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a  p r i m a r y  source o f  i n f o r m a t i o n  on n a t i o n d l  f i s h  and w i l d -  
l i f e  resources ,  p a r t i c u l a r l y  i n  r e s p e c t  t o  env i ronmenta l  
impac t  assessment. 

e To g a t h e r ,  ana lyze ,  and p r e s e n t  i n f o r r l a t i o n  t h a t  w i l l  a i d  
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t e c h n i c a l  a s s i s t a n c e  s e r v i c e s  a r e  hased on an a n a l v s i s  o f  t h e  i s s u e i ,  d 

d e t e m i n a t i o n  o f  t h e  decis ionmabers i n v o l v e d  and t h e i r  i n f o r m a t i o n  needs, 
and an e v a l u a t i o n  o f  the  s t a t e  o f  t h e  a r t  t o  i d e n t i f y  i n f o r m a t i o n  qaps 
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t h e  p r o d u c t s  produced and d i  sseni inated a r e  t ime1 y and u s e f u l .  

P r o j e c t s  have been i n i t i a t e d  i n  the  to l l ow in : ;  d reas :  coa l  e x t r a c t i o n  
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P R E F A C E  

This oyster reef con7runity prof i le  i s  
the second in a developin9 se r ies  of pro- 
f i l e s  of coastal habitats.  The purpose of 
t h i s  prof i le  i s  to  describe the s t ructure  
and ecological function of in tc r t ida l  oys- 
t e r  reefs in the s a l t  marsh es tuar ine  eco- 
system of the Southeastern United Stdtes.  
The in tc r t ida l  oyster reef habi ta t ,  as 
described here, i s  c lass i f i ed  by Cowardin 
e t  a l .  (1979)  as occurring in the Carolin- 
idri province, in the euhaline estuarine 
syste~:, in the in te r t ida l  subsyster:, in 
the reef c lass ,  and in the r;iollusk sub- 
c lass ,  t i i  t h  the eastern oyster Crassostrea 
virgirlica as  the dorinance type. 

'This profi le  provides a handy refer-  
ence which synthesizes the volu~inous sci - 
ent i f  ic  1 i  t e ra tu re  on oysters and focuses 
on aspects of the less-studied oyster reef 
col:lrx;uni ty. The prof i le  a lso  points out 
sorr:e of the c.!any deficiencies in the cur- 
rent level of understanding of the oyster 
reef subsysten and of the en t i r e  estuarine 
ecosysterl. If additional research e f fo r t s  
are thereby in i t i a ted ,  th i s  prof i le  will 
have Seen a success. (The cbservant read- 
e r  will nctice that  in i;:any instances 
where quant i ta t ive  data were not avail-  
able, extrapolations frorr, other cos:r;iuni- 
t i e s  or educated judgri:ents, or both, were 
necessary. ) 

The information in the p rc f i l e  will 
be useful t c  environr:.ental c;anagers, re- 

source planners, coastal ecologists,  ria- 
r i  ne science students, and interested  la^- 
nlen w h 3  ~ i s h  to  learn about the oyster 
reef cowriunity and i t s  role in the coastal 
ecosystem. The fortfiat, s ty le ,  and level 
of presentation should make th i s  report 
adaptable to a diversity of needs, from 
the preparation of envi ronrnental assess- 
rvent reports to supplementary reading 
material in college narine science 
courses. 

This prof i le  proceeds frov a descrip- 
t ion of the estuarine se t t ing  (Chapter I ) ,  
t o  a discussion of oyster biology (Chapter 
2 ) ,  to a characterization of the oyster 
reef per se (Chapter 3 ) ,  t o  a discussion 
of the development and role of the reef 
s y s t e ~  in the coastal e c o s y s t e ~ ~  (Chapter 
4 ) .  Chapter 5 i s  a summary of the role of 
the oyster reef as expressed in three con- 
ceptual rrodels, and Chapter 6 includes a 
brief synopsis of the f i r s t  f ive  chapters, 
along with imp1 ications fo r  ~1anay;er;lent. 

Any questions or comn!ents about or 
requests fo r  t h i s  publication shculd be 
directed to:  

Inforration Transfer Spec ia l i s t  
i4ational Coastal Ecosyster;:~ Tear 
U.S. Fish and L'i ldlife Service 
NASA-Sl idel 1 Corputer Co~plex 
lClC Gause Goulevard 
S l i de l l ,  L A  79458 
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DESCRIPTION L I ~  TiiC COASTAL SETTING 

1 . 1  IhTRODklCTIOh  AND OfiJFLi'lVES 

Oysters occupy a uP1qtie s ta tus  at on(, 
rarltne and pstudr ine i nve r t~b ra t e s .  A \  a 
gt-oup, t h e j  are the iilost wldcfy stticilpr! 
arid thins beqt known of a l l  these an?r .a ls ,  
prlrrarily because of t twlr  i i ~ ~ ~ v e r i ~ f ]  
socloeconorrlc value. S o ~ e  oyster spec lc., 
arc  p r~zed  for the l r  f lavor and h ~ i ~ h  qua?- 
i t y  protein; some are valued fo r  :/it,?r 
pear-1s. Oyster she1 1 calci~~iil  ~ d r  i ) ~ , r ~ d t t t  

has long been used as d bu~ldl'nq n i a t e r ~ , ~ t ,  
e.ii., "Tabby" houses of oyster shel l  w r i e  
orice coniron i n  cads tal Ceoriiid a n d  4o1iti.1 
Larolina. Oyster shel ls  are fed to ih~i,C,- 
ens and dre even the source of s u j t p l ~ r ~ ~ f ~ r t -  
tdry calcluin I n  table ts  for  iiun~ans. Oys- 
t e r s  o f  various kinds have been cnl tclred 
for  centuries, so, I n  a  sense, sol-,e spe- 
cmes qualify aas don,estic aninlals. 

Put-h of the inforriation gathered 
about oysters has been collected ljy s c i -  
en t i s t s ,  b u t  a  signrficant atirount has bern 
ccttlected by observant laypen, natural-  
? ; s t s ,  and aquacul t u r i s t s .  The o b j ~ c t ?  V C ~  

of nost of those observat~ons,  howevcr, 
were to learn to grow more oysters I n  
given dfeai fas te r  a n d  with Sewer l o s w s .  
I n  the vast oyster 1 i t e ra tu re ,  t h ~ r e  drt 
re la t ively  f e ~  "pure 'hec log ica l  s l u b ~ e l  
"Ldt t r e a t  the oyster objectlvely as a n  
ecosystet~i coriiponerit. Tor cxanyie, a f l - i r l a i%  
assoc~a ted  with oysters are usual Sy 
referred to as "pest" species, as ~ o y n t c i  
are lo sheepherders. Eut just. as no orcid- 
nisn 7's autonorrous, and  a l l  crcjanis~ 5 
operate within the framework of ecosYCa- 
terns, so t!>e oyster ' s  lo,portanc,e ~x t e r l a s  
beyond i t s  socioecnnoin~c value, 

The primary o b j e c t i ~ e  of t h ~ s  cbs'f:Q- 
prof i le  i s  to describe the  franc?.?^^ 

04 one spec-ies of oyster in a portlcfi of 
i t s  nabi  t a t .  Nore specif ical  l y ,  we present 
a pr-ofile of a cnmii1srnjty assoc~a ted  w i t l , ,  
cjepesldiint on, artd dominated by the kiieri- 
cau 9f eastern oyster, Crassostrea vi=<C!? 

__11-- - 
i c a  (Grneiinj. The study area conjjujses -- 

the coast of the Sou?.ti Atlantic Right be- 
tween Cape Fear, North Carolina, a n d  Cape 
Canaveral, Florida,  (Figure i a j ,  as dis-  
cussed in Section 1 . 2 .  

8ecausc the range of the An:erican 
oyster extends over a wide lat i t t ide (frail: 
20" N t o  53' N), the ecological conditions 
encountered are diverse and the "oyster 
~ o i \ ~ i i u r ~ i  ty'? is not uniform thrcughout the 
range (see  Section 2.2). The present de- 
scriptiori a p p l i e s  priiliarily and specif i -  
ca l ly  t o  those populations of oysters and 
associated oryanisnis o c c u r r i n ~  in the in- 
t e r t i d a l  zone in the Southeastern United 
States .  I n  soole portions o f  i t s  range, 
par t icular ly  i n  the area beins described 
(which has a large t idal  range), the oys- 
t e r  builds massive, discrete reefs in the 
intertidal zone. 

The vertical  elevation of in ter t iddl  
oyster reefs above rriean low water i s  mdx- 
imal w - i l h i n  the central Georgia coastal 
zone, where Inearl t i d a l  anipl i tude exceeds 
2  IT^ (2 .2  R I  C7.2 t t ]  a t  Sapelo Island, ap- 
proxirciately a t  the center of the South 
A t l a n t ~ c  Bight). Approximate isopleths or 
contours of the t idal  range along the 
Atlantic a n d  gulf coasts are indicated in 
f igure  Ih. Local areas experience tidal 
vdridtl'on because of local hydrologic 
c f  fects .  The niost extensive contiguous 
oyster reefs occur in the South Carolina 
coastal  zone. IiysLer recis cirr~inish i n  
s i z e  and significance south of Georgia and 
north of Sohth Carolina, b u t  there are In- 
ter  t i d d j  patch recfs i n  northeastern 
r lor ida  and southern North Carolina. In- 
iornlat ion reported i n  th i s  document i s  
applicable to  reefs f ro r  Cape Fear, 
iiorth Carolina, to  (ape Canaveral , F'icr- 
ida, except as  noted in the text .  

The terc oyster reef often i s  in ter-  
changed 9oose:y with other terrns for local 
estuarirw areas jnhabi ted by oysters,  
including oyster bar, oyster bed,  oyster 
rack, oyster around, and  oyster. plant'ing, 





Throughout th is  docunent, oyster "reefs"  
are  s t r i c t l y  defined as  "the natural 
s t ructures  found between the t ide  l ines  
that  are composed of oyster she l l ,  l i v e  
oysters,  a n d  other organisrr,s and that  a r e  
discrete ,  contiguous, and c lear ly  d i s t in -  
gui shable (during ebb t i de )  fro!]) scat tered 
oysters in n:arshes and xrud f l a t s ,  and fro111 
wave-forn~ed she1 1 windrows. " Inter t  jdal 
reefs ,  as defined here, are also d i s t i nc t  
fror:; natural and planted subtidal oyster 
populations. 

Ecologists'  opinions d i f f e r  as t o  
whether benthic c o ~ ~ ? u n i t i e s  {and some 
other conlmunities) ex i s t  as t ight ly  in te r -  
active and interdependent systems of orga- 
nislns, a r  whether such comrr,unities d r e  
merely loose, chance associations to  which 
irienlber species belong solely by geographic 
accident. A proponent of the fosrr~er argu- 
ment long ago chose the oyster cor:in\uni ty 
as an example of a biocoenosis, o r  in te r -  
active community (Mobius 1883). Whether o r  
not some species that  occur in the oyster 
reef communi ty are  dispensable, the Ameri- 
can oyster i s  the "keystone'9pecies ( o r  
indispensable) in the sense intended by 
Pdine (1969)  when he coined the term. 

Specific objectives of th i s  report  
are as follow: f l )  to synthesize a s t a t e -  
of-the-art  systen.~ view of the oyster reef 
community in the study area frorri exis t ing 
l i t e r a t u r e ;  ( 2 )  to address the e f fec t s  of 
various potentidl cul tural  and natural 
perturbations on the oyster reef subsys- 
tem, incl udiny pollution e f fec t s ,  physical 
a l t e ra t ions  to the estuary, and natural 
changes; ( 3 )  to  condense the above infor- 
mation into  conceptual ecosys tern inodel s 
constructed a t  a level understandable by a 
variety of readers, includi ny those inex- 
perienced in using ecoiog5cal models. 

The American oyster i s  the quintes- 
sent ia l  o r  most typical estuarine animal. 
I t  can to le ra te  a wide range of s a l i n i t y s  
temperature, turbidi ty ,  and oxygen ten- 
sion,  and therefore i s  adapted to  the pe- 
r iodic  and aperiodic changes in  water 
qua1 i t y  tha t  characterize estuaries.  Some 
physiological ana anatonicai reasons f o r  
i t s  adaative ~1ast icSt .y  are described i n  
Chapter 2, which t r e a t s  the autecalow of 
the oyster, Other aspects of the success 
of the in te r t ida l  oyster a re  related t o  
i t s  colonial l i f e s t y l e  and mtua l  i n t e r -  
dependence aad cannot be co~iprehended from 

infarr~at ion gathered fo r  individual oys- 
t e r s .  Chapter 3 i s  devoted t o  a discus- 
sion of the en t i re  reef community. Chap- 
t e r  4 discusses the ree f ' s  role in the 
coastal ecosysten~ and Chapter 5 presents 
three loodels expressing the r ee f ' s  role. 
Chapter 6 summarizes the other chapters 
and gives in~plications for  management. 

This chapter 's  remaining sections de- 
scribe the specif ic  estuarine envi ronment 
of the oyster reef community, They in- 
clude the physical, chemical, and biolog- 
ical  se t t ings .  

1 .% G E N E R A L  CHARACTERISTICS 
OF T H E  SOUTH ATLANTIC BIGHT 

The geographic area on which t h i s  
prof i le  primarily focuses i s  the portion 
of the South Atlantic Bight, extending 
along the southeastern coast of the United 
States between Cape Fear , Rorth Caro- 
l ina ,  and Cape Canaveral, Florida. This 
section of the southern coastal plain ex- 
h ib i t s  a continuum of change in coastal 
isorphology, but i s  characterized by exten- 
s  ive lagoon-marsh systems and estuaries 
bound a t  the i r  eastern extent by bar r ie r  
island complexes. The morphology of coast- 
a l  barr ier  island systems and extent of 
the lagoon-marsh are the resu l t s  of a coni- 
plex interplay of physical and biological 
processes. 

In general, t h i s  area can be consid- 
ered a mjxed-enerqy coast (Hayes 1975) 
since coastal processes and mrpholagies 
a r e  determined by the varying influence of 
both waves and t ides.  Wave and t idal  con- 
dit ions i n  t h i s  area are largely a func- 
t ion of the changing prof i le  of the inner 
continental shelf  (Hayden and Bolan 1979; 
Hubbard e t  81, 1979)- Average wave heights 
decrease from a maximum of 1,2 m (4 f t )  
along the North Carolina coast t o  a m i n f -  
ntum of 0,7 m (0,5 f t )  along the central  
Georgia coast (Hubbard e t  a i ,  1979). Where 
the shelf i s  broad, nearshore wave heights 
a re  reduced through fr ic t ional  loss  caused 
by shoaling on the ocean f loor  shelf .  

She l f  width, combined with the arcu- 
a t e  shape of t h e  coastl ine,  a lso  Snfiuenc- 
e s  t idal  range. The southern coast of 
North Carolifia i s  c lass i f ied as a micro- 
t i d a l  coastl ine (Davies 19641, with semi- 
diurnal t ides  that  range between O and 2 m 



(0-6.5 ft). Tides a t  Fiasonboro In l e t  an 
t h e  southern coast of Worth Carolina range 
from 1.2 m ( 4  f t )  t o  1.4 m (4.5 f t )  f o r  
mean and spring conditions, respec t i  vely 
(Vallianos 7975). Wind and wave processes 
are the principal forcer dictating coastal 
morphology i n  niicrotida I caas t a ?  sys tems 
[Hayes 1975). Barrier islands in  North 
Carolina tend t o  be long and narrow, and 
they contain re la t ively  few t idal  i n l e t s ,  
Lagoon-marsh sys terns are usually narrow 
(1.5 krrr o r  Q,6 m i ) ,  shallow, and densely 
vegetated (67eary e t  31. 1979). 

Farther sorsth in South Carolina arrd 
Georgla, the coastal systerr h d s  been c las-  
s i f i e d  as mesot ida l  (Davies 1964), having 
a t idal  range between 2 and 4 n;. (6.5 and 
13 f t ) .  This coastl ine i 5  ~ h a r d c t e r i t ~ d  
by short (261 to 30 knl or  li" t o  19 n i i )  bat*- 
r?er islands, with a wdder central portion 
and rrilrrow ends broken by nunjerous t idal  
inlets. Xn response to  the hi(ji.~er t i d a l  
rlsnge, larger areas of taga~trrt-rnar~~h are  
broken by ext~rrs  i vc and COFI;~IPX networks. 
o f  t i d n l  dreindye channels. T i &  l irrlet% 
between bar-rler islrrnsts tewd 1 0  br rcld- 
t ivc ly  deep ( ~161 n! rjv. 34 f t ) and d y e  
f l anked  by cxtcnsive bar$, and s p i t s .  

Cstuarles and la!jc~sns w r  ti.) r d s r o ~ i ~ l  t r c t  
~rtsrsh, f!ludf?at, drtd t f d d l  drdifldqe net- 
works c oatyasc the dnn~inartt hdlli td l  of  tiit" 
Anr~ricafs oya,ter* I'. vj_rxji:jg,, i n  t h c  
5auLhed"aterrr k!nS tccf S P d t v ~ ; ,  'The eerri! c""l tu- 
d r y  f ran: tire i d t  r rr ~ ~ ~ ~ J ~ ~ ,  tticani n ( ~  t I r!c 
{Schubcf % Y 7 9 ) ,  iras been def irred i n  vctr i- 
trus wdya,. G ~ o l t ~ f l l i ~ t  5 lend t o  at-ccpr t h ~  
s t r i c t l y  pttyl~rcai ~nttlr-pretatrori of Pr'it- 
<:hard 6 1 9 6 1 ) ~  wtrrr t f r f j n ~ d  drr e5 tudry nk  ' I n  

scrrri-cnclospd c t / d . i t d l  body of water w h i c h  
has d it"@e ccirarrcctic~n w J  t i t  th tz  open rea 
a n d  w l t h x r ?  which aced auater 1 s  nieds~tr*ably 
d i  1 ~ 1 t ~ d  ~il!f f rrsh water- frofa ?dnd drain- 
(aye, " !\ br.osldert, pSttr.ts erulor,.i t.4 l d e f i n i  - 
tion [trnjtosed ksy Gowisrtlir? PI d l .  (I 'V!?) i~ 
"'cffgcp-water $ir.idt krdbfld t s  drld d d j $ ~ ( ' ~ l t  
t t idal  wctldneis tih ich avfz uscid1 f q  $PI:"- 
enclosed by I ctnd, but, Irdve open, pd t-t i a i  ly 
obstructed, o r  st:oradit: access tcr the open 
ncesn and i n  which ucosn kttter. i s  a t  least 
occasianal ly d i  1 uted by t rcsti water runoff 
from the lanci." ?II  t h i s  paper wc defl'ne 
estuar'ies even rrore aroiiniy t o  irar,iude csii 
the eco?agical subsystere$s - t h a t  inter-act to 
Fam: the caastal ~ a r s h - e s  t u a r ~  n s  ecwsys- 
tern, Zn other words, to yi iot t i  Odrrrz e t  ti?. 

(1974),  "It i s  the ecosysr-,o:is rather t h a n  

the estuarine waterbodies t h a t  are dis-  
cussed . . .here. " 

Pri tchard (1 967)  subdivided estuarine 
waterhodi es in to  four yeor:orphological 
types: ( 1 )  drowned r iver  valleys;  (12) 
fjard-type es tuar ies ;  ( 3 )  bar-buil t estu- 
a r i e s ;  and ( 4 )  estuaries produced by tec- 
tonic processes. All southeastern coastal 
plain estuaries fa l l  into e i the r  the bar- 
built, or the drowned river valley estua- 
rine types. 

General Estuarine kbdroqragjhy 
-*.--"----- ---.- 

Ikater circulation patterns are of 
priniary sign i f  icance in deterrrlining the 
physical and cherlical conditions of the 
rsstuari ~e ecosystem. Water ci rculation 
strongly influences sa l in i ty ,  but i t  a l so  
d i r e c t l y  influences sedir~ientation p d t -  
l r~ rns ,  I.urDidi ty, Leinperature, and nu l r i -  
ent c,onditions. Estuaries with s ign i f i -  
cant r ivcrine sources s f  low s a l i n i t y  
watc*r are  di~,t irrctly different in forr. and 
hyd~~ora [ ) t i i c  ( t l a r ~ ~ t e r  f r01i1 S ~ U S C  ~i t h n ~ t  
such sourcrs (Oer t c l  1914) .  

k l a % s ~ r l c a t  ion<, o f  cs tudr inc  water 
c I rculat  ion pd tterSns arc based ldt-gr?ly on 
t l - r ~  rc~iat ive  r:aqni tude of e i  tksr  r iverinc 
or  t i d a l  ~rifluone,t? (Ketct~ur, 1951; S t o ~ ~ i e l  
?9 i r i ;  Prifcl~drd 1955, 1967, l n 7 1 ;  Rowden 
t 9 b 8 )  i n  conjunct,ian w i t 1 1  the yeomorphol- 
oqy o f  thrl c.~tuarirre bac;in (Sclrubel 1971 ). 
E stu~arrcx; w i  th l a r  r:e river-ine s s~ r~ t . 55  of 
f - r ~ s t ~  water- sf?c~w a well-defined vertical  
sd1ir)it.y ~ ~ t r d r i f l c a t i o n .  Fresh water nver- 
r idrs  hiic;hf)r d ~ f l s i  ty s a l t  wdter and forr.15 
ar! upptxr-, freshwater- layer .  The entrain- 
iirent ot s a l t  tYdter f ra r  the lower layer 
I n l o  tho upper, frcshwatcr l ayc r  through 
cxldy d i f  furjarr resul t r  in tk!e rV1ass rilove- 
rent  af  the s a l i r r p  hottoil) I a y ~ r  into the 
(~t,tuarAinc: b d x ~ n  (St i iubel  1971 1. T h i s  
rn*chanisnl crea tes the s a l  t-wedce type es- 
t u a r y  at.; described by Pritchard j l S 7 1  ) ,  A 
pa r t  t i r l  'fy I! i xed  ~5 tuary occurs &hen the 
t i d a l  flok 1s suff ic ient ly  stronp to  pre- 
vent t h r  river- ciortinatin~~ the c i r c u -  
lation pat  t e r n  (Schtkel 1971 ) ,  Turbulence 
gerferated by t h ~  rovertieat of the sa l ine  
huttot '  layer  restilts i n  increased vertical  " .  PiXin$ &Ed --,-A*.*- C 

~ 1 V * z t t r t t L f  S\:l;fi;:ty st?-b?t;fjc~- 
t i o n  { P u  3 t c h a r d  19S7). Rany southeastern 
es tuar ies  wl t h  relatibely large freshwater 
sources (c?, g. , Al tanaha and Ossabarei Sounds 
i n  Georgia and Chdrleston Harbor in Sou th  



Carolina) f a l l  in to  t h i s  second, par t i a l -  
ly ~i ixed c lass i f icat ion a t  l eas t  season- 
a l l y .  

)%st  estuaries in the study area are 
c lass i f i ed  as ver t ical ly  hor~logeneous 
(Pri  tchard 1967, 1971 ; Schirbel 1971 ), 
where t ida l  rrixirig i s  the dominant physi- 
cal process. These system receive fresh 
water prinari  ly though local precipitation 
via t ida l  creek drainage systenls particu- 
l a r ly  during spring floods. Sapelo Sound, 
Georgia, and the lagoon-~arsh cootpfex ad- 
jacent to  North In le t ,  South Carolina 
( f in ley  1975), are two examples of ver t i -  
cal ly homogeneous systems. Lagoon-marsh 
complexes in southern North Carolina are 
not fed by major streams (Cleary e t  al .  
1979); therefore,  they can also be consid- 
ered ver t ical  ly homogeneous. 

In estuaries not di rectly influenced 
by large riverine sources, estuarine c i r -  
culation patterns are largely determined 
by t ides ,  wind, and by the water storage 
capaci t i e s  of l agoon-marsh complexes 
(Oertel 1975). The lagoon-mdrsh complexes 
in Georgia, fo r  example, are extensive and 
average 6.5 to  7.5 km (4.0 to  4.6 mi) in 
width. These areas s tore  large volunies of 
water during high t ide ,  and during t ida l  
drainage they contribute s ignif icant ly  to 
water c i rcula t ion and nutrient exchange 
within the estuarine ecosystem. These 
'large lagoon marshes generally occupy a 
major portion of the watershed of the es- 
tuarine basins, and therefore d i rec t  rain- 
f a l l  i s  the major source of freshwater to 
these syterrs (Tom N i  11 iams, Clenison Uni- 
versity,  Georgetown, Souttt Carolina; pers. 
corn. ) 

Estuarine Sedirnentatiqn 

The origin of sedinlents in estuaries 
and the processes that affect  the i r  dis- 
t r ibut ion and deposition have been the 
subject of extensive research and sci  en- 
t i f i c  debate f a r  over 25 years (Guitcher 
1967). Estuarine sedimentation patterns 
are complex and influenced by t idal  cycle, 
wind direction and duration, waves, sea- 
sonal r iver ine  flooding, water storage 
capacity of lagoon-marsh complexes, and 
sedtment avai labi l i ty .  The biological 
animal-sediment interactions (bioturba- 
t i on )  and chemical factors are also impor- 
tant  (Howard 1975). These factors may vary 

continuously in space, t ine ,  and intensi ty  
(Qerte l  1374). 

The processes of sedimentation can 
best be understood i f  the estuarine systev 
i s  divided into three par ts ,  based on gen- 
eralized physical and hydrographic charac- 
t e r i s t i c s :  ( 1 )  the  lower sound and i n l e t  
entrance; ( 2 )  the middle region of the es- 
tuary, including the niain rivers feeding 
the sound; and ( 3 )  smaller t idal  creeks 
draining the marsh complex. Naturally oc- 
curring oyster reefs  can be found in each 
of these main zones in the study area, The 
three estuarine sedimentation zones are  
i l lus t ra ted  in Figure 2. 

The drea of the lower sound and i n l e t  
entrance i s  influenced priiilarily by n~arine 
processes. Wind-wave and t ida l  ly generated 
cur-rents exert  the greatest  influence in 
the lower sound, creating a re la t ive ly  
high energy sedimentary system. idhere a 
suff ic ient  sediment supply i s  present, 
th i s  area i s  characterized by medium- t o  
coarse-grained and comrnonly cross-bedded 
sands. Where the lower sound i s  l e ss  in- 
fluenced by strong t idal  currents,  bottom 
sediments consis t  of a mixed medium- t o  
fine-grained muddy sand. These sands be- 
come progressively f ine r  grained and in- 
terbedded, or itfixed with mud fa r ther  i n -  
land. This i s  par t icular ly  common i n  estu- 
a r ies  without f luvial  sources of caarser- 
grained sediment. Near the mouth  of the 
sound, influence of the adjacent shoreface 
i s  indicated by the increasing grain s i z e  
and higher energy bedforms, sand r ipples ,  
ctc.  (Mayou and Howard 1975).  Sandflats 
and mudflats frequently characterize the 
in ter t idal  margi ris of the lower sound. 

In estuarine systems characterized by 
large riverine freshwater i n p u t ,  the ver- 
t i c a l l y  s t r a t i f i e d  lower sections of the 
estuaries beconre natural traps fo r  fine- 
grained sedinent (Schubel 7971). Fine- 
grained sediment transported i n  the upper 
freshwater layer frequently wil l  s e t t l e  
into the lower sa l ine  layer and then be 
carried back infand, Suspended sediment 
may, therefore, be transported back and 
forth many times within the lower section 
of an estuary before i t  i s  f i na l l y  depos- 
i ted (FOS t l : ~  i967;, 

The rriiddle region of the estuarine 
sedimntary envi  ronmnt includes the 
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upper~i!ost p8rtior.i of the sound and the 
nlain rivers feed ing  the sound. T h i s  zone 
i s  influenced by both r-iarine a n d  r iver jne  
processes. Eottuni sedicients i n  the upper 
reaches of the estuary are charac te r i s t i -  
ca l ly  ciuddy sands or- interbedded f ine-  
grained sands arid I ~ U C ? S .  Farther inland, 
~f the r iver  transports a s ipn i f ican t  
amount of coarse-grained material, b ~ t t o ~ i i  
sedin~ents contain a decreasing per-centage 
of n;ud (Dorjes and Howard 1975).  Turbid- 
i ty  levels are generally higher i n  t h i s  
zone ( the  rniddle region) during al 1 por- 
tions of the t ida l  cycle (Day 1951; Howard 
e t  a l ,  1975) .  These higher turbidi ty  iev- 
e l s  in part  r e f lec t  the fac t  that  t ida l  
currents (especialiy ebb currents)  a t t a i n  
the highest veloci t ies  in the rliiddle re- 
gions of the estuary before they are  
slowed in the open sound. The iniportance 
of turbidity to oyster populations will be 
explained in Section 2.3. 

The complex [jetwork of smal l e r  t idal  
creeks that  drain extensive areas o f  s a l t  
marsh fornls the third division of the es- 
tuarine seditrientary environrnent. Tidal 
creeks exhibit  highly sinuous channel pat- 
t e rns ;  l a te ra l  jy rriigratin~l point bars on 
the convex inner sides fornt depositional 
banks. The concave outer banks of t i da l  
creeks are  areas of net erosion, where 
water currents a t t a i n  the i r  highest veloc- 
i t i e s .  This estuary zone can be c lass i -  
f ied as a low-encrgy, sedimentary envi ron- 
ment. Current veloci t ies  in t idal  creeks 
depend on the extent of niarsh drainage 
area. Fine-grained mud-si l t s  and, l e ss  
frequently, f ine  sands are the most corrlrnon 
bottom sediments. Despite the re la t ively  
f i ne  grain s i r e  of bottorii sediments in 
t ida l  creeks, the botton, includes a l l  qrd- 
dations, fron extrenrely sof t  and organi - 
cal ly  rich to hard ii'ud and ciay (Galtsoff 
and tuce 1930). The degree of bottom sed- 
iment consolidation i s  a function of the 
interaction between depositional and ero- 
sion Forces. Hard mud bottoms fern> i r i  
areds where t ida l  creeks erode into con- 
solidated rmrsh sediment. 

Phys ico-Cbternioal Envi ronrnent 

a l so  provide a conver~ient frantework fo r  a 
d i  scussinn of the chen,ical environment. 

