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ABSTRACT. A compilation of published and original data on rhizome morphometry, horizontal and 
vertical elongation rates and branching patterns for 27 seagrass species developing in 192 seagrass 
stands allowed an examination of the variability of seagrass rhizome and clonal growth programmes 
across and within species. Seagrass horizontal rhizomes extend at rates ranging between 1.2 and 
574 cm yr-l, develop a branch, with an angle from 19 to 72", for every 6 to 1800 horizontal internodes, 
and add a new shoot for every 1.1 to 7.5 cm of rhizome produced. Vertical rhizomes elongate at rates 
between 0.1 and 34 cm yr-' and the probability that they will branch varies over 3 orders of magnitude. 
Much (between 40 and 173%) of the variability of seagrass horizontal rhizome and clonal growth pro- 
grammes is species-specific, largely (21 to 63% of the variance) associated with differences in size 
among species, although seagrasses also show important intraspecific variability. The broad repertoire 
of seagrass rhizome and clonal growth programmes explains the different rates and efficiency at which 
the species occupy space. The implications of specific growth programmes for space occupation were 
examined by simulating the development of seagrass rhizome networks of 3 seagrass species encom- 
passing the range of horizontal rhizome growth [Halophila ovalis, Thalassodendron ciliaturn, Posidonia 
oceanica). This exercice showed that small, fast-growing species achieve a much lower spread effi- 
ciency (m2 of gro.und covered m-' of rhizome produced) than the large, slow-growing species. Differ- 
ences in rh~zome branching angles greatly constrained the form of rhizome networks. The results show 
that clonal growth patterns are a primary component of seagrass productivity and, therefore, the key to 
the development and maintenance of seagrass meadows. 
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INTRODUCTION 

Vegetative development is, as is the case for all 
clonal plants, the main mechanism for seagrass prolif- 
eration (Tomlinson 1974, Duarte & Sand-Jensen 1990). 
Most seagrass shoots are produced as rhizomes grow, 
which is the process that regulates the rate of forma- 
tion and the spatial distribution of shoots within sea- 
grass meadows. The necessary coupling between rhi- 
zome spread and shoot population development 
implies that the process of rhizome growth is of central 
importance for predicting seagrass productivity (Tom- 
linson 1974) and clonal growth. 
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Clonal growth depends on a set of growth rules that 
determine the elongation (i.e. rate of addition, and size 
of rhizome internodes) and branching pattern (i.e. 
branching frequency and branching angle) of the rhi- 
zomes, and the rhizome length in between consecutive 
shoots (Bell et al. 1979, Bell & Tomlinson 1980, Angevine 
& Handel 1986, Cain 1990, Cain et  al. 1996). Seagrass 
growth rules regulating rhizome elongation appear to be 
to a large extent species-specific, and scaled to plant size 
(Duarte 1991), but they also exhibit intraspecific vari- 
ability allowing for ada.ptive responses (e.g. to sand bur- 
ial, Marba & Duarte 1994; to changes in light or temper- 
ature conditions. Marba et al. 1996a. Terrados 1997; to 
nutrient availability, Perez et al. 1994). Moreover, the 
highly organised morphology of seagrass rhizome net- 
works results from the control exerted by apical domi- 
nance on clonal growth (Terrados et a1 1997). 
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Knowledge of the growth programme of terrestrial 
clonal plants has allowed the prediction of the extent 
and density of plant populations (Bell & Tomlinson 
1980), an examination of their foraging capacity (Cain 
1990) and movement of shoots (Bell & Tomlinson 1980), 
and an analysis of interactions between neighbours 
(Kenkel 1993). Similarly, a coherent knowledge of sea- 
grass rhizome growth programmes should provide 
new opportunities to understand the patterns of space 
occupation, resource allocation and the competitive 
potential of seagrass species. Indeed, seagrass clonal 
growth has been demonstrated to be the basis of 
meadow maintenance (Vermaat et al. 1995), and the 
key factor in predicting colonisation rates (Duarte & 
Sand-Jensen 1990, Duarte 1995) and plant survivor- 
ship after disturbances (Marbh & Duarte 1995). 
Although the persistence, colonisation, and survival of 
seagrass meadows are clearly dependent on clonal 
growth, information on rhizome growth programmes is 
still scarce (Duarte 1991). The bulk of the research on 
seagrass growth has focused on leaf growth, whereas 
rhizome growth has been largely neglected. There are, 
however, signs that the early call for the study of rhi- 
zome growth as the key factor for predicting seagrass 
production (cf. Tomlinson 1974) is now receiving due 
attention (e.g. Duarte 1991, Terrados & Ros 1992, Gal- 
legos et al. 1993, Vermaat et al. 1995). As more data 

becomes available, it is now possible to attempt the 
needed synthesis of the available information on the 
rates, patterns, and intraspecific variability of rhizome 
spread to model clonal growth across seagrass species. 

