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ABSTRACT: The spatial and temporal variability of shoot density and selected plant features of
Posidonia oceanica seagrass were assessed in 2 different meadows off the Island of Ischia (Naples,
Italy), subjected to different degrees of both human impact and hydrological conditions. A nested
hierarchical sampling design was used (1) to examine patterns of distribution of shoot density and
plant features at different spatial scales and (2) to analyze temporal patterns of variability along
the 2 principal seasons, showing the minimum and maximum development of the plant canopy
(summer and winter; 2 sampling dates for each season). The shoot density showed 2 main spatial
scales of variability: between the 2 beds (a few km apart) and within each meadow (10s of m); how-
ever, there were no seasonal differences. Most morphometric features showed multiple spatial
scales of variability, especially at the smallest scale (10s of cm), but none of these parameters var-
ied significantly between the meadows. Most of the morphometric parameters also displayed vari-
ations with season and date of sampling, likely related to the growth cycle of the plant. A permu-
tational analysis of variance identified several scales of variability for all features across the suite
of scales from 10s to 100s of meters and for seasons and sampling dates. The present study pro-
vides evidence of the high spatio-temporal variability of P. oceanica plant features despite the dif-
ferent ecological status of the meadows. It is advisable to take this high variability into account
during monitoring studies to avoid misinterpretation of natural variation.
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INTRODUCTION

The problem of understanding patterns and scales
has been a central issue in ecology for a long time (Le-
vin 1992). As Wiens (1989) noted, ‘scale’ has rapidly
become a new ecological 'buzzword’, a fashionable
word that led to the development of new statistical in-
struments to investigate communities and species dis-
tribution (e.g. Underwood 1992, Anderson 2001a).

In the last few decades, ecologists have become
more interested in the influence of scale-dependent
processes on communities. Within the marine ecol-
ogy discipline, there has been an expanded applica-
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tion of the scaling-effects concept in the experimen-
tal design and interpretation of surveys, which has
led to the production of a great amount of literature
(Dayton & Tegner 1984, Wiens et al. 1986, Frost et al.
1988, Kotliar & Wiens 1990, Levin 1992, Fraschetti et
al. 2005, Bostrom et al. 2006).

From the available literature related to the marine
benthic biota (see review by Fraschetti et al. 2005), a
common general picture emerges across various
habitat scales: i.e. small- (10s to 100s of cm) and inter-
mediate-scale (10s to 100s of m) variation in the distri-
bution and abundance of single species and commu-
nities is often greater than large-scale variation.
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Thus, small-scale spatial variability, often still consid-
ered simply as a ‘statistical nuisance’ due to stochastic
events, is becoming of great interest because it is
seen as the result of specific local processes.

Knowledge of the appropriate scale of spatial and
temporal variability is essential to discriminate be-
tween natural and anthropogenic disturbances. De-
gradation often operates on increasing ‘hetero-
geneity’ (i.e. patchiness) across scales and reducing
‘complexity’ (e.g. shoot density or coverage in sea-
grass systems). Thus, changes in small-scale variabil-
ity have been often proposed as a diagnostic feature
for disturbed marine communities.

The endemic seagrass Posidonia oceanica (L.) De-
lile, one of the most common and widespread macro-
phytes found in the Mediterranean Sea, covers
between 2.5 and 5.5 million ha of soft and rocky sub-
strates within the Mediterranean, along depth ranges
from <1 to >40 m (Procaccini et al. 2003, Ruiz et al.
2009). P. oceanica meadows represent one of the
most productive and complex shallow coastal ecosys-
tems in the Mediterranean Sea (Vizzini 2009) and
provides several ecosystem services, such as sup-
porting a large biodiverse (floral and faunal) commu-
nity by acting as a nursery and feeding grounds for
many commercially important species (Mazzella et
al. 1992).

Posidonia oceanica, as a ‘'habitat engineer' and be-
cause of its often extensive meadows, has been in-
cluded among the environmental quality descriptors
in the European Water Directive (Lopez y Royo et al.
2010a); thus, the importance of understanding the
processes that link local to regional scales in
P. oceanica meadows is relevant for monitoring pro-
grams designed to estimate the health of a system
and to determine when protection measures need to
be taken, especially in light of the global recognition
of the decline in seagrasses worldwide (Orth et
al. 2006, Boudouresque et al. 2009, Waycott et al.
2009). Investigations of the status of P. oceanica
meadows along the Mediterranean marine protected
areas (MPAs) found no widespread habitat decline
(Gonzélez-Correa et al. 2007), suggesting anthro-
pogenic impacts (such as boat anchoring, trawling
and coastal development) may be responsible for
localized P. oceanica meadow decline (Ruiz & Rome-
ro 2003, Milazzo et al. 2004, Leriche et al. 2006,
Montefalcone et al. 2008b). Thus, the establishment
of MPAs may need to be considered as possible miti-
gation for the decline of meadows seen over the last
several decades. However, Montefalcone et al. (2009)
suggest that the establishment of local MPAs may not
reduce regional scale effects because factors driving

