et al., 2011°)).

2.7 LICENSING PROCESS

In the UK, sand and gravel resources on the seabed out to the 200 nm limit are owned by the Crown
Estate. In accordance with their responsibilities under the Crown Estate Act (1961), the Crown has a
duty to generate an income, on behalf of the exchequer, from the exploitation of this material. This
is achieved by the issuing of exclusive production agreements which give commercial dredging
companies the right to extract material from within defined extraction areas. In return, the dredging
company pays a royalty to the Crown for every tonne of aggregate produced. The awarding of a
production agreement by the Crown follows a tendering and prospecting process, and is dependent

on the developer successfully obtaining a Marine Licence from the relevant Regulator.

A Marine Licence is required, under the Marine and Coastal Access Act 2009 (MCAA), for activities

involving the deposit or removal of a substance or object from below mean high water springs, and
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this includes the extraction of marine aggregates. Marine Licences are issued by a variety of

regulatory organisations depending on country and distance offshore (see Table 1).

Table 1. Regulatory bodies responsible for issuing Marine Licences
within UK waters.  Abbreviations: MMO - Marine Management
Organisation, WG - Welsh Government, DOENI - Department of
Environment Northern Ireland, NIEA - Northern Ireland Environment
Agency, SG - Scottish Government. The MMO is an executive non-
departmental public body (NDPB) established and given powers under
the Marine and Coastal Access Act 2009.

Country 0-12nm 12-200 nm
England MMO MMO
Wales WG MMO
Northern Ireland DOENI/NIEA MMO
Scotland SG SG

Marine Licence applications are considered in accordance with relevant government policy
statements including the Marine Policy Statement (UK Government, 2011) and relevant Marine
plans and guidance, and principles of sustainable development. In addition, they are also subject to
assessment under the Habitats Regulations, the Water Framework Directive (out to 1 nautical mile),

and they may be subject to an Environmental Impact Assessment (EIA).

The EIA directive (Council Directive 85/336/EC) aims to protect the environment and the quality of
life by ensuring that projects which are likely to have significant environmental effects by virtue of
their nature, size or location are subject to an environmental impact assessment before permission
is granted. The extraction of minerals by dredging is listed in Annex Il of the EIA directive meaning
that if the project is likely to have a significant environmental effect then it will require an EIA. In
practice all UK aggregate dredging projects have been subject to EIA. The EIA directive was enacted
into UK law by the Marine Works (Environmental Impact Assessment) Regulations 2007 as amended

in 2011 (MWR).

As part of an EIA, the developer is required to characterise the benthic fauna within the likely area of
effect, and then to consider what the impacts of the project are likely to be. If necessary, the
developer may suggest some form of mitigation to minimise or avoid impacts on sensitive species or
habitats. The results of the EIA are presented in an Environmental Statement which is presented to
the regulator, along with an application for a Marine Licence. In making their decision on the Marine
Licence application, the regulator will seek comment from statutory consultees, and their technical
scientific advisors. To mitigate the effects of dredging, conditions are often applied to extraction

licences. Examples of licence conditions include: (1) limits on the extraction rate, (2) limits on the
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total tonnage extracted, (3) restrictions regarding the quantity of material which can be screened,
(4) a requirement to leave the seabed in a similar physical condition after dredging, and (5) a
requirement to monitor the environmental effects of dredging over the licence term (see Ware and

Kenny, 2011).
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3. MY RESEARCH

Findings from the research questions | have addressed over the last 11 years have informed the
rationale for a new approach to monitoring the impacts of marine aggregate dredging (see Section
5). These research questions relate to themes of Impacts (Cumulative Effects), the Relationship
between Sediments and Benthos, Recovery, Restoration, Seabed Mapping, and Natural Variability.
In this section | undertake a critical examination of this work in order to provide confidence in the

new monitoring approach.

3.1 IMPACTS (CUMULATIVE EFFECTS)

An understanding of the nature and spatial scale of dredging effects is important if we are to avoid
unacceptable impacts on other legitimate marine interests. Whilst impacts of dredging on benthos
and sediments are reasonably well understood at individual extraction sites (Newell et al., 1998),
much less is known about the potential for cumulative impacts that may arise from combinations of
licensed areas in close proximity, for example in the East Coast dredging region (see Figure 2). As
part of the Environmental Impact Assessment process, developers of extraction sites are required to
consider the potential for cumulative and in-combination effects. Cumulative impacts are defined as
those which arise from multiple marine aggregate extraction activities within a region. In-
combination impacts are the total impacts of all anthropogenic activities within the same region
(TEDA, 2010). In the past, cumulative and in-combination assessments have not been satisfactorily
addressed due to a lack of suitable regional datasets (licence areas are typically monitored in

isolation), and an appropriate assessment methodology.

To address the above issues, research was undertaken to develop a method to assess cumulative
effects, and to look for evidence of a broadscale impact of dredging on sediments and benthos in the

East Coast dredging region (Cooper et al. 2007a™")

. This study used macrofaunal and sediment data
from a broadscale survey carried out across the region in 1998. Samples were assigned to treatment
groups based on their position relative to predicted ‘direct’ and ‘indirect’ effects of dredging. The
zone of ‘direct’ dredging effects was based on the cumulative dredging footprint indicated by
Electronic Monitoring System (EMS) data (for an explanation of EMS data see Cooper et al.,

2007a[1”,b“°]). The zone of ‘indirect’ effect was based on a modelled area for secondary effects.

Results in Cooper et al. (2007a)™" provide evidence of a near-field effect of dredging, with
proportionally less gravel and more coarse sand within the ‘direct’ impact zone. In addition, samples

from the ‘direct’ impact zone had significantly (p<0.05) lower numbers of species (Xirect) = 5.5,

22



SECTION C CRITICAL ANALYSIS

X(reference) = 18.9) and individuals (Xirect) = 11.4, X(reference) = 287.1) relative to the reference zone.
Therefore, we rejected the null hypothesis that there was no difference in the number of species
and individuals between the different treatment groups. Further, Cohen’s effect size values
suggested a large practical significance for the number of species (d = 0.92) and a moderate practical
significance for the number of individuals (d = 0.63). The study also showed some evidence for a far-
field effect of dredging within the ‘indirect’ impact zone, with intermediate numbers of species and
individuals relative to the ‘direct’ and ‘reference’ treatments, but a lack of statistical significance

meant that no firm conclusions could be drawn.

The lack of baseline data for the East Coast dredging region means that we could not exclude the
possibility that the observed differences between the ‘direct’, ‘indirect’ and ‘reference’ treatments
were unconnected with dredging. In addition, the failure to detect a statistically significant
difference in the number of species and individuals between the ‘indirect’ and ‘reference’ treatment

may have been a result of the low numbers of samples available.

Despite the limitations of the approach outlined in Cooper et al. (2007a)“”

, it has found application
in follow-on work. For example, it is now being used for assessing cumulative effects of dredging in
a number of the major dredging regions (e.g. EMU Ltd, 2012). The greater number of samples
available to these studies allowed data to be stratified according to the underlying habitat or

biotope, providing some insight into potential differences in biotope/habitat sensitivity to dredging.

The identification of an historic footprint of dredging effect, following the approach outlined in
Cooper et al. (2007a)™!, was also used to help industry transition to a new system of marine
licensing. This issue arose due to the introduction of the Marine and Coastal Access Act (UK MCAA,
2009) which required developers to obtain a Marine Licence for all extraction areas. The time
required to complete an EIA for a typical 15 year Marine Licence meant that dredging operations
would have had to stop whilst the work was completed, with implications for continuity of
aggregates supply and industry jobs. To address this, developers were issued with short-term
Marine Licences which restricted their operations to within the historic footprint of dredging. This
strategy lowered the level of environmental risk, making the EIA for the short-term Marine Licence
much quicker to undertake. As a result, dredging operations were able to continue. During the
period covered by the short-term Marine Licence, developers were able to produce an EIA for a full

15 year dredge term.

In addition to the ability to assess for cumulative effects, the regional approach to assessing

environmental impacts of dredging on the seabed offers a range of other potential benefits. For
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example, the collected data allow for a snap-shot of the regional status of the seabed macrofaunal
communities. There are also benefits in terms of efficiency, with samples collected from across the
region in one sampling campaign. Finally, reference sites can be shared between extraction areas -

this is particularly useful where such sites are difficult to find due to the proximity of other activities.

3.2 RELATIONSHIP BETWEEN SEDIMENTS AND BENTHOS

In a review of the relationship between sediments and benthos, Gray and Elliott (2009), highlight the
important role of hydrodynamics in influencing the composition of sediments. For example, muds
generally occur in low energy, depositional areas, whilst gravels tend to occur in higher energy, more
erosive areas. The composition of sediments affects seabed stability and other properties such as
porosity and permeability and ultimately sediment chemistry. Together, these variables influence
the composition of the benthos. As the aggregates industry target relatively clean (i.e. low silt/clay
content) sands and gravels, variables such as static particle size and mobility of sediments are likely

to be important factors influencing the biology.

It is generally accepted that the composition of sediments plays an important role, at large spatial
scales, for the structuring of benthic faunal communities (Gray, 1974; Warwick and Davies, 1977,
Barry and Dayton, 1991; Petersen, 1913; Glémarec, 1973; Dankers and Beukema, 1981; Kiinitzer et
al.,, 1992). It is for this reason that operators of marine aggregate dredging sites are required,
through a licence condition, to leave the seabed in a similar state to that which existed before
dredging (ODPM, 2002). The rationale for this condition is to promote recovery, and the return of a
similar faunal community to that which was present before dredging. Careful stewardship of the
environment in this way is intended to help avoid long-term cumulative effects, thus helping to

ensure the sustainability of aggregate dredging.

At smaller spatial scales, the relationship between sediments and macrofauna can be more variable.
For example, Hitchcock and Bell (2004), working off the south coast of the UK, found that a benthic
community adjacent to dredging was unaffected by a small change in the composition of sediments.
Similarly, Boyd et al. (2005)"%, in a study of recovery following marine aggregate dredging at Area
222 (outer Thames Estuary, UK), found a complete faunal recovery in an area where a small physical
impact persisted. Working at extraction sites in the southern North Sea, Seiderer and Newell (1999),
Newell et al. (2001) and Cooper et al. (2007a)™ all reported a lack of a close correspondence
between the composition of sediments and the distribution of benthic faunal communities. These
studies contrast to results in Desprez (2010) who observed a strong correlation between sediment

composition and benthic fauna.
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The purpose of the Cooper et al. (2011b)[5] study was to investigate the sensitivity of faunal
communities to changes in sediment particle size composition, and to identify the factors which may
be responsible. This understanding was intended to help regulators decide where they should, and,
perhaps, should not be concerned about changes in sediment composition as a result of dredging.
Results from this study showed that faunal communities in stable, gravel rich areas are most
sensitive to changes in sediment particle size composition, with faunal communities in dynamic,
sandy areas being least sensitive to sediment changes. It is suggested that these findings may, in
part, be explained by the close association of certain taxa with the gravel fraction, and the influence
of natural physical disturbance which, as it increases, tends to restrict the colonisation by these
species. The findings of this study are in agreement with Seiderer and Newell (1999), Newell et al.
(2001) and Cooper et al. (2007a)™, who all reported a lack of correspondence between community
composition of the benthos and static particle size distribution in unconsolidated sand and gravel
deposits at Area 452 (Thames), off Folkestone (eastern English Channel) and Cross Sands (East
coast), respectively. All of these areas were shown by Cooper et al. (2011b)* to fall within zones of
high natural physical disturbance. The differing sensitivity of faunal communities to changes in
sediment particle size composition helps explain the different physical and biological recovery times

following marine aggregate dredging reported in Foden et al. (2009).

The findings from Cooper et al. (2011b)[5] suggest that it may be preferable, where a choice exists, to
site extraction areas in more dynamic environments, due to the typically lower sensitivity of the
benthic communities present within these areas. The study also suggests that there should be more
concern about changes in sediment composition in stable gravel areas, and less concern in dynamic
sandy areas. Whilst this study improved our understanding of the sensitivity of faunal assemblages
to changes in sediment composition, there was still a need for the setting of quantifiable limits for
acceptable change in sediment composition to allow regulators to effectively manage the industry

(Cooper et al., 2012"!, 2013™).

3.3 RECOVERY

The sustainability of marine aggregate dredging for seabed faunal communities is ultimately
dependent on the extent of seabed recovery post dredging. Previously, faunal recovery times were
expected to be in the range of 2-4 years (Kenny et al., 1998; Sarda et al., 2000; Van Dalfsen et al.,
2000; Van Dalfsen and Essink, 2001). However, as these studies were associated with short dredging
campaigns (typically of <1 year), there was a concern the results might not be relevant to

commercial extraction sites where dredging is sustained over a much longer period, typically 25
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years. To address this issue, the UK government commissioned Cefas to undertake research to look
at recovery times at commercial extraction site around the UK (see Boyd et al., 2003"*, 2005

Cooper et al., 2007b™"; Barrio Frojan et al., 2011"°"; Wan Hussin et al., 2012")).

