
Impact assessment of alien macroinvertebrates 
in Flanders (Belgium)

Pieter Boets

miii
UNIVERSITEIT

GENT FACULTEIT BIO-INGENIEURSW ETENSCHAPPEN





Prom oters

Prof. d r. ir P . G o e th a ls

L ab o ra to ry  o f  E n v iro n m en ta l T o x ic o lo g y  a n d  A q u a tic  E co lo g y  

D e p a rtm en t o f  A p p lie d  E co lo g y  an d  E n v iro n m e n ta l B io lo g y

D r. K . L o ck

L ab o ra to ry  o f  E n v iro n m en ta l T o x ic o lo g y  a n d  A q u a tic  E co lo g y  

D e p a rtm en t o f  A p p lied  E co lo g y  and  E n v iro n m e n ta l B io lo g y

Dean

Prof. dr. ir. G . V an  H u y len b ro eck  

R ector

Prof. D r. P . V an  C au w en b erg e



Msc. Pieter Boets

Impact assessment of alien macroinvertebrates in Flanders (Belgium)

T h es is  su b m itte d  in  fu lf ilm en t o f  th e  re q u ire m e n ts  fo r th e  d eg ree  o f  D o c to r (P h D ) in  A p p lied
B io lo g ica l Sciences



D utch translation o f  the title:

Im p ac ta n a ly se  v a n  n ie t- in h ee m se  m ac ro in v e rteb ra te n  in V laan d e ren  (B e lg ië ).

P lease refer to this w ork  as fo llow s:

B o e ts  P ., 2013 . Im p ac t a sse ssm e n t o f  a lie n  m ac ro in v e rteb ra te s  in  F la n d e rs  (B e lg iu m ). P hD  
thes is , G h en t U n iv e rs ity , G en t, B elg ium .

IS B N -n u m b er: 9 7 8 -9 0 -5 9 8 9 -5 9 5 -9

T h e  a u th o r  a n d  th e  p ro m o te r  g iv e  th e  au th o risa tio n  to  co n su lt a n d  c o p y  p a r ts  o f  th is  w o rk  fo r 
p e rso n a l u se  on ly . E v e ry  o th e r  u se  is su b je c t to  th e  co p y rig h t law s. P e rm iss io n  to  rep ro d u ce  

any  m ate ria l c o n ta in e d  in th is  w o rk  sh o u ld  b e  o b ta in e d  fro m  th e  au thor.



Acknowledgements

N a  e en  o p le id in g  in d e  b io lo g ie  sp ee ld e  de  g ed ach te  al in  m ijn  h o o fd  o m  een  d o c to ra a t aan  te  

v a n g en , to ch  k w am  d it e r  n o g  n ie t m e te e n  v a n  en  b e s lo o t ik  om  n o g  een  e x tra  ja a r tje  

m ilieu san e rin g  b ij te  stu d e ren  a an  de  fa cu lte it B io -in g en ieu rs . O o k  d it ja a r  m o es t e r  een  thes is 

w o rd e n  gesch rev en . N a  een  k o rte  v o o rs te llin g  v a n  de m o g e lijk e  o n d e rw erp e n  h ad  ik  al snel 

b e s lis t om  iets ro n d  exo ten  te  d o e n .. .  D o o r h e t p lo tse  w e g v a llen  v a n  m ijn  b e g e le id s te r  k reeg  

ik  ‘carte  b la n c h e ’ om  z e lf  e x p erim e n ten  op  p o ten  te  ze tten . H e t o n d e rzo e k  n a a r ex o tisch e  

so o rte n  b ev ie l m e  en o rm  en  g ra ag  h ad  ik  d a n  o o k  d it o n d e rzo e k  v e rd e r  g eze t n a  m ijn  stud ies . 

N a  e en  m ailtje  v a n  Prof. G o e th a ls , b lee k  d a t  d o o r h e t w e g v a llen  v an  d e  a n d ere  k an d id a te , ik 

k o n  sta rte n  a is  a ss is ten t aan  de  v ak g ro ep  T o eg e p as te  E co lo g ie  en  M ilieu b io lo g ie . D e  sta rt van  

e e n  av o n tu u rlijk  p ad  w aarb ij ik  de  s teu n  en  h u lp  k re eg  v an  heel w a t m en sen  w aarb ij een  

w o o rd je  v an  d a n k  w e l op  z ijn  p laa ts  is.

V o o re e rs t  zo u  ik  g raag  m ijn  p ro m o to re n  P ro f. P e te r G o e th a ls  en  dr. K o en  L o ck  w illen  

b e d an k e n  v o o r h u n  s teu n  g ed u ren d e  d e  a fg e lo p en  4 ja a r . P e ter, je  heb t m e  s teed s veel 

o p p o rtu n ite iten  g eb o d en , n ie t  a lle en  m et b e tre k k in g  to t m ijn  o n d erzo ek , m a a r  o o k  d o o r de  

sa m en w erk in g  m et ta i v an  o n d e rzo e k sin s te llin g e n  en  p ro jec te n  in  b in n en -  en  b u iten lan d . Ik  

h e b  s te ed s  d e  k an s g ek reg en  om  m ijn  e ig e n  accen ten  te  leg g e n  in  h e t o n d e rzo e k  en  dat 

a p p rec ie e r  ik  ten  vo lle . K oen , dan k zij jo u  h e b  ik  een  o n g e lo fe lijk  g o ed e  s ta rt k u n n e n  n em en  

w a t e r  v o o r g ezo rg d  h e e f t d a t h e t o n d e rzo e k  n a a r e x o tisc h e  so o rten  zo  su ccesv o l en  

p ro d u c tie f  is g ew eest. B e d an k t o m  d e  v e le  f ijn e  m o m e n ten  sam en  zo w el o p  d e  w e rk v lo e r  ais 

d a a r  b u iten , d e  in te ressan te  d iscu ssie s , d e  h u lp  b ij de an a ly ses en  s ta a ln am e s en  d e  ve le  u ren  

d ie  j e  h e b t g e ïn v estee rd  in  m ijn  o n d e rzo ek . G ra ag  w il ik o o k  a lle  an d ere  led e n  v an  de 

ex am en c o m m iss ie  b ed an k e n  v o o r  hu n  b e re id w illig h e id  to t  h e t  n a le ze n  en  b e co m m en ta rië ren  

v a n  d it  w erk .

E en  d a n k  aan  a lle  (e x )c o lle g a ’s h ie r op h e t  lab o  en  he t C e n tru m  v o o r M ilie u sa n e rin g  (geen 

id ee  h o e  d it teg en w o o rd ig  n o e m t) v o o r d e  f ijn e  s fe e r  en d e  b e re id h e id  o m  a ltijd  m ee  te  h e lpen  

z o ek e n  n a a r een  op lo ssin g  v o o r  v rag en  o f  p ro b lem en  die z ich  v o o r  d ed en . V o o ra l in  d e  b eg in  

fa se  to en  ik  n o g  ais g ro en tje  n ie ts  a fw ist v a n  h e t re ilen  e n  ze ilen  op h e t lab o , m a a r  u ite raa rd  

n u  n o g  s te ed s  k a n  ik  a ltijd  op  ju ll ie  s teu n  rek en en . O ok b u ite n  h e t lab o  h eb b en  w e  h ee l w a t 

f ijn e  m o m e n ten  b e leefd . E n k e le  v a n  d e  v e le  activ ite iten  d ie  m e  a ltijd  zu llen  b ij b lijv e n  z ijn  de  

to ch  w e l leg en d arisch e  tea m b u ild in g  m o m en ten , de  fo to av o n d en , de  v e rjaa rd ag  v a n  gro te  

M ic h ie i, d e  re is  n aar N o o rw eg e n  en  v e le  m eer. E e n  b ijzo n d e re  d an k  o o k  aan  C o lin  om  er



s teed s te  z ijn  v o o r he t labo  en  z ijn  ‘in w o n e rs ’ en  e r  v o o r  te  z o rg en  d a t a lle s  v lek k e lo o s  

v e rlo o p t. V e rd e r oo k  een  w o o rd je  v a n  d a n k  aan  S ig rid  en  M a rian n e  o m  a lle  ad m in is tra tiev e  

en  an d ere  ro m p slo m p  v o o r h u n  re k e n in g  te  n em en  en  o rd e  in  d e  ch ao s te  c reë ren . V e rd e r  ook 

b e d an k t aan  a lle  th e s iss tu d en ten  v o o r  h u n  en th o u s ia sm e  w a a rm e e  ze  aan  h e t o n d e rzo ek  

h e b b en  b ijg ed rag en .

I w o u ld  a lso  lik e  to  th an k  all e x ch a n g e  P hD  stu d en ts  fo r  th e ir  cu ltu ra l e n ric h m e n t th ey  h av e  

b ro u g h t to  o u r  lab  an d  e sp ec ia lly  S e id , fo r  h is h o sp ita lity  an d  h e lp  d u rin g  m y  stay s in  J im m a . I 

h o p e  th a t I c an  con tinue  th e  v is its  to  J im m a  an d  th a t w e  can  b u ild  up  a su s ta in ab le  fu tu re  

co o p era tio n .

B ed an k t o o k  a an  al m ijn  v rien d e n  u i t  A a ls t  w a a r  ik  s teed s te re c h t k an  v o o r  een  fijn e  b a b b e l en  

een  g e ze llig  av o n d je  u it. O o k  n a  a l d ie  ja re n  (o n d e rtu ssen  to ch  b ijn a  10 ja a r )  v o rm en  w e  n o g  

steed s een  h ech te  g roep  en  ik  v in d  h e t  g e w e ld ig  da t w e  e lk a a r  n ie t u it h e t o o g  verliezen .

M ijn  fam ilie  w il ik  g raag  b e d an k e n  v o o r  d e  in te resse  d ie  ze  s te ed s  g e to o n d  h eb b en  in m ijn  

o n d e rzo e k  o o k  al w as h e t n ie t a ltijd  d u id e lijk  w a t ik  a an  h e t u itsp o k en  w as. O o k  w il ik  g ra ag  

m ijn  m o e d e r  en  D an ie l b e d an k e n  v o o r  h u n  s teu n  en  v e rtro u w e n  tijd en s m ijn  s tu d ies  d ie  n u  

ech t b ijn a  ten  e inde  zijn .

M arijk e , la s t b u t n o t least w il ik  jo u  b e d an k e n  v o o r  je  s teu n  en  g ren ze lo o s  g e d u ld  tijd en s de 

a fg e lo p en  ja re n . T o t v e rv e len s toe , m a a r  a ltijd  m et e v en v e e l e n th o u s ia sm e , heb  j e  m ee rm aa ls  

m ijn  p re sen ta tie s  m o eten  a an h o re n  o v e r  g a rn a len . Ik  k an  a ltijd  op  jo u w  v e rtro u w e n  w at een  

g e w e ld ig  g e v o e l is. N u  h e t d o c to ra a t e r  is h o o p  ik  o p n ieu w  w a t m e e r  t ijd  te  k u n n e n  v r ijm a k en  

en  n o g  lan g  te  k u n n en  g en ie ten  v a n  o n ze  v e rd e re  to ek o m st.



Table of contents

Chapter 1 : General introduction..................................................................................... 1

1.1 D efining alien species: a  challenging t a s k ..................................................................................................... 1

1.2 Im pact o f  alien sp ec ie s .........................................................................................................................................3

1.3 Key factors determining invasion success...................................................................................................... 5

1.4 A lien m acroinvertebrates: the ‘underdog’ o f  invasive spec ies? ...............................................................7

1.5 Introduction prevention and control o f  invasive alien sp ec ie s ................................................................. 8

1.6 Problem  form ulation and knowledge gaps ....................................................................................................9

1.7 ‘Field gu id e ’ to the different chapters o f this dissertation........................................................................10

Chapter 2: Distribution o f alien macroinvertebrates in F landers.......................... 13

2.1 In troduction ........................................................................................................................................................... 15

2.2 M aterials and M eth o d s.......................................................................................................................................16

2.2.1 Study a re a ...................................................................................................................................................16

2.2.2 Data co llection .......................................................................................................................................... 16

2.3 R esu lts .....................................................................................................................................................................18

2.3.1 M acro invertebrates.................................................................................................................................. 18

2.3.2 M acro-C rustacea...................................................................................................................................... 24

2.3.2.1 C aprellidae........................................................................................................................................... 24

2.3.2.2 C o ro p h id ae ..........................................................................................................................................24

2.3.2.3 C rangonictidae....................................................................................................................................24

2.3.2.4 G am m aridae.........................................................................................................................................25

2.3.2.5 M elitidae...............................................................................................................................................26

2.3.2.6 Pleustidae..............................................................................................................................................26

2.3.2.7 Talitridae...............................................................................................................................................26

2.3.2.8 T an a id a e ...............................................................................................................................................26

2.3.2.9 A stac id ae ............................................................................................................................................. 26

2.3.2.10 A ty id ae ...............................................................................................................................................27

2.3.2.11 C am baridae....................................................................................................................................... 27

2.3.2.12 Panopeidae.........................................................................................................................................28

2.3.2.13 Palaem onidae....................................................................................................................................28

2.3.2.14 Portunidae.......................................................................................................................................... 28

2.3.2.15 V aru n id ae .......................................................................................................................................... 28



2.3.2.16 A sellidae .............................................................................................................................................29

2.3.2.17 Ido te id ae .............................................................................................................................................29

2.3.2.18 Janiridae..............................................................................................................................................29

2.3.2.19 M y sid ae ..............................................................................................................................................30

2.4 D iscu ss io n ..............................................................................................................................................................35

Chapter 3: Which key factors favour the establishment success and spread of
alien m acroinvertebrates............................................................................................... 39

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

3.2 M aterials and M ethods.......................................................................................................................................41

3.2.1 Study a r e a ...................................................................................................................................................41

3.2.2 Data co llection .......................................................................................................................................... 42

3.2.3 D ata analysis..............................................................................................................................................43

3.2.4 Integrated m odeling approach...............................................................................................................45

3.3 R esults....................................................  47

3.3.1 A ssessm ent o f  b iocontam ination .........................................................................................................48

3.3.2 R elation between w ater quality and b iocontam ination ................................................................. 55

3.3.3 Integrated m o d e l.......................................................................................................................................57

3.4 D iscussion..............................................................................................................................................................60

3.4.1 B iocontam ination and environm ental im pact asse ssm en t........................................................... 60

3.4.2 H otspots for alien m acroinvertebrates.................................................................................................62

3.4.3 R elation betw een biocontamination and w ater quality ................................................................ 63

3.4.4 Future distribution o f  alien m acroinvertebrates...............................................................................65

3.5 C o nclusion ............................................................................................................................................................ 66

Chapter 4: Case study 1: Using long-term monitoring to investigate the changes
in species composition in the harbour o f Ghent (Belgium )............................ 69

4.1 Introduction........................................................................................................................................................... 71

4.2 M eth o d s................................................................................................................................................................. 72

4.2.1 S tudy a r e a ...................................................................................................................................................72

4.2.2 Sam pling and data analysis....................................................................................................................73

4.3 R esults.....................................................................................................................................................................75

4.3.1 Chem ical and biological water q u a lity .............................................................................................. 75

4.3.2 M acroinvertebrate com m unity..............................................................................................................78

4.4 D iscussion ..............................................................................................................................................................81



Chapter 5: Case study 2: Macroinvertebrate composition in brackish polder 
w a te rs ............................................................................................................................... 87

5.1 Introduction...........................................................................................................................................................89

5.2 M eth o d s.................................................................................................................................................................90

5.2.1 Study a re a .................................................................................................................................................. 90

5.2.2 Data collection and analysis..................................................................................................................91

5.3 R esults.................................................................................................................................................................... 93

5.3.1 Chem ical and biological w ater q u a lity ..............................................................................................93

5.3.2 M acro-C rustacea...................................................................................................................................... 95

5.4 D iscussion............................................................................................................................................................. 98

Chapter 6: Case study 3: Assessing the importance o f alien macro-Crustacea 
(Malacostraca) within macroinvertebrate assemblages in Belgian coastal 
harbours.......................................................................................................................... 101

6.1 Introduction.........................................................................................................................................................103

6.2 M aterial and m ethods.................................................................................................................................... 104

6.3 R esults...................................................................................................................................................................107

6.3.1 Physical-chem ical data analysis.........................................................................................................107

6.3.2 Sh ipp ing ....................................................................................................................................................107

6.3.3 Biological data a n a ly sis ........................................................................................................................108

6.3.4 N um ber o f  species and biocontam m ination................................................................................... 113

6.4 D iscussion ............................................................................................................................................................114

Chapter 7: Establishment and future spread of alien macrocrustaceans 119

7.1 Introduction......................................................................................................................................................... 121

7.2 M aterial and m ethods.................................................................................................................................... 122

7.2.1 Data co llection ........................................................................................................................................ 122

7.2.2 M o d e l d e v e lo p m en t an d  v a l id a t io n ............................................................................................123

7.2.3 Sensitivity a n a ly s is ................................................................................................................................126

7.2.4 F u tu re  d isp e rsa l .................................................................................................................................. 126

7.3 R esults...................................................................................................................................................................127

7.3.1 Habitat preference.................................................................................................................................. 127

7.3.2 Species richness......................................................................................................................................128

7.3.3 A b u ndance ............................................................................................................................................... 130

7.3.4 Future d ispersal....................................................................................................................................... 131



7.4 D iscussion ............................................................................................................................................................134

7.4.1 Habitat m o d ellin g ...................................................................................................................................134

7.4.2 Integrated m odelling ..............................................................................................................................136

7.4.3 M odel perform ance................................................................................................................................ 137

7.5 C o n clusion ...........................................................................................................................................................138

Chapter 8: Risk assessment o f The Killer shrimp, Dikerogammarus villosus .141

8.1 Introduction..........................................................................................................................................................143

8.2 M aterial and m ethods........................................................................................................................................144

8.2.1 Habitat suitability m odel.......................................................................................................................145

8.2.2 W ater q u a lity  m o d e l .......................................................................................................................... 148

8.2.3 M igration m o d e l.....................................................................................................................................149

8.2.4 In teg ra ted  m o d e l l in g .........................................................................................................................150

8.3 Results................................................................................................................................................................... 151

8.4 D iscussion............................................................................................................................................................154

Chapter 9: General Discussion and conclusions..................................................... 159

A ppendix........................................................................................................................ 171

References...................................................................................................................... 173

Summary......................................................................................................................... 195

Samenvatting..................................................................................................................199

Curriculum vitae............................................................................................................203

vi



List o f abbreviations

B O D B io lo g ic a l O x y g en  D em an d

C C I C o rre c tly  C lassified  Instan ces

C O D C h e m ic a l O x y g en  D em an d

H S M H a b ita t S u itab ility  M odel

IA C In v asiv e  A lien  C ru stacean s

IA S In v asiv e  A lien  S pecies

K C o h en s K ap p a  sta tistic

M M IF M u ltim e tric  M ac ro  in v erteb ra te  In d ex  F lan d ers

R B IN S R oyal B e lg ian  In stitu te  fo r  N a tu ra l S c ien ces

S B C I S ite -sp ec ific  B io co n tam in a tio n  Index

W F D W a te r  F ram ew o rk  D irec tiv e



viii



C hapter 1 : General introduction

B ox 1. Checklist fo r  définitions: questions that should be answered when defining alien or invasive 
species (Heger et a i, in press).

Alien species

1. Is hum an-m ediated transport a  necessary criterion?
I f  yes:

•  How are unrecorded, unintentional introductions distinguished from  natural dispersal? 
s  Does hum an m ediation include indirect effects such as facilitation o f  dispersal via 

construction o f w aterways?
2. A re species that continuously expand their range regarded as aliens?

I f  not:

o W hich criterion is used to distinguish continuous from  non-continuous spread (e.g. distance 
between populations, existence o f  a barrier to dispersal)?

3. A re species regarded as aliens if  they evolved in the region, became extinct and were 
reintroduced?

4. A re  species regarded as aliens even if  they have been present in the new region for quite a long 
time?
I f  not:

« A fter w hich tim e period do w e consider them  to be indigenous?

Invasive species

5. Can indigenous species also be invasive or are invasive species a subset o f  alien species?
6. Is impact a necessary criterion?

I f  yes:

® How is impact defined?
7. Is success a necessary criterion?

I f  yes:

a How is success defined? Indicators m ay be large distribution, high local abundance or fast 
spread.

8. Is occurrence in natural habitats a necessary criterion?

1.2 Im pact o f  alien species

A lie n  sp ec ie s  a re  b e lie v ed  to  h av e  eco lo g ica l, e co n o m ic  as w e ll as g en e tic  e ffe c ts  on  invaded  

c o m m u n itie s  an d  a re  c o n s id e re d  th e  se c o n d -g re a te s t th rea t to  th e  su rv iv a l o f  th rea ten ed  or 

en d an g e red  sp ec ie s , o n ly  p re ce d ed  b y  h a b ita t  d e s tru c tio n  (P im en te l e t a l., 2 0 0 5 ; R ah el, 2000 ; 

W ilco v e  e t a l., 1998). H o w ev e r, w e  sh o u ld  b e  care fu l w ith  th ese  g en era lisa tio n s  a b o u t a lien  

sp ec ie s  s in ce  m a n y  o f  th e  c la im s , d r iv in g  th e  p e rcep tio n  th at in tro d u ced  sp e c ie s  p o se  an  

ap o ca ly p tic  th rea t to  b io d iv e rs ity , a re  n o t su p p o rted  b y  d a ta  (D av is  e t a l., 2 0 1 1 ). In d ig en o u s 

sp ec ie s  are o ften  th rea te n e d  b y  m u ltip le  s tre sso rs  an d  it is n o t a lw ays c le a r  i f  a lie n  sp e c ie s  are 

th e  m a jo r  cau se  o f  e x tin c tio n  o r i f  th ey  are  co in c id en ta l to  th e  d is tu rb an c e  c a u se d  (G u rev itch
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Chapter 1 : General introduction

an d  Pad illa , 2 0 0 4 ). T h e  p o s itiv e  c o rre la tio n  b e tw e e n  in d ig en o u s  sp e c ie s  d ec lin e  an d  in v as iv e  

a lien  sp ec ies d o m in a n c e  d o es n o t n e ce ssa rily  m ea n s  th a t in v as iv e  a lie n  sp e c ie s  a re  th e  d riv ers  

o f  th e  o b se rv ed  ch an g e . M a n y  a lie n  sp ec ie s  tak e  o p p o rtu n is tic  a d v an tag e  o f  o th e r fo rm s o f  

eco sy stem  ch an g e , su c h  a s  h a b ita t  d is tu rb an ce , ra th e r th a n  b e in g  th e  d riv ers  o f  c h an g e  

th em se lv es (G u re v itc h  an d  P ad illa , 2 0 04).

N ev erth e le ss , th e re  is su b s ta n tia l e v id en ce  th at in v as iv e  a lie n  sp ec ie s  can  c au se  a  se rio u s  

th rea t to  b io d iv e rs ity  an d  en h an ce  g lo b a l en v iro n m en ta l c h an g e  (V ito u se k  e t a l., 1996; 

C lav ero  an d  G arc ía -B erth o u , 2 0 0 5 ; V ilá  e t a l., 2 0 1 0 ). F ro m  an  e co lo g ica l v iew p o in t, in v as iv e  

a lien  sp ec ie s  c an  c au se  a  d e s tab ilisa tio n  o f  th e  eco sy stem  b ecau se  th e re  is o ften  a d e c re a se  in 

a b u n d an ce  an d  d iv e rs ity  o f  in d ig en o u s  sp ec ie s  o b se rv ed  in  in v ad ed  aq u a tic  eco sy stem s 

(B e m a u e r  an d  Ja n se n , 2 0 0 6 ; Ja z d z e w sk i et a l., 2 0 0 4 ; v an  R ie l e t a l ,  200 6 a). T h e  in tro d u c tio n  

o f  a lien  sp ec ie s  can  h av e  an  e ffe c t a t d iffe re n t tro p h ic  lev e ls  a n d  d irec tly  o r  in d ire c tly  ch an g e  

th e  p o p u la tio n  b io lo g y  o f  o th e r sp e c ie s  (V an d er Z an d e n  e t al. 1999). A  lo n g  te rm  e ffe c t o f  

th e se  in v as io n s is an  in c reased  h o m o g en isa tio n  o f  aq u atic  e co sy stem s (R a h e l, 2 002). S p ec ie s  

are  n a tu ra lly  iso la te d  fro m  e ac h  o th er v ia  g eo g rap h ic  b a rrie rs. T h e  d isa p p ea ran c e  o f  th e se  

n a tu ra l b a rrie rs  a s  a co n se q u en c e  o f  g lo b a lisa tio n  p u ts  n a tu ra l sp e c ie s  p o o ls  u n d e r s tre ss . 

H o m o g en isa tio n  c an  c h an g e  th e  fu n c tio n a l d iv e rs ity  (v a rie ty  o f  b io lo g ica l p ro cesses , 

fu n c tio n s o r ch a ra c te ris tic s )  o f  an  eco sy stem . M o s t su ccess fu l in v as iv e  a lie n  sp ec ies a re  

ch arac te rised  b y  sev e ra l tra its  th a t e n a b le  th em  to  su rv iv e  th e  in tro d u c tio n  p h ase , e stab lish  a 

n ew  p o p u la tio n  a n d  d o m in a te  th e  co m m u n ity . T h is  im p lies  th a t th e  in tro d u c tio n  o f  th e se  

sp ec ie s  can  a lte r  fu n c tio n a l d iv e rs ity , w h ich  can  on  th e  lo n g  ru n  lead  to  th e  lo ss  o f  un iq u e  and  

often  co m p lex  eco sy stem s th a t a re  rep laced  b y  s in g le -sp ec ie s  d o m in a ted  e co sy stem s 

(M cK in n ey  a n d  L o ck w o o d , 1999).

A lien  sp ec ie s  a re  o ften  c h a ra c te rised  b y  a red u ced  g en etic  d iv e rs ity  as a re su lt o f  b o ttlen eck s , 

w h ich  has tw o  m a in  c o n seq u en ces : (1 )  a  re d u c tio n  o f  th e  ch an ce  th a t a  p o p u la tio n  c an  su s ta in ;

(2 ) a  lim ita tio n  o f  e v o lu tio n a ry  c ap a c itie s  (S ak a i e t  a l., 2 0 0 1 ). H o w ev e r, in th e  aq u atic  

en v iro n m en t, th e re  is m o u n tin g  e v id e n c e  th a t red u ced  g en etic  d iv e rs ity  in  a lien  p o p u la tio n s  is 

n o t as co m m o n p lace  as e x p e c te d  (R o m an  an d  D arlin g , 2 0 0 7 ). R e ce n t s tu d ies  ind ica te  th a t 

h ig h  p ro p ag u le  v ec to rs , su c h  a s  b a lla s t  w a te r  an d  sh e llf ish  tran sp lan ta tio n s  an d  m u ltip le  

in tro d u c tio n s co n trib u te  to  th e  e lim in a tio n  o f  fo u n d e r e ffec ts  in th e  m a jo rity  o f  su ccess fu l 

aq u atic  in v as io n s  (H ä n flin g  e t  a l., 2 0 1 1 ). In  p a rticu la r, m u ltip le  in tro d u c tio n s  can  p ro m o te  

ran g e  ex p an s io n  o f  in tro d u ced  p o p u la tio n s  th ro u g h  b o th  g e n e tic  an d  d e m o g rap h ic  

m ech an ism s . F u rth e rm o re , h igh  p ro p a g u le  p re ssu re  m ay  co n trib u te  to  m a in ta in  h igh  lev e ls  o f
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d isp e rsa l)  o n ly  10%  o f  th e  sp ec ie s  a re  su ccess fu l (o n ly  one o u t o f  1000  re ac h es  th e  fin a l 

s tag e). T h e  h y p o th e s is  is m a in ly  a p p licab le  fo r  te rre s tr ia l sp ec ie s  (b irds, p lan ts , in sec ts), bu t is 

less su itab le  fo r  aq u a tic  sp ec ies . W ell d o c u m e n ted  ex ce p tio n s  to  the ten s ru le  a re  th o se  sp ec ies 

w h ic h  a re  p u rp o se ly  in tro d u c ed  in to  th e ir  n ew  e n v iro n m en t an d  in  th is w a y  h a v in g  a  h ig h er 

c h an c e  to  b e c o m e  su ccess fu l. A c co rd in g  to  Je sc h k e  e t al. (2 0 1 2 ) m a jo r  d iffe ren ces ex is t 

a m o n g  ta x a  a n d  h a b ita ts . T h ey  sh o w  th a t em p irica l d a ta  fro m  p lan ts  m o re  freq u e n tly  su p p o rt 

th e  ten s  ru le  th an  d a ta  fro m  an im a ls , y e t leve ls o f  su p p o rt fo r  th is  h y p o th es is  do  n o t ex ceed  

5 0 %  acro ss tax o n o m ic  g ro u p s  a n d  hab ita ts .

1.4 A lien m acroinvertebrates: the ‘underdog’ o f  invasive species?

H isto rica lly , m o s t a tte n tio n  in  in v as io n  b io lo g y  h as b e e n  a ttr ib u te d  to  p lan ts , m am m als  an d  

f ish , w h ile  o n ly  a  lim ite d  g ro u p  o f  resea rch ers  h av e  b e e n  fo c u ss in g  on  m acro in v e rteb ra te s . 

N e v e rth e le ss , in v as iv e  a lien  m ac ro in v e rteb ra te s  co n stitu te  an  im p o rta n t g ro u p  o f  sp ec ies w ith  

h ig h  e co n o m ic  a n d  e co lo g ica l im p ac ts  (H än flin g  e t a l., 2 0 11). T y p ica l e x am p les  o f  w e ll know  

in v as iv e  m ac ro in v e rteb ra te s  a re  m o llu sc s , su ch  as Dreissena polymorpha , c ray fish , such as 

Procambarus clarkii (G irard , 1852) an d  a m p h ip o d s , su ch  as th e  k ille r  sh rim p  

D ikerogammams villosus (S o w in sk y , 1894). C u rren tly , m o re  a tte n tio n  is a ttr ib u te d  to  so m e 

h ig h ly  in v as iv e  k e y  m ac ro in v e rteb ra te  sp ec ie s  b y  sc ien tis t as w e ll a s  th e  g en era l p u b lic . T h is 

has re su lte d  in  an  en v iro n m en ta l im p ac t a sse ssm e n t n o t o n ly  fo r larg e  m am m als  a n d  p lan ts, 

b u t a lso  fo r  m ac ro in v e rteb ra te  sp e c ie s  (Z aik o  e t a l., 2 0 1 1 ). In th is  d o c to ra l th es is , I m ain ly  

fo c u sed  o n  a lien  m a c ro c ru s ta c ea n s  s in c e  th ese  a re  w id e sp rea d  and  rep re sen t, to g e th e r w ith  

m o llu sc s , th e  m o s t im p o rta n t sh a re  o f  a lien  m ac ro in v e rteb ra te s  in  m an y  la rg e  r iv e rs  acro ss  

E u ro p e  (B e m a u e r  a n d  Jan sen , 2 0 0 6 ; N eh rin g , 2 006 ; M e ss ia e n  e t a l., 2 0 1 0 ; B o e ts  et al., 

2 0 1 1 a ). T h e  im p ac ts  o f  in v as iv e  a lie n  c ru stacean s (IA C ) are  o ften  su b s tan tia l due to th e  

c o m p le x  tro p h ic  ro le  o f  m o st o f  th e se  sp ec ies lead in g  to  c asca d in g  e ffec ts  th ro u g h o u t th e  

in v ad e d  eco sy stem s. IA C  a lso  h a v e  th e  p o ten tia l to  cau se  a  sh ift in  th e  ‘k e y s to n e ’ eco sy stem  

fu n c tio n s , c h an g in g  en e rg y  f lu x  a n d  n u trie n t cy c les , w h ich  to g e th e r a ffe c t c ritica l eco sy stem  

se rv ice s , su c h  a s  b io d iv e rs ity , f ish e rie s  y ie ld  an d  w a te r  q u a lity  (H ä n flin g  e t a l., 2 011 ; 

M a c N e il e t al., 2 0 1 1 ). In v asiv e  a lie n  m ac ro cru s tacean s  a re  o ften  v e ry  su ccess fu l in  th e ir  new  

h ab ita t. T h e ir  in tr in s ic  ch ara c te ris tic s , su ch  as a  sh o rt g e n era tio n  tim e , ra p id  g ro w th  w ith  ea rly  

sex u a l m a tu rity , h ig h  fe cu n d ity  a n d  th e ir  eu ry h alin e  an d  o m n iv o ro u s c h a ra c te r  m ak e  th em  

e x tre m e ly  su ita b le  fo r  ra p id  e x p an s io n  an d  estab lish m en t in  fre sh w a te r e co sy stem s (Bij de  

V a a te  e t a l., 2 0 0 2 ). A lth o u g h  IA C  are  w id esp read  (V ilá  e t a l., 2 0 1 0 ), th e re  a p p e a r  to  be  so m e 

g e o g rap h ic  h o tsp o ts  fo r  th e ir  in v asio n . F o r  ex am p le , C m stac e a  h av e  p lay e d  a  m a jo r  ro le  in th e
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m ass  in v asio n s re c e n tly  ex p e rien c e d  in th e  B a ltic  S ea , C a lifo rn ia  B a y  a n d  th e  L au ren tian  

G re a t L akes (C o h e n  an d  C a rlto n , 1998; O le n in  an d  L ep p a k o sk i, 1999; R icc ia rd i an d  

M a c lsaa c , 2 0 0 0 ). C o n v e rse ly , th e  P o n to -C a sp ian  re g io n  re p re se n ts  o n e  o f  th e  m o s t im p o rtan t 

so u rc es  o f  IA C  to  E u ro p e  an d  N o rth -A m eric a  (R icc ia rd i an d  R asm u ssen , 1998). 

Dikerogammarus villosus is su c h  a h ig h ly  in v a s iv e  c ru s tac ea n  o r ig in a tin g  fro m  th e  P o n to - 

C a sp ian  area . T h e  sp e c ie s  in v ad ed  th e  eas t o f  F lan d ers  in  1997  a n d  h as s in c e  th en  sp read  

th ro u g h o u t F la n d e rs  m a in ly  v ia  larg e  w a te rw ay s a n d  canals .

1.5 Introduction  prevention and control o f  invasive alien species

E co lo g ists  a s  w e ll a s  eco n o m ists  ag ree  on  th e  n e e d  fo r p re v en tiv e  step s to  re d u c e  th e  fu rth e r 

in tro d u c tio n  a n d  sp re ad  o f  in v as iv e  a lien  sp e c ie s , g iv en  th a t c o n tro l an d  e rad ica tio n  o f  a lre ad y  

estab lish ed  p o p u la tio n s  is m o re  d iff ic u lt an d  co s tly  (P im en te l e t  al., 2 005 ; H u lm e  e t al., 2 0 09). 

P rev en tio n  o f  a lie n  sp e c ie s  in tro d u c tio n s  w o u ld  b e  m o re  e ffe c tiv e  i f  th e  se t o f  e n v iro n m en ta l 

c o n d itio n s th a t a llo w  a ne t p o sitiv e  p o p u la tio n  in crease  c o u ld  b e  e stim a te d , since  th e  

g eo g rap h ic  p ro je c tio n  o f  th o se  co n d itio n s  p ro v id es  a  p re lim in a ry , b u t re liab le , in d ica tio n  o f  

s ite s  su itab le  fo r  in v as io n  (P e terso n , 2 0 0 3 ). In  th is  re sp ec t, m o d e llin g  tec h n iq u es  a re  a 

p o w e rfu l to o l to  d ev e lo p  r isk  a sse ssm en t m ap s o f  in v as iv e  a lie n  spec ies. R e cen tly , h a b ita t 

su itab ility  m o d e ls  (H S M s) h av e  b e e n  u se d  in  r isk  a sse ssm e n t to  p re d ic t th e  fu tu re  d is trib u tio n  

o f  in v asiv e  a lie n  sp e c ie s  (F ic e to la  e t a l., 2 0 0 7 ; B a  e t al., 2 0 1 0 ; B o e ts  e t a l., 2 0 1 0 a ; J im én e z- 

V a lv e rd e  e t a l., 2011  G a lla rd o  e t a l., 2012).

F o r  m a n a g em e n t p u rp o se s , in v as iv e  a lien  sp ec ie s  w ith  a h ig h  lev e l im p ac t sh o u ld  b e  lis ted  on 

an  ‘a le rt l is t’ in  a  fu tu re  e a r ly  w a rn in g  sy s te m  in  o rd e r  to p re v e n t fu rth e r sp re ad  (Z aiko  e t al., 

2 0 1 1 ). P re v e n tio n  co u ld  fo r  ex am p le  b e  o b ta in e d  b y  b e tte r reg u la tio n s  re g a rd in g  th e  trad e  an d  

d e lib e ra te  in tro d u c tio n  o f  th e se  in v asiv e  a lie n  sp ec ies . C u rre n tly , th e re  a re  p re lim in a ry  

gu id e lin es fo r  en v iro n m en ta l im p ac t a sse ssm en t an d  c la ss if ica tio n  o f  a lie n  sp ec ie s  in so m e  

E u ro p ea n  c o u n tr ie s  (V e rb ru g g e  e t al., 2 0 1 2 ) an d  in  B e lg iu m  (B ran q u art, 2 0 1 1 ). In  B e lg iu m , 

th is  c la ss if ic a tio n  is b a sed  on  a  s im p lif ied  e n v iro n m en ta l im p a c t a sse ssm e n t p ro to co l an d  the 

g e o g rap h ic  d is tr ib u tio n  o f  a lie n  sp ec ie s . S u ch  a  c a teg o risa tio n  p ro v id es  a sc ien tific  

b a ck g ro u n d  to  p rio ritise  a c tio n s  to  p re v en t in tro d u c tio n  an d  m itig a te  th e  im p ac t o f  in v asiv e  

a lien  sp ec ie s , in c lu d in g  th e  im p ro v e m en t o f  th e  leg is la tiv e  f ram ew o rk . O n e  ex am p le  o f  an  

e ffe c tiv e  law  to  c o n tro l th e  in tro d u c tio n s  o f  a lie n  sp ec ies is th e  In te rn a tio n a l C o n v en tio n  fo r 

th e  C o n tro l a n d  M a n a g e m e n t o f  S h ip s’ B a lla s t W ate r an d  S ed im en ts  (h ttp ://w w w .im o .o rg ). 

H o w ev e r, w h a t  re m a in s  a n  e sse n tia l p re re q u is ite  o f  an y  a tte m p t to  p re v e n t th e  in tro d u c tio n  o f
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in v as iv e  a lie n  sp e c ie s  and  to  m itigate  th e ir  im p ac t, is th e  th o ro u g h  u n d e rs tan d in g  o f  th e ir 

eco lo g y .

1.6 P roblem  form ulation and know ledge gaps

A lth o u g h  e x te n s iv e  resea rch  h a s  been  c a rr ie d  o u t on  in v as iv e  a lien  m ac ro in v e rteb ra te  sp ec ies , 

th e re  se e m s to  b e  a  lo t o f  in co n s is te n c y  o n  c o n c lu s io n s  reg ard in g  the k e y  fac to rs  d e te n n in in g  

th e  im p a c t a n d  sp re ad  o f  a lien  m ac ro in v e rteb ra te s . S om e re sea rch ers  a ttr ib u te  th e  success o f  

in v as iv e  a lie n  sp e c ie s  to  sp e c if ic  tra its  en ab lin g  th em  to  c o m p e te  w ith  in d ig en o u s sp ec ie s  

(G rab o w sk i e t  a l., 2007 ; S ta tzn e r e t al., 2 0 0 8 ). O th ers  a re  co n v in ced  th a t th e  ru lin g  

e n v iro n m en ta l c o n d itio n s a re  d e te rm in in g  w h e th e r  a  sp ec ie s  can  e stab lish  o r  n o t a n d  th u s  w in  

th e  c o m p e titio n  fro m  o th er sp ec ies (V e rm o n d e n  e t  a l., 2 0 1 0 , F rü h  e t al., 2012). T h is  

in co n s is te n c y  co u ld  a ttrib u te  to  u n certa in tie s  on  th e  e n v iro n m en ta l co n d itio n s  u n d e r w h ich  

sp e c ie s  a re  th riv in g  w e ll an d  can  h av e  a  su b s tan tia l im p a c t on  th e  m ac ro in v e rteb ra te  

c o m m u n ity . L arg e  o r  sm a ll sca le  ch an g es o f  e n v iro n m en ta l a n d  h a b ita t c o n d itio n s can  h ave  an  

e ffe c t on  th e  estab lish m en t su ccess  o f  a lien  sp e c ie s  (L eu v en  e t a l., 2 0 0 9 ). F o rm e rly  d eg rad ed  

e co sy s tem s  are  o ften  seen  as v u ln e rab le  to  in v as io n s  (D en  H a rto g  e t a l., 1992). In  th is  re spec t, 

it is th o u g h t th a t in v as iv e  a lien  sp ec ie s  a re  tak in g  ad v an tag e  o f  th ese  ch an g es ra th e r  th an  

c h a n g in g  th e  e co sy stem  th em se lv es (M a cD o u g a ll e t a l., 2 0 0 5 ). T h e  im p ro v in g  w a te r  q u a lity  

in  F la n d e rs  c o u ld  n o t o n ly  b e  b en efic ia l fo r  in d ig en o u s sp ec ie s , b u t a lso  a lie n  sp ec ie s  co u ld  

d irec tly  b e n e f it  fro m  th is  im p ro v em en t. S in ce  th e  e n v iro n m en t is u n d e r c o n stan t ch an g e  d u e  

to  h u m an  im p ac ts  and  n a tu ra l p h en o m en a , it is im p o rtan t to  in c lu d e  th e se  ch an g es w h en  

m a k in g  p re d ic tio n s  a b o u t th e  fu tu re  im p ac t an d  d isp e rsa l o f  th e se  aq u atic  a lien  species.

A n o th e r  p ro b lem  re la te d  to  in v as iv e  a lien  sp e c ie s  is th e ir  d irec t an d  in d irec t im p ac t on  w a te r  

q u a lity  m o n ito rin g . T h e  W a te r  F ra m ew o rk  D irec tiv e  (W F D ) (E u ro p ea n  P a rliam en t &  

C o u n c il, 2 0 0 0 ) a im s to  im p ro v e  w a te r  q u a lity  th ro u g h o u t E u ro p e  an d  in  m an y  coun tries , 

W F D  e co lo g ica l s ta tus a sse ssm en t o f  fre sh w a te rs  re ly  on  g e n e ra tin g  b io tic  in d ice s  de riv ed  

f ro m  b e n th ic  m ac ro in v e rteb ra te  a ssem b lag es  in  r iv e rs  an d  lakes. U n fo rtu n a te ly , in v as iv e  a lien  

sp e c ie s  can  h av e  a m ajo r im p a c t o n  re s id en t m ac ro in v e rteb ra te  a ssem b lag e  stru c tu re  and  

d iv e rs ity , th u s  h av in g  a c o n fo u n d in g  e ffe c t o n  in te rp re tin g  a ssem b lag e  s tru c tu re  as a 

b io a s se ssm e n t to o l fo r W F D  p u rp o ses (A rb ac iau sk as e t al., 2 0 0 8 ; C a rd o so  and  F ree , 2008 ; 

A rn d t e t a l., 2 0 0 9 ). B io tic  in d ices, su c h  as th e  M u ltim e tric  M a c ro in v e rte b ra te  In d ex  F lan d ers  

(M M IF ) a n d  sim ila r  g en u s- a n d  fam ily -le v e l d e riv ed  in d ices, do  n o t d is tin g u ish  b e tw een  

n a tiv e s  an d  in v ad e rs , w h en  in v ad ers c an  b e  m o re  to le ran t to  o rg an ic  p o llu tio n  o r m ore
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p re d a to ry  th an  th e  ind ig en o u s sp ec ie s  th ey  re p la c e  (M a cN eil e t ah , 2 0 0 0 ; M ac N eil an d  B riffa , 

2 009 ; M acN eil e t a l., 2 0 10b). D ire c tly , a lie n  sp ec ie s  co u ld  in flu en ce  th e  o u tco m e  o f  th e  

M M IF  v ia  th e ir  h ig h e r  to le ran ce  sco re . In d irec tly , th ey  c an  a lte r  th e  m ac ro in v e rteb ra te  

c o m m u n ity  le ad in g  to  a  lo w er b io tic  index . T o  th is  e n d , w e  in v es tig a ted  h o w  a lien  

m ac ro in v e rteb ra te  sp ec ies in flu en ce  m ac ro in v e rteb ra te  c o m m u n itie s  an d  th e  o u tco m e  o f  b io tic  

ind ices.

M o s t s tu d ies  in v es tig a te  a  s in g le  sp ec ie s  o r  a  sp e c ific  eco sy stem . In  th is  d isse rta tio n , w e  

a im e d  fo r an  in teg ra ted  (m o d e llin g ) ap p ro ach . A  co m b in a tio n  o f  f ie ld  d a ta  an a ly sis , 

la b o ra to ry  s tu d ies  a n d  d a ta -d riv en  m o d e llin g  tec h n iq u es  w e re  u se d  to  ge t in s ig h t in  (1) th e  

e c o lo g y  o f  a lien  m ac ro  in v erteb ra tes , (2 ) th e  k e y  fac to rs  d e te rm in in g  th e ir  su ccess an d  (3 ) th e ir  

c u rre n t a n d  fu tu re  im p ac t an d  sp read . A  p ro b le m  w ith  aq u atic  a lie n  sp ec ie s  is th a t once th ey  

a re  e stab lish e d , it  is v e ry  d iff ic u lt (o r  e v en  im p o ssib le ) a n d  e sp e c ia lly  co s tly  to  e rad ica te  

th em . P e rfo rm in g  en v iro n m en ta l im p a c t a sse ssm e n t o f  so m e  k e y  sp e c ie s  an d  m o n ito rin g  th o se  

s ite s  w h ic h  c an  b e  seen  a s  h o t sp o t fo r  b io d iv e rs ity , a re  c o n s id e re d  e ffic ie n t to  p re v e n t th e  

fu rth e r in tro d u c tio n  an d  sp read  o f  a lie n  sp ec ies . W e are co n v in ced  th a t th e  fin a l m o d els 

c o n s tru c ted  in  th is  d isse rta tio n  co u ld  b e  u se d  b y  p o lic y  m ak e rs  in  o rd e r  to  se t up  an  e ffec tiv e  

m an a g em e n t th a t reduces th e  im p ac t an d  sp re ad  o f  in v as iv e  a lien  m ac ro in v e rteb ra te s  n o t o n ly  

in F lan d ers , b u t a lso  in  o th e r p a rts  o f  th e  w o rld .

1.7 ’F ield  gu ide’ to the different chapters o f  this dissertation

In th is  ch ap ter, w e  g ave  a g en era l in tro d u c tio n  a b o u t th e  d e f in itio n  o f  a lien  an d  in v as iv e  

sp e c ie s , th e ir  im p ac ts  an d  th e  im p o rta n ce  o f  a lien  m ac ro in v e rteb ra te s  a s  a  g roup  o f  sp ec ie s  

w ith  p o ss ib le  h ig h  e co n o m ic  an d  e co lo g ica l im p ac ts . F u rth e rm o re , th e  p ro b lem s re la ted  to 

in v as iv e  a lien  sp ec ie s  and  th e  k n o w le d g e  g ap s a re  d iscu ssed .

C h a p te r  2  g iv es  an  o v e rv iew  o f  th e  d iffe re n t a lie n  m ac ro in v e rteb ra te s  en co u n te re d  in  F lan d ers  

an n o  2 0 1 2 . M a in ly  fresh  an d  b rack ish  w a te rs  w e re  in v es tig a ted . T h re e  n ew  sp ec ies fo r 

F lan d ers  w e re  d isc o v e re d  a n d  re p o rte d  d u rin g  th is  study . A n  u p d a te  w as  m ad e  on  th e  

g e o g rap h ic  d is tr ib u tio n  o f  th e  d iffe re n t m ac ro c ru s ta c ea n s  en co u n te re d  in  F landers . T h is  

c h a p te r  sh o w s th a t a lien  m ac ro in v e rteb ra te s  m ak e  up  a  su b s tan tia l p a r t o f  o u r  aq u atic  

eco sy s tem s  a n d  e sp ec ia lly  a rtific ia l w a te rc o u rse s  (e .g . cana ls).

In  c h ap te r  3, th e  b io co n tam in a tio n  b y  a lie n  m ac ro  in v erteb ra tes  w as a sse ssed  in  o rd e r  to 

d isen tan g le  th e  gen era l k e y  e lem en ts  d e te rm in in g  th e ir  e s tab lish m en t an d  sp read . It w as 

in v es tig a te d  to  w h ich  ex ten t th e  e s tab lish m en t an d  sp re ad  o f  a lien  m ac ro in v e rteb ra te s  w as
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d e te rm in e d  b y  h a b ita t, w a te r  q u a lity , b io tic  in te rac tio n s  an d  sh ip p in g . T o  th is  end , o v e r  1800 

m ac ro in v e rteb ra te  sam p le s c o lle c ted  b y  th e  F lem ish  E n v iro n m e n t A g e n cy  d u rin g  1999, 200 4  

an d  200 9  w ere  an a ly sed . B ased  on  th e  m o d e lled  re su lts  o f  th e  im p ro v e m en ts  in  w a te r  quality , 

p re d ic tio n s  w e re  m ad e  o n  th e  fu tu re  p re v a len c e  o f  a lien  m ac ro in v e rteb ra te s  in  su rfa ce  w a ters  

in F landers .

In  th e  n e x t th re e  c h ap te rs , b a se d  on  th ree  d iffe ren t c ase  s tu d ies , th e  ch an g es in 

m ac ro in v e rteb ra te  co m p o s itio n  a re  h ig h lig h ted  d u e  to  th e  in tro d u c tio n  o f  alien  

m ac ro in v e rteb ra te s  an d  ch an g es in en v iro n m en ta l and  h ab ita t co n d itio n s. In  th e se  s tu d ies , w e  

fo cu ssed  m ain ly  on  m ac ro -C ru stac e a , th e  m o s t p ro m in e n t g ro u p  o f  a lien  sp ec ie s  p re se n t in  th e  

m ac ro in v e rteb ra te  co m m u n ity . D u e  to  th e  d iffe ren ces in  e n v iro n m en ta l a n d  h ab ita t 

c o n d itio n s , all th ree  case  s tu d ies  p ro v id e d  u se fu l in sig h t in  th e  eco lo g y  o f  a lien  

m ac ro in v e rteb ra te s  a n d  th e  in te rre la tio n sh ip  w ith  e n v iro n m en ta l an d  h a b ita t co n d itio n s.

C h ap te r 4  is b a se d  on a c ase  s tu d y  o n  th e  h a rb o u r o f  G h en t, a  fo rm er h e av ily  p o llu ted  

e co sy stem  w ith  a  n o rth -so u th  sa lin ity  g rad ien t. W e in v es tig a ted  th e  ch an g es in 

m ac ro in v e rteb ra te  c o m p o s itio n  u s in g  lo n g -te rm  b io lo g ical an d  ch em ica l m o n ito rin g  d a ta  

c o lle c ted  b y  th e  F le m ish  E n v iro n m e n t A g e n c y  o v e r th e  last tw o  d ecad es . T h e  re la tio n sh ip  

b e tw een  th e  c h an g e s  in  w a te r q u a lity  a n d  th e  estab lish m en t o f  a lie n  m ac ro in v e rteb ra te s  w as 

e x am in ed  in  o rd e r  to  g a in  in sig h t in  th e  d riv ers  th at c au sed  ch an g es in  m ac ro in v e rteb ra te  

sp ec ie s  co m p o s itio n .

In  c h ap te r  5, w e  in v es tig a te d  th e  c h an g e s  in  th e  g am m arid  c o m p o s itio n  in  p o ld e r  w a ters , an 

e co sy stem  th a t is ch a rac te rised  b y  b rack ish  w a te r  co n d itio n s an d  lo w  n a tu ra l sp ec ie s  d iversity . 

O rig in a lly , o n ly  tw o  ty p ica l b rack ish  w a te r  g am m arid s o ccu rre d  in  th e se  w a te rs . D u e  th e  

in tro d u c tio n  o f  a  n ew  g a m m a rid  sp e c ie s , Gammarus tigrinus S ex to n , 1939, w e  e x p ec ted  

ch an g es in  th e  p re v a len c e  o f  th e  in d ig en o u s  spec ies. B io lo g ica l a n d  p h y s ica l-ch em ica l 

sam p les o f  th e  la s t 20  years  w e re  in v es tig a te d  v ia  m u ltiv a ria te  a n a ly sis  in  o rd e r to e x p la in  the 

o b se rv ed  ch anges.

B esid es a  fo rm erly  p o llu te d  sy s te m  a n d  th e  b rack ish  w a te r  p o ld e rs , w e  a lso  in v es tig a ted  the 

m ac ro in v e rteb ra te  c o m m u n ity  o f  th e  B e lg ia n  coasta l h a rb o u rs  an d  th e ir  ad jacen t 

w a te rc o u rse s , w h ich  a re  d isc u sse d  in  c h ap te r  6. In th is  c ase  s tu d y , w e  in v estig a ted  the 

p re sen c e  o f  a lie n  an d  in d ig en o u s  m ac ro -C ru s tac e a  in th e  m ain  fo u r  B e lg ia n  co asta l harb o u rs
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(N ieu w p o o rt, O o s ten d e , Z ee b ru g g e  an d  B lan k en b erg e). W e  m a p p e d  th e  d eg ree  o f  

b io co n tam in a tio n  to  rev ea l th e  d iffe re n ce  in  p re sen ce  a n d  ab u n d an c e  o f  a lien  

m ac ro in v e rteb ra te s  a lo n g  a  sa lin ity  g rad ien t. T h e  im p o rtan ce  o f  se v e ra l ab io tic  fac to rs  w as 

lin k ed  to  the o c cu rre n ce  o f  th ese  m ac ro in v e rteb ra te s . S in ce  sh ip p in g  is seen  a s  an  im p o rtan t 

v e c to r  fo r a lien  sp e c ie s  in tro d u c tio n s , sh ip  m o v em e n ts  o f  y ach ts  a n d  c o n ta in e r  sh ip s w ere  

analysed .

A fte r  a cq u irin g  th e  n e c e ssa ry  k n o w le d g e  a n d  in s ig h t in  th e  eco lo g y  o f  a lie n  

m ac ro in v e rteb ra te s  b a se d  o n  th e  d iffe re n t case  s tu d ies , w e  u se d  d a ta -d r iv e n  m o d e llin g  

tech n iq u es to  d e te rm in e  th e  p re fe rre d  h a b ita t o f  a lie n  m ac ro -C ru stac e a , w h ich  is d isc u sse d  in 

C h a p te r  7. D iffe re n t te c h n iq u es , su c h  as re g re ss io n  a n d  c la ss if ic a tio n  tre e s  in  co m b in a tio n  

w ith  severa l o p tim isa tio n  m e th o d s  (e.g . p ru n in g ) w e re  u se d  to  c o n s tru c t th e  m odels. 

A fte rw ard s , w e  m a d e  p red ic tio n s  on  th e ir  fu tu re  d is trib u tio n  in  F lan d ers  tak in g  in to  acco u n t 

th e  p o ss ib le  c h an g e s  in w a te r  q u a lity  in  th e  n e a r fu tu re  b a se d  o n  an  in teg ra ted  m o d e llin g  

appro ach . F o r th is , w e  se lec te d  th e  r iv e r  b a s in  o f  th e  ‘G e n tse  k a n a le n ’, s in c e  w e  g a in ed  

a lre ad y  so m e  k n o w le d g e  o n  th is  a re a  fro m  p rev io u s  re sea rch  (see  c h a p te r  4).

In ch ap te r  8, w e  m ad e  sp a tio -te m p o ra l p re d ic tio n s  on th e  fu tu re  d is trib u tio n  o f  

Dikerogammarus villosus, an  in v as iv e  a lie n  m ac ro in v e rteb ra te  sp ec ies . B a se d  on  th e  co u p lin g  

o f  a h ab ita t su ita b ility  m o d el w ith  a  w a te r  q u a lity  m o d e l and  a  sp a tia l m o d e l, w e  p e rfo rm e d  a 

r isk  a sse ssm e n t fo r  th is  sp e c ie s  in  F lan d ers . W ith  th is  ap p ro ach , w e  tr ie d  to  p ro v id e  a  p rac tica l 

m e th o d  th a t c an  b e  a p p lied  b y  d e c is io n  m ak e rs  in  o rd e r  to  take  p re v e n tiv e  m easu re s aga in st 

th e  fu rth e r sp read  o f  in v as iv e  a lie n  m ac ro in v e rteb ra te s .

In  th e  last c h a p te r  o f  th is  d isse rta tio n , th e  g en era l c o n c lu s io n s  a n d  o p p o rtu n itie s  fo r  fu rth e r 

re sea rch  a re  d iscu ssed .
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Chapter 2: Distribution of alien macroinvertebrates in Flanders 

A bstract

D u rin g  th e  p re se n t stu d y  an  in v en to ry  w as m ad e  o f  th e  a lie n  m ac ro in v e rteb ra te s  o ccu rin g  in 

F la n d e rs . T o  th is  en d  larg e  co llec tio n s  o f  b io lo g ic a l sa m p le s  w e re  in v es tig a ted  an d  

su p p le m e n ted  w ith  o w n  sa m p lin g  cam p aig n s. M a in ly  fresh  a n d  b ra ck ish  su rfa ce  w a ters  w ere  

in v es tig a ted . T h re e  n ew  m ac ro in v e rteb ra te  sp e c ie s  fo r  F la n d e rs  w e re  d isc o v ere d . In  to ta l 41 

a lie n  m ac ro in v e rteb ra te s  w e re  en co u n te re d  in  fresh  an d  s lig h tly  b ra c k ish  su rface  w a te rs  in 

F lan d ers . A d d itio n a lly , 24 a lien  m ac ro in v e rteb ra te  sp ec ie s  h a v e  b e e n  re p o rte d  fo r  th e  B e lg ian  

p a r t  o f  th e  N o r th  S ea  an d  its a d ja c e n t estu aries . M o s t  a lie n  m ac ro in v e r teb ra te s  b e lo n g ed  to  th e  

c ru s tac ea n s  a n d  m o llu scs. O v e r 2 ,5 0 0  sam p le s c o n ta in in g  m a c ro c ru s ta c ea n s  w ere  iden tified  to 

sp e c ie s  leve l, w h ic h  a llo w ed  u s  to  accu ra te ly  m ap  th e ir  d is tr ib u tio n  in  F lan d ers . A lien  sp ec ie s  

fo u n d  in  th e  fresh  a n d  b rack ish  w a te r en v iro n m en t, m a in ly  o rig in a ted  fro m  th e  P o n to -C asp ian  

a rea  an d  N o rth -A m eric a  fo llo w ed  b y  A sia  a n d  S o u th - an d  E as t-E u ro p e . T h is  ov erv iew  sh o w s 

th a t a lie n  m ac ro in v e rteb ra te s  a re  w id esp read  a n d  a b u n d an tly  p re se n t in  m an y  w a te rco u rse s  in 

F lan d ers . B a se d  on  o b se rv a tio n s  in  n e ig h b o u rin g  co u n trie s , sev e ra l a d d itio n a l sp ec ies a re  

e x p e c te d  to  a rriv e  in  th e  n e a r fu ture. A  fo llo w -u p  o f  th e  in v as iv e  a lien  sp e c ie s  to g e th e r w ith  a 

m o n ito r in g  sc h e m e  to  d e te c t new  in co m in g  sp e c ie s  is v a lu a b le  to e s tim a te  th e  size  o f  th e  

p ro b le m  an d  to  b e  a b le  to c lo se ly  fo llo w  th e ir  e co lo g ica l an d  e co n o m ic  im pact.
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2.1 Introduction

D u rin g  th e  la s t c en tu ry , an  in c re a s in g  n u m b er o f  a lie n  sp ec ie s  h as b e e n  o b se rv ed  in  

w a te rc o u rse s  w o rld w id e . A lth o u g h  m ig ra tio n  o f  sp ec ie s  can  b e  co n sid e red  as a  n a tu ra l 

p ro c ess , a n th ro p o g en ic  in flu en ces h av e  a lte re d  th e  g e o g rap h ica l sca le , sp eed  an d  d isp e rsa l 

m o d e  o f  in v ad e rs  (E lto n , 1958). In  E u ro p e , d iffe re n t g ro u p s o f  ex o tic  m ac ro in v e rteb ra te s  a re  

fo u n d  in  fresh - an d  b rack ish  w a te r  sy s te m s, o f  w h ich  the m ajo rity  b e lo n g s  to  th e  c ru stacean s 

an d  th e  m o llu scs  o rig in a tin g  fro m  th e  P o n to -C a sp ian  b as in  (B ij de  V a a te  e t ah , 2002).

B e ca u se  o f  th e  g ro w in g  n u m b er o f  in v ad e rs  an d  th e  eco lo g ica l an d  e co n o m ic  co n seq u en ces , 

th e  in v as io n  issu e  h as rece iv ed  sp ec ia l a tten tio n . A s a  re su lt, th e  n u m b er o f  p u b lica tio n s , 

w o rk sh o p s , c o n g resses an d  jo u rn a ls  a b o u t in v as iv e  a lien  sp ec ie s  in c reased  su b s tan tia lly  

(P y sek  e t  a l., 2 006). In  co n tra s t to  o th e r c o u n trie s  an d  e v en  W allo n ia , th e  so u th e rn  reg ion  o f  

B e lg iu m  (V an d en  B o ssch e  e t a l., 2 0 0 1 ; V an d en  B o ssch e , 2 0 0 2 ; Jo sen s  e t  al., 2 0 0 5 ), th e  

p re sen c e  and  sp read  o f  a lien  m ac ro in v e rteb ra te s  h as h a rd ly  b een  e x am in ed  in  F landers . 

W o u te rs  (2002) g ave  an  o v e rv ie w  o f  th e  a lie n  m ac ro cru s tacean s  in  th e  w h o le  o f  B elg ium . H e 

s ta te d  th a t a t le a s t 13 m ac ro cru s tacean s  h av e  in v ad ed  B e lg iu m . F o r m arin e  an d  b rack ish  

w a te rs  in  F lan d ers , an  o v e rv iew  o f  a ll a lie n  ta x a  h a s  been  p re sen te d  b y  K e rc k h o f  e t al. (2 0 0 7 ). 

M o re  re cen tly , th e  F lan d ers  M arin e  In stitu te  p u b lish ed  a  lis t o f  a ll a lien  sp ec ie s  o f  th e  B e lg ian  

p a r t o f  th e  N o rth  S ea  an d  its ad jacen t e s tu a r ie s  (V an d ep itte  e t a l., 2 012). T h ey  lis ted  40  a lien  

m ac ro in v e rteb ra te  sp ec ies in c lu d in g  c ru s tacean s , m o llu scs an d  w o rm s. T h e  p ro x im ity  o f  th e  

sea , th e  in te rco n n ec tio n  b e tw ee n  d iffe re n t w a terw ay s, th e  h ig h  d e g ree  o f  can a lisa tio n , 

in te n s iv e  b o a t tran sp o rt and  th e  p re sen c e  o f  ha rb o u rs  m ake  F lem ish  w a te rco u rse s  su scep tib le  

fo r a q u a tic  in v asio n s . In  th is stu d y , w e  m a in ly  fo cu sed  o n  a lien  m ac ro cru s ta c ea n s  s in ce  th ese  

a re  w id e sp re a d  and  rep resen t, to g e th e r  w ith  m o llu scs, th e  m o s t im p o rtan t sh a re  o f  a lien  

m ac ro in v e rteb ra te s  in  m an y  riv e rs  ac ro ss  E u ro p e  (B e m a u e r  a n d  Jan sen , 2 006 ; N eh rin g , 2 006 ; 

M e ss ia e n  e t al., 2 0 10). T h e  p re se n t s tu d y  a im s to  m ak e  an  in v en to ry  o f  th e  o ccu ren ce  o f  a lien  

m ac ro in v e rteb ra te  sp ec ie s  in F lem ish  w a te rc o u rse s  b a se d  on  sam p les o f  th e  F lem ish  

E n v iro n m e n t A g e n cy  a n d  av a ilab le  lite ra tu re , su p p le m e n ted  w ith  o w n  sam p lin g  cam p aig n s.
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C hapter 2: Distribution o f alien m acroinvertebrates in Flanders

2.2 M aterials en M ethods

2 .2 .1  S tu d y  area

O u r s tu d y  w as co n d u c ted  in F lan d ers  (n o rth e rn  p a r t o f  B e lg iu m ), w h ich  is s itu a te d  in W est- 

E u ro p e  an d  is b o rd e re d  in  th e  n o rth w e st b y  th e  N o rth  S ea  (F ig . 2 .1 ).

Figure 2.1 Overview o f  the study area (Flanders, Belgium) with indication o f  the most important 

watercourses and geographical locations, an indication o f  the polder area (grey) and the three main 

harbours which are indicated by rectangles.

F lan d ers  co m p rises  a  to ta l a rea  o f  14 ,000  k m 2, is h ig h ly  u rb a n is e d  a n d  is ch a ra c te riz ed  b y  a 

h ig h  p o p u la tio n  d e n sity  (on  av e ra g e  4 6 0  in h ab itan ts  k m '2). F lan d ers  is c la ss if ie d  as lo w lan d  

a n d  h as a  d en se  n e tw o rk  o f  sm a ll a n d  larg e  w a te rc o u rse s  in c lu d in g  a  larg e  n e tw o rk  o f  

n a v ig a b le  c an a ls  (o v e r  1000 km ). T h e  d o m in a n t lan d  u ses a re  ag ricu ltu re , in d u stry  an d  

re sid en tia l a rea  (G o b in  e t  a l., 2 0 0 9 ). D iffe re n t aq u atic  h ab ita ts  w e re  m o n ito re d  in c lu d in g  all 

ty p es  o f  w a te rc o u rse s  (see  Jo c h e m s e t ah , 2 0 0 2 ), lakes an d  (co asta l) ha rb o u rs .

2 .2 .2  D a ta  co llec tio n

D a ta  fro m  d iffe re n t so u rces  (e .g . V M M , o w n  sa m p lin g  c am p aig n s , h is to rica l d a ta )  w e re  

c o lle c ted  fo r th e  d iffe re n t s tu d ies  p e rfo rm e d  d u rin g  th is  PhD . E a c h  stu d y  req u ired  its ow n 

sa m p lin g  m eth o d  an d  ap p ro ach , w h ic h  is d isc u sse d  in de ta il in th e  d iffe re n t ch ap ters . 

F low ever, w e  b r ie f ly  d iscu ss th e  d iffe re n t d a ta se ts  an d  m eth o d s th at w ere  u sed  to  b e  ab le  to 

g iv e  an  o v e rv iew  o f  a lien  m ac ro in v e r teb ra te s  p re sen t in  F lan d ers . O n ly  b e n th ic  

m ac ro in v e rteb ra te s  w e re  c o n s id e re d  in  th is  s tu d y  an d  c o n se q u en tly  th e  fo llo w in g  g roups: 

C n id a ria , C ten o p h o ra , B ry o zo a , C o e le n te ra ta  an d  P o rife ra  w e re  n o t in c lu d e d  in  th e  ana ly sis
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D iffe ren t so u rces  o f  d a ta  availab le :

(1 ) D a ta  c o lle c ted  b y  th e  F lem ish  E n v iro n m e n t A g e n cy  (V M M ) o f  o v e r 4 ,6 0 0  sam p lin g  

lo ca tio n s  s itu a te d  in in la n d  w a te rs  (fresh  a n d  b rack ish  w a te r). B io lo g ic a l sa m p le s  w ere  

tak en  y e a r ly  a n d  each  sa m p lin g  lo ca tio n  w a s  sa m p le d  on  av erag e  e v e ry  th re e  years 

re su ltin g  in  a la rg e  d a ta se t o f  m o re  th an  11,000  b io lo g ica l sa m p le s  co lle c ted  b e tw een  

1989 a n d  2 0 1 2 . T h e  sam p le s a re  s to red  a t th e  R oyal B e lg ian  In s titu te  o f  N a tu ral 

S c ien ces (R B IN S ). S in c e  sa m p le s  o f  the V M M  a re  id en tified  to  g en u s o r fam ily  level, 

in fo rm a tio n  a b o u t a lien  m ac ro cru s tacean  sp ec ie s , su c h  as Dikerogammarus villosus 

(S o w in sk y , 1894) o r  Gammarus tigrinus S ex to n , 1939 w as  n o t av a ilab le  s in c e  bo th  

sp ec ie s  b e lo n g  to  th e  sam e  fam ily  G am m arid ae  as th e  in d ig en o u s  sp e c ie s  G. pulex 

(L in n aeu s , 1758). A lth o u g h  w e try  to g iv e  a  c o m p le te  o v e rv ie w  o f  a ll a lien  

m ac ro in v e r teb ra te s  en co u n te re d  in F lan d ers , w e  m ain ly  fo c u se d  on aq uatic  

m ac ro c ru s ta c ea n s  in F lan d ers . C o n seq u en tly , w e  id en tified  all c ru s tacean s  o f  over 

2 ,5 0 0  sam p le s to  sp ec ie s  level.

(2 ) D a ta  c o lle c ted  d u rin g  th e  fo u r  y ea rs  o f  th is  s tu d y  (2 0 0 8 -2 0 1 2 ) a t d iffe re n t sam p lin g  

lo ca tio n s w h e re  a lien  m ac ro in v e rteb ra te  sp ec ie s  w ere  e x p ec te d  b a se d  on  h isto rica l 

re co rd s , in fo rm a tio n  re tr ie v e d  fro m  d a tab ases  o r o b se rv a tio n s  m ad e  b y  co lleag u e  

zo o lo g is ts . In  ad d itio n , d a ta  w e re  co llec ted  in  th e  sco p e  o f  a  s tu d y  th a t w as p e rfo rm ed  

in  th e  B e lg ia n  c o as ta l h a rb o u rs  to  a ssess  th e  d iv e rs ity  an d  ab u n d an c e  o f  a lien  m acro - 

C ru sta ce a  (M a laco straca ).

(3 ) D a ta  re tr iev e d  fro m  th e  co llec tio n s  o f  th e  R B IN S  an d  fro m  lite ra tu re  re p o rtin g  on the 

o c cu rre n ce  o f  a lie n  m ac ro in v e rteb ra te s .

T h e  s ta n d a rd  m eth o d  u se d  fo r  b io lo g ic a l m o n ito rin g  o f  aq u atic  m ac ro in v e rteb ra te s  is th e  one 

u se d  b y  th e  V M M  an d  d esc rib e d  b y  G ab rie ls  e t al. (2 0 1 0 ). D e p en d in g  on  th e  d e p th  o f  the 

w a te rco u rse s , m ac ro in v e rteb ra te s  w e re  sa m p le d  b y  m ean s o f  a s tan d ard  h a n d n e t o r  a rtific ia l 

su b s tra tes  (G ab rie ls  e t a l., 2 0 1 0 ). T h e  h an d n e t co n sis ts  o f  a  m e ta l fram e  o f  ap p ro x im ate ly  0.2 

m  b y  0.3 m  to  w h ic h  a  c o n ic a l n e t is a tta ch e d  w ith  a  m esh  s ize  o f  300 p m . W ith  th e  han d n et, a 

s tre tch  o f  a p p ro x im a te ly  10-20 m  w as sa m p le d  d u rin g  th ree  m in u te s  fo r  w a te rc o u rse s  less 

th an  2  m  w id e  o r  fiv e  m in u te s  fo r  la rg e r  rivers . S am p lin g  e ffo rt w as p ro p o rtio n a lly  d is trib u ted  

o v e r a ll a cc ess ib le  a q u a tic  h ab ita ts . In  ad d itio n  to  th e  h a n d n e t sa m p lin g , m ac ro in v e rteb ra te s  

w e re  m an u a lly  p ic k e d  fro m  s to n es , leav es , o r  b ran ch es  a lo n g  th e  sa m e  s tre tc h  (G ab rie ls  et al. 

20 1 0 ). A rtif ic ia l su b s tra te s  w e re  u se d  fo r d eep  w a ters  lik e  can a ls  w h e re  h a n d n e t sam p lin g  w as 

no t p o ss ib le  (G a b rie ls  e t al., 2 0 1 0 ). T h ree  rep lica tes  o f  a rtific ia l su b s tra te s , w h ich  co n sis t o f
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p o ly p ro p y le n e  b a g s  (5L ) f ille d  w ith  b rick s  o f  d iffe re n t s izes , w e re  le f t in  th e  w a te r  fo r  a 

p e rio d  o f  a t  le a s t th ree  w eek s  b e fo re  th e y  w ere  re tr iev ed . In  th is  w ay , sp ec ie s  h a d  th e  tim e  to 

co lo n ise  th e  su b s tra tes . B o th  sa m p lin g  m eth o d s  a re  s ta n d a rd ise d  se m i-q u a n tita tiv e  m eth o d s 

(G ab rie ls  e t  a l., 2 0 1 0 ).

W h en  in v es tig a tin g  th e  m ac ro in v e rteb ra te  fau n a  o f  th e  B e lg ia n  c o as ta l h a rb o u rs  w e  u sed , 

b esid es th e  a b o v em en tio n ed  sa m p lin g  tec h n iq u es , a  traw l n e t  w ith  a  c irc u la r  d iam e te r  o f  100 

cm , a  len g th  o f  3 m  and  a m esh  s ize  o f  20 0  pm . T h is  sa m p lin g  m eth o d  w as  u se d  fo r 

q u a lita tiv e  a n a ly s is  o n ly  an d  th e  sam p le s w e re  u se d  to  a ssess  th e  sp e c ie s  p re se n t in  th e  w a te r  

co lu m n  b e tw e e n  0 .2  m  a n d  1.2 m  ab o v e  th e  b o tto m . T h is  sa m p lin g  tec h n iq u e  w as u se d  to 

ca tch  m o b ile  sp e c ie s , su ch  a s  M y sid a , s in ce  th e se  a re  o ften  m isse d  w h e n  u s in g  a  h a n d n e t o r 

a rtific ia l su b s tra tes . T h e  traw l n e t w a s  w ith  a  lo n g  ro p e  a tta c h e d  to  a z o d ia c  a n d  le ft in to  the  

w a te r  to  th e  a p p ro p ria te  d e p th  fo r  sam p lin g . S am p le s  w ere  tak e n  b y  sa ilin g  w ith in  a  ra d iu s  o f  

100 m  fro m  a  p re d e te rm in e d  f ix ed  sam p lin g  lo ca tio n  (G P S  d e te rm in ed ) w ith in  th e  h a rb o u r fo r 

10 m in u te s  a t an  av erag e  sh ip  sp e e d  (4  km  h o u r’1 re la tiv e  to  th e  b o tto m ). A ll sam p les w e re  

tak en  d u rin g  d a y  tim e  w h e n  h y p e rb en th ic  o rg an ism s a re  k n o w n  to  be c o n c e n tra te d  n e a r  th e  

b o ttom .

In  o rd e r  to  b e  a b le  to  g iv e  a  re p re se n ta tiv e  o v e rv ie w  o f  the d is tr ib u tio n  o f  c ray fish  in  F lan d ers  

w e  d id  n o t o n ly  u se  th e  s ta n d a rd  sa m p lin g  tec h n iq u es  as d e sc rib e d  b y  G a b rie ls  e t al. (2 0 1 0 ), 

b u t w e  a lso  u se d  fy k e  n e ts  (0 .2 5  m  d iam e te r and  a  len g th  o f  0 .5 0  m ) sp e c if ica lly  d e s ig n ed  to 

ca tch  c ray fish  a n d  b a it  (c a t food). H isto rica l re co rd s  a s  w e ll as re c e n t o b se rv a tio n s  o f  c ray fish  

w e re  ch ec k ed  f ro m  O c to b e r  2 0 1 0  to  M a y  2011.

2.3 Results

2.3.1 M a c ro in v e rte b ra te s

B ased  on a ll in v es tig a te d  sa m p le s  (from  aal d iffe re n t case  std u e is ) a to ta l o f  65 a lien  

m ac ro in v e rteb ra te s  h a v e  b e e n  e n c o u n te re d  in  F la n d e rs  o f  w h ic h  40  a re  re g u la rly  en co u n te re d  

in  fresh  an d  s lig h tly  b rack ish  w a ters . T h e  re m a in in g  25 sp ec ie s  a re  re s tr ic te d  to  th e  m arin e  

en v iro n m en t. A n  o v e rv iew  o f  th e  a lie n  m ac ro in v e rteb ra te s  th a t h a v e  b een  d e te c te d  in F lan d ers  

is g iv en  in T a b le  2 .1 .

M o s t a lien  m ac ro in v e rteb ra te  sp ec ie s  b e lo n g e d  to  th e  c ru s tacean s  (5 6 % ), fo llo w ed  b y  

M o llu sca  (3 2 % ), A n n e lid a  (9 % ) an d  P la ty h e lm in th es  (3% ) (F ig . 2 .2 ). M o s t a lien
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m ac ro in v e r teb ra te s  o rig in a ted  from  N o rth -A m eric a  (3 7 % ) o r th e  P o n to -C a sp ian  reg io n  (19% ) 

(F ig . 2 .3).

A n n e l id a , 6P la ty h e lm in th es , 2

M o llu sca , 20

C ru stacea , 37

Figure 2.2 Pie chart showing the distribution o f  alien aquatic macroinvertebrates among the different 
phyla.

W h en  an a ly s in g  th e  n u m b er o f  a lien  m ac ro in v e rteb ra te  sp ec ie s  e stab lish ed  in fu n c tio n  o f  tim e 

a  serio u s in c rease  is o b se rv ed  in  th e  n u m b er o f  a lien  sp ec ies e s tab lish e d  d u rin g  th e  last tw o 

d ecad es . B e fo re  1970, th e  n u m b er o f  a lien  sp ec ie s  en co u n te red  w a s  q u ite  low  w h ereas afte r 

th e  sev en ie s  m a n y  a lien  m ac ro in v e rteb ra te s  w e re  found  in  o u r  F lem ish  w a te rco u rse s . S ince 

2 0 0 0 , 15 n e w  a lien  sp ec ies w e re  reco rd e d  fo r th e  first tim e  in  F lan d ers  (F ig . 2 .4 ). M ore 

d e ta ile d  re su lts  on  th e  o ccu rren ce  an d  d is trib u tio n  o f  m ac ro c ru s ta c ea n s  a re  g iv en  in  sec tion  

2 .3 .2 .