the reduction of P. oceanica may originate outside
MPA boundaries. Studies by Gonzdalez-Correa et al.
(2007) and Montefalcone et al. (2009) are clear ex-
amples of how the possible protection of this system
requires the understanding of the principal growth
patterns along several spatial and temporal scales
(Bostrom et al. 2006). Moreover, differences in moni-
toring strategies, sampling designs and methods affect
the reliability of the collected data and consequently
the data comparability (Lopez y Royo et al. 2010b).

Most published studies on the spatial variability of
Posidonia oceanica focus on variations across large
scales (100s to 1000s of meters) or within meadows
across depth gradients (e.g. shallow vs. deep stands),
but few studies have examined variations within a
meadow at medium and small scales (from 10s of cm
to 10s of m) or at a given depth. However, those stud-
ies that have (Balestri et al. 2003, Zupo et al. 2006a,b,
Montefalcone et al. 2008a) demonstrate that P. ocea-
nica meadows are characterized by high patchiness
in shoot density and some plant attributes at interme-
diate (from 10s to 100s of meters) and small (few
meters) spatial scales (Balestri et al. 2003, Kendrick
et al. 2005, Zupo et al. 2006b), so there is the risk that
previous studies conducted across large spatial
scales have generalized the variability of small-scale
patchiness.

Heterogeneity has also been seen to increase at
smaller scales when companion epiphytic (leaf- and
rhizome-associated) communities have been studied
(Piazzi et al. 2004, Pardi et al. 2006, Balata et al.
2007), despite the apparent homogeneity of the sys-
tem at larger scales. This variability has been ex-
plained by differences in shoot density and in charac-
teristics of the canopy affecting light intensity, water
movements and nutrient availability.

The present study is part of a larger project aimed
at evaluating the dynamics of spatial and temporal
morphometric patterns, specifically shoot density and
other plant attributes, as well as of some associated
invertebrates (motile fauna and borer organisms)
within Posidonia oceanica meadows under different
ambient conditions, using a nested hierarchical sam-
pling design. Herein, we discuss (1) morphometric
patterns of spatial variability, across scales, in 2 P.
oceanica meadows off the coasts of the island of Ischia
(Tyrrhenian Sea, Italy) subjected to differing structur-
ing factors and (2) seasonal patterns of development
and growth of the plant canopy (summer and winter),
and (3) we compare our data with previous results ob-
tained with a different sampling design. We hypothe-
sized that heterogeneity across scales and variables
would increase as disturbance level increases.
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MATERIALS AND METHODS
Study area

Sampling was conducted within 2 Posidonia ocean-
ica meadows on either side of the island of Ischia
(Thyrrenian Sea, Gulf of Naples, Italy; Fig. 1). Both
meadows have been thoroughly studied (Buia et al.
2003, Gambi & Buia 2003, Lorenti et al. 2005, Zupo et
al. 2006a,b) and were first mapped by Colantoni et al.
(1982); other surveys are reported by Buia et al.
(2003). Historic data reveal the distinct differences
between the 2 meadows, with the meadow of Lacco
Ameno (LA), on the northern side of the island, influ-
enced by various anthropogenic impacts and pres-
sures, while the meadow of Scarrupata (Sc), on the
south-east side of the island, is still relatively pristine
with little anthropogenic impact.

The LA site is protected from the major currents
and wave actions by the island, which has resulted in
the meadow growing from 0.5 m to 28-32 m depth.
The LA meadow has been widely studied since 1979
and has demonstrable progressive deterioration with
a decrease in shoot density over time (Buia et al.
2003, Zupo et al. 2006a,b and references therein).
The Posidonia oceanica decline in the LA can likely
be attributed to the increasing turbidity resulting
from the periodic dumping of sludge (Guidetti &
Fabiano 2000) and the output of 2 sewage pipes,
which handled the sewage of 2 towns (Lacco Ameno
and Casamicciola) with a combined resident popula-
tion of ~11000, which strongly increases during the
summer tourist season (Zucco 2003). In addition, the
LA meadow is heavily utilized by pleasure boats that

Tyrrhenian
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Fig. 1. Location of the sampling areas off the island of Ischia
(Tyrrhenian Sea, Italy). LA: Lacco Ameno, Sc: Scarrupata

are anchored in the protected waters, especially dur-
ing the summer season.

