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ABSTRACT: Knowledge of the natural pattern of spatial variation of the variables of interest is fundamental for designing effective sampling strategies to be used in surveys and monitoring programs.
Unfortunately, little is known on patterns of spatial variation of structural, morphological and
dynamic features of Posidonia oceanica, despite their increasing use as indicators of the status and/or
trend of meadows. Here, variations in some such features (such as shoot density, leaf biometry,
annual rhizome elongation and leaf formation) were examined on a hierarchy of spatial scales,
ranging from cm within individual meadows, to meadows separated by 10 km, using independent
full-nested analyses of variance. Overall, at least 3 variables showed significant variations in the
mean values on each of the scales examined. Patterns of variability differed among individual traits.
Most of the total variation, however, was on the smallest spatial scale examined (i.e. among replicates, shoots or quadrats). For some variables, a significant variation was also associated with the
largest scale (i.e. among meadows). Collectively, the results indicated that patchiness in density, morphology and growth exists on a very local scale within P. oceanica meadows along the same isobath.
This suggests that sampling designs and analyses which incorporate different spatial scales and
appropriate replications should at least be considered in the future when planning large-scale and
long-term surveys.
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The seagrass Posidonia oceanica L. Delile forms
dense, often monospecific, meadows that may extend
over km-wide areas of the Mediterranean Sea, from
the surface to about 40 m depth (Pérès & Picard 1964).
Because of its ecological importance (Romero et al.
1992) and vulnerability to a variety of anthropogenic
influences, including pollution, turbidity and sedimentation (Ardizzone & Pelusi 1984, Augier et al. 1984,
Bourcier 1989, Peirano & Bianchi 1995), there is increasing interest in using this species as an ‘indicator’
of health of Mediterranean coastal systems (Pergent et
al. 1995, Marbà & Duarte 1997, Guidetti 2001). In several countries, marine water-quality programs, includ-

ing those concerning environmental impact, have
recently included the evaluation of ecological status
and/or trends of P. oceanica meadows, along with
traditional water-analysis parameters (Benedito et al.
1990, Boudouresque et al. 1990, Pergent 1991, Fresi &
Dolce 2001). Assessment of the status of P. oceanica
meadows is commonly based on the monitoring of a set
of structural, morphological and dynamic variables.
Although considerable efforts have been made to
standardise methods and protocols, there is still little
guidance on how to design and implement surveys
and monitoring programs. Many studies and monitoring programs are currently performed by extrapolating
data from shoots collected at random at 1 selected site
(sometimes called the station area) and quadrats (5 to
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10 quadrats, 0.16 to 0.25 m2) placed randomly over the
site, or along a depth gradient within meadows (Pergent-Martini et al. 1994, Alcoverro et al. 1995, Pergent
et al. 1995, 1999, Guidetti & Fabiano 2000), even though
the validity of this practice has not been assessed.
A primary recommendation for designing effective
seagrass surveys, monitoring programs and impact
assessments is, that they should be based on appropriate spatial sampling schemes (Inglis & Lincoln Smith
1995, Burdick & Kendrick 2001). This requires knowledge of the scale at which there is consistent and predictable spatial variation in the variables of interest
(Lewin 1992, Underwood 1993). Increasing evidence
indicates that in heterogeneous habitats both growth
and morphology of plants are dependent on the spatial
scale of environmental heterogeneity (Wijesinghe &
Hutchings 1997). Although the existence of patchiness
in density and phenology within Posidonia oceanica
meadows has long been recognised (Panayotidis
1981), few studies have specifically addressed questions regarding the spatial patterns of a natural
variation in the variables used to assess the ecological
status of P. oceanica meadows. Available studies have
focused on variations on a geographical scale (e.g.
among meadows along latitudinal gradients) or within
meadows across depths (e.g. shallow vs deep stands;
Pergent-Martini et al. 1994, Alcoverro et al. 1995,
Marbà et al. 1996, Marbà & Duarte 1997, Zupo et al.
1997). No studies have examined variations at different spatial scales within a meadow at a given depth;
therefore, it is unknown if the depth gradient is the
only relevant source of within-meadow variation. However, P. oceanica is exposed not only to variations in
environmental conditions according to water depth
gradients or biogeographical processes, but also to
considerable, often unapparent, variations in topography, substrate type, resource availability (nutrients,
light quality and incidence), and an extensive range
of biological and physical disturbances, from small to
large scales, similar to other seagrasses (Patriquin

