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Abstract

The effects of the human impact on the coastal environments and relative biota can be
different and even greater than those derived by natural fluctuations. The major disturbance
causes in the coastal systems are rivers that may be important sources of nutrients and
pollutants, particularly in a semi-closed basin such as the Adriatic Sea. In this context, we
investigated the distribution of both meiobenthic and nematode assemblages in the Central
Adriatic Sea to evaluate whether and how they are influenced by riverine discharges and
which faunal descriptors are the most effective in detecting this type of stress. On the basis of
our results, the disturbance effects in the studied area might be caused by both local streams
and Po plume, and even if the latter might be considered of lesser extent, it is worthy to note
its real impact at a short distance from the coastline. Meiobenthic assemblage structure
appears as a good tool for detecting short-term responses of the benthic domain, whereas
nematode assemblages seem more useful for defining long-term responses. Accordingly, the
former highlighted from poor to sufficient ecological quality status (EQS) of this area,
whereas the latter from moderate to bad EQS. Life strategy traits prove to be the most
informative faunal descriptor due to their high correspondence with the environmental

variables and, particularly with this type of disturbance.
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Introduction

absolute standards for biological quality of waters can be applied across the European
Union because of ecological and environmental heterogeneity. The Water Framework
Directive (WFD), 2000/60/EC, and the Marine Strategy Framework Directive (MSFD),
2008/56/EC, aim at defining the baseline of a good ecological status for any water body. For
the WFD, a variety of indices, target values and reference setting approaches for assessing the
ecological quality status (EQS) have been developed, intercalibrated and discussed.
Accordingly, EQS has been mainly evaluated through the analysis of macrofauna (Borja et al.
2000; Simboura and Zenetos 2002; Borja and Dauer 2008) and, only in few cases, of
meiofauna (Moreno et al. 2011; Semprucci et al. 2014a, b).

Nevertheless, the use of meiobenthic organisms could present many advantages over
macro invertebrates owing to their high abundance and diversity, small size, short life and
reproductive cycles, rapid development, limited mobility, absence of pelagic life stages and
the presence of both tolerant and sensitive species (Kennedy and Jacoby 1999).

Foraminifera, nematodes and copepods are taxa generally considered to be the most
suitable for studying the ecological conditions of the meiobenthic community (see Balsamo et
al. 2010, 2012 for review). In particular, nematodes have also the ability to survive in
extremely polluted conditions and are usually the only persistent taxon in heavily
polluted/stressed habitats (Coull and Chandler 1992). Nematodes play a key role in ecosystem
functioning, thanks to their crucial position in the food chains (Gallucci et al. 2005; Moens et
al. 2005; Balsamo et al. 2010 for review). All these peculiarities, along with the high stability
of populations, make nematodes a potential tool for detecting environmental changes through
their rapid and unequivocal responses compared with those of macrobenthos (Heip et al.
1985; Bongers and Van de Haar 1990). Moreover, nematodes are easy to collect, and provide
a highly reliable database for statistical analysis, even when only a limited volume of samples
is available (Platt and Warwick 1980).

On a worldwide scale, the increasing impact of human activities on marine and
estuarine ecosystems triggered the creation of new monitoring strategies aimed to assess and
maintain their ecological integrity (Karr 1999) to promote their long-term sustainability
(Borja and Dauer 2008). With this background, a survey on the meiobenthic assemblages of
an area of the Central Adriatic Sea characterised by a gradient of anthropogenic disturbance
has been carried out (Semprucci et al. 2013a). Nematode assemblages have been studied from

a taxonomic and functional point of view in order both to define the EQS in accordance with



the European Directives’ standards and to discuss possible meiofaunal or nematode
descriptors for the ecological quality assessment of the coastal marine ecosystems. In
particular, the following questions have been addressed: (a) Are there significant differences

in the meiofaunal and in the nematode assemblages imputable to the anthropogenic
disturbance? (b) Do meiobenthic and nematode assemblages show the same type of response
to possible environmental changes? (c) Which of all the tested faunal descriptors are the best

indicators of riverine disturbance?

Material and methods
Study area and sampling sites

The Adriatic Sea (Central Mediterranean) is a basin characterised by an extremely
long and morphologically complex coastline (Artegiani et al. 1997). The general circulation
of the Adriatic Sea is cyclonic and mainly determines the distribution of the runoff products
introduced by the rivers (Artegiani et al. 1997). Moreover, regionally, local currents (i.e. long-
shore and rip currents) may assume great importance in the transport of the sediments (see
Semprucci et al. 2010 for further details). The investigated area is located in the northern part
of the Marche region (Italy) and extends from Gabicce to Fano cities (Pesaro-Urbino) (Fig. 1).
Here, the main pollution sources are tourist-related activities that produce most of the urban
sewage from coastal cities. Meanwhile, the area is mainly characterised by the outflow of
three rivers, Foglia, Metauro and Tavollo (Fig. 1). The combined flow of these rivers, that
have a torrential regime, is ten times less than Po river flow (Penna et al. 2004). In detail, the
Foglia River (FO site), which flows through the city of Pesaro, is the major source of
pollution, carrying wastewater from urban and industrial areas and livestock farms (Gaudiano
et al. 1994). Its water has been reported to be of low quality, particularly at the mouth (FO
site), where an unstructured macrobenthic community and only a few highly tolerant taxa
have been found (Frontalini et al. 2011). The Metauro River (M site) flows south (~3 km) of
Fano, and its hydrographical basin (1264 km2) is one of the widest of Marche. In the last
years, the water quality of Metauro has been described as adequate and suitable for fish life
(Frontalini et al. 2011). Monte Brisighella (B site) and Fiorenzuola di Focara (FI site)
sampling sites are enclosed in the Natural Regional Park of Monte San Bartolo (Fig. 1). The
park was created in 1997 to protect this terrestrial area of great naturalistic importance, and it
proved to host also a high diversity of marine benthic assemblages (Mosci et al. 2002). From
previous studies, at FI and B sites, inside the natural park, the level of human disturbance

appeared overall lower than in the neighbouring area of the FO site, showing a better EQS



(Semprucci et al. 2013a). Accordingly, two sites were selected in front of the local mouth
rivers (M and FO) and two sites characterised by a documented low level of human

disturbance (FI and B).

