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Abstract

A n  o p e ra t io n a l  m e th o d  to  e v a lu a te  th e  e n v iro n m e n ta l  im p a c ts  a s s o c ia te d  w ith  

g r o u n d w a te r  u s e  is  c u r re n tly  la c k in g  in  L ife  C y c le  A s s e s s m e n t  (L C A ). T h is  p a p e r  o u t l in e s  a  

m e th o d  to  c a lc u la te  c h a ra c te r iz a t io n  fa c to rs  th a t  a d d re s s  th e  e f fe c ts  o f  g r o u n d w a te r  e x tra c t io n  

o n  th e  s p e c ie s  r ic h n e s s  o f  te r r e s t r ia l  v e g e ta tio n . C h a ra c te r iz a t io n  fa c to rs  (C F )  w e re  d e r iv e d  

fo r  th e  N e th e r la n d s  a n d  c o n s is t  o f  a  f a te  a n d  a n  e f f e c t  p a rt . T h e  fa te  f a c to r  e q u a ls  th e  c h a n g e  

in  d r a w d o w n  d u e  to  a  c h a n g e  in  g ro u n d w a te r  e x tr a c t io n  a n d  e x p re s s e s  th e  a m o u n t  o f  t im e  

re q u ir e d  fo r  g ro u n d w a te r  r e p le n is h m e n t . I t  w a s  o b ta in e d  w i th  a  g r id - s p e c i f ic  s te a d y - s ta te  

g r o u n d w a te r  f lo w  m o d e l.  E f f e c t  f a c to rs  w e re  o b ta in e d  f ro m  g ro u n d w a te r  le v e l  r e s p o n s e  

c u rv e s  o f  p o te n t ia l  p la n t  s p e c ie s  r ic h n e s s , w h ic h  w a s  c o n s tru c te d  b a s e d  o n  th e  s o il  m o is tu re  

r e q u ir e m e n ts  o f  6 2 5  p la n t  sp e c ie s . D e p e n d in g  o n  th e  in i t ia l  g ro u n d w a te r  le v e l ,  e f f e c t  f a c to rs  

r a n g e  u p  to  9 .2 %  lo s s  o f  s p e c ie s  p e r  10  c m  o f  g r o u n d w a te r  le v e l  d e c re a s e . T h e  to ta l  D u tc h  C F  

fo r  g r o u n d w a te r  e x tr a c t io n  d e p e n d e d  o n  th e  v a lu e  c h o ic e s  ta k e n  a n d  r a n g e d  f ro m  0 .0 9  to  0 .6 1  

m 2 y r /m 3. F o r  ta p  w a te r  p ro d u c t io n , w e  s h o w e d  th a t  g ro u n d w a te r  e x tr a c t io n  c a n  b e  

r e s p o n s ib le  fo r  u p  to  3 2 %  o f  th e  to ta l  t e r r e s t r ia l  e c o s y s te m  d a m a g e . W ith  th e  p ro p o s e d  

a p p ro a c h , e f fe c ts  o f  g ro u n d w a te r  e x tr a c t io n  o n  te r r e s t r ia l  e c o s y s te m s  c a n  b e  s y s te m a t ic a l ly  

in c lu d e d  in  L C A .

Introduction

G ro u n d w a te r  a c c o u n ts  f o r  m o re  th a n  9 8 %  o f  a v a ila b le  f r e s h w a te r  r e s o u rc e s . 

A p p ro x im a te ly  o n e - f i f th  o f  th e  to ta l  a m o u n t  o f  w a te r  u s e d  fo r  d r in k in g  p u rp o s e s , f o r  

in d u s tr ia l  c o o lin g , f o r  a g r ic u ltu ra l  p u rp o s e s ,  o r  a s  p ro c e s s  w a te r  c o m e s  f ro m  g ro u n d w a te r  (1 ). 

E x c e s s iv e  g ro u n d w a te r  w i th d ra w a l  r e s u l ts  in  a  lo w e r in g  o f  th e  g r o u n d w a te r  le v e l ,  c a u s in g  

p h re a to p h y t ic  s tre s s  f o r  b o th  n a tu r a l  a n d  a g r ic u ltu ra l  v e g e ta t io n  (2 ). T h is , in  tu rn ,  m a y  h a v e  a  

s ig n if ic a n t  im p a c t  o n  th e  n u m b e r  o f  te r r e s t r ia l  p la n t  s p e c ie s  th a t  c o u ld  o c c u r  w i th in  th e  

v e g e ta t io n  c o m m u n it ie s  a f fe c te d  (3 -6 ) .

U n ti l  r e c e n tly , a n  o p e ra t io n a l  m e th o d  to  e v a lu a te  th e  e n v iro n m e n ta l  im p a c ts  a s s o c ia te d  

w i th  w a te r  u s e  w a s  la c k in g  in  L ife  C y c le  A s s e s s m e n t  (L C A ). T h e re fo re  m o s t  c a se  s tu d ie s  le f t  

o u t  w a te r  u s e  as  a n  im p a c t  c a te g o ry , e v e n  i f  w a te r  w i th d ra w a l  w a s  id e n t i f ie d  as  a  la rg e  

in v e n to ry  f lo w  (e .g . 7 ,8 ) . I f  w a te r  u s e  w a s  in c o rp o ra te d  in  th e  im p a c t  a s s e s s m e n t , i t  w a s  

u s u a lly  a d d re s s e d  b y  s im p ly  ta k in g  th e  in v e n to ry  d a ta , i.e . th e  to ta l  a m o u n t  o f  w a te r  u s e d  (e .g . 

9 ,1 0 ).
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R e c e n tly , e f fo r ts  h a v e  b e e n  m a d e  to  in c o rp o ra te  w a te r  u s e  in  L C A , f ir s t ly  b y  m e a n s  o f  

r e v ie w in g  p o s s ib i l i t ie s  a n d  s e t t in g  u p  f r a m e w o rk s  (1 1 -1 4 ) . M ila  i C a n a ls  e t a l. (1 5 )  p r o v id e  a  

m id p o in t  a p p ro a c h  r e la t in g  w a te r  u s e  to  th e  a v a i la b i l i ty  o f  f r e s h w a te r  r e s o u rc e s  f o r  f u r th e r  

h u m a n  u s e  a f te r  ‘r e s e r v in g ’ th e  n e c e s s a ry  r e s o u rc e  fo r  e c o s y s te m s  ( w a te r  s tre s s  in d ic a to r ) .  

V a n  E k  e t al. (1 6 )  in v e s t ig a te d  v a r io u s  h y d ro lo g ic a l  m o d e ls  a n d  a  g ro u n d w a te r  l e v e l -e f fe c t  

c u rv e  to  p r e d ic t  th e  c h a n g e  in  n a tu r e -v a lu e  as  a n  e f f e c t  o f  d e s ic c a t io n  d u e  to  g ro u n d w a te r  

e x tra c tio n . S p e c if ic  c h a ra c te r iz a t io n  fa c to rs  w e re , h o w e v e r ,  n o t  p ro v id e d . P f is te r  e t a l. (1 7 )  

in tro d u c e d  a  m e th o d  to  a d d re s s  e f fe c ts  o f  f r e s h w a te r  c o n s u m p t io n  o n  b io d iv e r s i ty ,  e x p re s s e d  

as th e  v u ln e ra b il i ty  o f  v a s c u la r  p la n t  s p e c ie s , a n d  c a lc u la te d  im p a c t  in d ic a to r s  to  b e  u s e d  in  

l ife  c y c le  im p a c t  a s s e s s m e n t  (L C IA ). T h e y  a s s u m e d  th a t  a n y  w a te r  th a t  is  u s e d  c a n  d ire c tly  b e  

r e p la c e d  b y  p r e c ip ita t io n ,  d i s r e g a rd in g  d y n a m ic  s o il  in te r a c t io n  p ro c e s s e s . F u r th e rm o re  th e y  

u s e d  th e  n e t  p r im a ry  p r o d u c t io n  w h ic h  is  l im ite d  b y  w a te r  a v a ila b i l i ty  a s  a n  in d ic a to r  f o r  

e c o s y s te m  q u a li ty , a n d  r e la te d  th is  to  th e  p o te n t ia l ly  d is a p p e a re d  f r a c t io n  o f  s p e c ie s  (P D F ) .

