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a b s t r a c t

In this study we analyzed and modelled spatial distribution of hard bottom benthic communities in the
Lagoon of Venice, and used the model to derive functional response of these communities to changing
environmental conditions.

Three communities were identified by using a fuzzy clustering algorithm to experimental observations
(macrophytobenthos and macrozoobenthos data), and interpreted from a biological perspective by con-
sidering their indicator and dominant taxa. The results showed that the lagoon can be divided in areas
dominated by a ‘marine’, an ‘intermediate’ and a ‘confined’ benthic community. Some differences in the
extension of the three communities between the two years of monitoring were observed and related to
significant differences in environmental parameters.

The relationships between benthic communities’ membership grades and a set of water quality, hydro-
dynamics and sediment composition parameters were then modelled by means of an artificial neural
network model, using a back-propagation algorithm. Furthermore, the model was used to assess the
relative contribution of predictors on membership grades of different communities, and to understand
the relationships between cluster membership grades and predictors with highest relative contribution.
Several responses of benthic communities to environmental parameters were non-linear and complex,
which confirmed the advantage of using neural networks instead of other, more traditional statistical
methods. The benthic community showed mainly ‘marine’ characteristics with low temperature, silt per-
centage in sediments and POC concentration in water. The ‘confined’ characteristics were pronounced in

areas of low PO4 and high DOP concentrations in water, low water energy and on wooden substrates. The
‘intermediate’ community was that predicted worst and was related mainly to high water salinity and
temperatures around 16 ◦C.

Finally, the model was used as a tool for the detection of anomalies, i.e., cases in which the predicted
community was different from that observed. The anomalies were inspected and related to possible
causes, such as a not optimal substrate, very low-bottom depth, complex local morphology, human

apta
disturbances, and slow ad

. Introduction

Macrobenthos is a very important component of transitional
nvironments. It lives on or near the sea bottom, and includes
acrophytobenthos and macrozoobenthos organisms. Macroalgae
nd macrophytes are important primary producers in transitional
cosystems. Macrozoobenthos includes a variety of animals which
ay feed as suspension filter feeders or as detritivores, playing a

ery active role in recycling and remineralization. Both macrophy-
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tion of communities to changing abiotic characteristic.
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tobenthos and macrozoobenthos are also a source of food for fishes
and other organisms. Furthermore, fouling of benthic species may
be a major problem for submerged structures, and the knowledge
on environmental preferences of edible species (oysters, mussels)
is important for aquaculture purposes. In fact, papers devoted to the
analysis of distribution of macrozoobenthos (Millet and Guélorget,
1994; Sconfietti et al., 2003; Kevrekidis, 2004) or macrophytoben-
thos (Sfriso and Marcomini, 1996; Vincent et al., 2006) in marine
systems are quite common.
However, relatively few papers deal with hard bottom ben-
thic communities in lagoons (Guélorget and Perthuisot, 1992;
Saiz-Salinas and Urkiaga-Alberdi, 1999; Sconfietti et al., 2003;
Benedetti-Cecchi et al., 2001; Marchini and Marchini, 2006;
Marchini and Occhipinti-Ambrogi, 2007). This is probably due to
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he fact that natural hard bottoms are not frequent in lagoons. Sev-
ral studies can be found in literature, in which implantation and
rowth of hard bottom benthic organisms on purposely positioned
rtificial substrates has been observed (Ardisson and Bourget, 1997;
enedetti-Cecchi et al., 2001). The Lagoon of Venice is an appropri-
te site for studies on hard bottom benthic communities, because of
ts habitat heterogeneity and of the large number of submerged arti-
cial hard substrates, which underwent a process of naturalization
fter a long permanence in the water.

In a previous paper (Bandelj et al., 2009) we analyzed the
tructure and composition of hard bottom macrophytobenthos and
acrozoobenthos communities in the Lagoon of Venice using data

ollected in 2004. The analysis of species and community distribu-
ion, and the results of a direct gradient analysis, showed that it was
ossible to recognize a succession of benthic communities along
gradient from inner confined areas towards areas close to the

agoon inlets influenced by exchanges with the sea. These results
ere partially in agreement with specific literature on the Lagoon of
enice (Occhipinti Ambrogi et al., 1998; Sconfietti et al., 2003) and

ith existing theory on biological zonation in transitional waters

Guélorget and Perthuisot, 1992). However, no single environmen-
al parameter was able to adequately model the distribution of the
enthic communities in the lagoon (Bandelj et al., 2009).

Fig. 1. Map of the study area. The numbers show the sites
ling 220 (2009) 2838–2850 2839

In the present study, additional data for 2005 were available
(project funded by Magistrato alle Acque di Venezia - the Venice
Water Authority), and we performed a joint analysis on the data
of 2004 and 2005 in order to: (a) corroborate the previous results;
(b) use neural networks to explore the existence of complex and
non-linear relationships between environmental factors and ben-
thic communities; (c) use the model as a tool for the detection
of anomalies. In particular, while the number of samples in 2004
dataset permitted only a statistical analysis of community organi-
zation, the use of data from two years entailed the possibility to
develop a quantitative model.

Therefore, a fuzzy k-means (Bezdek, 1981) was used to objec-
tively group the samples in a number of clusters, which identified
homogenous benthic communities. The use of a fuzzy clustering
procedure was preferred to a crisp one because it may better resem-
ble the continuum of conditions that is usually observed in natural
environments (Equihua, 1990; Silvert, 2000). Then, an artificial neu-
ral network (Zupan and Gasteiger, 1999) was trained to model
the functional response of benthic communities to environmen-

tal factors. Artificial neural networks were used because they are
usually regarded as suitable models for high-dimensional, complex
datasets, where the form of the functions is not known a priori (Lek
et al., 1996; Lek and Guégan, 1999).

sampled in the Lagoon of Venice in 2004 and 2005.
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The validated neural network model represents the response of
he benthic communities to the environmental conditions, as they
re described by the available environmental parameters. Thus, the
odel may be used as a tool for the identification of anomalies,

.e., cases where the observed benthic community is different from
he expected. The anomalies may be due to features which possibly
ffect only one or a few sites, and which are not accounted for by
ny predictor included in the model. The anomalies thus deserve a
loser inspection so as to understand what caused the model to fail
n prediction.

