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PREFACE 

This repor t ,  one of a se r ies  of community profiles produced by the Fish and 
Wildlife Service, synthesizes sc ien t i f i c  l i t e r a t u r e  and data on the eelgrass 
community of the Atlantic coast from North Carolina t o  Nova Scotia. I t  i s  one 
of several profiles in the se r ies  to  deal with seagrass communities and 
complements a published profile on the seagrasses of South Florida 
(FWS/OBS-82/25) and profi 1 es  being prepared on seagrasses of the Pacific 
Northwest and the northeast Gulf of Mexico. 

Eel grass, Zostera marina, dominates the ecologically important b u t  f r ag i l e  
seagrass communities =the eas t  coast of the United States from North 
Carol ina  to Nova Scotia. Grasslike leaves and an extensive root and rhizome 
system enable eelgrass to  ex i s t  in a shallow aquatic environment subject t o  
waves, t ides ,  and shif t ing sediments. 

Eel grass meadows a re  highly productive, frequently rivaling agricultural  
croplands. They provide she1 t e r  and a rich variety of primary and secondary 
food resources and form a nursery habitat  fo r  the l i f e  history stages of 
numerous fishery organi sms. The leaves absorb and release nutrients;  provide 
surfaces for attachment; reduce water current velocity,  turbulence, and scour; 
and promote accumulation of detr i tus .  Rhizomes provide protection for benthic 
i nfauna and enhance sediment stabil  i ty.  Roots absorb and re1 ease nutrients t o  
i n t e r s t i t i a l  waters. 

Because of the i r  shallow, subtidal existence, seagrasses are susceptible t o  
perturbations of both the water column and sediments. Eelgrass meadows are  
impacted by dredging and f i l l  ing , some commercial fishery harvest techniques, 
modification of normal temperature and s a l i n i t y  regimes, and addition of 
chemical wastes. Techniques have been devel oped to  successful 1 y restore 
eel grass habi ta ts ,  b u t  a ho l i s t i c  approach to  planning research and 
envi ronlnental ly related decisions i s  needed t o  avoid cumulative envi ronnental 
impacts on these vi ta l  nursery areas. 

Questions or comments concerning th i s  publication or others in the prof i le  
se r ies  should be directed to the following address. 

Information Transfer Special i s t  
National Coastal Ecosystems Team 
U.S. Fish and Wildlife Service 
NASA Sl idel 1 Computer Complex 
1010 Gause Boulevard 
Sl idel 1 , LA 70458 
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CHAPTER 1 
INTRODUCTION 

1.1 TAXONOMIC P O S I T  I O N  AND ADAPTAT I O N S  OF 
SEAGRASSES TO A SHALLOW MARINE EXIST- 
ENCE 

Two f a m i l  i es ,  12 genera, and 47 spe- 
c i  es o f  monocotyledonous angiosperms have 
s u c c e s s f u l l y  r e t u r n e d  t o  t h e  sea t o  l e a d  
an almost t o t a l l y  submerged ex is tence .  
These submerged F lower ing p lants,  which 
complete t h e i r  e n t i r e  f i f e  c y c l e  i n  
seawater, e x h i b i t  bo th  v e g e t a t i v e  and 
sexual  rep roduc t ion .  T h e i r  ab i  1  i t y  t o  
f l o u r i s h ,  f u n c t i o n  success fu l l y ,  and com- 
p e t e  w i t h  o t h e r  p l a n t s  i n  t h e  sha l l ow  
mar ine  environment i s  man i fes ted  i n  t h e i r  

widespread d i s t r i b u t i o n  throughout the  
wo r l d  (F i gu re  1 ) .  I n  f a c t ,  t h e r e  are few 
p a r t s  o f  t h e  w o r l d ' s  shal low coas ta l  zone 
where one o r  more species o f  submerged 
aqua t i c  angiosperms does not  grow (den 
Hartog 1970). I n  a d d i t i o n  t o  t he  t r u e  
seagrasses, o ther  submerged angiosperms 
have adapted t o  s a l i n e  cond i t i ons ,  exh i -  
Sttin2 wide ~ 3 l i n i t y  range$ and o f t e n  
c o e x i s t i n g  w i t h  seagrass species i n  
e s t u a r i n e  environments. 

Our sub jec t  species, Zostera marina L., 
o r  ee lg rass ,  and o t h e r  seagrasses possess 
two n~o rpho log i ca l  adaptat ions t h a t  a re  

F i g u r e  I. Major  geographic  d i s t r i b u t i o n s  of genera of seagrasses: Zostera ( \\\ ) , 
p o s i d o n i a  3 ,  Tha lass ia  and Ha loph i  13 ( ) C~modocea (&) , and mixe3 Syringodium, 
Tha lass i a ,  Enhalus, Halodule, o ~ c y m o d o c e a  (PI!). ( M o d l f i d - f r o m  Thayer e t  a l .  1979.) 



unique f o r  submerged marine p lan ts  and 
t h a t  enable them t o  e x i s t  i n  an aquat ic  
environment subject  t o  wave and t i d a l  
ac t i on  and s h i f t i n g  sediments. These 
fea tures  are 1 inear,  grass-1 i ke leaves 
(Figure 2) and an extensive r o o t  and r h i -  
zome system (Figure 3). I n  comnon w i t h  
t h e i r  t e r r e s t r i  a1 re1 a t  i ves, seagrasses 
a lso have a funct ional  vascular system. 

The leaves of most submerged aquat ic  
p lan ts  possess adaptations t o  f a c i l i t a t e  
l i g h t  penetrat ion, d i f f u s i o n  o f  gases, and 
buoyancy. The leaves and stems o f  most 
species general ly  are th in ,  have an exten- 
s i ve  system o f  lacuna1 a i r  spaces, and 
possess reduced s t r u c t u r a l  t i s s u e  (F igure  
4). D i f f u s i o n  o f  gases and n u t r i e n t s  i s  
enhanced by t h i n  ce l l u lose  wa l l s  o f  epi- 
dermal, mesophyl 1 , and c o r t i c a l  ce l l s .  

A 1  though ch lorop las ts  e x i s t  throughout t he  
u n d i f f  e r e n i i  ated 1 eaf nessphyl 1 and outer  
cor tex o f  the  stem, t h e  epidermal layer  o f  
seagrass leaves, 1 i k e  t h a t  o f  many shade- 
adapted t e r r e s t r i a l  p lants,  possesses h igh 
concentrat ions o f  ch lo rop las ts  and i s  the  
p r i n c i p a l  s i t e  o f  photosynthesis 
(Sculthorpe 1967). Th is  pigment d i s t r i b u -  
t i o n  i s  important t o  the  a b i l i t y  o f  these 
p lan ts  t o  grow and su rv i ve  i n  t u r b i d  
coastal es tuar ies  c h a r a c t e r i s t i c  o f  tem- 
perate areas. 

The primary func t i ons  o f  the  extensive 
root-rhizome system o f  seagrasses are t o  
anchor the  p l a n t  and t o  absorb nu t r i en ts  
from i n t e r s t i t i a l  waters o f  the  sediment. 
Longi tudinal  s c l  erenchyma and c o l  1 enchyma 
f i b e r  bundles throughout t he  inner and 
outer cor tex (F igure  5 )  provide both 

F igure  2. Zostera marina leaves. 

2 



mechanical support and absorptive t i  ssues. 
The lacuna1 system or r;ne ruotb at14 rhi- 
zomes are continuous with that  of the stem 
and leaves. Numerous investigators have 
shown opposing gradients in oxygen and 
carbon dioxide concentrations in submerged 
angiosperms, with oxygen decreasi ng From 
the leaves to the roots. This observation 
suggests that  the root-rhizome system 
derives i t s  oxygen supply from photo- 
synthetic act ivi ty  of the leaves and 
steps, the  aas diffusing t o  the roots 
through t h e  lacunar system o t  t n e  p;di:t 
(Penhale and Wetzel 1983). The extensive 
nature of t h i s  lacunar system permits sub- 
merged seagrasses t o  anchor oxygen- 
requiring roots in anaerobic sediments. 

Figure 3. Zostera marina root-rhizome 
complex. 

Figure 4. Drawing of a transverse section 
th rough  an  eelgrass leaf  ( A )  and d e t a i l s  
o f  the  mid-vein ( 8 )  and mesophyll (C). 
(Redrawn from Tom1 i nson 1980. ) 

Partly because of these features o f  t h e  
r x t - p h i  mrnp camolex. seagrasses have heen 
able to  colonize successfullv I n  aimosr 
liquid mud IRuppia mari t i m a  -and Loqtera 
marina 1 and i n  r % ~ r - ~ F & t ,  i ddl--i;k:-i 
m o s p a d i  x sp.) ,  -- 

1 .2  SEAGRASSES OF THE TEMPERATE ATLANTIC 
COASTAL ZONE OF THE UNITED STATES 

Apart from the natural is ts '  obser- 
vations and  concerns voiced Uu; 
"wasting disease" epC sode early th i s  cen- 
tury (see Section 1 . 3 )  few reqearch 
papers on the ecology of tenperate 
seagrasses are dated prior to  1410. '44th 
the promulgation of NEPA (National 
Environmental Policy A c t )  i n  1969, the 
impetus to study eelgrass syqtents f n  

Figure 5. Longitrrdinal sections o f  wl- 
grass root ( 1 e f  tJ  and corresponding cross- 
sec t iona l  views ( r i g h t ) .  Letters rcfcr t o  
relative distance f rom root t i p  i R j .  
(Redrawn from Conover 1964.) 



. ~sponse  t:, suspected environmental 
impacts was establ ished. The establ ish- 
ment of NEPA was coincident w i th  the 
per iod o f  vigorous repopul a t ion  by 
eel grass a f t e r  the  "wasting disease" 
(Sect ion 1.3). Widespread, system-level 
research began on ly  a f te r  the U.S. 
Government began t o  show in te res t  i n  the 
seagrass system through National Science 
Foundation grants  i n  the  1970's. Our com- 
munity p r o f i l e  focuses on seagrass eco- 
systems dominated by eelgrass, Zostera 
marina L., along the  temperate A t l an t i c  
coast of N o r t h  America. Two other spe- 
cies, Ha lodu le  w r i  h t i i  Ascherson (Cuban 
shoal g ~ r a n h a  maritima L. 
(widgeon grass) ,  a lso occur along t h i s  
coast1 i n e  and are discussed b r i e f l y .  

To t h e  casual observer there i s  l i t t l e  
morphological  d i f f e rence  between the three 
species. I n  fac t ,  p r i o r  t o  the mid- 
sevent ies t h e r e  were few reports of the 
occurrence o f  Halodule i n  North Carolina, 
where i t  now occurs i n  considerable abun- 
dance. T h i s  species may have been present 
and m i s t a k e n l y  recorded as a narrow form 
o f  Zos te ra  o r  Ruppia. The astute 
observer, however, readi  l y  dist inguishes 
the t h r e e  species by leaf  morphology 
(F igure  5 )  and rhizome colorat ion. The 
w id th  o f  eelgrass leaves normally i s  1.5 
t o  3.0 mm (a l though there  are ecological 
v a r i a n t s )  while the width o f  shoalgrass 

Ruppia - 
Halodule 
_C 

Figure 6. Sketches of Zos te ra ,  Halodule, 
and R u p p i a  l e a f  t i p s  showing the  major  
d i  f ference s among these genera. 

and widgeon grass leaves range from 0.3 t o  
1.0 mm. The l e a f  t i p  i s  roundsd i n  
eel  grass, 1 ancel a te  i n  widgeon grass, and 
b icusp ida te  i n  shoalgrass. F i n a l l y ,  t h e  
l i v i n g  rhizome i s  brown i n  Zostera but  i s  
l i g h t e r  colored f o r  both other  species. 

Geographic Data SourceslPhysi ca l  
Boundaries 

The ove ra l l  range o f  eelgrass along 
the  North American east coast i s  from 
approximately 33" t o  65' N l a t i t ude ,  a 
d is tance o f  about 3,090 km. For our pur- 
poses, t h e  range o f  eelgrass a long t h e  
east coast may be represented by (1) Nova 
Scot ia  t o  the U.S./Canadian border, ( 2 )  
t he  U.S./Canadian border t o  t h e  Hudson 
River, (3) t he  Hudson River  t o  t h e  
V i r g i n i  a-North Carol ina border, bu t  p r i -  
m a r i l y  t h e  enclosed waters o f  t h e  New 
Jersey B a r r i e r  Is lands and Chesapeake Bay, 
and (4 )  t he  Carolinas, espec ia l l y  t h e  
sounds and bays landward o f  t h e  Outer 
Banks (Figure 7). 

Throughout t h i s  range, eelgrass i s  t h e  
dominant species o f  submerged aquat ic  
marine vegetation. This species success- 
f u l l y  i nhab i t s  areas t h a t  have sediments 
ranging from s o f t  mud t o  coarse sand 
substrates, average s a l i n i t i e s  o f  10% t o  
30 a/oo ,  and a wa te r  temperature range 
from less  than 0°C t o  greater  than 30°C. 
On the east coast o f  t he  Uni ted States 
alone, annual mean temperatures from n o r t h  
t o  south range from 7.2" t o  17.6"C. The 
average minimum temperature a t  t h e  
nor thern extent  o f  t h e  range of eelgrass 
may be -11.3"CY whi le  the average maximum 
temperature a t  t he  southern l i m i t  may be 
31.6"C. The occurrence o f  mean w in te r  
temperatures o f  we1 1 below f r e e z i n g  over 
much o f  i t s  d i s t r i b u t i o n  means t h a t  
eelgrass ex i s t s  i n  o r  under sea i c e  p a r t  
o f  t h e  year. I n  the Carolinas, sea i c e  i s  
n o t  a regu lar  fea ture  o f  the  eelgrass 
environment . 

Incoming so lar  r a d i a t i o n  ( i n s o l a t i o n )  
over a 30-year per iod averaged from 373 
langleys ( L )  m-2 day-I a t  t h e  southern end 
o f  eelgrass d i s t f i bu t i f n  i n  t he  Carol i nas  
area t o  285 L m- day' i n  t h e  New England 
area (75% of the southern maxima) 
(B lodget t  1980). A t  t he  nor thern l i m i t  of 
eelgrass d i s t r i b u t i o n  ( c i r c a  65" N l a t ) ,  



F i g u r e  7. Diagram o f  t he  e a s t  coas t  o f  
Nor tn  America showing major  p rov inces  o f  
ee l g rass  occurrence. 

i n s o l a t i o n  va lues may be as low as 15% o f  
i n s o l a t i o n  a t  t h e  southern l i m i t  o f  
ee l g rass  d i s t r i b u t i o n  i n  t h e  Caro l inas .  

L i g h t  a v a i l a b i l i t y  appears t o  be t h e  
p r ima ry  f a c t o r  l i m i t i n g  b o t h  depth and up- 
es tua r y  p e n e t r a t i o n  o f  ee lg rass  w i t h i n  i t s  
temperature and s a l i n i t y  ranges. Research 
on t h e  p r o d u c t i v i t y  o f  ee lg rass  as a func-  
t i o n  o f  i n s o l  a t i o n  and avai 1  ab i  1  i ty o f  
p h o t o s y n t h e t i c a l l y  a c t i v e  r a d i  a t  i o n  (PAR) 
(see Chapter 2 ) ,  as w e l l  as research  on 
changes i n  s t and ing  c rops  o f  eelgrass, 
g e n e r a l l y  suppor t  t h e  hypothes is  t h a t  
l i g h t  a v a i l a b i l i t y ,  which i s  a  f u n c t i o n  of 

i n s o l a t i o n  and water c l a r i t y ,  i s  a  p r ima ry  
1 i m i  t i  ng f ac to r .  For  example, Backman and 
B a r i  l o t t i  (1976) reduced ambient 1  i g h t  f o r  
9  months by 63% and ee lg rass  d e n s i t i e s  
r e l a t i v e  t o  c o n t r o l s  were reduced by  95%. 
Nienhuis  and deBree (1977) r e p o r t e d  an 
inc rease  i n  bo th  ee lg rass  d e n s i t y  and 
depth d i s t r i b u t i o n  when a Nether lands 
e s t u a r i n e  system was c losed  o f f  f rom t h e  
sea. They suggested t h a t  t h i s  was t h e  
r e s u l t  of increases i n  o v e r a l l  water  
t ransparency. 

The depth d i s t r i b u t i o n  o f  ee l  grass on 
t h e  eas t  coast  a l so  has a range p ropor -  
t i o n a l  t o  t i d a l  ranges c h a r a c t e r i s t i c  o f  
i n d i v i d u a l  geographic reg ions.  Davies 
(1964) and Hayes (1975) used t i d a l  ranges 
t o  cha rac te r i ze  coas ta l  morphologies, and 
recognized t h r e e  d i s t i n c t i v e  t ypes  o f  
c o a s t l i n e  on t h e  eas t  coast  on t h e  b a s i s  
of t i d a l  ranges and associ  a ted morpholog i -  
c a l  fea tu res  (F i gu re  9). T ida l  ampl i t u d e  
ranges f rom about 1  m a t  t h e  southern 
boundary o f  ee lg rass  d i s t r i b u t i o n  up t o  8 
m i n  t h e  Canadian Mar i t imes.  A l though 
l o c a l  v a r i a t i o n s  i n  coas ta l  geomorphology 
may cause t i d a l  ampl i tudes g rea te r  than  
those found f a r t h e r  nor th ,  t h e  o v e r a l l  
g r a d i e n t  i s  one of i n c reas i ng  t i d a l  ampl i- 
tude  f r om  south t o  nor th .  From t h e  
Caro l  i nas  t o  t h e  midway p o i n t  of area 3 
(F i gu re  7), t h e  c o a s t l i n e  g e n e r a l l y  i s  a  
m i c r o t i d a l  r e g i o n  (F i gu re  8). I n  t h e  
upper p o r t i o n  o f  area 3 (New Jersey o u t e r  
banks and gene ra l l y  n o r t h  o f  Delaware Bay) 
up t h e  U.S./Canadian border  (a rea  31, t h e  
t i d a l  range i s  gene ra l l y  meso t ida l .  
Northward through Nova Scot ia ,  meso- and 
mac ro t i da l  systems a r e  in te rspersed .  

Halodule w r i g h t i i ,  shoalgrass, i s  a  
p a n t r o p i c a l  species (F i gu re  1 ) which grows 
over a  t i d a l  range s i m i l a r  t o  t h a t  f o r  
ee l  grass, except t h a t  shoalgrass com- 
muni t i e s  extend i n t o  t h e  upper i n t e r t i d a l  
zone and f r e q u e n t l y  are exposed a t  low 
t i d e .  I n  Nor th  America, shoalgrass occurs  
throughout  t h e  Gu l f  o f  Mexico and n o r t h  
f rom t h e  A t l a n t i c  coas t  o f  F l o r i d a  t o  
Nor th  Caro l  i na. I n  Nor th  Ca ro l i na ,  
shoalgrass occurs i n  areas s i m i l a r  t o  
eelgrass, b u t  i t  dominates i n  l a t e  summer 
and e a r l y  f a l l  whereas ee lgrass dominates 
i n  w i n t e r  t o  e a r l y  summer (Kenworthy 
1981). Shoal grass r e p o r t e d l y  i s  t h e  most 
t o l e r a n t  o f  a l l  t h e  seagrasses t o  tem- 
pe ra tu re  and sa l  i n i  t y  v a r i a t i o n s  (McMi 11 an 



Figure 8. Variations of morphology of coastal-plain shorel ines with respect  to  
differences in tidal ranges. (Redrawn from Hayes 1975.) 

and Moseley 1967). Since i t  i s  one of the 
few seagrasses t h a t  can tolerate extended 
exposure to a i r  a t  low tides, shoalgrass 
frequently occurs in shallow waters on  
spoil banks and nearshore areas. Trocine 
et a1 . (1981 ) have shown that Halodule has 
greater tolerance t o  UV-6 radiation be- 
tween 290 and 320 nannometers t h a n  several 
other species, and this  capability may 
a1 low the species to exist intertidally. 

Ruppia maritima, widgeon grass, i s  the 
third species present in the geographic 
area thi s prof i 1 e addresses. Widgeon 
grass i s  not considered a true seagrass 
but a freshwater angiosperm that has a 
pronounced salinity tolerance (Zieman 
1982). This species i s  both eurythermal 
and euryhaline and i s  able to successfully 
complete i t s  l i f e  cycle over a salinity 
range of 0-45 o/oo (Phillips 1974b). Like 
eel grass, widgeon grass depth distribution 
appears limited by available light. 
Congdon and McComb (1979) noted that in an 
Austral ian estuary reduction of ambient 
light levels resulted in a reduction of 

Except in North Carolina where the 
three species co-occur, seagrass com- 

muniti es are composed of eel grass and 
widgeon grass, usually in pure stands or 
occasionally in mixed stands. Throughout 
i t s  temperate range on the Atlantic coast, 
widgeon grass grows almost exclusively in 
brackish water and trequently in low sa- 
l ini ty pools in s a l t  marshes. Eelgrass, 
on the other hand, dominates the mid- to 
high-sal ini ty ranges. In upper Chesapeake 
Bay, Anderson (1970) noted that where 
widgeon grass and eelgrass are dominant 
they grow in mutually exclusive popula- 
tions, a1 though more recently Boynton and 
Heck ( 1982), reported occurrence of mixed 
beds. Mixed meadows with distinct zona- 
tion patterns are characteristic of the 
lower Chesapeake Bay (Penhale and Wetzel 
1983). 

In North Carolina one can find rela- 
tively pure stands of seagrasses as well 
as extensive meadows composed of both 
eelgrass and shoal grass (Kenworthy 1981 1 
and occasionally of a l l  three species. 
Eelgrass i s  dominant in winter and early 
summer and shoalgrass i s  dominant in late 
sumer and fa1 1. Because of th is  bimodal 
seasonal distribution of dominance, the 
coexistence of both species in a mixed 



stand provides a continuous cover o f  vege- 
t a t i o n  throughout most o f  the year. 

1.3 EELGRASS "WASTING DISEASE" 

The observations o f  Petersen (1891) 
and Ostenfe ld (1905) i n i t i a t e d  a per iod of 
r e l a t i v e l y  i ntense ecological  surveys on 
eelgrass i n  Europe, p a r t i c u l a r l y  i n  Danish 
waters. I n  1918, Petersen summarized t h e  
bulk o f  the  Danish work and synthesized a 
t roph i c  model o f  the Kat tegat  region o f  
Denmark based almost exc lus i ve l y  on the  
production o f  eelgrass (1 i t t l e  s c i e n t i f i c  
in fo rmat ion  was ava i l ab le  a t  t h a t  t ime on 
phytoplankton production). H is  model, 
which postu lated t h a t  cod and p l a i c e  were 
dependent on the  eelgrass community f o r  
food resources, was put  t o  t h e  t e s t  i n  t h e  
1930's dur ing  and f o l l o w i n g  a na tura l  
catastrophy t o  eel grass populat ions along 
most o f  t he  A t l a n t i c  coast. 

Even w i t h  t he  p u b l i c a t i o n  of t he  
hypothesis o f  Petersen, very l i t t l e  
research on the ecology o f  seagrasses was 
c a r r i e d  out  i n  North America p r i o r  t o  
about 1940. Only a f t e r  t he  near ly  
catastrophic dec l ine  i n  eelgrass stocks 
over most of i t s  range along the  A t l a n t i c  
Ocean i n  Europe and North America i n  1931 
and 1932 d i d  ee lg rass  systems again became 
a focus o f  research. T u t i n  (1942) 
reported t h a t  between 1930 and 1933 t h e  
"wasting diseasett, as i t  has been termed, 
had resu l ted  i n  t he  des t ruc t i on  o f  90% o f  
a l l  eelgrass throughout i t s  range i n  t he  
A t l an t i c .  Perhaps no one natura l  event 
has centered so much a t t e n t i o n  on a marine 
ecosystem type. 

The demise o f  eelgrass resu l ted  i n  an 
upsurge i n  s c i e n t i f i c  research i n  both 
North America and Europe t h a t  centered on 
d iagnost ic  evaluat ions o f  changes i n  t h e  
p l a n t  and on attempts t o  t r a c e  down i t s  
cause. Much o f  the  research was natura l  
h i s t o r y  observations and genera l ly  lacked 
q u a n t i t a t i v e  informat ion.  These obser- 
vations, together w i t h  studies on t h e  
decl i ne of associated faunal populat ions, 
p a r t i c u l a r l y  those r e l a t e d  t o  f i she r ies ,  
provoked emotional responses t h a t  may even 
be heard today. 

The cause o f  t h e  massive dec l ine  
remains unresolved. I n i t i a l l y  

Laoyri  nthu i a macrocyst i s was suspected as 
t he  c a u s i t i v e  agent s ince it was found 
associated w i t h  dy ing eelgrass blades 
(Renn 1934 and many others) .  Th is  orga- 
nism o r i g i n a l l y  was considered a s l ime 
mold bu t  i s  now l i s t e d  i n  t h e  phylum 
Gymnomyxia, subphylum Laby r in thu l i na  
(Lindsay 1975). Labyr in thu la  i s  a 
saprophyte t h a t  apparently penetrates 
eelgrass leaves on ly  as the  leaves become 
moribund (Porter  1967). Further, 
Labyr in thu la  i s  found commonly associated 
w i t h  heal t h y  stocks o f  eelgrass (Young 
1938; Por te r  1967; Phi 11 i p s  1972). 
Bacteria, fungi,  commercial harvest ing o f  
f i s h e r y  organisms, po l l u t i on ,  and com- 
pet ing  species have been imp1 i ca ted  as 
possib le caus i t i ve  agents i n  t h e  decl ine, 
but  they have never been conc lus ive ly  
shown t o  have cont r ibu ted t o  t h e  'wasting 
d i  sease" event. More recent ly ,  Rasmussen 
(1973, 1977) presented evidence t h a t  t he  
d e t l i n e  i n  Denmark (and poss ib ly  
elsewhere) was associated w i th  a per iod  o f  
warm summers and except iona l ly  m i l d  win- 
te rs .  Whatever t h e  cause, there  i s  l i t t l e  
doubt t h a t  t h e  massive dec l ine  o f  eelgrass 
hadt both geomorphol og i ca l  and b i o l o g i c a l  
consequences. Rasmussen (1973, 1977) 
discussed both aspects i n  d e t a i l .  The 
most obvious e f f e c t s  were those associated 
w i t h  sedimentary and cur ren t  regimes. 
A f te r  an eel  grass meadow d i  sappeared, t he  
substrate became coarser, depending on the  
prevai 1 i ng cur rent  regime, and long, per- 
manent sandbars b u i l t  up. Sandy beaches 
t h a t  once had been protected by eelgrass 
became rocky slopes (F igure  9). I n  addi- 

F igure 9. Typ ica l  s u b t i d a l - j n t e r t i d a l  
zonation before (upper) and a f t e r  t he  
dep le t ion  o f  eelgrass from Danish f j o rds .  
(Redrawn from Rasmussen 1973.) 



t j o n ,  deposi ts  of f i n e  muds, which were 
adjacent t o  t h e  eelgrass beds, 

changed from low oxygen, s u l f i d i c  oozes t o  
OX i d i  zed sediments. Sediments t h a t  had 
been domi nated by burrowi ng, deposi t -  
f eed ing  inver tebra tes  became dominated by 
e n c r u s t i n g  or foul ing,  f i l t e r - f e e d i n g  spe- 
c i e s  when there  was no longer p r o t e c t i o n  
p r o v i d e d  by eel grass meadows. 

S i m i l a r  changes may have occurred i n  
N o r t h  America. S tauf fe r  (1937, p. 429- 
430) s ta ted ,  "The disappearance o f  the mat 
of vegeta t ion  permit ted increased scouring 
and hence changes i n  composition o f  t he  
sediments. .. . I n d i r e c t l y ,  the  disap- 
pearance o f  the p l a n t  may have caused 
changes i n  the water c i r c u l a t i o n  i n  t he  
lagoon,  changes i n  the amount o f  d issolved 
oxygen, i n  temperature, and i n  pH. The 
r e 1  a t  i v e  importance o f  the physi cochemi ca l  
changes compared t o  the b i o t i c  changes 
rema ins  t o  be invest igated.. ." The r o l e  
o f  e e l  grass and seagrasses i n  general i n  
modi fyi ng sediment and cur ren t  pat terns,  
however, received 1 i t t l e  f u r t h e r  a t t e n t i o n  
u n t i l  t he  1970's. 

Along w i th  substrate modi f i ca t ions  
t h a t  r e s u l t e d  from the  loss  o f  t h e  
seagrass meadow came changes i n  t h e  faunal  
community. Near Woods Hole, 
Massachusetts, S tau f fe r  (1937) noted t h a t  
s p e c i e s  l i v i n g  on o r  among the  grass 
bF ades d i  sap peared and t h a t  ove ra l l  
s p e c i e s  abundance decreased. S im i l a r  
changes were not  reported t o  have occurred 
i n  Denmark (Rasmussen 1973, 1977). 

The m a j o r i t y  o f  l i t e r a t u r e  on fauna 
u t i  1  i z a t i o n  o f  eel grass meadows before the  
c a t a s t r o p h y  i s  q u a l i t a t i v e ,  but  there  i s  
consensus among the  s c i e n t i f i c  communi t~ 
t h a t  f i sher ies d i d  change, a1 though s lowly 
a t  f i r s t  (Thayer e t  a l .  1975b; Zieman 
1982). Whether t h i s  change was the  r e s u l t  
of a  l o s s  o f  food resources (e.g. fauna, 
ep iphy tes ,  and d e t r i t u s )  o r  refuge i s  
unknown, and present research e f f o r t s  are 
a t t e m p t i n g  t o  unravel the  many r o l e s  t h e  
System plays.  Commercial f i s h e r i e s  d i d  
n o t  d e c l i n e  t o  t he  degree pred ic ted  by 
P e t e r s e n ' s  (1918) ca lcu la t ions ,  y e t  Mi lne 
and M i l n e  (1951, p.  53) stated, perhaps 
Somewhat emotional ly, t h a t  the  eelgrass 
c a t a s t r o p h e  (which they equated w i t h  t h e  
B l a c k  Death o f  t he  1300's) undoubtedly 
caused a  major dec l ine  i n  f i s h e r i e s  

popul a t ions- - "F i  shermen found t h a t  t he  
abundance of cod, she1 l f  ish,  scal lops, 
crabs, and sea s tap les  f e l l  sharply." 
Dexter (1947) f u r t h e r  repor ted  t h a t  
lobs ters ,  eels, and mud crabs a lso 
dec l ined i n  abundance. 

I n  general , however, decl i nes i n abun- 
dance o f  species important  t o  major 
rec rea t i ona l  and/or commerci a1 f i she r ies ,  
i f  they occurred, cou ld  not  be recognized 
q u a n t i t a t i v e l y ,  except f o r  a  few species. 
For example, P a t r i q u i n  and Bu t l e r  (1976) 
repor ted  t h a t  res iden ts  o f  the  
Kouchi bouquac r e g i o n  o f  New Brunswick, 
Canada, observed no major d i f fe rences i n  
f i s h e r i e s  between the  per iods  o f  eelgrass 
presence and absence. Even though 
Petersen's c a l c u l a t i o n s  p r e d i c t i n g  la rge 
dec l ines  i n  f i s h e r i e s  d i d  not ma te r i a l i ze  
f o r  most rec rea t i ona l  and commercial popu- 
l a t i o n s  ( a t  l e a s t  w i t h i n  t h e  detect ion 
capabi 1 i t i e s  o f  rec rea t i ona l  and comer- 
c ia1  harvest  s t a t i s t i c s  o f  t h a t  time), two 
notable exceptions (one f o r  waterfowl and 
one f o r  a  f i s h e r i e s  species) have been 
documented. One was t h e  catastrophic 
dec l i ne  o f  t h e  A t l a n t i c  b rant  (Branta ber- 
n i c l a  hrota) ,  t h a t  f e d  a t  t he  timelmost -- 
exclus i ve l y  on eelgrass, and the  more 
l i m i t e d  dec l i ne  o f  t h e  Canada goose, 6. 
canadensis (Cottam 1934; Cottam e t  aT. 
1944; Cottam and Munro !954; den Hartog 
1977). The brant  pcpu la t i on  almost disap- 
peared f o l l o w i n g  t h e  dec l i ne  o f  eelgrass. 
The dec l i ne  i n  numbers a1 so coinc ided with 
a  pe r iod  of poor reproduct ive  success 
which may have con t r i bu ted  t o  reduced 
populat ions (Palmer 1976). The brant 
popu la t ion  d i d  no t  recover u n t i  1  t h e  ear ly  
19501s, a f t e r  which t h e  b r a n t ' s  d ie ta ry  
preference s h i f t e d  t o  widgeon grass and 
sea l e t t uce ,  Ulva lactuca.  With the  reap- 
pearance of eel  grass, however, there  has 
not  been a  concommitant r e t u r n  t o  an 
almost exc lus i ve  eel  grass d ie t .  

Catastrophic popu la t ion  decl ines also 
were documented f o r  t h e  bay scallop, 
Argopecten i r r a d i  ans, f o l l o w i n g  the 
dec l i ne  o f  eelarass. The sca l lop  depends 
on seaqrass b l i d e s  f o r  attachment o f  the 
post1 a&ae (Gutsel 1  1930; Thayer and 
S tua r t  1974; Fonseca e t  a l .  i n  press). 
The Say sca l l op  can use d e t r i t u s  derived 
f rom t h e  decay o f  eelgrass leaves 
(Kirby-Srni t h  1972; Kirby-Smith and Barber 
1974), ob ta in ing  up t o  30% o f  i t s  body 



carbon from d e t r i t u s  (Thayer e t  a l .  1978). 
Fol lowing t h e  "wasting d i  seasell, t he  
comnerci a1 harvest decl ined p r e c i p i t o u s l y  
i n  both North Carol ina and Chesapeake Bay 
(Table la,b), Populat ions i n  North 
Carol ina d i d  not  r e t u r n  t o  pre-"wasting 

Table l a .  Weight and value o f  shucked bay 
sca l lop  meats harvested i n  North Carol ina 
(Car tere t  and Onslow Counties) from 1880 
t o  1972, Taken f rom Thayer and S t u a r t  
(1974, Table 1). D o l l a r  values are f o r  
the  year i n  which the  catch was taken. 

Thousand Thousand Thousand Thousand 
Date pounds d o l l a r s  Date pounds d o l l a r s  

Table l b .  Weight o f  shucked bay sca l lop  
meats harvested from the  Delmarva 
Penlnsula area o f  Chesapeake Bay from 1928 
t o  1981. Taken from Orth and Moore 
(1982b, Table 4 . )  

Harvested sca l lops  
Year (kg  shucked meat) - 
1928 5,050 
1929 16,038 
1930 25,549 
1931 17,170 
1932 9,220 
1933 0 
1934 0 
1981 0 

disease" l e v e l s  until t h e  1960's (Thayer 
and Stuar t  1974) and have never re turned 
t o  commercially harvestable q u a n t i t i e s  i n  
t he  Chesapeake Bay (Orth and Moore 1982b). 

The absence o f  whole-scale decl ines i n  
coasta l  f i s h e r i e s  f o l l o w i n g  t h e  na tu ra l  
"wasting disease" catastrophe may have 
been a major cause f o r  the  20-year pe r i od  
o f  re1 a t i v e l y  i n a c t i v e  research on 
seagrass communities between 1950-1970, 
even though tne grass began t o  reco lon ize  
areas dur ing  t h i s  time. Eelgrass i n  s a l i -  
n i t i e s  less  than 12-15 o/oo apparently was 
immune t o  the  wasting disease and formed 
t h e  stocks f o r  eventual reco lon i za t i on  
(Rasmussen 1973). Rasmussen (1977) noted 
t h a t  extensive revegeta t ion  by eelgrass 
d i d  not become widespread u n t i l  a f t e r  1945 
and t h a t  f u l l  recovery took 30-40 years. 
I n  many areas the  seagrass s t i l l  has not  
re turned (e.g., seaside Chesapeake Bay). 

P r i o r  t o  the  1930's and s ince t h e  
per iod  o f  recovery, eelgrass and o ther  
submerged vascular p l  ant commyni t i e s  have 
exh ib i ted  osci 11 a t i ons  i n  abundance (Or th  
and Moore 1981 1, poss ib ly  i n  response t o  
environmental changes, both na tura l  and 
man-induced. Or th  and Moore (1981, 1982b) 
have documented changes i n  bedsize and 
d i s t r i b u t i o n  p r i o r  t o  and dur ing  t h e  
1930's and agd in  i n  the  1970's. They 
noted t h a t  the  decl ines i n  eelgrass i n  t h e  
1970's i n  Chesapeake Bay were more severe 
than t h e  dec l ine  i n  the 1930's "wasting 
disease" episode. They a lso noted t h a t  
recovery has been less.  Seagrasses have 
not  exh ib i t ed  these l a rge  o s c i l l a t i o n s  i n  
North Carol ina. Kemp e t  a l .  ( i n  press)  
s ta ted  t h a t  elsewhere i n  the  Chesapeake 
Bay more than 10 species o f  submerged 
aquatics have experienced s i g n i f i c a n t  
popu la t ion  and d i s t r i b u t i o n a l  decl ines: 
p r imar i  l y  Ruppia maritima, Potamogeton 
e r f o l i a t u s ,  P. pect inatus,  P. c r i s  us, -5- b %nericana, and T a n n ~ c h e l  a 

sp. ; a1 1 are freshwater-low s a l i n i t y  
p lants.  

With the  general recovery o f  eel grass 
a f t e r  t he  wasting disease, s c i e n t i f i c  
i n t e r e s t  i n  seagrass systems as major 
con t r i bu to rs  t o  t he  p r o d u c t i v i t y  and sta- 
b i  I i t y  o f  coasta l  marine ecosystems was 
renewed. Q u a n t i t a t i v e  evidence docu- 
menting the  o v e r a l l  importance o f  



seagrasses i n  e s t u a r i n e  and nearshore bac te r i a ,  f u n g i ,  meiofauna, m ic ro -  and 
mar ine systems has increased w i t h i n  t h e  macroalgae, macro inver tebra tes ,  and d e t r i -  
pas t  10 years. Evidence a l so  abounds t h a t  t us .  T o t a l  biomass o f  t h i s  e p i p h y t i c  corn-_ 
man does a l t e r  environmental  cond i t i ons ,  mun i t y  can exceed t h a t  o f  t h e  l e a f  ( H a r l i n  
both l o c a l l y  and glob all^, and t h a t  these  1980). The p r i m a r y  p r o d u c t i v i t y  of t h i s  
a l t e r a t i o n s  are hav ing an i n c r e a s i n g l y  component can be 20-35% of t h e  produc- 
de t r imen ta l  e f f ec t  on submerged aqua t i c  t i v i t y  o f  seagrass leaves  (Penhale 1977; 
macrophyte communities, f r equen t l y  caus ing Penhale and Smith 1977). Phytop lankton 
them t o  decrease i n  areas where i n d u s t r i a l  a1 so a re  p resen t  i n  t h e  water column, and 
o r  urban development has been extens ive.  macroal gae and mi c r o a l  gae a re  assoc ia ted 
Man can and does e x e r t  an i n f l uence  on w i t h  +he ~ ~ h g t r ~ t p .  
seagrasses (Thayer e t  a l .  1975b; Thayer 
e t  a l .  i n  press b; O r t h  and Moore 1981, 
1982b; Zieman 1982) which p o t e n t i a l l y  can Thus, a v a r i e t y  o f  p r ima ry  and secon- 
exact a toll on and dary  sources of o r g a n i c  carbon a r e  p resen t  

i n  these  communit ies t h a t  p r o v i d e  m u l t i p l e  
'Y Orga- .food resources for invertebrates and ver- 

nisms, a l though p o s s i b l y  on a sma l le r  
t eb ra tes .  No l ess  impo r t an t  i s  t h e  pro- than the two documented 
tection afforded by t h e  variety of living noted e a r l i e r .  
spaces i n  t h e  v e r t i c a l  and h o r i z o n t a l  

The processes assoc ia ted w i t h  t h e  s t r u c t u r e  o f  t h e  g rass  bed i t s e l f .  

growth and development o f  seagrays systems Together,  food and s h e l t e r  a f f o r d e d  by 

and t h e  c o n t r i b u t i o n  o f  these systems t o  seagrasses r e s u l t  i n  a complex and dynamic 

mar ine f i s h e r i e s  must be recognized by system t h a t  p rov i des  a p r i m a r y  nursery  

bo th  s c i e n t i f i c  and management sec to rs  o f  h a b i t a t  f o r  v a r i o u s  l i f e  h i s t o r y  stages o f  

our  populat ion.  Unless a h o l i s t i c  organisms t h a t  a re  impo r t an t  bo th  eco log i -  

approach t o  environmental  l y  r e l a t e d  c a l l y  and t o  commercial and r e c r e a t i o n a l  
f i s h e r i e s .  A l though  t h i s  bas i c  theme i s  planning decisions is the poten- common throughout much of t h e  seagrass t i a l  w i l l  con t inue  t o  e x i s t  f o r  man t o  be 

a major c o n t r i b u t o r  t o  1 arge-sca le e c o l o g i c a l  l i t e r a t u r e ,  n o t  a l l  seagrass 

environmental  changes comparable t o  t h e  systems p r o v i d e  e q u i v a l e n t  h a b i t a t  u t i  li- 
eelg rass  ca tas t rophe  i n  t h e  1930's. z a t i o n  p o t e n t i a l .  The d i f fe rences  e x i s t  

because l e a f  sur face area va r i es  by spe- 
c i es ,  t h e  bot tom area  covered b y  p l a n t s  

1.4 SEAGRASS MEADOWS AS ECOSYSTEMS v a r i e s  by  spec ies and season, and 
h y d r a u l i c  regimes may d i f f e r  (Thayer e t  

Worldwide, seagrass beds c o n s t i t u t e  a1 i n  Press b; and re fe rences  c i t e d  
one o f  t he  most conspicuous and common therein)- 
coas ta l  h a b i t a t  types,  f r e q u e n t l y  c o n t r i -  
b u t i n g  a l a r g e  p o r t i o n  o f  t h e  t o t a l  p r i -  Accompanying t hese  a t t r i b u t e s  of t h e  
mary p r o d u c t i v i t y  o f  t h e  ecosystem of seagrass ecosystem a r e  i n t e r a c t i o n s  be- 
which they a re  a p a r t  (Thayer e t  a l .  i n  tween t h e  grass meadow canopy, t h e  r oo t -  
press b) .  Under optimum c o n d i t i o n s  some rh izome complex, and t h e  aqua t i c  and 
seagrass species f i x  carbon a t  r a t e s  sedimentary  env i ronments t h a t  f u r t h e r  
equ iva len t  t o  o r  exceeding t h e  r a t e s  o f  enhance t h e  r o l e  and va l ue  of seagrass 
t h e  most i n t e n s i v e l y  farmed a g r i c u l t u r a l  ecosystems. The grass blades, by  e x e r t i n g  
crops. Organic ma t t e r  produced by drag f o r c e s  on t h e  o v e r l y i n g  water, reduce 
seagrasses i s  t r a n s f e r r e d  t o  secondary c u r r e n t  v e l o c i t y  w i t h i n  and across t h e  
consumers through t h r e e  pathways: her -  meadow (Fonseca e t  a l .  1982b). V e l o c i t y  
b i vo res  t h a t  consume l i v i n g  p l a n t  mat ter ,  r e d u c t i o n  promotes n e t  sed imenta t ion  of 
d e t r i t i v o r e s  t h a t  e x p l o i t  dead m a t e r i a l  i no rgan i c  and o rgan i c  m a t e r i a l  and reduce 
and i t s  associated microorganisms as par -  bo th  t u rbu l ence  and scour ing.  These p r o  
t i c u l a t e  o rgan ic  mat te r ,  and microorga-  cesses s i g n i f i c a n t l y  i n f l u e n c e  t r o p h i  
n i  sms t h a t  use seagrass-derived i n t e r a c t i o n s ,  d i s t r i b u t i o n  of f l o r  
p a r t i c u l a t e  and d i s so l ved  o rgan ic  com- fauna, and h a b i t a t  u t i  1 i z a t i o n  po ten  
pounds. Leaves o f  submerged angiosperms o f  these systems. The we1 l-deve1ope 
a l s o  p rov i de  a subs t r a t e  f o r  t h e  a t t ach -  roo t - rh izome complex enhances sedimen 
ment o f  e p i p h y t i c  organisms, i n c l u d i n g  s t a b i l i t y ,  absorbs i n o r g a n i c  n u t r i e n t  

10 



from interst i t ial  water in the sediments, 
and releases both inorganic and organic 
nutrients into the in ters t i t ia l  water. 
Leaves absorb nutri.ents from and excrete 
nutrients into the overlying water col umn. 
Therefore, these systems, where they are 
prevalent, modify mineral cycles of 
shallow water environments. 

Attributes of eel grass meadiids a:ofis 
the temperate Atlantic coast of North 
America are discussed in detail i n  the 
succeeding chapters. In addition t o  work 
on the east coast, we also draw upon per- 
t i  nent information from research on tem- 
perate seagrass elsewhere in the world, as 
we1 1 as research on tropical species. 



CHAPTER 2 
BIOLOGY OF ZOSTERA MARINA 

? .1 MORPHOLOGY 

Gross A n a t w  

Zostera marina L. i s  an angiosperm 
belo-to t h e m 1  1y Potamgetonaceae, 
whtch consfsts o f  several genera of both 
annual hnd ywcnn5hl aquatic plants (den 
Hartog 1970). The vegetative growth form 
o f  an ind iv idua l  p lant  consfsts o f  a 
rh1 route whtch bears 1 1 near strap-shaped 
leaves (usually 2-5 leaves per shoot) 
enclosed a t  the base i n  a sheath that  
f o m s  a stem-llke structure (Figure 10). 
Each leaf  has a basal merlstem produced 
dlchotonously on the rhlzome. The younger 
leaves are subtended by older leaves 
g iv ing the shoot a l a te ra l  l y  f la t tened 
appearance, fur each l e a f  there i s  a node 
and usually two bundles o f  unbranched 
roots. A rhlzome 1s formed from the 
elongation o f  the tnternodes which pushes 
the shoot through the sediment. 

Organl smrl and Cel l  Structure 

The f l n e  anatomical st ructure o f  the 
s t rap- l ike  leaves (Figure 4) i s  somewhat 
anodif fed from t e r r e s t r i  a1 plants. Cel ls  
have a mlnimum of  supporting structure, no 
stomata, very t h i n  c e l l  walls, and l i t t l e  
cu t icu lar  development (Sauvageau 1891 ). 
These features are an adaptation t o  t o t a l  
subirwrrqence. The leaves must be p l i a b l e  
i n  a vtscous f l h i d ,  and the t h l n  c e l l  
wails allow for  gas d i f f u s i o n  which i s  
gcaerall) two or  three orders o f  mgni tude 
slower I n  water than i n  a i r .  

C h l o ~ p l a 5 t s  arc rnost abundant i n  the 
epidermis which i s  the major s i t e  o f  
photosynthesis (Tomlinson 1980). This i s  

also an important adaptation t o  l i f e  
underwater. D i s t r i b u t i o n  o f  chloroplasts 
i n  the outer layer o f  the c e l l s  increases 
photosynthetic e f f i c iency  i n  a medium 
where l i g h t  i s  attenuated se lec t i ve l y  and 
qu i te  rap id ly .  

The chlorophyl l  concentrations i n  
leaves and the chlorophyll 2 to  b r a t i o  
are low r e l a t i v e  t o  other p lants  but  
s im i la r  t o  many aquatic species (Dennison 
1979). Under a given l i g h t  i n t e n s i t y  the 
absolute amount o f  chlorophyl l  i s  
re1 a t i v e l y  constant throughout the 1 eaf 
(Dennison and Alberte 1982), but the r a t i o  
of  chlorophyl l  2 t o  b declines from the 
t i p  o f  the l e a f  t o  the base (St i rban 
1968). There i s  very l i t t l e  ch lorophy l l  
i n  the sheath (Dennison 1979). 

Large, long i tud ina l  l y  extended 1 acunae 
f a c i l i t a t e  gas d i f f u s i o n  (Sculthorpe 1967; 
Toml inson 1980; Penhale and Wetzel 1983). 
When f i l l e d ,  the lacunae help maintain the 
erect  pos i t i on  of  the leaves thereby 
increasing the e f f i c i e n c y  o f  l i g h t  
intercept ion i n  a d i f f u s e  l i g h t  f i e l d  
(Dennison 1979). The sheath i s  
p r i n c i p a l l y  a supporting s t ruc ture  without 
s ign i f i can t  ass imi la t ive  functions, and 
d i f f e r s  from the l e a f  i n  having r e l a t i v e l y  
more s t ruc tura l  t issues cons is t ing  mostly 
of l i g n i f i e d  f ibers  (Tomlinson 1980). A t  
the t r a n s i t i o n  between the blade and 
sheath there i s  a not iceable weakening i n  
s t ruc ture  which i s  frequently the s i t e  o f  
leaf abscission (Toml inson 1980). 

Conducting tissues, inc lud ing phloem 
and xylem, are present but reduced t o  some 
degree (Sauvageau I891 ; Sculthorpe 1967). 
H is to log ica l  studies ind icate  t h a t  the 
phloem i s  somewhat narrow, but i s  far  more 
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F igu re  10. Major features of t h e  morphology of Zostera marina. 

developed than t h e  xylem. A1 though 
s t r u c t u r a l l y  modified, these conducting 
elements are q u i t e  f u n c t i o n a l  (Penhale and 
Wetzel 1983). 

Anatomical ly, t h e  r o o t s  and rhizomes 
are marginal i n  s t r u c t u r e  and form 
r e l a t i v e  t o  land p l a n t s  (Scul thorpe 1967). 
Funct iona l ly ,  they anchor t he  p lan ts  i n  
so f t  substrates and absorb n u t r i e n t s  and 
gases f o r  t r a n s l o c a t i o n  t o  stems and 
leaves (McRoy and Barsdate 1970; McRoy and 
Goering 1974; Penhale and Thayer 1980; 
Short 1981 ; Thursby and Har l  i n  1982). 
Oxygen i n  excess of r e s p i r a t o r y  needs 
d i f fuses from t h e  leaves t o  the  roo ts  and 
i s  re leased i n t o  an ox id ized microzone 
around t h e  r o o t s  ( ~ i z u m i  e t  a l .  1980; 
Penhale and Wetzel 1983). 

The rhizome i s  strengthened by 
schl erenchyma f i b e r s  (Figure 5) running 
l ong i tud ina l  l y  through t h e  inner  and outer 
cor tex  (Scu l thorpe 1967). There may be 
several rhizome nodes associated w i t h  an 
i nd i v idua l  shoot. Usual ly, the  most 
d i s t a l  nodes are i n  t he  process of decay, 
wh i l e  new nodes are  c o n t i n u a l l y  formed a t  
t he  base of t he  shoot. 

Beneath each node are two bundles of 
unbranched r o o t s  which anchor t h e  rhizomes 
i n  t h e  sediment. The r o o t s  are usua l l y  
5-10 cm long a t  m a t u r i t y  and are covered 
w i th  r o o t  h a i r s  (Smith 1981). According 
t o  Conover (1964), Smith e t  al .  (19791, 
and Smith f 1981 ), near ty  23% o f  t h e  r o o t  
surface i s  covered by r o o t  ha i rs ,  and the  
t o t a l  surface area o f  h a i r s  i s  over th ree 



times the  surface area o f  the roo t  alone. 
The vascular system of roo ts  contains very 
la rge lacunae (Conover and Gough 1964; 
Penhale and Wetzel 1983). 

2.2 GROWTH 

Since eelgrass i s  capable of sexual 
snO asexlrn? reprodtictfon, 5oth processes 
must be considered i n  the context o f  p lan t  
growth. Most eelgrass meadows p e r s i s t  t o  
a large degree by vegetat ive growth 
(Tom1 1 nson 1980) ; however, the  production 
and dispersal o f  seeds are an important 
mechani sm t o  mainta in eelgrass 
populations. Seeds are especi a1 l y  
important i n  meadows tha t  su f fe r  recu r r i ng  
seasonal perturbations, f o r  general p lan t  
d ispersal  I n  uncolonized areas, and f o r  
continual genetlc adaptatf on. 

L i f e  H is to ry  

Setchel l  ( 1929) described a 
general ized l i f e  h i s t o r y  model o f  Z. 
marina. Even though some o f  h i s  work 
regarding environmental i n f  1 uences 
on growth (especi a1 l y  temperature i n -  
t e rac t i ons )  has been disputed, h i s  1 i f e  
h i  s to ry  model, w i t h  some modi f i ca t ions ,  
remains accurate. Setchel l  suggested t h a t  
growth occurs i~ several stages (Figure 
11). The f i r s t  stage extends from seed 
germination t o  development o f  t h e  f i r s t  
shoot. Setche l l  and many other  authors, 
even i n  t h e  very recent  1 i t e ra tu re ,  r e f e r  
t o  a shoot of eelgrass as a tu r i on .  
Scul thorpe (19671, however, def i ned a 
t u r i o n  as having leaves which a re  
spec ia l i zed i n  form and q u i t e  u n l i k e  t h e  
normal f o l i age  leaves. We w i l l  no t  use 
the  term t u r i o n  s ince the re  i s  no 
morphological evidence o f  such a 

B. 
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Figure 11. The l i f e  h i s to ry  o f  Zostera marina. P a r t  A shows the vegetat ive growth of a 
shoot beginning wi th a recent ly  germinated seedl ing ( A - E )  and ending w i t h  a mature shoot 
and several l a t e r a l  branches ( F ) .  (Redrawn from $etchel  1 1929.) P a r t  B shows the major 
aspects of the l i f e  cycle o f  eelgrass. ( I l l u s t r a t i o n  i n  p a r t  B was provided by Yasuo 
Kawasaki Biology Laboratory, Central Research I n s t i t u t e  of E l e c t r i c  Power Indust ry  
Abi ko C f  t y  , Japan. ) 



speci a1 i zat ion  i n  eelgrass. Recently 
Churchi 11 (1983) has e laborated on f u r t h e r  
d i v i d i n g  seed1 i n g  germination i n t o  th ree 
d i  s t i  nc t  i n t e r v a l  s. The second stage 
extends through t h e  development of t h e  
f i r s t  shoot, i nc lud ing  the  add i t i on  o f  new 
leaves t o  the  format ion o f  a rhizome and 
roo ts  a t  t h e  nodes. 

The foundat ion f o r  growth a t  t h e  
beginning o f  stage two i s  the  meristem 
Iocnted i n  the Dssa? area o f  t h e  leaf.  
The meristem d i f f e r e n t i a t e s  as e i t h e r  an 
erec t  l e a f y  shoot o r  as a rhizome 
(Tomlinson 1980). Leaf growth and 
elongat ion o f  rhizome internodes occur as 
the meristem separates from the node by 
i n t e r c a l a r y  growth. The growth and 
development o f  i n d i v i d u a l  leaves e n h i b i t  a 
remarkable p e r i o d i c i t y  (Jacobs 1979). The 
growth r a t e  o f  a l e a f  i s  f a s t e s t  j u s t  
a f t e r  i t  emerges f rom the  sheath and 
decreases w i th  2ge, near ly  ceas ing with  
the emergence o f  two add i t i ona l  new 
leaves. Eventual ly, t h e  o ldes t  l e a f  i s  
sloughed o f f  and replaced by a young, 
r a p i d l y  growing l ea f .  The p a t t e r n  o f  
growth resembles a conveyor b e l t  o f  
organic matter w i t h  new leaves emerging 
w i t h i n  o lde r  and senescent ones. 

Accompanying the  second stage i s  t he  
development o f  new shoots. The meristem 
d i  v i des vegetat i  ve ly  f ormi ng a shoot 
ra the r  than a lea f .  The new meristem 
repeats const ruc t ion  o f  t he  parent ax is  
w i t h  an i d e n t i c a l  shoot. These new 
l a t e r a l  shoots are much smaller than the  
parent  bu t  grow progress ive ly  l a rge r  w i t h  
t ime (F igure  10). The f i r s t  two stages o f  
growth were g raph ica l l y  i l l u s t r a t e d  by t h e  
r e s u l t s  of a study o f  t h e  growth and 
development o f  seedl ings i n  Chesapeake Bay 
(F igure  12: Or th  and Moore 1983). Growth 
i s  shown by an increase i n  the  length  o f  
t he  primary shoot, t h e  number leaves per 
shoot, and t h e  number o f  shoots per 
o r i g i n a l  seedling. 

The t h i r d  stage o f  growth cons is ts  of 
f u r t h e r  development o f  a l l  e x i s t i n g  shoots 
and continued format ion o f  new shoots by 
vegeta t ive  reproduction. During t h e  
f o u r t h  stage o f  growth some o f  t h e  o ldes t  
shoots develop i n t o  e rec t  f l ower ing  s t a l k s  
(F igure  13). A t  t h i s  p o i n t  a s i m p l i s t i c  
growth model i s  no longer appropriate, i n  
p a r t  because i t  i s  d i f f i c u l t  t o  de f i ne  a 

Figure 12. Mean length  o f  primary shoot, 
number o f  leaves per  seedling, and number 
o f  shoots per seedling, demonstrating the 
growth o f  eelgrass seedl ings i n  the 
Chesapeake Bay, V i r g i n i a .  (From Or th  and 
Moore 1983. ) 

s i n g l e  eel grass p lan t .  S t ruc tu ra l l y ,  t he  
o r i g i n a l  p l a n t  develops i n t o  an assemblage 
o f  vegeta t ive  and f l ower ing  shoots 
interconnected by rhizdmes. The f lower ing 
shoot i s  a determinant type i n  t h e  l i f e  
h i s t o r y  o f  t h i s  p l a n t  and d ies  a f t e r  i t 
f lowers. The remaining vegeta t ive  shoots 
cont inue t o  propagate. 

According t o  Setche l l  (19291, 
f l ower ing  shoots develop from vegeta t ive  
p lan ts  i n  t he  second season o f  growth; 
thus -he descr-i bed eelgrass as a perenni a1 
p lan t  w i t h  an apparent b ienn ia l  l i f e  
h i  s tory.  Recent evidence suggests some 



Figure 13, A f lowering shoot o f  Zostera 
marina: ( a )  f lower ing shoot, (b )  rh ip id -  
ium, and ( c )  inflorescence. (From DeCock 
1981a. ) 

f l e x i b i l i t y  i s  needed i n  the l i f e  h i s t o r y  
model since a t  some times and i n  ce r ta in  
locat ions a l l  shoots develop i n t o  
f lower ing sta lks (Felger and McRoy 1975; 
Keddy and Pat r iqu in  1978; Bayer 1979; 
Gagnon e t  a l .  1980; DeCock 1981a; Har l i n  
et  al .  1982; Harr ison 1982a; Jacobs 1982). 

I n  A t l an t i c  coastal areas (Nova 
Scotia, Maine, and Rhode Is land) an annual 
form o f  eelgrass has been described. The 
annual growth form reproduces asexual l y ,  
and a l l  shoots develop i n t o  f lowers and 
d i e  dur ing the  f i r s t  growing season. I n  
Canada, Keddy and Pat r iqu in  (1978) found 
tha t  flowers from ind iv idua l  annual and 
perennial p lants produced seeds tha t  ex- 
press themselves both as perennial and an- 
nual p lan t  forms. Gagnon e t  a l .  (1980) 
compared annual and perennial forms and 
concluded tha t  differences i n  the 

taxonomic characters, phenology, and 
d i s t r i b u t i o n  o f  annual and perenni a1 forms 
must be ascribed t o  nongenetic f ac to rs .  
Evident ly ,  eelgrass has t h e  p o t e n t i a l  t o  
y i e l d  seeds o f  both annual and perennia l  
forms, a reproduct ive  s t ra tegy  which 
c e r t a i n l y  must ass i s t  i n  d ispersa l  and 
ove ra l l  reproduct ive success o f  t h e  
species. 

Sexual Reprodur t i on 

An i n d i v i d u a l  f l o w e r i n g  shoot forms 
from the  metamorphosis o f  a mature 
vegetat ive shoot. The shoot i s  e a s i l y  
recognized by i t s  e r e c t  stems t h a t  a re  
terate,  brown, and have l a t e r a l  
in f lorescences (spadices enclosed i n  
spathes) (F igure  13). The e n t i r e  
f lower ing  shoot u s u a l l y  i s  branched 
several times, each branch a l t e r n a t i n g  
w i th  a normal vegeta t ive  leaf.  The 
rhipidum i s  a compound in f lo rescence 
consi s t i n g  of  several spadices. Both ma1 e 
and female f lowers  are loca ted on one s ide  
o f  a spadix. Dur ing t h e  f l o w e r i n g  
sequence, only one in f lo rescence per 
branch f lowers  a t  a g iven time. 
Typical ly ,  wh i l e  one in f lo rescence i s  
f lowering, another i s  developing on t h e  
same branch t h a t  w i l l  f l ower  several days 
1 ater .  

According t o  DeCock (1981a), a l a r g e  
degree o f  v a r i a t i o n  between h a b i t a t s  and 
geographical l oca t i ons  e x i s t s  i n  both t h e  
number o f  r h i p i  d i  a and in f lo rescences 
formed on a f l ower ing  s ta l k .  The extent  
t o  which f lower development i s  governed by 
spec i f i c  environmental f a c t o r s  such as 
l i g h t  (DeCock 1981b), s a l i n i t y  ( P h i l l i p s  
e t  a l .  1983a), temperature (DeCock 1981a; 
Phi 11 i ps  e t  a1 . 1983a ,b)  , n u t r i e n t s  
(Church i l l  and Riner 1978), and water 
depth (Jacobs and Pierson 1981) remain t o  
be determined. Generic f a c t o r s  alone o r  
i n  combination w i t h  s p e c i f i c  environmental 
parameters may c o n t r o l  t h e  ex tent  of 
f l o r a l  development (DeCock 1981 a; 
P h i l l i p s  e t  a l .  1983 a,b). 

P o l l i n a t i o n  occurs e n t i r e l y  underwater 
and since female f lowers  on t h e  same 
inf lorescence mature before  male f l owers  - 

(DeCock 1980), cross p o l l i n a t i o n  i s  
normal. Under c e r t a i n  condi t ions,  
however, se l f  po l  1 i na t ion  occurs when ma1 e 



acd female f lowers mature coinc ident ly .  
The po l l en  gra ins  are assembled i n  a long, 
very s t i c k y  th read l i ke  mass w i th  a 
spec i f i c  weight s l i g h t l y  greater than 
water (DeCock 1981a,b). The pol l en  gra ins 
depend t o  some degree on water movement t o  
prevent s ink ing  and t o  promote t h e i r  
d ispersal .  Sometimes the  po l l en  threads 
w i l l  adhere t o  p r a c t i c a l l y  any ob jec t  they 
contact,  o r  w i l l  get  trapped i n  quiescent 
areas by surface tension. Since po l l en  
gra ins probably :ivr on:y 2 or 3 days 
(DeCock 1981 a), t h e i r  adherence t o  
maturing female f lowers  should improve 
p o l l i n a t i o n  success. If f e r t i l i z a t i o n  i s  
successful, a s i n g l e  seed forms i n  each 
f r u i t .  

Evident ly ,  f e r t i l i z a t i o n  i s  not always 
successful. Churchi 11 and Riner ( 1978) 
estimated t h a t  72% o f  t h e  ovar ies on the  
shoots of reproduct ive  p lan ts  i n  Great 
S w t h  Bay, New York, produced seeds. Orth 
and Moore (1983) est imated t h a t  68% o f  the  
ovar ies were f e r t i  1 i zed on reproduct ive 
shoots i n  t h e  Chesapeake Bay, V i rg in ia .  
I n  a North Caro l ina  estuary Kenworthy e t  
a l .  (1980) est imated t h a t  only 14% o f  the  
ovar ies  on reproduct ive  shoots were 
f e r t i l i z e d .  

The ex tent  t o  which seeds con t r i bu te  
t o  t h e  abundance o f  eelgrass from 
year-to-year depends on three p r i  nc i  pal 
fac tors :  . t he  abundance o f  f lower ing  
shoots, the  number o f  seeds produced, and 
t h e  r a t e  o f  seed qermination. Predation 
or eel.grass seeds by bf rds  , crustaceans, 
and/or f i s h  may. damage seeds, but  very 
l i t t l e  i s  known about t h e  ove ra l l  impact 
o f  t h i s  process (Cathleen Wigand, Dept. 
Biology, Adel ph i  Un ivers i ty ,  Garden Ci ty ,  
New York; pers. corn.). 

The number of f l ower ing  shoots var ies  
both temporal ly  and spa t i a l l y .  Si lberhorn 
e t  al .  (1983) est imated t h a t  11%-19% o f  
the  eelgrass popu la t ion  i n  p a r t  o f  
Chesapeake Bay had f lower ing  shoots and 
t h a t  t he  dens i t y  o f  f lowfr ing shoots 
ranged between 303-424 m- . Simi la r  
dens i t ies  reported-Zfor Rhode I s land  ranged 
from 78 t o  498 m (ThornecMil l e r  e t  a1 . 
1983). I n  Great South Bay, Lon? Island, 

- f lowers cons t i t u ted  less than 1Gd o f  the 
t o t a l  shoots and average densi ty  was 53 
f lower ing  shoots per square meter 
(Church i l l  and Riner 1978). I n  North 

c a r o l  i n a  t h e  r e l a t i v e  abundance of 
f 1 ower i  ng shoots ranged between 13.4% and 
32.3% and averaged approximately 27.7% of 
t h e  t o t a l  shoot popu la t i on  a t  peak 
abundance (Fonseca e t  a l .  1982a). Since 
a l l  t he  shoots flower i n  an annual popu- 
l a t i o n ,  f lower ing shoot derrsi t i e s  usual i y  

be q u i t e  l a rge*  For example, H a r l i n  
e t  a l .  b1982) reported dens i t i es  of about 
1000 m- f o r  an arInua1 popu la t ion  i n  Rhode 
I s l a n d *  

Recently, s tud ies  - addressing t h e  
r e p r o d u c t i v e  s t ra tegy  of eel  grass have 
drawn a t t e n t i o n  t o  environmental va r i ab les  
t h a t  might cont ro l  f 1 ower abundance 
(Jacobs 1982; P h i l l i p s  e t  a l .  1983 a,b). 
One study ( P h i l l i p s  e t  a l .  1983a) 
suggested t h a t  flower abundance i s  r e l a t e d  
t o  seasonal temperature extremes and 
environmental f l u c t u a t i o n s  i n  t h e  
i n t e r t i d a l  hab i ta t .  For example, eelgrass 
growing a t  i t s  southern most range on t h e  
west  coast i n  the Gulf o f  C a l i f o r n i a  
cannot  su rv i ve  t h e  warm sumner 
temperature. The e n t i r e  popu la t ion  i s  
rep laced  annual ly by seed w i t h  a very h igh  
i nc idence  o f  germination. Th is  i s  t h e  
o n l y  example we know o f  where the re  i s  
such a large-scale d i s t r i b u t i o n  of what i s  
apparent ly  an e n t i r e l y  annual populat ion. 
A t  t h e  opposi te temperature extreme t h e  
i nc idence  o f  f l ower ing  i n  Alaska i s  
cons iderab ly  higher i n  popu la t ions  t h a t  
a r e  d i s tu rbed  annual ly  by i c e  scour, wh i l e  
s u b t i d a l  populat ions have an intermediate 
abundance o f  flowers. 

P h i l l i p s  e t  a l .  (1983a) argue t h a t  
i n t e r t i d a l  populat ions a re  exposed t o  
w i d e r  f l u c t u a t i o n s  i n  temperature and 
s a l i n i t y  as w e l l  as be ing  subject  t o  
g r a z i n g  waterfowl, wave disturbances, and 
eros ion .  The populat ions respond t o  these 
d is tu rbances by producing more flowers. 
I n  t h e  middle p o r t i o n  of t h e  species range 
the  sub t i da l  populat ions a l l o c a t e  fa r  l ess  
energy t o  sexual reproduct i o n  and p e r s i s t  
1 a r g e l y  by vegeta t ive  reproduct ion-  The 
authors  argue fu r the r  t h a t  increased 
inc idence of f lower ing  i n  t h e  i n t e r t i d a l  
zone coinc ides w i t h  areas o f  low s a l i n i t y  
which, according t o  1 ab studies, enhances 
seed germination ( P h i l l i p s  e t  d l .  1983a; 
Lamounette 1977). ~ x c e p t  ions t o  t h e  
general  t r e n d  irr f lower abundance were 
n o t e d  a t  nonestuarjne s i t e s  where t h e  
authors  be1 ieved t h a t  reduced s a l i n i t i e s  



d i d  n c t  occur. 
arguments f o r  a  s t r i  
remain unresolved. 
(1983a) d i d  no t  
the re fo re ,  we assume 
and t h a t  t he  authors 
i t s  poss ib le  r o t e .  

Unfor tunate ly  t h e  
c t  sa l  i n i  t y  c o n t r o l  

Phi  11 i p s  e t  a1 . 
r e p o r t  s a l i n i t i e s ,  
i t  was not  measured 
merely speculated on 

duct ion.  F lower ing  i n f  !uences the nu- 
mer ica l  abundance of p l a n t s  p o s i t i v e l y  
by enhancing rec ru i tment ,  as w e l l  as 
nega t i ve ly ,  by m o r t a l i t y .  Since t h e  
f l owe r  dies, t h e  popu la t i on  i s  sub jec t  t o  
losses d i r e c t l y  p r o p o r t i o n a l  t o  t h e  number 
of f l owers ,  a  parameter o f  spec i a l  
importance i n  any popu la t i on  model . 

The incidence of increased f lower ing 
i n  assoc ia t ion  w i t h  d is tu rbed  s i t e s  and 
extremes of s a l i n i t y  are supported by a 
n~rmher a f  sttrrlier . Jacobs (1982) reported 
t h a t  the annual form of ee lgrass was 
r e s t r i c t e d  t o  t he  upper  e u l i t t o r a l  and 
b rack ish  in land  waters. The annual growth 
form i n  Rhode Is land  ( H a r l i n  e t  a l .  1982) 
occurred on a h i g h l y  d is tu rbed  f l o o d  t i d e  
de l t a ,  wh i l e  Keddy and Pa t r i qu i n  (1978) 
repor ted  having found the annual 
restricted t o  mud f l a t s  near S a r t i n a  97 marshes. I n  Nova Scot ia,  the  annua 
growth form occurs i n  shal low sub t ida l  and 
irrterfidal areas whcrc f requent  w in te r  i c e  
scour denudes the grass beds (Robertson 
and Mann 1984). I n  Maine, Gagnon e t  a l .  
(1980) repor ted an annual form growing i n  
the i n t e r t i d a l  areas o f  an estuary.  I n  
Yaquf na Bay, Oregon, Bayer ( 1979) repor ted 
t h a t  91% o f  the p l an t s  located above mean 
low water had f lowered and most of those 
p l an t s  were the annual growth form. I n  
subt fda l  areas only 17% o f  the p l an t s  were 
f lowerfng. Exceptions t o  these general - 
! z a t i ~ n s  arc  repcrrtcd i n  P h i l l i p s  e t  a ? ,  
(1983a). Most notab le  i s  the f a c t  t h a t  i n  
North Carol  ina, a t  the southernmos t 1 i m i  t 
O f  eelgrass d i s t r i b u t i o n  on the A t l a n t i c  
coast, the incidence o f  f l owe r i nq  and the 
occurrence o f  the annual l i f e  form do n o t  
seem ex t raord inary  compared t o  the  r e s t  of 
t he  A t l a n t i c  coast. 

The need t o  understand t h e  
environmental f a c t o r s  c o n t r o l l i n g  f lower  
abundance r e s u l t s  from our e f f o r t s  t o  
develop accurate popu la t ion  models. 
Accord1 ng t o  our  present understanding o f  
t h e  l i f e  h i s t o r y  of eelgrass t h e  age 
s t r u c t u r e  of a populat ion should have a 
subs tan t i  a1 in f luence on sexual 
rep roduc t ion  f n  subsequent years. Since 
t h e  age c lass  s t r u c t u r e  of a  popu la t ion  i n  
a g iven year i s  a  d i r e c t  r e s u l t  o f  t h e  
fo rmat ion  and su r v i va l  o f  vege ta t i ve  
shoots from a prev ious growing season (Bak 
1980) a key t o  understanding f l owe r  
abundance may a c t u a l l y  be an evaluat ion of 
fac to rs  ~ 0 n t r 0 1  I i n g  vegetat ive repro -  

The number o f  seeds produced a l s o  
v a r i e s  w i d e l y .  On t h e  b a s i s  o f  f l o w e r  
abundance and es t imates  o f  f e r t i  i i z e d  
embryos, S i l be rho rn  -5t a1 . (1983) r epo r t ed  
t h a t  8,127 seeds m were produced i n  a 
Chesapeake Bay meadow, w h i l e  i n  Great 
South Bay, Long I s l and ,  C h u r c h i l l  and 
Riner (1978) est ima-yd t h a t  f l owers  
produced 1.800 seeds m . Since est imates 
o f  seeds per  f l o w e r i n g  shoot were s i m i l a r  
f o r  both areas (23  and 34, r e s p e c t i v e l y ) ,  
t he  1 arqe d i f f e r e n c e s  r e s u l  t e d  from 
d i f f e rences  i n  shoot dens i t y .  Kim Gates 
(Department o f  B io logy ,  Adelph i  Univer-  
s i  t y ,  Garden C i t y ,  New York; pers.  comm.) 
est imated t h a t  t h e  p o t e n t i a l  seed c rop  i n  
Great South Bay ranged between 2,000 and 
4,000 seeds m-2 and t he  measured seed crop 
was 570-828 m-2. Fu r t he r  evidence f o r  the  
l a rge  v a r i a t i o n  i n  seed p roduc t ion  i s  sup- 
por ted by o the r  s t ud i es  on t h e  U.S. west 
coast. P h i l l i p s  e t  a l .  (1983a) repor ted  
t he  number o f  seeds per  p l a n t  ranged from 
11.2 t o  2,061 (mean = 60). Large v a r i a -  
t i o n s  occurred i n  a l l  f l o w e r  components, 
i n c l ud i ng  t o t a l  shoots, spathes per  
shoot, and seeds per  spathe. Estimates 
o f  t h e  dens i t y  o f  seeds on f lower ing  
shoots -*ranged from 392 t o  36,936 
seeds m . 

The t h i r d  va r i ab l e ,  seed germinat ion, 
i s  the f i n a l  s t e p  i n  de te rmin ing  the  
o v e r a l l  c o n t r i b u t i o n  o f  sexual 
rep roduc t ion  t o  deve lop ing  and ma in ta i n i ng  
popu la t ions  o f  e e l  grass. Mature seeds are 
d ispersed by  th ree  p r i n c i p a l  mechanisms: 
( 1 )  by  s i n k i n g ,  ( 2 )  b y  f r e e  f l o a t i n g  
s t a l k s  (DeCock 1980), and ( 3 )  by passage 
through the d i g e s t i v e  t r a c t  and feces of 
water fowl  (Lamounette 1977). The seeds 
a re  nega t i ve l y  buoyant, b u t  may be 
prevented f rom s i n k i n g  by gas bubbles 
(A.c. Chu rch i l l ,  Dept. B io logy,  Adelphi  
Un i ve r s i t y ,  Garden C i t y ,  New York; pers.  
comm. 1 o r  resuspended by - turbu lence.  

Even though t h e  number o f  seeds 
produced can be q u i t e  la rge ,  seed 



v i a b i l i t y  7s i e ss  than  cerldin. Fie10 and 
1 abora to ry  s t ud i es  have y i e l d e d  v a r i a b l e  
r e s u l t s  f o r  ge rmina t ion  success and 
s p e c i f  i c a l  l y  f o r  those  env i ronmenta l  
f a c t o r s  c o n t r o l l i n g  germinat ion. Under 
c o n t r o l l e d  l a b o r a t o r y  cond i t i ons  i n  f u l l  
s t r e n g t h  seawater, o n l y  9% (Lamounette 
1977) and no more t han  10% ( P h i l l i p s  1972; 
P h i l l i p s  e t  a l .  1983a) of t h e  t e s t e d  seeds 
germi nated. Based on l a b o r a t o r y  
experiments t h e  general  impress ion i s  t h a t  
seed germina t ion  i s  lowest a t  t h e  h i ghes t  
s a l i n i t i e s .  

Or th  and Floore (1983) r epo r t ed  t h a t  
70% o f  t he  seeds from Chesapeake Pay study 
s i t e s  germinated i n  f l o w i n g  seawater, b u t  
t h a t  o n l y  3% t o  40% o f  t h e  seeds he l d  i n  
a c r y l i c  t ubes  i n  t h e  f i e l d  g e r m i n a t e d .  
C h u r c h i l l  (1963) r e p o r t e d  t h a t  a  h i gh  
percentage o f  seeds (76% and 93%) t es ted  
i n  the f i e l d  germinated. Reduced s a l i n -  
i t i e s  seem t o  g r e a t l y  enhance germina t ion  
( T u t i n  1938; P h i l l i p s  1972; Lamounette 
1977; C h u r c h i l l  e t  a l .  1978; Keddy and 
P a t r i q u i n  1978; P h i l i p s  e t  a ? .  1983a) .  
B u t  i t  would appear t h a t  many seeds do n o t  
germinate, and p o t e n t i a l l y  s i zeab le  seed 
banks may e x i s t  i n  the sediment (B i g l ey  
1981; Robe r t son  and  Flann 1984 ) .  Non- 
germinated seeds may be r e t a i n e d  i n  the 
sediment t o  germinate i n  l a t e r  years.  
P h i l l i o s  ( 1 9 7 2 )  and Orth e t  a l .  (1982a) 

a n d  a r g z e d  t h a t  t he  d i s p ~ r s a l  o f  seeds 
i n t o  we l l - de l  i nea ted  r e g i o n s  depended upon 
c u r r e n t  r e g i m e .  He r e p o r t e d  t h a t  t h e  
l a r g e s t  number of s e e d l i n g s  were i n  t he  
qu iescent  bas ins,  and few were on sandy 
s h i n g l e s  o f  w indwa rd  s h o r e s ,  sand b a r s  
under t he  i n f l uence  o f  s t r ong  t i d a l  
cu r ren t s ,  and cur ren t -swept  channels.  I n  
qu iescent  areas o f  t h e  same Rhode I s l a n d  
lagoon seed1 ing-dfnsi t i e s  averaged between 
298 and 726 m ( T h o r n e - ~ i l l e r  e t  a1. . r r r \  I Y ~ J ,  . ;:i S C O ~ : ' E ,  seedl abundance 
was g r e a t e s t  i n  l a t e  fa1  1 and e a r l y  sump$ 
w i t h  d e n s i t i e s  as h i g h  as 800 m 
(Robertson and Mann 1984). 

Ken tu la  (1983) e s t i m a t e d  a maximum of 
86 seed l ings  f o r  a  l o c a t i o n  i n  N e t a r t s  
Bay, Oregon. Ken tu l  a ' s  survey r evea led  an 
impor tan t  aspect of t h e  sampl i ng problem. 
She conducted su r veys  on t h r e e  l i n e  
t r ansec t s  and made observa t ions  d u r i n g  
severa: mcnths !n two  d i f f e r e n t  years. On 
a g iven  t r ansec t ,  t h e  month o f  peak 
abundance was d i f f e r e n t  i n  each year.  
Also, on a g i ven  t r a n s e c t ,  t h e r e  was 
cons iderab le  month-to-month v a r i a t i o n .  
The r e c o g n i t i o n  o f  seed l i ngs  i s  masked by  
t h e  c o n t i n u a l  emergence o f  new seed l ings  
over  an extended p e r i o d  and t h e r e  i s  
cons iderab le  d i f f i c u l t y  r ecogn i z i ng  
i n d i v i d u a l  seed1 i ngs which have 
v e g e t a t i v e l y  reproduced.  

r epo r t ed  t h a t  seeds remain v i a b l e  f o r  a t  
1  e a s t  one year .  

F i n a l l y ,  seed1 i n g  m o r t a l i t y ,  expor t ,  
Churchill (1983) o r  he rb i vo r y  may be s i g n i f i c a n t  f a c t o r s  i n  

successfully germinated seeds that had t he  o v e r a l l  c o n t r i b u t i o n  of seed reproduc- been h e l d  i n  sed imen t s  a t  30 o/oo f o r  t i o n  (Robertson and Mann 1984; Cathleen 22 months and concluded t h a t  v i a b l e  seeds Uigand, pers. comm. ) .  Loss of 
f rom two o r  t h r e e  p r i o r  y e a r s  may be 
p resen t  i n  the  sediments. by these mechanisms has n o t  been s t ud i ed  

i n  any d e t a i l .  

Est imates o f  seed1 i ng abundance 
i n d i c a t e  t h a t  the re  a re  l a r g e  v a r i a t i o n s .  
Seedl ing d e n s i t i e s  i n  Sou_t5 Oyster Bay, 
New York,  exceeded 100 m (K im  Gates,  
pe rs .  comm. . I n  North Carol  i ns2  seed1 i ng  
abundance ranged f rom 0 t o  5 m i n  sev- 
e r a l  r ep resen ta t i ve  e s t u a r i n e  h a b i t a t s  
(Fonseca e t  a l .  1982a) .  The g r e a t e s t  
number occurred i n  a  semi-encl osed embay- 
ment and none were found on an open water 
meadow l oca ted  on a high-energy shoal .  Or th  
and Moore (1-9,)31) r epo r t ed  seed1 i n g  dens i -  
t i e s  o f  66 m i n  a  Chesapeake Bay meadow, 
which represented 0.8% of t h e i r  est imated 
average number o f  seeds produced. Conover 
(19644 repo r t ed  seed l i ng  d e n s i t i e s  of 0  t o  
11 m i n  a  coas ta l  lagoon i n  Rhode I s l a n d  

Phenology 

Water t empe ra tu re  has a s t r o n g  
i n f l u e n c e  on t i m i n g  of the r e p r o d u c t i v e  
cyc le .  The f l o w e r i n g  sequence a long  a 
l a t i t u d i n a l  g r a d i e n t  on  t h e  A t l a n t i c  coas t  
occurs i n c r e a s i n g l y  1  a t e r  a t  more no r t he rn  
l a t i t u d e s  ( P h i l l i p s  e t  al .  1983b). 
Accord ing t o  S i l b e r h o r n  e t  d l .  (1983) 
(F i gu re  14), a l l  s tages i n  t h e  
pheno log ica l  sequence occur  a t  

approx imate ly  s i m i  I a r  t m p e r a t u r e s  on t h e  
A t l a n t i c  coas t  but,  due t o  l a t i t u d i n a l  
d i f fe rences  i n  temperature,  each s tage  
occurs p r o g r e s s i v e l y  l a t e r  as one moves 
f r o m  south t o  no r t h .  
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F igure  14. Reproductive phenology of ee lgrass a t  d i f f e r e n t  l a t i t u d e s  a1 ong t h e  eas-I 
coast  o f  Nor th  America. The approximate temperature t h a t  was recorded  f o r  each event 
a l so  i s  shown. Keddy and P a t r i q u i n  prov ided data f o r  areas t h a t  o n l y  had a q  annual fo rc  
o f  ee l  grass; temperatures were assumed t o  approximate those o f  nearby beds o f  perennia 1 
eelgrass. (From S i lbe rhorn  e t  a l .  1983.) 

