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The w idespread im pact o f b o tto m  tow ed fishing gear on  benthic species and com m unities has long been recognized. The responses to  a given 
intensity o f fishing d isturbance can be influenced by th e  ex ten t to  which these  species and com m unities are preconditioned  to  d isturbance 
by natural processes, in particular waves and  currents. The ad v en t o f  vessel m onitoring  system (VMS) and m odels o f natural d isturbance 
enable high-resolution and large-scale com parisons o f fishing and  natural disturbance. VMS da ta  were em ployed to  estim ate  th e  traw led 
area per 12 km by 12 km grid cell. W e th en  quantified  natural d istu rbance by estim ating th e  n u m b er o f days in a year th e  seabed was dis­
tu rb ed  by tides and  waves. As natural d istu rbance acts on  large spatial scales, we assum ed th a t each natural d isturbance even t affects whole 
grid cells. Frequencies could  th u s  be transla ted  in to  an area o f im pact, allowing us to  com pare  fishing w ith natural d isturbance. W e show  how 
such com parisons can be used to  estim ate  th e  ex ten t o f different seabed substra te  types significantly affected by dem ersal fishing. A m easure 
o f th e  probability th a t  fishing d istu rbance exceeds natural d istu rbance provides one  m etric  for identifying areas o f significant traw ling im pact 
on  seabed hab ita ts and  m ight be used to  m easure progress tow ards achieving good environm ental sta tus for sea-floor integrity w ithin th e  
co n tex t o f th e  European Union's M arine Strategy Fram ework Directive. For m ore th an  half th e  seabed in th e  English sec to r o f th e  G reater 
N orth Sea, th e  results suggest th a t  d istu rbance a ttribu tab le  to  dem ersal fishing exceeds natural d istu rbance based on  da ta  from  th e  years 
2006 to  2008. The im balance betw een natural and  fishing d istu rbance is greatest in m uddy substrates and  deep  circalittoral habitats.

Keywords; disturbance, English Channel, fishing, good environmental status, North Sea, sea-floor integrity.

Introduction
Seabed d isturbance by  dem ersal fishing gear (beam  trawls, b o tto m  
o tte r trawls, and dredges) is recognized as a significant source o f  a n ­
th ropogenic  d isturbance to con tinen ta l shelf habitats worldw ide 
(e.g. Kaiser et al., 2002; T hrush  and D ayton, 2002). Eastwood 
et al. (2007) assessed direct, physical an thropogenic  pressures on  
the  seabed in  U nited  K ingdom  (UK) waters. They found  th a t dem er­
sal traw ling had  a greater fo o tp rin t th an  all o th er physical pressures, 
such as oil and  gas, cables, w ind farm s, aggregate extraction, waste 
disposal, and  fishing, com bined. In  a cum ulative im pact assessment 
o f  h u m an  pressures on  seabed habitats o f  the UK shelf area, Foden 
et al. (2011) concluded th a t ben th ic  fishing accounted  for 99.6% o f 
the  spatial foo tp rin t. Consequently, in fo rm ation  o n  the extent and 
significance o f  seabed d isturbance caused by dem ersal fishing gear 
is basic to  the assessm ent o f  an thropogenic  im pacts o n  seabed 
habitats, including an  assessm ent o f  the “Extent o f  the  seabed

significantly affected b y  h u m an  activities for the  different substrate 
types” proposed  in  the  M arine Strategy Fram ew ork Directive 
(MSFD ind icator 6.1.2; European C om m ission, 2010; Rice et ah, 
2012).

In  any given habitat, the associated com m unities will have ad ap ­
tations and  life styles th a t increase their resistance o r resilience to  an 
envelope o f  naturally  occurring  d isturbance conditions (Kaiser 
et al., 2002), such as hydrodynam ics (waves and currents) and  bio- 
tu rb a tio n  (Hall, 1994). The relative im pact o f  fishing o n  habitats and 
b en th ic  co m m unity  structure  is therefore partly  d ependent on  the 
balance betw een fishing and na tura l d isturbance (Jennings and 
Kaiser, 1998; Kaiser, 1998). Fishing d isturbance is likely to have a 
m ore  significant im pact if  it exceeds the background  levels o f  in ten ­
sity and  frequency o f  na tu ra l d isturbance (Kaiser et al., 2002). 
Shallow tide-sw ept and  w ave-im pacted sandy habitats exhibit 
faunal com m unities that are well adap ted  to  high rates o f  m orta lity
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Figure 1. (Left) Substrate types in the English part of the CNS based on predictions from Stephens et al. (2011). (Right) Predicted biological zones in 
the same region (Cameron and Askew, 2011). FD, Fames Deep; DB, Dogger Bank; NNS, North Norfolk Sandbanks.

and  na tura l disturbance. These com m unities show  greater resilience 
to  fishing d isturbance as well (e.g. Kaiser et al., 1998). Conversely, 
deep and stable seabed habitats are often  characterised by slow- 
growing, habitat-m odify ing species for w hich dem ersal fishing 
can have m ajor and  long-term  im pacts on  biom ass and  diversity 
(Jennings and  Kaiser, 1998; W atling and  Norse, 1998). For 
exam ple, Collie et al. (2000) show ed th a t the  im pact o f  b o tto m  
fishing o n  em ergent colonial ep ifauna is m arked in  deep (8 0 -  
90 m ) water, b u t insignificant in  shallow (4 2 -4 9  m ) w ater o n  
Georges Bank (east coast o f  N o rth  A m erica). H id d in k  et al. 
(2006b) em ployed a size-based m odel in  an  assessm ent o f  b o tto m  
trawl fishing o f  benth ic  fauna in  different habitats. They found  
th a t the  im pacts o f  traw ling were greatest in  areas w ith  low  levels 
o f  na tura l disturbance, whereas traw ling im pacts were lim ited  in  
areas w ith  high rates o f  na tura l disturbance.

Recognizing th a t the  response o f  ben th ic  com m unities to  fishing 
pressure will be  linked to the balance betw een fishing and  natural 
d isturbance, we developed an  approach th a t m ay help to  support 
the m onito ring , assessment, and  reporting  needs o f  the  MSFD. 
Because dem ersal fishing d isturbance is by  far the  m ost w idespread 
h u m an  pressure affecting the  seabed, the present m ethodology con­
siders this pressure only. W e assum ed th a t relative im pact o f  fishing 
d isturbance was dependent on  the  frequency and  in tensity  o f  natu ral 
d isturbance. Fishing d isturbance to  the  seabed caused b y  dem ersal 
fishing gear was estim ated w ith vessel m o n ito ring  system (VMS) 
d ata  from  UK and  foreign vessels deploying dem ersal fishing gear. 
N atural d isturbance was estim ated w ith hydrodynam ic m odels by 
predicting  the  nu m b er o f  days in  a year wave a n d /o r  cu rren t stress

exceeded a grain size-dependent threshold. U sing this inform ation , 
we m apped  the  p robability  th a t natural d isturbance exceeded 
fishing disturbance. We also assessed fishing d isturbance on  differ­
en t substrate types (coarse sedim ent, sand and m u d d y  sand, m ud  
and  sandy m ud, and  m ixed sedim ents) and biological zones (infra­
littoral, circaiittoral, and  deep circaiittoral).