Sampling operations

Samples were collected from each site in two different periods, November 2011 (N11)
and June 2012 (J12) according to Semprucci et al. (2010, 2013). During the sampling
collection, sediment samples were collected at 500 m from the coastline at ca. 5 m depth by
means of a modified Van Veen grab (volume 20 1, area 400°— 220 mm). This modified grab
model permits the insertion of a Plexiglas corer into the central part of the grab, enabling
portions of almost completely undisturbed sediments to be collected (Moreno et al. 2011). For
the study of meiobenthos, three replicate cores (surface area 6 cm?2 each) were taken down to
a depth of 9 cm; the sediment was then treated with 7 % MgCI2 for specimen narcotization,
fixed with 4 % neutralised formalin in sea water and then stained with Rose Bengal (2 g of
Rose Bengal in 1000 ml of ethyl alcohol) (Danovaro et al. 2004). Two aliquots of sediments
were also taken for grain-size analysis and determination of the organic matter and stored at
—20 °C. During the sampling, temperature, salinity, dissolved oxygen (DO) concentration,
pH, redox profile (ORP) and chlorophyll-a (Chl-a) content were also measured in the water
column using a multiparametric probe (IDRONAUT), but only the bottom water parameters

are considered in the statistical analysis.

Sediment parameter analyses

Sediment grain-size analyses were performed using the principle of diffraction and
diffusion of a monochromatic laser beam on suspended particles (Malvern Mastersizer 2000,
red He-Ne laser, 632 and 466 nm wavelengths). The method is based on near-forward
scattering of a laser beam by particles in suspension (Loizeau et al. 1994). Measurements can
range from 0.02 to 2000 um with an obscuration comprised between 10 and 20%. The method
and the principle of diffraction for sediment grain-size analyses are deeply described in
Trentesaux et al. (2001). Three main fractions, clay (<2 pum), silt (2 to 63 um) and sand (63 to
2000 um), were considered.

Clay minerals are derived either from the weathering of the rocks of the surroundings
and are brought to sea by winds/rivers or come from more distant sources and are transported

by marine currents. They may also originate from the in situ alteration of some minerals. Clay



mineralogy was therefore used to evaluate the major sources of the sediment deposited within
the present sampling area. Clay minerals are characterised by their layer plus interlayer
interval as revealed by X-ray diffraction (XRD) analysis. Smectite is characterised by a peak
at 14 A on the untreated sample test, which expands to 17 A after saturation in ethylene glycol
and retracts at 10 A after heating. Illite presents a basal peak at 10 A on the three tests
(natural, glycolated and heated). Chlorite is characterised by permanent peaks at 14, 7, 4.75
and 3.54 A. Kaolinite is characterised by peaks at 7 and 3.58 A on the untreated sample and
after saturation in ethylene glycol. Both peaks disappear or are strongly reduced after heating.
Semi-quantitative estimation of clay mineral abundances, based on the pseudo-voigt
deconvolution for the doublet kaolinite- chlorite (3.58-3.54 A), was performed using the
software MacDiff developed by Petschick (2001). Here we use the illite to smectite ratio to
evaluate the balance between inputs from rivers, namely Po River (illite) and eastern
Apennine rivers (smectite). These ratios are calculated using the semi-quantitative estimation
of each clay mineral (Bout-Roumazeilles et al. 2013; Combourieu-Nebout et al. 2013). The
error on the reproducibility of measurements is estimated to be +5 % for each clay mineral.
The illite crystallinity and the Esquevin index (Esquevin 1969) were measured on the XRD
diagrams. The illite crystallinity (in °28) corresponds to the full width at half maximum
(measured on the illite peak at 10 A). A high Kiibler index indicates very low to low
metamorphism, whereas low values reflect a high metamorphism. The Esquevin index
corresponds to the ratio between the illite intensity measured at 5 and at 10 A and is used to
evaluate the chemical composition of illite (Al-rich versus Fe/Mg rich).

The quantity and quality of the organic matter (OM) were estimated by analysing the
total carbon (TC), the total hydrogen (TH), the total nitrogen (TN) and the total sulphur (TS)
contents in the surface sediment (Armynot du Chatelet et al. 2013). A FlashEA 1112
Elemental Analyser (Thermo) equipped with an autosampler was used. The analysis was
performed on 1.5 to 2 mg of sample added to approximately 5 mg of vanadium pentoxide,
used as a combustion catalyst. 2,5- Bis(5-tert-butyl-benzoxazol-2-yl) thiophene (BBOT) was
used as standard. The organic carbon (Corg) content was then determined by subtracting
carbonate carbon (total inorganic carbon, TIC) from TC. Calcium carbonate proportions were
determined using a Bernard calcimeter and expressed as dry sediment weight. Measurements
were carried out on triplicate for each station with 1 g of finely crushed dry sediment.
Measurements were carried out in duplicate on each sample and a mean was calculated after

checking that there were no dissimilarities.



Benthic assemblage analyses

In the laboratory, samples were rinsed with a gentle jet of fresh water through a 0.5-
mm sieve to separate the macrobenthos from the meiobenthos (Danovaro et al. 2004). They
were then decanted, sieved ten times through a 38-pm mesh and centrifuged three times with
Ludox HS30 (specific density 1.18, Mclntyre and Warwick 1984). The meiobenthic
organisms were counted and identified at the major taxon level using a stereomicroscope
(Leica G26). The density (10 cm—2) and the richness of the meiobenthic assemblage were
calculated. In accordance with Moreno et al. (2011), 100 nematode individuals from each
replicate were randomly picked up, transferred in glycerine and mounted as permanent slides
(Seinhorst 1959). Identification at the genus level was performed using a light optical
microscope equipped with Nomarski optics (Optiphoto-2 Nikon), with the support of pictorial
keys (Platt and Warwick 1983, 1988; Warwick et al. 1998) and the NeMys online
identification key (Vanaverbeke et al. 2015).

