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Abstract: We assessed the influence of different organic matter (OM) inputs associated with ter-
rigenous/freshwater allochthonous and sewage derive on bioturbation and irrigation potential
community indices (BPc and IPc) of the soft-bottom macrofauna community. The macrofauna was
sampled from two different sedimentary impacted areas, in front of the Po River Delta (northern
Adriatic Sea) and sewage discharge diffusion zone (Gulf of Trieste). The highest values of BPc and
IPc were observed at the northward sampling stations of the prodelta and the stations 25 m distance
in front of the main sewage outfall. Species richness showed high values in the prodelta likely due to
the OM positive effect from the delta, and it increased with increasing distance from the pipeline due
to the effect of OM from the sewage discharge. The bioturbation indices differed due to the presence
of surface deposit feeders and the injection depth (from 2 to 5 cm) with limited movement at the
station located northwards in the prodelta and 25 m distance in the diffusion zone. We infer that
the difference in bioturbation indices was likely due to the effects of grain-size composition and the
degree of organic enrichment in both study areas.

Keywords: macrofauna community; organic enrichment; bioturbation potential; bio-irrigation
potential; coastal areas; northern Adriatic sea

1. Introduction

Macrofauna organisms are considered a key biological component due to high biomass
and biodiversity [1], further, most of them are sessile and play a critical role in cycling
nutrients, oxygenation of deeper sediment layers, and sediment reworking. They show
marked responses to environmental changes depending on their species-specific sensi-
tivity/tolerance levels [2–4]. Biogenic activities such as bioturbation and bio-irrigation
by benthic organisms are fundamental due to not only to mixing the substrate as sedi-
ment particle preservation and sediment reworking (i.e., burrow and mound construction,
particle ingestion, food caching, prey excavation, etc., as bioturbation activities), but also
burrow-dwelling can ventilate the sediments, creating a rapid exchange of water between
the overlying water and subsurface sediment (i.e., bio-irrigation activities), which relates
directly to species activities; food availability and geochemical composition within the
substrate are all affected [5–7]. These fundamental processes also affect sediment turnover,
diffusive and advective processes that transport elements in dissolved and particulate
among sediments [8,9], and consequently, have implications for ecosystem-related func-
tions [10–12].

The coastal marine ecosystems are subjected to several impacts from natural to anthro-
pogenic origins, which depose huge amounts of organic matter (OM). The major natural
point of OM sources are rivers which largely contribute to accumulating allochthonous
OM in the area interested by their plumes [13,14]. Besides, the human impacts and grow-
ing urban development of coastal areas entail increased anthropogenic pressures such as
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domestic and municipal wastewater disposal into marine environments. Sewage-derived
materials present a widespread environmental problem in coastal waters which often
release a high amount of OM into shallow subtidal habitats [15,16] and contain organic con-
taminants, fecal sterols, heavy metals, bacteria, nutrients, and large amounts of suspended
and particulate organic matter [17].

The coastal sediments act as a sink for the accumulation of allochthonous-OM [18].
Despite this, some studies have documented the importance of allochthonous, terres-
trial/riverine resource supply for marine communities, e.g., [19,20]. However, a high
amount of allochthonous OM could cause the most pervasive threat to the diversity, struc-
ture, and functioning of marine coastal ecosystems [21–23].

Macrofauna communities adapt to environmental disturbances, and the anthropogenic
impact factors have to be measured against the background of natural forces; an anthro-
pogenic factor can be detected if its impact exceeds the intensity and frequency of natural
physical disturbance [24]. Detrimental effects of sewage discharge are evidenced [25,26],
but it is challenging to disentangle and quantify the relative importance of anthropogenic
and natural organic matter in environments with competing activities, permanent alter-
ations, and persistent usage [27,28]. Community responses to anthropogenic disturbances
are rarely compared to natural disturbance patterns. Such comparisons increase our ability
to predict the responses of organisms to future disturbances and help place human activity
in a more realistic perspective of natural history [29]. Hence, biogenic activities such as
bioturbation and bioirrigation can diminish the possible negative effects of organic con-
taminants in the sediment, if contamination does not reach high levels causing partial or
total defaunation [8,30]. However, in some cases, these can be influenced by the different
amounts of OM and its allochthonous origin [31].

Generally, the degree of bioturbation increases with decreasing subaerial exposure
time of a deposit. The strength of this association can vary greatly at a local scale and is
determined by the organism, the consistency of the substrate, and grain size [32]. Many
of the environmental stresses affecting organisms within shallow subtidal to supratidal
environments vary as a function of grain size [33]. In fact, the lability of OM affects the
exchange rate of dissolved compounds between the sediment and water column [34].
Muddy sediments generally have more reduced conditions than sandy sediments, which
affect the mineralization rates of OM in the sediments, and therefore, their metabolic
capacity [35].

Bioturbation has been quantified by a series of modeled simulations and calculated
with metrics from benthic quantitative data, such as bioturbation potential community-
BPc [36] and irrigation potential community-IPc [37] calculations. Bioturbation potential
calculations are linked to the adoption of a trait-based approach and can be quantitatively
estimated from benthic quantitative data using the metric of bioturbation indices (BPc
and IPc) and it is useful when trying to categorize and understand ecosystem functions
conducted by benthic communities [12,36,37].

The consequences of environmentally driven changes in biodiversity to BPc, and its re-
lation to ecosystem functioning, have been explored in terrestrial [38], marine habitats [36,39],
local scales [40,41], regional scales [12,42,43], for different contexts [42,44,45]; for a variety
of ecosystem functions including productivity [43], nutrient cycling [36], carbon stor-
age [40,43], and decomposition of plant pigments in surface sediments [46].

