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AgSTRACT: Direct census of  shoots  tagged in pe rmanen t  plots wms used to assess the present  (2000-2002) PogidoNa 
oceardca populat ion dyi, amics in 25 meadows along the Spanish Mediterranean Coast. Shoot  d.ensby range4 f rom 154 - 
8 to 1,551 - 454 shoots  m 2, absolute shoot  mortality f rom 5 • (1 to 249 + 53 shoots  m 2 yr ~ aml. absolute shoot  
recruitment f rom <5 --- 1 to 62 --- 42 shoots m -e yr -h  Specific shoot  mortality and recrui tment  ram% which are mathe- 
maticaUy am! statistically (p > 0.05) independent  of shoot  density, varied_ f rom 0.015 • 0.006 to 0.282 • 0.138 yr -~ an4 
0.018 • 0.005 to 0.392 - 0.093 yr -~, respectively. Absolute shoot  mortality rate wa.s scaled to shoot  density (Peat-son 
correlation, r : 0o78, p < OoOOOl )~ and variabili~- in specific shoot  recrui tment  rate was partially dile to differences in 
the percentage of growing apexes, which produce most  of the recruits within the populat ion (Pearson correlation, r : 

0.50. p < G001)~ demonstrat ing the existence of  sU'uctural constraints on shoot  demography. Shoot  half-life was esti- 
mamd to range f rom 2.5 to 60.4 yr and meadow turnover times between 6.7 yr and more  than a century, provided 
current  esthnates of shoot  mortality, recruitment rate.s, and der~sity remain uniform.  There were differences in shoot  
morta|ity and recrui tment  at the regional scMe, with the meadows developing MorJg the coast of the Spanksl~ mainland 
experiencing the highest shoot  morta|ity (Tl~key test, p < 0.(15) and tending to exhibit the highest shoot  reeruitment~ 
The low shoot  recrui tment  did not be |an te  shoot  mortafity irJ most  (60%) of the meadow~, showing a prevalence of 
declining populat ions among the 25 meadows studied. (Wilcoxon ranked sign tes% p < 0.0005)~ This study ~emonstrat~s 
the power of  direct census of seagrass shoots  in pe rmanen t  plots to evaluate the present  status of seagra.~s ~neadows. to 
detect o~-going populat ion decline, and to provide some insigllt onto the possiMe factors involved. The  incorporation 
of direct census of  seagraas meadows to monitoring programs will help provide the early-war~ing signals necessary to 
suppor t  management  decisions to conserve seagrass meadows~ 

Inm~duct ion  

Seagrasses, which provide valuable funct ions  to 
coastal ecosystems (Duarte  2002), are exper ienc-  
ing worldwide declines derived f rom natural  and  
man-rnade dis turbances  (Short  and  }~@llie-Echev- 
a t r ia  1996; H e m m i n g a  and Duar te  2000; Duar te  
2002). The re  is evidence that seagrass decl ine is a 
non l inea r  process that accelerates,  th rough  cas- 
cade effects, after reaching  a certain level of  dis- 
tu rbance  (e.g., Duar te  1995, 2002; H e m m i n g a  
1998). Recovery of seagrass meadows is a slow pro- 
cess, requir ing t ime scales up to centuries  for slow- 
growing species (Duar te  1995, 2002; H e m m i n g a  
and  Duar te  2000). Detect ion of seagrass decl ine at 
the earliest stages of  the process  is crucial to pre-  
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vent  large-scale and,  at h u m a n  rune scales, often 
irreversible seagrass losses. 

Efforts to detect  seagrass dec lme pr ior  to ob- 
serving losses in vegetat ion cover are increasing 
th rough  the prol i fera t ion of mon i to r ing  p rog rams  
and m e t h o d s  world wide (e,g,, Short  and  Coles 
2001). Moni tor ing  p rog rams  typically assess sea- 
grass status th rough  changes  in the shoot  density 
or cover. The  e r ror  of  these est imates is so large 
(He ide lbaugh  and Nelson 1996) that seagrass de- 
clme can only be reliably detected when. over half  
of the shoot  popu la t ion  has already been  lost. De- 
d ine  of slow-growing species may p roceed  for years 
until  it can be statistically resoh, ed by moni to r ing  
p rog rams  based on density- and cover estimates. As 
a result, there  is considerable  d e m a n d  to genera te  
new-, reliable app roaches  to mon i to r  the status of 
seagrass meadows.  Shoot  d e m o g r a p h y  has been 

�9 2005 E~usrine Research Federation 53 



5 4  N. Marb~ et N. 

Fig. 1. The cumulative number of estimates for parameters 
relevant to seagrass population dynamics (mortality, recruit- 
ment, net rate of poplflation growth, and median shoot age) 
since 1990. The cumulative number of total estimates (solid 
line) and that of" values derived through methods other than 
the examination of age distributions (dotted line) are in dicated. 
Data obtained fl'om Patriquin (1973), Bigley and Harrison 
(198(3), Duarte and Sand-Jensen (1990), Gallegos et al. (1993), 
Harrison (1993), Dnrako (1994), Gallegos et al. (1994), Olesen 
and Sand-Jensen (1994a,b), Perez et al. (1994), Vermaat et al. 
(1995), Duarte et al. (1996, 1997), Jensen et al. (1996), Marbfi 
et al. (1996), Moore et al. (1996), Vidondo et al. (1997), Balestri 
et al. (1998), Kenworthy and Schwarzschild (1998), Manzanera 
et al. (11998), Laugier et al. (1999), Marbfi and Wa]ker (1999), 
Ramage and Schiel (1999), van Tussembroek (2000), Kamel~ 
roans et al. (20011), Koch and Erskine (2001), Peterson and 
Fourqurean (2001), Rollon et al. (2001), and Ruiz and Romero 
(2001). 

d e m o n s t r a t e d  to b e  a use[ i l l  too l  to assess seagrass  
p o p u l a t i o n  stares,  a n d  i t  ha s  b e e n  in tens ive ly  u s e d  
ove r  t he  last  d e c a d e  to e x a m i n e  m e a d o w  s tares  
(e.g. ,  D u a r t e  a n d  S a n d - J e n s e n  1990; D u r a k o  1994; 
Marb~t e t  al. 1996; Ka ldy  e t  al. 1999; P e t e r s o n  a n d  
F o u r q u r e a n  2001) .  Mos t  ava i lab le  seagrass  d e m o -  
g r a p h i c  e s t ima te s  have  b e e n  q u a n t i f i e d  r e t r o s p e c -  
t ively (Fig. 1), b a s e d  o n  t h e  age  d i s t r i b u t i o n  o f  t h e  
l iv ing shoo t s  o f  t h e  p o p u l a t i o n  ( D u a r t e  et  al. 
1994) .  D e m o g r a p h i c  e s t i m a t e s  b a s e d  o n  the  age  
d i s t r i b u t i o n  o f  t h e  l iv ing shoo t s  a r e  sub j ec t  to con-  
s i d e r a b l e  u n c e r t a i n ~  as t h e i r  use  involves  a s smnp-  
t ions  t ha t  o f t e n  c a n n o t  b e  ve r i f i ed  ( J e n s e n  e t  al. 
1996, 1997; Kaldy  e t  al. 1999; E b e r t  e t  al. 2002; 
E b e r t  a n d  W i l l i a m s  2003) .  D e m o g r a p h i c  e s t ima te s  
b a s e d  o n  s h o o t  age  d i s t r i b u t i o n s  p r o v i d e  r e t ro -  
spec t ive  a s se s smen t s  o f  t h e  m e a d o w  d y n a m i c s  over  
t i m e  scales  u p  to yea r s  to d e c a d e s  over  t h e  pa s t  
( F o u r q u r e a n  et  al. 2003) a n d  d o  n o t  neces sa r i l y  
a c c u r a t e l y  r e f l e c t  t h e  s ta res  o f  t h e  m e a d o w  at  t h e  
t i m e  o f  s a m p l i n g  a n d  a re  less a c c u r a t e  in  assess ing  
t h e  f l l t u r e  ( J e n s e n  e t  al. 1996, 1997).  D iagnos t i c s  
o n  seagrass  p o p u l a t i o n  s ta res  b a s e d  o n  r e t r o s p e c -  
tive ana lyses  involve,  p a r t i c u l a r l y  fo r  m o r t a l i t y  es- 
t imates ,  a s s u m p t i o n s  t ha t  can  r a re ly  b e  ve r i f i ed  

Fig. 2. Drawing of Posidonia oceanica. Morphological plant 
attributes and tagging procedure are shown. 

