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Abstract: Syngnathids are considered flagship species of estuarine and coastal environments. How-
ever, most of the Mediterranean species are still classified as data-deficient (DD) at a global level
according to the [IUCN Red List of Threatened Species. In central Italy, several areas host poten-
tially suitable habitats for syngnathids but have not been previously reported in the literature; the
estimation of population parameters and habitat partitioning at these sites may help to assess their
conservation status. In this study, we investigated the abundance, distribution, and habitat prefer-
ences of sympatric populations of Hippocampus hippocampus, H. guttulatus, Syngnathus abaster, and
Nerophis ophidion in Sabaudia Lake (Tyrrhenian Sea, Italy). While confirming the primary importance
of a healthy coastal habitat, we retrieved hints about species ecology and habitat use. The species
distribution in the study area highlights the role of habitat complexity in supporting local populations
of these sensitive species.
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1. Introduction

Worldwide, species whose habitats overlap with human activities are considered to be
under major conservation risk [1]. Environmental and anthropogenic threats, including
climate changes, land-based pollution, and coastal eutrophication, usually have higher
impacts in shallow coastal zones subjected to simultaneous acts of multiple pressures [2—-4].

Among shallow coastal zones, coastal lakes and estuaries play an important role for
many fish species, including syngnathids [5-8]. These charismatic fish have unique life
cycle traits, such as a restricted home range, low mobility, and reduced reproductive output,
which make them susceptible to direct and indirect threats; these include the degradation
of habitats [9], incidental capture in fishing gear [10], and aquarium trade [11]. Moreover,
the use of syngnathids (especially seahorses) in Traditional Chinese Medicine (TCM) is
a widespread issue with a more recent emergence in the Mediterranean Sea [12]. Conse-
quently, all syngnathids have been listed in Appendix II of CITES and the IUCN Red List of
Threatened Species [13]; according to the latter, most syngnathids in the Mediterranean Sea
are classified as data-deficient on a global level [13], indicating an urgent need for further
research to fill the information gap and permit adequate conservation of these sensitive
fishes. Monitoring of syngnathids, however, is considered difficult due to their cryptic
nature and sedentary behaviour. Indeed, available data on diversity, distribution, threats,
and conservation status in the Mediterranean are mostly fragmented, and an updated
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overview is required to facilitate the identification of research and conservation priorities.
Although syngnathids act as flagship species of the marine conservation effort as well as
indicators of the health and diversity of coastal ecosystems [13], most of the research in the
Mediterranean Sea has referred to seahorses on a local scale, e.g., [12,14-17], while studies
on pipefishes are lacking and have been mostly limited to generic biodiversity projects
and lifecycle studies [18-20]. Only a few studies have specifically focused on evaluating
pipefish population dynamics, ecology, and spatial distribution [19,21], but most have
referred to Turkey [22,23], Tunisia [24], and Spain [25], with only a few studies on the
northern Italian Adriatic coast [19,21,26,27].

In this paper, we report, for the first time, the occurrence of a structured assemblage of
four syngnathid species in Sabaudia Lake to determine their distribution and abundance
while also investigating habitat association. The collected data will aid future population
assessments at this site and provide valuable hints for future conservation efforts for these
species. Estimating the conservation status of populations could benefit from knowledge
about their distribution [8,28]. Effective conservation and management plans for syng-
nathid populations require improved and accurate information about their current spatial
distribution and preferred habitats.

2. Materials and Methods

Sabaudia Lake (Figure 1), also known as Paola Lake (41°16'50" N, 13°02/40"" E), is the
largest of four coastal lakes within Circeo National Park (CNP) in Latium, Italy. The lake
is designated as a Site of Community Importance (SCI IT6040013) and a Special Area of
Conservation (SAC) under Habitat Directive 92/43/EEC. It has a long, narrow shape with
a central section oriented in a northwest-southeast direction and five transversal branches
that bring freshwater inputs from the surrounding landscape through small tributaries.
Despite its protected status, the lake has faced various human impacts in recent decades,
such as sewage discharge, fishing, tourism, boat traffic, and mariculture (including shellfish
harvesting) [29,30]. The lake is connected to the sea via two tidal inlets, the Roman Channel
(RC) on the southern side and the Caterattino Channel (CC) on the northern side, allowing
for water exchange between the lake and the sea.

