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p u b lis h e d  w o r k  s e e  h t tp : / /p u b s .a c s .o r g /d o i/a b s /1 0 .1 0 2 1 /e s 1 0 3 9 6 3 4 .

A b s tr a c t

H u m a n -in d u ced  ch a n g es in  w ater co n su m p tio n  and g lo b a l w a rm in g  are lik e ly  to  red u ce the

sp e c ie s  r ich n ess o f  fresh w ater  ec o sy s tem s . S o  far, th ese  im p acts h a v e  n o t b een  ad d ressed  in

th e  co n tex t o f  l ife  c y c le  a sse ssm e n t (L C A ). H ere , w e  d erived  character iza tion  factors for

w ater co n su m p tio n  and g lo b a l w a rm in g  b a sed  on  fresh w ater  f ish  sp e c ie s  lo ss . C a lcu la tio n  o f

character ization  factors for  p oten tia l fresh w ater  f ish  lo s s e s  fro m  w ater co n su m p tio n  w ere

estim ated  u s in g  a  g en er ic  sp ec ies-r iv er  d isch a rg e cu rve fo r  2 1 4  g lo b a l river b asin s. W e  a lso

d erived  character ization  factors for  p oten tia l fresh w ater f ish  sp ec ie s  lo s s e s  per un it o f

green h o u se  gas em iss io n . B a sed  on  f iv e  g lo b a l c lim a te  scen ar ios, character iza tion  factors for

63  g reen h o u se  gas em iss io n s  w ere  ca lcu la ted . D ep e n d in g  on  th e  river con sid ered ,

character ization  factors for  w ater co n su m p tio n  can  d iffer  up to  3 orders o f  m agn itu de.

C h aracterization  factors fo r  g reen h o u se  gas em iss io n s  can  vary up to  5 orders o f  m agn itu d e,

d ep en d in g  on  th e  a tm osp h eric  res id en ce  tim e  and rad iative fo rc in g  e f f ic ie n c y  o f  g reen h o u se

gas em iss io n s . A n  e m iss io n  o f  1 ton  o f  C O 2 is  ex p ec ted  to  ca u se  th e sa m e im p a ct on  p oten tia l

f ish  sp e c ie s  d isap p earan ce as th e  w ater co n su m p tio n  o f  1 0 -1 0 0 0  m 3, d ep en d in g  on  th e river
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b asin  con sid ered . O ur resu lts m ak e it p o ss ib le  to  com p are th e  im p a ct o f  w ater co n su m p tio n  

w ith  g reen h o u se  gas em iss io n s.

K e y w o r d s :  w ater co n su m p tio n , g lo b a l w arm in g , l i fe  c y c le  a ssessm en t, fresh w ater  ec o sy s te m s

B r ie f:  D e v e lo p m e n t o f  a  l ife  c y c le  im p a ct a sse ssm e n t m eth o d  to  address e ffe c ts  o f  w ater  

co n su m p tio n  and g reen h o u se  gas em iss io n s  on  fresh w ater  f ish  sp e c ie s  d isappearance.

I n tr o d u c t io n

L ife  c y c le  a sse ssm e n t (L C A ) is  a  tech n iq u e  u sed  to  a ssess  th e  en v iron m en ta l im p acts  

a sso c ia ted  w ith  a product, p ro cess  or s e r v ic e .1 T h is paper fo c u se s  on  l i f e  c y c le  im p act  

a sse ssm e n t (L C IA ), th e p h ase  w h ere  in ven tory  data are a sse sse d  in  term s o f  en v iron m en ta l  

im p acts. Im p act ca teg o r ies  in  L C IA  can  b e  a sso c ia ted  w ith  areas o f  p rotection  (A o P s), su ch  as  

natural resou rces, e c o sy s te m  quality  and h u m an  h ea lth .2 T h e re la tion sh ip  b e tw e en  in ven tory  

data and th e  m agn itu d e o f  im p acts on  th e  A o P s in  L C IA  are ex p ressed  in  term s o f  

character ization  fa c to rs .3

G lob a l fresh w ater  b io d iv ersity  is  o n e  o f  th e  A o P s w h ich  h as ex p er ien ced  large ad verse  

e f fe c ts .4 A lth o u g h  fresh w ater  f ish  sp e c ie s  lo s s e s  d ue to  an th rop ogen ic  im p acts h a v e  b een  

ad d ressed  in  earlier s tu d ie s ,5-7 le s s  atten tion  has b een  paid  to  a s se s s in g  th ese  im p acts in  an  

L C A  p ersp ec tiv e .8 A t present, fresh w ater-re la ted  stu d ies u s in g  L C A  tech n iq u es h a v e  m o stly  

fo c u se d  on  to x ic o lo g ic a l e f fe c ts .3,9-11 T h e en v iron m en ta l im p acts o f  w ater co n su m p tio n  on  

terrestrial e c o sy s te m s  has o n ly  recen tly  b een  co n d u cted  by P fister  et a l.12 Im p acts o f  w ater  

co n su m p tio n  and g reen h o u se  gas e m iss io n s  in  re la tion  to  fresh w ater  b io d iv ersity  h a v e  so  far  

n o t b een  ad d ressed  in  L C A  con text.