.1. Study site

The Lagoon of Venice is located in the Northern Adriatic Sea
Fig. 1) and it is one of the largest Mediterranean lagoons with an
rea of around 500 km2. The present characteristics of the lagoon
esult from centuries of interactions and interleaving of natural
orcing, mainly the opposite influence of sea and coastal estuaries,
ith anthropogenic activities, such as navigation, industrial har-

our activities, channel dredging, aquaculture, etc. (Ravera, 2000).
t is surrounded by heavily inhabited shores, important industrial
reas, fisheries, aquaculture and tourist activities and it hosts sites
f great historical and artistic value. It is a complex system, which
hows strong gradients for physical and chemical (Solidoro et al.,
004a), morphological (Molinaroli et al., 2007) and hydrological
arameters (Solidoro et al., 2004b). There are 12 major tributaries
hat discharge a yearly average of 35 m3 s−1 freshwater (Zuliani et
l., 2005). Total nutrient loads, including river, urban and indus-
rial sources, averages about 4500 tN/y and 250 tP/y (Cossarini et al.,
009). Three inlets connect the lagoon to the sea, with a yearly aver-
ge exchange of about 8000 m3 s−1 (Gačić et al., 2005). A complex
etwork of channels, originating from the inlets, divides the lagoon

n a large number of morphological units, typically grouped in four
ub-basins (Solidoro et al., 2004b) Average water depth is around
m in shallows, while reaches up to 10 m in navigation channels
onnecting the three inlets with Venice and with Marghera har-
our. General circulation is almost totally tidally dominated (Gačić
t al., 2005), and the effective renewal of water is in the order of
ew days for the area closest to the inlets, and up to 30 days for
he inner area (Cucco et al., 2009). The lagoon has high habitat het-
rogeneity, and different methods have been proposed in order to
dentify homogeneous subareas (Solidoro et al., 2004b; Marchini
nd Marchini, 2006).

. Material and methods

.1. Macrophytobenthos and macrozoobenthos data

Long-existing submerged artificial substrates, such as embank-
ents and footings of buildings, concrete, wooden and iron piles,
ere selected as sampling sites. Their location covered evenly
wide range of lagoon habitats (shallows, tidal flats, sea inlets,

hannel side-shallows, etc.) with the exception of channels and
ndustrial and urban areas. Samples were collected in 80 sampling
ites, evenly distributed all over the basin (Fig. 1) in 2004 and in
005, within the frame of the MELa3 (Lagoon Ecosystem Moni-
oring) project, funded by Magistrato alle Acque di Venezia (Mag.
cque–SELC, 2006). Sampling was done from June to July of each
ear, scratching an area of 2000 cm2 with a blade of 1m in length
nd 0.2 m in width, from 0.2 m above the mean sea level to 0.8 m

elow the mean sea level.

Sampled organisms were separated during a sorting phase,
etermined to the microscope and the total surface covered by
ach species recorded in cm2, according to the methodology of
oudouresque (1971). The sum of the surfaces covered by all organ-
ling 220 (2009) 2838–2850

isms in a sampling site could exceed that of the sampled area. The
majority of the organisms was identified at a species or genus level.

2.2. Water biogeochemical properties

Values of 11 physical and chemical parameters (temperature-
EMP, salinity-SAL, chlorophyll a-CHLA, ammonium-NH4, nitrates-

NOx, phosphates-PO4, dissolved organic carbon-DOC, particulate
organic carbon-POC, dissolved organic nitrogen-DON, dissolved
organic phosphorus-DOP, total suspended solids-TSS) were col-
lected monthly during 2004 in 21 sampling sites (Mag.
Acque–Cossarini et al., 2006). Values in the 80 sites where benthic
organisms were sampled were computed by first interpolating the
21 data over a 250 m × 250 m grid and then averaging over the four
grid points closest to the each sampling site. Interpolation was per-
formed with the inverse distance to a power method (Davis, 1986)
with a searching radius of 3000 m on yearly averaged values.

2.3. Hydrodynamic and morphological properties

The interpolation procedures applied for water biogeochemical
properties were used also to compute sediment composition as per-
centage of sand, clay and silt for each sampling site. Original data
on the first 5 cm of sediment were measured in 103 locations in the
Lagoon of Venice in 2004 (Mag. Acque–SELC, 2004).

The mean residence time (TRES M) and the root mean square
velocity (RMS V) for each sampling site were computed using a
finite element model (Umgiesser et al., 2004), forced by observed
values of wind stress and sea level in 2004–2005, following the
procedures described in Bandelj et al. (2009). Values for the two
parameters were computed for each sampling site every 3 days and
then averaged.

Water depth and type of substrate for each sampling site were
recorded during sampling activities, and the type of substrate was
coded as 3 dummy variables: concrete, wood, iron.

3. Statistical methods

Fig. 2 summarizes the statistical procedure and methods used
in this study. More details are given below.

3.1. Benthic communities

The so-called ‘double zero’ problem (Legendre and Legendre,
1998) may arise when methods relying on Euclidean distance, such
as fuzzy k-means, are applied on data with extremely skewed dis-
tribution. A possible solution is to transform the data with adequate
transformations, such as those presented in Legendre and Gallagher
(2001). Since the distribution of the cover data was extremely
skewed (95 out of 139 identified taxa were found in less than 10
sampling sites), we transformed them with the Hellinger transfor-
mation (Legendre and Gallagher, 2001). In this way fuzzy k-means
preserved the Hellinger distance instead of the Euclidean distance
between samples.

