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ABSTRACT: The implications of differences in plant size for seagrass productivlty were examined 
based on an  extensive compilation of data on architecture and growth of seagrass species. The analysis 
revealed strong allometric relationships between the size of different components, particularly a close 
scaling of the size of leaves, shoots, and fruits to rhizome diameter, as  well as  strong relationships 
between shoot size and the dynamics (e .g  turnover rate, plastochrone interval, and longevity) of 
seagrass leaves and rhizomes of different species. The decrease in rhizome elongation rates and leaf 
turnover rates with increasing seagrass size demonstrates the importance of architecture for seagrass 
productivlty, and also provides explanations for the different ecological roles of small, colonizing 
species, and large, climax seagrass species. In addition, these results demonstrate that while habitat 
conditions have important Influences on seagrass productivity, differences in size may explain the vast 
range of turnover tlmes, plastochrone intervals, and module longevities, encountered among seagrass 
species. 

INTRODUCTION 

Seagrasses are characterized by a relative taxonon~ic 
and architectural uniformity, and are represented by 
few (about 50 species distributed in 12 genera) species 
(Den Hartog 1970, Stevenson 1988). Seagrasses grow 
by the reiteration of modules (rhizome internodes, leaf 
clusters, and roots; cf. Tomlinson 1974). Yet, the bio- 
mass and turnover rates of different seagrass species 
differ by orders of magnitude (cf. Stevenson 1988). 

Attempts to explain differences in seagrass biomass 
and production and,  thus, their importance in shallow 
sandy ecosystems, have focused primarily on the influ- 
ence of habitat conditions, particularly temperature 
and light (cf. Hillman et al. 1989) and, more recently, 
nutrient availability (Short 1987, Short et al. 1990, 
Perez et al. 1991). However, fast-growing, colonizing 
species are often small (e.g.  Halophila spp.) ,  whereas 
slow-growing, 'climax' species are often large (e.g. 
Enhalus acoroides and Posidonia spp.; cf. Den Hartog 
1977, Hillman et al. 1989), suggesting that differences 
in plant size may help to explain productivity differ- 
ences among seagrass species. 

Here I used an extensive compilation of data on 
architecture and growth of different seagrass species to 
examine the implications of differences in module size to 
account for differences in productivity among seagrass 
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species. To achieve this goal I first examined the (inters- 
pecific) allometric relationships among the size of differ- 
ent seagrassmodules, and then assessed the implications 
of differences in module size for seagrass dynamics. 

METHODS 

I searched the literature for data on seagrass module 
size (rhizome diameter and internodal length, shoot 
weight, leaf area, and fruit size) and dynamics [longev- 
ity, plastochrone intervals (i.e. the time elapsed 
between production of consecutive n~odules),  and 
growth; Table l ] .  I also report data for Ruppia maritjma 
L. ,  an angiosperm species similar in architecture to 
seagrasses and also abundant in coastal zones through- 
out the world. I used average values when possible, 
and when data were given as ranges, I used the arith- 
metic and geometric midpoint for ranges smaller and 
greater than an  order of magnitude, respectively. 
Because the architecture and dynamics of individual 
seagrass populations may reflect habitat conditions 
rather than characteristic values for the species, the 
variables in the data set compiled were averaged by 
species, and these average values were then used to 
represent the architecture and productivity of each 
seagrass species in the analyses. Thus, the units ana- 
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Table 1. Sources of data on architectural and dynamic characteristics 
angiosperm species 

Species Source 

Arnphibohs anfarctica Den Hartog (1970) 
Walker & McComb (1988) 
Clarke & Kirkman (1989) 
Hillman et al. (1989) 
Walker (1989) 

Amphibolis gnffithii Den Hartog (1970) 
Hillman et al. (1989) 

Cymodocea angostata Den Hartog (1970) 

Cymodocea nodosa Den Hartog (1970) 
Caye & Meinesz (1985) 
Perez (1989) 
Peduzzi & Vukovis (1990) 
Duarte (unpubl. results) 

Cymodocea rofundata Ogden & Ogden (1982) 
Brouns (1987) 

Cymodocea rotun&folia Den Hartog (1970) 

Cymodocea serrulata Den Hartog (1970) 
Ogden & Ogden (1982) 
Brouns (1987) 

Enhalus acoroides Den Hartog (1970) 
Johnstone (1979) 
Ogden & Ogden (1982) 
Brouns & Heijs (1986) 
Estaclon & Fortes (1988) 

