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A B S T R A C T   

Delta areas are highly dynamic transitional areas, important for burial and decomposition of terrestrial and 
marine organic matter (OM). In these environments, macrofaunal organisms are influenced by fluctuations of 
fresh OM inputs that modify several aspects of their growth, reproduction and behaviour. Macrofaunal bio
turbation activities are significant processes performed by individuals, which directly influence the biogeo
chemical cycling and thus the ecosystem functioning. To assess the influence of terrigenous/freshwater OM on 
bioturbation attributes of macrofauna in a lagoonal system, we integrated the bioturbation and irrigation po
tential (BPc and IPc) community indices and functional traits linked to reworking and ventilation of sediments 
(using Biological Traits Analysis-BTA). The macrofaunal community was investigated in four lagoons (Caleri, 
Marinetta-Vallona, Canarin and Scardovari) of the Po River Delta in Italy (northern Adriatic Sea). We examined 
the macrofaunal biodiversity and bioturbation attributes in relation to grain-size distribution, carbon and ni
trogen ratio (C:N), carbon and nitrogen stable isotopes (δ13C and δ15N), and the radionuclides 137Cs and 7Be. The 
latter were used as proxies of the age of terrigenous/riverine-derived OM. The lowest values of BPc and IPc that 
corresponded to minimum values of benthic biodiversity were observed at the inner sampling stations of Scar
dovari. Here, low diversity values were likely ascribed to recent hypoxic/anoxic conditions exacerbated by the 
low water renewal that characterizes this lagoon, influencing the bioturbation processes. Grain-size fractions 
were significant drivers of the differences in BPc and IPc, and the major number of taxa in coarse sediments 
contributed to the highest values of bioturbation indices. A significant difference in IPc between sandy and 
muddy stations was due to the presence of subsurface deposit feeders with high burrowing depths and blind-ended 
burrows that enhanced the bio-irrigation in coarse sediments. We observed diverse spatial patterns of trait- 
categories belonging to sediment reworking activity at stations differently influenced by freshwater OM. Semi- 
motile and conveyor invertebrates, that are able to move sediment particles through their gut by ingestion and 
secretion, were dominant nearby the lagoon mouths where OM of freshwater origin was present. High occur
rence of motile and biodiffuser invertebrates, that can randomly mix sediments layers, were found at stations 
characterized by old OM. Macrofaunal sediment reworking and ventilation processes are of paramount impor
tance in the framework of an efficient management and sustainable use of lagoons, often exposed to anoxic and 
dystrophic events, that are strongly exploited for aquaculture.   

1. Introduction 

Marine transitional environments, represented mainly by estuaries, 
deltas and lagoons (Tagliapietra et al., 2009), are among the most dy
namic and complex natural ecosystems in the world. They are ecotonal 
environments regulated by interactions between riverine inflows and 
tidal currents and characterized by wide seasonal and daily variability of 

chemical-physical parameters (Elliott and McLusky, 2002). Therefore, 
these environments are frequently described as highly productive, due 
to high abundance and diversity of primary producers influenced by 
high inputs of organic matter (OM) transported by rivers (Nixon, 1986; 
Bongiorni et al., 2018). The mobilization and quality of OM, as well as 
the magnitude of its input within the estuary, are highly dependent upon 
the intensity and frequency of river discharge (Bonifacio et al., 2014). 
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This terrestrial OM may be an important food source for deltaic/es
tuarine consumers as it rapidly accumulates on the riverbed and along 
flood plains of the alluvial system, supplying large amounts of 
allochthonous material (Antonio et al., 2010). 

In estuarine and delta systems, benthic macrofaunal communities are 
principally influenced by fluctuations in organic inputs (Johnson et al., 
2007; Viaroli et al., 2008). The arrival of fresh OM to the sea floor has 
been shown to modify several aspects of growth, reproduction and 
behaviour (e.g. feeding strategies, bioturbation modes) of benthic in
vertebrates (Quij�on et al., 2008). Among the characteristics and 
ecologically important macrofaunal features, bioturbation activities are 
significant processes that occur in marine and lagoonal system (Bou
dreau, 1998). Bioturbation is defined as biogenic activities that cause 
sediment reworking including burrow and mound accumulation, parti
cles ingestion/digestion during foraging, and water transport in and out 
of the sediment matrix (e.g. ventilation and burrow flushing) (Meysman 
et al., 2006; Kristensen et al., 2012). Sediment particles reworking and 
water ventilation through burrows (i.e. bioturbation activities) modify 
primary production, benthic-pelagic coupling, microbial activity and 
composition, metal cycling, redox conditions of sediments, grain-size, 
and carbon and nitrogen cycling (Na et al., 2008; Queir�os et al., 2015; 
Valdemarsen et al., 2018). In fact, since these processes are supported by 
invertebrates’ bioturbation activities, macrofaunal communities have 
been considered key biological components in soft sediments (Loreau 
et al., 2002; Naeem and Wright, 2003). 

Experimental studies that examined bioturbation processes were 
based on several tracer techniques, including the use of phaeopigment 
concentration profiles, radionuclides (Bentley and Nittrouer, 2003) and 
inert fluorescent sediment tracers (i.e. luminophores) (Gerino, 1998; 
Solan et al., 2004b). The latter techniques were used to quantify the 
vertical particles transport and to estimate the biodiffusion coefficient of 
single species (Duport et al., 2006), and of multi-species communities 
(Duport et al., 2007). Solan et al. (2004a), using photographic images of 
sediment profiles, performed parameterized models that predict how 
species extinction is likely to affect the biogenic mixing depth (BMD), an 
indicator of bioturbation. In addition, to estimate species contributions 
to the BMD, a new community bioturbation potential index (BPc) was 
proposed. This index combines structural characteristics of the investi
gated community with biological features such as functional traits, by 
considering each species’ body size, abundance, degree of mobility and 
mode of sediment mixing (the single species’ values are named indi
vidual bioturbation potential-BPi). Overall, the macrofaunal bio
turbation processes and their environmental modifications can be 
addressed not only through biogeochemical analyses but also consid
ering ecological aspects of the species. The bioturbation intensity, esti
mated by Queir�os et al. (2015) as the bioturbation distance (i.e. the 
average distance travelled by a particle in a random-walk bioturbation 
model) was related with the metric of community Bioturbation Potential 
(BPc). Therefore, BPc could be considered as a proxy for the environ
mental biogenic modification capacity of a benthic community (Solan 
et al., 2004a; Queir�os et al., 2015; Gogina et al., 2017). 

The irrigation of sediments induced by organisms is another impor
tant aspect that influences the biogeochemical processes at the sea 
bottom. Bioirrigation is mostly driven by burrow-dwelling animals able 
to ventilate the sediments, creating a rapid exchange of water between 
the overlaying water and subsurface sediment (Kristensen et al., 2012). 
This process is mostly driven by ventilation rates and suspension deposit 
feeding activities of benthic species (Aller, 1982). Consequently, the 
bioirrigation is primarily dependent on body mass and feeding type 
(Christensen et al., 2000). Since in the calculation of community bio
turbation potential (BPc), the mobility trait likely underestimates the 
contribution of sessile species with low mobility but high biorrigation 
efficiency, Wrede and co-authors (2018) modified the BPc proposed by 
Solan et al. (2004a) into a new index, named community irrigation 
potential (IPc). In this index, Wrede at al. (2018) replaced the mobility 
and reworking traits with the functional characteristics of bioirrigation: 

burrow and feeding types and injection pocket depth of burrows. 
BPc has been successfully implemented in several studies and 

correlated with sedimentary processes such as biogeochemical cycling 
and sediment turnover (Foshtomi et al., 2015; Queir�os et al., 2015; 
Wrede et al., 2017); alkalinity fluxes (Braeckman et al., 2014) and 
hypoxia events (Van Colen et al., 2012; Villn€as et al., 2012). Other 
studies underlined the spatial and temporal variability pattern in mac
rofaunal bioturbation activities, in particular related to species richness 
(Baldrighi et al., 2017; Brine et al., 2018), identification of key species 
contributing to bioturbation (Morys et al., 2017) and it was also used for 
modelling and mapping spatial differences of ecosystem functioning 
(Gogina et al., 2017). So far, the BPc index has been usefully applied in 
many marine studies, whereas the new IPc index has been less adopted in 
ecological surveys (Renz et al., 2018). 

Natural and artificial short-lived radionuclides, i.e. 137Cs and 7Be, 
have been widely used in estuarine, coastal and marine areas to evaluate 
sediment accumulation rates across different spatial and temporal scales 
in environments influenced by anthropogenic activities (Battiston et al., 
1988), by riverine loads (Frignani et al., 2005; Palinkas et al., 2005), as 
well as to trace recent terrestrial sedimentary contribution to coastal and 
marine environments (Alvisi et al., 2013). Generally, flood events occur 
over very short time-scales (from days to weeks), so radionuclides with 
monthly half-lives, such as 7Be appear to be appropriate tracers of recent 
flooding events (Feng et al., 1999; Saari et al., 2010). Conversely, the use 
of 137Cs (t1/2 ¼ 30.2 years) allows us to trace riverine-derived sediment 
deposition at sea/delta at a longer time scale and/or reworking pro
cesses according to mass accumulation rates. 

The link between macrofaunal invertebrates and their bioturbation 
processes, and the spatial distribution of recent/older OM has been 
poorly documented, especially in lagoonal system. Therefore, we 
focused on the Po River Delta (northern Adriatic Sea), which is 
considered one of the major transitional systems in Europe. This deltaic 
system and coastal lagoons are ecotonal environments characterized by 
wide seasonal and daily variability of chemical-physical parameters, e.g. 
current speed and direction, salinity, temperature and fluvial inputs 
(Marchini et al., 2008). Furthermore, they are characterised by multiple 
physical-chemical and biological processes favouring inorganic and 
organic sedimentation and bioaccumulation (Hedges and Keil, 1995). 
Previous studies carried out in the Po River Delta lagoons mainly 
focused on the macrofaunal community structure i.e. biodiversity and 
species composition considering different spatial and temporal scales 
(Casellato, 1994; Sabetta et al., 2007), in relation to anthropogenic 
impacts (Munari and Mistri, 2014), or as an indicator of the benthic 
ecological status (Munari et al., 2009; Munari and Mistri, 2010). 
Therefore, the functional features of macrofaunal invertebrates 
regarding the bioturbation modes are still poorly documented, both in 
this area and in lagoonal environments in general. Few studies have 
applied the biological traits approach (using the Biological Trait 
Analysis-BTA) to investigate the functional features of the macrofaunal 
assemblage in lagoonal systems. Some of them considered macrofaunal 
traits occurrences in relation to species richness (Sigala et al., 2012; 
Faulwetter et al., 2015), species distribution (Marchini et al., 2008), 
metal contamination and sewage discharge (Pil�o et al., 2016), and im
pacts by chemical compounds (Egres et al., 2019). 

