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A b s tra c t— M onitoring  th e  estuaries o f  the A tlantic and G ulf o f  M exico  coastlines o f  the U nited  S tates from  C ape C od, M assachusetts, 
to B row nsville, Texas, w as perform ed annually  from  1990 through 1997 to assess ecological cond itions on a regional basis for 
four b iogeographic p rovinces. T hese province estim ates— V irgin ian , C aro lin ian , W est Indian , and L ou isian ian  P rov inces— are 
com bined to provide an assessm ent o f  87% o f  the estuarine area o f  the U nited  S tates and 96%  of the area  o f  the A tlan tic  and G ulf 
coasts. C om bining inform ation  over the six  years o f  m onitoring  show ed 34 ±  4%  o f  the A tlan tic  and G u lf estuarine sedim ents 
displayed poorer than  expected  b io log ical conditions, based  on ben th ic  and finfish com m unity conditions, and 21 ±  4%  o f  the area 
was characterized by  low  w ater clarity , the presence o f  m arine debris/nox ious odors, o r elevated  fish tissue  contam inants.

K ey w o rd s— E stuaries C oastal ecosystem s Coastal 2000 E nvironm ental m onitoring  program

IN T R O D U C T IO N

Estuaries are bodies o f  w ater that are balanced by fresh­
water and sedim ent influx from  rivers and the tidal actions of 
the oceans, thus providing transition zones betw een the fresh 
w ater o f a river and the saline environm ent o f the sea. The 
result of this interaction is an environm ent w here estuaries, 
along with their adjacent m arshes and seagrasses, provide a 
highly productive ecosystem  that supports w ildlife and fish­
eries and contributes substantially  to the econom y o f  coastal 
areas.

Coastal areas are the m ost developed in the U nited States. 
The narrow fringe (com prising 17% of the nation’s land m ass) 
is hom e to m ore than 53%  of the nation’s population [1]. This 
pattern in coastal populations is increasing by 3,600 people 
per day, resulting in a projected population increase o f 27 
million in the next decade [http://state_of_the_coast.noaa.gov/ 
bulletins/htm l/pop_01 .h tm l]. In  addition to being centers for 
populations, U.S. coasts are a source o f valuable com m odi­
ties— 31% of the gross national product and 85% o f com ­
mercially harvested fish depend on estuarine habitats; 180 m il­
lion people use coastal resources annually for sw im m ing, div­
ing, and boating; and estuaries receive discharges from  m u­
nicipalities and industries [2,3]. A pproxim ately $15 billion in 
public funds are spent annually  on outdoor m arine and estu­
arine recreation in the 18 coastal states bordering the A tlantic 
Ocean and the G ulf o f M exico  [4].

Despite the im portance o f  the coastal region to the nation’s 
econom y and well being, little  is actually know n about the 
status and trends of critical environm ental variables in  coastal 
regions. O ther than coastal weather, w ater levels, and com ­
mercial fisheries, there are few  consistent m easurem ents o f  the 
ecological condition o f  estuaries. There is at p resent in the 
United States no nationally consistent, com prehensive m oni­
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toring program  to provide the inform ation necessary fo r ef­
fective m anagem ent and decision m aking for coastal ecosys­
tem s. However, for the last decade, the U .S. E nvironm ental 
P rotection A gency Office o f Research and D evelopm ent has 
been developing m onitoring approaches and indicators that 
could be used in a  com prehensive m onitoring program . The 
Environm ental M onitoring and A ssessm ent Program  (EM AP) 
surveyed and assessed estuarine conditions in about 87% o f 
the estuarine acreage in  the continental U nited States betw een 
1990 and 1997. The inform ation is reported here and is being 
used to in itiate the first synoptic national m onitoring survey 
o f estuarine resources in 2000 and 2001 (Coastal 2000). The 
1990 through 1997 surveys conducted along the A tlantic and 
G ulf o f  M exico coasts represents data available to develop a 
baseline o f ecological conditions.

M E TH O D S

R egional surveys w ere conducted in the V irginian (1 9 9 0 - 
1993), C arolinian (1995-1997), W est Indian (1995-1996), and 
L ouisianian  (1991-1994) Provinces (Fig. 1), sam pling 100 to 
150 sites annually in  each province. Sites were selected from  
three d ifferent strata using a probability-based design [5]. A 
sim ple classification system  based on physical dim ensions was 
used to delineate the three sam pling strata— large estuaries 
(> 2 5 0  km 2, length/m ean w idth or aspect <  18), large tidal 
rivers (> 2 5 0  km 2, aspect >  18), and sm all estuarine system s 
(2 -2 5 0  km 2). A long the A tlantic and G ulf of M exico coast­
lines, 1,516 estuaries totaling 74,744 km 2 were identified that 
m et the above criteria— 42 large estuaries (43,536 km 2), 1,464 
sm all estuaries or sm all tidal rivers (27,259 km 2), and the tidal 
portions o f 10 large tidal rivers (3,949 km2). Table 1 lists the 
num ber o f sites sam pled for each o f the years that sam pling 
occurred in  a province. A ll sites w ere sam pled during a six- 
to eight-w eek index period in late sum m er (July 15-Septem ber 
15). T his tim e period w as selected for sam pling because it 
represents the tim e period m ost likely to show ecological ef­
fects due to decreased dissolved oxygen conditions, increased 
contam inant availability, and increased human usage.