T h e  a im  o f  th e  c u r re n t  s tu d y  is  to  d e v e lo p  a  m e th o d  to  a d d re s s  th e  e f fe c ts  o f  g ro u n d w a te r  

e x tr a c t io n  o n  th e  s p e c ie s  r ic h n e s s  o f  te r r e s t r ia l  v e g e ta t io n  in  a n  L C IA  c o n te x t . 

C h a ra c te r iz a t io n  f a c to rs ,  e x p re s s in g  th e  c h a n g e  in  p o te n t ia l ly  n o t  o c c u r r in g  f ra c t io n  o f  p la n t  

s p e c ie s  (P N O F )  d u e  to  a  c h a n g e  in  e x tr a c t io n  o f  g ro u n d w a te r ,  a re  d e r iv e d  w i th  th e  in te n t io n  

to  b e  in c o rp o ra te d  in  L C A . W e  a p p ly  a  m e th o d  c o m p a ra b le  to  th e  o n e  a p p lie d  b y  V a n  Z e lm  e t 

al. (1 8 )  fo r  a c id if ic a t io n ,  w h e re  fo re s t  p la n t  s p e c ie s  lo s s  w a s  d e te rm in e d  b y  c o u p l in g  a  f a te  

m o d e l  w i th  m u lt ip le  r e g re s s io n  e q u a tio n s  th a t  p r e d ic t  p la n t  s p e c ie s  o c c u rre n c e . In  th e  c o n te x t  

o f  g r o u n d w a te r  e x tra c t io n , th e  f a te  m o d e l ,  a p p l ic a b le  f o r  th e  N e th e r la n d s ,  d e a ls  w i th  th e  

lo w e r in g  o f  th e  a v e ra g e  g r o u n d w a te r  le v e l  p e r  u n i t  o f  g r o u n d w a te r  e x tra c t io n , a n d  in c lu d e s  

p ro c e s s e s  s u c h  as p r e c ip i ta t io n ,  e v a p o tr a n s p i ra t io n ,  a n d  s o il  p e rm e a b i l i ty . P la n t  s p e c ie s  

r ic h n e s s  is  l in k e d  to  th e  lo w e r in g  o f  th e  g r o u n d w a te r  ta b le  b y  m e a n s  o f  a  r e s p o n s e  c u rv e  

b a s e d  o n  th e  o c c u r r e n c e  o f  6 2 5  p la n t  s p e c ie s  in  r e la t io n  to  v a r io u s  a b io t ic  v a r ia b le s , in c lu d in g  

s o il  m o is tu re  c o n te n t ,  in  th e  N e th e r la n d s .  T o  a s s e s s  th e  a p p lic a b i l i ty  o f  th e  c h a ra c te r iz a t io n  

f a c to r  d e r iv e d , w e  d e te rm in e  th e  c o n tr ib u t io n  o f  g r o u n d w a te r  e x tr a c t io n  to  th e  to ta l  te r r e s tr ia l  

e c o s y s te m  d a m a g e  r e s u l t in g  f ro m  ta p  w a te r  p ro d u c t io n .

Methods

C h a r a c t e r i z a t i o n  f a c t o r .  T h e  c h a ra c te r iz a t io n  f a c to r  f o r  g ro u n d w a te r  e x tr a c t io n  (C F  in  

m 2 y r /m 3) in  th e  N e th e r la n d s  is  d e f in e d  as  th e  c h a n g e  in  th e  n u m b e r  o f  p la n t  s p e c ie s  d u e  to  a  

c h a n g e  in  e x tr a c t io n  o f  g ro u n d w a te r  o v e r  a  c e r ta in  a re a . T h e  C F  c o n s is ts  o f  a  f a te  f a c to r  (F F
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in  m 3 y r /m 3) a n d  a n  e f f e c t  f a c to r  (E F  in  1 /m ). T o  a c c o u n t  f o r  s p a tia l  v a r ia t io n  in  F F  a n d  E F , a  

s p a tia l ly  e x p l ic i t  g r id -b a s e d  a p p ro a c h  w a s  fo l lo w e d  w h e re b y  F F  a n d  E F  w e re  m u lt ip l ie d  p e r  

g r id  c e ll  a n d  th e n  s u m m e d  o v e r  a ll g r id  c e lls  i :

C F  =  ^  F F  • EF,  (1 )

i

F a t e  f a c t o r .  T h e  fa te  f a c to r ,  d e s c r ib in g  th e  d r a w d o w n  in  r e la t io n  to  th e  c h a n g e  in  

g r o u n d w a te r  e x tra c t io n , e x p re s s e s  th e  t im e  th a t  is  n e e d e d  f o r  g r o u n d w a te r  re p le n is h m e n t . T h e  

fa te  f a c to r  w a s  d e te rm in e d  w i th  th e  N a t io n a l  H y d ro lo g ic a l  In s t ru m e n ta t io n  (N H I) , w h ic h  is  a  

n a tio n a l  h y d ro lo g ic a l  m o d e l  f o r  th e  N e th e r la n d s  d e v e lo p e d  b y  th e  D u tc h  In s t i tu te  f o r  A p p lie d  

N a tu ra l  S c ie n c e  R e s e a rc h  T N O  (1 9 ). W ith  a  r e s o lu t io n  o f  2 5 0 x 2 5 0 m , N H I  c o v e rs  9 5 %  o f  th e  

c o u n try , e x c lu d in g  th e  is la n d s  in  th e  n o r th  a n d  th e  s o u th e rn m o s t  p a r t  (S e e  s u p p o r t in g  

in fo rm a tio n ) . G r id - s p e c if ic  p a r t ia l  f a te  f a c to rs  (F F i in  y e a r s )  w e re  c a lc u la te d  as  fo llo w s

F F  =  ^  (2 )
A g

w h e re  A i is  th e  a re a  o f  g r id  c e ll  i  (m 2), D A G i is  th e  c h a n g e  in  y e a r ly  a v e ra g e  g ro u n d w a te r  

le v e l  in  g r id  c e ll  i  (m ), a n d  A q  is  th e  c h a n g e  in  e x tr a c t io n  ra te  s e t  a t  1 %  in c re a s e  o f  th e  c u r re n t  

e x tr a c t io n  ra te  (m 3/y e a r) .

F o r  s a tu r a te d  z o n e  c a lc u la t io n s ,  N H I  u s e s  th e  U n i te d  S ta te s  G e o lo g ic a l  S u r v e y ’s 

M O D F L O W  c o d e  (2 0 -2 2 ) . A  s c h e m a tic  r e p r e s e n ta t io n  o f  th e  N H I  g r o u n d w a te r  m o d u le  is 

s h o w n  in  F ig u re  1. T h e  g e o h y d ro lo g ic a l  s tr u c tu r e  is  d e f in e d  b y  a n  im p e rv io u s  b a s is  

u n d e r ly in g  f o u r  a q u ife rs  s e p a ra te d  b y  th re e  s e m i-p e rv io u s  la y e rs . T h e  h o r iz o n ta l  f lo w  th ro u g h  

th e  a q u ife rs  d e p e n d s  o n  th e  t r a n s m is s iv i ty  (k D  in  m 2/d a y )  o f  th e  c o r r e s p o n d in g  la y e r  a n d  th e  

v e r t ic a l  f lo w  th ro u g h  th e  s e m i-p e rv io u s  la y e rs  d e p e n d s  o n  th e  v e r t ic a l  r e s is ta n c e  (c  in  d a y s )  o f  

th e  c o r r e s p o n d in g  la y e r . T h e  N H I  d e s c r ib e s  th e  g ro u n d w a te r  r e g im e  in  th e  N e th e r la n d s ,  as 

s u rv e y e d  in  th e  y e a r  2 0 0 0 . R iv e r  in te r a c t io n  is  in c lu d e d  b y  a  to ta l  d r a in a g e  f lu x  p e r  ju n c t io n .  

