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Abstract: An alternative approach to notice changes of the nematode community structure was
evaluated in five study cases in the Mediterranean Sea. In detail, we suggested a combination of
morpho-functional traits (i.e., amphid, cuticle, buccal cavity, and tail shape) as an alternative to the
taxonomic identification of nematodes. The results clearly demonstrated that the matrixes made
using the trait code numbers perfectly mirror the changes of the nematode community structure
at the genus level. The combination of the morpho-functional traits more frequently observed in
areas under human pressure were ascribable to genera belonging to Xyalidae, Linhomoeidae and
Chromadoridae families. This approach might greatly speed the analyses of nematode fauna in
biomonitoring programs and might also be adopted for other meiobenthic organisms that may be
categorized in functional groups opening new perspectives in the ecological assessment of meiofauna.

Keywords: Nematoda; biological indicators; biomonitoring; morpho-functional traits; prevention actions

1. Introduction

In aquatic habitats, sediments characterized by large amounts of silt, clay, and organic
load adsorb persistent pollutants (e.g., metals, PCBs) and polycyclic aromatic hydrocarbons
(i.e., PAHs), becoming the main sink of contaminants brought into the marine system [1-3].
These sediment-bound pollutants can alter the state of the seabed, benthic processes, and
functioning of ecosystems [4-6]. One of the most consistent effects of contamination in
sea bottoms is a change in the structure of benthic biological assemblages, as pollution-
sensitive species are lost and replaced by more tolerant ones, e.g., [7-9]. This makes the
composition/structure changes of the benthic assemblages in themselves robust signals
of alterations in the ecological quality status of the sediments. Therefore, noticing early
alterations and warning conditions represent worldwide aims, as highlighted by all gov-
ernmental regulations and sediment quality guidelines. However, routine monitoring still
focuses mainly on surface waters, while sediment quality assessment remains a major
concern; see [3,10] and references therein.

Numerous indices exist that consider diversity, abundance, and autoecology of benthic
taxa for the quality assessment of sediments, but they mainly focus on macrofauna due to
a long tradition and an extensive taxonomic and ecological knowledge of macrobenthos,
see [11-13] for review. Notwithstanding macroinvertebrates showing consistent responses
to anthropogenic impact [14,15], they are only one face of the benthic coin [16]. Indeed,
benthic nematodes are the dominant and most diverse group in marine ecosystems [17-19],
that suggest a high degree of specificity in their choice of natural environment. Nematodes
living between sand particles are strongly influenced in their structure by environmental
matrix variations in physicochemical properties and contaminant concentrations [20].
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This issue, along with a generally high population stability, short generation times, low
mobility, and direct benthic development, results in a wide range of specificity and rapid
responses of nematodes to in situ disturbances [2]. The entire life cycle of numerous
nematode species is completed in a few weeks, resulting in a much higher production-
to-biomass ratio of meiofauna compared with macrofauna [21]. Moreover, nematodes
play a crucial role as a trophic link between bacteria and larger fauna, enhancing the rate
of: (a) carbon mineralization by stimulating microbial activity through predation; and/or
(b) consumption of detritus by larger deposit-feeders [22]. Given their high abundance
and wide distribution in all types of habitats, they provide a highly reliable dataset for
statistical analysis, even when only limited sediment volumes are collected [23]. Therefore,
despite nematodes being invisible to the human eye, their changes in assemblage structures
might provide remarkable advantages for preventing actions in the management of coastal
systems [2,8,24,25].

A general limitation of ecological investigations based on nematodes is related to the
difficult and time-consuming taxonomic identification of species that requires the aid of
expert taxonomists [26]. The implementation of molecular techniques and particularly en-
vironmental DNA (eDNA) metabarcoding has certainly created new perspectives, making
nematode identification easier and faster and increasing the taxonomic resolution of the
investigations [3,27]. Studies of pollution response have found metabarcoding to be more
sensitive in revealing assemblage changes than the traditional morphological approach.
However, drawbacks (possible biodiversity assessment bias by capturing signals from dead
organisms, extracellular DNA; false readings due to taxonomic selectivity and restricted
sensitivity of primers; unavoidability of primers and amplification bias; lack of comprehen-
sive genetic databases) are still present and so they require caution in the interpretation of
the quantitative results [28]. Thus, although molecular methods provide numerous benefits,
the promise of barcoding as a routine and cheaper alternative to current biomonitoring
practices is not yet realized and more user-friendly methods of data exploration are needed.

