
The Biosphere: Problems and Solutions, edited by T.N. Vezuoklu 
Elsevier Science Publishers B.V., Amsterdam, 1984 - Printed in The Netherlands 

387 

ESTUARINE MANAGEMENT - THE INTEGRATED PICTURE 
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ABSTRACT 

The management of Gulf c o a s t  e s t u a r i e s  i s  becoming more important every day 
because of "sunbelt" populat ion growth and corresponding increased c o n f l i c t  be- 
tween u s e r  needs and ecosystem h e a l t h .  There i s  a developing awareness among 
both e s t u a r i n e  s c i e n t i s t s  and environmental  managers t h a t  t h e s e  ecosystems do 
not  n e c e s s a r i l y  func t ion  as d i c t a t e d  by h i s t o r i c a l  dogma. Consequently, a 
d e f i n i t e  need exists t o  gene ra t e  e s t u a r i n e  management s t r a t e g i e s  t h a t  focus upon 
i n t e g r a t i o n  of t h e  complex i n t e r a c t i o n s  between b i o l o g i c a l ,  phys i ca l ,  chemical, 
and geo log ica l  processes  wi th in  e s t u a r i n e  systems. Th i s  i n t e g r a t i v e  approach, 
c r e a t i n g  a h o l i s t i c  p i c t u r e  of ecosystem func t ion ,  i s  t h e  b a s i s  f o r  developing 
p r e d i c t i v e  models that w i l l  improve management decision-making concerning t h e  
bes t  u ses  and s u r v i v a l  of e s t u a r i e s  as product ive and va luab le  resources .  

The combination of h i s t o r i c a l  d a t a  on f l o r a  anf fauna s tanding s tocks  and 
r e c e n t l y  c o l l e c t e d  d a t a  on i n t e r a c t i v e  processes  f o r  sou th  Texas e s t u a r i e s  has  
provided an understanding of how components of t h e s e  e s t u a r i e s  i n t e r a c t  and 
demonstrated t h e  u t i l i t y  of i n t e g r a t i v e  s t r a t e g i e s  t o  provide useab le  management 
too l s .  
ecosystem func t ion  sound environmental  management can be performed that balances 
ecosystem p resen ra t ion  wi th  s o c i e t a l  needs.  The i n t e n t  of t h i s  p re sen ta t ion  w a s  
t o  demonstrate how t h e  a p p l i c a t i o n  of t h e s e  s t r a t e g i e s  can be  used t o  a i d  environ- 
mental  decision-makers i n  b e t t e r  so lv ing  such problems as f i s h e r y  maintenance, 
f reshwater  inf low r e g u l a t i o n  t o  e s t u a r i e s ,  and nav iga t ion  dredging. 
included i d e n t i f y i n g  r e l a t i o n s h i p s  between underlying f o r c e s  t h a t  d r i v e  t h e  
e s t u a r i n e  systems and inco rpora t ing  t h i s  information i n t o  a composite scheme of 
e s t u a r i n e  management. 
s t u d i e s  t o  provide a r a l l y i n g  po in t  f o r  a l l  r egu la t ing  agenc ie s  faced wi th  estu-  
a r i n e  management r e s p o n s i b i l i t i e s  t o  focus upon. 

These e f f o r t s  have shown that by t ak ing  a h o l i s t i c  approach t o  understand 

The s t r a t e g i e s  

The u l t i m a t e  goa l  i s  t o  u s e  t h e  r e s e a r c h  from these  va r ious  

1. INTRODUCTION 

Decision-makers t h a t  are concerned wi th  maintaining t h e  q u a l i t y  of our  
enviroument wh i l e  a l s o  al lowing f o r  reasonable  economic growth t o  occur  usua l ly  
focus upon a s p e c i f i c  problem r e l a t e d  t o  h a b i t a t  d i s tu rbance  when environmental 
a l t e r a t i o n  i s  t h e  expected r e s u l t  of man's increased u t i l i z a t i o n  of t h a t  h a b i t a t .  
Examples of s p e c i f i c  problems focused upon might i nc lude  changes i n  populat ion 
numbers of a n  endangered spec ie s ,  i n c r e a s e s  i n  n u t r i e n t  concen t r a t ions  i n  a n  
aqua t i c  ecosystem, changes i n  t h e  s t r u c t u r e  of a major conrmunity i n  t h e  h a b i t a t  
(e.g. ,  s p e c i e s  number, abundance, biomass),  o r  decreased product ion i n  a popu- 
l a t i o n  providing a n  important food r e source  t o  man. 
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Problems r e l a t e d  t o  environmental a l t e r a t i o n  are usua l ly  detected by re- 
search programs based on af ter- the-fact  o r  present  condi t ion ana lys i s  of t h e  
system that provides an empirical d a t a  base where q u a n t i t i e s  are measured, species 
a r e  i d e n t i f i e d ,  organisms a r e  weighed and abundances recorded. Other than 
obvious d i r e c t  e f f e c t s  t o  t h e  b io logic  o r  h a b i t a t  f a c t o r s  monitored, however, 
conclusions can not  usua l ly  be drawn from these  approaches concerning t h e  com- 
p o s i t e  of e f f e c t s  t o  an e n t i r e  ecosystem caused by environmental a l t e r a t i o n .  
If change i n  t h e  s t r u c t u r e  of a community is detected through monitoring w e  can 
not automatical ly  conclude t h a t  t h e  r o l e  t h i s  community plays t n  ecosystem 
funct ion has a l s o  changed. I n  many cases  i t  has not [1 ,2] .  I f  monitoring sug- 
g e s t s  that a f i s h e r y  stocking program has increased t h e  y ie ld  of t h e  f i s h e r y  
w e  can not absolutely assume t h a t  t h e  product ivi ty  of t h a t  aquat ic  h a b i t a t  has 
increased. Often t h e  product iv i ty  of t h e  stocked f i s h e r y  w i l l  increase  a t  t h e  
expense of some o ther  population i n  t h e  h a b i t a t  t h a t  e i t h e r  u t i l i z e s  t h e  same 
food source as t h e  f i s h e r y  population, o r  serves as a food source f o r  t h e  f i sh-  
e ry  population, thus upse t t ing  t h e  o v e r a l l  balance of t h e  ecosystem [3] .  I f  
appropriate  base l ine  s t u d i e s  have been conducted and b i o t i c  change i s  detected,  
one sees  t h e  end r e s u l t  and may determine t h a t  t h e  b i o t i c  change i s  l inked t o  
environmental a l t e r a t i o n ,  But t h e  mechanism(s) t h a t  caused t h e  change remains 
obscure. 

Although monitoring programs are necessary t o  achieve some management 
object ives ,  i t  is c l e a r  that successful  environmental management requi res  much 
more informacion than can be provided by t h e  t y p i c a l  monitoring program de- 
signed t o  d e t e c t  change i n  environmental f a c t o r s  and plant/animal abundances, 
as a l s o  discussed elsewhere 141. 
i n t o  s t r a t e g i e s  used t o  s t r i k e  a f i n e  balance between preservat ion of n a t u r a l  
resources from degradation while  a l s o  allowing continued economic growth and de- 
velopment is e s s e n t i a l  t o  d e t e c t  t h e  mechanisms involved and t o  pred ic t  ecosystem 
a l t e r a t i o n  from long-term s u b t l e  impacts. 
management decis ions m k e s  cont ro l  of a l l  components of t h e  environment more 
f e a s i b l e  and a l s o  pro tec ts  not only t h e  spec ies  most d i r e c t l y  important t o  man 
but a l s o  those spec ies  a t  lower t rophic  levels o f t e n  forgot ten  about i n  t h e  
resource y i e l d s  but without which these  y i e l d s  would not  e x i s t .  