Besides, another important feature is the sediment irrigation derived from animals
that affect the different biogeochemical processes on the seafloor. Bio-irrigation is mainly
caused by burrow-dwelling organisms that can ventilate the sediments, creating a fast
water interchange between the overlying water and subsurface sediments [31,47]. The latter
process is mostly induced by suspension deposit-feeding activities and ventilation rates of
benthic organisms [48]. Accordingly, bio-irrigation is predominantly related to body mass
and feeding type [49]. Ref. [37] modified the BPc index suggested by [36] into community
irrigation potential (IPc), as a new index, whereas in the bioturbation potential calculation-
BPc, the mobility trait presumably underrates the contribution of sessile organisms with
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low mobility rate but high bio-irrigation efficiency. In this context, [37] tried to replace the
reworking and mobility traits with the feeding types, burrow, and depth pocket injection
of burrows (as bio-irrigation functional characteristics).

So far, the BPc index has been usefully applied in many marine studies and by cal-
culating BPc over time, or for different locations or scenarios, changes in the efficiency of
the organism-sediment couple can be monitored for compliance in support of manage-
ment and policy objectives [50,51]; the new IPc index has been less adopted in ecological
surveys [31,52].

The environmental effects of OM enrichment depend on origin-specific conditions
including the prevailing physicochemical and biological features of the receiving environ-
ment [53,54]. The results presented in this study will help to understand the relationship
between macrofauna invertebrates and their bioturbation processes and the spatial distribu-
tion of OM with two different origins (natural and anthropogenic), which has been poorly
investigated, especially in coastal marine environments. In addition, they will provide how
macrofauna bioturbation attributes can play a key role in protecting and managing marine
coastal areas. Therefore, we provide the different biological responses of macrofauna com-
munity to perturbation impact by evaluating changes in the metric of bioturbation indices
(BPc and IPc) caused by natural and anthropogenic organic enrichment in two different
areas. We focused on the Po River Delta (northern Adriatic Sea) and Servola pipelines (Gulf
of Trieste, northern Adriatic Sea).

Specifically, this study aims to investigate the effects of organic enrichment by natural
and anthropogenic impacts on the macrofauna community by applying bioturbation and
bio-irrigation indices (BPc and IPc) in two different impacted areas. We hypothesized
that the macrofauna community, inhabiting the coastal area in front of the Po River Delta
and nearby sewage outfalls, respond differently in terms of bioturbation attributed to
uneven amounts of OM. We aimed to answer the following specific questions: (1) Does the
structure of the benthic macrofauna community affect bioturbation processes in different
sedimentary environments? (2) Do macrofauna bioturbation attributes show spatial vari-
ability associated with different OM inputs of terrigenous/freshwater allochthonous and
sewage-derived materials? (3) Are the bioturbation attribute patterns driven by specific
sediment physicochemical parameters?

2. Material and Methods
2.1. Study Area

The study was performed in coastal areas located in the northern Adriatic Sea subjected
to a high amount of organic enrichment from natural (Po River Delta) and anthropogenic
origins (sewage discharges in the Gulf of Trieste) (Figure 1 and Table S1).

Among European transitional systems, the Po River Delta is considered the major one,
which is characterized by multiple physical-chemical and biological processes favoring
natural organic enrichment and sedimentation [55], and wide seasonal, daily variability
in chemical-physical parameters and fluvial inputs [56]. The Po River, with a drainage
basin of 71,000 km2 and a length of 673 km, is the most important river in Italy and one
of the largest in Europe. It extends over 685 km2 and most of the drainage basin runs
through a wide low-gradient alluvial plain, with seven river branches, several lagoons,
and wetlands [57], it is characterized by two annual floods (>5000 m3 s−1) associated with
rainfall in autumn and snowmelt in spring [58]. Its total discharge is not equally distributed
along the coast of the delta, where only 20% flows into the northern coast, 30% to the Pila
tip (then driven southward by coastal currents), and the remaining 50% into the southern
coast. During normal flow conditions, transported fine-grained sediments undergo a
relatively rapid deposition nearby the mouths (~6 cm year −1 near the Pila distributary; [57]).
Conversely, during flood events, these particles may cover a wide distance before reaching
the sea bottom. The plume is principally transported southward along the shelf due to
the predominant cyclonic Western Adriatic Coastal Current–WAC (driven chiefly by the
pressure gradient established between interior dense water and coastal freshwater set up
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by the Italian rivers), and it is subjected to wind-induced resuspension events promoted
principally by the north-easterly Bora wind [59]. Furthermore, the latter tends to confine
the plume along the Italian coastline [60], especially during winter when this katabatic
wind is stronger; the south-easterly Scirocco drives riverine water northward [61].
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The Gulf of Trieste is a shallow embayment of about 100 km coastline and vastness of
about 600 km2, located in the northern Adriatic Sea (Italy) with an average depth of 17 m.
Geographical, hydrological, and sedimentological features and the physical and chemical
features of the Gulf were exhaustively described by [62–64]. The Gulf hosts the main sewage
treatment plant of Trieste city which is carrying out organic enrichment from anthropogenic
origin. The plant is located at the foot of the Servola hill, serving up to 200,000 inhabitants
of Trieste with a maximum flow of 6000 L sec−1 [64,65]. In this plant, the wastewaters
are subjected to a treatment of the physical-chemical type since 1992 (while for the sludge
anaerobic digestion heated with the recovery of the biogas produced is used). The Servola
sewage disposal plant is composed of two adjacent pipelines (6.5 and 7.5 km) leading to the
sea at a depth of 20 to 23 m with 600 sewage diffusion towers and a length of dispersion
zone of about 1.5 km (1 km longest and 0.5 km shortest pipe, respectively) [63,66] by type
of mixture collected and treating both wastewaters and meteoric within 35 million m3 per
year [16]. There is a greater flow of wastewater through pipe ends than through diffusion
towers because fluid parts of wastewater only flow upward through diffusion towers due
to the difference in density, which is distributed by currents throughout the area [64].