A way to overcome some of these limits might be the use of functional traits. They cap-
ture characteristics of organisms (i.e., morphological, physiological, phenological, and/or
behavioral) that are linked to life-history and ecological functioning, and, at the same time,
detect responses to anthropogenic disturbances and effects on ecological processes and
services [29]. Species in functional groups share morphological traits that are thought to
be linked to significant ecological functions [30]. Functional groups of nematodes can be
regarded as groups of species that have similar influences on ecosystem processes [31].
Morphological structure of the buccal cavity, for example, was recognized by Wieser as
related to specific trophic roles of the nematodes [32,33]; tail shape has an important part
in locomotion, feeding, and reproduction [34,35]; body size may be related to species life
history, physiology, and energy requirements [36-38]; amphids, as the main chemosensory
organs of the nematode cephalic region, [39] take a role in the search for food and part-
ners [40]; and body cuticles (i.e., morphology and thickness) as anti-predator, pollution,
and hydrodynamic energy defense [41-43].

Thus, a combining approach of a few functional traits (i.e., buccal cavities, amphids,
cuticles, and the shapes of tails) that can be easily identified in a short time by inexperienced
people might also reflect a possible loss of ecosystem functionality after pollution.

The aim of the present study is to demonstrate that an approach of combining func-
tional traits may efficiently mirror the nematode taxonomic structure and document any
variation of the nematode community. To deal with this aim, we have considered a number
of study cases focused on various typologies of human disturbances (i.e., ports, marinas,
fish farms, urban riverine discharges) carried out in the Mediterranean Sea. We compared
the results of the changes in the structure of the nematode assemblages identified at the
genus level and the combination of the four morpho-functional traits in five study cases.
Thus, we first assigned the four morpho-functional traits to each taxon found in the single
dataset, then we obtained a new data matrix based on the traits’ number codes and com-
pared the trends observed using the nematode taxonomic composition. This approach, if
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recognized as able to capture nematode variations, might be a very low-cost solution (both
in terms of time and money) to overcome the problem of nematode taxonomic identification
and an alternative method easily applicable in biomonitoring by inexperienced people
(e.g., students, environmental agency staff, voluntary citizens). In this paper, three main
questions are addressed: Does the combination of morpho-functional traits reflect the
taxonomic composition of nematode fauna? Does the combination of morpho-functional
traits detect the effects of a different human pressure? Are there recurrent combinations of
morpho-functional traits in nematode communities in polluted sediments?

2. Materials and Methods
2.1. Study Areas

In the present study, the data sets of five study cases from the Mediterranean Sea were
considered to demonstrate the efficiency of the combination of morpho-functional traits of
nematodes. The coastal areas are exposed to different types of human activities/pressures:
ports, marinas, fish farms, and discharge of urban rivers (Figure 1 and Table S1). Sedi-
ment samples (three replicates for each station) were collected by SCUBA divers or using
modified Van Veen grabs. In this last case, the undisturbed aliquots of sediments were
subsampled using plexiglass corers. The main information on sites, sampling routines, ex-
perimental designs, and sample processing techniques is hereafter summarized (Table S1).

Voltri

Riverine inputs in Central Adriatic Sea

Fish-farm of Vibo Marina

Figure 1. Localities of the study cases considered in the present study. Port contaminated stations:
Voltri (St. I inner port area, St. M: central port area, and St. O: outer port area) and Marina degli
Aregai (four stations from the inner, St. 1, to outer port part, St. 4); coastal sediments influenced by
riverine inputs (St. B and St. FI: Natural Regional Park; St. M and St. FO: Foglia and Metauro rivers);
fish farm of Olbia (Og: under cages, Oc: controls) and tuna farming of Vibo Marina (Vg: under cages,
Vc: controls).

