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ABSTRACT: The repetitive clonal growth of the seagrasses Zostera noltii Hornem. and Cymodocea nodosa Aschers at the module level was used to implement a deterministic, individual-based, numerical
model using the simplest growth rules. Inter- and intraspecific variability in plant morphology and
meadow attributes was simulated, and the results yielded by the model were compared with an existing large data set recorded for both species. The model outputs showed that intra- and interspecific morphological variability can be accurately described (r = 0.99, p < 0.0001, n = 19) by a restricted number of
parameters (plastochrone interval [PI] and elongation rates for rhizome [RER] and leaf [LER], which are
species-specific parameters). Interspecific differences in meadow properties were recorded; however,
simulated values were double those observed. This result was mainly attributable to a lack of densitydependence phenomena in the model assumptions, revealing the importance of such phenomena in
structuring seagrass populations. In general, species with high PIs displayed longer modules (leaves and
internodes) and lower shoot densities, whereas species with lower PI values developed shorter modules
and crowded stands. This result corresponds with the relationship indicated by the self-thinning law and
by previous studies. The model also showed that plant morphology arises as an emergent property of a
simple set of growth rules acting at the module level, and that plant dynamic parameters can be tuned
by seagrasses in response to their local environmental conditions. Thus, the whole-plant response to the
environment can be determined by the sum of all the modular responses. This model, together with a
better knowledge of the regulation of plant dynamic parameters by control variables (light, temperature,
nutrients, etc.), provides a conceptual framework that allows the incorporation of module, plant morphology and meadow properties into functional–structural seagrass models, in which feedbacks among plant
morphology, plant development and phylloclimate (i.e. the physical environment actually perceived by
each individual organ or plant population) can be included.
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Seagrasses are benthic organisms living anchored to
the sediment, and are thus unable to escape from
adverse environmental conditions. This implies that

plants have to sense their surroundings or ‘phylloclimate variables’ (i.e. the physical environment actually
perceived by each individual organ [including both
aerial and subterranean tissues] or plant population;
Chelle 2005) and respond to their environment
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through modifications in metabolical, physiological
and/or morphological features (Horn 1971, Oborny
2004). Besides the metabolical and/or physiological
adaptations, a high degree of morphological plasticity
(the outcome of alterations in growth patterns) in
clonal plants has been interpreted as a plant phenotypic response to manage resource heterogeneity in
spatial and temporal scales (Schlichting 1986, Oborny
1994, 2004, Stuefer et al. 1994, Huber et al. 1999, Hemminga & Duarte 2000, Sultan 2000, Urbas & Zobel
2000). Alterations in morphology go beyond simple
morphometric changes, since morphotypes and certain
physiological traits are usually linked (e.g. higher photosynthesis and respiration rates in short-leaved than
in large-leaved morphotypes of the seagrass Zostera
noltii; Pérez-Lloréns & Niell 1993, Peralta et al. 2000,
2005). Thus, plant morphological acclimation habitually enhances the fitness of the genotype to the environment in some features, but also may reduce the fitness in other underlying traits (see reviews by DeWitt
et al. 1998 and Alpert & Simms 2002). Despite the
importance of plant morphological acclimation in the
physiology and ecology of seagrasses, it has not been
explored in detail.
One of the simplest general views of clonal plant
form is that individuals are formed by an iteration of a
basic structural module (Harper & Bell 1979, White
1979). In seagrasses, considering the ‘module’ definition provided by Waller (1986: ‘to refer to any-less-than
independent component of an independent whole’),
the basic structural module would be arranged by a
piece of rhizome (internode) and a node bearing a
cluster of leaves (shoot) and roots. This simple organisation together with the clonal integration, give plants
the ability to take independent actions at the modular
level, such as the allocation of new modules in
resource-rich areas to acquire resources from a
micropatch environment by a single clone (Oborny
1994, Evans & Cain 1995, Groenendael et al. 1996,
Grime & Mackey 2002). Consequently, whole-plant
morphology can arise as an emergent property based
on a set of simple growth rules acting at the individual
module level which, in turn, are species-specific traits.
Changes in morphological and architectural properties
can affect competitive ability, resource acquisition, foraging behaviour and network development (Slade &
Hutchings 1987, de Kroon & Shieving 1991, Herben &
Suzuki 2001, Oborny et al. 2001). However, the extent
to which species-specific clonal-growth rules affect
morphological plasticity and meadow attributes have
received little attention in seagrasses, and only the latter has been investigated (Marbà & Duarte 1998,
Sintes et al. 2005).
Inter- and intraspecific variability in morphology (the
latter commonly referred in seagrass literature as ‘mor-

