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w a te r  th r o u g h o u t  th e  y ea r. T o s p o r t o r  co m m erc ia l 
f ish e rs , r iv e rs  a re  h e a lth y  if th e re  a re  f in -fish  a n d  
s h e llf ish  to  h a rv e s t. F o r  re c re a tio n is ts , r iv e rs  a re  
h e a lth y  if sw im m in g , w a te r  sk iin g , o r  b o a tin g  d o  n o t 
m a k e  p e o p le  ill. B u t e v e ry  o n e  o f th e se  p e rc e p tio n s  is 
o n ly  p a r t  o f th e  p ic tu re . E ach  tr iv ia liz e s  th e  o th e r  u se s  
o f th e  r iv e r  —  n o t  to m e n tio n  n o n -h u m a n  a sp e c ts  of 
th e  r iv e r  itse lf  —  w h ile  a s s ig n in g  v a lu e  o n ly  to  its  o w n  
d e s ire s . T o p ro te c t  all r iv e r  u se s  a n d  v a lu e s , sh o u ld  
w e  n o t  se e k  b ro a d e r  d e fin itio n s  o f  r iv e r  h e a lth ?

What is health?

W e b s te r 's  d ic tio n a rie s  d e fin e  'h e a lth ' as a f lo u r is h in g  
co n d itio n , w e ll-b e in g , v ita lity , o r  p ro s p e r ity . A

Introduction

Society  b e n e fits  im m e a s u ra b ly  f ro m  riv e rs . Y et o v e r 
th e  p a s t  c en tu ry , h u m a n s  h a v e  c h a n g e d  riv e rs  
d ram a tica lly . D o  th o se  c h a n g e s  m e a n  th a t  p e o p le  
h av e  d e g ra d e d  r iv e r  h e a lth ?  T h e  a n s w e r  d e p e n d s  on  
w h o m  y o u  ask . To ir r ig a to rs , r iv e rs  a re  h e a lth y  if 
th e re  is e n o u g h  w a te r  fo r th e ir  fie ld s . F o r a p o w e r  
u tility , r iv e rs  a re  h e a lth y  if th e re  is e n o u g h  w a te r  to 
tu r n  th e  tu rb in e s . F o r a d r in k in g -w a te r  u tili ty , riv e rs  
a re  h e a lth y  if th e re  is e n o u g h  p u re , o r  p u rif iab le ,
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h e a lth y  p e rs o n  is free fro m  p h y s ic a l d is e a se  o r  p a in ; a 
h e a lth y  p e rs o n  is so u n d  in  m in d , b o d y , a n d  sp irit . A n 
o rg a n is m  is h ea lth y  w h e n  it  p e rfo rm s  all its  v ita l 
fu n c tio n s  n o rm a lly  a n d  p ro p e r ly , w h e n  it is  ab le  to 
re c o v e r  fro m  n o rm a l s tre sses , w h e n  it  re q u ire s  
m in im a l o u ts id e  care. A  c o u n try  is  h e a lth y  w h e n  a 
f lo u r is h in g  e co n o m y  p ro v id e s  fo r th e  w e ll-b e in g  o f its  
c itizen s . A n  e n v iro n m e n t is h e a lth y  w h e n  th e  s u p p ly  
o f  g o o d s  a n d  serv ices re q u ire d  b y  b o th  h u m a n  a n d  
n o n -h u m a n  re s id e n ts  is s u s ta in e d . 'H e a l th ' is s h o r t­
h a n d  fo r 'g o o d  co n d itio n '.

D esp ite  —  o r p e rh a p s  b ecau se  o f  —  th e  s im p lic ity  
a n d  th e  b re a d th  o f th is co n cep t, th e  li te ra tu re  is rife  
w ith  a rg u m e n ts  o n  w h e th e r  it is a p p ro p r ia te  to  u se  
'h e a l th ' in  a n  eco log ical con tex t. Is it  a p p ro p r ia te  to  
sp e a k  o f  eco log ica l h e a lth  o r  r iv e r  h e a lth ?

S ev era l a rg u m e n ts  a re  a d v a n c e d  a g a in s t  'h e a l th ' as 
a n  eco lo g ica lly  u se fu l concep t. S u te r  (1993) in s is ts  th a t 
th e  h e a lth  m e ta p h o r  is in a p p ro p r ia te  b e c a u se  h e a lth  is 
n o t a n  o b se rv ab le  eco log ica l p ro p e r ty . A c c o rd in g  to  
S u te r , h e a lth  is a  p ro p e r ty  o f o rg a n ism s , a  p o s itio n  
th a t  a ck n o w le d g e s  o n ly  th e  first, a n d  n a r ro w e s t , o f the  
d ic tio n a ry  de fin itio n s. S c rim g eo u r & W ic k lu m  (1996) 
b e liev e  th a t no  p re fe rre d  e c o sy s te m  s ta te  can  be  
o b jec tive ly  d e fin ed . C a lo w  (1992) a s se r ts  th a t  the  
id e a  o f h e a lth  in  o rg a n ism s  in v o lv e s  d if fe re n t p r in c i­
p le s  fro m  th e  co n cep t 'a s  a p p lie d  to  e c o sy s te m s '. H e  
d is t in g u is h e s  b e tw e e n  a p p ly in g  th e  c o n c e p t in  a  w eak  
fo rm  to s ig n a l n o rm a lity  (an  e x p e c te d  co n d itio n ) a n d  
in  a s t ro n g  fo rm  to s ig n a l the  ex is te n c e  o f a n  ac tiv e  
h o m e o s ta tic  p ro ce ss  th a t re tu rn s  d is tu rb e d  sy s te m s  to 
th a t n o rm a lity . T he la tte r , h e  s u g g e s ts , re q u ire s  a 
sy s tem -lev e l co n tro l th a t d o es  n o t ex is t in  ecosystem s. 
Y et n o  s u c h  sy s tem -lev e l co n tro l ex is ts  in  an y  
d ic tio n a ry  d e fin itio n s  of h e a lth . W h y , th en , do  
C a lo w  a n d  S u te r h o ld  th a t sy s te m -le v e l co n tro l is 
c e n tra l to  th e  co n cep t of h e a lth  in  a n  eco log ical 
con tex t?

Societal v a lu e s  a lso  e n te r  th e  d is c u s s io n , so m e tim es  
a s  a n  e sse n tia l co n s id e ra tio n , s o m e tim e s  a s  an  
in a p p ro p r ia te  c o n sid e ra tio n . P o lic a n sk y  (1993) a n d  
W ick lu m  & D av ies  (1995) c o n te n d  th a t h e a lth  is a 
'v a lu e - la d e n  c o n c e p t ' a n d  th e re fo re  in a p p ro p r ia te  in 
sc ience . Y et R a p p o rt (1989) s u g g e s ts  th a t  e ffo rts  to  
p ro te c t eco log ica l h e a lth  m u s t c o n s id e r  'th e  h u m a n  
u se s  a n d  a m e n itie s  d e riv e d  from  th e  sy s te m '. R eg ier
(1993) a n d  M ey e r (1997) ag ree  w ith  R a p p o r t  a b o u t th e  
im p o rta n c e  o f socie ta l v a lu e s  in  d e f in in g  a n d  p ro te c t­
in g  h ea lth . R eg ie r su g g e s ts  th a t  h e a lth  as a co n cep t,

a lth o u g h  he  u se s  th e  w o rd  in teg rity , is 'ro o te d  in  
c e rta in  eco log ica l c o n c e p ts  c o m b in ed  w ith  c e r ta in  se ts  
o f h u m a n  v a lu e s '.

O th e r  a u th o r s  h a v e  s e a rc h e d  fo r m o re  ob jec tive  o r 
sc ien tific  a rg u m e n ts  fo r re fe rr in g  to h e a lth  in  eco log ical 
co n tex ts , o ften  e q u a tin g  h e a lth  w ith  te rm s  s u c h  as self­
o rg an iz in g , re s ilie n t, a n d  p ro d u c tiv e . H a sk e ll, N o rto n  
& C o stan za  (1992) s u g g e s t th a t an  eco sy s tem  is h ea lth v  
'if  it is ac tiv e  a n d  m a in ta in s  its o rg a n iz a tio n  an d  
a u to n o m y  o v e r  tim e  a n d  is re s ilien t to  s tre s s '.  C o stan za  
(1992) goes o n e  s te p  fu r th e r ,  p ro p o s in g  a n  eco sy s tem  
h e a lth  in d ex  as th e  p ro d u c t  of sy s te m  v ig o u r  (a 
c a rd in a l m e a s u re  o f  s y s te m  activ ity , m e ta b o lism , o r 
p r im a ry  p ro d u c tiv i ty ) , o rg a n iz a tio n  (sp ec ies  d iv e rs ity  
a n d  co n n ec tiv ity ), a n d  re s ilien ce  (the ab ility  to  re s is t o r 
re co v e r fro m  d a m a g e ) . F u rth e r, C o s ta n z a  m ak es  
a s s u m p tio n s  a b o u t th e  in te ra c tio n s  of th e se  v a riab le s . 
H e  su g g e s ts , fo r e x a m p le , th a t  e u tro p h ic a t io n  r e p re ­
sen ts  an  in c re a se  in  m e ta b o lism  th a t is o u tw e ig h e d  by 
d ec rea se  in  o rg a n iz a tio n  o r resilience . I a m  n o t 
co n v in ced  o f th e  in e v ita b ili ty  o f these  c o n n ec tio n s .

T h ese  c o n s tru c ts  r e m in d  m e of th e  o f te n -h e a rd  
a d m o n itio n  th a t  u n le s s  w e  can  tie  s o m e th in g  to  an  
eco log ica l th e o ry  it  c a n n o t o r sh o u ld  n o t b e  u se d . I 
c o n te n d  th a t m u c h  th a t  w e  h av e  c o n c lu d e d  o n  the 
b a s is  o f th e o ry  —  s u c h  as th e  in te ra c tio n s  o f  sy s tem  
v ig o u r , o rg a n iz a tio n , a n d  resilience  —  h a s  n o t b een  
em p iric a lly  v e rif ie d . In m a n y  c ircu m stan ces , excessive  
re liance  o n  th e o ry  m is le a d s  eco logy  ( th e  science). 
M ore  im p o rta n t, if th o se  c o n s tru c ts  a re  tra n s la te d  to 
th e  e n v iro n m e n ta l p o lic y  a re n a  w ith o u t  a d e q u a te  
v a lid a tio n , so c ie ty  w ill b e  m isled  in m u c h  th e  sa m e  
w a y  th a t e c o n o m is ts  h a v e  m isled  th e m se lv e s  a n d  
soc ie ty  w h e n  th ey  fa iled  to  d e a l w ith  ex te rn a litie s , 
e n v iro n m e n ta l o r  socia l. T oo  m u c h  c o n v e n tio n a l 
neoc lassica l e co n o m ic  th e o ry  is s im p ly  a t o d d s  w ith  
rea lity  (P ru g h  et al., 1995). M an y  eco lo g ists  re co g n ize  
th is  fac t a n d  a re  w o rk in g  to  ex p a n d  th e  p e rs p e c tiv e s  
o f econom ic  th e o ry . U n fo rtu n a te ly , too  m a n y  eco lo ­
g is ts  a re  re lu c ta n t to  u se  th e  sam e  r ig o u r  in  th e ir  
e x p lo ra tio n  o f eco lo g ica l theo ry . A t th e  v e ry  least, 
th eo re tica l c o n s tru c ts  d e v e lo p e d  b y  eco lo g is ts  s h o u ld  
b e  v a lid a te d  in  th e  re a l w o r ld  befo re  th e y  a re  u se d  to  
g u id e  p u b lic  po licy .