O thers, 5
Unknown, 3

Africa, 2

East-Europe, 2

\  /  Ponto-
South-Europe, 6 Caspian. \ f South-Am erica, 1

Figure 2.3 Pie chart presenting the origin o f  the different alien aquatic macroinvertebrate species 
encountered in Flanders.
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C hapter 2: D istribution o f  alien m acroinvertebrates in Flanders

2 .3 .2  M a c ro -C ru s ta c ea

In th e  fo llo w in g  se c tio n  an  o v e rv ie w  is p re se n te d  o f  a ll a lie n  m a c ro -C ru s tac e a  en co u n te re d  in 

su rface  w a te rs  o f  F lan d ers . W e  d id  n o t in v es tig a te  th e  S ess ilia  (b a rn ac le s)  d u rin g  o u r stu d y , 

b ecau se  w e m a in ly  fo cu ssed  on  b e n th ic  m ac ro in v e rteb ra te s .

2 .3 .2 .1  C a p re llid a e

Caprella mutica  S ch u rin  1935 w as  reco rd e d  fo r th e  firs t tim e  in  B e lg iu m  in  1998 on a  b u o y  

th a t w as s itu a te d  a t th e  e n tran ce  o f  th e  h a rb o u r o f  Z ee b ru g g e  (C o o k  e t a l., 2 0 0 7 ). T h e  sp ec ies 

can  re g u la r ly  b e  fo u n d  o n  p o n to o n s  in  th e  h a rb o u r  o f  Z eeb ru g g e . A lth o u g h  w e  fo u n d  C. 

mutica  o n ly  in  th e  h a rb o u r  o f  Z eeb ru g g e  th e  sp e c ie s  h as b een  re p o rte d  fro m  th e  h a rb o u r o f  

O s ten d  a n d  a t o th e r  lo ca tio n s  a lo n g  th e  B e lg ian  c o a s t  (C o o k  et a l., 2 007).

2 .3 .2 .2  C o ro p h id ae

T h e  P o n to -C a sp ia n  in v ad e r Chelicorophium curvispinum  (S a rs, 1895) h a s  b e e n  o b se rv ed  in 

th e  can a ls  in  th e  eas te rn  p a r t o f  F lan d ers  s in c e  1990 (V e rca u te re n  e t al., 2 0 0 3 ). T h e  c u rren t 

s tu d y  re v ea le d  th a t th e  sp ec ie s  a lso  o ccu rred  in  th e  K le in e  N e te  in  2 0 0 5 . T h is  sp ec ie s  w as a lso  

fo u n d  in  th e  ‘P r in se n p a rk ’ in  R e tie  (V e rca u te re n  e t a l., 2 0 0 6 ) a n d  th e  g rav e l p its  K essen ich  

an d  H e e re n la a k  a lo n g  th e  B o rd e r M eu se  (L o ck  e t  a l., 2 0 07). T h e  o th e r sp ec ie s  b e lo n g in g  to  

th is  fam ily , Monocorophium sextonae C ra w fo rd  1937 , is re s tr ic te d  to  th e  m arin e  en v iro n m en t. 

T h e  sp ec ie s  w a s  reco rd e d  fo r th e  f irs t tim e  in  1993 in  sam p le s th a t w e re  tak e n  a lo n g  th e  N o rth  

S ea  c o a s t (D e w ick e , 2 0 02). B esid es th e  sh ip  w re ck s  in th e  N o rth  Sea w h e re  th e  sp ec ie s  is 

a b u n d an tly  p re se n t (M a lle fe t e t a l., 2 0 0 8 ), th e  sp ec ie s  w as a lso  re co rd e d  in  20 0 9  in  the 

h a rb o u r o f  Z ee b ru g g e .

2 .3 .2 .3  C ra n g o n ic tid a e

Crangonyx pseudogracilis B o u sfie ld , 1958 w as f irs t  re p o rte d  fo r  F la n d e rs  in  1998 in a d itch  

n e a r  P uu rs , p ro b a b ly  in tro d u ced  w ith  Ludwigia grandiflora. H o w ev e r, a n a ly s is  o f  h isto rica l 

sa m p le s  in a  n e a rb y  d itch  in d ica ted  its p re sen c e  s in c e  1992 (V e rca u te re n  an d  W o u te rs , 1999). 

A  fe w  sp e c im en s  w e re  fo u n d  in  th e  D e sse l-S c h o ten  c an a l in  1997 a n d  200 5  an d  in  the 

B o c h o lt-H e ren ta ls  c an a l in  1996 an d  1998. T h is  sp ec ie s  w a s  a lso  fo u n d  in th e  O ld  M e u se  in 

S to k k em , in  tw o  b ro o k s  in  G e n k  a n d  H e rk -d e -S ta d  (V ercau te ren , pers . c o m m .) an d  in  a lake  

in  H a re lb ek e  (G h y se lb rec h t, pers . co m m .). S in ce  2 0 0 2 , a  g ro w in g  n u m b er o f  lo ca lities  in  the  

w e ste rn  p a r t o f  F lan d ers  h av e  b een  in v ad ed  b y  th is  sp ec ie s  (G h y se lb rec h t, pers . com m .).
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C u rren tly , th e  sp ec ie s  is w id e ly  d is trib u ted  in  F la n d e rs  an d  o ccu rs  in  all ty p es  o f f  h ab ita ts , b u t 

is m a in ly  fo u n d  in  s tag n an t o r slo w  flo w in g  riv e rs .

Synurella ambulans (M üller, 1846) w as re c o rd e d  fo r th e  firs t tim e  in  B e lg iu m  in  20 0 3  in  the 

sam p le s tak en  b y  th e  V M M , at tw o  lo ca lities  in S n e lleg em  in th e  W es t o f  F landers . B o th  

sa m p lin g  lo ca tio n s w ere  s itu ated  in  a sm a ll b ro o k  (Jab eek se  beek ) in th e  n a tu re  re serv e  

V lo e th em v eld . D u e  to th e  iso lated  o c cu rre n ce  it  is s till u n c le a r  h o w  S. ambulans re ac h ed  th is  

n e w  lo ca tio n . O n e  o f  th e  p o ssib le  v e c to rs  is a n th ro p o g e n ic  d is tr ib u tio n  v ia  in tro d u c tio n  o f  

fish.

2 .3 .2 .4  G am m arid ae

V a rio u s  g am m a rid  sp ec ie s  w ere  fo u n d  in  th e  a n a ly se d  sam p les. A lth o u g h  th e  earlie st re p o rt o f  

th e  a lie n  g a m m a rid  Dikerogammarus villosus in  F la n d e rs  d a te d  fro m  2 0 0 0  (V ercau teren  e t al., 

2 0 0 6 ), a n a ly sis  o f  the V M M  sam p le s sh o w ed  th a t th is  sp ec ie s  w as a lre a d y  p re se n t in  1997 in 

th e  E as t o f  F lan d ers , a t least in th e  A lb e rt c an a l a n d  th e  D e sse l-K w aa d m e ch e len  canal. T h e  

sp ec ie s  h as b een  sp read in g  g ra d u a lly  a n d  s in c e  2 0 0 2 , so m e  o c cu rre n ce s  in  th e  cen tra l an d  

w e s te rn  p a r t o f  F lan d ers  h ave  been  re p o rted . T h e  sp ec ie s  is c u rre n tly  a lso  p re sen t in  th e  canal 

G h e n t-T e rn eu z en , th e  canal K o rtr ijk -B o ssu it a n d  th e  can a l G h en t-O sten d .

Gammarus tigrinus Sex ton , 1939 w as re p o rte d  fo r  th e  f irs t  tim e  in F lan d ers  in  1996 

(V e rca u te re n  a n d  W o u te rs , 1999), b u t G. tigrinus h as  b e e n  p re se n t in  th e  V M M  sam p les since  

1991. T h e  sp e c ie s  h as n o w  in v ad ed  w a te rc o u rse s  a ll o v e r F lan d ers  an d  can  reach  v e ry  h ig h  

d en sitie s  in  can a ls  an d  th e  b rack ish  p o ld e r  w a ters .

B o th  Echinogammarus berilloni (C a tta , 1878) an d  Gammarus roeseli G erv a is , 1835 c an  b e  

c o n s id e re d  a s  n a tu ra lized , as they  h a v e  a lre ad y  b een  p re se n t in  F lan d ers  fo r  a fe w  decades. 

B o th  sp e c ie s  h a v e  a  re s tr ic te d  o ccu rren ce  in  F la n d e rs  a n d  a re  o n ly  sp o ra d ica lly  en co u n te re d  in 

th e  sam p les. T h e y  are a sso c ia ted  w ith  fa s t f lo w in g  riv e rs  w ith  a  re la tiv e ly  g o o d  w a te r  qua lity .

T h e  m o s t re c e n tly  d isco v ered  g am m arid  is Echinogammarus trichiatus (M arynov , 1932). T h e  

sp e c ie s  w a s  sam p led  fo r  the f irs t  tim e in  Ju n e  2 0 0 9  in  an  a r tif ic ia l lak e  in th e  E as t o f  F landers . 

T h e  lak e  re su lte d  from  w a te r  in tru s io n  in to  an  o ld  san d  p it, w h e re  ex cav a tio n  to o k  p lace  in 

p re v io u s  d ecad es . T he p o n d  is s itu a te d  c lo se  to  th e  B o c h o lt-H e ren ta ls  can a l an d  is co n n ec ted  

w ith  th e  D e sse l-K w aad m ech e len  can a l, w h ic h  co u ld  in d ica te  th a t th e  sp ec ie s  w as m o st lik e ly  

in tro d u c ed  v ia  h u m an -m ed ia ted  tran sp o rt.
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2001 a n d  in th e  D e sse l-K w aa d m e ch e len  can a l in  2004 . A n a ly s is  o f  th e  sam p le s o f  th e  V M M  

sh o w ed  th a t o n e  in d iv id u a l w as fo u n d  in  2 0 0 4  in  M e c h e len  in  a  tr ib u ta ry  o f  th e  r iv e r D ijle. 

T h e  o ccu rren ce  o f  th e  sp ec ie s  is m a in ly  re s tr ic ted  to  th e  r iv e rs  and  can a ls  in  th e  eas te rn  p a rt o f  

F lan d ers .

2 .3 .2 .1 9  M y sid ae

Hemimysis anomala (S a rs, 1907) w as o b se rv ed  fo r th e  firs t tim e  in  F lan d ers  in  1999 in a 

b ra ck ish  p o n d  ‘G a lg en w ee l’ n e a r  A n tw e rp  (V e rs ly ck e  et a l., 2 0 0 0 ). T h is  sp ec ies m ainly  

o c cu rs  in len tic  e n v iro n m en ts  a n d  c an  w ith s tan d  a  w id e  ran g e  o f  sa lin itie s  up  to  19 %o (Bij de 

V a a te  e t a l., 2 0 02). A  fe w  years  la te r  th e  sp ec ie s  w as a lso  fo u n d  in  th e  c o o lin g  in sta lla tion  o f  

B A S F  in  A n tw erp  an d  in  a d itch  n e a r  O stend . N e v e rth e le ss  th e  d is tr ib u tio n  o f  th is species 

re m a in s  lim ited . Limnomysis benedeni C zern iav sk y , 1882 m a in ly  o ccu rs  in  fresh w ate r and  

w a s  first reco rd e d  in  F la n d e rs  in  2 0 0 5  in th e  K essen ich  an d  H eren laak  (L o ck  e t ah , 2007). T he 

sp e c ie s  h as a sca tte red  d is tr ib u tio n  a n d  c an  b e  fo u n d  a lso  in  th e  D o n k m eer, th e  riv er K leine 

N e te , S ch u len sm eer an d  in  so m e  g rav e l p its  n e a r  M ol.
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C u rre n tly , th e  sp e c ie s  is  w id e ly  d istrib u ted  in  F lan d ers  an d  o ccu rs  in  a ll ty p es  o f f  h ab ita ts , b u t 

is m a in ly  fo u n d  in  s tag n an t o r s lo w  flo w in g  rivers .

Synurella ambulans (M ü ller, 1846) w as  re co rd e d  fo r th e  firs t tim e  in B e lg iu m  in 2003  in th e  

sa m p le s  tak en  b y  th e  V M M , a t tw o  lo ca lities  in S n e lleg em  in  th e  W e s t o f  F landers . B o th  

s a m p lin g  lo ca tio n s w e re  s itu a te d  in  a sm a ll b ro o k  (Ja b ee k se  beek ) in  th e  n a tu re  re serv e  

V lo e th em v eld . D u e  to  th e  iso la ted  o c cu rre n ce  it is s till  u n c le a r  h o w  S. ambulans reach ed  th is 

n ew  lo ca tio n . O n e  o f  th e  p o ss ib le  v ec to rs  is a n th ro p o g e n ic  d is tr ib u tio n  v ia  in tro d u c tio n  o f  

fish.

2 .3 .2 .4  G am m arid ae

V ario u s  g a m m a rid  sp e c ie s  w e re  found  in th e  an a ly sed  sam p les. A lth o u g h  th e  e a r lie s t  re p o rt o f  

th e  a lie n  g a m m a rid  Dikerogammarus villosus in  F lan d ers  d a ted  fro m  2 0 0 0  (V ercau te ren  e t al., 

2 0 0 6 ), a n a ly s is  o f  th e  V M M  sam p les sh o w ed  th a t th is  sp e c ie s  w as a lre ad y  p re se n t in  1997 in 

th e  E a s t o f  F lan d ers , a t  least in  th e  A lb e rt can a l an d  th e  D e sse l-K w aa d m e ch e len  cana l. T h e  

sp ec ie s  h as b e e n  sp re ad in g  g rad u a lly  a n d  sin ce  2 0 0 2 , so m e  o c cu rre n ce s  in th e  cen tra l an d  

w e ste rn  p a r t o f  F la n d e rs  h av e  b een  rep orted . T h e  sp ec ie s  is cu rre n tly  a lso  p re sen t in  th e  canal 

G h e n t-T e m e u z en , th e  can a l K o rtr ijk -B o ssu it a n d  th e  c an a l G h en t-O sten d .

Gammarus tigrinus S ex to n , 1939 w as re p o rte d  fo r th e  f irs t tim e  in  F lan d ers  in 1996 

(V e rca u te re n  an d  W o u te rs , 1999), b u t G. tigrinus h as b e e n  p re se n t in  th e  V M M  sam p les since  

1991. T h e  sp e c ie s  h as n o w  in v ad ed  w a te rc o u rse s  all o v e r  F lan d ers  a n d  can  reach  v e ry  h igh  

d en sitie s  in  c an a ls  an d  th e  b rack ish  p o ld e r  w aters.

B oth  Echinogammarus berilloni (C atta , 1878) an d  Gammarus roeseli G e rv a is , 1835 can  b e  

c o n s id e re d  a s  n a tu ra liz ed , a s  th ey  h av e  a lread y  b e e n  p re se n t in F lan d ers  fo r a  few  decades. 

B o th  sp e c ie s  h a v e  a  re s tr ic te d  o ccu rren ce  in F lan d ers  a n d  are  o n ly  sp o ra d ica lly  en co u n te red  in  

th e  sam p les. T h e y  are  a sso c ia ted  w ith  fast flo w in g  rivers w ith  a re la tiv e ly  g o o d  w a te r qua lity .

T h e  m o s t re c e n tly  d isc o v e re d  g am m arid  is Echinogammarus trichiatus (M ary n o v , 1932). T he 

sp e c ie s  w as sa m p le d  fo r  th e  firs t tim e  in  Ju n e  20 0 9  in an  a rtif ic ia l lak e  in  th e  E as t o f  F landers . 

T h e  lak e  re su lte d  fro m  w a te r  in tru s io n  in to  an  o ld  san d  p it, w h e re  e x ca v a tio n  to o k  p lace  in 

p re v io u s  d ecad es . T h e  p o n d  is s itu a te d  c lo se  to  th e  B o c h o lt-H e ren ta ls  c an a l an d  is co n n ec ted  

w ith  th e  D e sse l-K w aa d m e ch e len  can a l, w h ich  co u ld  in d ic a te  th a t th e  sp e c ie s  w as m o st lik e ly  

in tro d u c ed  v ia  h u m an -m ed ia te d  transport.
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2 .3 .2 .5  M e litid ae

Melita nitida S m ith  1873 w as  reco rd e d  fo r th e  f irs t  tim e  in 1996 n e a r D o e i (F aasse  an d  V an  

M o o rse l, 2 0 0 3 ). T h e  sp ec ie s  h as b e e n  fo u n d  sev e ra l tim e s  a t th e  sa m e  lo ca tio n  in  2003  en  

2 0 0 4  a n d  is re g u la r ly  rep o rted  in th e  r iv e r  S ch e ld t. M. nitida  h as b e e n  sa m p le d  in  th e  B e lg ian  

c o as ta l h a rb o u rs  in  2 0 0 9 , b u t at v e ry  lo w  d e n s itie s , in d ica tin g  th a t th e  sp e c ie s  has a  lim ited  

o c cu rre n ce  in th e se  h arbours .

2 .3 .2 .6  P leu stid ae

T h e  firs t re c o rd  fo r Incisocalliope aestuarius (W a tlin g  a n d  M a u re r, 1973) to o k  p lace  in  the 

r iv e r  S c h e ld t n e a r  th e  D u tch  b o rd e r in  1996 (F a a sse  a n d  V an  M o o rse l, 2 0 03). T h e  sp ec ie s  

o c cu rre n ce  is v e ry  ra re  and  can  m ain ly  be  fo u n d  u n d e r  th e  lo w  tid e  line.

2 .3 .2 .7  T a litr id ae

Orchestia cavimana H e lle r , 1865 w as o b se rv ed  fo r  th e  f irs t tim e  in F lan d ers  in  1927 an d  w as 

fo u n d  in  th e  Z u id -W illem sv a a rt an d  B o c h o lt-H e ren ta ls  c an a l in  1980, in th e  D esse l-S ch o ten  

can a l in  1981 a n d  in  o th e r  rivers , su ch  as th e  r iv e r  L e ie , S ch e ld t an d  D e n d e r  (W o u te rs , 2002). 

M o re  re ce n tly , th e  sp e c ie s  w as a lso  en co u n te re d  in th e  r iv e r Y se r, in  th e  S ten en s lu isv aa rt 

can a l in  W o u m e n  a n d  th e  Z u id e rv aa rtje  can a l in B ru g es  (G h y se lb rech t, pers . com m .). D u rin g  

sa m p lin g  in th e  h a rb o u r  o f  G h en t, th e  sp ec ie s  w a s  a lso  fo u n d  n e a r  th e  b an k s  o f  th e  canal 

G h en t-T  e m e u z e n .

2 .3 .2 .8  T an a id a e

In  F la n d e rs , th e  firs t in d iv id u a l o f  Sinelobus stanfordi (R ich a rd so n , 1901) w as fo u n d  in 20 0 7  

in  th e  V e rre b ro e k d o k  in  th e  h a rb o u r o f  A n tw e rp  o n  a rtific ia l su b s tra te s  th a t a re  u se d  to 

m o n ito r  g lass  eel. T h e  sp ec ie s  can  re ac h  h ig h  ab u n d an c es  and  w as a lso  reco rd e d  m o re  in land  

a n d  in  th e  can a l G h e n t-T e m e u z en . In th e  V e rreb ro e k d o k , th e  sp ec ie s  w as acco m p an ied  b y  a 

c o m m u n ity  d o m in a ted  by  the in tro d u ced  a m p h ip o d  Gammarus tigrinus, sm a ll n u m b ers  o f  the 

a lie n  c rab  Rhithropanopeus harrisii (G o u ld , 1841 ) an d  th e  in v as iv e  a lie n  sna il Potamopyrgus 

antipodarum  (G ra y , 1843) (v an  H a are n  a n d  S o o rs , 2 009).

2 .3 .2 .9  A s ta c id a e

Astacus leptodactylus E sch sch o ltz , 1823, o r ig in a tin g  fro m  E as t-E u ro p e  w as  in tro d u ced  fo r  the 

f irs t  tim e  in  B e lg iu m  in  th e  1970s a n d  w a s  first re co rd e d  in  F lan d ers  in  1986 (G érard , 1986). 

A. leptodactylus w as o rig in a lly  in tro d u ced  to  re p la ce  s to c k s  o f  c ray fish  b u t a lso  se e m e d  to  be
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v u ln e ra b le  fo r  th e  c ray fish  p la g u e  an d  c o n se q u en tly  d id  n o t fu lf il th e  e x p ec ted  y ie ld  (P érez  e t 

a l., 1997). C u rren tly , th e  sp ec ies o ccu rs  a t s ix  sca tte red  lo ca tio n s in F landers: th ree  p o n d s , o n e  

sm a ll r iv e r  and  tw o  canals. T h e  sp e c ie s  h as s im ila r  h a b ita t p re fe re n ce s  co m p ared  to Astacus 

astacus (L in n aeu s , 1758) (G érard , 1986), b u t has a  co m p etitiv e  ad v an tag e  o v e r th e  ind ig en o u s 

sp e c ie s  (S tu ck i an d  R om er, 2 0 0 1 ) an d  is th o u g h t to  o u tco m p e te  th e  rem a in in g  p o p u la tio n s  o f  

A. astacus in th e  so u th e rn  p a rts  o f  B e lg iu m .

Pacifastacus leniusculus (D an a, 1852) w as in tro d u ced  fo r th e  f irs t tim e  in  F lan d ers  in  1979 

(E d sm a n  e t a l., 2 0 1 0 ) and  w as re co rd e d  a t th ree  loca tio n s b e fo re  th e  1990s in  F landers . 

D u rin g  recen t sam p lin g , th e  sp ec ie s  w a s  o n ly  fo u n d  in o n e  p o n d  n e a r H asselt. A lth o u g h  th is  

sp e c ie s  is k n o w n  to  b e  su ccess fu l an d  w id e sp re a d  th ro u g h o u t E u ro p e  (H o ld ich  e t al., 2 0 0 9 ), 

th e  sp ec ie s  se e m s to  h av e  a re s tr ic te d  d is tr ib u tio n  in  F lan d ers .

3 .2 .1 0  A ty id ae

T h e  a rriv a l o f  Atyaephyra desmaresti (M ille t, 1831) in F la n d e rs  is e stim a ted  a ro u n d  1895 

(W o u te rs , 2 0 02). T h e  sp ec ie s  w a s  re g u la r ly  fo u n d  in  th e  can a ls  an d  riv e rs  in  th e  eas te rn  p a rt 

o f  F lan d ers . A. desmaresti h as  b een  fo u n d  in  th e  r iv e r S ch e ld t, th e  O ld  M eu se , th e  r iv e r 

W am p  an d  th e  R o ese la re-L e ie  canal. In  th e  w e ste rn  p a rt o f  F lan d ers , th e  sp ec ies h as a lso  b een  

re c o rd e d  in  th e  c an a l K o rtrijk -B o ssu it.

2 .3 .2 .1 1  C am b arid ae

Orconectes limosus (R afin esq u e , 1817) o r ig in a tin g  from  N o rth -A m eric a  w as fo u n d  fo r th e  

f irs t tim e  in  F lan d ers  in  1977 (W o u te rs , 2 002). T h is v e ry  su ccess fu l sp ec ie s  is w id e ly  

d is tr ib u te d , occu rs  in a ll types o f  aq u a tic  sy s tem s (cana ls , r iv e rs , b ro o k s  an d  p o n d s) an d  is the  

m o st co m m o n  c ray fish  sp ec ie s  in  F lan d ers . T h is  sp ec ies s ta rte d  its co lo n isa tio n  in  th e  eas te rn  

p a r t  o f  F la n d e rs  w e re  it rap id ly  in v a d e d  larg e  w a terco u rse s. S in ce  th e  1990s O. limosus has 

b e e n  sp re ad in g  to  th e  W est o f  F lan d ers  w ith  an  av erag e  sp e e d  o f  10 k m  p e r  year.

T h e  m o s t re ce n tly  in tro d u ced  c ray fish  sp ec ie s  is Procambarus clarkii (G irard , 1852), w h ich  

w a s  d isc o v e re d  in  a  p o n d  n e a r  Z am m el in 2 0 0 8 . C u rren tly , th e  sp ec ie s  is re p o rte d  a t  fo u r 

o th e r  lo ca tio n s: in  a  p o n d  n e a r L aa k d aa l n o t fa r  from  its f irs t o b se rv a tio n , in a  p o n d  n e a r 

M e c h e le n  an d  in  sev e ra l cana ls w ith  s lo w  ru n n in g  w a te r  n e a r  B ru g es. T h is in d ica te s  th a t the 

sp e c ie s  is in fu ll exp an sio n , w h ich  is e ased  b y  th e  fact th a t th is  sp ec ie s  can  sp read  o v e r  land  

an d  is th u s  n o t re s tr ic te d  to  th e  aq u a tic  e n v iro n m en t fo r  its d isp e rsa l.
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2 .3 .2 .1 2  P ano p e id ae

Rhithropanopeus harrisii w as re c o rd e d  fo r  th e  f irs t tim e  in  F la n d e rs  in  1991 in th e  c o o lin g  

w a te r  sy s tem  o f  th e  n u c le a r  p o w e r p la n t o f  D o e i (V an  D am m e e t al., 1992). T h e  sp ec ie s  is 

n o w  co m m o n ly  fo u n d  in th e  S c h e ld t e s tu a ry  an d  in  th e  h a rb o u r  o f  A n tw erp . R. harrisii h as a 

w e ll-e s tab lish e d  p o p u la tio n  in th e  c an a l G h e n t-T e m e u z en  an d  w as in  2 0 0 9  a lso  re co rd e d  in  a 

sm a ll r iv e r n e a r th e  h a rb o u r o f  N ie u w p o o rt.

2 .3 .2 .1 3  P a laem o n id ae

Palaemon macrodactylus R a th b u n  1902, o rig in a tin g  fro m  S o u th e as t A s ia , w a s  reco rd e d  fo r 

th e  f irs t  tim e  in  B e lg iu m  in  200 3  in  th e  h a rb o u r  o f  A n tw erp  (S o o rs  e t a l., 2 0 1 0 ) an d  in  2 0 0 4  in 

th e  h a rb o u r o f  Z eeb ru g g e  (d 'U d ek em  d 'A c o z  e t  al., 2 0 0 5 ). H o w ev e r, a  s tu d y  o f  th e  sam p le s o f  

th e  can a l G h e n t-T e m e u z en  sh o w e d  th a t th e  sp ec ie s  w as  a lre ad y  p re se n t in  1998 in  th e  

sa m p le s  tak e n  c lo se s t to th e  D u tch  b o rd e r. A lth o u g h  th e  firs t E u ro p ea n  o c cu rre n ce  o f  P. 

macrodactylus w as  reco rd ed  in  1999 (S pain ; C u e sta  e t al., 2 0 0 4 ), th e  sp e c ie s  w as a lread y  

p re se n t in F lan d ers  one y e a r ea rlie r. d ’U d e k em  d ’A c o z  e t al. (2 0 0 5 ) s ta te d  th a t P. 

macrodactylus is m o st lik e ly  to o c c u r  in  th e  m eso h a lin e  p a rts  o f  e stu a ries , a lb e it th is sp ec ie s  

w as a lso  re co rd e d  in  th e  u p stream  p a r t  o f  th e  can a l G h e n t-T e m e u z e n  in  w a te r  w ith  a  lo w  

sa lin ity  (1.9%o), w h e re  it re a c h e d  h ig h  ab u n d an c es  (>  100 in d iv id u a ls  p e r  sam p le ) in 2006.

2 .3 .2 .1 4  P ortu n id ae

T h e  firs t re co rd  o f  a  liv e  sp ec im en  o f  Callinectes sapidus R a th b u n  1896 d a te s  b a c k  from  1993 

n e a r  D o e i (V an  D am m e an d  M a e s , 1993). T h e  sp e c ie s  h as a lso  b een  re p o rte d  a lo n g  the 

B e lg ia n  co ast in  O o s td u in k e rk e  a n d  R n o k k e -H e is t. L iv in g  o v ig o ro u s fem a le s w e re  fo u n d  in  

2 0 0 4  b y  fish e rm en  in  th e  B e lg ian  p a r t  o f  th e  N o rth  Sea. A lth o u g h  w e  d id  n o t e n co u n te r C. 

sapidus d u rin g  o u r  sam p lin g  c am p a ig n s , th e  f re q u e n t rep o rts  su g g ests  th a t th e  sp ec ie s  h as 

estab lish ed  p o p u la tio n s  in so m e  B e lg ia n  h a rb o u rs  an d  estuaries .

2 .3 .2 .1 5  V a m n id a e

Eriocheir sinensis H  M iln e  E d w a rd s  1853 w as o b se rv ed  fo r th e  f irs t  tim e in  1933 a n d  is n o w  

w id e ly  d is tr ib u te d  th ro u g h o u t F la n d e rs  (W o u te rs , 2 002). B ased  u p o n  th e  re v ie w  m ad e  by  

W o u te rs  (2 0 0 2 ), th is  sp ec ie s  o ccu rs  b o th  in n a tu ra l h ab ita ts  as w e ll as in  can a lise d  rivers . 

H o w ev e r, th is  sp ec ie s  w as n o t f re q u e n tly  fo u n d  in  th e  d a ta se t o f  th e  V M M , p ro b a b ly  d u e  to  

th e  u se d  sam p lin g  m ethod .
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Hemigrapsus penicillatus A sak u ra  an d  W atan ab e  2005, w h ich  is p re sen t in  B e lg iu m  since  

2 0 0 3 , h as ra p id ly  sp read  a n d  c o lo n ise d  sev era l h ab ita ts . H. penicillatus c an  b e  fo u n d  u n d e r 

b o u ld e rs  an d  ro c k s  o r b e tw ee n  o y ste rs , m a in ly  in e stu a ries  an d  h a rb o u rs  (D u m o u lin , 2004). H. 

penicillatus p re d o m in an tly  o c cu rs  a lo n g  th e  B e lg ian  c o as t, b u t w as a lso  re co rd e d  in the 

h a rb o u r o f  A n tw e rp  (S o o rs  e t  a l., 2 010).

Hemigrapsus sanguineus (D e  H aan  1835) w as  fa r  less reco rd e d  d u rin g  o u r  sam p lin g  

c am p aig n  c o m p a red  to  H. penicillatus, a lth o u g h  K e rc k h o f  e t al. (2 0 0 7 ) s ta te d  th a t th is  sp ec ies 

is a b u n d an tly  p re se n t a lo n g  th e  B e lg ian  co ast. T h e  first sp ec im en  w as re co rd e d  in  K no k k e- 

H e is t in 2006 . A n n o  2 0 0 8 , th e  sp ec ie s  sp read  o v e r  the  e n tire  co as t a n d  w a s  reco rd ed  in 

Z eeb ru g g e , O o s ten d e  a n d  N ieu w p o o rt. T h e  sp ec ie s  h as even  b e e n  reco rd ed  n e a r  th e  b an k s o f  

th e  r iv e r  S c h e ld t (V L IZ , 2011).

2 .3 .2 .1 6  A se llid a e

In th e  s tu d ied  a rea , th e  fa m ily  A se llid a e  co n sis ted  o f  tw o  a lien  sp ec ies: Proasellus meridianus 

(R aco v itza , 1919) an d  Proasellus coxalis (D o lfu s, 1892). A lth o u g h  Jo sen s  e t  al. (2005) 

co n sid e r P. meridianus as an  a lie n  sp ec ie s  o r ig in a tin g  fro m  so u th e rn  E u ro p e , its  a lien  sta tus 

can  b e  q u estio n ed . A c co rd in g  to  d iffe ren t au th o rs , th is  sp ec ie s  o rig in a tes  fro m  w este rn  

E u ro p e , n a m e ly  G e rm a n y  an d  th e  B ritish  isles (G rü n e r, 1965; M o o n  an d  H ard in g , 1981). P. 

meridianus h as a sc a tte re d  d is tr ib u tio n  in  F lan d ers  a n d  can  b e  freq u en tly  fo u n d  in  th e  sam p les 

o f  th e  V M M . T h e  firs t re co rd  o f  P. coxalis d a tes  fro m  1998. A lth o u g h  th e  sp e c ie s  is m ain ly  

fo u n d  in  fresh  w a ter, it h as  a lso  been  en co u n te re d  in  th e  b rack ish  p o ld e r  w a te rs  an d  in  th e  

c an a l G h en t-T em eu zen .

2 .3 .2 .1 7  Id o te id ae

Synidotea laticauda B e n ed ic t 1897 w as reco rd e d  fo r th e  firs t tim e  in 200 5  in a  sam p le  taken 

in th e  r iv e r  S c h e ld t n e a r D o e i (S o o rs  e t al., 2 010). T h is  sp ec ie s  h as a v e ry  lim ite d  d is trib u tio n  

an d  m o st o f  th e  in d iv id u a ls  can  b e  fo u n d  on  th e  filte rs o f  th e  co o lin g  w a te r  in s ta lla tio n  o f  the 

n u c lea r p o w e r p la n t in D oei.

2 .3 .2 .1 8  Jan irid ae

Jaera istri V eu ille , 1979, an  iso p o d  o r ig in a tin g  from  th e  P o n to -C asp ian  b a s in , h as been  

p re sen t in w a te rc o u rse s  in th e  e a s t o f  F lan d ers  s in c e  2000 . T h is  sp ec ies o c cu rs  in  th e  A lb e rt 

canal s in ce  2001 (V e rca u te re n  e t al., 2 003). It w as o b se rv ed  in  th e  B o c h o lt-H e ren ta ls  can a l in
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2001 an d  in th e  D e sse l-K w aa d m e ch e len  can a l in  2 0 0 4 . A n a ly s is  o f  th e  sa m p le s  o f  the  V M M  

sh o w ed  th a t o n e  in d iv id u a l w as fo u n d  in  2 0 0 4  in  M e c h e len  in  a  tr ib u ta ry  o f  th e  r iv e r D ijle . 

T h e  o ccu rren ce  o f  th e  sp ec ie s  is m a in ly  re s tr ic ted  to  th e  r iv e rs  an d  can a ls  in  th e  eas te rn  p a r t  o f  

F landers .

2 .3 .2 .1 9  M y sid ae

Hemimysis anomala (S a rs , 1907) w as  o b se rv ed  fo r th e  firs t tim e  in  F lan d ers  in  1999 in a 

b rack ish  p o n d  ‘G a lg en w eeT  n e a r A n tw e rp  (V ers ly ck e  e t a l., 2 0 0 0 ). T h is  sp ec ie s  m a in ly  

o ccu rs  in len tic  en v iro n m en ts  an d  can  w ith s tan d  a  w id e  ran g e  o f  sa lin itie s  u p  to  19 %o (B ij de  

V aa te  e t  a l., 2 0 0 2 ). A  few  years  la te r  th e  sp ec ies w as a lso  fo u n d  in  th e  c o o lin g  in sta lla tio n  o f  

B A S F  in  A n tw e rp  a n d  in  a  d itc h  n e a r O stend . N e v e rth e le ss  th e  d is tr ib u tio n  o f  th is  sp ec ie s  

rem a in s  lim ited . Limnomysis benedeni C zern iav sk y , 1882 m ain ly  o c cu rs  in  fre sh w a te r an d  

w as f irs t re co rd e d  in  F la n d e rs  in  20 0 5  in  th e  K essen ich  an d  H e ren la ak  (L o ck  e t al., 2 007). T h e  

sp ec ie s  h as a sc a tte re d  d is tr ib u tio n  an d  c an  b e  fo u n d  a lso  in  th e  D o n k m e er, th e  r iv e r K le in e  

N e te , S c h u len sm e er an d  in  so m e  g rav el p its  n e a r M ol.
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Chapter 2: Distribution o f  alien m acroinvertebrates in Flanders

2.4 D iscussion

A p a rt f ro m  o c ca sio n a l o b se rv a tio n s, a  larg e  s tu d y  re g a rd in g  th e  o c cu rre n ce  o f  a lie n  m a c ro ­

in v erteb ra tes  in F lan d ers  w as n o t carried  ou t yet. T h e  p re sen t s tu d y  rev ea ls  th a t th e re  a re  m o re  

th an  60 a lie n  m ac ro in v e r teb ra te  sp ec ie s  o ccu rin g  in F le m ish  w a te rco u rse s  an d  th a t m an y  

sp ec ie s  w e re  in tro d u c ed  d u rin g  th e  la s t few  d ecad es p ro b a b ly  as a re su lt o f  in c re a sed  trad e  in  

th e  w o rld , th e  d isa p p ea ran c e  o f  n a tu ra l m ig ra tio n  b a rrie rs  a n d  th e  d e g rad a tio n  o f  h ab ita ts  in  

fo rm er d e ca d es  (H u lm e  et a h , 2 009). T h e  p re sen t s tu d y  on  th e  d e ta ile d  d is tr ib u tio n  o f  

m ac ro c ru s ta c ea n s  fo u n d  in  su rfa c e  w a te rs  in  F lan d ers , re v ea le d  th a t a t lea s t 30  d iffe ren t a lien  

sp e c ie s  a re  p re sen t. E sp e c ia lly  in  fresh  w a te r  th e  n u m b er o f  a lien  c ru s tac ea n s  (21 spec ies) is 

re la tiv e ly  h ig h  c o m p a red  to  th e  n u m b er o f  in d ig en o u s  sp e c ie s  (3 sp ec ies). O n e  sp ec ies , th e  

in d ig en o u s c ra y fish  Astacus astacus, is  ex tin c t in F la n d e rs  an d  h ig h ly  th re a te n e d  in  th e  

so u th e rn  p a rts  o f  B e lg iu m  an d  e v en  E u ro p e  due to  th e  c ray fish  p lag u e , h a b ita t d e te rio ra tio n  

a n d  a  d ec rease  in  w a te r  qua lity . F o u r  a lien  c ray fish  sp e c ie s  rep laced  th e  in d ig e n o u s  o n e  o f  

w h ich  Orconectes limosus is th e  m o st a b u n d an t an d  w id e sp rea d  sp e c ie s  en co u n te re d  in  

F landers . O. limosus a p p ea rs  n o t to  b e  as sen sitiv e  to  lan d  u se  chan g es a n d  h u m an  activ ities  as 

th e  in d ig en o u s  c ray fish  sp ec ie s  (S ch u lz  e t  al., 2 0 0 2 ) an d  it c an  w ith s tan d  hab ita ts  

u n fa v o u ra b le  to  th e  in d ig e n o u s  sp ec ie s , su c h  as so ft su b s tra tes , tu rb id  an d  m u d d y  w aters , 

p o llu ted  c an a ls  a n d  o rg a n ic a lly  e n ric h ed  p o n d s  an d  lakes (P u ck y , 2 009). P. leniusculus has 

s im ila r  h a b ita t p re fe re n ce s  c o m p a red  to  A. astacus (W es tm an  e t al., 2 0 0 2 ). D esp ite  th e  

re p o rte d  c o -o cc u rren c e  (K o u trak is  e t  al., 2 0 0 7 ), P. leniusculus is ab le  to  o u tco m p e te  th e  

in d ig en o u s  sp e c ie s  (W estm an  e t al., 2 0 02). P. leniusculus h as  a  s im ila r  s ize , b u t g ro w s faster, 

h as  an  e a r lie r  se x u a l m a tu rity , p ro d u c es  la rg e r c lu tch es a n d  is re s is tan t to  th e  c ray fish  p lag u e  

(F luner, 1994). I t  is e x p ec te d  th a t P. clarkii can  b eco m e  th e  n e x t d o m in a n t c ray fish  sp ec ies 

s in c e  it can  o u tco m p e te  sev e ra l o th e r c ray fish  sp ec ie s  (G h e rard i, 2 0 0 7 a ). T h e  sp e c ie s  is 

k n o w n  to  c o n trib u te  to  b io d iv e rs ity  lo sse s  an d  h ab ita t d e g rad a tio n  in  sev e ra l fre sh w a te r  

sy s tem s o f  so u th  c en tra l E u ro p e  (G h e rard i, 2 0 0 7 a ) a n d  is th ere fo re  a lso  ex p ec ted  to  h ave  

n e g a tiv e  im p ac ts  o n  aq u a tic  co m m u n itie s  in  F landers .

B esid es c ray fish  a lso  A m p h ip o d a  a re  re p re se n ted  b y  sev e ra l a lien  sp ec ies . T h e  b e s t k n o w n  

in v as iv e  a lie n  a m p h ip o d  is Dikerogammarus villosus. T h is  sp ec ies , o r ig in a tin g  fro m  th e  

P o n to -C asp ian  a re a  s ta rte d  its c o lo n isa tio n  in  F lan d ers  in th e  A lb e rt c an a l in  1997. D ue to  th e  

h a rd  b a n k  s tru c tu re s  a n d  s to n y  su b s tra tes  p re se n t in  can a ls  a n d  larg e  w a te rc o u rse s  in  F landers 

th e  sp ec ie s  q u ic k ly  d isp e rsed . C u rren tly , th e  sp ec ie s  is re p o rte d  fro m  sev e ra l lo ca tio n s , m ain ly  

in  larg e  w a te rc o u rse s  in  th e  c en tra l an d  e a s te rn  p a rts  o f  F lan d ers . A lth o u g h  th e  ran g e

35



C hapter 2: D istribution o f  alien m acroinvertebrates in Flanders

e x p an s io n  o f  D. villosus m ay  b e  in flu en ced  b y  a  m y riad  o f  fa c to rs  in c lu d in g  h y d ro lo g ica l 

reg im e , tem p e ra tu re , sa lin ity , w a te r  q u a lity  an d  fo o d  a v a ilab ility  (D e v in  e t a l., 2 0 0 3 ; Jo sen s  et 

a l., 2 0 0 5 ; B o e ts  e t a l., 2 0 1 0 a ), h a b ita t h e te ro g en e ity  a n d  su b s tra tu m  in  p a rticu la r  m ay  p la y  a 

c ru c ia l ro le  in  its d isp e rsa l. D e ta iled  re sea rch  o n  th is  sp ec ie s  b a se d  o n  d a ta -d riv e n  m o d els  

in d ica te s  th a t it m a in ly  p re fe rs  large r iv e rs  and  c an a ls  w ith  a  h a rd  b a n k  stru c tu re  an d  a  g o o d  

ch em ica l w a te r  q u a lity  (B o e ts  e t a l., 2010a). W h ere  th e  sp e c ie s  a rriv ed , it a lw ay s rep laced  the 

in d ig e n o u s  G. pulex  an d  in  so m e  cases th e  a lie n  G. tigrinus a s  w e ll (M e ss ia en  e t al., 2 0 1 0 ). 

T h e  e ffe c t o f  D. villosus o n  o th e r am p h ip o d s c o u ld  a lso  b e  o b se rv ed  in  n e ig h b o u rin g  c o u n trie s  

in c lu d in g  th e  N e th e r lan d s  (v a n  d e r V e ld e  e t a l., 2 0 0 0 ; v an  R ie l e t a l., 2 0 0 6 a ; 2 0 0 7 ) an d  F ran ce  

(D e v in  e t a l., 2 0 0 5 a ). M a n y  s tu d ies  sh o w  th a t th is  ‘k ille r  sh r im p ’ c an  p re y  u p o n  a d iv erse  

a rra y  o f  m ac ro in v e rteb ra te  sp ec ie s , in c lu d in g  in d ig e n o u s  an d  o th e r p re v io u s ly  su ccessfu l 

in v as iv e  a lie n  a m p h ip o d s , as w e ll as eggs an d  la rv ae  o f  fish  (v an  R ie l e t a l., 20 0 6 a ; 2 0 0 7 ). In 

o rd e r to  m in im ise  th e  im p ac t on  local m acro  in v e rteb ra te  c o m m u n itie s , it  is im p o rtan t to  get 

in s ig h t in  th e  e c o lo g y  o f  th is  sp ec ies . T h is  co u ld  b e  a ch iev e d  v ia  a  co m b in a tio n  o f  fie ld  d a ta  

a n a ly sis  an d  e x p e rim e n ta l lab o ra to ry  studies.

A lth o u g h  G. tigrinus w as re p o rte d  fo r  th e  first tim e  in  F lan d ers  in 1996 in a p o n d  n e a r 

A n tw e rp  (V e rca u te re n  a n d  W o u te rs , 1999) th e  sp e c ie s  w as a lread y  p re se n t in  th e  sam p les o f  

th e  V M M  in  1991, w h ich  in d ica te s  th a t it a rriv ed  e a rlie r  in  F lan d ers , p ro b a b ly  v ia  th e  S ch e ld t- 

R h in e  c o n n ec tio n . V ia  th is  ro u te , G. tigrinus p ro b a b ly  in v ad ed  th e  A lb e rt can a l an d  th e  o th e r 

can a ls . T h e  P o n to -c asp ia n  in v ad e r J a e r a  istri h as  b een  fo u n d  in  th e  N e th e r lan d s  s in ce  1997, 

in  th e  R h in e , th e  IJsse l a n d  th e  W aa l (K e lleh er e t  a l., 2 0 0 0 ). S o o n  a fte r  its a rriv a l in  2001 in 

th e  A lb e rt c an a l, it b e ca m e  lo ca lly  a b u n d an t (S c h ö ll, 2 0 0 0 ). J . istri th riv e s  w e ll on  p laces w ith  

s to n y  su b s tra tes  an d  in  d am m ed  can a ls  (K e lle h e r  e t al., 2 000 ; V e rca u te re n  e t  a l., 2 0 0 6 ; van  

R iel e t  a l., 2 0 0 7 ). M a n y  o f  th ese  P o n to -C asp ian  in v ad e rs  h av e  a p re fe re n ce  fo r th ese  can a ls  

w ith  a rtific ia l b a n k  s tru c tu re s  (re in fo rced  b y  s to n e s  a n d  co n cre te ) a n d  s to n y  su b s tra tes  (van  

R iel e t a l., 2 0 07).

A n a ly s is  o f  th e  V M M  sa m p le s  in d ica ted  th a t c an a ls  in  th e  E as t o f  F la n d e rs  a re  e x tre m e ly  

p ro n e  to  c o lo n isa tio n  b y  in v ad e rs  b ecau se  o f  th e ir  h igh  d eg ree  o f  c o n n ec tiv ity  a n d  s tru c tu ra l 

ch a ra c te ris tic s . M an y  a lie n  m ac ro in v e rteb ra te s  w e re  first reco rd ed  in  th e  eas t o f  F lan d ers  and  

g ra d u a lly  co lo n ise d  th e  re s t o f  F lan d ers .

In  th e  m arin e  e n v iro n m en t, th e  n u m b er o f  a lien  m ac ro c ru s ta c ea n s  w as  q u ite  lim ited  an d  th e ir  

d is tr ib u tio n  re m a in e d  m o s tly  re s tr ic ted  to  th e  m a in  c o as ta l h a rb o u rs o r th e  S ch e ld t estuary .
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M o s t o f  th ese  m arin e  an d  b rack ish  sp ec ie s  w ere  o n ly  re ce n tly  d isco v ered  in  F lan d ers  o r th e  

B e lg ia n  p a r t  o f  th e  N o rth  Sea. Synidotea laticauda  w as re co rd e d  fo r th e  f irs t tim e  in  2005  in 

th e  h a rb o u r  o f  A n tw erp . A lth o u g h  th e  sp ec ie s  w as fo u n d  o n ly  a t lo w  ab u n d an ces , it is 

e x p e c te d  th a t th e  sp e c ie s  is m ore  co m m o n  th an  th e  fe w  o b se rv a tio n s  su g g e st (S o o rs  e t  al., 

20 1 0 ). W ith  fo u r sp ec ies , D ecap o d a  re p re se n ted  an  im p o rta n t p a rt o f  th e  a lien  fau n a  fo u n d  in 

th e  b ra ck ish  a n d  m arin e  en v iro n m en t. Rhithropanopeus harrisii is re p o rte d  fo rm  m arin e  

(N ie u w p o o rt)  as w e ll a s  in land  h a rb o u rs  (G h e n t an d  A n tw erp ). M o s t la rv ae  o f  th e  D ecap o d a  

w e re  p ro b a b ly  in tro d u c ed  v ia  b a lla s t w a te r  o f  sh ip s , w h ich  a llo w s th em  to  e a s ily  d isp e rse  n o t 

o n ly  w ith in  E u ro p e , b u t a lso  in F lan d ers .

A lth o u g h  a lm o st a ll a lien  m ac ro cru s tacean s  k n o w n  to  o c c u r  in F lan d ers  a n d  e v en  so m e n ew ly  

e s tab lish e d  a lien  sp ec ie s  w ere  fo u n d  d u rin g  th is  s tu d y  (T ab le  2 .1 ), so m e  sp ec ie s  w ere  less 

f re q u e n tly  cau g h t th an  o thers . T h is  h as m a in ly  tw o  reaso n s . F irs t b ecau se  so m e  sp ec ie s  h av e  a 

lim ite d  d is tr ib u tio n  w ith  o n ly  a few  e s tab lish e d  p o p u la tio n s  p re sen t in  F landers . S econd ly , th e  

sa m p lin g  tec h n iq u es  u se d  (m ain ly  h a n d n e t o r  a rtific ia l su b s tra tes ) , are  n o t a lw ay s e ffec tiv e  fo r  

c a tc h in g  c e rta in  m o b ile  or b ig g e r  sp e c ie s , su ch  a s  c rab s, m y sid s an d  c ray fish . T h e  sam p lin g  

m e th o d  c an  h av e  an  im pact on  th e  a sse ssm e n t o f  th e  d is tr ib u tio n  o f  c e rta in  in v ad e rs , su ch  as 

E. sinensis, H. anomala, L. benedeni a n d  O. cavimana. B ased  on  th e  rev iew  b y  W o uters 

(2 0 0 2 ), E. sinensis is w id e ly  d is tr ib u te d  in  F landers . T h e  lim ited  o c cu rre n ce  o f  th is  sp ec ie s  in 

th e  d a ta se t o f  th e  V M M  is p ro b a b ly  a  c o n se q u en c e  o f  th e  sa m p lin g  m eth o d . T h e  sp ec ies is 

d iff ic u lt  to  ca tch  w ith  a rtific ia l su b s tra tes  s in c e  th e  o rg an ism s a re  h ig h ly  m o b ile  b o th  on  land  

a n d  in  th e  w a ter. T h ere fo re , o th e r sa m p lin g  tec h n iq u es , e .g . fyke  n e ts  w o u ld  g iv e  a  m ore  

a c c u ra te  p ic tu re  o f  its a c tu al d is trib u tio n . In v ad ers  lik e  H. anomala, L. benedeni an d  O. 

cavimana  a re  n o t o ften  o b se rv ed , w h ic h  is p ro b a b ly  a lso  d u e  to  th e  sam p lin g  m eth o d  

(a rtif ic ia l su b s tra tes  an d  h an d n e t), s in c e  H. anomala  an d  L. benedeni a re  fa s t sw im m ers , w h ile  

O. cavimana  lives a lo n g  the  r iv e r  b an k s in  o rg an ic  d eb ris  o f  fresh  an d  b ra ck ish  w aters  (Josens 

e t a l., 2 0 0 5 ). A d d itio n a l sam p lin g  o f  th e  r iv e r  b an k s  an d  s to n e  sa m p lin g  m ig h t rev ea l that the 

la tte r  sp e c ie s  is m o re  a b u n d an t th an  th e  u se d  sa m p lin g  tec h n iq u es  su g g est, w h ile  a 

h y p e rb en th ic  s led g e  w o u ld  b e  a g o o d  sa m p lin g  d e v ic e  to  sam p le  m y sid  sh rim p .

C ru s ta ce an  inv ad ers , su ch  as Dikerogammarus haemobaphes (E ic h w a ld , 1841), th a t has 

a lre ad y  in v ad ed  th e  M eu se  (Jo sen s  e t  a l., 2 0 0 5 ) an d  Echinogammarus ischnus (S teb b in g , 

1899) (W o u te rs , 2 0 0 2 ), Orconectes immunis (H ag en , 1870) an d  Chelicorophium robustum 

(S ars, 1895), w h ic h  h av e  a lread y  in v ad ed  th e  r iv e r  R h in e  (B e rn au e r an d  Ja n se n , 2 0 0 6 ), c an  be 

e x p ec te d  to a rriv e  so o n  in F lan d ers . A lso  th e  N o rth e rn  c ray fish  Orconectes virilis (H agen ,
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1870), th e  m arb led  c ray fish  Procambarus sp e c ie s  a n d  the w h ite  r iv e r  c ray fish  Procambarus 

acutus (G irard , 1852) /  zonangulus H o b s an d  H o b s , 1990, w h ich  h av e  a lread y  b een  rep o rted  

in  th e  N e th e rlan d s  (K o ese , 2 0 0 8 ), can  b e  e x p e c te d  in  th e  n e a r  fu tu re . H o w ev e r, th e ir  sp read  

w ill la rg e ly  d e p e n d  o n  th e ir  in te rfe ren ce  w ith  th e  sp ec ie s  th a t a re  a lre ad y  p re se n t (K ley  and  

M a ie r, 2006).

A  c o n tin u o u s  m o n ito rin g  o f  new  and  fo rm erly  e s tab lish e d  in v ad e rs  is n ecessa ry , in  p a rticu la r  

re g a rd in g  th e ir  h a b ita t p re fe ren ces an d  th e ir  e ffe c t on  in d ig en o u s  sp e c ie s , to  o b ta in  a b e tte r  

u n d e rs tan d in g  o f  th e ir  im p ac t d u e  to  co m p e titio n  a n d  p re d a tio n . M o re o v e r, m ig ra tio n  m o d els 

c an  b e  re le v an t to  m ake  b e tte r  p re d ic tio n s  re g ard in g  th e  m ig ra tio n  sp eed  o f  a lien  

m ac ro in v e rteb ra te s  in  rivers (D e d ec k e r e t a l., 2 0 0 6 ), w h ereas h a b ita t  su itab ility  m o d els  can  

h e lp  to  in d ica te  th o se  rivers th a t a re  su itab le  fo r  a lie n  m ac ro in v e rteb ra te s  to  estab lish .

A lie n  sp ec ie s  a re  n o t m en tio n ed  sp ec if ica lly  in  th e  E u ro p ean  w a te r  fram e w o rk  d irec tiv e  

(E u ro p ea n  C o m m u n ity , 2 000). H o w ev e r, th e  p re ca u tio n a ry  p rin c ip le  in  th e  b ro a d  sen se  co u ld  

b e  a p p lic ab le  fo r  th e  n eg a tiv e  e ffe c ts  o f  in v as iv e  a lien  sp ec ie s  b e ca u se  aq u atic  e co sy stem s 

h a v e  to  b e  g u a rd ed  from  dec lin e . In v asiv e  a lie n  sp ec ie s  c an  m o d ify  th e  n a tu ra l b io lo g ica l 

s tru c tu re  an d  e co lo g ica l fu n c tio n in g  o f  aq u atic  sy s te m s  an d  th e  a sse ssm e n t o f  in v as iv e  a lien  

sp e c ie s  as b io lo g ica l p re ssu re  sh o u ld  th e re fo re  b e  co n sid e red  as a  p a rt o f  a  c a tch m en t 

m an a g em e n t p o lic y  to g e th e r w ith  o th e r p re ssu re s . H o w ev er, e ffe c tiv e  c o n tro l m easu re s to 

e rad ica te  in v as iv e  a lien  aq u atic  m ac ro in v e rteb ra te s  a re  n o t feasib le  an d  a t  b e s t  slo w  d o w n  

th e ir  d isp e rsa l ra te . C o n tro l m easu re s u su a lly  c au se  m o re  d a m a g e  (i.e . ap p lic a tio n  o f  

p e s tic id es)  o r o th er r isk s  (in tro d u c tio n  o f  n a tu ra l p re d a to r  o f  a lie n  sp ec ies). T h e  B elg ium  

F o ru m  o f  In v as iv e  S p ec ies  (w w w . h ttp ://ia s .b io d iv e rs ity .b e /) p ro p o se s  a sy s te m  o f  lis ts , w h ich  

a re  b a se d  on  th e  ab ility  o f  a sp ec ie s  to  d isp e rse  a n d  on  its en v iro n m en ta l im pact. It is 

su g g e s te d  th a t th is  l is t can  b e  u se d  to  b an  im p o rt, trad e  an d  in tro d u c tio n  in  th e  n a tu ra l 

e n v iro n m en t an d  fo r c o n tro l m ea su re s  o r  e rad ica tio n . In su c h  a  sy s tem , it  is n e ce ssa ry  to 

d e m o n s tra te  s ig n ific a n t d a m a g e  b e fo re  a  sp e c ie s  is lis te d  (c u rre n tly  n o  a lien  m ac ro cru s tacean s  

o r  m o llu sc s  a re  lis ted ). H o w ev er, b y  th e  tim e  d a m a g e  can  b e  d em o n s tra ted , th e  co n sid ered  

sp e c ie s  h as u su a lly  a lread y  in v ad ed  th e  a rea  a n d  n o th in g  can  b e  d o n e  to  stop  its fu rth er 

sp read . In o u r  o p in io n , p rev en tiv e  m ea su re s , su c h  a s  th e  o b lig a to ry  trea tm e n t o f  b a lla s t w a te r  

a n d  a  c o n tro lled  trad e , a re  th e  o n ly  p o ss ib le  so lu tio n s  to  re d u ce  th e  in flu x  o f  a lien  aq uatic  

m ac ro in v e rteb ra te s .
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Chapter 3: Which key factors favour the establishment success and spread of 

alien macroinvertebrates

A d a p ted  from :

B o e ts  P ., L o ck  K ., G o e th a ls  P .L .M . (su b m itted ). A sse ssm en t o f  b io co n ta m in a tio n  in  aq uatic  

eco sy stem s: an a ly s in g  k ey  fa c to rs  fa v o u rin g  th e  estab lish m en t an d  sp re ad  o f  a lien  

m ac ro in v e rteb ra te s . B io lo g ic a l in v asio n s .
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Chapter 3: W hich key factors favour the establishment success and spread 

of alien macroinvertebrates in Flanders

A bstract

In  th is ch ap ter, it  h as  b een  in v es tig a te d  to  w h ich  e x te n t th e  e s tab lish m en t a n d  sp read  o f  a lien  

m ac ro in v e rteb ra te s  is d e te rm in e d  b y  h ab ita t, w a te r  q u a lity , b io tic  in te rac tio n s  an d  sh ip p in g . 

F o r th is , w e  a n a ly se d  o v e r  1800 m ac ro in v e rteb ra te  sam p les f ro m  1999, 2 0 0 4  an d  2009 , w h ich  

w ere  sca tte red  o v e r  d iffe re n t w a te r  ty p es  in  F lan d ers  (B e lg iu m ). In  te n  y ea rs  tim e , th e  

p rev a len ce  o f  a lie n  sp e c ie s  s ig n ific a n tly  in creased . W h e n  m ap p in g  th e  s ite -sp ec ific  

b io co n tam in a tio n  in d ex  (S B C I), w h ic h  re fle c ts  th e  n u m b e r  o f  a lie n  sp ec ie s  an d  th e ir  

ab u n d an ce , it w as fo u n d  th a t n av ig ab le  w a te rw ay s , h a rb o u rs  an d  b ra ck ish  w a te rs  w e re  

h o tsp o ts  fo r th e  o c cu rre n ce  o f  a lie n  m ac ro in v e rteb ra te s . F o r  w a te r  w ith  a g o o d  ch em ica l w a te r  

q u a lity , a n e g a tiv e  co rre la tio n  w a s  fo u n d  b e tw ee n  th e  S B C I a n d  th e  M u ltim e tric  

M a c ro in v e rte b ra te  Index  F la n d e rs  (M M IF ), in d ica tin g  th a t w a te r  b o d ies  w ith  a h igh  S B C I 

u su a lly  h ad  a  re la tiv e ly  lo w  e co lo g ica l w a te r  qua lity . A n in te g ra te d  m o d e l w as d ev elo p ed  to  

p re d ic t the fu tu re  p re v a len c e  o f  a lien  m ac ro in v e rteb ra te s . M o d e lle d  ch an g es o f  o x y g en  an d  

n u trie n t c o n ce n tra tio n s  d u e  to  th e  c o n stru c tio n  o f  p lan n ed  w a ste  w a te r  trea tm e n t p lan ts  in 

co m b in a tio n  w ith  a h a b ita t  su itab ility  m o d e l p re d ic tin g  th e  p re se n c e  o r  ab sen ce  o f  a lien  

sp ec ies , in d ica ted  th a t a  fu rth e r in c rease  in  th e  p re v a len c e  o f  th e se  a lie n  sp e c ie s  can  be  

ex p ec ted , e sp e c ia lly  in  th o se  w a te r  b o d ie s  ev o lv in g  fro m  a  b a d  o r  p o o r  to  a  m o d e ra te  w a te r  

q u a lity  status. H o w ev e r, w a te rs  w ith  a h ig h  eco lo g ica l o r  h y d ro -m o rp h o lo g ica l w a te r  q u a lity  

s ta tus w ere  fo u n d  to  b e  less p ro n e  to  in v asio n s .
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3.1 Introduction

In  o rd e r  to  se t u p  a c o st-e ffec tiv e  m an a g em e n t th a t c o n tro ls  a n d  red u ces  th e  fu rth e r sp read  o f  

in v as iv e  a lie n  sp ec ie s , i t  is im p o rtan t to  d e te rm in e  th e  fac to rs , such  a s  w a te r  qua lity , sh ip p in g  

a n d  b io tic  in te rac tio n s  th a t fa v o u r th e  e s tab lish m en t an d  sp re ad  o f  in v as iv e  a lie n  spec ies. S u ch  

fin d in g s  co u ld  b e  su p p le m e n ted  w ith  m o d e llin g  tec h n iq u es  p re d ic tin g  th e  fu tu re  d istrib u tio n  

o f  in v a s iv e  a lie n  sp e c ie s  and  in th is  w ay , d isc lo s in g  v u ln e rab le  areas fo r  in v as io n s .

In  th is  ch ap te r , it w as in v es tig a ted  to  w h ich  ex ten t th e  e s tab lish m en t a n d  sp read  o f  a lien  

m ac ro  in v e rteb ra te s  is d e te rm in ed  b y  h ab ita t, w a te r  q u a lity , sh ip p in g  a n d  b io tic  in te rac tio n s . 

W h ile  th e re  a re  se v e ra l s tud ies th at in v es tig a te  th e  e ffe c t o f  o n e  s in g le  fa c to r  on  ind iv idual 

a lie n  sp e c ie s  o r  n a rro w  tax o n o m ica l g ro u p s fo r a  sp e c ific  sy s te m  (e.g . v a n  R ie l e t a l., 2 0 06b ; 

G ra b o w sk i e t a l., 2 0 0 7 ), th ere  o n ly  a few  s tu d ie s  a d d ress in g  th e  im p o rta n ce  o f  en v iro n m en ta l, 

b io tic  a n d  h y d ro -m o rp h o lo g ica l v a riab le s  on  a lien  sp ec ie s  f ro m  d iffe re n t tax o n o m ic  g ro u p s a t 

a la rg e  g e o g rap h ic  sc a le  (e .g . V e rm o n d en  e t  a l., 2 010 ; F rü h  e t al., 2 0 1 2 ). T h e  site-sp ec ific  

b io co n ta m in a tio n  in d ex  (S B C I, A rb ac iau sk as  e t  ah , 2 0 0 8 ) w a s  c a lcu la te d  fo r  d iffe ren t w a te r 

ty p es  in  o rd e r  to  q u a n tify  th e  sp ec ie s  rich n e ss  o f  a lien  m ac ro in v e rteb ra te s  a n d  th e ir  ab u n d an ce  

in  th e  aq u atic  eco sy stem . In  o rd er to  d e tect sh ifts  in  b io co n ta m in a tio n , th ree  d iffe ren t years 

w ith  tim e  in te rv a ls  o f  f iv e  years  w ere  in v es tig a ted . B ased  on  b io c o n ta m in a tio n  m ap s , ho tsp o ts  

o f  b io co n ta m in a tio n  w e re  id en tified  on  a c a tch m e n t d is tr ic t sca le . In ad d itio n , th e  re la tio n sh ip  

b e tw ee n  th e  e co lo g ica l w a te r q u a lity  (ex p re ssed  as a m u ltim e tric  m ac ro in v e rteb ra te  index) 

a n d  th e  S B C I w a s  in v es tig a ted . It w as e x p ec te d  th a t a lie n  sp e c ie s  w e re  n u m ero u s  in  w a te rs  

w ith  a  p o o r  e co lo g ica l w a te r  q u a lity  and  a lo w  b io tic  re sis tan ce . F in a lly , th e  fu tu re  p rev alen ce  

o f  a lien  m ac ro in v e rteb ra te s  w as p red ic ted  b a se d  on  a co m b in a tio n  o f  m o d e llin g  tech n iq u es 

a n d  th e  e x p ec te d  c h an g e s  in  ch em ica l w a te r  q u a lity  d u e  to  th e  in sta lla tio n  o f  p lan n ed  

w a s te w a te r  tre a tm e n t p lan ts .

3.2 M aterials and m ethods

3.2.1 S tu d y  a rea

T h e  s tu d y  a re a  in c lu d e s  tw o  im p o rtan t in te rn a tio n a l ca tch m en ts : th e  S c h e ld t c a tch m en t and  

th e  c a tch m e n t o f  th e  M e u se  (V M M , 2 0 12). A n  o v e rv ie w  o f  th e  s tu d y  a rea  w ith  in d ica tio n  o f  

th e  m o s t im p o rta n t w a te rc o u rse s  a n d  g e o g rap h ic  lo ca tio n s a s  w e ll a s  a n  in d ica tio n  o f  th e  

p o ld e r  a re a  (g rey ) can  b e  fo u n d  in  C h ap te r  2  (Fig. 2 .1).
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3 .2 .2  D a ta  co llec tio n

T h e  p re se n te d  d a ta  o rig in a tes  fro m  th e  F le m ish  E n v iro n m e n t A g e n c y  (V M M ), w h ich  

c o o rd in a te s  th e  in te g ra te d  w a te r  m an a g em e n t in  F lan d ers . T h e  V M M  h as b e e n  m o n ito rin g  the 

w a te r  q u a lity  in  F la n d e rs  s in ce  1989 an d  c o lle c ted  b io lo g ica l, p h y s ic a l-ch e m ic a l and  h y d ro - 

m o rp h o lo g ic a l d a ta  o f  o v e r  4 ,6 0 0  sa m p lin g  lo ca tio n s  s itu a te d  in in la n d  w a te rs  (fresh  and  

b ra ck ish  w a te r). P h y s ic a l-c h em ica l an a ly se s w e re  c o n d u c te d  sev e ra l tim e s  a  y e a r (u su a lly  on  a 

m o n th ly  b as is)  a t a b o u t h a lf  o f  th ese  sam p lin g  lo ca tio n s , w h e reas fo r  b io lo g ic a l sam p le s each  

s a m p lin g  lo c a tio n  w as sa m p le d  on  av erag e  e v e ry  th re e  y ears . M e a su re d  s tan d ard  p h y sica l- 

ch em ica l p a ram e te rs  in c lu d e  p H , o x y g en  co n ce n tra tio n  an d  c o n d u c tiv ity . A  larg e  d a tase t o f  

m o re  th an  11 ,000  b io lo g ica l sam p les and  2 5 0 ,0 0 0  p h y s ic a l-ch e m ic a l sa m p le s  is availab le. 

M a c ro in v e rte b ra te s  w e re  co llec ted  b y  s tan d ard  h a n d  n e t  sa m p lin g  o r  v ia  a rtif ic ia l su b stra tes  i f  

it  w a s  n o t p o ss ib le  to  u se  th e  k ick  sam p lin g  m e th o d  (G ab rie ls  e t a h , 2 0 1 0 ). T h e  h an d  n e t 

co n s is ts  o f  a  m e ta l fram e  o f  ap p ro x im ate ly  0 .2  m  b y  0.3 m  to  w h ich  a  c o n ic a l n e t is a tta ch e d  

w ith  a  m esh  s iz e  o f  300 pm . W ith  th e  h a n d  n e t, a  s tre tc h  o f  ap p ro x im a te ly  10-20  m  w as 

sa m p le d  d u rin g  th re e  m in u te s  fo r w a te rc o u rse s  le s s  th an  2  m  w id e  o r fiv e  m in u te s  fo r  la rg e r 

r iv e rs . S a m p lin g  e ffo r t w as p ro p o rtio n a lly  d is tr ib u te d  o v e r  all a cc ess ib le  a q u a tic  h ab ita ts . In  

ad d itio n  to  th e  h a n d  ne t sam p lin g , m ac ro in v e rteb ra te s  w e re  m an u a lly  p ick e d  fro m  stones, 

leav es , o r  b ra n ch e s  a lo n g  th e  sam e  stre tch  (G a b rie ls  e t  a l., 2 0 1 0 ). A rtif ic ia l su b s tra tes  w ere  

u se d  fo r d eep  w a te rs  lik e  can a ls , w h e re  h a n d  n e t sa m p lin g  w as n o t p o ss ib le  (G ab rie ls  e t a l., 

2 0 1 0 ). T h ree  re p lica te s  o f  artific ia l su b s tra tes , w h ic h  c o n s is t o f  p o ly p ro p y le n e  b ag s (5 1) f illed  

w ith  b rick s  o f  d iffe re n t s izes , w e re  le f t  in  th e  w a te r  fo r  a  p e rio d  o f  a t le a s t th ree  w eek s a fte r 

w h ic h  th ey  w e re  re tr iev e d . In th is w ay , sp ec ie s  c o u ld  c o lo n ize  th e  su b s tra tes . B o th  sam p lin g  

m e th o d s  a re  s ta n d a rd ise d  se m i-q u an tita tiv e  m e th o d s  (G a b rie ls  e t a l., 2 010).

In  th e  V M M  d a tab ase , m ac ro in v e rteb ra te s  w e re  id en tif ie d  to th e  lev e l n eed ed  fo r the 

c a lcu la tio n  o f  th e  M u ltim e tric  M ac ro in v e rte b ra te  In d e x  F lan d ers  (M M IF ; G ab rie ls  e t al., 

2 0 1 0 ). In d ig en o u s an d  a lien  sp ec ies can  b e lo n g  to  th e  sam e  tax o n  a n d  th e re fo re , it  w as no t 

a lw ay s  c le a r  fro m  th e  V M M  d a tab ase  i f  a lien  m ac ro in v e rteb ra te s  o c c u rre d  in  th e  sam p les or 

not. T h e re fo re , w e  o n ly  id en tified  all tax a  th a t p o ss ib ly  w ere  re p re se n te d  by  a lien  sp ec ies 

(A n n e lid a , C ru sta ce a , M o llu sc a  o r P la ty h e lm in th es )  to  sp ec ies leve l. T h e  sam p le s o f  th ree  

y ea rs  w ere  a n a ly sed : 1999 (n = 6 2 2 ), 2 0 0 4  (n = 7 9 3 ) a n d  200 9  (n = 4 0 8 ). In  to ta l, 1823 sam p le s 

w e re  in v es tig a te d  a n d  d a ta  on  ab u n d an ce  o f  in d ig e n o u s  a n d  a lien  m ac ro in v e rteb ra te s  as w ell 

as re la te d  p h y s ic a l-ch e m ic a l (am m o n iu m  (NH4), b io lo g ic a l o x y g en  d e m a n d  (B O D 5), ch em ica l
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o x y g e n  d em an d  (C O D ), co n d u c tiv ity  (E C ), to ta l p h o sp h o ro u s (P t), K je ld ah l n itro g e n  (K jN ), 

n itra te  (N O 3), n itrite  (N O 2), o rth o p h o sp h a te  (0 P O 4), pH  an d  d isso lv ed  o x y g en ) and  h ydro - 

m o rp h o lo g ica l d a ta  (s lo p e , w a te r ty p e ) w e re  analysed . C lass if ica tio n  o f  a ll d iffe ren t w a ter 

ty p es  in  F landers w as based  on  Jo c h e m s e t a l. (2002) an d  G ab rie ls  e t al. (2 0 1 0 ). F o r p ractica l 

re a so n s , sev era l ty p es  w e re  c lu s te red  in to  m o re  genera l ty p es  le ad in g  to  six  m ajo r w a te r  types 

(T ab le  3 .1 ).

Table 3.1 Overview o f  different water types in Flanders (Belgium), based on Jochems et a l  (2002) 

and Gabriels et al. (2010).

W a te r  type A b b rev ia tio n C a tc h m en t a rea

S m all s tream Bk < 5 0  k m 2

L arg e  stream B g 5 0 -3 0 0  k m 2

S m all r iv e r R k 3 0 0 -6 0 0  k m 2

L arg e  r iv e r R g > 6 0 0  k m 2

P o ld e r  w a te r P N o t a p p licab le

L ak e S N o t a p p licab le

3 .2 .3  D a ta  analysis

T h e  s ite -sp ec ific  b io co n ta m in a tio n  in d ex  (S B C I) c an  be d e riv e d  fro m  tw o  m etrics : ab u n d an ce  

co n ta m in a tio n  index  (AC1) an d  rich n e ss  c o n tam in a tio n  in d ex  (R C I), b o th  a t o rd in a l rank 

(A rb a c ia u sk a s  e t a l., 2 0 08). T h ese  in d ice s  w e re  ca lcu la ted  as: A C I= N a /N t, w h e re  N a  is the 

to ta l n u m b e r  o f  a lien  in d iv id u a ls  an d  N t th e  to ta l n u m b er o f  in d iv id u a ls  in  a sam p le , and  

R C I= T a /T t, w h e re  T a is th e  to ta l n u m b e r  o f  a lien  tax a  an d  T t is th e  to ta l n u m b er o f  ta x a  per 

sa m p le . W ith  th e  A C I an d  R C I v a lu e s , th e  s ite -sp ec if ic  b io co n ta m in a tio n  in d ex  (S B C I) can  

th en  b e  d e riv ed  from  th e  m atrix  in  T ab le  3 .2 . SB C I c lasses ran k  fro m  0  (no  b io co n tam in atio n ) 

to  4  (v e ry  h igh  b io co n tam in a tio n ). T h e  th re sh o ld  fo r th e  lo w est q u a lity  lim it (“b a d ” c lass) is 

b a se d  on  th e  a ssu m p tio n  th at w h en  a lie n  sp ec ie s  re p re se n t m o re  th an  h a lf  th e  d e tec ted  tax a  or 

w h e n  th e ir  ab u n d an c e  ex ceed s 5 0 %  o f  th e  in d iv id u a ls , th e  co m m u n ity /a ssem b lag e  has 

d e v e lo p e d  as a co n seq u en ce  o f  th e  in v as io n  b y  a lien  sp ec ies . T h e  SB C I w a s  m ap p ed  and  

v isu a liz e d  p e r  y e a r u s in g  a  G e o g rap h ic  In fo rm atio n  S y stem  (A rcm ap  v e rs io n  9 .3 ). A  

d is tin c tio n  w as m ad e  b e tw ee n  sa m p lin g  s ites w h e re  sh ip p in g  w as p re se n t (square) o r absen t 

(c irc le ). In fo rm atio n  on  sh ip p in g  w a s  re tr iev e d  from  W ate rw eg en  en  Z eek an aa l n v  and  th e  

R iv e r  In fo rm atio n  Serv ices.
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Table 3.2 Assessment o f  site-specific biocontamination index (SBCI) based on abundance 

contamination index (ACI) and ordinal richness contamination index (RCI) (Arbaciauskas et 

al.. 2008).

A C I

R C I

n o n e 0.01 - 0 .10 0.11 - 0 .2 0  0.21 -- 0 .5 0 > 0 .50

n o n e 0

0.01 - 0 .10 1 2 3 4
0.11 - 0 .20 2 2 3 4
0 .2 1 - 0 .5 0 3 3 3 4
> 0 .50 4 4 4 4

N e x t to  the S B C I, th e  M M IF  (G a b rie ls  et ah , 2 0 1 0 ) w as ca lcu la te d  fo r  all th ree  years  and  all 

w a te r  types. T h e  M M IF  is a  ty p e -sp ec ific  m u ltim e tric  in d ex  b ased  on  fiv e  eq u a lly  w e ig h ted  

m etrics : tax a  rich n ess , n u m b er  o f  E p h em ero p te ra , P le co p te ra  an d  T ric h o p te ra  (E P T ) tax a , 

n u m b e r o f  o th e r sen sitiv e  tax a , th e  S h a n n o n -W ie n e r d iv e rs ity  in d ex  an d  th e  m ea n  to le ran ce  

sco re . T h e  fin a l in d ex  va lue  is e x p ressed  as an E co lo g ica l Q u a lity  R atio  ra n g in g  fro m  zero  fo r  

b ad  eco lo g ica l q u a lity  to o n e  fo r v e ry  goo d  e co lo g ica l qua lity . A lien  sp ec ie s  w e re  in c lu d ed  in 

th e  c a lcu la tio n  o f  th e  M M IF , s in ce  w e  fo llo w ed  th e  s tan d ard  m eth o d  as d e sc rib e d  in  G ab rie ls 

e t al. (20 1 0 ), w h e re  n o  d is tin c tio n  is m ad e  b e tw ee n  a lien  an d  in d ig en o u s  taxa. T h e  

re la tio n sh ip  b e tw ee n  th e  S B C I a n d  th e  M M IF  w as in v es tig a ted  b ased  on sc a tte r  p lo ts  m ad e  in 

th e  free  so ftw a re  p ack ag e  R  (v e rs io n  2 .1 1 .0 ), w h e re  th e  s ize  (d iam ete r) o f  th e  do ts rep re sen t 

th e  n u m b er o f  sam p les. T he b a s ic  P ra ti w as c a lcu la te d  p e r sam p lin g  p o in t b a sed  on  m easu red  

v a lu e s  fo r C O D , d isso lv ed  o x y g e n  an d  N H 4 c o n cen tra tio n  (P rati et a l., 1971). B ased  on th is  

in d ex , five  d iffe ren t c la sses ra n g in g  fro m  ex ce llen t to  v e ry  b a d  w a te r  q u a lity  co u ld  b e  

d is tin g u ish ed . S am p les c la ss if ied  as ex ce llen t o r a cc ep tab le  w ere  g ro u p ed  u n d e r  a go o d  

ch em ica l w a te r  q u a lity , w h e reas  sa m p le s  c la ss if ied  as s lig h tly  p o llu ted , p o llu ted  an d  h e av ily  

p o llu te d  u n d e r a  bad  ch em ica l w a te r  qua lity . T h is  c la ss if ica tio n  acco rd in g  to  P ra ti e t al. 