Halodule beaudettei Den Hartog (1970) 
Halodule bermudensis Den Hartog (1970) 

Den Hartog (1970) Halodule pinifolia 

Halodule uninem's Den Hartog (1970) 
Ogden & Ogden (1982) 
Brouns (1987) 

Halodule wrightii Den Hartog (1970) 
Vinstein (1982) 
Eleuterius (1987) 

Halophila baillonis Den Hartog (1970) 

Halophila beccarii Den Hartog (1970) 
Halophila decipiens Den Hartog (1970) 

Gil-Rodriguez & Cruz-Simo (1982) 
Josselyn et al. (1986) 
Kenworthy et al. (1989) 

Halophila engelmanni Den Hartog (1970) 
Halophila hawaiiana Herbert (1986) 
Halophila ovalis Den Hartog (1970) 

Ogden & Ogden (1982) 
Brouns (1987) 
Clarke & Kirkman (1989) 
Hillman et al. (1989) 

Halophila ovata Den Hartog (1970) 
Halophila spin ulosa Den Hartog (1970) 
Halophlla stipulacea Den Hartog (1970) 

Hulings (1979) 
Wahbeh (1984) 

Heterozostera tasmanica Den Hartog (1970) 
Bulthuis (1983) 
Bulthuis & Woelkerling (1983) 
Phlllips et al. (1983) 
Clarke & Krkman (1989) 
Hillman et al. (1989) 

of different seagrass species, and on Ruppia rnadtirna, an 
abundant in coastal areas 

Species Source 

Phyllospadix iwatensis Den Hartog (1970) 

Phyllospadix japonicus Den Hartog (1970) 

Phyllospadix serrulatus Den Hartog (1970) 

Ph yllospadix torreyl Den Hartog (1970) 
Stewart (1989) 

Phyllospadix scouleri Den Hartog (1970) 

Posidonia austraLis Den Hartog (1970) 
Larkurn (1976) 
Klrkrnan & Reid (1979) 
West & Larkum (1979) 
Silverstein et al. (1986) 
Walker & McCornb (1988) 
Clarke & brkrnan (1989) 
Hillman et a1 (1989) 
West et al. (1989) 
West (1990) 

Posidonia oceanica Den Hartog (1970) 
Ott (1979) 
Ott (1980) 
Bedhornme (1981) 
Thelin & Bouderesque (1983) 
Bay (1984) 
Bouderesque et al. (1984) 
Pirc (1984) 
Wittmann (1984) 
Buia et al. (1985) 
Rornero-Martinengo (1985) 
Pergent & Pergent-Martini (1990) 
Sernround et al. (1990) 
Duarte (unpubl. results) 

Posidonia ostenfeldii Den Hartog (1970) 

Ruppia rnantirna Bigley & Harr~son (1986) 

Syringodium filifornle Den Hartog (1970) 
Ogden & Ogden (1982) 
Fry (1983) 
Barber & Beherens (1985) 
Eleuterius (1987) 
Williarns (1987) 
Fry & Virnstein (1988) 

Syringodium ~soetifolium Den Hartog (1970) 
Brouns (1987) 
Clarke & Kirkrnan (1989) 

Thalassia hemprichii Den Hartog (1970) 
Ogden & Ogden (1982) 
Brouns (1985) 
Brouns (1987) 

Thalassia testudinum Tornlinson & Vargo (1966) 
Den Hartog (1970) 
Patriquin (1973) 
Taylor et a1 (1973) 
Buesa (1974) 
Zieman (197 5) 
Ziernan et al. (1984) 
Barber & Beherens (1985) 
Iverson & Bittaker (1986) 
Eleuterius (1987) 
Williams (1987) 
Dawes & Tomasko (1988) 

d 
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Table l (continued) 

Species Source 

Thalassia testudinum Williams (1988) 
Tornasko & Dawes (1989) 
Tornasko & Dalves (1990) 
Duarte (unpubl. results) 

Thalassodendron ciliaturn Den Hartog (1970) 
Lipkin (1988) 

Thalassodendron Den Hartog (1970) 
pachyrhizum Kirkrnan & Cook (1987) 

Zostera americana Den Hartog (1970) 

Zostera asiatica Den Hartog (1970) 

Zostera caespitosa Den Hartog (1970) 

Zostera capensis Den Hartog (1970) 

Zostera capricorni Den Hartog (1970) 
Larkum et al. (1984) 
Kirkman & Cook (1982) 
Hillman et al. (1989) 
West et  al. (1989) 