1975, Duarte 1991, Marbà et al. 1994, Robbins & Bell
1994, Marbà & Duarte 1995, Turner et al. 1996, Fonseca & Bell 1998, Townsend & Fonseca 1998). Because
of horizontal expansion and exploratory growth, different modules of P. oceanica can be located in sites of differing environmental quality. Since many seagrasses
have the potential to adjust their form and function to
the immediate environment (Erftemeijer & Herman
1994, van Tussenbroek 1995), it may be expected that
some P. oceanica traits (such as branching frequency,
number of leaves, length of leaves and internodes) will
vary according to the spatial scale of heterogeneity,
similarly to findings for terrestrial clonal plants (Wijesinghe & Hutchings 1997). With such site-to-site variation, accurate estimation of the status and trends of a
P. oceanica meadow could become highly complex.
Here, a hierarchical sampling design was employed:
(1) to examine patterns of variability of some structural,
morphological and dynamic variables used to assess
the status of Posidonia oceanica meadows (e.g. shoot
density, leaf biometry and derived indices, annual rhizome elongation rate and leaf formation) over a variety
of scales, ranging from cm within meadows to 10s of
km among meadows; and (2) to identify the scale on
which there was important variation. The study was
conducted along the same isobath to permit recognition of variations which cannot be related to depth
gradients.

MATERIALS AND METHODS

The study was conducted along the coast of Tuscany
(NW Mediterranean, Italy) at 3 localities each separated by about 10 km; Rosignano Solvay (43° 22’ N,
10° 26’ E), Cecina (43° 18’ N, 10° 29’ E) and Calafuria
(43° 30’ N, 10° 20’ E). The localities were selected to
provide 1 set of all possible sets of locations in this
region that support well-developed Posidonia oceanica
meadows. Descriptions of these meadows have been
provided in a previous study (Cinelli &
Piazzi 1991). The sampling design focused
on variability on 5 spatial scales, ranging
from metres within each meadow to 10s of
km among the meadows (Fig. 1). In each
meadow, 3 sites separated by 100s of m
(200 to 300 m) were randomly chosen
along the same isobath (9 to 10 m). In each
site, 2 areas of approximately 50 m2 and 15
to 20 m apart were randomly selected. In
each area, five 0.25 m2 quadrats separated
by at least 1 m were randomly chosen.
Fig. 1. Posidonia oceanica. Hierarchical sampling design used in this study.
Finally, in each quadrat, 5 replicate orthoFive quadrats were nested within each of 2 areas, nested within each of 3 sites,
tropic shoots of P. oceanica were randomly
nested within each of 3 meadows. Five replicate shoots were collected within
sampled and fixed in 5% formalin in seaeach quadrat
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water. The total number of samples was 450 (5 rhizomes × 5 quadrats × 2 areas × 3 sites × 3 meadows).
Density of shoots (number of shoots m–2) was measured
in situ by using 5 replicate 0.25 m2 quadrats randomly
located in each of the 2 areas within each of 3 sites and
meadows. All samplings and counting were carried out
in late August 1999.
In the laboratory, leaves were removed from each
shoot in distichous order of insertion and separated
into the various categories defined by Giraud (1979).
For each shoot, the following leaf traits were scored:
(1) total number of standing leaves; (2) total number
and (3) length of adult, intermediate and juvenile
leaves; (4) leaf width and (5) length of the longest
standing leaf (i.e. height of leaf canopy). The percentages of leaves having lost their apex due to herbivory
or other causes than herbivores (Coefficient A) were
also calculated. Leaf area index (LAI) was determined
as product of leaf surface area (total leaf length per
mean leaf width) by shoot density. For each shoot,
leaves were oven-dried at 60°C for 3 d and weighed to
the nearest 0.1 mg. Standing crop was determined as
the dry weight of leaves m–2. All rhizomes collected
were then examined to measure the rate of rhizome
elongation (cm per shoot and year) and leaf formation
(number of leaves produced per shoot and year). Estimates were made by using lepidochronological analysis, according to standardised procedures (Pergent
1990).
Morphological and dynamic variables were separately analysed using nested analyses of variance
(ANOVA) with meadow (3 levels), site (3 levels) within
each meadow, area (2 levels) within each site and
meadow, and quadrat (5 levels) within each area, site
and meadow. For the structural variables, there were
only 3 factors: meadow (3 levels), site (3 levels) within
each meadow, and area (2 levels) within each site and
meadow. All factors were random. To determine which
scales are associated with the greatest variability, the
components of variation on each spatial scale were
estimated using ANOVA on untransformed data according to the methods described by Sokal & Rohlf
(1981) and Underwood (1997). Negative variance components were converted to 0 (Brown & Mosteller 1991)
under the assumption that they were underestimated
samples of small or 0 variances (Searle et al. 1992).
Moreover, the database was used to simulate one of
the most frequently used sampling designs advocated
to measure the morphological structural and dynamic
features of Posidonia oceanica (Pergent et al. 1995,
Fresi & Dolce 2001), in order to draw possible inferences about meadows different from those obtained
with the complete design. To do this, each site was
considered as a ‘station area’ omitting the spatial
scales, then the possible subsets of data, generated
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considering only one of the 3 potential station areas
within each meadow, were analysed using a 1-way
ANOVA. There were 27 subsets of combinations (3 station areas within each meadow × 3 meadows) and 10
replicate quadrats or 50 replicate shoots (depending on
the variable examined). The homogeneity of variance
was examined using Cochran’s C-test before running
the analysis. Data were natural log, arcsin (%) or
square-root transformed when necessary to normalise
their distribution and to remove heteroscedasticity
(Sokal & Rohlf 1981, Underwood 1997).