The incorporat ion of an ecosystem approach 

Taking an ecosystem perspect ive i n  

Good management of Gulf of Mexico e s t u a r i n e  ecosystems is becoming more 
important every day because of "sunbelt" population growth [5] and corresponding 
increased c o n f l i c t  between user  needs and ecosystem heal th .  
awareness among both e s t u a r i n e  s c i e n t i s t s  and environmental managers that these 
c o a s t a l  ecosystems do not  necessar i ly  funct ion a s  d i c t a t e d  by h i s t o r i c a l  dogma. 
It is e s s e n t i a l  therefore ,  t o  generate  es tuar ine  management s t r a t e g i e s  t h a t  
focus upon in tegra t ion  of t h e  many complex i n t e r a c t i o n s  i n  these  systems. 
Creating a h o l i s t i c  p i c t u r e  of ecosystem funct ion is t h e  b a s i s  f o r  developing 
predic t ive  a b i l i t i e s  that w i l l  improve t h e  process of determining t h e  bes t  uses  
and surv iva l  of these  e s t u a r i e s  as productive and va luable  resources .  

There i s  a developing 

2. OBJECTIVE OF RESEARCH 

Estuar ies  a r e  t y p i c a l l y  thought of as highly productive aquat ic  h a b i t a t s  
that s u s t a i n  important f i s h e r i e s  [ 6 ] .  
of Mexico f o r  example, more than 90% of t h e  commercial and 50% of t h e  recrea t iona l  
f i s h e r y  y i e l d s  are comprised of spec ies  which spend much of t h e i r  e a r l y  l i v e s  i n  
estuaries pr ior  t o  recruitment i n t o  t h e  f i shery .  The Texas c o a s t  is a l s o  a good 
example of an area where i n d u s t r i a l  growth is increasing d a i l y .  Charac te r i s t ics  
associated with t h i s  development are o f t e n  viewed as incompatible with t h e  main- 
tenance of these c o a s t a l  areas as n a t u r a l ,  productive systems. 

I n  t h e  Texas c o a s t a l  region of t h e  Gulf 
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Estuar ies  are a l s o  character ized as highly var iab le  environments of varying 
sca les .  
de ta i led  knowledge on t h e  dynamics of underlying forces  t h a t  d r i v e  these  systems 
must be developed and an understanding of how t h e  var ious physical ,  chemical, 
and b io logica l  components l i n k  together  i n t o  a h o l i s t i c  framework of long-term 
funct ion must be obtained. By concentrat ing on key processes i n  these  c o a s t a l  
eocsystems such as n u t r i e n t  sources, primary and secondary production rates, 
metabolism, and population dynamics, a comprehensive p i c t u r e  of long-term func- 
t i o n  can be constructed s ince  a l l  these  processes are important t o  t h e  in tegra ted  
hea l th  of these  e s t u a r i e s ,  

I n  order  t o  comprehensively manage these  complex ecosystems therefore ,  

Using a south Texas estuary as an example, t h e  purpose of t h i s  paper w a s  
t o  demonstrate how one can (1) i d e n t i f y  environmental c h a r a c t e r i s t i c s  t h a t  
a f f e c t  e s t u a r i n e  product ivi ty ,  (2) i s o l a t e  s p e c i f i c  processes that lead t o  a 
h o l i s t i c  perception of ecosystem funct ion,  and (3) develop conceptual ecosystem 
models which can serve as a bas ic  t o o l  i n  d e c i s i o n e k i n g  a c t i v i t i e s  concerning 
management of t h e  e s t u a r i n e  environment. 
w a s  reconstructed by combining recent  ecosystem process measurements with ex- 
tens ive  community s t r u c t u r e  observat ions,  f i s h e r y  s t a t i s t i c s  and sca t te red  his-  
t o r i c a l  da ta .  This mul t id i sc ip l inary  view of es tuar ine  ecology was contrasted 
with t h e  c l imato logica l  record t o  i d e n t i f y  physical  forc ing  c h a r a c t e r i s t i c s  of 
t h e  estuary.  Evaluations of t h e  d a t a  set were made t o  def ine  pa t te rns  and mech- 
anisms that explained ecosystem funct ion.  
t h e  demonstration of i n t e g r a t i v e  d a t a  evaluat ion t o  present  conceptual schemes 
of ecosystem dynamics t h a t  could improve t h e  environmental managers decision- 
making process. 

A long-term d a t a  set on t h i s  es tuary 

The r e s u l t  of these  exerc ises  w a s  

3. METHODS 

A l l  measurements discussed i n  t h i s  paper w e r e  made i n  t h e  Corpus C h r i s t i  
Bay estuary,  located i n  t h e  northwestern Gulf of Mexico. This  es tuary is one 
of seven major e s t u a r i e s  along t h e  Texas coas t  and l i es  i n  a region character ized 
by a semi-arid climate. 
Bay estuary and t h e  study sites from which information w a s  co l lec ted  f o r  t h i s  
presentat ion see recent ly  described s t u d i e s  [ 7 , 8 ] .  
term d a t a  set f o r  t h i s  es tuary  has incorporated a l l  known information on t h e  
ecosystem. Included i n  t h i s  d a t a  set are hydrography information, c l imatological  
records,  f l u v i a l  flows, water q u a l i t y  and n u t r i e n t s ,  n u t r i e n t  recycl ing rates, 
primary production rates (e.g., phytoplankton, seagrasses ,  saltmarshes, t i d a l  
f l a t s ) ,  benthic  c m u n i t y  s t r u c t u r e  and production r a t e s ,  and f i s h e r y  y ie lds .  

For a more complete descr ip t ion  of t h e  Corpus C h r i s t i  

The development of a long- 

Benthic macroinfauna d i s t r i b u t i o n  d a t a  were taken from previous s t u d i e s  
on t h e  estuary [8,9] and more recent  c o l l e c t i o n s  made through October 1983. 
Methods of c o l l e c t i o n ,  which have remained unchanged f o r  11 years ,  included re- 
p l i c a t e  benthic  samples on a least a q u a r t e r l y  b a s i s  using a 0.09 m2 Peterson 
grab. 
organisms i d e n t i f i e d  t o  lowest poss ib le  taxa and counted. Wet-weight biomass 
w a s  measured on dominant populations and on each t o t a l  sample. 
c h a r a c t e r i s t i c s ,  measured simultaneously with t h e  c o l l e c t i o n  of benthic  samples, 
included s a l i n i t y ,  temperature, dissolved oxygen. and pH (Hydrolab Surveyor 6 ) .  