photypes’) and in growth-related parameters (i.e.
‘dynamic properties’) have usually been observed
under diverse environmental conditions (Backman &
Barilotti 1976, Short 1983, Pérez-Lloréns & Niell 1993,
van Lent & Verschuure 1994a,b, Peralta et al. 2000,
2005, Brun et al. 2003a). Some of these morphological
responses seem to be environmentally driven, as earlier hypothesised by Ostenfeld (1908) and later by
Iizumi et al. (1980), who reported that eelgrass morphology may reflect the nutrient level of a specific bed,
and related 2 Zostera marina morphotypes to the
nature of the sediment they inhabited (mud or sand).
For example, longer and narrower leaves, shoots and
internodes and a reduction in shoot density and biomass have been proposed as the main responses to
depth (light) gradients (Backman & Barilotti 1976,
Phillips & Lewis 1983, Short et al. 1995, Lee & Dunton
1997, Hemminga & Duarte 2000). These responses
have been explained as a mechanism to reduce selfshading and the respiratory costs of below-ground biomass, and to increase the proportion of photosynthetic
biomass. Morphological differences were also recorded in seagrasses plants living on different substrates, with muddy sediments producing plants with
longer and wider leaves, but reduced development of
the root-system and shoot densities than sandy sediments (Short 1983, 1987). Both responses, at the morphological and population levels, were related to the
nitrogen pool in the sediment. Therefore, seagrass
responses at different organisation levels (i.e. modules,
individuals and/or populations) may differ depending
on the forcing functions. However, none of the studies
cited above addressed the organisation level at which
the response took place, if other morphological and
population responses are likely, or if these specific responses are predictable. Understanding the factors
involved in plant morphology and population attributes will assist development of functional–structural
seagrass models (FSSMs) as a management tool in
restoration programmes and improve our understanding of seagrass ecosystems. The addition of morphological traits to existing space-explicit seagrass models
(Marbá & Duarte 1998, Sintes et al. 2005) will permit
the simulation of phylloclimate variables (e.g. light,
temperature, nutrients, hydrodynamic characteristics,
etc.) allowing the inclusion of feedback mechanisms in
morphological and architectural features, and accounting for the heterogeneity in biotic and abiotic factors
usually recorded in seagrass meadows (Duarte &
Sand-Jensen 1990, Pedersen et al. 1997, Koch 2001,
Brun et al. 2003a). Characterising phylloclimate variables using experiments or modelling raises questions
about: (1) the response of individual shoots (and ultimately the seagrass populations) to heterogeneous
environments, (2) the choice by the modules (and
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ultimately whole plant) of suitable space for clonal
growth, and (3) the ability to individualise plant organs
within a canopy. In this way, light, one of the major
environmental factors affecting seagrass growth
(Hemminga & Duarte 2000), can be accurately estimated using canopy morphological features, shoot
density and classical physical laws (Zimmerman 2003),
which ultimately determine the light environment
within a canopy and, therefore, photosynthesis and
productivity. Studies on phylloclimate variables (nutrients, temperature, hydrodynamics, etc.) are still rare,
precluding the development of complex FSSMs.
The main questions addressed in the present study
were: (1) Can morphology and architecture at the
whole-plant level be determined exclusively by a set of
simple growth rules operating at the module level?
(2) Can intra- and interspecific differences in plant
dynamic parameters describe the morphological diversity and, consequently, species-specific attributes at
the meadow level? (3) Are simple growth rules modulated by the surrounding environment, thus enabling
the phylloclimate to be incorporated into FSSMs?
To check these hypotheses, seagrass plants were
defined as a set of individual modules, and a deterministic individual-based model using the simplest set of
growth rules was employed to simulate the growth of
the modules of 2 seagrass species (Zostera noltii and
Cymodocea nodosa). Both species were selected
because they thrive in Cadiz Bay and there is a large
data set available (Peralta et al. 2000, 2002, 2003, 2005,
2006, Brun et al. 2002, 2003a,b,c, 2005, 2006, unpubl.).
In addition, detailed data on their growth patterns are
available (Tomlinson 1974, 1982, Brun 2004, 2006) and
both species have considerable architectural plasticity
(Duarte 1991, Peralta et al. 2000, 2005, Brun et al.
2003a, 2005). Finally, we conducted a literature review
on main environmental factors affecting the dynamic
parameters of growth and meadow attributes to examine the possible use of the phylloclimate in developing
FSSMs.

MATERIALS AND METHODS
Zostera noltii and Cymodocea nodosa architectural
features. Zostera noltii Hornem. and Cymodocea
nodosa Aschers. differ in module size and growth
dynamics. The former displays a typical clonal structure with plagiotropic (i.e. horizontal) rhizomes bearing shoots and roots at every node and displaying high
branching frequency, whereas the latter shows larger
plagiotropic and orthotropic (i.e vertical) rhizomes
bearing shoots at an indeterminate number of nodes
and 1 root in each node. Z. noltii is considered as a pioneer and fast-growing species in comparison to C.
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nodosa (see den Hartog 1970, Tomlinson 1974 and
Duarte 1991 for further information).
In a first approach, shoots can be grouped into apical
(or runners) and non-apical (vertical shoots of Cymodocea nodosa are included in this category) (Tomlinson
1974, Brun et al. 2003a, 2006). All shoots are comprised
of a variable number (2 to 5) of leaves, the youngest
growing underneath the leaf sheath of the oldest, as in
many monocots (Bell 1991). Leaves can be numbered
according to age, from Leaf 1 (oldest leaf) to Leaf 5
(youngest leaf). Leaf No. 5 (L-5) is unique in that it is
the first leaf of the bud primordium, growing beneath
the sheath of the oldest leaf (L-1), and developing into
L-1 in the new non-apical shoot generated from the
apical shoot (Brun et al. 2006). Therefore, L-5 is not
considered part of the apical shoot, and develops later
than L-3. Rhizome growth and shoot recruitment
depend on apical shoot activity (apical plastochrone
interval). At each apical plastochrone interval, the apical shoot leaves the L-1 and L-5 in every node (that will
generate a non-apical shoot). The release of new
shoots will depend on the balance among apical (PI-A),
non-apical (PI-L) and L-5 (PI-5) plastochrone intervals
(Brun 2004, Brun et al. 2003a, 2006); see subsection
‘Plant analysis’ below.
Data acquisition. Data for Zostera noltii were
obtained from temporal field sampling programmes
and plants collected for experimental purposes (Peralta
et al. 2000, 2002, 2003, 2005, 2006, Brun 2004, Brun et
al. 2002, 2003a,b,c, 2005, 2006 and unpubl. data). Data
for Cymodocea nodosa were obtained from temporal
field samplings (3 consecutive years) in Cádiz Bay Natural Park and from plants taken for experimental purposes (García-Sánchez et al. unpubl. data). Summarising, the pool of data comprised field and experimental
records from several locations (Cádiz Bay Natural Park
and Palmones river estuary, southern Spain; Ria Formosa Natural Park, southern Portugal; Zandkreek, a
mudflat in the Oosterschelde Estuary, The Netherlands), all seasons, different years (from 1997 to 2005)
and annual (Z. noltii in the Dutch littoral) and perennial (southern locations) populations.
Plant analysis. Mean shoot-leaf length (MSL) was
computed as the sum of the leaf lengths in a shoot divided by the number of leaves in the shoot. Both sheath
and blade were included to calculate the total leaf
length (hereafter ‘leaf length’). In Zostera noltii, only
unbroken leaves were used to estimate the leaf length
(percentage broken leaves < 5%), while in Cymodocea
nodosa a high percentage (> 80%) of the oldest leaves
were broken, and were included as such in the calculations. Leaf, shoot and rhizome elongation rates (LER,
SER and RER, respectively) were estimated according
to a modification of the punching method (Peralta et
al. 2000). All leaves within the shoot were measured