Zostera caulescens Den Hartog (1970) 
Zostera japonica Den Hartog (1970) 

Bigley & Harrison (1986) 

Zostera manna Keller & Harris (1966) 
Den Hartog (1970) 
Sand-Jensen (1975) 
Backrnan & Banlotti (197 6) 

Species Source 

Zostera marina Jacobs (1979) 
Mukai et al. (1979) 
Aioi (1980) 
Bak (1980) 
Nienhuis & De Bree (1980) 
Jacobs (1984) 
Robertson & Mann (1984) 
Thorne-M~ller & Harlin (1984) 
Dennison & Alberte (1985) 
Kentula & McIntire (1986) 
Ibarra-Obando & Huerta- 

Tamayo (1987) 
Garnbi (1988) 
Ronlan & Able (1988) 
Umebayashi (1988) 
Gambi et al. (1990) 
Pedersen (1990) 

Zostera rnucronata Den Hartog (1970) 

Zostera muelleri Den Hartog (1970) 
Clough & Attiwell (1980) 
Kerr & Strother (1989) 

Zostera no1 tii Den Hartog (1970) 
Jacobs et al. (1983a. b) 
Verrnaat et  al. (1987) 

Zostera novazelandica Den Hartog (1970) 

lyzed were seagrass species and not seagrass stands. 
Relationships among these variables were then 
described using reduced major axis regression anal- 
yses (Till 1974) to prevent bias in regression coeffi- 
cients derived from error in the independent and 
dependent variables (LaBarbera 1989). The allometric 
relationships between the size of plant parts and 
between plant size and dynamics were described by 
fitting the equation 

which has been used extensively to describe allometric 
relationships between organismal parts, and to scale 
plant growth to size (Huxley 1932, LaBarbera 1989). 
The strength of the relationships obtained was 
described by the coefficient of determination ( R ~ ) ,  and 
their precision was described by the standard error of 
the regression estimate. 

The importance of among- versus within-species var- 
iability in seagrass architecture and dynamics was 
assessed by comparing the among- and within-species 
coefficient of variation for those variables where suffi- 
cient information was available to calculate both. 
Within-species variability reflects both differences 
among populations of individual seagrass species and 
seasonal variability in the properties examined, since 
average annual values were not available for all 
species. 

RESULTS 

Seagrass species differ widely in module size (Ta- 
ble 2), among-species variability being much greater 
than that within species, except for differences in the 
number of leaves per shoot (or leaf cluster) and, to a 
lesser extent, the length of rhizome internodes, where 
within-species variability was comparable to among- 
species differences (Table 2) .  The dynamic properties 
of seagrasses also ranged widely among species, 
except for leaf elongation rates, where variability 
within species was quite considerable and comparable 
to that among species (Table 2). 

Allometric relationships between seagrass modules 

The sizes of leaves, shoots, and fruits of different 
seagrass species were strongly related to the diameter of 
their rhizomes (Eqs. 1 to 3 in Table 3; Fig. 1). The rate of 
increase in size with increasing rhizome diameter was 
greatest for fruit volume (slope = 2.91), intermediate for 
shoot weight (slope = 2.57), and smallest for leaf size 
(slope = 2.17; Table 3). The number of shoots produced 
per rhizome internode, which influences the spacing in 
between shoots, was also strongly, positively related to 
rhizome diameter (r = 0.78, p < 0.001), indicating that 
shoots of seagrass species with thick diameters are 
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Table 3. Relationships between seagrass architecture and seagrass dynamics described by regression equations of the form Y = 

axb.  N represents the number of observations (i.e. seagrass species) included in the analysis. The strength of the relationships is 
characterized by the coefficient of determination ( R ~ ) ,  their precision by the standard error of the (log-transformed) regression 
estimates (SE,,, .,,.l, and the uncertainty about the regression slope is described by the standard error of the slope (SEsI,,,). Units 

for architectural and dynamic properties as in Table 2. P.I.: plastochrone interval; P/B: production/biomass 

Leaf size 
Shoot weight 
Fruit size 
Leaf P.I. 
Shoot P.I. 
Rhizome P.I. 
Leaf P/B 
Shoot longevity 
Rhizome elongation 
Rhizome elongation 

Rhlzome diameter 
Rhizome diameter 
Rhizome diameter 
Shoot weight 
Shoot weight 
Shoot weight 
Shoot weight 
Rhizome diameter 
Rhizome diameter 
Internodal length 

Rhizome diameter (mm) 