T ak en  s in g ly , th e  c o m p o n e n ts  of h e a lth  a n d  th e  
in ev itab ility  o f th e ir  c o n n ec tio n s , as p ro p o s e d  by  
C o s ta n z a  a n d  co lle a g u e s  (C ostanza , 1992; M a g e a u , 
C o s ta n z a  & U lan o w icz , 1995), seem  to  m e  n e ith e r  
log ical n o r  sc ien tifica lly  d e fen s ib le . U n til th e y  a re
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e x te n s iv e ly  v a lid a te d  th ey  s h o u ld  n o t  b e  u s e d  as 
g u id e s  to  p u b lic  p o licy  d e s ig n e d  to  p ro te c t  eco lo g ica l 
h ea lth . If w e  w e re  to  a p p ly  th e m , w e  w o u ld  d e fin e  
o lig o tro p h ic  lak es  (low  p ro d u c tio n  a n d  d iv e rs ity )  as 
le ss  h e a lth y  th a n  h ig h ly  p ro d u c tiv e  a n d  d iv e rse  
e u tro p h ic  lakes . A  tro p ica l fo res t m ig h t b e  c a lc u la te d  
as m o re  h e a lth y  (m o re  d iv e rse  a n d  c o n n e c te d  w ith  
h ig h e r  p r im a ry  p ro d u c tio n )  th a n  a sp ru c e -f ir  fo re s t. A  
c o m m u n ity  o f sew ag e  s lu d g e  w o rm s  (T u b if ic id ae ) a t 
th e  o u tf lo w  o f  a  w a s te w a te r  tr e a tm e n t p la n t  w o u ld , 
b y  th e se  c r i te r ia , be  h e a lth y  b e c a u se  it  is v e ry  re s ilie n t 
to a d d it io n a l d is tu rb an ce .

T h e  u s e  o f th e  p ro d u c t of th e se  th re e  m e a s u re s  as a  
m e a s u re  o f h e a lth  a lso  d e se rv e s  m o re  c a re fu l sc ru tin y . 
U s in g  m a x im u m  p ro d u c tio n  as a  m e a s u re  o f  h e a lth  is 
th e  a n a lo g u e  o f u s in g  g ro ss  n a tio n a l p r o d u c t  as a 
m e a s u re  o f eco n o m ic  v ita lity ; b o th  m e a s u re  o n ly  one  
a sp e c t o f eco log ica l o r eco n o m ic  h ea lth . R esilien ce  of 
b io lo g ica l sy s te m s  is d ifficu lt to  d e fin e  a n d  e v e n  m o re  
d if f ic u lt to  m e a s u re  (K arr & T h o m as , 19% ). R esilien t 
to  w h a t?  T ire te rm  m u s t be  d e f in e d  in  th e  c o n te x t of 
sp ec ific  d is tu rb a n c e s . A  b io ta  c a n  su s ta in  itse lf  —  it is 
re s ilie n t —  w h e n  faced  w ith  n o rm a l e n v iro n m e n ta l  
v a r ia tio n  ( th a t is, w ith in  the  ra n g e  of its  e v o lu t io n a ry  
ex p e rien ce ), ev en  w h e n  th a t v a r ia tio n  is la rg e  (e.g. 
v a r ia tio n  in  flo w  in  rivers). B u t th e  sa m e  b io ta  m a y  
n o t  b e  ab le  to  w ith s ta n d  ev en  th e  sm a lle s t d is tu rb a n c e  
o u ts id e  th e  ra n g e  o f its  e v o lu tio n a ry  e x p e rie n c e  
(ex trem e  flo w s o u t of season ). D oes th is  c o n c e p t of 
re s ilien ce  a d d  a n y  ob jec tiv ity  to  o u r  co n c e p t o f h e a lth ?

In  m y  v ie w , h e a lth  as a  w o rd  a n d  c o n c e p t in  
eco lo g y  is u se fu l p rec ise ly  b e c a u se  it  is a c o n c e p t all 
p e o p le  a re  fa m ilia r  w ith . It is n o t a  h u g e  in tu it iv e  leap  
fro m  'm y  h e a l th ' to  'eco lo g ica l h e a lth '.  G ra n te d  th a t 
w e  m u s t  'o p e ra t io n a l iz e ' th e  te rm  —  d e fin e  it  a n d  find  
w a y s  to  m e a s u re  it  —  b u t a s  a  p o licy  g o a l, th e  
p ro te c tio n  o f th e  h e a lth  a n d  in te g r ity  o f o u r  la n d ­
sc a p e s  a n d  r iv e rs  h a s  a t le a s t so m e  ch an ce  o f  e n g a g in g  
p u b lic  in te re s t  a n d  s u p p o r t. F u rth e r , p ro te c tin g  
b io lo g ic a l o r  eco log ica l in teg rity  is th e  co re  p r in c ip le  
o f th e  U S C le a n  W ate r A ct, C a n a d a 's  N a tio n a l P a rk  
A ct, a n d  th e  G re a t L akes W a te r Q u a lity  A g re e m e n t 
b e tw e e n  th e  U n ite d  S ta tes a n d  C a n a d a . W o rd s  like 
h e a lth  a n d  in te g rity  a re  e m b e d d e d  in  th e se  law s 
b e c a u se  th e y  a re  in sp ir in g  to  c itiz en s  a n d  a re m in d e r  
to  th o se  w h o  en fo rce  th e  la w  to  m a in ta in  a fo c u s  o n  
th e  b ig  p ic tu re , th e  im p o rta n c e  o f liv in g  sy s te m s  to  th e  
w e ll-b e in g  o f h u m a n  society .

I c o n te n d  th a t  w e  can  d e fin e  h e a lth  a n d  in te g r i ty  in

w a y s  th a t w ill o p e ra tio n a liz e  th e  te rm s , u s in g  th e m  to 
h e lp  u s  u n d e rs ta n d  h u m a n s ' re la tio n sh ip  w ith  th e ir  
s u r ro u n d in g s . T h e  te rm  'in te g r ity ' a p p lie s  to  th e  
c o n d it io n  of p lace s  a t o n e  e n d  o f a  c o n tin u u m  of 
h u m a n  in fluence: th o se  th a t s u p p o r t  a b io ta  th a t  is  th e  
p r o d u c t  o f e v o lu tio n a ry  a n d  b io g e o g ra p h ic  p ro ce sse s  
w ith  m in im a l in f lu e n c e  fro m  m o d e rn  h u m a n  socie ty  
(F ig. 1). T h is b io ta  is a b a la n c e d , in te g ra te d , a d a p tiv e  
s y s te m  h a v in g  th e  fu ll ra n g e  o f e lem en ts  (genes, 
sp e c ie s , a ssem b lag e s) a n d  p ro c e s se s  (m u ta tio n , d e m o ­
g ra p h y , b io tic  in te ra c tio n s , n u tr ie n t  a n d  e n e rg y  
d y n a m ic s , a n d  m e ta p o p u la t io n  p ro ce sse s) ex p ec ted  
in  a re a s  w ith  m in im a l in f lu en ce  fro m  m o d e rn  h u m a n  
so c ie ty  (K arr, 1991, 1996; A n g e rm e ie r  & K arr, 1994). 
T h is  d e f in itio n  ta k e s  in to  a c c o u n t th ree  im p o r ta n t 
p r in c ip le s : (i) a  b io ta  s p a n s  a v a r ie ty  o f s p a t ia l a n d  
te m p o ra l  sca les, (ii) a  liv in g  sy s te m  in c lu d e s  a n  a rra y  
o f  k in d s  o f th in g s  ( th e  e le m e n ts  o f b io d iv e rs ity )  p lu s  
th e  p ro ce sse s  th a t  g e n e ra te  a n d  m a in ta in  th em , a n d  
(iii) liv in g  sy s tem s a re  e m b e d d e d  in  d y n a m ic  e v o lu ­
t io n a ry  a n d  b io g e o g ra p h ic  co n tex ts . T h is b r e a d th  is 
im p o r ta n t  b ecau se  h u m a n  so c ie ty  d e p e n d s  b o th  on  
e le m e n ts  a n d  on  p ro c e sse s  (s tru c tu re  a n d  fu n c tio n ) in  
th e s e  sy s tem s . M o reo v e r, so c ie ty  v a lu e s  th e  e le m e n ts  
a n d  th e  p ro cesse s  o f  n a tu ra l  sy s te m s  (contra M ey er,
1997).

A s h u m a n  ac tiv ity  c h a n g e s  b io lo g ica l sy s tem s , th ey , 
a n d  w e  w ith  th em , m o v e  a lo n g  a g ra d ie n t, u lt im a te ly  
to  a  s ta te  w h e re  little  o r  n o th in g  is left a liv e  (see
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Fig. 1 A t o ne  end  o f  a c o n tin u u m  of h u m a n  in fluence on  
bio log ical cond ition , severe d is tu rb an ce  e lim inates all life; a t the 
o th e r  en d  of the g rad ien t a re  p ris tin e , o r  m in im ally  d is tu rb e d , 
liv in g  sy s tem s (top). A paralle l g ra d ie n t (bottom ), from  in teg rity  
to w a rd s  n o th in g  alive, passes th ro u g h  h ealthy , o r su s ta in ab le , 
co n d itio n  o r  activities. Below a th re sh o ld  d e fin ed  b y  specific 
c rite ria  (see text), the cond itions o r  activ ities a re  no  longer 
h e a lth y  o r  susta in ab le  in te rm s of su p p o rtin g  liv ing  system s.
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Fig. 1)- W h e th e r  o r  n o t s u c h  a  sh if t  is accep tab le  to 
so c ie ty  is c e r ta in ly  a 'v a lu e ' d ec is io n : d o  w e  v a lu e  th e  
e le m e n ts  a n d  p ro cesses  th a t  a re  lost?  B u t th o se  
d ec is io n s  o u g h t to  be  g ro u n d e d  in  b ro a d  u n d e r ­
s ta n d in g  o f th e  c o n seq u en ces  o f lo ss, fo r, u ltim a te ly , 
th e  loss of liv in g  sy s tem s m e a n s  th e  lo ss o f o u r  o w n  
b as is  fo r ex is tence . I w o u ld  b a se  th o se  th re sh o ld s  on  
tw o  c rite r ia  (K arr, 1996). F irst, h u m a n  ac tiv ity  sh o u ld  
n o t a lte r  th e  lo n g -te rm  ab ility  o f p la c e s  to  su s ta in  the  
su p p ly  of g o o d s  an d  se rv ice s  th a t  th o se  p lace s 
p ro v id e . T h a t is, a g ric u ltu re  s h o u ld  n o t d e p le te  soil 
o r  w a te r  so  th a t a g ric u ltu re  c a n n o t be  su s ta in e d ; 
in d u s tr ia l s ite s  sh o u ld  n o t b e c o m e  so  p o llu te d  th a t 
p e o p le  c a n n o t co n tin u e  to  w o rk  a t th o se  sites. S econd , 
h u m a n  u ses s h o u ld  n o t d e g ra d e  o th e r  a reas  (e.g. 
d o w n s tre a m  o r  d o w n w in d ) , a  p ro v is io n  th a t re q u ire s  
a lan d scap e -lev e l p e rsp e c tiv e  in  m o d e rn  d ec is io n  
m ak in g . S uch  c rite ria  in  d e c is io n s  a b o u t e n v iro n m e n ­
ta l p o licy  —  fro m  lan d  u se  to  s e t t in g  fish  h a rv e s t 
q u o ta s  —  w o u ld  a v o id  th e  d e p le t io n  of liv in g  

sy s tem s .
T w o  e x am p le s  illu s tra te  w h a t can  h a p p tn  if 

e n v iro n m e n ta l co n seq u en ces  a re  ig n o re d  in  so c ie ty 's  
d ec is io n -m a k in g  p rocess. F lo o d -co n tro l e ffo rts  on  
F lo r id a 's  K iss im m ee  R iv er c re a te d  a can a l th a t 
c o m p ro m ise d  local a n d  re g io n a l n a tu ra l  re so u rce s  in 
w a y s  n o t a c c e p te d  b y  m a n y  F lo r id a  c itizens . C alls for 
re s to ra tio n  a ro se  soon  a fte r  th e  p ro jec t w a s  co m p le ted , 
a n d  n o w , 28 y e a rs  la te r, a p ro jec t to  rev e rse  th e  
o rig in a l ch a n n e liz a tio n  is u n d e rw a y . T h e  exp lic it goal 
is to re s to re  th e  r iv e r a n d  its  co n n ec tio n s  w ith  its 
f lo o d p la in  to re s to re  the  b io lo g ica l in te g rity  of the 
K iss im m ee R iver la n d s c a p e  (T o th , 1993; K arr, 1994).

