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The study of spatial patterns is important in understanding the causes of the distribution and abundance of
organisms, and it also provides a valuable basis for management and conservation. Amphipod crustaceans are
key organisms in seagrass ecosystems. However, little attention has been paid to the spatial scales at which am-
phipod assemblages may vary. We examined variability patterns of amphipod populations inhabiting Posidonia
oceanicameadows, over spatial scales spanning four orders of magnitude (1 to 1000meters) and for two consec-
utive years. This study reports the scales that contributedmost to spatial variation of amphipod assemblages and
explores the potential processes driving the observed patterns, with particular emphasis on habitat features. The
number of species, the diversity, and the density of some species varied substantially across years. For most
species the highest spatial variation in density and biomass occurred at small scales (1 and 10 meters). Based
on density data, the structure of amphipod assemblages did not differ at any scales investigated. The patchiness
that occurred at small scales may have been related to habitat features, but only weakly. Instead, we postulate
that amphipod behavioral processes likely represent good explanatory factors. Although, small-scale spatial
variability can be an important feature of amphipod assemblages in P. oceanica meadows, some patterns may
have gone undetected because they occur at scales smaller than those investigated.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Oneof themain problems ecologists face is the inherent heterogene-
ity of ecosystems (Kolasa and Pickett, 1991; Levin, 1992). Natural pop-
ulations are patchy at multiple spatial and temporal scales (Dayton
and Tegner, 1984; Schneider, 1994), with greater fluctuation at some
scales than others (Fraschetti et al., 2005; García-Charton et al., 2004).
Accordingly, variability in the structure of assemblages appears more
evident at some scales (Underwood and Chapman, 1996). This variabil-
ity, especially at small scales, should not be disregarded as a bias or an
impediment, but as valuable information in understanding ecosystems
(Coleman, 2002; Fraschetti et al., 2005). The study of spatial patterns
is crucial in order to elucidate processes that determine the distribution
and abundance of organisms, and provides a basis for management and
conservation (Levin, 1992).

Nested hierarchical sampling designs are powerful tools to help sort
out spatial patterns, and ensure appropriate replication (Underwood,
1997). The spatial scale of observation is methodologically based on
the decision of observers and not on inherent characteristics of ecolog-
ical processes (Allen and Hoekstra, 1991). Observed patterns are the
.

result of different factors operating over a hierarchy of spatial scales
(Wiens, 1989). Investigating patterns at multiple and simultaneous
scales facilitates the identification of relevant scales of natural variabili-
ty, and developing hypotheses regarding potential factors that deter-
mine spatial patchiness. This knowledge can help in selecting the
most appropriate sampling scales in the design and interpretation of
monitoring programs. Such methodology can save massive energy and
cost by avoiding studies that cannot address relevant processes
(Underwood, 1997).

In the Mediterranean Sea, the endemic seagrass Posidonia oceanica
(L.) Delile forms large meadows with widely recognized ecological
and economic roles (Boudouresque et al., 2006). These meadows are
important habitats for a large number of species, including amphipod
crustaceans (Gambi et al., 1992; Mazzella et al., 1989). Amphipods are
important food sources for higher level predators such as fishes (Bell
and Harmelin-Vivien, 1983; Pinnegar and Polunin, 2000) and possibly
decapods (Lepoint et al., 2000; Vizzini et al., 2002). They are also sensi-
tive to anthropogenic and natural disturbances (Conlan, 1994; Thomas,
1993) and arewidely considered good potential indicators of ecosystem
degradation (Conradi et al., 1997; Guerra-García and García-Gómez,
2001), notably in P. oceanica meadows (Sánchez-Jerez et al., 2000).
These meadows, characterized by large heterogeneity at small and
medium scales (Balestri et al., 2003; Gobert et al., 2003; Panayotidis
et al., 1981; Zupo et al., 2006), could influence variability of amphipod
assemblages.
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Bathymetric and seasonal patterns of amphipod assemblages associ-
ated with P. oceanica meadows have been extensively studied (Gambi
et al., 1992; Mazzella et al., 1989; Scipione and Fresi, 1984; Zakhama-
Sraieb et al., 2011), along with other factors. However, spatial variability
of amphipod assemblages at multiple scales in P. oceanicameadows has
never been described in detail, despite its importance in community
ecology (Underwood, 1997).

At large scales (seagrass landscapes), the position of meadows
in a bay, adjacent habitats, as well as hydro-climatic forcing and
environmental anthropogenic/natural disturbances all likely influence
the distribution of macrozoobenthic assemblages (Bell et al., 2006;
Gillanders, 2006). At small to intermediate scales, the structure of
habitat (with resources such as food and shelter) is more likely to
drive much of their variability (Gillanders, 2006). Studies have investi-
gated the potential importance of temperate seagrass features on the
distribution of small macrozoobenthic organisms (Attrill et al., 2000;
Connolly, 1995; Edgar and Robertson, 1992; Worthington et al., 1992),
including amphipod crustaceans (Como et al., 2008; González et al.,
2008; Sánchez-Jerez et al., 2000). For instance, densities of several
species correlated strongly with seagrass biomass (Attrill et al.,
2000; González et al., 2008), epiphytes (Schneider and Mann,
1991; Zakhama-Sraieb et al., 2011) and detritus (Como et al.,
2008; Sánchez-Jerez et al., 2000). Other factors such as recruit-
ment, competition, and predation also act at multiple spatial scales
(Gillanders, 2006; Turner et al., 1999). The main challenge remains
in evaluating the relative importance of such processes, the scale at
which they act, and the way they influence the structure of assem-
blages (Menge and Farrell, 1989).

This study is based on a hierarchical sampling design conducted for
two consecutive years. Our objectives are to: (1) examine the variability
patterns of amphipod assemblages in P. oceanica meadows over spatial
scales spanning four orders of magnitude (1 to 1000meters); (2) iden-
tify the scales at which most spatial variation was observed in order
to provide clues on potentially important determinants of these
assemblages; and (3) explore the relationships between amphipod
and habitat variables.

2. Materials and methods

2.1. Study area

The study was carried out in the Revellata Bay (Corsica, North-
western Mediterranean Sea; 42°34′N, 8°44′E; Fig. 1) from the
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Fig. 1. Location of the two sampling zones (black points Z1 and Z2) and distribution of the dif
Corsica, Mediterranean Sea) — in the center and left side. A hierarchical sampling design used
meadows, over spatial scales spanning four orders of magnitude (1 to 1000 meters) — right sid
oceanographic station STARESO (Station de Recherches Sous-Marines
et Océanographiques). The bay encompasses approximately 7.8 km of
shoreline, fringed by 53 ha of rocky sublittoral habitat covered partially
by photophilic macroalgae, 14 ha of sandy substrate and 179 ha of
P. oceanica seagrass meadows (Sargian, 1997) that extend to depths of
40 m (Janssens, 2000). Local P. oceanica meadows have been described
in detail elsewhere (Gobert, 2002). Surface temperatures range from
~13 °C in February to ~26 °C in August. The area supports a local
population of about 5500 people that increases 10-fold during summer
tourism. Since 2008, Revellata Bay has been part of the Natura 2000
network, a centerpiece of the European Union nature and biodiversity
policy (EC, 1992). Overall, the ecological status of seawater in this area
is considered good (Gobert et al., 2009)

2.2. Sampling design

The study followed a hierarchical sampling design and focused
on variability on 4 spatial scales, ranging from meters to 1000s of
meters within two zones of Revellata Bay (Fig. 1). For each zone,
we chose 2 sites (separated by ~100 m), and then randomly selected
2 sectors (separated by ~10 m) within each site. Each sector was
delimited by a permanent frame circumscribing an area of 9 m2,
within which we collected 4 replicates separated by ~1 m. The
study was conducted between 11 and 13 m depth, and between
10 am and 3 pm (local time), to limit depth and diel variability. Sampling
was performed in two consecutive years (August 2007 and 2008), to pro-
duce a total of 64 samples. Weather conditions (sunny and calm) were
similar during the two sampling periods.