http://state_of_the_coast.noaa.gov/
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Fig. 1. B iogeographic provinces along  the A tlan tic  and G u lf o f  M exico  
coastlines that w ere sam pled by E nvironm ental M onito ring  and A s­
sessm ent Program -C oastal from  1990 through  1996.

Sites were characterized using selected indicators (Table 2) 
in order to determ ine the status o f  com ponents o f  ecological 
condition. The strategy for the selection o f indicators for use 
in EM A P-C oastal is described in detail in K napp et al. [6], 
Griffith e t al. [7], and Jackson e t al. [http://w w w .epa.gov/em ap/ 
htm l/pubs/resdocs/]. M onitoring focused on indicators o f eco­
logical response to stress and used m easures o f exposure to 
stress as a m eans of interpreting that response. Indicators were 
added in  som e regions w here the addition addressed a partic­
u lar regional issue.

A t each site, a  set o f sam ples and data w as taken using 
standardized m ethods. T riplicate benthic sam ples were taken 
using a Young-modified Van Veen grab (440 cm 2) in order to 
provide data on the structure and com position o f  the benthic 
m acroinvertebrate comm unity. A sm all core (60 cm 3) was ex­
tracted  from  each grab sam ple for sedim ent characterization 
(percent silt-clay, grain size, and total organic carbon). Sedi­
m ent sam ples for acid volatile sulfide determ inations were 
collected from  mid-A tlantic and G ulf o f M exico sites. The 
rem ainder o f each grab was sieved through a  0.5-m m  screen. 
Sam ples w ere preserved in 10% buffered  rose-bengal form alin 
solution and stored at least 30 d prior to processing to assure 
adequate fixation [8]. A fter 30 d, the stored sam ples w ere 
transferred from  form alin to  ethanol, sorted, identified to spe­
cies, and counted.

A dditional sedim ent grabs w ere collected at each sam pling 
site for sedim ent contam inant analyses and toxicity bioassays. 
Sam ples were collected from  a hom ogenate created  a t the site 
from  several (6 -10) grabs from  w hich the top 2 cm  o f sedim ent 
was rem oved, placed in a container, and thoroughly mixed 
until approxim ately 4 L o f sedim ent had been obtained. This 
m ixture was apportioned for sedim ent chem istry analyses and 
toxicity testing.

A nalyses fo r the determ ination o f sedim ent characteristics 
included grain size, percent silt-clay content, and total organic 
carbon at all sites. G rain size and silt-clay analyses w ere in i­
tially  determ ined by sieving through a 63-p.m m esh sieve. Both

T ab le  1. N um ber o f sta tions sam pled from  1990 through 1996, by 
p rovince

Province

Y ear

Total1990 1991 1992 1993 1994 1995 1996

V irginian 181 102 104 103 0 0 0 425
C arolinian 0 0 0 0 84 86 44 214
W est Indian 0 0 0 0 0 88 0 88
Louisianian 0 100 100 103 103 0 0 406

Total 181 202 204 206 187 174 44 1,133

T able 2. T he ecological ind ica to rs used  du ring  the 1990 through 1996 
E M A P -C oasta l M on ito ring  Program

Indicato r type Ind icato r

Response B enth ic  com m unity  com position  
B enth ic  abundance 
Fish com m unity  com position  
Patho log ies in fish
P resence o f  subm erged aquatic vegetation

Exposure Sed im en t con tam inan t concentrations 
Sed im en t toxicity  
D isso lved  oxygen concen trations 
C ontam inan t concen tra tions in fish tissue

H abitat P ercen t light transm ittance
S alin ity
T em perature
pH
Percen t silt-c lay  
G rain  size

the filtrate and the fraction retained on the sieve w ere dried 
at 60°C and w eighed to calculate the proportion o f silts and 
clays. G rain size determ ination  w as determ ined by further frac­
tionation o f the sieve-retained portion  through additional 
sieves p rio r to drying. Total organic carbon was determ ined 
by dry ing  at least 5 g w et w eight o f  sedim ent for 48 h, grinding 
to a fine consistency, acidifying to rem ove inorganic carbon 
(e.g., shell fragm ents), igniting a t 950°C, and m easuring the 
carbon dioxide evolved using an infrared gas analyzer.

