
Ecological Indicators 147 (2023) 109939

Available online 7 February 2023
1470-160X/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Joint use of biological traits, diversity and biotic indices to assess the 
ecological quality status of a Mediterranean transitional system 

Paolo Magni a,b,*, Seyed Ehsan Vesal a, Jacopo Giampaoletti a, Serena Como c, Maria 
Flavia Gravina a,d,e 

a Consiglio Nazionale delle Ricerche, Istituto per lo studio degli impatti Antropici e Sostenibilità in ambiente marino (CNR-IAS), Loc. Sa Mardini, Torregrande, Oristano 
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A B S T R A C T   

In the present study, we tested the effectiveness of biological trait analysis (BTA) as an ecological indicator in 
support of the assessment of the Ecological Quality Status (EQS) of a Mediterranean transitional system by 
commonly used macrobenthic assemblage diversity (e.g. H’ and Margalef) and biotic (BENTIX, M− AMBI and 
M− bAMBI) indices. Ten biological traits describing morphological, behavioral and life history characteristics 
were considered for the analysis of the functional structure of macrobenthos. As a test study, a historical dataset 
obtained from the Cabras lagoon (Sardinia, Italy) comprising a riverine site, the lagoonal main body, a confined 
pond, a seaward creek and a marine channel connected to the Gulf of Oristano was analyzed. Our results showed 
clear spatial changes in macrobenthic density, number of species and diversity indices along the riverine-lagoon- 
sea gradient, which were well reflected in the EQS values based on M− AMBI and to a lesser extent on M− bAMBI. 
The abundance-based functional diversity was significantly related to the structure and taxonomic diversity of 
the benthic community. Similarly, the Community-level Weighted Mean test computed with abundance data, 
rather than with biomass data, supported major evidence for differences in the ecological conditions of the 
different study sites. In particular, all riverine, lagoonal and confined stations had poor or bad EQS, indicating 
unstable and warning conditions in this Mediterranean transitional water body. Overall, the BTA approach 
appeared to be a very promising method in reporting the expected environmental and biotic variability in the 
Cabras lagoon system and in supporting the EQS assessment by M− AMBI. We conclude that an in-depth 
knowledge of the benthic communities in terms of both taxonomic and functional aspects is an indispensable 
basic tool for understanding the variability of the brackish-water systems and for properly assessing their 
environmental quality.   

1. Introduction 

Coastal lagoons play an important role in providing a variety of 
ecosystem services, including regulating (e.g. organic carbon sink, 
nursery and feeding areas for fish and birds), provisioning (e.g. fish and 
shellfish stocks) and cultural (e.g. space for recreational activities and 
local ecological knowledge) services (Newton et al., 2018; Maneas et al., 
2019; El Mahrad et al., 2020). Increasing human pressure (e.g. subur
banization, industrialization, agricultural, and tourism development) is 

causing environmental degradation and overexploitation of the natural 
resources of these ecosystems worldwide (Daby, 2006; Carvalho et al., 
2011; Magni et al., 2017; Magni et al., 2019). Furthermore, limited 
water exchange with the sea, shallow depths and high nutrient inputs 
may result in algal proliferation and excessive accumulation of organic 
matter in sediments, inducing trophic unbalance and changes in the food 
web structure of coastal lagoons (Kanaya et al., 2007; Magni et al., 
2008a; Zheng et al., 2020). For these reasons, the diagnosis of the 
environmental status of these ecosystems is of great interest to humans. 
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Mediterranean lagoons are characterized by nano or microtidal re
gimes and different climate conditions (Magni et al., 2009; Tagliapietra 
et al., 2009; Tagliapietra et al., 2012), and display a variety of physi
cochemical features and benthic habitats (Afli et al., 2008; Pérez-Ruzafa 
et al., 2011; Specchiulli et al., 2018). Accordingly, many studies using 
the benthic communities and associated diversity metrics and environ
mental variables have been conducted to evaluate the ecological fea
tures of lagoon ecosystems and their response to natural variability and 
anthropogenic pressures (e.g. Munari, 2011; Khedhri et al., 2017; 
Semprucci et al., 2019; Gravina et al., 2020; Magni et al., 2022). In the 
last two decades, the development and application of biotic indices to 
assess the ecological quality status (EQS) of transitional waters has been 
required to meet the European Water Framework Directive (WFD, 2000/ 
60). Within this context, BENTIX (Simboura and Zenetos, 2002) and the 
AZTI-Marine Biotic Index (AMBI; Borja et al., 2000) are two biotic 
indices based on the benthic macroinvertebrates originally developed to 
characterize the EQS of coastal marine areas and afterwards also used 
for coastal lagoons (e.g. Pranovi et al., 2007; Afli et al., 2008; Prato et al., 
2009; Munari and Mistri, 2010; Khedhri et al., 2017; Forchino et al., 
2018; Fouad et al., 2019). 

BENTIX is based on soft-bottom benthic indicator species using the 
relative contribution of tolerant and sensitive species, weighting them 
according to the ratio of their occurrence in the benthic assemblage. 
Originally, BENTIX was applied in Greek marine waters to test three 
sedimentary environments (muddy sand, sandy mud, and mud) in the 
presence of different levels of organic pollution and compared them to 
commonly used measures of community structure (Simboura and Zen
etos, 2002). Its advantage against other biotic indices lies in the fact that 
it minimizes the number of the ecological groups considered making it 
simple and easy to use. On the other hand, this index has been proven 
inadequate for coastal lagoons due to the natural dominance of tolerant 
and opportunistic species, the correlation of species diversity with nat
ural stress in transitional waters, and the difficulty in assigning species 
to an ecological group by choosing between only two (sensitive, 
tolerant) groups (Prato et al., 2009; Munari and Mistri, 2010; Reizo
poulou et al., 2014). 