A n is o tro p ie s  a n d  s h e e t  p i l in g s  a re  in c lu d e d  as w e ll ,  b y  in d ic a t in g  p la c e  a n d  a m o u n t  o f  b a r r ie r s

(1 9 ). A  c o n s ta n t  r e c h a rg e  v a lu e  w a s  u s e d , r e p r e s e n t in g  th e  n e t  r e c h a rg e  f ro m  p re c ip i ta t io n  a n d  

e v a p o tra n s p ira t io n . G ro u n d w a te r  e x tr a c t io n  w a s  p a ra m e te r iz e d  w i th  a v e ra g e  e x tr a c t io n  d a ta  

fo r  th e  y e a r  2 0 0 0  fo r  e a c h  o f  th e  8 7 2  m a jo r  g ro u n d w a te r  w e l ls  in  th e  N e th e r la n d s ,  w ith  

e x tr a c t io n  d e p th s  o f  u p  to  ca . 3 0 0  m . Y e a r ly  a v e ra g e  g ro u n d w a te r  le v e ls  w e re  m o d e l le d  b y  

ru n n in g  M O D F L O W  to  a  s te a d y -s ta te . T h e  lo c a t io n  o f  e a c h  m a jo r  w e l l  in  th e  N e th e r la n d s  is 

s h o w n  in  t h e  s u p p o r t in g  in fo rm a tio n .
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P u m p in g

W ell

P re c ip ita tio n

•

E v ap o tra n s

' I 1!1!1! ■ p ira tio n

R iv e r

In te rac tio n

c =  ve rtica l re s is ta n c e  (day s) ; k D=  (h o riz o n ta l)  tran sm iss iv ity  (m 2/d ay )

F i g u r e  1. S im p lif ie d  r e p r e s e n ta t io n  o f  th e  N H I  s a tu r a te d  z o n e  m o d e l.

E f f e c t  f a c t o r .  T h e  e f f e c t  f a c to r  in  g r id  c e ll  i  (1 /m )  d e s c r ib e s  th e  c h a n g e  in  p o te n t ia l ly  n o t  

o c c u r r in g  f r a c t io n  o f  p la n t  s p e c ie s  (P N O F )  d u e  to  a  c h a n g e  in  A G : 

dP N O F
EF:

dA G :
(3 )

T h e  e f f e c t  f a c to r  w a s  d e te rm in e d  w i th  g r o u n d w a te r  le v e l  r e s p o n s e  fu n c t io n s ,  f o l lo w in g  

th e  p ro c e d u re  o u t l in e d  b y  V a n  Z e lm  e t  al. (1 8 ). T h e  P N O F  w a s  d e r iv e d  f ro m  th e  p ro b a b i l i ty  

o f  o c c u r r e n c e  o f  in d iv id u a l  p la n t  s p e c ie s  (P s). S ta t is t ic a l  m o d e l  M O V E  w a s  a p p lie d  to  p r e d ic t  

th e  o c c u r r e n c e  o f  p la n t  s p e c ie s  w i th  a  r a n g e  o f  e n v iro n m e n ta l  p a ra m e te r s  a s  in p u t  (2 3 ). A s  

m e a s u re m e n ts  o n  a b io t ic  p a ra m e te r s  a re  s c a rc e , M O V E  u s e s  E l le n b e rg  in d ic a to r  v a lu e s  o f  

p la n t  s p e c ie s  to  a s se s s  e n v iro n m e n ta l  c o n d it io n s  (2 3 ). E l le n b e rg  (2 4 )  s u m m a r iz e d  th e  e c o lo g y  

o f  th e  C e n tra l -E u ro p e a n  v a s c u la r  p la n ts  b y  a s s ig n in g  to  e a c h  s p e c ie s  in d ic a to r  v a lu e s  fo r  

e n v iro n m e n ta l  v a r ia b le s , s u c h  as m o is tu re , sa lt , n i tro g e n , a n d  a c id ity . S ite  c o n d it io n s  in  

M O V E  a re  d e te rm in e d  as  th e  a v e ra g e  o f  th e  E l le n b e rg  in d ic a to r  v a lu e s  o f  a ll s p e c ie s  p r e s e n t  

a t a  s ite . M u lt ip le  r e g re s s io n  e q u a tio n s  a re  u s e d  to  e x p re s s  th e  o c c u r re n c e  p ro b a b i l i ty  o f  

in d iv id u a l  s p e c ie s  a s  a  f u n c t io n  o f  th e  s i te - s p e c if ic  a v e ra g e  E l le n b e rg  v a lu e s :

ln

A

v 1 -  ps y

: bo +  ( b  ■ n  +  ft? ■ n 2 )  +  (¿3  ■ f  +  b j • f 2 )  +  (¿>5 • r  +  ¿>6 ■ r 2 )  +

(4)

(67 ■ s) +  (b 8 ■ tox) +  (b9 ■ PG R) +  ( t \ 0 ■ VEG) +  (bl1 ■ r  ■ n) +  (b _2 ■ r  ■ f )  +  ( t \ 3 ■ n  ■ f )
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w h e re  n , f  r  a n d  s, a re  E l le n b e rg  v a lu e s  d e s c r ib in g  n i tr o g e n - ,  m o is tu re - ,  a c id - , a n d  s a lt-  

c o n te n t ,  to x  is  th e  p o te n t ia l ly  a f f e c te d  f r a c t io n  o f  p la n ts  d u e  to  h e a v y  m e ta ls ,  a n d  P G R  a n d  

V E G  d e s c r ib e  th e  in f lu e n c e  o f  th e  p h y s ic a l -g e o g ra p h ic a l  r e g io n , a n d  th e  v e g e ta t io n  ty p e , 

re s p e c tiv e ly . T h e  la s t  th r e e  te rm s  in  E q u a t io n  4  d e s c r ib e  th e  in te r a c t io n s  b e tw e e n  r, n , a n d  f. 

F in a lly , b 0 to  b i 3 a re  r e g r e s s io n  c o e f f ic ie n ts  (2 5 ).

E q u a t io n  4  w a s  s im p l if ie d  in  o rd e r  to  r e la te  s p e c ie s  o c c u r r e n c e  Ps s p e c if ic a l ly  to  th e  

m o is tu re  in d ic a to r  f :

(  P  ^
ln

1 -  P
a s +  b s ■ f  +  C s  • f  2  ( 5 )

w h e re  a s d e s c r ib e s  th e  s i tu a t io n  o f  a ll e n v iro n m e n ta l  v a r ia b le s  e x c e p t  f, r e le v a n t  f o r  p la n t  

s p e c ie s  s, a n d  bs a n d  cs a re  s p e c ie s  s p e c i f ic  r e g re s s io n  c o n s ta n ts  r e la te d  to  f.

W ith in  th e  M O V E  m o d e l  k -v a lu e s  a re  p ro v id e d , w h ic h  e x p re s s  th e  p ro b a b i l i ty  o f  

o c c u r r e n c e  r e la te d  to  th e  m o d e l  p re d ic to r s .  W h e n  P s >  k  a  p la n t  s p e c ie s  is  a s s u m e d  to  b e  

p re s e n t ,  a n d  w h e n  P s <  k  a  p la n t  s p e c ie s  is  a s s u m e d  n o t  to  o c c u r  (2 6 ). T h e  k -v a lu e s  w e re  u s e d  

to  p r e d ic t  th e  o c c u r r e n c e  o f  6 2 5  te r r e s t r ia l  p la n t  s p e c ie s  ( s e e  s u p p o r t in g  in fo rm a tio n ) . In  o rd e r  

to  d e te rm in e  w h e th e r  a  p la n t  s p e c ie s  c o u ld  o c c u r  a t  a  s p e c if ic  f  (E q . 5 ) , v a r ia b il i ty  in  th e  o th e r  

s ite  c o n d it io n s  h a d  to  b e  a c c o u n te d  fo r. B y  v a ry in g  r, n , s, to x ,  P G R , a n d  V E G , E q u a t io n  5 

w a s  p a ra m e te r iz e d  5 0 0  t im e s  fo r  e a c h  p la n t  s p e c ie s  a t e a c h  f. I f  a t le a s t  o n e  o f  th e  re a l iz a t io n s  

y ie ld e d  Ps >  k , i t  w a s  a s s u m e d  th a t  th e  p la n t  s p e c ie s  c o u ld  o c c u r  a t th a t  f . T h e  s ite  c o n d it io n s  

w e re  v a r ie d  a c c o rd in g  to  m e a s u re m e n t  d a ta  in  th e  M O V E  m o d e l,  w i th  r  v a lu e s  b e tw e e n  4  a n d  