In the study area ,  estuaries a re  
character~zed by !liyhly variable l a te ra l  
and vertical  sa l ln i ty  crddients. k i th in  
any par t icular  estuary, however, s a l i n i t y  
trends are best described by the degree of 
ver t ical  rn-ixing taking place between fresh 
and sai ine water txasses. Three re la t ively  
well-defined s a l i n i t y  zones ex i s t  in the 
iiiajority of estbarine systeilis: ( 1 )  a 
s tab le ,  we? 1-[nixed, and rr~arine-donli nated 
lower zone; ( 2 )  an unstable interr:iediate 
zone where large changes in the ver t ical  
s a l i n i t y  gradient occur w i t h  each t ida l  
cycle;  a n d  ( 3 )  a 5tdblt3 upper region don~i- 
na tcd by r lver i  ne f reski water inf 1 uence 
(Howard e t  a l .  1975). The juxtaposition of 
these three zones depends upon the in te r -  
action and re la t ive  riragnitude of r iverine 
and t idal  influences. I n  the lower sound 
and i n l e t  ~ n t r a n c e ,  corresponding t o  zone 
1, mean s a l i n i t i e s  are high, ranging froni 
approximately 20 O/uu (par ts  per thousand) 
t o  32 O/oo, and the water column tends to 
remain well [nixed throughout the t i da l  
cycle. In estuaries receiving large r iver-  
ine inflows, the well-mixed, high-salinity 
zone may be displaced sedward several k i l -  
ometers (Oertel 1974). The upper sound in 
the vicinity of the r i ve r  mouths i s  inf lu-  
enced by both marine and riverine process- 
es. S a l i n i t y  in t h i s  region variess rang- 
ing froni 5 'loo to  aver 20 o/oo, and 
strong ver t ical  s a l i n i t y  gradients a re  
common. Upstreant of the  r-rver mouths 
(zone 3 ) ,  saf i n i  t i e s  r e f l e c t  r iver ine  i n -  
fluence. The water cultinrn remains he]?  
mixed a t  a i l  t in~es ,  and s a l i n i t i e s  vary 
frov Q "loo to  10 O/oo, Sal ini ty  varia- 
tions in inarsh t idal  creeks correspond t o  
tha t  of the t ida l  water class flooding the  
iriarsh. As rriight he expected, these values 
a re  lowered s ignifacant ly  during periods 
of local precipitation in the marsh and 
resul t a n t  runoff froni adjacenr. uplands, 

I n  general, therrrial nixing sf estua- 
r ine  water masses occurs rapidly (Ocrtel 
1974) .  Hence, over most of the lobrer 
souni, vert ical  temperature gradients i n 
the  Hater colurnn are not ~ronounced 

The chemical environment of the estu- and are  subject to  daily f f uctuations 
ar ine  ecosystem Is strongly influenced by (Oertel 1574), I n  summer, lower tempera- 
local hydrography. The three general d i v i -  ture  ocean waters have a coo l ing  influence 
sions (Figure 2 )  of the estuaririe system ou the e s t u a ~ y ~  Water temperatures f n  
used in the discussion of setdirrentation niarsk creeks a re  s l i gh t l y  higher during 



ebb t ide,  the resul t  of solar heating in prir:lary productivity. The productivity of 
the marsh during the t idal  excursion over estuarine systems re la t ive  to other eco- 
dark sediwercts with low albedo (reflec- systems i s  i l lus t ra ted  in Figtire 3. A de- 
Lance). ta i led explanation of the high annual net 

groductivi ty in southeas tern estuaries was 
D i  ssolved oxygen cuncentra tions gen- presented by Schel ske and Oduni ( 1  962) .  

era1 ly increase frorri the upper, riverine- They l i s t ed  five essential  factors:  f 1 ) 
do~iinated portion of the estuary to the t idal  currents;  (2) abundant nu t r ien t s ;  
lower sound and in le t .  This pattern close- ( 3 )  rapid turnover and conservation of 
ly paral le ls  tha t  of sa l in i ty .  bioward nutrients;  ( 4 )  three separate groups of 
e t  a?. (1975) found that  during the sunmer producers; a n d  ( 5 )  year-round productiv- 
dirsnlved oxygen values ranged from 4 to G i t y .  Factors 4 and 5 ensure that  priniary 
r:jicro?iters/liter for a portion o f  the production occurs throughout the year;  
Osraabaw Sound, Geo r~ i a .  These reldtivcly therefore, energy and nutrient sources are 
low valkres may re f lec t  the consunlption of o p t i ~ a l  ly explui tcd and net productiori is  
oxygen during the oxidation of organic de- rvaxirized. The thrcr  prirrtary producers 
t r i t u s  i n  suspension in the upper section discussed by Schelske a n d  Oduni (1962) are  
o f  the estuary, Frankerrhcrq and Wcster- arlergent r:.racrrrphytes, phytoplankton, and 
f i e l d  f 1968) reported that  the disctolved benthic a lgae .  Another group recently has 
oxygen levels in es tuarinti waters i n  rece-ived sc ien t i f i c  at tention: chc~~osyn- 
coJtstal Georgia were extrcirlely sensi t ive  thet ic  tjdcteria (Howarth and Teal 1979). 
l a  sedir~ent disturbdnce; during the surnr'rer fach group i s  briefly discussed below. 
Lhc crxygen dec;and of a 5.incjie rilillil-iter 
o f  df  sturbed sedictent cciulil cieplett~ the 
dissolvcrf oxyycn corttain~d wi th in  986 nil J ~ ; ~ ~ ~ p ~ ~ ~ ~ ~ ~ & k ~ ~ ~ s  
of water, 

f h c ~  rsarsh-c5tuarine complexes within 
C)tc?rte'B ( 1  996 3 cfescri kcd Idrtje terr.(to- the c, tudy drea clre characterized by broad 

rill and spcilti81 varlalforrs in Lur.bid.ily i n  catp~inses of sa4 t rl-arshes dominated by two 
PI; tuarirre waters. Ihese varidtiux~s reld tck  rr:drtlll qrtmss speca'cs which corpose a ntajor 
to ri  vet-jne input, Iota l r-e~susprns!c~r~ o f  port ion  o f  the a n r ~ u d  l frrin ary production 
t o t l ung  rzeciir*ents by ticfir1 r?tcttir d n d  ~ a v t ' f ,  o f  Cke(stX S ~ S ~ C I I ~ ~ .  These a re  the saltr~larsh 
arid trapping of  fine-!iraintid 5etliricr~ts i n  ccirdt,ra\s i S p q J j f ) p l  LT-"-v d l t~ l rn j f l o rd )  -:---- and the 
t h i .  lower portions o f ee . ;  t u a r i c 6  f Sc tiuhcl t i  l ack  r1rl~d7~rusri unQi2 sg~:er ianu_s_) .  
1$171 ). Turbid4 ty l p, q r~ i i t~r  1 r 1  the iipprr i s t l n i i8 inan t  overs? 1, and large 
rcijchr*s of  tt~rl csGuarA:ns" c,y5triri: than cont~rruoir5 <?tanr?s of th is  plant occur be- 
e i  tttet6 f a r t t ~ e r  ups.trrdr:i i n  Z ~ I P  soarri-c !51nlf I hc tiarricr ic;lands (Por~eroy and 
r h e r  o r  fartiter suawn~d, T i t i5  zone h d s  &i i . i \c j r r= t  1 9 i ' : O ) .  Tllr aririutll production cycle 
btcn terr.!ccZ the "turbid? i,y rt1dx7r:vri:" !by (if thclt,e rrari;hes peaks i n  late SUFfliPr, 
Sehubc'f (19Gt:), Cft?tbfel (1976) found $ u s -  f o l l ~ ~ k u d  by a lonc! period o f  decay and 
pendod sed'irscnt ctrrrc~t"strs t ior~~ 113 the u p -  r:r-ddiidl export  of  df~ac! vegetdtion {dptr i -  
per &!assaw ranill'nti 9 -  6 r r c j / i  i; t c r  to t u r )  i n t o  k!dt,erhodies or incorporation 
5P5 .6  rngJl f ter ,  avpracjln:: 46, i; i I r t c r .  7 n l o  peat  df2i:os i t s  H I  t h  i n  the r,arsh. 
! i d  <$her lave1 c, sf ttrrbi d i  t y  \+?rib i n~dsurcd 
durr*r~g spring t idcc ,  Irr I l d d ' i  creek*,, tur- X r  te rm of overall pririaary produc- 
b id1  ty incrpastls siqni Eirant ly dtlr+S't?$j p t v -  timi, the ~wl'i~r(3ent ii:acrophytes are consid- 
i c~ds ~f local  rainf'irll when  the ~.-arr ; i ic \  @red t.0 c o r r l r r ' h u t e  a niajor portion o f  par- 
drc exposed a t  I r ~ w  t i d r  ( S e t t l e r r y r ~  a n d  t i t u l a t e  carborr to  the estudrine ecasys- 
Gardner 1975).  Wertel (1976)  Pound a c o n -  teL:-'* Porierny and kieuert  (1980) reported 
s istent inorsanic-organic r a t  is i r i  sus- t r i d t  S e r t  i r a  product'iun  lakes u p  79% of 
pended sedimentr i n  the upper estuary, the ?ar.tic%%trs organic riiatter annually 
sveragirrg 7132 i n o r p n i c  ~ratcria ' i  drrd 365 produced by the en t i re  rrarsh estuarine 
combustible organic de t r i tus  .. crasysters . ?32rA~ta_ also praduces dis-  

cfl%i 4 n . A m 7 , , c  ,.%-*+,,. * R - r  ., , , .CU t,t t,d,,;c ti t r e i  t o L  6 intc 
thc i~~a- tev  colsjrrn durinc; each t idal  inunda- 

1.3 ESTUARINE PROOUCERS tion. T h i s  ledchate i s  thought t o  contri-  
tmte s ignif icant ly  co the to ta l  carhon 

The estuary i s  perhaps best known budget of  the estuarine ecosysten. (Turner 
ecalogicalfy f o r  i t s  typl'cally h i g h  net I f 7 b ) .  

8 
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Desert Dry agr~culture Moist Estuarine Coastal Open ocean 

Figure 3. A cornparison of primary p r o d u c t i v i t y  f o r  d i f f e r e n t  kinds o f  ecosystems 
(adapted f rom Teal and Teal 1969). 



Estimated annual net production by 
emergent nacrophytes in the?s tudy area has 
been reported a t  980 gClfi l y r ,  when pro- 
rated for the en t i re  nlarsh estuarine sys- 
tenr (Porneroy and Wiegert 1980). This num- 
ber does no t  include leachate, however, 
making i t  a conservative estimate. 

I t  should be noted that some contro- 
versy exi s t s  regarding the paradi gr;. that  
emergent macrophytes are the primary 
source of par t icula te  carbon in coastal 
ecosystems in the South Atlantic Bight. 
Arguments have been advanced (Haines 1976, 
1977) that  perhaps production by phyto- 
plankton i s  more significant than that  of 
entergent nacrophytcs. Counterarguments 
and hypotheses by Petersorr e t  a l .  (1980) 
provide a1 ternat i ve interpretations of 
Haines' (1976, 1917) studies.  Unti 1 more 
cle9.j n i  t ive  research resolves th is  contro- 
versy, the paradigr~i i s  s t i l l  viable. 

P!~ytopI__ankton 

The crajor phytoplanktani c producers 
i n  a 'Yypica l 'bs tuary  in Georgia were 
l i s t ed  (Pomeroy and Miegert 1980) a s  pela- 
y jc  d i a t @ @ s  (and occasional benthic pen- 
nate diatoms swept up fron~ the bottom into  
the water colun?n), dinoflagellates and  
grwn f lage l la tes ,  Their combined produc- 
t i o n  ra te  was estintated as 125 gC/rn."yr 
(Pon~eroy and kriegert 1980) when prorated 
for the en t i re  marsh water surface ( w a t ~ r  
contprises about one-third of t h i s  ared). 

Benthic Algae d-hytes 

The prir~cipal priihary producers in 
the mrsh sedin:ents are benthic penna t e  
diatoms. These organisms n~igratc  verti - 
cal?y in the sediment, depending on the 
t ida l  stage and light conditions, They 
are often clearly vis ible  on exposed creek 
banks as a golden sheen on the brown nrud. 
Ponieroy and Wiegert (1980) reported tha t  
benthic algae account for about 7 1 4  of 
to ta l  net primary production i n  a  marsh 
estuarine system in the study area, o r  
134 gC/m2/yr, prorated for to ta l  es tuar ine  
area. 

Another group of primary producers j n  
the marsh -estuarine ecosystem i s  the com- 
wni ty o f  epiphytic algae t h a t  inhabits 
the cufms or s ta lks  a f  marsh grass. This 
diverse c o m n i t y  i s  not readi 1y capparent 

but a t t r a c t s  grazers, especially the gas- 
tropod Littorina i r ro ra ta .  In t e r m  of 
production ra tes ,  the epiphytic conicluni ty 
i s  re la t ively  unimportant con-pared to 
S ar t ina  a1 ternif lora  (Po~eroy  and Wiegert 
&),I 

Chenosynthetic Bacteria: M i x o a Q &  
and Photo1 i  thotrophic 
PP 

Two groups of anaerobic nicrobial  
organisrls inhabiting sedinients within the 
s a l t  niarsh-estuari ne systern are the r r i xo -  
trophic sulfate-reducing bacteria a ~ d  the 
photolithotrophic bacteria,  which have re- 
cently received sc ien t i f i c  a t tent ion.  The 
abundance of su l fa te  in s a l t  marsh sedi- 
ments makes t h i s  ion the obvious substi-  
t u t e  for  oxygen as the electron acceptor 
in the anaerobic respiration of nidny m i -  
crobes. These organisns use di ssol ved 
organic nlatter as an energy source. Sul- 
f a t e  reduction i s  now recoqnized as a n  
extreniely important process in the s a l t  
r~larsh estuary (fenchel and Riedl 1970;  
Howarth a n d  Teal 1979) .  As su l fa te  i s  
reduced (printarily by a bacterial  group 
known , the result ing 
sulf ide  diffusen upward. I t$ reducing 
"power" i t ;  .zukseqclently used alonq with 
l i g h t  d s  tile c.nc?rgy source to f i x  atrlos- 
pheric carbon dioxide by anaerobic bacte- 
r l a .  T t ~ c  rpledfp of the resul t in5 organic 
rldttpr front s a l t  rarsh sedarnents i s  prob- 
a b l y  autjnent~d by t idal  flushing and  clay 
bt2 qui te  s i q n i f i ~ a n t  along creek banks, 

I\ ri,a,lor ri:tpli~ati<)n of t h i s  overal 1 
arocpss i s  that the i n i t i a l  carbon source 
for the su l fa te  reducers i s  leachate fron; 
the r o o t s  of nldcrophytcs. Thiis,  the wet- 
land iracrnphyte prodttctiorl i s  u l t i~:~ate ' ly  
the source o f  th is  ( u n k n u w r ~ )  arriaunt of 
extra organlc carbon t h a t  goes into the 
ecosysten . 

1.4 ESTUARINE CONSUMERS 

The following description of the con- 
sumers o f  the s a l t  wat-sh es tuar ine  ecosys- 
ter;! i n  the study area i s  necessinri ly  i n -  
complete because i t  describes only those 
groups of organism that  are considered 
doginant, functionai iy sigrt if ieant,  or  
that  d i rect ly  a f f ec t  the oyster reef cop- 
nunity. These are bacteria,  benthic in- 
fauna, zooplankton, nekton, and te r res -  
t r i a l  consumers, 



Bacteria 

Two basic principles re la te  to the 
consumption of the net energy produced 
annually in the mars h-estuarine ecosystem. 
The f i r s t  principle i s  tha t  most energy 
produced by the dominant p r i ~ a r y  producer 
in the system (Spartina a l t e rn i f l o r a )  i s  
not consumed direct ly  by grazers. Instead, 
a t  l eas t  90% (perhaps 95%) e i ther  leaches 
in to  the water column from 1 iving and dead 
plants as dissolved organic matter, o r  
through various processes enters the sys- 
tem as de t r i tus .  Both forms of t h i s  or- 
ganic matter are  then attacked by micro- 
scopic decomposers o r  ingested d i rec t ly  by 
macroconsumers . 

The second major principle of energy 
consumption in the s a l t  marsh i s  that  the 
deconlposer community (aerobic and anaer- 
obic) i s  large, diverse, and extremely 
active,  consuning about 50% of the to ta l  
enerw flowing through the ecosystem, as 
shown i n  Figure 4 (Teal 1962). The decom- 
poser comnluni ty of the estuarine ecosystem 
can be divided conveniently into two 
groups: (1 )  aerobic heterotrophs (bacteria 
and fungl') which u t i l i z e  inorganic matter 
i n  standing dead grass s ta lks ,  the water 
column, and aerobic sediments; and ( 2 )  an- 
aerobic bacteria in anoxic (oxygen-poor) 
sediments. The ac t iv i ty  of the aerobic 
group enhances the nu t r i t ive  quali ty of 
both par t icula te  and dissolved .organic 
matter for  the larger consumers. Particu- 
l a t e  organic matter i s  colonized by the 
aerobic heterotrophs as i t  i s  gradual ly 
fragmented into  de t r i  tur.  I t s  nutr i t ional  
value i s  enhanced by increasing the re la -  
t i ve  nitrogen conposi tion of the particu- 
l a t e  organic carbon ( P O C ) ,  as shown by 
Odum and de la Cruz (1967). This can be 
symbolized as follows: POC + 02 + NHs+ -t 

bacterial  POC-N + CO?.  Dissolved organic 
carbon (plant leachates, e t c . )  can be as- 
similated by micro-heterotrophs and also 
converted into  POC-N. Sow aerobic bac- 
t e r i a  are  a lso  c r i t i c a l  elements of the 
nitrogen cycle, as discussed below. 

Anaerobic decomposers function in a 
variety of roles in the s a l t  marsh ecosys- 
tem. They ere essential  t o  the wochernical 
cycles that  release plant nutrients in  a 
continuous stream t o  the primary produc- 
ers.  The nitrogen cycle i s  especially i m -  
portant kcause  evidence t o  date indicates 

that  nitrogen i s  the linliting nutrient in 
the s a l t  marsh (Valiela and Teal 1979). 
Since the decomposition of cellulose i s  
ni trogen-1in:i ted (Poneroy and Wiegert 
1980), the decon~position of the large 
standing stock of organic matter in the 
system resu l t s  in a competition for  nitro- 
gen between deconrposers and primary pro- 
ducers. 

Four groups of bacteria are  involved 
i n  the  nitrogen cycle. One group in the 
sediments (nitrogen f ixers )  converts atn,o- 
spheric nitrogen t o  n i t r a t e  and n i t r i t e  
( N  + NG3 -+ NO:-); another group ( the  de- 
n i  t r i  f i e r s )  reduces n i t ra tes  and n i t r i t e s  
to  atmospheric nitrogen. A third group 
(ammonif i e r s )  converts dead t i s sue  into  
ammonia. A fourth group ( n i t r i f i e r s )  oc- 
cupies the thin,  oxidized layer around 
Spartina roots and converts ammonia fron: 
anaerobic sediments into n i t r a t e s  d i rec t ly  
usable by the plant. 

The anaerobic zone in s a l t  marsh- 
estuarine sediments extends upward almost 
to the sediment surface because of the 
enormous oxygen-depleting capacity (chemi- 
cal oxygen demand) of these sediments. The 
metabolic a c t i v i t y  of anaerobic bacteria 
i s  responsible fo r  t h i s  oxygen demand. 

Benthic Infauna 

Other organisms in estuarine sedi- 
ments include metazoan animals larger than 
bacteria b u t  so small that  studying them 
and documenting t he i r  functions are d i f f i -  
cult .  This group i s  called the  meiofauna, 
and a1 though i t  contains various phyloge- 
netic groups and trophic positions, i t s  
overall role apparently i s  tha t  of a tro- 
phic intermediary between bacteria and 
macroconsumers. Nematodes and other mei o- 
fauna appear t o  be major processors of 
bacterial  t i ssue,  and they a re  an impor- 
tant  component of the food of many so- 
called deposit feeders (Sikora 1977; Be1 1 
and Coull 1979), Inter t idal  biomass of 
nematodes i n  creek banks i n  the study area 
has been measured a t  6.4 g ash f ree  dry 
weight (afdw)/ m 2  (Sikora e t  a l .  1977). 

Larger benthic organisms (macroben- 
thos f i n  s a l t  marsh es tuar ies  are usuafly 
divided into  epdbenthos and macro-infauna. 
Because oysters are  epibenthos, we will  
om4 t fur ther  discussion of epibenthos 





u n t i l  l a t e r .  Facrc-infauna a r e  of ten  d i -  
vided in to  tric functiornal ~ r o u p s ,  depos i t  
feeders  ard silspension fee(!e?-s, Theor-IPS 
have been developed t o  explal;n why after? 
t h t a  two grriiips appear f c  be r u t u a l l y  cx- 
elusive in local a reas  (Rlloacls and Yoti.io 
1970 ;  Levinton 1 9 i 2 ) ,  

Suspension feeders include ~ l d r ' s  d u d  
sore tube-dwel l i ng  poiychacles (wc>r~i>f:!. 
Deposi t feeders  a re  of ter> : o r e  r ~ l t  i l e ,  a n d  
S O C ~ P  euorkers even include I R  the aroup 
those quai idenersal  ncktcriic nrqanls rs  
t ha t  burrow in to  the bottor t o  Fred, r . y . ,  
grass  sbrlnp.  Yany polychaetes drld ucitj- 
tropods ( s k i  1s )  dre alsc! dcr o s i t  fotldcr-s. 
Finothet- I-ajor cattlqory 3f. the ~ \ t u a r l n c ?  
r..acrobenth~c cor:r tini ty i s  the  j )r-~datort , ,  
i n c l u d i r ? ~ ~  401' e ~ a 4  trcqwds, t u r h > l  i c j r ~ a n < ,  
( f  l a  twort- .~ ), ner set-tinos (round won: s ), ;ir>ci 

echirioderr-\ (stal-f i s h ) .  

i leposit  feeders  and derversai nekton 
arc. in:portdnt in rework ins! the sed'irr:ent.s 
by hu r rowin~~  and plowin: (bjotalrkatiorr).  
This act ' ivi ty redistr-ibrjtes orqanic ::latter 
and o ther  r.riltrients t o  the water c01~Vitt 
and intrcac:trces oxygen in to  the sed i  r:lents. 
For exari'ple, one rrul l e t  tan r-rwnrk 4 5  sb," 
of hottor?: area pcr year  (i'orricrcty ar?ii 
b,'ieqert 198C). 

Lonvcr.,ely, susFit3nslori tcxedt~r: ( I  rl- 
i.1udinti oys t t r - s j  f i l t e r  par*t iclcs  fro171 Lhc 
hdtt ' r  co1tnr.n and then deposi t  oryanic. i d t -  
tet. i n  tilt? iorr- of fecc5 o ~ i  the ~ ~ ' d i t l ~ r ~ t  
where i t  bec cii es  dva i l d b l r  t o  the decor - 
posers ,  Krauter j l97t i )  cstir,atrb<i t h t  ~ d 1  t 
riarsh racr.uhen:il~i orqan-i c,r, <, ( T F I  the  r~ars i ,  
proper)  depsir t 1,7C0 4. dry w t / r l ~  / y r ,  
whrch 1s 455  q o f  organic r a t t e r .  He a l s o  
cd:cuiated t h a t  53:, of t t ~ e  r i l r sh ' s  sanniidl 
pr.1 ;.,dry production cotr 1 d be prur+c,scJt2d 
through the  feeding I echan i s: 5 nf t t?esf3 
urt~a3.rii s 1 ' 5 .  

Zooplankton ----- 

Es tua r - in~  a n l r a l s  1 ~ v : n r j  5iispcrgdec! i r !  

the da t e r  coltsrln qeneral ly ar-P ; l d c i ~ ~ f ~ ~ * i ~  

as rooplarktcn 7 f  they a r e  e l v e r  so s r a i  1 
or such beak s*ir r e r s  t h d t  they arc trani,-  
ported passtvely by water cur ren tc ,  T t 7 ~  
f ~ o b j l i t y  of zr,o~lankton t y f l f d ?  iy 1s 11: - 
~ t e d  to  d s r t ~ ~ a l  i i ~ r ~ i t l o n c ,  r n  the water 
cc lu rn ;  t o r  exarp le ,  a d a l l y  r lclrallcr 
fror t r e  skiiface to boi ts,r wcitcri, dl)': b d ~ k '  

af;alt? I S  a cc)p~'only cibserded ka t te rn  dl  cng 

;,any for rus .  Cy a l t e r i n q  t h e i r  v e r t i c a l  
elrvatiora i n  the water  culunn,  zooplartk- 
t e r s  cdn use var id t ions  in food supply and  
use water nao\ienents i n  estuaries for  d i x -  
persion by ""riciingl"~arccls of water inas- 
sc.; as the l a t t e r  tr-averse ari es tuary .  
For cxerit pie, sorvc rpcc i  cs of zooplankton 
fo l low the . ; a l r r i ~ t y  wedoe on the bottor. as  
t h e  wedire pro::re\scs lar~dwarc?, or. the cur- 
f d c r  Idyers cf  f r e s h ~ ~ a t e z .  d~ they rove 
srdwar-c!. 

icc lp lanktcn  of ter? a r e  t l ~ v i d r d  i n t o  
I l 0 1 0 f ~ 1 c t i ~ i i l 0 i l  d!ld I eu~opl~tcktori.  kiolopiank- 
' c i i l  s f :p i l d  t l l~3~r  P ~ ~ I Y P  11ttl cycles  in ti.1~ 
watoi-  i ~ l i i t  n whllc ~ e r u p l d ~ ~ t i t o n  spertd or11j 
t i iul  ?, ldrvctl ~ t d ( ; e 4  above t h e  ha ttor:,. 
t io1ol) lanktnn 1nt.1iiclo r I ~ r ~ i o o p l a n k t n n ,  
weir C . C O O C J Z O ~ ~ ~  d n d  ro t  i f c r s  ; anci I iacro- 
~ r o : ~ l d r : i i t i ) r \ ,  1 I k~ t ~ ~ p i i a u ~  I  id^, ctena[fhord 
ancl o ther  ,]el i y t  i s h .  btcroi'ldnkton include 
ldrval Z ~ n f l s h  and dccapods; and s ldt-gc 
cor~lrrlocrlt of  the l a rvae  of rlany niacraben- 
th ic  an~ i k l a l s ,  i n c l u d ~ n o  rT>any p o l y c h d e l e ~ ,  
ilarnar Ies ,  c.lar-s drrtf r ; ~ ~ s s e l s ,  dnd, of 
trriirsc-., oys t c r  Idr-vae. 

Ttic. Iunctlona 1 in~portance of zoo- 
plar~ktar: i n  thc cis t ua r inc~  ccosyl;tcrr i s  
pa r t l y  e ryr r~ssed  by a hi5,h turnover r a t e  
of  pldnlrlorlic specie.,, by larcje popula-  
t I uns, dnrf ijy tiii? very sndl 1 avcrdge S ~ S C '  
of indi v irliidl i-ell hers .  These three f a c -  
tclrr rri5ure t h a t  zooplankton process a 
1dri.f' ar-ount r;f the orrjanlc 1t :at~rial  s 
avar ldhle  i n  sorie e % l t u a r i e s ,  ruth of wl - l i c i i  
r ~ p r c s e r t  the conversion of phytoplankton 
~ n t o  the t i s s u e  of i;l'r;lr~r- corrsur-cr.;, Tttc 
~oop lank ton  conirruni t y  as  a qroup I d r g ~ l y  
drfienas on rtiytoplariktor? as  a car-bori 
c,ource, and ttlus tends Lo be rvare irnpilr- 
tartt (ah:undarit) I; m estuar-icc, dor~i nil Led by 
~rhytopldnkton, r a t h e r  t h a n  i n  those wher-P 
nacr*oi~hyCe pt-ualil~tiorr $ 5  of prjr'ary 11 '~1or-  
tance. Tixc carimn [~atliwzly Frori pkrytcpidnk- 
l o r f  tt-I ?oop?ankton trs  b i ~ f v r  citnsuiserr i s  
a ~ , l a , i n ~ i i c a n t  f rc )pk l~r  l i r l t  i n  a i l  eL,tua- 
- 6 ,  I.iowevtsr, 1ri~ltdCf 119 t hosr* i n  t t ic  
". \ l d y  c3rPd . 

A f, i~oucjti t.ke oy" ter" 1 a r-vair arc ! i 7 ~ ! . : -  

IWTS r j f  t h ~  ~ u ~ j ~ l d f i k ' t l - ' ~ ~  coi:ii:?lir~i ty ,  they 
ar-F. ~x.trcrrely v i i l  nerar. lcr t o  prec'a ticin by 
ijlaniitori fpeaprs ,  inciticlr'ni; r:src.rr,bers o f  zhe 
i:!acr.oplankton croup ,  suci.1 as  ctc.:rrophores. 
Sor.3~ years aui j  j r ?  t i :(? F ~ C W  3 e r ~ q y  r.)yster 
gr.cjiinr.".,, oy$?.@r. s r : a t  fa1 1 (" iar.va"! rc~r..t;4 1;- 
i;er)t) wai; r ~ d i ~ ~ ~ d  duririy yea r s  of iargc 



ctenophore populations (Nel son 1925). Me- 
roplankton usually compose a greater por- 
tion of the zooplankton community during 
summertime when many clams, mussels, oys- 
ters ,  barnacles, crabs, polychaetes, and 
other benthic organisms are spawning. This 
input of living protein from the bottom 
into the water significantly increases the 
food supply of f i l  ter-feedi ng animals, 
both nektonic and epibenthic suspension 
feeders. flany of the la t te r  probably can- 
nibalize larvae of their own kind. 

Nekton 

The active swimmers in the estuary 
are divided into pelagic and deniersal nek- 
ton. The pelagic nekton feeds in the 
water column, either on phytoplankton and 
dedri tus, on zooplankton (including oyster 
larvae), or on other nektonic forms. The 
bottom feeders or demersal nekton feed on 
adult benthos, including oysters and their 
associates. Darnel 1 (1961) reported the 

feeding habits of some typical estuarine 
nekton (Figure 5) .  

Terrestrial Consumers 

The other major group of consumers 
characteristic of the marsh-estuarine sys- 
tem i s  the large, diverse collection of 
"terrestrial " or land-based consumers. 
This group comprises insects and other 
small arthropods, including some fiddler 
crabs ; pulmonate gastropods, especi a1 ly 
Littorina irrorata;  birds; reptiles (even 
a t  1 i g a t o r s ) ~ a m m a l s ,  such as the rice 
rat,  mink, ot ter ,  and raccoon. The spe- 
c i f ic  members of this group that directly 
impinge on the oyster reef community are 
discussed i n  Chapter 3. The total biomass 
of terrestr ial  consumers, including the 
active primary consumers (plant hoppers 
and grasshoppers) t h a t  graze S artina di- 
rectly, was estimated a t  1 g ~ h i e r o y  
and Wiegert 1980). 
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CHAPTER 2 

FUNCTIONAL OYSTER BIOLOGY AND AUTECOLOGY 

This chapter sunimarizes the sa7 ien t  
~ n f o r r a t i o n  on oyster biology, especially 
that  relating to  the functional position 
of The oyster i n  the estuarine ecosystem. 
Each aspect of o y s t ~ r  biology discussed 
here i s  presented as an aid t o  understand- 
l n g  th i s  fuvctional role.  

