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ABSTRACT Leaf product~on, shoot demography and rhlzome growth and branchlng were  quantified 
for the common seagrass specles In a muted seagrass bed on the Bollnao leef flat (Luzon The Ph~l lp-  
plnes) to assess the contribution of these s p e c ~ e s  to canopy maintenance meadow biornass and pro- 
ductlvlty We tested the hypothesis that seagrass growth rates correlated negatively with shoot size and 
age  when compared across specles, and found that shoot recruitment leaf turnover and honzontal rhi- 
zome elongation and branchlng rates were lower for s p e c ~ e s  wlth older and larger shoots ~Vedian shoot 
ages for the short-llved species were generally less than a year, those for the longer-llved Enhalus 
acoroides ( L  f ) Royle and Thalassla hempnchii (Ehrenb ) Aschers were sllghtly more than 1 5 yr The 
oldest E acoroldes had almost reached 10 yr Generally, shoot mortality and ~ec ru l tmen t  balanced each 
other falrly well The rhizomes of longer-lived E acoroldes and T hempnchli elongated at rates of 5 and 
21 cm yr-l, respectively, and those of the short-llved Synngodi~lm isoetifobum (Aschers ) Dandy and 
Halophila ovalls ( R  Br ) Hook f at rates of 135 and 141 cm yr- '  Vertical shoot e longat~on ranged from 
2 to 13 cm shoot ' yr ' and was not correlated wlth size or age  The meadow had a total b ion~ass  of 
624 g dry wt (DW) m-' (roots excluded), to whlch the larger and longer-llved specles 7 hempnchil and 
E acoro~des  contnbuted substantially (52 and 37%,  respectively) Leaf product~on dominated total 
annual ploductlvity, constituting 91 % of 2143 g DW m ' yr ' (roots excluded) thls productlvlty was 
malnly due  to T hempnchli (74 %), and not to the oldest and slowest-growing E acoroides (10%)  

KEY WORDS Troplcal seagrasses Shoot life spans Recruitment and mortal~ty P ~ o n e e r  vs cllmax 
specles Allon~etry 

INTRODUCTION 

With at least a dozen species, of which 7 are com- 
mon, the Philippine seagrass flora is among the richest 
in the world (Den Hartog 1970, Fortes 1988, 1989, 
Phillips & Menez 1988). As in most of the Indo-Pacific 
region (Brouns 1987a, b ,  Nienhuis et al. 1989, Brouns & 
Heijs 1991), Philippine seagrass beds are generally 
mixed (Menez et al. 1983, Toniasko et al. 1993, M.D.F. 
pers. obs.). Whereas the dynamics of monospecific sea- 
grass meadows are well studied (e.g.  review in Duarte 
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1991a), little is known about those of mixed beds, or 
how the different species contribute to canopy mainte- 
nance and productivity (Brouns 198713, Williams 1990). 

A comparative analysis of the growth dynamics of 
different seagrass species forming monospecific mead- 
ows has shown that differences in shoot growth and 
population dynamics were associated with differences 
in seagrass size (Duarte 1991a): larger species were 
found to be longer-lived and slow-growing, whilst 
smaller species were shorter-lived and grew faster. 
Duarte (1991a) formulated this association as allomet- 
ric relationships between rhizome diameter or shoot 
size and module (sensu Harper 1976, Duarte et al. 
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1994; i.e. shoots, leaves, rhizome internodes, or roots) 
life span and production rates. 

This finding suggests that the large differences in 
size of the seagrass species present in Philippine mixed 
beds (cf. Meriez et al. 1983, Duarte 1991a) may help 
explain differences in their contnbution to canopy 
maintenance and meadow productivity. We expect the 
larger, more longevous species to behave as 'climax' 
species, whereas the smaller, short-lived and fast- 
growing species may act as 'pioneer' species (cf. e.g. 
Birch & Birch 1984, Brouns 1987a, b). The allometnc 
relations given in Duarte (1991a), however, were 
derived for monospecific beds, and may for example 
be confounded by differences in growth conditions 
along the distributional range of the many species 
studied or by interspecific interference in the mixed 
bed; hence their relevance in mixed meadows remains 
to be tested. 

