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A B ST R A C T : By a p p ly in g  d is c r im in a n t  a n a ly sis  to  b e n th ic  m a c ro in v e r te b ra te  d a ta ,  w e h a v e  d e v e l o p e d  a n  in d ic a to r  o f
b e n th ic  c o n d itio n  f o r  n o r th e r n  G u lf  o f  M ex ic o  e s tu a r ie s .  T h e  d a ta  u s e d  w e re  c o lle c te d  b y  th e  U n i te d  S ta te s  E n v iro n ­
m e n ta l  P ro te c t io n  A gency ’s  E n v iro n m e n ta l  M o n ito r in g  a n d  A sse ssm e n t P ro g ra m  (E M A P) in  th e  L o u is ia n ia n  P r o v in c e  
f ro m  1991 to  1994. T h is  b e n th ic  in d e x  r e p r e s e n ts  a  l in e a r  c o m b in a tio n  o f  th e  fo llo w in g  w e ig h te d  p a r a m e te r s :  th e  p r o ­
p o r t io n  o f  e x p e c te d  s p e c ie s  d iv e rs ity , th e  m e a n  a b u n d a n c e  o f  tu b if ic id  o lig o c h a e te s , th e  p e r c e n t  o f  to ta l  a b u n d a n c e  
r e p re s e n te d  b y  c a p ite ll id  p o ly c h a e te s ,  th e  p e r c e n t  o f  to ta l  a b u n d a n c e  r e p r e s e n te d  by  b iva lve  m o llu s k s ,  a n d  th e  p e r c e n t  
o f  to ta l a b u n d a n c e  r e p r e s e n te d  b y  a m p h ip o d s .  W e s u c c e s s fu lly  v a lid a te d  a n d  re tro s p e c t iv e ly  a p p l ie d  th e  b e n th ic  in d e x  
to  all o f  th e  b e n th ic  d a ta  c o l le c te d  b y  E M A P in  th e  L o u is ia n ia n  P ro v in c e . T h is  b e n th ic  in d e x  w as  a ls o  c a lc u la te d  f o r  
in d e p e n d e n t  d a ta  c o l le c te d  f r o m  P e n s a c o la  Bay, F lo r id a ,  in  o r d e r  to  d e m o n s t r a te  its  f le x ib ili ty  a n d  a p p lic a b i l i ty  to  
d if f e r e n t  e s tu a r in e  sy s te m s  w ith in  th e  s a m e  b io g e o g ra p h ic  re g io n . T h e  b e n th ic  in d e x  is a  u s e f u l  a n d  v a lid  in d ic a to r  o f  
e s tu a r in e  c o n d itio n  th a t  is in te n d e d  to  p ro v id e  e n v iro n m e n ta l  m a n a g e rs  w ith  a  s im p le  to o l  f o r  a s s e s s in g  th e  h e a l th  o f  
b e n th ic  m a c ro in v e r te b ra te  c o m m u n itie s .

In troduction
In fo rm ation  gained  from  m o n ito rin g  b en th ic  

m acro invertebrate  com m unities has b een  used  
widely to m easure the status o f  an d  tren d s in the  
ecological condition  o f  estuaries. B enth ic  m acro in ­
vertebrates are good  ind icators o f  estuarine  con ­
dition  because they are relatively sed en ta ry  w ithin 
th e  sedim ent-w ater in terface  an d  d e e p e r sed im ents 
(D auer et al. 1987). Short-term  d istu rbances such 
as hypoxia and  long-term  d istu rbances such  as ac­
cum ulation  o f  sed im en t con tam in an ts  affect the  
popu la tion  and  com m unity  dynam ics o f  b en th ic  
m acro invertebrates (R osenberg  1977; H a rp e r e ta l . 
1981; Rygg 1986). M any o f th e  effects o f  such dis­
tu rbances include changes in b en th ic  diversity, ra­
tio  o f  long-lived to short-lived species, biom ass, 
ab u n d an ce  o f  opportu n is tic  o r  po llu tio n -to le ran t 
organism s, and  the troph ic  o r functional s tru c tu re  
o f  th e  com m unity (Pearson an d  R osenberg  1978;

1 C o r re s p o n d in g  a u th o r ;  c u r r e n t  a d d re s s :  U n ite d  S ta te s  E n ­
v iro n m e n ta l  P ro te c t io n  A gency , N a t io n a l  H e a l th  a n d  E n v iro n ­
m e n ta l  E ffects  R e s e a rc h  L a b o ra to ry , G u lf  E co lo g y  D iv is io n , 1 
S a b in e  Is la n d  D rive, G u lf  B re eze , F lo r id a  32561-5299 ; te le : 8 5 0 /  
9 3 4 -9354 ; fax: 8 5 0 /9 3 4 -4 2 0 3 ; e -m a il: e n g le .v irg in ia @ e p a .g o v .

Santos an d  Sim on 1980; G aston  1985; W arw ick 
1986; G aston and Nasci 1988; G aston an d  Young 
1992).

R esearchers have successfully developed  m ulti­
m etric  indices that co m b in e  th e  various effects o f  
natural an d  an th ro p o g en ic  d istu rbances o n  b e n ­
thic com m unities. O n e  such  index , th e  b en th ic  in ­
dex o f  biotic integrity (B-IBI), was initially devel­
oped  for freshw ater systems (C lem ents e t al. 1992; 
L enat 1993; Kerans an d  R a rr  1994; C hessm an 
1995; Lang and  R evm ond 1995), b u t variations 
have been successfully ap p lied  to  estuaries (Engle 
et al. 1994; R anasinghe e t  al. 1994; W eisberg e t  al. 
1997). M ultim etric b en th ic  ind ices can h e lp  envi­
ro n m en ta l m anagers w ho re q u ire  a s tan d ard ized  
m eans o f  tracking the  eco log ical co n d itio n  o f  es­
tuaries. Environm ental m an ag ers  an d  policym ak­
ers also desire  an easy, m an ag eab le  m e th o d  o f 
identifying th e  ex ten t o f  p o ten tia lly  d eg rad ed  areas 
and  a m eans o f  associating b io tic  responses w ith 
environm enta l exposures (S um m ers e t al. 1995). 
For an  in d ica to r to be a p p ro p ria te  fo r th e  assess­
m en t o f  estuarine h ea lth , it  shou ld  in co rp o ra te  
geographic  variation an d  sh o u ld  recognize the  in-
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h e re n t m ultivariate n a tu re  o f  estuarine  systems 
(K arr 1993; W ilson and  Jeffrey  1994). W hile the 
Statistical m e th o d s used to develop ind icators may 
o ften  be com plex, it is the en d  p ro d u c t, an index 
o f  condition , th a t is o f in te rest to  resou rce  m an ­
agers. By applying a m athem atical fo rm u la  to m ul­
tivariate b en th ic  data, resource m anagers can cal­
cu la te  a scaled index  th a t can be used to evaluate 
th e  ben th ic  cond ition  o f estuaries in th e ir  region. 
A lthough biotic indices have been  accused o f  over­
sim plifying o r overgeneralizing biological process­
es, they play an  im p o rtan t ro le  in resource m an­
ag em en t (i.e., to provide criteria  with w hich to 
characterize  a resource as im paired  o r  healthy) 
(Rakocinski e t al. 1997). W hile ecological ind ica­
tors such as biotic indices w ere developed  to serve 
as tools fo r the  p relim inary  assessm ent o f  ecologi­
cal condition , they are n o t in ten d ed  to rep lace  a 
com ple te  analysis o f ben th ic  com m unity  dynamics.

We originally developed a b en th ic  index  th a t 
characterized  th e  environm enta l quality o f  estuar­
ies in the n o r th e rn  G ulf o f M exico by sum m arizing 
th e  com position and  diversity o f  b en th ic  infaunal 
inverteb ra te  com m unities using  da ta  from  the 
1991 d em onstra tion  p ro jec t o f  th e  U n ited  States 
E nvironm ental P ro tec tion  A gency’s (USEPA) E n­
v ironm enta l M onito ring  and  A ssessm ent P rogram  
(EMAP-E) in th e  Louisianian Province estuaries 
(E ngle et al. 1994). T h a t b en th ic  index  com bined  
th e  Shannon-W iener index  (H ', ad justed  fo r salin­
ity) and  the  percen tages o f  to tal a b u n d an ce  re p ­
re sen ted  by tubificid  o ligochaetes an d  bivalves. Al­
th o u g h  this index  was in ten d ed  to be prelim inary, 
because data w ere n o t yet available fo r validation, 
it  d id  successfully d iscrim inate  re fe ren ce  sites from  
sites degraded  w ith respect to  sed im en t con tam i­
n an ts , sed im ent toxicity, and  hypoxia (Engle e t  al. 
1994).