Each grab sample w a s  sieved through 0.5 uun mesh screen and t h e  re ta ined  

Hydrologic 

Primary production rates and benthic  processes, including metabolism and 
n u t r i e n t  regenerat ion,  were measured i n  t h e  Corpus C h r i s t i  Bay estuary between 
1981-83. Phytoplankton primary product iv i ty  w a s  measured by t h e  1 4 C  method [ lo] .  
Quarterly i n  s i t u  0.5 and 1.0 m depth incubat ions were conducted f o r  t h r e e  years  
a t  seven sites t h a t  together  character ized t o t a l  es tuar ine  production. Simultan 
eous measures of water column ammonia-nitrogen were made and analyzed according 
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t o  phenol-hypochlorite methods 1111. An opaque sediment chamber wi th  c i r c u l a t i n g  
water pump w a s  used f o r  incubat ion of sediments i n  s i t u  t o  measure ben th ic  
metabolism and sediment n u t r i e n t  r egene ra t ion  r a t e s  [12]. The chambers were 
placed by SCUBA d i v e r s  and incubat ion occurred f o r  a minimum of 3 hr .  
i n  oxygen content  of t h e  incubated waters  were used t o  c a l c u l a t e  metabolism 
r a t e s  and changes i n  ammonia-nitrogen concen t r a t ions  w e r e  used t o  c a l c u l a t e  
sediment f l u x  r a t e s  of n i t rogen  [13]. 
estimated from t h e  metabolism measurements u s ing  r e l a t i o n s h i p s  e s t a b l i s h e d  
previously 1141. 

Changes 

Benthic conrmunity carbon product ion w a s  

Other sources  of d a t a  used he re  included gauged freshwater  inf low and 
r i v e r i n e  n i t rogen  inpu t  from t h e  Texas Department of Water Resources [15] .  
Cl imatological  d a t a  were obtained from t h e  NOAA, Nat ional  Environmental Sa te l -  
l i t e  Data and Information Service.  
plankton production t o  t h e  e s tua ry  were obtained from previous s t u d i e s  on t h i s  
es tuary 116,171. F i she ry  c a t c h  s t a t i s t i c s  between 1970 and 1982 were obtained 
from NOAA (G. Kinkle,  Nat ional  Marine F i s h e r i e s  Service,  M i a m i ,  F l o r i d a ,  per- 
sonal  communication). 
d a t a  t o  remove b i a s e s  i n  t h e  c a t c h  statist ics r e l a t e d  t o  d i f f e r e n c e  i n  e f f o r t  
between years .  

Other d a t a  on carbon sources  bes ides  phyto- 

Catch per u n i t  e f f o r t  adjustments  were made t o  t h e  shrimp 

4. RESULTS AND DISCUSSION 

The Corpus C h r i s t i  Bay e s tua ry  i s  l o c a t e d  i n  a semi-arid c l ima te  where 
evaporation u s u a l l y  exceeds r a i n f a l l ,  o f t e n  r e s u l t i n g  i n  extended pe r iods  
where ex tua r ine  s a l i n i t i e s  equal  o r  exceed oceanic  waters (hype r sa l in i ty ) .  I n  
add i t ion ,  t h e  mean t i d a l  range i n  t h i s  r eg ion  of t h e  northwestern Gulf of Mexico 
i s  extremely small r e l a t i v e  t o  e s t u a r i n e  volume and many t i d a l  cyc le s  must occur 
before  t h e  e s tua ry  is  f lushed [18] .  Consequently, t h i s  e s t u a r i n e  ecosystem is  
extremely s e n s i t i v e  t o  c l ima to log ica l  changes that cause ep i sod ic  surges  of 
f reshwater  i npu t ,  and t h e  e s tua ry  o f t e n  responds r a p i d l y  t o  such events.  

4.1. Estuar ine Forcing 

Presented i n  Figure 1 are seven y e a r s  of hydrologic  d a t a  on t h e  Corpus 
C h r i s t i  Bay e s tua ry .  These d a t a  i l l u s t r a t e d  t h e  ep i sod ic  n a t u r e  o f  f reshwater  
input  events  t o  t h e  e s tua ry  from f l u v i a l  f low a n d l o r r a i n f a l l .  There were no 
p red ic t ab le  p a t t e r n s  observed i n  t h e  record w i t h  t h e  except ion t h a t  some yea r s  
were s i g n i f i c a n t l y  d r i e r  than o the r s .  The s a l i n i t y  record (Figure 1) supported 
t h e  content ion s t a t e d  above t h a t  t h i s  e s tua ry  responded r a p i d l y  t o  l a r g e  fresh-  
water input .  
1979 r e s u l t e d  i n  35 c m  of r a i n ,  t h e  second h ighes t  monthly measure i n  t h e  
record (Figure 1). 
su l t ed  i n  t h e  lowest recorded s a l i n i t i e s  i n  t h e  e s tua ry  over t h e  seven-year 
record,  a l l  of which occurred wi th  no increased r i v e r i n e  input .  

For example, excessive r a i n f a l l  wer a 24-hr i n t e r v a l  i n  September 

The high i n t e n s i t y  and s h o r t  du ra t ion  of t h i s  r a i n f a l l  re- 

I n  c o n t r a s t ,  May-June 1981 w a s  cha rac t e r i zed  by t h e  g r e a t e s t  f l u v i a l  i npu t  
recorded over t h e  7-yr record (Figure 1) and a l s o  exhibi ted above average r a in -  
f a l l  (42% of t h e  annual ave rage ) ,  
again r e s u l t e d  i n  a s i g n i f i c a n t  dec rease  (P < 0.01) i n  e s t u a r i n e  s a l i n i t i e s  
soon a f t e r  t h e  changes. The lowered s a l i n i t i e s ,  i n d i c a t i n g  t h e  ecosystem's 
response t o  t h e  environmental  changes, l a s t e d  f o r  extended i n t e r v a l s  a f t e r  
both per iods descr ibed a b w e ,  which suggested t h e  magnitude of impact on t h e  
ecosystem from t h e s e  ep i sod ic  events .  

These c l ima to log ica l  and hydrological  changes 
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Figure 1. P l o t s  of hydrologic and meteorologic v a r i a b l e s  measured during t h e  
Corpus C h r i s t i  Bay e s t u a r y  s tudy,  1977-83. 

The main f l u v i a l  flow i n t o  t h e  C r p  s Chr i s t i 'Bay  e s tua ry  is  from t h e  
Nueces River,  which averaged 7.8 X 1 0  8 ' f  m /y r  of f reshwater  i npu t .  N e t  f r e sh -  

water inpu t  on a n  annual  b a s i s ,  which included t h e  f l u v i a l  f low and accounted 
a l s o  f o r  r a i n f a l l  and evaporat ion rates, w a s  ca l cu la t ed  t o  be approximately 
5.1 X lo8  m3/yr 1171. 
t h a t  f l u v i a l  flow t o  t h e  e s t u a r y  could provide an annual mean of 5.46 X l o 5  kg/yr 
on n i t rogen  t o  t h e  e s tua ry  [17].  

Measured r i v e r i n e  n u t r i e n t  concen t r a t ions  1151 ind ica t ed  

Nu t r i en t  r egene ra t ion  rates measured f o r  t h e  e s t u a r i n e  sediments were 
These measurements, observed t o  provide an annual mean of 23.9 g N/m2/yr. 

when compared t o  new n i t rogen  suppl ied from t h e  r i v e r i n e  source t o  t h e  e s tua ry  
(Table  l), w e r e  always s i g n i f i c a n t l y  g r e a t e r  and ind ica t ed  t h a t  t h e  e s t u a r i n e  
sediments w e r e  a much more r e l i a b l e  source of n i t rogen  t o  t h e  system than t h e  
r i v e r .  The areal estimate f o r  e s t u a r i n e  sediments providing recycled n i t rogen  
t o  t h e  Corpus C h r i s t i  Bay e s t u a r y  w a s  1.04 X l o 7  kg/yr.  As i nd ica t ed  above, 
f l u v i a $  sources  of new n i t rogen  could only provide 5% of t h e  est imated n i t rogen  
recycled by t h e  sediments.  Therefore ,  over t h e  short-term e s t u a r i n e  n u t r i e n t  
concen t r a t ions  appeared t o  be maintained by r ecyc l ing  mechanisms r a t h e r  than 
i n p u t s  of new material. 
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Table 1. Comparison of n i t rogen  sources  t o  t h e  Corpus C h r i s t i  Bay e s tua ry  
between sediment r ecyc l ing  and f l u v i a l  flow. Nu t r i en t  r e c  c l i n g  is  
based upon t h r e e  sampling sites and expanded over  432.9 km' s u r f a c e  
area. R ive r ine  n i t r o g e n  is rep resen ted  by maximum mean v a l u e s  over 
a f ive-year  s tudy per iod.  