In this paper we  quantify life-span, mortality and 
recruitment patterns of shoots, as well as rhizome 
branching patterns and vertical and horizontal rhi- 
zome growth, of 7 seagrass species from mixed mead- 
ows on the Bolinao reef flat (NW Luzon, The Philip- 
pines). Our aims were: (1) to test the hypothesis that an 
allometric relation also exists between module size or 
age and growth of CO-occurring seagrass species in a 
mixed bed; and (2) to assess the contnbution of these 
species to canopy maintenance, meadow biomass and 
productivity. We rely on the age reconstruction tech- 
nique of Duarte et al. (1994) and an assessment of the 
size of the different seagrass modules. 

isoetifolium, 7 hemprichill, an intertidal station (0.5 m; 
C. rotundata) off Silaqui island on coral rubble, and a 
shallow subtidal station on shallow s~lty sand overlying 
hard coral rock at Pislatan (1 m; C. serrulata, E. 
acoroides, H. uninervis). Most of the data presented 
here have been pooled across stations, since between- 
station differences were generally insignificant. 

Seagrass samples were collected with a stainless 
steel cylindrical corer (20 cm diameter) pushed about 
30 cm into the sediment. In a total of 30 cores we col- 
lected 342 shoots of Cymodocea rotundata, 156 of 
Cymodocea serrulata, 55 of Halodule uninervis, 61 of 
Synngodium isoetifolium and 533 shoots of Thalassia 
hemprichii. The cores were gently washed out on-site, 
carefully maintaining the connections between rhi- 
zomes and shoots. The large shoots of Enhalus 
acoroides had a patchy distribution and were, there- 
fore, collected by hand to obtain a sample size of 20 
shoot clusters. A shoot cluster is a group of shoots (or 
ramets; Harper 1977) attached as branches to a com- 
mon rhizome axis. 

The samples were washed once more upon return to 
the laboratory, and the plants were carefully sorted to 
the species level. The rhizome axes sampled were then 
examined to estimate the number of rhizome apices, 
shoot size (length and number of vertical internodes, 
as well as leaf number, length and width) and age (as 
the sum of the number of leaf scars and standing 
leaves, i.e. in plastochron intervals; cf. Duarte et al. 

MATERIALS AND METHODS 

The data were collected in April 1992 in the Cape 
Bolinao area, which has approximately 37 km2 of 
mixed seagrass beds (Fortes 1988, 1989, Klumpp et al. 
1992; Fig. l )  and experiences a maximum semi-diurnal 
tidal range of 1 m. The species present in these mixed 
beds are Cymodocea rotundata Ehrenb. & Hempr. ex 
Aschers., Cymodocea serrulata (R. Br.) Aschers. & 

Magnus, Enhalus acoroides (L. f . )  Royle, Halodule 
uninervis (Forssk.) Aschers., Halophila ovalis ( R .  Br.) 
Hook f . ,  Syringodium isoetifolium (Aschers.) Dandy 
and Thalassia hemprichii (Ehrenb.) Aschers. All spe- 
cies except Enhalus acoroides and Halophila ovalis 
have differentiated vertical or 'short' shoots that are 
placed at  different intervals along the horizontally 
creeping rhizome [the basic architecture of seagrasses 
is illustrated e .g  in Den Hartog (1970), Tomlinson 
(1974), Phillips & Meriez (1988) and Duarte et al. 

Fig. 1 Location of the study sltes In the mixed seagrass beds 
(1994)l. Sampling was carried out at 3 stations (Fig. 1):  

of the Bollnao reef lagoon, The phllippines: a subtldal and a n  
a subtidal station (3 m mean depth; C. rotundatan C. intertidal station off Silaaui (the latter is closer to the islandl. ~ 

serrulata, E. acoroides, H. ovalis, H. uninervis, S. and a shallow subtidal station at Pislatan 
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1994), the number of rhizome internodes between 
shoots, rhizome internode length and diameter, and 
the occurrence and angle of rhizome branches. Verti- 
cal shoot length (mm) was measured from the insertion 
of the vertical stem on the horizontal rhizome to the 
apical leaf-producing meristem. The length of the peti- 
oles of Halophila ovalis, which lacks vertical shoots, 
was also measured. Shoot leaf area (single-sided) was 
calculated as leaf width times the sum of leaf lengths, 
except for the subulate leaves of Syringodium isoeti- 
folium for which leaf area was calculated assuming a 
conical shape: Area = rr X Leaf radius X Leaf length. 
The age of Enhalus acoroides shoots could only be 
determined precisely for lateral shoots, whereas for 
apical shoots only a minimum estimate was possible: 
either up to the first branch, or to the decaying distal 
end of the rhizome. The latter measurement is also a 
minimum age estimate for the whole shoot cluster. 