To the best of our knowledge, this study represents the first attempt 
to investigate the influence of allochthonous terrigenous/freshwater OM 
on bioturbation modes in coastal lagoons, in terms of BPc and IPc indices, 
and biological traits occurrences. We hypothesized that the macrofaunal 
community, inhabiting coastal river lagoons of the Po River Delta, re
sponds differently in terms of bioturbation attributes to uneven amounts 
of riverine material. We aimed to test the following specific hypotheses: 
(1) The zoobenthic community structure influences bioturbation pro
cesses in different sedimentary environments; (2) Macrofaunal bio
turbation attributes display both an inter-lagoonal (among lagoons) and 
an intra-lagoonal (among stations within the same lagoon) pattern; and 
(3) The bioturbation attribute patterns are driven by specific sediment 
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physical-chemical variables. 

2. Methods 

2.1. Study area and sampling design 

The Po River is the main Italian fluvial system, a waterway with a 
length of 650 km and with an annual mean flow rate of ~1500 m3/s 
(Boldrin et al., 2005). Overall, autumn–winter flood peaks exceed 
10 000 m3/s, whereas in summer low water fluxes (few hundred m3/s) 
are registered (Correggiari et al., 2005; Stefani and Vincenzi, 2005). At 
the south-eastern end of the Veneto region, the Po River flows into the 
Adriatic Sea forming a Delta system that originates 50 km inland from 
the coast. The river divides into seven branches, spreading the high 
amount of freshwater and terrigenous material along the coastline 
(Correggiari et al., 2005; Stefani and Vincenzi, 2005). The Po River Delta 
system (ca. 178 km2), is one of the largest wetlands in the Mediterra
nean, second only to the Venice lagoon (ca. 549 km2). The Po Delta la
goons are traditionally exploited for different types of aquaculture, 
mainly mollusc farming, which has become the main economic asset of 
the area. In particular, the clam Ruditapes philippinarum is being inten
sively farmed reaching very high production yields (Turolla, 2008; 
Abbiati et al., 2010). Among the lagoons of the Po River Delta system 
investigated within the framework of the Italian project RITMARE (la 
Ricerca ITaliana per il MARE – Italian Research for the Sea), four la
goons, namely Caleri, Marinetta-Vallona, Canarin and Scardovari, were 
chosen for this study. While Caleri and Scardovari have more marine 
features, Marinetta-Vallona and Canarin are subjected to higher fresh
water inputs. The geographical and hydrological features of these four 
lagoons are exhaustively presented by Maicu et al. (2018). 

The macrofaunal community was sampled in May 2016 at three 
stations in each lagoon following an increasing distance from the sea and 
a different proximity to freshwater input, in order to represent diverse 
environmental features inside each lagoon (CL1, CL2, CL3 in Caleri; 
MV5, MV6, MV7 in Marinetta-Vallona; CN10, CN11, CN12 in Canarin 
and SC15, SC16, SC17 in Scardovari) (Fig. 1). 

At each station, three replicates of sediments were sampled using a 
manual box-corer (sampling area: 225 cm2; 15 cm of depth). The sedi
ment samples were sieved through a 1.0 mm mesh to retain the mac
rofaunal invertebrates and immediately fixed with formaldehyde 
solution (4% v/v final concentration in seawater). After washing, or
ganisms were separated from the sediment, divided into the main 
taxonomic phyla and preserved in ethanol 70�. Macrofaunal organisms 
were identified at the lowest possible taxonomical level (up to the spe
cies level in most cases) using a stereomicroscope (Zeiss Discovery V.12, 
at 8-100x magnification) and counted. Biomass of each taxon was ob
tained by Wet Weight (WW) measurement. Subsequently, the WW 
values were converted in Ash-Free Dry Weight (AFDW) and, if shell- 
organisms were identified, their biomass was transformed in Shells- 
Free Dry Weight (SFDW) before calculating the AFDW. The conversion 
factors proposed by Ricciardi and Bourget (1998) and Brey (2001) were 
used. 

The environmental variables considered in this study (i.e. shells, 
sand, silt and clay fractions, carbon and nitrogen molar ratio C:N, δ15N 
and δ13C stables isotopes) were determined on the same samples, and 
are thoroughly described in Cibic et al. (2019). An aliquot of the 
collected samples was preserved at þ4 �C for radioisotope analysis. 

2.2. Radioisotopes analysis 

7Be is a natural radionuclide with a half-live of 53.3 days and it is 
concentrated in terrestrial soils (Palinkas et al., 2005). The presence of 
7Be would reflect the trajectory of particles as they travel from the 
source region to the ocean. In order to have detectable 7Be in marine 
sediments, the material should be rapidly eroded from soils and deliv
ered to the marine environment with a storage in the drainage basin less 

than 200 days, since recently eroded particles are rarely transported 
directly to the marine environment, but arrive after a series of deposi
tional and erosional events occurring within the river channel and 
floodplains (Palinkas et al., 2005). The contemporary presence of 137Cs 
in the soils of the Po Plain as a result of the Chernobyl accident in 1986 
(Frignani et al., 2004), allows us also to use this radioisotope to trace the 
deposition of riverine-derived sedimentary material at sea/delta at a 
decadal time scale. Moreover, since the 137Cs distribution in sediments 
also depends also on mixing and diffusion, we also wanted to test it as a 
tracer of these processes in the investigated lagoons. 

Radioisotope analysis was performed on an aliquot of the same 
sediment samples (i.e. 0–1 cm surface layer) taken for the other 
considered environmental variables. They were dried at 55 �C, and then 
slightly disaggregated for the analysis of radiotracers by pressing it in 
plastic jars in order to obtain a standard geometry (10 ml). The radio
isotope abundances were measured using the peak at 661.7 keV and 
477 keV for 137Cs and 7Be, respectively, and counted via gamma spec
trometry using co-axial intrinsic germanium detectors (Ortec HPGe 
GMX-20195P and GEM-20200). By means of the GAMMAPLUS soft
ware, the obtained spectra were analysed and the radiotracer activity 
was calculated. Data from stations with a confidence level of the mini
mum detection activity (MDA) equal to 95% were considered as reliable, 
whereas data from stations below this limit were considered not reliable 
(i.e. not detectable ¼ n.d.). Measurement errors were in range of 
0.9–3.2% for 137Cs and 9–45% for 7Be. 

2.3. Bioturbation potential (BP) and irrigation potential (IP) 

The bioturbation potential (BP) introduced by Solan et al. (2004a) 
was calculated as follows:  

BPi ¼ (Bi/Ai) 0.5 * Ai * Mi * Ri, whereas BPc ¼
Pn 

i¼1 BPi                         

Fig. 1. Location of the sampling stations in the four lagoons (from N to S: 
Caleri, Marinetta-Vallona, Canarin, Scardovari) of the Po River Delta. 
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where Ai is the number of individuals per m2; Bi is the biomass (i.e. 
AFDW) of individuals in grams per m2; Mi and Ri are species categorical 
scores that reflect increasing mobility (Mi) and increasing sediment 
reworking (Ri). Calculations were conducted for individual taxa (BPi) 
and for the whole community (BPc). In this study, information on 
mobility and reworking mode was coded following Queir�os et al. (2013) 
and Gogina et al. (2017). For a few species it was not possible to retrieve 
this information from the literature, therefore scores were assigned 
based on expert knowledge (see Table S1 for species categorical scores of 
Mi and Ri). Sedentary epifauna species not involved in sediment trans
port (those scored with Mi and Ri both equal to1) were excluded from the 
calculation. 

The irrigation potential (IP) was introduced for the first time by 
Wrede et al. (2018). The taxa (IPi) and the community (IPc) irrigation 
potential were calculated as follows:  

IPi ¼ (Bi/Ai) 0.75 * Ai * BTi* FTi*IDi and IPc ¼
Pn 

i¼1 IPi                          

where Bi is the body weight (g m� 2) while Ai its abundance (m� 2). The 
chosen traits that characterize the irrigation behaviour of macro
zoobenthic organisms and their effects on the ecosystem functioning 
were: burrow type (BTi), feeding type (FTi), and injection pocket depth 
(IDi). These traits were subdivided into categories that describe the 
species-specific occurrence of the respective trait. To each category, a 
descriptive numerical score was assigned (Wrede et al., 2018). Since in 
the study area the sub-suspension/funnel habit was lacking, whereas the 
deposit feeding one was predominant, we introduced a little adjustment. 
The calculation was modified by dividing deposit feeder habit in surface 
and subsurface deposit feeder modalities, with different categorical 
scores (see Table S1 for taxa categorical scores of BTi, FTi IDi). Infor
mation on BTi, modes were obtained from the literature (Kristensen 
et al., 2012; Renz et al., 2018; de-la-Ossa-Carretero et al., 2012). For FTi 
type we follow the authors Jumars et al. (2015) and the databases: www. 
marlin.ac.uk/biotic; www.polytraits.lifewatchgreece.eu. In particular, 
information on IDi the following references were used: Morys et al. 
(2017); Atkinson et al. (1998); Levin et al. (1997). 

2.4. Functional traits (BTA) 

To investigate the effect of terrigenous/riverine OM on macrofaunal 
bioturbation activities in the Po River Delta lagoonal system, we inte
grated the Bioturbation potential (BPc) and Irrigation potential (IPc) 
community index with the functional identity information on macro
faunal community, derived from the biological traits analysis (BTA). By 
combining the BP and IP calculations with the BTA analysis, it was 
possible to gain more information on macrofaunal bioturbation attri
butes. The biological traits considered in this study (4 traits, 16 cate
gories) were based on (i) the invertebrates’ potential relationship with 
different OM inputs and loads, and (ii) their role in bioturbation (i.e. 
mobility and sediment reworking) and bioirrigation (feeding habits and 
sediment ventilation) processes (Table 1). 

The macrofaunal taxa were coded for categories of each trait using a 
“fuzzy-coding” procedure (see Table S2 for taxa scores). The latter in
volves the assignment of a score ranging from a minimum of 0 (no af
finity for the considered category) to a maximum of 3 (high affinity). 
Intermediate values, 1 and 2, represent a low and moderate-high 
importance for the selected trait, respectively. The fuzzy coding pro
cedure (applied in this BTA), allows taxa to exhibit trait-categories to 
different degrees and to consider intraspecific variations in traits oc
currences (Bremner et al., 2003; Chevenet et al., 1994). This can give 
more insight into information on bioturbation attributes that may be 
considered from different points of view. In fact, the sole use of cate
gorical scores of BPc and IPc indices could lead to possible misjudge
ments and might not include the potential effects of species’ behavioural 
changes along environmental gradients. For this reason, we considered 
the variation in traits-occurrences among taxa and the different degree 

of affinity for certain traits, integrating the BPc and IPc calculations with 
the functional identity analysis. 

