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INTRODUCTION

Seagrass meadows are highly productive ecosystems
and cover between 1.5 × 105 and 6 × 105 km2 worldwide
(Duarte & Cebrián 1996, Green & Short 2003). They
account for a significant fraction of the carbon burial in
the ocean (Duarte & Cebrián 1996), and support highly
diverse and productive food webs (summarized in
Hemminga & Duarte 2000). Seagrass meadows are,
however, experiencing worldwide decline (Duarte
2002) under the effects of global climate change
(Marbà & Duarte 1997, Seddon et al. 2000) and human
impacts (Short & Wyllie-Echeverria 1996, Duarte
2002). The need to predict both loss and recovery of
seagrasses is becoming a major social as well as

resource management issue (Duarte 2002), yet the
time scales involved in seagrass colonization are
largely unknown. Further research is needed into the
processes that control the horizontal spread of sea-
grasses, patch survival and growth, and dynamics of
meadows within subtidal landscapes.

We have long assumed that the time scales of forma-
tion and dynamics of seagrass landscapes would be
best understood from a detailed knowledge of seagrass
clonal growth, yet there is growing evidence that
expansion of seagrasses in the landscape is more than
the sum of clonal growth of all individual shoots.
Growth of seagrass patches and meadows accelerates
as they increase in size (Vidondo et al. 1997, Marbà &
Duarte 1998, Kendrick et al. 1999, Sintes et al. 2005),
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suggesting non-linearity in the interactions between
ramets. The faster growth of patches and meadows
deserves specific attention, since it substantially
affects our capacity to forecast meadow recovery from
disturbance.

To clarify the terminology used in this review, we
need to define a few basic terms. A seagrass ramet con-
sists of a leaf-bearing shoot, portion of rhizome and
roots. A landscape is a spatially heterogeneous area
containing a group of classes.  The term ‘seagrass land-
scape’ was coined by Robbins & Bell (1994) and consists
of 2 classes: seagrass and unvegetated sediments.
Emergence is a product of coupled, context-dependent
interactions between individuals (i.e. seagrass ramets)
that are technically non-linear (Holland 1998). Holland
(1998) stated that the rules governing these interactions
‘…generate the complexity, and the ever-changing flux
of patterns that follows leads to perpetual novelty and
emergence…’. For the purposes of this review, emer-
gent landscape patterns are described as the speed of
infilling and the spatial patterning of the class seagrass
within a seagrass landscape that are generated by sim-
ple rules governing growth of individual ramets, but
that are not directly predictable from the sum of growth
of the total population of ramets.

The main objective of this paper is to review the evi-
dence for emergence from growth of seagrass ramets,
growth and survival of seagrass patches, and infilling
rates and patterns of seagrasses in seagrass land-
scapes. To achieve this goal, we first review the exist-
ing literature on clonal growth of ramets, growth and
survival of seagrass patches, and dynamics of sea-
grasses in seagrass landscapes. We then compare the
approaches presently used in seagrass research with
the more extensive literature on modelling clonal
growth in terrestrial plants. We conclude with a frame-
work for future research and modeling of the dynamics
of seagrass landscapes.

GROWTH OF SEAGRASS RAMETS

Seagrasses are clonal organisms and occupy space
by reiterating a basic unit, the ramet. The pattern of
vegetative proliferation of seagrass ramets depends on
elongation (i.e. rate of addition and size of rhizome
internodes) and branching (i.e. branching frequency
and branching angle) of the rhizome, and the rhizome
length in between consecutive shoots (Bell & Tomlin-
son 1980, Angevine & Handel 1986, Cain et al. 1996).
The variability in clonal growth of seagrasses can be
expressed as interspecific differences in size and pat-
terns of growth of the ramets, intraspecific variation
associated with phenotypic plasticity, and undeter-
mined variation including genotypic variation.

A large part of the variability in clonal growth within
the seagrass flora is accounted for by allometric scaling
to seagrass size (defined as rhizome diameter; Duarte
1991). Rhizome elongation rates, branching frequency
and angles decline as size increases by the following
relationships: elongation rate = seagrass size–1.6;
branching frequency = seagrass size–1.6; and branching
angle = seagrass size–0.3. These relationships only
account for 58, 39 and 21% of interspecific variation in
clonal growth, respectively (Marbà & Duarte 1998).
Allometric scaling has been interpreted to reflect con-
struction costs (e.g. the cost of rhizome elongation
increases by the square of its thickness).

