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W e briefly review h o w  coastal ecosystem s are responding to  and being im pacted by clim ate change, o n e  of  

th e  greatest challenges facing society  today. In adapting to  rising and storm ier seas associated  w ith clim ate  
change, coastal d efen ce  structures are proliferating and b ecom ing dom in an t coastal features, particularly in 

urbanised areas. W hilst th e  primary function  o f  th e se  structures is to  protect coastal property and  

infrastructure, th ey  inevitably have a significant secondary im pact on th e  local environm ent and  

ecosystem s. In this review  w e  outline so m e  o f th e  n egative and positive effects o f  th e se  structures on  

physical processes, im pacts on marine species, and th e  novel en gin eerin g  approaches th a t have been  

em ployed  to  im prove th e  ecological value o f  th e se  structures in recent years. Finally w e  outline gu idelines  

for an environm entally sensitive approach to  design  o f  such structures in th e  marine environm ent.

Environmental impact
Artificial coastal defence structures are necessary to pro tect infrastructure and  property. In  th is review we outline some of the negative and  potentially positive 
effects o f these structures on  the environm ent and  the novel engineering techniques th a t have been  em ployed to im prove the ecological value of these structures. 
Finally we outline som e steps and  suggested guidelines th a t can be considered for an environm entally sensitive approach to design o f such structures in  the 
m arine environm ent. These guidelines will provide decision m akers with an  im m ediate understand ing  o f the m easures required to ensure th a t ecologically 
sensitive artificial coastal defence structures are the  norm  and  n o t the exception.

1 Impacts of climate change in natural 
systems

C o a s ta l h a b ita ts  a re  su b je c t to  in c re a s in g  e n v iro n m e n ta l  p re s 
su re  f ro m  perv asiv e  g lo b a l c lim a te  c h a n g e  in te ra c t in g  w ith  
o th e r  h u m a n  im p a c ts  a t  re g io n a l a n d  lo ca l sc a le s .1-5 O ver th e  
n e x t 100 y e a rs  g lo b a l se a  su rface  te m p e ra tu re s  a re  e x p ec te d  to  
r ise  b e tw e e n  0.3 a n d  6.4 °C ,6 w ith  E u ro p e a n  se a s  e x p e rie n c in g  
th e  m o s t  ra p id  w a rm in g .7 Sea levels a re  r is in g  w ith  in c re a s e s  o f  
0 .1 8 -0 .5 9  m  p re d ic te d  b y  2100 .6’8 F u r th e rm o re , g lo b a l c lim a te  
c h a n g e  is ex p ec te d  to  le a d  to  a n  in c re a se  in  th e  fre q u e n c y  a n d  
m a g n itu d e  o f  e x tre m e  w e a th e r  e v en ts  w ith  th e  p a s t  few  y ears  
r a n k in g  a m o n g  th e  m o s t  ex tre m e  w e a th e r  y ea rs  o n  re c o rd  in  th e  
N o r th e rn  H e m is p h e re .9’10 T h e  c o m b in a tio n  o f  se a  level rise ,

in c re a s e d  p re c ip ita tio n  a n d  fre q u e n c y  o f  s to rm s  w ill le a d  to  
m o re  severe  c o a s ta l  f lo o d in g  a n d  e ro s io n  over th e  n e x t few  
d e c a d e s .11

C lim a te  c h a n g e 12 is a ffe c tin g  th e  b e h a v io u r , p e r fo rm a n c e  
a n d  p h e n o lo g y  o f  m a r in e  a n d  c o a s ta l sp e c ie s13-19 in  tu r n  
a ffe c tin g  p o p u la t io n s  a n d  c o m m u n itie s .20’21 S u ch  c h a n g e s  drive 
g e n e ra l p o le -w ard  sh if ts  in  g e o g ra p h ic  ra n g e s  o f  m a n y  m a r in e  
sp e c ie s .22-29 T h e  e x te n s io n  in  ra n g e  o f  so m e  sp e c ie s  h a s  b e e n  
fa c ili ta te d  by  th e  c o n s tru c t io n  o f  a r tif ic ia l s tru c tu re s  in  th e  
m a r in e  e n v iro n m e n t. T h is  is  d is c u s se d  in  m o re  d e ta il  in  
S ec tio n s 3 a n d  4 b e low . T h e  ra te  o f  c h a n g e  is sp ec ies-sp ec ific , 
a n d  w ill th e re fo re  a lte r  th e  d iv ers ity  a n d  s tru c tu re  o f  c o m m u 
n itie s , w h ic h  in  tu r n  w ill a ffec t p ro d u c tiv ity , n u t r ie n t  cycling  
a n d  th e  s tru c tu re  a n d  f u n c tio n in g  o f  e co sy s tem s .30-34
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2 Adaptation to climate change: 
proliferation of coastal defence structures