Methods
Study site
The m ethods were applied in  the English sector o fth e  G reater N orth  
Sea (GNS) subregion (N orth  Sea and  English C hannel, Figure 1). 
The seabed sedim ent com position  (Stephens et al., 2011), m apped 
according to the  classification o f  Long (2006), is dom inated  by 
sandy substrates in  the N orth  Sea and  coarse sedim ents in  the 
English C hannel (Figure 1, left). M uddy  and  m ixed sedim ent sub­
strates are locally restricted. Bedrock ou tcrops are present w ith in  
the  study  site (e.g. D iesing et al., 2009; Coggan and  Diesing, 2011, 
2012) b u t we d id  n o t include rock  in  the  assessm ent because rock 
is spatially lim ited  and accounts for ju st over 1% o f  area o f  seabed 
and  is n o t subject to  n a tu ra l d isturbance in  the way we have 
defined it (see below). The spatial d istribu tion  o f  biological zones 
(C am eron  and  Askew, 2011) is show n in  Figure 1 (right panel). 
The infralittoral zone, i.e. euphotic  seabed, is lim ited to a narrow  
zone along the  coasts dow n to  ca. 1 0 -2 0  m  water depth , w ith  a 
few notable exceptions. These include Dogger Bank and  the N orth  
N orfolk Sandbanks in  the N o rth  Sea as well as sandbanks in  the 
eastern English C hannel. The circaiittoral zone (d isp h o tic /ap h o tic
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seabed above the  wave base) is situated in  in term ediate  water depths 
dow n to ca. 5 0 -6 0  m  water depths. D eep circaiittoral seabed (below 
the  wave base and  typically aphotic) is m ainly  lim ited to the  w estern 
English C hannel and the n o rth e rn  N o rth  Sea.

Disturbance
In  the context o f  this study, physical d isturbance was defined as the 
m ovem ent o f  surface layers o f  the seabed substrate. Physical dis­
tu rbance can be caused by hydrodynam ics, b io tu rba tion , and 
h u m an  activities (Hall, 1994). Here, we restrict ou r analysis to 
waves and  currents (“natural d istu rbance”) and  dem ersal fishing 
(“fishing d istu rbance”). We carried ou t o u r analysis o n  a 
com m on  spatial grid w ith a reso lu tion  o f  ~ 1 2 k m  (determ ined 
by  the  grid reso lu tion  o f  the  hydrodynam ic m odel) encom passing 
the  years 2006-2008 . D ata sources and  analysis m ethods will be 
described in  the  following.

Fishing disturbance
VM S data for UK and  non-U K  registered vessels em ploying dem er­
sal fishing gear were ob tained  from  the M arine Fisheries Agency 
(MFA) o f  the  D epartm en t o f  Environm ent, Food and Rural 
Affairs (Defra). Preprocessing o f  the  data  was carried o u t in  the 
m anner defined by  Fee et al. (2010). The basic steps included: (i) 
rem oval o f  duplicate records, (ii) rem oval o f  observations in 
ports, (iii) calculation o f  the  tim e interval betw een pings, (iv) estab­
lishing the  fishing gear used by  each vessel, ( v) filtering fishing from  
non-fish ing observations based o n  speed rules, and  (vi) estim ation  
o f  the  spatial d istribu tion  o f  fishing effort by  aggregating observa­
tions to  grid cells.

A lthough Fee et al. (2010) described fishing effort based on  tim e 
spent fishing per un it area by m aking assum ptions about gear d im en­
sions, we convert this to  the area o f  seabed im pacted (detailed below). 
Gears affecting the seabed, such as dredges, beam  trawls, and bo ttom  
o tter trawls, were included in  the analysis. The gear classification for 
UK vessels could be carried ou t w ith a high confidence as the gear type 
being used was taken from  the vessels logbook. For non-U K  vessels, 
this inform ation was no t available so the gear type was taken from  
the EU vessel register. Consequently, there was a lower confidence 
in  the gear type used by  non-U K  registered vessels.

It is im p o rtan t to  consider the  spatial resolu tion  o f  the  analysis 
w hen calculating traw ling intensities, as the represen tation  o f 
fishing in tensity  will depend o n  the  scale at w hich the analysis is 
carried ou t. This can be especially im p o rtan t w hen considering 
the  im pact o n  the  ben th ic  system (D inm ore et al., 2003; Mills 
et al., 2007; Piet and  Q uirijns, 2009). In  fact, the  m axim um  
fishing in tensity  m easured and  the  to ta l area where no  fishing is 
recorded will b o th  be related to the  spatial reso lu tion  o f  the  analysis. 
Mills et al. (2007) investigated how  well the  to ta l spatial extent o f 
traw ling in  the  N o rth  Sea was represented a t different spatial resolu­
tions. They suggested th a t a grid cell size o f  a ro u n d  10 km  should  be 
used to  cap ture  the  patchiness o f  traw ling effort w hich is very close 
to  the  12-km  cell size used in  this study.

Som e au thors (Eastw ood et al., 2007; Fock, 2008; H in tzen  et al., 
2010; Russo et al., 2011) have p roposed  m ethods for the  in te rpo l­
a tion  o f  vessel tracks betw een VM S observations, w hich potentially  
allow for h igher spatial and  tem poral resolu tion  o f  analysis to  be 
carried out. Such m ethods include linear in terpo lations w hich 
involve draw ing a straight line betw een consecutive observations 
(Eastw ood et al., 2007). As straight line in terpolations underesti­
m ate the real d istance travelled and therefore the  fishing im pact, 
m ore advanced in terpo lation  using splines have also been proposed

(H in tzen  et al., 2010; Russo et al., 2011). The latest m eth o d  takes in to  
account vessel speed and heading o f  the  observations in  an  a ttem pt 
to  create a m ore realistic represen tation  o f  the  vessel track  betw een 
observations. Splines have been show n to  be m ore accurate th an  
linear interpolations. A lthough these m ethods a ttem p t to  refine 
the  process o f  calculating traw l im pacts from  VMS data, it is still 
n o t clear w hat the im plications are o f  choosing to  in terpolate 
vessel tracks vs. discrete observations at different spatial scales. 
Because o f  the relatively coarse grid cell being used as well as aggre­
gating observations over a year, we assum e that the  discrete VMS 
observations will sufficiently capture the  patterns o f  fishing effort 
and  vessel track in terpo lation  was n o t attem pted.

To o b ta in  estim ates o f  fishing disturbance to  com pare w ith 
na tura l d isturbance, we assum ed th a t each VMS observation repre­
sents an  area o f  im pacted  seabed. The following gear w idths are 
im posed to  represent the  area o f  seabed affected: beam  trawls, 2 x  
12 m  beam s; o tte r trawls, 2 x  2 m  o tte r boards; and shellfish d red ­
gers, 24 x  0.85 m  dredges (Eastw ood et al., 2007 and  references 
therein). The area traw led (AT) per grid cell for n observations 
(VMS pings) was calculated using E quation  (1):

n
AT =  ^ 2 SifiWi, (1)

i=i

where S is the  vessel speed, I  the VMS ping  interval, w gear w idth, and 
i refers to a given VMS observation.