RESULTS
All the variables considered showed significant differences in their mean values for at least one of the
scales of the nested analyses, and 2 variables (rhizome
elongation and length of adult leaves) differed at all
scales (Tables 1 & 2). Patterns of differences on various
scales differed for each individual leaf trait. For example, while the mean number of total standing leaves
only varied significantly on intermediate scale of 100s
of m (Fig. 2A), the number of adult leaves (Fig. 2B) varied on the scale of metres, that of intermediate leaves
(Fig. 2C) on the scale of 10s of km, 100s of m and at the
m scale only, and that of juvenile leaves (Fig. 2D) varied on the scale of 10s of km and 10s of m. Similarly,
while the length of the longest leaf (Fig. 3A) varied on
the most extreme scales investigated, i.e. 10s of m and
10s of km, the length of adult leaves (Fig. 3B) varied
significantly on all the scales investigated, the length
of intermediate leaves (Fig. 3C) on the scale of 10s of
km, 100s of m and at the metres scale only, and that
of juvenile leaves (Fig. 3D) varied only on the scale
of 10s of km. Overall, at least 3 leaf traits differed on
each scale, indicating that considerable variations in
the rhythm of leaf appearance and/or that growth occurred among patches spaced from metres to 10s of km
apart. On the other hand, the percentages of broken
and grazed leaves (Fig. 4A,B) were variable only on
the scale of 10s of km, indicating differences in grazing
pressure and hydrodynamic stress on a broad scale
(i.e. among meadows). Among the structural variables,
shoot density (Fig. 5A) varied only on an intermediate
scale of 100s of m, standing crop (Fig. 5B) and LAI
(Fig. 5C) varied at the scales of 10s of km and 100s of
m. Among the dynamic characteristics, the rate of rhizome elongation (Fig. 6A) varied on all the scales
examined, while the annual rate of leaf formation
(Fig. 6B) varied on the most extreme scales investigated, metres and 10s of km. Collectively, at the plant
level, more significant differences were found on the
most extreme of scales of 10s of km (11 of the 12
analysed) and metres (7 of 12) than at intermediate
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Table 1. Posidonia oceanica. Summary of comparisons between meadows, sites, areas and quadrats for morphological variables
using nested ANOVAs. Leaf lengths were measured in cm. interm.: intermediate
Source of
variation
Meadows
Sites (M)
Areas (S(M))
Quadrats (A(S(M)))
Residual