The research undertaken by Cefas investigated the physical and biological recovery of the seabed at
3 commercial extraction sites where dredging had been sustained over many years. These sites
differed in the time since dredging had ceased, and so the study made it possible to look at recovery
at different stages of the process. In addition, sites were located in three different regions (Humber,
Thames and Eastern Channel), and were subject to different environmental conditions and dredging
practices. All of the studies used the same experimental design, with grab samples taken within
areas of relatively high and low dredging intensity, and at two reference sites. This made it possible
to investigate the effect of dredging intensity on recovery times. In addition to the grab samples,
sites were monitored using both acoustic and underwater video, making it possible to monitor the
recovery of physical impacts, such as dredge tracks. In these studies biological recovery was defined
as the establishment of a community that was virtually indistinguishable from surrounding, non-

impacted reference sites. Differences were assessed both uni- and multi-variate analysis techniques.

Findings from this research suggest that faunal recovery can be strongly linked to physical recovery.
For example, four years after cessation of dredging at Area 408, there was still no evidence of faunal
recovery within the areas of high and low dredging intensity (Barrio Frojan et al., 2011[6]). In both
these areas, sediments remained very different to the references sites. In contrast, a full faunal
recovery was seen within the low dredging intensity areas of Area X (Cooper et al., 2007b[1°]), and
Area 222 (Wan Hussin et al., 2012 some 6-7 years after cessation of dredging. The sediments
within both these areas were similar to the reference sites. Whilst there was progress towards
recovery at the high dredging intensity site at Area 222, the persistent physical impacts observed in
this location appear, in part, to be responsible for the prolonged faunal recovery. According to Wan
Hussin et al. (2012)™), biological recovery at the high site is expected to take between 15-20 years.
The results of the Cefas recovery studies have been put into a wider context in Foden et al. (2009).
Whilst there is still much variability in reported recovery times, Foden et al. (2009) shows the fastest
recovery rates occur in dynamic areas with fine sediments (e.g. mobile sands), and the longest times
in stable coarse sediment areas. Other authors have approached the recovery question in a
different way by looking at the composition of benthic communities and predicting how long they
might take to re-establish based on the life-history traits of the species present (MESL, 2007). Whilst
this approach is potentially useful, no specific recovery time predictions are made. In addition, the

report highlights a need for testing predicted recovery times against data from field-based recovery
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studies. The approach also assumes that the physical habitat, post dredging, is able to support the
return of the pre-dredge faunal assemblage. Work in Wan Hussin et al. (2012)[4] shows this

assumption may not always be valid.

In addition to assessing recovery in terms of community structure, attempts have also been made to
look at recovery in terms of likely ecosystem function (Cooper et al., 2008 Barrio Frojan et al.,
2011, Wan Hussin et al., 2012")). Ecosystem functions performed by the benthos include
metabolism, catabolism, bioturbation, production and transfer of food, oxygen, and nutrients and
recycling of waste and harmful substances. Whilst we were not able to measure these processes
directly, we sought to gain an insight into possible differences in ecosystem function using a variety
of different functional metrics (e.g. Infaunal Trophic Index (ITI), Somatic Production (P), Biological
Traits Analysis (BTA), Taxonomic Distinction (TD) and Rao’s Quadratic Entophy coefficient (Rao’s Q)
(see papers listed above for further details of each method). This different approach to assessing
faunal recovery was trialled to assess the likely ecological significance of changes in benthic
community composition. The logic of this is that whilst the structure of a recolonising community
may differ to that present originally, or to that found at a reference site, it may never-the-less
perform some or all of the same ecosystem functions. Assessing recovery in this way can therefore
provide a greater insight into the likely significance of environmental change. Results of this work
suggested that the impacted seabed might recover its functionality in advance of the recovery times
suggested by the species abundance data. However, large differences in community structure
(species composition) were also associated with large differences in ecosystem function, as

suggested by a comparison of biological trait expression (Barrio Frojan et al., 2011').

The most obvious criticism of the Cefas recovery studies is the lack of baseline data. As such, we
cannot be certain that the differences between dredged and reference sites are entirely down to
dredging. This issue was, as far as possible, addressed by carefully selecting reference sites which
would be representative of the pre-dredge state. A further criticism relates to the possible
confounding influence of other activities across the site (e.g. demersal fishing). This is a difficult
issue to address, but access to Vessel Monitoring System (VMS) data, which shows the location of
fishing vessels (Eastwood et al., 2007), could now help. In the work undertaken to assess functional
recovery (Cooper et al., 2008®; Barrio Frojan et al., 2011'®, Wan Hussin et al., 2012")), no attempt
was made to link specific biological traits to specific ecosystem functions. This is a weakness which
more recent studies have sought to address by first identifying the functions of interest, and then

selecting only the biological traits of relevance for subsequent analysis (see Frid, 2011).
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Work on recovery has shown that it is possible to get a return of the original faunal assemblage,
given time, where the physical environment remains within certain limits (Cooper et al., 2007b™%:
Boyd et al., 2005""%; Wan Hussin et al., 2012!)). The work of Cooper et al. (2011b)" suggests that
the consequences of physical changes in seabed condition for faunal recovery are likely to vary

according to the sensitivity of the affected faunal assemblage.

3.4 RESTORATION

Concerns about the limited recovery potential of some dredge sites (Desprez, 2000; Boyd et al.,
2005[12]; Barrio Frojan et al., 2011[6]; Wan Hussin et al., 2012[4]), combined with various legislative
and policy drivers (e.g. Article 2 of the EEC Habitats Directive (Council Directive 92/43/EEC), the EC
Water Framework Directive (Directive 2000/60/EC), the EC Marine Strategy Framework Directive
(Directive 2008/56/EC), Article 2 of Annex V to the OSPAR Convention (OSPAR 1992) and the
Environment Liability Directive (Directive 2004/35/EC)), led to a consideration of possible restorative
techniques. A review of these techniques can be found in Cooper et al. (2013). Whilst many of
these techniques are routinely used for maintenance dredging, it is important to acknowledge that
their validity for restoration of aggregate sites remains largely untested. There are a couple of
exceptions to this. Firstly, the work of Collins and Mallinson (2006) which considers the use of waste
shell material, and a gravel seeding experiment undertaken by Cooper et al. (2011b)[7]. The
objective of the Cooper et al. (2011b)[7] study was to assess the feasibility and effectiveness of gravel
seeding as a means of recreating a lost coarse sediment seabed habitat (see Barrio Frojan et al.,
2011")). The survey design comprised of three boxes. Two of the boxes were located within an area
of sandy sediments thought to have resulted from screening of dredged cargoes. The other box was
located in a reference area characterised by gravel sediments. Within the sandy area, one of the
boxes was designated as the treatment site, the other as a control. The treatment site was seeded
with a thin layer of gravel rich sediments, using a commercial aggregate dredger. Over time the
faunal composition of the treatment site was expected to become more similar to that of the gravel

reference site.

Results from this study showed it was possible to increase the proportion of coarse sediment at the
seabed surface within the treatment box, although it demonstrated the difficulty in trying to exactly
recreate a lost habitat. The study also showed that the technique was successful, at least in the
short-term, in returning the benthic community to a state more similar to the surrounding gravel
sediments in the wider region. Knowledge of the fauna in the vicinity of the seeding area (Barrio

Frojan et al., 2011'"®) lends support to the existence of the treatment effect, but a lack of replication
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in the survey design means we need to be cautious about a generalised effect of gravel seeding
elsewhere. Unfortunately, overriding practical considerations prevented an ideal survey strategy.
Had resources been available, the design could have been improved by replicating the treatment
and reference sites, and by monitoring the site on multiple occasions before and after dredging
(Hurlbert, 1984). These changes would have resulted in a true, Before-After Control-Impact (BACI)
approach, allowing for more robust conclusions concerning the existence of a generalised treatment

effect.

The considerable effort required to restore the sediment composition within a relatively small part
of extraction Area 408 illustrates the inevitable costs of restoration. The issue of cost, financial and

)?. This study investigated whether restoration

environmental, is considered in Cooper et al. (2013
could be justified using a good and services valuation approach, but the lack of suitable data meant
that this was presently not possible, other than in a qualitative sense. The study therefore
recommended that there was a need for a more objective way of deciding whether restoration is

)[2] could be useful for

necessary. In the longer term, the approach used in Cooper et al. (2013
making decisions about whether it is appropriate to restore the seabed where acceptable change
limits are breached. However, for this to happen it would require valuation data to be collected at a
much finer resolution than at present. The issue of who should pay for restoration was also
addressed by Cooper et al. (2013)[2]. They concluded that a centralised fund might be most
appropriate as it would remove the financial burden from any one developer. An example of such a
fund was the now discontinued Aggregate Levy Sustainability Fund (ALSF), which aimed to reduce

the environmental impacts of the extraction of aggregates and to deliver benefits to areas subject to

these impacts (Defra, 2010).

3.5 HABITAT MAPPING

The effective management of marine resources requires a thorough knowledge of their distribution.
In the context of marine aggregate dredging, it is very difficult to judge the significance of changes to
benthic faunal communities without knowledge of the extent of their distribution in the wider
region. For this reason, considerable effort has recently gone into producing habitat/biotope maps
in regions of marine aggregate dredging (e.g. Mackie et al., 2006; James et al., 2007; Emu Ltd, 2009;
James et al., 2010; Limpenny et al., 2011; Tappin et al., 2011; James et al.,, 2011). The mapping
approach used in these studies was initially developed in the UK by Brown et al. (2002",

2004a[13],b[14]). Their work showed seabed acoustic data (e.g. sidescan sonar, acoustic ground
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discrimination system (AGDS), and multibeam bathymetry), in conjunction with ground-truth grab

(for fauna and sediments) and camera samples, could be used to construct habitat/biotope maps.

The benthic and sediment data generated by the broadscale mapping initiatives are key to
identifying limits for acceptable change in sediment composition within the footprint of dredging
effect (Cooper, 2012, 2013™). Rather than using the biotopes identified in the broadscale mapping
initiatives, the method in Cooper (2012)® and Cooper (2013)™" uses the macrofaunal data to identify
what broadscale communities are present within the region. The range of sediment composition
found in association with each of these faunal groups is then used to define limits for acceptable
change. The logic being that as long as sediments remain within this range then it should be possible

for the original faunal assemblage to return after dredging.

3.6 NATURAL VARIABILITY

Long-term records of biological data are extremely valuable for documenting ecosystem changes, for
differentiating natural changes from those caused by humans, and for generating and analyzing
testable hypotheses (Wolfe et al., 1987). To address the lack of long-term datasets for marine
aggregate dredging, Cefas started a network of Environmental Assessment Reference Stations
(EARS) in the East Coast dredging region (Barrio Frojan et al., 2008"). The stations sampled as part
of this study were a subset of those sampled during an earlier broadscale survey (Cooper et al.,
2007a[11]). The aim of the time-series investigation was to determine whether the broadscale spatial

)™ was maintained over time.

pattern of sediments and benthos observed by Cooper et al. (2007a
Results showed that this was the case, and the persistence of the pattern over an eight year period
lends support to the existence of a dredging effect with the licence areas. The study also noted that
sediments and benthos within the area subject to dredging were more homogenous and faunally
impoverished than those outside. This reduced variability is attributed to the frequent disturbance
associated with dredging, which is thought to dampen the existing naturally high variability in
assemblage structure by removing and/or preventing the reestablishment of a more mature and
diverse benthic assemblage. The temporal data also showed that undesirable changes did not
persist, suggesting that the faunal community was resilient to change. Barrio Frojan et al. (2008)"“
also show how an understanding of natural variability can be used to identify when conditions go

beyond what might be expected naturally. This kind of information is vital to allow managers to

know when to intervene.
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4. CURRENT MONITORING APPROACH

4.1 DESCRIPTION

At present, there are two types of benthic surveys undertaken in support of marine aggregate
dredging. These are the characterisation survey which informs the EIA, and monitoring surveys
which are undertaken periodically once dredging has begun. A detailed description of the survey
rationale for characterisation and monitoring surveys is given in Ware & Kenny (2011), but the main

features of each survey are provided below.

4.1.1 Characterisation survey

The purpose of the characterisation survey is to provide a description of the sediments and fauna
within the footprint of likely dredging effect. The survey should also extend outside this zone to
allow for the identification of suitable future reference sites for monitoring. To maximise the spatial
coverage of the survey, single samples are acquired from each station. Where available, information
on the underlying sediment strata can be used to inform the survey design. For example, where the
underlying substratum is homogenous, or the nature of the seabed is unknown, then a regular grid
strategy is used to position samples (Figure 6a). For a heterogeneous seabed, samples are typically
randomly stratified according to the underlying strata (Figure 6b). The need to undertake a
characterisation survey will be determined by the availability of existing data. In recent years, the
completion of a number of regional broadscale seabed characterisation studies (e.g. James et al.,
2007, 2010; EMU Ltd, 2009; Limpenny et al., 2011; Tappin et al., 2011) has reduced the need for
additional site-specific characterisation studies. The results of the characterisation data are used in
the EIA to inform what the likely impact of the project will be on the faunal communities present.
Where sensitive or protected species occur then appropriate mitigation can be put in place, or in an
extreme case, the project may be abandoned altogether. The role of the regulator, with input from
their scientific advisors and statutory consultees, is to indicate whether they agree with the
developer’s interpretation of the data. Where a marine licence is given, then the results of the
characterisation survey will be used to inform the design of the subsequent seabed monitoring

programme.

