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ABSTRACT: Thls study demonstrates that patch development in a Mediterranean con~munity of 
Cymodocea nodosa (Ucria) Ascherson, growing over highly mobile sandy sediments, proceeds by 
colonization by seedlings (0.047 m-' yr-'), and subsequent patch development by the surviving seed- 
lings (< 10 %). Increased patch cover is obtalned by fast growlng rhizomes (average e longat~on = 1.6 m 
yr- ') ,  and coalescence of neighbour patches. Honzontal patch growth varied substantially among 
patches due  to enhanced patch elongat~on with Increasing patch slze, whereas growth vanance withln 
patches was attributable to interannual d~fferences consistent among d~fferent patches. Comparisons of 
the measured patch spread rates with those for other seagrasses specles show substantial variability 
(> 2 orders of magn~ tude )  in horizontal growth rates that ~ m p l ~ e s  broad d~fferences in the potent~al for 
recovery among seagrass species 

INTRODUCTION 

Extensive seagrass meadows are an important fea- 
ture of coastal marine regions because they are highly 
productive (Stevenson 1988, Duarte 1989) and form 
diverse habitats for dense populations of macroinver- 
tebrates and fish (Kenworthy et al. 1988). Moreover, 
they enhance particle sedimentation and protect the 
sediments and the coastline from erosion (Ginsberg & 

Lowenstam 1958, Harlin et al. 1982). Thus, seagrass 
meadows are essential components of the biological 
and physico-chemical structure and processes of coas- 
tal areas. 

Seagrass communities are charactenzed by dramatic 
fluctuations in the area they cover (e.g. Wilson 1949, 
l k u c h i  1974, Den Hartog & Polderman 1975, Orth & 
Moore 1983, Cambridge & McComb 1984) due to pas- 
sage of storms and hurricanes (Thomas et al. 1961, 
Birch & Birch 1984, Williams 1988), the impact of 
human activities (e.g. Thayer et al. 1975, Kemp et al. 
1983, Cambridge & McComb 1984), and occasional 
disease-induced mass mortality (Short et al. 1988), fol- 
lowed by partial or full recovery. These fluctuations 
induce significant changes of the associated biotic 
communities (e.g. f ikuchi 1974, Rasmussen 1977), and 
sediments (Wilson 1949, Ginsberg & Lowenstam 1958, 
Chnstiansen et al. 1981). Although there is a wealth of 
information on growth and production of established 
seagrass communities, there is a striking paucity of 
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information on seagrass colonization, which precludes 
forecasting of the recovery of seagrass ecosystems. 

Here we contribute towards filling this gap in our 
knowledge of seagrass ecosystems by providing a first 
account of the colonization process for a Mediterranean 
seagrass (Cymodocea nodosa (Ucria) Aschers.) com- 
munity growing over highly mobile sandy sediments in 
shallow waters. We first asssess the success in the 
formation of new patches from propagules, and then 
evaluate the growth of established patches and quan- 
tify the magnitude and sources of variance in patch 
growth. Finally, we review the rates of honzontal 
spread of seagrass species available in the literature. 

STUDY AREA 

The seagrass population studied is located in the 
Alfaques Bay (NE Spain; 50 km2), a shallow (< 6 m),  
tideless Mediterranean estuarine Bay associated with 
the Ebro Delta complex (Fig. 1). Erosion of an aban- 
doned deltaic lobe of the Ebro River formed a narrow 
(ca 200 m),  5 km long sandbar that separates the Bay 
from the adjacent Mediterranean Sea (Fig. l ;  Mal- 
donado 1972). The present surface sediments off the 
sandbar are uniform sands from marine inputs (Mal- 
donado 1972), that form a wide and shallow (< 2 m 
deep) platform. The platform supports growth of 
Cyrnodocea nodosa patches and presents some relief 
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Fig. 1. The studled zone 

due to the presence of highly mobile sand-waves (ca 
30 cm high, 50 to 150 m apart; Maldonado 1972) that 
are responsible for seagrass burial. 