T h e  th r e a t  o f  sea  level rise , e ro s io n  a n d  f lo o d in g  h a s  led  to  a  
g ro w in g  n e e d  fo r  c o a s ta l d e fen c es  s u c h  a s  th e  u se  o f  h a rd -  
su b s tra te  d e fen c e  s tru c tu re s  (seaw alls, b re a k w a te rs , g ro y n es  
a n d  dykes, Fig. 1) w h ic h  a re  fa s t-b e c o m in g  u b iq u ito u s  fe a tu re s  
o f  c o a s ta l  l a n d s c a p e s , p a r tic u la r ly  in  h ig h ly  u rb a n is e d  a re a s .35-39 
F o r ex am p le , m o re  t h a n  60%  o f  th e  V e n tu ra  c o a s tl in e  in
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Fig. 1 P h o to g rap h s  o f various ty p e s  o f 'h a rd ' artificial coasta l d e fe n c e  s tru c tu res , 
(a) Rock a rm o u r  a t  L landdulas, N orth  W ales; (b) g ro y n es  a t  W estsh o re , n e a r  
L landudno , N orth  W ales; (c) new ly  bu ilt b re a k w a te r  a t  Tywyn, N orth  W ales; (d) 
w o o d e n  g ro y n es  in n e e d  o f rep a ir  a t  Borth, N orth  W ales (e) seaw all a t  N ew  
B righton, W irral, E ngland; (f) g a b io n s  a t  Porth  D afarch, N orth  W ales.

C a lifo rn ia  is a rm o u re d ;40 50%  o f  I ta l ia n  c o a s tlin e  o n  th e  
n o r th e r n  A d ria tic  Sea is p ro te c te d  by  h a r d  d e fen c e  s tru c tu re s ;41 
50%  o f  Sydney H a rb o u r  in  A u s tra lia  is p ro te c te d  by seaw alls ;37 
a n d  46%  o f  E n g lish  c o a s tlin e  is  c u rre n tly  p ro te c te d  by  a rtif ic ia l 
b e a c h e s  o r  s t ru c tu re s .42 W h ils t  th e  p r im a ry  o b jec tiv e s o f  c o a s ta l 
d e fen c e  s tru c tu re s  a re  to  m o d ify  h y d ro d y n a m ic  a n d  s e d im e n -  
ta iy  re g im e s  to  p ro te c t  v u ln e ra b le  a re a s41 o r  im p ro v e  re c re a 
tio n a l  c o n d it io n s ,43 an y  s tru c tu re  p la c e d  in  th e  sea  w ill b e co m e  
c o lo n ise d  (“fo u le d ”) by  m a r in e  o rg a n is m s . S e d im e n ta iy  h a b i
ta ts  a re  re d u c e d  in  e x te n t a n d  re p la c e d  by  ro cky  s u b s tra ta .  Su ch  
s tru c tu re s  m o d ify  s e d im e n t  d y n a m ic s  a n d  th e  g ra in  size  o f  
b e a c h e s  th e re b y  in f lu e n c in g  a s se m b la g e  c o m p o s it io n  a n d  
c o m m u n ity  s tru c tu re . H e n ce  ex ten siv e  lo ss  a n d  m o d if ic a t io n  o f  
h a b ita ts  is  o c c u rr in g . I t  is p o ss ib le , h o w ever, w i th in  th e  lim its  
se t by  th e  p r im a ry  n e c e ss ity  o f  e n g in e e r in g  p e rfo rm a n c e  o f  th e  
s tru c tu re , to  m o d ify  se le c te d  d e s ig n  fe a tu re s . T h is  m a x im ise s  
se c o n d a iy  m a n a g e m e n t  e n d p o in ts  su c h  as  e n h a n c in g  g ro w th  o f  
ta rg e t o rg a n is m s  a n d  re d u c e s  th e  d eg ree  o f  m a la d a p ta t io n  
a r is in g  f ro m  c o n s tru c t io n  o f  a rtif ic ia l s tru c tu re s .  I t  is im p o r ta n t  
to  n o te  th a t  p e rc e p tio n  o f  d e s ira b ility  o r  u n d e s ira b il ity  a re  v a lu e  
ju d g m e n ts  re la te d  to  so c ie ta l g o a ls  a n d  e x p ec ta tio n s . In  
B u rc h a r th  et al.*3 th e  fo llo w in g  e x am p les  o f  se c o n d a iy  
m a n a g e m e n t  e n d  p o in ts  w ere  id en tif ie d :