G lob a l w a rm in g  and in crea ses  in  w ater co n su m p tio n  can  s ig n ifica n tly  a ffec t fresh w ater

e c o s y s te m s .13,14 F or ex a m p le , red u ced  river d isch arge (the v o lu m e  o f  w ater f lo w in g  through  a

river per u nit tim e ) d ue to  w ater co n su m p tio n  and g reen h o u se  gas e m iss io n s  co u ld  lea d  to

fresh w ater  f ish  sp ec ie s  lo s s e s .15 In lo t ic  fresh w ater e c o sy s te m s , river d isch arge can  b e  u sed  as

a surrogate o f  habitat sp a ce  to  gen erate sp ec ie s-d isch a rg e  re la tion sh ip s sim ilar  to  terrestrial
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sp ec ie s-a rea  cu r v e s .15-17 B e c a u se  c lim a te  w arm in g  and w ater co n su m p tio n  is  ex p ec ted  to  

red u ce river d isch arge in  m an y  parts o f  th e w o r ld ,18 th ese  sp ec ie s-d isch a rg e  re la tion sh ip s h a v e  

b een  u sed  to  fo reca st sp ec ie s  d iversity  lo s s e s  a sso c ia ted  w ith  redu ction s in  freshw ater. In  

addition , river d isch arge  red u ction  can, fo r  in sta n ce , lea d  to  a  h ig h er  con cen tra tion  o f  

n utrients and p o llu tan ts in  fresh w a ter15 thus co m p o u n d in g  th e  n eg a tiv e  e f fe c ts  o f  w ater  

quantity red u ction s a lo n e  on  b iod iversity . C h an ges in  tem perature and p rec ip ita tion  a sso c ia ted  

w ith  g lo b a l w arm in g  can  a lso  ad v erse ly  a ffec t w ater ava ilab ility . It is  ex p ec ted  that river  

d isch arge red u ction  d ue to  g lo b a l w arm in g  can  n eg a tiv e ly  in flu e n c e  th e  d istribu tion  and  

o ccu rren ce  o f  m an y  f ish  sp e c ie s  (F igu re 1 ) .7,19,20

T h e a im  o f  th is  paper is  to  d erive  character ization  factors re la ted  to  fresh w ater  e c o sy s te m  

d am age fo r  w ater co n su m p tio n  and g reen h o u se  gas em iss io n s . T h e  p resen t study fo c u s e s  on  

th e  occu rren ce  o f  fresh w ater  n a tiv e  f ish  sp e c ie s  in  g lo b a l rivers. In order to  put our resu lts in to  

L C A  p ersp ec tiv e , w e  a lso  ca lcu la te  n o rm aliza tion  factors for  w ater  co n su m p tio n  and g lo b a l  

w arm in g  as input for  o v era ll n o rm aliza tion  factors that represen t b io d iv ersity  im p acts in  

freshw ater. N o rm a liza tio n  factors p rov id e  in form ation  ab out th e re la tive  im p ortan ce o f  each  

im p act ca tegory  con sid ered , su ch  as im p acts on  fresh w ater  b io d iv ersity . .

M e th o d s

F r a m e w o r k . F igu re 1 g iv e s  an o v e r v ie w  o f  the c a u se -e ffe c t  ch a in  regard in g  the  

d isap p earan ce o f  fresh w ater  f ish  sp ec ie s  ca u sed  b y  g reen h o u se  gas em iss io n s  and w ater  

con su m p tion . In th is study, w ater  co n su m p tio n  refers to  w ater u sed  fo r  h u m an  a ctiv itie s , (e .g .  

com m u n al, agricu ltural and ind u stria l) that is  n o t returned to  th e  river. T h e in flu e n c e  o f  

red u ced  f lo w  rates on  f ish  sp ec ie s  n um bers can  b e q u an tified  w ith  th e g lo b a l sp e c ie s -  

d isch arge m o d el, an  in d ex  o f  habitat sp ace , fe e d in g  and rep rod u ctive op portu n ities. T h is  

m o d el w a s d ev e lo p ed  on  th e b asis  o f  in form ation  on  n a tiv e  f ish  sp e c ie s  and river d isch arges

in  variou s river b a sin s (X e n o p o u lo s  et a l .) .14 T h is m o d e l a ssu m es a  p o s it iv e  correlation
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b e tw e en  the n u m b er o f  fresh w ater  f ish  sp ec ie s  and average  river d isch arges at the m ou th  o f  

river basins.

R = 4 2  • QHLh  (1 )

w h ere  R  is  th e fresh w ater  f ish  sp ec ie s  r ich n ess and Qmouth is  th e annual average  river d isch arge  

at th e river m ou th  o f  b asin  i  (m 3.s-1).

T h e sp ec ie s-d isch a rg e  re la tion sh ip  can  b e  u sed  as a  b a sis  to  ca lcu la te  ch aracterization  

factors for  w ater co n su m p tio n  that sp ec ify  fresh w ater  f ish  sp ec ie s  ex tin c tio n  per un it o f  

red u ced  river d isch arge for  river b asin s in  d ifferen t reg io n s o f  th e  w o r ld .14 T h is h as b een  d on e  

in  a  river b a s in -sp e c if ic  w ay . U s in g  th e  data p rov id ed  in  X e n o p o u lo s  et a l . ,14 in form ation  o f  

th e  average river d isch arge for  3 2 6  river b a sin s w a s con sid ered . T h ese  3 2 6  rivers in c lu d e  

w e ll-k n o w n  river b a sin s in  th e  w orld , rep resen tin g  a  w id e  g eo g ra p h ica l d istribu tion  o f  rivers  

around th e variou s con tin en ts. H o w ev e r , w e  ex c lu d ed  83 river b a sin s w h ich  are lo ca ted  at 

la titu d es h ig h er  than 4 2 o, b eca u se  th ese  river b asin s w ere  recen tly  (in  g e o lo g ic a l  tim e)  