A number of excellent t r ea t i ses  on 
oyster biol osy, including the nlonograph on 
the Ari:erican oyster by Gal tsoff  (1964), 
preclude the necessity for another exten- 
sjve treatr:lent, Readers interested in 
cjore de ta i l  on subjects discussed here 
sk~outd refer  t o  Galtsoff (1964) or  other 
references cited in the chapter. 

2 . 1  EVOLbTION AND TAXONOMY 

The currently accepted formal c lass i -  
f icat ion of the A~ierican oyster i s  pre- 
sented below, accovpanied by the major 
morphological and ecological characteri  s-  
t i c s  tha t  apply t o  each category. There 
i s  currently some controversy about the 
c lass i f i ca t ion  of some oyster genera and 
species,  and descr ip to rs  a re  not standard- 
ized, so that  d i f f e r e n t  workers have used 
she1 1 worphology, geographical range, 
reproductive behavior, and larval she1 7 
morphology to c l a s s% fy oysters. New tools  
of biochemical genetics o f fe r  hope of 
resolving some of t h e  controversial ques- 
t ions in oyster taxonomy. 

For th is  r epo r t ,  the American oyster 
wi 11 be c l a s s i f i ed  according to  Abbott 
(1974)  as follows: 

The oyster evolved lon2 ago from an Class Eivalvia (Pelecypoda) 
ancestral i?!ol lusk into  a highly reorga- Order Pter ioida 
nized and i t \  sorle ways simplified forni. Fan?i ly Ostre idae 
The n~ajor evolutionary steps involved a re  Genus Crassostrea 
sun!r:~arized below as they were recon- Species v i rg in i ca  
structed by Yonge (1960): 

l a ie ra i  cornpression of the body 
extension o.f the i:~antle to the 
r?argins of the shell  
division of the shell  in to  
hil7ves (val yes) separated by 
a noncalcareous ligament 
fusion of pa l l i a l  muscles t o  
form paired adductor niuscfes 
reduction of head and develop- 
ment o f  labf a? palps 
development of c i l i a  on (pajred) 
c ? i l s ,  and deveiopn!ent of a g.i.17 
f'eedl'ng function in addi-tion ti; 
the i r  respiratory ro l e  
probable reduction of c~etabol i c  
requirements over that  of ances- 
t r a l  foriris 
loss o f  foot and byssus j n  the 
adult 1 i f e  stage 
loss of anterior adductor nuscle 
rounding cf the body 
deve1opn:ent of a  horizontal 
orientation w j t n  the l e f t  va?ve 
down i n  the adult form 

Each taxon w i f  1 now be described 
br ief ly .  

Class Bivalvia --- 

This c lass  inc l~ tdes  clams, musse%s, 
scallops and oys te r s .  Some general char- 
a c t e r i s t i c s  are ( ? )  a shell  divided into  
two valves hinged dorsal ly  by a ligament 
of conchiolin ana connected by one or two 
adductor ~ U S C ~ ~ S ;  (2) a si;el9 usua'ily 
consisting of t h r ee  layers: an outer 
organic horny f m t r i x  (conehiol i n ) ,  a wid- 
die prismatic layer ,  and an inner nacreous 
or pearly layer ;  ( 3 )  a l a t e r a l l y  com- 
nressed body; (4) e i t h e r  a srnali head or 
none a t  a l l ;  ( 5 )  a w~dge- o r  hatchet- 
shaped foot (if p ~ e s e n t ) ,  ( 5 )  a mantle 
e~tend-ing to the Riarsl'ns of the shell  and 
torrilng a  large o7antle cavity, contarnlng 
cil iazed g i ? 7 5  ( c t e n ~ d i a )  tha t  Function in 
feeding, puifp: ng, a n d  respira t ion;  ( 7 )  a 
crystal  lSrie t3rje t h a t  releases avi;/:ase 
f o r  search digestion,  



Order Fterioida .......-.-- 

The order Pteriaida i s  one c;f four 
orders of bivalves, each distinquirhed by 
the s t ructure  o f  i t s  g i l  i s ,  and includes 
pearly a ~ d  winged oysters, %ca!losci, and 
the true oysters. These orders are ~ t ~ a r -  
acterized by paired l j ~ l l s  t h d t  are greatly 
ler~qthcned (c.or:ipcared to  the ances trcal 
type) and folded back on theiriselves to  
Forni four deh;ibranchs ~n tercon~ected by 
t u f t s  o f  c~ ? l a ,  The tilantles in these pol- 
lusks have taken over the sensory Punttion 
of the rnolluskan head, inctudinq some 
visual or 11qht-sensing cdpaci ty. 

Far].+& 0s t r e i  dae - ------*-"-"-" 

T h i  !; fdrni ly incIudt2s d ldrtjc nui.iber 
of e t f~bfe  and nnn~diklca o y ~ ~ t e r s .  They arc  
yenereally rcstrictecf t u  shal low cod\Ldl 
widtcr's hetwct8n 44'" drtd 64' N ((iditsclff 
1964). CJystprr, have tinequal valves h i  th 
no h i  r~ge t ~ c t h  tvcept in the> prodi r an t  onrh 
or larval % h e l l .  I n  d l ?  b u t  t i i a i r  Icarvii7 
.itdqes, aysta*r!, ttt*vc coniplrtcly lo r t  the i r  
byssur (attdchrrrenf f I ldrrfent$) and foot ant4 
t.iriv/x rerained orily the posterior addtrrtrrr 

I 1 w h ~ ~ i l  j $  kkidney- or cr'e.irtce"rtt- 
$I;apcd. 

Genus Cras siis trx?a 
.," -,.*,, *"-".,.','"-.- "..+.' * ,- .-.- -- " 

V tie r~y\te.u.s included I n  this gentis 
a r f i  c t ra rd~te rs ' z~d  by extrefilely vdrjdb1.y 
~ R d p e d  (eicotilorpiiic) ~ ; t ~ e l  "l , deg~tlrtdi ng nrr 
the sutss"r+*atc anti ekirrent regi~iios o f  t h p  
h d k i t d f  I n  bhich the oysters yrrtw. Met:!- 
herb of t.tir genus k ~ . ~ ~ ~ ~ J ~ ~ p ~  are anatoni- 
?c&Sly  d:r;tinct from t h ~ i r  couritcrparlts i r ~  
the genus & s t r e ,  nn t h a t  C r d z ~ o ~ t r ~ d  ---- ---.--- are  
%anzewh,it f d rgc r  d.6 #laturf ty,  wl t h  a deeper 
t upped le f t  $61 ve w h j c h  t.hey nrdinari ly 
rrr.;t.: They dlso posscsi; a c t i~ , t ln~ ' l ' lve  
ilsyc.anetricd1 spdce between thu r~ghh  
rr:ant.'te dnd g i l l  p ld tcs ,  known as the 
prorj~yal cfiambt_.r. The pr~rtyal chanber i 5 
iniportdnt h~cause  i t  probdbly per r~~i t s  
yrezter pupping rates,  an advantage i n  
s i  It-laden water (Ahmrid 3971) ,  This chan- 
ber a l s o  functions i n  the reproductive 
success of t h i s  ge:lus.. Eggs of j h ; ~ ~ s L  
trea si;eric: $re ~lr.aZ"I -40 . ) and are --. 
released direct ly  .into the water, rather 

t h a n  beinrj ancubated within the ~ a n t l e  
cavity, as those of the genus Ostrea. The 
proryal cbai-ber allows for hisher release 
velocity for  eggs a n d  i s  if-portant for  egg 
dispersal. 

The production o f  free-l iving plank- 
tonic iarvde 15 criLicai  to r3eu-bers of the 
genus Crassostrea becaus~  i t  prorotes se- 
netic exchange over wide areas. Oyster 
larvae have been docuciented to travel a t  
l eas t  50 kni (30 c ? i ) .  Q u a y l ~  (1969) and 
Stenzel (1971) estirl~ated tha t  they could 
disperse up to 1,300 kn; (800 ir'i ). 

Prvbablv the most iryuortant charac- 
t e r i s t i c  of s the  genus ~ r a & s o s t ~ r a ,  which 
h;a$ permitted almost worldwide dis t r ibu-  
t ion,  i s  i t s  ab i l i t y  to to le ra te  wide 
ranges uf sa l in i ty ,  turbidity,  teripcra- 
ture ,  a n d  oxyqen tension. 

The ri:urpholoyy h a s  changed 1 i t t l e  
slnce the oy5tPr arose during the T r ~ a s s i c  
J)PI '~c)E~ ifb~(it 1510 r i l l  ion years ago. The 
qcnus i,*rg-%>~5Lrea drose during the Creta- 
cr30us period 7 1 3 ~ )  ntillion years dgo)  
( S t ~ r r c l  I n 7 7  ), Representatives of t h i s  
cjrrliib rhdr.dctr2r?st7cdlly occur i n  turbid 
estuaries with sof t  battor)ts i n  the lndo 
Pdc  i f t c  area, rurdsia,  Africa, and Nortk 
and South firlierica. 

Ct-ar;soz trca vi r - i n i ca  ------ -.- - -- --- -.--. 

The tas tern  or Awrican oyster (C. 
viy2initea) i r  the species that  builds the - 
in ter t ;dal  reefs focus~d  on t n  th is  re- 
port. T h i s  s p c c i ~ s  i s  distr ibuted aton? 
the ~ n t ? r r  east  coast of North Anierica, 
.from the G u l f  o f  S t .  Lawrence in Canada to 
Key Biscayn~, Florida, to the Yucatan and 
the West Indies; and i t  has been reported 
even in Brazi l  (Gunter 1951).  Ficjure 6 
( f  ron Ahriled 1975)  i l l u s t r a t e s  t h i s  t i ,C50- 
klii (EY000-n\i ) range. Crassotrea vi r  i nica 
prevails over th is  immense ranye bL- ecaurjc 
of i t s  tolerance to low ternpcrabre (Sten- 
re1 1971 ) .  

Physiological, ecalogical, and bio- 
cheriiica1 data indicate that  C. v i  rgl'nica 
has  several d i s t inc t  piiysiillogica? races 
(loasanoff and ttorrej ko i S 5 5 ;  F.len~e1 1355; 

----- Hilimn 1964; t i  and Fleming 1967; Ahmed 
q 1915). On the other hand, Buroker e t  a l .  
I Note, hawever, t h a t  reef oysters are m u -  ( 5 9 7 9 )  concluded that  s ignif icant  genetic 
a l l y  oriented ver t ical ly  w i t h  borh l e f t  distinctions occur only between popula- 
and r i g h t  valves pointed upward. Pions o f  G. - v ~ r g i n j e a  from Nova Scatia and 



F i g u r e  6. The d i s t r i b u t i o n  o f  C r a s s o s t r e a  v-i-rg<?~ca i s  indica"c.ed by the shaded  
l i n e .  Note t h e  d i s t r - i b u t i o n  o f  the other inajor Nartii  krnerican species, Oserea 
l u r i d a ,  snown by the s o l i d  l i n e  on the  west c o a s t  (adapted frurn Ahmed 19WT 



w e s t  Florida. These researchers concluded 
t h a t  the t ~ o  populations were only 82% 
gene t ica l ly  m a r  approximately the 
l e v e l  of s imilar i ty  between C. virginica 
and C. rhizaphorae. The l a t t e r  two spe- 
cies-are genetically close enough to have 
been successfully hybridized in the labor- 
a t o r y  (Menzel 1968). Stauber (1950) pos- 
t u l a t e d  that  2. virginica was discontin- 
uously distributed on the east  coast dur- 
f n g  prehistoric times, and that  speciation 
was occurring before oyster culture activ- 
i t i e s  by man removed the barriers to  gene 
t r an s f e r .  

N. E, Buroker (University of Maryland 
Marine Products Laboratory, Crisfield,  
prfiaryland; pers. conioi.) indicates a single,  
1 arge panmlctic (genetically homogeneous) 
population exis ts  between Cape Cod, Mary- 
l a n d ,  and Corpus Christ i ,  Texas, with 962 
t o  49% genetic s imilar i ty ,  Levinton (1973) 
reported that  six species of bivalve mol- 
lusks (not including oysters)  showed an 
fncrease i n  genetic var iabi l i ty  with an 
increase  in in te r t ida l  elevation, carre- 
spanding t a  increasing environrirental vari- 
a b i l i t y ,  Thl's would be an interesting 
psrametcr t o  study in jn ter t idal  reef oys- 
te r  populations, 

Wi t h o u t  further consideration of the 
evolutfenary origins of the oyster, we 
w f  19 concentrate on the Punctlmal feco- 
l og i ca l}  c lass i f icat ion of C. l i r g in i ca  
between Cape Fear, North ~ z r o l i n a ,  and 
Cape Cenavctral, Florida. From this  point 
on, the gerreric tern] "oyster" w i l l  man C. 
U $ n i c a ,  and "'oyster reef" will refer  t o  
oys t e r  reef.; in the study area urlless spe- 
cf f l ed othewi see  

The general ixnatortv of the adult oys- 
ter  appears -in Fdgures 7 and 8 (adapted 
front Galtsaff' 1964). Note the inser t  dia- 
gram in Figure 7 showing the proper way t o  
descrfbe oyster s ize ,  

2.2 OYSTER REPRODUCTION AND DEVEL OPivrENT 

The o s t e r  3s dioecierus (with sepa- 
r a te  sexes f , but once a year so!!% me~bers 
o f  a given local population change the i r  
gender from male t o  female (protandry) or 
female to male (pratogyny), This sexual 
l a b i l i t y  $-is possible partly because OF the 
simplicity of the oyster reproductive 

system, which lacks ducts, glands, o r  sec- 
ondary sexual s t ructures  (Yonge 1960). 
Oysters develop functional gonads a t  a 
young age ( 2  to  3 months) and small s i ze  
( l ess  than I crr in height), Usually they 
tend to develop as males during t he i r  
f i r s t  season, with subsequent protandric 
change ( t o  females) in following seasons 
(Menzel 7S55). A small percentage of any 
given population ( . I % )  functions as t rue  
hermaphrodites (Kennedy and Eiattle 19631, 
and t h i s  pattern seem to hold fo r  other 
species in the genus Crassostrea ( A s i f  
1979). 

Some prel imi nary evidence indicates 
that  populations of oysters under cer ta in  
kinds of s t r e s s  tend to  develop a higher 
proportion of males than females, but t h i s  
remai ns to be conclusively demonstrated 
(Amemiya 1936; Loosanoff and Nomej ko 1955 ; 
Kennedy and Bat t le  1963; Bahr and H i 1  lman 
1964). I t  i s  interesting t o  speculate, 
however, that  the s t ress  encountered i n  
the higher portions of the oys te r s '  ver t i -  
cal range in the in te r t ida l  zone ( the  
upper reef zone) could produce androgenous 
(predoninantly male) colonies tha t  would 
contribute l i t t l e  to the reproductive suc- 
cess of the population. 

After oyster gonads reach rnaturity in 
a local population, a temperature (or sa- 
l i n i t y )  shock t r iggers  the emission of 
sperm from one or more males. The temper- 
ature a t  which oyster populations in d i f -  
ferent regions begin to spawn has been 
used in the past to dist inguish physiolog- 
ical  races. Atlantic coast and gulf coast 
oysters have thus been separated in to  
17"  C, 20' C, and 25" C spawners (Yonge 
1360). Reef oysters subject to  very high 
summer ten~peratures are probably members 
of the l a s t  group. 

The emission of sperm from male oys- 
t e r s  occurs via the exhalent chamber of 
the nlantle. A chemical consti tuent of the  
sperm (a protein pheromone) st imulates the  
females i n  the area to  release eggs, and a 
spawrsing chain reaction can sweep dramati - 
cal ly  over a dense popu?ation, turning the 
water bulhite, Females expel eggs from the 
jnhafent chamber rattier than through tne  
exhalent chamber, This process involves a 
preparatory contraction in portions of the 
mantle margins t o  reduce the  s ize  of the  
exhalent opening, Eggs then pass through 
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Figure 7 .  Anatomy of the oyster (CrassQstrga virginica) arid diagrarri showing the 
correct method of measuring the h e i g h t ,  l e n g x h ,  a n d  width of oyster shells (from 
Gai xsoff 1964). 



CENT IMETERS 

i :qure 8. Irsrisverse sect-ioi? of  the d o r s d l  : d r t  uf an adui t Crassostrea - -- virginica 
<df.idpiljd f t - ~ q i ;  f ; ~ :  tftf? i964). 



the g i l l  filaments (against  the normal 
feeding current)  and accumulate near the 
inhalent chamber. Rapid and repeated con- 
t ract ions  of the adductor muscle then 
forceful ly e jec t  the eggs a considerable 
distance. The l a t t e r  mechanisr!~ i s  a lso  
used to  expel unwanted par t icula te  nate- 
r i a l  (pseudofeces) from the mantle cavity. 

Fer t i l i za t ion  occurs in the water 
column via chance encounters of eggs and 
sperm, and larval development ensues. 
Thus begins the f ree  l iving phase of oys- 
t e r  larvae. These larvae function as zoo- 
plankters (meroplankton) in the water col- 
u m n ,  and probably are s ignif icant  as a 
food source for  planktivores in local 
areas. 

After passins through blastula and 
gastrula stages,  the young oyster develops 
into a trochophore larva characterized by 
a band of locorlotory c i l i a  called the pro- 
totroch. As development continues, the 
larval oyster secretes a pair of she l l s ,  
and the prototroch becoves the larval 
velum, a ring of locornotory and feeding 
c i l i a  characterizing the vel iger larva. 
The f i r s t  shelled larval stage i s  a lso  
termed the straight-hinge (vel i ge r )  stage. 

The straight-hinge stage i s  succeeded 
by the umbo (ve l iger )  stage,  in which the 
larval "beak" on the l e f t  valve overhangs 
the hinge l ine .  During the l a t t e r  part  of 
th is  stage,  the larval oyster develops a 
foot and a byssus gland with which i t  will 
eventually attach i t s e l f  to the substra- 
t u m .  H i  t h  the development of the foot the 
larvae becon,es known as a pedi vel iger. 
During the l a t t e r  part of the pediveliger 
stage, the larval oyster develops a pair  
of darkly pignjented eyes. The presence of 
these eyes indicates tha t  the free-swim- 
rning oyster i s  ready to  attach and re ta-  
txorphose into  the adult form. A t  t h a t  
tis!e the larva i s  termed an eyed pedive- 
1 i ger. 

Depending on water temperature and 
food ava i lab i l i ty ,  the larval f i f e  stage 
of C. v i r  inica wi l l  l a s t  approximately 7 -+ t o  10 days owever, some larvae will 
rewain planktonic fo r  u p  to Z months dur- 
i n g  cooler periods or in the absence of 
suf f ic ien t  food, Early winter s e t s  of 
oyster larvae in the northern Gulf o f  Mex- 
ico pay be a t t r ibuted to  t h i s  phenomenon 

(Edwin W. Cake, Gulf Coast Research Lab., 
Ocean Spri ngs, Mississ jppi ; pers. comrn. ). 

Feeding ac t i v i t i e s  in l a rva l  oysters 
are generally well understood due t o  
recent advances in commerci a1 oyster cul- 
ture.  In the a r t i f i c i a l  conditions of an 
oyster hatchery, mixed cu l t u r e s  of various 
small "naked" f  1 age1 l a t e s  (a1 gaef produce 
adequate nutr i t ion fo r  the  growing oys- 
t e r s .  I t  i s  important t o  emphasize the  
value of mixed cul tures ,  a s  opposed t o  
monocul tures ,  fo r  oyster food sources. 
There are apparently synergi s t i c  reactions 
aniong various food items t h a t  are  as y e t  
unknown b u t  tha t  are very important t o  
oyster growth (Epifanio 1979). This i s  
hardly suprising because the d i e t  of 
oyster larvae i n  the natural  s t a t e  i s  
obviously f a r  from a pure cul ture  and 
probably includes bacteria and small de- 
t r i t a l  pa r t i c les  as well as algae and pro- 
tozoa. The d i e t  could a l s o  include dis-  
solved organic matter. 

After a variable planktonic period 
(about 2 weeks) from i n i t i a l  f e r t i l i z a -  
t ion,  the surviving oyster larvae prepare 
for  settlement and metamorphosis. A t  t h i s  
stage the "mature" larvae are  s ign i f i -  
cantly larger  than the younger s t ra igh t -  
hinge, ear ly  umbo, and l a t e  umbo stages;  
and they a r e  experimentally separable by a 
160-r-r mesh sieve tha t  r e t a i n s  the mature 
stages but not the immature ( H i d u  and 
Haskin 7971). 

Several envi roni~iental fac to rs  influ- 
ence the settlement of l a rva l  oysters,  
including the physico-chemical and biolog- 
ical  factors  discussed by Hidu and Haskins 
1 .  They maintained t h a t  l i gh t ,  sa- 
1 in i  ty ,  temperature, and cur ren t  velocity 
a l l  a f f ec t  "prospective" s p a t  (newly set -  
t led  oysters) .  Thorson ( I  964)  proposed 
tha t  the s e t t l i ng  response of marine 
invertebrates i s  often cued by l i gh t ,  For 
example, oyster larvae tend to be phota- 
posit ive th rou~hout  t he i r  l a rva l  ' l i fe  span 
b u t  may become photonegative i n  response 
to  a temperature increase. Late s e t t l i n g  
oyster larvae a lso  tend t o  be more defier- 
s a l l y  dis t r ibuted than e a r l i e r  larvae, 
possibly because or' t h e i r  heavier  shei?s ,  

Along the Atlantic coas ta l  regions 
sourh of Virginia, spa t f a l ?  appears to be 
denser i n  in te r t ida l  a rcas .  Hidu and 



Waskin (1977) related t h i s  phenomenon to a 
water teniperature increase during flood 
t ides over in ter t idal  mudflats. The slack 
water areas of eddy currents also seem t o  
favor heavier than average spa t fa l l  p a t -  
terns (Roughley 1933). Spatfall w i l l  be 
discussed again in Chapter 4 when the dis-  
tribution of reefs in an estuary i s  con- 
side red. 

The biological cues to oyster larval 
se t t l ing  are  related to  the fac t  tha t  oys- 
t e r  larvae are gregarious and apparently 
respond t o  a waterborne pheromone or me- 
taboli  t e  released by oysters that  have a l -  
ready rnetamorphosed (Hidu and Haskin 
1971 ). Larvae also seem to respond posi- 
t ively to a protein on the surface o f  oys- 
t e r  shells .  This gregarious tendency i s  
iniportant to a reef-building (colonial ) 
organisrrr such as the oyster, which re- 
quires settlenient in proxinii ty fo r  suc- 
cessful f e r t i  l ization (Crisp and Meadows 
1962, 19631, See Chapter 3 for  additional 
detdi 1 s of yregdriuus behavior. 

2.3 OYSTER F E E D I N G ,  DIGESTION, 
AND ASSXMXLATIQM 

The feeding organs of oysters are f 1 ) 
the c i l i a ted  g i l l s  tha t  provide the water 
currents (with the assistance of the man- 
t le)  and sor t  par t ic les ;  ( 2 )  the palps 
surrounding the mouth that  also play a 
role  i n  the particle-sorting process; ( 3 )  
t h e  crystdtlirie s ty le ,  a seiliirigid c lear  
rod cirrriposed o f  d i  gesti  ve enzymes that  
funct inn in the nechanical breakdown of 
food par t i c les ;  (4) the gas t r i c  shield 
dyainst which tile s t y l e  rotates to grind 
food par t ic les ;  ( 5 )  the stomach, in which 
food and digcstl^ve enzymes are mixed; and 
( 6 )  the digestive d ~ v e r t i c u l a  surrounding 
the ston~ach, a group nf bljnd-ending t u -  
bules with ducts leading t o  the stomach, 
The f a t t e r  function i n  in t racel lufar  d i -  
gest-ion. 

The feeding of a71 f i  lter-feeding b i -  
vajves (including oysters)  had been as-  
sumed to be a continuous process in those 
organ-isms t h a t  a r c  a!srays suberged,  T h e  
c j f iasy feeding currents and the produc- 
t ion and erosion (dissolution) of the re- 
volving crysta l  1 ine s ty le  have been 
thought t o  occur continuously jn undis- 
turbed animals. This view was chal ler?ged 

by Morton (1973, 1 9 7 7 ) ,  who presented per- 
suasive evidence that  even in vany sub- 
t ida l  bivalves, the feeding process i s  
cycl ic and discontinuous, affected by 
t ida l  and seasonal factors .  

i t  i s  obvious t h a t  dn  in te r t ida l  oys- 
t e r  cannot feed when exposed during ebb 
t ides ,  b u t  an interesting aspect of Mor- 
ton 's  hypothesis i s  that  the feeding pro- 
cess is necessarily cyclic in subtidal as 
well as in intert-idal bivalves. The i c lp l i -  
cation of discontinuous c i l i a ry  suspension 
feeding w i t h  a t idal  rhythyni i s  that  t ida l  
and seasonal cycles were incorporated by 
ancestral  bivalves i n  the evolution of 
t he i r  feeding process. 

According to Morton (1977) ,  the feed- 
ing of in te r t ida l  oysters occurs in three 
cyclic stages: ( 1 )  a feeding stage during 
which the oyster pumps water with c i l i a r y  
currents produced by the g i l l s ;  ( 2 )  an ex- 
t race l lu la r  digestive stage,  during which 
the c rys ta l l ine  s t y l e  ac t s  on ingested 
food tha t  has been rolled into  nlucous 
s t r i ngs ;  and (3) an in t race l lu la r  diges- 
t i ve  stage,  during which small par t ic les  
of food are fur ther  digested, absorbed, 
and assinti lated within the digestive 
diverticu'ld of the stomach, The three 
stdges are i l lus t ra ted  in Figure 9. Note 
thdt the production of pseudofeces {con- 
solidated par t icula te  matter that  i s  
expel Bed without undergoing the digestive 
process) occurs during the active feeding 
cycle ~ h r n  rejected par t ic les  accumulate 
in the inhaferrt chanrbers. Fccal produc- 
t ion resul ts  from the extracel lular  diges- 
t ive  and in t race l lu la r  digestive process- 
es,  hut feces and pseudofeces cannot be 
released except during inundation. Morton 
concluded tha t  the three feeding cycles 
occur during two a l t e rna te  phases: (1) 
food i s  collected,  f i l t e r ed ,  selected,  and 
passed t o  the stomach; ( 2 )  food collection 
ceases and the accumulated material i s  
digested. 

The specif ic  d i e t  o f  in te r t ida l  oys- 
t e r s ,  l i k e  tha t  of most estuarine consum- 
e r s ,  i s  nod c lear ly  understood. The g i l l s  
t~ f  t h e  i i d ~ l t  oyster have been reported to  
re ta in  diatarns, di nof lagel l a tes ,  and 
graphfte par t ic les  f r o m  2 u  t a  3 u  but to  
pass 70% t o  90% of Escherichia cold and 
80% o f  graphite par t i c les  from I,:, t o  2i.1 
On the other hand, Loosanoff and Engle 
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Figure 9. A schematic representation of the rhyth~r l ic  nature of t h o  feeding process 
and extracel lular and i ntracel i u l a r  diqes t i  ve nlechanisiiis in oysters (adapted frorii 
Morton 1973). 



(1946) found ambiguous dnd va r i ab l e  re- 
sul  t s  when exanli ni ng t he  r e l a  t i on  between 
p a r t i c l e  s i z e  and r e t en t i on  on t he  g i l l  i n  
oys t e r s .  These r e s u l t s  suggest t h a t  t he  
f i l t e r i n g  e f f i c i e n c y  of oys t e r s  i s  not 
neces sa r i l y  r e l a t e d  t o  t h e i r  pumping r a t e ,  
The r o l e  of mucous in a c t u a l l y  trdppinq 
food p a r t i c l e s  in oys te rs  i s  unc lear ,  ds 
i s  t he  importance of dissolved orqanlc 
mater ia l  t o  the  o v ~ r a l l  energy ,Wintake. 

The a s s j v i  l a t  ion of s i g n i f i c a n t  lev- 
e l s  of  dissolved organic rriatter (DOF:) i n  
oys t e r s  was documented by C o l l i r r  e t  a l .  
(19531, a1 though the  rcethods were c r i t i -  
cized hy Gal t s o f f  (1904) .  Oysters probdbly 
" leak" sorne organic carhon (Johannes c t  
a l .  1969).  Some workers fee l  t h a t  hetero-  
t r aph i c  microorganis~lr  ( b a c t e r i a )  repre-  
sen t  t he  only s i g n i f i c a n t  consuvers (and 
packagers) of DOM f S a t t i  l e  1973).  

Feeding a c t i v i t y  Sn oys t e r s  i s  high- 
e s t  a t  low cancert t rat ions of food; t h e r c  
i r ;  a negative c o r r e l a t i o n  between urlping 
r a t e  and t u r b i d j t y  (Lonsanoff 1962 r . The 
e f f e c t  of t u r b i d i t y  an t he  pupping r a t s  i s  
i l l u s t r a t e d  in  f i g u r e  10 ( toosannl f  and 
Torrur@rs 1948). Sante an.ibi gui ty between 
Idhsra tory  and f i e l d  s t u d i e s  e x i s t s  how- 
ever ;  f u r  example, cjys t e r s  held above t he  
buttoni, i n  the so-cdl led rr?axirriurii t u r b i d r t y  
zone, grehr irrore rap id ly  thdn thosf? on t h e  
bottonl 'In currirrtercial beds in  i3t~zrards tidy, 
Massachusetts (Rhodcls 1973). R c w f  oys t e r s  
rmy have a  s i n l i l a r  ddvantage i n  t.he study 
a rea ,  The averdge suspended l o a d  o f  [tar-- 
t i c u l a t e  organic. s d t t e r  fPUPl) i r i  a t yp i ca l  
estuary 1n Georgia ranyes helk4een 4.6 and 
15.8 n?g/?? tctr afdw (tldurn and tic l a  Cruz 
19bT) ,  Wansan and Snyder (1979) reported 
e x t r a o r d i n a r i l y  high levels o i  suspended 
pctrtSeulate orgmnlc: carbon ( I JQC)  In tilr 
study area (0-02 t o  0,1 g C / l i t e r j ,  equivd- 
lent t o  approxr'niately 40 t o  90Ci t?g POM and  
much higher  than the  1967 estirriatki of Oduni 
and  de la Cruz.  High l e v ~ l s  o f  suspended 
organic  mdtter  could ref l e c t  s t rong  t i d a l  
c u r r e n t s ,  

P a r t i c u l a t e  organic n ~ a t t e r  i s  a niik- 

Lure of marsh p l a n t  d e t r i t u s ,  phytoplank- 
ton, k n t h i r  a ? p e ,  h t ~ r t ~ ! * i a ,  z o o g l a i 1 k t ~ n  
(3ncuding oys t e r  l a rvae ) ,  and QOM adsorbed 
onto clay p a r t i c l e s .  An j n t e r t i d a l  oys t e r  
diet i s  a mix tu re  of these  items, s o w  o f  
which a r e  not incorporated i n t o  oys"Lr 
ta 'ssue whd le o the r s  are more assinr i ldbie ,  

The presence of c e l l u l o l y t i c  a c t i v i t y  i n  
t he  c r y s t a l l i n e  s t y l e  of t h e  o y s t e r  has  
been repcrted (hewel? 19531, but t he  
amount and kind of c e l l u l o s e  t h a t  can be 
used by the  anirral a r e  unknown. Gecaust. 
the  d i e t  of t he  oys t e r  includes d i r ~ o f l a -  
g e l l a t e s  and o the r  a lgae with cellulose 
t e s t s  ( ou t e r  cove r jng ) ,  t h e  a b i l i t y  t o  
di ye s t  such s t r u c t u r a l  polysaccharides 
appears t o  h~ advantageous. 