The leng th  o f  t ime over which t he  r i s e  
i n  water temperature occurs a l so  
in f luences t he  leng th  o f  each phase i n  t h e  

I reproduct! ve cycle. S i  l be rhorn  e t  a l e  
(1983) noted t he  average number o f  spathes 
per shoot Increased from V i r g i n i a  t o  New 
York and t o  Roscoff, France. They argued 
that, i n  nor thern l a t i t udes ,  where water 
temperatures averaging 9°-150C extend over 
a  prolonged period, t he re  i s  a more 
favorab le  environment f o r  f l o r a l  
development. I n  more sou ther l y  loca t ions ,  
such as V i r g i n i a ,  t h e  seasonal temperature 
maxima are reached more r a p i d l y  and t h e  
du ra t i on  of t h e  favorable t ime  pe r i od  f o r  
i n i t i a l  f lower development i s  shortened 
( S f  lberhorn e t  a l .  1983). Al though 
temperature appears t o  be c r i t i c a l  f o r  a1 1 
phases of t he  f l ower ing  process, 
i n t e r a c t i n g  fac to rs ,  such as n u t r i e n t  
s t ress  (Chu rch i l l  and Riner 1978; DeCock 
1981a), i r r a d i  ance (DeCock 1981b; P h i l  1 i p s  
e t  a l .  1983b; S i lbe rhorn  e t  a1 . 1983), day 
l eng th  (DeCock 1981b; P h i l l i p s  e t  a l .  
1983b) and genotypic v a r i a t i o n  (Ph i l 1  i p s  
1983a.b) a lso  may in f luence  the t im ing  and 
c h a r a c t e r i s t i c s  of  the f lower ing process. 

The e n t i r e  f lower ing process r equ i r es  
approximately 30-60 days and i s  longes t  i n  
more nor thern 1 a t i  tudes . Seeds a re  
released between May and August. 

Depending on the geographica l  l o c a t i o n  and 
r a t e  o f  f l o r a l  development, they may 
germinate as e a r l y  as August o r  September. 
Germinat ion cont inues through w i n t e r  and 
sp r i ng  ( ~ d d y  1947b) ; Tay lo r  1957; 
Lamounette 1977; O r t h  and Moore 1983; 
Chu rch i l l  1983: P h i l l i p s  e t  a ] .  19C3a; 
Robertson and Mann 1914). I n  V i r g i n i a ,  
subs tan t i a l  growth and asexual repro-  
duc t i o n  r e s u l t i n g  a f t e r  ge rmina t ion  o f  
seeds i n  e a r l y  autumn i s  i m p o r t a n t  i n  
ma in ta i n i ng  the meadows through the  w i n t e r  
( O r t h  and Moore 1 9 8 3 ) .  The r e s u l t s  o f  
f i e l d  experiments i n  New York showed t h a t  
most of  t he  seeds t h a t  were tes ted  
germinated i n  autumn, 3  t o  4  months a f t e r  
they were re leased  ( C h u r c h i l l  1983). 
Likewise, P h i l l i p s  e t  a1 . (1983a) r epo r t ed  
t h a t  the  maximum r a t e  o f  seed germinat ion 
i n  the l a b o r a t o r y  s tudy  occurred du r i ng  
t h e  f i r s t  f o u r  months,  a t  a  t i m e  when 
l i t t l e  o r  no germina t ion  was observed i n  
nature.  Thus, c u l t u r e  cond i t i ons ,  i n  
e i t h e r  the f i e l d  o r  l a b o r a t o r y ,  seem to  
acce le ra te  t he  onse t  o f  germinat ion ; 
however, i t  i s  a l s o  p o s s i b l e  t h a t  the  very 
e a r l y  stages of ge rm ina t i on  i n  the  f i e l d  
go unno t i ced  by a casual observer .  
Germinat ion o c c a r r i n g  i n  the  l a t t e r  p a r t  
o f  t h e  f a l l  i s  p r o b a b l y  n o t  r e c o g n i z e d  
u n t i l  a f t e r  l a t e  w i n t e r  and e a r l y  sp r i ng  
growth. 



Popuiarion G r o ~ t h  

As p a r t  o f  t h i s  e f f o r t  t o  synthesize 
the in fo rmat ion  concerning the  growth and 
l i f e  h i s t o r y  o f  eelgrass we are developing 
a populat ion growth model (Kenworthy e t  
a1 . , manuscript i n  preparat ion) .  The 
model i s  a t o o l  designed t o  serve as the  
conceptual framework f o r  a more r e f i n e d  
vers ion which could be used f o r  t he  
management and r e s t o r a t i o n  o f  eelgrass 
meaaows. Sources o f  in format ion used i n  
t h i s  mode1 were obtained from surveys o f  
p l a n t  d i s t r i b u t i o n  and abundance, 
measurements o f  vegeta t ive  and areal  
growth r a t e s  i n  na tu ra l  and t ransplanted 
populat ions, observations on the  
c h a r a c t e r i s t i c s  o f  sexual reproduction, 
and seedl ing d i s t r i b u t i o n  and abundance. 
Our data base i s  most ly  der ived from 
studies i n  North Carol ina, but  i n  order t o  
develop a more comprehensive understanding 
o f  t he  popu la t ion  b io logy  o f  eelgrass we 
have drawn upon a l a rge  1 i t e r a t u r e  base. 

Eelgrass t ransp lan ts  were done under a 
range o f  environmental cond i t ions  i n  
several hab i ta t s  and conf i rm t h a t  
vegeta t ive  reproduct ion  i s  important i n  
main ta in ing  t h e  meadows (F igure  15) 
(Fonseca e t  a l .  1984). These data 
i l l u s t r a t e  t h e  seasonal cyc le  o f  
popu la t ion  growth i n  North Carol ina 
a t t r i b u t e d  t o  vegeta t ive  reproduction. 
Growth i s  i n i t i a t e d  i n  e a r l y  October 
dur ing  which asexual reproduct ion adds new 
shoots r e l a t i v e l y  s lowly through t h e  
winter .  Approximately 150 days l a te r ,  i n  
l a t e  February and e a r l y  March, growth 
accelerates, and the  number o f  addi t i o n a l  
new shoots may be f i v e  t o  ten times the  
o r i g i n a l  number planted. Growth slows 
dramat ica l l y  dur ing  sumner (Figure 15 B ) ,  
espec ia l l y  i n  shallow, i n t e r t i d a l  meadows 
where shoot m o r t a l i t y  may be substant i  a1 
(Figure 150). M o r t a l i t i e s  o f  t h e  
t ransp lan ts  and i n  t h e  na tu ra l  meadows 
co inc ide  w i t h  t h e  onset o f  excessive warm 
sumner temperatures and pe r iod i c  low 
t ides .  Near ly  a l l  t r ansp lan ts  on a 
semi-enclosed embayment d ied  (Figure 15D) 
wh i l e  t ransp lan ts  i n  open-water shoal 
environments experienced reduced growth, 
bu t  not  a ser ious m o r t a l i t y  (F igure 15 
BIG)- A continuous f l o w  o f  water 
mainta ins coo ler  temperatures over t h e  
shoals, wh i l e  i n  t he  embayment poor 
c i r c u l a t i o n  enables the  water t o  be heated 

t o  excessively h igh temperatures 
f requen t l y  exceeding 30°C. I n  na tu ra l  
eelgrass meadows a t  t h e i r  southern range 
l i m i t s ,  cooler  f a l l  temperatures i n i t i a t e  
a per iod  o f  renewed growth which i s  espe- 
c i a l l y  important  i n  mainta in ing shal low 
embayment and i n t e r t i d a l  populat ions t h a t  
normal l y  experience summer heat s t ress  and 
l a rge  m o r t a l i t i e s .  Transplanted popula- 
t i o n s  i n  t h e  Chesapeake Bay undergo a 
seasonal cyc le  o f  growth s i m i l a r  t o  North 
Carol in& and coincide c1 csely w i t h  growth 
cycles i n  na tu ra l  meadows (Or th  and Moore 
1981) . 

I n  the  nor thern p o r t i o n  o f  t h e  
geographical range, Zostera abundance 
peaks l a t e r  i n  t he  sumner and dec l ines  
sharply i n  winter .  Th is  s h i f t  i n  t h e  
growth cyc le  corresponds t o  t h e  thermal 
to le rance o f  t h e  species. The l a rge  
vegetat ive growth p o t e n t i  a1 o f  eel  grass 
was demonstrated i n  a spr ing  t ransp lan t  
study i n  Long Is land,  New York, where 
a f t e r  p lant ing,  t h e  number of new shoots 
increased f i v e  f o l d  i n  j u s t  4 months 
(Riner 1976). 

Data f rom t ransp lan ts  were used t o  
est imate p a r t  o f  t h e  growth p o t e n t i a l  f o r  
t h i s  eelgrass model s ince the  seasonal 
growth cyc le  i n  na tu ra l  populat ions 
corresponds t o  the  observed growth 
response o f  t ranspf  ants (Church i l l  et  at. 
1978; Fonseca e t  a l .  1982a). We a lso  
compared vegeta t ive  reproduct ion t o  t he  
p o t e n t i a l  f o r  growth by seed reproduction. 
For f i v e  t ransp lan t  experiments and one 
con t ro l  area t h a t  was revegetated 
n a t u r a l l y  by seed, the  area revegetated by 
seed had t h e  h ighest  growth r a t e  (Table 
2). S imi la r  r a t e s  o f  growth f o r  
t ransp lan ts  o f  mature shoots were repor ted  
f o r  the  Chesapeake Bay (Or th  and Moore 
1981) and Long I s land  (Riner 1976). Note, 
i n  Table 2, t h a t  t h e  value f o r  r ranged by 
more than a f a c t o r  o f  two, 
0.00530-0.01 365, and was general l y  l ess  
than the  n a t u r a l l y  occur r ing  popu la t ion  of 
seed1 ings, 0.0185. Since t h e  exponenti a1 
model i s  very s e n s i t i v e  t o  t h e  
c o e f f i c i e n t ,  r, la rge  annual v a r i a t i o n s  i n  
the  abundance o f  eelgrass can be 
a t t r i b u t e d  t o  f a c t o r s  which cause t h e  
value of r t o  f luc tua te .  The f a c t  t h a t  
the estimated r value f o r  seedlings was 
much higher than f o r  the t ransp lan ts  i s  
consistent  w i t h  t he  observed growth r a t e s  
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Figure 15. Data f c r  the growth of Zostera marina i n  f i v e  t r a n s p l a n t  exper iments  ( A - E ) .  
Growth i s  shown as t h e  change i n  t h e  a v e r a g e n u m b e r  o f  s h o o t s  p e r  p l a n t i n g  u n i t  
( x  shoots P U - l ) ,  the average bottom area covered p e r  p l a n t i n g  u n i t  ( 2  area  PU-'), and 
the  average bottom covered per i n d i v i d u a l  shoots  ( x  area covered s h o o t - l ) .  H igh and low 
r e f e r  to P lan t i ng  stock which o r i g i n a t e d  i n  h i g h  and low energy environments. The 10ca- 
tlon Of each t ransp lan t  i s  shown i n  parentheses on each graph. Day 0 i s  approx imate ly  
October 1 f n  each of the years fo r  which a p l a n t i n g  was done. (Data f rom Fonseca e t  41. 
1984. ) 



Table  2.  I ns tan taneous  c o e f f i c i e n t  o t  
growth ( r )  for  t ransplants and seedlings 
of Zostera marina calculated from the 
equation Yt = Yoert, where Yt = number of 
shoots a t  time t, Yo = i n i t i a l  number of 
shoots, e = base of natura l  logarithm. 
(Data from Fonseca e t  a l .  1984. ) 

T r a n s p l a n t  s i t e  ( ~ a l c i l n t e d  
w i t h  p l a n t i n g  t from no. 

m n n t h  and vear  - [ *G.Y?L-- shoots/PlJ) 
Shack le fo rd  Shoal 
10181 2 7 1  0.00533 

Midd le  March Embayment 
10/81 218 0.00618 

Dredge I s l a n d  
10181 269 0.00530 

Shackleford Shoal 
10179 350 0.00964 

Midd le  Marsh Embayrnent 
10178 203 0.01365 

Z.  mar ina  seed l ings  
T O I T -  (03 6.~i.55; 

o f  p lan ts  i n  general. The youngest p lan ts  
i n  a populat ion usua l ly  grow fas ter ,  and 
s ince t h e  t ransplants had older, 
vegetat ive shoots, t he  data agree w i th  t he  
general ized trend, I n  addit ion, t h i s  
po in t s  ou t  t he  great po tent ia l  seedlings 
have f o r  na tura l  recolonizat ion.  

Although t h e  growth r a t e  o f  p lan ts  
establ ished from seeds can be q u i t e  high, 
the  abundance o f  seeds and seedlings can 
be d r a s t i c a l l y  affected by a number of 
b i o t i c  and a b i o t i c  variables. Seeds can 
be deposited q u i t e  r e a d i l y  i n  quiescent, 
deposi t ional  environments (Fonseca e t  a1 . 
1982a1, but i n  open-water, h i  gh-energy 
habi tats,  w i t h  strong currents or  
considerable wave action, seed1 ings may 
not be able t o  establ ish.  I n  h igh energy 
habi tats,  growth of meadows i s  r e s t r i c t e d  
t o  vegetat ive reproduction, whi 1 e i n  1 ess 
tu rbu len t  areas eel grass growth can r e s u l t  
from a combination of vegetat ive and 
sexual reproduction. Refinements of t h i s  
growth model should account f o r  hab i ta t  
and geographic differences as we l l  as the 
t im ing  and dura t ion  o f  reproduction. 
Plants reproduce sexual ly over a 
r e l a t i v e l y  shor t  durat ion and release 

- 
mature seeds dur ing a d i sc re te  period- 
Except f o r  t he  most s t ress fu l  
circumstances, vegetat ive reproduction i s  
a r e l a t i v e l y  continuous process I n  

nor thern ; a t  f tud25  S ~ C ~ ? S  t 93 t  ware 
produced i n  ea r l y  spr ing w i l l  reproduce 
vegeta t ive ly  from l a t e  spr ing and through 
t h e  summer and ea r l y  f a l l .  Far ther  south, 
f o r  example, i n  North Carolina, vegetat ive 
reproduction occurs over a per fod o f  250 
days beginning i n  October and ending i n  
June. 

As a f i r s t  approximation, eel grass 
Populat ion growth resembles a s i g ~ i d  
Curve (F igure  : 5  5 ;  and maf $f rqresented 
by a simple l o g i s t i c  model. The model 
should have parameters t h a t  account f o r  
vegetat ive growth, seed1 i ng growth, length 
of growing season, losses due t o  death o f  
f lower ing shoots, and losses from other 
sources of m o r t a l i t y  as y e t  unknown, The 
form o f  the model could be 41 l us t ra ted  by 
several var ia t ions  of the simple l o g i s t i c  
growth equation. For example, growth i n  
an i n t e r t i d a l  embayment near the southern 
edge of the geographical range o f  cr; yt ass 
i s  l i k e l y  t o  take the form o f  L ine  A i n  
F igure 16, where m o r t a l i t y  induced by 
sumner heat s t ress i s  q u i t e  substantial .  
I n  t h i s  case the  i n i t i a l  number o f  
seedlings, year-to-year, i s  an important 
parameter, and any f u t u r e  refinement o f  
the  model should take seedlings, as we l l  
as environmental f ac to rs  t h a t  inf luence 
sexual reproduct ion, i n t o  account. L ine  B 
(Fiqure 16) i l l u s t r a t e s  eelgrass growth I n  
an open-water, high-energy meadow where 
sumner m o r t a l i t y  9 s  r e l a t i v e l y  low. I n  
t h i s  case, there e i t h e r  must be a d r a s t i c  
year-to-year f 1 uc tuat ion  i n  vegetative 
growth, a l a rge  degree o f  mor ta l i t y ,  o r  
there must be some other dens1 ty-dependent 
f ac to r  cont ro l  1 i ng growth; otherwf st, 
these populat ions would reach unreal f s t f c  
densit ies. L ine  C (F igure 16) 
conceptual ly i 1 l us t ra tes  growth I n  the  
nor th A t l an t i c  coastal area. I n  t h i s  
model the annual peak f 5 shf f ted  t o  a 
po in t  l a t e r  i n  t he  year and i l l u s t r a t e s  a 
more ampl i f ied  w in ter  dec l ine  as w e l l  as 
the i n f  1 uence o f  annual tmpera tu re  and 
inso l  a t i on  cycles on growth. 

The data i n  Figure 15 and Table 2 show 
a substant ia l  year-to-year v a r i a t f  on f n 
the growth c o e f f i c i e n t  as w e l l  as 
differences between habf ta ts .  Thus, i n  
the conceptual model the  growth ra tes  
represented by the curves are an 
ove rs imp l i f i ca t i on  o f  the  p o t e n t i a l  
va r i a t i on  i n  populat ion growth. Future 
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Figure 16. Conceptual growth model o f  eelgrass, --- Zostera -- marina. L ine  A i l l u s t r a t e s  
model where p lants experience severe heat stress; Line B i 1 l u s t r a t e s  growth w i thout  
summer heat stress; L ine C i l l u s t r a t e s  growth i n  northern l a t i t u d e s .  

research i n t o  the populat ion dynamics o f  environment t h a t  i s  r i c h  i n  nu t r ien ts .  
t h l s  p lan t  should address the  fac to rs  Several o f  the important  environmental 
responsible f o r  c o n t r o l l i n g  the va r i a t i on .  f a c t o r s  which have a measurable inf luence 
Since many aspects of the growth cyc le  o f  on i t s  growth, reproduct ion,  and 
eelgrass have been i den t i f i ed ,  we be l i eve  d i s t r i b u t i o n  are addressed i n  t he  
a quant i ta t i ve  populat ion model can be fo l l ow ingd iscuss ion .  
constructed t h a t  w i l l  be useful i n  
studying the dynamics o f  the  growth, 
abundance, and d i s t r i b u t i o n  of ee l  grass. L i g h t  

2.3 ASPECTS OF THE PHYSIOLOGICAL ECOLOGY 
OF EELGRASS 

The most notable fea tu re  o f  eelgrass 
i s  i t s  a b i l i t y  t o  grow i n  a remarkab ly  
wide range o f  coastal hab i ta ts .  I t s  
circumglobal d i s t r i b u t i o n  i n  t h e  nor thern  
hemisphere (Figure 1) i s  due, i n  part ,  t o  
i t s  a b i l i t y  t o  t o l e r a t e  a wide range of 
environmental parameters. The roo ts  and 
N a m e s  are  a- we1 S-deve lm -anchoring 
system t h a t  not only help t o  mainta in t h e  
p lan t  securely i n  place, but also gives i t  
access t o  the  i n t e r s t i t i a l  sedimentary 

Since a source o f  r a d i a n t  energy i s  
necessary t o  a c t i v a t e  ch lorophy l l  
molecules and d r i v e  t h e  reac t i ons  of 
photosynthesis, sun1 i g h t  i s  a fundamental 
requirement f o r  p l a n t  growth. Seasonal 
changes i n  t h e  sun's a l t i t u d e  and d a i l y  
changes i n  clouds cause l a rge  va r i a t i ons  
i n  t he  so lar  r a d i a t i o n  reaching the  water. 
L i g h t  penet ra t ing  t h e  water i s  r a p i d l y  
at tentuated by absorption, sca t te r ing ,  and 
r e f l e c t i o n .  The q u a l i t y  o r  spectrum of 
l i g h t  i s  aTso al tered.  The longer- 
wave1 engths are r a p i d l y  absorbed causing 
substant ia l  s h i f t s  i n  t h e  depth of 
penet ra t ion  by s p e c i f i c  wavelengths tha t  



are pnotosynthet ical  l j  important. I n  
shal low, we1 1-mixed estuaries, 1 i ke many 
o f  those along t h e  east coast o f  t h e  
Uni ted States, t u r b i d i t y  from suspended 
sediments and dissolved and p a r t i c u l a t e  
organic matter can be q u i t e  high, f u r t h e r  
a1 t e r i n g  l i g h t  qua1 i t y  and quant i ty .  
Since eelgrass o f t e n  grows a t  very h igh  
dens i t ies ,  the  l e a f  canopy i t s e l f  absorbs, 
r e f l e c t s ,  and d i f f uses  1 igh t .  L i g h t  
penet ra t ion  through the  canopy may be 
reduced by as much as 25% o f  dmbient 
(Short 1980; Dennison and A1 ber te  1982). 

Studies o f  t he  response o f  eelgrass 
photosynthesis and growth t o  rad ian t  
energy have taken a number o f  approaches. 
From a populat ion standpoint,  reduct ions 
i n  l i g h t  l e v e l s  w i t h  i n  s i t u  experiments 
caused s i g n i f i c a n t  decreases i n  p l a n t  
density. For  example, Backman and 
B a r i l o t t i  (1975) used shading devices t o  
reduce t h e  ambient l i g h t  l e v e l  by 63% and 
found t h a t  a f t e r  9 months, p lan t  dens i t i es  
i n  shaded treatments were on ly  5% o f  those 
i n  unshaded cont ro ls .  Decl ines i n  dens i ty  
as a r e s u l t  o f  shading a l so  were reported 
by Burkholder and Doheny (1968) and Short 
(1975). These decreases suggest t h a t  
asexual reproduct ion decl ined and p l  ants 
d ied  from t h e  near cessat ion o f  pr imary 
production. Denni son and A lber te  (1982) 
repor ted  t h a t  shading had a f a r  greater  
e f f e c t  on p lan ts  growing a t  s ta t i ons  
located near t h e  lower l i m i t s  o f  t h e i r  
depth d i s t r i b u t i o n  than it d i d  on p lan ts  
growing i n  shal lower areas. These studies 
i l l u s t r a t e  t h a t  l i g h t  i n t e n s i t y  has a 
dramatic in f luence on t h e  lower l i m i t s  o f  
depth d i s t r i b u t i o n  o f  eelgrass. 

Shading by a mature canopy o f  eelgrass 
has a substant ia l  in f luence on seedl ing 
growth and morphology (Robertson and Mann 
1984).  Seed l ings  growing under mature 
canopies e x h i b i t  a lower r a t e  of 
vegetat ive reproduction, decreased ove ra l l  
n e t  production, and a l i gh t - s t ressed  
morphology. 

In t u r b i d  coasta l  p l a i n  estuaries, 
such as those i n  North Carol ina eelgrass 
i s  usua l l y  l i m i t e d  t o  depths l ess  than 2 m 
(Thayer e t  a?. 1975b; Fonseca e t  a l .  
1982a; S tua r t  1982). Wetzel and Penhale 
(1983) concluded t h a t  l i g h t  i s  the s ing le  
most c r i t i c a l  f a c t o r  i n  the su rv i va l  and 

srowt!? c f  eelgrass i n  Chesapeake Bay and 
t h a t  near ly  a l l  p l an ts  are l i g h t  stressed 
f o r  a la rge p o r t i o n  o f  the year. Far ther  
nor th,  f o r  example, New England o r  Nova 
Scotia es tuar ies  are l ess  turb id,  and 
s u f f i c i e n t  1 i g h t  penetrates t o  greater  
depths so t h a t  eelgrass may grow to depths 
exceeding 10 m (Harr ison and Mann 1975b). 

The in f luence t h a t  the  quan t i t y  of 
photosynthet ica l l y  a c t i v e  r a d i a t i o n  (PAR) 
has on eelgrass growth was illustrated i n  
a year- long survey o f  t r ansp lan t  s i t e s  i n  
North Carol ina (Fonseca e t  a l .  1984). The 
instantaneous c o e f f i c i e n t  o f  growth f o r  
eel grass t ransp lan ts  was zero a t  1.17% 
PAR, but increased d ramat i ca l l y  w i t h  on l y  
a s l i g h t  increase i n  t h e  PAR (Figure 17). 
A t  t he  h ighest  PAR value, growth r a t e  was 
depressed, suggesting t h e  p o s s i b i l i t y  t h a t  
h igh l i g h t  i n t e n s i t i e s  may l i m i t  growth o f  
the  t ransplants.  The negat ive i n f l uence  
o f  h igh  l i g h t  i n t e n s i t y  may have been 
confounded by pe r iod i c  exposure t o  a i r  and 
wave s t ress  since a h igh  PAR occurred a t  
the  shal lowest t ransp lan t  s i t e ,  a 
s i t u a t i o n  which may be q u i t e  common i n  
many natura l  meadows. 

Seasonal cyc les  i n  product ion o f  
eelgrass have been a t t r i b u t e d  t o  annual 
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F igure  17. The r e l a t i o n s h i p  between 
average annual photosynthet ica l l y  a c t i v e  
r a d i a t i o n  (PAR) and the instantaneous 
coe f f i c i en t  o f  growth ( r )  f o r  eelgrass i n  
f i v e  t ransp lan t  experiments i n  North 
Carol ina. A second degree polynomial i s  
drawn, and t h e  i n t e r s e c t i n g  l t n e  
i l l u s t r a t e s  the  12.5% l i g h t  l e v e l .  
(Redrawn from Fonseca e t  a1 . 1984. ) 
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F i g u r e  18. L e a f  p r o d u c t i o n  o f  e e l g r a s s  i n  Denmark i n  r e l a t i o n  t o  i n s o l a t i o n  an  
temperature. (From Sand-Jensen 1975.) 

cyc les of l i g h t  i n t e n s i t y .  For  example 
Sand-Jensen ( 1975), Jacobs ( 1979) and 
Kentu la  (1983) showed a c l o s e  correspon- 
dence between 1 eaf p roduc t ion  and i n -  
s o l a t i o n  (F i gu re  18). I n v e s t i g a t i o n s  
o f  eel  grass photosynthes i  s-1 i gh t  r e 1  a t i on -  
sh ips (P- I )  i l l u s t r a t e  some o f  t h e  e f f e c t s  
t h a t  l i g h t ,  and t h e  i n t e r a c t i o n  o f  l i g h t  
and temperature, have on ee lgrass growth. 
L i g h t  s a t u r a t i o n  o f  ee lgrass photo- 
synthes is  i n  Alaska occured a t  j u s t  
about 50% t ransmi t tance,  and carbon uptake 
decreased 1 i n e a r l y  below 50% s u r f  ace 1 i g h t  
i n t e n s i t y  (McRoy 1974). 

Zostera photosynthes is  i s  a lso  sub jec t  
t o  temperature effects.  I n  Chesapeake Bay 
i n  January, a t  water temperatures o f  10°C 
t h e  P- I  r e 1  a t  i onsh ip  (Wetzel 1982; Penhale 
and Wetzel 1983) (F igure  19) i s  s i m i l a r  t o  
t h a t  i n  A laska  (McRoy 1974), bu t  a t  a 
t y p i c a l  August water temperature o f  2a°C 
sa tu ra t i on -occu rs  a t  around 10%. On t h e  
bas is  o f  t h e s e  data, Wetzel and Penhale 
(1983) concluded t h a t  ee lgrass i n  

Chesapeake Bay i s  cha rac te r i zed  by: ( I )  
temperature optimum f o r  pho tosyn thes is  o 
between 22' and 28"C, ( 2 )  h i g  
pho tosyn the t i c  e f f i c i e n c y  a t  low-1 i g h  
i n t e n s i t y ,  and ( 3 )  a Pma, (pho tosyn thes is  
and 1 i g h t  response t h a t  i s  c h a r a c t e r i  s t i  
o f  shade o r  low-1 i g h t  t o l e r a n t  p lan ts .  

Wetzel and Penhale 's  (1983 
conc lus ions  were co r robora ted  by  de ta i  1 e 
i n v e s t i g a t i o n s  o f  t h e  photosyn 
t h e t i c ,  chromatic,  and morphologica 
c h a r a c t e r i s t i c s  o f  ee lg rass  (Dennis01 
1979; Mazzel la  e t  a l .  1981; Dennison anr 
A l b e r t e  1982). The conc lus ions  01 
Denni son and A1 b e r t e  (1982), who estimater 
l i g h t  s a t u r a t i o n  and l i g h t  compensatiol 
p o i n t s  f o r  ee lg rass  p l a n t s  near Wood! 
Hole, Massachusetts, were s i m i l a r  tc 
Wetzel ' s  ( 1982). Denni son and A1 b e r t t  
(1982) a1 so concluded, based on t h i s  work 
and a p rev ious  s tudy (Dennison 19791, thal 
ee lg rass  can a l t e r  i t s  l e a f  area inde, 
(LA1 = m2 o f  l e a f  a rea  per  m2 of bottof l  
area) t o  cap tu re  l i g h t  more e f f i c i e n t l y .  
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Changing LA1 may not be the  e n t i r e  
adapt ive  mechanism. There are other  
f ea tu res  t h a t  d i s t i n g u i s h  p lan ts  growing 
a t  d i f f e r e n t  water depths. Eel grass 
p l a n t s  i n  shallow water had s i g n i f i c a n t l y  
g rea te r  photosynthet ic  ra tes ,  r e s p i r a t i o n  
rates,  ch lo rophy l l  a/b r a t i o s ,  l ess  

. ch lo rophy l l  per  l e a f  a rea  and a denser 
l e a f  canopy (LA1 of 3 compared t o  an LA1 
o f  2) than p lan ts  i n  deeper water. Even 
though shoots were much smaller, areal 
p roduct ion  r a t e s  i n  shallow water where 
l i g h t  i n t e n s i t y  was h igh were double the 
r a t e s  i n  deep water. Apparently, eel grass 
can ad jus t  t o  l ow- l i gh t  i n t e n s i t y  i n  deep 
water by p a r t i t i o n i n g  more energy i n t o  the 
formation of longer and wider leaves a t  
t h e  cos t  o f  shoot density. I n .  deeper 
water, la rger  leaves grow higher i n t o  the 
water column thereby accessing the  h ighest  
l i g h t  i n tens i t i es .  Th is  response was 
manifested i n  a h igher r a t e  o f  production 
per  i n d i v i d u a l  shoot fo r  the  deeper water 
s t a t i o n  (Dennison and A1 be r te  1982). 

There i s  a p o s i t i v e  feedback t o  t h i s  
adaptat ion of changing morphology. 
Dennison and A lber te  (1982) demonstrated 
t h a t  i n  shallow water where the  grass was 
dense the  canopy attenuated 90% o f  the 
l i g h t ,  but  t h a t  t he  deep water canopy 
attenuated on ly  75% of the  l i g h t  and 
permi t ted  more l i g h t  t o  penetrate through 
the deep water canopy f o r  use by the 
smaller, very young shoots. As a 
consequence o f  canopy attenuation, 
eelgrass meadows i n  both shallow and deep 
water are ra re ly ,  i f  ever, completely 
1 i ght-saturated f o r  photosynthesis dur ing  
t h e  sumer i n  Massachusetts (Dennison and 
A lbe r te  1982). I n  addi t ion,  Mazzella e t  
a l .  (1981) reported t h a t  t he  l i g h t  
sa tu ra t i on  p o i n t  f o r  the base o f  eelgrass 
leaves was lower than l e a f  t i ps .  These 
fea tu res  suggest a remarkable abi 1 i t y  of 
eelgrass t o  adjust  t o  e x i s t i n g  l i g h t  
g rad ien ts  w i t h i n  t h e  meadows. 

An i n t e r e s t i n g  example o f  the 
l i g h t - p l  ant i n t e r a c t i o n  has been reported 
f o r  mixed beds o f  eelgrass and Ruppia i n  
Chesapeake Bay (Wetzel 1982; Wetzel and 
Penhale 1983). Ruppia has a high l i g h t  
and temperature optimum (Figure 19), a low 
photosynthet ic  e f f i c i e n c y  a t  low- l igh t  
i n t e n s i t y ,  and a P and l i g h t  response, 
t y p i c a l  of sun- 6Px high-1 i g h t  t o l e r a n t  
p lants.  I n  mixed comnunities, depth 

d i s t r i b u t i o n s  and seasonal abundances of 
both species are cons is ten t  w i t h  our 
knowledge o f  photosynthesis from 
phys io log ica l  studies. I n  t h e  Chesapeake 
Bay, Zostera grows best  dur ing  t h e  sp r i ng  
and e a r l y u m m e r ,  and i n  l a t e  f a l l  when 
both water temperatures and l i g h t  
i n t e n s i t i e s  are a t  optimum leve ls .  Ruppia 
grows best i n  t h e  mid-summer a t  h igher  
temperatures and reduced 1 i ght  
i n t e n s i t i e s .  D i s t r i b u t i o n  surveys (Or th  
and Moore 7982a; Metzel and Penhale 1983) 
c l e a r l y  i l l u s t r a t e  t h a t  Zostera i s  more 
abundant i n  t he  deeper water where 
cond i t ions  are favorab le  f o r  i t s  growth. 

Wetzel and Penhale (1983) measured 
canopy s t r u c t u r e  o f  a mixed bed i n  
Chesapeake Bay and noted t h a t  t h e  l ea f  
areas o f  both species were concentrated i n  
the  lower po r t i on  o f  the  canopy. They 
concluded, as d i d  Dennison (1979), t h a t  
the  concentrat ion o f  l ea f  area i n  t h e  
lower po r t i on  o f  the  canopy provided 
p lan ts  w i t h  a greater surface f o r  
captur ing l i g h t  when l i g h t  l e v e l s  a re  
reduced. Furthermore, Ruppi a exh ib i ted  a 
r e l a t i v e l y  greater s t r a t i f i c a t i o n  and a 
greater  concentrat ion  o f  ch lo rophy l l  i n  
the lower canopy. The authors reasoned 
t h a t  these photosynthetic and morpho- 
l o g i c a l  cha rac te r i s t i cs  cont r ibu ted t o  
the success o f  R u p p i a  i n  mixed stands 
o f  Ruppia and Zostera. Evident ly ,  t h e  
photosynthetic systems i n  these two 
species d i f f e r  i n  a manner which a l lows 
optimal e x p l o i t a t i o n  o f  c e r t a i n  h a b i t a t s  
dur ing  spec i f i c  seasonal thermal cycles. 

Temperature 

Temperature inf luences a1 1 face ts  o f  
the  l i f e  cyc le  of eelgrass. For example, 
when p lan ts  are l i g h t  saturated t h e  
photosynthetic enzymes are temperature 
sensi t ive.  B io log i ca l  l y  mediated n u t r i e n t  
remineral i z a t i o n  i s  inf luenced by  
temperature. Elevated temperatures may 
enhance r e s p i r a t i o n  thereby increas ing  a 
p l a n t ' s  maintenance costs. Setche l l  (1929) 
argued t h a t  temperature was the  primary 
regu la tor  o f  growth and development o f  
eelgrass and he even went so f a r  as t o  
s t a t e  t h a t  eelgrass growth and 
reproduct ion were not  dependent on a 
photoperiod. Many discussions have 
centered on the  pros and cons o f  t h a t  
temperature model. Using several At1 an t i c  



coast l oca t i ons  and one Pac i f i c  coast 
loca t ion ,  Setche l l  argued t h a t  eel grass 
d i  splayed f i ve d i  sc re te  growth per iods 
governed by 5OC temperature i n t e r v a l  s: ( 1 ) 
no growth between O0 and 10°C, (2)  
vegeta t ive  growth between 10" and 15OC, 
( 3 )  sexual reproduct ive  development 
between 15O and 20°C, ( 4 )  heat r i g o r  and 
no growth a t  temperatures exceeding 20°C, 
and (5)  seed and l e a f  l oss  w i t h  1 i t t l e  or 
no growth dur ing  f a1 1 i n g  temperatures. 

Setche l l  s model w i t h  d i  screte thermal 
boundaries i s  i nco r rec t .  Eel grass growth 
occurs a t  temperatures we l l  below 10°C 
and, i n  f ac t ,  i n  Hudson Bay, Canada, the  
e n t i r e  l i f e  c y c l e  probably occurs a t  
temperatures between Z°C and 4°C (Hout 
1962, c i t e d  i n  P h i l l i p s  1974b). I n  Rhode 
I s 1  and, growth cont inues a t  temperatures 
l ess  than 10°C (Brown 1962) and sexual 
reproduct ion  occurs a t  temperatures around 
5°C (Short  1975). Wi th in  1 im i ts ,  ne i ther  
warm nor c o l d  appears t o  stop 
photosynthesis. McRoy (1969) found 
eelgrass l i v i n g  under 1 m o f  sea i c e  i n  
t h e  A rc t i c ,  and good growth o f  eelgrass 
has been repor ted  a t  temperatures 
exceeding 20°C. Wetzel (1982) reported 
t h a t  t he  l i k e l y  optimum range f o r  
photosynthesi s o f  ee l  grass i n  Chesapeake 
Bay was somewhere between 2Z°C and 28OC, a 
temperature t h a t  i s  considerably h igher 
than would be expected from Se tche l l ' s  
model. According t o  B ieb l  and McRoy 
(1971 ), gross photosynthesis o f  Zostera 
increases s t e a d i l y  as temperature r i s e s  
between O. and 30°C, b u t  drops o f f  sharply 
between 30°C and 40°C. We cannot avoid 
t h e  conclusion t h a t  eelgrass i s  f a r  more 
eurythermal than Setchel 1 suggested. 

Extreme temperatures i n -  combination 
w i t h  o ther  f a c t o r s  (e.g., exposure and 
desiccat ion) ,  however, can have dramatic 
ef fects on eelgrass populat ions (Figure 
20). A t  t h e  co lder  egd o f  t h e  temperature 
scale, s i t u a t i o n s  e x i s t  i n  shal low water 
where long per iods  o f  sub-freezing 
temperatures may produce a t h i c k  i c e  
cover. As t h e  i c e  thaws, wind and t i d e s  
cause I c e  f loes  t h a t  scour t he  bottom, 
u p r o o t i n g  most  o f  t h e  e e l g r a s s .  Shoot 
dens i t y  i n  a stand of eelgrass i n  a 
coasta l  lagoon i n  Rhode -9 land decl ined 
from 4,000 t o  400 shoots m i n  one winter  
due i n  p a r t  t o  i c e  scour  ( S h o r t  1975) .  
This type of s i t u a t i o n  i s  probably common 

F i g u r e  20. An e e l g r a s s  bed i n  N o r t h  
Carol ina exposed a t  low t i d e  dur ing warm 
summer temperatures which f requen t l y  
exceed 30°C. 

i n  shallow water throughout the nor th  
A t l a n t i c  region. Likewise, Robertson and 
Mann ( 1984) repor ted  t h a t  seasonal l y  
recu r r i ng  d is turbance by i c e  scour i n  
shallow sub t i da l  eelgrass meadows i n  Nova 
Scotia has a st rong i n f l uence  on the l i f e  
h i s t o r y  c h a r a c t e r i s t i c s  o f  the eelgrass 
populat ions. 

A t  the  southern end o f  i t s  
d i s t r i b u t i o n  i n  North Carol ina, i n t e r t i d a l  
and shallow sub t i da l  grass beds experience 
mid-sumner temperatures t h a t  may exceed 
30°C. I n  l a t e  w i n t e r  and spr ing  when 
temperatures a r e  optimum f o r  growth, t h e  
p l  ants achieve very h i g h  biomass; however, 
sumner heat s t ress  causes excessive 
m o r t a l i t i e s .  These beds recover annual l y  
by recrui tment  of seed1 i ngs and when 
viewed dur ing  a s i n g l e  year they may 
appear ephemeral, b u t  they  are a c t u a l l y  
q u i t e  p e r s i s t e n t  over a long period. 

Sometimes t h e  combined e f f e c t s  o f  
temperature and exposure (des icca t ion)  may 
be d i f f i c u l t  t o  separate. The accre t ion  
o f  sediments may e l e v a t e  shal low water 
beds and they undergo i nc reas ing l y  longer 
per iods of exposure (F igure  20). A 
measurable dec l i ne  o f  an i n t e n s i v e l y  
studied eelgrass meadow i n  North Caro l ina  
was a t t r i b u t e d  t o  t h i s  process (Thayer e t  
a l .  1975a). 



S a l i n i t y  Water Yotfon 

Eel grass should be considered 
euryhal ine s ince i t  has been reported 
growing a t  sa l  i n i  t i e s  ranging from near ly  
fresh water  (Osterhout 1917) t o  
f u l l - s t r e n g t h  seawater (Uphof 1941 ; 
Arasaki 1950) o r  even higher s a l i n i t i e s  
(Tu t i n  1938). B ieb l  and McRoy (1971) 
found t h a t  eelgrass exhib i ted a net 
product ion w i t h i n  a s a l i n i t y  range of 0-56 
o/oo. An optimum s a l i n i t y  has never been 
determined. 

S a l i n i t y  may affect seed germination 
(Arasaki 1950; Burkholder and Doheny 
1968). I n  l abo ra to ry  studies, Lamounette 
(1977) and P h i l l i p s  e t  a l .  (1983a) 
determined t h a t  seed germination increased 
as s a l i n i t y  decl ined. The germination 
r a t e  a t  10 o/oo was double tha t  a t  19 
o/oo, and a t  19 o/oo i t  was double t h a t  a t  
28 o/oo. P h i l l i p s  e t  a l .  (1983a) reported 
tha t  the  percentage o f  germination f o r  
seeds tes ted  a t  o/oo was 57%, a t  10 0100 
i t  was 42.5%, and a t  28-30 0100 only 5.2%. 
Lamounette (1977) reasoned t h a t  as 
s a l i n i t y  dec l ined there i s  increased 
i m b i b i t i o n  o f  water by the embryo. When 
water en ters  t h e  embryo i t swells, 
c rea t ing  increased pressure w i th in  the  
seed t h a t  a s s i s t s  in cracking the seed 
coat. A1 though t h i s  seems t o  be a good 
explanation, no one has a c t u a l l y  
quan t i f i ed  t h e  imb ib i t i on  (A.C. 
Churchi 11, pers. comm. 1. 

Forces generated by water motio 
o r i g i n a t i n g  from t i d e s  and wind have 
measurable ef fect  on growth an 
d i s t r i b u t i o n  of eel  grass. Waves an 
currents, by scouring t h e  bottom, erod 
sediments, mature p lan ts  and seeds, an 
prevent deposi t ion of mater ia l .  I n  som 
cases la rge q u a n t i t i e s  of sediment may b 
transported and deposited, bu ry in  
siibstafitf a: pzr t icn;  sf e x i s t i a g  meadow 
(B lo i s  e t  al. 1961; Chr is t iansen e t  a1 
1981; Kenworthy and Fonseca u n ~ u b l  
observ. 1. 

From a phys io log ica l  standpoint 
inves t iga tors  have hypothesized t h a t  wate 
motion st imulates molecular d i f f u s i o n  o 
d issolved gases and n u t r i e n t s  t o  t h  
surface o f  a p l a n t  by decreasing thi  
boundary 1 ayer (Neushal 1 1972). Conovel 
(1964, 1368) argued t h a t  increase1 
v e l o c i t i e s  should make more n u t r i e n t  
ava i l ab le  t o  t h e  leaves, s ince t h e  voluml 
o f  water passing the  p l a n t  surface i s  , 
f unc t i on  o f  ve loc i t y .  The most luxur ian '  
stands o f  eelgrass are u s u a l l y  i n  areas o. 
moderate t o  h igh  cu r ren t  speeds ( P h i l  l i p '  
1972; Conover 1964; Short 1975). A' 
suggested by Conover (1964) and Fonsec, 
(unpubl. data), t he re  may be an opt imu~ 
cur ren t  speed between 20 and 40 cm sec- 
below which metabolism may be l i m i t e d  b: 
d i f fus ion,  and above which growth ma! 
dec l ine  as a r e s u l t  o f  phys ica l  d i s r u p t i o ~  
of the plants. Fur ther  s tud ies  are needec 
t o  determine the  interrelations hi^! 
between phys io log ica l  aspects of t h e  plan1 

From a d i s t r i b u t i o n a l  s t a n d ~ o i n t .  andwatermot ion .  
long-standing dif ferences i n  s a l i h i  t i& 
may determine the  differences i n  species 
composition between nearby bodies o f  
water. Adjacent coastal lagoons on the  
south shore of Rhode Is land provided an 
excel l e n t  case study o f  sal i n i t y  
(Thorne-Mi 1 l e r  e t  al .  19831, since the  
primary d i f fe rence among the  physical  
c h a r a c t e r i s t i c s  of the lagoons was the  

Since eelgrass slows water f low, a1 
establ ished meadow can have a substant i  a' 
in f luence on t h e  physical ,  chemical, anc 
b i o l o g i c a l  c h a r a c t e r i s t i c s  of sediments b j  
r e t a i n i n g  organic matter  and nu t r i en l  
resources w i t h i n  t h e  meadow (see Chapter : 
f o r  a de ta i l ed  d iscussion of thest 
aspects). 

exchange w i t h  oceanic waters from Rhode 
Is land Sound. The lagoons w i th  a lonq Substrate 
standing continuous corInection t o  the open Eelgrass grows on substrates varying ocean had t h e  h ighest  s a l i n i t i e s  and were from pure, firm sand to fine, soft mudr 
dominated b y  eelgrass, while 1 ag00ns j u s t  (Ostenfe1d 1908; den Hartog 1970). 
a few k i l o m e t e r s  away *&more res- t r i c ted  ~ ~ ~ l ~ ~ ~ d  occurrences of eelgrass i n  

the Open Ocean were Sediment-f i 1 l e d  depressions on open 
dominated b y  P~tamogeton pec t i  natus and $hOrel nes and in fjord-, ke  *baflents Ruppi a. among cobble have been observed i n  Nek 



V p - 7  - - A  f p4 q,7 L I I y I  ,,, I y Y ~  3cd F r 3 1  i c k  1975; Ke)?wcrt)ly 
and Fonseca, pers. observ. 1. I n  North 
Carol ina, eelgrass grows i n  f i n e  muds, 
s i l t s ,  and sands, and Kenworthy e t  a l .  
(1982) concluded t h a t  there  was no 
evidence t h a t  substrate type l i m i t e d  
eelgrass d i s t r i b u t i o n ,  except where the 
substrate was too f i r m  f o r  roo ts  and 
rhizomes t o  penetrate and i n  areas o f  
unstable sediments. However, growth ra tes  
and p l a n t  morphology may be in f luenced by 
tni! ljiiy~-icocher;:ica7 character is t ics  o f  
the sediment (Ostenfe l  d 1908; Kenworthy 
and Fonseca 1977; Or th  1977; Short 1981, 
1983a,b,). 

Nu t r i en ts  

Most research on seagrass-nutr ient 
i n te rac t i ons  has centered on n u t r i e n t  
c y c l i n g  processes (see Chapter 3)  ra the r  
than t h e  s p e c i f i c  phys io log ica l  n u t r i e n t  
requirements o f  the p lan t s .  FPW studies 
of m ic ronu t r i en t  physiology and 
biochemi s t r y  are avai 1 able. The p lan ts  
are roo ted and can obta in  the  major 
macronutr ients (McRoy and Barsdate 1970; 
Penhale and Thaver 1980: Short 1981: 
Thursby and " Har l  i n * 1982) and 
m ic ronu t r i en ts  (Br inkhu is  e t  a l .  1980) 
from both sediment and water column. 

The concentrat ions and regenerat ion 
rates of major macronutr ients are 
l a rges t  i n  t h e  sediments, but  the  extent  
t o  which eelgrass p lan ts  u t i l i z e  water o r  
sediment n u t r i e n t  sources remains 
unresolved. I n  t he  labora tory  Thursby and 
H a r l i n  (1982) reported t h a t  r o o t  uptake o f  
ammonium was a f fec ted  by n u t r i e n t  
concentrat ions i n  the  water surrounding 
the  leaves, but  l e a f  uptake was not 
a f f ec ted  by roots.  Thus, i f  sediment 
n u t r i e n t s  f l uc tua ted ,  leaves should s t i l l  
be able t o  cont inue e x p l o i t i n g  the  lower 
concentrat ions o f  n u t r i e n t s  i n  the water 
column, unaf fected by r o o t  zone 
concentrat ions. consider in^ t h a t  t he  

Ynfg r t~na t e !  y, however, design weaknesses 
i n  these s tud ies  leave many quest ions 
unresolved. Or th  (1977) appl ied a mixed 
f e r t i l i z e r  t o  t h e  sediment and was unable 
t o  determine if i t  was nitrogen, 
phosphorus, o r  some o ther  mineral  i n  t h e  
f e r t i l i z e r  t h a t  enhanced growth. He was 
also unable t o  t r a c e  t h e  u l t i m a t e  
d i s p o s i t i o n  o f  t he  elements i n  t h e  
fe r t i l i ze r - sed imen t -p lan t  complex. Har l  i n  
and Thorne-Mi 1 l e r  ( 1981 ) dispensed 
i n d i v i d u a l  ferti?!rers i n t o  t h e  water 
column and reported substant ia l  l y  l e s s  
growth than Or th  (1977). They could n o t  
ascerta in whether t h i s  1 esser growth 
resu l ted  because the  p lan ts  could n o t  
u t i l i z e  t h e  n u t r i e n t s  i n  t h e  water column 
as e f f i c i e n t l y  o r  because there  was an 
untested n u t r i e n t  combination e f fec t .  
Neither study accounted f o r  t h e  
u t i l i z a t i o n  o f  n u t r i e n t s  by o ther  
components o f  t he  community, a problem 
t y p i c a l  t o  many f i e l d  s t u d ~ e s  t h a t  l ack  
proper contro ls .  I n  f ac t ,  H a r l i n  and 
Thorne-Mi 11 er repor ted  t h a t  t he  growth o f  
a dense a lga l  mat probably u t i l i z e d  
considerable amounts o f  nu t r ien ts .  

Short (1981, 1983a,b) and I i zumi  e t  
a l .  (1982) suggested t h a t  n i t r ogen  may 
l i m i t  t h e  growth o f  eelgrass. I i zumi  e t  
a1 . ( 1982) measured n i t rogen  regenerat i o n  
and concluded t h a t  water column 
regenerat ion was o f  l i t t l e  s i gn i f i cance  i n  
meeting t h e  n i t rogen requirements o f  t h e  
p lants.  Approximately 41% o f  t he  ammonium 
regenerated i n  t h e  sediments was 
ass imi la ted  by microorganisms, suggesting 
a competi t ion between t h e  p l  ants and 
heterotrophs f o r  the avai 1 ab le  n i t rogen  i n  
t h e  sediments. Based on est imates o f  net  
production, the  remaining ammonium j u s t  
met the  demands o f  t h e  p lants.  Ni t rogen 
a v a i l a b i l i t y ,  i n  f a c t ,  may be l i m i t e d  by 
t h e  requirements o f  t he  hetero t roph ic  
community responsib le f o r  t he  decompo- 
s i t i o n  o f  organic matter  i n  t he  sediments. 

range o f  f l u c t u a t i o n  i n  the  3 n t e r s t i t i a l  
water concentrat ions i s  f a r  greater  than Short (1983a) compared uptake ra tes  
i n  t he  water column (Kenworthy e t  a l e  a" n i t rogen pools i n  o rgan ic - r ich  and 
1982; Short 1981 ), t h i s  observed response o ~ ~ ~ " c - P o o ~  sediments and concluded t h a t  
would be b e n e f i c i a l  t o  t h e  p lants.  n i t rogen regenerat ion i n  organic-poor 

sediments was inadequate t o  supply 
Eelgrass may be n u t r i e n t  l i m i t e d  under n i t rogen requ i red  f o r  p l a n t  growth.   here 

c e r t a i n  circumstances. Appl i c a t  i o n  o f  was a 1 arger d i  screpancy between 
f e r t i l i z e r  t o  sediments (Orth 1977) and t o  ca lcu la ted  N:P r a t i o s  f o r  uptake r e l a t i v e  
t h e  water column ( H a r l i n  and Thorne-Mil ler t o  the  N:P o f  p l a n t  t i ssues i n  
1981 ) appeared t o  s t imu la te  growth. organic-poor sediments. 



The mat te r  o f  n u t r i e n t  sources and 
a v a i l a b i l i t y ,  as we1 1  as t h e  general 
n u t r i t i o n a l  requirements o f  the  p lan t ,  i s  
open t o  more research. Since ee lgrass 
c o n s t i t u t e s  such a  l a r g e  p o r t i o n  of t h e  
au to t r oph i c  p roduc t ion  and biomass of 
temperate shal low water areas, t h e  f l u x  of 
n u t r i e n t s  through it must be q u i t e  l a r g e  
(Thayer e t  a l .  1975b; Zieman and Wetzel 
1980; Sand-Jensen and Borum 1983). 

2.4 CHEMICAL COMPOSITION 

Est imates, o f  t h e  chemical composi t ion 
o f  ee lgrass l i s t e d  i n  Table 3 come from a  
very  d i v e r s e  1 i t e r a t u r e  base. We 
recomnend use o f  t h e  o r i g i n a l  c i t a t i o n s  
f o r  s p e c i f i c  i n f o rma t i on  regard ing  
sarnpl i n g  and a n a l y t i c a l  techniques. It i s  
d i f f i c u l t  t o  present  t h i s  i n f o rma t i on  
w i t hou t  n o t i n g  t h a t  p o t e n t i a l  i n t e r p r e -  
t a t i o n  problems e x i s t ,  and s p a t i a l  
and temporal v a r i a t i o n s  a r e  inheren t  i n  
t h e  data. Most o f  t h e  data represen t  
pooled samples o r  averages of a  number of 
samples, as w e l l  as samples taken i n  
d i f f e r e n t  h a b i t a t s  and a t  d i f f e r e n t  t imes. 
Fo r  example, Thayer e t  a l .  (1977) 
r epo r t ed  d i s t i n c t i v e  seasonal v a r i a t i o n s  
i n  t h e  o rgan ic  mat te r  con ten t  o f  a l l  
components o f  ee lg rass  and a t t r i b u t e d  t h e  
v a r i a t i o n s ,  i n  p a r t ,  t o  increases i n  
carbonates from enc rus t i ng  organisms t h a t  
occur du r i ng  senescence of t h e  p l  an t  
t i ssue .  Both o rgan ic  carbon and n i t r o g e n  
l e v e l s  had d i s t i n c t i v e  seasonal maximum 
and minimum values. Seasonal v a r i a t i o n s  
i n  n i t r ogen  and carbon a l s o  were r epo r t ed  
by Har r i son  and Mann (1975b). Lyngby and 
B r i x  (1982) r epo r t ed  seasonal v a r i a t i o n s  
i n  ash and heavy meta l  content ,  w i t h  
maximum concen t ra t ions  o c c u r r i n g  i n  l a t e  
w i n t e r  and e a r l y  s p r i n g  and minimum 
concen t ra t ions  i n  e a r l y  w in te r .  Lyngby 
and B r i x  (1982) a t t r i b u t e d  t h e  v a r i a t i o n s  
t o  seasonal p l a n t  growth dynamics. 
C lear l y ,  seasonal aspects o f  t h e  
composi t ion of t h e  p l a n t  m a t e r i a l  must be 
accounted f o r  i n  any i n t e r p r e t a t i o n  o f  
pas t  and f u t u r e  s tud ies .  T h i s  i s  
e s p e c i a l l y  p e r t i n e n t  f o r  t h e  r o o t s  and 
rhizomes which may s t o r e  elements and 
carbohydrates du r i ng  pe r i ods  o f  reduced 
growth. 

Confounding t h e  ana l ys i s  o f  seasonal 
v a r i a t i o n  i n  t i s s u e  composi t ion a r e  
d i s t i n c t i v e  v a r i a t i o n s  i n  p rox imate  

Table 3. Represen ta t i ve  S U ! I P ) ~ ! - Y  of 
severa l  aspects o f  the  chemical  conposj-  
t i o n  o f  Zostera marina. ---- 

Method o f  Soilrce o f  
Component and p l a n t  p a r t  r e p o r t i n g  Es t imate  i n f o r m a t i o n  

I, Organic mat te r  con ten t  

A .  Leaves 

1. L i v i n g  % o f  d ry  79.3, 80-90, 1, 7, 14, 
weight 89-88 16 

2. Dead % o f  d ry  67.4. 70-80 1. 7 
w o r g h t  

3. D e t r i t a l  X of  d ry  54.9, 60-70 1 
weigh t  

1. L i v i n g  I o f  d ry  67.0 2 
weight 

C. Rhizomes 

1. L i v i n g  I of  d r y  76.0 2 
weight 

D. Roots and rhizomes I o f  d r y  60-83 14 
combined we igh t  

11.  C a l o r i c  con ten t  

A. Leaves c a l o r i e s l a s h  4125 3 
f ree  g  

6.  Rhizones c a l o r i e s l a s h  3967 3 
f r e e  g 

111. P r o t e i n  

A .  Leaves t o f  d r y  10.62, 10.6. 4. 7. 16 
weigh t  19.04 

B. Old, dead leaves  Z of  dry 4 - 5  7 
weight 

C. Rhizomes Z o f  d r y  6.14 4 
weight 

I V .  Crude f i b e r  

k .  Leaves I of  Ory i6.6, 18.4 16, 9 
weight 

0 .  Rhizomes Z o f  d r y  59.9, 13.3 4, 9 
weight 

I o f  d r y  50.4 -- 
we igh t  

C. Roots 

V. Composites o f  crude 
f i b e r  i n  leaves 

% o f  dry 
we igh t  

A. Hemice l lu lose  Z o f  t o t a l  23.2 5 
o rgan ic  we igh t  

8. C e l l u l o s e  X o f  t o t a l  22.1 5 
o rgan ic  w e i g h t  

C. L i g n i n  X of  t o t a l  7.3 5 
o rgan ic  w e i g h t  

V I .  Carbohydrates i n  leaves 

A. Leaves 

1. Carbohydrates o ther  I o f  d ry  5.6 4 
than crude f i b e r  we igh t  

2. T o t a l  nons t ruc tu ra l  X o f  t o t a l  3.0 5 
organ ic  we igh t  

3. Fructose Z e x t r a c t e d  2.6 6 
d r y  weight 

Myo-inosi t o 1  % e x t r a c t e d  1.7 6 
d r y  weight 

Sucrose I e x t r a c t e d  18.4 6 
d r y  weight 

( con t inued)  



Table 3. (cont inued)  Table  3. (concluded) 
- -  

Method of  Source o f  
component and p l an t  Par t  repor t ing Estimate information 

6. Rhizomes X o t  dry 33 7 
weight i n  
w in ter  

1. L ip i ds  

a. Leaves % o f  dry 1.6. 1.29 16. 7 
weight 

b.  Rhizomes 5 o f  dry 0.91 7 
wetght 

VII. Carbon (organic) 

A. Leaves 

1. L i v i ng  

2. Dead 

I o f  dry 
weight 

I o f  dry 22. 36 1, 7 
wetght 

3. D e t r i t a l  2 o f  dry 19. 27.3 1, 8 
weight 

C. RhizomeS 

" p c t r  ?"* *hi?".q*. -. 

V I I I .  Nitrogen 

A. Leaves 

1. L i v i ng  

2. Dead 

3. Oet r i t a l  

8. Roots 

C. Rhizomes 

IX. Phosphorus 

A. Leaves 

8. Yhole p lant  

X .  Amino compounds 

A. Leaves 

1. L i v i ng  

2. Dead 

3. Det r i t us  

I o f  dry 26. 41.2 9. 2 
weight 

% o f  dry 34, 43.4 9, 2 
weight 

1 of dry 30.6 8 
weight 

% o f  dry 1.85, 4.5, 1, 7, 8, 
weight 1.8. 3.0. 16. 9 

2.59 

% o f  dry 1.18, 2.6 1. 7 
weight 

% o f  dry 1.13. 1.7 1. 7 
weight 

% o f  dry 1.4, 2.76 10. 9 
weight 

I o f  dry 1.4. 2.87 10. 9 
weight 

I o f  dry 0.33-0.45. 20. 4. 16 
w i g h t  0.386. 0.286 

2 of dry 0.4. 0.3-0.5 11, 12 
wetght 

mglg ash free 102.81 1 
d ry  weight 

mglg ash free 87.78 1 
dry  weight 

ng lg  ash free 123.40 1 
dry  weight 

X I .  Trace elements 

A. Leaves 

1. Uanganese es lg  dry 
w i g h t  

2. I r on  r g l g  dry 
weight 

3. Copper eglg dry 
weight 

(continued) 

Method of Source o f  
Component and p l an t  pa r t  repor t fng Estimate Information 

4. Zinc es lg  dry 70. 40-150, 13, 14. 4. 
weight 2.7, 63 15 

5. Cadmium ugl9 dry 0.1-1.4 14 
weight 

6. Lead a919 dry 1-23 14 
weight 

7 .  Calcium eglg dry 453 4 
weight 

C. Rag?estw ,s!s dry 677 4 
weight 

9. Potassium es lg  dry 222 4 
weight 

8. Roots and rhizornes 

I. Cadmium us/ dry 0.01-0.6 14 
wei ih t  

2. Copper ug lg  dry 2-20, 7.5 14. 16 
weight 

3. Lead l lg lg  dry 0.5-25 14 

4. Zinc 

5. Manganese 

6. I ron 

7. copper 

8. Zinc 

9. Magnesium 

10. Calcium 

11. Sodium 

12. Potassium 

13. Molybdenum 

14. Boron 

15. Sf l icon 

16. Flor ine 

17. Bromine 

18. Iodine 

19. Chlorine 

20. Sulfur 

r g l g  dry 
weight 

r g l g  dry 
welght 

eslg dry 
w i g h t  

rrglg dry 
weight 

r g /g  dry 
weight 

r g l g  dry 
weight 

eglg dry  
weight 

eglg dry 
weight 

ug/g dry 
weight 

rgJ9 dry  
wetght 

~ i g l g  dry  
weight 

rg/g dry  
weight 

es ls  dry 
weight 

r g l g  dry  
weight 

r g l g  d r y  
weight 

d r y  
weight 

gglg d r y  
weight 

1. Thayer e t  a l .  (1977) 

2. Kenuorthy (unpublrshed) 

3. HcRoy (19661 
154, 43. 140 13. 4, 15 

4. Burkholder and Doheny (19681 

1240. 34. 810 13. 4. 15 5. Godshalk and Wetzel (19788) 

6. Drew (1980) 
7.9. 1-40. 6 13. 14, 15 

7. Harrison and Mann (19758) 

8. Wetzel (1982) 

9. Seki and Yokohaw (1978) 

10. Josselyn and Mathieson (1980) 

11. Penhale (1977) 

12. HcRoy and Barrdate (1970) 

13. Wolfe e t  al.  (1976) 

14. Lyngby and Br ix  (1982) 

15. D r i f m y e r  e t  a l .  (1980) 

16. Candussio (1960): as c i t e d  i n  
Burkholder and Doheny 1968. 



composit ion between ages of p l a n t  
mater ia l .  These d i f f e rences  are o f  
special  i n t e r e s t  f o r  eelgrass s i f ~ c e  a t  any 
given t ime mate r ia l s  o f  several  d i f f e r e n t  
ages and i n  var ious stages of senescence 
are present on a p lan t .  Decomposit ion of 
t h e  p l an t  mate r ia l  i s  accompanied by t h e  
leaching o f  so lub le  organic  mat ter  (See 
Chapters 3, 4, 5 )  and c o l o n i z a t i o n  by 
microorganisms (See Chapters 4,5)'. 
C n n ~ ~ q u ~ n t l y ,  aged mate r i  a1 may have 
p ropor t iona te ly  d i f f e r e n t  q u a n t i t i e s  o f  an 
element or  compound, depending on t h e  
stage o f  decay or t h e  associated community 
of epiphytes. 

2.5 BIOMASS 

The range o f  values f o r  t he  biomass of 
eelgrass leaves, roo ts ,  and rhizomes i s  
q u i t e  la rge  (Table 4). Th is  i s  n o t  
su rp r i s i ng  s ince eelgrass growth i s  
influenced by several  environmental 
parameters, as we l l  as by r e c u r r i n g  
seasonal cyc les o f  1 i g h t  and temperature. 
The wide ranges are a lso  due, i n  par t ,  t o  
d i f fe rences  i n  sampling methods, sampling 
locat ions,  and ob j ec t i ves  o f  t h e  
i nd i v i dua l  studies. An example of t h e  
extent o f  biomass v a r i a b i l i t y  w i t h i n  a 
s i ng l e  estuar ine system ( lower  Chesapeake 
Bay) i s  i l l u s t r a t e d  i n  Table 5 (Or th  and 
Moore T982a). Maximum and minimum values 
recur  annual ly  w i t h i n  a month o r  two, b u t  
t h e  absolute biomass o f  p l a n t  ma te r i a l  may 
vary by a fac to r  of two o r  more. 
General ly i n  most surveys l a r g e r  
va r i ab i  1 i t y  occurred w i t h  l e a f  s tanding 
crop than w i t h  r oo t s  and rhizomes. Leaves 
are subjected t o  phys ica l  exposure and 
have fas te r  turnover  r a t e s  than r o o t s  and 
rhizomes. During t h e  per iods of thermal 
stress, S~~mner i n  t h e  southern range and 
winter  i n  the  nor thern range, t h e  p l a n t s  
assume a c h a r a c t e r i s t i c  growth form. The 
leaves are much shor te r  and narrower and 
t he  standing crop i s  lower (Kenworthy 
1981; Kentula 1983). 

A l a rge  p a r t  of the  r e c u r r i n g  annual 
v a r i a t i o n  of the l e a f  standing crop can 
a lso  be a t t r i b u t e d  t o  t he  s y n e r g i s t i c  
e f f ec t s  o f  s e ~ ~ a l  and asexual rep roduc t ion  
and seasonal changes i n  p l a n t  morphology. 
Typ ica l l y ,  an increase i n  shoot dens i t y  
Occurs dur ing the sp r ing  growing season 
followed c lose ly  by sexual reproduct ion.  
During t h i s  p roduc t i ve  p e r i o d  

newly-produced shoots grnw longer and 
wider  and r a p i d l y  growing f l o w e r i n g  s t a l k s  
w i t h  matur ing f r u i t s  add cons iderab le  
biomass t o  the s tand ing  s tock .  As f lowers 
d i e  and a re  sloughed o f f  a t  t h e  
t e rm ina t i on  o f  t he  r e p r d d u c t i v e  cycle, 

Table 4. Representat ive va lues  f o r  the 
standing crop, belowground biomass. t o t a l  
biomass, and p r o d u c t i v i t y  o f  Zos te ra  
mari na. 

Component Biomass P r o d u c t i v i t y  
( t o t a l ,  leaves o r  

Loca t ion  r o o t s  and rhizomes) g Ow m-' g C m" d-' 

Alaska 

Puget Sound, 
Washington 

Humbol d t  Bay. 
C a l i f o r n i a  

Japan 

Japan 

Denmark 

Denmark 

France 

North Caro l ina  

North Caro l ina  

North Caro l ina  

V i r g i n i a  

V i r g i n i a  

Long I s l a n d ,  
New York 

Oyster Bay, 
New York 

Rhode I s l a n d  

Rhode I s l a n d  

Great Bay, 
New Hampshire 

Leaves 
Roots and rhizomes 

Leaves 

Leaves 

Leaves 

Leaves 
Rhizomes 
Roots 

Leaves 
Rhizomes 

Leaves 

Leaves 
Roots 
Rhizomes 

Leaves 

Leaves 
Roots and rhizomes 

Leaves 

Leaves 

Leaves 
Roots and rhizomes 
To ta l  p l a n t  

Rhizomes 

Leaves 

Leaves 
Roots and rhizomes 

Leaves 
Roots and rh izomes 

Leaves 

Zieman and Wetzel (1980) k. 
McRoy (1970) 1. 
P h i l l i p s  (1974b) m. 
Ke l  l e r  (1963) n. 
Mukai e t  a l .  (1979) 0. 
A i o i  e t  a?. (1981) P. 
A i o i  (1980) 9. 
Sand-Jensen (1975) r. 
Petersen (1918) s. 
Jacobs (1979) t. 
Penhale (1977) 

Kenworthy (unpublished) 
Thayer e t  a l .  (1975a) 
Marsh (1973) 
Or th  and Moore (1982a) 
Wetzel (1982) 
R iner  (1976) 
Burkholder and Doheny (1968) -- 
Thorne-Mi l l e r  e t  a l .  (1983) 
S h o r t  (1975) 
Riggs and F r a l i c k  (1975) 



biomass i s  l o s t  r ap id l y .  I t  i s  replaced 
s l o w l y  as asexual r e p r o d u c t i o n  dec l  i nes, 
as p a r t s  of t h e  p l a n t  d i e ,  and as t h e  
h i ghe r  r e s p i r a t i o n  r a t e s  reduce n e t  
p roduc t  ion.  

Desp i t e  t h e  v a r i a t i o n ,  t h e r e  appears 
t o  be g r e a t e r  biomass i n  t h e  cen te r  and 
n o r t h e r n  range of e e l g r a s s  d i s t r i b u t i o n .  
Throughout most of i t s  range, l e a f  biomass 
e x h i b i t s  an annual un imodal  cyc le ,  w i t h  a 
peak i n  mid-  t o  l a t e  sumer and a min imum 
i n  m id -w in te r .  A t  t h e  southern l i m i t ,  
l ea f  biomass appears t o  be bimodal 
(Kenworthy 1981; O r t h  and Moore 1982; 
Penhale and Wetzel 1983), w i t h  a f i r s t  and 
maximal peak between March and e a r l y  June 
i n  Nor th  Caro l ina ,  and between A p r i l  and 
June i n  V i r g i n i a .  T h i s  maximum i s  
f o l l o w e d  by a sharp d e c l i n e  between J u l y  
and September, f o l l o w e d  b y  a f a l l  reg rowth  
per iod .  

Table 5. Maximum and  minimum values f o r  
shoot and r oo t - r h i zome  s tand ing  crop f o r  
a l l  s i t e s  (months i n  parentheses are when 
t he  va lue  was r eco rded ) .  Some s i t e s  were 
n o t  sampled f o r  t h e  e n t i r e  year .  (Data 
f rom Or th  and Moore 1982a. ) 

Shoot Standing crop Root-rhizome standing crop 

Sites (q/mL) (q/m' ) 
Max. Min. Max. Min. 

. - --- -- 
Browns Bay 

1978 Z3(0ct) 6tOct) 

Guinea llarsh 
Offshore 

1978 158(Aug) 57(0ct) 105(June) 10(0ct) 

1979 336(June) 70(Nov) 34(Mar) 130(June.July) 42()(ov) lO(Pbr) 

1980 397fJuly) 33!Mar) 155fJune) 88fFebi 

Guinea Marsh 
Inshore 

1979 291(June) 9(0ct) 61(June) 3(Nov) 

19.80 41Z(July) Z(Jan) 121tJuly) 1(Jan) 

Vaucluse Shores 

1978 2a ( k p )  12(0ec) 

1979 161(July) lP(Mar) 130(0eC) 61(Sep) 6(Mar) 

1980 230(July) 5 4 W a r )  12I(Apr) 103(Feb) 

Vaucluse Shores 
Mixed 

1979 131(July) 37(May) llz(July) ZO(May) 

1980 161<July) 52(Jan) 130(Feb) 52(Jan) 

gSo=. an3 I"hiz0me~ d l s o  e ~ h j b i t  
seasonal f l u c t u d t i o n s  i n  biomass ( ~ i g u r e  
21)  (sand-Jensen 1975; Jacobs 1979; 
Kenworthy 1981; Or th  and Moore 1982a; 
Ken tu la  1983; Thorne-Mi l l e r  e t  a l .  1983; 
R o b e r t s o n  and  Mann 1984; Kenwor thy  and  
Thayer manuscr i  P t  i n  prep.). ~ o o t i n g  
depth ana lyses  show t h a t  more t h a n  90% of 
t he  belowground biomass i s  l o c a t e d  i n  t he  
upper 10 cm o f  t h e  sediment (Wetze l  1982): 
The t u r n o v e r  r a t e  o f  r o o t  a n d  r h i z o m e  
~ i o rnass  1 s  much s70wer t han  t h a t  o f  
leaves, and s i n c e  so much o r g a n i c  ma t t e r  
i s  concen t ra ted  i n  t he  upper  few 
cen t imete rs  o f  vegetated sediments ,  t he  
rh izosphere  o f  these p l a n t s  has a 
measurable i n f l  uence on t h e  phys i ca l ,  
chemical, and b i o l o g i c a l  c h a r a c t e r i s t i c s  
of t he  sediment,  

An a d d i t i o n a l  f e a t u r e  o f  p l a n t  
abundance a t  t h e  southern l i m i t  o f  i t s  
range is t h e  co-occurrence of ee lg rass  
w i t h  two o t h e r  spec ies,  1. w r i  h t i i  and R. -P- mari t ima.  I n  m i x e d  beds t h e  o h e r  species 
c o n t r i b u t e  a s u b s t a n t i a l  p o r t i o n  t o  t h e  

I 
Standing Crop 

:fiat Roots and R h z o r n e s  

0 

F i g u r e  21. Seasonal c y c l e  of l e a f  stand- 
i n g  crop and r o o t  p i u s  rhizome biomass i n  
mixed beds of Z o s t e r a  marina and Halodule 
w r i g h t i i  near  Beaufor=rth C- 
Bars I n  the r o o t  and r h i z o m  g r a p h  i n d i -  
ca te  + one s tandard  e r r o r .  (From 
~ e n w o r i i I y  and Thayer  manuscr ip t  i n  prep. ) 



t o t a l  p ? a n t  biomass. Eelgrass and 
shoalgrass i n  mixed beds near Beautorr;, 
Nor th  Carol  i n a  (Kenworthy 1981 ) (F i gu re  
21), each reach a  maximum biomass a t  
d i f f e r e n t  t imes of t h e  year. Each species 
grows best  du r i ng  a  t ime  o f  year when 
water t ~ p e r a t u r e s  correspond t o  t h e  
ranges t y p i c a l  of t h e  cen te r  o f  each 
spec ies '  d i s t r i b u t i o n  (Chapter 1  ) :  
ee lg rass  grows bes t  i n  sp r i ng  and f a l l  
w h i l e  Halodul e  grows best i n  summer. 
where t h e 5  Occtlr ir! %;xed beds t h e r e  
i s  much l ess  o v e r a l l  seasonal v a r i a t i o n  i n  
abundance, s i nce  t h e y  r ep l ace  one another 
du r i ng  a  t y p i c a l  seasonal cyc le .  

There are ex tens ive  s u b t i d a l  beds o f  
ee lg rass  and widgeon grass i n  lower  
Chesapeake Bay, V i r g i n i a ,  which exhi  b i t  a  
seasonal p a t t e r n  o f  biomass t h a t  i s  
s imi  1  a r  t o  t h e  mi xed ee l  grass-shoal grass 
meadows i n  Nor th  Caro l ina .  Widgeon grass 
rep laces  ee lgrass i n  e a r l y  sumner and 
appears t o  be more t o l e r a n t  o f  a  
combinat ion o f  r e l a t i v e l y  h igher  1  i g h t  
i n t e n s i t y  and h i g h  temperature. Ru i a  
t h r i v e s  i n  t h e  upper s u b t i d a l  and* 
i n t e r t i d a l  beds, w h i l e  ee lgrass dominates 
t h e  lower  sub t i da l  (Or th  and Moore 1982a; 
Wetzel and Penhale 1983). 

Macroalgae a re  a  f requen t  component of 
t h e  p l a n t  biomass i n  ee lgrass meadows 
(Conover 1964; Thorne-Mi l ler  et  a7. 1983). 
Throne-Mi 1  l e r  e t  a1 . ( 1983) r epo r t ed  t h a t  
a l g a l  biomass made up 13% t o  46% of t h e  
t o t a l  submerged macrophyte biomass i n  
Rhode Is1 and coas ta l  1 agoons. McRoy 
(1970) est imated t h a t  14% o f  t h e  t o t a l  
p l a n t  biomass i n  lzembek Lagoon, Alaska, 
cou ld  be a t t r i b u t e d  t o  macroalgae. O i  1  l o n  
(1971 1 es t imated  t h a t  macroalgae 
c o n s t i t u t e d  10% o f  t h e  t o t a l  p l a n t  biomass 
i n  a  Nor th  Ca ro l i na  estuary.  

I n  t h e  Rhode I s l a n d  lagoons t h e  
macroalgae were u s u a l l y  unat tached and 
entangled among t h e  r oo ted  seagrasses. 
The a lgae were dominated b y  species of 
ch lo rophy ta  and rhodophyta and reached a  
malimum biomass o f  1,200 and 835 g d r y  wt 
m-2, r espec t i ve l y ,  i n  the  densest mats 
( T h o m e - ~ i l  l e r  e t  a1 . 1983). 

Epiphytes growing on t h e  surfaces of 
r i t e  leaves, which i n c l u d e  bo th  micro-  and 
macroplgae, r e p o r t e d l y  c o n s t i t u t e  about 
25% of t h e  lea f  biomass (Penhale 1977; 

Ken tu l a  1983). Because t h e  ep iphytes 
r-.eqiiire t h e  ?eaf su r f aces  f o r  attachment 
t h e  seasonal and annual biomass o f  
ep iphy tes  corresponds c l o s e l y  t o  t h e  c y c l e  
o f  l e a f  biomass. 

2.6 PRODUCTION 

Seagrasses produce 1  a rge  quant i t i  es o f  
o rgan i c  ma t t e r  (McRoy and McMi l lan 1977; 
Zieman and Wetzel 1980), and es t ima tes  o f  
dai'y p r a b z c t i o n  f o r  ee lg rass  meadows r a n  
them among t h e  most p r o d u c t i v e  o f  rnar in  
p l a n t  ecosystems. Very h i g h  es t ima tes  o 
d a i l y  n e t  l e a f  p r o d u c t i o n  a re  r e p o r t e d  f o r  
Alaskan meadows (Tab le  4). I n  genera l  t h e  
es t ima tes  o f  l e a f  n e t  p r o d u c t i o n  f o r  beds 
a long  t h e  A t l a n t i c  coas t  o f  t h e  U n i t e d  
S ta tes  and f o r  Euro e  a re  on t h e  o r d e r  o f  P 300-500 g  C m-zyr- . The va lues have a 
s t r i k i n g  cons i s t ency  even though t hey  were 
d e r i v e d  by  independent  i n v e s t i g a t o r s  u s i n g  
a t  l e a s t  t h r e e  d i f f e r e n t  techniques.  
Values f o r  n e t  l e a f  p roduc t i on  range 
between 0.3 and 1.8 g  C 1m-2 d- , an 
average about 1  g C m-2 d -  , which woul 
y i e l d  an average annual l e a f  p roduc t i on  o 
300-400 g  C m-2 yr- I .  Short  - t e r  
p r o d u c t i v i t i e s  under optimum c o n d i t i o n  
may exceed t h e s e  es t ima tes .  For  example 
Denni son and A1 b e r t e  ( 1982 r e p o r t e d  
range  o f  0.8-2.0 g C m-2 d-) f o r  s h a l l o  
and deep water  ee l  g rass  d u r i n g  August nea 
Woods Hole, Massachusetts,  t h a t  c o i n c i d e  
w i t h  a  water  tempera tu re  which p robab ly  i s  
near  optimum f o r  ee l g rass  p r o d u c t i o n  a t  
t h e  l a t i t u d e  o f  Woods Hole. 

Recen t l y ,  i n v e s t i g a t o r s  have s imu l -  
taneous ly  es t ima ted  t he  l e a f  and below- 
ground p roduc t i on  o f  ee l g rass  i n  s i t u  
u s i n g  a  l ea f -ma rk i ng  technique, dimen- 
s i o n a l  a n a l y s i s  and es t ima tes  o f  the t ime 
i n  t e r va  l be tween t h e  emerpence o f  tw 
success ive leaves on a  shoo t  (Sand-Jense 
1975; Jacobs 1979; Kenwor t hy  1981; Ken tu l  
1983; Robertson and Mann 1984; D. 
P a t r i q u i n ,  Da lhous ie  Un iv . ,  H a l i  f a  
Nova Sco t i a ;  pe rs .  comm. 1 .  Est imates 
average d a i l y  r o o t  and rhizome @>d_ufti 
range f rom 0.15 and 0.5 g  C m 



y i e l d  a p p r o i i n a t e l y  50-182 g C yr-l. 
Rhizomes account  f o r  most o f  t he  
belowground p r o d u c t i o n  (Kenworthy 1981; 
Kenworthy and Thayer, i n  p ress ) .  As i s  
the  case w i t h  leaves,  under optimum cond i -  
t i o n s  r o o t  and rhizome p r o d u c t i o n  can be 
q u i t e  high. Dur ing a s tudy  i n  A p r i l  and 
May, Kentul  a (1983 ) es t imated  d a i l y  be1 ow- 
ground p roduc t i on  o f  1.5 g C r r ~ - ~ d - l .  The 
belowground p roduc t i on  was n e a r l y  equiva-  
l e n t  t o  lea f  p roduc t i on  d u r i n g  t he  same 
t ime per iod.  On an annual bas is ,  however, 
belowground p roduc t i on  i s  between 15% and 
43 % o f  aboveground 1 e a f  p roduc t i on  
(Robertson and Mann 1984). 

P r imary  p r o d u c t i o n  corresponds t o  t h e  
annual c y c l e  of  seasonal i n s o l  a t i o n  and, 
t o  a l e s s e r  degree, tempera tu re  
(Sand- Jensen 1975; Jacobs 1979; 
Thorne-Mi l l e r  e t  a l .  1983) ( F i g u r e  18).  
However, tempera tu re  becomes more 
i n f l u e n t i a l  a t  t h e  extreme ends o f  t h e  
p l a n t ' s  geographic  range. For  example, 
l e a f  emergence r a t e s  i n  a semi-enclosed 
embayrnel~t near Beau fo r t ,  No r t h  Caro l ina ,  
increased d u r i n g  severe hea t  s t r e s s  i n  
J u l y  and August ( F i g u r e  22).  Throughout 
t h e  remai nder o f  t h e  year ,  p l  astochrone 
i n t e r v a l s  a r e  s i m i l a r  i n  bo th  h a b i t a t s .  
Most no tab l e  i s  t h a t  on t h e  open water  

*---. Embayment 
A-n Shoal 
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F igu re  22. Month ly  es t ima tes  o f  t h e  
Plastochrone i n t e r v a l  f o r  ee l g rass  grown 
i n  an embayment and i n  an open-water shoal 
near Beaufort ,  N o r t h  Ca ro l i na .  

shoa l ,  where ~ a t e r  tempt.ratures remain a t  
l e a s t  3O-5"C c o o l e r ,  t h e  P I  i s  unaf fected 
i n  J u l y  and August. Net p roduc t i on  
es t imates  correspond c l o s e l y  w i t h  t h e  
i n t e r v a l s  (Kenworthy, unpubl ished) .  Fo r  
example, d u r i n g  J u l y ,  ~ u g u s t ,  and 
September, d a i l y  n e t  l e a f  p roduc t i on  lat 
t h e  shoal s t a t i o n  was 0.452 g C m- d- , 
b u t  i n  the  ernbayment p roduc t ion  dec l i ned  
t o  0 .074 g C m - 2  - 1 .  I n  n o r t h e r n  
1 a t  i tudes 1 eaf emergence ranged between 14 
and 19.3 days (Sand-3ensen i975; Jacobs 
1979) bu t  were f a s t e s t  i n  May (PI=13) and 
d e c l i n e d  t o  a minimum i n  December (PI=28), 
co r respond ing  t o  t h e  seasonal minimums and 
maximums of i n s o l a t i o n  and temperature o f  
these  l a t i t u d e s  (Jacobs 1979). A s i m i l a r  
seasonal p a t t e r n  has r e p o r t e d  f o r  Ne ta r t s  
Bay, Oregon ( K e n t u l a  1983). These P I  
va lues a l s o  corresponded t o  maximum and 
minimum seasonal p r o d u c t i o n  r a t e s  by t h e  
ee lg rass  (Jacobs 1979). The P I  may be 
u s e f u l  as a r e l a t i v e  index of p roduc t i on  
and perhaps even as an i n d i c a t o r  of s t r e s s  
i n  ee lg rass  communit ies.  The P I  i s  a 
p romis ing  method b u t  must be used 
c a u t i o u s l y  u n t i  1 we understand t h e  
env i ronmenta l  parameters  c o n t r o l  l i n g  i t .  