g la c ia ted , i.e . co v ered  by ice . A s  su ch , th e se  rivers h a v e  n o t had  en o u g h  tim e  to  e v o lv e  to  

th eir  m a x im u m  sp ec ie s  r ich n ess  poten tia l. It fo llo w s  that th e  sp ec ie s-d isch a rg e  re la tion sh ip  

fo r  th ese  river b a sin s is  w e a k  as th ey  h a v e  m u ch  fe w e r  sp ec ie s  per un it d isch arge  than th e  

rivers b e lo w  4 2 o. T h is in d ica tes  that m o st o f  th e w o r ld ’s river b a sin s lo ca ted  in  th e  h ig h  

la titu d es in c lu d in g  N orthern  E urope, N orthern  A m e r ica  and C an ad a w ere  n o t tak en  in to  

account. In ad d ition , d ue to  data lim ita tio n s in  th e  river v o lu m e  and len g th  ca lcu la tio n s, 2 9  

river b a sin s w ere  a lso  ex c lu d ed . T hu s, a  total o f  2 1 4  river b a sin s w ere  u sed  in  our fin al 

m o d els .

T h e sp ec ie s-d isch a rg e  re la tion sh ip  can  a lso  b e u sed  to  d erive  character ization  factors that 

q uan tify  th e p oten tia l ex tin c tio n  o f  fresh w ater  f ish  sp ec ie s  p er unit o f  g reen h o u se  gas  

em issio n . T he en d p o in t m o d e llin g  for  g lo b a l w a rm in g  further in c lu d es th e in flu e n c e  o f

4



108 g reen h o u se  g a s  em iss io n s  on  g lo b a l m ea n  tem perature and su b seq u en t e ffec ts  on  river w ater

109 d isch arge (s e e  F igu re 1). T h e ca lcu la tio n  o f  th e ch aracterization  factors fo r  w ater co n su m p tio n

110 and g lo b a l w a rm in g  is  ex p la in ed  b e lo w .

131 F ig u r e  1. C a u se -e ffe c t  ch a in  for  im p act o f  g reen h o u se  gas em iss io n s  and w ater  co n su m p tio n

132 on  fresh w ater  f ish  sp ec ie s . ,
14,15

133 W a te r  C o n s u m p t io n . C haracterization  factors fo r  w ater  co n su m p tio n  re flec t th e im p act

134 o f  w ater u se  d ue to  h u m an  a c tiv itie s  on  fresh w ater  f ish  sp e c ie s  r ich n ess, ex p ressed  in  u n its o f

135 P D F m 3 y r m -3. T h e river b a s in -sp e c if ic  character ization  factors for  w ater co n su m p tio n

136 (C F wc,i) w ere  ca lcu la ted  by:

137 CFwcj = FF  • EF  =
dQ mmouth,i

(2 )

effect

138 w h ere  FFi is  th e fa te  fa ctor  o f  river b asin  i, EFi is  th e e f fe c t  factor o f  river b asin  i

139 (P D F -m 3-yr-m-3), dQmouthj  is  th e  m arginal ch a n g e  in  w ater d isch arge at th e  river m ou th  in

5
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b asin  i  (m 3-yr-1), dWi is  th e m argin al ch a n g e  in  w ater  co n su m p tio n  by h u m an  a c tiv itie s  in  river  

b asin  i  (m 3-yr-1), dPDFi is th e m argin al ch a n g e  in  th e  p o ten tia lly  d isap p eared  fraction  o f  the  

fresh w ater  f ish  sp ec ie s  d ue to  th e  m argin al river d isch arge ch a n g e  dQmouth>i and Vi is  the  

v o lu m e  o f  river b asin  i  (m 3). T h e dQmout¡1/dW i w a s a ssu m ed  to  b e  eq u al to  on e, in d ica tin g  that 

a ch a n g e  in  w ater co n su m p tio n  (m 3-yr-1) is  fu lly  re flec ted  in  a  ch a n g e  in  w ater d isch arge at th e  

m ou th  fo r  that river b asin  (m 3-yr-1).

T h e e f fe c t  fa ctor  for  ea ch  river b asin  w as ca lcu la ted  by:

dPDF dR. 4 .2  • 0 .4  • 0 .4

dQmouth,i Ri • dQmouth,i 4 .2  • Qmouth,i Qmouth,i (3 )

w h ere  dPDF¡ is  th e m argin al ch an ge in  th e p o ten tia lly  d isap p eared  fraction  o f  th e  fresh w ater  

f ish  sp e c ie s  for  river b asin  i, dQmouth,i is  th e  m argin al d isch arge ch a n g e  at th e  river m ou th  in  

b asin  i  (m 3-yr-1) and dR¡ is  th e m arginal ch a n g e  o f  th e fresh w ater  f ish  sp ec ie s  r ich n ess in  river  

b asin  i. R iv er  b a s in -sp e c if ic  d isch arges at th e river m ou th  Qmouth,i w ere  d erived  fro m  the  

W aterG ap m o d e l21.