2.3. Sample collection

Amphipod samples were collected by scuba diving using an airlift
(Bussers et al., 1983; Michel et al., 2010). The sampling areas of the
meadow were delimited by a PVC cylinder (height: 48 cm, diameter:
48.5 cm) to prevent escape by mobile species. We suctioned a surface
of 0.185 m2 continuously for 2 minutes under constant airflow,
collecting amphipods and other invertebrates in a 0.5 mm mesh bag.
Samples were sieved through a 0.5 mm mesh, fixed in a 4% formalin
and seawater mix, and then transferred to 70% ethanol.

Amphipods were counted and identified to species level, using the
handbook of Mediterranean amphipods (Ruffo et al., 1982, 1989,
1993, 1998), and available published literature in the case of new re-
cords. We estimated the relative abundance and frequency of
and
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Table 1
Structure of the random model ANOVA used in the analysis of amphipod general descriptors, and densities/biomasses of amphipod taxa.

Source Abbreviation F-ratio or quasi F-ratio Variance component

Year Y MSY/MSY × Z (MSY − MSY × Z)/bcdn
Zone Z MSZ/(MSS(Z) + MSY × Z − MSY × S(Z))) (MSZ − MSS(Z) − MSY × Z + MSY × S(Z)))/acdn
Site(zone) S(Z) MSS(Z)/(MSSe(S(Z)) + MSY × S(Z) − MSY × Se(S(Z))) (MSS(Z) − MSSe(S(Z)) − MSY × S(Z) + MSY × Se(S(Z)))/adn
Sector(site(zone)) Se(S(Z)) MSSe(S(Z))/MSY × Se(S(Z)) (MSSe(S(Z)) − MSY × Se(S(Z)))/an
Year × zone Y × Z MSY × Z/MSY × S(Z) (MSY × Z − MSY × S(Z))/cdn
Year × site(zone) Y × S(Z) MSY × S(Z)/MSY × Se(S(Z)) (MSY × S(Z) − MSY × Se(S(Z)))/dn
Year × sector(site(zone)) Y × Se(S(Z)) MSY × Se(S(Z))/MSe (MSY × Se(S(Z)) − MSe)/n
Residual = error e MSe

For the variance components, a is the number of years, b is the number of zones, c is the number of sites within a zone, d is the number of sectors within a site, and n is the number of
replicate samples in each combination of treatments. MS = mean square.
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occurrence (f) for each species. We also quantified density
(individuals⋅m−2) and biomass (mg dry weight⋅m−2; after drying at
60 °C for 48 h) for each amphipod species. Amphipod assemblages
were characterized using several descriptors: number of species (S),
Shannon–Wiener diversity index (H′) = − ∑ ipi log(pi) where pi is
the proportion of the total count arising from the ith species, and
Table 2
Mean density (individuals ⋅ m−2) of the amphipod taxa in

Gammaridea

Ampeliscarubella (Costa, 1864)

Ampithoehelleri (Karaman, 1975)

Aora gracilis (Bate, 1857)  

Aora spinicornis (Afonso, 1976) 

Apherusa chiereghinii (Giordani-Soika, 1950) 

Apolochus neapolitanus (Della Valle, 1893) 

Atylus guttatus (Costa, 1851)

Cymadusa crassicornis (Costa, 1853)

Dexamine spiniventris (Costa, 1853) 

Dexamine spinosa (Montagu, 1813) 

Ericthonius punctatus (Bate, 1857) 

Eusiroides dellavallei (Chevreux, 1899) 

Gammarella fucicola (Leach, 1814)

Guernea coalita (Norman, 1868)

Hyale camptonyx (Heller, 1866)

Iphimedia minuta (Sars, 1882)

Jassa ocia (Bate, 1862) 

Leptocheirus guttatus (Grube, 1864)

Leucothoespinicarpa (Abildgaard, 1789)

Liljeborgia dellavallei (Stebbing, 1906)

Lysianassa pilicornis (Heller, 1866)

Lysianassina longicornis (Lucas, 1849)

Maera grossimana (Montagu, 1808)

Microdeutopussp.

Orchomenehumilis (Costa, 1853)

Orchomene similis (Chevreux, 1912) 

Peltocoxa marioni (Catta, 1875)

Siphonoecetes dellavallei (Stebbing, 1899) 

Stenothoe monoculoides (Montagu, 1815) 

Synchelidium longidigitatum (Ruffo, 1947) 

Tmetonyx nardonis (Heller, 1866)

Tritaeta gibbosa (Bate, 1862)

Caprellidea
Caprella acanthifera (Leach, 1814) 

Caprella sp. (armata-group) (see Krapp-Schickel

Phtisica marina (Slabber, 1769) 

Pseudoprotella phasma (Montagu, 1804)

< 1 1-10 11-50 51-200 ind.m
Pielou's evenness index J0
� � ¼ H0

logSwhere S is the total number of species.
Ovigerous females were counted for all species.

Habitat variables were quantified in 2008 to assess relationships
with amphipod faunal variables. Shoot density (shoots m−2; n = 4
per sector) was measured in the general area where amphipods were
previously sampled. Leaf litter material along with macrophyte debris
the two zones in 2007 and 2008 (gaps indicates absent).

Zone 1 Zone 2 

2007 2008 2007 2008

& Vader, 1998)

-2



Table 3
Summary from ANOVA analyses on spatio-temporal variation of amphipod general descriptors (total density and biomass, number of species, Shannon–Wiener diversity index and
Pielou's evenness), of density of the most frequent amphipod taxa (f ≥ 10%), and of biomass of the most important taxa in terms of relative biomass (≥3%).