January A p r i l  h 1 Y  October 

Wueces River Total Inorganic 

Nttrogen Input 0.090 0.069 0.139 0.436 

(10' kg/d.y) 

Estuarine Sediment k n o n i r -  

Nitrogen Regeneration 1.119 3.852 4.280 0.994 

( lo4  kglday) 

Percent River Contribution. 

Contrasted to  both Sources 

Cmbi ned 
7.4 1.7 3.2 30.5 

Table 2 .  M u l t i v a r i a t e  r e g r e s s i o n  a n a l y s i s  r e s u l t s  of t h e  dependent v a r i a b l e  
water  column ammonia-nitrogen compared wi th  o t h e r  measured inde- 
pendent v a r i a b l e s  t h a t  p o t e n t i a l l y  served as a source  of a m n i a -  
n i t r o g e n  t o  t h e  water  column. 
a three-year  per iod of measurement i n  t h e  Corpus C h r i s t i  Bay 
e s t u a r y  . 

Number of fampling cases  w a s  16 over 

Independent 
Variable 

Mul t ip le  
Correlat ion 
Coeff i t f e n  t 

Simple 
Correlation Significance 
Coeff ic ient  

R2 

Rivetine Flw 

Wind Speed 

Ralnfal l  

UPPER-ESTUARY (Stat ion 2) -- - 

0.6403 0.4103 

0.8907 0.7933 

0.9135 0.8345 

0.6403 

0.4015 

0.5228 

0.034 

0.002 

0.004 

MID-ESTUARY (Stat ion 7) -- - 

Sediment Regeneration 0.7290 0.5314 0.7290 0.011 

Wind Speed 0.8338 0.6952 0.3563 0.009 

Riverine Flw 0.8545 0.7302 0.1252 0.021 
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Evidence f u r t h e r  support ing t h i s  conclusion comes from comparison of changes 
i n  water column n u t r i e n t  concen t r a t ions  wi th  changes i n  f l u v i a l  flow rates and 
sediment n u t r i e n t  r egene ra t ion  rates (Table 2 ) .  Only a t  upper-estuary si tes 
were t h e r e  s i g n i f i c a n t  c o r r e l a t i o n s  noted between e s t u a r i n e  n u t r i e n t  concen- 
t r a t i o n s  and f l u v i a l  flow. A t  mid-estuary sites n u t r i e n t  concentrat ions were 
s i g n i f i c a n t l y  c o r r e l a t e d  with sediment r e c y c l i n g  rates and not  c o r r e l a t e d  with 
f l u v i a l  f low rates, 

Annual phytoplankton y o d u c t i o n  i n  t h e  Corpus C h r i s t i  Bay estuary w a s  
measured t o  be  174.1 g C/m /yr .  
seasonal  v a r i a t i o n  1191 as w e l l  as ex tens ive  s p a t i a l  v a r i a t i o n ,  as i l l u s t r a t e d  
by t h e  d a t a  presented i n  Figure 2.  Produc t iv i ty  w a s  observed t o  usua l ly  be 
g r e a t e r  f u r t h e r  away from t h e  r i v e r i n e  source du r ing  most measurement per iods 
over t h e  t h r e e  yea r s  of s tudy.  Much of t h e  decreased p roduc t iv i ty  c l o s e r  t o  
t h e  r i v e r i n e  source w a s  r e l a t e d  t o  shal lower waters and g r e a t e r  t u r b i d i t y  i n  
t h e  water column, causing l i g h t  l i m i t a t i o n  on photosynthesis .  Increased 
p roduc t iv i ty  of t h e  mid-estuary r eg ion  was l i nked  t o  a more cons t an t  supply of 
n u t r i e n t s  from t h e  sediments s i n c e  i t  w a s  demonstrated above (Table 2) t h a t  
t h i s  region r e l i e d  on t h e  mechanism of sediment r ecyc l ing  f o r  i t s  n i t rogen  
supp l i e s .  I n  c o n t r a s t ,  t h e  upper-estuary water column n u t r i e n t  concentrat ions 
more c l o s e l y  p a r a l l e l e d  f l u v i a l  f lows than r ecyc l ing  of n i t rogen  from t h e  
sediments , 

This  annual rate w a s  cha rac t e r i zed  by l a r g e  

Figure 2. S p a t i a l  v a r i a t i o n  i n  mean d a i l y  phytoplankton product ion estimated 
f o r  t h e  e n t i r e  s tudy  per iod i n  t h e  Corpus C h r i s t i  Bay e s tua ry  
(1981-83). 
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Using t h e  r a t i o  of 6.6 f o r  C:N con ten t  o f  phytoplankton [20], it w a s  cal- 
cu la t ed  t h a t  sediment r ecyc l ing  of n u t r i e n t s  i n  t h e  Corpus C h r i s t i  Bay e s tua ry  
w a s  a b l e  t o  supply approximately 90% of t h e  n i t rogen  needed t o  support  measured 
phytoplankton production annual ly .  I n  c o n t r a s t ,  new n i t rogen  con t r ibu ted  from 
r i v e r i n e  inpu t  t o  t h e  e s t u a r y  could on ly  support  5% of t h i s  photosynthesis ,  
'ur ther  emphasizing t h e  g r e a t e r  r e l i a n c e  of t h i s  e s tua ry  upon t h e  r ecyc l ing  of 
i i t rogen f o r  maintenance of  p roduc t iv i ty .  

ia 

6 

# 

r - 0 . 8 8  

Rainfal l  (crr/3 m) 

2 
# 

# r - 0 . 6 9  

2 io ' 3'0 ' 50  ' ' 70 ' ' 90 ' 

Fluvial Flow 

Figure 3. S c a t t e r  p l o t s  of d a i l y  phytoplankton production with (A) t o t a l  ra in-  
f a l l  f o r  a three-month i n t e r v a l  preceding measurement and (B) t o t a l  
f l u v i a l  flow f o r  a three-month i n t e r v a l  preceding measurement. 
Cor re l a t ion  p l o t s  f o r  each p l o t  are ind ica t ed .  
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Deviat ions from t h i s  p a t t e r n  were observed i n  t h e  da t a  base however, and 
were r e l a t e d  t o  t h e  episodic  c l i m a t o l o g i c a l  events  discussed previously.  
Data i n  F igu re  3 b e s t  i l l u s t r a t e d  t h e  e f f e c t  of t h e s e  c l ima to log ica l  changes 
t o  t h e  e s tua ry  wi th  r e spec t  t o  phytoplankton production. Whenever excessive 
rainfall  o r  f l u v i a l  f lows t o  t h e  e s t u a r y  were observed during a three-year 
s tudy i n t e r v a l ,  p roduc t iv i ty  rates responded, e x h i b i t i n g  increased production 
of carbon. Furthermore, mu t ip l e  r eg res s ion  a n a l y s i s  i nd ica t ed  t h a t  t hese  two 
environmental  v a r i a b l e s  toge the r  accounted f o r  84% of t h e  t o t a l  v a r i a t i o n  ( in-  
c r eases )  i n  primary production in t h e  Corpus C h r i s t i  Bay e s tua ry  during 
1981-83. 

