
Vol. 158: 131-138, 1997 MARINE ECOLOGY PROGRESS SERIES 
Mar Ecol Prog Ser Published November 17 

Dynamics of a landscape mosaic: size and age 
distributions, growth and demography of seagrass 

Cymodocea nodosa patches 

'Limnologisches Institut, Universitat Konstanz, Mainaustrasse 212, D-78457 Konstanz, Germany 
'Centre de Estudios Avanzados de Blanes - CSIC. Cami de Santa Barbara s/n, E-17300 Blanes, Girona, Spain 

3Department of Life Sciences and Chemistry, Roskilde University. DK-4000 Roskilde, Denmark 

ABSTRACT. The patch dynamics (recruitment, growth and mortality) of seagrass Cymodocea nodosa 
were examined at the landscape scale (Le, the scale at which disturbances occur) by means of 
3-dimensional (X. Y dimensions and depth) mapping of shoot internal density and age structure within 
the basic units (patches) forming the landscape. Highly skewed patch size and age distributions ~ n d i -  
cated a high exponential patch mortality rate ( m  = 0.82 * 0 07 yr-l) and a slightly higher exponential 
patch recruitment rate (1.04 yr-l) that ensures the maintenance and fast turnover of this population of 
patches Patch growth (i.e. increase in number of shoots per patch) proceeded at an exponential growth 
rate of 2 28 t 0 14 yr.', indicating a doubling time of 11 1 d for the shoot population within each patch 
Moreover, average patch growth rate accelerates with increasing patch size and age. This self- 
acceleration of patch growth means that this seagrass species has a remarkable potential for rapid 
space occupation due to its intense clonal growth. The results obtained emphasize the power of a land- 
scape approach for describing the intense dynamics of colonising seagrass populations. 

KEY WORDS: Seagrass patch dynamics . Landscape scale - Three-dimensional mapping . Size and age 
distributions - Pareto dstribution 

INTRODUCTION 

Landscape ecology studies the processes occurring 
in the spatially heterogeneous mosaics that compose 
most ecosystems (Robbins & Bell 1994, Pickett & Cade- 
nasso 1995). Evidence of the relevance of landscape 
ecology to marine environments is rapidly growing. 
The approach has been successfully applied to sea- 
grass meadows (e.g. Bell et  al. 1995, Irlandi e t  al. 1995). 

A detailed examination of seagrass ecosystems 
reveals a hierarchical arrangement of structure over 
spatial scales ranging from millimetres to kilometres 
(Robbins & Bell 1994). At the millimetre scale, indi- 
vidual shoots are composed of multiple blades with 
contrasting ages, sizes and epiphytic populations. 
Shoots are arranged in discrete clumps (at a scale of 

centimetres to meters) which, in turn, make up patches 
(i.e. seagrass beds; 1 to 100 m diameter). Seagrass beds 
are arranged into meadows that may extend over kilo- 
metre-wide areas (Robbins & Bell 1994) and often con- 
tain important topographic heterogeneity (Patriquin 
1975). At the intermediate scale, seagrass beds are 
often subject to perturbation that creates considerable 
heterogeneity at  scales of several meters and often 
determines the structure of seagrass landscapes 
(Duarte 1991). The perturbation is often linked to sedi- 
mentary dynamics, such as  erosion and burial by 
migrating sand waves (Marbh e t  al. 1994, Marba & 

Duarte 1995). 
The dynamics of seagrass meadows (growth, graz- 

ing, biomass development, flowering, etc.) is often 
examined by extrapolating processes studied in one 
or a few small (usually < l  m') quadrats to the entire 
meadow. This procedure assumes that all relevant 
processes influencing the dynamics of seagrass mead- 

O Inter-Research 1997 
Resale o f  full article not permitted 



132 Mar Ecol Prog Ser 158: 131-138, 1997 

ows are contained at scales less than 1 m. This assump- 
tion is inconsistent with the biology of seagrasses, 
which often have physical continuity at sca.les > l  m 
(e.g. up to 4 m in Cymodocea nodosa (Ucria) Ascher- 
son; Duarte & Sand-Jensen 1990a). Their integration 
over scales greater than 1 m2 means that the plants are 
not fully dependent on local resource availability. 