The lake mouth areas of both the primary and secondary channels are regularly
influenced by lake and seawater flows according to the tidal phase, although the CC is
frequently barred by sandy mounds that prevent the continuity of lake-sea exchanges.

As in most shallow Mediterranean coastal lagoons, hydrodynamic processes at this
site are driven by the combined effects of the tide and wind, which promote horizontal
advection and vertical turbulent diffusion [31-33]. The spatial distribution of macrobenthic
communities varies seasonally according to the hierarchy of forcing environmental condi-
tions [29]. The spatial distribution and biodiversity of molluscan assemblages mirror the
levels of the tide- and wind-induced kinetic energy; indeed, maximum species diversity is
observed where energy levels are high (RC inlets area with a dominance of coarse sediment
and low depth), and diversity significantly declines in landward positions where there is a
lower level of kinetic energy, associated with the dominance of fine sediments [29]. The
decreasing trend of species richness from the inlet mouth to the inner lagoon zones agrees
with the “confinement gradient” [29,34,35], suggesting that RC inlets, rather than CC inlets,
can be considered zones of maximum spatial extension of marine influence.
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Figure 1. Study area. Sabaudia Lake, located in central Italy, Tyrrhenian Sea (a), is connected with the
sea by two channels (b); details of Roman Channel and its primary and secondary channellings (c).

2.1. Sampling Stations and Data Collection

A preliminary survey to assess the presence of syngnathids was conducted across
Sabaudia Lake, including areas of the Roman Channel and artificial walls around the sea
mouth. A subsequent fieldwork study was carried out in March 2022 by four experienced
operators while scuba diving and snorkelling. According to the high degree of ecosystem
patchiness, 11 stations (Figure 2) were selected and monitored using a standard underwater
census (UVC) [36] carried out on two standard linear 50 m transects. For each sighted
syngnathid, the species, sex, total length, and sexual maturity stage according to [37]
were recorded in situ. To retrieve additional biometric data, encountered specimens were
photographed following Curtis et al. [38]. Information on salinity and temperature, as well
as hydrodynamism and the influence of the sea on the ecological dynamics of the lagoon,
were obtained from [29]. Ecological characterisation of the sampling stations, including
descriptions of substrates and species, was performed following [29]. In cases of doubt
regarding habitat-forming or dominant species identification, samples were taken, fixed in
96% ethanol, and then analysed in the laboratory.
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Figure 2. Aerial view of sampling stations (St 1-St 11) and distribution of different habitats. Green:
muddy bottom with seagrass and algae; blue: Cymodocea nodosa meadows; light blue: dense colonial
ascidians populations with low hydrodynamism; red: composed macro-invertebrate guilds with
medium-high hydrodynamism; violet: predominantly marine habitat with high hydrodynamism.

2.2. Data Analysis

Differences in syngnathid assemblages composition at each station were assessed
using an nMDS analysis of the abundance matrix based on square root transformed data.
Five areas were identified in relation to their position with respect to communication
channels with the sea, namely (A) the innermost parts of the area influenced by tidal
currents (St 1-3), (B) inlet areas of different channellings (St 4-6), (C) an internal and
protected area almost excluded from tidal influence (St 7), (D) a secondary channelling
and its starting point (St 8 and 9), and (E) the Roman channel (St 10 and 11). To test the
significance of the observed differences among stations, ANOVA was performed on the
abundance matrix using the same experimental design. Data were analysed using the Bray-
Curtis dissimilarity measure on square root transformed data with 9999 permutations of
residuals under a reduced model. All analyses were performed using PRIMER 6.0 software.