2.2. Sampling Design and Samples Processing

Sediments in front of the Po River delta were collected in December 2014 (after flood
events; [14]); whereas the sampling nearby sewage outfalls (in the Gulf of Trieste) was
performed in April 2018 before the improvement of sewage treatments; [16] in the spatial
scales, in order to consider the best time to conduct sampling in both study areas which
most probably contained the highest possible amounts of organic enrichment discharged
(natural and anthropogenic) and could change the community structures to the highest
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possible degrees. Therefore, according to the seawater currents [14], nine sampling sites
in the Po River prodelta area were located at increasing depths (between 9 and 21 m)
and distance from the main distributary mouth (Po di Pila) along the southward river
plume (Figure 1a, Table S1). In the Gulf of Trieste, to expose the best coverage of the
whole diffusion area, as well as consider the seawater currents in the gulf and the largest
amount of organic enrichment discharged from the main outfall [63], 15 stations were
sampled following an increasing distance from the pipelines (<5, 100, and >200 m) for
each outfall, the shortest pipe (‘proximal’ transect) and the longest and main one (‘distal’
transect). Additionally, in the ‘distal’ transect were sampling stations at 25 m from the duct
(Figure 1b, Table S1).

In both areas, sediments were collected by a van Veen grab (0.1 m2). The macrofauna
was collected in three replicates and sieved with a 1 mm mesh and the organisms were
instantly fixed with ethanol (80%). In the laboratory, the organisms were separated from
the sediment and identified into the lowest possible taxonomical level employing a stere-
omicroscope (Model; Zeiss Discovery V.12, 8–110× final magnification) and counted for
each station separately, and species names were updated wherever needed.

Weight estimate (Wet Weight-WW) was measured for each taxon [64]. Subsequently,
to obtain the Dry Weight (DW), samples were placed in an oven at 100 ◦C for 24 h, cooled in
a lab desiccator to the normal temperature of the room, and then weighed. The organisms
were heated to 500◦C for 24 h in an oven and cooled in a lab desiccator to the room
temperature to obtain their ash quantity, and then weighed. Ash weight was subtracted
from DW to obtain Ash Free Dry Weight (AFDW) [67]. The environmental variables
considered in this study (i.e., shells, sand, silt, clay, Total Organic Carbon-TOC, Total
Nitrogen-TN, and carbon and nitrogen molar ratio-C:N) were determined in the same
samples, which were thoroughly described by [31] for the Po River coastal area, whereas
by [63] for the Gulf of Trieste.

2.3. Estimation of the Bioturbation Potential (BP) and Irrigation Potential (IP)

Community bioturbation potential (BPc) is a metric first described by [36], which
combines abundance and biomass data with information about the life traits of individual
species or taxonomic groups. This information describes modes of sediment reworking
and mobility of taxa in a dataset, two traits known to regulate biological sediment mixing,
a key component of bioturbation [39,68].

The bioturbation potential-BP [36] was computed according to the following equation:

BPc = ∑n
i=1 BPi, whereas BPi = (Bi/Ai)

0.5 ∗ Ai ∗ Mi ∗ Ri

where Bi and Ai metrics are biomass AFDW in (gr m−2), and the number of individuals
(m2), respectively. Mi and Ri are categorical scores of species that represent increasing
mobility (Mi) and increasing sediment reworking (Ri). Community-level bioturbation
potential (BPc) and individual taxa (BPi) were calculated across the whole sampling species.
This study used the list of mobility (M) and reworking (R) scores from literature, i.e., [69,70]
and expert knowledge [31,63,64,71] (Supplementary Table S2 provides the category of
species scores for Mi and Ri).

The irrigation potential (IP) of [37] is defined by traits including burrow type (BTi),
feeding type (FTi) and injection pocket depth (IDi) which are the irrigation behaviors of
benthic macrofauna species and their effects on ecosystem functioning. The irrigation
potential equation of each species taking into account the different sampled stations is
given by:

IPc = ∑n
i=1 IPi, where IPi = (Bi/Ai)

0.75 ∗ Ai ∗ BTi ∗ FTi ∗ IDi

The mean individual biomass of each species (i) is expressed by the ratio Bi/Ai, where
Bi is the biomass of species (AFDW) grams per m2, while Ai is abundance per m2. As
described by [37], the categorical trait demonstrates the species-specific occurrence of the
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relevant trait and is assigned by numerical scores. We considered a bit of modification
for the categorical trait scores due to the lack of the sub-suspension/funnel habit in the
sampling area and the prevailing occurrence of the deposit-feeding type. The categorical
traits were adjusted by different scores considering deposit feeder type in surface and
subsurface deposit feeder moods (Table S2 provides the categorical taxa scores for BTi,
FTi and IDi). The data collection on BTi was obtained from previous studies [47,52,72].
We acquired the scores on FTi mood based on the literature, e.g., [73] and the databases
(www.polytraits.lifewatchgreece.eu; www.marlin.ac.uk/biotic, accessed on 1 April 2020).
Moreover, we implemented the information on IDi moods from the literature, e.g. [74–76]. If
no information could be available for the categorical trait scores at the species level, a score
was used from the next highest taxonomic rank or indicated as not available information
(n.a. in Table S2) and deleted from the index calculation.