The derived values o f  AT were then  converted to  the  traw led p ro ­
p o rtio n  ( T) o f  the grid cell [Equation (2) ], w hich is the  m etric  used 
for com parison  w ith the natural disturbance m odel.

where Ag is the sea area o f  the grid cell. T  =  1 if  an  area equivalent to 
the  area o f  the  grid cell is fished once per year.

As well as the  explicit assum ptions m ade abou t the  gear w idths 
and  using speed as a proxy  for fish ing /non-fish ing  activity, there 
are im plicit assum ptions m ade w hen estim ating the  area fished 
using this m ethod: (i) the  speed a t the  tim e o f  observation  (ping) 
is m ain tained  u n til the  next p ing and (ii) the  vessel rem ains 
w ith in  the sam e grid cell betw een pings.

Natural disturbance
N atu ral d istu rbance  was quan tified  by  estim ating  the  n u m b er o f  
days in  a year th e  seabed was d istu rb ed  by tides and  waves. Full 
details will be given in  a fo rth co m in g  pu b lica tio n  and  on ly  a 
su m m ary  is given here. The seabed substra te  was classified as 
gravel, sand, o r m u d  based o n  th e  p re d o m in an t sed im ent type. 
This avoided dealing w ith  m ixed sedim ents w hose behav iour is 
relatively u n k n o w n  b u t still lim its the  confidence o f  p red ic tio n  
in  regions w here h ighly heterogeneous sed im ents occur. For 
m u d -s a n d  m ix tures, fully cohesive behav iour was assum ed 
w hen  m u d  c o n ten t exceeded 15%. A t th e  reso lu tio n  o f  the  m odel 
grid , no n e  o f  the  locations cou ld  be  classified as p u re  m u d  and 
therefore  unequivocally  expected to  show  cohesive behaviour. 
G rain  size da ta  were available from  the  B ritish  Geological Survey 
(BGS) covering the  N o rth  Sea and  English C hannel w ith  a variable 
sam pling  density  averaging to  a ro u n d  5 k m  betw een sam ple sta ­
tions. In fo rm atio n  o n  gravel substrates in  th e  English C hannel 
was ob ta in ed  from  Cefas’ ow n data  ho ld ings (e.g. Coggan et al., 
2012). A dditionally , sed im ent type an d  g rain  size were ob tained
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from  th e  N o rth  Sea B enthos Survey (NSBS) (B asford et al., 1993). 
All datasets included  a b reakdow n o f  the  seabed sed im ents in to  
percentage m ud , sand, and  gravel an d  m ed ian  size for the 
sand  g rain  fraction . O nly  the  data  collected by  Cefas included  
the  m easurem ents o f  the  g rain  size o f  th e  gravel fraction . To esti­
m ate  the  gravel size in  regions w here there  were no m easured 
values, th e  Cefas da ta  were used to  derive a re la tionsh ip  betw een 
the  sa n d -g rav e l ra tio  (available from  all the  datasets) and  the 
m ed ian  d iam eter o f  the  gravel fraction.

H ydrodynam ic conditions at the seabed were obtained from  m o d ­
elled hourly  wave and current conditions for the years 2006-2008 on  
a grid w ith resolution 1 /6  degree longitude and 1 /9  degree latitude 
(~ 1 2 k m )  undertaken by the N ational O ceanography Centre 
Liverpool (Brown et al., 2010). M odel ou tpu ts used were depth  
m ean current, seabed wave orbital velocity, and seabed wave zero 
crossing period. W here required, these were converted to  an  ap p ro ­
priate seabed stress using the grain size roughness and, where total 
w ave-cu rren t stress is needed, a w ave-cu rren t interaction model. 
The response o f  the seabed to  the sim ulated wave and current condi­
tions was calculated based o n  a synthesis o f  existing predictive rela­
tionships derived from  laboratory and field observations as 
described below. To account for uncertainty, a probabilistic approach 
based o n  M onte Carlo sim ulations was used. Sim ulation param eters 
were draw n from  a probability d istribution  representing the uncer­
tain ty  associated w ith the relationships used to predict natural dis­
turbance. The resulting o u tp u t yields a cum ulative d istribution  
function  giving the probability x  that the num ber o f  days o f  d istu rb­
ance per year exceeded a given value.

For locations classed as gravel, d isturbance was assum ed to  occur 
w hen the threshold  for the  initial m ovem ent o f  sedim ent was 
exceeded. This was calculated based o n  the  non-d im ensional 
stress (Shields num ber) using the  to ta l w av e-cu rren t stress. 
Paphitis (2001) gives upper and  lower Shields threshold  curves 
based on  a range o f  observational and  laboratory  data, and  these 
were used to  define a p robability  d istribu tion  o f  values. A p robabil­
ity  o f  1 was assigned if  the  wave curren t Shields nu m b er was at or 
above the  up p er threshold , and  zero i f  it was at o r below  the lower 
threshold  curve lim it, w ith  a log-uniform  (reciprocal d istribu tion) 
scaling in-between.

For locations classed as sand, d isturbance was calculated based 
o n  predicting  the occurrence o f  wave and  cu rren t ripple height as 
a function  o f  m edian  grain size and  the local instantaneous wave 
and  cu rren t conditions. As a sensitivity test, two form ulae were con­
sidered (Soulsby and W hitehouse, 2005; O ’D onoghue et al., 2006). 
A tentative p red ic tion  o f  the occurrence and  height o f  “Large Wave 
Ripples” (Li and  Am os, 1999) was also included. The bedform  
height form ulae were assum ed to  give the  m ean  o f  a log-uniform  
probability  d istribu tion  o f  bedform  heights based o n  the character­
istics o f  the  scatter in  the observational data.

The d isturbance o f  the  cohesive m u d d y  substrate was based o n  
the p robability  o f  extrem e events. A n u m b er o f  workers (e.g. 
Am os et al., 1992) have identified d istinct m odes o f  erosion for co­
hesive m u d d y  sedim ents. S tructural (or “type II”) erosion can occur 
w hen the  applied hydrodynam ic shear stress exceeds values in  the 
range o f  4 - 1 0  N  m -2  and is associated w ith the  breakdow n o f  the 
bed struc tu re  and  erosion to  depths likely to  be  o f  biological signifi­
cance. Thus, for m u d  beds, “d istu rbance” was deem ed to  have 
occurred  if  a type II erosion event was pred ic ted  due to  the  occur­
rence o f  an  extrem e hydrodynam ic bed stress. This requires an  as­
su m p tio n  abou t the  p robability  d istribu tion  o f  wave velocity 
am plitude at the bed. Following You (2009), we assum ed a m odified

Rayleigh d istribu tion . Thresholds for the  erosion o f  cohesive m uddy  
beds are often site-specific and  depend o n  the  state o f  consolidation  
o f  the sedim ent. M onte  Carlo sim ulations assum ed the  probability  
d istribu tion  o f  thresho ld  stress for type II erosion was un iform ly  d is­
tribu ted  in  the range 4 - 1 0  N  m - 2 .