Subsamples of leaves, complete shoots, and vertical 
and horizontal rhizomes of each species were dried 
(105OC) to constant weight to estimate specific module 
weights (i.e. mg DW cm-2 leaf, n ~ g  DW shoot-', mg DW 
internode-'; DW = dry weight). Shoot abundance was 
represented as mean annual density, estimated from 
10 replicate 0.25 m2 quadrats sampled monthly 
between July 1992 and October 1993 at the subtidal 
Silaqui station (Vermaat et  al. 1994). These mean 
annual density estimates were used to calculate the 
single-sided leaf area index (LAI, m2 m-2) and shoot 
biomass (g DW m-') for the separate species and the 
meadow. 

Shoot age and estimates of time in plastochron inter- 
vals (PI) were converted to days using the annual mean 
PI equivalence in days as measured at the study sites 
(cf. Duarte et al. 1994) for Cymodocea rotundata ( l  1.4 r 
0.3 d ) ,  C. serrulata (12.7 * 1.2 d),  Enhalus acoroides 
(35.6 5 1.8 d )  and Thalassia hemprichii (10.9 + 0.3 d) .  
The PI for Syringodium isoetifolium was taken from the 
literature (33.2 d;  Duarte 1991a) and for Halophila 
ovalis and Halodule uninervis from short-term marking 
measurements at the subtidal Silaqui station. For H. 
uninervis the leaves of 36 shoots were marked by 
punching them with a hypodermic needle at the level of 
the ligula of the oldest leaf (Zieman 1974). H. ovalis 
rhizomes (n = 20) were tagged with a ribbon around the 
last fully developed internode. The marked plants were 
harvested after 4 d,  and the appearance of new, un- . 
marked H. uninervis leaves, and new H. ovalis inter- 
nodes with their corresponding leaf pair, were used to 
calculate the PI in days of these species (Duarte et  al. 
1994). 

Vertical elongation rates were estimated from the 
slope of a linear regression of vertical shoot length to 
shoot age (in PI; Duarte et  al. 1994). Similarly, horizon- 
tal rhizome growth was estimated from the slope of the 

distance between shoots connected along a section of 
rhizome against the difference in age between these 
shoots (Duarte et al. 1994). 

Annual shoot recruitment rates (R, In units y r L )  were 
calculated from the total number of live shoots (N,,tal) 
and the number of shoots older than 1 yr 
both present in the sampled shoot population, using 
the equation (Duarte et  al. 1994): 

Ntotal and Nage,lyr were derived from frequency dis- 
tributions of age  (in PI). Shoot life expectancy was esti- 
mated as  the median age a t  death of dead shoots (i.e. 
those without leaves but ending in a round tip; cf. 
Duarte e t  al. 1994) present in the samples. Exponential 
shoot mortality rates (M, In units yr-l) were estimated 
as the slope of a linear regression fitted to the natural 
log-transformed age distribution tails of living shoots 
using the equation (Duarte et al. 1994): 

where No and N, are the numbers of shoots present at 
times 0 and t. The use of living shoots to estimate M 
assumes interannual homogeneity in recruitment and 
mortality rates (Harper 1977, Duarte et al. 1994). Statis- 
tical analyses were done with SPSS/PC+ (Norus~s 1986). 
Multiple comparisons among species were made with 
least significant difference (LSD) tests at a reduced 
comparisonwise error rate to maintain an overall error 
rate of 0.05, and after log-transformation to homogenize 
variances whenever needed (Steel & Torrie 1980). 

RESULTS 

The seagrasses that form this mixed bed encompass 
a considerable size range, from the smallest (Halophila 
ovalis) to the largest (Enhalus acoroides). Most module 
dimensions differed significantly between species 
(Table 1). The different species had a comparable 
number of leaves, but leaf dimensions differed widely, 
so that shoot leaf area and weight differed by 2 orders 
of magnitude. Rhizome diameter and (vertical and hor- 
izontal) internode lengths differed 10-fold. 