A fter the second  year (1992) o f  EMAP-E sam ­
p lin g  in the L ouisianian Province, the  b en th ic  in ­
d ex  was applied  to an  in d e p e n d e n t set o f  da ta  for 
th e  purposes o f  validation and  fu r th e r  testing. B en­
th ic  index values fo r this new  da tase t ran g ed  from  
— 11 to 11. T h e  large negative values o ccu rred  at 
sta tions in the  Mississippi River, ind ica ting  these 
sites had  b en th ic  cond itions th a t w ere substantially 
m o re  deg raded  th an  the orig inal test sites used  to 
develop  the index . T he Mississippi River sites had  
an  average o f  13 con tam inan ts w ith high concen ­
tra tio n s in 1992 a n d  an  average o f  fou r contam i­
n a n ts  with h igh  co ncen tra tions in  1991, while the 
1991 degraded  test sites ranged  fro m  3 to 12 co n ­
tam in an ts  with h igh  co n cen tra tio n s (Sum m ers e t 
al. 1992; M acauley e t  al. 1994). A new, revised b e n ­
th ic  index  was developed to inc lude  test sites from  
1991 and  1992 th a t rep resen ted  a b ro a d e r set o f 
env ironm en ta l conditions. T h e  revised b en th ic  in ­

dex was validated successfully using an in d e p e n ­
den t subset o f data  from  1993 and  1994 and  w'as 
applied  retrospectively to all o f  the  data  co llected  
from  G ulf o f M exico estuaries d u rin g  1991-1994. 
This paper presents the  process o f  developing the 
revised ben th ic  index, its validation, and  in struc­
tions for its application  to in d e p e n d e n t data  using 
Pensacola Bay, Florida, as an exam ple.

F ield  M ethods
A total o f 341 stations located  th ro u g h o u t the 

estuaries o f  the G ulf o f  M exico was sam pled as p a rt 
o f  EMAP-E du ring  Ju ly -S ep tem b er o f 1991 and  
1992 (Sum m ers e t al. 1991, 1992; M acauley e t al. 
1994). These estuaries were located geographically  
betw een Anclote Key, Florida, and  the  Rio G rande, 
Texas. Probability-based sites (239) were random ly  
located in large estuaries ( ^  250 km 2), small es­
tuaries (<  250 km 2), an d  the  Mississippi River 
(from New O rleans to its con fluence  with the G ulf 
o f  Mexico) (Sum m ers et al. 1995). T h e  rem ain ing  
sites w'ere specifically selected  to answ er sam ple d e ­
sign questions, p erfo rm  quality  con tro l, and  p ro ­
vide wdthin-year and  betw een-year replications.

At each site, th ree  rep licate  b en th ic  sam ples 
were collected using a Young-m odified Van Veen 
grab th a t sam pled a surface area o f  440 cm 2. A 
small core (60 cc) w'as taken  from  each  grab  for 
sed im ent grain-size d istribu tion , total o rganic  car­
bon , and  p e rcen t silt-clay. F auna re ta in ed  on  a 0.5- 
m m  screen were identified  to the lowest practical 
taxonom ic level and  co u n ted . Sam ples w ere also 
collected  at each site fo r analysis o f  sed im en t 
chem istry  and  toxicity an d  w ater quality (Sum m ers 
e t aí. 1991, 1992; M acauley e t al. 1994).

Analysis M ethods
T he general app roach  fo r the  d eve lopm en t o f  a 

b en th ic  index  fo r EMAP-E was p resen ted  by Weis- 
b e rg  et al. (1993) and  Engle e t al. (1994). In  de­
veloping a revised b en th ic  index, new  test sites 
w ere chosen th a t  consisted o f  a subset o f  sites from  
1991 and  1992 with know n d eg rad ed  o r  re fe ren ce  
conditions. D esignation as d eg rad ed  o r  re fe ren ce  
w'as based on guidelines fo r env ironm en ta l ind i­
cators th a t w ould adversely affect b en th o s  (e.g., 
sed im en t co n tam in an t concen tra tions, d eg ree  o f 
hypoxia, and  survival o f  toxicity test organism s). 
L ong et a í.’s (1995) g u ide lines fo r sed im en t con ­
tam inants were used to d iffe ren tia te  re fe ren ce  an d  
d eg rad ed  sites. T hese gu idelines w ere developed  
from  a biological effects database (BEDS) th a t con ­
ta in e d  th e  c o n c e n tra t io n s  o f  c o n ta m in a n ts  a t 
w'hich adverse biological effects o ccu rred  (i.e., al­
te red  b en th ic  com m unities, sed im en t toxicity, and  
h istopathological d iso rders in dem ersal fish). T h e  
guidelines, re fe rred  to as effects range-low (ER-L)
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TA B LE 1. D is tr ib u tio n  o f  th e  d e g r a d e d  a n d  r e f e r e n c e  te s t s ite s  
by  salinity , s e d im e n t  ty p e , a n d  s ta te .

Number of 
Degraded Siles

Number of 
Reference Siles

Salinity
T id a l- fre sh w a te r  (0% o) 8 2
O lig o h a lin e  ( >  0 - 5 %o) 2 3
M eso h a lin e  ( >  5 - 1 8% c) 4 5
P o ly h a lin e  ( >  1 8 -3 5 % c) 7 11
M arin e  ( >  35% o) 1 3
Sediment type
M u d  ( >  80%  Silt-C lay) 17 10
M u d -S a n d  (2 0 - 8 0 %  Silt-C lay) 5 10
S a n d  (< 2 0 %  Silt-C lay) 0 4
State
F lo r id a 4 2
A lab am a 3 3
M ississippi 2 2
L o u is ia n a 12 10
T exas 1 7

an d  effects range-m edian  (ER-M), de lineate  con- 
cen tradons o f  con tam in an ts  at w hich adverse b io­
logical effects occu r rarely  (<  ER-L), occasionally 
( >  ER-L and  <  ER-M), o r  frequen tly  (>  ER-M).

R eference test sites m e t all o f  the  following con ­
ditions: the  m in im u m  dissolved oxygen value over 
a  24-h period  was g rea te r  th an  3.0 m g I-1, sed im en t 
co n tam in an t co n cen tra tio n s  n ev er exceeded  the  
ER-M co n cen tra tio n  n o r  d id  m ore  th an  th ree  con ­
tam inants have co n cen tra tio n s  exceed ing  ER-L val­
ues, an d  the  co n tro l-co rrec ted  p e rc e n t survival fo r 
Ampelisca abdita (10 d) a n d  Mysidopsis bahia (96 h) 
in  acute sed im en t bioassays was >  85% . D egraded  
test sites exh ib ited  the  im pacts o f  low dissolved ox­
ygen stress, co n tam in a ted  sed im en t stress, o r  sedi­
m e n t toxicity an d  m e t a t least o n e  o f  the following 
conditions: th e  m in im um  dissolved oxygen m ea­
su rem en t over a 24-h p e rio d  was S  2.0 m g I-1 
(Sum m ers a n d  Engle 1993), sed im en t co n cen tra ­
tions for a t least o n e  c o n ta m in a n t exceeded  the  
ER-M value o r  co n cen tra tio n s  o f  a t least fo u r con­
tam inants exceeded  the  ER-L value, o r  contro l-cor­
rec ted  survival o f  e ith e r  A. abdita o r  M . bahia was 
<  80%.

The test sites w ere chosen  fro m  the  orig inal sam ­
p led  sites n o t only to re p re se n t ex trem e re fe rence  
a n d  d eg rad ed  en v iro n m en ta l cond itions b u t also 
to  cover the  expec ted  ran g e  o f  salinity, sed im en t 
types, an d  b iogeograph ica l divisions fo u n d  in the  
estuaries o f  th e  n o r th e rn  G u lf o f  M exico (Engle et 
al. 1994). T h e  sites ra n g e d  in  salinity regim es from  
tidal-freshw ater (0%o) to  m arin e  (>  35% o), and  
m ost sites w ere loca ted  in m u d d y  (>  80% silt-clay) 
sed im en t (Table 1). T h e  lo ca tio n  o f  the  m ajority 
o f  sites in  L ouisiana is an  a rtifac t o f the EMAP-E 
probability-based sam ple design  (Louisiana has 
p ropo rtiona te ly  m ore  estu a rin e  a rea  than  the o th ­
e r  fou r G u lf states).