3. Results
3.1. Habitat Characterisation

The average depth was approximately 1.5 m, with a maximum of 3.5 m at St 3 and
St 10 and a minimum of 0.5 m at St 1, 4, and 5 and St 8-11 (Table 1). Habitat character-
isation (Table 1) revealed the widespread presence of muddy bottoms often associated
with fine vegetal deposits, consisting mainly of Posidonia oceanica rhizomes fibres, with
Chaetomorpha sp. beds in the inner lake parts (Figure 2; St 1-3, 5, 7). C. nodosa meadows
occurred sparsely in most areas near RC inlets in association with unconsolidated bottoms.
The RC presented two well-defined and distinct aspects: shallow sandbars with high tidal
currents at St 11 and sparse rocks and coarse shell-bearing sands associated with terrestrial
and marine plant detritus, including tree branches, P. oceanica rhizomes, and detached thalli
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of Codium spp., at St 10. These sites were impacted by litter items mainly originating from
marine inputs; the same items were also observed in the primary and secondary channels
(5t 8,9). As displayed by macrobenthic assemblage and seabed granulometry, St 3 and St
7 were the most influenced by lake conditions. Although St 3 was located approximately
600 m from the RC mouth (Figure 2), it was more affected by marine waters than St 7, as
inferred from the presence of scattered C. nodosa meadows (Figure 3).

Figure 3. Cymodocea nodosa (above) and detrital bottom (below), with Hippocampus hippocampus and
H. guttulatus recorded, respectively.
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Table 1. Description of habitats, depth, and encountered syngnathids at the eleven investigated

stations.
Station | Habitat Depth Syngnathid Species
Muddy-sandy seabed with patchy meadows of C. nodosa and Chaetomorpha Hi )
. and abundant fine vegetal detritus. Dense population of Cerithium Ippocampus h.l ppocampis
St1 Spp- an & o pop . 0.5-1.5m | Nerophis ophidion
vulgatum and Hexaplex trunculus. The site is weakly affected by tidal streams, Sunonathus abaster
with hydrological features mainly referring to the lagoon ecosystem. yng
Muddy seabed with stable occurrence of Chaetomorpha spp. Patchy meadows
of C. nodosa were also present. Structured macrobenthic community with N .
- ; ) . . ophidion
St2 dense populations of H. trunculus, Haminoea japonica, and Gammarus 1-3m S. abaster
insensibilis. The site is not affected by tidal streams, with hydrological ‘
features mainly referring to the lagoon ecosystem.
Muddy seabed with stable occurrence of Chaetomorpha spp. Patchy meadows
of C. nodosa were also present. Structured macrobenthic community with N. ophidion
St3 dense populations of H. trunculus, H. japonica, and G. insensibilis. The siteis | 1-3.5m S .ab’?z ster
not affected by tidal streams, with hydrological features mainly referring to '
the lagoon ecosystem.
Muddy-sandy seabed with C. nodosa meadows extending to the whole H. guttulatus
St4 channel mouth area with abundant fine vegetal detritus. Dense population 05-15m H. hippocampus
of Cerithium vulgatum and H. trunculus. Strong tidal flow with hydrological - N. ophidion
features changing according to tidal phases. S. abaster
Muddy-sandy seabed with patchy meadows of C. nodosa and Chaetomorpha H hi
. Dense populations of C. vulgatum. and H. trunculus be found, along with - THPPOCATpUS
St5 °P PopP 8 oo . & 0.5-2m N. ophidion
a more complex malacocenosis. The site is weakly affected by tidal streams, S. abaster
with hydrological features mainly referring to the lagoon ecosystem. '
Muddy-sandy seabed with patchy meadows of C. nodosa and abundant fine H. guttulatus
St6 vegetal detritus. Dense populations of C. vulgatum. and H. trunculus were 1-25m H. hippocampus
found. Moderate tidal flow with hydrological features changing according to ’ N. ophidion
tidal phases. S. abaster
Muddy seabed with seasonal occurrence of algal coverage (Ulva spp.,
Chaetomorpha spp.). Poor seabed macrobenthic community. Dense
St7 population of Ciona intestinalis, Styela plicata, Aiptasia mutabilis, and 12 m
Ficopomatus enigmaticus colonise artificial rocky substrates. The site is not
affected by tidal streams, with hydrological features mainly referring to the
lagoon ecosystem.
St8 Sandy bottom with a thick coverage of organic matter mainly composed of P. 05-1m H. guttulatus
oceanica leaves and rhizome fibres. Tidal flow is weaker than at Station 9. ’ H. hippocampus
Sandy bottom with scattered accumulation of vegetal detritus, gravel, and
5t9 compacted organic matter. Closer to the inner mouth, the channel is affected 05-2 m H. guttulatus
by a sparsely packed grassland of C. nodosa. Strong tidal flow with ' H. hippocampus
hydrological features changing according to tidal phases.
Coarse shell-bearing sands with terrestrial and marine vegetal detritus,
including tree branches, P. oceanica rhizomes, and detached thalli of Codium
St 10 spp. High seabed slope, reaching 3.5 m in depth in the central part. Strong 0.5-3.5m
tidal flow velocity leaves large portions of rocks uncovered. Hydrological
features change according to tidal phases.
Coarse sandy bottom with scattered vegetal detritus, without areas of
St11 accumulation. Hard substrates colonised by dense populations of 05-15m
anthozoans (Anemonia viridis, Paranemonia cinerea). Strong tidal flow velocity. | ~— ™
Hydrological features change according to tidal phases.
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St 7, located in a bend on the southern basin shore, was excluded from the direct
influence of lake—sea water exchanges and presented a muddy seabed. The presence of
Chaetomorpha spp. and Ulva spp. supported eutrophic conditions as a direct consequence
of the weak hydrodynamics of the water column.

