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ABSTRACT: S eag rasses abo u n d  in th e  dynam ic env ironm en t of shallow  m arine  w aters. From  the  often 
h igh  an n u al b iom ass p roduction  it can  be  d e d u ce d  th a t seag rass  m eadow s hav e  h igh  re q u irem en ts  for 
inorgan ic  nu trien ts, a lth o u g h  the nu trien t dem an d s will be  m et to som e ex ten t by  in te rn a l recycling . A 
series of p rocesses lead  to n u trien t losses from the  seag rass  bed . Export of leaves an d  leaf frag m en ts w ith 
currents, leach ing  losses from photosynthetically  active leaves and  from sen escen t an d  d ead  p lan t 
m aterial, and  n u trien t tran sfer by m obile fo raging anim als, are  p rocesses specific to seag ra ss  m eadow s; in 
addition, the  n u trien t losses a re  ag g rav a te d  by 2 p rocesses com m only occurring  in  m arine  sed im ents: 
denitrification  an d  diffusion of nu trien ts  from the  sed im en ts to the  overly ing w a te r  colum n. T he 
p e rsistence  in tim e of m ost seag rass  m eadow s points to an  ex isting  b a lan ce  b e tw ee n  n u trien t losses and  
gains. T h ree  p rocesses m ay con tribu te  to the  rep len ish m en t of nu trien ts: n itrogen-fixation , sed im en ta tio n  
an d  n u trien t u p tak e  by th e  leaves. N itrogen-fixation  u n d o u b ted ly  is im portan t, bu t con tin u ed  b iom ass 
p roduction  req u ires  o th er nu trien ts  as well. C rucial contributions, therefore, m ust com e from se d im e n ta ­
tion an d /o r leaf u p tak e . T he concept of the  seag rass  m eadow  as an  op en  system , w ith  n u trien t fluxes from 
and  to the  system  vary ing  in tim e, allows for im balances b e tw ee n  n u trien t losses an d  gains. It is su g g ested  
that these  im ba lances m ay contribu te  to fluctuations in a n n u a l seag rass  b iom ass production .

INTRODUCTION

S eagrass m eadow s are the biological an d  physical 
foundation  for m any coastal m arine ecosystem s from 
the tropics to boreal regions. T hese m eadow s have a 
h igh nu trien t dem and, to support the ir h igh  annual 
production, w hich ranks them  am ong the m ost p roduc­
tive of subm erged  aquatic  ecosystem s (Ziem an & W et­
zel 1980, H illm an et al. 1989). The nu trien ts  involved, 
how ever, are not all re ta in ed  w ith in  the seag rass beds. 
In the dynam ic env ironm ent of the shallow  m arine 
w aters, a continual loss of nu trien ts m ay occur; the 
export of sloughed  an d  decom posing  leaves is only one 
of the m ore conspicuous processes contribu ting  to this 
loss. If only export of nu trien ts occurred, the im pover­
ishm ent of the b io tope u ltim ately  w ould lead  to the 
d isap p ea ran ce  of the seag rass vegeta tions. Obviously, 
their persis tence in tim e will d ep e n d  on m echanism s 
effecting a continuous rep len ishm en t of nu trien ts. In 
this paper, w e exam ine the processes w hich contribu te 
to e ither nu trien t losses or gains (Table 1). The q u a n ­
titative im portance of the ind iv idual processes is in d i­
ca ted  as m uch as the availab le d a ta  allow. We beg in

w ith  a discussion of the an n u a l n u trien t requ irem en ts  
for seag rass grow th, offering a b ack g ro u n d  aga in st 
w hich the im portance of the various p rocesses can  be 
assessed . T he long -stand ing  view  th a t seag rass  p ro ­
duction  is often n itrogen  lim ited has resu lted  in  a re la ­
tively la rge  num ber of p ap e rs  d ea lin g  w ith  n itrogen  
dynam ics in seag rass system s, an d  em phasis  therefore 
will b e  on n itrogen  in this review . H ow ever, it is obvi­
ous th a t nu trien t losses an d  gains in seag rass  m eadow s 
will not be restric ted  to n itrogen , b u t will also include

T ab le  1. Processes con trib u tin g  to the  loss or g a in  of nu trien ts  
in seag rass  m eadow s (d iscussed  in this paper)

Losses
E x u d atio n /leach in g  from  liv ing  an d  d e ad  p lan t m ateria l 
Export of slo u g h ed  leav es an d  leaf fragm en ts 
N u trien t tran sfer by fo rag in g  an im als 
D enitrification 
Diffusion from sed im en t 

Inputs
N itrogen-fixation
S ed im en tation
N u trien t u p tak e  by leaves
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o ther im portan t nu trien ts  such as phosphorus, w hich 
recen tly  has b ee n  p u t forw ard as a lim iting factor for 
seag rass  vege ta tion  on ca rbonate  sed im en ts (Short 
1987, Short et al. 1990).

ANNUAL NUTRIENT REQUIREMENTS FOR 
SEAGRASS GROWTH

C onsidering  the h igh  prim ary productiv ity  of sea- 
g rasses an d  the  chem ical com position of the p lan t 
parts, it is easy  to de term ine  th a t seag rasses  have high 
req u irem en ts  for ino rgan ic  nu trien ts. For one w id e­
sp rea d  species, Zostera m arina  (eelgrass), short-term  
m e asu rem en ts  of ab ove-g round  prim ary  production  
du ring  the tim e of p ea k  grow th  give ra tes of 5 to 19 g 
dry w t m -2 d ^ 1 (S and -Jensen  1975, Jacobs 1979, M ukai 
et al. 1979, T horne-M iller & H arlin  1984, H am burg  & 
H om an 1986, K entula & M cIntyre 1986, Ibarra-O bando  
& H uerta-T am ayo  1987, Rom an & A ble 1988, U m ebay- 
ashi 1989). T hese values co rrespond  to 150 to 574 m g N 
m -2 d " 1 (Borum et al. 1989, U m ebayash i 1989). A llow ­
ing for seasonal varia tion  in ra tes of p rim ary  production  
an d  grow th, on an  an n u a l basis the  above-g round  
p rim ary  production  of ee lg rass grow ing  in bo th  the 
A tlantic an d  Pacific O cean  has b ee n  estim ated  as 440 
to 1400 g dry w t m -2 (S and -Jensen  1975, Jacobs 1979, 
K entula & M cIntyre 1986, M urray & W etzel 1987, 
Rom an & A ble 1988). A ssum ing a ran g e  of n itrogen  
con ten t of 1.5 to 3 % (H arrison & M ann  1975, T hayer et 
al. 1977), the an n u a l n itrogen  req u irem en t for leaf 
g row th will be som ew here  b e tw e en  6.6 an d  42 g N 
m -2 . For tropical species sim ilar req u irem en ts  have 
b ee n  calcu lated ; e.g. 9 g N m -2 y r-1 for Posidonia  
australis and  18 g N m -2 for A m p h ib o lis  antarctica  
(W alker & M cC om b 1988). T he below -g round  parts 
also req u ire  n itrogen , bu t the ir n eed s  a re  sm all com ­
p are d  w ith  those of the leaves, e.g. 7 % (U m ebayashi 
1989) to 11 % (K enw orthy & T hayer 1984) for eelgrass. 
N onetheless, the ran g e  of an n u a l req u irem en t for n itro­
g en  will ex tend  to a som ew hat h igher value  than  42 g 
N m -2 , b u t p robab ly  not h ig h e r th an  50 g N m -2 , w hen  
below -g round  biom ass production  is included.