TA BLE 2. L ist o f  c a n d id a te  b e n th ic  m e a s u re s  u s e d  to  d e v e lo p  
th e  b e n th ic  in d e x .

Measures o f  species richness or diversity 
M ean  n u m b e r  o f  b e n th ic  s p ec ie s  
M ean  S h a n n o n -W ie n e r  d iv e rs ity  in d e x  ( H ')
M ean  n u m b e r  o f  p o ly c h a e te  sp ec ie s  

Measures o f  abundance  
M ean  a b u n d a n c e ,  to ta l  a b u n d a n c e ,  o f  a ll b e n th ic  o rg a n is m s  

Measures o f  taxonom ic composition  
M ean  a b u n d a n c e ,  p e r c e n t  o f  to ta l a b u n d a n c e ,  as  a m p h ip o d s  
M ean  a b u n d a n c e ,  p e r c e n t  o f  to ta l a b u n d a n c e ,  as  b iva lves
M ean  a b u n d a n c e ,  p e r c e n t  o f  to ta l a b u n d a n c e ,  as  c a p i ie l l id s
M ean  a b u n d a n c e ,  p e r c e n t  o f  to ta l a b u n d a n c e ,  as  d e c a p o d s
M ean  a b u n d a n c e ,  p e r c e n t  o f  to ta l a b u n d a n c e ,  as

g a s tro p o d s
M ean  a b u n d a n c e ,  p e r c e n t  o f  to ta l a b u n d a n c e ,  as m o llu s c s
M ean  a b u n d a n c e ,  p e r c e n t  o f  to ta l a b u n d a n c e ,  as

p o ly c h a e te s
M ean  a b u n d a n c e ,  p e r c e n t  o f  to ta l a b u n d a n c e ,  as  s p io n id s
M ean  a b u n d a n c e ,  p e r c e n t  o f  to ta l  a b u n d a n c e ,  as  tu b if ic id s

Measures o f trophic level composition 
M ean  a b u n d a n c e ,  p e r c e n t  o f  to ta l a b u n d a n c e ,  as d e p o s i t  

fe e d e rs
M ean  a b u n d a n c e ,  p e r c e n t  o f  to ta l a b u n d a n c e ,  as  o m n iv o re s  

a n d  c a rn iv o re s  
M ean  a b u n d a n c e ,  p e r c e n t  o f  to ta l a b u n d a n c e ,  as 

s u sp e n s io n  fe e d e rs

T he ben th ic  ab u n d an ce  and  species-com posi- 
tion  data  collected  by EMAP-E d u rin g  1991-1992 
were used to calculate 29 cand idate  b en th ic  m ea­
sures (Table 2) th a t w ere used  to  develop the  b en ­
thic index. T hese m easures w ere chosen to re p re ­
sen t a wide range o f  characteristics o f  b en th ic  com ­
m unities, inc lud ing  species richness and  diversity, 
taxonom ic com position , and  tro p h ic  level a b u n ­
dance (Engle e t al. 1994). M ost o f  the  m easures 
were calculated  as an  a rithm etic  m ean  over th ree  
rep licate  sam ples. F o r exam ple, th e  Shannon-W ie­
n e r  Index  (H ' =  ~ S p¡ log2p¡) was co m p u ted  sep­
arately fo r each b en th ic  g rab  sam ple, an d  the  cal­
culations were th en  averaged to  re su lt in a m ean  
diversity index  fo r a site. In  add ition  to m ean  ab u n ­
dance  m easures, the  p ro p o rtio n  o f  the  to tal a b u n ­
dance  th a t was m ade u p  o f  d iffe ren t taxonom ic 
groups tvas calculated . P ro p o rtio n a l pa ram ete rs  
w'ere adjusted  using  an  arc-sine tran sfo rm atio n , 
an d  ab u n d an ce  p aram eters  were ad justed  u sing  a 
l°gio(value +  1) transfo rm ation . B enth ic  species 
richness and  diversity are  o ften  associated with n a t­
ura l h ab ita t g rad ien ts such as salinity and  sed im en t 
type (F lin t and  Younk 1983; D au er e t al. 1987; 
M ontagna and  Kalke 1992; D auer 1993; B erger et 
al. 1995). U nless the  na tu ra l variation is rem oved, 
however, these ind icators may n o t  reflec t th e  re ­
sponses o f  ben th ic  com m unities to an th ro p o g en ic  
stress. T h erefo re , P earson  co rre la tions w ere p er­
fo rm ed  to test fo r significant re la tionsh ips betw een 
all cand idate  ind icators and  h ab ita t m easures, in ­
clud ing  salinity, long itude , p e rcen t silt-clay, a n d  to-
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tai organic carbon  co n ten t o f  sedim ents. A lthough 
m any o f the  co rre la tions were statistically signifi­
can t at p <  0.05, only th ree  h ad  r2 values exceed­
in g  0.25 (m ean Shannon-W iener Diversity Index  
(H ') ,  m ean  n u m b e r o f  po lychaete species, and  
m ean  n u m b er o f  ben th ic  species).

T hese m easures o f  diversity and  species richness 
w ere adjusted to  rem ove the  effects o f  salinity. T he 
ad justm en t was based on a  m odification  o f  the 
m e th o d  described  by Engle et al. (1994), which 
estim ates the  expected  value o f  th e  n u m b e r o f  spe­
cies at any given salinity and  calculates the p e rcen t 
deviation o f each observed value from  the expect­
e d  value. S a lin ity -ad ju sted  c a n d id a te  m easu re s  
(p ro p o rtio n  o f  expected  diversity, p ro p o rtio n  of 
expected  m ean  n u m b e r o f  species, an d  p ro p o rtio n  
o f  expected m ean  n u m b e r o f  polychaete species) 
w ere com puted  by dividing the  observed  value by 
th e  expected  value fo r each  m easure. A lthough 
co rre la tions betw een the new m easures and  salinity 
w ere statistically significant (p  <  0.05), the  r2 was 
very  low (2.6% fo r the  p ro p o rtio n  o f  expected  di­
versity; 9.6%  for the p ro p o rtio n  o f  expected  n u m ­
b e r  o f  polychaete species; 3.7%  fo r th e  p ro p o rtio n  
o f  expected  n u m b e r o f  species), an d  the  re la tion­
ships betw een the  new m easures an d  salinity were 
d eem ed  insignificant fo r practical purposes. T h e  
salinity-adjusted p aram eters w ere substitu ted  for 
th e  original, un ad ju sted  variables in the  list o f  can ­
d id a te  m easures.

A  series o f stepwise an d  canon ical d iscrim inan t 
analyses was app lied  to the  test d a tase t in o rd e r to 
se lect a subset o f  cand idate  biological indicators 
th a t  best d iscrim inated  betw een th e  re fe rence  an d  
d eg rad ed  sites an d  to d e te rm in e  w hich linear com ­
b in a tio n  o f  these variables show ed the  m ost sub­
stan tia l d ifference betw een d eg rad ed  an d  refer­
e n c e  sites (Engle e t al. 1994). A n estim ate o f  clas­
sification efficiency d e te rm in ed  how  -well the m od­
el classified the  know n test sites as d eg rad ed  o r 
re fe ren ce . A ben th ic  index  was calculated  by ap­
plying the coefficients derived fro m  canonical dis­
c rim in an t analysis to the  orig inal variables and  
th e n  norm alizing  the  index  values to a  range o f  0 
to  10 for ease o f  in te rp re ta tio n .

T h e  ben th ic  in d ex  was calcu la ted  fo r all sites 
sam pled  in the  Louisianian P rovince from  1991 to 
1994. V alidation was com ple ted  by evaluating the  
classification o f  an  in d e p e n d e n t set o f  d eg rad ed  
a n d  reference sites, by co m p arin g  the  d istribu tion  
o f  ben th ic  index  values from  all years, and  by com ­
p a rin g  the classification o f  re fe ren ce  o r  deg raded  
sites that w ere rep lica ted  within a year. T h e  ben th ic  
in d e x  was also calcu lated  for sites w ithin Pensacola 
Bay, Florida, in o rd e r to d em o n stra te  its flexibility 
a n d  applicability to d iffe ren t e s tu a rin e  systems 
w ith in  the sam e b iogeograph ic  reg io n . T he sam ­

pling p rog ram  fo r Pensacola Bay em ployed sam ple 
designs and  m ethods iden tical to those o f  EMAP- 
E in the  Louisianian Province.