( E b e r t  e t  al. 2002; E b e r t  a n d  W i l l i a m s  2003; Four -  
q u r e a n  et  al. 2003) .  

T h e  r e l i a b l e  ear ly  d i a g n o s i s  o f  seagrass  d e c l i n e  
r e q u i r e s  t h e  use  o f  a l t e r n a t i v e  a p p r o a c h e s  to assess 
s h o o t  p o p u l a t i o n  c h a n g e s  at  s h o r t  t i m e  scales.  Di- 
r e c t  censuses  have  b e e n  p r o p o s e d  as t h e  mos t  ef- 
fec t ive  way to assess t he  c u r r e n t  d e m o g r a p h i c  sta- 
tus  o f  seagrass  p o p u l a t i o n s  ( S h o r t  a n d  D u a r t e  
2001; E b e r t  e t  al. 2002) .  D i r e c t  s h o o t  c ensus  has  
b e e n  successfu l ly  u s e d  to assess s h o o t  d e m o g r a p h y  
in t e r r e s t r i a l  c l o n a l  p l a n t s  t b r  d e c a d e s  (e.g.,  H a r p -  
e r  1977) b u t  has  s e l d o m  (Bigley a n d  H a r r i s o n  
1986; L a u g i e r  e t  al. 1999; Ruiz a n d  R o m e r o  2001) 
b e e n  a p p l i e d  to e x a m i n e  seagrass  s h o o t  d e m o g r a -  
phy,  l ike ly  b e c a u s e  t h e  census  o f  su f f i c i en t  ind iv id-  
ua l ly - t agged  shoo t s  is c u m b e r s o m e  a n d  r e q u i r e s  
c o n s i d e r a b l e  dive t ime ,  m a n p o w e r ,  a n d  e c o n o m i c  
r e sou rce s .  

l~ o(:ea'Hic(z, t h e  d o m i n a n t  seagrass  spec i e s  
in  t h e  M e d i t e r r a n e a n  Sea,  f o r m s  h i g h l y  p r o d u c t i v e  
m e a d o w s  ( D u a r t e  a n d  C h i s c a n o  1999) e x t e n d i n g  
a b o u t  50,000 k m  2 ( B e t h o u x  a n d  C o p i n - M 6 n t e g u t  
1986).  P. ocear~ica is a long- l ived ,  s low-growing  sea- 
grass  (a f?~w c e n t i m e t e r s  p e r  year;  D u a r t e  1991) 
with spa r se  sexua l  r e p r o d u c t i o n  (Meinesz  a n d  Le- 
f~'vre 1984; Bu ia  a n d  Mazze l l a  1991) .  P o p u l a t i o n s  
d e v e l o p  over  m i l l e n a r y  t i m e  scales  ( M a t e o  e t  al. 

9 ~ 1 . 9  0 .  S imi l a r  to all  o t h e r  seagrasses ,  t he  vast  ma-  
j o r i g ,  o f  shoo t s  in  P. ocear~ica m e a d o w s  a re  vege ta -  
tively p r o d u c e d  by h o r i z o n t a l  r h i z o m e  a p e x e s  a n d  
d i v i d i n g  ve r t i ca l  shoo t s  (Fig. 2). P. ocea~tica is be-  
l i eved  to b e  in  d e c l i n e  across  m o s t  o f  t h e  M e d i t e r -  
r a n e a n  bas in ,  d u e  to loca l  a n t h r o p o g e n i c  t b r c i n g  
(e.g.,  D e l g a d o  e t  al. 1999; D u a r t e  2002) a n d  pos-  
sibly c l i m a t e  c h a n g e  ( D u a r t e  2002) .  R e t r o s p e c t i v e  
e x a m i n a t i o n  o f  s h o o t  d e m o g r a p h y  a l o n g  t h e  Span-  
ish M e d i t e r r a n e a n  Coas t  c o n f i r m e d  the  r e p o r t s  o f  
w i d e s p r e a d  d e c l i n e  in  t h e  r e c e n t  pa s t  (1960-1990;  



Marbfi. et al. 1996), but direct estimates of the pre- 
sent demographic  status of the species are lacking, 

We demonstrate  the feasibility of the use of di- 
rect census of shoots tagged in p e r m a n e n t  plots to 
assess the present  (2000-2009) P_ oceardca popula- 
tion dynamics in 95 meadows along the Spanish 
Mediterranean.  De., evaluated popula t ion status of 
the populat ions  on the basis of examinations of the 
balance between the annual  shoot  mortality and 
shoot  recru iunent  and the resulting net  popula- 
tion growth rates. 

M a t e r i a l s  a n d  M e t h o d s  

S T U D Y  S I T E  

The study was conducted  in 95 P- ocea~zica mead- 
ows distributed along 2,500 km of the Spanish 
Medi ter ranean Coast coastline, the mainland,  and 
the Balearic Islands. The populations examined 
developed at water depths ranging Dora 3 to 25 m 
and encompassed environments  w4th contrasting 
a n t h r o p o g e n i c  pressure .  All meadows ,  excep t  
those at Xilxes, Torre de la Sal, and Cabrera and 
Formente ra  Islands, were growing near  tourist ar- 
eas. The  meadows at Xilxes and Torre de la Sal 
were located in an area with intense coastal ero- 
sion. An th ropogen ic  pressure at Cabrera Island 
has been low since it was expropriated for military 
actwmes m 1916 (Frontera et al. 19,.S) to become 
a national park in 1991 ~a4th conservation policies 
implemented  to protect  both the land and m a n n e  
componen t s  (Marbfi et al. 9009). Surface water 
temperature  along the Spanish Medi ter ranean 
Coast varies about  S~ from nor th  to south, and 
averages 1S~ [n winter and 95~ m summer  (Flos 
1985). The study sites were located in oligotrophic 
environments,  as reflected in high water transpar- 
ency (>15 m Secchi depth  th roughout )  and low 
watrient concentra t ions  in seagrass leaves (Duarte 
and Fourqurean unpubl ished data). The  meadows 
examined at the galearic Islands grew over biogen- 
ic carbonate sediments while those on the Spanish 
rnainlaud grew over a mixture of biogenic carbon- 
ate and terr igenous sediments. 

Between June  9000 and August  2001, three per- 
manen t  plots, of an area varying between 0.09 and 
0.79 .m ~ (as to include at least 100 shoots plot 1) 
were delimited at each of  the selected sites by SCU- 
BA divers by a string runn ing  a round  four metal 
poles inserted into the sediments at the corners of 
the plots. At Xilxes, where P. ocear~ica developed 
small isolated patches, regular plots could not  be 
installed and 8 entire patches were selected for the 
study. All shoots present  inside the plots, or the 
patches at Xilxes, were counted and tagged by 
SCUBA divers with a plastic cable tie placed 
a round  their vertical rhizomes, at least 9 cm below 
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the leaf meristem (Fig~ 2)~ On average 101 + 6 
shoots were marked per plot, varying between 19 
(the smallest patch at Xilxes) and 977 shoots 
plot -1, represent ing an average ..... ot  ,*)u,. individually- 
tagged shoots per station and a total of 7,oto 
shoots tagged in this stud},. The plots were revisited 
once, at intervals between 999 and 4,36 d (Table 
1), and the n u m b e r  of surviving shoots (i.e., 
tagged shoots) and newly recruited shoots (i.e., 
young,  untagged shoots) were counted.  All plots 
were revisited after summer  9001, and most of 
them (Le., those located at Cabrera at >i[4 m 
depth,  Mallorca, Girona, and Formentera)  after 
fall 2001. The count ing error  was calibrated by 
count ing replicated plots by i ndependen t  observ- 

e- ca ers, yielding an estimate of -'..0.o recrui ted shoots 
per  plot and - 5  dead shoots pet  plot. The  repeat- 
ed shoot  census allowed direct estimates of shoot  
density, absolute (shoots m ~ yr 1) m~d specific 
(yr 1) rates of shoot mortality and recrukment ,  net 
popula t ion growth and shoot  turnover rates, and 
shoot  half-life at the meadows. 