Traits for each taxon were obtained from literature sources (i.e. 
Ruppert et al., 2004; Queir�os et al., 2013; Jumars et al., 2015; Gogina 
et al., 2017) and databases (www.marlin.ac.uk/biotic; www.polytraits. 
lifewatchgreece.eu). When we were not able to find information about 
traits of a particular species, data on the genera or families were used. 
Further, we were unable to obtain information on a higher taxonomic 
level, the species was given a zero score for each category and for all 
traits. In addition, to determine the functional identity, i.e. which mo
dalities of each trait occurred by the taxa in a sample, the community 
level weighted means (CWM) was calculated (Weigel et al., 2016; Nasi 
et al., 2018). CWM values represent the occurrence of a trait by species 
of a given community, weighted by the abundance of species expressing 
that specific trait. For the computation of CWM in our study, the species 
assemblage (average of three replicates at each station) was considered. 
CWM was calculated for each sampling station using the FD library (R 
program ver 3.1.3) (Lalibert�e et al., 2014). 

2.5. Data analysis 

In this study, we applied the RLQ analysis (Dol�edec et al., 1996) to 
assess the influence of different physical features on macrofaunal com
munity bioturbation attributes in the sampling area. The RLQ analysis 
requires the generation of three different data tables: the R table, gathers 
information on the environmental variables (i.e. grain-size fractions; C: 
N ratio; 137Cs and 7Be radioisotopes; δ13C and δ15N stable isotopes) from 
all sites; the L table, constituted by the abundance of each species in each 
sampling site; and the Q table, composed of trait data provided by the 
fuzzy-coding procedure of the scoring of each taxa of the sixteen 
different traits. Before running the RLQ analysis, as a first step, we 
carried out the analysis separately on each of the following three tables: 
environmental variables (R), abundance (L), and traits (Q). Thus, a 
correspondence analysis (CA) was firstly conducted on the L table, while 
a principal component analysis (PCA) was performed on the R table. 
Regarding fuzzy-coded trait data, a fuzzy correspondence analysis (FCA) 
was conducted. These separate analyses were then combined with the 
RLQ analysis maximizing the covariation between environmental vari
ables and taxonomical traits. RLQ ordination was carried out with ade4 
package in the R program (ver. 3.1.3) (Dray et al., 2007). 

Based on RLQ analysis results, three groups of stations (i.e. outer; 
inner-finer grain-size and inner coarser grain-size stations) were iden
tified considering the lagoonal confinement gradient and the grain-size 
distribution pattern. A one-way PERMANOVA test was applied to check 
for significant differences in physical-chemical parameters among 

Table 1 
Biological traits with their categories characterizing multiple aspects of bio
turbation in relation to terrigenous/riverine input of organic matter for the 
investigated taxa. In the text abbreviations are used.  

Traits Categories Code 

Feeding strategy Suspension feeder Susp 
Surface deposit feeder Sdep 
Subsurface deposit feeder Ssdep 
Herbivore Herb 
Carnivore Car 

Mobility Sessile Sess 
Semi-motile Smot 
Motile Mot 

Reworking No-reworking Non 
Superficial modifier Smod 
Biodiffuser Bdif 
Conveyor Cnvy 
Regenerator Regr 

Ventilation No-burrow Nbrw 
Blind-ended burrow Blnb 
Open-ended burrow Opnb  

F. Nasi et al.                                                                                                                                                                                                                                     



Estuarine, Coastal and Shelf Science 232 (2020) 106405

5

groups of stations, where factor ‘confinement/grain-size’ was selected as 
fixed factor. When significant differences were observed, PERMANOVA 
pairwise tests were performed. Unrestricted permutation of raw data 
and 9999 permutations were applied. Prior to analyses the abiotic pa
rameters were normalized and the Euclidean distance was applied. 

Univariate diversity analysis was applied to macrofaunal community 
composition considering the total species number and diversity (H’, 
Shannon and Weaver, 1949). 

The differences in total species numbers, diversity, BPc, IPc and traits 
occurrences (functional identity-CWM values) among lagoons and 
groups of stations (‘confinement/grain-size’ factor) were computed by 
Kruskal-Wallis H and Mann-Whitney U tests, respectively. 

To highlight any variations in macrofaunal bioturbation attributes 
(taxa bioturbation potential-BPi; taxa irrigation potential-IPi and CWM 
values) linked to inter-lagoonal (among different lagoons), intra- 
lagoonal (among stations within the same lagoon) and grain-size dis
tribution patterns a PERMANOVA test was used. The factor ‘confine
ment/grain-size’ was applied as fixed factor in a one-way analysis. When 
significant differences were observed, PERMANOVA pairwise tests were 
performed. Unrestricted permutation of raw data and 9999 permuta
tions were applied. 

In order to observe any spatial patterns of individual bioturbation 
and bioirrigation values in the study area, a non-metric multidimen
sional scaling analysis (nMDS) was performed for two matrices (i.e. BPi 
and IPi, separately). To detect which taxa were mainly responsible for 
bioturbation and irrigation activities (BPi and IPi data, respectively) at 
stations gathered in the RLQ diagram, SIMPER (SIMilarityPERcentange) 
analysis was used and factor ‘confinement/grain-size’ was assigned. A 
cut-off at 60% was applied. 

A BIO-ENV analysis was used as a first exploratory approach, to 
assess which environmental variables best correlated with the bio
turbation and irrigation potential (BPi and IPi), and CWM values. Data 
were normalized before entering the analysis and the BIO-ENV routine 
was calculated using the Spearman’s coefficient. The main environ
mental parameters correlated with species composition and trait mo
dalities occurrences were used to perform Distance-based Linear Models 
(DistLM). The latter was carried out to assess which variables explained 
differences (p < 0.05) in species and traits composition. The environ
mental parameters were normalized and a selection based on R2 was 
applied. 

For each univariate and multivariate analyses (i.e. PERMANOVA, 
SIMPER, DistLM and nMDS) the two matrices based on BPi, IPi values 
were Log (xþ1) transformed and the Bray-Curtis similarity was applied; 
whereas for CWM data matrix a Log (xþ1) transformation and Euclidean 
distance were used. These analyses were performed using PRIMER 7 
(PRIMER-E Ltd. Plymouth, UK) (Clarke et al., 2014). 

To highlight the spatial relationship between predictor variables (the 
considered abiotic parameters) and bioturbation attributes, a Spear
man’s correlation and linear regression were computed. These analyses 
were tested for response variables as: (i) BPc and IPc; (ii) functional 
occurrences (CWM values); (iii) bioturbation and individual irrigation 
potential, selected by SIMPER analysis. By doing so, the predictive 
power of environmental parameters for each bioturbation attribute was 
discriminated via the coefficient of determination rs (Spearman’s cor
relation) and R2 (linear regression). 

The Mann-Whitney and Kruskal-Wallis tests were computed using 
STATISTICA 7 software and only significant data (p < 0.05, <0.01 
and < 0.001) were reported. 

3. Results 

3.1. Environmental variables 

The measured environmental factors, thoroughly described in Cibic 
et al. (2019), are briefly summarized in Table 2. We observed 7Be ac
tivity at all the investigated lagoons with a different pattern: in Caleri it 

was detected only at station CL2 (74.4 Bq kg� 1); in Marinetta-Vallona 
and Canarin at two stations, but with lower activities (i.e. MV6 ¼ 22.0 
Bq kg� 1, MV5 ¼ 58.2 Bq kg� 1, CN12 ¼ 31.8, Bq kg� 1 and CN10 ¼ 66.0 
Bq kg� 1); at Scardovari at all stations, with an average value around 
48 � 15 Bq kg� 1. 137Cs displayed the following activities: 6.4–10.9 Bq 
kg� 1 in Marinetta-Vallona; 4.3–12.3 Bq kg� 1 in Caleri (except for CL1 
where it was not detected); 7.7–12.8 Bq kg� 1 in Scardovari; 4.6–13.9 Bq 
kg� 1 in Canarin. 

We did not observe any pattern of 7Be with grain-size (Fig. 2a). On 
the contrary, we noticed, even though not consistently, increasing ac
tivities of radioisotope 137Cs at stations characterized by higher per
centages of clay and silt and fresher OM (Fig. 2b and d). Conversely, at 
sandier stations we observed C-depleted values of OM and low 137Cs 
activities (Fig. 2d). CL1 and CL2 seemed to represent an exception, 
displaying relatively high δ13C values typical of marine origin (Bon
giorni et al., 2018). The OM coming from the surrounding land and 
river, marked by 7Be (Fig. 2c), varied in relation to δ13C values and again 
was not strictly correlated with the grain-size. 

3.2. RLQ combined analysis 

The first RLQ axis accounted for 63.6%, whereas the second axis 
represented 32.0% of the total variance (Table 3). This analysis showed 
a strong association between sand, in the positive part of RLQ1 and no- 
burrow, sessile and suspension feeder modalities. The corresponding spe
cies, associated with higher percentage of sand, were the polychaetes 
Laonice cirrata and Polydora ciliata, the crustacean, Upogebia pusilla and 
the decapod Carcinus aestuarii. Clay, silt and 137Cs were the predominant 
elements of the negative part of RLQ1 axis related with biodiffuser, open- 
ended burrow and subsurface deposit feeder as trait-categories. These as
sociations largely matched the characteristics of the polychaete Alitta 
succinea and oligochaetes. The positive part of RLQ2 revealed that 
conveyor modality, mainly expressed by the polychaetes Heteromastus 
filiformis and Streblospio shurubsolii, was associated to C:N ratio. The 
negative part of RLQ2 showed that δ15N and δ13C were associated with 
motile and no-reworking trait categories. The main corresponding taxa 
were the bivalve Haminoe navicula and chironomids. On the RLQ plot, 
stations were separated into three groups: those nearby the lagoonal 
mouths (‘outer’: CN11, CL3, SC15 and MV5) were placed on the right 
and upper side of the plot, in correspondence to sand and high value of 
C:N ratio. The inner stations of Marinetta-Vallona and Caleri (‘inner- 
coarser’ grain-size: MV7, CL1 and CL2), characterized by coarser sedi
ments with shell fragments and increasing values of δ13C, were gathered 
on the right and low side of the diagram. The last group, located on the 
left side of the plot (‘inner-finer’ grain-size: SC17, CN10, CN11, MV6), 
compromised stations with fine grain-size and high activities of 137Cs 
(Fig. 3). The PERMANOVA one-way main-test performed on environ
mental data revealed that the considered abiotic variables significantly 
differed (Pseudo-F ¼ 7.65; p < 0.001) among the three groups. All 
pairwise comparisons between these groups were significantly different, 
varying from t ¼ 2.30; p < 0.05 for ‘outer’ vs ‘inner-coarser’ to t ¼ 3.60; 
p < 0.01 for ‘outer’ vs ‘inner-finer’. 