50 - 
Rhizomes 

20 - 
10 - 

5 - 

2- 

Shoots m I 

Shoot weight (mg DW) 

Fig. 1 Relationships between leaf slze, shoot size (DW. dry 
wt), fruit size, and rhizome diameter Each data point repre- Fig. 2. Relationships between leaf, rhizome, and shoot plasto- 
sents the average values obtained for a different seagrass chrone intervals (i.e, time elapsed between the appearance of 

species 2 consecutive modules), and shoot weight 
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Shoot weight (rng DW) 

Fig. 3. Relationships between leaf turnover rate (P/B: produc- 
tion/biomass, yr-') and  shoot weight 

Rhizome d~arneter (mm) 

Fig. 4 .  Relationships between shoot longevity and rhizome 
diameter 

rates of seagrass rhizomes were strongly related to the 
size of seagrass modules, and decreased with increas- 
ing rhizome diameter (Eq.  9 in Table 3; Fig. 6), but 
increased with increasing internodal length (Eq. 10 in 
Table 3; Fig. 6). Thus, a regression model including 
both rhizome diameter and internodal length, 

log Rhizome elongation (cm yr-l) = 

1.93 - 0.62 log Rhizome diameter (mm) + 
1.14 log Internodal length (cm) 

(R2 = 0.84, N = 18, SEsIo,, = 0.26 and 0.22; 

SE1og est. 0.281, 

accounted for most of the variability in rhizome elonga- 
tion rates among seagrass species. 

DISCUSSION 

The data compiled here show that, because of their 
limited architectural repertoire, size differences (Table 
2) play an important role in accounting for productivity 

Rhizome P.I. (days) 

Rhizome P/B (year-') 

Fig. 5. Relationships between plastochrone intervals (P  I . )  and 
turnover rates (P/B: production/biomass, yr-') of seagrass 

leaves and rhizomes 

.- - Rhizome diameter (mm) 

l , ,  , . . . . . ,  . I  
0.1 0.5 0.2 1.0 2.0 5.0 

Rhizome internodal length (cm) 

Fig. 6. Relationship between rhizome horizontal elongation 
rates and rhizome diameter and internodal length 
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differences among seagrass species. Yet, within- 
species variability in some properties was found to be 
similar in magnitude to that among species. For in- 
stance, within-species variability in rhizome internodal 
length and  number of leaves per shoot was slmilar in 
magnitude to among species variability, for both these 
properties are subject to strong seasonal variabhty, 
both showing minimum values in winter and peak 
values in mid-summer (e.g. Caye & Meinesz 1985, 
Kentula & McIntire 1986, Duarte & Sand-Jensen 1990). 
Similarly, leaf elongation rates, which are strongly sea- 
sonal and show considerable variability among popula- 
tions of a given species (Zieman 1975, Thorhaug & 
Roessler 1977, Bulthuis & Woelkerling 1983), also var- 
ied almost as much within as among species (Table 2 ) .  
Seasonal and habitat-dependence are also evident in 
other properties of seagrass, notably shoot and leaf 
size, leaf turnover rates and plastochrone intervals (e.g. 
Sand-Jensen 1975). Yet, among-species variability in 
these properties is larger than that within species 
(Table 2). 

The strong relationships found among the sizes of 
different seagrass parts (Fig. 1, Table 3) provide evi- 
dence of the architectural similarity of seagrass species. 
These relationships, however, revealed differences in 
the relative increase in size of different seagrass com- 
ponents (Table 3). Rhizome diameter was found to be 
an  appropriate factor for scaling the size of different 
seagrass modules, since the size of leaves, shoots, and 
fruits increased with increasing rhizome diameter 
among different species (Eqs. 1 to 3 in Table 3). In 
addition, within-species variation in rhizome size was 
found to be smaller than that in leaf or shoot size (Table 
2),  further demonstrating the use of rhizome diameter 
as a robust and useful descriptor of the architecture of 
seagrass species. 

Rhizome diameter (D) represents, in a pipe model of 
seagrass architecture (cf. Shinozalu et al. 1964), the 
width of the channels for substance transfer, which 
has a great influence on the volume rate of flow (Q)  
along the channel (i.e. Q 2 D4, Hagen-Poiseuille law; 
Bird et  al. 1980). Thus, thick rhizomes should allow for 
a better integration among distant modules than in 
species with thinner rhizomes. Consequently, species 
with thick rhizomes should be able to gather the 
resources necessary to produce new shoots, leaves, 
and fruits from modules further apart than in species 
with thinner rhizomes, which should be more depend- 
ent on the resources available locally. The greater 
integration allowed by thick rhizomes, however, is 
achieved at  the expense of a reduced potential for 
rhizome extension, and,  thus, a limited colonizing 
capacity. Further, if seagrasses are likened to trees 
laid on their sides, as other rhizomatous plants have 
been (cf. Watt 1940, Harper 1977), the allometric rela- 

tionships of seagrass parts to rhizome diameter 
described here would be equivalent to those relating 
the size of terrestrial plants to stem diameter (e.g. 
Kittredge 1944, White 1981). 