4.1.2 Monitoring surveys

The aim of monitoring is to demonstrate that impacts to the seabed are no greater than those
predicted in the Environmental Statement. Where impacts are shown to be greater than predicted,

the regulator may revise the licence conditions, or, in an extreme case, revoke the licence
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altogether. The recommended monitoring survey design differs according to whether the seabed is
homogenous (Figure 6¢) or heterogeneous (Figure 6d). Samples are stratified according to both the
underlying sediment strata, and the predicted zone of impact. The predicted impact zones are the
Primary Impact Zone (P1Z), the Secondary Impact Zone (SIZ) and the Reference zone (REF). These
zones correspond to where the direct, indirect and no impacts of dredging are expected to occur.
Within each sediment/impact zone, a number of randomly position 0.1m? grab samples are acquired
from within a sampling box. These samples are considered to be replicates, and a comparison of
data resulting from the PIZ, SIZ and REF of each sediment stratum allows for an assessment of
dredging effect. Monitoring surveys are undertaken for a pre-dredge baseline, and then at regular
intervals, the frequency of which is determined by the perceived sensitivity of the environment. The
last survey takes place shortly after the end of the licence term, making it difficult to address
questions regarding recoverability of the site. Where there are multiple biotopes present within an

area then it is likely that only the most sensitive will be monitored.
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Characterisation survey designs
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Fig. 6. Recommended designs for characterisation and monitoring surveys under the current approach to
monitoring (Figure adapted from Ware and Kenny, 2011). No spatial scale is provided in this figure as the
size of extraction sites (P1Z) and their secondary impact zones (SIZ) are highly variable (see Figure 2 and
Sections 2.6.3 and 2.6.4 for further details).

4.2 PROBLEMS

4.2.1 Wrong question

The current monitoring approach seeks to answer the question ‘What is the impact of ongoing
dredging on sediments and fauna?’, and to confirm that the observed impacts are no greater than
what was predicted in the Environmental Statement. There are two reasons why | believe this is

now the wrong question:

1. The increasing number of impact studies means that dredging effects are, to some extent,

predictable; the current monitoring approach simply confirms what we might expect.
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2. Most importantly, the results of current monitoring efforts do not adequately inform us
what is likely to happen to the site post-dredging (i.e. recoverability). At present our
understanding of seabed recovery at commercially exploited extraction sites is based on

only a small number of case studies (see Foden et al., 2009).

If dredging is to be sustainable, and this is a stated aim of the dredging industry and government,
then a more appropriate question would be ‘Will the seabed within the footprint of dredging effect
be able to support the return of the original faunal assemblage after dredging?’ Answering this
question allows the industry and managers to respond to changes, as they happen, with a view to
maintaining the seabed environment in an acceptable condition, thus ensuring the long-term

sustainability of aggregate dredging on seabed macofaunal communities.

4.2.2 Licence condition difficult to enforce

Developers are currently required by a licence condition to leave the seabed in a similar physical
condition to that which existed before dredging (ODPM, 2002). The aim of this condition is to try to
ensure the return of a similar faunal community post dredging. The difficulty here is deciding what
is and is not similar, and for this reason the licence condition is extremely difficult to enforce. In my
view, ‘similar’ should not mean no change, but that the extent of change should not preclude the
return of the original faunal assemblage identified during the regional baseline assessment (see
Cooper, 2013[1]). At present, the acceptability of changes in seabed condition relies on a subjective
‘expert judgement’ from the regulator, and this has implications for the consistency between

different licensed areas.

4.2.3 Survey design

The recommended monitoring survey design can also be problematic given the assumptions which
need to be made concerning the most likely path and location of dredging impacts. In one case, to
the east of the Isle of Wight, grab sampling sites did not, despite best intentions, intersect with the
secondary effects seen in the acoustic data of the seabed (see MESL, 2005 and MESL, 2010). Also,
for many extraction areas, dredging often takes place within relatively small active zones. Any
movement of dredging from one zone to another may make the survey design obsolete. In theory,
sampling boxes could be repositioned, but then there is no possibility of acquiring pre-dredge
baseline data. It is worth highlighting that a very similar survey design to the one recommended for
monitoring (Ware and Kenny, 2011) has been successfully employed in studies concerning recovery
(Cooper at al., 2007b™%; Wan Hussin et al., 2012, Barrio Frojan et al., 2011"") and restoration

(Cooper et al., 2011am) of the seabed. However, in these studies, no assumptions had to be made
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concerning to location of boxes — they were positioned to coincide with past impacts, or themselves

subject to a treatment.

4.2.4 Little scope for regional assessment of data

In the Eastern English Channel, monitoring of the ten extraction sites is done as part of a regional
programme. This regional approach has many advantages. For example: (i) it offers an efficient way
of surveying, (ii) impacts at individual sites can be viewed in the context of the status of the overall
region, (iii) data from individual sites can be combined to perform powerful meta-analyses (Cooper,
2013™), and to assess for cumulative (Cooper at al., 2007a") and in-combination effects. In all
other dredging regions, monitoring of extraction sites is done in isolation (i.e. site specific surveys

and reporting), with none of the advantages of the regional approach.

4.2.5 Cost

Whilst the motivation for developing a new approach to monitoring was simply to improve
environmental protection, the new approach is likely to have a secondary benefit in terms of a major
reduction in the complexity and cost of monitoring. This is useful given the current government’s
policy of seeking to reduce the regulatory burden on industry (UK Government, July 2013). Costs
associated with seabed monitoring are a major expense for the aggregates industry. These costs are
expected to rise sharply over the next few years as the number of sites which require monitoring
goes up from around 23 to 70. This change results from the introduction of a new licensing regime
under the Marine and Coastal Access Act (UK MCAA, 2009). The increasing number of monitored
sites will also have implications for the regulator, who will need to find additional resource to
process the increasing number of monitoring reports. In addition, the current approach to
monitoring sites individually is very inefficient in terms of vessel time. To illustrate this point it is
worth comparing the costs of ship time to monitor 10 sites individually, versus the costs to monitor
the same sites using one survey campaign. Surveyed individually, each site requires 3 days of vessel
time (one day each for mobilisation, survey, and demobilisation). The cost of this approach for all 10
sites would be £30,000, assuming vessel costs of £1000/day. To survey all sites together would
require 12 days (1 day each for mobilisation and demobilisation, and 10 days for the survey work).

The ship costs of this regional approach would be £12,000.

4.2.6 Lack of confidence in results

The final issue with the current approach concerns confidence in the results of benthic surveys. This
issue arises due to the often highly variable nature of benthic faunal assemblages in space and time

(e.g. Villnas and Norkko, 2011). As a result of this variability, the confident detection of change relies
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on there being sufficient numbers of sample replicates within treatments, and an adequate number

of sampling events. Both these issues (replication and the frequency of monitoring) have obvious

financial implications for the developer, and hence there is often a tension between what’s required

for scientific robustness, and what the developer is willing or able to pay for. Whilst the use of

statistical power analysis has, more recently, been encouraged (Ware & Kenny, 2011), many benthic

monitoring programmes have not explicitly addressed this issue. Possible reasons for this include:

(iii)

A lack of awareness of statistical power analysis, and how it can be used to identify the
required number of samples;

A fear of what it might tell us. For example, Somerfield (in Cooper et al., 2011) showed that
for the reliable detection of a 25% difference in the number of species, some 20 to 100
replicates per treatment would be required, depending on the number of species present in
the reference or pre-dredge community.

The Impact hypothesis set out in an Environmental Statement typically won’t specify what
changes in benthic community composition are expected, other than in general terms. This
may be because such predictions would involve a degree of conjecture, but also because
making such a prediction would require the developer to put in place a benthic survey
capable of detecting it. Given the likely costs of this approach, predictions have been less
explicit, and monitoring has been of a ‘reassurance’ nature, which seeks to demonstrate

that no major change has occurred.

Whilst the regulator has effectively sanctioned the ‘reassurance monitoring’ approach, it has meant

that we don’t fully understand the nature of impacts at many extraction sites. Perhaps inevitably,

failure to get robust answers leads to further monitoring.
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5. NEW MONITORING APPROACH

5.1 DESCRIPTION

My proposed new approach to monitoring environmental impacts of dredging on the seabed is for
the establishment of a Regional Seabed Monitoring Plan (RSMP) for each major aggregate dredging
region (Humber, East Coast, Thames, Eastern English Channel, South Coast, Bristol Channel, North

West). The RSMPs would include 3 elements:

1. acceptable change limits for sediment particle size within the footprint of dredging (primary
and secondary impact zones),
2. anetwork of long-term benthic monitoring stations, and

3. dedicated research sites.

The RSMP approach is based on the work described in Cooper (2012)"!, Cooper (2013)™ and Barrio
Frojan et al. (2008)™ and the best practice shown by industry in the Eastern English Channel (EEC).
In most cases, the RSMPs would fulfil the site specific monitoring requirements for benthic ecology.
However, in a small number of localities, there may still be a need for additional work to address site
specific benthic issues (e.g. Ophiothrix monitoring at Area 461 in the EEC). Each of the RSMP

elements is discussed below.

1. Acceptable change limits for sediment particle size

In the United Kingdom, companies extracting marine aggregate from the seabed are typically
required, through a condition attached to the extraction licence, to leave the seabed in a similar
physical condition after the cessation of dredging. This requirement, articulated in the government
policy document covering marine aggregate dredging (ODPM, 2002), is intended to promote
recovery, and the return of a similar faunal community to that which was present before dredging,
thus reducing the likelihood of long-term and potentially cumulative impacts on the wider

ecosystem.

Evidence suggests this policy is sensible. For example, numerous studies (Desprez, 2000; Newell et
al., 2004a,b; Boyd et al., 2005™?: Robinson et al., 2005; Desprez et al., 2010; Cooper et al., 2011b"’;
Barrio Frojan et al., 2011, Wan Hussin et al., 2012")) have shown that a change in sediment
composition has the potential to alter the benthic community composition, and the potential for
recovery. In such cases it is difficult to argue that seabed sediments have remained in a ‘similar’

condition post dredging. Whilst this policy is clearly sensible, and in line with the principles of
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sustainable development, the ambiguity associated with the term ‘similar’ can be problematic for
both developer and regulator. For example, developers have no clear definition of what is
acceptable or not in terms of changes in sediment composition, and the regulator is forced to make
subjective assessments as to the acceptability of changes that may occur. If the condition is to
achieve its purpose of mitigating adverse environmental impacts then it has to be enforceable, and
this requires it to be specific and measurable. The development of a more objective method of
assessment is timely given that approximately forty licence applications for marine aggregate
extraction are expected in the next 1-2 years; this is a result of many existing licences reaching the
end of their previous terms, and a new licensing system resulting from the Marine and Coastal

Access Act (UK MCAA, 2009).

A possible solution to this problem comes from recent Regional Environmental Characterisation
(REC) initiatives which have mapped the biological resources present within, and surrounding areas
of marine aggregate dredging. The first of these surveys was undertaken in 2005/6 in the Eastern
English Channel (James et al., 2007). Subsequent surveys have occurred off the South Coast (James
et al., 2010), Thames (Emu Ltd., 2009), East Coast (Limpenny et al., 2011) and Humber regions
(Tappin et al., 2011). These surveys, and more localised habitat mapping initiatives (e.g. Boyd et al.,
2004; Brown et al., 20042 b™¥; Birchenough et al., 2010; ECA and EMU Ltd., 2010; ERM, 2010),
have provided a new understanding of the distribution of benthic faunal communities in regions of
marine aggregate dredging. The spatial coverage of the REC surveys has been further enhanced by
the aggregates industry through their Regional Environmental Assessment (REA) initiatives which
have collected additional data in and around the licence areas within the Humber, East coast,
Thames, Eastern English Channel and South Coast dredging regions (MAREA, no date). In addition,
and crucially, the collected data make it possible to identify the range of sediment conditions found
in association with individual benthic faunal assemblages typical of marine aggregate producing
regions; it is this information which has the potential to define limits for acceptable environmental
change. In theory, as long as the composition of sediment within an impacted area remains within
an acceptable range, as defined by the initial pre-dredge state and comparable conditions in the
wider region, then a return of an acceptable benthic assemblage should be possible following the
cessation of dredging. Such an approach fits well with results reported by Cooper et al. (2011b)[5],
which showed that the sensitivity of benthic faunal assemblages to changes in sediment composition
caused by marine aggregate dredging can vary. The suggested approach would allow for this,
providing an appropriate level of localised protection. The acceptable change limits would be
identified by the regulator and set out in a proposed licence condition during the Environmental

Impact Assessment phase of the development. Having established the condition for acceptable
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change in sediment composition, this would become a focus for the developer lead monitoring, and

final post-dredge assessment of seabed status.

The above approach has been tested in two locations, at an extraction site off the south coast at
Hastings (Cooper, 2012")), and in the Eastern English Channel dredging region (Cooper, 2013™). In
both localities the approach showed promise, and there is now a consensus amongst stakeholders
(Marine Management Organisation, Department for Environment, Food and Rural Affairs, British
Marine Aggregate Producers Association, The Crown Estate, Natural England, Joint Nature
Conservation Committee, Welsh Government and Natural Resources Wales) that it should be
considered for use more widely. For this to happen, acceptable change limits for sediment

composition will need to be identified for all the major aggregate producing regions.