3.3. Macrofaunal bioturbation attributes 

Considering all sampling stations of the Po Delta lagoons, the mac
rofaunal abundance varied from 1081.0 ind. m� 2 at CL1 to 14236.0 ind. 
m� 2 at MV7. At the same stations, the lowest (13.2 g m� 2) and highest 
(3386.0 g m� 2) values of biomass were noticed, respectively. Poly
chaetes and oligochaetes were the dominant taxa (48.6% and 24.1% of 
the total abundance) followed by crustaceans (18.3%) and molluscs 
(5.6%) and other groups (anthozoans, nemertea, oligochaetes and chi
ronomids, together <5%). The latter are highly abundant at CL2 (2237.0 
ind. m� 2). In the whole sampling area, a total of 97 taxa were found. The 
number of taxa varied from a minimum of 11 to a maximum of 39 at 
SC17 and MV5, respectively. Diversity values (H’ log2) ranged from 
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1.3 at SC17 to 3.2 at MV7. 
The community bioturbation potential (BPc) and irrigation potential 

(IPc) values were lower at SC16 (168.0 and 42.5 respectively) whereas 
the highest values of BPc (2341.4) and IPc (1053.7) were calculated for 
MV5 and SC15, respectively (Fig. 4). The Kruskall-Wallis H test did not 
reveal any variation in taxa numbers, biodiversity, and bioturbation 

indices (i.e. BPc and IPc) in relation to inter-, intra-lagoonal and sedi
ment grain-size. However, higher values of total number of taxa and IPc 
were observed at outer stations rather than inner ones, characterized by 
fine sediments (Fig. 5). On the contrary, the PERMANOVA main-test 
performed on individual bioturbation potential (BPi) highlighted sig
nificant differences among groups of stations that emerged from RLQ 

Table 2 
Coordinates, grain-size, expressed as percentage of dry mass and sediment organic matter features at the sampling sites: Cs and Be radioisotopes (137Cs and 7 Be), C and 
N stable isotopes (δ13C and δ15N) and carbon and nitrogen ratio (C:N) (Cibic et al., 2019). n.d.: non detectable.   

Latitude Longitude shells sand silt clay 7Be error 137Cs error δ13C δ15N C:N 

% Bq/kg ‰ 

CL1 45� 060 58.700 12� 180 32.200 2.8 32.4 34.5 30.3 n.d. <32.8 n.d. <3.3 � 22.4 3.9 8.6 
CL2 45� 050 29.500 12� 180 02.200 4.3 41.3 29.0 25.4 74.4 �29.6 4.3 �1.6 � 20.7 4.3 7.8 
CL3 45� 050 08.100 12� 190 35.200 0.0 56.9 21.4 21.7 n.d. <44.9 12.3 �2.5 � 26.2 2.7 12.8  

MV5 45� 030 35.300 12� 220 11.300 1.8 69.8 10.3 18.1 58.2 �17.8 6.4 �2.3 � 26.6 2.3 12.6 
MV6 45� 020 48.900 12� 220 55.20 0.3 22.3 29.8 47.6 22.0 n.d. 10.9 �2.0 � 25.5 4.1 10.4 
MV7 45� 010 13.200 12� 220 48.500 19.0 34.3 15.6 31.2 n.d. <41.2 9.9 �2.3 � 24.0 4.1 8.0  

CN10 44� 550 57.900 12� 290 54.800 0.0 0.7 35.9 63.4 66.0 �20.0 13.5 �2.4 � 25.6 2.0 9.1 
CN11 44� 550 17.300 12� 300 01.300 0.2 62.1 13.8 23.9 n.d. <26.2 4.6 �0.9 � 27.0 1.6 14.7 
CN12 44� 540 14.900 12� 290 11.800 0.0 0.7 32.0 67.3 31.8 �9.0 13.9 �1.2 � 25.0 4.3 7.8  

SC15 44� 500 36.700 12� 260 45.800 1.2 68.8 10.4 19.6 51.8 �16.0 7.7 �2.5 � 25.5 0.2 10.0 
SC16 44� 510 22.700 12� 240 50.100 0.0 7.9 44.0 48.1 54.3 �16.7 12.0 �2.7 � 23.8 2.3 7.9 
SC17 44� 500 21.600 12� 240 21.200 0.0 1.1 46.2 52.8 36.5 �11.0 12.8 �2.6 � 25.1 1.2 9.3  

Fig. 2. Relationship between δ13C and values radioisotopes signals, 137Cs (a) and 7Be (b) observed at sampling areas.  
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analysis (‘confinement/grain-size’ as factor) (Pseudo-F ¼ 1.94; 
p < 0.05). The pairwise test confirmed a highly significant difference 
between ‘inner-coarse’ vs ‘inner-finer’ groups (t ¼ 1.58; p < 0.05). 
Similar results were obtained by PERMANOVA main-test performed on 

individual irrigation potential (IPi) (Pseudo-F ¼ 1.74; p < 0.05). A sig
nificant difference was highlighted between ‘inner-coarser’ and ‘inner- 
finer’ groups by pairwise test (t ¼ 1.47; p < 0.05). 

The nMDS performed on BPi and IPi values further confirmed the 
PERMANOVA results (Fig. 6). The two ordination plots clearly separated 
inner stations characterized by coarse sediments from those where 
major percentages of silt and clay were observed. This was particularly 
evident for SC16 and SC17 that were positioned on the right side of the 
plot at the maximum distance (Bray-Curtis maximum dissimilarity) from 
CL2, indicating a tight link between bioirrigation macrofaunal activities 
and grain-size (Fig. 6a and b). 

Further, SIMPER analysis performed on BPi and IPi values showed 
differences among the three groups of sites (‘confinement/grain-size’ as 
factor), corroborated by the RLQ results (Table S3). 

Considering the macrofaunal community of the study area, CWM 
values showed higher occurrences for categories: semi-motile, biodiffuser 
and surface deposit feeder. On the contrary, less represented categories 
(CWM values < 0.5) of traits were: no movement, regenerator and herbi
vore. Some trait categories were differently expressed among the three 
groups of sites (‘confinement/grain-size’ as factor) (Fig. 7). At outer 
stations conveyor and blind-ended burrow invertebrates were highly 
expressed compared to inner stations. In particular, the conveyor mo
dality significantly differed for the three groups of stations (H ¼ 7.26; 
p < 0.01), specifically between ‘outer’ and ‘inner-coarser’, (Z ¼ 2.6; 
p < 0.05). A prevalence of carnivore, sessile, semi-motile, motile, no- 
reworking, superficial modifier, regenerator, no burrow as trait categories 

Table 3 
RLQ results. Individual R-L-Q separate analysis and RLQ analysis.  

Cumulative projected inertia (%): 

Ax1 Ax1:2     
63.7 95.7     
Projected inertia (%): 
Ax1 Ax2     
63.7 32.0     
Eigenvalues decomposition:  

eig covar sdR sdQ corr 
eig1 3.71 1.93 1.92 1.96 0.51 
eig2 1.87 1.37 1.6 1.44 0.60 
Inertia & coinertia R (env):  

inertia max ratio   
eig1 3.71 3.9 0.94   
eig1þ2 6.27 6.36 0.99   
Inertia& coinertia Q(traits):  

inertia max ratio   
eig1 3.84 4.25 0.90   
eig1þ2 5.90 6.75 0.87   
Correlation L (CA on abundance):  

corr max ratio   
eig1 0.51 0.86 0.59   
eig2 0.60 0.70 0.85    

Fig. 3. RLQ diagram as defined by two first axes 
with a projection of sampling sites a), environmental 
variables b) and different trait categories c). The 
d value in the upper right of the corner is the scale of 
each graph. The circles gather significant group of 
stations (by PERMANOVA tests). Yellow full circle 
encloses the outer stations; scarlet dashed and dotted 
circle encloses the inner coarser grain-size stations; 
Green dashed circle encloses the inner finer grain- 
size stations. (For the interpretation of the refer
ence to colour in this figure legend, the reader is 
referred to the Web version of this article.). (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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were observed at station gathered in the ‘inner-coarser’ group. In 
particular, significantly higher values of regenerator and superficial- 
modifier invertebrates were observed at ‘inner coarser’ stations rather 
than at ‘inner-finer’ (H ¼ 7.22 and Z ¼ 2.40; p < 0.05) and ‘outer’ ones 
(H ¼ 6.54 and Z ¼ 2.42; p < 0.05). Further, the biodiffuser and open- 
ended burrow as modalities were highly expressed at inner stations 
characterized by fine sediments. This difference was statistically sig
nificant for biodiffuser invertebrates (H ¼ 6.54; p < 0.05), which 

dominated at ‘inner-finer’ stations compared to ‘outer’ ones (Z ¼ 2.42; 
p < 0.05). 

3.4. Relation between bioturbation indices or traits, and environmental 
variables 

The BIO-ENV analysis was performed on bioturbation and irrigation 
potential taxa and traits occurrences, separately, and the considered 

Fig. 4. Bioturbation potential (BPc) and irrigation potential (IPc) of community and species diversity (H0).  

Fig. 5. Boxplots showing the variability of number of taxa, species diversity, bioturbation potential (BPc) and irrigation potential (IPc) of community at stations 
gathered by RLQ analysis. The different groups are indicated with different colours. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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environmental variables. BPi and IPi values were best correlated with silt 
fraction, 137Cs, 7Be, δ13C and δ15N (rs ¼ 0.51, 0.50), whereas the trait- 
categories occurrences were related with clay fraction, 137Cs, 7Be, δ13C 
and δ15N (rs ¼ 0.42). The significant variables obtained from the BIO- 
ENV analyses performed on BPi and IPi data (i.e. silt, 137Cs, 7Be, δ13C, 
and δ15N) were used to perform a Distance-based Linear Model 
(DistLM), from which it emerged that δ13C was the significant driver of 
bioturbation and irrigation macrofaunal attributes. In addition, the 
significant environmental variables obtained from the BIO-ENV analysis 
performed on CWM values (i.e. clay, 137Cs, 7Be, δ13C, and δ15N) were 
included in the DistLM. According to the model output, clay and δ15N 
were the significant drivers of the trait-categories occurrences. The 
outputs of DistLM analyses are summarized in Table 4. 

The linear regression was computed using trait-categories occur
rences and bioturbation and irrigation potentials of taxa, that emerged 

from the SIMPER analysis (as response variables), and abiotic variables 
(as predictors). Categories belonging to ‘feeding strategy’, ‘Mobility’, 
and ‘Reworking’ traits and BPi and IPi of chironomids, the amphipod 
Monocorophium insidiosum and polychaetes Capitella capitata and 
S. shurubsolii, were well predicted by grain-size fractions, stables iso
topes and C:N, as reported in Table S4. 

Moreover, a significant relationship was found between 
M. insidiosum, superficial modifier, and δ13C. At ‘inner-coarser’ stations 
we observed the highest abundance of the superficial modifier 
M. insidiosum in relation to fresh OM (Fig. 8a). In addition, oligochaetes 
and the biodiffuser modality were well predicted by the radioisotope 
137Cs (Fig. 8b). On the contrary, the decapod C. aestuarii and regenerator 
modality were significantly related to lower values of 137Cs (Fig. 8c). 
Moreover, S. shurubsolii and conveyor modality were well predicted by C: 
N ratio (Fig. 8d). 