P ro v is io n  o f  su ita b le  h a b ita ts  to  p ro m o te
•  liv in g  re so u rc e s  fo r e x p lo ita tio n  o f  fo o d  (su c h  a s  sh e llf ish  

a n d  fish);
•  liv in g  re so u rc e s  th a t  a re  th e  fo c u s  fo r re c re a t io n a l  (su c h  a s  

a n g lin g , sn o rk e llin g )  o r  e d u c a tio n a l  (su c h  a s  a p p re c ia t io n  o f  
m a r in e  life (ro ck -p o o lin g  o r  o rn ith o lo g y ))  ac tiv itie s  (Fig. 2);

Fig. 2 (a) C hildren rock  poo ling  In th e  poo ls th a t  fo rm  In th e  b a se  o f Elmer
B reakw ater, E ngland. (b )T h e  p o ly c h ae te  w o rm  S abellaria  a lveo la ta  -  an  Im p o rta n t 
b iodiversity  ac tio n  p lan  (BAP) species In th e  UK d ev e lo p in g  on  Tywyn B reakw ater, 
W ales (12 m o n th s  a f te r  c o n s tru c tio n  o f th e  b reak w ate r) .

•  e n d a n g e re d  a n d  ra re  sp e c ie s  o r  sp e c ie s  o f  c o n se rv a tio n  
im p o r ta n c e  (Fig. 2);

•  ro cky  s u b s tra te  a s se m b la g e s  (b iod iversity ) fo r c o n se rv a tio n  
o r  m it ig a t io n  p u rp o se s .

T h e re  is  n o w  a n  in c re a s in g  re se a rc h  e ffo rt to w a rd s  eco lo g ica l 
e n g in e e r in g , w h e re b y  in f ra s tru c tu re  is d e s ig n e d  to  m e e t  e n g i
n e e r in g  r e q u ire m e n ts  w h ils t  in c re a s in g  eco lo g ica l h a b ita t  
v a lu e . In  th e  s e c tio n s  b e lo w  w e o u tlin e  so m e  o f  th e  effec ts 
(neg ativ e  a n d  p o sitiv e ) o f  th e s e  s tru c tu re s  o n  th e  e n v iro n m e n t 
a n d  d isc u ss  n o vel e n g in e e r in g  a p p ro a c h e s  th a t  have  b e e n  
e m p lo y e d  to  im p ro v e  th e  eco lo g ica l v a lu e  o f  th e s e  s tru c tu re s .

3 Negative impacts of coastal defence 
structures

A rtific ial c o a s ta l  d e fen c e  s tru c tu re s  a re  typ ica lly  b u i l t  in  in  soft- 
s e d im e n t  e n v iro n m e n ts  th a t  a re  su sc e p tib le  to  e ro s io n  a n d  
f lo o d in g . T h e  c re a tio n  o f  n e w  h a rd -s u b s tra te  in  a  lo c a tio n  
d ev o id  o f  n a tu ra l  ro c k  fe a tu re s  h a s  th e  p o te n tia l  to  p ro v id e  
h a b ita t  fo r  o rg a n is m s  th a t  w o u ld  n o t  o th e rw ise  b e  a b le  to  
c o lo n ise  th e  a re a  a n d  a c t a s  s te p p in g  s to n e s  b e tw e e n  a re a s  o f  
n a tu ra l  rock .