Abso lu t e  s h o o t  mor t a l i t y  rate (AbsM; dead  
stLoots m ~- yr 1) was calculated as 

AbsM ..... (NT0 NS1) x 865 
[A :v (h to)] 

N'r0 is the n u m b e r  of marked shoots at the start of' 
the study ,'.to, d) at each plot, NS1 is the nurnber  of 
marked shoots that survived at t 1 (d), and A is the 
plot area (m~). The  specific shoot mortality rate 
z <M, yr -1) was calculated as 

[ ln(NT0/NSt)  ] X 365 
M =  

[1 ..... [0  

Calculation of" M allowed estimation of shoot  h a l f  
life (Age; yr) as 

In 2 
Age ..... M 

Absolute shoot recru imlent  rate (AbsR; recruit- 
ed shoots m -~ yr -1) was calculated as 

NNI x ~465 
AbsR - -  

[A ~< ( q - -  to)] 

where NN 1 is the number  of recruited (i.e., young  
not  marked) slhoots between t 1 and t 0. Shoot  turn- 
over time (yr) is estimated by dividing shoot  den- 
sity at the beginning of the stud}, by the absolute 
recru i tment  rate. The  specific shoot  recru i tment  
rate (R; yr 1) was estimated as 

R = [ln(NT1/NS1)] >< 365 

[:t t0  

where NT1 is the n u m b e r  of living shoots at the 
end of the study at each plot, comprising both sin-- 
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TABLE 2. Demographic parameters (i.e., specific mortality and recruitment rates, shoot half-life, shoot turnover time, and specific 
net population growth rate) of Pesido~ia oceardca meadows growing along the Spanish Mediterranean. All plots were revisited once, 
Number of mean values ( -  SE) are provided. Number of plots = 3, except for those sites where one plot was lost during the study 
or shoot densities at t o were lower than sm'viviug shoot couuts at h (*). nd  no data available, 

lqe t  Popuiauc>n 
D ep}h ,~4o r~!!  W ,Shoo t Halt"  • e c r u i m ; e n t  Shoo  t Tur  raove I Cr  c,-4~h Ra te  

K%!0rA S i ~  (m~ Rate  (3~ "-~) Life (?% Ratx- (;~T-':) T i m e  (?n') (3v - t )  

Formentera Cala Torreta 7 0.12" 31.08" 0.02 (0,0I) 68A5 (17.86) 0.10 
Es Puj ols 4 0.04 17.04 0~02 80.04 -0.02 

o ( Q Illetes 6 0.02 (0,01) 60.42 (18,06) 0,03 (0.0~-) 80.~0 (32,50) 0.01 (0.01) 
Cabrera E1 Castell 5 0.11 (0,08) 15.69 (6,54) 0.04 (0.02) 37,67 (16.52) .... 0.06 (0.08) 

El Caste11 10 0.19 (0,07) 4.97 (1,98) 0.03 (0.02) 72.05 (27.55) 0.16 (0.08) 
E1 Casteli 15 0.522 (0.04) 3.33 (0,58) 0.04 (0.01) 32.43 (5.38) -0.18 (0.04) 
El Caste11 20 0.04* 25.09* 0.0"1 (0.02) 33,94 (12.58) 0.01" 
E1 Caste]i 25 0.03 20.60 0.03 30.32 0.00 
Cula 8ta Mmia 13.1 0.21 (0,09) 5.00 (2,08) 0.02 (0.01) 63.82 (14.76) 0.19 (0.09) 
Cala Sta Maria 7 0.18 (0.04) 4.27 (0.81) 0.03 (0.01) 64.68 (21.03) --0.15 (0.03) 
Cala 8ta Maria 17 0.14" 5.77* 0.05 (0.01) 20.23 (3.26) 0.09 ~ 
Sa Parer 17 0.28 6.67 0.05 (0,02) 40.08 (16.50) -0.25 

tvia.llor ca Porto Colorn 6.4 0.17 4,33 0.06 31,36 0.11 
Colonia St. Jordi 4 0.12 (0.04) 7.18 (2.34) 0.07 (0.05) 119.77 (104.92) -0.05 (0.09) 

o o  t:- MagalLff 6 0.12 (0.02) 6.10 (0,95) 0,04 (0.02) 49,06 (~-~.la) 0.08 (0.03) 
Illetes-Calvi~ 9 0.11 nd  0.03 (0.01) nd -0.07 

Mediterranean con.st of La Fossa 3 0.24 (0.08) 4.38 (2.20) 0,03 (0.02) 130.20 (56.14) 0.19 (0.12) 
Spanish mainland L'Arenal 6 0.24 (0.13) 4.75 (1.72) 0.15 (0.02) 8.11 (0.61) --0.09 (0.11) 

L' Olla.- 
Campomanes 5.3 0.28 (0.14) 18,41 (16.72) 0.06 (0.04) 58.45 (25.17) -0.23 (0.13) 

}fiNes 13.5 0.16 (0,04) nd  0,30 (0,09 nd 0.14 (0.11) 
'Forre de la SM 9 0.21 (0.03) 3.58 (0.68) 0.05 (0.02) 33,39 (11.22) --0.16 (0.05) 
Fanals 16 0.14 (0,03) 5.27 (0.88) 0,02 (0.01) 75.45 (19.41) 0.12 (0.02) 
Giverola 13 0.17 (0.05) 4.65 (1.18) 0.09 (0.02) 15.16 (5.24) ---0.08 (0.07) 
Jonquet 11.5 0.28 2.57 0.07 18.16 0.21 
Port Lligat 12 0.23 (0.05) '3.41 (0.92) 0.18 (0.03) 6.80 (1.00) -0.05 (0.04) 

v iv ing  ea, d r e c r u i t e d  shoo ts .  T h e  spec i f i c  n e t  p o p -  
u l a t i o n  g r o w t h  ra te  ( R ~ ;  yr  ~) was e s t i m a t e d  as R~,~ 
- R - M,  E r r o r  t e r m s  r e f e r  to s t a n d a r d  e r r o r s  
t h r o u g h o u t  u n l e s s  i n d i c a t e d  o t h e r w i s e .  

T h e  e x i s t e n c e  o f  s i g n i f i c a n t  d i f f e r e n c e s  in  de-  
m o g r a p h i c  p a r a m e t e r s  a m o n g  r e g i o n s  was e x a m -  
i n e d  u s i n g  ana lys i s  o f  v a r i a n c e  a n d  T u k e y  n m l t i p l e  
c o m p a r i s o n s  test. P e a r s o n  c o r r e l a t i o n  c o e f f i c i e n t  
was u s e d  to d e s c r i b e  r e l a t i o n s h i p s  b e t w e e n  var i -  
ables .  Smal l - sca le  (i.e., 0 . 0 9 - 0 , 7 2  ccF-) h e t e r o g e n e i t y  
i n  s h o o t  m o r t a l i t y  a n d  r e c r u i t m e n t  r a t e s  was q u a n -  
t i f ied  as t h e  a v e r a g e  of  t h e  c o e f f i c i e n t  o f  v a r i a t i o n  
(CV; %) o f  t h e s e  v a r i a b l e s  at  e a c h  s t a t i on ,  VTilcox- 
o n  r a n k e d  s ign  test, p e r f o r m e d  o n  t h e  p a i r e d  ob-  
s e r v a t i o n s  of  a v e r a g e  s h o o t  mortal i ty-  a n d  r e c r u i t -  
m e n t  r a t e s  of  e a c h  p o p u l a t i o n  ac ross  all  p o p u l a -  
t i ons  s t u d i e d ,  was u s e d  to tes t  fo r  a s i g n i f i c a n t  
l a rge-sca le  t r e n d  o f  /? oceardca d e c l i n e  ac ross  t he  
S p a n i s h  M e d i t e r r ~ e a n .  