The Shannon (H’) and Pielou (J', both log2) indices were calculated on the data
collected from nematode assemblages, in order to provide a measure of the taxonomic
biodiversity. Nematode genera were classified according to Wieser (1953) into four feeding
groups to investigate the trophic structure of the assemblages: selective (1A) and non
selective (1B) deposit feeders, epistrate feeders (2A) and omnivores/carnivores (2B).
Accordingly, the index of trophic diversity (ITD), based on the proportion of each trophic
group, was calculated following Heip et al. (1985). Since an environmental disturbance may
change the food supply in a given area, an increase of ITD values, due to a marked dominance
of a single trophic group, may be indicative of a stress increase. After Bongers et al. (1991),
maturity index (MI) was determined for the nematode assemblage as the weighted average of
the individual coloniser-persister (c-p) species. In particular, the authors distinguished r-
strategist species (colonisers or c¢-p 1), which are more tolerant of environmental variations,
and k-strategist species (persisters or c-p 5) that are more sensitive. This index has been
proposed as a semi quantitative value that is useful when it comes to revealing ecosystem
conditions from the composition analysis of the nematode assemblage.

The EQS of the study area was defined according to Marin et al. (2008) for the
environmental variables and to Danovaro et al. (2004) (modified in accordance with the
ecological quality (EcoQ) classes of the WFD) for the meiobenthos, while the thresholds
suggested by Moreno et al. (2011) and Semprucci et al. (2014a, b) were used to assess the
EQS using the nematodes (Table 1).



Statistical analysis

Non-metric multi-dimensional scaling (nMDS) ordinations derived from Bray-Curtis
similarity matrices were used to check differences in the structure of the meiobenthic
assemblages between the sites and the seasons (fourth root transformation). The significance
of these differences was tested using an analysis of similarities (2-way crossed
ANOSIMsite°—season). Both the analyses have been also used to detect possible differences
in the trophic and c-p structure of the nematode assemblages. A similarity percentage
(SIMPER) test (cut-off of 50 %) was used to determine the contribution of each taxon to the
total dissimilarity. All analyses were performed using the Primer v.5 software package
(Clarke and Gorley 2001; Clarke and Warwick 2001). Possible significant differences in all
the univariate measures were evaluated using an analysis of variance (2-way ANOVA site®—
season). Prior to analysis, the normality and homoscedasticity assumptions were checked
using the Kolmogorov-Smirnov and Levene’s tests, respectively. When required, the data
were log (1+ x) transformed. Tukey’s multiple comparison tests were applied when
significant differences (p<0.05) were detected (SPSS v.17 program).

Principal component analysis (PCA) was carried out on the more relevant
environmental data in order to visualise the spatial and temporal trends of the environmental
variables. In particular, the relative abundances of the meiobenthic components were
projected on the factor plane as additional variables without contributing to the results of the
analysis. This can provide an insight into the possible influence of the environmental
variables upon each meiobenthic group (STATISTICA v.8 computer program). All the data
were log (1+x) transformed prior to the PCA analysis, and only the taxa with a relative

abundance overall exceeding 1 % were taken into consideration.

Results

The physical and chemical variables of the water column and sediment as well as clay
mineralogy are synthetically reported in Table 2. Both sediment and water environmental
parameters showed a clear temporal variation, especially Chl-a, temperature, salinity, 02%,
pH, mud, sand and Corg. In particular, Chl-a showed levels that suggested ‘alerting’
conditions at FI and FO during N11.

The sediments were regarded as fine sands characterised by a clear dominance of sand
(66.9 %, on average) followed by silt (32.9 %) and clay (0.2 %), with the exception of site FI
(J12) in which the silt was the dominant fraction (61.2 %), followed by sand (38.1 %) and

clay (0.7 %). All samples were characterised by the dominance of smectite (Table 2), which



represented on average 54 % of the clay fraction. Illite (25 %) and chlorite (13 %) were
secondary minerals, while kaolinite was less abundant (8 %, on average). The crystallinity
(Kiibler index) was rather good, ranging between 0.25 and 0.30 °26, suggesting that the parent
rock underwent a moderate metamorphism (anchizone). The Esquevin index ranges between
0.19 and 0.26 and indicates that the illite was mainly produced through physical erosion.
Meiobenthos was characterised by 15 taxonomic groups (Table 3). The values of the
taxonomic richness ranged between 8 (FI and FO) and 10 (M) taxa during N11 and between 9
(FD) and 12 (M) taxa during J12. Applying the EcoQ classification based on this meiobenthic
variable, the study area falls within the EcoQ classes from poor (FI and FO N11) to sufficient
(other stations and periods) (Fig. 2). The average abundances of meiofauna ranged between
874.7+688.2 and 2573.8+1112.4 ind. 10 cm—2 during N11 (B and M, respectively) and
between 1111.3+77.9 and 4043.6+ 1714.0 ind. 10 cm—2 during J12 (FI and M, respectively).
Overall, nematodes accounted for 90 % of the total meiofauna during J12
(2415.9£1552.9 ind. 10 cm—2) and the lowest during N11 (1630.8+1005.8 ind. 10 cm—2),
followed by Platyhelminthes (5%), copepods (adults and nauplii) (2 %), foraminifera (2 %),
gastrotrichs and ostracods (1 %) (Fig. 3). All other meiofaunal taxa (rotifers, nemertines,
polychaetes, oligochaetes, bivalves, amphipods, isopods, cumaceans and mites) accounted for
less than 1 % of the assemblage. between the two periods (R=0.80; p<0.001) rather than
between the sites (R=0.32; p<0.001). This pattern of distribution was well marked in the
nMDS plot (Fig. 4a, b). The greatest dissimilarities were revealed between FI versus M
(R=0.69; p<0.02) and FI versus B (R=0.46; p<0.01), followed by FI versus FO (R=0.41;
p<0.01) and FO versus M (R=0.24; p<0.03). SIMPER test (cut-off, 50 %) revealed that a
lower abundance of all meiobenthic taxa was generally recorded at FI with the exception of
nematodes. Higher abundances of nauplii and gastrotrichs at FI were only recorded in the FI
versus FO comparison. All the taxa resulted to be less abundant in the comparison of FO
versus M. Regarding the dissimilarities between the periods, they resulted mainly due to
higher abundances of all the taxa during J12 (SIMPER test, cut-off 50 %). The only exception
to this trend was rotifer taxon, more abundant during N11. PCA was performed to evaluate
the potential influence of the environmental parameters on the assemblages. The first two
factors of the PCA explained 86%of the variance (PC1 72 %, PC2 14 %; eigenvalues 5.8 and
1.1, respectively) (Fig. 4a, b). The variables that contribute the most to PC1 were Chl-a
(+0.98), temperature (—0.97), salinity (—0.93) and 02% (+0.93), pH (-0.91), mud (—0.83) and
sand (+0.77), while Corg (—0.98) showed the greatest influence in the PC2. Among the