We examine here seagrass rhizome and clonal 
growth, and its variability across and within species, 
based on a broad compilation of published and original 
data on honzontal and vertical rhizome elongation and 
branching patterns of 27 seagrass species growing in 
192 stands throughout the world. We test the size 
dependence of seagrass rhizomes and clonal growth, 
using rhizome diameter as a descriptor of the size of 
seagrass species (Duarte 1991). Lastly, we illustrate the 
implications of different seagrass clonal growth pro- 
grammes for the space occupation of seagrass clones 
by simulating the clonal spread of 3 contrasting sea- 
grass specles. 

METHODS 

We compiled, from the published literature and 
unpublished sources (Table l), available data on 
internodal length, elongation rate, and branching fre- 
quency of horizontal and vertical seagrass rhizomes, 
horizontal branching angle, horizontal rhizome diame- 
ter (h.ereafter referred as rhizome diameter), and hori- 

Table 1. Sources of data on (1) seagrass rhizome diameter, (2) horizontal internodal length and rhizome spacing, (3) vertical 
internodal length, (4) horizontal rhizome elongation, (5) vertical rhizome elongation, and (6) branching rate 

Species Source Site Variables No. of stands examined 

Amphibolis antarctica Duarte (1991)" 1.4 
Marba et al. (unpubl.) W Australia 1 ,2 ,3 ,4 ,5 ,6 1 
Pedersen (unpubl.) W Australia 3 ,5  1 

Amphibolis gnffjthii ~Marba et al. (unpubl.) W Austral~a 1,2,3,4,5,6 1 

Cymodocea nodosa Caye & Meinesz (1985) France 2,3,4.5.6 1 
Duarte (1991)" 1.4 
Terrados & Ros (1992) Spain 4 l 
Cunha (1994) Portugal 2 ,3 ,4 ,5  5 
Duarte et al. (unpubl.) Spain 1 , 2 , 3 , 4 , 5 , 6  16 
Marba et al. (unpubl.) Spain 1.2 1 

Cymodocea rotundata Vermaat et al. (1995) The Philippines 1 ,2 ,3 ,4 ,5,6 1 
Brouns (1987) Papua New Guinea 2 4  
Duarte (1991)" 1.4 4 
Duarte et a1 (unpubl.) The Philippines 3 1 
Duarte et al. (unpubl.) Thailand 3 1 

Cymodocea serrulata Brouns (1987) Papua New Guinea 2,4 1 
Duarte (1991)a 1,4 
Verrnaat et al. (1995) The Philippines 1 ,2 ,3 ,4 ,5,6 1 
Duarte et al. (1997) The Philippines 3 4 
Marba et al. (unpubl.] Kenya 1.2 1 

Enhalus acoroides Duarte (1991)d 1.4 
Vermaat et al. (1995) The Philippines 1,2,4.6 

Halophila dec~piens Duarte (1991)" 1.4 
Halophda ha waliana Herbert (1986) Hawaii 1 , 2 , 4 , 6  

- 
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Table l (continued) 

Species Source Site Variables No. of stands examined 

Halophda ovalis Duarte (1991)' 1 ,4  
Verrnaat et  al. (1995) The Philippines 1 ,2 ,4 ,6  1 

Halophila stipulacea Marba et al. (unpubl.) Kenya 1 ,4  1 

Heterozostera tasmanica Duarte (1991)a 1,4 
Marba et al. (unpubl.) W Australia 1.2.3,4,5,6 1 

Halodule uninervis 

Halodule wi-ightii 

Posidonia angustifolia 

Posidonia australis 

Posidonia oceanica 

Posidonia sin uosa 

Phylospadix scouleri 

Phylospadix torreyi 

Synngodium filiforme 

Syringodium isoetifolium 

Thalassia hemprichii 

Thalassia testudin um 

Thalassodendron ciliatuln 

Thalassodendron pachyrhjzum 

Zostera marina 

Zostera noltii 

Brouns (1987) 
Duarte (1991)" 
Vermaat et al. (1995) 
Duarte et al. (1997) 
Marba et al. (unpubl.) 

Duarte (1991)a 
Gallegos et al. (1994) 

Marba et al. (unpubl.) 

Duarte (1991)d 
Marba et al. (unpubl.) 
Pedersen (unpubl.) 

Calrnet et  al. (1988) 
Duarte (1991)a 
Meinesz et al. (1991) 
Marba et al. (1996b) 
Marba & Duarte (1997) 
Marba et al. (unpubl.) 

Marba et al. (unpubl.) 