As demonstrated before (Duarte et  al. 1994), the length 
of the vertical internodes of Cymodocea rotundata, C. 
serrulata, Thalassia hemprichii and Enhalus acoroides 
showed distinct annual cycles, indicating seasonal 
changes in vertical growth. Moreover, especially C. ro- 
tundata (Fig. 2 )  but also T. hemprichiishowed 2 minima 
in a year: an  absolute minimum in early January, the 
time of the shortest daylength, and a secondary mini- 
mum in AugusUSeptember, i.e. when the rainy SW mon- 
soon results in low salinity and temperature of the reef 
lagoon water (Vermaat et al. 1994). These 2 minima were 
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Table 1 Weight and size of the modules of seagrasses present in the mixed meadows at Bolinao (Luzon, The Philippines]. Mean 
module b~omass  In dry weight was derived from large pooled samples (n > 30 modules), means are glven T 1 standard error; sanl- 
ple size IS in parentheses, na: not appl~cable.  Where multiple comparisons (modified LSD) revealed significant differences 

between species, these are indicated with different letters in superscript 

Cymodocea C>.modocea Enhalus Halophlla Halodule Syringodium Thalassia 
rotundata serrulata acoroides ovaljs uninervis isoetifollum hemprichii 

Vertical internode 0.4 5.6 na na 3.0 3.0 3.2 
weight (mg) 

Horizontal internode 12.6 15.9 312.6 2.9 11.4 11.3 7.0 
weight (mg) 

Leaf weight (mg) 35.8 44.2 568.4 3.5 18.3 44.9 79.3 

Leaves per shoot 3.41b * 0.10 3.37b * 0.07 4.38' * 0.70 2" 2 73db ? 0.1 1 2.07ab * 0.08 3.2gb * 0.05 
(70) (107) (40) (51) (61) (309) 

Shoot leaf area 3703" * 0.47 3322a * 6.88 35870b * 24.4 41fja + 0 70 4 14a 799' 2656" ? 2.32 
(mm2, single-sided) (51) (9) (37) (10) (50) 

Leaf length (mm) 222.6C * 0.26 92.2b * 1.36 500.8d * 1.82 15.4' i 0.09 48.gab 136.6b i 0.68 86.8b * 0.53 

Leaf wldth (mm) 5 5b 5 0.04 8.7' * 0.08 15.7" 0,04 8.5C + 0.08 3.1" b 0.03 1.8a + 0.08 8.0C * 0.04 

Vertical shoot 13.3' t 0.02 79.8'5 0.51 103.9'* 1.45 14.9" * 0.17 53.5b * 0.64 47.6b -c 0.41 62.4b t 0.45 
length (mm) (69) (90) (27) (10) (39) (56) (1 14) 

Vertical internode 0 47 * 0.04 4.49 -c 0.46 na na 1.07 + 0 56 7.77 * 0.60 0.87 * 0.06 
length (mm) 

Rhizome 2.87' * 0 76 2 88a * 0.25 13.25b f 1.25 1.09" t 0.07 1.25a 2.18a * 0.86 3.43" t 0.00 
diameter (mm) (5) (2) (2) (8) (51 (21 

Horizontal inter- 13 .5~"  * 0.01 39.3e r 0.19 4.7a + 0.00 17.0C * 0.13 8.6"" * 0.14 25.3d * 0.11 3.7d + 0.01 
node length (mm) (981 (66) (28) (45) (24) (40) (30) 

Fig. 2. Cymodocea rotundata Seasonal vanation in vertical internode 
length of 3 shoots from samples taken at the subtidal Silaqui station. 
Different symbols identify the different shoots. Time in months along 
the upper honzontal axis is computed using the mean annual plasto- 

chron interval (PI) duration In days for this species 

also observed in seasonal leaf marking studies 
(Vermaat et  al. 1994). 

The PI estimates for Enhalus acoroides and 
Syringodium isoetifolium were relatively 
high (about a month) compared to the 9 to 12 d 
for the remaining species; for Halophila ovalis 
we found an even shorter PI of 2 d (Table 2). 
Comparison of the number of leaves produced 
in a year (Table 2)  with the average number of 
leaves on a shoot (Table 1) suggests rapid leaf 
turnover (about 10 leaves shoot-' yr-' or more) 
for most species except S. isoetrfolium (5 leaves 
shoot-' yr-l) and E. acoroides (2.5 leaves 
shoot-' yr. ' ) .  