Resu l t s  

S h o o t  d e n s i t y  in  the  m e a d o w s  s t u d i e d  r a n g e d  be -  
t w e e n  154 + 8 a n d  1,551 + 454  s h o o t s  .m -~- ( T a b l e  
1), t h e  va r i ab i l i ty  o b s e r v e d  p a r t i a l l y  b e i n g  a t t r ib -  
u t a b l e  to d i f f e r e n c e s  in  w a t e r  d e p t h  ( P e a r s o n  cor-  
r e l a t i o n ,  r - 0,65,  p < 0 ,001) ,  } I o r i z o n t a l  r h i z o m e  
a p e x e s  were  a b s e n t  m 59% of  t h e  e x a m i n e d  p lo t s  

( T a b l e  1),  a n d  w h e n  p r e s e n r  ffley r e p r e s e n t e d  o n  
a v e r a g e  8 .6% of  to ta l  s h o o t  dens i ty ,  a n d  u p  to 5 5 %  
of  t h a t  m the  i s o l a t e d  p a t c h e s  o f  Xilxes .  

A b s o l u t e  s h o o t  m o r t a l i t y  r a n g e d  f r o m  5,26 to 
249,01  + 58 .98  s h o o t s  m ~-yr 1 wi th  s u b s t a n t i a l  (oi l  
ave rage ,  GV - 5 3 % )  h e t e r o g e n e i t y  i n  a b s o l u t e  
s h o o t  m o r t a l i t y  w i t h i n  m e a d o w s  ( T a b l e  1). Abso -  
lu te  s h o o t  m o r t a l i t y  was sca led  to s h o o t  density- 
( P e a r s o n  c o r r e l a t i o n ,  r - 0.78,  p < 0 ,0001) ,  wi th  
a n  a v e r a g e  m o r t ~ i t y  o f  18 .4% -t 2.2 of  t he  s h o o t s  
p r e s e n t  i n  t he  p o p u l a t i o n .  Spec i f i c  m o r t a l i t y  ra tes ,  
w h i c h  were  i n d e p e n d e n t  o f  s h o o t  dens i ty  ( P e a r s o n  
c o r r e l a t i o n ,  p > 0 .5) ,  p r o v i d e  a m o r e  r o b u s t  basis  
to c o m p a r e  m o r t a l i t y  ra tes .  T h e  speci f ic  s h o o t  m o r -  
tality- r a t e s  r a n g e d  b e t w e e n  0.02 • 0.01 a n d  0 .28 • 
0,14 yr  -1, a v e r a g i n g  0 . 1 6 : 2  0.08 yr  -1 ( T a b l e  2).  T h e  
m e a d o w s  g r o w i n g  a l o n g  t h e  coas t  o f  the  S p a n i s h  
m a i n l a n d  a n d  G a b r e r a  I s l a n d  e x p e r i e n c e d  t he  
h i g h e s t  s h o o t  m o r t a l i t y  ra tes ,  w h e r e a s  t h o s e  a t  For-  
: m e n t e r a  I s l a n d  e x p e r i e n c e d  the  lowes t  m o r t a l i t y  
(Fig. 3).  S i g n i f i c a n t  ( T u k e y  test,  p < 0.05) differ-  
e n c e s  i n  s h o o t  m o r t a l i t y  r a t e  w e r e  o n l y  o b s e r v e d  
w h e n  c o m p a r i n g  m e a d o w s  g r o w i n g  a l o n g  t h e  
S p a n i s h  m a i n l a n d  wi th  t h o s e  at F o r m e n t e r a  I s l a n d  
(Fig. 3) .  T h e  r a t e s  of' s h o o t  m o r t a l i t y  o b s e r v e d  in-  
d i c a t e d  t ha t  t h e  half- l i fe  o f  t he  s h o o t  p o p u l a t i o n  
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Fig. 3. Po,~ido~ia oceardce spedfic shoot mortality, specific 
shoo~ recruitment,  and spedfic ne t  population growth rates 
across the Spamsh Medit~-rranean Coast regions studied, 

varied f rom 2~5 to 60,4 yr, averaging 11.5 yr (Table 
2), 

P, oceerdca~ recru i ted  on average 19 + 13 shoots 
m -~- yr -1, ranging  f rom <5.26 to 62~8 + 42.g shoots 
m ~ yr t (Table 1), Shoot  r ec ru i tmen t  varied (on 
average C~  - 59%) a m o n g  cont iguous  plots (Ta- 
ble 1), partially due to differences m the percentu 
age of growing apexes,  which p roduced  mos t  of  
the recrui ts  within the popu la t ion  (Pearson cor- 
relation, r - 0,50, p < 0,001). The  absolute rates 
of  shoot  r ec ru i tmen t  indicate meadow turnover  
times [or R oeeaaiee would range  between 6,8 • 1 
yr and m o r e  than a century  (Table 2), provided 
cur ren t  shoot  . recrui tment  and density renamned 
uniform,  The  specific shoot  r ec ru i tmen t  rates 
ranged  f rom 0,02 • 0.01 to 0.S0 • 0.09 yr 1 (Table 
2). P ocec~ca~ recrui ted  shoots at the slowest rates 
at Cabrera  and F o r m e n t e r a  Islands, whereas  the 
fastest specific shoot  r ec ru i tmen t  rates were ob- 
served along the Med i t e r r anean  coast of the Span- 
ish main land ,  a l though the di f ferences  were not  
statistically significant (Fig. g and Table 2), 

T h e  studied meadows  exper i enced  specific net  
popula t ion  growth ranging f rom -0 ,25  to 0.14 + 
0.11 yr '1, encompass ing  strongly decl ining and ex- 
panding  populat ions,  The  low shoot  r ec ru i tmen t  
in most  meadows examined  was insufficient to 
compensa te  shoot  mortal i ty  in most  (60%) of the 
meadows (Tables 1 and  2), showing a prea,'alence 
of declining popula t ions  a m o n g  the 25 meadows 
studied. Cons idera t ion  of all meadows  in concer t  
showed a significant t rend towards the decline of  
P oeean~c(~ across this sample  of  popula t ions  in the 
Spanish Med i t e r r anean  Coast  (Wilcoxon r ~ k e d  
sign test, p < 0,0005), 

D i s c u s s i o n  

T h e  wide variability in the magn i tude  of' shoot  
r ec ru i tmen t  and mortal i ty  observed across P oce~n- 
icc~ meadows studied a long the Spanish Mediter-  
r anean  Coast  (Tables 1 and 2) reflects the effect 
of  regional  and local env i ronmenta l  condit ions,  to- 
ge ther  with intrinsic factors (e.g., popu la t ion  struc- 
ture, genetic  variability-), on P ocear~fc~ popula t ion  
dynamics. R oce~n~ca shooE r ec ru i tmen t  has been  
shou~-i ~o be suppressed in carbonate  sediments  
with increased sed iment  anoxia  and sulphide due 
to even modes t  inputs  of organic mat te r  to the sed- 
imen t  ( H o l m e r  et al. 2003). Nut r i en t  availabilRy 
may limit P oceardcc~ growth (.Alcoverro et al, lqC~7 ~ ), 
and may constrain shoot  r ec ru i tmen t  at the mos t  
o l igotrophic  sites. T h e  lowest R ocear~fce shoot  re- 
c ru i tment  rates were observed in the meadows at 
F o r m e n t e r a  and  Cabre ra  Islands (Fig. 3 and Table 
2), which grew on carbona te  sediments  and the 
most  o l igotrophic  condi t ions  presen t  in the Span- 
ish Medi te r ranean .  T h e  results r epor ted  also pro- 



vide evidence of the role of  intrinsic c o m p o n e n t s  
of the meadow structure,  such as shoot  density and  
the densit?, of meris tern-bear ing rh izome apexes  
and  the space available for colonizat ion on P_ ocean 
ira popula t ion  dynamics,  with patchy-, colonizing 
meadows  exhibit ing the highest  shoot  r ec ru i tmen t  
(Table 2). 