The Sc meadow, located ~10 km from LA, within a
large bay along the southern coast, does not have ur-
ban shorelines yet is much more exposed to southerly
currents and wave action. This meadow begins at a
depth of 8 to 10 m, reaching a maximum depth of
35 m, and is sharply demarcated, a characteristic of
strong bottom currents. This meadow has a relatively
uniform plant distribution except for a few disconti-
nuities (scarcely covered patches) at 15 and 20 m and
between 25 and 30 m. Shoot density measured regu-
larly at 10 and 30 m since 1996 (Buia et al. 2003)
shows a degree of variability (patchiness) at 10 m
with a slight decrease recorded over the period of
record. In comparison, at 30 m, the shoot density is
more constant, displaying a slight increase over the
period of record (Buia et al. 2003, Lorenti et al. 2005).

Sampling design

The sample design was intended to study plant
morphometrics (i.e. shoot density, leaf length and
width, leaf biomass and number of leaves). A hierar-
chical, nested sampling design (Fig. 2) was used to
test the null hypothesis that shoot density and plant
features did not vary at different spatial and temporal
scales. For each of the 2 meadows, 3 randomly se-
lected sites were chosen at a distance of at least
180 m apart; for each site, 2 stations were randomly
selected ~25 m apart; for each station, 3 plots were
randomly located 3 m apart; for each plot, two 40 x
40 cm quadrats were placed 1 m apart. Sampling was

Locations
(1000s m scale)

Sites
(100s m scale)

Stations
(10s m scale)

Plots
(few m scale)

L= | L»o] [e]

Quadrats

Fig. 2. Hierarchical sampling design utilized in the present
study: two 40 x 40 cm quadrats (x and y) located 1 m apart,
nested within each of 3 plots (a, b, c) separated by 3 m,
nested within each of 2 random stations (1, 2) separated by
25 m, nested within each of 3 sites (A, B, C) separated by
~180 m, nested within each of 2 Posidonia oceanica meadows
located along the northern (LA) and southern (Sc) shorelines
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conducted at a depth range of 15 to 17 m to limit vari-
ability that might be attributed to depth differences
and to better evaluate horizontal variability (Balestri
et al. 2003). This depth range was selected based on
previous studies that showed that the main plant fea-
tures were relatively homogeneous relative to other
depths, and the associated assemblages more abun-
dant and the most characteristic of the system
(Mazzella et al. 1989, Gambi et al. 1992).

Samples were collected over 2 seasons: late spring/
summer 2007 and late autumn/winter 2007-2008, re-
presenting the maximum and the minimum in the
plant features and canopy development, respectively
(Buia et al. 1992). This did not represent a seasonality
per se but only the analysis of the plant features in
2 contrasting temperature and seasonal conditions.
For each season and meadow, the sampling was re-
peated twice: in May, July, November/December
and February in Lacco Ameno; and in June, Septem-
ber, December/January and March in Scarrupata.

In each quadrat, all shoots (vertical and horizon-
tal) were enumerated, and 10 vertical (ortothropic)
shoots were collected and stored in a 4 % seawater
buffered formalin solution for morphometric analysis.
Leaf morphology and leaf biomass were measured
according to standard analytical methods (Buia et al.
2004) with a mean calculated for each variable for
each quadrat. Leaf biomass (dry weight) was mea-
sured after drying the leaves at 60°C in an oven until
constant weight was reached.

Statistical analysis

Univariate nested analysis of variance (ANOVA)
was used to statistically test for shoot-density and
plant-feature variance across scales (spatial and tem-
poral). The Student-Newman-Keuls (SNK) test was
performed a posteriori whenever a significant differ-
ence was found. The Cochran's C test was performed
as an a priori evaluation of homogeneity of variance.
When the test was significant (p < 0.05), a more strin-
gent criterion of oo = 0.01 was applied to avoid Type I
errors (Underwood 1997). To determine which spa-
tial scales were associated with the greatest varia-
bility, components of each spatial scale's variance
were estimated (Underwood 1997). Negative variance
components were converted to 0 because they likely
were underestimated samples of small or 0 variances
(Underwood 1997).