For yea r s  i t  has been thought t h a t  t h e  r i v e r  d e l t a s  and t i d a l  marshes were 
t h e  most important c o n t r i b u t o r s  of n u t r i e n t s  t o  t h e  c o a s t a l  e s t u a r i n e  eco- 
system [6,15,21].  Contrary t o  t h e s e  b e l i e f s ,  evidence i s  now accumulating 
suggest ing a gene ra l  f e a t u r e  of e s t u a r i e s  is  that n u t r i e n t  r ecyc l ing  is impor- 
t a n t  i n  s u s t a i n i n g  production [22,23]. Data from t h e  s tudy  descr ibed he re  
f u r t h e r  supported t h i s  conclusion.  I b e l i e v e  we have l ea rned  from t h e  Corpus 
C h r i s t i  Bay d a t a  base t h a t  a l though many of t h e  processes  c o n t r o l l i n g  pro- 
d u c t i v i t y  are r e l a t e d  t o  r ecyc l ing ,  pe r iod ic  f o r c i n g  from ep i sod ic  c l ima to log ica l  
events  i s  required t o  cause a n  "over-shoot" in product ion,  above t h e  s teady 
s ta te  l e v e l ,  which r e p l a c e s  materials l o s t  through r e c y c l i n g  mechanisms and 
maintains  a r e l a t i v e l y  cons t an t  long-term p a t t e r n  of e s t u a r i n e  production. If 
t h i s  is t h e  case  then t h e  c o n t r i b u t i o n  of n u t r i e n t s  from r i v e r  d e l t a s  f o r  
example, becomes important from a pe r spec t ive  of t h e  ep i sod ic  n a t u r e  of t h i s  
c o n t r i b u t i o n  r a t h e r  than t h e  continued r e l i a n c e  of t h e  ecosystem on t h i s  
con t r ibu t ion .  

4.2. B io log ica l  Responses 

The documentation of t r o p h i c  l e v e l s  above primary producers responding 
t o  ep i sod ic  changes i n  t h e  e s t u a r i n e  environment has a l s o  been poss ib l e  through 
t h e  examination of t h e  Corpus C h r i s t i  Bay e s t u a r i n e  d a t a  base. An 11-yr period 
of observat ion on ben th ic  macroinfaunal abundance and biomass i n  t h i s  e s tua ry  
(Figure 4) has ind ica t ed  several i n t e r v a l s  of change i n  t h e  benthic  community 
r e l a t e d  t o  both c l i m a t o l o g i c a l  changes and man-made a l t e r a t i o n s .  For example, 
a s i g n i f i c a n t  i nc rease  (P < 0.001) i n  both abundance and biomass of ben th ic  
fauna was  observed i n  e a r l y  1980. Th i s  c o r r e l a t e d  wi th  t h e  i n t e n s i v e  r a i n f a l l  
w e n t  of September 1979 which w a s  followed by a 9-0 i n t e r v a l  of decreased 
e s t u a r i n e  s a l i n i t i e s  desc r ibed  previously and i l l u s t r a t e d  i n  Figure 1. It w a s  
bel ieved that t h e  benthos of  t h e  e s t u a r y  responded t o  t h e  increased product ion 
of t h e  ecosystem, s t imu la t ed  by inc reased  n u t r i e n t  i npu t s  from t h e  r a i n f a l l  
event,  by e x h i b i t i n g  r eco rd  measures f o r  abundance and biomass of i ts  popula- 
t i o n s ,  which were never  equal led i n  t h e  11-yr s tudy  period (Figure 4). 

Also i l l u s t r a t e d  in Figure  4 are two i n t e r v a l s  of  channel dredging that 
occurred i n  t h e  Corpus C h r i s t i  Bay e s t u a r y ,  w i th in  t h e  v i c i n i t y  of t h e  ben th ic  
c o l l e c t i o n s  du r ing  t h e  11-yr s tudy.  I n  both in s t ances  t h e  dredging a c t i v i t i e s  
surpressed t h e  annual peaks i n  ben th ic  macroinfaunal abundance and biomass t h a t  
were usua l ly  observed i n  t h e  win te r  and sp r ing  of each s tudy year .  
concluded tha t  channel dredging was capable  of producing short-term e f f e c t s  
on ben th ic  c o y n i t i e s  nea r  t h e  dredging a c t i v i t i e s .  
t o  average measures f o r  t h e s e  v a r i a b l e s  was noted t h e  fol lowing year .  

It was  

In both i n s t a n c e s  r e t u r n  

There are few d i r e c t  i n d i c a t i o n s  from e s t u a r i n e  d a t a  bases  of l i n k s  be- 
tween production i n  d i f f e r e n t  t r o p h i c  l e v e l s .  
of instantaneous measurements i n  h igh ly  time-dependent systems. But i t  a l s o  
r e f l e c t s  t h e  v a r i a b i l i t y  and pa tch iness  inhe ren t  i n  t h e s e  e s t u a r i n e  systems. 

To a degree,  t h i s  i s  t h e  r e s u l t  
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Figure 4. P l o t s  of mean macrobenthic infaunal  abuncances and biomasses from 
October 1972 t o  October 1983 i n  t h e  Corpus C h r i s t i  Bay estuary.  
Dredging i n t e r v a l s  are indicated on t h e  p l o t s .  

A comparison of benthic  macroinfaunal biomass observat ions i n  t h e  Corpus C h r i s t i  
Bay estuary with shrimp f i s h e r y  y i e l d s  i n  t h i s  same es tuary  between 1973-82, 
however, indicated an i n t e r e s t i n g  p a t t e r n  (Figure 5). Experimental observat ions 
elsewhere have shown that penaeid shrimp o b t a i n  a t  least p a r t  of t h e i r  n u t r i t i o n  
from organisms l i v i n g  i n  t h e  benthos 1241. The p a r a l l e l  p a t t e r n  observed f o r  
annual benthic  biomass and annual shrimp f i s h e r y  y i e l d s  i n  Figure 5 suggested 
that e i t h e r  these  two components of t h e  es tuar ine  foodweb were responding t o  
t h e  same environmental changes o r  they were responding t o  each o ther ,  s i n c e  a 
c o r r e l a t i o n  of r 5 0.82 w a s  measured between t h e  two var iab les .  I n  addi t ion ,  
t h e  increased production of benthic  biomass discussed above f o r  t h e  period 
following t h e  September 1979 r a i n f a l l  event (Figure 4) w a s  a l s o  evident in 
Figure 5 and t h e  shrfmp f i s h e r y  exhibi ted parallel increased y i e l d s  i n  biomass, 
Thus, t h e  suggestion that e s t u a r i n e  product ivi ty  is maintained by e p b o d i c  
c l imato logica l  events over t h e  long-term was f u r t h e r  supported by y e t  another 
component of t h e  Corpus Christi Bay e s t u a r i n e  ecosystem. 
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Figure 5. Comparison of macrobenthic infaunal  annual biomass and shrimp f i shery  
y i e l d s  f o r  t h e  Corpus C h r i s t i  Bay estuary.  
t h e  two var iab les  is indicated.  

