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ABSTRACT: Hypoxia occurs during summer  in the southeastern region o f  Corpus Christi Bay, Texas. The  objectives 
o f  this study were to identify potential  causes o f  recurrent  hypoxic events, to de te rmine  hypoxic effects  on benthic  
macroinfauna,  and to develop models  o f  benthic  response.  Long-term and short- term hydrographic surveys were per- 
formed,  and macroinfaunal  samples were collected f rom normoxic  and hypoxic regions o f  the bay. Hypoxia occur red  
in seven o f  the nine summers  sampled (1988 to 1996). In 1994, the hypoxic event pers is ted for  approximately 3 wk. 
Hypoxic events were associated with water column stratification where the di f ference between bo t tom and surface salinity 
was as high as 7.2%~ and averaged 4.1%~. The  salinity d i f ference  is surprising because water  column stratification is n o t  

expec ted  in shallow (< 4 m), windy (average 18.5 km h i) bays. Stratification did occur- -hypersa l ine  bot tom water in a 
relatively stagnant por t ion  o f  the bay- - in  spite o f  mixing forces (i.e., high winds), giving rise to hypoxia. Benthic biomass 
decreased 12-fold, and abundance  and diversity decreased 5-fold under  hypoxic conditions.  In addit ion,  dominance  
pat terns  shif ted as oxygen levels decl ined f rom 5 mg 02 1 1 to < 1 mg 02 1 L The  polychaete Streblospio benedicti and 
oligochaetes tolerated low oxygen bet ter  than o ther  infauna. Community response  to hypoxic disturbance was fit to a 
nonparametr lc  categorical model  and a parametr ic  logistic model .  Biomass, abundance,  and diversity exhibi ted a lag 
response  at  < 3 mg 1-1, and increased exponentially f rom 3 mg 1 i to 6 mg  I 1. Based on both  models ,  5 mg 1-1 appears  
to de fme  the breakpoint  between normoxic  and hypoxlc benthic  communit ies  in Corpus Christi Bay. This value is higher 
than traditional definitions o f  hypoxia, < 2 mg ! i or  < 2 ml 1 -~ (ca. 2.8 mg 1-1). 

Introduction 

Hypoxia is a common estuarine phenomenon 
and is defined as occurring when dissolved oxygen 
concentration declines below 2 mg Oz 1 i (Dauer 
et al. 1992). The onset of hypoxia has been linked 
with water column stratification, decomposition of 
organic matter (Officer et al. 1984; Pokryfki and 
Randall 1987; Rabalais et al. 1991) and sulfide con- 
ditions (Gunter 1942; Gamenick et al. 1996; Ga- 
menick et al. 1997). Occurrence of hypoxia is wide- 
spread, having been reported in the Chesapeake 
Bay area (Officer et al. 1984; Sanford et al. 1990; 
Cooper and Brush 1991; Kuo et al. 1991; Breitburg 
1992; Pihl et al. 1992; Dauer et al. 1993), Gullmar 
Fjord basin, Sweden (Josefson and Widbom 1988), 
eastern Hiuchi Sound, Japan (Sanukida et al. 
1984), Hillsborough Bay, Florida (Santos and Si- 
mon 1980), the Gulf of Mexico (McKinney and 
Harper 1980; Harper et al. 1981; Pavela et al. 1983; 
Pokryfki and Randall 1987; Rabalais et al. 1991), 
and many other places (summarized in Diaz and 
Rosenberg 1995). Hypoxia is considered a distur- 
bance because few animals are able to tolerate the 
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physiological stress associated with extended ex- 
posure to low oxygen conditions. 

Hypoxia usually occurs in deep waters coinci- 
dent with stratification (Gunter 1942; Officer et al. 
1984; Rabalais et al. 1991; Livingston 1996). Texas 
bays are generally shallow, windy, and well mixed. 
Based on vertical mixing processes, hypoxia would 
not be expected to occur in Texas bays, although 
it has been reported in isolated locales (Gunter 
1942). We know it occurs during summer in Cor- 
pus Christi Bay, Texas (Montagna and Kalke 1992; 
Martin and Montagna 1995), where the water-res- 
idence time is long (ca. 5.5 mo). An estuary with 
a long water-residence time is more likely to de- 
velop hypoxia than an estuary with a similar nutri- 
ent load but a shorter water-residence time (Turn- 
er and Rabalais 1999). Hypoxia in Corpus Christi 
Bay was first noted in summer 1988 (Montagna 
and Kalke 1992) and recurred each summer 
through 1997 (Montagna personal observation). 

The presence of hypoxia in Corpus Christi Bay 
raised two questions: What effect does hypoxia 
have on benthic macroinfauna? and What is caus- 
ing the hypoxia? To answer these questions, we 
conducted long-term and short-term hydrographic 
surveys and a broad-scale spatial survey to deter- 
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Fig. 1. Map of the study area and sampling stations. Biological samples were collected at stations denoted by *. Stations denoted 
by [] art: part of a long-term program. Depth contours (single dashed lines; ft.) are drawn from a navigation chart (United States 
Department of Commerce 1986). Double dashed lines indicate dredged navigation channels. Wide double clash is the Corpus Christi 
Ship Chmmel. Narrow double dash is the Intracoastal Waterway. 

mine the extent of hypoxia. The spatial survey was 
followed by a study of the benthic macrofaunal 
community. 

Materials and M e t h o d s  

STUDY LOCATION 

Corpus Christi Bay is a shallow (-3.2 m; Orlan- 
do et al. 1991), almost enclosed bay with a level 
bottom (Fig. 1; other maps of the region can be 
found in Montagna and Kalke 1992; Martin and 
Montagna 1995). Corpus Christi Bay is microtidal 
and is subjected to strong meteorological forcing 
(Ward 1980). Average monthly wind speeds range 
from 17 km h -1 to 28 km h -1. Wind direction is 
consistently from the southeast between April and 
September  (Port of  Corpus Christi Authori ty 
1993). It receives an average of 74 cm yr 1 of rain- 
fall and 25 m s s -~ inflow (Orlando et al. 1991). The 
average evaporation rate is 151 cm yr 1. South Tex- 
as bays are characterized by broad climate varia- 
tions that ahernate between wet and dry cycles 
(Montagna and Kalke 1995). 