Permutational multivariate analysis of variance
(PERMANOVA; Anderson 200la) using the same
statistical design as above was employed to test the

hypothesis that the plant-features distribution across
scales differed between the 2 meadows. This proce-
dure is based on a Euclidean distance matrix calcu-
lated using standardized data (z-score). To calculate
the probability that 2 variances were, or were not,
significantly different, each term was tested using
4999 permutations; when this number of possible
permutations was too low to get a reasonable test, the
Monte Carlo procedure was used (Anderson 2001b).

A graphical representation of the multivariate pat-
terns was obtained by employing non-metric multidi-
mensional scaling (nMDS), based also on a Euclidean
distance matrix calculated from raw data after stan-
dardizing (z-score). Graphically, the data plotted
were centroid depicting location, site, season and
date, which permitted the best visualization of the
patterns displayed by the variable distributions
(Anderson 2001a, McArdle & Anderson 2001, Ander-
son & Willis 2003). The data were plotted as a bi-plot
where the Pearson's r correlations for each variable
defined the 2 main nMDS axis.

RESULTS

Shoot density and all plant variables showed sig-
nificant differences of their means for at least 1 spa-
tial scale studied and commonly at multiple scales.
All variables also showed significant differences for
at least 1 temporal scale studied (dates of sampling
and season), with the exception of the shoot density.

Among the structural variables, shoot density
(Figs. 3 & 4) varied only at the largest spatial scale
(few km apart) and at the intermediate scale (10s of m)
(Table 1). The main station-level differences (SNK,
p < 0.05) were likely caused by the strong variability
at Sc during winter. Differences in shoot density
through time (seasons and dates) were not evident.

In both meadows, all of the plant features differed
on the smallest spatial scale of quadrat (Table 2). The
mean number of leaves per shoot, and similarly the
mean number of adult leaves per shoot, varied only
at the quadrat scale (Table 2). Although the mean
values of both variables were not significantly differ-
ent between the 2 meadows, both varied with the
date of sampling (Table 2), with the mean number of
leaves and adult leaves per shoot always greater dur-
ing the second date of sampling in summer for both
meadows, while the contrary was evident in winter
(SNK, p < 0.01).

The mean number of intermediate leaves per shoot
varied at the 2 smallest spatial scales (i.e. quadrat
and plot) (Table 2). The intermediate leaves reached
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Fig. 3. Posidonia oceanica. Main descriptors of LA and Sc meadows at the plot scale (few meters; a, b, c; data pooled from 2
quadrats per plot) with corresponding station (1, 2) and site (A, B, C) on both sampling dates during late spring/summer.
The mean + SE are given for shoot density, leaf length, leaf surface and leaf biomass. First date: May 2007 for LA, June 2007

for Sc; second date: July 2007 for LA, September 2007 for Sc. DW = dry weight
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Fig. 4. Posidonia oceanica. Main descriptors of LA and Sc meadows during autumn/winter. Additional details as in Fig. 3

their maximum number in winter for both meadows
but showed differences according to the date of sam-
pling. Specifically, higher values were observed on
the second date of summer sampling, while in winter,
the opposite was observed at Sc (SNK, p < 0.05); the
opposite trend was observed at LA (SNK, p < 0.05).
The mean number of juvenile leaves per shoot
varied at the smallest spatial scale as well as with the
date of sampling (Table 2). For both meadows, the
highest values were recorded at the second summer
sampling, while during winter, the first sampling
date showed the highest values (SNK, p < 0.05). The
mean leaf length (Figs. 3 & 4) varied significantly at
the intermediate spatial scale (site) and at the small-

est scale (quadrat), and significant differences were
only seen between sampling dates (Table 2). Most
of the site differences regardless of season or sam-
pling date were within the LA meadow rather than in
the pristine Sc bed (SNK, p < 0.01), indicating a
higher heterogeneity in this feature in the impacted
meadow.

Leaf width showed significant differences at sta-
tion and quadrat scales, while temporally signifi-
cant differences were recorded only with season
(Table 2). Concerning the differences between sta-
tions, 25 % of them were significantly different at LA,
compared to >42% at Sc, indicating a higher vari-
ability in the latter meadow (SNK, p < 0.095).
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Table 1. Posidonia oceanica shoot density comparison among

locations, sites, stations and plots in 2 different seasons and

on 2 different sampling dates using nested ANOVA. L: loca-

tion; S: season; D: date of sampling; Si: site; St: station;

PlL: plot; F: fixed factor; R: random factor. Significant values
(o0 =0.05) in bold

Effect df Shoot density —
MS F P

L F 1 2076764 90.68 0.001
S F 1 44222 193 0.237
LxS F 1 20104 0.88 0.402
DL x S) R 4 22902 0.72 0.589
Si(D(L x S) R 16 31665 1.72 0.111
St(Si(D(L x S))) R 24 18394 2.47 0.001
PI(St(Si(D(L x S)))) R 96 7458 0.97 0.565
Error 144 7708
Cochran C 0.08 0.995
Transformation none

Leaf surface showed significant differences only at
the quadrat scale (Table 2). Significant differences be-
tween the dates of sampling were also evident
(Table 2), with the first date in summer always greater
in value than the second regardless of the meadow;
the contrary was true during winter (SNK, p <0.01).