Y Z S(Z) Se(S(Z)) Y × Z Y × S(Z) Y × Se(S(Z))

Total density ns ns ns ns ns ns **
Total biomass ns ns ns ns ns ns ns
Number of species * ns – ns ns ns ns
Diversity * – ns ns ns ns ns
Evenness ns ns – ns ns ns ns
Gammaridea ns/ns ns/ns ns/ns ns/ns ns/ns ns/ns */ns
Ampithoe helleri ns ns ns ns ns ns ns
Aora spinicornis ns/ns ns/ns ns/ns ns/ns ns/ns ns/ns ns/ns
Apherusa chiereghinii ns/ns ns/– ns/ns ns/ns ns/ns ns/ns ***/ns
Apolochus neapolitanus * ns ns ns ns ns ns
Dexamine spiniventris **/ns –/ns ns/– ns/ns ns/ns ns/ns ns/*
Dexamine spinosa ns – – ns ns ns ns
Ericthonius punctatus * ns – ns * ns ns
Eusiroides dellavallei ns – ns ns ns ns ns
Iphimedia minuta ns – ns ns ns ns *
Leptocheirus guttatus ns ns ns ns ns ns ns
Leucothoe spinicarpa ns ns ns ns ns ns ns
Liljeborgia dellavallei ns ns ns ns ns ns ns
Orchomene humilis ns ns ns ns ns * ns

Caprellidea ns/ns ns/ns ns/ns ns/ns ns/ns ns/ns ns/***
Caprella acanthifera * ns – ns ns ns ns
Caprella sp. (armata-group) ns – ns ns ns ns *
Phtisica marina ns/ns ns/ns ns/ns ns/ns ns/ns ns/ns ns/***
Pseudoprotella phasma ns/ns ns/ns ns/ns ns/ns ns/ns ns/ns ns/ns

For biomass data, the level of significance is indicated after the sign “/”. ns = Not significant; − = no p-value calculated; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Y = year, Z = zone,
S = site, Se = sector.
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was collected in each area and placed in plastic bags, and later quanti-
fied as litter biomass (g dw m−2; n = 4 per sector) after drying at
60 °C for 96 hours. In addition, 3 P. oceanica shoots were collected in
each area, for a total of 96 shoots. From these shoots, we calculated
leaf and epiphyte biomasses (g dw shoot−1; n = 12 per sector), as
well as coefficient A that refers to the percentage of leaves per shoot
with alteration marks (%; n = 12 per sector). These alteration marks
may be indicative of either in situ consumption of part of the plant by
grazers (e.g. the fish Sarpa salpa, the sea urchin Parcentrotus lividus),
or hydrodynamic action, especially in shallow sites (Giraud, 1979;
Gobert et al., 2003).

2.4. Data analyses

2.4.1. Univariate analyses
Analysis of variance (ANOVA)was used to examine the effects of the

factors year, zone, site and sector on amphipod general descriptors, on
the density of the most common species (f ≥ 10%) and on the biomass
of species that accounted for more than 3% of the total amphipod bio-
mass. The model used was

Xijklm ¼ μ þ Yi þ Z j þ S Zð Þk jð Þ þ Se S Zð Þð Þl k jð Þð Þ þ YZij þ YS Zð Þik jð Þ
þYSe S Zð Þð Þil k jð Þð Þ þ T YSe S Zð Þð Þð Þm il k jð Þð Þð Þ

where the site (S) factorwas nestedwithin zone (Z), and the sector (Se)
factorwas nestedwithin site. The year (Y) factorwas orthogonal to each
scale of sampling (i.e. each scale was sampled every year). All factors
were random. T refers to replicates (the error term in the model).
X represented each replicate (m) of thedependent variable in any sector
(l) and site (k) in a given zone (j) and year (i). μ was the overall mean.
Table 1 summarizes the structure of the ANOVA and appropriate
denominators for F-ratios and quasi F-ratios (Winer et al., 1991).
Satterthwaite's (1946) denominator synthesismethod, as implemented
in STATISTICA 10 (StatSoft Inc.), was used to calculate error terms in the
random-model ANOVA. This method finds the linear combinations of
sources of random variation that provide as appropriate error terms
and can result in fractional degrees of freedom for the denominator
mean square (Satterthwaite, 1946). We used variance component anal-
yses to estimate the proportion of random variation associated with
each factor (Searle et al., 1992; Underwood, 1997).

Habitat features available for 2008 were analyzed using a nested
analysis of variance (Underwood, 1997) with the following model:

Hijkl ¼ μ þ Zi þ S Zð Þ j ið Þ þ Se S Zð Þð Þk j ið Þð Þ þ T Se S Zð Þð Þð Þl k j ið Þð Þð Þ

where zone (Z) was a random factor, the site (S) factor was random and
nestedwithin zone, the sector (Se) factor was random and nestedwith-
in site, and Twere the replicates. H represented each replicate (l) of the
dependent habitat variable in any sector (k) and site (j) in a given zone
(i). μ was the overall mean.

Prior to these analyses, normality and homogeneity of variances
were checked using Kolmogorov–Smirnov's and Cochran's tests respec-
tively. When these assumptions were not met, data were

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xþ 1ð Þp

or
log(x+ 1) transformed. Whenever variances remained heterogeneous,
untransformed data were analyzed because ANOVA is statistically
robust to heterogeneity of variances, particularly when experiments
are balanced and contain a large number of samples (Underwood,
1997). In these cases, special care was taken in the interpretation of
results. The significance level was set to 0.05.

2.4.2. Multivariate analyses
Effects of year and different spatial scales on the structure of amphi-

pod assemblages were analyzed as abundance data using a 4-way per-
mutational multivariate analysis of variance (PERMANOVA, Anderson
et al., 2008). In the design, all factors (i.e. year, zone, site and sector)
were treated as random with 2 levels, with site nested in zone and
sector nested in site. The structure of the PERMANOVA is similar to
the structure of the random model ANOVA (see Table 1), except the
pseudo F-ratios for zone: (MSZ + MSY × S(Z))/(MSS(Z) + MSY × Z); and
site(zone): (MSS(Z) + MSY × Se(S(Z)))/(MSSe(S(Z)) + MSY × S(Z)). Analyses
were based on Bray–Curtis dissimilarity matrices calculated from
square-root transformed abundance data. Data transformation helped



600

0

300

900

0

10

20

30

0

5

10

15

N
o 

sp
ec

ie
s

0

1

2

3

D
iv

er
si

ty
 (

H
’)

0.4

0.6

0.8

1.0

E
ve

nn
es

s 
(J

’)

Zone 1 Zone 2

D
en

si
ty

 (
in

d 
m

-2
)

B
io

m
as

s 
(m

g 
dw

 m
-2

)

Fig. 2. Mean ± SE values (n = 4) of amphipod general descriptors in each sector within
each site of the two zones in 2007 (black) and 2008 (white). Descriptors include total
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and number of species, Shannon–Wiener diversity index (H′) and Pielou's evenness (J′)
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balance the contribution from rarer species. Analyses were run using
9999 random permutations. Permutational test of multivariate disper-
sion (PERMDISP, Anderson et al., 2008) was used to test the homogene-
ity of multivariate dispersions.

To visualize multivariate patterns, non-metric multidimensional
scaling (nMDS) ordinations were obtained from Bray–Curtis dissimilar-
ity matrices calculated from square-root transformed abundance
data. Because of the high number of total samples (n = 64), only the
16 centroids for the combined factor year × zone × site × sector were
visualized.