Results
D iscrim inant analysis is o ften  a process o f  ite ra­

tion. Stepwise d iscrim inan t analysis suggests pa­
ram eters th a t best d iscrim inate  betw een g roups o f 
observations (STEPDISC p ro ced u re : SAS Institu te  
1990). C anonical d iscrim inan t analysis tests the 
classification efficiency o f  th e  m odel p rovided  by 
stepwise d iscrim inant analysis as well as p roviding 
estim ated coefficients th a t can be used  to calculate 
d iscrim inant scores (CANDISC p ro ced u re : SAS In ­
stitute 1990). I f  the classification efficiency is n o t 
satisfactory, misclassified stations may be rem oved 
from  the data  o r  p aram eters th a t prove to be co- 
linear may be om itted . T h e  series o f ite ra tions o f 
stepwise and  th en  canonical d isc rim inan t analyses 
is p e rfo rm ed  until satisfactory results a re  achieved 
(Engle e t al. 1994).

T he final series of d isc rim inan t analyses was p e r­
fo rm ed  on a test dataset o f  22 d eg rad ed  sites an d  
24 reference  sites, specifying an  equal p r io r  p ro b ­
ability o f being classified in to  e ith e r g ro u p . S tep­
wise d iscrim inan t analysis suggested  seven cand i­
date  m easures (P roportion  o f  expec ted  diversity, 
Tubificid abundance , P e rcen t am ph ipods, P e rcen t 
capitellids, P ercen t bivalves, Total ab u n d an ce , P ro ­
p o rtio n  o f  expected  n u m b e r o f  polychaete species) 
were req u ired  to discrim inate betw een d eg rad ed  
and  reference sites. Seventy-nine p e rc e n t o f  the  
variance in the  m odel was exp la ined  by these m ea­
sures (Table 3). Pearson co rre la tions w ere calcu­
lated  fo r these m easures to d e te rm in e  if any re ­
dundancy  o ccu rred  am ong  variables. T h e  first five 
variables listed in Table 3 show ed no  significant 
co rrela tions w ith each o th e r  (p- >  0.05). T h e  re ­
m ain ing  two variables, however, co rre la ted  signifi­
cantly with the  P ro p o rtio n  o f  expec ted  diversity 
(p  ^  0.001 o r  p  ^  0.0001). We co n c lu d ed  th a t 
P ro p o rtio n  o f  expected  n u m b e r o f  po lychaete  
sp ec ies  a n d  T o ta l a b u n d a n c e  w ere  r e d u n d a n t  
an d  co n trib u ted  little to th e  overall m odel. T h e  
first five m easures (i.e., p ro p o rtio n  o f ex p ec ted  
Shannon-W iener Diversity In d ex  (H ') , m ean  a b u n ­
dance o f  tubificid oligochaetes, p e rc e n t o f  to tal 
abundance  rep resen ted  by capitellid  polychaetes, 
p e rcen t o f  total ab u n d an ce  re p re se n te d  by bi­
valves, an d  the p e rcen t o f  to tal ab u n d an ce  re p re ­
sen ted  by am ph ipods), w hich acco u n ted  fo r 75%  
o f  the variation (Table 3), w ere in c lu d ed  in th e  
final canonical d iscrim inan t analysis.

C anonical d iscrim inan t analysis was p e rfo rm e d  
using these five variables to confirm  th e ir partia l 
con tribu tions to the  variance s tru c tu re  an d  to  d e ­
term ine  the  classification efficiency an d  a p p ro p ri­
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T A B LE 3. R esu lts  o f  s tep w ise  d is c r im in a n t  analy sis  u s e d  to  d e te r m in e  c o m p o n e n ts  th a t  b e s t  d is c r im in a te  b e tw e e n  d e g r a d e d  a n d  
r e fe re n c e  te s t sites.

Variable Entered Parital R- F Statistic Probability > F

Average Squared 
C anonical 

C o rrela tio n

P r o p o r t io n  o f  e x p e c te d  d iv e rs ity 0.4452 35.303 0.0001 0 .4452
T u b if ic id  a b u n d a n c e 0.2915 17.696 0.0001 0 .6069
P e rc e n t  a m p h ip o d s 0.1949 10.171 0.0027 0 .6836
P e rc e n t  c a p ite ll id s 0.0906 4.086 0.0498 0 .7122
P e rc e n t  bivalves 0.1198 5.444 0.0248 0 .7467
T o ta l a b u n d a n c e 0.935 4.023 0.0519 0 .7704
P r o p o r t io n  o f  e x p e c te d  n u m b e r  o f  p o ly c h a e te  sp ec ie s 0.1210 5.233 0.0278 0 .7982

ate  coefficients o f  the  m odel (Table 4). O ne  o f  o u r 
criteria  for acceptance o f  a m odel was th a t th e  er­
ro r  rate fo r m isclassification o f  sites by the  discrim ­
in an t crite rion  had  to be less th an  10%. U sing this 
m odel, 9.1%  o f d eg rad ed  sites an d  4.2%  o f  re fe r­
ence  sites were misclassified, resu lting  in an  overall 
successful classification ra te  o f  93.4% . We accep ted  
this m odel as o u r final m odel fo r calculating  the  
ben th ic  index.

T he first step in co m p u tin g  th e  b en th ic  index  
was to standard ize the  values o f  the  five p aram eters  
in the m odel. All o f the  p a ram ete rs  were n o rm a l­
ized to a m ean  =  0 and  s tan d a rd  deviation =  1 
using the  m ean  and  stan d ard  deviation o f  values 
from  the  EMAP-E probability-based sites in each  
year. T he standard ized  p a ram ete rs  w ere com bined  
to  m ake a com posite b en th ic  in d ex  by applying the 
standard ized  coefficients p ro d u c e d  by the  can o n i­
cal d iscrim inant analysis (Table 4) in the  following 
algorithm :

D iscrim inant Score

=  (1.5710 X P ro p o rtio n  o f  E xpec ted  Diversity)

+ ( — 1.0335 X M ean A b u n d an ce  o f  Tubificids)

+  (-0 .5 6 0 7  X P e rcen t Capitellids)

+  (-0 .4 4 7 0  X P e rcen t Bivalves)

+ (0.5023 X P ercen t A m p h ipods).

T A B L E  4 . R esu lts  o f  c a n o n ic a l  d is c r im in a n t  analy sis  u s e d  to  
d e te r m in e  c o e f f ic ie n ts  fo r  c o m p o n e n ts  o f  th e  b e n th ic  in d e x .

C anonical d iscrim inant analysis statistics:
S q u a re d  c a n o n ic a l  c o r re la t io n 0.7467
L ik e lih o o d  ra tio 0.2533
A p p ro x im a te  F 23.5840
P ro b a b ility  >  F 0.0001
C o r r e c t  c la ss ifica tio n :

D e g ra d e d  sites 90.91%
R e fe re n c e  s ite s 95.83%

Total-sample standardized canonical coefficients:
P r o p o r t io n  o f  e x p e c te d  d iv e rs ity 1.5710
T u b if ic id  a b u n d a n c e -1 .0 3 3 5
P e rc e n t  a m p h ip o d s 0.5023
P e rc e n t  c ap ite ll id s -0 .5 6 0 7
P e rc e n t  bivalves -0 .4 4 7 0

D iscrim inant scores w ere co m p u ted  fo r th e  test d a ­
taset an d  th en  fo r all sam ple sites. T h e  d iscrim i­
n an t scores developed  fo r the  test d a tase t, w hich  
ranged  from  -3 .2 1  to 4.29 w ere n o rm alized  to a 
range o f 0 to 10 fo r ease in in te rp re ta tio n  a n d  p re ­
sentation.