Leaf biomass (Figs. 3 & 4) varied significantly at the
spatial scales of site and quadrat (Table 2) and on the
temporal scale; it showed significant differences both
with seasons and date of sampling. Regardless of the
meadow, ~75% of sites differed significantly from
each other at the site-scale (SNK, p < 0.05), indicating
the same degree of spatial heterogeneity. Compo-
nents of variance calculated on each spatial scale
(Fig. 5) indicated that most of the explainable shoot
density variance was concentrated in the location
and error (i.e. within-area scale or residual mean
squares) factors. With respect to the main morpho-
metric features, the error factor explained most of the

Table 2. Comparison among locations, sites, stations, plots and quadrats at 2 different seasons and 2 different sampling dates of Posidonia
oceanica morphological and structural features using a nested ANOVA. L: location; S: season; D: date of sampling; Si: site; St: station;
Pl: plot; Q: quadrats; F: fixed factor; R: random factor. Significant values (o. = 0.05 or 0.01, when specified) in bold

Effect df No. of leaves No. of juveniles No. of intermediate No. of adults

MS F P MS F p MS F P MS F P
L F 1 89.9 0.33 0.596 0.0126 0.00 0.991 0.0 0.00 0.997 87.0 1.45 0.295
S F 1 1205 0.44 0.541 54037 0.06 0.826 1407.8 28.17 0.006 583.7 9.75 0.035
LxS F 1 87.7 0.32 0.600 60.2415 0.62 0.477 102 0.20 0.674 23.2 039 0.568
DL x S) R 4 2711 41.85 0.001 97.8995 99.45 0.001 50.0 18.94 0.001 59.9 17.10 0.001
Si(D(L x S)) R 16 6.5 1.40 0.223 0.9844 1.35 0.247 2.6 2.03 0.057 3.5 1.32 0.261
St(Si(D(L x S))) R 24 46 147 0.097 07294 191 0.015 1.3 1.59 0.059 2.6 149 0.088
PI(St(Si(D(L x S)))) R 96 3.1 116 0.211 0.3819 1.31 0.069 0.8 1.38 0.039 1.8 1.17 0.190
Q(PL(St(Si(D(L x S))))) R 144 2.7 253 0.001 0.2909 1.60 0.001 0.6 1.71 0.001 1.5 2.67 0.001
Error 2592 11 0.1813 0.3 0.6
Cochran C 0.02 0.001 0.02 0.998 0.02 0.120 0.01 0.001
Transformation none, oo = 0.01 none none none, oo = 0.01

Effect df Leaf length Leaf width Leaf surface Leaf biomass

MS F P MS F p MS F P MS F P
L F 1 29049 096 0.384 0.13 5.66 0.076 1414439 3.62 0.130 39388523 6.41 0.065
S F 1381063 12.54 0.024 1.85 79.37 0.001 5802693 14.86 0.018 141788924 23.08 0.009
LxS F 1 17768 0.58 0.487 0.05 2.19 0.213 322005 0.82 0.415 4248439 0.69 0.452
DL x S) R 4 30385 30.29 0.001 0.02 0.25 0.904 390474 14.95 0.001 6144622 8.23 0.001
Si(D(L x S)) R 16 1003 5.12 0.001 0.09 2.24 0.036 26116 2.27 0.034 746252 3.96 0.001
St(Si(D(L x S))) R 24 196 0.65 0.889 0.04 2.55 0.001 11522 0.78 0.749 188344 0.62 0.911
PI(St(Si(D(L x S)))) R 96 303 0.93 0.639 0.02 0.90 0.718 14722 1.07 0.361 304862 0.94 0.616
Q(PL(St(Si(D(L x S))))) R 144 325 6.25 0.001 0.02 4.61 0.001 13812 4.63 0.001 322871 4.71 0.001
Error 2592 52 0.00 2985 68 599
Cochran C 0.02 0.001 0.03 0.001 0.03 0.001 0.03 0.001
Transformation none, oo = 0.01 none, oo = 0.01 none, o = 0.01 none, o = 0.01
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Fig. 5. Posidonia oceanica. Components of variance of the main descriptors of LA and Sc meadows at different spatial and tem-
poral scales. Values are percentages of the total overall variation partitioned among scales. Negative variance components
were converted to 0. L x S = interaction between location (L) and season (S). Significant differences: **p < 0.01; ***p < 0.001