Ramirez-Garcia et al. (1991 

Duarte (1991)a 

Patnquin (1975) 
Wllliams (1987) 
Duarte (1991)* 
Gallegos et al. (1994) 

Brouns (1987) 
Duarte (1991)a 
Vermaat et  al. (1995) 
Duarte et al. (1997) 

Duarte (1991)a 
Vermaat et  al. (1995) 
Duarte et al. (1997) 
Duarte et al. (unpubl.) 
Marba et al. (unpubl.) 

Patnquin (1973) 
Williams (1987) 
Gallegos et al. (1993) 
Gallegos et al. (unpubl.) 
Marba et al. (1994) 

Duarte et al. (1996) 
Marba et al. (unpubl.) 

Marba et al. (unpubl.) 
Pedersen (unpubl.) 

Sand-Jensen (1975) 
Jacobs (1979) 
Marba et al. (1996a) 
Marba et al. (unpubl.) 

Duarte (1991)a 
Marba et al. (1996a) 
Marba et al. (unpubl.) 
Marba et al. (unpubl.) 

Papua New Guinea 

The Philippines 
The Phihppines 

Kenya 

Canbbean 

W Australia 

W Australia 
W Australia 

Corsica 

France 
Spain 
Spain 
Spain 

W Australia 

3) Baja California 

Barbados 
Caribbean 

Caribbean 

Papua New Guinea 

The Philippines 
The Philippines 

The Philippines 
The Philippines 
The Philippines 

Kenya 

Bermuda 
Caribbean 
Caribbean 
Caribbean 
Caribbean 

Kenya 
Kenya 

W Australia 
W Australia 

Denmark 
France 
Spain 
Spain 

Spain 
Spain 

The Netherlands 

aReview providing average values from different seagrass meadows 
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zontal rhizome length between consecutive shoots 
(hereafter referred as spacer length). The estimates of 
the dynamic properties of clonal growth included in 
the study were measured over annual time scales, 
using marking techniques (Zieman 1974) or tech- 
niques, based on age determinations, to reconstruct 
growth (Duarte et al. 1994). We provide estimates of 
horizontal and vertical branching frequency as the 
number of rhizome internodes per branch produced 
(i.e. internodes branch-'), and we calculated the rates 
per unit time (i.e. branches yr-') as the product of the 
inverse of the branching frequency and the number of 
rhizome internodes produced annually. 

We consider individual seagrass stands as the units 
of this study. We use the coefficient of variation to 
quantify the inter- and intraspecific variability of 
internodal length and rhizome elongation. The rela- 
tionships between components of clonal growth and 
the rhizome diameter across species are described by 
fitting allometnc equations of the form Y = a X b  
(Duarte 1991, NiMas 1994) using least squares linear 

regression analyses on log-transformed average val- 
ues for the species. We use circular statistics (Bat- 
schelet 1981) to estimate the mean branching angle for 
each species. 

We explore the implications of the differences in 
seagrass vegetative growth programmes for space 
occupation uslng a model which simulates, based, on 
the specific growth programmes described, the hori- 
zontal clonal spread of 3 seagrass species encompass- 
ing a broad range of horizontal rhizome growth (i.e. 
HaIophila ovalis, Thalassodendron ciliaturn, and Posi- 
donia oceanlca). The model was designed to simulate 
the spread of a seagrass rhizome network by the iter- 
ation of new horizontal internodes and branches. The 
model contains deterministic (i.e. branching angle, 
internodal length, growth rate as internodes yr-l) and 
stochastic (i.e. branching probabi1j.t~) parameters. 
Whether or not a branch was produced at a new node 
was decided by Monte Carlo simulation based on the 
average branching probability. The output returned 
by the model consisted of the total number of 

Table 2. Mean rhizome diameter ( R D ,  in m m ) ,  horizontal internodal length ( H I N T L .  In mm), verhcal ~nternodal length (VINTL, in 
mm), spacer length (SL, in  c m ) ,  horizontal rhizome elongation rate ( H E ,  i n  c m  yr- ') ,  and vertical rhizome elongation rate (VE,  in 
c m  yr.') o f  seagrass species. Values in parentheses show the ranges of  the variables per species when  more than 1 stand was 

examined. CV: coefficient o f  variation 

Species RD HINTL VlNTL SL 

Amphibolis an tarctica 
Amphibolis griffithii 
Cymodocea nodosa 
Cymodocea rotundata 
Cymodocea serrulata 
Enhalus acoroldesa 
Halophila descipiensd 
Halophila ha waiianad 
Halophila ovalisd 
Halophila st~pulacea" 
I-leterozostera tasmanjca 
Halodule unjnervis 
Halodule wriahlii 

4 

Posidonja angustlfolia 
Posidonja australis 
Posidonja oceanlca 
Posidonja sjnuosa 
PhyUospadiw scoulen 
PhyUospadix torreyid 
Syringodium filiforme 
Syringodium isoetifolium 
Thalassia hernprichii 
Thalassia festudinum 
Thalassodendron c h t u m  
Thalassodendron pachyrh~zum 
Zostera marinad 
Zostera noltiid 
Across species CV (%) 
Within species CV (%) 

"Species without vertical rhizome 
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branches, the total length of the rhizome net- 
work, the coordinates of the starting point and 
the end point of each branch, and an estima- 
tion of the size of the clone, i.e. area within the 
perimeter of the rhizome network. 