The index  values calcu la ted  fo r the  test d a tase t 
were th en  com pared  to  the  classification o f  sites as 
degraded  o r  re fe ren ce  acco rd ing  to the  d isc rim i­
nan t analysis. T h e  com parison  ind ica ted  in d e x  val­
ues ^  3.0 rep re sen ted  d eg rad ed  sites, in d ex  values 
>  5.0 rep resen ted  re fe ren ce  sites, and  in d ex  values 
betw een 3.0 an d  5.0 re p re se n te d  sites w ith u n d e ­
term ined  classification (these sites w ere m isclassi­
fied by th e  orig inal analysis). T h e  d is trib u tio n  o f  
the testsites  (Fig. 1) shows the  overlap o f  d e g ra d e d  
o r reference  classification by th e  b e n th ic  in d ex  
with the symbols ind ica tin g  th e  orig inal classifica­
tion o f test sites using  a  p rio ri criteria . T h e  re la ­
tionships betw een th e  b en th ic  in d ex  an d  e a c h  o f  
its com ponen ts fo r th e  test sites is show n in Fig. 2.

T he b en th ic  in d ex  was significantly c o rre la te d  
with salinity an d  p e rc e n t silt-clay c o n te n t o f  sed i­
m ents, b u t the  r fo r b o th  o f  these co rre la tio n s  was 
<  0.39 (15%  o f  variance ex p la in ed ). We d e te r ­
m ined these re la tionsh ips w ere insign ifican t fro m  
an  ecological perspective an d  th a t statistical signif-

D e g r a d e d U n k n o w n R e f e r e n c e
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Fig. 1. D is tr ib u tio n  o f  b e n th ic  in d e x  v a lu e s  fo r  th e  te s t  s i te s  
w h e re  A  =  d e g r a d e d  sites  a n d  O  =  r e fe re n c e s  s ite s  d e t e r m i n e d  
by  a  p r io r i  c r i te r ia  fo r  d is so lv e d  o x y g e n , s e d im e n t  c h e m is tr y ,  
a n d  s e d im e n t  toxicity . B ase d  o n  th e  b e n th ic  in d e x ,  3 .0  is  t h e  
c u to f f  v a lu e  fo r  d e g ra d e d  s ite s  a n d  5 .0  is th e  c u to f f  v a lu e  fo r  
re f e re n c e  sites.
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F ig . 2. R e la t io n s h ip s  b e tw e e n  th e  b e n th ic  in d e x  a n d  (a )  p r o ­
p o r t i o n  o f  e x p e c te d  d iv e rs ity , (b )  tu b if ic id  a b u n d a n c e ,  (c ) p e r ­
c e n t  c ap ite ll id s , (d )  p e r c e n t  b ivalves, a n d  (e )  p e r c e n t  a m p h i­
p o d s  fo r  th e  te s t s ite s  w h e re  A  =  d e g r a d e d  s ite s  a n d  O  =  re f­
e r e n c e s  sites  d e t e r m in e d  by  a  p r io r i  c r i te r ia  fo r  d isso lv ed  oxy­
g e n ,  s e d im e n t  c h e m is try ,  a n d  s e d im e n t  tox ic ity .

icance was driven prim arily  by the large n u m b e r o f 
sam ples (n  =  338). A nth ropogen ic  im pacts may be 
co rre la ted  w ith salinity and  silt-clay as well, th e re ­
fore, residual co rre la tions betw een the  b en th ic  in ­
dex  and  salinity o r silt-clay may n o t ind icate  a lack 
o f  d iscrim inatory  pow er in the index . T his is im ­
p o rta n t because the ben th ic  index  was designed  to 
be an ind ica to r o f  environm enta l co n d ition  th a t is 
represen tative o f the degree o f sed im en t co n tam ­
ination  and  hypoxia experienced  a t a site, reg ard ­
less o f  the  in h e re n t salinity and  sed im en t charac­
teristics.

V a l i d a t i o n

T h e  ben th ic  index  was com puted  fo r all sites 
sam pled by EMAP-E in the  L ouisianian Province 
from  1991 to 1994. Because the  in d ex  was devel­
o p ed  from  a subset o f  sites sam pled in 1991 an d  
1992, validation o f the  ben th ic  index  was accom ­
plished  by using  an in d e p e n d e n t set o f  data  from  
two subsequen t years, 1993 and  1994, as well as 
data  from  special study sites rep resen tin g  betw een- 
year and  within-year replicates. V alidation o f  the  
ben th ic  index  consisted o f  th ree  steps: assessm ent 
o f  the  co rrec t classification by the  index  o f  an  in ­
d e p e n d e n t set o f deg raded  and  re fe rence  sites, 
com parison  o f  the  cum ulative d istribu tion  func­
tion  o f  the  index  am ong  fo u r years, an d  assessm ent 
o f  co rrec t classification o f  replicate sites by the  in ­
dex.

Sites from  1993 and  1994 were classified as d e ­
g rad ed  o r  re fe rence  based  on the criteria  fo r dis­
solved oxygen, sed im en t chem istry, a n d  sed im en t 
toxicity used  to choose test sites in th e  develop­
m e n t o f the  index. O f th e  310 sites sam pled  in 
1993 and  1994, only 195 could be classified as ei­
th e r  deg raded  o r  re fe rence  and  these w ere used  
in  the first validation step. We random ly  chose 50 
subsets o f  the  195 sites w here each subset consisted 
o f  50 d eg rad ed  an d  50 reference  sites. C o rrec t clas­
sification o ccu rred  w hen the  ben th ic  in d ex  was ei­
th e r  ^  3 a t d eg rad ed  sites o r  S; 5 a t re fe rence  sites. 
M isclassification occu rred  w hen the b en th ic  index  
was ^  3 a t  re fe rence  sites (false negative) o r  ^  5 
a t d eg rad ed  sites (false positive). U sing th e  50 tri­
als, we d e te rm in ed  the p e rcen t o f sites correctly  
classified as d eg rad ed  an d  reference  by the  b en th ic  
index. T h e  b en th ic  index  correctly  classified 6 6 -  
82% o f  d eg rad ed  sites (x =  74%; SE =  0.5) a n d  
70-84%  o f  re fe rence  sites (x =  77%; SE =  0.4). 
T h e  classification efficiency was adequa te  b u t n o t 
as h igh as we had  hoped . This was partly  due  to 
th e  h igh d eg ree  o f variability in the  ben th ic  com ­
m unities in the  G ulf o f  M exico reg ion . We may 
have sacrificed a  level o f  precision in favor o f  a 
generalized  index  that is applicable across a wide 
geographic  area  w ith an  inheren tly  large spatial
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Fig. 3. C o m p a r is o n  o f  th e  c u m u la tiv e  d is t r ib u tio n  fu n c tio n s  
(C D F ) o f  th e  b e n th ic  in d e x  c a lc u la te d  fo r  th e  p ro b a b ilis tic  s a m ­
p l in g  sites o f  th e  L o u is ia n ia n  P ro v in c e  fo r  th e  years  1 9 9 1 -1 9 9 4 .

variation. We also investigated  the  kappa coeffi­
c ien t ( k )  to m easure the  d eg ree  o f  ag reem en t 
(Stokes e t al. 1995) betw een  classification o f  a site 
by the ben th ic  index  versus classification by sedi­
m e n t chem istry, toxicity, and  dissolved oxygen. 
T h e  average kappa coeffic ien t fo r the  50 trials was 
0.509 (k >: 0.4 indicates m o d e ra te  ag reem en t) and  
th e  null hypothesis th a t th e re  was no  ag reem en t 
(H 0: k =  0) was rejected  a t th e  a  =  0.05 level o f 
significance.

EMAP-E’s probabilistic  sam ple design facilitated 
th e  d irect com parison  o f  da ta  am o n g  years w ithin 
a  province. Because the  cycle fo r EMAP-E sam pling 
o f  estuaries requ ires fou r years to com plete  (Sum ­
m ers e t al. 1991), we m ad e  the  assum ption th a t 
th e re  should be no statistical d ifferences in the cu­
m ulative d istribu tion  o f values o f  the  b en th ic  index  
(o r  any o th e r ind icator) am o n g  th e  fo u r years. Any 
statistical difference in the  d istribu tions would 
p ro m p t us to look fo r sam pling  e rro r, changes in 
labora to ry  m ethods, m ea su re m e n t error, severe 
w eather pa tterns, o r po llu tio n  events th a t could 
have affected estuarine  co n d itio n s in a given year, 
a lthough  a  deviation fro m  ex p ec ta tion  could  also 
re flec t a  real change in  th e  b en th ic  com m unity  
a n d  indicate th a t the in d ex  was p e rfo rm in g  cor­
rectly. A cum ulative d is trib u tio n  function  (CDF) 
was com puted  fo r the  b en th ic  in d ex  values w eight­
ed  by th e  surface area  (km 2) rep re sen ted  by the  
base  stations fo r each year o f  sam pling. T h e  CDFs 
fo r  the ben th ic  index  am o n g  th e  fo u r years were 
n o t  statistically d iffe ren t (Fig. 3) based on  the  Kol- 
m ogorov-Sm irnov test an d  using  the  B onferron i in ­
equality  ad justm en t to en su re  th a t the  overall ex­
perim ent-w ise e r ro r  ra te  was a t the  desired  five per­
c e n t level o f  significance.