A proper understanding of the dynamics of seagrass 
landscapes, therefore, requires sampling at spatial 
scales large enough to include the dominant processes. 
Operationally, the landscape scale can be estimated to 
be about twice as long as the spatial scale at which the 
dominant processes generating heterogeneity operate, 
both for designing field work and modelling scenarios 
(e.g. Duarte 1995). For instance, the subaqueous sand 
waves that perturb the Cymodocea nodosa population 
examined by Marba et al. (1994) are separated by, on 
average, 21 m. Hence, a sampling area with a charac- 
teristic linear dimension of about 2 X 21. m would be 
needed to describe the effect of this perturbation. This 
sampling scale was approximated by using 100 m tran- 
sects in previous studies of the population (Marba et al. 
1994, Marba & Duarte 1995). Transect sampling may, 
however, yield biased results when the processes are 
not isotropic (i.e. not homogeneous in all directions). 
This is the case for subaqueous dunes, for instance, 
which are arrow-shaped structures, rather than having 
the parallel, linear features assumed by isotropic geo- 
metry. Examination of the landscape dynamics of sea- 
grasses, therefore, requires a 2-dimensional analysis 
that transcends the use of small quadrats or transects. 

We believe that an understanding of seagrass mead- 
ows dynamics will be limited until the need to consider 
the landscape as the appropriate scale of analysis is 
recognised. There are, at present, very few studies on 
seagrass dynamics at scales that approach that of the 
landscapes (e.g. Patriquin 1975, Durako & Moffler 
1987, Duarte & Sand-Jensen 1990a, b, Marba et al. 
1994, Marba & Duarte 1995), and even fewer studies 
provide the 2-dimensional quantitative description of 
dynamics needed to properly model landscape dynam- 
ics. Here we demonstrate the power of 2-dimensional 
studies for examining the dynamics of seagrass mead- 
ows at the landscape scale. As a model we use a patchy 
Cymodocea nodosa population, whose life history 
(Duarte & Sand-Jensen 1990a, b, Marba & Duarte 
1995), regulatory processes (Perez et al. 1994), and 
perturbation dynamics (Marba et al. 1994, Marba & 
Duarte 1995) are well understood. 

The size and age distribution of patches has been 
proposed to contain substantial information on the 
basic dynamics of patchy seagrass populations (Meinesz 
& Lefevre 1984, Duarte & Sand-Jensen 1990a). Pre- 
vious examinations of seagrass patches have charac- 
terised them using only linear dimensions (Meinesz 

& Lefevre 1984, Duarte & Sand-Jensen 1990a). which 
do not directly reflect the population dynamics of the 
seagrass species forming the patches. An alternative, 
more appropriate approach would be to consider each 
patch as an independent seagrass population and treat 
the patches forming the landscape as a meta- 
population, with each patch characterised by its popu- 
lation size (i.e. total number of shoots contained). This 
approach allows us to make at least 2 types of infer- 
ences. First, it allows the description of seagrass 
growth in terms of patch-population growth (i.e. the 
increase in the number of shoots per patch), rather 
than in terms of the increase in their linear dimensions, 
as was done in the past (Duarte & Sand-Jensen 1990a, 
Marba & Duarte 1995). Second, by scaling the patch 
abundance to patch size, the fractal dimension of the 
studied vegetation landscape can be determined and 
used to establish the characteristic domains of scale of 
that landscape (Wiens 1989, Zeide 1993, Fonseca 
1996). A domain of scale is a given size range charac- 
terized by a constant fractal dimension. It implies that 
similar processes are operating on that scale, such that 
the landscape exhibits self-similarity in that size range. 
On the other hand, a change in the fractal dimension 
along the size gradient is an indication of a shift be- 
tween controlling processes or constraints and, thus, 
the existence of a different domain of scale (Schroeder 
1991, Meltzer & Hastings 1992, Hastings & Sugihara 
1993, Robbins & Bell 1994). 

Our goal here is to describe the size and age distrib- 
ution of the seagrass patches forming the landscape, 
examine the variability of patch growth, and estimate 
the basic dynamics of the patches (formation, growth, 
and mortality rate). We hypothesise that surface patch 
expansion is not a homogenous process, but it is accel- 
erated by synergism (self-accelerating or positive feed- 
back mechanisms) in this clonal plant, and therefore, 
we examine how patch size (number of shoots per 
patch) is related to time (patch age) in order to estimate 
patch-population growth rate. This synergic process 
may be reflected in the patch size distribution as 
changes in the fractal dimension along the size gradi- 
ent. Thus, we estimate the fractal dimension of this 
patchy landscape in order to test the existence of a 
single or several domains of scale (i.e. whether or not 
the dynamics of big patches differs from the dynamics 
of small patches). 