Fig. 6. nMDS ordination plot based on BPi (a) and IPi (b) values at sampling stations gathered by RLQ analysis. The most relevant taxa (according to SIMPER 
analyses) are represented. See Table S1 for taxa name. 
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4. Discussion 

Our results show that a reduction of bioturbation and biorrigation 
potential indexes was linked to a decrease of biodiversity. This was in 
line with our first hypothesis that zoobenthic community structure 
would influence bioturbation processes. Our second hypothesis was also 
not rejected, since differences in macrofaunal bioturbation attributes 
displayed both an inter-lagoonal (among lagoons) and an intra-lagoonal 
(among stations within the same lagoon) pattern. The different renewal 
time of marine water inside lagoons (confinement) may have influenced 
the survivorship of certain species and therefore some bioturbation at
tributes were not expressed. Differences in macrofaunal bioturbation 
attributes among lagoons were likely due to the overall diverse grain- 

size composition, as well as to the degree of freshness and origin of 
OM (estimated by 7Be and 137Cs). Indeed, grain-size and the presence of 
riverine-derived OM could be considered the main drivers of different 
bioturbation attribute patterns. In particular, our results show that in
vertebrates with high burrowing depths and blind-ended burrows, 
abundant at sandier stations, enhanced the biorrigation. In contrast, the 
reworking activities (i.e. categories belonging to ‘mobility’ and 
‘reworking’ traits) of macrofaunal invertebrates seemed to be linked to 
allochthonous OM deposition rather than sediment grain-size. In 
particular, the high density of conveyors increases the bioturbation ac
tivities, enhancing the overall ecosystem functioning in sites influenced 
by river-derived OM matter. 

Fig. 7. Boxplots showing the variability of trait modalities occurrences (community–weighted means-CWM) at sampling stations gathered by RLQ analysis. Variables 
with an asterisk explain significant difference between two groups of sites (K-W test). Herbivore as trait modality is not represented. 

Table 4 
DistLM (Marginal test) results for species bioturbation potential, species irrigation potential and trait-categories occurrences in relation to environmental variables. SS: 
Sum of square. Prop: proportion of variance explained by each variable. p values having statistical significance are highlighted in bold.  

Response variables R2 (DistLM) Selected predictors SS(trace) Pseudo-F P Prop. 

BPi 0.61 Silt 3350.70 1.65 0.09 0.14 
137Cs 3454.40 1.70 0.07 0.14 
7Be 1924.60 0.88 0.56 0.08 
δ13C 3966.20 2.01 0.03 0.17 
δ15N 3220.10 1.57 0.10 0.13 

IPi 0.60 Silt 3255.90 1.52 0.12 0.13 
137Cs 2923.8 1.34 0.38 0.12 
7Be 2420.50 1.08 0.20 0.09 
δ13C 4135.9 2.01 0.03 0.17 
δ15N 3465.6 1.63 0.08 0.14 

Trait-categories 0.66 Clay 2.26 3.21 0.02 0.24 
137Cs 1.01 1.22 0.31 0.10 
7Be 0.43 0.48 0.750 0.46 
δ13C 1.11 1.36 0.27 0.12 
δ15N 2.74 3.40 0.04 0.21  
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4.1. Macrofaunal bioturbation attributes in the estuarine coastal area 

The macrofaunal community in Po River Delta lagoons can be 
considered as a typical community of brackish coastal lagoons (e.g. 
Koutsoubas et al., 2000; Nicolaidu et al., 2006; Basset et al., 2012) with 
euryhaline and eurythermic species. At sites near the inlets, more 
influenced by the seawater, a dominance of marine/estuarine species 
was observed, such as the polychaete Heteromastus filiformis and the 
bivalve Abra prismatica. On the other hand, the innermost parts of the 
lagoons were dominated by lagoonal/paralic taxa (e.g. the polychaete 
Alitta succinea and the crustacean Monocorophium insidiosum). 

On a large scale, our results revealed that the intra-lagoonal position 
of stations is highly related to the bioturbation attributes of the mac
rofaunal community inhabiting the sediments of the Po Delta lagoons. 
Several key factors, including salinity, affect biodiversity and functional 
taxa identity in the lagoonal system. Species richness in coastal lagoons 
is not dependent on salinity alone, but it is a result of the so-called 
“confinement”, i.e. the time required for the renewal of marine ele
ments in a basin (Tagliapietra et al., 2009). In fact, in our study area, the 
macrofaunal diversity appeared to be highly influenced by the renewal 
time of marine water, showing low biodiversity and strong dominance of 
few paralic species (Guelorget and Perthuisot, 1983) in areas where the 
renewal time was high. Maicu and co-authors (2018), by applying an 
unstructured 3D numerical model, revealed that the northern part of 
Scardovari remains very confined, with an estimated average time of 
water renewal of up to 20 days. In addition, the innermost part of 
Scardovari is frequently subjected to hypoxia/anoxia events (ARPAV, 
2016). The low water exchange may further magnify the negative effects 
of oxygen deficiency on benthic organisms. Indeed, we observed the 
lowest H’ values in the Scardovari lagoon, particularly at the two inner 
stations SC16 and SC17. This low diversity, in turn, likely influenced the 
bioturbation activities within the sediments since at these stations the 
lowest values of BPc and IPc indices were obtained (see Fig. 4). Similarly, 
benthic communities at lower trophic levels were also poorly structured 
(i.e. low biodiversity and presence of tolerant species) in the innermost 

part of Scardovari (Cibic et al., 2019; Franzo et al., 2019). 
On a small scale, physical environmental features, mainly different 

grain-size fractions, determine the broad pattern of benthic organism 
distribution. Our findings are in line with previous studies that have 
reported grain-size as the main driver of the spatial distribution pattern 
of the bioturbation attributes (Gogina et al., 2017; Morys et al., 2017). 
These authors highlighted differences in bioturbation potential, both 
considering the entire community (BPc) and the individual taxa (BPi), 
between stations characterized by coarse and fine sediments. They also 
observed an increase in the number of species, abundance, biomass and 
consequently BPc values, in correspondence with a higher sand fraction, 
as we did in our study area. The latter was observed in 
Marinetta-Vallona lagoon, where the sandier station located nearby the 
lagoonal mouth was characterized by the highest BPc values; whereas 
the highest value of H0 was noticed at the inner station influenced by 
sandy-mud sediments with a high amount of shell fragments. In fact, the 
high grain-size variability in unconsolidated bottoms (i.e. mixed 
grain-size particles) contributes to the development of high species 
richness, particularly in soft sediments (Gray, 2002). Overall, in our 
study, a higher percentage of sand was found at the lagoonal mouths 
where marine and euryhaline/lagoonal species inhabit the same sedi
ments, increasing the biodiversity at those stations and, consequently, 
leading to the highest values of BPc. Similarly, the difference in bio
irrigation potential (IPc) observed between coarse and fine sediments 
was also likely ascribable to high species richness, abundance, and 
biomass at sandier stations. The bivalve Ruditapes philippinarum and 
polychaete H. filiformis majorly contributed to this difference, due to 
high individual biomass and abundance, respectively. However, the 
significant difference obtained for IPc values (PERMANOVA test) was 
mostly due to irrigation functional features of certain species: the 
crustaceans Upogebia tipica and Upogebia pusilla, the polychaetes Cap
itella capitata, Pseudoleiocapitella fauveli, and Maldanidae. Following the 
categorical scores for IP calculation promoted by Wrede et al. (2018), 
these taxa (in particular Upogebia spp. and Maldanidae, see Table S1) 
were characterized by high burrowing depth and type of burrowing 

Fig. 8. Relationship between Superficial modifier, Bdiffuser, Regenerator, and Conveyor (CWM values), significant environmental variables (Spearman correlation-rs 
and linear regression test-R2): δ13C (a), 137Cs (b, c) and C:N (d); and increase abundance values (ind. m� 2 ) of taxa: Monocorophium insidiosum (a), Oligochaeta (b), 
Carcinus aestuarii (c) and Streblospio shrubsolii (d). The grey and black fitted lines indicate significant relationships between modalities, taxa abundance and abiotic 
parameters, respectively. 
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structure that increase the water ventilation within the sediment layers. 
The burrowing depth is important for the pore water exchange and local 
input of oxygen into anoxic sediments. In particular, the effects of deep 
burrowing organisms are enhanced in oxic or suboxic sediments 
compared to those of shallow burrowers (Aller, 1988). Furthermore, the 
burrow morphology plays a key role in determining the modality of pore 
water exchange within sediments (Kristensen and Kostka, 2005). In 
more permeable sandy sediments, the burrow irrigation is characterized 
by advection of pore water, leading the building of blind-ending bur
rows (Kristensen et al., 2012). Conversely, in finer sediments, the 
permeability is low and therefore the open ending burrows with two or 
more openings to the sediment surface are common and amplify the pore 
water exchange with radial diffusion mode. This difference underline 
that the two pore water exchange systems, i.e. advection and diffusion, 
are fundamental in bioirrigation processes (e.g. biogeochemical cycling, 
microbial respiration). In fact, there is experimental evidence (Mermil
lod-Blondin and Rosenberg, 2006) that the advection-dominated system 
enhances microbial respiration (over 20-fold) at the burrow wall - 
sediment interface, compared to diffusion-dominated systems. This was 
also confirmed by our findings. Among modalities belonging to ‘venti
lation’ traits, the blind-ended burrow was more expressed (CWM-values) 
at sandy stations whereas the open-ended burrow was dominant at muddy 
ones (see Fig. 7) indicating that the sediment ventilation (in an 
advection-dominated system) was more intense at stations characterized 
by coarse sediments. 

4.2. Feeding strategy, sediment reworking, and relation with 
environmental variables 

The feeding strategy of macrofaunal invertebrates is fundamental to 
determine the type of burrows and the modes of locomotion and defe
cation (Jumars et al., 2015; Kristensen and Kostka, 2005; Kristensen 
et al., 2012). As in Wrede et al. (2018) and Renz et al. (2018), in the IPc 
calculation, we added the trait ‘feeding habit’ in the BTA analysis. Our 
results indicated that surface and subsurface deposit feeders mostly 
contributed to BPc and IPc of the lagoon system, followed by suspension 
feeders, herbivores, predators and scavengers, as previously found in 
shallow marine environments (Gogina et al., 2017; Breine et al., 2018) 
and other lagoon systems (Marchini et al., 2008). The Kruskal-Wallis test 
did not highlight any pattern in functional habits across the study area, 
although from the RLQ analysis differences in suspension feeders and 
deposit feeders, in particular subsurface, were observed from ‘inner-
coarser’ stations to ‘inner-finer’ ones. Our results are in accordance with 
Dauwe et al. (1998), who observed that the input of relatively fresh 
organic matter promotes the growth of suspension feeders. Stations in 
Caleri lagoon (in particular CL1 and CL2) are influenced by organic 
matter of marine origin, (i.e. slighter positive values of δ13C). However, 
we noticed a dominance of suspension and sessile invertebrates also at 
all stations located in front of the lagoonal mouth, deeply influenced by 
OM of riverine origin, in particular in Marinetta-Vallona and Scardovari 
lagoons (at MV5, and SC15, respectively) (see Fig. 6) due to the high 
density of bivalves R. philippinarum. It has been experimentally observed 
that suspension feeders are able to capture large amounts of water for 
feeding and respiration, leading to well-flushed burrows (Kristensen and 
Kostka, 2005). Conversely, subsurface deposit feeders were more 
abundant at ‘inner-finer’ stations favoured by slow and continuous 
deposition of relatively fresh organic matter. This feeding habit was, in 
fact, found to be dominant in muddy sites, where a high proportion of 
detrital food, very palatable for these invertebrates, is usually associated 
with silt-clay sediment particles (Donald and Larry, 1982; Thrush et al., 
2004; Hermand et al., 2008). 