W ithin each year (exclud ing  1991), 13 estuaries 
w ere visited m ore  th an  on ce  in o rd e r to evaluate 
spatial and  tem pora l rep lica tio n . T hese sites were
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Fig. 4. C o m p a r is o n  o f  b e n th ic  in d e x  va lues  f ro m  re p l ic a te  
v isits w ith in  a  s a m p l in g  se a s o n  to  a  s ite . Q u a d r a n t  2 in d ic a te s  
s ite s  c lass ified  as  r e f e re n c e  f o r  b o th  visits; q u a d r a n t  4  in d ic a te s  
s ite s  c la ss ified  a s  d e g ra d e d  fo r  b o th  visits; q u a d ra n ts  1 a n d  3 
in d ic a te  sites  th a t  w e re  c la ss ified  d if f e r e n t ly  fo r  b o th  visits. S ites  
th a t  fall w ith in  th e  g ray  s h a d e d  a r e a  c h a n g e d  c la ss ific a tio n  fro m  
d e g ra d e d  o r  r e f e re n c e  to  u n k n o w n  (o r  v ice  v e rsa) f ro m  v is it 1 
to  visit 2.

used to validate the consistency o f  classification by 
the ben th ic  index. T h e  sam e classification by the 
benth ic  index  should  b e  given to a single site on 
replicate visits within a  sam pling  season. T h e  dis­
tribu tion  o f  ben th ic  in d ex  values betw een the  first 
and  second visits to a site w ithin the  sam e sam pling  
period  was com pared  (Fig. 4 ). T h e  shaded  areas 
indicate the  in tersec tion  o f  the  cu to ff values o f  3.0 
fo r degraded  sites and  5.0 fo r re fe rence  sites. Id e­
ally, all o f  th e  points shou ld  fall in quad ran ts 2 and  
4 w here sites were classified as d eg rad ed  on  both  
visits o r as reference  o n  b o th  visits. A lthough  sev­
eral po in ts fell w ithin th e  sh ad ed  area, ind icating  
th a t the site classification ch an g ed  from  d eg rad ed  
o r  reference to unknow n (o r vice versa) from  the  
first visit to  the  second visit, no  sites fell w ithin 
quadran ts 1 an d  3, ind ica ting  th a t no  sites were 
misclassified as deg raded  o r  re ference . C orre la tion  
betw een the  ben th ic  in d ex  from  the tem poral re p ­
licates was 0.83. This validation  o f  the  b en th ic  in ­
dex  was also d e te rm in ed  to be successful.

P e n s a c o l a  B a y , F l o r i d a

We app lied  o u r  ben th ic  index  to in d e p e n d e n t 
data  from  Pensacola Bay, F lorida, to illustrate how 
resource m anagers may use this ben th ic  in d ex  to 
assess the  b io tic  cond ition  o f  an estuary in the  G ulf 
o f  M exico. T h e  USEPA’s E nvironm ental R esearch 
L aboratory  a t G ulf Breeze, F lorida (currently, the 
G ulf Ecology Division o f  the  N ational H ea lth  and  
E nvironm ental Effects L abora to ry ), co n d u c ted  a 
survey in A pril 1992 o f  the  w ater quality, sed im ent,
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Benthic Index

•  S ta tio n  L o ca tio n

F ig . 5. M ap  o f  U n ite d  S ta te s  E n v iro n m e n ta l  P r o te c t io n  
A g e n c y  s a m p lin g  s ta t io n s  fo r  A p ril 1992 in  P e n s a c o la  Bay, F lo r­
id a ,  w ith  sp a tia l d is t r ib u t io n  o f  c o n d i t io n s  b a s e d  o n  th e  b e n th ic  
in d e x  (m o d if ie d  f r o m  E n g le  a n d  S u m m e rs  1998).

a n d  biological status o f  Pensacola Bay using  a  sam ­
p le  design an d  m ethodology sim ilar to th a t o f 
EMAP-E in th e  Louisianian Province. U sing a  p rob ­
a b ilis tic  sa m p le  d esig n , 40 s ite s  w ere  lo c a te d  
th ro u g h o u t the  m ain bay an d  the  tribu taries and 
bayous (Fig. 5 ). B enthic m acro inverteb ra te , sedi­
m e n t chem istry, and  w ater quality sam ples were 
co llected  acco rd ing  to EMAP-E sam pling  p ro to ­
cols. T he b en th ic  index  was calcu lated  fo r each  site 
by applying the  form ulas an d  m eth o d s deta iled  in 
th e  A ppendix . T h e  index  was th en  co m p ared  to 
existing sed im en t chem istry  in fo rm atio n  to id en ­
tify any associations betw een d eg rad ed  b en th ic  
com m unities a n d  sed im en t con tam inan ts.

Assessing th e  ecological status o f  Pensacola Bay 
is p rob lem atic  because m ost o f  the  bay exhibits 
signs o f d eg rad ed  sed im ent quality. By applying the 
sam e categorization  guidelines fo r  sed im en t ch em ­
istry  and  se d im e n t toxicity (DO was inapplicab le  
because sam pling  occu rred  in April) to th e  P en ­
sacola Bay sites, we classified 36 (90% ) o f  th e  sites 
as degraded . Severely co n tam in a ted  sed im ents oc­
c u r  th ro u g h o u t th e  bay, w ith as m any as 44 (x = 
12) con tam inan ts at a single site h a rin g  co n cen tra ­
tio n s exceed ing  ER-L values. O f  in te rest to a  re­
so u rce  m an ag er who is co n ce rn ed  with biological 
quality  is w h e th e r o r  n o t the  b en th ic  com m unity  is 
d eg rad ed  th ro u g h o u t the bay o r  w h e th e r th e  b en ­
th ic  com m unity  reflects som e g ra d ie n t from  se­
verely d eg rad ed  to m oderately  d eg rad ed  cond i­
tio n . T he b e n th ic  index  iden tified  10 deg raded  
sites, 16 m odera te ly  d eg rad ed  sites, an d  14 re fe r­
e n c e  sites. A lthough  sed im en t co n tam in an ts  oc­
c u rre d  at h igh  co n cen tra tions a t all sites, the  sites 
w ith the  h ighest co n tam in an t co n cen tra tio n s also 
h a d  the  lowest b en th ic  index  values.

B enth ic  in d ex  values w ere significantly co rre la t­

ed  (p <  0.005) w ith the  num ber o f  con tam inan ts 
harin g  co n cen tra tio n s g rea ter than  ER-L values. 
Stepwise regression analysis indicated th a t 65% o f 
the  variation in th e  ben th ic  index  cou ld  be ac­
cou n ted  for by lead , cadm ium , tributyltin , DDT, 
the  n u m b e r o f e n ric h e d  metals, and  th e  n u m b er 
o f  con tam inan ts w ith concen tra tions g re a te r  th an  
ER-L guidelines.

D iscussion
Indices o f  biotic in tegrity  (IBIs) have b een  used  

com m only to assess the  ecological h ealth  o f fresh­
w ater environm ents (K arr 19S1; K erans and  K arr 
1994). T h e  goal o f  these indices has been  to  p ro ­
vide a sim ple, easily understood  m eth o d  o f  com ­
paring  the  biological status o f d ifferen t stream s o r 
o f  tracking such status over tim e. M any freshw ater 
IBIs were developed to identify stream s th a t have 
been  im pacted  by exam in ing  the responses o f  the 
ben th ic  o r  fish com m unities to know n a n th ro p o ­
genic influences. A biotic  index th a t is applicable 
to  estuarine env ironm ents would in co rp o ra te  som e 
o f  the sam e theories an d  m ethods as those used 
fo r freshw ater biotic indices bu t w ould n e e d  to  ad ­
dress the  natu ra l variability in h e re n t in estuarine 
systems (e.g., salinity regim es) (D eegan e t al. 1997; 
W eisberg e t al. 1997).