136

Mar Ecol Prog Ser 323: 133–148, 2006

allowing the estimation of individual leaf-elongation
leaf (L-4); 1 PI later, a new leaf appears, moving L-4 to
rates (LER, cm d–1). SER was computed as the sum of
the third position within the shoot, whereby it becomes
L-3. In a further PI step, L-3 is shifted to the second
LER within a shoot. Since rhizome elongation proceeds
position (L-2) within the shoot, and 1 PI later is the oldfrom the apical shoot, punching this type of shoot alest leaf, L-1. At each step, the leaf grows at its own
lowed the estimation of RER. Sorting apical shoots for
elongation rate (LER n, where n is leaf number), which
punching within Z. noltii beds was fairly straightforis age-dependent (the younger the leaf, the faster the
ward. In contrast, only some apical shoots were sporadgrowth: see Tables 3 & 4). Using this step-wise
ically marked in C. nodosa beds, precluding RER estiapproach, leaf length at each step (from L-1 to L-4) can
mations. In this case, data from Marbá & Duarte (1998)
be estimated by LER and PI. The sum of all 4 lengths
were used. Leaf width and thickness were estimated for
gives the final (i.e. accumulated) leaf length (LL n):
the oldest leaves (L-1 and L-2). Rhizome internode
length and cross-section were only measured in hori4-n
LL n = ∑ LER n + i · PI
(1)
zontal rhizomes that were completely developed. Leafi =0
area index (LAI) was determined by multiplying the
The final length of L-5 (LL5) is calculated using PI-5
mean surface area of shoots (1 face only) by shoot denand the leaf-elongation rate for this leaf (LER5) as
sity. Above-ground and below-ground biomasses and
individual shoot weight were estimated by oven-drying
LL5 = LER5 · PI-5
(2)
(60°C) the samples to a constant weight. We considered
3 different plastochrone intervals: the apical plastoRhizome elongation occurs during 1 apical PI (PI-A)
chrone interval (PI-A), calculated for L-1 to L-4 of the
step. Consequently, internode length (IL) can be estiapical shoots; the non-apical plastochrone interval (PImated from PI-A and rhizome elongation rate (RER) as
L), calculated for L-1 to L-4 of the non-apical shoots;
IL = RER · PI-A
(3)
and the plastochrone interval for L-5 (PI-5), computed
as the time interval between the production of 2 succesSheath length (ShL) for the oldest leaf (L-1) was estisive L-5s (Tables 1 & 2). The term PI alone is used to
mated using the average ratio in Tables 3 & 4 between
refer to PI-A, PI-L or PI-5 when these are not distinleaf and sheath length (22.8 ± 0.18 and 33.9 ± 0.9% for
guished in the equations (see Peralta et al. 2000, Brun
Zostera noltii and Cymodocea nodosa respectively):
et al. 2003a, 2006 for additional inforTable 1. Symbols and units of parameters and variables used in model. Further
mation). The degree of intraspecific
details in ‘Materials and methods’
plasticity in architectural traits, dynamic parameters and meadow attribParameter/ Description
Unit
utes were quantified as the coefficient
variable
of variation (CV) of the data, as described by other authors (Duarte 1991,
Tj
Absolute time in PI No. j.
d
Hemminga & Duarte 2000).
PI
Plastochrone interval
d
PI-A
Plastochrone interval for apical shoots
d
Model design. The architectural
PI-L
Plastochrone interval for non-apical shoots
d
features and meadow attributes of
PI-5
Plastochrone interval for L-5
d
Zostera noltii and Cymodocea nodosa
PIj (Tj)
Plastochrone interval at Time j
d
were investigated using a determiLeaf-elongation rate of Leaf No. n
cm d–1
LERn
nistic, individual-based, numerical
LERnj(Tj)
Leaf-elongation rate of Leaf No. n in the Time j
cm d–1
RER
Rhizome elongation rate
cm d–1
model. Essentially, the model is based
RERj (Tj)
Rhizome elongation rate in the time j
cm d–1
on the hypothesis that plant morpholTLL
Total
leaf
length
of
Leaf
No.
n
cm
n
ogy is determined by simple growth
TLL5
Total leaf length of Leaf No. 5
cm
rules and dynamic growth parameters
ILj
Internode length at Time j
cm
(PI, LER, RER) acting at the module
SER
Shoot-elongation rate, calculated as sum of
cm shoot d–1
all leaf-elongation rates
level. The re-iteration of the module
Density
Shoot density calculated from linear
shoots m–2
morphology (internode, node and
rhizome growth within 1 m2 reference area,
shoot) will determine individual plant
presumed initial density of 100 shoots m–2
architecture and ultimately meadow
SW
Shoot weight
mg dry wt shoot–1
properties. Shoot development is conLAI
Leaf area index (1 leaf side)
m2 m–2
AB:BB
Above:below-ground biomass ratio
–
sidered a continuous process that can
LDW
Leaf dry weight
g m–2
be simulated through discrete steps.
LA
Leaf area
cm–2
The oldest leaf (L-1) is the final stage
RDW
Rhizome dry weight
g m–2
of the ‘leaf history’. Thus, initially
RL
Rhizome length
cm
(Time = 0), L-1 is in fact the youngest
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ShL = LLl · 0.228 (or 0.339)

(4)

Sheath length was added to leaf length, giving the
total leaf length
TLLn = LLn + ShL

(5)

Although leaf width displayed very low variability, a
highly significant correlation between LW and the
SER:PI ratio (r = 0.78, p < 0.0001, n = 109; Eq. 6) was
found for Zostera noltii:
Leaf width = 0.918 + 0.584 ·

( SER
PI )

(6)

Hence, the plasticity in leaf width for the seagrass Z.
noltii was also included in the model.
By this discrete, step-wise approach, the leaf and
rhizome lengths can be estimated using either constants (Eqs. 1, 2, 3, 4 & 5) or time-dependent PI, LER
and RER values (see relevant symbols and Eqs. 7 to 14
in Tables 1 & 2).
Shoot density was estimated from internode length
assuming linear expansion of the clone network (i.e.
the model does not consider branching), the percentage of nodes bearing shoots (1 and 0.5 for Zostera noltii
and Cymodocea nodosa respectively; Duarte 1991 &
Brun unpubl. data) and an initial apical shoot density
of 100 plants m–2 (mean lowest shoot density for both
species). Leaf-area index (LAI) was calculated for 1
leaf side. Total light reaching the bottom of the seagrass canopy was computed using a surface irradiance
of 2500 μmol photons m–2 s–1 and the relationship
between LAI and light-attenuation coefficient given in
Pérez-Lloréns & Niell (1991). Leaf-area (LA):dry wt
(LDW) and rhizome length (RL):dry wt (RDW) ratios
were calculated by pooling the available field and laboratory data. Above-ground:below-ground biomass
ratio was calculated from total rhizome length, leaf
area, length:weight and area:weight relationships.
Shoot weight was estimated by calculating the leaf
area within a shoot and multiplying it by the LA:LDW
ratio. For simplicity, the plastochrone intervals PI-A,
PI-L and PI-5 were considered to have the same value.
The model was constructed to simulate the observed
interspecific variability in plant and meadow properties using the natural range of variability in the
dynamic parameters for the species investigated. Thus,
simulations emulated the observed variability in the
plant dynamic parameters (100 and 75%, for Zostera
noltii and Cymodocea nodosa respectively; Tables 3 &
4), using 3 different input values (or scenarios) for each
species. For Z. noltii the scenarios were ‘normal’
dynamic parameter values ([1·PI], [1·LER], [1·RER]);
‘double’ ([2·PI], [2·LER], [2·RER]); and ‘half’ ([PI/2],
[LER/2], [RER/2]). For C. nodosa they were ‘normal’
([1·PI], [1·LER], [1·RER]); an increment of 50% ([1.5·PI],

Table 2. Model equations for leaf and rhizome lengths using
time-dependent elongation rates (leaf and rhizome) and plastochrone intervals (apical, non-apical and L-5). Abbreviations
as in Table 1
Equation

Eq. no.