2.1.1. Port-Contaminated Sediments from Ligurian Sea (NW Mediterranean)

The industrial port of Genoa-Voltri is an important container and oil terminal (total
area ~34.5 ha). Samples were collected in four periods (i.e., June, July, and November 2002;
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and February 2003) at a mean depth of 9.5 m in three sampling stations selected on the
basis of their position within the port: St. I (inner port area), St. M (central port area),
and St. O (outer port area, close to the open sea). Substrata were mainly characterized by
fine sands and muddy sediments. St. M resulted the most contaminated area (the highest
concentrations of organic matter, lowest organic matter quality i.e., low PRT:CHO ratio,
highest bacterial densities, and PAHs), followed by St. I [44].

Marina degli Aregai is a tourist marina where sediments (fine sands) were collected at
a range from 3 to 12 m of depth. Sampling was carried out in two periods (i.e., July 2005
and January 2006) and at four stations from the inner (St. 1) to outer port part, close to the
port mouth (St. 4). Fine sands dominated the substrata and contaminants showed higher
concentrations at St. 4 (i.e., highest organic load, Pb, Cr, and PAH concentrations) [45].

2.1.2. Coastal Sediments Influenced by Riverine Inputs in Central Adriatic Sea

The study area was in the Central Adriatic Sea (Central Mediterranean), close to Pesaro.
Most relevant pollution sources are the runoffs of the local rivers (i.e., Foglia, Metauro, and
Tavollo) and, after severe rains, Po River plumes. A total of four positions were selected
for the sampling: two within the Natural Regional Park of Monte San Bartolo (i.e., St. B,
and St. FI) and two others in front of the mouths of Foglia and Metauro rivers (i.e., St.
M and St. FO). Samples were collected ~5 m in depth from each station in two different
periods (November 2011 and June 2012). Sediments of the study area are fine sands. Both
the rivers receive wastewater from urban and industrial areas and livestock farms, and the
Foglia River especially causes frequent eutrophication phenomena [46,47]. Furthermore,
the occurrence of low-salinity waters and high levels of Chl-a in the FI station suggested
the influence of the Po River plume also confirmed by clay mineralogy data [48].

2.1.3. Fish Farm Impact in the Tyrrhenian Sea

Two areas were under scrutiny for fish farm disturbance: the first one is in the sheltered
Gulf of Olbia (Northern Sardinia, Tyrrhenian Sea) [7] and the second one is an open sea
area at Vibo Marina (Calabria), SW Italy (W Mediterranean Sea) [49]. Many anthropogenic
activities are present in the Gulf of Olbia: tourist and commercial harbors, mussel farms,
fish farming, and river outflows contributed to affect the benthic communities [7]. Sampling
was carried out in two periods (i.e., April 2006 and September 2006) in two stations (~6 m
of depth): one under cages (Og) and the other, regarded as control, far from the farming
(Oc). Sediments were mainly characterized by fine sand fraction, especially under the cages
(i.e., at St. Og) where a high level of organic matter, heavy metals, and PAHs were found.

The bluefin tuna farming of Vibo Marina was located in open sea at ~46 m in depth.
Samplings were carried out in October 2005 and May 2006 at four stations: two close to the
floating cages (Vg) and two others (controls) far from the farming (Vc). Sediments were
mainly characterized by sand with a fine fraction accounting for ~40-50% [49]. Despite the
presence of the floating cages, a moderate amount of organic matter was recorded and was
slightly higher at the control station. Globally, the parameters measured in this study did
not point to a detectable impact of organic waste due to the fattening of Atlantic bluefin
tuna (Thunnus thynnus). This was likely due to the ecological context (e.g., oligotrophy)
and the exposed nature of the Vibo Marine area characterized by high water depth and a
strong hydrodynamic regime [49].