Sedim ent sam ples fo r contam inant analyses w ere collected 
from  the field hom ogenate at each site. The sedim ents were 
analyzed by standard m ethods [9] fo r the group o f contam i­
nants listed in Table 3. M ost o f the sedim ent from  the ho­
m ogenate was used for sedim ent bioassays. Toxicity tests w ere 
perform ed using the standard 10-d test method [10,11] w ith 
A m pelisca  abdita, the tube-dw elling am phipod. F ive replicate 
tests w ere com pleted under static conditions for the listed tim e 
length at 20°C and 30 ppt.

Fish, shrim p, and blue crabs w ere collected by traw ling 
(depending on location) w ith a 16-ft high-rise otter traw l w ith 
a 2 .5-cm  m esh cod end in the C arolinian and L ouisianian 
Provinces, w ith fish traps in the W est Indian Province due to 
traw ling restrictions in  Everglades N ational Park (FL, U SA ), 
and w ith a 15-m h igh-rise otter traw l w ith a 2.5-cm  m esh cod 
end in the deeper w aters o f the V irginian Province. T he net 
was tow ed for 10 min against the curren t at a  speed o f betw een
0.7 and 1.0 m/s. A ll fish and shellfish caught in the traw ls and 
traps w ere identified to species and counted and up to 20 to 
30 individuals of each  species w ere m easured to the nearest 
m illim eter. A ll fish w ere exam ined for external pathologies. 
This inspection included body spinal alignm ent, lum ps, bumps, 
bruises, grow ths, opercular deform ity, fin erosion, eye defor­
mities, buccal cavity grow ths and hem orrhages, parasitism , and 
overall body form.

Up to 10 target fish/shellfish (species depending on geo­
graphic location; Table 4) w ere retained for tissue residue anal­
ysis. The specim ens w ere labeled, frozen, and shipped to  the 
appropriate laboratory, w here they w ere stored frozen until 
analysis. W here available, 4 to 10 individuals o f  each species 
from  each sampling site w ere analyzed by com positing fillets 
into a hom ogeneous slurry. T he edible portions o f these fish 
and shellfish included fillets w ith skin for A tlantic croakers, 
white perch, and seatrout; fillets w ithout skin fo r all catfish; 
tail m eat for shrimp; and picked lum p and claw  m eat for blue 
crabs. T his slurry w as appropriately digested, extracted, and

http://www.epa.gov/emap/
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Table 3. L is t o f  o rganic and inorganic com pounds determ ined  in b o th  
sed im ent and tissue sam ples

po lynuclear arom atic  hydrocarbons (PA H s) 
A cenaphthene 
A nthracene 
B enz[a]an thracene 
B enzo [a] pyrene 
B iphenyl 
Chrysene
Di benz [a, h] an th racene 
D ibenzothiophene
2.6-D im ethy lnaphthalene 
Fluoranthene 
Fluorene
2-M ethylnaphthalene 
1 -M ethylnaphthalene 
1 -M ethy lphenan threne
2.6-D im ethy lnaphta lene 
N aphthalene
Pyrene
B enzo[è]fluoranthene 
A cenaphthylene 
B enzoff] fluoranthene 
Benzo[g, h, z']perylene 
Ideno[l ,2 ,3 -c ,4 ]pyrene 
2 ,3 ,5-T rim ethy lnaphthalene 

PCB congeners 
8 (2 ,4 '-d ich lo rob ipheny l)
18 (2 ,2 ',5 -trich lo rob ipheny l)
28 (2 ,4 ,4 '-trich lo rob ipheny l)
44 (2 ,2 ',3 ,5 '-te trach lo ro b ip h en y l)
52 (2 ,2 '5 ,5 '- te trach !o ro b ip h en y l)
66 (2 ,3 ' ,4 ,4 '-te trach lorob iphenyl)
101 (2 ,2 ' ,4 ,5 ,5 '-pen tach lo rob ipheny l)
105 (2 ,3 ,3 ',4 ,4 '-pen tach lorob iphenyl)
110/77 (2 ,3 ,3 ',4 ',6 -p en tach lo ro b ip h en y l/

3,3',4,4'-tetrachlorobiphenyl)
118 (2 ,3 ,4 ,4 ',5 -pen tach lo rob ipheny l)
126 (3 ,3 ,4 ,4 ',5 -pen tach lo rob ipheny l)
128 (2 ,2 ',3 ,3 ',4 ,4 '-hexach lo rob ipheny l)
138 (2 ,2 ',3 ,4 ,4 ',5 '-h ex ach lo ro b ip h en y l)
153 (2 ,2 ',4 ,4 ',5 ,5 '-h ex ach lo ro b ip h en y l)
170 (2 ,2 ',3 ,3 ',4 ,4 ',5 -h ep tach lo ro b ip h en y l)
180 (2 ,2 ',3 ,4 ,4 ',5 ,5 '-h ep tach lo ro b ip h en y l)
187 (2 ,2 ',3 ,4 ',5 ,5 ',6 -h ep tach lo ro b ip h en y l)
195 (2 ,2 ',3 ,3 ',4 ,4 ',5 ,6 -o c tach lo ro b ip h en y l)
206 (2 ,2 ',3 ,3 ',4 ,4 ',5 ,5 ',6 -n o n ach lo ro b ip h en y l)  
209 (2 ,2 ',3 ,3 ',4 ,4 ',5 ,5 ',6 ,6 '-d e cach lo ro b ip h en y l)  