PI0 = 0

(7)
j

Tj = t + ∑ PIi-1

(8)

PI0 = PI(Tj )

(9)

LERnj = LERn(Tj )

(10)

RERj = RER(Tj )

(11)

i =1

TLL n =

4− n

∑ LER4-j +1n · PI j +i

(12)

i =0

TLL5 = LER35 · PI-53

(13)

TILj = RERj · PI-Aj

(14)

[1.5·LER], [1.5·RER]); and a decrement of 33% ([PI/1.5],
[LER/1.5], [RER/1.5]). The ‘normal’ values used for the
input parameters (PI, LER, RER) were the mean values
in Tables 3 & 4. For each scenario, the model was also
simulated for 4 different conditions (i.e shoots with 2, 3,
4 or 5 leaves), in accordance with the observed (i.e.
natural) variability range in the number of standing
leaves within the shoots. Accordingly, the total number
of simulations for each variable was 108 (27 scenarios ×
4 conditions). The model was constructed using Stella
Research 7.0 software (isee™ systems), with space
implicit and all shoots considered equivalent. Initial
values (time, t = 0) for each outcome variable were
zero, except for shoot density (100 shoots m–2). Simulations were run with a Δ t of 1 d, until a steady state was
reached for all the variables assayed.
A Student‘s t-test for unpaired data with unequal
variance was used to reveal differences in morphological, dynamic and meadow properties among seagrass
species in the observed and predicted data. Data were
log-transformed where necessary to comply with
homocedasticity and normality of the data. Linear correlation was used to test the reliability of the observed
versus predicted data. The significance level was set at
5% in all cases.

RESULTS
Tables 3 & 4 show empirical data on morphometric,
dynamic and meadow properties for Zostera noltii and
Cymodocea nodosa. A similar plasticity (i.e. variability)
was recorded in both species, although the variability
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Table 3. Zostera noltii. Observed and simulated architectural, dynamic and meadow properties. Observed data are from field
campaigns and experiments (see ‘Materials and methods; Model design’ for further details), simulated data obtained by pooling
results of all simulated conditions (n = 108). Asterisks next to ‘Simulated mean’ indicate significant differences between observed
and simulated data; asterisks next to ‘No. of observations’ indicate between-species differences; *p < 0.05; **p < 0.01; ***p <
0.001; ns: not significant. DW: dry wt; other abbreviations as in Table 1
Parameter

Architectural traits
Mean shoot length (cm)
Leaf length (cm)
L-1
L-2
L-3
L-4
L-5
Sheath length (cm)
% sheath vs blade
Leaf width (mm)
Leaf thickness (mm)
Leaf abundance (leaves shoot –1)
Shoot weight (mg DW shoot –1)
Internode length (cm)
Rhizome section (mm2)

Range
Observed
Simulated
(min–max)
(min–max)

Mean ± SE
Observed
Simulated

No. obs.

(3.5–35.3)

(1.9–39)

10.8 ± 0.31

11.9 ± 0.9***

58

1537***

(2.7–49)
(2.7–45.8)
(2.2–39.2)
(1.4–26.1)
(1.4–17.3)
(0.8–10.5)
(8–70)
(0.6–2.1)
(0.09–0.21)
(2–5)
(3.7–41)
(0.1–6.0)
(0.36–4.5)

(2.6–41.1)
(2.3–37.3)
(2–32.1)
(1.5–23.3)
(1.4–21.7)
(0.47–9.3)

14.2 ± 0.20
15.8 ± 0.21
11.2 ± 0.20
4.9 ± 0.14
4.7 ± 0.21
3.9 ± 0.05
22.8 ± 0.18
1.18 ± 0.006
0.155 ± 0.001
3.2 ± 0.06
14.3 ± 0.8
1.3 ± 0.03
0.98 ± 0.02

13.9 ± 1.1***
12.6 ± 0.9***
10.9 ± 0.8***
7.9 ± 0.6***
7.4 ± 0.6***
3.0 ± 0.2***

56
53
64
78
70
52
35
19
16
29
56
65
47

1664***
1660***
1419***
743***
485***
1416***
1987***
1443***
614***
1245 ns
305***
554***
356***

69
213
151
108
65
62
79
50

411*
1100 ns
1189***
1035***
959***
907***
581 0
959***

64
70
102
97
68

147***
137***
135***
134***
137***

(0.94–1.35)
–
–
(2.0–65.2)
(0.3–4.8)
–

Mean architectural CV ± SE
Dynamic features
SER (cm d –1 plant –1)
L-1
L-2
L-3
L-4
L-5
RER (cm d –1 plant –1)
PI (d)

CV (%)

51 ± 5.3
(0.088–5.53)
(0–1.46)
(0–1.52)
(0–1.7)
(0.11–1.89)
(0.11–1.52)
(0.013–1.2)
(0.8–29.4)

–
–
–
–
–
–
–
–

1.48 ± 0.05
0.12 ± 0.008
0.15 ± 0.006
0.28 ± 0.01
0.49 ± 0.01
0.44 ± 0.01
0.15 ± 0.008
8.3 ± 0.67

Mean dynamic CV ± SE
Meadow properties
Density (shoots m–2)
(95–18 175)
Above-ground biomass (g DW m–2)
(2–207)
Below-ground biomass (g DW m–2) (1.4–305)
Above:below-ground ratio
(0.11–14.2)
LAI (m2 m–2)
(0.12–5.9)

1.07 ± 0.11
–
–
17.5 ± 1.4***
1.6 ± 0.13***
–
82 ± 0.7
–
–
–
–
–
–
–
–

100 ± 20
(2083–33 333)
(17.3–715)
(35.7–35.7)
(0.48–20)
(0.47–17.4)

Mean meadow CV ± SE

in the dynamic parameters and in meadow attributes
was slightly higher in Z. noltii (Tables 3 & 4). As
expected, C. nodosa had significantly longer and wider
leaves, sheaths and rhizome internodes and, therefore,
heavier shoots than Z. noltii (Tables 3 & 4). Furthermore, shoot-elongation rate (SER), leaf-elongation
rates (LERn) and plastochrone interval (PI) were significantly higher for C. nodosa than for Z. noltii. The
meadow properties differed significantly between the
2 species, with a lower shoot density and above:belowground ratio in C. nodosa. This contrasts with the
higher biomass recorded for this species (Tables 3 & 4).
Variability in architectural and meadow attributes in
both species was lower than that for dynamic parameters in both species (100 ± 20 and 77 ± 8% for dynamic

4945 ± 259 11 342 ± 886***
65.6 ± 4.4
151 ± 14***
58.3 ± 5.1
35.7 ± 0***
2.0 ± 0.17
4.2 ± 0.38***
1.9 ± 0.11
(3.7 ± 0.33)***
80 ± 8

87 ± 3

parameters for Z. noltii and C. nodosa respectively)
(Tables 3 & 4). Among the architectural parameters,
the lowest variability was found for thickness, width,
and number of standing leaves (CV = 16, 19 and 29%
for Z. noltii and 38, 24, 25% for C. nodosa). Variability
in meadow properties ranged from 44 to 102%, belowground biomass being the attribute with the highest
interspecific difference (Tables 3 & 4).