To m ake the  defin ition  o f  d isturbance independent o f  the  tim e 
reso lu tion  o f  the  m odelled waves and  currents, a fixed “averaging” 
period  was adopted  and  the  p robability  o f  a na tura l disturbance 
“event” was calculated w ith in  each averaging period. T hus, m ultiple 
d isturbances du ring  the averaging interval were coun ted  as a single 
event. W ith in  the  averaging period , predicted  hydrodynam ic cond i­
tions change at the reso lu tion  o f  the  m odel o u tp u t (in  this case 
hourly). The averaging interval adop ted  was chosen to  be 1 d  on  
the  grounds th a t this is a typical tim e-scale for a sto rm  and  thus a 
sto rm  w ould count, as far as possible, as a single disturbance 
event. Clearly, a “sto rm ” m ay extend over a day and  a shorter 
w ind event m ay straddle tw o successive days, so the  nu m b er o f  
days th a t d isturbance is predicted  m ay be sensitive to  the  particular 
choice o f  averaging period.

Comparing fishing and natural disturbance 
The fishing d isturbance was estim ated as the  area o f  grid cell fished, 
whereas the  n a tu ra l d isturbance was estim ated as the nu m b er o f  d is­
tu rbance events for a grid cell. As natural d isturbance acts o n  large 
spatial scales, we m ake the assum ption  th a t each natural disturbance 
event affects the w hole grid cell. Frequencies can thus be translated 
in to  an  area o f  im pact, com parable w ith  the  descrip tion  o f  fishing 
disturbance.

In  areas where the substrate is classified as sand, the o u tp u t o f  the 
natural disturbance m odel provides the cumulative probability d is­
tribu tion  (x )  for the num ber o f  days in  a year the bed is disturbed 
to  a given depth. The aim  is to  obtain  the probability that natural dis­
turbance is greater th an  fishing disturbance 0\)ND>r)- T° do  this, we 
need to select the probability value for natural disturbance that is 
greater th an  T. For example, if  the area fished (in  a year) in  a grid 
cell is calculated to  be twice the area o f  that cell (T  = 2 ) ,  then  the 
probability that natural disturbance is greater ()yND> r)  is the p rob­
ability that there are >  2 natural disturbance events in  that year affect­
ing the whole grid cell (assum ption above), so in  this case: y ND> r  =  
Xs- For sandy substrates, weighted x  values are taken according to  the 
assum ed penetration  depths o f  the different gears (described below).

In fo rm ation  on  the penetra tion  depths o f  the trawl gear is needed 
in  the  analysis, b u t such in fo rm ation  is lim ited. For example, 
L innane et al. (2000) com piled a table o f  penetration  depths o f 
o tte r boards and  beam  trawls over different substrates. The observed 
dep th  o f  penetration  varied w ith in  and  am ong the  gear type and  the 
substrate. Penetra tion  depths o n  sandy sedim ents were u p  to  7 and 
5 cm  for beam  trawls and  o tte r boards, respectively. A nother study 
by G ilkinson et al. (1998) highlights that scour from  o tte r trawl 
doors was < 3  cm  in  dep th  on  the  sandy substrate. A non. (1995) 
reports th a t in  the N o rth  Sea Beam trawl, shoes and  chains pene­
trated  to  a d ep th  o f  > 6  cm, o tte r doors to  a dep th  o f  8 cm, and 
scallop dredges 3 - 4  cm.

To account for the uncerta in ty  in  penetra tion  depth , we decided 
th a t the effort should  be d istribu ted  across a range o f  dep th  values. 
The sum  traw ling effort w ith in  each grid cell was divided in to  three 
fractions each representing a penetration  dep th  value. For the  p u r­
poses o f  this study, the  penetra tion  dep th  d istribu tion  was fixed 
across gears and all grid cells. The values chosen for the d istribu tion  
o f  penetra tion  depths assigned to  the  p ro p o rtio n  o f  traw ling effort 
are: 3 cm , 0.4; 4 cm, 0.5; and 5 cm , 0.1.
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The probability  th a t na tura l d isturbance is greater th an  fishing 
d isturbance UND>r was ob tained  by sum m ing  the w eighted y  
values for each gear type, as show n in  E quation  (3):

Tnd> t = / btAnd>bt +  / otTnd>ot +  / drTnd>dr’ (3)

w here is the p ro p o rtio n  o f  to ta l effort associated w ith gear type g 
(BT, beam  trawl; OT, o tte r trawl; DR, dredge). I f  the  p ro p o rtio n  
o f  the  area traw led for a given gear type is Tg =  n .d , w here n  is 
the  integer pa rt and d  the decim al, this is in terpreted  as m eaning a 
p ro p o rtio n  o fth e  area (d  ) is traw led n +  1 tim es and the p ro p o rtio n  
(1 — d )  is traw led n tim es. Therefore, the  p robability  th a t natural 
d isturbance is greater th an  fishing d isturbance for each gear type 
is ob tained  from  E quation  (4):

Tnd>? =  d X „ + i +  U -  d '>X„+1. (4)

w here y¡ is the  na tura l d isturbance y, value w eighted by the  assum ed 
penetra tion  dep th  d istribu tion  obtained using E quation  (5):

5

X i =  J 2 X u i P d • (5)
d—S

w here d  is the dep th  and  p  the  assum ed probability  o f  gear 
penetration .

The natural d isturbance m odel is lim ited  to  p redicting  the  dep th  
o f  d isturbance in  sandy substrates. In  substrates classified as gravel 
o r  m ud, a y  value is given for d isturbance b u t no  ind ica tion  o f 
dep th  is associated w ith  it (the substrate is either d istu rbed  or 
no t). For these areas, it is assum ed that the dep th  o f  any na tura l d is­
tu rbance w ould  equal any traw ling d isturbance and  d ep th  o f  gear 
penetra tion  is n o t considered.

The probability  that fishing d isturbance is greater th an  o r equal 
to  na tura l d isturbance (yND<r) is 1 — A nd> 7> as b o th  probabilities 
sum  to  1 (yND>r +  A n d < t =  1). We therefore assum e that grid cells 
w ith a probability  y ND>r >  0.5 characterise areas w here natural d is­
tu rbance is greater th an  fishing disturbance. For the rem aining grid 
cells, we assum e th a t fishing d isturbance is significant, i.e. larger 
th an  natural d isturbance. For these cells, the  fishing d isturbance 
d ata  were g rouped in to  three  classes (low Tsig, m oderate  Tsig, and 
high Tsig) using the  Jenks na tura l breaks classification m ethod  to 
define the  class boundaries. It should  be no ted  th a t these 
classes do  n o t indicate the  extent to  w hich fishing d isturbance 
exceeds natural disturbance; rather, the  data  show  the  in tensity  o f 
fishing d isturbance in  areas w here fishing is greater th an  natural 
d isturbance.