Cymodocea nodosa, like many other seagrass 
species, is able to withstand burial by vertical growth 
(> 20 cm) of the short shoots and subsequent reversal 
of the short shoots into rhizomes (Caye & ~Meinesz 
1985). However, rhizome exposure as the sand waves 
move out of the seagrass patches, and subsequent 
colonization of the exposed rhizomes by encrusting 
organisms (Duarte & Sand-Jensen unpubl.), result in 
plant (and patch) mortality. The maximum age of C. 
nodosa plants between consecutive sandbars is ca 7 to 
10 yr. This maximum age is probably set by the time- 
scales of major sand movements (e.g. Patriquin 1975). 

METHODS 

Cymodocea nodosa age. The age of C. nodosa short 
shoots, and that of the rhizomes bearing them, can be  
calculated by multiplying the number of leaves pro- 
duced during the life time of the shoot and the plasto- 
chrone interval (PI - the average time interval between 
appearance of successive leaves; Patriquin 1973). The 
total number of leaves developed by a particular shoot 
can easily be  back-calculated by adding the number of 
standing leaves to the number of leaf scars present on 
the short shoot (Caye & Meinesz 1985, Perez 1989). The 

age (as PI) of particular shoots could be precisely deter- 
mined for shoots younger than 20 PI, and the precision 
in the determination of the age of older shoots was f 1 
PI. 

Although our most accurate time unit is PI, we also 
provide age estimates of time in days and years by 
using a mean plastochrone interval of 28 d (i.e. 13 new 
leaves yr-l), derived from a nearby Cymodocea nodosa 
bed in the same bay by Perez (1989). The validity of this 
average PI value was confirmed by its agreement with 
our estimate of PI obtained on the basis of the number 
of leaf scars equivalent to a full annual cycle as deter- 
mined by (1) the seasonal sequence of rhizome inter- 
nodal lengths in fast growing stolons, and (2) the sea- 
sonal sequence of leaf internodal length in seedlings. 
We shall use the term 'shoot' to refer to short shoots and 
'rhizome' to refer to the plagiotrope, or long shoot. 

Patch size distribution. Patch size distribution is the 
outcome of a dynamic balance between colonization 
and subsequent patch growth and loss (through 
rhizome exposure for the Cymodocea nodosa popula- 
tion studied). This balance could be represented 
mathematically by an equation relating the charac- 
teristic Linear dimension (d, in m) of patches (i.e. the 
diameter of a circle with area equivalent to that of the 
patch) to the proportion of smaller patches (Nd). For 
convenience, a Von Bertalanfy equation was fitted to 
describe the cumulative frequency distribution of patch 
diameter, 

where the parameter g = the fractional change in patch 
number with increasing patch size (i.e. the fraction of 
patches growing from one size class to the next); and 
b = a constant reflecting the minimum size for which 
the curve applies. 

To establish the size distribution of seagrass patches 
we placed 4 quadrats, covering an area equivalent to 
1 ha, randomly on an  aerial photograph (1:9600) of the 
area sampled and measured the area of the plant 
patches within each quadrat under a dissecting micro- 
scope fitted with a micrometer. 

Patch formation, patch form, and patch growth. 
Patch formation was studied by examining seedling 
abundance and age structure. This was done by ran- 
domly locating 13 replicate 100 mZ quadrats within the 
study area (depth 0.20 to 0.60 m). The quadrats were 
then screened to collect all seedlings, as well as iso- 
lated plants, and the age of all seedhngs was deter- 
mined from the number of standing leaf and leaf scars 
in the short shoot (see above). Patch form and growth 
(1.e. horizontal spread) was determined for 26 
Cymodocea nodosa patches (sampled between July 8 
and July 25, 1989) representing a wide range in patch 
size (length of the main axis < 1 m to 30 m). Patch form 