meiobenthic components that were most related to the PC1 variables, the most abundant were



foraminifera (—1.79), ostracods (—1.06), platyhelminthes (+0.79), gastrotrichs (—0.63) and
nematodes (—0.60). Nematodes and copepods appeared to be more influenced by the second
factor plan (+0.39) (Fig. 5a, b).

The nematode assemblage was represented by 64 genera in 22 families (Table 4). The
dominant families were Xyalidae (42.6 %), followed by Chromadoridae (14.6 %),
Comesomatidae (13.2 %) and Axonolaimidae (11.9 %). The 2-way ANOSIM revealed
significant differences both between the sites (R=0.42; p<0.001) and the periods (R=0.57;
p<0.001), but they were more marked between the latter. This pattern was clearly shown also
by the nMDS analysis (Fig. 6a, b). From the results of the pair-wise comparisons, the highest
differences were detected in the comparison of B versus FO (R=0.80; p<0.01), followed by FI
versus FO (R= 0.65; p<0.01), M versus FO (R=0.33; p<0.05), M versus FI (R=0.33; p<0.05)
and FI versus B (R=0.24; p<0.05). The genera representing 50%of the nematode assemblage
were Daptonema, Sabatieria, Tricotheristus, Odontophora and Cobbia at site FI; Daptonema,
Dichromadora, Odontophora, Tricotheristus, Sabatieria and Prochromadorella at B site;
Odontophora, Daptonema, Sabatieria and Cobbia at FO site; and Daptonema, Cobbia,
Odontophora, Prochromadorella, Dichromadora and Theristus at M site (SIMPER, 50 %). In
particular, the nematode genera that mainly contributed to distinguish FO assemblages were
Paramonohystera, Stylotheristus, Oncholaimellus and Viscosia, all of them being more
abundant there. Instead, Anticoma, Stylotheristus, Viscosia and Theristus contributed to the
differences between FI and the other sites (SIMPER, 50%). H' index showed values between
3.46+0.10 (B, N11) and 3.00+0.03 (FO, J12), while J' index ranged between 0.83+0.09 (B
and M, N11) and 0.75+£0.09 (FI, N11 and FO, J12). Both these diversity indices have not
revealed significant differences in the temporal and spatial comparisons (ANOVA, p>0.05).
MI exhibited the highest values at M J12 (2.29+0.11) and the lowest at FI N11 (2.09+ 0.02).
However, it did not show significant differences between the analysed factors (ANOVA,
p>0.05). Overall, the dominant coloniser-persister class was the c-p 2 (on average 82%),
followed by c-p 3 (17%), c-p 4 (1 %) and c-p 1 (0.1 %). ANOVA detected significant
differences of the c-p 1 between sites (F=3.77, p<0.05) and in the site®—season interaction
(F=3.77, p<0.05). This was due to the presence of the c-p 1 only at the FO site during N11
(Fig. 7). The highest percentage of c-p 2 was found at FI N11 (91 %) while the lowest at M
J12 (74 %), but no significant difference was found (ANOVA). The c-p 3 class showed the
highest abundances at M J12 (23 %) and the lowest at FI N11 (7.9 %). ANOVA detected
significant differences only between the sites (F=4.19, p<0.05). In detail, Tukey’s test showed

significant differences between sites M versus FI with the highest values detected in the