HYDROGRAPHIC SURVEYS 

Two temporal hydrographic surveys were con- 
ducted. The long-term survey sampled two stations 
in Corpus Christi Bay on a quarterly basis from 
October 1987 to December 1997, with a hiatus be- 

tween fall 1988 and spring 1990. These long-term 
stations were also sampled in the short-term survey. 
The short-term survey sampled every 3 wk between 
May 3 and August 26, 1994, at stations 1-12, near 
the hypoxic region identified by Montagna and 
Kalke (1992) and Martin and Montagna (1995) 
(Fig. 1). (The long-term stations D and E in Mon- 
tagna and-Kalke [1992] and Martin and Montagna 
[1995] are short-term stations 10 and 2, respective- 
ly [Fig. 1].) 

The spatial extent of summer hypoxia was de- 
termined in a third hydrographic study conducted 
in July 1996. This study collected data at 46 stations 
in the southeastern portion of Corpus Christi Bay 
(Fig. 1), including the 12 stations of the short-term 
survey. The hydrographic data were collected on a 
finer spatial scale than in the long-term and short- 
term temporal surveys. Stations 1-28 were sampled 
on July 24, 1996, and stations 6, 10, 23, 29-43 were 
sampled �9 on July 25, 1996. In conjunction with the 
biological survey, hydrographic data were collected 
from stations 2, 6, 7, 9, 10, 14, 20, 21, and 33, and 
the additional stations 44, 45, and 46. Hydrograph- 
ic data were collected at the surface and bottom 
(ca. 15 cm above the sediment surface) at each 
station using a Hydrolab 4000. The sonde unit 
measures salinity, (%o), temperature ( -  0.15~ 
dissolved oxygen (-+ 0.2 mg l-l), oxidation reduc- 



tion potential  (+ 0.05 nW), conductivity (+ 0.015- 
1.5 mm hos  cm i depend ing  on range),  dep th  (_+ 
1 m),  and pH  (_  0.1 units). A stratification index, 
o', was calculated as the dif ference between bo t tom 
and surface salinity. The  greater  the ci value, the 
greater  the effective water co lumn stratification. 

Depth  profiles of  dissolved oxygen concentra-  
tions and salinity were used to de te rmine  the ver- 
tical hydrographic  differences between normoxic  
and  hypoxic stations. Stations were designated nor- 
moxic or hypoxic based on average oxygen con- 
cent ra t ion  obta ined  dur ing  1996. 

BIOI,O(;ICA[. EFFECI'S STUDY 

Biological samples were collected f rom 10 of  the 
46 stations (Fig. 1). Benthic  samples and hydro- 
graphic data were collected f rom stations 6, 7, 9, 
20, 21, and 33 on  July 26, 1996, and f rom stations 
2, 10, 14, and 44 on July 30, 1996. As no ted  pre- 
viously, stations 2 and 10 are the same as long-term 
stations D and E in Montagna  and Kalke (1992) 
and Martin and Montagna (1995). Stations with 
low oxygen, arid within the hypoxic region identi- 
fied by previous studies, were designated as hyp- 
oxic. The  o ther  stations were designated as nor- 
moxic.  

Macrofauna were sampled with a 6.7-cm diame- 
ter core tube. The  core was divided into 0-3 cm 
and 3-10 cm sections. Th ree  replicates were taken 
at each station. All replicates were taken remotely  
within a 2 m radius. Macrofauna samples were pre- 
served in 5% buf fe red  formalin,  sor ted using 0.5- 
m m sieves, identified,  and  coun ted  as described in 
Montagna  and  Kalke (1992). To measure biomass, 
sorted samples were dr ied for at least 24 h at 55~ 
and weighed. Mollusks were placed in 2 N HCI for 
1-5 rain to dissolve carbonate  shells, and the sam- 
ple was washed before  drying. 

Sediment  grain size at each station was deter- 
mined  f rom one  6.7-cm diameter  core sediment  
sample. Sediment  samples were sect ioned as for 
the macrofaunal  samples. Percen t  composi t ion by 
weight was measured  for four  sediment  compo-  
nents: rubble,  sand, silt, and clay, using standard 
geologic procedures  as described in Montagna and 
Kalke (1992). 

Total organic carbon  (TOC) of  surface sediment  
was de t e rmined  using a subsample of  the 0-3 cm 
vertical section f rom an additional 6.7-cm diameter  
core. The  sediment  sample was placed in a petri  
dish, weighed wet, dried at 55~ weighed dry for 
porosity estimates, and stored in the oven. After 
drying, the sample was g round  with mor ta r  and  
pestle into fine grains and stored in the oven. Th e  
day pr ior  to C HN analysis, samples were homoge-  
nized, placed in silver boats, and acidified unde r  a 
vent  hood  to dissolve any calcium carbonate.  CHN 
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analysis was conduc ted  according to the dynamic 
flush combust ion m e t h o d  using an Elemental  An- 
alyzer EA1108 coupled  with an autosampler  AS200. 

STATISTICAI, ANALYSIS 

An a posteriori  l inear regression was calculated 
to de te rmine  the significance of  the association be- 
tween hypoxia and  water co lumn stratification, as 
def ined by the stratification index, ~r. Differences 
in biomass, abundance ,  and diversity between nor- 
moxic and hypoxic benthic  communi t ies  were de- 
t e rmined  with two-way nested A_NOVA using SAS 
software (SAS Institute Inc. 1985). T h e r e  were two 
treatments  (hypoxic and normoxic ) ,  five stations 
within treatments,  and three  replicates per  station. 
The  residuals of  abundance  and biomass were nor- 
mally distributed. Two measures of  diversity were 
used: NO and N1. Th e  most  fundamenta l  measure 
of  diversity is NO, the total n u m b e r  of  species pres- 
ent  in a sample. NO does not  account  for  variability 
among  species abundances ,  which is assessed by 
Shannon ' s  Index (H')  and Hill's N u m b er  (N1). 
The  Shannon  index  (H')  measures the probabili ty 
of  predict ing the species of  an organism drawn 
randomly f rom a collection of  S species and n or- 
ganisms (Ludwig and  Reynolds 1988). Hill 's Num- 
ber (N1), the exponent ia l  form of  the Shannon  
Index,  estimates the n u m b e r  of  abundan t  species 
in a sample (Ludwig and Reynolds 1988). The  in- 
dices were calculated as follows. 

H'  = ~2 (piln pi), where 

p ,  = n i / n  , where  

n, = abundance  of  species i, and 

n = total abundance  

N1 = elI'. 

Principal componen t s  analysis (PCA) was per- 
fo rmed  on benthic  species composi t ion to deter- 
mine communi ty  relationships among  stations. 
The  PCA was conduc ted  using SAS software (SAS 
Institute Inc. 1985) on the covariance matrix of  
data s tandardized to a normal  distribution. Th ree  
factors were re ta ined and species loadings were cal- 
culated for each of  these factors. Differences in 
percent  sand and TOC between hypoxic and nor- 
moxic stations were tested using a Student  T-test. 