Duarte & Sand-Jensen Seagrass patch development 195 

was represented by the orientation and length of the tion rate of 18 randomly sampled fast-growing 
main (i.e. longest) axis, identified from measurements rhizomes. 
of patch size along every 45" bearing, and the length of 
the longest axis perpendicular to the main axis (hereaf- RESULTS 
ter referred to as secondary axis). Patch growth was 
represented by the rate of lateral patch spread, calcu- Patch formation 
lated as the age gradient (m PI-' or m yr-') between the 
origin of the patch (i.e. the location of the oldest shoot The average number of new (< l yr) seedlings 
within the patch) and the shoots located at the patch encountered was 0.047 k 0.016 (SE) m-2. This small 
front along the transects studied. colonization rate is expected because among the > 

To locate the origin of the patch and calculate the 10000 shoots examined here only 4 bore fruits. Perez 
age gradient across the patch, we placed a transect (1989) did not find any sexual reproduction in a 3 yr 
along the main axis of the patch and,  in the larger study of a nearby Cyn~odocea nodosa bed. Seedling 
(> 5 m) patches, a transect perpendicular to the main distribution was highly aggregated (skewness for 
axis through its geometric centre (i.e. the intersection of seedling density was 1.04), and tended to be greater in 
main and secondary axes). We then located 3 to 15 areas where previous patches had died, as reflected by 
(depending on patch size) uniformly spaced stations exposed rhizome fragments. 
along each transect and aged all short shoots within a The age distribution of all seedlings (Fig. 2) suggests 
0.04 m2 quadrat positioned at  each station to identify considerable seedling mortality in the first year follow- 
the oldest shoot present (number of shoots examined in ing germination (> 70 %),  and little mortality thereaf- 
each station were 5 to 160 depending on shoot density). ter. Rhizome development, necessary for patch forma- 
For the smaller patches (main axis < l m), we deter- tion from established seedlings, was observed in < 
mined the age of all shoots within the patch. The 50% of the seedlings surviving for 2 yr and no evi- 
greatest age obtained represents, therefore, the time dence of rhizome growth was observed in older seed- 
elapsed since this station was colonized, and the oldest lings. Consequently, seedlings may remain as isolated 
station was assumed to be at, or close to, the position plants for as long as 78 PI (ca 6 yr). The suggested 
where the patch was initiated. The oldest shoot found mortality of ca 80 O/O of the new seedlings and the 50 '10 
provides an estimation of the minimum time elapsed patch formation rate of the surviving seedlings suggest 
since colonization, for the first shoots to colonize may a density of only 1 patch-forming seedling in every 
have died prior to sampling. This, however, is unlikely 217 m2. 
to be an important source of error, since most patches 
were estimated to be younger than 6 yr, while the Patch size distribution 
longevity of Cymodocea nodosa is greater than 7 yr 
(Duarte & Sand-Jensen 1990). The size distribution of Cymodocea nodosa patches 

The measurements obtained allowed (1) the quantifi- was strongly skewed (Fig. 3). The decrease in the 
cation of growth symmetry, measured as the ratio number of patches smaller than the mode (64 m2; 
between patch length to either direction from the patch Fig. 3) is probably an artifact because of the increasing 
origin, and (2) the reconstruction of the time course of difficulty in detecting patches on the aerial photograph 
patch development. The time course of patch develop- 
ment was reconstructed by using the maximum shoot Seedling age (years) 

age (i.e. time elapsed since establishment) found in all 0 1 2 3 4 5 6  
60 -- - 

- - -  

stations sampled within a patch to draw isolines of 
equal maximum age (i.e. established at the same time). 5 0 1 -  
This procedure allowed the back-calculation of patch .- o, 

p 40 ,- 
size and form in different years. (a) I 

Patch growth in Cymodocea nodosa is achieved by 2 30 .- 

centrifugal growth of linear, fast growing stolons (sensu Z 
20 

Wittmann 1984) at the patch front. The elongation rate 5 
of these fast growing rhizomes sets the potential for z 

10 

patch growth into new substratum. The open space in 
0 

. , 
~ 

between these fast growing stolons is subsequently 
0 13 26 39 52 65 78 

filled out by branching. To assess whether patches are 
growing at their maximal rate we compared whole- Seedling age (P.I.) 

patch growth rates derived from the transect data with F,g 2. Cymodocea nodosa. Age distribution of all seedlings 
the potential elongation rates, estimated as the elonga- encountered 
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Patch size (m2) 