Pcsul1.5 fron ' laboratory expe r i r~en t s  
O P  oy~ tCr '  feedincj a r e  ~orrtitii~'e: a r b l i j ~ ~ l ~ r ~  
o r  a t  :ed:t r ~ v t  r i l rect ly a r p l i r a b l e  t o  
oysters In their natura l  \ e t t ~ n q .  For 
uxan~p le ,  d sturly Ypiqan'io ( I Q i Q )  7r:d-i- 
~ a t e d  t h a t  the gross c t ~ ~ ~ n r  ~ a l  coi posi t l o n  
of e x p e r ~ n e n t a l  a lqdl  ~ u i t u r r s  f e d  t o  oys- 
t P r f  ( p r o t e ~ n ,  I r p l d ,  carbohydrates ,  anc! 
a sh )  was iuss i r iportant  tu c,ubspqnerit oys- 
t e r  growth than was the  s p c c l f l c  typeS o f  
a lgae  w e d .  Oysters have even been shown 
t o  grow on corns ta rch-wppf  er ~ n t e d  c ' l ~ t s  
( Inc j l r l  1967). 

A f i nd l  notc  on  the  s p e c i f i c  d i e t  of 
i n t e r t i d d l  o y s t e r s :  i n  the  only a n a l y s w  
of ijh'C ( s t a b l e  carbon i so tope  r a t i o  t e s t )  
of oys t e r  t i s s u r  Fron; t he  Duplin R I V P ~ ,  
Georgia, lia'ines (1976)  and biaines anti 
Eontagup (15'79) found the  s t a b l e  carbon 
j s o t o p i r  r a t i o  rax~ged f r.oi7 -71 !no t o  
-74 '  /on, typ lcd l  of orqanic rliatter pro- 
dticed h.y ptzylojrlankton, The i n t e rp re td -  
t i o n  i n c i ~ r a t e s  t h a t  o y s t e r s ,  even ? n  sr;ail  
t i d a l  creeks surrountled by >j~atyJ~n, feed 
only on algae.  Me f h ~ n k  t h i s  i n t e r p r e t a -  
t i o n  should bc dcrcpted cau t ious ly  due to 
disc , repdnc~es  found in d i  f f p r e n t  t l s s u e ~  
of shrinip. ( i i r ~ a n  f rye ,  Dnlversi ty  of 
Texas Harine Sc ien te  Ins t1  t u t e ,  Port 
hransas ; pers + crrir;irq. ) 

Thc r a t e  a t  which j n t e r t i d a l  oys t e r s  
~ n g e s t  p a r t j ~ u l a t e  r a t t e r  i s  t he  product 
o f  four  Factors:  (1 f t i l e  average r a t e  
(volumeltiilie) a t  wbilci-i ti-rey can c l e a r  t h e  
water. of POM of a favorab le  s i z e  range;  
( 2 )  the  concentrat ion of suspended food i n  
t h i s  size range; (3)  the t o t a l  t ime t h a t  a  
given oys t e r  ( o r  r e e f )  i s  inundated; and 
( 4 )  t he  percentage of inundation L i ~ e  t h a t  
nyst~r . ;  f i l t ~ r  water,  Any s i ~ n j f  i c an t  up-  
take of DQ14 wocrid add t o  t h i s  t o t a l  r a t e .  
An energy budget f o r  ifidividual oys t e r s  l;s 
included i n  t he  Appendix and summarized i n  
Sectiorr 2.5;  ene i -9  requiren?ents OF a u n i t  
ared of reef a r e  discussed i n  Chapter 3. 
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2.4 STRESSES ON OYSTER POPtiLAT IONS : 
NATURAL AND CULTURAL 

Natural Stress  

Much oyster I i  tera ture  concerns the  
variety of microscopic organisms tha t  
cause oyster mortal i t i e s .  These pathogens 
have caused massive oyster die-offs i n  
local areas and sometimes i n  broad re- 
gions, e.g., the infamous outbreak of the 
bacterium "MSX" (Kinchinia nel soni ) in  New 
Jersey, Delaware, and Virainia during the 
l a t e  1950" a n d  early 1960's. "Disease 
organisms" i s  an anthropomorphic and a 
pejorative phrase typically applied t o  
organisms tha t  appear to  be harmful t o  
animals and plants valued by wan, and i t  
often stands i n  the way of an objective 
functional approach t o  ecosystems. Oys- 
t e r s  are ancient mollusks tha t  undoubtedly 
have been competitive with, preyed upon, 
and parasitized by many species. Their 
survival t o  the present a t t e s t s  t o  the 
fdct  that  they have maintained a comple- 
rrrentary functional role within the estua- 
r ine ecosysteir. As such, they have been 
suhject to  various ecosystem feedback reg- 
ulators,  including so-called "disease 
organisms" tha t  maintain an osc i l l a t ing  
s t ab i l i t y  i n  oyster population density. In 
the context of the present discussion, 
protozoan, fungal, bacter ia? ,  and other 
oyster paras i tes ,  comlensal s ,  and preda- 
to r s ,  such as oyster d r i l l s  and oyster 
catchers, are considered oyster associ- 
a tes ,  or ecosystenl regulators. These 
function under natural condi tions t o  con- 
t rol  excessive papulations and regulate 
the d i s t r ibu t ion  and density of oyster 
reefs themsel ves. I t  appears, however, 
tha t  man-induced s t resses  on oysters Inay 
somctin~es s h i f t  the balance in favor of 
the oyster regulator by creating subtle 
changes of temperature, oxygen, s a l i n i t y ,  
or pollution levels (Gal tsoff  1964). 

Me a r e  unaware of any studies a t -  
teripting to  dist inguish between oyster 
vulnerabii i ty t o  "disease" in subtida'f vs. 
i ~ t e r t i d a l  habitats..  Since oyster disease 
i s  often densi ty-dependent, extremely 
dense in te r t ida l  reef populations nay be 
more vulnerable t h a n  sparse com~luni t i e s .  
Reefs, however, pe rs i s t  in soEe areas f o r  
long periods (see Chapter 4 ) ,  and oysters 
apparently have adapted be t te r  t o  the  
s t r e s s  of in te r t ida l  existence than have 
the pathogens. 

Oyster-associated organisms, includ- 
ing common oyster commensals, a r e  dis-  
cussed in Section 3.2. Usually, the oc- 
currence and density of commensals are 
l ess  in i n t e r t i da l  reef oyster populations 
than in subtidal oysters. Common commen- 
s a l s  include the boring sponge (Cliona ce- 
l a t a ) ,  the polychaete mud ~ 0 r I r i m d o r a  
webster i ) ,  and the pea crab (Pinnotheres 
ostreum). None of these organisms actual-  
ly k i l l s  the oyster,  b u t  they do produce 
a s t ress .  The boring sponge and the  n;ud 
worm induce additional she1 l deposi t ion;  
the pea crab l ives  within the oys t e r ' s  
mantle cavity and s t e a l s  food and mucous 
from the g i l l s ,  a n d  perhaps even feeds on 
developing gametes (Gal tsof f 1964). 

Other natural s t resses  include low 
oxygen concentration, high temperature, 
excessive turbidi ty  (sedimentation),  e i -  
ther  overabundance or  shortage of appro- 
p r ia te  food, crowding, and high wave ener- 
gy or strong water currents. Oysters are 
remarkably to le ran t  of a l l  these  condi- 
t ions ,  however. For example, a subtidal  
oyster population in the James River, 
Virginia, was re la t ively  r e s i s t a n t  t o  a 
severe f reshet  (flooding) associa ted with 
the 1972 tropical  storm Agnes (Larsen 
1974).  They close t igh t ly  and resp i re  
anaerobica?ly when exposed to  t h e  a i r  or 
during low oxygen conditions (Hochacka 
and Rustafa 1072). Temperatures u p  to  
40" C or  more can be tolerated f o r  shor t  
periods (see Section 3.1).  Reef growth 
can acconlmodate slow, steady sedimentation 
b u t  n o t  sudden pulses of sediment. Oysters 
can withstand crowding, and as shown in 
Chapter 3, population density i s  important 
to  the i r  in te r t ida l  survival. Typical ly ,  
in te r t ida l  reef oysters are not robust  and 
f a t ,  and do not contain high l eve l s  of 
glycogen. The natural s t resses  of t h e i r  
environn~ent are  reflected by the  long nar- 
row valves and watery t i s sue  t ex tu r e  char- 
a c t e r i s t i c  of "coon" oysters.  

Man-re1 ated s t r e s s  - ..- --- 
Man-induced perturbrrti ons on oysters 

can canveniently be divided i n t o  e ight  
classes (Table 1 )  as follows: (1) p h ~ s i -  
cai dis.i;urbances, especjdi f y  sedi12~eiita"Lion 
result ing frorr dredging and excessive boat 
t r a f f i c ;  ( 2 j  s a l i n i t y  changes due to  
freshwater diversion or local hydr010gic 
a l t e ra t ion ;  (3)  eutrophication Q r  over- 
enrichment of water from organic mattery 
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sewage, and/or f e r t i l i ze r ;  ( 4 )  toxins, 
including pulp m i l l  sulf i tes ,  heavy met- 
als,  ch'iorina ted hydrocarbons, organophos- 
phates, radionucl ides, a n d  petroleum 
hydrocarbons; ( 5 )  physical impairment of 
Feeding structures by o i l ;  (6) thermal 
loading, prinlarily from power plants; ( 7 )  
overharvesting; and ( 8 )  wetland loss due 
to development. 

These perturbations can be lethal or 
sublethal for oysters, b u t  even when sub- 
lethal, the oysters way be unfit for con- 
sumption either by humans or by other 
predators. 0ys ters , 1 i ke KQS t suspension 
feeders, eff icientty concentrate suspended 
and dissolved constituents of the water 
column to levels several orders of magni- 
tude above background concent rations ( b i  o- 
accunrulation). Eturnan pathogens, pesti- 
cides, and heavy metals dre prime exam- 
ples. Greiy and Wenrloff (1978) reported 
that oysters w i t 3 1  high levels of heavy 
metals in their tissues d id  n o t  purge or 
lose these fi",$?td?5 rapidly when transferred 
to clean water, 

Qtianti fying suhlettlat ef fccts on oys- 
ters 4 s  ccrnrylicat~d by the f a c t  that oys- 
ters 1 ive! dt I t ~ e  water sed1r:icnt interface, 
dnd  most pol tutant concentrations in sed- 
iritent% ~ r r  d ~ f f @ r e n t  front those in water, 
tJt~ile vtvy T O W  ct~nsontrations o f  sofile 
toxin.; '10 uyrters, l ike  d iox in ,  may be 
signjficant, the? capabI1ity to detect 
these p n l l u t d f l t s  has been achieved only 
recently, sn t h a t  rriuth recent 1 i terature 
or\ y e z t t c i d e  res.rdtres i n  c?y'Jters and other 

The ~ f " t e o t  v f  ~ r t i d c  o?il extracts on 
the karb~ir? blidfjrlt of 8G:lk ecdedi~, the 
r?bihlc. nasc;el, 4s ~ l lus t r a t ed  I n  T i g u r e  
TI. As showrr, carbon iilgested and assjmi- 
1 a t ed  decl incs w i  t k t  i n c r ' e a ~ i ~ y  oi 1 concen- 
tratl'on. Ccrnrparahic e f fec t s  could be 
expected for. the oyster. 

The estuat-?es irm the study area are 
presently not a s  severely jfnpimcted hy man- 
induced fcu3lural) change as are some 
other oys ter-pvoduci rsg aP'eifS, such as sec- 
tions of the Louisiana and FTorida coasts, 
Chesapeake Bay, and Long Is lnnd Sound, I n  
addition, intertidal reefs are i n  sarne 
ways more resistant to man-induced pertur- 
bations (e,g., s a l f f l f i t ~  intrrrsfon and 

resultant susceptibi 7 i ty to predation) 
because of the periodic exposure due to 
tides, Conversely, intertidal reef exis- 
tence i s  already stressful ,  and added 
stress may inhibit reef formation. 

Effects of marsh alteration i n  Texas 
have decreased local oyster production 
(Moore and Trent 1971). Changes in hy- 
drof ogy and pol l uti on have probably con- 
tributed to local declines in oyster reef 
density in the Savannah, Georgia, area. 
Historical change in intertidal oyster 
reefs in the study area, caused by both 
natural and cultural perturbations, i s  
discussed in Section 4.2. 

i.larvest of i i te r t ida l  Oysters - 
Because this pap@rls overall objec- 

tive i s  t o  describe the ecological func- 
tion and importance of the oyster reef as 
a component of the coastal ecosystenl in 
the study area, we include here only a 
brief discussion of several aspects of 
exploitation of reef oysters by man. More 
i nfarma t i on on the present commercial har- 
vest and potential for  future exploitation 
may be found in Gracy and Keith (19721, 
Keith and Gracy (1972), and Gracy e t  a l ,  
(1978). These references are for South 
Carolina, where commercial harvest i s  con- 
centrated in the study area. 

( 1  ) Oyster harvest by man has been 
an  important cultural activity since long 
before recorded history (a t  least as early 
as 2000 B.C . ,  Keith and Gracy 1972).  Ku- 
merous oyster shell middens and shell 
r i  nys of apparent ceremonial significance 
in the study area a t t e s t  to the importance 
of the oyster i n  the diet o f  early coastal 
residents. Many oyster shells found in 
these art i facts  are large and thick, 
which, when considered in light of the 
presence of many whelk and oyster d r i l l  
shells, indicate t h a t  a significant por- 
tion o f  the prehistorically harvested oys- 
ters were of subtidal origin. 

( 2 )  Recent oyster harvest in the 
sttidy area, hwever, i s  primarily cancen- 
Grated an fn.terti&f cyster populations, 
This harvest, both recreational and com- 
mercial, involves the very labor- i  ntensive 
and tiae-consuming removal of clumps of 
OYsters from exposed mud f l a t s ,  an effort  
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conducted done from small, flat-bottomed 
s k i f f s  (bateaus),  

( 3 )  The majority of the (clumped) 
oysters collected today a re  of a qua!ity 
t ha t  makes them l e s s  sui table  fo r  the raw 
bar t rade than f o r  canned oysters.  Thus 
the oyster industry i n  the study area 
t rad i t iona l ly  has been an oyster steam- 
canning industry. 

(4 )  Of the i n t e r t i da l  oysters h a r -  
vested, the most valuable, in terms of 
t h e i r  shape, s i z e ,  and condition, are 
found low i n  the  i n t e r t i da l  zone rather 
t h a n  in mature ree fs ,  or oyster rocks, as 
they a r e  cal led local?y.  

( 5 )  Oyster production or  to ta l  har- 
vest apparently peaked in the ear ly  1900's 
and has s tead i ly  declined fo r  numerous 
reasons as fol  lows: over-harvesti ng and 
general ly poor management; pol lu t ion,  re- 
su i t ing  i n  closing many local areas t o  
oystering; labor problenis, i . e . ,  a dwin- 
dl ing number of people will ing to  work in 
the  labor-intensive oyster industry; and 
changes i n  the  hydrology of local area, 

( 6 )  Total oyster  production front the 
study area (pr incipal  ly South Carolina) 
accounts f o r  about 8% of to ta l  U. S .  pro- 
ductlon (Lee and Sanford 1963)" Table 2 
from Gracy e t  a1 . (1978) sumniarizes recent 
oyster production froni the study a,rea and 
includes bath subt idal  and in te r t ida l  oys- 
t e r s .  Presently i t  i s  unclear i f  the de- 
c l ine  in i n t e r t i d a l  oyster harvest indi- 
cates a decline i n  mature oyster reef den- 
s i ty-  For example, the closure of coastal 
areas t o  oystering because of pollution by 
human pathogens i " S n  sortle respects bene- 
f i c i a l  t o  natural  oyster  reef populations 
tha t  a re  thereby assured of nonexplaita- 
t ion.  On the other  hand, hydrologic 
changes accompanying marsh a?  t e ra t ion  and 
increased coasta l  a c t i v i t i e s  a re  l ike ly  t o  
be extremely damaging t o  the somewhat 
f r a g i l e  reefs .  In Section 4-2 we discuss 
the h i s to r ica l  change in reef density in 
the study area. 

Ep strrnmlf.y, the tt-ue mature oyster 
reef s u b u n i t  of  the  coastal ecosystem in  

the study area i s  not of commercia^l in te r -  
e s t  because the reef oysters are of poor 
market quality. The exception to t h i s  i s  
tha t  high reef oysters can be revoved and 
replanted lower in the i n t e r t i da l  zone. 
The increased e f for t s  a t  oyster management 
in the study area could benef i t  natural 
reefs in tha t  additional sources of oyster 
larvae could be created. The commercial 
exploitation of in te r t ida l  oysters u l t i -  
mately will depend on the study a r ea ' s  
economic climate. Increased mechanization 
tha t  would solve the labor problem (Hixson 
1975)  i s  constrained by continual r i s e  i n  
energy costs.  

2.5 ENERGY SUMMARY 

A summary of estimates of energy flow 
in  oyster reefs in the study area appears 
i n  Figure 12. These estimates were based 
on the most re l iable  available inforvation 
(see the Appendix for de t a i l s  and ration- 
a l e ) .  The numbers shown in Figure 1 2  a re  
the values for  standing oyster biomass and 
fo r  oyster respiration ra te .  The respira- 
t ion estimate i s  par t icular ly  important as 
an index of oyster function because i t  
represents the energy "tax" paid by reef 
oysters t o  support t he i r  o ther  a c t i v i t i e s .  
The r a t i o  between average biomass (kcal/  
m 2 )  and respiration (kcal/m2/yr) gives the 
turnover time of the oyster portion of the 
reef as 8,38 y r  (or 2 .6  t imes/yr),  This 
i s  the average time tha t  any given organic 
carbon molecule '%survivesn as a consti tu- 
ent of oyster t i ssue before becoming oxi- 
dized to  CO, a n d  recycled. Gamete produc- 
t ion represents another high energy expen- 
di ture ,  and the typical watery t i s sue  of 
"coon"oysters in reefs i s  symptomatic of 
oysters that  a re  cantinuall  spakned out 
(or  subjected t o  a poor die t f .  

The extremely high ingestion and 
egestion (biodeposi t-ion) estimates are ap- 
proximate b u t  indicate the qua l i t a t ive  S m -  
portance of reef oysters i n  the  study area 
fo r  transferring suspended organic matter 
t o  the reef surface. This process supports 
the high bacterial  metabolism noted i n  
Section 3.3, which i n  turn accelerates  the 
ra te  of carbon f l u x  through the  ecosystem. 
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Close-up v i ~ w  of oyst,er* she> 1 debr ic ;  ~ i 1 d r a ~ . t e r i ~ t 7 ~  cxf the ii i i jh  energy 
beach shores a t  the m o u t h  of larlre ~ n t r r t l a a i  cr-ceks. Tbr s stlt.11 Dro- 

v ide5 a substrate for o y ~ t e t "  spst ~ct t i t l r l~en t .  "iliitu D.L. R k t t  Ta lbe r t ,  
i:ni vcrr i 1 y of I;ou t h  Carol hci. 



NET PRODUCTION 1000 

(3.3% OF MAX.ASSIMILATION) 

ASSlMlLATlON STER BlOMA 
2.2-3.0 x lo4 5000 

INGEST1 PREDATION 2000 
2.0-5.0 x (0.6% OF MAX. 

ASSIMILATION) 

Fiaure 1 2 .  Sgmmary of  energy f low throuqh inter t idal  reef cysters .  Valu2s are  
expressed i n  k i l o c a l o r i e ;  p e r  rreter square per )ear. 



intertidal ree fs  i n  coastal South  Cdrul  i n a .  Note the relatively f l a t  tap o f  the 
reefs i n  t he  background, a conanan feature indicative o f  t h e  upper s u r v i v a l  l i m i t  
of  the oys ters  i n  t h e  intertidal zone. Photo by Rhett Tal b e r t ,  U n i v e r s i t y  of 
S o u t k  Carolind, 

36 



C H A P T E R  3 

OYSTER REEF DESCRIPTION AND SYNECOLOGY 

The objective of th i s  chapter i s  to  
deta i l  the in te r t ida l  oyster reef commun- 
i t y  in the study area. The following sec- 
t ions will describe the reef ,  physically 
and biologically,  to  se t  the stage fo r  
Chapter 4 in which we discuss the re la-  
tionship of the reef subsystem to the 
ent i  re  estuarine ecosystem. 

Euch of the material in t h i s  chapter 
was taken from Bahr (1974), the only 
available study that  t r e a t s  the en t i re  
reef community ( in  Georgia) quanti tat ive- 
ly. Extrapolations of the resu l t s  from 
Bahr (1974) t o  the en t i r e  study area 
should be made cautiously, and with the  
understanding tha t  in South Carolina estu- 
a r i e s ,  oysters in reefs are  l ess  dense 
and net growth i s  more s ignif icant  than 
i s  the case in Georgia (S.  Stevens, Uni- 
versity of Georgia, Sapelo Island; pers. 
comm. ). 

3.1 G E N E R A L  REEF DESCRIPTION 

Inter t idal  oyster reefs range. in s i z e  
from small scattered clumps to  massive 
solid mounds of l iving oysters and dead 
she l l s .  Reefs are limited t o  the middle 
portion of the in te r t ida l  zone, where min- 
imum inundation time determines the maxi- 
mum elevation of reef growth. Predation 
and s i l t a t i o n  l imit  oyster populations i n  
the lower in te r t ida l  and subtidal zones t o  
scattered individuals. 

The following passage by Dean (1892) 
describes in te r t ida l  oyster reefs o r  
"ledges" in South Carol-ina a t  the turn of 
the century. 

Often a t  low t ide  the oyster ledges 
appear to the eye curiolisly l ike a 
low hedge of frosted herbage, gray- 
ish-green i n  color. A nearer vlew 
discloses branching c lusters  o r  
clumps o f  oysters,  densely packed 
together, whose crowded indi vidual s 
nohi become modified o r  djs tor ted 
according t o  t he i r  posi tiori on t h e  

cluste!. The individuals t h a t  cap 
the c lus te r  project upward l ike  f l a t -  
tipped fingers,  slender, narrow, and 
long, whose shape has given thec: 
throughout the South the names "cat  
tongues , 'I "raccoon paws, " or  "rac- 
coons." In many l oca l i t i e s ,  as 
throughout the region of Skull Creek, 
the raccoon ledges, continuing fo r  
ages to  encroach upon the stream bed, 
have f o r ~ e d  vast oyster f l a t s ,  acres, 
sometimes miles, in extent. 

During exposure to  the atmosphere 
(ebb t i d e ) ,  the surface of a reef dries 
and turns gray, b u t  upon wetting, a l iving 
reef appears greenish-brown due to a thin 
f i lm of algae. In contras t ,  p i les  of dead 
she l l s  in the in te r t ida l  zone (wet or dry) 
generally are less  colorful than are l iv -  
i ng reefs.  

A sect ian through a typical reef is 
depicted in Figure 13. The uppermost por- 
t ion  i s  level but slopes steeply a t  the 
edges. The l iving portion of a reef i s  
thicker a t  the perimeter than i n  the cen- 
t e r ,  where mud trapped by biodeposition 
and sedimentation smothers the oysters. 
This sedimentation resul ts  from suspended 
matter s e t t l i n g  out as turbid water slows 
down while passing aver a reef. 

Often the surface of a reef i s  uni- 
formly covered w i t h  oysters closely wedged 
together, so that  i t  i s  d i f f i c u l t  to re- 
move an individual clump, Once a hole i s  
made in a reef,  howciver, adjacent oysters,  
lacking support, tend to fa17 toward the 
cavity and are readily ~emoved. Most ma- 
ture  oysters are  lung and narrow, and vir -  
tual ly a i l  are oriented with t he i r  growing 
edges facjng upwards (Figure 24) .  These 
a re  the typical "coon oysters" described 
in  Galtsoff (1964). They seem to grow 
toward the l e a s t  disturbed water,  l i k e  
branches on a t ree  seeking l igh t ,  and away 
from encroaching sediment beneath. A sirc- 
i l a r  growth pattern on a ~ u c h  smaller 
scale was proposed fo r  colonies of the 
Freshwater bt*yozoan, lophopodef 1 a czl-teri , 



) hydroids 

LIVING OYSTERS AND 
ASSOCIATED FAUNA 

/ BURIED SHELL AND MUD 

Figure 13. Diagrammatic section through oyster  reef i l l u s t r a t i n g  r e l a t i ve  e le -  
vation with respect to  mean t ida l  levels  and corresponding fouling pattern on 
pi l ing.  



Figure 14. Several generations o f  oysters (C, virginicaf growing vertically 
on muddy bottom o f  A1 tamaha Sound, Georgia (Fdapted from Gal tsoff 1964). This  
~ r 3 w L h  p a t t e r n  r e s u l t s  i q  oys ter  clusters termed "cooni' oysters a s  depicted in 
photo. Photo by Wiley M. Kitchens, U.S. Fish and Wildlife Service. 



by Uisho~; ant1 Gahr (1973) .  Babr ! l u ? 4 )  
reported no evlnsrrce of orientation of 
?ndividual oysters k i t h  rcswct  to cur- 
rer\t? In r e e f s  i n  Doboy Sound (in coritrast 
t o  the studies by Lawrence 1971) ;  b u t  R .  
Frey jllniversi ty of Georcr~a Flarin~ In s t ? -  
t u t u ,  Sapeln Island; pers. cunirrl.) detected 
suc,rr orientation canlong oyrters i n  rthefs 
lurated I n  Blackbeard Crrek, whlch 7 s  
character ired by s t  rono b r d ~  ret tmona! cur- 
rents. 

A l l  reefs studied a t  Sapelo Island, 
Iirorqia, were identical in height, 1% 0cc1 

dbnve nean 101si wafer (MLk), except t h ~  
1 ow~r iw~a tu r e  reefs,  whictr presuiiiably 
were s t i l l  growin(;. Peak height appears 
to represent maxi t-iluir eclu i l i brim elrva- 
t r o n ,  qiven pre:ant sea level dlid the 
local t idal  any?  i tude. G~neral  1y flooding 
tides reach the fnwcst portion o f  the 
rt.cfs approxintlttely 2 hours fo l  low1 ng 
s f g ? ~  k rbb, cnmplefely coverincj the upper- 
~{ioit oyl;ters approxiniatcly 2 hours hefore 
pclak floutii, rln an ebbinq t i d e ,  the tops 
01 ltie t-evif'i; becrjnt~ v l b i b l & :  atnut 2 hours 
i o l  l rawir iy pibak finoci, w i t h  the rcstil t t h t  
Ihca tops o f  the rvefrt at'c incinddted only 
4 i~r)ut's pe*r t lde, o r  i? hour<, per day. Tlze 
rtild t f ttne=h l p  t>sblweaen reef elcvat ion and 
t rcfa1 arr1p1 i tutje i s  unknubin fo r  other 
d rf'd'; . 

the browfi layer,  rnaicdtrng f a s t e r  growth. 
Presumably t r l s  is a functior of extren~e 
crowdi ng and sed~nent  encroachrrent on tile 
loecr oysters. Vany dead oysters a r e  
found in the b l a c k  a n d  lower brown hori- 
Tons, with t t c  vdlves s t i l l  together, b u t  
f u l l  of s ~ l t  ana clay. 

Appror~ i  a t e i y  61' (by volui e )  o f  the 
reef r a t c r ~ a ?  collected frar the upper 
\urface dowrs t o  et>r b lack  horlzor~ cons 1 s t s  
of 1 1 ~ 7 l i q  oy \ t e r s ,  21" c o n s ~ s t ~  01 dead 
skiel l s ,  and ?PF" rei,aInlvc 18'. c o n s i i t ~  of 
s .i 1 t ,  c l a y ,  and nonoyster r:ctcroi-aund. 

Vertical Zo~a t ion  -- 
A 1  t h ~ u c j h  t h p  three hor~i.on:, d ~ s c r t  bed 

f o r  ti-ctl oyster reef a rc  snr ,ewhat  arb1 t rd r -  
11y rlcfincc!, tiierr i s  a clef ~ r i i t e  ver t ical  
t hat~rrt. l r i  reel nlacrufauna'i cor posit  on, 
T k - i i  1 5  d resul t  ot i n t e r s y e c ~ f i c  to le r -  
ance to rii.c,~ccdtion (d ry~nc ; )  ratbier than ;I 
fectl-iny 11~11taticrn rrc,ul t ~ r ~ c !  fro! reddced 
~ n u n d a t  i c ) n  t ine.  Thc pdttern of zonat~on 
I n  Ihc rtiidy a r m  (Figure 13)  7s t y p i f ~ e d  
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(1971) remarked on the paradoxical re- 
s t r i c t i on  of the barnacle, C. f r ag i l i s ,  to  
the uppermost oysters in a reef or t o  
blades of marsh grass above the maximum 
height of oyster reefs. Of the three spe- 
c ies  of barnacles in the reef community, 
C .  f r a g i l i s  i s  res t r i c ted  to  the upper, o r  - 
green, horizon. Another related barna- 
c l e ,  C. s t e l l a t u s ,  has been described as 
an obrigate in te r t ida l  form for  reasons of 
competition ra ther  than physiology (Con- 
ne17 1961 ; Barnes and Barnes 1969). The 
r e s t r i c t i on  of Chthamalus t o  the mid t o  
upper in te r t ida l  zone was demonstrated by 
Connell t o  resu l t ,  not from intolerance t o  
constant inundation, but rather from com- 
pe t i t ive  exclusion by Balanus spp. In the 
oyster reef community, where barnacle den- 
s i t y  i s  not as great  as in Connell's 
study, oysters seem t o  assume the role of 
"squeezing out" a1 1 b u t  the uppermost 
individuals of C. f r ag i l i s .  Many well- 
preserved individuals of the l a t t e r  spe- 
c ies  are found trapped and overgrown 
between adjoining oysters. Chthamalus 
f ragi  1 i s  represents the most obvious exam- 
ple of vertical  zonation in the reefs ,  b u t  
other evidence of similar res t r i c t ions  can 
be observed; e.g., anemones occur almost 
exclusively in the brown horizon. 