df

2
6
9
72
360

Cochran’s C-test
Transformation
Source of
variation
Meadows
Sites (M)
Areas (S(M))
Quadrats (A(S(M)))
Residual
Cochran’s C-test
Transformation

No. of standing leaves
MS
F
p
0.657
0.314
0.040
0.040
0.030

2.09
6.66
1.04
1.20

>0.20
<0.05
>0.40
>0.10

C = 0.07
Square root (x +1)
df

Length of adult leaves
MS
F
p

2
6
9
2
360

33834.751 26.31 <0.005
1285.998 3.88 <0.050
331.041 2.32 <0.050
142.502 1.55 <0.050
91.898
C = 0.03
None

No. of adult leaves
MS
F
p
7.046
3.264
1.128
0.736
0.477

2.16
2.89
1.53
1.54

>0.100
>0.050
>0.100
<0.005

C = 0.05
None
Length of interm. leaves
MS
F
p
909.284
65.898
18.424
17.462
11.773

13.80
3.58
1.06
1.48

C = 0.05
None

<0.05
<0.05
>0.40
<0.05

No. of interm. leaves
MS
F
p
44.868 13.99 <0.006
3.206 3.44 <0.050
0.933 1.47 >0.100
0.634 1.42 <0.050
0.446

No. of juvenile leaves
MS
F
p
19.886
2.517
1.460
0.407
0.432

7.900
1.720
3.580
0.940

<0.050
>0.200
<0.001
>0.300

C = 0.05
None

C = 0.04
None

Length of juvenile leaves
MS
F
p

Length of longest leaf
MS
F
p

5.499 10.76 <0.05
0.511 0.89 >0.50
0.576 1.38 >0.20
0.417 1.33 >0.05
0.314
C = 0.06
None

5398.260 11.09
486.740 1.99
244.231 0.69
354.273 0.34
1034.02300

<0.050
>0.100
>0.700
<0.001

C = 0.024
None

Fig. 2. Posidonia oceanica. Mean ± SE numbers of (A) total standing leaves, (B) adult leaves, (C) intermediate leaves and (D) juvenile
leaves per shoot (n = 5). There are 5 quadrats in each of 2 areas, in each of the 3 sites, in each of the 3 meadows
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Table 2. Posidonia oceanica. Summary of comparisons between meadows, sites, areas and quadrats for structural and dynamic
variables using nested ANOVAs. LAI: leaf area index
Source of
variation

Meadows
Sites (M)
Areas (S(M))
Quadrats (A(S(M)))
Residual

df

2
6
9
72
360

Cochran’s C-test
Transformation
Source of
variation

Meadows
Sites (M)
Areas (S(M))
Residual
Cochran’s C-test
Transformation

Leaf formation
(no. shoot–1 yr–1)
MS
F
p
0.547
0.015
0.012
0.009
0.005

35.32
1.27
1.35
1.55

<0.005
>0.300
>0.200
<0.050

Broken leaves
(%)
MS
F
p
7532.433 25.50 <0.005
295.399 2.65 >0.050
111.590 0.77 >0.600
144.462 1.32 >0.050
109.825

C = 0.06
Ln(x)
df

Shoot density
(no. shoots m–2)
MS
F
p

2 22300.900 1.34 >0.300
6 16660.167 11.21 <0.005
9 1485.922 0.45 >0.900
72 3321.288
C = 0.15
None

C = 0.03
Arcsin (%)

3108.775
68.837
41.314
108.681
126.295

45.16
1.67
0.38
0.86

<0.001
>0.200
>0.900
>0.200

C = 0.02
Arcsin (%)