RESULTS 

The data set compiled included 27 seagrass 
species developing in 192 stands (Table 1). The 
diameter of honzontal internodes ranged from 
0.8 to 14.13 mm, their length from 1.4 to 53 mm, 
and the length of vertical internodes from 
0.08 to 18 mm across the seagrass stands inves- 
tigated (Table 2). Most of the variability in sea- 
grass internodal length is attributable to spe- 
cies-specific differences in the architecture of 
seagrasses (Table 2). The variability in the 
length of horizontal internodes was found to be 
strongly size-dependent, and to be scaled as 
the power of rhizome diameter (Table 3). 
Large species, with thick rhizomes, have short 
horizontal internodes, whereas the horizontal 
internodes of small species are thin and long. In 
contrast, differences between species in the 
length of vertical internodes are size-indepen- 
dent. Intraspecific variability is, in general, 
greater for the length of vertical internodes 
than that for horizontal internodes (Wilcoxon 
paired ranked sign test, p < 0.0005, Fig. 1). The 
extent of intraspecific variability in horizontal 

- 
increasing mizome dlameler 

Fig. 1. Intraspecific variability in horizontal (upper panel) and vertical 
(lower panel) internodal length in the seagrass species examined. 
Seagrass species are ordered according to their rhizome diameter. 
Horizontal dotted arrows indicate the average intraspecific variability 

of seagrass species 

and vertical internodal length was indepen- 
dent of plant size (Fig. 1). 

Seagrass horizontal rhizomes extend at rates ranging agreement with previous findings (Duarte 1991). Most 
between 1.2 and 574 cm yr-' (Table 2), part (34 %) of of the variability observed in seagrass horizontal elon- 
this variability being attributable to differences in the gation rates was accounted for by differences among 
length of the internodes of the plants (Table 3), in species (Table 2) ,  demonstrating that horizontal rhi- 

Table 3. Coefficients and standard errors (in parentheses), number of observations (n),  coefficient of determination (R2) ,  and sig- 
nlficance level (F-test, p) of the allometric relationships between seagrass rhizome elongation (in cm yr-l), branching patterns, 
spacer length (in cm), and vegetative shoot recruitment and rhizome diameter (in mm) or internodal length (in mm). Relation- 

ships are of the form Y = a X b .  ns: no significant relationship 

Y X a b n R* P 

Horizontal internodal length Rhlzome diameter 22.4 ( t1 .2)  -0.52 (k0.17) 24 0.26 c0.01 
Horizontal elongation rate Rhizome diameter 229 ( t1 .4 )  -1.66 (k0.29) 25 0.58 ~ 0 . 0 0 0 0 1  
Vertical elongation rate Rhzome diameter ns 
Horizontal elongation rate Horizontal internodal length 0.56 (22 5) 1.61 ( i0 .35)  23 0.47 ~ 0 . 0 0 0 5  
Vertical elongation rate Vertical internodal length 1.7 (21.3) 0.81 (k0.19) 18 0 49 ~ 0 . 0 0 1  
Horizontal branches yr-' Rhizome dameter  3.8(*1.8) -1.62(k0.43) 21 0.39 <0.005 
Vertical branches yr-l Rhizome diameter 2.5 (k2.8) -1.67 (k0.65) 10 0.39 <0.05 
Branclung angle (") Rhizome hameter 63.1 (*1.2) -0.31 (k0.13) 17 0.21 <0.05 
Spacer length Rhizome diameter 2.4 (+1.2) 0.37 (+0.14) 22 0.22 <0.05 
Shoots yr-I horizontal rhizome-' Rhizome diameter 117 (+1.6) -2.19 (i0.35) 22 0.63 <0.00001 
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Fig. 2.  Intraspecific variability in horizontal (upper panel) and 
vertical (lower panel) rhizome elongation in the seagrass spe- 
cies examined. Seagrass species are ordered according to 
their rhizome diameter. Horizontal dotted arrows indicate the 

average intraspecific variabhty of seagrass species 

zome elongation is largely a species characteristic. The 
rate of horizontal rhizome elongation of different spe- 
cies was strongly (56% of the variance) size-depen- 
dent, with the horizontal rhizome elongation declining 
as the -3/2 power of rhizome diameter (Table 3). Species 
with thin rhizomes (and long internodes) have, there- 
fore, much faster horizontal rates of spread than large 
species with their thick and short internodes. In addi- 
tion, the intraspecific variation in horizontal elongation 
rate is substantial (Table 2, Fig. 2), although indepen- 
dent of seagrass size. 