8; n  b e tw e e n  3 a n d  7 ; s b e tw e e n  0  a n d  3 ; a n d  to x  b e tw e e n  0  a n d  0 .4 . T h e s e  n u m b e rs  

c o r r e s p o n d  w i th  p H  b e tw e e n  3 a n d  9 , N  s to c k  o f  2  to  5 0 0  k g /h a /y r ,  c h lo r id e  c o n c e n tra t io n s  

b e tw e e n  3 a n d  1 0 ,0 0 0  m g /L , a n d  a  p o te n t ia l ly  a f f e c te d  f ra c t io n  o f  p la n ts  d u e  to  h e a v y  m e ta ls  

b e tw e e n  0  a n d  0 .4  (2 3 ,2 7 -2 8 ) . T h e  p h y s ic a l -g e o g ra p h ic a l  r e g io n s  (P G R )  in c lu d e d  w e re  N o r th  

S e a  a re a , t id a l  a re a , c lo s e d  e s tu a r ie s , r iv e r s ,  h i l ls ,  u rb a n  a re a , s e a  c la y , p e a t,  h ig h e r  s a n d  

g ro u n d s  n o r th ,  h ig h e r  s a n d  g ro u n d s  s o u th , a n d  d u n e s . T h e  v e g e ta t io n  ty p e s  (V E G )  in c lu d e d  

w e re  n u t r ie n t- p o o r  g r a s s la n d  ( lo w  h e rb a c e o u s  v e g e ta t io n ) ,  p in e  fo re s t ,  s p ru c e  fo re s t,  

d e c id u o u s  fo re s t ,  a n d  h e a th . A  re g io n -v e g e ta t io n  c o m b in a t io n  w a s  ju d g e d  to  b e  l ik e ly , a n d  

th e r e fo re  ta k e n  in to  a c c o u n t ,  w h e n  a t  le a s t  1 0 0  re c o rd s  w e re  a v a ila b le  in  M O V E  (2 3 ). T h e  

r e s u l t in g  2 7  c o m b in a tio n s  a re  p ro v id e d  in  th e  s u p p o r t in g  in fo rm a tio n .  S u b s e q u e n tly , a  

g r o u n d w a te r  le v e l - r e s p o n s e  c u rv e  w a s  o b ta in e d , b a s e d  o n  th e  p o te n t ia l ly  n o t  o c c u r r in g  

f ra c t io n  o f  p la n t  s p e c ie s  (P N O F )  a t  e a c h  f  v a lu e :

P N O F f =  1 -  P O F f (6 )
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N f
w ith  P O F f =  — -  (7 )

f N
m a x

w h e re  P O F f r e p re s e n ts  th e  p o te n t ia l ly  o c c u r r in g  f r a c t io n  o f  p la n t  s p e c ie s  a t a  c e r ta in  f, N f 

is  th e  n u m b e r  o f  s p e c ie s  th a t  c a n  o c c u r  a t a  c e r ta in  f , t a k in g  in to  a c c o u n t  v a ry in g  r, n , s, to x , 

P G R , a n d  V E G , a n d  N max is  th e  m a x im u m  n u m b e r  o f  c o -o c c u r r in g  s p e c ie s  w i th in  th e  r a n g e  o f  

m o is tu re  v a lu e s . N max is  lo w e r  th a n  th e  to ta l  n u m b e r  o f  s p e c ie s  (N tot), b e c a u s e  in te r s p e c if ic  

v a r ia t io n  in  m o is tu re  r e q u ir e m e n ts  p r e v e n ts  th e  c o -o c c u r re n c e  o f  a ll p la n t  s p e c ie s  a t  a  s in g le  f. 

W e  d o  n o t  c o n s id e r  Ntot b u t  r a th e r  Nmax as  b a c k g ro u n d  s i tu a tio n  (z e ro  s tre s s , in d e p e n d e n t  o f  

g r o u n d w a te r  le v e l) .

T o  e n s u re  a n  a p p ro p r ia te  c o n n e c t io n  b e tw e e n  th e  f a te  f a c to r  a n d  th e  e f fe c t  f a c to r ,  th e  

E l le n b e rg  v a lu e  f  w a s  l in k e d  to  a v e ra g e  g ro u n d w a te r  le v e l  (A G )  w i th  th e  r e g re s s io n  f o u n d  b y  

S c h a ffe rs  a n d  S y k o ra  (2 9 ):

A G  =  -2 .5 5  +  0 . 2 6 f  (8 )

T h e  d e r iv a tiv e  a t e a c h  p o in t  o f  th e  r e s p o n s e  c u rv e , s h o w in g  th e  P N O F  in  r e la t io n  to  A G , 

r e p re s e n ts  th e  e f fe c t  f a c to r  a t  e a c h  A G . A v e ra g e  g r o u n d w a te r  le v e ls  A G ; w e re  c a lc u la te d  w ith  

N H I  a n d  e f f e c t  f a c to rs  c o u ld  th e n  b e  a l lo c a te d  to  e a c h  g r id  c e ll  i. G ro u n d w a te r  le v e l - r e s p o n s e  

c u rv e s  w e re  c re a te d  b a s e d  o n  a ll p la n t  s p e c ie s  (n  =  6 2 5 )  a n d  fo r  th e  s p e c ie s  th a t  a re  o n  th e  r e d  

l is t  in  th e  N e th e r la n d s  (n  =  1 4 1 ; (3 0 )) . T h is  r e d  l is t  is  b a s e d  o n  th e  I U C N  c ri te r ia . A  fu ll  

s p e c ie s  l is t  is  p ro v id e d  in  th e  s u p p o r t in g  in fo rm a tio n .

C u l t u r a l  P e r s p e c t iv e s .  T o  h a n d le  v a lu e  c h o ic e s  in  th e  m o d e l in g  p ro c e d u re  in  a  c o n s is te n t  

w a y , w e  a p p lie d  th e  c u ltu ra l  p e r s p e c t iv e  th e o r y  (3 1 -3 2 ) . T h re e  c u ltu ra l  p e r s p e c t iv e s ,  i.e . 

in d iv id u a l is t ,  h ie r a r c h is t  a n d  e g a l i ta r ia n  w e re  u se d . T h e  in d iv id u a l is t  c o in c id e s  w i th  th e  v ie w  

th a t  m a n k in d  h a s  a  h ig h  a d a p tiv e  c a p a c i ty  th ro u g h  te c h n o lo g ic a l  a n d  e c o n o m ic  d e v e lo p m e n t  

a n d  th a t  a  s h o r t  t im e  p e r s p e c t iv e  is  ju s t i f ie d .  T h e  e g a li ta r ia n  c o in c id e s  w i th  th e  v ie w  th a t  

n a tu r e  is  f ra g i le ,  w i th  m a n y  fa c to rs  to  d a m a g e  it, t h a t  a  lo n g  t im e  p e r s p e c t iv e  is  ju s t i f i e d ,  a n d  

a  w o r s t  c a s e  s c e n a r io  is  n e e d e d  ( th e  p r e c a u t io n a ry  p r in c ip le ) .  T h e  h ie r a r c h is t  p e r s p e c t iv e  

c o in c id e s  w i th  th e  v ie w  th a t  im p a c ts  c a n  b e  a v o id e d  w i th  p r o p e r  m a n a g e m e n t ,  a n d  th a t  th e  

c h o ic e  o n  w h a t  to  in c lu d e  is  b a s e d  o n  th e  e x is te n c e  o f  e v id e n c e . T a b le  1 p ro v id e s  a n  o v e rv ie w  

o f  th e  v a lu e  c h o ic e s  th a t  c a n  b e  in c lu d e d  w i th in  g r o u n d w a te r  m o d e lin g .

T im e  p e r s p e c t iv e  c a n  b e  a p p lie d  b y  c o n s id e r in g  e f fe c ts  w i th in  a  c e r ta in  t im e  h o r iz o n , 

e m p h a s iz in g  lo n g  te r m  o r  s h o r t - te rm  p ro c e s s e s . In  g e n e ra l  t im e  h o r iz o n s  o f  2 0 , 1 0 0  a n d  

in f in i te  y e a r s  a re  a p p lie d  fo r  th e  in d iv id u a l is t ,  h ie r a rc h is t ,  a n d  e g a l i ta r ia n  r e s p e c tiv e ly  (9 ). A s  

n o  d e la y  o f  o v e r  10  y e a r s  is  e x p e c te d  in  th e  lo w e r in g  o f  th e  g ro u n d w a te r  ta b le  d u e  to  

e x tra c t io n s  (1 9 ) , t im e  h o r iz o n s  a re  n o t  in c lu d e d  in  th e  p e rs p e c tiv e s .
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A n  a s s u m p t io n  r e g a r d in g  e c o s y s te m  d a m a g e  is  th e  in c lu s io n  o f  sp e c ie s . F o r  th e  

in d iv id u a l is t  a n d  h ie r a r c h is t  p e r s p e c tiv e s ,  a ll p la n t  s p e c ie s  w e re  a s s u m e d  e q u a lly  im p o r ta n t .  