DDT and its m etabolites 
2 ,4 '-D D D  
4,4 '-D D D  
2,4 '-D D E  
4,4 '-D D E  
2,4 '-D D T  
4,4 '-D D T

Chlorinated pestic ides o ther than  DDT 
Aldrin
A lp h a -c h lo rd a n e  
D ie ld rin  
E n d o su lfan  I 
E n d o su lfan  II 
E n d o su lfan  s u lfa te  
E ndrin  
H ep tach lo r 
H e p tach lo r ep o x id e  
H e x ac h lo ro b e n z en e  
L in d an e  (g a m m a -B H C )
M irex  
T o x ap h en e  
T V an i-n o n ach lo r 

T race E le m e n ts  
A lum inum
A n tim o n y  (se d im e n t o n ly )
A rsen ic
C adm ium
C hrom ium

T ab le  3. C o n tin u ed

C opper
Iron
Lead
M anganese (sedim ent only)
M ercury
N ickel
Selen ium
Silver
T in
Z inc

analyzed according to the m ethods o f the U.S. E nvironm ental 
P rotection A gency (U .S. EPA [12]).

W ater quality inform ation w as collected  at each site for 
instantaneous representations o f tem perature, salinity, pH, and 
d issolved oxygen. A  H ydrolab S urveyor 2 (H ydrolab, Austin, 
T X , U SA) equipped w ith a  d issolved-oxygen electrode was 
used to m ake the instantaneous m easurem ents betw een the 
hours o f  9 A M  and 4 PM . V ertical p rofiles o f  the w ater colum n 
at m eter intervals from  surface to bo ttom  w ere taken at all 
sites. P roportion o f  surface ligh t penetration  was determ ined 
using a LIC O R  L I-1000 (LIC O R , L incoln, N B, U SA ) con­
tain ing a subm ersible light sensor. U nderw ater readings at 1- 
m  in tervals w ere m easured sim ultaneously  w ith am bient sur­
face light. T he ratio o f these tw o m easures provides a  m easure 
o f  proportional light penetration based  on incident light. The 
proportion  reaching 1 m  in depth w as used as an indicator of 
w ater clarity.

A nthropogenically  generated m arine debris was determ ined 
from  the contents o f the benthic grabs, fish traw ls, and surface 
floatables. T he incidence and com position  o f  this debris was 
determ ined for each site location.

D A T A  A N A L Y SIS

A ll ecological indicators collected  from  the A tlantic and 
G u lf coasts were characterized using cum ulative distribution 
functions [13]. These functions describe the full distribution 
o f  these indicators in  rela tion  to their areal extent w ithin the 
sam pled province and are used  prim arily  to determ ine the pro­
portion o f each province tha t is degraded w ith respect to that 
indicator. A ll observations w ere w eighted by the inclusion 
probability  assigned to  each site location based on the surface 
area associated w ith each site, and this represents the proba­
bility  o f the sam ple’s inclusion in the sam pling design. For 
large estuaries in all provinces and all estuaries in  the West 
Indian Province, the inclusion probability  w as equal to the 
hexagonal sam pling space created by the design (280 km 2 in 
large estuaries o f the V irginian, Louisianian, and Carolinian 
and 88 km 2 in all estuaries o f the W est Indian) divided by the 
to tal area o f the large estuaries included in the province sam ­
pling  or, in the case o f the W est Indian Province, all estuarine 
area sam pled. For large tidal river and sm all tidal river/estu­
aries in the V irginian, L ouisianian , and C arolinian Provinces, 
an alternate design and analytical approach w as used. For large 
tidal rivers, the inclusion probability  associated w ith each sam ­
pling  segm ent was the surface area o f  the sam pled segm ent 
divided by the area o f the estuarine portion  o f the large river. 
T his included resources like the Potom ac R iver (VA), Indian 
R iver Lagoon (FL), N euse R iver (NC), and M ississippi R iver 
(LA ). F or sm all estuaries and sm all tidal rivers in  these p rov­
inces, the inclusion probability  fo r any sm all tidal river/estuary 
w as equal to the total surface area of tha t resource divided by
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T able 4. T arg e t species exam ined fo r  residue  analysis o f ed ib le  tissue, by province