The vertical rhizomes of most seagrasses grow 
within the sediments, although those of some species 
(Thalassodendron sp., Amphibolis sp., Heterozostera 
tasmanica, den Hartog 1970; and sometimes Cymod- 
ocea serrulata, Halodule uninervis, and Syringodium 
fildorme, Duarte et al. 1997, Kenworthy pers. obs.) ex- 
tend into the water column. Most seagrasses elongate 
vertically 3 to 100 tmes slower than they spread hori- 
zontally (Table 2). Only the rhizomes of Amphibolis sp. 
and Thalassodendron pachyrhizum elongate at faster 
rates vertically than they do horizontally (Table 2). The 

l 

horizontal 

I 

vertical 

\ 

Rhizome diameter (mm) 

Fig. 3. Relationships between seagrass horizontal branching 
rate (upper plot), and vertical branching rate (lower plot), and 
rhizome diameter. Lines represent the fitted regression equa- 

tions summarised in Table 3 

allocation of resources to vertical rhizome growth, 
however, does not appear to constrain the elongation 
rate of horizontal rhizomes, for no negative correlation 
between these rates is apparent (p > 0.5). Vertical rhi- 
zomes of seagrasses elongage at rates between 0.1 and 
34 cm yr-' (Table 2),  partially reflecting differences In 
the length of their vertical internodes (Table 3). Sea- 
grass vertical elongation rate is species-specific, but 
independent of size (Table 3), and the intraspecific 
variability of vertical growth rates is roughly similar 
across species (Fig. 2). 

The rate at which seagrass ciones spread largely 
depends on their capacity to branch. Seagrass horizon- 
tal rhizomes produce a branch for every 6 (Halophila 
ovalis) to 1800 (Thalassia testudinum) horizontal inter- 
nodes, this rate tending to decrease as seagrass size, as 
represented by rhizome thickness, increases (Table 3, 
Fig. 3). Because both horizontal growth and branching 
rates increase with decreasing seagrass rhizome diam- 
eter, there is a linear increase in horizontal branching 
rate as horizontal rhizomes elongate faster (regression 
analysis, slope = 0.034, SE,,,,= 0.006, n = 22, R2 = 0.61, 
p < 0.00001). Variability in horizontal branching rates 
within species could only be examined, because of the 
paucity of data, for the Mediterranean species (Cyrnod- 
ocea nodosa, Posidonia oceanica), but our results sug- 
gest substantial intraspecific variability in seagrass 
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branching rates (coefficient of variation, CV = 81 and 
99 %, respectively). Seagrass horizontal rhizomes usu- 
ally branch at angles lower than 90°, on average close 
to 60' (Table 4, Fig. 4),  although branching angles are 
broader for the smallest species measured (i.e. 
Halophila ovalis and Zostera noltii, Table 4). The mean 
branching angle of seagrass species was scaled as the 

power of rhizome diameter, indicating that small 
species with thin rhizomes branch at broader angles 
than larger species with thicker ones (Table 3, Fig. 5). 
The branching probability of seagrass vertical rhi- 
zomes varies greatly, by over 3 orders of magnitude, 
across seagrass species (Table 4).  The annual rate of 
vertical branch production of seagrass species is also 
size-dependent, vertical branching rates decreasing as 
rhizome thickness increases (Table 3, Fig. 3) .  More- 
over, the average vertical branching rate of seagrass 
species also linearly increases as vertical rhizomes 
elongate faster (regression analysis, slope = 0.07, 
SEsI,,, = 0.01, n = 10, R2 = 0.72, p < 0.005). 

Seagrass horizontal rhizomes add a new shoot for 
every 1.1 to 7.5 cni of rhizome produced (Table 2 ) ,  with 
about 20% of the differences in shoot spacing along 
seagrass rhizomes between species being attributable 
to size-dependent differences (Table 3). The size 

Table 4. Mean horizontal rhizome branching rate (HB, In per- 
cent of internodes developing branches), vertical rh~zome 
branching rate (VB, in percent of ~nternodes developing 
branches), and horizontal branching angle (in degrees) of 

seagrass species 

Species HB VB 

- 
Amphibolis antarctica 2.22 5.20 
Amphibolis griffithii 4.49 11.38 
Cymodocea nodosa 0.59 0.89 
Cyrnodocea serrula ta 8.65 
Enhalus acoroidesd 2.54 
Halophila hawau'anad 10.30 
Halophila ovalisa 16.13 
Heterozostera tasmanica 25 97 4.64 
Halodule uninervis 1.37 
Halodule wrightu 9.20 
Posjdonia angustifolia 8.52 5.50 
Posjdonia a ustralis 7.56 2.89 
Posjdonia oceanica 0.51 0.53 
Posidonia sinuosa 5.77 6.84 
Syringodium filiforrne 1.64 
Syringodium isoetifolium 5.52 
Thalassia testudinum 0.06 
Thalassodendron cilia tum 1.74 0.45 
Thalassodendron pachyrhizum 1.70 0.13 
Zostera mannad 5.22 
Zostera noltiid 2.62 