A rtific ial c o as ta l d e fen c e  s tru c tu re s  c a n  a lso  fa c ilita te  th e  
ra n g e  e x p a n s io n  o f  n a tiv e  sp e c ie s  th a t  a re  u n d e rg o in g  ra n g e  
sh if ts  in  r e sp o n se  to  c lim a te  c h a n g e  by fu n c tio n in g  a s  s te p p in g -  
s to n e s  a c ro ss  s tre tc h e s  o f  u n s u i ta b le  h a b ita t .  T h e  c o a s t o f  B el
g iu m  c o m p rise s  p re d o m in a n tly  s e d im e n ta iy  su b s tra te ,  a n d  th e  
p ro l ife ra t io n  o f  a r tif ic ia l b re a k w a te rs  a lo n g  th e  c o a s tl in e  h a s  
fa c ili ta te d  th e  e x te n s io n  o f  th e  ra n g e  o f  th e  p e riw in k le  
Litto r in a  sa xa tilis  w h ic h  lack s  a  p la n k to n ic  la rva l s ta g e .44 S im i
larly , in  th e  UK, a r tif ic ia l c o a s ta l  d e fen c e  s tru c tu re s  a re  b e c o m in g  
in c re a s in g ly  c o m m o n  a lo n g  s o u th  c o a s t o f  E n g la n d  w h e re  P o rt
l a n d  Bill, D o rse t a n d  St. C a th e r in e 's  P o in t  o n  th e  Isle  o f  W ig h t 
r e p re s e n t  n a tu ra l  b a r r ie r s  to  d isp e rsa l.45 M an y  s o u th e rn  w arm - 
a d a p te d  in v e r te b ra te  sp e c ie s  (Perforatus p erfo ra tu s, G ibbula  
um bilica lis , P a tella  u lyssiponensis  a n d  M elarhaphe  neritoides) 
h ave  b re a c h e d  th e s e  h y d ro g ra p h ic  b a r r ie r s  re a c h in g  n a tu ra l  
ro cky  sh o re s  to  th e  e a s t  o f  th e  Isle  o f  W ig h t.23’46-49 A rtific ial 
c o a s ta l  d e fen c e  s tru c tu re s  a n d  m a r in a s  a re  a c t in g  a s  s te p p in g -  
s to n e s  fo r sp e c ie s , f a c ili ta tin g  ra n g e  e x te n s io n s  by c ro s s in g  a rea s  
o f  p e rm a n e n tly  u n s u ita b le  n a tu ra l  h a b ita t .31’50

A rtific ial s tru c tu re s  a re  k n o w n  to  be  m o re  su sc e p tib le  to  b io tic  
in v a s io n  th a n  n a tu ra l  h a b ita ts .41’51-53 By th e ir  n a tu re ,  th e y  a re  
fo u n d  p r im a r ily  in  a re a s  o f  f re q u e n t  d is tu rb a n c e s  p a r tic u la r ly
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Fig. 3 T he Elmer coasta l d e fe n c e  sch em e  In th e  UK com prises 8 o ffshore 
b re a k w a te rs  p o s itio n ed  parallel to  th e  sh o re . This Im age p rov ides a clear Illus
tra tio n  o f h o w  a n e tw o rk  o f artificial s tru c tu re s  can p rov ide  s te p p in g -s to n e s  
fac ilita ting  th e  s p re a d  o f m arin e  species, especially  th o s e  w ith  p o o r  d ispersal 
capability .

f ro m  s a n d  sc o u r  o r  a re  lo c a te d  in  o r  n e a r  a re a s  th a t  a re  v u ln e r
a b le  to  in v as io n , su c h  a s  e s tu a r ie s , h a rb o u rs  a n d  p o r ts .18’35’53’54 
O n ce  invasive  n o n -n a tiv e  sp e c ie s  hav e  b e co m e  e s ta b l is h e d  o n  
a r tif ic ia l s tru c tu re s , th e  p o p u la tio n (s )  c a n  a c t a s  a  so u rc e  fo r 
f u r th e r  g e o g ra p h ic a l sp re a d .55’56 I f  s tru c tu re s  a re  su ffic ien tly  
c lo se  in  p ro x im ity  to  o n e  a n o th e r  th e y  c a n  a c t a s  s te p p in g -s to n e s  
to  d isp e rs a l  o f  invasive n o n -n a tiv e  sp e c ie s57’58 (Fig. 3). D eploy
m e n t  o f  e n g in e e re d  s tru c tu re s  c a n  a lso  c au se  s te e p e n in g  o f  th e  
in te r t id a l  p ro file , r e s u ltin g  in  c o a s ta l  sq u e e ze  a s  th e  sp a tia l  
e x te n t o f  h a b ita t  av a ilab le  fo r  c o lo n is a t io n  is  re d u c e d .59

4 Potentially positive impacts of coastal 
defence structures

T h e  p r im a ry  fu n c tio n s  o f  a r tif ic ia l c o a s ta l  d e fen c e  s tru c tu re s  a re  
to  a b so rb  w ave en erg y , p re v e n t c o a s ta l  e ro s io n  a n d  p ro te c t 
in f ra s tru c tu re .  T h e re  is n o  d o u b t  th a t  th e y  m o d ify  th e  n a tu ra l  
e n v iro n m e n t a n d  c a n  h av e  d e le te r io u s  im p a c ts , w ith  c a re fu l 
m a n a g e m e n t  a n d  p la n n in g , how ever, th e  p o te n tia l  n eg ativ e  
e ffec ts  o f  th e s e  s tru c tu re s  c a n  b e  m it ig a te d  to  so m e  ex ten t.