Most clustering methods can only give a crisp partition of sam-
ples between groups, thus introducing discontinuities which may
not exist in reality, where gradual transitions from one habitat
or community to another are observed. The fuzzy classification
procedures may be more appropriate for clustering of natural envi-
ronments. Fuzzy k-means (Bezdek, 1981; Odeh et al., 1992), a
general case of the k-means, gives to all samples a membership

grade in respect to a number of classes. Thus, each sample is not
associated to a single class, as in crisp clustering, but with differ-
ent membership grades to all classes. A confusion index (CI) is also
associated to each sample and it is a measure of the degree of class
overlap in the space of attributes. A low CI indicates a sample which



V. Bandelj et al. / Ecological Modelling 220 (2009) 2838–2850 2841

cedu

i
c
c
t
p
T
N
I

i
L
t
h
fi
L
o
I
f
c
t
b
1
i
c

3

a
G
s
t

Fig. 2. Scheme of the statistical pro

s clearly associated to one class, a high CI indicates a sample asso-
iated with similar membership value to more clusters. Prior to
lustering, the analyst has to choose the number of classes N and
he fuzzy exponent ˚. The fuzzy k-means was run on all 160 sam-
les for 2–8 classes with ˚ increasing by steps of 0.1 from 1.1 to 2.
he best combination of N and ˚ was obtained by minimizing the
ormalized Classification Entropy and the Fuzziness Performance

ndex (Roubens, 1982; Odeh et al., 1992).
The biological description of the clusters was based on their

ndicator and dominant species. The IndVal method (Dufrêne and
egendre, 1997) was used to identify indicator species of each clus-
er. A species is an indicator (high IndVal) if in a certain class shows
igh specificity (i.e., it was observed only in that class) and high
delity (i.e., it was observed in all samples of that class). Dufrêne and
egendre (1997) proposed also two tests which give an indication
n the strength of relation between indicator taxa and classes. Since
ndVal can be applied only to discrete clusters, a defuzzification of
uzzy k-means results was obtained assigning each sample to the
lass with highest membership grade. Indicators were considered
axa with a value of IndVal > 25%, significant after 499 permutations
etween samples and cluster memberships (Dufrêne and Legendre,
997). As for dominant species, a species was defined as dominant
f it contributed to 90% of the total sum of covers in each discrete
luster.

.2. Artificial neural network model
We used the multilayer perceptron with back-propagation
lgorithm (back-propagation neural network-BPNN) (Zupan and
asteiger, 1999) to model the relationships between the member-
hip grades of the samples and the environmental variables. All
hree membership grades for each sample were predicted together,
re and methods used in this study.

using all 20 environmental variables as predictors. 8 BPNNs were
computed with 1000 training epochs and with increasing number
of hidden neurons from 3 to 10. Because the number of samples
was not enough to split the dataset in a training and testing set,
the leave-one-out (LOO) procedure was used to validate the model.
In the LOO the target value of each sample is in turn predicted
using the predictors of all other samples. The best model was cho-
sen according to the correlation coefficient between the target and
predicted values in LOO. The final model was then built using all
available samples: 10 runs of the BPNN were performed and the
mean was considered as the best prediction for each sample.

With the partial derivatives method (Dimopoulos et al., 1995)
and the profile method (Lek et al., 1995) we assessed the impor-
tance of environmental parameters in predicting the communities,
and estimated the functional form of the responses of benthic com-
munities to the environmental parameters.

The relative importance, i.e., variable contributions of each pre-
dictor on membership grades of each cluster, was assessed with
the partial derivatives method. For each target variable the partial
derivative in respect to all values of each predictor is computed.
The sum of squares of partial derivatives for each predictor gives an
estimate of the relative importance of that predictor on each target
variable.

With the profile method we inspected how the target values
change in response to variations in predictors. The range of variation
of each predictor is divided in 12 bins and for each value a BPNN
is run, while all other predictors are simultaneously set at their

minimum, then at their first quartile, median, third quartile and
maximum value. The results of the 5 runs are averaged and assumed
to be the response of the target variable for each of the 12 fixed
values of the predictor. The procedure is then repeated for each
predictor.
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To assure a more robust assessment, we searched for anomalies
nly after defuzzification of model results, i.e., we considered as
ossibly anomalous only samples for which the cluster with high-
st membership grade predicted by the BPNN was different from
he cluster with highest membership grade as resulting from fuzzy
lassification.

. Results

We identified a total number of 168 taxa in year 2004 and 164
axa in year 2005. Only the 139 taxa sampled both years were
etained for the analysis (Supplementary data Table 1). Of these,
here were 72 macrophytobenthos taxa (39 rhodophytes, 24 chloro-
hytes, and 9 phaeophytes) and 67 macrozoobenthos (11 molluscs,
0 tunicates, 9 bryozoans, 9 polychaeta, 8 crustaceans, 7 poriferan,
hydrozoans, 5 echinoderms, 1 anthozoans, 1 polyplacophors). The

otal cover of macrozoobenthos (211290 cm2) was almost four time
hat of macrophytobenthos (58629 cm2).