Intraspecific variability in clonal growth is also sub-
stantial, and rhizome elongation rates, branching
frequency and branching angles typically vary by
approximately 72, 34 and 36%, respectively, within
any one species (Marbà & Duarte 1998). Growth of
seagrass ramets responds to environment signals such
as nutrients (Pérez et al. 1994), sediment inundation
(Marbà & Duarte 1994) and water movement (Jensen &
Bell 2001). Intraspecific variability in branching rate
appears to be partly controlled by apical dominance,
although experimental evidence is lacking for most
species. In Cymodocea nodosa, growing rhizome
apices have been experimentally shown to suppress
branching within 50 cm distance of apices (Terrados et
al. 1997). The intraspecific variability in rhizome elon-
gation depends on space availability, as shown by
greater extension rates in rhizome apices growing at
the periphery of clones (i.e. runners) than those grow-
ing at their centres (Marbà & Duarte 1998).

Seagrass clones are connected by rhizomes to neigh-
bouring ramets, allowing locally acquired resources to
be shared among ramets, thus integrating resources
across larger spatial scales than those directly accessi-
ble to a single ramet (Libes & Boudouresque 1987,
Tomasko & Dawes 1989). Across a range of species,
resource translocation along rhizomes is generally in
the direction of rhizome apices (Marbà et al. 2001). The
response of ramet size to local resources, together with
the integration of resources across the clone have been
shown to result in emergent properties in clonal plants
in general, and in particular the capacity of the clone to
average out the local conditions (Pennings & Callaway
2000).

GROWTH OF SEAGRASS PATCHES

Seagrass colonization proceeds through the growth
of patches. Seagrass patches have size-specific mortal-
ity with greater mortalities in smaller patches (Duarte
& Sand-Jensen 1990, Olesen & Sand-Jensen 1994,
Vidondo et al. 1997, Ramage & Schiel 1999). There
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appears to be a critical size after which patch mortality
rates decline sharply. These results suggest that colo-
nization rates should be enhanced by greater patch
survival once patches exceed a critical size. Seagrasses
are ecosystem engineers (sensu Jones et al. 1997), in
that they are able to alter the environment they colo-
nize, by increasing particle (Gacia & Duarte 2001) and
nutrient (Pedersen et al. 1997) retention, attenuating
turbulence and waves, and affecting biogeochemical
conditions and processes in the sediments (Holmer &
Nielsen 1997, Enríquez et al. 2001, Barrón et al. 2004).
These changes lead to improved conditions for sea-
grass growth, which may further account for increased
patch survival and accelerated patch growth with
increasing patch size (Vidondo et al. 1997). In addition
the perimeter-to-area ratio of the patches decreases
with increasing patch size, thereby increasing within-
patch accumulation of resources available to support
patch growth (Marbà et al. 2001).

Seagrass patches grow through the development of
rhizome networks from the originating seedling or
plant as well as new rhizome networks contributed by
recruitment of new seedlings to the patch. Hence, the
growth of seagrass patches should be able to be pre-
dicted from growth of ramets, as discussed above.
Modelling of seagrass clonal networks using only rhi-
zome elongation and branching (rate and angle of
branches) has revealed emergent patterns, in the form
of non-linear growth by patches that cannot be readily
predicted from growth of individual ramets (Marbà &
Duarte 1998, Sintes et al. 2005). In particular,
the model of Marbà & Duarte (1998) indicated that
branching results in accelerated occupation of space
by clones. The area occupied by the modelled clone
increased, for all species simulated, as time cubed,
instead of time squared as would be expected from lin-
ear growth of rhizomes. This acceleration developed as
a consequence of the dominance of branching pro-
cesses over linear growth of rhizomes as the clonal net-
work, or patch, grews larger. Furthermore, the rate of
space occupation by the patch was closely dependent
on branching angles: acute angles resulted in greater
space occupation for a specific rhizome network length
than broad angles. More recent, sophisticated models
have explained this non-linear behaviour as the result
of a shift in growth of the rhizome network from a dif-
fuse-limited initial stage where the patch is an open
network of rhizomes, to a compact growth stage where
the patch has a high density of ramets and spreads
radially (Sintes et al. 2005). The evidence that the rate
of patch growth accelerates with patch size in natural
populations for Cymodocea nodosa (Duarte & Sand-
Jensen 1990, Vidondo et al. 1997) is consistent with
findings of accelerated extension rates derived from
these models of rhizome networks (Marbà & Duarte

1998, Sintes et al. in press). Hence, the growth of sea-
grass patches should not be modelled as a constant
radiative process (sensu Duarte 1995).