former site. The class c-p 4 was more abundant at Mand B, J12 (2.9 and 0.3 %, respectively),
but no significant difference was revealed (ANOVA). Considering the structure of the
assemblage in view of the species life strategies, no significant difference was detected by
ANOSIM. From a trophic point of view, the nematode assemblage was mainly represented by
group 1B (60 %), followed by 2A (35 %), 1A (3 %) and 2B (2 %) (Fig. 8). The 1A group
ranged from 0.3 % (B, N11) to 7 % (FI, N11), 1B from 31 % (M, N11) to 77 % (FO, J12), 2A
from 16 % (FI, N11) to 66% (M, N11) and 2B from 0.3 % (FO and M, J12) to 3 % (FO and
B, N11). The 1A revealed a significant difference between sites (F=6.19, p<0.01) and, in
particular, in FI versus B comparison (Tukey’s test p<0.01). The 1B was significantly
different both between sites (F=5.64, p<0.01) and periods (F=11.42, p<0.01). Also the season
X site interaction showed significant differences (F=3.44, p<0.05). The 2A guild showed a
similar trend with significant differences between sites (F=16.33, p<0.001), periods (F=14.13,
p<0.01) as well as in the season®—site interaction (F= 9.36, p<0.01). In particular, 2A
showed the highest values at M and B sites during N11 (Tukey’s test p<0.01 and p<0.05,
respectively). ITD showed values from 0.47+0.03 (B, N11) to 0.64+0.11 (FO, J12) but no
significant differences (ANOVA, p>0.05). The 2-way ANOSIM detected significant
differences of the trophic structure of the assemblage only between the stations (R=0.25;
p<0.01). In detail, pair-wise comparisons revealed significant differences only between FI
versus B (R=0.50; p<0.05) and FI versus M (R=0.65; p<0.05) that were due to the higher
abundance of 1A and 2B at FI. When the nematode parameters were plotted in the PCA factor
plain as secondary variables, only Southernia appeared clearly affected by the PC1 (—0.78),
followed by Chromadorina (—0.40), MI (—0.35), c-p 1 (+0.35), Microlaimus (+0.34) and
Paracanthonchus (+0.32) (Fig. 5c¢). The nematode descriptors more affected in the PC2 were
Theristus (+ 0.48), Tricotheristus (—0.48), Viscosia (—0.45), 2A (0.37), 1B (—0.34),
Stylotheristus (—0.34), MI (0.31) and Dichromadora (0.31). Finally, applying the EcoQ
classification based on the nematode assemblage, the study area fell within the EcoQ classes

from poor to bad (Fig. 2).

Discussion

The European directives (WFD and MSFD) are the umbrella regulations for water
systems, and the challenge for the scientific community is to translate their principles into
realistic and accurate approaches (Van Hoey et al. 2010). Seafloor integrity should be at a
level that ensures the ecosystems’ structure and functions to be safeguarded, and benthic

ecosystems should not be adversely affected. Among the descriptors of a good environmental



status, there are the meiobenthic assemblages that may reflect a great variety of phenomena
occurring into the seabed habitats (Vanaverbeke et al. 2011).

On the basis of the PCA plot, the riverine runoff, related to the seasonality, exerted the
major impact on the study area (PC1). In particular, the Chl-a was the most important
environmental variable in the study area along with temperature, salinity and 0O2%. The river
discharge of nutrients to the sea was probably responsible of the microalgal bloom and
subsequent Chl-a peak that could be interpreted as an evidence of eutrophication phenomena
occurring during N11. This hypothesis is also supported by the low levels of salinity
(freshwater inputs) recorded during this period, particularly at FO and FI. Furthermore, the
occurrence of low-salinity waters both in the sampling point and off the site of FI could
suggest the influence of the Po River plume. Indeed, the coastal circulation of the Adriatic
Sea transports the waters northward, while the general thermohaline currents in the western
Adriatic Sea flow southward (see Semprucci et al. 2010 for details). Accordingly, Tavollo
River cannot exert an influence on FI, and Foglia River was not the source of the disturbance
at the same site because its flow is not strong enough to reach FI (Semprucci et al. 2013a).

The clay mineralogy of the studied samples provides additional information
concerning the main provenance of detrital particles as well as the possible disturbance
sources. Clay mineral particles may originate from both coastal rivers and the Po River, which
is a main contributor of the Adriatic Sea. The influence of coastal rivers may be important due
to their high sediment contributions to the Adriatic Sea in spite of their relatively small
watershed areas (Frignani et al. 1992; Milliman and Syvitski 1992; Sorgente 1999; Tomadin
2000). Previous studies revealed that Foglia and Metauro are enriched in smectite, which is
further dispersed southeasternward along the coast. These smectite-rich sediments are likely
transported to deeper parts of the basin as a consequence of turbidity processes (Franco et al.
1982; Tomadin 2000). By contrast, the Po River mainly carries illite and chlorite that
basically result from physical erosion of the Alps (Chamley 1989). The clay mineral
composition of the studied samples, dominated by smectite, indicates that coastal rivers are
the main contributors to clay sedimentation in the studied area, with some secondary supply
from the Po River as revealed by the presence of illite and chlorite. The crystallinity and
chemical composition of the illite confirm that Po River was the main contributor (Fig. 9).
The I/S ratio (Table 2) confirms that the coastal rivers were the dominant contributors near
the coast (I/S=0.48 on average) because the Po River plume was characterised by higher I/S

ratio up to 3.5 (Combourieu-Nebout et al. 2013). Indeed, the highest observed I/S ratio of 0.57



(just above the mean+tstandard deviation) suggests a slightly stronger influence of the Po river
versus local supply at FI during N11.

In the study area, eutrophication and mucilaginous events that correlated to the Po
plume have been already documented by Penna et al. (2004). Worthy of note is that the Chl-a
levels recorded during N11 can classify this area as in ‘alerting’ status of EcoQ in accordance
with Marin et al. (2008). However, the discharge of other harmful products with the riverine
inflows could exert a possible synergistic effect as reported by Semprucci et al. (2010).
Considering the second factor plain (PC2, Corg) of PCA, it was clear that the relatively higher
levels of OM were mainly in relation to FI and FO during N11, followed by the same stations
during J12.

Applying the classification of EcoQ based on the taxonomic richness of meiofauna
(Danovaro et al. 2004), the study area showed the worst EcoQ classes at FI and FO during
N11. The statistical analysis carried out on the structure of the meiobenthic assemblages
highlighted a greater dissimilarity of assemblage structures in relation to the sampling periods
supporting the relevant effects of Po and Foglia rivers also on the meiobenthos. The effects of
the Po plume on the meiobenthic assemblages until the coastal sediments of the Central
Adriatic Sea have been previously documented by Danovaro et al. (2000). Indeed, these
authors highlighted a change of abundance, richness and structure of the meiobenthic
assemblage due to the Po plume inputs that enhanced the phytodetritus accumulation and
benthic prokaryote response. The authors, however, documented an influence of the Po River
at deeper stations (from 15 to 60 m), while according to our results, the disturbance might be
even closer to the coasts.