S pecies

P rovince

V irg in ian C arolin ian W est Indian Louisianian

C atfish
Ic ta lu ru s p u n c ta tu s X
A m eiu ru s catus X
B agre  m arinus X X
A r iu s  fe l is X X

A tlan tic  croaker (M icropogon ias undu la tus) X X X
S pot (L eio sto m u s xan thurus) X X
Shrim p

P enaeus aztecus X X X
P en a eu s se tiferus X

W hite  perch  (M oro n e  am ericana) X
W eakfish  (C ynoscion  regalis) X
B luefish  (P om atom us saltatrix) X
W in te r flounder (P leuronectes am ericanus) X

the sum  of the surface areas o f the sm all resources included 
in  each year’s survey. The approxim ate 95%  confidence in­
tervals for the province-level cum ulative distribution functions 
w ere calculated based  on H eim buch e t al. [14].

A  benthic index in each o f  the biogeographic regions was 
created by com bining m ultiple m etrics into a single m ulti- 
m etric index o f  benthic condition for each province [15-19]. 
T hese indices in tegrate param eters o f  m acrobenthic com m u­
nity structure and are capable o f  distinguishing pollu ted  and 
unpollu ted  areas. W hile the indices are d ifferent in  each p rov­
ince, thejr com ponents are largely the sam e (e.g., com m unity 
b iodiversity , abundance o f pollution-tolerant and pollution- 
sensitive species, proportional com m unity com position), and 
each index represents a relative m easure o f the condition of 
benth ic resources in  that province.

W here appropriate, threshold values w ere used w hen as­
sessing areas o f degradation or w hen com paring b iological 
indicators w ith stressors. Threshold lim its for m ost w ater and 
sedim ent quality m easurem ents w ere obtained from  federal and 
state guidelines [20,21], W hen official guidelines did no t exist 
or cou ld  not be  determ ined, the appropriate literature w as ex ­
am ined and a consensus value determ ined. Guidelines used to 
assess potential for sedim ent degradation w ere the L ong et al. 
[22] and L ong and M organ [23] m edian values (ER-M ) as­
sociated  w ith b io logical effects. In  addition, the L ong and 
M organ [22] 10% values (ER-L) w ere used to assess locations 
w here som e contam ination occurred at levels that had a low 
probability  o f resu lting  in biological effects. Threshold values 
fo r p ro v in ce -w id e  eco log ica l cond ition  w ere determ ined  
through com binations o f the individual m easures/indices and 
w ere based on an integration o f literature values.

T he proportion o f  estuarine area m eeting acceptable hum an 
uses was determ ined by com bining data representing tissue 
residues in target species, proportional light penetration, the 
p resence/absence o f m arine debris, and the presence/absence 
o f  noxious odors from  either the w ater colum n or sedim ents. 
P oor conditions (exceeding threshold values or presence in the 
case  o f  odors and debris) o f any o f these m easures w ere de­
term ined to constitute poor human use condition.

R ESU L TS

O vera ll condition

T he overall health  o f A tlantic and G ulf coast estuaries is 
good based on data collected throughout the E ast and G ulf

Coasts (based on nearly 1,000 stations sam pled from  1990 
through 1997). M ore specifically, about 56% o f the estuaries 
are in good condition for supporting plants, anim als, and hu­
m an uses (Fig. 2). A bout 34% o f the area o f these estuarine 
resources has poor benthic and fish com m unity conditions, 
w hile 33% has unacceptable levels fo r hum an-related uses.

M ost o f  the biological com m unities in poor condition are 
benthic com m unities (bottom -dw elling organism s). These poor 
conditions occur in  areas o f hypoxia, eutrophication, sedim ent 
contam ination, and habitat degradation. D epending on location 
along the A tlantic and G ulf C oasts’ coastlines, poor benthic 
conditions ranged from  27 to 35% o f estuarine sedim ents. 
A quatic life is categorized as poor based on m easures o f bio­
diversity, increased abundances o f pollu tion-to lerant species, 
and decreased abundances o f pollu tion-sensitive species. Less 
than 1% of fish exam ined (—100,000 estuarine fish) throughout 
the U nited States show ed evidence o f  fin erosion, skin lesions, 
eye disorders, or gili problem s.

People use and enjoy estuarine resources in many ways, 
including swim m ing, boating, w alking along the shore, and 
husbandry. A pproxim ately 5 to 30%  o f the estuarine w aters

10°/o —
A t l a n t i c  a n d  G u l f  E s t u a r i e s

[I] U n d e g ra d e d  ÜÜ Im paired  U se  LI D eg rad ed  B io logy  EH Both

Fig. 2. P roportion o f  sam pled estuarine area  in each province that was 
assessed  as having degraded biotic resou rces, having degraded human 
use, o r being undegraded.