The c o r r e l a t i o n  between 

A l l  e s t u a r i e s  contain chemical grad ien ts  between t h e i r  s a l i n e  and f r e s h  
sources o f  water input .  
e s t u a r i e s  such as i n  temperature, sediment s t r u c t u r e ,  p a r t i c u l a t e  mater ia l s ,  
and metabolism. The s p a t i a l  v a r i a b i l i t y  of these  e s t u a r i n e  c h a r a c t e r i s t i c s  is 
as important t o  understand as t h e  temporal v a r i a b i l i t y  discussed above with 
respect  t o  episodic  c l imato logica l  events i f  one wishes t o  adequately manage 
an es tuar ine  ecosystem and make dec is ions  based upon sound s c i e n t i f i c  judge- 
ment. 

Frequently, t h e r e  a r e  o ther  grad ien ts  found i n  

I l l u s t r a t i o n  of t h e  s p a t i a l  v a r i a b i l i t y  i n  mean d a i l y  phytoplankton primary 
production f o r  t h e  Corpus C h r i s t i  Bay es tuary  (Figure 2) provided a good example 
of gradat ion with respect  t o  a bas ic  food source t o  es tuar ine  consumers. 
Sediment metabolism, which is an ind ica tor  of t h e  hea l th  of animals inhabi t ing  
t h e  e s t u a r i n e  bottom and a measure of carbon production by t h e  most important 
primary consumer component of t h e  estuary,  a l s o  var ied s i g n i f i c a n t l y  i n  moving 
from r i v e r i n e  t o  oceanic regions of t h i s  es tuary  (Figure 6 ) .  
estuary l a r g e  temporal v a r i a b i l i t y  was observed and greater s e d h e a t  metabolism 
was  l inked t o  per iods of g r e a t e r  freshwater input  (r - 0 .86 ) .  
region g r e a t e s t  o v e r a l l  metabolic rates were observed and these  rates were more 
c l o s e l y  l inked t o  d i f fe rences  i n  sediment t e x t u r e ,  kinds of benthic  communities 
present ,  and primary production rates of t h e  overlying waters than to  allochtho- 
nous e f f e c t s  such as freshwater input. 
e f f e c t s  that metabolic measures were made, t h e  more a b l e  these  measures were 

I n  t h e  upper- 

I n  t h e  mld-estuary 

The f u r t h e r  away from f l u v i a l  flow 
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Figure 6. Temporal and s p a t i a l  v a r i a t i o n  i n  benthic  sediment metabolism i n  the  
Corpus C h r i s t i  Bay estuary a t  four  s t a t i o n s  represent ing  an es tuar ine  
gradient  i n  s a l i n i t y .  

t o  r e f l e c t  seasonal v a r i a t i o n s  that would be expected i n  an e s t u a r i n e  ecosystem 
(Figure 6 ) .  

4.3. I n t e r d i s c i p l i n a r y  P a t t e r n s  

A quest ion o f t e n  posed when physical ,  chemical, and f o r  b i o l o g i c a l  a l t e r a t i o n s  
of an estuary are considered is: w h a t  e f f e c t  w i l l  t h i s  have on t h e  b i o t a ,  
espec ia l ly  those d i r e c t l y  used by man? 
question must involve several levels of b i o t a ,  ecosystem components, and processes 
and cannot be f u l l y  successfu l  without i n t e r d i s c i p l i n a r y  l inkage  to  physical  
and chemical components with t h e i r  corresponding changes i n  ecosystem function. 
As a simple example, consider  t h e  sunrmary of d a t a  from a three-year s tudy i n  
the  Corpus C h r i s t i  Bay es tuary  presented i n  Figure 7 that demonstrates how various 
i n t e r d i s c i p l i n a r y  components can be in tegra ted  i n t o  a perception of t o t a l  eco- 
system function. 
freshwater input  with assoc ia ted  n u t r i e n t s  as v e r i f i e d  by Figure 1. 
regeneration rates were a l s o  very high compared t o  o ther  years  (Figure 7 ) .  
These physical-chemical f e a t u r e s  r e s u l t e d  i n  both high primary production 

The only r e l i a b l e  approach t o  t h i s  

I n  1981 s a l i n i t y  was low (Figure 7)  because of t h e  high net 
Nutr ient  
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Figuze 7 .  Annual mean measures f o r  s a l i n i t y ,  primary production, sediment 
n u t r i e n t  r egene ra t ion ,  and ben th ic  biomass and production f o r  t h e  
Corpus C h r i s t i  Bay e s t u a r y  during a three-year s tudy i n t e r v a l .  

and high secondary product ion,  as exh ib i t ed  by ben th ic  communities. 
n i f i c a n t l y  higher  primary product ton o f  1981, w i th  t h e  ma jo r i ty  of carbon input  
t o  t h e  sedimenfs 1253, was enough t o  s u s t a i n  benthic  s t and ing  s t o c k  biomass i n  

The s ig-  
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t h e  e s tua ry  f o r  t h e  nex t  two yea r s  (F igu re  7) even though product ion decreased 
over t hose  nex t  two years .  

Estuarine-wide s a l i n i t i e s  decreased aga in  du r ing  1983 (F igu re  7) because 
of increased r a i n f a l l  (Figure 1) d t h  assumed n u t r i e n t  s u p p l i e s .  
production, however, d i d  no t  show much of an  i n c r e a s e  over t h e  previous year  
(1982). 
product ion of t h e s e  populat ions i n  1983 (Figure 7)  d i d  no t  l e a v e  a l a r g e  excess 
of phytoplankton-derived carbon f o r  r e m i n e r a l i z a t i o n  i n  t h e  sediments and thus,  
n u t r i e n t  r egene ra t ion  rates w e r e  ve ry  low [23]. 
gen from t h e  sediments negated t h e  inc reased  supply of new n u t r i e n t s  from 
g r e a t e r  f r e shwa te r  i npu t  and r e s u l t e d  i n  l e s s  primary product ion t h a n  might 
have o the rwise  been expected, 

Annual primary 

Larger s t and ing  s t o c k s  of ben th ic  populat ions a long  w i t h  inc reased  

Lower r e c y c l i n g  rates of n i t r o -  

I n  o r d e r  t o  demonstrate  how t h e  v a r i o u s  b i o l o g i c a l  components of an  e s tua ry  
are l inked  toge the r  and can p o t e n t i a l l y  a f f e c t  one ano the r ,  a conceptual  scheme 
of m a t e r i a l  f low f o r  t h e  Corpus C h r i s t i  Bay e s t u a r y  w a s  cons t ruc t ed  (F igu re  8 ) .  
A l l  secondary consumer l e v e l  product ion e s t ima tes  i n  F igu re  8 came from f i s h e r y  
ha rves t  y i e l d s  where biomass was converted t o  carbon product ion us ing  a con- 
ve r s ion  of w e t  weight t o  carbon con ten t  of 6% [25]. 
e f f i c i e n c i e s  were assumed he re  f o r  carbon f low between t r o p h i c  l e v e l s  161. 