2.4. Statistical Analyses

Before all the analyses, data were explored and checked for normality and collinearity
following Shapiro–Wilk’s and Spearman’s rank correlation coefficient, respectively [77].
The differences in species number (richness), BPc, IPc, and environmental factors among
groups of stations in both study areas (for factors see the ‘transects’ namely in Table S1)
were computed by Mann–Whitney U tests. A one-way PERMANOVA test was used to
check for significant differences in BPi and IPi values for every single species among groups
of stations in both study areas, where factors (reported in Table S1) were selected as fixed
factors. When significant differences were noticed, PERMANOVA pairwise tests were
performed. Unrestricted permutations of raw data and 9999 permutations were applied.

To observe any spatial patterns in bioturbation attribute values, a non-metric multidi-
mensional scaling analysis (nMDS) was applied for two matrices (i.e., BPi and IPi, for both
study areas, separately). The environmental variables (i.e., sand, silt, clay, TOC, and C:N)
were overlaid as supplementary variables (vectors) onto ordination spaces to investigate
their relations in this distribution.

In addition, we measured the relative frequencies of scores for the factors ‘north and
south’ in the prodelta and ‘distance gradient’ in the diffusion zones in order to assess the
variation in species scores in sampling areas.

Further, to indicate the significance covaried coherently on the BPi and IPi values, i
in both study areas and Similarity Profiles (SIMPROF) analysis was applied. To detect
which taxa were mainly responsible for bioturbation and irrigation activities (BPi and IPi
data, respectively) at stations gathered into different transects in both study areas, SIMPER
analysis was used and different factors (see Table S1) were determined. A cut-off at <70 %
was applied.

Additionally, distance-based redundancy analysis (dbRDA) was used to detect the
relationships between bioturbation indices (BPi and IPi values) and selected species
by the SIMPER test and environmental variables. Before analysis, environmental data
were normalized.

To highlight the spatial relationship between predictor variables (the considered envi-
ronmental parameters) and response variables (BPc and IPc values and scores frequencies),
linear regression and Spearman’s correlations were computed for each area separately. By
doing so, the predictive power of environmental parameters for each bioturbation attribute
was discriminated via the coefficient of determination rs (Spearman’s correlation) and R2

(linear regression).
For the multivariate analyses, the matrices BPi and IPi for sampling areas were square

root, and the Bray–Curtis similarity was applied. The Mann–Whitney test was computed
using STATISTICA 7 software and the multivariate analyses were performed using PRIMER
7 (PRIMER-E Ltd., Plymouth, UK) software.

www.polytraits.lifewatchgreece.eu
www.marlin.ac.uk/biotic
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3. Results
3.1. Taxonomic Composition of the Macrobenthic Community

In both study areas, the macrofauna abundance varied from 7.3 ± 1.4 ind. m−2 at C23
to 532.3 ± 62.0 ind. m−2 at C8 and ranged from 36.0 ± 0.6 ind. m−2 at 0P to 343.6 ± 9.0
ind. m−2 at -1D in the Po River delta and the Gulf of Trieste, respectively. Regarding
biomass, the lowest value was observed at C12 (0.03 ± 0.0 g m−2), whereas at -25D the
highest biomass was measured (2.6 ± 0.1 g m−2). Polychaetes were the dominant taxa
(41.75%), mollusks (32.92%), crustaceans (10.18%), echinodermata (12.65%), and other
groups (anthozoa and sipuncula together 2.50%) were found in the Po River prodelta,
whereas polychaetes (74.30% of the total abundance) followed by mollusks (16.29%), crus-
taceans (7.09%), echinodermata (2.31%), and other groups (sipuncula = 0.01%) in the
diffusion zone (Gulf of Trieste) (Figure 2). In both sampling areas, a total of 253 taxa were
found. In the Po River delta, C23 had the lowest species number (six species) and C1 was
the highest one (39 species), whereas, the species number showed the minimum value at
0D (35 species) and maximum value at the 2P (75 species), in the Gulf of Trieste (Figure 3).
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Overall, in the diffusion zone area, significantly higher species numbers were recorded
if compared to the Po River prodelta (U test, z = 3.8; p < 0.01) (Figure 3).

3.2. Macrofauna Bioturbation Attributes

The community bioturbation potential (BPc) values were lower at C12 (12.8) and 0P
(11.8), while the highest ones were estimated at C8 (468.01) and 25D (234.8) in the Po
River delta and the Gulf of Trieste, respectively. Similarly, the irrigation potential (IPc)
showed lower values at C12 (13.2) and 0P (1.82), whereas this index was higher at C3 (250.0)
and 25D (167.9) in the coastal area nearby the Po River mouth and pipelines, respectively.
In addition, BPc and IPc did not follow variation patterns with species richness in both
sampling areas (Figure 3). Overall, higher values of irrigation potential were noticed at the
Po River prodelta if compared to the area nearby the pipelines, as corroborated by the U
test (z = −2.9; p < 0.01). Further, higher values of the indices were noticed at the stations
placed in the north part of the Po River (U test ‘north’ vs ‘south’: z = 2.3; p < 0.05) for BPc
and IPc (Figure 4). In addition, significantly major values of BPc and IPc were measured
at stations located 25 m from the sewage pipeline (H = 7.8; p < 0.05 for both indices). No
differences were measured between stations gathered in ‘distal’ and ‘proximal’ transects
for diffusion area (Figure 4).
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(IPc) of community at north and south for Po River coastal area (a,b), and at increasing distance from
pipelines (<5, 25, 100, and >200 m) in the Gulf of Trieste (c,d).