METHODS 

Study area: the Cymodocea nodosa landscape in 
Alfacs Bay (NW Mediterranean). The seagrass Cymo- 
docea nodosa grows as scattered patches on a tide- 
less, 4 km wide, shallow ( < 2  m) platform in Alfacs Bay 
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(40" 36' N, 0" 43' E ;  NE Spain), where this patchy land- 
scape has existed for at least 2 decades. The C. nodosa 
patches grow over h~gh ly  mobile subaqueous dunes 
that migrate at an  average velocity of 13 m yr-' over 
the shallow platform from the open bay towards the 
sand barrier which separates the bay from the Medi- 
terranean Sea (Marba et al. 1994). A strong coupling 
between patch dynamics (rhizome elongation rate, 
vertical shoots growth, flowering frequency) of C. 
nodosa and subaqueous dune migration has been 
demonstrated, leading to the conclusion that this 
disturbance caused by migrating sedinients maintains 
the patchy vegetation landscape by keeping C. nodosa 
in a permanent state of colonisation (Marbb & Duarte 
1995). 

Landscape mapping. A quadrat of 12 000 m2 (150 m 
parallel to the shore X 80 m into the bay), containing 
several subaqueous sand dunes and many seagrass 
patches, was established in July 1994 to represent the 
seagrass landscape adjacent to the inner shore of the 
bay's sand bar (see Fig. 1). A grid with a resolution of 
5 m longshore and 2 m offshore was established inside 
the quadrat, and used to map the bathymetry of the 
landscape using rulers (resolution 2 1  cm). The water 
level at a reference point was measured every 20 min 
to correct the depth measurements for any changes 
due to sea level fluctuations inside the bay. Each 5 m 
wide offshore transect was then screened to create 
a vegetation map by noting the position of the patches 
(resolution 2 0  5 m) on each transect. 

Isolated shoots were dug up to ascertain whether 
they were seedlings or short shoots stemming from a 
buried, older rhizome system. The maximum age of all 
these single shoots was then determined following 
Duarte & Sand-Jensen (1990a). Shoot age was esti- 
mated as the total number of leaves produced during 
the shoot llfe span (i.e. number of standing leaves plus 
leaf scars from shed leaves). The units used for these 
age estimates are plastochrone intervals (PIS; Erickson 
& Michelini 1957) and can be translated into absolute 
time by multiplying them by 26 d ,  whlch is the mean 
time elapsed between the production of successive 
leaves for the Cymodocea nodosa population studied 
(Pei-ez 1989, Duarte & Sand-Jensen 1990a, Marba et al. 
1994). 

The surface of patches whose major axis was larger 
than 1 m was estimated from measurements of patch 
dimensions along every 45" bearing from the geo- 
metric centre of the patch, which allowed the identifi- 
cation of the main (I.e. longest) axis and the secondary 
axis (the longest axis perpendicular to the main axls). 
We then established transects along the main axis and,  
for large patches ( > l 0  m across), the secondary axis of 
the patches in order to locate the position of the oldest 
shoots and, thus, the origin of each patch (cf. Duarte & 

Sand-Jensen 1990a). We described the age  gradient 
across the patches, which allowed calculation of patch 
growth rates (Duarte & Sand-Jensen 1990a) by placing 
3 to 16 stations (depending on patch size) uniformly 
spaced along the transects, and collected the shoots 
using a 0.0314 m2 corer. The shoots in each corer were 
counted and aged to identify the age  of the oldest shoot 
present. 

For the smaller patches (maln axis < l  m) we counted 
and determined the age of all shoots within the patch. 
The maximum age obtained represents the time 
elapsed since the stations were colonised, and the 
position within each patch containing the oldest shoot 
was assumed to be at ,  or close to, the position where 
the patch was initiated (cf. Duarte & Sand-Jensen 
1990a). 