Model outputs
Only results for Zostera noltii plants bearing shoots
with 5 leaves are depicted graphically, although all
simulated data in for both species are included in the
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Table 4. Cymodocea nodosa. Observed and simulated architectural, dynamic and meadow properties. Observed data from field
campaigns and experiments (see ‘Materials and methods’ for further details), simulated data obtained by pooling results of all
simulated conditions (n = 108) DW: dry wt; other abbreviations as in Table 1
Parameter

Architectural traits
Mean shoot length (cm)
L-1
L-2
L-3
L-4
L-5
Sheath length (cm)
% sheath vs. blade
Leaf width (mm)
Leaf thickness (mm)
Leaf abundance (leaves shoot–1)
Shoot weight (mg DW shoot–1)
Internode length (cm)
Rhizome section (mm2)

Range
Observed
Simulated
(min–max)
(min–max)

(5.5–98)
(6–135)
(5–101)
(2.7–98)
(2–71.5)
(2.8–30.5)
(2.1–37)
(12–90)
(2–8.7)
(7–45)
(2–5)
(16–1002)
(0.3–11.5)
(2–37.4)

Mean ± SE
Observed
Simulated

(14.5–99)
(19–101)
(18.5–96)
(15–77.4)
(10–52)
(9–46)
(3.6–19)
–
–
–
–
(68–662)
(1–5)
–

Mean architectural CV ± SE
Dynamic features
SER (cm d–1 plant–1)
L-1
L-2
L-3
L-4
L-5
RER (cm d–1 plant–1)a
PI (d)

57 ± 6
(0.12–6.8)
(0–0.9)
(0–1.5)
(0.03–1.9)
(0.06–2.9)
(0.13–2.6)
(0.01–0.6)
(5.6–42)

–
–
–
–
–
–
–
–

1.7 ± 0.1
0.12 ± 0.04
0.41 ± 0.04
0.56 ± 0.04
0.74 ± 0.04
0.62 ± 0.04
0.11
20.7 ± 0.7

Mean dynamic CV ± SE
Meadow properties
Density (shoots m–2)
Above-ground biomass (g DW m–2)
Below-ground biomass (g DW m–2)
Above:below-ground ratio
LAI (m2 m–2)

42.7 ± 2.0
50 ± 2.2
47 ± 2.1
38.2 ± 1.8
25.7 ± 1.2
23 ± 1.1
9.3 ± 0.4
–
–
–
–
256 ± 13
2.4 ± 0.1
–

No. obs.

51
56
59
65
81
87
47
52
24
38
25
80
89
48

601
526
585
516
266
38
485
465
575
328
597
272
445
322

78
107
75
84
60
60
107
43

164
30
60
179
115
43
–
146

56
76
44
77
74

72
81
81
81
81

48 ± 0.2
–
–
–
–
–
–
–
–

77 ± 8
(112–1556)
(16–501)
(25–489)
(0.1–2.1)
(0.5–14.2)

(1010–5218)
(158–1498)
(430–430)
(0.3–3.5)
(4.2–39)

Mean meadow CV ± SE
a

34.6 ± 0.7
37.5 ± 0.92
41.2 ± 0.91
35.4 ± 0.93
22.3 ± 0.86
13.5 ± 1.4
10 ± 0.2
33.9 ± 0.9
4.7 ± 0.05
22.6 ± 0.5
3.3 ± 0.03
315 ± 30
2.1 ± 0.1
14.3 ± 0.4

CV (%)

540 ± 36
123 ± 10
249 ± 12
0.58 ± 0.05
3.5 ± 0.3

2556 ± 118
584 ± 30
430 ± 0
1.3 ± 0.07
15.4 ± 0.5

66 ± 7

51 ± 1

From Marbá & Duarte 1998

calculations in Tables 3 & 4. Fig. 1 shows the leaf
lengths attained for the 9 feasible combinations of
input parameters (however, only 5 different outputs
were achieved because of the opposing effects of LER
and PI on leaf length). The longest leaves (up to 40 cm
for the oldest) were attained at [2·PI]&[2·LER], and the
shortest (ca. 2 cm) at (i.e. [0.5·PI]&[0.5·LER] (i.e. the
opposite simulation conditions) (Fig. 1). There was a
positive relationship between mean shoot length
(MSL; range from 1.9 to 31 cm) and LER and PI
(Fig. 2A). The fewer the number of leaves, the longer
the MSL (the longest MSL was 39 cm in shoots with 2
standing leaves; data not shown). Overall, leaf width
was correlated negatively with PI and positively with
LER (0.94 mm at [2·PI]&[0.5·LER] and 1.35 mm at
[0.5·PI]&[2·LER] (Fig. 2B). The heaviest shoots were

also the longest (i.e. under [2·PI] & [2·LER]) when
grown at low densities (Fig. 2C). As for MSL, internode
length (range 0.3 to 4.8 cm) was positively related with
RER and PI (Fig. 2D). The opposite trend was observed
for shoot density, with values ranging from 33 333
shoots m–2 (at [0.5·PI]&[0.5·RER], coinciding with the
lowest MSLs) to 2100 shoots m–2 (at [2·PI]&[2·RER] and
coinciding the highest MSLs) (Fig. 2E). The results for
leaf-area index (LAI) were somewhat unexpected,
since they were fairly PI-independent (Fig. 2F).
Increases or decreases in shoot density and/or MSL
resulted in comparable LAI values (Fig. 2F). The highest values (ca. 17) were recorded at [0.5·RER]&[2·LER]
and the lowest (ca. 1) at [2·RER]&[0.5·LER] (i.e. the
opposite simulation conditions). A drop in LAI (range
7.6 to 0.48) was observed when the number of standing
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Fig. 1. Zostera noltii. Simulated within-shoot leaf-length distribution. Simulations doubled (2·) the normal value of the parameters and/or used half (0.5·) normal values. See ‘Materials
and methods; Model design’ for further details. PI: plastochrone interval; LER: leaf-elongation rate. Simulations were
run until steady state was reached