2.2. Nematodes

For nematode analyses, details of sample treatment and laboratory analysis are given
in the relative papers reported in Table S1. Once in the laboratory, sediment samples were
firstly sieved through 500-38 pm mesh sieves, then the retained fraction was centrifuged
three times in a gradient of Ludox HS 30 (density 1.18 g cm~?) as described by Danovaro
et al. [50]. One hundred nematodes of those so obtained were randomly picked up and
mounted on permanent slides according to Seinhorst [51]. Specimens were identified at
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the genus level with the aid of the pictorial keys of Platt and Warwick [52,53] and Warwick
et al. [54], as well as the use of the NeMys website [19].

Furthermore, nematodes were characterized according to their morpho-functional
traits. Amphid and cuticle structure were categorized according to the classification by
Semprucci et al. [42]. Nematodes were assigned to eight categories based on amphid
structure: indistinct, slit-like, pocket-like, spiral, rounded or elongate loop, circular-oval,
blister-like, and longitudinal slit (Figure 2); and five based on cuticle structure: smooth,
with desmens, with bacteria covering, punctuated or annulated with or without lateral
differentiation, and with wide body annules and longitudinal ridges (Figure 3).

i AMPHID TYPES

indistinct
2
slit-like 4
3.
pocket-like
4.
5. e
rounded or elongate loop //@%\\
/ \ 6.
-‘// | ]\\ circular or oval //l Q\\\
78
blister-like /

8

longitudinal slit or long sinusoidal structure
&&g || AN

Figure 2. The amphids, chemosensory organs located in the head region of nematodes, play a role
in the search for food and partners. Eight categories were identified on the base of the amphidal
fovea shape.

CUTICLE TYPES
s;nooth;

2.

with desmens;

i ;
‘\\K‘\‘ punctuated or annulated with or
) Vi without lateral differentiation;

5 N\

with wide body annules and longitudinal ridges
)

3.
with a bacteria covering;

'

Figure 3. Cuticle has a role in defense against predators, pollution, and hydrodynamic energy and in
nematode locomotion. Five categories of cuticles were recognized on the base of their morphology
and thickness.
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Specimens were then assigned to four trophic groups, according to Wieser [32], based
on buccal morphology: selective (1A) and non-selective (1B) deposit feeders, epistratum
feeders (2A), and predators/omnivores (2B) (Figure 4). As for the tail shape, specimens
were assigned to one of four categories: short/round; elongated/filiform; conical and
clavate/conical-cylindrical [35] (Figure 5). The four functional traits (buccal cavity, amphid,
cuticle, tail) were assigned to each specimen found obtaining a four-digit number that
identified each nematode (see Figure 6).

BUCCAL CAVITY TYPES

1:
selective deposit feeders (1A)

2. ; \\

non-selective deposit feeders (1B)

o/
=%

4. LU
predators/omnivores (2B) \]]( i
% " \ / :‘ ‘ A

Figure 4. Buccal cavity morphologies reflect the trophic role of the species in the ecosystem: selective
(1A) and non-selective (1B) deposit feeders, epistratum feeders (2A), and predators/omnivores (2B).

TAIL TYPES
1.
Short/round /
, /
Elongated/filiform
3.

Clavate conical cylindrical
4,
Conical \

Figure 5. Tail shape has an important role in nematode locomotion, feeding, and reproduction. Four

o

categories were designed: short/round; elongated/filiform; conical; and clavate/conical-cylindrical.
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Figure 6. Assignment of each genus in the four morpho-functional traits and creation of the data
matrix based on the combination of morpho-functional traits.

2.3. Data Analysis

All nematodes with the same code number were grouped together and utilized to
produce a data matrix for each study case. Data matrices for the multivariate analyses
were based on percentages of nematode genera and combinations of morpho-functional
characteristics to compare changes in nematode community structure among sampling
stations at each study area.