Fig. 3.  Cymodocea nodosa. Logarithmic (logz) size distribution 
of patches Numbers on abscissa represent the mode of each 

size class 

as their size decreases, although it may also derive from 
interannual variability in patch formation. Therefore, 
we  used only the size classes > 32 m2 to calculate the 
exponential rate constant of patch size change (g,  
Eq. 1). The value obtained (0.32 & 0.009 SE) reflects a 
small probability of transfer of patches from one size 
class to the next. The rate of change in patch size, 
however, results both from patch growth and coales- 
cence with neighbour patches. Since patch-forming 
seedlings are separated, on average, by ca 16 m, patch 
coalescence should be most common at patch sizes of 
ca 220 m'. Patch coalescence can, therefore, account 
for the secondary peak in patch abundance observed 
for the 256 m2 size class (Fig. 3).  

Patch growth 

The size (average radius, m) of plant patches was 
linearly related to the time (yr) since establishment (i.e. 
patch age; Fig.4). The equation describing this rela- 
tionship, 

Patch length = 1.32 Age - 1.7 
( R ~  = 0.53, N = 19, SE,I,,, = 0.60) (2) 

impl~es  an average patch growth of about 0.10 m PI-', 
or 1.32 f 0.60 (SE) m yr-l, similar (p > 0.05) to the 
average elongation rate found for fast-growing 
rhizomes (1.58 t 0.79 m yr-l). There was, however, 
considerable scatter in the relat~onship between patch 
size and age (Fig. 4) ,  demonstrating high variance in 
growth rate of individual patches (Fig. 5). 

The variance in patch growth results partially from 
asymmetric patch growth, because the geometric 
centre was displaced relative to the patch origin 
(Fig. 6) ,  resulting in elongated patches. In addition, the 
deviation of the patches from a circular form (as mea- 
sured by main-axis to secondary axis length ratios 

Patch age (years) 
3 5 

Patch age (P.I.) 
Fig.4. Cymodocea nodosa. Relationship between patch age 
and the average radius of patches. Line represents the regres- 

sion equation (Eq. 2) 

greater than 1) increased with increasing patch size (r 
= 0.76; p < 0.01). Further, the main axis was not 
randomly oriented (Rayle~gh test for randomness of 
bearing, p < 0.001; Batschelet 1981), but were oriented 
mainly between NW-SE and N-S (Fig. 6). Variance in 
patch growth was partially a function of size, because 
lateral growth increased with increasing patch size 
(Fig.?). This relationship was best described by the 
regression equation 

Patch growth (cm PI-') = 1.2 + 2.1 Radial length (m) 
(R2 = 0.85, F = 231, p < 0.0001, N = 37) (3) 

Reconstruction of the time series of patch size and 
form changes (Fig. 8) illustrates the development of 
asymmetry in patch growth and reveals temporal varia- 
bility in patch elongation rates in specific directions 
(Fig.8). To examine whether variability of patch 
growth in specific directions was age-dependent or due 
to interannual differences we assembled the time 
course of relative patch growth (the proportion of the 
total radial growth produced in consecutive years) for 
patches of similar age. This showed the occurrence of 
year-to-year variability in patch growth involving a 3- 
fold decrease in patch elongation rates after 1987, 
when elongation rates were highest (Fig. 9).  This pat- 
tern is consistent for patches established in different 
years (Fig. S), demonstrating that the variability in 
elongation rates observed is independent of patch age 
and probably reflects d~fferent conditions for patch 
expansion in different years. 

DISCUSSION 

Patch formation In the Cymodocea nodosa commun- 
ity studied appears driven by sexual reproduction. We 
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Fig. 5. 