F o r  th e  e g a l i ta r ia n  p e r s p e c t iv e  h ig h  im p o r ta n c e  w a s  g iv e n  to  s p e c ie s  th a t  a re  a lr e a d y  

th re a te n e d  in  th e i r  e x is te n c e  a n d  th e r e fo r e  r e d  l i s t  s p e c ie s  w e re  in c lu d e d  o n ly .

T h e  in d iv id u a l is t  is  r is k  s e e k in g , th e  h ie r a r c h is t  a c c e p ts  a  h ig h  le v e l  o f  r is k  as  lo n g  as  th e  

d e c is io n  is  m a d e  b y  e x p e r ts ,  a n d  th e  e g a l i ta r ia n  p e r s p e c t iv e  is  r is k  a d v e r s e  (3 2 ). B a s e d  o n  

th e s e  a t t i tu d e s  to w a rd s  r is k s , th e  in d iv id u a l is t  p e r s p e c t iv e  o n ly  in c lu d e s  e m p ir ic a l ly  p ro v e n  

e ffe c ts . T h e  h ie r a r c h is t  p e r s p e c t iv e  in c lu d e s  s c ie n t if ic a l ly  a c c e p te d  e f fe c ts ,  w h ile  th e  

e g a li ta r ia n  p e r s p e c t iv e  in c lu d e s  a ll p o te n t ia l  e f f e c ts  th a t  m a y  o c c u r.

P o te n tia l  p o s i t iv e  e f fe c ts  w e re  in c lu d e d  f o r  th e  in d iv id u a l i s t  p e r s p e c t iv e  as  th e y  h a v e  a  

p o s i t iv e  a t t i tu d e  to w a rd s  e n v iro n m e n ta l  b e n e f i ts  (3 1 ) , a n d  i f  th e y  a re  n o t  u n c e r ta in  fo r  th e  

h ie r a r c h is t  as w e ll.

T a b l e  1 . V a lu e  c h o ic e s  f o r  g r o u n d w a te r  e x tr a c t io n  fo r  th re e  d i f f e re n t  p e rs p e c tiv e s

V a lu e  c h o ic e In d iv id u a l is t H ie ra r c h is t E g a l i ta r ia n 212

T im e  H o r iz o n - - -
213

S p e c ie s  p ro te c t io n  le v e l A ll A ll R e d  l is t
214

L ik e l ih o o d  o f  e f fe c ts P ro v e n  e f fe c ts L ik e ly  e f fe c ts A ll  k n o w n  e f f e è t l

P o s i t iv e  e f fe c ts Y e s Y e s N o
216

217

L C A  a p p l i c a t i o n .  T o  a s se s s  th e  a p p l ic a b i l i ty  o f  th e  c h a ra c te r iz a t io n  fa c to rs  f o r  

g r o u n d w a te r  e x tra c t io n , w e  c a lc u la te d  th e  r e la t iv e  c o n tr ib u t io n  o f  g ro u n d w a te r  e x tra c t io n  

c o m p a re d  to  o th e r  te r r e s t r ia l  e c o s y s te m  im p a c t  c a te g o r ie s  f o r  ta p  w a te r  p ro d u c t io n . I n v e n to ry  

d a ta  w e re  ta k e n  f ro m  th e  e c o in v e n t  d a ta b a s e  v 2 .2  (3 3 )  a n d  c h a ra c te r iz a t io n  fa c to rs  f o r  la n d  

u se , e c o to x ic i ty , a c id if ic a t io n ,  a n d  c l im a te  c h a n g e  w e re  a p p lie d  a c c o rd in g  to  th e  in d iv id u a l is t ,  

h ie r a rc h is t ,  a n d  e g a l i ta r ia n  p e rs p e c tiv e s  o f  th e  R e C iP e  m e th o d  (9 ).

Results

T h e  p a r t ia l  f a te  f a c to rs  o v e r  th e  N e th e r la n d s  r a n g e  f ro m  - 1 .2 T 0 '5 to  2 .7 -1 0 -2 y r  a n d  a re  

s h o w n  in  F ig u re  2.
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F i g u r e  2 . P a r t ia l  f a te  f a c to rs  (y r)  f o r  th e  N e th e r la n d s .

F ig u re  3 a  s h o w s  th e  g ro u n d w a te r  le v e l  r e s p o n s e  c u rv e , d e p ic t in g  th e  P N O F  a t  v a r io u s  

A G s , f o r  th e  N e th e r la n d s .  F r o m  A G  o f  -2 .3 0  m  u p  to  -1 .2 5  m  th e  P N O F  d e c re a s e s  a s  th e  

g r o u n d w a te r  le v e l  in c re a s e s . In  th e  s h a l lo w e r  g ro u n d w a te r  r a n g e  th e  P N O F  in c re a s e s  w h e n  

th e  g ro u n d w a te r  le v e l  in c re a s e s . T h e  g r o u n d w a te r  le v e l  r e s p o n s e  c u rv e  w a s  d iv id e d  in  fo u r

p a r ts  a n d  fo r  e a c h  a n  e f f e c t  f a c to r  ( d P N O F ) w a s  c a lc u la te d . E F s  a re  0 .2 4  m -1 ( -2 .3 0  <  A G  <
dAG

-1 .9 8  m ), 0 .9 2  m -1 ( -1 .9 8  <  A G  <  -1 .2 5  m ), -0 .2 3  m -1 ( -1 .2 5  <  A G  <  -0 .8 3  m ), a n d  -0 .8 5  m -1 ( 

0 .8 3  <  A G  <  0  m )  re s p e c tiv e ly . F ig u re  3 b  s h o w s  th e  g r o u n d w a te r  le v e l - r e s p o n s e  c u rv e  fo r  th e  

r e d  l is t  s p e c ie s  o n ly . A  s im i la r  t r e n d  is  o b s e rv e d  a n d  th e  c u rv e  fo r  r e d  l is t  s p e c ie s  c a n  b e  

d iv id e d  in  f o u r  p a r ts  a s  w e ll. E F s  a re  0 .2 5  m -1 ( -2 .3 0  <  A G  <  -1 .9 5  m ), 1 .1 8  m -1 ( -1 .9 5  <  A G  

<  -1 .2 1  m ), -0 .0 5  m -1 ( -1 .2 1  <  A G  <  -0 .7 2  m ), a n d  -1 .0 1  m -1 ( -0 .7 2  <  A G  <  0  m )  re s p e c tiv e ly . 

F o r  lo w e r  g r o u n d w a te r  le v e ls ,  e f f e c ts  o n  r e d  l is t  s p e c ie s  a re  4  to  2 8  %  la rg e r . F ig u re  3 c  s h o w s  

c u rv e s  f o r  n u t r ie n t  p o o r  g r a s s la n d , p in e  fo re s t ,  d e c id u o u s  fo re s t ,  a n d  h e a th  s e p a ra te ly . I t  c a n  

b e  s e e n  th a t  th e  v a r ia t io n  in  e f fe c t  f a c to r  a m o n g  v e g e ta t io n  ty p e s  is  r e la t iv e ly  s m a ll  ( a ro u n d  a  

f a c to r  o f  1 .5).
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F i g u r e  3 . G r o u n d w a te r  le v e l - r e s p o n s e  c u rv e s  r e p re s e n t in g  th e  p o te n t ia l ly  n o t  o c c u r r in g  

f ra c t io n  o f  p la n t  s p e c ie s  (P N O F )  as a  f u n c t io n  o f  th e  y e a r ly  a v e ra g e  g ro u n d w a te r  le v e l  (A G ). 