For all species with differentiated vertlcal 
stems, vertical growth was significantly cor- 
related with shoot age  (p < 0.001; Fig. 31, 
which allowed the calculation of vertical 
elongation rates (Table 2). The shoots showed 
substantial vertical growth, ranging from 1.5 
to 13.1 cm shoot-' yr-' Differences between 
stations were not significant, except for Halo- 
dule uninervis (Fig. 3), which had a signifi- 
cantly higher vertical growth rate at  Pislatan 
than at the subtidal Silaqui station (F-test 
comparing regressions: p < 0.001). 
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shoot age (years) shoot age (years) 

L Cymodocea serru/ata 
y = 0.13 + 0 . 4 5 ~  - r2  = 0.52. P 0.001 
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Fig. 3 Vert~cal shoot length versus shoot age  of the seagrasses at Bolinao Rhizome apex length of Enhalus acoroldes is included, 
although stnctly speaking ~t has no d~f fe ren t~a t ed  vertical shoots. Shoot age  is expressed in terms of leaf plastochron intervals (PI) 

and years (based on the mean annual PI duration In days for each spec~es )  

Horizontal rhizome growth rates were lowest for 
Enhalus acol-oides (5 cm yr-'; Table 2) and highest for 
Halophila ovalis (141 cm yr-l) .  Rhizomes branched at  
angles of about 60" (Table 2: 40" for Cymodocea serru- 
lata to 72' for H. ovalis), but no branches were 
observed in the large sample of horizontal rhizomes of 
Thalassla hempnchii examined (Table 2). Branch pro- 
duction per year tended to correlate positively with 

horizontal rhizome growth (excluding T. hemprichii, r2 
= 0.70, p < 0.10). 

Enhalus acoroides and Thalassia hemprichii had 
fairly long-lived shoots, with median ages of about 
1.5 yr and maximal observed longevities of 9.8 and 
6.1 yr, respectively (Table 3).  The remaining species 
had mean shoot ages rarely exceeding 1 yr, although 
the oldest Cymodocea rotundata shoot sampled had a n  



220 Mar Ecol Prog Ser 124: 215-225, 1995 

Table 2. Number of leaves produced per shoot per year, and the corresponding plastochron intervals (PI), rhizome elongation and 
branching rates, and shoot spacing on the rhizomes, of the seagrasses present in the mixed meadows at Bolinao (Luzon, The 
Philippines) Means are given i 1  standard error; sample size is in parentheses, na: not applicable; -: data were not collected Leaf 
PI in Halophjla ovaljs was calculated as half the measured rhlzome PI of 4.4 d, because a pair of leaves is produced for each rhi- 

zome internode. Vertical elongation rate for Halodule uninervis was averaged over the Silaqui and Pislatan stations 

Cymodocea Cymodocea Enhalus 
rotundata serrulata acoro~des 

Halophila Halodule 
ovalis uninervis 

Syringodium 
isoetjfoLium 

Thalassia 
hemprichjj 

10.9*0.31 
(59) 

34.8t0.9 Leaves shoot-' yr.' 

Vertical elongation 
rate (cm shoot-' yr-') 

Horizontal elongation 
rate (cm apex-' yr-l) 

Horizontal elongat~on 
rate (internodes 
apex-' PI-') 

Rhizome branching 
angle (degrees) 

Branching rate 
(branches apex-' yr-l) 

Horizontal internodes 
between shoots 

Shoot spacing along 
the rhizome (cm) 

Distance between 
horizontal branches 
(cm) 

Table 3. Age of live and dead shoots, as well as shoot mortal~ty and recru~tment (gross and net) rates, of seagrass species forming 
the mixed meadow at Bolinao (Luzon. The Philippines). Means are given 2 1 standard error; sample size is in parentheses; na: not 
applicable; -: data were not collected. In Enhalus acoroides and Halophila ovalis, shoot age was calculated for branches up to the 

connection with the main rhizome axis, and for apices up to the first rhizome branch 

Cymodocea Cymodocea Enhalus Halophila Halodule Syringodium Thalassia 
rotundata serrulata acoroides ovalis uninervis isoetifolium hemprichii 

Age of living shoots (d) 343t20 2022 9 787k125" 27k4.2 145+16 244t15 668i 23 
(2691 (126) (34) (25) (55) (61) (346) 

Median [maximum] 
age of living shoots (d) 

Life expectancy (median 
age of dead shoots t SE) 

Recruitment rate. R 
(yr-l); [annual recruits 
m-2]  

Mortality rate, M (yr-l) 

Net recruitment, 
R - M (yr.') 