In  C o lo rad o , e x p a n d in g  ir r ig a te d  a g ric u ltu re  has  
b een  v a lu e d  fo r d ecad es . I r r ig a tio n  a d d s  m o is tu re  a n d  
e n e r g y ; to th e  a tm o sp h e re , h o w e v e r , in c rea s in g  
h u m id ity , m o d e ra tin g  te m p e ra tu re  ex trem es , an d  
in c re a s in g  co n v ec tiv e  s to rm  ac tiv ity  (R ap p o rt et a i ,

1998). T he re su ltin g  c h a n g e  in  re g io n a l h e a t flux  
tra n sp o rts  m o re  in d u s tr ia l a n d  a g r ic u ltu ra l p o llu ta n ts  
fro m  the p la in s  to the  m o u n ta in s , s t re s s in g  a lp in e  an d  
su b a lp in e  eco sy s tem s b y  ex cess iv e  n itro g e n  d e p o s i­
tion . T hose  eco sy s tem s a re  th e  fo u n d a tio n  o f a 
lu c ra tiv e  to u r is t in d u s try  a n d  th e  so u rc e  of w a te r  for 
c ities a t the b a se  o f th e  m o u n ta in s . W h a t C o lo ra d a n s  
m ay  gain  in  a g ric u ltu ra l p ro d u c t io n  v a lu es , th ey  
s ta n d  to lose in  b io logy  of the  C o n tin e n ta l D iv ide , 
in c lu d in g  p e rh a p s  the  a lr e a d y  d w in d lin g  w a te r  
su p p lie s  fo r its  cities. In b o th  F lo r id a  a n d  C olorado,-

d ec is io n s  b a se d  on  v a lu e s  h av e  u n w itt in g ly  co m p ro  
m ised  re g io n a l n a tu ra l  sy s tem s .

W h a t  is  r i v e r  h e a l t h ?

T h e  1972 U S W a te r  P o llu tio n  C o n tro l A c t A m e n d ­
m e n ts  (n o w  ca lled  th e  C lean  W ate r A ct, sec tion  
101(a)]) se t a  s ta n d a rd  fo r a n sw e rin g  the  q u es tio n , 
'W h a t is r iv e r  h e a lth ? ' It sa id : 'T h e  ob jec tive  o f th is Act 
is to re s to re  a n d  m a in ta in  th e  chem ical, p h y s ica l, an d  
b io lo g ica l in te g r i ty  o f th e  N a tio n 's  w a te rs . ' Bv 
in te g rity , th e  C o n g re ss  in te n d e d  to 'c o n v e y  a  co n cep t 
th a t re fe rs  to a  c o n d itio n  in w h ic h  th e  n a tu ra l 
s t ru c tu re  a n d  fu n c tio n  o f eco sy s tem s is m a in ta in e d ',  
a c o n c e p t th a t is e x p lic it in  Fig. 1. A rg u in g  fo r p assag e  
o f th is  leg is la tio n , S en a to r E d m u n d  S. M u sk ie  (1972) 
of M a in e  a sk e d : 'C a n  w e  a ffo rd  c lean  w a te r?  C a n  w e 
a ffo rd  r iv e rs  a n d  lak es  a n d  s tre a m s a n d  o cean s , w h ich  
c o n tin u e  to  m a k e  life p o ss ib le  on  th is p la n e t?  C an  w e 
a ffo rd  life itself? ... T h ese  q u es tio n s  a n s w e r  th e m ­
se lv e s .' S e n a to r  M u sk ie  u n d e rs to o d  th a t h e a lth y  riv e rs  
s u p p o r t  l iv in g  sy s te m s  th a t a re  e ssen tia l to  h u m a n  
w e ll-b e in g . H e  a lso  u n d e rs to o d  th a t 'c h ro n ic  b io lo g i­
ca l im p a c t m a y  b e  a  g re a te r  p ro b lem  th a n  th e  acu te  
re s u lts  o f d is c h a rg e  o f raw  sew ag e  o r  la rg e  tox ic  sp ills ' 
(M u sk ie , 1992), a  p e rs p e c tiv e  th a t is a lso  w id e ly  
u n d e rs to o d  a c c o rd in g  to a  n a tio n a l s u rv e y  o f 400 
e x p e rts , in  f ie ld s  ra n g in g  from  b o ta n y  to  gen e tic s , 
c o n d u c te d  b y  th e  A m erican  M u se u m  of N a tu ra l 
H is to ry  (A n o n y m o u s , 1998). T hose  sc ie n tis ts  id e n ti­
fied  loss o f b io d iv e rs ity  a s  a m o re  se r io u s  p ro b le m  
th a n  o zo n e  d e p le t io n , g lo b a l w a rm in g , o r  p o llu tio n  
a n d  co n ta m in a tio n .

W a te r b o d ie s  w ith  in teg rity , e sp ec ia lly  r iv e rs , h av e  
p e rs is te d  in , e v e n  m o d if ie d , th e ir  re g io n s ' p h y s ic a l 
a n d  ch em ica l e n v iro n m e n ts  o v e r m illen n ia . T h e  v e ry  
p re s e n c e  o f th e ir  n a tu ra l  b io ta  m ean s  th a t th e  b io ta  is 
re s ilie n t to  th e  n o rm a l v a r ia tio n  in  th a t e n v iro n m e n t. 
Still, th e  b o u n d s  o v e r  w h ic h  th e  sy s tem  c h a n g e s  fro m  
its  n o rm a l o r  ex p e c te d  c o n d itio n  as a re s u lt o f m o s t 
n a tu r a l  e v e n ts  a re  n a r ro w  in  c o m p a riso n  w ith  the 
c h a n g e s  th a t re s u lt  fro m  h u m a n  ac tions su c h  as row - 
c ro p  a g r ic u ltu re , tim b e r  h a rv e s t, g raz in g , o r  u rb a n iz a ­
tion . N o rm a l, o r  ex p e c te d , co n d itio n s  c o n s titu tin g  
in te g rity  v a ry  g e o g ra p h ic a lly  b ecau se  e a c h  r iv e r 's  
b io ta  ev o lv e s  in  th e  co n tex t of local a n d  reg io n a l 
c o n s tra in ts  a n d  o p p o r tu n it ie s . U n d e rs ta n d in g  th is 
b a se lin e  m u s t  b e  th e  fo u n d a tio n  fo r a s se ss in g  ch a n g e  
c a u se d  by  h u m a n s . O n ly  th e n  can  w e  m a k e  in fo rm e d
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d e c is io n s  in  re sp o n se  to  th e  q u e s tio n s , 'Is  th is  leve l of 
c h a n g e  accep tab le?  A re  th e  la n d s c a p e  a n d  its  r iv e rs  

h e a lth y ? '
W h e n  h u m a n  ac tiv ities  w ith in  a  w a te rs h e d  (ca tch ­

m e n t)  a re  m in im a l, th e  b io ta  is d e te rm in e d  b y  th e  in te r ­
ac tio n  o f b io g e o g ra p h ic  a n d  e v o lu t io n a ry  p ro c e sse s  in 
th e  re g io n a l c lim atic  a n d  geo lo g ica l con tex t. A s h u m a n  
p o p u la t io n s  in c rea se  a n d  te ch n o lo g y  a d v a n c e s , la n d ­
sc a p e s  a re  a lte re d  in  a  v a rie ty  o f  w ay s . T h o se  c h an g es  
a lte r  th e  r iv e r 's  b io ta  a n d  th u s  th e  e n tire  b io lo g ica l 
c o n te x t o f  th e  r iv e r, cau sin g  it to  d iv e rg e  fro m  in teg rity . 
In  so m e  cases, th e  ch an g es  a re  m in o r . In  o th e rs , th ey  
a re  su b s ta n tia l; th e y  m a y  ev en  e lim in a te  a ll o r  m o s t of 
th e  p la n ts  a n d  a n im a ls  in  a riv e r.

Goals, models, and actions

C o n s id e ra tio n  of r iv e r  h e a lth  o r  in te g r ity  ra re ly  
e n te re d  d ec is io n  m a k in g  by  so c ie tie s  b e n t o n  co n ­
q u e r in g  so m e fron tier. W ate r w a s  s im p ly  th e re , a 
liq u id  to  b e  u se d . It w a s  th e re  to  b e  a llo ca ted , to  be  
c o n su m e d , a n d  to  be  d is c a rd e d , as lik e ly  a s  n o t 
c a rry in g  w ith  it  so c ie ty 's  u n w a n te d  w aste s . W h e n  th e  
g o a l is to  co n q u e r, ev e ry th in g  e lse  is in  th e  w a y . T his 
a tt i tu d e  h a s  th re a te n e d , a n d  c o n tin u e s  to  th re a te n , th e  
te n u o u s  b a lan c e  b e tw e e n  w a te r  a n d  h u m a n  socie ty , 
b e tw e e n  riv e rs  a n d  the  p eo p le  w h o  d e p e n d  o n  riv e rs . 
F u r th e rm o re , c e rta in  h u m a n  c o m m u n itie s  o ften  ex e rt 
p o w e r  o v e r o th e r , o ften  in d ig e n o u s  o r  o th e rw ise  
eco n o m ica lly  p o w e rle s s , c o m m u n itie s  w ith  c a ta ­
s t ro p h ic  co n seq u en ces  fo r c u ltu re , v a lu e s , a n d  
h u m a n  a n d  eco log ica l h e a lth  (D o n a h u e  & Jo h n s to n ,

1998).
Society , o b liv io u s  e ith e r to  h u m a n -h e a lth  r isk s  o r  to 

th e  eco log ica l risk s  o f rad ica lly  a lte r in g  r iv e rs , h a s  
c h ro n ic a lly  u n d e rv a lu e d  r iv e rs ' b io lo g ica l c o m p o ­
n e n ts . W e h a v e  b e h a v e d  as if w e  co u ld  re p a ir  o r 
re p la c e  a n y  lo s t o r  b ro k e n  p a r ts  o f re g io n a l w a te r  
re so u rc e  sy s tem s , m u c h  as w e  re p la c e  to a s te rs , cars , 
jobs, a n d  e v en  h e a r ts  o r livers. T h is  d is re g a rd  h a s  on ly  
w o rs e n e d  th e  lack  of co h e ren ce  in  w a te r  la w  a n d  in  
re g u la tio n s  re g a rd in g  w a te r  u se . T he re s u lt  in  th e  
U SA  is a b o d y  o f  fed e ra l, s ta te , a n d  local la w  th a t fails 
to  m a k e  th e  co n n ec tio n s  b e tw e e n  w a te r  q u a li ty  a n d  
q u a n ti ty , su rface  w a te r  a n d  g ro u n d w a te r ,  h e a d w a te r  
s tre a m s  a n d  la rg e  riv e rs , a n d  th e  liv in g  a n d  n o n -liv in g  
c o m p o n e n ts  o f a q u a tic  eco sy s tem s . T h is  d is c o n n e c t­
e d n e ss  w a s  o n e  th in g  w h e n  th e re  w e re  few  p e o p le  
l iv in g  o n  a v a s t lan d scap e ; n o w  it is q u ite  a n o th e r .
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W e n e e d  a  n e w  a p p ro a c h , o n e  b a se d  on  n e w  
c o n c e p tu a l m o d e ls  o f  h o w  riv e rs , la n d sc a p e s , an d  
h u m a n  soc ie ty  in te rac t. In  th e  U SA , m o d e ls  fo r w h a t 
a ils  r iv e rs , a n d  h o w  to  p ro te c t o r  re s to re  r iv e rs , b e g a n  
w ith  p a ssa g e  o f th e  1899 R efu se  A ct; th e  m o d e l th e n  
w a s  to  s to p  d u m p in g  ra w  se w a g e  a n d  o il in to  
w a te rw a y s . S uccess ive  g e n e ra tio n s  o f law s a tte m p te d  
to  e n su re  th a t th e  h u m a n -w a s te -a b s o rb in g  cap ac ity  of 
r iv e rs  w a s  n o t e x ceed ed . S ev era l d e c a d e s  ago , the 
m o d e l ch a n g e d  to  c h em ica l c o n ta m in a tio n : riv e rs  
w o u ld  b e  h e a lth y  if w e  w o u ld  ju s t a v o id  d is c h a rg in g  
ex cess iv e  toxic ch em ica ls  in to  th em . T he la te s t m o d e l 
se e m s to  b e  w a te rs h e d  an a ly s is : a  m o re  c o m p re h e n ­
s iv e  a p p ro a c h  to  the  in te ra c tio n s  of la n d sc a p e s , riv e rs , 
a n d  h u m a n s . E ach  o f th e se  m o d e ls  is  o n ly  as g o o d  as 
its  ab ility  to  re flec t th e  p r im a ry  so c ie ta l g o a ls  
re g a rd in g  w a te r  re so u rc e s , a n d  th o se  g o a ls , too , 
h a v e  b e e n  ch an g in g : f ro m  ta k in g  w a te r  fo r g ra n te d , 
to  'b en e fic ia l u se ',  to  p ro te c tin g  b io lo g ica l in teg rity . 
T h e  c h a llen g e  b e fo re  u s  n o w  is to  a p p ly  th e  m o re  
u se fu l m o d e ls  a n d  to  m a k e  p ro g re s s  to w a rd s  a c tu a l 
p ro tec tio n .