Elongation rate (cm p.1:') 

Cyrnodocea nodosa. Frequency distribubon of mea- 
sured patch elongation rates 

N-S 
,//T--., 

W-E L 

Length of main axis (m) 

0 1 2 3 4  

Growth symmetry 

Fig. 6. Cyrnodocea nodosa. Orientation of patches in relation- 
ship to patch size (i.e, length of main axis; above), and fre- 
quency distribution of symmetry (below), measured as the 
ratio between distance from patch ongin to patch margin for 

each side of the transect 

Fig. 8. Cymodocea nodosa. Reconstruchon of time course of 
patch form and size for 2 selected patches 
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Year 
Fig. 9. Cyrnodocea nodosa. Relative growth rate of patches 
formed in 1984, 1985, and 1986. Relative growth rate is shown 
as the fraction of the total radial growth produced in consecu- 
tive years (due to the averaging process, the fractions do not 

add up to 1).  Mean values -t SE shown 

found many seedlings, but failed to detect any isolated 

o l 1 0  10 plant that developed from rhizome segments. Thus, 

Radial length (m) lack of significant sexual reproduction (only 4 fruits 

Fig. 7. Cyrnodocea nodosa. Relationship between patch elon- 
found in > 10 000 shoots examined) does not imply that 

gation rates and patch size (as &stance from patch origin to vegetative propagation must be the repr0- 
patch margin) ductive mode. Patch formation from sexual propagules 
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is, however, highly inefficient, due to seed and seed- 
ling mortality during propagule development, and 
because seedling establishment does not ensure seed- 
ling development into patches. Thus, the patch forma- 
tion rate obtained for the community studied (45 
patches ha-' yr-') is much smaller than the rate of 
seedling appearance (470 seedlings ha-' yr-l). The 
sources of seedling mortality and the factors determin- 
ing whether seedlings develop into patches are, as yet, 
unknown. Nevertheless, the resulting patch formation 
rate is still greater than that reported for the Mediterra- 
nean seagrass Posidonia oceanica (L.) Delile (3 yr-' 
ha-'; Meinesz & Lefevre 1984). Seedling development 
in these Mediterranean species is rare (Caye & Mein- 
esz 1985, Perez 1989) compared to other species (e.g. 
Zostera marina growing in Atlantic waters) where 
seedling appearance may occasionally be > 1000 m-2 
yr-l (Robertson & Mann 1984), which should, conse- 
quently, ensure greater patch formation rates. 

Patch formation, however, is still insufficient to 
ensure successful colonization, because the positively 
skewed patch size distribution obtained (Fig. 3) indi- 
cates substantial patch loss (e.g. through burial and 
subsequent rhizome exposure) during growth. The size 
distribution for Posidonia oceanica patches recovering 
from a submarine explosion (Meinesz & Lefevre 1984) 
was also positively skewed. Visual examination of 
aerial photographs of other patchy seagrass popula- 
tions (e.g.  Figs. 3 and 5 in Kelly 1980, Fig. 23 in Thayer 
et al. 1984) further suggests that positively skewed 
patch size distributions are the rule in patchy seagrass 
stands. The patch diameter distribution of the P. 
oceanica population (from Fig. 3 in Meinesz & Lefevre 
1984) yielded and exponential rate constant of change 
in patch abundance (g) of 0.77 + 0.007 (SE; R2 = 0.99), 
indicating a smaller patch loss with increasing size 
than that in the present study (g = 0.32). This dissimi- 
larity in patch size distribution may reflect differences 
in the extent of disturbance experienced by colonizing 
plants. The use of g parameters may prove useful in 
comparing and summarizing the dynamic aspects 
reflected in patch size distributions. Colonization of 
environments sublect to low-frequency disturbance 
should result in greater g values than those expected in 
frequently disturbed areas, where fewer patches 
should 'escape' disturbance to reach large sizes. Thus, 
the amplitude and frequency (relative to patch growth) 
of disturbance appear to be major determinants of the 
patch size dstribution, and the extent of spatial 
heterogeneity of colonizing seagrass (cf. Duarte 1990). 