T h e river v o lu m es  (m 3) for  all river b asin s w ere  ca lcu la ted  by:

V = Qmouth,i • t  (4 )

w h ere  V  is  th e  w ater v o lu m e  in  river b asin  i  (m 3), Qmouthj  is  th e d isch arge at th e  river m ou th  

in  b asin  i, and t  is  th e  average re s id en ce  tim e  o f  w ater  in  river b asin  i  (s). A ssu m in g  a  linear  

in crea se  o f  river f lo w  o v er  th e  d istan ce, w e  estim ated  that th e average river d isch arge w a s h a lf  

o f  th e  d isch arge at th e river m outh . D er iv a tio n  o f  th e river v o lu m e  w a s b a sed  on  data from  

v ariou s so u r c e s .14,21-25 Further d eta ils  o f  th e d erivation  o f  th e  river v o lu m e  can  b e  fo u n d  in  the  

S up p ortin g  In form ation  (estim a tio n  o f  river v o lu m es).
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G r e e n h o u s e  G a s  E m is s io n s . C h aracterization  factors for  g reen h o u se  gas em iss io n s  

q uan tify  th e fraction  o f  fresh w ater  f ish  sp ec ie s  that p o ten tia lly  d isap p ear d ue to  a  ch a n g e  in  

em iss io n  o f  g reen h o u se  g a ses . T h e character iza tion  factors fo r  63  g reen h o u se  gas em iss io n s  

(in  P D F -m 3-yr-kg-1) w ere  ca lcu la ted  by:

C F  =  F F  E F  =  d T E M P  

C F >h*,- =  F F  • E F  =  G F  '
(5 )

W h ere FFx is  th e fa te  factor for  g reen h o u se  gas em iss io n  x  (oC -yr-kg-1), EF  is  th e  e f fe c t  factor  

( P D F m 3 o C -1), dGHGx is  th e  ch a n g e  in  g reen h o u se  gas em iss io n  x  (k g-year-1), dTEMP is  th e  

ch a n g e  in  g lo b a l m ea n  tem perature (oC ), dQmouthj  is  th e ch a n g e  in  w ater d isch arge at th e river  

m ou th  in  b asin  i  (m 3-yr-1), dPDF¡ is  th e m argin al ch a n g e  in  th e  p o ten tia lly  d isap p eared  

fraction  o f  fresh w ater  f ish  sp ec ie s  in  river b asin  i  and V  is  th e v o lu m e  o f  river b asin  i  (m 3).

T em perature factors w ere  tak en  fro m  D e  S ch ryver et a l.26 and c o n s is t  o f  th ree ca lcu la tio n  

steps. T he first step  re sem b les  th e ch a n g e  in  air con cen tra tion  o f  g reen h o u se  g a se s  d ue to  a  

ch a n g e  in  e m iss io n  and reflec ts  th e  a tm osp h ere l ife  tim e  o f  a  g reen h o u se  gas. T h e sec o n d  step  

represen ts th e  ch a n g e  in  rad iative fo rc in g  d ue to  a  con cen tration  ch an ge. T h e th ird step  

reflects  th e ch a n g e  in  g lo b a l m ean  tem perature d ue to  th e  ch a n g e  in  rad iative forcin g . T he  

c lim a te  sen s itiv ity  and h ea t ab sorp tion  rate b y  th e o cea n s  d eterm in e th e re la tion  o f  g lo b a l  

m ea n  tem perature ch a n g e  and rad iative fo rc in g  ch a n g e .27 A  tim e  h o r izo n  o f  1 0 0 -y ea r  w as  

ap p lied  in  th e p resen t study. T h e  in d irect c o o lin g  e f fe c t  o f  o z o n e  d ep le tin g  su b stan ces w a s n o t  

in c lu d ed  in  th e g reen h o u se  gas ca lcu la tio n s d ue to  th e  h ig h  u n certa in ties in v o lv e d  (s e e  D e  

S ch ryver  e t a l.) .26

F reshw ater e f fe c t  factors re lated  to  c lim a te  ch a n g e  requ ire river b a s in -sp e c if ic  in form ation  

on  th e  ch a n g e  in  P D F  d ue to  a  ch a n g e  in  g lo b a l m ea n  tem perature. T h e e f fe c t  factor w as  

d erived  by:

effect
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EF = y  dQmouth,i dPDFi ' V »  y  ^Q ^ h j  0 4  . y  (6 )

i dTEMP dQmouthi i r  DTEMP Qaoutl]J 1

w h ere  dQmouthj  is  th e ch an ge in  th e  w ater d isch arge  at th e  river m ou th  in  b asin  i  (m 3-yr-1) and  

dTEMP is  th e ch a n g e  in  g lo b a l m ean  tem perature (oC). It is  n o t p o ss ib le  to  d erive  

dQmouth/dTEMP a n a ly tica lly , thus, data from  IP C C 28 and M illen n iu m  E c o sy ste m  

A sse ssm e n t29 as d escr ib ed  in  X e n o p o u lo s  et a l .14 and S a la  et a l.30 w ere  u sed  fo r  th e d erivation  

o f  A Qmouth/ATEMP  fo r  f iv e  g lo b a l c lim a te  scen ar ios in  th e  y ea r  2 1 0 0 . F or every  scen ar io , w e  

d iv id ed  th e  m o d e lled  ch a n g e  in  river d isch arge from  th e W aterG ap m o d e l21 b y  th e  pred icted  

tem perature ch a n g e  fo r  th e  y ea r  2 1 0 0 . Further in form ation  on  th e f iv e  g lo b a l c lim a te  

scen a r io s  can  b e fo u n d  in  th e S up p ortin g  In form ation  (T ab le  S1).

R iv er  d isch a rg e is  p red icted  to  in crea se  in  so m e  areas o f  th e  w o r ld  due to  in crea sed  

p rec ip ita tion 31. W ith o u t h u m an  accid en ta l or in ten tion a l f ish  in trod u ction s, it is  u n lik e ly  that 

in crea sin g  river d isch arge w ill  h a v e  a  p o s it iv e  e f fe c t  on  f ish  sp e c ie s  r ich n ess, particu larly at 

th e current tim e  sca le  as re lated  to  lo ca l sca le  and iso la ted  river b a s in s .14 T herefore, river  

b a sin s w ith  in crea sed  d isch arge w ere  ex c lu d ed  in  th e  ca lcu la tio n  o f  th e e f fe c t  factor fo r  g lo b a l  

w arm ing.