The meiobenthic taxa that were largely affected by seasonality were foraminifera and
ostracods (both negatively) and platyhelminthes (positively). This finding is in agreement
with the inverse relation reported in the literature between foraminifera, ostracod taxa and
nutrients (Widbom and Elmgren 1988; Sundelin and Elmgren 1991; Gémez Noguera and
Hendrickx 1997; Fabbrocini et al. 2005; Semprucci et al. 2013b). Platyhelminthes, generally a
sensitive taxon (Frontalini et al. 2011), appeared probably more related to the grain size of the
sediment than to the Chl-a enhancement, being generally more abundant in sandy substrata
(Martens and Schockaert 1986). All the meiobenthic taxa showed low abundances at FI and
FO sites. An exception was the taxon Nematoda that distinguished FI with its high abundance.
Nematodes are well known to persist in poor ecological conditions (Moreno et al. 2011;
Balsamo et al. 2012). All of the meiobenthic taxa showed a negative correlation with Corg.

This is in agreement with the available information on taxa such as copepods, which generally



are more abundant in pristine habitats (Coull and Chandler 1992; Lee et al. 2001; McLachlan
and Brown 2006; Ansari et al. 2013), but in contrast with the general trend observed for
nematodes. However, the response of the nematode abundance to the sewage outfalls or
organic enrichment does not always give unequivocal results (Sandulli and De Nicola-Giudici
1990, 1991; see Coull and Chandler 1992 for a review; Schratzberger and Warwick 1998;
Fraschetti et al. 2006; Schratzberger et al. 2008; Armenteros et al. 2010).

In the study area, the most abundant families and genera of nematodes were the
representatives of the assemblages of the northern and Central Adriatic Sea (Travizi and
Vidakovic 1997; Semprucci 2013; Semprucci et al. 2010, 2013a), and they may be considered
as typical iso-communities of muddy sediments (see Heip et al. 1985 for review). The overall
level of biodiversity was highly comparable with that detected in previous studies in the area
(Semprucci et al. 2010, 2013a). As for the meiobenthic assemblage, statistical analysis
documented a higher difference between the periods than the sites, demonstrating that the
riverine discharges affected also the structure of the nematode assemblages. It is worth noting
that the meiobenthic assemblage seemed to give even a higher response to the riverine
temporal impact with their taxa being more sensitive to the Chl-a enhancement. This could
suggest that meiobenthos (at high taxonomic level) may be a good tool for the survey of a
short-term response to eutrophication as highlighted also by Carrico et al. (2013). Thus,
periodical surveys of the meiobenthos could be sufficient for detecting riverine impact being a
great advantage for the easier and rapid study protocols compared to assemblages of single
taxa studied at low taxonomic level. Instead, the greater differences in the nematode
assemblage between sites may suggest that a low taxonomic level study can be more relevant
for long-term responses to the human impact. The nematode assemblage was mainly
characterised by Odontophora, Sabatieria and Daptonema that are well recognised as typical
of fine or muddy sediments of the Adriatic coasts and are considered as successful
opportunistic colonisers (Somerfield et al. 1994; Steyaert et al. 1999; Schratzberger et al.
2006; Hedfi et al. 2007; Moreno et al. 2009, 2011; Armenteros et al. 2009; Van Colen et al.
2009). In detail, the greatest dissimilarity of the assemblage structure was revealed at site FO
and it was mainly due to the genera Paramonohystera, Stylotheristus, Oncholaimellus,
Viscosia and Sabatieria. The genera Paramonohystera, Stylotheristus and, to a lesser extent,
Cobbia (Xyalidae) have been previously well documented at Baia Flaminia, a disturbed site
close to the harbour of Pesaro (Semprucci et al. 2013a), and also at the FO mouth where the
level of disturbance was discernible (Semprucci et al. 2010). The genus Oncholaimellus is

reported in the literature both as opportunistic and sensitive (Danovaro et al. 1995; Hedfi et al.



2007; Mahmoudi et al. 2007; Beyrem et al. 2011; Moreno et al. 2011); therefore, its use as a
bioindicator of contamination may sometimes be problematic (Losi et al. 2013), as well as
that of the genus Oncholaimus. This is because Oncholaimidae combine characteristics of
persisters (low reproductive potential, long generation time, few eggs) and colonisers
(occurrence in eutrophicated and heavily stressed conditions) (Bongers et al. 1991). In the
present study, Oncholaimellus did not show any correlation with Corg%, but an inverse trend
to O2%has been observed. A more consistent response of another Oncholaimidae genus,
Viscosia, was observed. This genus, mainly found in the disturbed FO and FI sites, is reported
in the literature as a taxon tolerant to hydrocarbons, heavy metals and organic enrichment
even related to eutrophication events (e.g. Danovaro et al. 1995; Beyrem et al. 2011; Carrigo
et al. 2013; Semprucci et al. 2013a). Viscosia resulted, in fact, particularly related to Corg%
along with the non-selective deposit feeders Stylotheristus, Tricotheristus and Daptonema
(Xyalidae). Instead, the genera that mainly contributed to distinguish FI for abundance were
Anticoma, Stylotheristus, Viscosia and Theristus, all generally considered from highly to
moderate tolerant groups (Millward and Grant 1995; Gyedu-Ababio et al. 1999; Moreno et al.
2008, 2011).