T h e  results presented  clearly reveal an imbal- 
anced R oceanica popula t ion  dynamics across the 
Spanish Med i t e r r anean  Coast during the years 
2000-2002, revolving an overall decline in shoot  
density dur ing this per iod.  T h e  decline of P_ ocean 
ice meadows  observed derived front the low shoot  
r ec ru i tmen t  of the species, wt,ich ranks a m o n g  the 
slowest of  all the seagrasses ( H e m m i n g a  and Duar- 
te 2000), arid the high shoot  mortal i ty  exper ienced  
by the species (Table 2). D e m o g r a p h i c  est imates 
obta ined in this s tu@ fall within the range  of val- 
ues r epor ted  for P. ocean~ca using retrospect ive ap- 
p roaches  m the past (i.e., shoot  r ec ru i tmen t  rate: 
0-0.44 yr -1, shoot  mortal i ty rate: 0.03-0.53 yr--1; 
H o l m e r  et al. 200~; Marbfi et al. 1996, 2002). 

T h e  cur ren t  negative net  popu la t ion  growth rate 
observed in Spanish Med i t e r r anean  Coast  P. ocean- 
ice meadows predict ,  if sustained, a decline of  50% 
of shoot  density within 2.7 and 69..3 yr (i.e., t ime 

- l n ( 2 ) / R ~ ) ,  genera t ing  conce rn  abou t  the 
conservat ion of these meadows.  The  ne t  rates of 
popula t ion  change  recorded  th rough  the direct  
census a p p r o a c h  used he re  is within the e r ror  of 
convent ional  quadra t  count  techniques  used in 
mos t  mon i to r ing  p rog ram s  (He ide lbaugh  and Nel- 
son 1996)~ The  widespread decline derived f rom 
our  results would have r ema ined  h idden  to moni-  
toring programs ,  even for the fastest declining 
meadows  (e.g., Sa Parer; Tables 1 and  2). Power 
analysis showed that  the decline of shoot  density 
by 50% after  2.7 yr for the m e a d o w  exper ienc ing  
the fastest decline (Sa Parer at Cabre ra  Island) m 
this study, could only be detected f rom density 
counts  with statistical conf idence  (Le., p < 0~05) if 
25 replicate quadra ts  were counted  with a 1.5-yr 
interval. This  is far larger  than the effort  any mon-  
i toring p r o g r a m  may allocate, showing the superi- 
ority of direct  censuses over s tandard p rocedu re s  
to detect  seagrass decline. 

T h e  overall decline m P. oceanica shoot  density 
observed across the Spanish Med i t e r r anean  Coast  
for the per iod 2000-2002 results f rom a combina-  
tion of rnultiple causes. These  include an th ropo-  
genic forcing and climatic dis turbances opera t ing  
at large spatial scales, which de te r iora ted  the 
meadows.  Anthropogen. ic  forcing includes excess 
nu t r i en t  and organic inputs  (MarbS~ et al. 2002; 
H o l m e r  et al. 2003), a long with physical distur- 
bance  caused 'toy cons t ruc t ion  at the coastline 
(Duarte  2 0 0 2 ) . . R  ocec~icc~ has been  repor ted  to be 
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highly sensitive to dis turbance,  such as the s torms 
associated with the passage of' low pressure  sTstems 
or seawater warming  (Marbfi and  Duar te  1997). In 
the s u m m e r  of 2001 water t empe ra tu r e  m the BaI- 
earic Islands reaclhed anomalous ly  high values of 
28~ (Dfaz-Alme[a unpubl i shed  data).  T h e  high 
water  t empera tu res  dur ing the s u m m e r  of' 2001 
probab ly  stressed JR oceatzica, both  directly- and  
th rough  accelerated microbial  metabol i sm in the 
sedin:len.ts (Duar te  2002; H o l m e r  et at. 2003), re- 
sulting in enhanced  shoot  mortality. T h e  observa- 
tion of a massive P_ oceanica flowering event in fall 
2001 across the meadows studied (D~az-Almela un- 
publ i shed  data),  provides addi t ional  evidence for 
a b n o r m a l  stress to t{ oceaa{ca dur ing the s u m m e r  
of ~2001~ In addi t ion  to ihigh-temperature stress, 
passage of active low~pressure s3estems across the 
Spanish Med i t e r r anean  Coast  in N o v e m b e r  2001 
resulted in severe s torm and wave action, reaching  
record  h igh  p ropor t i ons  t h r o u g h o u t  most  of  the 
coast. This  event resulted m i m p o r t a n t  beach ero- 
sion and  the d e t a c h m e n t  of  large amoun t s  of' sea- 
grass material .  These  climatic ex t remes  may be re- 
sponsible for m u c h  of the increased decline of  P. 
oceaz~icc~ over the per iod 2000-2002 relative to that  
in the p reced ing  two decades~ The  f inding of h igh  
specific shoot  mortal i ty  rates at meadows f rom Ca- 
brera  Island, where  visitors are fo rb idden  since it 
was declared a Nat ional  Park (i.e., meadows at Calla 
Santa Maria) ,  points  out  ex t r eme  climatic events as 
i m p o r t a n t  drivers of  shoot  mortality. Long  t ime se- 
ries of .R ocear~ica shoot  d e m o g r a p h y  are need ed  to 
identif3~ the possible role of these dis turbances on 
the observed seagrc~ss decline. The  balance  of the 
role of  an th ropogen ic  versus climatic dis turbances  
as causes of seagrass decline pro bably varies greatly" 
across the meadows studied, such that actions to 
r emedia te  the decline must  be based on meadow-  
specific diagnostics, which could not  be derived 
f rom the in fb rmat ion  presented  here.  This  infor- 
ma t ion  is crucial to assess the capacity of the mead-  
ows to recover  and to evaluate the magn i tude  of 
the decline observed.  

Quant i f icat ion of seagrass shoot  demograph i c  
pa rame te r s  and detect ion of on-going m e a d o w  de- 
cline can only be assessed using annua l  shoot  cen- 
sus m p e r m a n e n t  plots for seagrass stands experi-  
encing specific (or per  capita) shoot  mortal i ty rates 
< 1.0 yr i, and specific ne t  shoot  popu la t ion  
growth rates > --2.99 yr -:t (i.e., shoot  density de- 
d ine  not  grea ter  than 95% in one year) .  In order  
to use this m e t h o d  to detect  long- term changes  in 
seagrass shoot  popula t ions  specific shoot  mortal i ty  
rate should be <0.5 yr '1 and  specific ne t  shoot  
popu la t ion  growth rate  should be > 0.S0 yr 1 
(i.e., shoot  density decline no t  h igher  than 50% in 
one year) .  Popula t ions  exper ienc ing  changes  be- 
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yond those limits would exper ience  d e m o g r a p h i c  
oscillations too b road  to be cap tured  in annua l  
census, so that  closer observat ional  intervals would 
be necessary, with an increase in the resources  re- 
quired to assess the annua l  rates~ Accord ing  to 
available data on seagrass demographics ,  annua l  
shoot  census would be an appropr i a t ed  tool to de- 
tect decline in meadows of P_ ocean{cg (Table 1), 
Enhag~s acoroi~s (Vermaat  et al. 1995), Posidoaia 
a~st'rMis and AnphiboSs ~ntaJrcSca (Marb5 and Walk- 
er 1999), and  slowly declining and  colonizing 
meadows of 7"hagassia hemyrichii (Vermaat  et al. 
1995), Thalassia~ tea~'udinur~ (e.g., Gallegos et al. 
199g; Pe terson and Fou rqu rean  2001) arid Pvs~don- 
i~ sinuosa (Math5 and  Walker 1999). The  use of  
shoot  census is also restr icted to seagrass species 
or popula t ions  with shoot  mer i s tems  above the sod- 
intent  surface arid sufficiently robust  as to accom- 
moda t e  the tags without  disturbance.  