To calculate AMBI the species are assigned to five different groups 
according to their tolerance degree and taking into account their relative 
abundances (Borja et al., 2000); in addition, in the updated M− AMBI 
some biotic parameters (number of species and diversity) are integrated 
in the index by means of factor analysis to assesses the global ecological 
quality (Muxika et al., 2007). A criticism of this index was made by 
Sigovini et al. (2013) who pointed out that factorial analysis was 
redundant and not functional to M− AMBI, since its omission does not 
alter the results. A strength of the M− AMBI is that reference conditions 
have been mentioned for this index in Mediterranean lagoon ecosys
tems, which include different body types, such as riverine poles, 
confined ponds, creek and marine zones, with a wide range of variability 
of salinity, grain size and organic matter content and by testing spatial 
and temporal variability (Marchini et al., 2008; Orro and Cabana, 2021). 
Furthermore, AMBI and M− AMBI are computed on abundance data of 
single species, but no biomass data were considered originally. Warwick 
et al. (2010) suggested the use of biomass data in light of the fact that 
tolerant/opportunistic species tend to be small in size and this means 
that sometimes the abundance can be misleading. Only recently, 
M− bAMBI has been applied to transitional ecosystems (Mistri et al., 
2018). 

Another promising approach to assess the responses of the macro
benthic communities as a bioindication of environmental quality is the 
biological trait analysis (BTA), that considers the biological traits of 
organisms in relation to the functional aspects of the ecosystem. Here, 
the species are assigned to different ecological groups according to their 
biological traits relating to morphological, behavioral and life history 
features, such as sediment position, bioturbation, body size, feeding 
mode and living habits (Bremner et al., 2003; Bremner et al., 2006; 
Beauchard et al., 2017; Vesal et al., 2021). The strength of BTA is the 

assumption that phylogenetically distinct organisms have evolved into a 
similar biological adaptation as a result of the same environmental 
constraints, as well as that different biological traits are indicative of 
different environmental conditions (Belley and Snelgrove, 2016). 
Moreover, the BTA has the advantage of simultaneously examining 
manifold biological traits, which can be used as indicators of the 
ecological status of lagoonal ecosystems (Marchini et al., 2008). Con
cerns about BTA consist in the difficulty and amount of time needed to 
obtain information required by the analysis and in the knowledge gap of 
in the biological traits of some species (Marchini et al., 2008; Lam- 
Gordillo et al., 2020). To date, only in a few cases the BTA have been 
applied in Mediterranean lagoons (Marchini et al., 2008; Sigala et al., 
2012; Faulwetter et al., 2015; Nasi et al., 2018). 

In the present study, we applied the BTA to historical macrobenthic 
datasets of a Mediterranean transitional ecosystem (Cabras lagoon, 
Sardinia), together with two biotic indices, BENTIX and M− AMBI, 
widely used in the context of the WFD, to assess the environmental 
quality of the investigated system. We hypothesized that BTA could 
detect differences among macrobenthic communities from different sites 
typically found along a riverine-marine gradient and could help 
improving the assessment of the EQS of transitional water ecosystems. 
Our specific aims were: 1) to identify the best performing biotic index, 
among BENTIX, M− AMBI and M− bAMBI, to assess the EQS of different 
sites along the known environmental gradient; 2) to test the effective
ness of BTA as an ecological indicator; 3) to provide comparability of 
BTA with the other indicator types supporting and improving the 
environmental quality assessment of the studied transitional system. 

2. Material and methods 

2.1. Study sites and dataset used 

The Cabras lagoon is the largest Sardinian transitional system 
located on the west coast of Sardinia, western Mediterranean Sea 
(Fig. 1). A detailed description of its physiographic and environmental 
characteristics, with a watershed of about 430 km2 inhabited by some 
38,000 people, as well as the main anthropogenic pressures can be found 
in our previous papers (Magni et al., 2008b; Padedda et al., 2012; 
Specchiulli et al., 2018; Gravina et al., 2020). 

For the present study, we considered the available historical dataset 
which comprised five sites representing different environments typically 
found in a transitional system along a riverine-marine gradient (Fig. 1, 
Table 1). They included: (i) a riverine site (CR, hereafter River) located in 
the northern sector of the Cabras lagoon, at the entrance of the rio Mare 
e Foghe; (ii) the main body of the Cabras lagoon (CL, hereafter Lagoon) 
represented by a grid of 29 stations (C1-C31; Magni et al., 2004) 
sampled in one occasion and three selected stations (C1, C12 and C26; 
Magni et al., 2005a) sampled over a year; (iii) a more confined and 
isolated site located in the satellite pond of Sali and Pauli (CP, hereafter 
Pond); (iv) a seaward creek site (CC, hereafter Creek); and (v) the Scol
matore channel (SC, hereafter Channel) comprising a transect of seven 
stations (S1 to S7; Como et al., 2007) located approaching the Gulf of 
Oristano (Table 1, Fig. 1). All sites were sampled on a seasonal basis, 
whereas spatial differences among sites were more marked than tem
poral changes, owing to the peculiar environmental and biological 
characteristics of each individual site (Magni et al., 2005a; Como et al., 
2007; Foti et al., 2014; Magni et al., 2022). 