N o r m a liz a t io n . N o rm a liza tio n  factors p rov id e  in form ation  ab out th e re la tive  im p ortan ce  

o f  ea ch  im p a ct ca tegory  and w ere  ex p ressed  as th e p o ten tia lly  d isap p eared  fraction  o f  sp ec ie s  

o v er  a  certa in  river v o lu m e  per capita. N o rm a liza tio n  factors for  w ater  co n su m p tio n  refer to

21,32,33
th e y ea r  1 995 , , , w h ile  n o rm a liza tio n  factors fo r  g lo b a l w arm in g  w ere  b a sed  on  

g reen h o u se  gas em iss io n s  in  y ea r  2 0 0 0 .34 T h e  p op u la tion  n um bers w ere  tak en  fro m  th e U .S .  

C en su s B u reau .35 D u e  to  la ck  o f  data, w e  w ere  o n ly  ab le  to  d erive  th e  n o rm a liza tio n  factors  

fo r  w ater co n su m p tio n  and g lo b a l w a rm in g  for  112  river b a sin s and 21 g reen h o u se  gas  

e m iss io n s , resp ectiv e ly .
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R e su lts

W a te r  C o n s u m p t io n . R iv er  b a s in -sp e c if ic  character ization  factors for  w ater co n su m p tio n  

d iffers 3 orders o f  m agn itu d e (F igu re 2). M o st o f  th e  river b a sin s (57% ) h a v e  character ization  

factors fo r  w ater co n su m p tio n  b e tw e en  10-4 -  10 -3 P D F m 3 y r m -3. T h e character ization  factors  

fo r  th e  largest river b asin s in  th e w orld , su ch  as th e N ile , th e  A m a zo n  and th e Y a n g tz e  R ivers  

are b e tw e en  10-3 -  10-2 P D F m 3 y r m -3. C haracterization  factors for  a ll 2 1 4  river b asin s can  be  

fo u n d  in  th e  S up p ortin g  In form ation  (T a b le  S4).

F ig u r e  2 . C haracterization  factors for  w ater co n su m p tio n  (P D F -m 3-yr-m-3).

G r e e n h o u s e  G a s  E m is s io n s . C haracterization  factors fo r  C O 2, C H 4, N 2O , C F C -1 1 , SF 6  

and H F C -1 2 5  em iss io n s  are sh o w n  in  F igu re 3 (ranges from  8 .5 1 0 -5 to  2 .1  P D F -m 3-yr-kg-1). 

T h e largest ch aracterization  factor is  fo u n d  fo r  S F 6  (around 4  orders o f  m agn itu d e larger than  

C O 2). T h e d ifferen ces  b e tw e en  th e g reen h o u se  g a se s  are d eterm in ed  by th e  d ifferen ces  in  

atm osp h eric  re s id en ce  tim e  and rad iative fo rc in g  e ff ic ie n c y . T h e rivers w ith  th e largest  

con tr ib u tion  to  th e ch aracterization  factors for  g lo b a l w arm in g  are th e A m a zo n , M adeira, 

O rin oco , Purus and Brahm aputra. T h ese  rivers ex p la in  to g e th er  65%  o f  th e  fresh w ater  

e c o s y s te m  im p act per un it o f  g reen h o u se  gas em issio n . T h e river b a s in -sp ec if ic  e f fe c t  factors

9



225

226

227

228

229

230

231

232

233

234

235

236

237

and th e character ization  factors o f  63 g reen h o u se  g a se s  are lis ted  in  th e S upporting  

In form ation  (T a b les S 2  and S5 re sp ectiv e ly ).
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|J 
n '
E 1.0E+ 00
UL
Q
CL

Ì2 1.0E- 02

1.0E- 04N

0

1  1.0E- 06 
o CO2 CH4 N2O CFC- 11 SF6 HFC- 125

F ig u r e  3 . C haracterization  factors o f  s ix  g reen h o u se  gas em iss io n s  (P D F -m 3-yr-kg-1) fro m  a  

10 0 -y ea r  tim e  horizon .

N o r m a liz a t io n . T h e n o rm a liza tio n  factors per cap ita  fo r  w ater co n su m p tio n  and g lo b a l  

w arm in g  are ap p rox im ately  equal (r e sp ec tiv e ly  0 .5 4  and 0 .5 7  P D F -m 3/cap ita). F or w ater  

con su m p tio n , th e  h ig h est n o rm a liza tio n  fa ctor  is  fo u n d  fo r  th e  G a n ges R iver , w h ich  

co n stitu tes  22%  im p act o f  th e river b asin s co n sid ered  (F igu re 4 A ). T h e  n o rm a liza tio n  factor  

b a sed  on  em iss io n s  in  y ea r  2 0 0 0  sh o w s that C O 2 con tr ib u tes m o st to  g lo b a l w arm in g , w ith  

70%  o f  th e tota l g reen h o u se  gas em iss io n s  in c lu d ed  (F igu re 4 B ). N o rm a liza tio n  factors for  

river b a s in -sp e c if ic  w ater co n su m p tio n  and g reen h o u se  gas em iss io n s  are g iv e n  in  the  

S up p ortin g  In form ation  (T ab les S 4  and S5 resp ectiv e ly ).
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238 F ig u r e  4 . R iv er  b a s in -sp e c if ic  n o rm a liza tio n  factors (P D F -m 3/cap ita ) for  w ater co n su m p tio n

239 in  y ea r  1995  (4 A ) and n o rm a liza tio n  factors fo r  g lo b a l w a rm in g  b a sed  on  em iss io n s  in  y ea r

240 2 0 0 0  (4B ).