The values of salinity and temperature mostly referred to marine and lagoon environ-
ments according to the tidal phase, with T °C = 18.8 °C and salinity = 37.8 psu during high
tide and T °C= 14.9 °C and salinity = 28.2 psu during low tide for all stations, except for
St3 and 7, where T °C= 14 ° C and salinity = 23 psu.

Hydrodynamism promoted by sea-lake tidal exchanges reached its maximum values
at St 11, where RC had the lowest depth and broadness. Near St 10, this channel widened,
and the current energy progressively decreased towards the lake.

3.2. Syngnathid Population

A total of 125 individuals belonging to four species (corresponding to 27% of the
syngnathid species recorded for the Mediterranean) were observed: 11 (2F + 9M) Hip-
pocampus guttulatus, 59 (20F + 39M) H. hippocampus, 19 (2F + 17M) Nerophis ophidion, and
37 (8F + 29M) Syngnathus abaster.

The sex ratio was in favour of males in all species. The total length (TL) of H. guttulatus
and H. hippocampus ranged from 7 to 13.5 cm, while the lengths of N. ophidion and S. abaster
varied between 11 and 15.5 cm and 9.5 and 13 cm, respectively (Figure 4).

15.0
13.5
12.0
£
($]
10.5
9.0
75 |
H. guttulatus H. hippocampus S. abaster N. ophidion

Figure 4. Size distribution of Hippocampus guttulatus, H. hippocampus, Syngnathus abaster, and Nerophis
ophidion.

N. ophidion had the widest distribution, being found in the innermost area (St 1, St 2,
and St 3) in co-occurrence with S. abaster as well as near the two inlet areas of the primary
and secondary channels (St 4, St 5, and St 6). At St 8 and St 9, only H. hippocampus and
H. guttulatus were found. No syngnathid species were recorded at St 7 (located in a bend of
the basin), St 10, or St 11 (directly influenced by marine inputs) (Figure 5).
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Figure 5. Number of syngnathid species at each sampling station within the lake and channels.
ANOVA revealed notable variations in the composition and relative abundance of
communities at different stations. At the innermost stations specifically, only pipefishes
were recorded, while the estuary contained both pipefishes and seahorses; in the channels,
only seahorses were observed. These dissimilarities can be observed in the graphical
representation of the populations (Figure 6) based on the same similarity matrix.
Transform: Square root
Resemblance: S17 Bray Curtis similarity
2D Stress: 0,01 [| AREA
11 AA
vB
C
D
e E
6
sy Y3 !
¢
; 4
3 A1
A A