A new  model

A  n e w  m o d e l sh o u ld  in fo rm  so c ie ty  n o t o n ly  a b o u t 
th e  c o n d itio n s  o f r iv e rs  a n d  th e ir  la n d sc a p e s , b u t  a lso  
a b o u t th e  lives o f p e o p le  liv in g  in  th o se  lan d scap es . 
T h a t m o d e l sh o u ld  focus o n  b io log ica l e n d p o in ts  as 
th e  m o s t in te g ra tiv e  m e a s u re s  o f r iv e r h e a lth . A 
c o m p re h e n s iv e  a p p ro a c h  to  b io lo g ica l m o n ito r in g  
p e rm its  a  n e w  level o f in te g ra tio n  b e c a u se  liv ing  
sy s te m s  as a m o n ito r in g  fo cu s  a re  like ly  to  re g is te r  the 
in f lu e n c e s  o f a ll fo rm s  o f d e g ra d a t io n  c a u se d  b y  
h u m a n  actions.

P h y sica l, ch em ica l, e v o lu tio n a ry , a n d  eco log ica l 
p ro c e s se s  h av e  in te ra c te d  to  p ro d u c e  riv e rs  a n d  
th e ir  la n d sc a p e s , in c lu d in g  th e  local a n d  re g io n a l 
b io ta '(F ig .  2). H u m a n s  a lte r  th e  b io lo g ica l sy s te m s  
in  a r iv e r  b y  a lte r in g  p h y s ic a l h a b ita t, m o d ify ­
in g  s e a so n a l w a te r  flow , c h a n g in g  th e  sy s te m 's  food  
b a se , c h a n g in g  in te ra c tio n s  a m o n g  s tre a m  o rg a n  
ism s, a n d  c o n ta m in a tin g  th e  w a te r  w ith  c h e m i­
cals. T h ese  five  fac to rs  p ro v id e  a c ritica l c o n c e p tu a l 
a n d  an a ly tic a l f ra m e w o rk  to  ju d g e  th e  in te ra c tio n s  
o f  h u m a n  ac tiv ities  a n d  b io lo g ica l c h a n g e  (K arr, 
1991).

By m e a s u r in g  b io lo g ica l c o n d itio n  a n d  e v a lu a tin g  
th e  r e s u lt  as a d iv e rg e n c e  fro m  b a se lin e  b io lo g ica l
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P h y s i c a l , c h e m ic a l ,  e v o lu t io n a r y ,  a n d  b io g e o g r a p h ic  p r o c e s s e s  

in t e r a c t  to  p r o d u c e

■ZMBEfflSBaiEm
L ociîlion 

G eo lo g ica l s u b s ira te  
C lim a te . E levation  

S t re a m  s iz e .  G rad ien t

B io lo g ic a l In te g r i ty
T ax a  r ich n e ss  

S p e c ie s  c o m p o sitio n  
T o le ra n ce . In to le rance  

A dap tive  s tr a te g ie s  (eco logy , b e h av io r , m orphology)

T h e  B A S E L I N E  w i th o u t  h u m a n  d i s t u r b a n c e  i s  i n f l u e n c e d  b y

H u m a n  A c tiv itie s
s e  (Cities, fa rm s , logg ing , g ra z in g , d a m s)  

Effluent d is c h a rg e  
W ate r w ithdraw al 

D isc h a rg e  from  re se rv o irs  
S po rt a n d  c o m m erc ia l fishe rie s  

In troduction  of a lien s

w h i c h  a l t e r  b io g e o c h e m ic a l  p r o c e s s e s  to  i n f l u e n c e  o n e  o r  m o r e  o f

Flow  reg im e
P hys ica l h a b ita t s tru c tu re  

W ate r  quality  
E n erg y  so u rc e  

Biological in te rac tio n s

t h e r e b y  a l t e r in g

H E B B
L an d  c o v e r . E ro sio n  ra te s  

S lo p e  stab ility , E vapo transp ira tion  
S u r fa c e  p e rm eab ility  

R uno ff a m o u n t a n d  liming 
G ro u n d w a te r  r e c h a rg e

T ax a  r ich n e ss  
T axonom ic  c o m p o sitio n  

Individual h ealth  
E co log ica l p r o c e s s e s  

E vo lu tionary  p r o c e s s e s

U n a c c e p ta b le  d i v e r g e n c e  o f  

K  f r o m B io lo g ic a l In te g r i ty

E n v ir o n m e n ta l  P o l i c ie s
R e g u la tio n s, Incen tives  

M a n ag e m en t 
C o n se rv a tio n , R e s to ra t io n

to  p r o t e c t

A q u a t i c  L ife

Fig. 2 R e la tionsh ips am ong the e lem en ts  and  processes of 
n a tu ra l sys tem s, the k inds of ch anges th a t occur as a re su lt  of 
h u m a n  actions, and  a fram ew ork  of en v iro n m en ta l po licies that 
m ig h t com e from  a n  assessm en t o f b io log ical condition , the 
e n d p o in t  o f prim ar} ' concern to society . (From  K arr & C hu , 
1999).

in te g rity , w e  can  th u s  focus o n  th e  m o s t in te g ra tiv e , 
b io lo g ica l e n d p o in t. D u rin g  th e  tw e n tie th  c e n tu ry , as 
k n o w le d g e  a n d  societal v a lu e s  c h a n g e d , a n d  h u m a n -  
im p o se d  s tre sse s  becam e m o re  co m p lex  a n d  p e rv a ­
s iv e , b io lo g ica l m o n ito r in g  ev o lv e d  rap id ly . A t leas t 
tw o  m a jo r a p p ro a c h e s  d e v e lo p e d  in d e p e n d e n tly  o v e r 
th e  p a s t  25 y ears .

O n e  a p p ro a c h , the m u ltim e tr ic  in d ex , a ro se  a s  an  
o ffsh o o t of b asic  re sea rch  in  a q u a tic  e co lo g y  (K arr, 
1981, 1991; K a rr et a i ,  1986); th e  c o n cep t w a s  a d o p te d  
q u ic k ly  b y  a v a rie ty  of s ta te  (O h io  E n v iro n m e n ta l 
P ro te c tio n  A g en cy , 1988) a n d  fe d e ra l (P la fk in  et a l ,  
1989) ag en c ies  a n d  in  g e o g ra p h ic  reg io n s  th r o u g h o u t 
th e  w o rld  (O b erd o rff & H u g h e s , 1992; M in n s  et al., 
1994; D av is  & S im on, 1995; R o ssan o , 1996; D eeg an  
et a i ,  1997; K o izu m i & M a tsu m iy a , 1997; T h o rn e  & 
W illiam s , 1997; W eisberg  et al., 1997; H a rr is  &

S ilveira , 1999). T h e se  a p p lic a tio n s  h a v e  n o t been  
e q u a lly  effective. T h e  U SEPA  v e rs io n  d e v e lo p e d  for 
u se  w ith  in v e r te b ra te s , k n o w n  as r a p id  b io a s se ssm e n t 
p ro to c o ls  (RBP), fo r ex am p le , h a s  b e e n  less th an  
su cce ssfu l b e c a u se  th e  m e tric s  p ro p o s e d  fo r the 
o rig in a l RBP w e re  n e v e r  a d e q u a te ly  te s te d , an d  
q u e s tio n a b le  s ta tis tic a l a n d  an a ly tic a l p ro c e d u re s  
w e re  u se d . In  a te s t o f te n  s ta n d a rd  RBP m etric s  
u s e d  in  O re g o n  (F o re , K arr & W isse m a n , 1996), six 
fa iled  u n d e r  s c ru tin y  acco rd in g  to  th e  c rite r ia  for 
v a lid a tin g  m e tric s  th a t  g o  in to  th e  in d ic e s  o f b io log ica l 
in te g r ity  (IBI) fo r fish  a n d  in v e r te b ra te s .

T h e  o th e r  a p p ro a c h  re lie s  o n  m u ltiv a r ia te  sta tis tica l 
m e th o d s  to  d is c e rn  p a t te rn  in  ta x o n o m ic  co m p o s itio n , 
o f te n  b u t n o t a lw a y s  a t the  fam ily  leve l. E x am p les  
in c lu d e  R IV PA C S (W rig h t, 1995), A u sR iv A S  (P arsons 
& N o rris , 1996), BEA ST (R ey n o ld so n  et a i ,  1995), an d  
th e  aq u a tic  life c la ss if ica tio n  m o d e ls  u s e d  in  M aine  
(D av ies  et a l ,  1995). A d v o c a te s  o f s u c h  a p p ro a c h e s  
o f te n  s tre n u o u s ly  c ritic ize  m u ltim e tr ic  in d ic e s , e sp e ­
c ia lly  IBI, b u t  th e ir  a rg u m e n ts  in d ic a te  m is u n d e r ­
s ta n d in g s  o f m a n y  o f  th e  sc ien tific  a n d  po licy  
fo u n d a tio n s  of m u ltim e tr ic  a s se ssm e n ts  (K arr & 
C h u , 1999). F u rth e r , a  m u ltim e tr ic  IBI d if fe rs  in 
m a n y  w a y s  fro m  th e  in v e r te b ra te  RBP o f P lafk in  
et al. (1989). T h e  co re  p r in c ip le  o f th e  m u ltim e tr ic  IBI 
is to  d e tec t d iv e rg e n c e  fro m  b io lo g ica l in te g rity  —  the 
p ro d u c t  of re g io n a l e v o lu tio n a ry  a n d  b io g e o g ra p h ic  
p ro c e sse s  —  d iv e rg e n c e  a tt r ib u ta b le  to  h u m a n  
ac tio n s . T h e  g o a l is n o t to d o c u m e n t a n d  u n d e rs ta n d  
a ll th e  v a ria tio n  th a t a rise s  in  n a tu ra l  sy s te m s .

E ffective m u ltim e tr ic  b io lo g ica l in d ic e s  a v o id  in d i­
c a to rs  th a t a re  e ith e r  th eo re tic a lly  o r  em p iric a lly  
f la w e d ; see  K a rr & C h u  (1999) fo r a rev iew . T hey  
in c o rp o ra te  c o m p o n e n ts  o f b io lo g y  th a t  a re  sen s itiv e  
to  a b ro a d  ra n g e  o f h u m a n  ac tio n s  (s e d im e n ta tio n , 
o rg a n ic  e n ric h m e n t, toxic chem ica ls , f lo w  a lte ra tio n ). 
P ro m is in g  b io lo g ica l a tt r ib u te s  a re  f irs t id e n tif ie d  to  
s p a n  th e  b io lo g ica l h ie ra rc h y  fro m  in d iv id u a l  h e a lth  
to  la n d s c a p e  d y n a m ic s . B efore a n y  a tt r ib u te  is 
in c lu d e d  a s  a m e tric  in  th e  in d e x , h o w e v e r , it  is 
r ig o ro u s ly  d e f in e d , m e a s u re d , a n d  te s te d . T h e  re su lt 
is a n  in d ex  th a t  in teg ra te s  th e  b e h a v io u r  o f the 
e le m e n ts  a n d  p ro c e sse s  of b io lo g ica l sy s te m s . C o m ­
m o n  m e tric s  in c lu d e  th o se  th a t il lu s tra te  c h a n g e s  in  
ta x o n o m ic  r ic h n e ss  (b io d iv e rs ity ), sh ifts  in  sp ec ies  
c o m p o s itio n  re f lec tin g  h u m a n  effec ts (s e d im e n ta tio n  
o r  n u tr ie n t  e n ric h m e n t) , in d iv id u a l h e a lth , fo o d  w eb  
o rg a n iz a tio n , a n d  o th e r  b io log ica l a t t r ib u te s  th a t
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re s p o n d  to  h u m a n  in flu en ce . M u ltim e tr ic  in d ic e s  th u s  
in te g ra te  m u ltip le  d im e n s io n s  o f  c o m p le x  sy s te m s . In 
th is  re sp ec t, th ey  a re  s im ila r to  th e  in d ic e s  u se d  to 
m e a s u re  th e  h e a lth  of re g io n a l a n d  n a tio n a l eco n o ­
m ies (e.g. in d e x  o f  le a d in g  eco n o m ic  in d ic a to rs  o r 
co n su m e r p ric e  in d ex  in  th e  U SA ).