P roduc t i on  b y  e p i p h y t i c  a lgae and 
b a c t e r i a  a t tached  t o  t h e  surface o f  t h e  
leaves has a l so  been est imated.  Penhal e 
( 1977) r epo r t ed  t h a t  e p i p h y t i c  assemblages 
on ee lg rass  leaves ~ r o d u c e d  an average o f  
0.2 g C m - 7  d - I  A much l a r g e r  
p roduc t ion ,  0.3 - 4.9 g C m-2 d-1 was 
r e p o r t e d  f o r  N e t a r t s  Bay, Oregon (Kentu l  a 
1983). S ince e p i p h y t i c  biomass co i nc i des  
w i t h  ee lg rass  l e a f  biomass, maximum 
ep iphy te  p r o d u c t i o n  occurs when l e a f  
biomass reaches i t s  peak biomass and no t  
n e c e s s a r i l y  d u r i n g  peak lea f  product ion.  

E p i p h y t i c  b a c t e r i a l  p roduc t i on  i s  
t i g h t l y  coupled t o  e e l  grass product ion.  
Kirchman e t  a l .  (1984)  demonstrated t h a t  
b a c t e r i a  o b t a i n  carbon d i r e c t l y  f rom 
d i sso l ved  o rgan i c  ca rbon  leached f rom t h e  
act ive;y  pho tosyn thes i z i ng  leaves. 
B a c t e r i a l  doub l i ng  t i m e s  were est imated t o  
8 days. The b a c t e r i a  u t i l i z e d  v i r t u a l l y  
a l l  t h e  DOC r e l eased  by t h e  p l a n t s  and 
e x h i b i t e d  a maximum p roduc t i on  o f  0.4 ~ c j  C 
h r - I  cm-2 o f  l e a f  surface. The maximum 
biomass and p r o d u c t i v i t y  occurred a t  t h e  
senesci  ng t i p s  o f  t h e  1 eaves. 



CHAPTER 3 
THE EELGRASS MEADOW 

I n d i v i d u a l  species o f  seagrasses, as 
we l l  as communities o f  several  species, 
form recognizable b i o l o g i c a l  and phys ica l  
e n t i t i e s  which f r equen t l y  a re  termed 
meadows. I n  common w i t h  many t e r r e s t r i a l  
systems, t h e  seagrass meadow i s  de f i ned  by 
a v i s i b l e  boundary grad ing f rom 
unvegetated t o  vegetated subst ra te .  
Meadows vary  i n  s i z e  f rom smal l  i s o l a t e d  
patches of p l a n t s  less  than a meter i n  
diameter t o  a cont inuous d i s t r i b u t i o n  o f  
grass many square k i lomete rs  i n  area 
(F igure  23).  Wi th in  t he  meadows t h e  
p l a n t s  may d i sp l ay  a l a r g e  v a r i a t i o n  i n  
densi  t y .  

Community development i n  marine 
systems, as opposed t o  development i n  
t ~ r r e s t r i a l  systems, must deal w i t h  a  
f l u i d  medium approximately 60 t imes more 
viscous than a i r  (Vogel 1981). The 
r e l a t i v e  f o r c e  per u n i t  change i n  v e l o c i t y  
of seawater, compared t o  t h a t  o f  a i r ,  has 
a much g rea te r  p o t e n t i a l  f o r  d r a s t i c a l l y  
r e s t r u c t u r i n g  t he  community. One o f  t h e  

few p l a n t  genera t h a t  can e x i s t  under 
these c o n d i t i o n s  a r e  t h e  seagrasses, which 
can co l on i ze  ex tens i ve  s u b t i d a l  acreage 
across t h e i r  range. Loca l  d i s t r i b u t i o n s  
a re  c o n t r o l l e d  l a r g e l y  by geomorphology o f  
t h e  l o c a l  bas ins,  ambi en t  l i g h t ,  and 
hydrodynamic cond i t i ons .  The processes o f  
ee l  grass ecosystem development appear t o  
be driven t o  a po in t  where an equilibrium 
i s  reached between t h e  s t r u c t u r e  of t h e  
meadow and dynamics o f  l o c a l  c u r r e n t  f l ow .  

The meadow has mu1 t i d i m e n s i o n a l  
s t r u c t u r e  (F i gu re  24). The leaves  ex tend  
upward i n t o  t h e  water column, and s i n c e  
t h e r e  a re  many age c l asses  o f  l eaves  and 
shoots o c c u r r i n g  toge ther ,  t h e  canopy i s  
mu l t i l a ye red .  The leaves  a r e  f l a t ,  
s t r a p - l i  ke  appendages, w h i l e  t h e  l owe r  
p a r t  o f  t h e  shoot i s  c y l i n d r i c a l .  
Currents  and waves reshape t h e  canopy w i t h  
every change o f  t h e  t i d e  o r  passage o f  a  
wave. Small macroohytes a t t ached  t o  t h e  
shoots mod i fy  t h e  o v e r a l l  appearance and 
phys i ca l  c h a r a c t e r i s t i c s  o f  t h e  leaves. 

F i gu re  23. Ae r i a l  photographs i l l u s t r a t i n g  
t y p i c a l l y  found a long t he  A t l a n t i c  coas t  of 

I v a r i ous  s i zes  and forms o f  eelgrass meadows 
t he  Un i t ed  States.  



Figure  24. Three-dimensional il l u s t r a t i o n  of an e e l  grass meadow. 

The meadow can appear as a dense, tangled 
web o f  leaves and epiphytes o r  a very 
organized assemblage o f  nea t l y  spaced 
shoots. The va r i an ts  between these two 
extremes o f  meadow form are  enormous. 

The dense, interwoven roo ts  and 
rhizomes pene t ra t i ng  t h e  substrate add a 
dimension t o  t he  meadow achieved by no 
o ther  submergent marine p l a n t  (F igure 25). 
They form a mat of organic matter  t h a t  
secures the  p lan t ,  s tab i  1 i zes  t h e  bottom, 
and provides a unique and protected 
h a b i t a t  f o r  numerous organisms. 

I n  t h i s  chapter we address the  many 
aspects o f  s t ruc ture ,  form, and processes 
t h a t  cha rac te r i ze  an eelgrass meadow. TO 
t h i s  end we w i l l  present and describe a 
conceptual model of the  processes 
associated w i t h  i t s  development and 
maintenance. 

3.1 MEADOW SIZE AND FORM 

Petersen (1918) was probably f i r s t  t o  
describe t h e  r o l e  o f  eelgrass i n  
s tab i  1 i z i n g  s u b t i d a l  and i n t e r t i d a l  
habi tats,  and Wi l son  (1949) showed t h a t  
loss  of e e l g r a s s  through t h e  '@wasting 
disease" s i g n i f i c a n t l y  a f f ec ted  shore1 i n e  
slope and sediment  composition. Ginsberg 
and Lowenstam (1958)  incorporated t r o p i c a l  
seagrasses i n to  t h e  concept o f  b i o t i c  
mod i f i ca t ion  o f  sedimentary processes, 
whi 1 e other  i n v e s t i g a t o r s  (Mol i n i  e r  and 
P icard  1952; Sw incha t t  1965; S c o f f i n  1970; 
Zieman 1972; O r t h  1977; Chr is t iansen e t  
a1. 1981; Fonseca e t  a l .  19826; Fonseca 
e t  a l .  1983) d e s c r i b e d  how temperate and 
t r o p i c a l  seagrasses, by  reduci  ng cu r ren t  
f low, modi f ied sediments and the  growth 
pa t te rn  of t h e  meadow i t s e l f .  Kenworthy 
e t  a1 . ( 1982) described t h e  
seagrass-sediment i n t e r a c t i o n  whereby t h e  



ri(1urr 25. Thc r o o t  and rhizome mat of  ---- Zostera marina c o l l e c t e d  f rom open-water shoa l  
cnvirnnr.xbnt ( l e f t )  and a quiescent em>nyment (right)=ar Beaufor t ,  Nor th  Ca ro l i na .  

presence of eelgrass leads t o  a  n u t r i e n t  
enr lchmfnt o f  the sediment. P a t r i q u i n  
(1975)  described t he  dynamics o f  meadow 
uros lon from wlnd-dr iven c i r c u l a t i o n  which 
rctu:p crr?zi onl? 1 scarps t o  migrate through 
f r o p l ~ d l  Seagrass meadows (see para1 l e l  
a1 sctissr o n  f o r  dune development by Harms 
14641, whereas Wood e t  a l .  (1969) 
conceptual  ly  i n tegra ted  the f unc t i ona l  
rule  of current v e l o c i t y  i n  a f f e c t i n g  and 
s o m t  imes con t ro l  l i ng  other  b i o l o g i c a l ,  
physical, and chemical processes. Water 
motran st ructures t he  shape and form of 
eelqrass meadows (and a1 1  other seagrass 
S Y S ~ ~ ~ V Z ~  thr0ggh t k e c  phys jca j  phenomena: 
( 1 t i  da 1 cur rents ,  f 2 ) wi nd-generated 
waves, and ( 3 1  simultaneous in te rac t ion  of 
currents  and waves. These gene ra l l y  

over looked phenomena w i  11 be rev iewed i n  
order  t o  understand how hydrodynamic 
regimes i n f l u e n c e  t h e  s t r u c t u r e  and 
f u n c t i o n  o f  ee lgrass meadows. 

Cur ren t  Flow 

As t i d e s  move water over t h e  e s t u a r i n e  
f l o o r ,  t h e  v e l o c i t y  a t  any h e i g h t  above 
t h e  bottom i s  i n f l u e n c e d  by t h e  shape o r  
roughness o f  t h e  l o c a l  ben th i c  s t r uc tu res .  
Since an ee lgrass meadow has a  r e l a t i v e l y  
un i f o rm  roughness i n  and o f  i t s e l f ,  i t  i s  
d i f f i c u l t  t o  assess i t s  i n f l u e n c e  o n  
c u r r e n t  f l o w  independent l y  f r o m  t h e  
i n f l u e n c e  o f  t h e  unconsol i d a t e d  subst ra te ,  
such as sand o r  mud which erodes and 
accretes i n  response t o  cu r ren t s .  



U, cm/sec 
Figure 26. Ve loc i t y  p r o f i l e s  are shown before ( A )  and a f t e r  (B) en ter ing  an eelgrass 
meadow. L ines  w i t h  dots, showing hypothet ical  v e l o c i t y  measurement l oca t i ons  above the  
bottom, represent  t he  expected v e l o c i t y  (U, i n  cm/sec) versus depth (Z,  i n  m). S t r a i g h t  
l i n e s  a r e  s e m i - l o g  ( I n )  p l o t s  of those same p r o f i l e s .  T r i a n g l e s  on these l i n e s  
represent  slope and d e p i c t  changes caused by the meadow. Arrow shows d i r e c t i o n  o f  f low.  

One can describe t h e  mechanics of 
cur ren t  f l ow  through a  seagrass meadow by 
examining t h e  v e r t i c a l  d i s t r i b u t i o n  of 
v e l o c i t y  (a  v e l o c i t y  p r o f i l e )  above the  
bottom as water passes. P a r t l y  because 
the  es tuar ine  f l o o r  i s  rough and movable, 
the  v e l o c i t y  p r o f i l e  i s  no t  constant. 
Ve loc i t y  measurements a t  any height  above 
t h e  bottom should be averaged over a  t ime 
substant i  a1 l y  greater  than the 
c h a r a c t e r i s t i c  pe r i od  o f  f l uc tua t i on .  I n  
t u rbu len t  cond i t ions  (which character ize 
f l ow  through eelgrass meadows) the  
v e l o c i t y  p r o f i l e  i s  l oga r i t hm ic  (Figure 
26a). 

root-rhizome system, the  sediment r e s i s t s  
moving. The degree o f  s t a b i l i z a t i o n  t h a t  
the  canopy provides i s  i n d i r e c t l y  
measurable by t ransforming t h e  l oga r i t hm ic  
v e l o c i t y  p r o f i l e  i n t o  a  semi-log p l o t  
(F igure 26a) y i e l d i n g  a  s t r a i g h t  l i n e .  
The slope o f  t h e  log-transformed prof i l e  
( t h e  s t r a i g h t  l i n t@ i s  p ropor t iona l  t o  t h e  
shear v e l o c i t y  (U  ) which i s  a  measure of 
the change i n  v e l o c i t y  per change i n  depth 
($1.  I n  Figure 26a the i n t e r s e c t i o n  of 
t h i s  l i n e  w i t h  t he  ord ina te  roughly 
ind ica tes  the  time-averaged l o c a t i o n  of 
the  roughness height,  i .e., t h e  he igh t  
above t h e  bottom where v e l o c i t y  

I f  we f o l l o w  t h e  f l o w  o f  water i n t o  a  
meadow (F igure  26b), t h e  eelgrass canopy 
func t i ons  t o  increase v e l o c i t y  over i t  and 
reduce v e l o c i t y  w i t h i n  it; momentum i s  
conserved and some small amount o f  energy 
from t h e  f l o w  i s  probably l o s t  as 
f r i c t i o n a l  heat t o  the  grass i t s e l f .  As a  
r e s u l t  o f  t h e  cur ren t  being slowed near 
t he  bottom and the  presence o f  the  

t h e o r e t i c a l l y  goes t o  zero. As t h i s  l aye r  
increases i n  thickness, t h e  e x i s t i n g  
sediment surf ace i s  i nc reas ing l y  p ro tec ted 
from erosion and suspended p a r t i c l e s  have 
a  greater  chance o f  being deposited. 

The major mechani sm accounting f o r  
t h i s  roughness he igh t  increase i s  t h e  
bending o f  t h e  eelgrass canopy i n t o  a  
compact 1  ayer as cur ren t  ve l  O C ~  t y  



Figure 27. The e f f e c t  o f  0 (bo t tom)  and 
30 cm/sec ( top  1 cur rent  f low on t h e  canopy 
conf igura t ion  of a na tura l  eelgrass meadow 
t ransplanted i n t o  a flume. 

increases (Fonseca e t  a l .  1982b) (F igure 
27). By de f l ec t i ng  f l ow  over it, the 
canopy shie lds the  bottom from t h e  e ros i ve  
fo rces  of the current .  For a more 
technical  and ana ly t i ca l  d i scuss ion  of 
f l u i d  flow, see Vogel (1981). 

Waves 

The other  mechanically s i g n i f i c a n t  
phenomenon a f fec t i ng  a1 1 seagrass meadows 
are water waves. For our purposes, waves 
can be c l a s s i f i e d  as wind generated o r  
vessel generated (boat t r a f f i c )  , the 
l a t t e r  dominating i n  some she1 t e r e d  areas. 
O f  p a r t i c u l a r  i n t e r e s t  are waves of 
length, L ( L  = distance from c r e s t  t o  
c r e s t  or trough t o  trough) t h a t  occur i n  
water a t  a depth, d, such t h a t  t h e  r a t i o  
d/L i s  l e s s  than one-half, These are 
termed shal low or  t r a n s i t i o n a l  water 
waves. The s ign i f i cance of s h a l l  ow-water 
waves i s  t h a t  more water movement i s  

appl l ed  t o  the sediment !or eel grass) 
surface. Waves w i th  a d/L r a t i o  > 1/2 do 
not  t r ans fe r  t h e  movement as e f f e c t i v e l y  
(F igure 28). Spec i f i ca l l y ,  as a t rough 
passes and a c res t  approaches, a l i f t  
fo rce  i s  generated (F igure  28) t h a t  ac ts  
t o  suspend sediment i n t o  the  water column 
when the  r a t i o  o f  f o r c e  t o  p a r t i c l e  s i z e  
i s  s u f f i c i e n t l y  large. As waves pass 
through an eelgrass meadow, t h e  eelgrass 
shoots wave i n  general synchrony w i t h  t h e  
passing c res ts  and troughs. Some 
res is tance o f  t h e  shoots t o  f l e x i n g  and 
i n h i b i t i o n  o f  the  forward v e l o c i t y  
component o f  t h e  wave by the  r e l a t i v e l y  
rough meadow combine t o  reduce t h e  wave's 
k i n e t i c  energy and thus dampen it. 

Seagrasses are as e f f e c t i v e  as 
emergent marsh p lan ts  i n  damping out  waves 
if c e r t a i n  c r i t e r i a  are met. The most 
important c r i t e r i o n  i s  t h a t  t h e  grass 
canopy extend t o  the  standing water 
surface (Figure 28). Under these 
condi t ions,  both seagrasses and marsh 
p lan ts  e f f e c t i v e l y  dampen out waves t o  0 
wave energy a t  approximately one meter 
i n t o  the  meadow (Figure 29) (Wayne 1975; 
Knutson e t  a l .  1982; Fonseca unpubl. 
data). 

Un l ike  marsh p lan ts  such as Spar t ina  
a1 t e r n i f  lara,  eelgrass o f t e n  grows a t  
depths where t h e  shoots reach up t o  occupy 
on l y  a few percent o f  t h e  water column. 
These deeper meadows, usual l y  be ing  
sparser than t h e i r  shal low water 
counterparts, have a vary ing but  gene ra l l y  
reduced e f f e c t  on wave propagation. 
Eelgrass i s  r e l a t i v e l y  more p l i a n t  than 
S ar t ina ,  but an eelgrass meadow presents 

more surface area t o  a wave per u n i t  Kix- 
o f  canopy height.  Eelgrass thus r e s i s t s  
wave surge (and cur ren t  f ' low) by be ing  
p l i a n t  and growing i n  a mu tua l l y  
she l te r i ng  st ructure,  t he  meadow. A more 
deta i  1 ed explanat ion o f  these phenomena 
are given i n  Wayne (1975). 

Currents and Waves Together by Denice Y. 
Hel ler ,  Un ive rs i t y  o f  V i r g i n i a  

Waves and cur ren ts  can occur together 
under i n f i n i t e  combinations o f  d i r e c t i o n  
and magnitude. We sha l l  o n l y  consider  
waves and cur ren ts  moving i n  t h e  same 
d i r e c t i o n  because t h i s  combination has t h e  
greatest  p o t e n t i a l  f o r  moving sediment and 



s t r c c t 2 r i  ng eelgracc meadows. The 
i n t e r a c t i o n  o f  waves and c u r r e n t s  p rov ides  
a un ique  p h y s i c a l  c o n d i t i o n  due t o  
d i f f e r e n c e s  i n  t h e  boundary shear s t resses  
t hey  produce. A wave possessing 
near-bottom o r b i t a l  v e l o c i t i e s  o f  a  
magnitude comparable t o  t h e  v e l o c i t y  o f  
t h e  c u r r e n t  f l o w  w i  11 produce s t resses  on 
t h e  sediment much l a r g e r  t han  those  o f  t h e  
cu r ren t ,  due t o  i t s  compara t i ve ly  smal l  
boundary 1 ayer and 1 arge v e l o c i t y  g rad i en t  
w i t h i n  t t id t  i ayer. Unf .sr tunate ly ,  the  
r e s u l t s  o f  t h e  i n t e r a c t i o n  cannot be 

descr ibed  by combining the  e f f e c t s  o f  each 
mot ion  t aken  independent ly  as shown i n  
F i gu res  26 and 28. Instead,  a  non l i nea r  
i n t e r a c t i o n  between v e l o c i t y  and depth 
occurs, e s p e c i a l l y  i n  t h e  presence o f  t h e  
ee lg rass  canopy. The l a r g e  shear s t r esses  
assoc ia ted  w i t h  t h e  wave mot ion  genera te  
s i g n i f i c a n t  tu rbu lence  a t  t h e  bed (Grant 
and Madsen 1979) and may even induce a n e t  
r e d u c t i o n  o f  t i d a l  c u r r e n t  v e l o c i t y .  

The i n t e r a c t i o n  of waves and c u r r e ~ t s  
enhance t h e  o p p o r t u n i t y  f o r  sediment 

bbg Q 0 W a v e l e n g t h ,  L 

F igu re  28. The damping o f  waves by t h e  ee lgrass canopy: (A.)  c losed  c i r c l e s  ( o r b i t a l s )  
d e p i c t  movement o f  water i n  t he  deepwater s i t u a t i o n ,  ( 0 )  depth below which waves o f  t h i s  
s i z e  do n o t  t r a n s f e r  momentum, (C) v e l o c i t y  components corresponding t o  t h e  p o r t i o n  o f  
t h e  wave t r a i n  they a re  drawn over  ( t h e  darkened c i r c l e  i n d i c a t e s  the area o f  l i f t  f o r c e  
on the  f r o n t  o f  a  wave as descr ibed i n  the t e x t ) ,  (0 )  open o r b i t a l s  d e p i c t  n e t  fo rward  
movement o f  water  p a r t i c l e s  i n  t h e  shal low area, (El ee lg rass  meadow. 

F i gu re  29. Wave be fo re  e n t e r i n g  ee lgrass ( l e f t )  and 1 rn i n t o  ee lg rass  bed ( r i g h t ) ,  
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t r anspo r t  i n  and around t h e  meadow beyocd 
t h a t  of e i t h e r  phenomenon C O n s i  dered  
separately. According t o  a  m o d e l  by 
Bagnold (19631, s t ress  exerted b y  t h e  wave 
motion i s  capable o f  suspending Sedi merit, 
b u t  i s  unable t o  t ranspor t  i t  d u e  t o  the  
closed o r b i t a l s .  With the work of 
suspension done, t h e  presence of e v e n  a  
weak cu r ren t  wi  11 cause a  net  t r a n s p o r t  of 
sediment i n  t h e  d i r e c t i o n  of t h e  c u r r e n t .  
Th is  should prove t rue  even within t he  
eelgrass canopy. The frequent i n t e r a c t i o n  
of waves and cur ren ts  makes t h e  m a t e r i a l  
f l u x  i n  and ou t  of eelgrass m e a d o w s  a  
d i f f i c u l t  phenomenon t o  pred ic t .  

3.2 SEDIMENTATION DYNAMICS 

Many papers t h a t  have d i s c u s s e d  the  
r o l e  o f  seagrass i n  slowing c u r r e n t s  and 
promoting sedimentation (Wood e t  a1 , 1969; 
Marshall and Lukas 1970; Orth '1977; 
Kenworthy e t  a1 . 1982) c l e a r l y  d e m o n s t r a t e  
t h e  t r a n s i t i o n  o f  sediment c h a r a c t e r i  s t i c s  
across t h e  boundary of seagrass meadows. 
Sediments become be t te r  sor ted ( i . e. , more 
equal ly  represented across p a r t  i c 1 e s i z e  
classes) and are  infused w i t h  more o r g a n i c  
mater ia l  t h e  f a r t h e r  one t r a v e l s  i n t o  t he  
meadow. 

If one considers the  i m p o r t a n t  
var iab les  t h a t  determine t h e  h y d r o d y n a m i c  
s e t t i n g  o f  a meadow, i t  i s  o b v i o u s  t h a t  
no t  a l l  eelgrass meadows have the same 
p a t t e r n  o f  sedimentation d y n a m i c s .  
Important va r i ab les  inc lude w a t e r  dep th  
(a f fec t i ng  t h e  d/L r a t i o ) ,  fetch, and 
p rox im i t y  t o  i n l e t s  and channels (hence 
sediment source, t i d a l  range, and c u r r e n t  
speed). I n t u i t i v e l y ,  an eel  g r a s s  meadow 
i n  shallow, open water w i l l  r e c e i  ve  much 
more hyd rau l i c  scour over t ime than one i n  
a  shel tered cove. Fonseca e t  a1 . ( 1982b, 
1983) have shown how currents a r e  r e d u c e d  
and how t h e  l o c a t i o n  o f  t h e  meadow i n  t h e  
estuary r e s u l t s  i n  d iverse s e d i m e n t a t i o n  
patterns. 

Sediment composition a t  any l o c a t i o n  
i n  t h e  es tuary  depends on t h e  s e d i m e n t  
sources and t h e  i n t e r a c t i o n  of t h e  
hydrau l ic  regime w i t h  the roughness of t h e  
bo l t -  (see Sfxt ion 3.1). The nature of 
the sediment i s  more var iab le  and depends 
t o  a l a r g e  degree on whether t h e  S o u r c e s  
are organic o r  inorganic. ~ h r o u g h o u t  the 

range of eelgrass on t h e  east coast, t he  
inorganic f r a c t i o n  i s  l a r g e l y  s i l i c i o u s .  
p a r t i c l e  s izes i n  t he  g lac ia ted  nor thern  
ranges o f ten  are l a rge  and meadows growing 
among cobble-sized sediments on t h e  open 
coast are not uncommon. I n  pro tec ted 
areas, sediments may of ten be as h igh  as 
40% s i l t  and c lay  ( <  63 u minimum 
diameter). Organic mater i  a1 i n  t he  meadow 
has more var ied sources. Sett lement of 
a1 locthonous mater i  a1 such as t e r r e s t r i a l  
leaves, marsh plants ,  drift ;?g;~, fauna, 
and d e t r i t u s  i n  eelgrass meadows i s  
l a rge l y  unquantif ied, bu t  t h e  mechanical 
po ten t i a l  o f  t rapp ing  senescent ma te r i a l  
i s  c lear .  

Autochthonous organic mater i  a1 has an 
even greater p o t e n t i a l  f o r  r e t e n t i o n  i n  
the  meadow. Some s p e c i f i c  organic i npu ts  
are dehiscing epiphytes, together o r  apart  
from the host eelgrass l ea f ,  and senescent 
indigenous fauna and t h e i r  f ecai  mater i  a1 . 
Each source var ies  i n  i t s  response t o  
waves and cur ren ts  and thus, i t s  
d i s t r i b u t i o n  i n  t he  meadow i s  a  f u n c t i o n  
o f  i t s  spec i f i c  g rav i t y ,  size, and shape. 
Sand-size grains, w i t h  a  rounded shape and 
a  spec i f i c  g r a v i t y  of 2.65 g lcc ,  are much 
more r e s i s t a n t  t o  movement than f e c a l  
p e l l e t s  o f  s i m i l a r  dimension and h a l f  t he  
spec i f i c  g r a v i t y  (F isher e t  a l .  1979). 
Leaf p a r t i c l e s  w i t h  i r r e g u l a r  shapes a1 so 
appear t o  be p a r t i c u l a r l y  erodable (Fisher 
e t  a l .  1979). 

The senescence o f  r o o t s  and rhizomes, 
along w i th  burrowing and tube-dwell  i n g  
fauna, enr ich  t h e  sediment w i t h  organic 
matter. Many o f  these sources are a l ready 
incorporated i n  t h e  sediment and are on ly  
i n d i r e c t l y  a f fec ted  by t h e  ambient 
hydraul ic  regime. 

Using t h e  d e f i n i t i o n  o f  cu r ren t  regime 
by Fonseca e t  a l .  (1983) ( low cu r ren t  
regime L 50 cmlsec, medium > 50 t o  5 9 0  
cm/sec, high > 90 cm/sec, maximum monthly 
surface ve loc i t y ) ,  l e t  us examine sedi- 
mentary development under t he  extreme 
cases. The d i  s t r i  bu t i on  of organic 
mater ia l  p red ic tab ly  increases i n  meadows 
experiencing low, r a t h e r  than high, 
cur ren t  ve loc i t i es ;  s i l t - c l a y  was f a i r l y  
evenly d i s t r i b u t e d  i n  those low cu r ren t  
meadows (Fonseca e t  a l .  1983). Much o f  
the  organic i npu t  t o  t h e  sur face sediment 
i s  derived from seagrass leaves and from 



a?  lochthonous m a t e r i a l  t r a ~ p e d  by  t h e  
seagrass canopy (Thayer e t  a l .  1975b; 
Zieman 1975). I n  h i g h  c u r r e n t  areas, 
espec i  a1 l y  those  where t i d e  changes 
produce s t r o n g  f 1  ush i  ng i n  oppos i t e  
d i r e c t i o n s ,  leaves a r e  r e d i s t r i b u t e d  o r  
exported. 

S i  1  t and c l  ay-s ized p a r t i c l e s  
g e n e r a l l y  have no p r e d i c t a b l e  p a t t e r n  o f  
d i s t r i b u t i o n  w i t h i n  t h e  low c u r r e n t  
meadows o the r  than  becoming qore  
concen t ra ted  w i t h i n  t h e  meadow. As t h e  
t i d e  r i s e s  and t h e  canopy becomes l e s s  
e f f e c t i v e  i n  r educ i ng  c u r r e n t  v e l o c i t y ,  
sediment s e t t l i n g  a t  t h e  meadow edge i s  
lessened, and s i l t  and c l a y - s i z e  p a r t i c l e s  
appear t o  s e t t l e  more even l y  over  t h e  
whole meadow. I n  h i g h  c u r r e n t  areas t h e  
d i s t r i b u t i o n  o f  s i l t - c l a y  p a r t i c l e s  i s  
more c l o s e l y  c o r r e l a t e d  w i t h  the,seagrass 
canopy and i n v e r s e l y  r e l a t e d  t o  U max. 

I n  low c u r r e n t  areas, d i s t ance  i n t o  
t h e  meadow ( X )  and l e a f  area index  ( C A I )  
a re  p o s i t i v e l y  c o r r e l a t e d  w i t h  su r f ace  
o rgan i c  m a t t e r  concen t ra t i on  due t o  t h e  
e f f ec t  b o t h  parameters have on r e d u c t i o n  
and maintenance o f  a  reduced c u r r e n t  
v e l o c i t y  w i t h i n  t h e  meadow. The deeper 
i n t o  t h e  meadow, t h e  l e s s  chance t h e  
o rgan i c  m a t e r i a l  w i l l  be scoured away and 
t h e  g r e a t e r  t h e  p o t e n t i a l  f o r  accumulat ion 
o f  autochthonous l e a f  m a t e r i a l  and 
a1 lochthonous d e t r i  t a l  m a t e r i  a1 i n  t h e  
su r f ace  sediment. 

There i s  an impo r t an t  d i s t i n c t i o n  
between e e l  grass meadows which e x i s t  
i n  d i f f e r e n t  c u r r e n t  regimes. A l l  do no t  
have t h e  same f u n c t i o n a l  r o l e s  i n  t h e  
nearshore ecosystem. High c u r r e n t  areas 
a r e  sources and low c u r r e n t  areas a re  
s i nks  f o r  seagrass-der ived d e t r i  t a l  
m a t e r i a l .  The i n f l u e n c e  of t h e  canopy 

' a l s o  changes th rough  t h e  year. As 
seasonal r e d u c t i o n s  i n  1  eaf  area index 
occur, t h e  canopy p rov i des  l e s s  p r o t e c t i o n  
o f  t h e  sediment and seasonal e ros i on  may 
t hus  occur.  Fu r t he r ,  t h e  p h y s i c a l  
presence o f  t h e  ee l  grass canopy medi a tes  
sedimentary  development and t hus  ambient 
e lementa l  cyc les .  

3.3 ELEMENTAL CYCLES I N  EELGRASS MEADOWS 

Since ee l g rass  meadows a r e  p roduc t i ve ,  
reach  l a r g e  biomass, and a r e  r e l a t i v e l y  

long-1 i ved components o f  coas ta l  
ecosystems, t h e i r  r o l e  i n  t h e  c y c l i n g  o f  
e s s e n t i a l  n u t r i e n t s  i s  impor tant .  

Our conceptual model of elemental  
c y c l i n g  i n  an ee lg rass  meadow (F i gu re  30) 
has t h r e e  e s s e n t i a l  a t t r i b u t e s :  ( 1 )  t h e  
f u n c t i o n a l  components, p a r t i c u l a t e  o rgan ic  
ma t t e r  (POM), d i s so l ved  o rgan ic  ma t t e r  
(DOM), and i n o r g a n i c  ma te r i a l ,  ( 2 )  t h e  
mechanisms f o r  i n p u t s  and ou tpu t s  o f  t h e  
components, and ( 3 )  t h e  processes 
r e s p o n s i b l e  f o r  t r ans fo rm ing  components 
w i t h i n  and between t h e  t h r e e  p r i n c i p a l  
r e s e r v o i r s :  water column, sediments, and 
b i o t a .  The chemical  c yc l es  come about 
th rough  i n t e r a c t i o n s  between t h e  supply  o f  
n u t r i e n t s ,  t h e  metabol ism o f  p l an t s ,  and 
h e t e r o t r o p h i c  u t i l i z a t i o n  o f  o rgan ic  and 
i n o r g a n i c  mat te r .  The phys i  cochemical 
p r o p e r t i e s  o f  n u t r i e n t  r e s e r v o i r s  and t h e  
a b i  1  i t y  o f  ee l  grass t o  absorb elements 
from, as we1 1  as re lease  them t o ,  e i t h e r  
t h e  water  column o r  t h e  sediments, 
e s t a b l i s h e s  a ve ry  compl i ca ted  
biogeochemical  cyc le .  

Func t i ona l  Components and Sources 

Organic ma t t e r  i n  bo th  d i s so l ved  and 
p a r t i c u l a t e  f o r m  i s  t he  p r i n c i p a l  source 
o f  a l l  n u t r i e n t  elements as w e l l  as t h e  
p r ima ry  source o f  energy f o r  h e t e r o t r o p h i c  
consumers i n v o l v e d  i n  t h e  m a j o r i t y  o f  
t r ans fo rma t i ons  o c c u r r i n g  w i t h i n  a  
seagrass meadow. POM i s  de r i ved  f rom 
p r ima ry  and secondary p roduc t i on  
o r i g i n a t i n g  e i t h e r  ou t s i de  t h e  meadow 
(a l loch thonous)  o r  w i t h i n  t h e  meadow 
(autochthonous).  Examples o f  a1 1  och- 
thonous sources i n c l u d e  l a r g e r  animal s, 
such as f i s h  o r  i n v e r t e b r a t e s  t h a t  move 
i n  and ou t  o f  t h e  meadow, animal feces,  
p l  ankton, macroal gae, and dead o rgan ic  
m a t t e r  ( o rgan i c  d e t r i t u s )  t h a t  a re  

INORGANIC ELEMENTS (CO?.SO., NH, ...I r* /~mth 
SEAGRASS / I \\ SUSPENSION AND 

ALGAE - DOM - ' POM - FILTER FEEDERS 
ANIMALS 1 b 

F i g u r e  30. Simp1 i f i e d  conceptual  d i  agrarn 
o f  t h e  c y c l i n g  o f  elements i n  an ee l g rass  
meadow, (See t e x t  f o r  d i  scuss i  on. 



t ransported i n t o  the  meadow e i t h e r  by 
t i d e s  or  wind-driven currents. The 
p r i n c i p a l  autochthonous sources are the 
pr imary production o f  macrophytes, t h e i r  
associated epiphytes, phytoplankton, and 
the  secondary production o f  the  res ident  
heterotrophs. A deta i led  descri  p t i  on o f  
components and o f  the b io log ica l  i n t e r -  
act ions between and among the funct ional 
groups o f  animals i s  found i n  Chapter 4. - 

Although organic matter i s  derived 
from several sources, the seagrasses are 
p r i n c i p a l  components i n  a l l  aspects of 
cyc l ing.  Where they ex i s t ,  seagrass 
production may near ly  exceed the primary 
product ion o f  a l l  other autotrophs 
together (Thayer e t  al .  1975a). Eelgrass 
alone const i tu tes  a very large, 
seasonal l y - recur r ing  pool o f  nu t r ien ts ,  
and the  canopy reduces water motion, damps 
wave energy, and, together wi th t h e  roo ts  
and rhizomes, s tabi  l i z e s  the sediment, 
d i r e c t i n g  the inputs and t o  some degree 
contro l  l i n g  the  output o f  mater ia l  s. 

Numerous sources make dissolved 
organics a l a rge  pool o f  organic mater ia l  
i n  t he  water column reservoi r  and the 
quan t i t y  o f  DOM o f ten  exceeds POM i n  
coastal marine water by a fac to r  o f  2 t o  
100 (Parsons 1963; Sharp 1973). 
By-products o f  p lan t  and animal metabolism 
and the  decay o f  dead organic matter  are 
some o f  the major sources of DOM. Both 
phytoplankton and macrophytes, inc lud ing  
eelgrass, re lease DOM whi le 1 i v i n g  
(Penhale and Smith 1977; Wood and Hayasaka 
19811, and release i t  i n  espec ia l l y  la rge  
quan t i t i es  dur ing senescence and decay o f  
the  organic d e t r i t u s  (Godshalk and Wetzel 
1978b). As much as 30% or more o f  the 
b i o l o g i c a l  production i n  marine systems 
may be channeled through the DOM pool 
( f  enchel and Blackburn 1979). 

The chemical composition o f  t he  DOM 
includes a spectrum of organic compounds 
ranging from very small o r  simple 
molecules, such as sugars and amino acids, 
t o  complex and re f rac tory  compounds, such 
as humic acids (Khai l o v  and Finenko 1970). 
Dissolved organic matter leached from 
seagrasses i s  a substrate f o r  bac te r i  a1 
growth (Robertson e t  a l .  1982; Kenworthy 
m d  fhayer, i n  press), and i s  u t i l i z e d  
almost exc lus ive ly  by microorganisms and 
poss ib ly  t o  a minor degree by spec ia l l y  

adapted inver tebra tes  and some u n i c e l l u l a r  
eukaryotes (Fenchel and Blackburn 1979). 

External sources o f  inorgan ic  elements 
are ubiquitous. Inputs occur as dissolved 
ions o r  p a r t i c u l a t e  matter  t ranspor ted  by 
water flow, matter  deposited d i r e c t l y  onto 
the  water sur face from t h e  atmosphere, or, 
i n  t h e  case of gaseous forms, d i f f u s i o n  
between reservo i rs .  Where the re  i s  
s u f f i c i e n t  turbulence, inorgan ic  mater ia ls  
are c o n t i n u a l l y  deposi ted and resuspended 
and readi l y  t ranspor ted  between the 
sediment and water co l  umn. 

B io log i ca l  a c t i v i t y  w i t h i n  each 
rese rvo i r  i s  responsib le f o r  t h e  m a j o r i t y  
of transformations o f  organic and 
inorganic matter.  The r a t e s  o f  these 
t ransformat ions f l u c t u a t e  i n  response t o  
changing temperatures and t h e  qua1 i t a t i v e  
proper t ies  o f  t h e  components. During 
m ine ra l i za t i on  processes, medi ated 
p r i n c i p a l  l y  by  microorganisms and 
i nvo l v ing  the  s o l u b i l i z a t i o n  o f  organic 
matter and t h e  re lease o f  d issolved 
inorganic ions (e.g. NH4, COq SOfl, NOd) 
elements may be temporar~  y eta1 ed 
w i t h i n  the microorganisms o r  imnobi 1 ized 
f o r  an extended per iod  o f  t ime w i t h i n  the  
longer - l i ved b i o t a  and dead organic 
matter.  Inorganic elements i n  gaseous 
forms are c o n t i n u a l l y  being consumed and 
produced by t he  b i o t i c  r e s e r v o i r .  

Since each o f  t h e  th ree  major 
rese rvo i r s  has s u b s t a n t i a l l y  d i f f e r e n t  
physical  and chemical p roper t ies ,  the  
reactants, products, and pools i n  t he  
elemental cyc les  are d i s t i ngu i shab le  
between the  reservo i rs .  To f a c i  1 i t a t e  our 
discussion, we w i l l  address t h e  n u t r i e n t  
cyc les  w i t h i n  each r e s e r v o i r  and, where 
appropriate, t h e i r  i n t e r a c t i o n s  between 
reservoi rs.  

Sediment-Nutrient Cycle 

Seagrass meadows are depos i t iona l  
environments, except where f l u i d  energy i s  
high. Organic matter  and f ine- textured 
sediments tend t o  be r e t a i n e d  where they 
were produced o r  deposited. Consequently, 
t h e  q u a n t i t y  o f  t o t a l  organic mat te r  i n  
meadow sediments normal ly  i s  l a r g e r  than 
i n  unvegetated substrates (F igure  31) 
(Marshal l  and Lukas 1970;. Wood e t  al. 
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Figure 31. Sediment p rof i l e s  for  organic matter and three nitrogen cycle intermediates 
In vegetated (C,-q and unvegetated (0-0) sediments. (From Kenworthy e t  a l .  1982.) 

1969; Thayer e t  a l .  1975a; O r t h  1977; 
Kenworthy e t  a l .  1982; Fonseca e t  al .  
1983). 

Product ion and deposit ion of l arge 
quan t i t i e s  of organic matter and 
f i ne-grained sediments accompanied by high 
r a t e s  of metabolism and insuff ic ient  
suppl i es of oxygen cause vegetated 
sediments t o  be anoxic. Except fo r  a 
few millimeters a t  t h e  f locculent 
sediment-water in terface  and in oxidized 
microzones, anaerobic processes dorni n&te 
t h e  chemi s t r y  of eel grass bed sediments 
(Klug 1980). Typical ly ,  redox prof i l e s  in 

sediment cores taken in eelgrass meadows 
show an abrupt t r ans i t ion  from oxidizing 
t o  reducing conditions beneath the  
flocculent sediment-water in terface  
(Figure 32) (Kenworthy 1981). 

Anaerobic metabolism involves t igh t -  
l y  coupled interactions between a hetero- 
geneous group of facu l ta t ive  and oblig- 
atory anaerobic microorgani sms capable 
of converting complex organic macro- 
molecules (e.g., proteins,  l i p i d s ,  
and carbohydrates) t o .  soluble, low 
molecular weight fermentation products 
(e.g., v o l a t i l e  f a t t y  acids, alcohols, 
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H S, C02, H ), which serve as subs t ra tes  
fgt- o t h e r  g icroorganisms.  The l a t t e r  
group of organisms, spec ia l i zed  by t h e i r  
a b i l i t y  t o  use su l fa te ,  n i t r a t e ,  and 
carbon d i o x i d e  as te rm ina l  e l e c t r o n  
acceptors,  a r e  a b l e  t o  metabol ize these 
fermentat ion p roduc ts  and f u n c t i o n  i n  t h e  
absence o f  mo lecu la r  oxygen. 
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More s p e c i f i c a l l y ,  complex organic  
molecules a r e  metabol ized p r i n c i p a l l y  by 
s u l f a t e  reducers (F i gu re  33) (Fenchel and 
R ied l  1970; Jorgensen and Fenchel 1974; 
K l ug  1980). I n  a  model l abo ra to r y  system 
where ee lgrass leaves were t h e  so l e  carbon 
source, Jorgensen and Fenchel (1974) 
demonstrated t h a t  more than 50% o f  t h e  
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carbon was ox i d i zed  b y  s u l f a t e  reducers. 
They demonstrated t h a t  a  cons tan t  i n p u t  o f  
o rgan ic  ma t t e r  was r e q u i r e d  t o  i n s u r e  t h a t  
r e o x i d a t i o n  was prevented. Because 
s u l f a t e  i s  so abundant i n  seawater and i n  
s i t u  o r g a n i c  m a t t e r  i n p u t s  t o  e e l g r a s s  
beds are q u i t e  la rqe ,  i t  appears t h a t  t h i s  
p a r t i c u l a r  model system i s  an accura te  
r ep resen ta t i on  o f  o rgan i c  ma t t e r  c y c l  i n g  
ee l  grass bed sediments. 

C l a s s i c a l l y ,  carbon t u r n o v e r  i n  
anaerobic c o n d i t i o n s  has been cons idered  
i n e f f i c i e n t ,  b u t  i t  was shown t h a t  t h e  
t r a n s f e r  o f  e l e c t r o n s  between subs t r a t es  
and t e rm ina l  e l e c t r o n  acceptors  i n  t hese  
coupled systems i s  ve r y  e f f i c i e n t  (Hungate 
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F i g u r e  33. Conceptual diagram o f  the  s u l f u r  c y c l e  i n  ee lgrass meadows. 

1966). Ev i den t l y ,  one mechanism f o r  
assu r i ng  h i g h  r a t e s  o f  p r o d u c t i v i t y  by 
seagrass i s  t h e  e f f i c i e n t  r e c y c l i n g  o f  
carbon and o the r  e s s e n t i a l  elements by 
anaerobic and f a c u l t a t i v e  bac te r ia .  

An a d d i t i o n a l  consequence o f  s u l f a t e  
r e d u c t i o n  i s  p roduc t i on  o f  d i sso lved  
s u l f i d e s  (H S  o r  HS), which r e a c t  w i t h  
t r a c e  elemznts t o  fo rm me ta l - su l f  i d e  
complexes. The reduced s u l f u r  t h a t  i s  no t  
complexed w i t h  meta ls  d i f f u ses  i n t o  
oxygenated sediment microzones o r  i n t o  t h e  
water  column where i t  may be ox i d i zed  t o  
SO . Ferrous i r o n  i s  e s p e c i a l l y  r e a c t i v e  
w i t h  t h e  reduced s u l f u r ,  forming 
FeS ( p y r i t e )  t h a t  p r e c i p i t a t e s  and 
acc?rnulates i n  anoxic sediments. The 
consequences o f  p y r i t e  f o rma t i on  a re  
two fo l d :  ( 1 )  some o f  t h e  i r o n  t h a t  may 
have been combined w i t h  phosphates r eac t s  
and p r e c i p i t a t e s  w i t h  elemental  su l f u r ,  
f r e e i n g  phosphate ions;  and ( 2 )  t h e  
p r e c i p i t a t i o n  o f  reduced forms o f  su l f u r  
which are t o x i c  t o  many organisms r e l i e v e s  
some o f  t h e i r  poisonous ef fects .  
Genera l ly ,  t h e  s u l f u r  c y c l e  appears t o  be 
an open system w i t h  a  constant  f l u x  of 
s u l f u r  mediated by  biogeochemical 
o x i d a t i o n  and r e d u c t i o n  r eac t i ons  
(Jorgensen and Fenchel 1974). 

I n  anox ic  sediments and i n t e r s t i t i a l  
waters,  o rgan i c  n i t r o g e n  compounds a re  
r em ine ra l i zed  t o  t h e  most reduced forms of 
i no rgan i c  n i t r ogen ,  ammonia, o r  ammonium 
( F i g u r e  34). The pH o f  ee lgrass sediments 
i n d i c a t e s  t h a t  t h e  l i k e l y  form o f  t h e  
i no rgan i c  spec ies i s  ammonium (Kenworthy 
e t  a l .  1982). Compared t o  concen t ra t ions  

i n  unvegetated subst ra tes,  ammonium 
concen t ra t ions  are usual l y  h igher  i n  
vegetated sediments (F i gu re  31 ) (Kenworthy 
e t  a l .  1982), bu t  may be d r a m a t i c a l l y  
reduced by shor t - te rm and ext remely  r a p i d  
a s s i m i l a t i o n  by p l a n t s  and microorganisms 
(Shor t  1981; I i zum i  e t  a l .  1982). Redox 
cond i t i ons  should prevent  o x i d a t i o n  of any 
subs tan t i a l  q u a n t i t i e s  o f  ammonium t o  
n i t r a t e .  N i t r a t e  does d i f f u s e  i n t o  t h e  
f l o c c u l e n t  s u r f  i c i a l  sediments f rom t h e  
water column and some ammonium may o x i d i z e  
i n  aerated microzones around t h e  r o o t s  
( I i zum i  e t  a l .  1980) and excavat ions of 
animals ( A l l e r  1978). The ex ten t  t o  which 
ni trate  i s  a v a i l a b l e  remains t o  be 
de t ermi ned . Cyc l i ng  assoc ia ted w i t h  
r e a c t  ions i n v o l v i n g  n i t r a t e  have been 
detected i n  sediment of an ee lgrass bed 
(Koike and H a t t o r i  1978), and losses  of 
a v a i l a b l e  n i t r o g e n  by  d e n i t r i f i c a t i o n  may 
be an impor tan t  process i n  coas ta l  waters 
(Nixon 1981 ). 

I n  a d d i t i o n  t o  decomposit ion of 
organic  ma t t e r  ( I i z u m i  e t  a l .  19821, 
impor tan t  sources o f  i no rgan ic  n i t r o g e n  i n  
ee lgrass bed sediments a r e  de r i ved  from 
exc re t i ons  o f  t h e  b i o t a  and by f i x a t i o n  of 
d i s so l ved  molecular  n i t r o g e n  gas. S ince 
molecular  n i t r o g e n  i s  such a  l a r g e  
n u t r i e n t  pool,  y e t  cannot be d i r e c t l y  
u t i l i z e d  by t h e  p lan ts ,  processes t h a t  
make i t  a v a i l a b l e  a re  v i t a l  t o  seagrass 
ecosystems. N i t rogen  f i x a t i o n  has been 
de tec ted  i n  anaerobic,  i n t a c t  sediments o f  
t h e  r h i  zosphere o f  Zostera ( P a t r i q u i n  and 
Knowles 1972; Capone 1982) as wet 1 as 
a e r o b i c a l l y  on t h e  surfaces o f  r o o t s  and 
rhizomes (Capone and Budin 1982; Smith and 
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Figure 34. Conceptual diagram o f  t he  n i t rogen c y c l e  i n  eelgrass meadows. 

Hayasaka 1982). Capone ( 1982) estimated 
t h a t  n i t rogen f i x a t l o n  by i n t a c t  
rhizosphere sediments may supply up t o  20% 
o f  n i t rogen r e q u i r e d  by the  p lan ts  i n  a 
temperate estuary i n  Long Island, New 
York. Inputs by t h i s  process may prove t o  
be even l a rge r  t h a n  cu r ren t l y  expected 
when ra tes  o f  f i x a t i o n  associated w i th  t h e  
roo ts  and rhizomes are estimated w i t h  
reasonable conf idence (Capone and Budi n 
1982). The d e t e c t i o n  o f  aerobic, 
microaerophi 1 i c y  and anaerobic n i t r ogen  
f i x a t i o n  processes (Smith and Hayasaka 
1982; Capone 1982; Capone and Budin 1982) 
suggests t h a t  a d i  verse assembl age o f  
microorganisms are associated w i t h  
n i t rogen i npu ts  t o  the rhizosphere of 
eel grass. 

Inorganic ions,  especi a1 l y  ammonium, 
are e i t he r  adsorbed onto s u r f  aces o f  
organic matter o r  sediment p a r t i c l e s  
(Rosenfield 1979a1, d i f f use  along 
hor izonta l  o r  v e r t i c a l  concentrat ion 
gradients- (Di e tz -  19821, o r  are assimi 1 ated 
by eel grass p l  a n t s  and microorganisms 
( I izumi e t  al. 1982). Rosenfield (1979a) 

estimated t h a t  adsorbed o r  exchangeable 
ammonium may be tw i ce  as h igh  as f r e e  
ammonium i n  sediments. I n  eelgrass beds 
the  combination o f  l a r g e  q u a n t i t i e s  o f  
organic matter and f i ne-textured 
sediments r e s u l t s  i n  r e 1  a t i v e l y  h igh  
concentrat ions o f  exchangeable amnoni urn 
(Figure 3 7 )  (Kenworthy e t  a l .  1982; Short 
1981 ; Rosenf i e l d  1979a). T h i s  
exchangeable pool i s  capable o f  r e p l a c i n g  
reserves o f  d issolved ammonium t h a t  a r e  
depleted through uptake o r  d i f f u s i o n .  

Regeneration, consumption, and 
r e v e r s i b l e  adsorpt ion-desorpt ion processes 
t h a t  tend t o  recyc le  n i t r o g e n  i n t e r n a l l y  
w i t h i n  t h e  sediment a re  o f f s e t  by a 
combination o f  s t r i c t l y  physicochemical 
and b i o l o g i c a l  processes t h a t  cause losses  
o f  n i t r ogen  f rom t h e  sediment. These 
losses o f  regenerated n i t r o g e n  across t h e  
sediment-water i n t e r f a c e  can be accounted 
for ,  i n  pa r t ,  by d i f f us ion ,  advection, and 
b i o l o g i c a l  t rans format ions  o c c u r r i n g  
p r i m a r i l y  a t  t h e  i n t e r f a c e  o f  t h e  sediment 
and water column (D ie t z  1982). 
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Sediment p r o f  i l e s  o f  t o t  a1 n i t r ogen  
(F i gu re  31) i n d i c a t e  t h a t  n i t r ogen  
dec l ines  w i t h  depth and t h a t  n i t r ogen  
c y c l e  in te rmed ia tes  (e.g.,  NH4) are q u i t e  
l a r g e  (Kenworthy e t  a l .  1982). Rates o f  
ammonium regene ra t i on  i n  ee lgrass bed 
zediments a re  h i s5  r e l t t i v e  t o  those i n  
coas ta l  sediments i n  general ( B i  1  l e n  1978; 
B lackburn 1979; I i zum i  e t  a l .  1982). If 
sediment acc re t i on  and b u r i a l  r a t e s  were 
s u f f i c i e n t l y  rap id ,  p a r t i c u l a t e  organic  
n i t rogen ,  and especi a1 l y  d isso lved  organic  
n; rrnnon (Hnsenf i e l  d  1979b), cou ld  become 
unavar lab le  f o r  r e c y c l i n g .  Some o f  t he  
b u r i e d  n i t r o g e n  i s  r e t a i n e d  i n  humic 
macromolecules, which are chemica l ly  
r e f r a c t o r y  and a re  long- term s inks  fo r  
n+tvnn-l  IF^^^^,"+^,^^ 1 -  la?:; P : ~ ?  
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1982;. E v j  dence <l lnnectc n c w o v p r  t n a r  

even though o rgan ic  ' , - T " .  qc-'C 
larqe.  e f f e c t i v e  r e c y c l i n g  mechanisms 
ope, aie  n ' ;  eeljr ass meadows. 

Phosphorus, u n l i k e  carbon, n i t r ogen  o r  
su l fu r ,  has no gaseous form (F i gu re  35), 
and i s  der i ved  as orthophosphate from 
weather ing o f  phosphate minerals,  
so l ub i  1  i z a t i o n  o f  metal1 i c  and adsorbed 
phosphates (Stumm and Morgan 19701, and 
exc re t i ons  o f  b a c t e r i a  (Cosgrove 19771, 
zoopl ankton and o ther  marine animals 

(Johannes 1964; Kuenzler 1961 ). These 
same sources a1 so re lease  so l ub l e  o rgan ic  
phosphorus i n  exc re t ions  and lecha tes  
re leased dur ing  a u t o l y s i  s  o f  dead c e l l  s. 

Phosphorus concen t ra t ions  a re  measur- 
a b l y  greater  i n  vegetated than i n  un- 
vegetated sediments (McRoy e t  d l .  1972). 
From a  geochemical s tandpoint ,  t h e  s t rong  
tendency o f  phosphates t o  be adsorbed t o  
c1 ays and p o s i t i v e l y  charged ca t i ons  makes 
sediments impor tant  i n  t he  o v e r a l l  c y c l i n g  
o f  t h i s  element. As mentioned e a r l i e r ,  an 
impor tant  r e a c t i o n  occurs i n  anaerobic 
sediments con ta i n i ng  s u l f i d e  where p y r i t e  
i s  reduced and orthophosphate i s  released. 
If t h e  sediment becomes anaerobic t o  t h e  
curface, a  c o n d i t i o n  t h a t  may f r e q u e n t l y  
ncc?rr i n  an ee lgrass bed, t h e  d i s so l ved  
srt.!o?hosphate i s  mobi 1  i zed i n t h e  
sediments and re leased  t o  t h e  o v e r l y i n g  
water. Dur ing per iods  of low 
p r o d u c t i v i t y ,  decreased organic  inpu ts ,  o r  
phys i ca l  d is turbances (e. g., du r i ng  w i n t e r  
t u r b u l e n t  cond i t i ons ) ,  an aerobic  su r face  
l a y e r  develops, and the re l ease  of 
orthophosphate i s  l i m i t e d  p r i m a r i  l y  by i t s  
tendency t o  p r e c i p i t a t e  w i t h  f e r r i c  i ron .  

Aerobic, phosphate-sol u b i l  i z i n g  bac- 
t e r i a  a l s o  p l a y  an impor tant  r o l e  i n  t h e  



sediment phosphorus c y c l e  (Cosgrove 1977).  
Craven and Hayasaka (1982) i s o l a t e d  an 
aerob ic  r h i  zosphere bacter ium associated 
w i t h  ee lg rass  r oo t s  t h a t  was capable of 
so l  ub i  1  i z i  ng  ca l  c i  um phosphate. Since 
hydroxyapa t i te ,  a  form o f  ca lc ium 
phosphate, i s  a  l a r g e  component o f  the  
sediment phosphorus pool  , i t s  s o l u b i l  i - 
z a t i o n  by bac te r i a  may be an impor tant  
source o f  a v a i l a b l e  phosphorus f o r  both 
p l a n t s  and m i  cro-organi sms. 

Sediments are l a r g e  r e s e r v o i r s  of 
m e t a l l i c  elements i n  es tua r i es  (Wolfe e t  
a l .  1973). Substant ia l  r a t e s  of 
sedimentat ion together  w i t h  anaerobic 
cond i t i ons  suggest t h a t  eel  grass beds may 
a c t  as s i nks  f o r  many t r a c e  meta ls  (Wolfe 
e t  a l .  1976). Most meta ls  should e x i s t  i n  
an i n s o l u b l e  form a t  t h e  t y p i c a l  Eh and pH 
o f  t h e  sediment, w h i l e  o thers  such as 
i r o n  and manganese may occur i n  excessive 
concen t ra t ions  ( P u l i c h  1982 a,b). Most of 
t h e  meta ls  probably  a re  immobi l ized as 
i n s o l u b l e  s u l f i d e s  (Bu r re l  1  and Schubel 
1977). However, s ince  ee l  grass i s  capable 

Recent work Sy Spit!? e t  a l ,  (1982) 
demonstrates t h a t  t h e r e  i s  a  heterogeneous 
community o f  b a c t e r i a  assoc i a t ed  w i t h  
ee lg rass  sediments. I s o l a t e s  o f  
r h i z o p l a n e  b a c t e r i a  were more s e n s i t i v e  t o  
h i g h  concen t ra t ions  o f  t r a c e  me ta l s  than  
were rh izosphere  bac te r i a .  Smith e t  a l .  
(1982) argued t h a t  microzones o f  ex t reme ly  
h i g h  concen t ra t ions  o f  t r a c e  elements make 
necessary some mechanism f o r  t h e  
p r o t e c t i o n  o f  b a c t e r i a  aga ins t  heavy 
meta ls .  Srni t h  et  a? .  (1979) observeff 
t h a t  ee l  grass r h i  zop l  ane b a c t e r i a  were 
imbedded i n  an amorphous mucoid substance 
(muc ige l )  on t h e  r o o t  sur face.  Mucige l  i s  
1  i k e l y  t o  cons i s t  o f  o rgan ic  by-products  
o f  t h e  p l a n t  as we1 1  as e x t r a c e l l u l a r  
capsu la r  m a t e r i a l  produced by  t h e  
microorganisms. M a t e r i a l  o f  s i m i l a r  
o r i g i n  has been i m p l i c a t e d  i n  t h e  
p r o t e c t i o n  o f  s p e c i f i c  b a c t e r i a l  i s o l a t e s .  
A d d i t i o n a l l y ,  many b a c t e r i a  and h i ghe r  
p l a n t s ,  i n c l u d i n g  ee lg rass  (Wood 1953), 
a r e  known t o  produce o rgan i c  r educ i ng  
substances which may c h e l a t e  meta ls .  

o f  r e l e a s i n g  oxygen f rom the  r o o t s  ( I i zum i  The knowledge o f  t r a c e  meta l  c y c l e s  i n  e t  a l .  19801, t he re  may be an oxygenated 
eelgrass bed sediments is limited. It microzone t h a t  would a c t u a l l y  promote t he  
w i l l  become obvious i n  our  d i s cuss i on  o f  m o b i l i z a t i o n  o f  some metals and t h e  the biotic reservoir that far more is  

c o - p r e c i p i t a t i o n  o f  o t he r s  as hydroxides 
known about b i o l o g i c a l  f l u x e s  than  t h e  i n  t h e  inmediate area o f  the  r o o t  ( B u r r e l l  
geochemical aspects. and Schubel 1977). 

P u l i c h  (1982 a,b) suggested t h a t  t h e  
growth o f  H. w r i g h t i i  on p rev i ous l y  
unvegetated sed~ment Increases s u l f i d e  
p roduc t ion  which subsequently p r e c i  p i  t a t es  
w i t h  excess so l ub l e  i r o n .  A dep le t i on  o f  
excess s o l u b l e  i r o n  reduces l uxu r y  uptake 
o f  i r o n ,  t he reby  r e l i e v i n g  t h e  p o t e n t i a l  
f o r  an imbalance i n  t h e  i r o n  t o  manganese 
r a t i o  i n  t h e  p lants .  The ex ten t  t o  which 
t h i s  process f unc t i ons  i n  an ee lgrass bed 
i s  n o t  known, b u t  we expect t h a t  they  are 
s i m i l a r  due t o  t y p i c a l  redox cond i t i ons  i n  
seagrass bed sediments. 

A number of t rans fo rmat ions  i n v o l v i n g  
t h e  o x i d a t i o n  and r e d u c t i o n  o f  t r a c e  
elements a r e  mediated by bac te r ia ,  e i t h e r  
d i r e c t l y  b y  uptake o r  r e l ease  o f  elements, 
o r  i n d i r e c t l y  by t h e i r  i n f l uence  on Eh and 
pH. The b e s t  understood example o f  t h i s  
i s  p y r i t e  o x i d a t i o n  and i nvo l ves  t h e  
s u l f u r  cycle d iscussed e a r l i e r .  Th i s  can 
occur  a b i o l o g i c a l  i y ,  bu t  i s  g r e a t l y  
acce le ra ted  b y  t h e  a c t i v i t y  o f  
T h i o b a c i l l f  . 

Water Column 

U s u a l l y  ee lg rass  beds occur  i n  
sha l  low, we1 1  -mi xed, and we1 1  -aera ted  
water. Except where t h e y  a re  found  i n  
enc losed  embayments and where n i g h t t i m e  
low t i d e s  occur i n  c o n j u n c t i o n  w i t h  h i g h  
summer temperatures (Nixon and Ovi a t t  
1972), oxygen i s  abundant and e lementa l  
c y c l i n g  i n  t h e  water column i s  dominated 
by  aerob ic  r e s p i r a t i o n .  The wate r  column 
r e c e i v e s  o rgan ic  ma t t e r  t h a t  i s  produced 
i n  s i t u ,  i s  advected i n  w i t h  water  f l ow,  
o r  i s  resuspended f rom t h e  sediments. 

Phytop lankton ass imi  1  a t e  1 a rge  
q u a n t i t i e s  o f  i no rgan i c  elements and 
r e l e a s e  DOM. Since phy top lank ton  t u rnove r  
r a p i d l y ,  t he re  i s  r e 1  a t i v e l y  b r i e f  s t o rage  
o f  elements i n  t h i s  fo rm o f  POM. Rapid 
phy top lank ton  growth, c h a r a c t e r i z e d  by  
seasonal p l ank ton  blooms, can reduce 
d i s s o l v e d  i no rgan i c  n u t r i e n t s  i n  t h e  water  
column t o  b a r e l y  d e t e c t a b l e  l e v e l s .  
Zooplankton consume p a r t  o f  t h e  



phy top lank ton  and r e l e a s e  DOM and 
i n o r g a n i c  n u t r i e n t s .  La rger  ve r tebra tes  
and numerous o t h e r  i n v e r t e b r a t e s  consume 
t h e  sma l le r  p l a n k t o n  w h i l e  a lso 
r egene ra t i ng  n u t r i e n t s  and DOM. M ig ra t i ng  
animals, e s p e c i a l l y  f i s h e s ,  shrimp, and 
crabs, t r a n s p o r t  l a r g e  q u a n t i t i e s  o f  
n u t r i e n t s  i n  and o u t  o f  ee lg rass  meadows 
(see Chapters 4 and 5 ) .  

I n  an ee larass bed i n  Alaska ( I i z u m i  e t  
a l .  1982) the  a s s i m i l a t i o n  t o  regenera t ion  
r a t i o  f o r  ammonium o f  6.2 suggested t h a t  
a d d i t i o n a l  supp l ies  o f  ammonium must come 
from sources ou ts ide  t h e  bed o r  f rom r a p i d  
regenera t ion  i n  the  sediments i n  o rder  t o  
sus ta in  t h e  observed elemental  
concentrat ions and pr imary p r o d u c t i v i t y  i n  
t h e  water column. 

A u t o l y s i s  o f  dead macrophyte c e l l s  
r e i sases  nutr ients  t e  the  wzter as 
i n o r g a n i c  ma t t e r  o r  DOM, which are 
metabo l i zed  a long  w i t h  t h e  rema in ing  POM 
by b a c t e r i a  and f u n g i  ( L i n l e y  e t  a l .  1981; 
Robertson e t  a l .  1982). B a c t e r i a  are 
especi  a1 l y  impo r t an t  i n decomposing and 
c o n v e r t i n g  t h e  va r i ous  forms of mat te r  
i n t o  p a r t i c u l a t e  aggregates t h a t  can be 
u t i l i z e d  by suspension and f i l t e r - f e e d i n g  
organisms ( L i n l e y  e t  a l .  1981; Robertson 
e t  a l .  1982). 

The c y c l i n g  o f  t r a c e  elements w i t h i n  
t he  wter  cc!smn of ee!;r35? beds i s  set  
w e l l  known. Many t r ace  elements a re  
assoc ia ted w i t h  l i v i n g  and dead POM, and 
t h e  concentrat ions o f  d i sso lved  meta ls  a re  
ve ry  low (Wolfe e t  a l .  1973; Wolfe e t  a l .  
1976; Dri fmeyer e t  a l .  1980). 
Nonetheless, tu rnover  r a t e s  of t r a c e  
meta ls  could be such t h a t  t h e i r  
a v a i l a b i  1  i t y  i s  subs tan t ia l .  

More r e f r a c t o r y  sources o f  POM and DOM 
a r e  de r i ved  f rom m a t e r i a l  such as vascular  
p l a n t s  and macroalgae r e t a i n e d  i n  t h e  
grass bed. These m a t e r i a l s  are 
t ransformed s l ow l y  and i n  some cases take 
months o r  yea rs  t o  t u r n  over .  As a 
consequence, much o f  t h e  l a r g e r  POM i s  
e i t h e r  t r a n s p o r t e d  ou t  o f  t h e  meadow o r  i s  
depos i ted  on to  t h e  sediment-water 
i n t e r f a c e ,  where i t  i s  d i f f i c u l t  t o  
determine i f  t h e  m a j o r i t y  o f  i t  i s  cyc led  
i n  t h e  water o r  i n  t h e  sediment. 

Smal ler p a r t i c l e s  o f  POM (Kirchman and 
M i t c h e l l  1982), c o l l o i d a l  m a t e r i a l  ( S i g l i o  
e t  a l .  1982), and DOM a r e  a l l  u t i l i z e d  by 
b a c t e r i a  i n  t h e  water column. Recently, 
Robertson e t  a l .  (1982) demonstrated t h a t  
b a c t e r i a  r a p i d l y  conver ted DOC t h a t  was 
leached f rom dead leaves o f  two seagrass 
spec ies i n t o  aggregates o f  POM. The 
leached DOC represented 12% t o  20% of t h e  
t o t a l  p l a n t  carbon. Th i s  source o f  DOM, 
which i s  p robab ly  con t inuous ly  produced 
throughout  t h e  growth c y c l e  o f  t he  p lan t ,  
may be ext remely  la rge .  I n  and around 
i n t e r t i d a l  grass beds, which a re  
p e r i o d i c a l  l y  exposed and resubmerged , t h e  
DOM re lease  p robab ly  i s  pulsed and occurs 
d u r i n g  per iods  o f  exposure and 
resubmergence (Penhale and Smith 1977). 

S ince r a t e s  o f  au to t r oph i c  p roduc t ion  
a re  q u i t e  h i g h  (Chapter 21, t h e r e  i s  a  
l a r g e  demand f o r  i no rgan i c  tnac r0n~ t r ien tS .  

Since the  b i o t a  form such a l a r g e  and 
f u n c t i o n a l  p a r t  o f  each r e s e r v o i r ,  we 
unavoidably discussed many essent i a1 
a t t r i b u t e s  o f  t h i s  component already. 
To r ecap i t u l a t e ,  we have i d e n t i f i e d  t h e i r  
major con t r i bu t i ons :  autotrophs (phy to -  
plankton, macroalgae, and seagrass 1, 
u n i c e l l u l a r  heterot rophs ( p r i m a r i  l y  
bac te r i a ) ,  and m u l t i c e l l u l a r  he te ro t rophs  
( inver tebra tes ,  f i s h ,  and birds). 

I n  terms of abundance, t h e  seagrasses 
dominate autotrophs t o  a  l a r g e  degree and 
a c t  as e f f e c t i v e  condu i t s  between t h e  
sediments and water column, w h i l e  
phytop lankton and macroalgae r e c y c l e  
elements a t  an apparent ly  f a s t e r  r a t e  and 
do not achieve as l a r g e  a s tanding crop. 
Roots and leaves absorb elements such as 
carbon, n i t rogen ,  and phosphorus, and a 
f unc t i ona l  vascular system t r ans l oca tes  
them throughout the  p l a n t  (McRoy and 
Barsdate 1970; Penhale and Thayer 
1980; Thursby and H a r l i n  1982). Non- 
conservat ive, o r  l u x u r i a n t ,  uptake o f  
i no rgan ic  phosphorus as orthophosphate by 
ee lgrass r o o t s  has been repo r t ed  (McRoy 
and Barsdate 1970; McRoy e t  a1 . 1972). I n  
these s tud ies,  orthophosphate absorbed by 
t h e  r o o t s  was excreted i n t o  t h e  water 
column by t h e  leaves, suggest ing t h a t  
Zostera i s  a major b i o l o g i c a l  ~ n t e r m e d i a t e  
i n  t h e  es tua r i ne  phosphorus cyc le .  
Penhale and Thayer ( 1980), however, found 
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Figure 36. Estimates of the t o t a l  amount o f  copper i n  the b i o t i c  and a b i o t i c  r e s e r v o i r s  
o f  an eelgrass meadow. (From Drifmeyer e t  a l .  1980.) 

l i t t l e  re lease o f  phosphorus. More than Consequently, some n u t r i e n t s  are exported 
l i k e l y ,  t h e  d i r e c t i o n  o f  the  f l u x  w i l l  by t he  l a rge r  organisms. 
depend on the  re1  a t i v e  concentrat ion 
gradients between t h e  mediums (Penhale and By f a r ,  Zostera i s  t h e  l a r g e s t  
Thayer 1980), and the  p lan ts  probably are reservo i r  of a l l  elements (F igure  361, due 
more conservat ive w i t h  respect t o  most of t o  i t s  h igh r a t e  o f  organic p r o d u c t i v i t y ,  
t he  elements. i t s  longevi ty ,  and t h e  l a r g e  biomass o f  

both l i v i n q  and dead POM. A subs tan t i a l  

Micronutr ients,  such as zinc, cadmium, 
lead, copper, and manganese are a lso 
absorbed by both the  roo ts  and leaves 
(Br inkhuis e t  a l .  1980; Drifmeyer e t  a l .  
1980; Lyngby and B r i x  1982; Lyngby e t  a l .  
1982), bu t  t he  amount o f  metal 
t rans located i s  i n s i g n i f i c a n t  compared t o  
t h e  est imated movement o f  C, N, and P. 

I n  t h e  water column, DOM produced by 
a v a r i e t y  o f  sources i s  transformed almost 
exc lus i ve l y  by bacteria, which consume and 
produce inorganic elements, DOM, and 
d e t r i t a l  aggregates. Typ ica l ly ,  turnover 
time i s  rapid,  although some p a r t i c l e s  are 
t rans fe r red  up the  food chain t o  la rger  
organisms (see Chapter 41, which r e t a i n  
more elements f o r  longer periods. 

f 1 ux o f  elements occurs d u r i  ng senescence 
and decomposition o f  t h e  seagrasses 
(Drifmeyer e t  a l .  1980). Leaf tu rnover  
rates, on the  order o f  4-10 crops per  
year, c o n s t i t u t e  the  l a r g e s t  f l u x  i n  t h i s  
p a r t i c u l a r  pool. When t h e  p r o d u c t i v i t y  o f  
the attached epiphytes on t h e  leaves i s  
considered, t h e  f l u x  i s  even greater .  
Since there  i s  r e l a t i v e l y  l i t t l e  d i r e c t  
herbivory ( l ess  than 10% o f  t h e  net 
production), t he  n u t r i e n t s  i n  t h e  p l a n t  
t i s s u e  are recycled through some ve ry  
complex b iophys ica l  processes (see 4.1 1 ). 
Some of the  p l a n t  mater ia l  and, 
consequently, t h e  n u t r i e n t s  conta ined 
w i t h i n  t h e  mater ia l  are exported to  
adjacent coasta l  systems (Steven Bach, 
WAPORA, Inc., Norcross, Georgia, and G.W. 
Thayer, unpubl . ) . 



3.4 A SCENARIO OF EELGRASS MEADOW o f  meadow development (Kenworthy e t  a1 . 
DEVELOP~~ENT 1982). 

We have t r i e d  t o  conceptual ize how 
short - term and long-term in te rac t i ons  o f  
waves, currents,  t ides ,  l i g h t ,  
temperature, s a l i n i t y ,  and n u t r i e n t s  
i n f l uence  t h e  form and func t i on  o f  
eelgrass meadows. Since the  number o f  
combinations o f  environmental f ac to rs  
would o n l y  serve t o  confuse t h e  la rger  
p ic t t i fe ,  we hav? begun t o  deve:op a 
simp1 i f  i e d  conceptual model. The drawback 
i s  t h a t  one cannot always determine if a 
fac to r ,  o r  a combination o f  fac tors ,  
in f luences the  development o f  a meadow or  
i f  the  meadow i n  i t s  development, modi f ies 
o r  i n f  1 uences t h e  fac to rs .  Both scenarios 
are  probably important  but  have d i f f e r e n t  
developmental ( t ime) h i s to r i es .  I n  any 
event, we use a scenario t h a t  demonstrates 
how a l l  f a c t o r s  can i n t e r a c t .  The 

Eelgrass may develop more r o o t  biomass 
and greater  surface area when n u t r i e n t  
concentrat ions are low i n  order t o  e x t r a c t  
s u f f i c i e n t  n u t r i e n t s  t o  meet metabol ic 
requirements (Short 1981, 1983a,b). I t  i s  
probably more than mere coincidence t h a t  
an extensive r o o t  system t h a t  r e s i s t s  
sediment erosion develops i n  h igh-current  
areas, s ince eelgrass t h a t  has been 
t ransplanted from low t o  h igh cur ren t  
areas, and v i ce  versa, w i l l  grow a r o o t  
system c h a r a c t e r i s t i c  o f  i t s  new h a b i t a t  
(Kenworthy, pers. observ.). Higher r o o t  
biomass a1 so provides organic matter 
d i r e c t l y  t o  the  sediment matr ix ,  and i s  
espec ia l l y  important i n  the ea r l y  stages 
o f  meadow development and i n  h igh cur ren t  
areas where scouring l i m i t s  t he  i npu t  o f  
organic mater ia l  t o  the  sediment. 

pa t te rns  t h a t  we d iscuss  appear t o  hold 
n o t  on ly  f o r  meadows on t h e  east coast o f  
t h e  Uni ted States, but f o r  other coasts 
and other  seagrass species as we1 1. 

The r a t e  a t  which eelgrass covers the  
bottom i s  a f u n c t i o n  o f  several fac tors ,  
inc lud ing :  (1 )  how qu i ck l y  shoots are 
added and l o s t  t o  t h e  populat ion, (2 )  how 
long dur ing  t h e  year they are added or 
l o s t ,  and ( 3 )  t he  i n i t i a l  dens i ty  and 
spacing o f  t h e  shoots. The f i r s t  two 
fac tors  are mediated d i r e c t l y  by a number 
of environmental condi t ions,  especi a1 l y  
l i g h t ,  temperature, and ava i l  able 
n u t r i e n t s  (Chapter 2), and i n d i r e c t l y  by 
hydrodynamic condi t ions.  Factors t h a t  
con t ro l  shoot spacing are not  c l e a r l y  
understood, bu t  meadows ex i  s t i n g  under 
h igh  cu r ren t  and wave regimes are more 
densely packed. High cur ren t  areas a lso 
have much more r o o t  standing crop 
(Kenworthy e t  a l .  1982). The dens i ty  of 
t h e  root-rhizome system also i s  
p ropo r t i ona l  t o  t he  frequency of branching 
and frequency o f  l e a f  emergence from the  
meristem (Chapter 2). A t  t he  same time, 
h igh  cu r ren t  areas have c h a r a c t e r i s t i c a l l y  
lower sediment organic matter  and n u t r i e n t  
concentrat ions than low cur ren t  substrate 
areas (Kenworthy e t  a l .  1982) (Chapter 2). 
Percentages o f  s i  1 t - c l  ay and organic 
s a t t e r ,  as w e l l  as exchangeable NHq, 
d isso lved NHq, and t o t a l  ni trogen, may 
increase along a temporal -spat i  a1 gradient  

External  environmental factors,  as 
we l l  as genetic factors,  a lso  in f luence 
the  s t ruc tu re  o f  i nd i v idua l  p lan ts  and, 
hence, the  form and s t ruc tu re  o f  nreadows. 
I f  l i g h t ,  temperature, nu t r ien ts ,  and 
sal i n i  t y  a re  not 1 i m i  t i  ng, hydrodynamic 
fac to rs  w i l l  con t ro l  t he  physical form and 
ecological  func t ions  o f  a meadow as i t  
develops. Water depth and t u r b i d i t y ,  
e i t h e r  alone or  i n  combination, reduce 
ava i lab le  1 i g h t  energy t o  t he  p lan ts  
(Chapter 2) and thus determine t h e  lower 
depth l i m i t  of the  meadow. Tides 
in f luence energy a v a i l a b i l i t y  t o  the  p lan t  
by changing the  d is tance through which the  
l i g h t  must pass (depth). The upper depth 
l i m i t  may be determined by t h e  length o f  
t ime an area i s  exposed a t  low t i d e  
(Chapter 1).  The meadow edge where 
cur ren t  f l ow  i s  r a p i d l y  res t ruc tured i s  a 
t r a n s i t i o n  zone f o r  sediment t ransport .  
Fonseca e t  a l .  (1982b3 demonstrated t h a t  
f o r  every cmlsec of cur ren t  v e l o c i t y  the  
f l ow  in t rudes 1.25 cm i n t o  most eelgrass 
meadows before a reduct ion i n  v e l o c i t y  i s  
measurable. The distance from the  edge 
where maximum reduct ion  i n  v e l o c i t y  occurs 
i s  determined by t h e  r a t i o  of 2.07 (cmlsec 
ve loc i t y ) .  Over time, sediments t h a t  have 
s e t t l e d  can be trapped by t h e  p l a n t ' s  
root-rhizome system. Sediment p a r t i c l e s  
i n  eelgrass meadows are genera l ly  from 
sources outside af t he  meadow whereas i n  
t r o p i c a l  seagrass meadows they are from 
sources w i t h i n  t h e  meadow ( B u r r e l l  and 
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F igure  37. The he igh t / l eng th  r a t i o  o f  severa l  ee lg rass  meadows (do t s )  and one Thalassfa 
t e s t ud i  nun meadow ( s t a r )  ( S c o f f i n  1970) regressed on cu r ren t  v e l o c i t y .  Cross -sec t iona l  ---- 
and v e r t i c a l  view diagrams o f  t he  degree o f  mounding and coverage pa t t e rns ,  r espec t i ve -  
l y ,  are on the r i g h t .  Ho r i zon ta l  l i n e s  descr ibe use fu l  numerical  h e i g h t / l e n g t h  l i m i t s  
f o r  h i gh  ( >  0.1), medium (0.01-0.1), and low (0-0.01) c u r r e n t  regimes. (From Fonseca e t  
a l .  1983.) 

Schubel 1977). Some eelgrass meadows 
e x i s t  under a  g rad ien t  o f  cu r ren t  regimes, 
and a re  no more than mounded patches a  
meter  or two across (F igures 37, 40 a,b). 
These patch meadows were descr ibed by den 
Hartog (1971) as the  " leopard -sk in "  
d i s t r i b u t i o n ,  and are con t ras ted  w i t h  
t h e  broad, l o w - r e l i e f  f l a t s  more charac- 
t e r i s t i c  of meadows (F igure  37, 20) 
(Kenworthy e t  a l .  1982). 

The environmental d is turbance prov ided 
by waves and cu r ren t s  i s  f a i r l y  constant  
over t ime  f o r  a  g iven  meadow; t h e  degree 
of d is turbance d imin ishes as energy i s  
l o s t  from waves and cu r ren t s  across a  
meadow. Zostera, according t o  den Har tog 
(19711, i s  r e s t r i c t e d  t o  h a b i t a t s  where 
sediment e ros ion  and depos i t i on  are i n  
equi  l ibr ium, s ince  he suggests t h e  species 
cannot grow v e r t i c a l  l y .  We have observed, 
however, a  s t rong  v e r t i c a l  growth response 
of eel  grass under t r ansp l  a n t i  ng cond i t i ons  
(F igure  60). Flume s tud ies  (Fonseca, 
Per$. observ. demonstrate t h a t  seagrasses 
*" general accumulate sediments r a p i d l y  
and Under many na tu ra l  cond i t i ons  t h e i r  
su r v i va l  depends on t he  a b i l i t y  t o  grow 
V e r t i c a l l y ,  t h e  v e r t i c a l  upper l i m i t  be ing 

the  f requency and d u r a t i o n  o f  exposure t o  
t he  a i r .  Because rhizome g roy th  i s  s low 
(approx. 0.5 - 1.0  TI day- , Fonseca 
unpubl. data),  ee l  grass p robab ly  does no t  
respond w e l l  t o  r a p i d  sedimentat ion, b u t  
i t  seems ab le  t o  respond t o  sediment 
depos i t i on  caused by i t s  own presence. 
Eelgrass and seagrass meadows i n  genera l  
develop t o  a  p o i n t  where t hey  a re  i n  
hydrodynami c  equ i 1 i b r i  um w i t h  severa l  
f a c t o r s :  ( 1 )  sediment s t a b i l i z a t i o n  by  t h e  
r o o t - r h i  zome system, ( 2 )  boundary 1 ayer 
development w i t h i n  t h e  canopy, ( 3 )  
v e l o c i t y  inc rease  caused by mounding, and 
( 4 )  ambient f l o w  regime ( F i g u r e  38). 

I n  t h e  c l a s s i c a l  terms o f  Odum (19691, 
eel  grass meadows a re  genera l  l y  
monospeci f ic  and t h e  I1pioneer" as w e l l  as 
the  ' Ic l  imax" species. An equi  1  i br i um  
r e s u l t s  t h a t  produces a  range o f  meadow 
forms t h a t  are c o r r e l a t e d  w i t h  c u r r e n t  
regime (Fonseca e t  a l .  1983; Kenworthy e t  
a l .  1982) and t o  some degree w i t h  wave 
energy. Each meadow can be cha rac te r i zed  
by t h e  r a t i o  of i t s  h e i g h t  (h )  over  i t s  
down-current l e n g t h  (L). The h/L r a t i o s  
a re  c o r r e l a t e d  w i t h  t h e  ambient c u r r e n t  
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regime ( F i g u r e  37). Each h/L c l a s s  
r ep resen t s  p a t t e r n s  o f  meadow development 
t h a t  have c h a r a c t e r i s t i c  c u r r e n t  r educ t i on  
p a t t e r n s  and sedimentary development and 
t h a t  denote severa l  r e l a t i v e  c l imaxes o r  
po lyc l imaxes  o f  t h e  system. As long  as 
t h e  hydrodynamic c o n d i t i o n s  are 
mai n t a i  ned, meadow development and 
c o n f i g u r a t i o n  w i l l  e x h i b i t  t h e  responses 
shown i n  F i g u r e  37 and 38. 