Figure 6. nMDS graphic representation of recorded syngnathids. Numbers indicate sampling
stations; letters indicate the following habitats: A: lake habitat with muddy bottom with seagrass
and algae; B: C. nodosa habitat near the channel’s mouth; C: habitats with colonial ascidians and little
or no hydrodynamism; D: habitat with macro-invertebrates with medium-high hydrodynamism;
E: predominantly marine habitat with high hydrodynamism.
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4. Discussion

This study provides the first evidence of the occurrence of Hippocampus guttulatus,
H. hippocampus, Syngnathus abaster, and Nerophis ophidion in Sabaudia Lake. The number of
individuals of four species was relatively high considering the extension of investigated
habitats, and the observed scattered distribution is consistent with that observed in previous
studies e.g., [6,16,39,40], suggesting that syngnathids display patchy distributions even on
small spatial scales. It should be noted, however, that the numbers recorded in this work
are conservative estimates of the species distributions in habitats and are certainly strongly
influenced by the sampling method used. The need to standardise sampling efforts led to
the choice of the underwater visual transects technique [36], which seems the most suitable
for the census of seahorse populations, but it is probably less suitable for pipefishes; such
a choice could have led to the underestimation of pipefish abundance, as these fishes are
more difficult to observe in nature with respect to seahorses due to their morphology,
preference towards vegetated habitats, and often small body dimensions. Indeed, the use
of manual instruments (such as hand nets or beach seines) in the upper infralittoral plane
may offer more realistic estimates of pipefish species and abundance but could heavily
underestimate the number of observed seahorses, with values often reduced to zero (Pierri
and Ravisato, unpublished data).

The coastal systems in which syngnathids usually occur are particularly vulnerable to
anthropogenic factors [5,41,42]. All species are currently listed on the IUCN Red List of
Threatened Species [13], and most of the species have been listed as data-deficient (eight
out of ten in European waters; see Supplementary Material Table S1) with special concerns
for seahorses, freshwater pipefishes, and estuarine species. Sensitivity to human-related
disturbances is enhanced by their unique life cycle traits, including low mobility, site fidelity,
and lengthy parental care [8,14,16,17,43,44]. As highlighted by IUCN World Conservation
Congress Resolution 95 (WCC-2020-Res-095), syngnathid populations should be further
protected, as human activities together with climate changes are causing widespread
degradation of these species” habitats on a worldwide level, while also underlining the need
to enhance available knowledge and thus promote conservation actions. Globally, most of
the current information is based on studies on a few populations that have been extensively
researched, e.g., [17,20,45-52]. Most of this attention, however, has been dedicated to
seahorses, and it was gained after severe declines in populations [7,15,51,53-56] whose
causes are still not fully elucidated [12,15,51]. The presence of syngnathids represents
a good indicator of the ecological status of habitats and could provide ideas for new
models for validating the environmental quality of water bodies that have been historically
subjected to anthropogenic pressures, such as confined areas. Indeed, the IUCN World
Conservation Congress 2020 highlighted the fundamental role of syngnathids as sentinel
organisms of structural environmental variations.

According to the available literature, it seems that the highest syngnathid abundances
are reached in confined environments, including lagoons and estuaries [43,57,58]. Although
it is still not clear which are the abiotic and biotic factors that ensure their presence, it is
known that seahorses have a somewhat restricted optimum range for several environmental
parameters [59,60], while pipefishes seem to have a wider tolerance to, for instance, salinity
values [61-65]. The reliance of syngnathids on seagrass structural complexity as a form of
shelter against hydrodynamic stress was recently suggested [65]; indeed, it seems that the
deterioration of these habitats can have a significant effect on the energy expenditure of
these fishes. Global decline, fragmentation, and loss of structural complexity in biogenic
habitats significantly contribute to a reduction in hydrodynamically sheltered habitats,
thus resulting in increased energy expenditure among associated fauna and possibly
contributing to population declines [66]. The observed distribution of pipefishes in the
study area highlights the role of habitat complexity in supporting local populations, in
contrast to Hippocampus spp., which seem to have a greater tolerance to kinetic features.
According to the results, seahorses were found at the most hydrodynamic stations (St 8,
5t 9) and seem to display a stronger dependency on holdfasts (vegetal detritus) [16,67]
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than habitat complexity. Different habitat complexities may also result in different benthic
communities; thus, the role of trophic niche partitioning in describing species distributions
cannot be excluded [45,68,69].