The dataset included abundance data (expressed in terms of number 
of individuals per-m2) and biomass data (expressed in term of g wet 
weight) of macrozoobenthos. Taxonomic consistency across different 
studies was carefully checked, taxa being identified with similar expe
rience levels; species names were updated wherever needed. All samples 
were sieved on a 0.5 mm mesh size (Table 1). Chironomids and oli
gochaets, which contributed <1 % to the total abundance and biomass, 
were excluded from the dataset due to their non-use in the BTA. For the 
purposes of the present study, we used the mean values of all replicates 
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within each sampling station. The dataset included also the following 
environmental variables: water temperature, salinity dissolved oxygen, 
total organic carbon [by CHN analyzer], organic matter [as a loss of 
ignition at 500 ◦C, LOI; see Magni et al., 2008b], water content and sand 
fraction of surface [0–2 cm] sediments. 

2.2. Biotic indices 

The biotic indices used in the present study included BENTIX (Sim
boura and Zenetos, 2002), M− AMBI and M− bAMBI (Borja et al., 2003; 
Borja et al., 2004; Bald et al., 2005; Muxika et al., 2007; Warwick et al., 
2010). For the calculation of BENTIX, species were assigned to either 
sensitive (GS, score 1) or tolerant (GT, score 2) category (Table 2), 

Fig. 1. Location of the sampling stations and the five study sites, River (CR), Lagoon (CL), Pond (CP), Creek (CC) and Channel (SC).  

Table 1 
General characteristics of dataset used, including the 5 main study sites of the Cabras transitional system (see Fig. 1), i.e. River (CR), Lagoon (CL), Pond (CP), Creek (CC) 
and Channel (SC). Information about the sampling period, sampling design and measured variables from each study are included. * The datasets from Magni et al., 2004 
and Magni et al., 2005a were merged and used to characterize the lagoonal main body (Cabras lagoon, CL) study site.  

Study sites 
(code) 

Year(s) Sampling 
time(s) 

Stations 
(n) 

Replicates per 
station (n) 

Averaged data 
points (n) 

Sampler 
type 

Sampler 
area 

Mesh 
size 
(mm) 

Benthic 
variable 
measured 

Reference 

River (CR) 2010–2011 4 1 6 4 Box-corer 170 cm2  0.5 Density, 
Biomass 

Foti et al., 
2014 

Cabras lagoon 
(CL)* 

2001 1 29 2 29 Ekman 
grab 

216 cm2  0.5 Density, 
Biomass 

Magni et al., 
2004 

Cabras lagoon 
(CL)* 

2003 8 3 3 24 Ekman 
grab 

216 cm2  0.5 Density, 
Biomass 

Magni et al., 
2005a 

Pond (CP) 2010–2011 4 1 6 4 Box-corer 170 cm2  0.5 Density, 
Biomass 

Foti et al., 
2014 

Creek (CC) 2010–2011 4 1 6 4 Box-corer 170 cm2  0.5 Density, 
Biomass 

Foti et al., 
2014 

Scolmatore 
Channel (SC) 

2003–2004 4 7 3 28 Ekman 
grab 

216 cm2  0.5 Density Como et al., 
2007  
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according to BENTIX methodology (https://www.hcmr.gr/english_site 
/services/env_aspects/bentix. html). For the calculation of M− AMBI 
and M− bAMBI, the free software (https://www.azti.es v.5) together 
with the guidelines from the authors (Borja and Muxika, 2005) were 
used (Table 2). For the assessment of the EQS based on M− AMBI 
method, results were applied according to the reference conditions and 
threshold values established by the Italian Act 260/2010 for non-tidal 
lagoons, as follows: AMBI = 1.85, Shannon diversity (H’) = 3.3 and 
species richness (S) = 25, M− AMBI: ‘‘High’’ if > 0.96, ‘‘Good’’ if 0.71 <
M− AMBI ≤ 0.96, ‘‘Moderate’’ if 0.57 < M− AMBI ≤ 0.71, ‘‘Poor’’ if 0.46 
M− AMBI ≤ 0.57, and ‘‘Bad’’ if M− AMBI ≤ 0.46 (Orro and Cabana, 

2021); and M− bAMBI: ‘‘High’’ if > 0.930, ‘‘Good’’ if 0.739 <
M− bAMBI ≤ 0.930, ‘‘Moderate’’ if 0.632 < M− bAMBI ≤ 0.739, ‘‘Poor’’ 
if 0.548 ≤ M− bAMBI ≤ 0.632, and ‘‘Bad’’ if M− bAMBI ≤ 0.548 (Mistri 
et al., 2018). For both indices, invertebrates are assigned a score from I 
to V, based on their tolerance, following the AMBI library, where Group I 
(GI, sensitive species), Group II (GII, indifferent species), Group III (GIII, 
tolerant species), Group IV (GIV, second order of opportunistic species) 
and GV (GV, first order of opportunistic species), and then determining 
the relative proportion of each group in the benthic community (Borja 
and Muxika, 2005). 

2.3. Biological trait analysis (BTA) 

The BTA was applied to the species list and included 10 biological 
traits with 41 categories. The selected set of traits described important 
morphological, behavioral, and life history characteristics of benthic 
invertebrates, and were similarly applied in previous studies (Gusmao 
et al., 2016; Krumhansl et al., 2016; Nasi et al., 2018; Vesal et al., 2021) 
(Table 2). The species were coded in accordance with their affinity for 
the chosen traits using the ‘fuzzy coding’ procedure (Table S1). Species 
can exhibit trait categories to different degrees through ‘fuzzy coding’ by 
considering the interspecific variations in trait expressions (Bremner 
et al., 2006). Traits for each species were derived from literature sources 
according to Como et al. (2008) and references therein, and from rele
vant databases (e.g. https://www.marlin.ac.uk/biotic; www.polytraits. 
lifewatchgreece.eu). We followed Giangrande (1997) and Rouse 
(2000) for information on life histories. Polychaetes ‘feeding habit’ 
modes were obtained from Jumars et al. (2015). We collected infor
mation for ‘adult activity’ traits from the literature (Kristensen et al., 
2012; Queirós et al., 2016). Lastly, information on ‘tolerance’ traits were 
attributed following the five ecological groups from AMBI (Borja and 
Muxika, 2005). The taxonomic resolution was maintained at the species 
level. When no information on traits was available, we used the data for 
the genus or family level (Table S1). 