The vegetation within the landscape was mapped 
using a GIS software (IDRISI Geographical Information 
System). Data were introduced as different matrices 
(150 X 80 data points) of depth,  presence/absence of 
seagrass, shoot density, and maximum age.  Subse- 
quent bathymetric maps, shoot density maps, and age  
maps were obtained using the standard procedure of 
krigging to interpolate the data. The resulting maps 
were then used to distinguish coalescing patches (i.e. 
those with more than one age  maximum) and to cal- 
culate the total number of shoots in each patch by inte- 
grating the number of shoots in a glven area in the 
shoot density matrix. 

Patch dynamics. The patch size (as number of shoots 
per patch) frequency distribution was constructed for 
all patches present within the 12000 m2 mapped 
area. The patch size distribution was described using a 
cumulative distribution function of the Pareto distribu- 
tion (Kotz & Johnson 1985). The Pareto distribution is 
widely used in many other disciplines for the descrip- 
tion of size distributions in other systems (Winiwarter 
& Cempel 1992, Vidondo et al. 1997). The probability 
density function, pdf (S), of the Pareto distribution is 

pdf  ( S )  = c ~ n s t . s - ~ - '  (1) 

In order to fit discrete empirical data to this continuous 
function it must be integrated along a given size range. 
Integrating pdf (S) from any given size S to infinity, we 
obtain the complementary function of the cumulative 
distribution function with the form: 

where S is the variable patch size, and S is any given 
size value (Kotz & Johnson 1985). The probability 
@rob) that the size (S) of a patch taken at random will 
be equal or greater than size S, prob(s 2 S), is calcu- 
lated, for each patch, as the fraction of all patches 
larger than or equal to itself: 
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where N ( s  2 S) is the abundance of patches larger or 
equal than a given patch and NT is the total abundance 
of patches. Equating Eqs. (2) & (3), the slope D is 
obtained by fitting a regression line to the logarithm of 
the fraction of patches larger than or equal to a given 
size versus the logarithm of that size, 

Nts  ' = const -  log S 
log( NT ) 

The slope of this regression, D, also called patchiness 
exponent, is a measure of the relative number of small 
versus big patches and provides is an estimate of the 
fractal dimension of the vegetation landscape, allow- 
ing one to test for self-similarity across scales (Meltzer 
& Hastings 1992, Hastings & Sugihara 1993). 

Initial exponential patch mortality rate (m, in yr-l) 
was also derived from the patch distribution of patch 
age, as the slope of the equation 

describing the decline in patch abundance (N) with 
time (i.e. patch age, t, in yr). Patches older than 7 yr 
were not included in this calculation to avoid the error 
associated with their rareness. Patch recruitment (as 
exponential units yr-l) was derived as the natural 
logarithm of the fraction of patches younger than 1 yr. 

Patch growth was represented by the rate of rhizome 
lateral spread, calculated as the age gradient (cm yr-l) 
between the origin of the patch (i.e. the location of the 
oldest shoot within the patch) and the oldest of the 
shoots at  the patch edge (Duarte & Sand-Jensen 
1990a). In addition, the rate at which space was being 
occupied by patches (the surface patch expansion) was 
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estimated from the exponential increase in patch size 
(as number of shoots per patch as a function of age). 
Patches older than 7 yr were not included in this 
calculation to avoid the error associated with their 
rareness and to take into account the fact that the 
oldest and biggest patches may no longer have been 
growing. 

Because the seagrass patches studied represent, by 
and large, single clones (i.e. single individuals), the 
mortality and growth processes are similar to those 
influencing the seagrass individuals, for which consid- 
erable evidence of exponential processes has been 
produced (cf. Duarte et al. 1994). 

RESULTS AND DISCUSSION 

The 150 X 80 m landscape studied contained several 
subaqueous dunes, which showed considerable topo- 
graphic complexity (Fig. 1). There were 489 seagrass 
patches, ranging in size from patches formed by a 
single shoot to some containing > 3  X 106 shoots. The 
age of the patches varied from 0.08 to 10.5 yr (Fig. 2). 
Examination of the age distribution within the patches 
revealed the 3 largest (>l  X to6 shoots per patch) 
patches to be composed of multiple coalescent patches, 
the largest patch found (>3 X 106 shoots) consisting of 
5 coalesced patches (Fig. 2). The individual patches 
forming these larger patches were considered sepa- 
rately in the examination of patch size (as the number 
of shoots per patch) and patch age distributions. 