Considering the PCA results, only Microlaimus and Paracanthonchus seemed slightly
positively related to the Chl-a increase: Microlaimus was reported by some authors as tolerant
to hydrocarbon and metal contamination (Gyedu-Ababio and Baird 2006; Van Gaever et al.
2009; Losi et al. 2013), but Moreno et al. (2011) documented a general sensitivity of this
genus in the Mediterranean Sea shallow coasts. In contrast, the genus Southernia was the only
clearly negatively correlated to the Chl-a, probably related to its affinities with mud in which,
as selective deposit feeders, may find a high trophic resource like bacteria (Heip et al. 1985;
Warwick et al. 1998); a sensitive reaction to the Chl-a may be also inferred. At B and M sites,
the percentages of Odontophora, Sabatieria and Daptonema were notable, but an enhancement
of the Chromadoridae and Cyatholaimidae may be detectable. They can be considered from
moderate opportunistic to sensitive taxa (Boucher 1980; Moreno et al. 2011), and their
relative opposite position with respect to the Corg could confirm this behaviour.

Biological traits seemed to perfectly summarise the ecological conditions of the study
area and even clearly than the taxonomic structure of the nematode assemblage could do.
Indeed, c-p 1 (extreme coloniser species) and c-p 2 (general coloniser species) seemed
positively correlated to the Chl-a and Corg, respectively. Bongers et al. (1991) reported their
high abundance in stressed habitats and in particular under eutrophic conditions, which is in

line with their higher percentages during N11 and especially in the FI and FO sites. MI as



well as the class c-p 3 (intermediate coloniser species) and c-p 4 (persistent species) revealed
an opposite trend compared to both Chl-a and Corg showing that the life strategy of
nematodes may be greatly influenced by the riverine inflows. In contrast, ITD did not show
any type of correlation so confirming, as suggested by Moreno et al. (2011) and Alves et al.
(2013), that it is a useless index to detect the anthropogenic impact on the benthic
assemblages. The single trophic groups seemed more informative than ITD: 2A was more
related to the sand fraction and especially negatively affected by organic matter, while
deposivours (1A+1B) followed the Corg enhancement (see Semprucci and Balsamo 2012 for
review). The 2B seemed to follow this last parameter, but it was probably related to the ability
of Oncholaimidae, as facultative predators, to take advantage also of detritus deposits (Moens
and Vincx 1997). No relevant information was given by the diversity indices neither by
ANOVA nor by PCA results. Applying the classification of EcoQ based on the thresholds
suggested by Moreno et al. (2011) and integrated by Semprucci et al. (2014a, b), the study
area falls within the EcoQ classes from poor to bad, highlighting the same trends observed in

the meiobenthic assemblages.

Conclusions

The present study documents that both the meiobenthic and the nematode assemblages
were affected by human disturbance and that impact was mainly due to the local streams and
secondly by Po plume. Po River influence has been already documented on the benthic
assemblages of the Central Adriatic Sea, though at greater depths. In contrast, the present
investigation clearly demonstrates that Po plume may also exert a disturbance on the benthic
assemblages at a closer distance from the coasts. Applying the thresholds that are currently
suggested for the meiobenthic and nematode assemblages, the study area falls within the
EcoQ classes from poor to sufficient and from poor to bad using meiobenthos and nematodes,
respectively. Meiobenthic and nematode assemblages seem also to respond in a different way
to disturbance. The former could be used in the biomonitoring assessment as a good tool for
detecting short-term responses of the benthic domain, especially in comparison with
nematode assemblage that seems to give a long-term response. When single descriptors are
analysed to find the best ones, life strategy traits appeared the most informative tool showing

a high correspondence with the environmental variables and particularly with stressors.
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Table 1 Thresholds considered to evaluate the EcoQof the study area according toDanovaro et

al. (2004), Marin et al. (2008), Moreno et al. (2011) and Semprucci et al. (2014a, b)

High Good Moderate Poor Bad
TOM (%) <5 5-10 >10

Chla (ug 1) <10 10-25 =25
Meiofaunal richness (S) =16 16<5<12 8<5<11 4<5<7 <4
Nematode Shannon index () =45 3.5<H<4.5 2.5<H<3.5 1<H'<25 0<H'<1
Nematode maturity index (MI) =28 2.8<MI<2.6 2.6=MI<2.4 2.4<MI<2.2 <22
Nematode ¢ 1 and ¢ 2 0-20 % 20-40 % 40-60 % 60-80 % 80-100 %
Nematode ¢ 3 and cp 4 80-100 % 60-80 % 60-40 % 20-40 % 0-20 %

Table 2 Environmental abiotic parameters of each sampling station

FINI1 B NIl FO N1l MNII FIJ12 BJI2 FO JI12 M2
T O 10.87 1205 10.39 12.08 17.33 16.98 1833 18.67
Salinity (%o) 29.06 3137 26.37 3331 36.53 36.62 3647 3633
0, (%) 129.40 121.90 12130 123.10 97.20 97.70 102.00 103.50
pH 7.94 7.84 797 784 843 841 842 841
ORP 49.30 5190 49.00 5110 -1940 -23.10 -3130 -28.10
Chla (ugh) 20.20 13.50 25.90 1.10 0.60 086 035 045
Sand (%) 69.83 7539 78.61 59.92 3811 69.07 60.82 55.00
Silt (%) 29.95 2447 21.36 3992 61.22 30.80 3895 44.68
Clay (%) 0.22 0.15 0.03 0.15 067 0.13 023 032
TC (%) 599 5.76 6.26 653 623 575 6.18 657
TN (%) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
TH (%) 0.10 0.09 0.12 0.11 0.10 0.11 009 0.10
TS (%) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
CaCO; (%) 4397 4363 45.95 50.44 4544 4256 46.17 5217
Corg (%) 0.72 0.53 0.75 048 0.78 064 064 031
Cinorg (%) 528 524 5.51 6.05 545 5.11 554 626
Smectite (%o) 49 55 58 59 47 54 52 56
Mhite (%) 27 24 23 24 27 22 26 26
Chlorite (%) 14 13 11 11 16 13 13 12
Kaolmite (%) 10 8 7 6 10 10 9 7
Esquevin indek 0.21 0.21 0.22 025 023 026 022 0.19
Kiibler index (°24) 0.26 0.26 0.25 027 026 030 026 025