.1. Fuzzy clustering

The best combination of fuzzy k-means parameters was ˚ = 1.5
nd N = 3. The median CI was 0.797, minimum was 0.377 (site 43
n 2004) and maximum 0.999 (site 6 in 2005). In Supplementary
ata Table 2 the results of the fuzzy clustering are reported for the
wo years: it should be kept in mind that all 160 samples were
lustered together. Several sampling sites were clearly associated
o one of the 3 clusters (low CIs): e.g., sites 68, 70 and 73 in the
nner southern lagoon, or the sites close to the lagoon inlets. Other
ites had membership grades almost equal for 2 (e.g., sites 26, 27,
4 in 2004, and 50, 53, 62 in 2005), or even all 3 clusters (e.g.,
ites 10, 38 in 2004, and 3, 7 in 2005) and showed high CI val-
es.
The three clusters are represented with white, grey and black
arkers in Fig. 3. Sites showing highest membership for the ‘white’

luster had a mean cover of 2361 cm2 and a mean number of 42
axa per site. For the ‘grey’ cluster the mean cover was 1651 cm2

nd the mean number of taxa per site was 36. For the ‘black’ cluster

Fig. 3. Discretization of the results of fuzzy k-means. Each site was associated to the
ling 220 (2009) 2838–2850

1004 cm2 was the mean cover per site and 25 was the mean number
of taxa per site.

4.2. Interannual variability

We observed some differences in the clusters of maximum
membership grades for single sampling sites in the two years under
study. In particular, 21 sites were assigned with maximum mem-
bership grade to different clusters in 2005 compared to 2004. In
2004 20 sampling sites showed the highest membership grade for
the ‘white’ cluster, 30 for the ‘grey’ and 26 for the ‘black’. In 2005
30 sampling sites showed the highest membership grade for the
‘white’ cluster, 30 for the ‘grey’ and 20 for the ‘black’. This can
be seen better in Fig. 3, where each sampling site is associated to
the cluster of maximum membership grade. 6 sites changed from
‘black’ to ‘grey’ cluster and 3 sites from ‘black’ to ‘white’ cluster,
8 sites changed from ‘grey’ to ‘white’ cluster and 3 from ‘grey’ to
‘black’ cluster, and only one site changed from ‘white’ to ‘grey’. The
CI for these sites was rather high in both years (median 0.883 in
2004 and 0.859 in 2005), but for many of them decreased from
2004 to 2005.

An ANOVA revealed significant differences (p < 0.05) in the mean
values between 2004 and 2005 for 7 variables (Fig. 4): temperature,
chlorophyll, NOx, and DOP values decreased, while salinity, DOC and
DON values increased.

4.3. Biological characterization of clusters

There were 18 indicator taxa (11 zoobenthos, 7 phytobenthos)
in the ‘white’ cluster (Table 1), 6 (3 zoobenthos, 3 phytobenthos) in
the ‘grey’ cluster and 5 (4 zoobenthos, 1 phytobenthos) in the ‘black’
cluster. The maximum IndVal value amounted at more than 80%
in the ‘black’ (Balanus eburneus 84.76%) and in the ‘white’ cluster

(Mytilus galloprovincialis 83.78%, Hiatella arctica 80.13%), while it
was around 50% for the ‘grey’ cluster (Crassostrea gigas 53.46%).

There were 14 dominant taxa in the ‘white’ cluster (Table 2), and
16 in both, the ‘grey’ and the ‘black’ cluster. Of these, 9 taxa were
dominant in all 3 clusters, and 4 taxa were dominant in 2 clusters:

cluster of maximum membership grade for years 2004 (left) and 2005 (right).
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ig. 4. Box-plots of environmental variables for years 2004 and 2005. Only variable
004 and 2005 are shown.

hus, only 24 taxa of phytobenthos and zoobenthos built up more
han 90% of cover of all 3 clusters.

.4. Modelling relationships between communities and habitat
haracteristics

Table 3 shows the correlation coefficients between target and
redicted values for BPNNs with a number of hidden neurons from

to 10 and 1000 learning epochs, computed using leave-one-out

rocedure. The best overall prediction was obtained with the sim-
lest architecture (3 hidden neurons, r = 0.76) and the prediction
uality was different for the three clusters. Membership grades of
he ‘black’ cluster were predicted best (r = 0.83), followed by those
hich ANOVA revealed significant differences (p < 0.05) in the mean values between

of the ‘white’ cluster (r = 0.79) and of the ‘grey’ cluster (r = 0.62).
Thus, the BPNN with 3 hidden neurons was retained as the best
model.

The relative contribution of the predictors on membership
grades of the 3 clusters was computed with the partial derivative
method averaging the results of 10 BPNNs built with the entire
dataset (Fig. 5). Predictors with highest relative effect for the ‘white’
cluster were temperature, POC and percentage of silt in the sed-

iment. Salinity and temperature had the highest effect on the
prediction of the ‘grey’ cluster membership grade. The ‘black’ clus-
ter was best predicted by RMS V, wooden substrate, PO4 and DOP.

We used the profile method in order to understand the rela-
tionships between cluster membership grades and the predictors
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Table 1
Indicator taxa (IndVal > 25%) of the three clusters. Taxa marked with the asterisk are
also dominant in their clusters.