'Alternatively, minimal age of the apical shoots of E. acoroides was calculated by summing all internodes of the main rhlzome 
axis up to its distal end: 1673k229 (18), with median and maximum age being 1869 and 3564 d. respectively. This is also the 
minimal age of a shoot cluster 
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Fig. 4 .  Shoot age frequency distributions of the seagrass species at Bohnao. Filled bars indicate dead shoots, hatched bars are 
living shoots; no dead shoots were encountered for Enhalus acoroides and Halodule uninervis. Shoot age is expressed in leaf 
plastochron intervals (PI, lower horizontal axis) and in years (upper horizontal axis), computed from the mean annual plastochron 

interval (PI) duration of each species in days 

age  of 4.1 yr. Shoot age distributions were considerably hernprichii and C. rotundata had positive net recruit- 
skewed (Fig. 4 ) ,  indicating substantial mortality (Table ment rates considerably larger than the standard errors 
3). Mortality rates ranged from 0.2 (E. acoroides) to estimated for the mortality rates (Table 3), suggesting 
2.9 In units yr-' (C. serrulata), and were also high for that they were proliferating in the mixed meadow. 
Halodule uninervis and Syringodium isoetrfolium. Mor- In support of our hypothesis, the allometric correla- 
tality rates were closely correlated with recruitment tion between shoot weight and (median) age was sig- 
rates (r2 = 0.94, p <0.001, slope = 1.01 * 0.13). T. nificant (Fig. 5a), as  was that between rhizome diame- 
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rned~an shoot age (days) rh~zome d~ameter [ In (rrfn) 1 

Syrinp 

Haloph 

Clillnd 

Cyro Thai 

"2, l 
i d .  Cyro c : / ~ *  

shoot welght [ In (mg DW) ] shoot welght [ In (rng DW) ] 

zhoot welwt [ In (mg DW) 1 shoot weight l In (mg Dw) l 

Fig. 5. Allometric scatterplots for the ddferent seagrass species of the mixed meadow at Bolinao, and fitted regression equatlons. 
for: (a)  shoot weight vs median shoot age, (b) shoot weight vs rhizome diameter, (c) rhizome elongation rate vs shoot weight. 
(d) shoot spacing vs shoot we~ght ,  (e) leaf turnover [calculated as (leaf crops shoot-! yr. ']/(leaves shoot- ')]  vs shoot weight, and 
( f )  shoot recru~tment (expressed as doubling time, ( m 2 ) / ~ ,  from Table 31 vs shoot we~ght .  Where natural-log transformations were 
used this is denoted with In. Cyro: Cyrnodocea rotundata; Cyser- C. serrulata; Enh: Enhalus acoroides; Halod: Halodule unin- 

ervls; Haloph Halophila ovahs, Syring: Syringodiun~ isoetifolium; Thal: Thalassia hempnchji 

ter and shoot age  (r2 = 0.71, p i 0.025; not shown). 
Accordingly, shoot weight and rhizome diameter were 
closely correlated (Fig. 5b),  and both can be  used to 
scale the size range encountered here. Vertical shoot 
growth was not correlated significantly with shoot size 
(p > 0.10), whereas for horizontal growth there was a 
significant negative correlation (Fig. 5c). Larger shoots 
were spaced out at significantly longer intervals along 

the rhizome (Fig. 5d). Leaf turnover was correlated 
negatively, and shoot population doubling-time posi- 
tively, with shoot weight (Fig. 5e, f ) .  Hence, compared 
across species in this mixed bed, growth declined with 
size, as reflected in lower horizontal rhizome growth 
and shoot as well as leaf turnover. 

The mean annual shoot density of the different spe- 
cies present ranged from 10 (Cymodocea serrulata) to 
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548 shoots m-2 (Thalassia hemprichii]. The main leaf 
canopy was made up largely of C. rotundata and T. 
hemprichii (mean leaf height 15 to 20 cm; adding leaf 
length to vertical stem length in Table l), together 
responsible for an  LA1 of 2.1 m2 m-' out of the total of 
3.0 m2 m-' (Table 4). Above this level scattered tufts 
(with an  average of 2 shoots in a cluster) of Enhalus 
acoroides extended to a height of some 60 cm (LA1 of 
0.8). The leaves of the smallest Halophila ovalis 
remained below 5 cm height and formed a sparse 
understorey. The main leaf canopies were maintained 
by a considerable shoot flux (annually recruited 
shoots/mean shoot density = 0.6 in E. acoroides and T. 
hemprichii and 1.5 in C. rotundata; Tables 3 & 4)  and 
by leaf turnover (Table 2). The total biomass (exclud- 
ing roots) of the meadow was 624 g DW m-2, of 
which 45 % was represented by horizontal rhizomes 
(Table 4).  Aboveground biomass was dominated by the 
leafy shoots of T. hemprichii (72%); belowground, the 
massive rhizomes of Enhalus acoroides dominated 
(65 %). Combining the estimated biomass with leaves 
produced per year and vertical and horizontal growth, 
the annual productivity was calculated to be 2140 g 

DW m-' yr-'  (roots excluded; Table 4), of which 91% 
was leaves that were largely produced by T. 
hemprichii (77 %) . 