BENTHIC RFSPONSE MODELS 

Macrobenthic  response to hypoxia was analyzed 
using two models; one  was nonparamet r i c  and the 
o ther  was parametric .  In the nonparamet r i c  mod- 
el, biological effects were analyzed by categories o f  
hypoxic intensity. We assumed that disturbance in- 
tensity is def ined as increasing as the concentra-  
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t ion of  dissolved oxygen decreases. We def ined six 
intensity levels, one  for each in teger  unit  of  dis- 
solved oxygen between 0 mg 1 -] and 6 mg 1 ~. Com- 
munity and envi ronmenta l  data were averaged for 
each category. No data were available for  the cat- 
egories of  3-4  mg 1-1 and 0-1 mg l ] 

A paramctr ic  logistic model  was used to describe 
how estuarine benthic  communi t ies  respond  to de- 
clining oxygen concentrat ions.  The  logistic model  
was chosen because it p roduces  a facultative re- 
sponse curve. The  use o f  the logistic model  as- 
sumes a lag per iod  of  litde or no  benthic  response,  
an exponent ia l  recovery phase where the com- 
munity is responding  to changes in dissolved oxy- 
gen concentrat ions,  and  a max imum phase where 
the  c o m m u n i t y  cha rac te r i s t i c s  m o d e l e d  have 
reached  a carrying capacity. 

The  logistic model ,  used to describe popula t ion 
growth, is appropr ia te  for  the predict ion of  com- 
munity recovery. In this application, the lag phase 
is the range where there  is no  communi ty  response 
to increasing oxygen concentrat ions.  The  expo- 
nential  growth phase is a funct ion o f  organismal 
and popula t ion  growth, recrui tment ,  and immigra- 
tion. The  max imum phase represents  popula t ion  
or  communi ty  carrying capacity as in logistic 
growth. 

The  logistic model  was used only in the forward 
direct ion to predic t  popula t ion  growth. It is no t  
certain that  the logistic model  can be used to pre- 
dict macrobenth ic  change  due  to declining oxygen 
concentrat ions,  which is in the backward direction. 
We propose  its use to de te rmine  a lethal effect 
range represen ted  by the lag phase. The  lethal ef- 
fect  range is a funct ion of  organism mortali ty aris- 
ing f rom asphyxiation and predat ion.  T h e  logistic 
model  is 

M 
Y =  

(1 + ceC-o.x~) 

where X is the concent ra t ion  of  dissolved oxygen 
and Y is the value of  a benthic  communi ty  char- 
acteristic (i.e., biomass, abundance ,  or  one  of  the 
diversity indices); M is the max imum value for the 
benthic  characteristic; c is a pa ramete r  for  the lag 
phase of  response to increasing oxygen conditions; 
and  a represents  the exponent ia l  recovery rate. 
T h e  pa rame te r  M was constra ined to a max imum 
of  15 for  biomass, 40,000 for abundance ,  25 for NO 
(number  o f  species), and 15 for  Hill's N1. 

Results 

TEMPORM, HYDROGRAPHIC SURVEYS 

Hypoxia occur red  dur ing the long-term survey 
at station 10 every summer  between 1988 and 1997 
with the except ion of  1992 and 1996 (Fig. 2), bu t  
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Fig. 2. Long-term bottom hydrographic variations in Corpus 
Christi Bay station 10, which is station D in Montagna and Kalke 
(1992) and Martin and Montagna (1995). 

it never  occur red  at station 2. Dissolved oxygen 
concentra t ions  at the bo t tom were low when bot- 
tom salinity was high. Hypoxia  occur red  only dur- 
ing summer  when water t empera tu re  was highest. 

During the short- term survey in 1994, the hyp- 
oxia lasted 3 wk. Hypoxia  was present  dur ing  the 
per iod  between June  14 and  July 5, 1994. The  hyp- 
oxic area ex tended  about  3 km south f rom station 
10 bu t  in no  o ther  direction. Again, an association 
was found  between hypoxia and high salinity bot- 
tom water. 

SPATIAL HYDROGRAPHIC SURVEY 

Surprisingly, station 10 was no t  hypoxic dur ing  
the 1996 spatial hydrographic  survey; however, 
hypoxia was found  south of  station 10 in a trian- 
gular region in southeast  Corpus Christi Bay. Bot- 
tom dissolved oxygen concentra t ions  below 3 mg 
l-~ were found  at 14 stations, seven of  which were 
below 2 mg 1-L Dissolved oxygen concentra t ions  
varied daily for  those stations (n = 11) resampled 
dur ing  the spatial hydrographic  and biological 
sampling in 1996. Changes in dissolved oxygen 
ranged  f rom 0,01 mg l 1 to 3.06 mg 1 1 over peri- 
ods ranging f rom 2 d to 6 d. For example,  dis- 
solved oxygen at station 21 was 2.03 mg 1 ] on  July 
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Fig. 3. Representative vertical profiles of stratification at the 
normoxic station 6 and thc hypoxic station 22 in Fig. 1. 

24, 1996, 3.75 m g  1 i on  July 26, 1996, and  0.44 on  
July 30, 1996. 

T h e  p resence  of  hypoxia  was associated with 
high b o t t o m  salinity and  water  co lumn  stratifica- 
tion (Figs. 3 and  4). T e m p e r a t u r e  was constant  
t h r o u g h o u t  the water  co lumn (29.6-29.7~ for  
normoxic ;  29.8-30.0~ for  hypoxic) ,  indicat ing wa- 
ter  mass di f ferences  were be ing  inf luenced  by sa- 
linity differences  (Fig. 3). Salinity differences  are 
p robab ly  due  to the influx of  saline water  of  the 
same t empera tu re .  The  halocl ine for  bo th  profiles 
was at a dep th  o f  ca. 2 m. Salinity o f  surface waters 
at bo th  stations was similar; however, di f ferences  
were found  with regard  to the b o t t o m  water  mass. 
The  stratification index,  (y, at the no rmox ic  station 
was ca. - 2 % o ,  indicat ing b o t t o m  water  less saline 
than  the surface, which could occur  due  to evap- 
orat ion,  the lack of  vertical mixing forces, a n d / o r  
t ranspor t  o f  less saline (ca. 34%0) oceanic  water  
f rom the navigation channels.  This pa t t e rn  is re- 
versed at the hypoxic station, where  (y was ca. 5%o. 
The  ne t  d i f ference  be tween no rmox ic  and  hypoxic 
b o t t o m  salinities was 8%o (Fig. 3). 