V i r g i n i a n  C a r o l i n i a n  W e s t  I n d i a n  L o u i s i a n i a n
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Fig. 3. T he d istribu tion  and p roportion  o f  sam pled  area w ith ligh t 
penetration  at a dep th  o f  1 m  to b e  less than  10%  o f  su rface inciden t 
light.
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Fig. 4. T he d istribu tion  and proportion  o f  sam pled area w ith  dissolved 
oxygen  concen tra tions o f  less than 2 ppm .

o f the A tlantic and G ulf C oasts are categorized as degraded 
for som e hum an use. T here are three p rim ary  contributors to 
hum an use degradation, i.e ., w ater clarity, w hich affects rec ­
reational activities; accum ulation o f m arine debris and pres­
ence o f noxious odors, w hich affects aesthetics and wildlife 
health; and bioaccum ulation o f contam inants in edible portions 
o f fish and shellfish, w hich affect consum ption.

W ater quality

Eutrophic condition is based prim arily  on light penetration 
and dissolved oxygen conditions. C lear w aters are valued by 
society and contribute to the m ain tenance o f healthy and pro­
ductive ecosystem s. Losses o f subm erged aquatic vegetation 
can occur w hen ligh t is decreased due to turb id  w ater asso­
ciated w ith overgrow th o f algae. W ater v isib ility  o f  < 1 0 %  at 
1-m depth (10%  of surface ligh t reaches 1 m ) is used to indicate 
poor conditions. This is equ ivalen t to being  unable to see your 
hand in front o f your face a t a depth  o f  1 m. Poor ligh t pen­
etration is a problem  in 4%  o f estuarine w aters, p rim arily  in 
the western G ulf o f  M exico and w estern tributaries o f the 
Chesapeake Bay (Fig. 3).

Low dissolved oxygen often occurs as a result o f large algal 
blooms that sink to  the bottom  and use oxygen during the 
process o f decay. D issolved oxygen is a fundam ental require­
ment for all estuarine life. A  threshold  concentration  o f 4 to 
5 ppm  is used by m any states to set w ater quality  standards. 
A concentration o f 2 ppm  is thought to be  extrem ely stressful 
to most estuarine organism s. Low  levels o f  oxygen (hypoxia) 
or a lack o f  oxygen (anoxia) often resu lt from  the onset of 
increased bacterial degradation o f  organic m aterials (e.g., ch lo ­
rophyll produced by an algal b loom ), som etim es resu lting  in 
algal scum s, fish k ills, and noxious odors as w ell as habitat 
loss and degraded aesthetic values. This resu lts in  a loss of 
tourism and recreational w ater use. T he EM A P estim ates that 
4% of estuarine bo ttom  w aters are  hypoxic (< 2  ppm ) w hile 
about 80% of w aters m aintain h igh levels o f  dissolved oxygen

ppm) (Fig. 4).

Sed im en t quality

M easurem ents o f over 100 contam inants, including over 25 
polynuclear arom atic hydrocarbons, 22  polycyclic biphenyl 
congeners (PC B s), total PC Bs, over 25 pesticides, and 15 m et­
als, have been taken at each site. O ne to tw o percent o f es­
tuarine sedim ents in  the U nited  S tates show  concentrations of 
contam inants (polycyclic arom atic hydrocarbons, PCBs, pes­
ticides, and m etals) tha t are above E R -M  guidelines (the con­
centration o f  a contam inant associated w ith adverse effects on 
estuarine organism s in the field and laboratory) w hile 10 to 
29%  of sedim ents have contam inant concentrations that exceed 
the ER -L  guidelines (concentration having a low probability 
o f  affecting organism s adversely) (Fig. 5). M ost o f the loca-

S ed im ent Contam ination

Fig. 5. T he d istribu tion  o f  sites w here sedim ent contam inant concen­
trations exceeded 10% value  (ER -L ) and m edian value (ER -M ) guide­
lines [22,23].
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Fig. 6. T he proportion o f estuarine sed im en ts th a t are  enriched by 
an th ropogenic sources.

tions exceeding the ER-M  guidelines are located in the mid- 
A tlantic w hile the G ulf o f M exico coast contains m any lo­
cations w ith exceedances o f  the E R -L  for five or m ore con­
tam inants.

O ne o f the challenges o f assessing the m agnitude o f sed­
im ent contam ination is differentiating contam inants (organics, 
m etals, and pesticides) that may occur naturally  in the earth ’s 
crust from  those that are added from  hum an activities. The 
PC Bs are relatively easy to evaluate since they can only come 
from  hum an activities. Similarly, w ith the exception o f arsen­
ical, cyanide, m icrobial, and botanical pesticides, m ost pes­
ticides also come from hum an activities. H owever, polynuclear 
arom atic hydrocarbons, the above listed pesticides, and m etals 
can and do naturally occur in estuarine sedim ents. T he en­
richm ent of sedim ents due to hum an sources is show n in Figure
6. These m easurem ents show that 40, 45, and 75%  of estuarine 
sedim ents are enriched w ith m etals, PC Bs, and pesticides, re­
spectively, from  human sources.