(1 9 7 1 ) w as u se d  to  in v es tig a te  th e  re la tio n sh ip  b e tw ee n  th e  SB C I and  th e  M M IF  u n d e r  g o o d  

an d  b a d  chem ica l w a te r  q u a lity  co n d itio n s. T h e  re la tio n sh ip  b e tw ee n  th e  SB C I an d  th e  M M IF  

as  w e ll as th e  re la tio n sh ip  b e tw ee n  th e  SB C I an d  th e  m easu red  p h y sic a l-ch e m ic a l p a ram ete rs  

w as te s te d  u sin g  S p e a rm a n ’s R an k  C o rre la tio n  C o e ffic ien t. A  fac to ria l A N O V A  w as u sed  to 

te s t th e  d ifference  in S B C I b e tw e e n  th e  d iffe ren t years  an d  d iffe ren t r iv e r  ty p es a s  w e ll as th e  

in te rac tio n  e ffec t. A  M a n n -W h itn ey  U  tes t w a s  u sed  to  te s t w h e th e r  th e re  w as a  sig n ifican t 

d iffe re n ce  in  m ea su re d  n u tr ie n t c o n ce n tra tio n s  b e tw e e n  th e  y ear 1999 an d  200 9  fo r  th e  57
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se lec te d  sites . In  ad d itio n , K ru sk a l-W a llis  A N O V A  w as u se d  to  te s t th e  d iffe ren ce  in  

p h y s ic a l-ch e m ic a l p a ram e te rs  b e tw ee n  th e  d iffe ren t w a te r  ty p es , w h e re  w a te r  ty p e  w as th e  

in d ep e n d en t v a r ia b le  and  th e  p h y s ic a l-ch e m ic a l v a ria b le s  th e  d e p en d en t v a riab le s . T h e  

s ig n ifican ce  lev e l fo r h y p o th es is  te s tin g  w as  se t a t p  < 0 .05 . A ll sta tis tica l an a ly se s  w ere  

p e rfo rm e d  u s in g  S ta tis tic a  7 .0  (S tatSoft In c ., 2004).

B esid es  th e  b a s ic  s ta tis tic s , m u ltiv a ria te  d a ta  a n a ly sis  w as p e rfo rm e d  u s in g  C A N O C O  fo r 

W in d o w s 4 .5  ( te r  B ra ak  an d  S m ilau e r, 2 0 0 2 ) to  in v estig a te  w h ich  en v iro n m en ta l p a ram ete rs  

w e re  d e tr im en ta l fo r  th e  sp ec ies co m p o sitio n . O n ly  th e  m o st freq u en tly  en co u n te re d  a lien  ta x a  

as w e ll as th e  re la te d  in d ig e n o u s  ta x a  w e re  p lo tted . D ire c t g rad ien t a n a ly sis  w as u sed , since  

e n v iro n m en ta l v a r ia b le s  w e re  e x p lic itly  in co rp o ra ted  in th e  an a ly sis . T o  te s t  w h e th e r  a  linear 

o r  u n im o d a l m e th o d  w as n eed e d , a  D e tren d e d  C o rre sp o n d en ce  A n a ly s is  (D C A ) w as 

p e rfo rm ed . I f  th e  L en g th  o f  G ra d ien t (L o G ) >  4, a  u n im o d a l m e th o d  is n eed ed , w h e rea s  i f  th e  

L o G  <  3 a  lin e a r m e th o d  is d e sig n a ted . In  o u r  case , a  C an o n ica l C o rre sp o n d en c e  A n a ly sis 

(C C A ) w as u se d  s in c e  th e  L o G  =  5.1 . A v e rag es  w ere  u sed  fo r m iss in g  d a ta  (2 2 9  o u t o f  1823 

sam p le s w e re  m iss in g ) an d  a  lo g  (x+ 1) tran sfo rm a tio n  w as p e rfo rm e d  p rio r to  C C A  to  

n o rm a lize  th e  da ta . O n e  o f  b o th  o f  th e  fo llo w in g  en v iro n m en ta l v a riab le s  w e re  rem o v ed  p rio r  

to  a n a ly sis  b e ca u se  th e y  w e re  h ig h ly  c o rre la ted  w ith  each  o ther: B O D  an d  C O D  ( r  =  0 .58 , p  = 

0 .0 0 1 ), P t an d  o P 0 4 ( r  =  0 .7 3 ,p  <  0 .0 0 1 ) an d  K jN  an d  N H 4 ( r  =  0 .78 ,/>  <  0 .0 0 1 ).

3 .2 .4  In teg ra te d  m o d e llin g  a p p ro ac h

P red ic tio n s  on  th e  fu tu re  p re v a len c e  o f  a lien  m ac ro in v e rteb ra te s  in  w a te r  b o d ie s  in  F landers 

w e re  m ad e  b a se d  on  an  in teg ra ted  m o d e llin g  ap p ro ach , w h e re  a  h a b ita t su ita b ility  m o d el 

(b ased  on  a d a ta -d r iv e n  c la ss if ica tio n  tree ) w as co m b in ed  w ith  p re d ic tio n s  on th e  

im p ro v e m en t o f  th e  ch em ica l w a te r  q u a lity  (P E G A S E  w a te r  q u a lity  m o d e l)  d u e  to  the 

in sta lla tio n  o f  p la n n e d  w a s te w a te r  trea tm e n t p lan ts  (R o n se  an d  D ’h ey g ere , 2 0 0 7 ; D e lièg e  e t 

a l., 2009).

T h e  P E G A S E  m o d e l is a d e ta ile d  h y d ro d y n a m ic , d e te m iin is tic  w a te r  q u a lity  m o d e l th at 

c o n sists  o f  th ree  su b m o d e ls : a  co m b in e d  h y d ro lo g ica l and  h y d ro d y n a m ic  su b m o d e l, a th erm al 

su b m o d e l an d  a b io lo g ic a l su b m o d e l (R o n se  a n d  D ’h ey g ere , 2 0 0 7 ). T h e  f lo w  (m 3 d a y '1) is 

in d isp en sab le  w h e n  d e te rm in in g  th e  w a te r  q u a lity  b ecau se  p o llu tio n  loads a re  ch arac te rised  b y  

th e  flo w  an d  th e  co n ce n tra tio n  o f  p o llu ta n ts  in  th e  w ater. T h e  av era g e  flo w  p e r  w a te rco u rse  

w as c a lcu la te d  b a se d  on  se rie s  o f  f ie ld  m easu rem en ts . B ased  o n  th e  m ea su re d  flow , th e  

n a tu ra l f lo w  co u ld  b e  d e te rm in e d  b y  m ea n s  o f  th e  m ass b a lan ce . B esid es  flo w , a lso  th e  w id th
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o f  th e  w a te rc o u rse  (m ), th e  s lo p e  (m m  m "') a n d  th e  co effic ie n t o f  M a n n in g  (s m"1,3) w ere  

in co rp o ra ted . In  ad d itio n , a  d ig ita l e lev a tio n  m o d e l an d  th e  lan d  u se  w e re  u se d  to  d e te rm in e  

th e  n a tu ra l flow . A n  im p o rta n t p a ram e te r o f  th e  th e rm al su b m o d e l w a s  w a te r  tem p era tu re  

(°C ), since  th is  p a ram e te r  in flu en ces  th e  k in e tic s  o f  p ro c esse s  in  th e  w a ter. B esid es se rie s  o f  

m e a su re m e n ts  o f  th e  w a te r  tem p era tu re , a lso  m ea su re m e n ts  o f  so la r  ra d ia tio n  w e re  u se d  as 

in p u t fo r th e  th e rm a l m o d el. F o u r  ty p es  o f  p ro c esses  w e re  tak e n  in to  acc o u n t fo r the 

b io lo g ica l su b m o d e l: tran sp o rta tio n  an d  d ilu tio n , b io ch e m ic a l p ro c esse s  in th e  w a te r  c o lu m n , 

in te rac tio n s  o f  th e  w a te r c o lu m n  w ith  th e  a ir  n e a r th e  w a te r  su rface  an d  in te rac tio n s  o f  th e  

w a te r  c o lu m n  w ith  the so il. R e g ard in g  the b io ch em ica l p ro c esse s , th e  b io m ass o f  

p h y to p la n k to n  and  -b e n th o s ,  Z ooplankton  an d  b e n th ic  f ilte re rs  a n d  h e te ro tro p h ic  b a c te ria  

w e re  m o d e lled . T h e  in te g ra te d  P E G A S E  m o d e l w as ca lib ra ted  a n d  v a lid a te d  w ith  

m ea su re m e n ts  o f  B O D , C O D , o x y g en  co n ce n tra tio n , a m m o n iu m , n itra te , n itr ite , K je ld ah l 

n itro g en , to ta l n itro g en , o r th o p h o sp h a te  an d  to ta l p h o sp h o ro u s . T h e  v a lid a tio n  o f  th e  m o d el 

w ith  m ea su re d  v a lu e s  g e n e ra lly  re su lte d  in accu ra te  p red ic tio n s  o f  th e  d iffe re n t p a ram ete rs  

(R o n se  an d  D ’h ey g ere , 2 0 0 7 ; D e liè g e  e t a l., 2 0 0 9 ; MERA, 2 0 0 9 ). W ith  th e  P E G A S E  m o d e l, 

p h y sic a l-ch e m ic a l d a ta  w ere  g en era ted  fo r th ree  y ea rs: 20 0 6  (re fe re n ce  d a ta )  a n d  p re d ic tio n s  

fo r  th e  y e a r 2 0 1 5  a n d  2 0 2 7  a cc o rd in g  to  th e  d e ad lin es  se t b y  th e  E u ro p e a n  W a te r  F ram ew o rk  

D irec tiv e . In  th e  f irs t scen ario  (2 0 1 5 ), th e  s ta n d a rd  p o lic y  as w e ll as th e  p ro p o se d  m easu re s in 

th e  firs t p e rio d  o f  th e  d is tr ic t p lan s  a re  im p lem en ted . In  th e  se c o n d  sc e n a rio  (2 0 2 7 ), all 

p ro p o se d  m ea su re s  a re  im p le m e n ted  an d  th e  re ce iv in g  w a te r  o f  th e  n e ig h b o u rin g  c o u n trie s  is 

e x p ec te d  to  b e  o f  g o o d  q u a lity  (M IR A , 2 009). T o  ch eck  th e  a c c u ra c y  o f  th e  w a te r  q u a lity  

m o d e l, th e  ca lcu la tio n  o f  th e  p re sen ce  o f  a lien  sp e c ie s  in  th e  sam p le s o f  th e  y e a r 200 6  b ased  

o n  th e  o u tp u t o f  th e  w a te r  q u a lity  m o d e l w as c o m p a red  w ith  th e  re su lts  o b ta in ed  w h e n  

ru n n in g  th e  h ab ita t su itab ility  m o d e l on th e  m ea su re d  p h y s ic a l-ch e m ic a l d a ta  o f  th e  y e a r 

2 0 0 6 .

F o r  o u r  h a b ita t  su itab ility  m o d e l, a  d a ta -d r iv e n  c la ss if ica tio n  tree  m o d e l w as co n stru c ted  

b a se d  on  d a ta  o f  a ll th ree  y ea rs  (m ea su re d  v a lu e s)  in c lu d in g  o n ly  th o se  p h y sic a l-ch e m ic a l 

p a ram ete rs  th a t w e re  a lso  av a ilab le  in  th e  w a te r  q u a lity  m o d e l (N H 4, B O D , C O D , K jN , N O 3, 

N O 2, P t, 0 P O 4, o x y g en  co n cen tra tio n ), th e  s lo p e  a n d  th e  p re sen c e  (n = 8 7 3 ) o r ab sen ce  (n = 9 5 0 ) 

o f  a lie n  m a c ro in v e rteb ra te s . O n ly  a  lim ited  n u m b er o f  p h y s ic a l-ch e m ic a l p a ram ete rs  w ere  

in c lu d e d  in  th e  w a te r  q u a lity  m o d e l an d  co n seq u en tly , o n ly  th ese  p a ram ete rs  w e re  u se d  to 

b u ild  th e  h a b ita t su itab ility  m o d e l p re d ic tin g  th e  p re v a len c e  o f  a lie n  m ac ro in v e rteb ra te s . 

E x ce p t fo r s lo p e , h y d ro -m o rp h o lo g ica l p a ram ete rs  w e re  n o t c o n s is te n tly  m o n ito re d  in
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F la n d e rs  a n d  th e re fo re , o n ly  one h y d ro -m o rp h o lo g ica l p a ram e te r c o u ld  b e  in c lu d ed  in  o u r 

a n a ly s is . C lass if ic a tio n  trees w ere  g ro w n  w ith  a  re cu rs iv e  p a rtitio n in g  a lg o rith m  from  a 

tra in in g  se t o f  reco rd s, w h ic h  is k n o w n  as ‘T o p -D o w n  In d u c tio n  o f  D ec is io n  T re e s ’ (Q u in lan , 

1992). F o r  each  s tep , th e  m o st in fo rm a tiv e  in p u t v a ria b le  is se lec ted  as th e  ro o t o f  th e  su b -tree  

a n d  th e  c u rre n t tra in in g  se t is sp lit  in to  su b se ts  acco rd in g  to  th e  v a lu e s  o f  th e  se lec ted  inpu t 

v a riab le . In  th is  w ay , ru le s  a re  g e n e ra te d  th a t re la te  the  p re d ic to r  ( in d ep e n d en t)  v a riab le s  (e .g . 

o x y g e n  co n ce n tra tio n ) w ith  the re sp o n se  (d ep en d en t) v a ria b le s  (p rev a len ce  o f  a lien  

m ac ro in v e rteb ra te s ) . F o r  th e  c o n stru c tio n  o f  th e  c la ss if ica tio n  tree , th e  J4 8  a lg o rith m  w as 

a p p lie d  (F la il e t a l., 2 0 0 9 ), w h ich  is a  re -im p lem en ta tio n  o f  th e  C 4 .5  a lg o rith m . S tan d ard  

se ttin g s  an d  th ree -fo ld  c ro ss-v a lid a tio n  w e re  u se d  to  c o n stru c t th e  c la ss if ic a tio n  tree. T h e  

d a ta se t w a s , a fte r  re sh u fflin g , ra n d o m ly  sp lit in  th ree  subsets: tw o  th ird s  w ere  u sed  fo r 

tra in in g  an d  o n e  th ird  fo r  va lid a tio n . F o r  e ac h  tra in in g  a n d  v a lid a tio n  se t, a  m o d e l w as  b u ild  

a n d  in  th is  w ay , a p e rfo rm an ce  v a lu e  fo r  each  o f  th e  th ree  d iffe ren t m o d e ls  w as ob tained . 

F in a l m o d e l p e rfo rm a n ce  w as b a se d  on  th e  p e rce n ta g e  C o rre c tly  C la ss if ie d  In stan ces (C C I) 

a n d  C o h e n ’s K ap p a  S ta tis tic  (K ). T h e  p e rfo rm an ce  o f  th e  h a b ita t su itab ility  m o d e l w as 

c a lcu la te d  fo r  each  y e a r as w ell as fo r a ll years  to g e th e r (en tire  d a tase t). T h e  m o d e l w as b u ilt 

u s in g  W E K A  so ftw are  (v e rs io n  3 .0 ). W e  s tr iv ed  fo r an  o p tim a l m o d e l w ith  a g o o d  b a lan ce  

b e tw ee n  a sa tis fy in g  p e rfo rm an ce  on  th e  o n e  h a n d  a n d  a  h ig h  e co lo g ica l re lev an ce  and  

re d u ce d  c o m p le x ity  on th e  o th er hand.

In  th e  fin a l step , th e  h ab ita t su itab ility  m o d e l w as a p p lied  on  th e  d a ta  g e n e ra te d  b y  th e  w a ter 

q u a lity  m o d e l. T h e  d a ta  o f  20 0 6  w e re  u se d  as a  re fe re n ce , w h e rea s  th e  d a ta  o f  2015  an d  2027  

w e re  u se d  to  m ak e  p re d ic tio n s  on  th e  fu tu re  p rev a len ce  o f  a lien  m ac ro in v e r teb ra te s  in  su rface  

w a te rs  in  F lan d ers . B ased  on th e  in teg ra ted  m o d e l, th e  p re v a len c e  o f  a lie n  m ac ro in v e rteb ra te s  

w a s  ca lcu la ted .

3.3 R esults

B ased  on  th e  1823 b io lo g ic a l sam p les, a  to ta l o f  29  a lien  m ac ro in v e rteb ra te  sp ec ie s  b e lo n g in g  

to  fo u r  d iffe re n t P h y la  w e re  id en tified  (se e  C h a p te r  2 fo r d e ta iled  sp e c ie s  list). C ru stacea  

re p re se n ted  5 9 %  o f  a ll a lien  sp ec ies , fo llo w ed  b y  M o llu sc a  (3 1 % ), P la ty h e lm in th es  (7% ) and  

A n n e lid a  (3 % ). M o s t a lie n  m ac ro in v e rteb ra te s  o rig in a ted  fro m  th e  P o n to -C a sp ian  reg io n  

(3 5 % ) o r  N o rth -A m e ric a  (24% ), 14%  fro m  A sia , 2 1 %  fro m  S o u th  E u ro p e  an d  o n ly  o n e  

sp e c ie s  f ro m  N e w  Z ea la n d  an d  one fro m  A fric a  (b o th  3% ).
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3 .3 .1  A sse ssm e n t o f  b io co n tam in atio n

F o r  th e  six  d iffe re n t w a te r ty p es (T ab le  3 .1 ), th e  S B C I w as c a lcu la te d  (F ig . 3 .1 ). T h e  resu lts  

sh o w  th a t in  larg e  and  sm a ll s tream s, 60  to  7 0 %  o f  th e  sa m p le s  w ere  free  o f  a lien  

m a c ro in v e rteb ra te s . In  con trast, larg e  a n d  sm all r iv e rs , p o ld e r  w a te rs  an d  lakes w e re  m o stly  

c la ss if ie d  a s  b io co n ta m in a te d  (F ig. 3 .2 ). M o s t sa m p le s  c la ss if ied  a s  se v e re ly  b io co n tam in a ted  

(S B C I c lass  4 ) co u ld  be fo u n d  in  larg e  r iv e rs  an d  p o ld e r w a te rs . A lien  m ac ro in v e rteb ra te s  

w e re  en co u n te re d  in  m o re  th an  7 0 %  o f  a ll sa m p le s  in  p o ld e r  w a te rs  a n d  lakes, w h ich  w ere  

h ig h ly  b io co n ta m in a te d . T h e  h ig h es t n u m b e r  o f  a lie n  m ac ro in v e rteb ra te  sp e c ie s  (1 0  sp ec ie s  at 

o n e  s ite )  w as e n c o u n te re d  in  a  lake, w h e rea s  th e  h ig h es t d e n s ity  (> 1 0 0 0  in d iv id u a ls  p e r  th ree  

b ag s o f  a rtif ic ia l su b stra tes) w as fo u n d  in a larg e  canal.

100%

&

60 %

£  20 %  -

0%
S m all L arge  S m all L arg e  P o ld e r L ak e
stre am  s tream  riv e r  r iv e r  w a te r  (n = 56)

(n = 9 5 9 ) (n = 298) (n = 7 8 ) (n = 2 7 1 ) (n = 1 6 1 )

R iv e r  type

F igure 3.1 Site-specific biocontamination index fo r  the different water types (no biocontamination 

(white), low biocontamination (striped), moderate biocontamination (dotted), high biocontamination 

(crossed) and very high biocontamination (black)).

A n a ly sis  o f  th e  p h y s ica l-ch em ica l c h a ra c te ris tic s  o f  th e  d iffe re n t w a te r  ty p es re v ea le d  th a t 

th e re  w e re  s ig n if ic a n t d iffe ren ces b e tw e e n  th e  d iffe re n t w a te r  ty p es  fo r  all p h y sica l-ch em ica l 

p a ram e te rs  th a t w e re  m easu red  (T ab le  3 .3 a  and  3 .3 b ). O n  a v erag e , th e  h ig h es t n u tr ie n t levels 

w e re  m ea su re d  in  th e  p o ld e r w aters  (T ab le  3 .3 a). T h e  h ig h  co n d u c tiv ity  m ea su re d  in the  

p o ld e r  w aters  co u ld  b e  a ttrib u ted  to  th e  b ra ck ish  w a te r  co n d itio n s. L arg e  r iv e rs  c o n ta in ed  

re la tiv e ly  lo w  n u tr ie n t leve ls, b u t so m e tim es h a d  a  h ig h  co n d u ctiv ity . L akes sco red  best 

re g a rd in g  ch em ica l w a te r  q u a lity  p a ram ete rs . T h e  h ig h es t n u tr ie n t v a lu e s  co u ld  b e  fo u n d  in
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sm a ll s tream s. T h ere  w as a d iffe re n ce  in  th e  d o m in an ce  o f  a lien  m ac ro in v erteb ra tes  

e n c o u n te re d  in  th e  d iffe ren t w a te r  ty p e s  (T ab le  3 .4 ). In  te rm s o f  a lien  b io ta , sm a ll an d  larg e  

s tream s w ere  m a in ly  c o lo n iz e d  b y  c ru stacean s: Proasellus meridianus (R aco v itza , 1919) an d  

Crangonyx pseudogracilis (B o u sfie ld , 1958). T y p ica l e u ry h a lin e  sp e c ie s , lik e  th e  am p h ip o d  

Gammarus tigrinus S ex to n , 1939 an d  th e  N e w  Z ea la n d  m u d  sn a il Potamopyrgus antipodarum  

(JE  G ray , 1843), w e re  fo u n d  in  a b o u t h a lf  o f  th e  sam p le s tak e n  in  p o ld e r  w a ters . In  larg e  

r iv e rs , m a in ly  a lien  g am m arid s  a s  w e ll as th e  P o n to -C a sp ian  b iv a lv e  Dreissena polymorpha  

d o m in a ted  th e  sam p les. S ev eral a lie n  m ac ro  in v erteb ra te  sp ec ie s  w e re  en co u n te re d  in  lakes 

a n d  e sp e c ia lly  th e  f la tw o rm  Dugesia tigrina (G irard ) as w e ll as th e  N ew  Z ea lan d  m u d  sna il 

(.Potamopyrgus antipodarum ) w e re  f re q u e n tly  found .
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Chapter 3: W hich key factors favour the establishm ent success and spread o f  alien macroinvertebrates

Table 3.4 Prevalence (%>) (calculated as the number o f samples where the species was recorded 

relative to the total number o f samples for that specific water type) o f  the most frequently encountered 

alien macroinvertebrates (present in more than 3% o f  all samples) in the different water types: small 

stream (Bk), large stream (Bg), small river (Rk), large river (Rk), polder water (P) and lake (S).

Species Bk Bg Rk Rg P S

Dugesia tigrina 2.8 5.7 15.4 13.7 9.3 33.9

Chelicorophium curvispinum 0.1 - - 12.5 - 10.7

Crangonyx pseudogracilis 8.2 3.7 6.4 1.5 2.5 14.3

Dikerogammarus villosus 0.1 - - 15.1 0.6 14.3

Gammarus tigrinus 4.2 5.0 37.2 20.3 52.8 21.4

Proasellus coxalis 1.5 0.7 6.4 0.4 6.2 3.6

Proasellus meridianus 11.9 6.4 10.3 4.4 10.6 21.4

Orconectes limosus 1.0 2.3 1.3 6.6 - 12.5

Corbicula spec. 0.3 - 1.3 6.6 - 16.1

Dreissena polymorpha 0.5 0.3 3.8 35.1 2.5 26.8

Ferrissia clessiniana 1.6 1.7 7.7 10.0 1.2 8.9

Physella acuta 11.7 6.7 6.4 3.7 6.2 19.6

Potamopyrgus antipodarum 12.6 7.7 15.4 15.5 41.0 48.2

W h en  a n a ly s in g  th e  C C A  b ip lo t o f  freq u en tly  en co u n te red  sp ec ies and  e n v iro n m en ta l 

v a ria b le s , th e  f irs t a n d  th e  se c o n d  ax is  h a d  an  E ig en v alu e  o f  0 .4 4 9  and  0 .2 0 6 , re sp ec tive ly . 

T h e  f irs t an d  se c o n d  a x is  e x p la in ed  50%  an d  2 3 %  o f  th e  v a ria n ce  in  sp ec ie s  co m p o sitio n , 

re sp ec tiv e ly . S B C I, co n d u c tiv ity  an d  p H  ex p la in ed  m o st o f  th e  v a rian ce  in  th e  species 

c o m p o s itio n  an d  w e re  s tro n g ly  c o rre la te d  w ith  the first ax is  r  =  0 .85 , r  =  0 .2 4  and  r  =  0 .50, 

re sp ec tiv e ly . A m m o n iu m  ( r  =  -0 .3 3 ), co n d u c tiv ity  ( r  =  -0 .4 0 ) and  C O D  ( r  =  -0 .3 0 ) w ere  

n e g e ta iv e ly  c o rre la te d  w ith  th e  se c o n d  ax is  (Fig. 3 .2a). A lien  an d  in d ig en o u s sp e c ie s  co u ld  be 

c le a rly  se p a ra ted  fro m  each  o th er (F ig . 3 .2a). T h e  in d ig en o u s  sp ec ie s  Gammarus pulex  m ain ly  

o ccu rre d  in  sm a ll s tream s (h ig h  s lo p e) w ith  a  goo d  e co lo g ica l w a te r  q u a lity  (h ig h  M M IF ), 

w h e reas  th e  a lie n  g am m arid  G. tigrinus m a in ly  p re fe rred  r iv e rs  w ith  a  h ig h  co nductiv ity . 

M o s t a lien  sp ec ie s  th a t o ccu rred  freq u en tly  in larg e  r iv e rs  (can a ls) c lu s te red  to g e th e r (F ig. 

3 .2a). T h e  b ip lo t o f  th e  sam p les and  e n v iro n m en ta l v a r ia b le s  re v ea le d  th a t sm all (B k) and  

la rg e  b ro o k s  (B g ) w e re  m a in ly  asso c ia ted  w ith  a h igh  slo p e  an d  sin u o sity , w h e rea s  sm all (R k) 

and  larg e  r iv e rs  (R g ) w e re  asso c ia ted  w ith  th e  S B C I (F ig  3 .2b ).
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Figure 3.2a Canonical Correspondence analysis (CCA) showing the relationship between the 

environmental variables (see Table 3.2 a) and the most frequently encountered alien species (Table 3.3 

and Dendrocoelum romanodanubiale) and indigenous (indicated by the square) species in Flanders. 

The circle clusters all alien species which commonly occur together in large watercourses in 

Flanders.
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Figure 3.2b Biplot o f  samples and environmental variables. For the used abbreviations o f  the river 

types see Table 3.1.
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B a se d  o n  th e  A N O V A , a  s ig n ifican t d iffe re n ce  in  th e  b io co n ta m in a tio n  co u ld  b e  o b se rv ed  

b e tw e e n  th e  th ree  years  (d f  =  2 , F  =  2 0 .2 , p  < 0 .0 0 1 ), b e tw ee n  th e  d if ie re n  r iv e r  ty p es (d f  =  5, 

F  =  5 3 .8 , p  <  0 .0 0 1 ) a s  w ell as the  in te rac tio n  e ffec t y e a r * r iv e r  ty p e  ( d f  =  10, F  =  3 .95 , p  < 

0 .0 0 0 0 2 ) (Fig. 3 .3a). In 2 0 0 9 , m o re  th an  50%  o f  th e  sa m p le s  c o n ta in ed  a lien  

m ac ro in v e rteb ra te s  and  there  w as an  in c rease  in  th e  h ig h  a n d  v e ry  h ig h  b io co n tam in atio n  

c la sse s  c o m p a red  to  200 4  an d  1999. In  p o ld e r  w a te rs , th e  b io co n ta m in a tio n  leve l f lu c tu a ted  

an d  o n ly  20  to  3 0 %  o f  th e  s ite s  w e re  free  o f  a lie n  m ac ro in v e rteb ra te s  (Fig. 3 .3b ). A  se rio u s 

in c re ase  in b io co n ta m in a tio n  w as o b se rv ed  fo r larg e  r iv e rs  an d  in  2 0 0 9 , up  to  10%  o f  th e  s ites 

co u ld  b e  c la ss if ied  as sev e re ly  b io co n ta m in a te d  (S B C I =  4 ), in d ica tin g  th a t a t these  s ites m ore  

th an  5 0 %  o f  th e  tax a  are  a lien  a n d /o r  a lie n  ta x a  m ak e  up  m o re  th an  50%  o f  th e  to tal 

ab u n d an c e  (F ig . 3 .3c). T h e  frac tio n  b io co n ta m in a te d  sm a ll r iv e rs  rem a in ed  m o re  o r less 

co n stan t, b u t th e re  w as a sh ift to w ard s  h ig h e r  b io co n ta m in a tio n  c la sse s  (F ig . 3 .3d ). O n ly  a 

sm a ll in c rease  in th e  n u m b er o f  a lie n  m ac ro in v e rteb ra te s  w as o b se rv ed  in sm a ll an d  large 

s tream s (F ig . 3 .3 e , 3 .3 f). L akes a re  in v ad ed  b y  a lien  m ac ro in v e rteb ra te s  an d  in  2 0 0 9 , a lien  

sp ec ie s  w e re  fo u n d  in  a ll sa m p le d  lo ca tio n s (F ig . 3 .3g ). In  F ig . 3 .3h , th e  57  s ites , (d is trib u ted  

o v e r  d iffe re n t w a te r  ty p es) th at w e re  m o n ito re d  in  all th ree  y ears , a re  co m p ared . S im ila r to the 

g ra p h  b a se d  o n  a ll d a ta  (F ig . 3 .3 a), an  in c rease  in  th e  n u m b er o f  s ites c o m p ris in g  a lien  

m ac ro in v e rteb ra te s  w as o b se rv ed , w ith  m a in ly  an  in c rease  in  s ite s  o f  m o d era te  to  h igh  

b io co n ta m in a tio n .
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Figure 3.3 Site-specific biocontamination index for the three different years (1999, 2004 and 2009) 

fo r  (a) all data, (b) polder waters, (c) large rivers, (d) small rivers, (e) large streams, (f) small 

streams, (g) lakes and (h) a selection o f 57 sites that were monitored in each year (no 

biocontamination (white), low biocontamination (striped), moderate biocontamination (dotted), high 

biocontamination (crossed) and vety high biocontamination (black)).

B a se d  on  th e  b io co n ta m in a tio n  m ap s  (F ig . 3 .4 ), an  in c rease  in  th e  n u m b er o f  b io co n ta m in a te d  

s ite s  c o u ld  b e  o b se rv ed  o v e r  th e  th ree  years. In  th e  y e a r 1999, th e  h o tsp o ts  fo r 

b io co n ta m in a tio n  w e re  m a in ly  s itu a te d  in th e  la rg e  can a ls  w ith  in ten siv e  sh ip p in g  in  th e  

e a s te rn  p a r t o f  F lan d ers  (F ig . 3 .4a). O n ly  fiv e  y ea rs  la te r, the  h a rb o u r  o f  G h en t a n d  th e  canal 

G h e n t-T e m e u z en  b ecam e  h ig h ly  b io co n ta m in a te d . T h e  b rack ish  p o ld e r  w a te rs  a lso  b e c a m e  a
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h o tsp o t fo r  a lien  m ac ro in v e rteb ra te s  s in ce  200 4  (F ig. 3 .4b ). B ased  on  th e  b io co n tam in a tio n  

m ap , a n o th e r g en era l in c rease  in  th e  n u m b er o f  s ites co n ta in in g  a lien  m ac ro in v erteb ra tes  

co u ld  b e  o b se rv ed  in  2009. A lien  sp ec ie s  d isp e rsed  and  m a n y  p re v io u s ly  u n co n tam in a ted  

la rg e  an d  sm all r iv e rs  w e re  c la ss if ied  in  200 9  as b io co n tam in a ted  (F ig. 3 .4c).

3 .3 .2  R e la tio n  b e tw e e n  w a te r  q u a lity  an d  b io co n tam in a tio n

W h en  p lo ttin g  th e  s ite -sp ec if ic  b io co n ta m in a tio n  in d ex  (S B C I) in  fu n c tio n  o f  th e  m u ltim e tric  

m ac ro in v e rteb ra te  in d ex  F lan d ers  (M M IF ), a d ec rease  in  th e  e co lo g ica l w a te r  q u a lity  (M M IF) 

w as o b se rv ed  w ith  in creas in g  co n ta m in a tio n  b y  a lien  sp ec ies (S B C I), ex cep t fo r th e  low est 

S B C I c lass  zero  (F ig. 3 .5a). A n  SB C I o f  zero  in d ica te s  th a t there  w e re  no  a lien  species 

e n co u n te red , w h ich  can  b e  th e  c ase  in  p ris tin e  w a te rs  th a t h av e  n o t b e e n  c o lo n ized  b y  aliens. 

H o w ev e r, it sh o u ld  b e  tak e n  in to  acc o u n t th a t such  a lo w  SB C I can  a lso  b e  cau sed  by  a  w a ter 

q u a lity  th a t is v e ry  p o o r  and  h a rd ly  su p ports an y  sp ec ie s  (th u s a lso  n o  a lien  sp ec ies). To 

o v e rco m e  th is  a m b ig u ity , d a ta  w e re  se p a ra ted  in to  sam p les w ith  a g o o d  o r a b ad  chem ica l 

w a te r  q u a lity  b a se d  on th e  b a s ic  P ra ti in d ex  (F ig . 3 .5 b , 3 .5c). S am ples w ith  a goo d  chem ica l 

w a te r  q u a lity  h ad  a h ig h  M M IF  an d  o ften  h ad  lo w  leve ls o f  b io co n ta m in a tio n  (F ig . 3 .5b ). In 

sam p les w ith  a g o o d  c h em ica l w a te r  q u a lity , h ig h  SB C I v a lu e s  w e re  u su a lly  re la ted  w ith  low  

M M IF  v a lu es, in d ica tin g  a  n e g a tiv e  co rre la tio n  b e tw een  th e  S B C I an d  th e  M M IF  (r  = 0 .27 , p  

=  0 .0 0 2 ). W h en  c o n s id e rin g  o n ly  sam p le s w ith  a b ad  ch em ica l w a te r  q u a lity  (Fig. 4 C ), there  

w a s  no  u n a m b ig u o u s  re la tio n sh ip  b e tw e e n  th e  SB C I an d  th e  M M IF  (r  =  0 .12 , p  = 0 .08 ). T here  

w as a s ig n ifican t p o s itiv e  c o rre la tio n  b e tw ee n  th e  SB C I an d  co n d u c tiv ity  ( r  =  0 .1 2 ,/?  <  0 .001) 

an d  th e  S B C I and  o x y g en  co n ce n tra tio n  (r  =  0 .17 , p  < 0 .0 0 1 ). A  n e g a tiv e  co rre la tio n  b e tw een  

th e  SB C I an d  en v iro n m en ta l v a ria b le s  w as found  for: K jN  (r = 0 .2 , p  < 0 .001 ), N H 4 (r = 0 .18, 

p  <  0 .0 0 1 ) and  P t ( r  =  0 .1 4 ,/?  =  0 .02 ).
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Figure 3.4 Biocontamination map o f  Flanders fo r  (a) 1999, (b) 2004 and (c) 2009 based on the site 

specific biocontamination index (SBCI, Arbaciauskas et al. 2008). Blue=no biocontamination, 

green=low biocontamination, yellow=moderate biocontamination, orange=high biocontamination 

and red=very high biocontamination. Circles represent sampling sites without shipping and squares 

indicate sampling sites with shipping.
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S B C I

Figure 3.5 Site-specific biocontamination Index (SBCI) in function o f  the Multimetric 

Macroinvertebrate Index Flanders (MMIF) fo r  (a) all data, (b) a good chemical water quality and (c) 

a bad chemical water quality.

A n  a n a ly s is  o f  th e  p h y s ic a l-ch e m ic a l p a ram ete rs  o f  th e  57  se lec ted  s ites , th a t w e re  m o n ito red  

in  a ll th ree  y e a rs , in d ica ted  a  s ig n ifican t d e c re a se  b e tw ee n  1999 an d  200 9  fo r  a ll m easu red  

n u tr ie n t lev e ls  N H 4 ( U  =  3 .3 7 2 , p  < 0 .0 0 1 ), B O D  (U  =  4 .6 6 5 , p  <  0 .0 0 1 ), P t (U  =  2 .7 9 4 ,/?  =  

0 .0 0 5 ), K jN  (U  =  6 .2 3 9 , p  < 0 .0 0 1 ), N 0 3 (U  =  2 .6 4 5 , p  = 0 .0 0 8 ), N 0 2 (U  =  2 .5 7 9 , p  =  0 .01), 

0P O 4 ( U  =  2 .7 5 1 ,/?  =  0 .03 ) (F ig . 3 .6 ), w h ich  in d ica te s  an  im p ro v e m en t o f  th e  ch em ica l w a te r  

q u a lity  o v e r  th e  years.

3 .3 .3  In te g ra te d  m o d el

O u r h a b ita t  su itab ility  m o d e l h ad , b a se d  on  a  th ree -fo ld  c ro ss-v a lid a tio n , a  fa ir  p e rfo rm an ce  

(C C I =  6 1 %  and  K  = 0 .23 ) an d  c o n ta in ed  tw o  ch em ica l v a ria b le s  (N H 4 a n d  K jN ) an d  one 

h y d ro -m o rp h o lo g ica l v a ria b le  (s lo p e) (F ig . 3 .7 ). T h e  p e rfo rm a n ce  w h en  c a lcu la te d  fo r 1999, 

2 0 0 4  an d  2 0 0 9  w a s  a lso  fa ir  w ith  C C I =  6 5 % , K  = 0 .2 1 ; C C I =  59% , K  =  0 .2 0  an d  C C I =  

6 1 % , K  -  0 .20 , re sp ec tiv e ly . W h en  ru n n in g  o u r  h a b ita t  su itab ility  m o d e l on  th e  m easu red  

p h y s ic a l-ch e m ic a l f ie ld  d a ta  o f  th e  V M M , th e re  is an  u n d e res tim a tio n  o f  4 0 %  fo r 1999, an  

o v e re s tim a tio n  o f  2 8 %  fo r 2 0 0 4  an d  an  u n d e res tim a tio n  o f  13%  fo r  200 9  co m p ared  to  th e  

o b se rv e d  re su lts  (F ig . 3 .7 ). T h e  ca lcu la te d  n u m b er o f  sam p le s c o n ta in in g  a lien  tax a  is 

c o m p a ra b le  w h e n  ru n n in g  th e  h a b ita t su itab ility  m o d e l on  th e  w a te r  q u a lity  d a ta  sim u la tio n s 

o f  2 0 0 6  (6 2 % ) a n d  th e  m ea su re d  p h y sic a l-ch e m ic a l d a ta  o f  th e  V M M  o f  200 6  (56% ).
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Figure 3.6 Box- and Whisker-plots fo r  the chemical water quality parameters o f  the 57 selected sites 

that were monitored in all three years (1999, 2004 and 2009). Ammonium (N H f), biochemical oxygen 

demand fo r  5 days (B 0D 5), total phosphorous (Pt), Kjeldahl nitrogen (KjN), nitrate (NOj), nitrite 

(NO2  )  and orthophosphate (0 PO4).

T h e  p re d ic tio n s  m ad e  b ased  on  th e  in teg ra ted  m o d e l sh o w  an in c rease  in th e  n u m b er o f  

sa m p le s  c o n ta in in g  a lien  m ac ro in v e rteb ra te s  in 2 0 1 5  an d  20 2 7  (F ig . 3 .8 ). B ased  on  o u r 

in te g ra te d  m o d e l, it  is  ex p ec ted  th a t b y  th e  y e a r 2 0 2 7 , a lie n  m ac ro in v e rteb ra te s  w ill be  p re sen t 

in  m o re  th an  7 5 %  o f  o u r w a te r  b o d ies . T h is  co u ld  m a in ly  b e  a ttr ib u te d  to  a  re d u c tio n  in  th e  

c o n c e n tra tio n  o f  am m o n iu m  an d  K je ld ah l n itro g en , w h ic h  w ere  th e  o n ly  ch em ica l p a ram ete rs  

th a t c o u ld  b e  in c lu d e d  in  th e  c la ss if ica tio n  tree  m o d e l. W h en  ru n n in g  th e  h a b ita t su itab ility  

m o d e l on  th e  o u tp u t o f  th e  w a te r  q u a lity  m o d e l s im u la tio n s  o f  2 0 0 6 , th e  n u m b er o f  sam p les 

c o n ta in in g  a lie n  m ac ro in v e rteb ra te s  (6 2 % ) is in  b e tw e e n  th e  o b se rv ed  v a lu e s  fo r  th e  y ear 

2 0 0 4  (4 7 % ) an d  th e  y e a r 200 9  (6 3 % ), in d ic a tin g  a  re aso n a b le  p re d ic tio n  m ad e  b y  our 

in te g ra te d  m o d el.
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Figure 3.7 Classification tree model based on all physical-chemical and hydro-morphological data 

(o f the three years) indicating the habitat preference o f alien macroinvertebrates.
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Figure 3.8 Observed prevalence o f alien macroinvertebrate taxa in the samples o f 1999, 2004 and 

2009 (black bars), predicted prevalence o f  alien macroinvertebrate taxa for 1999, 2004, 2006 and 

2009, based on the developed habitat suitability model and the physical-chemical values measured by 

the Flemish environment Agency (VMM) (dotted) and predicted prevalence o f alien macroinvertebrate 

taxa fo r  2006, 2015 and 2027, based on a the data generated by the water quality model (PEGASE) 

(crossed bars).
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3.4  D iscussion

M o st id en tified  a lien  m ac ro in v e rteb ra te s  fo u n d  in  th e  sam p le s b e lo n g e d  to  th e  C ru stacea  

(5 9 % ) an d  th e  M o llu sc a  (3 1 % ), fo llo w e d  b y  P la ty h e lm in th es  (7 % ) an d  A n n e lid a  (3 % ), w h ich  

is s im ila r  to  recen t s tud ies c o n d u c ted  on th e  m ac ro in v e rteb ra te  c o m p o s itio n  in  la rg e  w a te r  

b o d ie s  in  E u ro p e  (B e rn au e r an d  Ja n se n , 2 0 0 6 ; L eu v e n  e t ah , 2 0 0 9 ; A rb a c ia u sk a s  e t al., 2 011 ; 

L ab a t e t  a l., 2 0 1 1 ; Z a ik o  e t a l., 2 0 1 1 ). In  F la n d e rs , m o s t c ru s tacean s  e n c o u n te re d  in  fresh  an d  

b ra ck ish  w a te r  h a b ita ts  are a lie n  (M ess iaen  e t a l., 2 0 1 0 ; B o e ts  e t al., 20 1 1 a ; 2 0 1 1 b ; 2012c). 

T o  da te , 23 d iffe re n t a lien  m a c ro c ru s ta c ea n s  a re  fo u n d  in  fresh - a n d  b ra ck ish  w a te r  in 

F lan d ers . M o re  th an  one th ird  o f  th e  a lie n  m ac ro in v e rteb ra te s  en co u n te re d  in  B elg ium  

o rig in a te  fro m  th e  P o n to -C a sp ian  reg io n , w h ich  is th e  p rim a ry  d o n o r  re g io n  o f  a lien  sp ec ies 

fo r  m an y  W est-E u ro p ean  c o u n trie s  (B ij d e  V a a te  e t  a l., 2 0 0 2 ). M a in ly  s in c e  th e  o p e n in g  o f  

th e  R h in e-M ain -D an u b e  c an a l in  1992, m a n y  sp ec ie s , e sp e c ia lly  c ru s tacean s  an d  m o llu scs, 

in v ad e d  large r iv e rs  in  W este rn  E u ro p e  (v an  d e r V e ld e  e t al., 2 0 0 2 ). B ij de  V a a te  e t al. (2 0 0 2 ) 

d is tin g u ish e d  th ree  d iffe ren t in la n d  in v as io n  co rrid o rs  fo r  P o n to -C a sp ia n  m ac ro in v e rteb ra te s : 

a n o rth ern  c o rrid o r c o n n ec tin g  sev e ra l in lan d  lakes w ith  th e  B a ltic  S ea , a  c en tra l c o rrid o r 

c o n n ec tin g  th e  r iv e rs  D n iep er, V is tu la , O d e r  E lb e  an d  R h in e  an d  a  so u th e rn  c o rrid o r 

c o n n ec tin g  th e  r iv e rs  D an u b e  a n d  R h in e . T h e  in te rco n n ec tio n  o f  r iv e r  b as in s  h as fac ilita ted  

th e  d is trib u tio n  o f  a lien  sp e c ie s  in  E u ro p e  d u e  to  th e  d isap p ea ran ce  o f  n a tu ra l g e o g rap h ic  

b a rrie rs  (Bij de  V a a te  e t a l., 2 0 0 2 ). T h is  re su lted  in  in v asio n  co rrid o rs  fo r  aq u atic  an im als , th at 

c an  m ig ra te  a c tiv e ly  o r p a ss iv e ly  (e .g . v ia  b a lla s t  w a te r  and  h u ll fo u lin g  o f  sh ip s) from  one 

g eo g rap h ic  re g io n  to  an o th er. B a se d  on o u r  a n a ly s is , w e  fo u n d  th a t m a in ly  la rg e  rivers are 

c o lo n ise d  b y  a lien  sp ec ie s  an d  th e re fo re , w e  e x p ec t th a t th e  d en se  n e tw o rk  o f  w a te rw ay s  an d  

c an a ls  p ro b a b ly  a lso  fa c ilita te s  th e  d isp e rsa l o f  a lie n  m ac ro in v e rteb ra te s  in  F landers .

3 .4 .1  B io co n tam in atio n  a n d  en v iro n m en ta l im p ac t a sse ssm en t

T h e  site -sp ec ific  b io co n ta m in a tio n  in d ex  (S B C !) re v ea le d  a s ig n ific a n t in crease  in  p rev a len ce  

o f  a lie n  m ac ro in v e rteb ra te s  in  te n  years  tim e  (fro m  1999 to  2 0 0 9 ). T h e  h ig h es t in crease  w as 

o b se rv ed  in  la rg e  r iv e rs  a n d  in  lak e s  (F ig . 3 .3 ). T h e  d o m in an t sp ec ie s  in  th e se  sy s tem s w e re  

m a in ly  Dikerogammarus villosus, Gammarus tigrinus, Dreissena polymorpha  an d  

Potamopyrgus antipodarum. A ll th e se  sp e c ie s  a re  k n o w n  to  c au se  h ig h  e co lo g ica l a n d /o r 

e co n o m ic  im p ac ts  (e .g . K a ra tay ev  e t  a l., 1997; Jazd zew sk i e t a l., 2 0 0 4 ). F o r  e x am p le  the 

‘k ille r  sh r im p ’ (D. villosus), w h ic h  a rriv ed  in  1997 in  F lan d ers  (M ess iaen  e t a l., 2 0 1 0 ), is still 

sp re ad in g  to  th e  w e s t o f  E u ro p e  a n d  re a c h e d  th e  B ritish  Isles in  2 0 1 0  (M a cN eil e t a l., 20 1 0 a).
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T h is  sp ec ie s  sh o w s a  h igh  fe ed in g  p la s tic ity  from  d e tritu s  c o n su m p tio n  an d  g raz in g  to  

p re d a tio n  o n  fre e  sw im m in g  m ac ro in v e rteb ra te s  an d  e v en  f ish  la rv ae  (A rb ac iau sk as  e t ah , 

2 0 1 1 ). G iv en  th e  fa c t th a t th is  sp ec ie s  can  reach  h ig h  ab u n d an ces , d o m in a tin g  th e  

m ac ro in v e rteb ra te  co m m u n ity  (v an  R ie l e t a l., 2 0 0 6 a ), it  is e x p ec te d  to  h av e  a lso  a  m ajo r 

im p ac t in  th e  B ritish  Isles on  b io d iv e rs ity  an d  o v e ra ll a sse m b la g e  s tru c tu re  th ro u g h  

co m p e titio n  an d  p re d a tio n  (M acN eil e t a l., 20 1 0 a ; 2 0 1 0 b ; 2 0 1 2 ). A n o th e r sp ec ie s  w ith  a  h igh  

e co n o m ic  as w e ll a s  e co lo g ica l im p a c t is Dreissena polymorpha. T h is  m u sse l fu n c tio n s as an  

e co sy stem  e n g in e e r  b y  red u c in g  th e  su sp en d e d  o rg an ic  m a tte r  (an d  thus a ffec tin g  lig h t 

p e n e tra tio n ) a n d  b y  p ro v id in g  a  s tru c tu ra lly  co m p lex  h a b ita t fo r  o th e r sp ec ie s  an d  a re fuge  

fro m  p re d a to rs  (R icc ia rd i e t a l., 1997). T h is  c an  h a v e  a  p o s itiv e  e ffe c t on  m ac ro in v e rteb ra te  

c o m m u n itie s  b y  e n h an c in g  th e  w a te r  c la rity  an d  p ro v id in g  h a b ita t fo r  sp ec ie s , b u t it  is a lso  

k n o w n  to c au se  th e  d e c lin e  o f  o th e r  filte r  feed ers o r so m e  b u ry in g  o rg a n ism s  d u e  to  n iche  

o v e rlap  (R icc ia rd i e t a l., 1997). In  ad d itio n , th is  sp e c ie s  can  re ac h  v e ry  h ig h  den sitie s , 

c lo g g in g  in s ta lla tio n s  an d  p ip es an d  in  th is  w ay  co st a  lo t o f  m o n ey  fo r th e  rem o v a l o f  these  

d e n se  lay e rs  o f  m u sse ls  (P im en te l e t a l., 2005).

A c co rd in g  to  P a n o v  e t al. (2 0 0 9 ), all a b o v em en tio n ed  sp ec ie s  h av e  b e e n  c la ss if ied  as h igh  

im p ac t sp ec ie s , w h ic h  w e re  a ss ig n e d  as ‘b lac k lis t sp e c ie s ’ fo r  E u ro p ea n  in lan d  w a te rs . Special 

a tte n tio n  sh o u ld  b e  g iv en  to  th e se  sp ec ie s  s in ce  d isp e rsa l fro m  F lan d ers  to  n e ig h b o u rin g  

c o u n tries  is l ik e ly  a n d  in th is  w ay , F lan d ers  can  ac t as a  d o n o r re g io n  as w ell. F o r 

m an a g em e n t p u rp o se s , sp e c ie s  w ith  a  h ig h  leve l im p ac t sh o u ld  b e  lis ted  on  an  ‘a le rt l is t’ in  a 

fu tu re  ea rly  w a rn in g  sy s tem  in  o rd e r to  p re v e n t fu rth e r sp re ad  o f  a lien  sp e c ie s  (Z aik o  e t al., 

2011 ). C u rren tly , th e re  are  p re lim in a ry  g u id e lin es fo r e n v iro n m en ta l im p a c t a sse ssm en t an d  

c la ss if ic a tio n  o f  a lie n  sp e c ie s  in  so m e  E u ro p ean  c o u n trie s  (V e rb ru g g e  e t a l., 2 0 1 2 ) an d  in 

B e lg iu m  (B ra n q u art, 2 0 1 1 ). In  B e lg iu m , th is c la ss if ica tio n  is b a se d  on  a sim p lified  

en v iro n m en ta l im p a c t a sse ssm e n t p ro to co l an d  th e  g eo g rap h ic  d is tr ib u tio n  o f  a lien  species. 

S u ch  a  c a teg o risa tio n  p ro v id es  a sc ien tific  b a ck g ro u n d  to  p r io r it is e  a c tio n s  to  p rev en t 

in tro d u c tio n  a n d  m itig a te  th e  im p a c t o f  a lien  sp ec ies , in c lu d in g  th e  im p ro v e m en t o f  th e  

leg is la tiv e  fram e w o rk . U n til n o w , m o st a tten tio n  has b e e n  g iv en  to  v a sc u la r  p lan ts , fish  an d  

m am m als  an d  n o  a lie n  m ac ro in v e rteb ra te s  a re  in c luded . U rg e n t a c tio n s  to  in c lu d e  and  a ssess  

th e  im p ac t o f  a lie n  m ac ro in v e rteb ra te s  a re  n ecessa ry , co n sid e rin g  th e  im p a c t th a t sev era l o f  

th e se  in v as iv e  a lien  m ac ro in v e rteb ra te s  can  cause . T h is  is o ften  tim e  an d  m o n ey  c o n su m in g  

an d  n eed s w e ll- fu n d e d  re se a rc h  in  o rd e r  to  m ak e  re liab le  im p ac t a sse ssm en ts . In  th is  re spec t,
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n o t o n ly  e co lo g ie  im p ac t a sse ssm en t is im p o rtan t, b u t a lso  th e  e co n o m ic  im p a c t an d  dangers 

to  h u m a n  h e a lth  sh o u ld  be in co rp o ra ted  in th e  f in a l assessm en t.

3 .4 .2  H o tsp o ts  fo r  a lien  m ac ro in v e rteb ra te s

B ased  o n  th e  S B C I, sev e ra l h o tsp o ts  fo r  a lien  m ac ro in v e rteb ra te s  co u ld  b e  id en tified . L arg e  

r iv e rs  a n d  c an a ls , h a rb o u rs  an d  b rack ish  p o ld e r w a te rs  c o n ta in ed  m o st a lie n  sp ec ie s , o ften  at 

h igh  ab u n d an ces , le a d in g  to  a  h ig h  b io co n ta m in a tio n  (F ig. 3 .4 ). R iv ers  a n d  can a ls  are 

su b je c ted  to  sev e ra l a n th ro p o g e n ic  p re ssu re s (e .g . in ten s iv e  sh ip p in g , p o llu tio n ), m ak in g  th em  

fav o u ra b le  h a b ita ts  fo r  a lie n  m ac ro in v e rteb ra te s  to  estab lish . M o s t E u ro p ea n  r iv e rs  are 

d o m in a ted  b y  a lien  m ac ro in v e rteb ra te s , w h ich  c a n  m ak e  u p  to  7 5 %  o f  a ll m ac ro in v e rteb ra te  

sp e c ie s  e n c o u n te re d  (B e m a u e r  an d  Jan sen , 2 0 0 6 ; Z g an ec  e t al., 2 0 0 9 ; A rb a c ia u sk a s  e t al., 

2 0 1 1 ; L ab a t e t a l., 2 0 1 1 ). In v asiv e  a lien  sp ec ie s  a re  v e ry  o p p o rtu n is tic , c a n  e as ily  cope  w ith  

c h an g in g  en v iro n m en ta l co n d itio n s  and  o ften  h a v e  lo w  h a b ita t req u ire m e n ts  (S ta tz n e r  e t a l., 

2 0 08). In  fo rm e r d ecad es , m an y  riv e rs  in  E u ro p e  su ffe red  fro m  en v iro n m en ta l d eg rad a tio n  

an d  h a b ita t d e te rio ra tio n . D u e  to  s tric te r en v iro n m en ta l re g u la tio n s  a n d  trea tm en t o f  

w a stew ate r, th e  w a te r  q u a lity  s tro n g ly  im p ro v ed , a llo w in g  m ac ro in v e r teb ra te s  to  (re )co lo n ize  

th ese  n ich e s  (D en  H a rto g  e t a l., 1992). U n fo rtu n a te ly , m a n y  o f  th e  e s tab lish e d  sp ec ie s  are  

a lien  d u e  to  h ig h  p ro p a g u le  p re ssu re  cau sed  b y  in ten s iv e  sh ip p in g  an d  th e  a b ility  o f  a lien  

sp ec ie s  to  estab lish  eas ily  in  d e g rad e d  h ab ita ts . A  c ase  s tu d y  on  th e  h a rb o u r  o f  G h en t b y  B oe ts 

e t al. (201 la )  d e m o n s tra ted  th a t, a lth o u g h  th e  c h em ica l w a te r  q u a lity  im p ro v e d  sig n ifican tly , 

m a in ly  a lie n  sp e c ie s  co lo n ise d  th e  p re v io u s ly  d e g rad e d  eco sy stem . L arg e  w a te rw a y s  are  o ften  

su ffe r in g  fro m  en v iro n m en ta l co n stra in ts  like  in te n siv e  n a v ig a tio n  o r  irrev e rs ib le  h ab ita t 

m o d ific a tio n  b y  h y d ra u lic  en g in e e rin g  (e.g . s to n y  b a n k s), w h ic h  h a m p e r a  c o m p le te  reco v ery . 

M an y  a lien  m ac ro in v e rteb ra te s  se e m  to  h ave  a  p re fe re n c e  fo r th e se  m o d ifie d  h ab ita ts , w h ich  

a re  ty p ic a l fo r  n a v ig a b le  w a terw ay s. H ard  su b s tra tes  o ften  e v e n  p ro m o te  th e  estab lish m en t 

su ccess  o f  a lie n  m ac ro in v e rteb ra te s  (v an  R iel e t a l., 2 0 0 6 b ). F o r  ex am p le , a  sp ec ie s  th a t is 

v e ry  su ccess fu l in  th ese  c an a ls  a n d  q u ick ly  sp re ad s  in  F lan d ers  is Dikerogammarus villosus. 

T h is  sp e c ie s  p re fe rs  w a te rc o u rse s  w ith  a n o n -n a tu ra l b a n k  s tru c tu re  (e .g . co n cre te  b a n k s  o f  

can a ls )  a n d  a  re la tiv e ly  g o o d  ch em ica l w a te r q u a lity  (h ig h  o x y g en  c o n ce n tra tio n  an d  low  

n u tr ie n t lev e ls) (B o e ts  e t a l., 201 0 a).

H arb o u rs , w h ic h  a re  o ften  s itu a te d  in  e stu a rin e  reg io n s  a n d  are  p ro n e  to  h ig h  an th ro p o g en ic  

p re ssu re s  an d  in ten s iv e  in te rn a tio n a l sh ip p in g , ten d  to  b e  v e ry  su sce p tib le  fo r  in v asio n s as 

w e ll (G a o n k a r e t a l., 2 0 1 0 ). M o s t in v as iv e  a lien  sp e c ie s  a re  g en era lis ts  (S ta tz n er et al., 2 0 0 8 )
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3 .4 .4  F u tu re  d is tr ib u tio n  o f  a lie n  m ac ro in v e rteb ra te s

T h e  a n a ly s is  o f  th e  ch em ica l w a te r  q u a lity  p a ram e te rs  o f  th e  57  s ites , th a t w e re  m o n ito red  in  

a ll th ree  y ears , sh o w ed  a  s ig n ifican t d ec rease  in a ll n u tr ie n t lev e ls , to g e th e r w ith  an  in crease  in  

a lie n  m ac ro in v e rteb ra te  p re sen c e  an d  ab u n d an ce . A lien  sp ec ie s  n o t o n ly  h av e  a  co m p etitiv e  

a d v an tag e  in  h ab ita ts  w ith  a  lo w  eco lo g ica l w a te r  q u a lity , th ey  a lso  b e n efit from  an 

im p ro v e m en t in  th e  ch em ica l w a te r  qua lity . M o d e llin g  is o ften  u sed  to  p re d ic t th e  fu tu re  

d is tr ib u tio n  o f  a lie n  sp e c ie s  (G a llien  e t al., 2 010). B ased  on  o u r  h a b ita t su itab ility  m o d el th at 

w as co m b in e d  w ith  th e  w a te r  q u a lity  m odel, it  is e x p ec te d  th a t b y  th e  y e a r  2 0 2 7 , m o re  th an  

7 5 %  o f  o u r  w a te r  b o d ie s  c o u ld  be co lo n ized  b y  a lien  m ac ro in v e rteb ra te s . T h e  m ain  

u n d e rly in g  re a so n  fo r th is  is th e  im p ro v e m en t in  ch em ica l w a te r  q u a lity  re su ltin g  from  a  

re d u c tio n  in a m m o n iu m  an d  K jN  c o n cen tra tio n  d u e  to  th e  in s ta lla tio n  o f  w a ste w ate r  trea tm en t 

p lan ts . H a b ita t su itab ility  m o d e llin g  o r  eco lo g ica l n ich e  m o d e llin g  is o n e  p o ss ib le  w ay  to  

in v es tig a te  th e  p o te n tia l  in v as iv e  ran g e  o f  sp ec ie s  an d  is in c re as in g ly  u se d  in  r isk  assessm en t 

(J im én e z -V a lv e rd e  e t a l., 2 0 1 1 ). T h ese  m o d els  are o ften  b a se d  on  en v iro n m en ta l an d  c lim atic  

co n d itio n s  (G a llien  e t a l., 2 0 1 0 ). H ab ita ts  th a t m ee t th ese  en v iro n m en ta l co n stra in ts  are 

id en tif ie d  a s  v u ln e ra b le  fo r  in v as io n s . In th e  c u rren t m o d el, o n ly  a  lim ited  se t o f  p h y sica l- 

ch em ica l v a r ia b le s  an d  s lo p e  w ere  in c lu d ed  b ecau se  o th e r  v a ria b le s  w e re  n o t c o n sis ten tly  

m o n ito re d  b y  th e  V M M . N ev erth e le ss , th e  in c lu d ed  fac to rs  w e re  a lre ad y  p in p o in te d  in  o ther 

m o d e llin g  s tu d ie s  a s  b e in g  im p o rtan t v a ria b le s  d e te rm in in g  th e  p re v a len c e  o f  

m ac ro in v e rteb ra te s  (D ’h ey g ere  e t  al., 2003).

A lth o u g h  o u r  in teg ra ted  m o d e l w as u se fu l to  p re d ic t th e  fu tu re  in c rease  in  a lie n  sp ec ies , th e  

p e rfo rm a n ce  (b a sed  on  K  an d  C C I) w as ra th e r low , w h ich  co u ld  b e  a sc rib e d  to  sev era l factors: 

( 1) a lien  sp e c ie s  a re  o ften  c h a ra c te rised  a s  v e ry  o p p o rtu n is tic  sp ec ie s , b e in g  ab le  to eas ily  

c o p e  w ith  c h a n g e s  in  en v iro n m en ta l c o n d itio n s (G rab o w sk i e t a l., 2 0 0 7 ); (2 ) a lie n  sp ec ies 

m ay  n o t ye t h a v e  sp re ad  to  all su itab le  h ab ita ts , m ak in g  it d if f ic u lt to  d e te rm in e  sp ec ie s- 

e n v iro n m en t re la tio n sh ip s  (S to h lg ren  e t a l., 2 0 1 0 ) an d  (3) a lie n  sp ec ie s  m ay  in te rac t s tro n g ly  

w ith  o th e r  en v iro n m en ta l s tre sso rs , th ereb y  m o d u la tin g  th e ir  e ffec ts  (F rü h  e t  a l., 2012). 

A lth o u g h  w e  in te rn a lly  v a lid a te d  o u r m o d el w ith  p a r t o f  th e  da ta , it  w as n o t p o ss ib le  to 

v a lid a te  th e  fu tu re  p re d ic tio n s . In th is  re sp ec t, A raú jo  an d  G u isan  (2 0 0 6 ) su g g e st th at 

ev a lu a tio n  s tra te g ie s  sh o u ld  b e  d isc u sse d  in  th e  c o n tex t o f  th ree  p o ss ib le  uses: desc rip tio n , 

u n d e rs tan d in g  a n d  p red ic tio n . C o m p le x ity  o f  m o d el ev a lu a tio n  in c reases  f ro m  ex p lan a tio n  to 

p re d ic tio n  to  th e  p o in t, w h e re  m o d els  th a t s im p ly  seek  to  d e sc rib e  a  g iv en  p a tte rn  m ay  no t
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n eed  to  b e  e v a lu a te d , w h e reas  th e  ev a lu a tio n  o f  m o d e ls  a im in g  a t p re d ic tio n  is d e s irab le , b u t 

n o t a lw ay s  c o n c e p tu a lly  po ss ib le .

T h e  in tro d u c tio n  an d  estab lish m en t o f  a lien  sp e c ie s  u su a lly  tak es p la c e  v ia  sev e ra l in v as io n  

s tag es (C o lau tti a n d  M a c lsaa c , 2 004). In tro d u ce d  sp ec ie s  h av e  to  p a ss  a ll s ta g es  su ccessfu l 

b e fo re  th ey  a re  e stab lish ed . In  th is re sp ec t, it is im p o rta n t to  n o tice  th a t, a lth o u g h  the 

im p ro v e m en t o f  th e  ch em ica l w a ter q u a lity  m ig h t be b en efic ia l fo r  th e  e s tab lish m en t o f  a lien  

m a c ro in v e rteb ra te s , o th e r fac to rs  lik e  b io tic  re s is tan c e  an d  v e c to rs  fo r  in tro d u c tio n  are 

im p o rta n t e le m en ts  d e te rm in in g  th e  p re v a len c e  o f  a lien  sp ec ies . T h is  p re v a len c e  w ill p ro b ab ly  

in c rease  in th e  fu tu re , b u t d e c re as in g  n u trie n t v a lu e s  a n d  th e  c o n stru c tio n  o f  m o re  n a tu ra l 

b a n k s  co u ld  e n h an c e  th e  c o m p e titiv e  a d v a n ta g e s  o f  in d ig e n o u s  sp e c ie s  a n d  in th is  w ay , 

re d u ce  th e  fu tu re  ra te  o f  in crease  in a lien  sp e c ie s  e s tab lish m en t. M o re o v e r, a lso  in d ig en o u s 

sp e c ie s  w ill s till  b e n efit f ro m  th e  im p ro v em en t in  w a te r q u a lity  an d  th u s  th e ir  p rev a len ce  and  

a b u n d an c e  w ill in c rease  a s  w ell. T h e  h ig h es t c o n ce n tra tio n s  o f  K jN  a n d  N H 4 w ere  m easu red  

in sm a ll s tream s w ith  a lo w  p rev a len ce  o f  a lie n  sp ec ies . T h e  re d u c tio n  o f  th e se  n u trien t 

c o n ce n tra tio n s  c o u ld  fa v o u r th e  co m p e titiv e  ad v an tag e  o f  in d ig e n o u s  sp e c ie s , w h ich  cu rre n tly  

s till d o m in a te  sm a ll s tream s. V erm o n d en  e t  al. (2 0 1 0 ) fo u n d  th a t in u rb a n  w a te rs  in the  

N e th e rlan d s , in d ig en o u s  m ac ro in v e rteb ra te s  w e re  ab le  to  co ex is t an d  e v en  d o m in a te  a lien  

sp e c ie s  in  n u trie n t-p o o r, d e n se ly  v eg e ta te d  sy s tem s. It is a lso  e x p e c te d  th a t n a tu ra l sy s tem s 

w ith  a  g o o d  e co lo g ica l w a ter q u a lity  an d  a h igh  sp e c ie s  d iv e rs ity  can  a c t as a  k in d  o f  b u ffe r  

a g a in s t th e  fu rth e r sp read  o f  a lien  sp ec ies . T h ese  sy s tem s w ill h av e  a  h ig h e r  b io tic  re sis tan ce  

an d  w ill c o n se q u e n tly  be  m o re  d ifficu lt to  inv ad e . B ased  o n  o u r  re su lts , th e re  is s till a  lo t o f  

e x p an s io n  p o ss ib le  in larg e  an d  sm a ll s tre am s, w h ich  c u rre n tly  h av e  th e  lo w est 

b io co n ta m in a tio n  leve ls. B y  im p ro v in g  th e  p h y sic a l h a b ita t as w e ll a s  th e  ch em ica l w a te r  

q u a lity  in th e se  n a tu ra l h ab ita ts , th e  b io tic  re s is tan c e  c o u ld  b e  in c re ased , g iv in g  in d ig en o u s 

sp e c ie s  a c o m p e titiv e  ad v an tag e . P re v e n tin g  a lie n  sp ec ie s  fro m  e n te rin g  n ew  h a b ita ts  v ia  a 

g o o d  leg is la tio n  re g a rd in g  th e  trea tm en t o f  b a lla s t  w a te r  o f  sh ip s , s tro n g e r  reg u la tio n s in  th e  

trad e  o f  a lie n  sp e c ie s  an d  d ra ftin g  w a tch  lists fo r  a lien  sp ec ie s  co u ld  h e lp  to  p ro tec t n a tu ra l 

b io d iv e rsity .

3.5 C onclusion

A  se rio u s  in c rease  in th e  p re v a len c e , the ab u n d an ce  an d  th e  d iv e rs ity  o f  a lien  

m ac ro in v e rteb ra te s  w a s  o b se rv ed  fo r F lem ish  w a te rc o u rse s  in th e  p e r io d  fro m  1999 to  2009 . 

T h e  h ig h es t b io c o n ta m in a tio n  lev e ls  w e re  en co u n te re d  in  r iv e rs , p o ld e r  w a ters  an d  lak es.
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H a rb o u rs , c an a ls , b rack ish  an d  es tu a rin e  re g io n s  w e re  id en tif ie d  a s  h o tsp o ts  fo r  a lie n  sp ec ies 

in tro d u c tio n  an d  estab lish m en t. T h e  im p ro v e m en t o f  th e  ch em ica l w a te r  q u a lity  in hab ita ts , 

w h ic h  w e re  d eg rad ed  in  fo rm er d e ca d es , fa v o u re d  th e  e s tab lish m en t o f  a lien  sp ec ies . F o r 

w a te rs  w ith  a g o o d  ch em ica l w a te r  q u a lity , a s ig n if ic a n t n e g a tiv e  co rre la tio n  w as obse rv ed  

b e tw e e n  th e  S B C I an d  th e  e co lo g ica l w a te r  q u a lity  (e x p re sse d  a s  M M IF ). H ab ita ts  w ith  a low  

d iv e rs ity  d u e  to  en v iro n m en ta l d e g rad a tio n  se e m e d  to  b e  fav o u ra b le  fo r  th e  estab lish m en t o f  

a lie n  m ac ro in v e rteb ra te  spec ies. B a se d  o n  an  in te g ra te d  m o d el, an  in c re a se  in th e  p rev a len ce  

o f  a lie n  m ac ro in v e rteb ra te s  is p re d ic te d  as a  re su lt o f  th e  im p ro v e m en t o f  th e  ch em ica l w a ter 

q u a lity  d u e  to  th e  in sta lla tio n  o f  p lan n e d  w a s te w a te r  tre a tm e n t p lan ts . A  g o o d  m o n ito rin g  

p ro g ra m  p rio ritis in g  v u ln e rab le  h a b ita ts  in  co m b in a tio n  w ith  a  p ra c tic a l m e th o d  to  assess  th e  

im p a c t o f  in v as iv e  a lien  sp ec ies can  h e lp  in v as iv e  sp ec ie s  m an ag em en t. T o  p re v e n t th e  fu rth er 

w o rld w id e  in tro d u c tio n  and  sp read  o f  a lie n  sp e c ie s  sev era l m a n a g em e n t m easu re s , su ch  as 

b a lla s t  w a te r  co n tro l, reg u la tio n s  re g a rd in g  th e  tra d e  o f  aq u a tic  a lien  sp ec ie s  an d  in sig h t in 

sp e c ie s  eco lo g y  w ill b e  necessa ry .
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Chapter 4: Case study 1 : Using long-term monitoring to investigate the changes 
in species composition in the harbour o f Ghent (Belgium)

A dapted from:

B o e ts  P ., L o ck  K ., G o e th a ls  P .L .M . (2011a). U s in g  lo n g -te rm  m o n ito rin g  to  in v es tig a te  th e  

ch an g es in  sp ec ie s  co m p o s itio n  in  th e  h a rb o u r  o f  G h e n t (B e lg iu m ). H y d ro b io lo g ia  663: 155- 

166.
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Chapter 4: Case study 1: Using long-term monitoring to investigate the

changes in species composition in the harbour of Ghent (Belgium)

A bstract

T h e  m ac ro in v e rteb ra te  c o m m u n ity  o f  th e  h a rb o u r  o f  G h en t w a s  s tu d ied  b y  an a ly sin g  135 

sam p les tak en  a t d iffe re n t sa m p lin g  lo ca tio n s  fro m  1990 u n til 2 0 0 8 . T h e  re su lts  sh o w ed  th a t 

th e  c u rren t C ru s ta c e a  a n d  M o llu sc a  c o m m u n itie s  are m a in ly  re p re se n ted , in  te rm s o f  

a b u n d an ces , b y  a lien  sp ec ie s . In  to ta l, sev en  a lie n  an d  fo u r in d ig en o u s  c ru s tac ea n  sp ec ie s  

w ere  found . M o llu sc  d iv e rs ity  w as h ig h er, w ith  a to ta l o f  14 sp ec ie s , fo u r o f  w h ich  w ere  a lien . 

M acro in v e rteb ra te  d iv e rs ity  w a s  v e ry  lo w  a t th e  b e g in n in g  o f  th e  1990s, b u t in c re a sed  d u e  to 

th e  im p ro v e m en t o f  th e  c h em ica l w a te r  q u a lity  a ch iev ed  b y  sa n ita tio n  an d  str ic te r  

en v iro n m en ta l law s. T h is is re fle c te d  b y  th e  d isso lv ed  o x y g en  co n ce n tra tio n , w h ic h  in c reased  

fro m  an  av era g e  o f  2 m g  I' 1 to  an  av erag e  o f  9 m g  f ‘, a llo w in g  m o re  se n s itiv e  sp ec ie s  to  

estab lish . S in ce  1993, th e  n u m b er o f  a lien  tax a  h as a u g m e n ted , w h e re a s  th e  n u m b er o f  

in d igenous ta x a  h as re m a in e d  s tab le . T h e  im p ro v e m en t o f  th e  ch em ica l w a te r  q u a lity  and  th e  

s im u ltan eo u s in c rease  in to ta l n u m b er  o f  sp e c ie s  w as a lso  re fle c te d  in  an  in crease  o f  th e  

M u ltim e tric  M a c ro in v e rte b ra te  Index  F lan d ers , w h ich  is u se d  to  a sse ss  th e  eco lo g ica l w a te r  

q u a lity  in  F lan d ers . D u e  to  in ten siv e  in te rn a tio n al b o a t tra ffic  an d  th e  lo w  n a tu ra l sp ec ies 

d iv ers ity , th e  h a rb o u r  o f  G h e n t is h ig h ly  v u ln e ra b le  fo r  in v as io n s . S tro n g e r  reg u la tio n s a n d  a 

b e tte r u n d e rs tan d in g  a b o u t th e  co n trib u tio n  o f  sh ip p in g , sh o rtc u ts  v ia  a r tif ic ia l w a te r  w ay s 

(e.g. cana ls), h a b ita t d e g rad a tio n  an d  en v iro n m en ta l p o llu tio n  a re  re q u ire d  to  reduce  th e  

fu rth e r sp read  o f  in v as iv e  a lie n  sp ec ies .
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4.1 Introduction

In  F lan d ers , n u m ero u s  can a ls  h av e  been  c o n stru c ted  s in ce  th e  se v en teen th  c en tu ry  fo r  

in d u stria l a n d  eco n o m ic  ac tiv ities . O ne  o f  th e se  can a ls  is th e  canal G h en t-T em eu zen , 

co n n ec tin g  th e  to w n  o f  G h en t w ith  th e  S ch e ld t estu ary . T h is  c an a l is o f  g re a t econom ic  

im p o rta n ce  to  G h en t b ecau se  it p ro v id es  an  in d irec t c o n n ec tio n  b e tw ee n  th e  h a rb o u r o f  G hen t 

an d  th e  N o r th  S e a  (Z a jac  an d  D eck m y n , 2 0 08). C o n tin u o u s  p o llu tio n  in fo rm er d e ca d es  led  to  

sev ere  d e g rad a tio n  o f  th e  w a te r  q u a lity  o f  th e  can a l G h e n t-T e m e u z en . H o w ev e r, due to 

sa n ita tio n  an d  s tr ic te r  en v iro n m en ta l law s, c an a ls  an d  r iv e rs  w ith  a b ad  w a te r  q ua lity  

su b s ta n tia lly  im p ro v e d  d u rin g  th e  last fifteen  to  tw e n ty  y ea rs  a llo w in g  reco lo n isa tio n  (M IR A - 

T , 2 008).

In v asio n s u su a lly  p ro c ee d  th ro u g h  a n u m b er o f  su ccess iv e  s tag es: a fte r  a  su ccessfu l 

in tro d u c tio n , a sp e c ie s  w ill try  to  ad ap t to its n e w  e n v iro n m en t; in  th e  n e x t s tag e , th e  sp ec ies 

w ill re p ro d u c e  an d  c o m p le te  its life  cy cle  a n d  fin a lly , it  w ill d isp e rse  an d  p o ss ib ly  b eco m e  

d o m in a n t (K o la r  a n d  L o d g e, 2 001). M an y  sp e c ie s  e s tab lish m en ts  a re  re flec tio n s  o f  ch an g es 

c au sed  b y  m an , ra th e r  th an  b e in g  agen ts o f  c h an g e  th em se lv es . In  su ch  cases, b io lo g ical 

in v asio n s can  b e  seen  as in d ica to rs  o f  en v iro n m en ta l ch an g e  (V ito u se k  e t a l., 1996). 

S o m e tim es , n e w  n ich es are ex p lo ited  b ecau se  eq u iv a len t in d ig en o u s  sp e c ie s  a re  n o t p resen t. 

D u e  to  p o llu tio n  an d  h a b ita t d e g rad a tio n  in  fo rm er tim es , sp e c ie s  d iv e rs ity  w as lo w  in  m an y  

ru n n in g  w a te rs  in  F landers . S in ce  th e  im p ro v e m en t o f  th e  w a te r  q u a lity  o f  th e se  w aters, 

n ich es h a v e  b een  re s to red , g iv in g  m ain ly  a lien  sp ec ie s  th e  o p p o rtu n ity  to  co lo n ize  these  

e m p ty  n ic h e s  (D en  H a rto g  e t a l., 1992). A lth o u g h  th e  o p p o rtu n itie s  fo r sp e c ie s  in tro d u c tio n s 

h av e  in c re ased , n o t a ll a lien  sp ec ies are  su ccess fu l in  th e ir  n ew  en v iro n m en t. A m o n g  

m a c ro in v e rteb ra te s , c ru s tac ea n  an d  m o llu sc  sp ec ie s  a re  c o n s id e re d  to  be  th e  m o st im p o rtan t 

an d  su c c ess fu l in v ad e rs  (v an  d e r  V e ld e  e t a l., 2 0 0 2 ; D ev in  e t a l., 200 5 a).