The PERMANOVA tests on bioturbation attribute values (BPi and IPi) for every single
species showed differences between both study areas. According to the PERMANOVA
main test, a highly significant difference was observed at increasing distances from the main
distributary mouth (Po di Pila) along the southward river plume (Pseudo-F = 2.5 and 2.6;
p < 0.05 for BPi and IPi, respectively). Similarly, significant differences were noticed in
bioturbation indices among stations placed at increasing distances from the pipes (Pseudo-F
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= 3.02 and 3.03; p < 0.01, respectively). In addition, the bioturbation indices of species
significantly differed between stations gathered in ‘distal’ and ‘proximal’ transects (Pseudo-
F = 2.0; p < 0.05 for BPi and IPi).

Additionally, SIMPER analysis performed on BPi and IPi values showed differences
among the sampling stations in the Po River prodelta area and the Gulf of Trieste. For the
first sampling area, the higher BPi values of the bivalve Striarca lactea (Contrib% = 7.4) and
the polychaete Owenia fusiformis (Contrib% = 6.9) were responsible for the main difference
from the stations placed on the northward part and southward of the Po River delta (north
vs south: 77.8 %, average dissimilarity). Similarly, O. fusiformis mostly contributed to
the dissimilarity between ‘north vs south’ (Contrib% = 11.8) due to high values of IPi at
northern sites (average dissimilarity = 75.6). By SIMPER analysis on BPi and IPi values,
the dissimilarity in the Gulf of Trieste between stations placed in <5 m and 25 m distance
groups (<5 vs 25: 77.8 and 87.8 % average dissimilarity for BPi and IPi values, respectively)
were mainly due to the high BPi and IPi values of the mollusk Polititapes aureus sampled
at 25 m from the main pipe (Contribution% = 5.7 and 8.6, respectively). The dissimilarity
between stations located in 25 and 100 m groups (25 vs 100: 77.1% and 84.9 average
dissimilarity for BPi and IPi values, respectively) was mostly due to the high value of
polychaetes Capitella capitata (25 m group), with contribution% = 5.65 and 8.35 for BPi and
IPi values, respectively. SIMPER analysis showed the dissimilarity between stations placed
at 25 vs >200 m (25 vs >200: 85.9 and 90.5%, average dissimilarity for BPi and IPi values,
respectively) were characterized by polychaetes C. capitata that were highly present at 25 m
station group with contribution 6.1 and 8.7% for BPi and IPi values, respectively.

Considering the relative frequencies (%) of scores belonging to the BPc values, it
showed higher occurrences for reworking scores representing the superficial modifiers
(64.0%) for the stations located in the northern and southern part of the prodelta (64.0 and
49.0%, respectively). In addition, towards the southern stations, a higher% of biodiffusers
was calculated (29.0%). In the diffusion area, we measured slightly increasing percentages
of ‘superficial modifiers’ score coupled with decreasing values of ‘biodiffusors’ from the
stations located nearby the main outfall towards the farther ones (Figure 5a). Regarding
the mobility scores (Figure 5b), in the coastal area of Po River, major values of relative
frequencies of organisms with ‘limited movements’ were measured in northern stations
compared to southern ones. In addition, in the Gulf of Trieste, we observed great changes
in score % belonging to ‘movements through the sediment matrix’ and ‘free movements via
‘burrow types’. The latter was noticed with a higher value nearby the outfalls (34.5%) and
remarkably decreased towards the stations far from the diffusion zone. On the contrary, we
measured increasing values of ‘movements through ‘the sediment matrix’ and ‘organism
that lives in fixed tubes’ scores at stations placed at 100 and >200 m from the main pipe.

According to the IPc values, relative frequencies (%) indicated the scores belonging to
burrow type varied in the coastal area of prodelta. A higher % of ‘infauna with internal
irrigation’ score in northern stations (34.0%), whereas the increasing value of the ‘blind-
ended irrigation’ score (41.8%) was noticed at southern ones. A decreasing value of the
‘open irrigation’ score was observed moving away from the stations’ nearby diffusion zone
towards the farther ones in the Gulf of Trieste (Figure 6a). ‘Surface deposit feeder’ and
‘injection depth from 2 to 5 cm’ were highly expressed northward and 25 m distance from
the main outfall in the prodelta and Gulf of Trieste, respectively (Figure 6b,c). Lastly, the
stations gathered in 25 m were characterized by a higher percentage of ‘depth over 10 cm’
score when compared with the later stations in both study areas.
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Figure 5. Relative frequencies (%) of scores belonging to reworking (a) and mobility (b) of bioturba-
tion activities of community at north and south for Po River coastal area and at increasing distance
from pipelines (<5, 25, 100, and >200 m) in the Gulf of Trieste. See Table S2 for scores.

3.3. Relation between Bioturbation Indices and Environmental Factors

Considering both sampling areas, TN and TOC were highly covaried (rs = 0.906),
therefore, we deleted TN from the subsequent analyses. Table 1 summarizes the linear
regression analysis for environmental parameters as predictors and bioturbation indices
(BPc and IPc) as response variables.
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Figure 6. Relative frequencies (%) of scores belonging to burrow type (a), feeding type (b), and
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area and at increasing distance from pipelines (<5, 25, 100, and >200 m) in the Gulf of Trieste. See
Table S2 for scores.
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Table 1. Linear regression of bioturbation indices (BPc and IPc) as response variables and environ-
mental parameters as predictor. R2: coefficient of determination; df: degrees of freedom; F and
P give the calculated F value (F-test) and the corresponding probability associated with the null
hypothesis. The negative linear regressions are in bold. TOC-Total Organic Carbon; C:N-carbon and
nitrogen ratio.