This  study demons t ra tes  the power  of  direct  cen- 
suses of  seagrass shoots m p e r m a n e n t  plots to eval- 
uate the presen t  status of seagrass meadows,  and 
to detect  on-going popula t ion decline. The  stud.y 
also d e m o n s t r a t e s  tha t  l a rge-sca le  m o n i t o r i n g  
based on direct census is feasible, a l though this re- 
quires significant resources.  T h e  average direct 
costs, excluding o ther  costs such as training of per- 
sonnel,  acquisit ion of SCUBA gear, etc., requi red  
to set up and recensus  a set of  plots once was cal- 
culated at abou t  1,800 12, which translates into sig- 
nificant resources  when scaled to the n u m b e r  of  
meadows and the geograph ic  spread addressed in 
the presen t  study-. Subsequent  visits to the plots re- 
vealed i m p o r t a n t  losses of the p e r m a n e n t  quad- 
rats, due to s torms and  ancho r  disturbance.  The  
result ing half-life of the plots was only abou t  618 
d, Which was m u c h  shor ter  than the hair-life of  P. 
ocea~ica shoot  popula t ions  (Table 2). T h e  n u m b e r  
of  replicate plots requi red  for the long- term mon-  
i toring of seagrass meadows using p e r m a n e n t  plots 
should be increased,  to double  that  used here ,  in 
order  to accoun t  for losses with time, also doubl ing 
the costs of' this approach .  Use of direct  shoot  cen- 
sus is particularly useful to assess recent  popu la t ion  
@namics  of slow-growing seagrass species, such as 
P ocea~ice, where  o ther  approaches ,  such as shoot  
density- mon i to r ing  using r a n d o m  quadrats,  are in- 
effective. The  results ob ta ined  por t ray a scenario 
of  rapidly declining .P. ocermica, in the Spanish Med- 
i t e r ranean  Coastand also provide some insight 
onto the possible factors invoNed. The  incorpora ,  
tion of direct census of  seagrass rneadows to mort- 
itoring p rog ram s  elsewhere will help them provide 
the early-warning signals necessary to assist in cre- 
ating m a n a g e m e n t  decisions to conserve  seagrass 
meadows.  At a t ime that  seagrass meadows are un- 
dergoing  a la rming  worldwide decline, the results 

presented  here  and the app roach  demons t r a t ed  
provide an impor t an t  basis to suppor t  manag ing  
polices i n fo rming  of this p r o b l e m  before  the 
meadows are lost. 

ACKN O%~LEDGMENTS 

Th i s  study was f u a d e d  by projects  Posicost (IFD97-1654), 
Moni tor ing  and  Manag ing  European  Sea.grasses. (EVKS-CT- 
2000-0004~t and  REN 20004091-CE/5(b~.R), and  LIFE-Posidonia 
(LIFE 2 0 0 0 / N A T / E / 7 3 0 3 ) .  We are grateful  to C. A r r o n d o ,  C. 
ga r r6n ,  M. Alomar,  ar, d J. Klein for field assistance, and  D. j au-  
me  a n d  G. Vizoso for artwork. We thank  three  anonysaous  re- 
viewers for  theix commen t s .  

LITERATURE (]ITED 

ALco~,m~,Ro, T.,J.  Rosa r io ,  C. M. DUA~TS,, AND N. I. L0~BZ~ 1997. 
Spatial a n d  tempora l  ,~ariations in nu t r i en t  lhmta t ion  of sea- 
grass Position.is ~eanfca. growth in the  NNg Medi te r ranean .  Ma 
fine s .Progr, ss &ties 146:155-161. 

BAk~slNI, E., L. thazzI, ANq) K CRN~nta. 1998. Survival a n d  growth 
of  t r ansp lan ted  and  namxa l  seedl ings  ofPosidonia oceardco, (L,) 
Delile in a d a m a g e d  coastal m-ea. Jou~Y~ag o/Expe~me~taliViarine 
Bided'j, and .E'cobz~y 228:209"-225. 

gsrHOUX, J. R ,~Nw) G. COHN-MO~EO-bW. 19S6. Biological fixa- 
tion of a tmospher i c  n i t rogen  in the  Medit~ 'rranean Sea, Lim- 
nogog? ~nd Oce~no~rap~)~ 31:1353-1358. 

BiOLE~; R. E. ~ \ ~  R C. HArRiSON. 1986, Shoot  d e m o g r a p h y  a n d  
m o r p h o l o g y  of Zostera. j@onica and Rv:~ia ~a~,ftir#a fi'orn Brit- 
ish Colmlibia, Canada.  Aquatic Bote~n 3, 24:69-82. 

gutA, M. C. ANTi L. MAZZELL&. 1991. Reproduct ive p h e n o l o g y  of  
the  Mec!iterrmlean seagrasses 1%~idonie oceanica (L,) Delile, 
C?sv, odocea nodesa. (Ucria) Aschers. ,  and  Zostera ndti i  H o r n e m .  
.Aquatic .Botan.?s 40:g4g-362, 

DJ~LOArJ�9 O.,  J. M. RD~z, M. PEP, EZ, J. RosfaRo,/~N-I) E. BALI~,a 
TIROS, 1999. Effects of fish Earming on seagrass (Posid~rga 
ocea, nica) in a Medi te r ranean  bay: Seagrass decline after or- 
ganic  loactix~g cessation, Ocear~dog{ce Acts 22:109-117. 

DEARTh, C. M. 1991. At[ometric  scaling of seagrass f o r m  a n d  
productivity. Marine Zcogog~ _P,~wress &ring 77:289-300. 

Dc/~7~,  C. M. 1995. S u b m e r g e d  aquatic vegetat ion in relat ion 
to difYeren t nu t r i en t  reg ime s. @halle 41:87-112. 

DcAa-m, C. M. 2002. The  furore of  seagrass meadows.  s 
mentag Ci,r~servatior~, 29:192-206. 

DUARTE, C. M. ANnD C. L. C'J-tLSC/~NO. 1999. Seagrass Me,mass a n d  
product ion:  A re~ssessment ,  Aquatic Botany 65:159-174, 

DCI~R'IE, C. M., M. A. }-[JEM[MLNOA, I~NI3 N. ,~4A[~BS. 1996. Growth 
and  popula t ion  dyllamics o f  Tl~a&ssc~4en&,o~ ciSatum. Aquatic 
Bota.n'] 55:1-11. 

DL-~m'rs, C. M., N, MaemA, N. AGAWIN, J. G1/aSRIf~\-, S. ENNiQL~Z, 
M. D. FOR'fEN, M. E. GALLEOOS, M. MERINO, g. OLESEN, K. 
S~_NCO-JzNsZN, J, u a L  ~'~ND J. V ~ u ~ ' , T .  1994, Recons t ruc t ion  of 
seagrass dynamics:  Age de tennina t ic ,ns  a n d  associated tools 
for the  seagrass ecologist. Marine s Progre.~ &vies 107: 
19F,-209. 