The patch size distribution represented as a cumula- 
tive distribution function of the Pareto distribution 
shows an inflexion point at patches of about 103 shoots, 
indicating the existence of at least 2 different domains 

Fig. 1. Bottom topography in the land- 
scape sampled in Alfacs Bay (July 1994) 
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Fig 2 Distribution of maximum shoot age  in the sampling area Coalescent patches are  indicated 1~1th arrows 

of scale (Fig. 3 ) .  Patches smaller than 103 shoots fit to a 
linear Pareto distribution (R2 = 0.98, N = 479), indicat- 
ing the existence of a characteristic fi-actal dimension 
for this range of patch sizes. Their fractal dimension (or 
patchiness exponent) (D = 0.6, see Eq. 4) is at the upper 
limit of other patch size distributions of terrestrial veg- 
etation (Hastings & Sugihara 1993). However, patches 
larger than 103 shoots are more abundant than ex- 
pected for an  entirely self-similar size range, which 
indicates a size-dependent shift in the processes gen- 
erating the observed patch size distribution (i.e. 
growth, mortality). 

The patch size distribution (i.e. the frequency distri- 
bution of the number of shoots within the individual 
patches) was highly skewed, indicating fast patch 
formation and high mortality rates (Fig. 3). Most of the 
patches (229, Fig. 3) were comprised of isolated shoots, 
some of which were seedlings derived from reproduc- 
tive activity in the previous year, and the rest were 
individual shoots that survived the burial of larger 
patches. Seedlings younger than 1 yr comprised 65 % 
of the patches, whereas those older than 1 yr com- 
prised only 9% of the total number of patches, con- 
firming the very high seedling mortality (80 to 90% 
annually) previously reported for this location (Duarte 
& Sand-Jensen 1990a). Based on the decline in patch 
abundance with increasing patch age  (Fig. 4 ) ,  the 
exponential patch mortality rate (m, in Eq. 5) was cal- 
culated as 0.82 k 0.07 yr-l, implying that half of the 
patches formed die before reaching 0.8 yr. This high 
mortality rate is mostly attributable to the disturbance 
exerted by the erosion upon the passage of the 
regressing slope of the sand dunes that transit through 
this area (Marba & Duarte 1995), although the mor- 

tality of young seedlings may also derive from severe 
nutnent limitation (Duarte & Sand-Jensen 1996). 

Based on the abundance of new ( < l  yr) patches rela- 
tive to the total number of patches, we calculated a 

0 1 2 3 4 5 6 7  

Log Size (Number of shoots per patch) 

2 2 2  2 2  27 2 Y  2 1 1  213 2 1 5  2 1 7  219 z2' 
Size (Number of shoots per patch) 

Fig 3 Cymodocea nodosa Size distribution of patches in the 
sampled landscape in Alfacs Bay (July 1994) represented as 
(A) a cumulative distnbution function of the Pareto distribu- 
tlon, and (B) the slze frequency distnbutlon of logarithmic 

(base 2)  classes 
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Age (years) 

Fig. 4 .  Cymodocea nodosa. Decline in patch abundance with 
increasing patch age. The solid line represents the fitted re- 
gression equation, ln(number of patches) = 6.134 - 0.818 

(* 0.07) patch age; ( R ~  = 0.96, p < 0.001) 

patch recruitment rate of 1.04 In units yr-', slightly 
higher than the mortality rate, ensuring the mainte- 
nance of the patch population despite the high mortal- 
ity rates it experiences. Our estimate of patch recruit- 
ment rate (9 X 10-3 patches m-2 yr-') is higher than that 
reported earlier for this area (4.5 X 1 0 - ~  patches m-2 
yr-'; Duarte & Sand-Jensen 1990a). However, the latter 
estimate was derived from sampling at a smaller 
spatial scale (100 m'), which could result in great vari- 
ability, considering the patchy distribution of seedlings 
observed. Examination of aerial photographs reveals 
that this patchy landscape has existed since 1972, indi- 
cating that the observed balance between patch for- 
mation and mortality results in a Cymodocea nodosa 
population which is in a permanent state of colonisa- 
tion. This state of colonisation represents a dynamic 
equilibrium that involves a close coupling of the life 
history of the seagrass and the disturbance they ex- 
perience (Marba & Duarte 1995). 