The an n u a l n u trie n t req u irem en ts  for p rim ary  p ro ­
duction  m ay to som e ex ten t be m et by in te rnal r e ­
cycling processes. S enescence  of seag rass  leaves is 
accom pan ied  by a dec rease  in certa in  chem ical con­
stituen ts, e.g. carbon  (20 to 25 %: H arrison & M ann 
1975; 36 %: T hayer et al. 1977) and  n itrogen  (20 to 
2 5 % : H arrison & M ann  1975; 21 %: T hayer et al. 
1977). P hosphorus conten t, too, declines w ith  ag e  by as 
m uch as 40 to 60 % (W alker & M cC om b 1988, U m ebay­
ashi 1989). T hese  ch an g es m ay be partly  the resu lt of 
conservation  m echan ism s opera ting  in the  plant, w ith 
se lec ted  com ponents b e in g  rem oved from ag ing  leaves

and  transpo rted  to sites of g row th and  storage (C hapin
1980). R ecent em pirical support for this idea  is found in 
the  w ork of Borum et al. (1989). They found tha t older 
leaves did lose substan tia lly  m ore of the ir n itrogen  
(42 % and  57 % of the initial conten t from the fourth 
an d  fifth youngest leaves, respectively) than  did 
younger leaves (e.g. only 3 % from the second leaf) 
during  1 wk, bu t translocation  accoun ted  for 92 % of 
the  loss. Even w hen  eelgrass shoots had  ad eq u ate  
ex ternal supplies of n itrogen  (i.e. 50 (.imol am m onium  
I-1 ), the youngest 2 leaves ob ta ined  abou t 2/3 of their 
new  nitrogen  via translocation  from older leaves. 
Young rh izom e segm ents w ere an o th er sink for n itro­
gen  m obilized from older leaves. Borum et al. (1989) 
u sed  the d ifference b e tw een  the m axim um  leaf n itro ­
gen  conten t (in the alm ost fully grow n, th ird -youngest 
leaf) and  the con ten t of old leaves just before they w ere 
sloughed  to estim ate th a t 24 % of the n itrogen  n eed ed  
for new  leaf grow th in  ee lg rass is recycled  internally. 
U m ebayashi (1989) provided  data  on n itrogen  conten t 
of m atu re and  senesc ing  leaves, g row th  rates, and 
defoliation rates for ee lg rass in Ja p a n  during  a short 
p en o d  of rap id  grow th from w hich w e calcu lated  tha t 
17 % of the estim ated  574 m g N m -2 d -1 n ee d ed  for 
new  leaf grow th in M ay could be provided  by recycling 
n itrogen  from sen escen t leaves. E xtending  the ca lcu la­
tion to cover a y ea r 's  cycle for a peren n ia l population  is 
difficult. We estim ate tha t conservation of n itrogen 
reduces the annual requ irem en t for u p ta k e  of n itrogen 
by abou t 25 %, to som ew here in the ran g e  5 to 35 g N

LOSSES OF NUTRIENTS FROM SEAGRASS BEDS 

Leaching

Live seagrasses re lease  up  to 2 % of the  carbon they 
fix in photosynthesis in the form of dissolved organic 
m olecules (Brylinski 1977, P enhale & Sm ith 1977, W et­
zel & P enhale 1979, M oriarty e t al. 1986). The am ounts 
of n itrogen  or phosphorus re leased  from hea lthy  leaves 
are unclear bu t laboratory  stud ies w ith 32P 0 4 suggested  
tha t ee lg rass leaves excreted  1 to 3 % of the p h o s­
phorus th a t the roots had  absorbed  (Penhale & T hayer
1980). At least a p art of the excreted  nu trien ts will be 
cap tu red  by ep iphy tes on the leaves and  b ac te n a  in the 
rh izosphere and thus re ta in ed  in the seag rass bed  (H ar­
lin 1973, P enhale & Sm ith 1977, P enhale & T hayer 
1980, M oriarty et al. 1986), b u t an o th er (unknown) 
portion will escape into the w ate r (Jorgensen  et al.
1981).

N utrien t losses from the leaves m ay continue during 
the phases of senescence and  decay: increased  leak i­
ness of the leaves m ay be responsib le for part of the
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decrease  in tissue concentra tions of nu trien ts during 
senescence. R elease of la rge  am ounts of soluble 
m ateria l from sen escen t leaves indeed  has been  
dem onstra ted  in Posidonia australis (Kirkm an & Reid 
1979), b u t the chem ical com position of the leach ea te  
w as not determ ined . Leaching is a p rocess w hich p ro b ­
ably will continue th roughou t the period  of senescence 
and  su b se q u en t decay. H arrison & H arrison (1980) 
show ed tha t even  after ag ing  5 mo in tertidally , Zostera  
marina  leaves still con ta ined  10 % of the dry w eigh t in 
an  easily  ex tracted  state.

g row th  of leaves in Lake G revelingen  w as su b se ­
quen tly  lost from the seag rass bed  w hen  it w as d ep o ­
sited  as very sm all partic les in the sed im en t of the 
deep est p art of the Lake (Pellikaan & N ienhu is 1988). 
In conclusion, export of particu la te  m aterial, e ith er 
w hole leaves or sm all particles, is likely to resu lt in 
ongoing nu trien t losses. In view  of the  data  p resen ted  
above, these  losses will strongly  vary b e tw e en  sites 
and, follow ing our es tim ates of an n u a l req u irem en ts  for 
n itrogen  up take, m ay fall anyw here  in  the ran g e  0 to 
30 g N m -2 y r_1.

Export of sloughed  leaves and leaf fragments

T ransport of seag rass m ateria l follow ed by dep o si­
tion outside the seag rass beds, in d ee p er w aters or on 
the shore, is com m only observed  (e.g. G allagher et al. 
1984, S uchanek  et al. 1985, N ew ell et al. 1986, W hit­
field 1988). This loss is not restric ted  to relatively  n u ­
trien t-poor sen escen t or d ead  leaves. In an  investiga­
tion of m assive depositions of Zostera noltii w rack 
w ashed  ashore on the M auritan ian  coast, it w as found 
tha t this m ateria l had  the decom position  characteristics 
an d  the ap p earan ce  of ra th e r fresh leaves, an d  th e re ­
fore probab ly  consisted mostly of nu trien t-rich  leaves 
w hich w ere d e tach ed  from the shoots w hile alive 
(H em m inga & N ieuw enhu ize  1991).

Estim ates of the losses due to leaf export from se a ­
grass beds ran g e  from <  1 % of p rim ary production  for 
Thalassia testud inum  (Ziem an et al. 1979), an d  12 % 
for Posidonia australis (Kirkman & Reid 1979), to 1 and 
30 % for Zostera m arina  (Josselyn et al. 1983, Bach et 
al. 1986), 2 to 74 % for H alodule w rightii (Bach et al. 
1986), an d  27 to 79 % for Syringodium  filiform e  (Fry & 
V irnstein 1988). M orphological characteristics such as 
the dim ensions of lacunal spaces, susceptib ility  to 
grazing  by la rger herb ivores such as fish and  turtles, 
w hich sever b lades and  allow  large fragm ents to float 
aw ay (Ziem an et al. 1979, B jorndal 1980), and 
environm ental conditions, e.g. w ind and  curren ts 
(Bach et al. 1986), determ ine the ex ten t of leaf loss 
from seag rass beds. In cases w here  the canopy is 
dense  and  w ate r curren ts are  slow, seag rass beds act 
as traps for particu la te  m atte r in the w ate r (Fonseca et 
al. 1982) an d  a la rg e r proportion  of the sloughed  
leaves will decay  in the bed.