In te g ra tiv e  m u ltim e tr ic  b io lo g ica l in d ic e s  a re  w ell 
su ite d  to  ju d g in g  r iv e r  h e a lth  a g a in s t  d e f in e d  g o a ls  or 
w a te r  q u a li ty  s ta n d a rd s  (ca lled  'c r i te r ia ' in  th e  U SA). 
T hese  b io lo g ica l m e a s u re s  a re  m o re  c o m p re h e n s iv e  
a n d  ro b u s t th a n  ch em ica l w a te r  q u a li ty  s ta n d a rd s ; 
th e y  a re  m o re  e ffec tive  a t d ia g n o s in g  d e g ra d a tio n , 
d e fin in g  its  cau se (s), a n d  s u g g e s tin g  tr e a tm e n ts  to  h a lt 
o r  re v e rse  th e  d a m a g e . F u rth e rm o re , th e y  can  be  u se d  
to  e v a lu a te  th e  su ccess  o f m a n a g e m e n t d ec is io n s. 
B ecause m o s t re s to ra t io n  e ffo rts  a im  a t  exp lic itly  
b io lo g ica l g o a ls  (e.g. r e tu rn  o f  fish ), b io lo g ica l e n d ­
p o in ts  c a n  p ro v id e  b o th  a g u id e  a n d  a g o a l fo r 
eco log ica l re s to ra tio n .

Developing a multimetric index

F ive ta sk s  a re  c ritica l to  th e  d e v e lo p m e n t a n d  u se  of 
a n  e ffec tive  m u ltim e tr ic  b io lo g ica l in d e x  (K arr & C h u , 
1997,1999): c lassify  to  d e fin e  h o m o g e n e o u s  se ts ; se lec t 
a p p ro p r ia te  m e tric s ; d e v e lo p  s a m p lin g  p ro toco ls; 
an a ly z e  d a ta  to  rev ea l b io lo g ica l p a tte rn s ; a n d  c o m ­
m u n ic a te  th e  re su lts .

Classify to define  hom ogeneous sets

L ike a  ta x o n o m y  o f o rg a n ism s , c la ss if ica tio n  a tte m p ts  
to  d is tin g u ish  a n d  g ro u p  d is t in c t  e n v iro n m e n ts , 
co m m u n itie s , o r  eco sy s tem  ty p e s . T h e  p ro p e r  
a p p ro a c h  to  c lassif ica tio n  m a y  v a ry , h o w e v e r , a c c o rd ­
in g  to  sp ec ific  g o a ls . H y d ro lo g is ts  o r  g eo m o rp h o lo - 
g is ts  m a y  n e e d  a  r iv e r  c la ss if ica tio n  sy s te m  th a t d iffe rs  
from  th a t  u s e d  b y  b io lo g is ts , fo r e x am p le , e v en  
th o u g h  g e o p h y s ic a l co n tex t is a  fu n d a m e n ta l  d e te r ­
m in a n t o f v a r ia tio n  in  b io lo g ica l sy s tem s . In the 
Pacific N o r th w e s t , g e o m o rp h o lo g is ts  id en tify  so m e 
fifty  to  s ix ty  c h a n n e l ty p e s  b a s e d  o n  th e  in te rp la y  o f 
p h y s ica l a n d  c h em ica l p ro c e sse s  th a t s h a p e  s tre a m  
c h a n n e ls  (M acD o n a ld , S m a rt & W issm a r , 1991). B ut 
re c o g n iz in g  th e s e  c h a n n e l ty p e s  d o e s  n o t n ecessa rily  
m e a n  th a t  an  e q u a l n u m b e r  o f  b io lo g ica l c lasses  is 
n e e d e d . T h e  ta x o n o m ic  a n d  eco lo g ica l ch a rac te ris tic s  
o f the  n a tiv e  b io ta  m a y  n o t, fo r  e x a m p le , b e  u n iq u e  to  
e ach  c h a n n e l ty p e . F u rth e r , e v e n  if so m e  sp ec ie s
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re p la c e m e n t o ccu rs , e a c h  assem b lag e  m a y  n o t  n e e d  a 
s p e c ia l c lass. F ew er th a n  fifty  b io lo g ica l c a te g o rie s  
m a y  th e re fo re  b e  n e e d e d  fo r effec tive  b io lo g ica l 
m o n ito r in g . C o m m u n ity  c lassif ica tion  g e n e ra lly  lags 
b e h in d  c lassif ica tio n  b y  p h y sica l e n v iro n m e n t o r 
h a b ita t  ty p e  (A n g e rm e ie r  &  S ch losser, 1995). C la ss if i­
c a tio n  a t leve ls  a p p ro p r ia te  fo r b io lo g ica l m o n ito r in g  
a n d  a sse ssm e n t, e sp e c ia lly  c lassif ica tion  th a t  focuses 
o n  b io lo g ica l re s p o n se s  to  h u m a n  ac tio n s , la g s  e v en  
m o re .

E xcessive  e m p h a s is  o n  c lassifica tion , o r  in a p p r o p r i ­
a te  c la ss if ica tio n , can  im p e d e  d e v e lo p m e n t o f cost- 
e ffec tiv e  a n d  sen s ib le  m o n ito r in g  p ro g ra m s . U s in g  too  
few  c la sses  fails to  re c o g n iz e  im p o r ta n t d is tin c tio n s  
a m o n g  p lace s; u s in g  to o  m a n y  u n n e c e ssa r ily  c o m p li­
c a te s  d e v e lo p m e n t o f  b io log ica l c rite r ia . A n o th e r  
c o m m o n  e rro r  is c la ss if ica tio n  b a se d  o n  a m a tr ix  of 
sp e c ie s  a n d  a b u n d a n c e s , a n  a p p ro a c h  th a t  can  o b sc u re  
im p o r ta n t  n a tu ra l h is to ry  p a tte rn s . M a n y  m u ltiv a r ia te  
a p p ro a c h e s  c lassify  n a r ro w ly  a c c o rd in g  to  sp e c ie s  
lis ts , o ften  e x c lu d in g  ra re  taxa  to  a v o id  z e ro s  in  the  
d a ta  m a tr ix , fo r e x am p le . In  th is  c irc u m sta n c e , 
m a th e m a tic a l a n d  s ta tis tic a l tra c tab ility  im p o se s  d e c i­
s io n s  th a t d im in ish  o u r  ab ility  to  d e te c t a n d  u n d e r ­
s ta n d  b io log ica l s ig n a ls . U se  o f sp ec ie s-lev e l 
c o m m u n ity  co m p a riso n s , su c h  as p e rc e n ta g e  s im ila r ­
ity  in d ice s , can  a lso  b e  m is lead in g . R eg io n a l c la s s if i­
c a tio n s , b a se d  o n  sp ec ie s  o v e rlap , lim it o n e 's  v ie w  by  
fo c u s in g  o n  sp ec ie s  c o m p o s itio n  ra th e r  th a n  h ig h e r-  
leve l ta x o n o m ic  a n d  eco log ica l s t ru c tu re  (K arr & C h u ,
1999).

T h e  p o in t o f c la ss if ica tio n  is to  g ro u p  p la c e s  w h e re  
liv in g  sy s te m s  a re  s im ila r  a t h ig h e r  ta x o n o m ic  a n d  
eco lo g ica l leve ls  in  th e  ab sen ce  of h u m a n  d is tu rb a n c e , 
a n d  w h e re  th e  b io lo g ica l re sp o n se s  a re  s im ila r  a fte r  
h u m a n  d is tu rb a n c e . T h u s , c lassif ica tion  b a s e d  on  
eco lo g ica l d o g m a , o n  s tr ic tly  ch em ica l o r  p h y s ic a l 
c r i te r ia , o r  ev en  o n  th e  log ica l b io g e o g ra p h ic a l fa c to rs  
u s e d  to  d e fin e  eco reg io n s  is n o t n ece ssa rily  su ff ic ie n t 
fo r b io lo g ica l m o n ito r in g . T h e  g o o d  b io lo g is t u s e s  th e  
b e s t  n a tu ra l  h is to ry , b io g e o g ra p h ic , a n d  an a ly tic a l 
in fo rm a tio n  av a ilab le  to  d e v e lo p  a c la ss if ica tio n  
s y s te m  a p p ro p r ia te  to  th e  reg io n  a n d  e n v iro n m e n ta l 
p o lic y  goals .

Select appropriate m etrics

S u ccess fu l a p p lic a tio n  o f a  m u ltim e tric  in d e x  d e p e n d s  
o n  a r ig o ro u s  p ro c e ss  to  id en tify  a n d  te s t m e tr ic s , i.e.
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th e  m e a su ra b le  b io log ica l a tt r ib u te s  th a t p ro v id e  
re lia b le  a n d  re le v a n t s ig n a ls  a b o u t  th e  b io lo g ica l 
e ffec ts  o f h u m a n  ac tiv ities . F a ilu re  to  p ro p e r ly  d e fin e  
m e tric s  can  g ive in c o rre c t s ig n a ls  a b o u t re so u rc e  
c o n d itio n  a n d  lead  to  n u m e ro u s  e rro rs  in  b o th  sc ience  
a n d  m a n a g e m e n t. G en e ra lly , m u ltim e tr ic  in d ices  
in c o rp o ra te  a r ich e r a r ra y  o f s ig n a ls  th a n  d o  an a ly se s  
b a s e d  o n  sp ec ies  c o m p o s it io n  a n d  a b u n d a n c e  
m a tr ic e s  (K arr & C h u , 1999).

Selec tion  o f  m etrics  fo r a  m u ltim e tr ic  in d ex  in v o lv e s  
se v e ra l im p o r ta n t s tep s. F irst, s a m p lin g  m u s t in c lu d e  
a  se r ie s  o f sites w ith  d if fe re n t in te n s itie s  a n d  ty p e s  of 
h u m a n  in fluence ; th a t is , o n e  m u s t  sa m p le  ac ro ss  a 
g ra d ie n t o f h u m a n  d is tu rb a n c e . W ith o u t th is e ssen tia l 
s te p , h o w  can  one  d e te c t o r  u n d e rs ta n d  b io lo g ica l 
re s p o n se s  to  hum an  in f lu en ce?  S econd , b io lo g ica l 
m o n ito r in g  m u s t a d h e re  to  r ig o ro u s  s ta n d a rd s  a b o u t 
w h a t  is m e a s u re d  a n d  h o w  th o se  m e a s u re m e n ts  a re  
u s e d . K n o w led g e  of n a tu ra l  h is to ry  a n d  fa m ilia rity  
w i th  eco log ica l p r in c ip le s  a n d  th e o ry  g u id e  th e  
d e fin it io n  o f a ttr ib u te s  a n d  p re d ic tio n s  of h o w  th ey  
w ill  b e h a v e  u n d e r  v a ry in g  h u m a n  in f lu en ces . But 
su c c e ss fu l b io log ica l m o n ito r in g  d e p e n d s  m o s t on  a 
th i rd  s te p , th e  d e m o n s tra tio n  th a t  a n  a tt r ib u te  h a s  a 
re liab le  em p iric a l re la tio n sh ip  —  a c o n s is te n t q u a n ti­
ta t iv e  ch an g e  —  acro ss  a  ra n g e , o r  g ra d ie n t, o f h u m a n  
in flu en ce .