T h e  p ro v is io n  o f  a rtif ic ia l h a rd  s u b s tra te  in  a re a s  o f  so ft 
s e d im e n t  c a n  s u p p o r t  s im ila r , b u t  u su a lly  le s s  d iv erse  a s s e m 
b lag e s  t h a n  a d ja c e n t  c o m p a ra b le  n a tu ra l  h a b ita ts .59-63 T h ese  
s tru c tu re s  b e c o m e  c o lo n ise d  by  h a b ita t- fo rm in g  sp e c ie s  su c h  as 
m u sse ls  a n d  fu c o id  a lg ae  w h ic h  p ro v id e  im p o r ta n t  se c o n d a ry  
b io g e n ic  h a b ita t  fo r  a  ra n g e  o f  o th e r  sp e c ie s .64-66 Som e c o a s ta l  
d e fen c e  s tru c tu re s  s u p p o r t  p o p u la t io n s  o f  sp e c ie s  o f  c o n se rv a 
t io n  im p o r ta n c e . F o r ex am p le , Sabellaria  a lveo la ta  is  a  reef-

fo rm in g  p o ly ch a e te  w o rm  th a t  in h a b i ts  ex p o sed , o p e n  c o a s ts  
w ith  re a so n a b le  to  s u b s ta n t ia l  w a te r  m o v e m e n t a n d  c a n  be  
fo u n d  c o lo n is in g  c o a s ta l  d e fen ce  s tru c tu re s  in  h ig h  d e n s i tie s .67 
S. a lveo la ta  is  a n  e co sy stem  e n g in e e r , p ro v id in g  b io g en ic  
h a b ita t  fo r c o lo n is a t io n  by  o th e r  sp ec ie s , th u s  s u p p o r t in g  a  w id e  
d iv ers ity  o f  b o th  e p ib io tic  a n d  in fa u n a l  o rg a n is m s . It is th o u g h t  
th a t  c o a s ta l  d e fen c e  s tru c tu re s  p ro m o te  th e  p e rs is te n c e  o f  th is  
sp e c ie s  in  so m e  lo c a tio n s  a s  th e y  p ro v id e  a n  in te rfa c e  w ith  
se d im e n ta ry  h a b ita ts .67

E n v iro n m e n ta l h e te ro g e n e ity  fa c ili ta te s  in c re a s e d  d iv ers ity  
o f  re so u rc e s  a n d  m ic ro h a b i ta ts  c o m p a re d  to  h o m o g e n o u s  
e n v iro n m e n ts  a n d  is th e re fo re  a n  im p o r ta n t  m e c h a n is m  in  th e  
m a in te n a n c e  o f  b io lo g ic a l d iversify  a t  a  ra n g e  o f  sp a tia l  
sc a le s .68’69 O n  a  m ic ro -sca le , g eo logy  a n d  su rfa ce  ro u g h n e s s  a re  
k n o w n  to  h av e  a  s ig n if ic a n t e ffec t o n  th e  s tru c tu re  a n d  fu n c 
t io n in g  o f  th e  c o lo n is in g  a s se m b la g e s .70-72 W h ils t  o n  sm a ll  to  
m e d iu m  sca les , c rev ices, p i ts  a n d  ro c k  p o o ls  p ro v id e  im p o r ta n t  
re fu g e s  fo r m a n y  sp e c ie s .14’72-76

5 Ecological engineering of artificial coastal 
defence structures

E co log ica l e n g in e e r in g  is a  re la tiv e ly  n e w  c o n c e p t w h ic h  in te 
g ra te s  eco lo g ica l, e c o n o m ic  a n d  so c ie ta l n e e d s  in to  th e  d e s ig n  
o f  m a n -m a d e  e co sy stem s. T h e  c re a tio n  o f  no v e l h a b ita ts  c a n  
hav e  a  p o sitiv e  e ffec t o n  th e  b io d iv e rs ity  o n  a r tif ic ia l c o as ta l 
d e fen ce  s tru c tu re s .  B orsje  e t a l.36 in c o rp o ra te d  m o d if ic a tio n s  
(su rface  ro u g h n e s s ,  g ro o v es a n d  p its )  to  c o n c re te  b lo ck s  a t  
d iffe re n t t id a l  h e ig h ts  (low, m id , h ig h )  o n  th e  b re a k w a te rs  a t  th e  
e n tra n c e  to  th e  N o r th  Sea C h a n n e l  a t  I Jm u id e n , th e  N e th e r
la n d s . M u sse ls  (M ytilu s  edu lis)  w e re  o n ly  fo u n d  in  th e  se c tio n s  
w ith  g ro o v es a n d  h o le s , a n d  d e v e lo p ed  b e s t  w i th in  th e  
g ro o v es .36 B o th  g ro o v es a n d  h o le s  w e re  a lso  u s e d  a s  re fu g ia  
f ro m  a d v erse  e n v iro n m e n ta l  c o n d it io n s  by  p e r iw in k le s  (L itto r
ina  littorea ) d u r in g  low  tid e . S labs w h ic h  w ere  m o u n te d  low  in  
th e  in te r t id a l  a re a  sh o w ed  a  m o re  ra p id  a n d  d iv erse  c o lo n is a 
tio n , c o m p a re d  to  th e  s la b s  w h ic h  w ere  m o u n te d  h ig h e r  in  th e  
in te r t id a l  z o n e , m o s t  like ly  b e c a u se  th e y  w ere  im m e rs e d  fo r 
lo n g e r  p e r io d s  o f  tim e . T h o m p s o n  et al. ( u n p u b l is h e d  d a ta  
i l lu s tra te d  in  a p p e n d ix  o f  W itt et a l.77) a t ta c h e d  tile s  (w h ich  h a d  
b e e n  d r ille d  w ith  h o le s  o f  d iffe r in g  d ia m e te rs )  to  a  c o as ta l 
d e fen ce  s tru c tu re  in  SW  E n g la n d . T h e  a d d it io n  o f  h a b ita t  
com p lex ify  to  c o n c re te  su rfa c e s  r e su l te d  in  s ig n ific a n tly  
in c re a s e d  d iversify  o f  in te r t id a l  o rg a n is m s  w ith in  five m o n th s .