Ten percent  t r a n s f e r  

A l l  sources  of known carbon t o  t h e  e s t u a r y  equa l l ed  an  annual  i npu t  of 
The small amount of c a l c u l a t e d  t r a n s f e r  t o  t h e  372.2 g C/m2/yr (Figure 8 ) .  

pe l ag ic  foodweb ind ica t ed  that t h e  m a j o r i t y  of primary-produced carbon was 
d i v e r t e d  to t h e  ben th ic  h a b i t a t .  
between t h e  primary sources  of carbon and t r a n s f e r  of t h i s  carbon t o  secondary 
consumers. 
t o  be more than s u f f i c i e n t  t o  support  a l l  o t h e r  secondary and t e r t i a r y  consumer 
product ion i n  t h e  Corpus C h r i s t i  Bay e s t u a r y  (Figure 8 ) .  
concerning a n  adequate  supply of carbon from primary producer sources  t o  support  
t h e  measured ben th ic  product ion i n  t h e  e s t u a r y ,  
paradox might be t h a t  t h e  504 g C/m2/yr of ben th ic  Ynfaunal product ion i n  i t s e l f  
a c t u a l l y  represented t h r e e  d i f f e r e n t  t r o p h i c  l e v e l s :  microfauna ( b a c t e r i a ,  e t c . ) ,  
meiofauna, and macrofauna [26].  I f  t h i s  were t h e  case ,  then t h e  needed inpu t  
of carbon t o  t h e  benthos would b e  cons ide rab ly  reduced and have t o  support  an  
i n i t i a l  benthic  consumer level y i e l d i n g  287.3 g C/m2/yr. 
t roph ic  l e v e l  would then  support  two o t h e r  t r o p h i c  l e v e l s  (meiofauna and macro- 
fauna) producing 144.6 and 71.8 g C/m2/yr r e s p e c t i v e l y ,  assuming a 50% t r a n s f e r  
e f f i c i e n c y  between ben th ic  t r o p h i c  l e v e l s  [26].  

The benthos t h e r e f o r e ,  served as a major l i n k  

The annual  ben th ic  product ion rate (504 g C/m2/yr) was c a l c u l a t e d  

A paradox a r o s e ,  however! 

A p o t e n t i a l  s o l u t i o n  t o  t h i s  

Th i s  i n i t i a l  ben th ic  

4.4. Management App l i ca t ion  

Data from t h e  long-term Corpus C h r i s t i  Bay e s t u a r i n e  d a t a  set t h a t  pro- 
vided i n s i g h t  toward i n t e g r a t e d  ecosystem func t ion  were summarized on a n  annual 
b a s i s  and combined i n t o  F igu re  9. The purpose of t h i s  e x e r c i s e  was (1) t o  
understand how components of t h e  e s t u a r y  i n t e r a c t e d  and (2 )  t o  i l l u s t r a t e  how 
information on fauna (e .g . ,  l i f e  h i s t o r y  cyc le s ,  s t and ing  s tocks )  w i t h i n  t h e  
ecosystem could be combined wi th  information on ecosystem processes  (e.g. ,  benthic  
production, n u t r i e n t  r egene ra t ion )  i n  a h o l i s t i c  p i c t u r e  that provided a useab le  
management t o o l  t o  t h e  decision-maker. 

A s  a n  example of how t h i s  scheme could be app l i ed  as a decision-making a i d ,  
cons ide r  t h e  r e g u l a t i o n  of f reshwater  inf low t o  e s t u a r i e s .  When ben th ic  
n u t r i e n t  r ecyc l ing  rates were a t  a minimum i n  t h e  f a l l  (F igu re  9) n u t r i e n t  i npu t  
from t h e  r i v e r i n e  sou rce  w a s  a t  i t s  peak, t h u s  maintaining primary product ion 
a t  reasonable  l e v e l s .  I n  c o n t r a s t ,  when r i v e r i n e  inpu t  w a s  low dur ing  t h e  
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Figure 8 .  Foodweb for the Corpus Christ1 Bay estuary showing flow of carbon 
between trophic l e v e l s .  
Benthic nitrogen recycling rates  are a l s o  i l l u s t r a t e d .  

* The flow rates  are expressed i n  g C/m*/yr. 
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Figure 9. Mean v a l u e s  from a mult iyear  d a t a  base  on t h e  Corpus C h r i s t i  Bay 
e s tua ry  f o r  benthic  macroinfaunal biomass and product ion,  sediment 
n u t r i e n t  regenerat ion,  phytoplankton production, r i v e r i n e  n u t r i e n t  
i npu t ,  and r a i n f a l l ,  a long w i t h  f i s h e r y  y i e l d s  and pe r iods  of peak 
brown shrimp abundance and larval co lon iza t ion  t o  t h e  sediments.  

s u m e r ,  benthic  n u t r i e n t  r ecyc l ing  rates w e r e  high and peak primary product ion 
l e v e l s  occurred. 
e s tua ry  f o r  upland u s e  while  minimizing impact t o  t h e  e s tua ry ,  t h e r e f o r e ,  would 
be during t h e  f a l l  when t h e  r i v e r i n e  inpu t  w a s  most needed by t h e  estuary.  
add i t ion ,  t h e  win te r  and sp r ing  per iods were times of important  phases of benthic  
l i f e  s t ages ,  when larvae were colonizing t h e  sediments and j u v e n i l e  shrimp were 
u t i l i z i n g  t h e  e s tua ry  f o r  nursery grounds (Figure 9 ) .  
of peak benthic  s tanding s tock  and peak f i s h e r y  ha rves t s .  Thus, t h e  b e s t  period 
of t h e  year t o  d i v e r t  f reshwater  from t h e  Corpus C h r i s t i  Bay e s t u a r y ,  according 
t o  t h e  data  i n  Figure 9 ,  appeared t o  be during t h e  summer. Although primary 
production peaked du r ing  t h i s  per iod,  ben th ic  n u t r i e n t  r ecyc l ing  was a l s o  a t  
i t s  peak and could compensate f o r  n u t r i e n t  l o s s e s  r e s u l t i n g  from freshwater  
d ive r s ion .  

An appropr i a t e  per iod t o  d i v e r t  f r e shwa te r  inf low from t h e  

In 

These w e r e  also per iods  
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Another example demonstrating t h e  u t i l i t y  of t h i s  approach came from con- 
s i d e r a t i o n  of t h e  need f o r  dredging i n  our  e s t u a r i e s ,  
s tanding s tocks  of benthic  fauna w e r e  much lower du r ing  t h e  f a l l  than o t h e r  
per iods of t h e  year .  Secondary product ion r a t e s  were a l s o  lowest during t h e  
f a l l ,  as were phytoplankton product ion r a t e s ,  Benthic n u t r i e n t  regenerat ion 
rates were lowest during r h e  f a l l  when peak supp l i e s  of n i t rogen  came from f l u v i a l  
input .  
e n i l e  shrimp, and peak f i s h e r y  y i e l d s ,  t h e  environmental manager could decide 
t o  conduct dredging a c t i v i t i e s  du r ing  t h e  f a l l  when t h e  s e a f l o o r  communities 
would be least  impacted by t h e  dis turbance.  
not  covered by t h e  conceptual  scheme i n  Figure 9, bu t  t h e s e  examples demonstrated 
how i n t e g r a t e d  information could a i d  environmental  managers i n  making dec i s ions ,  
based upon sound s c i e n t i f i c  judgement. 