2.4. Data analysis 

In order to characterize the macrobenthic assemblages, the univar
iate diversity variables including species richness (S), Shannon index 
(Hˊ) and Margalef richness index (d) were calculated. The Functional 
Dispersion (FDis) was calculated based on the fuzzy coding traits matrix 
and species abundance (FDis-abu) and biomass (FDis-bio) data. FDis 
describes the abundance (or biomass)-weighted mean distance of indi
vidual species to their group centroid (all species in a community) in a 
multivariate functional space constructed by a principal coordinate 
analysis (PCoA) based on the Euclidian dissimilarity matrix of species 
traits (Villéger et al., 2008; Scheiner et al., 2017). Finally, the functional 
identity was calculated as community-level weighted means (CWM) of 
trait category expression. CWM is a widely used index that may reflect 
the traits strategies determined by the species pool and environmental 
conditions of a site (Muscarella and Uriarte, 2016). CWM values display 
the occurrence of a trait by species and the values were weighted for 
abundance (CWM-abu) and biomass (CWM-bio) data. 

A generalized linear model (GLM) was applied to test differences 
among study sites in the environmental variables (i.e., temperature, 
salinity, DO, TOC, LOI, Wc and sand) and in the macrobenthic univariate 
variables (i.e., total abundance, total biomass, total number of species 
[S], Margalef index [d], Shannon index [H’] and abundance-based and 
biomass-based Functional Dispersion [FDis-abu and FDis-bio, respec
tively]). We used: (i) a GLM model with Gaussian family distribution to 
analyse the differences in temperature, dissolved oxygen, H’ and FDis- 
abu; (ii) a GLM model with Gaussian family distribution and log link 
function for sand and biomass-based FDis (FDis-bio); and (iii) a GLM 
model with Gamma distribution and log link function for salinity, TOC, 
LOI, Wc, S, d, total abundance and total biomass. The data distribution 
was explored using the fistdist function on the package “fitdistrplus” 

Table 2 
Traits, categories and codes of categories used in Biological Trait Analysis 
(species assignment and affinity are given in Table S1).  

Traits Categories Code 

Adult size and 
shape 

Maximum size (mm) <5 S   

5–30 M   
30–80 M/L   
>80 L  

Body form Vermiform Vrm   
Dorso-ventral compressed Drs   
Laterally compressed Lat   
Globose Glb  

Protection No protection Npr   
Tube Tub   
Shell Shl  

Life history Life span ≤1 yr A11   
1–3 yrs A13   
3–6 yrs A16   
6–10 yrs A110  

Reproductive 
frequency 

Semelparous Sem   

Iteroparous Iter   
Semi-continuous Scon  

Adult feeding habit Suspension feeder Susp   
Surface deposit feeder Sdep   
Subsurface deposit feeder Ssdep   
Herbivore Herb   
Predation Pred   
Scavenger Scav  

Adult activity Environmental 
position 

Endofauna Endo   

Epifauna Epif   
Interface Inter   
Epibionte Epib  

Mobility Sessile Sess   
Semi-motile Smot   
Motile Mot  

Life habit No movement Nmo   
Swimmer Swim   
Crawler Craw   
Tube-builder Tubl   
Burrower Bur  

Bioturbation None Non   
Superficial modifier Smod   
Biodiffuser Bdif   
Regenerator Regr   
Conveyor Cnvy  

BENTIX Categories Sensitive 1   
Tolerant 2  

AMBI Categories Sensitive (Group I) GrI   
Indifferent (Group II) GrII   
Tolerant (Group III) GrIII   
Second-order opportunistic 
(Group IV) 

GrIV   

First-order opportunistic 
(Group V) 

GrV  
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from R v 4.1.2 (R Core Team, 2021). We then compared the outcomes of 
the models with different distributions (i.e., normal, Gamma and 
lognormal distributions) using AICc criteria on the package “bbmle” in 
R. Normality and homogeneity of residual variances was then evaluated 
graphically and using the package “DHARma”. Once the distribution 
function was decided, we compared the full model including the pre
dictor (i.e., the study sites; M1) to a null model with no predictor (M0). 
We compared the two models using Akaike’s Information Criterion 
corrected for sample size bias (AICc). When significant differences were 
detected, the post-hoc Tukey test was done to further analyze the dif
ferences among study sites, using the package “emmeans” from R. 

For the multivariate analyses, a formal significance test for differ
ences among study sites was performed using one-way ANOSIM 
randomization/permutation test from the Bray-Curtis similarity matrix. 
A non-metric multidimensional-scaling (nMDS) was then used to plot 
the differences among study sites in the abundance data. In all multi
variate analyses, data were square root transformed. 

Principal Component Analysis (PCA) on log-transformed and 
normalized data was applied to investigate the variations in the envi
ronmental variables. The Principal Coordinates Analysis (PCoA) was 
performed on traits occurrences to detect differences in functional mo
dalities (CWM-abu and -bio, separately) among sampling stations. 
Pearson correlations with PCo axes were also tested. 