variance observed, followed by the temporal scales
(season and date of sampling). Also important was
the percentage of variance explained by the quadrat
scale (i.e. variance among shoots). Finally, the inter-
mediate scales of site, station and plot, at least for the
main plant features, were the least important source
of variation, supporting a hypothesis that small-scale
variability is dominant in these systems.
PERMANOVA was calculated excluding the total
number of leaves from the calculations to avoid the
bias of co-variation among the 3 leaf characteristics.
There were significant differences in the variable
associations both spatially (at the smaller scales of
site and station) and temporally (between seasons
and date of sampling; Table 3). For both meadows
and for both seasons, differences existed between
the sampling dates (pairwise comparisons, pyc <

Table 3. Permutational multivariate analysis of variance of
the differences among locations, sites, stations and plots in 2
different seasons and on 2 different dates of sampling of the
main Posidonia oceanica features (except total number of
leaves per shoot). L: location; S: season; D: date of sampling;
Si: site; St: station; Pl: plot; pperm: probability values from
permutations; pyc: probability values estimated by Monte
Carlo simulations. Significant values (o = 0.05) in bold

Source df SS MS Pseudo- ppem  Pumc
F

L 1 2218 221.8 22 0.143 0.116

S 1 830.3 830.3 84 0.011 0.002

LxS 1 583 583 06 0.641 0.651

D(L x S) 4 3958 989 121 0.001 0.001

Si(D(L x S)) 16 130.7 82 2.0 0.006 0.026

StSIDL xS) 24 9.5 40 1.7 0.003 0.001
PI(St(Si(D(L x S)))) 96 227.9 24 1.0 0422 0.419
Residuals 144 3347 2.3

0.001; Table 4). The nMDS (Fig. 6) gives a clear
pattern of the differences shown by PERMANOVA.
Axis 1 represents the seasonal variation, while Axis 2
represents the sampling date variation. The Pear-
son's correlations (Table 5) indicate the contribution
of each single variable to this plot arrangement. Leaf
surface, leaf length, total leaf biomass and the num-
ber of adult leaves are clearly the drivers for the
separation of the 2 seasons, increasing in summer
and decreasing in winter. The opposite is true for leaf

Table 4. Pairwise comparison from the multivariate analysis
of Posidonia oceanica features. Significant values (o = 0.05)
in bold. LA: Lacco Ameno; Sc: Scarrupata; A, B, C: sites; 1, 2:
stations; Sum: summer; Win: winter; fir and sec: first and sec-
ond dates of sampling; pperm: Probability values from permu-
tations; pymc: probability values estimated by Monte Carlo
simulations; perms: number of permutations made

Source Groups Pperm Perms Pmc
LA Sum fir, sec 0.105 10 0.001
LA Win fir, sec 0.095 10 0.001
Sc Sum fir, sec 0.101 10 0.001
Sc Win fir, sec 0.105 10 0.002
LA Win fir A B 0.328 3 0.096

A, C 0.347 3 0.092

B, C 0.335 3 0.034
Sc Win fir A B 0.331 3 0.225

A, C 0.328 3 0.030

B, C 0.334 3 0.307
LA SumsecA 1,2 0.101 10 0.024
Sc Win fir B 1,2 0.099 10 0.001
ScWinsecB 1,2 0.194 10 0.040
ScWinsecC 1,2 0.106 10 0.013
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Fig. 6. Non-metric multidimensional scaling (nMDS) ordination biplot on the

basis of Euclidean distances of centroids and Pearson’s correlations of plant

features with the first 2 nMDS axes. LS: leaf surface; LL: leaf length; LB: leaf

biomass; LW: leaf width; SD: shoot density; Ad: adult; J: juvenile; I: intermedi-

ate; LA: Lacco Ameno; Sc: Scarrupata; A, B, C: sites; Sum: summer; Win: win-

ter; fir and sec: first and second dates of sampling (e.g. LAASumfir = Lacco
Ameno, site A, Summer, first date)