A significant (0t = 0.0001) inverse corre la t ion 
was found  between dissolved oxygen and  ty for  all 
stations in the 1996 spatial hydrograph ic  survey 

Hypoxia in a Texas Bay 11 

A ,r 
I D 
13) 
E 

v 
E 

O 
"O 
(D 
_> 
O 
I/) 

E3 

e46 
~28,12,44,13 
�9 1 2 

5~tI'4,16,15,27diI le40 
e = ~ =  10 �9 7 e38 e31 

3 3 ~ ~ .  e3 e45e20 7 -33 

e39 =26 =2~ 9 "-,.. e30 
2 

e23e 8 e24 "" 

e14 

0 2 4 6 8 

o (o/oo) 

Fig. 4. Correlation between dissolved oxygen and water col- 
umn stratification during 1996 spatial hydrographic survey as 
indexed by a (R 2 = 0.49 and a = 0.0001). Symbols as in Fig. 1. 

(Fig. 4). T h e  rela t ionship be tween ~r and  dissolved 
oxygen concen t ra t ion  (DO) is descr ibed by the re- 
gression DO - 4.69 • or - 0.44 (R 2 = 0.49). Sta- 
t ion o" values r anged  f r o m  -0 .1%o to 7.2%o. A dis- 
t inct region traversing the Corpus  Christi Ship 
Channe l  exhibi ted the greatest  stratification (Fig. 
5). Stations 24, 30, 33, and  37 had  or > 6. The  or 
value of  su r round ing  stations (8, 9, 21, 23, 31, and  
32) r anged  be tween 4 and  6. Based on all hydro- 
graphic  data, three  regions of  Corpus  Christi Bay 
were identified with s u m m e r  hypoxia  (Fig. 6). The  
sou the rnmos t  co rne r  of  the bay is chronically hyp- 
oxic dur ing  the summer .  

BENTHIC RESPONSES 

C o m m u n i t y  characteristics were different  be- 
tween hypoxic and  no rmox ic  stations, indicat ing 
benthic  effects due  to hypoxia  (Table 1). Diversity, 
measu red  by NO and  N1, was significantly lower (0t 
= 0.0001) for  hypoxic stations than  no rmox ic  sta- 
tions. A b u n d a n c e  and  biomass were also signifi- 
candy lower (a = 0.007 and  0t = 0.0001, respec- 
tively) at hypoxic than no rmox ic  stations. I t  is un- 
likely that  t r ea tmen t  differences  were due  to sub- 
strate heterogenei ty,  because sand con ten t  was the 
same at hypoxic and  no rmox ic  stations (a = 0.05). 
T r e a t m e n t  differences may be related to significant 
differences of  T O C  concent ra t ion  (c~ = 0.004). 

On  average, no rmox ic  stations had  twice as 
m u c h  dissolved oxygen as hypoxic stations (Table 
1). The  absence of  no rma l  oxygen levels at hypoxic 
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stations inf luenced  sed iment  productivity, as indi- 
cated by a biomass  s tanding stock twelvefold less 
than  no rmox ic  stations. Benthic  effects at hypoxic 
stations are fu r the r  ev idenced by the fivefold de- 

crease in a b u n d a n c e  and  diversity as c o m p a r e d  
with no rmox ic  stations. 

Communi ty  s t ructure  of  hypoxic stations was sig- 
nificantly di f ferent  f rom that  o f  no rmox ic  stations 
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TABLE 1. Community and bottom environmental  characteristics of each station. Salinity and dissolved oxygen (DO) values represent  
averages over a 6<1 period in July 1996. Biomass, density, and diversity are averages of  three replicates taken on one day. 

Diversity 

Bioma-ss Density No. Species No. Dominant DO TOC Salinity Sediment 
Staticm (g m ~) (no. m ~) (0.02 ra-~) Species (N2) (rag I ') (wt. %) (%0) (% sand) 

2 6.151 21,651 20 8.4 5.03 0.96 39.4 72.8 
6 6.504 13,047 20 12.1 4.12 0.70 40.7 4.6 
7 0.096 1,324 4 3.2 4.41 0.56 41.9 2.6 

10 0.006 662 1 1.0 4.37 0.60 41.3 69.3 
44 9.125 22,691 20 10.5 5.52 0.84 38.1 71.5 
Normoxic average 4.376 11,875 13 7.0 4.69 0.73 40.3 44.2 

9 0.343 3,782 4 2.2 2.00 1.16 45.9 84.7 
14 0.006 189 1 1.0 1.04 1.19 44.2 82.0 
20 0.674 3,498 4 1.7 2.69 0.88 42.0 1.5 
21 0.144 4,538 2 1.1 2.07 1.25 45.7 40.2 
33 0.512 756 2 1.5 2.79 1.17 48.8 11.2 
Hypoxic average 0.343 2,553 2.6 1.5 2.12 1.13 45.3 43.9 

as indicated by PCA. Three factors were required 
to differentiate between normoxic and hypoxic sta- 
tions (Fig. 7). One  normoxic station (10) was 
grouped with hypoxic stations because it was 
known to have been hypoxic 2 wk prior to the 
study, as well as having a history of hypoxia (Fig. 
2). Stations 10, 20, 21, and 33 were closely associ- 
ated and  shared negative PCA factor 3 values with 
stations 9 and 14 (Fig. 7). The normoxic  stations 
appeared to be less closely associated but  were dis- 
tinctly separated along the positive axis for PCA 
factor 3. 

Different species were responsible for tile trends 
in each of  the factors (Fig. 8). Factor I represented 
the presence of  Streblospio benedicti (SB) as a dom- 
inant  organism at most stations. Factor 2 repre- 
sented the presence of  oligochaetes (OL), Medi- 
omastus ambiseta (MA), Paleanotus heteroseta (PH), 
and  Polydora caulleryi (PC) and the absence of  Stre- 
blospio benedicti (SB). Factor 3 represented the ab- 
sence of  oligochaetes (OL) and the presence of  
Polydora caulleryi (PC), Tharyx setigera (TS), and Me- 
diomastus ambiseta (MA), and was the principal axis 
that separated hypoxic from normoxic stations. 
Negative values of factor 3 were due to the pres- 
ence of  Streblospio benedicti (SB), oligochaetes (OI,), 
and Haploscoloplosfragilis (HF) that dominated  hyp- 
oxic stations. 