leaves per shoot decreased (data not shown). The highest PFD underneath the canopy (~1700 μmol photons
m–2 s–1) was recorded for low shoot densities and shortsized shoots. Overall, the lowest PFD (at
[0.5·RER]&[2·LER]) was achieved under high shoot
densities and MSLs. Clearly, a reduction in the number
of leaves resulted in higher PFDs under the canopy
(data not shown). No positive correlations were found
for above:below-ground biomass ratio (AB:BB ratio)
and shoot density, internodal length or MSL. The
AB:BB ratio followed a similar pattern to that previously described for LAI, ranging around 20 (at
[0.5·RER]&[2·LER]) and 1 ([2·RER]&[0.5·LER]) (data not
shown).
The range and average data for simulated and measured plant architectural and meadow properties for
both species are shown in Tables 3 & 4. The percentage of broken leaves in Cymodocea nodosa would
largely explain the differences between simulated (i.e.
potential lengths in absence of breakage) and measured leaf lengths, especially in the oldest leaves (1
and 2). A high significant correlation was recorded (p <
0.0001, r = 0.99, N = 19; Fig. 3) between predicted versus observed plant architectural features for both species, indicating that this individual-based model was
able to simulate natural variability in architectural
properties using the variability recorded in plant
dynamic parameters. Predicted meadow attributes
were, on average, 2-fold higher than those observed
for intraspecific observations. This can be mainly
attributed to the absence of density-dependence
impediments or loss mechanisms (Tables 3 & 4). How-

ever, interspecific differences in meadow properties
were achieved. The model predicted a lower aboveand below-ground biomass, lower LAI, and a higher
shoot density in Zostera noltii than in C. nodosa
(Tables 3 & 4), in agreement with experimental observations. Simulated below-ground biomass did not display any variability, since all calculations were for the
same reference area (1 m2) and presumed rhizomatic
linear expansion (i.e. no secondary branches).
The model shows that the combination of the different input parameters yielded a high variability of
responses in the variables analysed. Quantitative
knowledge of the spatially-explicit relationship between plant dynamic parameters and environmental
conditions is essential for predicting responses at module, plant and meadow levels wiht regard to phylloclimate. Table 5 presents an overview of literature on
plant dynamic parameters, shoot morphology and
meadow properties related with the main environmental factors (light, nutrients and hydrodynamic characteristics) gained from field observations and manipulative experiments. Although temperature is considered
one of the main external forcing variables both in land
plants and in seagrasses (Bos & Neuteboom 1998,
Hemminga & Duarte 2000), in the latter it has been
mainly related to photosynthetic activity (PérezLloréns & Niell 1993, Masini & Manning 1997, Seddon
& Cheshire 2001) or correlated with field observations
(Touchette & Burkholder 2002, Kentula & Dewitt 2003),
with studies on its direct effect on seagrasses being, as
far as we are aware, lacking. Dynamic parameters
were rarely recorded in the studies listed in Table 5.
While plastochrone intervals and rhizome-elongation
rates were recorded in only 25% of the studies, leafelongation rates were recorded in 62% (Table 5). However, whole-plant dynamic parameters, shoot morphology and meadow properties were recorded
simultaneously in only 2 studies (Bintz & Nixon 2001,
Peralta et al. 2005). Studies on light reduction revealed
regularity in the effects on dynamic parameters. A
large fraction of these studies reported an increase in
the PI and a reduction in growth rates (leaf and rhizome) (Table 5). Shoot morphology showed high variability in the light-reduction treatments, with no clear
tendencies (Table 5). In contrast, a reduction in
meadow properties (density and biomass-total, aboveand below-ground) was commonly recorded (Table 5).
Nutrient addition enhanced growth rates (leaves and
rhizomes) as well as leaf length, biomass and shoot
densities (Table 5). However, the effects depended on
species (Powell et al. 1989, Terrados et al. 1999), nutrient supplied (Short 1987, Brun et al. 2002), nutrient
concentration (Brun et al. 2002, Peralta et al. 2003),
season (Alcoverro et al. 1997), sediment type (Short
1983) and temperature (van Katwijk et al. 1997). Nutri-
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Fig. 2. Zostera noltii. Predicted values for mean shoot (A) leaf length, (B) leaf width, (C) weight, (D) internode length, (E) density
and (F) leaf-area index (LAI). Results obtained simulating normal dynamic parameter values, double (2·) the normal value of the
parameters, and half (0.5·) normal values. PI: plastochrone interval; LER: leaf elongation rate; RER: rhizome elongation rate.
Simulations were run until steady state was reached
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Fig. 3. Zostera noltii (n) and Cymodocea nodosa (S). Logarithmic transformed data for simulated vs observed architectural
traits. Continuous line represents 1:1 relationship for
plotted data. See Tables 3 and 5 for further details

ent enrichment also promoted indirect effects such as
shading by enhancing growth of ephemeral algae
(phytoplankton, macroalgae and epiphytes; Short et al.
1995). Other studies recorded direct toxic effects when
the nutrient supply (ammonium) exceeded the seagrasses’ buffering capacity (van Katwijk et al. 1997,
Brun et al. 2002). Studies relating hydrodynamic characteristics with dynamic parameters, shoot morphology and meadow properties were mainly concerned
with field observations, and the variability in the
results precluded generalisation of the response at different levels (dynamic parameters, shoot morphometry, meadow properties; Table 5).

DISCUSSION
The present study has established that plant morphology and meadow properties may depend on a
few, easily measurable, growth dynamic parameters
(PI, RER, LER) that may be ‘tuned’ at the seagrassmodule level to cope with environmental constraints
(Table 5). Species with a large adjustment capacity
will have a high phenotypic plasticity in morphological traits and can be considered as ecological generalists, whereas those with a fairly limited acclimation
plasticity may be restricted to narrower ecological
ranges (sensu Sultan 1995). Limits for phenotypic
plasticity depend on the underlying genotype that
imposed the ‘norm of reaction’ for each individual
under diverse environments (Sultan 1995, 2000). This
means that if limits for the input parameters used in