A lthough the abso lu te  values o f an  individual bi­
o tic index  may be specific to a given ecoreg ion  
(L enat 1993), often  th e  theories and  m eth o d s used 
in developm ent are applicable across systems. A 
universal index  th a t works in all systems o r  even in 
systems o f  the  same ecological type, however, is u n ­
realistic because com m unities are com plex  and  
geographically  diverse (L ang et al. 1989). H istori­
cally, indices o f  biotic in tegrity  have been  separa ted  
in to  two types: fish indices based on ranks o f  com ­
m unity  p aram eters such as n u m b er o f  species and  
ab u n d an ce  o f  tro p h ic  g roups (K arr 1981; Bram- 
b le tt an d  Fausch 1991; O b e rd o rff  an d  H ughes 
1992; O sb o rn e  e t al. 1992; Lyons e t al. 1995) an d  
b en th ic  inverteb ra te  indices based o n  quantitative 
ranks assigned to species accord ing  to th e ir  know n 
to le rance  to an th ro p o g en ic  stress (L ang e t al. 
1989; C lem ents e t al. 1992; L enat 1993; C hessm an 
1995; L ang  an d  R eym ond 1995). Use o f  freshw ater 
b io tic  indices has been  based on  the  assum ption  
th a t som e know n an th ro p o g en ic  stress (i.e., po l­
lu tion) was th e  m ain fac to r affecting the  ab u n ­
dance  an d  com m unity com position  o f  ben th ic  in­
verteb ra tes (M odde an d  Drewes 1990). O n e  o f  the  
difficulties in developing a biotic in d ex  fo r estua­
rin e  systems is th a t the  to le rance  values o f  m any 
b en th ic  invertebrates to  heavy m etals an d  o th e r 
po llu tan ts  is unknow n, w hereas this in fo rm ation  
has been  well do cu m en ted  fo r freshw ater systems 
(C lem ents e t al. 1992; W eisberg e t al. 1997).
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T he freshw ater indices and  recen t estuarine  a t­
tem pts to develop  an IBI-type ind ica to r show a  ba­
sic d ifference from  the  ap p ro ach  described he re . 
T h e  indices developed  by W eisberg et al. (1997) 
an d  D eegan e t al. (1997) are  based on the previous 
index  work o f  K arr (1981). T h e  original ap p ro ach  
trea ted  a set o f  p a ram ete rs  as a p riori re la ted  to 
fish c o m m u n ity  s t ru c tu re  a n d  d e v e lo p e d  th e  
streng th  o f  those  re la tionsh ips based on  single 
stressor dose-response regressions. It is th ro u g h  
dose-response re la tionsh ips th a t K arr (1981) de­
te rm in ed  the  b reak p o in ts  fo r his sem i-quantitative 
m ultim etric  IBI fo r freshw ater fish com m unities. 
W eisberg e t al. (1997) ap p lied  K arr’s (1981) IBI 
app roach  to th e  b en th ic  com m unities o f  C hesa­
peake Bay, c rea tin g  a b en th ic  IBI, o r B-IBI, th a t 
used  sim ilar m etrics, with the  exception  th a t they 
d id  n o t apply single stressor relationships to de te r­
m ine  the  th resh o ld  values fo r the  metrics. T h e ir 
use o f re fe ren ce  (non-stressed) sites to assign scor­
in g  criteria  to the  m etric  values d isregarded  the 
streng th  o f  K a rr’s (1981) ap p ro ach  (i.e., the  ability 
to  in te rp re t th e  co m p o n en ts  o f  a score with regard  
to  a  specific stresso r). T h e  reality th a t estuarine re­
sources ten d  n o t  to  have single stressor a ttribu tes 
led  o u r index  dev e lo p m en t away from  th e  K arr 
(1981) ap p ro ach  fo r the  developm ent o f  reg ional 
indices.

W eisberg e t  a l.’s (1997) ap p ro ach  requ ired  sig­
n ificant subsetting  o f  the  da ta  in to  seven separa te  
b en th ic  habitats. Few estuaries o th e r  than  C hesa­
peake Bay a n d  possibly P u g e t S ound  (R. Llanso 
personal co m m u n ica tio n ) have sufficient ben th ic  
in fo rm ation  to  p e rm it such subsetting . D eegen  e t 
a l.’s (1997) ap p ro ach  fo r an estu arin e  fish IBI also 
requires the  d ev e lo p m en t o f  separa te  indices fo r 
m ultip le  habitats.

Like K arr’s (1981) IBI, th e  C hesapeake Bay 
m odel m ust be red ev e lo p ed  fo r each  application . 
W eisberg e t a l.’s (1997) B-IBI fo r C hesapeake Bay 
show ed a  90-95%  fidelity ra te . T h e  strength  o f  the  
m odel fit is appea ling , b u t it m u st be realized th a t 
th e  m odel was b u ilt specifically fo r C hesapeake 
Bay, in co rp o ra tin g  only  th e  variability observed  
w ithin th a t system. Any m odel co nstruc tion , w heth ­
e r  sim ulation, reg ression , o r  sem i-quantitative m ul­
tim etric  index , can  optim ize o n  only two o f  the  
following m odel attribu tes: generality, reality, o r 
precision. T h e  C hesapeake Bay B-IBI optim izes on  
reality an d  p rec ision . A ttem pts to  apply the  estua­
rin e  B-IBI to o th e r  systems geographically  close to 
C hesapeake Bay (i.e., D elaw are Bay, Long Island 
S ound, an d  th e  H udson-R aritan  estuary) w ere n o t 
successful, w ith fidelities o f  <  50%  (S. W eisberg 
personal c o m m u n ica tio n ). T h is does no t m ean  a 
B-IBI can n o t b e  developed  fo r these systems, b u t 
each  app lica tion  m u st be specifically developed fo r

th e  system in question ; thus, rep a ram ete riz in g  the 
m odel fo r each estuary. D evelopm ent o f  a B-IBI for 
each  estuary creates a strong, valid m odel fo r each  
system th a t is highly suspect w ith regard  to com ­
parisons across systems at scales g rea te r th an  those 
cap tu red  by a single estuarine system.

W hile we ad h ere  to the sam e p rincip les in  the 
initial selection o f the  sites used in index  con stru c­
tion, we do n o t force the  index  results to d em o n ­
strate these p rincip les th rough  subjectively scaled 
index  elem ents. We reco m m en d  scaling the  factors 
appropria tely  based on  the  configura tion  o f  the 
data. T he end  resu lt o f  o u r index  d ev e lo p m en t is 
that, a lthough  the com ponen ts o f  the  in d ex  w ere 
d e te rm in ed  empirically, a case can be m ad e  for 
each to follow the parad igm s o f  trad itional b en th ic  
com m unity  analysis (e.g., diversity; see discussion 
in Engle e t al. 1994). T he co n trib u tio n  o f  each  
co m p o n en t to the index, however, is d e te rm in e d  
by the data. We believe this process adds a neces­
sary level o f in d ep en d en ce  to the  d e te rm in a tio n  o f 
ben th ic  condition .

We have a ttem p ted  to develop an in d ex  th a t 
w ould be applicable across the wide variety o f  es­
tu arin e  env ironm ents in  the  G u lf o f  M exico. T h e  
p roposed  index optim izes on  reality and  generality  
and , as a result, its precision  decreases som ew hat 
due  to broad  variability in co rp o ra ted  in to  the  m o d ­
el. W hile the  IBI-type app roaches have been  shown 
to  work well in specific stream s o r  w hen  co n stru c t­
ed  for a  specific estuarine  system (W eisberg e t  al. 
1997), the  successful app lica tion  o f  an  IBI to a 
large b iogeographic  reg io n  has yet to be accom ­
plished. T h e  statistical app roach  described  in this 
p ap er proved to be applicable th ro u g h o u t th e  es­
tuaries o f  the n o r th e rn  G ulf o f M exico and  to w ork 
as well in F lorida as it does in Texas. O u r b en th ic  
index  was in d ep en d en tly  validated  by R akocinski 
e t  al. (1997), who co m p ared  the  results o f c a n o n ­
ical co rrespondence  analysis (CCA) with o u r  b en ­
th ic  index, using data from  EMAP-E from  1991 and  
1992. T hey  fou n d  a good  cross-validation betw een  
the  two m ethods in th a t the  CCA distinctly sepa­
ra ted  sites with low ben th ic  index  scores from  
those w ith h igh scores. They also fo u n d  th a t the  
sites th a t were deg raded  as d e te rm in ed  by low b en ­
thic index  scores co incided  w ith th e  area o f  the  
CCA th a t was in te rp re ted  to have h igh  co n cen tra ­
tions o f  sed im en t contam inants.