To visualize and compare the differences of the community structure (genus compo-
sition versus the combination of morpho-functional traits), non-Multidimensional scaling
(nMDS) was applied to genera and trait codes after the Bray—Curtis similarity index com-
putation. According to Schratzberger et al. [31], the matrix based on the combination of
morpho-functional traits was not transformed and, to make comparison possible, neither
were those on the genera. Spatial and temporal trends were further checked by means of
Analysis of Similarities (ANOSIM) to assess the presence of significant differences between
nematode communities at the stations. SIMPER test (cut-off, 90%, Bray—Curtis similarities)
was applied to the genera and combination of functional traits to find the taxa or traits
that mainly distinguished the disturbed stations. Shannon diversity (H’, log2) and Pielou
evenness (J) indices were calculated for the functional and taxonomic structure of the
nematode communities, respectively, in order to check whether the indices show the same
result/trend in each case. The software package Primer v.6 [55] was utilized for all the
multivariate analyses as well as index computation (i.e., H and J).

3. Results and Discussion

A total of 12,000 nematodes were analyzed, which could be assigned to 121 genera
from 35 families and 47 different morpho-functional trait combinations (Table S2). As
reported above, we posed three questions that are addressed in light of the outcomes
from the analysis of genera composition and combination of the morpho-functional traits
collected at five study case stations in the Mediterranean Sea.

3.1. Does the Combination of Morpho-Functional Traits Reflect the Taxonomic Composition of
Nematode Fauna?

Many surveys on nematodes have highlighted in the past decades that the nematode
assemblage structure is the first and most efficient tool to detect environmental changes
and pollution effects [7]. The need to develop alternative indices (i.e., index of trophic
diversity, maturity index, biological trait analysis) [56] or tools for ecological assessment is
driven by the necessity to speed the analysis process and overcome the problems related to
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nematode taxonomic identification. Semprucci et al. [42] and Zullini and Semprucci [40]
suggested that there are detectable morphological differences between free-living aquatic
(both marine and freshwater) and soil nematodes strictly associated to the environmental
variations and that might be used to document the changes in the structure composition.

Multivariate statistical analysis such as nMDS revealed that the two data matrixes
i.e., genera and combination of morpho-functional traits showed similar sub-divisions of
the sampling stations in all the study cases considered (see Figures 7 and 8). This was
further evidenced by the analysis of similarities that detected approximately the same R
ratio as well as level of significance (when occurred), especially in the comparisons between
stations (see Table 1).

Nematode genera Nematode traits combined
: Stress value 0.10 Stress value (.12
Stations Ovo OFe O'NO
Al v
v O INo
M A
ohe - ) oJl IFe
e {e]
oll A A v 4
v
Ul Mdn AJ'
&i MJdn cij OJdn 1Jn
n n v
v i MFe
MJI MJI
MNo MNo
Industrial port of Genoa-Voltri
- 4Ja ress value 0. ress value 0.
Stations St fue 0.07 4Ja St lue 0.01
*
a1 * 1Ja *
v2
3
*4 4Ji
Ja 141 . Way 441
A ¥ 2Jl
2J1 3JI
v
3J
2Ja
v
v2Ja
3Ja 3Ja
Marina degli Aregai tourist marina
- BJn Stress value 0,05 FNo Stress value 0,02
Stations v FNo Bdn A
AF A *
v B
FO
oM Fdn
A
BNo FAJ"‘ BNo
v v
MJdn
MNo MES .
* ot FOJn
FONo RO FONo
.
MJn

Riverine outfalls in Central Adriatic

Figure 7. nMDS carried out on untransformed data matrixes of both nematode genera and functional
trait codes (Bray—Curtis similarity) from port seabeds (Ligurian Sea) and sediments under riverine
outfall pressures (Adriatic Sea) (Ja = January; Fe = February; Jn = June; J1 = July; No = November).
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Nematode genera Nematode traits combined
IMPACT/CONTROL Stress value 0.01 Stress value 0.01
A cage
¥ control v
Oc1Sp
A v
0Og18p 40g1Sp Oc1Ap
A
Og1Ap v
Oc1Sp
" v
Og1Ap Oc1Ap
Fish farm of Gulf of Olbia
Stress value 0.08 Stress value 0.01
v
Ve20¢
A
v
VelOc 5 Vg20c
A F Vg10¢
VgiMa Vg2Ma v Vc2Ma
v
Ve2Ma VgZMa Ve10c v
A VeiMa
v v
VeiMa Ve20c
A
Vg10c
A
VgiMa
A
Vg20c