C hem ical analyses of sedim ents can provide inform ation 
on the concentrations and m ixtures o f potentially  toxic sub­
stances in sedim ent samples. H owever, inform ation gained 
from  these analyses alone provides no direct m easure o f  the 
toxicological significance o f the chem icals. T he A tlantic and 
G ulf C oastal Status and Trends P rogram  and EM A P have been 
conducting surveys o f sedim ent toxicity  throughout the U nited 
S tates since 1981. Over 1,000 locations have been tested using 
A m pelisca  abdita, an amphipod the naturally  occurs in estu­
arine sediments. The EM AP test results show  that 10% of 
sedim ents in the estuaries o f the U nited States are toxic (re­
sulting in significant mortalities) to am phipods exposed to  sed­
im ents for 10 d (Fig. 7).

M ortality is not the only effect that contam inated sedim ents 
can have on benthic organisms. Sublethal effects, including 
reductions in growth, changes in com m unity structure (bio­
diversity), and changes in abundance (reproduction), can occur 
as a result o f exposure to contam inated sedim ents. The EM AP 
benthic indices reflect changes in benthic com m unity diversity 
and the abundances and ratios o f pollu tion-to lerant and pol­
lu tion-sensitive species. Tw enty-tw o percent o f estuarine sed­
im ents are characterized by benthic com m unities that are less 
diverse than expected, are populated by greater than the ex­
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Fig. 7. T h e  d istribu tion  and p roportion  o f  estuarine  sed im ents that 
w ere toxic in A m pelisca  abd ita  b ioassays (contro l-corrected  m orta lity  
>  15%).

pected num ber o f pollu tion-to lerant species, and contain few er 
than expected pollution-sensitive species (Fig. 8). These d if­
ferences appear to result large from  contam inated sedim ents, 
hypoxic conditions, habitat degradation, and eutrophication.

B iotic condition

E stuarine biota are negatively affected in about 34% o f the 
estuarine area o f the U nited States. These effects include in ­
creased abundances o f  plankton, com m unity changes in  ben­
thos, decreased abundances o f fish, increased incidences of 
fish diseases, bioaccum ulation o f  contam inants in fish tissue, 
fish kills, and m arine m am m al m ortalities. Earlier, the results 
o f the N ational O ceanic and A tm ospheric A dm inistration’s E u­
troph ica tion  A ssessm ent [http://state_of_the_coast.noaa.gov/ 
bulletins/htm l/eutro.htm l] show ed that 22%  o f  the A tlantic and
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Fig. 8. T h e  d istribution and p roportion  o f  ben th ic  com m unities in 
degraded condition.
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E co log ica l cond ition  o f  estuaries
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Fig. 9. The distribution and proportion of high concentrations of chlo­
rophyll a (data from [http://state_of_the_coast.noaa.gov/bulletins/htmI/ 
eutro.hmtl]).

Fig. 10. Distribution of sites and proportion of fish examined by tissue 
residues that exceeded guidelines.

G ulf C oasts’ estuarine areas had high concentrations o f  ch lo ­
rophyll a  (Fig. 9) and EM A P has show n tha t 22%  of ben th ic  
com m unities in the A tlantic and G ulf C oasts’ estuaries are  in 
poorer condition  than expected (Fig. 8).

T he frequency and type o f  gross pathologies on fish taken 
in  traw ls in  estuarine w aters are indicators o f  overall condition 
o f fish populations. N early  100,000 fish w ere exam ined from  
U.S. estuaries; only 454  of the fish (0.5% ) had external ab ­
norm alities (Table 5). O f the fish exam ined, bottom -feed ing  
fish (e.g ., catfish) had the h ighest frequency o f  disease. The 
num ber o f  fish w ith m ultip le gross pathologies increased in 
areas w here  the sedim ents contain high levels o f  m ultip le con ­
tam inants.

C ontam inant residues in edible fish tissue are perceived by 
the public  as a negative quality fo r estuarine w aters even if 
the concentrations are w ell below  levels considered safe  for 
consum ption. The E M A P has com piled contam inant levels o f 
pesticides, heavy m etals, and PC Bs fo r several groups o f edible 
fish and shellfish in  estuarine w aters o f  the U nited States. In 
general, contam ination concentrations in  fish are low  w ith  the 
exception  o f  som e heavy m etals (arsenic, chrom ium , m ercury , 
and zinc). Tw enty-six percen t o f  estuarine fish populations 
show elevated  levels o f  contam inants in  their edible tissues 
(Fig. 10). O f these fish, 22%  had elevated levels o f  arsenic in 
the ed ib le  flesh (as organic arseno-betenes that are not toxic 
to hum ans). Thus, only 4%  of exam ined fish have nonarsenical 
toxic com pounds in  significant concentrations in their edib le 
flesh.