241

242 D is c u s s io n

243 W e  w ere  a b le  to  d erive  character ization  factors for  w ater  co n su m p tio n  and g lo b a l w arm in g

244  b a sed  on  in form ation  o f  p oten tia l fresh w ater  f ish  sp e c ie s  d isap p earan ce for  2 1 4  river b asin s

245 w o r ld w id e . B e lo w  w e  d iscu ss  th e u n certa in ties re lated  to  our ca lcu la tio n s and p rov id e  th e

246 im p lica tio n s o f  our study.

247  F a te  fa c to r s .  T h e estim a tio n  o f  river v o lu m es , b a sed  on  th e average river d isch arge and

248 th e  average w ater re s id en ce  tim e  in  river, a ffec ts  b oth  th e  fa te  factors for  w ater  co n su m p tio n

249 and g reen h o u se  gas em iss io n s . W e  a ssu m ed  as a first ap p rox im ation  that th e average river

250 d isch arge w a s h a lf  o f  th e d isch arge at th e  river m ou th  and that th e average travel tim e  w as

251 h a lf  o f  th e tota l len g th  o f  river. Furtherm ore, in tegra tion  o f  data from  m u ltip le  data sou rces in
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th e w ater v o lu m e  ca lcu la tio n  o f  th e rivers w ill  lo w er  th e d egree  o f  data co n sis ten cy . A  

co m p le te  data fo r  w o r ld w id e  river ch aracter istics is  h o w ev e r , n o t ava ilab le . T h erefore, w e  had  

to  co m b in e  h e tero g en eo u s  data sou rces for  d eriv in g  river v o lu m es  (s e e  T ab le  S 2  in  th e  

S up p ortin g  In form ation).

S eco n d , an u ncertain ty  sp e c if ic a lly  re lated  to  th e  ca lcu la tio n  o f  fa te  factors for  g lo b a l  

w arm in g , is  th e arbitrary se le c t io n  o f  a 1 0 0 -y ea r  tim e  h orizon . F or a  n um ber o f  g reen h o u se  

g a ses , particu larly w ith  a  re la tive  lo n g  life t im e  in  th e a tm osp h ere su ch  as S F 6 , th e  resu lts are 

se n s it iv e  to  th e  c h o ic e  o f  tim e  h o r izo n .26,36 F or in stan ce , th e character ization  factor  o f  S F 6  

w ill in crea se  w ith  ab out 2  orders o f  m agn itu d e i f  an in fin ite  tim e  h o r izo n  is  c h o sen  instead .

F in a lly , w e  ex c lu d ed  in  our g lo b a l w a rm in g  ca lcu la tio n s th e  in d irect in flu e n c e  o f  o zo n e  

d ep le tin g  ch em ica ls , su ch  as ch o lo ro flu orocarb on s and h a lo n s, on  rad iative forc in g . T he  

in d irect e f fe c ts  o f  o z o n e  d ep le tin g  ch em ica ls  can  resu lt in  n e t n eg a tiv e  rad iative fo rc in g  and  

th erefore  n eg a tiv e  fa te  fa ctors.26,37

E ffe c t  fa c to r s . A  n um ber o f  u n certa in ties are a lso  re la ted  to  th e e f fe c t  factor ca lcu la tio n s  

o f  w ater co n su m p tio n  and g lo b a l w arm ing. F irst, d ue to  recen t g e o lo g ic a l  g la c ia tio n , w e  had  

to  ex c lu d e  river b asin s in  th e  e f fe c t  factor ca lcu la tio n s that are lo ca ted  at th e  la titu de h ig h er  

than  4 2 o. A p p ly in g  th e  current sp ec ie s -d isch a rg e  cu rve w o u ld  lea d  to  o v erestim a tio n  o f  e ffe c t  

factors fo r  w ater co n su m p tio n  and g lo b a l w arm in g  in  th ese  rivers, as th e  rivers a b o v e  4 2 o 

h a v e  m u ch  fe w e r  sp ec ie s  per u nit d ischarge. In order to  co n sid er  river b a sin s a b o v e  4 2 o, a  

s p e c if ic  sp ec ie s -d isch a rg e  cu rve n eed  to  b e  b u ilt for  th ese  river b asin s. F or g lo b a l w a rm in g  w e  

co n d u cted  a  sen s itiv ity  an a ly sis  by in c lu d in g  other river b asin s (>  4 2 o) as w e ll  in  th e  

ca lcu la tio n  o f  th e character ization  factors. A s sh o w n  in  th e S up p ortin g  In form ation  (F igu re  

S 1 ), in c lu d in g  all river b a sin s (2 9 7  river b a sin s in  to ta l) in  th e ca lcu la tio n  o f  the  

character ization  factors for  g lo b a l w a rm in g  in crea ses  th e  e f fe c t  factor b y  1.5% . T h is
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uncerta in ty  is  co n sid ered  lo w  com p ared  to  th e u n certa in ties in  th e  ca lcu la tio n  fro m  e m iss io n  

to  g lo b a l m ean  tem perature in crea se  (s e e  D e  S ch ryver  e t a l.) .26

S eco n d , w e  u sed  a g lo b a l f ish  sp ec ie s -d isch a rg e  m o d e l as o p p o sed  to  b a s in -sp e c if ic  f ish  

sp ec ie s -d isch a rg e  cu rves w h ich  m ay b e  m ore accu ra te .14 H o w ev e r , g lo b a l data sets o f  f ish  

sp e c ie s  are o ften  n o t a v a ila b le  to  b u ild  w a te rsh ed -sp ec ific  sp ec ie s -d isch a rg e  m o d els .