As for most Mediterranean lagoons, the morphology of Sabaudia Lake inlets is arti-
ficially modified, with the functionality of tidal channels depending upon maintenance
and dredging to contrast their silting up. The missed management of artificial inlets due
to the reduction in fishing efforts using inlet fish barriers has led to a reduction in the
exchanges with the sea and a consequent reduction in marine migrants during the winter
season. This has resulted in adverse effects on the water quality of the entire lagoon [30];
it has also promoted the massive intrusion of marine sediments and organic detritus in
the inner mouths, boosting habitat fragmentation. The patchy distribution of Cymodocea
nodosa meadows in the studied area suggests a possible effect of strong marine intrusion on
its integrity.

The mean size of the recorded fishes in this study was within the range documented
for other areas in the Mediterranean Sea [22-25,70]. According to the results, the sex ratio
was slightly in favour of males; it was suggested that there may be a different ratio of
mortality between males and females, as males may be more susceptible to predation when
brooding [71], although this does not seem to be the case in Sabaudia.

H. hippocampus appeared to be the most common species, while H. guttulatus was rela-
tively rare; such a species ratio is somewhat peculiar, as H. hippocampus is usually much less
abundant when co-occurring [12,15,39,49]. However, such a ratio might be explained by the
higher availability of low-complexity and muddy habitats, which seem to be preferred by
H. hippocampus [12,72]. One of the recorded species, N. ophidion, was reported to be common
throughout its global range, but abundance estimates are scattered and rarely recorded in
Italian waters [21,73]. Another pipefish species, S. abaster, is considered one of the most
representative European syngnathids [74,75]. The available data on syngnathid populations
in the Mediterranean Sea indicate spatial variability in distribution and abundance [21,75]
and the apparent preference of these fishes for confined areas [5,7,39,42,70,76,77]. Such
variability could be influenced by the extension and integrity of suitable habitats and the
structure of epifauna assemblages [14,69,75,78] in correlation with the physical characteris-
tics of the site [79]; however, their presence within virtually suitable confined areas cannot
be considered a rule [16].

The present study is the first to describe the distribution and abundance of four
syngnathids species at Sabaudia Lake and investigate their habitat preferences. The results
and previous observations (Macali, unpublished data) indicate that these populations are
temporarily stable. The conservation of syngnathids should be a priority for biological
and ecological reasons and their intrinsic value [5,80]. Future research should aim at the
year-round characterisation of syngnathids in Sabaudia Lake to assess eventual abundance
changes, as observed in many other localities across their geographical range [19,68].
Furthermore, future research should also be oriented towards locating and describing
hitherto unknown populations, which would be valuable for understanding large-scale
distribution and ecology and could help preserve emblematic syngnathids.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/d15090972 /s1, Table S1: Biological and ecological characteristics of
syngnathid species registered for Italian waters with indication of their conservation status according
to the IUCN. NT: Near threatened, DD: Data deficient. AS: Artificial substrates, Cor: Coralligenous,
DCBWH: Detritic coarse bottom with holdfasts, MB: Muddy bottom, PB: Phanerogams beds, RBWAC:
Rocky bottom with algal coverage, SBWAC: Sandy bottom with algal coverage, SBWH: Sandy bottom
without holdfasts.

Author Contributions: Conceptualisation, G.C. and A.M.; investigation and methodology, A.M.,
M.G., C.P, M.EG. and T.L.; formal analysis and data curation, A.M. and C.P,, writing—original draft
preparation, A M., C.P, TL.,, M.R.,, M.EG. and M.G,; writing—review and editing, AM., C.P, T.L,,
M.R. and M.G. All authors have read and agreed to the published version of the manuscript.
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