Area Response
Variables

Predictor
Variables R2 df F P

Po River prodelta BPc Clay 0.74 1.7 20.71 <0.01

IPc Sand 0.75 1.7 21.12 <0.01
Clay 0.79 1.7 26.65 <0.01
C:N 0.49 1.7 6.77 0.03

Diffusion zone BPc Sand 0.56 1.13 17.07 <0.01
Silt 0.57 1.13 17.28 <0.01
Clay 0.53 1.13 14.94 <0.01
TOC 0.29 1.13 5.44 0.03

IPc Clay 0.55 1.13 16.3 <0.01
TOC 0.31 1.13 5.96 0.02
Silt 0.61 1.13 20.78 <0.01
Sand 0.6 1.13 19.62 <0.01

The nMDS was performed on BPi and IPi values of the Po River coastal area and
confirmed the PERMANOVA results (Figure S1a,b). Further, the differences among groups
of stations (i.e., ‘north and south’) were enhanced by SIMPROF analyses, particularly for
IPi values. The stations located in the northern part of prodelta (C1, C3, and C8) were
plotted on the right side of the nMDS plot-based BPi (Figure S1a) and on the left side
of the nMDS plot-based IPi values (Figure S1b). Figure S1a,b explains that clay is only
responsible for the difference among the stations mainly those increasing away from the
main distributary mouth (Po di Pila) along the southward river plume (i.e., C12, C19, C22,
and C23). In addition, the nMDS performed on BPi and IPi composition in the Gulf of
Trieste did not follow (by SIMPROF test) the same results obtained by the PERMANOVA
test. Furthermore, the nMDS showed the stations located at a 25 m distance from the sewage
duct (i.e., stations -25D, 25FD, and 25D) were placed on the left side of the nMDS plot-based
BPi (Figure S2a) and the right side of the nMDS plot-based IPi (Figure S2b) values at the
maximum distance (Bray–Curtis maximum dissimilarity) from stations located at 100 and
>200 m. To compare with those stationed at 5 m away from the duct, these results indicated
that species at 25 m away from the duct had different compositions in reworking and
bioirrigation attributes. The latter differences could be due to higher values of sand and
TOC at stations gathered at 25 m from the duct, whereas a major % of silt and clay was
noticed at the 100 and >200 m group of stations.

The distance-based redundancy analysis (dbRDA) performed using BPi and IPi values
of species selected by SIMPER and environmental variables for both sampling areas,
explained the 54.9 and 52.2% of the total variation, respectively (Figure 7a,b). Overall,
both analyses plotted the stations separately according to sampling areas and factors.
Regarding the negative part of dbRDA1 (left side of Figure 7a), higher percentages of
silt corresponded to high occurrences of the polychaete Sternaspis scutata, O. fusiformis,
and Heteromastus filiformis in the prodelta area. Clay was the predominant element of the
positive axis of dbRDA2, related principally with the polychaetes Lumbrinereis lusitanica
and Hilbigneris gracilis that occurred in the farther stations from the diffusion zone. In
addition, C:N, TOC, and sand were the predominant elements of the negative part of
dbRDA2, strictly related to some bivalve species in the prodelta area (e.g., Varicorbula gibba,
S. lactea, and Peronidia albicans and polychaetes such as Glycera trydactila and Eunice vittata).
Regarding the dbRDA analyses performed on IPi values (Figure 7b), some different species
were related to the second axis (e.g., the bivalve Moerella distorta, and the polychaetes
C. capitata and Maldane sarsi).
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Figure 7. Distance-based redundancy analysis (dbRDA) performed using BPi (a) and IPi (b) values
of species selected by SIMPER and environmental variables for both sampling areas. Arrows indicate
environmental variables: sand, silt, Total Organic Carbon (TOC), Total Nitrogen (TN), and the ratio
between carbon and nitrogen (C:N). See Table S2 for species names.

4. Discussion

This study shows that the variations in macrofauna bioturbation attributes among
stations considering the spatial scales in both study areas were likely due to the effects of
grain-size composition and the degree of organic enrichment more than the differences
in the type of organic matter inputs (terrigenous/freshwater allochthonous and sewage
derive). The temporal scale was not of fundamental importance here because the two study
areas were far apart. In this study, two different snapshots of environmental conditions
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were compared in order to determine how they might influence macrofauna bioturbation
characteristics in different ways. However, it was unclear how much OM affected macro-
fauna communities in the two sampling areas, as well as the relationship between the
increased OM in the sediments and changes in benthic fauna structure and metabolism is
quite complicated [78]. As a result of this study, two different macrofauna communities
responded similarly to the amount of organic enrichment, which followed the model of
Pearson and Rosenberg [30]. The macrofauna sampled at the stations close to the main
outflow (Gulf of Trieste) and in front of the main river month (Po delta River) were charac-
terized by a higher density and a lower diversity with the presence of opportunistic species,
as compared to the macrofauna studied at the more distant stations, where the situation
was the opposite.

In addition, our results show that macrofauna invertebrates with high burrowing
depths and blind-ended burrows, abundant at sandier stations, enhanced bio-irrigation.
Regardless of the type of organic matter sources, the high density of superficial modifiers
and biodiffusors (belonging to ‘reworking’ traits categories) enhance the bioturbation
activities, increasing the entire ecosystem functioning in both study areas, where a higher %
of biodiffusers was found towards the southern stations at the coastal area of Po River, while
a slightly increasing percentage of ‘superficial modifiers’ score coupled with decreasing
values of ‘biodiffusors’ were observed from the stations located nearby the main outfall
towards the farther ones in the diffusion area.