Most stations were dominated  by deposit feeders 
(Tables 2 and 3). The only exceptions were stations 
9 and 14, which were dominated  by oligochaetes 
(omniw)rous scavengers). Streblospio benedicti dom- 
inated three hypoxic stations (20, 21, and 33) and 
station 10. Mediomastus ambiseta dominated  two 
normoxic  stations (6 and 7). 

Biological responses appeared to be a function 
of  oxygen concentrat ion categories (Table 4). Dis- 
solved oxygen concentrat ions were divided into six 
declining categories at 1 mg 1-2 intervals to rep- 
resent hypo• intensity increases. Based on this 

categorical model,  biomass, density and diversity 
declined, and shifts in communi ty  dominance  oc- 
curred with increasing hypoxic intensity (Table 4). 
Biomass declined 2.3-fold between intensity levels 
1 and 2, 18.2-fold between levels 1 and 4, and 764- 
fold between levels 1 and 5. Animal abundance  de- 
clined 3.1-fold between levels 1 and 2, 7.1-fold be- 
tween levels 1 and 4, and 117.3-fold between levels 
1 and 5. The number  of  species present  declined 
1.7-fold from level 1 to 2, 6.7-fold from level 1 to 
4, and 20-fold from level 1 to 5. Dominance pat- 
terns shifted as dissolved oxygen levels declined 
from 5 mg 1-2 (Table 4). At intensity level 1, Poly- 
dora caulleryi and Tharyx setigera were codominant .  
Level 2 was dominated  by Mediomastus ambiseta and 
level 4 was dominated  by Streblospio benedicti, both 
of  which are considered opportunistic species 
(Ranaisinghe et al. 1994). Level 5 was domina ted  
by oligochaetes. Patterns of  shifting dominance  
may indicate sequential success of  species more tol- 
erant  of  lower oxygen concentrat ion ranges or op- 
portunistically taking advantage of  increased sedi- 
ment  TOC. 

The trend in the categorical model is roughly an 
exponential  decline in biomass, density, and diver- 
sity with increasing hypoxic disturbance intensity. 
A quantitative model,  however, requires additional 
parameters to explain lags or delays in recovery or 
mortality, and maximum values of  benthic char- 
acteristics. These parameters are typical of  a logis- 
tic model. Hence,  a logistic model  was fit to each 
community  characteristic to quantify the function- 
al response of  benthic communit ies  to oxygen con- 
centration changes (Table 5 and Fig. 9). For each 
communi ty  characteristic, a lag period was present  
at dissolved oxygen levels less than 3 mg 1 2 (was 
represented by the parameter  a in the parametric 
regression model) (Table 5). The lag period was 
followed by an exponential  populat ion growth or 
recrui tment  phase. The growth parameter  (c) for 
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Fig. 7. Principal componen t s  analysis o f  benthic  species at 
stations in the study area based on a) Factors I and 3, and b) 
Factors 2 and 3. The  identifier numbers  for each point  corre- 
spond  to the station in Fig. 1. * indicates a hypoxic station. ** 
indicates a normoxic  station known to have been hypoxic pre- 
viously. 

each model was of different duration and slope. 
The final parameter of the logistic model was the 
carrying capacity (M). Biomass and density models 
did not reach their maximum carrying capacity 
over the range of data available. The two diversity 
indices either reached capacity or approached ca- 
pacity. 

r 
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OL 

SB 
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Fig. 8. Principal componen t s  analysis o f  species within the 
study area based on a) Factors 1 and 3, and b) Factors 2 and 3. 
The following codes are used in the figure: Oligochaeta (OI,), 
Streblospio benedicti (SB), Mediomastus ambiseta (MA), Paleanotus 
heteroseta (PH), Polydora caulle~'i (PC), Tharyx setigera (TS), Hap- 
loscol~plosfragilis (HF), and 14 i-are species (RARE). 

Discuss ion  

Hypoxia has traditionally been defined as dis- 
solved oxygen concentrations < 2 mg 1-1 (Rosen- 
berg 1980). In the present study, 3 mg I x is a more 
appropriate  definit ion of hypoxia for Corpus 
Christi Bay (Table 4 and Fig. 9). Hypoxia occurs 
annually in Corpus Christi Bay during the summer 
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TABLE 2. Feeding mode, tropic group, and stations present for key species identified in principal component analysis. C = Carnivore, 
D = Deposit, F = Filter, H =: Herbivore, O = Omnivore, SV = Scavenger, S = Suspension Feeder, SD = Surface Deposit, SSD = 
Subsurface Deposit (* = hypothetical assignment). 

Feeding Trophic Source of Trophic Stations 
Species Name Mode Group Information Present 

Streblospio benedicti S/SD F 
Oligochaetes SV O 
Paleanotus heteroseta C* O* 
Polydora caulleryi S/SD F 
Tharyx setigera SD D 
Mediomastus ambiseta SSD D 
l-laploscoloplos fragiIis S/SD. D 
Sigambra tentaculata C* O* 
Branchioasychis americana SSD D 
Phascolion strombi C 0 
Tnrbellaria C O 
Ceratonereis irritabilis (] 0 
Pista palmata SD D 
Ampelisca verrilli SV O 
Ancistrosyllis groenlandica C* O* 
Pilargidae (unidentified) C* O* 
Schistomeringos sp. A C O 
Sphaerosfllis sp. A SD D 
Caecum. johr~wni SD D 
Naineris sp. A SSD D 
Mabngreniella taylori C* O* 
Aricidea cf. fragilis SSD D 

Mannino 1994 6, 7, 9, 10, 20, 21, 33, 44 
Mannino 1994 2, 6, 9, 14, 44 
Fauchald and Jumars 1979 2, 6, 44 
Mannino 1994 2, 6, 44 
Mannino 1994 2, 6, 9, 44 
Mannino 1994 2, 6, 7, 20, 44 
Fauchald andJumars 1979 20, 33 
Fauchald and Jumars 1979 2 
Fauchald and Jumars 1979 2, 44 
Stephen and Edmonds 1972 2, 44 
Ruppert and Barnes 1994 2 
Kalke personal communication 44 
Fauchald andJumars 1979 44 
Kalke personal communication 44 
Fauchald andJumars 1979 44 
Fauchald and Jnmars 1979 44 
Fauchald and Jumars 1979 44 
Mannino 1994 44 
Kalke personal communication 44 
Fauchald and Jumars 1979 44 
Kalke personal communication 44 
Kalke personal communication 6 

months  o f  July and August. The  recurrence of  hyp- 
oxia in summer is probably related to high salinity, 
which promotes  water co lumn stratification that 
isolates bot tom water from the surface. During 
summer, respiration is at maximal rates due to 
high temperatures, promot ing  the consumpt ion  of  
a greater amount  of  oxygen than in other seasons. 
In addition,  the greater sediment  TOC found at 

hypoxic stations may increase microbial respira- 
tion, thereby hastening deplet ion of  oxygen.  