It is m ore difficult to assess the export of sm aller 
particles from seag rass beds. Bach e t al. (1986) conjec­
tured  tha t the loss of sm all particles from ee lg rass beds 
in the sou theastern  USA could exceed  the export of 
surface-floating  leaf m ateria l w hich w as up to 30 % of 
the production. A com prehensive study of eelgrass 
grow th and  decay in the N etherlands su g g ested  that 
alm ost half of the n itrogen  incorporated  into a year 's

Nutrient transfer by foraging anim als

T here  a re  a nu m b er of m obile, la rg e r anim als, p a r­
ticularly  herbivores, w hich m ay be involved  in the 
transfer of nu trien ts from seag rass  m eadow s, by ta p ­
p ing  the resources of the beds an d  p roducing  fecal 
m atte r ou tside the m eadow  w hen  the an im als have 
m oved from the ir feed ing  ground. Potentially  im portan t 
in this respec t are fishes, turtles, m an a tees  and  
dugongs, an d  b irds (see review s by T hayer et al. 1984, 
Lanyon et al. 1989). D irect consum ption  of fresh, g row ­
ing seagrasses, how ever, is genera lly  considered  to be 
lim ited, a lthough  the frequen tly  cited  p ap e r  of G re en ­
w ay (1976) show s that, locally, g raz ing  p ressu re  m ay 
be very high. In the C aribbean , w hich is no ted  for a 
relatively  h igh  nu m b er of seag rass herbivores, Z iem an 
et al. (1979) found th a t only 5 to 10 % of the p roductiv ­
ity of Thalassia te stud inum  w as consum ed. Even low er 
values have  b ee n  estim ated  for d irect seag rass co n ­
sum ption  in tem p era te  regions, w here  w aterfow l 
species are the dom inan t la rger herb ivores (Thayer et 
al. 1984, N ienhuis & G roenend ijk  1986). C onsidering  
the fact th a t fecal p roduction  m ay also occur during  
forag ing  in the m eadow s, an d  p art of the nu trien ts 
in g ested  therefo re  po ten tia lly  re tu rns to the seag rass 
system , it can be assum ed  th a t this type of n u trien t loss 
rep resen ts  only a rela tively  m inor flux from the  s e a ­
grass m eadow s. D etailed  discussion of this topic, th e re ­
fore, will be om itted  here.

Denitrification

T he m icrobial reduction  of n itra te  to gaseous n itro ­
g en  (N20  an d  N 2) m akes n itrogen  essen tially  u n av a il­
ab le for b iological production, excep t for d iazo trophs 
(see below). N itrate  in the  sed im en t usually  is su p ­
p lied  e ither by diffusion from the overly ing w ate r or 
by bac te ria l nitrification occurring  in the sed im en t 
(Koike & S orensen  1988), the la tte r p rocess generally  
being  the m ore im portan t (e.g. S eitz inger 1987). In 
con trast to denitrification , w hich is a strictly
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an a ero b ic  process, the  transform ation  of am m onium  
to n itra te  in the process of n itrification requ ires 
ae rob ic  conditions. N o n eth e less  these  p rocesses m ay 
be tigh tly  coup led  (Jenk ins & Kemp 1984). V ege ta ted  
aq u a tic  sed im en ts offer an  env ironm en t w h ere  nitrifi­
cation  an d  denitrification  m ay coincide d eep  in the 
sed im en t. Via the roots of m acrophytes, oxygen  dif­
fuses into the sed im ent, creating  a m osaic of oxic and  
anoxic m icroenv ironm ents th roughou t the root zone. 
F urtherm ore , the re la tive ly  h igh  o rgan ic  con ten t of 
v e g e ta te d  sed im ents, due to in p u t of o rganic partic ­
u la te  m ateria l an d  root exudation  processes, provides 
a b u n d a n t su b stra te  both  for N H Í reg en era tio n , w hich 
w ould  in  tu rn  en h an ce  nitrification, an d  for den itrifi­
cation  (cf. N ixon 1981, K em p et al. 1982). C h ristensen  
& S orensen  (1986) in d e ed  found th a t the  root zone 
acco u n ted  for a m ajor p a rt of the  an n u a l den itrifica­
tion in a stand  of the freshw ate r m acrophy te LittoreUa 
uniflora. The im portance of rh izosphere  p rocesses is 
also w ell d em onstra ted  in a recen t study  of R eddy et 
al. (1989), w ho perfo rm ed  grow th  cham ber ex p eri­
m ents w ith various aq u a tic  p lan t species. M ass 
b a lan ce  calcu lations of 15N H ^ ad d ed  to the  soil in d i­
ca ted  th a t 34 % of the  ad d ed  am m onium  w as d en i­
trified in soil colum ns w ith rice plants, w h ereas the 
co rrespond ing  figure in colum ns w ithou t p lan ts  w as 
only 11 %.

Few  stud ies have ad d ressed  nitrification an d  d é n i­
trification in seag rass  beds, b u t the processes m e n ­
tioned  above u n d o u b ted ly  opera te  in these  m arine 
m eadow s. N itrate  an d  n itrite  a re  p re se n t in tropical 
(Boon 1986a) an d  in tem p era te  sed im en ts of seag rass 
beds, even  below  30 cm dep th  (Iizumi e t al. 1980), 
in d ica tin g  n itrification in the root zone. The la tte r 
au thors m easu red  in  situ ra tes of denitrification  in the 
u p p e r 7 cm of the  sed im en ts equ iva len t to a daily loss 
of 0.3 to 3 m g N  m ~2. As denitrification w as also found 
below  20 cm dep th , this m ost p robab ly  is a conserva­
tive estim ate. In situ den itrification  ra tes in the top
10.5 cm of the sed im en t of a Zostera novazelandica  
b ed  varied  b e tw e en  1.2 an d  6.0 m g N m -2 d -1 (Kaspar
1983). T he den itrification  ra tes repo rted  for seagrass 
beds thus are  on the low  end  of the ra n g e  of activities 
m easu red  in coastal bays and  es tuarine  sed im en ts (0 
to 130 m g N m -2 d _1; see review  by Koike & S orensen  
1988). H ow ever, the po ten tia l denitrification  ra tes  in  
th e  sed im en t of seag rass  m eadow s (m easured  in 
n itra te -sa tu ra ted  soil slurries), are  m uch  h ig h e r (Kas­
p a r  1983, C affrey & K em p 1990). It is possible, th e re ­
fore, th a t u n d er favourab le conditions of h igh  n itra te  
availability  h ig h e r in situ denitrification  ra tes do occur, 
b u t this rem ains to be investiga ted . O n the basis of the 
scarce  d a ta  p resen tly  availab le , th e  losses due to 
den itrifica tion  w ould  be som ew here  in the ran g e  0.1 to 
2 g N m -2 y r-1 .