In o rd e r  to  a sse ss  th e  im p ac t o f  a lien  sp ec ie s  on  in d ig en o u s  m ac ro in v e rteb ra te  assem b lag es , 

lab  e x p e rim e n ts  a re  o f te n  u se d  (D ick  e t al., 2 0 0 2 ; B o e ts  e t a l., 2 0 1 0 ). H o w ev e r, a lth o u g h  these  

e x p e rim e n ts  m a y  g iv e  v a lu a b le  in fo rm atio n  a b o u t th e  a u to e co lo g y  o f  a lie n  sp ec ies , it is 

d iff ic u lt to  c o n v e r t  th e se  resu lts  to fie ld  s itu a tio n s. T h e re fo re , lo n g -te rm  d a ta  se ts o f  field  

o b se rv a tio n s  c a n  b e  u se d  to u n ra v e l facto rs d e te rm in in g  th e  su c c ess  o f  b io lo g ic a l in v as io n s 

an d  th e ir  im p a c t o n  in d ig en o u s sp e c ie s  a sse m b la g es  (Z e ttle r  a n d  D au n y s, 2 0 0 7 ; M acN eil e t 

a l., 2 0 09). In  th e  p re se n t stu d y , w e  fo c u sse d  o n  th e  co m p o s itio n  a n d  d iv e rs ity  o f  th e  ben th ic  

m ac ro in v e rteb ra te  c o m m u n ity  o f  th e  h a rb o u r o f  G h en t, a  fo rm er h e av ily  p o llu te d  w a te r  body.
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B a se d  on  a tw e n ty -y e a r su rv ey , p o ss ib le  ch an g es in  sp e c ie s  co m p o s itio n  w e re  in v estig a ted . 

F u rth e rm o re , th e  re la tio n sh ip  b e tw ee n  th e  ch an g es in  w a te r  q u a lity  a n d  th e  estab lish m en t o f  

a lie n  m ac ro in v e rteb ra te s  w as e x am in ed  in  o rd e r  to  g a in  in s ig h t in to  d riv e rs  o f  chan g es in 

sp e c ie s  co m p o s itio n .

4,2 M ethods

4 .2 .1  S tu d y  area

T h e  c an a l G h e n t-T e m e u z e n  co n n ec ts  th e  to w n s o f  G h en t (B e lg iu m ) a n d  T e m e u z e n  (T he  

N e th e rlan d s ) a n d  h a s  a  len g th  o f  ap p ro x im a te ly  31 k m  o f  w h ich  17 k m  on  B e lg ia n  territo ry . 

T h is  c an a l p ro v id e s  a  c o n n ec tio n  b e tw ee n  th e  h a rb o u r  o f  G h e n t an d  th e  S c h e ld t e stu ary  (F ig . 

4 .1 ). T h e  can a l h as an  av erag e  w id th  o f  2 0 0  m  an d  a  d e p th  o f  13.5 m . T h e  w a te r  m an ag em en t 

(V M M ) a im s to  co u n te rac t th e  sa lin isa tio n  w ith  b ra ck ish  w a te r  e n te rin g  fro m  th e  S ch e ld t 

e s tu a ry  an d  th u s  the  c an a l is fed  w ith  f re sh w a te r  f ro m  th e  r iv e rs  S c h e ld t an d  L eie . A lth o u g h  

th e re  is  a  c o n stan t f lo w  o f  20  m 3 h"1 m in im iz in g  th e  in c rease  in  sa lin ity , th e  d e v e lo p m en t o f  a 

sa lt to n g u e  a t  th e  b o tto m  o f  th e  can a l is in ev itab le , m o s tly  d u rin g  d ry  su m m ers  (Seys e t al., 

1990). Im p o rta n t so u rces  o f  p o llu tio n  a re  in d u stria l p la n ts  an d  m an u fa c to rie s  lo ca ted  a lo n g  th e  

can a l, w h ich  c au sed  se v e re  deg rad a tio n  d u rin g  th e  1960s. A t th e  en d  o f  th e  1980s, h igh  p eak  

v a lu e s  o f  sev e ra l h e av y  m eta ls , P A H s an d  P C B s co u ld  b e  found , p a r ticu la r ly  in  the 

co n ta m in a te d  slu d g e  (S ey s e t a l., 1990). S in ce  th e  b e g in n in g  o f  th e  1990s, g rea t e ffo rts  w ere  

m ad e  to  re d u c e  th e se  p e a k  v a lu es an d  to  o b ta in  a  b e tte r  w a te r  q u a lity  (M IR A -T , 2008).
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Figure 4.1 Location o f the study area showing sampling sites (n =  18, black dots) and the division in

groups o f  sampling sites based on their salinity in the harbour o f Ghent (group 1 =  brackish water, 

group 2 = slightly brackish water, group 3 = fresh to slightly brackish water).

4 .2 .2  S am p lin g  an d  d a ta  ana ly sis

T h e  d a ta  ana ly sis  w as b a se d  on  th e  sam p le s tak en  b y  th e  V M M . T h e  sam p le s w ere  taken  v ia  

a rtif ic ia l su b s tra tes  as d esc rib ed  b y  G ab rie ls  e t  al. (2 0 1 0 ). T h is  sa m p lin g  m eth o d  is u se fu l fo r  

d eep  w a te rs  like  can a ls  w h e re  h a n d n e t sam p lin g  is a lm o st im p o ssib le  (G ab rie ls  e t a l., 2010). 

T h ree  re p lica tes  o f  a rtific ia l su b s tra tes , w h ic h  c o n s is t o f  p o ly p ro p y le n e  b a g s  (5L ) f illed  w ith  

b r ic k s  o f  d iffe re n t s izes , are le ft in  th e  w a te r  fo r  a p e rio d  o f  th ree  to  fo u r w eek s  a f te r  w h ich  

th e y  are  re triev ed . In  th is  w ay , sp e c ie s  c an  co lo n ize  th e  su b stra tes . T h e  d a ta b ase  o f  th e  V M M  

c o n ta in e d  in fo rm a tio n  ab o u t th e  ab u n d an c es  o f  m ac ro in v e rteb ra te s  th a t w ere  id en tif ie d  a t 

fa m ily  o r  g en u s leve l, d e p en d in g  on  th e  id en tif ic a tio n  lev e l n e ed e d  fo r  th e  c a lcu la tio n  o f  the 

b io tic  in d ex  (G ab rie ls  e t  a l., 2 0 1 0 ). B e sid es  b io lo g ica l d a ta , a lso  p h y sica l-ch em ica l da ta  

m ea su re d  b y  th e  V M M  w e re  a v a ilab le  a n d  u sed  in  o u r  an alysis.

E x tra  sa m p lin g  w as d o n e  in  th e  h a rb o u r  o f  G h en t in  M a rch  2 0 0 9  in  o rd e r to  sea rc h  fo r 

T a litr id a e  an d  M y sid ae , tw o  fam ilie s  o f  m ac ro cru s ta c ea n s  th a t a re  o ften  m isse d  w h en  a rtific ia l 

su b s tra te s  a re  u sed . T h ese  sam p les w e re  n o t q u a n tita tiv e ly  g a th e red  an d  th ere fo re  n o t in c lu d ed  

in  th e  av erag e  ab u n d an ce  calcu la tio n s.
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In  th e  p re sen t s tu d y , w e  fo c u sse d  on  C ru s ta ce a  an d  M o llu sc a  b e ca u se  m o st a lien  sp ec ie s  

b e lo n g  to th e se  g roups. O n ly  C ru s ta ce a  w e re  id en tified  to  sp e c ie s  lev e l u s in g  sev era l 

id en tifica tio n  k ey s (e.g . E ggers a n d  M a rten s , 2 0 0 1 ), s in ce  th e se  sp ec ie s  c o u ld  n o t b e  id en tif ie d  

b a se d  on  the d a ta b ase  o f  th e  F le m ish  E n v iro n m e n t A g en cy . B ased  on  th is  d a tab ase , h o w ev er, 

it  w a s  p o ss ib le  to  d e te rm in e  th e  a lie n  an d  so m e  in d ig en o u s  m o llu sc s , s in c e  th e  id en tified  a lien  

g e n e ra  w ere  o n ly  re p re se n ted  b y  o n e  sp ec ies . In  to ta l, 135 sam p le s w e re  s tu d ied  fro m  18 

d iffe re n t loca tio n s o f  w h ich  16 are  s itu a te d  a lo n g  th e  c an a l G h e n t-T e rn eu z en  an d  tw o  on  the 

R in g v aa rt (a  can a l a ro u n d  th e  c ity  o f  G h en t th a t is d irec tly  c o n n ec te d  w ith  th e  can a l G h en t- 

T ern eu zen ) (F ig . 4 .1 ). S am p les w e re  a v a ilab le  fro m  1990 to  2008 . H o w ev e r, n o t ev ery  

lo ca tio n  w as sa m p le d  each  year. In  1990 a n d  2 0 0 7 , o n ly  o n e  site  w as  sa m p le d  th u s g iv in g  

so m e  dev ia tin g  m ac ro in v e rteb ra te  ab u n d an c e  a n d  sp ec ie s  c o m p o s itio n  v a lu es. T h e  av erag e  

ab u n d an c e  w as  ca lcu la ted  as th e  to ta l ab u n d an c e  p e r  y e a r d iv id ed  b y  th e  n u m b er o f  sam p lin g  

s ta tio n s  m o n ito red  in th a t year. T h e  b io lo g ic a l w a te r  q u a lity  w as a sse ssed  fo r th e  p e r io d  1989- 

2 0 0 8 , b a sed  on th e  M u ltim e tric  M a c ro in v e r te b ra te  Index  F lan d ers  (M M IF ) (G ab rie ls  e t  al., 

2 0 1 0 ). T he ca lcu la tio n  o f  th e  M M IF  w ith o u t a lie n  sp ec ie s  w as b a se d  o n  th e  sam e  m etric s  

e x c e p t that all a lien  sp e c ie s  w e re  e x c lu d ed  fro m  th e  an alysis.

F o r th e  p h y sica l-ch em ica l an a ly sis , 2 8 1 0  m easu rem en ts  fro m  18 d iffe re n t sa m p lin g  lo ca tio n s 

sp re a d  over a p e rio d  fro m  1989 u n til 20 0 8  w ere  tak e n  in to  acco u n t. S tan d ard  p a ram e te rs  (D O , 

p H , p h o sp h a te  and  n itra te) w ere  a n a ly se d  in  a cc o rd an c e  to  IS O  17025.

N o n -p a ram e tric  te s ts  w ere  ca rried  o u t fo r  all an a ly se s , s in ce  th e se  a re  g e n era lly  a p p lic ab le  an d  

d o  n o t  h ave  to  m ee t th e  re q u ire m e n ts  o f  p a ram etric  tes ts . S in ce  it is k n o w n  th a t co n d u c tiv ity  is 

in flu en ced  b y  sa lin ity , th e  c o rre la tio n  b e tw een  b o th  w as  te s te d  u s in g  a  S p ea rm an  R an k  

c o rre la tio n  co effic ien t. C o n d u c tiv ity  is seen  as an  im p o rta n t v a ria b le  d e te rm in in g  th e  p re sen ce  

o r  ab sen ce  o f  m ac ro in v e rteb ra te s  (G a b rie ls  e t a l., 2 007 ; B o e ts  e t ah , 201 0 a). D iffe re n c es  in 

sp e c ie s  co n d u c tiv ity  p re fe ren ces  w e re  te s ted  w ith  sp ec ie s  a s  in d ep e n d en t an d  c o n d u c tiv ity  as 

d e p en d e n t v a ria b le s  w ith  K ru sk a l-W a llis  A N O V A , a n d  p o st-h o c  m u ltip le  c o m p a riso n s  o f  

m e a n  ranks (C o n o v er, 1980). A n y  p o ss ib le  d iffe re n ce s  in  M M IF  w ith  an d  w ith o u t a lien  

sp e c ie s  w as te s ted  u s in g  th e  W ilc o x o n  M a tch ed  P a irs T es t. T h e  sig n ific a n ce  lev e l fo r 

h y p o th es is  te s tin g  w a s  se t a t p  <  0 .05 . A ll s ta tis tica l an a ly se s  w ere  p e rfo rm e d  u s in g  S ta tis tica  

7 .0  (StatSoft Inc., 2004).

74



Chapter 4: U sing long-term m onitoring to investigate the changes in species com position in the
______________________________________________________________________ harbour o f  G hent (Belgium)

4.3 Results

4.3.1 C h em ica l an d  b io lo g ic a l w a te r  q u a lity

T h e  ch em ica l a s  w e ll a s  b io lo g ica l w a te r  q u a lity  w a s  te s ted  in  o rd e r  to  g a in  in s ig h t in  th e  

re la tio n sh ip  b e tw ee n  c h an g e s  in  b o th  w a te r  q u a lity  p a ram e te rs  an d  th e  e s tab lish m en t o f  alien  

sp ec ies . O v e r th e  la s t  2 0  y e a rs , th e  ch em ica l w a te r  q u a lity  has im p ro v ed . T h e  d isso lv ed  

o x y g en  in c reased  g ra d u a lly  fro m  an av erag e  o f  2 .0  m g  I"1 in  1989 to  9.1 m g  I '1 in  20 0 8  (F ig. 

4 .2a). A d d itio n a lly , th e  d ec re a se  in o rth o p h o sp h a te  c o n cen tra tio n  fro m  1.5 to  0.5 m g  T1 

fu rth e r in d ica ted  th e  im p ro v e m en t o f  th e  w a te r  q u a lity  o f  th e  can a l G h e n t-T e rn eu z en  (Fig. 

4 .2 b ). In co n tra st, th e  n itra te  co n ce n tra tio n  in c re a sed  fro m  1.7 to  5.3 m g  I '1 (F ig . 4 .2c), 

w h e rea s  p H  w as n e u tra l to  a lk a lin e  an d  in c reased  o n ly  s lig h tly  fro m  7.5 to  7 .9  (F ig . 4 .2d ).

A  s tro n g  p o sitiv e  c o rre la tio n  b e tw e e n  co n d u c tiv ity  a n d  sa lin ity  co u ld  be o b se rv ed  ( r  =  0 .83 , p  

= 0 .0 3 ), s tro n g  f lu c tu a tio n s  in  b o th  co n d u c tiv ity  (F ig . 4 .3 a) an d  in  sa lin ity  (F ig . 4 .3 b ) w ere  

c lo se ly  re la ted . H o w ev e r, th is  w as n o t su rp ris in g , as co n d u c tiv ity  is p a r tia lly  d e te rm in e d  by  

sa lin ity . In  th e  c an a l G h e n t-T e rn eu z en , a  s lig h t n o rth -so u th  g rad ien t o f  sa lin ity  co u ld  b e  

found . S ites  c lo ses t to  th e  S c h e ld t e s tu a ry  w ere  b rack ish , w h ereas s ite s  c lo se s t to  G h en t w ere  

a lm o st fresh w a te r  as th e  sa m p lin g  b y  th e  V M M  co n firm ed . D u e  to  th is g rad ien t, th e  sam p les 

w e re  c lu s te red  in  th re e  g ro u p s  b a se d  o n  s im ila ritie s  in sa lin ity  (F ig . 4 .1 ). G ro u p  1 co n sis ted  o f  

fo u r sam p lin g  s ite s  h a v in g  b ra ck ish  w a te r  c o n d itio n s , g ro u p  2 co n sis ted  o f  fiv e  sam p lin g  s ites 

h a v in g  in te rm ed ia te  sa lin ity  lev e ls , w h e reas  g ro u p  3 co n sisted  o f  9 sa m p lin g  s ite s  s itu ated  

w ith in  th e  s lig h tly  b ra ck ish  to  f re sh w a te r  p a r t o f  th e  canal. T h is  d iv is io n  in  g ro u p s  w as m ad e  

to  b e  ab le  to  d e te c t ch an g es in  y e a rly  av erag e  sa lin ity  re la te d  to  tem p o ra l o r  spatia l 

d iffe ren ces. B esid es th e  spa tia l d iffe re n ce s  in  sa lin ity  leve ls, tem p o ra l d iffe ren ces in  sa lin ity  

b e tw ee n  th e  g ro u p s an d  th e  av e ra g e  w e re  o b ta in ed  (Fig. 4 .3 a  an d  4 .3b ). P e a k s  in  co n d u ctiv ity  

in  1997 an d  20 0 4  w e re  c o n g ru e n t w ith  p e ak s  o f  sa lin ity . T h ese  p eak s co u ld  b e  o b se rv ed  in  all 

g ro u p s an d  w e re  d iffe re n t fro m  co n d u c tiv ity  a n d  sa lin ity  lev e ls  o f  o th e r years.
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Figure 4.2 Physicochemical characteristics o f the harbour o f Ghent. Annual average values (± I SD) 

from 1989 to 2007 are shown for (a) dissolved oxygen, (b) orthophosphate, (c) nitrate and (d) pH.
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Figure 4.3 (a) Average conductivity and (b) average salinity in the harbour o f Ghent. The average for  

all sampling sites and the average per group o f  sampling sites according to the geographic location 

and the salinity (group I = brackish water, group 2 = slightly brackish water, group 3 = fresh to 
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W ith  ch em ica l im p ro v e m en t o f  th e  w a te r  q u a lity , th e  b io lo g ic a l w a te r  q u a lity  im p ro v ed  as 

m irro re d  b y  th e  M M IF  (F ig . 4 .4 ). T h e  a v e ra g e  M M IF  in c reased  d u rin g  tim e  a n d  so m e 

re la tiv e ly  se n s it iv e  ta x a  ap p ea red  in  th e  w a te rs  (F ig . 4 .4 , T a b le  4 .1 ). H o w ev e r, th e  w a te r  

q u a lity  s till re m a in e d  fa r  b e lo w  th e  g o o d  w a te r  q u a lity  (M M IF  >  0 .7 ) as p re m ise d  b y  th e  

E u ro p ea n  W a te r  F ra m ew o rk  D irective , an d  th e  in d ex  v a lu e  s ig n if ic a n tly  (p = 0 .0 4 ) d ec reased  

fu rth e r, w h e n  a lie n  sp ec ie s  w ere  e x c lu d ed  fro m  th e  ana ly ses.
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Figure 4.4 Yearly average values o f the Multimetric Macroinvertebrate Index Flanders (MMIF) (as 

described by Gabriels et al. (2010)) calculated when including (squares) and excluding alien species 

(circles) from 1990 to 2008.

Table 4.1 Overview o f most sensitive taxa (n = 10) found in the harbour o f Ghent, their tolerance 

score, as well as the year the species was first recorded in the harbour o f Ghent. The tolerance scores 

range from 1 =  non-sensitive lo pollution to 10 = very sensitive. Alien species are shown in bold.

T ax a P h y lu m /O rd er T o le ran c e  score F irs t reco rd

Ferrissia clessiniana M o llu sca 7 2001
Acroloxus lacustris M o llu sca 6 2001
Armiger M o llu sca 6 2005
Gyraulus M o llu sca 6 2001
Segmentina nitida M o llu sca 6 1999
Valvata M o llu sca 6 20 0 6
Caenis robusta E p h em ero p te ra 6 20 0 6
Cloeon dipterum E p h em ero p te ra 6 1998
Coenagrion puella O d o n a ta 6 20 0 0
Ischnura elegans O d onata 6 2001
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4 .3 .2  M a c ro in v e rte b ra te  co m m u n ity

In  to ta l , 11 d iffe re n t m ac ro -c ru s tacean  sp ec ie s , s e v e n  o f  w h ic h  w e re  a lien , w ere  fo u n d  in  the 

h a rb o u r  o f  G h en t f ro m  1990 to  200 8  (T ab le  4 .2 ). D u rin g  th e  f irs t th re e  m o n ito rin g  years  

(1 9 9 0 , 1991 a n d  1992), th e  m a c ro -c ru s ta ce a n  c o m m u n ity  co n sis ted  o f  o n ly  o n e  in d ig en o u s 

sp ec ie s : Asellus aquaticus. S in ce  1993, th e  a lie n  a m p h ip o d  Gammarus tigrinus w as reco rd ed  

a n d  o n ly  a fe w  years  la te r (s in ce  1996), G. tigrinus re ac h ed  h ig h e r  ab u n d an ces  th an  A. 

aquaticus an d  b ecam e  th e  d o m in an t sp ec ies . S in ce  1998 , a th ird  sp ec ie s , Palaemon 

macrodactylus, occu rred . D u rin g  the f irs t y ea rs  o f  its o c cu rre n ce , th is  sp ec ie s  w as o n ly  

p re se n t in  th e  d o w n stre am  p a r t o f  th e  can a l c lo se  th e  D u tc h  b o rd er. A fte r  th ree  years, the 

sp e c ie s  w a s  p re se n t a lm o s t 10 k m  u p stre am  an d  a n o th e r  tw o  y e a rs  la te r, it  o ccu rre d  in  the 

c an a l n e a r  th e  cen tre  o f  G h en t. A  sp e c ie s  th a t a rriv e d  a lm o st s im u lta n eo u s ly  w ith  P. 

macrodactylus w as Rhithropanopeus harrisii. R. harrisii co lo n ise d  th e  h a rb o u r o f  G h en t 

m u ch  fa s te r  th an  P. macrodactylus an d  w as a lre ad y  p re se n t in  1999 fro m  th e  D u tch  b o rd e r  to 

th e  cen tre  o f  G h en t. T h ere  w as a  s ig n ific a n t d iffe re n ce  in  sa lin ity  p re fe re n c e  b e tw een  G. 

tigrinus a n d  P. macrodactylus (p =  0 .0 1 ), b e tw ee n  A. aquaticus a n d  R. harrisii (p = 0 .0 0 7 ) as 

w e ll as b e tw e e n  A. aquaticus an d  P. macrodactylus (p <  0 .0 0 0 1 ). A. aquaticus an d  G. tigrinus 

o c cu rre d  a t lo w e r sa lin itie s , w h ereas P. macrodactylus an d  R. harrisii p re fe rred  h ig h er 

sa lin itie s . N e v e rth e le ss , a ll sp ec ie s  o ccu rred  a t th e  w h o le  sa lin ity  ra n g e  (fro m  th e  c ity  o f  

G h e n t to  th e  b o rd e r  to  th e  N e th erlan d s), b u t so m e tim es  a t lo w e r d e n s itie s  (<  10 in d iv id u a ls  

p e r  sam p le ). A fte r  1998, severa l a d d itio n a l in d ig en o u s  a s  w e ll as a lien  C ru sta ce a  sp ec ie s  

o c cu rre d , a lb e it in lo w  n u m b ers  (T ab le  4 .2 ). O n e  in d iv id u a l o f  D. villosus w as reco v e red  fo r 

th e  f irs t  tim e  in  2005  in  th e  R in g v aart. In  2 0 0 8 , th is  sp e c ie s  reach ed  h ig h  ab u n d an ces (>  300 

in d iv id u a ls  p e r  sam p le ) a t  th e  sam p lin g  p o in t c lo se s t  to  th e  D u tch  b o rd e r. D u rin g  an  ex tra  

sa m p lin g  e ffo rt in M arch  2 0 0 9 , a n o th e r  a lien  a m p h ip o d  ( Orchestia cavimana) w as fo u n d  in 

v e ry  la rg e  n u m b ers  (>  20 0  In d iv id u a ls  m '2) u n d e r  r ip -rap , l itte r  a n d  o th e r d eb ris  n e a r the 

b o rd e r o f  th e  canal. B e ca u se  in fo rm a tio n  a b o u t th e  f irs t o c cu rre n ce  o f  th is  sp e c ie s  in th e  canal 

w as lac k in g  a n d  o u r  sam p les w ere  n o t q u a n tita tiv e ly  g a th e red , th is  sp e c ie s  w as n o t in c lu d ed  in 

th e  sp ec ie s  a sse m b la g e  an a ly sis . W h en  o n ly  m ac ro c ru s ta c ea n s  (c la ss  M a laco straca , 

su p e ro rd e r  P e ra ca rid a  a n d  E u ca rid ea ) w e re  tak e n  in to  acco u n t, th e  av e ra g e  d iv e rs ity  in creased  

o v e r  th e  y e a rs  fro m  one in  1990 to  fiv e  sp ec ie s  in 2 0 0 8 . M o s t o f  th e  re ce n tly  estab lish ed  

C ru s ta ce a  a re  a liens. In  te rm s o f  av erag e  a b u n d an c e , in d ig en o u s  C ru s ta ce a  flu c tu a ted  a ro u n d  

th e  sa m e  n u m b e r as th e  av erag e  ab u n d an c e  o f  a lie n  C ru sta ce a  (F ig. 4 .5 ).
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10000
 Indigenous Crustacea

   Indigenous M ollusca

•••• A lien Cm stacea 

—  Alien M ollusca
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Figure 4.5 Average abundance o f sampling sites (logarithmic scale) o f indigenous and alien 

Crustacea and Mollusca in the harbour o f  Ghent from 1990 to 2008.

T h e  M o llu sca  co m m u n ity  w as  m o re  d iv e rse  co m p ared  to  th e  c ru stacean  co m m u n ity  w ith  a 

to ta l o f  14 d iffe ren t sp ec ies reco rd e d  fro m  1990 to  2008 , fo u r  o f  w h ich  w e re  a lien  (T ab le  4 .2 ). 

D u rin g  th e  first th ree  m o n ito rin g  y e a rs , n o  m o llu sc  sp e c ie s  w e re  p resen t. Dreissena 

polymorpha  w as th e  firs t a lien  sp e c ie s  to  c o lo n ise  the h a rb o u r  o f  G h en t in  1995. S in ce  2005 , 

D. polymorpha  w as a b u n d an tly  p re se n t to g e th e r w ith  Potamopyrgus antipodarum  and  

Physella acuta, tw o  o th e r a lien  sp ec ie s . T h e  ab u n d an ce  o f  th e  a lien  sp ec ie s  Ferrisia 

clessiniana re m a in e d  lo w  co m p ared  to  th e  o th e r a lien  m o llu sc  spec ies. M a x im u m  n u m b er o f  

sp e c ie s  w ith in  th e  m o llu sc  c o m m u n ity  w as re ac h ed  in 2 0 0 6  w ith  six  in d ig en o u s and  fo u r  a lien  

sp ec ies . T h e  ab u n d an ce  o f  in d ig en o u s  M o llu sc a  flu c tu a ted  stro n g ly , w h ile  th e  ab u n d an ce  o f  

th e  a lien  m o llu sc s  g rad u a lly  in c re ased  s in c e  th e ir  o ccu rren ce  in  1995 (F ig . 4 .5 ).
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Chapter 4: U sing long-term  m onitoring to investigate the changes in species com position in the
_______________________________________________________________ harbour o f  G hent (Belgium)

W h en  an a ly s in g  th e  to ta l m ac ro in v e rteb ra te  c o m m u n ity , C ru sta ce a  an d  a lie n  C ru stacea  

rep re sen ted  on  a v e ra g e  55 ±  3 3 %  an d  40  ±  2 8% , re sp ec tiv e ly , o f  th e  to ta l m ac ro in v e rteb ra te  

ab u n d an ce . A t th e  b e g in n in g  o f  th e  1990s, th e  p o llu tio n  to le ran t ta x a  O lig o ch a e ta  and  D ip tera , 

w e re  s till  p re se n t a t h ig h  d en sitie s  (>  1000 in d iv id u a ls  p e r  sam p le ), b u t as th e  w a te r  q u a lity  

im p ro v ed , th e ir  a b u n d an c e  d e c re ased  g rad u ally . T h e  av erag e  n u m b er o f  ta x a  o f  th e  to ta l 

m ac ro in v e rteb ra te  c o m m u n ity  a sse ssed  v ia  a rtific ia l su b s tra tes  in c reased  fro m  fiv e  taxa  in 

1990 u p  to  13 ta x a  in  20 0 6  (F ig . 4 .6 ). H ow ev er, w h e rea s  th e  av erag e  n u m b e r o f  in d ig en o u s 

ta x a  rem a in ed  s ta b le , th e  av erag e  n u m b e r  o f  a lien  ta x a  in c reased  y ear b y  y e a r  s in c e  1993 to  an  

av era g e  n u m b er o f  fiv e  a lien  ta x a  in  2007 .

14
□ alien  Crustacea 

■  alien  M ollusca

□ indigenous

12

10
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0
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008

Figure 4.6 Average number o f taxa fo r  indigenous macroinvertebrates (white area), alien Mollusca 

(black area) and alien Crustacea (dotted area) per year from 1990 to 2008.

4.4 D iscussion

T h e  m ac ro in v e rteb ra te  c o m m u n ity  o f  th e  h a rb o u r o f  G h en t sh o w ed  a d e v e lo p m en t to w ard s 

h ig h er tax a  rich n ess  d u rin g  th e  tim e  p e r io d  o f  ou r study . A t th e  b e g in n in g  o f  th e  1990s a lm o st 

no sp ec ie s  o ccu rre d  e x ce p t fo r  so m e  p o llu tio n  to le ran t ta x a  lik e  C h iro n o m id a e , A se llid ae , 

Helobdella  an d  T u b ific id a e . N o w ad a y s , m o re  d iffe re n t ta x a  o ccur, in c lu d in g  m a n y  alien  

sp ec ies . A lien  C ru s ta ce a  re p re se n ted  a b o u t 5 0 %  o f  th e  to ta l c ru s tacean  ab u n d an c e  o f  the 

h a rb o u r o f  G h en t. T h is  is c o m p a rab le  w ith  th e  re su lts  o b ta in e d  in  th e  r iv e rs  M e u se  (Jo sen s e t 

al., 2 0 0 5 ), th e  R h in e  (v an  d e r V e ld e  e t al., 2 000 ; B e rn au e r a n d  Jan sen , 2 0 0 6 ) a s  w e ll as the 

M o selle  (D h u r a n d  M a ssa rd , 1995), w h e re  a lien  sp ec ie s  d o m in a te  the c ru s tac ea n  co m m u n ity .

Gammarus tigrinus, o r ig in a tin g  fro m  N o rth -A m erica , w as th e  f irs t to  c o lo n ize  th e  h a rb o u r o f  

G hent. G. tigrinus sh o w s a  h ig h  to le ran c e  to w ard s  d iffe ren t/v a ry in g  en v iro n m en ta l co n d itio n s
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a llo w in g  th e  e s tab lish m en t a n d  m ain ten an ce  o f  s ta b le  p o p u la tio n s  in  fresh  as w e ll as b rack ish  

w a ters . T h e  sp e c ie s  is n o w  w id e ly  d is trib u ted  in  r iv e rs , c an a ls  a n d  p o n d s  th ro u g h o u t F landers 

(B o e ts  e t a l., u n p u b lish e d  d a ta , c h ap te r  2). T w o  m o re  c ru s ta c e a n  sp e c ie s  o rig in a tin g  from  

N o rth -A m eric a  w e re  in tro d u ced  o n ly  a  few  y ears  late r. H o w ev e r, b e s id es  Proasellus coxalis, 

a lso  Crangonyx pseudogracilis w as n o t ab le  to  e s tab lish  a s tab le  p o p u la tio n  in  th e  h a rb o u r o f  

G h en t and  w as o n ly  re co rd e d  in o n e  sam p le  in  2 0 0 1 . M a c N e il e t al. (2 0 0 0 ) fo u n d  th a t C. 

pseudogracilis an d  Gammarus sp . a re  ab le  to  su rv iv e  u n d e r th e  sam e  p h y sico ch em ica l 

co n d itio n s, b u t th a t p ro b a b ly  o th e r fac to rs  in c lu d in g  b io tic  o n es p la y  a  ro le  in th e  ex c lu s io n  o f  

C. pseudogracilis in  Gammarus sp . d o m in a ted  r iv e rs . L ab o ra to ry  e x p e rim e n ts  sh o w ed  th a t C. 

pseudogracilis su ffe red  h e av ily  fro m  p re d a tio n  by  G. tigrinus (D ick , 1996). T h ere fo re , 

in trag u ild  p re d a tio n , co u p led  w ith  th e  a b ility  o f  G. tigrinus to  ad ap t e a s ily  to  ch an g in g  

e n v iro n m en ta l co n d itio n s  co u ld  h av e  fav o u red  th e  la tte r one. A n o th e r  a lien  sp e c ie s  re s tr ic te d  

to  b rack ish  a n d  m arin e  e n v iro n m en ts , b u t b e in g  q u ite  to le ra n t to w ard s  lo w  lev e ls  o f  

tem p era tu re  a n d  sa lin ity , is Palaemon macrodactylus. T h is  sp e c ie s , o rig in a tin g  fro m  

S o u th e as t A s ia , w as  reco rd e d  fo r th e  f irs t  tim e  in B e lg iu m  in  20 0 3  fro m  th e  h a rb o u r o f  

A n tw erp  (S o o rs  e t a l., 2 0 1 0 ) a n d  in  200 4  fro m  th e  h a rb o u r o f  Z ee b ru g g e  (d 'U d e k em  d 'A co z  et 

a l., 2 0 05). S im ila r  to  Rhithropanopeus harrisii, th e  la rv ae  o f  th is  sp ec ie s  w e re  m o st lik e ly  

tran sp o rted  v ia  b a lla s t  w a te r  o f  sh ips. T h e  firs t re c o rd  o f  o c cu rre n ce  in  F lan d ers  sh o w ed  a 

h ig h  ab u n d an ce  o f  th e  sp ec ie s , th e re fo re , it  is n o t su rp ris in g  th a t th e  sp e c ie s  w as a lread y  

p re se n t in 1998 as fo u n d  a t o u r  sa m p lin g  s ite s  c lo se s t to th e  D u tc h  b o rd er. A lth o u g h  th e  firs t 

E u ro p ea n  o c cu rre n ce  o f  P. macrodactylus w as  re co rd e d  in 1999 (S p a in ; C u e s ta  e t a l., 2 0 0 4 ), 

th e  sp ec ie s  w as a lre a d y  p re se n t in F lan d ers  one y e a r  earlie r. d ’U d ek em  d ’A c o z  e t al. (2005) 

s ta ted  th a t P. macrodactylus is  m o st lik e ly  to  o c c u r  in  th e  m eso h a lin e  p a rts  o f  e stu a ries , a lb e it 

th is  sp ec ie s  w a s  a lso  re co rd e d  in  the u p stream  p a r t  o f  th e  c an a l in  w a te r  w ith  a lo w  sa lin ity  

(1.9% o), w h e re  it  re a c h e d  h ig h  ab u n d an ces  (>  100 in d iv id u a ls  p e r  sam p le ) in  2 0 0 6 . A c co rd in g  

to  A sh e lb y  e t  a l. (2 0 0 4 ), P. macrodactylus is k n o w n  to  b e  p re se n t in  w a te r  w ith  flu c tu a tin g  

sa lin itie s  as in  S a n  F ra n c isco  B ay , b u t c an  a lso  b e  fo u n d  th e re  in  f re sh w a te r  h ab ita ts . 

A c co rd in g  to  o u r  re su lts , th is  sp ec ies in v ad ed  th e  can a l a t th e  m o st fav o u rab le  n ich e  

(d o w n stream ) an d  m ig ra ted  s lo w ly  u p stream  w ith  an  av erag e  o f  fo u r k ilo m e tre s  p e r  year. 

D ed ec k e r e t a l. (2 0 0 6 )  in d ic a te d  th a t th e  u p s tre a m  m ig ra tio n  ra te  o f  th e  a m p h ip o d  Gammarus 

pulex  is h ig h er in  r iv e rs  w ith  a lo w  s tream  v e lo c ity . T h e  lo w  s tre am  v e lo c ity  o f  th e  canal 

G h e n t-T e rn eu z en  co u ld  h a v e  fa v o u re d  th e  u p stre am  m ig ra tio n  o f  P. macrodactylus. 

M o n ito rin g  o f  th e  T h am es  sh o w ed  th a t P. macrodactylus w as p o ss ib le  to  c o -o c c u r  w ith  the 

in d ig en o u s  P. longirostris in  B ritish  estu aries , p o ten tia lly  o c cu p y in g  o v e rla p p in g  eco lo g ica l
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n ich e s  (W o rs fo ld  and  A sh e lb y , 2 006). D esp ite  th e  c o -o cc u rren c e  o f  P. macrodactylus w ith  

o th e r  c a rrid ea n s , a  d ie ta ry  o v e rla p  is p o ss ib le  w ith  sp ec ie s  o f  th e  sam e  s ize  sh a rin g  sim ila r 

re so u rces . T o g e th e r  w ith  R. harrisii, P. macrodactylus c an  h av e  a  n e g a tiv e  im p ac t on  the 

a b u n d a n c e  o f  o th e r m acro in v erteb ra tes .

D u rin g  th e  e x tra  sam p lin g  e ffo r t in 2 0 0 9 , Orchestia cavimana w as fo u n d  u n d e r sto n es and  

o rg a n ic  d e b ris  n e a r  th e  b o rd e r o f  th e  can a l. A lth o u g h  th is  sp ec ie s  w as n o t p re sen t in  the 

sa m p le s  o f  th e  F lem ish  E n v iro n m e n t A g e n cy , it  c an  b e  a ssu m e d  th a t it  w as a lread y  

e s tab lish e d  fo r a  lo n g  tim e. O. cavimana h id es  u n d e r  sto n es an d  r ip -rap  a lo n g  riv e rs  b an k s an d  

is se ld o m  sa m p le d  w ith  a rtific ia l su b stra tes . A n o th e r  fam ily  th a t is o ften  m isse d  w h e n  u sin g  

a r tif ic ia l su b s tra tes  is M y sid ae . N. integer, a  in d ig en o u s  sp ec ie s  o f  M y sid ae , w as sam pled  

o n ly  o n ce , b e c a u se  th e  sp ec ie s  is a  fast sw im m er w h ich  o ccu rs  in  sw arm s n e a r  th e  b o tto m  o f  

th e  r iv e r  d u r in g  d ay tim e.

T h e  c ru s tac ea n  sp ec ie s  th a t m o s t re ce n tly  in v ad e d  th e  can a l w as th e  P o n to -C a sp ian  species 

Dikerogammarus villosus. S in ce  th e  o p e n in g  o f  th e  M a in -D an u b e  c an a l in  1992, m an y  

sp e c ie s  o r ig in a tin g  from  the P o n to -C a sp ian  a rea  in v ad ed  riv e rs  in  G erm an y , th e  N e th erlan d s 

a n d  a lso  B e lg iu m . E sp e c ia lly  in  th e  can a ls  s itu a te d  in th e  e a s t o f  F la n d e rs  (B e lg iu m ) m an y  

P o n to -C a sp ian  sp ec ie s  w ere  fo u n d  (M ess iaen  e t al., 2 0 1 0 ), in c lu d in g  D. villosus. T he 

e s tab lish m en t o f  th e  P o n to -C asp ian  sp ec ie s  D. polymorpha  (p re sen t in  th e  h a rb o u r o f  G hen t 

s in c e  1995) p r io r  to  th e  in tro d u c tio n  o f  D. villosus co u ld  h av e  fa v o u re d  th e  e stab lish m en t o f  

la tte r  o ne . R icc ia rd i e t al. (1 9 9 7 ) sh o w ed  th a t o rg an ic  e n r ic h m e n t cau sed  b y  m ussel 

d e p o s itio n , to g e th e r w ith  th e  d e v e lo p m en t o f  sp a tia lly  co m p lex  su rfaces, ac tin g  a s  re fug ia , can  

in c re a se  th e  ab u n d an ce  o f  a m p h ip o d  c o m m u n itie s . A s b o th  sp e c ie s  o rig in a te  fro m  th e  sam e 

a rea  a n d  c o -e v o lv e d  o v e r  a lo n g  p e rio d  o f  tim e , th is  a sso c ia tio n  f its  th e  In v asio n a l M eltd o w n  

T h e o ry  (S im b e r lo f f  an d  V o n  H o lle , 1999). In  th is  w ay , n o n -in d ig e n o u s  sp ec ie s  c an  facilitate  

o n e  a n o th e r’s in v asio n  an d  in c rease  th e  p ro b a b ili ty  o f  a  su c c ess fu l e s tab lish m en t. O n ce  a 

sp e c ie s  is  ad ap ted  to th e  loca l e n v iro n m en ta l c o n d itio n s an d  d o m in an tly  p re sen t, it can  h ave  

an  im p a c t o n  th e  m ac ro in v e rteb ra te  c o m m u n ity  cau sin g  a  g en era l d ec lin e  in d iv ers ity  and  

a b u n d an c e  o f  th e  n a tu ra l sy s tem  (van  d e r V e ld e  e t a l., 2 0 0 0 ; v a n  R iel e t al., 2006a). D. 

villosus is an  e u ry h a lin e  sp ec ies an d  a  v e ry  su ccess fu l in v ad e r th ro u g h o u t E u ro p e  (B ru ijs  et 

a l., 2 0 0 1 , B ij d e  V aate  e t a l., 2 0 0 2 ; B o llach e  e t al., 2 004). D u e  to  th e  in tro d u c tio n  o f  D. 

villosus, th e  ab u n d an ce  o f  G. tigrinus d e c re a sed  en o rm o u s ly , e sp e c ia lly  a t th e  sam p lin g  site  

c lo se s t to  th e  D u tc h  b o rd er, f ro m  2 0 0 7 , w h e n  it w a s  the m o s t a b u n d an t sp ec ie s  a t th is  site  to
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2 0 0 8 , w h e re  it  w as absent. T h is  m ay  in d ic a te  th a t G. tigrinus w as d isp lac ed  by  D. villosus v ia  

in tra g u ild  p red a tio n . L ab stud ies sh o w ed  th a t D. villosus p re d a te s  on  in d ig en o u s  as w e ll as 

a lien  sp ec ie s  (D ic k  a n d  P la tv o e t, 2 0 0 0 ; D ic k  e t a l., 2 0 0 2 ; B o e ts  e t  a l ,  2 0 1 0 a ). O n  the  o th e r 

h an d , D. villosus is ab le  to  co llec t, c o n su m e  an d  d ig es t m ic ro -a lg a e  as in d ic a te d  b y  P la tv o e t e t 

al. (2 0 0 6 ), a lth o u g h  th e  re su lts  sh o w ed  th a t n o t ad u lts  b u t ju v e n ile s  h a d  a lg ae  in th e ir  gu t. 

G a m m a rid a e  u se d  to  b e  c la ss if ied  a s  sh re d d ers  fe ed in g  w ith  d ead  o rg a n ic  m ate ria l an d  p la n t 

m a te ria l w ith  so m e  reco g n itio n  o f  o m n iv o ry  (M acN eil et a l., 1997). R esu lts  o f  recen t re sea rch  

b a se d  on  s ta b le  iso tope  a n a ly sis  (5 i5N ) a n d  n u m ero u s  lab  e x p e rim e n ts  in d ica ted  th a t 

G a m m a rid a e  a re  o p p o rtu n is tic  o m n iv o re s  p re d a tin g  a lso  o n  sp e c ie s  b e lo n g in g  to  th e  sam e  

g u ild . T h e re fo re , b e in g  g en era lis ts  p ro b a b ly  co n trib u tes  to  th e  su c c ess  o f  th ese  in v asiv e  

am p h ip o d s.

D ra s tic  ch an g es o f  th e  m ac ro in v e rteb ra te  c o m m u n ity  w e re  o b se rv ed  w h e n  c o m p arin g  our 

re su lts  o f  th e  m ac ro in v e rteb ra te  d iv e rs ity  w ith  th o se  o f  a  s tu d y  c o n d u c ted  in  th e  1980s a b o u t 

th e  m a c ro zo o b e n th o s  o f  th e  can a l G h e n t-T e rn eu z en  (S e y s  e t al., 1990). T h e ir  stu d y  rev ea led  

th a t th e  m ac ro in v e rteb ra te  c o m m u n ity  in  th e  B e lg ian  p a r t o f  th e  c an a l w a s  d o m in a ted  b y  

O lig o ch a e ta  a n d  th a t no o th e r ta x a  occu rred . O n ly  on  D u tch  te rrito ry , so m e  o th e r ta x a  lik e  

A se llid a e , P o ly c h ae ta  and  C h iro n o m id ae  w e re  p re sen t. I f  w e  c o m p a re  th is  to  th e  m o st re c e n t 

re su lts , w e  d o  n o t o n ly  see  an  in crease  in  th e  n u m b e r o f  ta x a  b e lo n g in g  to  th e  C ru stacea  an d  

M o llu sc a , w h ich  in c lu d e  all a lien  sp ec ie s , b u t  th e re  is a lso  an  in c rease  in  th e  n u m b er o f  ta x a  

b e lo n g in g  to  th e  D ip tera , H iru d in ea , O d o n a ta  an d  sev e ra l o th e r  tax a . T h is  in crease  is m a in ly  

d u e  to  th e  im p ro v e m en t o f  th e  ch em ica l w a te r  q u a lity , w h ic h  is d e m o n s tra ted  b y  th e  ch an g es 

in o x y g en  c o n te n t a n d  o rth o p h o sp h a te . W h ere  in  1989, th e  av erag e  o x y g e n  c o n ten t f lu c tu a ted  

a ro u n d  2 .0  m g  I’1, fa r b e lo w  th e  l im it a llo w in g  a h e a lth y  an d  d iv e rse  m ac ro in v e rteb ra te  

co m m u n ity , th e  o x y g en  c o n ce n tra tio n  in c re a sed  to  a  m ax im u m  o f  10.8 m g  f 1 in  2008 . 

C o n d u c tiv ity  s tro n g ly  flu c tu a ted , p r im a r ily  d u e  to  ch an g es in  sa lin ity : th e  h igh  p eak s o f  

c o n d u c tiv ity  a lw ay s  co -o cc u rred  w ith  h ig h  p e ak s  in sa lin ity  an d  a re  p ro b a b ly  c au sed  b y  d ry  

an d  h o t su m m ers  w h e n  th e  in flo w  o f  fresh  w a te r  d im in ish ed . W ith  th e  im p ro v em en t o f  th e  

w a te r  q u a lity , n o t o n ly  so m e  in d ig en o u s sp e c ie s  c o lo n iz ed  th e  n e w  v a c a n t n ich es, b u t a lso  

m a n y  a lien  sp ec ie s  estab lish ed . T h is  p h e n o m e n o n  w as a lre ad y  o b se rv ed  ea rlie r  in th e  r iv e r  

R h in e , w h e re  a f te r  th e  ca ta s tro p h ic  en v iro n m en ta l S an d o z  a cc id e n t, p o p u la tio n s o f  

Chelicorophium curvispinum  a n d  Corbicula sp . re a c h e d  a  d o m in an t p o s it io n  w ith in  tw o  y ears  

(D en  H a rto g  e t a l., 1992). A lth o u g h  a t  an  e a r ly  s ta g e  th e  d e g rad a tio n  o f  th e  can a l c o u ld  h av e  

e a se d  th e  in v as io n  b y  a lien  sp ec ies , th e  im p ro v e m en t o f  th e  w a te r  q u a lity  d u rin g  th e  la s t  15
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y ears  m ad e  it p o ss ib le  fo r so m e  a lie n  sp e c ie s  to  e stab lish  s tab le  p o p u la tio n s  w ith  h igh  

d en sitie s . M an y  a lien  m ac ro in v e rteb ra te s  are seen  a s  p o llu tio n  to le ran t sp ec ie s  (e.g. 

Gammarus tigrinus). H o w ev er, as th e  w a te r  q u a lity  im p ro v ed , the n u m b er o f  a lien  sp ec ie s  

in c reased . T h is  seem s to  go  a g a in s t th e  trad itio n a l id ea  th a t d eg rad a tio n  o f  th e  h a b ita t  in  

co m b in a tio n  w ith  p o llu tio n  fav o u rs  th e  su c c ess  o f  a lien  sp ec ie s  (e.g. G rab o w sk i e t ah , 2007). 

H o w ev e r, w h en  p o llu tio n  lev e ls  b e co m e  to o  h ig h  (e.g. o rth o p h o sp h a te  >  4 .7  m g  T 1), (a lien ) 

sp e c ie s  m ay  n o t b e  ab le  to  su rv ive .

W h en  a sse ss in g  th e  w a te r  q u a lity  b a se d  on  th e  m ac ro in v e rteb ra te  c o m m u n ity , th e  M M IF  

sco re  g en era lly  in c reases  w h e n  in c lu d in g  a lien  spec ies, w h e rea s  th e  M M IF  d id  n o t in crease  

w h e n  ex c lu d in g  th ese  a lien  sp ec ies . T h u s  a lien  sp ec ie s  seem s to  h av e  an  in flu en ce  on the 

o u tco m e  o f  th e  w a te r  q u a lity  a sse ssm en t. A lso  G ab rie ls e t al. (2005) fo u n d  th a t a lie n  species 

c an  h av e  an  in flu en ce  on  the c a lcu la tio n  o f  th e  B e lg ian  B io tic  Index . T h ere fo re , th ey  p ro p o se  

th e  u se  o f  a  se m i-fix ed  ta x a  lis t, in c lu d in g  a  to le ran ce  c lass  fo r  each  ta x o n  in o rd e r  to  av o id  

in co n s is te n c ie s  in  th e  c a lcu la tio n  o f  th e  B e lg ian  B io tic  Ind ex . W e sh o u ld  b e  aw are  th a t w hen  

in v as iv e  sp ec ies a re  ab le  to c o lo n ise  lo w  d eg rad ed  riv e rs  w ith  a  goo d  w a te r  q u a lity  an d  a h igh  

a b u n d an c e  o f  in d ig en o u s  tax a , th ey  m a y  cau se  a d ec lin e  in  th e  d iv e rs ity  resu ltin g  in  lo w er 

v a lu e s  o f  b io tic  in d ice s  (M a cN eil e t a l., 2 0 1 3 ). H o w ev e r, th e  in crease  in  th e  b io lo g ica l w a ter 

q u a lity  is in  th is  case  n o t cau sed  b y  a  d e c re a se  o f  th e  ch em ica l w a te r  qua lity . It is ad v isab le  to  

m ak e  u se  o f  a lte rn a tiv e  m eth o d s , su c h  as m o d e llin g  tec h n iq u es , to  a sse ss  th e ir  im p ac t on  local 

sp e c ie s  assem b lag es . A n o th e r  a lte rn a tiv e  w o u ld  b e  to  u se  th e  s ite -sp ec if ic  b io co n tam in a tio n  

in d e x  n e x t to  the trad itio n a l b io tic  in d ices, as th is  c o u ld  in d ica te  s ites w h ich  are  d o m in a ted  b y  

a lie n  sp ec ies .

In  co n c lu s io n , th e  m ac ro in v e rteb ra te  sp e c ie s  co m p o s itio n  o f  th e  fo rm erly  p o llu te d  an d  

d e g rad e d  h a rb o u r o f  G h e n t ch an g ed  d u e  to  th e  im p ro v em en t o f  th e  ch em ica l w a te r  q u a lity  and  

th e  in tro d u c tio n  o f  a lie n  sp ec ies . D u e  to  th e  in creas in g  trad e  an d  th e  in lan d  lo ca tio n  o f  th e  

h a rb o u r  o f  G h en t, m o re  a lie n  sp e c ie s  a re  to b e  ex p ec ted . G en era lly , b rack ish  w a ter 

e co sy stem s, w h ich  ten d  to  h av e  a lo w  sp e c ie s  d iv ers ity , in  co m b in a tio n  w ith  in ten siv e  b o a t 

tra ffic , h a v e  a h ig h  p o ten tia l fo r  b io co n ta m in a tio n . M o reo v er, th e  h a rb o u r o f  G h en t and  

F lan d ers  in  g enera l, c an  act a s  a  se c o n d a ry  so u rce  o f  d isp e rsa l th ro u g h o u t E u ro p e . T h ere fo re , 

i t  is a d v isab le  to  m o n ito r  an d  co n tro l, v ia  s tro n g e r reg u la tio n s fo r sh ip p in g  a n d  co n tro l o n  

trad e , th e  fu rth e r sp read  o f  in v as iv e  a lie n  sp e c ie s  in  E u ro p ea n  w aters.
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Chapter 5: M acroinvertebrate composition in brackisch polder waters

Chapter 5: Case study 2: Macroinvertebrate composition in brackish polder 
waters

A d a p ted  from :

B o e ts  P ., L o ck  K ., G o e th a ls  P .L .M . (2 0 1 1 b ). S h ifts  in  th e  g a m m a rid  (A m p h ip o d a) fau n a  in 

b ra ck ish  p o ld e r  w a te rs  o f  F lan d ers  (B e lg iu m ). Jo u rn a l o f  C ru sta ce an  B io lo g y  31: 2 7 0 -2 7 7 .
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Chapter 5: Cast study 2: Shifts in the gammarid (Amphipoda) fauna in 

brackish polder waters

A bstract

T h e  m ac ro c ru s ta c ea n  co m m u n ity  o f  b rack ish  p o ld e r  w a te rs  in  F la n d e rs  w as inv estig a ted  

b a se d  on  a tw e n ty  y e a r su rv e y  c o m p ris in g  43 0  b io lo g ica l sa m p le s  tak en  a t 2 18  d iffe ren t 

lo ca tio n s . A  c le a r  sh if t  in th e  g a m m a rid  co m m u n ity  co u ld  b e  o b se rv ed . A fte r  its in tro d u c tio n , 

th e  a lie n  sp e c ie s  Gammarus tigrinus, o rig in a tin g  fro m  N o rth -A m eric a , reach ed  h ig h  

ab u n d an ces  a n d  b ecam e  w id e ly  sp re ad  in  th e  p o ld e r  w a te rs  w ith in  a  few  years. 

S im u ltan eo u s ly , a  d e c re a se  in th e  p rev a len ce  o f  th e  in d ig en o u s  b ra ck ish  w a te r  g am m arid s  G. 

duebeni an d  G. zaddachi occu rred . H o w ev er, a t th e  sa m e  tim e  a  d e c re a se  in  th e  sa lin ity  o f  the 

p o ld e r  w a te rs  a lso  w as o b se rv ed . U n i-  and  m u ltiv a r ia te  d a ta  a n a ly sis  rev ea led  a  c lear 

d iffe re n ce  in  th e  e n v iro n m en ta l p re fe ren ces  o f  G. tigrinus, G. duebeni, a n d  G. zaddachi. T he 

a lie n  sp ec ie s  p re fe r re d  low er sa lin itie s , lo w er o rth o p h o sp h a te  c o n ce n tra tio n s , an d  a h ig h er 

o x y g e n  c o n c e n tra tio n  co m p ared  to th e  tw o  in d ig e n o u s  sp ec ie s . B e sid es  th e  decrease  in  

p re v a len c e  o f  th e  in d ig en o u s  g am m arid s , a  d e c re a se  w as a lso  o b se rv ed  in  p re v a len c e  o f  tw o 

o th e r in d ig en o u s  b rack ish  w a te r  c ru stacean s: Palaemonetes varians an d  Neomysis integer. It 

a p p ea rs  th a t th e  d e c re a se  in  sa lin ity  is th e  m o st im p o rta n t fa c to r  c au s in g  th e  d ec lin e  o f  th e  

in d ig en o u s  g a m m a rid s  and  n o t th e  in tro d u c tio n  o f  th e  a lien  sp e c ie s  G. tigrinus.



Chapter 5: M acroinvertebrate com position in brackisch polder waters

5.1 Introduction

A lth o u g h  a lie n  sp ec ie s  can  c au se  m a jo r  sh if ts  in co m m u n ity  c o m p o s itio n , th e re  is no  

co n se n su s  a b o u t th e  facto rs th a t ex p la in  th e ir  su ccess in  b rack ish  w a te r  eco sy stem s. 

A c c o rd in g  to  W o lf f  (1999), th e  m ac ro in v e rteb ra te  d iv e rs ity  in  b rack ish  w a te rs  is u su a lly  lo w  

a n d  th e  m a n y  e m p ty  n ich es th a t a re  p re se n t c an  b e  co lo n ise d  b y  a lien  sp ec ies . T h e  low  sp ec ies 

d iv e rs ity  is w e ll illu stra ted  by  th e  c la ss ica l c u rv e  o f  R em an e  (1 9 5 8 ), w h e re  th e  lo w est sp ec ies 

r ich n e ss  fa lls  in th e  sa lin ity  ran g e  fro m  5 to  10 p su  an d  m o st sp e c ie s  liv in g  w ith in  th is range 

are  ty p ic a lly  m ix o h a lin e . H o w ev e r, R icc ia rd i a n d  M a c lsaa c  (2 0 0 0 ) an d  Jazd zew sk i e t al. 

(2 0 0 4 ) su g g e s t th a t species d iv e rs ity  is n o t an  im p o rtan t fa c to r  to  re silien ce  a g a in s t sp ec ies 

in tro d u c tio n s , b u t th a t aq uatic  in v asio n s a re  m ed ia te d  m o re  b y  d isp e rsa l o p p o rtu n ity  an d  th e  

fa v o u ra b ili ty  o f  th e  ab io tic  h a b ita t c o n d itio n s . N e h rin g  (2 0 0 6 ) p o in te d  ou t th a t low  ind ig en o u s 

sp e c ie s  r ich n e ss  in  aq uatic  c o m m u n itie s  m ig h t fac ilita te  in v as io n s , b u t th a t th e  f req u e n c y  an d  

in te n s ity  o f  in tro d u c tio n s  are c ritica l c o m p o n e n ts  in the in v as io n  p ro cess . A lth o u g h  acco rd in g  

to  W illia m so n  (1 9 9 6 ) a ll co m m u n itie s  a re  su sce p tib le  to  in v as io n , it is e x p ec te d  th a t th ey  a re  

n o t eq u a lly  so . B io d iv ersity , sp e c ie s  co m p o s itio n , e n e rg y  flow , p h y s ic a l-ch e m ic a l h ab ita t, and  

c lim a te  co n d itio n s  a re  co n sid e red  m a jo r  c o n tro lle rs  o f  p o p u la tio n  an d  eco sy stem  d ynam ics. 

W e  o ften  la c k  a  g o o d  u n d e rs tan d in g  o f  th e se  d y n am ics a n d  th e  in te r-re la tio n sh ip s  o f  

in d ig en o u s  an d  a lien  b io ta . It is k n o w n  th a t ch an g es in  ab u n d an c e  o f  in d ig en o u s  and  alien  

b io ta  o c c u r  as a  re su lt o f  d isp lacem en t an d  c o m p e titio n  (D ev in  e t a l., 2 0 0 5 b ; v a n  R iel e t al., 

2 0 0 7 ). In  ad d itio n , ch an g es in p h y s ic a l-ch e m ic a l c o n d itio n s an d  h ab ita t d e te rio ra tio n  co u ld  

e ase  th e  in tro d u c tio n  an d  e s tab lish m en t o f  a lie n  sp ec ie s  (D e n  H a rto g  e t a l., 1992; D idham  et 

a l., 2 005).

A m p h ip o d s  o f  th e  su p e rfam ily  G a m m a ro id e a  a re  w id esp read  and  o ften  p lay  an  im p ortan t 

fu n c tio n a l ro le  in  fresh  and  b ra c k ish  w a te r eco sy stem s (Ja zd z e w sk i, 1980). In  m an y  aquatic  

c o m m u n itie s , g am m a rid s  are th e  d o m in a n t m ac ro in v e rteb ra te s  in  te rm s o f  b o th  b io m ass an d  

d e n s ity  (M a cN eil e t a l., 1997). C o n seq u en tly , in th ese  e n v iro n m en ts , th ey  con tribu te  

s ig n if ic a n tly  to  th e  en erg y  f lo w  b y  d e c o m p o s in g  o rg an ic  m a te ria l an d  se rv in g  as fo o d  fo r 

o th e r  o rg an ism s , su ch  as fish  (G rab o w sk i e t  al., 2 0 07). N u m e ro u s  sp ec ie s  b e lo n g in g  to  

G a m m a ro id e a  are  co n sid ered  su ccess fu l in v ad e rs  (van  d e r V e ld e  e t  a l., 2 0 0 0 ; G rab o w sk i e t 

a l., 2 0 0 7 ). S e v e ra l life  h is to ry  tra its , su ch  as a  sh o rt g en era tio n  tim e , ea rly  sex u a l m atu rity , 

h ig h  fecu n d ity , an d  a  h ig h  to le ran c e  to w ard s  ch an g es in  sa lin ity  an d  stress  in  gen era l are  p u t 

fo rw a rd  as im p o rta n t tra its  c o n trib u tin g  to  th e ir  su ccess (G rab o w sk i e t al., 2 0 0 7 ). A n o th er 

fa c to r  p ro m o tin g  th e  su ccessfu l in v as io n  o f  th e  a lien  g am m a rid s  m ay  b e  p re d a tio n  an d
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c o m p e titio n  (K e lly  e t  al., 2 0 06). G am m arid s  u se d  to b e  c la ss if ied  a s  sh re d d e rs  o r co llec to rs , 

b u t M acN eil e t al. (1997) an d  M ay er e t a l. (2 0 0 8 ) sh o w ed  th a t  a w id e r fo o d  b ase  is ex p lo ited  

th an  w as  p re v io u s ly  th o u g h t. F u rth e rm o re , c an n ib a lism  a n d  in ter- a n d  in tra g u ild  p re d a tio n  

seem  to  b e  co m m o n  an d  im p o rtan t fa c to rs  c o n trib u tin g  to  sp ec ie s  e x c lu s io n s  an d  

re p la ce m en ts  (P o lis  e t al., 1989; D ick  e t a l., 1993).

S ev e ra l au th o rs  in d ica ted  th at th e  su c c ess  o f  an  a lien  sp e c ie s  c an n o t b e  a ttrib u ted  to one 

p a r tic u la r  fac to r, b u t ra th e r to  a co m b in a tio n  o f  b io tic  an d  ab io tic  c o n d itio n s o f  th e  rec ip ien t 

h a b ita t  (S ak a i e t a l., 2001 ; M acN eil e t a l ,  2 0 0 4 ). V a riab ility  in  co n d itio n s , su ch  as w a te r  

q u a lity  an d  c o m p le x ity  o f  th e  h ab ita t in f lu e n c e s  th e  o u tco m e  o f  th e  co m p e titio n  fo r a  n ich e , 

d e p en d in g  on  d iffe ren ces in  th e  sp e c ie s ’ to le ra n c e  to  th e se  co n d itio n s  (M acN eil e t a l., 2 0 0 4 ). 

S tu d ies  th a t focus on  c h an g in g  b io lo g ica l fa c to rs , su c h  a s  fo o d  su p p ly , co m p e titio n  an d  

p re d a tio n  a n d  c h an g in g  p h y sic a l-ch e m ic a l fac to rs , su c h  as n u trie n ts , sa lin ity  an d  w a te r  q u a lity  

in re la tio n  to  th e  o ccu rren ce  o f  a sp e c ie s  m a y  e x p la in  co m m u n ity  sh ifts . T h ese  s tud ies o f  

ch an g e  in  co m m u n ity  s tru c tu re  an d  fu n c tio n  are im p o rta n t fo r th e  u n d e rs tan d in g  an d  th e  

m a n a g em e n t o f  eco sy stem s. M o reo v er, a  g o o d  in s ig h t in to  th e  eco lo g y  a n d  b e h av io u r o f  a lie n  

sp e c ie s  can  h e lp  to  decrease  th e ir  fu rth e r sp read .

B ased  on lite ra tu re , it  is k n o w n  th a t th e  o rig in a l g a m m a rid  c o m p o s itio n  o f  th e  b rack ish  p o ld e r  

w a te rs  c o n s is ted  in  F lan d ers  o f  tw o  in d ig e n o u s  spec ies: Gammarus duebeni L illjebo rg , 1852 

an d  Gammarus zaddachi S ex to n , 1912. A t th e  b e g in n in g  o f  th e  n in e tie s , Gammarus tigrinus 

S ex to n , 1939 in v ad e d  B e lg ian  w a te rs  (M e ss ia e n  e t  a l., 2 0 1 0 ). S in ce  th is  sp ec ie s  is k n o w n  to 

b e  a su c c ess fu l in v ad e r (D au n y s and  Z e ttle r , 2 0 0 6 ; P a c k a lén  e t al., 2 0 0 8 ), th e  sp ec ies w as 

su p p o sed  to  h a v e  an  im p ac t on th e  lo ca l g am m a rid  c o m m u n ity . T h e re fo re , th e  a im  o f  th e  

p re se n t s tu d y  w as to  in v estig a te  w h e th e r  c h an g e s  in  th e  p re v a len c e  o f  g am m a rid  sp ec ies h as 

o ccu rre d  d u rin g  th e  last tw e n ty  years  in  b ra ck ish  p o ld e r  w a te rs  in  F lan d ers . P o ssib le  reaso n s  

fo r th e  o b se rv ed  sh ifts  a re  d iscussed .

5.2 M aterials and M ethods

5.2.1 S tu d y  A re a

P o ld e rs  are  a  lo w -ly in g  land , en c lo se d  b y  e m b a n k m en ts  k n o w n  as d ik es  th a t fo rm  a rtific ia l 

h y d ro lo g ic a l en titie s . T h e  p o ld e rs , w h ic h  re fe r  to  a  g eo g rap h ica l a rea , co n sis t in F lan d ers  

(B e lg iu m ) o f  th e  co asta l p o ld ers , w h ic h  are  m a in ly  s itu a te d  b e h in d  th e  d u n es  an d  co n tin u e  

a b o u t 15 k m  in lan d  and  th e  p o ld e rs  th a t f lan k  th e  r iv e r  S c h e ld t (F ig . 5 .1). T h e  p o ld e rs
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c o m p rise  th e  h in te rlan d  o f  th e  B e lg ia n  c o a s t an d  c o n tin u e  in th e  n o rth  o f  E as t F lan d ers  up to 

n o rth w e st o f  A n tw erp . T h e  so il o f  th e  p o ld e r  a rea  co n sis ts  m a in ly  o f  c lay . W a te r  en te rs  the 

lo w -ly in g  p o ld e rs  d u e  to  w a te r p re ssu re  o f  g ro u n d w a te r, ra in  fa ll, an d  tran sp o rta tio n  o f  w a te r  

b y  stream s. T h is  u su a lly  m ean s th a t th e  p o ld e r  h as an  ex cess  o f  w a te r  th a t n eeds to  b e  p u m p ed  

o u t o r  d ra in ed  b y  o p e n in g  s lu ice s  a t lo w  tide . T h ree  d iffe re n t w a te r  ty p es can  b e  d istin g u ish ed  

in  b rack ish  p o ld e rs  b a se d  o n  sa lin ity : o lig o h a lin e  (0 .5 -5  p su ), m eso h a lin e  (5 -20  p su ), an d  

p o ly h a lin e  (2 0 -3 0  p su ) w ater.

Figure 5.1 Map o f  Flanders with indication o f the different eco-regions: dune area (oblique stripes), 

polder area (white), sandy region (dots), campine region (cross-stripes) loamy region (dots in 

triangle) and the different sampling locations (black dots) situated in the polders.

5 .2 .2  D a ta  C o llec tio n  a n d  A n a ly s is

D a ta  fro m  1989-2008  w e re  o b ta in e d  from  th e  F lem ish  E n v iro n m e n t A g e n cy  (V M M ), w h ich  

m o n ito rs  th e  p h y sic a l-ch e m ic a l an d  b io lo g ica l q u a lity  o f  su rface  w a te rs  s in ce  1989 on a 

reg u la r  b asis . N o t e v ery  lo ca tio n  w as sam p led  each  year. S am p le s fro m  21 8  d iffe ren t 

lo ca tio n s s itu a te d  w ith in  th ese  p o ld e rs  a n d  d is trib u ted  o v e r  sev era l ty p es  o f  ru n n in g  an d  

s ta g n an t w a te rs  w e re  in v es tig a te d  (F ig . 5 .1 ). O n ly  th o se  y ea rs  co n ta in in g  m o re  th an  10 

sam p les w e re  in c lu d ed  fo r  a n a ly s is  o f  c h an g e s  in  p rev alen ce  o f  m ac ro in v e rteb ra te s . F rom  

th o se  sa m p le s  c o n ta in in g  G a m m a rid a e , a ll c ru stacean s w e re  id en tified  to  sp ec ie s  level. In  

to ta l, 4 3 0  b io lo g ica l sa m p le s  c o n ta in in g  g am m arid s w e re  in v estig a ted . S in ce  p h y sica l- 

ch em ica l p a ram ete rs  w e re  m e a su re d  m o re  frequen tly , a  to ta l o f  15,000 p h y sica l-ch em ica l 

sam p les w e re  av a ilab le  fo r s ite s  th a t c o n ta in ed  g am m arid  sp ec ies . M e a su red  p a ram ete rs  are 

lis ted  in  T ab le  5 .1 , b u t n o t ev ery  p a ra m e te r  w as  m easu red  fo r each  w a te r  sam p le . A t least fo u r 

s tan d ard  p a ram ete rs: pH , tem p e ra tu re , c o n d u c tiv ity , an d  d isso lv e d  o x y g en  w ere  reco rd ed  in 

th e  fie ld  w h en  th e  b io lo g ica l sam p les w e re  tak en ; these  sam p le s w e re  tak e n  w ith  a  stan d ard

0 20 40 80 km

91



C hapter 5: M acroinvertebrate com position in brackisch polder waters

h a n d -n e t o r b y  m ea n s  o f  a rtif ic ia l su b s tra tes  i f  it  w as  n o t p o ss ib le  to  p e rfo rm  th e  k ick - 

sam p lin g  m eth o d  (G ab rie ls  e t al., 2 0 1 0 ). S am p lin g  e ffo r t w as p ro p o rtio n a lly  d is trib u ted  o v e r 

all accessib le  aq u a tic  h ab ita ts . In  a d d itio n  to  th e  h a n d -n e t sam p lin g , m ac ro - in v e r teb ra te s  w e re  

m an u a lly  p ick e d  fro m  s to n es , leav es , o r  b ra n ch e s  a lo n g  th e  sa m e  s tre tc h  (G ab rie ls  e t al., 

2 010). T he b io tic  in d ex , e x p re ssed  a s  th e  B e lg ian  B io tic  Ind ex , w a s  c a lc u la te d  a cc o rd in g  to 

G ab rie ls  e t al. (2 0 1 0 ). T h e  ab u n d an ce  eq u als  th e  n u m b er  o f  in d iv id u a ls  c au g h t in  o n e  sam ple . 

T he p rev a len ce  w a s  ca lcu la te d  as th e  n u m b er o f  p re sen ces  in  a  y e a r  d iv id e d  b y  th e  n u m b er o f  

sa m p le d  sta tions.

N o n -p a ram e tric  tests w ere  c a rried  ou t, s in c e  th ese  a re  g e n e ra lly  a p p lic ab le  an d  do n o t h av e  to 

m ee t th e  re q u ire m e n ts  o f  p a ram etric  tes ts . T h e  re la tio n sh ip  b e tw ee n  th e  d iffe re n t ch em ica l 

p a ram ete rs  w as ch eck ed  u s in g  S p e a rm a n ’s R a n k  C o rre la tio n  C o e ff ic ie n t. K ru sk a l-W allis  

A N O V A  w as p e rfo rm e d  to  c h ec k  fo r s ig n ific a n t d iffe ren ces  in  p re fe re n c e  o f  g am m arid s fo r  

ch em ica l h ab ita t c o n d itio n s , fo llo w ed  b y  p o st-h o c  m u ltip le  c o m p a riso n s  o f  m ean  ran k s 

(C o n o v er, 1980). G a m m a rid  sp ec ie s  w as th e  in d ep en d en t v a ria b le , w h e rea s  th e  d iffe ren t 

ab io tic  facto rs w e re  th e  d e p en d e n t v a riab le s . T h e  s ig n ific a n ce  lev e l fo r  h y p o th es is  te s tin g  w as 

se t a t p  < 0 .05 . A ll s ta tis tica l an a ly ses  w e re  p e rfo n n e d  u s in g  S ta tis tica  7 .0  (S tatSoft Inc.,

2004). B esid es th e  b a s ic  s ta tis tic s , m u ltiv a ria te  d a ta  ana ly sis  w as  p e r fo n n e d  u sin g  C A N O C O  

fo r W in d o w s 4.5 ( te r  B ra ak  an d  S m ilau er, 2 0 0 2 ) to d e te rm in e  w h ic h  en v iro n m en ta l 

p a ram ete rs  m ig h t b e  re sp o n sib le  fo r  d iffe ren ces  in sp ec ie s  co m p o s itio n . D ire c t g rad ien t 

an a ly sis  w as d o ne , s in c e  en v iro n m en ta l v a ria b le s  w e re  e x p lic itly  in co rp o ra te d  in  th e  analysis. 

To te s t w h e th er a  l in e a r o r u n im o d a l m eth o d  w as n eed ed , a  D e tre n d e d  C o rre sp o n d en c e  

A n a ly sis  (D C A ) w a s  p e rfo rm ed . I f  th e  L en g th  o f  G rad ien t (L o G ) >  4 , a  u n im o d a l m e th o d  is 

n eed ed , w h ereas i f  th e  L o G  <  3 a  lin ea r m eth o d  is d e sig n a ted . In  o u r  case , a  C an o n ica l 

C o rre sp o n d en ce  A n a ly s is  (C C A ) w as u se d  since  th e  L oG  =  4 .4 . A v e rag e s  w e re  u se d  fo r 

m issin g  d a ta  an d  a  lo g -tra n sfo rm atio n  w as  p e rfo rm e d  p r io r  to  C C A  to  n o rm a lise  th e  data.
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Table 5.1 Overview o f  the different parameters used fo r  analysis with indication o f their abbreviation 

and unit.

P a ra m e te r A b b rev ia tio n U n it

A m m o n iu m n h 4 m g  N  f 1

B io lo g ic a l O x y g e n  D em an d B O D m g  B O D  I '1

B e lg ia n  B io tic  Index B B I 0 =  bad ; 10=w ery g o o d
C h e m ic a l O x y g e n  D em an d C O D m g  C O D  f 1

S a lin ity C h lo rid e m g  e r r 1
T ra n sp a re n c y T rans d e p th  (in  cm )

T o ta l P h o sp h o ro u s P to t m g  P  r 1

C o n d u c tiv ity EC p S  c m '1

F lardness H F re n c h  degrees
K je ld a h l N itro g en K JN m g  N  I '1

N itra te N O 3' m g  N  I '1

N itrite n o t m g  N  I '1

O rth o p h o sp h a te o P 0 43' m g  P  I '1

pH pH (-)
T e m p era tu re T °C

D isso lv e d  O x y g en D is s o lv e d _ 0 2 m g  0 2 1'1

O x y g e n  S a tu ra tio n 0 2_ sa tu ra tio n % 0 2
S u sp en d e d  S o lid s SS m g  I '1

5.3 Results

5.3.1 C h e m ic a l a n d  B io lo g ica l W a te r  Q u a lity

In  to ta l, 18 d iffe re n t b io lo g ica l an d  ch em ica l p a ram e te rs  w e re  a n a ly se d  (T ab le  5 .1 ). T he 

fo llo w in g  v a r ia b le s  w e re  s tro n g ly  co rre la ted : B io ch em ica l O x y g en  D e m an d  (B O D ) w ith  

C h e m ic a l O x y g en  D e m an d  (C O D ) (r  =  0 .74 , p  =  0 .0 3 ), C o n d u c tiv ity  (E C ) w ith  sa lin ity  

(c h lo rid e ) (r = 0 .8 4 ,/?  =  0 .0 1 ), to ta l p h o sp h o ro u s  (P to t) w ith  o rth o p h o sp h a te  (0 P O 4) ( r  =  0 .81 , 

p  =  0 .0 2 ) and  d isso lv e d  0 2 (d isso lv ed  o x ygen) w ith  o x y g en  sa tu ra tio n  ( r  =  0 .98 , p  = 0 .001). 

T h e re fo re , o n ly  o n e  o f  b o th  p a ram ete rs  w as u se d  to  a sse ss  th e  d iffe re n ce  in  h a b ita t p re fe ren ce  

o f  th e  m a c ro -c ru s ta ce a n s . T h e  y e a r ly  av erag e  sa lin ity  d e c re ased  s in c e  th e  b e g in n in g  o f  the 

m e a su re m e n ts  (F ig . 5 .2 ). T h ere  w as  a  s ig n ifican t d ec rease  in am m o n iu m  (p = 0 .0 0 1 ), B O D  (p 

=  0 .0 3 ), o rth o p h o sp h a te  ip  =  0 .0 2 ) an d  n itrite  ip = 0 .0 1 ) (F ig . 5 .2 ). O n  th e  o th e r h an d , no  

s ig n if ic a n t a lte ra tio n s  w e re  o b se rv ed  fo r  n itra te  a n d  d isso lv ed  o x y g en  b e tw ee n  1990 an d  2008 

(F ig . 5 .2 ).
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Figure 5.2 Evolution in yearly average values and 95% confidence intervals o f salinity, conductivity, 

ammonium (NHf), Biological Oxygen Demand (BOD), orthophosphate, nitrate (NOf) ,  nitrite (N02~) 

and dissolved oxygen.
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5 .3 .2  M acro -C ru s tacea

In  to ta l, 23 d iffe ren t sp ec ies o f  m ac ro -C ru stac e a  w ere  fo u n d , fo u r  o f  w h ich  b e lo n g e d  to  

G a m m a rid a e  (T ab le  5 .2 ). T w o  in d ig e n o u s  g am m a rid s , G. duebeni a n d  G. zaddachi, an d  one 

a lie n  g am m arid , G. tigrinus w e re  co m m o n  in  th e  p o ld e r w aters. A  fo u rth  in v as iv e  a lien  

sp e c ie s , Dikerogammarus villosus (S o w in sk y , 1894), w as  fo u n d  o n ly  at tw o  loca tio n s in 

b ra ck ish  w a te rs  s itu a te d  n ear th e  R iv er S c h e ld t an d  w as th e re fo re  n o t in c lu d ed  in  th e  fu rth er 

a n a ly s is  o f  th e  g am m a rid  p rev a len ce . T h e  a lie n  sp ec ies G. tigrinus o ccu rred  in  w a te rs  w ith  

s ig n if ic a n tly  lo w e r sa lin itie s  ip  = 0 .0 1 ), lo w er o rth o p h o sp h a te  c o n cen tra tio n s  (p =  0 .007) and  

h ig h e r  o x y g en  co n ce n tra tio n s  {p = 0 .0 0 1 ) c o m p a red  to  th e  tw o  in d ig en o u s  sp ec ie s  G. duebeni 

an d  G. zaddachi. Gammarus zaddachi o c cu rre d  in  w a te rs  w ith  s ig n ific a n tly  lo w e r v a lu es o f  

th e  B e lg ia n  B io tic  Index  co m p ared  to  b o th  o th e r sp ec ies ip = 0 .0 0 5 ). M in im u m  a n d  m ax im u m  

v a lu e s  fo r sa lin ity  in d ica ted  th a t G. tigrinus w a s  ab le  to  w ith s ta n d  lo w er sa lin itie s  co m p ared  

to  th e  in d ig en o u s gam m arid s a n d  e v e n  h ig h e r  sa lin itie s  th an  G. duebeni (T ab le  5.2). 