GAPS IN MEADOWS SHOW SIMILAR DYNAMICS
TO SEAGRASS PATCHES

Evolution of gaps in meadows have been described
for a range of seagrass species. For example, gaps
within Halodule wrightii meadows (Florida, USA) can
develop and infill again in <6 mo for small gaps
(<30 m2) and ≥1.5 yr for large gaps (>30 m2; Bell et al.
1999). The size distribution of gaps was skewed
towards small-sized gaps in Bell et al.’s (1999) study,
much like those described for patches (Vidondo et al.
1997). The rate of gap infilling in H. wrightii beds is
faster than for most seagrass species. For example,
Thalassia hemprichii grew into experimental 0.25 m2

gaps over 2 yr, but the slow-growing Enhalus acori-
odes was predicted to take 10 yr to infill these gaps
(Rollon et al. 1998). Infilling of approximately 1000 m2

circular gaps by the temperate seagrass Posidonia aus-
tralis was predicted to take between 65 and 100 yr
(Meehan & West 2000). Hastings et al. (1995) found
that gaps <25 m2 in P. sinuosa meadows in Western
Australia infilled over 50 yr but that larger gaps
remained, suggesting the evolution of an alternate
stable state, the sand gap, within these meadows.

Can we relate these observations of gap evolution to
that of patch evolution? The rates of infilling are simi-
lar to those of patch expansion, but infilling is spatially
restricted by shoot density: as gaps get smaller there
are more spreading horizontal apices and vertical
shoots per unit area. The rates of infilling of gaps have
not been modelled, but this would be a productive area
for future research.

CHANGE IN SEAGRASS LANDSCAPES

Seagrass landscape dynamics have generally been
described by mapping historical change in seagrass
distributions (e.g. Larkum & West 1990, Quammen &
Onuf 1993, Short & Burdick 1996, Kendrick et al. 2000,
2002, Seddon et al. 2000, Fredericksen et al. 2004).
These mapping exercises document change in sea-
grass distribution and cover over time, but generally do
not associate mapped changes with the underlying
processes generating that change, and rarely correlate
spatial changes in seagrass landscapes with environ-
mental factors. Fonseca & Bell (1998), Robbins & Bell
(2000) and Fredericksen et al. (2004b) have attempted
to link spatial changes in seagrass landscapes to envi-
ronmental factors. Seagrass mapping studies have
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demonstrated that landscapes are dynamic over
decadal time scales. Seagrass losses have been corre-
lated to increased human development in the coastal
zone (Larkum & West 1990, Short & Burdick 1996,
Kendrick et al. 2002) or to natural phenomena (Seddon
et al. 2000). A few mapping studies have demonstrated
widespread increases in seagrass cover in fast-grow-
ing (Quammen & Onuf 1993) and slow-growing sea-
grass species (Kendrick et al. 2000).

Tropical seagrasses can vary in both their distribu-
tion and coverage between seasons and years. Robbins
& Bell (2000) described the dynamics of a 5 ha subtidal
seagrass landscape in Tampa Bay, Florida. In this land-
scape, 2 species of seagrass interacted: Halodule
wrightii and Thalassia testudinum. Seagrass cover in-
creased by 14% between spring 1994 and fall 1995,
with changes occurring at the edges of existing
patches, suggesting that rhizome elongation was
mostly responsible for increase in seagrass cover.

Slower-growing temperate seagrasses are dynamic
over decadal time scales. Kendrick et al. (1999)
described changing seagrass landscapes on Success
Bank, Western Australia, over 21 yr. We analyzed 4 ha
landscape units, selected from areas of Posidonia cori-
acea and Amphibolis griffithii meadows, for seagrass
cover from aerial photographs from 1972, 1982 and
1993. Seagrass cover in landscape units increased by
50% (from 2 to 3 ha) between 1972 and 1993. Seagrass
expansion was evident as an increase in the number
and size of seagrass patches. Different emergent pat-
terns were observed in seagrass landscapes, ranging
from honeycomb-shaped meadows to spotted distribu-
tions of seagrass patches (Kendrick et al. 2000).

As well as growth, seagrass patch size and distrib-
ution have been demonstrated to change under dif-
ferent hydrodynamic conditions (Fonseca & Bell
1998, Robbins & Bell 2000). Fonseca & Bell (1998)
developed a predictive model of seagrass bed devel-
opment from an index of relative wave exposure and
tidal currents. Their study area consisted of continu-
ous to widely dispersed patches of Zostera marina
and Halodule wrightii along a gradient in increasing
hydrodynamic activity near Beaufort, North Carolina,
USA. There was an abrupt transition at 50% cover-
age of seagrasses, which was the transition where
landscape elements joined or occurred as discrete
elements. These correlated with current speeds that
initiated movement of sand grains at the sediment
surface, and a relatively high exposure to wind
waves. Fonseca & Bell (1998) concluded that local
seagrass pattern can be predicted from their physical
setting. Robbins & Bell (2000) also concluded that the
hydrodynamics, specifically winter storms, which
influence large-scale features such as sediment
transport and wind direction and fetch area are

major forcing factors for seagrass patch growth and
emergent patterns in seagrass landscapes.