The hypoxic area can shift over a period of  a few 
days. For example,  station 10 was hypoxic 2 wk pri- 
or to the spatial hydrographic survey in 1996 and 
in previous summers (Fig. 2); however, station 10 
was normoxic  at the time of  the spatial and bio- 
logical studies. Another  example of  a shift is station 

TABLE 3. Species dominant at each station. Abundance (no. m -~) and percent total abundance are in parentheses. 

Stations 1st Dominant 2nd Dominant 3rd Dominant 

2 Polydora cauUeryi Mediomastus ambiseta Tharyx setigera 
(6,429, 30%) (3,876, 18%) (2,742, 13%) 

6 Mediomastus ambiseta Paleanotus heteroseta Polydora caulleryi 
(3,025, 23%) (2,742, 21%) (1,324, 10%) 

7 Mediomastus ambiseta Streblospio benedicti Glycinde solitaria 
(662, 50%) (378, 29%) (189, 14%) 

I0 Streblospio benedicti NA NA 
(662, 100%) 

44 Tharyx setigera Mediomct~tus ambiseta Oligochaetes 
(4,066, 18%) (3,687, 16%) (2,742, 12%) 

9 Oligochaeta Streblospio benedicti Laeonereis culveri 
(2,836, 75%) (567, 15%) (284, 8%) 

14 Oligochaeta NA NA 
(189, 100%) 

20 Streblospio benedicti Mediomastus ambiseta Megalops 
(3,025, 86%) (189, 5%) (189, 5%) 

21 Streblospio benedicti Nemertea NA 
(4,444, 98%) (95, 2%) 

33 Streblospio benedicti Haploscoloplos fragilis NA 
(662, 88%) (95, 12%) 
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TABI.E 4. Community response u) different hypoxia intensity 
categories. Hypoxic categories are based on the average envi- 
ronmental and community characteristics of stations falling 
within each category. DO = dissolved oxygen. 

No. No. 
Hypoxia Species Dominant  
Intensity DO Biomass Del)sity (0.01 Species Dominant  
Category (mg 1 t) (g m ~) (no. m -'e) m .2) (N]) Species 

1 >5 7.64 22,171 20 9.45 Codominance 
2 4-5 3.30 7186 12 7.65 M e d i o m a s t u s  

a m b i . w t a  

3 3 - 4  - -  - -  - -  

4 2-3 0.42 3144 3 1.63 Streb losp io  

b e n e d i c t i  

5 1-2 0.01 189 1 1 Oligochaeta 
6 0-1 - -  - -  - -  

20, w h e r e  d i s s o l v e d  o x y g e n  c o n c e n t r a t i o n  de-  
c reased  f r o m  4.01 m g  1 1 to 1.36 m g  1-1 in  2 d. 

Several  ~tctors may  be r e l a t ed  to shi f t ing  of  the  
areal  e x t e n t  o f  the  hypoxic  area. H o r i z o n t a l  advec- 
t ion  a n d  m o v e m e n t  of  water  masses may  a c c o u n t  

TABLE 5. Estimated parameters for parametric logistic models 
of community response to dissolved oxygen concentrations. 

Community Characteristic M a c K-' SE 

Biomas,s t5 1.76 11,754.73 0.69 2.27 
Abundance 29,291 2.49 183,418.45 0.76 5,573.86 
Number of species 25 1.09 150.55 0.55 6.53 
IIill 'snumber 15 0.83 56.70 0.51 3.45 

fo r  c h a n g i n g  d i s so lved  o x y g e n  c o n c e n t r a t i o n s .  
C h a n g e s  in  r e sp i r a t i on  rates a n d  oxygen  u t i l i za t ion  
or  pho tosyn thes i s  tha t  p r o d u c e s  dissolved oxygen  
can  also a l ter  the  e q u i l i b r i u m  be t w e e n  a m b i e n t  air  
a n d  water  oxygen c o n c e n t r a t i o n s .  

T h e  areal  e x t e n t  o f  the  hy-poxic z o n e  was la rger  
a n d  m o r e  pervasive t h a n  previous ly  t h o u g h t  (Fig. 
6). D u r i n g  study des ign ,  hypoxia  was t h o u g h t  to 
occu r  on ly  at s ta t ion  10 ( M o n t a g n a  a n d  Kalke 
1992) b u t  was d iscovered  to e x t e n d  ~ 6 . 7  kill west- 
ward  d u r i n g  the  1996 spatial  study. C h r o n i c  hyp- 
oxia  was f o u n d  in  the  sou theas t  c o r n e r  of  C o r p u s  

E 

E .o_ 

10 25000 

20000 

15000 

'~ 10000 
E3 

5000 

,, �9 

2 3 4 

Dissolved Oxygen (mg*1-1) 

.5 2 3 4 5 

Dissolved Oxygen (mg*1-1) 

25 14 

E 20 

s 
d 
ca 15 
(D 

~'J 10 

..Q 
E 5 
-i 

z 

1 

12 

10 

r, 8 

~ 6 

4 

2 

0 

�9 j �9 

2 3 4 5 1 2 3 4 5 

Dissolved Oxygen (mg*F 1 ) Dissolved Oxygen (mg*t -1) 

Fig. 9. Mathematical logistic models describing how dissolved oxygen concentrations influence characteristics of benthic com- 
munities: bioina~s, density, nmnber of species, and Hill's Number. Model parameters as in Table 5. 



Christi Bay (Fig. 6). In addition, two regions were 
identified as being intermittently hypoxic (Fig. 6): 
one extending west and the other north from the 
chronically hypoxic region. 

The contribution of water column stratification 
and the decomposition of organic matter to the 
onset and persistence of hypoxia is well established 
(Boesch and Rabalais 11991; Rabalais et al. 1991; 
Justi~ et al. 1995; Wiseman et al. 1997; Rabalais et 
al. 1998). In the present study, southeast Corpus 
Christi Bay is stratified (Fig. 5), a relationship exists 
between low dissolved oxygen concentrations and 
water column stratification (Fig. 4), and the region 
stratified is also the hypoxic region (Fig. 6). 