(a )  s h o w s  th e  o v e ra l l  c u rv e  w i th  f i t te d  l in e a r  f u n c t io n s  th a t  f o l lo w  (1 )  P N O F  =  -0 .2 4 * A G  +  

0 .1 4  w i th  a n  e x p la in e d  v a r ia n c e  R 2 =  0 .9 9 ; (2 )  P N O F  =  - 0 .9 2 * A G  - 1 .21  w i th  R 2 =  0 .9 8 ; (3 )  

P N O F  =  0 .2 3 * A G  +  0 .2 9  w i th  R 2 =  0 .8 2 , (4 )  P N O F  =  0 .8 5 * A G  +  0 .7 5  w i th  R 2 =  0 .9 9 . (b )  

s h o w s  th e  c u rv e  f o r  141 s p e c ie s  th a t  a re  o n  th e  r e d  l is t  in  th e  N e th e r la n d s  w i th  f i t te d  l in e a r  

fu n c t io n s  th a t  f o l lo w  (1 )  P N O F  =  -0 .2 5 * A G  +  0 .3 4  w i th  a n  e x p la in e d  v a r ia n c e  R 2  =  0 .9 6 ; (2 )  

P N O F  =  -1 .1 8 * A G  - 1 .4 8  w i th  R 2  =  0 .9 7 ; (3 )  P N O F  =  0 .0 5 * A G  +  0 .1 1  w i th  R 2  =  0 .1 2 , (4 )  

P N O F  =  1 .0 1 * A G  +  0 .7 8  w i th  R 2  =  0 .9 9 . (c )  s h o w s  c u rv e s  p e r  v e g e ta t io n  ty p e .

T h e  g ro u n d w a te r  le v e l - r e s p o n s e  c u rv e  f o r  a ll s p e c ie s  c a n  b e  e x tr a p o la te d  f ro m  A G  =  - 

2 .3 0  m  to  A G =  -3 .5 8  m . G r id  c e lls  w i th  A G s  o f  -2 .3 0  to  -3 .5 8  m  w ill  th e n  b e  a s s ig n e d  th e  E F  

fo r  th e  A G -ra n g e  o f  - 2 .3 0  m  to  -1 .9 8  m . F o r  A G  <  -3 .5 8  m , th e  P N O F  e q u a ls  1, im p ly in g  th a t  

th e s e  a re a s  d o  n o t  c o n ta in  g ro u n d w a te r -d e p e n d e n t  v e g e ta tio n . T h e re fo re ,  th e  E F  w a s  s e t  to  0 

m -1 fo r  a n  A G  <  -3 .5 8  m . F o r  th e  r e d  l is t  s p e c ie s  th e  s a m e  e x tr a p o la t io n  s tr a te g y  w a s  a p p lie d .

F o r  th e  c a lc u la t io n  o f  th e  c h a ra c te r iz a t io n  f a c to r  C F , th e  r e s p o n s e  c u rv e  f o r  a ll s p e c ie s  is 

in c lu d e d  f o r  th e  in d iv id u a l is t  a n d  th e  h ie r a rc h is t  p e rs p e c tiv e ,  w h ile  th e  e g a l i ta r ia n  p e r s p e c t iv e  

ta k e s  in to  a c c o u n t  th e  r e d  l is t  s p e c ie s  o n ly . T h e  e f fe c ts  l ik e ly  to  o c c u r  in  th e  g ro u n d w a te r  

le v e l  r a n g e  b e lo w  -2 .3  m  w h e re  th e  e f f e c t  c u rv e  is  e x tr a p o la te d  a re  in c lu d e d  in  th e  h ie r a rc h is t  

a n d  e g a li ta r ia n  p e rs p e c t iv e ,  b u t  e x c lu d e d  f ro m  th e  in d iv id u a l is t  p e r s p e c t iv e  d u e  to  th e
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r e la t iv e ly  h ig h  u n c e r ta in ty  o f  th is  p a r t  o f  th e  r e s p o n s e  c u rv e . T h e  in d iv id u a l is t ic  a n d  

h ie r a r c h is t  p e r s p e c t iv e  in c lu d e  p o s i t iv e  e f fe c ts , w h ile  th e  e g a li ta r ia n  p e r s p e c t iv e  d o e s  n o t  

in c lu d e  p o s i t iv e  e f fe c ts  f ro m  a  p re c a u t io n a ry  p o in t  o f  v iew . F ig u re  4  s h o w s  th e  th re e  C F s  fo r  

th e  N e th e r la n d s .

F i g u r e  4. C h a ra c te r iz a t io n  fa c to rs  f o r  th e  in d iv id u a l is t  (I) , h ie r a r c h is t  (H ), a n d  e g a li ta r ia n  (E )  

p e rs p e c tiv e s , c o n s is t in g  o f  a  p o s i t iv e  a n d  a  n e g a t iv e  p a rt.

A p p l ic a t io n  o f  o u r  c a lc u la te d  C F  s h o w s  th a t  g r o u n d w a te r  e x tr a c t io n  c a u se s  2 .2  to  1 3 .2 %  o f  

th e  to ta l  e c o s y s te m  d a m a g e  r e s u l t in g  f ro m  th e  p r o d u c t io n  o f  ta p  w a te r ,  d e p e n d in g  o n  th e  

p e r s p e c tiv e  ta k e n  ( F ig u r e  5 ).

100%............................................................................................................

.1 80%---------------------------------------------------------------------------------

.Q
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0% ------- 1
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■ G roundw ater u s e  Land u s e  Ecotoxicity

■ Acidification " C lim a te  c h a n g e

F i g u r e  5 . T h e  r e la t iv e  c o n tr ib u t io n  o f  f iv e  im p a c t  c a te g o r ie s  to  th e  te r r e s tr ia l  e c o s y s te m  

d a m a g e  o f  ta p  w a te r  p r o d u c t io n  f o l lo w in g  th e  in d iv id u a l is t  ( I ) , h ie r a r c h is t  (H ) , a n d  e g a li ta r ia n  

(E )  p e rs p e c tiv e .
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Discussion

T h is  p a p e r  d e s c r ib e d  th e  d e v e lo p m e n t  a n d  a p p l ic a t io n  o f  a  m e th o d  th a t  p re d ic ts  th e  

c h a n g e  in  p la n t  s p e c ie s  r ic h n e s s ,  m o d e l le d  as  th e  p o te n t ia l ly  n o t  o c c u r r in g  f ra c t io n  o f  p la n t  

s p e c ie s , p e r  u n i t  o f  g r o u n d w a te r  e x tra c tio n . T h e  c h a ra c te r iz a t io n  f a c to r  d e r iv e d  p r o v id e s  th e  

o p p o r tu n i ty  to  c o m b in e  th e  e c o lo g ic a l  c o n s e q u e n c e s  o f  g r o u n d w a te r  e x tr a c t io n  w i th  th e  

e f fe c ts  o f  o th e r  ty p e s  o f  s tr e s s o r s , s u c h  as  la n d  u s e  a n d  a c id if ic a t io n ,  in  th e  L ife  C y c le  

A s s e s s m e n t  o f  p ro d u c ts .  B e lo w , w e  d is c u s s  th e  b e n e f i ts  a n d  l im ita t io n s  o f  th e  m o d e l l in g  

p ro c e d u re  a n d  p ro v id e  a n  in te r p re ta t io n  o f  th e  r e s u l ts  o b ta in e d .

F a t e  f a c t o r s .  T o  o b ta in  f a te  f a c to rs  f o r  g ro u n d w a te r  e x tra c t io n , th e  M O D F L O W  m o d e l  

w a s  ru n  to  s te a d y - s ta te  a n d  y e a r ly  a v e ra g e  c h a n g e s  in  g ro u n d w a te r  le v e ls  w e re  d e r iv e d . A  

s te a d y - s ta te  a p p ro a c h  s e e m s  a p p ro p r ia te  f o r  g ro u n d w a te r  w e l ls  w h e re  w a te r  is  b e in g  p u m p e d  

c o n s ta n t ly , th u s  h a v in g  a  p e rm a n e n t  e f f e c t  o n  th e  g ro u n d w a te r  le v e l. In  th e  N e th e r la n d s ,  7 5 %  

o f  th e  e x tr a c te d  g r o u n d w a te r  is  u s e d  fo r  d r in k in g  w a te r  (3 4 ) , w h ic h  is  e x tr a c te d  w i th  

c o n tin u o u s ly  p u m p in g  w e l ls  (3 5 ). T h e re fo re ,  th e  e f fe c ts  o f  a n  in te rm i t te n t ly  p u m p in g  w e ll  

w e re  n o t  ta k e n  in to  a c c o u n t  in  o u r  s tu d y . M o re  r e s e a rc h  o n  th e  e f fe c ts  o f  in te rm itte n tly  

p u m p in g  w e l ls  is  n e e d e d  in  o rd e r  to  in c lu d e  th e s e  w e l ls  in  L C A  s tu d ie s .