Gammarus tigrinus sh o w ed  a  w id e  to le ran c e  to w ard s  lo w  an d  h ig h  lev e ls  o f  o rth o p h o sp h a te  

c o n c e n tra tio n  an d  d isso lv ed  o x y g en  (T ab le  5 .2 ).

T h e  p re v a len c e  o f  the in d ig en o u s b ra ck ish  w a te r  g am m arid  sp ec ie s  (G . duebeni and  G. 

zaddachi) d e c re ased  s in ce  th e  e n d  o f  th e  n in e tie s  (F ig . 5 .3a). A t th e  b e g in n in g  o f  th e  n in e ties , 

G. tigrinus w as ab sen t from  all sam p les , w h e rea s  in 1999, th e  sp ec ie s  w as a lre ad y  p re sen t in 

m o s t o f  th e  sa m p le s  an d  w id e ly  d is tr ib u te d  in  th e  po lders . A lso  a  d ec rease  in p rev a len ce  o f  th e  

in d ig e n o u s  b rack ish  w a te r  sp e c ie s  Palaemonetes varians (L each , 1814) and  Neomysis integer 

(L ea ch , 1814) w as o b se rv ed  s in c e  th e  b e g in n in g  o f  the n in e tie s , w h e reas  th e  p rev a len ce  o f  

iso p o d s  b e lo n g in g  to  A sellid ae , Asellus aquaticus (L in n aeu s , 1758), Proasellus meridianus 

(R a co v itza , 1919), an d  Proasellus coxalis (D o llñ is , 1892), in c re a sed  s in c e  1992 (F ig . 5.3b).

In  a  b i-p lo t o f  th e  sp ec ie s  and  th e  en v iro n m en ta l v a riab les , th e  f irs t a n d  th e  seco n d  ax is  h ad  an  

E ig e n v a lu e  o f  0 .6 2 9  an d  0 .469 , re sp ec tiv e ly . T h e  first a n d  se c o n d  ax is  e x p la in ed  81%  and  

5 9 %  o f  the v a ria n ce  in  sp ec ies co m p o s itio n , re sp ec tiv e ly . C o n d u c tiv ity , p H  a n d  th e  b io tic  

in d e x  e x p la in ed  m o st o f  the v a r ia n ce  in  th e  sp e c ie s  co m p o s itio n  o f  C ru sta ce a  fo u n d  in th e  

p o ld e rs , w h ile  n itra te , n itrite  a n d  a m m o n iu m  w e re  less im p o rta n t (F ig . 5 .4 ). T h ere  w as a  c lear 

se p a ra tio n  a lo n g  th e  firs t ax is  b a se d  on  th e  ch em ica l p a ram e te rs  b e tw een  th e  sp ec ie s  th a t are 

e x c lu s iv e ly  fo u n d  in  b rack ish  w a te r  a n d  th o se  th a t have  a  w id e  to le ran c e  to w ard s  sa lin ity  and  

are  c o m m o n ly  fo u n d  in fresh w a te r hab ita ts .
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i i (i, tigrinus 
6'. zaddachi 

E3¡EKJ O. duebeni
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Figure 5.3 (a) Prevalence (calculated as the number o f ssites where the species was recorded relative 

to the total number o f sites) o f two indigenous (Gammarus duebeni and Gammarus zaddachi) and one 

alien (Gammarus tigrinus) gammarid and (b) prevalence o f two indigenous brackish water species 

(Palaemonetes varians and Neomysis integer) and one indigenous freshwater toxon (Asellidae).

o Lh

oxygen saturation
dissolved  oxygen

Transa
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Figure 5.4 Bi-plot o f species (Gt = Gammarus tigrinus, Gd = G. duebeni, Gz = G. zaddachi, Lh = 

Lekanesphaera hookeri, Aa =  Asellus aquaticus, Pm = Proasellus meridianus, Pc =  Proasellus 

coxalis, Pv = Palaemonetes varians, Ni =  Neomysis integer) and environmental variables (codes are 

explained in Table 1) with indication o f two clusters: the circle comprises the freshwater taxa, 

whereas the rectangle comprises the brackish water taxa.
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5.4 D iscussion

Gammarus tigrinus, o rig in a tin g  fro m  N o rth -A m eric a , w as re c o rd e d  fo r  th e  firs t tim e  in  th e  

eas te rn  p a r t  o f  F lan d ers  in  1991 (M ess iaen  e t a l., 2 0 1 0 ). T h is  sp e c ie s  ra p id ly  ex p an d e d  

to w ard s  th e  en d  o f  th e  n in e tie s  an d  is cu rre n tly  w id e ly  d is tr ib u te d  th ro u g h o u t th e  p o ld e rs  o f  

F lan d ers . A  s im u lta n eo u s  d ec rease  o f  th e  in d ig e n o u s  b ra ck ish  w a te r  g am m a rid s  o ccu rred  

lead in g  to  a d o m in a n t p o sitio n  o f  th is  a lien  sp ec ie s  w ith in  th e  a m p h ip o d  co m m u n ity  in  m o st 

p o ld e r  w a ters . O n ly  a t a few  sa m p lin g  lo ca tio n s , a  te m p o ra ry  c o -o cc u rren c e  b e tw een  G. 

tigrinus an d  o n e  o f  th e  in d ig e n o u s  sp e c ie s  w as o b se rv ed . S im ila r o b se rv a tio n s  w ere  m a d e  in 

th e  m id  six tie s  in  th e  N e th e rlan d s  w h e re  G. tigrinus ra p id ly  in v ad ed  a ll o lig o h a lin e  w a te rs  and  

rep laced  th e  in d ig e n o u s  sp e c ie s  th a t fo rm erly  in h ab ited  th e se  w a te rs  (P in k s te r  an d  S to ck , 

1967; P in k s te r  e t a l., 1992). M o re  recen tly , G. tigrinus has in v ad ed  th e  B altic  S ea , cau s in g  

c h an g es in  th e  in d ig e n o u s  fau n a  co m p o s itio n  an d  c o n se q u en tly  a lte rin g  sp e c ie s  c o m p o s itio n  

and  in te rsp ec if ic  in te rac tio n s  w ith in  th e se  co m m u n itie s  (S zan iaw sk a  e t  al., 2 0 0 3 ; D a u n y s  an d  

Z ettle r, 2 006 ; G ra b o w sk i e t al., 2 0 0 6 ; P a c k a lén  e t al., 2 008). T h e  im p a c t o f  G. tigrinus on 

loca l c o m m u n itie s  is n o t a t  a ll a  u n iq u e  p h en o m en o n : a lso  sev e ra l o th e r  a lien  g am m arid s 

im p ac ted  loca l co m m u n itie s  (Ja zd z e w sk i e t a l., 2 0 0 4 ; Jo sen s  e t al., 2 0 05).

Gammarus tigrinus is a  e u ry h a lin e  sp ec ie s  th a t sh o w s a w id e  to le ra n c e  to w ard s  sa lin ity . 

U n d e r lab o ra to ry  c o n d itio n s , th e  sp ec ie s  can  su rv iv e  in w a te rs  v a ry in g  in  sa lin ity  fro m  fresh  

(180  m g  Cl" f 1) to  b ra c k ish  (7 1 0 0  m g  C f  I"1)  (P in k ste r, 1975; P in k s te r  e t  a l., 1977; S av ag e , 

1982). T h is is c o m p a ra b le  to  o u r  resu lts , a lth o u g h  th e  m in im u m  an d  m ax im u m  v a lu es for 

sa lin ity  w ere  low er: 28  m g  C f  I"1 a n d  58 6 0  m g  Cl" I '1, re sp ec tiv e ly . O n th e  o th e r h an d , the  

p re sen c e  o f  b o th  in d ig e n o u s  sp e c ie s  is re s tr ic te d  to  m o re  sa lin e  w a te rs  an d  b o th  a re  less 

to le ran t to w ard s  fre sh w a te r  c o n d itio n s . B ased  o n  o u r  re su lts , a p o ss ib le  reaso n  w h y  G. 

tigrinus b ecam e  so  su ccess fu l in th ese  p o ld e rs  is d u e  to  a d ec re ase  in  sa lin ity . T h ese  new  

en v iro n m en ta l co n d itio n s  p ro b a b ly  fa c ilita ted  th e  sp re ad  o f  G. tigrinus. N o rm a n i e t al. (2007) 

fo u n d  th a t a lth o u g h  G. tigrinus ex h ib its  a  w id e  to le ran ce  to w a rd s  sa lin ity , th e  e n e rg y  

m a in ten an ce  w as h ig h es t in  fresh  an d  o lig o h a lin e  w a ter. In  ad d itio n , W ijn h o v e n  e t al. (2 0 0 3 ) 

fo u n d  a  h ig h  re s is tan c e  o f  G. tigrinus fo r  in c reased  tem p era tu res  a n d  p o llu tio n  c o m p a red  to 

o th e r gam m arid s . H o w ev e r, o u r  re su lts  a lso  in d ica ted  th a t a d ec re a se  o f  n u trien ts  fa v o u re d  the  

p rev a len ce  o f  th is  a lie n  sp ec ies . W e th in k  th a t fav o u rab le  en v iro n m en ta l c o n d itio n s can 

co n trib u te  to  th e  e s tab lish m en t su ccess  o f  an  a lie n  sp ec ies , w h ic h  w a s  a lso  in d ica ted  by  

Jazd zew sk i e t al. (20 0 4 ). O u r fin d in g s  a re  su p p o rte d  b y  p re v io u s  w o rk  on  the 

m ac ro in v e rteb ra te  c o m p o s itio n  in  p o ld e r  lak es in F lan d ers  (E v era e rt e t  a l., 2 011). B ased  on
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th e  u se  o f  d a ta -d r iv e n  m o d e llin g  tech n iq u es  th ey  fo u n d  th a t Gammarus tigrinus to le ra te s  a 

w id e  ran g e  o f  e n v iro n m en ta l c o n d itio n s . In  ad d itio n , th e  sp ec ie s  a lso  b en efits  from  an 

in c re a se  in  w a te r  q u a lity  since  it  w as m a in ly  p re se n t in  p o ld e r  lak es th a t a re  ch a ra c te rised  b y  a 

re la tiv e ly  h ig h  b io tic  index.

T o  m a in ta in  i ts e l f  in  a  certa in  h ab ita t, a  p o p u la tio n  n o t o n ly  h as to  su rv iv e  b u t a lso  h as to 

re p ro d u c e . P in k s te r  (1975) fo u n d  th a t G. tigrinus re p ro d u c e d  u n d e r lab o ra to ry  co nd itions 

th ro u g h o u t th e  y e a r  e x ce p t w h e n  tem p era tu res  w e re  b e lo w  5 °C  a n d /o r sa lin itie s  w e re  be low  

180 m g  C l-  I '1. It se e m e d  th a t a lso  th e  len g th  o f  th e  re p ro d u c tiv e  p e rio d  w as in flu en ced  by  

b o th  sa lin ity  a n d  tem p era tu re . In  ad d itio n , P in k ste r  (1 9 7 5 ) fo u n d  th a t G. tigrinus h ad  a 

re p ro d u c tiv e  p e a k  d u rin g  su m m er m o n th s w h e n  th e  w a te r  tem p era tu re  w as re la tiv e ly  high. 

T h e  a v e ra g e  in cu b a tio n  tim e o f  G. tigrinus w as g e n e ra lly  lo w er th an  th a t o f  th e  ind ig en o u s 

g a m m a rid s  a n d  w a s  sh o rte s t in su m m er (P in k ste r, 1975). A n o th e r fa c to r th a t is im p o rtan t fo r 

th e  su c c e ss  o f  an  a lien  sp ec ies is th e  tim e  to  re ac h  sex u a l m atu rity . F em ale s o f  G. tigrinus 

s ta r t  to  p ro d u c e  e g g s  a t a to ta l len g th  o f  4  m m . T h e  tim e  to  reach  th is  len g th  d ep en d s  on the 

te m p e ra tu re  an d  re ac h es  an  o p tim u m  a t a  tem p era tu re  o f  2 0°C . Gammarus duebeni and  G. 

zaddachi c o u ld  re p ro d u c e  th ro u g h o u t th e  y e a r w h en  sa lin itie s  w ere  h ig h  en ough . H ow ever, 

w h e n  sa lin itie s  b e c a m e  too lo w  (<  40 0  m g  C f  I '1) th e se  sp ec ie s  co u ld  on ly  re p ro d u c e  during  

th e  u n fa v o u ra b le  w in te r  m o n th s an d  th u s  at lo w er w a te r  tem p era tu res , re su ltin g  in  a  longer 

in cu b a tio n  tim e  o f  th e  eggs an d  a  lo w er re p ro d u c tiv e  o u tp u t (D en n ert e t a l., 1969; P in k ste r  et 

a l., 1977). T h is  co u ld  p o ss ib ly  ex p la in  w h y  G. duebeni a n d  e sp e c ia lly  G. zaddachi w e re  only  

fo u n d  in  p o ld e r  w a te rs  w ith  a  h ig h  sa lin ity . Gammarus duebeni is o n ly  ab le  to  w ith s tan d  the 

c o m p e titio n  b y  G. tigrinus in  e x tre m e ly  v a ria b le  h ab ita ts , w h e re  th e  w a te r  leve l a n d  sa lin ity  

f lu c tu a te  c o n stan tly  (P in k ste r  e t a l., 1977). S om e o th e r s tu d ie s  a lso  in d ica te  th e  im p o rtan ce  o f  

sa lin ity  o n  th e  rep ro d u c tio n  an d  b ro o d  s ize  o f  a m p h ip o d s . A  re d u c tio n  in  b ro o d  s iz e  w ith  

d e c re a s in g  sa lin ity  w a s  o b se rv ed  fo r  Eulimnogammarus obtusatus (D ah l, 1938) u n d e r 

la b o ra to ry  co n d itio n s  (P in k ste r  an d  B ro o d b ak k er, 1980) an d  fo r  w ild  p o p u la tio n s  o f  

Corophium multisetosum  S tock , 1952 (C u h n a  et al., 2 0 0 0 ). Gammarus tigrinus c an  b e  seen  as 

a n  o p p o rtu n is tic  r-s tra te g ic  sp ec ie s  th a t is ab le  to  in c re ase  its d e n sity  o v e r  a  sh o rt period , 

b e c o m in g  th e  d o m in a n t sp ec ies in  th e  rec ip ie n t co m m u n ity . T h e  d iffe ren ce  in tim e  to  reach 

sex u a l m a tu rity , to g e th e r  w ith  th e  sh o rt in cu b a tio n  tim e  an d  th e  fav o u rab le  rep ro d u c tiv e  

p e r io d  p o ss ib ly  c o n tr ib u te d  to  th e  su c c ess  o f  G. tigrinus in  its co m p e titio n  w ith  th e  in d ig en o u s 

sp ec ie s . B esid es th e  a fo re m en tio n ed  ch ara c te ris tic s , a n o th e r  e le m en t th a t c o u ld  h av e  p lay e d  a 

ro le  in  th e  su c c ess  o f  G. tigrinus is its p red a to ry  b e h a v io r  (D ick , 1996; D ic k  a n d  P la tvoet,
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1 996 ; B a iley  e t a l., 2 0 0 6 ). G am m arid ae  u se d  to  b e  c la ss if ied  as sh red d ers  or 

g a th e re rs /c o lle c to rs  (C u m m in s a n d  K lu g , 1979). H o w ev e r, in tra g u ild  p re d a tio n  is m o re  

co m m o n  th an  p re v io u s ly  th o u g h t an d  m a y  b e  a  p o w erfu l fo rce  in  d e te rm in in g  sp ec ie s  

re p la ce m en ts  a n d  c o m m u n ity  sh ifts  (P o lis  e t  a l., 1989).

A lth o u g h  th e  ch em ica l w a te r  q u a lity  o f  th e  s tu d ied  p o ld e r  w a te rs  im p ro v ed , th e  p re v a len c e  o f  

C ru s ta c e a  in d ig e n o u s  to th e  p o ld e rs  dec lin ed . B e s id e s  th e  d e c re a se  in  p rev a len ce  o f  G. 

duebeni an d  G. zaddachi, a lso  a  d ec rease  in  th e  p re v a len c e  o f  N. integer a n d  P. varians w as 

o b se rv ed . H o w ev e r, it  is u n lik e ly  th a t th e  e x p an s io n  o f  th e  a lie n  G. tigrinus c au sed  th e  d ec lin e  

o f  a ll  th e se  sp ec ies . It is m o re  p ro b a b le  th a t th e  d e c re a se  in  sa lin ity  cau sed  th e  d ec lin e  o f  th e  

in d ig e n o u s  b ra ck ish  w a te r  sp ec ie s  an d  th e  in c re ased  p re v a len c e  o f  fre sh w a te r  to le ran t spec ies, 

su c h  a s  A se llid ae  a n d  th e  a lien  G. tigrinus. A  p re v io u s  s tu d y  p e rfo rm e d  b y  E v erae rt e t al. 

(2 0 1 1 ) c o n c lu d ed  th a t co n d u c tiv ity  a n d  e co lo g ica l w a te r  q u a lity  w e re  th e  m ain  fac to rs  

d e te rm in in g  th e  o ccu rren ce  o f  a lie n  a n d  in d ig e n o u s  m ac ro in v e rteb ra te s  in  th e  p o ld e r  lak es, 

w h ic h  are  p a r t  o f  th e  p o ld er w a ters . T h ey  c o n c lu d ed  th a t ap p ly in g  m u lti- ta rg e t ap p ro ach es 

(e .g . re la tin g  p h y sic o -ch e m ic a l ch ara c te ris tic s  to  th e  m ac ro in v e rteb ra te  co m p o s itio n ) g iv es 

in s ig h t in  a  p o ten tia l a lien  m ac ro in v e rteb ra te  c o m m u n ity  su b g ro u p , w h a t  is in  p a rticu la r  

re le v a n t fo r w a te r  m an a g ers  to  p ro tec t an d  re s to re  su rfa c e  w aters.

In  c o n c lu s io n , G. tigrinus in v ad ed  th e  p o ld e r  w a te rs  d u rin g  th e  n in e tie s  an d  is n o w  w id e ly  

d is tr ib u te d  in  th em . It w as th o u g h t th a t th e  in v as io n  b y  G. tigrinus co u ld  h a v e  p lay e d  an 

im p o rta n t ro le  in  th e  d e c re ased  p re v a len c e  o f  in d ig en o u s  g am m arid s . H o w ev er, th e  

in d ig e n o u s  a n d  a lie n  g am m arid s c le a rly  sh o w  d iffe re n t p re fe re n ce s  w ith  reg ard  to 

e n v iro n m en ta l c o n d itio n s . In ad d itio n , n o t o n ly  fo r  th e  tw o  in d ig e n o u s  gam m arid s , G. 

zaddachi an d  G. duebeni, b u t a lso  fo r o th e r b ra ck ish  w a te r  sp e c ie s  in d ig e n o u s  to  th e  p o ld e rs  a 

d e c lin e  w a s  o b se rv ed , w h ich  in d ica tes  th a t th e  d e c re as in g  sa lin ity  p ro b a b ly  w as the m ain  

c au se  o f  th e ir  red u ctio n .

100



C hapter 6: A ssessing the importance o f alien m acro-Crustacea (M alacostraca) within
________________________ m acroinvertebrate assemblages in Belgian coastal harbours

6.1 Introduction

In te rc o n tin e n ta l sh ip p in g  ac ro ss  th e  o cean s  an d  aq u acu ltu re  o f  n o n -in d ig e n o u s  sp ec ies in  

c o as ta l areas co n trib u ted  to  th e  sp re ad  and  e s tab lish m en t o f  m an y  a lien  sp e c ie s  e sp ec ia lly  in  

c o as ta l and  b rack ish  w a te r  en v iro n m en ts  (E n o  e t a l., 1997; R e ise  e t al., 1999; R u iz  an d  

H e w itt,  2002; S tre fta ris  et a l., 2 0 0 5 ). A t th e  en d  o f  th e  n in e ties , a b o u t 80 a lien  sp ec ie s  

e s tab lish e d  in th e  N o rth  Sea, w h ic h  ten d s  to  b e  lo w e r  co m p ared  to  o th e r e stu arin e  reg io n s in  

th e  w o rld  (R eise  e t a l., 1999). T h is  n u m b er is p ro b a b ly  an  u n d e re s tim a tio n  s in ce  it o n ly  

c o n ce rn s  m ac ro -o rg an ism s. M o re o v e r , d e fin in g  th e  n u m b er o f  a lien  tax a  is a  real ch a llen g e  

b e c a u se  there  a re  a  lo t o f  d iffe re n ce s  in th e  spa tia l a n d  tax o n o m ic  e ffo rt a d d ressed  to  th e  stu d y  

o f  a lie n  species. T h is  is i llu s tra te d  b y  S tre fta ris  e t al. (2 0 0 5 ), w h o  fo u n d  141 a lie n  sp ec ie s  in 

th e  N o rth  Sea o n ly  a  fe w  y ears  a f te r  R e ise  e t  a l. (1 9 9 9 ) re p o rte d  80 a lien  tax a . It h as b een  

fo u n d  th a t th e  d iv e rs ity  o f  a lien  sp ec ie s  in  N o rth  S e a  b io ta  in creases fro m  o ffsh o re  to w ard s 

th e  co as t and  a  fu rth e r in c rease  is o b se rv ed  fro m  th e  o p en  co as t to w ard s  th e  e s tu a ries  (W o lff  

1999). T h e  m ajo rity  o f  th e  a lie n  sp ec ie s  en co u n te red  a re  in v erteb ra tes , p r im a rily  c ru stacean s, 

m o llu sc s , p o ly ch aete s  a n d  h y d ro id s  (R e ise  e t al., 1999). M o st a lie n  in v erteb ra tes  co lo n ised  th e  

N o r th  S ea  v ia  sh ip p in g , e ith e r a s  la rv ae  in b a lla s t  w a te r  tan k s o r as ad u lts  a tta ch e d  to  hu lls . 

A lth o u g h  th ere  is no  c le a r  e v id e n c e  th a t a lie n  sp ec ie s  have  d riv en  in d ig en o u s sp ec ie s  to  

e x tin c tio n  in th e  N o rth  S ea  (R e ise  e t al., 1999; N eh rin g , 2 0 0 6 ), a lien  sp ec ie s  a re  k n o w n  to 

h a v e  irrev e rs ib ly  m o d ifie d  c e rta in  fu n c tio n s  o f  th e  N o rth  S ea  e co sy stem  (S tre fta ris  et al.,

2 0 0 5 ). A s W illiam so n  (1 9 9 6 ) s ta te s  th a t m o st o f  th e  su ccess fu l in v ad ers  a re  g e n era lis ts , th o se  

g e n e ra lis ts  tran sp o rted  b y  sh ip s  c a n  b e co m e  a b u n d an t in  h a rb o u rs , b ecau se  th e se  sp ec ie s  are 

o f te n  w e ll ad ap ted  to  a v a ry in g  sa lin ity  an d  h u m an  m o d ified  e n v iro n m en ts  (e .g . hard  

su b s tra tes ) . B esid es a  h ig h  p h y s io lo g ic a l to le ran c e  to  su rv iv e  th e  tran sp o rt w ith  b a lla s t w ater, 

su c c ess fu l in v ad ers a re  u su a lly  c h a ra c te rised  b y  a  h ig h  fecu n d ity , th e  cap ac ity  to  a d ap t to  a  

n e w  eco lo g ica l n ich e  an d  g o o d  m ea n s  o f  d isp e rsa l (S tre fta ris  e t al., 2 0 0 5 ). In  ad d itio n  to  

sp e c ie s  ch arac te ris tics , th e  su sc e p tib ility  to  in v as io n s o f  th e  rec ip ien t e co sy s tem  p lay s a 

c ru c ia l ro le  in the in v as io n  su c c ess . In  th is re sp ec t, sev era l a rg u m en ts  h av e  b e e n  p ro p o se d  to 

e x p la in  the su ccess  o f  n o n -in d ig e n o u s  sp e c ie s  in e stu a ries  and  thus b rack ish  w a te r  

e co sy stem s. B ased  on  d a ta  o f  aq u a tic  h a b ita ts  in  th e  N e th erlan d s , W o lf f  (1 9 9 9 ) fo rm u la ted  

th re e  m ain  h y p o th eses to  ex p la in  th e  h ig h  n u m b er o f  n o n -in d ig en o u s  sp ec ie s  in  D u tch  

e s tu a ries . B rack ish  w a te rs  a re  ty p ic a lly  ch a ra c te rised  b y  lo w  d en sitie s  an d  sp ec ie s  d iv ers ity , 

h e n c e  it  is e as ie r  fo r  an  a lien  sp e c ie s  to  estab lish  (W olff, 1999; N eh rin g , 2 0 06). It h as  been  

sh o w n  fo r m arin e  e co sy s tem s  th a t sp e c ie s -r ich  co m m u n itie s  ap p ea r to  b e  b e tte r  b u ffe red
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a g a in s t in v as io n s  (S ta ch o w ic z  e t  a l., 1999). S in ce  m o st h a rb o u rs  w ith  in ten s iv e  in te rn a tio n a l 

o c ea n  sh ip  tra ff ic  a re  s itu a te d  in th ese  b ra ck ish  w a ters , it is lik e ly  th a t m an y  a lien  sp ec ies h a v e  

th e  p o ten tia l to  o c cu r a t th e se  loca tions.

T h e  a im s o f  th e  p re se n t s tu d y  w e re  fo u rfo ld : (1 ) to  in v es tig a te  th e  p re sen c e  o f  in d ig en o u s  a n d  

a lie n  m ac ro -C m stac ea  in  th e  fo u r  B e lg ia n  coasta l h a rb o u rs  (N ieu w p o o rt, O o sten d e , 

Z ee b ru g g e  a n d  B lan k e n b e rg e ), (2 ) to  m ap  th e  d eg ree  o f  b io co n ta m in a tio n , w h ich  w a s  

ex p ressed  as th e  b io co n ta m in a tio n  in d ex  (A rb ac iau sk as  et a l., 2 0 0 8 ), (3 ) to  te s t  th e  im p o rtan ce  

o f  sev era l ab io tic  fac to rs  fo r th e  o c cu rre n ce  o f  th ese  m ac ro -C ru stac e a , (4 ) to  assess th e  

im p o rtan ce  o f  sh ip p in g  an d  y a c h tin g  fo r th e  in tro d u c tio n  an d  d isp e rsa l p ro c ess  o f  a lien  m ac ro - 

C rustacea.

6.2 M aterials and M ethods

T h e  stu d y  w a s  c o n d u c ted  a t th e  fo u r  c o as ta l h a rb o u rs  in  B e lg iu m : N ie u w p o o rt, O sten d , 

B lan k en b erg e  an d  Z ee b ru g g e  (F ig . 6 .1 ) an d  sam p lin g  las ted  fro m  S e p tem b e r u n til N o v e m b er 

2009 . E ach  sa m p lin g  lo c a tio n  w as sa m p le d  o n ce  d u rin g  th is  sam p lin g  cam p aig n  a n d  

co n seq u en tly  th e re  w as  no  re p e titio n  in  sam p lin g  o f  th e  sa m p lin g  sta tio n s. Z eeb ru g g e  a n d  

O sten d  a re  in te rn a tio n a l m aritim e  po rts , w h ich  a re  o f  h ig h  e co n o m ic  v a lu e  to B e lg iu m  

(M ath y s, 2 009). M o re  th a n  30 0  c o m p an ies  o p era te  w ith in  th e  h a rb o u r  a re a  o f  B ru g g e - 

Z eeb ru g g e . Z ee b ru g g e  can  b e  c h a ra c te rised  as a  p o ly v a len t h a rb o u r  w ith  a  g o o d  g e o g rap h ic  

lo ca tion , a  h ig h  p ro d u c tiv ity  a n d  th e  p o ss ib ility  to  en te r fo r  sh ip s u p  to  55 fe e t dep th . T h e  

h a rb o u r o f  O s te n d  is an  im p o rta n t a re a  fo r  sh ipp ing , y a c h tin g  and  fish in g . N ieu w p o o rt 

h a rb o u rs  m a in ly  y a ch ts  an d  fish in g  b o a ts , w h e reas  B lan k en b erg e  is o n ly  v is ite d  by  yachts.

S am ples w e re  tak en  a lo n g  a  sa lin ity  g ra d ie n t s ta rtin g  in th e  h a rb o u r  an d  co n tin u in g  in land . In  

to ta l, 43 d iffe re n t sa m p lin g  lo ca tio n s  in c lu d in g  channels , d o c k s , can a ls , re se rv o irs  and  sm a ll  

w a terco u rses w e re  se le c te d  o f  w h ic h  17 in  N ieu w p o o rt, 11 in  O sten d , th ree  in  B lan k en b erg e  

an d  12 in  Z ee b ru g g e -B ru g g e  (F ig . 6 .1 ). B io lo g ica l sa m p le s  o f  m ac ro in v e rteb ra te s  w e re  

co llec ted  b y  m ea n s  o f  a h a n d n e t o r w ith  a rtif ic ia l su b s tra tes  i f  it  w as n o t p o ss ib le  to  p e rfo rm  

th e  k ick -sam p lin g  m eth o d  (G a b rie ls  e t al. 2 0 1 0 ). F o r a d e ta iled  d e sc rip tio n  o f  th e se  tech n iq u es  

w e  re fe r  to  p re v io u s  c h ap te rs . B o th  sa m p lin g  m eth o d s w ere  u se d  to  sam p le  th e  m ac ro b en th o s  

co m m u n itie s  l iv in g  in  o r n e a r  th e  su rfa ce  o f  th e  substra te .

B esides th e  a b o v em en tio n ed  sa m p lin g  tec h n iq u es , a traw l n e t w ith  a  c irc u la r  d iam e te r o f  100 

cm , a  len g th  o f  3 m  an d  a  m esh  s iz e  o f  2 0 0  p m  w as u sed  to  sam p le  th e  hyperb en th o s. T h is
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sa m p lin g  m e th o d  w as u sed  fo r q u a lita tiv e  a n a ly sis  o n ly  an d  th e  sam p les w e re  u se d  to  assess 

th e  sp ec ie s  p re se n t in  th e  w a te r  co lu m n  b e tw e e n  0 .2  m  a n d  1.2 m  a b o v e  th e  b o ttom . T h is 

sa m p lin g  tec h n iq u e  w a s  u sed  to  ca tch  m o b ile  sp e c ie s , su c h  a s  M y sid a , s in c e  th e se  a re  o ften  

m isse d  w h e n  u s in g  a h a n d n e t o r a rtif ic ia l su b s tra tes . T h e  traw l n e t w as  w ith  a  lo n g  rope  

a tta ch e d  to  a  z o d ia c  an d  le f t in to  th e  w a te r  to  th e  ap p ro p ria te  d ep th  fo r  sam p lin g . S am ples 

w e re  tak e n  b y  sa ilin g  w ith in  a ra d iu s  o f  100 m  fro m  a  p re d e te rm in ed  f ix ed  sa m p lin g  lo ca tio n  

(G P S  d e te rm in e d )  w ith in  th e  h a rb o u r fo r  10 m in u te s  a t an  av erag e  sh ip  sp e e d  (4  km  IT1 

re la tiv e  to  th e  b o tto m ). A ll sam p les w ere  tak e n  d u rin g  d ay  tim e  w h e n  h y p e rb en th ic  o rg an ism s 

a re  k n o w n  to  b e  co n ce n tra ted  n e a r th e  b o tto m . T h e  sa m p le s  g a th e red  b y  traw l n e t w ere  n o t 

in c lu d e d  in  th e  a n a ly s is  o f  abu n d an ce , n u m b er  o f  sp ec ie s  a n d  b io m a ss  da ta , b ecau se  th e  

sa m p lin g  m e th o d  co u ld  n o t b e  co m p ared  to  th e  o th e r sa m p lin g  tec h n iq u es  u se d  since  the 

q u a n titie s  sa m p le d  d iffe red  b e tw een  th e  traw l n e t on  th e  o n e  h a n d  an d  th e  h an d n e t and  

a r tif ic ia l su b s tra tes  on  th e  o th e r hand .

EUROPE

F a n d e r s

N o rth  S ea

Canai Ghent-Ostand

Figure 6.1 Map o f  the Belgian coast with indication o f  the different harbours and the sampled areas 

(A, B, C), which are shown in detail in Figure 6.5.

A ll m ac ro in v e rteb ra te s  w ere  p re se rv ed  in  9 0 %  a lcoho l a n d  a fte rw ard s id en tified  in the 

la b o ra to ry  to  sp e c ie s  leve l. A ll in d iv id u a ls  o f  each  sp ec ie s  w e re  m ea su re d  b ased  on  th e  

s ta n d a rd  len g th  (d is tan c e  f ro m  b ase  o f  th e  ro s tra l tip  to  th e  e n d  o f  th e  la s t a b d o m in a l seg m en t
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fo r m o s t sp e c ie s , b u t c a rap ace  w id th  fo r  c rab s) a n d  th e ir  b io m a ss  w as d e riv e d  fro m  len g th - 

a sh -fre e  d ry  w e ig h t reg re ss io n s  (M ees , 1994).

O n e  w a te r  sa m p le  fo r ch em ica l a n a ly sis  w as  ta k e n  a t e ach  sam p lin g  lo ca tio n . D isso lv ed  

o x y g en  (w tw  ox i 3 3 0 ), co n d u c tiv ity  (w tw  co n d  3 1 5 i)  an d  p H  (H I 9 2 1 0 N ) w e re  m ea su re d  in 

th e  f ie ld  b y  m e a n s  o f  a h a n d  e lec tro d e . S a lin ity  w a s  m e a su re d  w ith  a  re fra c to m e te r  (D IG IT  

A T C  100). A m m o n iu m , n itrite , n itra te  an d  to ta l p h o sp h o ro u s  w e re  d e te rm in e d  in th e  

la b o ra to ry  u s in g  te s t  k its  (M erck  S p ec tro q u an t)  sp e c if ic a lly  d e s ig n ed  fo r  th e  a n a ly s is  o f  w a te r  

w ith  a h ig h  ch lo rid e  con ten t.

S in ce  a lie n  sp e c ie s  c o n stitu te  a  s ig n ific a n t b io lo g ic a l p re ssu re , th e  a sse ssm e n t o f  su ch  a 

p re ssu re  sh o u ld  b e  in teg ra ted  w ith in  th e  c o n tex t o f  th e  e co lo g ica l s ta tu s a sse ssm e n t o f  w a te r  

b o d ie s  re q u ire d  b y  th e  E u ro p ean  W a te r  F ra m ew o rk  D ire c tiv e  (C a rd o so  a n d  F ree , 2 0 08). In  

o rd e r  to  p ro v id e  an  in teg ra ted  e co lo g ica l a sse ssm e n t o f  a lien  sp ec ie s , a  b io co n tam in a tio n  

in d ex  w a s  e s tab lish e d  (A rb aciau sk as e t al., 2 0 0 8 ). T h is  “ b io co n ta m in a tio n ”  co u ld  be  d e fin ed  

as  th e  p re sen c e  o f  a lie n  sp ec ies reg ard less  o f  th e ir  a b ilitie s  to  cau se  n e g a tiv e  eco lo g ica l an d /o r 

so c io -ec o n o m ic  im p ac ts  (P an o v  e t a l., 2 009). F iv e  c la sse s  o f  b io co n ta m in a tio n  ra n g in g  from  

ze ro  (n o  c o n ta m in a tio n ) to  fo u r (sev ere  c o n ta m in a tio n )  co u ld  b e  d e fin ed . T h e  c la sse s  o f  S B C I 

co rre sp o n d  to  th e  five  e co lo g ica l q u a lity  c la sse s  a s  d e f in e d  b y  th e  E u ro p ea n  W ater 

F ra m ew o rk  D ire c tiv e  (2 0 0 0 /6 0 /E C ; E u ro p ean  C o m m u n ity , 2 0 0 0 ) a n d  a llo w  s ta tu s ra n k in g  o f  

w a te r  b o d ie s  fro m  h ig h  to  b a d  qua lity . F o r th e  c a lcu la tio n  o f  th e  S B C I, a ll ta x a  (m ac ro - 

C ru sta ce a  an d  o th e r m ac ro in v e rteb ra te  tax a ) w e re  in c lu d ed . T h e  re la tio n sh ip  b e tw een  

sh ip p in g , th e  S B C I an d  the n u m b er an d  a b u n d an c e  o f  a lien  sp e c ie s  w a s  an a ly sed  u sin g  

S p e a rm a n ’s R a n k  C o rre la tio n  C o effic ien t. T h e  re la tiv e  a b u n d an ce , n u m b e r o f  sp ec ies an d  

b io m a ss  w as c a lcu la te d  a s  th e  to ta l v a lu e  o f  a lien  sp e c ie s  d iv id ed  b y  th e  to ta l v a lu e  o f  all 

sp ec ie s . A  n o n -p a ra m e tric  K ru sk a l-W allis  A N O V A  w a s  u se d  to  c h e c k  fo r d iffe re n ce s  in 

n u m b e r o f  sp e c ie s , ab u n d an c e  an d  b io m a ss  b e tw e e n  h a rb o u rs . P o s t-h o c  m u ltip le  co m p ariso n s 

o f  m ean  ra n k s  w e re  u sed  to  assess  d iffe ren ces  b e tw e e n  sp ec ific  h a rb o u rs  (C o n o v e r, 1980). 

T h e  s ig n if ic a n ce  lev e l fo r h y p o th es is  te s tin g  w as se t a t  p  < 0 .05 . A ll s ta tis tica l an a ly ses w ere  

p e rfo rm e d  u s in g  S ta tis tica  7 .0  (S tatSoft Inc ., 2004).

D a ta  o n  sh ip p in g  w a s  o b ta in ed  fro m  sev e ra l in fo rm a tio n  so u rces d e p en d in g  on  th e  ty p e  o f  

sh ip p in g . In fo rm a tio n  on tran sco n tin en ta l sh ip p in g  (sh ip  m o v em e n ts  a s  w e ll  a s  th e  o rig in  o f  

sh ip s) , w h ic h  in c lu d es  c o n ta in e r  tra ffic , tra n sp o rta tio n  o f  g o o d s , ro ll-o n  ro ll-o f f  and  

tran sp o rta tio n  o f  p a sse n g ers , w as o b ta in ed  fro m  th e  an n u al re p o rts  m ad e  b y  th e  F lem ish
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h a rb o u rs  (M erck x  an d  N ey ts, 2 0 0 8 ). In fo rm a tio n  on rec rea tio n a l crafts  o rig in a ted  fro m  the 

lo g b o o k s  o f  d iffe re n t m arinas. F o r O s te n d  an d  N ie u w p o o rt th e  n u m b er o f  yach ts  en te rin g  th e  

m arin a  w as d o cu m en ted  in  lo g b o o k s , w h e rea s  fo r  B lan k en b erg e  a n d  Z eeb ru g g e  no  

in fo rm a tio n  on  the  n u m b er o f  re c re a tio n a l c ra ft m o v em en ts  w as av ailab le . T h ere fo re , 

e s tim a tio n s  w e re  m ade  about th e  n u m b e r  o f  y ach ts  e n te rin g  th ese  m arin as . T h e  n u m b er o f  

a n ch o ra g es  in  e ac h  o f  th e  m arin as  w as  co u n te d  b a se d  on  aeria l p h o to g rap h s . B ased  o n  that 

n u m b e r  an d  in fo rm a tio n  av a ilab le  o f  th e  y a ch t m o v em en ts  o f  O sten d  and  N ieu w p o o rt, an 

e x tra p o la tio n  fo r Z eeb ru g g e  an d  B lan k e n b erg e  w a s  m ade. F in a lly , in fo rm a tio n  on  th e  n u m b er 

o f  fish in g  v e sse ls  en te rin g  Z ee b ru g g e , O s ten d  an d  N ie u w p o o rt on  an  annual b a se  w as 

re tr ie v e d  fro m  th e  D ep artm en t o f  O c e a n  F ish e ries  (w w w .v la an d e ren .b e /lan d b o u w ).

6.3 Results

6.3.1 P h y s ica l-ch em ica l d a ta  a n a ly sis

M a x im u m  c o n cen tra tio n s  o f  a m m o n iu m , n itrite  and  to ta l p h o sp h o ro u s  w e re  fo u n d  in 

N ie u w p o o rt (T ab le  6 .1 ). In  B lan k e n b e rg e , N ie u w p o o rt an d  O sten d , m o st sam p les w e re  ev en ly  

d is tr ib u te d  o v e r  a sa lin ity  g ra d ie n t ra n g in g  fro m  a lm o st fresh  (2  P S U ) to  sa lin e  (35 P S U ) 

w a ter. In  Z eeb ru g g e , a ll  sam p les w e re  tak e n  in  th e  ran g e  o f  28 to  35 P S U , a lth o u g h  th e y  w ere  

lo c a te d  up to  15 k m  in land . T h e  w a te r  w as  a lk a lin e  w ith  a  p H  ra n g in g  b e tw ee n  7 .2 2  an d  9 .12. 

D isso lv e d  o x y g en  w as ra th e r lo w  fo r  O s ten d  w ith  a  m in im u m  o f  1.09 m g  I"1 an d  a m ax im u m  

o f  5 .6 2  m g  f 1. M a x im u m  v a lu es fo r  d isso lv e d  o x y g en  w e re  a ro u n d  10 m g  f 1 fo r N ieu w p o o rt, 

B la n k e n b e rg e  an d  Z eeb ru g g e  (T ab le  6 .1).

Table 6.1 Measured ranges for dissolved oxygen (DO), salinity, conductivity (EC), ammonium (NH4), 

nitrate (N03), nitrite (N02), total phosphorous (P total) and pH  in the Belgian harbours.

H arbour DO 

(m g  r 1)

Salinity

(PSU)

EC 

(m S  c m '1)

n h 4

(m g N  P ')

n o 3

(m g N  I"1)

n o 2 

(m g  N r 1)
P total 

(m g P 1 ')

pH

B lankenberge 7.00-10.30 7-35 6 .43-49 .60 0 .05-0 .16 0.60-1.49 0.01-0.05 0.14-1.05 7.85-9.12

N ieuw poort 2.98-9.91 3-35 1.78-51.80 0 .10-1 .02 0.12-1.61 0.01-0.70 0.20-4 .86 7.82-8.44

O stend 1.09-5.62 2-35 1.92-43.90 0 .05-0 .59 0.98-5 .64 0.01-0 .10 0.20-1.33 7 .64-8 .72

Z eeb rugge 4.50-9 .80 28-35 36 .30 -47 .70 0.05-0.21 1.03-1.91 0.01-0 .17 0.20-1 .40 7.22-7.78

6 .3 .2  S h ip p in g

O n ly  tw o  ou t o f  fo u r h a rb o u rs re c e iv e d  tran sco n tin en ta l c o m m erc ia l sh ip  traffic : Z eeb ru g g e  

a n d  O s te n d  w ith  9405  an d  486 8  sh ip s e n tran ces  rep o rted  d u rin g  th e  y e a r 2 0 0 8 , re sp ec tive ly .
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F o r  Z eeb ru g g e , 5 5 %  o f  th e  sh ip s  o rig in a ted  fro m  E u ro p e , 3 0 %  fro m  A s ia  an d  2 %  fro m  N o rth - 

A m erica , w h e reas  fo r  O sten d , a lm o s t a ll sh ip s o rig in a ted  fro m  w ith in  E u ro p e  (9 9 .5 % ). 

In fo rm atio n  on  th e  tra ffic  o f  re c re a tio n a l c ra fts  w as d irec tly  av a ilab le  fo r  O sten d  an d  

N ie u w p o o rt w ith  1255 and  1391 y a ch ts  e n te rin g  th e  m arin a  in 2 0 0 9 , re sp ec tiv e ly . A b o u t 2 5 %  

w ere  yach ts co m in g  from  n e ig h b o u rin g  m arin as  in  B e lg iu m , th e  o th e r 7 5 %  o f  th e  y ach ts  

e n te r in g  th e  m arin as o rig in a ted  fro m  o th e r h a rb o u rs  s itu a te d  in  E u ro p e . S in ce  n o  d e ta iled  d a ta  

o n  tra ff ic  o f  y a ch ts  w as av a ilab le  fo r  B lan k e n b e rg e  a n d  Z ee b ru g g e  e s tim a tio n s  w e re  m ade  on 

th e  n u m b er o f  y a ch ts  en te rin g  th e se  m arin as , w h ic h  resu lted  in  57 0  y a ch ts  fo r  Z eeb ru g g e  an d  

1140 y ach ts  fo r  B lan k en b erg e . B a se d  on  d a ta  o f  20 0 9 , it  w as fo u n d  th a t m o st fish in g  vesse ls  

e n te red  in  O sten d  (n = 8 8 2 ), fo llo w ed  b y  N ie u w p o o rt (n = 6 1 2 ) an d  Z eeb ru g g e  (n = 2 4 0 ). T h ere  

w e re  no  fish in g  v esse ls  e n te r in g  th e  h a rb o u r  o f  B lan k en b erg e . A  s ig n ific a n t co rre la tio n  w as 

fo u n d  b e tw een  th e  to ta l n u m b e r  o f  sh ip  e n tra n ce s  a n d  th e  n u m b e r  o f  a lien  sp e c ie s  reco rd e d  

p e r  sam p le  (r = 0 .4 0 5 ; p  =  0 .0 4 ), w h ich  in c re ased  w ith  in c reas in g  sh ip  tra ffic .

6 .3 .3  B io lo g ica l d a ta  ana ly sis

A  to ta l o f  41 m ac ro -C ru s tac e a  w as found , 11 o f  w h ich  w e re  a lie n  to  B e lg iu m  (T ab le  6 .2). 

Hemigrapsus takanoi A sak u ra  a n d  W atan a b e  2 0 0 5 , Gammarus tigrinus (S e x to n  1939) and  

Caprella mutica S ch u rin  1935 w e re  th e  m o s t f req u e n tly  en co u n te re d  a lie n  m ac ro -C ru stacea . 

T h e  o th e r a lien  m ac ro c ru s ta c ea n s  w e re  re co rd e d  in  less th an  10%  o f  th e  sam p les. A lm o st 50%  

o f  th e  a lien  sp ec ies o rig in a ted  fro m  N o rth -A m eric a , 2 7 %  fro m  E as t A s ia , 18%  fro m  the  

P o n to -C a sp ian  reg io n  an d  9 %  fro m  N e w  Z ea lan d . T h e  m o st co m m o n  in d ig en o u s  sp ec ie s  w ere  

Microdeutopus gryllotalpa C o s ta  1835, M elita palmata  (M o n ta g u  1804) an d  Carcinus 

maenas (L in n aeu s 1758), w h ic h  w e re  all re co rd e d  in  a lm o st h a l f  o f  th e  sam ples.

In  g en era l, a b o u t 2 5 %  o f  all m a c ro c ru s ta c ea n  sp e c ie s  w e re  a lien  a n d  th ey  a cc o u n te d  fo r 30%  

o f  th e  to ta l m ac ro cru s tacean  a b u n d an c e  in  th e  B e lg ia n  co asta l h a rb o u rs  (F ig. 6 .2 ). T h ese  a lien  

sp e c ie s  acc o u n te d  fo r m o re  th a n  6 5 %  o f  th e  to ta l re la tiv e  b io m ass o f  m ac ro cru s ta c ea n s , w h ich  

is p rim a rily  d u e  to  th e  a lien  c rab  H. takanoi a n d  th e  a m p h ip o d  G. tigrinus. W h en  an a ly s in g  

th e  p re sen ce  o f  a lien  m ac ro -C ru s tac e a  p e r  h a rb o u r, O sten d  h a d  th e  h ig h es t to ta l re la tiv e  

ab u n d an c e  o f  a lien  sp ec ie s , w h e rea s  Z ee b ru g g e  th e  lo w e s t (F ig . 6 .2 ). H o w ev e r, w ith  K ru sk a l-  

W a llis  A N O V A , no  s ig n ific a n t d iffe re n ce  in ab u n d an ce  o f  a lie n  m ac ro -C ru stac e a  w as 

d e te c te d  b e tw ee n  th e  h a rb o u rs  ( j2 = 1 .69, d f  =  3 , p  =  0 .64 ). T h e  to ta l re la tiv e  n u m b er o f  a lien  

sp e c ie s  w as m o re  o r less s im ila r  a m o n g  th e  la rg e  h a rb o u rs , w ith  th e  h ig h es t n u m b e r o f  a lien  

sp e c ie s  fo u n d  in  Z ee b ru g g e  (F ig . 6 .2 ).
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6 .3 .4  N u m b e r o f  sp ec ie s  and  b io co n tam in a tio n

T h e  sa lin ity  ran g e  w as  d iv id ed  b ased  on  th e  V en ice  sy s tem  (1 9 5 9 ), w h ich  co n sis t o f  an 

o lig o h a lin e  (0 .5 -5  P S U ), m eso h a lin e  (5 -1 8  P S U ), p o ly h a lin e  (1 8 -3 0  P S U ), eu h alin e  (30-40  

P S U ) an d  h y p e rh a lin e  zone  (> 40  PS U ). T h e  av erag e  n u m b e r o f  in d ig e n o u s  sp ec ies fo u n d  p e r 

s a m p le  w as h ig h es t a t sa lin itie s  ab o v e  30  P S U  (Fig. 6 .4). T h e  av erag e  n u m b er o f  a lien  sp ec ies 

fo u n d  p e r sam p le  w as h ig h es t at th e  o lig o - (0 .5 -5  P S U ) an d  m eso h a lin e  (5 -18  P S U ) zone. T he 

n u m b e r  o f  a lien  m ac ro in v e rteb ra te s  se e m e d  to  re ac h  a m ax im u m  a t sa lin itie s  b e lo w  5 PSU , 

w h e re a s  th e  n u m b er o f  ind ig en o u s sp ec ie s  s lig h tly  in creased  w ith  in c reas in g  sa lin ity  (Fig. 

6 .4 ). T h e  lo w e r n u m b er o f  in d ig en o u s  sp ec ie s  o b se rv ed  a t lo w e r sa lin itie s  w as p ro b ab ly  

re la te d  to  th e  lo w  w a te r  q u a lity  in m a n y  o f  th e  can a ls  an d  r iv e rs  s itu a te d  in  th e  o lig o h a lin e  

zo n e .

3 -

1 -
I  1 1  I

0.5-5 5-18 18-30  > 30

S a lin ity  (P S U )

Figure 6.4 Average number (with standard deviation) o f  alien (white) and indigenous (black) species 

p er  sample for the different salinity zones (based on the Venice system, 1959).

T h e  p re se n c e  o f  a lien  sp ec ie s  and  th e  b io c o n ta m in a tio n  at th e  d if fe re n t sa m p lin g  p o in ts  has 

b e e n  m a p p e d  (F ig . 6 .5 ). M o st sa m p lin g  lo ca tio n s  s itu a ted  w ith in  th e  h a rb o u r o f  N ieu w p o o rt 

a n d  O s te n d  h ad  a  low  b io co n tam in a tio n  in d ex  an d  c o n se q u en tly  a g o o d  to  m o d era te  sta tus 

(F ig . 6 .5 a , b ). O n e  sam p lin g  p o in t s itu a ted  in  th e  m arin a  o f  N ie u w p o o rt h ad  a S B C I o f  4 , 

w h ic h  w a s  d u e  to  h igh  d en sitie s o f  Crassostrea gigas (T h u n b erg  1793) an d  H. takanoi. It w as 

o b se rv e d  fo r  N ie u w p o o rt and  O sten d  th a t sa m p lin g  loca tio n s s itu a te d  m o re  in lan d  w ere  

c a te g o rise d  in  c lass 3 o r 4  and  th u s  w e re  c h a ra c te rised  b y  a  h igh  n u m b er  o r  h ig h  d en sitie s  o f  

a lie n  sp ec ie s . In  Z eeb ru g g e , m o st sa m p lin g  lo ca tio n s  sco red  b a d  re g a rd in g  b io co n tam in atio n ,
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w h ile  b io -u n co n tam in a ted  s ites w e re  la ck in g  (F ig. 6 .5c). S om e sa m p lin g  loca tio n s s itu a ted  

w ith in  th e  h a rb o u r docks o f  Z ee b ru g g e  an d  th e  h a rb o u r o f  B lan k e n b e rg e  w e re  ch arac te rised  

b y  h ig h  ab u n d an ces o f  H. takanoi an d  C. mutica an d  w ere  c o n se q u en tly  c a teg o rised  in c lass  3 

o r 4 . T h e  S B C I w as positiv e ly  c o rre la te d  w ith  th e  n u m b er o f  a lie n  sp ec ies (r =  0 .69 ; p  =  

0 .0 3 1 ), the ab u n d an c e  o f  a lien  sp ec ie s  ( r  =  0 .8 2 ; p  =  0 .01) an d  th e  b io m a ss  o f  a lien  sp ec ies ( r  

=  0 .6 1 ;/?  =  0 .04).

N orth  Sea

1 km
—

km

k m
•  Class 0 
O  Class 1

O  Class 2  O  Class 4 
O  Class 3

Figure 6.5 Map with the site-specific biocontamination index (SBCI) (Arbaciauskas et al. 2008) fo r  

the sampling sites situated in (A) Nieuwpoort, (B) Ostend and (C) Zeebrugge -Blankenberge. SBCI 

classes: 0 (no biocontamination), I  (low biocontamination), 2 (moderate biocontamination), 3 (high 

b io co n ta m in a tio n ) and  4 (sev ere  b io co n ta m in a tio n ).

6.4 D iscussion

A  to ta l o f  11 a lien  m ac ro cru s tacean  sp e c ie s  w as fo u n d  d u rin g  a re ce n t sam p lin g  cam p aig n  at 

th e  B e lg ian  co asta l harbours . M o s t o f  th e se  sp ec ie s  w e re  d isc o v e re d  d u rin g  th e  last tw o  

d e ca d es  (T ab le  6 .2 ), w h ich  is s im ila r  to  th e  g en era l fin d in g s in o th e r p a rts  o f  th e  N o rth  S ea  

an d  th e  B altic  S ea (G o llasch  and  N eh rin g , 2 006). O n ly  a few  sp ec ie s  w ere  ab u n d an tly  p re sen t
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a lie n  sp ec ie s  m en tio n ed  ab o v e  th riv e  v e ry  w e ll in  a  b rack ish  w a te r  e n v iro n m en t an d  can  

th e re fo re  a lso  b e  e x p ec te d  to  o c c u r  in  th e  n e a r  fu tu re  a lo n g  the B e lg ian  co ast. O n  to p  o f  th e  

a lre ad y  in tro d u ced  sp ec ie s , m o re  a lien  sp e c ie s  a re  to  b e  e x p ec te d  fro m  o th e r p a rts  o f  th e  

w o rld , w h e reb y  seco n d ary  d isp e rsa l v ia  o th e r  E u ro p e a n  h a rb o u rs  c an  be an  im p o rta n t vector.

T h e  h ig h e s t n u m b er o f  a lie n  sp ec ie s  w as  fo u n d  in  th e  o ligo - an d  m eso h a lin e  zone. T h is w as 

a lso  o b se rv ed  b y  P aav o la  e t al. (2 0 0 5 ), w h o  fo u n d  th a t sev era l b rack ish  w a te r  sea s  (B altic  

S ea , B lac k  Sea, C asp ian  S e a  a n d  S ea  o f  A zo v ) h a v e  b een  in v ad ed  freq u en tly  re su ltin g  in  a 

m ax im u m  n u m b er o f  a lien  sp e c ie s  p re se n t in th e  o lig o h a lin e  zone. T h e  n a tu ra l sp ec ies 

m in im u m  in  b rack ish  w a te r  a s  re p o rte d  b y  sev e ra l au th o rs  (R em an e , 1958; W o lff, 1999; 

P a a v o la  e t ah , 2 005 ; N e h rin g , 2 0 0 6 ) w as c o n firm e d  d u rin g  o u r  stu d y . C o n seq u en tly , the 

h y p o th es is  sta tin g  th a t th e  lo w  in d ig e n o u s  sp ec ies r ic h n e ss  in  b rack ish  w a te r  leav es m an y  

e m p ty  n ich es fa v o u rin g  th e  e s ta b lish m e n t o f  a lien  sp e c ie s  co u ld  be co n firm ed . M o s t sam p lin g  

lo ca tio n s  in  th e  o lig o h a lin e  z o n e  w e re  s itu a te d  in c an a ls  a n d  riv e rs  w ith  a  lo w  w a te r  qua lity , 

w h ic h  c o u ld  co n trib u te  to  th e  lo w  in d ig e n o u s  sp ec ie s  d iv ers ity . A lien  sp ec ie s  a re  o ften  m ore  

to le ran t to  a  low  w a te r q u a lity  a n d  h e n c e  m o re  su c c ess fu l in  th ese  d eg rad ed  h ab ita ts  (K en n ard  

e t a h , 2 0 0 5 ; B oets e t ah , 201 la ) .  S a lin ity  is o ften  c o n s id e re d  to  b e  a  g o o d  p a ra m e te r  fo r  risk  

a sse ssm e n t o f  fu tu re  in v as io n s  o f  b ra c k ish  w a te r  a rea s  (P aav o la  e t ah , 2 005). A re as  w ith  

s im ila r  sa lin itie s  c an  ac t as a  p o ten tia l d o n o r  re g io n  s in c e  g en u in e  b ra ck ish  w a te r  sp ec ies can  

e a s ily  a d a p t to  n ew  h ab ita t c o n d itio n s . T h e  fa c t th at b rack ish  w a te rs  h av e  a  h ig h e r  p o ten tia l 

fo r  in v as io n s  due to  in ten s iv e  in te rn a tio n a l sh ip  tra ff ic  in co m b in a tio n  w ith  th e  p h y sio lo g ica l 

a d ap ta tio n s  o f  b rack ish  w a te r  sp ec ie s , e n a b lin g  th em  to  su rv iv e  th e  tran sp o rta tio n  v ia  ba lla st 

w a te r , c o u ld  ex p la in  th e  h ig h  n u m b e r  o f  a lie n  sp e c ie s  en co u n te red  in th e  m eso h a lin e  zone  

(P a a v o la  e t ah, 2005). In  ad d itio n , b ra c k ish  w aters  a re  su b je c ted  to  a tw o -s id e d  in v as io n  

p re ssu re  b y  a lien  sp ec ies , v ia  th e  o cean  a n d  v ia  in lan d  w a te rs , w h ich  co u ld  co n trib u te  to  th e  

h ig h  n u m b e r  o f  a lien  sp ec ie s  e n c o u n te re d  (N eh rin g , 2 0 0 6 ). T h e  p re sen c e  o f  e m p ty  n ich es, 

su itab le  en v iro n m en ta l c o n d itio n s  an d  a v a ilab ility  o f  p ro p e r v ecto rs m ig h t b e  th e  m o st 

e ffe c tiv e  p re d ic to rs  to  d e te rm in e  th e  su sc e p tib ility  to in v as io n s  o f  b ra ck ish  w a te rs  (P a a v o la  e t 

ah  2 005).

W h en  in v es tig a tin g  th e  n u m b er o f  a lien  sp e c ie s , Z e e b m g g e  w as th e  h a rb o u r  w ith  th e  h ig h est

n u m b e r  o f  a lien  m a c ro -c m sta c e a n s , w h ic h  is re fle c te d  b y  a  h ig h  s ite -sp ec if ic

b io co n ta m in a tio n  index . T h e  h a rb o u r  o f  Z eeb m g g e  rece iv ed  th e  h ig h es t n u m b er o f

tran sco n tin en ta l co m m erc ia l sh ip s c o m p a re d  to  th e  o th e r h a rb o u rs . It is k n o w n  th a t m an y
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a lien  sp ec ies a re  b e in g  tran sp o rte d  v ia  b a lla s t w a te r  o f  sh ip s (R u iz  e t a l., 1997). A  p o s itiv e  

co rre la tio n  b e tw ee n  sh ip p in g  a n d  th e  n u m b e r o f  a lien  sp e c ie s  e s tab lish ed  co n firm ed  th a t  

sh ip p in g  is p ro b a b ly  the m o st im p o rta n t v e c to r  o f  sp e c ie s  in tro d u c tio n s . T h e  so -c a lled  

p ro p a g u le  p re ssu re , w h ich  is re la te d  to  th e  in tro d u c tio n  o f  a lien  sp ec ies , is seen  as an  

im p o rta n t e lem en t in  the e s tab lish m en t su ccess  o f  a lien  sp e c ie s , a lth o u g h  it is no t a lw ay s  

tak e n  into acco u n t in  s tu d ie s  a b o u t b io lo g ic a l in v asio n s (W illia m so n  an d  F itte r, 1996). 

P ro p ag u le  p re ssu re  is n o t a lw ay s e a s y  to  m easu re , b u t c a n  be  re la ted  to  th e  in ten sity  o f  

u n in ten tio n a l in tro d u c tio n s , su c h  as th e  e s tim a te d  q u an titie s  o f  d isch arg ed  b a lla s t w a ter, o r  th e  

n u m b er o f  sh ips th a t m ig h t c a rry  fo u lin g  on h u lls  (O c ch ip in ti-A m b ro g i, 2 007). W hereas th e  

n u m b er o f  a lien  sp e c ie s  is re la ted  to  p ro p a g u le  p ressu re , th e  h ig h  ab u n d an ce  o f  certa in  a lie n  

sp ec ies can  b e  a sc rib e d  to  fav o u ra b le  en v iro n m en ta l c o n d itio n s  (e .g . h a b ita t su itab ility )  

(C ro o k s an d  S ou lé , 1999). D esp ite  th e  fa c t th a t m o st o b se rv ed  a lien  sp ec ies o rig in a ted  f ro m  

N o rth -A m erica , m o st sh ip s w h ic h  a n c h o r  in Z e e b m g g e  o r ig in a ted  fro m  E u ro p ea n  h a rb o u rs  

an d  o n ly  a  sm all p a r t  o rig in a ted  fro m  N o rth -A m erica . F re q u e n t c o m m erc ia l sh ip p in g  b e tw e e n  

n e ig h b o u rin g  c o u n trie s  in  E u ro p e  o r c o u n trie s  b o rd e rin g  th e  sam e  sea  m ig h t b e  re sp o n s ib le  

fo r  se c o n d ary  in tro d u c tio n s  an d  d isp e rsa l o f  a lie n  species. M o re o v e r, a lso  se c o n d ary  d isp e rsa l 

v ia  y ach ts  o r  fish in g  v e sse ls  o r ig in a tin g  fro m  n e ig h b o u rin g  h a rb o u rs  c o u ld  h a v e  p a r tia lly  

co n trib u ted  to  in tro d u c tio n  a n d  sp re ad  o f  th ese  a lie n  sp ec ie s . B esid es N o rth -A m erica , a lso  

E as t A s ia  w as an  im p o rta n t d o n o r  re g io n . A c co rd in g  to  G o lla sch  an d  N e h rin g  (2006) a n d  

K e rc k h o f  e t  al. (2 0 0 7 ), th ree  p r im e  so u rc e  reg io n s o f  a q u a tic  a lien  sp ec ie s  co u ld  b e  

d is tin g u ish e d  fo r th e  N o r th  Sea: N o rth w e s t A tlan tic , In d o -P ac ific  a n d  N o rth  Pac ific .

A lth o u g h  th e re  a re  n o  c le a r  e x am p les  o f  sp e c ie s  ex tin c tio n s  in th e  N o rth  S e a  due to  th e  

in tro d u c tio n  o f  a lie n  sp ec ie s , th e  d is tr ib u tio n  a rea  o f  in d ig e n o u s  sp ec ie s  m a y  h ave  b e e n  

re d u ce d  (R e ise  e t  a l., 1999). M o re o v e r, th e re  ex is ts  th e  d a n g e r  th at th e  in tro d u c tio n  o f  a lie n  

sp ec ie s  c an  cau se  th e  sp re ad  o f  a sso c ia te d  o rg an ism s o r  d iseases , w h ich  m ay  a f fe c t  

in d ig en o u s sp ec ie s  an d  c au se  e co n o m ica l d a m a g e  (R u iz  e t a l., 1997). In ad d itio n , there  is th e  

o n g o in g  th rea t o f  g lo b a l w a rm in g , w h ic h  m a y  b e  b en efic ia l fo r  certa in  a lien  sp ec ie s  to  s p re a d  

an d  estab lish . S in ce  th e  u n d e rly in g  m ec h an ism s  o f  sp ec ie s  in tro d u c tio n s a re  s till n o t fu lly  

u n d e rs to o d  an d  th e ir  im p ac t is v e ry  u n p re d ic ta b le , w e  sh o u ld  be  a w are  o f  n ew  sp e c ie s  

in tro d u c tio n s (G o llasch  an d  N e h rin g , 2 0 0 6 ). T h ere fo re , an  a c tiv e  m an ag em en t w ith  c o n tro l o f  

b a lla s t  w a te r  a n d  an  e ffe c tiv e  leg is la tio n  re g a rd in g  th e  in tro d u c tio n  o f  sp ec ies is  an  e sse n tia l 

e le m en t to  p re v en t m o re  in tro d u c tio n s  o f  a lie n  spec ies.
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Chapter 7: Establishment and future spread o f  alien macrocrustaceans 

A d a p ted  from :

B o e ts  P ., L o ck , K ., G o e th a ls , P .L .M . (in  p ress). M o d e llin g  h ab ita t p re fe re n ce , ab u n d an ce  and  

sp ec ie s  r ich n e ss  o f  a lie n  m ac ro cru s tacean s  in su rfa c e  w a te rs  in  F lan d ers  (B e lg iu m ) u sin g  

d e c is io n  trees. E co lo g ic a l In fo rm atic s  1 0 .1 0 1 6 /j.eco in f.2 0 1 2 .0 6 .0 0 1 .
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Chapter 7: Establishment and future spread of alien macrocrustaceans 

A bstract

A m o n g  th e  in v ad e rs , a lien  m ac ro cru s tacean s  a re  k n o w n  to  b e  v e ry  su ccess fu l in v erteb ra tes  

th a t co lo n ise  n e w  h a b ita ts  rap id ly . D a ta  fro m  d iffe re n t fresh  a n d  b ra ck ish  w a te rs  g a th e red  by 

th e  F le m ish  E n v iro n m e n t A g e n cy  (V M M ) w ere  u se d  to  b u ild  d a ta -d riv en  m o d e ls  p re d ic tin g  

h a b ita t p re fe re n ce , ab u n d an c e  an d  sp ec ie s  rich n ess  o f  a lie n  m ac ro -C ru s tac e a  p re se n t in 

su rfa ce  w a te rs  in  F lan d ers . D iffe re n t tech n iq u es, su c h  as re g re ss io n  an d  c la ss if ic a tio n  tree s  in 

co m b in a tio n  w ith  sev era l o p tim isa tio n  m eth o d s (e .g . p ru n in g ) w e re  u se d  to  c o n stru c t the  

m o d els . T h e  p e rfo rm a n ce  o f  th e  m o d e ls  w as m o d era te , b e ca u se  a  b a la n ce  b e tw een  

p e rfo rm a n ce , e co lo g ica l re lev an ce  an d  c o m p lex ity  w a s  s tr iv ed  for. W h en  u sin g  a  th ree -fo ld  

c ro ss v a lid a tio n  it w as fo u n d  th a t th e  v a ria tio n  b e tw e e n  th e  fo ld s  w as lim ited , w h ic h  is an  

in d ica tio n  o f  th e  ro b u s tn e ss  a n d  th e  g o o d  re liab ility  o f  th e  c o n s tru c ted  m o d els . B ased  on  a 

se n s itiv ity  a n a ly s is  th e  im p o rtan ce  o f  c o n d u c tiv ity , K je ld ah l n itro g en  an d  sh ip p in g  w ere  

s tre sse d  as w e ll as g ra p h ic a lly  illu stra ted . A lien  m ac ro c ru s ta c ea n s  w ere  p re d ic te d  as p re sen t 

u n d e r b ra ck ish  w a te r  c o n d itio n s as w e ll as in  fresh  w a te rs  w ith  in te n siv e  sh ip  tra ff ic  an d  low  

lev e ls  o f  o rg a n ic  p o llu tio n . T h e  a lie n  sp ec ies r ich n e ss  w as h ig h e r  in  r iv e rs  w ith  in ten siv e  sh ip  

tra ffic  an d  in c re a se d  w ith  in c reas in g  co n d u ctiv ity . E sp e c ia lly  in  b rack ish  w a ters , a lien  

m ac ro c ru s ta c ea n s  re a c h e d  h igh  ab u n d an ces . In  fresh  w a ter, th e  ab u n d an ce  o f  a lien  sp ec ie s  

w as  g en era lly  low er. A n  in teg ra ted  m o d el th a t c o m b in e d  o u r  h a b ita t  su ita b ility  m o d e l w ith  a 

w a te r  q u a lity  m o d e l w as u se d  to  p re d ic t th e  fu tu re  d is tr ib u tio n  o f  a lie n  m ac ro cru s tacean s. T he 

p re d ic tio n s  in d ic a te d  th a t th e  p rev a len ce  an d  sp e c ie s  rich n e ss  o f  a lien  m ac ro cru s ta c ea n s  is 

lik e ly  to  in c re ase  w ith  im p ro v in g  ch em ica l w a te r  q u a lity , w h e rea s  th e ir  ab u n d an ce  w ill 

p ro b a b ly  d e c re a se  slig h tly . F ro m  o u r  an a ly sis , it  is c le a r  th a t m o d e ls  a re  a  u se fu l to o l and  th at 

d e c is io n  m ak e rs  sh o u ld  fo cu s on  v u ln e rab le  a reas, su c h  as b ra ck ish  w a te r  a rea s a n d  areas w ith  

in ten siv e  sh ip  tra ff ic  in  o rd e r to  p re v e n t th e  fu rth e r in tro d u c tio n  a n d  sp read  o f  in v as iv e  a lien  

sp ec ies .
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7.1 Introduction

T h e  in tro d u c tio n  o f  in v asiv e  a lien  sp e c ie s  o ften  h as n e g a tiv e  in flu en ces on in d ig en o u s 

c o m m u n itie s  a n d  eco sy stem s, w ith  c o n se q u en c es , su ch  a s  sp ec ie s  lo ss , b io tic  h o m o g en iza tio n  

a n d  ch an g es in n u trien t c y c lin g  (G u re v itc h  an d  P ad illa , 2 0 0 4 ; M acN eil e t al., 2 0 11). 

T h e re fo re , tec h n iq u es  fo r  m o d e llin g  sp e c ie s ’ p o ten tia l d is tr ib u tio n s  co u ld  su p p o rt p ro -ac tiv e  

s tra te g ie s  to  a v o id  th e  in tro d u c tio n  o f  a lie n  sp e c ie s  o r to  h e lp  in  risk  ana ly sis  b y  rev ea lin g  

th o se  reg io n s  w h ic h  a re  seen  as h o tsp o ts  fo r  a lie n  sp ec ie s  in tro d u c tio n s  (W o m e r an d  G ev rey , 

2 0 0 6 ; G io v a n e lli e t a l., 2 008 ; B a  e t  a l., 2 0 1 0 ). B esid es th e ir  p o w e r to  p re d ic t th e  fu tu re  

d is tr ib u tio n  o f  a lie n  sp ec ies , m o d e ls  can  b e  u se d  to  assess  th e  im p ac t o f  in v as iv e  a lien  sp ec ies 

o n  in d ig en o u s  sp e c ie s  a ssem b lag es (Ja a rsm a  e t a l., 2 007). In  th is  w ay , n e g a tiv e  e ffec ts o f  

in v a s iv e  a lie n  sp e c ie s  on  th e  e n v iro n m en t (e .g . fo o d  w eb  d is tu rb an c e  o r h ab ita t a lte ra tio n ) as 

w e ll as on  th e  e co n o m y  (e.g . h ig h  co sts fo r e rad ica tio n  an d  co n tro l)  co u ld  b e  red u ced  an d  

ta c k le d  in ad v an ce . B e in g  ab le  to  d e te rm in e  w h ic h  h ab ita ts  a re  v u ln e ra b le  fo r  in v as io n s is 

e sse n tia l fo r  a  g o o d  m an ag em en t, b e ca u se  it  is o ften  e ith e r  im p o ssib le  o r  a t least v e ry  

e x p e n s iv e  to  e rad ica te  in v as iv e  a lien  sp ec ie s  a f te r  th e ir  e s tab lish m en t (P e rrin g s  et al., 2005).

U s in g  co n v en tio n a l s ta tis tica l m u ltiv a ria te  m e th o d s  to an a ly se  d a ta  p o ses lim its , b ecau se  th ey  

a re  m a in ly  a p p lic ab le  to  lin ea r d a ta  and  h av e  less flex ib ility  in  in te rp re tin g  eco lo g ica l data. 

In teg ra tiv e  an d  a d ap tiv e  m o d els  th a t c o v er th e  n o n -lin e a rity  in  a  sy s te m  a re  en v is io n ed  in  

in fo rm a tio n  p ro c ess in g  in eco lo g y  (P a rk  an d  C h o n , 2007). M ach in e  lea rn in g  m eth o d s  o ffe r an  

a d v an tag e  o v e r  trad itio n a l a n a ly sis  te c h n iq u es , b ecau se  th ey  do  n o t in tro d u ce  a n y  p rio r 

a ssu m p tio n s  a b o u t th e  re la tio n sh ip  b e tw ee n  v a ria b le s  (D zero sk i and  D ru m m , 2 003). Several 

d a ta -d r iv e n  m o d e llin g  tech n iq u es, su ch  a s  D ec is io n  T ree s , A rtific ia l N e u ra l N e tw o rk s, 

B a y es ia n  B e lie f  N e tw o rk s  and  S u p p o rt V e c to r  M a ch in es  h av e  b e e n  p ro v e n  to  be  su ccessfu l in 

p re d ic tin g  th e  p re sen ce  and  d is tr ib u tio n  o f  sp e c ie s  in  aq uatic  eco sy stem s (A d riaen ssen s  e t a l., 

2 0 0 4 ; G o e th a ls  e t a l ,  2007 ; B o e ts  e t a l., 2 0 1 0 a ; H o a n g  e t a l., 2 0 1 0 ; D o m in g u ez -G ran d a  e t a l ,  

2011 ; E v erae rt e t al., 2 0 11). S e lec tio n  o f  m o d e llin g  tech n iq u es m ay  be b a se d  o n  sp ec ific  study  

o b jec tiv e s  o r th e  fo rm at o f  re sp o n se  v a ria b le s  (i.e . p re sen c e -ab sen c e  v e rsu s  ab u n d an ce) and  

th e  a v a ilab ility  an d  reso lu tio n  o f  p re d ic to r  v a ria b le s , such  as c lim a tic , p h y sica l-ch em ica l an d  

lan d -u se  da ta , w h ic h  c an  b e  re la te d  to  a  sp e c ie s ’ o ccu rren ce  an d  abun d an ce . H o w ev er, the 

se le c tio n  am o n g  d iffe re n t m o d e llin g  a p p ro ac h es  is so m etim es b a se d  on  co st o r  co n v en ien ce  

(S to h lg re n  e t a l., 2 010). In  th is  s tu d y , w e  o p te d  to  use  c la ss if ic a tio n  an d  re g re ss io n  trees to 

p re d ic t  th e  p re sen c e , ab u n d an ce  an d  sp ec ie s  rich n e ss  o f  a lien  m ac ro cru s ta c ea n s  in  su rface
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w a te rs  in F la n d e rs , since  th ese  te c h n iq u es  a re  w id e ly  a p p lied  a n d  y ie ld  re su lts  th a t a re  e a sy  to 

in te rp re t (D a k o u  e t al., 2 0 0 7 ; V la ck lav ik  a n d  M een te m e y e r, 2 0 0 9 ; B oe ts e t al., 2 0 1 0 a ; 

K a m p ic h le r  e t al. 2 010 ; E v e ra e r t e t al., 2 0 1 1 ). I f  w e  w a n t to  p re v e n t th e  in tro d u c tio n  an d  to  

re d u ce  th e  im p a c t o f  alien  m ac ro c ru s ta c ea n s , a  s tr ic t p o lic y  is n eed ed . In  th is  co n tex t, m o d els  

co u ld  h e lp  to  su p p o rt d ec is io n -m ak in g  in  w a te r  m an a g em e n t b y  in d u c in g  m easu re s  fo r  th o se  

reg io n s  w h ic h  are  a t h igh  risk.

In th e  p re se n t stu d y , our go a l w as: (1 ) to  p re d ic t  in w h ich  h a b ita ts  a lien  m ac ro cru s tacean s  a re  

l ik e ly  to  e stab lish , (2 ) to d e te rm in e  w h ic h  p a ram ete rs  p o sitiv e ly  o r n e g a tiv e ly  in flu en ce  th e  

sp e c ie s  r ich n e ss  o f  a lien  m ac ro cru s ta c ea n s , (3 )  to  a sse ss  w h ic h  e n v iro n m en ta l co n d itio n s a re  

fav o u ra b le  fo r  a lien  m ac ro cru s tacean s  to  b u ild  u p  h ig h  d en sitie s  an d  b e co m e  d o m in an t an d  (4 ) 

to  m ak e  p re d ic tio n s  on th e  fu tu re  d is tr ib u tio n  o f  a lien  m ac ro cru s ta c ea n s  b a se d  on an  

in teg ra ted  m o d e llin g  ap p ro ach . F o r th e  la tte r, h a b ita t  su itab ility  m o d els  w e re  co m b in ed  w ith  

w a te r  q u a lity  m o d e ls , w h ich  p re d ic t c h an g e s  in  ch em ica l w a te r  q u a lity  d u e  to th e  in s ta lla tio n  

o f  p lan n e d  w a s te w a te r  trea tm e n t p lan ts.