A io th e r  difficulty in applying biotic index  m e th ­
ods to estuarine systems is that, in m any cases, it  is 
n o t only an th ro p o g en ic  stress b u t also the  n a tu ra l 
variability o f  estuarine habitats th a t directly affects 
b en th ic  m acro inverteb ra te  com m unity  s tru c tu re . 
U sing conventional diversity indices, it is o ften  dif­
ficult to distinguish w h e th e r a change in co m m u ­
nity s tru c tu re  is a resu lt o f  a sudden  change in  sa-
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linity o r is due to an th ro p o g en ic  effects like sedi­
m e n t con tam ination . Given these constra in ts, we 
believe o u r ben th ic  index  fo r G u lf o f  M exico es­
tuarine  systems is successful. T h e  co m p o n en ts  o f 
o u r  ben th ic  index  are n o t highly  co rre la ted  with 
salinity (i.e., the  Shannon-W iener in d ex  was ad­
ju s te d  for salinity and  the o th e r  co m p o n en ts  w ere 
n o t correlated  with salinity o rig inally ). O u r ben th ic  
index  delineates a t a level o f  74-77%  b en th ic  com ­
m unities th a t have characteristics sim ilar to those 
fo u n d  in know n deg raded  areas fro m  b en th ic  com ­
m unities th a t are sim ilar to those  fo u n d  in known 
reference areas. T h e  d ifference in b en th ic  com ­
m unity struc tu re  ind icated  by o u r  b en th ic  index  is 
m ore  likely associated with a n th ro p o g en ic  stress 
th an  with natural h ab ita t variability. An exception  
occurs, however, w hen a low b en th ic  index  is as­
sociated prim arily with hypoxia. T h e  EMAP-E sam ­
p ling  design provides no m eth o d  o f  d istinguishing 
hypoxia th a t is an th ro p o g en ic  in orig in  from  nat­
ura l hypoxic events.

A  m ajor criticism  o f  the use o f  biotic indices 
stem s from  the be lie f th a t en v iro n m en ta l m anagers 
favor an index over a de tailed  exam ina tion  o f  the 
vast am oun t o f in fo rm ation  available from  ben th ic  
m on ito ring  program s (Elliott 1994). It is tru e  th a t 
o n e  goal o f  large-scale m o n ito rin g  p rogram s (e.g., 
EMAP) is to develop m ethods o f  co n d en sin g  com ­
p lex  sets o f  data  in to  m anageab le  num erica l in d i­
ces w ithout com prom ising  too  m u ch  o f  the infor­
m ation  available in the details (M esser e t al. 1991). 
T h e  value o f an index  lies in its applicability  across 
large geographical areas and  its ability to provide 
regional assessm ents o f  ecological cond ition . T h e  
in fo rm ation  derived from  an  in d ex  o f  env ironm en­
tal condition  is useful to en v iro n m en ta l m anagers 
a n d  policymakers and  decisionm akers w ho w ant to 
identify areas o f  po ten tia l d eg rad a tio n  and  track 
th e  status o f  environm ental c o n d itio n  over tim e. A 
ben th ic  index  can be used to answ er questions 
ab o u t the health  o f  b en th ic  co m m unities in the  
estuaries o f  a large geographical reg io n , the  spatial 
o r  tem poral variation o f deg rad ed  areas o f  b en th ic  
com m unities, and  com parisons o f  the  status of 
ben th ic  ecological cond itions betw een  the  estuar­
ies o f  d ifferen t regions.

F or any index  to be useful to reso u rce  m anagers, 
it  m ust be easy to develop an d  apply. T he IBIs 
m odeled  after K arr (1981) are intu itive in th a t the  
m odels are forced to in co rp o ra te  the  conceptual 
fram ew ork o f  the  developer. T h e  EMAP-E b en th ic  
in d ex  employs the  sam e gen era lized  ap p ro ach  bu t 
assum es m ulti-stressor re la tionsh ips an d  depends 
solely on the da ta  to d e lineate  w hich  b en th ic  pa­
ram eters relate to the  observed  situa tion . T h e  IBIs 
a re  perceived to be easier to em ploy. Clearly, they 
m ay be easier to develop th an  th e  b en th ic  index

proposed  he re , b u t the  scoring  o n  m ultip le  hab i­
tats o f fou r to seven param eters  is m ore  involved 
than  inserting  five p aram eters in to  an equation . 
T he norm aliza tion  is fo r ease o f  in te rp re ta tio n  and  
does no t n eed  to be d o n e  (i.e., if  u n n o rm alized  
the  cut-off betw een  p o o r co n d itio n  and  m arg inal 
condition  is 0.0). U nlike the  IBIs in  genera l, the 
index  p roposed  h e re in  is app licab le  over a wide 
range o f env ironm en ta l co n d itio n s an d  geography  
and  p ro rides com parab le  scores over these g rad i­
ents.
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A ppendix
C a lc u la tio n  o f  th e  b e n th ic  in d e x  fo r  d a ta  f r o m  P e n s a c o la  Bay, 

F lo r id a .
Step 1. C a lc u la te  a r i th m e tic  m e a n  a n d  s ta n d a r d  d e v ia tio n  o f  

th e  b e n th ic  v a r ia b le s  u s in g  o n ly  th e  40  b a se  sites:

M ea n  (x ) S td . D ev. (s)

P r o p o r t io n  o f  e x p e c te d  
S h a n n o n - W ie n e r  D iversity

0 .6 4 4 5 0 .2959

M e a n  A b u n d a n c e  o f  T ub i- 
f ic id s (Io g  t r a n s f o r m e d )

0 .0 9 0 6 0 .2052

P e r c e n t  C a p i te ll id s  
(a rc -s in e  t r a n s f o r m e d )

0 .1 7 5 2 0 .2 0 3 6

P e r c e n t  B ivalves 
(a rc -s in e  t r a n s fo rm e d )

0 .0324 0 .0 6 0 8

P e r c e n t  A m p h ip o d s 0 .0 3 3 4 0 .0705
(a rc -s in e  t r a n s fo rm e d )

Step 2. S ta n d a rd iz e  v a ria b le s  to  m e a n  =  0  a n d  s ta n d a r d  d e v i­
a t io n  =  1 b y  a p p ly in g  th e  fo llo w in g  fo r m u la  to  a ll o f  th e  d a ta :

s,C

w h e re

Xj' =  n e w  s ta n d a rd iz e d  v a lu e

S  =  d e s ir e d  s ta n d a rd  d e v ia tio n  (1)

M =  d e s ir e d  m e a n  (0)

x¡ =  o b s e r v a t io n ’s o r ig in a l  v a lu e

x  =  v a r ia b le ’s m e a n

sx =  v a r ia b le ’s s ta n d a rd  d e v ia tio n

Step 3. C a lc u la te  th e  d is c r im in a n t  sc o re  o f  t h e  b e n th ic  in d e x  
as follow s u s in g  th e  s ta n d a rd iz e d  v a ria b le s  f r o m  S te p  2:

D is c r im in a n t S c o re

=  (1 .5 7 1 0  X P r o p o r t io n  o f  e x p e c te d  d iv e rs ity )

+  ( - 1 .0 3 3 5  X M ea n  A b u n d a n c e  o f  tu b if ic id s )

+  ( - 0 .5 6 0 7  X P e rc e n t  c ap ite ll id s )

+  ( - 0 .4 4 7 0  X P e rc e n t  bivalves)

+  (0 .5 0 2 3  X P e rc e n t  a m p h ip o d s ) .

Step 4. C a lcu la te  th e  b e n th ic  in d e x  b y  n o r m a l iz in g  t h e  d is ­
c r im in a n t  sco re s  fro m  S te p  3 u s in g  th e  fo llo w in g  fo r m u la ,  w h ic h  
in c lu d e s  th e  m in im u m  ( - 3 .2 1 )  a n d  r a n g e  (7 .5 0 )  o f  d is c r im i­
n a n t  sco res  fro m  th e  o r ig in a l te s t d a ta  u s e d  to  d e v e lo p  th e  b e n ­
th ic  in d e x :

B e n th ic  In d e x

=  ( (D is c r im in a n tS c o r e  -  ( - 3 .2 1 ) ) / 7 .5 0 )  X 10
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