In our lagoonal system, we mostly ascribed bioirrigation activities to 
deposit feeders, in particular to subsurface deposit ones. This was pri
marily due to either their abundance or bioirrigation features (the main 
subsurface deposit feeders are classified as biodiffusers). The burrows 
built by deposit feeders are principally used for respiration, even though 

they actively feed at the sediment-water interface or below the sedi
ments (i.e. surface and subsurface deposit feeders, respectively) (Lee and 
Swartz, 1980). Sediment reworking deposit feeders are involved in 
sediment particles mixing, due to sediment ingestion and defecation 
together with their partial and/or active mobility through sediment 
layers (Lopez and Levinton, 1987; Kristensen et al., 2012; Queir�os et al., 
2015). 

In the Po Delta lagoonal system, the reworking activities (i.e. cate
gories belonging to ‘mobility’ and reworking’ traits) of macrofaunal 
invertebrates seemed to be linked to allochthonous OM deposition 
rather than sediment grain-size. Among deposit feeders, semi-motile and 
conveyors invertebrates were dominant at stations located nearby the 
lagoonal mouths (i.e. CN11, MV5, CL3, SC15) which were characterized 
by riverine OM inputs (C:N > 10 and δ13C > -25.00) (Table S3 and 
Fig. 8c). The high occurrence of conveyor modality were principally due 
to the highest abundance of three polychaetes: the surface deposit feeder 
Streblospio shrubsolii and the subsurface deposit ones Capitella capitata 
and Heteromastus filiformis (see Figs. 6 and 8c). These invertebrates are 
usually dominant in sandy-mud of marine/brackish environments and, 
in particular, where high deposition of OM occurs (Hermand et al., 
2008; Marchini et al., 2008; Bongiorni et al., 2018), generally displaying 
an opportunistic behaviour (M�endez et al., 2000). The increase in the 
food supply could rapidly stimulate the growth, reproduction rate and 
survivorship of individuals. These animals are able to modify their 
behaviour and choose to feed on fresh organic matter at very small 
spatial scales (Cruz-Rivera and Hay, 2000). In addition, H. filiformis and 
C. capitata are classified as head-down conveyor-belt feeders that 
transport sediments from the sulfidic environment surrounding their 
heads to the oxic environment surrounding their tails, as faecal pellets 
on surface sediments (Neira and H€opner, 1994; Tsutsumi et al., 2005). In 
general, conveyors move sediment particles through their gut by inges
tion and secretion, transferring particles from deeper to superficial 
layers and vice-versa thus enhancing the organic matter remineraliza
tion (Chareonpanich et al., 1993; Belley and Snelgrove, 2016). This 
activity may contribute to modify sediment properties (in particular the 
sediment porosity; Wild and Huettel, 2005) and promote microbial 
population resulting in accelerated degradation of organic matter 
(Kinoshita et al., 2008). In addition, the most common burrow type of 
these polychaetes is the blind-ended one; therefore, they are also able to 
intensify the pore water advection across sediment layers (Kristensen 
et al., 2012). We infer that despite the riverine OM enrichment, the high 
density of conveyors increases the bioturbation activities, enhancing the 
overall ecosystem functioning in sites nearby the lagoonal mouths. 

Conversely, at ‘inner-coarser’ stations characterized by organic 
matter of marine origin (both low C:N ratio and 137Cs activities, and 
higher δ13C values), in particular at MV7 and CL2, high occurrences of 
superficial modifier and regenerator modalities were obtained. Superficial 
modifiers are considered weak bioturbators since these animals are able 
to rework only the most superficial sediments and thus have a low 
impact on bioturbation processes compared to the other reworking 
modalities (i.e. conveyors, biodiffusors, and regenerators) (Queir�os et al., 
2013). However, when abundant, these weak bioturbators may strongly 
contribute to sediment reworking (Belley and Snelgrove, 2016). This 
likely occurred in the Caleri lagoon, in particular at CL2, were the high 
dominance of the superficial modifier, the euryhaline crustacean Mon
ocorophium insidiosum (3511 ind. m� 2), may have increased the overall 
bioturbation process. The latter was enhanced also by the presence of 
regenerator invertebrates, in particular the species Carcinus aestuarii. 
Regenerators are considered excavators that dig and maintain burrows 
in the sediments and by doing so transfer sediments from deep layers to 
the surface (Kristensen et al., 2012) (see Fig. 8 a and d). 

We noticed high occurrences of motile and biodiffuser modalities at 
stations characterized by higher percentages of silt and clay, and 137Cs 
radioisotope signals (classified as ‘inner-finer’) (see Figs. 6 and 8b). 
Biodiffuser modality includes organisms whose activities produce con
stant and random (i.e. horizontal and vertical) local sediment biomixing 
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over a short distance resulting in particle transport. Among them, gal
lery biodiffusers often occur in finer sediments in which they are pro
moters of diffusive local biomixing primarily due to burrowing activities 
within the upper 10–30 cm of sediments (Kristensen et al., 2012). We 
observed typical gallery biodiffusers, the taxon oligochaeta and the 
polychaete Alitta succinea, in high individual numbers, in particular at 
muddy stations. Both taxa are commonly considered euryhaline 
omnivorous species that have been principally classified as deposit 
feeders (Casellato, 1994; Jumars et al., 2015). In particular, A. succinea 
lives in relatively permanent U-shaped or branching burrows and often 
reaches very high densities in intertidal and lagoonal areas (Kristensen, 
1989; Nizzoli et al., 2007). A. succinea was one of the most abundant 
taxa also in our lagoonal system that highly contributed to BPc and IPi 
values at most of the stations but in particular at MV6, CN10, and CN12. 
At the latter station, the highest value of 137Cs activity was detected, 
tracing the mixing of older and deeper sediments with the uppermost, 
freshly deposited layers. Experimental studies highlighted the implica
tion of A. succinea also in oxygen exchanges and nutrient fluxes within 
the sediment layers and at the water-sediment interface (Nizzoli et al., 
2007). According to these authors, the high bioturbation activity of 
A. succinea, by intensifying the oxygen fluxes into the sediments, plays a 
major role in the re-oxidation and detoxification of highly reduced 
sediments generated during the annual dystrophic crisis in the nearby 
Sacca di Goro. 

5. Conclusion 

In the present study, the BPc and IPc were integrated with the func
tional identity information to assess the influence of terrigenous/fresh
water OM on invertebrates’ bioturbation attributes in a lagoonal system. 
The confinement gradient (i.e. intra-lagoonal variation) deeply influ
enced the biodiversity and, consequently, the bioturbation processes 
that were mirrored in the lowest BPc and IPc values. Grain-size was the 
main driver of the differences in BPc and IPc, in fact the major number of 
taxa in coarse sediments contributed to the highest values of bio
turbation indices. Moreover, the irrigation functional features of the 
collected species determined the high IPc value. Invertebrates with high 
burrowing depths and blind-ended burrows enhanced the biorrigation at 
sandy stations. 

Furthermore, sediments differently influenced by allochthonous OM 
seemed to modify the spatial pattern of functional trait occurrence 
concerning the sediment reworking modalities. Semi-motile and con
veyors invertebrates were dominant nearby the lagoonal mouths where 
freshwater OM enrichment was observed. Conversely, at stations char
acterized by aged OM, high occurrences of motile and biodiffuser mo
dalities were detected. Overall, the presence of invertebrates able to mix 
and ventilate sediments increased the bioturbation activities, enhancing 
the overall ecosystem functioning of the area. 

The present study represents a contribution to the growing body of 
bioturbation research, especially in the scantily investigated coastal 
river lagoons. However, since these lagoonal systems are spatially var
iable ecosystems, future studies should consider a wider sampling grid, 
particularly in lagoons subjected to hypoxia/anoxia events (e.g. Scar
dovari). In the latter, the use of BPc and IPc could be matched with 
experimental data in order to corroborate our findings and help intro
duce the application of functional traits in the assessment of the benthic 
ecosystem functioning. The deepening of the knowledge on macrofaunal 
bioturbation attributes in relation to their sediment reworking and 
ventilation abilities, after anoxic and dystrophic events, is of paramount 
importance in the framework of an efficient management and sustain
able use of coastal resources, especially lagoons that area strongly 
exploited for aquaculture. 
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relation to its hydrological regime. Estuar. Coast Shelf Sci. 151, 196–209. 

Boudreau, B.P., 1998. Mean mixed depth of sediments: the wherefore and the why. 
Limnol. Oceanogr. 43, 524–526. 

Braeckman, U., Foshtomi, M.Y., Van Gansbeke, D., Meysman, F., Soetaert, K., Vincx, M., 
Vanaverbeke, J., 2014. Variable importance of macrofaunal functional biodiversity 
for biogeochemical cycling in temperate coastal sediments. Ecosystems 17, 720–737. 

Breine, N.T., De Backer, A., Van Colen, C., Moens, T., Hostens, K., Van Hoey, G., 2018. 
Structural and functional diversity of soft-bottom macrobenthic communities in the 
Southern North Sea. Estuar. Coast Shelf Sci. 214, 173–184. 

Bremner, J., Rogers, S.I., Frid, C.L.J., 2003. Assessing functional diversity in marine 
benthic ecosystems: a comparison of approaches. Mar. Ecol. Prog. Ser. 254, 11–25. 

Brey, T., 2001. Population Dynamics in Benthic Invertebrates. A Virtual Handbook. 
Version 01.2. Institute for Polar and Marine Research, Germany. http://www. 
awi-bremerhaven.de/Benthic/Ecosystem/FoodWeb/Handbook/main.html Alfred 
Wegener.  

Casellato, S., 1994. Oligochaete fauna of estuarine areas and lagoons on the northern 
Adriatic coast (Italy). Ital. J. Zool. 61 (3), 261–269. 

F. Nasi et al.                                                                                                                                                                                                                                     



Estuarine, Coastal and Shelf Science 232 (2020) 106405

14

Chareonpanich, C., Montani, S., Tsutsumi, H., Matsuoka, S., 1993. Modification of 
chemical characteristics of organically enriched sediment by Capitella sp. Mar. 
Pollut. Bull. 26, 375–379. 

Chevenet, F., Doleadec, S., Chessel, D., 1994. A fuzzy coding approach for the analysis of 
long-term ecological data. Freshw. Biol. 31, 295–309. 

Christensen, B., Vedel, A., Kristensen, E., 2000. Carbon and nitrogen fluxes in sediment 
inhabited by suspension feeding (Nereis diversicolor) and non-suspension feeding 
(N. virens) polychaetes. Mar. Ecol. Prog. Ser. 192, 203–217. 