Average patch growth increased with increasing 
patch size and age (Fig. 5 ) ,  supporting previous reports 
that patch growth accelerates during patch expan- 

I 
1 l . , t 
0 2 4 6 8 10 

Age (years) 

Log y = 0.89 + 0.19 X; R' = 0.74 

2 J 6 8 
Patch Age (years) 

1000-  

Fig. 6. Cymodocea nodosa. Relationship between the average 
number of shoots per patch and patch age. Data points repre- 
sent average values for patch age classes, and bars indicate 
*SE (calculated from logarithmic means). The solid line 
represents the fitted linear regression equation (Eq. 6 in text) 
excluding the 2 older patches since they may have no longer 

been growing 

' '  ' ' I 1 I .  . .  

A 

sion (Duarte & Sand-Jensen 1990a, Marbi & Duarte 
1995). 

Patch growth, however, is best represented as the 
increase in the number of shoots forming the patch 
(patch size) in relation to time (patch age) (Fig. 6). This 
relationship between patch size and patch age can be 
approximated by the regression equation 

In patch size = -0.32 + 2.28(+0.14) patch age (yr) 
(R2 = 0.95, p < 0.001) (6) 

For the regression we excluded the 2 older individ- 
ual patches where the asymptotic patch size had been 
reached. Thus, the slope of this equation (2.28 -+ 0.14) 
provides an estimate of the exponential growth rate of 
the shoot population forming an individual patch. The 
growth rate obtained indicates a doubling t ~ m e  of 
111 d for the shoot population forming each patch, or 
the potential to octuplicate population size within a 
year. The self-acceleration of patch growth is, there- 
fore, conducive to very substantial growth rates of 

Log y = 1.08 - 0.27 Log X; R' = 0.71 

Y 
. , v  . , , 

1 10 1oZ 10' 10' l o S  106 10' 
Patch size (number of shoots per patch) 

Fig. 5. Cymodocea nodosa. Relationship between patch growth rate (cm yr-') and (A) patch age (yr) and (B) patch size (number 
of shoots per patch). Data points represent average values (*SE, calculated from 1ogan.thrnic means) for size and age classes 
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the shoot population, indicating a remarkable potential 
for rapid space occupation due to the intense clonal 
growth of this seagrass species. The fact that the patch 
population is at about steady state at the scale of the 
landscape despite this substantial growth rate further 
indicates the large mortality of the patches. 

The acceleration of patch growth with increasing 
age indicates the operation of self-accelerating pro- 
cesses associated wlth seagrass colonisation, in keep- 
ing with the suggestion that seagrasses form a 'mutu- 
ally sheltering structure' as they grow (McRoy & 
Lloyd 1981, Fonseca et  al. 1983). The acceleration of 
patch growth during patch expansion is also expected 
from the decline in perimeter to area ratio as the 
patches grow, which may increase the flux of 
resources along rhizomes from shoots in the inner 
part of the patches to the rapidly growing rhizomes 
(runners). The divergence of patches larger than 103 
shoots, with respect to a linear Pareto size distribu- 
tion, suggests a reduced mortality of large patches 
which could be a consequence of the acceleration of 
patch growth explained here. A positive feedback 
during macrophyte colonisation has not been ob- 
served, however, in other studies of patch growth on 
eelgrass (Olesen & Sand-Jensen 1994) or a stream 
macrophyte (Sand-Jensen & Madsen 1992). Both of 
these studies did, however, report lower mortalities of 
larger relative to smaller patches, presumably due to 
improved anchoring, mutual physical protection and 
physiological integration among the shoots as patches 
grow. 

In summary, our analysis of patch recruitment, 
growth and mortality provides evidence for the power 
of examining seagrass patch dynamics at the land- 
scape scale, where each patch is considered as a pop- 
ulation of shoots, and the set of patches in the land- 
scape considered as a set of populations. By means of 
this analysis, parameters at  the landscape scale that 
are needed in models to forecast the development of 
seagrasses are obtained. Examinations at the typical 
square meter scale would have failed to account for the 
dynamic turnover of patches, which is the foundation 
for the dynamic equilibrium which maintains this, and 
likely other, patchy seagrass landscapes. 
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