Green and Hobson (1970) s ta ted  that  a 
difference in elevation of 6 cm in the  
in te r t ida l  zone resu l t s  in a s ignif icant  
e f fec t  on ra tes  of mortali ty;  however, 
they were describing an infaunal assem- 
blage doniinated by the l i t t l e  gem clam 
(Gemma gemma). The oyster reef displays a 
similar sens i t iv i ty  a t  the upper l imit  of 
i t s  in te r t ida l  range. A t  s l i gh t l y  lower 
elevations,  however, these e f fec t s  a re  
buffered by the physical complexity and 
density of the reef, which trap and hold 
moisture above the level of the surround- 
ing sediment, 

Temperature Effects on Oyster Reefs 

Oysters adjacent to a hole in a reef 
made by sampling often die  a f t e r  being 
dislodged from the i r  norm1 position in 
the reef. Undisturbed oysters are normal ly 
oriented ver t ical  ly ,  (with the ventral 
s ide  upward) and those which collapse in to  
a sampling s i t e  are usual fy horizontally 
oriented. The l a t t e r  position resu l t s  in 
exposure of a greater proportion of s ~ r -  
face area to d i rec t  solar  radiation,  with 

l i t t l e  chance fo r  mutual shading. The tem- 
perature of sediment within a reef varies 
widely with depth; e-g . ,  temperatures were 
35°C a t  the surface and 28°C a t  6 cm depth 
during one measurement i n  October (Bahr 
1974). 

More c r i t i c a l  than sediment tempera- 
ture i s  the f a c t  tha t  the internal temper- 
a ture  of an oyster i s  a function of the 
or ienta t ion of the oyster with respect t o  
d i rec t  solar  radiation.  For example, the 
internal temperature of a reef oyster in 
Georgia varied ( in  the same October obser- 
vation) from 34°C t o  over 3€i0C, according 
t o  whether i t  was oriented ver t i ca l ly  or 
horizontally (Bahr 1974). In f u l l  shade 
the temperature dropped to  31.5"C. This 
implies that  mutual shading of crowded 
reef oysters i s  beneficial and important 
t o  the maintenance of temperatures within 
the tolerance l imits  of the oyster. In the 
summer when the angle (azimuth) of the sun 
i s  highest, s ignif icant ly  higher tempera- 
tures resu l t  on incident surfaces ; there- 
fore,  high morta l i t ies  could eas i ly  resu l t  
from the disruption of the angular orien- 
t a t ion  of reef oysters which provides the 
shading t o  protect the oysters. Copeland 
and Hoese (1 966) reported mass morta l i t ies  
of in te r t ida l  oysters in Texas during the 
summer. Hodgkin (1959) concluded that  an- 
nual high morta l i t ies  of l i t t o r a l  fauna 
and f l o r a  near Fremantle, Australia, re- 
sulted from high temperature, which was a 
major factor  in the maintenance of charac- 
t e r i s t i c  shore zonation. Thus, i t  appears 
tha t  oyster reefs grow to elevations above 
tha t  a t  which individual oysters could 
survive the rigors of temperature s t r e s s  
and minimal inundation time. 

Lehman (1974) exa~ ined  the e f fec t s  of 
thermal loading from the discharge water 
of a local power plant on the oyster reef 
community a t  Crystal River, Florida. He 
concluded that  an average annual increase 
of 4" C in the water surrounding experi- 
mental reefs ( re la t ive  to  unaffected 
reefs)  caused an increase in oyster bio- 
mass, metabolic ra te ,  and turnover ra te ,  
but a decrease i n  the divers i ty  of the 
reef comicsrnity. 

Sa l in i ty  Effects on Oyster Reefs 

A1 though oysters are euryhaline and 
can to le ra te  ?ow s a l i n i t i e s ,  reefs are 



l ini ted to areas w i t h  siyniflcant trdal 
a q l i  tildes ordinarjly associated with rel- 
a t ~ v e l y  h i g h  sdlinity coastal environ- 
nients. The e f f ~ c t  of long-terni sal ini ty  
changes on oyster reefs has not been 
reported (see Section 4 . 2 ) .  The reef l i f e  
style allows oysters to invade the preda- 
tor-rich, high sal ini ty zones of estua- 
r ies ,  Predators are excluded t~ecause of 
the reef 's  dally exposure to the atmos- 
phere resul t i n y  froni the ebb and flood of 
the tides. 

Reef Surface Area 

The surface area of oysters and dead 
shells in a series of reef samples was 
nieasured by Bahr (1974). He calculated 
t h a t  a t  least 50 n%f surface area i s  
avajlable for  habitation by epifauna for 
every square neter of overall reef area. 
The productton of this large, highly i r -  
rt.guldr surface area is  an irriportant 
aspect; of t he  functionell role of the oys- 
ter.  Ira the saarrh-estuarine ecosystenl that 
i s  relatively devoid of hard substrate, 
the oyrter provides this  limited resource 
for  other oysters and for the associated 
iridrrofdtina t h a t  w i  I f  be describe-d in the 
nr3xt sect inn, 

A t o t a l  of 4% species of macrofauna 
f a r  groups of  related species) represent- 
" i~q  seven ptnylrf dre assocldted with t h e  
oystcr reef comtunlty i n  Georgia (Table 
3) .  This i s  only d fraction of the  303 
species l is led tty Wells ( l961)  in his 
morjogr*aph on the fauna of c;uhtidal and 
inter t idal  o ~ y s t r r  beds, b u t  sl ightly niorg 
than the 37 spf.tlsts found by Darne (1979) 
i r r  South Carol rna reef saraples, Rarcly 
present and thus n o t  shown in Table 3 are 
una'dentf f i c d  species o f  boring sponges, 
bryozoans, hydroids, and ntites; a17 of 
these, except mites, occur abundantly on 
subtidal oyrtprs b u t  only ineidentalay i n  
the intertidial reef conwunityt P~robab'ly a 
@axin?unt of 50 macrofaunal species, includ- 
ing those not  readi i y  separable, occur in 
the cornunity sanlples on which these nun- 
Ders are Saseca jtiahr 19/4 j .  Twenty-one 
species occurred $ R  the majority of the 
samples; 1 7  occurred in 43% o r  more sam- 
ples; 8 species occurred j p l  every san)ple, 
Mean frquer~cl 'es for  each reef species 

over the ent i re  saivpling period and rela- 
t ive frequency of each species are l i s ted  
in Table 4. The biomass and relative bio- 
mass of each major species or group of 
species are given in Table 5. No relation- 
ship between the s ize of reefs a n d  the 
n~acrofaunal conlmunity was observed by Bahr 
(1974)  although a theory exists that  i n d i -  
cates a direct (positive) relationship 
between reef s i z e  and species richness 
(Simberloff 1974; Jackson 1977) .  

A conlparison of the results of Dame's 
reef survey with the reef macrofauna data 
reported by Bahr (1974)  indicates t h a t  
Dame found slightly fewer species or 
groups of related species (Table 3 ) ,  Dame 
also found a lower density of macrofauna, 
by a n  order of n~agnitude (about 3,300 i n -  
di vidual s / ~ : '  corn ared to  about 38,000/m2 
reported by liahrr. Some of these differ-  
ences may result from differences in s aw 
pling technique since Lame sieved his oys- 
t e r  reef sedin~ent sanlples through a 1,O-mm 
screen, whereas Bahr used a 0.5-rm~ mesh 
screen. 

Lehrnan (7974) reported 31 species of 
invertebrate organisms or groups of re lat-  
ed organisms from oyster reefs in Crystal 
River, Florida. Of these, only nine spe- 
c?es were also found by Bahr (1974) to be 
associated with Georgia reefs. Lehman re- 
ported the t a t d l  abundance of reef-assaci - 
ated or~aflisrns to Re about 6,200/m2 and 
oyster density to be about 3,800/$ i n  his 
cnntra? area. Fiis estimate of bionlass of 
oyster reef associated organisms was 135g J 
m* dry w t .  

Specific groups of organisms that 
reside i n  oyster reefs in the study area 
wi l l  be discussed below. 

Oyster Gonrmensal s 

The ref ationship be t~een  the oyster 
pea crab ( b n o t h e r e s j  and the oyster 
represents i n q u i l i n i s ~ ,  an association 
slightly detrinental t o  the host species 
fRicof 1960), Beach (1969) reported t h a t  
P i  nncrtheres becomes i ncreas i ngfy rare i n  
oystevs i n  the higher portions of the 
intertidal zone, Dam (1970) found only 
about 1% incidence o f  pea crabs among 
inter t idal  oysters i n  S o u t h  Carolina; 
Ilkewise, Bahr (1474) found only a 3% 
incjdence, 



Table 3. Kacrofauna found i n  Georgia o y s t e r  r e e f s  (adapted from Bahr 1974) .  

Taxa 

Elol 1 usca 
Pel ecypoda 

Gas t 

Crassos t rea  v i r  i n i c a  (Gmelin 
Guekensia c&%&i lwyn) a .  -- b"'" 
Ischadiuci Ecurvum ( R a f - i n e s q t ~ e ) ~ ?  
Kya a r e n a r i a m a e u s )  
Gemma (To t t en )  - 
P e t r i c o l a  pho'ladiformis (Larirarck) 

-roooda 

Anurida mari tic-ia ( ~ u e r i n ) ~ ~ ~ ~ ~  
C i r r i ped i a  

Balanus l'o~provi sus  (Darwin 
Balanus e b u r n e x ~ o u l d )  
Chthamalus fragi-1 i s  (Darwin) a 

Decapoda 
Eurypanopeus de ressus  ( h i  t h ) a s b  
Panopeus herbst i - i  9T-- Milne-Edwards) 
Pinnotheres  ostreurc (Say) 
Sesarma c i  n e r e u ~ ?  T a y )  a 
Cl ibanar ius  v i  t t a t u s  ( ~ o s c ) ~  --- 

Kel i t a  ni t i d a  { ~ m i  t f ~ ) ~  -- 

' Cass id in idea  lun i  f rons  ( ~ i c h a r d s o n ) ~  
Edotea motosa'(Stimpsan) -- 

i da 

Neanthes sitcciizea (Frey and Leuckart)  a , b , c  
Ne re fphy l l i s  f r a 3  1 i s  ( k e b s t e r )  a , b  
S t r eb lo sp io  -- benedic t i  ( k e b s t e r )  a , b  
Heteroras tus  f i l i f o y n i s  (C1aparede)a.b --- 
Polydora webster i  a 
That-yx s e ' t ~ i k a r t m a n ) "  
Sp r ro rb i s  sp.  
Sabel l a r i a  me9arisa  
Amphi t r i  t e  -- orna ta  ( L e i d y ) h b  
Marphysa sanquinea (tqontagu) 
&siGiice nineth 
s y m  .-ti f i  etf 1 
Dodecaceria sp. - 



Table 3. (Concluded) 

- - -- 

Taxa 

Anne1 ida (continued) 
Polychaeta (continued) 

Lepidonotus sublevis(Verri  11) 
Polychaete (unident i f ied)  
Polychaete (unident i f ied)  
Polychaete (unident i f ied)  

Nemertea 
Nemertina (unident i f ied)  b 

Coelenterata 
Anthozoa (unident i f ied)  

Platyhelmi nthes 
Turbel l a r i a  

Polyclad (unident i f ied)  
Sipuncul ida 

Sipunculid (unidentif ied) 

a ~ e n u s  reported by Wells (1961 ). 
'species reported by Dame (1979) 
' ~ p e c i e s  reported by Lehrnan ( 1  974 ) .  



Tab1 e  4. Mean annual frequency dis t r ibut ion of reef macrofauna. 

Kean freq.  Variance Standard 
Species ( #/m 2) S deviation % of to ta l  

a  Crassostrea virginica- 
Guekensi a  demissa 
Ischadium recurvunl 
.WJ%- arenariaa 

Spi rorbi s  sp. 
Sabef l a r i a  megaris 
Amphi t r i  t e  ornata 
Marphysa sangui nea 

~bdecacer ia  sp. 
Lepidonotus sublevis 
Polychaete (unident i f ied)  
Polychaete (unidentzf ied 1 
Polychaete (unidentified) 
Nemertina (unident i f iedIa  
Anthozoa (unident i f ied)  a 
Polyclad (unidentified] 
Sipuncuf id (unidentified) 

Total : 

a  Twenty-two species found i n  93% o f  a11 samples and considered 
Brackets enclose groups of "similar" species t h a t  reduce major 
nernbers o f  the reef conimilnity t o  16, 

4 5 

dor;i n a n t .  
macrofauna 



Table 5. Ranked biomass of 16 major oyster reef species or 
groups of species and proportion of to ta l  macrofaunal biomass. 

Eean biomass 
Species or group of species (g /m2 - + 2 5;) % o f  to ta l  

Crassostrea vi rginica 
Guekensia demi ssa 
Ischadium recurvum 
Eurypanopeus depressus 
Panopeus herbsti  i 
Neanthes succinea 
Anthozoa m i f i e d )  
3 Cirripedia species 
3 ~rn~hiboda  species 
Nereiphyllis f r a g i l i s  
@ arenaria 
Odos tomi a i mpressa - 
Nen~ertea (unident i f ied)  
Anurida -- mdri tima 
3 Polychaet a spcci es 
Cassidinidea lunifrons --- 

Total 



Other inhabitants of she l l s  of sub- 
t ida l  oysters were v i r tua l ly  nonexistent 
within reef oysters examined in the Geor- 
gia study, e.g. ,  worms (Polydora spp.) 
were found f r ee  in the saniples but not 
inside oysters.  Boring sponges (Cl iona 
spp.)  were absent on in te r t ida l  oysters 
b u t  abundant on subtidal oysters and dead 
she1 1s. Infestation (with Cliona) resu l t s  
in shelf deter iorat ion in subtidal oysters 
due to shel l  erosion by Cliona. Infested 
(with Cl iona) oysters a re  par t icular ly  
vulnerable to predation, and the she l l s  
are  fragmented into pieces which tend t o  
be washed away rather than remaining jr~ 
s i t u  as substrate fo r  fur ther  coloniza- 
t ion.  This i s  one of the principal reasons 
tha t  subtidal reefs are absent in the  
study area. Guida (1976) discussed the 
abundance of Cliona spp. in subtidal oys- 
t e r s  and oyster she1 1s. No oyster d r i l l s  
or s t a r f i sh  were ever seen on the reefs  
examined. Paras i t ic  gastropod, Odos tomi a 
impressa, was abundant, ( u p  to  5- -- 

Insects 

An in teres t ing organism occurring in 
abundance on oyster reefs in the study 
area i s  a collenlbolan insect ,  Anurida mar- 
itima a true marine insect  (Fliner 1 9 m  -9 

The trophic role of a sirri lar  in te r t ida l  
col lembolan (Oudemansia esak j i )  in Hong 
Kong has been described as saprophagic on 
recently dead macrofauna, including oys- 
t e r s  ( C h a n  and Trott  1972). Anurida 
appears to be a t rue  oyster associa te  
since i t  i s  only observed on wud f l a t s  
near oysters.  The greatest  concentrations 
a re  inside dead pairs of oyster she l l s ,  
which often house masses of l ive  insects  
along with large nurr?bers of exuviae (shed 
exoskeletons). Small and covered with a 
nonwettable cu t ic le ,  Anurida i s  extrec~ely 
buoyant and would be washed away during 
flood t ides  were i t  not f o r  crevices in 
oyster she l l s  which allow masses of them 
t o  cling together. As in the case of 
Oude~ansi a ,  Anurida probably er~erges t o  
the reef surface during ebb t ide  and 
re t rea t s  before flood t ide .  Dame (1979) 
reported a few Anuridii ( ' ~ 6 / ~ 2 )  present i n  
South Carolina reefs and Lehnan (1974) 
i epur-tt33 Amrf da f r ~ c  F: c;- ida recfs. 

Barnacles 

has been noted in previous sections (see 
Section 3.1).  Dame (1979) did not report 
C. f r a g i l i s  on South Carolina reefs,  which - 
may indicate that  these reefs were lower 
in the in te r t ida l  zone. Since tota l  bar- 
nacle density on oyster reefs does not 
approach the density observed on pil ings 
(Bahr 1974), i t  appears tha t  unknown fac- 
tors  l imi t  barnacle survival on in te r t ida l  
reefs. I t  has been reported t ha t  Bafanus 
eburneus reaches maximum density a t  a 
elevation of 9 t o  14  m below sea level 
(Re1 ini  and Giordano 1969). 

Rud Crabs 

Two of the most character is t ic  mm- 
bers of the reef comrnunitv are  the common 
mud crabs Eurypanopeus deiressus and Pano- 
peus herbs t i i ,  observed by Bahr (197- 
clean densi t ies  of 1,037/$ and 103/in2, 
respectively. They seen to  remain quies- 
cent in the brown horizon during exposure 
of the reefs but begin act ive  feeding with 
t idal  inundation. Feeding consists of us- 
ing one or both chelae t o  scrape the film 
of algae and detritus; fron she l l s  in the 
brown and green horizons. The "grazedn 
appearance of she l l s  and the fact  tha t  
neither a7 gae nor de t r i tus  accumulates on 
she l l s  indicate the  proficiency of graz- 
inq. These two crabs are undoubtedly 
omiivorous, and Bahr f 1974) noted ~anopeuk 
predation on small oysters on reefs and 
Eurypanopeus predation on amphi pods in the 
laboratory. Dame (1979) reported much Iow- 
e r  densit ies of mud crabs on South Caro- 
l ina  reefs;  he found the two species i n  
approximately equal densi t ies .  

Soft Shelled Clams 

Comnion occurrence of small so f t  she? 1 
clams in the reef samples was noted by 
Bahr (1974) a t  densi t ies  rangins up to  
6,460/m< ?No adult  clams have been ob- 
served in reef samples, I t  appears that  
clap spa t  ( juveni les)  s e t t l e  on the reefs 
and survive only temporarily, C?ya arenaria 
has not been reported to  range success- 
fu l iy  as f a r  south as Georgia, although 
adult specilnens have been found a t  Sapelo 
Island. Dane (1979) d i d  not report find- 
i?-rg !4~a zrezat"i2 ": rt~ngttt  C 2 r ~ t ? i n c ?  reefs-  

Mussels 

A r;arkeb ver t ical  zonation of Cfi tha-  Kuer:z1eris (1961) study of the ribbed 
malus fracji l i s ,  one of three barnacle spe- mussel Guekensia derdssus (formerly called 
ties ident i f ied f ro r  the reef com~uni t y ,  % a d . i o l ~ ~ s t r a t e s  tha t  t h i s  antma1 ' s  
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functional iniportance in the marsh system 
resides !?:ore in ternls of nutrient (phos- 
phor-us) cycling than in energy flow. We 
estimated the rlean density of Guekensia i n  
t he  erltire njdrsh a t  7.82 Ztni~la~S/nl', 
whereas in oyster reefs in Georgia, t h i s  
r.usc;el averaged over 500/n12. Ischadium 
resurvunt was found to be 10 times more --. -- 
nuil?erous in reefs thar! was Guekensia (see 
Table 4 ) ,  and together these two species 
contributed 3.5% of totdl nacrofaunal bSo- 
iridss ( 1  f 2.08 g / ~ i ' ) .  Dame (1979) reported 
about 7 Glekg-nsia/m2 in South Carolina 
reefs and aGumC1 a:chaditin~/m?, o r  two 
orders of nlagni tude greater than Gugje-y- 
$?ti, -- 

Anceiones are sess i l e  epibenthic sus- 
pcflsion feeders that  have sof t  bodies and 
s re  extrertiely vulnerable t.o dessication, 
Thus, they a rc  not normally considered 
irtterlidal n r g a n i  snis, Their coninron occur- 
rvnic: rn  reef sarr!plcs in Georgia (Rahr 
1914) a t t e i t s  ttn the capacity of o.yster 
reels t o  retain water above MLGj and to 
c x t ~ n d  tlre vertical  d i  $triiirtjtSon of such 
i r f *& tUre4, ,  Darse (1979) d i d  not. report any 
an  t!tosodrr.; i n  Souttt Carol i n d  reefs, h u t  
t t s l ~ ,  rjrolip could havc been overlookerf in 
j~rc"t.c~vltrf W I I ~   IF^$ . 

I'olychrtztt~s art. cjerteral ly one of the 
I-i'ariirtdnt groups i r ~  bcn t.h ic sys ten~s lreratrse 
of the-lr coritriblat7on to to ta l  biorriass or 
t o  nucib0r4,, or b a t h ;  b u t  they are u s u a l l y  
cotr.; . r d c r ~ d  1nf aurja, w i t h  son;@ obvious 
excppf ?on3 F U L ~  d~ the serpul i d s ,  which 
produt c ericrus t I ng ca lcareous tubes, Smith 
( l q i 3  ) f aund t h a t  pelychaetes consti tu te  
the  P i d J O f  p d ~ ' t l 0 n  Of I M C T ~ ~ ~ ~ U ~ B  i f l  d sub-  
J;i,tnrai cor(lnueity near Sapef o Islana. I n  
thc oyster  reef corni~~uni ty , polychaetes 
atzcounted fo r  only 0.4% of the totdl D i o -  
n:acvs, aios t u t  w h r c h  was contri btated hy one 
species, 4eanthes succinea, w h i c h  averaged 
1,739 a n ? n ~ / ~ p - ~ % ~ k ~ d  to 281/m? in 
Long Island Sound (Sanders 1956). 

-. ine z i i r ~ e  most abunaanx small poiy- 
chae t e~  .l PoTydora_ 
PilifomTRis, and 
m - c o m p r 7 '  ~ e c i  
t o t a l  ~acrofaunal  bioiass. There i s  a 
re la t ive  dearth o f  polychaetes in t h i s  

reef system compared with other communi- 
t i e s .  This i s  perhaps related t o  the pre- 
dominantly epibenthic nature of the reef 
community and to the absence of a substan- 
t i a l  layer of aerobic sediment, Dame 
(1979) found s ignif icant  numbers of Heter- 
omastus in South Carolina reef samples, -- 
b u t  he did not find ntany of the other two 
small polychaetes, probably because of the 
large mesh s ize  used t o  screen his benthic 
samples, 

Amphipods a re  more numerous and di-  
verse in sub l i t to ra l  oyster beds than on 
inter t idal  reefs since,  i n  the l a t t e r  s i t -  
uation, t ida l  pools a re  not available t o  
sustain them during ebb t ides .  Grackles 
were observed feeding on oyster reefs,  
probably preyin on amphipods and mud 
crabs ( R a h r  19747. Dame (1979) found r s l -  
a t iv i ty  few a~phipods in South Carolina 
oyster reef samples, and only one species, 
Melita ni t ida ,  was reported. --- 

Hydroids, hryozoans, flatworms, and 
sponges, a l l  commonly associated w i t h  sub- 
tJda7 oysters (Guida 1976), were so rarely 
encountered in Georgia oyster reefs as t o  
be considered '%accid@ntalsi' i n  the reef 
cnirtnuni t y  . 

3.3 REEF COMMUWIIY ENERGETICS 

The energy requirements, expend1 tures 
and an overall energy budget fo r  reef oys- 
ters  are  d-iscussed i n  the Appendix. The 
dddi t i  onal energy requj rements of nonoys- 
t e r  rnenbers of the reef community are ad- 
dressed i n  the following section, The data 
used are primarily those reported by Bahr 
(1974). 

The best  available estimate of to ta l  
e n e r g  reqlai rements of the reef comunfty 
i s  the ra te  a t  which a unit area o f  reef 
consumes oxygen (community respi ration 
rate) ,  A s ine curve f i t t e d  t o  oxygen con- 
sun~ptlon o f  the? to ta l  reef cammunity i n  
Georgia fo r  a %-year period i s  depicted i n  
Fjgure 15, The variatfcrn i n  community oxy- 
gen uptake ranged f rom app~ox~irnately 6 t o  
50 gD,lm2/diiy over a temperafuve range o f  
4" t o  30° C ,  
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Figure 15. Seasonal oxygen consumption (402) of reef community. Data points 
are  average values fo r  four samples with 95% confidence intervals  (Bahr 1976). 



The area beneath the curve in Figure 
75 was integrated over a 1-year period to  
yield a total of 8,168 g02/m2/yr consumed 
by the oyster reef community, equivalent 
to 27,036 kcal/m2/yr, assuming a respira- 
tory quotient of 0.85. This estimate of 
the community metabolic energy demand by 
the reef community fs conservative in that 
i t  i s  derived by multiplying hourly rates 
by 1 2  hours, w i t h  the assumption that 
l i t t l e  respiratory activity occurs during 
reef exposure a t  ebb tide. However, tehman 
(1974) reported a significant metabolic 
rate of exposed oyster reefs by using an 
infrared gas analyzer to detect C02 re- 
leased from enclosed reef samples. This 
measured rate was about 20% of the rate 
measured by oxygen changes during inunda- 
tion. Total community metabolism in the 
Georgia reefs i s  partitioned among oys- 
ters ,  other macrofauna, small organisms, 
and chemical oxygen demand. 

Macrofaunal Respiration 

The contribution of each species of 
macrofauna t o  total community oxygen con- 
sumpti~n a t  a given temperature i s  a func- 
elon of i t s  proportion to the total bio- 
mass, i t s  size-frequency distribution, and 
the relationship between rate of respira- 
tion and size af an individual. Small rare 
species contribute l i t t l e  t o  total bioniass 
and cannot contribute significantly to  
total Oxygen uptake ( Q Q 2 ) ;  large rare spe- 
cies, on the other hand, can often a l t e r  
total ox gen uptake (Smith 7971). Banse 
e t  a i .  f i 9 6 9 )  and Pamatmat (1968) con- 
cluded that the most reliable method of 
estfmimting relative importance of various 
macrofaunal species in terms of total com- 
muni ty respiration is  to  multiply man ash 
free dry weight (afdw) per species by the 
densfty of that species in the community, 
By this  cr i  teriors, the oyster reef commu- 
nity members were ranked i n  terms of 
macrofaunal mtabolic importance, as shown 
in Table 6, The two species that com~rised 
95% of total biomass, Crass~strea virgin- 
ica and Guekensia demissa, contributed - 
87-51 and 7.5% of total communi t v  biomass. 
respectively. 

The rti?spirat%"on of  oysters accounts 
for approximately 50% (48.l%), o r  about 
13,000 kca3/m2/yr of the total reef com- 
mnity respiratSon. Total oxygen require- 
ments {hence e n e r g  requirements) of non- 
oyster macrofauna was thus estimated t o  

account for only 10% of the total reef 
requirements, about 800 g02/m2/yr or about 
2,700 kcal/m2/yr. This l a t t e r  figure i s  
similar to the total oxygen uptake rate of 
the subtidal soft bottom community near 
Sapelo Island (Smith 1971). 

Nonoyster macrofauna were divided 
into 14 species or groups of related spe- 
cies ,  and estimates of the annual oxygen 
consumption rates were derived experimen- 
ta l ly  (Baht- 1974) ,  as shown in Table 6. 

Microbial and Meiofaunai Respiration - 

The metabolism of small consumer 
organisms represents 22% of the total reef 
communi ty metabolism (Bahr 1974). This 
estimate i s  approximate since i t  i s  based 
on the difference between total community 
oxygen consumption and the sum of e s t i -  
mated macrofai~nal and chemical oxidation 
rates. 

The large surface area of an oyster 
reef ( a t  least  50 times the area of a 
plane surface) provides a large surface 
for aerobic bacteria as we17 as for epi- 
fauna (see Section 3.31, and thus this 
estimated large energy requirement, 7,600 
gO,/rnz/yr (5,400 kca~ /m ' /~ r ) ,  i s  not too 
improbable. 

Chemical Oxidation 

Bahr (1974) estimated t h a t  the pro- 
portion of total reef community oxygen 
uptake accounted for by the chemical o x i -  
dation of reduced compounds (20%) was only 
sl ightly lower than microbjal metabolism. 
This estimate reflects the continua? 
release of reduced compounds from the 
anaerobic decomposition of reef-derived 
organic matter. 