Table 5. Pearson's correlation values of the Posidonia oceanica features with the 2
main nMDS axes (MDS 1 and MDS 2). LL: leaf length; LW: leaf width; LS: leaf
surface; SD: shoot density; LB: leaf biomass; J: juvenile; I: intermediate; Ad: adult

ing generalizations or highlighting
differences based on features that
define the habitat itself. Using an ap-
propriate spatial sampling design that
considers the natural variability of the
biotic descriptors avoids this problem
(Wiens 1989, Levin 1992, Balestri et
al. 2003, Montefalcone et al. 2008a).
Failing to consider the appropriate
spatial scale may result in an inade-
quate and unrepresentative descrip-
tion of the state of a particular
meadow. Furthermore, an erroneous
selection of the spatial and temporal
scales may inhibit comparison among
meadows because differences may be
confused with natural variation (Ba-
lestri et al. 2003). Thus, the hypo-
thesis tested and discussed herein, as
supported by previous papers (Bales-
tri et al. 2003, Borg et al. 2005, 2006,
Zupo et al. 2006a,b, Montefalcone et
al. 2008a), was that heterogeneity
across scales and variables would in-

crease as disturbance level increases.

LL Lw LS SD LB J I Ad To test this hypothesis, we asked

MDS1 093 -027 091 012 093 -0.05 -0.78  0.67 whether and how plant features var-
MDS2 022 038 027 042 020 -082 039 -0.50 led within and between 2 distinct
meadows across several spatial and

width and the number of the intermediate leaves,
which increased in winter. The number of juvenile
leaves was not related to seasonal variation, but
when coupled with the number of adult leaves, it
appeared to be important in explaining the separa-
tion seen between the dates of sampling. Contrary to
the ANOVA interpretation, shoot density did not
influence this relationship because of its low correla-
tive value.

DISCUSSION

The importance of using >1 spatial scale when
studying complex habitat has been widely discussed
by many authors (e.g. Wiens et al. 1986, Wiens 1989,
Underwood 1991, Levin 1992, Underwood & Chap-
man 1996, 1998, Fraschetti et al. 2005). Among com-
plex habitats, seagrasses in general —and Posidonia
oceanica in particular— could be considered one of
the most heterogeneous in the Mediterranean Sea.
The problem when approaching a study on the ecol-
ogy of a habitat engineer species such as this is mak-

temporal scales.

The few authors who have investigated multi-
spatial-scale variability of the descriptors in Posido-
nia oceanica meadows (Balestri et al. 2003, Borg et al.
2005, 2006, Montefalcone et al. 2008a) showed that
spatial variability is highest at the smallest scales
(meters to centimeters) of most of the considered
variables. The present study also provides evidence
on the variability of most measured plant parameters
between the meadows.

Shoot density has been widely used by many au-
thors as a descriptor of the ecological status of a
meadow (e.g. Buia et al. 2004, Pergent-Martini et al.
2005, Lopez y Royo et al. 2010b). Mean shoot density
values in the pristine meadows off Sc were almost
twice those found at LA. The density values at LA are
in the low range of a disturbed meadow, according
to the classification of Pergent-Martini & Pergent
(1996), while the values at Sc are in the range of a
normal density, indicating a meadow in equilibrium
for the reference depth. The differences in shoot den-
sity recorded indicate that the 2 meadows were
structurally different, a result consistent with previ-
ous studies that showed that LA is typical of a dis-
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turbed meadow (Guidetti & Fabiano 2000). Compar-
atively, the differences observed at the intermediate
scale (10s of meters) might be explained by within-
meadow heterogeneity stemming from local factors,
such as bottom morphology and topographic com-
plexity and/or nutrient availability (Balestri et al.
2003, Zupo et al. 2006b).

Balestri et al. (2003) found significant shoot density
variability at the scale of 100s of meters using the
same approach adopted in the present study. Unfor-
tunately, neither physical (e.g. particle size) nor nu-
trient data of the bottom were available for the pre-
sent work; however, our results suggest that these
factors may potentially explain the observed variabil-
ity in shoot density, as supported by others (Zupo et
al. 2006a,b, Giovannetti et al. 2008). The importance
of small-scale/within-bed variability has not been
well studied in the past because (1) sampling designs
did not allow this variation to be isolated and (2) re-
searchers have focused on depth differences in shoot
density (as well as other plant features). Thus, al-
though shoot density is considered a good indicator of
the status of seagrass meadows, our findings demon-
strate the importance of not underestimating small-
scale variability and how this might potentially influ-
ence how shoot density differences are interpreted,
especially in instances in which sampling designs do
not include the appropriate scale(s) to identify spatial
variability. For example, when shoot density is con-
sidered together with other plant variables, the dis-
criminatory value between 2 meadows seems masked
by other variables, as was evident in the PERM-
ANOVA results and the nMDS. The reason for this
may be the lack of temporal variation in shoot density
was not unexpected because Posidonia oceanica, un-
like other seagrass species, does not undergo large
seasonal changes in spatial coverage or shoot density
(except in rare events of heavy storms) (Marba et al.
1996).