the model are estimated for a given seagrass population (i.e. PI, LER, RER), its potential capacity to
respond morphologically to a particular environmental forcing, and therefore its habitat requirements, can
be predicted. In this context, various authors have
found evidence that plant morphometric features are
closely related to their habitat characteristics (Short
1983, Peralta et al. 2000, Brun et al. 2003c, Durako &
Hackney 2004). Therefore, if it is established how
and/or which abiotic factors affect plant morphology,
differences in morphological features can be used as
indicators to assess variations in abiotic conditions,
providing a ‘natural’ range of morphological features.
Once this range has been determined, comparisons
between measured versus expected morphology are
possible through field-sampling programmes. Large
discrepancies might well serve as an early warning (a
symptom) of environmental disturbance; and be used
in conjunction with the current physiological (fluorescence, internal nutrient composition, non-structural
carbohydrates, etc.) and ecological (shoot density,
canopy height, primary production, etc.) warning
indicators.
Both Zostera noltii and Cymodocea nodosa showed
similar variability in architectural, dynamic and
meadow attributes, although the former has been previously considered to play a pioneer role and, thereby,
to have a larger plasticity than C. nodosa (Duarte 1991,
Marbá & Duarte 1998). However, we hypothesise that
despite the similar plasticity of both species, Z. noltii
will have larger plasticity in morphological and population properties on a temporal scale. The time span
necessary for a complete turnover of a shoot’s morphology (i.e the period required to renew all leaves within
a shoot) is generally 4 × PI (32 and 80 d on average for
Z. noltii and C. nodosa, respectively). In addition, for
apical shoots of Z. noltii, recruitment of 1 new shoot is
expected to occur in each plastochrone interval, since
this species produces 1 shoot in each node. In contrast,
shoot recruitment is more variable in C. nodosa. As
shown for terrestrial clonal plants, plasticity is advantageous when plant response-time and duration of the
disturbance are on similar temporal scales (Stuefer et
al. 1996, DeWitt et al. 1998, Alpert & Simms 2002).
Although potential morphological plasticity is similar
in both species, temporal plasticity is expected to be
higher in Z. noltii and for short-PI species in general.
This agrees with the faster response (< 2 wk) of Z. noltii
and other small species to shading, burial, recolonisation and experimental nutrient manipulation (Rollon et
al. 1998, Longstaff & Deninson 1999, Brun et al. 2002,
2003b,c, 2005, Peralta et al. 2002, 2005), especially
when compared to the longer response time (> 5 mo)
observed in long-PI species (Bulthuis 1983, Neverauskas 1988, Marbá et al. 1994, Rollon et al. 1998, Ruíz
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Table 5. Overview of general results of studies on seagrasses subjected to light reduction, nutrient enrichment and different water-flow characteristics. Comparisons of light reduction were between control (or shallower populations) and lowest light levels
(or deeper populations); comparisons of nutrient enrichment were between control and highest nutrient treatments; comparisons
in water-flow characteristics were between low and high velocities or turbulences. +: increment; –: reduction; =: no differences;
PI: plastochrone index; LER: leaf elongation rate; RER: rhizome elongation rate; LL: leaf length; LW: leaf width; LA: leaf area; IL:
internode length; TB: total biomas; AB: above-ground biomass; BB: below-ground biomass; Density: shoot density. 1: Abal et al.
(1994); 2: Agawin et al. (1996); 3: Alcoverro et al. (1997); 4: Bach et al. (1998); 5: Backman & Barilotti (1976); 6: Bandeira (2002);
7: Bintz & Nixon (2001); 8: Brun et al. (2002); 9: Brun et al. (2003c); 10: Bulthuis (1983); 11: Bulthuis & Woelkerling (1981); 12: Dalla
Via et al. (1998); 13: Dawes (1998); 14: Denninson & Alberte (1982); 15: Dennison & Alberte (1986); 16: Czerny & Dunton; 17: Fitzpatrick & Kirman (1995); 18: Fonseca & Kenworthy (1987): 19: Gordon et al. (1994); 20: Harlin & Thorne-Miller (1981); 21: Holmer
& Laursen (2002): 22: Kraemer & Hanisak (2000); 23: Lee & Dunton (1997); 24: Lee & Dunton (2000); 25: Longstaff & Dennison
(1999); 26: Middelboe et al. (2003); 27: Moore et al. (1997); 28: Murray et al. (1992); 29: Neverauskas (1988); 30: Olesen & SandJenses (1993); 31: Olesen et al. (2002); 32: Orth (1977); 33: Peralta et al. (2000); 34: Peralta et al. (2002); 35: Peralta et al. (2003); 36:
Peralta et al. (2005); 37: Peralta et al. (2006); 38: Pérez et al. (1991); 39: Pérez et al. (1994); 40: Phillipart (1995); 41: Powell et al.
(1989); 42: Roberts et al. (1984); 43: Ruíz & Romero (2001); 44: Schanz & Asmus (2003); 45: Schwarz & Hellblom (2002); 46: Shafer
(1999); 47: Short (1983); 48: Short (1987); 49: Short et al. (1995); 50: Short et al. (1990); 51: Terrados et al. (1999); 52:
Tomasko(1992); 53: van Katwijk et al. (1997); 54: van Katwijk et al. (1998); 55: van Lent et al. (1995); 56: West et al. (1990)
Variable
Possible drivers