The relationships between each functional and diversity index were 
tested with linear regressions. A Spearman–rank correlation was per
formed to test relationships between the environmental variable and 
biotic indices. Lastly, functional analyses were computed using the 
software program R, version 4.1.2, R package ‘FD’ (R Development Core 
Team, 2021); multivariate analyses were carried out using SPSS v. 20, 
PAST 4.05 and software PRIMER v.6 (Clarke and Gorley, 2006). 

3. Results 

3.1. Environmental variables 

Temperature varied from 7.5 ◦C in Lagoon (February) to 32.4 ◦C in 
Creek (July), with no significant differences between study sites in the 
annual mean, consistent with the fact that investigations at each site 
were conducted on a yearly basis (Fig. 2). Instead, significant differences 
between study sites were found in salinity (GLM, F4:88 = 22.99, p = 0.00) 
which was lowest in River (3.2 ± 1.5 psu) and highest in Channel (27.3 
± 1.6 psu), consistent with the known salinity gradient shown in our 
previous studies. Further, DO concentration varied significantly be
tween study sites, being highest in Creek (χ2 = 322.51, df = 4, p = 0.00; 
and Tukey test at p < 0.05). Among the sediment variables, TOC and LOI 
were negatively correlated with the sand fraction, as expected (Magni 
et al., 2008b), and were lowest in River and highest in Channel, the latter 
site being characterized by very high amounts of seagrass-derived 
detritus (Como et al., 2007) (F4:88 = 39.30 and 62.49 respectively, 
both tests p < 0.00; Tukey test: River < Channel < Lagoon = Pond <
Channel). Low sand fraction and high water content in Creek, Lagoon, 
Pond and Channel were an indication of muddy conditions at those sites 
(χ2 = 4471.00 and 6.86 respectively for sand and Wc, both tests df = 4, p 
< 0.00 and Tukey test at p < 0.05; Fig. 2). The Principal Component 
Analysis (PCA, Fig. 3) clearly and consistently separated the five main 
sites according to spatial differences in the environmental variables 
(Fig. 2). Along the PCA1 (44.2 % of variance), Channel was separated on 
the left-side hand of the plot by salinity, TOC and LOI, opposite to River, 
Creek and most of Lagoon stations. Along the PCA2 (21.5 % of variance) 
most of lagoonal stations were separated according to differences in Wc 
and DO, and opposite to River and Creek which were correlated with 
sand (Fig. 3). 

3.2. Macrobenthic univariate variables and community structure 

The dataset comprised 82 species, of which 67.1 % were polychaetes, 

Fig. 2. Mean values (±standard error, SE) of environmental variables at the five study sites: River (CR), Lagoon (CL), Pond (CP), Creek (CC) and Channel (SC).  
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followed by crustaceans (23.2 %), molluscs (8.5 %) and echinoderms 
(1.2 %). The density at individual stations ranged from 138.9 ± 0.2 to 
64936 ± 105 ind. m− 2, both values being found in Lagoon. Similarly, the 
biomass varied from 1.9 ± 0.0 to 416.2 ± 1.3 g ww m− 2 in Lagoon 
(Fig. 4). The number of species (S) and Shannon index (H’) were lower in 
River, Lagoon and Pond than in Creek and Channel which did not differ to 
each other (GLM, F4:88 = 102.52, p = 0.00 and χ2 = 210.98, df = 4, p =
0.00, for S and H’, respectively, Fig. 4). Similarly, Margalef richness 
index (d) was the lowest in River, Lagoon and Pond, intermediate in Creek 
and the highest in Channel (GLM, F4:88 = 85.12, p = 0.00). The 
abundance-based Functional Dispersion (FDis-abu) was lowest in River 
(GLM, χ2 = 218.02, df = 4, p = 0.00, Fig. 4). No differences in the factor 
study sites were detected for the total abundance, the total biomass and 
the biomass-based Functional Dispersion (Fdis-bio) (GLM results not 
shown). 

The nMDS performed on the macrobenthic abundance data high
lighted major spatial differences among sites which were confirmed by 

the global one-way ordered ANOSIM test (r = 0.79; p < 0.01) (Fig. 5). In 
particular River was opposite to the seaward Channel which was sepa
rated from all the other sites, but closer to Creek. Consistently, stations 
belonging to the main body of the lagoon (Lagoon) and Pond were 
located in an intermediate position (Fig. 5). 

3.3. Biotic indices 

The results of the biotic indices, BENTIX, M− AMBI and M− bAMBI, 
are listed in Table 3. BENTIX showed an overall ”moderate” or “poor” 
EQS for all study sites, with fewer “moderate” EQS in Pond and Channel 
and the most contrasting and inconsistent results in Lagoon, where 
several data points from the temporal study (see Table 1) scored a 
“good” or “high” EQS (Table 3, Fig. S1). This was found to be due to the 
occasional, unsynchronized occurrence in high abundance of the 
gastropod Hydrobia acuta (see Como and Magni, 2009) classified by 
BENTIX a sensitive species. In fact, H. acuta is a typical lagoonal species 

Fig. 3. Two-dimensional PCA plot of the five study sites [i.e. River (CR), Lagoon (CL), Pond (CP), Creek (CC) and Channel (SC)], according to the environmental 
variables depicted in Fig. 2. 