Across specles CV ( % l  173 120 

'Species w~thout vertical rhizomes 

Angle 

501 Zosrem manna C ~ y m o d o c c ~  nodos  C Cyrnodocea senu~aral 

Branching angle (degrees) 

Fig. 4 Frequency distributions of the angles between the hor- 
izontal branch and the maln horizontal axis of the seagrass 
species examined. Number of angles measured for each spe- 

cies (n] is in&cated 

dependence of spacer length and elongation rate of 
horizontal rhizomes leads to annual shoot formation 
rates (calculated as elongation rate divided by spacer 
length) ranging from 0.5 (Enhalus acoroides) to 210 
(Halophila ovalis) new shoots yr-' for individual rhi- 
zome axes. Shoot formation rate scales as the -2 power 

8 
-I 

0 5  1 2 4 8 16 

Rhizome diameter (mm) 

Fig. 5. Allometric scaling of seagrass branching angles to rhi- 
zome diameter across seagrass species. Line represents the 

fitted regression equation summarised in Table 3 
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Hatopftifa ovalls Thalassodendron ciliaturn Posidoma 
*--* .  .!> ..... *, . Â¥. 

time = 0 10 yr 

number of 336 

Thalassodendron ciliatur 
time = 6 yr 

1 oroduced alive I 

1 rhizome (m) 5.5 3.5 1 
numberof 201 1 shoots 

1 10 

time (yr) 

Fig. 6. Temporal change in cumulative rhizome length (upper 
panel), and the surface occupied (lower panel) by simulated 
networks of 3 contrasting seagrass species (Halophila ovalis, 
Thalassodendron ciliaturn, Posidonia oceanica), using their 
horizontal internodal length (Table 2), rhizome elongation 

rate (Table 2), and horizontal branching rates (Table 4) 
time = 55 yr Posidonia oceanic, 

produced alive 

of rhizome diameter (Table 3 ) ,  demonstrating a much 
slower clonal growth of large compared to small sea- 
grass species. Because vertical rhizomes add a new 
shoot for each branch produced, vertical branching 
yields between 0.04 (i.e. Posidonia oceanica) and 1.6 
(Amphibolis antarctica) new shoots per vertical rhi- 
zome per year; this rate also decreases as rhizome 
thickness increases (Table 3). 

The broad repertoire of seagrass rhizome and clonal 
growth programmes is conducive to widely different 
rates of space occupation and capacities to maintain 
seagrass meadows. The results derived from the simu- 
lation of the development of seagrass rhizome net- 
works indicate that the cumulative rhizome length 
increases linearly during the initial stages, and later 
according to a double exponential function for the 
three 3 species simulated (i.e. Halophila ovalis, Thalas- 
sodendron ciliatum, Posidonia oceanica, Fig. 6 ) .  The 
transition from the lineal to the double exponential rhi- 
zome spread is set by the time required by a rhizome to 
produce the first branch (i.e. 11 d,  3 yr, and 22.6 yr for 
H. ovalis, T. ciliatum, and P. oceanica, respectively; 

distance to X origin (m) 

Fig. 7 Simulated rhizome networks after having produced 
ca 5 m of rhizome for 3 contrasting seagrass species (Halo- 
phila ovalis, Thalassodendron ciliaturn, Posidonia oceanica), 
using their horizontal internodal length (Table 2), rhizome 
elongation rate (Table 2 ) ,  and horizontal branching rates 
(Table 4). Time required to develop the networks and rhizome 
length and number of shoots produced and surviving since 
initiation of clonal spread are indicated. Dashed lines show 
the spatial distribution of the rhizomes and shoots produced, 
and solid lines the distribution of surviving rhizomes and 

shoots 
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Tables 2 & 4 ) .  Variability in branching rate and rhi- 
zome elongation constrains the time scales of rhizome 
network development. The production of a seagrass 
network with 5 m of horizontal rhizome requires 
0.10 yr for the small seagrass H. ovalis, 6 yr for the mid- 
sized species T. ciliatum, and 55 yr for the large species 
P. oceanica (Fig. 7 ) .  The production of 5 m rhizome 
network would involve the recruitment of 336, 201, 
and 191 shoots for H. ovalis, T. ciliatum, P. oceanlca, 
respectively (Fig. 7 ) .  Moreover, the spread and space- 
filling efficiencies of seagrasses vary substantially 
across these species. A clone of the small species H. 
ovalis with a 5 m rhizome network occupies an area '/4 
of the area colonised by a clone of the large P. ocean- 
ica with 5 m rhizome network (Fig. 7 ) .  