High c u r r e n t  and low c u r r e n t  meadows 
u s u a l l y  a re  assoc ia ted  w i t h  open water and 
s h e l t e r e d  areas, r e s p e c t i v e l y .  Except ions  

t o  t h i s  a r e  t i d a l  and man-made channels. 
Open water meadows, which a re  ve ry  
suscep t i b l e  t o  wave-induced scour, o f t e n  
expo r t  a  l a r g e  p o r t i o n  o f  t h e i r  f o l i a r  
product ion,  a l though  t hey  do so l e s s  
f r e q u e n t l y  i n  c l e a r e r  and deeper areas, 
e s p e c i a l l y  i n  t h e  New England coas ta l  
lagoons and f j o r d - 1  i k e  coas ta l  hab i t a t s .  
Here, where t h e  grasses e x i s t  a t  depths 
below t h e  i n f l u e n c e  o f  a l l  b u t  l a r g e  s torm 
waves, more autochthonous d e t r i t u s  may 
accumulate. Another c r i t i c a l  f a c t o r  f o r  
meadow development i s  sediment depth above 
a  conso l i da ted  (bedrock) l a ye r ,  which must 



be o f  s u f f i c i e n t  th i ckness  t o  suppor t  t h e  
r o o t  systems (Zieman 1975; B u r r e l l  and 
Schubel 1977). We have observed ee lg rass  
growing on v i r t u a l l y  a1 1 unconsol idated 
sediments, i n c l u d i n g  cobble beaches. 
Since geomorphology and ambient wave and 
c u r r e n t  c h a r a c t e r i s t i c s  s t r u c t u r e  t h e  
phys i ca l  form o f  t h e  ee lg rass  meadow and 
c o n t r o l  t h e  r a t e  a t  which elemental  
c y c l i n g  w i t h i n  t h e  meadow may occur, l o c a l  
geomorphology i s  an o v e r r i d i n g  f a c t o r  i n  
meadow development, d i r e c t l v  c o r r e l a t e d  
w i t h  t h e  i n p u t  o f  o rgan ic  m a t e r i a l  t o  t h e  
sediments. 

Kenworthy e t  a l .  (1982) measured 
d i  s so l  ved n i  t rogen , exc hangeabl e NH4, and 
t o t a l  n i t rogen,  i n  sediments o f  th ree  
ee lg rass  beds i n  Nor th  Caro l ina.  A 
s p a t i a l  g rad i en t  ana l ys i s  approximating a 
temporal sequence o f  grass bed develop- 
rnent, c o n s i s t i n g  o f  smal l  c o l o n i z i n g  patch 
s ta tsons a t  the  outer  edges nf t h e  bed and 
mid-bed s t a t i ons ,  demonstrated a 
cons i s t en t  t r e n d  f o r  each n i t r o g e n  
parameter. The concen t ra t ions  of 
n u t r i e n t s  were lowest  i n  unvegetated 
s t a t i ons ,  i n t e rmed ia te  a t  patch and a t  
edges, and l a r g e s t  i n  t h e  mid-bed reg ions,  
where s t a t i o n s  represented t h e  most 
advanced stage o f  development and ee lgrass 
cover. These f i nd i ngs  were cons i  s t e n t  
w i t h  Odum's hypothes is  (1969) t h a t  t h e  
most developed s tage o f  t h i s  ecosystem has 
a g r e a t e r  capac i t y  t o  t r a p  and r e t a i n  
n u t r i e n t s  f o r  i n t e r n a l  r ecyc l i ng .  

I n  t h i s  same study t h e  authors  
r e p o r t e d  t h a t  a t  h i gh  energy s i t e s ,  grass 
beds cons i s t ed  o f  smal l  i s o l a t e d  patches 
o f  grass and t h a t  t h e r e  was very  l i t t l e  
d i f f e r e n c e  i n  t h e  sediment p r o p e r t i e s  
between t h e  vegetated and a d j o i n i n g  
unvegetated bottom. The smal l  hummocks 
were suggested t o  be semi-permanent 
f e a t u r e s  e x i s t i n g  i n  a temporary 
e q u i l i b r i u m  w i t h  t h e  phys i ca l  forces.  

To v e r i f y  these  observat ions,  we have 
t r ansp lan ted  ee lg rass  i n t o  a range of 
energy t ypes  and s t ud i ed  i t s  development 
(Fonseca e t  a l .  1979; Kenworthy e t  a l .  
1980; Fonseca e t  a1 . 1982a) . Pred i c t ab l y  , 
the  low-energy s i t e s  developed low h/L 
r a t i o s  and a broad, cont inuous cover, 
wh i l e  t he  high-energy s i t e s  developed a 
d iscon t inuous  se r i es  o f  smal l  r a i sed  and 

moderate ly  dense patches ( F i g u r e  39) 
w i t h i n  two growing seasons. 

Waves have s u b s t a n t i a l  e f f e c t  i n  
shal  low open-water meadows d u r i  ng 
d i f f e r e n t  t i d a l  stages and may be i n  p a r t  
r espons ib l e  f o r  t h e  r e s u l t i n g  meadow 
c o n f i g u r a t i o n s .  A t  low t i d e ,  where waves 
r e f r a c t  over t h e  pa tch  and come i n  phase 
over  t h e  cen te r  o f  t h e  meadow, a wave 
o f t e n  exceeds i t s  c r i t i c a l  h e i g h t  and 
breaks and plunges i n t o  t h e  meadow. T h i s  
forms a c h a r a c t e r i s t i c  scour pa t ch  whose 
f ocus  moves over  t h e  meadow a t  a r a t e  t h a t  
depends on wind d i r e c t i o n ,  wave he igh t ,  
and t i d a l  s tage ( F i g u r e  40 a).  Another 
f a c t o r  c o n t r i b u t i n g  t o  t h e  development o f  
scour patches may be t h e  demise o f  t h e  
roo t - rh izome system f o l  l ow ing  t h e  
c e n t r i f u g a l  o r  r a d i  a1 growth o f  ee lg rass  
(Se tche l  1 1929). As ee lg rass  branches and 
grows from a p o i n t  o f  o r i g i n  (e.g., a 
seed!, t h e  rh izome system t h a t  is l e f t  
behind t o  decompose forms a zone i n  t h e  
cen te r  o f  a mounded meadow o f  senescing 
m a t e r i  a1 t h a t  has l e s s  sediment-b ind i  ng 
i n t e g r i t y .  Waves p l u n g i n g  i n  t h i s  
e l eva ted  zone o n l y  exacerbate t h e  
d i s r u p t i o n  o f  t h e  dy i ng  rh izome and 
acce le ra te  sediment eros ion.  B i o t u r b a t i o n  
o f  crabs, rays, and some gast ropods a l s o  

F i gu re  39. Computer s i m u l a t i o n  o f  
moundi ng i n  a 200-day-01 d e e l  g rass  t r ans -  
p l a n t  i n  a h i g h  c u r r e n t  N o r t h  C a r o l i n a  
shoal  i n  Back Sound, C a r t e r e t  County. The 
g r i d  i s  9 x 9 m w i t h  each v e r t i c a l  b l o c k  
showing a 10X v e r t i c a l  exaggera t ion  on t h e  
sand t rapped by each p l a n t i n g .  Roughly 
0.90 m3 sand was added and ma in ta ined  i n  
t h i s  81 m2 p l o t  by t h e  t r a n s p l a n t e d  
ee lg rass .  



F igu re  40. ( a )  Wavelets r e f r a c t i n g  around a t y p i c a l l y  i s o l a t e d  ee l g rass  pa tch  w i t h  
scour a rea  (1-rn wide)  on a h igh  c u r r e n t  shoal a t  l o w  t i d e .  The waves come i n  phase and 
break as  they r e f r a c t  around the  patch. Wave break ing i s  suspected t o  be an impo r t an t  
mechanical phenomenon i n  t h e  maintenance o f  these madous as  i se la ted patches. ( b )  
S i m i l a r  pa tch  a t  rn id t ide.  The patch has l i t t l e  e f f ec t  on the waves and i s  tho rough ly  
scoured by t h e i r  passing. 
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may c rea te  e ros i ona l  f aces  t h a t  exacerbate 
meadow d i s rup t i on ;  such a c l i  v f  t y  c o u l d  add 
t o  ma in ta i n i ng  pa tch iness  i n  moderate and 
h i gh  c u r r e n t  areas. Bu t  a t  h i g h  t i d e s ,  
l a r g e r  waves e n t e r i n g  these sha l  low areas 
(F i gu re  40 b )  a r e  af fected l e s s  b y  t h e  
patchy meadows. An o v e r a l l  s t ronger  surge 
and l i f t  f o r c e  i s  exper ienced over  t h e  
whole meadow. 

We hypothes ize t h a t  these  r e l a t i v e  
c l  imaxes (meadow forms under hydrodynamic 
regimes; p o i y c l  imaxesi p r o " i d e  i a r y  i n g  
p o t e n t i a l s  f o r  u t i l i z a t i o n  by o the r  f l o r a  
and fauna. Fauna must have s p e c i f i c  
adaptat ions t o  e x i s t  and t h r i v e  i n  meadows 
o f  f a s t  cu r ren t s  o r  h i gh  waves; low-energy 
s i t e s  are 1  i k e l y  t o  be more access i b l e  and 
fauna l  composi t ion may d i f f e r  as a  r e s u l t  
o f  reduced c u r r e n t  s t r e s s  (see Chapter 4). 
A1 though f auna l  development i n  t h e  
s t r i c t e s t  sense has n o t  been t ho rough l y  
analyzed, we can draw some i n f e rences  from 
a  few se lec ted  s tud ies .  Thayer e t  a l .  
(1975a) surveyed t h e  s t r u c t u r e  and fauna 
o f  a  r e c e n t l y  developed ee lg rass  bed near 
Beaufor t ,  Nor th  Caro l ina ,  t h a t  had n o t  
become a  permanent f ea tu re  o f  t h e  
embayment u n t i l  1968. The bed covered 
approx imate ly  30% o f  t h e  embayment i n  1969 
and 1970 and had inc reased  t o  55% by  1973. 
The species composi t ion o f  t h e  i n f auna  and 
epi fauna was q u i t e  d i f f e r e n t  f rom t h a t  o f  
an ad jacent  unvegetated estuary ,  and more 
impor tan t l y ,  t h e  d e n s i t y  and biomass o f  
i n ve r t eb ra tes  were g rea te r  i n  t h e  grass 
bed. I n  j u s t  a  few years t he  ee lg rass  bed 
had developed t o  t h e  p o i n t  t h a t  i t  c o u l d  
be d i s t i n g u i s h e d  f rom areas where grass 
was absent. Al though i n  most s t u d i e s  t h e  
r e l a t i v e  age o f  grass beds a r e  unknown, 
t he re  does seem t o  be c o n s i s t e n t  suppor t  
f o r  t h e  argument t h a t  f auna l  abundance i n  
ee lgrass beds i s  s u b s t a n t i a l l y  g rea te r .  

The r a t e  a t  which animals r e c o l o n i z e  a  
t r ansp lan ted  ee l  grass meadow i s  another  
i n d i c a t o r  o f  t h e  p o t e n t i a l  o f  o r  
development o f  t h e  f auna l  community. 
Homziak e t  a l .  (1982) r e p o r t e d  t h a t  
macrof aunal d e n s i t y  and number o f  spec ies 
increased nonl  i n e a r l y  w i t h  i n c r e a s i n g  
ee lgrass shoot d e n s i t y  i n  a  deve lop ing  
t r ansp lan ted  meadow ( F i g u r e  64).  Faunal 
d e n s i t i e s  were s i g n i f i c a n t l y  h i ghe r  i n  
vegetated t han  i n  unvegetated t reatments .  
Development o f  t h e  f auna l  community was 
c l o s e l y  coupled t o  t h e  development o f  t h e  

p l a n t s .  Homziak e t  a l .  (1982) s t ud i ed  
a p 2 r o u i ~ a t e l y  one growi  nq  season, and 
n e a r l y  60% o f  t h e  ee l g rass  ne t  p roduc t i on  
( es t ima ted  b y  compari son t o  adjacent,  
und i s t u rbed  meadows) was recovered  (Thayer 
e t  a l .  i n  p ress  b).  The asymptot ic  
response o f  t h e  i n f  aunal d e n s i t y  suggests 
t h a t  t h e y  may have approached t h e  c a r r y i n g  
c a p a c i t y  a t  t h e  h i g h e s t  shoot  d e n s i t i e s  ( -  
300 shootslm2).  I n  a  r e c e n t  s tudy a t  a 
s i t e  ad jacen t  t o  Homziak's, S t u a r t  (1982) 
found t h a t  e p i f a u n a l  communities 
recover; ng f ro?  d!  sturbance reached 
abundances which were equ i va l en t  t o  
und i s t u rbed  c o n t r o l s  i n  j u s t  90-100 days. 
The d i s t u r b a n c e  was s l i g h t ,  however, 
compared t o  t h e  l a r g e  meadow i n  which i t 
was loca ted .  

Development o f  Two-Species Communities 

Our scena r i o  of meadow development 
would be  incomple te  if we were t o  i gno re  
those  c i rcumstances where two grasses may 
coex i  s t  . We a1 luded  t o  t h e  
Zos te ra -Ha lodu le  beds i n  Nor th  Ca ro l i na  
and t h e  Zostera-Ruppia beds i n  t h e  
Chesapeake Bay. There a re  remarkable 
s i m i l a r i t i e s  i n  t h e  p a t t e r n s  o f  growth i n  
b o t h  systems. I n  b o t h  systems, Zos te ra  
achieved t h e  h i g h e s t  biomass i n  s p r i n g  and 
e a r l y  summer. Du r i ng  t h e  summer, however, 
p l a n t  biomass i n  t h e  mixed beds i s  h igher  
t han  i n  monospec i f i c  beds because 
a d d i t i o n a l  biomass was c o n t r i b u t e d  by  
e i t h e r  one of t h e  o t h e r  spec ies  (F i gu re  
21 1. I n  t h e  c o l d e r  months, o n l y  Zos te ra  
was dominant. We specu la te  t h a t  faunal 
development i n  t h e  mixed beds may express 
d i f f e r e n t  c h a r a c t e r i s t i c s .  For  example, 
assoc i a t ed  f a u n a l  communit ies adapted t o  
d i f f e r e n t  thermal  reg imes may f i n d  food  o r  
s h e l t e r  i n  a  mixed bed throughout  t h e  
year ,  w h i l e  these  o p p o r t u n i t i e s  may be  
l i m i t e d  d u r i n g  t h e  d e c l i n i n g  pe r i ods  i n  a  
monospecif  i c  bed. L i  kewi se, p reda to r -p rey  
i n t e r a c t i o n s  a r e  p o s s i b l y  more complex in 
t h e  mixed beds. Du r i ng  c e r t a i n  seasons, 
cover  d e c l i n e s  i n  t h e  monospec i f i c  bed and 
p reda to r s  may g a i n  access t o  b e n t h i c  food 
sources, w h i l e  i n  t h e  mixed bed, cons tan t  
cover  and rh izome mat i n t e g r i t y  cou ld  
p r o t e c t  c e r t a i n  p rey  (Pe te rson  1982). 

We have l i t t l e  d a t a  t o  suppor t  t h e  
above specu la t i ons .  We can o n l y  suggest 



t h a t  f u t u r e  s t u d i e s  be d i r e c t e d  t o  these  o f  ee lg rass  and mixed grass cornmuni t i e s  i n  
mat ters .  In t h a t  way essenti a; ~ n a i  n t a i n i  ng t h e  va l uab le  secondary 
i n f o rma t i on  may be p rov i ded  as t o  t h e  r o l e  p r o d u c t i v i t y  o f  es tua r i es .  



CHAPTER 4 
THE EELGRASS COMMUNITY BIOLOGICAL 

COMPONENTS AND FUNCTrBNAi RELATIONS 

4.1 GENERAL CONSIDERATIONS 

The eelgrass meadow i s  a  d i s c r e t e  
ecosystem composed o f  b i o l o g i c a l  
components i n t e r a c t i n g  w i t h  t h e  
physicochemical environment i n  a  manner 
l ead ing  t o  de f i ned  t r o p h i c  s t r u c t u r e ,  
b i  o l o q i c a l  d i v e r s i t y ,  and ma te r i  a1 cyc les .  
Aspects o f  t h e  i n t e r a c t i o n  o f  t h e  p l a n t  
w i  t h  t h e  physicochemi ca l  environment and 
mate r i  a1 cyc l es  were discussed i n  p rev ious  
chapters.  Th is  chapter  dea ls  w i t h  
b i  o l o g i c a l  components o f  eel  grass 
ecosystems, bo th  i n  terms o f  s t r u c t u r e  ( o r  
composi t ion)  and f unc t i on .  Func t i ona l  
aspects a1 so a re  inc luded  s i nce  processes 
descr ibed  i n  Chapters 2 and 3 determine 
t h e  r e l a t i o n s h i p s  between and among 
components o f  t h e  system. Whereas t h e  
spec ies o f  p l a n t s  and animals assoc ia ted  
w i t h  t h e  ee lgrass system may change, bo th  
temporal  l y  and s p a t i  a1 l y ,  processes 
g e n e r a l l y  are t h e  same, va r y i ng  p r i m a r i l y  
i n  magni tude. 

Wood e t  a l .  (1969) descr ibed  seven 
bas i c  f u n c t i o n a l  r o l e s  o f  t r o p i c a l  
seagrass ecosystems, which a l s o  apply  t o  
temperate seagrass systems (Thayer e t  a l .  
1975b). Al though t h e  d e s c r i p t i o n  was 
based p r i m a r i l y  on observa t ions  and 
i n t u i t i o n ,  research over t h e  pas t  14 years  
has no t  a l t e r e d  s i g n i f i c a n t l y  b u t  has 
strengthened t h e  bas i c  concepts i t  
embodied. Al though each aspect has been 
d iscussed t o  va r y i ng  degrees already, we 
l i s t  them here because t hey  serve  as an 
abbrev ia ted  summary and as gu ideposts  t o  
t h e  remainder o f  t h i s  p r o f i l e .  

o rgan i  sms, which a re  grazed ex tens i ve l y  
and may be of comparable biomass t o  t h e  
leaves  themselves (Chapter 4); (3 )  leaves 
produce 1  arge q u a n t i t i e s  o f  organic  
m a t e r i  a1 which decomposes w i t h i n  t h e  
meadow o r  i s  t r a n s p o r t e d  t o  adjacent 
systems (Chapters  3, 5) ;  ( 4 )  few organisms 
graze d i r e c t l y  on t h e  l i v i n g  ee lgrass 
blade, and t h e  d e t r ~ t u s  formed f rom leaves 
suppor ts  a  complex food  cha in  (Chapters 3, 
4 ) ;  ( 5 )  shoots, by r e t a r d i n g  o r  s lowing 
c u r r e n t s ,  enhance sediment s t a b i l i t y  and 
i nc rease  t h e  accumula t ion  o f  organic  and 
i n o r g a n i c  m a t e r i a l  (Chapters  3, 4); (6 )  
r oo t s ,  b y  b i n d i n g  sediments, reduce 
e ros i on  and p reserve  sediment m i c r o f l o r a  
(Chapters 3, 4, 5); and (7) p l a n t s  and 
d e t r i t u s  p r o d u c t i o n  i n f l u e n c e  n u t r i e n t  
cycl i ng between sediments and o v e r l y i n g  
wa te rs  (Chapter 3) .  

To t hese  f u n c t i o n s  should be added 
t h r e e  o t h e r s  t h a t  were no t  s p e c i f i c a l l y  
addressed i n  t h e  o r i g i n a l  scheme: (8)  
decomposi t ion o f  r o o t s  and rhizomes 
p rov i des  a  s i g n i f i c a n t  and long-term 
source o f  n u t r i e n t s  f o r  sediment 
m i c rohe te ro t r ophs  (Chapters  3, 4); ( 9 )  
r o o t s  and l eaves  p r o v i d e  h o r i z o n t a l  and 
v e r t i c a l  compl e x i  t y  which, coup1 ed with 
abundant and v a r i e d  f o o d  resources, leads  
t o  d e n s i t i e s  o f  s e s s i l e  and mob i le  fauna 
genera l  l y  exceeding t hose  i n  unvegetated 
h a b i t a t s  (Chapter  4); (10) movement of 
water  and fauna  t r a n s p o r t s  l i v i n g  and dead 
o rgan i c  m a t t e r  ( p a r t i c u l a t e  and d isso lved)  
ou t  o f  ee l g rass  meadows t o  adjacent 
systems (Chapters  4, 5) .  

The elements as t h e y  p e r t a i n  t o  
ee lg rass  inc lude :  ( 1 )  ee lg rass  has a  h i g h  4.2 VERTICAL STRUCTURE 
r a t e  o f  l ea f  growth (Chapter 2) ;  ( 2 )  
leaves support  1  arge numbers of e p i p h y t i c  The p h y s i c a l  s t r u c t u r e  o f  t h e  seagrass 



system i s  dominated by t h e  p l a n t  cover,  
which c o n s i s t s  of leaves and t h e  
belowground network o f  r o o t s  and rhizomes. 
Th is  ecosystem, w i t h  i t s  dense l e a f  
canopy, shal  low roo t - rh izome compl ex, and 
l o c a l l y  and geographica l  l y  v a r i a b l e  
subs t ra te  ( i .e. ,  p a r t i c l e  s i z e  
d i s t r i b u t i o n ) ,  o f f e r s  h a b i t a t  f o r  a  wide 
v a r i e t y  o f  m i c ro -  and macrof l o r a  and 
fauna. The d i v e r s i t y  o f  organisms and 
o v e r a l l  abundance o f  bo th  spec ies  and 
i n d i v i d u a l s  are h i ghe r  i n  ee l  grass meadows 
than i n  ad jacen t  unvegetated areas ( O r t h  
1973; Thayer e t  a l .  1975a; Summerson and 
Peterson 1984). 

K ikuch i  (1966, 1980) and K i k u c h i  
and Peres (1977) proposed a f u n c t i o n -  
a l l y r e l a t e d  c l a s s i f i c a t i o n  f o r  t h e  
f l o r a  and fauna  of Japanese ee lg rass  
meadows t h a t  has been app l i ed  t o  bo th  
temperate and t r o p i c a l  meadows. Ir! t h i s  
c l a s s i f i c a t i o n ,  desc r ibed  below, t h e  
b i o t i c  components are d i v i d e d  i n t o  severa l  
subuni ts  on t h e  b a s i s  o f  m i c r o h a b i t a t  
s t r u c t u r e  and mode o f  ex i s t ence  o f  t h e  
organisms. I n  t h e  f i r s t  ca tegory  a re  
ep i phy t i c  organisms t h a t  grow (sensu 
Har l  i n  1980) on ee l g rass  blades, i n c l u d i n g  
micro-  and macroalgae and mic ro -  and 
meiof auna t h a t  a r e  assoc ia ted  w i t h  these  
organisms; s e s s i l e  fauna  a t tached  t o  t h e  
leaves; mob i l e  fauna c r a w l i n g  on t h e  
leaves; and swimming fauna  which r e s t  on 
the  leaves. I n  t h e  second ca tegory  a r e  
b i o t a  t h a t  a t t a c h  t o  t h e  b l ade  stem and 
rhizomes. A t h i r d  group i nc l udes  t h e  
h i g h l y  mob i le  fauna  t h a t  swim w i t h i n  and 
over t h e  l e a f  canopy: decapod crustaceans 
and f i s h e s  t h a t  may be e i t h e r  d i u r n a l  o r  
seasonal t r a n s i e n t s  o r  permanent 
res iden ts .  The f o u r t h  ca tegory  i nc l udes  
ep iben th ic  and i n f a u n a l  i n v e r t e b r a t e s  
which dwe l l  on o r  w i t h i n  t h e  sediments. 
Many o f  these  spec ies may d i s p l a y  
nocturna l  v e r t i c a l  m i g r a t i o n  p a t t e r n s  
between t h e  sediment and 1 eaves ( K i  kuch i  
1980). Rather t han  be i ng  endemic t o  t h e  
ee lgrass h a b i t a t ,  t h e y  appear t o  be an 
extens ion o f  t h e  b e n t h i c  community t h a t  
dwel l  s  on ad jacen t  unvegetated subs t r a t es  
(Or th  1973; Thayer e t  a l .  1975a; Summerson 
1980). 

Eel  grass 1 eaves, t oge the r  w i t h  t h e  
ep i phy t i c  community, f o rm  t h e  b a s i s  of 
several  heterogeneous t r o p h i c  pathways. 
I n  s imp les t  terms (developed i n  more 

d e t a i l  i n  Sec t ion  4.10) t h e  pathways among 
t h e  f o u r  f u n c t i o n a l  groupings o f  K i kuch i  
(1980) a re  d i sp l ayed  b y  fauna t h a t  ( 1 )  
f eed  d i r e c t l y  on ee lg rass  blades; ( 2 )  
graze p r i m a r i l y  on ep iphytes;  ( 3 )  graze 
b o t h  on leaves and t h e  e p i p h y t i c  
community; ( 4 )  o b t a i n  energy and n u t r i e n t s  
f r o m  decaying m a t e r i a l  ( d e t r i t u s )  w i t h i n  
t h e  meadow; and ( 5 )  feed, t o  va r y i ng  
degrees, on ep iphytes,  d e t r i t u s ,  and 
an imals  w i t h i n  t h e  meadow. Many a re  
o p p o r t u n i s t i c  spec ies and o the r s  d i s p l a y  
on togene t i c  d i e t  s h i f t s .  

The f u n c t i o n a l  ca tego r i es  and t r o p h i c  
pathway groups, a l l  c l o s e l y  l i n k e d  t o  
ee lg rass ,  e x h i b i t  s h i f t s  i n  abundance i n  
response t o  changes i n  ee l g rass  d e n s i t y  as 
w e l l  as t o  seasonal changes i n  
env i ronmenta l  parameters. Thus, w i t h i n  
any one meadow t h e r e  i s  cons iderab le  
temporal  v a r i a t i o n  i n  assoc ia ted  p l a n t  and 
fauna  composi t ion and abundance, aspects 
which have r ece i ved  a g rea t  deal  o f  
a t t e n t i o n  (e.g., O r t h  1973; Thayer e t  a l .  
1975a; Sumnerson 1980; S t u a r t  1982). 

4.3 HORIZONTAL STRUCTURE 

Coupled w i t h  v e r t i c a l  and temporal  
aspects  of comrnuni t y  v a r i a b i  1  i t y  i s  a  
dimension t h a t  i s  1 ess we1 1 
documented--hor izontal  g rad i en t s  i n  
s t r u c t u r e .  Kenworthy e t  a1 . (1982) 
demonstrated t h a t  s i l t - c l a y ,  o rgan ic  
mat te r ,  and n i t r o g e n  poo l s  c o n s i s t e n t l y  
were 1 owest o u t s i d e  ee l  grass meadows near 
Beau fo r t ,  No r t h  Caro l ina ,  and increased i n  
magnitude toward t h e  cen te r  o f  t h e  
meadows. Shoot d e n s i t y  and s tand ing  crop 
o f  leaves and o f  r o o t - r h i  zomes increased 
f rom t h e  edge t o  t h e  i ns i de .  These 
aspects  o f  ee lg rass  ecosystems should be 
r e f l e c t e d  i n  the  faunal  communities a long  
t h e  edge-to-center g rad i en t ,  b u t  t h e r e  a r e  
few da ta  t o  suppor t  t h i s  hypothes is .  
Whether i n  response t o  chemical 
c o n d i t i o n s  , food  resources, o r  p r o t e c t i o n  
f rom preda to rs  ( a l l  o f  which a r e  
i n f l u e n c e d  by t he  h y d r a u l i c  regime across 
t h e  meadow), t h e r e  i s  evidence t h a t  
d i v e r s i t y  and abundance o f  in fauna  and 
mob i le  animals a r e  g r e a t e r  w i t h i n '  ee l  grass 
meadows than i n  ad jacen t  unvegeta t e d  areas 
(Thayer e t  a l .  1975a ; Orth and- Boesch 
1979; Summerson 1980). I n  one o f  t he  few 
stud: es t h a t  focused on h o r i z o n t a l  



g rad ien t s  i n  fauna i n  eel grass beds, Grth High -cu r ren t  ~ e z d o a s  shou ld  have 
(1977) demonstrated an i nc rease  i n  bo th  e p i b e n t h i c  fauna t h a t  a re  more massive, 
dens i t y  and d i v e r s i t y  from t he  edge t o  t he  b e t t e r  developed f o r  c l i n g i n g ,  or  
cen te r  (F i gu re  41). He r e l a t e d  t h i  s hydrodynami c a l  l y  stream1 i ned (such as are 
change t o  the  sed iment -s tab i l  i z i n g  many stream i n s e c t s )  . The l e a d i n g  edge of 
f u n c t i o n  o f  t h e  eel  grass. t h e  meadow, because i t  i n t e r c e p t s  the 

i n i  t i a1 wave and c u r r e n t  energy, should 
Superimposed over  v e r t i c a l  and e x h i b i t  a d i f f e r e n t  e p i p h y t i c  and faunal 

h o r i z o n t a l  g rad i en t s  a re  hydrodynamic assembl age t han  t h e  more quiescent 
regimes t h a t  may account f o r  t h e  g rad i en t  i n t e r n a l  p o r t i o n .  We b e l i e v e ,  therefore, 
i t s e l f  i n  some areas. Di f ferences i n  t h a t  a l l  ee l g rass  meadows o r  a l l  po r t ions  
meadow forms (see F i gu re  371 ,  sea-imentary o f  a s i n g l e  nieaciow w i l l  no t  provfde 
development, and f l u i d  energy i n  these  e q u i v a l e n t  h a b i t a t  u t i  1 i z a t i o n  p o t e n t i a l .  
d i f f e r e n t  regimes i n f l u e n c e  t h e  adap t i ve  
s t r a t e g i e s  used by bo th  p l a n t s  and animals There have been no s t u d i e s  designed t o  
t o  cope w i t h  d i ve r se  hydrau l  i c  cond i t i ons .  compare faunal  development among eel  grass 
We hypothes ize from our f i e l d  observa t ions  beds c l a s s i f i e d  by c u r r e n t  and/or wave 
t h a t  h i  gh-current  meadows, i n  c o n t r a s t  t o  regime. OIGower and Wacasey (1967) 
l ow-cur ren t  meadows, would have ( 1  ) fewer  presented some i n f o rma t i on  descr ib ing  
d e t r i  t i  vores, ( 2 )  a g rea te r  percentage o f  faunal  d i f f e rences  between t r o p i c a l  
t o t a l  fauna l  spec ies r e s i d i n g  i n  t h e  seagrass meadows, and more r ecen t  research 
sediment, ( 3 )  fewer epi fauna and has emphasized t h e  i n f l u e n c e  o f  water 
seasona l l y  fewer ep iphytes,  and ( 4 )  mo t i on  on t h e  d i s t r i b u t i o n  o f  smal l  marine 
obvious morpholog ica l  d i f f e r e n c e s  between fauna (Wi l d i  sh and Kristmanson 1979; 
one meadow t ype  versus another.  Warwick and Uncles 1980; Grant 1981; 

Jumars e t  a l .  1981). We propose t ha t  
q u a n t i t a t i v e  comparisons of fauna between 
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- seagrass meadows of known hydrodynamic 
c o n d i t i o n s  would enhance our  understanding 

2 0 - -  o f  t h e  r o l e  o f  f l u i d  energy i n  s t r u c t u r i n g  
bo th  meadow f o rm  and f auna l  d i s t r i b u t i o n .  
S t r a t i f i c a t i o n  o f  f u t u r e  sampl ing s i t e s  by 
c u r r e n t  reg ime probab 1 y wou 1 d reduce some 

- o f  t h e  i n e x p l i c a b l e  v a r i a t i o n  seen i n  
ee l  g rass  f a u n a l  s t ud i es .  

" 

4.4 E P I P H Y T I C  COMMUNITY 
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The e p i p h y t i c  components of t h  
ee l g rass  communi t y  a r e  those  organisms 
t h a t  grow on t h e  leaves  o f  t h e  p l a n t  and 
t h a t  may o r  may n o t  d e r i v e  n u t r i t i o n  from 
t h e  p l a n t  i t s e l f  ( K i k u c h i  and Peres 1977; 
Har l  i n  1980). T h i s  i s  an extremely 
d i v e r s e  assemblage, compri  s i  ng bacter ia ,  
m i  c r o a l  gae, macroal gae, and fauna ranging 

If I- I I ?I (1.0 10.5 26 5 42 0 ~ 3 . 0  i n  s i z e  f r om  m ic ro -  t o  macroforms. 
I DISTANCE FROM STA 1 (meters) / D i s t r i b u t i o n  and abundance o f  t h i s  

BARE SAND: EELGRASS /BARE SAND component a r e  i n f  1 uenced by  t h e  physical  
subs t ra te ,  access t o  t h e  p h o t i c  zone, 

F i g u r e  41. Mean number o f  s p e c i e s  and n u t r i e n t  exchange w i t h  t h e  p l a n t  source or 
i n d i v i d u a l s  o f  i n v e r t e b r a t e s  per  co re  d e t r i  t a l  m a t t e r  w i t h i n  t h e  community, and 
(0.07 m2) f o r  s i x  s t a t i o n s  l o c a t e d  a long  a o rgan i c  carbon source (Ha r l  i n  1975). As 
t r a n s e c t  across an ee lg rass  meadow a t  no ted  e a r l i e r ,  t h e  c u r r e n t  regime of thep  
Sandy P o i n t  i n  t h e  Chesapeake Bay. area a1 so i n f l u e n c e s  d i s t r i b u t i o n  and 
V e r t i c a l  ba r s  a r e  95% conf idence abundance. The t o t a l  biomass o f  epiphytes 
i n t e r v a l  s. (From O r  t h  1977. ) ( F i g u r e  42) can exceed t h a t  of t he  
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ee l  grass l e a f  i t s e l f ,  and . i t s  a e n s i t y  can 
reduce l e a f  p r o d u c t i v i t y  s i g n i f i c a n t l y  
(Sand-Jensen 19771, even though t h e  a1 ga l  
component may c o n t r i b u t e  s i g n i f i c a n t l y  t o  
t h e  p r ima ry  p r o d u c t i o n  o f  t h e  system 
(Penhale 1977). 

Macroal gae 

Based on ex tens i ve  r ev i ew  of t h e  
1 i t e r a t u r e ,  Ha r l  i n  (1980) compi led a 7 i s t  
o f  354 macroalgae e p i p h y t i c  on seagrasses, 
120 o f  which a re  e p i p h y t i c  on e e l g r a s s  
leaves (Appendix A). I n  a  s e r i e s  o f  
co l  l e c t i o n s  near Beau fo r t ,  N o r t h  Carol  i n a ,  
Brauner (1973, 1975) r eco rded  79 spec ies  
o f  macroalgae be long ing  t o  f o u r  taxonomic 
d i v i s i o n s :  11 Cyanophyta, 12 Chlorophyta,  
26 Phaeophyta, and 30 Rhodophyta. O f  t h e  
~ h l o r o ~ h y t e s ,  o n l y  ~ n t e r o m o r ~ h a  p ro1  i f e r a  
was p resen t  th rouqhou t  t h e  vear.  
~ l u e - g r e e n  a1 gae were uncommon; - when 
present,  t hey  were most f r e q u e n t l y  
assoc ia ted  w i t h  moribund 1 eaves. Three 
soecies o f  brown a1 aae ( A c i n e t o s ~ o r a  
p u s i  1  l a ,  Myrionema o b i c u l  are, and 
Pseudos t i c tyos i  phon onusta)  and s i  x  - 
soecies o f  r e d  a l q a e  (Gon io t r i chum ------ 
i l s i d i  i, F o s l i e l l a  f a r i n o s a ,  Heteroderma 
mi i. Dermatol  i thon  ~ u s t u l  atum. 
Champia a rvu  1 a and Po l ys i phon i  a  
f l a cc i  d i  s s i h r ' e  fovnd  throughout  t h e  
year.  I n  t h e  Kouchibouguac area o f  New 
~ r u n s w i c k .  Canada. P a t r i q u i n  and B u t l e r  
(1976) - r e p o r t e d 7  t h a t  P o l y s i p h o n i a  
s u b t i  1 i s s ima  ( r e d  a1 ga) and b lue-g reen  
algae a re  common ep iphy tes  on ee l g rass  
1 eaves. 

Abundance and taxonomic compos i t i on  o f  
t h e  macroal ga l  ep iphy tes  v a r y  seasonal 1  y  
i n  response t o  b o t h  temperature and 
sur face  area a v a i l a b l e  f o r  a t tachment .  
Penhale (1976, 1977) r e p o r t e d  t h a t  near  
Beaufor t ,  No r t h  Carol i n a ,  biomass o f  e p i -  
phytes represen ted  17%-52% o f  t h e  t o t a l  
d r y  we igh t  o f  ee lg rass  b lades;  maximum 

F i g u r e  42.  ( A )  E p i p h y t i z e d  b l a d e s  o f  
ee lg rass  showing numerous gast ropods,  
B i t t i u m  v a r i u m .  ( B )  E n l a r g e m e n t  o f  B. - -- - -- - 
var i un  on a b l ade  o f  Ha lodu le .  Photograph --- 
( B )  by P.A. Carbonara, Harbor Branch Foun- 
da t i on ,  F o r t  P i e r ce ,  F l o r i d a .  



percentages occurrea du r i ng  sprittg and 
1 a te  summer and minimum percentages du r i ng  
mid-summer (F i gu re  43). Since h a l f  o f  t h e  
r e d  a lgae i n  t h i s  area become es tab l i shed  
i n  sp r i ng  (Brauner 1975), these  a lgae may 
have accounted f o r  t h e  s p r i n g  peak i n  
e p i p h y t i c  biomass observed by Penhale 
(F i gu re  43). Brauner noted t h a t  green and 
blue-green a1 gae were t h e  p r e v a l e n t  
taxonomic groups i n  summer and f a1  1, 
whereas Penhale (1977) i n d i c a t e d  t h a t  
t h r e e  spec ies of ca lcareous r e d  a7 gae 
accounted f o r  t h e  peak i n  biomass she 
observed. Both i n v e s t i g a t o r s  observed 
decreases du r i ng  w in te r ,  and Brauner 
s t a t ed  t h a t  nea r l y  h a l f  o f  t h e  spec ies 
te rm ina ted  growth a t  t h i s  t ime. 

Ee lg rass  meadows c h a r a c t e r i s t i c a l l y  
a re  a l s o  h a b i t a t s  f o r  ben th i c  macroalgae 
t h a t  are n o t  a t tached t o  t h e  p l a n t  and 
t h a t  are seasona l l y  ephemeral because o f  
p e r i o d i c  scour ing  by wind and waves 
assoc ia ted w i t h  storm events. These 
gene ra l l y  f o l i o s e  d r i f t  a lgae add t o  t h e  
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F igu re  43. Dry we igh t  biomass of 
ep iphytes as a pe rcen t  o f  t o t a l  l e a f  p l u s  
ep iphy te  biomass ( t o p )  and p r o d u c t i v i t y  o f  
bo th  ep iphy tes  and ee lg rass  (bot tom) near 
Beaufort ,  Nor th  Caro l ina .  (From Penhal e  
1977.) 

hab; t n t  cov~leyi ty, f r e a u e n t l y  ha rbo r i ng  
1 a rae  numbers o f  f a u n a l  o raan i  sms f Nel son 
197 ib ) .  Common a1 gae a r e  ~ h a e t o m o r ~ h a  
brachygona, Codi um decor t i ca tum,  U l va  
1 actuca, D i  c t y o t a  dichotoma, S a r g a G  
f i l i p e n d u l a ,  G r a c i l  a r i a  verrucosa, Hypnea 
mus i fo rm is .  Laurenc ia  o o i t e i .  and 
Agardh ie l  l a  t e n e r a  ( D i l  l o n  '1971-; *S tua r t ,  
unpubl. data).n t h e  Beau fo r t  area, G. 
ve r rucosa  and S. f i 1 ipendu l  a  p r e d o m i n a t x  
Toqether,  t h e s e a l  qae qenera1l.y c o n t r i b u t e  - - - 
; j e t ; e  2; 4. L,le  year ly  xeaq aboveground 
biomass (2%-4%; S t u a r t ,  unpubl . da ta )  and 
a r e  most p r e v a l e n t  d u r i n g  w i n t e r  when 
ee lg rass  i s  i n  low abundance. 

Microa lgae,  Fungi,  and B a c t e r i a  

H a r l i n  (1980) comp i led  a l i s t  o f  152 
spec ies  o f  m i c r o a l  gae e p i p h y t i c  on 
seagrasses, o f  which 91 have been repo r t ed  
on ee l g rass  leaves  (Appenaix 61. There i s  
disagreement r e g a r d i n g  t h e  uniqueness o f  
t h i s  group and whether t h e  m ic roa lgae  are 
dependent on t h e  ee lg rass  b lade  f o r  
a t tachment  and/or n u t r i t i o n .  K i  t a  and 
Harada (1962), f o r  example, i n d i c a t e  t h a t  
near  Seto, Japan, t h e  spec ies o f  
phy top l ank ton  i n  t h e  water  column and t h e  
mic roa lgae  on ee l g rass  f o r m  separate and 
d i s t i n c t  e n t i t i e s  w i t h  l i t t l e  over lap. 
Ecdd (is;?:, usi t h e  o t h e r  hand, l i s t e d  20 
genera o f  d ia toms on ~ 1 g r d s s  blades 
i n  Great  South Bay, Long Is land ,  on l y  
f o u r  o f  which were n o t  found i n  asso- 
c i  a ted  p l a n k t o n  samples: Eunot i a, 
Thal  a s s i o t h r i x ,  Act inoptychus,  and 
Plagiogramma. Brown (1962) and Main and 
M c I n t i r e  (1974) a l s o  suggested, on t he  
b a s i s  o f  l e a f  and sediment ?na:fses, t h a t  
t h e  m i  c r o a l  aal  C ; ~ I ~ ~ ~ U ~ I  i t y  Jn ee'l grass i s  
n o t  d i s s i m i l a r  t o  t h a t  on sediments o r  i n  
t h e  o v e r l y i n g  water  column. 

Based on t h e  exper imenta l  work of . - - n ,  H a r l i n  ii37>j, KcRuy a l i G  Ar;i , +,, 
Wetzei a t ~ d  I , 1 9 7 5 : ~  Penhale and 
Thayer (1980), and Kirchman e t  a l .  (1984) 
t h e r e  i s  l i t t l e  doubt  t h a t  once ep iphytes 
a r e  a t tached  t h e r e  i s  a  d i r e c t  coup l ing  
between t h e  p l a n t  and t h e  ep iphy te  i n  
terms o f  carbon, n i t r o g e n ,  and phosphorus 
t r a n s f e r .  Whether t h i s  t r a n s f e r  i s  
t h rough  i n o r g a n i c  o r  d i s s o l v e d  organic  - 
f r a c t i o n s  i s  no t  known. Thayer e t  a l .  
(1978), u s i n g  s t a b l e  carbon i so tope  
ana l ys i s ,  es t ima ted  t h a t  50% o f  t h e  carbon 



i n  t he  e ~ ' ; h y t k  conasci ty  ;n of eeigr-ass i n  Cnesapeake Bay: Sigmoidea 
eelgrass may be der ived from uptake of sp., Dendryphiel l a  sal ina,  Cladosporium 
d i   solved carbon re1 eased by the  1 eaf. sp., Acremonium sp., Varicos o r i n a  

rarnulosa, and Lu lwor th ia  s i d  
Microalgal  epiphytes e x h i b i t  v e r t i c a l  t he re  was 1 i t t l e  d i f ference i n  t h e  

s t r a t i f i c a t i o n  on eelgrass leaves and a 
sequenti a1 pa t te rn  o f  co lon iza t ion .  The 
d i s t a l  p o r t i o n  o f  t he  blade may conta in  
the h ighest  concentrat ion o f  epiphytes 
(Brown 1962). Dodd (1966) found the  
fo l lowing diatom dens i t i es  (no./m2) on the  
gpper, rciddle, and lower i i i i i . C  o f  leaves,  
respect ively,  i n  two areas i n  Great South 
Bay: 315 x 103, 203 x 103, and 35 x l o 3  
i n  one area, and 116 x 103, 50 x 103, and 
27 x l o3  i n  a second area. A s i m i l a r  
ve r t i ca l  dens i ty  g rad ien t  was repor ted  i n  
Canada by Harr ison (1982b), who a1 so found 
the o lder  p o r t i o n  of a l e a f  was more 
heavi ly  colonized than younger leaves. 
This v e r t i c a l  gradient  may r e f l e c t  t h a t  
(1) t he  upper p o r t i o n  o f  t h e  b lade simply 
has been accessib le f o r  co lon i za t i on  the  
longest, or ( 2 )  microalgae respond t o  
chemical changes as a l e a f  o r  p o r t i o n  o f  a 
l ea f  ages. The process o f  l e a f  
co lon iza t ion  apparently occurs almost 
immediately as the new leaves emerge from 
the substrate (Brown 1962; Sieburth and 
Thomas 19731, although Hargraves (1965, as 
c i t e d  i n  Sieburth and Thomas 1973) d i d  not  
report  t h i s  t o  be t h e  case i n  h i s  study. 
Sieburth and Thomas (1973, p. 49) repor ted  
the f o l l o w i n g  temporal sequence f o r  
co lon iza t ion  i n  Rhode Is land:  "[The 
pennate diatom] Cocconei s  scu te l  1 um forms 
v i r t u a l l y  a u n i  a m w h i c h  apparently 
accumulates broken f rus tu les ,  as w e l l  as 
diatoms, t o  form a c r u s t  .... During the  
l a t e r  stage of c r u s t  formation, o ther  
Pennate diatoms, i nc lud ing  Navicula, 
Pleurosigma, Amphora, and N i t zsch ia  
S ecies j o i n  &. scute l lum as members o f  -I+ t e e p i f l o r a .  The c r u s t  appears t o  
approach the  th ickness o f  the  support ing 
blade. 

I n  t h e i r  scanning e lec t ron  microscopic 
Study o f  t h e  ep iphy t i c  cornun i ty  on 
eelgrass leaves, S iebur th  and Thomas 
(1973) noted t h a t  t h e  ep iphy t i c  c r u s t  a lso 
supports b a c t e r i  a ( they  repor ted  one form) 
as we l l  as fungal  mycel ia and sporangia. 
Surpr is ing ly  few s tud ies  o f  t h e  abun- 
dance and composit ion o f  f ung i  and bac- 
t e r i a  on eelgrass leaves have been 
ca r r i ed  out. Newel1 (1982) repor ted  s i x  
genera of f ung i  on green and brown leaves 

frequency of occurrence o f  species on 
green and brown leaves (submerged o r  i n  
t h e  wrackl ine), s t e r i l e  mycelium dominated 
decaying leaves w i t h i n  eel  grass beds, 
w h i l e  Sigmoidea and Dendryphiel l a  
predominated i n  leaves decaying i n  t he  
wrackl ine on shore. Newell concluded t h a t  
few fungi were associated w i t h  eelgrass, 
c o n t r i b u t i n g  much l ess  than 0.5% o f  t he  
leaf  biomass. Bac te r i a  attached t o  green 
leaves appear t o  f a l l  w i t h i n  a narrow 
range, 1-2 x 105 c e l l s  mn-2 (Harr ison and 
Harr ison 1980; Newel 1 19821, a1 though 
d e n s i t i e s  a t  Woods Hole, Massachusetts, 
were eported by irchman e t  a l .  (1980) t o  5 h be 10 c e l l s  cm- . The former values are 
equ iva len t  t o  about l o6  c e l l  s  per gram o f  
d ry  leaf .  Kirchman e t  a l .  (1984) reported 
t h a t  b a c t e r i a l  abundance and product ion 
increased s i g n i f i c a n t l y  from the base t o  
t he  t i p  o f  Zostera leaves and exh ib i t ed  
1 arge v a r i a t i o n  between leaves. Newel 1 
(1982) f u r t h e r  noted t h a t  as leaves aged 
from green t o  detached brown states, 
standing stocks o f  ep iphy t ic  bac te r i a  
increased two t o  t h ree  fold, and estimated 
t h a t  bac te r i a  may con t r i bu te  on ly  0.04% - 
0.11% o f  t he  biomass o f  t he  l i v i n g  
eelgrass blade. 

Faunal Epiphytes 

A d iverse  and complex assemblage o f  
animals, about which l i t t l e  was known 
u n t i l  t h e  work o f  Nagle (1968), i s  
c l o s e l y  associated w i t h  seagrass blades. 
It inc ludes protozoans, nematodes, 
polychaetes, 01 igochaetes, hydroids, 
bryozoans, sponges, mol l  uscs, decapods, 
and barnacles; o f t en  inc luded i n  faunal  
l i s t s  are some f i s h e s  which are adapted t o  
c l i n g i n g  on grass blades (Ledoyer 1962). 
Zieman (1982), i n  a survey o f  t he  t r o p i c a l  
seagrass community o f  F l o r i d a  Bay, s ta ted  
t h a t  the d i v e r s i t y  and abundance o f  faunal  
epiphytes i s  evidence o f  t h e  a b i l i t y  o f  
seagrasses t o  provide a substrate fo r  
attachment. Few o f  the  faunal  species 
appear t o  be o b l i g a t e  epiphytes, s ince 
they o f t e n  can be found associated w i t h  
macroalgae i n  the  meadow, on shel ls ,  
p i l i n g s  and rocks, and on o r  i n  t h e  



substrate. t e  lgrass, however, u i C d r i  i f i  

areas f requent ly  devoid o f  other  s u r f  aces 
f o r  attachment and, therefore,  can form a 
s i g n i f i c a n t  area o f  attachment. 

The complexity o f  t he  ep iphy t i c  fauna 
i s  f u r t h e r  evidenced by the  fou r  
subdiv is ions described by Kikuchi  and 
Peres (1977) and Kikuchi (1980). One 
subunit  cons is ts  o f  microfauna and 
meiofauna t h a t  dwell  w i t h i n  t h e  
" f e l  t - 1  i ke" coa t i  ng o f  micro- and sma: f 
macroal agae: c i l i a t e s ,  f l a g e l l a t e s ,  
forami n i  ferans, nematodes, polychaetes , 
r o t i f e r s ,  t a r d i  grades, copepods, and 
ostracods. The second subcommuni t y  type 
i s  the  sess i le  fauna: hydrozoans , 
a c t i n i  ans, bryozoans, tube-bu i ld ing  
polychaetes, and compound ascidians. The 
t h i r d  includes gastropods, polychaetes, 
t u rbe l  la r ians ,  nemerteans, crustaceans, 
and some echinoderms t h a t  are f r e e  t o  move 
over t h e  blades. Swimming animals which 
r e s t  on the  leaves -- mysi ds, 
hydromedusae, small squids, and specia l  
f i 'shes -- are inc luded i n  the f o u r t h  
category. 

Since Nagle's (1968) pub l i ca t i on ,  
there  has been increas ing  awareness o f  t h e  
importance of ep iphy t i c  fauna, 
p a r t i c u l a r l y  as food f o r  f i s h e r y  
organi sms. Harl  i n  (1980), surveying t h e  
ep iphy t ic  1 i t e r a t u r e  between 1962 and 
1977, l i s t e d  177 faunal species t h a t  are 
associated w i th  seagrass blades, 124 of 
which have been reported on eelgrass 
(Appendix C ) .  Few studies, however, have 
focused on micro- and meiofauna. Although 
most s tud ies  have emphasized juveni  l e  and 
adu l t  macrofauna, t he  s c i e n t i f i c  community 
s t i l l  does not  agree as t o  whether c e r t a i n  
species are, i n  f ac t ,  epifauna on t h e  
grass blades or  benth ic fauna associated 
w i th  eelgrass meadows; we recognize t h a t  
they may be both a t  d i f f e r e n t  times. 
These general disagreements stem from t h e  
f a c t  t h a t  many species have d ie1  a c t i v i t y  
pa t te rns  and move between sediments and 
grass blades. Hence, t h e  t ime o f  sampling 
(day versus n i g h t )  and t h e  sampling 
technique (grab o r  core versus s o l e l y  
se lec t ion  o f  p lan t  leaves) d i c t a t e  
ca tegor iza t ion  o f  t he  fauna. 

Un l i ke  microalgae, which tend t o  
increase i n  dens i ty  from the  l e a f  base t o  
the t i p ,  faunal  epiphytes d i sp lay  a 

variety af d;strsDcr,ional t rends:  those 
t h a t  decrease i n  abundance up the  stem; 
those which increase i n  abundance up the  
stem; and those which vary  with the  
dens i t y  o f  p l a n t  epiphytes. Nagle (1968) 
showed t h a t  Crepidula, L i t t o r i n a ,  
Corophi um acherusicum, Corophium acutum, 
and some mites,  polychaetes, and nmatodes 
tended t o  be more abundant a t  t he  base of 
t h e  stem. Sampl es o f  t h e  adjacent 
sediment showed these species a1 so were 
dbunddnt her-.e. !4ag: e C S O & ~  uded tha t  
these e p i p h y t i c  fauna are  a sp i l l - ove r  
f rom normal ben th i c  populat ions.  He also 
found t h a t  some snai  1 s, cap re l l  i d  
amphipods, copepods, t u r b e l l a r i a n s ,  and 
bryozoans increased i n  dens i t y  up the  
stem. w h i l e  several  species (e.q., - - 
~ i t t i u m ,  Cymadusa, ~ i c r o d e u t o ~ u s )  were 
most dense on areas o f  t he  leaves w i t h  
dense epiphytes. These d i s t r i b u t i o n s  
appear t o  be r e l a t e d  e i t h e r  t o  cur ren ts  or 
t o  feed ing  a c t i v i t i e s  o f  t he  fauna. 
Robertson and Mann (1982) showed t h a t  
t he re  a lso  are age-spec i f i c  v e r t i c a l  
gradients.  Whereas adu l t  L i t t o r i  na 
neg lec ta  were predominant near t he  l e a f  
t i p ,  new ly - rec ru i t ed  0+ age L. neglecta 
i n  Nova Sco t i a  were most dense near t he  
l e a f  base. 

S im i l a r  d i s t r i b u t i o n s  have been 
observed f o r  s e s s i l e  i nve r teb ra tes  on t h e  
west coast. Dykhouse (1976) found t h a t  
t h e  domi nant sessi 1 e species on eel grass 
i n  Humbol d t  Bay were Hippothoa hya l ina  
(Bryozoa), Obel i a  longiss ima (Hydrozoa), 
B o t r y l  l o i d e s p .  (Ascidiacea), and 
Diplosoma macdonaldi (Asc id i  acea). H. 
hya l i na  was most p reva len t  near the  b a c  
o f  t he  leaves and 0. longissima was 
preva len t  near t h e  tip, t h e  other two 
species were d i s t r i b u t e d  randomly along 
t h e  blade. 

I n  a 14-month study o f  t h e  fauna on 
eelgrass leaves near Chesapeake Bay, Marsh 
(1973) found high a f f i n i t y  ind ices  among 
t h e  samples taken, suggesting a f a i r l y  
homogenous fauna a t  t h e  s i t e s  he sampled. 
Most o f  t h e  numer ica l l y  dominant species 
were present  throughout t he  year, w i t h  
peak abundances d u r i n g  summer when grass 
was abundant, and minimum numbers dur ing 
w in te r  when eelgrass was sparse. During 
per iods  o f  low eelgrass density, many 
species apparent ly  move ontoJi  n to  the 
bottom sediments. Thayer e t  al .  (1975a) 



observed a s i m i l a r  t r end  i n  one meadow in 
North Carol ina w i t h  maximum numbers from 
March-July and minimum numbers dur ing  1 a t e  
f a l l  and winter .  There was a s i g n i f i c a n t  
c o r r e l a t i o n  observed between the  decl i ne 
i n  numbers i n  l a t e  summer through fa1  1 and 
an increase i n  f i s h  biomass t h a t  suggested 
t h a t  predators a lso p l a y  a r o l e  i n  
c o n t r o l l i n g  these epi faunal  abundances. 
Pat terns of abundance, however, are not  
always cons is ten t ,  f o r  Nelson (1979a) 
repor ted  maximcm n u ~ b e r s  o f  amphijod; 
dur ing  w in ter  (September-March) and low 
abundances throughout t h e  summer near 
Beaufor t  ( A p r i l  -August), whereas S tua r t  
(1982) found no s i g n i f i c a n t  d i f f e rences  i n  
amphi pod dens i t i es  between w in te r  and 
sumner. Seasonal i t y  o f  ep iphy t i c  fauna, 
i n  add i t i on  t o  being inf luenced by 
avai  1 able sur face area f o r  attachment and 
by predator i n te rac t i ons ,  a l so  i s  
in f luenced by spawning and recru i tment ,  an 
aspect discussed by Nagle (1968). The 
b a f f l i n g  o f  waves and cu r ren ts  may a l l ow  
f o r  increased set t lement o f  ep i -  as w e l l  
as in fauna l  i nve r teb ra tes  (Or th  1977; 
Fonseca e t  al .  1983). The abundance per 
se o f  a species may be a f u n c t i o n  o f  i t s  
l i f e  h i s t o r y  c h a r a c t e r i s t i c s  and have 
l i t t l e  t o  do w i t h  t he  dynamics o f  
eelgrass. 

Gastropods and amphipods dominated t h e  
seagrass fauna i n  s tud ies  i n  t h e  York 
R iver  (Marsh 1973) and near Beaufor t  
(S tua r t  1982) represent ing  43% and 18% o f  
the numbers i n  t he  York R iver  and 62% and 
28% o f  the  numbers near Beaufort.  B i  t t i u m  
varium Paracercei s caudata, Crep idu l  a -9 

convexa, Ampi thoe longimana, and 
accounted f o r  

t h e  s ~ e c i e s  i n  t h e  York 
R iver  (Marsh 1973), and 8. 'varium 
C adusa com t a  A. l o n g i m a n c  M& 

unata an Me i t a  append icu la ta  accounted *+ 
f o r m o s t  80g species near Beaufort.  
Stauffer (1937) a1 so repo r ted  B i  t t i  um and 
Mi t r e l l  a common on e e l  grass near Woods 
-or t o  "wast ing diseaseN, bu t  r a r e  
a f t e r  it. Although many species of 
amphi pods are e p i p h y t i c  on eelgrass, 
f r equen t l y  b u i l d i n g  tubes on t h e  blades, 
Nelson (1979a) repo r ted  t h a t  in faunal  
amphipods were -1.3 t imes more abundant 
than epi faunal  tube-bui l d i n g  forms and -4 
t imes more abundant than non-bui 1 d i n g  
epi faunal  amphipods. S tua r t  (19821, 
however, found t h a t  these r a t i o s  may vary  

SreatIy  bctueen s e l y r a s s  beds and 
suggested t h a t  di f ferences may be a 
f u n c t i o n  o f  sediment p a r t i c l e  s i ze  and 
organic content .  Of course, cur ren t  
regimes a l so  may p lay  an important ro le .  

Fauna on eelgrass blades can a t t a i n  
1 arge numeri c a l  abundances. Marsh (1973) 
repor ted  t o t a l  dens i t i es  of up t o  400-500 
organisms per  gram dry weight o f  eelgrass 
leaves from the  York River, which he 
extra s l a t e d  a i  be inq  equivalent  t o  29-24 
x 109 organisms m . I n  a study o f  
eelgrass, widgeon grass, and mixed grass 
beds i n  Chesapeake Bay, Orth and Boesch 
(1979) repo r ted  dens i t i es  o f  about 
80-8,000 animals per gram o f  grass, w i t h  
t h e  greates t  dens i ty  on eelgrass blades i n  
October 1978 and June 1979 and on 
widgeon grass i n  A p r i l  1979 (.~8,000 per 
gram). Maximum dens i t i es  near Beaufort 
repor ted  by Thayer e t  a l .  (1975a) were 
considerably smal l e r ,  1,800 organisms m-2, 
w h i l e  S tua r t  (1982; unpubl. data) found 
maximum numbers i n  the  same general area 
o f  -21,000 m-2. For i n d i v i d u a l  species, 
B i t t i u m  varium (F igure  42) alone can 
a t t a i n  d e n s i t i e s  o f  200 i nd i v idua l  s/gram 
of eelgrass i n  t he  Chesapeake Bay (Marsh 
19731, and L i t t o r i n a  neglecta adu l t s  can 
reach a d e n s i t y  o f  20 i n d i v i d u a l s  100 cm-2 
of leaf  surface area (Robertson and Mann 
1982). The maximum number o f  colonies 
(per meter of blade) o f  t he  brvozoan 
H i  othoa hya l  i na and hydrozoan bbel  i a  +=- on 1 ssima hydrocaul i have been repor ted  
T d F T  and 200, respec t i ve l y  (Dykhouse 
1976). 

4 .5  BENTHIC AND EPIBENTHIC FAUNA 
by H. Hoffman Stuar t ,  North 
Caro l ina  Sta te  Un ive rs i t y  

Because of t h e  extensive d i s t r i b u t i o n  
of eelgrass along the  east coast of the  
Un i ted  States, and the wide v a r i a t i o n  i n  
temperature and other  f a c t o r s  over t h i s  
area, ben th i c  and epibenthic fauna 
associated w i t h  ee l  grass can be 
categor ized by th ree  geographical zones. 
Cape Cod and Cape Hat teras are po in t s  t h a t  
d i v i d e  t h e  coast i n t o  th ree  d i f f e ren t  
c l  imat ic ,  physiographic, and hydrographic 
regions.  S i x t y  t o  80% o f  t h e  taxa nor th  
of Cape Cod a l so  are found i n  nor thern 
Europe, bu t  o n l y  7% or  8% o f  t h e  species 
found south of Cape Cod are shared w i t h  



Eurcjpe (Gcszer ? 9 ? ? ) .  T h i r t y  percent  o f  
t he  decapods found south o f  Cape Ha t t e ras  
are n o t  found n o r t h  o f  i t  (W i l l i ams  1965). 
Thus, ben th ic  fauna i n  ee lgrass beds a t  
d i f f e r e n t  1  a t i t u d e s  may vary  g r e a t l y  i n  
species composi t ion (Table 6 ) .  D i f f e r e n t  
species o f  t h e  same genus, however, may 
occur a t  d i f f e r e n t  l a t i t u d e s .  Most o f  
these species seem t o  be ep i fauna l  such as 
the  gastropod genera B i t t i u m  and Anachis, 
t h e    SO DO^ E r i chsone l l a .  and t he  shrimp - 
z j  p-a;J , te .  3tke1-s 372  ?=re c ? % ~ ! v  
infYdunal such as t he  b i v a l v e  T e l l i n a ,  t h e  
po lychaete Nerei  s, and t h e  amphi pod 
Corophium. 

The d i s t r i b u t i o n  o f  species may be 
a  f u n c t i o n  o f  i n t e r a c t i o n s  as w e l l  
as physicochemical  cond i t i ons  bo th  
l a t i t u d i n a l l y  and w i t h i n  a  geographic 
area. Changes i n  species i n t e r a c t i o n s  may 
come about because some spec ies a re  
i i ~ t i i t e c i  i n  their d i s t r i b u t i o n .  For 
example, d i s t r i b u t i o n  o f  t h e  c rab  Carc inus 
rnaenas, a  p reda to r  o f  t h e  clam Mya -- - 
arena r i a  (Glude 19541, may change i n  
response t o  c l i m a t i c  cyc les,  and hence 
i n f l u e n c e  abundance o f  t he  clam. Many 
o the r  species, such as t h e  snapping shrimp 
Alpheus, a lso  a re  l i m i t e d  i n  t h e i r  
d i s t r i b u t i o n ;  t h e  s i g n i f i c a n c e  o f  t h e  
c o n t r i b u t i o n  o f  these species t o  community 
s t r u c t u r e  i s  unknown bu t  may be impor tant .  
D i s t r i b u t i o n  of f ~ s h  a lso  may i n f l u e n c e  
t h e  community composi t ion o f  i n v e r t e -  
brates.  For example, p i n f i s h ,  Lagodon 
rhomboides, t h e  most common f i s h  i n  
Beau fo r t  ee lg rass  beds (Adams 1976a,b), 
a r e  r a r e  i n  grass beds i n  Chesapeake Bay 
and f u r t h e r  nor th .  

W i t h i n  t h e  same estuary ,  phys ico-  
chemical cond i t i ons  o the r  t han  c l  i m a t i c  
changes assoc ia ted w i t h  l a t i t u d e  a l s o  
i n f l u e n c e  t h e  d i s t r i b u t i o n  o f  fauna. 
S a l i n i t y ,  t ype  o f  substratum (mud, sand, 
gravel ,  e tc .  ) ,  and energy f rom waves and 
c u r r e n t s  have a  s t r ong  i n f l u e n c e  on l o c a l  
d i s t r i b u t i o n  o f  animals. Dis turbances 
such as storms, i c e  scouring, temperature 
extremes, temporary anoxic cond i t i ons ,  o r  
o t he r  events can change communi t y  spec ies 
composi t ion by p h y s i c a l l y  removing o r  by 
k i l l i n g  l a r g e  numbers o f  one o r  more 
speci es. 

The d e f i n i t i o n  o f  animal h a b i t a t s  must 
be regarded as f l e x i b l e  s ince  many animals 

may move i n  and o u t  o f  beds o r  may change 
t h e i r  m ic rohab i  t a t  w i t h i n  beds, spending 
p a r t  o f  t h e i r  t ime  on t h e  grass and p a r t  
i n  o r  on t h e  sediment. For  example, bay 
sca l l ops ,  Argopecten i r r a d i  ans, a t t ach  t o  
ee lg rass  as j u v e n i l e s ,  b u t  l a t e r  drop t o  
t h e  sediment su r f ace  (Thayer and S tua r t  
1974). The gastropod, ~ i t t o r i n a  neglecta, 
i n  Nova Sco t ia .  moves t o  t h e  sediment 
d u r i  ng ~ecembek th rough  m i  d-March and 
thereby  avo ids  becoming f r o z e n  i n  t h e  ice. 
S i t t i g l i l  and o the r  s n a i l s  may spend more 
t i m e  on leaves  d u r i n g  t h e  egg- lay ing 
season (Rasmussen 1973). I n  t r o p i c a l  
grass beds i n  F l o r i d a  t h e  shrimp, Penaeus, 
i s  more common i n  n i g h t  c o l l e c t i o n s  than 
d u r i n g  t h e  day (Greening and L i v i n g s t o n  
19821, b u t  t h i s  may be  a  f u n c t i o n  o f  
c o l l e c t i o n  method and d a y l i g h t  burrowing 
behav io r  of t hese  shrimp. 

If spec ies  assoc i a t ed  w i t h  ee lgrass 
occur  over  a l a t i t u d i n a l  range w i t h i n  t h e  
t o l e r a n c e  l i m i t s  o f  t h e  species, i t  i s  i n  
p a r t  because t h e  resources  p rov ided  by t h e  
grass a r e  s i m i l a r  w i t h i n  t h i s  gradient.  
The p l a n t  i s  impo r t an t  t o  t h e  fauna and 
f l o r a  i n  many ways (K i kuch i  and Peres 
1977; Thayer e t  a l .  1978). It in f luences  
t h e  community i n d i r e c t l y  by s t a b i l i z i n g  
sediments, ca lm ing  waters,  l ower ing  
t u r b i d i t y ,  and r e c y c l i n g  nu t r i en t s .  
Ee lg rass  i s  d i r e c t l y  u t i l i z e d  by  f l o r a  and 
fauna  as a  s u b s t r a t e  f o r  e p i p h y t i c  micro- 
and macroalgae and s e s s i l e  and r e s t i n g  
animals.  Animals a l s o  f i n d  s h e l t e r  f rom 
p r e d a t o r s  and p r o t e c t i o n  f rom sun1 i g h t  a t  
low t i d e .  Heck and Thoman (1981 1 and 
Nelson ( 1979b) demonstrated t h a t  ee l  grass 
shoots  i n t e r f e r r e d  w i t h  predator  
e f f e c t i v e n e s s  i n  g r a z i n g  on epi fauna and 
epibenthos,  b u t  b o t h  s t u d i e s  demonstrated 
t h a t  a  t h r e s h h o l d  d e n s i t y  o f  seagrass was 
r equ i r ed .  Pe te rson  ( 1982) demonstrated 
t h a t  t h e  roo t - rh izome complex o f  Halodule 
i n t e r f e r e s  w i t h  n r e d a t i o n  o f  clams 
(Mercenar i a mercenar i  a)  b y  whelks 
( Busycon). The dog clam, Chione 
cancel  1  a ta .  however. d i d  n o t  r e c e i v e  t h e  
same degree o f  .predator  p ro tec t ion ,  
presumably because i t  i s  a 
sha l  low-sediment dwe l l e r .  

Epi b e n t h i c  and i n fauna l  i nver tebra tes ,  
as w e l l  as fauna  on t h e  grass blades, 
p r o v i d e  d i v e r s e  f ood  resources  f o r  

* 

r e s i d e n t  and m i g r a t o r y  predators ,  yet 
t h e r e  i s  l i t t l e  exper imenta l  evidence t o  



Table 6. P a r t i a l  l i s t  o f  ep ibenth ic  and benthic fauna reported from eelgrass meadows of 
the east  coast o f  North America; ( E l  = p r i m a r i l y  epibenthic;  N = p r i m a r i l y  no r th  of 
Chesapeake Bay; S = p r i m a r i l y  south o f  Chesapeake Bay. 

CNIDARIA AMPH IPOD CRUSTACEANS 
Ceriantheopsis americanus Ampel i sca 

Ampel i sca 
Ampi thoe - 
C o r o ~ h i  um 

abdi t a  
vadorum 

longimana GASTROPODS 
acherusicum 
insid iosum 
bone1 1 i 

Acteoci na canal i c u  
Anachis avara 
B i t t i u m  sp. 
Crepi du 1 a sp. 
I lyanassa obsol e t a  
Lacuna v i  nc ta  
L i t t o r i n a  1 i t t o r e a  
M i  t r e l l  a 1 unata 

l a t a  - 

( E l ,  S 
S 

Nassarius v i  bex 
Pyrgocythara p l  i cosa I SOPOD CRUSTACEANS 

BIVALVES Cyathura sp. 
Edotea tr i  loba 
E r i c h s o m ~ .  

Abra aequal i s  
Argopecten i r r a d i  ans 
A t r i n a  r i g i d a  
Chione cancel 1 a ta  
Cumingi a t e l l  i noi  des 
Chione grus 
Ensis d i r e c t u s  
Laevicardi  urn mortoni 
Lyonsia hya l  i na  
Macoma t e n t a  -- 
Mercenari a mercenar i a 
Musculus 1 a t e r a l  i s 

( E l  
N 

( E l  
Ido tea bal t i c a '  
Paracercei s caudata 

TANAID CRUSTACEANS 

Leptochel i a savigni  

CUMACEAN CRUSTACEANS 
Oxyurostyl i s smi t h i  

t4.y~ arenar ia  
Myt imi s 
Solemya GZfG- 
Tagelus d i v i s u s  
T e l l i n a  sp. 

POLYCHAETES 

DECAPOD CRUSTACEANS 
Shrimp: 

Alpheus sp. S 
Cran on septemspinosa 
@e sp. ( E )  

a aemonetes vu lga r i  s ( E l  
Penaeus sp. 

Diopatra cuprea 
Mar h sa sanguinea += Me inna maculata 
Nereis fr - 
Nerei s succi  nea 
Nerei s v i  rens -- 
Notomastus hemi odus -+ Platynere i  s dumeri 1 i 
Polydora 1 i gni  

Streblospi  o bened ic t i  

Crabs: 
Carcinus maenas 

OTHER ARTHROPODS 
Limulus polyphemus 

ECHINODERMS -. 

Ophi oderma brevf spinum S 
Sclerodacty la br ia reus 



i n d i c a t e  t h a t  predators  regu la te  benth ic  
p rey  abundances w i t h i n  tnese s y s t m ~ i .  
Numerous f i e l d  s tud ies  have shown t ha t  
b iva lves,  polychaetes, amphi pods, and crabs 
are consumed by f i s h e s  u t i l  i z i n g  eelgrass 
beds (e.g., Thayer e t  a l .  1975a; Adams 
19766; O r t h  and Boesch 1979; Merr iner  and 
Eoehler t  1979; Sumnerson 1980; Thayer e t  
a l .  1980b; t asca ra  1981). Predator 
exc lus ion  e ~ p e r i m e n t s  f o r  t he  most par t ,  
however, have no t  demonstrated d i f fe rences  
i n  t o t a l  number o f  soecies or i nd i v i dua l s  
f ns i de  cages r e l a t i v e  t o  ou ts ide  (Or th  
1977; Nelson 1979b; Sumerson 1980; 
Peterson 1982; S tua r t  1982). Results of 
predator  exc lus ion  s tud ies  must be 
considered cau t ious ly ,  because p r i o r  t o  
about 1979 most s tud ies lacked cage 
c o n t r o l s  t o  est imate cage a r t i f a c t s  and 
they general l y  1 acked rep1 i c a t i o n  (S tua r t  
1982). 

!n stgd!es lackrng c a y  r n n t r o l r ,  
amphipod dens i t y  w i t h i n  cages genera l l y  
Increased (Young and Young 1977; Nelson 
1981). Nelson (1979b) and Stoner (1980) 
fnvoked t h e  paradigm o f  predator con t r o l  
when seasonal increases i n  predators  
co inc ided  w4 t h  dec l ines  i n  amphi pod 
abundance. S tua r t  (1982). however, was 
unable t o  demonstrate any s i g n i f i c a n t  
d l  f f  erence between seasonal amphi pod 
d e n s i t i e s  (P > 0.05) i n  ee lgrass beds near 
Nelson's 11979bf study area two years 
l a t e r .  The d i f fe rences  between t he  two 
s tud ies  s imply  may r e f l e c t  year-to-year 
d i f f e rences  i n  e i t h e r  predators,  prey, or  
both. Even though Choat and K inge t t  
(1982) observed a dec l ine  i n  amphipod 
abundance t h a t  co inc ided  w i t h  an increase 
4n abundance o f  a spa r i d  f i s h  associated 
w l t h  macroalgae, they were unable t o  
demonstrate an increase i n  amphipod 
dens i t y  when predators  were experimental 1  y  
exc 1 uded, 

L i t t l e  in format ion i s  ava i lab le  on t he  
meiof auna and mic ro f  auna present i n  
ee lgrass meadows except f o r  t he  work o f  
T ' e t j e n  (1969). He found an average (per  1 m ) o f  2  x  106 nematodes 2 x  105 

5 4 harpac i c o i d  copepods, 6 x  10 ostracods, 
4 x 10 polychaetes, 3 x 104 j u v e n i l e  and 
l a r v a l  b i va lves ,  and 8 x 103 amphipods i n  
sediments i n  ee lgrass beds on Connect icut 
and Rhode Is land. These d e n s i t i e s  were 
s i m i l a r  t o  those found i n  adjacent 
unvegetated areas, except d e n s i t i e s  o f  

ha rpac t i co i d  copepods and polychaetes were 
75%: 2nd 449% h i l l h ~ r  in n r a -  , ,AS b ~ d ~ ,  
r espec t i ve l y .  

4.6 ZOOPLANKTON by Je f f e r son  T. Turner, 
Southeastern Massachusetts U n i v e r s i t y  

There have been few comparisons o f  t he  
zooplankton i n  waters  o v e r l y i n g  seagrass 
beds and i n  those over unvegetated areas. 
Mever ( 1982) SC~DI ed s u r f  ace z o o ~ l  ankton 
over  i iuppia m d r i t i m a  aria i o s t e r a  marina 
beds and over unvegetated sandy subst ra tes 
i n  t he  eas te rn  Chesapeake Bay. Samples 
were c o l l e c t e d  a t  h i g h  t i d e ,  and most (81) 
were taken a t  n i g h t .  However, 12 samples 
were taken i n  d a y l i g h t  f o r  day-night 
com~ar isons .  

Meyer found no s i g n i f i c a n t  d i f f e rences  
between vegetated s t a t i o n s  r e l a t i v e  t o  
unvegetated i n  zooplankton biomaqq over 
t h e  13-month per iod.  Numbers and biomass 
l e v e l s  were, however, one t o  two orders o f  
magnitude h igher  a t  n i g h t  than du r i ng  the  
day. Some zooplankters ,  such as medusae 
and ctenophores, were more abundant over 
grass beds, where Meyer suggested they 
were concentrated by grass blades. Also, 
demersal p lank ton  ( ben th i c  organisms t h a t  
en te r  t h e  p lank ton  a t  n i g h t )  such as 
amphipods, isopods, h a r p a c t i c o i d  copepods, 
tdcaceans,  t s i i a i  ds, my s i  4 5 ,  and adu:t 
polychaetes, were more abundant over grass 
beds a t  n i gh t .  Other than ge la t inous  and 
demersal plankton, however, t h e  species 
composi t ion o f  grass bed p lankton 
resembled t h a t  over sandy subs t r a t e  o r  i n  
open waters o f  t h e  lower Chesapeake Bay, 
and abundance was s im i  l a r .  

Meyer suggested t h a t  demersal p lankton 
a re  impor tan t  f o rage  i tems f o r  
pe lag ic - feed ing  p l ank t i vo rous  f i s h e s  which 
r e s i d e  i n  grass beds a t  n i gh t .  Dur ing the  
day these same organisms appear t o  be 
impor tant  food f o r  d i u r n a l  ben th ic - feed ing  
f i shes .  Since many p l  ank t i vo rous  f i shes  
appear t o  use grass beds as refuges, Meyer 
suggested t h a t  i f  nondemersal, open-water 
zooplankton a re  concentrated i n  grass beds 
on f l o o d  t i d e s ,  t hey  m igh t  p rov ide  
e leva ted  i n t e r m i t t e n t  f ood  sources f o r  
grass bed f i shes .  

Par t  o f  t h e  reason f o r  e levated 
zooplankton abundance i n  sedgrass beds may 



r e l a t e  t o  swarming behavior of the 
zoopT a n ~ c e r s  Citenss: "es.  t ?  s i t ;  
observations using SCUBA techniques have 
revealed t h a t  the  copepods Aca r t i  a spinata 
and Oithona nana swarm i n  grass beds i n  
the  -floFida K e y s  (Emery 1968). These 
swarms maintained t h e i r  pos i t i ons  against 
wave surge and water currents,  and i f  
dispersed, would q u i c k l y  reform. Using 
hand-held b o t t l e s  f o r  co l  l e c t i o n  o f  
copepods from swarms, Emery found 
dens i t i es  o f  110,000 copepods/m3. Hamner 
and Car leton (1979) a lso  used SCUBA t o  
observe copepod swarms over seagrass beds 
i n  Palau, and over co ra l  r e e f s  i n  Palau 
and Austra l  i a. Numerous monospecific 
swarms o f  the  copepods Oithona ocu la ta  and 
Aca r t i  a b i  spinosa were observed, and 
Hamner and Car leton found copepod 
dens i t i es  i n  swarms t o  be even higher than 
those reported by Emery (1968). As many 
as 0.5-1.5 x 106 copepods m-3 were 
recorded fer swarms over grass beds and 
co ra l  reefs.  Hamner and Car leton 
suggested t h a t  p r o t e c t i o n  against  
predators was a l i k e l y  advantage o f  
swarmi ng. 

The most comprehensive examination o f  
the  re1  a t ionsh ip  o f  zooplankton t o  
seagrass beds t o  appear thus f a r  i s  t h a t  
o f  Fu l ton  (1982). I n  t h i s  study, t he  
zooplankton o f  a Zostera marina bed near 
Beauf o r t  , North mix compared 
over several years w i t h  t h a t  o f  nearby 
unvegetated es tuar ine  channel s. Ful  t on  
a lso  used both f i e l d  and labora tory  
experimental techniques t o  examine t h e  
r o l e s  o f  the  eelgrass bed as both a refuge 
f rom predat ion f o r  zooplankton, and as a 
source o f  abundant food f o r  predators. 

Fu l ton  found t h a t  t he  copepod 
assemblage o f  t h e  grass bed was dominated 
by epibenthic 1 i t t o r a l  species 
(~seudod ia~ tomus  coronatus, -+-- sp., Hemic c l o  s americanus, 
s p . ,  an benthic harpact icoids) .  These 
copepods were a t  l e a s t  an order of 
magnitude more abundant i n  t he  grass bed 
than i n  an adjacent unvegetated channel. 
Most o f  t h e  epibenthic copepods were 
aggregated near the  bottom o f  the  grass 
bed dur ing the day and became planktonic 
main ly  a t  n ight .  Also, t h e  epibenthic 
copepods were a minor component o f  t h e  
zooplankton i n  channels where more pelagic 
copepods such as O i  thona colcarva, Acar t i  a 

tonsa, Paracalanus c r a s s i r o s t r i  s, and i n  -- - 
w i  n t w ,  Centropagss hamatus dozinaled, 
Although there were s-, d i e l ,  and 
t a x o n - s ~ e c i f i c  var iat ions.  the  abundances 
of ~ c a r t i a  tonsa and - other pe lag ic  
co~eoods were usua l ly  an order o f  
magnitude lower i n  t h e  lgrass bed than i n  
the  channel. Fu l ton  a lso compared t h e  
abundances of zooplankton predators 
(pos t l a rva l  f i s h  and decapod shrimps) i n  
the  grass bed and the  channel. These 
predators were usua l ly  aggregated i n  t h e  
grass bed, p a r t i c u l a r l y  from spring 
through fa1 1. Abundances o f  a l l  
zooplankton (except f o r  epibenthic species 
t h a t  were always abundant i n  grass beds) 
were lower i n  grass beds i n  summer. Also, 
i n  l a t e  winter, the dec l ine  i n  abundance 
o f  Centropages subadults, the dominant 
n o n l i t t o r a l  copepod i n  the  grass bed, 
coinc ided w i th  an i n f l u x  o f  l a rge  numbers 
o f  la te-stage f i s h  larvae (e.g., 
Leiostomus xanthurus). Together, these 
o b s e r v a t i o n s ~ e s t e d  t h a t  f i s h  predat ion 
on pelagic copepods i n  grass beds was 
intense, but tha t  epibenthic copepods 
might f i n d  the  grass bed t o  be a refuge 
from predation. 