Cibic, T., Fazi, S., Nasi, F., Pin, L., Alvisi, F., Berto, D., Vigan�o, L., Zoppini, A., Del 
Negro, P., 2019. Natural and anthropogenic disturbances shape benthic 
phototrophic and heterotrophic microbial communities in the Po River delta system. 
Estuar. Coast Shelf Sci. 222, 168–182. 

Clarke, K.R., Gorley, R.N., Somerfield, P.J., Warwick, R.M., 2014. An Approach to 
Statistical Analysis and Interpretation. Change in Marine Communities, third ed. 
PRIMER-E, Plymouth, p. 260. 

Correggiari, A., Cattaneo, A., Trincardi, F., 2005. The modern Po Delta system: lobe 
switching and asymmetric prodelta growth. Mar. Geol. 222, 49–74. 

Cruz-Rivera, E., Hay, M.E., 2000. Can quantity replace quality? Food choice, 
compensatory feeding, and fitness of marine mesograzers. Ecology 81, 201–219. 

Dauwe, B.P.H.J., Herman, P.M.J., Heip, C.H.R., 1998. Community structure and 
bioturbation potential of macrofauna at four North Sea stations with contrasting 
food supply. Mar. Ecol. Prog. Ser. 173, 67–83. 

De-la-Ossa-Carretero, J.A., Del-Pilar-Ruso, Y., Gim�enez-Casalduero, F., S�anchez-Lizaso, J. 
L., 2012. Assessing reliable indicators to sewage pollution in coastal soft-bottom 
communities. Environ. Monit. Assess. 184, 2133–2149. 

Dol�edec, S., Chessel, D., Ter Braak, C.J.F., Champely, S., 1996. Matching species traits to 
environmental variables: a new three-table ordination method. Environ. Ecol. Stat. 3 
(2), 143–166. 

Donald, C.R., Larry, F.B., 1982. The Effects of Marine Benthos on Physical Properties of 
Sediments. Springer, US, pp. 3–52. 

Dray, S., Dufour, A.B., 2007. The ade4 package: implementing the duality diagram for 
ecologists. J. Stat. Softw. 22 (4), 1–20. 

Duport, E., Stora, G., Tremblay, P., Gilbert, F., 2006. Effects of population density on the 
sediment mixing induced by the gallery-diffusor Hediste (Nereis) diversicolor O.F. 
Müller, 1776. J. Exp. Mar. Biol. Ecol. 336, 33–41. 

Duport, E., Gilbert, F., Poggiale, J.C., Dedieu, K., Rabouille, C., Stora, G., 2007. Benthic 
macrofauna and sediment reworking quantification in contrasted environments in 
the Thau Lagoon. Estuar. Coast Shelf Sci. 72, 522–533. 

Egres, A.G., Hatje, V., Miranda, D.A., Gallucci, F., Barros, F., 2019. Functional response 
of tropical estuarine benthic assemblages to perturbation by polycyclic aromatic 
hydrocarbons. Ecol. Indicat. 96, 229–240. 

Elliott, M., McLusky, D.S., 2002. The need for definitions in understanding estuaries. 
Estuar. Coast Shelf Sci. 55, 815–827. 

Faulwetter, S., Papageorgiou, N., Koulouri, P., Fanini, L., Chatzinikolaou, E., 
Markantonatou, V., Pavloudi, C., Chatzigeorgiou, G., Keklikoglou, K., 
Vasileiadou, K., Basset, A., 2015. Resistance of polychaete species and trait patterns 
to simulated species loss in coastal lagoons. J. Sea Res. 98, 73–82. 

Feng, H., Cochran, J.K., Hirschberg, D.J., 1999. 234Th and 7Be as tracers for the transport 
and dynamics of suspended particles in a partially mixed estuary. Geochem. 
Cosmochim. Acta 63 (17), 2487–2505. 

Foshtomi, M.Y., Braeckman, U., Derycke, S., Sapp, M., Van Gansbeke, D., Sabbe, K., 
Willems, A., Vincx, M., Vanaverbeke, J., 2015. The link between microbial diversity 
and nitrogen cycling in marine sediments is modulated by macrofaunal bioturbation. 
PLoS One 10, e0130116. 

Franzo, A., Asioli, A., Roscioli, C., Patrolecco, L., Bazzaro, M., Del Negro, P., Cibic, T., 
2019. Influence of natural and anthropogenic disturbances on benthic communities 
in four lagoons of the Po Delta system: focus on foraminifera and free-living 
nematodes. Estuar. Coast Shelf Sci. 220, 99–110. 

Frignani, M., Sorgente, D., Langone, L., Albertazzi, S., Ravaioli, M., 2004. Behavior of 
Chernobyl radiocesium in sediments of the Adriatic Sea off the Po River Delta and 
the Emilia-Romagna coast. J. Environ. Radioact. 71, 299–312. 

Frignani, M., Langone, L., Ravaioli, M., Sorgente, D., Alvisi, F., Albertazzi, S., 2005. Fine- 
sediment mass balance in the western Adriatic continental shelf over a century time 
scale. Mar. Geol. 222, 113–133. 

Gerino, M., Aller, R.C., Lee, C., Cochran, J.K., Aller, J.Y., Green, M.A., Hirschberg, D., 
1998. Comparison of different tracers and methods used to quantify bioturbation 
during a spring bloom: 234-thorium, luminophores and chlorophyll a. Estuar. Coast 
Shelf Sci. 46, 531–547. 

Gogina, M., Morys, C., Forster, S., Gr€awe, U., Friedland, R., Zettler, M.L., 2017. Towards 
benthic ecosystem functioning maps: quantifying bioturbation potential in the 
German part of the Baltic Sea. Ecol. Indicat. 73, 574–588. 

Gray, J.S., 2002. Species richness of marine soft sediments. Mar. Ecol. Prog. Ser. 244, 
285–297. 

Guelorget, O., Perthuisot, J.P., 1983. Le domaine paralique: expressions g�eologiques, 
biologiques et �economiques du confinement. Presse de l’Ecole normale sup�erieure, 
Paris, p. 136 (in French).  

Hedges, J.I., Keil, R.G., 1995. Sedimentary organic matter preservation: an assessment 
and speculative synthesis. Mar. Chem. 49, 81–115. 

Hermand, R., Salen-Picard, C., Alliot, E., Degiovanni, C., 2008. Macrofaunal density, 
biomass and composition of estuarine sediments and their relationship to the river 
plume of the Rhone River (NW Mediterranean). Estuar. Coast Shelf Sci. 79, 1–10. 

Johnson, N.A., Campbell, J.W., Moore, T.S., Rex, M.A., Etter, R.J., McClain, C.R., 
Dowell, M.D., 2007. The relationship between the standing stock of deep-sea 
macrobenthos and surface production in the western North Atlantic. Deep Sea Res. 
Oceanogr. Res. Pap. 54 (8), 1350–1360. 

Jumars, P.A., Dorgan, K.M., Lindsay, S.M., 2015. Diet of worms emended: an update of 
polychaete feeding guilds. Annu. Rev. Mar. Sci. 7, 497–520. 

Kinoshita, K., Tamaki, S., Yoshioka, M., Srithonguthai, S., Kunihiro, T., Hama, D., 
Tsutsumi, H., 2008. Bioremediation of organically enriched sediment deposited 
below fish farms with artificially mass-cultured colonies of a deposit-feeding 
polychaete Capitella sp. Fish. Sci. 74, 77–87. 

Koutsoubas, D., Dounas, C., Arvanitidis, C., Kornilios, S., Petihakis, G., Triantafyllou, G., 
Eleftheriou, A., 2000. Macrobenthic community structure and disturbance 
assessment in Gialova lagoon, Ionian sea. ICES (Int. Counc. Explor. Sea) J. Mar. Sci. 
57, 1472–1480. 

Kristensen, E., 1989. Oxygen and carbon dioxide exchange in the polychaete Nereis 
virens: influence of ventilation activity and starvation. Mar. Biol. 101, 381–388. 

Kristensen, E., Kostka, J.E., 2005. Macrofaunal burrows and irrigation in marine 
sediments: microbiological and biogeochemical interaction between macro-and 
microorganisms in marine sediments. Am. Geophys. Union 60, 125–157. 

Kristensen, E., Penha-Lopes, G., Delefosse, M., Valdemarsen, T., Quintana, C.O., Banta, G. 
T., 2012. What is bioturbation? The need for a precise definition for fauna in aquatic 
sciences. Mar. Ecol. Prog. Ser. 446, 285–302. 

Lalibert�e, E., Legendre, P., Shipley, B., Lalibert�e, M.E., 2014. Package ‘FD’. Measuring 
Functional Diversity from Multiple Traits, and Other Tools for Functional Ecology. R 
Package Ver. 1.0–12. http://cran.r-project.org/web/packages/FD/index.html. 

Lee, H., Swartz, R.C., 1980. Biological processes affecting the distribution of pollutants in 
marine sediments. Part II. Biodeposition and bioturbation. Contam. Sediments 2, 
555–606. 

Levin, L., Blair, N., DeMaster, D., Plaia, G., Fornes, W., Martin, C., Thomas, C., 1997. 
Rapid subduction of organic matter by maldanid polychaetes on the North Carolina 
slope. J. Mar. Res. 55 (3), 595–611. 

Lopez, G.R., Levinton, J.S., 1987. Ecology of deposit-feeding animals in marine 
sediments. Q. Rev. Biol. 62, 235–260. 

Loreau, M., Naeem, S., Inchausti, P., 2002. Biodiversity and Ecosystem Functioning: 
Synthesis and Perspectives. Oxford University Press, Oxford, UK, p. 308. 

Maicu, F., De Pascalis, F., Ferrarin, C., Umgiesser, G., 2018. Hydrodynamics of the Po 
river-delta-sea system. J. Geophys. Res.: Oceans 123, 6349–6372. 

Marchini, A., Munari, C., Mistri, M., 2008. Functions and ecological status of eight Italian 
lagoons examined using biological traits analysis (BTA). Mar. Pollut. Bull. 56, 
1076–1085. https://www.marlin.ac.uk/biotic. 

M�endez, N., Linke-Gamenick, I.N.E.Z., Forbes, V.E., 2000. Variability in reproductive 
mode and larval development within the Capitella capitata species complex. 
Invertebr. Reprod. Dev. 38, 131–142. 

Mermillod-Blondin, F., Rosenberg, R., 2006. Ecosystem engineering: the impact of 
bioturbation on biogeochemical processes in marine and freshwater benthic 
habitats. Aquat. Sci. 68 (4), 434–442. 

Meysman, F.J., Middelburg, J.J., Heip, C.H., 2006. Bioturbation: a fresh look at Darwin’s 
last idea. Trends Ecol. Evol. 21, 688–695. 

Morys, C., Powilleit, M., Forster, S., 2017. Bioturbation in relation to the depth 
distribution of macrozoobenthos in the southwestern Baltic Sea. Mar. Ecol. Prog. Ser. 
579, 19–36. 