2. Long-term benthic monitoring stations

Within each region, a network of benthic monitoring stations (sediment and fauna) will be

established in areas outside the impact of dredging. These stations will serve a number of purposes:

i) To allow the broadscale seabed characterisation to be kept up-to-date, reducing the need
for additional characterisation surveys in support of new licence area applications.

ii)  Analysis of temporal trends will help identify if the capacity of the environment to cope with
dredging, and other anthropogenic pressures in the region is exceeded (see Barrio Frojan et
al., 2008")).

iii) Distinguish long-term trends (e.g. climate driven) from dredging impact?

iv) The data could also usefully contribute to UK monitoring programmes. Asking the aggregate
industry to contribute, indirectly, to such initiatives has some logic given that their activities,
in combination with other anthropogenic pressures, may have a bearing on the status of the
UK seas.

v) The time-series would also provide a check on the health of surrounding faunal assemblages.
This is important as these areas will have an important role, through provision of individuals
and larvae, in the eventual recolonisation of impacted areas.

vi) With careful positioning such stations can also provide reassurance that dredging effects are

not extending beyond the modelled SIZ.

3. Dedicated study sites

Within each region, a dedicated study site would be used to answer important questions concerning

the effects of dredging (e.g. size of secondary impact zone, time required for physical and biological
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recovery). The results from this work will be used as a proxy for all similar extraction sites in a
region, and once questions have been answered, the work will cease, with results published in the
peer-review literature. Focusing effort and resources on a single site, rather than spreading effort
across multiple sites (as is presently the case), is likely to provide a more robust understanding of
dredging effects. The need to have a dedicated study site, and what question(s) need to be

addressed will depend on what work has previously been undertaken in the region.

5.2 SURVEY STRATEGY

Like the existing approach, the RSMP requires sample collection for the purposes of characterisation,

and then for monitoring. The survey work associated with each stage is described below.

5.2.1 Characterisation

Implementation of the RSMP approach requires a comprehensive regional baseline characterisation
for fauna and sediments. Multiple sampling stations would be located within Primary Impact Zones
(P1Z), Secondary Impact Zones (SIZ), Reference sites (REF) and Context areas (see Figure 7a). The
Context areas are located outside the PI1Z/SIZ, and Reference sites. Reference sites would be
selected, using a variety of data sources (e.g. acoustic data, modelled biotopes) to represent all the
faunal communities found with the footprint of dredging effect. One 0.1m” Hamon grab sample
would be collected from each station within the PIZ, SIZ and most of the REF and Context stations.
At the remaining REF and Context stations, a small number of replicate samples would be collected.
The data generated from these replicated sites will be used in subsequent monitoring. Once the

faunal data have been analysed, a map of faunal distribution would be produced (Figure 7b).
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Fig. 7. Hypothetical survey design for characterisation of
benthic macrofauna and sediments under the RSMP
approach. Single samples are collected from each of the
locations in part a. The faunal data from these sites are
analysed to produce a map of faunal distribution (part b).

5.2.2 Monitoring

Monitoring would comprise two elements. The first is the monitoring of sediment composition
within the PIZ, SIZ and REF sites (Figure 8a). The acceptability of changes in sediment composition

within the PIZ and SIZ is determined according to the method in Cooper (2013)[1].

Essentially the
sediment composition of monitoring samples is compared against an acceptable range for each
sediment fraction (% coarse gravel, % medium gravel, % fine grave, % coarse sand, % medium sand,
% fine sand, % silt/clay). The acceptable range will vary according to which of the faunal cluster
groups was found at the stations during the baseline characterisation stage, and is simply the range
of sediment composition naturally found in association with the group in the wider region. Where
the proportion of any sediment fraction lies outside the acceptable range then this is termed a
‘deviation’. The total number of ‘deviations’ within the PIZ or SIZ is then expressed as a percentage
of the total number of possible deviations (i.e. assuming values of all sediment fractions were

outside the acceptable limits). This value is subtracted from 100 to arrive at an overall value for

percentage compliance. Changes in sediment composition within the PIZ or SIZ are deemed
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acceptable where the value of percentage compliance is equal to or greater than any of the values
seen for the reference sites. Values of percentage compliance seen in the reference sites are

assumed to be related to natural or non-dredging related change.

The second element is the monitoring of sediments and macrofauna at the network of long-term
benthic monitoring stations (Figure 8b). In effect, the monitoring would be a repeat of the
characterisation survey, except that samples acquired within the PIZ, SIZ and from most of the
Reference site stations would not need to be processed for macrofauna. Unlike the present

approach to monitoring, there would be no requirement for a separate pre-dredge survey.

® o o o
e o o
e o 0 0
e o e
e e o0
o -
.
o o o
.
o -
Legend
O e siz
Reference site
* o e ©
e ® & o I:‘ Context area
e o o0
. . ®  Founal GroupA
e o oo
®  FaunalGroupB
®  Faunal GroupC
. .
. L]
.
.
. - Ll
e .
e .
. . N . . . .
. * .
r b .
. | , . . Legend
- : . O e siz
o i
L] . ° Reference site
.
. . D Context area
0
®  Faunel GroupA
. oo
®  Faunal GroupB
®  Faunal GroupC

Fig. 8. The two elements of the monitoring programme
under the RSMP. Part a shows the sample sites located
within the PIZ, SIZ and Reference areas. These samples
are used to monitor the acceptability of changes in
sediment composition. Part b shows the long-term
benthic monitoring stations. These sites are sampled for
sediment and macrofauna.
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5.3 UNDERPINNING SCIENCE

The rationale for each of the three elements of the RSMP approach (see Section 5.1) is based on
scientific evidence. In this section this evidence is briefly summarised, with links made to other

sections in the report where further information can be found.

1. Acceptable change limits for sediment particle size

In recent years, attempts have been made to try to understand the significance of localised impacts
of aggregate dredging for the wider ecosystem. For example, Kenny et al. (2010) found similar
trends over the period 1983 to 2007 in various aspects of the ecosystem for the East Coast and the
wider North Sea. Based on these findings, they suggested that the main driving force behind
environmental change in the East Coast region is not dredging related. Daskalov et al. (2011) used a
spatial dynamic food web model to look at the effects of reductions in benthos, within dredged
areas of the eastern English Channel, for fish. Whilst their results showed a localised decline in
catches of demersal fish and shellfish, they predict that such effects are likely to be mainly localised
to the vicinity of the extraction sites. Whilst these two studies do provide some reassurance, we
should recognise that further work is required understand the wider significance of dredging in all
dredging regions. Work is also required to validate the model predictions made by Daskalov et al.
(2011). Finally, Pearce (2008) looked at the diet of demersal fish species in and around extraction
sites from all major dredging regions. Her work suggests that most fish species are generalist
feeders. Therefore, whilst the seabed within active extraction areas may become less attractive due
to depletions of benthic food sources, fish are likely to be able to exploit alternative sources of food

from outside the area.

Given the incomplete state of knowledge with regards to wider ecosystem effects of dredging, it is
sensible to remain precautionary, and, in so far as is possible, to seek the return of the original
faunal assemblage after dredging. Such an approach will help ensure the sustainability of marine

aggregate dredging for seabed faunal communities and the wider ecosystem.

Work undertaken to understand recovery of the seabed following marine aggregate dredging
suggests that faunal recovery is dependent on the physical condition of the seabed. Where the
habitat remains largely unchanged then a full faunal recovery is a realistic expectation (Cooper et al.,
2007b“°]). In contrast, where the habitat left by dredging is very different, then a faunal recovery to
a pre-dredge state may be prolonged (Wan Hussin et al., 2012[4]) or even unrealistic (Desprez, 2000;
Barrio Frojan et al., 2011[6]). These results should not be taken to imply that any physical change is

necessarily detrimental, as a number of studies have shown that some degree of physical change is
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not necessarily a barrier to full recovery (Hitchcock and Bell, 2004; Seiderer and Newell, 1999).
Cooper et al. (2011b)[5] showed how faunal communities around the coast of England varied in their
sensitivity to changes in sediment composition, and this suggests that we should be more and less
concerned about physical changes resulting from dredging according of the identity of the pre-
dredge faunal assemblage. In Cooper (2012)"*' and Cooper (2013)" it is shown how the limits of
acceptable change in sediment composition can be identified by using broadscale regional datasets
to identify the range of sediment composition naturally found in association with the pre-dredge
faunal assemblage in the wider region. Clearly if physical conditions after dredging fall outside the
acceptable limits of change then there needs to be some way of addressing the problem. This issue
of restoration is addressed in Cooper et al. (2013)”, which explores the range of techniques
available. The high financial costs and practical difficulties associated with restoration (Cooper et al.,

2013": Cooper et al., 2011a"") should serve as a powerful incentive to avoid the need for it.

2. Long-term benthic monitoring stations

Long-term records of biological data are extremely valuable for documenting ecosystem changes, for
differentiating natural changes from those caused by humans, and for generating and analyzing
testable hypotheses (Wolfe et al., 1987). In the context of marine aggregate dredging, the utility of

long-term time series data is highlighted in Barrio Frojan et al. (2008)[9].

3. Dedicated study sites

Advances in our understanding of the impacts of marine aggregate dredging have typically come
from research studies, where significant resources have been employed to confidently address
particular questions (e.g. Newell et al., 2004). As we understand more about the variability of the
environment (Eggleton et al., 2011), it becomes increasingly possible to use study sites as a proxy for

other similar sites.

5.4 ADVANTAGES

5.4.1 Ability to differentiate between statistical and ecological significance of change

The ability to differentiate between statistical and ecological significance of changes in sediment
composition has a number of benefits. Firstly, it allows the regulator to set an effective licence
condition for acceptable change. This condition then provides a very clear focus for monitoring,

namely to determine whether sediment conditions remain within acceptable limits or not.
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Where conditions are outside the acceptable range then there is an opportunity for industry and the
regulator to work together to identify a suitable management response to ensure conditions are
brought back within acceptable limits. This opportunity arises each time monitoring is carried out.
This process of adaptive management should help avoid the need for costly restoration efforts at the
end of the licence term (Cooper et al., 2013[2]). However, were restoration ever required, then the
acceptable change limits for sediment composition provide a clear target for restoration efforts,

namely to bring sediment back within the acceptable range.

One of the benefits of the new approach is that it does not require sediments to be left in exactly
the same condition post-dredging. This is important as the exploited resources are rarely, if ever,
uniform with depth. This means that as the seabed is lowered different sediments may be exposed.
Clearly the extent of the change will determine whether conditions will remain within acceptable
limits. However, it may be possible to predict what changes in sediment composition will occur
within a licence area using data from vibrocore samples. Vibrocores are routinely collected from
within extraction sites by the developer to determine the quality of the sediment resources in 3
dimensions. The vibrocorer consists of a metal tube of approximately 6 x 0.2 m which is held within
a supportive metal frame. When in position, the core is driven into the seabed by the corer’s
pneumatic vibrating head. Upon recovery, the core sample, held within an inner plastic liner, is
removed from the core tube. Examination of the core sample may reveal differences in the nature
of sediments with depth, and samples can be taken from different sediment bands for later analysis
of particle size composition. This information can be used to help predict how surface sediments

might change in composition as the seabed is lowered.

5.4.2 Survey design robust to changes in the location of dredging

The positioning of samples throughout the PIZ and SIZ means that survey designs are robust against
changes in the location of dredging. The design also makes it possible to identify the precise location
of unacceptable changes in sediment composition (Cooper, 2013™). Given a sufficient number of
baseline samples, it may be sensible to only monitor those stations in the vicinity of the active

dredge zone, and its zone of secondary effect.

5.4.3 Benefits of regional approach

Working with monitoring data at a regional level offers a variety of potential benefits. Firstly, it will
allow for a regular snapshot of the condition of the seabed and associated faunal assemblages
within the wider region. For this reason, the data and findings from monitoring are likely to be of

interest to the UK government in connection with the Marine Strategy Framework Directive
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(Directive 2008/56/EC). For example, maintaining the composition of seabed sediments within the
acceptable change limits has relevance to the seabed integrity descriptor, whilst the monitoring of
macrofauna within context and reference areas has relevance for the biodiversity descriptor. In
relation to the macrofauna, we may increasingly be able to differentiate between natural and
anthropogenic change as the time series develops (Barrio Frojan et al., 2008")). Secondly, the data
might also allow for the assessment of cumulative and in-combination effects, something which has
hitherto not been possible. The need to undertake such assessments will become more important

as the level of anthropogenic pressure increases around our seas.

For industry, a regional monitoring approach is likely to be much more efficient, with obvious
benefits for time and money. However, it might also benefit the regulator in that monitoring data
from all sites can be reported together. This will speed up the consultation and assessment process.
It should also have benefits for consistency in terms of how the regulator judges the acceptability of
change at individual extraction sites. In addition, a regional perspective will also helpful when it

comes to assessing the significance of site specific impacts.

5.4.4 Dedicated study sites will provide robust answers

One of the criticisms of the existing monitoring approach is that it does not generate robust answers
to the questions posed. This is due to the tension between what is required to get robust answers,
and what is affordable from the industry perspective. A good example of this is to compare the
sampling effort employed as part of an aggregates research project with that typically associated
with routine monitoring. Often the questions are the similar, but the level of effort is hugely
different. For example, Newell et al. (2004a) took 208 0.1m” Hamon grab samples at each of the two
sites in their study, while a typical monitoring survey might only acquire in the region of 30 to 40
grab samples. As a result, monitoring often fails to deliver robust answers, leading to more

monitoring.