Diffusion

M ineralization  p rocesses in the sed im en t of m arine 
system s resu lt in the form ation of am m onium , w hich 
subsequen tly  (or after oxidation to n itrate) m ay diffuse 
into the  overlying w ater. A m m onium  in the sed im en t 
of the  seagrass bed  will resu lt prim arily  from the 
decom position of particu la te  o rganic m aterial, w hich 
contains the m ajor part of the n itrogen  pool in the 
sed im en t (Boon 1986b), bu t deam ination  of am ino 
acids exuded  by seag rasses (Jo rgensen  et al. 1981) 
m ay be an o th er source (Boon et al. 1986b). A lthough 
several stud ies report on am m onium  reg en era tio n  in 
seagrass beds (Iizumi et al. 1982, Short 1983a, Short et 
al. 1985, Boon et al. 1986a, b, D ennison et al. 1987), an 
estim ation of diffusion losses of am m onium  from the 
sed im en t of a seag rass bed  has b ee n  ob ta ined  only by 
Short (1983a). This au thor found in field pertu rbation  
experim en ts tha t rem oving ee lg rass leaves and se a l­
ing the sed im en t surface resu lted  in a rap id  increase  
of the  sed im ent in terstitial am m onium  concentration. 
In sealed  plots ne t am m onium  production, calculated  
from the soil profiles of accum ulated  am m onium , w as 
47 m g N m -2 d _1. A m m onium  diffusion w as calcu lated  
as the  d ifference b e tw een  the production  in  the  sealed  
plots and  the estim ated  am m onium  u p tak e  by the root 
system  of the local seag rass vegetation , resu lting  in a 
diffusion rate  of 30 m g N m -2 d -1 . This ra te  is w ithin 
th e  ran g e  rep o rted  in n o n -v eg e ta ted  sed im en ts (Hale 
1976, Nixon et al. 1976, B lackburn & H enriksen  1983). 
Such a diffusion ra te  w ould rep resen t a substan tia l 
loss (64 %) of the n e t am m onium  production  in the 
sed im ent, b u t the m odera te  in terstitial am m onium  
concentra tions and the ra th e r low production  rate  of 
this nu trien t in the seagrass beds stud ied  by Short, as 
com pared  to o ther d a ta  on in terstitial concentra tions 
and  production  (e.g. D ennison et al. 1987), m ay imply 
th a t it is not a particu larly  h igh  ra te  for seag rass sed i­
m ents. It should  be ad d ed  here th a t diffusion of 
nu trien ts from the sed im ent does not necessarily  equal 
a loss of nu trien ts from the seagrass m eadow : 
although  diffused nu trien ts evade root up take, the 
seagrass leaves (and also ben th ic  a lgae  an d  leaf 
ep iphy tes p resen t in the system) m ay cap tu re  a part of 
the re leased  nu trien ts (cf. Prieto & C orredor 1984); 
how ever, the effectiveness of this m echanism  in the 
seagrass bio tope is unknow n.

INPUTS OF NUTRIENTS TO SEAGRASS BEDS

As coun terparts  for the processes w hich resu lt in 
n u trien t losses from the seagrass beds, th e re  are sev ­
era l p rocesses po ten tia lly  ab le  to enrich  th e  pools of 
nu trien ts. First, n itrogen-fixation  specifically results in
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en richm en t with n itrogen  nu trien ts. Second, sed im en ­
tation of particles from the w aterco lum n m ay resupply  
the soil both  w ith micro- and  m acronutrien ts. Finally, 
nu trien t u p tak e  by the leaves of the p lants offers a third 
m echanism  by w hich nu trien t pools of the seag rass bed  
m ay be resupplied . These 3 processes will be discussed 
successively in the next section.

N itrogen fixation

The observation  of Patriqu in  & Knowles (1972) that 
n itrogen  fixation occurred  in the rh izosphere  of several 
tropical an d  tem p era te  seag rass species w as followed 
by a nu m b er of studies, w hich w ere no doub t elicited 
by the suggestion  of the au thors tha t the n itrogen  
requ irem en ts of the seag rasses could be com pletely 
covered by this process. Som e of the n itrogen-fix ing 
b ac teria  in the sed im en t of seagrass beds are  p resen t in 
close association w ith roots and  rhizom es. D avidson et 
al. (1984) show ed w ith the aid of a fluorescen t an tibody  
techn ique that n itrogen-fix ing bac teria  w ere located  in 
the in te rcellu lar spaces b e tw een  root cortical cells in 
H alodule wrightii. This type of association m ay be of 
d irect benefit to the grow ing plants; how ever, to w hat 
ex ten t the rela tion  be tw een  seagrasses and  n itrogen- 
fixers resem bles the sym biotic association betw een  
d iazotrophs and  h igher p lan ts (Schubert 1986) is 
unknow n. C apone & Taylor (1980) repo rted  th a t n i­
trogen-fixation rates w ere  re la ted  to w eight of below- 
g round biom ass in beds of Thalassia testudinum . S ea­
grasses transport gases and  organic com pounds, 
syn thesized  during  photosynthesis, to the ir root zones 
(O rem land & Taylor 1977, W etzel & P enhale 1979, 
Iizum i et al. 1980, M oriarty et al. 1986), and  n itrogen- 
fixers are p robably  stim ulated  by these processes. It 
m ay be for this reason  that, on a w et w eigh t basis, the

num bers of m trogen-fix ing  bac te ria  associa ted  w ith 
roots are several o rders of m agn itude  h igher than  in the 
sed im en t b e tw een  the roots (Shieh et al. 1989). The 
d iu rnal an d  seasonal variation  in n itrogen  fixation rates 
in  the root zone of seag rass  beds (C apone & Taylor 
1977, 1980, Sm ith & H ay asak a  1982) also points to the 
im portance of m etabolic  activities of the seag rass 
p lan ts  to the n itrogen-fix ing  com m unity. H ow ever, 
active popu lations of n itrogen-fix ing  b ac teria  are also 
associa ted  w ith rh izom e d e tn tu s  in the sedim ent, 
w hich suggests  th a t d eg rad a tio n  of this detrital 
m ateria l can  also suppo rt the process of n itrogen-fixa­
tion (K enw orthy e t al. 1987). It is som ew hat rem ark ab le  
th a t seag rass detritu s does not show  an accum ulation  of 
n itrogen  during  decay  (see rev iew  by H arrison 1989). 
This m ay either be du e  to a rap id  re lease  of fixed 
n itrogen  from the seag rass detritu s or to the relatively  
m inor contribu tion  of d iazo trophs to the n itrogen  pool 
of the detritus. As K enw orthy et al. (1987) ca lcu lated  
th a t 0.565 g N m -2 y r-1 , w hich is eq u iv a len t to only 1 to 
2 m g N m -2 d " \  w as supp lied  by n itrogen-fixation  
associa ted  w ith the detritus, the la tte r a lternative  is 
m ore probable .

N u trien t en richm en t of the seag rass b io tope by 
n itrogen-fix ing  organism s m ay also be found in the 
phyllosphere, bu t the consistency of the process is less 
than  in the rh izosphere  (G oering & P arker 1972, 
C apone & Taylor 1977). The d irect association  of 
d iazo trophs w ith  the  living p la n t leaves aga in  offers the 
possibility of a close coupling b e tw een  n itrogen  fixa­
tion an d  u p ta k e  of n itrogen  by the leaves. N u trien t 
transfer from seag rass leaves to ep iphy tes has  b ee n  
found (Harlin 1973, McRoy & G oering 1974, P enhale  & 
T hayer 1980), an d  the reverse  process also has b ee n  
dem onstra ted  (Harlin 1973).