U n fo rtu n a te ly , th is  c ru c ia l s te p  is o ften  o m itte d  in  
m a n y  local, reg iona l, a n d  n a tio n a l effo rts  to  d ev e lo p  
m u ltim e tr ic  ind ices. S tu d ie s  in te n d in g  to  te s t th e  
e ffec tiv en ess  of m u ltim e tr ic  a p p ro a c h e s  fail w h e n  
th e ir  m e tric s  a re  n o t se lec ted  a c c o rd in g  to th is  core  
p r in c ip le  (e.g. R ey n o ld so n  et al., 1997). T he d e v e lo p ­
m e n t  a n d  ad v o cacy  o f r a p id  b io a s se ssm e n t p ro to co ls  
in  th e  U n ite d  S ta tes (P lafk in  et a l ,  1989) a lso  n e g le c te d  
to  se lec t m e tric s  th a t c h a n g e d  c o n s is te n tly  ac ro s s  a 
g ra d ie n t o f  h u m a n  in f lu en ce  (see K a rr  & C h u , 1999).

G ra p h s  a re  p a r tic u la r ly  h e lp fu l fo r id e n tify in g  
b io lo g ica l a ttr ib u te s  th a t c h a n g e  c o n s is te n tly  a n d  
q u a n ti ta t iv e ly  across a g ra d ie n t o f h u m a n  in f lu en ce  
b e c a u se  th e y  fo rce  u s  to  c o n fro n t th e  ob v io u s . A  g ra p h  
w h o s e  y -ax is re p re se n ts  a  b io lo g ica l re sp o n se  a n d  
w h o se  z -ax is is a m e a su re  o f  h u m a n  in f lu en ce  is th e  
eco lo g ica l a n a lo g u e  of a to x ico lo g ica l d o s e - re s p o n s e  
c u rv e  (e.g. F ig u re  3). T h ese  eco lo g ica l d o s e - re s p o n s e  
c u rv e s  sh o w  a m e a s u re d  b io lo g ica l re sp o n se  to  th e  
c u m u la tiv e  eco log ica l e x p o su re , o r  d o se , of all ev e n ts  
a n d  h u m a n  ac tiv ities w ith in  a w a te rs h e d . G ra p h s  
h ig h lig h t id io sy n c ras ie s  in  p a t te rn s  o f  d a ta  th a t, w h e n
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Fig. 3 A verage  taxa richness o f m ayflies (E phem erop tera) 
p lo tte d  ag a in s t p e rc e n ta g e  of im p erv io u s  su rface  area  
s u r ro u n d in g  P u g e t S o u n d  lo w lan d  stream s. N o te  th e  g enera l 
d o se -re sp o n se  cu rv e  re la tio n sh ip : as h u m a n  in fluence 
(im p erv io u s area) increases, taxa richness declines. Sites B an d  C 
h a d  re la tive ly  in tac t r ip a ria n  areas (w etlands); s ite  A is 
d o w n s tre a m  of a coal m in e  (no  longer active) th a t co n tin u es to 
leak  co n tam in an ts  o r  se d im e n t in to  the stream . (From  K arr & 
C h u , 1999).

ex a m in e d  c lo se ly , m a y  g iv e  in s ig h t in to  th e  c a u se s  o f  a 
p a r t ic u la r  b io lo g ica l re sp o n se . F or e x a m p le , o n e  can  
ex p lo re  w h e th e r  u n iq u e  s itu a tio n s  ex is t a t sites 
a p p e a r in g  as o u tly in g  p o in ts  o n  a g ra p h , w h ich  
ca u se  th e m  to  a p p e a r  as ou tlie rs .

T oo  o ften , a tte m p ts  to  u se , e v a lu a te , o r  te s t m u lti­
m e tric  in d ic e s  d o  n o t fo llow  th is  r ig o ro u s  se lec tion  
p ro cess . M an y  re s e a rc h e rs  a s s u m e  th a t  p o p u la t io n  
s ize  (e x p re sse d  a s  a b u n d a n c e  o r d e n s ity )  p ro v id e s  a 
re liab le  s ig n a l a b o u t  w a te r  re so u rc e  co n d itio n . B ut 
b e c a u se  a b u n d a n c e s  v a ry  so  m u c h  a s  a re s u lt  of 
n a tu r a l  e n v iro n m e n ta l v a r ia tio n , e v en  in  p r is tin e  
a rea s , p o p u la t io n  s iz e  is ra re ly  a re liab le  in d ic a to r  of 
h u m a n  in f lu en ce . L a rg e  n u m b e rs  o f sa m p le s  (> 25) 
w e re  re q u ire d , fo r e x am p le , to  d e te c t sm a ll (< 20%) 
d iffe ren ces  in  n u m b e r  o f fish  p e r  100 m 2 o f s tre a m  
su rfa c e  a re a  in  sm a ll S o u th  C a ro lin a  s tre a m s  (P alier, 
1995).

S im ila rly , re s p o n s e s  o f fu n c tio n a l fe e d in g  g ro u p s  of 
in v e r te b ra te s  a re  n o t g o o d  in d ic a to rs  o f h u m a n  
d is tu rb a n c e  (K arr &  C h u , 1999), e v en  th o u g h  su c h  
g ro u p s  a re  g o o d  in d ic a to rs  fo r fish . In v e r te b ra te s  
p ro b a b ly  d o  n o t  a lw a y s  feed  a c c o rd in g  to  the ir 
a s s u m e d  g ro u p s . F u rth e r , in v e s tig a to rs  a ss ig n  in v e r ­
teb ra te s  to  fu n c tio n a l fe e d in g  g ro u p s  a s  o ften  a s  n o t 
b y  g u e ss in g ; b e tte r  q u a n ti ta t iv e  d a ta  a re  av a ilab le  fo r 
fish . R e sp o n se s  o f fu n c tio n a l fe e d in g  g ro u p s  a p p e a r  to
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v a ry  w ith  s tre a m  s ize  a n d  b io g e o g ra p h ic  re g io n  a n d , 
in  a d d it io n , w ith  k in d  o f h u m a n  a c tiv ity  ( livestock  
g ra z in g , ro w -c ro p  a g ricu ltu re , p o in t-so u rc e  p o llu ­
tion ). A s a  re s u lt, co n sis ten cy  o f p a t te rn  ac ro s s  s tu d ie s  
fo r in v e r te b ra te  fu n c tio n a l fe e d in g  g ro u p s  is m u c h  
lo w e r th a n  fo r  o th e r  a ttr ib u te s ; it  is th e se  o th e r  
a tt r ib u te s  th a t  becom e p a r t  o f a  m u ltim e tr ic  b en th ic  
IBI (B-IBI; T ab le  1). T he o n ly  fu n c tio n a l fe e d in g  m e tric  
th a t  se e m s  m o d e ra te ly  re liab le  is re la tiv e  a b u n d a n c e  
o f p re d a to rs .

F a ilu re  to  a p p ly  rig o ro u s  s ta n d a rd s  fo r d e f in in g  
m e tr ic s  h a s  d e ra ile d  n u m e ro u s  e ffo rts  to  d e v e lo p , tes t, 
a n d  u se  m u ltim e tr ic  ind ices. C o n v e rse ly , c a re fu l 
s c re e n in g  o f a ttr ib u te s  to  d e fin e  re liab le  m e tric s  can  
p ro v id e  a n  effec tive  m u ltim e tr ic  in d e x  (K arr &  C h u ,
1999). N o  v ig ila n t m e d ic a l c o m m u n ity  w o u ld  p e rm it  
th e  u se  o f  te s ts  th a t h a d  n o t b e e n  d e m o n s tra te d  to  
a c c u ra te ly  d ia g n o se  a d isease . T h e  sa m e  r ig o u r  sh o u ld  
b e  a p p lie d  to  ch o o sin g  m e tric s  fo r a  m u ltim e tr ic  
in d ex . In  sh o r t, th e  se lec tion  o f b io lo g ica l s ig n a l u se d  
to  d e te c t th e  effects o f h u m a n  ac tio n s  s h o u ld  u se  th e  
in s ig h ts  p ro v id e d  b y  g ra p h s  a n d  s u p p le m e n t those  
in s ig h ts  w ith  th o u g h tfu l u se  o f c o n v e n tio n a l s ta tis tic s

a n d  k n o w le d g e  o f  re g io n a l n a tu r a l  h is to ry . In  s tu d y  
a f te r  s tu d y , th e  s a m e  m a jo r  a tt r ib u te s  g iv e  re liab le  
s ig n a ls  o f  re so u rc e  c o n d itio n  in  d if fe re n t c irc u m ­
s ta n c e s  (M iller et al., 1988; K a rr & C h u , 1999; K arr,
1998). A s a  re su lt, e v e ry  local, re g io n a l, o r  n a tio n a l 
p ro je c t n e e d  n o t  te s t a n d  d e fin e  its  o w n  locally  
a p p lic a b le  m etrics . S c ien tis ts  a n d  re so u rc e  m a n a g e rs  
c a n  im p le m e n t local b io lo g ica l m o n ito r in g  a n d  a sse ss ­
m e n t  p ro g ra m s  b a se d  o n  th e  re s u lts  of o th e r  s tu d ie s .

D evelop  sa m p lin g  p ro to co ls

F ew  to p ic s  p ro v o k e  m o re  a rg u m e n ts  a m o n g  field  
b io lo g is ts  th a n  a c la im  th a t  c e rta in  fie ld  m e th o d s  for 
s a m p lin g  b io lo g ica l s y s te m s  a re  m o re  co rrec t th a n  
o th e rs . A fte r th re e  d e c a d e s  o f s a m p lin g  a v a r ie ty  of 
o rg a n ism s  (b ird s , fish , p la n ts , in sec ts) in  v a rio u s  
e n v iro n m e n ts  ( te m p e ra te  a n d  tro p ica l fo rests , s tre a m s 
a n d  riv e rs , w e tla n d s , d e s e r t  sh ru b ) , I f in d  th is  issu e  
less  c ru c ia l to  th e  e ffec tiv en ess  o f m u ltim e tr ic  in d ices  
th a n  th e  o th e r  s te p s  in  m u ltim e tr ic  b io lo g ica l m o n ­
ito r in g . A v a r ie ty  o f  s a m p lin g  p ro c e d u re s , ev en  
s a m p le s  b a se d  o n  d if fe re n t taxa , p ro v id e  d a ta  of

T a b le  1 Biological a ttribu tes in tw o  g ro u p s , those se lected  fo r the b en th ic  ind ex  of biological in teg rity  (B-IBI) an d  a ttrib u tes  
c o rre sp o n d in g  to functional feed ing  g ro u p s . T he la tte r  w ere  n o t in c lu d e d  in  B-IBI becau se  they  d id  n o t  g ive co n sisten t d o se -re sp o n se  
cu rv es across g rad ien ts  o f h u m a n  in fluence  for m u ltip le  d a ta  sets. A ttr ib u te s  th a t re sp o n d e d  to h u m a n -in d u c e d  d is tu rb an ce  fo r a d a ta  
se t are  in d ica ted  by  f ;  th o se  m ark ed  w ith  a d a sh  (-) w ere  n o t te s te d . B lan k s in d ic a te  n o  c o n s is te n t  re sp o n se . S ee  K arr & C hu  (1999) 
fo r a d d it io n a l  d e ta ils  o n  a ll these  re su lts .