To derive the areas significantly affected by  dem ersal fishing for 
different substrate types and  habitats, we carried o u t an  analysis in  a 
GIS using the  U n ion  too l and calculated the  areas in  k m 2.

Results
Fishing disturbance
The w estern and  eastern English C hannel are subject to the  highest 
fishing activity in  term s o f  hours fished per year by  any b o tto m  
towed gear (beam  trawl, o tte r trawl, and  scallop dredge; Figure 2, 
left), b u t as different b o tto m  gears have different foo tprin ts o n  the 
seabed, a focus on  hours fished can be m isleading w hen studying 
fishing disturbance. This is highlighted for the  n o rth e rn  N o rth  Sea 
w here the large nu m b er o f  hours per year is no t always reflected in 
the  m ean  traw led p ro p o rtio n  T  (Figure 2, com pare  left and  right

panels). This is because the do m in an t gear used in  these locations 
is the o tte r trawl, w hich has a relatively small foo tp rin t. Fowest 
fishing d isturbance tends to  be in  the deeper waters o f  the N orth  
Sea o r w here the g round  is hard  (e.g. central English Channel; 
Figure 2, right).

Natural disturbance
The m odelled probabilities o f  disturbances at two sedim ent depths 
(1 and 4 cm ) for frequencies o f  >  1, > 1 0 , and  >  17 d  per year are 
presented in  Figure 3. It is likely that m ost o f  the seabed o f  the 
GNS is d istu rbed  to  a dep th  o f  1 cm  o n  m ore th an  1 d  per year 
(A n d  =  0 .8 -1 .0 ; Figure 3, top  left), a lthough less so in  m uddy  
and  gravelly areas o ff the  northeast coast (Fam es Deep) and 
central English C hannel, respectively. The overall p ictu re  does no t 
change significantly w ith increasing d isturbance frequencies apart 
from  the  no rth ern m o st co rner o f  the N o rth  Sea (Figure 3, top 
centre and  right). The probability  o f  deeper d isturbance, to  4-cm  
dep th  m ore th an  once per year, is nearly certain  (And in  range 
0 .8 -1 .0 ) p rim arily  for the  Dogger B ank and  inshore regions o f  the 
w estern English C hannel (Figure 3, b o tto m  left). The occurrence 
o f  deep d isturbance events is increasingly unlikely w ith increasing 
frequencies for m ost parts o f  the  GNS (Figure 3, b o tto m  centre 
and  right).

Comparing fishing and natural disturbance
The probability  o f  n a tu ra l d isturbance being greater th an  th a t o f 
fishing d isturbance is spatially variable across the GNS (Figure 4, 
left). Assum ing th a t A n d > t  >  0.5 characterises areas where 
na tura l d isturbance is greater th an  fishing d isturbance allows us to 
identify  and  m ap those areas (Figure 4, right). Fishing d isturbance 
stays below  natural disturbance levels in  areas close to  the  coast 
and  in  shallow  areas such as Dogger Bank and the  N o rth  N orfolk 
Sandbanks (Figure 1). In  the  N o rth  Sea, areas o f  high na tura l d is­
tu rbance ten d  to be located in  w ater depths shallower than  
~ 5 0  m. This is approxim ately  equivalent to  the  wave base, the 
water dep th  dow n to  w hich the  influence o f  the largest surface 
waves is “felt” a t the seabed. N atural d isturbance in  the  N o rth  Sea 
is strongly governed by waves ra ther th an  tides because the  substrate 
is p rim arily  sandy here and c u rren t generated ripples affect on ly  the 
top  1 cm  o f  sedim ent. H igh levels o f  significant fishing d isturbance 
occur in  the  eastern and  w estern C hannel and  the  sou thern  
N o rth  Sea.

Overall, a lm ost half(45 .1%  o r 70 552 k m 2) o f  seabed is predicted 
to  experience na tura l d isturbance levels h igher th an  fishing d istu rb ­
ance. A pproxim ately 39.8% (62 241 k m 2) o f  the to ta l seabed is 
subject to  low levels o f  significant fishing disturbance, 10.1% (15 
831 k m 2) to m ed ium  levels, and 4.9%  (7698 k m 2) to  high levels 
(Figure 5).

The d istribu tion  o f  fishing d isturbance also varies am ong sub­
strate types (Figure 6). A significant p ro p o rtio n  o f  the  area o f  the 
coarse sedim ent is subject to h igh levels o f  natu ral disturbance. 
This finding m igh t be surprising; however, n o te  th a t “coarse sedi­
m en t” com prises san d -g rav e l m ixtures ranging from  p ure  gravel 
to  alm ost pu re  sands w ith  gravel contents as low as 5%. “Sands 
and  m u d d y  sands” are the  m ost ab u n d an t substrate  (tw o-th irds o f 
the  to ta l seabed area) in  the GNS (Figure 1, left) and  hence the  d is­
trib u tio n  o f  fishing d isturbance for this substrate m ost closely 
resem bles th a to f th e  G N S asaw h o le  (F igure5). The rem aining sub­
strates (“m u d  and  sandy m u d ” and  “m ixed sedim ents”) are p re ­
d o m inan tly  subject to  low  levels o f  significant fishing d isturbance 
b u t are spatially restricted.
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M ean fish ing  activity  
(hours/year)
H  1214

Mean traw led  p ropo rtion  

T H
0.00 - 0.25 
0,25 - 0.50 

_J 0.50-1.00
I  1.00 - 2.00

■  2.00 - 5.00

Figure 2. (Left) Fishing activity expressed as hours fished per year for demersal fishing gear (beam trawls, o tte r trawls, and dredges). A 2-s.d. stretch 
has been applied to  these data. (Right) T rawled proportion of the  seabed. Both panels show the mean values based on data covering the years 2006 -  
2008.

Finally, we investigated the  varia tion  o f  fishing d isturbance w ith 
biological zones as defined and m apped  by C am eron and  Askew 
(2011). The analysis reveals a characteristic progression across the 
biological zones (Figure 7). The shallow  inffalittoral habitats p re­
dom inan tly  experience fishing d isturbance at levels lower th an  
natural disturbance. However, these habitats account for relatively 
sm all seabed areas ( ~  18.6% o f  the w hole). The relative im portance 
o f  fishing d isturbance increases w ith d ep th  (expressed as biological 
zone) and is m ost p ron o u n ced  in  the deep circaiittoral. This overall 
pa tte rn  indicates th a t the  significance o f  fishing d isturbance is likely 
to  increase w ith increasing water depths as na tura l d isturbance tends 
to  decrease along the  sam e d ep th  gradient.