DUA-RTE, C. M. _aQNED E. 8~kND-JklNS17N. 1990.8eagrass colonization: 
Biomass d e v e l o p m e n t  and  shoo t  de rnog~aphyin  @modocca. ~o 
dosa patches,  Ms'rifle ~ ; d ~ y  Pre&'e~s Seges 67:97-103. 

DUA~TS, C. M., J. Tse, tc~mos, N. S. R. AOAXa~N, M. D. FoRfJ~,S, S. 
BACH, ~ \ ~  W. J. tCsxwo~rir165 1997, Response  of a m i x e d  Philo 
ipp ine  seagrass meadow to expe r imen ta l  bmia l ,  zVia~d~eEcolog;)~ 

14, .~85-~94. .P~vgress Series ~ '~ '  " ~ '  

DE,eJkKo, M. J. 1994. Seagrass die-off in Flolida Bay (UE~,): 
Changes  in shoo t  demograph i c s  in TS~iessia te.studi~w'~. Marir~,e 
EcdoF? Profress Ser~es 110:59-66. 

EBER'I-, T. A. 2~\T0 8. L. D, rILLI/:~egS. 2003. Rejoinder  to Fourqu rean  
et al. (2003). Limno~og/and Oceanog'@~y 48:2074-2075. 

EBERT, T. k ,  S. L. ;~rILLI2~iS, ANTJ P.J. EW~'~N'CHUK, 2002, _Mortulity 



esffmates f rom age distributions: Cri t ique of  a m e t h o d  u sed  
to study age distr ibutions.  Lir~olog) a~d Oce~.o~'aph), 47:600- 
603. 

R o s ,  J. 1985. ' l~e  chiving mactm~e, p. 60-99. /% R. Margalef  
(ed.) ,  Western  Mediterranem~. P e r g a m o n  Press, Oxford ,  U.K. 

FOL~QpXe&~,', J. W., N. ~ 'Ma~zi, ~Nb C. M. D u c a t s .  2003. Eluci- 
da t ing  sea.grass popula t ion  dynamnics: 7Neory, constraints ,  and  
practice. Liv~.r~og%y arid Ocear~ogro,]Ar 7 48:2070-2074. 

FRo.wrERA, M., V, FORTEZA, eMN~) R To?aks. 1995. H o m e  i norm'aT 
Els usos  tradicionals del  sOl i la pesca,  p. 749-762.  Ir~ J. A. 
Alcove~; E. Ballesmros, and  J. J. Forn6s  (eds.),  Hist6ria Nat- 
ural  de l 'Arxip41ag de Cabrera.  Monograf ies  de la societat  
d'HistOzia Natural  de les I11es Balears 2, Editorial Moll-CSIC. 
Pa lms  de MMlorca, Spain. 

Gt~t.LEOOS, M., M. ,MF/~tNo, N. M~RBi, Z~,NT~ C. M. DL,Z-U:RT~,. 1993. 
Biomass  a n d  dynamics  o f  Tl~.~mssie te~di~s',r~ m the Mexican 
Car ibbean:  ElucidaL[ng ~hizome growd~. Marbw Ecol%y Pro- 
gress Sede.s 95:185-199. 

Gg~LLEOOS, M., M. MERINO, A. RODR{GD~Z, N. 542~RP,/k,/C'4~) C. M. 
D e A R s .  1994. Growth pa t te rns  a n d  d e m o g r a p h y  of p ionee r  
Car ibbean  seagrasses (Hagod,~le an'ig~.tii and 57Ye~.~i~rn fil!/r~ 
~ne] . Ma.rirae Eco&gy Progress Serie~ 109:99-104. 

t%~a'XR, J. L. i[977, Popula t ion  Biology of P lan ts . .Academic  
Press, London ,  U.K. 

I-JdUaR~SON, R G. 1993. Variations in d e m o g r a p h y  of Zostera rna 
ri~a a n d  Z r~oltii on an inter t idal  g r a d i e n t  AT~atic Botaray 45: 
68-77. 

HEIDELB&DGH, W, S. N. d~NT~ W. G. NELqON. 1996. A power anal- 
ysis of  m e t h o d s  for assessment  of" chm?ge in seagrass cover. 
Aq~,~o.Xic Botany 53:227-233. 

HE..",,'L~{I/<GA, M. A. 1998. The  r o o t / r h i z o m e  system of  seagrasses: 
An asset and  a bin-den..]ou;~aa.l of Sea P~search 39:183-196. 

HEaaM~OA, M. A. AN~ C. M. DUA-~FE. 2000. Seagrass Ecology. 
Cmnbr idge  University Press, L o n d o n ,  U.K. 

HOLMER, M., C. M. DL-2~TE, AN~) N. ~_RB]\. 2005. Fast snffhr 
tulllO;eer b21 carbonate  seagra.ss (Pesidorda ocearaica) sedilnenfis. 
Magr~e Biogeo&emist~ 7 66:223-239. 

Jm'%EN, S. L., B. D. ROBB~,,s, ,~'i) S. S. B~Lt,. 1996. Predict ing 
popula t ion  ded ine :  Seagrass demograph i c s  and  the  recon- 
structive tec tmique .  Marir~e Ecoi%)~ Pr%:,'~s.s S~ries 136:267-276. 

Jm<s~N, 8. L ,  B. D, Ros~Nm, ~ z y  S. S, Bg.rL, 1997. O n  the use  
of the  reconstruct ive tecbmique: Criticisms, commen t s ,  and  
quest ions.  Mari~e Ecolog/ Prou'ess Series 146:305-309. 

K_~,D~ J. E ,  N. Fo~m~R, ~N~0 K. H. DU_-N~s 1999. C~it[cal as- 
s e s smen t  of  Thaia, ssia te,t~di~a;r, (tta 'degrass) aging tech- 
niques:  Implicat ions  for d e m o g r a p h i c  inferences .  Mari:4e Eeol 
og?~ Progress Series 181:279-288. 

MTOLE~< m~,~ J. STe~2~L. 2001. Leaf p roduc t ion ,  shoo t  de- 
mography ,  and  flowering of the  seagrass TIm&.ss~er~,dror~ cib 
iatn,m, along the east Aft-lean coast. Aqvatic Borax? 70:243-258. 

KEN~rORTI-IY, W.J .  AN~) A. C. SOHWARZSGHmO. 1998. Vertical 
growth a n d  shor t - shoot  d e m o g r a p h y  of  S):v{~godi*zmfiZ!r 
outer  Florida Bay, USA. Marir~e GeodeSy Pr%wss &rfes 178:25- 
87. 

KocH, M. S. ~m~) J. M. E ~ s ~ e .  2001. Sulfide as a phyto toxin  to 
the  tropical seagrass ThaIessie ~e.s#zdi~,~z~,: In teract ions  with 
light,  sa.linib/, and  ternperatta 'e,  ,Je~r~ai qfEXyeri*~,erdd Marfr~,e 
Biology arid Egol%y 266:81-95. 

LAUOmR, T., V. RZOOL-L~r, ~ZN'D M. L. DE CAs 1999. Sea- 
sonal  dy]?amics m m i x e d  eelgrass beds,  Zosteca ~r L. and 
Z ~o*tii H o r n e m .  in a Medi te r ranean  coastal lagoon ('[Thau 
lagoon,  France) .  AT,:~tic B~a,~), 63:51-69, 

MANZJ~'~RA, M., M. Ps mwm J. ROMERO. 1998. Seagrass r o o f  
tality due  to oversedimenta t ion:  An exper imen ta l  approach.  
Jo~rrm.l of Ct~*sta.g C~nservation 4:67-70. 