LAI
MS

F

p

78.200
15.385
3.497
3.129

4.94
4.53
1.12

<0.05
<0.05
>0.30

C = 0.22
None

Grazed leaves
(%)
MS
F
p

Rhizome elongation
(cm shoot–1 yr–1)
MS
F
p
10.124
1.476
0.353
0.101
0.060

6.86
4.18
3.48
1.68

<0.050
<0.050
<0.005
<0.050

C = 0.04
Ln(x)

Standing crop
(g dw m–2)
MS
F
p
454785.361 5.69 <0.050
79963.050 15.51 <0.005
5917.486 0.64 >0.500
9242.18
C = 0.19
None

Fig. 3. Posidonia oceanica. Mean ± SE lengths of (A) longest leaves, (B) adult leaves, (C) intermediate leaves and (D) juvenile leaves per
shoot (n = 5). There are 5 quadrats in each of 2 areas, in each of the 3 sites, in each of the 3 meadows
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Fig. 4. Posidonia oceanica. Mean ± SE percentages of (A) broken leaves and (B) eaten leaves per shoot (n = 5). There are
5 quadrats in each of 2 areas, in each of the 3 sites, in each of the 3 meadows

Fig. 5. Posidonia oceanica. Mean ± SE of (A) shoot densities,
(B) standing crops and (C) leaf area index (LAI). There are 5 quadrats
in each of 2 areas, in each of 3 sites, in each of the 3 meadows

scales of 100s of m (5 of 12) and 10s of m (3 of 12).
At the meadow level, more significant differences on the scale of 10s of km (2 of 3) and 100s
of m (3 of 3), than on the smallest scales of metres
(0 of 3) were observed. Components of variation
calculated on each of the spatial scales investigated (Fig. 7) indicated that the within-quadrat
scale (i.e. among shoots) at the plant level or the
within-area scale (i.e. among quadrates) at the
meadow level (i.e. the residual mean squares)
were the most important in explaining total variances. There was also evidence of significant
variation associated with the largest scale (i.e.
10s of km among meadows) for some variables.
Finally, the scale of 10s of m was the least important source of variation for all variables examined (0 to 17% of total variance).
For a number of variables and combinations,
analyses of data simulating a simple sampling
design showed results opposite to those of the
complete nested design. Significant differences
among meadows were detected in shoot density,
total number of standing leaves and number of
adult leaves, respectively, in 17, 19 and 6 of the
27 possible combinations. No significant differences among meadows were detected in the
number and length of juvenile leaves, respec-
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Fig. 6. Posidonia oceanica. Mean ± SE annual rates of (A) rhizome elongation and (B) leaf formation per shoot (n = 5). There are
5 quadrats in each of 2, areas in each of the 3 sites, in each of the 3 meadows

tively, in 3 and 11 of the 27 possible combinations.
Conversely, for the remainder variables, the results
showed significant differences according to the nested
design, but the a posteriori multiple comparison test
(Student-Newman-Keuls) identified different alternative hypotheses in 2 (percentage of broken and eaten
leaves), 9 (LAI), 11 (number of intermediate leaves and
length of adult leaves), 14 (maximum leaf length), 18
(standing crop), 19 (rhizome elongation), 20 (length of
intermediate leaves) and 21 (leaf formation) of 27 combinations.

DISCUSSION
The present study provides detailed evidence that
substantial differences in basic structural, morphological and dynamic characteristics used as indicators of
the status of Posidonia oceanica meadows occurred at
a variety of spatial scales, within individual meadows
and among meadows separated by 10s km, along the
same isobath. It also suggests that patchiness exists on
a smaller spatial scale than that of metres (i.e. among
shoots for morphological and growth variables) or 10s
of m (i.e. among quadrats for structural variables), indicating that very local changes in habitat quality may
affect growth and morphology of P. oceanica even at
the same depth. Our findings, although preliminary,
demonstrate the importance of carrying out sampling
at more than 1 scale when studying P. oceanica meadows. Considerable care is required when using simple
sampling procedures in order to draw inferences on
the status and/or trends of P. oceanica meadows. As