Under the RSMP approach, the outstanding research questions would be properly addressed at a
representative site within each region. Once the question(s) have been answered then work can
stop. This approach has worked well in the Eastern English Channel, where the outputs of the
research have provided the regulator with a much better understanding of the nature of impacts
locally. Improved understanding of dredging impacts will obviously allow for better management

decisions.
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5.4.5 Reduced costs

The costs of environmental monitoring under the RSMP approach are expected to be much lower
than those under the current approach. Reasons for this are: (i) All the monitoring can be
undertaken by one vessel, with obvious savings in terms of vessel mobilisation/demobilisation; (ii) It
will only be necessary to process samples within the PIZ/SIZ for macrofauna at the baseline
characterisation stage. After this, the stations within these areas will only need to be sampled for
sediment particle size composition; (iii) Unlike the present approach, it will not be necessary to
undertake a separate pre-dredge survey as the survey design for characterisation is the same as
monitoring; (iv) The very specific question posed by monitoring means that the monitoring reports
will be quicker to produce, and review; (v) the overall number of reference samples is lower as the
data is effectively shared between all extraction sites. In time, it might also be possible for reference

sites to be shared between different industrial sectors operating within the same region.

5.5 OUTSTANDING ISSUES

Whilst there is a momentum towards implementation of the RSMP approach, some important issues
remain to be addressed. In this section | outline each of these issues, and, where possible, make

suggestions for how they should be dealt with.

5.5.1 Challenge of establishing a baseline characterisation

Task

Implementation of the RSMP approach will require the production of a regional baseline
characterisation for macrofauna and sediments. In the Eastern English Channel this characterisation
was based on the results of a one-off regional survey undertaken before dredging started in 2007
(see Cooper, 2013[1]). Unfortunately, similar pre-dredge baseline characterisations do not exist for
other dredging regions in the UK. This is because aggregate dredging has been ongoing in these
regions for far longer, and, for many of the older extraction areas which were licensed under a
different regulatory framework, there was never a requirement for the collection of baseline data.
As a result, it will be necessary to construct a ‘baseline’ characterisation for these regions using a
combination of new and existing data. Use of existing data will inform about an earlier condition of
the seabed. Without this perspective we could run the risk of accepting a gradual decline in
environmental condition as a result of a shifting baseline. In addition, the use of existing data will

keep the costs of producing the baseline characterisation to a minimum.
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Sources of existing data

Existing macrofaunal and sediment particle size data are available from a variety of sources. The
most important of these will be the Regional Environmental Characterisation (REC) (James et al.,
2010; Emu Ltd., 2009; Limpenny et al., 2011; Tappin et al., 2011) and Marine Aggregate Regional
Environmental Assessment (MAREA) datasets (MAREA, no date) which have been produced for the
Humber, East Coast, Thames, and South Coast dredging regions. In addition, individual developers
hold similar data from the characterisation and monitoring surveys undertaken at contemporary
extraction areas. Other sources of data include: (i) The Crown Estate’s Marine Data Exchange

(http://www.marinedataexchange.co.uk/), which allows access to the extensive benthic datasets

produced by offshore windfarm developers; (ii) Cefas’s benthic data holdings which include datasets
collected under various research projects; and (iii) The Data Archive for Marine Species and Habitats
(DASHH) (http://www.dassh.ac.uk/aims.html), which allows access to benthic datasets archived by

different organisations.

New sampling stations

New macrofaunal and sediment particle size samples will be required for: (i) the new shared
reference areas, (ii) ensuring adequate spatial coverage within the context areas (i.e. parts of the
region outside the footprint of dredging effect (P1Z/SIZ)), and (iii) filling in any gaps in the spatial
coverage within the PIZ and SIZ. Identification of new sampling sites within the PIZ/SIZ will be
achieved by overlaying the respective polygons, in a geographic information system (GIS), on the
existing sample stations layer. Where necessary, new sampling stations will be chosen to ensure
good spatial coverage, with a minimum of 20 stations within each zone. To make this process easier,
a series of sampling grids have been produced. The grids are all based on a triangular matrix, which
is considered to be optimal for detection of patches (Barry & Nicholson, 1993). There are 8 grids in
total. Four of these grids are intended for use within the PIZ, with the remaining four grids for use
within the SIZ. The four PIZ grids are at a higher density than those used in the SIZ, reflecting the
greater risk of sediment change within this zone. Different grids are provided for use due to the
wide variety of sizes and shapes of PIZs and SIZs. No one grid would be suitable for use in all
circumstances, and it is necessary to identify the most appropriate grids to provide at least 20
stations within each zone (P1Z/SIZ). Figure 9 shows a hypothetical survey design for a site where
existing sample data are available. In this case, existing sample stations simply replace some of the

stations in the regular grid.
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Fig 9. Proposed survey design for collection of samples within the
PIZ/SIZ of licence areas.

Where existing data from within a PIZ or SIZ are to be used for the purposes of characterisation, it is
recommended that a contemporary sediment particle size sample is obtained. These samples would
be retained for ‘insurance’ purposes and would only be processed where unacceptable changes in
sediment composition had been reported from the initial monitoring campaign. This additional
sample would make it possible to check whether or not the change in sediment composition had

occurred since the onset of dredging under the most recent licence.
Integration of new and existing data

Integration of new and existing macrofauna and sediment particle size data is likely to present a
variety of challenges due to differences in data quality, sample collection and processing
methodologies, and natural temporal changes. In deciding how to address these important issues it
will be sensible to consider what it is we are trying to achieve. Fundamentally we will be seeking to
present a macrofaunal assemblage characterisation which reflects the persistent differences found
across the region, and not the stochastic variations associated with natural cyclical changes. It is

likely that a variety of different approaches may need to be employed to achieve this aim. These
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may include, inter alia, the truncation of data (i.e. reviewing the species list to address
inconsistencies in faunal identification between surveys), removal of rarer species, and analysis of

data at higher taxonomic levels (e.g. genus or family).
Identification of final faunal groups

In seeking to identify broadscale faunal assemblages, one possibility would be to make use of the
European Nature Information System (EUNIS) habitat classification system (European Environment
Agency, 2004), or the JNCC’s marine habitat classification system (Connor et al., 2004). The problem
with these top down classification approaches is they make assumptions that faunal communities
are aligned with particular substrate units, ignoring evidence to the contrary (Zajac et al., 2000;
Hewitt et al., 2004; Stevens and Connolly, 2004; Zajac, 2008). For this reason it is intended to use a
bottom-up approach (i.e. beginning with the raw faunal data) so that no assumptions are made
about the relationship between fauna and sediment composition. However, because acceptable
change limits are strongly influenced by the choice of faunal assemblage groups, it is important to

consider how groups will be identified.

Faunal groups are typically identified using a clustering approach, although ordination can also be
helpful, particularly where there is a steady gradation in community composition across sites (Clarke
& Warwick, 2001). It is, however, important to recognise that clustering and ordination are simply
exploratory techniques and that the identification of groups involves a degree of subjectivity. For
this reason, it is important that individuals engaged in this task have some knowledge of the data
and the specific issue being addressed. A more objective means of identifying faunal assemblages
from clustering include the SIMPROF routine (Clarke et al., 2008). This tool is found in the Primer-e
package (Clarke & Warwick, 2001) and tests for the presence of sample groups (or more continuous
sample patterns) in a priori unstructured sets of samples. Whilst useful, the SIMPROF routine can
yield unwieldy numbers of cluster groups with large datasets, and there is still a need to judge
whether the groups identified are ecologically meaningful. It is for this reason that a different

)[1]. In this study clustering was performed in R (R

clustering approach was used in Cooper (2013
development Core Team, 2010) using the k-means R function available from the flexclust library.
The Hartigan and Wong (1979) algorithum was used to find solutions based on different numbers of
pre-defined cluster groups. Implications of choosing different numbers of cluster were explored by
plotting the number of cluster groups against the minimum within cluster sum of squares (Everitt,
2005) or a pseudo F-statistic (Calinski and Harabasz, 1974). In the example shown in the Figure 10,

the plots suggest that the reduction slows down when there are around 8 to 10 clusters. Clearly it

will be important that decisions taken with regards the identification of faunal groups are
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transparent and defensible, and, where possible, decisions should involve a range of stakeholders.
While the assemblages identified will be used to produce acceptable limits of change for sediment
particle size, the map will also be extremely useful for the planning and management of all offshore
activities which affect the seabed. For this reason there is an argument for producing an over-
arching national classification of assemblages, within which all assessments can be made, rather

than a series of ad hoc and incompatible analyses on a case by case basis.
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5.5.2 Dealing with new areas not included in the baseline characterisation

Whilst the baseline characterisation exercise will allow the faunal groups present within existing
licence areas to be identified, there is an issue of how to integrate future new sites into the
characterisation. One possibility is to use a statistical procedure to match up new benthic data with
the original baseline faunal groups. Where the faunal composition of new samples appears to be
different from all the original baseline groups then it may be possible, in theory, to re-cluster using
the combined dataset, with acceptable change limits in sediment composition determined from this

new assessment.

5.5.3 Approach does not deal with sensitivity of individual species

Some concern has been expressed about the extent to which the new approach can assure the
sediment composition requirements of individual species. In my view it is unrealistic to try to

manage the seabed for all macrofaunal species. We should of course have regard for the habitat
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requirements of individual species, but these considerations should be made at the characterisation
stage. If necessary, the boundaries of the extraction area can be modified to exclude particularly
sensitive species or features, or the project can even be rejected altogether. Once a decision has
been made to allow dredging to go ahead then the focus of management should be about
maintaining the integrity of the environment in a broad sense (i.e. at a community level). However,
the faunal characterisation dataset could be used to improve our understanding of the distribution

of individual species, and hence their vulnerability to dredging.

5.5.4 Influence of other variables

Dredging can be responsible for changes in sediment composition and bathymetry. Changes in
bathymetry can result in changes to hydrodynamics, and hence this factor may also influence what
faunal communities are likely to recolonise an area after dredging. For this reason, it is sensible to
try to integrate other depth related variables into the approach to improve our ability to predict
what faunal community which is likely to recolonise post dredging. There is an intention to do this
using a statistical modelling approach based on Maximum Likelihood Classification (Cooper and
Barry, in-prep). Using this technique, half the available data are use to train the model, with the
remaining data then used to test the model’s ability to predict which faunal group will be present
based on the inputted environmental variables. A further benefit associated with this modelling
approach is that it will reduce the need for expert judgement in terms of identifying what faunal
community is likely to return after dredging. This will be particularly useful in cases where sediment
composition has gone beyond the limits of acceptable change, but where it is not obvious what the

changes will mean for faunal recovery.

5.5.5 Sample outliers

In the Eastern English Channel it remains a hypothesis that a full faunal recovery will occur where
the composition of sediments is left within the limits of acceptable change (Cooper, 2013™). For this
reason, the aggregates industry will be required to initiate a study of faunal recovery at a dedicated
study site (see Section 5.1). Were a full faunal recovery not to occur, despite sediments remaining
within the acceptable range, this would suggest that the limits of acceptable change would need to
be modified. One reason this situation might arise is if the initial upper and lower limits of
acceptable change were unduly influenced by outliers. In anticipation of this issue, Cooper (2012)[3]
used a 95" percentile range to define the limits of acceptable change in sediment composition. The
same approach was initially taken during the EEC study (Cooper, 2013"). However, it was later
rejected due to the presence of an ‘outliers’ in PIZ of one site. In this situation sediments breech the

acceptable limits even before dredging starts. Clearly this is nonsensical, so the approach was
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rejected in favour of using the whole sediment envelope (Cooper, 2013[”). There are two competing
issues here. On the one hand you want to ensure that you capture the full range of sediment
composition which will support the faunal assemblage. On the other hand you do not want the
outliers to wrongly overestimate the tolerance limits. One solution to this might be to use the 95"
percentile approach, but to extend the tolerance limit for a particular site if an outlier was present in

that location.

5.5.6 Frequency of Monitoring

It is important to draw a distinction here between the monitoring undertaken to assess changes in
sediment composition, and the monitoring undertaken at the long-term benthic monitoring stations.
For the long-term benthic monitoring stations, surveys should be carried out on a regular basis,
possibly every two years. For the sediment monitoring, a sensible approach might be to have more
frequent monitoring until it is established that unacceptable changes in sediment composition are
not developing. However, as the risk of unacceptable changes occurring at older sites where
licences have been renewed is, by definition, much lower, it may be sensible to accept a lower
frequency of monitoring at these sites. In a sense, the risk is with the developer, as they are
required to comply with the licence condition at the end of the licence term. More frequent
monitoring will provide an early indication of a problem, and this will allow for more time to address

it.
5.5.7 Development of nature conservation features following the baseline survey?

Under the existing approach to monitoring (Ware & Kenny, 2011), the benthic macrofauna are
periodically monitored during the term of the extraction licence. Where monitoring data shows that
species or features of nature conservation are present within the footprint of effect (PIZ/SIZ) then
there is an opportunity for appropriate mitigation to be put in place. For example, exclusion zones
have, in the past, been established around areas of Sabellaria spinulosa reef. Where present, the
reef formed by this species of polychaete is afforded protection under a raft of legislation including
the Habitats Directive (Council Directive 92/43/EEC) and the Natural Environment and Rural

Communities Act (NERC) 2006.