Both gut content and experimental 
labora tory  feeding studies supported the  
hypothesis t h a t  the  midsummer dec l ine  i n  
pelagic zoopl ankton abundance i n  t he  grass 
was due t o  daytime p fank t ivory  by 
s i  l vers ides  (Menidi a menidia). I n  
addi t ion,  l a r v n o t  (C. xanthurus) 
showed a c lea r  preference, both i n  gut 
content examinations and i n  predat ion 
experiments, f o r  Centropages subadults 
over s im i l a r l y - s i zed  Aca r t i a  tonsa. The 
v i r t u a l  absence o f  predat ion by-f i s h  on 
Pseudodi aptomus coronatus i n  feeding 
experiments and the  r a r e  occurrence o f  
t h i s  copepod i n  t h e  guts o f  
f i e ld -co l  lec ted  f i sh supported the  
hypothesis t h a t  t h i s  copepod used the  
grass bed as a refuge. Plankt ivorous 
s i l ve rs ides  were observed by Fu l ton  (1982) 
t o  feed i n  mldwater i n  aquaria, but  not 
o f f  aquarium sides and bottoms. Since P. 
coronatus aggregated near the bottoms o f  
aquaria i n  t he  day, b u t  other  
h i g h l y  predated pelagic copepod species 
d i d  not, t he  pelagics ra the r  than P. 
coronatus were s e l e c t i v e l y  eaten by 
s i  lvers ides.  Conversely, p i c f i s h  (Laqodon 
rhomboides), which d i d  feed near sides and 



bottoms o f  g lass aquaria, a te  subs tan t i  a1 
amaunts o f  P. coronatus. However, when 
substrate of s m a r k  c o l o r a t i o n  t o  
t h a t  i n  the grass beds was p laced i n  
aquarium bottoms, t he  dark ly  pigmented P. 
coronatus became more c r y p t i c  axd 
suf fered lower predat ion from p i n f i  sh. 
Based on these labora to ry  studies, F u l t o n  
concluded t ha t  eelgrass beds can serve as 
refuges against predat ion f o r  c e r t a i  n  
epibenthjc zooplankton species such as P. 
coronatus. The epibenthic h a b i t a t  o f  7. 
coronatus p ro tec ts  i t  from p reda t i on  $y 
midwater p lank t i vo res  such as s i  l ve r s i des ,  
and i t s  c r y p t i c  co l o ra t i on  r e t a r d s  
predat ion by ep i  benthic p l ank t i vo res  such 
as pinf ish. Conversely, nonepi ben th i c  
pelagic zoopl ankters appear t o  exper ience 
substant ia l  p reda t ion  i n  grass beds, 
r e 1  a t i ve  t o  unvegetated areas, because t h e  
grass beds expose them t o  h igher  

abundances o f  p l  ankt  i v o r e s  wi thout  
o f f e r i n g  any refscje f rom predat ion.  By 
in fe rence ,  i t  appears t h a t  grass beds are 
areas o f  e l eva ted  food  concen t ra t ion  f o r  
p l a n k t i v o r e s ,  and perhaps t h a t  i s  one 
exp lana t i on  f o r  t h e i r  g rea t  abundance 
there .  

4.7 NEKTON 

Eelgrass meadows have long  been 
considered nursery  o r  feed ing  areas f o r  a 
w ide  v a r i e t y  o f  nek ton i c  species, many o f  
which a re  o f  d i r e c t  commercial or  
r e c r e a t i o n a l  va lue  (Tab le  7), o r  which are 
impo r t an t  as food f o r  o t h e r  f i s h  and f o r  
b i r d s .  To be o f  s i g n i f i c a n c e  as a 
nursery ,  a  h a b i t a t  must p rov i de  p ro tec t i on  
f r o m  predators ,  a  s u b s t r a t e  f o r  attachment 
o f  s e s s i l e  stages, and/or a  p l e n t i f u l  food 

Table 7. P a r t i a l  l i s t  o f  r ep resen ta t i ve  spec ies o f  commerc ia l ly  and r e c r e a t i o n a l l y  
important species co l lec ted  from temperate seagrass beds. L i f e  h i s t o r y  stages ( A  = 
adul t ,  J = juveni le,  L = larvae,  E = eggs), if repor ted,  a re  shown. Mod i f i ed  from 
Thayer e t  a l .  (19791. 

Common name S c i e n t i f i c  name L i f e  Stage 

Spotted seatrout 
Mu1 1 e t  
Spot 
P i n f  i s h  
P ig f  i sh 
Gag grouper 
Sheepshead 
Hol brooks porgy 
Ha l f  break 
Pac i f i c  he r r ing  
Engl ish so le  
St r iped sea perch 
Thread he r r i ng  
Permit (pompano) 
White grunt 
S i  1  ver perch 
Mojarra 
B lue f i sh  
Tau tog  
Sumner f lounder  
Southern f lounder  
Men haden 
Brown shrimp 
Pink shrimp 
Blue crab 

Cynoscion nebulosus 
Mugi 1 cephaf u s  
Leiostomus xanthurus 
Laaodon rhombo i des 

Pomatomus sa l  t a t r i x  

Penaeus aztecus 
Penaeus duorarum 
C a l l  i nec tes  sapidus 



supply (Thayer e t  a l .  1979). Seagrass 
hab i ta t s  f u l f i l l  a l l  o f  these c r i t e r i a  
and, as a consequence, t he re  has been 
considerable e f f o r t  t o  descr ibe both t h e i r  
composition and func t i ona l  re1 a t i ons  t o  
nekton. Based l a r g e l y  on research i n  
southern Japan (K ikuch i  1961, 1962, 1966), 
Kikuchi  (1980) subdivided t h e  nekton i n t o  
f o u r  major categor ies:  ( 1 ) permanent 
res idents,  (2)  seasonal res idents  ( f u r t h e r  
subdivided i n t o  j u v e n i l e  and subadults, 
and spawning season res iden ts ) ,  ( 3 )  
t rans ien ts ,  and (4)  casual species. The 
nekton d i sp lay  d i e l ,  t i d a l ,  and seasonal 
movements, and thus, are an important 
f a c t o r  i n  the  coup l ing  o f  the  eelgrass 
system t o  adjacent aquat ic  hab i ta t s  (see 
Section 4.10 and Chapter 5) .  

P r i o r  t o  research o f  Br iggs and 
O'Conner (1971 i n  Great South Bay, New 
York, t he re  had been few publ ished 
accounts of nekton communities i n  eelgrass 
meadows along t h e  A t l a n t i c  coast o f  North 
America. Since t h i s  pub1 i ca t i on ,  however, 
t he re  have been numerous attempts t o  
descr ibe t h e i r  s t r u c t u r e  and func t ion .  
Research has centered 1 arge ly  i n  two 
geographic areas: Chesapeake Bay area 
(Merr iner  and Boeh ler t  1979; Orth and Heck 
1980; Heck and Or th  1980a,b; Lascara 1981; 
Weinstein and Brooks 1983) and North 
Caro l ina  (Thayer e t  a l .  1975a; Adams 
1976a,b; Nelson 1979 a,b;  Sumnerson 1980; 
Summerson and Peterson 1984). These 
s tud ies  and o thers  i n  temperate areas 
(Kikuchi  1966; Robertson 1980) show, i n  
general, t h a t  t h e  nekton component i s  a 
dense and d iverse  assembl age o f  animal s 
compared t o  ' the f i s h  community o f  
unvegetated hab i ta t s  and t h a t  i t  d i  splays 
d i  e l ,  t i d a l  , and seasonal f l u c t u a t i o n s  i n  
abundance and composition. Heck and Or th  
( 1  980a) speculated t h a t  t he  abundance and 
d i v e r s i t y  o f  f i s h  species should increase 
i n  accordance w i t h  eel  grass bed s t r u c t u r a l  
complexity u n t i l  feed ing  e f f i c i e n c y  i s  
reduced by i n te r fe rence  w i t h  grass blades 
o r  u n t i  1 o ther  unfavorable cond i t ions  
occur, a t  which p o i n t  dens i t i es  should 
decrease. Seasonal f 1 uctuat ions i n  
abundance and biomass appear t o  be i n  
response t o  bo th  water temperature and 
ee l  grass densi ty .  Whereas Adams (1976a) 
suggested t h a t  temperature was the  main 
fac to r  i n f l u e n c i n g  t h e  biomass of f ishes, 
Or th  and Heck (1980) s ta ted  t h a t  w i t h i n  
t h e  normal environmental a c t i v i t y  range of 

the  f i shes using these hab i ta ts ,  abundance 
and composition were more co r re la ted  w i t h  
eelgrass dens i ty  than w i t h  water 
temperature. 

Few studies have been d i rec ted  speci- 
f i c a l l y  a t  decapods as a component o f  the 
nekton. Between September 1976 and Decem- 
ber 1977, Heck and Orth (1980a) took 
monthly t rawl  s i n  monospecif i c  eel grass 
and i n  mixed eelgrass-widgeon grass 
meadows i n  the lower Chesapeake Bay, and 
found a high degree of s i m i l a r i t y  i n  the 
decapod fauna. S ix  species dominated the 
fauna, representing 98% o f  the  t o t a l  
numbers: Palaemonetes vu l  ga r i s  (68% o f  
the  t o t a l ) ,  P. u g i o ,  P. intermedius, 
Crangon se terns inosa, +- Call  inectes 
sapidus, and enaeus aztecus. With the 
exception o f  C. septemspi nosa , these 
s ~ e c i e s  a lso were i m ~ o r t a n t  comoonents o f  
eel grass meadows o f  l io r th  Carol ina  (S tua r t  
1975, 1982; Thayer e t  a l .  1975a; Summerson 
1980) and o f  t r o p i c a l  seagrass meadows 
(Zieman 1982). Di f ferences do e x i s t  
between meadows i n  Chesapeake Bay and 
North Carol ina and subtropical  systems, 
however. For example, caridean shrimps 
(Hippolyte, Tozeuma, - Thor, and 
Pericl imenes) are numerous i n  North 
Carol ina and F lor ida  seagrass areas, but 
a re  r a r e  i n  Chesapeake Bay. 

L i k e  many temperate species, decapods 
genera l ly  a t t a i n  maximum numbers i n  l a t e  
spring-midsummer. Maximum abundances 
tend t o  be e a r l i e r  near t h e  southern l i m i t  
o f  eelgrass range (Thayer e t  al .  1975a) 
and progress ive ly  l a t e r  northward (Heck 
and Orth 1980a). Recruitment o f  young 
appears t o  be responsible, i n  part,  f o r  
seasonal increases; and predat ion o r  
migra t ion  t o  deeper waters a t  times of 
extremely warm water temperatures 
( f requen t l y  c h a r a c t e r i s t i c  o f  shallow 
eel grass meadows) appear t o  be responsi b l  e 
f o r  d e c l i n i n g  numbers i n  e a r l y  summer 
(North Carol ina: Thayer e t  al .  1975a; 
Adams 1976a) or  l a t e  summer (Chesapeake 
Bay: Heck and Orth 1980a). Decapod 
crustaceans a lso are more abundant i n  
n igh t  samples than i n  day samples, 
poss ib l y  a func t i on  o f  d i e l  migra t ion  
pat te rns  o r  because many species may 
burrow i n t o  sediments dur ing  the  day. 
These crustaceans are considerably more 
abundant i n  grass meadows than i n  adjacent 
unvegetated hab i ta ts .  An example o f  these 



d i f fe rences and dens i t i es  t h a t  can be 
a t ta ined i s  shown i n  Table 8 a,b. 
Fishes common t o  eel  grass meadows d i  spl ay 
d ie t ,  t i d a l ,  and seasonal pa t te rns  o f  
abundance and species composition. F i s h  
dens i t i es  f requen t l y  exceed those i n  
adjacent unvegetated areas o f  simi 1 a r  
depth. Because f i s h  are h i g h l y  mobile 
they  are d i f f i c u l t  t o  labe l  as res ident  o r  

nonresident speci es. Unl i ke t r o p i c a l  and 
sub t rop i ca l  environments,  temperate 
eel  grass meadows experience a greater  
t i d a l  range and f requent ly  are exposed 
dur ing  spr ing  low t i des .  This not only 
stresses the  seagrass p lan ts  (see Chapter 
2), bu t  a l so  reduces, o r  e l iminates 
temporar i ly ,  t h e  f i s h  component o f  the 
system. Therefore, few species have been 

Table 8a. Decapods co l l ec ted  i n  a mixed eelgrass-widgeon g r a s s  iiieaaow ( s i x  2-min tows) 
and i n  an adjacent unvegetated area ( th ree  5-min tows) i n  the lower Chesapeake Bay. 
(Taken from Heck and Orth 1980a. Table 2.) 

Species February March Apri 1 June July September October December 
Veg. Unveg. Veg. Unveg. Veg. Unveg. Veg. Unveg. Veg. Unveg. Veg. Unveg. Veg. Unveg. Veg. Unveg. 

Ca l l inec tes  sa idus 25 -- +- 5 1 5 4  14 -- 319 40 33 3 55 1 --  -- 
P a l a m n e t e s  vu garrs 35 -- 16 3 785 10 10,660 3 53 - -  7 -- 24 -- -- -- 
Pala~mnnetes ouaio 37 -- 4 2 31 -- 2 -- 2 2 167 -- -- -- --  -- 

PGiZeus aztecus - -- -- -- -- -- -- --  -- -- I - -  Z I  -- -- -- 
Al h e u s h a e l i s  1 --  -- -- -- -- -- -- - -  --  --  - - - - - - - - - * 

agurus longicarpus T- 2 - -  10 1 46 -- 3 --  41 1 3 -- 12 1 1 -- 
9 --  12 2 8 -- 25 7 16 1 12  -- 1 - -  -- 1 
4 -- -- -- -- -- -- -- -- -- 8 3 9 -- -- -- 

Total  120 0 51 22 905 18 11,255 11 394 42 99 6 198 12 10 4 

Table 8b. Day-night co l l ec t i ons  o f  decapods i n  mixed eelgrass-widgeon grass and i n  an 
adjacent  unvegetated area i n  the lower Chesapeake Bay. (Taken from Heck and Orth 1980a, 
Table 3 , )  

Species 
July 29 July 29 Oct. 10 Oct. 10 

~ a y  Night Day Night 
Veg. Unveg. Veg. Unveg. Veg. Unveg. Veg. Unveg. 

Cran on septemspinosa 
P9_ enaeus aztecus aztecus 
Pagurus t o n g i c a r F  

mu% 

Total 39 4 42 1,788 3 154 141 1,924 625 



recorded  as permanent r e s i d e n t s  o f  
ee l  grass meadows; most are considered 
seasonal r es i den t s .  

Robertson ( 1980) de f i ned  permanent 
r e s i d e n t s  as those  spec ies t h a t  remain i n  
a  grass bed throughout  t h e  t i d a l  c y c l e  
and, agree ing  w i t h  K i  kuchi  (1980) , po in ted  
o u t  t h a t  these  no rma l l y  a r e  smal l  species. 
We use t h e  te rm r e s i d e n t s  t o  mean species 
common t o  and u t i l i z i n g  t h e  grass beds as 
nursery  areas o r  r e f uges  over a p r o t r a c t e d  
p e r i o d  (severa l  months). Therefore, we do 
n o t  make a d i  s t i n c t i o n  between K i  kuch i l s  
permanent and seasonal r e s i d e n t  
ca tegor ies .  There have been, however, 
severa l  spec ies c o l l e c t e d  i n  grass beds i n  
Nor th  Caro l ina ,  Chesapeake Bay, and Long 
I s l a n d  t ha t ,  accord ing  t o  Robertson's 
d e f i n i t i o n ,  cou ld  be cons idered more o r  
1  ess permanent members: 
fuscus 
-9 S. f l o r i d a e ,  Gobionel 9 us 
boleusoma, cobiosoma bosc i ,  Hypsoblennius 
h e n t z i  and Chasmodes bosquianus. 
-9 

Seasonal r e s i d e n t s  o f  ee l  grass beds 
a r e  a d i v e r s e  and a l a r g e  group, and many 
a r e  a1 so common i n h a b i t a n t s  o f  o t he r  wet- 
l a n d  and aqua t i c  areas t h a t  c o n s t i t u t e  
e s t u a r i e s  and t he  sha l low coasta l  zone. 
As noted by Weinste in  and Brooks (1983), 
many o f  t h e  common species present  i n  
sha l low water  e s t u a r i n e  hab i t a t s ,  and 
f r e q u e n t l y  cons idered  genera l  i s t s  w i t h  
r espec t  t o  h a b i t a t  requi rements,  a c t u a l l y  
show a c l e a r  h a b i t a t  p re fe rence  and should 
n o t  be 1 abeled h a b i t a t  g e n e r a l i s t s  per  se. 
The i r  p re fe rences  depend no t  o n l y  on 
season, b u t  a1 so on geographic l o c a l i t y .  
Spar ids (e.g., po rg ies ) ,  sc iaen ids  (e.g., 
drums) , and engraul  i d s  (e.g., anchovies) , 
appear t o  dominate t h e  seasonal f i s h  fauna 
o f  ee lg rass  beds a long  t h e  A t l a n t i c  coast  
o f  ~ o r t h  America, a1 though g e r r e i d s  (e.g., 
mojar ras)  , a t h e r i n i d s  (e.g., s i l v e r s i d e s ) ,  
and l u t j a n i d s  (e.g., snappers) a lso  are 
p reva len t .  Lagodon rhomboides ( p i n f  i sh), 
a  s p a r i  d, domi na tes  near Beau fo r t  (Adams 
1976a,b) and a l s o  i s  p reva len t  i n  
sub t r op i ca l  F l o r i d a  areas (Zieman 1982); 
Leiostomus xanthurus (spo t ) ,  a  sciaenid, 
dominates grass beds i n  t h e  lower 

F requen t l y  no t  cons idered t r u e  r e s i d e n t s  
because o f  t h e i r  pe l ag i c  and schoo l ing  
behavior, A t l a n t i c  s i l v e r s i d e s  do occur i n  
r e l a t i v e l y  h i gh  numbers, p a r t i c u l a r l y  a t  
n igh t ,  and as a consequence, may have 
cons iderable impact on t h e  p l ank ton i c  
component o f  t h e  system (Mer r ine r  and 
Boehl e r t  1979). 

Al though these  t h r e e  species may, i n  
fact ,  dominate f i s h  communities i n  
ee lgrass beds, t hey  a lso  a re  
c h a r a c t e r i s t i c  o f  o t he r  hab i ta ts ,  Wein- 
s t e i n  and Brooks (1983) publ ished one o f  
t he  f i  r s t  d i r e c t  comparions between two 
represen ta t i ves  o f  each o f  two pr imary 
temperate nursery  areas : seagrass beds 
(Zostera and Ru i a )  and marsh creeks 
(upstream and TI- ownstream) i n  t h e  lower 
Chesapeake Bay (Table 9). Using c l u s t e r  
analys is ,  they were ab le  t o  d i s t i n g u i s h  
seven species groupings: 1, - Anchoa 
m i  t c h i  11 i was evenly  d i s t r i b u t e d  among t h e  
f o u r  sample areas; 11, P a r a l i c h t h  s  + dentatus and t h e  b l ue  crab, Ca i nec tes  
sapidus, a l s o  were spread f a i r l y  evenly, 
d i s t r i b u t e d  w i t h  a  t r e n d  toward g rea te r  
abundance i n  seagrass beds; 111, 

Table 9. Two-way co inc idence t a b l e  
compar ing  s t a t i o n  (Groups  A and B )  and 
species (Groups I - V I  I )  assoc i a t i ons  a t  
Vaucluse Shores, V i r g i n i a .  C lus te r i ng  by 
f l e x i b l e  s o r t i n g  s t r a t e g y  = 0.25; 
s i m i l a r i t y  index C ( M o r i s i t a  19591, a l l  
data untransformed. (From Wei n s t e i n  and 
Brooks 1983, Table 2 . )  

A 8 
Marsh Harsh 

Species Zostera upstrem domrtream 

1 Anchoa mi tch i  l li 139 1M 183 69 

I1 Para l lchth  s dentatus d s w  
111 Leiostomus xdnthurus 

I Y  Brevoortia tyrdnnus 
Gobiosoma boscl -- 

v Eucinostomus argenteus ~z~s%"is 
marqinatum 

Chesapeake gay ( O r t h  and Heck 1980); and VI Tiutogl o n l t i s  13 7 
~ a i r d l e l ~ y s o u r a  123 64 16 11 

Menid ia  men id ia  ( A t l a n t i c  s i l v e r s i d e ) ,  an guadracus 105 2 

a t h e r i n i d ,  domi na tes  grass beds of Long VII H soblenn~us  hentz 19 53 

I s l a n d  Sound (B r i ggs  and O'Conner 1971). a =ta 
15 45 

& q m  
8 33 

Other spec ies a r e  a l s o  p reva len t  i n  2 16 

d i f f e r e n t  grass beds o r  i n  o t h e r  years. 



Le4sstomus xanthurus was t h e  dominant 
species found i n  grass beds, but  along 
w i t h  two o the r  spec ies ( ~ n o u i  1 l a  r o s t r a t a  
and T r i nec tes  macu la tus )  showed a 
preference f o r  t h e  marsh h a b i t a t :  IV. both 

- - z - -  

~ r e v o o r t i a  t y rannus  and ~ob fosoma bosc i  
p re fe r r ed  t h e  marsh h a b i t a t ;  and V-r 
a1 1 species p re fe r r ed  g rass  beds, be ing 
evenly  d i  spersed between ee l  grass and 
widgeon grass (Group V ) ,  preva len t  i n  
ee lgrass (Group V I ) ,  or more abundant i n  
widgeon grass (Group VEI). 

We c o l l e c t e d  56 spec ies  of f i s h  
(seasonal res iden ts ,  t r a n s i e n t s ,  and 

.casual members) from t h r e e  ee lgrass beds, 
t h ree  Spar t ina  marsh channels,  and one 
i n t e r t i d a l  sand f 1 a t  near  Beaufor t ,  Nor th  
Caro l ina,  d u r i n g  1978-80 (Tab le  10). A 
m a j o r i t y  are common t o  ee lg rass  beds 
elsewhere i n  Nor th  C a r o l i n a ,  Chesapeake 

Eay, and tong I s l a n d  Sound. Nenidia 
menidia, Leiostomus xanthurus, a n d m  
'i%i&'Ks were abundant i n  each h a b i t a t .  
The r e1  a t  i v e  abundance no ta t i on ,  however, 
may be mis leading,  s i nce  spec ies  dominance 
v a r i e d  bo th  s p a t i a l l y  and tempora l l y ,  and 
t h e  t h ree  h a b i t a t  t ypes  were dominated by 
e n t i r e l y  d i f f e r e n t  spec ies a t  d i f f e r e n t  
t imes du r i ng  t h e  24-month c o l l e c t i o n  
p e r i o d  ( a l l  species were c o l l e c t e d  by g i l l  
net,  f y k e  net ,  and se ine) .  B a i r d i e l l a  
chrysoura, Muste lus canis ,  and L. 
xanthurus c o n s t i t u t e d  >50% of t h e  nekt5n 
numbers c o l l e c t e d  i n  ee lqrass;  M, 
menidia, L. xanthurus, and A: m i t c h i l T i  -- - 
>50% i n  t h e  marsh channeis; and L. 
xanthurus and E. m a j a l i s  >50% i n  t Fe  
i n t e r t i d a l  f l a t  (Tab le  11). L. xanthurus 
was the  o n l y  dominant common-to a l l  t h ree  
h a b i t a t  types, and as was observed by 
Weinste in  and Brooks (19831, was 

Table 10. R e l a t i v e  abundance of f i s h e s  c o l l e c t e d  i n  1978-80 from t h ree  h a b i t a t  types i n  
the Newpor t R i ve r  ( i i o r t h  Caro l  i n a )  estcary-sound complex. ***=abundant, **=common, 
*=rare. ( J )  r e f e r s  t o  sma l l  j u ven i l es  on ly .  

Species name - 
Menidia sp. 

Leiostomus xanthurus 

Anchoa mi t c h i  1 li -- - 
Anchoa h ~ p s e t u s  - 
Fundulus m a j a l i s  -- 
Fundulus he te roc l  i t u s  

B a i r d i e l l a  chrysoura 

Lagodon rhomboides 

Para l i ch thys  le thost igma 

Para1 i ch thys  dentatus. 

Mugil cephalus 

Brevoor t i a  tyrannus 

Micropoqoni as undul atus 

Membras m a r t i n i c a  

Monacanthus h i sp idus  

Aluterus schoepf i 

Pomatomus s a l t a t r i x  

Hyporhamphus u n i f a s c i a t u s  

Strongylura marina 

Syngnathus fuscus 
Ment i c i r rhus  americanus 
Lut janus gr iseus 

Pepr i l us  t r i a c a n t h u s  

Cynoscion nebulosus 

Common name Seagrass Marsh channel I n t e r t i d a l  f l a t  
S i  l v ~ ~ ~  *** *** *** 
Spot *** *** ** * 
Bay anchovy ** *** * 

S t r iped  k i l l i f i s h  - *** *** 
Mumnichog *** *** 
S i l v e r  perch *** *** * 
P i n f i s h  ** * ** * 
Southern f lounder ** **( J )  

Sumner f lounder  ** * 
S t r iped  m u l l e t  *** *** ** * 
A t l a n t i c  menhaden ** * * 
A t l a n t i c  croaker ** * 
Rough s i l v e r s i d e  *** * 
Planehead f i l e f  i s h  ** * 
Orange f i l e f i s h  * 
B l u e f i s h  ** * 
Ha 1 f beak ** * 
A t l a n t i c  needlef lsh * * 
Northern p i p e f i s h  * 
Southern k i n g f  i s h  * * 
Gray snapper * 
B u t t e r f  i sh * t 

Spotted t r o u t  t 

(con ti nued) 



Table  10. !concluded) . 
Species name Common name Seagrass Marsh ~ h a n n e l  I n t e r t i d a l  t l a t  

Caranx hippos Creva l le  jack * *tr 

Sphyraena barracuda Great barracuda * * * 
Mycteroperca m i c r o l e p i s  Gag t 

Sphaeroides maculatus Northern pu f fe r  * 
Chilomycterus schoepf i St r iped  bur r f  i s h  t 

Chloroscombrus chrysurus A t l a n t i c  bumper * 
Cyprinodon var iegatus Sheepshead minnow - n *t* 

Chaetodipterus iaber A t i a n t i c s p a d e f i s h  - * 
Trachinotus c a r o l i n u s  F l o r i d a  pompano * *** 
Opsanus tau  Oyster toadf i s h  ** * 
O r t h o p r i s t i s  chrysoptera P i g f i s h  ** ** 
R isso la  marginata S t r iped  cusk-eel t 

Ci thar i ch thys  sp i lop te rus  Bay w h i f f  * - 
Eucinostomus gula S i l v e r y  jenny * * * 
Hypsoblennius hen tz i  Feather blenny * 
Chasmodes bosquianus S t r iped  blenny * 
Selene vomer * * -- Lookdown 

F i s t u l a r i a  tabacar ia  Bluespotted corne t f i sh  - * 
Tr inec tes  maculatus Hogchoker * .. 
Sciaenops oce l  l a t u s  Red drum * * - 
Synodus foetens Inshore l i z a r d f  i s h  - * - 
Archosargus probatocephal us Sheepshead * - 
Mustelus can is  *** * -- Smooth dogf ish 

Rhizoprionodon terraenovae A t l a n t i c  sharpnose 
shark * - 

Cynoscion r e g a l i s  Weakfish 

Symphurus p lag iusa  Blackcheek tonguef ish * * - 
Pr iono tus  evolans S t r iped  searobin t * * 
Pr iono tus  s c i t u l u s  Leopard searobin * - 
Stenotomus capr inus Longspine porgy * - 
H i s t r i o  h i s t r i o  * -- Sargassum f i s h  

Ba l  i s t e s  capr iscus Gray t r i g g e r f  i s h  - * 
Gobiosoma & Naked goby - * 

Table 11. Dominant f ish  species col lected from three h a b i t a t  types  i n  the Newport River  
estuarine-sound complex during 1979-80. Percent o f  the total represented by each i s  
shown. 

Zostera marina h a b i t a t  -- Spartina marsh channel I n t e r t i d a l  sandf la t  

B a i r d i e l  l a  chr soura (21.8) 
Mustelus +I ( 
Leiostomus xanthurus (14.5) 
Menidia s p . m  
Membras mar t i n i ca  (11.3) 

(2.8) 

Menidia sp. (22.0) 
Leiostomus xanthurus (21.2 
Anchoa m i  t c m . 7 )  
.-1'us heterocl i tus ( 17.2) 
i G i T d G i l a  chr soura (8.6) 

A3-T Mugi 1 cepha us ( 

Leiostomus xanthurus (35. 
Fundulus ma'al i s  (30.0) 
Menidia s h 0 )  
Cyprinodon variegatus (8. 
Trachinotus caro l inus  (8. 
Mugi l  cephalus (8.3) 



numerically more abundant i n  marsh 
channels. These data c o n t r a s t  w i t h  those 
of Adams ' study ( 19 76a) , where f i s h  were 
col lected by drop n e t  and the c m u n i  ty 
was dominated by p in f i  sh. 

A large proport ion o f  the seasonal 
residents of eelgrass meadows w i t h i n  t h e  
geographic scope of t h i s  p r o f i l e  spawn 
over the continental s h e l f  and enter  
estuaries i n  winter as la te -s tage l a rvae  
or early juveniles, t a k i n g  up res idency  
u n t i l  the fo l lowing f a l l  when they  move 
offshore to  renew t h e  cyc le .  The c y c l e  
follows the general sequence o f  low 
abundance i n  winter, increased abundance 
during spring, and maximum abundance i n  
sumner-early fa1 1 ( F i g u r e  44). The 
i n i t i a l  increase i n  s p r i n g  tends t o  occur 
la ter  as one moves no r th .  Because t h e  
spring increase r e s u l t s  p r imar i  l y  f rom 
recruitment of ear ly -s tage j u v e n i l e s  
(Adams 1976a; Orth and Heck 7980; 
Weinstein and Brooks 1983), the peak i n  
f i s h  biomass i s  d isplaced somewhat, w i t h  
increasing biomass i n  l a t e  sp r i ng  and 
maximum biomass i n  J u l y  and August (F igure  

- Phillips Island 

--- Bogue Sound 

Figure 44. Temporal d i  s t r i  bu t i on  of 
nuineric abundance (upper)  and bf  omass 
(lower) of fishes c o l l e c t e d  i n  two 
eel grass beds near Beaufort, Nor th  
Carolina. (Modified from Adams 1976a.l 

4 4 ) .  Thayer e t  a l .  (1975a) and Adams 
(1976a) reportal t h a t  ncar Beaufort, North 
Carol ina,  t h e  f a l l  peak i n  biomass seen i n  
F igure  44 was t h e  r e s u l t  of an i n f l u x  o f  
adu l t  p i n f i s h  (L. rhomboides), whereas 
t h e  summer biomass was composed o f  a 
combination o f  j u v e n i l e  p inf ish,  p i g f i s h  
( O r t h o p r i s t i s  chrysoptera) ,  and s i  1ver 
perch ( B a i r d i e l  l a  chrysoura), which 
entered the  meadows as l a rvae  i n  ea r l y  
sp r i ng  through e a r l y  sumner and grew a t  an 
exponenti a1 r a t e  du r ing  t h i s  period. 

Thus, t h e  seasonal f i s h  fauna i n  grass 
beds a t  any g iven t ime of year i s  composed 
o f  larvae, j uven i l es ,  and adults, and many 
o f  t h e  species, al though a l so  found i n  
adjacent  systems, d i s p l a y  f a i r l y  d i s t i n c t  
preferences. By-and-large, t h e  major l i f e  
h i s t o r y  stages are  juveni les,  which use 
these meadows as a refuge and fo r  food 
resources. 

Food h a b i t  s tud ies  leave 1 i ttl e doubt 
t h a t  nekton feed w i t h i n  and remove 
considerable biomass and thus energy from 
eelgrass meadows (e.g. Thayer e t  al. 
1975a; Adams 19766; Merr iner  and Boehlert 
1979; Or th  and Boesch 1979; Lascara 1981). 
F i v e  species of j u v e n i l e  f i s h  were 
c o l l e c t e d  day and n i g h t  throughout the 
t i d a l  c y c l e  from th ree  seagrass meadows 
near Beaufort, North Caro l ina  (Thayer, 
unpubl . ). Seventy-six percent o f  the f i s h  
l eav ing  t h e  beds on ebbing t ide ,  as 
opposed t o  46% en te r i ng  t h e  beds on 
f l o o d i n g  t i d e ,  had food i n  t h e i r  guts. 
The t o t a l  mass o f  food i n  t he  gut o f  f i s h  
l e a v i n g  r e l a t i v e  t o  t h a t  i n  f ish enter ing 
was about 3: l .  The nursery func t ion  o f  
these meadows a1 so i s  evidenced by the 
abundance and apparent growth (e.g., 
increase i n  mean s i ze  over t k e )  o f  these 
juven i  1 es (see Adams 19 76a). 

Few i n v e s t i g a t i o n s  o f  t h e  f i s h  fauna 
o f  eel  grass meadows have addressed large 
and/or school ing f i shes .  These f i s h  gen- 
e r a l l y  are carn ivores  and, although they 
represent  o n l y  a small p ropor t ion  o f  the 
f i s h  numbers o r  biomass, may be important 
i n  s t r u c t u r i n g  bo th  t h e  nekton and benthic 
popu la t ions  of seagrass beds. Species 
which can be inc luded i n  t h e  groupings 
of t r a n s i e n t  and casual comuni  t y  com- 
ponents inc lude:  b l u e f i s h  (Pomatomus 
s a l  t a t r i x )  , cownose r a y  Rhino terrr 
bonasus), b luntnose s t i n g r a y  * asya IS 



sandbar shark (Carcharhinus 
umbeus) = (C.  m i l b e r t i ) ,  smooth dog- 

~ s h  (Mus te lus  canis) ,  A t l a n t i c  sharp- % 
nose shark (Rhizoprionodon terraenovae), 
weakfi sh (Cynoscion rega l  i s), and spot ted 
seatrout  (Cynoscion nebulosus). Based on 
sampling w i t h i n  eelgrass and eelgrass- 
widgeon grass meadows w i t h  g i l l  nets i t  
can be concluded t h a t  C. F rega l i s ,  and M. can is  are s ~ g h t l y  more 
abundant i n  grass meadows than i n  unvege- 
t a t e d  areas agd t h a t  they u t i l i z e  t h e  
h a b i t a t  r e g u l a r l y  over a p ro t rac ted  per iod  
(Merr i  ner and Boehl e r t  1979; Lascara 1981 ; 
Thayer unpubl. data). Sampl i n g  t ime (d ie1  
o r  seasonal) thus in f luences the species 
co l lec ted ,  and the  technique used t o  
c o l l  ec t  organisms a1 so i n f  1 uences one's 
dec is ion  regard ing  whether a species i s  a 
res iden t  o r  not. 

These l a r g e  predators could be of 
considerable importance i n  s t r u c t u r i n g  
seagrass communities, s ince the m a j o r i t y  
appear t o  be h i g h l y  s e l e c t i v e  feeders. 
Merr iner  and Boehler t  (1979) co l l ec ted  79 
Carcharhinus p l  umbeus i n  eel  grass beds i n  
the lower Chesapeake Bay. Fishes -- 
Brevoor t ia  tyrannus, Leiostomus xanthurus, 
and Hypsobl enni us hen tz i  -- dominated t h e  
aut contents. F- ~ e r c e n t  o f  t h e  
;harks had fed  exc lus i ve l y  on crabs, 31% 
on f i s h ,  and 54% on both f i s h  and crabs. 
I n  t h e  stomach contents o f  208 Mustelus 
canis, ranging i n  s i z e  from 325 t o  400 mn, 
col  l ec ted  from eelgrass beds near 
Beaufort,  North Caro l ina  (Thayer e t  a l .  
1980b), crabs ( p r i m a r i l y  por tun ids)  
cons t i t u ted  over 50% o f  t he  d i e t  (F igure 
45), and i n  almost every case stomachs 
were f u l l .  

Feeding a c t i v i t y  o f  l a rge  carnivores 
may a l t e r  faunal  s t r u c t u r e  d i r e c t l y  by 
predat ion  o r  i n d i r e c t l y  by uproot ing t h e  
seagrass o r  by a l t e r i n g  the  substrate. 
Orth (1975) repor ted  s i g n i f i c a n t  changes 
not  on ly  i n  t h e  dens i ty  o f  the primary 
food (Mia arenar ia)  o f  - the  cownose rays 
( ~ h i n o p t e r a  bonasus), but  a1 so i n  t h e  
densi t~ o f  seaqrass and other  infauna 
f o l l o d n g  movement o f  the rays i n t o  t h e  
lower Chesapeake Bay. Cownose rays  
apparent ly  d i g  i n t o  t h e  bottom when they 
feed. Mya popu la t ions  were reduced from 
or  i g i  n a l T e v e l  s  o f  60-1 000/m2 t o  zero 
f o l l o w i n g  cownose r a y  feeding, and 
v i r t u a l l y  a l l  o f  the  eelgrass was uprooted 

I 
Portunld Crabs (either 
P. spinlmanus or 

S ~ D ~ ~ U S )  
I 

Fish Juveniles 
I Miscellaneous (all items 

amounting to less than 
3% individually) 

Figure 45. Stomach contents o f  Mustelus 
canis co l lec ted  from eelgrass beds near - 
Beaufort, North Carol ina. 

and removed from the  feeding area. 
Sediments were a l t e red  and there  was a 
reduct ion i n  other infauna too. 

4.8 REPTILES AND MAMMALS 

To our knowledge, t h e  adu l t  green 
t u r t l e ,  Chelonia mydas, i s  the only 
r e p t i l e  reported t o  m z e  eelgrass beds; 
we have seen many diamondback t e r r a p i n  
passing through eelgrass beds near 
Beaufort on t h e i r  way t o  l a y  eggs, 
however. Felger and Moser (1973) reported 
t h a t  C. mydas feeds on eelgrass on the 
west coast and i s  a c t i v e l y  hunted by the 
Ser i  Indians o f  Sonora, Mexico; 
occasional ly  green t u r t l e s  are seen i n  the 
estuar ies o f  North Carol ina (F. Schwartz, 
I n s t i t u t e  o f  Marine Sciences, Un ive rs i t y  
o f  North Carol ina, Morehead Ci ty ,  North 
Carolina; pers. comm.). Zieman (1982) 
described t h e  occurrence o f  t h i s  species 
i n  t r o p i c a l  seagrass meadows, and Fenchel 
e t  a l .  (19791, Bjorndai  (1980), and 
Thayer e t  a l .  (1982, i n  press a) 
discussed aspects o f  t h e i r  feeding 



eco logy .  Dugongs (Dugon9 dugon) a l s o  use 
e e l  g r a s s  (Zosler-a c a ~ r i c c r ? ;  ! i n  
A u s t r a l  i a. Numerous o t h e r  mammals, 
i n c l u d i n g  rniqks, w o l v e r i n e s ,  o t t e r s ,  
foxes ,  bears ,  and raccoons,  o c c a s i o n a l l y  
f e e d  on fauna  i n  e e l g r a s s  meadows. The 
Se r i  I n d i a n s  o f  Mexico and t h e  Kwak iu t  
I n d i a n s  o f  B r i t i s h  Columbia r e p o r t e d l y  
used t h e  seeds and shoo ts  o f  e e l g r a s s  as 
food.  O f  course,  man, too ,  makes h i s  
presence known th rough  f i s h e r y  h a r v e s t .  

4.9 BIRDS 

P r o d i g i o u s  numbers o f  b i r d s  ( F i g u r e  
46 )  can be observed f e e d i n g  i n  e e l g r a s s  
meadows a t  bo th  low and h i g h  t i d e .  

A l t h o u g h  a l i s t  of 37 s p e c i e s  of b i r d s  
r e p o r t e d  t o  f e e d  on t e m p ~ r a t ~  ~ - e z ~ r a s s e s  
i s  p r e s e n t e d  i n  t h e  n e x t  s e c t i o n  o f  t h i s  
chap te r ,  t h e r e  have been few p u b l i s h e d  
accounts  on t h e  use o f  e e l g r a s s  beds by 
b i r d s  (Thaye r  e t  a l .  i n  p r e s s  a). The 
a v i a n  fauna r e p o r t e d l y  a s s o c i a t e d  w i t h  
t empera te  seagrass  nieadows can be 
c l  a s s i f  i e d  as waders,  shore  b i r d s ,  a e r i a l  
sea rche rs ,  f 1 o a t  i ng and d i v i n g  water  
b i r d s ,  and b i r d s  of p r e y  ( T a b l e  12).  The 
d i e t s  of t h e s e  fauna  span t h e  t r o p h i c  
s c a ; E  c.--- @ $ ,s::, Z $  Tea;: h5 j -b ;  v " [ . ~ .  

".., on submerged 
a q u a t i c  p l a n t s  t o  d i r e c t  c a r n i v o r e s  on 
i n v e r t e b r a t e s  and f i s h ,  a l t h o u g h  a  l a r g e  
p r o p o r t i o n  appear t o  b e  f 1  e x i  b l  e  omnivores  
d i s p l a y i n g  d i e t a r y  s h i f t s  i n  accordance 
w i t h  f o o d  r e s o u r c e  a v a i  1  a b i  1 i ty .  Because 

Figure 46. Birds feeding on an exposed e e l g r a s s  meadow n e a r  B e a u f o r t ,  N o r t h  Carolina. 
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o f  t h e i r  seasona l l y  1  arge numbers and 
f e e d i n g  habi ts ,  S'rds nay a f f e c t  s tanding 
c rops  and biomass o f  p l an t s ,  i n v e r t e -  
b ra tes ,  and f i s h e s  w i t h i n  ee l  grass meadows 
(Thayer e t  a1 . i n  p ress  a). 

Several  s t u d i e s  suggest t h a t  t h e r e  i s  
a d i r e c t  l i n k  between abundance o r  g raz ing  
process o f  b i r d s  t h a t  feed on ee lg rass  and 
d e n s i t y  o f  t h e  grass.  These water fowl  
i n c l u d e  b lack  and American b r a n t  geese, 
swans ( F i g u r e  4 7 ) ,  and ducks. The saga o f  
t h e  b r a n t  i s  p robab i y  t h e  most f r equen t l y  
c i t e d  example o f  a  d i r e c t  l i n k  between 

ee lg rass  and t h e  abundance o f  av ian fauna. 
McRoy ( 1966) e s t a b l i  shed t h a t  b lack b r a n t  
use t h e  seagrass beds o f  Izembeck Lagoon, 
Alaska, as t h e i r  p r i n c i p a l  feed ing  area 
d u r i n g  f a l l  m ig ra t ions ,  consuming -4% o f  
t h e  s tand ing  crop of ee lg rass  du r i ng  t h e i r  
stay. Cottarn (1934) i n d i c a t e d  t h a t  on t h e  
eas t  coast,  American b ran t ,  whose d i e t  can 
approach 80% ee l  grass, were severe ly  
reduced i n  numbers f o l l o w i n g  t h e  ee lg rass  
"wast ing disease". These b i r d s  switched 
t o  a  d i e t  dominated by widgeon grass and 
sea l e t t u c e  (U lva  sp.) f o l l o w i n g  t h e  
d e c l i n e  of eelgrass. Other species o f  

Tab le  12. Seasonal occurrence o f  some rep resen ta t i ve  b i r d s  observed i n  Nor th  Ca ro l i na  
e e l g r a s s  meadows. 

Common name Species name Season 

WADERS: 

Snowy e g r e t  
L i t t l e  b l u e  heron  

E g r e t t a  t h u l a  
E a r e t t a  caeru lea  - 

T r i c o l o r e d  ( Lou i s i ana )  heron E r e t t a  t r i c o l o r  
Great b l u e  heron h e r o d i  as 

Year -round 
Sumer 
Year-round 
Year-round 

SHORE BIRDS: 

Semipalmated sandpiper C a l i d r i s  p u s i l l a  T rans ien t  
Western sandpiper  Calidris mauri  Winter 
White-rumped sandpiper C a l i d r i s  f u s c i c o l l i s  T rans ien t  
Sander1 i ng CaTidris a lba  Winter 

AERIAL SEARCHERS: 

F o r s t e r ' s  t e r n  
H e r r i n g  g u l l  
Laughing g u l l  
Brown p e l  i c a n  

FLOATING AND DIVING WATER BIRDS: 

Tundea (whi  s t 1  i n g )  swan 
Canada goose 
B ran t  
Redhead 
Lesser scaup 
Whi te-winged sco te r  
Su r f  s co te r  

BIRDS OF PREY: 

Osprey 

Sterna f o r s t e r i  F a l l  -w in te r  
Larus a rgen ta tus  Winter 
Larus a t r i c i  11 a Year-round 
Pelecanus occ i den ta l  i s  Year-round 

Cygnus 
Branta 
Bran ta  
Ay t  hya 
Avthva 

columbi anus 
canadensi s  
b e r n i c l  a  
americana 
a f f i n i s  

~ i l a i i t t a  f u s c a  
M e l a n i t t a  K i c i l  l a t a  

Pandion ha1 i e t u s  

Occasional w in te r  
Winter 
Winter 
Winter 
Winter 
Winter 
Winter 

Summer 



Figure 47. Swans feeding i n  an ee lgrass meadow i n  Rhode I s l a n d .  Note the blades of 
grass i n  the beaks o f  t he  two swans on t he  l e f t .  

waterfowl in t he  Uni ted States l i k e w i s e  he rb i vo res  can s i g n i f i c a n t l y  a l t e r  t h e  
were affected (Chapter 1, Sec t ion  1.3). fauna dependent upon t h e  system (Thayer e t  
The increase i n  da r k -be l l i ed  b ran t  geese a l .  i n  press a). Buff leheads, Bucephala 
(Branta b e r n i c l a  be rn i c l a )  i n  southern a lbeola,  consumed about 50% o f  t h e  f a l l  
England s ince  t h e  1950's has been r e l a t e d  s tand ing  c rop  o f  gastropods and 
t o  the recovery o f  eelgrass as wel l  as t o  po lychaetes i n  ee lg rass  beds i n  t he  lower 
other f ac to r s  ( O g i l v i e  and St. Joseph Chesapeake Bay d u r i n g  1979-80 ( W i  l k i n s  
1976). 1982). 

Feeding by herbivorous b i r d s  can 
s i g n i f i c a n t l y  a1 t e r  seagrass d e n s i t y  
(Jacobs e t  a l .  1981; Thayer e t  a l .  i n  
press a; Cobb and Ha r l i n ,  unpubl. data, 
Univers i ty  o f  Rhode Is1 and). Jacobs e t  
al. (1981) showed t h a t  g raz ing  by geese 
and ducks i n  t h e  Dutch Wadden Sea r e s u l t e d  
i n  eelgrass (Z. n o l t i i  and 1. mar ina)  
meadows be i  n$ converted from dense, 
homogeneous beds t o  heterogeneous stands 
w i t h  an almost t o t a l  disappearance of t h e  
aboveground p a r t s  o f  t h e  p l a n t .  W i  l k i n s  
(1982) est imated t h a t  du r i ng  w i n t e r  
1978-79 t h e  Canada goose (Bran ta  
canadensis) consumed about 21% o f  t h e  
standing crop o f  seagrasses i n  t he  shal low 
po r t i on  o f  the lower Chesapeake Bay. Dann 
(Penguin Reserve, Cowes, V i c t o r i a ,  
Austral ia,  pers. corn.) showed t h a t  b lack  
swans (C nus a t r a t us )  uprooted 94% and 
consume dh- 2 o f  t h e  n e t  annual p roduc t ion  
of Zostera mue l l e r i  i n  Rhy l l  I n l e t  i n  
southern V ic to r ia ,  Aus t r a l i a .  As noted 
e a r l i e r  f o r  t h e  cownose ray, removal o f  
seagrass r o o t s  and blades by large 

These 1 arge he rb i vo res  can 
s i g n i f i c a n t l y  i n f l u e n c e  t h e i r  p r imary  food 
resources t o  t h e  p o i n t  where bo th  the  
d i s t r i b u t i o n  and abundance of ee l  grass and 
t h e  he rb i vo res  a re  a f fec ted .  Tubbs and 
Tubbs (1983) have shown t h a t  t he  
present-day d i  s t r  i b u t i o n  o f  b ran t  geese 
(B. b e r n i c l a  b e r n i c l a ) ,  wigeon (& 
enelope), and t e a l  (Anas -- crecca) i n  the 

g o l e n t  e s t u a r i n e  system on t h e  cen t r a l  
south coas t  o f  England i s  re la ted ,  i n  
p a r t ,  t o  t h e  abundance of ee lgrass (Z. 
mar ina a n d 1 .  n o l t i i ) .  Bo th  t h e  b ran t  and 
wigeon feed on leaves  and rhizomes, and 
t e a l  consume seeds. As the amount o f  
ee lg rass  leaves  decreased, t he re  was a 
concomi tant  sharp decrease i n  numbers o f  
b i r d s  feed ing .  Wigeon s h i f t  t h e i r  feeding 
grounds t o  marsh areas, feed ing  on 
grassland. Tea l  move t o  marshes, feeding 
i n  poo ls  of f r e s h  and b rack ish  water. 
Tubbs and Tubbs (1982) showed t h a t  the 
b r a n t  sw i t ch  t o  a  d i e t  o f  green algae when 
ee lg rass  lea f  cover  decreases t o  less  than 
lo%, and t hen  t o  p a s t u r e  grass and cereals 



when a l g a l  cover becomes sparse. 

Present-day changes i n  temperate 
seagrass abundance i n  t h e  Un i t ed  States, 
whether n a t u r a l  o r  man-induced, a lso  can 
i n f l u e n c e  abundance and f eed ing  pa t t e rns  
o f  t h e  av ian  fauna. I n  a survey o f  
l i t e r a t u r e  on wate r fow l  o f  Chesapeake Bay, 
Stevenson and Confer (1978, p. 113) s t a t ed  
"The o v e r a l l  d e c l i n e  o f  Redheads and 
W h i s t l i n g  Swans suggest t h a t  t h e  
d i m i n i s h i  nu suuply  o f  a t r a d i t i o n a l  f ood  
source o f  submerged macrophytes i s  a 
c o n t r i b u t i n g  f a c t o r  . . . Canada Geese, 
Ma l l a rds  and B lack  Ducks have adapted t o  
t e r r e s t r i  a1 feeding.  D i v i n g  ducks such as 
Canvasbacks have adapted t o  a more animal 
d i e t .  Apparent ly ,  a decrease o f  a 
t r a d i t i o n a l  l y  des i r ed  food  source such as 
SAV [submerged aqua t i c  vege ta t ion ]  r e s u l t s  
i n  severa l  o p t i o n s  f o r  n a t i v e  and 
m i g r a t o r y  wa te r fow l .  They can e i t h e r  seek 
an a1 t e r n a t i v e  food  source o r  compete f o r  

t h e  d im in i sh i ng  food  source. E i t h e r  
a1 t e r n a t i v e  cou ld  r e s u l t  i n  popu la t i on  
r educ t i ons  and l o c a l e  changes." 

4.10 TROPHIC RELATIONS 

The pathways by which o rgan ic  mat te r  
i s  processed and made a v a i l a b l e  t o  
consumers a re  i n t r i c a t e .  Without 
except ion, t h e  e n t i r e  t r o p h i c  spectrum, 
i.e., herb ivores,  d e t r i t i v o r e s ,  omnivores, 
and c a r n i  vores, i s  represented w i t h i n  each 
s t r u c t u r a l  category discussed prev ious ly .  
An example o f  the  t r o p h i c  r e l a t i o n s  w i t h i n  
an ee lg rass -ep iphy t i c  compartment i s  shown 
i n  F i g u r e  48. This  diagram i s  based on an 
o r i g i n a l  conceptual model f o r  f reshwater  
and macrophyte-epiphyte i n t e r a c t i o n s  by 
A l l e n  (1971) and was mod i f i ed  by Stevenson 
and Confer (1978) f o r  temperate 
seagrasses; t h e  model shows no t  o n l y  t h e  
t r o p h i c  pathways but '  a l so  n u t r i e n t  

HOST EPIPHYTE SYSTEM \ 

F i g u r e  48.  C o n c e p t u a l  d i  a g r a n  o f  some m a j o r  t r o p h i c  r e l a t i o n s  and  h o s t - e p i  p h y t e  
i n t e r a c t i o n s  i n  a seagrass meadow. (mod i f i ed  from Stevenson and Confer 1978 and based 
on an o r i g i n a l  by A l l e n  1971. )  



i n t e r r e l a t i o n s  and p r o t e c t i o n  f u n c t i o n s  
p rov ided  w i t h i n  t h i s  p o r t i o n  o f  t h e  
seagrass system. The e p i b i o t i c  community 
on ee lgrass blades i s  composed o f  both 
autot rophs and heterot rophs,  and 
there fo re ,  can d e r i v e  i t s  carbon f r om  both 
ino rgan ic  carbon i n  t h e  o v e r l y i n g  water 
column and from d i s s o l v e d  o rgan ic  carbon 
(DOC) re leased  by  t h e  p l an t .  Numerous 
i n v e s t i g a t o r s  have demonstrated n u t r i e n t  
t r a n s l o c a t i o n  f rom t h e  1 eaf o r  e p i p h y t i c  
community (Har t  i n  1973; McRoy and Goering 
1974; Penhale and Smith 1977; Kirchman e t  
a l .  1984), and Penhale and Smith (1977) 
showed a s i g n i f i c a n t l y  h igher  r e l ease  o f  
DOC f o r  ep iphyte- f ree leaves than  f o r  
ep iphy t i zed  leaves. Fur ther ,  Thayer e t  
a l .  (1978), us i ng  s t a b l e  carbon i so tope  
analyses, est imated t h a t  about 50% o f  t h e  
carbon present  i n  t h e  ep i  b i o t i c  community 
on ee lgrass blades near Beaufor t ,  Nor th  
Caro l ina,  cou ld  be de r i ved  f rom DOC 
re leased  by t h e  ee lg rass  i t s e l f .  W i l k i ns  
(1982) a lso r epo r t ed  s t a b l e  carbon i so tope  
r a t i o s  o f  t h e  e p i p h y t i c  community on 
widgeon grass and ee l  grass blades which 
c l o s e l y  approximate i so tope  r a t i o s  o f  t he  
blades themselves. 

Our understanding o f  t r o p h i c  r e l a t i o n s  
and r a t e  processes i n  seagrass meadows 
e x i s t s  p r i m a r i l y  on a q u a l i t a t i v e  basis.  
There are q u a n t i t a t i v e  data on p r imary  

producer components and r a t e s  o f  
p roduc t i on  f o r  most o f  t h e  p l a n t  species 
(see Chapter 21, f a u n a l  f eed ing  hab i t s ,  
p l  an t  decomposi t ion processes (Zieman 
1982), and s t and ing  crops of d e t r l t u s  
(Thayer e t  a l .  1977). However, t h e  
ac tua l  f a t e  of t h e  p r imary  product ion,  
e.g., how much i s  consumed d i r e c t l y ,  how 
much i s  depos i t ed  and decomposed i n  s i t u ,  
or  how much i s  expor ted  t o  adjacent 
systems, i s  n o t  w e l l  documented. Many 
l inkages between and arnons t r o p h i c  l e v e l s  
remain vague and most are unquan t i f i ed .  

There a re  numerous sources o f  pr imary 
,organic  m a t e r i a l  and many p o s s i b l e  t r o p h i c  
i n t e r a c t i o n s  w i t h i n  any seagrass meadow. 
Organic ma t t e r  formed w i t h i n  t h e  meadow 
through t h e  p r o d u c t i o n  of eelgrass, t h e  
assoc ia ted  p l a n t  ep iphytes,  and t h e  
ben th i c  m ic ro -  and macroalgae i s  termed 
autochthonous. Organic  ma t t e r  a1 so may be 
produced o u t s i d e  t h e  system: phytoplank- 
ton, emergent and t e r r e s t r i a l  p l an t s ,  and 
atmospher i c  i n p u t  . These sources a re  
termed a1 1 ochthonous and a re  suspended as 
p l ank ton  and d e t r i t u s  i n  t he  o v e r l y i n g  
water column pass ing  through t h e  meadow. 
Thus, consumer organisms w i t h i n  an 
ee lg rass  bed have a v a i l a b l e  a v a r i e t y  o f  
p r imary  o rgan i c  sources (F i gu re  49) o f  
bo th  v a r i a b l e  q u a n t i t y  and q u a l i t y .  
Because o f  l o c a t i o n  w i t h i n  t h e  system 

--- - - ---_ 

ALGAE AND SOURCES 

\ ORGANIC ORGANIC 

F igure  49, P o t e n t i a l  i n p u t s  and pathways o f  o rgan ic  ma t t e r  f l o w  i n  temperate ee lgrass 
systems; n o t  a l l  pathways are inc luded .  ( t l o d i f i e d  from Odum e t  a l .  1982.) 



(i.e., nearness t o  sources o f  t e r r e s t r i a l  
o r  marsh i n p u t ) ,  meadow form, and hydro l -  
ogy o f  t h e  system, n o t  a l l  meadows w i l l  
possess equ i va l en t  1  eve1 s  o r  even equiva- 
1  e n t  sources o f  p r ima ry  o rgan ic  mat ter .  
The major source, however, i s seagrass 
(Chapter 2). 

Autochthonous and a l lochthonous i n p u t s  
o f  o rgan i c  ma t t e r  e n t e r  ee lg rass  fauna l  
food webs e i t h e r  th rough  g raz i ng  on l i v i n g  
p l a n t  t i s s u e s  o r  th rough  consumption o f  
d e t r i  t a l  m a t e r i  a1 . U n t i  1  r e c e n t l y ,  t h e  
i n i t i a l  l i n k a g e  o f  p l a n t  p roduc t i on  t o  
fauna  through e i t h e r  cha in  has been based 
p r i m a r i l y  on d i r e c t  observa t ion  o f  feed ing  
behavior  o r  f r om  f o o d  h a b i t  o r  stomach 
con ten t  analyses. More r e c e n t l y ,  analyses 
o f  c e l l u l o s e  d i g e s t i o n  capabi 1  i t i e s  and 
s tab1 e i s o t o p e  techniques,  separa te ly  and 
i n  combinat ion w i t h  stomach con ten t  
analyses, have proven u s e f u l  t o o l s  t o  
d e l i m i t  food  web r e l a t i o n s  i n  ee lgrass 
meadows (Thayer e t  a l .  1978; McConnaughey 
and McRoy 1979; Weinste in  e t  a l .  1982). 

Both d i r e c t  g raz i ng  on ee lg rass  leaves 
and o the r  forms o f  he rb i vo r y  have been 
cons idered  r e l a t i v e l y  un impor tant  as 
t r o p h i c  pathways i n  temperate seagrass 
meadows. Rather, t h e  d e t r i t a l  pathway 
(F i gu re  50) has emerged as a major  t r o p h i c  
pathway. A l though t h e  1 i s t  o f  animals 
t h a t  have been r e p o r t e d  t o  consume 
ee lg rass  and o t h e r  temperate seagrasses 
i nc l udes  annel i d s ,  mol luscs,  crustaceans, 
echinoderms, f i shes ,  r e p t i l e s ,  b i r ds ,  and 
mammals, t h e  number o f  spec ies t h a t  
d i r e c t l y  consume ee lg rass  are compara- 
t i v e l y  few (Tab le  13). Wi th  t h e  excep t ion  
o f  t h e  l a r g e r  herb ivo res ,  e.g., urch ins,  
b i r ds ,  and p o s s i b l y  t h e  p i n f i s h  (C. 
rhomboides), t h e  abundance and known o r  
presumed energy demands o f  t h e  o the r  spe- 
c i e s  i n d i c a t e  t h a t  t h e y  p robab ly  do no t  
p l a c e  a l a r g e  demand on p l a n t  product ion.  
Brant ,  Canada goose, and b l ack  swan do 
reduce s t and ing  c rops  markedly, f r e q u e n t l y  
caus ing a s h i f t  i n  d i e t  t o  l e s s  p r e f e r r e d  
foods (Thayer e t  a l .  i n  p ress  a). We have 
observed smal l  ee lg rass  beds reduced t o  
aboveground " s t ubb le "  i n  f a1 1, presumably 
due t o  g raz i ng  by a d u l t  p i n f i s h .  Carr  and 
Adams (1973), Adams (1976b1, and Stoner 
(1980) a l s o  r e p o r t e d  t h a t  p i n f i s h  > 80 mn 
standard l e n g t h  consume 1 arge q u z t i  t i e s  
o f  seagrasses. U rch i ns  a l s o  feed on 
ee lg rass  (Table 13) and, g i ven  t h e  proper  

cond i t i ons ,  cou ld  reduce eelgrass s tanding 
crops. Al though not r epo r t ed  f o r  tem- 
pe ra te  seagrass communities, t h e  sea 
u r c h i n  ~ y t e c h i n u s  var iega tus  has denuded 
l a r q e  seagrass areas i n  F l o r i d a  
(camp e t  dl. 1973), and t h e  u r c h i n  
S t rongy locen t ro tus  droebachiens is  has 
overqrazed ke l p  beds i n  Nova Sco t ia  (Mann 

The general  pauc i t y  o f  species t h a t  
are d i r e c t  grazers on seagrass leaves may 
be a f u n c t i o n  o f  severa l  f ac to r s ,  
i n c l u d i n g  t h e  a v a i l  abi 1  i t y  o f  n i t r ogen  
compounds, t h e  presence of r e l a t i v e l y  h i gh  
concen t ra t ions  of s t r u c t u r a l  c e l l  w a l l  
compounds i l , c e l l  uloses, hemicel l u -  
1  oses, and l i g n i n )  , and t he  presence o f  
t o x i c  o r  i n h i b i t o r y  compounds (Thayer e t  
a1 . i n  press a; Har r i son  i n  press). The 
carbon:ni trogen r a t i o  o f  green leaves o f  
ee lg rass  gene ra l l y  i s  l e s s  than about 17:l 
f o r  most o f  t he  year (Har r i son  and Wann 
1975b; Thayer e t  a l .  1977). Th is  va lue 
f r e q u e n t l y  i s  considered adequate f o r  
good animal n u t r i t i o n  (Russel 1-Hunter 
1970), but  assumes t h a t  t he  n i t r o g e n  con- 
c e n t r a t i o n  i s  a  measure o f  a v a i l a b l e  pro-  
t e i n  content .  To ta l  n i t r ogen  values, 
however, may be an overest imate o f  p r o t e i n  
con ten t  o f  t h e  p l a n t  and a s i g n i f i c a n t  
f r a c t i o n  o f  t h e  n i t r ogen  may be una- 
v a i l a b l e  (Har r i son  and Mann 1975b; Odum e t  
a l .  1979). 

C e l l  w a l l  carbohydrates o f  eel  grass 
compose a l a r g e  percentage o f  t h e  d r y  
weight  o f  t h e  leaves (Chapter 2). Few 
organisms t h a t  are known t o  i nges t  
ee l  grass possess t h e  endogenous capac i t y  
t o  produce enzymes necessary t o  d i g e s t  
c e l l  w a l l  cons t i t uen t s  o r  possess a gu t  
f l o r a  capable o f  t h i s  d i g e s t i o n  (Yokoe and 
Yasumasu 1964; Crosby and Reid 1971; 
Lawrence 1975 ) . When present  i n  
ver tebrates,  c e l  l u l  ase a c t i v i t y  gene ra l l y  
i s  cons idered exogenous, i .e., de r i ved  
f rom m i c r o f  l o r a  and/or i n v e r t e b r a t e  fauna 
consumed a1 ong w i t h  t h e  p l  an t  ( S t  i ckney 
and Shumway 1974; L indsay and H a r r i s  
1980). Weinste in  e t  a l .  (1982), however, 
have demonstrated t h a t  p i n f  i sh apparen t l y  
possess endogenous c e l  l u l o l y t i c  a c t i v i t y  
and may be ab le  t o  d i g e s t  t h e  s t r u c t u r a l  
c e l l  w a l l  components present  i n  ee lgrass.  

The presence of pheno l i c  compounds 
a l s o  may i n h i b i t  g raz ing  on eel  grass. 



Phenols are known t o  i n h i b i t  he rb i vo r y  i n  
many p l a n t  groups (Feeny 1976), and Zapata 
and McMi l l  an (1979) have demonstrated t h e  
presence o f  s i x  pheno l i c  compounds i n  
leaves o f  ee l  grass c o l  l e c t e d  from 
Washington and Rhode I s 1  and. H a r r i  son 
(1982a) showed t h a t  water so l ub l e  ex t r ac t s  
o f  green ee lgrass 1 eaves, poss i b l y  
c o n t a i n i  ng phenol i c  compounds, i n h i b i t e d  
g raz i ng  by t h e  amphipod Eogamarus 
confervi colus on dead eel  grass 1 eaves; 

when e x t r a c t s  from leached leaves were 
used there uss no inhjbitisn. i n  a recen t  
rev iew Ha r r i son  ( i n  p ress )  a l s o  has shown 
t h a t  phenol i c s  b i n d  p r o t e i n s  and 
carbohydrates i n  leaves, making them 
unava i l ab l e  t o  organisms which a l so  may be 
a f f e c t e d  by  t o x i c  o r  unpa la tab l e  phenols. 
Robertson and Mann (1982) r epo r t ed  a 
5-week de lay  between t h e  d e f o l i a t i o n  o f  
leaves f rom ee lg rass  p l a n t s  i n  Canada and 
t he  onset of amphipod and isopod graz ing 

OUTSIDE 
PREDATORS 

EMIGRATION 

PHYTOPLANKTON ZOOPLANKTON LARVAL 
FISH 

F igure  50. Major  f l ows  o f  carbon fo r  an ee lg rass  system; M = h e t e r o t r o p h i c  microbes. 
(Hod i f i ed  from Ferguson and Adams 1979.) 



Table 13. O r g a n i  sms t h a t  r e p o r t e d l y  consume t e m p e r a t e  seagrasses.  Modi f ied f r o m  McRoy 
and H e l f f e r i c h  ( 1 9 8 0 ;  T a b l e  1). 

Herb ivo re  ' s  
s c i e n t i f i c  

name 

Percent Locat ion 
Comnon seagrass o f  

name i n  d i e t  popu la t ion  Reference 

Anne1 i d s  

C a p i t e l l a  c a p i t a t a  Polychaete up t o  100 Massachusetts Tenore 1975 
O iooa t ra  cupred  -- Q u i  11 worm Massachusetts Mangum e t  a l .  1968 

Chesapeake Eay 
Enchytraeus l i n e a t u s  O l igochae te  Nor th  Sea G i e r e  1975 
Hesperonoe adventor Scaleworm up t o  100 Alaska McConnaughey, Univ. Alaska ; 

pers.  corn. 
L u m b r i c i l E  i i n e a t u s  O l igochae te  Nor th Sea G ie re  1975 

M o l l  uscs 

Chink s n a i l  up t o  100 
Chink s n a i l  up t o  100 
Chink s n a i l  up t o  100 
Snai i 
Bubble s h e l l  
Sea hare 

Sea hare 
Bubble s h e l l  

- 
P e r i w i n k l e  

Crustaceans 

Ampi thoe v a i l l a n t i  Amphipod 15 
A. longimana - Amph i pod 18 
C a l l i n e c t e s s a p i d u s  B l u e c r a b  

Cancer magi s t e r  Dungeness 7-15 
crab 

Cymadusa compta Amphi pod 5 
Dexamine spinosa Amphipod 1.8 
Gamnarus l o c u s t a  Amph i pod 43 
I d o t e a  b a r  -- I sopod 
Odotea fewkesi  -- Isopod u p t o 1 0 0  
L i g i a  p a l l a s i i  I sopod 
Orchest3 a sp. Amph i pod 
P u g e t t i a  g r a c i l i s  Decorator  crab 
Telmessus chieragonus Helmet crab 37 

A1 aska 
A1 aska 
A1 aska 
A ?  aska 
New Zealand 
C a l i f o r n i a  

New Zealand 
New Zealand 
Aus t ra l  i a 
South A f r i c a  

Black Sea 
Nor th Caro l ina  
U.S. A t l a n t i c  
coast 
C a l i f o r n i a  

North Caro l ina  
Black Sea 
Black Sea 
Black Sea 
Black Sea 
Black Sea 
Alaska 
A1 aska 
A1 aska 

McConnaughey and McRoy 1979 
McConnaughey, pers. corn. 
McConnaughey, pers.  corn. 
McConnaughey and McRoy 1979 
Morton and M i l l e r  1968 
Wink ler  and Dawson 1963 
MacGinit  i e  1935 
Morton and M i l l e r  1968 
Morton and M i l l e r  1968 
Wood 1959 
Day 1967 

Greze 1968 
Nelson 1979b 
Hay 1905 

McConnaughey, pers. comn. 

Nelson 1979b 
Greze 1968 
Greze 1968 
Soldatova e t  a1 . 1969 
Soldatova e t  a l .  1969 
Soldatova e t  a l .  1969 
McConnaughey, pers. corn. 
McConnaughey, pers. comn. 
McConnaughey and McRoy 1979 

Ech i noderms 

Psanrnechinus m i l i a r i s  Sea u r c h i n  Denmark Rasmussen 1973; Lawrence 1975 
S t rongy locen t ro tus  Green u r c h i n  up t o  130 Alaska McConnaughey, pers. comn. 

droebachiens i s Denmark, Maine Lawrence 1975 
Puqet Sound 

S t rongy locen t ro tus  Sea u r c h i n  
f r a n c i  scanus 

S t ronqy locen t ro tus  Sea u r c h i n  10 t o  50 Japan 

Le igh ton  1971 

F u j i  1962; Lawrence 1975 
in te rmed ius  

(continued) 



T a b l e  13. ( c o n t i n u e d ) .  

Herb ivore 's  
s c i e n t i f i c  

name 

Percent Loca ti on 
Common seagrass o f 
na~ne i n  d i e t  popu la t ion  Reference 

Echinoderms (cont.) 

St ronqylocentrotus Sea u r c h i n  30 t o  100 C a l i f o r n i a  McConnaughey, pers. corn.; 
pu rpura tus  Lawrence :975 

Lytechinus anamesus Sea u r c h i n  Gul f  o f  C a l i f o r i n a  R i c k e t t s  and C a l v i n  1962 
Lytechinus var iega tus  Sea u r c h i n  Beaufort ,  N.C. Dr i fmeyer  1981 
Paracentrotus l i v i d u s  Sea u r c h i n  up t o  100 Marse i l l e ,  France Kirkman and Young 1981 

F i  shes 

A u g u i l l a  r o s t r a t a  - American eel Chesapeake Bay Hi ldebrand and Schroeder 1928 
B a i r d i e l l a  chrysoura S i l v e r  perch 5 Nor th Caro l ina  Adams 1976b 
Hemiramphus a u s t r a l  i s  Reakie, Sea g a r f i s h ,  A u s t r a l i a  Wood 1959 

A u s t r a l i a n  g a r f i s h  

Lagodon rhornboides P i n f i s h  Nor th Caro l ina  

Leiostomus xanthurus Spot 1 Nor th C a r o l i n a  
Monocanthus h isp idus  F i  l e f  i s h  12.5 Nor th Caro l ina  
Opsanus t a u  Toadf i sh 3.8 Nor th Carol i n a  
Repor 1 ampus a rde l  i o  - A u s t r a l i a  
~ h a b d o s a r ~ u s m e p s  White stumpnose West A f r i c a  

Adams 1976b; Thayer, 
unpubl.; Weinste in  e t  a l .  
1982 
Adams 1976b 
Adams 1976b 
Adams 1976b 
Wood 1959 
Day 1967 

Rept i l es  

Chelonia mydas Green sea t u r t l e  Gu l f  o f  C a l i f o r n i a  F e l g e r  e t  a l .  1980 

B i rds  

Anus rubr ipes  American black 
duck 

Anas s t repera  Gadwall 
Aythya a f f  i n i s  Lesser scaup 

Aythya americana Redhead 
Aythya c o l  l a r i s  R i  ng-necked 
Anas p latyrhynchos Ma1 l a r d  
Aythya mari I a Greater  scaup 

Aythya va l  i s i n e r i a  Canvasback 

Branta b e r n i c l  a A t l a n t i c  
h ro ta  b r a n t  

Southeastern U.S. 

Southeastern U.S. - - 
- - 

Southeastern U.S. 
Nor theastern U.S. 
Chesapeake Bay 
Western U.S. 
Southeastern U.S. 
Sweden 

Nor theastern U.S. 
Southeastern U.S. 

- 
Western U.S. 
Nor th  C a r o l i n a  t o  
Quebec 
Nor th C a r o l i n a  t o  

M a r t i n  e t  a l .  1951 

M a r t i n  e t  a l .  1951 
Longcore and Cornwell 1964 
McMahon 1970 
M a r t i n  e t  a l .  1951 

Stewart 1962 
M a r t i n  e t  a l .  1951 
M a r t i n  e t  a l .  1951 
N i l s s o n  1969 
M a r t i n  e t  a l .  1951 
M a r t i n  e t  a l .  1951 

Longcore and Cornwell 1964 
M a r t i n  e t  a l .  1951 
M a r t i n  e t  d l .  1951 

Quebec 
Branta b e r n i c l a  Black up t o  100 Alaska McRoy 1966 

n ig r i cans  b r a n t  50 o r  more U.S. P a c i f i c  M a r t i n  e t  a l .  1951 
coast  

2 t o  5 U.S. P a c i f i c  coast  

(con ti nued) 

9 0 



Tab1 e 13, (concl uded) . 

Herbi vore ' s 
s c i e n t i f i c  

name 

Percent Locat ion 
Common seagrass o f  
name i n  d i e t  populat ion Reference 

B i r d s  (cont.) 

B r a n t a  canadens2  
Bucephal a a1 be01 a 
Bucephala c l  angula 

Bucephala i s 1  andica 

Cal i d r i  s canutus 

C a l i d r i s  p u s i  1 l a  

C a l i d r i s  melanotos -- 
C a l i d r i s  f u s c i c o l l i s  

#% %ica?a 
Himantopus mexicanus 
Limnodromus g r i s e u s  

Limnodromus scolo-  
paceus 

Anas ameri cana - 

M e l a n i t t a  fusca 
Melani  t t a  p e r s p i c -  
il l a t a  

Melani t t a  nigra 

g q n u s  c o l  umbi anus 

Canada goose < 1 t o  100 
Bu f f iehead  2 t o  5 
Common go1 deneye 

Barrow go1 deneye 

Red knot  2 t o  5 

Semi palmated 
sandpiper 
Pec to ra l  
sandpi per  
Whi te-rumped 2 t o  5 
sandpi per 
Mute swan 
American c o o t  10 t o  25 
Black-necked s t i l t  
S h o r t b i  1 l e d  
dowi t cher  
L o n g - b i l l e d  
dowi tcher  
American wigeon 10-25 

5-10 
White-winged 2-5 
s c o t e r  
S u r f  sco te r  

2-5 

B lack  sco te r  
2-5 

Tundra (wh is t1  i n g )  
swan 
Ruddy duck 5-10 
P u r p l e  ga l  1 i n u l e  
K i n g  r a i l  
Nor thern  2-5 
shovel 1 e r  

M a r t i n  e t  a l .  1951 
Western U.5. M a r t i n  e t  d l .  7951 
Sweden Ni l sson  1969 
U.S. M a r t i n  e t  a l .  1951 

M a r t i n  e t  a l .  1951 

U. S. M a r t i n  e t  a l .  1951 
(m ig ra t ion )  
U.S. North 
At1 a n t i c  Coast 
U.S. A t l a n t i c  M a r t i n  e t  a l .  1951 
Coast 
U.S. M a r t i n  e t  a l .  1951 

Eastern U.S. M a r t i n  e t  a l .  1951 

Rhode I s l a n d  pers. observ - M a r t i n  e t  a l .  1951 
- M a r t i n  e t  a l .  1951 - M a r t i n  e t  a l .  1951 

- M a r t i n  e t  a l .  1951 

U.S. A t l a n t i c  and 
P a c i f i c  coasts  
U.S. P a c i f i c  coast  
U.S. A t l a n t i c  and 
P a c i f i c  coasts  - 
U.S. A t l a n t i c  and 
P a c i f i c  coasts  - 
U.S. A t l a n t i c  and 
P a c i f i c  Coast 
Rhode I s l a n d  

Western U.S. 
Southeastern U.S. 
Southeastern U.S. 
Southeastern U.S. 

M a r t i n  e t  a l .  1951 

M a r t i n  e t  a l .  1951 

M a r t i n  e t  a l .  1951 

M a r t i n  e t  a l .  1951 

Cobb and Har l in ,  pers. corn. 

M a r t i n  e t  a l .  1951 
M a r t i n  e t  a l .  1951 
M a r t i n  e t  a l .  1951 
M a r t i n  e t  a l .  1951 

Mammal s 

Homo sapiens Man ( S e r i  Ind ians)  Mexico F e l g e r  and Moser 1973 
(Kwak iu t l  Ind ians)  B r i t i s h  Columbia Turner  and B e l l  1963 



on t h e  leaves. If pheno l i c  compounds were 
present, i t  i s  poss i b l e  t h a t  t h i s  p e r i o d  
i s  r equ i r ed  f o r  t h e  compounds t o  be 
reduced t o  a  l e ve l  t h a t  Ido tea  hosphorea, -+ I. bal t i ca ,  and Gamarus oceanicus wou d 
Feed on t he  leaves. Two o f  t h e  pheno l i c  
compounds found i n  ee lgrass leaves, 
f e r u l i c  ac i d  and p-coumaric acid, i n h i b i t  
u t i l i z a t i o n  o f  Spar t ina  a l t e r n i f  l o r a  
d e t r i t u s  by s n a i l s  and amphipods when 
present a t  concentrat ions t h a t  a re  common 
i n  l i v i n g  eelgrass ( V a l i e l a  e t  a l .  1979). 
Thus, i t  appears t h a t  phenol ic  compounds 
could p lay a r o l e  i n  de te r i ng  d i r e c t  
graz ing on eelgrass leaves. 

There a re  numerous examples, bo th  
experimental and observat ional ,  suggest ing 
t h a t  a lga l  epiphytes on ee lgrass a re  
important i n  t h e  t r a n s f e r  o f  carbon w i t h i n  
a  meadow. Th is  o rgan ic  carbon may be 
newly synthesized by  t h e  m ic ro -  and 
macroalgal epiphytes o r  be eelgrass-carbon 
t rans fe r red  through t h e  l oss  o f  DOC f r om  
t h e  host p l a n t  and then taken  up by 
members o f  t h e  ep i phy t i c  community ( H a r l i n  
1973; Penhale and Smith 1977; Thayer e t  
a l .  1978). Caine (1980) has shown t h a t  
t h e  caprel  l i d  amphipod Cap re l l  a  
laev iuscula scrapes ep iphytes f rom 
eelgrass leaves, and i s  most abundant on 
t h e  upper quar te r  o f  t h e  b lade  where 
epiphytes are most dense. Caine noted 
t h a t  the  in f luence  o f  c r a p e l l i d  g raz i ng  
was enormous; i n  microcosm experiments,  
eelgrass blades w i thou t  C. l a e v i  uscu la  had 
a greater than 400% increase i n  ep iphy te  
biomass compared t o  b lades w i t h  
capre l l i ds .  Van Montfrans e t  a l .  (1982) 
showed t ha t  t h e  gastropod Bi tt ium v a r i  um 
(F igure 42) a lso has a major i m p a m  
both epiphyte dens i t y  and spec ies 
composition. I n  some instances, t hese  
inves t iga to rs  repor ted  almost t o t a l  
removal o f  t h e  ep iphyte mat and exposure 
o f  the eelgrass ep i the l ium,  w h i l e  i n  o t h e r  
cases t he  l oose l y  adhering diatom species, 
such as Amphora sp. and N i t z sch i a  sp., 
were removed, bu t  t h e  f i r m l y  a t tached  
species, such as Cocconei s  scu te l  1  urn, were 
not. Ewald ( l 9 w -  Howard (19821, 
respect ive ly ,  have repor ted  t h a t  t h e  
car idean shrimp Tozeuma caro l  i nense and 
the gamnaridean am-~ethygenei a  n a l  go 
feed on ep fphy t i c  algae; Howard noted t h a t  
T. nalgo cropped t h e  ep i phy t i c  m a t e r i a l  - 
c lose  t o  t he  epidermis o f  t h e  hos t  p l a n t .  

There a r e  few q u a n t i t a t i v e  data on t h e  
g raz i ng  a c t i v i t y .  Robertson and Mann 
(1982) r e p o r t e d  t h a t ,  i n  microcosms w i t h  
ee lg rass  leaves, I d o t e a  hosphorea and I .  
ba l  t i c a  spent  a ~ 4 h h e  t i l i e  
browsing a long  t h e  l e a f  surface. 
Zimmerman e t  a1 . (1979) showed t h a t  no t  
o n l y  were e p i p h y t i c  a lqae consumed bv  
t h r e e  spec ies of amphi pods (~ymadusa 
compta, Gammarus mucronatus , and Me1 i t a  
n i t i d a )  b u t  t h a t  t h e i r  a s s i m i l a t i o n  
e f f i c i e n c i e s  f o r  t h e  a lqae were hiqh: 
48%, 43%, acd 75%, r e s p z c t i v e l y .  A ?  t h o i g h  
t h i s  s tudy  was c a r r i e d  ou t  i n  F l o r i da ,  
these  amphipods a r e  common components o f  
ee l  grass meadows and presumably a1 so 
consume ep iphy tes  i n  areas f u r t h e r  nor th .  

These he rb i vo res  not  on ly  ga in  
n u t r i t i o n  f rom t h e  e p i p h y t i c  community, 
p o t e n t i a l  l y  i n f l u e n c i n g  t h e  species 
composi t ion,  b u t  t hey  a l so  may enhance t he  
p r o d u c t i v i t y  o f  t h e  ee l  grass i t s e l f .  
Sand-Jensen (1977) noted t h a t  epiphytes 
can reduce ee lg rass  photosynthes is  by up 
t o  31% under optimum l i g h t  cond i t i ons .  
Both l i g h t  a t t e n u a t i o n  and reduced 
b i ca rbona te  d i f f u s i o n  were considered as 
p o s s i b l e  mechanisms by which the  ep i phy t i c  
communi t y  i n t e r f e r e d  w i  t h  eel  grass 
photosynthes is .  Removal o f  t h e  ep i phy t i c  
mat by  g raz i ng  should reduce shading and, 
hence, decrease l i g h t  a t t en tua t i on ;  i f  
l i g h t  i s  a l i m i t i n g  f a c t o r ,  t h i s  may 
enhance p r o d u c t i v i t y .  Both Caine (1980) 
and Van Mont f rans  e t  a l .  (1982) a lso  
suggested t h a t  t h i s  graz ing-assoc ia ted 
decrease i n  l i g h t  a t t e n u a t i o n  has allowed, 
ar c o u l d  a l low,  ee l g rass  t o  grow i n  areas 
where i t  o the rw i se  would be unable t o  grow 
because o f  ep iphy te - re1  ated 1 i g h t  
r educ t i on .  

Another source o f  organic  mat te r  
a v a i l a b l e  i n  ee l g rass  meadows i s  
phy top l ank ton  suspended i n  t h e  o v e r l y i n g  
water  column (F i gu res  49, 50). Several 
es t imates  have been made o f  t h e  
c o n t r i b u t i o n  o f  phy top lank ton  and eelgrass 
as w e l l  as o t h e r  producer components t o  
t h e  t o t a l  p r o d u c t i v i t y  o f  a  system (e.g., 
Thayer e t  a l .  1975a,b; Penhale and Smith 
1977; Murray and Wetzel 1982; L i v e l y  e t  
a l .  1983). Few r e p o r t s ,  however, have 
cons idered  phy top l ank ton  as a major 
o rgan i c  source f o r  he rb i vo res  i n  grass 
beds; e.g., Ziernan (1982) i n  h i s  community 
p r o f  i 1 e of t r o p i c a l  seagrass systems, does 



not consider phytoplankton. Stable 
isotope s t u d i e s  (n eelgrass meadows, 
however, have shown t h a t  phytoplankton 
carbon i s  consumed and assimi lated by 
numerous species o f  inver tebra tes  and 
d i r e c t l y  o r  i n d i r e c t l y  by f i shes  (Thayer 
e t  a l .  1978; McConnaughey and McRoy 1979; 
Van Montfrans 1982). According t o  Boynton 
and Heck (19821, s t a b l e  carbon isotope 
r a t i o s  from grass beds i n  t h e  lower 
Chesapeake Bay suggest t h a t  seagrass 
d e t r i t u s  may be exported from beds p r i o r  
t o  extensive u t i l i z a t i o n  by fauna, and, 
therefore,  phytoplankton may be a major 
carbon resource f o r  herbivores i n  these 
me adow s . 