MODELLING EMERGENCE IN TERRESTRIAL
CLONAL PLANTS

Clonal growth is not only restricted to seagrasses,
but is also widespread among terrestrial plants. Land-
scape modelling has been used to study genet and
ramet survival (Inghe 1989), the adaptive nature of
clonal growth rules (Oborny 1994), clonal integration
(Oborny et al. 2000), and the advantage of clonal
growth over seedling establishment in patchy en-
vironments (Hiebeler 2000). All these studies have
used individual-based, discrete-event, spatially expli-
cit models, visualized as cellular automata.

The emergent clonal plant landscapes have been
heavily influenced by differences in clonal growth and
clonal integration (Inghe 1989, Oborny 1994) com-
bined with the effect of frequency and scale of distur-
bance or environmental patchiness (Inghe 1989,
Hiebeler 2000). These models have shown that spatial
interactions between individuals can influence popula-
tion dynamics and the emergent spatial distribution of
clonal plants in landscapes, even if the environment
is homogeneous (e.g. Harada & Isawa 1994). For
example, emergence of landscape pattern from local
interactions in plants has been modelled for vege-
tative pattern in semi-arid grazed environments
(Hille Ris Lambers et al. 2001), where vegetation is dis-
tributed as irregular patches to regular bands or stripes
of vegetation with a scale of 100s of metres (Hiernaux
& Gerárd 1999). Hille Ris Lambers et al. (2001) found
that a positive feedback between plant density and
water filtration could account for these structures.
Therefore, the use of individual-based complex sys-
tems modelling developed for understanding emer-
gent properties of clonal growth in terrestrial plants, if
applied to seagrass, could assist us to more fully under-
stand the relationships between relatively simple
growth of ramets, accelerated patch development and
emergence of repeated and stable patterns observed
in seagrass landscapes.

CONCLUSIONS AND A NEW FRAMEWORK

Seagrass landscape studies have focused on de-
scribing changes in seagrass distributions and associ-
ating these changes with the physical environment.
In contrast, studies of terrestrial clonal plants have
approached landscapes by an assessment of the
advantage, both ecological and evolutionary, of clonal
architecture and integration on the persistence of
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clonal plants in landscapes. For seagrass landscapes,
little effort has been made to assess the influence of
local interactions between individual ramets on distri-
bution of seagrasses (notable exceptions are the stud-
ies of Marbà & Duarte 1998, and Sintes et al. 2005),
although this is a relatively new and highly productive
area of research for terrestrial clonal plants (Oborny
1994, Oborny et al. 2000).

Seagrass morphology may respond to the hydrody-
namic setting or other environmental conditions in a
way that may influence the distribution of seagrass
patches and meadows. For example, linear bed forms
can develop for Posidonia coriacea and P. sinuosa
(Cambridge 1975, G. A. Kendrick pers. obs.), Cymod-
ocea nodosa (Marbà & Duarte 1994) and Zostera
marina (Fonseca & Bell 1998) under extreme wave-
forcing. Physical setting and hydrodynamic forcing
have been used to predict seagrass bed shape and size
(Fonseca & Bell 1998, Robbins & Bell 2000). Can sea-
grass bed forms be used to predict physical setting and
hydrodynamic forcing? There is a positive feedback
mechanism between seagrass growth and the physical
environment (Fonseca & Bell 1998). While disturbance
plays a significant role in structuring the shape and
size of seagrass beds (Fonseca & Bell 1998), architec-
tural responses by the seagrasses also contribute (Fon-
seca & Bell 1998). In specific environments where the
frequency of disturbance is great enough to reset the
process of colonization (sensu Fonseca & Bell 1998),
these emergent features of seagrass distribution will
remain visible in the subtidal landscape.

At present we describe landscape-scale modifica-
tions to seagrasses by mapping losses and gains in sea-
grass distribution, without studying the underlying
processes that drove these changes. Linkages need to
be made between growth and survivorship of ramets
and patches and these descriptions of seagrass land-
scapes. We propose spatially explicit landscape mod-
elling as a framework to revealing the underlying
dynamics behind emergence of patterns in seagrass
landscapes, much as they are presently being used to
study terrestrial clonal plants.
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