Multiple regression analyses were performed to explore relation-
ships between habitat features (independent variables), and amphipod
general descriptors and density of the most common taxa (dependent
variables). Prior to regression analyses, data were checked for collinear-
ity and outliers were detected (and subsequently removed) by carrying
out analyses of residuals (Graham, 2003; Jongman et al., 1995). The
relationships between amphipod assemblages and habitat variables
were analyzed using distance-based linear models (DISTLM; Legendre
and Anderson, 1999; McArdle and Anderson, 2001). DISTLM performs
variation partitioning for sets of explanatory variables, and allows sig-
nificance testing of explanatory variables for a multivariate response
variable in the form of a resemblance matrix (Anderson et al., 2008).
Prior to analysis, we tested for collinearity among explanatory variables.
The analysis was based on the Bray–Curtis distance measure after
square-root transforming the abundance data. The “best” selection
procedure, with AIC (Akaikes's information criterion) as the selec-
tion criterion based on 9999 permutations was used to test habitat
variables. DISTLM analysis was repeated using only significant vari-
ables (P ≤ 0.05; litter, leaf and epiphyte biomasses). A distance-
based redundancy analysis (dbRDA) was performed to visualize the
fitted model in 2-dimensional space. Unlike nMDS, this analysis is
constrained, meaning that the resulting ordination depends on both
species composition and habitat variables. Univariate and multivariate
analyses were performed using STATISTICA 10, PRIMER 6 and
PERMANOVA+ software.

3. Results

3.1. Amphipod assemblages

The amphipod assemblages represented 22% of total macrofauna
collected. Other major taxa were gastropods (22%), asteroids (12%),
pycnogonids (10%), decapods (8%), isopods (8%) and ostracods (7%). A
total of 3337 amphipod specimens belonging to 36 species and 22 fam-
ilies were identified in this study, of which 13 species occurred in all
zones and across sampling years (Table 2). The orders Gammaridea
and Caprellidea accounted for 89% and 11% of the total number of spe-
cies respectively, and 83% and 17% of the total number of individuals.
The families Caprellidae, Dexaminidae, and Lysianassidae contained
the highest number of species (4 per family). The 3 most frequent
species (f ≥ 80%; Apherusa chiereghinii, Aora spinicornis and Phtisica
marina) represented 65% and 62% of total abundance and biomass,
respectively. Only 5 species were frequent (40% ≤ f b 80%) and 9
species common (10% ≤ f b 40%), whereas 19 species were occa-
sionally present (f b 10%). Overall, 9% of the total specimens were
unidentified.

3.2. Multiscale variation

Amphipod general descriptors and densities/biomasses of gammarid
and caprellid species did not differ significantly across zone (~1000 m)
or site (~100 m) scales (Table 3; see Appendice Tables A1, A2, A3;
Fig. 2). In the different models, the effect of zone and site accounted for
only 0–25.6% and 0–13.3% of the total variation respectively. In contrast,
several occasional or common species were apparently zone specific.
Seven species occurred only in zone 1, whereas 6 other species occurred
only in zone 2 (Table 2).

The highest spatial heterogeneity occurred at smaller scales. The
interaction of year × sector was significant for the total amphipod
density, for 3 species (A. chiereghinii, Iphimedia minuta, Caprella sp.
(armata-group)), and was one of the greatest source of variation in
the models (25.5%, 41.0%, 21.4% and 25.7% respectively). Thus, there
was significant spatial variation in the density of these species at



Zone 1 Zone 2

0

100

200

300

0

100

200

300

0

100

200

300

0

100

200

300

Apherusa chiereghinii

Ampithoe helleri

Aora spinicornis

Phtisica marina

D
en

si
ty

 (
in

d 
m

-2
)

Fig. 3. Density values (number of individuals m−2) of the four most abundant species in
2007 (black) and 2008 (grey). Each column refers to a replicate.

Table 4
Results from PERMANOVA analysis of amphipod assemblages at the Revellata Bay.

Source df MS Pseudo-F P

Y 1 7187 5.90 0.328
Z 1 2946 1.73 0.210
S(Z) 2 885 1.06 0.438
Se(S(Z)) 4 839 1.15 0.374
Y × Z 1 1218 1.78 0.235
Y × S(Z) 2 684 0.94 0.509
Y × Se(S(Z)) 4 732 1.14 0.277
Residual 48 640

df = Degrees of freedom, MS = mean square, pseudo-F = F statistic, P = probability
level. Y = year, Z = zone, S = site, Se = sector.

Stress: 0.09

Zone 1 Zone 2

2007

2008

Fig. 4. Non-metric multidimensional scaling (nMDS) ordination of amphipod assem-
blages. Plot triangles indicate sector centroids, coded by zone and year. The stress value
is shown to indicate the goodness of representation.
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the scale of sector, but the nature of this variation varied among
years (Table 3; see Appendice Tables A1, A2, A3; Fig. 2). We observed
non-significant interaction of year × sector for some other species, but
high magnitude effects (i.e. 37.5% for Apolochus neapolitanus, 30.6%
for P. marina and 24.8% for Pseudoprotella phasma; see Appendice
Table A2). The variability in species densities seemed important at the
spatial scale of ~1 m. Indeed, the most important source of variation in
the models was the error term (i.e. samples within sectors at a scale of
~1m)which accounted for 22.6 to 84.2% of total variation (see Appendice
Tables A2, A3; Fig. 3).

The number of species and diversity differed significantly between
year, which accounted for the largest component of the variation
(Table 3, Fig. 2). At the species level, 3 species (A. neapolitanus,Dexamine
spiniventris and Caprella acanthifera) differed significantly between
years (Table 3). Because of a significant interaction for E. punctatus
(Y × Z, P = 0.012; Table 3), the effect of the main factor year was
not considered for this species (Underwood, 1997).
Amphipod biomass results differed somewhat from those for densi-
ties (Table 3, see Appendice Table A3). D. spiniventris showed no signif-
icant year effect; however density differences were found. Biomasses of
Gammaridea, and A. chiereghinii were not significant for year × sector,
whereas Caprellidea and P. marina exhibited significant spatial hetero-
geneity at this scale. As with total amphipod density, the error term
represented the most important source of variation in the models
(i.e. scale of ~1 m). PERMANOVA demonstrated that amphipod as-
semblage structures did not differ between years, zones, sites and sec-
tors, and there were no significant interactions among these factors
(Table 4). In addition, PERMDISP tests showed no significant dispersion
effects. General patterns of the nMDS plot reflected PERMANOVA and
PERMDISP (Fig. 4) results in that groups of centroids belonging to
each zone and year were not clearly separated.
3.3. Spatial variation of the meadow features

Nested ANOVA performed on P. oceanica variables showed that
shoot density, coefficient A and litter biomass did not vary significantly
at any spatial scales. In these cases, the error term accounted for 68.2 to
87.5% of the total variance (Table 5, Fig. 5). Significant differences were
detected for leaf biomass at the sector scale (which accounted for 41.0%



Table 5
Results of the nested ANOVA for Posidonia oceanica variables: shoot density, leaf and epi-
phyte biomasses, coefficient A and litter biomass.