Water column stratification is unexpected in 
Corpus Christi Bay. The shallowness of the bay and 
lack of bottom depressions lead one to expect that 
it is well mixed (Armstrong 1987). Nevertheless, 
stratification has been demonstrated in the hyp- 
oxic region of Corpus Christi Bay, where average 
rr is 4.1%o and can be as high as 7.2%0. The evi- 
dence of water column stratification in Corpus 
Christi Bay raises two questions: 1) Why isn't the 
water column mixed? and 2) Where is the high 
salinity bottom water coming from? 

The general distribution of the high salinity bot- 
tom water mass indicates that it may be derived 
from hypersaline Laguna Madre water that is ei- 
ther pumped as cooling water by a power plant 
into Oso Bay to the west, or enters via the Intra- 
coastal Waterway from the south. Surface evapo- 
ration, however, probably contributes to bottom 
hypersalinity and stratification to a greater extent 
than intrusion of Laguna Madre water (G. Ward 
personal comnmnication). Evaporation is indicat- 
ed by the inverse salinity profiles at normoxic sta- 
tions (Fig. 3). The southeast corner of Corpus 
Christi Bay exhibits the least water movement of 
the entire bay (G. Ward personal communication) 
and is relatively stagnant (Powell et al. 1997). This 
part of the bay is in the lee of a barrier island, 
which inhibits wind forcing during the summel, 
and is, thus, subject to stagnation. Low circulation 
may also be related to low tidal forcing (G. Ward 
personal communication). In addition, the Corpus 
Christi Ship Channel has altered circulation such 
that flow vectors in the hypoxic region are the low- 
est in the entire bay system (PoweU et al. 1997). 
The lack of mixing in conjunction with high evap- 
oration leads to higher bottom-water salinity and 
stratification. This observation is supported by Liv- 
ingston's (1996) study linking hypoxia in Apalach- 
icola Bay with salinity and circulation alterations 
associated with the presence of artificial channels. 

Although the hypoxic region is remote from po- 
tential nutrient sources (e.g., river inflow, sewage 
outfalls, or agriculture), organic matter enrich- 
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ment may also play a role in hypoxia. The long 
water-residence time (ca. 5.5 mo) and microbial 
activity may promote the onset and persistence of 
hypoxia. Stagnation in the hypoxic area (Powell et 
al. 1997) may lead to higher organic matter de- 
position rates than the normoxic area. Sediment 
TOC values at hypoxic stations are on average 
54.8% higher than at normoxic stations. Biomass 
at hypoxic stations is 96% less than normoxic bio- 
mass, so TOC increases cannot be accounted for 
by increased benthic biomass. The average 54.8% 
increase in TOC at hypoxic stations is concordant 
with an average 54.8% decrease in dissolved oxy- 
gen concentrations and an average 52.2% decrease 
in percent saturation of oxygen at hypoxic stations. 
The difference between TOC averages at hypoxic 
and normoxic stations is only 0.4 wt %, and may 
be accounted for by instrument error (+_ 10% of 
TOC value, or ca. 0.1 wt % in this case; E. Ingall, 
personal communication), differential rates of in- 
organic sedimentation, and /o r  natural variation in 
sediment composition. Greater TOC values in hyp- 
oxic stations indicate greater heterotrophic poten- 
tial, but the amount of labile TOC is not known, 
so the relative role of organic matter in the onset 
and persistence of hypoxia is hypothetical. 

Reduced macrobenthic community diversity and 
biomass as a result of hypoxia is consistent with 
findings by Dauer et al. (1992, 1993) in Chesa- 
peake Bay. In the present study, macroinfaunal bio- 
mass was reduced by more than an order of mag- 
nitude under hypoxic conditions (< 3 mg 1-1). 
Species abundance was also significantly lowered 
under hypoxic conditions. The loss of diversity ap- 
peared to be related to the loss of carnivorous om- 
nivores that were present at normoxic stations (Ta- 
ble 2). 

Streblospio benedicti and oligochaetes may be more 
tolerant of oxygen stress than other organisms and 
thus indicators of hypoxia. Streblospio benedicti was 
present at all stations except 2 and 14, but it dom- 
inated only in hypoxic stations 20, 21, and 33, as 
well as the previously hypoxic station 10. The other 
two hypoxic stations (stations 9 and 14) had the 
lowest average dissolved oxygen concentrations 
and were dominated by oligochaetes. Streblospio be- 
nedicti and oligochaetes are considered opportu- 
nistic species because they have r-selected life his- 
tory traits (e.g., rapidly colonize recently disturbed 
niche space) (Dauer et al. 1992). As opportunists, 
they may be more capable than other species of 
taking advantage of the greater concentrations of 
TOC found at hypoxic stations. It is unlikely they 
are pioneering into newly defaunated territory be- 
cause hypoxic disturbance is still occurring and 
abundance is low. It is more likely they are the re- 
mainder of the macrobenthic community better 
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adapted to tolerate low oxygen conditions.  Even 
the normoxic  communi ty  appears to be a stressed 
community.  This may be due to hypersalinity or to 
previous hypoxic disturbance.  

Benthic animals vary in ability to tolerate low ox- 
ygen levels. For example,  certain bivalves and echi- 
node rms  can tolerate dissolved oxygen levels rang- 
ing f rom 0.5 mg 1-1 to 1.0 mg 1-1 for a per iod  of  a 
few days to weeks (Rosenberg et al. 1991). Streblos- 
pio benedicti tolerates hypoxic condit ions for  a pe- 
r iod of  2 wk without  mortali ty but  dies within 55 h 
unde r  anoxic condit ions in the laboratory (Llans6 
1991). The  crustaceans Crangon crangon and Car- 
dnus maenas can tolerate oxygen deplet ion for  only 
0.2-2 d whereas the lamell ibranchs Cardium edule 
and Mya arenaria can persist for  2-7  d (J0rgensen 
1980). The  ability to withstand hypoxic condit ions 
is related to a species' physiological response to 
changing envi ronmenta l  conditions.  For  example,  
Capitella species 1 responds to hypoxia by reducing  
growth rates (Forbes et al. 1994). 

Some macroinfaunal  organisms exhibit  a behav- 
ioral response to hypoxic conditions.  For example,  
the ophiuro id  Amphiurafiliformis leaves the protec- 
tion of  sediment  when oxygen levels decline to 
0.85 mg I 1 (Rosenberg et al. 1991). The  threshold 
for behavioral  response varies for  different  animals 
(Rosenberg et al. 1991). Many infauna move to- 
ward the sediment  surface with onset  of  hypoxic 
condit ions (Rosenberg et  al. 1991). For example,  
ophiuroids  emerged  f rom the sediment  as oxygen 
levels d r o p p e d  below 1 mg 1 x (Rosenberg et al. 
1991). Emergence  of  infauna dur ing  hypoxia can 
have serious consequences  for the community.  Un- 
der  hypoxic condit ions,  guts of  p reda tor  species 
contain a greater  p ropor t ion  of  deep  burrowing 
prey than dur ing  no rmoxic  condit ions (Pihl et al. 
1992). Thus,  sublethal effects of  hypoxia  may tem- 
porarily alter the energy flow of  the ecosystem 
(Pihl et al. 1992). 