Farming of Vibo Marina

Figure 8. nMDS carried out on untransformed data matrixes of both nematode genera and functional
trait codes (Bray—Curtis similarity) from fish farm sediments (Tyrrhenian Sea) (Ap = April; Ma = May;
Sp = September; Oc = October).

Thus, the finding that the functional trait code reflects the taxonomic structure of the
nematode communities at the genus level in all cases studied suggests that this simple
method could be a way to routinely use nematodes in biomonitoring programs at low
financial cost and in a more time-efficient way.

The potentialities of this approach are further demonstrated by Armenteros et al. [57]
that analyzed functional changes in the nematode assemblages across the wide span of
habitats investigated in the Cuban Archipelago. They, in particular, reported an unclear
pattern of amphidal fovea and cuticle types across the habitats analyzed and argued that
different types of amphidal fovea or cuticle did not play an adaptive role in the behavior of
nematodes, but likely reflect phylogenetic signatures from families/genera living in differ-
ent habitat conditions. However, this statement is per se a crucial point that corroborates
our idea. Most of the characteristics considered diagnostic in nematodes are functionally
determined [58]. Therefore, the combination of these morpho-functional traits can take a
snapshot of the taxonomic composition and identify possible assemblage changes.

The diversity measures (i.e., H" and ]) calculated for morpho-functional and taxonomic
nematode community structure revealed consistent results in the ports from the Ligurian
Sea and in the Vibo fish farm, but not in the Olbia farm or Adriatic Sea (Figure 9). Therefore,
more than the univariate diversity measures, the multivariate approach to trait combination
is recommended.
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Table 1. Results of Analysis of Similarities (ANOSIM) performed to detect the presence of signifi-
cant differences among the stations and sampling periods of each study case (n.s. indicates when
significant differences were not found).

Study Case Structure at Genus Level Structure at Morpho-Functional Level
y Sample Statistic Pairwise Tests Sample Statistic Pairwise Tests
Genoa Voltri port Stations R = 0.80; St. Ivs. St. O: R =0.99; Stations R = 0.78; St. Ivs. St. O: R=0,99;
P p =0.001 p=0.03 p =0.001 p=0.03
St. Ivs. St. M: R =0.65; St. I'vs. St. M: R =0.60;
p=0.03 p=0.03
St. Ovs. St. M: R =0.75; St. Ovs. St. M: R =0.70;
p=0.03 p=0.03
Periods p =n.s. Periods p =n.s.
Aregai marina Stations: p =n.s. Stations p =n.s.
Periods R = 0.81; Periods p = n.s
p =0.029 p=ns.
. Stations R = 0.38; b o Stations R = 0.35; b o
Riverine outfall areas p = 0.001 Fvs. B:R=0.26;p=0.05 p = 0.001 Fvs. B:R=0.25;p=0.05
Fvs. FO: R =0.60; p = 0.002 Fvs. FO: R = 0.59; p = 0.004
Fvs. M: R =0.48; p =0.002 Fvs. M: R =0.34; p = 0.004
B vs. FO: R =0.67; p = 0.002 B vs. FO: R =0.70; p = 0.002
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Figure 9. Trends of the Shannon diversity (H’) and Pielou evenness (J') computed on the matrixes
based on genus and combination of morpho-functional traits for each study case.