None of the other morphometric features measured
in the present study presented any significant vari-
ability at location scale, i.e. between meadows, but
were all highly variable at the smallest scale of
quadrat (10s of centimeters). This is an important
finding because the small-scale variability, if not
appropriately considered, would lead to erroneous
interpretation and subsequently inappropriate man-
agement decisions, above all because some of these
features have been used in several monitoring pro-
grams to evaluate the status of meadows (Pergent-
Martini et al. 2005). Moreover, most of the measured
parameters displayed multi-spatial scales of variation
from 10s of centimeters to 100s of meters. Also, the

reduced shoot density in the LA meadow was not
mirrored by lower leaf biomass or surface, suggest-
ing that between-meadow differences were more
important than any morphological variability that
might exist. This result does not support our hypoth-
esis that the more disturbed LA meadow would have
greater small-scale variability. This conclusion de-
monstrates the importance of local factors and their
influence on larger-scale patterns in complex habitat.
In similar studies on Posidonia oceanica (Balestri et
al. 2003, Borg et al. 2005, Montefalcone et al. 2008a,
Castejon-Silvo & Terrados 2012), the same high vari-
ability seen in the present study was observed at the
smallest scales. According to Balestri et al. (2003),
these studies do not indicate the factors determining
these patterns, nor does the simple application of
hierarchical sampling design indicate why these spa-
tial patterns exist (Underwood 1997), but several
hypotheses could be formulated by observing pat-
terns of morphology of P. oceanica. Variations at the
largest scale (between meadows, several kilometers
apart) might reflect differences in the ecological set-
ting at the localities, such as wave exposure, sub-
strate sediment characteristics and/or biological im-
pacts, such as grazing pressure or anthropogenic
impacts. Factors such as physical disturbance, topo-
graphic complexity and nutrient availability (Zupo
et al. 2006a,b) might operate on smaller scales to
modify morphological plant variables. Variations ob-
served at the smallest scales (cm to m) are more
difficult to explain, but they could be attributable to
undefined nested components of variation (Under-
wood 1997) and/or differences in the microhabitat
(Balestri et al. 2003, Zupo et al. 2006a,b). The results
obtained in the present study confirm the high mor-
phological plasticity of P. oceanica in response to a
range of environmental conditions, supporting the
need for a more rigorous approach when studying
ecological relationships at large scales or over long
terms in this ecosystem.

Plant features, such as leaf width and biomass, var-
ied with season and above all with the date of sam-
pling, although our sampling dates were within the
same putative season and no more than 2 mo apart
from each other. The causes for these differences are
mainly related to the cyclic vegetative growth of the
plant (e.g. Pirc 1985, Buia et al. 1992) and to physical
conditions that, for a few of the studied features, are
crucial. For example, differences observed from one
date of sampling to another (e.g. in leaf length)
depended on the influence of water movement that
favored the detachment of apical brown tissue from
the leaves.
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Our results illustrate the importance of considering
temporal scales as well as spatial scales. In fact, for
monitoring purposes, it is important that samples
from different meadows are collected during compa-
rable dates within a season to avoid type II statistical
errors due mainly to natural differences that could
mask differences due to actual ecological settings
and effects of disturbances.

In conclusion, in the present study, both the high
morphometric plasticity and the spatio-temporal
variability of Posidonia oceanica have been high-
lighted despite the ecological status of the meadows.
The importance of considering comparable dates of
sampling into sampling programs was also shown
because of the strong dependence of many plant fea-
tures on the particular month of sampling.

Thus, the standardization of a hierarchical design
that considers several spatial scales at one time must
be considered in the future monitoring programs as
an optimal management practice, above all after the
adoption of the EU Water Framework Directive. In
this context, it is important that the application of a
biological index made for a rapid assessment of the
ecological status of a meadow should derive from a
sampling design comparable to that used in different
Mediterranean areas and monitoring programs.
Above all, this index should consider the intrinsic
variability of the plant at different spatial scales (as
shown here), thus increasing the usefulness of the
index in the entire basin meadows because the
indices made so far are not always appropriate for all
meadows.
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