Except i n  l oca l  areas, l i t t l e  of the  
l i ving seagrass p l  ant i s  consumed d i r e c t l y  
by grazers. The ma jo r i t y  o f  t he  organic 
matter produced by eel grass decomposes 
e i t he r  i n  s i t u  o r  i s  t ransported out  o f  
the  system t o  decompose and enters the  
food chain through the  d e t r i t a l  pathway 
e l  sewhere (Figures 45,50). Studies on 
benthic co rnun i t i es  have shown t h a t  
decomposer food chains are s i g n i f i c a n t  
components o f  shal low estuar ine systems 
(Fenchel 1977; Tenore and Coull 19801, and 
ava i lab le  1 i t e r a t u r e  suggests t h i s  t o  be 
the case i n  eelgrass meadows (Thayer e t  
a l .  1975a; Kikuchi  1980; McRoy and L loyd 
1981 1. 

Although t h e  o v e r a l l  importance of 
phytoplankton t o  t he  success o f  most fauna 
i n h a b i t i n g  eelgrass beds i s  poor ly  
understood o r  t o t a l  l y  unknown, one 
important economic species common t o  these 
hab i ta t s  i s  dependent t o  a l a rge  degree on 
phytoplankton as a source of organic 
matter.  The bay scal lop,  Ar opecten 
i r rad ians ,  i s  an herb ivore  h 
dependent on phytoplankton as a major 
carbon source (Kirby-Smith 1972; 
Kirby-Smi t h  and Barber 1974; Peirson 
1983). This organism i s  found almost 
exc lus i ve l y  i n  seagrass meadows. The 
b a f f l i n g  e f f e c t  o f  t h e  eelgrass blades 
may concentrate phytoplankton and thereby 
reduce the  energy expenditure o f  the 
sca l lop  i n  t he  food gather ing ( f i l t e r  
feeding) process. Other suspension/ 
surface feeding inver tebra tes  a lso may 
b e n e f i t  s i m i l a r l y .  Thayer e t  a1 . (1978), 
us ing s tab le  carbon isotope analyses, 
estimated t h a t  Tell l n a  vers ico l  or,  Macam 
ten ta  M. b a ? t h i c a , r c a  o n d e r o s x  -' 
transvarTa, Tc-. - T a n k y  a1 I 
co l l ec ted  frm an eelgrass meadow, could 
d e ~ i v e  between 60%-70% o f  t h e i r  t i s s u e  
carbon from a phytoplankton carbon t roph i c  
pathway. 

The t r o p h i c  pathway from benthic 
micro-  and macroal gae has received 1 i t t l e  
a t ten t i on .  Adams (1976b) and Thayer e t  
a1 . (1980b) noted t h a t  a1 gae f requent ly  
con t r i bu ted  measurable q u a n t i t i e s  t o  the  
stomach contents o f  p i n f i s h  co l l ec ted  i n  
eelgrass meadows. There a lso  can be 
l i t t l e  doubt t h a t  benth ic  feeding f i s h ,  
such as spot and mul le t ,  der ive  some 
n u t r i t i o n  f rom benth ic  microalgae, 
a1 though the  ex tent  i s unknown. 

The p l a n t  source and i t s  chemical 
composition determine the  u l t ima te  
avai l  a b i l i t y  and u t i l i z a t i o n  o f  de t r i t us .  
Godshalk and Wetzel (1978a) showed t h a t  
the r a t e  o f  decomposition o f  aquatic 
p lan ts  d i f f e r s  considerably, Tenore and 
Rice (1980) noted t h a t  t he  d i f f e r e n t  r a t e s  
are a func t i on  o f  biochemical camposi t i o n  
o f  t h e  p lan t  (and the  age o f  d e t r i t u s 4  
and therefore,  p a r t s  o f  t he  d e t r i t u s  pool 
become avai 1 able a t  d i f f e r e n t  times. Boon 
and Haverkamp (1982) suggested t h a t  t he  
decomposition o f  Zostera may be a func t i on  
i n  p a r t  o f  t he  phenol ic compounds present 
i n  t h e  p lan t .  Newel1 (1981) suggested 
tha t  t he  e f f i c i e n c y  o f  conversion of 
d e t r i t u s  through microheterotrophs i n t o  a 
form t h a t  can be used by  la rger  organisms 
may be the key t o  understanding the  h igh 
secondary p r o d u c t i v i t y  o f  coastal waters. 
De t r i t us  consumers i n  seagrass meadows, 
and any es tuar ine  area f o r  t h a t  matter, 
have a v a r i e t y  o f  d i f f e r e n t  physical forms 
o f  d e t r i t u s  avai lable:  solutes i n  
seawater, p a r t i c l e s  i d e n t i f i a b l e  as dead 
p lan ts  and p l a n t  debris, dead animals and 
animal debr is  o f  wide-ranging sizes, and 
feca l  pel l e t s  (Cousins 1980). Amorphous 
d e t r i t a l  p a r t i c l e s  whose o r i g i n  i s  not  
evident from v i  sual observation f requen t l y  
are repor ted  i n  stomach content analyses 
and i n  environmental samples (e.g., 
LaTouche and West 1980). Sources o f  t h i s  
de t r i tus ,  which i s  abundant i n  estuaries, 
inc lude "reconstructed d e t r i t u s U  (Paerl  
1974; Kranck and M i l l i g a n  1980) der ived 
from dissolved orgarl ic matter and 
decomposing fecal p e l l e t s  (Pomeroy and 
Deibel 1980). Figure  51 i s  a s i m p l i f i e d  
conceptual diagram o f  poss ib le  major 
pathways dur ing  t h e  format ion o f  d e t r i t u s  



AND 
DECAY 

ORGANIC 
MATTER - 

AMORPHOUS 

a re  consumed by f i shes ,  b i r d s ,  and man 
(Thayer e t  a l .  1975a,b; K i kuch i  1980). 

4.11 DETRITAL PROCESSES AND TRANSFER 
LINKS 

M.L. Robertson ( i n  Zieman 1982, pp. 
69-74) summarized t he  r e c e n t  1 i t e r a t u r e  
p e r t i n e n t  t o  d e t r i t a l  processes and t rans-  
f e r  l i n k a g e s  w i t h i n  seagrass meadows i n  a 
sec t i on  e n t i t l e d  " D e t r i  ta1  Processing" 
(Sec t ion  6.3) ,  The processes descr ibed 

F i g u r e  5 1 .  Concep tua l  d i ag ram o f  t h e  a re  gener i c  and a p p l i c a b l e  t o  both ee l -  
grass and t u r t l e  g rass  meadows. The 

events and pathways during the d i  Scuss ion i s  accura te  and s u f f i c i e n t l y  
fo rmat ion  and u t i l i z a t i o n  o f  d e t r i t u s .  de ta i l ed ,  cove r i ng  many o f  t h e  aspects we 

have presented b r i e f l y -  and il l u s t r a t e d  i n  
F igure  51. Thus, we b e l i e v e  i t  would be 
l a r g e l y  redundant t o  r e t r a c e  Robertson's 
d iscuss ion.  Some o f  t h e  l i t e r a t u r e  n o t  

and i t s  subsequent use by heterOtrO~hic covered by Robertson has been covered i n  
organi  sms. Oats are our d iscuss ions  i n  Chapter 3 and Sect ion 
conf: i c t i n g  r ega rd i ng  r a t e s  o f  d e t r i t u s  4.10. 
format ion,  f a c t o r s  c o n t r o l  l i n g  t h e  r a t es ,  
t h e  leach ing  o f  organic  mat ter ,  and t h e  
r o l e  o f  microorganisms i n  these processes 
(e.g., Newel1 1979, 1981; Peterson and 
Peterson 1979; Reed 1980; Tenore and Cou l l  
1980). U t i l  i r a t i o n  o f  d e t r i t u s  by  
i n v e r t e b r a t e  and ve r t eb ra te  organisms i s  
even l ess  w e l l  understood. 

I n  a d iscuss ion  o f  decomposit ion o f  
seagrasses, Fenchel ( 1977) subdiv ided t h e  
animal s associ  a ted w i  t h  decomposer f ood  
chains i n t o  two major ca tegor ies :  
m i c ro f  auna which s e l e c t  t h e i r  f ood  
p a r t i c l e s  and meiofaunal and macrofaunal 
organisms which browse on p a r t i c l e s  o r  
inges t  subst ra te .  Fenchel (1977) s t a t e d  
t h a t  these l a r g e r  organisms u t i  1 i z e  
b a c t e r i a  and m i c ro f  auna present  on t h e  
d e t r i t u s .  Al though t h i s  may be t h e  case, 
numerous spec ies a re  capable o f  u t i l i z i n g  
dead p l a n t  m a t e r i a l  d i r e c t l y  (e.g., Yokoe 
and Yasumasu 1964; Adams and Angelov ic  
1970; Crosby anc! Reid 1971; Foulds and 
Mann 1978), and Cammen (1980) demonstrated 
t h a t  t he re  a r e  i n s u f f i c i e n t  b a c t e r i a  on 
d e t r i t a l  p a r t i c l e s  t o  meet t h e  energy 
demands o f  some organisms. Involvement of 
these organisms i n  d e t r i  t a l  process ing 
i s  discussed i n  Sect ion 4.11. These 
organisms are no t  o n l y  impor tan t  i n  t h e  
process ing phase, b u t  they  a lso  serve as 
l i n k s  t o  h igher  t r o p h i c  l e v e l s  and as 
major food resources f o r  po l  ychaetes, 
amphipods, and decapods, which, i n  tu rn ,  

Wi th  permiss ion  o f  Robertson and 
Zieman, " D e t r i  t a l  Process ing"  i s repro- 
duced below. We have added ma te r i a l  o r  
re fe rences  ( i n d i c a t e d  by b racke ts )  t o  
upda te  t h e  o r i g i n a l .  We have m o d i f i e d  
Rober tson 's  F i gu re  23 t o  i n c l u d e  ee lgrass 
( F i g u r e  5 2 ) .  We have a l s o  added a new 
Sect ion,  "Be1 owground Organic  De t r i t u s , "  
t o  the end. 

"For  t h e  m a j o r i t y  o f  animals t h a t  
de r i ve  a l l  o r  p a r t  o f  t h e i r  n u t r i t i o n  from 
seagrasses, t h e  g r e a t e s t  p r o p o r t i o n  o f  
f r e s h  p l a n t  m a t e r i a l  i s  no t  r e a d i l y  used 
as a food source. Fo r  these  animals 
seagrass o rgan ic  ma t t e r  becomes a food 
source o f  n u t r i t i o n a l  va lue  on l y  a f t e r  
undergoing decomposi t ion t o  p a r t i c u l a t e  
o rgan ic  d e t r i t u s ,  which i s  de f ined  as dead 
o rgan ic  ma t t e r  a long  w i t h  i t s  associated 
mi croorgan i sms (Heal d 1969). 

"The nonavai 1 ab i  1 i t y  o f  f r e s h  seagrass 
ma te r i a l  t o  d e t r i  tus-consuming animals 
( d e t r i t i v o r e s )  i s  due t o  a complex 
combinat ion o f  f a c t o r s .  For t u r t l e  grass 
leaves, d i r e c t  assays o f  f i b e r  content  
have y i e l d e d  va lues up t o  59% o f  t h e  d r y  
weight  (V i cen te  e t  a l .  1980; i n  
Robertson's r e p o r t  t h i s  was c i t e d  as 
1978). Many animals l a c k  t h e  enzymatic 
capac i t y  t o  ass imi  1 a t e  t h i s  f i b r o u s  
mate r i  a1 . The f i b r o u s  components a lso  
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Flgure 52. Cornparati ve decay r a t e s  showing the rap id  decomposition o f  eelgrass compared 
d t h  other marine and es tuar ine  plants; d = dry, w = wet, s = submerged, a = a1 te rnat ing  
wet and dry. (Modif ied from Zieman 1982, data on Zostera from Thayer e t  a l .  1980a). 

make fresh seagrass r e s i s t a n t  t o  d iges t ion  
except by  animals (such as pa r ro t f i shes  
and green t u r t l e s )  w i t h  spec i f i c  
morphological o r  phys io log ica l  adaptations 
enabl ing physical  maceration o f  p i  ant 
mater ia l .  Fresh seagrasses a l so  contain 
phenolic compounds t h a t  may deter 
her b i  vory by some an i ma1 s . 

"During decomposition o f  seagrasses, 
numerous changes occur t h a t  r e s u l t  i n  a 
food source o f  greater  value t o  many 
consumers. Bacteria, fungi ,  and other 
microorganisms have t h e  enzymatic capacity 
t o  degrade t h e  r e f r a c t i  l e  seagrass organic 
matter t h a t  many animals lack. These 
microorganisms co lon ize  and degrade the 
seagrass de t r i t us ,  conver t ing  a p o r t i o n  o f  

i t t o  microbia l  protoplasm and 
minera l iz ing  a l a rge  f rac t i on .  Whereas 
ni t rogen i s  t y p i c a l l y  2% t o  4% dry  weight 
o f  seagrasses, m ic ro f l o ra  contain 5% t o  
10% nitrogen. Microf  l o r a  incorporate 
inorganic n i t rogen from the surrounding 
medium - e i t h e r  t h e  sediments or  the  water 
column - i n t o  t h e i r  c e l l s  during the 
decomposition process, enr iching the 
d e t r i t u s  w i t h  prote ins and other soluble 
n i t rogen compounds. I n  addition, other 
carbon compounds o f  t h e  micro f lo ra  are 
much less r e s i s t a n t  t o  d igest ion than the 
f i b rous  components o f  t h e  seagrass matter. 
Thus, as decomposition occurs there w i l l  
be a gradual minera l iza t ion  o f  the  
h igh ly - res is tant  f r a c t i o n  o f  the seagrass 
organic matter and corresponding synthesis 



o f  m i c r o b i a l  biomass t h a t  con ta ins  a much 
h i ghe r  p r o p o r t i o n  of s o l u b l e  compounds. 

" ~ i c r o o r ~ a n i  sms, because o f  t h e i r  
d i v e r s e  enzymatic c a p a b i l i t i e s ,  are a 
necessary t r o p h i c  in te rmed ia ry  between t h e  
seagrasses and d e t r i t i v o r o u s  animal s. 
Evidence (Tenore 1977; Ward and Cummins 
1979) suggests t h a t  these animals de r i ve  
t h e  l a r g e s t  p o r t i o n  o f  t h e i r  n u t r i t i o n a l  
requi rements f rom t h e  mic rob i  a1 component 
o f  detritus. D e t r i t i v o r e s  t y p i c a l l y  
a s s i m i l a t e  t h e  m i c r o f l o r a  compounds w i t h  
e f f i c i e n c i e s  o f  50% t o  almost 100%, 
whereas p l a n t  compound assimi 1  a t i o n  i s  
l e s s  than  5% e f f i c i e n t  (Y i ngs t  1976; Lopez 
e t  a l .  1977; Camnen 1980). [F ind lay ,  and 
Tenore (1982) have shown t h a t  microbes a re  
an impo r t an t  n i t r o g e n  source f o r  t h e  
po lychaete C a p i t e l l a  when feed ing  on marsh 
grass d e t r i t u s ,  b u t  when feed ing  on 
d e t r i t u s  o f  seaweed o r i g i n  n i t r o g e n  
de r i ved  f r om  t h e  p l a n t  i s  most important.! 

" ~ u r i n g  seagrass decomposit ion, t h e  
s i z e  o f  t h e  p a r t i c u l a t e  mat te r  i s  
decreased, making i t a v a i l a b l e  as food f o r  
a  wider  v a r i e t y  o f  animals. The reduced 
p a r t i c l e  s i z e  increases t h e  sur face  area 
a v a i l a b l e  f o r  m i c r o b i a l  co l on i za t i on ,  thus  
i nc reas i ng  t h e  decomposit ion ra te .  The 
abundant and t r oph i ca f  l y  impor tan t  
depos i t - f eed i  ng fauna o f  seagrass beds and 
adjacent  ben th i c  communities, such as 
po lychaete worms, amphipods and i sopods, 
ophiuro ids,  c e r t a i n  gastropods, and 
mu l l e t ,  d e r i v e  much o f  t h e i r  n u t r i t i o n  
f rom f i n e  d e t r i t a l  p a r t i c l e s .  

"1t i s  impor tant  t o  no te  t h a t  much o f  
t h e  c o n t r i b u t i o n  o f  seagrasses t o  h igher  
t r o p h i c  l e v e l s  through d e t r i  t a l  food  webs 
occurs away from t h e  beds. The most 
decomposed, f i n e  d e t r i t a l  p a r t i c l e s  ( l e s s  
than  0.5 mm) a re  e a s i l y  resuspended and 
a re  w ide l y  d i s t r i b u t e d  by cu r ren t s  (F isher  
e t  a l .  1979). They c o n t r i b u t e  t o  t h e  
o rgan ic  d e t r i t u s  pool i n  t h e  surrounding 
waters and sediments where they  con t inue  
t o  support  an a c t i v e  m i c rob i  a1 popu la t i on  
and a re  browsed b y  depos i t  feeders. 

Phys ica l  Breakdown 

 h he phys i ca l  breakdown and p a r t i c l e  
s i z e  r e d u c t i o n  o f  seagrasses are impor tan t  
f o r  severa l  reasons. F i r s t ,  p a r t i c l e  s i z e  

i s  an impo r t an t  v a r i a b l e  i n  food s e l e c t i o n  
f o r  a  wide range of organssms. F i l t e r  
feeders and depos i t  feeders (po lychaetes,  
zooplankton, gastropods are o n l y  a b l e  t o  
i nges t  f i n e  p a r t i c l e s  ( l e s s  than 0.5 mm 
d i  ameter). Second, as t h e  seagrass 
m a t e r i a l  i s  broken up, i t  has a h igher  
su r face  area t o  volume r a t i o  which a l lows 
more m i c rob i  a1 c o l o n i z a t i o n .  Th is  
increases t h e  r a t e  of b i o l o g i c a l  breakdown 
o f  t h e  seagrass carbon. Phys ica l  
decomposit ion r a t e  i s  an approximate 
i n d i c a t i o n  o f  t he  r a t e  a t  which t h e  p l a n t  
ma te r i  a1 becomes ava i  1  a b l e  t o  t he  var ious 
groups o f  d e t r i t i v o r e s  and how r a p i d l y  i t  
w i  11 be sub jec ted  t o  m i c rob i a l  
degradat ion. 

" ~ v i d e n c e  i n d i c a t e s  t h a t  t u r t l e  grass 
d e t r i t u s  i s  p h y s i c a l l y  decomposed a t  a  
r a t e  f a s t e r  t han  t h e  marsh grass, Spar t ina 
a1 t e r n i f  l o r a ,  and mangrove leaves. Zieman 
(1975) found a 50% l o s s  of o r i g i n a l  dry  
weight  f o r  t u r t l e  grass leaves a f t e r  4 
weeks us i ng  sample bags of 1-mm mesh s ize  
[F i gu re  521. 

"seagrass 1 eaves a re  o f  t e n  t ranspor ted  
away f rom t h e  beds. Large  q u a n t i t i e s  are 
found among t h e  mangroves, i n  wrack l i n e s  
along beaches, f l o a t i n g  i n  l a r g e  mats, and 
c o l l e c t e d  i n  depress ions on unvegetated 
areas o f  t h e  bottom. S tud ies  have shown 
t h a t  t h e  d i f f e r e n c e s  i n  t h e  phys ica l  and 
b i o l o g i c a l  c o n d i t i o n s  of these 
environments r e s u l t e d  i n  d i f f e r e n t  r a t es  
o f  phys ica l  decomposi t ion (Zieman 1975). 
T u r t l e  grass leaves exposed t o  a l t e r n a t e  
w e t t i n g  and d r y i n g  o r  wave a c t i o n  break 
down r a p i d l y ,  a l though  t h i s  may i n h i b i t  
m ic rob i  a1 growth (Josse l  y n  and Mathieson 
1980). C Josselyn and Math i  eson (1980) and 
Thayer e t  a l .  ( 1983a) both have 
demonstrated a more r a p i d  decay o f  
ee l  grass under cons tan t  submet-ged 
cond i t i ons  than under a1 t e r n a t i n g  wet-dry 
cond i t i ons ;  t h i s  i s  shown i n  F i gu re  521. 

" ~ i o l o ~ i c a l  f a c t o r s  a1 so a f f e c t  
t he  r a t e  o f  p h y s i c a l  decomposit ion. 
Animals g raz i ng  on t h e  m i c r o f l o r a  of 
d e t r i t u s  d i  s r up t  and shred t he  p l an t  
subs t ra te ,  a c c e l e r a t i n g  i t s  phys ica l  
breakdown. Fenchel (1970) found t h a t  the  
f eed ins  a c t i v i t i e s  o f  t h e  amphipod 
parahyel 1 a  whelpy i  d ramat i ca l  l y  decreased 
t h e  p a r t i c l e  s i z e  o f  t u r t l e  grass 
d e t r i t u s .  



Microb ia l  Co lon iza t ion  and A c t i v i t i e s  

" ~ e e d i  ng s tud ies  performed w i th  various 
omnivores and d e t r i  t i v o r e s  have shown t h a t  
the  n u t r i t i o n a l  value o f  macrophyte 
d e t r i t u s  i s  l i m i t e d  by the  quan t i t y  and 
qua1 i t y  o f  microbi  a1 biomass associated 
w i t h  it. (See Cammen 1980 f o r  other  
s tud ies  o f  d e t r i  t a l  consumption. ) The 
microorgani sms' r o l e s  i n  enhancing the  
food value o f  seagrass d e t r i t u s  can be 
d i v ided  i n t o  two funct ions.  F i r s t ,  they 
enzymatical l y  convert  the f i b rous  
components o f  t he  p l a n t  mater ia l  t h a t  i s  
no t  ass imi lab le  by many d e t r i t i v o r e s  i n t o  
m ic rob ia l  biomass which can be 
assimi 1 ated. Second, the microorganisms 
incorpora te  const i tuents  such as n i t rogen,  
phosphorus, and d isso lved organic carbon 
compounds from the surrounding medium i n t o  
t h e i r  c e l l s  and thus enr ich  the d e t r i t a l  
complex. The microorganisms also secrete 
large q u a n t i t i e s  o f  e x t r a c e l l u l a r  
ma te r i a l s  t h a t  change the  chemical nature 
o f  d e t r i t u s  and may be n u t r i t i o n a l l y  
a v a i l a b l e  t o  d e t r i t i v o r e s .  A f te r  i n i t i a l  
leaching and decay, these processes make 
mi croorgani  sms the  primary agents i n  t he  
chemical changes o f  d e t r i t u s .  

" The mi c rob i  a1 component o f  macrophyte 
d e t r i t u s  i s  h i g h l y  complex and contains 
organisms from many phyla. These various 
components i n t e r a c t  afld i n f luence each 
o the r  t o  such a h igh degree tha t  they are 
bes t  thought o f  as a "decomposer 
community" (Lee 1980). The s t ruc ture  and 
a c t i v i t i e s  o f  t h i s  community are 
i n f  1 uenced by t h e  feeding a c t i v i t i e s  of 
d e t r i  t i vo rous  animals and environmental 
cond i t ions .  

Mic ro f  l o r a  i n  D e t r i t i v o r e  N u t r i t i o n  

" ~ i c r o b i  a1 carbon cons t i t u tes  only 10% 
of  the  t o t a l  organic carbon of a t y p i c a l  
d e t r i  t a l  p a r t i c l e ,  and microb ia l  n i t rogen 
c o n s t i t u t e s  no more than 10% of the  t o t a l  
n i t r ogen  (Rublee e t  a l .  1978; Lee e t  a l .  
1980). Thus, most o f  the organic 
components o f  t he  d e t r i t u s  are o f  p l a n t  
o r i g i n  and are l i m i t e d  i n  t h e i r  
a v a i l a b i l i t y  t o  d e t r i t i v o r e s .  

"carbon uptake from a macroalga, 
Grac i l a r i a ,  and t h e  seagrass, Zostera. 

marina, by t h e  deposi t - f eed i  ng polychaete, 
was measured by Tenore 

carbon i n  t h e  worms was 
d i r e c t l y  p ropor t iona l  t o  the  microbi  a1 
a c t i v i t y  o f  the  d e t r i t u s  (measured as 
ox ida t i on  ra te ) .  The maximum ox ida t ion  
r a t e  occurred a f t e r  14 days fo r  G r a c i l a r i a  
d e t r i t u s  and a f t e r  180 days f o r  Zostera 
de t r i t us .  This ind ica tes  t h a t  t h e  
c h a r a c t e r i s t i c s  o f  the  o r i g i n a l  p l a n t  
matter a f f e c t  i t s  a v a i l a b i l i t y  t o  t he  
microbes, which, i n  turn,  l i m i t s  t he  
assimi 1 a t i an  of t he  d e t r i t u s  by consumers, 

"Most o f  t h e  publ ished evidence shows 
t h a t  d e t r i  t i v o r e s  do not ass imi la te  
s i g n i f i c a n t  po r t i ons  of the  non-microbial 
component o f  macrophytic de t r i t us .  For 
example, Newel1 (1965) found t h a t  
deposi t - feed ing  mol luscs removed t h e  
n i t rogen f rom sediment p a r t i c l e s  by 
removal o f  t h e  microorganisms but  d id  not 
measurably reduce the  t o t a l  organic carbon 
content o f  the sediments which was 
presumably dominated by detr  i t a l  p l  ant 
carbon. When the  nitrogen-poor, 
carbon-r ich feces were incubated i n  
seawater, t h e i r  n i t rogen content increased 
because o f  t he  growth o f  attached 
microorganisms. A new cyc le  o f  ingest ion 
by the  animals again reduced t h e  n i t rogen 
content as t h e  f resh  crop o f  
microorganisms was digested. I n  a study 
o f  d e t r i t a l  l e a f  materia+;- Morrison and 
White (1980) found tha t  t he  de t r i t i vo rous  
amphi pod, Mucrogammarus sp., ingested the  
mi c rob i  a1 component o f  1 i ve oak (Quercus 
v i r g i n i c a )  d e t r i t u s  wi thout  a1 t e r ~ n g  o r  
consuming t h e  1 eaf matter. 

  hi l e  t h e  importance o f  t he  microb ia l  
components o f  d e t r i t u s  t o  d e t r i t i v o r e s  i s  
establ ished, some r e s u l t s  have i n d i  cated 
t h a t  consumers may be capable of 
ass im i l a t i ng  the  p l a n t  carbon also. 
Camen (1980) found t h a t  only 26% o f  t he  
carbon requirements o f  a populat ion o f  t he  
deposi t - feeding polychaete  erei is succinea 
would be met by i n q e s t e d m m  
biomass. The mic-robiaf biomass o f  t h e  
ingested sediments could supply 90% of the  
n i t rogen  requirements o f  t h e  studied 
polychaete populat ion. The mysid, Mysis 
stenol epsis, commonly found i n  Zostera 
beds, was capable o f  d iges t i ng  c e m  
compounds o f  p l a n t s  (Foulds and Mann 
1978). 1 hese s tud ies  r a i s e  t h e  
possi b i  1 i t y  t h a t  wh i l e  m ic rob ia l  biomass 



i s  assimi lated a t  h igh  e f f i c i e n c i e s  o f  50% 
t o  100% (Yingst  1976; Lopez e t  a1. 1977) 
and suppl ies pro te ins  and essent ia l  growth 
fac tors ,  t he  la rge quan t i t i es  o f  p lan t  
mater ia l  t h a t  are ingested may be 
assimi lated a t  low e f f i c i e n c i e s  ( l ess  than 
5%) t o  supply carbon requirements. 
Ass imi la t ion  a t  t h i s  low e f f i c i e n c y  would 
not  be r e a d i l y  quan t i f i ed  i n  most feeding 
studies (Camnen 1980). 

   he microbi  a1 degradation o f  seagrass 
organic matter i s  g r e a t l y  accelerated by 
the  feeding a c t i v i t i e s  o f  d e t r i t i v o r e s  and 
microfauna, although the  exact nature o f  
t he  e f f e c t  i s  not clear. Mic rob ia l  
r e s p i r a t i o n  ra tes  associated w i t h  t u r t l e  
grass and Zostera d e t r i t u s  were st imulated 
by the  feeding a c t i v i t i e s  o f  animals, 
apparently as a r e s u l t  o f  physical  
fragmentat ion o f  t h e  d e t r i t u s  (Fenchel 
1970; Harr ison and Mann 1975a). 

synthesis o f  p r o t e i n - r i c h  microb ia l  c e l l s  
( t y p i c a l l y  30% t o  50% protein) (Thayer e t  
a l .  1977; Knauer and Ayers 1977). The 
accumulation o f  mic rob i  a1 debris, such as 
the ch i t i n - con ta in ing  hyphal w a l l s  o f  
fungi,  may a lso  c o n t r i b u t e  t o  the  
increased n i t rogen  content  (Suberkropp e t  
a l .  1976; Thayer e t  a l .  1977). Nitrogen 
f o r  t h i s  process i s  provided by absorption 
o f  inorganic and organic n i t rogen from the 
surrounding medium, and f i x a t i o n  of 
atmospheric N2. For t r o p i c a l  seagrasses, 
i n  pa r t i cu la r ,  there i s  an increase i n  ash 
content dur ing decomposition because o f  
deposi t ion of carbonates dur ing  microbia l  
r e s p i r a t i o n  and growth of encrust ing algal 
species, and organic carbon usua l ly  
continues t o  decrease (Harr ison and Mann 
1975a; Knauer and Ayers 1977; Thayer e t  
a l .  1977). 

Chemical Changes as Ind i ca to rs  o f  
Food Value 

Chemical Changes During Decomposition 

 h he two general processes t h a t  occur 
dur ing decomposition, l oss  o f  p l a n t  
compounds and synthesis o f  mic rob ia l  
biomass, can be incorporated i n t o  a 
general ized model o f  chemical changes. 
I n i t i a l l y ,  t he  leaves o f  t u r t l e  grass, 
manatee grass, and shoal grass conta in  9% 
t o  22% prote in,  6% t o  31% so lub le  
carbohydrates, and 25% t o  44% ash (d ry  
weight basis), depending on species and 
season (Dawes and Lawrence 1980). D i r e c t  
assays o f  crude f i b e r  by Vicente e t  a l .  
(1980) y ie lded  values o f  59% f o r  t u r t l e  
grass leaves; Dawes and Lawrence (1980) 
c l a s s i f i e d  t h i s  mater ia l  as " i nso lub le  
carbohydrates" and calculated values of 
34% t o  41% f o r  t h i s  species by d i f ference.  
I n i t i a l l y ,  losses through t rans loca t i on  
and leaching w i l l  lead t o  a decrease i n  
c e r t a i n  components. Thus, t h e  organic 
carbon and n i t rogen content w i l l  be 
decreased, and the  remaining mater ia l  w i l l  
cons is t  p r i m a r i l y  o f  the  h igh l y  r e f r a c t i v e  
c e l l  wa l l  compounds (ce l lu lose,  
hemicel lulose, and 1 i gn in )  and ash 
(Harr ison and Mann 1975b; Thayer e t  a l .  
1977). 

"AS mic rob ia l  degradation progresses, 
t he  n i t rogen content w i l l  increase through 
two processes: ox ida t ion  o f  the remaining 
n i  trogen-poor seagrass compounds and 

" ~ i t r o g e n  content  has long been 
considered a good i n d i c a t o r  o f  the food 
value of d e t r i t u s  and has been assumed t o  
represent p r o t e i n  content  (Odum and de l a  
Cruz 1967). Subsequent analyses o f  
d e t r i t u s  from many vascular p l a n t  species, 
however, have shown t h a t  up t o  30% o f  t he  
n i t rogen i s  not  i n  t h e  p ro te in  f r a c t i o n  
(Harr ison and Mann 1975b; Suberkropp e t  
a1. 1976; Odum e t  a l .  1979). As 
decomposition progresses, t h e  non-protein 
n i t rogen f r a c t i o n  as a propor t ion  o f  the  
t o t a l  n i t r ogen  can increase as the  r e s u l t  
o f  several processes: complexing o f  
p ro te ins  i n  t h e  l i g n i n  f r a c t i o n  
(Suberkropp e t  a l .  1976); product ion o f  
c h i t i n ,  a major c e l l  w a l l  compound o f  
fungi  (Odum e t  a l .  1979); and 
decmposi t i o n  o f  b a c t e r i  a1 exudates (Lee 
e t  al. 1980). As a r e s u l t ,  actual  p ro te in  
content may be a b e t t e r  i n d i c a t o r  o f  food 
value. Thayer e t  al .  (1977) found tha t  
the  p r o t e i n  content  o f  Zostera leaves 
increased f rom standing dead t o  d e t r i t a l  
f rac t ions ,  presumably due t o  microbia l  
enrichment. The r o l e  o f  t he  non-protein 
and pro te in -n i t rogen compounds i n  
d e t r i  t i v o r e  n u t r i t i o n  i s  no t  present ly  
understood. 

" ~ i  ke many higher p lants,  t r o p i c a l  
seagrasses conta in  phenol ic  ac ids known as 



a l l e l  ochemi ca l  s. These compounds are 
known t o  deter herbivory i n  many p lant  
groups (Feeny 1976). Six phenolic acids 
have been detected i n  the  leaves, roots, 
and rhizomes o f  t u r t l e  grass, manatee 
grass, and shoal grass (Zapata and 
McMillan 1979). I n  labora tory  studies two 
o f  these compounds, f e r u l  i c  ac id  and 
p-comuri c acid, when present a t  
concentrat ions found i n  f resh  leaves, 
i n h i b i t e d  the feeding a c t i v i t i e s  o f  
d e t r i  t i  vorous amphi pods and snai 1 s qrazi nq 
on 2. a l t e r n f i i o r a  d e t r i t u s .  -0urinG 
decom~osi t i o n  the  concentrat ions o f  these 
compounds decreased t o  l e v e l s  tha t  d i d  not 
s i g n i f i c a n t l y  i n h i b i t  t h e  feeding 
a c t i v i t i e s  o f  t he  animals ( V a l i e l a  e t  a l .  
1979). 

Yeagrass leaves may also contain 
compounds t h a t  i n h i b i t  the  growth of 
microorgani sms; t h i  s i n  tu rn  would 
decrease the usable n u t r i t i o n a l  value o f  
t he  de t r i t us .  Water so lub le  ex t rac ts  o f  
f r e s h  o r  recen t l y  detached Z. marina 
leaves i n h i b i t e d  the  growth Ef d i K  
phytof  lage l  lates,  and bac te r ia  (Harrison 
and Chan' 1980). The i n h i b i t o r y  compounds 
are  not  found i n  o lder  d e t r i t a l  leaves o r  
ones t h a t  have been p a r t i  a1 l y  desiccated. 

Re1 ease of Dissolved Orqanic Matter 

*-Seagrasses re lease substant i  a1 amounts 
o f  d issolved organic carbon (DOC) during 
growth and decomposition. The DOC 
f r a c t i o n  i s  the most r e a d i l y  used f r a c t i o n  
o f  t he  seagrass organic matter f o r  
microorganisms and contains much o f  t h e  
so lub le  carbohydrates and pro te ins  o f  t he  
plants. It i s  q u i c k l y  assimi lated b y  
microorgani sms, and i s avai 1 able t o  
consumers as food i n  s i g n i f i c a n t  
quan t i t i es  on ly  a f t e r  t h i s  conversion t o  
microb ia l  biomass. Thus, t he  u t i  1 i z a t i o n  
o f  seagrass DQC i s  f u n c t i o n a l l y  s im i la r  t o  
d e t r i t a l  food webs based on t h e  
p a r t i c u l a t e  f r a c t i o n  o f  seagrass carbon. 
Both epiphytes and leaves o f  Zostera a re  
capable o f  t a k i n g  up l abe l l ed  organic 
compounds (Suti t h  and Penhale 1980). 

"~xper iments  designed t o  quan t i f y  t h e  
re lease of DOC from growing seagrasses 
have y ie lded  a wide range o f  values. The 
short-term release o f  r e c e n t l y  synthesized 
photosynthate f rom blades o f  t u r t l e  grass 

was found t o  be 2% t o  1 using 
radio-1 abelled carbon (Wetrel and Penhale 
1979; Bry l insky  1977). Losses t o  the  
water column from the  e n t i r e  comnunity, 
i nc lud ing  be1 owground biomass and 
decomposing port ions,  may be much higher. 
Kirkman and Reid (1979) found tha t  50% o f  
t h e  annual loss  o f  organic carbon from the  
Posidoni a austra l  i s  seagrass comnuni t y  was 
i n  the form o f  DOC. 

"Release o f  DOC from d e t r i t a l  leaves 
may a l so  be substantial .  In freshwater 
macrophytes, leaching and autolys i  s o f  DOC 
lead t o  a rap id  50% loss  o f  weight (Otsuki 
and Wetzel 1974). CGodshalk and Wetzel 
(1978b) reported sizeable releases from 
decaying eelgrass, and we have observed a 
20%-30% loss o f  weight i n  the f i r s t  30 
days o f  1 i t t e r  bag decay experiments 
(Figure 52).  1 I n  1 aboratory experiments 
d r i ed  t u r t l e  grass and manatee grass 
leaves released 13% and 20%, respectively, 
o f  t h e i r  organic carbon content during 
leaching under s t e r i l e  condi t ions 
(Robertson e t  a l .  1982). 

"The carbon released as DOC i s  
extremely l a b i l e  and i s  r a p i d l y  
assimi 1 ated by microorganisms (Otsuki and 
Wetzel 1974; Bry l insky  1977; [Seki and 
Yokohoma 1978; Kenworthy and Thayer i n  
press]), which leads t o  i t s  immediate 
avai 1 abi  1 i t y  as food f o r  secondary 
consumers, I n  14-day laboratory 
incubations, the DOC released by t u r t l e  
grass and manatee grass leaves supported 
10 t imes more microbia l  biomass per u n i t  
carbon than d i d  t h e  p a r t i c u l a t e  carbon 
f r a c t i o n  (Robertson e t  al. 1982). 

"DOC may also become avai lable t o  
consumers through incorporation i n t o  
p a r t i c u l a t e  aggregates. Microorganisms 
attached t o  p a r t i c l e s  w i l l  assimilate DOC 
from t h e  water column, incorporat ing it 
i n t o  t h e i r  c e l l s  o r  secret ing i t  i n t o  the  
ex t race l l u la r  mater ia ls  associated w i th  
t h e  p a r t i c l e s  (Paerl 1974, 1975). This 
mi c rob i  a1 l y  mediated mechanism a1 so makes 
seagrass DOC avai 1 able fo r  consumers. 

n ~ n  most marine systems the DOC pool 
contains 100 t imes more carbon than the  
p a r t i c u l a t e  organic carbon pool (Parsons 
e t  a l .  1977; references therein). The 
c y c l i n g  o f  DOC and i t s  u t i l i z a t i o n  i n  
d e t r i t a l  food webs are complex. The 



h i g h l y  l a b i l e  na tu re  o f  seagrass DOC 
suggests t h a t  i t  may p l a y  a  s i g n i f i c a n t  
r o l e  i n  suppo r t i ng  secondary p r o d u c t i v i t y .  

Role o f  t h e  D e t r i t a l  Food Web 

"The d e t r i t a l  food web t heo ry  
represen ts  our bes t  understanding o f  how 
t h e  major p o r t i o n  o f  seagrass organic  
carbon c o n t r i b u t e s  t o  secondary 
p r o d u c t i v i t y .  The o rgan ic  mat te r  o f  f r e s h  
seagrasses i s  no t  commonly u t i l i z e d  by 
many animals because o f  va r ious  f a c t o r s ,  
i n c l u d i n g  t h e i r  low concen t ra t ions  of 
r e a d i l y  ava i  1 ab le  n i t rogen,  h i g h  
concen t ra t ions  o f  f i b e r ,  and t h e  presence 
o f  i n h i b i t o r y  compounds. The p a r t i c u l a t e  
and d isso lved  f r a c t i o n s  o f  seagrass carbon 
seem t o  become p o t e n t i a l  f ood  f o r  animals 
p r i m a r i l y  a f t e r  c o l o n i z a t i o n  by 
microorgani  sms. Dur ing  decomposit ion t h e  
chemical na tu re  o f  t h e  d e t r i t u s  i s  changed 
by two processes: l o s s  o f  p l a n t  compounds 
and synthes is  o f  m i c rob i a l  products.  

"The decomposer community a l so  has t h e  
enzymatic mechanisms and abi  1  i t y  t o  
a s s i m i l a t e  n u t r i e n t s  from t h e  surrounding 
medium, l ead ing  t o  t h e  enrichment o f  t h e  
d e t r i t u s  as a  f ood  source. As a  r e s u l t ,  
t h e  decomposer community represen ts  a  
r e a d i  ly -usabl  e  t r o p h i  c  l e v e l  between t h e  
producers and most animal consumers. I n  
t h i s  f ood  web, t h e  consumers d e r i v e  
n u t r i t i o n  l a r g e l y  from t h e  m i c rob i  a1 
components o f  t h e  d e t r i t u s .  The 
decomposer community i s  i n f  1  uenced by 
environmental  cond i t i ons  and b i o l o g i c a l  
i n t e rac t i ons ,  i n c l u d i n g  t h e  f eed ing  
a c t i v i t i e s  o f  consumers" (M.L. ~ o b e r t s o n  
i n  Zieman 1982) . 
Belowground Organic D e t r i t u s  

Th i s  d iscuss ion  o f  d e t r i t a l  processes 
t h a t  we have taken from t h e  F l o r i d a  Bay 
Seagrass Comnuni t y  Pro f  i 1 e  neglected t o  
address an aspect o f  organic  d e t r i t u s  
process ing t h a t  i s  l i k e l y  t o  be very  
impor tan t  i n  an ee lgrass meadow. 
Seagrasses a re  un ique s i nce  they are the 
o n l y  marine p l a n t s  that ,  by v i r t u e  of 
t h e i r  morphology, produce organic  ma t t e r  
t h a t  i s  a  d i r e c t  i n p u t  i n t o  t h e  sediments. 

P roduc t ion  and decay of ee lg rass  r o o t s  and 
rhizomes c o n t r i b u t e s  a large q u a n t i f y  o f  
p a r t i c u l a t e  and d i s s o l v e d  o rgan ic  mat te r  
t o  t h e  sediments. Est imates of r o o t  and 
rhizome p roduc t i on  range between 55  and 
180 g  C m-2 yr-l (Kenworthy and Thayer, i n  
press; see Chapter 2). Th i s  o rgan ic  
mat te r  decays more s l o w l y  t han  t h e  l e a f  
mate r i  a1 . 

D e t r i  t a l  biomass can be q u i t e  la rge ,  
unusua l l y  exceeding 100 g  dw m-*. Stud ies 
us i ng  1  i t t e r  bags b u r i e d  i n  es tua r i ne  
sediments (Kenworthy and Thayer i n  press)  
have shown t h a t  approx imate ly  50% t o  60% 
o f  t h e  o r i g i n a l  ash  f r e e  d r y  w e i g h t  i s  
l o s t  i n  170 days. Dur ing  t he  i n i t i a l  
s tage o f  decay t h e  r o o t s  and rhizomes 
leach  s o l u b l e  o rgan i c  ma t t e r  t h a t  i s  used 
by bac te r i a .  The rema in ing  p a r t i c u l a t e  
o rgan ic  ma t t e r  forms a  l a r g e  pool  o f  
o rgan ic  compounds t h a t  r e a c t s  w i t h  o ther  
complex molecules t o  form hurnic substances 
and t o  p rov i de  sur faces  f o r  t h e  adsorpt ion 
o f  macronu t r ien ts ,  t r a c e  elements, and 
o ther  chemical c o n s t i t u e n t s  of t he  
sediment. 

The e x t e n t  t o  which t h e  belowgound 
d e t r i t u s  i s remi n e r a l  i zed and consumed by 
macrof auna i s 1  a r g e l y  unknown. Est imates 
o f  t h e  phys i ca l  and chemical  composit ion 
o f  t h e  o rgan ic  m a t t e r  show t h a t  i t  i s  
s t r u c t u r a l l y  complex and has a ve ry  l o w  
n i t r o g e n  con ten t  (Kenworthy and Thayer i n  
press).  It i s  l i k e l y  t h a t  on l y  very  
spec ia l  i z e d  organisms capable o f  d i g e s t i n g  
t h i s  t ype  o f  m a t e r i a l  cou l d  u t i l i z e  t he  
d e t r i t u s  o r i g i n a t i n g  f r o m  t h e  r o o t s  and 
rhizomes. S ince  t h e  sediment i s  
predominant ly  an anaerobic  environment, 
b a c t e r i a  a re  p robab ly  r espons ib l e  f o r  most 
o f  t h e  decomposit ion. P o t e n t i  a1 candi-  
dates f o r  t h e  t r o p h i c  pathway o f  t h i s  ma- 
t e r i a l  are b a c t e r i a  + protozoans r )  sub- 
su r face  depos i t  feeders.  Many t r o p h i c  
pathways assoc ia ted  w i t h  ee l  grass meadows 
o r i g i n a t e  w i t h  b e n t h i c  secondary 
product ion.  Seagrass p r ima ry  p roduc t ion  
i n  t h e  fo rm o f  r o o t s  and rhizomes may be 
an impo r t an t  source o f  energy f o r  these 
pathways, as w e l l  as a  r ese r ve  of organic  
ma t t e r  t h a t  i s  a v a i l a b l e  d u r i n g  p e r i o d i c  
f l u c t u a t i o n s  i n  aboveground p roduc t i on  by 
seagrasses and o t h e r  autot rophs.  



CHAPTER 5 
INTERSYSTEM COUPLING 

Tida l  f lush ing ,  faunal  feeding, and 
faunal  movement extend t h e  sphere o f  
in f luence of a submerged eel  grass meadow 
we1 1 beyond i t s  phys ica l  boundaries. 
Organic matter produced w i t h i n  t h e  system 
i s  pass ive ly  t ranspor ted  out o f  t he  meadow 
through t i d a l  ac t i on  ( o f  course, meadows 
also t r a p  ma te r i a l  - Chapters 3, 4 )  and 
a c t i v e l y  t ranspor ted  i n  t he  t i ssues  and i n  
stomach contents o f  animals t h a t  have f e d  
there. Whereas export  o f  d e t r i t u s  from 
t r o p i c a l  meadows was on l y  r e c e n t l y  
recognized (Zieman e t  a l .  1979; Zieman 
1982), export o f  eelgrass and i t s  sub- 
sequent u t i  1 i z a t i o n  was recognized i n  t h e  
e a r l y  1900's. Peterson (1918) based 
h i s  t rophfc  model o f  t h e  f i s h e r i e s  o f  t he  
Kattegat (Denmark) on t h i s  process (see 
Chapter 1). 

Although the  export  o f  d e t r i t u s  from 
eelgrass meadows has been recognized, 
t he re  are few q u a n t i t a t i v e  data ava i l ab le  
on how much and i n  what form mater ia l  i s  
exported. The pauc i t y  o f  data may be a 
r e s u l t  o f  t h e  general tendency o f  
researchers t o  evaluate the  s t r u c t u r a l  and 
funct ional  aspects o f  meadows as e n t i t i e s  
unto themselves ra the r  than as components 
o f  t h e  l a rge r  estuar ine-coasta l  system. 
Thayer e t  a l .  (1975b, p. 228) stated, 
"Seagrasses must be considered i n  terms o f  
t h e i r  i n t e r a c t i o n  w i t h  t he  o ther  sources 
o f  pr imary product ion t h a t  support t he  
estuar ine t roph i c  s t r u c t u r e  before  t h e i r  
s i gn i f i cance  can be f u l l y  appreciated." 
Although eelgrass meadows vary i n  t h e  
magnitude o f  t h e i r  cont r ibu t ions ,  there  i s  
l i t t l e  doubt t h a t  they c o n t r i b u t e  t o  t h e  
o v e r a l l  f unc t i on ing  o f  t h e  coasta l  system 
of which they are a pa r t .  

Organic matter  produced w i t h i n  a 
meadow can be t ranspor ted  i n  several 

forms. These pathways include: (1) e n t i r e  
p l a n t s  o r  whole por t ions  o f  plants, p lus  
associated and attached epiphytes; (2 )  
recognizable eel grass det r i tus ;  (3) 
d isso lved organic matter (DOM); and (4) 
t i ssues  and feces o f  fauna t h a t  use an 
eelgrass-based food chain. F igure 53 i s  a 
s i m p l i f i e d  model o f  energy f l ow  i n  an 
e e l  grass meadow near Beaufort, North 
Carol ina, t h a t  includes most o f  these 
pathways. I n  developing t h i s  model 
numerous assumptions were made, many 
t r o p h i c  i n te rac t i ons  were ignored (or  were 
unknown), and computations were 
simp1 i f  ied. Macrofauna were estimated t o  
consume energy eaui val  ent t o  roughly 55% 
o f  the net production o f  e e l g r a s ,  phyto- 
planktoh, and benthic a lgae i n  tb bed. 
No attempt was made t o  p a r t i t i o n  t h e  
energy derived by t h e  fauna from each 
separate producer component. These and 
o ther  data on epiphyte production and 
d isso lved organic matter re lease (Chapter 
21, as we l l  as on d e t r i t a l  processes and 
feed ing  r e l a t i o n s  (Chapter 4),  not on ly  
suggest t h a t  eelgrass beds are d e t r i t a l -  
based, but a lso t h a t  a l a r g e  po r t i on  of 
t h e  organic matter produced w i t h i n  t h e  
meadow i s  ava i lab le  f o r  export. This does 
n o t  imply t h a t  epiphytes, f o r  example, a re  
unimportant food resources, but  a t  t h i s  
t ime q u a n t i t a t i v e  data are lack ing  (see 
Chapter 4) .  

There have been numerous repor ts  o f  
e n t i r e  plants, leaves, and recognizable 
fragments o f  1 eaves f l o a t i n g  or being 
deposited onshore (Figure 54), but  there  
a re  few quan t i t a t i ve  data t h a t  document 
t h e  poss ib le  extent o f  export. As ea r l y  
as 1908, Ostenfe ld documented ( i n  a 
chapter t i t l e d  "Dead Weed*) the  contr ibu- 
t i o n  o f  eelgrass t o  the  formation o f  
extensive wrack l i n e s  and the occurrence 
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Figure 53. Annual energy flow i n  a North Carol ina ee lgrasr  meadow (Kcal m'2 yr ).  
Inputs i n t o  producer u n i t s  are n e t  production, and i npu ts  t o  consumer u n i t s  are n e t  con- 
sumpti on. Outflows t o  bottom are  metabolic energy requirements; o thers  a re  secondary 
production. Different l i n e s  are used f o r  each consumer u n i t .  (From Thayer e t  at.  
1975a. 1 

o f  senesced leaves on the  bottom i n  deep 
water areas. Petersen and Boysen-Jensen 
(1911) concluded t h a t  eelgrass was the  
main input  o f  organic matter t o  o f fshore  
waters i n  t h e  Kattegat Region o f  Denmark. 
Blegvad (1914) reported t h a t  great  numbers 
o f  Zostera blades could be co l lec ted  
d i r e c t l y  over a meadow w i th  a plankton 
net, and Petersen (1918) recorded f ree-  
f 1 oat ing eelgrass blades over 1 arge areas 
o f  the  Denmark coast. More recent ly ,  
Josselyn and Mathieson (1980) stated t h a t  
f l o a t i n g  eelgrass blades were common i n  
sumner and f a l l  i n  Great Bay, New 
Hampshire. I n  one o f  the  few attempts t o  
estimate the amount o f  eelgrass exported, 
Josselyn and Mathieson (1980) made monthly 
co l l ec t i ons  o f  p lan t  l i t t e r  from the  wrack 

l i n e  a t  t h ree  l o c a t i o n s  between Great Bay 
and F o r t  C o n s t i t u t i o n  on the  open coast o f  
New Hampshire. An annual average o f  about 
600 g dw m-2 (range 190-1400 g dw m-2) was 
deposited i n  t h e  wrack l i n e  w i t h i n  the  
estuary and about 500 g dw m-2 on t h e  open 
coast. Bach and Thayer (unpubl.) 
co l l ec ted  f l o a t i n g  mater i  a1 adjacent t o  
grass _ meadows near Beauf o r t ,  North 
Carolina, w i th  sur face and bottom d r i f t  
nets (Table 14). Exp rt ranged from 
0.23-0.57 g af  dw m-2 d-P f o r  an open 
water, h igh  cu r ren t  meadow and from 
0.01-0.26 g afdw m-2 d-1 f rom two pro- 
tected, low-current  meadows. These values 
are s i m i l a r  t o  those repor ted  f o r  both 
Syrinqodium f i l i f o r m e  and Thalassia testu-  
dinum f o r  Tague Bay, U.S. V i r g i n  Is lands 



(Zieman e t  a l .  1979 ) .  Th i s  expor t  f rom 
3 ~ ~ 2  w 2 t "  rnpadnw n P a r  R ~ a ~ j f ~ r t  

accounted f o r  10%-30% o f  t h e  p roduc t ion  o f  
eel  grass; expor t  f rom embayment h a b i t a t s  
represented f rom < 6% t o  80% of t h e  
monthly eel  grass p roduc t i on  du r i ng  seasons 
o f  maximum growth. 

A v a i l a b i l i t y  o f  e n t i r e  p l a n t s  o r  
leaves f o r  expor t  i s  caused by t h e  same 

events descr ibed f o r  t r o p i c a l  seagrasses: 
herbivores, mortal i t y  and dehi scence o f  
shal low growing p l an t s ,  and storms t h a t  
uproot  e n t i r e  p l a n t s  (Zieman 1982). 
Josselyn and Mathieson ( 1980) s t a t ed  t h a t  
i n  New Hampshire t h e  l a r g e s t  wrack l i n e  
accumulat ions fo l lowed major storms, and 
Bach and Thayer (unpubl.) descr ibed how 
s h i f t s  i n  b o t h  wind d i r e c t i o n  and speed 
cou ld  a l t e r  expor t  ra tes .  I c e  scour 
du r i nq  w in te r  i n  t he  nor thern  ranqe o f  
ee lg rass  growth and summer thermal s t r ess  
near t h e  soutnern end o f  i t s  range a l s o  
c o n t r i b u t e  t o  l e a f  m o r t a l i t y  and expor t  
(Chapters 1  and 2 ) .  Herbivores such as 
swans, geese, and ducks t e a r  the grass ou t  
o f  t h e  subs t ra te  (Chapter 4 and F i gu re  
46). Dr i fmeyer (1981) noted t h a t  u rch ins  
a re  "s loppy eaters,"  producing fragments 
t h a t  cou ld  be exported, and Thayer e t  a l .  
( i n  press a) p o i n t  out  t h a t  water fowl  
feed ing  i n  seagrass meadows cas t  as ide 
measurable q u a n t i t i e s  o f  p l a n t  ma te r i a l .  
Benth ic  feeders, such as cownose rays,  
a l so  can uproot  e n t i r e  p l a n t s  (Chapter 4 ) .  

Epiphytes attached t o  eelgrass a l so  
must be considered as o a r t  o f  t h e  f l u x  o f  

F igure 54. H i g h  water mark wrack l i n e  of m a t e r i a l  across meadiw boundaries. As 
ee lgrass,  Sakonnet P o i n t ,  Rhode I s l and .  

Table 14, Comparison o f  expor t  o f  seagrass d e t r i t u s  by d i f f e r e n t  species from d i f f e ren t  
geographi c a i  areas  i n  idor t r l  ~ a r o i  i na .  {From aach anO Thayer, anpub'.) 

Product ion Biomass 
Exoor t  exported exported 

Speci es Loca t i on  ( g dw/m2/day 1 % % 

Zostera marina P h i l l i p s  I s l a n d  0.01 - 0 . 2 6 ~  6 - ga 1 - 20 
b 

Zostera marina M idd le  Marsh 

Zostera marina Harkers  I s l a n d  

Halodule w r i g h t i i  P h i l l i p s  I s l a n d  - - - 

- 2 - 1 7  b 
Halodule w r i g h t i  i M idd le  Marsh 0 . 0 4 ~  

b - 40 - 75  
b 

Halodule w r i g h t i i  - Harkers I s 1  and 0.23 

- 

a Annual range. 

bl.laximal summer value. 



ee l  grass grows, dehi sces, and senesces, i t 
undergoes a sequence o f  ep iphy t i sm co r re -  
l a t e d  w i t h  t h e  l i f e  h i s t o r y  s tage o f  t h e  
p l a n t  (S i ebu r t h  and Thomas 1973). 
P a t r i q u i n  (1972a), Brauner (1973), Penhale 
( 1977), and Borum and Wium-Andersen ( 1980) 
demonstrated seasonal and annual c o n t r i b u -  
t i o n s  o f  ep iphytes t o  t h e  biomass o f  t h e  
macrophytes. Penhale (1977) and Borum and 
Wium-Andersen ( 1980) r epo r t ed  aver age 
annual e p i p h y t i c  biomass o f  24.7 and 6.3 g 
dw-m-2, which represen t  23.5% and 35.9% cf  
t h e  ee lgrass biomass f o r  areas i n  Nor th  
Ca ro l i na  and Denmark, r e s p e c t i v e l y .  
E p i p h y t i c  coa t i ngs  sometimes reduce 
a v a i l a b l e  l i g h t  by as much as 90% (Borum 
and Wium-Andersen 1980) and ee lg rass  pho- 
tosyn thes is  by  up t o  50% (Sand-Jensen 
1977). Reduction i n  l i g h t  t o  ee lg rass  a t  
d i f f e r e n t  t imes o f  t h e  yea r  may a l s o  ex- 
acerbate e x f o l i a t i o n  o f  ee lgrass leaves,  
c o n t r i b u t i n g  t o  m a t e r i a l  f l u x  f r o m  t h e  
me adow. 

Expor t  o f  dehiscent  o r  senescent 
ee l  grass par ts ,  toge ther  w i t h  t h e  e p i -  
p h y t i c  complex, can lead t o  a r a p i d  t u r n -  
over  of biomass and t o  r a p i d  carbon cy- 
c l i n g .  Since t he  e p i p h y t i c  community has 
fewer r e f r a c t o r y  compounds than eel  grass, 
i t  would decompose more r a p i d l y .  Photo- 
synthate and leacha te  from eel grass a re  
released from leaves as they grow and 
d ie ,  and presumably some i s  ass im i l a t ed  by 
t h e  ep i phy t i c  community (McRoy and Goering 
1974; H a r l i n  1975; Penhale and Smith 1977; 
Thayer e t  a l .  1978; Penhale and Thayer 
1980; Kirchman e t  al. 1984). These 
aspects should be considered i n  e v a l u a t i n g  
energy f l o w  through m a t e r i a l  f l u x  pathways 
f rom eelgrass meadows, s i nce  au to t r oph i c  
and he te ro t r oph i c  ep iphy te  convers ion o f  
d i sso lved  n u t r i e n t s  i n t o  biomass could be 
as h i gh  as 40% o f  t he  ee lgrass produc- 
t i v i t y  i t s e l f .  Since t h e  e p i p h y t i c  
complement o f  ee lgrass i s  an i n t r i n s i c  
p o r t i o n  o f  t h e  community, e p i p h y t i c  load  
must be considered i n  model ing expo r t  p ro -  
cesses o r  much o f  t he  r epo r t ed  biomass 
cou ld  be er roneously  a t t r i b u t e d  t o  
eelgrass. 

Macroalgae are c h a r a c t e r i s t i c  bu t  f r e -  
quent l  y t r a n s i e n t  components o f  ee lgrass 
meadows and may be impor tant  i n  t h e  expor t  
Drocess. Some macroal qae (espec i  a1 l y  
~ r a c i l a r i a ,  Hypnea, and ~n te romorpha  sp.) 
t h r i v e  i n  t he  r e l a t i v e l y  n u t r i e n t - r i c h  and 

temperature-mediated m i c r o h a b i t a t  o f  low- 
c u r r e n t  ee l  grass beds ( Ttiorne-Mi 11 e r  e t  
a l .  1983). Lappal a i  nen ( 1973) 
demonstrated t h a t  w i t h i n  a meadow, l i v i n g  
and dead autochthonous a lgae (Fucus) may 
comprise a s u b s t a n t i a l  f r a c t i o n  o f  the  
t o t a l  p l a n t  biomass; she r e p o r t e d  a 1 : l : l  
r a t i o  o f  l i v i n g  and dead ee lg rass  and 
Fucus i n  a sha l l ow  h a b i t a t  near Ruarminne, 
F in land .  Macroal gae sometimes represent  
t h e  major  p a r t  of t h e  b iogen ic  ma te r i a l  
expor ted f rom the  meadow !Josselyn and 
Mathi  eson 1980; Bach and Thayer unpubl.) . 
Some o f  t h e  dominant macroalgae con t r i b -  
u t i n g  t o  m a t e r i a l  f l u x  from eelgrass 
meadows a r e  descr ibed  by Conover (1964), 
Josselyn (19781, Bach and Thayer (un- 
publ.) ,  and Tho rne -M i l l e r  e t  a l .  
( 1983). They a r e  p r i m a r i  l y  phaeophyte 
spec ies (Ascophyl 1 um and Fucus) (Josselyn 
1978) i n  t h e  r ocky  coas ta l  areas o f  
no r t he rn  coasts :  Rhodo~hora  (Aaardh ie l la .  
~ r a c i j a r i a ,  
Chlorophyta 

and Po lys iphon i  a) dnd 
(Chaetomorpha, Cladophora, 

,, and U l va )  i n  New England 
terns (Conover 1964): and 

~ h a e o ~ h ~ t a -  (Ec tocarpus,  ~ i c t ~ o t a ,  and 
Sargassum) and Khodophyta species 
( A g a r d h i e l l a  and G r a c i l a r i a )  i n  southern 
temperate 1 agoon systems (Bach and 
Thayer unpubl . 1. 

Expor t  of rnacroalgae a l s o  occurs i n  
seasonal c y c l e s  t h a t  a re  a f u n c t i o n  o f  i c e  
scour ( n o r t h e r n  range) ,  storms, t i d a l  
cu r ren t s ,  and n a t u r a l  seasonal i t y  o f  spe- 
c ies .  Biomass o f  macroalgae i n  t h e  wrack 
l i n e  i n  a New Hampshire es tua r i ne  system 
a t  t imes  g r e a t l y  exceeded t h a t  o f  eelgrass 
( F i g u r e  55), and spec ies composit ion 
v a r i e d  bo th  seasona l l y  and w i t h  l o ca t i on  
(Josselyn and Math ieson 1980). Macro- 
a1 ga l  m a t e r i  a1 expor ted  from eelgrass 
beds near Beau fo r t  a1 so can be an impor- 
t a n t  component o f  t h e  t o t a l  p l a n t  biomass 
removed f r o m  t h e  system ( F i g u r e  56), and 
one t h a t  a l s o  d i s p l a y s  a seasonal ef f lux 
pa t t e rn ,  w i t h  maximum values i n  l a t e  
summer and f a 1  1 ( F i g u r e  56,571. 

Bach and Thayer (unpubl.)  also 
measured t h e  f l u x  o f  p a r t i c u l a t e  organic 
ma t t e r  (POM) th rough  an ee lg rass  meadow as 
r e t a i n e d  by 250 urn d r i f t  ne t s .  Th is  POt4 
was p r i m a r i l y  p l a n t  ma t t e r  du r i ng  a l l  b u t  
t h e  w i n t e r  months when zooplankton made up 
90%-95% o f  t h e  biomass. The p l a n t  f rac-  
t i o n  o f  t h e  POM, which was fragmented and 
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F i g u r e  5 5 .  Wrack l i n e  compos i t i on  i n  
grams dry weight per m2 o f  shorel ine,  Great 
Bay, New Hampshire. Upper p o r t i o n  i s  
summed t o t a l  of lower components. Blank 
i n  middle i s  dur ing  i c e  cover. (Redrawn 
from Josselyn and Mathieson 1980.) 

may have been der ived i n  p a r t  from t h e  
feeding o f  herbivores and d e t r i  t i v o r e s  
(Chapter 4 ) ,  may be resuspended by wave 
scour or by benthic gas bubble production. 
Gas bubbles produced by benth ic  metabol ic 
a c t i v i t y  i n  a t r o p i c a l  seagrass system 
suspended about 1 cj dw m-2 o f  p a r t i c u l a t e  
matter d a i l y  (Durako e t  a l .  1982). 

The species o f  p l a n t  and t h e  s i t e  o f  
deposit ion, i n  par t ,  c o n t r o l  decomposition 
ra tes  and n u t r i e n t  exchange ra tes  between 
eel grass meadows and adjacent systems. 
Macroal gae possess fewer r e f r a c t o r y  com- 
pounds and, there fore ,  decompose more 
r a p i d l y  than seagrasses (Josselyn and 
Mathieson 1980; Rice and Tenore 19811, 
Fucus and Ascophyll um appear t o  decompose 
faster i f  submerged than i f  exposed t o  
a? t e r n a t i n g  wet-dry' cond i t ions  charac- 
t e r i s t i c  o f  t h e  wrack l i n e  (Josselyn and 
Mathieson 1980). Harr ison and Mann 
(1975b) found l i t t l e  d i f f e rence  i n  t h e  

July 

wu8t I 

July Awu*~ I 

Figure 56. Summer e f f l u x  o f  eelgrass (Z), 
shoalgrass (t i) ,  and macroalgae (MI from an 
open water seagrass meadow ( top)  versus an 
enclosed meadow (bottom) i n  Back Sound, 
Car tere t  County, North Carolina. (From 
Bach and Thayer, unpubl . ) 

r a t e  o f  decomposition o f  eel grass under 
s imi  1 a r  condi t ions i n  Canada. Experiments 
i n  New Hampshire ( Josselyn 1978; Josselyn 
and Mathieson 1980) and North Carolina 
(Thayer e t  a1 . 1980a), however, 
demonstrated ra tes  t h a t  were ordered 
according t o  deposi t ion s i t e :  submerged > 
wrack l i n e  2 w i t h i n  a s a l t  marsh (see 
F igure  52). The general sequence of 
events observed under f i v e  environmental 
cond i t ions  i n  North Carol ina are shown i n  
Table 15. The increased decomposition 
r a t e  when eelgrass i s  continuously sub- 
merged may r e s u l t  from faunal shredding of 
t h e  p lan ts  and a continuous supply of 
n u t r i e n t s  f o r  microbes as opposed t o  a 
pulsed supply which would occur during 
a1 t e r n a t i  ng wet-dry cond i t ions  i n  the 
wrack 1 i ne. Desi ccat  1 on dur ing exposure 
a lso  reduces microb ia l  a c t i v i t y  i n  the  



wrack l i n e  s i g n i f i c a n t l y .  Thus, a c t i v e  
expor t  of  algae and eeigrass t o  i n t e r -  2nd 
s u p r a t i d a l  systems may n o t  c y c l e  t h e  
ma te r i a l  as r a p i d l y  as i f  i t  were main- 
t a i n e d  w i t h i n  t h e  meadow. 

I n  a d d i t i o n  t o  measurable f l u x e s  o f  
o rgan ic  and i no rgan i c  mat te r  as iden- 
t if i a b l  e  ee l  grass, ep iphytes,  macroalgae, 
and f i n e r  f r a c t i o n s  o f  p a r t i c u l a t e  organic  
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F i g u r e  5 7 .  Seasonal  e f f l u x  o f  s u r f a c e  
ma te r i a l  est imated f o r  a  semi-enclosed 
Nor th  Caro l ina '  ee lgrass meadow. Each 
p o i n t  i s  an average o f  8 t o  20 observa- 
t i o n s  f o r  t h a t  time. (Redrawn from Bach 
and Thayer, unpubl . ) 

mat te r ,  t h e r e  i s  cons i de rab le  evidence 
t h a t  ee lgrass direc t ly  expo r t s  and 
mediates movement of v a r i o u s  essen t i  a1 
n u t r i e n t s  i n  a  d i s s o l v e d  form. McRoy e t  
a l .  (1972) demonstrated t h a t  ee lgrass i n  
an Alaskan lagoon exc re ted  about 60 mg 
phosphorus.m-2 d - l  i n t o  t h e  water column. 
They est imated t h a t  about 3  m e t r i c  t ons  of 
phosphorus, o r  more than 40% of t h e  reac- 
t i v e  phosphorus excreted,  was expor ted t o  
t h e  Ber ing  Sea. The vo l can i c  sediments of 
southern A1 aska a re  phosphorus-r ich and 
t h i s  "pumping" iildy be S f i ~ p o r h d  i n  main- 
t a i n i  ng t h e  h i g h  concen t ra t i ons  of 
phosphorus c h a r a c t e r i s t i c  of these 1 agoon 
waters. Near Beaufort ,  Nor th  Caro l ina,  
where o n l y  3% of t h e  phosphorus taken up 
by t h e  roo t - rh izome system was excreted, 
ee lgrass appears t o  c o n t r i b u t e  l i t t l e  t o  
t h e  phosphorus con ten t  o f  t h e  o v e r l y i n g  
water (Penhale and Thayer 1980). Carbon 
a l so  i s  l i b e r a t e d  t o  t h e  water column 
(Har l  i n  1973; B r y l  i nsky 1977; Penhale and 
Smith 1977), a l though  ep iphy tes  apparent ly  
absorb l a r g e  q u a n t i t i e s  o f  DOC be fo re  i t  
reaches t h e  water column (Penhale and 
Smith 1977). The r o l e  t h a t  e x c r e t i o n  of 
d i s so l ved  carbon p lays,  dep i c t ed  i n  F igure  
48, i s  more t ho rough l y  discussed i n  
Chapter 4. Excess ammonium-nitrogen a lso 
cou ld  be t r a n s l o c a t e d  from t h e  sediment 
ammonium r e s e r v o i r  th rough  ee lg rass  shoots 
t o  ep iphytes and t h e  o v e r l y i n g  water 
column ( P a t r i q u i n  1972b; McRoy and Goering 
1974; Smith 1981) and be exported. 
Extens ive research  on gaseous exchange i n  
ee lgrass communities a1 so has been con- 
ducted. Murray and Wetzel (1982) repor ted  
t h a t  approx imate ly  40% of macrophyte- 
ep iphy te  oxygen p r o d u c t i o n  was avai  1  ab le  
f o r  expor t .  Some o f  these excreted 
d i s so l ved  n u t r i e n t s ,  bo th  as o rgan ic  com- 
pounds and gases, a re  a v a i l a b l e  f o r  uptake 
by o the r  p l a n t - e p i p h y t e  combinat ions or 
o ther  autot rophs such as plankton, some 
b a c t e r i  a, and ben th i c  m i c roa l  gae. 

Al though t r a c e  meta ls ,  too,  can be 
exported, most a re  assoc ia ted  w i t h  par- 
t i c u l a t e  phases o f  t h e  ee l g rass  d e t r i t a l  
ma te r i a l ,  and concen t ra t i ons  o f  d i sso lved  
meta ls  are n a t u r a l l y  low (Chapter 2). 
Wolfe e t  a l .  (1976) and Dr i fmeyer  e t  a l .  
( 1980) have descr  i bed pathways o f  metal 
e l  ement c y c l  i ng i n  e e l  grass systems 
(F i gu re  36) .  Dr i fmeyer  e t  a l .  (1980), 
who descr ibed  ee lg rass  as be i ng  one o f  t he  
l a r g e s t  b i o l o g i c a l  r e s e r v o i r s  o f  several  



Table 15 .  General sequence o f  events observed during decomposition of eelgrass blades 
under f i v e  e n v i  rot- imeti  t a ?  c o n d i t i o n s  i n  N o r t h  Caro l i na .  Bleached l eaves  r e f e r  ta 
n a t u r a l l y  co lo r l ess  and senesced leaves, due t o  exposure. 

L o c a t i o n  Days from i n i t i a t i o n  

LOW i n t e r t i d a l  Leaves intact  Leaves intact 
and bleached 

Low in te r t i da l -  
buried I t  Leaves intact 

High in te r t ida l  

Low energy- 
subt i d a l  

Leaves intact 
and bleached 

Some 
polychaetes 
present, 
1 eaves 
intact  

Part i a1 Fragmentation, Epibiota 
fragmentation, amphipods present 
amphi pods present fragmentation 
present high 

High energy P a r t i a l  Epibiota present 
subtidal fragmentation high degree o f  

fragmentation 

t race  elements i n  a North Caro l ina  lagoon 
system, stated t h a t  senescence and decom- 
p o s i t i o n  of Zostera c o n s t i t u t e d  t h e  major 
f l u x  pathway through t h e  system. 

A f o u r t h  pathway by  which organic and 
inorganic matter leaves a meadow i s  i n  t h e  
t i ssues and stomach contents o f  animals 
t h a t  feed i n  t h e  eelgrass meadow. 
Herbi vory and d e t r i  t a l  feeding were 
discussed i n  d e t a i l  i n  Chapter 4. Since 
few organisms feed d i r e c t l y  on the  whole, 
f r esh  par ts  o f  eelgrass, most o f  t h e  p lan t  
passes through a se r i es  o f  decompositional 
stages before the  complex c e l  lu lose,  hemi- 
cel lu lose,  and 1 i g n i  n components are 
ava i l ab le  fo r  use by lower t roph i c  l e v e l  
organisms. Gut studies, observations, and 
stab1 e isotope analyses have revealed, 
however, t h a t  eelgrass carbon i s  a gut and 
t i s s u e  component o f  a l a r g e  p o r t i o n  o f  t h e  
h igher t roph i c  l e v e l  fauna t h a t  u t i l i z e  
seagrass beds. As discussed i n  Chapter 4, 
few consumers are exc lus i ve l y  ee l  grass 

meadow dwell ers. Their  movements form 
consp~cuous 1 i nks  between vegetated and 
unvegetated habi tats.  Considering t h a t  
g u t  evacuation ra tes  f o r  many species pro- 
bably exceed t h e  foraging period, fecal 
mater i  a1 i s  probably deposited some 
d is tance from themeadow. Even i f  i t  were 
not, t he re  i s  a h igh  l i k e l i h o o d  of i t 
being exported on a subsequent t ide;  we 
have observed green ncigar-shapedY feces 
o f  b rant  on the  water surface a f te r  t h e  
b ran t  have fed  i n  an eelgrass meadow. 
Th is  connection o f  hab i ta t s  through 
feed ing  and subsequent o f f  - s i  t e  coprophagy 
was suggested f o r  green t u r t l e s  (Cheloni a 
m das) (Thjiyer e t  a l ,  1982) and o t h e r  heal tcagrass LCd herbivores (@den 
1980), and has been discussed i n  a recent 
review o f  seagrass herbivory by la rge 
fauna (Thayer e t  a l .  i n  press a). 
Robertson (1982) has demonstrated t h e  
importance o f  coprophagous feedi  ng t o  
co ra l  r e e f  f ishes.  The importance o f  t k i s  
process i n  temperate seagrass systems, 
however, i s  v i r t u a l l y  unknown. 



The degree o f  coup l i ng  a  g i ven  
ee lg rass  meadow may have w i t h  o ther  areas 
depends on i t s  s e t t i n g  and geographic 
l o c a t i o n .  Depth determi nes t h e  frequency 
o f  wave scour, which suspends m a t e r i a l  i n  
t h e  water column i n  t h e  meadow, as w e l l  as 
t h e  f requency of i c e  scour and summertime 
f o l i a g e  des iccat ion.  Wave and i c e  scour 
and exposure and des i cca t i on  are a1 1  
impo r t an t  pathways f o r  m a t e r i a l  f l u x  f rom 
t h e  meadow (Chapter 2). Water depth a lso  
determines t h e  mode of faunal  i n t e r a c t i o n s  
w i t h  o t h e r  systems. F o r  example, i n  
shal low-water meadows, wading b i r d s  p rey  
on l o c a l  i nver tebra tes ;  and ducks, swans, 
and geese feed d i r e c t l y  on t h e  grasses 
themselves (W i l k i ns  1982; Thayer e t  a l .  i n  
press a ) .  In deep-water meadows, t h e  
coup l i ng  t o  o the r  areas v i a  water fowl  i s  
l e s s  d i r e c t .  Otherwise, s u b t i d a l  t r o p h i c  
i n t e r a c t i o n s  ( f i sh ,  crustaceans, mo l l uscs )  
dominate t h e  immediate u t i  1 i z a t i o n  o f  t h e  
e e l  grass meadow (Chapter 4 ) .  

Hydrodynamic cond i t i ons ,  such as waves 
and cur ren ts ,  determine t h e  amounts o f  
dehiscent  f o l  i a r  m a t e r i a l  t h a t  e i t h e r  a r e  
i nco rpo ra ted  i n t o  t h e  sediments o r  a re  
swept away (Chapter 3).  Local hydrodynam- 
i c  cond i t i ons  a1 so a re  c o r r e l a t e d  wi t h  
t h e  q u a n t i t y  of r o o t s  and rhizomes 
exported. Unless r o o t s  and rhizomes a re  
r i p p e d  o u t  o f  t h e  sediment by humans, 

l a r g e  herb ivo res ,  o r  storms, they r d r e l y  
3re m ' ~ v n l !  directly t c l  u l i i e r  systems. As 
noted e a r l i e r ,  geographic l o c a t  ion  and 
c l  i m a t o l o g i c a l  c o n d i t i o n s  a1 so i n f l u e n c e  
coup1 i n g  between systems through seasonal 
storms, waves, i c e  cond i t i ons ,  hea t  
s t ress,  and des i cca t i on .  

I n  summary, t h e  expo r t  or exchange o f  
m a t e r i a l s  between ee lg rass  meadows and 
adjacent systems occurs as whole p l a n t  
p a r t s  ~ i t n  assoc ia ted  epiphytes, par -  
t i c u l a t e  o rgan ic  mat te r ,  d i sso lved  organ- 
i cs ,  d i s so l ved  gases, o r  as l i v i n g  t i s s u e  
and feces of g raz i ng  fauna. Where sub- 
merged meadows ex i  s t ,  seagrass, epiphytes, 
and assoc ia ted  nlacroal gae dominate t h e  
fl ux of b i ogen i c  ma te r i a l  . Therefore 
eel  grass meadows cannot be cons idered 
s imp ly  as i s o l a t e d  systems. Because of 
t h e i r  gene ra l l y  sha l low water ex is tence i n  
close p r o x i m i t y  t o  f i  sherfes a c t i v i t i e s ,  
shore1 i n e  devel  opnlen t, and nearshore 
p o l l u t i o n ,  eel  grass meadows are 
suscep t ib le  t o  bo th  acute and sometimes 
ch ron i c  p e r t u r b a t i o n .  As a  consequence, 
i n f o rma t i on  on t h e i r  c o n t r i b u t i o n  t o  
coas ta l  systems beyond 3 d i r e c t  nursery  
func t ion  i s  necessary t o  develop a  
r e l i a b l e  i n f o r m a t i o n  base f o r  making 
dec is ions  r ega rd i ng  p r o t e c t i o n  and 
management o f  these  hab i t a t s .  



CHAPTER 6 
CONSIDERATIONS FOR MANAGEMENT 

6.1 INTRODUCTION 

The f i r s t  chapters o f  t h i s  p r o f i l e  
have provided an awareness o f  the  ecologi- 
ca l  s ign i f i cance o f  t he  eelgrass com- 
munity. To mainta in i t s  v i t a l  func t ions  
i n  t h e  l a rge r  ecosystem, c a r e f u l  con- 
s ide ra t i on  must be g iven t o  i t s  manage- 
ment. 

Degradation o f  these essent i  a1 and 
sens i t i ve  areas, which has cumulat ive 
effects, i s  expected t o  accelerate as our 
popu la t ion  grows. The major anthropogenic 
a c t i v i t i e s  t h a t  impact eelgrass com- 
muni t ies  are: (1 )  dredging and f i l l i n g ,  
( 2 )  commerci a1 f i s h e r y  harvest techniques 
and rec rea t i ona l  vehicles, ( 3 )  modif i ca -  
t i o n  o f  normal temperature and s a l i n i t y  
regimes, and ( 4 )  add i t i on  o f  organic and 
inorganic chemical wastes. Natural per- 
t u rba t i ons  (e. g., hurr icanes, rain- induced 
s a l i n i t y  f l uc tua t i ons ,  i c e  scour) are 
superimposed over those caused by man and 
are beyond human con t ro l .  

Resource managers need re1  i able i n f o r -  
mation on which t o  base decisions 
regarding p ro tec t i on  and management of 
eelgrass meadows f r a n  harmful human a c t i v -  
i t i e s .  I n  a recent  pub l ica t ion ,  Odum 
(1982) pointed out  t h a t  we may avoid t h e  
cumulat ive environmental impacts t h a t  
r e s u l t  from "small environmental deci -  
sions" by i nco rpo ra t i ng  a h o l i s t i c  
approach i n  p lanning f o r  both s c i e n t i f i c  
research and f o r  decis ions t h a t  are 
environmental l y  re1  ated. Present pol  i c i e s  
fo r  managing coasta l  systems do not  incor-  
pora te  t h i s  h o l i s t i c  approach. As a con- 
sequence, numerous r e 1  a t i  ve l y  small -scale 
impacts on seagrass meadows are occurr ing 
w i thout  b e n e f i t  o f  conservat ion and m i t i -  
ga t i on  t o  o f f s e t  t he  cumulat ive losses. 

U n t i l  a h o l i s t i c  approach i s  taken, such 
unmit igated a1 t e r a t i o n  w i l l  continue. 

The development of a h o l i s t i c  (Odum 
1982) o r  ecosystem-1 eve1 (Ashe 1982) 
viewpoint on t h e  management o f  eelgrass 
communities i s  required t o  adequately pre- 
serve both t h e i r  s t ruc tu re  and funct ion. 
Although much i s  known about the  produc- 
t i v i t y  and 1 i f e  h i s t o r y  o f  t h e  eelgrass 
i t s e l f ,  l i t t l e  considerat ion i s  given t o  
incorpora t ing  f a c t s  about i t s  dynamics as 
a community i n t o  i t s  management, and much 
l ess  i s  known about the requirements o f  
eelgrass-associ ated fauna. Ul t imately,  
t h e  economic value of the  system i s  
measured by t h e  production o f  
r e c r e a t i o n a l l y  and commercial l y  valuable 
f i s h  and she1 l f i s h  t ha t  depend on eelgrass 
meadows, Some human a c t i v i t i e s  t h a t  
in t roduce t o x i c  mater ia l ,  such as pes t i -  
cides, may be extremely i n j u r i o u s  t o  these 
species but no t  a f f e c t  the eelgrass at a l l  
(Thayer e t  a l .  1975b). 

The dynamics and community s t ruc tu re  
of fauna i n  natura l  meadows are being 
researched in tens ive ly ,  bu t  l i t t l e  i s  
known about t he  recovery o f  fauna i n  per- 
turbed o r  res tored meadows (Homziak e t  a l .  
1982; Thayer e t  al. i n  press b). 
V i r t u a l l y  noth ing i s  known about the  
q u a l i t y  o f  t h e  ecosystem l e v e l  funct ions 
which res tored eelgrass meadows are 
theor ized t o  support (see Race and 
C h r i s t i e  [ I9821 f o r  a p a r a l l e l  argument on 
marsh c rea t i on  1. 