Summary 

The seasonal energy parti tioning 
estfmates for the entire  reef community 
are depicted i n  Figure 16, To summarize, 
the reef ~ommlip~fty converts about 3 x l o 4  
kcal/mz/yr Lo heat, w h i c h  represegmts the 
net "cost" tr thz ecosystc31~i ;f rupportf  fig 
t he  reef comrn~ni ty~ Systems "cherry would 
jrrdicate that  this  cost is a-epinid by the 
reef community i n  the fom o f  feedback 
services. For example, the reefs cant in -  
ual Sy release plant nutrSents, ammaanja 
and phosphorus-contai ni ng compounds ; they 



QJ 
61 
m 
L 

7 

% m c  
0 C O  

F 3 .F" 
dP m n 3 . e  

Wb-  a3 
C O O L  
mc, LV- 
9J u a  
r m m  

? 
0 8 0 
L L L  
v u u  
r a m 5  
E E E  

L L L  
0 w a J  
U W h - )  



Oyster Q02 1 Chemical Q02 

E2;f Macrofaunal Q02 0 Microbial QQ2 

Aug 30 May 18 

May 26 
Jul 22 

Sampling dates 

Sep 29 0c t  19 N ~ V  d8 
Oct 29 Nov 29 

Figure 10. Seasonal energy par t i t ioning estimates f o r  the e n t i r e  reef cormnunity 
( B d h r  1974).  40, = oxygen consumption r a t e .  



s igni f icantay increase habitat  d ivers i ty  three groups : ( I  ) small reef residents 
and provide substra te  fo r  epifauna, de- such as mud crabs; ( 2 )  s t r i c t l y  aquatic 
conlposers, and small nursery species ( a t  forms that  migrate onto the reefs l a  feed 
l e a s t  during flood t ides ) .  The 3 x 104 during flood t ides ,  e.g., the blue crab 
kcal/rnz/yr would require the to ta l  net (Call inectes sapidus) and the sheepshead 
production sf about 5 m of marsh estuary m n r i n o d o n  variegatus);  and ( 3 )  
fo r  each square meter of reef i f  to ta l  t e r r e s t r i a l  anl'mals tha t  prey on exposed 
production were usable by tbe community. reefs during ebb t ides ,  e.g., raccoons and 
i f  only phytoplankton production were wading b l  r As. This '"tjme sharing" arrange- 
usable, the [eef com~unity would require ment by both aquatic and t e r r e s t r i a l  pred- 
a t  l e a s t  50 m' of marsh estuary fo r  nutri- a tors ,  representing a "coup1 ing" between 
t ional support (see Section 1 .3 ) "  the reef and adjacent ecosystems, would 

appear to wreak havoc on the reefs;  but 
A f i na l  point should be niade about re la t ively  l i t t l e  evidence of predation 

oyster reef energy requireii;ents: the met- was ever detected in the reefs examined by 
abolic r a t e  of th is  comn~u~ity ranks high Bahr (1974). Blue crabs were observed 
among the  values ~ea su red  for  the macro- feeding on small oysters on par t i a l ly  
faunal irietabol ism of benthic com~uni t i e s ,  exposed reefs ; raccoon tracks were seen 
exceeding even such systems as kelp beds. around reefs ;  and the most commonly ob- 
Table 7 sumn:ar-izes the resu l t s  of sonle served reef predators were boat-tailed 
representative benthic communi ty metabolic grackles (Cassidix mexicanus), seen pick- 
measuren~ents. Of par t icular  i n t e r e s t  i s  ing unidentified o r g m p r o b a b l y  sma7 7 
the '1974 study by Lehman, in which t o t a l  crustaceans, insects ,  and polychaetes) 
reef comniuni ty  metabol ism from gulf coast frorn recently exposed reefs.  
oyster ree fs  (Crystal R i v ~ r ,  Florida) was 
measured a t  16 to 27 g 0,m /day a t  31.7OC. Drinnan (1957) estimated tha t  the 
Lehman's values fo r  bioniass were lower European oystercatcher (Haematopus ost ra-  
than thos$ measured from Georgia reefs legus) preyed on between 28.5 and 57 cock- 
(119.5  g/r;i' dry w t  vs. 970 g afdw/m2), and les  per hour during active feeding, each 
his  experinjental temperature was about the cockle being between 23 and 30 rnm i n  
same a s  the maximum experimental tempera- length. He concluded that  about 22% of 
tu re  used by Bahr (1974). the to ta l  cockle population i n  his study 

area in  Nova Scotia were removed as a re- 
The increasing number of metabolic s u l t  of th i s  predation. 

studies in which parti t ioning has been a t -  
tempted have well established tha t  macro- Butler and Kirbyson (1979) reported 
fduna usually play a re la t ively  minor role  tha t  the black oystercatcher (H, bachrnani ) 
in to ta l  benthic comrunity energy flow. can e a t  up t o  nine large oysteys per hour, 
Snlith (19i77 ), for  exarcple, determined tha t  the oysters ranging from 80 t o  160 mm, 
the proportion of total  respiration r a t e  These birds feed primarily on single oys- 
a t t r i bu t ab l e  to  nlacrofauna of a subl i t to-  t e r s ,  however, as opposed to American oys- 
r a l  cotrlmernily was equal t o  only 12+1%. tercatchers (K, pa f l i a t u s )  tha t  feed on 
Therefore, the oyster reef comn;unity is  clumped or reef oysters (Tomkins '4943), 
unique airong benthic subsystems in t ha t  The l a t t e r  author observed predation on 
the oysters and other macrofauna conspicu- Crassostrea by oystercatchers on ree fs  
ously d o ~ ~ ~ i n a t e  comntunity metabolism as near Savannah, Georgia, but no attempt at; 
v~e9 l a s  community structure.  in te r t ida l  quantification was made. I t  was assumed 
oyster ree fs  may be thought of as hetero- frurn Tomkins8 description of the feeding 
trophic "'hot spots" in tne marsh-estuarine behavior of K, pa l l i a t u s  that  only about 4 
sy s terl. hrlday are available fo r  feeding on in te r -  

t idal  oysters (2/hr / t ide) .  Observations 
on the density of oystercatchers a t  Sapelo 

3 .4  R E E F  PREDA?ION i s l d n d  itrd.itated fewer t h a n  one b!rd per 
reef, perhaps one per eight reefs,  r esu l t -  

80 quartt i tatf ie ?information i s  avai l -  ing i n  ar7 estimated maximum of 25 oysters  
a b l e  on t h e  ra te  a t  which s a l t  marsh cop- eaten by oystercatchers per reef per day 
suiilers prey on the inhabitants OF the ( 4  hr/ day x 3/8 birb/reef x 50 oysters /  
in te r t ida l  t-eef comirunity, frorn a q u a l i -  h r / b i r d ) ,  I f  a n  average reef were approx- 
t a t i ~ e  s t a n d p o i ~ t ,  the predators include imately 25 m?, a to ta l  l a ss  of about 
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0. Z g/r2/day, or 40 g/rr?/yr (2CC kca1/n2/ 
y r )  could be estin:ated as sustained by 
in te r t ida l  oyster reefs  fro^ predation by 
birds. This estimate i s  obviously ciear-  
1y approxirxate. 

3.5 COLONIAL ASPECTS OF THE R E E F  COMMUNITY 

The gregarious tendency of oyster l a r -  
vae has obvious adaptive value in terms of 
the reproductive success of subtidal oys- 
t e r  populations. I t  i s  also of great 
adaptive value fo r  in te r t ida l  reef oys- 
t e r s .  Survival in the upper in te r t ida l  
zone in the study area may depend on a 
crowded colonial l i f e  s ty le .  

The only single oysters (greater  than 
30 mm in height) o r  small c lus ters  of oys- 
ters  normally observed i n  the in te r t ida l  
zone were e i the r  a t  the lower level of the 
zone (not much higher than 60 CP above 
F!LW). or they were scattered amonq s ta lks  , . 
of cordgrars (Spartina a1 t e rn j f lo ra ) ,  
where they were shaded. The only way oys- 
t e r  reefs a t t a i n  t he i r  maximum steady- 
s t a t e  elevation, or mature stage,  i s  via 
the slow process of reef accretion based 
on mutual support and self-shading. 

On the other hand, oysters i n  the 
study area i n  the low in te r t ida l  zone or  

subt idal zone a re  heav- 
i ly foul ed and colonized w i t h  boring 
sponges, i . e . ,  Cliona spp. These oys- 
t e r s  are usual l y t h i c k - s h e l  l ed ,  with the  
stunted shape cha rac t e r i s t i c  of slow grow- 
ing oysters,  part icu1arly i n  high-salinity 
areas. I t  i s  obvious tha t  re la t ive ly  few 
oysters survive i n  the  subtidal  zone i n  
these marsh-estuaries at id t h a t  dead she7 i s  
are rapidly eroded away by Cliona spp. 

Oyster spa t fa l l  may be so dense in 
SoPe low la t i tude  areas  t h a t  i t  consti-  
tu tes  a "fouling" s i t ua t i on .  This condi- 
t ion (dense spa t f a l l  ) has not been ob- 
served on an i n t e r t i da l  reef ,  however. 
Neither the density of barnacles nor oys- 
t e r  spat appears to be l imited by space on 
a reef.  This i s  perhaps not a t t r ibu tab le  
to a lack of prospective spa t  b u t  rather 
to the predatory e f fec t s  of adult  members 
of the reef community, especial 'ly f i l t e r  
feeders l ike  mussels, barnacles, and oys- 
t e r s  themselves. The vor t ices  s e t  up by 
the feeding currents of reef community 
f i l t e r  feeders could make the  reef surface 
a somewhat dangerous place to  s e t t l e .  This 
type of densi ty-dependent feedback could 
explain the re la t ive ly  even dis t r ibut ion 
of oysters i n  the mature reefs and the 
symmetrical form of the  ree fs ,  

American oyster catchers "loafing" on an oyster reef in S G U ~ ~  faro' i ina.  These birds ,  
rare over most of t h e i r  range, are co~cen t ra ted  i n  toasts; Sobth  Carcl i c a  and Gecrgia, 
feedin9 primarily on reef oysters.  They are year-round residents and represent one of 
the major predators t o  the oysters.  Photo by Wiley M .  Kitchens, U.S. F i s h  and Wild- 
1 i fe Servi ce. 



"Fringing" reefs typical of those 1 ining the shores o f  tidal creeks o f  high 
sal ini ty estuaries in coastal Sou th  Carolina. Phato by Rhett Talbert , Univer- 
si t v  of South Carol ina 

Qyster reefs interspersed in channels dissecting an intertidal mud f l a t ,  Photo 
by Rhett Tallbert, tdniversi'cy of South Carolina. 
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CHAPTER 4. OYSTER REEF DEVELOPMENT, DISTRIBUTION, 

PHYSICAL EFFECTS, AND AREAL EXTENT 

4.1 R E E F  DEVELOPMENT I n i t i a l  Colonization 

From a physical standpoint, a reef i s  
a biological ly constructed, wave-resistant 
or potentially wave-resistant s t ructure .  
Worldwide, reefs range from mounds less  
than 1 m in height and diameter t o  massive 
s t ruc tures  1,000 m across and 100 m thick 
(Pet t i john 1975). In general, reef mor- 
phology i s  a function of the consti tuent 
organisms and organism byproducts of which 
i t  i s  bu i l t ,  whether these organisms a re  
corals ,  encrusting or  sediment-bi ndi ng  
algae, tube-building polychaetes, or oys- 
t e r s .  

The thesis  presented here i s  that  the 
location of oyster reefs in the s a l t  
marsh-estuarine ecosystem i s  not acciden- 
t a l  ; ra ther ,  i t  i s  the resu l t  of in te rac t -  
ing physical and biological processes 
t ha t ,  i f  fu l ly  understood, would explain 
the natural d is t r ibut ion of reefs in a 
given area. Marshall (1954) concluded fron 
a study of the dis t r ibut ion of oyster bars 
in Alligator Harbor, Florida, tha t  physio- 
graphic conditions and predation were the 
most important factors .  

In terms of physical conditions, a 
minimum stabi l i ty i s  undoubtedly required; 
t h a t  i s ,  a water current or wave energy 
regime above a cer ta in  threshold level 
w i l l  prevent the development of an in te r -  
t ida l  oyster reef.  A t  the same time, the 
development of a reef presuaably a f fec t s  
the  physical s t a b i l i t y  of an area by damp- 
eni ng  current velocity and wave energy. To 
be viable, a reef also needs a nfnimum 
current velocity fo r  the input of food and 
the export of waste products. The local 
reef area could thus be self-l imited by 
i t s  dampening influence on the current 
regime. 

The fol lowing general n~odel of oyster 
reef i n i t i a t i on ,  "ontogeny,'\ancl rlec1ir;e 
has four stages: ( 7 )  i n i t i a l  colonization, 
( 2 )  cluster ing phase, ( 3 )  accretionary 
phase, and ( 4 )  aaturation and senescence, 

I n i t i a l  reef formation begins with 
the settlement and growth of single oys- 
t e r s  and small scat tered oyster c lus ters  
within the lower i n t e r t i da l  zone. A s u i t -  
able substra te  must be present fo r  the 
settlement of oyster spat and i n i t i a l  oys- 
t e r  growth in an area where water flow i s  
su f f ic ien t  to prevent stagnation (Gal tsoff  
and Luce 1930). Suitable substrates may 
consis t  of e i t he r  sand, firm mud, or clay. 
Shif t ing sand and extremely s o f t  mud are 
the only bottom types t o t a l l y  unsuitable 
f o r  oyster conmuni t i e s  (Gal tsoff  1964). 
Oyster larvae wil l  at tach to  any hard 
object ,  such as fa l l en  t rees ,  driftwood, 
bushes, branches, old she1 1 ma t e r i  a1 , or  
discarded sol id waste (bo t t l es ,  cans, 
p l a s t i c ,  e t c . )  exposed in the in te r t ida l  
zone. I t  i s  important tha t  the areas be 
subject  to l i t t l e  sediment deposition. 

Clustering Phase 

With t i r e ,  additional generations of 
oyster larvae will s e t t l e  in the area of 
the new reef and attach themselves t o  
other l ive oysters and dead shel l  sur- 
faces. This process resu l t s  in the forma- 
t ion of d i s t inc t  oyster c lus te r s .  A clus- 
t e r  i s  a small colony of three to  seven 
generations of oysters ,  the r a j o r i t y  of 
which are dead (Grave 1305), The oldest  
and lowest oysters i n  the c lus te r  die from 
overcrowding and suffocation, b u t  t h e i r  
she l l s  reinain t o  support the upward and 
outward growth of the c lus te r .  This sup- 
port i s  a ided  by the  re la t ive ly  f l a t  shape 
and low specific gravity of oyster she l l s .  

Accretionary Stage 

Small oyster c lus ters  increase in 
s i ze  througn the set t lepent  of additional 
spat  and eventually coalesce, formino 
larger ,  mdssed oyster  cftlstei-s ( S r i ~ n e l :  
197:) that  comprise the true construc- 
t ional nucleus of the i ~ t e r t d d a i  oyster 
reef. If environmental conditions remain 



stable ,  the newly formed reef accretes 
la te ra l ly  and vertically within the inter-  
t ida l  zone. Dead she1 1 material scattered 
around the reef aids in buildincj u p  the 
channel floor or reef platform, paving the 
substrate for the reef t o  spread la te ra l ly  
(Idiedevann 1972). Lateral reef accretion 
general ly occurs in a direction perpendic- 
ular to t idal currents so that the effec- 
t i  veness of currents in transporting 
nutrients and removing fecal material i s  
exploited (Grave 1905; Gri nnel 1 1971 ). 

On a s t i l l  smaller scale,  individual 
oysters on the reef surface tend to  orient 
themselves so that  the i r  planes of comnii s- 
sure (i .e. ,  opening between the valves) 
are  alined roughly parallel to the current 
direction (Lawrence 1971 ). Lawrence (1971) 
found that  e i ther  the anterior or poste- 
r io r  shell margin may face the oncoming 
current direction, a fact suggesting tha t  
th i s  alinement i s  necessary for the hydro- 
dyrlaniic stabi 1 i t y  of the individual oys- 
ters .  The macro-orientation of a reef with 
respect to the local current regiole and 
the micro-orientation of i t s  constituent 
oysters are only den~onstrable where the 
currents are uni- or bi-di rectional . For 
exasiple, most of the reefs examined by 
Bahr (1974) iyere located a t  the southern 
edge of Sape'le; island i n  Doboy Sound, an 
area with rrtul t idirectional currents, and 
no def ini te  macro- or m-icro-orientatiorr 
was observed. 

Vertical accretion continues as long 
as the upper ( l iving)  layer of tho oyster 
reef renains with-in the portl'on of the i n -  
t e r t ida l  zone in which oysters are  viable. 
bahr (1976) found  the c~axirxaheef height 
for oysters t o  be a constant feature of 
the inter t idal  oyster reefs in Gobcy 
Sound. iVo reefs in this  area exceeded 
72 cr:: above the sum-round~ns r;ruii surface or 
1.5 P- abi?ve I;lean low hater,  

A t  th-15 stage of deve?opn;ent, the 
r-eef consists of ari approxiriatelj I-r. 
thick accumulation of live qysters, dead 
she l l ,  and pixed shell d n d  riud (Figure 
73). ?be uppermost portion of the reef i s  
!eve?, s 7 c = t ~ g  cff  zteep!y ;it t h e  4 y s .  
The living portion of the reef i s  thicker 
a t  the edge than in the center becakse of 
vud t~apped by the reef. T h e  central ccrc 
of  the reef i s  cor-posed of r i x e c  cfeat 
shell a ~ d  nud. I f ,  fo r  exarple, the reef 

i s  formed on a so f t  mud substrate, i t s  
weight will cause the ent i re  structure to 
slowly subside or sink. Vertical upbuild- 
ing in a viable reef keeps pace with grad- 
ual subsidence, and the upper reef surface 
remains a t  a steady s ta te  with respect t o  
mean water level. The reefs examined by 
Bahr (1974)  were typical of t h i s  stage of 
development. 

Senescent Stage ---- 

A senescent stage of inter t idal  oys- 
t e r  reef development i s  reached when the 
upper surface of the reef can no longer 
accrete vertically and the majority of 
l ive oysters populate only the flanks of 
the reef. The mature reef w i l l  have a bar- 
ren central zone, or ridge in the case of 
long lr'near reefs, coriiprising dead shell 
and various sized fragments of shel l .  The 
barren central region has been referred to 
as a "'hogback" (Gunter 1973) or  flatland 
surface (Grinnell 1971 ). Gunter (1979) 
suggests that for gulf coast reefs the 
constant motion or sal ta t ion of fine sheii 
' 'grit" in the central zone prevents the 
survival of new oyster spat,  so that this  
area remains void of organism. This 
"grit  theory" would not hold, however, for 
the sn:aller, relatively sheltered reefs in 
the envi rontrient o f  the s a l t  rnarsh estuary. 

An extension to the senescent stage 
of reef developnlent was proposed by Grave 
(15105). fie suggested that with t ine,  the 
barren central "flatland" surface would be 
built  up kith thicker accuvulations of 
sand, rud, and shell debris, and would be 
colonized by Spartina. The reef would then 
become an oyster marsh island, with a 
length and widtb greater t h a n  tha t  of the 
original oyster reef,  and surrounded by a 
thin band of intertida'l oysters. L i t t l e  
€59  island in the r;:outh of the Altamaha 
River in Georgia r~iay be an exarrule of such 
an oyster-formed island. 

4 - 2  I3ISTRIKUTiON OF OYSTER REEFS IN THE 
MARSH-ESTUARINE ECOSYSTEM 

This secta'on includes some specula- 
t i  ve paterial that rei::ai ns to be confirred 
by sc ien t i f ic  study. There .is, howewer, 
ongoing research a t  SapeJo Island, Geor- 
gia, t h a t  should help explairi the observed 
distribution of reefs in the ecosystes 



(S. Stevens, University of Georgia Narine 
Inst i tue,  Sapelo island, Georgia; pers. 
comm, ). 

Present Distribution 

Current speed and bottom roughness 
have been theorized as controlaing the 
distribution of estuarine suspension-feed- 
f ng macrobenthos ( H i  1 dish and Kri stmanson 
1979) .  The distribution of inter t idal  oys- 
t e r  reefs in the study area i s  described 
i n  terms of the three hydrographic zones 
of the estuary (see Section 1 . 2 ) .  The 
zones are ( I )  the lower sound and in l e t  
areas between barrier islands; ( 2 )  the 
middle region of the estuary, including 
the major rivers feeding the sounds; and 
(3 )  smaller t idal  creeks draining the 
rriarshes (Figure 2 ) .  

The typically high energy regime and 
sedimentary ins tab i l i ty  of the lower sound 
region render th i s  zone the leas t  favor- 
able for reef development. Where reefs 
are found in the 'lower sound areas, they 
presumably indicate local pockets of shel- 
t e r  fror; storm surges. 

From the lower to n?iddle estuarine 
zone, wave energy is  probably the cantrol- 
l ing factor.  The riddle zone i s  charac- 
terized by a n  optinium current regirlle for 
reefs ;  the regime of the lower zone i s  too 
turbulent, and the upper zone i s  too slug- 
g i  sh. Oyster reefs, sometires exceeding a 
kilometer in length, in the middle estua- 
rine zone are predominantly ( b u t  not ex- 
clusively) oriented along the banks of 
r ivers .  Circular reefs and oyster reef 
islands also occur infrequently in t h i s  
zone. Kany reefs i n  the ~ i d d l e  estuarine 
zone are near the entrances to small t idal  
creeks that f eed  the larger rivers. This 
orientation i s  not accidental and may 
indicate the importance of $1 ight differ-  
ences in current regines, which are el?- 
hanced a t  the confluence of water bodies, 

The complex network of t i d i i l  creeks 
and s ~ a l ?  rivers that drain the marshes is 
also an area o f  significant oyster pee: 
development. The distribution of in te r -  
t idal  oyster reefs w l t h l n  t n $ s  zone i s  
perhaps the i;;ost c o n s i s t e ~ t  and predict- 
able of the three estuarine s t ibd+v is io i l r ,  
i ~ e  pattern o f  oyster reef devel oprlent and 
"idal  creek meandev systems are strongly 

correlated. Oyster reefs are l ikely t o  
occur in three zones within a t i d a l  creek 
system (Figure 1 7 ) :  (1)  on the concave 
outer banks of meander loops, ( 2 )  in areas 
immediately adjacent to  smaller t idal 
t r ibu tar ies ,  and (3)  a t  points of t idal  
stream confluence. 

The oyster reef tendency to develop 
on the concave outer banks of t idal  creeks 
i s  predictable from the hydrography of 
stream meanders. The outer or cut-bank of 
the meander loop is the zone of highest 
current velocity within the channel. The 
sediment substrate,  therefore, tends t o  
consist of firm, consolidated mud,  swept 
clean of sof t  mud and slime unsuit2ble as 
a spat settlement surface. Once the reef 
colony i s  estdbt ished, these higher veloc- 
i t y  currents provide nutrients and remove 
fecal matter. Keck e t  al. (1973) discussed 
this  same relationship between meander 
morphology and oyster distribution in the 
Hurderkill River, Delaware. Reefs in that 
region tend to  form i n  areas adjacent to  
smaf l e r  t idal  t r ibutar ies  where important 
marsh-derived nutrients are. Oyster reefs 
a t  points of t idal  stream confluence are  
a1 so influenced by hydrographic factors. 
During flood t ide,  the confluence s f  flow 
between the two t idal  creeks resul ts  in a 
zone of circular back-eday formatian lo- 
cated a t  the paint bar (Figure 17).  The 
turbulence associated \iuti t h  t h i s  process 
provides nutrients to the reef. During 
flood t ide,  the point bar i s  an area of 
relatively higher current velocity and 
l i t t l e  depositjon. 

Historical Changes in Reef Distribution - 
Four surveys o f  inter t idal  oyster 

reefs alons the Georg-ia caast demonstrate 
changes in oyster distributiori Prom 1889 
t o  7977. These are Orake (3892 j ,  Ealtsoff 
and Luce (1430), t intan (5968), and Harris 
(1980 je  The survey resu? t s  reveal two 
aspects of the change i n  oyster reef d i s -  
tr ibution over time: a change it; total  
reef area, and local changes (increases or 
decreases j i n  s p e c i f i c  areas. 

Galtsoff and Luce (7930) reported Set! 
s i g i i  i f i ~ a t i t  tiiafrges ittciii-ri rig ir ,  tf:c 
tributdon and extent of natural oyster 
beds between the years 3889 (Drake ? I ; Q 7 !  
arid 1925, They reported, brswever, a. de- 
c i?ne i n  the tieaitb of' rriany inter t idal  



A 1 T yp1i.31 t i i!r tr ibli tr  ( ~ F I  01 0-yster reefs i n  snlal7 t i d a l  creeks.  
2'o:res .ir-ca ( 1  ) C O I I L ~ V C  o u t e r  bdrlks o f  rtieandcr loops,  ( 2 )  a r e a s  ad jacent  
t o  tEdiil tr.1 b u t d r  ies,  and ( 3 )  t i d a l  streana confluence. 



oyster  communities, noting in a number of 
cases, nothing b u t  s i  1 t-covered, dead oys- 
t e r  she1 1s remained of once-productive 
oyster reefs.  This his tor ical  decline in 
the welfare of the in te r t ida l  oyster com- 
munity i s  fur ther  supported by the most 
recent survey of Harris (1980). Total 
acreage of the in te r t ida l  oysters has 
decreased dran~atical ly  fron: approximately 
688 ha (1,700 acres)  in 1889 to less than 
121 ha (300 acres)  i n  1977 (Harris 1980). 
Large areas of dead oyster shel l  were a l so  
reported in the 1977 survey. Harris re- 
lated the steady decline of the  Georgia 
commercial oystering industry t o  the de- 
crease of to ta l  oyster acreage. In addi- 
t ion ,  there i s  reason to believe that  the 
acreage figures reported by Harris (1  980) 
a re  somewhat exaggerated, perhaps because 
they were partly based on ae r ia l  imagery 
tha t  did not permit easy dis t inct ion be- 
tween l iv ing reefs and dead she l l s .  For 
example, Harris reported a to ta l  reef area 
of 9,632 m 2  in the  Dyplin River; Bahr 
(1974) reported 6,040 m of l iv ing oyster 
reefs i n  the same r iver  based on a ground- 
1 eve1 survey. 

In te r t ida l  oyster populations in 
South Carol ina have apparently also de- 
clined during the same period. We are u n -  
able a t  present to a t t r i bu t e  t h i s  decline 
t o  any specif ic  factor.  I t  may be the 
resu l t  of a slow sh i f t ing  of ecological 
conditions that  re f lec t  a natural succes- 
sional pattern in the marsh-estuarine eco- 
system (e.g., sea level change). Puffer 
and Emerson (1953) cited natural cycl ic  
changes in environmental condi t ions--pri-  
mari ty temperature and s a l  ini ty--as the 
cause of oyster reef death and stibsequent 
repopulation in Aransas Bay, Texas. Alter-  
natively,  t h i s  decline may be the resul t  
of a man-induced perturbation of the 
marsh-es tuarine ecosystem, such as dredg- 
ing, waterway construction, pol lution,  or 
overharvesting. 

I t  i s  easy to explain a decline i n  
oyster reefs near population and indus- 
t r i a l  centers such as Savannah, Georgia, 
b u t  i t  i s  much more d i f f f cu l t  t o  account 
f o r  a decline of reef area i n  the more 
p r i s t i ne  part  of the  Georgia coast Rear 
Sapel o I s  1 and.  

The s a l i n i t y  of the Duplin River a t  
Sapelo Island, Georgia, appears to have 

increased recently ( B .  J .  Kjerfve, Univer- 
s i t y  of South Carolina, Columbia; pers. 
comm.). This s a l i n i t y  increase could be 
caused by a reduction in ground water 
inputs due to  consumptive losses result ing 
from pumping for  agr icul tural  i r r iga t ion .  
This change could partly explain the grad- 
ual decline i n  viable oyster reef area in 
the  Duplin River and i n  other parts of the 
study area,  although, i t  i s  onot clearohow 
a s a l i n i t y  increase up  to  25 /oo or 30 /oo 
would a f fec t  the  reef community. 

With respect t o  local changes in reef 
dis t r ibut ion,  i t  i s  possible to  find exam- 
ples of reef area increases in some spe- 
c i f i c  portions of the Georgia coast. For 
example, in A1 tamaha Sound, Georgia, oys- 
t e r  reefs have developed i n  areas fa r ther  
inland in the lower sound than they oc- 
curred in 1889 (Figure 21) .  Associated 
w i t h  t h i s  s h i f t  i n  reef dis t r ibut ion i s  
the accretion of marsh islands i n  south- 
ern Altanaha Sound. The accretion of 
marsh and marsh islands may r e l a t e  t o  the 
sediment-trapping capacity of in te r t ida l  
oyster reefs (Grave 1905 ; Wiedemann 1972; 
Stephens e t  a l .  7976). The growth of 
in te r t ida l  oyster reefs fa r ther  inland of 
the  lower sound may re la te  t o  shif t ing 
sa l  in i  ty conditions in A1 tamaha Sound. 

In summary, reef dis t r ibut ion along 
the Georgia coast  surprisingly has changed 
l i t t l e  over the l a s t  90 years. Oyster 
reefs occur ( i n  general) today i n  approx- 
imately the same locations where they 
occurred in 1889 (see Figure 21).  The 
1 iving oyster reef area, however, s ign i f i -  
cantly has declined in the same period. 

4.3 THE PHYSICAL EFFECTS OF OYSTER REEFS 
ON THE MARSH-ESTUARINE ECOSYSTEM 

Hypothetical ly ,  reefs a f fec t  the 
physiography and hydrologic regime of sa1 t 
marsh es tuar ies  three ways: by modifying 
current veloci t ies ,  both posit ively and 
negatively; by passively changing sedimen- 
ta t ion patterns;  and by actl'vely augment- 
i n g  sedimentation through biodeposi tion. 

:nterprctat'oc sf reef ~ P f e c t r  on the 
ecosystem over time from analyses of sur- 
vey data of the l a s t  century is d i f f i c u l t  
because, although 90 years is a long bio- 
logical time, i t  i s  short  geologically. 



For example, the average sediment deposi- 
tion rate in the study area is  less than 4 
mm/yr (Letsch and Frey 1980). This means 
that from the years since the f i r s t  reef 
survey in 1889, theoretically only about 
one-third of a meter of sediment has 
accumul ated. 

Oyster reefs undoubtedly dampen tidal 
current velocities over the entire  ecosys- 
tem because of friction, b u t  the magnitude 
of the drag coefficient of a unit area of 
reef i s  unknown, as i s  the overall effect.  
Reefs also augment current velocity in lo- 
cal areas by constricting tidal streams, 
but no quantitative data are available to 
detail the specific effects. 

Grave (1905) noted that oyster reefs 
are wave- and current-resi stant structures 
that exert a physical influence over the 
marsh system. He observed that small reefs 
originating a t  points along a tidal stream 
accrete lateral ly across the stream (into 
the current), and by displacing and con- 
s t r ic t ing  the current cause erosion of the 
opposite marsh bank. This process may re- 
su l t  in the formation of marsh islands. 

Passive sedimentation due to the 
presence of reefs i s  qua1 i tatively obvious 
b u t  has not been quantified, The magni- 
tude of this effect would be related t o  
the overall reduction in tidal current 
velocities and turbidity levels. Active 
sedimentation through b i  odeposi tion can be 
estimated (see Appendix). The biological 
process of aggradation increases the size 
of suspended particles and increases their  
effective set t l ing rates. The dominant 
oyster reef zone's coinciding with the 
t.naximum turbidity zone in estuaries in 
the study area indicates that this effect 
way be significant, Lund (1957a) reported 
that oysters biodeposi ted or "self-si 1 ted" 
eight times the volume of sediment in t e s t  
containers than would have deposited I n  
the sane tinre due to gravity alone. He 
calculated that a uniform single layer of 
oysters in a natural setting with rela- 
tively low turbidity water could biode- 
posit sediment a t  a rate of about 280 
tots facrefyr (E x 104 g / g 2  f y r ) ,  

4.4 AREAL EXTENT OF OYSTER REEFS IN THE 
COASTAL ECQSY STEM 

The most obvious criterion by which 
to  assess the importance of oyster reefs 
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on  the marsh-estuarine ecosystem i s  the 
relative proportion of reef surface area 
to the total surface area of the system. 
Planimetry on maps of the Georgia coastal 
zone (Galtsoff and Luce 1930) indicated 
t h a t  the total intertidal and subtidal 
zones of the entire area occupied approxi- 
mately 1.8 x 1 0 ~ r n ~ .  Of this area, approxi- 
mately 75% was marsh and tidal creeks, and 
25% was open water (wider than about 350 
m ) .  The linear extent of the oyster reefs 
measured about 403,000 m. If the average 
reef were estimated as 2 m in width, the 
total reef area in 1925 would have com- 
prised about 8 x lo5 m ,  or 0.04% of the 
marsh-estuarine area. If the mean reef 
width were 3 m, reef area would increase 
to 1 .2  x f O6 m2, or 0,06%. Harris (1  980) 
estimated t h a t  the total viable reef area 
in the Georgia coastal zone in 1977 was 
equal t o  '102 ha, or about 0.05% of the 
marsh-estuarine area. This presumably rep- 
resents a decline from 1889, when Drake 
(1890) estimated that 6.8 x lo6 square 
meters of reefs existed, or 0.3% of the 
total marsh estuarine zone was occupied by 
oyster reefs, In a detailed survey of the 
Duplin River drainage basin, Bahr (1974)  
estimated that about 0.06% of the marsh 
estuarine zone was occupied by viable 
reefs . 