Source df MS F P %

Shoot density
Z

1
110.79 0.00 0.957 0.0

S(Z)
2

30,230.19 2.41 0.205 12.5

Se(S(Z))
4

12,529.91 0.81 0.533 0.0

Residual
24

15,522.69 87.5

Leaf biomass
Z

1
0.93 6.69 0.123 33.3

S(Z)
2

0.14 0.49 0.644 0.0

Se(S(Z))
4

0.28 7.38 0.001 41.0

Residual
24

0.04 25.7

Epiphyte biomass
Z

1
0.22 74.07 0.013 53.5

S(Z)
2

0.00 0.13 0.886 0.0

Se(S(Z))
4

0.02 3.04 0.037 15.7

Residual
24

0.01 30.8

Coefficient A
Z

1
285.10 4.20 0.177 14.6

S(Z)
2

67.81 1.92 0.260 4.4

Se(S(Z))
4

35.24 0.47 0.758 0.0

Residual
24

75.25 81.0

Litter biomass
Z

1
1076.84 1.52 0.343 6.7

S(Z)
2

707.95 1.56 0.316 9.2

Se(S(Z))
4

454.73 1.93 0.138 15.9

Residual
24

235.28 68.2

df = Degrees of freedom, MS = mean square, F = F statistic, P = probability level,
% = percentage of variance explained by each source of variability. Z = zone, S = site,
Se = sector. Significant values are underlined and in bold.
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of the total variation), and for epiphyte biomass at the sector
and zone scales (which accounted for 15.7% and 53.5% of the
total variation respectively). Special care should be taken in
the interpretation of the results for epiphyte biomass because
variances were heterogeneous and could not be stabilized by
transformations.

3.4. Influence of the meadow on amphipod assemblages

We identified only a few weak significant relationships between
amphipod faunal and measured habitat variables using multiple re-
gression analyses (Table 6). The number of species, diversity, and
evenness appeared unaffected by the measured habitat variables.
In contrast, amphipod total density and biomass were generally pos-
itively related with P. oceanica shoot density and epiphyte biomass,
respectively. The habitat features accounted for only 0–30% of the
variation in amphipod species densities. Gammarids were not relat-
ed to any habitat variables, whereas P. oceanica shoot density and
coefficient A appeared to have greater influence on caprellids
(Table 6). Indeed, densities of the caprellids P. marina and P. phasma
were positively related to P. oceanica shoot density (PC = 0.47 and



Table 6
Results of multiple linear regression analyses examining relationships between measured habitat variables, and amphipod general descriptors and the density of the most frequent
amphipod taxa (f ≥ 10%). Only general descriptors and amphipod species for which habitat variables presented significant (p ≤ 0.05) partial correlations are listed. All relationships
are positive. The overall regression included shoot density, leaf and epiphyte biomasses, coefficient A and litter biomass.

Overall regression Habitat variable

R2adj P F df Coef SE PC P

Total density 0.235 0.056 2.60 5.21 Density 0.47 0.18 0.49 0.018
Total biomass 0.116 0.183 1.68 5.21 Epiphyte biomass 0.57 0.24 0.45 0.030
Caprellidea 0.263 0.052 2.71 5.19 Density 0.55 0.20 0.53 0.013

Coefficient A 0.51 0.22 0.47 0.030
Phtisica marina 0.174 0.123 2.01 5.19 Density 0.50 0.21 0.47 0.032

Coefficient A 0.49 0.23 0.44 0.047
Pseudoprotella phasma 0.209 0.089 2.27 5.19 Density 0.60 0.21 0.55 0.010

R2adj = values of adjusted R2, P = probability level, F = F statistic, df = degrees of freedom, Coef = standardized regression coefficient, SE = Coef standard error, PC = partial
correlation.
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0.55 respectively, P ≤ 0.05). Density of P. marina was also positively
associated with coefficient A.

The distance-based linear regression model indicated weak re-
lationships between amphipod assemblages and habitat variables.
The most parsimonious model contained 3 of the 5 measured hab-
itat variables: litter biomass (pseudo-F = 6.66, P = 0.0001), epiphyte
biomass (pseudo-F = 2.56, P = 0.023) and leaf biomass (pseudo-F =
2.00, P = 0.050). This model explained a total of 25.8% of variation in
distribution and abundance of amphipods, with no significant collin-
earity among habitat variables. The first dbRDA axis accounted for
18.6% of the total variation in amphipod assemblage and
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Fig. 6. Distance-based redundancy ordination (dbRDA) for amphipod species and
habitat features. Full and indented vectors indicate the direction of increasing values
of the significant habitat variables (p ≤ 0.05; litter, leaf and epiphyte biomasses) and
amphipod species, respectively. Only species with correlations ≥0.25 to the ordina-
tion axes are plotted. Vector length represents partial correlation strength with the
dbRDA axes; the circle is a unit circle (radius = 1), whose relative size and position
of origin is arbitrary with respect to the underlying plot. Plot points indicate individ-
ual amphipod samples, coded by zone. Species code: Ah, Ampithoe helleri; As, Aora
spinicornis; Ac, Apherusa chiereghinii; Agu, Atylus guttatus; Ca, Caprella acanthifera;
Dspa, Dexamine spinosa; Ld, Liljeborgia dellavallei; Os, Orchomene similis; Pma, Phtisica
marina; Sd, Siphonoecetes dellavallei.
distinguished samples based essentially on litter biomass. The sec-
ond dbRDA axis accounted for 6.1% of the variation in amphipod as-
semblages and discriminated samples based on P. oceanica leaf
biomass (Fig. 6). All amphipod species (except Liljeborgia
dellavallei) had negative values in the first axis, suggesting a positive
relationship with litter biomass. Yet A. spinicornis, A. chiereghinii and
L. dellavallei showed a stronger relationship with the second axis, and
consequently with leaf biomass (positive for A. spinicornis and
L. dellavallei and negative for A. chiereghinii; Fig. 6). In contrast, zone 1 in-
cluded samples positively associated with the 3 habitat variables (i.e. lit-
ter, leaf and epiphyte biomasses).

4. Discussion

The main outcomes of this study are: (1) the occurrence of low var-
iability in density and biomass of most species, and in the structure of
amphipod assemblages at the landscape level (~100 and 1000 m)
alongwith large interannual variability in the densities of some species;
(2) highest spatial variation in density and biomass of amphipods at the
smallest scales (~1 and 10 m); and (3) weak relationships between
amphipod faunal and seagrass features.

4.1. Interannual and landscape patterns

Thedensity and biomass ofmost species, and the structure of amphi-
pod assemblages did not vary significantly at the landscape level. These
findings may be related to the similarity in general features of the study
sites (i.e. depth, adjacent habitats, seagrass variables). At large spatial
scales, abundance of invertebrates are unlikely to be strongly related
in seagrasses (Bell and Westoby, 1986; Worthington et al., 1992).
A study maximizing variation in seagrass cover in the selection of
sampling sites, found little influence on macrofaunal abundance
(Hovel et al., 2002). However, the effects of landscape structure onmac-
rofaunal abundances tend to be variable and species-specific (Bell et al.,
2006; Nakaoka and Toyohara, 2000). Other authors demonstrated a
strong effect of different landscape structures (e.g. patch size and ad-
jacent habitats) on the abundance of various species of macrofauna
(Gullström et al., 2012; Hovel and Lipcius, 2002; Tanner, 2006;
Turner et al., 1999).