Biological a ttrib u tes
P red ic ted
resp o n se

T enn .
Valley"

SW
O re.b

E astern
O re.c

P uget
S ound11

Ja p an 1' N W
VVyo.1

M etrics u se d  in b en th ic  index  of bio logical in teg rity
T ota l n u m b e r  o f taxa D ecrease t t t t
E p h em ero p te ra  taxa D ecrease t t t t t
P leco p te ra  taxa D ecrease t t t t t
T rich o p te ra  taxa D ecrease t t t t t
L ong-lived  taxa D ecrease - t t -
In to le ran t taxa D ecrease t t t t t t
% T o le ran t Increase t t t t t
'C lin g e r ' taxa richness D ecrease - - - t t -
D om inance Increase t t t t
A ttr ib u te s  b ased  o n  functional feed ing  g ro u p s
% P re d a to rs8 D ecrease t t t t
% Scrapers V ariable 1 t t
% G ath ere rs V ariable t
% F ilterers V ariable t
% O m n iv o res Increase t
% S h re d d e rs D ecrease t t

aK eran s & K arr (1994); bF ore  e t al. (1996); cFore, K arr & Tait, u n p u b lish e d ; dK leind l & K arr, u n p u b lish e d ; eR ossano (1996); 'P a tterson , 
K arr & L uchtel, unpub lish ed .
eT h e  o n ly  fu n c tio n a l feed in g  g roup  m e tr ic  in c lu d e d  in  th e  1 0 -m etric  B-IBI.
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su ffic ien t q u a lity  to  m a k e  in fe ren ces  a b o u t b io lo g ica l 
c o n d itio n . T he key  is to  d e fin e  a n d  u se  a  p ro to c o l 
r ig o ro u s ly  a n d  a p p ly  a p p ro p r ia te  a n a ly tic a l p ro c e ­
d u re s  to  se t m e tric  sco rin g  c rite r ia  (K arr et al., 1986; 
K a rr, 1991; K arr & C h u , 1999) o n  th e  b a s is  o f  th a t  
m e th o d . S coring  c rite r ia  s h o u ld  be  e s ta b lish e d  fo r 
each  s a m p lin g  p ro to co l o r taxon .

S u ccess fu l b io lo g ica l m o n ito r in g  p ro g ra m s  d e p e n d  
o n  a c c u ra te  m e a su re s  o f a s i te 's  fa u n a  o r  flo ra , 
e sp e c ia lly  th o se  c o m p o n e n ts  in f lu e n c e d  m o s t b y  
h u m a n  d is tu rb a n c e . T h u s  th e  s p a t ia l  a n d  te m p o ra l  
sca le  o f  sa m p lin g  s h o u ld  d e te c t a n d  fo s te r  u n d e r ­
s ta n d in g  o f h u m a n  in flu en ces , n o t d o c u m e n t th e  
m a g n itu d e  a n d  so u rc e s  o f n a tu ra l  sea so n a l o r  su cces- 
s io n a l v a ria tio n  in  th e  sa m e  sy s tem .

T h e  choice o f ta x o n  is less  im p o r ta n t th a n  th e  
m e th o d s  a n d  an a ly s is  u se d  to  d e te c t s ig n a ls . S a m p lin g  
s tra te g ie s  w ill v a ry  a m o n g  c ircu m stan ces . F o r fish  
s a m -p le d  in  sm a ll s tre a m s , fo r e x am p le , i t  is  b e t te r  to  
s a m p le  across all h a b ita ts  (p o o ls , riffles, e tc.) th a n  to  
s a m p le  o n ly  specific  h a b ita ts , b e c a u se  th e  s a m e  g ea r 
w o u ld  b e  u se d  fo r  all m a jo r  m a c ro h a b ita ts  in  th e  
fo rm e r s tra te g y . In v e ry  la rg e  r iv e rs , w h e re  m u ltip le  
s a m p lin g  p ro c e d u re s  m a y  b e  re q u ire d  fo r fish , it  is 
b e tte r  to  s a m p le  d isc re te  h a b ita ts  th a n  to  a t te m p t to  
c o m b in e  sa m p le s  co llec ted  b y  m e th o d s  o f d if fe r in g  
efficiency.

F ina lly , it is b e s t to  av o id  c o m p o s ite  s a m p le s  fro m  
m u ltip le  h a b ita ts  a n d  s a m p lin g  m e th o d s . M ix in g  
in sec ts  co llec ted  ac ro ss  s e v e ra l m a c ro h a b ita ts , fo r 
e x am p le , y ie ld s  sa m p le s  of u n k n o w n  h e te ro g e n e ity .

I t  is  e sp ec ia lly  d if f ic u lt to  av o id  d if fe re n t lev e ls  of 
h e te ro g e n e ity  fro m  d if fe re n t sa m p le  te a m s  o r  p lace s 
w h e n  s a m p le s  a re  co m p o s ited , e sp e c ia lly  w h e n  
s a m p le s  fro m  m u lt ip le  h a b ita ts  a re  c o lle c te d  o n  th e  
b a s is  o f g en e ra l r u le s  su ch  as 'co llec t in  p ro p o r t io n  to  
th e  a b u n d a n c e  o f th o s e  h a b ita ts '. S u ch  ju d g e m e n t calls 
a re  am o p e n  in v i ta t io n  to c rea te  p ro b le m s  in  d a ta  
in te rp re ta tio n  .

F o r th e  p a s t  d e c a d e , m y  co lleag u es  a n d  I h a v e  b een  
d e v e lo p in g  a s tre a m  b en th ic  IBI to  fu lfill th e  p ro m ise  
n e v e r  re a lly  a tta in e d  b y  RBP. D u rin g  th a t  p e r io d , w e  
h a v e  e x a m in e d  a b o u t  a d o z e n  in v e r te b ra te  d a ta  se ts  
f ro m  v a r io u s  so u rc e s  co llec ted  b y  a v a r ie ty  of 
m e th o d s  (T able  2). T h a t w o rk  h a s  m a d e  m e  c a u tio u s  
a b o u t  ab so lu te s . G en e ra lly , w e  h a v e  b e e n  m o re  
su c c e s s fu l w ith  d a ta  fro m  sin g le  h a b ita ts  th a n  w ith  
c o m p o s ite  d a ta  fro m  m u ltip le  h a b ita ts . A lth o u g h  m o s t 
o f  th e  d a ta  cam e  f ro m  riffles, p o o l s a m p le s  y ie ld e d  
g o o d  in d ic a to rs  o f h u m a n  in f lu en ce  in  w a te rs h e d s  
(K eran s, K a rr & A h ls te d t, 1992). S a m p lin g  m e th o d  
(S u rb e r, H e ss , k ick n e t, D en d y ) w a s  less  im p o r ta n t 
th a n  o n e  m ig h t e x p e c t as lo n g  as r ig o ro u s  p ro c e d u re s  
w e re  a p p lie d  th r o u g h o u t  sa m p lin g  a n d  in  se le c tin g  
m e tr ic s  a n d  d e v e lo p in g  sco rin g  c rite ria .

Still, s e v e ra l g e n e ra l le sso n s e m e rg e d  o v e r  the 
y e a rs . A ll s a m p le s  f ro m  a s tu d y  s h o u ld  c o m e  fro m  a 
re la tiv e ly  sh o r t tim e  p e rio d  (p re fe ra b ly  o n e  m o n th ); 
d a ta  fro m  d if fe re n t se a so n s  sh o u ld  n o t b e  m ix e d  in  a 
s in g le  an a ly s is . S ev e ra l factors in f lu en ce  th e  accu racy  
o f  a n  a sse ssm e n t a n d  sh o u ld  be  g iv e n  a d e q u a te  
a tte n tio n : d e f in itio n  o f s u b s a m p lin g  p ro to c o ls  a n d

T a b le  2 D ata  se ts exam ined  from  d iv e rse  geograp h ic  areas , n o tin g  th e  k in d  of h u m a n  in fluence  assessed , aspects o f the fie ld  m e th o d s  
(rep lication , h a b ita t sa m p le d , sa m p lin g  m ethod) a n d  la b o ra to ry  m e th o d s  (level o f iden tifica tion , su b sam p led  o r  n o t) u se d  to collect 
a n d  h a n d le  data , and  th e  reliab ility  o f in ferences ab o u t d o se s-re sp o n se s  across g rad ien ts  o f h u m a n  in fluence (good  = re la tiv e ly  tigh t, 
fair = v e ry  loose, p o o r = none) d ra w n  from  those data .

L ocation H u m a n  in fluence
N u m b e r  of 
rep lica tes

H ab ita t
sa m p le d

S am pling
m eth o d

T axonom ic
level S ubsam ple? R esult

Tennessee" M ixed 4-9 P ools - H ess G enus N o G ood

T ennessee" M ixed 4-9 Riffles S urber G enus N o G ood
S ou th -w est O Rb L ogging a n d  m ixed 5  (com posite) Riffle K icknet Species O n ly  if  la rg e Fair

N o rth -ea st ORc R iparian  d am ag e 5 Riffle H ess G enus N o G ood

E astern  W A  and  O Rd M ixed - M u ltip le T ravel
K icknet

Species Yes P oor

P u g e t S o u n d , W A e U rb an  m ixed 3 Riffle S urber G enus N o G ood

G ran d  T etons, W Yf R ecreation 3 Riffle S urber G enus N o G ood

Ja p an 8 M ixed 3 (com posite) Riffle K icknet Species N o G ood

O hioh M ixed 1 Riffle D en d y Species N o G ood

"K erans e t a l. (1992), K erans & K arr (1994); bFore e t a l. (1996); cFore, K arr & T ait, u n p u b lish ed ; dFore & K arr, u n p u b lish e d ; "K leind l & 
K arr, u n p u b lish e d ; fP a tterson , K arr & Luchtel, u n p u b lish ed ; sR ossano (1996); hD eS hon  (1995).
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m in im u m  su b s a m p le  s ize ; h a n d lin g  o f rep lica te  
sam p le s ; a n d  leve l o f ta x o n o m ic  id en tif ic a tio n . In  th e  
en d , m u ltim e tr ic  a s se ssm e n t c a n  b e  ro b u s t  to  d if fe r­
ences if d a ta  a re  h a n d le d  w e ll (K arr &  C h u , 1999).

L evel o f id e n tif ic a tio n  (fam ily , g e n u s , species) a n d  
s u b s a m p lin g  a re  e sp ec ia lly  co n tro v e rs ia l. W e h av e  
fo u n d  th a t g eneric  leve l is a d e q u a te  fo r e v e n  th e  m o s t 
techn ica l s tu d ie s  a n d  all 10 B-IBI m e tric s  a re  u se fu l 
w ith  g en eric -lev e l id e n tif ic a tio n  (K arr & C h u , 1999). 
F am ily -leve l id e n tif ic a tio n  is a re a so n a b le  co m p ro ­
m ise  w h e n  ex p ertise , tim e , o r  fu n d in g  is lim ited ; o n ly  
5 of 10 B-IBI m e tric s  a re  re liab le , h o w e v e r , w h e n  
in v e r te b ra te s  a re  id e n tif ie d  to  fam ily  level. T h is 
c o m p ro m ise  is re a so n ab le  in  so m e  s itu a tio n s . A  re c e n t 
s tu d y , fo r ex am p le , d o c u m e n ts  th e  e ffec tiv en ess  of 
v o lu n te e r  a n d  p ro fe ss io n a l p ro g ra m s  to  m e a su re  
s tre a m  c o n d itio n  (Fore, P a u ls e n  & O 'L a u g h lin , 
u n p u b lish e d ) . W h en  c itiz en  v o lu n te e rs  co llec ted  a n d  
so r te d  b e n th ic  in v e r te b ra te  s a m p le s , th ey  w e re  ab le  to 
d isc rim in a te  fo u r  d is tin c t lev e ls  o f b io lo g ica l co n d i­
tio n  a t 80%  sta tis tic a l p o w e r. P ro fe ss io n a l id e n tif ic a ­
tion  of m o s t g ro u p s  to  g en e ric  leve l im p ro v e d  
d is c r im in a tio n  to  o n ly  a b o u t 4 .4  leve ls  o f b io lo g ica l 
c o n d itio n  (80% s ta tis tic a l p o w e r); fu ll p ro fe ss io n a l 
la b o ra to ry  p ro to co ls  im p ro v e d  d is c r im in a tio n  to  5.8 
levels o f b io log ica l co n d itio n .

S u b sa m p lin g , a s ta n d a rd  a p p ro a c h  u se d  to  sav e  
m o n e y  in  m a n y  b io a s se s s m e n t p ro to c o ls  (B arb o u r & 
G erritsen , 1996), is less re liab le , a c c o rd in g  to a recen t 
s tu d y  (D o b erste in , K a rr & C o n q u e s t, u n p u b lish e d ) . 
D o b ers te in  a n d  co lleag u es  a n a ly z e d  500 ra n d o m  100- 
in d iv id u a l su b s a m p le s  o f in v e r te b ra te s  fro m  a m in i­
m a lly  d is tu rb e d  P u g e t S o u n d  lo w la n d  s tre a m  
(W a sh in g to n  S tate , U SA ). T h e y  c o u ld  sta tis tica lly  
d isc e rn  8.2 c lasses o f b io lo g ica l c o n d itio n  o n  the 
b a s is  o f a 10-m etric  B-IBI w h e n  co m p le te  sam p le s  
w e re  c o u n te d . O n ly  2.8 c la s se s  o f  s tre a m  co n d itio n  
c o u ld  b e  d is c e rn e d  w ith  c o u n ts  o f 100 ra n d o m  
in d iv id u a ls  fro m  th e  s a m e  sa m p le s . T h ey  c o n c lu d e d  
th a t th e  p o ten tia l fo r il l- in fo rm e d  w a te r  re so u rc e  
d ec is io n s  w a s  u n a c c e p ta b ly  h ig h  w h e n  b a se d  o n ly  
on  1 0 0 -in d iv id u a l su b sa m p le s .