Fig. 4. Mean values (±standard error, SE) of macrobenthic univariate measures at the five study sites: River (CR), Lagoon (CL), Pond (CP), Creek (CC) and Channel 
(SC). S: number of species, H’: Shannon index, d: Margalef index, FDis-abu: abundance-based Functional Dispersion. 
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adapted to harsh conditions (e.g. Como and Magni, 2009; Gravina et al., 
2020), thus questioning the validity of category assignment by BENTIX 
for these environments, as already indicated in previous studies (e.g. 
Prato et al., 2009; Reizopoulou et al., 2014). Differently, both M− AMBI 
and M− bAMBI showed similar and consistent results, with an overall 
“poor” or (mostly) “bad” EQS in Lagoon, similarly to what found in River 
and Pond, while Creek was mostly “moderate” or “good” (Table 3, 
Fig. S1). Similarly to Creek, in Channel, M− AMBI (M− bAMBI not 
available) scored no “bad” and only one “poor” EQS, while most data 
points (17 out of 28) had a “good” EQS and four data points scored 
“high”. As in Lagoon, the EQS assessment of Creek and Channel by AMBI 
and M− bAMBI markedly differed from the BENTIX one and seemed to 
be more consistent with the marine conditions of the latter sites (Table 3, 
Fig. S1). 

The Spearman’s rank correlation coefficient tests indicated several 
significant correlations between the environmental variables and the 
biotic indices used (i.e., BENTIX, M− AMBI and M− bAMBI) (Table 4). In 
particular, both BENTIX and M− AMBI were positively correlated with 
TOC, LOI and Wc, but BENTIX negatively and M− AMBI positively 
correlated with sand. Only M− AMBI correlated negatively with DO and 
positively with salinity. Furthermore, the results highlighted no signif
icant correlation for bAMBI (Table 4). 

3.4. Functional trait analysis: Correlation with Hˊ, biotic indices and 
environmental variables 

Among the various combinations between FDis and biotic indices, 
FDis-abu was significantly correlated with M− AMBI and H’ (Fig. 6). By 
contrast, FDis-bio showed a positive correlation with M− bAMBI and 
BENTIX. (Fig. 6). These results consistently indicate that M− AMBI re
flects the informative content of the taxonomic (i.e. structural/func
tional) traits of the benthos, while BENTIX rather reflects the often 
different biomass distribution between tolerant and sensitive species. 

Fig. 7 shows the Principal Coordinates Analyses (PCoA) performed 
on CWM values (species abundance and biomass). CWM-abu demon
strated a clear separation in the assemblage functional trait composition 
among the five study sites (Fig. 7a). This separation was related mainly 
with the first axes (PCoA1, Table S2) for modalities belonging to the 
main group of traits as ‘adult size and shape’,’adult activity’, and ‘AMBI 
groups’. In particular, in Lagoon and Pond a high occurrence of burrower, 
biodiffuser, tube-builder, small size, surface- subsurface-deposit feeders, 
semi-continuous and Group IV species was observed. Besides, the PCoA2 
plotted stations characterized by a higher occurrence of semi-motile, 
superficial modifier, life span (≤1 yr) modalities. A group of stations 
mainly River, Creek and Channel was plotted separately from the rest, 
resulting in a higher correlation with the negative axes PCoA1 (Fig. 7a, 
Table S2). By contrast, spatial patterns observed for the PCoA performed 
on CWM-bio values were less distinguishable, yet the Lagoon stations 
were widely separated from the others. Overall, the great functional 
variation among stations was related to both PCoA1 and PCoA2, with 
the main group of traits being ‘life history’ and ‘adult activity’ (Fig. 7b, 
Table S2). 

4. Discussion 

4.1. Spatial distribution of macrobenthic assemblages and evaluation of 
biotic indices 

The spatial heterogeneity found in the Cabras lagoon was produced 
by the interplay of two main environmental gradients, i.e. salinity and 
saprobity (Tagliapietra et al., 2012; Foti et al., 2014; Giangrande and 
Gravina, 2015; Magni et al., 2022). The taxonomic structure of the 
macrobenthic fauna reflected such a range of environmental variability 
and interplay between those gradients along the studied transitional 
system, showing a typical lagoonal zonation coherent with the wide 
range of ecological affinity of each species. The reduced set of species 

Fig. 5. nMDS of the 93 stations from square-root transformed abundances of species and bray-curtis similarities with the five sites (i.e.River (CR), Lagoon (CL), Pond 
(CP), Creek (CC) and Scolmatore Channel (SC)) indicated by different symbols and colors. 
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found in the lagoonal main body, especially when compared with other 
Sardinian lagoons (Gravina et al., 2020), was partly due to the effects of 
a dystrophic event occurred two years earlier (Murenu et al., 2004) and 
to a subsequent partial reestablishment of a still species-poor, opportu
nistic benthic community in organically-enriched sediments (Magni 
et al., 2004; Magni et al., 2005a; Como and Magni, 2009). In contrast, 
the two sites nearest to the Gulf of Oristano, i.e. Creek and Channel, were 
characterized by a richer and more diverse community. The nMDS plot, 
corroborated by the ANOSIM results, highlighted such a marked zona
tion of the community along the lagoon-sea gradient, with a further 
marked separation of the benthic assemblages at the sites influenced by 
freshwater inputs (i.e. River) and in highly confined conditions (i.e. 
Pond). Such a zonation of the benthic assemblages was maintained 
irrespective of seasonal cycles occurring at each site (see Magni et al., 
2005a; Como et al., 2007; Foti et al., 2014; Magni et al., 2022) and is 
mainly due to “natural” pressures, consequent to the shape of the 

lagoon, rather than to specific anthropic pressures. 
As per the biotic indices, BENTIX returned an EQS varying largely 

and inconsistently from bad/poor to good/high in Lagoon, and from 
poor to moderate at most Channel stations. In fact, in Lagoon, the value of 
BENTIX was strongly influenced by the high abundance at several sta
tions of the gastropod Hydrobia acuta which is considered, wrongly in 
our opinion, as a sensitive species. This has led to an inconsistent ‘high’ 
EQS at the Lagoon stations were H. acuta was dominant, resulting from 
the fact that H. acuta is a brackish water species naturally dominating 
coastal lagoons and tolerant in natural stress conditions, but not 
necessarily human impact. Analogous results were obtained in organi
cally enriched estuaries in northern Spain, where Puente and Diaz 
(2008) highlighted that the high dominance of a few small, low-biomass 
species, such as Hydrobia ulvae, influenced the assessment procedure in a 
similar way as that generated by the overgrowth of opportunistic species 
in disturbed sites. Thus, our results confirmed the low sensitivity of this 