The absence of quantitative informa- 
tion about the areal extent of intertidal 
oyster reefs in South Carolina and north- 
eastern Florida does not allow a compari- 
son wi t k  Georgia. Apparently oyster reefs 
comprise a larger percentage of the marsh 
estuary in the South Carolina area than in 
Georgia, b u t  the relative difference i s  
unknown.  A detailed analysis of the rela- 
tionship between reef area and tidal 
amplitude in the study area would be 
interesting. A small area of the Savannah 
River basin in South Carolina surveyed by 
McKenzie and Badger (1969) indicated an 
extremely high oyster reef density ( 9 % ) .  
Lunz (1943) reported an extremely high 
density of reefs along a 1-mi wide and 
40-mi long s t r i p  surrounding the intra- 
coastal watemay in South Carolina from 
Charleston Lo t h e  Sanlee River, He report- 
ed that 33.6% of the total creek banks was 
1 ined with reefs. L u n z  (1943) also report- 
ed that these reefs were populated by 
about 136 oysterslYd% (or about ll4/m ) 
of 2-inch (SO-vmj or larger sized oysters. 
This represents a biomass o f  approximately 
50 g/m2 afdw, much lower than that for the 



more mature r e e f s  descr ibed  i n  Georgia. 
Lehman (1974) r epo r t ed  t h a t  o y s t e r  r e e f s  
i n  t he  C r y s t a l  R i v e r  e s t u a r i n e  ecosystem 
i n  West F l o r i d a  occupied about 3% o f  t h e  
t o t a l  su r f ace  area. 

To pu t  these va r i ous  es t imates  i n  
perspec t i ve ,  i t  must be remembered t h a t  
d i f f e r e n t  survey techniques were used, and 
t h a t  some s u b j e c t i v i t y  i s  i n v o l v e d  i n  d i s -  
t i n g u i s h i n g  v i a b l e  r e e f s  from areas o f  
dead s h e l l .  Whether o r  n o t  a  major  de- 
c l i n e  i n  o y s t e r  r e e f s  has occurred s i nce  

1899, t h e  p resen t  p r o p o r t i o n  o f  r e e f  area 
t o  marsh-estuar ine area th roughou t  t h e  
s t udy  a rea  appears t o  be between 0.04% and 
0.06%, w i t h  some l o c a l  v a r i a t i o n .  The ree f  
community 's occupying such a  sma l l  p ropar -  
t i o n  o f  t h e  t o t a l  marsh-estuar ine area may 
r e f l e c t  bo th  t h e  ve ry  s p e c i f i c  phys ico-  
chemical  requi rements o f  t h e  r e e f  commun- 
i t y  and t h e  l i m i t e d  p roduc t i ve  capac i t y  o f  
t h e  t o t a l  system i n  suppo r t i ng  t h e  high, 
h e t e r o t r o p h i c  demands o f  t h e  o y s t e r  corn- 
muni ty. 



An example o f  S j a r t i n a  - - - - marsh invading the top levels  o f  an oyster  r ee f .  Photo by 
Rhet t  Tal bert , Uni versi t y  o f  South  Carol i na . 



CHAPTER 5. CONCEPTUAL PODELS OF THE INTERTIDAL 

OYSTER R E E F  COMRUNITY 

5.1 OBJECTIVES AND LEVELS OF RESOLUTION 

This chapter sumvarizes sorne conclu- 
sions, pr ivar i ly  qua l i t a t ive ,  about the 
significance of oyster reefs to  the coast- 
a l  ecosyste~i in the study area. The sum- 
mary i s  in the form of a s e t  of th ree  con- 
ceptual models tha t  are exp l i c i t  diagram- 
matic i l l u s t r a t i ons  of the in teract ions  
among oyster reefs and other s a l t  marsh 
ecosys tern components. Conceptual model s 
can provide succinct, qua1 i t a t i ve  expres- 
sions of the feedback pathways, forcing 
functions, and major interconnections 
characterizing a par t i cu la r  ecosystem. 
Conceptual wodels are usually over-simpfi- 
f icat ions  of the real world, but t he i r  
fornulation may indicate def ic iencies  of 
information that  can become future  re- 
search goals. Conceptual models take a 
variety of forms, from simple box and ar-  
row diagrams to detailed and complex "spa- 
ghe t t i "  diagrams t h a t  a re  d i f f i c u l t  t o  
in te rpre t .  Figure 18 (from Odum 1971)  
i l l u s t r a t e s  one conceptual model of an 
oyster reef that  coKpares i t  in functional 
terms to a c i t y .  

Oyster reef orgar~ization and function 
must be considered a t  d i f f e r en t  levels  of 
space and t i r e ,  and our conceptual nlodels 
are presented a t  three (hierarchical  ) lev- 
e l s  of resolution: a regional level,  a 
drainage unit  level ,  and a reef level 
(Figure 19 ) .  The regional level ~ o d e l  
t r e a t s  the oyster reef system over the 
en t i re  study area or a large portion of 
t h e  study area. A t  the regional level,  
detailed reef co~munity information is  
re la t ively  unimportant compared with t h a t  
of long-terv geological processes affect -  
i ng regional ecology. The r e l a t i ve  propor- 
tions of s a l t  marsh, open water, and tota l  
reef area and patterns of t h e i r  spat ia l  
d is t r ibut ion are par t icular ly  s ign i f ican t  
a t  the regional level since these factors  
are regulated by long-term seolog7cal pro- 
cesses. 

The second level of resolution i s  an 
a s ~ a l l e r  and more detailed scale--that  of 

a s ing le  ffarsh-estuarine drainage unit .  
For exarxple, Figure 20 shows the oyster 
reef dis t r ibut ion in the Half Moon River 
estuary on Mi lmington Island, Georgia. 
This t ida l  r iver  and i t s  surrounding s a l t  
marsh watershed exemplify a "typical" lo-  
cal drainage uni t  in which oyster reefs 
are dis t r ibuted in a nonrandom pattern.  
A t  t h i s  intermediate scale of resolution,  
the reef community i s  more v i s ib le  than a t  
the regional level and presumably exerts a 
more profound short-term inf l uence on the  
local ecosystem. Another example of the 
resolution achievable a t  t h i s  level may be 
seen i n  Figure 21. The information content 
a t  t h i s  scale  i s  such tha t  only broad spa- 
t i a l  patterns of reef dis t r ibut ion within 
the marsh-es tuarine ecosystem are discern- 
able. The perspective, then, i s  an "over- 
view. " A t  scales smal l e r  than t h i s  (great-  
e r  resolut ion) ,  the oyster reef system i s  
obscured, 

The thi rd  conceptual level of resolu- 
t ion i s  of a discrete  reef and i t s  immedi- 
a te  surroundings. A t  t h i s  level ,  a reef 
can be considered analogous t o  an individ- 
ual in a "population" of reefs ,  each mem- 
ber being influenced by local forcing 
functions--hydrologic forces,  short-term 
episodic events, and biological phenomena, 
such as spawning events and predation. 
An individual reef i s  subject t o  local 
phenomena, and i t s  influence i s  primarily 
res t r i c ted  to i t s  immediate surroundings, 
The purpose of the th i rd  level conceptual 
nodel i s  to  summarize the spec i f i c  phenom- 
ena regulating the welfare o f  a given 
reef.  The cumulative e f fec t s  sf  the  "pop- 
ulation" of reefs in a drainage basin a re  
addressed a t  the d r a i n a g e  unit  level ,  

Some i ~ p o r t a n t  differences among the 
above three conceptual levels of organi- 
zation and function of oyster reefs i n  the 
study area are sumrrarized in  Table 8. The 
three df ffer.erit scayes o f  rfso*liit::m arfl 
discussed i n  Sections 5.2, 5-3 ,  and 5.4. 

Symbols used i n  the rrodels were de- 
veloped by W.T, Odum (1977 f as a shorthand 
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Figure 19. Three hierarchical levels o f  oyster reef organization, 



Figure  20. Reef d i s t r i b u t i o n  i n  a s i n g l e  d r a i n a g e  basin, the  Half Moon River 
Estuary, Wilmington i s l and ,  Georgia. Reefs are i n d i c a t e d  by bold ,  b lack  l ines.  



Figure 21. Recent and h i s t o r i c a l  reef  d - i s t r i b u t i o n  i n  the D u p l i n  River E s t ~ a u ' y ,  
Sapelo  Is! and, Georgia (adapted from Bahu' 1974 and Drake 1891). 
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Table 8. Time scales re la t ing ecosystem processes and components a t  
the three conceptual levels of oyster reef organization a n d  function. 

Regional 1 eve1 Drainage uni t  level Reef 1 eve1 

Approximate time scale 
Factors 

1x10' t o  1 x 1 0 ~  y r  1 t o  100 + y r  il t o  25 y r  

In te r t ida l  area Wetland area High (mature) reef area 
Harsh area Water area Low (mature) reef area 

Sys tern Reef area Phytoplankton biomass Suspended load (POC and 
components Mudflat area Reef area inorganic carbon) 

Water surface area Reef b i o ~ a s s  Reef biomass 
Suspended 1 oad Predator component 

Oyster 1 arvae 
Nutrient pool 

Forcing Sea level r i s e  Solar insolation Local t ida l  regirrle 
functions Lati tude-tidal Tidal and wind-driven (amp1 i tude and period) 

pattern currents Currents ( t i d a l  and wind) 
t a t i  tude-temperature Sediment, nlarine or Temperature e f fec t s  
reg i nie riverine Sediment input 
Riverine sediment POC input 
input 
Marine input-sal t s  
Marine inputs-storm 
energy 

Iriportdnt Areal trade o f f s  Physiographic changes Reef growth (ver t i ca l  ) 
sys tern ariong wet1 ands, in basin caused by Reef cyowth ( 1  a tera l  ) 
processes waterbodi es,  and reefs Water clearance and 
related t o  reefs  biodeposition 
reefs Mineralization and nutr ient  

release 
Hydrologic dacpi ng by reefs 



for expressing the functional connections 
in nany different kinds of systems to com- 
pare these system i n  thermodynamic 
(energy flow) terms. Odum cal ls  the short- 
hand "energese," and i t  is  becoming more 
popular, as evidenced by i t s  increasing 
use in published reports. This shorthand 
"language" i s  flexible and inforniation- 
rich, and i t  can be used in both qualita- 
tive conceptual models and in quantitative 
"working" models. The symbol s are defined 
in Figure 22, taken from Odum (1971). 

5.2 REGIONAL L E V E L  CONCEPTUAL MODEL 

The regional level model of oyster 
reef function in the study area i s  broad 
in i t s  coverage and necessarily quite 
simple. A t  this level of resolution, oys- 
ter reefs were probably not a major factor 
in the geomorpho7ogicaS develop~ent of the 
area, although their wide surface d i s t r i -  
bution and largely unknown  subsurface 
(fossil  1 distribution indicate that they 
indeed nay have played a geological role. 
No one has as yet quantified the physical 
importance of oyster reefs t o  long-term 
coastal processes. 

In Figure 22 we i l lus t ra te  the theo- 
retical role of oyster reefs a t  this  broad 
regional scale. As indicated in Table 8, 
the time-scale of change a t  the regional 
level is  in the geological range, outside 
the  real^ of control of environmental 
managers (a1 t h o u g h  not immune t o  cul tur- 
a1 ly induced a1 terat ion).  

The major process symbolized in the 
regional scale conceptual model i s  the 
dynamic tradeoff in area between inter- 
tidal and subtidal zones. Oyster reefs 
primarily are distributed a t  the interface 
between these two zones, and thus the reef 
"fringett partially reflects the out1 ine of 
the rarsh-water interface throughout the 
study area. Changes in the position of 
this outline are a function of such long- 
tern processes as subsidence, sea level 
rise, and sedimentation regines. For 2'17 
practical purposes, reef d i  str-i bution a t  
the regional level can be considered spa- 
t i  a l ly homogeneous. 

Interactions between the intertidal 
and subtidal zones are described i n  the 

order of the work gates (1-4) shown in 
Figure 22. 

(1) A gradual and persistent r ise in 
sea level (about 4 mmlyr) has 
occurred since the relative sta-  
bilization of mean water level 
(HWL) following the l a s t  ice 
age. This has resulted in a con- 
stant encroachment upon the in- 
ter t idal  zone by open water. In 
the absence of other processes, 
the intertidal zone would even- 
tual ly become open water. 

( 2 )  The loss of intertidal area i s  
accelerated by erosion from 
strong tidal currents and storm 
surges. 

Losses of intertidal habitat are 
offset in most undisturbed por- 
tions of the study area by i n -  
puts of sediment from rivers 
and/or from the marine system. 
This sedimentation process i s  
augmented by increases in the 
volume of estuarine basins as a 
function of sea level rise. Mean 
water current velocities decline 
as volume increases, and sedi- 
mentation i s  enhanced. 

(4 )  Latitude determines t idal  ampli- 
tude in the study area, which, 
in conjunction with sediment 
sources, regulates the deposi- 
tional patterns, 

5.3 DRAINAGE UNIT LEVEL CONCEPTUAL MODEL 

The components and interrelationships 
of a marsh estuary drainage unit including 
a n d  affected by oyster reefs are shown in 
Figure 2 3 ,  A major assuniption a t  this lev- 
el of resolution i s  t h a t  there i s  an opti- 
mum rat io o f  wetlands and open water 
which, in conjunction with tides, support 
the oyster reef area in a given drainage 
basin. One irrrplication of  this assumption 
i s  that relative reef area in a given 
drainage unit i s  limited by ecosystem lev- 
e i  processes, (e.g., Lire r-el ationsks'p be- 
tween the velocity of tidal currents, the 
cross-sectional area of tidal creeks, and 
t h e  distribution o f  reefs). This thesis i s  
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Figure 22 .  Reg3 anal 1 eve1 conceptual model and expl anati  an of symbol s . 



F i g u r e  23. Dra inage  un i  t level conceptual  model. 



supported by the re la t ively  s t a t i c  d i s t r i -  
bution of reefs within the Duplin River 
basin aver tinra, shown in Figure 21, 

Specific interactions shown i n  Figure 
23 are  described helow: 

( I }  The local t idal  regirrie i s  the 
primary forcing function f o r  
oyster reef dis t r ibut ion (and 
re la t ive  area) in a given s a l t  
marsh drainage unit .  The t ida l  
e f fec t  i s  shown interacting s i -  
mu1 taneotisly with water area and 
wetland area. These respective 
components (water and wetlands) 
have a f to 2 r a t i o  in the Gear- 
gia marsh-estuari ne ecosysteni 
(Pon~eruy and Wiegert 1980). The 
pattern of dis t r ibut ion of oys- 
t e r  reefs in the Dupl.in River, 
as shown in Figure 21,  i s  prab- 
a b l y  not a chance distributiorr. 
Tar ~xample, oyster reets are 
dbsent frorri tire upper nrrp-fourth 
o f  the basin, probably b~cause  
o f  ecosystem level processes 
( e ? . g . ,  a function of reduced 
current velocit ies in the upper 
reaches of the r ivcr) .  

( 2 )  Oyster reef area in a given lo- 
cale can a f f e c t  local turbidi ty  
levels by f i  1 t r a t i an  and biode- 
positSon, By s tabi l iz ing and 
e1evat'l"ny sedlrfient, wetland de- 
vclopmnt can be enhanced. Marsh 
g ra s s  and oyster reefs have a 
reciprncal functional relation- 
ship i n  that, t-eefs develop a l -  
most erclklsively a t  the inter-  
face between wetlarrd ana water. 
There they subsequently grow and 
t r a p  ssdtment, eventually becow- 
f n y  colrrnfzed by =g?$-. The 
marsh lnvades farmer?y subtidal 
areas i r r  thfs  leapfrog fashion, 
For exanrgle, subsurface (fossi  1 ) 
oyster reefs occur in a pattern 
OF increasing depth extending 
frm aan exa'%tlSng reef Snto the 
m ~ r ~ h ,  ( 5 ,  Stevens, Unh;versity 
of Gebargta Htdrine iristi tu te ,  
Sapelo I s l a n d ;  pers. C ~ I *  j w  

(3) Suspended materials i n  ~ a t e r  
column jnhfbit the prfmitry pro- 
duction by phytoplankton as a 

resul t  of shading. Therefore, 
oyster reefs theoret ical ly  aug- 
ment phytoplankton productiv? ty 
by actively f i l t e r i n g  these 
materials and thereby reducing 
turbidity.  

( 4 )  Oyster reefs in local areas a l so  
contribute to  priniary production 
(especial ly  of ohytoplankton and 
benthic algae) by rapidly miner- 
al izing ingested organic matter 
into usable plant nutr ients ,  
Kuenzler (1961) showed that  the 
regeneration of phosphorus by 
mussels in the s a l t  marsh was 
Iliare important than the i r  ro le  
$ n  energy transformation. K i t -  
chell e t  a l .  (1979) discussed 
the roles of consumers in nutr i -  
ent cycling. Oyster reefs by 
Interactions (3 )  and ( 4 )  can 
increase food avai ' labil i ty,  pro- 
viding feedback ir! keeping w f  t h  
ecosystem theory, (e. g., Odurri 
3971 3 .  

( 5 )  Tidal currents maintain extreme- 
l y  high suspended sediment 10ads 
in some study area es tuar ies ,  
l ike the Duplin River (Hanson 
and Snyder 1979). The conse- 
quences of t h i s  s i l t a t i o n  r e l a t e  
to  Interactions ( 2 )  and ( 3 ) .  

5.4 R E E F  L E V E L  CONCEPTUAL MODEL 

The third conceptual n~odel i s  shown 
in Figure 24, where reef development i s  
expressed as grawth in three djmensions: 
( 1 )  upward toward the high in te r t ida l  
zone, ( 2 )  downward toward the subtidal 
zone, and (3) la tera l  accretion, 

The interactions involved i n  such 
changes are described below: 

( I )  Ingestion by oysters and other 
suspension-feedi ng members of 
the reef community i s  affected 
negatively by increased water 
turbidity {SIi5ee"Llcrr7 2.2), 

(2) Turbidity of es tuar ies  in the 
study area i s  usual i y  high and 
closely related t o  t he  high 
t i d a l  current regime. Thus,  





currents indirectly can reduce 
oyster feeding. 

( 3 )  Currents have been shown, how- 
ever, to  positively affect  oys- 
t e r  ingestion (Walne 1972).Thus, 
an optinlun; low-current level 
probably ex i s t s  t o  s t i ~ l u l a t e  
oyster feeding with a minimum of 
sediment erosion. 

( 4 )  Eroded sedi~rients in the water 
colu~:ln can s e t t l e  out on a reef 
and bury the lower level oys- 
t e r s ,  causing a decline in reef 
viahi t i  ty.  Sediment input by 
currents,  coupled with a high 
ra te  of Diodeposition, can suf- 
focate a1 1 b u t  the uppercrlos t 
oysters i n  a reef.  

( 5 )  Oyster reef growth in  a positive 
vertical  tlirection i s  lirlrited 
absolutely by the focal t idal  
anrpl i tude. The highest portions 
of t l~c  rcrt f s  cxarrli ned a t  Sapcl o 
Island were l in i t ed  to 1 .5  13 

atlove KLW, corresponding to a 
ddily inundation t i c le  of only 
F i tourr, or cortversely, t o  an 
expca%,tirc? tl'rrte nf  16 hours. 

s t r a t e  a t  the proper elevation 
in the in te r t ida l  zone, by water 
currents,  and by avai lable  food. 

( 7 )  In addition t o  a minimum inunda- 
tion time, ver t ical  reef growth 
i s  a l so  subject t o  temperature 
s t r e s s  in the study area (ex- 
tremely cold spe l l s  and hot 
spel l s duri ng reef exposure). 

(8) Reef crowding appears t o  buffer 
temperature s t r e s s  and t o  a1 low 
ver t ical  reef accretion beyond 
the nraxin:um level a t  which indi-  
vidual oysters survive. 

( 9 )  Downward extension of oyster 
reefs toward the subtidal zone 
appears 1 imi ted by increased 
predation, fouling, and shel l  
erosion by boring sponges. 

(10)  Predation by f i  1 t e r  feeding 
organisms, nektonic, and epiben- 
th ic ,  reduces the available pool 
of oyster larvae and perhaps 
prevents overcrowding. 

( 1 1 )  The gregarious behavior of oys- 
t e r  larvae ensures a new crop of 
spat to replenish mortal i ty  
losses and  nxintain the viabi l -  
i t y  of exist ing reefs.  



Immature reef a t  the mouth of an intertidal creek. Note the 
mature reefs i n  the background. Photo by Rhett Tal bert, Uni- 
versS ty of South Carol ins , 



The seeding of in te r t ida l  oyster beds with oyster shell t o  induce increased 
oyster spat settlement in areas that  are  beinq coynercSally harvested. P h o t o  
by South Carol i na hii 9 d9 i f o  and Mari ile Resources kpartment.  



C H A P T E R  6. SUMMARY A N D  MANAGERENT TElPLICATIONS AND GUIDELINES 

6.1 SUMNARY AND OYSTER R E E F  SIGNIFICANCE 

The American oyster (Grassostrea vir- 
g in i ca )  i s  not only an extremely valuable 
commodity to man b u t  i s  also a cos~opol-  
i tan,  physiologically p las t i c ,  and ecolog- 
ical  ly in teres t ing estuarine organi snl. 
I t s  natural range spans the Atlantic coast 
and n:uch of the gulf coast ,  and i t s  ge- 
neric "brothers" ex i s t  in coastal systems 
worldwide. 

One i ~ t r i g u i n g  aspect of oyster be- 
havior i s  i t s  propensity, under cer ta in  
conditions, to  form massive, d iscrete ,  
in te r t ida l  colonies, or reefs. The larg- 
e s t  individual oyster reefs formed by the 
American oyster occur in open bays along 
the northern gulf coast. Some reefs are 
many kilometers in length; they consist  
mainly of dead she l l s ,  and t he i r  geometry 
i s  pa r t i a l ly  the resu l t  of reworking by 
storm surges. 

In the South Atlantic Bight, t idal  
amp1 itude ranges from 1 m to over 3 m (3 
t o  10 f t ) ,  and oyster reefs occur in close 
association with extensive s a l t  marshes 
charac te r i s t i c  of the area. Oyster reefs 
within t h i s  region achieve a greater ele- 
vation above clean sea level and a greater 
oyster density (in terms of numbers and 
biomass) than in any other coastal region. 
The s t ructure  and ecological function of 
these reefs are the subjects of the pre- 
vious f ive  chapters. 

dihereas most oyster research has been 
carried out a t  the individual or popula- 
t ion level of de ta i l ,  t h i s  paper has em- 
phasized the behavior of the oyster a t  the 
ecosystem level.  The reef community de- 
scribed throughout th i s  comrnuni ty prof i le  
exhibi ts  character is t ics  and has ecosysten 
importance tha t  could not be predicted 
from even "perfect" knowledge of the bio- 
l o p  of individual oysters, T h u s ,  j us t  as 
a terint;.te coior~y is ir,ctr~ t h a ~  a co::ectiori 
of terrni tes ,  so an oyster reef shows emer- 
gen tp rope r t i e s ,  including i t s  capabi 'i i t y  
of extending the in te r t ida l  range of the 
reef assercblage upward beyond the eleva- 
tion a t  which individual oysters normally 

could survive. Oyster reefs possess the 
Following charac te r i s t i c  properties:  (1 ) 
individual oysters i n  a reef must grow 
with a strops vertical  or ienta t ion t o  sur- 
vive; ( 2 )  individual reefs s t r i c t l y  are  
lirrited to  the in te r t ida l  zone, and the 
geometry of a given reef i s  strongly 
determined by ntean water level ,  sediment 
s t a b i l i t y ,  and current regime; and ( 3 )  
patterns of reef dis t r ibut ion are discern- 
able within drainage basins, such that  
reef density i s  usually maximal a t  in ter-  
mediate channel widths and current veloc- 
i t i e s .  In other words, i f  a l l  l iving oys- 
t e r s  in a drainage basin were redis t r ib-  
uted e i t he r  randomly or homogeneously 
throughout the ecosystem, a large portion 
of the  function (and value) of the oyster 
community would be los t .  

One primary ecosystem value of the 
oyster reef community re la tes  to i ts phys- 
i c a l ,  rather than i t s  biological, proper- 
t i e s .  Eiature reefs are s tab i l i z ing  influ- 
ences on erosional processes and may mod- 
i fy  long-term changes in t idal  stream flow 
and overall marsh physiography, a1 though 
these e f fec t s  have not been quantified 
yet .  

The extent of the physical influence 
of reefs on the marsh system i s  a function 
of the average re la t ive  proportion of reef 
area to  to ta l  in te r t ida l  area Tn a given 
drainage basin. The available estimates 
of t h i s  relationship vary, but about 0.05% 
of reef area t o  to ta l  in te r t ida l  area 
(marsh and water') may be a reasonable 
estimate. 

Another aspect of the ecosystem value 
of oyster reefs re la tes ,  in natural estua- 
rine areas, to  ree fs '  being s table  islands 
sf  hard substra te  in an otherwise urlstable 
so f t  rmrddy env-ironment. These islands are  
essential  habitat  for  some organisms, 
especially the sessi  l e  suspension-feedi ng 
eptfauna usgs!!y l i i i ~ i t e d  t\y the ~va i j&!e  
surface area, Reefs also provide a highly 
i r regular  surface with crevices tha t  serve 
as havens f o r  motif e invertebrates ; a ~ d  
siaifitr small f i s h  use reefs fo r  she l t e r  
during flood t ides .  Oyster reefs are 



P h o t o  indjcates the "soupy" nature of the sediments that  o f t  t imes  support oyster 
reefs .  The r e e f s  represent a hard substra te  "island" habi ta t  in an otherwise sof t -  
bottonlcd enviranrnent, Photo by Leonard Bdhr, Louisiana S ta te  University. 



densely populated with mussels, mud crabs, 
polychaetes, barnacles, and other macro- 
fauna, and countless smaller metazoa, pro- 
tozoa and bacteria.  

The members of the oyster reef com- 
muni  ty are  1 imi ted primari ly to  suspension 
and deposit feeding macrofaunal consumers. 
The trophic role  of t h i s  macrofaunal cow- 
muni ty  as a whole assimilates carbon de- 
rived from phytoplankton and d e t r i t a l  
sources and makes i t  available to  higher 
consumers, i .e, t e r r e s t r i a l  and aquatic 
animals. Of the  former, raccoons and 
birds l i ke  oyster catchers and grackles 
are predators on oyster  reefs .  Aquatic 
consuniers that  prey on healthy l iv ing oys- 
t e r s  include the  blue crab (Call inectes 
sa idus) and the  black drum (Pogonias 
cromis . Many other aquatic carnivores 5 
undoubtedly v i s i t  oyster reefs during 
flood t ides  and prey on the host of small 
invertebrates residing there. 

More important than the food web 
roles of oyster reef inhabitants in the  
s a l t  marsh estuarine system i s  t h e i r  role  
i n  mineralizing organic carbon and re leas-  
ing nitrogen and phosphorus in forms 
usable by the primary producers. The 
significance of the energetic roles of the  
reef community i s  exemplified by the meta- 
bolic ra tes  of the en t i r e  comnlunity being 
among the highest measured fo r  any benthic 
community (27,000 kca1/m2/yr). This r a t e  
i s  par t ly  due t o  the great  surface area i n  
a reef ,  supporting a large population of 
aerobic bacter ia ,  and t o  the high biomass 
of the resident macrofauna ( u p  to  7,100 g 
afdw/m2). 

Each summer the reef community con- 
t r ibu tes  a stream of high qual i ty  protein 
to  the water column i n  the form of gametes 
and larvae of oysters and other res ident  
macrofauna. These meroplankton (or larvae) 
are food fo r  nektonic f i l t e r  feeders, food 
fo r  other benthic organisms, and rec ru i t s  
fo r  the next generation of reef oysters 
and associates.  Because reefs continually 
subside in to  the mud, new generations of 
oysters a t  the top are necessdry t o  ~ ~ a i n -  
t a in  the steady s t a t e  elevation of the 
upper reef surface,  

Oyster growth in ra tu re  reefs appears 
extremely slow, and some of the 'larger 
resident oysters probably a re  5 t o  10 o r  

Rore years of age. They are  typical ly  long 
and narrow and usually display a watery 
condition w i t h  l i t t l e  glycogen reserves, a 
sign of s t r e s s  o r  being spawned out. 

Because oysters i n  reefs apparently 
l i ve  close t o  t h e i r  s t r e s s  tolerance 
threshold, fu r ther  perturbation by man can 
eas i ly  destroy the en t i r e  reef community. 
Reefs a re  particuf a r ly  susceptible t o  
a r t i f i c i a l  hydrologic changes, such as 
those t ha t  follow the impoundment or 
diversion of waterbodies as large as 
coastal r ivers  or as  small as individual 
t ida l  streams. Reefs primarily are  found 
a t  the in te r face  between wetland and open 
water, and the destruction of wetlands fo r  
any reason resu l t s  i n  a decrease in t h i s  
in te r face  zone. Oysters and other benthic 
macrofauna are ,  of course, also connected 
t o  and depend upon wetland macrophytes via 
trophic pathways s t i l l  not well under- 
stood. 

Reef oysters a re  susceptible to the 
increasing array of man-made chemicals and 
heavy metals becoming more prevalent i n  
coastal  waters. They are  a lso  vuinerable 
t o  the eutrophic e f f ec t s  of f e r t i l i z e r -  
and sewage-loadi ng in coastal waters 
through the potential  a l t e ra t ion  of the 
composition of the natural phytoplankton 
community in a manner tha t  may be l ess  
desi rable  o r  even toxic t o  oysters.  

Reef oysters have evolved t o  t o l e r a t e  
high levels  of tu rb id i ty ,  b u t  increased 
sedimentation on top of natural levels can 
smother them. Bredsing re la ted to  shel l  
o r  phosphate mining, navigation or  pipe- 
l i ne  canals, or other construction ac t i v i -  
t i e s  i n  the coastal  zone can d r a s t i c a l l y  
increase the natural sediment load in 
local areas ,  In addit ion,  the a r t i f i c i a l  
mixing of reduced bottor;~ sedjrrents with 
water above the bottom can deplete the 
water coluwn of i t s  dissolved oxygen. 