Third, th e m o d ifica tio n  o f  th e  f lo w  reg im e at a  ran ge o f  spatia l sca le s  that a ffec ts  f ish  

sp e c ie s  m ay a lso  a ffec t th e  a sso c ia tio n s  b e tw e en  aquatic m acroinvertebrates and their  

h abitat.38-40 H o w ev er , other aquatic fresh w ater  ta x o n o m ic  grou p s co u ld  n o t b e in c lu d ed  in  th is  

study b eca u se  o f  in su ff ic ien t data on  th e g lo b a l sca le . T h is im p lie s  that our ch aracterization  

factors d o  n o t fu lly  represen t all th e lo tic  aq uatic  e co sy stem s.

Fourth, th e in flu e n c e  fro m  b u ild in g  dam s and abstractions w a s n o t co n sid ered  in  th e  study  

(s e e  X e n o p o u lo s  et a l .) .14 T h e a b sen ce  o f  dam s a llo w ed  us to  m o d e l m ore  accurate sp e c ie s -  

d isch arge cu rves w ith o u t any h u m an  in flu en ces , as dam s are k n o w n  to  red u ce th e average  

d ow n strea m  river d isch a rg e.41,42 In future research , th e  sp ec ie s-d isch a rg e  cu rve as em p lo y ed  

in  th is  paper, co u ld  a lso  b e  u sed  to  p rov id e  r iv er -sp ec ific  character ization  factors for  the  

co n stru ctio n  o f  dam s to  p rod u ce h ydropow er.

F ifth , w e  estim ated  th e river b asin  s p e c if ic  d Q /d T E M P  for  g lo b a l w arm in g  b a sed  on  f iv e  

fu ture scen arios. U n certa in ty  in  th e  ca lcu la tio n  o f  d Q /d T E M P  is a sso c ia ted  w ith  th e future  

scen a r io  ch osen . Future c lim a te  ch a n g e  p ro jection  is  d iff icu lt  and uncerta in  to  d efin e  b eca u se  

ch a n g es in  th e future e c o n o m ic  grow th , te ch n o lo g y  and p o lic y -m a k in g  p ro ce sse s  co n cern in g  

h u m an  action s are u n k n o w n .43 In th e p resen t study, th e d Q /d T E M P  can  b e  a factor o f  2  h igh er  

or lo w er , d ep en d in g  on  th e  scen a r io  ch o sen . T h is u ncertain ty  can  particu larly in flu e n c e  the  

re la tive  im p ortan ce  o f  im p acts o f  g reen h o u se  gas e m iss io n s  com pared  to  other stressors.
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F i n a l l y ,  w e  c o m p a r e d  o u r  e f f e c t  f a c t o r s  f o r  g l o b a l  w a r m i n g  w i t h  e f f e c t  f a c t o r s  r e p o r t e d  i n  

a  p r e v i o u s  s t u d y  o n  d i r e c t  t e m p e r a t u r e  e f f e c t s  t o w a r d s  a q u a t i c  o r g a n i s m s . 44 O u r  v o l u m e -  

w e i g h t e d  e f f e c t  f a c t o r  f o r  t h e  i m p a c t  o f  c l i m a t e  c h a n g e  o n  f i s h  s p e c i e s  i s  t y p i c a l l y  7  1 0 -3 a n d  

r a n g e s  b e t w e e n  3 1 0 -3 a n d  2 - 1 0 -2 P D F oC -1. T h i s  i m p l i e s  t h a t  a n  i n c r e a s e  i n  g l o b a l  m e a n  

t e m p e r a t u r e  o f  1 oC  w o u l d  t y p i c a l l y  r e s u l t  i n  0 . 7 %  ( 0 . 3 - 2 % )  f i s h  s p e c i e s  l o s s .  V e r o n e s  e t  a l . 44 

c a l c u l a t e d  e f f e c t  f a c t o r s  f o r  f r e s h w a t e r  e c o s y s t e m s  d u e  t o  d i r e c t  w a t e r  t e m p e r a t u r e  i n c r e a s e  o f  

c o o l i n g  w a t e r  d i s c h a r g e  i n  t h e  r i v e r  R h i n e .  T h e y  f o u n d  t h a t  t h e  e f f e c t  f a c t o r  i s  s i g n i f i c a n t l y  

h i g h e r  i n  s u m m e r  t h a n  i n  w i n t e r  t i m e  ( 5  o r d e r s  o f  m a g n i t u d e ) ,  w i t h  a  y e a r l y  a v e r a g e  e f f e c t  

f a c t o r  o f  a r o u n d  1 %  s p e c i e s  l o s s  p e r  oC  i n c r e a s e  a n d  a  h i g h e s t  m o n t h l y  e f f e c t  f a c t o r  o f  4 %  

s p e c i e s  l o s s  p e r  oC  i n c r e a s e .  T h e  r e s u l t s  f r o m  V e r o n e s  e t  a l . 44 i m p l y  t h a t  i n c l u d i n g  d i r e c t  

t e m p e r a t u r e  e f f e c t s  o n  f r e s h w a t e r  s p e c i e s  o c c u r r e n c e  c o u l d  s i g n i f i c a n t l y  i n c r e a s e  t h e  