In su m , sa m p lin g  p ro to c o ls  d o  affect th e  su ccess  of 
m o n ito r in g  e ffo rts  a n d  th e ir  ab ility  to  d e te c t d iffe r­
en ces in  h u m a n  in flu en ce . F o r b e n th ic  in v e r teb ra te s , 
su b s a m p lin g , rep lic a te  s a m p lin g ,-a n d  level o f tax o ­
n o m ic  id e n tif ic a tio n  a ffec t th e  q u a li ty  o f  d a ta  a n d  the  
accu racy  o f a sse ssm en ts . T y p ica lly , riffle  h a b ita ts  a re  
sa m p le d  b e c a u se  th ey  a re  e a sy  to id e n tify  an d

© 1999 Blackwell Science L td, Freshwater Biology, 41, 221-234

fu n c tio n a lly  s im ila r  a c ro ss  s tre a m s . T y p e  of s a m p lin g  
g e a r  p e r  se  m a tte rs  re la tiv e ly  litt le  b ecau se  s ta n d a r ­
d iz e d  an a ly s is  m e th o d s  c a n  b e  a p p lie d  re liab ly  to  each  
s a m p lin g  te ch n iq u e . In  m a n y  re sp e c ts , th e  ana ly tica l 
p ro to c o l is m o re  im p o r ta n t th a n  th e  fie ld  p ro to c o l to 
d is c o v e r  in te rp re ta b le  p a tte rn . T h u s , an  o rg a n iz e d  
a n d  sy s te m a tic  a p p ro a c h  to  th e  s a m p lin g  o f in v e r te ­
b ra te s , w h ic h  a p p lie s  re a so n a b le  q u a lity  co n tro l, 
y ie ld s  d a ta  o f su ffic ien t re s o lu tio n  to  d e te c t th e  effects 
o f h u m a n  ac tio n s  a n d  d ia g n o s e  cau se s  o f d e g ra d e d  
r iv e r  h ea lth .

A n a lyze  data to reveal biological pa tterns

M u ltim e tr ic  b io lo g ica l m o n ito r in g  sh o u ld  co m b in e  
b io lo g ica l in s ig h t w ith  s ta tis tic a l p o w e r  in  w a y s  th a t 
en a b le  u s  to  u n d e rs ta n d  h o w  a re s id e n t b io ta  h a s  b een  
a lte re d  b y  h u m a n  ac tio n s. R eg io n a l b io lo g y  a n d  
n a tu r a l  h is to ry  —  n o t a  se a rc h  fo r sta tis tica l re la tio n ­
s h ip s  a n d  s ig n ifican ce  (S tew art-O a ten , 1996) —  
s h o u ld  d r iv e  b o th  s a m p lin g  d e s ig n  a n d  an a ly tic a l 
p ro to co l. W e k n o w  m u c h  a b o u t th e  b io lo g y  o f riv e rs , 
a n d  th e ir  re s p o n se s  to  h u m a n  activ ities . W e sh o u ld  
u se  th a t k n o w le d g e  ra th e r  th a n  d e fe r  to  n u m e ric a l 
p a t te rn  an a ly s is . S im p le  g ra p h s  rev ea l, m o re  c lea rly  
th a n  s tr ic tly  s ta tis tic a l to o ls , re la tio n sh ip s  b e tw e e n  
b io lo g ica l a tt r ib u te s  a n d  h u m a n  in f lu en ce  (K arr & 
C h u , 1999). G ra p h s  il lu s tra te  v a r ia tio n  in  re sp o n se s  to  
sp ec ific  d is tu rb a n c e s , a m o n g  tax a  a n d  a m o n g  b io lo ­
g ica l a ttr ib u te s  ch o sen  as m e tric s ; th e y  a lso  rev ea l the  
d ire c tio n  a n d  m a g n itu d e  of ch an g e , fo r ex am p le , 
a lo n g  a lo n g itu d in a l tra n se c t d o w n  a s tream .

A lth o u g h  s ta tis tic s  c a n  a n d  s h o u ld  b e  u s e d  to 
v a lid a te  m e tric  cho ices a n d  p re d ic tio n s  w h ile  b u ild in g  
a  m u ltim e tr ic  in d e x , ex cess ive  d e p e n d e n c e  o n  th e  
o u tc o m e  o f s ta tis tic a l te s ts  can  o b scu re  m e a n in g fu l 
b io lo g ica l p a tte rn s . T oo o ften , a n a rro w  fo cu s  o n  P - 
v a lu e s  ra th e r  th a n  o n  b io lo g ica l co n seq u en ces  lim its  
th e  v a lu e  o f b io lo g ica l m o n ito r in g  (S tew art-O a ten , 
M u rd o c h  & P a rk e r , 1986; S tew art-O a ten , B ence & 
O se n b e rg , 1992; S tew art-O a ten , 1996). D e p e n d e n c e  on  
n a r ro w  s ta tis tic a l a p p ro a c h e s  o v e rlo o k s  th e  fac t th a t  a 
s ta tis tic a lly  s ig n ific a n t re s u lt (sm a ll P -v a lu e ) m a y  n o t 
e q u a te  w ith  a la rg e  im p o r ta n t effect, a s  re se a rc h e rs  
o fte n  a s su m e ; s im ila rly , a  s ta tis tic a lly  in s ig n ific an t 
e ffec t (la rge  P -v a lu e ) m ay  w e ll b e  b io log ica lly  im p o r­
ta n t  (Y occoz, 1991; S tew art-O a ten , 1996).

T h a t -said, m u c h  is k n o w n  a b o u t th e  s ta tis tic a l 
p ro p e r tie s  of m u ltim e tr ic  in d ice s  (Fore, K arr &
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C o n q u e s t, 1994; K a rr & C h u , 1999). T h e y  a re  
s ta tis tic a lly  v e rsa tile  a n d  a m e n a b le  to  a p p lic a tio n  o f 
fa m il ia r  s ta tis tic a l te s ts  [e.g. f- tes t o r  a n a ly s is  o f 
v a r ia n c e  (A N O V A )]. F ro m  s ta tis tic a l p o w e r  an a ly s is , 
a  p ro p e r ly  fo rm u la te d  IBI can  d e te c t six d is tin c t 
c a te g o rie s  o f re so u rce  co n d itio n . F ina lly , a t b o th  th e  
in d iv id u a l  m e tric  a n d  in d e x  leve l, a n a ly z in g  th e  
c o m p o n e n ts  o f v a rian ce  in  a d a ta  s e t  can  re fine  
s a m p lin g  p ro to co ls  a n d  th u s  im p ro v e  th e  in fe ren ces  
to  b e  m a d e  fro m  b io log ica l m o n ito r in g  a n d  a sse ss ­
m e n t .  W h e th e r  th e  g oa l is re g u la to ry  o r m a n a g e ria l 
(e .g ., to  e v a lu a te  w h e re  re s to ra tio n  fu n d s  can  m o s t 
u s e fu lly  b e  sp en t) , m u ltim e tr ic  IBI p ro v id e s  an  
a n a ly tic a l to o l w ith  c o n s id e ra b le  p o te n t ia l to  g u id e  
e n v iro n m e n ta l  decis ions.

C o m m u n ic a te  biological co n d itio n

W h a t g o o d  is the  m o s t r ig o ro u s  a n a ly s is  if  it  c a n n o t be  
c o m m u n ic a te d ?  C o m m u n ic a tin g  th e  c o n d itio n  of 
b io lo g ic a l sy s tem s , a n d  th e  c o n se q u e n c e s  of h u m a n  
a c tiv itie s  fo r th o se  sy s tem s , is th e  u lt im a te  p u rp o s e  of 
b io lo g ica l m o n ito rin g . E ffective c o m m u n ic a tio n  can  
tr a n s fo rm  b io lo g ica l m o n ito r in g  f ro m  a sc ien tific  
ex e rc ise  in to  a n  effective to o l fo r e n v iro n m e n ta l 
d e c is io n  m ak in g . P o litics p la y s  a n  e n o rm o u s  ro le  in  
e n v iro n m e n ta l  p o licy  dec is io n s; h o w  c a n  sc ien tis ts  
h o p e  to affec t those  d ec is io n s  if th e y  c a n n o t c o m m u ­
n ic a te  e ffec tive ly  to  the  d ec is io n  m ak ers?

O f c o u rse  b io lo g is ts  m u s t  e x te n d  w h a t th ey  hav e  
le a rn e d  a b o u t m o n ito rin g  in  fre sh  w a te r  to  o th e r  
e n v iro n m e n ts  a n d  o th e r  ta x o n o m ic  g ro u p s . B ut they  
m u s t  a lso  av o id  g a th e r in g  a n d  b e c o m in g  o v e r­
w h e lm e d  b y  to o  m u c h  in fo rm a tio n . L ike a n y  sc ien tific  
m e th o d , b io lo g ica l m o n ito r in g  g e n e ra te s  m a n y  n e w  
a n d  in te re s t in g  q u es tio n s , m e th o d s , a n d  re f in em en ts . 
B u t sc ie n tis ts  a n d  m a n a g e rs  n e e d  to  re a liz e  th a t they  
a lr e a d y  k n o w  e n o u g h  a b o u t h o w  b io lo g ica l sy s tem s 
r e s p o n d  to  h u m a n  in f lu en ce  to  m a k e  d ec is io n s  th a t 
w ill h a l t  th e  d ec lin e  o f r iv e rs . M a n a g e rs  m u s t u se  
w h a t  th ey  a lre a d y  k now .

W ith  m u ltim e tr ic  in d ices  th a t ex p la in  b io log ica l 
c o n d it io n  in  n u m b e rs  a n d  w o rd s , b io lo g is ts  can  m ak e  
u se  o f  w h a t th ey  k n o w , n o w . By ta lk in g  a n d  w rit in g  
w e ll b e y o n d  th e  confines o f a c ad em ic  jo u rn a ls , th ey  
ca n  ro o t o u t th e  call fo r m o re  re se a rc h  a n d  call in s te a d  
fo r  w id e s p re a d  u n d e rs ta n d in g  o f co n d itio n  a n d  
tr e n d s  in  r iv e r  h ea lth . P eo p le  n e e d , w a n t, a n d  d e se rv e  
to  u n d e rs ta n d  th ese  issues.

B io log ists th em se lv e s  a re  p a r t ly  to b la m e  fo r th e  
g u lf  b e tw e e n  sc ience  a n d  p o licy  m a k in g  fo r r iv e r 
h e a lth . B io log ists, m a n a g e rs , re g u la to rs , a n d  d ec is io n  
m a k e rs  c a n n o t p ro te c t r iv e r  h e a lth  if th e y  c a n n o t 
b re a k  a w a y  fro m  th in k in g  in  re g u la to ry  d ic h o to m ie s  
o r  if  th e y  c o n tin u a lly  e q u a te  h a b ita t  a n d  in h a b ita n ts . 
T oo  o ften , re s to ra tio n  e ffo rts  focus on  p h y s ic a l a n d  
ch em ica l p ro ce sse s , o r  fu n c tio n s , ra th e r  th a n  b io ­
lo g ica l co n tex t. E ven  w h e n  re s to ra tio n  fo c u se s  o n  key  
o r  in d ic a to r  taxa , it  o f te n  fa ils th e  b io lo g ica l 
e n d p o in t  test. In  th e  e n d , a  h e a lth y  r iv e r  is a 
liv in g  riv e r. F a ilin g  to  re co g n ize  th is  e s se n tia l p r in ­
c ip le  is to  fail o u r  r iv e rs  a n d , u lt im a te ly , o u r  
o w n  h ea lth .
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