7.2 M aterials and M ethods

7 .2 .1 . D a ta  co llec tio n

T h e  d a ta se t co n sis ted  o f  b io lo g ica l an d  c h em ica l d a ta  c o lle c ted  b y  th e  F le m ish  E n v iro n m e n t 

A g e n c y  ( W M ) .  T h e  m o d e l d e v e lo p m en t w as b a se d  o n  a ll sam p le s c o lle c ted  d u rin g  th e  y e a r  

2 0 0 4 , b ecau se  th is  y e a r w a s  c h a ra c te riz ed  b y  in ten siv e  sam p lin g  (o v e r 80 0  sam p les) sp read  

o v e r  F lan d ers . M a c ro in v e rteb ra te s  w e re  c o lle c ted  b y  s ta n d a rd  h a n d n e t sam p lin g  o r  v ia  

a rtif ic ia l su b s tra tes  i f  it w as n o t p o ss ib le  to  u se  th e  k ick  sa m p lin g  m e th o d  (G ab rie ls  e t  a l.,

2 0 1 0 ). M ac ro in v e rte b ra te s  w e re  id en tif ie d  to  th e  leve l n e ed e d  fo r  th e  c a lcu la tio n  o f  th e  

M u ltim e tric  M ac ro in v e rteb ra te  In d ex  F la n d e rs  (M M IF ; G ab rie ls  e t  al., 2 0 1 0 ). In d ig en o u s an d  

a lien  sp ec ie s  can  b e lo n g  to  th e  sam e  fa m ily  an d  th e re fo re , it  w as n o t c le a r fro m  th e  V M M  

d a ta b ase  i f  a lien  m ac ro cru s tacean s  o c c u rre d  in  th e  sam ples. S in ce  w e  w a n te d  to m ak e  

p re d ic tiv e  m o d e ls  fo r a lie n  m ac ro c ru s ta c ea n s , o n ly  sp ec ie s  b e lo n g in g  to  th is  g roup  w e re  

id en tif ie d  to  sp ec ie s  level. In  th is  w ay , d a ta  o n  th e  p re sen c e /a b se n ce , th e  ab u n d an ce  an d  the  

sp ec ie s  rich n ess  o f  a lien  m ac ro c ru s ta c ea n s  p re se n t p e r sam p lin g  lo ca tio n  w a s  av a ilab le . 

C o n d u c tiv ity , pFl an d  d isso lv e d  o x y g en  w e re  a lw ay s m ea su re d  in  th e  f ie ld  d u rin g  

m ac ro in v e rteb ra te  sam pling . O th e r c h em ica l p a ram e te rs  w e re  re tr iev e d  fro m  m o n ito rin g  data . 

A s th e  ch em ica l m o n ito rin g , w h ic h  w a s  u su a lly  p e rfo rm e d  o n  a  m o n th ly  basis , w as n o t 

ca rr ie d  o u t s im u lta n eo u s ly  w ith  th e  m ac ro in v e rteb ra te  sam p lin g , m ea su re m e n ts  from  th e  last
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d a te  b e fo re  m ac ro in v e rteb ra te  sa m p lin g  w e re  u sed . T h e  slo p e  o f  a  w a te rc o u rse  w as 

d e te rm in ed  b a se d  on  th e  d iffe re n ce  in  h e ig h t b e tw een  tw o  p o in ts  1 000m  ap art, u s in g  G IS - 

so ftw a re  (v e rs io n  9 .3 .1 ) a p p lie d  on  th e  F lem ish  H y d ro g rap h ic  A tlas  (A G IV , 2 0 0 6 ). T h e  sam e 

d a ta  w ere  u se d  to  d e te rm in e  th e  s in u o s ity  on a  s tre tc h  o f  100m . R iv e r  m o rp h o lo g y  w as 

ev a lu a ted  b a se d  on p ic tu res  o f  th e  sa m p lin g  sites: p o o l-r if f le  p a tte rn  a n d  m ea n d e rin g  w ere  

b o th  q u o ted  fro m  0 (absen t) to  5 (w e ll d ev e lo p ed ) and  su m m ed , w h ich  y ie ld e d  a  sco re  fro m  0  

to  10. In fo rm a tio n  on  th e  n u m b e r o f  p a ss in g  sh ip s o n  n a v ig ab le  w a te rw ay s  o rig in a ted  from  

th e  annual re p o rts  b y  n v  D e  S c h e ep v a a rt an d  th e  R iv er In fo n n a tio n  S erv ices. F o r each  

sam p lin g  p o in t, it  w as in d ic a te d  w h e th e r  sh ip s  p a sse d  o r n o t an d  i f  so , h o w  m a n y  sh ip s p assed  

on  an  an n u al b a se  (b a sed  on  th e  re p o rt o f  th e  y ear 2 009). T h e  c o m p le te  d a ta se t co n sis ted  o f  

th ree  re sp o n se  v a r ia b le s  (p resen ce /ab sen ce , n u m b er o f  a lien  m ac ro cru s tacean s  an d  ab u n d an ce  

o f  a lien  m ac ro cru s ta c ea n s) an d  16 p re d ic to r  v a riab le s , tw o  o f  w h ich  w e re  d isc re te  an d  14 

c o n tin u o u s  (T ab le  7 .1).

7 .2 .2  M o d e l d e v e lo p m en t a n d  v a lid a tio n

T w o  ty p es o f  d e c is io n  trees w e re  u se d  to  c o n stru c t th e  m odels: c la ss if ic a tio n  an d  reg ress io n  

trees . A  d e c is io n  tree  is ca lled  a  c la ss if ic a tio n  tree  (C T ) i f  th e  resp o n se  v a riab le  is q u a lita tiv e  

(e .g . p re sen c e /a b se n ce  o f  a lie n  m ac ro c ru s ta c ea n s) an d  a  re g re ss io n  tree  (R T ) i f  th e  resp o n se  

v a riab le  is q u a n tita tiv e  (e.g. a lie n  sp e c ie s  rich n ess  o r  ab u n d an ce). D ec is io n  tree s  w e re  g row n  

w ith  a re cu rs iv e  p a r titio n in g  a lg o rith m  fro m  a tra in in g  se t o f  reco rd s, w h ic h  is k n o w n  as ‘T o p - 

D o w n  In d u c tio n  o f  D ecis io n  T re e s ’ (Q u in lan , 1992). F o r each  step , th e  m o st in fo rm ativ e  

in p u t v a ria b le  is se lec te d  as th e  ro o t o f  th e  su b -tree  an d  th e  c u rren t tra in in g  se t is sp lit in to  

su b se ts  a cc o rd in g  to th e  v a lu e s  o f  th e  se lec te d  in p u t v a riab le . In  th is w ay , ru les  a re  g en era ted  

th a t re la te  th e  p re d ic to r  v a r ia b le s  (e .g . r iv e r  m o rp h o lo g y ) w ith  th e  re sp o n se  v a ria b le s  (e.g. 

p re sen c e /a b se n ce  o f  a lie n  m ac ro cru s ta c ea n s). F o r d isc re te  p re d ic to r  v a riab le s , a  b ra n ch  o f  a 

tree  is ty p ic a lly  c re a te d  fo r e ac h  p o ss ib le  v a lu e  o f  th a t p a rticu la r  v a riab le . F o r  co n tin u o u s 

p re d ic to r  v a ria b le s , a th resh o ld  is se lec te d  an d  tw o b ran ch es  a re  c rea te d  b ased  on th a t 

th resh o ld . T ree  c o n s tru c tio n  en d s w h e n  th e  v a ria n ce  o f  th e  c la ss  v a lu es o f  a ll  e x am p le s  in  a 

n o d e  is w ith in  a  c e rta in  ran g e . S u c h  n o d es  a re  c a lled  leav es an d  are  lab e lled  w ith  a  reg ress io n  

eq u a tio n  in  case  o f  re g re ss io n  tree s  o r  w ith  th e  c o rre sp o n d in g  v a lu e  o f  a  c lass  in  case  o f  

c la ss if ica tio n  tree s  (e .g . p re se n c e  o r absen ce).
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Table 7.1 Average as well as minimum and maximum values (the range is indicated between brackets) 

o f the assessed environmental parameters fo r  the three constructed models: habitat preference, 

species richness and abundance o f alien macrocrustaceans (BOD: Biological Oxygen Demand; COD: 

Chemical Oxygen Demand).

Variable U nit Habitat preference Alien species 
richness

Abundance o f  alien 
species

Ammonium m g N  I '1 1.82 (0.04-48.6) 1.38(0.06-10.6) 1.49 (0.08-10.8)

BOD m g r 1 5.71 (1.0-354) 4 .44(1 .06-30) 4.70 (1.0-30)

COD m g r 1 34.7 (2.5-680) 32.9(8 .0-132) 33.7(2 .5-132)

Dissolved Oxygen m g l’1 7.0 (0.2-28.3) 7.07(1 .0-21.6) 7.11 (0.5-28.3)

Conductivity pS/cm 1109 (90-17570) 1612(90-17570) 1397 (90-17570)

Kjeldahl Nitrogen m g N  I"1 3.9 (0.8-163) 2.66 (0.8-119) 2.89 (0.80-12.2)

Nitrate m g N  I '1 3.3 (0.1-31.4) 2.7 (0.1-15.7) 3.1 (0.2-18)

Nitrite m g N  I '1 0.16(0 .002-3 .0) 0 .14(0 .002-0 .87) 0.15 (0.002-0.87)

Orthophosphate m g  P r 1 0.46 (0.003-16.0) 0.38 (0.004-2.38) 0.38 (0.005-3.33)

Total Phosphorus m g P I '1 1.06 (0.05-100) 0.82 (0.06-6.17) 0.82 (0.05-6.17)

pH 7.7 (6.0-9.4) 7.7 (6.4-9.2) 7.7 (6.0-9.4)

Sinuosity 1.04 (0.0-1.98) 1.03 (0.0-1.74) 1.05 (0.0-1.89)

Slope m  1000m" ' 2.24 (0.0-42.5) 1.33 (0.0-20.5) 1.67 (0.0-20.5)

Num ber o f  ships 934 (0-32772) 2032 (0-32772) 1840 (0-32772)

R iver M orphology classes (0-10) 3 (0-10) 3 (0-10) 3 (0-8)

Num ber o f  alien 
Crustacea

species/sam ple 0.44 (0-5) 1.2 (0-5) 1 (0-5)

Abundance o f 
alien Crustacea

individuals/sam ple 10(0-224) 25 (0-202) 22 (0-202)

Shipping class (0,1) present (n=107); 
absent (n=776)

present (n=30); 
absent (n= 111)

present (n=51); 
absent (n=222)

A lien Crustacea class (0,1) present (n=299); 
absent (n=584)

present (n=94); 
absent (n=47)

present (n=182); 
absent (n=91)
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P ru n in g  w a s  p e rfo rm e d  to p re v en t tree s  fro m  o v e r-f ittin g  d a ta  (D z ero sk i an d  D ra m m , 2003) 

a n d  to  m ak e  th e m  eas ily  in te rp re tab le  (D ak o u  e t a l ,  2 0 0 7 ). P ru n in g  c an  b e  u sed  d u rin g  tree  

c o n s tru c tio n  (p re-p ru n in g ) an d /o r a fte r  th e  tree  h as b een  c o n s tru c ted  (p o st-p ru n in g ). P re ­

p ru n in g  is a c h ie v e d  w h e n  a  m in im u m  n u m b er o f  in s tan c es  a re  n e ed e d  b e fo re  b ran ch in g  

co n tin u e s . P o s t-p ru n in g  on th e  o th e r h an d , im p lies th a t  b y  c h a n g in g  th e  p ru n in g  co n fid en ce  

fa c to r  (P C F ) so m e  o f  th e  e n d in g  su b -tre es  o f  a h ig h ly  b ra n c h e d  tree  c an  b e  re p la ce d  b y  leaves. 

In  o u r  case , p re -  as w e ll as p o st-p ru n in g  w ere  p e rfo rm e d  as o p tim isa tio n  tech n iq u es.

T h e  m o d e l tra in in g  a n d  ev a lu a tio n  w as b a se d  on  a  th ree -fo ld  c ro ss  v a lid a tio n . T h e  dataset 

w a s , a f te r  re sh u fflin g , ra n d o m ly  sp lit  in  th ree  su b se ts : tw o  th ird s  w e re  u sed  fo r tra in in g  and  

o n e  th ird  fo r v a lid a tio n . F o r each  tra in in g  an d  v a lid a tio n  se t a  m o d e l w as b u ild  and  in  this 

w a y , a  p e rfo rm a n c e  v a lu e  fo r  e ac h  o f  th e  th ree  d iffe re n t m o d e ls  w as o b ta in ed . A verage  

p e rfo rm a n c e  w as u se d  as fin a l c rite rio n  fo r m o d e l ev a lu a tio n . M o d e l p e rfo rm a n ce  w as  b ased  

on  th e  p e rce n ta g e  C o rre c tly  C lassified  In stan ces (C C I) a n d  C o h e n ’s K a p p a  S ta tis tic  ( K) fo r 

c la ss if ic a tio n  tree s  a n d  th e  m u ltip le  co rre la tio n  c o e ffic ie n t (R ) fo r  re g re ss io n  trees . In  o rd er to  

re ac h  a  sa tis fa c to ry  m o d el p e rfo rm an ce , th e  C C I sh o u ld  b e  a t  lea s t 7 0 %  an d  K  sh o u ld  be at 

least 0 .4  (G a b rie ls  e t a h , 2007). F o r  th e  m u ltip le  c o rre la tio n  c o effic ien t, th e  c lo se r th e  va lue  is 

to  1, th e  b e tte r  th e  m o d el p red ic ts  th e  d a ta  (E v erae rt e t al., 2 010).

F o r  th e  c o n s tru c tio n  o f  the c la ss if ica tio n  tree s , th e  J4 8  a lg o rith m  w as a p p lied  (H aii e t al., 

2 0 0 9 ), w h ic h  is a  re -im p lem en ta tio n  o f  th e  C 4 .5  a lg o rith m . R e g re ss io n  trees w e re  b u ilt  u sing  

M 5 ’ (W an g  a n d  W itten , 1997), a re -im p lem en ta tio n  o f  th e  M 5 a lg o rith m  (Q u in lan , 1992). F o r 

b o th  tec h n iq u es , th e  s tan d ard  se ttin g s  fro m  th e  m ac h in e  lea rn in g  p a ck ag e  W E K A  w ere 

ap p lie d  (W itten  a n d  F rank , 2 0 0 5 ), e x ce p t fo r  th e  P C F  (p ru n in g  c o n fid e n ce  fac to r) and  the 

m in im u m  n u m b e r o f  in stan ces re q u ire d  fo r fu rth e r sp lits , w h ich  w e re  a d a p te d  in  o rd er to 

o b ta in  th e  m o s t o p tim a l m odel. T h e  m o st o p tim al m o d el w as d e f in e d  as a  m o d e l w ith  a good 

b a la n ce  b e tw e e n  a  g o o d  tech n ica l p e rfo rm an ce  (C C I, K) on  th e  o n e  h a n d  a n d  a h igh  

e c o lo g ica l re le v a n c e  an d  red u ced  c o m p le x ity  on  th e  o th e r hand .

In  to ta l, 88 2  sa m p le s  o f  th e  y e a r 2 0 0 4  fro m  d iffe re n t sam p lin g  lo ca tio n s  sc a tte re d  o v e r  surface  

w a te rs  (d iffe re n t w a te r  ty p es) in F lan d ers  an d  c o m p ris in g  b io lo g ic a l a s  w e ll as p h y sica l- 

c h em ica l a n d  sh ip p in g  d a ta  w e re  u se d  to  b u ild  th e  m od els . A ll u se d  re sp o n se  an d  p re d ic to r 

v a r ia b le s  a re  lis ted  in  T ab le  7 .1 . T h ree  d iffe ren t d a tase ts  w e re  co m p iled , w h ic h  w e re  e ither 

u se d  to  p re d ic t  h a b ita t  p re fe ren ce , ab u n d an c e  o r sp ec ie s  rich n e ss  o f  a lien  m acro cru stacean s.
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C lass if ic a tio n  tree s , w h ich  w ere  u se d  to  m o d e l h a b ita t  p re fe re n ce  o f  a lie n  m ac ro cru s tacean s , 

c an  d e a l v e ry  w e ll w ith  m issin g  d a ta  an d  o u tlie rs  (P h am , 2 0 0 6 ). T h ere fo re , a ll da ta  (882  

in s tan ces) w e re  u se d  w h en  ap p ly in g  th is  tech n iq u e . W h en  u s in g  re g re ss io n  trees , m is s in g  d a ta  

a n d  o u tlie rs  (b a sed  o n  all v a lu e s  ex ce ed in g  th ree  tim e s  th e  s tan d ard  d ev ia tio n ) w e re  rem o v ed  

an d  th e  d a ta b ase  w as s tra tified , s in ce  th is  g e n e ra lly  y ie ld s  m o re  c o n s is ten t an d  ro b u st 

p e rfo rm a n ce s  (E v erae rt e t a l., 2 010). S tra tif ic a tio n  im p lied  th a t e ach  p o ss ib le  o u tco m e  w as 

re p re se n ted  b y  th e  sam e  n u m b er o f  in stan ces in  th e  d a tab ase . T h is  re su lte d  in  to ta l in 273 

in s tan ces  th a t w e re  u se d  fo r th e  ab u n d an c e  m o d e l an d  141 in s tan ces  th a t w e re  u se d  fo r the 

m o d e l p re d ic tin g  th e  sp ec ies rich n ess o f  a lie n  m ac ro cru s tacean s .

7 .2 .3  S e n sitiv ity  ana ly sis

S e n sitiv ity  a n a ly s is  w as done  fo r th e  re g re ss io n  tree  m o d e ls  to  d e te rm in e  th e  w e ig h t o f  e ac h  

v a r ia b le  in  th e  re g re ss io n  equ atio n s as w e ll a s  to  ch eck  th e  ro b u stn ess  o f  th e  co n stru c ted  

m o d e ls . F o r  e ac h  p a ram e te r th e  m in im u m , m a x im u m  a n d  av erag e  v a lu e s  w e re  d e te rm in ed  

(T ab le  7 .1). A fte rw ard s , th e  o u tco m e  fo r e ac h  o f  th e se  eq u a tio n s  o f  th e  se lec ted  m o d el w as 

c a lcu la te d  b y  k e e p in g  all p a ram ete rs  c o n stan t (a v era g es)  e x ce p t fo r  th e  o n e  w h ic h  w e  w a n ted  

to a n a ly se  th e  se n s itiv ity  off, w h ich  ran g ed  fro m  its  m in im u m  to  its m ax im u m  va lu e . D iv id in g  

th e  m ax im u m  b y  th e  m in im u m  o u tco m e  o f  th e  re g re ss io n  e q u a tio n  y ie ld ed  a  fa c to r  in d ica tin g  

th e  im p o rta n ce  o f  e ac h  param ete r. In  ad d itio n , th e  e ffe c t o f  co n d u c tiv ity  o n  th e  sp ec ie s  

r ich n e ss  an d  ab u n d an c e  o f  a lien  m ac ro c ru s ta c ea n s  in  re la tio n  to  th e  o th e r  p a ram ete rs  w as  

g ra p h ic a lly  i llu s tra te d  fo r  each  o f  th e  th ree  fo ld s  b y  k e ep in g  all o th e r  p a ram e te rs  co n stan t 

(a v e ra g e  v a lu e s) ex cep t fo r  co n d u c tiv ity  w h ich  ra n g e d  from  lo w  (fresh  w a te r  c o n d itio n s) to 

h ig h  v a lu es (b rac k ish  w a te r  co nd itions).

7 .2 .4  F u tu re  d isp e rsa l

P re d ic tio n s  on  th e  fu tu re  p re v a len c e , sp e c ie s  rich n ess an d  ab u n d an c e  o f  a lie n

m a c ro c m s ta c e a n s  w e re  m ad e  b ased  on  an  in te g ra te d  m o d e llin g  ap p ro ach . T h e  c o n stru c ted

c la ss if ica tio n  an d  re g re ss io n  tree  m o d e ls  w e re  c o m b in e d  w ith  p re d ic tio n s  on  th e  im p ro v em en t 

o f  th e  ch em ica l w a te r q u a lity  (P E G A S E  w a te r  q u a lity  m o d e l)  d u e  to  th e  in sta lla tio n  o f  

p la n n e d  w a s te w a te r  trea tm e n t p lan ts  (R o n se  an d  D ’h ey g ere , 2 0 0 7 ). W ith  th e  P E G A S E  m o d el, 

p h y s ic a l-ch e m ic a l d a ta  w ere  m o d e lled  fo r th re e  y ea rs: 2 0 0 6  (re fe ren ce  d a ta ), 20 1 5  and  2027 , 

a cc o rd in g  to  th e  d e ad lin es  se t b y  th e  E u ro p ea n  U n io n  W a te r  F ra m ew o rk  D ire c tiv e  (E u ro p ean  

U n io n , 2 0 0 0 ). B ased  o n  p re v io u s  re se a rc h  reg ard in g  th e  d is tr ib u tio n  o f  a lien

m a c ro c ru s ta c ea n s  in F lan d ers  (B o e ts  e t al., 2 0 1 1 a ) a n d  fo r p ra c tic a l re a so n s  (e.g . d u e  to  the
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fa c t th a t n o t fo r  all c a tch m en ts  in  F la n d e rs  P E G A S E  d a ta  w e re  a v a ilab le ) , w e  o p ted  to  

in v es tig a te  the d is trib u tio n  o f  a lie n  m ac ro c ru s ta c ea n s  in  a  se lec te d  c a tch m e n t in F lan d ers  (the  

c an a l G h e n t-T e m e u z en  and  its tr ib u ta rie s) . D a ta  g en era ted  p e r  seg m en t b y  th e  w a te r  q u a lity  

m o d e l o n  p h y sica l-ch em ica l w a te r  q u a lity  p a ram ete rs  w e re  u se d  a s  in p u t fo r  o u r h ab ita t 

su ita b ility  m o d els to  m ak e  p re d ic tio n s  on  th e  fu tu re  d is trib u tio n . W e a ssu m e d  th a t sh ip p in g  

an d  n u m b er  o f  sh ip s re m a in e d  co n stan t, a s  w e  d id  n o t h av e  p re d ic tiv e  d a ta  o n  th e  fu tu re  

sh ip p in g  in tensity . C o n d u c tiv ity  w as  k e p t c o n s ta n t as th is  p a ram e te r is n o t in c lu d ed  in  th e  

P E G A S E  w a te r  q u a lity  m o d el a n d  no  p re d ic tio n s  o n  p o ss ib le  ch an g es c o u ld  b e  m ade . F ina lly , 

s in u o s ity  an d  r iv e r  m o rp h o lo g y  w e re  k e p t c o n stan t as w e ll, as th ese  p a ram ete rs  are n o t 

e x p e c te d  to c h an g e  in  th is  tim e fram e . A ll o th e r p h y sic a l-ch e m ic a l w a te r  q u a lity  p a ram ete rs  

c h a n g e d  acco rd in g  to  th e  w a te r  q u a lity  m o d el. T h e  final o u tco m e  fo r th e  d iffe re n t m o d els  w as 

c a lcu la te d  and  a fte rw ard s v isu a lise d  in  A rc M a p  (v ersion  9 .3 .1 ).

7.3 Results

7 .3 .1  H a b ita t p re fe ren ce

T h e  p re sen c e  o r ab sen ce  o f  a lie n  m ac ro c ru s ta c ea n s  cou ld  b e  accu ra te ly  p re d ic te d  b ased  on  th e  

p h y s ic a l-ch e m ic a l v a riab le s  a n d  th e  in fo rm a tio n  reg ard in g  sh ip p in g . O n ly  th is 'tre e  th a t h ad  an  

a c c e p ta b le  re liab ility  in  co m b in a tio n  w ith  a  lo w  c o m p lex ity  a n d  a  h igh  e co lo g ica l re lev an ce  

w a s  se lec ted  an d  p re sen te d  (F ig . 7 .1 ). A fte r  p ru n in g  (P C F  =  0 .2 5 ), a c la ss if ica tio n  tree  w ith  

fo u r  leav es  w as  co n stru c ted . W ith  th is  tree , 72  ±  4 %  o f  th e  in stan ces w ere  c o rre c tly  c la ss if ied  

a n d  K  =  0 .28  ±  0 .06 . T h e  m o d e l re v ea le d  th a t a lien  m ac ro cru s ta c ea n s  a re  p re se n t at h igh  

c o n d u c tiv itie s  (> 1 7 4 0 p S  c m '1), w h ich  c o u ld  b e  a sc rib ed  to  b ra ck ish  w a ters . I f  the  

c o n d u c tiv ity  w as  lo w e r th an  o r e q u a lled  1740 p S  c m '1, o th e r fac to rs  d e te rm in e d  w h e th er a lien  

m ac ro c ru s ta c ea n s  w ere  p re sen t o r no t. In f re sh  w a ter, a lien  m ac ro cru s tacean s  w e re  p re sen t in  

w a te r  w ith  a lo w  co n d u c tiv ity , w h e re  sh ip s p assed  an d  w h ere  th e  o rth o p h o sp h a te  

co n ce n tra tio n  w as lo w e r th an  0 .2  m g  f 1 (F ig . 7 .1 ). T h is  in d ica tes  th a t u n d e r  fresh w a te r 

c o n d itio n s , sh ip p in g  in co m b in a tio n  w ith  a  g o o d  ch em ica l w a te r  q u a lity  p ro m o te  the  

o c cu rre n ce  o f  a lien  m ac ro cru s tacean s .
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> 1 7 4 0  pS 4 0  pS c m '1

presen t C ^ s ^ p i n g ^ ^ )

absent

> 0 .2  m g 1'-

p re sen t absent

Figure 7.1 Classification tree predicting the presence or absence o f alien macrocrustaceans in 

surface waters in Flanders (Pruning Confidence Factor = 0.25; Correctly Classified Instances = 72 ± 

4%; Cohen ’s Kappa = 0.28 ± 0.06).

1.3.2 S pecies richness

S im ila r to  th e  m o d el fo r h a b ita t  p re fe re n ce , o n ly  th e  m o d e l h a v in g  an  a ccep tab le  re liab ility  in 

co m b in a tio n  w ith  a  lo w  c o m p le x ity  an d  a h ig h  e co lo g ica l re lev an ce  is g iv en  in  th e  re su lts  

(F ig . 7 .2 ). T h e  m o d e l p re d ic tin g  th e  sp e c ie s  rich n ess  o f  a lie n  m ac ro c ru s ta c ea n s  co n sis ted  o f  a 

reg re ss io n  tree  w ith  th ree  leav es  a n d  an  av erag e  p e rfo rm a n ce  o f  R = 0 .5 9  ±  0 .0 6  (F ig . 7 .2 ). 

T he sp ec ie s  rich n ess  o f  a lie n  m a c ro c ru s ta c ea n s  c o u ld  b e  p re d ic te d  a s  fo llow s: i f  th e  n u m b er 

o f  sh ip s w as lo w er th an  o r  eq u al to  192 p e r  year, th e  lin ea r m o d e l 1 (L M 1 ) w as used . LM 1 

c o n sis ted  o f  th e  v a ria b le s  ch em ica l o x y g e n  d em an d  (C O D ), to ta l p h o sp h o ru s , co n d u ctiv ity , 

K je ld ah l n itro g en  a n d  slo p e . A c co rd in g  to  L M 1 , th e  n u m b er o f  a lien  m ac ro cru s ta c ea n  sp ec ie s  

p re sen t in  th e  su rface  w a te rs  in c re a sed  w ith  in creas in g  con d u ctiv ity . I f  th e  n u m b er o f  sh ip s 

w as h ig h er th a n  192 an d  th e  co n d u c tiv ity  w as  lo w er th an  4 5 6  p S  c m '1, th e  m o d e l L M 2  w as 

ap p lied . L M 2  u se d  th e  sa m e  v a ria b le s  as LM 1 and  th ey  co n trib u ted  in a s im ila r  w a y  to  the  

in crease  o r d ec re a se  o f  a lie n  sp ec ie s  rich n ess . F in a lly , i f  th e  n u m b er  o f  sh ip s  w as h ig h er th an  

192 an d  th e  co n d u c tiv ity  w as h ig h e r  th a n  4 56  p S  c m '1, th e  a lien  sp ec ie s  rich n e ss  w as 

d e te rm in ed  b y  L M 3. L M 3 u se d  th e  sam e  v a ria b le s  as LM 1 an d  L M 2 , b u t in  th is case , 

in c reas in g  co n d u c tiv ity  as w e ll as an  in c reas in g  p h o sp h o ru s  c o n cen tra tio n  p o s itiv e ly  

co n trib u ted  to  th e  e s tab lish e d  sp ec ie s  r ich n e ss  o f  a lie n  m ac ro cru s tacean s. B ased  on  th ese  

reg re ss io n  eq u a tio n s , the av era g e  a lie n  sp ec ie s  rich n ess  w as c a lcu la te d  fo r th e  d iffe ren t lin ea r
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m od els . T h is  re su lted  fo r  LM 1 (b ased  on 112 sites) in  1.1 spec ies, fo r  L M 2  (b ased  o n  5 s ites) 

in  2 .7  sp ec ie s  a n d  fo r L M 3  (b ased  on  21 s ites) in  1.9 sp ec ies .

C l u m b e r  o f  shipT^} 

< 1 9 2 /  \ > 1 9 2

LM1 Conductrvit}

>456 liS cm-<456 pS cm';

(LM1): Species richness =  - 0.002 * COD - 0.295 * 
Total Phosphorus + 0.0001 * C onductivity - 0.106 * 
Kjeldahl N itrogen - 0.080 * Slope +  1.660 
(LM2): Species richness =  - 0.005 * COD - 0.132 * 
Total Phosphorus + 0.0001 * C onductivity - 0.242 * 
K jeldahl N itrogen - 0.035 * Slope +  3.065 
(LM3): Species richness =  -0.005 * COD + 0.208 * 
Total Phosphorus + 0.0001 * C onductivity - 0.298 * 
Kjeldahl N itrogen - 0.035 * Slope +  2.367

Figure 7.2 Regression tree with regression equations predicting the species richness o f alien 

macrocrustaceans in surface waters in Flanders (Minimum Number o f  Instances = 4; Correlation 

Coefficient = 0.59 ±  0.06).

S en sitiv ity  a n a ly sis  in d ic a te d  th a t w h e n  in ten siv e  sh ip  tra ff ic  (>  192 sh ip s p e r  y ear) w as 

p re sen t, th e  a lie n  sp e c ie s  rich n ess  w a s  g e n era lly  h ig h er c o m p a red  to  lo w  leve ls o f  sh ip  traffic  

(<  192 sh ip s p e r  y ear) (F ig. 7 .3 a , b). C o n d u c tiv ity  w as  an  im p o rtan t v a ria b le  d e te rm in in g  the 

a lie n  sp ec ie s  r ich n e ss , e sp e c ia lly  a t h ig h e r  c o n d u c tiv itie s , s in ce  a fte r  a c e rta in  th re sh o ld  (456 

p S  c m '1), th e  a lie n  sp ec ie s  rich n e ss  in c reased  w ith  in c reas in g  co n d u c tiv ity  (F ig . 7 .3 b ). T he 

h ig h es t sp ec ie s  r ic h n e ss  o f  a lie n  m ac ro cru s tacean s  w as re ac h ed  in  f re sh w a te r  w ith  a  good  

ch em ica l w a te r  q u a lity  a n d  in ten siv e  sh ip  traffic . S en sitiv ity  a n a ly sis  o f  th e  lin e a r reg ress io n  

eq u a tio n s  p o in te d  o u t th a t  K je ld ah l n itro g e n  h ad  a m ajo r co n trib u tio n  in  d e te rm in in g  th e  a lien  

sp ec ie s  rich n ess . H ig h  lev e ls  o f  K je ld ah l n itro g en  (> 10 m g  I '1) re d u ce d  th e  sp ec ie s  richness 

o f  a lien  m a c ro c ru s ta c ea n s  su b stan tia lly .
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Figure 7.3 Sensitivity analysis illustrating the effect o f  changing conductivity on the species richness 

o f  alien macrocrustaceans (a) at low (< 192 ships per year) and (b) high levels o f ship traffic (> 192 

ships per year) fo r  all three folds.

7 .3 .3  A b u n d an ce

T h e  m o st re lia b le  a n d  eco lo g ica l re le v an t m o d el y ie ld e d  a re g re ss io n  tre e  w ith  tw o  leav es and  

a  c o rre la tio n  co effic ie n t (R) o f  0 .56  ±  0.08 , w h ich  p re d ic te d  th e  ab u n d an ce  o f  a lien  

m ac ro cu s ta c ea n s  in  su rfa ce  w a te rs  in  F landers (F ig . 7 .4).

Figure 7.4 Regression tree with regression equations predicting the abundance o f alien 

macrocrustaceans in surface waters in Flanders (Minimum Number o f  Instances =  4; Correlation 

Coefficient = 0.56 ± 0.08).

I f  th e  c o n d u c tiv ity  w a s  lo w er th an  o r  equal to  1041 p S  c m '1, th e  l in e a r m o d e l LM 1 w as used . 

LM 1 p re d ic ts  th e  ab u n d an c e  o f  a lie n  m ac ro c ru s ta c ea n s  as a  fu n c tio n  o f  th e  va riab les  

am m o n iu m , C O D , c o n d u c tiv ity , p H  an d  the  n u m b er o f  sh ips. A m m o n iu m  an d  co n d u c tiv ity  

h av e  a  n e g a tiv e  in flu e n ce  o n  th e  a b u n d an ce , w h e rea s  th e  ab u n d an ce  in c reases  w ith  in creas in g  

C O D , the n u m b e r  o f  sh ip s an d  pH . T h e  av erag e  n u m b e r o f  in d iv id u a ls  ca lcu la ted  b a se d  on  the 

2 09  site s  to  w h ic h  th e  eq u a tio n  c o u ld  b e  ap p lied  w as n ine . In fresh  w a te rs , co n d u c tiv ity  and  

a m m o n iu m  n e g a tiv e ly  a ffe c t th e  a b u n d an ce , w h ic h  ind ica tes th a t  w ith  in c reas in g  n u trien t 

co n ten t, th e  a b u n d an c e  d ec reased . I f  th e  c o n d u c tiv ity  w as h ig h er th an  1041 pS  cm "1, the  lin ea r

> 1041  pS cm '< 1041  pS cm '

(LM 1): Abundance = - 0.251 * A m m onium  + 0.024
* CO D  - 0.013 * C onductivity + 8.412 * pH  + 0.002
* N um ber o f  Ships - 49.994
(LM 2): Abundance = - 0.666 * Am m onium  + 0.697
* CO D  + 0.002 * Conductivity - 7.929 * Kjeldahl 
N itrogen +  30.739 * Orthophosphate + 3.926 * pH  + 
0.0005 * N um ber o f  Ships + 0.4635
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m o d e l L M 2  w a s  u sed . LM 2 u se d  th e  v a r ia b le s  a m m o n iu m , C O D , co n d u ctiv ity , K je ld ah l 

n itro g e n , o r th o p h o sp h a te , p H  an d  n u m b er o f  sh ip s  to  d e te rm in e  th e  ab u n d an ce  o f  a lien  

m ac ro c ru s ta c ea n s . O n ly  am m o n iu m  an d  K je ld a h l n itro g e n  n e g a tiv e ly  co n trib u ted  to  the 

a b u n d an ce , w h e rea s  fo r all o th e r p re d ic to r  v a ria b le s , th e  ab u n d an c e  in c re a sed  w h en  som e o r 

all o f  th ese  v a r ia b le s  increased . L M 2  w as a p p lied  to  64  s ite s  w ith  on  av era g e  64  ind iv iduals . 

T h is  in d ica te s  th a t a lie n  m ac ro cru s tacean s  c o u ld  re a c h  h ig h e r  ab u n d an ces  in  b rack ish  w aters  

(h ig h  co n d u c tiv ity )  an d  th at h ig h  lev e ls  o f  o rth o p h o sp h a te  do  n o t n e ce ssa rily  neg a tiv e ly  

in flu e n ce  th e  ab u n d an ce . In  fre sh  w a te r, in c re a s in g  c o n d u c tiv ity  lead  to  a  decrease  in 

ab u n d an c e  o f  a lien  m ac ro cru s tacean s , w h e rea s  in  b ra ck ish  w a te r  in c reas in g  c o n d u c tiv ity  

in f lu e n c e d  th e  abundance  p o s itiv e ly  (F ig . 7 .5 ). S e n s itiv ity  a n a ly sis  rev ea led  th a t th e  

re g re ss io n  eq u a tio n  fo r fresh w a te r (L M 1 ) w as m o s tly  in flu e n ce d  b y  th e  n u m b er o f  sh ips, 

w h e rea s  fo r  b ra ck ish  w a ter (L M 2 ) K je ld ah l n itro g e n  e x e rted  a n  im p o rtan t n eg ativ e  e ffec t on 

th e  a b u n d an c e  o f  a lien  m ac ro cm stacean s .
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Figure 7.5 Sensitivity analyses illustrating the effect o f changing conductivity on the abundance o f  

alien macrocrustaceans fo r  all three folds.

7 .3 .4  F u tu re  d isp e rsa l

B a se d  o n  o u r  in teg ra ted  m odel, w e  m ad e  p re d ic tio n s  o n  th e  fu tu re  p re v a len c e , a lien  sp ec ies 

r ic h n e ss  an d  ab u n d an c e  o f  a lie n  m ac ro c ru s ta c ea n s  fo r  th e  c an a l G h e n t-T e m e u z en  and  its 

tr ib u ta rie s . T h e  m o d e l p re d ic ts  an  in c rease  in  p re v a le n c e  o f  a lie n  m ac ro cru s tacean s  o f  10%  by  

th e  y e a r  2 0 2 7  (F ig . 7 .6 ). T he sm a ll c an a ls  a ro u n d  th e  c ity  o f  G h e n t a s  w e ll as a tr ib u ta ry  in  the 

e a s t a re  lik e ly  to  b e  co lo n ised  b y  a lien  m ac ro cm sta ce an s . T h e re  is a lso  an  in crease  in 

p re d ic te d  a lie n  sp e c ie s  rich n ess o v e r  th e  y ea rs  (F ig . 7 .7 ). C o m p are d  to  th e  re fe ren ce  situation

131



Chapter 7: Establishm ent and future spread o f  alien m acrocrustaceans

7.4 D iscussion

7.4.1 H a b ita t m o d ellin g

H ab ita t su itab ility  m o d els  can  be  a p p lied  to  p re d ic t th e  p o ten tia l d is tr ib u tio n  o f  alien sp ec ies 

an d  to  rev ea l th e ir  eco lo g ica l n ich e  p re fe re n ce s  (P e terso n , 2003 ; P itt  e t ah , 2009; D rake  a n d  

B o ssen b ro ek , 2 0 09). T h ese  m o d e ls  can  id e n tify  h ab ita ts  a t r isk  o f  in v as io n , w h ich  can h e lp  

su b seq u e n t m an ag em en t e ffo rts  to  m ax im iz e  th e  e ffic ac y  o f  p re v en tiv e  m easu res to stop  th e  

sp read  o f  in v as iv e  a lien  spec ies. A lth o u g h  th ese  m o d els a re  n o t 100%  accurate  in th e ir  

p re d ic tio n s , th ey  o ffe r  in fo rm atio n  re g a rd in g  sp ec ie s  p re fe ren ces  an d  th e ir  po ten tial fo r  

in v as io n  (B a  e t al., 2010 ; B oets e t a l., 2 0 1 0 a ). O u r d ev elo p ed  h a b ita t su itab ility  m o d els  

re v ea le d  th a t a lien  m ac ro cm sta ce an s  e sp e c ia lly  o c c u r  in b ra ck ish  w a te rs  o r freshw ater w ith  

in ten siv e  sh ip  tra ffic  and lo w  n u trie n t leve ls. B o th  sa lin ity  an d  sh ip p in g  are  know n to  b e  

im p o rta n t p a ram ete rs  in flu en cin g  th e  e s tab lish m en t and  sp read  o f  a lie n  m acro in v erteb ra tes 

(B ij de  V a a te  et al., 2 002 ; G rab o w sk i e t a l., 2 0 0 9 ; B a  e t a l., 2 010 ; E v erae rt e t a l., 2011).

B rack ish  w a te rs  a re  ty p ic a lly  ch a ra c te rised  b y  a low  d en sity  an d  d iv e rs ity  o f  ind ig en o u s 

sp ec ie s , h en ce  it  is e as ie r  fo r a lien  sp e c ie s  to  e stab lish  (R em an e , 1958; W o lf, 1999). T h ese  

w a te rs  w ith  u n sa tu ra ted  eco lo g ica l n ic h e s  h a v e  a  h igh  p o ten tia l to  b e  invaded  by  a lie n  

m ac ro in v e rteb ra te s  (P aav o la  e t al., 2 0 0 5 ). M a n y  a lien  m ac ro cm sta ce an s  a re  to le ran t to w ard s 

h ig h  sa lin itie s  and  th e re fo re , th ey  can  e a s ily  estab lish  in b ra ck ish  w a te r  (G rabow ski e t al., 

2 0 0 7 ). In ad d itio n , it  is assu m ed  th a t b ra c k ish  w a te r  sp ec ie s  h a v e  a b e tte r  chance o f  b e in g  

tran sp o rte d  a liv e  th an  m arin e  o r fre sh w a te r  sp ec ie s  (W o lff , 1999). G rab o w sk i et al. (2009) 

fo u n d  th a t in  th e  tw o  la rg est r iv e rs  in th e  B a ltic  b a s in  in P o lan d , a lie n  am p h ip o d s w ere m o s tly  

fo u n d  a t co n d u c tiv itie s  ab o v e  800 p S  c m ’1, w h e re  th ey  re ac h ed  h ig h  p o p u la tio n  d ensities. 

M o re o v e r, b rack ish  w a te rs  a re  su b jec ted  to  a  tw o  sid ed  ‘in v as io n  p re ssu re ’, since sp ec ie s  

in tro d u ced  in  th e  fresh w a te r as w ell as in  th e  m arin e  e n v iro n m en t h ave  th e  o p p ortun ity  to  

m ig ra te  to th e se  b rack ish  w a te rs  (N eh rin g , 2 0 0 6 ). In d ig en o u s sp e c ie s  in h ab itin g  rivers w ith  an  

in c re a sed  c o n d u c tiv ity  risk  to b e  d isp laced  b y  a lien  o nes, s in c e  a lien  sp ec ies often h av e  a 

c o m p e titiv e  ad v an tag e  o v e r in d ig e n o u s  sp ec ie s  in  p o llu ted  r iv e rs  (G rab o w sk i et al., 2 0 09). 

O rg a n ic  d isch arg es sh o u ld  th e re fo re  b e  m in im iz e d  a t all t im e , s in ce  th e se  cou ld  ease  th e  

fu r th e r  sp read  o f  a lien  sp ec ie s  (G rab o w sk i e t a l., 2009).
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S h ip p in g  is re c o g n ise d  as th e  m o st im p o rtan t v e c to r o f  aq u a tic  a lien  sp ec ie s  in tro d u c tio n s to 

E u ro p e  (B ij d e  V a a te  e t a l, 2 0 0 2 ; G o llasch  an d  N eh rin g , 2 0 0 6 ). Im p ro v ed  sh ip  d es ig n  a llow s 

la rg e r a n d  fa s te r  sh ip s, re su ltin g  in  m o re  freq u en t sh ip  a rriv a ls  an d  la rg e r am o u n ts  o f  b a lla st 

w a te r  b e in g  re le ased . T h e  co n stru c tio n  o f  fa ste r sh ip s re su lted  in  sh o rte r  v o y a g es  and  

c o n se q u en tly  im p ro v e d  su rv iv a l o f  a lie n  sp ec ies (G o lla sch  an d  N eh rin g , 2 0 0 6 ). E larbours and  

riv e rs  w ith  in te n s iv e  sh ip  tra ff ic  can  b e  seen  as h o tsp o ts  fo r sp ec ie s  in tro d u c tio n s . O nce an 

a lie n  sp ec ie s  is in tro d u ced  in to  its n ew  h ab ita t, se c o n d ary  d isp e rsa l v ia  b a lla s t w a te r  o r h u ll 

fo u lin g  o f  sh ip s  c a n  acco u n t fo r a  su b s tan tia l p a r t o f  a lie n  sp e c ie s  d isp e rsa l (B ij de  V aate  et 

ah , 2002).

T h e  m o d e l p re d ic tin g  sp ec ie s  rich n ess o f  a lien  m ac ro cru s ta c ea n s  in d ic a te d  th a t in ten siv e  sh ip  

tra ff ic  in  co m b in a tio n  w ith  co n d u c tiv ity  w ere  th e  m a in  fa c to rs  d e te rm in in g  a  h igh  a lien  

sp ec ie s  rich n e ss . A s m e n tio n e d  ea rlie r, sh ip p in g  is a k e y  v e c to r  o f  sp e c ie s  in tro d u c tio n s (Bij 

d e  V aa te  e t ah , 2 0 0 2 ). S h ip p in g  a c tiv ity  is seen  as an  im p o rta n t p ro x y  v a ria b le  o f  p ro p ag u le  

p re ssu re  (R icc ia rd i, 2 006). T h e  ‘p ro p ag u le  p re ssu re ’ c o n c e p t fo c u ses  o n  th e  n u m b er o f  

in v ad in g  p ro p a g u le s  fo r  a g iv e n  in tro d u c tio n  an d  th e  f req u e n c y  w ith  w h ich  th ey  are 

in tro d u c ed  (W illia m so n  and  F itte r, 1996). T h e  m o re  sh ip s p a ss  in a  w a te r  b o d y , th e  h ig h er the 

ch an c e  th a t a lie n  sp ec ie s  b e co m e  estab lish ed  an d  th e  h ig h er th e  ch an c e  o f  an  in c re a sed  a lien  

sp ec ie s  rich n e ss . T h is  p h e n o m e n o n  w a s  a lso  o b se rv ed  in  th e  r iv e r  R h in e , w h e re  th e  n u m b er o f  

a lie n  ta x a  d e c re ased  u p stre am  w ith  d ec re as in g  carg o  tran sp o rt (W irth  e t  a l., 2 0 1 0 ). S h ip p in g  is 

m o st in ten siv e  in  m a n -m ad e  r iv e r e co sy stem s (e.g. c an a ls )  w ith  a rtif ic ia l o r sem i-n a tu ra l 

em b a n k m en ts  (re in fo rc ed  b y  s to n es an d  c o n cre te ). T h ese  h a b ita t co n d itio n s  a re  o ften  very  

a ttrac tiv e  fo r  a lie n  sp ec ie s  to estab lish  and  to  b eco m e  d o m in an t. B o e ts  e t al. (2 0 1 0 ) fo u n d  th at 

th e  in v as iv e  a lie n  sp ec ie s  Dikerogammarus villosus th riv e s  v e ry  w e ll in  c an a ls  w ith  a rtific ia l 

co n cre te  riv e rb a n k s . M an y  a lie n  m ac ro in v e rteb ra te s  can  eas ily  co lo n ise  a n d  estab lish  stab le  

p o p u la tio n s  o n  th ese  h a rd  su b s tra tes  (van  R iel e t ah , 2 0 0 6 b ) an d  a re  th e re fo re  p re fe rred  

hab ita ts .

B esid es  th e  p o ss ib il ity  to reach  a n ew  h a b ita t an d  b e co m e  e stab lish e d , fav ourab le  

en v iro n m en ta l co n d itio n s  a re  im p o rtan t to b u ild  up v iab le  p o p u la tio n s . T h e  ab u n d an c e  o f  

a lien  m ac ro c ru s ta c ea n s  w as m ain ly  d e te rm in ed  by  c o n d u c tiv ity . T h e  av e ra g e  ab u n d an ce  

ca lcu la te d  b a se d  on  th e  lin ea r re g re ss io n  eq u a tio n s  w as lo w e r in  f re sh w a te r  (c o n d u c tiv ity  

< 1041  p S  cm ’1) c o m p a red  to  b ra ck ish  w a te r  (c o n d u c tiv ity  > 1041  p S  c m ’1). It w as fo u n d  that 

in  u rb a n  a n d  d e n se ly  p o p u la te d  a reas, w h e re  h ig h  am o u n ts  o f  n u trie n ts  e n d  up  in  r iv e r

135



C hapter 7: Establishm ent and future spread o f  alien m acrocrustaceans

sy s tem s, th e  ab u n d an c e  o f  in d ig en o u s  sp e c ie s  c an  b e  re d u ce d  an d  th a t o f  a lien  sp ec ie s  

in c re a sed  (V e rm o n d e n  et a l., 2 0 1 0 ). A t th e ir  in itia l in tro d u c tio n  s tag e, a lien  sp ec ie s  can  o ften  

h a v e  a  co m p e titiv e  a d v an tag e  a t h igh  n u trie n t c o n ce n tra tio n s  (co n trib u tin g  to  a  lo w  w a te r  

q u a lity ) c o m p a red  to  in d ig en o u s sp ec ie s  (G ra b o w sk i e t  a l., 2 0 0 7 ; S tray er, 2 0 10). W ith  

in c re a s in g  c h em ica l a s  w e ll a s  b io lo g ica l w a te r  q u a lity , in d ig e n o u s  sp e c ie s  m ig h t a g a in  be 

a b le  to  c o m p e te  w ith  a lie n  sp ec ies . L eu v en  e t a l. (2 0 0 9 ) fo u n d  th a t in u rb a n  w a te rs  in  th e  

N e th e r lan d s , in d ig en o u s  m ac ro in v e rteb ra te s  w e re  ab le  to  co ex is t an d  ev en  d o m in a te  a lien  

sp ec ie s  in n u trie n t-p o o r, d e n se ly  v e g e ta te d  sy s te m s. H o w ev e r, o u r  m o d e ls  in d ica te  th a t a lso  

a lien  sp ec ie s , a t  le a s t u n d e r  fresh w a te r  co n d itio n s , can  b e n efit fro m  an im p ro v in g  w a te r  

q u a lity  an d  th a t h ig h  n u tr ie n t c o n cen tra tio n s  c an  n e g a tiv e ly  a ffe c t th e  a lie n  sp ec ie s  rich n ess . 

T h e  h ig h  ab u n d an c es  d e te c te d  at h ig h er c o n d u c tiv itie s  co u ld  b e  a ttr ib u te d  to  th e  p re sen c e  o f  

sp ec ie s  like  Gammarus tigrinus, w h ich  e sp e c ia lly  o ccu rs  in  b rack ish  w a te rs  in  F lan d ers , 

w h e re  it c an  re a c h  h ig h  ab u n d an ces  (B o e ts  e t  a l., 201 lb ) .  T h is  sp ec ie s  sh o w s a w id e  to le ran ce  

to w a rd s  lo w  o r  h ig h  lev e ls  o f  sa lin ity , b u t is g e n e ra lly  p re se n t in  w a te rs  w ith  a  co n d u c tiv ity  

b e tw ee n  1200 an d  320 0  q S  c m '1. T h e  h igh  ab u n d an c es  o f  a lien  m ac ro c ru s ta c ea n s  fo u n d  at 

h ig h  co n d u c tiv itie s  co u ld  b e  a sc rib ed  to  th e  h ig h  ab u n d an c e  o f  G. tigrinus p re se n t in  th ese  

b rack ish  w a te rs .

7 .4 .2  In teg ra te d  m o d e llin g

In teg ra te d  m o d e ls  a re  o ften  b a se d  on a co m b in a tio n  o f  en v iro n m en ta l a n d  c lim atic  co n d itio n s 

(e .g . F ic e to la  e t al., 2 0 0 7 ; G a llien  e t al., 2 010). H a b ita ts  th a t m ee t th e se  e n v iro n m en ta l and  

c lim a tic  c o n s tra in ts  a re  id en tif ie d  as v u ln e ra b le  fo r  in v as io n s . In  th is  p ap er, a  so m ew h a t 

d iffe re n t a p p ro ac h  w a s  u sed : a h ab ita t su itab ility  m o d e l w a s  co u p led  w ith  a  p red ic tiv e  w a te r  

q u a lity  m odel. B ased  on  su c h  an  in teg ra ted  m o d e l, it  is  e x p ec ted  th a t in 15 y ears , there  w ill be  

an  in c rease  in  p re v a le n c e  an d  sp ec ies rich n ess o f  a lie n  m ac ro cru s ta c ea n s , b u t th e  ab u n d an c e  is 

p re d ic te d  to d e c re a se  a t  so m e  loca tio n s an d  to re m a in  s ta b le  b e tw ee n  10 to  100 in d iv id u a ls  p e r 

sam p le . A t an  in itia l s tag e , a lien  m ac ro cru s tacean s  c an  h av e  a  co m p e titiv e  ad v an tag e  in 

h a b ita ts  w ith  a  lo w  w a te r  q u a lity  and  h ig h  n u tr ie n t leve ls. H o w ev e r, a lie n  m ac ro cru s tacean s 

c an  a lso  b e n e f it f ro m  an  im p ro v em en t in th e  c h em ica l w a te r  q u a lity , e sp e c ia lly  in  th o se  

w a te rc o u rse s  th a t ev o lv e  fro m  a  b ad  to  a m o d era te  w a te r  q u a lity  (B o e ts  e t al., 201 1 a). D u e  to 

th e  in s ta lla tio n  o f  w a s te w a te r  trea tm en t p lan ts  in  F lan d ers , th e  ch em ica l w a te r  q u a lity  is 

p re d ic te d  to  im p ro v e  d u rin g  th e  co m in g  d ecad es a n d  th e re fo re , o u r  in teg ra ted  m o d e l can  g iv e  

m o re  acc u ra te  p re d ic tio n s  on  th e  fu tu re  d is tr ib u tio n  o f  a lien  m ac ro c ru s ta c ea n s  c o m p a red  to
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s im p le  h a b ita t su itab ility  m od els . V ia  th is  in teg rated  m o d e l, v a lu ab le  in sig h t in  th e  fu tu re  

p o te n tia l  in v as iv e  range o f  a lie n  m a c ro cm sta ce an s  is g iven .

It h a s  b e e n  su g g ested  to  in co rp o ra te  sp e c ie s  m ig ra tio n , p o p u la tio n  d y n am ics , b io tic  

in te ra c tio n s  and  co m m u n ity  eco lo g y  into sp ec ie s  d is tr ib u tio n  m o d e ls  a t m u ltip le  sp a tia l sca les 

(G u isa n  an d  T h u ille r, 2 0 0 5 ). In  th e  n e x t s tep , o u r  in te g ra te d  m o d e l c o u ld  b e  o p tim ized  b y  

in c lu d in g  a lso  d isp e rsa l o f  a lien  m a c ro cm sta ce an s  v ia  a  m ig ra tio n  m o d el. In  o u r cu rren t 

m o d e l, sp ec ie s  c an  on ly  b e  p re sen t i f  an  ap p ro p ria te  v e c to r (sh ip p in g ) is p re sen t, w h ich  

im p o ses  so m e  lim ita tio n s . T h e  fa c t th a t sp e c ie s  c an  a c tiv e ly  c o lo n ise  n e w  areas a n d  th e  tim e  

n e e d e d  fo r th is co u ld  b e  in c lu d ed  in  fu tu re  m o d els an d  g iv e  m o re  accu ra te  p red ic tio n s . 

R e c e n tly , G a lla rd o  e t al. (2 0 1 2 ) co m b in e d  a  la rg e  sca le  b io c lim a tic  m o d e l w ith  a  lo ca l-sca le  

m ig ra tio n  m o d e l to  p re d ic t th e  fu tu re  d is tr ib u tio n  o f  Dikerogammarus villosus in  G rea t 

B rita in . B ased  o n  d iffe ren t scen ario s  o f  th e  an n u a l m ig ra tio n  speed , th ey  w ere  ab le  to  p red ic t 

th e  d isp e rsa l o f  th is a lien  m ac ro cm sta ce an  w ith in  th e  G re a t O u se  R iv er ca tch m en t. T h ey  

c o n c lu d e d  th a t th is  a p p ro ach  h e lp s  to  p re v e n t an d  co n tro l th e  sp read  o f  in v as iv e  a lien  sp ec ies 

a n d  c o n se q u en tly  can  p ro v id e  m an ag ers  w ith  a  p o w e rfu l spa tia l an d  tem p o ra l basis  fo r  

in fo rm e d  dec is io n -m ak in g .

7 .4 .3  M o d e l p e rfo rm an ce

T h e  p e rfo rm a n ce  o f  th e  h ab ita t p re fe re n ce  m o d e l w as fa ir  to  m o d era te  acco rd in g  to  G ab rie ls  

e t al. (2 0 0 7 ). T h e  v a ria tio n  on  th e  d iffe re n t fo ld s th at w e re  u se d  w as lim ited , w h ich  is an  

in d ic a tio n  o f  the ro b u stn ess  o f  th e  c o n s tm c te d  m o d els . T h e  fa c t th at th e  p e rfo rm a n ce  w as n o t 

v e ry  h ig h  co u ld  b e  d u e  to  so m e fac to rs  in h eren t to  a lien  sp ec ies . F irs t o f  a ll, a lie n  sp ec ie s  m ay  

n o t ye t h av e  sp read  to  a ll su itab le  h ab ita ts , m ak in g  it d ifficu lt to  d e te rm in e  sp ec ie s- 

e n v iro n m e n t re la tio n sh ip s  (S to h lg ren  e t al., 2010). S eco n d ly , a lie n  sp ec ies a re  o ften  

c h a ra c te ris e d  as very  o p p o rtu n is tic  sp ec ie s , b e in g  a b le  to  e a s ily  co p e  w ith  chan g es in 

e n v iro n m en ta l c o n d itio n s (W illiam so n  an d  F itte r, 1996; N eh rin g , 2 0 0 6 ). A lien  sp ec ie s  can  be 

se e n  as g e n era lis ts , in v ad in g  th o se  n ich e s  w h ich  a re  av ailab le . M o s t a lie n  sp ec ie s  are 

o m n iv o re s  an d  c o n seq u en tly , th e y  do  n o t p o se  an y  sp e c ific  re q u ire m e n ts  reg ard in g  fo o d  

a v a ila b ili ty  (S tray er, 2 0 1 0 ). A ll th e se  e lem en ts  m ak e  it d ifficu lt to  a cc u ra te ly  p re d ic t th e  

h a b ita t  su ita b ility  and  th e  d is trib u tio n  ran g e  o f  a lien  m ac ro cru s tacean s . A ra ú jo  an d  G u isan  

(2 0 0 6 ) su g g e s t th a t ev a lu a tio n  s tra te g ie s  sh o u ld  b e  d isc u sse d  in  th e  co n te x t o f  th ree  p o ssib le  

u se s : d e sc rip tio n , u n d e rs tan d in g  an d  p red ic tio n . C o m p le x ity  o f  m o d e l ev a lu a tio n  in creases
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fro m  ex p lan a tio n  to  p red ic tio n  to  th e  p o in t w h e re  m o d e ls  th a t s im p ly  se e k  to  d e sc rib e  a  g iv en  

p a tte rn  m ay  n o t need  to  b e  ev a lu a te d , w h e rea s  th e  ev a lu a tio n  o f  m o d e ls  a im in g  a t p re d ic tio n  

is d e s irab le  b u t n o t a lw ays co n ce p tu a lly  p o ss ib le . E v en  th o u g h  th e  accu rac ies  o f  th e  m o d e ls  

w e re  n o t v e ry  h ig h , D zero sk i an d  D ru m m  (2 0 0 3 ) s ta te  th a t, w h e n  u s in g  th ese  te c h n iq u es , w e  

sh o u ld  b e a r  in  m in d  th a t th e  p rim a ry  go a l o f  su c h  an  a n a ly sis  is to  p in p o in t th e  e ssen tia l site  

ch ara c te ris tic s  ra th e r than  to  p re d ic t th e  e x ac t n u m b er o f  sp ec ie s . A  m ajo r d iff ic u lty  in 

ap p ly in g  d a ta  m in in g  tech n iq u es fo r m o d e lin g  in v as iv e  a lien  sp e c ie s  is re la te d  to  se ttin g s 

se lec tio n  to  o b ta in  th e  m o st o p tim al m o d el. T h e  p e rfo rm a n ce  o f  m o d els  c an  b e  a sse ssed  fro m  

d iffe re n t p e rsp ec tiv e s , u su a lly  a cc o u n tin g  fo r tech n ica l re liab ility , e co lo g ica l re le v an c e  an d  

u se r  co n v en ien ce . H o w ev e r, it  is d iff ic u lt to  fin d  a b a la n ce  b e tw e e n  th ese  c riteria , w h ic h  are 

m o reo v e r  to  so m e  ex te n d  b o th  sy n e rg is tic  an d  an tag o n istic . C o n seq u en tly , to  co m p are  and  

se lec t op tim al se ttin g s, th e re  is a  n e e d  fo r fram e w o rk s  th a t can  g u id e  m o d e l d ev elo p ers  in  th is 

se lec tio n , b a se d  on  th e  sp ec ific  c h a ra c te ris tic s  o f  th e  d a ta  as w e ll a s  th e  n eed s an d  in te res t o f  

th e  m o d e l u se rs  (W illem s, 2 0 10). E n se m b le  fo rec a s tin g  m o d els  (A raú jo  an d  N e w , 2 0 0 7 ; 

S to h lg ren  et a l., 2 010), u sing  p re se n c e  a s  w e ll a s  a b sen ce  d a ta  (P h illip s e t a l., 2 0 0 9 ), 

in co rp o ra tin g  d isp e rsa l u s in g  e s tim a te s  o f  d isp e rsa l ra te s  (M id g ley  e t al., 2 0 0 6 ) o r d e v e lo p in g  

sp a tia lly -e x p lic it sp ec ie s  d is trib u tio n  m o d e ls  (H a rris  e t ah , 2 009 ; Iv e rso n  e t al., 2 009 ; S m o lik  

e t  a l., 2010) h ave  b een  su g g ested  to  o v e rco m e  th e  sh o rtco m in g s  o f  trad itio n a l m o d e llin g  

tec h n iq u es . N ev erth e le ss , w e  c an  c o n c lu d e  th a t o u r  m o d els  a re  u se fu l an d  u n d e rs tan d a b le  fo r 

d e te rm in in g  th o se  en v iro n m en ta l p a ram e te rs  an d  c o n d itio n s th a t are im p o rta n t fo r  a lien  

m a c ro cm sta ce an s  to  e stab lish  an d  b e c o m e  d o m in an t. T h ese  m o d e ls  co u ld  b e  u se d  b y  d ec is io n  

m a k e rs  to  p in p o in t th o se  reg io n s w ith in  th e  aq u a tic  e n v iro n m en t th a t a re  u n d e r sev e re  th rea t 

o f  in v as io n  b y  a lien  sp ec ies .

7 .5  C onclusion

A lie n  m ac ro cm sta ce an s  h av e  a  p re fe re n c e  fo r  w a te rs  w ith  a h ig h  cond u ctiv ity . S h ip p in g  in 

c o m b in a tio n  w ith  a  g o o d  ch em ica l w a te r  q u a lity  p ro m o te  th e  o c cu rre n ce  o f  a lien  

m ac ro cm sta ce an s . A  m ax im u m  sp e c ie s  rich n ess  o f  a lie n  m ac ro cru s tacean s  w as reach ed  in 

f re sh w a te r  w ith  a  g o o d  ch em ica l w a te r  q u a lity  an d  in ten siv e  sh ip  tra ffic . In  fresh  w a ter, 

in c re a s in g  co n d u c tiv ity  leads to a  d ec re ase  in ab u n d an c e  o f  a lien  m ac ro cm sta ce an s , w h ereas 

in  b ra ck ish  w a te r  in creas in g  c o n d u c tiv ity  in flu e n ce d  th e  ab u n d an c e  p o sitiv e ly . T h e  

p re d ic tio n s  b a se d  o n  o u r in te g ra te d  m o d e l a p p ro ac h  in d ica ted  th a t th e  p rev a len ce  an d  sp ec ies 

r ich n e ss  o f  a lien  m a c ro cm sta ce an s  is lik e ly  to  in crease  w ith  im p ro v in g  ch em ica l w a te r  

q u a lity , w h e reas th e ir  ab u n d an ce  w ill p ro b a b ly  d ec rease  slig h tly . F ro m  th is  s tu d y , it is c lear
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th a t m o d els a re  a u se fu l to o l fo r  dec isio n  m ak in g  a n d  th a t p o lic y  m ak e rs  sh o u ld  focus on  

v u ln e rab le  a reas, su c h  as b rack ish  w a te r  a reas an d  a rea s w ith  in ten siv e  sh ip  tra ffic  in  o rd e r to  

p re v e n t th e  fu r th e r  in tro d u c tio n  a n d  sp read  o f  a lien  spec ies.
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Chapter 8: Risk assessment o f The Killer shrimp, Dikerogammarus villosus 
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Chapter 8: Risk assessment of The Killer shrimp, Dikerogammarus villosus 

A bstract

T h e  a im  o f  th is  study  w as to  p re d ic t th e  fu tu re  d is tr ib u tio n  o f  an  in v asiv e  a lien  

m ac ro in v e rteb ra te  sp ec ies , Dikerogammarus villosus, u n d e r c h an g in g  e n v iro n m en ta l 

c o n d itio n s . F o r  th is , w e  u se d  an  in teg ra ted  m o d e llin g  ap p ro ach . F irs t, a  h a b ita t su itab ility  

m o d e l (H S M ) w a s  c o n stru c ted  b a se d  on  a  re g re ss io n  tree  m o d e l, to  d e te rm in e  th e  p re fe rred  

c h em ica l w a te r  q u a lity  co n d itio n s. S u b seq u e n tly , th is  H S M  w as c o m b in e d  w ith  a  ch em ica l 

w a te r  q u a lity  m o d el th at m ak es p red ic tio n s  on  fu tu re  w a te r  q u a lity  sc e n a rio s  fo r  th e  y ear 201 5  

an d  2 0 2 7 . It w as  e x p ec te d  th a t th e  a rea  o f  su itab le  h a b ita t  o f  D. villosus w o u ld  in crease  w ith  

im p ro v in g  w a te r  q u a lity  c o n d itio n s in  th e  fu tu re . F in a lly , m ig ra tio n  sp e e d  w as  in co rp o ra te d  to 

m o d e l th e  sp a tia l-tem p o ra l sp read  o f  D. villosus b a se d  on  a  n e tw o rk  an a ly sis . B ased  o n  

m o n ito rin g  d a ta  o f  F lan d ers  (B e lg iu m ), it  w as  c a lcu la te d  th a t D. villosus is a b le  to  sp read  w ith  

an  av e ra g e  sp e e d  o f  5 k m  y e a r '1.T he m o d el s im u la tio n s  in d ic a te  th a t th e  sp ec ie s  is p rim a rily  

p re se n t in  la rg e  r iv e rs  an d  can a ls  w ith  a goo d  c h em ica l w a te r  qua lity . W ith  im p ro v in g  w a te r  

q u a lity  th e  sp ec ie s  w ill be  ab le  to  c o lo n ise  a d d itio n a l w a te rc o u rse s , m a in ly  d u e  to  a decrease  

in  ch em ica l o x y g en  d em an d  a n d  o r th o p h o sp h a te  co n cen tra tio n . A  v a lid a tio n  b a se d  on  th e  

o b se rv e d  o c cu rre n ce  sh o w s th a t th e  m o d e l a cc u ra te ly  p re d ic ts  a rea s w ith  a h ig h  su itab ility  

w h ic h  are  m o s t l ik e ly  to  b e  in v ad e d  b y  D. villosus. O u r  in teg ra ted  m o d e llin g  a p p ro ach  is 

u se fu l a s  a p rac tica l m e th o d  to  p e rfo rm  risk  a sse ssm e n t fo r  w a te rc o u rse s  th a t a re  v u ln e rab le  to 

in v as io n s  n o t o n ly  in  F lan d ers , b u t in  th e  w h o le  w o rld .
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8.1 Introduction

F u tu re  g lo b a l b io d iv e rs ity  sc e n ario s  h ig h lig h t p o ten tia lly  d ram atic  in creases in  b io lo g ica l 

in v as io n s  in  E u ro p ea n  eco sy stem s a s  a co n se q u en c e  o f  r is in g  a tm o sp h e ric  carb o n  

c o n cen tra tio n s , h ig h e r  tem p era tu res , a lte red  d is tu rb an c e  reg im es and  in c reased  h ab ita t 

d e te rio ra tio n  (S a la  e t ah , 2 0 00). A q u a tic  e co sy stem s are  e sp ec ia lly  co n sid e red  to  b e  h ig h ly  

su sce p tib le  fo r  in v as io n s  due to  s tro n g  an th ro p o g en ic  p re ssu re s  (G h erard i, 2 0 07b).

R ecen tly , h a b ita t su itab ility  m o d e ls  (H S M s) h a v e  b een  u se d  in r isk  a sse ssm en t to  p re d ic t th e  

fu tu re  d is trib u tio n  o f  in v asiv e  a lie n  sp ec ie s  (F ice to la  e t ah , 2 007 ; B a  e t a l., 2 010 ; B o e ts  e t al., 

2 0 1 0 a ; J im én e z-V a lv e rd e  e t a l., 2 0 1 1 ; B o e ts  e t  al., in  p re ss  a). H o w ev er, the la rg e  v a riab ility  

in h e re n t to  a lien  sp ec ies an d  th e  lim ite d  ab ility  to  reach  th e ir  m ax im al d is tr ib u tio n  in  th e  

in v ad e d  a re a  m ak e  th e  p re d ic tio n  o f  b io lo g ica l in v asio n s v e ry  co m p lex . C o n seq u en tly , s im p le  

H S M s so m e tim es fa il in  a cc u ra te ly  p re d ic tin g  a  sp ec ie s  d is tr ib u tio n  (S u th e rs i an d  B o urne , 

2 0 0 9 ). D ue  to  th e  c o m p lex ity  o f  b io lo g ic a l in v asio n s , an  in teg ra ted  an d  in te rd isc ip lin a ry  

a p p ro a c h  is re q u ire d  to  su p p o rt th e  r isk  a sse ssm en t a n d  u n d e rs tan d in g  o f  th e  p ro cesses 

in v o lv ed . In  th is re sp ec t, co m b in a tio n s  o f  m o d e llin g  tec h n iq u es  a t d iffe ren t sp a tia l sca le s  h ave  

re c e n tly  b e e n  su ccess fu lly  ap p lie d  (F ic e to la  e t a l., 2 0 0 7 ; S m o lik  e t al., 2 0 1 0 ; G a lla rd o  e t al., 

2 0 1 2 ). D esp ite  th is , fu tu re  c h an g e s  in  w a te r  q u a lity  o r  h a b ita t stru c tu re  m ay  u n d e rm in e  th e  

v a lid ity  o f  p ro jec tio n s b ased  on  th e  c u rre n t s ituation . C lim a te  c h an g e  scen ario s , tak in g  into 

a c c o u n t ch an g es in  e n v iro n m en ta l c o n d itio n s , a re  sp a tia lly  still too  co arse  to  p ro v id e  accu ra te  

p a tte rn s  o f  d is trib u tio n a l ch an g es a t  th e  loca l sca le . In co rp o ra tin g  a d d itio n a l in fo rm a tio n  on 

sp e c ie s  d isp e rsa l, w a te r  q u a lity  an d  b io tic  in te rac tio n s  a re  re q u ire d  to  a cc u ra te ly  assess 

w h e th e r  a  sp ec ie s  w ill b e  ab le  to  e s tab lish  in  a  n e w  niche.

Dikerogammarus villosus (S o w in sk y , 1894) is a sp ec ies o rig in a tin g  from  th e  P o n to -C a sp ian  

re g io n  th a t h as b een  sp read in g  th ro u g h o u t W es te rn  E u ro p e . R ecen tly , th e  sp ec ie s  h as a lso  

b e e n  d e te c te d  in  G re a t B rita in  in  2 0 1 0  (M acN eil e t al., 2 0 1 0 a ) an d  is e x p ec ted  to  invade  

N o rth -A m e ric a  in  th e  fu tu re  (R icc ia rd i a n d  R asm u ssen , 1998). T h e  sp ec ie s  is one o f  th e  m o st 

su c c e ss fu l in v ad ers o f  f re sh w a te r  sy s te m s  (P ö ck l, 2 0 0 7 ; M acN eil e t  a l., 20 1 0 a ; M acN eil e t al.,

2 0 1 2 ). C h a rac te ris tic s , su ch  as p re d a to ry  b eh av io u r, a h ig h  re p ro d u c tiv e  o u tp u t, re la tiv e ly  

b ro a d  p h y sic a l-ch e m ic a l to le ran c e  to  en v iro n m en ta l co n d itio n s  an d  an  o m n iv o ro u s  d ie t 

(D ev in  e t al., 2004 ; P ö ck l, 2 0 0 7 ), h a v e  a llo w ed  it to  b e co m e  an  a b u n d an t m ac ro cru s ta c ea n  in 

se v e ra l E u ro p ea n  w a te rco u rse s  (e .g . v a n  R ie l e t a l., 2 0 0 6 a ; M e ss ia e n  e t al., 2 0 1 0 ; M acN eil et
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al., 201 0 a). T h e  sp ec ie s  is k n o w n  to  h av e  a  larg e  eco lo g ica l a n d  e co n o m ic  im p a c t on  aq u atic  

eco sy stem s. S ev eral p a p e rs  re p o rt th e  d ec lin e  o f  m ac ro in v e rteb ra te  d en sitie s  as w e ll as f ish  

w ith  th e  a rriv a l o f  th is  in v ad e r (C a se lla to  e t  a l ,  2 0 0 7 ; M acN eil e t  al., 2 0 1 2 , M ac N eil e t  a l.,

20 1 3 ).

In  fo rm er decad es , m an y  w a te rc o u rse s  w e re  d eg rad ed , re su ltin g  in  a d e c re ased  e co lo g ica l 

w a te r  q u a lity  in  F lan d ers . T h an k s  to  th e  c o n stru c tio n  o f  w a s te w a te r  tre a tm e n t p lan ts  an d  

s tro n g e r e n v iro n m en ta l re g u la tio n s , th e  w a te r  q u a lity  h as b e e n  im p ro v in g  su b s ta n tia lly  in  

F lan d ers  d u rin g  the  n in e tie s  (M IR A , 2 0 11). W ith  th e  im p ro v e m en t in  ch em ica l w a te r  q u a lity , 

a lso  th e  eco lo g ica l w a te r  q u a lity  h a s  im p ro v ed , w h ich  is n o t o n ly  b en efic ia l fo r  in d ig en o u s 

sp e c ie s , b u t a lso  fo r  in v as iv e  sp e c ie s , su ch  as D. villous (B o e ts  e t  a l., 201 1 a). T h e re fo re , it 

w as e x p ec ted  th a t th e  area  o f  su itab le  h a b ita t o f  th e  sp ec ies w o u ld  in c rease  w ith  im p ro v in g  

w a te r  qua lity . A d d itio n a lly , a  co m b in a tio n  o f  c h an g in g  fav o u ra b le  c lim a tic , b io tic  an d  ab io tic  

h a b ita t  co n d itio n s c an  ease  th e  sp re ad  an d  d e te rm in e  th e  su ccess  an d  d o m in a n c e  o f  th e  

spec ies.

In  th is  study , w e  u se d  an  in te g ra te d  m o d e llin g  a p p ro ach  to  a ssess  th e  fu tu re  d is tr ib u tio n  o f  D. 

villosus u n d e r c h an g in g  en v iro n m en ta l co n d itio n s , re su ltin g  fro m  e x p ec te d  in v es tm e n ts  in  

w a s te w a te r  trea tm e n t in fra s tru c tu re  (M ERA, 2 0 0 9 ). F irst, a H S M  w a s  c o n stru c ted  to 

d e te rm in e  th e  p re fe rre d  ch em ica l w a te r  q u a lity  c o n d itio n s b a se d  on a  reg re ss io n  tree  m odel. 

S u b seq u en tly , th is  H S M  w as co m b in e d  w ith  an  ex is tin g  ch em ica l w a te r  q u a lity  m o d el th a t 

p re d ic ts  the c h an g e s  in  w a te r  q u a lity  v a r ia b le s  fo r th e  y e a r 2015  a n d  2 0 2 7 . F in a lly , m ig ra tio n  

sp e e d  w as c a lcu la te d  b ased  on  f ie ld  d a ta  an d  su b seq u e n tly  in co rp o ra te d  to  m o d el th e  sp a tia l- 

tem p o ra l sp read  o f  D. villosus. W ith  th is  stu d y , w e  a im ed  to  ev a lu a te  th e  ap p licab ility  o f  su c h  

a  co u p led  m o d e llin g  a p p ro ach  fo r d e c is io n  m ak e rs  to  p e rfo rm  risk  a sse ssm e n t fo r in v as iv e  

sp ec ie s  and  to  ta k e  p re v e n tiv e  m ea su re s  a g a in s t th e  fu rth e r sp re ad  o f  h ig h ly  in v as iv e  aq u a tic  

sp ec ies .

8.2 M aterial and m ethods

O u r s tu d y  w as co n d u c ted  in F lan d ers  (n o rth e rn  p a r t o f  B e lg iu m ), w h ich  is s itu a ted  in  th e  w e st 

o f  E u ro p e  an d  is b o rd e re d  in  th e  n o rth w e s t b y  th e  N o rth  S ea  (F ig . 8 .1 ). F la n d e rs  c o m p rise s  a 

to ta l area  o f  13,521 k m 2 an d  is a ty p ica l lo w lan d  a re a  th a t is ch a ra c te rised  by  a d en se  n e tw o rk  

o f  n a v ig ab le  an d  n o n -n a v ig a b le  w a te rc o u rse s . T h ree  m ain  c a tch m e n t d is tr ic ts  a re  re p re se n ted  

in  F lan d ers  o f  w h ic h  tw o  are in te rn a tio n a l (th e  S c h e ld t d is tric t a n d  th e  d is tric t o f  th e  M eu se). 

D u e  to  its c en tra l p o sitio n , se v e ra l o f  th e  larg e  w a te rco u rse s  co n n ec t F lan d ers  w ith
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n e ig h b o u rin g  c o u n trie s , su ch  as T h e  N e th erlan d s , G e rm an y  an d  F ran ce , w h ic h  m ak e  it an  

im p o rtan t a cc ep to r as w e ll as d o n o r  re g io n  fo r aq u atic  a lien  sp ec ies . A d d itio n a lly , tw o  large 

F lem ish  h a rb o u rs : th e  h a rb o u r  o f  A n tw erp  and  th e  h a rb o u r  o f  Z eeb ru g g e , a re  h o tsp o ts  fo r  the 

in tro d u c tio n  an d  se c o n d a ry  d isp e rsa l o f  aq uatic  a lie n  sp ec ie s  (S o o rs  e t al., 2 0 1 0 ; B o e ts  e t al., 

201 2 a). T h e  k ille r  sh rim p , Dikerogammarus villosus w as  reco rd ed  fo r th e  f irs t  tim e  in 

B e lg iu m  in 1997 in  th e  A lb e rt c an a l, s itu ated  in  th e  e a s t o f  F lan d ers  (M e ss ia en  et al., 2010). 