Taxon Cluster IndVal (%) Class

Mytilus galloprovincialis* Marine 83.78 Mollusca Bivalvia
Hiatella arctica Marine 80.13 Mollusca Bivalvia
Tricellaria inopinata* Marine 63.23 Bryozoa
Polysiphonia denudata* Marine 61.29 Rhodophyta
Ceramium diaphanum* Marine 59.31 Rhodophyta
Neosiphonia harveyi* Marine 54.47 Rhodophyta
Bryopsis plumosa Marine 48.39 Chlorophyta
Tedania anhelans* Marine 45.97 Porifera
Mytilaster lineatus Marine 45.28 Mollusca Bivalvia
Hymeniacidon sanguinea* Marine 42.47 Porifera
Erythrocladia irregularis Marine 38.63 Rhodophyta
Modiolarca subpicta Marine 35.02 Mollusca Bivalvia
Entocladia viridis Marine 33.74 Chlorophyta
colonial Botryllidae Marine 32.91 Tunicata
Schizoporella errata Marine 32.85 Bryozoa
Spirorbidae ind Marine 31.44 Polychaeta
Molgula sp Marine 29.77 Tunicata
Rhodymenia ardissonei* Marine 28.99 Rhodophyta
Crassostrea gigas* Intermediate 53.46 Mollusca Bivalvia
Ulva laetevirens* Intermediate 46.87 Chlorophyta
Ulva intestinalis* Intermediate 44.57 Chlorophyta
Bangia atropurpurea Intermediate 39.75 Rhodophyta
Terebellidae ind Intermediate 36.71 Polychaeta
Bugula neritina* Intermediate 26.52 Bryozoa
Balanus eburneus* Confined 84.76 Crustacea Cirripedia
Bowerbankia gracilis* Confined 61.93 Bryozoa
B
E
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Table 3
Correlation coefficients between target and predicted values for BPNNs with increas-
ing number of hidden neurons. The overall correlation coefficient is shown as well
as those for each of the three clusters. All reported correlation coefficients were
statistically significant (two-tailored t-test, p-level = 0.05).

3hn 4hn 5hn 6hn 7hn 8hn 9hn 10hn

5.1. Spatial distribution and biological characterization of benthic

T
D

C

A
B
B
B
C
C
C
C
C
C
M
M
M
P
P
P
R
R
R
R
R
R
T
T

alanus amphitrite* Confined 50.74 Crustacea Cirripedia
ctocarpales ind Confined 46.16 Phaeophyta
lectra pilosa Confined 33.8 Bryozoa

hose effect, according to the partial derivative method, exceeded
0%. Membership grade of the ‘white’ cluster decreased with
ncreasing temperature, POC and silt percentage (Fig. 6). The shape
f the curves was very similar for POC and silt, while the decrease as
unction of temperature was sharp for low and high temperature,
ut it was slow for intermediate temperature. The membership

rade of the ‘grey’ cluster increased with increasing salinity, first
harply, than only slowly at higher salinity (Fig. 7). As function of
emperature the membership grade of the ‘grey’ cluster showed
rst an increase with increasing temperature (Fig. 7). After a max-

able 2
ominant taxa of the three clusters. Taxa marked with the asterisk are also indicator. Mea

lass Marine Intermediat

Taxon Mean Sum Taxon

nthozoa
ryozoa
ryozoa Bugula nerit
ryozoa Tricellaria inopinata* 48 2387 Tricellaria in
hlorophyta
hlorophyta Ulva intestinalis 53 2634 Ulva intestin
hlorophyta Ulva laetevirens 133 6652 Ulva laetevir
rustacea Amphipoda tube-dwelling 72 3609 tube-dwellin
rustacea Cirripedia Balanus amphitrite 47 2371 Balanus amp
rustacea Cirripedia Balanus ebur
ollusca Bivalvia Crassostrea gigas 396 19789 Crassostrea g
ollusca Bivalvia Mytilus 873 43625 Mytilus
ollusca Bivalvia

orifera Hymeniacidon 142 7114 Hymeniacido
orifera Mycale conta
orifera Tedania anhelans* 138 6892 Tedania anhe
hodophyta Ceramium diaphanum* 19 939
hodophyta Neosiphonia harveyi* 19 944
hodophyta Polysiphonia 134 6713 Polysiphonia
hodophyta
hodophyta
hodophyta Rhodymenia 45 2265 Rhodymenia
unicata colonial Botr
unicata Stye la plicata 23 1135 Styela plicata
All 0.76 0.69 0.71 0.60 0.71 0.66 0.67 0.62
Marine 0.79 0.71 0.74 0.64 0.75 0.67 0.70 0.70
Intermediate 0.62 0.44 0.56 0.38 0.58 0.54 0.47 0.41
Confined 0.83 0.85 0.80 0.77 0.76 0.76 0.81 0.71

imum, reached between 15.28 and 16.07 ◦C, a sharp decrease of
membership grade could be observed for higher temperature. The
relationship between membership grade of the ‘black’ cluster with
PO4 and DOP seems linear (Fig. 8), but with inverse behaviour: the
membership grade increased with decreasing PO4 and increasing
DOP. A sharp decrease was observed for the ‘black’ cluster with
increasing RMSV until a value of around 0.2 m s−1 (Fig. 8). After that,
increasing RMSV seems not to have had effect on membership grade
of the ‘black’ cluster. Finally, the ‘black’ cluster membership was
maximum for wooden substrate and minimum when the substrate
was not wooden (Fig. 8).

4.5. Identification of anomalies

After defuzzification of model results, when each sample was
assigned to the cluster with highest membership grade, we iden-
tified 22 cases of anomalies. For 7 sites (12, 26, 38, 46, 49, 63, 65)
the samples were wrongly predicted only in 2004, for 10 (4, 10, 11,
24, 28, 45, 55, 59, 66, and 67) only in 2005 and for 2 sites (14, 64)
the prediction was wrong for both years. Prediction for site 6 in
2005 was not considered as wrong because of the small difference
between the predicted ‘black’ and ‘grey’ cluster memberships.