3.2. Does the Combination of Morpho-Functional Traits Detect the Effect of a Different
Human Pressure?

Spatial and temporal trends were checked by ANOSIM. The trait combination perfectly
distinguished the pollution gradient of the port of Voltri from the inner station to the
open sea station. St. M resulted a sampling point with all pollutants showing higher
concentrations [44] along with a distinct morpho-functional trait combination represented
mainly by 6423 (combination of circular or oval amphids, punctuated or annulated cuticle
with or without lateral differentiation, 1B guild, clavate conical cylindrical tail) and 3143
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(i.e., pocket-like amphid, smooth cuticle, 2B group, clavate conical cylindrical body end)
(Table S3), which partially fits with the abundant taxa found by Moreno and co-authors in
the original paper (i.e., Daptonema, Terschellingia, Paracomesoma and Metoncholaimus) [44]
(Table S4).

In the Aregai tourist marina, more marked temporal rather than spatial differences
were observed in the genus assemblage structure [45] as well as in the trait combination
(Table 1) (Figure 7). However, a noticeably greater spatial heterogeneity of the communities
(genus and functional trait combined) as well as the lowest diversity values were detected
in January, likely in relation with the highest contaminant concentrations in the winter
period [45].

The SIMPER analysis revealed that the most abundant functional trait combination
in the most polluted station (i.e., St. 4) was again 6423 (circular or oval amphids, punctu-
ated or annulated with or without lateral differentiation cuticle, 1B guild, clavate conical
cylindrical tail) together with 2434 (slit-like amphid, punctuated or annulated cuticle with
or without lateral differentiation, 2A guild, and conical tail) likely related to the higher
abundance of Xyalidae, Linhomoeidae (e.g., 6423), and Chromadoridae (2434), respectively
(Tables S3 and S4) [45].

The nMDS plots of the Adriatic Sea showed very comparable station clusters with both
the approaches. This area is known for eutrophication phenomena mainly related to local
river runoffs. Accordingly, the nematode assemblages of the Foglia and Metauro rivers (FO
and M) showed the most marked differences from the other two stations (i.e., B and FI) as
confirmed by ANOSIM. Indeed, FO and M stations did not show significant differences
between them but proved to be significantly different from all other localities. Another
station that revealed a high level of dissimilarity from the others was Fiorenzuola (St. F),
but these differences were very much related to the effects of the Po River plume rather
than to the influence of the local rivers [46-48] (Table 1). As in the Voltri port and Aregai
tourist marina, 6423 was one of the combinations of traits more frequently found in the
human disturbed stations, along with 4423 (i.e., spiral amphid, punctuated or annulated
with or without lateral differentiation cuticles, 1B group, clavate conical cylindrical tail) and
5424 (rounded or elongate loop, punctuated or annulated cuticle with or without lateral
differentiation, 1B, conical tail) (Table S3). This finding matches with the genera that mainly
distinguished the stations mostly influenced by riverine discharges (i.e., Paramonohystera,
Stylotheristus, Theristus, Sabatieria and Odontophora) [46].

The differences between the assemblages of fish farm cages and of controls are evi-
dent in both areas studied in the Tyrrhenian Sea even if they were more marked in Olbia
(Sardinia). Indeed, SIMPER routine revealed a higher level of dissimilarity between Olbia
control and cage (57%) than between Vibo control and cage (43%) (Table S3). Trait combina-
tion 6423 again characterized the stations under the cages in both fish farms (mainly due to
the high abundance of Daptonema) together with trait combination 6413 (i.e., round or oval
amphids, punctate or annulate cuticle with or without lateral differentiation, 1A trophic
group, conical-cylindrical tail) in Olbia (represented by the high abundance of Terschellingia)
and feature combination 2434 in Vibo (e.g., Ptycholaimellus) (Tables S3 and S4).

Instead, the diversity computed from the functional trait matrix was inconsistent
and less helpful than the diversity based on genera in identifying areas with greater
anthropogenic disturbance, so we suggest caution in its use (Figure 9).