T h e  sp ec ie s  q u ic k ly  d isp e rse d  v ia  larg e  w a terw ay s an d  co lo n ised  th e  canal G h en t-T e rn eu zen  

in 200 5  and  o n ly  o n e  y e a r la te r  th e  can a l G h en t-O sten d , s itu a te d  in  th e  w e s t o f  F landers . 

C u rren tly , th e  sp e c ie s  h as b e e n  re co rd e d  at 4 9  d iffe ren t lo ca tio n s , sp read  th ro u g h o u t F landers

3°0 '0"E  4°30 '0"E  6°0'0"E

The Netherlands
Z ccb ru g f

Canai Ghenl-TemeuzeiiLNorth S e a

- "B ruges Antwei

j l e  c a n a i

C an a l B o ssu it-K o rtr ijk

60  km

Figure 8.1 Map o f  the study area (Flanders) with indication o f  the different locations where 

Dikerogammarus villosus was recorded from  1997 to 2010 (black squares). Watercourses fo r  which 

chemical water quality data (PEGASE) are available are indicated in red, other watercourses are 

in d ica ted  in  b lue . T h e  h a rb o u rs  o f  A n tw erp  and  Z ee b ru g g e  a re  in d ica ted  b y  a rectan g le .

8.2.1 H a b ita t su ita b ility  m o d el

T h e  d e v e lo p m en t o f  o u r h a b ita t su itab ility  m o d e l (FISM ) w as b a se d  on b io lo g ica l and  

p h y sic a l-ch e m ic a l d a ta  co lle c ted  b y  th e  F lem ish  E n v iro n m en t A g e n c y  (V M M ). F o r  o u r  m o d el 

d e v e lo p m en t w e  u se d  a se lec tio n  o f  493 b io lo g ica l sam p le s fro m  64 d iffe re n t sam p lin g  

lo ca tio n s in c lu d in g  p re sen c e s  an d  ab sen ces  o f  D. villosus co lle c ted  d u rin g  th e  p e rio d  1990- 

2 0 1 0 . T h e  se le c tio n  o f  sam p le s w a s  b ased  on  p rev io u s  re sea rc h  in v es tig a tin g  th e  im p ac t and 

sp read  o f  a lien  m ac ro c ru s ta c ea n s  in F lan d ers  (M ess iaen  e t a l., 2010 ; B o e ts  e t a l., 2010a,
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201 la ,  201 lb ,  F ig . 8 .1 ).T h e  b io lo g ica l sam p le s w e re  co lle c ted  b y  stan d ard  h an d  ne t sam p lin g  

o r b y  a rtif ic ia l su b s tra tes  i f  it  w as p h y sica lly  im p o ssib le  to  u se  th e  k ick  sam p lin g  m eth o d  

(G ab rie ls  e t  a l., 2 0 10). M ac ro in v e rteb ra te s  w e re  id en tif ie d  b y  th e  V M M  to  th e  leve l (fam ily  or 

g en u s leve l) n e e d e d  fo r th e  c a lcu la tio n  o f  th e  M u ltim e tric  M a c ro in v e rte b ra te  Index  F landers 

(G ab rie ls  e t a l., 2 0 1 0 ). S ince b o th  ind ig en o u s an d  a lie n  sp e c ie s  c an  b e lo n g  to  th e  sam e  fam ily  

G am m arid ae , i t  w as  n o t c le a r fro m  th e  V M M  d a tab ase  w h e th e r  Dikerogammarus villosus 

o ccu rred  in  th e  sam p les. T h ere fo re , w e  iden tified  a ll 49 3  b io lo g ic a l sam p le s co llec ted  b y  th e  

V M M , c o n ta in in g  G am m arid ae , to  sp ec ies level.

S tan d ard  p h y s ic a l-ch e m ic a l p a ram ete rs  (c o n d u c tiv ity , p H  a n d  d isso lv ed  o x y g en ) w e re  a lw ays 

m ea su re d  in  th e  f ie ld  b y  th e  V M M  (b y  m ean s o f  h a n d  e lec tro d es) d u rin g  m ac ro in v e rteb ra te  

sam pling . O th e r  ch em ica l p a ram ete rs  (am m o n iu m  (N H 4), K je ld ah l n itro g e n  (K jN ), n itrite  

(N O 2), n itra te  (N O 3), o rth o p h o sp h a te  (0P O 4), to ta l p h o sp h o ro u s  (P ) an d  ch em ica l o x y g en  

d em an d  (C O D )) w e re  re tr iev ed  from  th e  V M M  d a tab ase . A s th e  ch em ica l m o n ito rin g , w h ich  

w as u su a lly  p e rfo rm e d  o n  a m o n th ly  basis , w a s  no t carried  o u t s im u lta n eo u s ly  w ith  the 

m ac ro in v e rteb ra te  sam p lin g , m easu rem en ts  fro m  th e  la s t d a te  b e fo re  m ac ro in v e rteb ra te  

sam p lin g  w e re  u sed . T o  av o id  co llin ea rity , w e  p e rfo rm e d  a c o rre la tio n  a n a ly sis  in  S ta tis tica  

7 .0  b a sed  on  a  S p earm an  R an k  C o rre la tio n  a n a ly sis  (S ta tS oft Inc ., 2 0 0 4 ). A m m o n iu m , to ta l 

p h o sp h o ro u s  an d  n itr ite  w e re  n o t in c lu d ed  in  th e  H S M  d e v e lo p m en t d u e  to  th e ir h igh  

co rre la tio n  c o e ffic ie n t w ith  K je ld ah l n itro g e n  o r  o r th o p h o sp h a te  th a t w e re  u se d  in th e  H SM : 

N H 4-K jN  (r =  0 .7 5 , p  <  0 .0 0 1 ), P - o P 0 4( r  =  0 .7 1 , p  < 0 .0 0 1 ) an d  N 0 2-K jN  (r = 0 .70 , p  < 

0 .001). A  se lec tio n  o f  fiv e  ch em ica l w a te r  q u a lity  v a riab le s  (C O D , d isso lv ed  o x y gen , N O 3, 

K jN  an d  o P 0 4; T ab le  8 .1), w e re  f in a lly  in c lu d ed  a s  p re d ic to r v a ria b le s  in  o u r H S M . N o  o th e r 

v a ria b le s  co u ld  b e  in c lu d ed  b ecau se  it w o u ld  b e co m e  im p o ss ib le  to  c o u p le  th e  H S M  w ith  the  

av a ilab le  w a te r  q u a lity  m o d e l an d  to  m ak e  fu tu re  p red ic tio n s  a fte rw ard s. T h e  in co rp o ra ted  

ch em ica l p a ram e te rs , su ch  a s  d isso lv ed  o x y g en  c o n cen tra tio n , a m m o n iu m  an d  C O D  are  

k n o w n  to  b e  im p o rta n t fac to rs  d e te rm in in g  th e  o c cu rre n ce  o f  G am m arid ae  (D e d ec k e r e t al., 

20 0 5 ; G ab rie ls  e t  a l., 2 0 0 7 ; B oe ts e t a l., 2010a).

T o  fu rth e r o p tim ise  th e  H S M  w e  in c lu d ed  r iv e r  ty p e  in to  th e  an a ly sis , b ecau se  it is k n o w n  th at 

D. villosus h a s  a p re fe re n ce  fo r  larg e  r iv e rs  an d  can a ls , w h ich  p ro m o te  its q u ick  d ispersa l 

(Jo sen s  e t a l., 2 0 0 5 ; L eu v en  e t a l., 2 009 ; B o e ts  e t a l ,  2 0 1 0 a ; M e ss ia e n  e t al., 2010). 

T h ere fo re , r iv e r  ty p e  (b ased  on  c a tch m en t a rea  a n d  sa lin ity , see  a p p en d ix  8.1) w as u sed  as a 

fac to r lim itin g  th e  d isp e rsa l o f  D. villosus, a lth o u g h  it w as n o t d irec tly  in c lu d e d  as a v a riab le  

in  o u r H S M . T h e  fo llo w in g  riv e rs  ty p es w ere  se lec ted : v e ry  la rg e , la rg e  and  sm all rivers .
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C o n se q u e n tly , th e  H S M  w as a p p lied  o n ly  on  th e  se lec ted  r iv e r  types. It has b een  sh o w n  th a t 

h y d ro -m o rp h o lo g ica l ch a rac te ris tic s  re la te d  to  r iv e r  ty p e , su ch  as su b s tra te , w a te r  d e p th  an d  

b a n k  s tru c tu re  c an  p o se  re stric tio n s to  the o ccu rren ce  o f  Dikerogammarus villosus (L ods- 

C ro z e t a n d  R ey m o n d , 2 006 ; v a n  R ie l e t a l ,  2 0 0 6 a ; B oe ts e t a l., 201 0 a).

Table 8.1 Measured physical-chemical variables o f the study area (Flanders) used as input variables 

to construct the habitat suitability model o f Dikerogammarus villosus. Values are mean ± SD for sites 

where the species is present and sites where the species is absent (COD=chemical oxygen demand, 

KjN=Kjeldahl nitrogen).

P h y s ic a l-c h em ica l v a ria b le  (m g  I"1) P re se n ce  (n = 2 3 7 ) A b sen c e  (n = 2 5 6 )

C O D 16.3±13 .0 3 2 .5 ± 2 4 .3

D isso lv e d  o x y g en 8 .8± 2 .0 7 .8± 3 .5

K jN 1 .68±1.0 3 .7 5 ± 3 .0

N itra te 3 .1 9 ± 0 .8 6 3 .5 7 Ü .6 1

O rth o p h o sp h a te 0 .2 0 ± 0 .1 5 0 .4 7 ± 0 .3 9

D a ta -d riv en  re g re ss io n  trees w ere  u se d  to  d e v e lo p  th e  H S M . R eg ress io n  tree  m o d els  w ere  

in d u ced  w ith  a recu rs iv e  p a rtitio n in g  a lg o rith m  fro m  a  tra in in g  se t o f  re co rd s , w h ich  is k n o w n  

a s ‘T o p -D o w n  In d u c tio n  o f  D ecis io n  T re e s ’ (Q u in lan , 1992). F o r  each  s tep , th e  m o st 

in fo rm a tiv e  in p u t v a ria b le  is se lec te d  as th e  ro o t o f  th e  su b -tre e  a n d  th e  c u rre n t tra in in g  se t is 

sp li t  in to  su b se ts  acco rd in g  to  th e  v a lu es o f  th e  se lec ted  in p u t v a riab le . In  th is  w ay , ru les  are 

g e n e ra te d  th a t re la te  th e  p re d ic to r  v a r ia b le s  (e .g . d isso lv ed  o x y g en ) w ith  th e  re sp o n se  

v a r ia b le s  (e .g . o ccu rren ce  o f  D. villosus). F o r co n tin u o u s p re d ic to r  v a ria b le s , a th resh o ld  is 

se le c te d  a n d  tw o  b ran ch es  a re  c rea te d  b a se d  on  th a t th resh o ld . T ree  c o n stru c tio n  ends w h en  

th e  v a r ia n c e  o f  th e  c lass v a lu es o f  a ll e x am p les  in  a  n o d e  is w ith in  a  c e rta in  range. Such  nodes 

a re  c a lled  lea v es  an d  are  lab e lled  w ith  a  re g re ss io n  eq u atio n . R eg ress io n  tree  m o d els  w ere  

b u ilt  u s in g  M 5 ’, a  re -im p lem en ta tio n  o f  th e  M 5 a lg o rith m  (Q u in lan , 1992). T h e  stan d ard  

se ttin g s  fro m  th e  m ach in e  lea rn in g  p a ck a g e  W E K A  (v ers io n  3 .6 .6 ; H aii e t  al., 2 0 0 9 ) w ere  

a p p lie d , e x c e p t fo r  th e  p ru n in g  p a ram ete rs , w h ich  w ere  a d ap ted  in  o rd e r  to  o b ta in  th e  m o st 

o p tim a l tree . P ru n in g  w a s  p e rfo rm e d  to p re v e n t tree s  fro m  o v e r-fittin g  d a ta  an d  to  m ak e  th em  

e a s ily  in te rp re ta b le  (D ak o u  e t al., 2 0 0 7 ). P ru n in g  can be u se d  d u rin g  tree  co n stru c tio n  (p re ­

p ru n in g )  a n d /o r  a f te r  th e  tree  h as b een  c o n stru c ted  (p o st-p ru n in g ). In  o u r  case , p re -  as w ell as 

p o s t-p ru n in g  w e re  u sed  a s  o p tim isa tio n  tech n iq u es.
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T h e  m o d e l tra in in g  an d  ev a lu a tio n  w as b a se d  on  a th ree -fo ld  c ro ss va lid a tio n . T h e  d a tase t 

w a s , ra n d o m ly  sp lit in  th ree  su bsets: tw o  th ird s  w e re  u se d  fo r  tra in in g  an d  o n e  th ird  fo r  

v a lid a tio n . M o d e l p e rfo rm an ce  w as  b a se d  o n  th e  m u ltip le  co rre la tio n  co effic ie n t (R ), the 

m ea n  ab so lu te  e rro r (M A E ) an d  th e  ro o t m ea n  sq u a re d  e rro r (R M S E ). A  h igh  R, a  lo w  M A E  

a n d  a  lo w  R M S E  im ply  goo d  m o d el p e rfo rm a n ce  an d  v ic e  v e rsa  (D ia m an to p o u lo u  e t al.,

2 0 1 1 ). T h e  m o st o p tim al re g re ss io n  tree  w as  d e f in e d  a s  a tree  w ith  a g o o d  b a lan ce  b e tw e e n  a 

g o o d  tec h n ica l p e rfo rm an ce  (h ig h  R, lo w  M A E , low  R M S E ) o n  th e  o n e  h a n d  an d  a h ig h  

e co lo g ica l re le v an c e  and  lim ited  c o m p le x ity  o n  th e  o th e r hand .

8 .2 .2  W ate r q u a lity  m o d el

T o  s im u la te  the ch an g es in  w a te r  q u a lity , w e  m ad e  u se  o f  th e  P E G A S E  w a te r  q u a lity  m o d e l 

th a t w as d ev e lo p ed  b y  D e lièg e  e t  al. (2 0 0 9 ) an d  th a t is u se d  in  F la n d e rs  to  p re d ic t the 

c h em ica l w a te r  q u a lity  b y  th e  years  201 5  an d  2 0 2 7  (R o n se  a n d  D ’h ey g ere , 2 0 0 7 ). T h e  

P E G A S E  m o d e l is a  d e ta iled  h y d ro d y n a m ic , d e te rm in is tic  w a te r  q u a lity  m o d e l th a t co n sis ts  o f  

th ree  su b  m o d els: a  h y d ro lo g ica l an d  h y d ro d y n a m ic  sub  m o d el, a  th e rm a l sub  m o d e l a n d  a 

b io lo g ic a l su b  m o d e l (R o n se  an d  D ’h ey g ere , 2 007).

T h e  f lo w  (m 3 d a y '1) is in d isp en sab le  w h e n  d e te rm in in g  th e  w a te r  q u a lity  b ecau se  p o llu tio n  

lo ad s a re  c h a ra c te rised  b y  th e  f lo w  a n d  th e  c o n ce n tra tio n  o f  p o llu ta n ts  in  th e  w a ter. T h e  

a v e ra g e  flo w  p e r  w a te rc o u rse  w as  c a lcu la te d  b a se d  on  se rie s  o f  f ie ld  m easu rem en ts . B ased  on 

th e  m ea su re d  flow , th e  n a tu ra l flo w  c o u ld  b e  d e te rm in e d  b y  m e a n s  o f  th e  m ass b a la n ce . 

B esid es flo w , a lso  th e  w id th  o f  th e  w a te rc o u rse  (m ), th e  s lo p e  (m m  m '1) an d  th e  c o effic ien t o f  

M a n n in g  (s m "13) w e re  in co rp o ra ted . In  ad d itio n , a  d ig ita l e lev a tio n  m o d e l an d  th e  lan d  u se  

w e re  u se d  to  d e te rm in e  th e  n a tu ra l flow . A n  im p o rta n t p a ram e te r o f  th e  th e rm al su b m o d e l w as 

w a te r  tem p e ra tu re  (°C ), s in ce  th is  p a ram e te r in flu en ces  th e  k in e tic s  o f  p ro c esses  in  th e  w ater. 

B e sid es  se rie s  o f  m easu rem en ts  o f  th e  w a te r  tem p era tu re , a lso  m easu rem en ts  o f  so la r  

ra d ia tio n  w e re  u se d  as in p u t fo r th e  th e rm a l m o d el. F o u r  types o f  p ro c esses  w e re  tak e n  into 

a c c o u n t fo r th e  b io lo g ic a l su b m o d e l: tran sp o rta tio n  a n d  d ilu tio n , b io ch e m ic a l p ro c esses  in  the 

w a te r  co lu m n , in te rac tio n s  o f  th e  w a te r  c o lu m n  w ith  th e  a ir  n e a r  th e  w a te r  su rface  an d  

in te rac tio n s  o f  th e  w a te r  co lu m n  w ith  th e  soil. R e g ard in g  th e  b io ch e m ic a l p ro cesses , the 

b io m a ss  o f  p h y to p la n k to n  an d  -b e n th o s ,  Z oo p lan k to n  a n d  b e n th ic  f ilte re rs  an d  h e te ro tro p h ic  

b a c te r ia  w e re  m o d elled . T h e  in te g ra te d  P E G A S E  m o d e l w as c a lib ra ted  and  v a lid a te d  w ith  

m easu rem en ts  o f  B O D , C O D , o x y g e n  co n ce n tra tio n , am m o n iu m , n itra te , n itrite , K je ld ah l 

n itro g e n , to ta l n itro g en , o r th o p h o sp h a te  an d  to ta l p h o sp h o ro u s . T h e  v a lid a tio n  o f  th e  m o d el
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w ith  m easu red  v a lu e s  g en era lly  re su lte d  in  accu ra te  p red ic tio n s  o f  th e  d iffe ren t p a ram ete rs  

(R o n se  and  D ’h ey g ere , 2 0 0 7 ; D e liè g e  e t a l., 2 0 0 9 ; M IR A , 2009).

T h e  d a ta  o f f  th e  P E G A S E  m o d e l a re  re s tr ic te d  to  th e  F lem ish  p a rt o f  th e  S ch e ld t d is tr ic t (Fig. 

8 .1 ). T h e  d is tr ic t o f  th e  r iv e r Y z e r (so u th w est o f  F lan d ers) a s  w e ll as p a r t o f  th e  can a ls  and  

w a te rc o u rse s  s itu a te d  in  th e  e a s t  o f  F lan d ers  (M eu se  d is tric t)  w e re  n o t in c luded . 

C o n seq u en tly , no  p re d ic tio n s  o n  th e  fu tu re  d isp e rsa l o f  D. villosus co u ld  b e  m ad e  fo r th ese  

d is tric ts . In  ad d itio n , n o  P E G A S E  d a ta  on  sm a ll s tream s w e re  av a ilab le . T h e  d a ta se t th ere fo re  

o n ly  co n ta in ed  d a ta  o n  h ead  w a te rc o u rse s , tr ib u ta rie s  th a t h a d  h ig h  in p u ts  fro m  p o llu tio n  

lo ad s  a n d  im p o rta n t d isch arg e  a n d  b y p a ss  c an a ls  (R o n se  a n d  D ’h ey g ere , 2 0 07).

W ith  th e  P E G A S E  m o d el, p h y s ic a l-ch e m ic a l d a ta  w e re  g en era ted  fo r th ree  y ea rs : 2006  

(re fe re n ce  d a ta ), 201 5  an d  2 0 2 7 , a cc o rd in g  to  th e  d ead lin es se t b y  th e  E u ro p ea n  W ate r 

F ra m ew o rk  D irec tiv e  (E u ro p ea n  U n io n , 2 0 00). T h e  re su lts  a re  o b ta in e d  fo r s tre tc h es  o f  

a p p ro x im a te ly  20 0  m . In  th e  f irs t sc e n a rio  (2 0 1 5 ), th e  s tan d ard  p o lic ies  as w e ll as th e  

p ro p o se d  m ea su re s  in  th e  f irs t p e r io d  o f  th e  sa n ita tio n  p lan s  a re  im p lem en ted . In  th e  second  

scen ario  (2 0 2 7 ), a ll p ro p o se d  re s to ra tio n  m easu re s are im p le m e n ted  an d  th e  re ce iv in g  w a te r  o f  

th e  n e ig h b o u rin g  co u n tries  is e x p e c te d  to b e  o f  go o d  q u a lity  (fo r  m o re  d e ta ils  see  M IR A , 

2 009).

8 .2 .3  M ig ra tio n  m o d e l

S ev e ra l d isp e rsa l v e lo c itie s  h a v e  b e e n  re p o rte d  fo r  D. villosus. Jo sen s  e t al. (2 0 0 5 ) fo u n d  that 

D. villosus sp re ad  w ith  an  av e ra g e  sp e e d  o f  3 0 -4 0  k m  y ear’1 in  th e  R iv er M e u se , w h ile  

L e u v e n  e t al. (2 0 0 9 ) re p o rte d  a sp e e d  b e tw e e n  40  an d  461 k m  y e a r '1, w ith  a m ea n  o f  112 km  

y e a r '1 in th e  R iv er R h in e . In th e ir  a n a ly s is  on  th e  sp read  o f  D. villosus in th e  r iv e r G re a t O use  

(U .K .), G a lla rd o  e t al. (2012) d is tin g u ish e d  b e tw ee n  u p - an d  d o w n stre am  d isp ersa l. T h e y  took  

100 km  year"1 as th e  m ax im u m  sc e n a rio  an d  20  k m  y e a r’1 as th e  low  sp e e d  scen ario  for 

d o w n stre am  d isp e rsa l an d  chose  d iffe re n t sc e n ario s  b e tw een  2 an d  10 k m  y e a r '1 fo r  u p s tream  

d isp ersa l. In  th e  p re se n t stu d y , d isp e rsa l v e lo c ity  w as d e te rm in ed  b a se d  on th e  reco rd ed  

o ccu rre n ce s  o f  th e  sp ec ie s , s in ce  its f irs t  o b se rv a tio n  in  F lan d ers  in  1997. T h e  h y d ro lo g ica l 

n e tw o rk  o f  F lan d ers , w h ich  w a s  a v a ilab le  in  a  fo rm at th a t w as re a d ily  a p p licab le  in  A rcG IS  

w a s  re tr iev ed  fro m  th e  V M M . A  c o h e re n t ro u te  sy s te m  w a s  d ev e lo p ed  an d  th e  ty p o lo g y  o f  the 

r iv e r  n e tw o rk  w a s  c h ec k ed  b e fo re  a n a ly s is . T h e  d istan ce  b e tw een  th e  d iffe ren t p o in ts  o f  

o c cu rre n ce  w as c a lcu la te d  in  A rcG IS  u s in g  th e  linear re fe ren c in g  to o lb o x  (O E S R I, A rcG IS
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10). T h e  m ea n  d isp e rsa l v a lu e  e x p re ssed  as k m  y e a r '1 w as im p le m e n ted  in  th e  m o d e l to  m ak e  

th e  fin a l p red ic tions.

U s in g  A rcG IS  N e tw o rk  A n a ly s t (© E S R I, A rcG IS  10), it  is p o ss ib le  to  d y n a m ic a lly  m o d el 

re a lis tic  n e tw o rk  c o n d itio n s , su c h  a s  r iv e r  n e tw o rk s . B efo re  c re a tin g  a  n e tw o rk  d a ta se t u s in g  

th e  n e tw o rk  a n a ly s t to o l, th e  q u a lity  o f  th e  h y d ro lo g ic a l n e tw o rk  w as  ch eck ed  an d  o p tim ised  

u s in g  a to p o lo g ica l v a lid a tio n  w ith  a  co rrec tio n  o f  1 m  in  A rcm ap .

W h en  in teg ra tin g  d isp e rsa l v e lo c ity , th e  sp a tia l- tem p o ra l m o d e llin g  d ep en d ed  on  th e  d is tan ce  

b e tw een  th e  o ccu rren ce  o f  th e  sp ec ie s  in  2 0 0 6  (re fe re n ce  s itu a tio n ) a n d  its m ax im al 

d is tr ib u tio n  th a t c o u ld  be re a c h e d  w ith in  a  c e rta in  tim e  fram e. W e m ad e  so m e  s im p lifica tio n s  

o f  th e  e n v iro n m en ta l c o n d itio n s , b e ca u se  w e  a ssu m e d  th a t th e  flo w  w as h o m o g en o u s  an d  th a t 

th e re  w e re  no  p h y s ic a l b a rrie rs . W e  m ad e  no  d is tin c tio n  b e tw een  u p -  o r  d o w n s tre am  d isp ersa l, 

b ecau se  th e  flo w  ra te  o f  th e  r iv e rs  fo r  w h ich  th e  p o ten tia l sp read  w as a sse ssed  is qu ite  low  

(0 .0 -0 .1 2  m  s '1, w w w .h y d ro n e t.b e ) an d  b ecau se , w e  fo u n d  no  s ig n ifican t d iffe re n ce  b e tw een  

u p - a n d  d o w n stre am  d isp e rsa l ra te  b a se d  on  o u r  d is tr ib u tio n  data . T h is  is n o t su rp ris in g , s in ce  

F lan d ers  is s itu a te d  in  a ty p ica l lo w lan d  a rea  (h ig h es t p o in t 28 7  m  a .s.l.) w ith  m an y  a rtific ia l 

w a te rw ay s  (e.g . c an a ls )  an d  s tream s an d  r iv e rs  w ith  a sm a ll s lo p e  a n d  th u s a  low  flo w  

v e loc ity .

8 .2 .4  In teg ra te d  m o d e llin g

T h e  d ev e lo p ed  H S M  w as co m b in e d  w ith  s im u la tio n s  o n  th e  c h an g e s  in  ch em ica l w a te r  q u a lity  

(P E G A S E  m o d e l; D e liè g e  e t a l., 2 0 0 9 ). D a ta  g en era ted  p e r se g m en t (2 0 0  m ) b y  th e  w a te r  

q u a lity  m o d e l w e re  u se d  as in p u t fo r  o u r H S M  to  m ak e  p re d ic tio n s  o n  th e  fu tu re  d is tr ib u tio n  

o f  D. villosus. T h is  ty p e  o f  m o d e l d e v e lo p m en t is re fe rred  to  as in te g ra te d  m o d e llin g  

(B ra n d m e y e r a n d  H assan , 2 0 0 0 ). T h e  fo llo w in g  o u tp u t p a ram ete rs  o f  th e  w a te r  q u a lity  m o d e l 

w e re  in c lu d ed  in  th e  H S M : C O D , d isso lv ed  o x y g en , K je ld ah l n itro g en , n itra te  an d  

o rth o p h o sp h a te  c o n cen tra tio n . T h e  o u tp u t v a ria b le s  o f  th e  w a te r  q u a lity  m o d e l fo r  th e  

re fe ren ce  d a ta  o f  20 0 6  (d iffe re n t c h em ica l w a te r  q u a lity  v a riab le s) w e re  p lo tte d  in fu n c tio n  o f  

the h ab ita t su itab ility  to  g e t in sig h t in  th e  re la tio n sh ip  b e tw ee n  th ese  v a r ia b le s  an d  th e  h a b ita t 

su itab ility  o f  D. villosus. F in a lly , m ig ra tio n  sp e e d  w as  tak en  in to  acc o u n t to  p re d ic t the fu tu re  

d is tr ib u tio n  o f  D. villosus in  201 5  a n d  2 0 2 7 . M ig ra tio n  sp e e d  w a s  n o t in c lu d e d  in  th e  

s im u la tio n s  fo r  2 0 0 6 , s in c e  2 0 0 6  w as tak e n  a s  a  re fe ren ce  (in itia l p o in ts  o f  in tro d u c tio n ).
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B y  co u p lin g  a ll th re e  m o d e ls  d isc u sse d  above, w e  a sse ssed  th e  fu tu re  sp read  o f  D. villosus in  

F lan d ers  b a se d  on  th e  h a b ita t su itab ility , th e  c h an g e s  in  en v iro n m en ta l c o n d itio n s an d  the 

m ig ra tio n  sp eed . A ll fin a l p re d ic tio n s  w e re  v isu a lise d  in  A rcG IS . T h e  fin a l in te g ra te d  m odel 

w as  v a lid a te d  b y  c o m p arin g  th e  obse rv ed  o c cu rre n ce s  o f  D. villosus in F la n d e rs  u n til 2006  

w ith  th e  s im u la tio n  resu lts  o f  2006 . T h e  m o d e l p e rfo rm a n c e  w a s  b a se d  on  th e  m u ltip le  

co rre la tio n  c o e ffic ie n t (R),  th e  m ea n  ab so lu te  e rro r (M A E ) an d  th e  ro o t m ea n  sq u a red  erro r 

(R M S E ). In a d d itio n , th e  v a lid ity  o f  o u r s im u la tio n s  fo r  201 5  w a s  e v a lu a te d  b y  p lo ttin g  and  

co m p a rin g  th e  re co rd e d  o ccu rren ces o f  D. villosus u n til 2 0 1 2 .

8.3 R esults

T h e  h a b ita t su itab ility  m o d el co n sis ted  o f  n in e  d iffe re n t re g re ss io n  eq u a tio n s  an d  h a d  a good  

p e rfo rm a n ce  (R -  0 .6 , M A E  =  0 .32 , R M S E  =  0 .4 0 ) (see  a p p en d ix  8.2). O u r F1SM p o in te d  ou t 

th a t C O D , o P 0 4 ,  K jN  a n d  d isso lv ed  o x y g en  co n ce n tra tio n  a re  im p o rta n t v a riab le s  

d e te rm in in g  th e  o ccu rren ce  o f  Dikerogammarus villosus. H ig h  v a lu e s  fo r  C O D , K jN  an d  

0 P O 4 n e g a tiv e ly  in flu en ce  th e  h ab ita t su itab ility  o f  D. villosus, w h e reas  h ig h  d isso lv ed  

o x y g en  c o n ce n tra tio n s  p o sitiv e ly  in flu en ce  its h a b ita t su itab ility  (F ig . 8 .2).
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Figure 8.2 Relationship between important physical-chemical variables (ammonium, orthophosphate, 

Kjeldahl nitrogen and dissolved oxygen), resulting from the water quality model and the predicted 

habitat suitability o f  Dikerogammarus villosus based on the constructed regression tree (habitat 

su itab ility  m o d el).

B a se d  on  o u r  in te g ra te d  m o d e l, w e  s im u la ted  th e  h a b ita t  su itab ility  o f  D. villosus fo r  F lan d ers  

fo r  th ree  d iffe re n t years  (F ig . 8 .3 ). T h e  re fe re n ce  d a ta  o f  20 0 6  in d ica te  th a t 57 %  o f  th e  r iv e rs  

w e re  s till h ig h ly  u n su itab le  (w a terco u rse s w ith  less th an  3 0 %  su itab ility ) fo r  D. villosus. T he 

m o st v u ln e ra b le  a rea s  (w a te rc o u rse s  w ith  m o re  th a n  7 0 %  su itab ility ) w e re  s itu a ted  in  the 

h a rb o u r  o f  A n tw e rp , th e  r iv e r  S ch e ld t a n d  in  th e  c an a l B o ssu it-K o rtr ijk . O u r ca lcu la tio n s 

sh o w e d  th a t D. villosus m ig ra tes  in F lan d ers  w ith  an  av e ra g e  sp eed  o f  5 k m  y e a r '1. G iv en  th is  

m ig ra tio n  sp e e d , p re d ic tio n s  on  the  fu tu re  d is tr ib u tio n  o f  D. villosus in d ica te  a  fu rth e r 

d isp e rsa l b y  th e  y e a r  20 1 5  v ia  th e  r iv e r  S ch e ld t, th e  c an a l G h e n t-T e m e u z en  a n d  th e  can a ls  

c o n n e c tin g  G h en t w ith  th e  coast.
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Figure 8.3 Habitat suitability for Dikerogammarus villosus in the main rivers o f Flanders based on an 

integrated modelling approach (integration o f  habitat suitability model, water quality model and 

migration model) fo r  three different years 2006, 2015 and 2027. The recorded occurrences o f D. 

villosus are plotted till 2006 on the reference map and till 2012 on the map showing the prediction o f 

2015. Colour code: dark red, not suitable to dark green, highly suitable.
153



C hapter 8: R isk assessment o f  the K iller shrimp, Dikerogammarus villosus

T h e  h a rb o u r o f  A n tw erp , th e  can a l B o ssu it-K o rtr ijk  an d  th e  D ijle  c an a l a re  m o st su ited  fo r th e  

estab lish m en t o f  D. villosus (h ab ita t su itab ility  b e tw ee n  80  an d  100% ). B ased  on our 

m ig ra tio n  m o d el, it w as c lear th a t m ig ra tio n  sp e e d  w as n o t lim itin g  th e  d isp e rsa l o f  D. villosus 

b y  202 7  s in ce  a ll w a te rco u rse s  w e re  w ith in  th e  m ax im al m ig ra tio n  d is tan ce  (Fig. 8 .3). D u e  to 

th e  im p ro v em en t in w a te r  qua lity , m o st r iv e rs  an d  can a ls  w ill b e  su itab le  fo r  D. villosus by  

2 0 2 7 . H y d ro -m o rp h o lo g ica l ch a ra c te ris tic s , su ch  as r iv e r  ty p e , w ill b e  th e  k ey  fac to rs  lim itin g  

its d isp e rsa l b y  2027 . D eep  an d  la rg e  r iv e rs  w ith  a  h a rd  b a n k  stru c tu re  and  th e  p re sen c e  o f  

s to n e s  are th e  p re fe rre d  h ab ita t o f  D. villosus. S m all r iv e rs  an d  b ro o k s , w ith  a h ig h  sin u o sity , a 

n a tu ra l b an k  stru c tu re  and  a lo am y  su b s tra te  w ill b e  m o re  d iff ic u lt to  invade . T h e  h ab ita t 

su itab ility  o f  w a te rco u rse s  w ith  m o re  th an  7 0 %  su itab ility  fo r  D. villosus to e stab lish  

in c re ased  fro m  7 .7%  in  2015  to  3 2 .8 %  in 2027 .

T h e  p e rfo rm an ce  o f  th e  in teg ra ted  m o d e l w as so m e w h a t low : R  =  0 .21 , M A E  =  0 .37  and  

R M S E  =  0 .45 fo r th e  sim u la tio n s o f  2 0 0 6 . N ev erth e le ss , 3 o u t o f  4  o f  th e  o ccu rren ce  p o in ts  

w e re  situ a ted  in  a r iv e r  th a t w as  p re d ic te d  to  h av e  a  h ig h  su itab ility  (>  7 0 % ) fo r D. villosus to 

e stab lish . W hen  p lo ttin g  th e  o ccu rren ce  p o in ts  reco rd ed  u n til 201 2  on  th e  ou tco m e o f  the 

in teg ra ted  m o d el o f  2 0 1 5 , six  p o in ts  o f  o c cu rre n ce  w e re  s itu a te d  in a r iv e r w ith  a h igh  

su itab ility , fo u r p o in ts  w ere  s itu ated  in  a r iv e r  w ith  a  m o d era te  su itab ility  (6 0 % ) an d  tw o  

p o in ts  o f  o ccu rren ce  w ere , a lth o u g h  h av in g  su itab le  p h y sic a l-ch e m ic a l co n d itio n s, s itu a ted  

o u ts id e  the  p o ss ib le  m ig ra tio n  ran g e  o f  D. villosus.

8.4 D iscussion

T h e  d isap p ea ran ce  o f  geo g rap h ic  b a rrie rs  d u e  to  co n stru c tio n  o f  can a ls  an d  th e  in crease  in 

g lo b a l trad e  m ad e  it e a s ie r  fo r D. villosus to in v ad e  n ew  areas. S in ce  th e  o p en in g  o f  the  

D a n u b e -M ain -R h in e  can a l in 1992, th e  k ille r  sh rim p  h as in v ad ed  m a n y  w a te r  b o d ie s  all over 

E u ro p e . C u rren tly , th e  sp ec ies is fo u n d  in  sev e ra l W es te rn  and  C en tra l E u ro p ean  c o u n trie s  as 

w e ll a s  the B a ltic  S ea  and  it is s till  co n tin u in g  its sp read . D. villosus w as f irs t reco rd ed  in  th e  

A lb e rt canal s itu a ted  in  th e  eas t o f  F lan d ers  (B e lg iu m ) in  1997. T h e  sp ec ies has b een  

sp re ad in g  g rad u a lly  (M ess iaen  et al., 2 0 1 0 ) and  s in ce  2 0 0 2 , so m e  o ccu rre n ce s  in  th e  c en tra l 

an d  w este rn  p a r t o f  F lan d ers  h av e  b een  rep o rted . Its rap id  sp read  in  th ese  can a ls  c an  b e  

a sc rib e d  to  th e  h igh  co n n ec tiv ity , in te n s iv e  sh ip  tra ff ic  and  s tru c tu ra l c h a rac te ris tic s , su ch  as 

h a rd  su b stra tes . In  th is  study , w e  fo u n d  th a t D. villosus sp reads w ith  an  av erag e  sp eed  o f  five  

k m  y e a r '1 w h ich  is s lo w e r c o m p a red  to  e a rlie r  re p o rts  on  th e  m ig ra tio n  sp eed  th a t a re  b e tw een  

20  an d  100 km  p e r  y e a r fo r d o w n s tre am  d isp e rsa l an d  b e tw een  2 an d  10 km  fo r u p s tream
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d isp e rsa l (L eu v en  e t a l., 2 009 ; G a lla rd o  e t al., 2 012). T h e  d isp e rsa l v e lo c ity  m ay  d e p en d  on a  

v a r ie ty  o f  b io tic  (e .g . d en sity ), ab io tic  (e .g . tem p e ra tu re , o x y g en  sa tu ra tio n ) a n d  h y d ro - 

m o rp h o lo g ica l (e .g . s tre am  v e lo c ity ) fac to rs  a n d  fu rth erm o re  th e  o c cu rre n ce  o f  u n su itab le  

p a tch es  m ay  s lo w  d o w n  its d isp e rsa l (G a lla rd o  e t a l., 2 0 1 2 ). N e x t to  n a tu ra l d isp e rsa l, a lso  th e  

d isp e rsa l th ro u g h  h u m an  m ed ia te d  tran sp o rt an d  h u m an  ac tiv itie s , su c h  as f ish in g  and  

sh ip p in g  are  im p o rta n t an d  co u ld  h ave  fac ilita ted  its sp read . T h is  is su p p o rte d  b y  th e  

d iffe ren ces in d isp e rsa l v e lo c ity  re p o rte d  in  lite ra tu re , w h ich  ran g e  b e tw ee n  2  to  461 k m  y e a r ' 

' .  In  ad d itio n , d e sp ite  m o d e ls  b y  G a lla rd o  e t  al. (2012) p re d ic te d  a p ro g re ss iv e  d isp e rsa l o f  D. 

villosus in  th e  G re a t O u se  R iv e r  c a tch m en t s itu a ted  in so u th eas t E n g lan d , th e  sp ec ie s  is a fte r 

o n ly  tw o  years  a lre a d y  fo u n d  in  tw o  co m p le te ly  d iffe re n t ca tch m en ts  iso la te d  fro m  th e  G reat 

O u se. T h u s , a lth o u g h  n e tw o rk  m o d els  a re  a  v a lu a b le  to o l to  ev a lu a te  p o ten tia l ro u tes o f  

in v as io n , th ey  h av e  so m e  lim ita tio n s  w ith  reg ard  to  th e  in te rfe ren ce  o f  h u m an  m ed ia ted  

d isp e rsa l. In  th is  re sp ec t, th e  u se  o f  g rav ity  m o d els  to  p red ic t lo n g -d is tan ce  d isp e rsa l h as been  

p ro p o se d  (B o ssen b ro e k  e t a l., 2 0 0 1 ). T h ey  d e v e lo p ed  a  p ro d u c tio n -co n s tra in ed  g ra v ity  m o d el 

to  fo recas t z e b ra  m u sse l {Dreissena polymorpha) d isp e rsa l in to  in lan d  lak es o f  Illinois, 

In d ian a , M ic h ig a n  an d  W isco n s in  (U S A ). T ak in g  in to  acco u n t h u m an -re la ted  fac to rs  co u ld  

im p ro v e  th e  p re d ic tio n  a c c u ra c y  an d  re d u ce  th e  ex is tin g  gaps b e tw e e n  p re d ic te d  in v asio n  ho t 

spo ts a n d  actual o ccu rren ce .

O u r in teg ra ted  m o d e l d e m o n s tra ted  th a t Dikerogammarus villosus is  lik e ly  to  c o n tin u e  its 

sp read  in  large r iv e rs  in  F la n d e rs  d u e  to  an  im p ro v em en t o f  th e  ch em ica l w a te r  q u a lity  cau sed  

b y  an  in crease  in  d isso lv e d  o x y g en  an d  a  d ec re ase  in C O D , n itro g en  and  p h o sp h o ro u s  loads. 

P re v io u s  fie ld  o b se rv a tio n s  in  B e lg iu m  an d  C ro a tia  fo u n d  th a t th e  p re sen ce  o r  a b se n ce  o f  D. 

villosus is m a in ly  d e te rm in e d  b y  ch em ica l w a te r  q u a lity  c o n d itio n s , su c h  a s  o x y g en  

c o n cen tra tio n  an d  c o n d u c tiv ity  (B o e ts  e t al., 2 0 1 0 a ; B oets e t ah , in  p re ss  b ). D isso lv e d  o x y g en  

c o n ce n tra tio n  h as b een  p in p o in te d  as an  im p o rtan t v a riab le  d e te rm in in g  th e  h a b ita t su itab ility  

o f  G am m arid ae , in c lu d in g  Dikerogammarus villosus (K ley  an d  M aier, 2 0 0 5 ; B o e ts  e t al., 

201 0 a). S p ec ifica lly , D e d ec k e r  e t al. (2 0 0 5 ) d em o n s tra ted  th a t th e  ab u n d an c e  o f  th e  

in d ig en o u s  Gammarus pulex  in c reased  w ith  an  in c reas in g  leve l o f  d isso lv e d  o x y gen . In  a 

s tu d y  co n d u c ted  b y  P ee te rs  an d  G ard en ie rs  (1 9 9 8 ), log istic  reg re ss io n  a s  a fu n c tio n  o f  severa l 

p h y sic a l-ch e m ic a l v a ria b le s  w as u se d  to  d e fin e  th e  h ab ita t req u ire m e n ts  o f  tw o  co m m o n  

g am m arid s . T h ey  fo u n d  th a t K je ld a h l n itro g en  w as , in  ad d itio n  to  s tre am  v e lo c ity , o n e  o f  the 

m ain  v a riab le s  d e te rm in in g  th e  h a b ita t  su itab ility .
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B esid es th e  c h em ica l w a te r q u a lity  a lso  h y d ro -m o rp h o lo g ica l fac to rs , su ch  as r iv e r  ty p e  p lay  

an  im p o rtan t ro le  w h e n  d e te rm in in g  th e  h a b ita t su itab ility  o f  D. villosus. P re v io u s  re sea rc h  in 

F lan d ers  sh o w ed  th a t th e  sp e c ie s  m ain ly  p re fe rs  r iv e rs  w ith  an  a rtific ia l b a n k  stru c tu re  

(re in fo rced  b y  s to n e s  an d  c o n cre te )  (B o e ts  e t al., 20 1 0 a). In  W es te rn  E u ro p e , th e  sp e c ie s  is 

k n o w n  to  th r iv e  v e ry  w e ll in  sev e ra l larg e  w a te rc o u rse s  w ith  a  h a rd  and  sto n y  b a n k  stru c tu re . 

A fte r  its in tro d u c tio n  in  G e rm an y , th e  sp ec ie s  c o lo n ise d  th e  b a re  su b s tra te  o f  th e  r iv e r  R h ine  

q u ick ly  an d  d o m in a te d  th e  c o m m u n ity  w ith in  a  fe w  m o n th s  (v an  R ie l e t al., 2 0 0 6 b ). A lso  in 

o th e r h ab ita ts , su c h  a s  th e  lak e  I js se lm e e r in th e  N e th e rlan d s , th e  sp e c ie s  p re fe rre d  s to n es  and  

co m p lex  h ab ita ts , w h e re  it  c o -ex is ted  w ith  Gammarus tigrinus (P la tv o e t e t  a l., 2 009).

O th e r fac to rs  th a t m ig h t in flu e n ce  th e  d isp e rsa l o f  D. villosus a re  sp e c ie s  in te rac tio n s . 

A cco rd in g  to  th e  ‘b io tic  re s is tan c e  m o d e l’ (S im b e rlo ff  a n d  V o n  H o lle , 1999), a  co m m u n ity  

ch arac te rised  b y  h ig h  sp ec ie s  rich n ess  is m o re  re s is ta n t to  th e  in v asio n  o f  n e w  sp e c ie s  th an  is 

o n e  w ith  a  lo w  rich n e ss , d u e  to  lim itin g  re so u rces. H o w ev e r, th is  h y p o th es is  c an  b e  v io la ted  

s in ce  it  has b e e n  freq u e n tly  o b se rv ed  in aq u atic  e co sy stem s th a t p re v io u s ly  in tro d u c ed  sp ec ie s  

fac ilita te  th e  e s tab lish m en t o f  a  sp ec ie s  o rig in a tin g  fro m  th e  sam e  e n d em ic  reg io n . T h is  

fac ilita tin g  m e c h a n ism  se e m s to  b e  m o re  co m m o n  th an  th e  c la ss ic  b io tic  re s is tan c e  th e o ry  

(S im b e rlo ff  a n d  V o n  H o lle , 1999). T h e  e a r lie r  e s tab lish m en t b y  th e  z eb ra  m u sse l (Dreissena 

polymorpha  (P a lla s , 1771)) is o n e  o f  th e se  in te rac tio n s  th a t m a y  fac ilita te  th e  e s tab lish m en t o f  

D. villosus. Z e b ra  m u sse l p o p u la tio n s  m ay  fac ilita te  th e  c o lo n iz a tio n  o f  th e  k ille r  sh rim p  by  

p ro v id in g  su ita b le  h a b ita t  th ro u g h  th e  p ro d u c tio n  o f  b y ssu s  th rea d s  an d  sh e lls , w h ich  re su lts  

in  d ep o sitio n  o f  a d d itio n a l fo o d  m a te ria l (G erg s an d  R o th au p t, 2 0 08). In trag u ild  p re d a tio n  is 

a n o th e r ty p e  o f  b io tic  in te rac tio n  th a t m ay  fa v o u r th e  e s tab lish m en t o f  D. villosus in 

g am m arid  co m m u n itie s . T h e  p re d a to ry  b e h a v io u r  o f  D. villosus m ig h t p a r tia lly  ex p la in  its 

co lo n isa tio n  su c c ess  o f  n ew  a rea s  s in ce  th e  sp ec ie s  is ab le  to  e lim in a te  b o th  in d ig en o u s  an d  

a lie n  m ac ro in v e rteb ra te s  (D ic k  e t al., 2 002 ; M ac N eil e t a l., 2 0 12).

W h en  co m p a rin g  th e  o b se rv ed  o c cu rre n ce  in 2 0 1 2  w ith  th e  p re d ic te d  h a b ita t su itab ility  for 

2 0 1 5 , 83%  o f  th e  s ite s  w h e re  D. villosus w as reco rd ed  u n til 2 0 1 2  w e re  s itu a te d  in  r iv e rs  w ith  

a h a b ita t su itab ility  b e tw ee n  60 an d  100% . T h is  in d ica tes  th e  u se fu ln ess  o f  o u r  in teg ra ted  

m o d el th at co u ld  b e  u se d  a s  a  r isk  a sse ssm e n t too l. A lth o u g h  o u r  in teg ra ted  m o d e l w as use fu l 

to p red ic t th e  fu tu re  h a b ita t in c re a se  o f  D. villosus, th e  p e rfo rm a n ce  (b a sed  on  R, M A E , 

R M S E ) w as ra th e r  low , w h ic h  co u ld  be a sc rib ed  to  sev era l facto rs. W h en  co u p lin g  all 

su b m o d e ls  in to  o n e  fin a l m o d e l, th e re  is an  ad d itiv e  in c rease  in  u n certa in ty . N e x t to  the 

tech n ica l a sp ec ts  th a t  cau se  u n c e rta in ty , th e re  are so m e ch ara c te ris tic s  sp e c if ica lly  re la te d  to
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in v as iv e  a lie n  sp e c ie s , w h ich  m ak e  it d iff ic u lt to  c o n stru c t h ig h  accu racy  m o d e ls . D. villosus 

h a s  b een  c h a ra c te rised  a s  a v e ry  o p p o rtu n is tic  sp e c ie s  w ith  an  o m n iv o ro u s  d ie t  (P la tv o e t et a l., 

2 0 0 9 ), b e in g  a b le  to  e a s ily  co p e  w ith  ch an g es in  en v iro n m en ta l c o n d itio n s (W ijn h o v en  e t a l., 

20 0 3 ). T h e se  a re  co n sid ered  im p o rtan t tra its  ex p la in in g  its in v as io n  su ccess , b u t a t th e  sam e  

tim e  im p e d in g  th e  p re d ic tio n  o f  its fu tu re  d isp e rsa l. In ad d itio n , D. villosus m ay  n o t ye t h ave  

sp read  to  a ll su itab le  h ab ita ts , m ak in g  it d iff ic u lt to  d e te rm in e  sp ec ie s-en v iro n m en t 

re la tio n sh ip s . T o  co m e  u p  w ith  m o re  ro b u s t m o d e ls , da ta  g a th e red  fro m  d iffe re n t geo g rap h ic  

a rea s  c o u ld  b e  c o m b in e d  to d ev elo p  m o d e ls  th a t m ak e  p re d ic tio n s  on  th e  fu tu re  d is trib u tio n  o f  

in v a s iv e  a lie n  sp e c ie s . In  th is case, it  is im p o rta n t th a t s im ila r  e n v iro n m en ta l co n d itio n s are 

p re se n t in  th e  re g io n  w h e re  th e  m o d e l w ill b e  ap p lie d  an d  th a t re le v an t v a ria b le s  a re  m easu red  

in b o th  g e o g rap h ic  a reas (B o e ts  e t a l., in  p ress  b). F ina lly , it is s ta ted  b y  F rü h  e t a l. (2 0 1 2 ) th at 

a c c u ra te ly  p re d ic tin g  th e  sp read  o f  a lien  sp e c ie s  an d  th e  co rre sp o n d in g  c o n se q u en c es  on 

b io d iv e rs ity  is d iff ic u lt, s in ce  a lien  sp ec ie s  m ay  in te rac t s tro n g ly  w ith  o th e r en v iro n m en ta l 

s tre sso rs , th e re b y  m o d u la tin g  sp ec ie s-en v iro n m en t in te rac tio n s . F o r e x am p le , in  th e  beg in n in g  

o f  th e  n in e tie s , z eb ra  m u sse ls  a lte red  th e  w a te r  q u a lity  in  th e  p e lag ic  z o n e  o f  S ag in aw  B ay, 

lead in g  to  d e c re a sed  v a lu es in ch lo ro p h y ll a n d  p h o sp h o ro u s  c o n cen tra tio n , su b seq u en tly , 

a ffe c tin g  lo ca l co m m u n itie s  (F ah n en stie l e t a l., 1995).

B ased  o n  o u r  in te g ra te d  m o d el, sev era l v u ln e ra b le  a rea s fo r  in v as io n  b y  D. villosus co u ld  be  

d isc o v e re d  in  F lan d ers . T h e  D ijle  can a l an d  th e  can a l B o ssu it-K o rtr ijk  a re  th e  m o st su itab le  

w a te rc o u rse s  fo r  D. villosus to  e stab lish . B o th  can a ls  h a v e  a  h ig h  e co lo g ica l w a te r  q u a lity  

w ith  a B e lg ia n  B io tic  In d ex  (B B I) o f  9 (m ax im u m  B B I sc o re  is 10) a n d  a  M u ltim e tric  

M a c ro in v e rte b ra te  Index  (M M IF ) o f  0 .6  an d  0 .8 , re sp ec tiv e ly  (m ax im u m  M M IF  sco re  is 1). 

S ev e ra l p o llu tio n  sen sitiv e  tax a , su ch  a s  L ep to ce rid ae , C a en id ae  an d  E cn o m id ae  can  be 

th rea te n e d  b y  th e  p re sen c e  o f  th e  k ille r  sh rim p . P re d a tio n  e x p e rim e n ts  h a v e  d em o n s tra ted  that 

D. villosus p re d a te s  on  a  w h o le  ran g e  o f  m ac ro in v e rteb ra te s , th e re b y  lead in g  to  a  d ec rease  in  

a b u n d an c e  a n d  d iv e rs ity  o f  in d ig en o u s  an d  a lie n  m ac ro in v e rteb ra te s  (D ic k  e t a l., 2 002 ; B oe ts 

e t a l., 2 0 1 0 a ; M a c N e il e t a l., 2013). In  ad d itio n , a  s tu d y  b y  M acN eil e t al. (2011), 

d e m o n s tra ted  th a t D. villosus d is ru p ts  tro p h ic  d y n am ics o f  fre sh w a te r  eco sy stem s b y  a ffec ting  

le a f- li t te r  p ro c e ss in g  a n d  sh re d d e r e ffic ien cy . In v asiv e  a lie n  sp ec ie s  h av e  th e  p o ten tia l to  

c au se  a  sh if t in th e  ‘k e y s to n e ’ eco sy stem  fu n c tio n s , c h an g in g  e n e rg y  flux  a n d  n u trien t cycles , 

w h ic h  to g e th e r a ffe c t c ritica l e co sy stem  se rv ice s , such  a s  b io d iv e rs ity , fisheries y ield  an d  

w a te r  qua lity . In  th is  re sp ec t, it is im p o rta n t to  p re v en t th e ir  fu rth e r sp re ad  as th is  m ig h t lead
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to  a d ec re ase  in  b io d iv e rs ity  an d  f in a lly  to  b io tic  h o m o g en iza tio n . A  c o n tro lled  trad e  o f  a lien  

sp e c ie s  a n d  a  g o o d  leg is la tio n  reg ard in g  b a lla s t w a te r  c o n tro l a re  m ea su re s  th a t co u ld  p re v en t 

th e  fu rth e r sp re ad  o f  a lien  m ac ro in v e rteb ra te s , in c lu d in g  D. villosus. P o ss ib le  ad d itio n a l 

m ea su re s  th a t c o u ld  b e  tak en  to  in crease  th e  p u b lic  a w are n e ss  are  n a tio n a l an d  in te rn a tio n al 

risk  a s se ssm e n t fact sh ee ts  sh o w in g  th e  im p ac ts  a n d  p ro b lem s re la te d  to  in v asiv e  a lien  

sp ec ie s . C u rren tly , a na tio n a l fram e w o rk  in c lu d in g  a  p re lim in a ry  sp e c ie s  r isk  a sse ssm en t 

p ro to co l is se t up  b y  th e  B e lg ian  g o v e rn m en t. T h e  B e lg ia n  F o ru m  o n  In v asiv e  S p ec ies ga th e rs 

sc ien tif ic  in fo rm a tio n  on  p re sen ce , d is tr ib u tio n , a u to -e co lo g y , a d v e rse  im p ac ts  an d  

m a n a g em e n t o f  in v asiv e  a lien  sp ec ies . T o  da te , m o s t a tte n tio n  h as b e e n  p a id  to  p lan ts an d  

m am m als  a n d  little  is rep o rted  on  th e  sp re ad  o f  in v a s iv e  a lie n  m ac ro in v e rteb ra te s  in  F landers , 

in c lu d in g  D. villosus. In th is  re sp ec t, o u r  in teg ra ted  m o d e l co u ld  b e  o f  a ss is tan ce  to p o licy  

m ak e rs  to  p e rfo rm  r isk  a sse ssm en t fo r  a lie n  sp e c ie s  liv in g  in  aq u a tic  h ab ita ts .

In  co n c lu s io n , b a se d  on  o u r in teg ra ted  m o d e llin g  a p p ro ac h  w e  p re d ic te d  th at large  

w a te rc o u rse s  a re  v u ln e rab le  to  in v asio n  b y  D. villosus e sp e c ia lly  w ith  th e  e x p ec ted  

im p ro v e m e n t in  w a te r  q u a lity . W ith in  th e  nex t f if te en  y ea rs  th e  sp ec ie s  w ill b e  ab le  to 

c o lo n ise  a ll m a in  rivers in F lan d ers  w ith  p o ss ib ly  la rg e  e ffec ts  o n  e co sy s tem  fu n c tio n in g . 

D e sp ite  th e  d e g ree  o f  u n c erta in ty  re la te d  to th e  p re d ic tio n  o f  in v as iv e  a lien  spec ies, w e  are 

c o n v in c ed  th a t o u r  m o d e llin g  a p p ro ach  can  b e  u se d  a s  a  r isk  a sse ssm e n t to o l to  su p p o rt the 

co n tro l an d  p re v en tio n  o f  in v as iv e  a lien  sp ec ie s , a s  it  rev ea ls  w h ich  s ite s  a n d  r iv e rs  a re  m o st 

v u ln e ra b le  to  in v as io n , a n d  w h a t a re  m a jo r  w a te r  q u a lity  an d  h a b ita t ch arac te ris tics  th at 

in f lu e n ce  th is.
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T h e  o v e ra ll a im  o f  th is stu d y  w as to  g e t in s ig h t in  (a) th e  eco lo g y  o f  a lien  m ac ro in v e rteb ra te  

sp e c ie s  u n d e r d iffe ren t e n v iro n m en ta l c o n d itio n s , (b ) th e  d riv e rs  th a t c au se  chan g es in  

m ac ro in v e rteb ra te  co m m u n itie s  an d  (c) th e  im p ac t o f  a lie n  m ac ro in v e rteb ra te s  on  eco sy stem  

s tru c tu re  an d  fu n c tio n in g . T o  th is  end , a n  in teg ra ted  a p p ro ach  w as u se d  b y  c o m b in in g  the 

re su lts  an d  in fo rm a tio n  o b ta in ed  fro m  lab  stu d ies , fie ld  d a ta  an d  d a ta -d riv en  m o d ellin g . T his 

co m b in a tio n  a llo w ed  a sse ss in g  th e  im p ac t o f  a lien  m ac ro in v e rteb ra te s  in  su rface  w a te rs  in 

F lan d ers . R isk  a sse ssm en ts  fo r  a lien  m ac ro in v e rteb ra te s  c o u ld  be  m ad e  and  h o t sp o ts  fo r a lien  

sp e c ie s  in tro d u c tio n s w ere  d e te rm in e d . B ased  on  an  in teg ra ted  m o d e llin g  ap proach  

p re d ic tio n s  on  th e  fu tu re  d is tr ib u tio n  o f  a lien  m ac ro in v e rteb ra te s  u n d e r c h an g in g  

en v iro n m en ta l c o n d itio n s co u ld  be  m ad e . A lto u g h  th e  h e re  p ro p o se d  ap p ro ach  d o es n o t list 

p o ss ib le  a c tio n s  th a t c an  b e  d irec tly  im p lem en ted , th is  a p p ro ach  c an  be  u se d  as a risk  

asse ssm e n t to o l to  su p p o rt th e  co n tro l an d  p re v en tio n  o f  in v as iv e  a lien  sp ec ie s , a s  it revea ls 

w h ic h  s ite s  an d  r iv e rs  a re  m o st v u ln e ra b le  to  in v asio n  a n d  w h a t are m a jo r  w a te r  q u a lity  and 

h a b ita t ch a rac te ris tic s  th a t in flu en ce  th e se  p ro cesses .

Factors favouring the establishment and spread of alien macroinvertebrates

T h e  o v e rv ie w  on  th e  d is trib u tio n  o f  a lien  m ac ro in v e rteb ra te s  (ch ap te r  2 ) re v ea le d  th a t m ore  

th an  60  a lien  m ac ro in v e rteb ra te  sp ec ie s  o c c u r  in  F lem ish  su rfa ce  w a te rs  an d  th a t m an y  

sp ec ie s  w e re  in tro d u ced  d u rin g  th e  la s t few  d e ca d es , p ro b a b ly  as a re su lt o f  in c reased  trad e  in 

th e  w o rld , th e  d isap p ea ran ce  o f  n a tu ra l m ig ra tio n  b a rrie rs  an d  th e  d e g rad a tio n  o f  hab ita ts  in 

fo rm er d ecad es . M a in ly  m ac ro cru s ta c ea n s  a n d  m o llu scs w e re  re p re se n ted  b y  a  h igh  n u m b er o f  

a lie n  sp ec ie s . T h is  is co m p arab le  to  n e ig h b o u rin g  c o u n trie s  like  F ran ce , G e rm an y , th e  

N e th e r lan d s  (G o llach  an d  N eh rin g , 2 0 0 6 ; L ab a t e t al., 2 0 1 1 ; B ij d e  V a a te  e t a l., 2 0 0 2 ) an d  

o th e r  E u ro p ea n  c o u n trie s  lik e  Ire lan d  an d  th e  U .K  (M inch in , 2 007). A lth o u g h  m o llu sc s  and  

c ru s tac ea n s  w e re  ch arac te rised  as tax o n o m ic  g roups m ak in g  up  a  larg e  p a r t  o f  the  

m ac ro in v e rteb ra te  co m m u n ity , it w as th e  p u rp o se  to  assess  th e  fa c to rs  th a t fa v o u r th e  

e s tab lish m en t a n d  sp read  o f  a lien  m ac ro in v e rteb ra te s  in  g en era l. T h e re fo re , o v e r  1800 

sa m p le s  (c h ap te r 3) tak en  by  th e  F le m ish  E n v iro n m e n t A g e n cy  d u rin g  th ree  c o n secu tiv e  tim e 

in te rv a ls  (1999 , 2 0 0 4 , 2009) o rig in a tin g  fro m  sev e ra l aq u atic  h a b ita t ty p es in F lan d ers  w ere  

an a ly sed .

159



C hapter 9: General discussion and conclusions

T h e  ana ly sis  p o in te d  ou t th a t th e re  a re  th re e  m ain  e lem en ts  fa v o u rin g  th e  e s tab lish m en t an d  

sp read  o f  a lien  m ac ro in v e rteb ra te s:

•  en v iro n m en ta l co n d itio n s

• tra its  o f  th e  sp ec ie s

•  v ec to rs  o f  in tro d u c tio n  a n d  d isp e rsa l

E nvironm ental conditions

It w as fo u n d  th a t la rg e  w a te rc o u rse s , su c h  as c an a ls , h a rb o u rs  an d  b rack ish  p o ld e r  w a te rs  are 

h ig h ly  su itab le  fo r  a lien  m ac ro in v e rteb ra te s  to  e stab lish . M a n y  a lie n  m ac ro in v e rteb ra te  

sp e c ie s  seem  to  th riv e  w e ll in  th ese  a rtif ic ia l, h u m an  m o d ified  aq u atic  sy s tem s. C an a ls  a re  

o ften  ch arac te rised  b y  re in fo rc ed  em b a n k m en ts  an d  h a rd  su b s tra tes , w h ich  seem  to  be v e ry  

fav o u ra b le  fo r  a lien  m ac ro in v e rteb ra te s  to  estab lish  (v an  R ie l e t  al., 2 0 06b).

B ased  o n  a  d e ta iled  case  s tu d y  a b o u t th e  h a rb o u r o f  G h en t, it  w as  fo u n d  th a t e n v iro n m en ta l 

d e g rad a tio n  in  fo rm er d ecad es can , in  th e  in itia l in tro d u c tio n  phase , fav o u r th e  e s tab lish m en t 

o f  a lien  m ac ro in v e rteb ra te s . T h is  p h e n o m e n o n  w as  a lre ad y  o b se rv ed  e a rlie r  in  th e  r iv e r 

R h in e , w h ere  a f te r  the c a tas tro p h ic  en v iro n m en ta l S an d o z  a cc id en t, p o p u la tio n s  o f  

Chelicorophium curvispinum  an d  Corbicula sp . re ac h ed  a d o m in an t p o sitio n  w ith in  tw o  years  

(D en  H a rto g  e t  al., 1992). T h e  im p ro v e m en t in  ch em ica l w a te r  q u a lity  d u e  to  th e  in sta lla tio n  

o f  w a s te w a te r  trea tm en t p lan ts  c an  b e  b en efic ia l fo r  a lien  as w e ll as in d ig en o u s  sp ec ies . 

P re d ic tio n s  on  th e  fu tu re  d is tr ib u tio n  o f  a lien  m ac ro in v e rteb ra te s  in th e  h a rb o u r  o f  G h en t 

in d ic a te d  th a t th e  a lie n  m ac ro in v e rteb ra te  d iv e rs ity  is lik e ly  to  in crease  w ith  im p ro v in g  w a te r  

q u a lity , w h ereas th e  re la tiv e  frac tio n  o f  a lie n s  in  te rm s o f  ab u n d an ce  w ill re m a in  stab le . A  

d e ta ile d  analy sis  o f  th e  re la tio n sh ip  b e tw e e n  th e  e co lo g ica l w a te r  q u a lity  an d  th e  o ccu rren ce  

o f  a lien  m ac ro in v e rteb ra te s  re v ea le d  th a t th e re  w as a  s ig n ifican t n eg a tiv e  co rre la tio n  b e tw een  

th e  e co lo g ica l w a te r  q u a lity  an d  th e  n u m b e r o f  a lien  sp ec ies . T h is  tren d  w as  o n ly  o b se rv ed  fo r 

w a te rs  w ith  a  g o o d  ch em ica l w a te r  q u a lity , s in c e  in w a te rs  w ith  a b a d  e co lo g ica l w a te r  q u a lity  

sp ec ie s  d iv ers ity  (a lien  as w ell as in d ig en o u s  sp ec ie s) w as g e n era lly  low . In  th is  re sp ec t, it is 

th o u g h t th a t in d ig en o u s sp e c ie s  c an  w in  th e  c o m p e titio n  from  alien  m ac ro in v e rteb ra te s  in 

n u trie n t-p o o r, d e n se ly  v e g e ta te d  sy s tem s (V erm o n d en  e t  al., 2 0 10). I t  is a lso  e x p ec te d  th at 

n a tu ra l sy s tem s w ith  a g o o d  e co lo g ica l w a te r  q u a lity  a n d  a  h ig h  sp ec ie s  d iv e rs ity  can  act as a 

k in d  o f  b u ffe r  ag a in s t th e  fu r th e r  sp re ad  o f  a lien  sp ec ies . T h ese  sy s tem s w ill h av e  a  h ig h er 

b io tic  re sis tan ce  a n d  w ill c o n se q u en tly  b e  m o re  d iff ic u lt to  invade . C u rren tly , sm a ll s tream s
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are  s till la rg e ly  fre e  f ro m  a lie n  sp ec ies , p o ss ib ly  d u e  to  th e ir  h ig h er b io tic  re s is tan c e  an d  the 

d iff ic u lty  fo r  a lie n  m ac ro in v e rteb ra te s  to  invade  th ese  system s.

C o n d u c tiv ity  h a s  b e e n  u sed  a s  p ro x y  fo r w a te r  qua lity . G rab o w sk i e t al. (2 0 0 9 ) fo u n d  th a t in  

larg e  r iv e rs , w h ic h  u su a lly  h ave  a  h ig h e r  c o n d u c tiv ity , m o re  a lie n  sp e c ie s  o c cu rre d  a t h ig h er 

ab u n d an c es  c o m p a red  to  sm all r iv e rs . T h e  ab sen ce  o f  a lien  a m p h ip o d s  in  sm a ll r iv e rs  m ay  

a lso  b e  e x p la in ed  b y  th e ir  e co lo g ica l p re fe ren ce  fo r a  h ig h er cond u ctiv ity . In  sm a lle r  s tream s, 

th e  in d ig en o u s fa u n a  su ffe rs  th u s  a  lo w e r p re ssu re  p o se d  b y  a lien  m ac ro in v e rteb ra te s . S im ila r 

o b se rv a tio n s  w e re  m ad e  in F lan d ers , w h e re  larg e  r iv e rs  an d  can a ls  w ith  a  h ig h  co n d u c tiv ity  

w ere  h ig h ly  ‘b io c o n ta m in a te d ’ w ith  a lien  m ac ro in v e rteb ra te s , w h e rea s  sm a lle r  s tream s are 

h a rd ly  in v ad e d  (c h a p te r  3). S a lin ity  an d  co n d u c tiv ity  w e re  sev e ra l tim es p in p o in te d  as 

im p o rtan t v a ria b le s  d e te m iin in g  th e  p re sen c e  o r a b se n ce  o f  a lien  m ac ro in v e rteb ra te  sp ec ies 

(c h ap te r  3 , 4 , 5 , 6). A n  a n a ly s is  o f  th e  p o ld e r w a te rs  in d ica ted  th a t it  is p ro b a b ly  th e  

d ec re a s in g  sa lin ity  d u e  to  a  re d u c e d  in p u t o f  b rack ish  w a te r  th a t c au sed  th e  d ec lin e  o f  th e  

in d ig en o u s  b ra ck ish  w a te r  sp e c ie s  an d  n o t o n ly  th e  in tro d u c tio n  o f  th e  in d ig en o u s  sp ec ies 

Gammarus tigrinus. B a se d  o n  d a ta -d riv en  c la ss if ica tio n  an d  reg re ss io n  trees, it  w a s  fo u n d  th at 

sa lin ity  an d  c o n d u c tiv ity  a re  ro o t v a ria b le s  d e te rm in in g  th e  h a b ita t su itab ility  o f  a lien  

m ac ro cru s ta c ea n s  in  gen era l an d  Dikergammarus villosus in  pa rticu la r. T h e  c ase  s tu d y  on  the 

B e lg ian  co asta l h a rb o u rs  (c h ap te r 6) in d ica ted  th a t th e  sa lin ity  g rad ien t w as o n e  o f  th e  m o st 

im p o rtan t fac to rs  e x p la in in g  th e  g rad ien t in  b io co n tam in a tio n , w ith  m o re  a lien  

m ac ro in v e rteb ra te s  o c cu rrin g  in  in lan d  w a te rs  c o m p a red  to  th e  m arin e  h a rb o u rs . T he 

h y p o th es is  that b ra ck ish  w a ters  (in te rm ed ia te  sa lin ity ) are  ch arac te rised  b y  a lo w  n a tu ra l 

sp e c ie s  d iv e rs ity  an d  th u s  v u ln e ra b le  to  in v as io n s , w as co n firm ed  d u rin g  o u r  stu d y . In land  

b rack ish  w a ters  h a rb o u re d  m o re  a lie n  m ac ro in v e rteb ra te s  co m p ared  to  th e  h a rb o u rs  w ith  

m arin e  c o n d itio n s a n d  r iv e rs  s itu a te d  in  fresh  w ater.

C o n c lu s io n : ch em ica l a n d  h y d ro -m o rp h o lo g ica l co n d itio n s o f  th e  in v ad ed  eco sy stem  c learly  

co n trib u te  to  the su c c ess fu l e s tab lish m en t an d  sp read  o f  a lien  m ac ro in v e rteb ra te s .

T raits o f  the species

A n o th e r e lem en t fa v o u rin g  th e  e s tab lish m en t an d  sp read  o f  in v as iv e  a lien  m ac ro in v e rteb ra te s  

a re  th e  ch ara c te ris tic s  in h eren t to  th e se  in v asiv e  a lien  spec ies. B ased  o n  lab o ra to ry  

ex p erim e n ts , it w as fo u n d  th a t th e  in v as iv e  a lien  am p h ip o d  Dikerogammarus villosus w as 

ab le  to  p red a te  on  o th e r  m ac ro in v e rteb ra te s , lead in g  to  a  re d u c tio n  o f  th e  ab u n d an ce  o f
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sp ec ie s  b e lo n g in g  to  the sam e  g u ild  (G am m arid ae ) as w e ll a s  ta x a , su c h  a s  A se llid ae , 

B ae tid ae  an d  C h iro n o m id a e  (B o e ts  e t ah , 20 1 0 a ; M a c N e il e t al., 2 0 1 3 ). G a m m a rid a e  u se d  to 

be  c la ss if ied  a s  sh re d d ers  fe ed in g  w ith  d ead  o rg a n ic  m a te ria l an d  p la n t m a te ria l w ith  so m e  

reco g n itio n  o f  o m n iv o ry  (M a cN eil e t al., 1997). R e su lts  o f  recen t re sea rc h  b a se d  on  stab le  

iso to p e  a n a ly s is  ( 0 I5N ) a n d  n u m ero u s  lab e x p e rim e n ts  in d ic a te d  th a t G am m arid ae  are 

o p p o rtu n is tic  o m n iv o re s  p re d a tin g  a lso  on  sp ec ie s  b e lo n g in g  to  th e  sa m e  g u ild . F u rth e rm o re , 

c an n ib a lism  an d  in te r-  an d  in trag u ild  p red a tio n  se e m  to b e  co m m o n  an d  im p o rta n t fac to rs  

c o n trib u tin g  to  sp e c ie s  ex c lu s io n s  a n d  rep lacem en ts  (Po lis e t a l., 1989). T h ere fo re , b e in g  

g en era lis ts  p ro b a b ly  co n trib u tes  to  th e  success  o f  th e se  in v as iv e  a m p h ip o d s .

T h e  to le ran c e  to  sa lin ity  is a n o th e r fa c to r  p u t fo rw ard  as an  im p o rta n t tra it en ab lin g  sp ec ie s  to 

su c c ess fu lly  c o lo n ise  n ew  h ab ita ts . T h o se  sp e c ie s  th a t are e u ry h a lin e  h av e  a  h ig h e r  c h an ce  o f  

g e ttin g  in tro d u c ed  v ia  b a lla s t w a te r  o f  sh ips. P isc a r t  e t al. (2 0 1 1 ) fo u n d  th a t sp ec ie s  

o r ig in a tin g  fro m  o u ts id e  E u ra s ia  ( in tro d u ced  b y  th e  b a lla s t o r d rin k in g  w a te r  o n  sh ips) w ere  

m o re  sa lt to le ra n t th a n  in d ig en o u s  sp ec ies from  F ra n c e  an d  a lien  sp e c ie s  o rig in a tin g  from  

E u ras ia . Dikerogammarus villosus an d  Gammarus tigrinus a re  tw o  sp ec ie s  w ith  a  h igh  

to le ran c e  to w ard s  ch an g es in  tem p e ra tu re  an d  sa lin ity  (W ijn h o v en  e t al., 2 003). O th e r 

c h arac te ris tic s , su c h  as a  h ig h  re p ro d u c tiv e  o u tp u t, e a rly  se x u a l m a tu rity  an d  to le ran ce  

to w ard s en v iro n m en ta l p o llu tio n  in  gen era l can  g iv e  a  c o m p e titiv e  a d v an tag e . R esea rch  in  the 

A u s trian  D a n u b e  in d ic a te d  th a t th e  re p ro d u c tiv e  p o ten tia l o f  D. villosus is h ig h  c o m p a red  to 

o th e r a m p h ip o d s , w ith  la rg e  fem a le s c a rry in g  m o re  th an  100 d e v e lo p in g  e m b ry o s  and  

ju v e n ile s  in  th e  b ro o d  p o u ch  (P ö ck l, 2 007). In  o u r  s tu d y  area , v e ry  h ig h  ab u n d an c es  o f  the 

a m p h ip o d s  G. tigrinus an d  D. villosus w ere  found , e sp ec ia lly  in th e  p o ld e r  w a te rc o u rse s  and  

can a ls . It w a s  c o n c lu d ed  th a t G. tigrinus h as a  re p ro d u c tiv e  ad v an tag e  c o m p a red  to  th e  tw o  

in d ig en o u s  sp e c ie s  p re se n t in  th e  p o ld e r w a ters  a t h ig h e r  tem p e ra tu re s  a n d  lo w e r sa lin itie s. 

Gammarus tigrinus c an  b e  seen  a s  an  o p p o rtu n is tic  r-s tra teg ic  sp e c ie s  th a t is ab le  to  in crease  

its d e n sity  o v e r  a  sh o rt p e rio d , b e co m in g  th e  d o m in a n t sp ec ies in th e  re c ip ie n t co m m u n ity . 

T h e  d iffe re n ce  in t im e  to  re ac h  sex u a l m a tu rity , to g e th e r w ith  th e  sh o rt in cu b a tio n  tim e  and  

th e  fav o u rab le  re p ro d u c tiv e  p e r io d  p o ss ib ly  co n trib u ted  to  th e  su c c ess  o f  G. tigrinus in  its 

co m p e titio n  w ith  th e  in d ig en o u s sp ec ies .

C o n c lu s io n : sp e c ie s  ch ara c te ris tic s  co n trib u te  to  th e  success  o f  in v as iv e  a lie n  sp ec ies 

in tro d u c tio n  an d  e s ta b lish m e n t a n d  d e te rm in e  th e  o u tco m e  o f  co m p e titio n  w ith  o th e r spec ies.
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V ectors o f  introduction  and dispersal

T h e  im p o rta n ce  o f  sh ip p in g  as a v e c to r o f  in tro d u c tio n  an d  se c o n d a ry  d isp e rsa l o f  alien  

m a c ro in v e r te b ra te s  w as in v estig a ted  d u rin g  th is  s tu d y  in  sev e ra l aq u a tic  h a b ita t types. A s 

m e n tio n e d  u n d e r  th e  d iscu ssio n  o f  e n v iro n m en ta l c o n d itio n s , c an a ls  a re  h ig h ly  su itab le  fo r  

a lie n  sp e c ie s  to  e s tab lish . A  se c o n d  c h arac te ris tic  o f  can a ls  b es id es  th e ir  h y d ro -m o rp h o lo g ica l 

c h a ra c te ris tic s  is th e  p re sen c e  o f  in ten siv e  sh ip  tra ffic . Sh ip  tra ffic  c an  b e  co n n ec te d  w ith  the 

c o n c e p t o f  ‘p ro p a g u le  p re ssu re ’. T h is  co n cep t s ta te s  th a t th e  h ig h e r  th e  n u m b er  o f  a lien  

sp e c ie s  in tro d u c tio n s , th e  h ig h e r  th e  ch an ce  th a t a p o p u la tio n  g e ts  e stab lish ed . A  h ig h er 

in tro d u c tio n  ra te  c o n se q u en tly  leads to  a  h ig h e r  g en e tic  d iv e rs ity  a n d  m o re  s tab le  popu lations. 