The n itrogen  inpu t by nitrogen-fixation  in m eadow s 
of a sub trop ical (Thalassia te s tu d in u m ) an d  a te m p er­

T able  2. E stim ates of daily n itrogen  inpu t by n itro g en  fixation in seag rass m eadow s

V egetation C om partm en t N 2-fixation 
(mg m “2 d-1)

Source

Thalassia testud inum V arious ± 0 McRoy et al. (1973)
Thalassia testud inum R hizosphere 5 .1-5 .3 C ap o n e  et al. (1979)
Thalassia testud inum R hizosphere 5-24 C ap o n e  & Taylor (1980)
Thalassia testud inum Phyllosphere 0-5 C ap o n e  & Taylor (1977)
Thalassia testud inum Phyllosphere 150 G oering  & Parker (1972)
Thalassia testud inum Phyllosphere 1.1-3.2 C ap o n e  e t al. (1979)
Thalassia testud inum D etritus 0 .6-0 .8 C ap o n e  e t al. (1979)
Zostera marina V arious 0 McRoy e t al. (1973)
Zostera marina R hizosphere 3.9-6 .5 C ap o n e  (1982)
Zostera m a nna R hizosphere 0.2 Sm ith & H ay asak a  (1982)
Zostera m anna Phyllosphere 0.2 Sm ith & H ay asak a  (1982)
Zostera m anna D etritus 1.3 K enw orthy e t al. (1987)
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a te  spec ies  (Zostera marina) as m easu red  in various 
stud ies is sum m arized  in T able 2. A dditional d a ta  on 
n itrogen-fixation  in seag rass beds can  be found in 
rev iew s of C apone (1983, 1988). E xcept for the early 
stud ies  of G oering  & P arker (1972) an d  M cRoy e t al. 
(1973), the  values ind icate  th a t n itrogen-fixation  leads 
to a daily  inpu t of several to several ten s of m illigram s 
N m -2 . T he seasonal fluctuations of n itrogen-fixation  
ra tes m akes it difficult to estim ate  inpu ts on an  annual 
basis, b u t this figure m ay am ount to 1 to 6 g m -2 if w e 
com bine the  estim ated  an n u a l inpu ts in bo th  rh izo­
sp h e re  an d  phy llosphere  of T. te stud inum  g iven by 
C apone  & Taylor (1977, 1980).

Sedim entation

Q uan tita tive  observations of sed im en t tex tu re  in 
b ed s  of seag rass  vege ta tions frequen tly  have show n 
th a t m ean  partic le  size of sed im en t g rains is low  com ­
p a re d  to u n v eg e ta ted  sed im ents. This p h enom enon  
gen era lly  has b ee n  ascribed  to a d ecrease  in curren t 
velocity  by the resis tance of the seag rass  canopy, 
w hich causes a reduction  in the  sed im en t-carry ing  
capac ity  of the  w ater. R eduction of cu rren t velocities 
inside seag rass vege ta tions rep ea ted ly  has b een  
rep o rted  (Scoffin 1970, F onseca e t al. 1982, H arlin et 
al. 1982, A lm asi et al. 1987). S ed im en ta tion  in se a ­
grass b ed s  is in fluenced  by several factors: Short & 
Short (1984) a d d e d  various types of sed im en t p artic ­
les to cu ltu re system s w ith  an d  w ithout seagrasses. 
T urb id ity  consisten tly  d ec reased  m ore rapidly  in the 
system s w ith  seagrasses. A clear species difference, 
how ever, w as noticed, the  fla t-b laded  species 
H alodule w rightii being  m ore efficient at trapp ing  
p artic les th an  Syringod ium  filiforme, w hich has cylin­
drical leaves. Both d ifferences in the m orphology of 
the leaves and  in  shoot density  w ere  held  responsib le 
for this phenom enon . O th er factors such as flow vel­
ocity an d  rela tive w ate r dep th  are also ex p ected  to 
affect sed im en tation  (Scoffin 1970, F onseca & Fisher
1986).

It is obvious th a t the trapp ing  effect of seagrass 
canop ies is not restric ted  to sed im en t particles sus­
p en d e d  in the  w ater, b u t also will inc lude organic 
particles such  as phy top lank ton  and  detritus. The 
observations carried  out in a tr ibu tary  of C h esap eak e  
Bay are illustrative in this respect. In subm ersed  v ascu ­
lar p lan t beds dom inated  by the m acrophy tes Ruppia  
m aritim a  and  P otam ogeton perfoliatus, a d ec reased  
level of p lank ton ic  chlorophyll a w as d em onstra ted  in 
the w ate r colum n (Kemp et al. 1984, W ard et al. 1984). 
M oreover, sed im ents in the  p lan t beds w ere  signifi­
cantly  en rich ed  in organic carbon  an d  chlorophyll a 
com pared  to u n v eg e ta ted  beds. A pplying m e asu re ­

m ents of stab le carbon isotope ratios in sed im ents and 
phytoplankton , Kemp et al. (1984) concluded  th a t ca 40 
% of the v eg e ta ted  sed im en t carbon  probably  w as of 
p lank ton ic origin. S ed im en t organic d e lta -13C values in 
a Zostera marina  m eadow  w ere in te rm ed ia te  b e tw een  
eelgrass and  phy top lank ton  (C ooper 1989), w hich m ay 
also ind icate the contribution  of phy top lank ton  to 
sed im en t o rganic carbon in seag rass beds, b u t the 
unknow n effect of ben th ic  a lgae  on the values ham pers 
a sim ple in te rp re tation .

T he quan tita tive  im portance of sed im en tation  for the 
inpu t of nu trien ts  to seag rass beds can only b e  assessed  
in a very prelim inary  w ay w ith  the lim ited d a ta  avail­
able. H arlin  et al. (1982) found a sed im en t accretion  of
2.5 cm in field plots of Zostera marina  in a low energy  
a rea  in Rhode Island (current velocity 3 cm s -1 at 20 cm 
above the sedim ent) b e tw een  A ugust and  O ctober, i.e. 
from the period of h ighest shoot density  th rough  the 
period  of population  decline in au tum n. A ssum ing a 
specific gravity  of 2.4 g cm -3 , and  a n itrogen  con ten t of 
0.1 % on a w et w eigh t basis, this w ould  rep rese n t an 
inpu t of 60 g N m -2 . In com parison, the  organic inpu t 
from phy top lank ton  to an  eelgrass sed im en t has been  
estim ated  as 50 to 300 g C m'*2 y r-1 (K enw orthy & 
T hayer 1984) w hich is equ iva len t to ca 7 to 45 g N m -2 
y r-1 . Thus sed im en tation  m ay provide the vegeta tion  
w ith m ore n itrogen  than  we estim ated  is d em anded  
annually  for biom ass production  (5 to 35 g m *2). 
S ed im entation  rates, how ever, m ay differ strongly 
b e tw een  sites: in a dynam ic area  (current velocity 17.5 
cm s -1), H arlin  et al. (1982) found little sed im en t fluctu­
ation; a t h igher cu rren t velocities in sparse vegetations, 
erosion b e tw een  shoots can be observed  (Scoffin 1970). 
A lim ited sed im entation  rate, 4.96 g dry w t m -2 w k -1 in 
sum m er and 1.60 g dry w t m -2 w k -1 in w in ter (equ iva­
len t to ca 0.3 g N m -2 y r-1 ), w as also found by Alm asi et 
al. (1987) in plots of Thalassia. A part from the large 
variations in sed im en tation  rates b e tw een  various 
grow th locations, an  assessm en t of the im portance of 
sed im en tation  processes for nu trien t b udgets  in  se a ­
grass beds is com plicated  by the fact tha t accretion  may 
only be a seasonal phenom enon , coinciding w ith the 
production  of above-ground  biom ass. A fter senescence 
and  d ie-back  of the canopy, the bed  surface is no 
longer p ro tec ted  and  scouring will resu lt in the gradual 
d isap p ea ran ce  of the sed im ent depositions. Such a 
chain  of events can be derived  from the experim en ts of 
H arlin  et al. (1982), w ho d e n u d e d  plots of eelgrass and 
found tha t rap id  sed im ent erosion followed. P resum ­
ably, this p rocess will nullify the n u trien t inpu t coinci­
den t w ith the p reced ing  sed im en t deposition. T heo reti­
cally, seasonal erosion m ay even  ou treach  seasonal 
deposition, resu lting  in a net loss of nu trien ts from the 
system , bu t the re  ap p e ar to be no q uan tita tive  data  to 
substan tia te  this possibility.
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Nutrient uptake by leaves