Munari, C., Mistri, M., 2010. Towards the application of the Water Framework Directive 
in Italy: assessing the potential of benthic tools in Adriatic coastal transitional 
ecosystems. Mar. Pollut. Bull. 60, 1040–1050. 

Munari, C., Mistri, M., 2014. Spatio-temporal pattern of community development in 
dredged material used for habitat enhancement: a study case in a brackish lagoon. 
Mar. Pollut. Bull. 89, 340–347. 

Munari, C., Manini, E., Pusceddu, A., Danovaro, R., Mistri, M., 2009. Response of BITS (a 
benthic index based on taxonomic sufficiency) to water and sedimentary variables 
and comparison with other indices in three Adriatic lagoons. Mar. Ecol. 30, 255–268. 

Na, T., Gribsholt, B., Galaktionov, O.S., Lee, T., Meysman, F.J.R., 2008. Influence of 
advective bio-irrigation on carbon and nitrogen cycling in sandy sediments. J. Mar. 
Res. 66, 691–722. 

Naeem, S., Wright, J.P., 2003. Disentangling biodiversity effects on ecosystem 
functioning: deriving solutions to a seemingly insurmountable problem. Ecol. Lett. 6, 
567–579. 

Nasi, F., Nordstr€om, M.C., Bonsdorff, E., Auriemma, R., Cibic, T., Del Negro, P., 2018. 
Functional biodiversity of marine soft-sediment polychaetes from two 
Mediterranean coastal areas in relation to environmental stress. Mar. Environ. Res. 
137, 121–132. 

Neira, C., H€opner, T., 1994. The role of Heteromastus filiformis (Capitellidae, Polychaeta) 
in organic carbon cycling. Ophelia 39, 55–73. 

Nicolaidou, A., Petrou, K., Kormas, K.A., Reizopoulou, S., 2006. Inter-annual variability 
of soft bottom macrofaunal communities in two Ionian Sea lagoons. In: Marine 
Biodiversity. Springer, Dordrecht, pp. 89–98. 

Nixon, S.W., 1986. Nutrient dynamics and the productivity of marine coastal waters. In: 
Biogeochemistry of Estuaries. The Alden Press, Oxford, pp. 97–115. 

Nizzoli, D., Bartoli, M., Cooper, M., Welsh, D.T., Underwood, G.J., Viaroli, P., 2007. 
Implications for oxygen, nutrient fluxes and denitrification rates during the early 
stage of sediment colonisation by the polychaete Nereis spp. in four estuaries. Estuar. 
Coast Shelf Sci. 75, 125–134. 

Palinkas, C.M., Nittrouer, C.A., Wheatcroft, R.A., Langone, L., 2005. The use of 7Be to 
identify event and seasonal sedimentation near the Po River delta, Adriatic Sea. Mar. 
Geol. 222, 95–112. 

Pil�o, D., Ben-Hamadou, R., Pereira, F., Carriço, A., Pereira, P., Corzo, A., Gaspar, M.B., 
Carvalho, S., 2016. How functional traits of estuarine macrobenthic assemblages 
respond to metal contamination? Ecol. Indicat. 71, 645–659. http://www.polytraits. 
lifewatchgreece.eu. 

Queir�os, A.M., Birchenough, S.N., Bremner, J., Godbold, J.A., Parker, R.E., Romero- 
Ramirez, A., Reiss, H., Solan, M., Somerfield, P.J., Van Colen, C., Van Hoey, G., 

F. Nasi et al.                                                                                                                                                                                                                                     



Estuarine, Coastal and Shelf Science 232 (2020) 106405

15

2013. A bioturbation classification of European marine infaunal invertebrates. Ecol. 
Evol. 3, 3958–3985. 

Queir�os, A.M., Stephens, N., Cook, R., Ravaglioli, C., Nunes, J., Dashfield, S., Harris, C., 
Tilstone, G.H., Fishwick, J., Braeckman, U., Somerfield, P.J., Widdicombe, S., 2015. 
Can benthic community structure be used to predict the process of bioturbation in 
real ecosystems? Prog. Oceanogr. 137, 559–569. 

Quij�on, P.A., Kelly, M.C., Sneglrove, P.V.R., 2008. The role of sinking phytodetritus in 
structuring shallow-water benthic communities. J. Exp. Mar. Biol. Ecol. 366, 
134–145. 

Renz, J.R., Powilleit, M., Gogina, M., Zettler, M.L., Morys, C., Forster, S., 2018. 
Community bioirrigation potential (BIPc), an index to quantify the potential for 
solute exchange at the sediment-water interface. Mar. Environ. Res. 181, 214–224. 

Ricciardi, A., Bourget, E., 1998. Weight-to-weight conversion factors for marine benthic 
macroinvertebrates. Mar. Ecol. Prog. Ser. 163, 245–251. 

Ruppert, E.E., Barnes, R.D., Fox, R.S., 2004. Invertebrate Zoology: a Functional 
Evolutionary Approach, seventh ed., p. 1008 Belmont.  

Saari, H.K., Schmidt, S., Castaing, P., Blanc, G., Sautour, B., Masson, O., Cochran, J.K., 
2010. The particulate 7Be/210Pbxs and 234Th/210Pbxs activity ratios as tracers for 
tidal-to-seasonal particle dynamics in the Gironde estuary (France): implications for 
the budget of particle-associated contaminants. Sci. Total Environ. 408 (20), 
4784–4794. 

Sabetta, L., Barbone, E., Giardino, A., Galuppo, N., Basset, A., 2007. Species area patterns 
of benthic macro-invertebrates in Italian lagoons. Hydrobiologia 577, 127–139. 

Shannon, C.E., Weaver, W., 1949. The Mathematical Theory of Communication. 
University of Illinois Press, Urbana.  

Sigala, K., Reizopoulou, S., Basset, A., Nicolaidou, A., 2012. Functional diversity in three 
Mediterranean transitional water ecosystems. Estuar. Coast Shelf Sci. 110, 202–209. 

Solan, M., Cardinale, B.J., Downing, A.L., Engelhardt, K.A., Ruesink, J.L., Srivastava, D. 
S., 2004. Extinction and ecosystem function in the marine benthos. Science 306, 
1177–1180. 

Solan, M., Wigham, B.D., Hudson, I.R., Kennedy, R., Coulon, C.H., Norling, K., 
Nilsson, H.C., Rosenberg, R., 2004. In situ quantification of bioturbation using time 
lapse fluorescent sediment profile imaging (f SPI), luminophore tracers and model 
simulation. Mar. Ecol. Prog. Ser. 271, 1–12. 

Stefani, M., Vincenzi, S., 2005. The interplay of eustasy, climate and human activity in 
the late Quaternary depositional evolution and sedimentary architecture of the Po 
Delta system. Mar. Geol. 222, 19–48. 

Tagliapietra, D., Sigovini, M., Ghirardini, A.V., 2009. A review of terms and definitions to 
categorise estuaries, lagoons and associated environments. Mar. Freshw. Res. 60, 
497–509. 

Thrush, S.F., Hewitt, J.E., Cummings, V.J., Ellis, J.I., Hatton, C., Lohrer, A., Norkko, A., 
2004. Muddy waters: elevating sediment input to coastal and estuarine habitats. 
Front. Ecol. Environ. 2, 299–306. 

Tsutsumi, H., Kinoshita, K., Srithongouthai, S., Sato, A., Nagata, S., Inoue, A., 
Yoshioka, M., Ohwada, K., Hama, D., 2005. Treatment of the organically enriched 
sediment below the fish farm with the biological activities of artificially mass- 
cultured colonies of a small deposit feeding polychaete, Capitella sp. I. Benthos Res. 
60, 25–38. 

Turolla, E., 2008. La venericoltura in Italia. In: Lovatelli, A., Farías, A., Uriarte, I. (Eds.), 
Estado actual de cultivo y maneyo de moluscos bivalvos y su proyecci�on futura: 
factores que afectan su sustentabilidad en Am�erica Latina. Taller T�ecnico Regional 
de la FAO. FAO Actas de Pesca y Acuicultura, no 12. FAO, Rome, pp. 177–188 (in 
Italian).  

Valdemarsen, T., Quintana, C.O., Thorsen, S.W., Kristensen, E., 2018. Benthic 
macrofauna bioturbation and early colonization in newly flooded coastal habitats. 
PLoS One 13, e0196097. 

Van Colen, C., Rossi, F., Montserrat, F., Andersson, M.G.I., Gribsholt, B., Herman, P.M.J., 
Degraer, S., Vincx, M., Ysebaert, T., Middelburg, J.J., 2012. Organism-sediment 
interactions govern post-hypoxia recovery of ecosystem functioning. PLoS One 7, 
e49795. 

Viaroli, P., Bartoli, M., Giordani, G., Naldi, M., Orfanidis, S., Zaldivar, J.M., 2008. 
Community shifts, alternative stable states, biogeochemical controls and feedbacks 
in eutrophic coastal lagoons: a brief overview. Aquat. Conserv. Mar. Freshw. Ecosyst. 
18 (1), S105–S117. 

Villn€as, A., Norkko, J., Lukkari, K., Hewitt, J., Norkko, A., 2012. Consequences of 
increasing hypoxic disturbance on benthic communities and ecosystem functioning. 
PLoS One 7 (10), e44920. 

Weigel, B., Blenckner, T., Bonsdorff, E., 2016. Maintained functional diversity in benthic 
communities in spite of diverging functional identities. Oikos 125 (10), 1421–1433. 

Wild, C., Roy, H., Huettel, M., 2005. Role of pelletization in mineralization of fine- 
grained coastal sediments. Mar. Ecol. Prog. Ser. 291, 23–33. 

Wrede, A., Dannheim, J., Gutow, L., Brey, T., 2017. Who really matters: influence of 
German Bight key bioturbators on biogeochemical cycling and sediment turnover. 
J. Exp. Mar. Biol. Ecol. 488, 92–101. 

Wrede, A., Beermann, J., Dannheim, J., Gutow, L., Brey, T., 2018. Organism functional 
traits and ecosystem supporting services. A novel approach to predict bioirrigation. 
Ecol. Indicat. 91, 737–743. 

F. Nasi et al.                                                                                                                                                                                                                                     


	Macrofaunal bioturbation attributes in relation to riverine influence: What can we learn from the Po River lagoonal system  ...
	1 Introduction
	2 Methods
	2.1 Study area and sampling design
	2.2 Radioisotopes analysis
	2.3 Bioturbation potential (BP) and irrigation potential (IP)
	2.4 Functional traits (BTA)
	2.5 Data analysis

	3 Results
	3.1 Environmental variables
	3.2 RLQ combined analysis
	3.3 Macrofaunal bioturbation attributes
	3.4 Relation between bioturbation indices or traits, and environmental variables

	4 Discussion
	4.1 Macrofaunal bioturbation attributes in the estuarine coastal area
	4.2 Feeding strategy, sediment reworking, and relation with environmental variables

	5 Conclusion
	Acknowledgements
	Appendix A Supplementary data
	References