Light reduction
Quantity

Shoot morphology

Dynamic parameters

Meadow properties

PI

LER

RER

LL

LW

LA

IL

TB

4, 7,
+1,14,15,

4, 7,15,
– 1,17,19,
21,

– 7,14,
34, 52

45,
+25,
46, 49

+7

+7, 30

– 40, 52

23,
– 7,13,
+1,14
40, 55

27, 34

22, 23, 27,
30, 34, 40,
43, 49, 55

=7

25,
–19,
29, 43

–7,13, 23 =7, 24, 25 =45

7

=

=7

=25

AB

– 7,13,15,
21, 23, 27,
29, 30, 40,
43, 49, 54,
55

19, 29

=

BB

Density

– 1,15,7,13,
– 5,10,13,
23,
17,19, 21,
30, 40,
54, 55

23, 29, 43,
46, 49, 54,
55

=7

=7
–52

Quality

+52

Both

+9

– 9,16

–9

–16

Gradient

= 31

–4

+ 31

+ 33

+ 12, 33

+ 12, 31

= 31, 56

– 12, 56

– 56

– 56

Sediment nutrient enrichment
Phosphate
+28, 38, 50

+ 33, 52

– 26

+3,32,24,35,28,39, +35

Both

– 55
=24
+2,5128, 42,

26,
– 4,12,
31, 56

= 25

–38

Nitrogen

–16

+28, 38, 50

+38

+24, 55

28, 32, +55
+24,
48, 55

32, 48,
+24,
55

–39, 55

–55

–55

–39, 47, 55

=24

=24, 48

=11, 24

+

=11, 24
+2, 51

+20, 35

+20, 35

+20, 35

+20, 35

+35, 20

+35, 20

+35, 20

–20

– 53

=41

+41

47,
+24,
48

47,
+32,
48

+47

+47

55

42

–

Water nutrient enrichment
=8
Phosphate
Nitrogen

Both

+8

+35, 8, 20

–8

–8

–8

–53

=8

41

8

Flow characteristics
Velocity,
turbulence

+8,4120, 27,

=

–27
=4

+6

+ 37, 36

–37, 36

–6

=35

42, 51

+35
=8
+35, 8, 20

–8

+20, 35

=24

20,
+35,
53

+
–

+37, 36

–53
+41

+41

49

+18

– 49

–27, 49

+18, 37

–6,4436, 37, –36
=44

+18, 37

+6, 36

+6, 36

+6, 36

–36

–44

–44

–44

6

=
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& Romero 2001). In contrast to the faster response of
short-PI species, clonal integration is expected to be
higher in long-PI species (Duarte 1991, Marbá et al.
2002) and and can counterbalance, or at least modulate, environmental constraints by allowing plants to
buffer environmental variations (Tomasko & Dawes
1989). However, at present, experimental data scaling
clonal integration and plant size are still rare (Marbá et
al. 2002). Such studies are necessary to determine the
importance of clonal integration in regulating the
module response to phylloclimate and, ultimately,
whole-plant response (de Kroon et al. 2005).
An individual-based model, using simple growth
rules at the module level together with natural variability in the dynamic growth parameters, enabled us
to provide an accurate description of intra- and interspecific plasticity in architectural traits and, to a lesser
extent, meadow properties of seagrass populations.
Variability in dynamic parameters is responsible for
intra- and interspecific morphological differences.
Species with long PIs will have larger leaves and
standing-crop biomass but lower shoot densities than
species with shorter PIs. This agrees with the allometric scaling between PI and module sizes described for a
large number of seagrass species by Duarte (1991) and
with the negative relationship between shoot size and
density indicated by the ‘self-thinning’ law (Duarte &
Kalff 1987, Weller 1987, Matthew et al. 1995).
Although this simple model describes accurately species-specific properties at the meadow level, the simulated values were, in general, higher than those
observed. This divergence was expected since the
model does not consider density-dependence processes or loss mechanisms, and therefore ‘overcrowding’ is likely to occur in the simulated meadow attributes. Furthermore, meadow properties also depend on
branching frequency and angle, and on the proportion
of nodes bearing shoots (Marbá & Duarte 1998, Brun et
al. 2006, Sintes et al. 2005). Although these factors are
crucial for seagrass development, they are currently
modelled as stochastic processes, despite evidence
showing that they are tightly regulated (in speciesspecific, and on seasonal and spatial scales, Duarte &
Sand-Jensen 1990, Vermaat & Verhagen 1996, Marbá
& Duarte 1998, Marbá & Walker 1999, Brun et al.
2003a) and possibly related to dynamic parameters
(Brun et al. 2005b).
Simple theoretical predictions based on this model
suggest that plants sense their surrounding environments (abiotic and biotic), and that regulation occurs at
the module level by concomitant changes in the
dynamic growth parameters and morphometric and
meadow properties (Table 5). As plant growth and
meadow expansion is a continuous temporal process,
progressive variations in self-shading, nutrient budget

and/or hydrodynamic conditions will occur as a result
of plant growth (Fonseca et al. 1982, Duarte & SandJensen 1990, Pedersen et al. 1997). Furthermore, the
combination of spatio–temporal gradients in resource
availability (light, nutrients, current, space, etc.) implies that the observed (actual) phenotypic and meadow
attributes may be highly complex. For instance, enhancement of growth rates, biomass and shoot density
following a nutrient enrichment episode (Table 5) will
affect light climate within the canopy (i.e. increase
self-shading and competitiveness for light and space)
and hydrodynamics. This will make plants respond at
the module level by continuously adjusting morphology and meadow properties to the phylloclimate
(Table 5; Fig. 4). It should generate a recurrent feedback loop between biotic and abiotic conditions with
several stationary or equilibrium states until surrounding conditions again change, as shown for the seagrass
Zostera noltii after recovery from a severe humaninduced disturbance episode (Peralta et al. 2005). This
hypothesis, whereby the response at the module level
to the phylloclimate may reflect the whole-plant
response, agrees fairly well with the recent suggestions by de Kroon et al. (2005) that ‘the response of the
whole plant to its environment is the sum of all the
modular responses plus all interaction effects that are
due to integration’.
Dynamic growth parameters are easily measurable
using field sampling and/or experimental procedures.
Table 5 shows specific responses of plant dynamic
parameters to main environmental cues (light and
nutrients). These responses allow the incorporation of

1

Plant dynamic parameters
(PI, LER, RER,
Branching frequency)

Phylloclimate
(Light quality and quantity, sediment
and water nutrient, temperature,
hydrodynamic conditions)

4

Modelling

2

Plant morphology
(Leaf and internode length,
number and width)

Meadow properties
(Shoot density, canopy height,
above/below-ground biomasses)

3

Fig. 4. Simple schematic framework illustrating how complex
functional–structural seagrass models (FSSMs) may be built
using simple growth rules at module level, and plant dynamic
parameters, phylloclimate and feedbacks between biotic and
abiotic elements. 1: Phylloclimate regulates plant dynamic
parameters at module level; 2: plant dynamic parameters
yield individual module and plant morphology; 3: wholeplant morphology and ultimately meadow attributes arise
from sum of all individual modular responses; 4: heterogeneous meadow attributes modify phylloclimate variables
which, in turn, influence plant dynamic parameters
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plant morphology into complex, spatial explicit models
(e.g. Marbá & Duarte 1998, Sintes et al. 2005), in which
feedback mechanisms depending on canopy morphometry, neighbouring shoots and phylloclimate (for
example light-canopy distribution; Zimmerman 2003)
are included. However, to progress from the current
state, 2 basic types of functions are required: (1) to
describe how a plant element (leaf, rhizome, root, etc.)
influences its surroundings, and on what physical
scale, and (2) to assess the influence of the environment (light, temperature, nutrients, hydrodynamics,
etc.) on plant dynamic parameters. Despite the importance of both types of functions, data on them are virtually absent from the seagrass literature, and they
deserve future research.
In conclusion, plant morphology arises as an emergent property of a simple set of growth rules acting at
the module level. These growth rules can be easily
incorporated into FSSMs, with feedbacks among plant
morphology, plant development and phylloclimate
being modelled using plant dynamic parameters.
Intra- and interspecific morphological plasticity observed in seagrasses as well as some meadow attributes
may be accurately described and predicted using a
limited number of plant dynamic parameters (PI, LER,
RER). Variability in the dynamic parameters can be a
good estimator of the morphological limits of a given
seagrass population.
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