C u r r e n t  E u ro p e a n  p o l ic y  a im s  a t  a  s u s ta in a b le  u s e  o f  g ro u n d w a te r ,  w h ic h  w o u ld  m e a n  a  

d e c re a s e  o f  g r o u n d w a te r  e x tr a c t io n  in  th e  fu tu r e  (3 6 ). A s  a  r e f e re n c e  s i tu a tio n , w e  u s e d  th e  

a m o u n t  o f  e x tr a c t io n  as  i t  w a s  in  th e  y e a r  2 0 0 0 . T o  a c c o u n t  f o r  p o s s ib le  fu tu r e  d e c re a s e s  in  

e x tr a c t io n  a  d if f e re n t  r e f e re n c e  s i tu a tio n  c a n  b e  a s s u m e d  fo r  c a lc u la t in g  f a te  a n d  e f fe c t  

f a c to rs . W h e n  m o re  in fo rm a t io n  is  a v a ila b le  o n  fu tu r e  s c e n a r io ’s, th e s e  c a n  b e  in c lu d e d  in  th e  

th re e  p e r s p e c tiv e s  a s  w e ll ,  a s  fu tu r e  o p t im is t ic ,  b a s e l in e , a n d  p e s s im is t ic  v ie w s  c o r r e s p o n d  to  

th e  in d iv id u a l is t ,  h ie r a rc h is t ,  a n d  e g a li ta r ia n  p e rs p e c t iv e ,  r e s p e c t iv e ly  (3 1 ).

U s in g  th e  e c o h y d ro lo g ic a l  D E M N A T  m o d e l ,  V a n  E k  e t al. (1 6 )  d e r iv e d  a  ty p ic a l  f a c to r  

f o r  d A G /d q  o f  0 .0 2  m m  lo w e r in g  o f  th e  g r o u n d w a te r  le v e l  p e r  M m 3/y r  o f  e x tr a c te d

g ro u n d w a te r ,  w h e re a s  o u r  to ta l  f a c to r  ( ^  FFi ) w a s  0 .1 4  m m  p e r  M m 3/y r. E x tra c t io n s  f ro m

i

w e lls  lo c a te d  n e a r  th e  b o rd e r s  w i th  G e rm a n y  a n d  B e lg iu m  c a u s e  a  d r a w d o w n  in  th e s e  

c o u n tr ie s  as w e ll. T h e s e  e f fe c ts  a re  n o t  in c lu d e d  b y  th e  N H I , w h ic h  c a u se s  a  sm a ll  

u n d e re s t im a t io n  o f  th e  fu ll  d r a w d o w n  o v e r  th e  a f f e c te d  a re a  a n d  th u s  o f  th e  f a te  fa c to r .

N e x t  to  re g io n a l  v a r ia t io n  c a u s e d  b y  d iv e rg in g  e x tr a c t io n  ra te s , th e  f a te  f a c to r  c a n  v a ry  

d u e  to  v a r ia t io n  in  h y d ro -g e o lo g ic a l  p a ra m e te rs :  s o il  p e rm e a b i l i ty , r e c h a rg e , g ro u n d  p a c k  

a ro u n d  th e  e x tr a c t io n  (e .g . is  i t  m a in ly  c la y , s a n d , o r  p e a t)  a n d  d e p th  o f  e x tra c tio n . F o r  L C A  

p u rp o s e s  i t  w o u ld  b e  in te r e s t in g  to  d e r iv e  f a te  f a c to rs  a s  a  f u n c t io n  o f  th e s e  v a ry in g
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p a ra m e te rs  to  a c c o u n t  f o r  lo c a t io n - s p e c i f ic  c o n d it io n s . O u r  f a te  m o d e l  p r o v id e s  th e  p o s s ib i l i ty  

to  l in k  g r id - s p e c i f ic  g ro u n d w a te r  ta b le  lo w e r in g  to  e n v iro n m e n ta l  v a r ia b le s ,  s u c h  as  th e  

v e r t ic a l  r e s is ta n c e  a n d  t r a n s m is s iv i ty  o f  th e  s o il  la y e r s , a n d  p re c ip i ta t io n  a n d  

e v a p o tra n s p ira t io n . F u r th e r  r e s e a rc h  is  r e q u ir e d  to  q u a n ti fy  th e  in f lu e n c e  o f  v a r ia t io n  in  

h y d ro -g e o lo g ic a l  m o d e l  p a ra m e te rs  o n  th e  f a te  fa c to r .

E f f e c t  f a c t o r s .  T o  o b ta in  e f fe c t  f a c to rs  f o r  g r o u n d w a te r  le v e l  c h a n g e , th e  M O V E  m o d e l 

w a s  a p p lie d . T h e  D E M N A T  m o d e l  a ls o  p ro v id e s  r e s p o n s e  c u rv e s  f o r  p la n t  s p e c ie s  p o o ls ,  

s h o w in g  a  d e c l in e  in  s p e c ie s  d iv e r s i ty  fo r  d ro p p in g  g ro u n d w a te r  le v e ls  (3 7 ). R u n h a a r  e t  al.

(3 7 )  fo u n d  a  m a x im u m  o f  1 3 .5 %  s p e c ie s  r ic h n e s s  d e c re a s e  p e r  10  c m  d e c re a s e  o f  A v e ra g e  

S p r in g  G ro u n d w a te r  le v e l  d e c re a s e  w h ic h  c o r re s p o n d s  w e ll  w i th  th e  m a x im u m  o f  9 .2 %  

s p e c ie s  r ic h n e s s  d e c re a s e  p e r  10  c m  g r o u n d w a te r  le v e l  d e c re a s e  fo u n d  in  o u r  r e s e a rc h .

L a id ig  e t  al. (3 8 )  s h o w e d  th a t  i t  d e p e n d s  o n  th e  v e g e ta t io n  ty p e  a n d  s p e c ie s  in c lu d e d  

w h e th e r  th e r e  is  a  p o s i t iv e  o r  n e g a t iv e  r e la t io n s h ip  b e tw e e n  s p e c ie s  o c c u r r e n c e  a n d  

g r o u n d w a te r  le v e l  c h a n g e , c o r r e s p o n d in g  to  th e  in c r e a s e  in  s p e c ie s  d iv e r s i ty  f o r  h ig h e r  

g r o u n d w a te r  le v e ls  f o u n d  in  o u r  re s e a rc h .

F o r  th e  c o n n e c t io n  b e tw e e n  fa te  a n d  e f fe c ts ,  w e  a p p lie d  th e  r e la t io n s h ip  b e tw e e n  

E l le n b e rg  m o is tu re  v a lu e  f  a n d  a v e ra g e  g ro u n d w a te r  le v e l  as d e r iv e d  f ro m  S c h a f fe rs  a n d  

S y k o ra  (2 9 ). A s  s h o w n  b y  E r ts e n  e t  al. (2 7 ) , th e r e  is  a lso  a  g o o d  c o r r e la t io n  b e tw e e n  A v e ra g e  

S p r in g  G ro u n d w a te r  le v e l  a n d  f. T h e  re la t io n s h ip  b e tw e e n  A S G  a n d  f  c o u ld  h a v e  b e e n  u s e d  as 

w e ll , b u t  w o u ld  h a v e  r e q u ir e d  d y n a m ic  c a lc u la t io n s  w i th  th e  M O D F L O W  m o d e l  to  d e r iv e  

f a te  f a c to rs  r e la te d  to  A S G .

W e  s h o w e d  th a t  th e  e f f e c t  f a c to rs  f o r  o u r  fu ll  l is t  o f  te r r e s t r ia l  p la n t  s p e c ie s  d id  n o t  la rg e ly  

d if f e r  f ro m  th e  e f f e c t  f a c to rs  f o r  th e  r e d  l i s t  s p e c ie s  o n ly . T h e  r e s p o n s e  c u rv e s  s h o w e d  s im ila r  

t re n d s  a n d  b o th  c u rv e s  c o u ld  b e  d iv id e d  in to  f o u r  p a r ts . I t  w a s  a ls o  s h o w n  th a t  th e  e f fe c t  

f a c to rs  h a rd ly  d i f f e r  b e tw e e n  d i f f e re n t  v e g e ta t io n  ty p e s . T h e s e  f in d in g s  in d ic a te  th a t  th e  

v a r ia t io n  in  e f fe c t  f a c to rs  a m o n g  v e g e ta t io n  ty p e s  o c c u r r in g  in  a  te m p e ra te  m a r i t im e  c lim a te  

is  r e la t iv e ly  s m a ll,  s u g g e s t in g  th a t  o u r  g e n e r ic  r e s p o n s e  c u rv e  c a n  b e  u s e d  in  o th e r  re g io n s  

w i th  c o m p a ra b le  v e g e ta t io n  ty p e s . H o w e v e r ,  i t  s h o u ld  b e  s tr e s s e d  th a t  o u r  m e th o d  p re d ic ts  

re s p o n s e s  o f  s p e c ie s  r ic h n e s s  i r r e s p e c t iv e  o f  s p e c ie s  c o m p o s i t io n ,  a s  w e  u s e d  o n e  g e n e r ic  

g r o u n d w a te r  le v e l  r e s p o n s e  c u rv e  b a s e d  o n  th e  to ta l  p la n t  s p e c ie s  p o o l in  th e  N e th e r la n d s . 