Mhite/smectite 0.54 0.45 0.40 040 057 042 049 047




Table 3 Presence (X)absence (—) of the various taxa found at each station
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Table 4 List of nematode genera found at each station

FINII BNII FONII MNII FIJ12 BJI2 FOJI2 M2
Amphimonhystera 0.00 0.00 000 0.00 0.00 0.00 0.00 033
Anticoma 645 0.34 044 033 203 033 0.66 131
Ascolaimus 0.00 0.00 0.00 0.00 0.34 0.00 0.00 033
Amnolaimus 0.00 0.00 0.00 000 0.00 0.00 0.00 033
Bathyewrystomina 0.00 0.34 0.00 0.00 0.00 0.00 0.00 000
Chaetonema 0.00 0.00 0.00 033 0.00 0.00 0.00 033
Chromadora 0.00 143 0.00 033 0.00 0.67 0.00 0.00
Chromadorella 064 0.00 044 0.00 0.00 0.67 0.00 000
Chromadorina 0.00 0.00 0.00 0.00 0.68 267 0.66 099
Chromadorita 098 451 274 6.74 1.34 4.00 0.00 131
Cobbia 295 317 1329 774 7.40 533 9.28 17.78
Comesa 0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.00
Daptonema 3630 21.52 1424 1159 20.88 3533 18.35 1418
Dichromadora 292 9.50 351 18.93 101 10.00 0.9 1.66
Diplolaimelloides 0.00 0.00 035 000 0.00 0.00 0.00 000
Disconema 0.00 0.00 0.00 0.00 0.34 0.00 0.00 0.00
Eleutherolaimus 066 0.67 033 0.00 0.00 0.00 0.00 0.00
Eumorpholaimus 0.00 0.00 0.00 0.00 0.00 033 0.34 0.00
Gammarinema 0.00 0.00 0.79 0.00 0.00 0.00 0.00 000
Gnomoxyala 0.00 0.00 035 0.00 0.00 0.00 0.00 0.00
Gomphionchus 000 0.00 0.00 0.00 0.33 033 0.00 000
Halalaimus 0.00 0.00 0.00 0.00 0.00 033 0.00 000
Laimella 0.00 0.00 0.00 0.00 0.00 0.00 0.00 033
Linhomoeidae genus 1 0.00 0.00 0.79 0.00 0.00 0.00 0.00 0.00
Linhomoeuws| 0.00 033 0.00 0.00 0.34 0.67 0.34 133
Linhystera 0.00 0.00 0.00 000 0.00 0.00 0.00 033
Longicyatholaimus 032 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Megadesmolaimus 000 0.00 033 0.00 0.00 0.00 0.00 0.00
Mesacanthion 064 0.34 0.00 0.74 0.00 0.00 0.00 0.00
Metacy atholaimus 032 0.00 0.00 0.00 0.68 0.00 0.34 000
Metalinhomoeus 032 0.00 0.00 000 0.00 0.00 1.4 033
Metasabatieria 032 0.00 0.00 000 0.34 0.00 0.00 0.00
Microlaimus 097 1643 1439 2044 337 1.00 0.67 167
Molgolaimus 0.00 0.00 0.00 0.00 033 033 0.00 0.00
Monhysterida 0.00 0.00 044 0.00 0.00 0.00 0.00 0.00
Nannolaimoides 065 3.89 0.00 367 401 1.67 1.98 164
Nannolaimus 033 0.00 069 0.00 1.01 0.67 0.34 0.00
Neotonchus 000 041 0.00 0.00 033 033 0.00 033
Odontophora 848 11.29 2268 474 9.73 5.67 18.90 12,53
Oncholaimellus 0.00 0.34 213 033 0.00 0.67 1.33 131
Ondholaimus 0.00 0.00 0.00 0.00 0.00 0.00 0.00 033
Paracanthonchus 130 352 044 204 0.00 0.00 0.00 000
Paracomesoma 0.00 0.00 0.00 0.00 0.00 0.00 0.00 032
Paralinhomoeus 000 0.67 044 033 0.00 0.00 0.00 100
Paramesacanthion 0.00 0.00 0.00 0.00 0.00 033 0.00 0.00
Paramonohystera 0.00 0.00 033 067 0.00 0.00 435 0.00
Pomponema 033 0.68 044 0.70 0.33 0.00 0.00 000
Prochromadorella 5.18 4.00 407 548 5.09 5.00 4.61 363
Sabatieria 1404 7.67 981 300 9.08 4.00 2720 2312
Scaptrella 0.00 0.00 0.00 0.00 0.00 0.33 0.00 0.00
Setosabatieria 129 0.74 103 067 0.00 033 0.00 100
Southernia 0.00 0.00 0.00 0.00 1.34 0.00 1.00 261
Sphaerolaimus 033 041 000 0.00 0.00 0.00 0.00 0.00
Spilopharella 033 0.00 0.00 0.00 0.00 0.00 0.00 000
Spirinia 0.00 0.00 0.00 0.00 0.00 0.33 0.00 000
Stephanolaimus 0.00 0.00 033 0.00 0.00 0.00 0.00 0.00
Stylotheristus 129 041 335 100 7.08 3.67 535 266
Terschellingia 0.00| 0.00 033 033 0.00 0.00 0.33 0.00
Theristus 326 252 068 437 1.34 167 0.66 562
Trefusia 033 0.00 0.00 0.00 0.00 0.00 0.00 000
Tricotheristus 779 445 0.00 4.11 19.54 1233 0.33 1.00
Vasostoma 0.00 0.00 0.00 067 033 033 0.00 033
Viscosia 096 041 0.79 0.70 1.35 0.67 0.33 0.00

Xenella 032 0.00 0.00 0.00 0.00 0.00 0.00 0.00