As i nd ica t ed  i n  Figure 9,  

Since t h e  winter  t o  e a r l y  summer w a s  important f o r  benthic  l a r v a e ,  juv- 

There may be o the r  cons ide ra t ions  

Another environmental  c h a r a c t e r i s t i c  that should be considered i n  r e spec t  
t o  t h e  above decision-making examples is  r e s i l i e n c y  a f t e r  a dis turbance.  
f o r  example, it w a s  concluded t h a t  t h e  f a l l  would be t h e  per iod of least impact 
from dredging, then t h e  r e s i l i e n c y  of impacted components need be considered. 
Processes  and communities should no t  be per turbed long enough t o  s i g n i f i c a n t l y  
a f f e c t  t h e i r  c o n t r i b u t i o n  t o  ecosystem func t ion ,  
i nd ica t ed  how r e s i l i e n t  t h e  benthic  community of t h e  Corpus C h r i s t i  Bay e s tua ry  

I f  

Data presented i n  Table 3 

Table 3. Benthic community d a t a  from a channel s t a t i o n  i n  t h e  Corpus C h r i s t i  
Bay e s tua ry  p r i o r  t o  channel dredging (1974-82) and a f t e r  dredging 
(1982-83) occurred i n  A p r i l  1982, t o  i l l u s t r a t e  r e s i l i e n c y  of t h e  
ben th ic  spec ie s  assemblages i n  t h i s  ecosystem. 

In fauna 1 In fauna 1 Infaunal 
Sampllng Date Abundance Species  Biomass 

Number ( g/m2) 
2 (antmals/m ) 

January 1982 5,055.6 26 4 . 5 9  

April 1982 ' 214.8 9 1 .39  

July 1982 2,833.3 28 14.81 

Average January 6,305.2 f 2,031.2 29.7 f 12 .5  10.56 2 4 .83  

Average April 5,873.3 f 1,900.1 36 .0  ? 1 7 . 4  16.86 ? 6.26 

Average July 2,022.5 ? 1 ,242 .3  38.9 ? 15 .5  17.29 f 6.04 

Sampling conducted two weeks after dredglng completed, 
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was a f t e r  a period of dredging i n  A p r i l  1982. 
t e r i s t i c s  of i n fauna l  abundance, spec ie s  number and t o t a l  biomass were normal 
f o r  t h i s  time of year 181. The Apr i l  1982 measures f o r  t h e s e  same c h a r a c t e r i s t i c s ,  
taken i m e d i a t e l y  a f t e r  t h e  dredging event ,  were f a r  below t h e  average f o r  Apri l  
of o t h e r  years .  By J u l y  1982, however, t h e s e  same benthic  measures were s imi l a r  
t o  average observat ions f o r  t h a t  month of o t h e r  years .  
C h r i s t i  Bay were r e s i l i e n t  enough t o  show c h a r a c t e r i s t i c s  normal f o r  t h e s e  
fauna t h r e e  months a f t e r  t h e  dredging d i s tu rbance  t o  t h e  e s tua ry .  

The January 1982 benthic  charac- 

The benthos of Corpus 

5. CONCLUSIONS 

Many pas t  e f f o r t s  of managing e s t u a r i n e  ecosystems, s t r i v i n g  f o r  a balance 
between p rese rva t ion  and economic growth, have r e l i e d  upon information from 
research addressing a f t e r - the - f ac t  o r  instantaneous ana lyses  of t h e  system t h a t  
do no t  u s u a l l y  provide p r e d i c t i v e  a b i l i t i e s .  
a b i l i t i e s ,  however, i n  o rde r  t o  improve environmental  management, more a t t e n t i o n  
needs t o  be focused upon understanding t h e  processes  involved i n  ecosystem 
funct ion.  
i n  sou th  Texas, t h e  s tudy descr ibed he re  has demonstrated how a h o l i s t i c  percep- 
t i o n  of ecosystem func t ion  can improve environmental  understanding. 

To develop t h e s e  p r e d i c t i v e  

By u t i l i z i n g  s p e c i f i c  examples from e s t u a r i n e  environmental  assessment 

Combining r ecen t  s tudy  r e s u l t s  on mechanisms t h a t  r e g u l a t e  ecosystem 
dynamics wi th  h i s t o r i c a l  d a t a  on water  q u a l i t y  and b i o t a  changed our percept ion 
of e s t u a r i n e  func t ion  i n  sou th  Texas. 
Corpus C h r i s t i  Bay e s t u a r y  were c o r r e l a t e d  wi th  changes i n  primary p roduc t iv i ty  
r a t e s ,  benthic  community s t r u c t u r e  and f i s h e r y  y i e l d s .  This  information coupled 
with high measured rates of n u t r i e n t  r egene ra t ion  from t h e  e s t u a r i n e  sediments 
caused us t o  conclude that t h e  ecosystem relies heav i ly  on t h e  r ecyc l ing  of 
m a t e r i a l s  and r e q u i r e s  ep i sod ic  c l ima to log ica l  changes i n  o rde r  t o  r e p l a c e  
materials l o s t  from recyc l ing  and t o  maintain a s t eady  s ta te  i n  e s t u a r i n e  pro- 
duction. With t h i s  r e f i n e d  percept ion of t h e  r e l a t i o n s h i p  between episodic  
i n p u t s  o f  f reshwater  and ecosystem f u n c t i o n  i t  became more apparent  that n e t  
production of t h e  e s tua ry ,  above t h e  long-term s t eady  s ta te  l e v e l s ,  could only 
be r e a l i z e d  through t h e s e  ep i sod ic  events .  

Documented environmental  changes i n  t h e  

I n  a d d i t i o n ,  t h e  development of material flow schemes and i n t e g r a t i o n  of 
s eve ra l  physical ,  chemical,  and b i o l o g i c a l  components i n t o  h o l i s t i c  d i s p l a y s  
s i g n i f i c a n t l y  enhanced our  understanding of e s t u a r i n e  dynamics. The i n t e g r a t i o n  
of i n t e r d i s c i p l i n a r y  d a t a  increased our  knowledge of how va r ious  processes  
l i nked  t h e  b io log ic  components of t h e  system. The i l l u s t r a t i o n  of carbon flow 
through t h e  system b i o t a  demonstrated t h e  importance of t h e  e s t u a r i n e  benthos 
se rv ing  as a l i n k  between primary producers and almost a l l  secondary consumers 
i n  t h e  ecosystem. 
benthos t o  changes i n  carbon supply t o  t h e  e s t u a r y  s i n c e  t h e r e  appeared t o  be 
no excess carbon con t r ibu ted  t o  t h e  system, above t h a t  r equ i r ed  t o  support  
measured benthic  production. 

These t r o p h i c  ana lyses  a l s o  ind ica t ed  t h e  s e n s i t i v i t y  of t h e  

The long-term d a t a  set f o r  t h e  Corpus C h r i s t i  Bay e s t u a r y  has l a i d  a r e l i a b l e  
base upon which t o  develop e s t u a r i n e  management s t r a t e g i e s .  
can u s e  t h i s  kind of ecosystem c h a r a c t e r i z a t i o n  and t h e  conceptual  schemes that 
are developed from it f o r  model v e r i f i c a t i o n  and refinement i n  o rde r  t o  improve 
our a b i l i t y  t o  d e t e c t  and p r e d i c t  change i n  e s t u a r i e s .  
that p o t e n t i a l  environmental  d i s tu rbances  b e  evaluated by means of a n  i n t e r -  
d i s c i p l i n a r y  problem-solving approach, The i n t e g r a t i o n  of v a r i o u s  e s t u a r i n e  
ecosystem components i n t o  a conceptual  scheme a b l e  t o  be  v i s u a l i z e d  by t h e  
environmental  manager, as demonstrated he re ,  is a dramatic  improvement over t h e  
t r ia l -and-error  management approaches followed i n  t h e  pas t .  It  a l s o  b r h g S  u s  

P r e d i c t i v e  modelling 

It has been suggested [27]  
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closer to quantitatively modelling these kinds of environments, 
interests in estuarine resources are too great to allow us to continue without 
considering these potential improvements in our decision-making process. 

Our economic 
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