6.2 SUSCEPTIBILITY AND VULNERABILITY OF 
EELGRASS MEADOWS 

Man ' s mu 1 t i f  aceted dependence on 
es tuar ies  inc ludes food production, energy 



development, t ranspor ta t ion ,  waste d i  spo- 
sal , l i v i n g  space, rec rea t i on ,  and 
aes the t i c  pleasure. As po in ted out  by 
Ferguson e t  a l .  (1980), n o t  a l l  of these 
uses are compatible and i n  many cases they  
a re  mu tua l l y  exc lus ive  (F igure  58). Some 
o f  t h e  uses may be b e n e f i c i a l ,  o thers  
det r imenta l ,  wh i le  s t i l l  others may have 
no measurable impact on environmental 
q u a l i t y  (F igure  59). The impacts o f  some 
o f  t he  a c t i v i t i e s  shown i n  Figures 58-59 
are d i  scussed below w i th  special  re ference 
t o  the  means o f  degradation. 

6.3 DREDGE AND FILL 

Dredging and f i l l i n g  are probab ly  the  
most de le te r i ous  o f  man's impacts on 
eelgrass meadows t h a t  have y e t  been iden- 
t i f i e d .  O f  t h e  two, d i r e c t  removal of 
eelgrass by dredging i s  probably the  most 
r e a d i l y  observable meadow d i s rup t i on .  

Dredges may be o f  var ious designs, bu t  
genera l l y  are  e i t h e r  hyd rau l i c  o r  scoop 
types. Hydrau l ic  dredges use a  stream o f  
pressur ized sea water, e i t h e r  as suc t i on  
t o  remove sediment i n  suspension o r  as a  
j e t - l i k e  exhaust. Suct ion types charac- 
t e r i  s t i c a l  ly are used t o  dredge channels, 
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Figure  58 .  Compat ib i l i t y  o f  uses o f  the 
marine environment. (From Ferguson e t  a l .  
1980.) 

and exhaust types g e n e r a l l y  a re  u t i e l i zed_  
i n  s h e l l f i s h i n g  operat ions.  Scoop-type 
dredges do j u s t  t h a t ;  they mechanical ly  
l i f t  ou t  sec t i ons  o f  sediment as would a  
shovel. Typ ica l  dredge designs are 
drag1 ines o r  c lamshel l  scoops. 

I n  a d d i t i o n  t o  p h y s i c a l l y  removing 
eelgrass,  dredges of ten  depos i t  t he  
dredged m a t e r i a l  on to  bay bottom areas 
con ta in ing  ee lgrass .  Al though eelgrass 
can o r i e n t  i t s  rh izome development ver -  
t i c a l l y ,  i t  r a r e l y  can match t h e  r a t e  at  
which sediment f rom these operat ions accu- 
mulate. As t h e  p h o t o s y n t h e t i c a l l y  a c t i v e  
b l  ades become covered w i t h  sediment, 1  i g h t  
recep t ion  i s  impaired, f u r t h e r  d e p r i v i n g  
t h e  rhizomes o f  energy needed t o  compen- 
sate f o r  sedimentat ion.  The p l a n t s  are  
probably b e t t e r  ab le  t o  cope w i t h  r a p i d  
sediment e ros ion  than  w i t h  sediment accre- 
t i o n  (F igu re  60). 

The h i g h  t u r b i d i t y  produced by 
dredging and f i l l i n g  reduces t h e  produc- 
t i v i t y  o f  grasses, and i f  severe enough, 
even tua l l y  k i l l s  them. Depending on t h e  
hyd rau l i c  s t a b i  1  i t y  o f  t h e  s i t e ,  e levated 
t u r b i d i t y  and o f f - s i t e  d r i f t  o f  dredged 
ma te r ia l  can be ch ron ic  o r  acute. The use 
o f  s i l t  c u r t a i n s  t o  c o n t a i n  suspended 
ma te r ia l  o f f e r s  o n l y  l i m i t e d  p ro tec t i on ,  
s ince t h e  c u r t a i n s  u s u a l l y  a re  removed 
along w i t h  t h e  o ther  equipment when 
dredging i s  t e rm i  nated. Chronic e levated 
t u r b i d i t y  o r  t h e  cover ing o f  ee lgrass  
e i t h e r  i n t e n t i o n a l l y  by  d i r e c t  depos i t i on  

D.lr,m.ntol ;:;::::: 
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Figure 59. Actua l  and p o t e n t i a l  impacts 
o f  man's use o f  t h e  marine environment on 
w a t e r  q u a l i t y .  (From Ferguson  e t  d l .  
1980. ) 



or from d r i f t  o f f  t h e  immedi a t e  i m p a c t  6.4 COMMERCIAL 
zone, means t h a t  p r o d u c t i o n  of t h o s e  a reas  VEHICLES 
i s  e i t h e r  s u b s t a n t i a l l y  d i m i n i s h e d  o r  
t o t a l l y  e l i m i n a t e d .  Many of t h e s e  s i t e s  
remain b i o l o g i c a l l y  u n p r o d u c t i v e  because 
of h igh  f l u i d  energy  a t  t h e  dis t losa l  s i t e .  
~ u c c e s s f u l  r e p 1  a n t i  ng o f  e e l  g r a s s  o n t o  
these areas, however, enhances t h e  s t a b i  1 - 
i t y  of t h e  s u b s t r a t e  and t h u s  p romotes  
d&elopITient of an e x t e n s i v e  i a u n a i  corn- 
ponent. R e p l a n t i n g  of e e l g r a s s  can  p r o -  
vide a  major  m i t i g a t i o n  o f  t h e  d r e d g i n g  
impact. S t a b i l i z i n g  t h e  s i t e  a l s o  c o u l d  
reduce t h e  need f o r  f r e q u e n t  d r e d g i n g  of 
the nearby channel ,  t h u s  r e d u c i n g  t h e  
time-averaged i m p a c t  on  l o c a l  b i o t a  and 
decreasing t h e  c o s t  o f  c h a n n e l  main-  
tenance. 

Figure 60. Pho tograph  o f  t h e  response  o f  
a  t ransp lan ted  e e l g r a s s  s h o o t  t o  e r o s i o n .  
The sediment s u r f a c e  was s l  i g h t l  y above 
the anchor when p l a n t e d  (dashed  l i n e ) .  A 
storm eroded a p p r o x i m a t e l y  10 cm o f  
sediment w i t h  t h e  r e s u l t a n t  g e o t r o p h i c  
g ro r th  response o f  the raoi-ri i5zo;;le. Tbe 
shoot had reached t h e  new s e d i m e n t  s u r f a c e  
( s o l i d  l i n e )  i n  a p p r o x i m a t e l y  90 days  when 
t h i s  photograph was t a k e n .  

The d i r e c t  impac t  o f  manis use of 
seagrass  meadows i s  r e a d i l y  observable,  
Zieman (1976)  d e s c r i b e d  t h e  l a s t i n g  impact  
( t i m e  i n  y e a r s )  of moto rboa t  c u t s  t h r o u g h  
t r o p i c a l  seagrass  meadows. D e t o n a t i o n s  
f o r  g e o l o q i c a l  su rveys  o f f  B e l i z ~  and 
s i  i t e a - i n  bomb c r a t e r s  o f  Vieques, P u e r t o  
R ico ,  have remained v i s i b l e  a f t e r  2 t o  3 
decades (Zieman and Ogden; Zieman and 
Fonseca, pers .  observ .  r e s p e c t i v e l y ) .  
E e l g r a s s  meadows a l s o  have s u f f e r e d  from 
i m p a c t s  on a  s c a l e  s i m i l a r  t o  t h a t  f o r  
t r o p i c a l  seagrasses.  F o r  example, 
e e l g r a s s  has been dynamited i n  t h e  N i a n t l c  
R i v e r  o f  C o n n e c t i c u t  t o  improve wate r  c i r -  
c u l  a t  i o n  (M. Ludwig, NMFS, Env l ronn ien td l  
Assessment Branch, M i l f o r d ,  Connec t i cu t ;  - - - -  ---- \ 
pet 3 .  LUIIIIII. , . n - - -  - - -  

n c a v u ~  L C  Gaiiaijci, h a v e  
s i n c e  come t o  new w ~ s d o m  and no l o n g e r  
condone such a c t i o n s .  Ee lg rass ,  because 
o f  t h e  way i t  grows (Chap te r  2 )  , r e c o l  o- 
n i  zes damaged a r e a s  more r a p i d l y  t h a n  sonre 
t r o p i c a l  s p e c i e s ,  b u t  t h i s  process s t i l l  
r e q u i r e s  y e a r s  (Kenworthy e t  a l .  1980). 

The a c t i v i t y  o f  commercial  and 
r e c r e a t i o n a l  v e s s e l s  i n  e e l g r a s s  meadows 
removes t h e  s h o o t s  b y  v a r i o u s  methods. 
Mos t  common i s  t h e  s l i c i n g  and u p r o o t i n g  
of s h o o t s  b y  b o a t  p r o p e l l e r s .  Bdsed on  
qua1 i t a t  i v e  o b s e r v a t i o n s ,  t h e  most d e l e -  
t e r i o u s  equipment  n e x t  t o  b o a t  p r o p e l  l e r s  
a r e  t o o t h e d  r a k e s  o r  dredges towed beh ind  
a  power b o a t  t o  h a r v e s t  s h e l l f i s h .  T h e i r  
u s e  i n  submerged v e g e t a t i o n  (such  as 
e e l  g rass )  i s  ou t lawed i n  most c o a s t a l  
s t a t e s .  Large hand-operated t o o t h e d  r a k e s  
and tongs ,  w h i c h  can u p r o o t  e e l g r a s s  i n  
s u b s t a n t i a l  q u a n t i t i e s ,  s h o u l d  be guarded 
a g a i n s t ,  b u t  hand r a k e s  ( "pea  d i g g e r s " )  
a r e  more s e l e c t i v e  and l e s s  d i s r u p t i v e  
( P e t e r s o n  e t  a l .  1983). Thayer and S t u a r t  
(1974)  demons t ra ted  t h a t  commercial  
d r e d g i n g  reduced  b o t h  s c a l l o p  and e e l g r a s s  
d e n s i t y  i n  an a r e a  near  B e a u f o r t ,  N o r t h  
C a r o l i n a .  Fonseca e t  a l .  (1979)  r e p o r t e d  
t h e  d e n u d a t i o n  o f  an e e l g r a s s  meadow by  
s c a l l o p  h a r v e s t i n g  and i t s  subsequent 
r e s t o r a t i o n .  These two papers  d e s c r i b e d  
e e l g r a s s  meadows s u s t a i n i n g  s c a l l o p  h a r -  
v e s t i n g  impac t ,  b u t  t h e y  d i d  n o t  d e s c r i b e  
t h e  mechanism o f  i m p a c t  o t h e r  t h a n  t h e  
u p r o o t i n g  of e n t i r e  shoots.  I n  a more 
r e c e n t  s tudy ,  Fonseca e t  a1 . ( i n  p r e s s )  
demons t ra ted  t h a t  s c a l l o p  d r e d g i n g  s i g n i f -  



icantly reduced biomass and surface area 
as well as shoot density of eelgrass  
growing in both so f t  bottom and hard bot- 
tom substrates.  Eelgrass was more suscep- 
t i b l e  in  s o f t  than in hard bottom 
substrates  (Figure 61 ). The authors 
hypothesized tha t  areas of low eelgrass 
biomass ( l e s s  than 50 g dw m-2)  and areas 
dominated by seedlings will be most 
susceptible t o  harvesting impacts. 

Any overboard ac t i v i t y ,  whether using 
rakes or simple hand col lect ions,  often 
tramples the grasses into the sof t  bottom. 
Footprint holes through the rhizome 1 ayer 
a r e  often quickly enlarged by crabs 
(especial ly  Callinectes and Limulus sp.)  

Hard bottom site 
.Soft Bottom srte 

NUMBER OF DREDGINGS 

Figure 61. Decrease in average eelgrass 
shoot  number per core  ( t o p )  and f o l i a r  
biomass (bottom) as a function of scallop 
harvest e f fo r t .  Bars represent + 1 SE and 
are of fse t  fo r  readability.  (Rearawn from 
Fonseca e t  a1. , i n press. 1 

searching fo r  she l l f i sh  and can become an 
erosion face for  currents  and waves. O r t h  
(1975) reported meadow disruption through 
a similar but natural e f f ec t  of cownose 
rays in Chesapeake Bay, and Wilkins (1982) 
documented loss  of both invertebrates and 
eelgrass  by feeding birds  (Chapter 4).  

The tolerances of eelgrass t o  tem- 
perature and s a l i n i t y  variations i s  
discussed in de ta i l  in Chapter 2. High 
temperatures are  alluded t o  in Chapter 1 
as a possible cause of the ''wasting 
disease.' Only a few of man's a c t i v i t i e s  
could a1 t e r  e i t he r  parameter suf f ic ien t ly  
t o  impact eelgrass  d i rec t ly .  Thermal 
e f f luen t  from power plants  can induce 
local eelgrass  mor ta l i t i es .  Creation of 
groins, j e t t i e s ,  and dikes may a l t e r  c i r -  
culation pat terns and stagnate water t ha t  
could elevate  the  ambient temperature of a 
local eelgrass  meadow. Impoundment and 
stagnation of estuarine waters a lso can 
lead t o  increased s a l i n i t y  by evaporation. 
Conversely, freshwater discharge by canal 
opening or agricul tural  and sewage 
discharge can d i l u t e  estuarine waters, 
making them l e s s  s a l i ne  and less  than 
optimal fo r  exis t ing eelgrass.  

Temperatures and/or sal  ini t i e s  above 
or below optimum l imi t s  might not 
necessarily destroy a meadow, but they 
might inh ib i t  metabolism and t h u s  decrease 
the p l an t ' s  productivity. Weakening t he  
plants  a lso could make them less  com- 
pe t i t i ve  with invading species. As 
pointed out in Chapter 2,  eelgrass i s  
r e l a t i ve ly  euryhal ine and eurythermal , so 
tha t  any changes in s a l i n i t y  or tem- 
perature would have t o  be large for  t he  
e f f ec t s  t o  be severe and chronic t o  make a 
large or noticeable impact. 

There also may be secondary e f fec t s  of 
temperature and s a l i n i t y  f luctuat ions i n  
grass beds. I t  was noted by Orth 
(Virginia I n s t i t u t e  of Marine Science, 
Gloucester Point,  Virginia; pers. corn. 1 
tha t  a dramatic reduction in s a l i n i t y  in  
Chesapeake Bay during hurricanes was 
accompanied by a die-off of eelgrass. He 
theorizes tha t  the  grass was not d i r ec t l y  
damaged by t he  lower s a l i n i t y ,  but tha t  
the ubiquitous, epiphyte-grazing gastropod 



B i t t i u m  var ium ( F i g u r e  42) may have been -- 
adverse ly  a f fec ted.  A massive m o r t a l i t y  
o f  B i t t i u m ,  accord ing t o  Orth, cou ld  have 
l ead  t o  a  r a p i d  i nc rease  i n  ep iphy t ism i n  
t he  absence o f  t h e i r  grazing, thereby 
reduc ing l i g h t  t o  the  ee lgrass  blades and 
exacerbat ing  the  p l a n t ' s  demise. 

6.6 ORGANIC AND INORGANIC POLLUTANTS 

The i n f l u e n c e  of o rgan ic  and inorgan ic  
p o l l u t a n t s  on growth and s u r v i v a l  of 
ee lgrass  i s  p r e s e n t l y  t he  most poo r l y  
understood aspect o f  man's impact on t h i s  
system. The general  p a u c i t y  o f  i n f o r -  
mat ion  most l i k e l y  has been due t o  a  com- 
b i n a t i o n  o f  t e c h n i c a l l a n a l y t i c a l  def i c i e n -  
c i  es and ignorance o f  p o t e n t i  a1 hazards. 
Recent awareness o f  t h e  va lue o f  ee l -  
grass meadows has prompted i n v c s t i  ga- 
t i o n s  o f  t h e i r  r e a c t i o n s  t o  acute, 
c a t a s t r o p h i c  events, such as t h e  Amoco 
Cadiz o i l  s p i l l  i n  France, and t o  i n s i -  
d ious and ch ron i c  events, such as the  
ee lgrass  demise i n  Chesapeake Bay. 

The major o rgan ic  p o l l u t a n t s  impact ing 
ee lgrass  meadows i d e n t i f i e d  t o  date are 
petro leum and r e 1  a ted compounds, her- 
b i  c ides,  and p e s t i c i d e s .  McRoy and 
Wi j l iarns (1977) detec ted t h e  suppression 
o f  ee lgrass  phytosynthes is  by kerosene, 
and Jacobs (1980) noted adverse impacts on 
t h e  i n t e r t i d a l  ee lgrass  a f t e r  t h e  Amoco 
Cadiz s p i l l .  I n  t h e  same s p i l l  area, 
Calder e t  a l .  (1978) t r aced  petroleum 
impacts on seagrass systems and s ta ted 
t h a t  they  had been minimal, except where 
t h e  grass had been smothered by t h i c k  
l a y e r s  o f  o i l  (Fos ter  e t  a l .  1971; Nadeau 
and Be rqu i s t  1977; den Har tog and Jacobs 
1980). An ex tens i ve  rev iew o f  t h e  e f f e c t s  
o f  o i l  on seagrass systems i s  provided by 
Zieman e t  a l .  ( i n  press).  

A1 though ee l  grass i s  apparent1 y  
t o l e r a n t  o f  sho r t - t e rm exposure t o  pet ro-  
leum hydrocarbons, t h e r e  i s  no quan- 
t i t a t i v e  i n fo rma t i on  as t o  how i t s  
phys io logy  o r  r e p r o d u c t i v e  success are  
a f f e c t e d  by long- term exposure. Acute 
ep i  sodes o f  pe t ro leum re1  ease a1 so may 
a f f e c t  ee lgrass  seed rec ru i tmen t  i n  a  
g i ven  year. Seed rec ru i tmen t  p lays a  
s i g n i f i c a n t  r o l e  i n  t h e  maintenance of 
e e l  grass popul a t  i ons  i n  some environments 
(Chapter 2 ) .  

The fauna reac t  much more negat ively,  
p a r t i c u l a r l y  t o  massive, short-term expo- 
sures. Den Hartog and Jacobs (19801, 
Nadeau and Berquist  (1977), Chan (19771, 
and D iaz -P i fe r re r  (1962) a1 1  document mass 
m o r t a l i t i e s  o f  fauna fo l l ow ing  o i l  s p i l l s ,  
although the  effects appeared t o  be 
species-speci f  i c and dependent on a  number 
o f  environmental fac tors .  Among these 
f a c t o r s  a r e  the ainoiint of wave enrt-gy 
present, the k ind o f  o i l ,  and the manner 
i n  which o i l  i s  d i s t r i b u t e d  by t ides .  
Wave ac t i on ,  whi le possib ly acce lera t ing  
t h e  na tu ra l  release o f  the more t o x i c  
aromatics from the o i l ,  r a p i d l y  spreads 
t h e  o i l  deeper i n t o  t he  canopy and across 
t i d a l  zones. Den Hartog and Jacobs (1980) 
noted t h a t  the  la id -over  eelgrass canopy 
a t  low t i d e ,  by provid ing a  physical  
b u f f e r  f rom the o i l  mass f o r  the fauna and 
f o r  the sediment, probably reduced 
morta l  i ty o f  indigenous species. 

A p o i n t  o f  concern t h a t  requ i res  
fu r the r  i nves t i ga t i on  i s  whether car-  
c i  nogenic or  mutagenic compounds incor -  
porated i n t o  the  eelgrass i t s e l f  would be 
harmful t o  h igher t r oph i c  leve ls .  Since 
eelgrass grows r a p i d l y  and sloughs l ea f  
mater ia l ,  which forms the base o f  an 
extensive food web, t h i s  h igh p r o d u c t i v i t y  
becomes a  mechanism for  mob i l i z i ng  and 
d i s t r i b u t i n g  po ten t i a l  1y dangerous rom- 
pounds upward and throughout the food 
chain. By and large, t h i s  b r i e f  
d i  scussion of petroleum hydrocarbons i s  
genera l ly  appl icable t o  the mob i l i za t i on  
and e f f e c t s  of pest ic ides,  herbicides, and 
inorgan ic  elements, especial l y  metals. 

Excessive discharges o f  inorganic 
n u t r i e n t s  such as n i t r a tes ,  phosphates o r  
ammonia from farm drainage, r e s i d e n t i a l  
const ruc t ion ,  and sept ic  systems can cause 
dramatic s h i f t s  i n  t he  community s t r u c t u r e  
o f  coastal  systems. Causes and e f fec ts  o f  
eu t roph ica t  i o n  are we1 1  documented 
(Nei lson and Cronin 1981). Green and 
blue-green algae, some o f  which are t o x i c  
and o f t e n  noxious i n  l a rge  quan t i t i es ,  
take advantage o f  excess n u t r i e n t  l oad ing  
by i nc reas ing  t h e i r  production. High 
ra tes  o f  a lga l  production, fo l lowed b y  
a lga l  decay and i t s  consequent h igh  oxygen 
demand may r e s u l t  i n  an anoxic water 
column, as wel l  as measureable dacreases 
i n  1 i g h t  penetrat ion;  both f a c t o r s  may 
reduce ee l  grass p roduc t i v i t y .  



I n  a recent  study, H a r l i n  and 
Thorne-Mi 1 l e r  ( 1981) reported t h a t  f e r -  
t i l i z e r s  dispensed i n  t he  water column o f  
an eelgrass bed i n  t he  form o f  ammonia, 
n i t r a t e ,  and phosphate st imulated the 
growth o f  t he  endemic green algae 
(~nteromorpha ~ l u m o s a  and ~ i v a  lactuca) 
f a r  more than ~t d i d  t h e g r o w t h  o f  
eelgrass. The authors argued t h a t  excess 
n u t r i e n t s  released i n t o  semi-closed 
shallow marine systems would r e s u l t  i n  
heavy blooms of green algae. I n  t h e  same 
lagoon studied by H a r l i n  and 
Thorne-Mil l e r ,  Kenworthy (pers. observ.) 
has observed an increase i n  green algae 
and steady dec l ine  o f  eelgrass f o r  near ly  
a decade. I t  i s  therefore important t ha t  
t he  po ten t i  a1 degradation o f  eel grass 
meadows by eutrophicat ion be considered i n  
the  f u t u r e  management o f  eelgrass systems. 

So many unknowns remain t h a t  t h e  only 
prudent course i s  t o  assume t h a t  a l l  types 
of organic and inorganic compounds are 
po ten t i  a1 hazards. A massive study, 
recen t l y  completed on the in f luence o f  
some o f  these compounds on eelgrass i n  the 
Chesapeake Bay, ind ica ted t h a t  pest ic ides 
and metals alone caused no s i g n i f i c a n t  
reduct ion o f  eel grass shoot populat ions i n  
t h a t  area (Uni ted States Environmental 
Pro tec t ion  Agency: Chesapeake Bay Report 
1982). These compounds are o f t e n  s t rong ly  
cor re la ted  ni t h  nonpoint source runof f ,  
elevated suspended sol i d  loading (hence 
decreased 1 i g h t  penetrat ion), and other 
de le ter ious  compounds. The major concerns 
are t h a t  metals may be accumulated by the 
eelgrass (Drifmeyer e t  al. 1980; USEPA: 
Chesapeake Bay Report 1982) and mobi 1 i zed 
up the  food chain and t h a t  a pers is ten t  
depression o f  faunal assemblages by the 
pes t i c i de  loading may occur. Even though 
nonpoint source runoff and atmospheric 
inputs o f  these compounds both cont r ibu te  
t o  loading f rom anthropogenic sources, i n  
the estuary the  compounds fo l low hydrody- 
namic pathways and can be found where f i n e  
sediments accumulate. One major hab i ta t  
t ha t  enhances f i n e  sediment accumulation 
i s t h e  eelgrass meadow, c h a r a c t e r i s t i c a l l y  
inhabi ted by l a r g e  numbers o f  estuarine 
organisms. A p o i n t  ra ised by USEPA (1982, 
p. 347) succ inc t ly  summarizes the  problem: ". .. most bioconcentrat ions have been 
t reated as s t a t i c  l eve l s  i n  t issues o r  
organisms . Some organi sms, however, 
accumulate tox icants  quick ly ,  whereas 

others t h a t  metabol ize s lowly  can 
accumulate tox i can ts  sloxly but t o  h igh  
1 eve1 s. Therefore, b i  oaccumul a t i  on needs 
t o  be examined as a dynamic equ i l i b r i um 
determined by the  (organisms') metabol i c  
rate." 

The most p r a c t i c a l l y  o r ien ted sub- 
merged aquat ic /herb ic ide  study t o  date i s  
one done i n  Chesapeake Bay (USEPA: 
Chesapeake Bay Report 1982). The bay was 
surveyed f o r  t h e  d i s t r i b u t i o n  of two major 
herbic ides,  a t raz ine  and 1 i nuron, and f o r  
t h e i r  e f f e c t  on some submerged aquatic 
vegetat ion (SAV). The herbic ides were 
found t o  s i g n i f i c a n t l y  reduce photosynthe- 
s i s  i n  SAV's a t  concentrat ions o f  20 ppb. 
Although the  Chesapeake Bay study con- 
ceudes t h a t  herb ic ides  d i d  not appear t o  
d i r e c t l y  cause the l o s s  o f  SAV's i n  the 
system, t h e  study concluded t h a t  the  
e f fec ts  of daughter products o f  herb ic ide  
degradation are not known. 

Frequent reduct ions  i n  photosynthetic 
l e v e l s  due t o  e levated t u r b i d i t y  and ag r i -  
c u l t u r a l  r u n o f f  d e f i n i t e l y  add t o  e x i s t i n g  
stresses on p l a n t s  f rom both natura l  and 
anthropogenic sources. The herb ic ide  a t ra -  
z i  ne has been demonstrated t o  accumulate 
l i n e a r l y  i n  eelgrass w i t h  increased con- 
cen t ra t i on  (L. Gabanski, Bio logy Dept., 
Old Dominion Un ivers i ty ;  pers. comn.). 
Root/rhizome uptake was less  than 10% 
of l ea f  uptake, most l i k e l y  due t o  bac- 
t e r i a l  metabolism o f  a t raz ine  i n  t he  
sediments. Cunningham and Kemp 
(Un ive rs i t y  o f  Maryland, Horn Po in t  
Laboratories, Cambridge, Mary1 and; pers. 
comn.) s tud ied  t h e  e f f e c t s  over an &week 
per iod  o f  a t raz ine  i n  phys io log ica l  and 
morphological responses o f  Potamo eton 
e r f o l  ia tus,  a submerged vascu ar p ant + + 

t y p i c a  y found i n  f r e s h  o r  low-sa l in ty  
areas. The p l a n t  responded by increasing 
l e a f  length  and ch lo rophy l l  a  con- 
cen t ra t i on  w h i l e  decreasing wei$t per 
u n i t  length, a response s i m i l a r  t o  shade 
adaptat ions f o r  t h i s  species. They a l so  
noted t h a t  a f t e r  a d d i t i o n  o f  the herb ic ide  
ceased, t he re  was a s i g n i f i c a n t  recovery 
o f  photosynthet ic  a c t i v i t y  w i t h i n  two 
weeks. The authors contend t h a t  not  on l y  
short-term, bu t  long-term e f f e c t s  o f  her- 
b i c i d e  add i t ions  t o  t h e  system should now 
be considered. Cunningham and Kemp and 
authors o f  t h e  Chesapeake Bay Study 
conclude t h a t  he rb i c ide - re la ted  reduct ions 



i n  p r o d u c t i v i t y  have p o t e n t i a l  f o r  deve- 
l op ing  condi t ions i nto le rah le  t o  SAU sur- 
v i  val . 

6.7 PLANNING AND UTILIZATION 

Management Needs 

I n  t h i s  p r o f i l e  we have t r i e d  t o  
r e l a t e  the  f u n c t i o n  o f  eelgrass meadows i n  
t he  l a rge r  es tuar ine  ecosystem. To main- 
t a i n  t h e i r  c o n t r i b u t i o n  t o  nearshore pro- 
d u c t i v i t y ,  eelgrass meadows should be 
managed as p a r t  of t he  ecosystem. 
Idea l l y ,  avoidance of impact and t o t a l  
conservation o f  t h i s  system would be the 
best  s t ra tegy  t o  ensure i t s  continued pro- 
d u c t i v i t y .  Top p r i o r i t y  must be given t o  
making the  pub l i c  aware o f  t he  q u a l i t i e s  
and economic value o f  t he  system. A l l  too 
o f ten  the  pub l i c  becomes i s o l a t e d  from the 
pe r t i nen t  s c i e n t i f i c  in fo rmat ion  because 
i t i s  publ ished i n  techn ica l  journals. 
Th is  leads t o  skept ic ism o f  the 
bureaucracy and diminishes publ i c  par- 
t i c i p a t i o n  i n  the exchange o f  in format ion 
between s c i e n t i s t s  and resource managers. 

There are several ways t h a t  resources 
can be managed t o  p r o t e c t  them from 
damage. F i r s t ,  l e g i s l a t i o n  can p r o h i b i t  
spec i f i c  a c t i v i t i e s  t h a t  degrade the 
resource. For t h i s  approach, appl ied 
research programs are needed t o  i d e n t i f y  
and study the  p o t e n t i a l  problems. 

Basic s c i e n t i f i c  in fo rmat ion  must be 
coordinated w i t h  major coasta l  p ro jec t s  so 
t h a t  po ten t i a l  disturbances can be iden- 
tif ied  and appropr iate prevent ive ac t ion  
taken. An example o f  such a process 
occurred i n  a lagoon vegetated w i th  
eelgrass i n  southern New England. The New 
England Power Company proposed t o  open a 

'new i n l e t  through a b a r r i e r  i s l a n d  t o  a 
coastal lagoon i n  order t o  a l low passage 
of a barge c a r r y i n g  a reac to r  vessel. A 
hydrodynamic model coupled w i t h  studies o f  
the eelgrass system p red i c ted  t h a t  the 
opening o f  t h e  i n l e t  would severely damage 
the eelgrass meadows (Short  e t  al .  1974). 
The information was made ava i l ab le  t o  the 
s c i e n t i f i c ,  i n d u s t r i a l ,  and publ i c  sectors 
and became an i n t e g r a l  p a r t  o f  t he  deci- 
sionmaking process. I n  t h e  e x i s t i n g  i n l e t  
o f  t h i s  same lagoon, extensive amounts o f  
sediment have been na tu ra l  l y  transported 

through the  i n l e t  and deposited onto a 
l a rge  po r t i on  o f  an eelgrass meadow 
(Har l i n  e t  al .  1982). The sediment has 
thus formed a f l ood - t i de  delta, choking 
the  flow of water between the  lagoon and 
adjacent oceanic waters. Decreased 
f l ush ing  i s  l i k e l y  t o  cause dramatic 
changes i n  water qua1 i t y  and possib ly  
detr imental  e f f ec t s  t o  the eelgrass i n  i t s  
communities (Harl i n  and Thorne-Miller 
1981 ). Such impacts can be f a r  reaching 
and long tern. A recent  a r t i c l e  i n  the  
S a l t  Water Sportsman (June 1983) surveyed -- 
the best s t r ~ p e d  bass f i s h i n g  spots on the  
south shore o f  Rhode Island. I n  the 
a r t i c l e  i t  was noted tha t  the i n l e t  a t  
Charlestown Pond ( the  same lagoon as noted 
above) was once one o f  the  best sur f  
f i s h i n g  spots, but t h a t  a reduction i n  
water f l ow  from the  lagoon had decreased 
i t s  f i s h i n g  p roduc t i v i t y .  Thus, even the  
recreat iona l  f i she ry  was impacted and i n  a 
very short time. This is a good example 
o f  the type o f  in format ion necessary f o r  
planning e f f e c t i v e  management. 

M i t i g a t i o n  

Pol i c y  may be establ ished wi thout  
l e g i s l a t i o n  i f  there i s  reason t o  bel ieve 
a po ten t i a l  impact ex ists.  But 
es tab l ish ing  such a pol  i c y  requires 
i n t e r a c t i o n  between s c i e n t i s t s  and mana- 
gers a t  a l l  l eve l s  o f  government and i n  
t he  p r i v a t e  sector. Such interact ion,  
however, i s  unusual. Numerous authors 
have pointed out  the c o n f l i c t  tha t  ar ises 
between coastal zone development and the  
need t o  preserve eelgrass (and other 
seagrass) meadows (Thorhaug 1976; Linda11 
e t  a l .  1979; Zieman 1982; Thayer e t  al .  i n  
press b, and references c i t e d  therein). 
Those charged w i th  managing these systems 
are con t i nua l l y  faced w i t h  t r y i n g  , to ame- 
l i o r a t e  disturbances ex pos t  facto. It i s  
unfor tunate t h a t  r e s s r a t i o n  o f  eelgrass 
meadows o f ten  i s  included as a v iab le  
a1 t e r n a t i v e  i n  planning processes. Such 5 
p r i o r i  considerat ion o f  res tora t ion  tends 
t o  concede the  po in t  o f  conservation and 
preservation. As demonstrated by Race and 
C h r i s t i e  (1982), t he re  i s  i n s u f f i c i e n t  
e v i  dence t o  conclude t h a t  restored systems 
provide the  same ecosystem funct ions as 
na tu ra l  ones. Ashe (1982), i n  a t ime ly  
paper, promulgated a d e f i n i t i o n  o f  mi t iga-  
t i o n  t o t a l l y  appl icable t o  eelgrass 



systems: LsF ish and w i  l d l i f e  Ceelgrassl 
m i t i g a t i o n  i s  a process r e s u l t i n g  i n  spe- 
c i f i c  act ions, designed t o  compensate f o r  
the unavoidable loss  o f  f i s h  and w i l d l i f e  
resources which accompany human a c t i v i t y .  " 
This d e f i n i t i o n  re legates the  d is rupt ion  
o f  eel  grass meadows t o  the  appropri ate 
p o s i t i o n  i n  the decis ion process, an ex 

f a c t 0  considerat ion when a n  
rea i s t i c  a1 te rnat ives  t o  impact avoidance 
have been exhausted ( a f t e r  Race and 
C h r i s t i e  1982). 

Even a f t e r  a decis ion has been made t o  
a l low the  des t ruc t ion  o f  eelgrass hab i ta t ,  
two important po in ts  must be considered. 
The f i r s t  i s  t h a t  i f  eelgrass hab i ta t  (o r  
any natural ,  b i o l o g i c a l l y  product ive habi- 
t a t )  i s  destroyed, the p r o d u c t i v i t y  o f  the  
e n t i r e  system can never be returned t o  
what i t  had been o r i g i n a l l y .  Once a 
segment o f  an ecosystem i s  l os t ,  t he  
b jq log i ca l  and chemical l i n k s  w i th in  the  
e n t i r e  system are permanently disrupted, 
even i f  new' hab i ta t  i s  created elsewhere 
w i t h i n  the  system. The second point ,  
r e a l l y  a caveat o f  the f i r s t  tha t  i s  based 
on an app l ica t ion  o f  the  ecosystem theory, 
i s  t h a t  m i t i g a t i o n  r a r e l y  creates new 
hab i ta t .  This leads us t o  r e f l e c t  on the  
nature o f  m i t i g a t i o n  i t s e l f .  Le t  us say a 
segment o f  an eelgrass meadow i s  replaced 
by a man-made s t ruc tu re  and a new area i s  
sought f o r  p lant ing.  The most desi rable 
area i s  t y p i c a l l y  a natura l ,  unvegetated 
bottom. This also poses two problems. 
One, i t may be unvegetated because i t  i s  
unsui table f o r  eelgrass growth, or two, i t  
i s  a temporary space i n  an ex i s t i ng  com- 
munity o f  eelgrass. The f a c t  i s  t h a t  
there  probabLy e x i s t  few su i tab le  areas 
t h a t  eel grass.  has not already reached and 
colonized on the  east coast o f  the United 
States. This i s  where an ecosystem-level 
knowledge must be appl ied t o  f a c i l i t a t e  
t r u e  mi t iga t ion .  

Since eelgrass meadows are extremely 
dynamic p lan t  systems, they e x h i b i t  sea- 
sonal f l uc tua t i ons  i n  t h e i r  densi ty  and 
d i s t r i b u t i o n  w i t h i n  t he  system. Thus, 
apparently barVen, unvegetated areas we1 1 
may be eelgrass habi tat .  We have observed 
l a rge  acreages i n  t he  Beaufort, North 
Carolina, area o s c i l l a t e  from being 
t o t a l l y  unnavigable due t o  t h i ck  eelgrass 
cover, t o  barren, and back t o  lush  cover 
f n  th ree years. P lan t i ng  these areas 

would no t  c o n s t i t u t e  m i t i ga t i on ,  since no 
long-term add-it ions t o  t h e  system would 
have been rea l i zed .  Only a temporary 
enhancement would be achieved. If new 
areas were engi neered, e. g., up1 and areas 
lowered and f looded and then planted, a 
l i k e  amount of h a b i t a t  would have been 
a r t i f i c i a l l y  created t o  m i t i g a t e  t h a t  
which was a r t i f i c i a l l y  l o s t .  Only 
c rea t i on  o f  t r u l y  new, p rev ious l y  unvege- 
t a t e d  aquat ic  h a b i t a t  ( t h a t  has not been 
created a t  t he  expense o f  another 
b i o l o g i c a l  l y  p roduct ive  hab i ta t )  can be 
a1 lowed as m i  t i g a t i o n .  Otherwise, cumula- 
t i ve small -scale losses o f  eel grass habi - 
t a t  w i  11 cont inue along w i t h  a concomitant 
l oss  o f  i r r ep laceab le  f i she ry  resources. 

6.8 RESTORATION 

As e a r l y  as 1947, Addy developed an 
eelgrass p l a n t i n g  guide. The bas ic  c r i -  
t e r i a  developed are s t i l l  v a l i d  and con- 
t i n u e  t o  be the  sub jec t  o f  far-ranging 
research. Reports by Goforth and Peeling 
(1979) and Fonseca e t  a l .  (1979) review 
most o f  the  p e r t i n e n t  1 i t e r a t u r e  on 
eelgrass t ransp lan t ing .  Restorat ion tech- 
niques, which have inc luded the  use of 
seeds (Church i l l  e t  a l .  1978) and vegeta- 
t i ve mater i  a1 , have produced v iab le  
t ransplants,  but  few have been cost  e f fec-  
t i v e .  Seeds o f  eelgrass are co l l ec tab le  
but  a re  d i f f i c u l t  t o  anchor because o f  
t h e i r  small s i ze  (approx. 5 mm long by 2 
mn diameter). Present ly ,  any ho ld ing  or 
c u l t u r i n g  o f  seeds and seedlings on a 
scale su i  tab1 e f o r  most res to ra t i on  pro j -  
ects appears unnecessary and would prob- 
ab l y  increase cost. Transplant ing m t u r e ,  
vegetat ive sp r i gs  i s  l ess  labor  in tens ive  
and has received more a t ten t i on ,  bu t  re- 
search i s  cont inu ing  i n t o  the  use o f  seeds 
f o r  p l a n t i n g  t h i s  species (R.J. Orth, 
pers. comm.) . Vegetat ive t ransp lan t ing  
techniques can be broken i n t o  two cate- 
gories: ( I )  sediment-attached and (2) 
sediment-free. Ea r l y  t ransp lan t ing  
attempts used cored-out plugs o r  t u r f s  
(F igure  62) o f  eelgrass, bu t  there i s  no 
i n d i c a t i o n  t h a t  eelgrass requ i res  nat ive  
sediment f o r  propagation. Sediment-free 
techniques, pioneered by P h i l  l i p s  (1974a) 
and l a t e r  used by Riner  (1976), Churchi l l  
e t  a l .  (1978), and Fonseca e t  a l .  (1982a), 
circumvent the i n c r e d i b l e  l o g i  s t I c  
problems associated w i t h  movi ng an 



covered w i t h  seawater f o r  t r a n s p o r t a t i o n  
t o  t h e  f i e l d  (Figure 6 3 ) .  

F i g u r e  62. Photograph o f  a  t u r f  o r  p lug  
o f  e e l g r a s s  taken  w i t h  a c o r e r  ( r i g h t ) .  

e s t i m a t e d  5 t o  30 m e t r i c  tons  o f  sediment 
and p l a n t s  p e r  h e c t a r e  o f  bo t tom p lan ted .  
A c t u a l l y ,  much more sed iment  must be 
d i s p l a c e d  because h o l e s  must be c r e a t e d  a t  
t h e  p l a n t i n g  s i t e  t o  accommodate the  
p lugs .  On a  smal l  s c a l e ,  e i t h e r  approach 
i s  p robab ly  workab le .  B u t  p l u g  techn iques 
have n o t  been r e l i a b l e  i n  h i g h - c u r r e n t  
a reas.  V e g e t a t i v e  shoo ts  washed f r e e  of 
s ~ d i z e r t  and, w ~ c - ?  necesc3ry, anchored t o  
t h e  bot tom have a l l o w e d  more f l e x i b i l i t y  
i n  movement, l e s s  d i s t u r b a n c e  t o  t h e  donor 
s i t e ,  and h i g h  s u r v i v a l  even i n  areas of 
high c u r r e n t  v e l o c i t i e s  ( +  50 cm/sec) 
( F o ~ s e c a  e t  a1 . 1982a ; Thayer  e t  a1 . i n  
press b )  . 

P r e p a r a t i o n  o f  p l a n t i n g  u n i t s  (PU's)  
by  t h i s  t e c h n i q u e  i s  a  f o u r - s t e p  proce- 
dure: ( i )  e e l g r a s s  i s  dug up and r i n s e d  
f r e e  o f  sediment a t  t h e  s i t e ,  c a r e  be ing  
taken  t o  m a i n t a i n  t h e  i n t e g r i t y  o f  t h e  
roo t - rh i zome complex; ( 2 )  shoots  are  
removed from dug-up mats  t o  make p l a n t i n g  
u n i t s ,  c a r e  b e i n g  t a k e n  t o  h o l d  t h e  clump 
of shoots  u p r i g h t ;  ( 3 )  a  clump o f  shoots 
i s  wound w i t h  a  p l a s t i c - c o a t e d  w i r e  and 
secured t o  an anchor made f r o m  o n e - t h i r d  
of a  me ta l  coathanger ,  b e n t  t o  an L o r  J- 
shape; and ( 4 )  t h e  p l a n t i n q  u n i t s  a r e  then 

T r a n s p l a n t i n g  has r e s t o r e d  some func- 
t i o n s  l o s t  when the  o r i g i n a l  meadow was 
d i s t u r b e d  ( s p e c i f i c a l l y ,  infauna and p r i -  
mary p r o d u c t i v i t y ) .  Homzi ak e t  a l .  (1982) 
( F i g u r e  64)  and Thayer e t  a l .  ( i n  p ress  b)  
(Tab le  16) p rov ide  t h e  o n l y  q u a n t i t a t i v e  
i n f o r m a t i o n  on the  f u n c t i o n a l  va lues  o f  
r e s t o r e d  ee lg rass  meadows. Hornziak e t  a l .  
(1982) demonstrated t h a t  w i t h i n  one 
y o ~ j * g  seasZn a f t e r  p!3qtis: (203 ? 3 y 5 ! ,  
t h e  number of infauna species and taxa  
increased asympto t ica l  ly, para1 l e l  i n g  
ee lg rass  regrowth.  Thayer e t  a l .  ( i n  
p r  ss  b )  es t ima ted  the p roduc t i on  ( g  C 
m -  o f  e e l g r a s r  leaves, roo ts ,  rhizomes, 
and assoc ia ted  ep iphy tes  a t  t he  same 
r e s t o r a t i o n  s i t e  as Homziak e t  a l .  (1982) 
and found t h a t  60% t o  70% of the  produc- 
t i o n  o f  these components as compared t o  
ambient meadows were recovered w i t h i n  250 
aays a f t e r  p l a n t i n g .  

These data comprise o n l y  a  few expe r i -  
menta l  p l o t s  and need v e r i f i c a t i o n  by 
o t h e r  workers i n  d i f f e r e n t  geographic 
l o c a t i o n s .  P a r t i c u l a r  a t t e n t i o n  should be 
p a i d  t o  the  r e c o l o n i z a t i o n  o f  these 
r e s t o r e d  meadows by t h e  fauna. Al though 
t h e  data  l o o k  promising, such i n fo rma t ion  
can be a  two-edged sword. Such evidence 
can be and has been used as an excuse t o  
a l l o w  h a b i t a t  d e g r a d a t ~ o n  because a tech- 
no logy e x i s t s  t o  " rep lace "  i t .  As we 
emphasized e a r l  i e r ,  however, such argu- 
ments are  i l l o g i c a l  and w i t h o u t  bas i s  i n  
f a c t .  The r e s t o r a t i o n  o f  ee lgrass  o r  any 
seagrass meadows shou ld  be used as a  l a s t  
r e s o r t  t o  salvage p o r t i o n s  o f  these f ra -  
g i l e  ecosystems on l y  when a  consensus of 
p u b l i c  i n t e r e s t  i s  served by t h e i r  
d e s t r u c t i o n  and no r e a l  i s t i c  a l t e r n a t i v e  
f o r  t h e i r  p r e s e r v a t i o n  i s  ava i l ab le .  I t  
i s  no l onge r  s u f f i c i e n t  t o  assume t h a t  
success fu l  r e s t o r a t i o n  o f  t h e  pr imary  pro-  
ducer component means concomitant  rep1 ace- 
ment o f  h a b i t a t  f u n c t i o n s  and consumer 
o rgan i  sms. The r e s t o r e d  pr imary  produc- 
t i o n  must be u t i l i z e d  i n  m a i n t a i n i n g  t h e  
system e i t h e r  as a  source o f  p ro tec t i on ,  
s u b s t r a t e  f o r  attachment, and a  d i r e c t  o r  
i n d i r e c t  f ood  resource, o r  t h e  e f f e c t  has 
n o t  been va luab le .  



Fi3ur.e 63.  P h o ? y r a ~ b s  9f the forrr-step p l a r l t i n ?  l r n i t  c r ea t i on  process:  (1) upper l e f t  
- se l ec t i on  and harvest  of p l a n t s ,  ( 2 )  upper r i g h t  - i s o l a t i o n  of sediment-free shoots ,  
( 3 )  lower l e f t  - attacnment t o  anchors,  and ( 4 )  lower r i g h t  - deployment i n  seawater- 
f i l l e d  conta iners .  

r 2 = 0 . 8 9  r 2 =  0 .92 

SHOOT DENSITY/M' SHOOT DENSITY/M' 

Figure 64. Asymptotic regress ions  of number of infaunal  i nd iv idua l s  ( l e f t )  and taxa per 
core ( r i g h t )  i n  a t ransplanted e e l g r a s s  meadow i n  North Caro l ina .  (Redrawn from Homziak 

e t a l .  1982.) 



Table 16, Es t imates  o f  t h e  average n e t  carbon p roduc t ion  i n  undis turbed and 
t ransp lan ted  meaaows o t  Zostera marina f o r  a 250-day growing season i n  No r t h  Caro l ina.  
(From Thayer e t  a l . ,  i n  p ress  b . )  

Component 

Carbon product ion 

( g c . d 2 )  
Undis turbed Transplanted 

Leaves 310 182 

Roots and rhizomes 52 3 1 

Ep iphy tes  68 40 



REFERENCES 

Adams, S.M. 1976a. The ecology of ee l -  
grass, Zostera marina (L.), f i s h  com- 
mun i t ies .  I. S t r u c t u r a l  ana lys is .  J. 
Exp. Mar. B i o l .  Ecol. 22: 269-291. 

Adams, S.M. 1976b. The ecology o f  ee l -  
grass, Zostera marina (L. ) ; - f i s h  com- 
mun i t ies .  11. Func t iona l  analys is .  J. 
Exp. Mar. B i o l .  Ecol. 22: 293-371. 

Adams, S.M., and J.W. Angelovic. 1970. 
A s s i m i l a t i o n  o f  d e t r i t u s  and i t s  
assoc ia ted  b a c t e r i a  by  t h r e e  species o f  
e s t u a r i n e  animals. Chesapeake Sci . 11 : 
249-254. 

Addy, C.E. 1947a. Eelgrass p l a n t i n g  gu ide 
Md. Conserv. 24: 16-17. 

Addy, C.E. 1947b. Germinat ion o f  ee lgrass 
seed. J. Wi ld l .  Manage. 11: 279. 

A i o i ,  K. 1980. Seasonal changes i n  t h e  
s tand ing  crop o f  ee l  grass ( Zostera 
mar ina L.) i n  Odawa Bay, Cen t ra l  Japan. 
Aquat. Bot.  8: 343-354. 

A i o i ,  K., H. Mukai, I. Koike, M. Ohtsu, 
and A. H a t t o r i .  1981. Growth and o r -  
ganic  p roduc t i on  o f  eel  grass (Zostera 
mar ina L.) i n  temperate waters o f  t h e  
P a c i f i c  coast  o f  Japan. 11. Growth 
ana l ys i s  i n  w in te r .  Aquat. Bot.  10: 
175-182. 

A1 len, H.L. 1971. Pr imary p r o d u c t i v i t y ,  
chemo-organotrophy, and n u t r i t i o n a l  i n -  
t e r a c t i o n s  o f  e p i p h y t i c  algae and bac- 
t e r i a  on macrophytes i n  t h e  l i t t o r a l  o f  
a lake. Ecol. Monogr. 41: 97-127. 

A l l e r ,  R.C. 1978. The e f f e c t s  o f  an i -  
mal -sediment i n t e r a c t i o n s  on geochemical 
processes near t h e  sediment-water i n t e r -  
face. Pages 157-172 - i n  M. L. Wiley, ed. 

Es tua r i ne  i n t e r a c t i o n s .  Academic Press, 
New York. 

Anderson, R.R. 1970. The submerged vege- 
t a t i o n  o f  Chincoteague Bay. Pages 136- 
155 - i n  Assateague e c o l o g i c a l  s tud ies .  
Univ. Md. Chesapeake B io l .  Lab. Ref. 
446. 

Arasak i ,  M. 1950. S tud ies  on t h e  ecoloav 
o f  ~ o s t e r a  mar ina and Zos te ra  nani: 
B u l l .  Jpn. Soc. Scj .  F ish .  16: 70-T6'-;- 

Ashe, D.M. 1982. F i s h  and w i l d l i f e  
m i t i g a t i o n :  D e s c r i p t i o n  and ana l ys i s  
o f  e s t u a r i n e  a p p l i c a t i o n s .  Coastal 
Zone Manage. J. 10: 1-52. 

Backman, T.W., and D.C. B a r i l o t t i .  1976. 
I r r a d i a n c e  r educ t i on :  E f f e c t s  on stand- 
i n g  crops of t h e  ee lg rass  Zos te ra  marina 
i n  a coas ta l  lagoon. Mar. B i o l .  34: 33- 
40. 

Bagnold, R.A. 1963. Mechanics o f  marine 
sedimentat ion.  Pages 507-528 i n  M. N. 
H i1  1, ed. The sea, vo l .  3. I n t F s c i e n c e  
Publ ishers ,  New York. 

Bak. H.P. 1980. Aqe ~ o o u l a t i o n s  and b i o -  " . .  
m e t r i c s  i n  ee lg rass ,  Zos te ra  marina L. 
Ophe l ia  19: 155-162. 

Bayer, R.D. 1979. I n t e r t i d a l  zonat ion o f  
Zos te ra  mar ina i n  t h e  Yaquina estuary,  
Oregon. Syesis 12: 147-154. 

B iebe l ,  R., and C.P. McRoy. 1971. P las-  
ma t i c  r e s i s t a n c e  and r a t e  o f  r e s p i r a -  
t i o n  and pho tosyn thes i  s of Zostera 
mar ina a t  d i f f e r e n t  s a l i n i t i e s  and tem- 
pera tu res .  Mar. B i o l .  8: 48-56. 

B i g l ey ,  R.E. 1981. The popu la t i on  b io logy  
o f  two i n t e r t i d a l  seagrasses, Zostera 



japonica and Kuppia maritima, a t  Roberts 
Bank. B r i t i s h  Columbia. M.S. Thesis. 
Un ive rs i t y  o f  B r i t i s h  Columbia, Vancou- 
ver. 206 pp. 

B i l l e n ,  G. 1978. A budget o f  n i t rogen 
c y c l i n g  i n  North Sea sediments o f f  t he  
Belgian coast. Estuar ine Coastal Mar. 
Sci. 7: 127-146. 

Bjorndal,  K.A. 1980. N u t r i t i o n  and graz- 
i n g  behavior o f  t h e  green t u r t l e ,  
Chelonia mydas. Mar. B i o l .  56: 147-154. 

Blackburn, T.H. 1979. Method f o r  measur- 
i n g  ra tes  o f  N H q  turnover i n  anoxic 
marine sediments us ing  a ~ ~ H - N H ~  d i l u -  
t i o n  technique. Appl . Environ. Microbi- 
01. 37: 760-765. 

Blegvad, H. 1914. Food and cond i t ion  of 
nourishment among t h e  communities o f  
inver tebra te  animals found on o r  i n  
the sea bottom i n  Danish waters. Rep. 
Dan. B io l .  Stn. 22: 41-78. 

Blodgett, L.A. 1980. General summary of 
weather cond i t ions .  NOAA (Nat l  . Ocean. 
Atmos. Admin.) Environ. Data Info.  Serv. 
Cl imatol.  Data Nat l .  Summary 31(13): 50- 
52. 

Blo is ,  J.C., J.M. Francaz, S. Gaudichon, 
and L. Lebr is .  1961. Observations sur 
l es  herb ie rs  de Zosteres de l a  reg ion  
de Roscoff. Cah. B i o l .  Mar. 2: 223-262. 

Boon, J.J., and J. Haverkamp. 1982. Py- 
r o l y s i s  mass spectrometry o f  i n t a c t  and 
decomposed leaves o f  Nuphar va r i  egatum 
and Zostera marina, and some archeo- 
l o g i c a l  eelgrass samples. Hydrobiol. 
Bu l l .  16: 71-82. 

Borum, J., and S. Wium-Andersen. 1980. 
Biomass and ~ r o d u c t i o n  o f  epiphytes on 
eelgrass ( ~ o s t e r a  marina L.) i n -  t h e  Ore- 
sund, Denmark. Ophel i a ,  Suppl . 1 : 57-61. 

Boynton, W.R., and K.L. Heck, Jr. 1982. 
Ecological r o l e  and value o f  submerged 
macrophyte communities: A s c i e n t i f i c  
summary. Pages 429-502 i n  E.G. Macalas- 
te r ,  D.A. Barber, and M. Kasper, eds. 
Chesapeake Bay Program techn ica l  stud- 
ies :  A synthesis. U.S. Environmental 
Pro tec t ion  Agency, Washington, D.C. 

Brauner, J.F. 1973. Seasonal i ty o f  epi- 
phy t i c  algae on Zostera marina i n  the  
v i c i n i t y  o f  Beaufort, North Carolina. 
M.A. Thesis. Duke Un ivers i ty ,  Durham, 
N.C. 137 pp. 

Brauner, J.F. 1975. Seasonal i ty o f  epi- 
phy t i c  algae on Zostera marina a t  Beau- 
f o r t ,  North ~ a r o r ~ o v a  Hedwigia 26: 
125-133. 

Briggs, P.T., and J.S. O'Connor. 1971. 
Compari son o f  shore-zone f i shes  over 
n a t u r a l l y  vegetated and sand- f i l led  
bottoms i n  Great South Bay. N.Y. F ish  
Game J. 18: 15-41. 

Brinkhuis, B y  W.F. Penello, and A.C. 
Churchi 11. 1980. Cadmium and manganese 
f l u x  i n  eelgrass, Zostera marina. 11. 
Metal uptake by l e a f  and root-rhizome 
t issues. Mar. Biol.  58: 187-196. 

Brown, C .L . 1962, On t h e  ecology o f  auf- 
wuchs o f  Zostera marina i n  Charlestown 
Pond, Rhode Island. M.S. Thesis. Univer- 
s i t y  o f  Rhode Island, Kingston. 52 pp. 

Bry l insky,  M. 1977. Release of  dissolved 
organic matter  by some marine macro- 
phytes. Mar. Biol.  39: 213-220. 

Burkholder, P.R., and T.E. Doheny. 1968. 
The b io logy  o f  eelgrass w i th  special 
reference t o  Hempstead and South Oyster 
Bays, Nassau County, Long Island, New 
York. Lamont Geol . Observatory, Con- 
t r i b .  1227. 120 pp. 

Bur re l l ,  D.C., and J.R. Schubel. 1977. 
Seagrass ecosystem oceanography. Pages 
196-225 i n  C.P. McRoy and C. He l f fe r ich ,  
eds. Sez rass  ecosystems, a s c i e n t i f i c  
perspective. Marcel Dekker, New York. 

Caine, E.A. 1980. Ecology o f  two l i t t o r a l  
species o f  cap re l l  i d  amphipods (Crus- 
tacea) from Washington, U.S.A. Mar. 
B io l .  56: 327-335. 

Calder, J.A., J. Lake, and J. Laseter. 
1978. Chemical composition o f  selected 
environmental and petroleum samples from 
the  Amoco Cadiz o i  1 spi 11. Pages 21-82 
i n  W.N. Hess, ed. The Amoco Cadiz o i l  - 
s p i l l ,  a p re l im inary  s c i e n t i f i c  report .  
U.S. Department of Commerce and U.S. 



Environmental Pro tec t ion  Agency, Wash- marina L. from Great Scbth Bay, New 
ington, D.C. York ,u .S.~ .  Aquat. Bot. 4: 83-93. 

Camnen, L.M. 1980. The s ign i f i cance o f  
mic rob ia l  carbon i n  the  n u t r i t i o n  o f  the 
deposi t  feeding polychaete Nereis 
succinea. Mar. B io l .  61: 9-20. 

Camp, D.K., S.P. Cobb, and J.F. Van Breed- 
veld. 1973. Overgrazing of seagrasses 
by a regu lar  urchin,  L techinus 
variegatus. Bioscience 23(1):* 

Capone, D.G. 1982. Nitrogen f i x a t i o n  (acet- 
ylene reduction) by rhizosphere sedi- 
ments o f  the eelgrass, Zostera marina. 
Mar. Ecol. Prog. Ser. lo:-- 

Church i l l ,  A.C., A.E. Cok, and M.I. R i -  
ner. 1978. Stabi 1 i z a t i o n  o f  sub t i da l  
sediments by the  t ransp lan ta t i on  o f  the 
seagrass Zostera marina L. N.Y. Sea 
Grant Rep. NYSSGP-R-5. 48 pp. 

Congdon, R.A., and A.J. McComb. 1979. Pro- 
duct i v i  t y  o f  Ruppi a: Seasonal changes 
and dependence on 1 i g h t  i n  an Aust ra l ian  
estuary. Aquat. Bot. 6: 121-132. 

[Conover, J.T. I 1964. Environmental re1 a- 
t i onsh ips  o f  benthos i n  s a l t  ponds 
(p lan t  re la t i onsh ips ) .  R. I. Grad. Sch. 
Oceanogr. Tech. Rep. 3. 2 vols. 

Capone, D.G., and J.M. Budin. 1982. Ni- 
trogen f i x a t i o n  associated w i t h  r insed Conover, J.T. 1968. The importance o f  

roo ts  and rhizomes o f  t h e  eelgrass natura l  d i f f u s i o n  grad ien ts  and t rans-  

Zostera marina. Plant  Physiol. 70: 1601- p o r t  of substances r e l a t e d  t o  benthic 

1604.- p l a n t  metabolism. Bot. Mar. 11 : 1-9. 

Carr, W.E.S., and C.A. Adams. 1973. Food 
hab i t s  o f  j u v e n i l e  marine f i shes  occupy- 
i n g  seagrass beds i n  t he  estuar ine zone 
near Crys ta l  River, F lor ida.  Trans. Am. 
Fish. Soc. 102: 511-540. 

Chan, E.I. 1977. O i l  p o l l u t i o n  and t rop-  
i c a l  l i t t o r a l  communities: B io log ica l  
e f f e c t s  o f  the 1975 F l o r i d a  Keys o i l  
s p i l l .  Pages 539-542 i n  Proceedings o f  
the  1977 O i  1 Spi 1 l ~ c f e r e n c e ,  New O r -  
leans, La. American Petroleum I n s t i -  
tute, Washington, D.C. 

Choat, J.H., and P.D. Kingett.  1982. The 
in f luence o f  f i s h  predation on the abun- 
dance cycles of  an a lga l  t u r f  inver te -  
b ra te  fauna. Oecologia 54: 88-95. 

Christiansen, C., H. Chr is tof ferson,  J. 
Dalsgaard, and P. Nornberg. 1981. Coast- 
a l  and near-shore changes cor re la ted  
w i th  die-back i n  eel grass (Zostera 
marina L. . Sediment. ~ e o l x  
m 3 .  

Churchi l l ,  A.C. 1983. f i e l d  studies on 
seed germi na t i on  and seed1 i ng develop- 
ment i n  Zostera marina L. Aquat. Bot. 
16: 21-29. 

Churchi l l ,  A.C., and M.I. Riner. 1978. 
Anthesis and seed production i n  Zostera 

Conover, J.T., and E. Gough. 1964. The 
importance o f  stem and l e a f  vs. roo t  
ass im i l a t i on  i n  Ruppia mar i t ima L. and 
Zostera marina L. r e l a t e d  t o  seasonal 
growth. R . I .  Grad. Sch. Oceanogr. 
Tech. Rep. 3: 6-1 - 6-19. 

Cosgrove, D. J. 1977. Mic rob ia l  t r ans fo r -  
mations i n  t h e  phosphorus cycle. Adv. 
M ic rob io l  . Ecol . 1 : 95-134. 

Cottam, C. 1934. Past per iods o f  eel- 
grass sca rc i t y .  Rhodora 36: 261-264. 

Cottam, C., and D.A. Munro. 1954. Eelgrass 
s ta tus  and environmental re1  at ions. J. 
Wi ld l .  Manage. 18: 449-460. 

Cottam, C., J.F. Lynch, and A.L. Nelson. 
1944. Food hab i t s  and management o f  
American sea brant. J. W i ld l  . Manage. 
82: 36-56. 

Cousins, S.H. 1980. A t r o p h i c  continuum 
der ived f rom p l a n t  s t ruc ture ,  animal 
s i z e  and a d e t r i t u s  cascade. J. Theor. 
B i o l .  82: 607-618. 

Craven, P.A., and S. Hayasaka. 1982. Inor -  
ganic phosphate so lub i  1 i z a t i o n  by rh izo-  
sphere b a c t e r i a  i n  a Zostera marina com- 
munity. Can. J. ~ i c r ~ 2 ~ - 6 1 0 .  



Crosby, N.D. ,  and R.G.B. Reid. 1971. Re- 
1 a t  ionships between food, phylogeny and 
c e l l u l o s e  d iges t i on  i n  b i va l v ia .  Can. 
J. 2001. 49: 61 7-622. 

Davies, J.L. 1964. A morphologenic ap- 
proach t o  wor ld shorel ines. 2. Geo- 
morphol. 8: 27-42. 

Dawes, C.J., and J.M. Lawrence. 1980. 
Seasonal changes i n  t h e  proximate con- 
s t i  tuents o f  the seagrasses, Tha lass ia  
t es tud i  num, Halodule w r i g h t i i ,  and 
Svrinaodium f i  1 iforme. Aauat. Bot. 8: 

Day, J.H. 1967. The b i o l o g y  o f  Knysna es- 
tuary,  South A f r i ca .  Pages 397-407 i n  G. 
H. Lauf f ,  ed. Estuar ies.  Am. ASSOC.A~V. 
Sci. Publ. 83. 

DeCock, A.W.A.M. 1980. Flowering, po l -  
l i n a t i o n  and f r u i t i n g  i n  Zostera marina 
L. Aquat. Bot. 9: 2 0 1 - 2 2 7  

DeCock, A.W.A.M. 1981a. Development o f  
the  f l ower ing  shoot o f  Zostera marina L. 
under con t ro l  l e d  cond i t ions  i n  compari- 
son t o  the development i n  two d i f f e r e n t  
na tura l  h a b i t a t s  i n  t h e  Netherlands. 
Aquat. Bot. 10: 99-113. 

DeCock, A.W.A.M. 1981b. Inf luence o f  
l i g h t  and dark on f l ower ing  i n  Zostera 
marina L, under 1 aboratory condit ions. 
Aquat. Bot. 10: 115-123. 

mobile benthic fauna. Helgol. Meeres- 
unters. 33: 182-191. 

Dennison, W.C. 1979. L i g h t  adaptations 
o f  plants: a model based on the  sea- 
grass Zostera marina L. M.S. Thesis. 
Univ, o m a ,  Fairbanks. 70 pp. 

Denni son, W.C., and R. S. A1 berte. 1982. 
Photosynthetic responses o f  Zostera 
marina L. (eelgrass) to. i n  s i t u  m n l p u -  
ra t ions  o f  l f g h t  i n t e n s i ~ . ~ c o l o q i a  

Dexter, R.W. 1947. The marine comnuni- 
t i e s  o f  a t i d a l  i n l e t  a t  Cape Ann, Mas- 
sachusetts: A study i n  bio-ecology. 
Ecol. Monogr. 17: 261-294. 

Diaz-Pi ferrer ,  M. 1962. The e f f e c t s  o f  
an o i l  s p i l l  on t h e  shore o f  Guanica, 
Puerto Rico. Assoc. I s l .  Mar. Lab. Meet. 
4: 72-13. 

Dietz, C.G. 1982. Amnonium f luxes  from 
es tuar ine  sediments: Great South Bay, 
New York. M.S. Thesis. State Univ. o f  
New York, Stony Brook. 128 pp. 

D i l l on ,  C.R. 1971. A comparative study 
o f  the primary p roduc t i v i t y  of estuar ine 
phytopl ankton and macrobenthic plants. 
Ph.D. Disser tat ion.  Univ. o f  North 
Carolina, Chapel Hi1 I .  112 pp. 

Dodd, C.A. 1966. Ep iphy t ic  diatoms o f  
Zostera marina i n  Great South Bay. M.S. 
Thesis. -phi Univ., Adelphi, N.Y. 
208 pp. 

den Hartog, C. 1970. The seagrasses o f  
the wOrl d*  North-Hol land Pub1 ishing Drew, E.A. 1980. Soluble carbohydrate 
Co., Amsterdam. 275 pp. composition o f  seagrasses. Pages 247- 

260 in R.C. P h i l l i p s  and C.P. McRoy, 
den Hartog, C. 1971. The dynamic aspect eds. Handbook o f  seagrass biology, an 

i n  t h e  ecology o f  seagrass comnunities. ecosystem per spect i  ve. Gar1 and STPM 
Thalassia Jugosl. 7: 101-112. Press, New York. 

den Hartog, C. 1977. Structure,  f unc t i on  
and c l a s s i f i c a t i o n  i n  seagrass com- 
munit ies. Pages 89-122 - i n  C.P. McRoy 
and C. H e l f f e r i c h ,  eds. Seagrass eco- 
systems, a s c i e n t i f i c  perspective. Mar- 
ce l  Dekker, New York. 

den Hartog, C., and R.P.W.M. Jacobs. 1980. 
E f fec t s  o f  the  "Amoco Cadiz" o i l  s p i l l  
on an eelgrass community a t  Roscoff 
(France) w i t h  spec ia l  reference t o  t h e  

Drifmeyer, J.E. 1987. Urchin LytechSnus 
var iegatus grazing on eel grass, Zostera 
marina. Estuaries 4: 374-375. 

Drifmeyer, J.E., G.W. Thayer, F.A. Cross, 
and J.C. Zieman. 1980. Cycl ing o f  Mn, 
Fe, Cu and Zn by  eelgrass, Zostera 
marina L. Am. J. Bot. 67: 1089-1- 

Durako, M.J., R.A. Medlyn, and M.D. Mof- 
f l e r .  1982. P a r t i c u l a t e  matter resus- 



pension v i a  m e t a b o l i c a l l y  produced gas 
bubbles f r om  ben th i c  es tua r i ne  micro-  
a lgae communities. Limnol. Oceanogr. 
27: 752-756. 

Dykhouse, J. D. 1976. Seasonal dynamics 
o f  dominant e p i p h y t i c  i n ve r t eb ra tes  on 
ee lgrass (Zostera mar ina L.) i n  South 
Humboldt Bay. M.A. Thesis. Humboldt 
S ta te  Univ., Arcata, C a l i f .  45 pp. 

Emery, A.R. 1968. P re l im jna r y  observa- 
t i o n s  o f  co ra l  r e e f  plankton. Limnol. 
Oceanogr . 13: 293-303. 

Ewald, J.J. 1969. Observat ions on t h e  
b i o l o g y  o f  Tozeuma c a r o l  i nense (Deca- 
~ 0 d a .  H i ~ ~ o l ~ l i d a e )  f r om  F lo r i da .  w i t h  
spec; a1 r e f  e 6 n c e  t o  1 a r va l  development . 
BUII. Mar. Sci. 19: 510-549. 

Feeny, P. 1976. P l an t  apparency and chem- 
i c a l  defense. Recent Adv. Phytochem. 
10: 1-40. 

Fe lger ,  R.S., and C.P. McRoy. 1975. Sea- 
grasses as p o t e n t i a l  food p lan ts .  Pages 
62-68 i n  G.F. Somners, ed. Seed bear ing  
h a l o p h x e s  as food p lan ts .  Univ. o f  
Delaware, Newark. 

Fe lger ,  R., and M.B. Moser. 1973. Eel-  
grass (Zos te ra  marina L.) i n  t he  Gu l f  o f  
C a l i f o r n i a :  d iscovery o f  i t s  n u t r i t i o n a l  
va lue by t h e  Ser i  Indians. Science 181: 
355-356. 

Felger,  R.S., M.B. Moser, and E.W. Moser. 
1980. Seagrasses i n  Se r i  Ind ian  c u l -  
tu re .  Pages 260-276 i n  R.C. P h i l  l i p s  and 
C.P. McRoy, eds. ~a?i;lbook o f  seagrass 
b io logy,  an ecosystem perspect ive.  Gar- 
land STPH Press, New York. 

Fenchel, T. 1970. Studies on t h e  decom- 
p o s i t i o n  of orqanic  d e t r i t u s  der i ved  
f rom t u r t l e  grass, Thal ass i  a testudinum. 
Limnol. Oceanogr. 15: 14-20. 

Fenchel, T. 1977. Aspects o f  t h e  decom- 
p o s i t i o n  o f  seagrasses. Pages 123-145 
i n  C.P. McRoy and C. H e l f f e r i c h ,  eds. 
s a g r a s s  ecosystems, a s c i e n t i f i c  per- 
spect ive. Marcel Dekker, New York. 

Fenchel, T., and T.H. Blackburn. 1979. 
Bac te r i a  and minera l  c y c l  ing. Academic 
Press, Hew York. 225 pp. 

Fenchel, T., and R.J. R ied l .  1970. The 
s u l f i d e  system: A new b i o t i c  community 
underneath t h e  o x i d i z e d  l a y e r  o f  marine 
sand bottoms. Mar. B i o l .  7: 225-268. 

Fenchel, T.M., C.P. McRoy, J.C. Ogden, P. 
Parker, and W.E. Rainey. 1979. Symbi- 
o t i c  c e l l u l o s e  degrada t ion  i n  green 
t u r t l e s ,  Che lon ia  rnydas L. Appl. 
Environ. M i c r o b i o l  . 37: 348-350. 

Ferguson, R.L., and S.M. Adams. 1979. A 
mathematical  model o f  t r o p h i c  dynamics 
i n  e s t u a r i n e  seagrass communities. 
Pages 41-70 i n  R ichard  F. Dame, ed. 
~ a r s h - e s t u a r i  n e '  systems s imu la t ion .  
Univ. o f  South Ca ro l i na  Press, Columbia. 

Ferguson, R.L., G.W. Thayer, and T.R. 
Rice. 1980. Mar ine p r ima ry  producers, 
Pages 9-69 fi F.J. Vernberg and W. Vern- 
berg, eds. Func t i ona l  adaptat ions o f  
marine organisms. Academic Press, New 
York. 

F ind lay ,  S., and K. Tenore. 1982. N i t r ogen  
source f o r  a d e t r i  t i v o r e :  d e t r i t u s  
subs t r a t e  versus assoc i  a ted  microbes. 
Science 218: 371-373. 

F isher ,  J.S., J. P i c k r a l ,  and W.E. Odum. 
1979. Organic d e t r i t u s  p a r t i c l e s :  i n -  
i t i a t i o n  of mot ion  c r i t e r i a .  Limnol.  
Oceanogr. 24: 529-532. 

Fonseca, M.S., W.J. Kenworthy, J. Homziak, 
and G.W. Thayer. 1979. T ransp lan t i ng  o f  
ee lg rass  and shoalgrass as a p o t e n t i a l  
means o f  economical l y  mi t i g a t i n g  a r e -  
cen t  l o s s  of h a b i t a t .  Pages 279-326 i n  
D.P. Cole, ed. Proceedings o f  t% 
S i x t h  Annual Conference on Restorat  i o n  
and Crea t ion  o f  Wet1 ands. Hi 1 lsborough 
Community Col lege, Tampa, F l a .  

Fonseca, M. S., W. J. Kenworthy, G.W. 
Thayer, and D.Y. H e l l e r .  1982a. Trans- 
p l  a n t i  ng of t h e  seagrasses Zostera 
mar ina and Ha lodu le  w r i  h t i i  f o r  t h e  
s t a b i  1 i zation-tida -?- dredge mater- 
i a l .  Annual Report  o f  t h e  Na t iona l  Ma- 
r i n e  F i s h e r i e s  Service, Southeast F ish -  
e r i e s  Center, Beau fo r t  Laboratory ,  
D i v i s i o n  o f  E s t u a r i n e  and Coasta l  Ecol-  
ogy, Beaufort ,  N.C., t o  t h e  U. S. Army 
Corps o f  Engineers, Coasta l  Engineer ing 
Research Center, F o r t  B e l v o i r ,  Va. 61 
PP 



Fonseca, M.S., J.J. F isher,  J.C. Zieman, 
and G.W. Tnayer. 1982b. Inf luence of 
t he  seagrass, Zostera marina L., on 
cur ren t  f low.  Estuar ine Coastal Shelf 
Sci. 15: 351-364. 

Fonseca, M.S., J.C. Zieman, G.W. Thayer, 
and J.S. Fisher. 1983. The r o l e  of 
cur ren t  v e l o c i t y  i n  s t r u c t u r i n g  eel grass 
(Zostera rnari na L.) meadows. Estuarine 
Coastal ~ h m i .  17: 367-380. 

Fonseca, M.S., W.J. Kenworthy, G.W. 
Thayer, D.Y. He1 l e r ,  and K.M. Cheap. 
1984. T r a n s ~ l  a n t i  na o f  t he  seaorasses 
Zostera marina and" Halodule w F i  gh t i  i 
f o r d i m e n t  s t a b i  1 i z a t i o n  and hab i ta t  
development on t h e  East Coast o f  t he  
United States. Tech. Rep. EL-84-14, 
U.S. Army Engineer Waterways Experiment 
Stat ion, Vicksburg, Miss. [14] pp. 

Fonseca, M.S., G.W. Thayer, A.J. Chester, 
and C. Fo l t z .  I n  press. Impact o f  
scal l op  harves t ing  on eel grass (Zostera 
marina L. ) meadows: imp l ica t ions  f o r  
management. N. Am. J. Fish. Manage. 

Foster, M., M. Neushul, and R. Zingmark. 
1971. The Santa Barbara o i l  s p i l l ,  Par t  
2. I n i t i a l  e f f e c t s  on i n t e r t i d a l  and 
ke lp  bed organisms. Environ. Pol l u t .  2: 
115-134. 

Foulds. J.B.. and K.H. Mann. 1978. Cel lu- 
l ose*d iges t i on  i n  Mysi s s tenolepsis and 
i t s  eco loa ica l  i m ~ l  i ca t ions .  Limn01 . 

marine oligochaetes w i t h  special re fe r -  
ence t o  meiobenthic species. Mar. Bio l .  
31: 139-157. 

Ginsberg,, R.N., and H.A. Lowenstam. 1958. 
The inf luence o f  marine bottom comnuni- 
t i e s  on the  deposit ion environment o f  
sediments. J.  Geol. 66: 310-318. 

Glude, J.B. 1954. The e f f e c t s  o f  temper- 
ature and predators on the  abundance o f  
the  soft-shell clam, Mya arenaria, f n  
New England. Trans. Am. Fish. Soc. 84: 
13-26. 

Godshalk, G.L., and R.G. Wetzel. 1978a. 
Decomposition i n  t he  l i t t o r a l  zone of 
lakes. Pages 131-143 i n  R.E. Good, 
D.F. Whigham and R.L.-Simpson, eds. 
Fresh water wet1 ands: Production pro- 
cesses and management po tent i  a1 s. Aca- 
demic Press, New York. 

Godshalk, G.L., and R.G. Wetzel. 1978b. 
Decomposition o f  aquatic angiosperms. 
111. Zostera marina L. and a conceptual 
model o f  decomposition. Aquat. Bot. 5: 
329-354. 

Goforth, H.W., and T.3. Peeling. 1979. In-  
t e r t i d a l  and subt idal  eelgrass (Zostera 
marina L.) t ransplant  studies i n  
ego Bay, Ca l i fo rn ia .  Pages 324-356 i n  D. 
P. Cole, ed. Proceedings o f  the S i x t h  
Annual Conference on the  Restoration and 
Creation o f  Wet1 ands. H i  1 lsborough Com- 
munity College, Tampa, Fla. 

Fuji, A. 1962. Ecological studies on the Gosner, K.L. 1971. Guide t o  ident i f i ca-  
growth and food consumption o f  Japanese t i o n  o f  marine and estuarine inver te-  

common 1 i t t o r a l  sea urchin, brates, Cape Hatteras t o  the Bay of 

Strongyl ocentrotus i ntermedi us. Mem. Fundy. John Wiley and Sons, Inc., New 
Fac. Fish. Hokkaido Univ. 15(2): 1-160. York. 693 pp. 

Fulton, R.S., 111. 1982. Predation and Grant, J. 1981. Sediment t ransport  and 

the  organ iza t ion  o f  an estuar ine copepod 
d i s t r i b u t i o n  on an i n t e r t i d a l  sandflat:  

community. Ph.D. Diss. Duke Univ., Dur- 
i nfaunal d i  s t r i  but i o n  and recoloniza- 

ham, N.C. 421 pp. 
t i on .  Mar, Ecol. Prog. Ser. 6: 249-255. 

Grant, W.D., and O.S. Madsen. 1979. Com- 
Gagnon, P.S., R.L. Vadas, D.B. Burdick, bined wave and current  i n te rac t i on  w i th  

and B.P. May. 1980. Genetic i d e n t i t y  a rough bottom. J. Geophys. Res. 84: 
o f  annual and perenn ia l  forms o f  Zostera 1797-1807. 
marina L. Aquat. Bot. 8: 157-162, 

Greening, H.S., and R.J. tivingstcrn. 1982. 
Giere, 0. 1975. Populat ion st ructure,  Die1 v a r i a t i o n  i n  t h e  s t ruc tu re  o f  sea- 

food r e l a t i o n s  and ecological  r o l e  o f  grass-associ ated epibenthic macroin- 



vertebrate comuni t ies .  Mar. Ecol. 
Prog. Ser. 7: 147-156. 

Greze, 1.1. 1968. Feeding hab i ts  and 
food requirements o f  some amphipods i n  
t h e  Black Sea. Mar. B io l .  1: 316-321. 

Gutsel l ,  J.S. 1930. Natural h i s t o r y  o f  
t he  bay scallop. Bul l .  U.S. Bur. Fish. 
45: 569-632. 

Hamner, W.M., and J.H. Carleton. 1979. 
Copepod swarms: A t t r i bu tes  and r o l e  i n  
co ra l  reef  ecosystems. Limnol . Ocean- 
ogr. 24: 1-14. 

Har l in,  M.M. 1973. Transfer o f  products 
between ep iphyt ic  marine algae and host 
p lants.  J. Phycol. 9: 243-248. 

Harrison, P.G., and A.T. Chan. 1980. In-  
h i b i t i o n  o f  growth o f  microalgae and 
bac te r ia  by ex t rac ts  of eelgrass 
(Zostera marina) leaves. Mar. B i o l  . 
6 m 6 .  

Harrison, P.G., and B.J. Harrison. 1980. 
In te rac t i ons  o f  b a c t e r i  a, microalgae, 
and copepods i n  a d e t r i t u s  microcosm: 
through a f lask  dark ly.  Pages 373-385 
i n  K.R. Tenore and B.C. Coull, eds. - 
Marine benthic dynamics. U n i v e r s i t y  o f  
South Carol i n a  Press, Georgetown. 

Harrison, P.G., and K.H. Mann. 1975a. De- 
t r i t u s  format ion from eelgrass (Zostera 
marina L . :  the r e l a t i v e  e f f e m  
fragmentation, leaching, and decay. 
Limnol . Oceanogr. 20: 924-934. 

Har l in,  M.M. 1975. E ~ i ~ h ~ t e - h o s t  r e l a -  Harrison, P.G., and K.H. Mann. 1975b. 
t i o n s  i n  seagrass communities. Aquat. Chemical changes dur ing  the  seasonal 
8ot. 1: 125-131. cyc le  o f  prowth and deca.~ i n  eelarass 

( j o s t e r a  marina L.) on t h e  ~ t l a n t i c  
Har l in,  M.M. 1980. Seagrass epiphytes. coast o f  Canada. J. Fish. Res. Board 

Pages 117-151 in R.C. P h i l l i p s  and C.P. Can. 32: 615-621. 
McRoy. eds. Handbook o f  seaqrass b i o l -  
ogy,~bnecosystemperspect ive~ Garland Hay, w.P. 1905. T h e l i f e  h i s t o r y o f t h e  
STPM Press, New York. b lue  crab (Ca l l i nec tes  sa idus). Rep. 

Har l in.  M.M.. and B. Thorne-Miller. 1981. U.S. Bur. Fish. 1904: 395-4 -!- 3 

~ u t r i e n t  enrichment o f  seagrass beds i n  
a Rhode Is land coastal lagoon. Mar. 
B io l .  65: 221-229. 

Har l in,  M.M., B. Thorne-Miller, and J.C. 
Boothroyd. 1982. Seagrass-sediment dy- 
namics o f  a f l o o d - t i d a l  de l ta  i n  Rhode 
I s land  (U.S.A.). Aquat. Bot. 14: 127- 
138. 

Harms, J.C. 1969. Hydraul ic s ign i f i cance 
o f  some sand r ipples.  Bu l l .  Geol. Soc. 
Am. 80: 363-396. 

Harrison, P.G. 1982a. Control o f  micro- 
b i a l  growth and of amphi pod grazing by 
water-soluble compounds from leaves o f  
Zostera marina. Mar. B io l .  67: 225-230. 

Harrison, P.G. 1982b. Spat ia l  and tempo- 
r a l  pat terns i n  abundance o f  two i n t e r -  
t i d a l  seagrasses, Zostera americana den 
Hartog and Zostera marlna L. Aquat. 
Bot. 12: 3 0 5 - r  

Harrison, P.G. I n  press. Phenolic com- 
pounds i n  seagrasses: bane or  boon t o  
decomposers? Bu 1 1 . Mar. Sc i . 