As is the case for o ther subm erged  aqua tic  mac- 
rophytes, seag rasses are capab le  of rem oving N- 
nu trien ts from both the w ate r colum n and  the sed i­
m ent. In the cu rren t litera tu re  on seagrass ecology, 
how ever, it is usually  assum ed  th a t nu trien t absorption  
by the roots is of m ajor im portance. This assum ption  is 
based  on several p ieces of ev idence. Several studies 
have show n th a t in tensive am m onium  regenera tion  
occurs in  the  sed im en t of seag rass  m eadow s; com pari­
sons of am m onium  reg en era tio n  ra tes w ith estim ates of 
p lan t n itrogen  requ irem en ts ind icate that in m ost cases 
the am m onium  produced  equals or even  exceeds p lant 
n itrogen  dem ands (Iizumi et al. 1982, Short 1983a, 
D ennison et al. 1987, Caffrey & Kemp 1990); only in 
one case, reg en era tio n  (in an  organic-poor sedim ent) 
seem ed  in a d eq u a te  to m atch  p lan t dem an d s (Short 
1983a). A m m onium  reg en era tio n  in the w ater colum n 
is lim ited com pared  to reg en era tio n  in the sed im ent 
(Iizumi et al. 1982). O bviously, the relatively  high 
am m onium  reg en era tio n  rate  in the sed im en t a priori 
advocates the role of the roots in p lan t n itrogen  up take. 
Furtherm ore, the rela tionsh ip  b e tw een  sed im ent type 
an d  p lan t m orphology w as no ted  decades ago (e.g. 
O stenfeld  1908), and  in recen t tim es this relationship  
has b ee n  show n to involve sed im en t nu trien t condi­
tions (Short 1983b, 1987). E xperim ental en richm en t of 
the sed im en t resu lted  in inc reased  leaf grow th rate 
(Bulthuis & W oelkering 1981), leaf length , b iom ass and  
n um ber of shoots (Orth 1977). Finally, the po ten tia l of 
the root-rhizom e system  as m easu red  by in vitro in cu ­
bation  experim en ts is such that, in relation  to concen ­
trations of in terstitial am m onium  an d  n itra te, the m ajor 
p art of the p lan t n itrogen  u p tak e  m ay occur via these 
o rgans (Iizumi & H atton  1982, Short & McRoy 1984). A 
recen t study of g lu tam ine syn the tase  activity in Zostera  
marina  roots points to a sim ilar conclusion. After 
am m onia up take, this enzym e perform s the initial 
assim ilatory step  by com bining am m onia w ith  g lu ta ­
m ate to form glutam ine. The po ten tia l capacity  of this 
enzym e in the roots ap p e a red  to be m ore than  sufficient 
to m eet the p lan t n itrogen  requ irem en ts (Pregnall e t al.
1987).

Caution, how ever, should  be observed  in allotting 
the root system  the dom inan t role in nu trien t u p tak e  in 
the existing variety  of field situations. It should  be 
rea lized  tha t m uch of the ev idence m en tioned  above, 
such as the h igh  am m onium  reg en era tio n  ra te  in the 
sedim ent, is no d irect proof for the p resum ed  im por­
tance of root up take. F urtherm ore, the d a ta  g iven  in 
several stud ies ind icate th a t translocation  of bo th  N- 
an d  P-tracers from roots to leaves is less in tensive than  
the reverse process (Penhale & T hayer 1980, Borum et 
al. 1989, Iizumi & H attori 1982). The la tte r authors, for

instance, found th a t afte r a 24 h incubation  of the 
leaves of Zostera m arina  w ith  15N -am m onium , tracer 
en richm en t in the root-rh izom e tissue w as sim ilar to 
tha t in the leaf tissue, ind icating  rap id  translocation  
from leaves to below -g round  tissues. H ow ever, w hen  
the roots had  b een  exposed  to the  tracer, the 15N 
en richm en t of the leaves rem a in ed  b eh ind  th a t of the 
root system  by at leas t an  o rder of m agn itude . In 
an o th er investigation  w ith 32P -tracer hard ly  any tran s­
location w as found: tran sp o rt b e tw e en  above- and  
b e low -g round  tissues w as only ab o u t 3 to 4 % of the 
tracer tak en  up du ring  a 120 h incubation  period  (Brix 
& Lyngby 1985). T hese find ings are rem ark ab le  in view  
of the fact tha t the  la rg e r p a rt of biom ass production  
genera lly  occurs above-ground , an d  transpo rt of 
nu trien ts  w ould be ex p ected  to b e  m ainly  in the 
ac ropeta l direction  if n u trie n t u p ta k e  w as dom inated  
by th e  root system .

T he capacity  of the  leaves for nu trien t u p ta k e  is 
su g g ested  by observations show ing  th a t seag rass  com ­
m unities a re  ab le to red u ce  am m onium  concen tra tions 
in  the w ate r colum n drastically  (e.g. Short & Short 1984, 
Short & McRoy 1984). As far as N -nu trien ts  a re  con­
cerned , bo th  am m onium  an d  n itra te  are ta k en  up by 
the  leaves, to an  ex ten t d e p e n d e n t on the am b ien t 
concen tra tion  (Iizumi & H attori 1982, Short & McRoy
1984). In con trast to the resu lts o b ta in ed  by the form er 
authors, the  d a ta  g iven  by Short & McRoy ind ica ted  a 
p referen ce  for am m onium  over n itra te  up take . In fine 
w ith these  resu lts are th e  observations of D oddem a & 
H ow ari (1983) on n itra te  red u c tase  activity in H alophila  
stipulacea. This enzym e cata lyzes the  first step  in the 
reduction  of n itra te , w hich is necessary  for inco rpo ra­
tion of the n itrogen  m oiety of the n itra te  m olecule into 
cellu lar com pounds. O nly very  low activities w ere 
found, bo th  in abo v e-g ro u n d  an d  below -g round  p lan t 
parts, sug g estin g  th a t n itra te  w as only a m arg inal 
source of n itrogen  to th e  p lant. M ore substan tia l 
activities of the  enzym e w ere  estab lish ed  in  Zostera  
m arina  (Roth & P regnall 1988); leaf activity  w as found 
to b e  conspicuously  h ig h e r than  root activity; m ore­
over, 6 d exposure of the  seag rass  p lan ts to h igh  n itra te  
concen tra tions in d u ced  in c reased  n itra te  red u c tase  
activity in  certa in  p lan ts. T he physio logical capacity  of 
seag rasses  for n itra te  u p ta k e  an d  assim ilation  therefore 
ap p ears  to be variab le, possibly d ep e n d in g  on am bien t 
n itra te  concen tra tions an d  the p resen ce  of an  a lte rn a ­
tive n itrogen  source.