Despite strong replication, our sampling design may lack sufficient
power given the low number of degrees of freedom for the large spatial
scales (Underwood, 1997). As a result, the power of the tests was low
and only large differences between zones and sites could have been
detected (Balestri et al., 2004). Our analyses include large, though
non-significant F values (e.g. A. spinicornis), while the most important
source of variation in the model (excluding the error term) was zone,
which accounted for 18.5% of the total variation. However, for most
species, variance component analyses showed a very low
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contribution of zone and site scales (b10%). Future studies aimed at
examining landscape spatial patterns on amphipod assemblages in
P. oceanica meadows would benefit from more than two study
zones to ensure statistical power in the analyses (e.g. Benedetti-
Cecchi, 2001a).

Large-scale spatial patterns were consistent between years
for most species but may suffer the same sampling design weak-
ness noted for the main effects of zone and site. The significant
between-year variation in densities of some amphipod species
(e.g. A. neapolitanus, D. spiniventris and C. acanthifera) may be reg-
ulated by reproduction and recruitment. Generally, Mediterranean
amphipod species exhibit fast growths and relatively short life
spans (4–6 months up to ~2 years; Bellan-Santini, 1998, 1999;
Delgado et al., 2009). High temporal variation in densitywas previously
observed for A. neapolitanus and related to periods of intense reproduc-
tion (Leite, 2002). In our study, we observed more ovigerous females of
A. neapolitanus in 2007 (59%) than in 2008 (32%), suggesting higher
reproductive activity in 2007. However, two snapshots separated by a
year do not provide a comprehensive view of temporal variation and
the factors affecting it.

4.2. Small scale spatial variability

Most species showed the highest variation in density and biomass
at the smallest spatial scales. These results confirm those from
previous analyses conducted in marine coastal ecosystems which
documented considerable small-scale spatial variation in distribu-
tions and abundances of macrozoobenthic populations across a
wide range of habitats (Benedetti-Cecchi, 2001b; Coleman, 2002;
Underwood and Chapman, 1996), including seagrasses (De Biasi
et al., 2003). In particular, amphipod assemblages varied most at
the meter scale in the macrophyte Sargassum stenophyllum (Tanaka
and Leite, 2003) and in soft bottoms (Fernandez-Gonzalez et al.,
2013). Processes potentially involved in such patterns include com-
plex sets of local physical and biological interactions (Anderson
et al., 2005; Fraschetti et al., 2005).

Seagrassmeadows are heterogeneous habitats, consisting of patches
and gaps of different sizes (Nakaoka, 2005), especially in P. oceanica
ecosystems (Balestri et al., 2003; Gobert et al., 2003; Panayotidis et al.,
1981; Zupo et al., 2006). Patchiness of microhabitats (with resources
such as food and shelters) may create small-scale variability in popula-
tion densities (Underwood, 1997). At small to intermediate spatial
scales, seagrass habitat features likely explain at least some of the vari-
ability in macrofaunal assemblages (Gillanders, 2006). However, our
data showed only a few weak relationships between amphipod and
measured habitat variables. Although shoot density and litter biomass
apparently played a non-negligible role, the two statistical methods
(i.e. multiple regressions and distance-based linear model) gave
some contradictory results, likely because they are based on different
assumptions.

In previous studies, the distribution and diversity of amphipods
were both positively correlated with shoot density (Vasapollo,
2009). Moreover, abundances of invertebrates within single beds of
seagrass (e.g. plots of 25 m2) showed noticeable effects when shoot
density was manipulated (Bell and Westoby, 1986). In contrast,
other authors showed that variation in density of Zostera capricorni
shoots explained very little (generally≤5%) of the variation in abun-
dance of individual species of decapods (Worthington et al., 1992).
In the Gulf of Naples, no clear link was found between abundance
and diversity of amphipods and meadow features (e.g. shoot densi-
ty), suggesting that other biotic and abiotic factors likely contributed
to the observed patterns (Gambi et al., 1992; Mazzella et al., 1989;
Scipione et al., 1996).

Trophic resource availability and species-specific behavioral traits
of amphipods offer two alternative explanations for these amphipod
density patterns. The major available trophic resource was epiphytic
macroalgae growing on P. oceanica leaves (Mazzella et al., 1992). These
macroalgae are themain dietary components for all dominant amphipod
species (Michel, 2011). Our data showed that epiphyte biomass
accounted for 20% of the variation of total amphipod biomass. At
small scales, macroalgae present high spatial heterogeneity (Balata
et al., 2007; Castejón-Silvo and Terrados, 2012; Pardi et al., 2006),
which may therefore influence the variability in biomass of some
amphipod species (Zakhama-Sraieb et al., 2011), especially in summer
where epiflora biomass is high and may not be limiting (Lepoint et al.,
1999).

Behavioral responses to other organisms and/or habitat may influ-
ence species distributions (Nakaoka, 2005; Underwood and Chapman,
1996). P. oceanica litter provides a structural habitat as well as potential
food sources for multiple amphipod species (Gallmetzer et al., 2005;
Lepoint et al., 2006). Some of these species are common to the foliar
stratum of the meadow (e.g. A. chiereghinii and A. spinicornis), and mi-
grate vertically, probably to avoid daytime predation (Michel, 2011;
Sánchez-Jerez et al., 1999). P. oceanica litter is a highly dynamic environ-
ment and can vary spatially (Cebrian and Duarte, 2001). Indeed this fea-
ture can affect amphipod assemblages (Comoet al., 2008; Sánchez-Jerez
et al., 2000). Although we observed no significant variation at any scale,
variance component analyses indicate that the smallest scales contrib-
uted most to total variation of litter biomass. Our study detected no
species-litter biomass relationships with multiple regressions. Howev-
er, distance-based linear model showed that litter biomass explained
18.6% of the variation of amphipod assemblages. Thus some seagrass
features seemed to influence individual species whereas others acted
at the assemblage level.

Biomass produced slightly different results than abundance for
some taxa, likely because of the great variety of body sizes among
species and age differences at the intraspecific level. For instance,
D. spiniventris and P. marina differed in biomass but not in abundance
with respect to year × sector interaction. These stout species are
often large in size (usually N7 mm and 10 mm respectively), poten-
tially leading to size difference between juveniles and adults.
These results illustrate the importance of considering both abun-
dance and biomass when exploring spatial patterns of amphipod
assemblages.

In conclusion, our study demonstrated that most spatial variability
in amphipod density and biomass occurred at small scales (~1 and
10 m) in P. oceanica meadows. Multiple processes likely underly these
patterns. Seagrass features appeared to contribute only weakly to
small-scale patterns.We therefore postulated that behavioral processes
were likely significant factors. Small amphipods such as caprellids,
which have poor swimming capabilities and can only move over short
distances of about ~1m (Caine, 1979, 1991; Keith, 1971), likely respond
to factors at very small scales. Variability in spatial patterns at scales
smaller than those investigated (i.e. ~ cm; plant or leaf scales) has not
yet been quantified in P. oceanica ecosystem and deserves further
investigation.
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Appendix A
Table A1
Results from ANOVA analyses on spatio-temporal variation of amphipod general descriptors: total density and biomass, number of species, Shannon–Wiener diversity index and Pielou's
evenness.