5. Discussion
communities

The spatial distribution of the clusters and their biological
description confirmed the results obtained analyzing only the 2004

n = mean cover value in cm2; Sum = sum of cover values in cm2.

e Confined

Mean Sum Taxon Mean Sum

Anthozoa ind 14 629
Bowerbankia gracilis* 14 666

ina* 22 1396
opinata 18 1136

Ulva flexuosa 14 648
alis* 80 5128 Ulva intestinalis 39 1774
ens* 176 11270 Ulva laetevirens 49 2253
g 32 2060 tube-dwelling 85 3924
hitrite 52 3325 Balanus amphitrite* 107 4925
neus 27 1728 Balanus eburneus* 232 10677
igas* 655 41924 Crassostrea gigas 174 8025

152 9737 Mytilus 17 770
Xenostrobus securis 52 2386

n 135 8658 Hymeniacidon 57 2642
renii 17 1112
lans 36 2297

denudata 23 1445 Polysiphonia denudata 14 646
Polysiphonia 16 718
Polysiphonia ind 11 490

ardissonei 33 2097 Rhodymenia ardissonei 9 434
yllidae 14 891

24 1562



V. Bandelj et al. / Ecological Modelling 220 (2009) 2838–2850 2845

F
c
a
d

d
l
m
f
t

Fig. 6. Relationship between the membership grade of the ‘marine’ cluster and the
ig. 5. Relative importance of environmental variables as predictors for the ‘marine’
luster membership (above), for the ‘intermediate’ cluster membership (middle)
nd for the ‘confined’ cluster membership (below), as computed with the partial
erivatives method.

ata set (Bandelj et al., 2009). In particular, it is clear that the bio-

ogical zonation in the Lagoon of Venice is influenced by the lagoon

orphology and by hydrographical conditions that prevail in dif-
erent lagoon areas: the ‘white’ cluster was found mainly close to
he inlets and along the main channels; the ‘grey’ cluster had high
three most important predictors (relative importance >10%): temperature (above),
POC (middle) and silt percentage in the sediment (below).

membership grades for sites in low-depth areas of the central and
southern basins; sites which showed preference for the ‘black’ clus-
ter were those positioned landward, away from the main channels

and near freshwater inputs. Thus, and according to Bandelj et al.
(2009), we labelled the ‘white’ cluster as ‘marine’, the ‘grey’ cluster
as ‘intermediate’ and the ‘black’ cluster as ‘confined’.
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ig. 7. Relationship between the membership grade of the ‘intermediate’ cluster and
he two most important predictors (relative importance >10%): temperature (above),
nd salinity (below).

Many sampling sites were not associated clearly to only one
luster, but rather to 2 or even all 3. This confirmed that the spa-
ial succession between different benthic communities is gradual
nd many sites show a benthic community with mixed character-
stics. From Fig. 3 is evident that in some areas of the lagoon, most
otably in the northern basin, the ‘marine’ and the ‘confined’ ben-
hic community were found in sites close one to another, apparently
ithout the interposition of the ‘intermediate’ cluster. The incom-
lete zonation was even more pronounced in 2005. Thus, from our
esults emerged that the complexity of the Lagoon of Venice reflects
n sharp biological gradients.

The biological description of the clusters is given in
ables 2 and 3. Dominant and indicator taxa bring different
nformation about benthic communities. Indicator taxa show high
pecificity and fidelity to corresponding clusters (Dufrêne and
egendre, 1997), indicating particular environmental conditions.
hey can also be rare organisms and contribute little to the total
over of clusters. By definition, dominant taxa show highest cover
alues in each cluster, so that they are important also for biomass
udgets or in marine fouling studies.
The 3 clusters showed a clear gradient in cover and biodiversity,
s already observed in the Lagoon of Venice in 2004 (Bandelj et
l., 2009), and in other systems (Guélorget and Perthuisot, 1992).
he mean number of taxa per site and the mean cover per site
ling 220 (2009) 2838–2850

were highest for the ‘marine’ cluster and lowest for the ‘confined’
cluster. The ‘marine’ cluster was characterized by species char-
acteristic of high salinity, low turbidity and high energy waters,
such as the bivalve Mytilus galloprovincialis, the red alga Polysi-
phonia denudata, the poriferan Hymeniacidon sanguinea and the
bryozoan Tricellaria inopinata (Ceccherelli and Rossi, 1984; Carballo
et al., 1996; Occhipinti Ambrogi, 2000; Corriero et al., 2007).
In the ‘intermediate’ cluster the most important species were
molluscs Crassostrea gigas and green algae of the Ulva genus.
Stronger penetration of Crassostrea gigas into the lagoon than
Mytilus galloprovincialis is partially due to the high eurivalent
characteristic of the first species (Relini et al., 1972). The low-
bottom areas of the central and southern basin are the most
suitable habitats for Ulvaceae (Sfriso et al., 2002; Curiel et al.,
2001). In the ‘confined’ cluster crustaceans Balanus eburneus and B.
amphitrite, and bryozoan Bowerbankia gracilis were the most impor-
tant species. They are usually found in areas where conditions are
critic for other species (Relini, 1980; Candela et al., 1983; Sconfietti,
1998).

5.2. Interannual variability

In the joint analysis on two years of samples we noted several
differences between 2004 and 2005 in membership grades of the
sites. This can be clearly seen when considering clusters’ maximum
membership grades (Fig. 3). All sites with pronounced differences
between the two years showed a rather high CI for both years, but
in most cases it was lower in 2005 than in 2004. Also the median
CI for all sites was lower in 2005 than in 2004, indicating that pos-
sibly the zonation in 2005 was sharper. The changes from 2004 to
2005 resulted in a net increase in memberships of the ‘marine’ clus-
ter and in a decrease in memberships of the ‘confined’ and of the
‘intermediate’ cluster. The ‘marine’ cluster membership increased
especially in proximity of the main channels and in the northern
basin, where the ‘confined’ cluster retreated. In the southern basin
the ‘confined’ cluster lose positions to the ‘intermediate’ cluster in
2005.