S p e c if ic  r e s p o n s e  c u rv e s  fo r  v e g e ta t io n  ty p e s  c h a ra c te r is t ic  o f , f o r  in s ta n c e ,  w e t  o r  d ry  

c ir c u m s ta n c e s  w il l  f a c i l i ta te  m o re  lo c a t io n - s p e c i f ic  a s s e s s m e n ts  o f  th e  e f fe c ts  o f  g ro u n d w a te r  

e x tr a c t io n  o n  p la n t  s p e c ie s  r ic h n e s s . T h is  s h o u ld  b e  s u b je c t  to  fu r th e r  re s e a rc h .
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T h e  g r o u n d w a te r  le v e l - r e s p o n s e  c u rv e  s h o w e d  th a t  th e  p o in t  o f  d e p a r tu re  is  r e le v a n t  in  th e  

d e r iv a tio n  o f  th e  e f fe c t  fa c to r . F o r  y e a r ly  a v e ra g e  g r o u n d w a te r  le v e ls  lo w e r  th a n  -1 .2 5  m e te rs ,  

a  d e c re a s e  in  s p e c ie s  r ic h n e s s  is  e x p e c te d  i f  g r o u n d w a te r  le v e ls  a re  lo w e re d  (m a x im u m  9 .2 %  

p e r  10  c m  o f  g ro u n d w a te r  le v e l  d e c re a s e ) .  In  c o n tra s t ,  f o r  g ro u n d w a te r  le v e ls  h ig h e r  th a n  - 

1 .25  m e te rs ,  a  lo w e r in g  o f  th e  g ro u n d w a te r  le v e l  is  e x p e c te d  to  in c r e a s e  s p e c ie s  r ic h n e s s  

(m a x im u m  8 .5 %  in c re a s e  p e r  10  c m  o f  g ro u n d w a te r  le v e l  d e c re a s e ) .  I t  s h o u ld , h o w e v e r ,  b e  

s tr e s s e d  th a t  o u r  w o rk  s h o u ld  n o t  b e  u s e d  as  a n  a rg u m e n t  to  lo w e r  g r o u n d w a te r  le v e ls  in  

e c o s y s te m s  w h e re  g r o u n d w a te r  ta b le s  a re  n a tu r a l ly  h ig h . In  th e s e  c a s e s , a  s h if t  to w a rd s  a  

d if f e re n t  v e g e ta t io n  c o m m u n ity  w i th  h ig h e r  s p e c ie s  d iv e r s i ty  s h o u ld  n o t  b e  a u to m a tic a l ly  

in te rp re te d  as b e n e f ic ia l ,  e s p e c ia l ly  b e c a u s e  th e  in c r e a s e  in  s p e c ie s  d iv e r s i ty  m ig h t  g o  o n  th e  

e x p e n s e  o f  p a r t ic u la r  s p e c ie s  th a t  r e ly  o n  h ig h  g ro u n d w a te r  le v e ls . N a tu ra l  h e te ro g e n e i ty  in  

la n d s c a p e  c h a ra c te r is t ic s ,  in c lu d in g  n a tu r a l  v a r ia b il i ty  in  g ro u n d w a te r  le v e ls ,  is  a n  im p o r ta n t  

d r iv e r  f o r  m a in ta in in g  o v e ra ll  s p e c ie s  d iv e rs ity .

A p p l i c a t i o n  i n  L C A  s tu d ie s .  C h a ra c te r iz a t io n  fa c to rs  w e re  d e r iv e d  f o r  th e  g e n e r ic  D u tc h  

s itu a tio n . E f f e c t  f a c to rs  w e re  b a s e d  o n  d a ta  o n  th e  o c c u r r e n c e  o f  p la n t  s p e c ie s , a n d  th e r e fo re  

e x p re s s e d  as  p o te n t ia l ly  n o t  o c c u r r in g  f r a c t io n  o f  p la n t  s p e c ie s  (P N O F ) . T h is ,  in  c o n tr a d ic t io n  

to  e f fe c ts  c a u s e d  b y  fo r  e x a m p le , to x ic  c o m p o u n d s ,  f o r  w h ic h  d a ta  a re  a v a ila b le  o n  th e  e f fe c t  

a n d  le th a l  d o s e  fo r  s p e c ie s  (3 9 ). O n  a n  e n d p o in t  le v e l ,  th e  P N O F  c a n  b e  c o n s id e re d  e q u a l  to  

th e  p o te n t ia l ly  a f f e c te d  o r  p o te n t ia l ly  d is a p p e a re d  f ra c t io n  o f  sp e c ie s .

F o r  L C A s , th e  N e th e r la n d s  is  a  r e la t iv e ly  s p e c if ic  s p a tia l  c o n te x t . T h is  b r in g s  u p  th e  

q u e s tio n  w h e th e r  th e  c u r r e n t  r e s e a rc h  c a n  b e  a p p lie d  o u ts id e  th e  N e th e r la n d s .  P r o v id e d  th a t  

th e  r e q u ir e d  g e o h y d ro lo g ic a l  d a ta  a re  a v a ila b le , a s  is  th e  c a s e  fo r  e .g . C h in a  (4 0 ) , C a n a d a

(4 1 ) , a n d  I ta ly  (2 1 ) , th e  U .S . G e o lo g ic a l  S u rv e y  m o d e l  M O D F L O W  c a n  b e  p a ra m e te r iz e d  fo r  

e v e ry  r e g io n  o f  th e  w o r ld  to  c a lc u la te  f a te  f a c to rs  a c c o rd in g  to  th e  m e th o d  o u t l in e d  in  th is  

p a p e r . T h e  e f f e c t  f a c to rs  a p p ly  to  te m p e ra te  m a r i t im e  c lim a te s  w i th  s im i la r  v e g e ta t io n  ty p e s  

as th e  N e th e r la n d s .  T h e  E l le n b e rg  n u m b e r s  w e re  b a s e d  o n  o b s e rv a t io n s  o f  r e a l iz e d  n ic h e s  o f  

p la n t  s p e c ie s  in  C e n tra l  E u ro p e . A s  th e  e c o lo g ic a l  b e h a v io r  o f  s p e c ie s  c a n  b e  d i f f e re n t  in  o th e r  

r e g io n s , c a l ib ra t io n  o f  th e  E l le n b e rg  v a lu e s  is  n e e d e d  a c c o rd in g  to  r e g io n a l  d e v ia t io n s . T h is  

w a s  s u c c e s s fu l ly  d o n e  fo r  s e v e ra l  o th e r  E u r o p e a n  a re a s , e .g . th e  F a ro e  i s la n d s  (4 2 ) , B r i ta in

(4 3 ) , S w e d e n  (4 4 )  a n d  G re e c e  (4 5 ).

O u r  r e s e a rc h  is  a m o n g  th e  f ir s t  to  in c lu d e  th e  im p a c ts  o f  g ro u n d w a te r  e x tr a c t io n  o n  

te r re s tr ia l  e c o s y s te m s  in  L C A  c o n te x t . F o r  th e  p r o d u c t io n  o f  ta p  w a te r  w e  s h o w e d  th a t  

g r o u n d w a te r  e x tr a c t io n  c o n tr ib u te s  to  te r re s tr ia l  e c o s y s te m  d a m a g e  u p  to  3 2 % . W e
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382 re c o m m e n d  to  fu r th e r  e la b o ra te  o n  th e  in c lu s io n  o f  g ro u n d w a te r  e x tr a c t io n  in  L C A  b y

383 d e v e lo p in g  C F s  fo r  r e g io n s  o u ts id e  t h e  N e th e r la n d s  as  w e ll.
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