Benthic effects of  hypersalinity and hypoxia are 
potentially confounded .  It is difficult to part i t ion 
benthic  effects arising f rom multiple stressors (e.g., 
pollution,  hypoxia, and  salinity variations). Bot tom 
water at each station sampled was hypersaline (be- 
tween 35%0 and 50%0)..Average bo t tom salinity at 
hypoxic stations was 44.8%0, only 4.4%0 greater  
than the 40.4%o average salinity of  normoxic  sta- 
tions. Macrobenthic  response to > 2 mg 1 1 dis- 
solved oxygen may be related to hypersalinity, and 
hypoxia  and hypersalinity may have synergistic 
benthic  effects. 

DEFININC, HVPOXL~ 

The  most  c o m m o n  defini t ion for hypoxia is < 2 
mg 1 I (Pavela et al. 1983; Pokryfki and Randall 
1987; I,lans6 1991; Dauer  et al. 1992; Pihl et al. 

1992; Rabalais et al. 1994; National Oceanic  and 
Atmospher ic  Administrat ion 1997). O the r  com- 
m o n  definit ions are < 2 p p m  Oz (Harper  et al. 
1981; Sanukida et al. 1984; Dauer  et al. 1993) and 
< 2 ml 02 1-1 (Josephson and Widbom 1988; Ro- 
senberg et al. 1991; Tyson and Pearson 1991; Diaz 
and Rosenberg 1995). At 20%0 salinity, 25~ and 
1 a tmosphere  pressure, a dissolved oxygen concen-  
tration of  I p p m  = 0.7 ml 1-1 = 1 mg 1-1 = 32 IxM 
= 62.5 ~g at 1 i = 3% 02 by volume = 14% satu- 
rat ion (Diaz et al. 1992). Th e  t rend  p roduced  in 
the quantitative communi ty  models  (Fig. 9) indi- 
cates that macrobenth ic  response may begin at ox- 
ygen levels as high as 4-5 mg 1-1 and is consistent 
with the National Oceanic  and Atmospher ic  Ad- 
ministration (1997) defini t ion of  oxygen-related bi- 
ological stress condit ions (2-5 mg 1-1). The  rate of  
communi ty  response to declining oxygen begins to 
approach  zero at oxygen concentra t ions  of  roughly 
3 mg 1-1, indicating this value may be a more  ap- 
propr ia te  definit ion of  hypoxia for  an estuarine hy- 
persaline macrobenth ic  communi ty  than 2 mg 1-1. 
A definit ion of  hypoxia as < 3 mg l -a is roughly 
consistent with the < 2 ml 1-1 hypoxia definition. 
Th e  use of  oxygen concentra t ions  expressed in mg 
1-1 (mass volume) is encouraged  for compar ing  
study results, because the mass of  a gas is no t  tem- 
pera ture  or  pressure sensitive as is the volume of  
a gas. 

The  parametr ic  and nonparamet r ic  models  (Fig. 
9 and Table 4, respectively) are specific for  the 
southern  region of  Corpus Christi Bay dur ing  sum- 
mer  and may reflect  physiological and behavioral 
responses, communi ty  recovery (succession), or a 
combinat ion  of  these processes. Movement  of  hyp- 
oxic bo t tom water could temporar i ly  disturb the 
macrobenth ic  community,  with the communi t ies  in 
varying stages of  decline or recovery. The  move- 
m en t  o f  hypoxic water mass could also lead to ben- 
thic communi t ies  receiving different  f requencies  
of  disturbance and result in variable responses of  
the benthic  community.  Hypersalinity could lead 
to an osmotically stressed communi ty  more  suscep- 
tible to low oxygen conditions. 

Th e  nonparamet r ic  and parametr ic  models  are 
hypotheses requir ing fur ther  testing. It would be 
interesting to conduc t  a study to detect  differences 
between intensity levels and increasing hypoxic di~ 
turbance  intensity. Such a study would provide gen- 
eral insight into the inf luence of  disturbance in- 
tensity on communi t ies  while at the same time de- 
fining the inf luence dissolved oxygen plays in ben- 
thic communi ty  succession. Frequency of  hypoxic 
disturbance may inf luence the relative impor tance  
of  predat ion  and asphyxiation, which results in de- 
clines of  biomass, abundance ,  and diversity. 

In Corpus Christi Bay, hypoxic events were as- 



sociated with water column stratification in sum- 
mer. Though  stratification was not  expected in 
shallow, wind-mixed bays, such as Corpus  Christi 
Bay, it was observed where hypersaline bot tom wa- 
ter was present in stagnant, warm conditions. The 
hypersaline bot tom water is probably due to high 
surface evaporation coupled with low circulation in 
the southeast region of  the bay. Another  possible 
source of  high salinity bot tom water is the Laguna 
Madre, which may int rude into the bay via the In- 
tracoastal Waterway or by pumping  of  hypersaline 
cooling water by a local power plant. Hypoxia had 
a significant effect on  the macroinfaunal  commu- 
nity. Communi ty  biomass was reduced by 1200%, 
and abundance  and diversity were reduced by 
500%. Communi ty  dominance  shifted, such that 
Streblospio benedicti was dominan t  at dissolved oxy- 
gen levels of  2-3 mg l-l, and oligochaetes were 
dominan t  at oxygen levels of  1-2 mg 1 -a. Distur- 
bance intensity can be nonparametrically and para- 
metrically modeled  using declining oxygen levels 
as a surrogate for hypoxia intensity. In the intensity 
model,  biomass, density, and diversity dramatically 
declined with oxygen levels, beginning at 5 mg 1 -l. 
At this oxygen level, communi ty  dominance  began 
to shift as well. The rate of  communi ty  response 
declined with declining oxygen concentrat ions in- 
dicating hypoxia should be defined as dissolved ox- 
ygen concentrations,  < 3 mg 1 -~ rather  than 2 mg 
1-1, the traditional definition of  hypoxia. A single 
national water quality standard for dissolved oxy- 
gen may not  be appropriate for all estuarine areas, 
especially where climatic boundaries are crossed. 
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