T he observation  th a t leav es of Zostera m arina, on a 
dry w eig h t basis, have a g rea te r  affinity for am m onium  
th an  roots (Thursby & H arlin  1982) can  be in te rp re ted  
as an  ad ap ta tio n  to th e  rela tively  low  n u trien t cond i­
tions of the  w ate r colum n. Indeed , the n u trie n t u p ta k e  
capac ities m easu red  for Zostera m arina  leaves ind icate  
th a t these  p lan t parts  can  be very im portan t in cap tur-
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Fig. 1. T im e course of calcu la ted  am m onium  (□) and  n itra te  (o) 
u p tak e  by a Zostera m a n n a  popu lation  in L ake G reveU ngen 
(The N etherlands), (a) Leaf u p tak e ; (b) root u p tak e . The p o p u ­
lation  is loca ted  on a p e rm an en tly  subm ersed , low  cu rren t site 
D ata on sed im en t in te rstitia l am m onium  (dep th  0 to 10 cm), 
am m onium  an d  n itra te  in th e  w aterco lum n, a n d  d e te rm in a ­
tions of above- and  be lo w -g ro u n d  biom ass, e a rn e d  out p en o d - 
ícally  in the  seag rass bed, w ere  com bined  w ith the  follow ing 
reg ress io n s d e n v ed  trom  d a ta  of Short & McRoy (1984) y  = 
0 .8x + 0.89 an d  y  = 0 .47x + 0 84, d e se n b in g  leaf u p tak e  (y) by 
Z. m arina  as a function  of am m onium  an d  n itra te  co n cen ­
tra tion  (x) in the  w a te r  colum n, respectively ; an d  y  = 0 008x + 
0.93, describ ing  root u p tak e  as a function  of am b ien t 
am m onium  con cen tra tio n  m  th e  root co m p artm en t T he p a rt of 
the  curves m  the  n o n -sh ad ed  p en o d s  w as used  for calculation  

of cum ula tive  an n u al n u trien t u p tak e

ing  nu trien ts from the w ate r colum n. Iizum i & H attori 
(1982) estim ated  th a t at am b ien t am m onium  and 
n itra te  concen tra tions of 4 and 378 nM , respectively, 
45 % of the n itrogen  req u ired  for ee lg rass g row th can 
be supp lied  by leaf u p tak e . Short & McRoy (1984) 
ca lcu la ted  th a t at a w ate r am m onium  concen tra tion  of 
3.7 pM one-th ird  of the  ee lg rass n itrogen  req u irem en t

could be ob ta ined  by leaf u p tak e  at av erag e  production  
rates of 0.003 g C g ^ '  h -1 ; at am m onium  concentra tions 
of 2 pM an d  low production  rates, p o ten tia l leaf u p take  
w ould  even  exceed  nitrogen  dem and.

Evidently, the total am ount of nu trien ts ob ta ined  by 
the canopy will be strongly d ep e n d en t on the fluc tua t­
ing concentra tions of am m onium  and  n itra te  in the 
w atercolum n an d  the seasonally  chang ing  shoot bio­
m ass. So far no a ttem p t has b ee n  m ade to calculate 
nu trien t u p tak e  on an  annua l basis, tak ing  into account 
the varying conditions th roughou t th e  year. To obtain  
such an estim ate, w e used  the regressions of u p tak e  by 
leaves and  roots of Zostera marina  vs am b ien t nu trien t 
concentra tions (am m onium , n itrate) de term ined  by 
Short & McRoy (1984), and  com bined  these  results w ith 
our data  for n u trien t concentra tions an d  biom ass of a 
peren n ia l population  of Z. m arina  in Lake G reveU ngen 
(The N etherlands), m easu red  du ring  a m onitoring p ro ­
gram  in 1987 and  1988. Fig. 1 show s the calcu lated  
tim e course of the u p ta k e  of am m onium  an d  n itra te  by 
the above-g round  biom ass, an d  the u p tak e  of 
am m onium  by the roots. The characteristics of n itrate 
u p tak e  by the roots w ere not m easu red  by Short & 
McRoy, so the u p tak e  of this com pound by the roots 
could not be calcu lated ; how ever, the in terstitia l con­
cen trations of n itra te  are low com pared  to am m onium  
(Boon 1986a, b, van Lent u n p u b l) , and  therefore its 
relative im portance for below -ground  n itrogen  up take  
p resum ably  is small. The u p tak e  curves fluctuate 
w ith  time, reflecting  the v an a b le  concentra tions of 
am m onium  and n itra te  m easured , an d  the chang ing  
biom ass. Living roots an d  shoots of Z. marina  in Lake 
G revelingen  are p resen t th roughou t the year; how ever, 
in view  of the low w ate r tem p era tu re s  during  w inter 
and  the fact tha t grow th is restric ted  to spring and 
sum m er, u p tak e  processes p resum ably  are  of q u an tita ­
tive im portance only from April to O ctober. T herefore 
the po ten tia l up take  of the various N -nu trien ts during  
the w in ter m onths, show n by the curves in Fig. 1, w as 
ignored  in the calculations of cum ulative annual 
up take, w hich w as de term ined  by calcu lating  the area 
u n d er the curves in the period from April to O ctober/ 
N ovem ber (non-shaded  in Fig. 1). Results are given in 
T able 3, C alcu la ted  am m onium  an d  n itra te  up take  by

T ab le  3 Zostera m anna- U ptake of N -n u tn en ts  by leaves and 
by roots in  Lake G rev elin g en  (The N etherlands). C um ulative 
u p tak e  w as calcu la ted  from the pa rt of the  curves (Fig. 1) in 

the n o n -sh ad ed  periods

1987 1988
Leaves Roots L eaves Roots

A m m onium  (g N m 2) 11.2 10.2 9.8 7.6
N itrate  (g N m~2) 4.3 6.0
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the leaves in 1987 and  1988 is equ iva len t to 15.5 and  
15.8 g N m -2 , respectively . T hese d a ta  ind icate tha t the 
leaves are  responsib le for 60 to 70 % of the total p lan t 
up take. The dom inance of the leaves not only holds 
w hen  leaf u p ta k e  of am m onium  and  nitra te  is con­
trasted  w ith root u p tak e  of am m onium , bu t also w hen  
am m onium  u p tak e  only is considered.

This calculation  exercise of course has its lim itations; 
for instance, fluctuating  env ironm enta l factors such as 
ligh t and  tem p era tu re  in fluence b iom ass production  
an d  undoub ted ly  also will affect n u trien t up take. The 
effects of these  an d  other m odifying factors are not 
inc luded  in the calculation, an d  the figures therefore 
give only an  indication  of po ten tia l u p ta k e  values. The 
re levan t aspec t of this calculation, how ever, is th a t it 
show s the relative im portance of leaf u p ta k e  vs root 
u p take, on an an n u a l basis.