As macrofauna will not be monitored within the PIZ/SIZ under the new approach (Cooper, 2013™),

concern has been expressed that reef features might not be afforded the same degree of protection.
| take the view that the appropriate time to establish exclusion zones is at the EIA stage, with
decisions informed using the characterisation dataset. Of course, reef features can develop within

the footprint of dredging effect once the site has been licensed. However, in these cases the reef
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could be considered to be: (i) ephemeral (Limpenny et al., 2010), (ii) tolerant to the impact (Last et
al., 2011), or (iii) possibly even present as a result of the impact itself; a result of the increased sand
supply (Pearce et al.,, 2007). Clearly, reef present within the PIZ might well be vulnerable to
dredging, but given the above, | suggest that the setting up of exclusion zones in response to

monitoring is perhaps over-precautionary.

5.5.8 Sediment stratification

One drawback of the particle size data obtained from a Hamon grab is that it does not necessarily
tell us how sediments are arranged on the seabed (Cooper et al., 2011a[7]). For example, your
particle size data can suggest the seabed is characterised by a mixed sandy gravel when if fact you
have sand overlying gravel, or gravel overlying sand. Whilst this does not normally occur, it
highlights the need for other datasets to ‘sense check’ the sediment data. This could be done using

acoustic and/or underwater images.

5.5.9 Sediment heterogeneity

Another concern relates to heterogeneity, or small scale patchiness, in sediments and benthos. It is
theoretically possible that the sediment composition of a monitoring sample may fall outside the
acceptable change limits as a result of small-scale patchiness in the sampled seabed. This issue may
be addressed by reference sites, on the assumption that they are equally as heterogeneous.
However, | do not think this is likely to be a major issue as the clustering of benthic data produces a
relatively broadscale coarse characterisation of faunal assemblage distribution. Another option
would be to collect one or more replicate samples from each sampling station at the initial
characterisation stage. In order to minimise costs, the replicate sample(s) would only be processed
for sediment particle size. If the sediment particle size composition of the replicate samples was
outside the limits for the initial sample (processed for macrofauna and sediment particle size) then
this would indicate that breeches identified during subsequent monitoring should be treated with
caution (i.e. they could be a result of the small-scale heterogeneity in sediment composition as

apposed to dredging).

5.5.10 Perceived positive change

Under the RSMP approach, any change in faunal group is flagged as being a potential problem.
However, there are some circumstances where the changes in sediment composition could be
regarded as potentially positive. For example, in the case of ‘reverse screening’, where coarser
sediment fractions are rejected in order to obtain a sand cargo. In theory, this practice could

increase the proportion of gravel on the seabed, possibly leading to the eventual recolonisation by a
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more diverse faunal community. For this reason it will be important to consider the direction of any
change when judging acceptability. That is not to say such increases in diversity should always be
welcomed. This has to be a judgement call, and knowledge of the regional extent of lost habitat will

inform such decisions.

5.5.11 Representativeness of sediment particle size samples?

In fine sediments, it is possible to get a reasonably accurate estimate of sediment particle size
distribution using a small volume of material. However, as the size of particles increases, so does the
volume required to obtain a representative particle size distribution (British Standards Institution,
1996; Passchier, 2007). Despite these facts, the size of sediment particle size samples is
standardized to approximately 0.5 litre (Ware and Kenny, 2011). The reason for this is that sediment
samples are taken from the faunal grab as a sub-sample, and if the volume of the sediment sub-
samples were to differ, or be any larger, then it would compromise the comparability of the faunal
data. In theory it would be possible to take the sediment particle size sample from a separate grab
deployment, and this has been advocated for some monitoring programmes (Mason, 2011).
However, there are a number of potential problems with this approach. Firstly, you lose the direct
comparability with the faunal data. Secondly, it requires someone to make a subjective judgment as
to the likely representativeness of the sediment grab. Thirdly, it can be difficult for a boat without a
dynamic positioning system to maintain its position when making multiple grab deployments. Also,
as we are making use of historic data, we have to maintain the comparability of datasets where
sediments have been acquired as a sub-sample from the faunal grab. However, in relation to grab
samples where faunal data is not required (e.g. stations sampled within the PIZ and SIZ for the
purposes of monitoring the acceptability of changes in sediment composition), an option exists for

either taking a larger sub-sample, or even using the entire sample for sediment particle size analysis.

5.5.12 Are the pre-defined acceptable change limits correct?

Where the composition of sediments after dredging remains within the limits of acceptable change
(see Cooper, 2013™), then the assumption is that a full faunal recovery will occur. This hypothesis
will require testing, however, and it is recommended that the aggregates industry should initiate
appropriate studies as soon as suitable opportunities arise. This question of recovery will be a
priority issue to be addressed at the dedicated research sites (see Section 5.1). To properly test the
hypothesis that faunal recovery will occur if sediments remain within the acceptable limits of change
it will be necessary to monitor recovery in response to a range of different sediment conditions,
both where these are within and outside the acceptable range. Clearly it may take a considerable

amount of time to gain this understanding, given that recovery would typically be expected to take a
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number of years. One way to get answers more quickly would be to employ an experimental
approach, possibly using defaunated sediment trays to assess faunal in the locality (e.g. Collie et al.,

2009; Guerra-Garcia and Garcia-Gomez, 2006).

5.5.13 Statistical Power

Where data are available, statistical power analysis will be used to determine the required number
of samples to detect a specified level of change in a particular parameter. For the long-term benthic
monitoring stations (see section 5.1), power analysis will be used to determine the number of
samples required to detect a specific change (possibly 10%) in the number of species over a 5 year
period. This assessment will be made for each of the faunal assemblages identified in the baseline
characterisation. The results will then be used to select a subset of monitoring stations from each

faunal group within the context and reference areas.

5.5.14 Consideration of functional differences in faunal communities

Under the approach described in Cooper (2013)[”, changes in sediment conditions which could lead
to a change in macrofaunal community are considered undesirable. In these cases expert judgement
would be required to determine the acceptability of the change. To help in this judgement it is
proposed to use the faunal characterisation data to construct a similar characterisation map based
on trait expression, as a proxy for ecosystem function (see Cooper et al., 2008"™)). This will provide
the regulator with a better insight into the significance of any changes in faunal group identity at
individual sampling stations. For instance, there is likely to be less concern about changes in faunal

group where the new group appears to be functionally similar to the original.
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6. CONCLUSIONS

The purpose of this thesis was to critically examine the case for switching to a new method of
monitoring the environmental impacts of marine aggregate dredging on the seabed. This was done
by examining both the existing monitoring approach (Ware & Kenny, 2011), and the new Regional
Seabed Monitoring Plan (RSMP) approach (Cooper, 2012%!, 2013™). The essay also considered how
the findings from past research, particularly the studies | have personally been involved with, have
contributed to the development of the new monitoring approach. The different facets of the thesis
are set out in a conceptual model (Figure 10). The model also highlights the benefits which are

expected to result from switching to the RSMP approach.
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Fig. 11. Conceptual model showing how the findings from research, combined with experience of the existing
monitoring approach, have led to the development of the new Regional Seabed Monitoring Plan (RSMP)
approach. The model also highlights the benefits which are expected to arise from the RSMP approach.

Research themes have followed a logical progression of ideas. Initially work focused on the impacts
of dredging (Cooper et al., 2007a""). This led to questions concerning recovery (Boyd et al., 2003"**,
2005 Cooper et al., 2007b™", 2008 Barrio Frojan et al., 2011 Wan Hussin et al., 2012")).

When it became apparent that faunal recovery may, in some cases, be prolonged or even unrealistic
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(Barrio Frojan et al., 2011 Wan Hussin et al., 2012'¥), attention turned to active seabed
restoration, to determine whether there were actions that could be taken to try to promote physical
and biological recovery of the seabed. When results of a gravel seeding experiment (Cooper et al.,
2011a[7]) showed some success, the issue of when it might be appropriate to intervene became
relevant. Due to the difficulties in undertaking a cost-benefit assessment for restoration (Cooper et
al., 2013"), the need for setting criteria for acceptable change in the physical condition of the
seabed became apparent. Eventually, work on the sensitivity of faunal communities to changes in
sediment composition (Cooper et al., 2011b™) and habitat mapping (Brown et al., 2002"*%, 2004a*,
2004b™") led to the development of acceptable change limits in sediment composition (Cooper,
2012 2013™). A combination of the acceptable change limits approach, and work on natural

variability (Barrio Frojan et al., 2008") led to the concept of the RSMP approach.

The most obvious difference between the existing and RSMP approaches is the different questions
they seek to address. The existing monitoring approach seeks to answer the question ‘What is the
impact of ongoing dredging on sediments and fauna?’, and to confirm that the observed impacts are
no greater than what was predicted in the Environmental Statement. | argue this is the wrong
question because: (i) these impacts are now reasonably well understood, and (ii) the monitoring
results do not tell us what is likely to happen to the site after dredging (i.e. faunal recoverability). At
present, judgements concerning recovery potential are typically a matter of subjective ‘expert
judgement’. If we are to ensure the long-term sustainability of dredging for seabed macrofaunal
communities, then the question for monitoring must be ‘Will the affected seabed be able to support
the return of the original faunal assemblage’; this question is central to the new monitoring

)[1]. This new approach is consistent with the principles of

approach described in Cooper (2013
sustainability, and recognises that we do not yet fully understand what the implications of changes

in seabed macrofauna are for the wider ecosystem, particularly in the context of cumulative effects.

The new approach (Cooper, 2012", 2013"") works by identifying the range of sediment particle size
composition naturally found in association with the pre-dredge faunal assemblage in the wider
region. Theoretically, so long as sediment composition remains within this range then it should be
possible for the return of the original faunal assemblage after dredging. It is this new understanding
of the relationship between sediments and faunal composition that allows us to pursue a new
approach to monitoring using sediments as a proxy for likely faunal recovery. The ability to
differentiate between statistically significant changes in sediment composition and the likely future
ecological significance allows us to set meaningful licence conditions. It also provides a clear focus

for monitoring. Where monitoring shows sediment conditions fall outside the acceptable range then
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there is an opportunity for management intervention to bring conditions back within acceptable

limits (i.e. adaptive management).

The first step in implementing the RSMP approach is to construct a regional ‘baseline’
characterisation for macrofauna and sediments. With the exception of the Eastern English Channel,
where we already have such a characterisation, this will involve the integration of existing and newly
acquired data. New samples will be required within new regional reference sites, and to ensure
adequate spatial coverage within context areas and the PIZ/SIZ of individual extraction sites.
Integration of data collected at different times, and processed by different laboratories is expected
to present some challenges, but the aim will be for the resulting map to reflect the persistent
differences in faunal communities across the region, rather than stochastic differences associated
with natural variability or the identity of the processing laboratory. As the limits of acceptable
change in sediment composition are so dependant on the faunal groups identified from the
characterisation it will be important that decisions taken in identifying these groups are transparent,
and, where possible, involve input from other relevant stakeholders. In the longer term, it is
recommended that the faunal data should be used to construct a characterisation based on trait
expression, as a proxy for ecosystem function. This will provide the regulator with a better insight
into the significance of any changes in faunal group after dredging. From the baseline dataset, a
suitable number (to be determined using power analysis) of stations will be selected as long-term
benthic monitoring stations. Finally, a review of the literature will be undertaken to identify what
guestions need to be addressed at the dedicated research sites. It is likely that questions concerning
recovery will be particular priorities for these sites, given that it remains a hypothesis that faunal
recovery will occur where sediment composition remains within the acceptable limits of change.
Finally a statistical modelling approach will be developed to improve predictions of what faunal

communities will recolonise after dredging, based on a variety of different physical variables.

Adoption of the RSMP approach is expected to offer a range of benefits for both the aggregates
industry and the regulator. For the industry, the approach will reduce the complexity and costs of
monitoring. Cost savings will result from the collection of fewer macrobenthic samples, and also
from the regional approach taken to sampling. For the regulator, the use of acceptable change
limits, combined with a regional approach to monitoring, will allow for much more effective
environmental protection. In addition, the data generated by industry, whilst serving their own
specific requirements, could also be useful to help fulfil other government objectives concerning
monitoring (e.g. demonstration of Good Environmental Status (GES) under the seabed integrity and

biodiversity descriptors of the Marine Strategy Framework Directive (European Commission, 2008)).

59



SECTION C CRITICAL ANALYSIS

Both parties will benefit from the new benthic survey design which caters for changes in the location
of dredging within the licensed area. Finally, the very clear purpose of benthic monitoring,
combined with the regional approach will allow for a much more streamlined reporting and review
process. As a result of these expected benefits, the RSMP approach has attracted universal support

from all stakeholders.
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A baseline dataset from 2005 was used to identify the spatial distribution of macrofaunal assemblages
across the eastern English Channel. The range of sediment composition found in association with each
assemblage was used to de“ne limits for acceptable change at ten licensed marine aggregate extraction

ze:Ped areas. Sediment data acquired in 2010, 4 years after the onset of dredging, were used to assess whether
Mchrn;farS:a conditions remained within the acceptable limits. Despite the observed changes in sediment composi-

English Channel

tion, the composition of sediments in and around nine extraction areas remained within pre-de“ned

acceptable limits. At the tenth site, some of the observed changes within the licence area were judged
to have gone beyond the acceptable limits. Implications of the changes are discussed, and appropriate
management measures identi“ed. The approach taken in this study offers a simple, objective and cost-
effective method for assessing the signi“‘cance of change, and could simplify the existing monitoring

regime.