A n  a n a ly sis  o f  th e  sh ip p in g  in  th e  B e lg ian  co as ta l h a rb o u rs  re v ea le d  th a t th e  d iv e rs ity  o f  alien  

m a c ro in v e rte b ra te  sp e c ie s  w as h ig h es t in  Z eeb ru g g e , w h ic h  is ch a rac te rised  b y  a h ig h  n u m b er 

o f  tran sco n tin en ta l co m m erc ia l sh ip  m o v em en ts . It is k n o w n  th a t m an y  a lie n  sp e c ie s  a re  b e in g  

tra n sp o rte d  v ia  b a lla s t  w a ter o f  sh ip s (R u iz  e t a l., 1997). D e sp ite  th e  fa c t th a t m o st observed  

a lie n  sp e c ie s  o r ig in a ted  fro m  N o rth -A m erica , m o st sh ip s w h ich  a n ch o r in  Z eeb ru g g e  

o r ig in a te d  fro m  E u ro p ea n  h a rb o u rs  an d  o n ly  a  sm a ll p a r t  o r ig in a ted  fro m  N o rth -A m erica . 

F re q u e n t co m m e rc ia l sh ip p in g  b e tw een  n e ig h b o u rin g  c o u n trie s  in  E u ro p e  o r countries 

b o rd e rin g  th e  sa m e  sea  m ig h t b e  re sp o n sib le  fo r se c o n d a ry  in tro d u c tio n s  an d  d isp e rsa l o f  a lien  

sp e c ie s . M o re o v e r, a lso  seco n d ary  d isp e rsa l v ia  y a ch ts  o r  fish in g  v e sse ls  o rig in a tin g  from  

n e ig h b o u rin g  h a rb o u rs  co u ld  h av e  p a rtia lly  c o n tr ib u te d  to  in tro d u c tio n  an d  sp read  o f  these 

a lien  sp ec ies . T h e  la rg e  v a ria tio n  fo u n d  on  th e  d isp e rsa l ra te  o f  D. villosus (ch ap ter 8) 

in d ic a te s  th a t h u m an  m ed ia ted  tran sp o rt p ro b a b ly  co n trib u tes  to th e  fa s t sp ead  v ia  large 

w a te rw a y s  a n d  can a ls .

C o n c lu s io n : sh ip p in g  co n trib u tes  s ig n ifican tly  to  th e  e s tab lish m en t an d  se c o n d a ry  d ispersa l o f  

a lie n  m a c ro in v e rteb ra te s , m a in ly  in a rtific ia l aq u a tic  eco sy stem s.

Impact assessment

A fte r  it w as k n o w n  w h ich  h ab ita ts  a re  v u ln e rab le  to  in v asio n s an d  w h ich  sp e c ie s  can  b e  seen  

as h ig h  im p a c t sp ec ie s , th e ir im p a c t on  (a) m ac ro in v e rteb ra te  co m m u n itie s  a n d  (b) b io tic  

in d ic e s  a n d  w a te r  q u a lity  a sse ssm en t w as assessed . A s d isc u sse d  in B o e ts  e t a l. (2010a) and  

M a c N e il e t al. (2 0 1 3 ), ch an g es in  the m ac ro in v e rteb ra te  co m p o s itio n  co u ld  be  o b se rv ed  based  

on  la b o ra to ry  e x p e rim e n ts  a n d  fie ld  d a ta  analy sis  fo r  d iffe ren t ty p es  o f  tax a . T h e  a rriv a l o f  D. 

villosus in F la n d e rs  co in c id ed  w ith  th e  d e c re a se  o f  sev era l in d ig en o u s  tax a , b u t also a
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p re v io u s ly  su c c ess fu l a m p h ip o d  invader, th e  N o r th  A m e ric an  Gammarus tigrinus. B esid es a 

d e c re a se  in se v e ra l taxa, there  w as a lso  an  in c re ase  o b se rv ed  fo r o th e r P o n to -C asp ian  

in v ad e rs , su c h  as Dreissena polymorpha  a n d  Chelicorophium curvispinum. A lth o u g h  th e re  

a re  ch an g es o b se rv e d  in th e  m ac ro in v e rteb ra te  co m p o s itio n , th e se  can n o t b e  so le ly  ex p la in ed  

b y  th e  in tro d u c tio n  o f  a lien  m ac ro in v e rteb ra te s  as in d ic a te d  ab o v e . C h an g es in 

m ac ro in v e rteb ra te  co m m u n itie s  w e re  o b se rv ed  fo r th e  th re e  d iffe re n t case  s tu d ies as a 

co n se q u en c e  o f  c h an g in g  e n v iro n m en ta l c o n d itio n s . T h e  o p in io n  th a t a lie n  sp ec ies are  

p a sse n g e rs  o f  c h an g e s  in  th e  aq u atic  e n v iro n m en t ra th e r th a n  b e in g  th e  a c to rs  o f  c h an g e  

th em se lv es  is su p p o rted . In  add itio n , N o o rd h u is  e t al. (2 0 0 9 ) p o in te d  o u t th a t w h ile  the  

in tro d u c tio n  o f  D. villosus can  cau se  a  d ec rease  in  th e  ab u n d an c e  o f  o th e r m ac ro in v e rteb ra te  

tax a , it  m ay  n o t d riv e  a sp ec ie s  to  ac tual loca l e x tin c tio n  an d  th a t th e  d ec re a se  in  ab u n d an ce  o f  

c e rta in  tax a  c o u ld  b e  lin k ed  to  o th e r fac to rs  su c h  a s  d ec re a s in g  n u tr ie n t co n cen tra tio n s . T h e  

s tu d y  b y  M a c N e il e t al. (2 0 1 3 ) sh o w ed  th a t th e  a rriv a l an d  e s tab lish m en t o f  D. villosus, as 

w e ll  as o th e r in v ad e rs , c o in c id ed  w ith  th e  d e c lin e  o f  so m e  re s id en t tax a , d e sp ite  im p ro v in g  

c h em ica l w a te r  qua lity . In  ad d itio n , th e  f ie ld  s tu d y  d a ta  a lso  in d ic a te s  th a t su b s tra te  m ay  p lay  

an  im p o rta n t ro le  in  d e te rm in in g  the se v e rity  o f  a n y  im p ac ts  o f  D. villosus o n  re s id en t 

a sse m b la g es , w ith  s to n y /ro ck y  su b s tra tes  p ro m o tin g  th e  e s tab lish m en t o f  D. villosus an d  th e  

d e c lin e  o f  re s id e n t sp ec ie s , in  co n trast to  sa n d y  su b s tra tes , w h e re  it  o c cu rre d  less freq u en tly  

a n d  m a y  h av e  h a d  a lo w e r im p ac t on re s id en t taxa.

W h e n  a sse ss in g  th e  im p ac t o f  a lien  m a c ro in v e rteb ra te s , w e  h a v e  to  ta k e  in to  co n sid era tio n  the 

ru lin g  en v iro n m en ta l c o n d itio n s , s in ce  a lie n  sp e c ie s  do  n o t n e e d  to  h a v e  a  n e g a tiv e  im p ac t on 

th e  e co sy stem  p e r  se. T h e  im p ac t is o ften  d e p en d in g  o n  th e  s ta te  o f  th e  eco sy stem . F o r 

e x am p le , in  th e  h a rb o u r  o f  G h en t, a fo rm er d e g ra d e d  aq u atic  eco sy stem , it w as  n o ticed  th a t 

th e  in tro d u c tio n  o f  a lien  m ac ro in v e rteb ra te s  co n trib u ted  to  th e  in c re a s in g  tren d  o b se rv ed  in 

th e  M u ltim e tr ic  M a c ro in v e rte b ra te  In d ex  fo r  F lan d ers . T h is  c o u ld  b e  a ttr ib u te d  to  a 

re co lo n isa tio n  b y  in d ig e n o u s  sp ec ies s im u lta n e o u s ly  w ith  a  c o lo n isa tio n  b y  a lie n  spec ies. 

H o w ev e r, w e  sh o u ld  b e  aw are  th a t w h en  a lie n  sp e c ie s  a re  ab le  to  co lo n ise  lo w  d eg rad ed  rivers 

w ith  a  goo d  w a te r  q u a lity  an d  a h ig h  a b u n d an c e  o f  in d ig en o u s  tax a , th ey  m ay  cau se  a d ecline  

in  th e  d iv e rs ity  re su ltin g  in  low er v a lu es o f  b io tic  in d ices (M acN eil e t  a l., 2 013). M eso co sm  

ex p erim e n ts  in d ic a te d  th a t th e  B M W P  sco re  w as c o n s is ten tly  lo w e r w h e n  D. villosus w as 

p re se n t c o m p a red  to  w h e n  no  a m p h ip o d s  o r th e  in d ig en o u s  G. pulex  w e re  p re sen t (M acN eil et 

ah , 2 013). O u r s tu d y  a lso  em p h asise s  th a t th e  p re sen c e  o f  in v ad e rs , su c h  as D. villosus m ay  

h a v e  a  c o n fo u n d in g  e ffe c t o n  u sin g  m ac ro in v e rteb ra te  a ssem b lag es  as re liab le  b io asse ssm en t
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to o ls  fo r  W F D  p u rp o ses  (A rb ac iau sk as  e t a l., 2 008 ; C a rd o so  an d  F ree , 2 0 0 8 ). It w o u ld  th u s  b e  

th e o re tic a lly  p o ss ib le  to  ach iev e  a  h ig h  b io tic  index  sco re  in  a site  g rea tly  d o m in a ted  b y  D. 

villosus o r  to  a ch iev e  a low  b io tic  in d ex  sco re  in  a  h ig h  ch em ica l w a te r  q u a lity  site , w h e re  D. 

villosus m ay  h av e  e lim in a ted  sen sitiv e  tax a , su c h  as m ay flie s , s to n e flie s  an d  cad d is-flie s . It 

w a s  a lre ad y  h ig h lig h ted  th a t sy s te m s, su c h  a s  the B M W P  do n o t d is tin g u ish  b e tw een  

in d ig en o u s  an d  a lie n  ta x a  in  th e  sc o rin g  p ro c ess  an d  re ly  on  th e  p re sen c e /a b se n ce  o f  ta x a  

ra th e r  th an  re la tiv e  ab u n d an ce  in  sco re  g en era tio n . In  F lan d ers , there  w as  n o  sig n ifican t 

d e c re a se  in  th e  M M IF  v a lu e  o b se rv ed  fo r  sy s tem s d o m in a ted  b y  a lien  sp ec ie s . N ev erth e le ss , it 

is a d v ised  to  c a lcu la te  th e  s ite -sp ec ific  b io co n ta m in a tio n  in d ex  nex t to  th e  b io tic  ind ices th a t 

a re  u se d  to  asses th e  e co lo g ica l w a te r  q u a lity  a s  th is m ig h t in d ica te  s ite s  th a t are  h ig h ly  

in v ad ed  b y  a lien  m acro in v erteb ra tes .

T h e  k n o w le d g e  g a th e red  d u rin g  th ree  case  s tu d ies  w as u se d  to  m ak e  h a b ita t su itab ility  m o d e ls  

a n a ly s in g  th e  h ab ita t p re fe re n ce s  o n  th e  o n e  h a n d  and  p re d ic tin g  th e  fu tu re  d isp e rsa l on  th e  

o th e r  h and . S ev eral k e y  e lem en ts  (tra its , v e c to rs , b io tic  in te rac tio n s a n d  en v iro n m en ta l 

co n d itio n s) p lay  a c ru c ia l ro le  w h e n  m a k in g  p re d ic tio n s  on  th e  fu tu re  d is tr ib u tio n  o f  a lien  

m ac ro in v e rteb ra te s  in  su rface  w a ters . B a se d  o n  c la ss ifica tio n  an d  reg re ss io n  tree s , p red ic tio n s 

w e re  m ad e  on  th e  d iv e rs ity  an d  ab u n d an c e  o f  a lien  m ac ro cru s ta c ea n s  in  F landers . A  

m ax im u m  sp ec ie s  rich n ess o f  a lie n  m ac ro cru s ta c ea n s  w as re ac h ed  in  fresh w a te r w ith  a  go o d  

ch em ica l w a te r  q u a lity  an d  in te n siv e  sh ip  tra ffic . In  fresh  w a te r, in creas in g  c o n d u c tiv ity  lead  

to  a  d ec rease  in ab u n d an ce  o f  a lien  m ac ro cru s tacean s , w h e reas  in b rack ish  w a ter, in creas in g  

co n d u c tiv ity  due to  in c reas in g  sa lin ity  in flu e n ce d  th e  ab u n d an ce  p o sitiv e ly  (u p  to  5 PSU ).

In  a  la te r  p h ase , a  m o d e l, in teg ra tin g  a  h a b ita t su itab ility  m o d e l w ith  a  w a te r  q u a lity  m o d el 

a n d  a m ig ra tio n  m o d el, w as d e v e lo p ed  to  p e rfo rm  a r isk  a sse ssm en t fo r  th e  in v as iv e  a lien  

a m p h ip o d  Dikerogammarus villosus in  F la n d e rs  u n d e r c h a n g in g  e n v iro n m en ta l co n d itio n s. It 

w a s  p re d ic te d  th a t large w a te rc o u rse s  a re  v u ln e rab le  to  in v as io n  b y  D. villosus, e sp ec ia lly  

w ith  the e x p ec ted  fu tu re  im p ro v e m en t in  w a te r  quality . W ith in  the n e x t fifteen  y ears , th e  

sp e c ie s  w as p red ic ted  to  co lo n ise  all m a in  r iv e rs  in F landers . D esp ite  th e  d e g ree  o f  u n certa in ty  

re la te d  to  th e  p re d ic tio n  o f  in v as iv e  a lien  sp ec ie s  o ccu rren ce , it can  b e  co n c lu d ed  th a t m o d els  

a re  a  u se fu l to o l fo r d ec is io n  m ak in g . G iv en  th e  la rg e  n u m b er o f  a lien  sp ec ie s  in tro d u c tio n s , it 

is n o t feasib le  to  fo llo w  up  a ll sp ec ie s  a n d  h ab ita ts . P o licy  m ak e rs  sh o u ld  fo c u s  on  v u ln erab le  

a rea s , su c h  as b rack ish  w a te r  a rea s an d  a rea s w ith  in te n siv e  sh ip  tra ffic  an d  c e rta in  k e y  

sp ec ie s , w h ich  are k n o w n  to  cau se  h ig h  im p a c ts  in o th e r  c o u n trie s  in  o rd e r  to  p re v en t o r
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m in im ise  th e  fu rth e r in tro d u c tio n  an d  sp re ad  an d  c o n se q u en tly  th e  fu tu re  im p a c t o f  a lien  

m acro in v erteb ra tes .

W h ile  o u r p ro p o se d  m o d e ls  c an  b e  u se fu l as a  to o l to  su p p o rt th e  m a n a g em e n t o f  in v as iv e  

a lien  sp ec ies th e re  a re  a  few  sh o rtc o m in g s . O u r m o d els  m ak e  p re d ic tio n s  on  th e  fu tu re  

in c rease  in d iv e rs ity  an d  ab u n d an c e  o f  a lie n  m ac ro in v e rteb ra te s  b a se d  o n  im p ro v e m en ts  in  

w a te r  qua lity . A s m e n tio n e d  b e fo re , a lso  in d ig en o u s sp e c ie s  can  b e n efit fro m  th ese  

im p ro v em en ts  a n d  b io tic  in te rac tio n s  b e tw ee n  a lien  a n d  in d ig en o u s  sp e c ie s  a re  n o t fu lly  

in v estig a ted  in th is  w o rk . M ig ra tio n  sp eed  is in co rp o ra ted  b a se d  on  a co m b in a tio n  o f  the 

sp e c ie s  o w n  d isp e rsa l c ap a c ity  an d  th e  tran sp o rta tio n  v ia  sh ipp ing . D isen tan g lin g  th e  

im p o rtan ce  o f  b o th  fac to rs  w o u ld  b e  v e ry  in te res tin g  to  d e te rm in e  th e  im p o rta n ce  o f  h u m an  

m ed ia te d  tran sp o rt. F in a lly , o n ly  a lim ite d  n u m b er o f  w a te r  q u a lity  p a ram e te rs  w e re  in c lu d e d  

in  th e  P E G A S E  w a te r  q u a lity  m o d e l an d  c o n se q u en tly  in  th e  r isk  a sse ssm e n t m o d els  as w e ll. 

In co rp o ra tin g  o th e r v a ria b le s  co u ld  in c rease  th e  p e rfo rm a n ce  and  a cc u rac y  o f  o u r  m o d e ls  as 

w ell.

Recommendations for management of invasive alien macroinvertebrate 

species

T o  da te , E u ro p ean  U n io n ’s re sp o n se  to  th e  p ro b lem s o f  a lie n  sp ec ie s  has b e e n  d riv en  b y  

c o m m itm en ts  to  in te rn a tio n a l ag ree m e n ts , su c h  as T h e  W o rld  T rad e  O rg a n isa tio n  A g re em e n t 

on  th e  A p p lica tio n  o f  S an ita ry  a n d  P h y to sa n ita ry  M easu res a n d  th e  C o n v e n tio n  on  B io lo g ica l 

D iv e rs ity  (H u lm e  e t a l., 2 0 0 9 ). T h ese  c o m m itm e n ts  h av e  n o t a lw ay s b een  su p p o rte d  b y  ac tio n  

an d  av erag e  an n u al ra te s  o f  a lien  sp ec ie s  e s tab lish m en t in  E u ro p e  h ave  p ro g re ss iv e ly  

in c reased  o v e r  th e  la s t  c en tu ry  fo r  m a n y  ta x a  (H u lm e  e t a l., 2 0 09). T h e re fo re , th e  E u ro p ea n  

C o m m iss io n  h as p u t  fo rw ard  a  p ro p o sa l to  th e  E u ro p ea n  C o u n c il and  P a rlia m en t fo r  an  E U  

s tra te g y  o n  in v as iv e  a lie n  sp ec ies . T h e  s tra te g y  e m p h asize s  p re v en tio n  as th e  m o st c o s t-  

e ffe c tiv e  w ay  fo iw a rd  an d  p re sen ts  th re e  n e w  p o licy  op tio n s: m ax im ise  th e  u se  o f  ex is tin g  

lega l in stru m en ts; ad ap t ex is tin g  leg is la tio n  th ro u g h  sp ec ific  a m en d m en ts  o r  e s tab lish  a 

c o m p reh en s iv e , d e d ic a te d  lega l fram e w o rk  to  ad d ress  b io lo g ica l in v as io n s . F o llo w in g  th e  

‘In v asiv e  N o n -N ativ e  S p ec ies S tra te g y  fo r G rea t B rita in ’ (D effa , 2 0 0 8 ), w h ich  w as  d ev e lo p ed  

jo in t ly  b y  g o v e rn m e n t and  s ta k eh o ld e rs  an d  is th e  f irs t  o f  its k in d  in E u ro p e , th e  re sp o n se  is 

n ow , once a new  species is found, to  s lo w  th e  sp re ad  b y  ap p ly in g  b e tte r  b io se cu rity  th ro u g h  th e  

'C h eck , C lean , D ry ' a p p ro ach  (w w w .n o n n a tiv e sp e c ie s .o rg /c h ec k c le an d ry ). T h is  is im p o rtan t, 

n o t o n ly  to h e lp  s lo w  th e  sp re ad  o f  one particular sp ec ies , b u t a lso  o th e r in v as iv e  sp ec ie s  th a t
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m ig h t b e  p re se n t in  the w ater. F o r m o re  ex am p les o n  leg isla tio n , reg u la tio n s  and  codes o f  

co n d u c t th a t are re le v a n t to  th e  m an a g em e n t o f  in v as io n  p a th w ay s in  E u ro p e  w e  re fe r  to 

H u lm e  e t al. (2 0 0 8 ). H o w ev e r, m ost o f  th e se  e ffo rts  focus on  in te n tio n a l in tro d u c tio n s , 

w h e reas  recen t in tro d u c tio n s  a re  in c re as in g ly  u n in ten tio n a l. M a jo r g ap s e x is t in th e  b in d in g  

in te rn a tio n al re g u la to ry  fram ew o rk , e sp e c ia lly  as re la te s  to  hu ll fo u lin g , a ir  tran sp o rt, to u rism , 

p e ts  and  a q u ariu m  a n d  g a rd en  sp ec ies , live  b a it  an d  p lan t seed s an d  in te rb as in  w a te r  tran sfe rs  

an d  canals.

T h e  e s tab lish m en t o f  a  ‘b lack  lis t’ o f  sp ec ie s  p ro h ib ite d  fo r  im p o rt an d  sa le  in E u ro p e  th a t 

w o u ld  p rio ritise  th o se  sp e c ie s  th a t c au se  th e  m o st s ig n ifican t th rea ts  h a s  b een  p ro p o sed  to 

im p ro v e  th e  ex is tin g  leg isla tio n . H o w ev e r, it is n o t easy  to q u a n tify  th e  im p ac t o f  th ese  

sp ec ies an d  it is o f te n  tim e  an d  m o n ey  c o n su m in g  to  o ffic ia lly  b lac k lis t th ese  sp ec ies . In  

ad d itio n , a n o th e r p ro b le m  is th a t a  s ig n ific a n t p ro p o rtio n  o f  in v as iv e  a lien  sp ec ies in  E u ro p e  

are  in d ig en o u s e lsew h ere  in E u ro p e . B lack lis ts  m ay  th e re fo re  n e e d  a  re g io n a l o r  n a tio n a l 

focus. T h e re  a re  p re lim in a ry  g u id e lin es  fo r e n v iro n m en ta l im p ac t a sse ssm e n t and  

c la ss if ica tio n  o f  a lien  sp e c ie s  in so m e E u ro p ea n  c o u n trie s  (V e rb ru g g e  e t a l., 2 0 1 2 ) an d  in 

B e lg iu m  (B ran q u art, 2 0 1 1 ). A  g o o d  e x am p le  o f  th is is th e  fram ew o rk  fo r b io in v as io n  im p ac t 

a sse ssm en t p ro p o se d  b y  Z a ik o  e t aí. (2011). T h e  m e th o d o lo g y  is b a se d  on  a  c la ss ifica tio n  o f  

th e  ab u n d an ce  a n d  d is tr ib u tio n  o f  a lien  sp ec ie s  an d  th e  m ag n itu d e  o f  th e ir  im p ac ts  o n  

in d ig en o u s  c o m m u n itie s , h ab ita ts  an d  e co sy stem  fu n c tio n in g  a g g reg a te d  in a  ‘B io p o llu tio n  

L e v e l’ in d ex  (B P L ) w h ic h  ran g es fro m  ‘n o  im p a c t’ (B P L  =  0) to  ‘m assiv e  im p a c t’ (B P L  =  4).

In  B e lg iu m , th e  c la ss if ic a tio n  is b a se d  on  a  s im p lified  e n v iro n m en ta l im p ac t a sse ssm en t 

p ro to co l an d  th e  g e o g rap h ic  d is trib u tio n  o f  a lien  spec ies. S u ch  a  ca teg o risa tio n  p ro v id es  a  

sc ien tific  b a ck g ro u n d  to  p rio ritise  a c tio n s  to  p re v en t in tro d u c tio n  an d  m itig a te  th e  im p ac t o f  

a lien  sp ec ie s , in c lu d in g  th e  im p ro v e m en t o f  th e  leg isla tiv e  fram ew o rk . C u rren tly , little  o r no  

a tte n tio n  is a d d ressed  to  th e  im p a c t an d  sp re ad  o f  alien  m ac ro in v e rteb ra te s  in  F landers . M o s t 

in te res t is a ttr ib u te d  to  la rg e  m am m als  a n d  p lan ts . O n ly  fo r  tw o  sp ec ie s , Procambarus clarkii 

an d  Eriocheir sinensis , an  e n v iro n m en ta l im p ac t has b een  a sse ssed  (E . B ran q u art, pers. 

co m m .). In  th is re sp ec t, th e  re su lts  a n d  m o d e ls  ob ta in ed  fro m  th is s tu d y  co u ld  b e  u sed  to  se t 

up  an  e ffec tiv e  m a n a g em e n t to  re d u ce  th e  in tro d u c tio n , sp re ad  a n d  im p ac t o f  a lien  

m ac ro in v e rteb ra te  sp e c ie s  in F lan d ers . T h is  co u ld  be a ch iev e d  b y  p r io r itis in g  th o se  sp ec ie s  

w h ich  a re  k n o w n  to  c au se  h igh  im p ac ts  a n d  m o n ito rin g  th o se  reg io n s  w h ic h  are in d ica ted  as 

h o t sp o ts  fo r  a lien  sp e c ie s  in tro d u c tio n s . In  o u r  op in io n , it is a lso  im p o rta n t to  assess th e
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im p ac t an d  r isk  o f  p o ten tia l fu tu re  inv ad ers , s in c e  o nce  a sp e c ie s  is e stab lish ed , it  is very  

d ifficu lt o r  n e a r ly  im p o ssib le  to  e rad ica te  them . In  ad d itio n , sev e ra l m a n a g em e n t m ea su re s , 

such  a s  b a lla s t w a te r  co n tro l, reg u la tio n s  re g a rd in g  th e  tra d e  o f  aq u a tic  a lie n  sp ec ie s  and  

fu rth e r in sig h t in  in v ad ed  eco sy stem s w ill b e  necessa ry .

Recommendations for further research

T h e  h e re  d e v e lo p ed  m o d e ls  p re d ic tin g  th e  fu tu re  d isp e rsa l o f  a lien  sp e c ie s  d id  n o t a lw ays 

h av e  a h ig h  p e rfo rm a n ce . T h is  co u ld  b e  a ttr ib u te d  to  d iffe re n t e le m en ts  a s  d iscu ssed  in 

c h ap te r  7 an d  8. T o  in c rease  th e  p e rfo rm a n ce  o f  th e  m o d e ls  so m e  e le m en ts  w h ic h  co u ld  be 

h e lp fu l are p ro p o se d . F irs t o f  a ll  m an y  sp ec ie s  w e re  o n ly  re c e n tly  in tro d u c ed  in  F lan d ers  an d  

m ay  n o t h av e  re a c h e d  th e ir  m ax im al d is trib u tio n  p o ten tia l. T h ere fo re , it w o u ld  b e  in te res tin g  

to  re -ev a lu a te  th e  d e v e lo p e d  m o d e ls  w ith  d a ta  fro m  o th e r reg io n s  a n d  o th e r co u n tries . In  th is 

w a y  m o d els  c o u ld  b e  d ev e lo p ed  th a t a re  b a s ica lly  a p p licab le  a n y w h e re  w h e re  th e  sp e c ie s  is 

a lien . It w as a lre ad y  d em o n s tra ted  in  B oe ts e t  a l. (in  p re ss  b) th a t th e  in p u t d a ta  an d  the 

e n v iro n m en ta l co n d itio n s  a re  im p o rtan t to  b e  ab le  to  u se  a  m o d e l th a t w a s  d e v e lo p ed  in  one 

reg io n  in  a n o th e r  reg io n . S eco n d ly , a lien  sp ec ies a re  v e ry  o p p o rtu n is tic  an d  it is  n o t a lw ays 

p o ss ib le  to  in co rp o ra te  th is  v a ria b ility  in h eren t to  a lien  sp ec ies . M an y  a lien  sp ec ies can  

su rv iv e  a  w id e  ra n g e  o f  e n v iro n m en ta l co n d itio n s. A  p o ss ib le  so lu tio n  co u ld  b e  fo u n d  in 

F u zzy  L o g ic  m o d e ls . T h e se  m o d els  a re  b a sed  on  s im p le  ru les  d e riv e d  fro m  e x p e rt k n o w led g e  

th a t c an  p re d ic t  w h e th e r  a  sp ec ie s  c an  estab lish  a  p o p u la tio n  o r n o t u n d e r  certa in  

en v iro n m en ta l co n d itio n s.

In  th is  s tu d y  an  in te g ra te d  a p p ro ac h  w as a im ed  fo r  w h e re  th e  im p a c t o f  d iffe re n t a lien  

m ac ro in v e rteb ra te s  w as in v es tig a te d  fo r  d iffe ren t aq u atic  e co sy stem s b a se d  o n  a  c o m b in a tio n  

o f  fie ld  da ta , lab  s tu d ies  an d  d a ta -d riv e n  m o d ellin g . T h e  im p a c t a sse ssm e n t m a in ly  fo cu ssed  

on  th e  s tru c tu re  o f  th e  m ac ro in v e rteb ra te  co m m u n ity . In th e  n e x t s tep , it w o u ld  b e  in te res tin g  

to a n a ly se  th e  im p a c t o f  a lie n  m ac ro in v e rteb ra te s  on  eco sy stem  leve l. T h is  m ean s th a t the  

ch an g es in  s tru c tu re  a s  w e ll  as fu n c tio n in g  o f  th e  e co sy s tem  c o u ld  b e  an a ly sed . A  fo o d  w eb  

m o d el co u ld  b e  d e v e lo p e d  to  in v es tig a te  th e  im p ac t on d iffe ren t tro p h ic  lev e ls  (p lan k to n , fish , 

b ird s) in o rd e r  to  a c h ie v e  a  b e tte r  m ech an istic  u n d e rs tan d in g  o f  th e  in tro d u c tio n  o f  in v asiv e  

a lien  m a c ro in v e rteb ra te s . T h e  stru c tu re  o f  th e  eco sy stem  c o u ld  b e  m o d e lled  b a se d  on 

c o h es io n  a n a ly s is , a  te c h n iq u e  th a t has b een  re c e n tly  ap p lie d  in e c o lo g y  (K rau se  e t al., 2003).

T h ere  a re  se v e ra l m a in  h y p o th eses , w h ic h  a re  g e n e ra lly  accep ted , b u t n o t a lw ay s su p p o rte d  by  

all tax o n o m ic  g ro u p s  an d  h a b ita ts  (Je sch k e  e t al., 2 0 1 2 ). T o  th is e n d  it w o u ld  b e  in te res tin g  to
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in v e s tig a te  i f  th e se  m ain  h y p o th eses  in  in v as io n  eco lo g y  are a lso  ap p licab le  fo r 

m ac ro in v e rteb ra te s  an d  fo r th e  aq u atic  en v iro n m en t. S o m e  e x am p les  lik e  th e  ten s ru le  an d  the 

b io tic  re s is tan c e  w e re  a lread y  b ro u g h t u p  d u rin g  th is  stu d y , b u t n o t in v es tig a ted  in  deta il. A  

g o o d  e x p e rim e n ta l d e s ig n  co n sid e rin g  th e  in v ad e r-ec o sy s te m  in te rac tio n s  w o u ld  help  to 

d e c id e  to  a cc ep t o r d ec lin e  th ese  m a jo r  h y p o th eses . A s  sc ien ce  a n d  th e  p ro g ress  in  in v asio n  

e c o lo g y  is  p ro c e e d in g  a t  a  v e ry  h ig h  speed , n e w  tec h n iq u es  an d  h y p o th eses  w ill b e  d isco v ered  

g iv in g  th e  o p p o rtu n ity  to  u n rav el th e  c o m p le x ity  o f  in v as io n  eco lo g y .
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Appendix

Appendices

A ppendix 8.1 M ain characteristics o f  d ifferent river types presen t in  F landers (based on 
Jochem s et al., 2002)

R iver types H ydro-ecoregion C atchm ent area Salinity PSU

Sm all stream Sand/sandy loam /loam < 5 0  km 2 < 0 .5

Sm all stream  Kempen Kem pen < 5 0  km 2 < 0 .5

Large stream Sand/sandy loam/loam 50-300 km 2 < 0 .5

Large stream  Kem pen K em pen region 50-300 km 2 < 0 .5

Sm all river Any 300-600 km 2 < 0 .5

Large river Any 600-10000 km 2 0-5

V ery large river Any > 10000 km2 < 0 .5

Polder watercourse Polder Not applicable 0.5-5
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A ppendix 8.2 R egression tree m odel for Dikerogammarus villosus

C O D
>23.3 m g 1'

o P 0 4
<0.6 mg I'-n -> 1-1 > 0 -6 >0.2 mg 1 - A ><0.2 mg i‘-

02L M 1 L M 2 L M 9 <8.4 mg l"1

02
. p o .-i <0.3 mg 1‘-> 8 .2  mg 1 - >0.3 mg I'1

L M 3 L M 4 ( o P 0 4 )

<0.4 mg i V V 0-4  ̂ "

02

> 9 .3<9.3 mg 1‘-

L M 6 L M SL M 5 L M 7

L in e a r reg re ss io n  equations:

LM 1 =  -0 .0 0 1 2  * C O D  - 0 .0 0 6 7  * K jN  - 0 .0641  * o P 0 4  +  0 .0 2 2 7  * 0 2  +  0 .6 6 4 3

L M 2  =  -0 .0 0 1 4  * C O D  - 0 .0 7 9 7  * K jN  - 0 .0 7 4 9  * o P 0 4  +  0 .7 7 6 8

L M 3  =  -0 .0 0 4 4  * C O D  - 0 .0 0 1 9  * K jN  - 0 .0 3 9 9  * o P 0 4  +  0 .0741 * 0 2  +  0 .0 9 4 4

L M 4  =  -0 .0005  * C O D  - 0 .0 0 1 9  * K jN  - 0 .0 3 9 9  * o P 0 4  +  0 .142

L M 5 =  -0 .0005  * C O D  - 0 .0 0 1 9  * K jN  + 0 .1 3 3 8  * o P 0 4  - 0 .0251  * 0 2  +  0 .5 1 2 6

L M 6  -  -0 .0005  * C O D  - 0 .0 0 1 9  * K jN  +  0 .1 3 3 8  * o P 0 4  - 0 .0 1 8 7  * 0 2

L M 7  =  -0 .0 0 0 5  * C O D  - 0 .0 0 1 9  * K jN  - 0 .6 8 3 4  * o P 0 4  +  0 .0 1 3 8  * 0 2  +  0 .7 2 4 5

L M 8  =  -0 .0 0 0 5  * C O D  - 0 .0 0 1 9  * K jN  - 1 .4417  * o P 0 4  - 0 .0 1 2 9  * 0 2  +  1.074

L M 9  =  -0 .0 0 0 5  * C O D  - 0 .0 0 1 9  * K jN  - 0 .0 8 3 2  * o P 0 4  +  0 .1327

Figure Regression tree model indicating the habitat suitability o f  Dikerogammarus villosus based on 

measured physical-chemical variables. COD =  chemical oxygen demand, oP 04  = orthophosphate 

concentration, 0 2  =  dissolved oxygen concentration. L M  indicates the linear regression equation.
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Summary

B e sid es  h a b ita t  frag m e n ta tio n , th e  in tro d u c tio n  o f  in v as iv e  sp e c ie s  is co n sid e red  to  b e  one o f  

th e  g re a te s t  th re a ts  to  g lobal b io d iv e rsity . D u e  to  in c re ased  g lo b a l trad e , h a b ita t deg rad a tio n  

a n d  c lim a te  c h a n g e  th e  n u m b er o f  sp ec ies in tro d u c tio n s  has in c re a sed  sp ec tacu la rly  d u rin g  the 

last d e ca d es . T h is  h as le d  to ch an g es in  s tru c tu re  an d  fu n c tio n in g  o f  eco sy stem s w orldw ide .

In  th is  s tu d y , th e  im p a c t and  sp read  o f  a lien  m ac ro in v e rteb ra te s  in  su rfa ce  w a te rs  in F landers 

w as in v es tig a ted . T o  th is  end , a  larg e  d a tab ase  c o n s is tin g  o f  b io lo g ic a l and  p h y sica l-ch em ica l 

d a ta  w as u se d , w h ich  w as  c o lle c ted  b y  th e  F le m ish  E n v iro n m e n t A g e n c y  an d  su p p lem en ted  

w ith  o w n  sa m p lin g  cam paigns. A n  in teg ra ted  a p p ro ac h  w as a im ed  fo r, w h e re  th e  resu lts  from  

la b o ra to ry  s tu d ie s , lo n g -te rm  fie ld  d a ta  a n a ly sis  an d  d a ta -d riv e n  m o d e llin g  w ere  co m b in ed  in 

o rd e r  to  g a in  in s ig h t in  th e  eco lo g y  o f  a lie n  m ac ro in v e rteb ra te  sp e c ie s  a n d  th e  d riv ers  th at 

c au se  c h an g e s  in  m ac ro in v e rteb ra te  co m m u n ity  co m p o s itio n .

A  d e ta ile d  s tu d y  o n  th e  d is tr ib u tio n  o f  a lie n  m ac ro in v e rteb ra te s  in  F lan d ers  rev ea led  that in  

to ta l, 65 a lie n  m ac ro in v e rteb ra te s  a re  e stab lish ed  o f  w h ich  4 0  a re  re g u la r ly  en co u n tered  in  

fresh  a n d  s lig h tly  b rack ish  in lan d  w a ters . M o s t a lie n  tax a  b e lo n g e d  to  th e  c ru s tacean s  and  

m o llu sc s  o r ig in a tin g  fro m  N o rth  A m e ric a  an d  th e  P o n to -C a sp ian  reg io n . M a n y  a lien  species 

w e re  firs t d isc o v e re d  in  the  eas t o f  F lan d ers  fro m  w h ere  th ey  s ta r te d  th e  co lo n isa tio n  o f  the 

cen tra l an d  w e s te rn  p a rts  o f  F lan d ers . C h an g es  in  th e  m ac ro in v e rteb ra te  co m p o s itio n  w ere  

d isc o v e re d  d u rin g  th e  la s t tw o d e ca d es  as a  re su lt o f  c h an g in g  en v iro n m en ta l co n d itio n s and  

th e  in tro d u c tio n  o f  a lien  species.

W h en  an a ly s in g  th e  facto rs th a t fav o u red  th e  e s tab lish m en t an d  sp re ad  o f  alien  

m ac ro  in v e rteb ra te s  it w as fo u n d  th a t sh ip p in g , h y d ro -m o rp h o lo g ica l an d  p h y sica l-ch em ica l 

fac to rs  w e re  d e tr im en ta l fo r th e  su ccess  o f  a lien  m ac ro in v e rteb ra te s . C an a ls , h a rb o u rs and  th e  

p o ld e r  w a te rs  w e re  h o t sp o ts  fo r a lien  sp ec ie s  in tro d u c tio n s . S m all s tream s w e re  less invaded  

by  a lie n  m ac ro in v e rteb ra te s  p ro b a b ly  b ecau se  o f  a h ig h er b io tic  re s is tan c e  an d  th e  lack  o f  

p ro p e r  v ec to rs . C ase  s tu d ies o f  d iffe ren t aq u a tic  eco sy stem s h e lp e d  u n d e rs tan d in g  the 

d iffe re n t fac to rs  co n trib u tin g  to  su ccess fu l in v asio n s .

T h e  c ase  s tu d y  on  th e  h a rb o u r o f  G h e n t in d ic a te d  th a t p re v io u s ly  d e g rad e d  eco sy stem s are

fa v o u ra b le  fo r th e  e a r ly  e s tab lish m en t b y  a lien  m ac ro in v e rteb ra te s . W ith  im p ro v in g  chem ica l

w a te r  q u a lity  d u e  to  the in sta lla tio n  o f  w a s te w a te r  trea tm e n t p lan ts  an d  a stricter

en v iro n m en ta l leg is la tio n  no t o n ly  in d ig en o u s, b u t a lso  a lien  m ac ro in v e rteb ra te s  co lo n ised  the
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h a rb o u r  o f  G h en t. In  th e  p o ld e r  w a te rs  th e  in d ig e n o u s  b ra ck ish  w a te r  sp e c ie s  d ec reased  in 

ab u n d an c e , w h e rea s  th e  A m e ric an  a m p h ip o d  Gammarus tiginus q u ick ly  to o k  in  a  d o m in an t 

p o s itio n  a f te r  its e s tab lish m en t. T h ese  o b se rv ed  c h an g e s  a re  p ro b a b ly  c au sed  b y  a  d ec rease  in 

sa lin ity  w h ic h  c o in c id ed  w ith  an  in crease  o f  f re sh w a te r  a sse lid s  an d  th e  e u ry h a lin e  sp ec ies G. 

tigrinus. It w a s  n o t o n ly  th e  in tro d u c tio n  o f  th e  in v as iv e  am p h ip o d , b u t th e  co m b in a tio n  w ith  

c h a n g in g  en v iro n m en ta l c o n d itio n s th a t c au sed  th e  c h an g e s  in  m  aero  in v erteb ra te  co m position . 

T h e  c a se  s tu d y  o n  th e  B e lg ian  co asta l h a rb o u rs  c o n firm e d  e a r lie r  fin d in g s  th a t b rack ish  w a te rs  

a re  c h a ra c te rised  by  a  lo w  n a tu ra l sp ec ies d iv e rs ity  an d  a  re la tiv e ly  h ig h  n u m b er o f  a lien  

sp ec ie s . T h e  h a rb o u r  o f  Z eeb ru g g e , w h ich  re c e iv e d  m o s t in te rn a tio n a l sh ip s , h ad  th e  h ig h es t 

d iv e rs ity  o f  a lie n  m ac ro in v e rteb ra te s  an d  w a s  a lso  c h a ra c te rised  b y  a  h ig h  site  sp ec ific  

b io c o n ta m in a tio n  index .

T h e  k n o w le d g e  g a th e red  d u rin g  th e  case  s tu d ie s  w a s  u se d  w h e n  m ak in g  p red ic tio n s  on th e  

fu tu re  d is tr ib u tio n  o f  a lien  m ac ro cm sta ce an s  in  F lan d ers . B a se d  on  d a ta -d riv e n  c la ss ifica tio n  

a n d  re g re ss io n s  tree s  it w as fo u n d  th a t a lien  m ac ro c ru s ta c ea n s  p re fe r  la rg e  r iv e rs  an d  can a ls  

w ith  a  g o o d  ch em ica l w a te r  q u a lity  an d  th a t w ith  in c re a s in g  co n d u c tiv ity  th e  ab u n d an ce  an d  

sp e c ie s  rich n ess  o f  a lien  m ac ro cm sta ce an s  in c re a se s  in  th e  b ra ck ish  w a te r  en v iro n m en t. W h en  

in co rp o ra tin g  th e  im p ro v em en ts  in  w a te r q u a lity , it w as fo u n d  th a t th e  n u m b e r o f  a lien  sp ec ie s  

(a lien  sp ec ie s  d iv e rs ity )  w ill in crease  in th e  fu tu re , b u t  th a t th e  frac tio n  o f  a lie n  sp ec ies (a lien  

sp e c ie s  a b u n d an c e ) w ill re m a in  stable.

In  th e  la s t s tep , an  in teg ra ted  m o d e l co u p lin g  a  h a b ita t  su itab ility  m o d e l, a w a te r q u a lity  

m o d e l a n d  a  m ig ra tio n  m o d e l w as d e v e lo p ed  to  p re d ic t  th e  fu tu re  d is tr ib u tio n  o f  a  h ig h ly  

in v as iv e  a lien  a m p h ip o d  sp ec ie s , Dikerogammarus villosus. I t  w as fo u n d  th a t D. villosus w ill 

in v ad e  m o re  la rg e  w a te rco u rse s  in  F lan d ers  d u rin g  th e  n e x t f if teen  y e a rs  as a re su lt o f  

d e c re ase s  in  C O D , n itro g en  an d  p h o sp h o ro u s  lo ad s  an d  an  in c rease  in  o x y g e n  co n cen tra tio n . 

It w a s  c a lc u la te d  th a t D. villosus sp read s  w ith  an  av erag e  sp e e d  o f  five  k m  p e r  y e a r and  th a t 

g iv en  th e  re la tiv e ly  sm a ll s ize  o f  F lan d ers , m ig ra tio n  sp e e d  w ill n o t l im it its m ax im al 

d isp e rsa l. T h e  h e re  d e v e lo p ed  m o d e l co u ld  b e  a p p lie d  as an  e ffic ien t to o l b y  dec is io n  m ak e rs  

to  p e rfo rm  r isk  a n a ly sis  fo r  (p o ten tia l) in v as iv e  m ac ro in v e rteb ra te  sp ec ie s  to  d e te rm in e  the  

fu tu re  d is tr ib u tio n  ran g e  a s  th is  co u ld  h e lp  to  re d u ce  th e  n u m b e r  o f  sp ec ie s  in tro d u c tio n s an d  

th e  im p a c t th e y  h av e  o n  e co sy stem  fu n c tio n in g .

B e sid es  p e rfo rm in g  risk  a sse ssm en t se v e ra l m an a g em e n t m ea su re s , su c h  as b a lla st w a te r  

c o n tro l, reg u la tio n s  reg ard in g  th e  trad e  o f  aq u atic  a lie n  sp e c ie s  an d  fu rth e r in s ig h t in  in v ad ed
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eco sy stem s are  n ecessa ry  to re d u ce  th e  fu rth e r sp read  a n d  m in im ise  th e  im p ac t o f  in v as iv e  

a lie n  spec ies.
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Samenvatting

D e in tro d u c tie  v a n  in v as ie v e  so o rten  w o rd t n aas t h a b ita tfrag m en ta tie  a an z ie n  ais een  van  de 

b e lan g rijk s te  b ed re ig in g e n  v o o r d e  g lo b a le  b io d iv e rsite it. G ed u ren d e  d e  laa ts te  tie n ta llen  ja re n  

w erd  een  sp e c ta cu la ire  to en am e  in  n ieu w e  so o rten  w a a rg e n o m en  ais g e v o lg  v an  d e  s tijg in g  in  

in te rn a tio n a le  h an d el, to en e m en d e  h ab ita td eg rad a tie  en  k lim a a tsv e ran d e rin g en . D it h e e f t e en  

b e la n g rijk e  in v lo e d  u itg e o e fe n d  op d e  s tru c tu u r en  fu n c tio n a lite it v an  e co sy stem en  in  d e  h e le  

w ereld .

In  d eze  s tu d ie  w e rd  d e  v e rsp re id in g  en  im p ac t v an  e x o tisch e  m a c ro in v e rteb ra te n  in  

o p p e rv la k te w a te re n  in  V la an d e ren  (B e lg ië ) o n d e rzo ch t a an  d e  h a n d  v a n  e en  o m v an g rijk e  

d a tab an k  d ie  zo w el b io lo g isc h e  ais p h y sic o -ch e m isc h e  en  h y d ro -m o fo lo g isc h e  d a ta  bevatte . 

D eze  d a tab ase  w e rd  sa m en g e ste ld  aan  d e  h an d  v an  d a ta  v e rza m e ld  d o o r d e  V laam se  

M ilie u m aa tsch a p p ij, a a n g e v u ld  m et e ig en  staa ln am es. O p  b asis v an  een  g e ïn te g re e rd e  aanpak  

w aarb ij de  re su lta te n  v a n  lab o ra to riu m  tes ten , m u ltiv a ria te  v e ld  d a ta  an a ly se s en  d a ta -  

g ed rev en  m o d e le rin g  w e rd en  g e co m b in ee rd  om  zo  in z ich t te  v e rw erv e n  in  d e  e co lo g ie  van  

e x o tisch e  m a c ro in v e rteb ra te n  en erz ijd s  en  d e  s tu ren d e  v a ria b e le n  d ie  v e ran d e rin g e n  

v e ro o rzak en  in  d e  m ac ro in v e r teb ra te n  g em een sch ap  an derz ijd s.

O p b asis  v a n  e en  g e ta ille e rd e  stu d ie  o v e r  h e t v o o rk o m en  en de d is tr ib u tie  v an  ex o tisch e  

m ac ro in v e rteb ra te n  in  V la an d e ren  k o n  e r  w o rd en  v a s tg es te ld  da t e r  m in s ten s  65 v e rsch illen d e  

e x o tisch e  so o rte n  v o o rk o m en , w aarv an  e r  40  re g e lm a tig  w o rd e n  a an g e tro ffe n  in  zo e t en  b rak  

w a te r  en  s lech ts  e en  25  tai in  h e t m arien e  m ilieu . D e  m ee ste  e x o tisch e  ta x a  b e h o ren  to t de  

cm s ta ce e ën  en  m o llu sk e n  a fk o m stig  v an  N o o rd -A m e rik a  en  de P o n to -K asp isch e  reg io . V ele  

v an  de  e x o tisc h e  m a c ro in v e rteb ra te n  w e rd en  v o o r de ee rs te  k e e r w a a rg e n o m en  in  he t oosten  

v a n  V la an d e ren  v a n  w a a ru it d e  v e rd ere  k o lo n isa tie  p laa tsv o n d . V e ran d e rin g en  in  de  

sam en s te llin g  v a n  d e  in h eem se  m ac ro in v e rteb ra te n  g em een sch ap  w e rd e n  w aarg en o m en  

tijd e n s  d e  laa ts te  tw e e  d e ce n n ia  ais g ev o lg  v a n  een  v e ran d e ren d e  o m g ev in g  en  de in troductie  

v an  e x o tisch e  m ac ro in v e rteb ra ten .

E en  a n a ly se  v a n  d e  fac to ren  d ie  d e  in tro d u c tie  en  v e rsp re id in g  v an  ex o tisch e  

m ac ro in v e rteb ra te n  b e v o rd e re n  d u id t e rop  da t h y d ro -m o rfo lo g isch e  en  fy sico -ch em isch e  

fac to ren  in  b e la n g rijk e  m a te  h e t su cces  v an  n ieu w e  in tro d u c tie s  bep aa lt. K a n a len , hav en s en  

de b rak k e  p o ld e rw a te rlo p e n  z ijn  ‘h o t s p o ts ’ v o o r d e  in tro d u c tie  v a n  e x o tisch e  soorten . 

K le in e re  riv ie ren  en  b e k e n  z ijn  in  h e t a lg e m ee n  m in d e r g e in v ad ee rd  w a a rsc h ijn lijk  ais g ev o lg
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v a n  e en  h o g e re  n a tu u rlijk e  d iv e rs ite it en  e en  g e b rek  a an  in tro d u c tie  v ec to ren . O n d e rzo e k  op 

b as is  v an  case  s tu d ie s  v an  de v e rsch illen d e  a q u a tisch e  e co sy stem en  lie t to e  o m  in z ic h t te 

k rijg en  in de  v e rsch illen d e  fa c to ren  d ie  b ijd rag en  a an  een  su c c esv o lle  in vasie .

D e c ase  s tu d ie  b e tre ffe n d e  de  h a v en  v an  G en t to o n d e  aan  d a t n a  e en  v e ro n tre in ig in g sg o lf  o f  

v e rs to rin g  riv ie ren  g e m a k k e lijk e r  g e in v a d ee rd  w o rd e n  d o o r e x o tisc h e  m a c ro in v e rteb ra te n  in 

d e  d aa ro p v o lg en d e  fase . A is g ev o lg  v a n  een  b e te re  c h em isch e  w a te rk w a lite it d o o r de  

in s ta lla tie  v an  w a te rz u iv e rin g s in s ta lla tie s  en  een  s tr ik te re  re g e lg ev in g  a a n g a an d e  d e  lo z in g  

v a n  a fv a lw a te r k o lo n isee rd en  n ie t  a lle en  in h eem se  m aa r o o k  e x o tisc h e  m ac ro in v e rteb ra te n  de 

h a v en  v an  G en t. D e  stu d ie  in  d e  p o ld e rs  to o n d e  aan  d a t in h eem se  b ra k w a te r  so o rten  in 

ab u n d an tie  d a a ld en , te rw ijl d e  N o o rd -A m e rik a a n se  am p h ip o d e  Gammarus tigrinus n a  z ijn  

in tro d u c tie  sn e l e en  d o m in an te  p o s itie  innam . D e  v e ran d e rin g  in  so o rte n sa m e n s te llin g  is 

w a arsch ijn lijk  h e t g e v o lg  v an  een  d a lin g  in  d e  sa lin ite it w a t aan le id in g  g a f  to t e en  to en am e  in 

ab u n d an tie  v a n  d e  zo e tw a te rso o rte n  en  d e  eu ry h a lien e  so o rt G. tigrinus. B ij g ev o lg  is h e t n ie t 

a lle en  d e  in tro d u c tie  v an  d e  in v as ie v e  am p h ip o d e , m aa r een  co m b in a tie  m e t d e  v e ran d e ren d e  

m ilieu o m sta n d ig h e d en  d ie  d e  v e ran d e rin g  in d e  m ac ro in v e rteb ra te n  g em een sch ap  h eeft 

v e ro o rzaak t. D e  s tu d ie  u itg e v o e rd  in  d e  B e lg isc h e  zeeh av en s  b e v es tig d e  d e  ee rd e re  

b e v in d in g en  d o o r an d ere  o n d e rzo ek ers , n am e lijk  da t b ra k w a te r w o rd t g e k en m erk t d o o r een  

lage n a tu u rlijk e  so o rte n  rijk d o m  e n  e en  re la tie f  h o o g  aan ta l a an  e x o tisc h e  so o rten . In  de  h av en  

v a n  Z eeb ru g g e , w e lk e  g e k en m erk t w e rd  d o o r een  g ro o t aan ta l in te rn a tio n a le  

sc h e ep v a a rtb ew eg in g e n , w e rd en  d e  m eeste  e x o tisch e  so o rten  te ru g g e v o n d en  en  b ijg e v o lg  

w erd  d eze  h a v en  d an  oo k  g e k en m erk t d o o r een  h o g e  b io co n tam in a tie .

D e k en n is  d ie  v e rz a m e ld  w erd  tijd e n s  d e  v e rsch illen d e  case  s tu d ie s  w e rd  n ad ien  g e b ru ik t om  

accu ra te re  m o d e llen  en  v o o rsp e llin g e n  te  k u n n e n  m ak e n  o v e r d e  to ek o m stig e  v e rsp re id in g  

v an  e x o tisch e  m ac ro c ru s ta c ee ën  in  V laan d e ren . O p  b a s is  v an  d a ta  g e d rev e n  c la ss if ic a tie -  en  

re g re ss ie b o m en  w e rd  e r  aan g e to o n d  da t e x o tisch e  m ac ro cru s ta c ee ën  een  v o o rk e u r  h eb b en  

v o o r g ro te  r iv ie re n  en  k a n a len  m e t een  g o ede  ch em isch e  w a te rk w a lite it en  d a t m et 

to en em en d e  c o n d u c tiv ite it d e  ab u n d an tie  en  so o rten rijk d o m  v an  e x o tisc h e  so o rten  to en a m  in 

b rak  w a ter. A is  g e v o lg  v a n  d e  v e rb e te r in g e n  in de  w a te rk w a lite it zu llen  e r  in  d e  to ek o m st 

m ee r e x o tisc h e  so o rte n  v o o rk o m en , m aa r  zal hu n  to ta le  frac tie  (d e  ab u n d an tie  a an  e x o tisch e  

so o rten ) o n g e v ee r  g e lijk  b lijv e n  aan  h e t h u id ig e  n iv eau .

In de  fin a le  fa se  v a n  d it o n d e rzo e k  w e rd  e r  een  g e ïn te g re e rd  m o d e l o n tw ik k e ld  w aarb ij e r  een  

h ab ita tg e sc h ik th e id sm o d e l m e t een  w a terk w a lite itsm o d e l en  e en  m ig ra tiem o d e l w e rd en
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g e k o p p e ld  om  d e  to ek o m stig e  v e rsp re id in g  van  d e  in v as iev e  so o rt Dikerogammarus villosus 

te  v o o rsp e lle n . D e  an a ly se s to o n d en  a an  d a t D. villosus z ijn  a reaal v o o rn a m e lijk  in  g ro tere  

r iv ie re n  za l u itb re id en  in  d e  k o m en d e  15 ja a r  ais g ev o lg  v a n  een  d a lin g  in  chem isch e  

zu u rs to fv ra a g , s t ik s to f  en  fo sfaa t co n ce n tra tie  en  e en  s tijg in g  in  d e  z u u rs to f  co ncen tra tie . 

A n a ly se  v a n  de v e ld  d a ta  to o n d e  a an  d a t D. villosus e en  g em id d e ld e  m ig ra tie sn e lh e id  h eeft 

v a n  5 k m  p e r  ja a r  en  d a t, g ez ien  d e  re la tie f  k le in e  o p p e rv la k te  v a n  V laan d eren , 

m ig ra tie sn e lh e id  g een  lim ita tie  zal v o rm en  v o o r d e  v e rd ere  v e rsp re id in g  v an  d eze  soort. H et 

in  d e ze  s tu d ie  o n tw ik k e ld e  m odel k an  g e b ru ik t w o rd e n  a is  een  g e b ru ik sv rien d e lijk e  en  

e ffic ië n te  to o i d o o r  b e le id sm ak e rs o m  een  ris ico a n a ly se  u it  te  v o e re n  v o o r  (po ten tiee l) 

in v a s ie v e  so o rte n  en  om  hun v e rd ere  v e rsp re id in g  te  v o o rsp e lle n  o m  zo  h e t a an ta l in tro d u c tie s  

e n  d e  im p a c t v a n  in v as iev e  so o rten  te bep erk en .

N a a s t  h e t u itv o e re n  van  een  ris ico an a ly se  z ijn  b eh ee rsm aa treg e len  zo a ls  de  b eh an d e lin g  van  

b a lla s tw a te r , een  g o ed e  w e tg ev in g  a an g aan d e  d e  h an d el in  e x o tisc h e  aq u atisch e  so o rten  en  

v e rd e r  in z ic h t in  d e  eco lo g ie  v an  d eze  so o rte n  en  g e in v a d ee rd e  eco sy s tem en  n o o d zak e lijk  om  

de v e rd e re  v e rsp re id in g  en  im p ac t v a n  e x o tisc h e  so o rte n  te  v e rh in d e ren  o f  te  red u ceren .

201



S a m en v a ttin g

202



C u riccu lu m  vitae

Curriculum vitae

Personalia

N aam

Voornaam

Geboortedatum

Geboorteplaats

B urgerlijke stand

Nationaliteit

E-mailadres

Boets

Pieter

17 septem ber 1985 

Asse, België 

Ongehuwd

pieterboets@ m sn.com

Studies

2008-heden

2007-2008

2003-2007

1997-2003

Doctoraatsopleiding in de Toegepaste Biologische W etenschappen, 
Universiteit Gent, Faculteit Bio-ingenieurswetenschappen

M a na M a in de m ilieusanering en het m ilieubeheer, U niversiteit Gent, 
Faculteit B io-ingenieurswetenschappen, afgestudeerd met grote 
onderscheiding

Thesis: Experim entele impactanalyse van dom inante invasieve predatoren op 
m acro-invertebratengem eenschappen in rivieren

M aster/Licentiaat in de Biologie, Universiteit Gent, Faculteit W etenschappen

Thesis: Nestpredatie in een gefragm enteerd afrom ontaan nevelwoud, 
afgestudeerd m et onderscheiding

M odem e-talen w etenschappen in het Sint-M aarteninstituut te Aalst

Loopbaanoverzicht - W erkervaring

2008-heden Assistent en doctoraatsstudent aan de  Vakgroep Toegepaste Ecologie en 
M ilieubiologie (Faculteit B io-ingenieurswetenschappen, Universiteit Gent)

Doctoraat: Im pactanalyse van niet-inheem se m acroinvertebraten in 
V laanderen (België)

203

mailto:pieterboets@msn.com


C u rricu lu m  v itae

A l -peer reviewed. Science Citation Index

Boets P., Lock K., Cam m aerts R ., Plu D., Goethals P.L.M . (2009). Occurrence o f  the invasive crayfish 
Procambarus clarkii (Girard, 1852) in Belgium  (Crustacea: Cambaridae). Belgian Journal o f  Zoology 
139(2): 173-175.

Spanhove T., Lehouck V., Boets P., Lens L. (2009). Forest fragm entation relaxes natural nest 
predation in an Afrom ontane forest. Anim al Conservation 12(4): 267-275.

M essiaen M., Lock K., Gabriels W ., V ercauteren T., W outers K ., Boets P., Goethals P.L.M . (2010). 
A lien macrocrustaceans in freshw ater ecosystem s in the eastern part o f  Flanders (Belgium ). B elgian 
Journal o f Zoology 140(1): 30-39.

Boets P., Lock K., M essiaen M ., G oethals P.L.M. (2010). Com bining data-driven m ethods and lab 
studies to analyse the ecology o f  Dikerogammarus villosus. Ecological Inform atics 5(2): 133-139.

Boets P., Lock K., Goethals P.L .M . (2010). First record o f  Synurella ambulans (M üller 1846) 
(Am phipoda: Crangonictidae) in Belgium. Belgian Journal o f  Z oology 140(2): 244-245.

Boets P., Lock K. and Peter L.M. Goethals (2011). U sing long-term  m onitoring to investigate the 
changes in species composition in the harbour o f  G hent (Belgium). H ydrobiologia 663: 155-166.

Boets P., Lock K. and Peter L .M . G oethals (2011). Shifts in the gamm arid (Am phipoda) fauna o f 
brackish polder waters in Flanders (Belgium ). Journal o f  Crustacean Biology 31(2): 270-277.

Everaert G., Boets P., Lock K., G oethals P.L .M . (2011). U sing classification 
trees to analyze the im pact o f  exotic species on the ecological assessment o f  polder lakes in Flanders, 
Belgium. Ecological M odelling 222(14): 2202-2212.

Boets P., Michels E., M eers E., Lock K., T ack F.M .G., Goethals P.L.M. (2011). Integrated 
Constructed W etlands (ICW ): ecological developm ent in constructed wetlands for m anure treatment. 
W etlands 31(4): 763-771.

Boets P., Lock K., Adriaens T ., M outon A., Goethals P.L.M . (2012). D istribution o f  crayfish 
(Decapoda, Astacoidea) in Flanders (Belgium): an update. Belgian Journal o f  Zoology 142(1): 86-92.

Boets P., Lock K., Goethals P .L .M ., Janssen C .R., De Scham phelaere K.A.C. (2012). A com parison o f 
the short-term  toxicity o f  cadm ium  to indigenous and alien gamm arid species. Ecotoxicology 21(4): 
1135-1144.

Boets P., Lock, K., Goethals, P.L.M . (2012). A ssessing the importance o f  alien m acro-Crustacea 
(M alacostraca) within m acroinvertebrate assem blages in Belgian coastal harbours. H elgoland M arine 
Research 66(2): 175-187.

M ereta S.T., Boets P., A m belu A .B ., M alu A ., Ephrem  Z., Sisay A., Endale H., Y itbarek M ., Jem al A., 
De M eester L., Goethals P.L.M . (2012). A nalysis o f  environm ental factors determ ining the abundance 
and diversity o f  m acroinvertebrate taxa in natural wetlands o f  Southwest Ethiopia. Ecological 
Inform atics 7(1): 52-61.

204



C u riccu lu m  v itae

M acNeil C., Boets P., Lock, K ., Goethals, P.L.M. (2013). Potential effects o f  the invasive 'killer 
shrimp' (Dikerogammarus villosus) on macro invertebrate assem blages and biom onitoring indices. 
Freshw ater B iology 58: 171-182.

Holguin J.E ., Boets P., A lvarado A., Cisneros F., Carrasco M .C.,W yseure G., Nopens I., Goethals 
P.L.M. (2013). Integrating hydraulic, physical-chem ical and ecological m odels for decision support in 
w ater m anagem ent o f  the Cuenca river in Ecuador. Ecological M odelling 254: 1-14.

M ereta, S.T., Boets P., De M eester L., Goethals P.L.M . (2013). Developm ent o f  a multimetric index 
based on benthic m acroinvertebrates for the assessment o f  natural wetlands in Southwest Ethiopia. 
Ecological Indicators 29: 510-521.

Boets P., Lock, K ., Goethals, P.L.M . (in press). Predicting habitat preference, species richness and 
abundance o f  alien m acrocrustaceans in surface waters in Flanders (Belgium ) using decision trees. 
Ecological Inform atics. Doi: 10.1016/j.ecoinf.2012.06.001.

Boets P., Holguin G .J.E., Lock, K., Goethals, P.L.M. (in press). Habitat analysis o f  the Ponto-Caspian 
am phipod Dikerogammarus villosus in two invaded regions in Europe based on data-driven 
approaches. Ecological Informatics. Doi: 10.1016/j.bbr.2011.03.031.

Everaert G., Pauwels I.S., Boets P., Buysschaert F., Goethals P.L.M . (in  press). Developm ent and 
assessment o f  ecological m odels in the context o f  the European W ater Fram ework Directive: key 
issues for trainers in  data-driven modelling approaches, Ecological Informatics doi: 
10.1016/j.ecoinf.2012.10.007.

Everaert G ., Pauw els I.S., Boets P., Verduin E., de la Haye M .A.A., B lom  C., Goethals P.L.M . (in 
press). M odel-based evaluation o f  ecological bank design and m anagem ent in the scope o f the 
European W ater Fram ew ork Directive. Ecological Engineering. Doi: 10.1016/j.ecoleng.2012.12.034.

Heger T ., L iebaug A.T., Botta-D ukát Z., Gherardi F., Hoppe C., Hoste I., Jax K ., L indström  L., Boets 
P., Haider S., K ollm ann J., W ittm ann M., Jeschke J.M . (in  press). Conceptual frameworks and 
m ethods for advancing invasion ecology. Ambio. Doi: 10.1007/sl3280-012-0379-x.

Boets. P., Pauwels I.S., Lock K., G oethals P.L.M . (accepted). Using external m odel coupling for risk 
assessm ent o f  the ‘killer shrim p’ Dikerogammarus villosus. R iver Research and Applications.

Boets P., Van D e V ijver E., Lock K., Töpke K., Thas O., De Coom an W ., Janssen C.R., Goethals 
P.L.M. (subm itted). Relating taxonom y-based traits o f  m acroinvertebrates w ith sedim ent pollution by 
means o f  basic and Zero-Inflated Poisson models. Ecological Informatics.

Boets P., Lock, K., Goethals, P.L.M. (submitted). Assessm ent o f  biocontam ination in aquatic 
ecosystem s: analysing key factors favouring the establishm ent and spread o f  alien m acroinvertebrates. 
Biological invasions.

Holguin JE , Everaert G, Boets P., Goethals P.L.M ., Alberto G. (submitted). Developm ent and 
application o f  an integrated ecological m odelling fram ework to analyze the impact o f  wastewater 
discharges on the ecological w ater quality o f the Cauca river in Colombia. Environm ental M odelling 
and Software.

205



C u rricu lu m  v ita e

Peer reviewed, not in Science Citation Index

M acNeil C., Boets P., Platvoet D. (2012). ‘K iller shrim ps’, dangerous experim ents and m isguided 
introductions; how  freshw ater shrim p (Crustacea: A m phipoda) invasions threaten biological w ater 
quality m onitoring and ecological assessm ent in the British Isles. Freshw ater Reviews 5: 21-35.

Boets P., Lock K., Tem pelm an D., V an Haaren T ., Platvoet D ., G oethals P.L.M. (2012). First 
occurrence o f the Ponto-Caspian am phipod Echinogammarus trichiatus (M artynov, 1932) (Crustacea: 
Gam m aridae) in Belgium. Bioinvasion Records 1(2): 115-120.

Peer reviewed, national journals

Boets P., M ichels E., M eers E ., Lock K., T ack F.M .G ., G oethals P.L.M . (2012). Integratie van 
natuurontw ikkeling in zuiveringsrietvelden voor behandeling van de vloeibare fractie van drijfmest. 
W T afvalw ater 1: 61-73.

Abstracts o f  oral presentations

Goethals P., Colson L., Boets P., M outon A., Lock K. (2008). A pplication o f  cellular autom ata support 
river restoration planning. 6th International Conference on Ecological Inform atics. Cancún, Mexico.

Boets P., Lock K., Goethals P.L.M . (2008). Com binig datadriven m ethods and lab studies to analyse 
the ecology o f  Dikerogammarus villosus. 6th International Conference on Ecological Informatics. 
Cancún, Mexico.

Boets P., Lock K., Goethals P.L.M . (2009). A lien m acro-cm staceans in freshwater ecosystem s in 
Flanders. Science facing aliens conference Brussels, Belgium , 11 M ay 2009.

Boets P., Lock K., Goethals P.L.M . (2010). Using long-term  m onitoring to investigate the changes in 
species com position in the harbour o f  G hent (Belgium). 17th ICAIS, San Diego, California.

Boets P., Lock K., G oethals P.L.M . (2010). Integrating field observations and lab studies to assess the 
im pact o f  biological invasions. W orkshop: tackling the em ergent crisis o f  invasion biology, 
Benediktbeuren (Germany).

Everaert G., Boets P., Lock K., Goethals P.L.M . (2009). Application o f  decision trees to analyze the 
ecological im pact o f  invasive species in Polder lakes in Belgium. International Society for Ecological 
M odelling (ISEM ). Québec, QC, Canada.

Boets, P., Lock, K ., Goethals, P.L.M. (2010). Predicting presence, species richness and abundance of 
alien m acrocrustaceans in surface waters in Flanders (Belgium) using decision trees. 7th International 
Conference o f  the Ecological Inform atics Society, Ghent, Belgium, 13 to 16 Decem ber 2010.

Everaert G., Pauwels I., Boets P., G oethals P.L.M. (2010). Developm ent o f  ecological assessment 
m odels for the E uropean W ater Fram ew ork Directive: key issues for trainers in data-driven m odeling 
approaches. 7th International Conference o f  the Ecological Inform atics Society, Ghent, Belgium, 13 to 
16 Decem ber 2010.

Goethals P., Zarkam i R., Pauwels I., Boets P., Lock K., M outon A. (2010). Habitat suitability 
m odeling for M aster o f  Science students: case o f pike m odeling in Flanders. 7th International 
Conference o f  the Ecological Inform atics Society, Ghent, Belgium, 13 to  16 Decem ber 2010.

206



C u riccu lu m  vitae

H olguin J., Boets P., Lock K., Goethals P.L.M . (2010). Habitat analysis o f invasive crustaceans based 
on datadriven approaches applied on recently and long-term  colonized habitats. 7th International 
C onference o f  the Ecological Inform atics Society, Ghent, Belgium, 13 to 16 Decem ber 2010.

M ereta S., A m belu Bayih A., Boets P., De M eester L., Goethals P.L.M . (2010). Classification and 
regression trees for habitat analysis o f  m acroinvertebrate taxa in the natural w etlands o f  south-western 
E thiopia. 7th International Conference o f  the Ecological Inform atics Society, Ghent, Belgium, 13 to 
16 D ecem ber 2010.

Boets P., Lock K., Goethals P.L.M. (2010). Influence o f  alien m acroinvertebrates on species 
assem blages and ecological w ater quality assessm ent in Flanders (B elgium )’. 7th International 
C onference o f  the Ecological Inform atics Society, Ghent, Belgium, 13 to 16 Decem ber 2010.

G oethals P.L.M ., Boets P., Lock K. (2010). M odelling approaches to analyse and predict invasive 
species behaviour in aquatic ecosystems. 7th International Conference o f  the Ecological Informatics 
Society, Ghent, Belgium , 13 to 16 Decem ber 2010.

Boets P., Lock K., Goethals P.L.M. (2010). U sing long-term  m onitoring data to detect changes in 
m acroinvertebrate species composition in the harbour o f  G hent (Belgium ). 16th PhD Symposium on 
A pplied  Biological Sciences, Ghent, Belgium, 20 Decem ber 2010.

Boets P., Lock K., Goethals P.L.M . (2011). M odelling habitat preference, species richness and 
abundance o f  alien m acrocm staceans in surface waters in Flanders (Belgium). Netherlands Annual 
Ecology M eeting 2011, Lunteren, The Netherlands, 8 to 9 February 2011.

Boets P., Lock K ., Goethals P.L.M . (2011). Influence o f alien m acro-Crustacea (M alacostraca) on 
m acro invertebrate assemblages in Belgian coastal harbours. V LIZ Y oung M arine Scientists' Day. 25 
February 2011.

Boets P., Lock K., Goethals P.L.M. (2011). Sensitivity o f  brackisch w ater invertebrates along a 
salinity gradient. Sem inar:’Regulations m eets science’. August 17, 2011, G hent University, 
L aboratory o f  Environm ental Toxicology and Aquatic Ecology.

B oets P., Lock K., Goethals P.L.M . (2011). W hich factors favour the establishm ent and spread o f  alien 
m acroinvertebrates in aquatic ecosystem s? Biolief, M ar del Plata, Argentina. 21-24 Novem ber 2011.

Boets P., Lock K., Goethals P.L.M . (2012). Integrated ecological m odelling to predict the distribution 
and impact o f  alien invasive species in rivers. 1st Annual W orld Congress o f  Biodiversity, X i’an, 
China.

Boets P., Lock K., Goethals P.L.M. (2012). Invasieve m acroinvertebraten in aquatische ecosystemen: 
hoe, w aar en waarom ? Them adag exoten, 13 decem ber 2012, Nijmegen, T he Netherlands.

Boets P., Pauw els I., Lock K., G oethals P.L .M . (2012). U sing external m odel coupling for risk 
assessm ent o f  the ‘killer shrim p’ Dikerogammarus villosus in Flanders (Belgium ). 8,h ISEI conference, 
3-6 Decem ber, Brazil.

Boets P., Lock K., Goethals P.L.M. (2013). Im pact and spread o f  alien m acroinvertebrates in surface 
w aters in Flanders. N etherlands Annual Ecology M eeting 2013, Lunteren, T he Netherlands, 5 and 6 
February 2013.

207



C u rricu lu m  v itae

Boets P., Lock K., Goethals P.L.M . (2013). Integrated ecological m odelling as a tool for detection o f 
potential hot spots for invasive m acroinvertebrates. 18th ICAIS, N iagara Falls, Ontario, Canada, April 
21-25,2013.

Abstracts o f  poster presentations

Boets P., Lock K., Goethals P.L.M . (2010). W hat caused changes in gam m arid fauna in brackish 
polder waters? Netherlands Annual Ecology M eeting 2010, Lunteren, T he Netherlands, 9 to 10 
February 2010.

B oets P., Lock K., Goethals P.L.M . (2012). M odelling habitat preference, abundance and species 
richness o f  alien macrocrustaceans in surface waters in Flanders (Belgium ) using decision trees. 
B eneleam  conference Ghent, Belgium.

Boets P., Lock K., Goethals P.L.M . (2012). U sing an integrated m odelling approach to assess the 
potential spread o f  the ‘Killer shrim p’ Dikerogammarus villosus in Flanders (Belgium). Freshw ater 
Invasives -  Netw orking for Strategy (FINS). 9-11 A pril, 2013, Galway, Ireland.

O rganization o f  scientific meetings or conferences

Co-organiser o f  the 7 lh International Conference o f the Ecological Informatics Society, Ghent, 
Belgium , 13 to  16 December 2010.

Educational activities

Practical exercises

•  Aquatische en Terrestrische Ecologie
• Environm ental Ecology
•  Aquatic Ecology
•  Ecology and Environmental M icrobiology
• Ecological Engineering
® Natural system s for W astew ater Treatm ent
• Total Quality M anagem ent - Problem  B ased Learning
•  W aterkwaliteitsbeheer
• Biological M onitoring o f  Aquatic Systems 
« Ecotechniek en Natuurbouw

Tutor o f master theses

•  Everaert G ert (2008-2009). Ecologische impactanalyse van invasieve m acroinvertebraten in 

V laam se kreken. Universiteit Gent, M aster in  de M ileusanering en het M ilieubeheer.

•  Regmi Anup Kum ar (2008-2009). C onstructed wetlands for the treatm ent o f  wastewater from  

prisons in Nepal. U niversiteit Gent, M aster o f  Sciences in environm ental sanitation.

» Vande W alle Naïm a (2009-2010). An integrated ecological assessm ent o f  wetlands in 

Ethiopia. Universiteit Gent, M aster in de bio-ingenieursw etenschappen: milieutechnologie.

•  Zewdie Sisay (2009-2010). Ecological assessm ent o f  wetlands based on macroinvertebrates 

and w aterfow l in Ethiopia. Universiteit Gent, M aster o f  Sciences in envirom nental sanitation.

208



C u riccu lu m  v itae

0 H ebbelinck Lot (2009-2010). M onitoring van exotische m acro-invertebraten in de Vlaam se

havens. Universiteit Gent, M aster in de bio-ingenieurswetenschappen: milieutechnologie.

•  Verstraeten K ristof (2009-2010). M odellering en vergelijkende ecotoxicologie van inheemse 

en invasieve m acro-invertebraten. Universiteit Gent, M aster in de bio- 

ingenieurswetenschappen: m ilieutechnologie.

® Fevery D avina (2011-2012). Gecom bineerde stress: impact van m etalen op inheem se en

exotische Am phipoda bij verschillende saliniteiten. U niversiteit Gent, M aster in de bio- 

ingenieurswetenschappen: milieutechnologie.

• Scheers K evin (2011-2012). R ode lijst en verspreidingsonderzoek van de waterroofkevers 

(Coleoptera: Dytiscidae) van V laanderen. Hogeschool Van Haii Larenstein, M aster Natuur- en 

Bosbeheer.

» M wanda R egina (2012-2013). Im pact o f  m ining on river w ater quality in Zimbabwe.

Universiteit Gent, M aster o f  Sciences in environm ental sanitation.

o Abebe Y onas Alem new (2012-2013). Impact o f  land use change and population growth on

river w ater quality and m acroinvertebrate diversity in South W est Ethiopia. Universiteit Gent, 

M aster o f  Sciences in Environm ental Sanitation.

« D e Lange N icolas (2012-2013). W etlands en impact op biodiversiteit/ontvangende

waterlopen. U niversiteit Gent, M aster in de bio-ingenieurswetenschappen: milieutechnologie.

° Verdegem  Koen (2012-2013). Impact analysis o f  introduced salmonids on ecosystem  structure

and functioning in the Cajas N atioanal Park (Ecuador). Universiteit Gent, Technology for 

Integrated W ater M anagem ent.

Scientific awards

Sustainability award at the 16lh PhD Sym posium  on A pplied Biological Sciences, Ghent, Belgium, 20
D ecem ber 2010.

International research stays

Assessm ent o f  wetlands and rivers in the fram ew ork o f  the IUC-JU. August and Septem ber 2009 and

O ctober and N ovem ber 2011.

209