Table 3 
Biotic indices, BENTIX, M− AMBI and M− bAMBI, calculated at the study sites (CR: River; CP: Pond; CC: Creek; C: Lagoon; SC: Channel). The ecological quality status 
(EQS) is color coded (red: bad; orange: poor; yellow: moderate; green: good; blue: high).  

Table 4 
Spearman’s rank correlation coefficient (rs) for the relationship between biotic indices and abiotic factors. *: p < 0.05; **: p < 0.01.   

Temp Salinity DO TOC LOI Wc Sand 

Salinity  0.011       
DO  − 0.181  − 0.380**      
TOC  − 0.284**  0.522**  − 0.431**     
LOI  − 0.245*  0.545**  − 0.478**  0.955**    
Wc  − 0.121  0.470**  − 0.183  0.539**  0.543**   
Sand  0.058  − 0.098  − 0.191  − 0.051  − 0.009  − 0.530**  
BENTIX  − 0.074  0.069  − 0.184  0.328**  0.279**  0.230*  − 0.235* 
M− AMBI  − 0.101  0.565**  − 0.380**  0.535**  0.607**  0.245*  0.292** 
M− bAMBI  − 0.114  0.031  0.062  − 0.036  − 0.046  0.046  0.036  
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index as already highlighted by Reizopoulou et al. (2014) and Munari 
and Mistri (2010). We further argue that relying on the identification of 
two single groups of species, i.e. tolerant/opportunistic and sensitive 
species, as adopted by BENTIX, is not adequate for coping with the levels 
of species diversity and heterogeneity and complexity of the benthic 
communities in Mediterranean transitional waters. So, we agreed with 
Prato et al. (2009) who came to the same conclusions based on a 
comparative study focusing on the assessment of the ecological status of 
some Tyrrhenian lagoons. 

Differently from BENTIX and consistently with the taxonomic 

characterization of the benthic communities at the different study sites, 
very low (mostly “bad”) EQS values were obtained using M− AMBI or 
M− bAMBI in Lagoon, River and Pond, while mostly ”moderate/good” 
and ”good/high” EQS values were found in Creek and Channel, respec
tively. This result was supported by the distinction in the abundance of 
the various ecological groups, which embraced EG-I and EG-II of sen
sitive and indifferent species dominant at the seaward stations (i.e. Creek 
and Channel), whereas EG-III and EG-IV, including resistant and 
opportunistic species, respectively, were dominant in Lagoon, River and 
Pond. According to the large spectrum of spatial heterogeneity found in 

Fig. 6. Relationship between functional diversity abundance- and biomass-based, Shannon diversity (H’) and biotic indices in different study sites [i.e. River (CR), 
Lagoon (CL), Pond (CP), Creek (CC) and Channel (SC)]. 
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the Cabras lagoon system, M− AMBI provided a relatively clearer 
distinction in the EQS evaluation than M− bAMBI. We found that the 
variation in the proportion of the ecological groups of the community 
based on abundance data was larger than using biomass data, the latter 
displaying a very similar distribution in the groups’ dominance. Our 
results matched those of Muxika et al. (2012), while Warwick et al. 
(2010) and Mistri et al. (2018) suggested that biomass has a more 

ecological relevance than abundance. In either case, it should be 
considered that in naturally stressed conditions only tolerant species can 
survive causing AMBI to vary over a narrow range, thus not discrimi
nating effectively in such cases (Puente and Diaz, 2008; Puente et al., 
2008). The significant contribution of “species sensitivity“ and “di
versity“ in the M− AMBI metric has also been highlighted by Sigovini 
et al. (2013) who proposed a simplified, but at the same time essential, 

Fig. 7. PCo ordinations describing the variability in CWM values (abundance (a) and biomass (b) based) across sampling stations. The different groups are indicated 
with different symbols and colors. See Table 2 for complete trait labels. 
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bivariate version of M− AMBI reduced to those two components. 

4.2. Evaluation of functional traits and their relationship with diversity 
and biotic indices 

Our results showed some differences in the macrobenthic community 
distribution based on diversity and biological traits in comparison with 
the biotic indices. This may reflect differences in the structural/func
tional view of the community with respect to the biotic index approach 
based on the ecological groups. Similarly, the biological traits of the 
macrobenthic communities analyzed in other Italian lagoons by 
Marchini et al. (2008) showed some deviations from the classes of EQS 
assigned by AMBI and BENTIX. In the present study, the positive cor
relation of both H’ and M− AMBI with the abundance-based Functional 
Dispersion (FDis-abu), but not with the biomass-based Functional 
Dispersion (FDis-bio), demonstrated that the macroinvertebrate com
munity structure studied at the taxonomic level of species well reflected 
the environmental gradient of the Cabras lagoon system. In particular, 
the taxonomic (i.e. species number, H’ and Margalef) and functional 
diversity indices were highest at the less confined sites, i.e. Creek and 
Channel, but high values of functional diversity were also found in 
Lagoon and Pond. The positive correlation between Hˊ and the 
abundance-based functional indices emerging from our results can be 
explained by the fact that the FDis analysis significantly reflects that 
based on the macroinvertebrate community structure, as shown in 
previous studies (e.g. Mason et al., 2005; van der Linden et al., 2012, 
2016; Nunes de Souza et al., 2021). Similarly, the PCo analysis based on 
CWM metrics highlighted a good correlation between the large faunal 
functional variation and the spatial heterogeneity of our study sites, 
especially so using CWM-abu data rather than CWM-bio data. Albeit 
with reference to salinity alone, Wolf et al. (2009) proposed a classifi
cation scheme for 151 macroinvertebrate taxa from several German 
marshland streams based on a specific biological trait, i.e. salinity 
tolerance and preference. In agreement with our results, these Authors 
demonstrated that the analysis of even a single biological trait of the 
benthic community allows an efficient evaluation of the influence of 
salinity in the studied systems (Wolf et al., 2009). 