Discussion
Assumptions and limitations
O ur aim  was to  develop a m ethodology th a t allows a direct com pari­
son  o f  physical seabed d isturbance caused by the  dem ersal fishing 
gear w ith  na tura l d isturbance due to  waves and  tides by further 
developing an  approach  by Stelzenm üller et al. (2008a). The ra tio n ­
ale beh ind  this is th a t areas experiencing high levels o f  natural 
d isturbance typically ha rb o u r species th a t are capable o f  w ithstand­
ing such environm ental conditions. It could be  argued th a t natural 
d isturbance increases the  resilience o f  benth ic  com m unities to 
fishing d isturbance in  at least two ways: first, resilience m ight 
be increased by selecting for fast-grow ing o p portun istic  species 
w hich quickly recolonise d istu rbed  areas and are able to  reach

sexual m atu rity  before the  next d isturbance event (Pianka, 1970). 
These species typically display small-size, sh o rt longevity and  p lank­
ton ic  larval p ro d u c tio n  traits. Second, naturally  d istu rbed  habitats 
m ay favour species w hich display traits th a t p re-adap t them  to 
w ithstand the  d isturbance such as hard  shells, deep-burrow ing, 
and  high m obility. The ou tlined  m ethodology quantifies natural 
and  an thropogenic  d isturbance o n  a com m on  scale. W e would, 
however, cau tion  th a t there  m igh t be a qualitative difference 
betw een the  two types o f  d isturbance as the direct im pact o f  the 
traw led fishing gear m ay  n o t directly  equate to  the  im pact caused 
by sedim ent rem obilisation. In  th a t respect, o u r m ethodology 
m igh t be bette r suited  to  account for resilience to fishing d istu rb ­
ance caused by selection for anim als w ith a greater capacity to 
w ithstand a given m orta lity  rate (the first case above).

Several assum ptions had  to  be m ade  w hen  developing the  
m ethodology. These were h igh ligh ted  in  the  “M ethods” 
section  an d  are sum m arised  in  Table 1. W e th in k  th a t all the  
assum ptions we m ade are reasonable given th e  cu rren t know l­
edge. How ever, it appears th a t especially those  assum ptions re­
lating to  th e  im pact o f  th e  different fishing gears o n  the  seabed 
(assum ptions 3, 14, an d  15 in  Table 1) are associated w ith  the  
largest uncertain ties. W e will therefore briefly  discuss these 
assum ptions in  th e  following.

A ssum ption 3 im plies th a t only the  doors o f  an  o tte r trawl d istu rb  
the  seabed. We used gear dim ensions, including for o tte r trawls, that 
have been applied previously (Eastw ood et al., 2007). H aii (1999) 
states th a t for o tte r trawls, d isturbance is largely restricted to  the
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4 c m  d e p th  > 1 0 d /y r

0.00 - 0.20 
0,21 - 0 .4 0  
0.41 - 0  

0 .61 - 0 .8 0  
0.81 - 1.00

And

4 c m  d e p th  > 1 7 d /y r

0.00  - 0.20 
0.21 - 0 .4 0  
0.41 ■ 0 .6 0  

0,61 - 0 .8 0  
0.81 - 1 .0 0I0 .6 1 -1 .0 0 ' r

Figure 3. Probabilities of natural disturbance CyND) of the seabed for different combinations of sedim ent depth  (1 and 4 cm) and frequency 
(> 1 , > 10 , and > 1 7  d year-1 ) based on model results covering the  years 2006-2008.

traw l doors. Sidescan sonar im agery o f  seabed affected by  o tter 
traw ling typically shows tracks o f  o tte r doors that m ight be d iscern­
ible for several m on ths after traw ling (Schw ingham er et al., 1998). 
O ther parts o f  the fishing gear touch ing  the g round  d id  leave no  d is­
cernible m arks in  a study  in  Kiel Bay, Baltic Sea (Krost et al., 1990). 
A lthough the au thors cau tion  th a t there  m ight nevertheless be an  
im pact on  the  seabed, this indicates th a t the  im pact by  the  o tter 
traw l doors is dom inan t. The chosen gear dim ensions m ight never­
theless underestim ate the fo o tp rin t for o tte r trawls, as the  warps 
and  foo trope m igh t detach certain  epifauna (e.g. sea pens) from  
the  seabed. Em ploying the full w idth  o f  an  o tte r traw l instead  o f 
the  doors only w ould  increase the gear w id th  by  an  o rder o f  m agni­
tude  o r m ore. A judgem en t had to  be m ade and we felt that, on  
balance, the assum ptions m ade by Eastw ood et al. (2007) are 
défendable.

A ssum ptions 14 and  15 relate to gear penetra tion  depths. As 
stated previously, reliable values o f  penetra tion  depths for differ­
en t gear types o n  different seabed substrates are relatively sparse.

The problem  is fu rther confounded  by the  fact th a t the reported  
values exhibit significant scatter. Clearly, this indicates th a t m ore 
research is needed to  address this knowledge gap. An interesting 
study  in  this respect was conducted  by  Ivanovic et al. (2011). 
These au thors m odelled the  physical im pact o f  trawl com ponents 
o n  the  seabed em ploying a finite elem ent m odel and  com pared 
results w ith laser line m easurem ents carried o u t by  scuba divers 
du ring  sea trials. A lthough results are encouraging, the  study 
was lim ited  to  the  im pact o f  o tte r doors and  roller clum ps and 
m ore research o f  this k ind  is needed for a bette r quantification  
o f  penetration  depths o f  various fishing gears o n  different 
substrates.

Beyond that, there  are shortcom ings o f  the  m odel th a t need to  be 
discussed: general knowledge o n  the  physics o f  seabed disturbance, 
a lthough  investigated for several decades, is still incom plete and 
consequently  the  predictions o f  na tura l d isturbance are associated 
w ith som e uncertainty. To account for this, we have adopted  a p ro b ­
abilistic approach. In  this way, we were able to associate a probability
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Figure 4. (Left) Estimated probability of natural disturbance (und) exceeding fishing disturbance (T). (Right) Comparison of fishing disturbance 
against natural disturbance: yellow indicates areas where natural disturbance is greater than fishing disturbance, assuming U n d > t  >  0.5. Areas in 
blue indicate significant fishing disturbance (Tsig), i.e. higher than  natural disturbance levels. Areas of significant fishing disturbance were subdivided 
into three classes applying Jenks natural breaks. Low Tsig, T =  0-0.46; m oderate Tsig, T =  0.47-1.48; high Tsig, T >  1.48.
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Figure 5. Distribution of fishing disturbance in the GNS.

w ith the predicted  nu m b er o f  d isturbance events. U ltim ately, this 
allowed us to  m ap  the likelihood that natu ral d isturbance is 
greater th an  fishing disturbance.

Additionally, it should  be m entioned  th a t VMS data are lim ited 
to  vessels >  15 m  in  length, w hich m eans th a t sm aller inshore fishing 
vessels are no t accounted  for. These vessels tend  to  fish close to  the 
coast. As a consequence, this m igh t push  actual fishing d isturbance 
in  coastal areas beyond the value o f  na tura l d isturbance in  
som e places. This shortcom ing  needs to be kep t in  m in d  w hen in te r­
preting  m aps o f  relative fishing disturbance.