DISCUSSION 

The results presented demonstrate that seagrass 
species display a wide repertoire of growth pro- 
grammes, as reflected in broad differences in rhizome 
elongation, shoot proliferation, and branching rates. 
Much (between 40 and 173 %) of the variability of sea- 
grass horizontal rhizome and clonal growth pro- 
grammes is species-specific, largely (21  to 63 % of the 
variance) associated with differences in size among 
species, although individual species also show impor- 
tant variability. The strong species-specific nature of 
seagrass rhizome and clonal growth programmes 
exceeds that of other components of seagrass produc- 
tivity, such as leaf growth (Duarte 1991). The strong 
species dependence of seagrass clonal growth demon- 
strated here had been postulated by Tomlinson (1974),  
based on the observation of their organised vegetative 
morphology of seagrasses, and supports previous 
analyses of horizontal rhizome elongation (Duarte 
1991). 

The close scaling of horizontal rhizome elongation 
programmes to rhizome diameter (Table 3 )  may reflect 
differences in the construction costs of horizontal rhi- 
zomes, which increased as the 3rd power of rhizome 
diameter. Hence, small species, with thin rhizomes, 
should be able to produce much longer rhizomes than 
seagrasses with thick ones given a similar allocation of 
resources. Indeed, the volume of rhizome material pro- 
duced annually by seagrasses (horizontal rhizome vol- 
ume = horizontal rhizome elongation X surface area = 

diameter X diameter2 = diameter0 34)  increases with 
increasing seagrass diameter, consistent with the 
observation that the relative allocation of resources to 
belowground production increases as seagrass size 
increases (Duarte & Chiscano 1998). Size-dependent 
constraints, however, do not help to account for differ- 
ences in vertical rhizome elongation rate. 

Seagrass species with thick rhizomes branch more 
sparsely than species with thinner ones (Table 3,  
Fig. 3), as observed for clonal plants on land, such as 
forest herbs and dwarf shrubs (cf. Sobey & Barkhouse 
1977).  Despite the fact that the rate of annual seagrass 
branching decreases with increasing seagrass size, the 
longer life-span of large species (Duarte 1991) sug- 
gests that large seagrasses may maintain more com- 
plex rhizome networks than smaller ones. An increase 
in the number of branches with size has been demon- 
strated to be a common characteristic of branched net- 
works, such as trees or rivers (Leopold 1971, Stevens 
1974). However, our data, combined with estimates of 
seagrass shoot life-span, do not show any clear trend 
between seagrass size and the number of horizontal or 
vertical branches developed during the life of shoots. 
Moreover, the amount of extant branches on a network 
depends on the rate of branch decay, for which no esti- 
mates are available. 

The extent of intraspecific variability of seagrass rhi- 
zome and clonal growth (Figs. 1 & 2 )  reflects intrinsic 
differences among the plants, their ability to colonise 
contrasting environments, and their ability to survive 
environmental changes of different magnitude. Intra- 
specific variability in horizontal rhizome elongation 
should be largely derived from morphological re- 
sponses to local variability in resource availability 
(nutrients, light) and plant density. The intraspecific 
variability quantified suggests that seagrasses may 
have the potential to exhibit foraging behaviour when 
growing in less favourable sites, similar to that demon- 
strated in some clonal herbs (e.g. Glecoma hederacea,  
Slade & Hutchings 1987a, b).  In addition, changes in 
horizontal rhizome elongation rate may reflect density- 
dependent constraints. Seagrass horizontal rhizomes 
growing at the edge of seagrass meadows (e.g. Thalas- 
sia testudinum, Patriquin 1973),  or extending over bare 
sediments (e.g. Cymodocea  nodosa,  Duarte & Sand- 
Jensen 1990), elongate at faster rates than those grow- 
ing within the interior of well-developed meadows 
(e.g. Thalassia testudinum, Gallegos et al. 1993; C y m o -  
docea nodosa,  Marba et al. 1996a). 

The intraspecific variability in vertical rhizome 
growth probably reflects, in species in which vertical 
rhizomes grow underground, fluctuations in sediment 
accretion. The stimulation of vertical seagrass growth 
of surviving shoots by sand accretion has been experi- 
mentally demonstrated for 6 seagrass species (Marbi & 
Duarte 1994, Duarte et  al. 1997). Conversely, intraspe- 
cific variability in vertical rhizome growth programmes 
in seagrasses in which vertical rhizomes elongate 
within the water column (e.g.  Thalassoderidron sp.) 
may partly reflect changes in light intensity. For 
instance, vertical growth in T. ciliatum depends on 
shoot age, elongating at  the fastest rates during the 
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first year, when the shoot is highly shaded, and then 
decreasing as the leaves reach the canopy and,  thus, 
light availability improves (Duarte et al. 1996). 