C h a p m a n  a n d  B lockley78 d e m o n s tr a te d  th a t  c re a tin g  a r tif i
c ia l “ro c k -p o o ls” in to  a  v e rtica l seaw all s ig n ific a n tly  in c re a s e d  
th e  d iv ers ity  o f  sp e c ie s  c o lo n is in g  th e  w a ll in  Sydney, A u s tra lia . 
T h is  w a s  a c h ie v e d  very s im p ly  by  ra n d o m ly  r e p la c in g  o n e  o f  th e  
la rg e  b u ild in g  b lo ck s  w ith  a  s a n d s to n e  lip , c re a tin g  a  p o o l th a t  
r e ta in e d  w a te r  d u r in g  low  tid e . D iversify  w as  in c re a s e d  b o th  by  
th e  p o o l e n v iro n m e n t a n d  th e  c re a tio n  o f  s h a d e d  su rfa ce s . 
M o d if ica tio n s  like  th is  a re  very effective w h e n  in c o rp o ra te d  a t 
th e  c o n s tru c tio n  stag e , b u t  C h a p m a n  a n d  c o lle ag u e s  a lso  cam e  
u p  w ith  a  no v e l so lu t io n  to  e n a b le  th e  in c o rp o ra tio n  o f  a rtif ic ia l 
ro c k  p o o ls  in to  e x is tin g  seaw alls . B row ne & C h a p m a n 79 affixed  
m o d if ie d  f lo w erp o ts  to  seaw alls  in  Sydney H a rb o u r  w h ic h  
r e ta in e d  w a te r, m im ic k in g  ro c k  p o o ls . T h e  a d d it io n  o f  th e se
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n o v e l a r tif ic ia l h a b ita ts  in c re a s e d  sp e c ie s  r ic h n e s s  by  110% . 
Im p o r ta n tly , th e  in c re a s e d  n u m b e r  o f  m o b ile  sp e c ie s  w as 
p a r tic u la r ly  p r o n o u n c e d  w ith  m a n y  sp ec ie s  {e.g. g re e n  a lgae, 
a s c id ia n s , tu b e w o rm s  a n d  e c h in o d e rm s )  th a t  w ere  n o t  n o rm a lly  
a b le  to  survive o n  th e  v e rtica l faces o f  seaw alls.

F u rth e rm o re , th e  p ro m o tio n  o f  sp ec ie s  o f  c o n se rv a tio n  
im p o rta n c e  c a n  be  a ch iev ed  o n  th e s e  s tru c tu re s  th ro u g h  m a n ip 
u la tive  te c h n iq u e s . P erko l-F in k el e t a l.39 t r a n s p la n te d  th e  b ro w n  
a lg a  Cystoseira barbata  f ro m  a rea s  o f  d e g ra d e d  n a tu ra l  h a b ita t  to  
a rtific ia l b re ak w a te rs  a n d  n a tu ra l  rocky  h a b ita ts  in  Italy . Survival 
o f  t ra n s p la n te d  in d iv id u a ls  w as g re a te r  in  th e  a rtific ia l a n d  
n a tu ra l  s ite s  th a n  o r ig in a l d e g ra d e d  s ite s  b u t  su c c ess  w as lim ite d  
o n  a rtific ia l h a b ita ts  in  h ig h ly  d is tu rb e d  e n v iro n m e n ts . Sim ilarly , 
M a rtin s  e t al.80 e x am in ed  th e  in flu e n ce  o f  p i t  size o n  th e  
d is tr ib u tio n  a n d  survival o f  th e  co m m erc ia lly  ex p lo ited  l im p e t 
P atella  candei o n  seaw alls in  th e  A zores. T h e  a d d it io n  o f  p its  to  
th e  o th e rw ise  fe a tu re le ss  f la t-su rfaced  seaw alls in c re a se d  th e  
n u m b e r  o f  l im p e ts  d u e  to  im m ig ra tio n  a n d  re c ru itm e n t.