Source df MS F P %

Total density
Y 1 50,6646 28.81 0.117 31.6
Z 1 106,357 1.61 0.342 2.6
S(Z) 2 62,883 4.00 0.792 6.1
Se(S(Z)) 4 66,823 1.02 0.492 0.4
Y × Z 1 17,587 1.23 0.383 0.4
Y × S(Z) 2 14,285 0.22 0.813 0.0
Y × Se(S(Z)) 4 65,373 4.05 0.007 25.5
Residual 48 16,127 33.4

Total biomass
Y 1 5.63 18.00 0.147 36.2
Z 1 0.86 10.71 0.846 7.3
S(Z) 2 0.02 0.23 0.911 0.0
Se(S(Z)) 4 0.14 0.46 0.762 0.0
Y × Z 1 0.31 1.24 0.381 5.7
Y × S(Z) 2 0.25 0.81 0.507 0.0
Y × Se(S(Z)) 4 0.31 1.65 0.177 6.5
Residual 48 0.19 44.4

No species
Y 1 5.07 236.05 0.041 56.0
Z 1 0.34 3.08 0.295 2.3
S(Z) 2 0.13 – – 2.4
Se(S(Z)) 4 0.05 0.51 0.734 0.0
Y × Z 1 0.02 0.51 0.550 0.0
Y × S(Z) 2 0.04 0.40 0.692 0.0
Y × Se(S(Z)) 4 0.10 0.94 0.452 0.0
Residual 48 0.11 39.4

Diversity
Y 1 2.65 471.13 0.029 49.7
Z 1 0.53 265.05 – 9.9
S(Z) 2 0.02 0.91 0.563 0.0
Se(S(Z)) 4 0.02 0.93 0.528 0.0
Y × Z 1 0.01 0.20 0.700 0.0
Y × S(Z) 2 0.03 1.57 0.313 0.8
Y × Se(S(Z)) 4 0.02 0.27 0.893 0.0
Residual 48 0.07 39.6

Evenness
Y 1 0.02 2.24 0.375 5.5
Z 1 0.01 1.01 0.447 0.0
S(Z) 2 0.00 – – 5.8
Se(S(Z)) 4 0.00 0.42 0.791 0.0
Y × Z 1 0.01 8.50 0.100 7.8
Y × S(Z) 2 0.00 0.19 0.835 0.0
Y × Se(S(Z)) 4 0.01 1.12 0.358 2.4
Residual 48 0.01 78.5

df = Degrees of freedom,MS = mean square, F = F statistic, P = probability level, % = percentage of variance explainedby each source of variability,− = no F testwas doneor P-value
calculated. Y = year, Z = zone, S = site, Se = sector. Significant values are underlined and in bold.
Table A2
Results from ANOVA analyses on spatio-temporal variation of density of the most frequent gam

Source df MS F P % MS

A
Gammaridea Ampitho

Y 1 23,1426.19 112.61 0.060 26.7 6813.86
Z 1 43,710.95 1.75 0.404 2.2 3385.87
S(Z) 2 32,884.96 2.81 0.718 4.9 477.94
Se(S(Z)) 4 37,062.82 1.05 0.481 0.8 789.24
Y × Z 1 2055.05 0.21 0.693 0.0 2785.24
Y × S(Z) 2 9899.87 0.28 0.769 0.0 316.80
Y × Se(S(Z)) 4 35,260.93 3.05 0.026 22.1 877.14
Residual 48 11,577.85 43.2 428.50
marid (A) and caprellid (B) amphipod taxa (f ≥ 10%).

F P % MS F P %

e helleri Aora spinicornis
2.45 0.362 14.8 0.76 0.08 0.823 0.0
1.15 0.465 1.6 42.18 5.45 0.391 18.5
2.09 0.795 1.8 3.87 0.50 0.644 0.0
0.90 0.540 0.0 3.11 3.77 0.113 4.2
8.79 0.097 18.1 9.29 1.71 0.321 5.7
0.36 0.717 0.0 5.43 6.58 0.054 7.0
2.05 0.103 13.2 0.82 0.23 0.922 0.0

50.4 3.63 64.6

(continued on next page)



Table A2 (continued)

Source df MS F P % MS F P % MS F P %

Apherusa chiereghinii Apolochus neapolitanus Dexamine spiniventris
Y 1 18,495.47 7.58 0.222 7.6 39.89 406.38 0.032 23.5 24.57 5155.05 0.009 12.3
Z 1 103.00 0.01 0.943 0.0 3.39 0.48 0.649 0.0 15.65 – – 16.4
S(Z) 2 16,305.37 7.13 0.847 13.3 11.07 1.83 0.343 8.0 1.17 0.61 0.633 4.6
Se(S(Z)) 4 11,856.49 0.89 0.542 0.0 4.89 1.62 0.326 1.2 0.47 0.80 0.585 0.0
Y × Z 1 2439.60 0.66 0.501 0.0 0.10 0.02 0.892 0.0 0.00 0.00 0.966 8.5
Y × S(Z) 2 3682.98 0.28 0.771 0.0 4.18 1.38 0.350 3.7 2.03 3.41 0.137 0.0
Y × Se(S(Z)) 4 13,253.69 5.31 0.001 41.0 3.02 1.99 0.111 37.5 0.59 0.55 0.703 0.0
Residual 48 2498.20 38.1 1.52 26.0 1.09 58.2

Dexamine spinosa Ericthonius punctatus Eusiroides dellavallei
Y 1 22.43 1.96 0.395 0.7 17.91 302.41 0.037 0.0 0.10 0.68 0.561 33.0
Z 1 385.01 – – 25.6 0.06 1.00 0.500 5.8 0.73 – – 0.0
S(Z) 2 5.95 13.00 – 0.7 0.00 1.00 – 0.0 0.38 0.26 0.800 0.0
Se(S(Z)) 4 23.35 0.44 0.775 0.0 1.66 1.00 0.500 0.0 0.77 0.96 0.515 0.0
Y × Z 1 11.44 0.38 0.598 0.0 0.06 83.21 0.012 0.0 0.15 0.10 0.779 1.0
Y × S(Z) 2 29.76 0.57 0.608 0.0 0.00 0.00 1.000 10.0 1.48 1.84 0.271 0.0
Y × Se(S(Z)) 4 52.65 1.77 0.151 11.8 1.66 2.30 0.073 5.9 0.80 1.31 0.281 6.4
Residual 48 29.76 61.2 0.72 78.3 0.61 59.6

Iphimedia minuta Leptocheirus guttatus Leucothoe spinicarpa
Y 1 696.31 18.78 0.144 24.2 11.44 25.00 0.126 5.9 1.83 0.11 0.795 0.0
Z 1 11.44 – – 1.8 11.44 25.00 0.286 5.9 1.83 0.20 0.846 0.0
S(Z) 2 106.67 0.44 0.687 0.0 0.46 0.08 0.928 0.0 7.32 0.40 0.713 0.0
Se(S(Z)) 4 158.86 1.58 0.333 8.6 6.87 5.00 0.074 11.8 11.90 1.44 0.365 6.9
Y × Z 1 37.08 0.20 0.696 0.0 0.46 1.00 0.423 0.0 16.48 1.13 0.400 1.7
Y × S(Z) 2 181.75 1.81 0.275 12.0 0.46 0.33 0.735 0.0 14.65 1.78 0.280 12.1
Y × Se(S(Z)) 4 100.26 3.67 0.011 21.4 1.37 0.31 0.870 0.0 8.24 1.93 0.121 14.9
Residual 48 27.32 32.1 4.43 76.3 4.27 64.4