recently pointed out by several ecologists, there is a
risk of incorrect generalization of studies on biological
variables over large spatial scales in heterogeneous
habitats, whenever the within-location variability resulting from small-scale patchiness is not adequately
taken into account in the sampling procedure (Underwood 1981, 1991, 1996, Wiens et al. 1986, Morrisey et
al. 1992, Underwood & Petraitis 1993, Schenider 1994,
Hewitt et al. 1998, Kendall & Widdicombe 1999). This
study extrapolated data from means of replicate
quadrats or shoots at only 1 station area within each
P. oceanica meadow to the whole meadow been used,
then misleading results would have arisen. For example, we would have concluded that there were among
meadow differences in several features, where in fact
there were not, thus committing a Type-I error (i.e.
rejecting the null hypothesis when it is true), and in
addition, that there were no differences for other
features when there indeed were, thus committing a
Type-II error (i.e. accepting the null hypothesis when it
is false). Such an approach might not provide an adequate or representative description on the status of
a particular P. oceanica meadow and prevent valid
comparisons among meadows, because any difference
observed among meadows might be confused with
simple variation due to stochastic variability from one
station to another within the meadows. The problem of
lack of appreciation of within-meadow variation could
also occur in studies which seek to examine the same
meadow over time; it is difficult to determine whether
the observed changes reflect real temporal differences
or simply a problem with the sampling design, as
samples could come from different patches within the
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Fig. 7. Posidonia oceanica. Components of variation at 5 spatial scales (A) to (O) show variation in different factors (see headings).
LAI: leaf area index. Overall variation is partitioned among scales and expressed as a percentage of the total. Negative variance
components were converted to 0. Asterisks indicate the spatial scales where significant differences occurred among meadows,
sites, areas, quadrats, within quadrats or within areas. *p < 0.05, **p < 0.01, ***p < 0.001
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meadow each time. Our conclusions are based on a
single sampling occasion and on a survey of meadows
at 3 locations within a region; further research is obviously needed to assess these points.
The results of this study also allow formulation of
several hypotheses concerning factors that may account for the observed patterns in morphology and
growth of Posidonia oceanica. Variations on the largest
scale (meadows 10s of km apart) might reflect differences in the type of habitats at the localities, such as
wave exposure, substrate type (rocky vs pebble), sediment characteristics and grazing pressure, whenever
other potentially important factors, such as temperature and photoperiod (Alcoverro et al. 1997), are virtually identical. Within these patterns, other factors, such
as physical disturbance, topographic complexity and
nutrient availability, might operate on smaller scales to
modify morphological and growth variables. The variation observed on the smaller scale (cm to m) is more
difficult to explain. It might be attributable to unidentifiable nested components of variation (Underwood
1997) and differences in the microhabitat. Further spatial statistical techniques (e.g. spatial autocorrelation)
and measurements of physical and chemical variables
within meadows are clearly needed to identify the factors causing small-scale patchiness. On the other hand,
for the scope of this and similar studies, there is only
the need to recognise that a spatial pattern exists, no
matter why, as pointed by Underwood (1997).
In conclusion, we believe that a more rigorous
approach should be used in the future when planning
large-scale or long-term investigations. Nested designs that incorporate different spatial scales within a
particular stratum (i.e. range of depth) would be particularly useful as they may provide unbiased estimates of the status of Posidonia oceanica meadows.
They also permit cost/benefit analyses to be applied to
ensure optimal allocation sampling efforts over space
and time, and can thus promote the development of
efficient large-scale P. oceanica surveys, including
monitoring strategies (Underwood 1981, 1997, Andrew
& Mapstone 1987, Morrisey et al. 1992, Schenider
1994). Since some of the implications described above
for P. oceanica could be valid for other seagrass species, it would be interesting to examine whether the
patterns of spatial variability in morphological and
dynamic characteristics observed are a common feature of seagrasses.
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