2013 Elsevier Ltd. All rights reserved.

1. Introduction

The UK marine aggregate dredging industry provides sand and
gravel to domestic and European customers for construction and
coastal defence (Highley et al., 2007 ). Material is extracted from
the seabed using purpose-built dredging vessels, with operations
taking place within 70 licensed areas located around the coast of
England and Wales (Russell, 2011). In some locations, aggregate
dredging has been shown to alter the composition of seabed sedi-
ments (e.g. Dickson and Lee, 1972; Kenny and Rees, 1996; Kenny
et al., 1998; Newell et al., 1998, 2004a; Boyd et al., 2002; Cooper
et al., 2007). Such changes can occur in a variety of ways (see New-
ell etal., 1998 ), although a major cause is associated with sediment
screening (Poiner and Kennedy, 1984; Hitchcock and Drucker,
1996; Newell et al., 1998, 2004a ), a process used to modify the
composition of dredged cargoes, resulting in the return of un-
wanted sediment fractions, normally sands, to the seabed.

Research suggests that changes in the composition of seabed
sediments can affect the ability of a site to recover, in terms of
the benthic fauna, to a pre-dredge state post-dredging ( Desprez,
2000; Newell et al., 2004a,b; Boyd et al., 2005; Robinson et al.,
2005; Desprez et al., 2010; Cooper et al., 2011b,c; Barrio Frojan
et al., 2011; Wan Hussin et al., 2012 ). The composition of seabed

Tel.: +44 1502 562244.
E-mail address: keith.cooper@cefas.co.uk

0025-326X/$ - see front matter 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.marpolbul.2013.05.034

sediments is also important for other components of the ecosystem
including herring spawning success ( de Groot, 1980). To mitigate
the effects of dredging, conditions are often applied to extraction
licences. Examples of licence conditions include: (1) limits on the
extraction rate; (2) limits on the total tonnage extracted; (3)
restrictions regarding the quantity of material which can be
screened; (4) a requirement to leave the seabed in a similar phys-
ical condition after dredging; and (5) a requirement to monitor the
environmental effects of dredging over the licence term (see  Ware
and Kenny, 2011).

The challenge for both the developer and the regulators is iden-
tifying, from the monitoring programme, what constitutes unac-
ceptable environmental change. The reason this can be dif“cult is
that monitoring looks at changes in response to ongoing dredging
with, typically, little or no information about how long effects will
last (i.e. recoverability). Despite some efforts (see Foden et al.,
2009; MESL, 2007), knowledge of recovery times is still partial.
In addition, our understanding of the wider signi“cance of local-
ised environmental change is not well understood (e.g. Kenny
et al.,, 2010; Daskalov et al., 2011 ). For these reasons, decisions
regarding acceptability of change are typically based on expert
judgement. Whilst the licence condition requiring sediments to
be left in esimilare physical condition ( ODPM, 2002) is sensible, gi-
ven the implications for faunal recovery, the subjective nature of
the term esimilare means that the condition is of little practical
use (Cooper et al., 2011a). If government policy makers, regulators
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and industry are to achieve their shared goal of sustainability
(BMAPA, 2006; UK Marine and Coastal Access Act, 2009) there
needs to be a better way of differentiating between acceptable
and unacceptable environmental change.

A possible solution to this problem was recently proposed in
Cooper (2012) . His approach works by identifying the range of sed-
iment particle size composition naturally found in association with
the pre-dredge faunal assemblage(s) in the wider region. Theoret-
ically, as long as sediment composition within areas of impact re-
mains within this range, which can be speci‘ed as a licence
condition, then it should be possible for a return of the pre-dredge
faunal assemblage after cessation of dredging. This approach offers
a number of advantages:

1. Ithas a clear scienti“c rationale, with the aim of maximising the
sustainability of marine aggregate dredging.

2. The local environment is used to de“ne the limits of acceptable
change. This is important given results in  Cooper et al. (2011b)
which showed that benthic faunal communities are not uni-
formly sensitive to changes in sediment composition, with
lower sensitivity in high energy sandy areas, and higher sensi-
tivity in low energy, gravel areas.

3. It allows for change in sediment composition as a result of
dredging. This is important given that some degree of change
is highly likely given that targeted resource deposits are rarely,
if ever, uniform in composition.

4. As changes in sediment composition are easily measurable, this
means that it should be clear when conditions are not within
acceptable limits, allowing for an appropriate management
response (see Cooper, 2012).

5. It has the potential to reduce the costs of monitoring pro-
grammes by focusing on sediments rather than macrofauna.

With the above approach, there is still a need to understand the
capacity for physical and biological recovery. In addition, there will
continue to be a need to monitor the macrofauna at context sta-
tions (within areas outside the predicted effects of dredging). These
areas are likely to have an important role in the recolonisation of
dredged areas upon cessation of dredging, and for allowing the reg-
ulator to assess whether the level of anthropogenic pressure in the
region is sustainable (see Barrio Frojan et al., 2008 ).

A trial of this new approach to the setting of acceptable limits of
change in sediment composition was undertaken using data from
an extraction site off Hastings on the south coast of the UK. This
study ( Cooper, 2012) showed that sediments within the licence area
remained within a pre-de“ned acceptable range. The expected fau-
nal recovery potential of the site was con“rmed by results in Cooper
et al. (2007), who reported a 7 year recovery time within areas of
low dredging intensity. Given the advantages of the approach, it
was concluded that it should be considered for use in the regulatory
context. However, before this could happen, there was an obvious
need for further testing and re“nement of the method.

The aim of the present study was to test the approach in the
eastern English Channel (EEC), a region containing ten aggregate
extraction areas. The EEC was chosen due to the availability of
extensive baseline and monitoring datasets, and a desire on the
part of the developers to review the existing monitoring regime
(ECA, 2011). Speci“c objectives were to: (1) Identify, characterise
and map the broadscale distribution of macrofaunal assemblages
present in the survey area; (2) Identify the range of sediment par-
ticle size composition found in association with each assemblage;
(3) Identify the macrofaunal assemblage(s) present within each of
the extraction sites, and their associated zone of potential second-
ary effects; (4) Identify a suitable licence condition for acceptable
change in sediment composition for each licensed area; and (5) As-
sess compliance with the stated condition using the most recently

available monitoring data from 2010, 4 years after the start of
dredging operations.

2. Methods
2.1. Data

The baseline dataset used in this study came from the 2005
Eastern English Channel Regional Environmental Assessment
(REA) survey (ECA and EMU Ltd., 2010a, 2010b). This survey in-
cluded 458 samples for macrofauna and sediments. Macrofaunal
samples were processed over a 1 mm sieve, and the resulting data
included countable, and non-countable colonial taxa. The sediment
particle size data were supplied as percentage weight by size class
(<0.063 mm, 0.63mm, 0.125mm, 0.25mm, 0.5mm, 1.0 mm,
2.0 mm, 4.0 mm, 8.0 mm, 16.0 mm, 32.0 mm, >64.0 mm). Whilst
other baseline benthic datasets from the region were available
(e.g. James et al., 2007; ECA and Emu Ltd., 2010c, 2010d), issues
of comparability precluded their use. Monitoring data from 2010
(ECA and EMU Ltd., 2010¢€) included 427 sediment samples, and
these data were used to assess for change in sediment composition
after 4 years of dredging. Samples from both surveys were ac-
quired using a 0.1 m 2 Hamon grab, and were processed in a com-
parable way (see Ware and Kenny, 2011). The location of
baseline and monitoring stations is shown in  Fig. 1.

2.1.1. Treatment categories
All samples were assigned to one of the following treatment
groups, depending on their location:

Primary Impact Zone (P1Z). Samples taken from within the licence
boundary, and which may or may not have been subject to the di-
rect effects of dredging.

Secondary Impact Zone (SlzZ).Samples taken outside the PIZ, but
within a full tidal excursion of the licence boundary. The SIZ is sub-
divided into near-“eld (within 2.5 km of the licence boundary), and
far-“eld (>2.5 km to the full tidal excursion) zones. Samples inter-
secting more than one SIZ were also assigned to a scumulatives
category.

Reference.Samples taken from stations located beyond the pre-
dicted effects of dredging (i.e. outside the PIZ and SIZ). This cate-
gory includes samples taken from within de“ned references
boxes, or positioned throughout the remainder of the survey area,
so-called scontexte samples.

2.2. Baseline faunal assemblage distribution

A map of baseline faunal assemblage distribution was produced
following a similar approach to that setoutin ~ Cooper (2012). How-
ever, the approach taken in the present study differed in two re-
spects. Firstly, colonial taxa were included in the faunal dataset
due to their local importance. The in"uence of colonial and rarer
taxa in subsequent data analysis was assured by initially subjecting
data to a fourth-root transformation (see  Clarke and Green, 1988).
Secondly, clustering of the benthic dataset was performed in R ( R
Development Core Team, 2010 ) using the k-means R function avail-
able from the "exclust library. The k-means method works by “nd-
ing a solution that minimises the within cluster sum of squares for
the ith species, summed over all species. The Hartigan and Wong
(1979) algorithm was used to “nd solutions based on different
numbers of pre-de“ned cluster groups. Maps were produced of fau-
nal assemblage distribution based on different numbers of cluster
groups. A decision was made as to the appropriate number of
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Fig. 1. (a) Sampled locations from the baseline (2005) and monitoring (2010) surveys. (b) Individual licensed extraction areas (numbered white polygons),
secondary impact zones, and reference areas (numbered blue boxes). The secondary impact zones are sub-divided into

their associated
near-“eld (dark grey polygons), and far-“eld (light grey

polygons) areas. (For interpretation of the references to colour in this “gure legend, the reader is referred to the web version of this article.).

cluster groups based on a desire to maximise the level of ecological
information, whilst ensuring a suf‘cient number of sample repli-
cates for subsequent data analysis.

2.3. Baseline faunal assemblage characteristics

The number of taxa (including colonials) and the number of
individuals was determined for each macrofaunal sample. These
data were used to calculate mean values for each faunal assem-
blage. A bar chart, showing 95% con“dence intervals, was used to
examine the difference in both metrics between the different
assemblages. The SIMPER routine in Primer (Clarke and Warwick,
1994) was used to identify the characterising taxa from each
assemblage.

2.4. Baseline sediment characteristics

Plots of sediment particle size distribution (cumulative weight
by sediment size class) were used to compare the sediment com-
position of samples belonging to each of the identi“ed faunal
assemblages. For each assemblage, the mean and upper and lower
limits of the cumulative distribution were also plotted. The upper
and lower limits, also termed the *sediment envelopes, were simply
the highest and lowest values for each sediment size class.

Using the cumulative sediment data, the percentages of major
sediment fractions (coarse gravel, medium gravel, “ne gravel,
coarse sand, medium sand, “ne sand, silt/clay) were calculated for
individual samples. Sediment fractions were based on the Went-
worth classi“cation ( Wentworth, 1922 ). Using these summary data,
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the mean, and the upper and lower limits were again determined.
As before, the upper and lower limits were simply the highest
and lowest values for each size class. These values de“ned the range
of sediment composition found in association with each faunal
assemblage, and hence the upper and lower limits of acceptable
change within extraction areas and their zones of potential second-
ary effect. Clearly, the full range of sediment composition found in
association with each faunal assemblage is more likely to be iden-
ti“ed with higher numbers of samples. This fact should provide a
powerful incentive to the aggregates industry to acquire more
rather than less samples at the baseline characterisation stage.

An ANOSIM test (Clarke and Warwick, 1994 ) was applied to the
same summary dataset to determine whether there were statisti-
cally signi“cant differences in the sediment composition of sam-
ples belonging to the different faunal assemblages. The R value
from this test provides a measure of the difference between
groups, and would be expected to be in the range from zero to
one; a value of zero implies there is no difference between groups,
whilst a value of one implies that groups are completely different;
an associated p-value of < 0.05 was taken to imply statistical signif-
icance. The SIMPER routine in Primer was used to identify which
sediment fractions accounted for the differences between faunal
cluster groups.

2.5. Licence condition

It is proposed that the following standard condition would be
applied to all licences:

At the end of the licence term, and with allowance made for natural
variability, the composition of sediments within the Primary and
Secondary Impact Zones must remain within the acceptable change
limits for the faunal groups identi“ed during the pre-dredge survey.
Compliance will be established using the methodology outlined in
this paper.

The aim of this condition is to ensure that the seabed habitat
is maintained in a state that will allow for the return of the
pre-dredge faunal distribution after dredging, thus ensuring the
long-term sustainability of marine aggregate dredging on seabed
macrofaunal communities.

2.6. Survey design

The adequacy of the existing survey design was assessed using
statistical power analysis. Speci“cally, the analysis was used to
identify the level of difference in the mean composition of each
sediment fraction which might be reliably detected between the
baseline and monitoring surveys. This assessment was made for
each treatment (e.g. PIZ, SIZ and REF), both at the level of individual
extraction site, and using all the data. Analyses were undertaken
in Minitab v15 using the Power and Sample size calculator for a
two-sample t-test. The test required input variables for standard
deviation ( s), required statistical power (1 — f), and the number
of samples available (n). Standard deviation was based on the
differences in each sediment fraction between the baseline and
monitoring surveys. A power of 0.8 was chosen so that there was
a relatively high chance that a difference, if present, would be
detected. The number of samples ( n) was the number of sites
where both a baseline and a monitoring sample were available
for comparison.