Analysis on biogeochemical properties evidenced an analogous
interannual variability. Statistically significant differences were
observed between 2004 and 2005 in values of 7 environmental
variables: temperature, salinity, chlorophyll, NOx, DOC, DON, and
DOP. The increase in salinity and the decrease in NOx could be
related to the decrease of rainfall, and consequently to the reduced
freshwater inputs in 2005. Apparently, the continental forcing was
weaker than the marine, and this may have resulted in an increase
of marine characteristics of benthic communities in 2005. Because
of reduced inorganic nutrients input, chlorophyll concentrations
in water were lower and zoobenthic species that usually live in
oligotrophic conditions were favoured. Possibly, the drop of tem-
perature could also have caused a decrease in ‘intermediate’ and
‘confined’ benthic species, which are adapted to higher average
annual temperatures. On the contrary, habitats suitable to ‘marine’
species extended further into the lagoon, and ‘marine’ characteris-
tics of benthic communities increased. Thus, the different extension
of benthic communities between the two years may be related to
the different extension of their habitats. Since we had only two
years of data, we cannot speculate on if the differences between
2004 and 2005 were only due to interannual variability or if they
were part of a multiannual trend, possibly resulting in an increase
of ‘marine’ characteristics of the Lagoon of Venice (Sconfietti et al.,
2003).
5.3. Artificial neural networks as habitat suitability models

We used the artificial neural network as a habitat suitability
model for the 3 benthic communities, modelling their relationships
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ig. 8. Relationship between the membership grade of the ‘confined’ cluster and the
ight), RMS V (lower left) and wooden substrate (lower right).

ith environmental parameters. The overall correlation coefficient
etween target and predicted values for the results of the BPNN
as quite good, but the three clusters were predicted with dif-

erent quality. The two clusters on the extremes were predicted
uch better than the ‘intermediate’ cluster, probably because the

marine’ and the ‘confined’ cluster have clear characteristics, as
hey are found at the two opposite ends of the sea-coastline gra-
ient and the variables we used were good enough to predict
hem.

It should be clear, that in artificial neural networks all nodes
re fully connected (Zupan and Gasteiger, 1999), i.e., all predictors
oncur in predicting each one of the target values. Since the profile
ethod can give only a relative estimate of what might be the effect

f one predictor on one target variable, we were not interested in
he actual predicted values at different levels of the environmental
ariables, but only in the form of the functional response. Further-
ore, BPNNs do not assume any particular functional type between

redictors and targets, and indeed several of the identified relation-
hips were linear, while others were clearly non-linear and complex

Figs. 6–8).

The ‘marine’ cluster had high affinity with decreasing tempera-
ure, POC concentrations in water and silt percentage in sediment.
reas near the inlets and along the main channels are those exposed

o higher hydrodynamics, thus the smaller particles of the sedi-
ost important predictors (relative importance >10%): PO4 (upper left), DOP (upper

ment are constantly removed by currents. The decreasing ‘marine’
cluster membership with increasing silt content in the sediment is
consistent with the direct relationship between sand content of the
sediment and ‘marine’ community observed in Bandelj et al. (2009),
since silt percentage in sediment composition is roughly inversely
proportional to sand percentage. Organic compounds concentra-
tions in water are usually higher in high productive coastal and
transitional systems than in marine waters, which is the case also
for the Lagoon of Venice (Solidoro et al., 2004a; Bandelj et al., 2008).
A decreasing preference of the ‘marine’ community with increas-
ing POC concentrations in water was observed also in Bandelj et al.
(2009). As for the relationship with the temperature, we pointed
already to the lower temperature in the year 2005, when also the
area occupied by the ‘marine’ cluster was larger, due to coloniza-
tion of less eurivalent species. Furthermore, median temperature
value of sites with maximum membership for the ‘marine’ cluster
is lower than of sites belonging to the ‘confined’ and ‘intermediate’
clusters. A possible cause for this could be the localization of pol-
lution sources discharging heated water near urban and industrial

areas inside the lagoon (Mag. Acque-Thetis, 2003).

The ‘confined’ cluster memberships increased with decreasing
RMS V, and in fact it was mainly present in areas with limited water
exchange. A similar result was obtained in Bandelj et al. (2009),
were RMSV was inversely correlated with indicator taxa of the ‘con-
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ned’ community. The type of substrate affects organisms that can
ttach and survive on it (Relini and Faimali, 2003), thus it proved
o be very important especially for the ‘confined’ cluster member-
hip, because in the inner part of the lagoon many of the sampled
ites had a wooden or iron substrate. The relationships between the
confined’ cluster membership and the two form of phosphate, inor-
anic as PO4 and dissolved organic phosphorus (DOP), were inverse,
ince the ‘confined’ cluster memberships decreased with increasing
norganic phosphorus and increased with increasing DOP. The main
ources of inorganic phosphorus in the Lagoon of Venice are urban
nd industrial wastewaters near the city of Venice and near the
ndustrial area of Porto Marghera (Solidoro et al., 2004a). The ‘con-
ned’ community was not present in these areas neither of the two
ears, while it was mainly observed in areas far from the sources of
norganic phosphorus and where trophic food webs likely rely on
emineralized phosphorus. Relationships between high dissolved
rganic compounds in water (DON and DOC) and the prevalence of
he ‘confined’ community (or its indicator taxa) were observed also
n Bandelj et al. (2009).

Two variables showed high importance as predictors of the
intermediate’ cluster membership: temperature and salinity. Tem-
erature values between 15 and 16.5 ◦C seem the most favourable
or ‘intermediate’ community species. Sites in the ‘intermediate’
luster showed the highest median temperature and this could
avour organisms living in these areas, such as the Ulva macroal-
ae (Sfriso et al., 2002; Curiel et al., 2001). Increasing salinity was
elated to increasing ‘intermediate’ cluster membership, but did
ot have an appreciable effect on memberships of the ‘marine’ nor

confined’ community.
The median salinity was highest in the ‘marine’ cluster and

owest in the ‘confined’, as could be expected. Nevertheless, the
ariability of salinity was high for all three clusters. Our results seem
o indicate, that median salinity is a good indicator of the areas in
hich the three communities develop, but also that the majority

f species is tolerant to wide ranges of salinity, and thus that salin-
ty does not strongly affect species’ distribution in lagoons. This is
n agreement with the findings of Guélorget and Perthuisot (1992)
nd do not support the conclusion that salinity is the fundamental
cological parameter of the distribution of benthic communities in
agoons (Segestrale, 1959; d’Ancona, 1959; Vatova, 1963).