Direct physical a1 tera t ion of mature 
oyster reefs ,  e.g. ,  by harvesting, can 
destroy an e n t i r e  ree f ,  even i f  the reef 
i s  only moderately disturbed, Harvest of 
i n t e r t i da l  oysters i s  productive only on 
i~imature oyster reefs tow j n  the in ter-  
t i da l  zone, where oysters a re  not as  
crowded as i n  mature reefs and where 
growth i s  mGre rapid. Thus, nature reefs 
a re  most valuable t o  the ecosystem and t o  



society i f  they are l e f t  undisturbed, 
ra ther  than harvested for the i r  limited 
food value, 

6.2 MANAGEMENT IKPLICATIONS A N D  GUIDELINES 

Clearly, the oyster reef component of 
the coastal ecosystem in the Southeastern 
United States depends on a healthy marsh- 
estuarine environment. Thus, the most 
logical recommendation fo r  reef aanagement 
i s  to mi t i ga t e  increasing man-induced 
a l t e ra t ions  on the marsh systev to  the 
extent possible. Changes in water flow, 
both surface and subsurface, appear t o  
cause the most f a r  reaching and cumulative 
damage to the en t i r e  system, and thus 
indirect ly  to  the  reef subsystem. See 
Table 1 fo r  a summary of cultural  s t r e s s  
an oysters. 

The maintenance of high water qua1 i ty 
i s ,  o f  course, important to  the continued 
viabi ' l i ty of oyster reefs;  and the intro- 
duction of urban, industr ia l ,  and agricul-  
tura l  pollutants from both point and non- 
paint sources i s  to  be avoided. Subtidal 
oysters normaily can to le ra te  a f a i r  
ixrnount of insul t  in terms of poor water 
qual i ty  before succumbing to  many of the 
conlmon pol lutants.  Such oysters usually 
becoine dangerous to  e a t  before they die 
from cherr~ical pol ltition. Reef oysters,  on 
the ather hand, are already stressed and 
may not be as hardy. A t  present, the oys- 
t e r  reef zone of the South Atlantic Bight 
appears re la t ively  f ree  of toxic chenicals 
and excess nutr ients ,  except in the immed- 
i a t e  vic ini ty  of major population centers 
s u c h  3s Savannah, Georgia, and Charleston, 
South Caro l ina ,  

Long-term ef fec t s  of increasing 
freshwater pumping may pose a problem more 
serious than pollution for  the marsh oys- 
t e r  reef system. Therefore, future  urban, 
indus t r i a l ,  and agricultural  requirements 
fo r  freshwater need to be examined and 
t he i r  long-term ef fec t s  on s a l i n i t y  dis-  
t r ibut ion predicted, i n  order t o  under- 
stand the implications of development fo r  
the en t i r e  coastal ecosystem. 

There have been several proposals and 
attempts to increase oyster reef area 
local ly  by spreading cultch along the 
f r inge between marsh and water t o  induce 
oyster settlement. These e f fo r t s  have 
been largely unsuccessfu1, i ~ p l y i n g  t ha t  
our thesis  i s  valid;  tha t  i s ,  the d i s t r i -  
bution of reefs re la tes  to a specif ic  s e t  
of conditions, especial ly with respect to  
water flow, and the proportion of a marsh 
drainage unit  occupied by oyster reefs i s  
not indef ini te ly  expandable. The guide- 
l i ne  derived from these observations i s  
tha t  a r t i f i c i a l  oyster reef development 
should be seriously attempted only a t  
former reef s i t e s .  

In conclusion, the in te r t ida l  oyster 
reef subunit of the marsh estuarine eco- 
system i s  an important component of the 
coastal zone in the Southeastern United 
States ,  and t h i s  subunit has declined in 
to ta l  area during the l a s t  90 years. We 
can only guess a t  the consequences of the 
continued loss of reef area,  but these 
e f fec t s  could be both obvious and subtle,  
and could def ini te ly  resu l t  in an ecosys- 
tem less  healthy, r ich,  and productive, 
and cer ta inly  less  in teres t ing from an 
aesthet ic  point of view. 
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4PPENDIX : O Y S T E R  PIOENERGETICS 

Oysters, l ike  a l l  heterotrophic orga- 
nisws, use enerw j n  proportior, to  ther'r 
growth ra te ,  t he i r  reproductive invest- 
ment, and the i r  e f fo r t s  to  obtain food, 
remove waste, defend theiTscl ves arjalns t 
parasites and predators, a n d  rr~aintain a 
favorable osnotic balance. This section 
d i s c u s s ~ s  the ra tes  and parti t ioning of 
energy expendi tures for indj vidual in ter-  
t idal  oysters and the oyster population as  
d whole. The energy requirements of the 
en t i re  reef ,  a prerequisite for under- 
standing the dynaniics of the oyster rcef 
C O R I I I I U ~ ~  ty, are estimated in Chapter 3. 

Ecologists and cnvi ronnlental rsanagers 
are beginning to  real ize  the value of 
inforrr;ation regarding the ra tes  2nd p a t h -  
ways of energy flow i n  communities of 
organi srns and  en t i  re ~ c o s y s  tenls. Energy 
units are interconverti b l e ,  and, there- 
fore, the energy "cost" of to ta l ly  di f -  
ferent processes i s  the conimon denorrii natur 
by w h ~ c t l  these processes can be cor!lpared 
objectively d n d  ranked in ternls of the i r  
ecological ir~yortance. The f i r s t  ecoloqis t 
formally t o  apply th i s  principle t o  the 
study of ecosys t e r s  was Raymond L i ndeiiiann, 
wiio 4 n  1942 published a landciark t r e a t i s e  
on the parti t ioning of ener y flow tilrough 
an ecosystcn (iindemdn 19417. Since then, 
i t  has becor1.e conirriori practice t o  include 
energetics in c?coloyical r e s e a r ~ h .  Good 
review sources on bioenergetics include 
Phil 1 ipson (1966) and Wiegert (1968). 

The extar~t oyster 1 i t e ra tu re  inc'ludes 
several compilations o f  energy. budqets fo r  
vdrious species o f  oysters 1 n  different 
areas. Extrapolations fron~ sore of these 
studies are necessary to f i l l  in energy 
budget data gaps f o r  intert?da' l  q s t e r s  i n  
the study area. 

The c a l c u i a r i ~ n  of a n  energy Sudqet 
for a population of organisnss involves the  
use of one or another equation of the 
general f n m *  

F net secondary product ion 
ra te ,  or growth of the pop- 
ulation i n  a  given time 
(including son:atic growth, 
yaax?te product ion, and rilor- 
t a l i t y  losses) 

1 - ingestion ra te  
E = egestion and excretion ra tes  
R -  respiration or n~etabolic r a t e  

I (  n = the ra te  a t  which external work 
i s  perfornied by the organisr~rs 

The tern: la' i s  usually ignored (Wie- 
gcrt  3968), b u t  for some animals (such as  
rnounci-bui liiirtg ternti t e s  and reef oysters) ,  
work rrlay be subs tant i  a1 because these or- 
ganisnis bui I d  ver t ical  s t ructures  against 
gravi ty. 

I n  aature populations, the production 
cquation ruay a t t a i n  a steady s t a t e ,  in 
which no net growth can be riieasured and 
dnnual energy inputs equal losses. Oyster 
reefs appear to a t t a i n  t h i s  steady-state 
r~laturity when tiley achieve a c r i t i c a l  ver- 
t i c a l  elevatjon re la t fve  to t idal  staqe o r  
when oyster qrovith i s  equal to  n~aintenance 
costs.  

Before a rough energy budget fa r  i n -  
t e r t ida l  oysters i s  presented, the prob- 
lems involved in compiling such a budget 
niust be discussed. The terms i n  the 
energy budget Equation ( 1 )  are rneasured 
for an oyster population i n  the following 
ways. Net production P i s  sometimes 
calculatec! by ireasuring the increase i n  
s i ze  of ~xperiiiicntiil anin~als over a uni t  
of time. This technique requires rneasur- 
ing the individuai oysters. Another tech- 
nique c a l ~ u l a t e s  time elapsed between age 
classes in the size-Frequency dis t r ibut ion 
o f  a natural population. The l a t t e r  Lech- 
nique i s  tedious slnce age classes quickly 
becoire ind i s t inc t  because of continuous 
waves of spawning over the warrr season, 

Total ~ roduc t ion  P{ ;,,,,, \ ~ncludes  
qaniete production (and  r&%casej ds well as 
mortal i ty and preba tior> (and harvesti ng ) 
between sampling periods, The growth r a t e  



of an oyster slows as i t s  gamete produc- Energy budgets are invariably simpli- 
t ion gradually begins t o  dominate i t s  f ied models because of these problems, and 
energy budget and as i t s  respiratory r a t e  the present budget i s  no exception. Some 
"catches up" t o  i t s  ingestion r a t e  (Rod- comments about the  variables used and 
house 19781, as i l lus t ra ted  in Figure A-1. assumptions made follow. 

Ingestion by oysters ( I )  i s  usually 
estimated by measuring the ra te  of c lear-  
ance of par t ic les  in a suspension to  which 
t e s t  animals are exposed fo r  a u n i t  of 
time. Walne's ( 1  972) experiments usi nq 
Crassostrea &; and 0si rea  edul is  a r@ 
exemtslarv in tha t  r e a l i s t i c  food concen- 
trata'on; and a wide range of s izes  of oys- 
t e r s  were used. In addition, k'alne used 
flowing water conditions rather t h a n  the 
usual standing water experiments. Haven 
and Morales-A1 arno ( I  970) also measured 
oyster ingestion i n  a flowing water system 
but did not use a wide s ize  range of oys- 
t e r s .  

Egestion ( E )  i s  measured by holding 
t e s t  oysters in trays in which feces and 
pseudofeces are  collected and measured 
during a known t in~e  interval (Haven and 
Morales-Alamo 1967; Bernard 1974)" 

The respiration ra te  of oysters ( R )  
i s  usually neasured by documenting the 
r a t e  of decline i n  dissolved oxygen in 
water i n  which oysters are immersed or  by 
nteasuring the change of dissolved oxygen 
i n  water as i t  flows over a population of 
oysters,  The ra te  of chdnye of CQi i s  not 
a s  corlvenient to  nieclsure with oysters,  
part ly because an infrared CO:, analyzer i s  
required, partly because oysters car1 f i x  
CQ7 (Hamen 1969) ,  and partly because they 
ca;? respire anaerobically and release CO, 
from the dissalution of shel l  carbonate 
(Hochachka and Mustafa 1972), 

One major probleni in quantifying in- 
dividual terms in the oyster energy budget 
equation -is tha t  most terms change in a 
nonlinear fashion as  an oyster {or s i z e  
c l a s s )  grows. Small aniotafs operate a t  
higher metabol i c  ra tes  than large animals, 
Another p r o b l e ~  i s  tha t  a t  feast  ffve en- 
v i  ronmental variables a f fec t  each term: 
( 1 )  in te r t ida l  elevation,  ( 2 )  water tem- 
perature, (3) levels of food and other I .  a~,,cndcd e n  sat tz r  i n  tke water cn?grnn, (4 )  
dissolved oxygen levels,  and  (5)  current 
velocity. To further complicate the pic- 
tu re ,  the s ize  of the anivafs and these 
other variables are in terre la ted i n  can- 
plex (nonlinear) ways. 

VARIABLES 

Tide Staqe 

Oysters obviously cannot pump water 
to  respire and feed unless they are  im- 
mersed. In te r t ida l  reef oysters are 
assumed to be inundated on the average of 
only 50% of any 24-hr day. Other workers 
have made s imilar  assumptions on feeding 
duration, even fo r  subtidal oyster popula- 
t ions.  Bernard (1974) assumed 50%; Rod- 
house (1978) assumed 70% feeding time. 

Water Temperature 

Temperature a f fec t s  a1 1 biochemical 
reactions, including oyster energy con- 
sumption. In te r t ida l  oysters are  exposed 
to  water teniperatures tha t  vary by a 
factor  of about three, fron; 9' to  31°C 
(Dame 1970; Bahr 1974). The annual pat- 
tern of water temperature variation in 
coastal South Carolina i s  i l l u s t r a t ed  in 
Figure A-2 (Dame 1970). Over t h i s  ternper- 
a ture  range oyster metabolism i s  estimated 
to  vary by a factor  of about eight (Bahr 
1976).  

Food and Other Suspended Matter 

ioosanoff (1962) showed tha t  food and 
other suspended matter s ignif icant ly  
a l tered oyster ingestion ra te .  Excess 
turbidi ty ,  caused e i t he r  by suspended 
organic o r  inorganic matter, reduces "oys- 
t e r  pumping .  " I t  can be assumed that  sus- 
pended matter in the study area i s  close 
Lo optimum for  in te r t ida l  oysters and tha t  
they a r e  exposed t o  about 0.01 gC/l i ter  or 
0-04 kcal/ l i t e r  hhen inundated (Odum and 
de la Crum 1967). 

Dissolved O 2  

Oyster respiration ra tes  are unaf- 
~ ~ ~ + ~ . - a  , cL,r., by df ssa? y e $  oxycjen c~ncen t r a t i ons  
unless the concentration decreases below 
one-hal f  saturat ion level (Ghirett i  1966). 
In other words, dissolved oxygen in estu- 
a r ies  it? the study area should normally 
not  affect  respl' rat ion ar  feeding ra tes  



YEARS 

Figure A - 1 .  Age-dependent a n n u a l  production o f  so f t  t i s sue ,  shell  organics, 
gonad o u t p u t ,  and respira t ion in a n  oyster (adapted from Rodhouse 1978), 



D (TIME IN ANGULAR DEGREES) 

Fiqure A-2. Seasonal v a r i a t i o n  .in water* teii:peratu~-e a f f e c t i n g  o y s t e r  reefs i n 
S o u t h  Carwl j n a  (adapted froii~ Uarrie 1970).  



b u t  i t  could become a factor  i n  dredged 
areas ( Frankenberg and Nesterfield 7968). 

Current Velocity 

A posit ive e f fec t  of current velocity 
on oyster feeding could be surmised from 
the f ac t  tha t  oyster reefs tend to  grow 
outward toward the middle and more rapidly 
flowin9 portion of a t ida l  stream. En- 
hancement of oyster feeding as a function 
of increase in current velocity was demon- 
s t ra ted by Walne (1972). 

Given the above assumptions, the addi- 
tional information most important f o r  the 
calculation of an energy budget fo r  in te r -  
t idal  oysters i s  the size-frequency (or 
weight-frequency) d i s t r ibu t ion  of reef 
populations and the e f fec t  of weight on 
the energy budget terms. 

All of the terms in the energy budget 
equation fo r  oysters a re  presumably af- 
fected by the s ize  (or weight) of individ- 
uals by the following general equation: 

where F = the process ra te  in energy 
or matter units  

W = the biomass of the oyster 
(g or kca'i ) 

a and b = constants (represent the 
e f fec t s  of temperature and 
the surface area-to-vol ume 
ra t io ,  respectively) 

I t  i s  generally known tha t  small oys- 
t e r s  ingest, egest, respire ,  grow (and 
d i e )  a t  higher ra tes  than do large oys- 
t e r s ,  and tha t  these rates increase in a l l  
oysters with increased temperature. Un- 
fortunately,  no general agreement ex i s t s  
in the bioenergetics l i t e r a tu r e  concerning 
units of biomass. Table A - l  l i s t s  some 
conversion factors  fo r  oyster bi omass that  
were compiled from various sources. The 
numbers are only approximate because the 
a l  lometric relationships can change with 
gonadal s t a t e  or w i t h  t idal  elevation of 
the population. Dame (1972a) found tha t  
- intert idal  oysters 'in North In l e t ,  South 
Carui ina, hdd a bigrrf  Tit~i t tLIy  Irigher" $"at46 
of she17 w i g h t  t o  dry meat weight than 
subtidal oysters had. 

Because small oysters process energy 
a t  re la t ive ly  higher ra tes  than large 

ones, i t  i s  important t o  document the  s i z e  
(biomass) frequency of i n t e r t i da l  oysters 
i n  the study area. Bahr (1974) separated 
reef oysters a t  Doboy Sound, Georgia, in to  
32 s i z e  classes a t  5-mm intervals  (2 t o  
157 m m ) .  He found tha t  the oyster popula- 
t ion in the central (higher) portion of 
several old reefs typical ly  showed a l o g  
normal dis t r ibut ion,  especially during the 
l a t e  f a l l .  Oysters i n  the smallest f i v e  
s ize  classes (up to  19  mm) dominated the 
population, and oysters above 100 mrn were 
rare.  Dame (1976) reported a similar size- 
frequency dis t r ibut ion of reef oysters in 
South Carolina, but w i t h  generally lower 
overall populations and reduced dominance 
of small s i ze  classes.  Figures A-3 and 
A-4 i l l u s t r a t e  the temporal changes i n  
size-frequency d i s t r ibu t ions  of reef oys- 
t e r s  in these two respective studies.  

The equation that  describes the size- 
frequency dis t r ibut ion of reef oysters i n  
Doboy Sound, Georgia (Bahr 1974) i s  as  
follows: 

where Y = the number of oysters per 
0.1 rn2 i n  s i z e  c lass  X i  

X i  (i = 2 ,  7,  1 2  ... 157) = 5-mn 
s ize  c lass  

The re la t ion between individual oys- 
t e r  s i ze  and biomass from Bahr (unpub- 
lished data)  i s  described by another 
regression equation as follows: 

where Y = log afdw ( g )  of to ta l  
oysters including she1 7, 

X = height of each oyster in m 

2 
The r of t h i s  relationship i s  0.84 

with 78 degrees of freedom. The experi- 
mental animals were collected a t  e i g h t  
different  times, including a1 l seasons, 

To simplify the compu%ats"an of the 
energy budget of the reef oyster pespufa- 
t ion,  Equations 3 and d were used t o  
describe a typical reef oyster population, 
i~tei=iiiediate 5 ;  Scth numbers and hionass. 
T h u s ,  the numerical dominance of smaff 
oysters -is o f f s e t  by the higher biomass of 
( r a r e )  large oysterss and oysters from 40 
t o  80 ra i n  height (mean 60 mm, o r  0.25 g 
afdw) a re  functionally typical (See Figure 



Table A-1. Conversion factors  fo r  oyster 
biomass un i t s  ( i n t e r t i da l  oysters) .  

Total wet w t  

100% 

Total dry w t  

100% 

Total afdwa 

100% 

Wet w t  

100% 

Whole oyster 

Wet shel l  w t  

72% 

Wet meat w t  

28% 

Dry shel l  w t  Dry meat w t  

97.1% 2.8% 

Shell afdwb 

42% 

Meat only 

Dry w t  

14. 9ga 

Meat afdw b 
- 

58% 

afdw b 

12.0" 

a~arnetes may comprise u p  t o  50% of th is  proportion. 

bafdw = ash-free dry weight. 



F i q u r e  A- 3, Seasonal chanqrs i n  s i  rc-frequency d i s  t r - i t !u t ion nf reef o y s t e r s  i n  
Georgia (Bahr  1976) . 
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F i g u r e  A-4. Seasona l  changes i n  i n t e r t i d a l  o y s t e r  s i z e - f r e q u e n c y  d?:s t i - i bu t io r i  
i n  South C a r o l i n a  ( a d a p t e d  f rom Dame 1 9 7 6 ) .  



A - 5 ) .  The en t i r e  oyster biomass of the 
reef population i s  therefore considered 
here as divided among 0.25-g oysters.  
Bahr (1974) reported tha t  the average bio- 
mass of the reef oyster population was 970 
g/m2 afdw ( to ta l  w t ) ;  thus one can postu- 
l a t e  a hypothetical reef populated by 
60-mm oysters a t  a density of about 4,000 
oysters/m2. The dry meat weight of an 
oyster  of 0.25 g to ta l  afdw would equal 
approximately 6.18 g (from Table A-1). 

Before one estimates the value of the 
terms of Equation 1 fo r  the "average" reef 
oyster  population, i t  i s  appropriate t o  
consider two independent studies that  were 
conducted a t  approximately the same time 
and tha t  attempted to  measure cer ta in  
aspects of the energy budget of oyster 
ree fs .  Bahr (1974, 1976) and Dame (1970, 
1972a4, 1972b, 1976, 1979) studied oyster 
ree fs  in Geo r~ i a  and South Carolina, 
respectively.  Significant differences 
between the studies are compared in Table 
A-2. 

Some differences between the two s e t s  
of  conclusions are explainable on the 
basis  t ha t  t e s t  reefs in Dare's studies 
were s ign i f ican t ly  lower in the in te r t ida l  
zone than were the reefs in Bahrk work, 
a1 though the absolute elevation of Dame's 
ree fs  with respect to  mean low water (ELM) 
was not reported. This elevation d i f -  
ference perhaps indicates a s ignif icant  
di f ference in inundation time, which could 
explain the higher production reported by 
Dame. In Dame's studies,  oyster produc- 
t i o n  estimates fo r  large oysters were 
based on holding oysters in trays beneath 
a pier (presumably shaded) and therefore 
slot in as s t ress fu l  a se t t ing  as on a 
natural  reef.  A real difference probably 
ex i s ted  in in te r t ida l  oyster reef produc- 
t i o n  (higher i n  South Carolina). The ac- 
t i  ve commercial harvest of South Carol ina 
ree f  oysters i s  proof that  net production 
o f  large oysters occurs there. Lunz (1943) 
reported that  oysters can grow t o  3 inches 
i n  2 years in South Carolina reefs.  Using 
a ca lo r i f i c  coeff ic ient  of 3.3 kcal/g 02 ,  
one can estimate that  reef oysters respire  
t h e  equivalent of 13,COG kcal/m2/yr. The 
implication of t h i s  high metabolic ra te  i s  
%hat the to ta l  biomass turns over on the 
average about once every G.38 y r ,  or 2.6 
&imes per year (13,000 kcal/r;;2 /yr I 5,000 
kca 1 /m2). 

Energy expended for  gamete production 
increases with the age of a par t icular  
oyster b u t  remains about half the respira- 
t ion ra te  (Figure A-1). Bernard (1974) 
estimated tha t  a subtidal population of C. 
gigas expended as much energy on gamete 
production as on respira t ion (Figure A-6). 
Thus, between 7,500 and 73,000 kcal/m2/yr 
of the energy assimilated by reef oysters 
would be converted t o  gametes and released 
into the water column. A t  l e a s t  99% of 
t h i s  energy "investment" would never reach 
"maturity" b u t  would be consumed by other 
members of the s a l t  marsh ecosystem. 

The r a t e  of external work (b!) per- 
formed by oysters i s  the ra te  a t  which a 
unit  weight of shell  miterial  i s  elevated 
above the mud surface,  multiplied by i t s  
elevated distance. In energy terms th i s  
t r ans la tes  in to  the cost  to oysters of 
producing the shell  protein tha t  comprises 
1.3% of the to ta l  she11 dry weight or 
about 400 g protein/n;' (2,000 kca1/m2). 
The maximum elevated distance i s  1.5 m 
(see Section 3.1 ), b u t  unfortunately we 
have no re l i ab le  estimate of reef growth 
rates.  Bernard (1974) estimated that  sub- 
t ida l  oysters (C. g iga s )  in Er i t ish  Co1u~- 
bia only expend about 1G kcal /w2/yr on 
shell  production, This i s  equivalent to  
(30 kcallm 2/yr) f o r  oysters in the study 
area,  calculated by usins Eernard's data 
b u t  correct ins  f o r  bi onass differences 
between the two d i f fe ren t  populations, 
b!e suspect tha t  t h i s  estimate i s  much too 
low. The ra te  cf predation on oyster 
reefs i s  discussed in Section 3.4. 

Energy Budget Summary 

An energy budget f o r  reef oysters i s  
presented in the following paragraphs, and 
the rationale and values fo r  the terms of 
the equations are discussed. Because of 
the method used in estimating net produc- 
tion [ P ( , e t ) ]  in the studies discussed 
above, we are  inc? ined to  agree with the 
conclusions o f  the Georgia study. Charac- 
t e r i  s t i c a l  ly,  net secondary production of 
reef oysters i s  law i n  the tipper portion 
of high reefs and large oysters are qui te  
old, perhaps even 5 to 10 years or more. 
i n  these reefs,  somatic growth i s  balanced 
by mortali ty.  In lower " " i~a tu r e "  reefs ,  
P( , , t \  i s  undoubtedly signifscant.  Because 
the S b u t h  Atlantic Bl'ght includes large 
areas of low " i~mature"  ree fs ,  especially 
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Figure A-5. Reef oyster height-frequency ref a t i o n s h i  p and curnu'! ative biomass 
curves. 



Table 8-2. Co~parison of two se t s  of oyster ree f  a 
energy parameters collected within the study area.  

Sources 
Bahr (1974, 1976) Dane (1976) 

Paran~e t e r  Georgia South Carol ina 

gd 5,000 ( to ta l  oysters)  2,050 (meat) 

2 a ~ l  1 f dgures unless otherwise noted represent kcal/m (rounded). 

'1ncludes growth, mortal i ty ,  and gonadal products. 

C Minimum P from "old" h i g h  reef ,  maxinun P from "young" law reef, 

d5 = bionass. 

2 'F = oyster frequency ( #  /m ), 



POTENTIAL 

22052 Kcal 

GAMET 
2% 

502 Kcal 

NOT RETAINED 

89% 

I 
% - 503 Kcal 

1515 Kcal 
7% 

DEPOSITED 

EXCRETION 
.05% 

10 Kcal 

Fic_\ure A-6. Schenratic r ep re sen t a t i on  o f  percentage d l  s;ributiori  o f  poter i t ia?  
food expressed i n  k i l o c a l o r i e s  f o r  1 -year  per iod ir, 1 nlL af sub t ida l  
Crassos t rea  ass - populat ion (adapted fron: Berntird 1 9 7 4 ) .  



in  South Carolina, we wi l l  assume the 
Plnet)  of 1,000 kcal/m 2/yr i s  a conserva- 
t i v e  estimate. 

The ingestion r a t e  ( I )  of a reef pop- 
ula t ion,  as expressed by the  'Yunctional ly 
average" 60-mm oyster ,  approximates the  
a b i l i t y  of oysters in the  population t o  
f i l t e r  about 100 ml of water per minute 
(extrapolated from values reported by 
Walne [I9721 f o r  C. j i g a s  of the same 
height) .  The feeding experiments by Walne 
were carried out a t  temperatures approxi- 
mating the median level f o r  our study area 
(19" C). During one day (12 hours of pump- 
ing time), the oysters occupying a typical  
square meter of reef could f i l t e r  288,000 
l i t e r s  of water (4,000 oysters x 0.1 l i -  
ter/min x 12 hr x 60 min). With an aver- 
age POC load of 0.01 g / l i t e r  assumed (Odum 
and de la  Cruz 1967), t h i s  would equal a 
potential  maximum ingestion r a t e  of 300 
gC/m2/day, or  1 x 106gC/m2/yr (5 x 106 
kcal/m2/yr) i f  the oysters f i l t e r e d  a t  
700% eff ic iency.  I f  f i l t r a t i o n  i s  40% 
e f f i c i e n t  (Haven and Morales-Alamo 19701, 
ingestion of organic carbon would occur a t  
the ra te  of about 2 x lo7 kcal/m2/yr. Only 
a small f ract ion of th i s  carbon would be 
assimilable,  however. The remainder would 
be egested and biodeposi ted as feces o r  
pseudofeces, o r  excreted as organic n i t ro -  
gen. Mathers (1974) reported tha t  large  
oysters of the species C. angulata could 
completely f i l t e r  water a t  the. '  r a t e  of 
54 ml/g (wet wt) /hr  or  about 0.45 l i t e r / g  
(afdw)/hr . This t r ans la tes  t o  about 
2 x fOhgC/m2/yr o r  1.0 x lQ7 kcal/m2/yr 
f o r  reef oysters,  twice the est imate of 
Walne (1972). These two estimates i l l u s -  
t r a t e  the approximate nature of t h i s  meas- 
urement, 

Egestion, excretion,  and pseudofecal 
production ( E )  by reef oysters can be 
expressed in terms of a reef population of 
60-m oysters.  Bernard (1 974) reported 
t h a t  large specimens of G. 2 i a a s  ( % 10 g 
dry w t  of meat) produced about 5.9 x l o 4  
kcal per oyster per year as biodeposits. 
I f  an extrapolation were made t o  the  50-mm 
reef oyster (dry rneat weight = 0.18 g) ,  we 
cculd c$cse rvz t i  ve?y  ?redf c t  t h a t  f t xou: d 

biodeposi t the  equivalent of 1,000 kcal/ 
y r ,  o r  4 x lo6 kcal/m2/yr f o r  the e n t i r e  
oyster population. I f  one judges by the  
estimated maximum ingestion r a t e ,  however, 
(see  above) t h i s  est imate i s  equal t o  80% 
of in es t ion,  implying a 20% ass imila t ion 
r a t e  TA = 1 - E ) .  This est imate may be high 
because only a small portion of the  t o t a l  
of a l l  ingested carbon can be assimilated 
by oysters.  

Of the terms in Equation ( I ) ,  respi-  
ra t ion ra tes  ( R )  a re  best known f o r  reef 
oysters.  Bahr (1974, 1976) calculated t h a t  
the reef oyster population accounted f o r  
approximately 48% of the  mean oxygen up- 
take of the t o t a l  reef community, or  about 
3,900 g02/.m2/yr. This est imate was derived 
by cornbin1 ng individual oyster respi rome- 
t r y  experiments (carr ied  out seasonally a t  
ambient temperatures and on d i f fe ren t  
sized animals) with the  re la t ive  propor- 
t ion of the  reef oyster biomass repre- 
sented by each s i z e  c lass .  

From data reported by Dame (1970) and 
Bahr (1974), the following equation de- 
scr ibes  the re la t ionship  between oyster  
oxygen uptake and biomass a t  the  approxi- 
mate median water temperature i n  the study 
area (20" C). 

where Y = mg O 2  used per hour and 
X = t o t a l  afdw 

Solving t h i s  equation fo r  a function- 
a l l y  typical oyster of 0.25 g afdw, one 
would predict  tha t  a s ing le  oyster would 
consume 0.20 mg 02/hr.  When this f igure  i s  
multiplied by 12 hours of inundation time/ 
day, 365 days/yr, and 4,000 oysters/m2, 
the resu l t ing  estimate of oxygen require- 
ments i s  3,500 g 02/m2/yr, very c lose  t o  
the above estimate of 3,900 g 0.z/m2/yr 
(Bahr 1974)" 

The f ina l  estimates of the parameters 
in  the energy budget Equation (1) are  pre- 
sented i n  Sect ion 2.5 and i l l u s t r a t e d  in  
Figure 12. 
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