Table 5. Proportion of fish examined with external pathologies, by 
province

Number Percent with
Province of fish pathologies

Virginian 13,421 0.4
Carolinian 13,304 0.3
Louisianian and West Indian 64,100 0.7

Total 90,825 0.5

D ISC U S SIO N

Six years o f m onitoring the estuaries along the A tlantic and 
G u lf o f  M exico coastlines have  show n that m onitoring eco­
log ica l indicators o f condition at a regional scale can produce 
in form ation  that is useful to resource m anagers, particularly 
in  iden tify ing  the extent o f observed  problem s. T he probabil­
ity -based  sam pling design and standardized m ethodologies al­
low ed  fo r the collection o f data that can be used in  perform ing 
assessm ents throughout the U nited S tates w ith a quantifiable 
level o f  uncertainty. These surveys represen t the first o f their 
type in  estuarine w aters at la rge  reg ional scales and w ith the 
capability  o f estim ating condition  w ith  a know n level o f  con­
fidence. O ther large-scale m onitoring program s, such as the 
N ational Status and Trends Program  o f  the U .S. N ational O ce­
anic and A tm ospheric A dm inistration, have stations tha t are 
located  throughout the region or nation. These stations are 
fixed and cannot readily  be  used to in tegrate data regionally 
to  assess overall condition. Only by assum ing that these fixed 
sites are  representative o f the overall population can they be 
used to assess overall condition. R arely can this assum ption 
o f  representativeness be supported. M onitoring program s per­
fo rm ed  by individual states (w ith som e exceptions, like Texas 
P ark  and W ildlife’s F ish Survey, A ustin , TX ) are also based 
on  fixed locations selected a priori based on know n condition 
(e.g ., a discharge is located at the site, a bridge traverses the 
estuary  at that point, a buoy exists at this location). Prior to 
EMAP, estuarine regional assessm ents w ould have to bring 
together data collected from  different program s, a t different 
scales, using nonstandardized m ethodologies and attem pt to 
in teg ra te  the inform ation. U sing the E M A P-type probability 
design , changes in status and trends in populations o f estuarine 
resources can be determ ined w ithin and betw een geographical 
regions. W hile this approach was applied at the biogeographic 
reg ion  spatial scale, it is equally useful at national, state, or 
local scales. To address these scales, the design sim ply m ust 
be  adapted  to the chosen scale or adapted, in  a nested fashion, 
to rep resen t m ultiple scales.

T his form  o f re-adaptation o f the E M A P approach to state 
and national scales is the basis for EPA’s Coastal 2000 sam-
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pling program, w hich will assess the condition o f estuarine 
resources w ithin each o f 25 coastal states and Puerto Rico over 
the period of 2000 and 2001. These data from  the 25 states 
w ill be integrated in the first national assessm ent o f estuarine 
condition with know n confidence. C oastal 2000 and its p re­
decessor, EM A P-Estuaries, represent the first attem pt by  a 
large-scale m onitoring program  to incorporate com m on sam ­
pling methods over large geographic areas to estim ate eco­
logical condition on an areal basis. By continuing these m ea­
surem ents, annually or on a fixed schedule (e.g., three to five 
years) through the com ing decades, changes in ecological sta­
tus and trends can be m easured, assessed, and tracked objec­
tively. This inform ation can be used to determ ine w hether the 
environm ental program s and policies o f the U nited States or 
individual states are effectively protecting and/or restoring the 
estuarine environm ent. Conversely, the inform ation can indi­
cate those program s that are not having the desired  effect on 
the environm ent and can be used to m odify, change, or re ­
structure restorative efforts.

M ore research is necessary on the com ponents o f  indices 
and their relationships to ecological conditions and environ­
m ental stressors to assess their stability, accuracy, and validity. 
These m easurem ents, in  com bination w ith the probabilistic 
survey design approach, lie at the core o f regional and national 
assessm ents o f ecological condition. Through the C lean W ater 
A ct Plan, m ultiple federal agencies have designed a m ulti­
agency integrated research and m onitoring program  that w ill 
provide (1) the necessary research to continually  im prove these 
indicators, (2) the assessm ent techniques to better u tilize  them, 
and (3) a m ultispatial and m ultitem poral scale m onitoring pro­
gram  to collect the data for all coastal resources [http:// 
w w w .epa.gov/cw ap]. T he U.S. EPA’s C oastal 2000 Program  
represents the first tier o f this proposed m onitoring plan for 
estuaries. Further developm ent of surveys for beaches, coastal 
w etlands, and near-shore and off-shore coastal w aters are 
called  for in the C lean W ater A ct Plan itinerary.
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