c h a r a c t e r i z a t i o n  f a c t o r s  f o r  g r e e n h o u s e  g a s  e m i s s i o n s .  T h e  r i v e r  b a s i n  s p e c i f i c  i n f o r m a t i o n ,  

r e q u i r e d  t o  c a l c u l a t e  t h e  e f f e c t  f a c t o r s  a c c o r d i n g  t o  V e r o n e s  e t  a l . 44 i n  a  m e a n i n g f u l  w a y ,  i s ,  

h o w e v e r ,  c u r r e n t l y  n o t  a v a i l a b l e .  F o r  g e n e r a l i z a t i o n ,  r i v e r - s p e c i f i c  d a t a  f o r  t h e  a m b i e n t  w a t e r  

t e m p e r a t u r e  o v e r  t h e  s e a s o n s ,  k e y  r i v e r  c h a r a c t e r i s t i c s  f o r  h e a t  e x c h a n g e s  a n d  i n f o r m a t i o n  o n  

s p e c i e s  p o o l s ,  b a s e d  o n  t h e  s u s c e p t i b i l i t y  o f  s p e c i e s  i n  d i f f e r e n t  c l i m a t i c  z o n e s ,  s h o u l d  b e  

g a t h e r e d .

I m p l i c a t i o n s .  W e  d e v e l o p e d  r e g i o n a l i z e d  c h a r a c t e r i z a t i o n  f a c t o r s  f o r  w a t e r  c o n s u m p t i o n  

a n d  g e n e r i c  c h a r a c t e r i z a t i o n  f a c t o r s  f o r  g l o b a l  w a r m i n g  r e l a t e d  t o  f r e s h w a t e r  e c o s y s t e m  

i m p a c t s  o n  t h e  g l o b a l  s c a l e .  R e g i o n a l i z e d  i n v e n t o r y  d a t a  o f  w a t e r  c o n s u m p t i o n  i s  r e q u i r e d  t o  

a p p l y  t h e  n e w  c h a r a c t e r i z a t i o n  f a c t o r s  i n  p r a c t i c e .  W i t h  t h i s  i n f o r m a t i o n ,  c o m p a r i s o n  b e t w e e n  

t h e  n e w  c h a r a c t e r i z a t i o n  f a c t o r s  o f  w a t e r  c o n s u m p t i o n  a n d  g r e e n h o u s e  g a s  e m i s s i o n s  w i t h  

o t h e r  s t r e s s o r s  f o r  f r e s h w a t e r  b i o d i v e r s i t y  a r e  n o w  p o s s i b l e .

A c k n o w l e d g e m e n t s .  W e  t h a n k  A n  d e  S c h r y v e r  f o r  h e r  u s e f u l  s u g g e s t i o n s  i n  t h e  p r e p a r a t i o n  

o f  n o r m a l i s a t i o n  d a t a  f o r  w a t e r  c o n s u m p t i o n .  M a r l i a  H a n a f i a h  w a s  f i n a n c e d  b y  t h e  M i n i s t r y
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o f  H i g h e r  E d u c a t i o n  M a l a y s i a  a n d  t h e  N a t i o n a l  U n i v e r s i t y  o f  M a l a y s i a .  S t e p h a n  P f i s t e r  a n d  

M a r k  H u i j b r e g t s  w e r e  p a r t l y  f u n d e d  b y  t h e  E u r o p e a n  C o m m i s s i o n  u n d e r  t h e  7 th f r a m e w o r k  

p r o g r a m  o n  e n v i r o n m e n t  ( E N V . 2 0 0 9 . 3 . 3 . 2 . 1 :  L C - I M P A C T  -  I m p r o v e d  L i f e  C y c l e  I m p a c t  

A s s e s s m e n t  m e t h o d s  ( L C I A )  f o r  b e t t e r  s u s t a i n a b i l i t y  a s s e s s m e n t  o f  t e c h n o l o g i e s ) .

S u p p o r t i n g  I n f o r m a t i o n  a v a i l a b l e .  I n f o r m a t i o n  o n  t h e  r i v e r  v o l u m e  e s t i m a t i o n ,  d e r i v a t i o n  

o f  d Q mouth,i/ d T E M P ,  s u m m a r y  o f  t h e  f i v e  g l o b a l  c l i m a t e  s c e n a r i o s  ( T a b l e  S 1 ) ,  i n f l u e n c e  o f  

i n c l u d i n g  r i v e r  b a s i n s  l o c a t e d  a b o v e  4 2 o, n o r m a l i z a t i o n  f a c t o r s  f o r  w a t e r  c o n s u m p t i o n  a n d  

g l o b a l  w a r m i n g ,  r i v e r  c h a r a c t e r i s t i c s  d a t a  -  b e l o w  4 2 o ( T a b l e  S 2 ) ,  r i v e r  c h a r a c t e r i s t i c  d a t a  -  

a b o v e  4 2 o ( T a b l e  S 3 ) ,  c h a r a c t e r i z a t i o n  f a c t o r s  a n d  n o r m a l i z a t i o n  f a c t o r s  f o r  w a t e r  

c o n s u m p t i o n  ( T a b l e  S 4 )  a n d  c h a r a c t e r i z a t i o n  f a c t o r s  a n d  n o r m a l i z a t i o n  f a c t o r s  f o r  g l o b a l  

w a r m i n g  ( T a b l e  S 5 ) .  T h i s  i n f o r m a t i o n  i s  a v a i l a b l e  f r e e  o f  c h a r g e  v i a  t h e  I n t e r n e t  a t  

h t t p : / / p u b s . a c s . o r g .
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