6 Suggested guidelines

W h e n  c o n s id e r in g  th e  in c o rp o ra tio n  o f  b io lo g ic a l e n h a n c e m e n t  
in to  a rtif ic ia l c o a s ta l  d e fen c e  s tru c tu re s ,  u n c o n tro l la b le  a n d  
c o n te x t-d e p e n d e n t  fa c to rs  {e.g. t id a l  ra n g e , w ave a c t io n  a n d  
larv a l r e c ru i tm e n t  re g im e) a n d  c o n tro lla b le  fa c to rs  ( th ro u g h  
c a re fu l d e s ig n  a n d  p la n n in g  e.g. v e rtica l p o s i t io n  in  th e  in te r 
t id a l  z o n e , g eo logy  o f  b o u ld e rs /b lo c k s , su rfa ce  ro u g h n e s s  a n d  
h a b ita t  h e te ro g e n e ity  ( in c lu d in g  w a te r - re ta in in g  fe a tu re s ))  n e e d  
to  b e  fa c to re d  in to  th e  d e s ig n  s tag e  o f  th e  p ro c ess . M o d ifica 
t io n s  m a d e  a t  th is  early  s tag e  in  th e  c o n s tru c tio n  p ro c e ss  c a n  b e  
c h e a p e r  a n d  im p le m e n te d  over la rg e r  sp a tia l  sca le s  t h a n  th o se  
im p le m e n te d  re tro sp ec tiv e ly . H e re  w e o u tlin e  th e  b as ic  
e co lo g ica l p r in c ip le s  u n d e r ly in g  th e  g u id e lin e s . A m o re  te c h 
n ic a l p a p e r81 a im e d  a t  a n  e n g in e e r in g  a u d ie n c e  p ro v id es  
c o m p re h e n s iv e  g u id e l in e s  to  ach iev e  sp ec ific  se c o n d a ry  
m a n a g e m e n t  g o a ls . B elow  is  a  l is t  o f  g u id e l in e s  to  c o n s id e r  if  
th e  se c o n d a ry  m a n a g e m e n t  g o a l is to  enhance b iod iversity  on  the  
structure:

•  B u ild  structure  low er in the  in tertid a l zone. O n  n a tu ra l  rocky  
sh o re s  lo w -sh o re  c o m m u n itie s  a re  m o re  d iv erse  t h a n  h ig h - 
sh o re  c o m m u n itie s .82 B u ild in g  a  s tru c tu re  lo w er in  th e  in te r 
t id a l  zo n e  w ill e n su re  th a t  i t  is im m e rs e d  fo r lo n g e r  p e r io d s . 
G re a te r  n u m b e r s  o f  sp e c ie s  w ill c o lo n ise  th e  lo w er p o r t io n s  o f  
th e  s tru c tu re  th a n  th e  h ig h e r  p o r t io n s .59’76’78

•  A vo id  sm o o th  rock m ateria l. Few  o rg a n is m s  w ill c o lo n ise  
h o m o g e n e o u s  su rfa c e s  a n d  sp e c ie s  c o lo n is a t io n  ra te s  w ill 
in c re a se  w ith  su rfa ce  ro u g h n e s s .  W h ere  p o ss ib le , u se  a  m ix tu re  
o f  h a r d  a n d  so ft ro ck . Soft ro c k  {e.g. l im e s to n e )  w ill e ro d e  
q u ic k e r  th a n  h a r d  ro c k  {e.g. g ra n ite )  w h ic h  w ill c rea te  su rface  
ro u g h n e s s  a n d  h a b ita t  fo r  a t ta c h m e n t  o f  m a r in e  o rg a n is m s .50’76