Hayes, M.O. 1975. Morphology o f  sand 
accumulations i n  estuar ies.  Pages 3-22 
i n  L.E. Cronin, ed. Estuar ine research, - 
vol.  2. Academic Press, New York. 

Heald, E.J. 1969. The product ion o f  o r -  
ganic d e t r i t u s  i n  a south F l o r i d a  estu- 
ary. Ph.D. Diss. Univ. o f  Miami, Coral 
Gables, Fla. 110 pp. 

Heck, K.L., Jr., and R.J. Orth. 1980a. 
St ruc tura l  components o f  eel  grass 
(Zostera mar inaj  meadows i n  t h e  iower 
Chesapeake Bay - Decapod Crustacea. 
Estuar ies 3: 289-295. 

Heck, K.L., Jr., and R.J. Orth. 1980b. 
Seagrass hab i ta ts :  t h e  r o l e s  o f  hab i ta t  
complexity, compet i t ion and predat ion i n  
s t r u c t u r i n g  associated f i s h  and m o t i l e  
macroi nvertebrate assemblages. Pages 
449-464 i n  V.S. Kennedy, ed. Estuar ine 
perspectxes.  Academic Press, New York. 

Heck, K.L., and T.A. Thoman. 1981. Ex- 
periments on predator-prey i n te rac t i ons  



i n  vegetated aquatic hab i ta ts .  J. Exp. Jacobs, R.P.W.M., C. den Hartog, B.F. 
Mar. B io l .  Ecol. 53: 125-134. Braster, and F.C. Carr iere. 1981. Graz- 

i n g  o f  the seagrass Zostera n o l t i i  by 
Hi  ldebrand, S. F . , and W. C. Schroeder. b i  rds  a t  Terschel 1 i n m c h - d e n  

1928. Fishes o f  Chesapeake Bay. Bu l l .  Sea). Aquat. Bot. 10: 241-259. 
U.S. Bur. Fish. 43(1): 1-366. 

Johannes, R.E. 1964. Phosohorus excre- 
t i o n  as re la ted  t o  body s ize i n  marine 

Homziak, J., M.S. Fonseca, and W.J. animals: microzoopl ankton and nu t r i en t  
Kenworthy. 1982. Macrobenthic communi- 
t y  s t ruc tu re  i n  a t ransp lan ted eelqrass 

regeneration. Science 146: 923-924. 

( ~ o s t e r a  marina) meadow. Mar. ~ c o l  . 
Prog. Ser. 9: 21 1-221. 

Howard, R.K. 1982. Impact o f  feeding ac- 
t i v i t i e s  o f  epibenthic amphipods on sur- 
face- foul  i ng o f  ee l  grass 1 eaves. Aquat. 
Bot. 14: 91-97. 

Hungate, R.E. 1966. The rumen and i t s  mi- 
crobes. Academic Press, New York. 533 pp. 

I izumi,  H., A. H a t t o r i ,  and C.P. McRoy. 
1980. N i t r a t e  and n i t r i t e  i n  i n t e r s t i -  
t i a l  waters o f  eelgrass beds i n  r e l a t i o n  
t o  t h e  rhizosphere. J. Exp. Mar. B io l .  
Ecol. 47: 191-201. 

I izumi,  H., A. H a t t o r i ,  and C.P. McRoy. 
1982. Amnonium reoenerat ion and assimi- 
l a t i o n  i n  eelgrass (Zostera marina) 
beds. Mar. Bi  01. 66: 59-65. 

Jacobs, R.P.W.M. 1979. D i s t r i b u t i o n  and 
aspects o f  t he  product ion  and biomass o f  
eelgrass, Zostera marina L., a t  Roscoff, 
France. Aquat. Bot. 7: 151-172. 

Jacobs, R.P.W.M. 1980. E f fec ts  o f  the 
llAmoco Cadiz" o i  1 s p i l l  on the  seagrass 
community a t  Roscoff w i t h  specia l  r e f e r -  
ence t o  the  benth ic  infauna. Mar. Ecol. 
Prog. Ser. 2: 207-212. 

Jacobs, R.P.W.M. 1982. Reproductive s t r a t -  
egies o f  two seagrass species (Zostera 
marina L. and Zostera n o l t i i  [Hosnenl) 
-west European coasts. Pages 150- 
155 i n  J.J. Lymoens, S.S. Hooper, and 
P. Czpere, eds. Studies on aquatic 
vascular p lan ts .  Royal Botanical  So- 
c i e t y  o f  Belgium, Brussels. 

Jorgensen, B.B., and T. Fenchel. 1974. The 
s u l f u r  cyc le o f  a marine sediment model 
system. Mar. B io l .  24: 189-201. 

Josselyn, M.N. 1978. The con t r i bu t i on  o f  
marine macrophytes t o  the  d e t r i t a l  pool 
o f  the Great Bay estuar ine system, N.H. 
Ph.D. Diss. Univ. o f  New Hampshire, 
Durham. 129 pp. 

Josselyn, M.N., and A.C. Mathieson. 1980. 
Seasonal i n f l u x  and decomposition o f  
autochthonous macrophyte l i t t e r  i n  a 
nor th  temperate estuary. Hydrobiologia 
71: 197-208. 

Jumars, P.A., A.R. Nowel 1, and R.L. Self. 
1981. A simple model o f  flow-sediment 
organism in terac t ion .  Mar. 6eol. 42: 
155-172. 

Keddy, J., and D.G. Patr iquin.  1978. An 
annual form o f  eelgrass i n  Nova Scotia. 
Aquat. Bot. 5: 163-170. 

Ke l l e r ,  M. 1963. Growth and d i s t r i b u t i o n  
o f  eel grass (Zostera marina L.) i n  Hum- 
bo ld t  Bay, C a l i f o r n T M .  S. Thesis. 
Humbol d t  State College, Arcata, Cal i f .  
53 PP. 

Kemp, WkM., W.R. Boynton, J.C. Stevenson, 
R.R. Twi lky,  and J.C. Means. I n  press. 
The decl i ne  o f  submerged vascular p lants 
i n  Chesapeake Bay: summary o f  resu l t s  
concerning possib le causes. Mar. Tech- 
nol .  Soc. J. 

Kentula, M.E. 1983. Production dynamics 
o f  a Zostera marina L, bed i n  Netarts 
Bay, Oregon. Ph,D. Diss. Oregon State 
Univ., Corva l l i s .  158 pp. 

Jacobs, R.P.W.M., and E.S. Pierson. 1981. 
Phenology of rep roduc t i ve  shoots of eel - Keworthy, W.J. 1981 . The i n t e r r e l  at ion- 
grass, Zostera marina L., a t  Roscoff ship between seagrasses, f os te ra  marina 
(France). Aquat. Bot. 10: 45-60. and Halodule w r i g h t i i ,  a m p h m  



and chemical p roper t ies  o f  sediments i n  
a mid-At lant ic  coastal p l a i n  estuary 
near Beaufort, North Carol ina (U.S.A.). 
M.S. Thesis. Univ. o f  V i rg in ia ,  Char- 
l o t t e s v i l l e ,  114 pp. 

Tomioka Bay, Amakusa, Kyushu (11). Com- 
rnuni t y  composit ion ( 2 )  Decapcd c rus ta -  
ceans. Rec. Oceanogr. Works Jpn. Spec. 
NO. 6: 135-146. 

Kenworthy, W. J., and M.S. Fonseca. 1977. 
Reciprocal t ransplant  o f  t h e  seagrass, 
Zostera marina L. e f f e c t  o f  subst.rate 
on growth.aculture 12: 197-21 3. 

Kenworthy, W.J., and G.W. Thayer. I n  
press. Aspects o f  t h e  production and 
decom~os i t ion  o f  the roo ts  and rhizomes 
o f  seagrasses, Zostera marina and -- 
Thal assia testudinum, i n  temperate and 
subtropical  marine ecosystems. Bu l l .  
Mar. Sci. 

Kenworthy, W.J., M.S. Fonseca, J. Homziak, 
and G.W. Thayer. 1980. Development o f  
a t ransplanted seagrass (Zostera marina 
L.) meadow i n  Back Sound, Carteret 
County, North Carolina. Pages 175-193 
i n  D.P. Cole, ed. Proceedings o f  the - 
Seventh Annual Conference on t h e  Restor- 
a t i o n  and Creation o f  Wetlands. H i l l s -  
borough Comnuni t y  Col l  ege, Tampa, Fla. 

Kenworthy, W.J., J.C. Zieman, and G.W. 
Thayer. 1982. Evidence f o r  the i n -  
f luence o f  seagrass on the benthic n i -  
trogen cyc le  i n  a coastal p l a i n  estuary 
near Beaufort, North Carol ina (USA). 
Oecologia 54: 152-158. 

Kikuchi,  T. 1966. An eco log ica l  study on 
animal communities o f  t he  Zostera marina 
b e l t  i n  Tomioka Bay, Amakusa, Kyushu. 
Publ. Amakusa Mar. B io l .  Lab. Kyushu 
Univ. 1: 1-106. 

Kikuchi,  T. 1980. Faunal re la t i onsh ips  
i n  temperate seagrass beds. Pages 153- 
172 - i n  R.C. P h i l l i p s  and C.P. McRoy, 
eds. Handbook o f  seagrass biology, an 
ecosystem perspective. Gar1 and STPM 
Press, New York. 

Kikuchi,  T., and J.M. Peres. 1977. Con- 
sumer ecology o f  seagrass beds. Pages 
147-193 in C.P. McRoy and C. H e l f f e r -  
i ch ,  eds. Seagrass ecosystems, a scien- 
t i f  i c  perspective. Marcel Dekker, New 
York. 

Kirby-Smith, W.W. 1972. Growth o f  t h e  
bay scallop, t h e  i n f l uence  o f  experimen- 
t a l  water currents.  J. Exp. Mar. B io l .  
Ecol. 8: 7-18. 

Kirby-Smith, W.W., and R.T. Barber. 1974. 
Suspension-feeding aquaculture systems: 
effects o f  phytoplankton concentrat ion 
and temperature on t h e  growth o f  t h e  
bay scal lop. Aquaculture 3: 135-145. 

Kenworthy, J * ,  Fonseca, and G-W* Kirchman, D., and R. M i t c h e l l ,  1982. Con- 
Thayer. I n  preparation. Aspects o f  t r i b u t i o n  o f  par t ic le-bound bac ter ia  t o  
the populat ion b io logy  o f  eelgrass, t o t a l  microheterotrophic a c t i v i t y  i n  
Zostera marina L. f i v e  ~ o n d s  and two marshes. A P D ~ .  En- 

Khailov, K.M., and Z.Z. Finenko. 1970. 
Organic macromolecular compounds d is -  
solved i n  seawater and t h e i r  i nc lus ion  i n  
marine food chains. Pages 6-18 fi J .H. 
Steele, ed. Marine food chains. 
Un ivers i ty  o f  Cal i  fornia Press, Berkeley. 

. . 
viron. '  M ic rob io l  . 43: 200-209. 

Kirchman, D.L., L. Mazzella, R. M i t che l l ,  
and R.S. A lber te.  1980. B a c t e r i a l  epi -  
phytes on Zostera marina surfaces. B io l .  
Bu l l .    WOO^) 159: 461-462. 

Kikuchi,  T. 1961. An ecological  study Kirchman, D.L., L. Mazella, R.S. Alberte, 
on animal community o f  Zostera be l t ,  i n  and R. M i t che l l .  1984. Ep iphy t ic  bac- 
Tomioka Bay, Amakusa, Kyushu (I). Com- t e r i a l  product ion on Zostera marina. 
munity composition (1) F i sh  fauna. Rec. Mar. Ecol . Prog. Ser . 1-1 2 r  
Oceanogr. Works Jpn. Spec. No. 5: 211- 
219. Kirkman, H., and D.D. Reid. 1979. A 

study o f  t he  r o l e  o f  t h e  seagrass 
Kikuchi,  T. 1962. An ecological  study on Posidonia a u s t r a l i s  i n  t h e  carbon budget 

animal community o f  Zostera be l t ,  i n  o f  an estuary. Aquat. Bot. 7: 173-183. 



Kirkman, H., and P.C. Young. 1981. Meas- LaTouche, R.W., and A.B. West. 1980. Ob- 
urement o f  h e a l t h  and echinoderm graz ing se r va t i ons  on t h e  food  o f  Antedon b i f i d a  
on Posidonia oceanica (L.) D e l i l e .  (Echinodermata: Crinoidea).  Mar.= 
Aquat. Bot. 10: 329-338. 60: 39-46. 

K i t a ,  T., and E. Harada. 1962. Stud ies on Lawrence, J - M -  1975. On t h e  r e l a t i o n -  
t h e  e p i p h y t i c  communities. I. Abundance sh ips  between marine p l a n t s  and sea u r -  
and d i s t r i b u t i o n  o f  m ic roa lgae  and small ch ins.  Oceanogr. Mar. B i o l .  Annu. Rev. 
animals on t h e  Zos te ra  blades. Publ. 13: 213-286. 
Seto Mar. B i o l .  Lab. 10: 245-247. 

Ledover, M. 1962. Etude de l a  faune vaa- 

Klug, M. J. 1980. D e t r i  tus-decomposi t i o n  
r e l a t i o n s h i p s .  Pages 225-246 - i n  R.C. 
P h i l l i p s  and C.P. McRoy, eds. Handbook 
o f  seagrass b i o l ogy ,  an ecosystem per- 
spect ive.  Gar land STPM Press, New York. 

- .  
i l e  de he rb i e r s  s u p e r f i c i e l s  i e  
Zosteracees e t  de quelques b io topes 
d 'a lgues  l i t t o r a l e s .  Recl . Trav. Stn. 
Mar. Endoume-Mars. 25: 11 7-225. 

Lee, C., R.W. Howarth, and B.L. Howes. 
1980.- S t e r o l s  i n  decomposing S a r t i n a  

Knauer, G.A., and A.V. Ayers. 1977. Chang- a l t e r n i f l o r a  and t h e  use o f  ergostero -e-7 
es i n  carbon, n i t r o g e n ,  adenosine tri- -in es t ima t i ng  t h e  c o n t r i b u t i o n  o f  f u n g i  
phosphate and c h l o r o p h y l l  i n  decomposing t o  d e t r i t a l  n i t rogen.  Limnol. Oceanogr. 
Thal ass i a  testud inum leaves. Limnol. 25: 290-303. 
Oceanogr. 22: 408-414. 

Knutson, P.L., W.N. Seel ig ,  and M.R. I n -  
skeep. 1982. Wave dampening i n  
Spar t ina  a l t e r n i f l o r a  marshes. Wetlands 
2: 87-104. 

Koike, I., and A. H a t t o r i .  1978. Deni- 
trif i c a t i o n  and ammonium fo rma t i on  i n  
anaerobic coas ta l  sediments. Appl . En- 
v i ron .  M i c r o b i o l  . 35: 278-282. 

Kranck, K., and T. M i l l i g a n .  1980. Mac- 
r o f l o c s :  p roduc t i on  o f  marine snow i n  
the l abo ra to r y .  Mar. Ecol. Progr. Ser. 
3: 19-24. 

Kuenzl er ,  E. J. 1961. Phosphorus budget 
o f  a mussel popu la t ion .  Limnol . Ocean- 
ogr. 6: 400-415. 

Lee, J.E. 1980. A conceptual model o f  
marine d e t r i  t a l  decomposit ion and t h e  
organisms associ  ated w i t h  t he  process. 
Pages 257-291 M.R. Droop and H.W. 
Jannasch, eds. Advances i n  m ic rob i  a1 
ecology, vol .  2. Academic Press, New 
York. 

Leighton, D.L. 1971. Grazing a c t i v i t i e s  o f  
ben th ic  inve tebra tes  i n  southern Cal i- 
f o r n i a  k e l p  beds. Beih. Nova Hedwigia 
32: 421-453. 

L i  ndal 1 , W. N., A. Mager, G.W. Thayer, and 
D. R. Ekberg. 1979. Estuar ine h a b i t a t  
mi t i  ga t i on  p lann ing  i n  t h e  southeast. 
Pages 129-135 i n  G.A. Swanson, tech. 
coord. The r n i n g a t i o n  symposium. U.S. 
For. Serv. Rocky Mtn. For. Range Exp. 
Stn. Gen. Tech. Rep. RM-65. 

Lamounette, R. 1977. A s tudy  of the  Lindsay, G.J.H., and J.E. Harr is .  1980. 
germinat ion and v i  ab i  1 i t y  o f  Zostera Carboxymethyl - c e l l u l a s e  a c t i v i t y  i n  t h e  
mar ina L. seed. M.S. Thesis.  Adelphi  d i g e s t i v e  t r a c t s  o f  f i s h .  J. Fish. 
Univ., Garden C i t y ,  N.Y. 41 pp. B i o l .  16: 219-233. 

Lappal ainen, A. 1973. B i o t i c  f luc tua-  Lindsay, S.O. 1975. Mycetozoans. Aca- 
t i o n s  i n  a Zos te ra  mar ina community. demic Press, New York. 293 pp. 
Oikos 15 (Suppl.) :  1-7. 

L i n l e y ,  E.A.S., R.C. Newell, and S.A. 
Lascara, V.J. 1981. F i s h  predator -prey Bosma. 1981. He te ro t roph ic  u t i  1 i z a t i o n  

i n t e r a c t i o n s  i n  areas o f  ee l  grass o f  muci 1 age r e 1  eased d u r i  ng fragmenta- 
(Zostera mar ina) .  M.S. Thesis.  Col- t i o n  o f  ke lp  (Ek lon ia  maxima and 
lege  o f  W i  11 i am and Mary, W i  11 i amsburg, Laminar ia  p a l l i d a ) .  I.  eve-t oof 
Va. 80 pp. m ic rob i  a1 communities associated w i t h  



t h e  degradation o f  ke lp  mucilage. Mar. o f  bottom sediments w i t h  and wi thout  
Ecol. Prog. Ser. 4: 31-41. eel grass, Zostera marina cover. Proc. 

Nat l .  she1 1 f i s h . s s n :  107-112. 
L ive ly ,  J.S., Z. Kaufman, and E. J. Carpen- 

t e r .  1983. Phytoplankton ecology of a Mart in, A.C., H.S. Z i m ,  and A.L. Nelson. 
b a r r i e r  i s l and  estuary: Great South Bay, 1951. American w i l d l i f e  and plants, a 
New York. Estuarine Coastal Shelf  Sci. guide t o  w i l d l i f e  food habits. Dover, 
16: 51-68. New York. 50 pp. 

Longcore, J.R., and G.W. Cornwell. 1964. Mazzella, L., D. Mauzerall, H. Lyman, and 
The consumption o f  na tura l  foods by cap- R. S. A lber te.  1981. Pro top las t  is01 a- 
t i v e  canvasback and lesser scaups. J, t i o n  and photosynthet ic  c h a r a c t e r i s t i c s  
W i  1 dl .  Manage. 28: 527-530. 

Lopez, G.R., S. Levinton, and L.B. Slobod- 
k in.  1977. The e f f e c t  o f  grazing by the  
d e t r i t i v o r e  Orchestia g r i l l u s  on 
S a r t i n a  l i t t e r  and i t s  associated mi- 
&mi- comnuni t y .  Oecologi a 30: 1 1 1 - 
127. 

Lyngby, J.E., and H. Brix. 1982. Seasonal 
and environmental va r i a t i on  i n  cadmium, 
copper, lead and zinc concentrat ions i n  
eelgrass (Zostera marina L.) i n  the  Lim- 
f j o r d ,  D e n m q m o t .  14: 59-74. 

Lyngby, J.E., H. Brix, and H.H. Schierup. 
1982. A d s o r ~ t i o n  and t rans loca t i on  o f  
z inc i n  eeigrass (Zostera marina L. ). 
J. Exp. Mar. Biol.  Ecol. 58:-70. 

MacGinitie, G.E. 1935. Ecological aspects 
of a C a l i f o r n i a  marine estuary. Am. 
Midl. Nat. 16: 629-765. 

of Zostera marina i. (eelgrass). Bot. 
Mar. 24: 285- 

Mc onnaughey, T.9 and C.P. McRoy. 1979. 
i3C labe l  i d e n t i f i e s  eel grass (Zostera 
marina) carbon i n  an Alaskan es tuar ine  
food web. Mar. B i o l  . 53: 263-269. 

McMahon, C.A. 1970. Food hab i t s  o f  ducks 
w in te r i ng  i n  Laguna Madre, Texas. J. 
W i  l d l  . Manage. 34: 946-949. 

McMillan, C., and F.N. Moseley. 1967. Sa- 
l i n i t y  to lerances o f  f i v e  marine sperma- 
tophytes of Redfish Bay, Texas. Ecology 
48: 503-506. 

McRoy, C.P. 1966. The standing stock and 
ecology o f  eelgrass (Zostera marina L.) 
i n  Izembek Lagoon, Alaska. M.S. Thesis. 
Univ. o f  Washington, Seat t le ,  137 pp. 

McRoy, C.P. 1969. Eelgrass under t he  Arc- 
t i c  w in ter  ice. Nature 224: 818-819. 

Main, S.P., and C.D. McInt i re.  1974. The McRoy, C.P. 1970. Standing stocks and r e -  
d i s t r i b u t i o n  o f  epiphyt ic  diatoms i n  l a t e d  fea tures  o f  eel  grass populat ions 
Yaquil l a  estuary, Oregon (U.S.A. ). Bot. i n  Alaska. J. Fish. Res. Board Can. 27: 
Mar. 17: 88-99. 181 1-1821. 

Mangum, C.P., S.L. Santos, and W .R. Rhodes. 
1968. D i s t r i b u t i o n  and feeding on the  
onuychid polychaete Diopatra -cuprea. 
Mar, Bio l .  2: 33-40. 

Mann, K.H. 1977. Destruct ion o f  ke lp -  
beds by sea-urchins: a c y c l i c a l  phenom- 
enon o r  r e v e r s i b l e  degradation? He1 - 
901. Wiss. Meeresunters. 30: 455-467. 

Marsh, G.A. 1973. The Zostera epi faunal  
comnunity i n  t h e  York River, V i rg in ia .  
Chesapeake Sci. 14: 87-97. 

Marshall, N., and K. Lukas. 1970. Pre- 
1 iminary observations on the  proper t ies  

McRoy- C.P. 1974. Seagrass p roduc t i v i t y :  
carbon uptake experiments i n  eelgrass, 
Zostera marina. Aquaculture 4: 131-137. 

McRoy, C.P., and R.J. Barsdate. 1970. 
Phosphate absorpt ion i n  ee l  grass. Lim- 
nol.  Oceanogr. 15: 6-13. 

McRoy, C.P., and J.J. Goering. 1974. Nu- 
tr i ent t r a n s f e r  between t h e  seagrass 
Zostera marina and i t s  epiphytes. Na- 
-8173-1 74. 

McRoy, C.P., and C. He l f f e r i ch .  1980. 
Appl ied aspects o f  seagrasses. Pages 
297-343 - i n  R.C. P h i l l i p s  and C.P. Mc- 



Roy, eds. Handbook o f  seagrass biology, 
an ecosystem perspective. Garland STPM 
Press, New York. 

McRoy, C.P., and D.S. Lloyd. 1981. Com- 
pa ra t i ve  func t i on  and s t a b i l i t y  o f  mac- 
rophyte-based ecosystems. Pages 473- 
489 i n  A.R. Longhurst, ed. Analysis o f  
marine ecosystems. Academic Press, New 
York. 

McRoy, C.P., and C. McMi! Ian,  1977. Pro- 
duct ion ecology and physiology o f  sea- 
grasses. Pages 53-88 j t ~  C.P. McRoy and 
C. He l f f e r i ch ,  eds. Seagrass ecosys- 
tems, a s c i e n t i f i c  perspective. Marcel 
Dekker, New York. 

McRoy, C.P., and S.L. Will iams. 1977. 
Sublethal e f f e c t s  ( o f  hydrocarbons) on 
seagrass photosynthesis. F ina l  repo r t  
t o  WAA Outer Continental Shelf Environ- 
mental Assessment Program, Contract 
#03-5-022-56, Task Order # I  7, Research 
Un i t  6305. 35 pp. 

McRoy, C.P., R.J. Barsdate, and M. Nebert. 
1972. Phosphorus c y c l i n g  i n  an eelgrass 
(Zostera marina L. ) ecosystem. ~ i m n o l .  
Oceanogr . r 5 8 - 6 7 .  

Herriner, J.V., and G.W. Boehlert. 1979. 
Higher l e v e l  consumer in terac t ions .  

I Pages 89-142 fi R.L. Wetzel , K.L. Webb, 
I 

! P.A. Penhal e, R. J. Orth, D.F. Boesch, 
i G.W. Boehlert, and J.V. Merriner. The 

func t iona l  ecology of submerged aquatic 
vegetat ion i n  the  lower Chesapeake Bay. 
EPA/CBP Grant R805974. 

Meyer, C.E. 1982. Zooplankton comnuni- 
t i e s  i n  Chesapeake Bay seagrass systems. 
M.A. Thesis. Col lege o f  Wi l l iam and 
Mary, W i  l l iamsburg, Va. 96 pp. 

Nilne, L.J., and M.J. Milne. 1951. The 
eelgrass catastrophe. Sci. Am. 184 (1  ): 
52-55. 

1 b l i n i e r ,  R., and J. Picard. 1952. Re- 
c h e r c h e ~  sur l e s  herb iers  de phaneroga- 
mles marines du 1 i t t o r a l  Mediterranean 
f rancals.  Ann. Ins t .  Oceanogr. 27(3): 
157-234. 

b r i s i t a ,  M. 1959. Measurement o f  i n t e r -  
s p e c i f i c  assoc i a t  i o n  and simi 1 a r i  t y  be- 

tween comnunities. Mem. Fac. Sci. 
Kyushu Univ. Ser. E (Biol.)  3: 65-80. 

Morrison, S.J., and D.C. White. 1980. Ef-  
f e c t s  o f  grazing by estuar ine gamnari- 
dean amphipods on the microbiota o f  a l -  
lochthonous det r i tus .  Appl . Environ. 
Microbiol.  40: 659-671. 

Morton, J., and M. M i l l e r .  1968. The New 
Zeal and sea shore. Col l ins, London. 
638 pp. 

Mukai, H., K. Aio i ,  I. Koike, H. I izumi, 
M. Ohtsu, and A. Hat tor i .  1979. Growth 
and organic product i o n  o f  eel grass 
(Zostera marina L. 1 i n  temperate waters 
o m a c i f i c  coast o f  Japan. I. Growth 
analysis i n  spring-sumner. Aquat. Bot. 
7: 47-56. 

Murray, L., and R.L. Wetzel. 1982. Oxy- 
gen metabolism o f  a temperate seagrass 
(Zostera marina L. ) comnunity: p lant-  
epiphyte, p l a n k t o n  and benthic micro- 
a1 gae p r o d u c t i v i t y  and respirat ion.  
Pages 108-129 i n  R.L. Wetzel, ed. Struc- 
t u r a l  and f u z t i o n a l  aspects o f  the 
ecology o f  submerged aquatic macrophyte 
communities i n  t h e  lower Chesapeake Bay, 
vol. 1. Va. Inst .  Mar. Sci. Spec. Rep. 
Appl . Mar. Sci . Ocean Eng. 267. 

Nadeau, R.J., and E.T. Berquist. 1977. 
Ef fec ts  o f  the March 18, 1973 o i l  s p i l l  
near Cabo Rojo, Puerto Rico on t rop i ca l  
mari ne comnuni t i  es. Pages 535-538 i n  
Proceedings o f  t he  1977 O i l  S p i l l  C o E  
ference, New Orleans, La. American 
Petroleum Ins t i t u te ,  Washington, D.C. 

Nagle, J.S. 1968. D is t r i bu t i on  of the 
ep ib io ta  o f  macroepi benthi c plants. 
Contrib. Mar. Sci. 13: 105-114. 

Neilson, B.J., and L.E. Cronin, eds. 1981. 
Estuaries and nutr ients.  Humana Press, 
Cl i f ton,  N.J. 643 pp. 

Nelson, W.G. 1979a. Experimental studies 
o f  se lec t ive  predation on amphipods: 
consequences f o r  amphi pod d i s t r i b u t i o n  
and abundance. J .  Exp. Mar. Bio l .  Ecol. 
38: '225-245. 

Nelson, W.G. 1979b. An analysis o f  s t -  
ruc tu ra l  pa t te rn  i n  an eelgrass (Zostera 



marina L . )  amphipod community. J. Exp. 
Mar. B io l .  Ecol. 39: 231-264. 

Nelson, W.G.. 1981. Experimental s tudies 
of decapod and f i s h  predat ion on sea- 
grass macrobenthos. Mar. Ecol. Prog. 
Ser. 5 :  141-149. 

Nsushul, M. 1972. Functional i n te rp re -  
t a t i o n  o f  benthic marine a1 gal morphol- 
ogy. Pages 47-74 in I.A. Abbott and 
M. Kurogi, eds. Contr ibut ions t o  t he  
systematics o f  benthic marine algae o f  
t h e  North Pac i f i c .  Japanese Society 
o f  Phycology, Kobe. 

Newell, R. 1965. The r o l e  o f  d e t r i t u s  
i n  t h e  n u t r i t i o n  o f  two marine deposit  
feeders, t h e  prosobranch H drobia u lvae 
and t h e  b i va l ve  Macoma b a e  Proc. 
Zool. Soc. Lond. 144: 24-45. 

Newell, R.C. 1979. Biology of i n t e r t i d -  
al animals. 3rd ed. Marine Ecology 
Surveys, Feversham, Kent, England. 555 
PP* 

Newell, R.C. 1981. U t i l i z a t i o n  of p l a n t  
mater i  a1 through t h e  d e t r i t u s  food web 
i n  coastal waters. Environs, Duke Univ. 
Biomed. Prog. Newsl. 4. 10 pp. 

Newell, S.Y. 1982. Fungi and bac ter ia  i n  
o r  on leaves o f  eelgrass (Zostera 
marina L. 1 from Chesapeake Bay. Pages 
152-164 i n  R.L. Wetzel, ed. S t ruc tura l  
and funcEona l  aspects o f  t he  ecology o f  
submerged aquatic macrophyte communities 
i n  t h e  lower Chesapeake Bay, vof . 1. 
Va. I n s t .  Mar. Sci. Spec. Rep. Appl. 
Mar. Sci. Ocean Eng. 267. 

Nienhuis, P.H., and B.H.H. deBree. 1977. 
Product i o n  and ecology o f  eel grass 
(Zostera marina L. 1 i n  the  Grevelingen 
estuary, t h e  Netherlands, before and 
a f t e r  closure. Hydrobiologia 52: 55-56. 

Nilsson, L. 1969. Food consumption o f  
d i v i n g  ducks w in ter ing  a t  the  coast o f  
south Sweden i n  r e l a t i o n  t o  food r e -  
sources. O i  kos 20: 128-1 35. 

Nissenbaum, A., N.J. Baedecker, and I.R. 
Kaplan. 1972. Organic geochemistry o f  
Dead Sea sediments. Geochim. Cosmochim. 
Acta 36: 709-727. 

Nixon, S.W. 1981. Remineral i z a t i o n  and 
n u t r i e n t  c y c l i n g  i n  coasta l  marine eco- 
systems. Pages 111-138 - i n B . J .  Nelson 
and L.E. Cronin, eds. Estuar ies and 
nu t r i en ts .  Humana Press, C l i f t o n ,  N. J. 

Nixon, S.W., and C.A. Ov ia t t .  1972. Pre- 
1 i mi nary measurements o f  mi d-summer me- 
tab01 ism i n  beds o f  eelgrass, Zostera 
marina. Ecology 53: 150-1 53. 

Odum, E.P. 1969. The s t ra tegy o f  ecosys- 
tem development. Science 164: 262-270. 

Odum, E.P., and A.A. de l a  Cruz. 1967. 
P a r t i c u l a t e  organic d e t r i t u s  i n  a 
Georgia s a l t  marsh-estuarine ecosystem. 
Pages 383-388 i n  G.H. Lauf f  , ed. Es- 
tuar ies .  Am. AEoc. Adv. Sci. Publ. 83. 

Odum, W.E. 1982. Environmental degrada- 
t i o n  and the  tyranny of small decisions. 
Bioscience 32: 728-729. 

Odum, W.E., P.M. K i r k ,  and J.C. Zieman. 
1979. Non-protei n n i t r ogen  compounds 
associated w i th  p a r t i c l e s  o f  vascular 
p l  ant de t r i t us .  Oikos 32: 363-367. 

Odum, W.E., C.C. McIvor, and T.J. Smith, 
I 1  I. 1982. The ecoloqy o f  mangroves o f  
south F lor ida :  A community p r o f i l e .  U.S. 
F i sh  Wi ld l .  Serv. B io l .  Serv. Program 
FWS/OBS-81/24, 144 pp. 

Ogden, J.C. 1980. Faunal r e l a t i o n s  i n  
Caribbean seagrass beds. Pages 173-198 
i n  R.C. P h i l l i p s  and C.P. McRoy, eds. - 
Handbook o f  seagrass b io logy,  an ecosys- 
tem perspective. Gar1 and STPM Press, 
New York. 

Og i lv ie ,  M.A., and A.K.M. S t .  Joseph. 
1976. Dark-be l l ied  brant  geese i n  
B r i t a i n  and Europe, 1955-76. Br. B i rds  
69: 422-439. 

OIGower, A.K., and J.W. Wacasey. 1967. An- 
imal communities associated w i t h  
Thal assi a, Dip1 anthera, and sand beds 
i n  Biscavne Bav. I. Analys is o f  com- 
muni t ies <n re la ' t ion  t o  wat& movements. 
Bu l l .  Mar. Sci. 17: 175-210. 

Orth. R.J. 1973. Benthic in fauna o f  eel- 
grass, Zostera marina beds. Chesapeake 
Sci. 14: 258-269. 



Orth, R.J. 1975. Dest ruc t ion  o f  eelgrass, 
Zostera marina by the  cownose ray, 
Rhi n o p t e r m a s u s ,  i n  t he  Chesapeake 
Bay. Chesapeake Sci.  16: 205-208. 

Orth, R.J. 1977. The importance o f  sedi- 
ment s t a b i  1 i t y  i n  seagrass communities. 
Pages 281-300 i n  B.C. Coul l ,  ed. Ecol- 
ogy o f  marinebenthos. Un ive rs i t y  o f  
South Carol i n a  Press, Col umbi a. 

Orth, 2-J,, and D,F. Roesch. 1979. I n -  
t e r a c t i o n s  i nvo l v ing  res ident  consumers. 
Pages 44-88 - i n  R.L. Wetzel, K.L. Webb, 
P.A. Penhale, R.J. Orth, D.F. Boesch, 
G.W. Boehlert,  and J.V. Merriner. The 
f u n c t i o n a l  ecology o f  submerged aquatic 
vegeta t ion  i n  t he  lower Chesapeake Bay. 
EPA/CBP Grant No. R805974. 

o f  the Zostera o f  the Danish seas. Bot, 
Tidsskr. 27: 123-125. 

Ostenfeld, C.H. 1908. On the  ecology and 
d i s t r i b u t i o n  o f  grass wrack (Zostera 
marina) i n  Danish waters. Re- 
B io l .  Stn. 16: 1-62. 

Osterhout, W. J.V. 1917. Tolerance o f  
f r e s h  water by marine p lan ts  and i t s  r e -  
l a t i o n  t o  adaptations. Bot. Gaz. 63: 
146-149. 

Otsuki, A., and R.G. Wetzel. 1974. Re- 
1 ease o f  d i  ssol ved organic matter by 
au to lys is  of a submeraed macro~hvte. " 
S c i r  i s  subterminal is.  "~ imno l .  bcean- A: 842-845. 

Orth, P.J., and K.A. Heck, Jr. 1980. Paerl ,  H.W. 1974. Bacter ia l  uptake o f  
dissolved organic matter i n  r e l a t i o n  t o  S t r u c t u r a l  components o f  eelgrass d e t r i t a l  aggregation i n  marine and 

(Zostera marina) meadows i n  t h e  lower 
~ w k e r -  Fishes. Estuaries 3: freshwater systems. Limnol. Oceanogr. 

278-288. 
19: 966-972. 

Orth, R.J., and K.A. Moore. 1981. Sub- 
merged aquat ic  vegetat ion o f  t h e  Chesa- 
peake Bay: past,  present and future.  
Trans. N. Am. Wi ld l .  Nat. Resour. 
Conf. 46: 271-283. 

Orth, R. J., and K.A. Moore. 1982a. The 
b io logy  and propagation o f  Zostera 
marina, eelgrass, i n  t h e  Chesapeake Bay, 
V i r g i n i a .  Va. I n s t .  Mar. Sci. Spec. 
Rep. Appl. Mar. Sci. Ocean Eng. 265. 
187 pp. 

Orth, R.J., and K.A. Moore. 1982b. Dis- 
t r i b u t i o n  and abundance of submerged 
aquat ic  vegetat ion i n  Chesapeake Bay: 
a s c i e n t i f i c  summary. rages 381-42 7 ~ 
E,G, Macalaster, D.A. Barber, and M. Kas- 
per ,  eds. Cheaspeake Bay Program tech- 
n i c a l  s tudies:  a synthesis. U.S. En- 
v i  ronmental P ro tec t i on  Agency, 
Washington, D.C. 

Orth, R. J., and K.A. Moore. 1983. Seed 
germi na t i on  and seed1 i n g  growth o f  
~ o s t e r a  marina L. (eelgrass)  i n  t h e  
Chesapeake Bay. Aquat. Bot. 15: 117- 

Ostenfeld, C.H. 1905. Pre l im inary  r e -  
marks on the  d i s t r i b u t i o n  and b io logy  

Paerl ,  H.W. 1975. Microbial attachment 
t o  p a r t i c l e s  i n  marine and freshwater 
systems. Microb. Ecol. 2: 73-83. 

Palmer, R.S. 1976. Handbook of Nor th  
American b i rds,  vol. 3. Yale Un ivers i ty  
Press, New Haven. 560 pp. 

Parsons, T.R. 1963. Suspended organic 
matter i n  seawater. Prog. Oceanogr. 1: 
205-239. 

Parsons, T.R., M. Takahashi, and B. Har- 
grave. 1977. B io log ica l  oceanographic 
processes. 2nd ed. Pergamon Press, New 
York. 332 pp. 

Patr iquin,  D.G. 1972a. Carbonate mud 
production by epib ionts on Thalassi a: 

estimate based on l ea f  growth r a t e  
data. J. Sediment. Petrol.  42: 687- 
689. 

Patr iquin,  D.G. 1972b. The o r i g i n  of 
n i t rogen and phosphorus f o r  growth o f  
t h e  mari ne angiosperm Thal assi a 
testudinum. Mar. Biol.  15: 35-36. 

Patr iquin,  D.G. 1973. Estimation o f  
srowth rate, product ion and age of the 
marine angiosperm Thal assi  a tes tud i  num 
Kiinig. Carib. J. s c f 1 1 7  



Pat r iqu in ,  D.G. 1975. "Migrat ion" o f  
blowouts i n  seagrass beds a t  Barbados 
and Carriacou, West Ind ies  and i t s  eco- 
l o g i c a l  and geological appl icat ions.  
Aquat. Bot. 1: 163-189. 

Pat r iqu in ,  D.G., and C.R. But ler .  1976. 
Marine resources o f  Kouchi bouquac Nat- 
i ona l  Park. Applied Ocean Systems Ltd., 
Dartmouth, N.S., Parks Canada Contract 
NO. 75-19. 423 pp. 

Pat r iqu in ,  D.G., and R. Knowles. 1972. 
Nitrogen f i x a t i o n  i n  the  rhizosphere o f  
marine angiosperms. Mar. B i o l .  16: 49- 
58. 

Peirson, W.M. 1983. U t i l i z a t i o n  of e igh t  
a lga l  species by the  bay scal lop, 
Argopecten i r r a d i  ans concentr icus (Say). 
J. Exp. Mar. B io l .  Ecol. 68: 1-11. 

mary o f  the work done i n  connection w i t h  
va lua t ion  o f  Danish waters from 1883 t o  
1917. Rep. Dan. B i o l .  Stn. 25: 1-82. 

Petersen, C.G.J., and P. Boysen-Jensen. 
1911. Valuat ion of the  sea. I. Ani- 
mal l i f e  o f  t he  sea bottom, i t s  food 
and quant i ty .  Rep. Dan. B i o l .  Stn. 20: 
1-81. 

Peterson, C.H. 1982. Clam predat ion by 
whelks (Busycon spp ,  ) : experimental 
t e s t s  on the  Importance of prey size, 
prey density, and seagrass cover. Mar. 
B io l .  66: 159-170. 

Peterson, C.H., and N.M. Peterson. 1979. 
The ecology o f  i n t e r t i d a l  f l a t s  o f  North 
Carol ina: a community p r o f i l e .  U.S. 
F i sh  Wi ld l .  Serv. B i o l .  Serv. Program 
FWS/OBS-79/39. 73 pp. 

Penhale, P.A. 1976. Primdry product i  v- Peterson, C.H., H.C. Sumnerson, and S. R. 
i t y ,  d issolved organic carbon excretion, Fegley. 1983. The r e l a t i v e  e f f i c iency  
and n u t r i e n t  t ranspor t  i n  an epiphyte- o f  two clam rakes and t h e i r  con t ras t i ng  
eel grass (Zostera marina) system. Ph.D. impacts on seagrass biomass. U.S. Natl .  
Diss. North Carol ina State Univ., Mar. Fish. Serv. Fish. B u l l .  81: 429- 
Raleigh. 83 pp. 434. 

Penhale, P * A -  19779 Macrophyte-e~iphyte Phi 11 ips, R.C. 1972, Ecological  l i f e  
biomass and p r o d u c t i v i t y  i n  an eel- h i s t o r y  o f  Zostera marina L. (eelgrass)  grass (Zostera marina L. 1 communi ty .  J. i n  Puget Sound, Washington. Ph.D. Diss. Exp. Mar. B i o l .  Ecol. 26: 211-224. Univ. o f  Washington, Seat t le ,  154 pp. 

Penhale, 9 and W.oo Smith, Jr* 1977* Phi 1 lips, R.C, 1974a. Transplantat ion of 
Excret ion o f  d issolved organic carbon by 
eelgrass (Zostera marina) and i t s  epi -  seagrasses w i t h  specia l  emphasis on eel- 

phytes. ~ i m n o t . 0 c e a n o g r .  22: 400-407. grass, Zostera mar inaL.  Aquaculture 
4: 1 6 1 - 1 7 6 .  

Penhale, P.A., and G.W. Thayer. 1980. Up- 
take and t rans fer  o f  carbon and phospho- 
rus  by eelgrass (Zostera marina) and i t s  
epiphytes. J. Exp. Mar. m c o l .  42: 
113-123. 

Penhale, P.A., and R.G. Wetzel. 1983. 
S t ruc tu ra l  and funct ional  adaptations 
o f  eelgrass (Zostera marina L.) t o  the 
anaerobic sediment environment. Can. 
J. Bot. 61: 1421-1428. 

Petersen, C.G.J. 1891. Fiskenes b i o l o -  
giske fo rho ld  i Holbaek f j o r d  1890-91. 
Beret. Dan. B io l .  Stn. 1: 121-184. 

Petersen, C.G.J. 1918. The sea bottom 
and i t s  product ion o f  f i s h  food: a sum- 

Phi 11 ips, R.C. 1974b. Temperate grass 
f l a t s .  Pages 244-299 i n  H.T. Odum, B.J. 
Copeland, and E.A. McMxan, eds. Coastal 
ecological  systems o f  the  Uni ted States: 
a source book f o r  es tuar ine  planning, 
vo l  . 2.  Conservation Foundation, Wash- 
ington, D.C. 

P h i l  l i p s ,  R.C., W.S. Grant, and C.P. Mc- 
Roy. 1983a. Reproductive s t ra teg ies  o f  
ee l  grass (Zostera marina L. 1. Aquat. 
Bot. 16: 1-20. 

P h i l l i p s ,  R.C., C.McMil lan, and K.W. 
Bridges. 1983b. Phenology o f  ee l  grass, 
Zostera marina L., along l a t i t u d i n a l  
gradients-rth America. Aquat. Bot. 
15: 145-156. 



Pomeroy, L.R., and D. Deibel.  1980. Ag- 
gregat iov o f  organic matter by pelagic 
tun ica tes .  Limnol. Oceanogr. 25: 643- 
652. 

Porter. D. 1967. Observations on the  
cytoiogy and moti  1 i t y  o f  Labyr inthula.  
Ph.D. Diss. Univ. o f  Washington, Seat- 
t l e .  139 pp. 

Pul ich, W.M. 1982a. Edaphic f ac to rs  re -  
l a t e d  t o  shoalgrass (Halodule w r i g h t i i  
Aschers. ) production. Bot. Mar. 25: 
467-475. 

Pulich. W.M. 1982b. Cu l tu re  studies o f  
~ a l o d u l e  w r i g h t i  i Aschers. Edaphic _. 
requirements. Bot. Mar. 25: 477-482. 

Race, M.S., and D.R. Chr i s t i e .  1982. 
Coastal zone development: m i  t i g a t i o n ,  
marsh c rea t i on  and deci s i  on-making. En- 
v i ron.  Manage. 6: 317-328. 

Rasmussen, E. 1973. Systematics and 
ecology o f  t h e  I s e f  F j o r d  marine fauna 
(Denmark) w i t h  a survey o f  t h e  eelgrass 
(Zostera) vegetat ion and i t s  communi- 
t i e s .  Ophel ia 11(2-3): 1-507. 

Rasmussen. E. 1977. The wastinq disease 
o f  eelbrass (Zostera marina)- and i t s  
e f f e c t  on environmental f ac to rs  and - -. 

fauna. pages 1-51 in C. P. McRoy and C. 
He l f fe r ich ,  eds. Seagrass ecosystems, 
a s c i e n t i f i c  perspective. Marcel Dek- 
ker, New York. 

Reed, J.P. 1980. A b ioenerget ic  model 
o f  anaerobic decomposition: sul  f a t e  
reduct ion.  Pages 1 7 3 - 1 8 2 k  V.S. Ken- 
nedy, ed. Es tuar ine  perspectives. Ac- 
ademic Press, New York. 

Renn, C.E. 1934. Wasting disease o f  
Zostera i n  American waters. Nature 134: 
476. 

Rice, D.L. 1982. The d e t r i t u s  n i t rogen 
problem: new observations and perspec- 
t i v e s  from organic g@ochemi s t r y .  Mar. 
Ecol, h o g .  Ser. 9: 153-162. 

Rice, D.L., and K.R. Tenore. 1981. Dy- 
namics o f  carbon and n i t rogen  dur ing the 
decomposition o f  d e t r i t u s  derived from 

estuar ine macrophytes. Estuarine Coast- 
a! Shelf Sci. 13: 681-690. 

Ricketts, E.F., and J. Calvin. 1962. Be- 
tween P a c i f i c  t i des .  Stanford Universi- 
t y  Press, Stanford, C a l i f .  516 pp. 

Riggs, S.A., and R.A. F ra l i ck .  1975. 
Zostera marina L., i t s  growth and dis-  
t r i b u t i o n  i n  t he  Great Bay Estuary, New 
Hampshire. Rhodora 77: 456-466. 

Riner, M.1. 1976. A study on methods, 
techniques and growth cha rac te r i s t i cs  
f o r  transplanted port ions of eel grass 
(Zostera marina). M. S. Thesis. Adel phi 
Univ., Garden Ci ty ,  N.Y. 104 pp. 

Robertson, A.I. 1980. The s t ruc ture  and 
organizat ion o f  an eelgrass f i s h  fauna. 
Oecologi a 47: 76-82. 

Robertson, A.I., and K.H. Mann. 1982. 
Pooulat ion dynamics and l i f e  h i s t o r y  ad- 
aptat ions o f - ~ i t t o r i n a  negl ecta ~ e a n  i n  
an eelgrass meadow (Zostera marina L.) 
i n  Nova Scotia, 3. Exp. Mar. B-CO~. 

Robertson, A . I . ,  and K.H. Mann. 1984. 
Disturbance by i ce  and l i f e - h i s t o r y  
adaptat ions o f  the seagrass Zos tera 
marina. Mar. B i o l  . 80:131-142. 

Robertson, D.R. 1982. F ish  feces as f i s h  
food on a P a c i f i c  cora l  reef. Mar. Ecol. 
Prog. Ser. 7: 253-265. 

Robertson, M.L., A.L. M i l l s ,  and J.C. Zie- 
man. 1982. Mic rob ia l  synthesis o f  de- 
t r i t u s - 1  i k e  pa r t i cu la tes  from dissolved 
organic carbon released by t r op i ca l  sea- 
grasses. Mar. Ecol. Prog. Ser. 7: 279- 
285. 

Rosenfeld, J.K. 1979a. Amnonium adsorp- 
t i o n  i n  nearshore anoxic sediments. 
Limnol . Oceanogr . 24: 356-364. 

Rosenfeld, J.K. 1979b. Amino ac id  diagene- 
s i s  and adsorpt ion i n  nearshore anoxic 
sediments. Limnol. Oceanogr. 24: 1014- 
1021. 

Rublee, P., L. Cammen, and J. Hobbie. 
1978. Bac te r i a  i n  a North Carol ina s a l t  
marsh: standing crop and importance 
i n  t h e  decomposition o f  Spart ina 



a l t e r n i f l o r a .  N.C. Univ. Sea Grant Publ. 
UNC-SG-78-11. 80 pp. 

Russel 1-Hunter, W. D. 1970. Aquat ic  produc- 
t i v i t y ,  an i n t r o d u c t i o n  t o  some bas ic  
aspects o f  b i o l o g i c a l  oceanography and 
l imnology. C o l l  ier-MacMi 11 ian, London. 
306 pp. 

Sand-Jensen, K. 1975. Biomass, ne t  pro-  
duc t i on  and growth dynamics i n  an ee l -  
grass ( ~ o s t e r a  marina L. ) popu la t i on  
i n  V e l l e r u ~  V i q ,  Denmark. O ~ h e l i a  14: 

Sand-Jensen, K. 1977. E f f e c t  o f  ep iphytes 
on ee lg rass  photosynthes is .  Aquat. Bot. 
3: 55-63. 

Sand-Jensen, K., and J. Borum. 1983. Reg- 
u l a t i o n  o f  srowth i n  ee larass (Zostera 
marina L. i n  Danish waters. ~ a r .  Tech- 
no l .  Soc. J. 17: 15-21. 

Sauvageau, C. 1891. Sur l e s  f e u i  l l e s  de 
quelques Monocotyledones aquatiques. 
Ann. Soc. Nat. Bot. ser 7, 13: 103-296. 

Sco f f in ,  T.P. 1970. The t r app ing  and b ind-  
i n g  of s u b t i  dal  carbonate sediments by 
marine vege ta t i on  i n  B im in i  Lagoon, Ba- 
hamas. J. Sediment. P e t r o l .  40: 249-273. 

Scul thorpe,  C . D *  1967. The b i o l o g y  o f  
aqua t i c  vascular  p lan ts .  Arnold, Lon- 
don. 618 pp. 

277-298 i n  R.C. P h i l l i p s  and C.P. McRoy, 
eds. Haabook o f  seaginass b i o l ogy ,  an 
ecosystem perspec t i ve .  Gar1 and STPM 
Press, New York. 

Short ,  F.T. 1981. N i t r ogen  resource anal-  
y s i s  and rnodel l inq o f  an ee lq rass  
( ~ o s t e r a  marina L.)- meadow i n  lzembek 
Lagoon, A l a s k a .  Ph.D. Diss. Univ.  o f  
~ l a s k a ,  Fairbanks. 173 pp. 

Short, F.T. 1983a. The response- o f  i n -  
t e r s t i t i a l  ammonium i n  ee lg rass  (Zos te ra  
marina L.) beds t o  env i ronmenta l  p e r t u r -  
ba t ions .  J. Exp. Mar. B i o l .  Ecol.  68: 
195-208. 

Short, F.T. 1983b. The seagrass, Zostera 
marina L.: p l a n t  morphology and bed 
s t r u c t u r e  i n  r e l a t i o n  t o  sediment ammo- 
nium i n  Izembek Lagoon, Alaska. Aquat. 
Bot. 16: 149-161. 

Short, F.T., S.W. Nixon, and C.A. O v i a t t .  
1974. F i e l d  s t ud i es  and s i m u l a t i o n  w i t h  
a  f i n e  g r i d  hydrodynamic model. Pages 
VIBI-VIB27 i n  An env i ronmenta l  s tudy  o f  
a  nuc l  ear p o w e r  p l  an t  a t  Char1 estown, 
Rhode Is land .  Univ.  R . I .  Coasta l  Resour. 
Cent. Mar. Tech. Rep. 33. 

Sieburth,  J.M., and C.D. Thomas. 1973. 
Fou l i ng  on ee lgrass.  J. Phycol.  9: 46- 
50. 

S i g l i o ,  A.C., T.C. Hoering, and G.R. Helz. 
1982. Com~os i  t i o n  o f  e s t u a r i n e  c o l l o i d a l  
m a t e r i a l  : o rgan i c  components. Geochim. 

Seki ,  H., and Y. Yokohama. 1978. Exper i -  Cosmochim. Acta 46: 1619-1626. 
mental decay of ee lgrass ( l o s t e r a  
marina) i n t o  d e t r i t a l  p a r t i c l e s .  Arch. S i lbe rhorn ,  G.M,, R. J. Orth, and K.A. 
Hydrobio l .  84: 109-1 19. Moore. 1983. An thes is  and seed produc- 

t i o n  i n  Zostera mar ina L. ( ee l g rass )  
Se t che l l  , W.A. 1929. Morpholog ica l  and from t h e  Chesapeake Bay. Aquat. Bot.  15: 

pheno log ica l  no tes  on Zostera marina L. 133-144. 
Univ. C a l i f .  Publ. ~ o t m 8 9 X 5 Z -  

Sharp, J.H. 1973. S ize c lasses o f  organ- 
i c  carbon i n  seawater. Limnol.  Oceanogr. 
18: 441-447. 

Short, F.T. 1975. Eelgrass p roduc t ion  i n  
Charlestown Pond: an eco log i ca l  analy-  
s i s  and s i m u l a t i o n  model. M.S. Thesis.  
U n i v e r s i t y  o f  Rhode Is land ,  Kingston. 
180 pp. 

Smith, G.W. 1981. M i c rob i o l ogy  o f  t h e  
seagrass rh izosphere.  Ph.D. Diss. Clem- 
son Univ., Clemson, S.C. 73 pp. 

Smith, G.W., and S.S. Hayasaka. 1982. 
Ni t rogenase a c t i v i t y  assoc ia ted  w i t h  
Zostera mar ina f r o m  a Nor th  Ca ro l i na  es- 
tua ry .  Can. J. M i c r o b i o l .  28: 448-451. 

Smith, G.W., S.S. Hayasaka, and G.W. 
Thaver. 1979. Root su r f ace  area meas- 

Short ,  F.T. 1980. A s i m u l a t i o n  model o f  urements o f  Zos te ra  mar ina and Ha lodu le  
t h e  seagrass p roduc t i on  system. Pages w r i g h t i i .  Bot. Mar. -7-358. 



Smith, G.W., A.M. Kozucki ,  and S.S. Haya- L. macrobenthos. Ph.D. Diss. North Caro- 
saka. 1982. Hzavy meta l  s e n s i t i v i t y  o f  1  i n a  S ta te  Univ., Raleigh. 84 pp. 
seagrass r h i z o p l a n e  and sediment bac- 
t e r i a .  Bot .  Mar. 25: 19-24. Stumm, W., and J.J. Morgan. 1970. Aquat- 

i c  chemistry.  John Wiley and Sons, Inc., 
Smith. W.O.. and P.A. Penhale. 1980. The New York. 583 pp. 

h e t e r o t r o p h i c  uptake o f  d i sso lved  organ- 
i c  carbon by  ee lg rass  (Zos te ra  marina Suberkropp, K.F., G.L. Godshalk, and M.J. 
L.) and i t s  ep iphytes.  J. Exp. Mar. Klug. 1976. Changes i n  t h e  chemical 
B i o l .  Ecol.  48: 233-242. composi t ion of leaves dur ing  processing 

i n  a  woodland stream. Ecology 57: 720- 
Soldatova, I.N., Ye. A. Tsikhon-Lukanina, 727. 

G.G. ~ i k o l a y e v e ,  and T.A. ~ u k a s h e v a i  
1969. The convers ion  o f  food  energy by  
mar ine crustaceans.  Okeanologiya 9(6) : 
875-882. 

Stauf fer ,  R.C. 1937. Changes i n  t h e  i n -  
v e r t e b r a t e  communi t y  o f  a  1  agoon a f t e r  
disapperance o f  t h e  ee lgrass.  Ecology 
18: 427-431. 

Stevenson, J.C., and N,M.  Confer. 1978. 
Summary o f  ava i  1  ab l e  i n f o rma t i on  on 
Chesapeake Bay submerged vegetat ion.  
U.S. F i s h  W i l d l .  Serv. B i o l .  Serv. Pro- 
gram FWS/OBS-78/66. 335 pp. 

Sumnerson, H.C. 1980. The effects o f  pre- 
d a t i o n  on t h e  marine benth ic  inver te -  
b r a t e  community i n  and around a shallow 
subt i da1 seagrass bed. M. S. Thesis. 
Univ. o f  Nor th  Caro l ina,  Chapel H i l l .  
118 pp. 

Summerson, H.C., and C.H. Peterson. 1984. 
The r o l e  o f  p reda t ion  i n  organiz ing 
ben th i c  communities i n  and around a 
temperate zone seagrass bed. Mar. Ecol . 
Prog. Ser. 15: 63-77. 

Swi nchat t ,  J. P. 1965. S ign i f i cance  o f  
c o n s t i t u e n t  composition, t ex tu re  and 
s k e l e t a l  breakdown i n  some recent  car- 

Stewart, R.E. 1962. Waterfowl popula- bonate sediments. J. Sediment. Petrol .  
t i o n s  i n  t h e  upper Chesapeake Region. 
U.S. F i s h  W i l d l .  Serv. Spec. Sci. Rep. 

35(1): 71-90. 

W i l d l .  65. 208 pp. Tay lo r ,  A.R.A. 1957. Studies on the  de- 
velopment o f  Zostera marina L. 11. Ger- 

St ickney, R.R., and S.E. Shumway. 1974. 
Occurrence o f  c e l l u l a s e  a c t i v i t y  i n  t h e  

m ina t i on  and s m  development. Can. 
J. Bot. 35: 681-695. 

stomachs o f  f i s h .  J. F ish.  B i o l .  6: 

S t i rban ,  M. 1968. Re1 a t i o n s h i p  between 
t h e  assimi 1  a t i o n  pigments, t h e  i n t e n s i t y  
o f  c h l o r o p h y l l  f l uo rescence  and t h e  
l e v e l  o f  t h e  pho tosyn thes is  zone i n  
Zostera mar ina L. ~ e v ,  Roum. B i o l .  Ser. 
Bot. 13: 291-295. 

Stoner, A.M. 1980. Percep t ion  and cho ice  
o f  subst ra tum by  ep i f auna l  amphipods 
assoc ia ted  w i t h  seagrasses. Mar. Ecol. 
Prog. Ser. 3: 105-111. 

S tuar t ,  H.H. 1975. D i s t r i b u t i o n  and sum- 
mer ene rge t i c s  o f  i n v e r t e b r a t e  ep i fauna  
i n  an ee lg rass  (Zos te ra  marina) bed. 
M.S. Thes is .  No r t h  c a r o r  S ta te  
Univ., Rale igh.  76 pp. 

S tuar t ,  H.H. 1982. E f f e c t s  o f  phys i ca l  and 
b i o l o g i c a l  d i s t u rbance  o f  Zos te ra  mar ina 

Tenore. K.R. 1975. D e t r i t a l  u t i l i z a t i o n  
by t h e  polychaete, Capi t e l  l a  capi ta ta .  
J. Mar. Res. 33: 261-274. 

Tenore. K.R. 1977. Growth o f  t h e p o l y -  
chaete, C a p i t e l l a  capi ta ta ,  cu l tu red  on 
d i f f e r e n t  l e v e l s  o f  d e t r i t u s  der ived - - 

from var ious  sources. Limn01 . Oceanogr. 
22: 936-941. 

Tenore, K.R., and B.C. Coul l  , eds. 1980. 
Marine ben th i c  dynamics. Un i ve r s i t y  of 
South Ca ro l i na  Press, Columbia. 451 PP. 

Tenore, K.R., and D.L. Rice. 1980. A 
rev iew o f  t r o p h i c  f a c t o r s  a f f e c t i n g  sec- 
ondary p roduc t ion  of deposi t  feeders. 
Pages 325-340 i n  K.R. Tenore and B.C. 
CoulT, eds.  fine benth ic  dynamics. 
U n i v e r s i t y  o f  South Caro l ina  Press, 
Columbia. 



Thayer, G.W., and H.H. Stuart. 1974. The Thayer, G.W., D.W. Engel, and K.A. Bjorn- 
bay scal lop makes i t s  bed of eelgrass. dal . 1982. Evidence f o r  short-circuit- 
U.S. Natl. Mar. Fish. Serv. Mar. Fish. i ng  of t he  d e t r i t u s  cyc le  o f  seaqrass 
Rev. 36(7): 27-39. 

Thayer, G.W., S.M. Adams, and M.W. La- 
Croix. 1975a. Structura l  and funct ion-  
a l  aspects o f  a recent ly  established 
~ o s t e r a  marina comnuni ty. Pages 51 7- 

m r o n i n .  ed. Estuarine re-  
searcG vol.  1. ~cademic Press, New 
York. 

Thayer, G.W., D.A. Wolfe, and R.B. W i l -  
liams. 1975b. The impact of man on 
seagrass systems. Am. Sci. 63: 288-296. 

Thayer, G.W., D.W. Engel, and M.W. La- 
Croix. 1977. Seasonal d i s t r i b u t i o n  
and changes i n  the nu t r i t f ona l  aua t i t v  
of l i v ing ;  dead, and d e t r i t a l  fraction; 
of Zostera marina L. J. Exp. Mar. B io l  . 
E c o ~ l ~ .  

Thayer, G.W., P.L. Parker, M.W. LaCroix, 
and 8. Fry. 1978. The stable carbon 
fsotope r a t i o  of some components of an 
eelgrass, Zostera marina bed. Oeco- 
l o g i a  35: 1-72. -9 

Thayer, G.W., H.H. Stuart, W.J. Kenworthy, 
J.F. Ustach, andA.B. Hal l .  1979. Habi- 
t a t  values of s a l t  marshes, mangroves, 
and seaqrasses for aquat ic organfsnrs. 
Pages 235-247 i n  P.E. Greeson, J.R. 
Clark and J.E. CErk, eds. Wetland func- 
t i ons  and values: the s ta te  o f  our un- 
derstanding. American Water Resources 
AssocSation, Minneapolis, 

Thayer, G.W., M. S. Fonseca, M.W. LaCroix, 
and M.B. Murdoch. 1980a. Decomposition 
of Zostera mari na leaves under d i f f e r e n t  
envi;;o?Fm'-t-di t ions. Pages 64-78 
i n  Annual repo r t  t o  the U.S. Department 

Td;P Energy. U.S. National Marine Fisher- 
l es  Service, Southeast Fisheries Center, 
Beaufort Laboratory, Beauf o r t ,  N.C. 

Thayer, G.W., T.J. Prlce, and M.W. La- 
Croix. 1980b. Observation on estuarine 
habf t a t  u t i l i z a t i o n  by j uven i l e  and 
adu l t  f i s h .  Pages 254-292 i n  Annual 
repor t  t o  the U.S. Department 3 Energy. 
U.S. National Marine Fisher ies Service, 
Southeast F isher ies Center, Beaufort 
Laboratory, Beaufort, N.C. 

beds by the green turtle Cheloni a m das 
L. J. Exo. Mar. B i o l .  E m : %  

Thayer, G.W., K.A. Bjorndal,  J.C. Ogden, 
S.L. Will iams, and J.C. Zieman. I n  
press a. Role o f  l a rge r  herbivores i n  
seagrass comnuni t ies. Estuaries. 

Thayer, G.W., 9.S- Fonseca, and W.J. Ken- 
worthy. I n  press b. Restorat ion o f  sea- 
grass meadows f o r  enhancement o f  near- 
shore p roduc t i v i t y .  I n  I n te rna t i ona l  
symposium on t h e  u t n i z a t i o n  o f  t h e  
coastal zone. Planning, p o l l u t i o n  and 
p roduc t i v i t y .  Rio Grande, Brazi 1, 1982. 

Thorhaug, A. 1976. Symposium on res tora-  
t i o n  of major p l a n t  communities i n  t h e  
United States. Environ. Conserv. 4( 1) :  
49-50. 

Thorne-Miller, B., M.M. Har l in ,  G.B. 
Thursby, M.M. Brady-Campbell , and B.A. 
Dworetzky. 1983. Var ia t ions  i n  t he  d i s -  
t r i b u t i o n  and biomass o f  submerged mac- 
rophytes i n  f i v e  coasta l  lagoons i n  
Rhode Island, U.S.A. Bot. Mar. 26: 
231 -242. 

Thursby, G.B., and M.M, H a r l i n .  1982. 
Leaf-root i n t e r a c t i o n  i n  t h e  uptake o f  
ammonia by Zostera marina. Mar. B io l .  
72: 109-112. 

T iet jen,  J.H. 1969. The ecology o f  shal- 
low water meiofauna i n  two New England 
estuaries. Oecologia 2: 251-291. 

Tml inson,  P.B. 19 74. Vegetat ive morphol- 
ogy and meristem dependence - t h e  
foundatlo* nt oroduc t i v i  ty i n  seasrass- 
es. Aquaculture 4: 10 7-130. 

Tom1 i nson, P.B. 1980. Leaf morphology 
and anatomy i n  seagrasses. Pages 7-28 
i n  R.C. P h i l l i p s  and C.P. McRoy, eds. - 
Handbook of seagrass b io logy,  and eco- 
system perspective. Gar1 and STPM Press, 
New York. 

Trocine, R.P., J.D. Rice, and G.N. Wells. 
1981. I n h i b i t i o n  o f  seagrass photo- 
synthesis by u l  t r a v i o l e t - B  rad ia t i on .  
Plant Physiol. 68: 74-81. 



Tubbs, C.R., and J.M. Tubbs. 1982, Brant 
geese Branta b e r n i c l a  b e r n i c l a  and t h e i r  
food i n  t h e  Solent, southern England. 
B io l .  Conserv. 23: 33-54. 

Tubbs, C.R., and J.M. Tubbs. 1983. The 
d i s t r i b u t i o n  of Zostera and i t s  exp lo i -  
t a t i o n  by w i l d m n  the  Solent, 
southern England. Aquat. Bot. 15: 223- 
239. 

Turner, N.C., and A.M. B e l l .  1963. The 
ethnobotany o f  the southern Kwakiutl 
Indians o f  B r i t i s h  Columbia. Econ. Bot. 
27(3): 257-310. 

Tut in,  T.G. 1938. The autecology of 
Zostera marina i n  r e l a t i o n  t o  i t s  wast- 
m e r ~ e w  Phytol . 37: 50-71. 

Tut in,  T.G. 1942. Zostera. J. Ecol. 30: 
21 7-226. 

Uphof, J.C.T. 1941. Halophytes. Bot. 
Rev. 7: 1-58. 

U.S. Environmental Pro tec t ion  Agency 
(US EPA). 1982. Chesapeake Bay Program 
techn ica l  studies: a synthesis. U.S. En- 
vironmental P ro tec t i on  Agency, Washing- 
ton, D.C. 635 pp. 

Va l ie la ,  I., L. Konmjian, T. Swain, J.M. 
Teal, and 3.E. Hobbie. 1979. Cinnamic 
ac id  i n h i b i t i o n  o f  d e t r i t u s  feeding. 
Nature 280: 55-57. 

Warwick, R.M., and R.J. Uncles. 1980. 
D i s t r i b u t i o n  o f  benth ic macrof auna asso- 
c i a t i o n s  i n  t h e  B r i s t o l  Channel i n  re -  
l a t i o n  t o  t i d a l  stress. Mar. Ecol. 
Prog. Ser. 3: 97-103. 

Wayne, C.J. 1975. Sea and marsh grasses: 
t h e i r  e f f e c t  on wave energy and near- 
shore sand t ransport .  M.S. Thesis. 
F l o r i d a  State Univ., Tallahasee. 135 pp. 

Weinstein, M.P., and H.A. Brooks. 1983. 
Comparative ecology o f  nekton res id ing  
i n  a t i d a l  creek and adjacent seagrass 
meadow: community composition and st ruc-  
ture. Mar. Ecol. Prog. Ser. 12: 15-27. 

Weinstein, M.P., K.L. Heck, Jr., P.E. 
Giebel, and J.E. Gates. 1982. The r o l e  
o f  herbivory i n  p i n f i s h  (Lagodon 
rhomboi des) : a pre l im inary  invest iga-  
t ion.  Bu l l .  Mar. Sci. 32: 791-795. 

Wetzel, R.L., ed. 1982. S t ruc tura l  and 
func t i ona l  aspects o f  t he  ecology of 
submerged aquatic macrophyte comnuni ti es 
i n  t he  lower Chesapeake Bay. Va. Ins t .  
Mar. Sci. Spec. Rep. Appl. Mar. Sci. 
Ocean Eng. 367. 187 pp. 

Wetzel, R.G., and P.A. Penhale. 1979. 
Transport o f  carbon and excret ion of 
d issolved organic carbon by leaves and 
roots/rhizomes i n  seagrasses and t h e i r  
epiphytes. Aquat. Bot. 6: 149-158. 

Van Montfrans, J., R.J. Orth, and S.A. Wetzel, R.L., and P.A. Penhale. 1983. 
Vay. 1982. Pre l im inary  studies o f  graz- Production ecology o f  seagrass cornmuni- 
i n g  by B i t t i u m  varium on eelgrass pe r i -  t i e s  i n  the  lower Chesapeake Bay. Mar. 
phyton. Aquat. Bot. 14: 75-89. Technol. Soc. J. 17: 22-31. 

Vicente, V.P., J.A. Arroyo Aguilu, and 
J.A. Rivera. 1980. Thalassia as a 
food source: importance and po ten t i a l  
i n  t h e  marine and t e r r e s t r i a l  environ- 
ments. J. Agric. Univ. P.R. 64(1): 107- 
120. 

Vogel, S. 1981. L i f e  i n m o v i n g f l u i d s .  
Wil lard-Grant Press, Boston. 352 pp. 

Ward, G.M., and K.W. Cumnins. 1979. E f -  
f e c t s  o f  food q u a l i t y  on growth o f  a 
stream d e t r i t i v o r e  Payattndi pes 
a1 bimanus (Meigen) (Dioptera C I rono- 
midae). Ecology 60: 57-64. 

Wildish, D.J., and D.D. Kristmanson. 1979. 
T ida l  energy and sub1 i t t o r a l  macro- 
benth ic animals i n  estuaries. J. Fish. 
Res. Board Can. 36: 1197-1206. 

Wilkins, E.W. 1982. Waterfowl u t i l i z a -  
t i o n  o f  a submerged vegetat ion (Zostera 
marina and Ruppia marit ima) bed i n  t h e  

Chesapeake Bay. M.A. Thesis, Col- 
lege of W i  ll iam and Mary, Williamsburg, 
Va. 83 pp. 

Will iams, A.B. 1965. Marine decapod 
crustaceans o f  the  Carolinas. U.S. F i sh  
Wi ld l .  Serv. Fish. Bu l l .  65: 1-298. 



Wilson, D.P. 1949. The dec l i ne  of Zostera Young, D.K., and M.W. Young. 1977. Com- 
marina L. a t  galcornbe and i t s  ef fects on munjty s tructure  af t h e  macrobenthos 
t h e o r e .  J. Mar. B i o l .  Assoc. U.K. associated w i t h  seagrasses o f  t h e  I n d i a n  
28: 395-412. River estuary, F l o r i d a .  Pages 359-382 

i n  B.C. Coul l ,  ed. Ecology o f  marine 
Winkler, L.R., and E.Y. Dawson. 1963. benthos. U n i v e r s i t y  o f  South Caro l ina  

Observations and experiments on t he  food Press, Columbia. 
h a b i t s  of ~ a l i f o r n i a  sea hares o f  t h e  
genus Aplys ia ,  Pac. Sci. 17: 102-105. 

Wolfe, D.A., F.A. Cross, and C.D. Jen- 
nfnys. 1373. The f l u x  o f  Mn, FE, and 
Zn i n  an es tuar ine  ecosystem. Pages 
159-175 in Radioact ive contaminat ion o f  
t h e  marine environment. I n t e rna t i ona l  
Atomic Energy Agency, Vienna. 

Wolfe, D.A., G.W. Thayer, and S.M. Adams. 
1976. Manaanese. I ron.  comer  and z inc  
i n  an eelg;ass ( ~ o s t e r a  marina) commun- 
f t y .  Pages 25-i- Cushing, 
Jr., ed. Radioecolosy and enerqy r e -  
sources. Dowden, Hutchi  nson & -  Ross, 
Stroudsburg, Pa. 

Wood, D.C.. and S.S. Hayasaka. 1981. Che- 
motaxls of rh i zop lane  b a c t e r i a  t o  amino 
ac ids comprls lng ee lgrass (Zostera 
marina L . )  r o o t  exudate. J. Exp. Mar. 
WECO~. 50: 153-161. 

Wood, E. J.F. 1953. Reducing substances 
i n  Zoslera. Nature 122: 916, 

Wood, E.J.F. 1959. Some Aus t r a l I an  sea- 
grass communities. Proc. Llmnol. Soc. 
N.S.W. 84: 218-226. 

Wood, E.J.F., W.E. Odum, and J.C. Zieman. 
1969, I n f l uence  o f  sea grasses on t h e  
p r o d u c t t v i  t y  of coasta l  lagoons. Pages 
495-502 i n  A. Ayala Castaflares and 
F .B. h e  , eds. Coastal  lagoons. 
Univers idad Nacional Autdnoma de Mexi- 
co, Ciudad Un f ve r s i t a r i a ,  Mexico, D.F. 

Yingst,  J.Y. 1976. The u t i l i z a t i o n  o f  
organic  mat te r  i n  shal low marine sedi -  
ments by  an ep iben th ic  deposi t - feeding 
ho lo thur iao .  J. Exp. Mar. B io l .  Ecol. 
23: 55-69. 

Yokoe, Y., and I. Yasumasu. 1964. The 
d i s t r i b u t i o n  of cet l u l a r e  i n  inver te -  
brates.  Camp. Biocfiem. Physiol .  13: 
223-238. 

Young, E.L. 1938. L a b y r i n t h u l a  on Pa- 
c i f i c  coast eelgrass. Can. J. Res. 16 
(2) :  115-117. 

Zapata, O., and C. McMil lan. 1979. Pheno- 
l i c  ac ids i n  seagrasses. Aquat. Bot.  
7: 307-317. 

Zieman. J.C. 1972. O r i g i n  o f  c i r c u l a r  
beds- o f  Tha lass ia  te;tudinum i n  south 
Biscayne Bay. F l o r i d a  and t h e i r  r e l a -  
t i onsh ips  t b -  mangrove hammocks. B u l l .  
Mar. Sci .  22: 559-574. 

l i evan ,  J.C. 1975. Q u a n t i t a t i v e  and dy- 
namic aspects of t h e  ecoloqy o f  t u r t l e  
grass, i h a l  ass i  a testudinum. Pages 
541-562 i n  L.E. Cronin, ed. Es tuar ine  - 
research, vo l .  1. ~cadem ic  Press, New 
York. 

Zieman, J.C. 1976. The eco log i ca l  e f f e c t s  
o f  phys ica l  damage f rom motorboats on 
t u r t l e  grass beds i n  southern F l o r i da .  
Aquat. Bot. 2: 127-139. 

Zieman, J.C. 1982. The ecology of the 
seagrasses o f  South F l o r i d a :  a community 
p r o f i l e .  U.S. F i s h  W i l d l .  Serv. B i o l .  
Serv. Program FWS/OBS-82/25. 124, 26 pp. 

Zieman, J.C., and R.G. Wetzel. 1980. 
P r o d u c t i v i t y  i n  seagrasses: methods and 
rates.  Pages 87-116 i n  R.C. P h i l l i p s  
and C.P. McRoy, eds. ~ Z d b o o k  o f  sea 
grass b io logy,  an ecosystem perspect ive.  
Garland STPM Press, New York. 

Zieman, J.C., G.W. Thayer, M.B. Roblee, 
and R.T. Zieman. 1979. Product ion and 
expor t  o f  seagrasses f rom a t r o p i c a l  
bay. Pages 21-34 i n  R.J. L i v ings ton ,  
ed. Eco log ica l  p roceGes  i n  coas ta l  and 
marine systems. Plenum Press, New York. 

Zieman, J.C., R. Orth, R.C. P h i l l i p s ,  G.W. 
Thayer, and A, Thorhaug. In press, The 
e f f e c t s  o f  o i l  on seagrass ecosystems. 
I n  J. Cairns and A. Buykema, eds. Re- - 
covery and r e s t o r a t i o n  o f  marine eco- 



systems. Ann Arbor Press, Ann Arbor, among gamnaridean amphipods from a 
Mich. Flor idaseagrass  community. Mar. Bio l .  

54: 41-47. 
Zimnerman, R. ,  R. Gibson, and J. Harring- 

ton. 1979. Herbivory and d e t r i  t i v o r y  



APPENDIX A 

Macroalgae epiphjttc on Zostera marina (modified irtm tiariin ( i980); 
Ha r l f n  presents l i t e r a t u r e  upon which 1 i s t i n g  i s  based). 

Acinetos o ra  c r i n i t a  & 5 E i i i x t u m  

k a % E $ i ~ j  na 
h s ~ ~ ~ t o r a ,  1s 
-ma nus 
&a* 
?&erococcus - scabcr 
t a t i i t hamn ion  bar 1ayi  
E ,  b ~ s s o ~ d e u m  - 

C. sco ulorum 
~s&esccnr  
&ae 
Er-s so 1 deum 
C , a n u m  -9 r;a;;;f aturn -- 

D a d o  hora c r y s t a l  1 i n a  
&urn 
*I 

k %ra 
f i t h  0s orum 
~ r ~ b o  l d i 1 P&iz- 
C carnea 
K ceramTcola 
E ci!arfs 
E s m f  a r i  nosa 
m b b m j o l  i s i  I 
R f f o r d i a  c o n i f e r a  
i FGa '5  
C. m l t c h e l l i a e  
c. r a l i s i a e  
C. sandr iana 

Recatonema f5'iZiiKdurn 
IT. maculans - 
H. termi;.rd'lls 

Lomentari a b a l l e  ana 
Lynpbya maduscu +- a 

( c o n t l  nued) 
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Mast i  ocoleus testarum 
h y n g b y a c e o u s  
Micros har  zosterae 
b b i c u l a r e  
H. subalobosum 
A; - v u ~ i a r e  
M v r i o t r i c h i a  c lavae fo rmis  - - 

0;cii l a t o r i a  l u t a e  
Phaeostroma p u s i l l u m  
Po o t r i chum f i 1 i f o rme  
h a  denudata 

Punc ta r ia  l a t i f o l  i a  -- 
P. o r b z l a t a  

Scytosiphon lomentar i  a 
Seirospora g r i f f i t h s i a n a  
Smithora (=Poyphyra) naiadum 
Sphace la r ia  c i r r hosa  
S. f u r c i a e r a  

P. f 1 a c c i d i  ssima - 
P. harvey i  - 

- 
P. sphaerocarpa - 
P. v a r i e  a t a  + b h y r a  e u c o s t i c t a  

Ulothrix seudof 1 acca 
m i l b  - 
~ l v a  lac tuca  



APPENDIX B 

Microalgae ep iphy t ic  on Zostera marina (modi f ied from H a r l i n  
(1980) who a1 so provides support 1 i t e r a t u r e )  

Achnanthes b rev i  pes 
A. def lexa - 
A. G i G T a t a  
K purvula 
Actinocyclus bark ley i  
Amphi p leura micans 
A. r u t i l a n s  
Amphiprora pa l  udosa 
Amphora commutata 
Anomoeonzs costata 
Arachnoidi scus sp. 
Chaetoceros sp. 
Cocconeis ca l  i fo rn i ca  
C. cos ta ta  

Coscinodi scus sp. 
Cymbel I a tu rg idu l  a 
Dlatoma spp. 

F r a   lar ria capucina * 
s t r i a t u l a  - 

Gomphonema oceanicum 

6. spenceri - 
Isthmi  a sp. ;:cm;;;o;r-sp. 
- 
L. parodoxa - 
Mastogloia b raun i i  
Melosi ra mon i l i f o rm is  

(continued) 
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M. numulo ides  

N. endo h t i c a  
N. *i 
ii. f u s i f o r m i  s - 
N. grega;t-~~ N. a rev i  
- 
N. mut ica - -  
N. o s t r e a r i a  . . - . . - - - - 
N. punc tu la ta  - 
N. tumida - 
~ i t m  aeauorea - . -. 

N. c l os te r i um - 
N. f rus tu lum 

N. oregona - 
N. pseudohybrida - 
N. pungens - 
N. sigmoidea - 
N. vanhof fen i i  - 
P i n n u l a r i a  spp. 
P l a  i o  ramna vanheurck + - 
P. nicobaricum - 
Rhabdonema arcuatum 
Stauronei s  unipunctata 
S u r i r e l l  a  g m a  
S. ovata 
G n e d r a f a s c i c u l a t a  
S. formosum - 



S .  ulna -- 
S.  undl i ldta  - 
iabel l  aria f enestrata 
Thal assionema ni tzschioides 

Thal assiosira aestival i s  
T. sal vadoriana - 
Tropoidonei s lepidoptera 
T .  vitrea 



APPENDIX C 

Faunal invertebrates epiphyt ic  on Zostera marina (modified from 
H a r l  i n  (1980) who a1 so suppl i e s  support references).  
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Microdeuto~us darnnoniensis . - - - -  -~~ 

M. gryl 1 ota l  pa - 
Mitra t r i co lo r  
Mitrella ae rv i l l e i  

Nereis succinea 
~ o t o t r o ~ i  s guttatus 
Obelia geniculata 
C!dcntcsy? 1 i s  f u ?  guran 
Odostorni a bisutural i s 
0. impressa - 
Orhophyxi s pl atycarpa 
Panoploea minuta 
Paracaprel l a  pusi l  l a  
P .  tenuis -- 
Paracercei s caudata 
Persicula minuta 
Phasianella pul l a  
P.  speciosa - 
Pht is ica  marina 
Pi s t a  tetraodon 
Platynereis durnerilii 
Plumaria s t r ic tocarpa 

Podarke obscura 
Polydora 1 i gni 
Pontarachna punctu 
Processa edul i s 
Rissoa marginata 
R. var iabi l is  - 
R. ventricosa - 
R. violacea - 
Rudi lemboides sp. 
Sabell a microphthalma 
Scissurella costata 
Scorpaena porcus 
Sertularel l a  minurensis 
Si honoecetes del l  a val 1 
k s  i 
Soirorbis forami nosus 

S. typhle - 
Tetrastemma el egans 
Thoralus cranchi . . . - .  

Triphora ni rocincta P-- Truncate1 a subcyl~ndrica 
Urosalpinx cinerea 
Urothoe el egans 
Zygonernertes vi rescens 
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