O ur m odel considers the  physical d isturbance o f  the  seabed 
caused by hydrodynam ics and  b o tto m  fishing. It does no t

consider biological processes such as b io tu rb a tio n  or b ind ing  o f 
the  sedim ent. Such processes m ight directly  (e.g. b io tu rb a tio n  
leading to  physical disturbance; Haii, 1994) o r indirectly  (e.g. 
b ind ing  o f  sedim ent increasing critical shear stress required  for 
sedim ent rem obilization) influence the physical d isturbance o f 
the  seabed. B io turbation  m ight also result in  the  altera tion  o f 
sm all-scale seabed surface topography  w ith im plications for the 
in teraction  w ith  near-bed wave and  curren t flow. To keep the 
m ethodology m anageable, we had to  lim it it to  im p ortan t, w ide­
spread, and  quantifiable processes. There is considerable uncer­
tain ty  regarding the quantification  o f  b io tu rb a tio n  processes 
(Teal et al., 2008); thus, these are n o t included in  the curren t 
m ethodology.

T he lim ita tion  to certain  agents o f  n a tu ra l and  anthropogenic 
d isturbance, while necessary to  reduce the  com plexity o f  the  m eth ­
odology, m igh t be p rone  to  underestim ating  im pacts as cum ulative 
effects are ignored. However, Foden et al. (2011) found  th a t only a 
sm all fraction (< 0 .1  % ) o f  the  seabed o f  the  UK (England and 
W ales) con tinen tal shelf was occupied by  m ultip le h u m an  activities 
based o n  data  from  the  year 2007. Thus, while cum ulative effects 
m igh t be im p o rtan t in  spatially restricted areas, they  appear negli­
gible at the  scale o f  the  w hole study  site.

W e also acknowledge that the  resolu tion  o f  o u r m odel (ca. 
12 km ) is relatively low, especially com pared w ith the  level o f  
detail o f  the  substrate  m aps. M odel im provem ents should  focus 
o n  h igher reso lu tion  adequate for resolving necessary detail.
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Figure 6. Distribution of fishing disturbance across different substrate types.

Further progress could  also be achieved by  prolonging the  length o f 
the  period  o f  m odel and  VMS data, quantifying the uncerta in ty  in 
the  m odelled wave and  cu rren t inputs, assessing the  sensitivity o f 
the  choice o f  the  ripple height predictors (Soulsby and 
W hitehouse, 2005; O ’D onoghue et al., 2006), and  testing the 
newly developed m ethods o f  track  reconstruction  (e.g. H in tzen  
et al., 2010; Russo et al., 2011). A lthough these research questions 
are w orthw hile addressing, they  were beyond the  scope o f  the 
presented study.

It m ight also be feasible to  test ou r predictions w ith independent 
em pirical data  gathered w ith acoustic sounders (m ultibeam  echo- 
sounder and  sidescan sonar). D iesing et al. (2006) show ed that the 
tim e it takes to  sm oo th  o u t aggregate dredge furrow s depends on  
the  hydrodynam ic regime. The sam e could  be expected for 
furrow s caused by  dem ersal trawling. Therefore, given a certain  
fishing intensity, one w ould expect significantly less trawl m arks 
in  the  areas o f  high na tura l d isturbance w hen com pared w ith that 
o f  low  n atural disturbance.

Physical disturbance o f the seabed
W e have described a quantitative  and repeatable m ethodology that 
allows us to  estim ate the  p robability  that natural d isturbance is 
exceeding fishing d isturbance (and  vice versa) based o n  VM S data 
and  hydrodynam ic m odel ou tp u ts  for the  years 2006-2008 . The 
described m ethodology m igh t help identifying the  areas o f  seabed 
w here ben th ic  com m unities are likely to  be substantially  m odified 
by  fishing and  could  con tribu te  tow ards an  assessm ent o f  MSFD 
ind icator 6.1.2. W hile the  m ethodology m ight help assessing the 
extent o f  the  seabed significantly affected by h u m an  activities for 
the  different substrate types, it was n o t o u r goal to define targets 
for this indicator. However, once such targets are defined, the  m eth ­
odology could  help tracking progress tow ards good environm ental 
status for sea-floor integrity.

A lthough we used data  from  the  English pa rt o f  the  GNS to d em ­
onstrate the  m ethodology, it could  easily be applied to  o th er m arine

subregions and regions as long as com parable in fo rm ation  on  
hydrodynam ics and fishing activity is available. The im pact o f 
o th er h u m an  activities could  also be assessed. This is especially 
tru e  for m arine  aggregate extraction, for w hich in  UK waters 
vessel positions are curren tly  recorded every 30 s du ring  dredging. 
Nevertheless, we do n o t expect this to have significant effects at 
the  scale o f  subregions o r  even regions, as the  spatial fo o tp rin t o f 
h u m an  activities is dom inated  by  dem ersal fishing (Eastwood 
et a í ,  2007; Foden et a l ,  2011).

In p u t data for the presented m ethodology were lim ited  to  the 
years 2006-2008 . These were the  m ost recent years for w hich 
consistent data  o n  b o th  fishing activity and hydrodynam ics 
were available. Results were presented in  a sum m arised  form  as 
m ultiyear averages for the sake o f  simplicity. Nevertheless, it is 
possible to  provide results for individual years. In  this way, the 
m ethodology could  be  used for m o n ito ring  change and  tracking 
progress tow ards set targets for ind ica to r 6.1.2 (extent o f  the 
seabed significantly affected by  h u m an  activities for the  different 
substrate types).

O u r results dem onstra te  a h igh degree o f  spatial variability in 
b o th  natural and fishing d isturbance, consistent w ith sim ilar 
results reported  by  Stelzenm üller et al. (2008a, b). As a conse­
quence, the significance o f  fishing d isturbance also varies spatially 
across the w hole GNS area. V ariation in  the  im portance o f  fishing 
d isturbance is also evident for different substrate types. Cohesive 
m u d d y  sedim ents are alm ost exclusively characterised by  signifi­
cant fishing d isturbance larger th an  natural disturbance levels 
(Figure 6). W e assum ed th a t the biologically significant natural 
d isturbance o f  m u d d y  substrates occurs un d er extrem e co n d i­
tions w ith associated high shear stresses and structural “type II” 
erosion (Am os et al., 1992). Consequently, even low levels o f 
fishing d isturbance will likely be above the  levels o f  na tura l d is­
turbance. This is especially evident for Fam es Deep, where 
fishing d isturbance is relatively low  due to the  p redom inance o f 
o tte r traw ling (Figure 2, right). However, the  p robability  for
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Figure 7. Distribution of fishing disturbance across different biological 
zones. The im portance of significant fishing disturbance is increasing 
with increasing water depths (expressed as biological zones).

natural d isturbance occurring  here even only once a year to a 
dep th  o f  1 cm  is also low (Figure 3, top  left), and  o u r m odel p re­
dicts significant fishing d isturbance above background  levels o f  
natural d isturbance for Fam es Deep.