By cap tu ring  am m onium  and  n itra te  from the w ater 
colum n, seag rass m eadow s are po ten tia lly  en riched  
w ith  a substan tia l am ount of n itrogen  o rig inating  from 
outside the seag rass beds, a point w hich m ust be 
stressed  in the contex t of this paper. M oreover, leaf 
u p ta k e  p resum ably  will reduce  the losses of nu trien ts 
from the seagrass b ed  as nu trien ts  diffusing from the 
sed im en t to som e ex ten t will be in te rcep ted  by the 
canopy. In view  of the capacity  of the  leaves for u p tak e  
of N -nutrien ts, as d iscussed  above, w e m ay even  go 
one step  further an d  hypothesize th a t the am m onium  
resources supp lied  by reg en era tio n  processes in the 
sed im en t of seagrass beds are not prim arily  tap p ed  by 
the roots, bu t by the leaves.

CONCLUDING COMMENTS

W ith regard  to n u trien t fluxes, the seag rass m eadow  
m ust be considered  as an  open  system . F luxes of 
nu trien ts from an d  to these  system s are associa ted  w ith 
a series of com m only occurring  processes. The p ersis t­
ence in tim e of m ost seagrass m eadow s obviously 
points to a balance b e tw e en  nu trien t losses an d  n u ­
trien t gains. Such a ba lance  in tim e n ee d  not im ply a 
continuous, com plete equilibrium . M any processes 
contribu te to the final nu trien t s ta tus of the seagrass 
system . F luctuating  biotic or abiotic factors in  the 
dynam ic m arine env ironm ent m ay tem porarily  accen ­
tua te  any of these  processes, possibly resu lting  in  year- 
to -year variations in n e t losses or n e t gains of nutrients. 
It is tem pting  to specu la te  th a t the consequences of 
such im balances m ay find the ir reflection in fluctua­
tions of the productiv ity  of seag rass m eadow s.

We have d iscussed  3 p rocesses w hich m ay dom inate 
the rep len ishm en t of nu trien ts: n itrogen-fixation,
sed im en tation  an d  leaf up take. N itrogen-fixation  is a 
feature of nearly  all seag rass beds investiga ted  and

therefore is u n d o u b ted ly  im portan t for the n itrogen  
en richm en t of these  system s; how ever, for a con tinued  
biom ass production  o ther e lem en ts such as phosphorus 
an d  m icronutrien ts are req u ired  as well. This m eans 
th a t crucial con tribu tions m ust com e from e ith er leaf 
u p ta k e  or sed im entation , or -  m ore likely -  from a 
com bination of both. N either of these  p rocesses has 
received  m uch a tten tion  in the seag rass litera tu re , p a r ­
ticularly  not in the contex t of n u trien t inpu ts to the 
seag rass  system s. S ed im en ta tion  is a phenom enon  
w hich  is not equally  conspicuous in  all hab ita ts  w here  
seag rasses  abound , for in stance  in  w ate r w ith  low  ses- 
ton con ten t or in h igh  cu rren t areas, w here  se d im e n ta ­
tion ra tes are  low. C onsequen tly , in these  situations 
n u trien t rep len ish m en t is ex p ected  to becom e m ore 
d e p e n d en t on leaf u p tak e . It is in te resting  in this 
resp ec t th a t d ec reased  sed im en tation  ra tes resu lting  
from h ig h e r cu rren t velocities m ay coincide w ith  an 
en h a n ce d  p o ten tia l for leaf n u trien t up take , du e  to the 
reduction  of the  leaf surface b oundary  layer (Fonseca & 
K enw orthy 1987). An in trigu ing  situation  p resen ts  itself 
w here  seag rasses  show  luxu rian t g row th  in  clear, i.e. 
seston-poor w ater, of o ligotrophic character, such as 
m ay be found in tropical w aters. In a reas  w ith  nu trien t- 
poor sed im en ts (e.g. ca rbonate  sed im ents derived  from 
coral reefs) it is doubtful if the root system  alone can 
en su re  an  a d e q u a te  n u trien t supply. It w ould  be of 
g rea t in te rest to m easu re  u p ta k e  of n u trien ts  by se a ­
grass leaves in these  system s, to de term ine  how  the 
p lan ts  have a d a p te d  to low am b ien t n u trien t co n cen ­
trations.

T he po ten tia l im portance of leaves for the  in p u t of N- 
nu trien ts  into the  seag rass  m eadow , w hich  em erges 
from our discussion of leaf vs root u p tak e , is not su rp ris­
ing if the structu re  of the  leaves an d  the im plications of 
a su b m erg ed  ex istence are  considered . In term s of leaf 
structu re  3 points are  relevant. First, m ost seag rasses  
have leaves w ith  a h ig h  ratio  of absorp tive  surface a rea  
to volum e of n u trien t-req u irin g  tissue, b ecau se  of both  
the ir strap -like  sh ap e  an d  the p resen ce  of gas-filled 
lacu n ae  th a t occupy m uch  of th e  interior. Second, the 
sites of h igh  d em an d  for nu trien ts, the pho tosyn thetic  
cells, are  co n cen tra ted  in  the  ep iderm al layer, i.e. n e a r ­
est the  su rround ing  w ater. Third, an  efficient apoplastic  
rou te (i.e. th rough  cell walls) for the  transfer of 
n u trien ts  from se aw a te r  to the  ep iderm al cells ap p ears  
to exist (B arnabas 1988). T hus seag rass  leaves are 
theore tically  cap ab le  of acqu iring  nu trien ts  w ithou t 
rely ing  on root u p tak e . C onsidering  th a t m ost se a ­
g rasses grow  b es t w h en  continually  subm erged , it is 
un likely  th a t acropeta l tran sp o rt of d issolved nu trien ts  
from roots to leaves will b e  efficient b ecau se  the norm al 
driv ing force, év ap o tran sp ira tio n  from th e  leav es w hich 
pulls w ate r up  the xylem  vessels, is m issing. O ther 
m echan ism s such as root p ressu re  could  accoun t for an
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u p w ard  flow (Salisbury & Ross 1985) b u t for seag rasses 
the  situation  is unknow n.

D irect absorp tion  by seag rass  leaves of la rge 
am ounts of ino rgan ic  nu trien ts  from the  w ate r colum n 
im plies th a t seag rasses  m ay com pete w ith o ther o rg a n ­
ism s in  the ir env ironm ent. Poten tial com petitors 
inc lude au to trophs such as phy top lank ton  an d  a ttach ed  
algae , b u t also he tero trophs associa ted  w ith detritus. 
C om parative stud ies  of th e  n u trien t u p ta k e  ch a rac te ris­
tics of seag rass  leaves an d  o ther com ponen ts of shallow  
m arine  ecosystem s are  needed .

M ore study is req u ired  for all the  processes covered 
in  this rev iew  b ecau se  d a ta  a re  scarce an d  not all the 
gains an d  losses have  b ee n  m easu red  in  any one se a ­
grass system . It is clear, how ever, th a t a b e tte r  u n d e r­
stan d in g  of the  n u trie n t b a lan ce  of seag rass  m eadow s 
can  b e  ob ta in ed  only if the  p lan ts are stud ied , not in 
isolation, b u t as in teg ra l parts  of the com plex ecosys­
tem  in w hich  they  function. D elta Institu te  com m unica­
tion no. 517.

A ck n o w led g e m e n ts .  T he au tho rs ex p ress th e ir ap p rec ia tio n  to 
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of B ritish C olum bia  for g ran tin g  a study  leave, and  th e  D elta 
Institu te  for p rov id ing  a co ngen ial and  stim u la ting  a tm o sp h ere  
du rin g  his stay. D elta  Institu te  com m unication  no. 517.
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