2.7. Assessing for gross changes in sediment composition
Major changes in sediment composition were identi“ed for all

locations (P1Z, SIZ and REF), both at the individual site and meta-
analysis level, using a paired sample t-test. Tests were performed

in Microsoft Excel, with the null hypothesis that the mean () of
each sediment fraction was the same before and after dredging.
As the difference could be in either direction, a two-tailed test
was applied. A p-value of < 0.05 was taken to indicate a potential
statistically signi“cant difference in the means of the two groups,
leading to a rejection of H .

2.8. Assessing compliance with the licence condition for acceptable
change

A series of line charts, one for each of the identi“ed faunal clus-
ter groups, was produced for the PIZ and SIZ of each extraction area
and the Reference sites. The line charts showed the major sediment
fractions (coarse gravel, medium gravel, “ne gravel, coarse sand,
medium sand, “ne sand, silt/clay) along the  x-axis, and percentage
contribution along the y-axis. Onto these charts were plotted the
relevant upper and lower acceptable change limits (see Sec-
tion 2.4), and the individual monitoring samples data. Where the
value of a sediment fraction for any individual sample fell outside
the upper or lower limits, this was termed a edeviations. Compli-
ance with the stated licence condition for acceptable change was
established for both PIZ and SIZ by comparing the total number
of deviations versus the total number of possible deviations (see
equation below). The number of possible deviations is simply the
number of samples ( n) multiplied by the number of sediment frac-
tions (i.e. seven).

No. of observed deviations
No. of possible deviations

% Complience = 100 — ( X 100> (1)
Changes in either zone (P1Z/SI1Z) were deemed acceptable where
the percentage compliance was within the range seen for individ-
ual reference sites. Where the percentage compliance was less
than that observed for any of the reference sites, the site/zone
was deemed non-compliant. Analyses were undertaken to assess
for change and compliance at individual sites and, using data
pooled by treatment categories (PIZ, SIZ and Reference), for the re-
gion as a whole.

2.9. Addressing non-compliance

Where a site was deemed to be non-compliant, three further
steps followed. Firstly, the likely consequences of the deviations
were considered (i.e. what eventual changes in faunal group might
result from the altered sediment composition?). This assessment
was made using a further line chart showing the individual sample
deviations and the upper and lower limits of acceptable change in
sediment composition for all faunal cluster groups. On this chart,
individual sample deviations were identi“ed using a cross symbol
coloured according to the original baseline faunal group. Next, the
location of the sample(s) where problem deviations occurred was
identi“ed. This allowed the spatial scale of the problem to be ob-
served. Finally, an appropriate management response was identi-
“ed. What constitutes an appropriate response will vary, but
options include the following: do nothing (where natural recovery
is expected), reduce extraction rate, target extraction of the prob-
lem sediments, change screening practices.

3. Results
3.1. Baseline faunal assemblage distribution

A cluster iteration based on four different faunal assemblages
(A...D) was taken forward in the subsequent analysis. Whilst there
was clearly some overlap in the distribution of these assemblages,
there was a clear transition from group A to group D moving from
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the west-south-west to the east-north-east of the survey area

(Fig. 2). With the exception of the PIZ of Area 474/3, the PIZ and

SIZ of all extraction sites and reference areas contained at least

two different faunal assemblages.

3.2. Baseline faunal assemblage characteristics

3.2.1. Univariate summary measures

A comparison of the mean number of taxa and individuals re-
vealed clear differences amongst the different faunal assemblages
(Fig. 3). The lowest mean number of taxa and individuals was asso-
ciated with samples from faunal assemblage D. In comparison,
cluster groups A, B and C had much higher values of both mea-
sures. Of these three groups, faunal assemblage B had the highest
values, with similar levels of both measures seen for assemblages
A and C.

3.2.2. Species composition

Values of Bray...Curtis similarity showed that samples associ-
ated with faunal assemblage D were quite different to all other
groups (values were 23% for B, 26% for A, and 28% for C). Values
of similarity between groups A, B and C were much higher at
~50%, particularly for groups A and B.

The results of a SIMPER analysis (Table 1) revealed that certain
taxa were characteristic of all faunal cluster groups. These taxa in-
cluded the ribbon worm NEMERTEA, the polychaete Aonides pauci-
branchiata, and the bryozoan Chorizopora brongniarti. However,
differences were also apparent between the different assemblages.
For example, A and B were dominated by taxa that are typical of
gravel-rich sediments. These include the crustaceans Galathea
intermedia (squat lobster) and Apherusa bispinosa polychaetes
Pomatocerosspp. (Keel worm) and Laonice bahusiensisand the ech-
inodoerm Amphipholis squamata. A comparison of the species found
in association with both these groups suggests that A could be re-
garded as a slightly more impoverished version of B. Whilst sharing
some of the species typically associated with coarser sediments,
cluster group C also included species more typical of sandier sedi-
ments: for example, the echinoderm Echinocyamus pusilluss and
the polychaete Glycera lapidum (agg). In addition to the ubiquitous
taxa, cluster group D included species typical of sandy sediments:
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for example, the echinoderm Echinocyamus pusillus and the bivalve
molluscs Gari spp.
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3.3. Baseline sediment characteristics

The cumulative sediment distribution plots show some obvious
differences in the composition of samples belonging to the differ-
ent faunal assemblage groups ( Fig. 4). For example, gravel makes
up a signi“‘cant component of the sediment composition of sam-
ples associated with groups A and B. The majority of these samples
would, according to the Folk classi“cation ( Long, 2006), be de-
scribed as sandy gravels. These assemblages account for the major-
ity (61%) of baseline samples. In contrast, sand was the dominant
sediment fraction associated with group D. These samples account
for 10% of the baseline samples, and included gravelly sands,
slightly gravelly sands and sands. In addition, there were a small
number of sandy gravels belonging to this group. Samples belong-
ing to group C account for 29% of the baseline samples, and
included similar numbers of sandy gravels and gravelly sands.
The proportion of silt/clay in all assemblage groups was generally
low, around 1% or less, although higher amounts were occasionally
found in association with groups A, B and D. For each assemblage
group, the inset tables in Fig. 4 give the mean and upper and lower
upper limits for the sediment distribution based on major
sediment classes. These limits de“ne the known and therefore
acceptable range of sediment composition for each assemblage.

Sediments associated with assemblage D were quite different
(R> 0.5, p<0.05) from all other groups (see Table 2). These differ-
ences resulted largely from the higher proportion of medium sand,
and lower proportion of coarse sand and gravel fraction compared
to the other groups. Differences between sediments from group C
with those from groups A and B are explained by the higher propor-
tion of coarse sand found in association with group C. Differences
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between groups A and B, although minimal, are explained by the
higher proportion of coarse gravel for group B.

3.4. Survey design

Power analysis shows that there were differences between sites
in terms of the level of difference in mean sediment composition
that can be detected ( Table 3). These differences are a result of the
differences in the number of samples between sites, and differences
in the variability of each sediment fraction within individual sites.

3.5. Assessing for gross changes in sediment composition

Meta-analysis, using data from all sites, revealed a statistically
signi“cant increase in “ne sand and silt/clay, and a decrease in “ne
gravel within the PIZ treatment. The increase in silt/clay was also
observed in the SIZ treatment, combined with a decrease in coarse
sand. Meta-analysis suggests that the increase in silt/clay was
greater in the near-“eld zone (i.e. within 2.5km of the licence
boundary) (see Table 3). This observation is consistent with an im-
pact associated with dredging.

Inspection of individual licences ( Table 3) revealed that the in-
crease in “ne sand within the PIZ treatment was restricted to two
sites, Area 474/2 and Area 461. However, all sites showed signi*“-
cant increases in the proportion of silt/clay within the P1Z. Statisti-
cally signi“‘cant changes in sediment composition within the SIZ
were only observed for four of the seven dredged extraction areas
(Areas 474/1, 474/2, 473/2 and 461). The increase in silt/clay ob-
served in two of the “ve Reference boxes, and the PIZ and SIZ of
the non-dredged licences suggests there may be a non-dredging,
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Table 1

Results of a SIMPER analysis showing the characterising species from each faunal assemblage (A...D) accounting for 40% of the within-cluster similari
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fourth-root transformed macrofaunal abundance data (colonial taxa included).

Galathea intermedia
Apherusa bispinosa
Pomatoceros

Laonice bahusiensis
Aonides paucibranchiata
Amphipholis squamata
Schizomavella sp.
Rhynchozoon bispinosum
Microporella ciliate
NEMERTEA

Escharella immerse
Chorizopora brongniarti
Diastoporidae

Porella concinna

Glycera lapidum (agg)

C

Galathea intermedia
Pomatoceros

Laonice bahusiensis
Pisidia longicornis
Apherusa bispinosa
Aonides paucibranchiata
NEMERTEA
Harmothoe
Amphipholis squamata
Glycera lapidum (agg)
Typosyllis

Epizoanthus couchii
Maera othonis
Schizomavella sp.
Microporella ciliate

Galathea intermedia
Echinocyamus pusillus
Glycera lapidum (agg)
Gari spp.

Aonides paucibranchiata
Apherusa bispinosa
Typosyllis

Atylus vedlomensis
Eulalia spp.

NEMERTEA
Schizomavella sp.
Pomatoceros

Disporella hispida
Rhynchozoon bispinosum
Microporella ciliate
Chorizopora brongniarti
Diastoporidae
Reptadeonella violacea
Puellina spp.

Schizomavella sp.
Echinocyamus pusillus
NEMERTEA

Eurydice

Aonides paucibranchiata
Disporella hispida
Puellina spp.

Porella concinna
Escharella ventricosa
Chorizopora brongniarti
Spio filicornis

ty. Analyses were based on

Ampharete Escharella immerse
Eunice vittata Porella concinna
Disporella hispida Rhynchozoon bispinosum
Escharella ventricosa Reptadeonella violacea
PORIFERA
Cliona (agg)

Chorizopora brongniarti
Limatula subauriculata

Table 2

Results of an ANOSIM test based on un-transformed sediment data (% coarse gravel, %
medium gravel, % “ne gravel, % coarse sand, % medium sand, % “ne sand and % silt/
clay).

Comparison R Statistic p-Value
DvsB 0.633 0.001
Dvs A 0.620 0.001
DvsC 0.542 0.001
CvsB 0.430 0.001
CvsA 0.336 0.001
Bvs A 0.065 0.001

possibly natural, component to this increase. Evidence for this is
particularly strong at Reference site 1, where residual currents
would be expected to take sediment in an east-north-east direction
(ECA, 2011). However, the almost universal increase in silt/clay
within PIZs where dredging has taken place suggests at least some
of the increase is associated with aggregate dredging. No statisti-
cally signi“cant changes in sediment composition were found for
samples assigned to the scumulatives category.

3.6. Assessing compliance with the licence condition for acceptable
change

The sediment composition of the majority of monitoring sam-
ples fell within the relevant upper and lower acceptable limits,
with relatively few deviations (see example area shown in
Fig. 5). Overall, values of percentage compliance were within the
range seen at reference sites for the PIZ of nine extraction sites,
and the SIZ of all ten sites ( Table 4). This means that were dredging
to have stopped following completion of the monitoring survey in
2010, then these compliant areas should have been able to support
a return of the original faunal assemblages, allowing for natural
changes. The only site where percentage compliance was outside
the reference site values was the PIZ of Area 473/2. The non-com-
pliance at this site is considered further below.

3.7. Addressing non-compliance
3.7.1. Implications

A detailed assessment of the sediment deviations observed
within the Area 473/2 P1Z is shown in  Fig. 6. Despite taking the sed-

iment composition outside the range for group A (deviations 1, 2, 3
and 5), the altered values remain within the range of acceptability
for assemblage group B. As group B is considered a richer version of
group A (see Section 3.2.2), such changes could be considered
acceptable. In contrast, deviations 4 and 6 take the sediments in
the opposite direction (i.e. outside the acceptable limits for group
B, but inside for group A). Clearly this is less desirable, but given
the similarity between groups A and B, and the localised nature
of the deviation, such changes are not of major concern. This leaves
deviations 7 and 8. For 7, the higher silt/clay levels are outside the
limits for assemblage group C. However, as evidence suggests such
changes may be associated with a non-dredging origin, it is sensi-
ble to not be too concerned about this. In contrast, deviation 8
takes sediments in the direction of group A to group D. This is of
concern as D supports a much reduced faunal assemblage com-
pared to all other assemblage groups.

3.7.2. Location
Deviation 7 occurred at monitoring site 102, located within the
eastern end of the PIZ of Area 473/2.

3.7.3. Management action

Research undertaken at 473/2 ( ECA, 2011), which acts as a
proxy for other licences in the region, has shown that areas of “ne
sediment accumulation should naturally disperse once dredging
ceases, or the rate of extraction drops below a certain threshold le-
vel. Given this understanding, the appropriate management re-
sponse would, at this stage, be to do nothing other than to
continue to monitor the situation. Were subsequent monitoring
to show that the situation had persisted or worsened then it may
be sensible to review this decision.

4. Discussion
4.1. Major “ndings

In this study, four faunal assemblages were identi“ed within
the eastern English Channel. The range of sediment composition
found in association with each of these groups was used to de“ne
limits for acceptable change in areas in"uenced by aggregate
dredging. Results of a comparison of baseline and monitoring data
from 2010 showed evidence of changes in sediment composition,














































































































































































































































































































































































































































































































































































































































