DISCUSSION 

The species forming the mixed meadow at Bolinao 
span the broadest possible range in size, from the tiny 
Halophila ovaljs to the largest seagrass species in the 
world, Enhalus acorojdes (Duarte 1991a). Confirming 
our hypothesis, allometric scaling across the species 
present was found to be  significant in several respects: 
shoot recruitment, leaf turnover and  horizontal rhi- 
zome elongation and branching rates were less for spe- 
cies with older and larger shoots (Fig. 5). The smaller, 
short-lived species a re  thus best equipped to colonize 
new areas through rhizome expansion, or to wander 
from gap  to gap  (Sousa 1984) within established beds 
('guerilla' strategy; see review by Harper 1976). Yet, 
the presently observed horizontal rates are lower than 
previously reported for the same species (e.g. Cynlod- 
ocea serrulata: 340 cm yr- ' ;  Brouns 1987a), suggesting 

Table 4. Shoot and rhizome apex density, leaf area index (LAI, mZ m-', single-sided), stand biomass and annual production of the 
seagrass species present in the mixed meadow a t  Bolinao (Luzon, The Philippines). Biomass as well as annual productivity ex- 

cludes roots; na: not applicable; -: data were not collected 

Cymodocea Cymodocea Enhalus Halophila Halodule Syrjngodium Thalassia Totals 
rotundata serrulata aroroides ovalis uninervis isoetifohum hemprichii 

Density. no. m-' 

Shoot density 171 * 22 10 i 5 2 1 * 3  16 * 10 47 * 12 109 * 18 548 *21  

Rhizome apex 17 1 na na 9 - 58 
density 

LA1 0.63 0.03 0.76 0.02 0.01 0.09 1.45 2.99 

Biomass, g DW m-' 
Aboveground 22.9 2.4 53.0 0.1 4.5 12.5 250.2 345.6 
(leaves + verti- 
cal internodes) 

Rhizomes 16.2 0.3 180.2 0.1 2.8 1.8 77.3 278.7 

Total biomass 39.1 2.7 233.3 0.2 7.3 14.3 327.5 624.3 

Annual productivity, g DW m-' yr-' (% of total) 

Leaves 199.0 (97.4) 13.0 (87.2) 139.1 (64.5) 9.5 (70.9) 32.8 (78.5) 53.6 1511.5 (94.8) 1958.5 (91.4) 

Vertical 2 2 ( 1  1.6(10.7) 0 0 5.4 (12.9) 3.6 61.0 (3.8) 73.8 (3 4) 
internodes 

Khizomes 3.2 (1.5) 0.3 (2.0) 76.5 (35.5) 3.9 (29.1) 3.6 (8.6) - 22.8 (1.4) 110.2 (5.1) 

Total above- 201.2 14.6 139.1 9.5 38.2 57 2 1572.5 2032.3 
ground 

Total above- 204.3 14.9 215.6 13.4 41.8 (57.2) 1595.2 2142.4 
and below- 
ground 

"In E. acoroides and H. ovalis, rhizome apex density is shoot density 
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that rhizome growth declines in stable meadows as 
compared to expanding monospecific patch fronts. In 
contrast, Thalassia hempnchii and E. acoroides have 
longer-lived and larger shoots which allow them to 
occupy space more permanently, and accumulate and 
retain resources for extended periods of time. Hence, 
the smaller species are arrested in a permanent state of 
colonisation, or 'pioneer' role, imposed by this high 
shoot mortality rate and the need for fast, continuous 
rhizome growth to provide the required shoot flux. 
Also, we speculate that the shorter-lived species have 
relatively long-lived seeds (McMillan 1991), as is com- 
monly observed in terrestrial plants (Harper 1977). 