3.3. Are There Recurrent Combinations of Morpho-Functional Traits in Nematode Communities in
Polluted Sediments?

The high frequency of 6423 and 2434 combinations in the most impacted areas allows
us to conclude that there are recurring trait associations in stressful conditions and are
mainly related to the high abundance of genera belonging to Xyalidae, Linhomoeidae,
and Chromadoridae genera. As reported in Figure 10, circular-oval and slit-like amphids,
punctuated or annulated cuticles with or without lateral differentiation, 1B and 2A trophic
guilds, and clavate conical cylindrical/conical tails are the prevalent traits.
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COMBINATION OF MORPHO-FUNCTIONAL TRAITS
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Figure 10. Combination of morpho-functional traits in nematodes inhabiting sediments under
human pressure.

The most anthropogenically disturbed stations favor opportunistic trophic guilds
such as 1B and 2A that are able to take advantage of a wide range of food items from
organic deposits and bacteria biofilm to microphytobenthos [59-61]. All of them are
abundant in sediments under anthropogenic conditions [44,62]. In addition, 2A feeding
mode (i.e., scraping food off surfaces, piercing it, and sucking out the content) allows
nematodes to reduce the probability of ingesting xenobiotics, which is an advantage in
contaminated sediments [60]. The occurrence of 2B group, e.g., in the commercial port of
Voltri, is mainly restricted to the scavenging Oncholaimids. Scavengers still follow a tactical
trophic strategy through which nematodes take advantage of the consumption of dead
organisms (including plant material). They play a key role in the ecosystems and many
species belonging to Oncholaimidae are successful extremophiles [61,63-65]: Oncholaimus
campylocercoides shows a sulphide detoxification via formation of inclusions that allow
it to tolerate sulphidic conditions and to benefit from the ‘sulphide niche’; Oncholaimus
dyvae and Metoncholaimus albidus appear able to adapt to and be very abundant in extreme
conditions due to their association with chemosynthetic micro-organisms.

Free-living nematodes evaluate the quality of the environment that they inhabit
and food resource diversity mainly through the complex chemosensory system of the
amphid [66,67]. In polluted sediments, nematodes exhibit a high frequency of circular
amphids, which confirms the role of such a type and size of amphidal fovea in the detection
and avoidance of xenobiotics [68]. Instead, small slit-like amphids belong to Chromadorids
that, due to their trophic strategy (i.e., 2A), are already able to reduce their ingestion of
xenobiotics. Furthermore, the occurrence of such a high percentage of small amphids is
related to the fact that food is not a limiting factor in some of the disturbed sediments,
especially for nematode species able to profit from a wide spectrum of trophic resources
(microbes, organic material, microalgae).

Nematode cuticle is an extremely flexible and resistant exoskeleton essential for mainte-
nance of body morphology and integrity and has a critical role in protection and locomotion
via attachment to body-wall muscles [69]. Punctuated or annulated cuticle with or without
lateral differentiation is a type of trait shared by numerous marine nematode families. For
instance, nematodes such as Terschellingia longicaudata (Linhomoeidae) and Ptycholaimellus
ponticus (Chromadoridae) belong to this category, and it might be related to oxygen con-
sumption rate and locomotion [58,70]. Instead, clavate conical cylindrical/conical tails are
probably strictly associated with the silt sediment fraction that characterized the sediments
of the main part of the study areas [31,71].
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4. Conclusions

In this paper, we suggested an approach based on a combination of morpho-functional
traits (i.e., amphid, cuticle, buccal cavity, and tail shape) that might greatly speed the
analyses of nematodes and might be used by unexperienced people in biomonitoring
programs. We demonstrated that the simple combination of the four traits in a single code
number may perfectly mirror the taxonomic structure of the nematode assemblage at the
genus level and we, therefore, predict that similar results can be also obtained directly
encoding nematode specimens with the four selected traits. This type of approach, if
corroborated by additional studies, might also be adopted for other meiobenthic organisms
that can be categorized in functional groups such as foraminifera or copepods, opening
new perspectives in the assessment of many benthic taxa.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14071114/s1, Table S1: Overview of the study cases considered
in the present analysis; Table S2. List of families and genera from each sampling area and relative
combination of traits. Table S3. Results of the SIMPER test carried out on the functional trait codes.
Table S4. Results of the SIMPER test carried out on the nematode genera.
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