The broad repertoire of seagrass rhizome growth 
programmes enables Halophila ovalis to extend its rhi- 
zomes over surfaces at time scales of months, whereas 
the development of comparable rhizome networks of 
Thalassodendron ciliatum and Posidonia oceanica re- 
quire time scales of decades and centuries, respec- 
tively (Fig. 6) .  Despite the different time scales of clone 
development among species, the area occupied by the 
clone increases as time3 for all 3 species (Fig. 6).  The 
length of seagrass rhizome produced during the devel- 
opment of the clone, therefore, is scaled as the 1 .5  
power of time (i.e. L - T ) .  The fact that the lineal 
dmenslon of seagrass rhizome networks is scaled as 
the 1.5 power of time, and not linearly as otherwise 
expected, implies that branching patterns are a key 
factor for the occupation of space by seagrasses. 

Differences in rhizome and clonal growth pro- 
grammes also result in different strategies to develop 
and maintain the networks. Rhizome growth pro- 
grammes lead small species (Halophila ovalis) to have 
the lowest spread efficiency (in m2 of area covered m-' 
of rhizome), whereas it is greatest for the largest spe- 
cies (Posidonia oceanica). The different colonisation 
efficiency predicted across seagrass species derives 
from the fact that P. oceanica networks grow along a 
dominant direction, whereas H. ovalis ones develop in 
a spiral pattern (Fig. 7).  Differences in the growth pat- 
tern of rhizome networks exclusively results from dif- 
ferences in branching angles between species. A small 
branching angle is conducive to centrifugal growth, 
whereas a broad one leads to a spiral growth pattern 
(Stevens 1974). These differences in clonal growth 
form are  clearer when looking at the surviving portions 
of the clones. We used published shoot mortality rates 
for these species (Vermaat et al. 1995, Marba et al. 
1996b, Duarte et al. 1997) to estimate the length and 
spatial distribution of surviving rhizome and shoots in 
the simulated 5 m rhizome networks. The surviving 
rhizomes and shoots in a P. oceanica network are dis- 
tributed along the periphery of the network, showing 
that a clone of this species propagates centrifugally 
(Fig. 7). In contrast, the surviving rh~zome  and shoots 
in the H. ovalis network are distributed across the 
whole network, reflecting the spiral growth form of the 
clones of this specles (Fig. 7).  These different strategies 
of clonal growth lead P. oceanica, the climax species in 
the Mediterranean, to display a guerrilla growth type 
(cf. Lovett-Doust 1981), with high spreading efficiency 
and low space-filling capacity, whereas H. ovalis, a 
pioneer species, develops its clones according to a 
phalanx growth type (cf. Lovett-Doust 1981), with low 
spreading and high-space fllling efficiency. 

The coupling between rhizome growth and shoot 
recruitment implies that small seagrass species (Halo- 
phile ovalis) maintain shoot fluxes >900-fold greater 
than large ones (Posidonia oceanica, Flg. 7).  The mead- 
ows of small seagrass species, therefore, can only be 
sustainable (i.e. reach a steady state in shoot density) if 
shoot mortality is high. Conversely, the slow clonal 
growth of large seagrasses can only yield a stable 
meadow if the shoots are long-lived. The size depen- 
dence of shoot longevity required in order to maintain 
stable meadows has indeed been confirmed through 
comparative analyses (Duarte 1991). Moreover, the 
sparse, clumped distribution of populations of Enhalus 
acoroides, the largest seagrass species, arise because 
of the relatively short life-span of their shoots (c12 yr, 
Vermaat et al. 1995) compared to their slow rhizome 
growth (5.3 cm yr-l, Vermaat et al. 1995), which pre- 
vents the development of crowded stands (i.e. mead- 
ows). 

In summary, our results show that seagrasses display 
a large, order-of-magnitude, variability in rhizome 
elongation, branching patterns and clonal growth. 
These differences are, to a large extent, size-depen- 
dent, involving lower horizontal elongation rates, shoot 
production rates, and branching rates and angles as 
plant size increases. Seagrass species retain, however, 
a sizeable intraspeclfic variability in their clonal 
growth programme which should allow adaptive 
responses of clonal growth. Space occupation by sea- 
grasses is closely controlled by their rhizome growth 
programme, programmes in which, in addition to the 
differences in time scales derived from differences in 
elongation rate, the angle and rate of branching forces 
major differences in the pattern and efficiency of space 
occupation. Shallow angles and sparse branching, 
characteristic of large species, results in a centrifugal, 
guerrilla growth pattern, whereas the profuse branch- 
ing and broad angles characteristic of small species 
results in a spiral, phalanx growth pattern leading to 
an inefficient spread of the clone. The importance of 
clonal growth patterns render these properties primary 
components of the development and maintenance of 
seagrass meadows. 
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