In both sampling areas, there was no evident variation pattern of species number and
macrofaunal bioturbation attributes. In the Gulf of Trieste, the highest values of species
number were observed toward the increasing distance from the pipe, whereas the maximum
of BPc and IPc was noticed at stations located 25 m from the main outfall. Similarly, in the
prodelta area, where despite the higher numbers of species at northern stations if compared
to southern ones, the major values of BPc and IPc at northern sites did not follow richness
values. Accordingly, our results evidenced that the structure of the benthic macrofauna
community did not affect bioturbation processes in different sedimentary environments.
Our finding is in contrast to those observed by [31]. They reported that the structure of the
macrobenthic community deeply influenced the bioturbation attributes. However, they
studied macrofauna invertebrates from brackish environments. The latter community is
per se less structured if compared to one from coastal areas, thus few species were able to
sustain the bioturbation processes [31].

We inferred that physical environmental features, mainly different grain-size fractions,
determine the broad pattern of benthic organism distribution, instead of the origin of
organic matters (i.e., terrigenous or sewage-derived materials). Our findings are in accord
with previous studies that have reported grain size as the main driver of the spatial
distribution pattern of the bioturbation attributes [70,76].

In addition, despite the lower values of species richness, the bioturbation attributes
(i.e., BPc and IPc) in the prodelta area, were higher if compared to the diffusion zone
(Gulf of Trieste), also at the stations farther from the main point of contamination (the
principal distributary mouth). This is principally linked to the presence of the highest
dominance of surface deposit feeders at northern sites whereas sub-surface deposit feeders
and biodiffusors in the southern ones. The feeding strategy of macrofauna invertebrates
is fundamental to determining the type of burrows and the modes of locomotion and
defecation [47,73,79].

Our results, as observed by other authors [70,80] indicated that surface and subsurface
deposit feeders mostly contributed to BPc and IPc of coastal marine environments. The
huge amount of riverine organic matter deeply influenced the bioturbation features in
prodelta areas. The continuous and high load of terrigenous material from a river is
known to affect suspension-feeding animals by clogging feeding structures, interfering
with particle selection, and requiring the use of energy to clear away unvented particles [81].
In fact, in the central part of the Po delta system (i.e., C8), where high current velocities
and low turbidity were reported [82,83], we observed a high dominance of suspension
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feeder on the account of O. fusiformis and the bivalve Varicorbula gibba. The majority
of these suspension feeders are superficial modifiers. Those can rework sediments but
not as much as biodiffusers. The majority of these suspension feeders are superficial
modifiers. Superficial modifiers are considered weak bioturbators since these animals can
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) [69]. The higher values of BPc in this station (i.e., C8) were principally due to
the huge amount of O. fusiformis.

Southern stations were characterized by high expression of biodiffuser and deposit
feeders, on the account of S. scutata and the echinoderm Amphiura chiajei. Biodiffusers
are dominant in muddy sediments since they can constantly and randomly biomix (both
horizontally and vertically) the local sediments over a short distance, which results in
particle transport [84]. Among them, gallery biodiffusers often occur in finer sediments in
which they are promoters of diffusive local biomixing primarily due to burrowing activities
within the upper 10–30 cm of sediments [47]. These animals, in particular polychaetes, are
considered non-selective deposit feeders [85] able to feed on both fresh and aged organic
matter, promoting nutrient cycling within sediment layers [31,86]. Commonly, S. scutata is
a deep burrowing subsurface deposit feeder living below 4 cm of depth and can use the
food resource provided by river floods later on and over a longer period [87].

Regarding IPc, higher values of bio-irrigation were noticed at both groups of the site
in prodelta areas, if compared to the diffusion zone, however, major bioturbation activities
were reported in the southern station if compared to sediment reworking ones. These
results confirmed the importance of grain-size distribution for bio-irrigation features. In
finer sediments, the permeability rate is low, and therefore, open irrigation (U- or Y-shaped
burrows with two or more openings to the sediment surface and radial diffusion mode)
is prevalent and enhance the water interchange. These differences reflect the fact that bio-
irrigation rates are species-specific and depend on the physical mechanism used [88–90].
This is supported by a shift from anoxia to air-saturated conditions at the burrow opening
and increases microbial respiration faster than possible than by the molecular diffusion
system [91].

The bioturbation processes in the Gulf of Trieste were lower if compared to the Po
River prodelta area. We inferred that this difference could be strictly linked to the biomass
but above all to the abundance of species found. In the diffusion zone, we have higher
values of species but also not so many individuals for species (higher evenness values, data
not reported), except for Capitella capitata which was observed with higher abundance but
low biomass at only 0D station. On the contrary, in the prodelta coastal area, we noticed in
many stations’ major specimen densities [31]; the values of BPc and IPc were higher. The
highest values of BPc and IPc latter, confirmed by the U test, were observed at stations
placed 25 m distance away from the main sewage outfall. Regarding bioturbation processes,
the latter results were due to the dominance of conveyors.

In both sampling areas, the stations close to the main outflow (Gulf of Trieste) and in
front of the main river month (Po delta River) were characterized by high values of TOC
and TN compared to the more distant stations [31,63]. A similar pattern was noticed for
C:N ratio. Since the highest dominance of surface deposit feeders at northern sites (Po river
prodelta) and the subsurface deposit feeder (e.g., C. capitata) at 25 m from the pipe (Gulf
of Trieste), could have influenced the distribution of organic matter within sediments (i.e.,
TOC and TN), promoting the unexpected decreasing of organic matter at surface layers.
Further, it is known that the high presence of C. capitata may promote the mineralization
of organic matter deposited in the sea bottom within a relatively short period [92]. This
result agrees well with the finding that subsurface-deposit feeders, protruding deep into
the sediment and causing most of the diffusive mixing, dominate sediments containing
intermediate to low-quality organic matter [93].