Several relationships found in this work confirmed those
btained with different methods using only 2004 data (Bandelj et
l., 2009), yet in some cases the functional forms as modelled by
PNN appeared to be more complex than simple linear relation-
hips. This is a clear advantage of neural networks over statistical
ethods which a priori impose a functional form. Other relation-

hips found in this work were not identified with the redundancy
nalysis models in Bandelj et al. (2009). The reason may be that
ome variables (e.g., PO4, temperature) influence the prediction of
he membership grades of single clusters, but they are not signifi-
ant for the simultaneous ordination of the membership grades of
ll three communities.

.4. Assessing the use of the neural network model for detection
f anomalies

The neural network model related benthic communities to
nvironmental conditions as they are described by our set of
nvironmental parameters. The cases where the observed benthic
ommunity differed from the model predictions represent devia-
ions from the modelled behaviour which should be investigated.
Many anomalies were from sites with wooden substrates (e.g.,
ites 14, 38, 64) or on low-depth bottoms (e.g., 28, 65). A reduced
ater column may favour finer sediments resuspension because
f meteorological, animals or humans’ disturbances, and parti-
les may reduce photosynthesis by phytobenthos or make difficult
ling 220 (2009) 2838–2850

suspension filter feeding by zoobenthos (Saiz-Salinas and Urkiaga-
Alberdi, 1999). The nature of substrate is highly selective for benthic
organisms (Mag. Acque–SELC, 2006) and thus we sampled concrete
substrates wherever possible. Substrate typology and bottom depth
are both important in shaping benthic zonation and they were
both included in our model, thus their effects should already be
accounted for. Nevertheless, it seems that in shallow areas and on
wooden substrates other, not measured parameters can play a rel-
evant role too, e.g., wooden artefacts submerged in water may be
in very different conservation states.

Other anomalies were from sites in areas of complex morphol-
ogy, e.g., on shallows near navigation channels (e.g., 46, 55), where
in a few meters the morphology changes from deep channels to
tidal flats or wetlands, or in confined zones near extensive fish farm-
ing areas (e.g., 49). Benthic communities in such areas are highly
variable, since they reflect the variability of environmental con-
ditions. The sites near the main navigation channels (e.g., 46) are
probably subject to ships mediated dispersal of benthic species, and
thus their community’s composition may not depend only on local
environmental conditions.

For several sites we observed a correct prediction in one year and
a wrong prediction for the other. For instance, in site 63 in 2004 a
mainly ‘marine’ community was observed, but the model predicted
a mainly ‘confined’ community. In 2005 the observed composition
had indeed a mainly ‘confined’ characteristic, and it was also cor-
rectly predicted. We can hypothesize, that in site 63 environmental
conditions changed from ‘marine’ to ‘confined’ in 2004, but the ben-
thic community composition was still mainly ‘marine’, because of
its resilience. In site 24 the observed and predicted composition
of the community was mainly ‘intermediate’ in 2004. In 2005 the
observed community had still mainly ‘intermediate’ characteris-
tics, but the model predicted a maximum for the ‘marine’ cluster
membership. Thus, we can hypothesize, that the environmental
conditions were changing from ‘intermediate’ to ‘marine’, and the
benthic community did not yet fully respond to this change.

Be the cause a not optimal substrate type or a too low-bottom
depth, complex local morphology, lack of variables accounting for
human disturbances such as ships mediated dispersal, or a slow
adaptation of communities to changing abiotic characteristic, the
neural network model can be successfully used for detection of
anomalies from expected behaviour.

6. Conclusions

The extensive monitoring of the Lagoon of Venice gave us the
possibility to make a thorough description of the biological zona-
tion in the hard bottom benthic communities. Because of the high
number of submerged hard substrates along marked gradient of
many biogeochemical parameters, the results of this study may be
interesting also for researchers working on hard bottom benthic
communities in other microtidal transitional systems.

The spatial distribution and the biological description of the
communities identified with fuzzy k-means on the 2004–2005
dataset were in accordance with those obtained by analysing only
2004 data (Bandelj et al., 2009). The results confirmed the fuzziness
of benthic communities in the Lagoon of Venice, which gradually
shift from one to another and several sites show mixed characteris-
tics. Changes in fuzzy membership grades between 2004 and 2005
were related to changes in habitat characteristics, as described by
environmental parameters.
The neural network model was able to satisfactorily predict the
benthic communities membership grades, but the prediction of
the ‘intermediate’ cluster was worse than that of the ‘confined’
an the ‘marine’ clusters. Other variables accounting for features
characteristic for the central, low-bottom and flat areas would be
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ossibly needed to improve the predictions. The most important
nvironmental parameters turned out to be temperature, POC con-
entrations in water and silt percentage in sediment composition
or the ‘marine’ community; temperature and salinity for the ‘inter-

ediate’ community; PO4 and DOP concentrations in water, mean
ater energy and type of substrate for the ‘confined’ community.

he neural network identified both linear (e.g., PO4 and DOP effects
n the ‘confined’ cluster) and non-linear (e.g., temperature effect on
he ‘intermediate’ cluster) relationships. This is a clear advantage
f the use of artificial neural networks over other more traditional
ethods, such as direct gradient analyses, which a priori assume a

pecific functional type for the target’s responses to predictors.
The analysis of model results permitted us to highlight cases

hich significantly deviated from the expected response of benthic
ommunities, and to discuss possible causes for these anomalous
ehaviours.
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