•  C reate rock p o o ls . R ock  p o o ls  p ro v id e  re fu g e s  fo r  in te r t id a l  
o rg a n is m s  a n d  c a n  so m e tim e s  s u p p o r t  g re a te r  d iv ers ity  th a n  
e m e rg e n t  s u b s tr a ta .14’73’76 I f  a  b o u ld e r  h a s  a  n a tu r a l  d e p re ss io n , 
it c a n  b e  p la c e d  d e p re ss io n -s id e  u p , th u s  c re a tin g  a  w a ter- 
r e ta in in g  fe a tu re  th a t  w ill s u p p o r t  g re a te r  d iv e rs ity  t h a n  e m e r
g e n t  su b s tra ta .  R ock  p o o ls  c a n  be  f i tte d  d u r in g  c o n s tru c t io n  o f  
seaw alls  by  re p la c in g  b lo ck s  w ith  l ip s78 o r  by  m a n ip u la t in g  th e

m o r ta r  b e tw e e n  b lo ck s  to  c re a te  w a te r - re ta in in g  fe a tu re s .81 R ock  
p o o ls  c a n  b e  c re a te d  re tro sp ec tiv e ly  by  affix in g  w a te r - re ta in in g  
u n i ts  to  seaw alls79 o r  by  d rill-c o rin g  in to  th e  h o r iz o n ta l  su rfa ce s  
o f  b lo ck s  o r  b o u ld e rs .81

•  C reate p its .  P its  a n d  crev ices c re a te  h a b ita t  h e te ro g e n e ity  
o n  n a tu ra l  ro ck y  sh o re s  a n d  p ro v id e  re fu g e s  fo r m a n y  o rg a n 
ism s .72’75 P its  c a n  be  re tro sp ec tiv e ly  in tro d u c e d  o n  seaw alls  a n d  
ro c k  a rm o u r  by  d r i ll in g  d irec tly  in to  th e  s u b s tr a ta 80’81 o r  by  
d r i ll in g  h o le s  in  s la b s  o r  tile s  th a t  c a n  b e  affixed  to  seaw alls  o r  
b re a k w a te rs .36’77

•  D eploy p reca st h a b ita t enha n cem en t un its . P re c a s t h a b ita t  
e n h a n c e m e n t  u n i ts  a re  like ly  to  b e c o m e  u b iq u ito u s  fe a tu re s  o f  
a rtif ic ia l m a r in e  e n v iro n m e n ts  in  th e  n e a r  fu tu re . An in c re a s in g  
n u m b e r  o f  h a b ita t  e n h a n c e m e n t  u n i ts  a re  b e in g  tr ia l le d  in  
m a r in e  e n v iro n m e n ts  w o rld w id e .79’81’83’84 D e p e n d in g  o n  a r tif i
c ia l e n v iro n m e n t a n d  th e  e n h a n c e m e n t  u n i t  in  q u e s t io n , th e se  
c a n  be  d e p lo y ed  e ith e r  d u r in g  c o n s tru c t io n  o r  re tro sp ec tiv e ly  to  
effectively  in c re a se  lo ca l b io d iv e rsity .

7 Conclusions

W ith  th e  c u r re n t  p re d ic tio n s  o f  g lo b a l c lim a te  c h a n g e , th e  
c o n tin u e d  p ro life ra t io n  o f  a r tif ic ia l c o a s ta l  d e fen c e  s tru c tu re s  is 
in ev itab le . U n d e rs ta n d in g  th e  fa c to rs  a n d  p ro c e sse s  in f lu e n c in g  
th e  b io d iv e rs ity  o f  n a tu ra l  a n d  a rtif ic ia l h a b ita ts  a n d  a s se s s in g  
th e  in f lu e n c e s  o f  a r tif ic ia l s tru c tu re s  o n  e s ta b l is h m e n t  o f  
sp e c ie s  (na tive  a n d  n o n  n a tiv e ) is th e re fo re  o f  key  im p o r ta n c e  
fo r p re d ic tio n  a n d  m a n a g e m e n t  o f  fu tu re  p a th w ay s  o f  in v as io n  
a n d  ra n g e  e x te n s io n  in  c o a s ta l  a re a s  a n d  co n se rv e  sp ec ie s  
w h o se  n a tu ra l  h a b ita ts  a re  b e in g  d e g ra d e d  o r  re m o v ed . 
F u r th e rm o re , th e  d e s ig n  o f  a rtif ic ia l s tru c tu re s  so  a s  to  m a x i
m ise  a n y  p o te n tia l  b e n e f its  fo r m a r in e  life36’37’77-79 is a  
m a n a g e m e n t  o p t io n  th a t  c a n  in c re a se  th e  eco lo g ica l v a lu e  o f  
th e  s tru c tu re  a n d  w ill like ly  a lso  p ro te c t  th e  a s se m b la g e s  o n  
th e s e  s tru c tu re s  f ro m  b io tic  in v a s io n .85-87
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