Differences in seagrass size had, as postulated, 
important implications for seagrass dynamics, for large 
seagrass species had slower turnover rates of leaves 
and rhizomes, and exhibited longer time lapses 
between the appearance of different modules (i.e. plas- 
tochrone intervals; Fig. 2 ) ,  and longer-living leaves and 
shoots than did smaller species. Further, the -0.36 
scaling of leaf P/B ratios to shoot size (Eq. 7 in Table 3; 
Fig. 3) is similar to that described in the past for other 
field populations (Banse & Mosher 1980). Although 
differences in leaf turnover and plastochrone intervals 
in leaves and rhizomes were found to be correlated, 
these relationships were not linear, for leaf turnover 
increases more slowly than rhizome turnover (Fig. 5).  
This implies that rapid rhizome turnover rates are 
achieved at the expense of reduced leaf turnover rates, 
and, consequently, a shift of resource allocation from 
leaf to rhizome growth. . 

Large seagrass species compensate their slower 
growth and turnover through extended life spans (Eq. 8 
in Table 3 ;  Fig. 4). Thus, large, long-living seagrasses 
are more productive - when productivity is scaled to 
their biological time (i.e. life span) - than are more 
ephemeral seagrasses, as demonstrated by significant 
positive correlations of the total production of leaves, 
rhizome internodes, and shoots dunng the life-span of 
a single shoot to shoot longevity (r = 0.78, 0.55 and 0.79 
respectively, p < 0.001). Further, shoots of some of the 
larger seagrass species develop flowers very rarely; for 
instance, shoots of Posidonia oceanica have been 
reported to flower, on average, once every 6 to > 50 yr 
(Pergent & Pergent-Martin1 1990). However, these 
apparently small reproductive efforts may become, 
when computed over the extended shoot life spans of 
large seagrasses (Table 2) ,  quite considerable. More- 
over, since the total number of shoots and rhizome 
internodes produced along a rhizome axis during the 
life span of a shoot are also greater in the more longe- 
vous seagrass species, the reproductive effort of indi- 
vidual genets, which may appear small in natural time, 
may be  quite phenomenal if computed dunng their life 
span, which is the relevant time frame for examining 
population dynamics. 

The strong relationships between seagrass dynamics 
and size demonstrate the importance of architecture for 
seagrass productivity, and also provide explanations 
for the different ecological roles of small and large 
seagrass species. Small species are able to display the 
fast rhizome elongation rates and leaf turnover neces- 
sary to colonize new environments (Den Hartog 1977, 
Hillman et al. 1989). In contrast, large seagrass species 
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are more longevous and their thicker rhizomes allow 
for a greater integration among modules, which per- 
mits the efficient use of resources necessary for the 
maintenance of long-lasting seagrass meadows in 
unproductive environments. 

Size-differences among seagrass species, which con- 
strain their ecological role, also determine the type of 
environments they may occupy. Small seagrass species 
may occupy frequently disturbed habitats, for they 
have the potential (e.g. fast rhizome elongation rates) 
to develop extensive populations and produce sub- 
stantial amounts of organic carbon during the short 
time intervals between disturbances. Large seagrass 
species, however, require stable environments, which 
probably become even more stable when supporting a 
continuous seagrass cover, to develop similarly exten- 
sive and productive populations. 

In summary, the results obtained demonstrate the 
importance of seagrass size as a constraint on the 
productivity and ecological strategies displayed by 
different seagrass species. These results also demon- 
strate that while habitat conditions, particularly light, 
temperature, and nutrients, play a n  important role in 
controlling seagrass productivity (e.g. Hillman et al. 
1989), differences in the species composition of sea- 
grass populations alone may involve order-of- 
magnitude differences in productivity, depending on 
architectural differences among the species involved. 
Thus, the allometric relationships described here 
may provide, in the future, a basis for the prediction 
of species succession patterns and seagrass productiv- 
ity from simple architectural characteristics of local 
floras. 
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