MARsA, N. Z~_~-D C. M. Dru-_~va-*:e, 1997. Decadal  changes  in seagrass 
(Poddorda ocea~.ie~.) growth and  env i ronmen ta l  change  in the  

Posidonia Oceanica Population Dynamics 61 

Spanish Med i t e r r anean  Coasdittoral.  Lbn:eogog 7 a~.d Oceanog 
rop~, 42:800-810. 

MAma.&, N., C. M. DLAmG J. C~a~mr S. ENmf~L~z, M. E. GA- 
L~OOS, B. Oaa~s~_~,-, AN=O K 8~'<'*)-J~Nsr,. 1996. Crowth a n d  pop- 
ulat ion dynamics  of  Po~id~rnia ~eardco in the  Spanish Medi- 
t e r r anean  Coastcoast: Elucidat ing seagrass ded in e .  Mo.rir~e 
Eco*o~,~ Progress Series 137:203-213. 

M ~ A ,  N., C. M. DUAR'r~, M. HOL'a~R, R. ,'.~aTfNmZ, O. B~'rys~- 
~:TXW< A, ORm~< A, ,JoPmx, A_~,,D J, l~ax--roRn. 2002, Assessing 
the  effectiveness of  protec t ion on Posidovia ocea~iea popula-  
t ions in the  Cabrera  National  Park (Spain). E~viror~rr~e~*aal C>a 
servaaio~ 29:509-518. 

M~'dtsA, N. 2~NrD D. I. t'~XLKLR. 1999. Populat ion dynamics  o f  tem- 
pera te  western AustxMian seagrasses: h n p o r t a n c e  of growth 
a n d  flowering for m e a d o w  ma in t enance .  Ma~,4~e E~ol, og3~ P~> 
U'ess Series 184:105-118. 

Manzo ,  M. A., J. ROaCERO, M. Pf'a~z, M. M. LrrrLE~, _&ND D. S. 
Lrgr~_2,. 1997. D?namics  o f  rni l lenary organic  deposi ts  result~ 
i n s  f rom the growth o f  the  Medi te r ranean  seagrass Posidorda 
ocea~ico.. Est~ari~e Cbastag a~d SM!~ &ie~ces 44:103-111. 

M e i ~ s z ,  A. ANT)J. R. L~vga~ .  i[984. R&g~ndration d ' u n  he rb i e r  
de Po~fdo~nia oc-eerdca quaran te  ann4es  apr6s sa des t ruc t ion  par  
t tne b o m b e  dons la rode de Vil lefranche (A_Ipe,>425 Mini- 
t imes,  Framme), p. 39-44. In, C. E B o a d o u r e s q u e , J .  de Grissac, 
a n d  J. Olivier (eds.), In te rna t iona l  Wnrk~hop on Posidonia  
oceanica  Beds. CIS Posidonie  Publisher,  Marseflle, 8pahl.  

Moore:., K. A., H. A. NEm~es,  a~\~ R. J. OR~I.  1996. Zos*era 
rna~'i~a (eelgrass) growth and  survival a long a g rad ien t  of  nu-  
tr ients  and  tm'bidiw in the  lower Caaesapeake Bay. "~dari~e Eco~ 
o~,s P~gres S~,,'ies 142:247-259. 

OL~SgN, B. ~'~N-~ K. SA_~'D-J~NS~2~-. 1994a. D e m o g r a p h y  of shallow 
eelgrass (Zos~era r, erir~a) p o p n l a f i o n s - - S h o o t  dynarrdcs and  
b iomass  development .  Joezfo.ag oj Eco&g 7 82:379-390. 

Okes~x\, B. aN~ K. S~D-JEN,S~N. 1994b. Patch dynamics  of eel- 
grass ( Zod, era marina). Merirae s ffrogre,~s &'des 106:147- 
156. 

PawmQuu% D. 1973, Est imation o f  growth rate,  p roduc t ion  and  
age of  the mar ine  ang io spe rm Tk~a.ssia test~,di~v~ K6nig. 6'a 
ribbe~'r~, Jo~*'nal o~ Sei~ce 13:111-123. 

Femez, M., J. R o N d o ,  C. M. Du/:~-I>2, K. 8A,\TO-JENsEN, AN-D T. 
ALOOW~O. 1994. Growth p las f id  V in @~,odocea rvodosa 
stands: T h e  importm~ce of  n u t r i e n t  supply. Aq*,~atie B~a~ 2 47: 
249-264.  

PE'I~RSON, B. J. ANT) J. W. FOI~NQLmI~N-. 2001. Large-scale pat- 
te rns  in seagxass (Thalassia test~dir~,e~rn) demograph i c s  m soutl~ 
Florida. Limr~o&~; a~d Oceo.~ograph)~ 46:1077-1090. 

R~r~,&c.E, D. L. AND D. R. ScenE-t_ 1999. Patch dynamics  a n d  re- 
sponse  to d is turbance  of  the  seagrass Zostera, s~.c,oazeZa..t;dica on 
inter t idal  p la t forms m s o u t h e r n  New Zealand.  Ma.ri~e Ecology 
.Progress &ties 189:275-288. 

ROLLON, R. N., N. M CAYABVAS, ~\70 M. D. FoR~5.  2001. Vege- 
tative dynamics  and  sexual  r ep roduc t ion  of m o n o s p e d f i c  
~f~alassia hemp~ffchii meadows  m the Kalayam'~ Is land group.  
Aquatic Bomrr 71:239-246. 

Ru~z, J. M. AZ~-D J. Ro>a~mo. 2001. Effecrs of  in sire expe r imen tM 
shad ing  on the  Mediten'ar ,  ean seagrass I'osidor~ia ocea, rde-o,..M~- 
rir~,e Ecology Pr,agress ,Series 215:107-120, 

8IIORT, F. 'E _~N~ 8. W~E-Ec}mv~'~am. 1996. NaturM a n d  hu-  
m a n - r e d u c e d  d i s ~ - b a n c e  of  seagrasses..Er~vb~,~,er~e~.~a.! G~.se~ 
vatio~. 23:17-27. 

SHORT, R ~1'. /~N'I) C. M. DGL~RT1-. 2001. Methods  for the  mea-  
s u r e m e n t  of  seagrass growth a n d  reproduc t ion ,  p. 155-182. 
Irz F. T. Shor t  a n d  R. G. Coles (eds.), Global Seagrass Research  
Methods .  Elsevier Science B. V., Amsterdamn, Th e  Nether- 
lands,  

SHORT, F, 12 .~N~ R. C. COL~S. 2001. Global 8eagrass Research 
Methods .  Elsevier Science B. V., ,~msterdarn,  Th e  Ne the>  
lands.  



6 2  N. Marba et al. 

VEPd'K&e~T, j., N. AC,/k~N, C. M. DU~a~TE, M. D. FORTES, N. MARg•, 
~'VD j .  ued. 1995. Meadow main tenmlce ,  g r o ~ h  and  produc-  
tivity o f  a m i x e d  Philizppme bed.  M~*rir~e E,:obg? Progress &ties 
124:215-225. 

VIDON-DO, B., C. M. DL-2~R132, A. L. MIDDELt3Ok;, K. S~2Elr;~=N-gEk'q, T. 
LG~TZEN, duNJD S. L. ~'NIELSEN. 1997. D?~amics of  a landscape  
mosaic: Size and  age distr iNit ions,  growth, and  d e m o g r a p h y  
of" seagrass @~.odocea nodosa patches.  Marf>.e .Ecology P~>greas 
&~{s,~ 158:131-138. 

SOURCE OF UNPUBLISHED MATERIALS 

FOURQUREAN, J. U n p u N i s h e d  Data. D e p a r t m e n t  of  Biology a n d  
Southeas t  Env i ronmenta l  Resem-ch Center ,  ~1orida Interna-  
t ional University, Miami,  Florida 33199. 

Rcceived, o[~nqzar)~ 16~ 2(04 
P~evised~ J~zg'y 3Q~ 2(i(14 

Ace@ted, Septe~ber 2i, 2004 