Shoot recruitment and mortality were relatively well 
balanced for most species; only Thalassia hemprichii 
and Cymodocea rotundata had a distinct positive net 
recruitment (Table 3),  suggesting that on average they 
had expanded their share in the mixed meadow during 
the preceding 4 to 6 yr. The range of recruitment and 
mortality rates was comparable to values found in tem- 
perate as well as tropical seagrass beds (recruitment 
0.3 to 4.3 yr-l, mortality 0.7 to 3.5 yr-'; Vermaat et al. 
1987, Duarte & Sand-Jensen 1990, Gallegos et al. 1993, 
1994, Harrison 1993, Olesen & Sand-Jensen 1994). 

Biomass and annual productivity of this mixed 
meadow were relatively high (Duarte 1989) but com- 
parable to values reported for tropical meadows 
(Brouns 198713, Gallegos et al. 1993). Meadow biomass 
was quantitatively dominated by the long-lived 'cli- 
max' species, Thalassia hempnchii and Enhalus 
acoroides (52 and 37%, respectively, of which 24 and 
77 % were rhizomes; Table 4) ,  as has been observed in 
other mixed meadows in SE Asia (Brouns 198713, Nien- 
huis et al. 1989, Tomasko et al. 1993). CO-dominance of 
E. acoroides in terms of biomass, however, did not 
result in a similarly important contribution to annual 
productivity: only 10%, compared to the 74 O/O contri- 
bution by T. hemprichii. This difference can be 
explained by the lower horizontal rhizome growth as 
well as leaf turnover in E. acoroides, coupled with its 
larger shoot size (Fig. 5), but also by its considerable 
reproductive effort: in other seagrass species less than 
10% of the shoots flower annually, but in E, acoroides 
each shoot typically produces several large flowers 
and fruits per year (Gallegos et al. 1992, J.S. Uri et al. 
unpubl.), which may represent a considerable loss of 
resources. 

The CO-dominant Enhalus acoroides is unlikely to be 
subjected to significant interference by the other spe- 
cies, because its leaf surface is raised above that of the 
others and its rhizomes send their roots deeper into the 
sediments (Fortes et al. unpubl.). The leaf canopy (LA1 
of 0.8 m2 m-2) formed by E. acoroides, on the other 
hand, will not cause significant shading of the smaller 
species. The similarly sized species that form the main 

canopy (i.e. Thalassia h~mprichii, Cyrnodocea rotun- 
data, C. serrulata and Syringodium isoetifolium), how- 
ever, may compete for both light and nutrients, 
because leaves as well as roots (Fortes et al. unpubl.) 
are positioned at similar levels in the water column and 
sediment, respectively (cf. Williams 1987). Shading is 
likely to be most acute for Halophila ovalis, which has 
its leaves almost on the sediment. This species must 
compensate for its unfavourable light climate by hav- 
lng low light requirements, which is reflected in the 
greater depths it can inhabit compared to other sea- 
grasses (Duarte 1991b). 

Vertical growth, which was found to be a size-inde- 
pendent trait, may be important in the competition for 
light, since considerable vertical elongation, as ob- 
served in Cymodocea serrulata (13.1 + 1.8 cm yr-l), 
will position the leaves higher up in the canopy as 
compared to the much lower elongation rates of C. 
rotundata (1.5 * 0.1 cm yr-l). This, however, may also 
be achieved by adjusting leaf lengths; hence differ- 
ences in vertical shoot growth are probably more 
important for surviving under conditions of of high 
sedimentation rates (Marba et al. 1994a, b). Since the 
mean vertical elongation rates in Thalassia hemprichii 
found here are comparable to rates found for the 
Caribbean Thalassia testudinum Banks ex Koenig in 
low-sedimentation areas (Marba et al. 1994a), we 
speculate that sedimentation rates in the Bolinao reef 
lagoon are relatively low. 

Previous analyses of the role of different seagrass 
species in SE Asian meadows (Birch & Birch 1984, 
Brouns 1987a, Nienhuis et al. 1989) identified Enhalus 
acoroides and Thalassia hernprichii as 'constant' spe- 
cies and Cymodocea rotundata, Halodule uninervis 
and Halophila ovalis as 'pioneering' species. Our data 
on size and associated growth rates, as well as popula- 
tion dynamics, provide a quantitative explanation for 
this classification, demonstrating the significance of 
seagrass size as a predictor of the role of the different 
species in the mixed seagrass meadows that dominate 
SE Asian coastal waters. 
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