Liljeborgia dellavallei Orchomene humilis
Y 1 2.11 0.43 0.632 0.0 45.78 1.00 0.500 0.0
Z 1 1.11 0.15 0.736 0.0 89.73 1.96 0.416 6.1
S(Z) 2 2.91 2.06 0.247 5.4 16.48 0.69 0.557 0.0
Se(S(Z)) 4 1.13 3.58 0.122 5.4 9.16 5.00 0.074 4.1
Y × Z 1 4.95 8.32 0.102 2.4 45.78 2.78 0.238 8.2
Y × S(Z) 2 0.59 1.88 0.265 2.7 16.48 9.00 0.033 8.2
Y × Se(S(Z)) 4 0.32 0.23 0.919 0.0 1.83 0.11 0.978 0.0
Residual 48 1.36 84.2 16.48 73.5

B
Caprellidea Caprella acanthifera Caprella sp. (armata-group)

Y 1 24.92 74.11 0.074 33.1 165.26 361.00 0.033 13.9 3.51 41.75 0.098 15.8
Z 1 9.48 2.45 0.261 0.5 4.12 0.13 0.802 0.0 0.08 1.00 – 0.0
S(Z) 2 3.88 4.49 0.324 9.6 51.73 – – 9.3 1.28 1.00 0.530 0.0
Se(S(Z)) 4 1.43 1.58 0.335 0.0 15.11 0.39 0.809 0.0 0.75 1.00 0.500 0.0
Y × Z 1 0.34 0.98 0.426 4.7 0.46 0.02 0.895 0.0 0.08 0.07 0.822 0.0
Y × S(Z) 2 0.34 0.38 0.708 0.0 20.60 0.53 0.625 0.0 1.28 1.71 0.291 14.0
Y × Se(S(Z)) 4 0.90 1.48 0.224 27.9 38.91 1.56 0.199 9.5 0.75 3.22 0.020 25.7
Residual 48 0.61 24.1 24.87 67.3 0.23 44.4

Phtisica marina Pseudoprotella phasma
Y 1 19.67 53.64 0.086 33.5 21.49 11.41 0.183 17.1
Z 1 10.43 2.36 0.254 0.1 6.53 3.69 0.435 0.0
S(Z) 2 4.19 7.56 0.467 10.3 1.43 0.28 0.774 9.4
Se(S(Z)) 4 1.38 1.41 0.373 0.0 5.26 3.14 0.147 0.0
Y × Z 1 0.37 2.44 0.259 2.8 1.88 1.22 0.384 10.9
Y × S(Z) 2 0.15 0.15 0.862 0.0 1.54 0.92 0.468 0.0
Y × Se(S(Z)) 4 0.98 1.86 0.132 30.6 1.67 1.53 0.208 24.8
Residual 48 0.53 22.6 1.09 37.8

df = Degrees of freedom,MS = mean square, F = F statistic, P = probability level, % = percentage of variance explainedby each source of variability,− = no F testwas doneor P-value
calculated. Y = year, Z = zone, S = site, Se = sector. Significant values are underlined and in bold.

Table A3
Results from ANOVA analyses on spatio-temporal variation of biomass of the most important taxa in terms of relative biomass (≥3%).

Source df MS F P %

Gammaridea
Y 1 9.60 13.88 0.167 30.3
Z 1 3.16 10.22 0.680 10.6
S(Z) 2 0.23 0.59 0.731 0.0
Se(S(Z)) 4 0.32 0.60 0.685 0.0
Y × Z 1 0.69 1.12 0.400 3.4
Y × S(Z) 2 0.62 1.13 0.408 0.3
Y × Se(S(Z)) 4 0.54 1.13 0.353 0.5
Residual 48 0.48 54.9
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Table A3 (continued)

Source df MS F P %

Aora spinicornis
Y 1 0.81 1.21 0.469 0.5
Z 1 2.81 3.65 0.272 15.2
S(Z) 2 0.25 0.68 0.556 0.0
Se(S(Z)) 4 0.29 3.88 0.109 6.2
Y × Z 1 0.67 4.52 0.167 12.6
Y × S(Z) 2 0.15 1.98 0.252 0.3
Y × Se(S(Z)) 4 0.07 0.34 0.850 0.0
Residual 48 0.22 65.2

Apherusa chiereghinii
Y 1 1.08 59.31 0.082 12.7
Z 1 0.15 9.99 – 1.8
S(Z) 2 0.26 5.27 0.923 5.8
Se(S(Z)) 4 0.21 0.50 0.743 0.0
Y × Z 1 0.02 0.07 0.819 0.0
Y × S(Z) 2 0.27 0.62 0.583 0.0
Y × Se(S(Z)) 4 0.43 2.41 0.062 31.3
Residual 48 0.18 48.4

Dexamine spiniventris
Y 1 2.83 8.78 0.207 6.9
Z 1 0.51 7.46 0.898 2.3
S(Z) 2 0.04 – – 2.3
Se(S(Z)) 4 0.16 0.29 0.868 0.0
Y × Z 1 0.32 1.11 0.403 2.1
Y × S(Z) 2 0.29 0.52 0.628 0.0
Y × Se(S(Z)) 4 0.55 2.84 0.034 20.5
Residual 48 0.20 65.8

Caprellidea
Y 1 44.15 9.19 0.203 39.0
Z 1 0.70 0.15 0.834 0.0
S(Z) 2 6.55 1.16 0.540 1.8
Se(S(Z)) 4 3.18 0.74 0.609 0.0
Y × Z 1 4.81 0.71 0.488 0.0
Y × S(Z) 2 6.75 1.58 0.312 9.8
Y × Se(S(Z)) 4 4.27 6.54 0.000 28.7
Residual 48 0.65 20.7

Phtisica marina
Y 1 10.55 17.73 0.148 40.8
Z 1 0.01 0.05 0.969 0.0
S(Z) 2 1.15 1.35 0.630 2.4
Se(S(Z)) 4 0.45 0.42 0.792 0.0
Y × Z 1 0.59 0.40 0.592 0.0
Y × S(Z) 2 1.49 1.36 0.354 6.5
Y × Se(S(Z)) 4 1.09 7.46 0.000 31.0
Residual 48 0.15 19.2

Pseudoprotella phasma
Y 1 3.88 3.11 0.328 23.3
Z 1 0.30 0.24 0.725 0.0
S(Z) 2 0.64 0.91 0.526 0.0
Se(S(Z)) 4 0.36 1.24 0.421 2.5
Y × Z 1 1.25 1.98 0.295 10.9
Y × S(Z) 2 0.63 2.15 0.232 12.0
Y × Se(S(Z)) 4 0.29 2.03 0.106 10.5
Residual 48 0.14 40.9

df = Degrees of freedom,MS = mean square, F = F statistic, P = probability level, % = percentage of variance explainedby each source of variability,− = no F testwas doneor P-value
calculated. Y = year, Z = zone, S = site, Se = sector. Significant values are underlined and in bold.
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