N atural d isturbance is greater th an  fishing d isturbance in  about 
h a lf the  area characterised by coarse sedim ents (Figure 6). This 
holds especially true  for coarse sedim ents in  the  N o rth  Sea, w hich 
are subjected to  relatively h igh shear stresses b u t still fine 
enough to  be frequently  disturbed. Shear stresses are generally 
highest in  the  central English C hannel (e.g. Pingree and  Griffiths, 
1979); however, substrates are too  coarse to be frequently  disturbed, 
and  in  places, bedrock  is exposed a t the  seabed (Diesing et al., 2009; 
Coggan and Diesing, 2012). Sand and  m u d d y  sand are the  m ost 
w idespread substrates in  the  GNS, occurring  close to  the  coast and 
o n  shallow, exposed banks, as well as in  relatively deep waters o f  
the  n o rth e rn  N o rth  Sea (Figure 1). Therefore, there  is a relatively 
even split betw een the  fraction o f  the  area dom inated  by  na tura l d is­
tu rbance as opposed to  fishing d isturbance (Figure 6).

W e also found  a strong relationship betw een biological zone and 
fishing d isturbance (Figure 7): deep circaiittoral habitats appear to  
be subjected to  a greater extent to  fishing d isturbance beyond back­
g round  levels o f  natural d isturbance th an  shallower circaiittoral and 
especially infralittoral habitats. This is n o t surprising, as by  defin­
ition , deep circaiittoral habitats are relatively stable w ith low 
natural d isturbance levels. As such, these deep circaiittoral habitats 
are m ore adversely affected by  dem ersal fishing th an  shallow coastal 
habitats (Kaiser et al., 2002). As they account for large parts o f  the 
con tinen ta l shelf (44.3% o r 68 612 k m 2), fishing d isturbance is 
expected to  exceed na tura l d isturbance in  a large p ro p o rtio n  
o f  the  GNS, even if  absolute levels o f  fishing d isturbance are 
relatively low.

From physical disturbance to  habitat sensitivity?
O ur results show  th a t m u d d y  substrates and  deep circaiittoral 
habitats are m ore likely to  experience significant fishing im pact 
due to low  probabilities o f  natural d isturbance. These habitats

Table 1. A summary of assum ptions made when developing the  presented m ethodology

Fishing disturbance 1. Discrete VMS observations sufficiently capture the patterns of fishing effort
2. Each VMS observation represents an area of Impacted seabed
3. Gear width dimensions: beam trawls, 2 x 12 m beams; otter trawls, 2 x 2 m otter boards; and shellfish 

dredgers, 24 x 0.85 m dredges
4. The speed at the time of observation (ping) Is maintained until the next ping
5. The vessel remains within the same grid cell between pings

Natural disturbance 6. Averaging period of 1 d Is the typical tlme-scale of a storm
7. For sand, the disturbance depth equates to the height of small-scale ripples
8. The bedform height formulae were assumed to give the mean of a distribution of possible bedform heights
9. A log-uniform type distribution was assumed for the probability of disturbance to a given depth In sand

10. For gravel, disturbance was assumed to occur when the threshold for the Initial movement of the sediment 
was exceeded

11. For mud, the probability distribution of wave velocity amplitude at the bed was assumed to be a modified 
Rayleigh distribution

12. The probability distribution of threshold stress for type II erosion was assumed to be uniformly distributed In 
the range of 4 -1 0  N m ~2

Comparing fishing and natural 13. Each natural disturbance event affects the whole grid cell
disturbance 14. Assumptions on the distribution of trawling effort with penetration depth

15. For mud and gravel, It Is assumed that the depth of any natural disturbance would equal any trawling 
disturbance (depth of gear penetration not considered)

16. Grid cells with a probability ;pmd>t >  0-3 characterise areas where natural disturbance Is greater than fishing 
disturbance
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m ight therefore be m ore sensitive to  dem ersal fishing. This inference 
is supported  by  results from  Bolam  et al. (in  press), w ho investigated 
the  sensitivity o f  m acrobenthic secondary p ro d u c tio n  to  traw ling in 
the  English sector o f  the GNS based on  biological traits. They 
concluded th a t p ro d u c tio n  is m ore traw ling sensitive in  deep, 
poorly  sorted, gravel- o r m ud -d o m in a ted  habitats, w hich experi­
ence little o r no  na tura l d isturbance. O ur analysis d id  no t p o in t to 
increased sensitivities o f  coarse (gravel-dom inated) sedim ents. 
However, this m ight be m asked by the  b road  defin ition  o f  coarse 
sedim ents (Long, 2006), w hich include a range o f  sedim ent types 
from  pure  gravels to  sand-dom inated  sedim ents w ith  gravel con­
tents as low  as 5%. Therefore, the definitions o f  EUNIS substrate 
types m ight n o t be best suited  for investigating the  sensitivity to 
fishing disturbance.

H id d in k  et al. (2006a) estim ated recovery tim es for biom ass and 
p ro d u c tio n  following traw ling d isturbance using a validated size- 
based m odel o f  the  ben th ic  com m unities in  parts o f  the  sou thern  
and  central N o rth  Sea. Sensitivity can be expressed as the  inverse 
o f  recovery tim e (H idd ink  et al., 2007). Therefore, predicted  recov­
ery tim es can be in terpreted  as (habitat) sensitivity to  trawling. Their 
m ap o f  hab ita t sensitivity for p ro d u c tio n  (Figure 2 in  H id d in k  et al., 
2007) shows som e resem blance w ith  the results presented in  this 
study  (Figure 4): the  least sensitive areas are Dogger Bank and  an  
~ 1 2 0  km  w ide strip o ff the English coast sou th  o f  55° N. These 
areas were typically associated w ith the shallowest w ater depths 
and  the  highest shear stress values and erosion rates (A ppendix SI 
in  H id d in k  et al., 2007). Conversely, the  m ost sensitive areas are 
Oyster G round  (in  the D utch  Exclusive E conom ic Zone) and  the 
deep circaiittoral parts o f  the N o rth  Sea in  the  n o rth  o f  o u r study  
site, characterised by the  greatest w ater depths and  low  values for 
shear stress and  the  erosion rate (A ppendix SI in  H id d in k  et al., 
2007). Differences betw een o u r results and  those o f  H id d in k  et al. 
(2006a, 2007) m ight partly  be explained by the fact th a t the m odel 
intervals differed.

The overall agreem ent o f  ou r results w ith those o f  Bolam etal. (in 
press) and H idd ink  et al. (2006a, 2007) gives us confidence that our 
purely physical m odel, which predicts the relative im portance o f  
fishing vs. natural disturbance, is ecologically relevant in  that it 
aids in  identifying areas o f  the seabed where p roduction  m ight be 
sensitive to  dem ersal fishing. A final no te  o f  caution  is, however, in 
order: although it is im portan t to  p u t fishing disturbance in to  
context, this does no t w arrant that additional disturbance im posed 
by  fishing is inconsequential, as fishing im pacts m ight be added 
sources o f  m ortality. H aii (1999) calls this the “fallacy o f  natural vari­
a tion”. Thus, while it is likely that fishing disturbance will have nega­
tive im pacts o n  habitats and  com m unities in  the areas o f  low natural 
disturbance, it w ould be w rong to preclude negative im pacts due to 
fishing disturbance in  the areas o f  high natural disturbance.
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