Reworking and ingestion of sediment particles may have contributed to modifying
sediment properties and so promoted microbial population resulting in accelerated degra-
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dation of organic matter [94]. Additionally, the latter was confirmed by [95], suggesting
that BPc values could be a good predictor of oxygen consumption, denitrification, alkalinity
and ammonium fluxes in fine sandy sediments. What was observed by the authors might
explain the hypoxic conditions in the area nearby the outfall despite high sediment rework-
ing. Furthermore, the higher values of IPc at stations gathered at <5 and 25 m from the
pipes were principally due to the presence of open irrigation system at sandier sites. In fact,
the main role in determining how the exchange of pore water within sediments is linked
to the morphology of burrows [31,79], and further, burrow irrigation is characterized by
the advection of pore water in more penetrable sandy sediments, causing the building of
blind-ending burrows [47]. Moreover, we observed more injection depth at the stations
nearby the diffusion zone. The burrowing depth is important for the pore water exchange
and local input of oxygen into anoxic sediments. In particular, the effects of deep burrow-
ing organisms are enhanced in oxic or suboxic sediments compared to those of shallow
burrowers [96].

5. Conclusions

The present study contributes to the growing body of bioturbation research, especially
in the relatively less investigated coastal marine ecosystems. We provided insight into
the different macrofauna responses influenced by natural and anthropogenic organic
enrichment by using bioturbation indices (BPc and IPc) in two different sedimentary study
areas. In both sampling areas, there was no evident variation pattern in species number
and macrofaunal bioturbation attributes, where the highest values of species number were
noticed toward the increasing distance from the pipe, whereas the maximum of BPc and
IPc was noticed at stations located 25 m from the main outfall. Similarly, in the prodelta
area, the major values of BPc and IPc at northern sites did not follow richness values.
However, at the stations close to the main outflow (Gulf of Trieste) and in front of the main
river month (Po delta River), which were characterized by high values of TOC and TN as
well as C:N, two different macrofauna communities responded similarly to the amount
of organic enrichment, which is characterized by a higher density and a lower diversity
with the presence of opportunistic species. The difference in bioturbation indices was
due to the presence of surface deposit feeders and injection depth (from 2 to 5 cm) with
limited movement at the station located northwards and 25 m distance in the prodelta and
diffusion zone, respectively. Such a strong dominance of these taxa in the implementation
of bioturbation indices can cause instability in the ecosystem functions if these organisms
disappear as a result of ecological disasters or environmental degradation. Grain-size
fractions were the main drivers of the significant differences in BPc and IPc, and the major
number of taxa in coarse sediments contributed to the highest values of bioturbation indices.
The use of both BPc and IPc could be matched with experimental data to corroborate our
findings and help introduce the application of functional traits in the assessment of the
benthic ecosystem functioning, and it could be useful for monitoring programs in differing
sedimentary environments, which could allow for cross-system comparisons over habitats
and geographic scales. Accordingly, the deepening of the knowledge on macrofauna
bioturbation attributes concerning their sediment reworking and ventilation abilities after
anoxic and dystrophic events is of paramount importance in the framework of efficient
management and sustainable use of coastal resources, especially areas deeply influenced
by human impacts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d15030449/s1, Figure S1: nMDS ordination plot based on BPi
(a) and IPi (b) values at sampled stations in the Po River prodelta area. The significant covaried
groups of stations (by SIMPROF test) are indicated. The environmental variables vectors are overlaid;
Figure S2: nMDS ordination plot based on BPi (a) and IPi (b) values at sampled stations nearby
the diffusion zone in the Gulf of Trieste. The significant covaried groups of stations (by SIMPROF
test) are indicated. The environmental variables vectors are overlaid; Table S1: Coordinates and
depth for both sampling stations (a) along the coastal Po River Pro delta and (b) in the Gulf of

https://www.mdpi.com/article/10.3390/d15030449/s1
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Trieste along with the sewage discharge. Indication of the transect to which the station belongs
as well as the distance from the sewage pipelines are reported; Table S2: Bioturbation Potential
(BPi) [69] and Irrigation Potential (IPi) [37] categorical scores of taxa observed in both sampling areas.
Ri (Reworking) scores: 1-epifauna, 2-superficial modifiers, 3-upward and downward conveyors,
4-biodiffusors, 5-regenerators; Mi (Mobility) scores: 1-organism that lives in fixed tubes, 2-organism
with limited movement, 3-movements through the sediment matrix, 4-free movements via burrow
types. BTi (Burrow type) scores: 1-infauna with internal irrigation (e.g. siphons), 2-open irrigation
(U- or Y- shaped burrows), 3-blind ended irrigation (blind-ended burrows, no burrows systems);
FTi (Feeding type) scores: 1-surface filter feeder, 2-predator, 3-surface deposit feeder, 4-subsurface
deposit feeder; IDi (Injection depth) scores:0-epibiont; 1-depth from 0 to 2 cm, 2-depth from 2 to 5 cm,
3-depth from 5 to 10 cm and 4-depth over 10 cm. From [37], the calculation of FTi was modified by
dividing deposit feeder habit in surface and subsurface deposit feeder modalities, with different
categorical scores.
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