The relevant role of different biological traits/categories in regu
lating the entire benthic system has been proven by several studies. In 
the Cabras lagoon, at the Pond site, two polychaetes, Polydora ciliata and 
Hediste diversicolor, cohabit in different sediment layers, showing 
different activity and food intake modalities. P. ciliata is a small-sized 
surface filter-feeder found in high densities, Hediste diversicolor is a 
larger deep borrower further stimulating sediment oxygen demand, 
NH4

+ efflux and SiO2 mobilization. Even within such a simplified benthic 
community, each species plays a specific key role in maintaining the 
oxidized sediment-water interface and contributing to the buffering 
capacity of the system against toxic compounds, and otherwise they are 
both indicative of organic-rich environment (Bartoli et al., 2009). With 
regard to the ‘mobility mode’ the high expression of semi-motile to 
swimmer trait categories in Creek and Channel reflected a strong influ
ence of marine conditions. Differently in Lagoon, changes in the abun
dance of functional groups with different motility modes were also 
found to be related to the reproductive cycle or recovery strategies from 
anoxic events. For example, the subsurface-deposit feeder polychaete 
Capitella capitata showed temporal variability in the larval supply and 
post-larval transport, while surface-deposit feeders, such as H. acuta and 
Monocorophium insidiosum, displayed unsynchronized, occasional peaks 
in relation to seasonal changes in environmental conditions (Como and 
Magni, 2009). Furthermore, some spionid polychaetes are able to escape 
adverse anoxic conditions of the sediment by changing their feeding 
mode from a typical deposit feeder to a fully filter-feeder (Rosenberg 
et al., 2001). This was also suggested by the functional analysis, in terms 
of structure and diversity of feeding groups, conducted in an estuarine 
system (Barnes and Hendy, 2015). Regarding the ‘life history’ modal
ities, the different reproductive traits represent efficient survival 

strategies to face periodic disturbance (Paganelli et al., 2012). In the 
case of the Cabras lagoon, the higher success of the polychaete Alitta 
succinea compared with Hediste diversicolor (Como and Magni, 2009) was 
consistent with the competitive interferences described for these species 
(Miron and Kristensen, 1993), as well with differences in brooding 
behavior. A. succinea has a longer planktonic larval phase which allows 
it to escape more easily unsuitable confined conditions, and so colonize 
the oligohaline and central area of the lagoon; by contrast, the 
H. diversicolor a tolerant and halolimnobic species characterized by short 
pelagic larval phase, is capable of colonizing and surviving even in the 
most confined areas of the lagoon (Como and Magni, 2009; Foti et al., 
2014). Other species, e.g. Corophium orientale and M. insidiosum, which 
are iteroparous, breeding several times during lifetime, delaying repro
duction, slow growth and longer life span, showed less pronounced 
numerical fluctuation than semelparous and semi-continues invertebrates 
(Giangrande, 1997). As iteroparous, they showed low variation in turn
over and provide the community more stability over time (Törnroos and 
Bonsdorff, 2012) both in the riverine and sea influenced areas of the 
Cabras lagoon. 

In our opinion, these observations show that the functional trait 
analysis is a valuable tool for detecting the main environmental patterns 
along the riverine-lagoon-sea gradient of a transitional system. The PCo 
analysis based on CWM metrics highlighted the consistency between the 
large faunal functional variation and the spatial heterogeneity of the 
study sites. As an example, in the confined zone, the relationship be
tween increased organic inputs in the sediments and changes in the 
structure and metabolism of benthic fauna are very complex. Thus, the 
understanding of these changes requires a thorough knowledge of the 
various processes involved (i.e. advection, sedimentation, mineraliza
tion and resuspension; see Tagliapietra et al., 2012), as well as of the 
morphological, behavioral and life history characteristics of the benthic 
community. 

5. Conclusions 

Our study explored the application of functional and taxonomic in
dicators and biotic indices based on the benthic communities for the 
assessment of the ecological quality of a Mediterranean transitional 
ecosystem. BENTIX showed to be inappropriate for assessing the EQS of 
the study sites in the Cabras lagoon. On the contrary, M− AMBI showed a 
clear response to ecological variations, being more robust when 
computed on abundance data than on biomass data. The BTA appeared 
to be a very promising approach in support to a consolidated knowledge 
of the taxonomic structure and diversity of the macrobenthic assem
blages. As already highlighted by Magni et al. (2005b), Magni et al. 
(2009) and other Authors (e.g., Pusceddu et al., 2007; Puente et al., 
2022), the complexity of the lagoon-sea interaction makes it difficult to 
assess the lagoonal macrofauna distribution and condition when only 
relying on a single biotic index or benthic indicator. We demonstrate 
that the joint use of the biotic index M− AMBI and functional attributes 
may improve our understanding of the functioning and of the ecological 
quality status of transitional water ecosystems. 
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