The average patch growth equalled the average 
potential rate set by the growth of fast-running 
rhizomes over bare substrate. Patch growth is, there- 
fore, tightly controlled by seagrass capacity for rhizome 
growth (Tomlinson 1974) Patch growth of Cymodocea 

nodosa was subject to considerable variability among 
and within patches. These differences result from 
interannual, environmentally determined, differences 
in patch growth consistent among patches (Fig. g), and 
from the fact that patch growth is accelerated as patch 
size increases (Fig.?). This growth acceleration ex- 
plains the asymmetric shape of the patches (Fig. G ) ,  
because small differences in patch growth along the 
different directions are enhanced as patches elongate. 
This findlng supports previous suggestions of positive 
feed-backs in seagrass growth (McRoy & Lloyd 1981, 
Fig. 5 in Fonseca et al. 1983). 

Once established, seagrasses modify their environ- 
ment by forming a compact layer that deflects currents 
above them (e.g. Fonseca et al. 1982, Fonseca et al. 
1983, Thayer et al. 1984) and their rhizomes and roots 
stabilize the underlying sediments against erosion. 
Furthermore, the reduced current velocities within the 
patch contribute to increase sedimentation and reduce 
sediment resuspension within the patch (Fonseca et al. 
1983, Harlin et al. 1982, Thayer et al. 1984). Thus, 
increased patch size and density may lead to improved 
growth conditions, in a positive feed-back process 
(McRoy & Lloyd 1981, Fonseca et al. 1983), such that 
seagrass patches form a 'mutually sheltering structure' 
(Thayer et a1 1984) as they grow. 

The potential for seagrass colonization is a function 
of both the rhizome elongation, which determines 
patch growth, and reproductive effort, which sets the 
potential for formation of new patches. Informabon on 
elongation rates of seagrass rhizomes is sparse, but the 
available data demonstrate considerable variability 
among and within species (Fig. 10). Some species are 
able to elongate several meters per year (e.g. Cymo- 
docea spp. and Synngodium isoetifolium), whereas 
some others (e.g. Posidonia oceanica, Thalassoden 
dron pachyrhizum, Zostera marina) grow at rates 
of only a few centimetres per year (Fig. 10). Neverthe- 
less, some species with slow elongation rates (e.g. 2. 
manna) may achieve a high potential for colonization 
by having a high reproductive effort. P. oceanica, 
which exhibits both very slow elongation rates and rare 
sexual reproducbon, may develop extensive meadows 
only because of its extreme genet longevity (>l000 yr; 
Boudouresque et al. 1980, Calmet et al. 1988). The 
absence of direct reports on the horizontal growth rates 
for 2. marina, which has been studied for almost a 
century, is symptomatic for the general neglect of 
rhizome growth and plant colonization aspects (Bell & 
Tomlinson 1980). The paucity of studies on seagrass 
colonization contrasts with the worldwide alarm 
caused by recent seagrass declines (e.g. Wilson 1949, 
Kikuchi 1974, Den Hartog & Polderman 1975, Orth & 
Moor 1983, Cambridge & McCom 1984). Therefore, the 
results obtained in this study of seagrass patch forma- 
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Fig. 10 Horizontal e longat~on rates of seagrass specles. Single 
values are represented by full squares and l ~ n e s  cover the 
range when multiple values were reported. References (on the 
r ~ g h t )  correspond to 1,  Brouns (1987); 2, this study; 3,  Josselyn 
et  al. (1986); 4, Eleuterius (1987); 5 ,  Patriquin (1975); 6, Patri- 
quln (1973), 7, Durako & Moffler (1985); 8, Stewart (1989); 9, 
Jacobs (1984); 10, Sand-Jensen (1975); 11, l r k m a n  & Cook 
(1987); 12, Calmet et  al. (1988); 13, Meinesz & Lefevre (1984); 

14, Wittmann (1984) 

tion and growth may provide a useful framework for 
future efforts by (1) providing a methodological 
approach; (2) identifying the steps involved in the pro- 
cess of seagrass recovery (seedling establishment, 
patch initiation, patch growth); (3) providing specific 
testable hypotheses (e.g. the existence of positive feed- 
backs on patch growth); and (4)  identifying areas 
where further research is most needed (e.g. rhizome 
elongation rates, time scales of seagrass recovery, sour- 
ces of seedling and patch mortality). 
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